arXiv:hep-ph/0408348 v2 29 Oct 2004

MADPH-04-1392 hep-ph/0408348

The Particle Physics Reach of High-Energy Neutrino Astronomy

Tao Han^1 and Dan Hooper^2

1 Physics Dept., Univ. of Wisconsin, 1150 University Ave., Madison, WI 53706, USA 2 Astrophysics Dept., Univ. of Oxford, Denys Wilkinson Laboratory, OX1 3RH Oxford, UK

than@physics.wisc.edu, hooper@astro.ox.ac.uk

Abstract

We discuss the prospects for high-energy neutrino astronomy to study particle physics in the energy regime comparable to and beyond that obtainable at the current and planned colliders. We describe the various signatures of high-energy cosmic neutrinos expected in both neutrino telescopes and air shower experiments and discuss these measurements within the context of theoretical models with a quantum gravity or string scale near a TeV, supersymmetry and scenarios with interactions induced by electroweak instantons. We attempt to access the particle physics reach of these experiments.

1 Introduction

In recent endeavors, explorations of high-energy particle physics have largely been conducted in accelerator experiments, and for good reason. Accelerator laboratories provide controlled, highluminosity environments in which very precise levels of measurement can be reached. Despite these advantages, astrophysics experiments have also revealed a great deal of particle physics beginning with Anderson’s discovery of the positron in 1932, then the muon, the pion etc., predating accelerator experiments, and continuing to the observation of neutrino masses and mixings. It is clear that astrophysics has much to offer in studying the fundamental aspects of particle physics.

Particle physics has entered an exciting era. The Standard Model (SM) of the strong and electroweak interactions has been experimentally verified to high precision while the mechanisms for electroweak symmetry breaking and mass generation remain largely unknown. Theoretical arguments and indirect experimental evidence imply the existence of new physics near the electroweak scale below a few TeV [1]. The leading candidates of theoretical models beyond the Standard Model include weak scale supersymmetry (SUSY) [2], strongly interacting dynamics [3], and low-scale string or quantum gravity [4, 5]. It is encouraging that all of the above scenarios often lead to observable signatures in next generation colliders such as the CERN Large Hadron Collider (LHC) and an e^+e^− linear collider.

The field of high-energy neutrino astronomy finds itself in a position to contribute to two very different areas of science: astronomy and particle physics [6]. On the one hand, the next generation of neutrino telescopes may reveal the origins of the highest-energy cosmic rays, help us understand the progenitors of gamma-ray bursts, and provide other insights into some of the greatest outstanding astrophysical puzzles. On the other hand, very high-energy cosmic neutrinos present a unique opportunity to study the interactions of elementary particles at energies comparable to and beyond those obtainable in current or planned colliders. This is the main advantage of such experiments over traditional collider experiments. Currently, the highest energy achieved in collider experiments is at FERMILAB’s Tevatron, with E_{CM} ≈ 2 TeV. This center-of-mass energy roughly corresponds to a PeV neutrino striking a nucleon at rest, E_ν = E^2_{CM} /2m_N . Even the LHC at CERN will only reach energies which correspond to 100 PeV cosmic neutrinos. It is certainly plausible, as we will discuss, that there is a neutrino flux at energies well beyond 1 EeV. Even crude measurements of neutrino cross sections at extremely high energies would provide powerful tests of fundamental physics at and beyond a scale of 1 − 10 TeV. Additionally, sources of high-energy neutrinos may be observed from distances of hundreds or thousands of megaparsecs, providing baselines for tests of neutrino oscillations or decays which could not be carried out using accelerator, atmospheric or solar neutrinos.

The experimental status of high-energy neutrino astronomy is developing rapidly. Current technologies such as the AMANDA-II [7] and RICE [8] experiments at the South Pole have proven successful, but with too little sensitivity to reach many of the most interesting physics goals. Several new experiments are soon to enter the field fortunately. IceCube [9] will expand the effective area of AMANDA-II by more than a factor of 20 while also improving both the angular and energy resolution. ANTARES [10], in the Mediterranean, will use a similar technique, but with sensitivity to neutrino induced muons of lower energy (down to 10 GeV). Radio techniques will be employed in the balloon-based ANITA [11] experiment which has it’s first flight scheduled in the next year or two. High-energy cosmic ray experiments, such as the Pierre Auger observatory [12] and space-based observatories such as OWL [13] or EUSO [14], will also be sensitive to ultrahigh-energy cosmic neutrinos. Other proposals, such as using acoustic techniques [15] or natural salt domes as a Cerenkov medium [16], or expanding IceCube into a multi-kilometer ultrahigh-energy experiment [17], have been discussed as well. With the development of these many and varied techniques, a new window into fundamental particle physics will be opened [6], possibly predating the LHC experiments.

This article is a mini review on the potential of high-energy neutrino astronomy in studying particle physics beyond the Standard Model. We first present the current theoretical predictions of the high-energy cosmic neutrino flux in Sec. 2. We then discuss methods for exploring particle physics via high-energy neutrino astronomy in Sec. 3, paying particular attention to future neutrino telescopes and air shower observatories. We summarize in Sec. 4 the predicted experimental signatures from various new physics scenarios, including models with low-scale quantum gravity, low-scale string resonances, black holes and p-branes, electroweak instantons, and supersymmetry. We draw our conclusions in Sec. 5.

2 The High-Energy Cosmic Neutrino Flux

Just as the performance of an accelerator experiment crucially depends on its luminosity, the particle physics reach of high-energy neutrino astronomy will depend on the incoming flux of cosmic neutrinos. Here we will briefly review some of the arguments for various neutrino fluxes from cosmic accelerators.

The spectrum of cosmic rays has been well measured up to energies near 10^{20} eV (10^8 TeV in the lab frame) where the experiments become limited by poor statistics. The spectrum consists of a series of power laws which change at energies called to as the “knee” and “ankle” (see Fig. 1). The standard process believed to be responsible for the observed spectrum of cosmic rays is the acceleration of charged particles via second-order Fermi acceleration [18]. In Fermi’s original paper on the subject, he proposed that cosmic rays were accelerated by reflecting off of time-varying magnetic fields associated with galactic clouds moving with randomly distributed velocities. Although this process will statically accelerate charged particles, it does so very slowly, and is generally not capable of even countering the effects of energy losses by ionization and other processes. If instead we consider a compact region of dense plasma, however, the random motion of the matter and associated magnetic fields can be sufficient to accelerate charged cosmic rays to very high energies. Although there is no strong evidence as of yet, it is likely that supernova remnants accelerate most of the cosmic rays up to the knee in the spectrum, occurring around 10^{15} eV, by this mechanism. A generic feature of Fermi acceleration is a power-law spectrum,

Figure 1: The observed cosmic ray spectrum.

dN/dE ∝ E^{−α}, where α ≃ 2 [19].

The maximum energy to which a cosmic ray source may accelerate particles can be estimated by a simple argument. First, we assume that to accelerate a proton to a given energy in a given magnetic field, the size of the accelerator must be larger than the gyroradius of the particle’s orbit:

R > R_{gyro} = E B . (1)

This condition yields a maximum energy of

E_{max} = γBR, (2)

where γ is the Lorentz factor of the cosmic accelerator. To produce cosmic rays with energies near the highest observed (∼ 10^{20} eV), very compact objects are required. For the most compact objects, we can consider R ∼ GM/c^2, or the Schwartzchild radius of the object. For such a source, we find a maximum energy of

E_{max} ∝ γBM. (3)

With only micro-gauss galactic magnetic fields, we must turn to extragalactic sources to accelerate cosmic rays to energies above the EeV-scale. Extragalactic sources potentially capable of accelerating particles to such energies include the relativistic jets of Active Galactic Nuclei (AGN) or Gamma-Ray Bursts (GRB).

