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Abstract

:

The origin of high-energy cosmic rays, and their behavior in astrophysical sources, remains an open question. Recently, new ways to address this question have been made possible by the observation of a new astrophysical messenger, namely neutrinos. The IceCube telescope has detected a diffuse flux of astrophysical neutrinos in the TeV-PeV energy range, likely produced in astrophysical sources accelerating cosmic rays, and more recently it has reported on a few candidate individual neutrino sources. Future experiments will be able to improve on these measurements quantitatively, by the detection of more events, and qualitatively, by extending the measurement into the EeV energy range. In this paper, we review the main features of the neutrino emission and sources observed by IceCube, as well as the main candidate sources that could contribute to the diffuse neutrino flux. As a parallel question, we review the status of high-energy neutrinos as a probe of Beyond the Standard Model physics coupling to the neutrino sector.
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1. Introduction


Neutrinos interact feebly with matter. This property, which makes them challenging to detect, also makes them a powerful probe of distant astrophysical environments, since they can reach Earth directly from the interior of the sources where they are produced. Neutrino astronomy can, therefore, provide an inside view of astrophysical sources. The most recent development in neutrino astronomy is high-energy (HE) neutrino astrophysics, mostly relating to neutrinos in the TeV-PeV range. They can be produced in the interactions of hadronic cosmic rays with dense targets of gas, dust, or low-energy photons. Therefore, cosmic neutrinos are a direct probe of the presence of hadronic cosmic rays in astrophysical sources.



The breakthrough in HE neutrino astronomy came in 2013 when the neutrino telescope IceCube reported the measurement of a diffuse neutrino flux between 100 TeV and 10 PeV of cosmic origin [1,2,3,4,5]. While the angular distribution of these neutrinos is consistent with isotropy, suggesting an extragalactic nature for their origin, the sources of this diffuse flux have not been conclusively elucidated. However, IceCube has reported on various significant advances, including a number of likely coincidences of neutrino detections with transient sources [6,7,8], and most recently the discovery of the first steady-state neutrino point source, the Seyfert galaxy NGC 1068 [9,10], and the discovery of a Galactic subdominant component of the diffuse flux. The interpretation of these results has stimulated a great deal of advances in the theoretical modeling of various source candidates. A parallel development has been the realization that HE neutrino observations can inform us about various Beyond the Standard Model (BSM) theories, especially connected with the neutrino sector. Since these neutrinos have much higher energies than the terrestrial ones, and they traverse long distances before reaching Earth, they are particularly sensitive to BSM physics at high-energy scales. However, extracting information on BSM physics, in light of the uncertainty on the astrophysical origin of HE neutrinos is challenging. In this paper, we will review the main theoretical results obtained on both the astrophysical and particle physics aspects of HE neutrinos.



Extending the IceCube measurements above the PeV, in the so-called ultra-high-energy (UHE) range, from 10 PeV to above the EeV, requires different experimental techniques, an effort undertaken by various collaborations. From the theoretical side, UHE neutrinos are expected to be produced by ultra-high-energy cosmic rays (UHECRs), either in the intergalactic space or inside the sources in which they are accelerated. Therefore, a future measurement opens exciting learning opportunities to pinpoint the origin of UHECRs. For this paper, we focus on the more theoretical aspects of UHE neutrino astrophysics. Other recent reviews on this subject include Refs. [11,12,13].



Our discussion will be structured as follows: in Section 2 we review the main microscopic processes by which neutrinos are expected to be produced in astrophysical environments. Section 3 is a brief discussion of the observed properties of the diffuse astrophysical neutrino spectrum, with a focus on how these properties should be interpreted in terms of astrophysical source properties. In Section 4 we discuss the main candidate sources for neutrino production. Finally, in Section 5 we discuss recent proposals to use high-energy astrophysical neutrinos as a probe of physics beyond the Standard Model.




2. Neutrino Production Processes


Hadronic cosmic rays interacting at high energies generally lead to the production of mesons, which in their decay lead to a neutrino emission. Since the lightest meson is the pion, neutrino production is most often associated with the decay of charged pions    π +  →  μ +   ν μ    and the subsequent muon decay    μ +  →  e +   ν e    ν ¯  μ   . The precise mechanism by which pion production happens can either be purely hadronic, in   p p   collisions between cosmic rays and a dense target, or photohadronic, in   p γ   collisions with a photon field. Heavier nuclei within CRs can also be subject to analogous collisions with matter or with radiation fields. As we will discuss later, astrophysical environments may exhibit both kinds of production mechanisms. The specific properties of the neutrino fluxes emitted depend on the process at hand; here we review what features are mainly expected in both cases.



Before delving into the peculiarities of each case, we briefly discuss what are the expectations for the parent cosmic-ray spectrum within neutrino sources. A detailed treatment should of course be conducted on the basis of each separate source class, but the general expectation is that cosmic rays are accelerated in their passage through moving magnetic inhomogeneities; various mechanisms involve shock wave acceleration, stochastic acceleration in magnetic turbulence, and acceleration in regions of magnetic reconnection. While no universal statement can be made, these acceleration mechanisms seem to generally lead to a CR spectrum behaving as a power law [14]   d  N p  / d  E p  ∝  E p  −  s p      up to a maximum proton energy   E  p , max   . The spectral index   s p   depends on the acceleration mechanism; an often-used benchmark is    s p  = 2  , as expected from acceleration in non-relativistic shock waves [15], but different processes can actually lead to much harder spectra, with    s p  ∼ 1  , or softer, with    s p  ∼ 3  . The maximum energy   E  p , max    should be determined by the balance between the time it takes to be accelerated to   E  p , max    and the maximum time a particle can spend inside the acceleration region, or in the presence of strong cooling due to CR interactions with the cooling timescale. Thus, it is often assumed that within each source, CRs have a power-law spectrum with a cutoff.



Regarding the neutrino production processes, in   p p   collisions, pions are produced by deep inelastic scattering. The amount and spectrum of the produced pions require knowledge of hadronic physics and thus must be obtained from Monte Carlo codes based on phenomenological models of strong interactions, such as PYTHIA [16], QGSJETII-04 [17], and SIBYLL [18]. Analytical parameterizations are also available for the spectrum of  π  and  η  mesons in Ref. [19]. While the hadronic physics involved in these codes is certainly subject to uncertainties, since it is based on extrapolating the models tuned to reproduce measurements at the center-of-mass energies of LHC to higher energies, in astrophysical environments the uncertainties on the source properties are usually the dominant source of uncertainty.



For simple estimates, it is usually enough to assume that pions carry an average fraction of the parent proton energy equal to    E π  ≃  E p  / 5  , as seen from the Monte Carlo simulation of the scattering. Since in pion decay, four ultra-relativistic particles are produced, each neutrino on average carries an energy    E ν  =  E π  / 4 ≃  E p  / 20  . Since the total   p p   cross-section is itself not strongly dependent on energy above the threshold for pion production, the neutrino spectrum from   p p   collisions usually follows the parent proton spectrum. Given that many acceleration mechanisms are expected to produce power-law cosmic-ray spectra, with a typically soft spectral index   d  N p  / d  E p  ∝  E p  −  s p      with    s p  ≳ 2  , this leads to a general expectation that   p p   sources should produce soft power-law neutrino spectra, although of course, this depends strongly on the assumption on the parent cosmic-ray spectrum.



From the point of view of the flavor composition of the produced neutrinos, from the pion decay chain, one then expects a so-called pion-beam flavor composition (  f e  ,  f μ  ,   f τ  ) = (1,2,0)/3, where   f α   is the neutrino fraction in flavor  α . Furthermore, since in   p p   collisions a roughly equal amount of   π +  ,   π −  , and   π 0   is produced, an equal fraction of neutrinos and antineutrinos is expected.



