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What if the background radiation 
at the source is very dense?

Sources can be opaque to high-energy gamma rays, which 

would produce e± pairs and start a cascade process

γ + γb → e+ + e−

e± + γb → e± + γ

s = 4 Eγ εγ ≥ 4 m2
e Eγ ≥ 260 GeV ( eV

εγ )
These e± pairs can upscatter background radiation via inverse Compton

pair production

inverse Compton

Eγ ≃
4
3 γ2 εγ ≃ 50 GeV ( εγ

1 eV ) ( Ee

100 GeV )
2

; Ee < m2
e /εγ (Eγ < Ee)

Ee

2 ; Ee > m2
e /εγ

Thompson regime

Klein-Nishina regime

A photon background can be generated by synchrotron emission from 
accelerated electrons or it can be constituted by thermal photons
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origin of cosmic rays; relativistic jets; supermassive black holes in the hearts of
galaxies; colliding black holes and neutron stars; and many others. Multimessenger
astronomy also allows us to address the question of why we are here in the !rst
place, by shedding light on the origin of heavy elements and the evolution of galaxies
and the Universe.

In this book, we start by providing some introductory background, including a
review of the existing cosmic messengers. This is followed by a discussion of current
directions, focusing in particular on neutrinos and gravitational wave astronomy.
Finally, we present an outlook and conclusions.

2 Background
2.1 What powers cosmic emission?

The most extreme events in the Universe are powered by gravity, a source of energy
signi!cantly more powerful than nuclear processes. The more compact matter can
become, the more gravitational energy is released. Consequently, the most powerful
cosmic processes involve so-called compact objects: black holes, neutron stars and
white dwarfs.

For example, when a massive star with > !M M8 , where !M is the mass of the
Sun, builds up a dense core that collapses under its own gravity, it triggers arguably

Figure 1. Distance horizon at which the Universe becomes optically thick to electromagnetic radiation. While
lower-energy photons can travel to us from the farthest corners of the Universe, the highest energy photons and
cosmic rays are attenuated after short distances, obscuring our view of the most energetic cosmic events. In
contrast, the Universe is transparent to gravitational waves and neutrinos, making them suitable probes of the
high-energy sky. Radio/microwave image, credit: ESA/DLR/Ducris, CC BY-SA 3.0 IGO. Infrared/optical
image, credit: Axel Mellinger, www.milkywaysky.com. X-rays image, credit: X-Ray Group at the Max-
Planck-Institut f!ur extraterrestrische Physik (MPE). Gamma-rays image, credit: NASA/DOE/Fermi LAT
Collaboration. Neutrinos and cosmic-rays images, credit: IceCube.

Multimessenger Astronomy

2

I. Bartos and M. Kowalski, 2017

When propagating on diffuse photon backgrounds (from CMB to IR), high-energy 

gamma rays would produce e± pairs, which would produce further gamma rays via 
inverse Compton onto background photons, until energies fall below ~100 GeV

https://iopscience.iop.org/book/978-0-7503-1369-8/chapter/bk978-0-7503-1369-8ch1
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Note that the neutrino energy is less for nuclei with the
same energy, since the energy per nucleon is lower. The
energy per nucleon should exceed the knee at 3–4 PeV.
Given the di!erential CR energy budget at z = 0, QEp

,
the INB flux per flavor is estimated to be [5, 11]
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Surprisingly, the measured (all flavor) INB flux is com-
parable to the measured di!use IGB flux in the sub-TeV
range, giving us new insights into the origin of the Ice-
Cube signal; source spectra of viable pp scenarios must
be quite hard. Numerical results, considering intergalac-
tic electromagnetic cascades [22] and the detailed Fermi
data [14], are shown in Figs. 1-3. We derive the strong
upper limits of $ ! 2.1–2.2, consistent with Eq. (6). In
addition, we first obtain the minimum contribution to
the 100 GeV di!use IGB, " 30%–40%, assuming $ & 2.0.
Here, the IGB flux at # 100 GeV is comparable to the
generated %-ray flux (see Fig. 3) since the cascade en-
hancement compensates the attenuation by the extra-
galactic background light, enhancing the usefulness of
our results. Also, interestingly, we find that pp scenar-
ios with $ # 2.1–2.2 explain the “very-high-energy ex-
cess” [17] with no redshift evolution, or the multi-GeV
di!use IGB with the star-formation history, which may
imply a common origin of the INB and IGB.
Importantly, our results are insensitive to redshift evo-