As protons are accelerated to very high energies in such sources, they may undergo photomeson interactions with the surrounding radiation fields. In such interactions, both charged and neutral pions are produced. These pions then decay producing neutrinos and gamma-rays, respectively. This process essentially guarantees the existence of accompanying neutrinos and gamma-rays given the observed cosmic ray flux. Alternatively, bounds can be placed on the cosmic neutrino flux by relating it to the cosmic ray spectrum. Using this method, Waxman and Bahcall have placed a upper bound for each neutrino flavor [20],

E^2_ν dN_ν/dE_ν <∼ 10^{−8} GeV/(cm^2 s sr). (4)

This assumes that the sources in question are optically thin, or transparent, to protons. If sources are optically thick to protons, howbever, the bound on the neutrino flux can only be based on gamma-ray observations by EGRET and is thus weaker by a factor of about 40 [21]. Furthermore, if some sources were truly “hidden”, meaning neither nucleons nor photons could escape, no upper bound could be made on the corresponding neutrino flux. For a further discussion of these and similar arguments, see Ref. [22].

In addition to the neutrino production from cosmic ray interactions in or near cosmic accelerators, ultrahigh-energy cosmic rays produce neutrinos during propagation over cosmological distances [23]. Protons of energy above a few times 10^{19} eV can scatter off of Cosmic Microwave Background (CMB) photons with a center-of-mass energy roughly equal to the resonance corresponding to the mass of the Δ-hadron (1.232 GeV). Again, both charged and neutral pions can be produced this way, yielding neutrinos and gamma-rays. The neutrino flux corresponding to this process is called the “cosmogenic neutrino flux”. Unlike the flux of neutrinos from cosmic accelerators, the spectrum of cosmogenic neutrinos depends only on the spectrum of ultrahighenergy protons and the distribution of their sources, and thus can be reliably calculated [24]. The cosmogenic neutrino flux is often thought of as a “guaranteed” source of ultrahigh-energy neutrinos, assuming that the cosmic ray primaries at the highest observed energies are protons and not heavy nuclei [25].

There are ways in which neutrino fluxes larger than those described here could be produced. For example, in models of non-accelerator cosmic ray origins, i.e., models in which the highestenergy cosmic rays are produced in the decay or annihilations of superheavy objects. In such models, the resulting neutrino flux is not constrained by the arguments shown here. Although such scenarios are certainly interesting, we will not consider them in this article. For further discussion on cosmic neutrino fluxes and their constraints, see Ref. [26].

Throughout the remainder of this article, we will primarily consider two representative choices for the cosmic neutrino spectrum. The first is a flux equal to the bound set by Waxman and Bahcall, which we call the Waxman-Bahcall flux of Eq. (4). The second is the cosmogenic neutrino flux, as calculated in Ref. [27]. These are each shown in Figure 2.

Figure 2: The cosmic neutrino flux corresponding to the bound of Waxman and Bahcall (solid) [20] and the cosmogenic neutrino flux (dashed for ν and dotted for ν̄) [27]. Note that after neutrino oscillations are considered, these fluxes will contain all three neutrino flavors (ν_e, ν_μ, ν_τ ) in equal quantities. The figure was taken from Ref. [28].

3 Particle Physics with High-Energy Neutrino Astronomy

To identify potential signatures of new physics in high-energy neutrino interactions, one must first understand the phenomenology predicted by the Standard Model. In particular, the features of charged and neutral current interactions between high-energy neutrinos and target nuclei. The Standard Model predicts the cross sections for neutrino-nucleon interactions, up to uncertainties in parton distribution functions at extremely small values of the momentum fraction x, to energies beyond those probed by any planned neutrino telescopes [29]. In this section, we will describe the experimental features predicted by the Standard Model in neutrino telescopes and air shower experiments.

3.1 Neutrino Telescopes

Neutrino telescopes are essentially arrays of detectors distributed over a large volume of a Cerenkov medium, such as water or ice. These detectors may be sensitive to optical Cerenkov radiation, as are AMANDA-II, IceCube and ANTARES, or radio, as is RICE. We will focus on optical Cerenkov detectors here, although the treatment of shower detection is quite easily generalized to include radio.

Muons produced in the charged current interactions of muon neutrinos can travel several kilometers through a detector medium producing a “track” of Cerenkov light which can be observed and accurately reconstructed by neutrino telescopes.

The rate of muon events observed in a large volume neutrino telescope is given by N = ∫ ∫ ∫ dE_ν dy d cos θ_z N_A dN_{νμ} (E_ν ) dE_{νμ} dt dΩ R_μ(E_μ, θ_z) dσ dy (E_{νμ} ) P_S (E_ν , θ_z) A_{eff} T, (5)

where θ_z is the zenith angle of an event (θ = 0 is vertically downgoing), N_A is Avogadro’s number, dN_ν/dE_ν dtdΩ is the flux of muon neutrinos (per unit energy, per unit time, per solid angle), dσ/dy is the differential neutrino-nucleon cross section (where y is defined such that E_μ = (1 − y)E_{νμ} ), P_S (E_ν , θ_z) is the survival probability of a neutrino travelling through the Earth, A_{eff} is the effective area of the detector (≃ 1 km^2 for IceCube), T is the length of time observed and R_μ(E_μ, θ_z ) is either the muon range or the length of material (i.e. ice) between the detector and the Earth’s surface, whichever is smaller. The muon range is defined as the distance a muon propagates in the medium surrounding the detector before falling below a cutoff energy. The muon range is given by [30]

R_μ = 1 β ln ( α + βE_μ α + βE^{cut}_μ ) , (6)

where E^{cut}_μ is the minimum muon energy required to produce an event. This value is selected to reduce the number of background events while retaining as many signal events as possible. In Optical Cerenkov neutrino telescopes, muons with energy as low as 10 − 100 GeV can be observed, although cuts well above this energy are often imposed when searching for high-energy neutrinos. In ice, α ≃ 2 × 10^{−6} TeV cm^2/g and β ≃ 4.2 × 10^{−6} cm^2/g [30]. For a PeV muon in ice, and a 100 GeV muon energy threshold, the range is approximately 1.7 km. For muons with energies of 10 PeV, 100 PeV or 1 EeV, the range increases to 7, 13 and 18 km, respectively. Thus for very energetic muon neutrinos, the target volume of the experiment becomes a long cylinder, rather than a box. This is particularly relevant for neutrinos coming from a direction near the horizon.

Unlike in accelerator experiments, the flux (or luminosity) of a cosmic neutrino beam may be unknown. Therefore, simply counting the number of events will not provide sufficient information to measure a neutrino cross section. Instead, information from the angular and energy distributions of events must be used [31]. For a cross section of about 2 × 10^{−7} mb, a particle’s interaction length as it travels through the Earth is equal to the Earth’s diameter. This cross section is reached near E_ν ∼ 100 TeV according to the Standard Model prediction. Thus, as the neutrino-nucleon cross section is increased from its Standard Model value, the effect of absorption in the Earth becomes more pronounced and fewer of the observed events will come from neutrinos travelling through the Earth. A crude way to measure the neutrino-nucleon cross section could, therefore, be a comparison of the upgoing to downgoing (or Earth-skimming, etc.) events in a high-energy neutrino telescope. A more sophisticated analysis of the angular distribution of events as a function of energy would be more useful, however.

In addition to muon tracks, neutrino telescopes are sensitive to electromagnetic and hadronic showers. These events can be produced by all three neutrino flavors in neutral current interactions, or in some charged current interactions. For example, electromagnetic showers are produced in the charged current interaction of an electron neutrino. The rate of shower events is calculated in an expression similar to Eq. (5), but the muon range, R_μ, together with the effective area, A_{eff} , are replaced by the effective volume of the detector. Also, the shower’s energy is given by E_{sh} = yE_ν for neutral current events and E_{sh} = E_ν for electron neutrino charged current events. The minimum energy a shower must have to be observed by an optical Cerenkov neutrino telescope is on the order of a few TeV. For radio detectors, the shower threshold is much higher, in the PeV to EeV range.