In   p γ   collisions, pions can be produced if the center-of-mass energy exceeds roughly   0.2   GeV. If we denote by   ε γ   and   E p   the photon and proton energy, respectively, and we introduce the angle  θ  between the proton and photon momenta, the condition for the   p γ   interaction can be written (Assuming    ε γ  ≪  E p   .) as    E p   ε γ   ( 1 − cos θ )  ≳ 0.04   GeV2, which depends on the angle between proton and photon. As shown in Ref. [20], after averaging the cross section over the angle, under the assumption of an isotropic photon target, the condition can be written as


   E p   ε γ  ≳    m p   ϵ th   2  ,  



(1)




with   m p   the proton mass and    ϵ th  ≃ 150   MeV.



Just like   p p   processes, photohadronic processes too are generally described by means of numerical codes: the main tool for this task is the Monte Carlo code SOPHIA [21,22]. At low energies, the cross section is dominated by a number of resonances, the most prominent of which is the  Δ -resonance (see, e.g., Ref. [23])


  p + γ →  Δ +  →      n +  π +      1 / 3  of  cases       p +  π 0      2 / 3  of  cases .       



(2)







A second contribution taken into account is the direct production of pions, which are mediated by the t-channel exchange of mesons. Finally, at higher energies, the dominant contribution is the so-called multi-pion production, due to the large number of pions in the final states.



The use of SOPHIA for the simulation of   p γ   interactions can be time-consuming, just as in the   p p   case, so analytical approaches are often adopted. A commonly used approximation [24] is the use of the  Δ -resonance contribution alone, assuming that each secondary carries a fixed fraction of the initial proton energy. For example, for pion production, it is assumed that an energy    E π  ≃ 0.22  E p    is carried by the daughter pion [20]. Correspondingly, photons carry an energy    E γ  =  E π  / 2 ≃ 0.11  E p    on average. Neglecting the multi-pion contribution in this approach, however, is not generally justified, as emphasized, e.g., in Refs. [20,25,26,27,28]. Analytical parameterizations for the final neutrino and gamma-ray spectra, including all contributions are given in Ref. [29].



For simple order-of-magnitude estimates, in   p γ   production, it is still reasonable to assume that neutrinos carry an energy    E ν  ≃  E p  / 20  . On the other hand, the assumption that the neutrino spectrum follows the parent proton spectrum here breaks down because the interaction rate with photons is determined by the photon spectrum. For  Δ -resonance interaction, the interaction rate at a proton energy   E p   is determined essentially by the photon number density at the resonance energy    ε γ  ∼ 0.2   GeV 2  /  E p   , while for multi-pion interactions the interaction rate is determined by the integrated photon number above this energy [28]. If the photon spectrum is a soft power-law   d  n γ  / d  ε γ  ∝  ε γ  −  s γ      with    s γ  > 1  , the resulting neutrino spectrum is typically hardened compared to the proton spectrum, behaving as   d  N ν  / d  E ν  ∝  E ν  −  s p  +  s γ  − 1     [23]. This leads to a common expectation that if protons are accelerated with an   E p  − 2    spectrum up to a maximum energy   E  p , max   , the resulting neutrino spectrum should be harder. Under this assumption, the neutrino energy density    E ν 2  d  N ν  / d  E ν    increases with energy, up to a maximum energy    E  ν , max   ≃  E  p , max   / 20  . The bulk of the energy injection is, therefore, emitted around a characteristic energy   E  ν , max   , producing spectral shapes similar to a bump [30].



Regarding the expected flavor composition of the produced neutrinos, in this case, the pion decay chain leads to a pion beam flavor composition; on the other hand, the neutrino-to-antineutrino ratio depends on the dominant production channel. While the multi-pion channel leads to a roughly equal amount of   π +   and   π −  , and thus equipartition between neutrinos and antineutrinos; the  Δ  resonance channel breaks this symmetry and alters this simple prediction.



The discussion above refers to the simplest picture of neutrino production. This picture can be altered due to cooling in strong magnetic fields, and processes beyond pion production see, e.g., Refs. [20,22,23,26,28,31,32,33,34,35]. At sufficiently large magnetic fields, the intermediate muons and pions produced in the interaction may suffer large synchrotron losses before their decay, and therefore, become unable to produce high-energy neutrinos. Since muons are lighter and have a longer lifetime than pions, they are the first to suffer strong energy losses before decaying, at energies    E μ  ≳ 4.8 ×  10 9    GeV    ( B / 1  G )   − 1   , thus inversely depending on the magnetic field. Above these energies, only neutrinos from the primary pion decay can be produced at high energies, leading to a change both in the energy spectrum and in the flavor composition; the latter is now the so-called muon-damped composition   ( 0 , 1 , 0 )  . The muons subject to strong losses are pushed to lower energies, just before the transition from a pion beam to muon-damped composition, and may produce in this energy region an excess of neutrinos from muon decay only, generating a so-called muon-beam flavor composition   ( 1 , 1 , 0 )  . At large enough energies, pions may be subject to strong synchrotron losses, so a competing neutrino production channel is given by the decay of K mesons produced in the interactions. Finally, while pion decay is the main mechanism considered for neutrino production, an additional possibility is the decay of neutrons produced in   p p   and   p γ   interactions. Since in neutron decay, neutrinos typically carry a very small fraction, of the order of   10  − 4    of the parent neutron energy, this production mechanism is most efficient at lower energies and is characterized by a neutron-beam flavor composition   ( 1 , 0 , 0 )  .




3. The Diffuse High-Energy Neutrino Flux


In this section, we briefly review the main properties of the diffuse neutrino flux observed by IceCube. We separately discuss the energy spectrum, angular distribution, and flavor composition inferred from the observations. Finally, we review the connection between the diffuse neutrino and gamma-ray flux observations.



3.1. Energy Spectrum


Since the first observation of a diffuse (namely distributed all over the sky) high-energy neutrino flux from IceCube in 2013, the IceCube Collaboration has provided various updated measurements [1,2,3,4,36,37,38] of the properties of the flux. A key strategy is the use of different data selections which have complementary advantages and disadvantages in the energy resolution, background rejection, and overall number of events. The identification of the astrophysical component was originally performed with the High-Energy Starting Events (HESE) [38], namely events with an interaction vertex completely contained within the instrumented volume. This strategy allows a considerable rejection of atmospheric muon and neutrino backgrounds and is particularly sensitive to cascade events produced mostly by   ν e   and   ν τ  . Another strategy consists of considering track events originating also outside of the detector from the northern sky (throughgoing muons) [39], which allows the rejection of atmospheric muons. Track events have a significantly better angular resolution, so they provide an improved sensitivity to point sources. A final analysis reported by the collaboration used contained cascade events only [5], which entirely eliminates the background of atmospheric muons and provides a measurement down to the tens of TeV range.



Most analyses of these measurements rely on a power-law fit to the neutrino spectrum of the form


    d  Φ ν    d  E ν  d Ω   =  Φ ν      E ν   100  TeV     −  s ν     



(3)







While a power law is a natural expectation for certain classes of sources, as we have discussed in Section 2, it is not necessarily a good theoretical assumption for the entirety of the diffuse flux. Nevertheless, a power-law fit remains a reasonable characterization of the properties of the data, especially in view of the current experimental uncertainties. The values inferred for the parameters   Φ ν   and   s ν   from different data samples are summarized in Figure 1. The values inferred, especially for the spectral index are not in complete agreement, which may be attributed to systematic differences in the coverage of each data sample, e.g., sensitivity to different flavors or different regions of the sky. Nonetheless, they provide a roughly consistent picture of the high-energy neutrino flux.



So far, the different data samples all seem to provide a general agreement with the power-law fit. Only very recently, did preliminary IceCube analyses report on the first hints of non-power-law behavior from a combined analysis of the cascades and tracks data sample, showing a hardening of the spectrum in the tens of TeV range [41]. Above hundreds of TeV, the relatively limited statistics make it challenging to identify deviations from a power law. Such deviations could be expected if the diffuse flux comes from the superposition of multiple source classes, each with their own spectrum, e.g., in scenarios where photohadronic “bumps” dominate at PeV energies with a power-law flux below PeV (see, e.g., Refs. [42,43]), but larger statistics will be crucial to test these multicomponent pictures.