lution models. In Fig. 3, we consider the di!erent redshift
evolution. But the result is essentially similar to those
in Figs. 1 and 2. In Figs. 1-3, the maximum redshift
is set to zmax = 5, while we have checked that the re-
sults are practically unchanged for di!erent zmax. This
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FIG. 1: The allowed range in pp scenarios explaining the mea-
sured INB flux, which is indicated by the shaded area with
arrows. With no redshift evolution, the INB (dashed) and
corresponding IGB (solid) are shown for ! = 2.0 (thick) and
! = 2.14 (thin). The shaded rectangle indicates the IceCube
data [4]. The atmospheric muon neutrino background [21]
and the di"use IGB data by Fermi/LAT [14] are depicted.
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FIG. 2: The same as Fig. 1, but for ! = 2.0 (thick) and
! = 2.18 (thin) with the star-formation history [23].

is because !z in Eqs. (2) and (4) is similar and cancels
out in obtaining Eq. (5). This conclusion largely holds
even if neutrinos and % rays are produced at very high
redshifts. Interestingly, our results are applicable even to
unaccounted-for Galactic sources, since the di!use IGB is
a residual isotropic component obtained after subtract-
ing known components including di!use Galactic emis-
sion. If we use the preliminary Fermi data, based on the
unattenuated %-ray flux in Fig. 3, only $ # 2.0 is allowed.
Note that such powerful constraints are not obtained

for p% scenarios. First, p% reactions are typically e#cient
only for su#ciently high-energy CRs, so the resulting %
rays can contribute to the IGB only via cascades – low-
energy pionic % rays do not directly contribute and the
di!erential flux is reduced by their broadband spectra, as
demonstrated in [24]. More seriously, in p% sources like
GRBs and AGN, target photons for p% reactions often
prevent GeV-PeV % rays from leaving the source, so the
connection is easily lost [25]. Furthermore, synchrotron
cooling of cascade e± may convert the energy into x rays
and low-energy % rays, for which the di!use IGB is not
constraining. In contrast, pp sources considered here are

K. Murase, M. Ahlers and B. C. Lacki, Phys. Rev. D88:121301, 2013

To avoid overshooting cascade limit

Constraints on the diffuse neutrino spectrum 
from gamma-ray cascades

ϕν ∝ E−β
ν ; β < 2.2

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.121301
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FIG. 1: The allowed range in pp scenarios explaining the mea-
sured INB flux, which is indicated by the shaded area with
arrows. With no redshift evolution, the INB (dashed) and
corresponding IGB (solid) are shown for ! = 2.0 (thick) and
! = 2.14 (thin). The shaded rectangle indicates the IceCube
data [4]. The atmospheric muon neutrino background [21]
and the di"use IGB data by Fermi/LAT [14] are depicted.
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FIG. 2: The same as Fig. 1, but for ! = 2.0 (thick) and
! = 2.18 (thin) with the star-formation history [23].

is because !z in Eqs. (2) and (4) is similar and cancels
out in obtaining Eq. (5). This conclusion largely holds
even if neutrinos and % rays are produced at very high
redshifts. Interestingly, our results are applicable even to
unaccounted-for Galactic sources, since the di!use IGB is
a residual isotropic component obtained after subtract-
ing known components including di!use Galactic emis-
sion. If we use the preliminary Fermi data, based on the
unattenuated %-ray flux in Fig. 3, only $ # 2.0 is allowed.
Note that such powerful constraints are not obtained

for p% scenarios. First, p% reactions are typically e#cient
only for su#ciently high-energy CRs, so the resulting %
rays can contribute to the IGB only via cascades – low-
energy pionic % rays do not directly contribute and the
di!erential flux is reduced by their broadband spectra, as
demonstrated in [24]. More seriously, in p% sources like
GRBs and AGN, target photons for p% reactions often
prevent GeV-PeV % rays from leaving the source, so the
connection is easily lost [25]. Furthermore, synchrotron
cooling of cascade e± may convert the energy into x rays
and low-energy % rays, for which the di!use IGB is not
constraining. In contrast, pp sources considered here are