Finally, very large volume neutrino telescopes, such as IceCube, are also capable of observing events uniquely associated with tau neutrinos. Tau neutrinos which interact via charged current in the detector medium produce a shower and a charged tau lepton. Below a few PeV, the tau lepton’s lifetime is sufficiently short that it decays producing a second shower essentially spatially coincident with the first one. Such an event is indistinguishable from a single shower. At higher energies, however, the tau lifetime can be long enough to distinguish these two showers. For example, at 10 PeV, a tau travels, on average, about 500 meters before decaying. If both showers occur within the detector volume, such an event is called a “double bang”, and is a clear signature of a tau neutrino [32]. If the first of these showers occurs outside of the detector, with only the second shower being observed, the event is called a “lollipop”. Here the observation of the shower with a minimum ionizing track (produced by the tau) constitutes the candy and the stick of the “lollipop”, respectively. Again, this is a clear signature of a tau neutrino.

Standard cosmic accelerators produce neutrinos via charged pion decay (see section 2). Pion decays produce flavors of neutrinos in the ratio ϕ_{νe} : ϕ_{νμ} : ϕ_{ντ} = 1 : 2 : 0. Over the long baselines such neutrinos travel before reaching Earth, neutrino oscillations modify this ratio to ϕ_{νe} : ϕ_{νμ} : ϕ_{ντ} ∼= 1 : 1 : 1, or nearly equal quantities of all three flavors. Considering only Standard Model neutrino interactions, these incoming flavor ratios can be translated to ratios of observed muon tracks, electromagnetic and hadronic showers and tau unique events [33]. By measuring the ratios of these event types observed in IceCube, the presence of interactions beyond the Standard Model may be tested.

3.2 Neutrinos in Air Shower Experiments

Very high-energy cosmic neutrinos can occasionally interact with particles in the Earth’s atmosphere producing extended air showers observable in high-energy cosmic ray experiments such as AGASA, HiRes or the next generation Pierre Auger Observatory [12, 34]. Although the characteristics of neutrino induced showers do, in principle, differ from those initiated by hadronic cosmic rays [35], significantly more hadronic showers are expected, thus making showers from neutrino primaries difficult to conclusively identify.

Primary particles which have a near-horizontal trajectory can provide an opportunity to distinguish neutrinos from hadronic events, however. In contrast to hadronic cosmic rays (which interact in the top of the atmosphere), neutrino primaries have considerably smaller cross sections and thus interact with nearly equal probability throughout the atmosphere. If a shower is observed which was initiated deep inside of the atmosphere, it can be associated with a neutrino (or other weakly interacting particle) primary. For there to be sufficient column depth to make this distinction (typically 3000 to 4000 g/cm^2 is required), only primaries within about 15^∘ of the horizon can be considered [36, 37]. The class of cosmic ray events which can be associated with neutrino primaries are called “deeply penetrating, quasi-horizontal showers”.

To calculate the rate of neutrino induced deeply penetrating, quasi-horizontal showers in an air shower experiment, one must estimate the acceptance to neutrino detection. This quantity is essentially the effective target mass multiplied by the accessible solid angle. It is often given in units of km^3 water equivalent steradians (km^3 we sr), where, for example, 1 km^3 water equivalent would be the target mass contained in one cubic kilometer of water or ice. Ref. [37] estimates the acceptance of the AGASA experiment to deeply penetrating, quasi-horizontal showers to be 0.05 km^3 we sr at 10^8 GeV, rising to 1.0 km^3 we sr at 10^{10} GeV and above. They estimate the acceptance of Auger to be a factor of 20, 20 and 50 larger than AGASA at 10^8, 10^{10} and 10^{12} GeV, respectively. These estimates consider showers within 15^∘ of the horizon and with a maximum height of 15 kilometers. For a discussion of the HiRes acceptance, see Ref. [38].

The number of neutrino events observed as deeply penetrating, quasi-horizontal showers is given by N = ∫ dE_ν N_A dN_ν (E_ν ) dE_ν dtdΩ σ(E_ν)A(E_ν )T, (7)

where N_A is Avogadro’s number, dN_ν /dE_νdtdΩ is the flux of neutrinos (per unit energy, per unit time, per solid angle), σ(E_ν) is the neutrino-nucleon scattering cross section, A(E_ν ) is the acceptance of the detector and T is the length of time observed. This expression assumes that roughly all of the neutrino’s energy goes into the produced shower. If this is not the case, such as with neutral current interactions, a differential cross section should be used as in Eq. (5) and the acceptance be written as a function of the shower energy rather than neutrino energy.

At the very high energies at which air shower experiments are most effective (0.1 EeV and higher), a reasonable and conservative flux of neutrinos to consider is the cosmogenic flux (see section 2). This flux peaks at about 0.1 EeV, but is substantial at 1 EeV and above. If we insert this flux, an experimental acceptance and the neutrino-nucleon cross section, we can predict the number of neutrino induced deeply penetrating, quasi-horizontal events which would be observed in an air shower experiment.

In addition to deeply penetrating quasi-horizontal showers, it may be possible to identify showers produced by Earth-skimming tau neutrinos using the fluorescence detectors of the Auger experiment [39]. Earth-skimming, ultrahigh-energy tau neutrinos produce tau leptons in charged current interactions. Since at ultrahigh-energies the tau decay length is comparable to its interaction length, a shower produced in the tau decay can be observed as an extended air shower if the tau is produced not too deep beneath the Earth’s surface. The rates for this class of events is expected to be rather small, however, and we will not study this signature in further detail here.

4 Signatures of New Physics

In high-energy cosmic neutrino experiments, the new physics enters the neutrino-nucleon scattering cross section, σ_{νN} (E_ν ), as in Eqs. (5) and (7). It is given by

σ_{νN} (E_ν ) = ∑ i ∫_1 x_{min} dx σ̂_i(xs) f_i(x, Q) , (8) where σ̂_i is the scattering cross section for the neutrino-parton subprocesses, which reflects the fundamental dynamics of neutrino interactions. The sum is over all contributing partons, i, and f_i are the parton distribution functions. The cross sections are insensitive to choice of momentum transfer, Q. The cross sections are also insensitive to uncertainties in the parton distribution functions at low x if there is a TeV scale threshold. For instance, the highest-energy neutrino fluxes, which are large at E_ν ∼ 10^{10} GeV, probe x ∼ (1 TeV)^2/10^{10} GeV^2 ≈ 10^{−4}, within the range of validity of the parton distribution functions that we take as CTEQ5 [40].

There are many interesting scenarios in which neutrino-nucleon interactions would be substantially enhanced over the Standard Model prediction at high energies. In this section, we summarize the literature on these models, describing how their signatures may be observed in high-energy cosmic neutrino experiments.

4.1 Contributions of KK Gravitons

The most dramatic proposal, perhaps, is that of TeV scale gravity with the existence of extra spatial dimensions. The motivation for such a scenario can be traced to the understanding of the large hierarchy between the electroweak scale, below about O(1 TeV), and the Planck scale, M_{P L} ∼ 10^{19} GeV. If there are n extra spatial dimensions, then the 4-dimensional Planck scale is related to the D-dimensional Planck scale, M_D, by

M^2_{P L} ∼ V_nM^{n+2}_D , (9)

where V_n ∼ R^n is the volume of the extra dimensions if they are flat with a compactification scale, R [4]; and V_n ∼ ∫ e^{−kxi} d^nx if the i^{th} extra dimension is “warped” with a curvature k [5]. An immediate implication of this scenario would be to naturally understand the largeness of the Planck scale in comparison with the electroweak scale. Namely it can be interpreted as due to the large volume of the extra dimensions while the fundamental D-dimensional Planck scale, M_D, may be low, possibly at the TeV scale.

Figure 3: The neutrino-nucleon cross section for models of TeV-scale gravity. The solid lines represent models with large extra dimensions (ADD scenario), with varying choices for the unitarization scheme of the partial wave amplitudes [43]. Short dashes lines represent Randall-Sundrum models with varied scales (1 − 3 TeV) and KK graviton masses (500 GeV−1 TeV). Dotted lines represent the prediction of the Standard Model.