3.2. Angular Distribution and Point Sources


The angular distribution of astrophysical neutrinos may help identify their origin. If neutrinos are produced in extragalactic sources, they should show an angular distribution, on average isotropic, with clustering around the positions of their sources. On the other hand, a Galactic component, produced in   p p   interactions of Galactic cosmic rays with interstellar material, should show a clear correlation with the Galactic Center.



So far, the angular distribution of the astrophysical neutrinos detected by IceCube seems to be mostly isotropic. Only very recently, a subdominant component has been identified as Galactic, since its spatial distribution matches the expected one. The remaining part of the flux is, therefore, most likely extragalactic, with recent studies confirming that even the flavor composition is consistent with isotropy [44]. In order to identify its sources, the IceCube Collaboration adopts different strategies, including searches for multiplets of events from similar directions in the sky [9,45,46,47,48], cross-correlation of neutrino angular distribution with catalogs of known sources [49,50,51,52,53,54,55,56,57,58,59,60,61,62] and with ultra-high-energy cosmic rays [63,64,65], the analysis of the neutrino angular power spectrum [66,67,68,69], and searches for temporal and spatial correlations with transient sources [70,71]. Up to now, the IceCube Collaboration has reported on the detection of two sources, the Seyfert galaxy NGC 1068 [10], and the blazar TXS 0506 + 056 [6,7]. In addition, a number of spatial and temporal coincidences of individual high-energy neutrinos with tidal disruption events have been reported [8,72,73] which, however, are less conclusive.



The presence, or absence, of clustering in the neutrino angular distribution can provide important information on the nature of the neutrino sources [74,75,76,77]. A large degree of clustering, with neutrinos appearing in multiplets from similar directions, would suggest that the sources of the diffuse neutrino flux are rare and individually powerful. On the other hand, so far the high-energy neutrino sky above 100 TeV seems to show the opposite regime, with no multiplets detected. This allows us to set upper bounds on the neutrino luminosity of individual sources   L ν  , depending on the effective source density   ρ eff  ; these are shown in Figure 2. Since the product    L ν   ρ eff    directly determines the magnitude of the diffuse neutrino flux, these bounds allow us to infer a maximum luminosity for the sources dominating the neutrino sky, and even to exclude some candidate source populations already with the present-day IceCube data. A similar approach might also be helpful in the UHE range above tens of PeV, where there are at present no observations but where a sufficient sensitivity for detection may be reached in the next decade by radio telescopes; using the predicted angular resolution of these experiments, their potential sensitivity to point source detection has been analyzed in Refs. [78,79]. On the other hand, one should emphasize that all these conclusions rely on the assumption of a single population of identical sources, although there are attempts to use the angular information in multi-component studies [80].




3.3. Flavor Composition


Neutrino detection in IceCube does not allow the identification of the flavor of each individual event. Nevertheless, sensitivity to the flavor composition of the astrophysical flux can still be achieved using the different topologies of the observed events [40,82,83,84,85,86,87]. Electron and tau neutrinos typically give rise to cascade events contained in the detector. Muon neutrinos can either produce a cascade, in the case of neutral-current scattering with nuclei, or a track originating from the muon produced in charged-current scatterings. Contamination of tracks from the charged-current scattering of tau neutrinos can also appear due to the tau rapidly decaying into a muon with a branching ratio of   17 %  . Thus, simultaneous analysis of tracks and cascades allows for a partial discrimination of the flavor composition.



At higher energies, charged-current scattering of tau neutrinos can also induce a characteristic topology, typically called a double bang, with two cascades separated by a track corresponding to the propagation of the unstable tau lepton. The IceCube Collaboration reported the first observation of two candidates for double bang events in 2020 [88], allowing to obtain updated constraints on the flavor composition and to determine the existence of a tau component in the astrophysical neutrino flux.



A separate flavor-dependent detection process is the neutrino-electron resonant scattering     ν ¯  e   e −  → W → X  , where X is a generic final state. The cross-section for this process has a resonance peak, known as Glashow resonance, for an antineutrino energy (in the rest frame of the electron) of   6.3   PeV, leading to an expected excess of events around that energy. In 2020, IceCube reported the detection of a cascade event consistent with the properties expected for a Glashow resonance [89]. The detection of a Glashow resonance event not only provides information on the flavor of the neutrino but also gives a unique way to discriminate between neutrinos and antineutrinos and learn about their production processes [90,91].



Interpreting these results on the flavor composition in terms of astrophysical mechanisms of production, one should be careful in considering the impact of neutrino mixing. As we have discussed in Section 2, at the source neutrinos can be produced in a variety of conditions, resulting in flavor regimes that include the pion beam, the muon-damped regime, the muon beam, and the neutron beam. All these regimes have in common the absence of tau neutrinos since the associated tau lepton would require very large center-of-mass energies as a threshold for production; nevertheless, in special cases associated with charm production, this could possibly happen. Once neutrinos are produced with a given flavor composition   f α   at the source, they propagate in a vacuum from the source to Earth. Since the oscillation lengths are much smaller than the propagation distance, they quickly decohere, evolving into a new flavor composition


   f α ⊕  =  ∑  i , β    |   U  α i     |  2    |  U  β i   |  2   f β  ,  



(4)




where U is the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) mixing matrix [92,93]. Thus, for example, for most production scenarios, tau neutrinos at Earth can only be observed in the presence of mixing. Accounting for neutrino mixing, the difference among different flavor compositions at the source is largely reduced, challenging a clear discrimination among different mechanisms. Nevertheless, flavor can certainly inform us about the neutrino production mechanisms [26,31,32,94,95,96,97,98,99,100,101,102,103,104,105]; the increase in statistics connected with future neutrino telescopes will provide a significant improvement to this picture [106]. Even more importantly, future observations should be able to test scenarios with energy-dependent transitions among different flavor regimes [91], which, as discussed in Section 2 are the most natural expectation for models with non-trivial flavor compositions.




3.4. Multimessenger Connections


The diffuse high-energy neutrino flux is produced from cosmic-ray interactions, and in all such interactions, gamma-rays should be produced as well. Therefore, a connection between these three messengers can intuitively be expected. This expectation is strengthened by the observation that the energy flux observed on Earth in all three messengers seems to be comparable, as shown in Figure 3. So, from the observational side, a scenario that can simultaneously explain the signal of all three messengers would be appealing [107]. Nevertheless, from the theoretical side, the precise connection between the different messengers is rather model-dependent.



A direct connection between the observed neutrino flux and the UHECR flux should exist if the sources of IceCube neutrinos simultaneously produce the observed UHECRs. A necessary requirement for this self-consistent picture is that the sources should allow a sizable fraction of UHECRs to escape so that they can reach Earth. Following this picture, Waxman and Bahcall [110,111] derived an upper bound on the neutrino flux    E ν 2   Φ ν  ≲ 2 ×  10  − 8     GeV cm−2 s−1 sr−1, assuming an E−2 UHECR flux normalized to the observed flux at Earth, and maximum efficiency for neutrino production from UHECRs. Such a bound cannot be evaded if the neutrino sources are simultaneously the sources of UHECRs. On the other hand, the neutrino flux observed by IceCube seems to be comparable with the Waxman–Bahcall bound, perhaps suggesting that they are not produced in environments transparent to UHECRs, but rather in reservoirs that can confine CRs, such as starburst galaxies (see Section 4.4). An intriguing possibility is that the fraction of escaping CRs is energy-dependent, which can be realized in models of galaxy clusters (see Section 4.5) where CRs below about 100 PeV are confined and can produce a large neutrino flux, while those above 100 PeV escape and contribute to the UHECR flux.



The connection between neutrinos and gamma rays is similarly dependent on the properties of the producing environment. All the hadronic processes proposed to explain neutrinos rely on pion production. The decay of charged pions produces neutrinos, while the decay of neutral pions produces gamma-rays, so one could expect a direct proportionality    E ν 2   Φ ν  ∝  E γ 2   Φ γ   , where the proportionality factor depends on the relative proportion of charged and neutral pions and can be slightly different for   p p   and   p γ   scenarios. However, this simple conclusion is affected by two factors.