K. Murase, M. Ahlers and B. C. Lacki, Phys. Rev. D88:121301, 2013

To avoid overshooting cascade limit

8

FIG. 3.— The accumulated diffuse gamma-ray flux of starburst galaxies for different assumptions of the magnetic fields in the starburst region. R = 500pc
and p = 2 are assumed. The black, red and blue lines show the cases of B! !g, B! !0.7

g and B! !0.4
g , respectively. For illustration, the green line shows the

case of B = 0. The neutrino flux is obtained using Eq.(7). The extragalactic gamma-ray background data from Fermi/LAT are depicted as the black dots. The
atmospheric neutrino data and the IceCube data are also shown.

FIG. 4.— The same as figure 3, but with R = 200pc.

Synchrotron losses?

X.-C. Chang and X.-Y. Wang, Astrophys. J. 793:131, 2014

Constraints on the diffuse neutrino spectrum 
from gamma-ray cascades

ϕν ∝ E−β
ν ; β < 2.2

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.121301
https://iopscience.iop.org/article/10.1088/0004-637X/793/2/131/meta
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FIG. 2: The same as Fig. 1, but for ! = 2.0 (thick) and
! = 2.18 (thin) with the star-formation history [23].
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Synchrotron losses?

X.-C. Chang and X.-Y. Wang, Astrophys. J. 793:131, 2014

Constraints on the diffuse neutrino spectrum 
from gamma-ray cascades

Cross-correlation of gamma-rays 
and galaxies: tighter limits 4

FIG. 3. The 95% CL upper limits on the neutrino intensity
integrated above 25 TeV as a function of � for various values
of ↵ and fixed zc = 1.5. Thick and thin curves show the limits
due to the tomographic and spectral analyses of the IGRB,
respectively. The horizontal magenta band shows the 68% CL
interval of the best-fit single power-law model for the IceCube
neutrino data [5], corresponding to the neutrino band shown
in Fig. 1.

shown for comparison. For each model characterized by
(↵, �), we show constraints due to the spectral and tomo-
graphic data, as thin and thick curves, respectively. Note
that the tomographic analysis gives tighter constraints by
up to one order of magnitude with respect to the spec-
tral analysis, especially for small �. In particular, for any
source class slowly evolving (e.g., � . 3), even a very hard
spectrum such as E�2.1 is nearly excluded as dominant
source for the IceCube neutrinos. Any soft source with
↵ & 2.2 should contribute much less to the total neutrino
flux than previously expected (e.g., Refs. [24, 47]). Mod-
els with spectrum as hard as E�2, on the other hand, are
still compatible with the IceCube flux level.

Discussion and outlook.—Under the hypothesis that
the TeV–PeV IceCube neutrinos are mostly generated
from pp interactions in a single astrophysical source class
(or more classes with similar properties), Fig. 3 implies
that a model with ↵ ⇡ 2.15 and � ⇡ 4 (for zc = 1.5)
can explain most of the neutrino flux. At the same time,
sources of this kind can explain most of the IGRB flux as
well as the measured cross correlations. We note that in
order for such a hard spectrum to be compatible with the
IceCube data, a PeV spectral cuto↵ is required [5] (but
data in the northern hemisphere still allow it without
a cuto↵ [6]). Otherwise, the comparison of the current
data set with our results might suggest a mixed pp–p�,
or even a pure p� origin of the IceCube neutrino events.