In models with large and flat extra dimensions, often called the ADD scenario [4], the fundamental Planck scale is assumed to be on the order of a TeV and a large number of Kaluza- Klein (KK) graviton states of mass 1/R of sub-eV become accessible. Their couplings to the Standard Model particles at an energy E are enhanced to (ER)^n/M^2_{P L} ∼ E^n/M^{n+2}_D , and thus potentially large effects on high-energy processes may occur [41]. High-energy neutrinos can exchange these Kaluza-Klein gravitons with quarks or gluons in target nucleons resulting in an enhancement. For a scale of gravity near 1 TeV, neutrinos above PeV energies begin to interact largely by the effects of new physics. In the Randall-Sundrum scenario, an anti-de Sitter dimension with a non-factorizable warped geometry is introduced [5]. Again, Kaluza- Klein gravitons become accessible at the TeV scale [42] enhancing the neutral current neutrino interaction rate above this scale.

The effect on the neutral current neutrino-nucleon cross section in these scenarios is shown in Fig. 3 [43]. The solid lines represent models with large extra dimensions (ADD) for the quantum gravity scale taken as 1 TeV. The three curves correspond to different choices for the unitarization scheme of the partial wave amplitudes proposed in [43], as compared to some other calculations [44]. Short dashed lines represent the Randall-Sundrum model with a varied AdS scale (Λ = 1 − 3 TeV) and KK graviton masses (500 GeV−1 TeV). Dotted lines represent the prediction of the Standard Model. In the scenarios considered here, neutrino telescopes expect to observe more neutral current events per charged current event than predicted by the Standard

Figure 4: The energy distribution of ν_μ + ν̄_μ events in Icecube. The left and right panels show the upgoing and downgoing events, respectively. The Waxman-Bahcall flux has been used (see section 2). In each panel, the solid line is the event rate when the neutrino-nucleon cross section σ^{SM} + σ^{ADD} is used; the dashed line uses σ^{SM} + σ^{RS} with a KK graviton mass 500 GeV and Λ = 1 TeV; the dotted line corresponds to σ^{SM} alone. The figure is a modified version from Ref. [43].

Model. This effect sets in right above the threshold near M_D, providing a clear indication for new physics. Furthermore, the ratio of downgoing to upgoing events will be enhanced over the Standard Model prediction as more neutrinos are absorbed as they propagate though the Earth [43]. The behavior of the energy spectrum due to these effects is shown in Fig. 4.

4.2 TeV String Resonances

At energies above the compactication scale, 1/R, the extra dimensions and KK effects may become observable if M_D is not too high as discussed in the previous section. At even higher energies near the string scale, M_S , string effects dominate over gravitational effects based on string perturbation arguments [45, 46]. The string scale may be related to the D-dimensional gravity scale by M_S = κM_D , (10)

with κ <∼ 1, depending on the string coupling and compactification of the extra dimensions. Large effects from string resonances may be produced when E >∼ M_S .

General tree-level open-string amplitudes can be constructed based on the Veneziano amplitude [45], S(s, t) = Γ(1 − α^′s)Γ(1 − α^′t) Γ(1 − α^′s − α^′t) , (11)

where α^′ = M^{−2}_S is the string tension. This amplitude develops simple poles at √ s = √ nM_S

Figure 5: νN cross sections via TeV string resonances considering νq and νg contributions (dashed curved) [49] and the νq contribution only (dot-dashed curve). The string scale is taken to be M_S =1 TeV and the Chan-Paton factor used is T = 1/2. Also plotted is the Standard Model neutral current prediction (solid curve).

with n = 1, 2, ... leading to resonances in the matrix elements. The physical effects of these resonances have been explored [46, 47], including their signatures in cosmic neutrino experiments [48, 49]. We present the neutrino-nucleon cross sections due to Veneziano amplitude resonances in Fig. 5 [49]. The solid curve shows the prediction for the Standard Model neutral current process, while the dashed and dot-dashed curves represent string excitations with and without the gluon contribution, respectively. We see that neutrino-gluon scattering can be the dominant process, 5 to 10 times larger than the neutrino-quark induced processes. It is interesting to note that even for processes that vanish in the Standard Model at tree-level, there can still be substantial stringy contributions to their amplitudes at high energies. Generally speaking, the energy-dependence of the cross sections for the string resonances are weaker than those for KK states.

The event rates expected in IceCube and Auger have been calculated for these models [48, 49]. With the Standard Model interactions, only about 0.2 (0.7) shower events per year are expected in the experiment from a cosmogenic (WB) neutrino flux, These rates can be enhanced by a factor of 5 to 6 due to string excitations with M_S = 1 TeV or a factor of about 1.5 to 1.7 with M_S = 2 TeV.

Figure 6: The neutrino-nucleon cross section for black hole production in models of TeV-scale gravity. The lines represent models with a scale (M_D) of 1 TeV and a minimum black hole mass of 1 TeV (solid), a scale of 1 TeV and a minimum black hole mass of 3 TeV (long dashes), a scale of 2 TeV and a minimum black hole mass of 2 TeV (short dashes), and a scale of 2 TeV and a minimum black hole mass of 6 TeV (dot-dashes). The dotted line represents the prediction of the Standard Model. The number of extra dimensions was assumed to be six. The figure was taken from Ref. [28].

4.3 Microscopic Black Hole Production

At trans-Planckian energies, E ≫ M_D, it has been argued that black hole production will be the leading process [50, 51]. This is because the energy-dependence of the black hole production cross section grows faster than for sub-Planckian processes and the number of non-perturbative states grows faster than the perturbative string states. The cross section for black hole production can be naively estimated by the geometric description,

σ(E_{CM}) = πr^2_{sch}(E_{CM}), (12)

where r_{sch}(E_{CM}) is the Schwartzchild radius of a black hole formed with a mass equal to the center-of-mass energy of the collision. In 4 + n dimensions, the Schwartzchild radius of a black hole of mass M_{BH} is given by

r_{sch}(M_{BH}) = 1 M_D [ M_{BH} M_D ]_{1/(1+n)}[ 2_nπ_{(n−3)/2} Γ(_{3+n} 2 ) 2 + n

]_{1/(1+n)}

. (13)

Although some studies support the validity of the geometric cross section argument [52], it is possible that a substantial fraction of the total energy will be radiated away in the form of gravitational waves, reducing the mass of any black hole which may be formed, and reducing the corresponding cross section [53].

Figure 7: The angular distribution of muon tracks above 500 TeV in a kilometer-scale neutrino telescope, such as IceCube, in models of black hole production [28]. The dotted line represents the prediction for the Standard Model prediction while the solid and dashed lines are for the black hole production models with x_{min} = 1 and 3, respectively. All models shown have n = 1 and M_D = 1 TeV. The Waxman-Bahcall and cosmogenic neutrino fluxes were used in the left and right frames, respectively (see Section 2). cos θ_z = 0 corresponds to a horizontal event while positive and negative values correspond to downgoing and upgoing muons, respectively. While the enhanced cross section dramatically increases the downgoing event rate, the rate of upgoing events is suppressed due to absorption in the Earth. The figure was taken from Ref. [28].

Although the lowest mass possible for the black hole creation is approximately the fundamental Planck scale, M_D, the effective center-of-mass energy should be several times larger for the semi-classical argument to hold valid. To parameterize this effect, we introduce the quantity, x_{min} = M^{min}_{BH} /M_D > 1. In addition to the ambiguity of the value of x_{min}, other uncertainties can possibly arise in the estimation of the cross section [54], which we do not consider further here. In Fig. 6, we show the cross section for black hole production in neutrino-nucleon interactions for different choices of M_D and x_{min}. As a result of the sum over all partons and the lack of suppression from small perturbative couplings, the black hole cross section may exceed Standard Model interaction rates by two or more orders of magnitude. The cross sections corresponding to neutrino interaction lengths equal to the horizontal and vertical depths of IceCube position are also given in Fig. 6 by the horizontal dotted lines. We see that for the geometric cross section, M_D ∼ 1 TeV, and neutrino energies E_ν ∼ 10^9 GeV where the cosmogenic flux peaks, black hole production increases the probability of conversion in down-going neutrinos without increasing the cross section so much that vertical neutrinos would be shadowed before reaching the detector. We therefore expect significantly enhanced rates in neutrino telescopes. The energy-dependence of the black hole production cross section is stronger than for the other processes we have discussed so far, thus confirming the argument that black hole production would likely be the dominant effect of low scale gravity at higher energies.