First, even if gamma-rays are produced and are able to escape the source, above about 1 TeV they are strongly attenuated in the extragalactic space due to their   γ γ   interaction with the Cosmic Microwave Background (CMB) and Extragalactic Background Light (EBL). Their energy is then cascaded below the TeV region and contributes to the high-energy gamma-ray flux observed by Fermi-LAT. This is the expected scenario in models of   p p   sources, e.g., starburst galaxies and galaxy clusters, which are generally expected to be gamma-ray transparent. In this case, the amount of energy that is cascaded in sub-TeV gamma-rays is particularly sensitive to the neutrino spectral index   s ν  , where    Φ ν  ∝  E ν  −  s ν     . Normalizing the neutrino spectrum to the observed IceCube flux in the 100 TeV–10 PeV range, a soft spectrum implies a larger amount of energy below 100 TeV; the corresponding gamma-ray flux, after being reprocessed by the cascade, could easily exceed the Fermi-LAT observations. As shown in Ref. [112], this imposes an upper bound on the spectral index    s ν  ≲ 2.1 − 2.2   for   p p   sources to explain the neutrino flux above 100 TeV and be consistent with the gamma-ray data. It also implies that gamma-ray transparent sources are difficult to reconcile with the neutrino flux between 10 TeV and 100 TeV [113,114,115].



Second, the sources themselves may not be gamma-ray transparent. This is a natural expectation for efficient   p γ   sources since the dense target of photons needed for   p γ   interactions is also a target for   γ γ   absorption and subsequent cascading [113,116,117,118]. A population of gamma-ray opaque sources may easily explain the neutrino flux below 100 TeV without exceeding the GeV–TeV Fermi-LAT observations [113,114,115]. Candidate sources with these properties are choked gamma-ray bursts [119,120] and active galactic nuclei (AGN) cores [121,122]. In this sense, the detection of a neutrino signal from the AGN NGC 1068 may provide a first hint that AGN cores are responsible for the bulk of the neutrino production in the 10 TeV–100 TeV range, a scenario that can be accommodated with the current neutrino production models in AGN coronae [123,124].





4. Astrophysical Sources of Neutrinos


Historically, the first candidate sources for neutrino production were looked for among those sources expected to produce UHECRs, e.g., gamma-ray bursts and blazars. However, in more recent years novel source classes have been explored. Here, we provide a brief review of the main source classes considered in the literature, focusing especially on the most recent developments motivated by experimental observations.



4.1. Active Galactic Nuclei


AGN are bright compact regions at the center of host galaxies. Their electromagnetic (EM) emission spans all frequency bands of the spectrum and can reach luminosities as large as   10 47   erg/s. This emission is believed to be powered by the accretion of matter onto a central supermassive black hole (SMBH) [125], but the mechanism by which the gravitational energy of the infalling matter can be converted into the wide variety of observed energy emission processes is not conclusively understood. Indeed, while AGN are all likely characterized by a central SMBH, they exhibit a wide variety of behaviors and are characterized in multiple subclasses. From the point of view of neutrino emission, a primary distinction can be made between jetted and non-jetted AGN. The former (typically ∼1–10% of the population) may exhibit powerful jets with large radio luminosities, while the latter are radio-quiet, and may have weak jets inferred from radio observations. Among jetted AGN, a special class is constituted by blazars, for which the jet points directly to Earth. In the following, we separately discuss the two classes; for a more detailed review of neutrino emission in AGN, see, e.g., Ref. [126].



4.1.1. Non-Jetted AGN


Non-jetted AGN are typically characterized by a bright optical-ultraviolet (OUV) emission likely produced from an optically thick, geometrically thin accretion disk around the SMBH. They may also exhibit bright X-ray emission, which is usually explained by a coronal region closer to the SMBH where a population of energetic electrons is able to Comptonize the disk radiation. In order to maintain a stationary population of energetic electrons, some energization mechanism, most likely of magnetic origin is needed, which suggests that the corona may be strongly magnetized.



While neutrino production in the AGN inner regions has long been suggested [127,128,129], this topic has received considerable momentum from the IceCube discovery of an excess of the neutrinos from the direction of the Seyfert galaxy NGC 1068. The observed neutrino signal is consistent with a power-law flux   d  Φ ν  / d  E ν  ∝  E ν  − 3.2    , and a neutrino luminosity of the order of   10 42   erg/s [10]. This is more than an order of magnitude larger than the upper bounds set by MAGIC on the gamma-ray luminosity at the same energy [130], indicating that neutrinos are produced in an optically thick region that absorbs gamma rays [131]. The coronal region would be an ideal candidate, due to the dense X-ray photon field which renders it gamma-ray opaque via   γ γ   processes. Various acceleration mechanisms have been proposed to explain the formation of a non-thermal proton population, including diffusive shock acceleration [132], stochastic acceleration in magnetic turbulence [122,133], and magnetic reconnection [124,134]. Independently of the acceleration model at work, the coronal region would efficiently lead to neutrino production either via   p p   collisions with the material in the coronal region or via   p γ   collisions with the coronal X-rays and possibly the OUV photons from the accretion disk. Alternative sites for neutrino production have also been considered, such as failed line-driven winds, where protons may be accelerated by diffusive shock acceleration [135], the inner torus, and the interaction region between the weak jet and the interstellar material [136]. All the proposed scenarios share the common features of gamma-ray opaqueness, needed to explain the stringent upper bounds on the GeV gamma-ray luminosities. However, the energy injected in high-energy gamma rays is not lost but is rather reprocessed into MeV photons via the electromagnetic cascade initiated by   γ γ   processes. Therefore, future measurements of the MeV emission from NGC 1068 will provide a critical test for many of these scenarios. Finally, while regions close to the SMBH are likely needed to explain the gamma-ray opaqueness associated with the signal of NGC 1068 [137], sub-dominant neutrino production could also be associated with outer regions, e.g., the ultra-fast-outflows driven by the AGN activity [138,139].




4.1.2. Blazars


Jetted AGN host powerful non-thermal emission, with most of the power strongly beamed along the direction of the jet. For blazars, with the jet pointing to Earth, the spectral energy distribution spans across the entire frequency spectrum, and is typically organized in two humps; a low-energy hump, typically attributed to synchrotron radiation from electrons accelerated in the jet, and a high-energy hump, whose origin is more debated. In a purely leptonic scenario, the second hump is explained by inverse Compton scattering off the synchrotron photons, while in hadronic scenarios it can be explained by the cascade resulting from photons and leptons injected by   p γ   interactions [140] or by synchrotron emission from cosmic rays [141,142].



In most blazar models, neutrino production is typically predicted via   p γ   interactions. If hadronic cosmic rays are accelerated in blazar jets, then synchrotron photons from coaccelerated electrons, forming the first hump are a natural target for photohadronic neutrino production [143,144]. They are the dominant target in models for BL Lacertae (BL Lac) objects, which are typically blazars with low luminosity. For the class of Flat Spectrum Radio Quasars (FSRQs), external photon fields, whose nature is model-dependent, may provide a dominant target for   p γ   [145]. Since the interaction is likely photohadronic, a standard   E p  − 2    expectation for the CR spectrum translates into a hard neutrino spectrum   E ν  −  s ν    , with    s ν  < 2  , which is a common feature of most blazar emission models. The cutoff of the neutrino spectrum is then directly determined by the maximum acceleration of the accelerated CRs. The neutrino luminosity is expected to be higher for sources bright in the gamma rays, but the precise scaling is model-dependent; for leptonic models, assuming that the CR luminosity   L CR   is proportional to the bolometric non-thermal luminosity of the jet   L rad  , the neutrino luminosity is expected to scale as    L ν  ∝  L CR   L rad  ∝  L rad 2    if the   p γ   target is the synchrotron field, as expected for BL Lacs and lower-luminosity objects, while    L ν  ∝  L rad  3 / 2     if the   p γ   target is an external photon field, as expected for FSRQs [146]. If the observed gamma-rays are instead of hadronic origin, we should rather expect    L ν  ∝  L γ    [147,148].