Interestingly, starburst galaxies well satisfy the above

conditions for the pp origin, although e�cient cosmic ray
confinement needs to be achieved [19, 24, 28]. While di-
rect gamma-ray measurements of the redshift evolution of
star-forming galaxies are not yet available, observations
of their infrared luminosity (or of the star-formation rate)
support such steep evolution. In particular, the evolu-
tion of starburst galaxies is characterized by � & 4 up to
zc ⇡ 1.5 [58]. Here, we assumed that the local correlation
between infrared and gamma-ray luminosities [63] holds
also at high redshifts.
Based on a modeling of resolved gamma-ray sources,

Ref. [64] argued that about 20–30% of the IGRB above
100 MeV can be explained by blazars (a subclass of
AGNs). Furthermore, for energies above ⇠100 GeV, the
blazar contribution can be substantial, explaining most
of the IGRB data and leaving little room for any other
source. This might point toward an even harder source
population with steep redshift evolution for the neutri-
nos, which would be, however, subdominant both in the
IGRB flux and cross correlations. For example, in the
case of ↵ = 2 and � = 4, once we tune the gamma-ray lu-
minosity density to match the level of ⇠10% of the IGRB
flux and cross correlations, the same model could explain
most of the neutrino data.
Clusters and groups of galaxies have also been investi-

gated as potential neutrino sources [40, 47], where cosmic
rays, generated through large-scale-structure shocks [37,
40] or injected by star-forming galaxies [27], interact with
the intracluster medium. Since the cluster/group num-
ber density decreases as a function of redshift, imply-
ing a small value of �, tomographic constraints are very
stringent. When considering starbursts or AGNs in clus-
ters/groups, their quick redshift evolution has to be cou-
pled with the negative one of clusters. As an example,
we calculated that the overall evolution is locally charac-
terized by � < 2 that quickly decreases to negative val-
ues for z & 0.5. In addition, clusters are largely biased
with respect to dark matter (i.e., b� ⇠ 5 for 1015M�
and z = 0 [65]), making the tomographic constraints
tighter than those shown in Fig. 3. Therefore, clusters
and groups are disfavored by the cross-correlation data.

These arguments cannot be applied to p� sources, such
as AGNs [12, 13, 15, 16, 18]. This is because the threshold
for p� interactions is typically very high. It is also argued
that such sources may be optically thick for GeV gamma
rays [66]. In any case, it appears di�cult that AGNs can
be responsible for all the IceCube neutrino events. In
fact, Ref. [18] recently suggested that the di↵use emission
from blazars can explain the IceCube neutrino flux at
energies above ⇠PeV only.

In conclusion, the tomographic method that we apply
for the first time to high-energy neutrinos yields tight
constraints on the properties of any hadronuclear source,
providing complementary bounds on their injection spec-
tral index and redshift evolution. In particular, we show
that only hard spectrum sources with fast redshift evolu-

S. Ando, I. Tamborra and F. Zandanel,  
Phys. Rev. Lett. 115:221101, 2015

ϕν ∝ E−β
ν ; β < 2.2

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.121301
https://iopscience.iop.org/article/10.1088/0004-637X/793/2/131/meta
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.221101
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What does the fact that the transition from the Thompson 
to the Klein-Nishina regime in inverse Compton is at 

 indicate? Ee = m2
e /εγ

Exercise:
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Consider the following scenario: 
electrons and protons are 
accelerated at the source.

8 Plavin et al.
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Figure 4. Production of neutrinos and relevant electromagnetic (EM) emission in blazars’ relativistic jets at parsec scales. See
motivation, discussion and numerical estimates in Section 6.1.

that a large number of blazars contribute to the neutrino
flux, consistent with the origin of the entire astrophysi-
cal neutrino flux in sources of this class.
Though much more studies are required to construct a

working quantitative model of the neutrino production,
we present a possible scenario that qualitatively explains
the observational data and emphasizes the connection
between the radio emission and neutrino production.