Black holes decay via Hawking evaporation almost instantly (with a lifetime of the order 10^{−27} sec). The Hawking radiation follows a thermal distribution with temperature T_H = (1 + n)/4πr_{sch} with an average multiplicity of particles radiated of approximately ⟨N⟩ ∼= M_{BH}/2T_H. Naively, the particles are radiated in numbers proportional to their degrees of freedom, i.e. 75% hadronic, 10% to charged leptons, etc.^1 Assume that the signals in a neutrino telescope produced in black hole decays follow these ratios [57, 28]. The 10% of Hawking radiation that produces charged leptons generates equal numbers of muons, taus and electrons which can be observed as muon tracks, tau unique events and electomagnetic showers, respectively. The full 75% of Hawking radiation which goes into hadronic modes result in hadronic showers. This is in constrast to the ratios of event types predicted for Standard Model interactions. Taking into account the degrees of freedom corresponding to each channel and the factors effecting the probability of detection (i.e. muon range, etc.), the ratios of muons to taus to showers can be predicted for a particular black hole production model. For example, for a model with M_D = 1 TeV and x_{min} = 1, about twice as many showers are expected than muon tracks (considering a dN_ν /dE_ν ∝ E^{−2}_ν flux). In contrast, the Standard Model prediction is about 20% more muons than showers [28]. By combining flavor ratio measurements with angular and energy distributions, large volume neutrino telescopes such as IceCube will be capable of searching for evidence of black hole production in models with a fundamental Planck scale up to 1 to 2 TeV.

The angular distributions of muon tracks above 500 TeV in a kilometer-scale neutrino telescope, such as IceCube, in models of black hole production are shown in Fig. 7. While the enhanced cross section dramatically increases the downgoing event rate (cos θ_z > 0) over the Standard Model prediction (dotted curves), the rate of upgoing events is suppressed due to absorption in the Earth.

Air shower experiments, unlike neutrino telescopes, do not have the ability to observe muon tracks or identify tau unique events. They are, however, very sensitive to EeV scale cosmic neutrinos and are thus capable of placing valuable limits on models of black hole production. Currently, the strongest such limit comes from the AGASA air shower experiment. AGASA has reported the observation of 1 neutrino-like (deeply penetrating, quasi-horizontal) event, and predict a background to this signal of 1.7 events from misidentifying hadronic primaries [37]. At the 95% confidence level, this places an upper limit of 3.5 black hole events. This can be directly translated into a limit on the fundamental Planck scale, M_D. For values of x_{min} in the range of 1 − 3, AGASA can place a lower limit on M_D of 1.0 to 1.4 TeV [37, 58], a limit which is competitive to the strongest bounds from collider experiments [59]. Auger, with considerably higher acceptance to these events, is expected to improve this sensitivity to 3 − 4 TeV for n >∼ 4 [37].

1The greybody factors as the corrections for the black hole decays were calculated in Ref. [55]. Also, specific models may give a somewhat different ratio of black hole decays when taking into account the constraint from nucleon stability [56].

Figure 8: The total cross section for p-brane production for n = 6 (left), n = 7 (right), M_D = M^{min}_p = 1 TeV, and m = 0, ..., n − 1 from bottom to top. The Standard Model cross section, σ(νN → ℓX), (dotted) is also shown. The figure was taken from Ref. [63].

4.4 p-Brane Production

p-branes are p-dimensional, spatially extended solutions of gravitational theories. The existence of such objects is a generic prediction of theories with extra dimensions. If the fundamental scale of gravity is of the order of a TeV, then it is reasonable to expect that in addition to black holes (a spherically symmetric 0-brane), higher dimensional states may also be generated in high-energy collisions [60, 61]. The cross section for p-brane production is argued to be geometrical, similar to that for black hole production, except that it may have a lower threshold near the quantum gravity scale. If the p-brane wraps only around the small (compact) dimensions, the cross section for p-brane production can be comparable to, or even larger than, the cross section for black hole production [62]. If the p-brane wraps around large dimensions as well, their production will be suppressed by powers of M_D/M_{PL} [60, 61]. Typical cross sections for p-brane production in νN collisions are presented in Fig. 8 [63], that could be higher than that of the black hole production by orders of magnitude.

Unlike with the standard Hawking radiation picture for black hole evaporation, the decay of p-branes is not well understood. p-branes may decay into branes of lower dimension. Alternatively, they may decay directly into a combination of brane and bulk particles.

Below the energy threshold for p-brane or black hole production, lighter states, called “string balls” may also be produced [64]. We do not study these objects further here, since we consider our presentation already quite representative for the conservative scenario as in the string resonances in Sec. 4.2, and for the more optimistic scheme in this section.

Figure 9: The neutrino-nucleon cross section for electroweak instanton induced interactions. The dotted line represents the perturbative approach of Ref. [66]. The dashed line represents the semi-classical approach of Ref. [67]. The solid lines is the Standard Model neutral+charged current prediction. The figure was taken from Ref. [68].

4.5 Electroweak Instanton Induced Processes

Standard Model electroweak instantons represent tunnelling transitions between topologically inequivalent vacua, leading to baryon plus lepton number (B + L) violating processes. Such processes are exponentially suppressed below the so-called “Sphaleron” energy, E_{sph} ∼ πM_W /α_W ∼ 8 TeV. Above this scale, however, such process may be unsuppressed and the corresponding cross sections can be quite large [65], potentially resulting in enhanced neutrino scattering signals in cosmic neutrino experiments.

The neutrino-nucleon cross section corresponding to electroweak instanton induced interactions is difficult to reliably calculate. One approach to this problem is to use a perturbative method in close analogy to QCD [66]. Alternatively, this calculation has been performed using a generalized semi-classical approach [67]. In this second approach, these interactions remain suppressed to much higher energies up to about 30 times the Sphaleron energy. The estimated neutrino-nucleon cross sections corresponding to these two approaches are shown in Fig. 9 [68].

From the standpoint of neutrino phenomenology, it is important to note the extremely rapid increase of the neutrino-nucleon cross section demonstrated in these models. This is in contrast to the more gradual growth predicted for the cross sections for black hole production, Kaluza- Klein exchanges, etc. Below the energy thresholds for such interactions, the Standard Model predictions are accurate. At energies roughly a factor of ten higher, the cross section becomes sufficiently large that the Earth efficiently absorbs the incoming neutrino flux, as indicated above

Figure 10: The spectrum of neutrino (shower) events predicted in a neutrino telescope including the electroweak instanton induced interactions for the models described in the text. The dotted line represents the perturbative approach of Ref. [66]. The dashed line represents the semiclassical approach of Ref. [67]. The solid lines is the Standard Model prediction. The figure was taken from Ref. [68].

the horizontal dotted lines (horizontal and downward depths) in Fig. 9. Thus in a neutrino telescope, a sharp enhancement in a fairly narrow range of energies is predicted for these models, as depicted in Fig. 10. Although spectacular, the ability of planned experiments to observe such features is limited, however. Even with the more optimistic of the models considered here, an experiment such as IceCube is expected to see only on the order of one event per year from instanton induced processes [68]. Future experiments with very large volume will be required to further probe such models.

Another interesting characteristic feature of instanton-induced processes is the large multiplicity of final state particles and the violation of B +L. The basic operators involving quark and lepton fields are of the form ⟨(qqqℓ)^{ng} ⟩ [65], where n_g = 3 is the number of fermion generations. It has been argued that the processes involving multiple gauge bosons and Higgs bosons, such as ⟨(qqqℓ)^{ng} W^nH^m⟩, can be significantly enhanced [69]. A typical neutrino-induced event could thus be ν_eu → d̄d̄ + c̄c̄s̄μ^+ + t̄t̄b̄τ^+ + nW + mH. (14)

With both quarks and leptons of all three generations involved simultaneously in the primary production, this type of events should look quite unique. It is difficult to predict how such events would appear to the IceCube detector, however, given the fact that the particles will be highly collimated and difficult to separate.