Blazars have been considered as candidates for the acceleration of UHECRs and neutrino production [144,145,149,150,151]. In such models, they must be able to accelerate CRs up to hundreds of EeV, so neutrino production would be expected mainly in the EeV region. In this scenario, the fraction of CR energy that results in EeV neutrino production likely depends on the source luminosity, with BL Lacs leading to a larger fraction of CRs leaving the source and contributing to the observed UHECR flux, and the brighter FSRQs more efficiently producing UHE neutrinos [146,152,153]. At present, IceCube is less sensitive in the EeV region than in the PeV one, so for now only the upper bounds on the neutrino flux have been set [154], which allows to constrain the source models. However, a significant improvement in sensitivity in this energy region will come from the future radio telescopes for UHE neutrinos, which will allow us to critically test the assumption of UHECR acceleration in blazar jets. In any case, in these scenarios where blazars can accelerate UHECRs, they quite likely are not the dominant source of IceCube neutrinos, since their predicted hard spectrum, if normalized to the IceCube observations, would exceed even the present-day upper limits on the UHE neutrino flux. One could, of course, relieve the assumption that blazars should simultaneously produce UHECRs and neutrinos, and consider scenarios in which they only accelerate CRs up to hundreds of PeV and produce neutrinos in the 100 TeV–1 PeV range. Even this picture is strongly constrained, both by the predicted hard neutrino spectrum in blazars and by stacking [53,155,156,157] and multiplet constraints (see Section 3.2), although unresolved blazars could still dominate the PeV neutrino flux [158].



The connection between blazars and neutrino production has received a significant boost from the detection [7] in September 2017, of a high-energy neutrino in spatial and temporal coincidence with the blazar TXS 0506 + 056 during a gamma-ray and X-ray flare. The coincidence was estimated at the   3 σ   level of significance. Furthermore, an analysis of archival data showed evidence [6] of a neutrino flare in the period from September 2014 to March 2015, without a corresponding electromagnetic flare, with an estimated significance of 3.5  σ , although when such an excess is searched for over the entire sky, it becomes insignificant [71]. The interpretation of these results in terms of astrophysical models seems to be challenging. For the 2017 flare, the necessary neutrino production would induce an electromagnetic cascade that is strongly constrained by the X-ray measurements [159,160,161,162,163]. For the 2014–2015 flare the situation is even more challenging due to the absence of a corresponding flare either in gamma-rays or X-rays and is difficult to reconcile with the expected electromagnetic cascade flux, at least in the context of one-zone models [161,164,165]. The detection of future neutrino-blazar coincidences will, therefore, be crucial to clarify the situation [166].





4.2. Gamma-Ray Bursts


Gamma-ray bursts (GRBs) are among the most energetic explosions in the Universe. A general discussion of their observational properties and theoretical mechanisms can be found, e.g., in Ref. [167]. First detected via their bright gamma-ray emission, they are characterized by a prompt emission with a duration ranging from below a few seconds, for short GRBs, and up to 10–1000 s for long GRBs. The energy ejected in the explosion is typically of the order of   10 51   erg, and is believed to be emitted in highly collimated jets, whose origin may be associated either with a central black hole or with a strongly magnetized neutron star. The prompt emission is followed by an afterglow, with emission spanning all bands from radio waves up to gamma rays, lasting hours or days.



The presence of a jet is immediately suggestive of particle acceleration, an idea that is immediately confirmed by the observed power-law spectra, suggesting non-thermal emission. The traditional picture of GRBs is thus the following [168,169]: an initial event, which can be the collapse of a massive star for long GRBs or the mergers of two neutron stars for short GRBs, forms a central compact object and launches a jet. The jet has highly relativistic velocities and can accelerate particles through various mechanisms, with the most widely proposed acceleration by the Fermi mechanism at shocks in hydrodynamical jets and acceleration via magnetic reconnection in strongly magnetized jets. If the acceleration occurs in optically thin regions, the accelerated non-thermal electrons can produce high-energy gamma rays via synchrotron radiation and/or inverse Compton radiation. Alternatively, if most of the energy dissipation takes place in an optically thick part of the jet, the saturated Compton cooling model appears to accurately match the observed spectra of at least some GRBs. At present, the energy dissipation and radiation mechanisms operating in GRB jets are still the subject of an open debate, and there is no single model that can account for all the prompt emission observations. At large distances, after the jet sweeps up an amount of mass comparable to its own energy, it starts a deceleration phase in which the shock waves propagates through the ambient medium. This is the traditional interpretation of the afterglow.



Regardless of the precise mechanism by which electrons are accelerated, if ions are accelerated as well, then one is led to investigate the possibility that GRBs could accelerate UHECRs [170,171,172,173,174,175,176] and produce high-energy neutrinos [24,172,175,176,177,178,179,180,181,182,183,184,185]; we refer also to Ref. [186] for a recent review of the connection between GRBs and high-energy neutrinos. Neutrino production in the prompt phase could happen via   p γ   scattering on the observed gamma-ray flux, although the corresponding neutrino fluxes are subject to large uncertainties. In photospheric models, if CRs are accelerated they may still give rise to an observable neutrino signal [119,187,188], although sub-photospheric shock acceleration to high energies may be inefficient due to the radiation-mediated nature of the shocks. Even in this case, if CRs are not accelerated, neutrino production may still happen due to neutron–proton collisions, although in this scenario the neutrino emission would be most easily observed in the GeV-TeV region [189,190,191]. Finally, during the afterglow, due to the larger distances involved, ions can be accelerated to UHE, leading to the production of EeV neutrinos [185,192,193,194,195]. From the observational viewpoint, IceCube and other neutrino telescopes have not detected any temporal or spatial coincidence among the observed neutrinos and the known GRBs, allowing to establish limits on GRB neutrino emission [49,196,197,198,199,200], so the contribution of GRBs to the IceCube flux is limited to less than ∼1%. Comparable constraints have been derived from the non-observation of neutrinos [201] from the brightest GRB observed in October 2022, GRB 221009A [202,203,204]. These bounds strongly constrain the amount of baryons accelerated in GRBs, and therefore, their contribution to UHECRs, although they can be alleviated in multi-zone models. Furthermore, they do not apply to low-luminosity GRBs, which may not appear in the samples and could still contribute sizably to the UHE neutrino and UHECR flux [182,205,206,207]. Finally, choked GRBs, where the jet is not able to make it out of the stellar material, have been suggested as a candidate gamma-ray opaque source explaining the 10–100 TeV observed neutrino emission [119,120].




4.3. Tidal Disruption Events


A tidal disruption event (TDE) results from the accretion of material from a star torn apart by a supermassive black hole. The accretion can power electromagnetic emissions lasting for typical timescales of months to years. For some TDEs, the emission is accompanied by a powerful jet, as in the case of Sw 1644 + 57 [208]. One may, therefore, expect that in such jets, CR acceleration can power neutrino emission [209,210,211,212], although non-jetted TDEs have also been suggested as neutrino emitters [213,214]. The seminal proposal for UHECR acceleration and neutrino emission in TDEs was given in Refs. [215,216].



Neutrino production in TDEs gained interest with the association of three IceCube alerts with the candidate TDEs AT2019dsg [8], AT2019fdr [72], and AT2019aalc [73], although for some of them the identification as TDE is controversial [217]. If these associations are confirmed, they share some similarities; in all cases, the neutrino events were detected about 150–300 days after the peak in the optical-ultraviolet (OUV) emission of the events, and all events exhibited high OUV luminosities and a delayed infrared (IR) emission, explained as OUV and X-ray radiation reprocessed by dust (dust echo). The neutrino signal could then be explained from   p γ   interactions of accelerated CRs with either X-ray, OUV, or IR target [72,73,213,214,218,219,220,221], with the latter scenario potentially providing an explanation for the time delay and the presence of a strong dust echo in all cases.