6.1. Possible Neutrino Production Mechanism

6.1.1. Self-Compton Target Photons

In the first approximation, the cross section of the
p� process is saturated by the � resonance that con-
strains the product of the energies of the proton and the
photon in the emission region frame, while the proton
energy is always ⇠ 20 times that of the neutrino (e.g.,
Dermer & Menon 2009). Taking the Doppler boosting
into account, one finds that the required emission-frame
energies of the target photons are ⇠ 200 eV to 200 keV
for 1 TeV to 1 PeV observed neutrinos. These target-
photon energies are far too high for the external photons
from the accretion disk, which were previously invoked
to explain neutrinos of PeV energies from radio quasars
(Kalashev et al. 2015; Dermer et al. 2014). A possible
exception is the tail of the corona emission (Inoue et al.
2019; Murase et al. 2020). We have only studied neutri-
nos above 200 TeV in Plavin et al. (2020) and could not
make such conclusions there due to a narrower range of
required photon energies.
The observed radio emission from blazars is the syn-

chrotron radiation from a population of non-thermal
electrons in the jet. It is inevitably accompanied
(e.g., Dermer & Menon 2009) by the synchrotron self-
Compton (SC) radiation, consisting of the synchrotron
photons upscattered to high energies by the same rela-
tivistic electrons. The SC photons may or may not dom-

inate the observed flux at high energies, but they must
always be present. We propose a scenario where they
play the role of target photons for neutrino production.
The typical energies of SC photons lie in the keV–MeV
range, matching the �-resonance requirements. More-
over, the observed temporal correlation between blazar
radio flares and neutrino arrival (Plavin et al. 2020; Hov-
atta et al. 2020) suggests a physical connection between
synchrotron and neutrino emission processes. SC radi-
ation providing target photons for the p� process can
be this connection. The overall mechanism of neutrino
and photon production, including Compton scattering,
is schematically illustrated in Figure 4.
Note that the production of observed GeV–TeV radi-

ation in gamma-ray bright blazars is typically unrelated
to the SC processes. Emission at these energies is as-
sociated with even more compact regions closer to the
central black hole, as determined, e.g., from the day-
scale variability (Aharonian et al. 2006; Hayashida et al.
2015). There, inverse-Compton scattering of external
photons may be important. These photons come from
outside the jet and originate in the accretion disk, its hot
corona, broad-line region and dust torus. This emission
becomes less important at ⇠ 10 pc from the black hole,
where the radio-emitting blobs are typically observed
(Pushkarev et al. 2010, 2012). In addition, the exter-
nal radiation is redshifted in the jet frame, which makes
those photons hardly relevant for the neutrino produc-
tion there.
We provide basic numerical estimates demonstrating

that the proposed mechanism is feasible for neutrino
production in a typical bright blazar. First we calcu-
late the SC photons density based on the observed X-
ray flux, and then utilize this density to infer constraints
on protons in the following subsection. The di↵erential
density n0

�(E
0
�) of target photons with energies E0

� in

Electrons moving in the magnetic field of the source (or near the source) emit 
(radio) synchrotron radiation, which in turn, is upscattered via ICS to keV-MeV 
energies by the same electrons. This X-ray radiation can act as the target for 
photo-production of neutrinos (and photons). High-energy photons, however, 
have a very high optical depth in the radiation field, so they cannot escape and 
hence, cannot be correlated with the neutrino flux of similar energy. The 
cascade process would produce a gamma-ray flux at lower energies. 

Thus, correlations between neutrinos and photons of similar energies are not always obvious.

A. V. Plavin, Y. Y. Kovalev, Yu. A. Kovalev and V. Troitsky,  
Astrophys. J. 908:157, 2021

https://iopscience.iop.org/article/10.3847/1538-4357/abceb8
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CR/Gamma-ray/Neutrino Connection
Correlation between the spectrum of accelerated primaries and secondary radiation
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Assuming protons and electrons have the same spectrum, 
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Can we observe PeV electrons from the center of the 
Milky Way? 

Use energy losses via synchrotron radiation and consider the average 
galactic magnetic field.