Figure 11: The νN cross section in the scenario of stau-NLSP. Curves are shown for squarks of mass 250, 600 and 900 GeV. A stau mass of 250 GeV was used. The chargino mass used was also 250 GeV. The top curve corresponds to the Standard Model charged current interactions. The figure was taken from Ref. [70].

4.6 Signatures of Supersymmetry

Supersymmetry (SUSY) remains a leading candidate for physics beyond the Standard Model. Although weak-scale SUSY is only weakly coupled to the Standard Model and generally would not lead to substantially enhanced neutrino scattering cross sections, certain charged particles produced by cosmic neutrinos may be long-lived and may provide observable signatures. This scenario could be naturally realized when the gravitino is the stable Lightest Supersymmetric Particle (LSP), and a charged slepton (such as stau) is the Next-to-Lightest Supersymmetric Particle (NLSP) [70, 71]. Interactions of high-energy neutrinos may be able to produce pairs of sparticles which rapidly decay to charged slepton NLSPs which can only decay further into states including a gravitino. With only highly suppressed couplings allowing this decay, the NLSP stau can be sufficiently long lived to be potentially observable in a large volume neutrino telescope such as IceCube [70].

Sparticle pair production in neutrino-nucleon interactions is dominated by the t-channel chargino exchange, resulting in a slepton and a squark. The squark then quickly decays into a slepton NLSP. The cross section for this process is rather small, however, typically two to three orders of magnitude below the Standard Model processes in the energy range well above the kinematic threshold as seen Fig. 11. The key observation here is that sleptons produced in neutrino interactions travel through the Earth, losing energy via ionization processes and radiation. Due to their much greater mass, sleptons lose far less energy than muons produced in Standard Model charged current interactions. The “slepton range” can extend to hundreds or thousands of kilometers, thus in part making up for the low cross section for their production.

The two sparticles produced in these interactions travel from their point-of-origin separated by an angle of θ ≃ 2m_{l̃}/E_ν. Therefore, the signature of this process consists of a pair of Cerenkov tracks, separated by a distance Lθ, where L is the distance between the detector and the sparticles’ point-of-origin. Considering a PeV neutrino, for example, two sleptons separated by θ ≃ 10^{−3} − 10^{−4} could be produced. After travelling ∼ 1000 kilometers, their tracks would be separated by ∼ 100 − 1000 meters, which could be potentially distinguished in a neutrino telescope. This “double track” signature would provide a method of distinguishing sparticle tracks from ordinary muon tracks.

Typical models with stau-NLPS predict only a one- or a few double-track events per year in IceCube [70]. Larger volume detectors, such as extensions of IceCube, may be needed to further explore this possibility.

As a final remark on the possibility of observing supersymmetric particles in high-energy cosmic-ray interactions, neutrino experiments may be able to identify particles which are part of the cosmic ray spectrum, such as in cosmic ray models of top-down origin [72]. For instance, if a neutralino is the LSP, it will interact with nucleons in a manner which somewhat resembles a neutrino neutral current interaction. Thus without very large fluxes of high-energy cosmic neutralinos, it would be very difficult to distinguish any such particles from neutrinos. Neutralinos can have considerably smaller cross sections with nucleons than neutrinos, however, allowing them to travel through the Earth at energies at which neutrinos will be efficiently absorbed [72]. Thus ultrahigh-energy, neutralino-induced showers provide a low background signal in the direction of the Earth. Future space-based air shower experiments, such as OWL or EUSO, may be sensitive to this signature in some scenarios [72, 73].

5 Conclusions and Summary

In this article, we have reviewed the ability of neutrino telescopes and air shower experiments to study particle physics with high-energy cosmic neutrinos. The main advantage of such experiments over traditional collider experiments is the higher energy at which interactions can be studied. Several of the experiments we describe in this article could expect multiple events per year at energies above 1 EeV, corresponding to about 40 TeV in the center-of-mass frame of a neutrino-nucleon collision. Clearly collider experiments have advantages over astroparticle techniques as well. Most notably, the high luminosities and well-controlled conditions of collider experiments are luxuries astronomers do not often enjoy.

Together, these advantages and disadvantages determine the areas of particle physics in which neutrino astronomy can be most useful. In particular, models in which dramatic deviations from the Standard Model occur at energies beyond the reach of colliders can often be tested in such experiments. In this article, we have reviewed several of such scenarios, summarized as follows:

• Kaluza-Klein gravitons in low-scale quantum gravity scenarios: sensitive near the threshold, presumably E_{CM} ≈ M_D ∼ 1 TeV or E_ν ∼ 1 PeV.

• TeV string resonances in low string-scale scenarios: near and above the string scale presumably M_S ∼ 1 TeV, thus E_ν > 1 PeV.

• p-brane production in low-scale quantum gravity scenarios: near and above the quantum gravity scale, presumably M_D ∼ 1 TeV, thus E_ν > 1 PeV.

• Black hole production in low-scale quantum gravity scenarios: likely the dominant signature at trans-Planckian energies E_{CM} ≫ M_D ∼ 1 TeV, thus E_ν ≫ 1 PeV.

• Electroweak instanton induced processes: above the sphaleron energy E_{CM} > 10 TeV, thus E_ν > 100 PeV.

• Supersymmetry with a charged slepton as a long-lived NLSP.

Although we did not discuss them in this article, other probes of exotic particle physics are possible using neutrino astronomy. These include searches for particle dark matter and neutrinos associated with models of top-down cosmic ray origin.

Although astronomy, and not particle physics, is the primary objective of neutrino telescopes and air shower experiments, upcoming experiments such as IceCube, AUGER, ANITA, OWL and EUSO will each study interactions at energies well beyond the reach of colliders and provide complementary probes to the traditional techniques used to study our Universe at the smallest scales.

Acknowledgments

We would like to thank Jaime Alvarez-Muniz for his assistance with the figures and Jonathan Feng for helpful comments. TH is supported in part by DOE grant No. DE-FG02-95ER40896 and the Wisconsin Alumni Research Foundation. DH is supported by the Leverhulme trust.

References

[1] For a recent review on the status of the Standard Model and beyond, see e. g., G. Altarelli, Nucl. Instrum. Meth. A 518, 1 (2004) [arXiv:hep-ph/0306055].

[2] For an introductory review on supersymmetry, see e. g., S. P. Martin, arXiv:hep-ph/9709356.

[3] For a recent review on strong dynamics in the electroweak sector, see e. g., C. T. Hill and E. H. Simmons, Phys. Rept. 381, 235 (2003) [arXiv:hep-ph/0203079].

[4] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B429, 263 (1998); Phys. Rev.

D59, 086004 (1999); I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B436, 257 (1998).

[5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[6] For recent reviews of high-energy neutrino astronomy, see e. g., J. G. Learned and K. Mannheim, Ann. Rev. Nucl. Part. Sci. 50, 679 (2000); F. Halzen and D. Hooper, Rept. Prog. Phys. 65, 1025 (2002) [arXiv:astro-ph/0204527]; T. J. Weiler, Int. J. Mod. Phys. A 18 (2003) 4065 [arXiv:astro-ph/0304180].

[7] E. Andres et al., Nature 410, 441 (2001).

[8] I. Kravchenko, arXiv:astro-ph/0306408; I. Kravchenko et al., Astropart. Phys. 20, 195 (2003) [arXiv:astro-ph/0206371].

[9] J. Ahrens et al. [The IceCube Collaboration], Nucl. Phys. Proc. Suppl. 118, 388 (2003) [arXiv:astro-ph/0209556]; Ahrens, J., et al., 2003, to be published in Particle Astrophysics, astro-ph/0305196; IceCube Preliminary Design Document, available at: http://icecube.wisc.edu/science/sci-tech-docs/.