4.4. Starburst Galaxies


Starburst galaxies (SBGs) are galaxies with an unusually high rate of star formation, which can reach values of 100   M ⊙   yr−1 (for comparison the average value in the Milky Way is around 3   M ⊙   yr−1) [222]. Star-forming processes happen mostly in the nuclei of the galaxies, with typical dimensions of hundreds of parsecs. The presence of enhanced star-forming processes is generally connected with a large amount of interstellar material, with average number densities of 100 cm−3. Due to these properties, SBGs exhibit enhanced far-infrared luminosities, with energy densities   U ∼  10 3    eV cm−3, and higher supernova rates, of the order of 0.1–1 yr−1, compared to normal galaxies. Simulations have also shown that SBGs can have very large interstellar wind velocities of hundreds to thousands of kilometers per second [223,224].



The properties just discussed make SBGs very promising sources of hadronic neutrino and gamma-ray production. The large amount of ISM is an ideal target for   p p   collision, and the enhanced supernova rate suggests the presence of acceleration sites within the galaxy. For this reason, neutrino production in SBGs has been studied in the literature by various authors [43,112,225,226,227,228,229,230,231,232,233,234,235]. The scenario is typical of cosmic reservoirs, where supernovae embedded in the SBG accelerate CRs via DSA, and the CRs undergo   p p   collisions with the ISM. Since the typical timescale for   p p   collisions is much smaller than the escape time of CRs at large enough energies, the SBG acts as a calorimeter, where the CRs dump all of their energy in neutrino and gamma-ray emission [225,236]. Since this is a very efficient way of producing neutrinos, this mechanism can contribute significantly to the IceCube neutrino emission above 100 TeV, although in order to explain also the 1–10 PeV neutrinos, CRs should be accelerated to more than 100 PeV, which could be achieved by hypernovae [112,227,229], enhanced magnetic fields [112], or galactic winds [237].



The concomitant production of gamma-rays, associated with the neutrinos from SBG, must not exceed the non-blazar component of the extragalactic gamma-ray background (EGB) measured by Fermi-LAT [108]. This requirement constrains the properties of SBG emission [112,227,238], implying that the neutrino (and thus CR) spectrum must be sufficiently hard to explain the diffuse IceCube neutrinos above 100 TeV. This requirement can be somewhat relaxed by going beyond the “standard candle” approximation in which all SBGs have an identical neutrino and gamma-ray spectrum; even if only a fraction of SBGs have a sufficiently hard spectrum, they can still be consistent with the neutrino observations [43]. Refs. [230,231,232] conclude that the through-going muon neutrino flux at IceCube can indeed be explained by SBGs. We note that these conclusions are all based on a picture of CRs escaping the SBG mostly via advection from the strong winds. As noted by Ref. [239], if the amount of magnetic turbulence at the scales of CR gyroradii is suppressed due to ion-neutral damping, CRs may stream out of the SBG much faster, and thus largely suppress gamma-ray and neutrino production. However, this picture seems to be disfavored by the observation of TeV gamma-rays from various SBGs [240]. Finally, the possibility of observing individual SBGs as point sources of neutrinos remains open, although it appears that this requires much larger exposure than those available with IceCube, possibly achievable by IceCube-Gen2 and KM3NeT [234].




4.5. Galaxy Clusters


Galaxy clusters are the largest systems of gravitationally bound matter that are known in the Universe. Galaxy clusters as reservoirs of cosmic rays have been proposed for a long time [241,242,243,244,245]; possible sites for cosmic-ray acceleration are shock waves from large-scale structure formation or injection from sources inside the cluster, such as AGN, while intracluster gas, with a typical density of   10  − 4   –  10  − 3    cm−3 is a natural target for   p p   interaction. Galaxy clusters can thus act as reservoirs of CRs, confining them up to 100 PeV via magnetic diffusion, and therefore, leading to significant neutrino production. If cosmic rays are accelerated in accretion shocks, then galaxy clusters are disfavored as dominant sources of the IceCube neutrino flux by multiplet constraints [77] (see also Figure 2). Furthermore, they are in tension with multimessenger radio and gamma-ray observations, due to the expected soft cosmic-ray spectrum [246,247]; see, e.g., the argument in Section 3.4. On the other hand, if CRs are injected from sources inside the cluster with a sufficiently hard spectrum, they may be able to violate both these constraints [247] and be the dominant sources of IceCube neutrinos above 100 TeV [248,249]; intriguingly, in this scenario UHECRs might also be explained by the most energetic CRs above 100 PeV being able to escape the galaxy cluster [248,250], while the non-blazar component of the EGB would also be naturally explained by the gamma-rays produced together with neutrinos in   p p   interactions [248].




4.6. Cosmogenic Neutrinos


Regardless of what are the sources of UHECRs, a guaranteed contribution to the UHE neutrino flux comes from their interaction with the cosmic radiation background, composed of the cosmic microwave background (CMB) and the extragalactic background light (EBL), in the intergalactic space. Photohadronic collisions lead to the production of so-called cosmogenic neutrinos in the EeV energy range [251,252,253,254,255,256], and at the same time they cause a suppression of the UHECR flux, the Greizen–Zatsepin–Kuzmin (GZK) cutoff [257,258,259]. Recently, the contribution of leptonic processes has been proposed to lead to neutrino production at high redshifts if the center-of-mass energy for CR-photon collision is large enough to produce muons [260,261,262,263].



While the existence of cosmogenic neutrinos is guaranteed, the magnitude of their flux is largely uncertain. This uncertainty is mostly connected with the strong sensitivity to the maximum UHECR energy, their chemical composition—heavier nuclei produce typically lower cosmogenic neutrino fluxes—and the redshift evolution of their sources. In fact, while UHECRs observed on Earth are produced mainly at low redshifts, due to the attenuation by photohadronic energy losses, cosmogenic neutrinos reach Earth even from high redshifts. The chemical composition of UHECRs is subject to large uncertainties, although recent measurements from the Auger observatory [264,265,266,267] and Telescope Array (TA) [268] suggest a light composition at 1 EeV becoming heavier at higher energies. On the other hand, the redshift evolution of UHECR sources at high redshift has little impact on the UHECR flux itself, due to the GZK cutoff, and thus remains largely uncertain. Due to these uncertainties, the cosmogenic neutrino flux might be even lower than the UHE neutrino flux expected from certain astrophysical source classes.



Up to now, cosmogenic neutrinos have not been detected, and only upper bounds are available [154,269]. These bounds can already exclude optimistic predictions with redshift evolution stronger than star-formation rate and pure proton composition for the UHECRs. Future UHE neutrino telescopes, with their significantly improved sensitivity, might be able to detect the cosmogenic flux or rule out even less optimistic models.




4.7. Galactic Neutrinos


The existence of a diffuse galactic emission of neutrinos and gamma rays is essentially guaranteed by the simultaneous presence of propagating cosmic rays and interstellar material, which can act as a target for   p p   collisions. Thus, a Galactic neutrino flux has been widely discussed in literature [270,271,272,273,274]. This component is clearly anisotropic, due to the concentration of interstellar material near the galactic center and in the galactic disk. The intensity of this component depends on the interplay between the spatial distribution of cosmic-ray sources, the propagation model of cosmic rays, and the density of the target material. On general grounds, this flux is expected to rapidly decrease with energy as    Φ ν  ∝  E ν  −  s ν      with   s ν   close to 3, similar to the observed CR flux. However, the precise angular and spectral features of the flux depend on the interplay between the spatial distribution of cosmic-ray sources, the propagation model of cosmic rays, and the density of the target material. Various determinations of the diffuse Galactic flux can be found, e.g., in Refs. [275,276,277,278,279,280,281].