[10] F. Blanc et al. [ANTARES Collaboration], Presented by L. Thompson on behalf of the ANTARES Collaboration, to appear in the proceedings of 28th International Cosmic Ray Conferences (ICRC 2003), Tsukuba, Japan, 31 Jul - 7 Aug 2003. U. F. Katz [The ANTARES Collaboration], arXiv:astro-ph/0310736.

[11] ANITA Proposal, P. Gorham, Principle Investigator; ANITA Home Page:

http://www.ps.uci.edu∼anita/index.html.

[12] J. Blumer [AUGER Collaboration], Prepared for 28th International Cosmic Ray Conferences (ICRC 2003), Tsukuba, Japan, 31 Jul - 7 Aug 2003; S. Coutu, X. Bertou and P. Billoir [AUGER Collaboration], Prepared for 23rd Johns Hopkins Workshop on Current Problems in Particle Theory: Neutrinos in the New Millennium, Baltimore, Maryland, 10-12 Jun 1999; K. S. Capelle, J. W. Cronin, G. Parente and E. Zas, Astropart. Phys. 8, 321 (1998) [arXiv:astro-ph/9801313].

[13] F. W. Stecker, J. F. Krizmanic, L. M. Barbier, E. Loh, J. W. Mitchell, P. Sokolsky and R. E. Streitmatter, arXiv:astro-ph/0408162; S. I. Dutta, M. H. Reno and I. Sarcevic, Phys. Rev. D 66, 033002 (2002) [arXiv:hep-ph/0204218].

[14] L. Scarsi, Nuovo Cim. 24C, 471 (2001); D. B. Cline and F. W. Stecker, arXiv:astro-ph/0003459.

[15] L. G. Dedenko, I. M. Zheleznykh, S. K. Karaevsky, A. A. Mironovich, V. D. Svet and A. V. Furduev, Bull. Russ. Acad. Sci. Phys. 61 (1997) 469 [Izv. Ross. Akad. Nauk. 61 (1997) 593]; G. Riccobene, L. Cosentino, M. Musumeci, G. Pavan and F. Speziale [NEMO Collaboration], Nucl. Instrum. Meth. A 518, 220 (2004).

[16] P. Gorham, D. Saltzberg, A. Odian, D. Williams, D. Besson, G. Frichter and S. Tantawi, Nucl. Instrum. Meth. A 490, 476 (2002) [arXiv:hep-ex/0108027].

[17] F. Halzen and D. Hooper, JCAP/008A/1003, arXiv:astro-ph/0310152.

[18] For a discussion of Fermi acceleration, see M. S. Longair, High Energy Astrophysics, Cambridge University Press, New York, 1994, Vol. 2, Chap. 21.

[19] E. Waxman, Astrophys. J. 452, L1 (1995).

[20] E. Waxman and J. N. Bahcall, Phys. Rev. D 59, 023002 (1999) [arXiv:hep-ph/9807282];

J. N. Bahcall and E. Waxman, Phys. Rev. D 64, 023002 (2001) [arXiv:hep-ph/9902383]; P. S. Coppi and F. A. Aharonian, Astrophys. J. 487, L9 (1997) [arXiv:astro-ph/9610176].

[21] K. Mannheim, R. J. Protheroe and J. P. Rachen, Phys. Rev. D 63, 023003 (2001) [arXiv:astro-ph/9812398].

[22] I. F. M. Albuquerque, J. Lamoureux and G. F. Smoot, Astrophys. J. Suppl. 141, 195 (2002) [arXiv:hep-ph/0109177].

[23] F. W. Stecker, Astrophys. J. 228, 919 (1979).

[24] Z. Fodor, S. D. Katz, A. Ringwald and H. Tu, JCAP 0311, 015 (2003) [arXiv:hep-ph/0309171].

[25] D. Hooper, A. Taylor and S. Sarkar, arXiv:astro-ph/0407618; M. Ave, Busa, A. Olinto, A. Watson and T. Yamamoto, In progress.

[26] O. E. Kalashev, V. A. Kuzmin, D. V. Semikoz and G. Sigl, Phys. Rev. D 66, 063004 (2002) [arXiv:hep-ph/0205050].

[27] R. Engel, D. Seckel and T. Stanev, Phys. Rev. D 64, 093010 (2001) [arXiv:astro-ph/0101216].

[28] J. Alvarez-Muniz, J. L. Feng, F. Halzen, T. Han and D. Hooper, Phys. Rev. D 65, 124015 (2002) [arXiv:hep-ph/0202081].

[29] R. Gandhi, C. Quigg, M. H. Reno and I. Sarcevic, Phys. Rev. D58 (1998) 093009 [arXiv:hep-ph/9807264]; R. Gandhi, C. Quigg, M. H. Reno and I. Sarcevic, Astropart. Phys. 5, 81 (1996) [arXiv:hep-ph/9512364].

[30] S. I. Dutta, M. H. Reno, I. Sarcevic and D. Seckel, Phys. Rev. D 63, 094020 (2001) [arXiv:hep-ph/0012350].

[31] C. Tyler, A. Olinto, and G. Sigl, Phys. Rev. D63, 055001 (2001);D. Hooper, Phys. Rev. D 65, 097303 (2002) [arXiv:hep-ph/0203239]; A. Kusenko and T. J. Weiler, Phys. Rev. Lett. 88, 161101 (2002) [arXiv:hep-ph/0106071]; P. Jain, S. Kar, D. W. McKay, S. Panda and J. P. Ralston, Phys. Rev. D 66, 065018 (2002) [arXiv:hep-ph/0205052].

[32] J. G. Learned and S. Pakvasa, Astropart. Phys. 3, 267 (1995) [arXiv:hep-ph/9405296];

F. Halzen and D. Saltzberg, Phys. Rev. Lett. 81, 4305 (1998) [arXiv:hep-ph/9804354].

[33] J. F. Beacom, N. F. Bell, D. Hooper, S. Pakvasa and T. J. Weiler, arXiv:hep-ph/0307025;

J. F. Beacom, N. F. Bell, D. Hooper, S. Pakvasa and T. J. Weiler, Phys. Rev. Lett. 90, 181301 (2003) [arXiv:hep-ph/0211305].

[34] For a review of ultrahigh-energy air shower experiments, see e. g., L. Anchordoqui, T. Paul, S. Reucroft and J. Swain, Int. J. Mod. Phys. A 18, 2229 (2003) [arXiv:hep-ph/0206072].

[35] A. Jain, P. Jain, D. W. McKay and J. P. Ralston, hep-ph/0011310; L. Anchordoqui, H. Goldberg, T. McCauley, T. Paul, S. Reucroft and J. Swain, Phys. Rev. D 63, 124009 (2001) [arXiv:hep-ph/0011097].

[36] L. Anchordoqui and H. Goldberg, Phys. Rev. D 65, 047502 (2002) [arXiv:hep-ph/0109242];

E. J. Ahn, M. Ave, M. Cavaglia and A. V. Olinto, Phys. Rev. D 68, 043004 (2003) [arXiv:hep-ph/0306008].

[37] L. A. Anchordoqui, J. L. Feng, H. Goldberg and A. D. Shapere, Phys. Rev. D 65, 124027 (2002) [arXiv:hep-ph/0112247]; J. L. Feng and A. D. Shapere, Phys. Rev. Lett. 88, 021303 (2002) [arXiv:hep-ph/0109106];

[38] S. Yoshida, H. Y. Dai, C. C. Jui and P. Sommers, Astrophys. J. 479, 547 (1997).

[39] C. Aramo, A. Insolia, A. Leonardi, G. Miele, L. Perrone, O. Pisanti and D. V. Semikoz, astro-ph/0407638; J. L. Feng, P. Fisher, F. Wilczek and T. M. Yu, Phys. Rev. Lett. 88, 161102 (2002) [arXiv:hep-ph/0105067]; X. Bertou, P. Billoir, O. Deligny, C. Lachaud and A. Letessier-Selvon, Astropart. Phys. 17, 183 (2002) [arXiv:astro-ph/0104452].