The existence of a Galactic neutrino emission has been recently confirmed by the IceCube Collaboration [282] at the 4.5  σ  level of significance. The magnitude of the Galactic component is small, contributing to ∼6–13% of the astrophysical flux at 30 TeV, explaining the challenging nature of the measurement. The observed spectrum is marginally consistent with the theoretically expected ones. The angular resolution of the sample also does not allow at present to claim whether the observed Galactic flux is truly diffuse or it comes from a superposition of many independently contributing sources [275,277,283,284,285,286,287,288,289], although upcoming neutrino telescopes may distinguish between the two scenarios by detecting neutrino multiplets from individual sources, see, e.g., Ref. [289].





5. Neutrinos Probing beyond the Standard Model Physics


The high energies and large distances from Earth characterizing the production of astrophysical neutrinos make them an ideal probe for novel effects beyond the Standard Model (BSM). Because of their high energies, they are sensitive to non-standard couplings to new physics at large energy scales. Because of their large distances, even tiny BSM effects in their propagation can accumulate to produce sizable consequences. Here, we divide our discussion of the subject according to whether the BSM physics impacts the production, the propagation, or the detection process of astrophysical neutrinos.



5.1. BSM Effects on Neutrino Production


If neutrinos have novel, BSM couplings, there may be new channels for their production in high-energy astrophysical environments. A widely considered possibility is a (possibly indirect) coupling of neutrinos to heavy dark matter (DM) particles, with masses above 10–100 TeV. While DM should be stable over timescales comparable with the lifetime of the Universe, a sufficiently weak coupling to the Standard Model (SM) particles would still allow it to decay over longer timescales. If a DM particle decays into SM particles, neutrinos are generally produced, either because they are directly coupled to DM, or because the products of DM decay are energetic enough to initiate a showering of W and Z bosons [290] resulting in neutrino production. Therefore, the slow decay of galactic and extragalactic DM leads to a diffuse neutrino flux that should be observable by IceCube. It is easy to estimate the typical lifetimes that DM should have to produce a signal comparable with the IceCube sensitivity. Focusing for a moment on the Galactic DM component using the Galactic DM density    ρ DM  ≃ 0.4   GeV/cm3, we infer from the dimensional analysis a neutrino flux of the order of


   E ν 2    d  Φ ν    d  E ν  d Ω   ≃    ρ DM   r GC    4 π  τ DM    ,  



(5)




where    r GC  ≃ 10   kpc is the typical length scale of our Galaxy. For a mass    m DM  ≃ 1   PeV, we find that lifetimes of the order of    τ DM  ≃  10 28   –  10 29   s lead to fluxes    E ν 2  d  Φ ν  / d  E ν  d Ω ≃  10  − 8     GeV cm−2 s−1 sr−1. For such lifetimes, IceCube could observe the neutrino signal from DM decay, essentially opening a new frontier of indirect DM detection. A similar scenario would be realized in models of annihilating DM [291,292,293], although the cross sections necessary to reach a flux comparable to IceCube sensitivity at    m DM  ≃ 100   TeV are beyond the unitarity limit [291,294,295].



This order-of-magnitude estimate guarantees that DM neutrinos could be observed by IceCube, but disentangling this signal from a more conventional astrophysical neutrino flux is more challenging. Indeed, in the early days of the IceCube measurements, DM was proposed as a possible explanation for the observed neutrino flux [296,297,298,299,300,301,302,303,304,305,306,307]. As a larger number of events was accumulated by IceCube, this scenario could be tested, using the characteristic features of DM neutrino fluxes compared to the more conventional astrophysical ones. DM neutrino fluxes are expected to be characteristically enhanced towards the Galactic Center, where a greater amount of Galactic DM resides, and to have energy spectra sharply peaked around    E ν  ≃  m DM  / 2  , the maximum energy that a neutrino can carry in each decay. Therefore, energy and angular-dependent studies of the IceCube data, assuming both a DM and an astrophysical component—the latter is typically modeled as a power-law flux—reveal that DM neutrinos could consistently explain a portion of the IceCube neutrinos, but are not significantly favored to a purely astrophysical explanation, see, e.g., Refs. [307,308]. Nevertheless, these analyses allow to draw lower bounds on the DM lifetime for decay in SM particles [292,293,309] which can be quite competitive with bounds drawn from gamma-ray measurements (e.g. Refs. [309,310,311,312]), especially in the case of primary decay to neutrinos. Furthermore, the sensitivity of the future radio telescopes to the diffuse flux of UHE neutrinos will allow them to extend these bounds into the region of heavier masses, above tens of PeV [309,313,314,315].



Besides providing a new channel for neutrino production, BSM physics might also impact the properties of the cosmic rays responsible for neutrino production. As an example, if cosmic rays possess non-standard interactions with sub-GeV DM, they might become scattered inside their sources, causing characteristic spectral distortions compared to their power-law spectrum. This possibility has been pointed out for Galactic cosmic rays in Ref. [316], and later extended also to extragalactic sources such as starburst galaxies [317]. If the cosmic-ray spectrum is distorted in such a way, the produced neutrinos would inherit the distortion and their spectrum would be affected; this possibility has been investigated for neutrinos produced in AGN in Ref. [318].




5.2. BSM Effects on Neutrino Propagation


In the standard picture, neutrinos propagate to Earth without sizable interactions, subject only to flavor mixing. Non-standard neutrino interactions may significantly distort this picture, affecting the energy, time, and angular distribution, as well as the flavor composition, of astrophysical neutrinos. The strong sensitivity to BSM effects mainly comes from the long baselines involved in neutrino propagation and in the high energies involved.



The first set of examples of BSM extensions that can be probed by this principle are non-standard neutrino–neutrino interactions, typically dubbed secret interactions. Astrophysical neutrinos propagate through a thermal bath of relic neutrinos from the early Universe, the cosmic neutrino background (C ν B). Secret interactions provide a channel for astrophysical neutrinos to scatter off neutrinos from C ν B. At each such scattering, a neutrino from the C ν B is dragged into the direction of the astrophysical neutrino, while the energy is shared among both. When many such events accumulate over cosmological distances, the energy spectrum of astrophysical neutrinos is distorted. The possibility of probing secret interactions with high-energy astrophysical neutrino propagation, originally pointed out in the context of SN 1987A neutrinos [319], has been widely studied in the recent literature [320,321,322,323,324,325,326,327,328,329,330,331].



The quantitative relevance of this process depends, of course, on the magnitude of the cross-section for secret interaction, which must be determined from an underlying particle physics model. A common assumption is that the interaction is mediated by a new particle with mass   m ϕ  , which directly determines the energy scale at which the new interaction would be phenomenologically relevant. Assuming that neutrinos from the C ν B are at rest with a mass   m ν  , the scattering with an astrophysical neutrino with energy   E ν   becomes resonantly enhanced at an energy scale    E ν res  ≃  m ϕ 2  /  m ν   . Assuming a neutrino mass    m ν  ∼ 0.1   eV, with all three mass eigenstates having a similar mass scale for the range of mediator masses,    m ϕ  ≃ 1  –10 MeV leads to a resonance neutrino energy visible in the IceCube range. Secret interactions would cause a characteristic dip in the neutrino energy spectrum around   E ν res  , as in the left panel of Figure 4. Since the total energy injected by astrophysical sources remains constant—while the neutrino number is not, as new neutrinos are dragged from the C ν B—the neutrinos depleted around   E ν res   pile up at lower energies. The absence of such distinctive energy features in the observed spectrum at IceCube can be used to constrain the strength of secret interactions, although there is an unavoidable degeneracy between the resonance energy   E ν res   and the unknown mass scale of the CNB neutrinos   m ν  . For higher mediator masses, the scenario will be critically tested by future radio telescopes sensitive to UHE neutrinos [332]. Furthermore, if neutrinos in different flavor state couple with different strengths, energy-dependent flavor distortions could also be induced by the interaction [323,328]. Finally, since scattering events involve a small change in the neutrino direction, secret interactions could also induce a characteristic delay in the scattered neutrinos. Thus, if a neutrino signal were observed from a transient source, the neutrino light curve might, in principle, be used to probe this feature [333,334].