[40] H. L. Lai et al. [CTEQ Collaboration], Eur. Phys. J. C 12, 375 (2000) [hep-ph/9903282].

[41] G. Guidice, R. Rattazzi and J. Wells, Nucl. Phys. B544, 3 (1999); T. Han, J.D. Lykken and R. Zhang, Phys. Rev. D59, 105006 (1999); E.A. Mirabelli, M. Perelstein and M.E. Peskin, Phys. Rev. Lett. 82, 2236 (1999); J. Hewett, Phys. Rev. Lett. 82, 4765 (1999); T. Rizzo, Phys. Rev. D59, 115010 (1999).

[42] H. Davoudiasl, J.L. Hewett and T.G. Rizzo, Phys. Rev. Lett. 84, 2080 (2000).

[43] J. Alvarez-Muniz, F. Halzen, T. Han and D. Hooper, Phys. Rev. Lett. 88, 021301 (2002) [arXiv:hep-ph/0107057].

[44] S. Nussinov and R. Shrock, Phys. Rev. D 64, 047702 (2001) [arXiv:hep-ph/0103043];

G. Domokos and S. Kovesi-Domokos, Phys. Rev. Lett. 82, 1366 (1999) [arXiv:hep-ph/9812260]; P. Jain, D. W. McKay, S. Panda and J. P. Ralston, Phys. Lett. B 484, 267 (2000) [arXiv:hep-ph/0001031]; C. Tyler, A. V. Olinto and G. Sigl, Phys. Rev. D 63, 055001 (2001) [arXiv:hep-ph/0002257].

[45] J. Polchinski, String Theory, Vol. I and II, Cambridge Univ. Press, Cambridge (1998).

[46] G. Shiu and S.H. Tye, Phys. Rev. D58, 106007 (1998); L.E. Ibanez, R. Rabadan, and A.M.

Uranga, Nucl. Phys. B542, 112 (1999); I. Antoniadis, C. Bachas, and E. Dudas, Nucl. Phys. B560, 93 (1999); K. Benakli, Phys. Rev. D60, 104002 (1999); E. Accomando, I. Antoniadis and K. Benakli, Nucl. Phys. B579, 3 (2000).

[47] S. Cullen, M. Perelstein and M. E. Peskin, Phys. Rev. D 62, 055012 (2000) [arXiv:hep-ph/0001166].

[48] R. Cornet, J. L. Illana and M. Masip, Phys. Rev. Lett. 86, 4235 (2001). [49] J. J. Friess, T. Han and D. Hooper, Phys. Lett. B 547, 31 (2002) [arXiv:hep-ph/0204112]. [50] D. Amati, M. Ciafaloni and G. Veneziano, Phys. Lett. B 197, 81 (1987); D. Amati, M. Ciafaloni and G. Veneziano, Phys. Lett. B 289, 87 (1992); P. C. Argyres, S. Dimopoulos and J. March-Russell, Phys. Lett. B 441, 96 (1998) [arXiv:hep-th/9808138]; T. Banks and W. Fischler, arXiv:hep-th/9906038.

[51] For a recent review on black holes in theories with extra dimensions, see e.g., P. Kanti, arXiv:hep-ph/0402168.

[52] P. D. D’Eath and P. N. Payne, Phys. Rev. D 46, 658 (1992); Phys. Rev. D 46, 675 (1992); Phys. Rev. D 46, 694 (1992); D. M. Eardley and S. B. Giddings, Phys. Rev. D 66, 044011 (2002) [arXiv:gr-qc/0201034]; S. N. Solodukhin, Phys. Lett. B 533, 153 (2002) [arXiv:hep-ph/0201248].

[53] L. A. Anchordoqui, J. L. Feng, H. Goldberg and A. D. Shapere, arXiv:hep-ph/0311365;

H. Yoshino and Y. Nambu, Phys. Rev. D 67, 024009 (2003) [arXiv:gr-qc/0209003]. [54] E. J. Ahn, M. Cavaglia and A. V. Olinto, arXiv:hep-ph/0312249.

[55] P. Kanti and J. March-Russell, Phys. Rev. D 66, 024023 (2002) [arXiv:hep-ph/0203223];

Phys. Rev. D 67, 104019 (2003) [arXiv:hep-ph/0212199].

[56] T. Han, G. D. Kribs and B. McElrath, Phys. Rev. Lett. 90, 031601 (2003) [arXiv:hep-ph/0207003].

[57] M. Kowalski, A. Ringwald and H. Tu, Phys. Lett. B 529, 1 (2002) [arXiv:hep-ph/0201139]. [58] L. A. Anchordoqui, J. L. Feng, H. Goldberg and A. D. Shapere, Phys. Rev. D 68, 104025 (2003) [arXiv:hep-ph/0307228].

[59] S. Dimopoulos and G. Landsberg, Phys. Rev. Lett. 87, 161602 (2001) [arXiv:hep-ph/0106295]; S. B. Giddings and S. Thomas, Phys. Rev. D 65, 056010 (2002) [arXiv:hep-ph/0106219].

[60] E. J. Ahn, M. Cavaglia and A. V. Olinto, Phys. Lett. B 551, 1 (2003) [arXiv:hep-th/0201042]. [61] K. Cheung and C. H. Chou, Phys. Rev. D 66, 036008 (2002) [arXiv:hep-ph/0205284]. [62] For a recent review on p-brane production, see e. g., M. Cavaglia, Int. J. Mod. Phys. A 18, 1843 (2003) [arXiv:hep-ph/0210296].

[63] L. A. Anchordoqui, J. L. Feng and H. Goldberg, Phys. Lett. B 535, 302 (2002) [arXiv:hep-ph/0202124].

[64] S. Dimopoulos and R. Emparan, Phys. Lett. B 526, 393 (2002) [arXiv:hep-ph/0108060]. [65] G. ’t Hooft, Phys. Rev. Lett. 37, 8 (1976); G. ’t Hooft, Phys. Rev. D 14, 3432 (1976) [Erratum-ibid. D 18, 2199 (1978)]; A. Ringwald, Nucl. Phys. B 330, 1 (1990); V. V. Khoze and A. Ringwald, Phys. Lett. B 259, 106 (1991).

[66] A. Ringwald, Phys. Lett. B 555, 227 (2003) [arXiv:hep-ph/0212099], and references therein. [67] F. Bezrukov, D. Levkov, C. Rebbi, V. Rubakov and P. Tinyakov, Phys. Lett. B 574, 75 (2003) [arXiv:hep-ph/0305300]; F. Bezrukov, D. Levkov, C. Rebbi, V. Rubakov and P. Tinyakov, Phys. Rev. D 68, 036005 (2003) [arXiv:hep-ph/0304180].

[68] T. Han and D. Hooper, Phys. Lett. B 582, 21 (2004) [arXiv:hep-ph/0307120]. [69] P. Arnold and L. McLerran, Phys. Rev. D37, 1020 (1988); A. Ringwald, Nucl. Phys. B330, 1 (1990); O. Espinosa, Nucl. Phys. B343, 310 (1990); V.A. Khoze and A. Ringwald, Phys. Lett. B259, 106 (1991).

[70] I. Albuquerque, G. Burdman and Z. Chacko, Phys. Rev. Lett. 92, 221802 (2004) [arXiv:hep-ph/0312197].

[71] J. L. Feng, A. Rajaraman and F. Takayama, Phys. Rev. Lett. 91, 011302 (2003) [arXiv:hep-ph/0302215]; J. L. Feng, S. Su and F. Takayama, arXiv:hep-ph/0404231.

[72] C. Barbot, M. Drees, F. Halzen and D. Hooper, Phys. Lett. B 563, 132 (2003) [arXiv:hep-ph/0207133].

[73] L. Anchordoqui, H. Goldberg and P. Nath, arXiv:hep-ph/0403115.