A somewhat similar phenomenology can also be obtained in models with neutrinos oscillating into a fourth, sterile state, effectively disappearing. If the mass splitting with the new state is suitably tuned, the oscillation length may be comparable with the source distance, leading to a coherent energy dependence in the disappearance probability. This would show up in an energy-dependent modulation of the flux from point-like astrophysical neutrino sources, such as NGC 1068; this strategy has been proposed as a possible way to constrain scenarios with pseudo-Dirac neutrinos [323,336,337,338,339,340,341,342,343,344,345].



Flavor and spectral distortions might also be a way to probe non-standard neutrino decay. If the lifetime of a neutrino at rest is denoted by   τ ν  , the expected number of neutrinos decaying over cosmological distances   H 0  − 1   , where   H 0   is Hubble’s constant    m ν  /  τ ν   E ν   H 0   , where the factor    m ν  /  E ν    accounts for the Lorentz dilatation. Thus, one can expect a sizable reduction jn the neutrino flux at energies below    E ν dec  ≃  m ν  /  τ ν   H 0   . Depending on which mass eigenstate is unstable, the flux and flavor content at energies below   E ν dec   is significantly affected, offering a new way to constrain the lifetime of decaying neutrinos [97,98,323,340,342,346,347,348,349,350,351,352,353,354].



Finally, non-standard neutrino mixing can also induce spectral and especially flavor distortions. Non-standard mixing can be induced by violation of fundamental symmetries, such as Lorentz invariance [355,356,357,358] or equivalence principle [359,360,361,362,363]. In the most general case, the neutrino Hamiltonian is extended to include novel couplings of the form    c d   V  α β    E ν  d − 3   |  ν α  ⟩ ⟨  ν β  |  , where  α  denotes flavor,   c d   is an overall coupling with dimension GeV4−d, d denotes the dimensionality of the operator, and   V  α β    is a flavor structure matrix whose terms we assume to be of order unity. When the order of magnitude of the new couplings becomes larger than the typical mass-induced energy splittings   δ  m 2  /  E ν   , where   δ  m 2    is a typical scale of the squared mass splittings, the BSM terms become the dominant ones in determining flavor mixing. Thus, below a characteristic energy    E ν dist  ≃   ( δ  m 2  /  c d  )   1  d − 2      the flavor composition is unaffected. Above   E ν dist  , the probabilities of flavor conversions are not determined by the mass matrix, but rather by the new matrix  V ; this will be diagonalized by a new unitary matrix   U ˜  , generally differing from the PMNS matrix U. Therefore, the flavor composition above   E ν dist   is now only constrained by the unitarity of   U ˜  ; the general regions of parameter space that can be obtained for different production mechanisms are illustrated in Figure 4 (see Refs. [335,364,365]). The achievable flavor composition can extend even outside these unitarity bounds, e.g., in models with additional sterile neutrinos [366]. The intersection of the regions that can be obtained by varying   U ˜   with the confidence regions obtained by IceCube can help constrain the strength of these new interactions.




5.3. BSM Effects on Neutrino Detection


The detection of astrophysical neutrinos allows us to test the physics of neutrino interactions with nucleons in the Earth’s crust and inside the detector. The neutrino–nucleon cross section at the large values of center-of-mass energy involved in each interaction cannot be tested in other terrestrial experiments, making the IceCube measurements a unique probe of this quantity. A larger neutrino–nucleon cross-section implies a larger number of neutrino interactions in the detector. However, the increase in the number of detected events degenerates with the unknown magnitude of the astrophysical flux—a larger number of events can be explained either by a larger cross-section or by a larger flux. On the other hand, the larger cross-section also implies an increased attenuation of the neutrinos passing through Earth. Therefore, the angular distribution of high-energy neutrinos around the horizon, where they are just able to pass through Earth, carries information about the neutrino–nucleon cross-section. This strategy has already been followed using the IceCube data [367,368,369,370,371,372,373], and its potential impact for the measurement of the neutrino–nucleon cross-section at UHE has been investigated in Refs. [374,375,376,377].





6. Summary


The main purpose of this work is to review briefly the recent advances in uncovering the origin of astrophysical high-energy neutrinos. After discussing the main processes by which such neutrinos can be produced within astrophysical sources, we have described how the properties of the neutrinos detected by IceCube—energy, position, flavor—can guide us in inferring the nature of their sources. To make the best use of these observations, however, they must be complemented by a multi-messenger view of the high-energy sky. Thus, we have reviewed how the connection with the high-energy gamma rays and ultra-high-energy cosmic rays provides significant constraints on what properties should the neutrino sources have. We have discussed, in particular, the main candidate astrophysical sources that could be responsible for the production of the bulk of or part of the diffuse high-energy neutrino flux. Throughout this discussion, we have emphasized the role that the future ultra-high-energy neutrino detectors may play in complementing the present view of the high-energy neutrino sky. Finally, we have shown how high-energy and ultra-high-energy neutrinos provide a learning opportunity to identify novel, non-standard interactions in the neutrino sector.
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Abbreviations


The following abbreviations are used in this manuscript:



	HE
	High-energy



	UHE
	Ultra-high-energy



	UHECR
	Ultra-high-energy cosmic rays



	CR
	Cosmic rays



	AGN
	Active galactic nucleus



	GRB
	Gamma-ray burst



	TDE
	Tidal disruption event



	SBG
	Starburst galaxy



	GC
	Galaxy cluster



	NP
	Newborn pulsar



	SNe
	Supernovae



	HNe
	Hypernovae



	FSRQ
	Flat-spectrum radio quasar



	LL
	Low-luminosity



	HL
	High-luminosity



	BSM
	Beyond the Standard Model
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Figure 1. Inferred power-law parameters for the diffuse astrophysical neutrino flux; we show the flux normalization   Φ ν   at 100 TeV and the spectral index   s ν  . Different colors refer to different IceCube analyses, including the most recent HESE study [38], IceCube’s 5 yr inelasticity measurement [40], the 6yr cascade sample [5], and the 9.5 yr track sample preliminary result [39]. Solid (dashed) lines are the   68 %   (  95 %  ) confidence level regions. 
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Figure 2. Multiplet constraints on astrophysical source populations, both steady (left) and transient (right). The green band identifies the region needed to explain the bulk of the IceCube flux, depending on the assumed redshift evolution. The red lines show regions that should be discoverable with IceCube in 10 years (solid), with an exposure 5 times (dashed) and 10 times (dotted) larger. We highlight several candidate populations by the neutrino luminosity needed to saturate the diffuse neutrino flux; they include low-luminosity AGN (LL AGN), starburst galaxies (SBG), galaxy clusters (GC), galaxy clusters with acceleration in accretion shocks (GC-acc), radio loud AGN (RL AGN), BL Lacs, flat-spectrum radio quasars (FSRQ), supernovae (SNe), newborn pulsars (NP), hypernovae (HNe), low-luminosity GRBs (LL GRB), high-luminosity GRBs (HL GRB), jetted tidal disruption events (TDE). Figure reproduced from Ref. [81]. 
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Figure 3. High-energy fluxes of gamma rays, neutrinos, and cosmic rays. Figure reproduced from Ref. [38]; gamma-ray measurements are from Fermi [108] while UHECR measurements are from the Pierre Auger Observatory [109]. 
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Figure 4. Examples of spectral and flavor distortions from BSM effects in extragalactic neutrino propagation. (Left) Spectral distortions induced by neutrino secret interactions with a mediator of mass   m ϕ  ; the characteristic dip is shown for various values of the   m ϕ  . Figure reproduced from Ref. [331]. (Right) Allowed flavor composition from general BSM-induced flavor mixing with a generic unitary matrix   U ˜  . Regions are shown for a source flavor composition corresponding to muon-damped (green), pion beam (blue), neutron beam (red); they are reproduced from Ref. [335]. The most recent IceCube constraints at   95 %   CL [88] are shown in gray. 
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