Exercise:
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Propagation of cosmic rays in the 
extragalactic medium

Energy losses of protons and nuclei

Adiabatic losses (redshift)

Electron positron pair production:

Pion production (GZK suppression)

1
E

dE
dt

= − H(z) → E =
E0

1 + z

1
E

dE
dt

= − ⟨y n σ⟩ y = fraction of energy lost per interaction

Losses due to interactions with the background

p + γb → p + e+ + e−

Ep ≥
me mp

εγ
≃ 2 × 1018 eV ( 2.725 K

εγ ) ; y ≃
2 me

mp
≃ 10−3

p + γb → Δ → {π+ + n
π0 + p

Ep ≥
m2

Δ − m2
p

4 εγ
≃ 7 × 1020 eV ( 2.725 K

εγ ) ; y ≃
mπ

mp
∼ 0.14

Figure 1: Left : Energy evolution of the energy loss length, �loss, of protons, the contri-
butions of di↵erent energy loss processes (adiabatic expansion, pair production and pion
production) are displayed, as well as the di↵erent photon backgrounds (see labels). Cen-
ter: Energy evolution of the photodisintegration cross section for 56Fe, the contributions
of the giant dipole resonance (GDR), quasi-deuteron (QD) and baryon resonances (BR)
are shown as well as the contribution of di↵erent nucleon multiplicities (for GDR and
QD). Right: Lorentz factor evolution of the iron nucleus mean free path for the di↵erent
photodisintegration processes and interactions with the CMB and IR/Opt/UV photons at
z = 0.

the energy threshold is proportional to the mass ,A4, of the parent nucleus
whereas the loss length decreases like ⇠ A/Z2 at a given Lorentz factor
[20, 25].

Concerning photodisintegration, di↵erent processes become dominant at
di↵erent energies. The lowest energy and highest cross section process is
the giant dipole resonance(GDR). The GDR is a collective excitation of the
nucleus [26] in response to electromagnetic radiation between ⇠10 and 50
MeV5 where a strong resonance can be seen in the photoabsorption cross
section (see Fig. 1). The GDR mostly triggers the emission of one nucleon
(most of the time a neutron but depending on the structure of the parent
nucleus, ↵ emission can also be strong for some nuclei), 2, 3 and 4 nucleon
channels can also contribute significantly though their energy threshold is
higher. Around 30 MeV in the nucleus rest frame and up to the photopion
production threshold, the quasi-deuteron (QD) process becomes comparable
to the GDR (but much lower than at the peak of the resonance) and its
contribution dominates the total cross section at higher energies. Unlike

4In the laboratory frame, for a given photon spectrum.
5The threshold for most nuclei is between 10 and 20 MeV except for peculiar cases like

9Be or the dinucleon and trinucleon

6

D. Allard, Astropart. Phys. 39:33, 2012

https://www.sciencedirect.com/science/article/abs/pii/S092765051100199X?via=ihub
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Neutrinos from CR interactions off the 
EBL and the CMB: cosmogenic neutrinos

p + γCMB/EBL → Δ → {π+ + n
π0 + p

V. Berezinsky and G. Zatsepin, Yad. Fiz. 11:200, 1970Cosmogenic Neutrinos: parameter space and detectabilty from PeV to ZeV 5

Figure 1. Contribution of the di!erent processes to the neutrino flux, considering all
flavors. The case of a pure proton composition, assuming a star formation rate type
evolution for the source emissivity (Hopkins and Beacom, 2006) and a dip transition
model (Berezinsky et al., 2006) is presented. The black solid line indicates the total
flux. The green solid line represents the neutrino emission due to the interaction of
cosmic rays with CMB photons and the blue dotted line with UV, optical, and IR
photons. The red dashed line is the contribution of the neutron decay (neutrons are
produced through photo-hadronic interactions).

in the range of z ! 1 " 4 and then a more or less steep decrease for z ! 4 seems

to emerge (Hopkins and Beacom, 2006; Li, 2008; Ota et al., 2008; Yüksel et al., 2008;

Wang and Dai, 2009).
Such an evolution indicates that the cosmic photon background, especially in the

UV range, is notably amplified between redshifts z ! 0 " 2. The cosmic ray mean

free path of interaction with the IR/UV background will consequently evolve with the

redshift. The CMB photon density also increases with redshift in (1 + z)3, implying

that the high energy bump will also be a!ected by the source emissivity evolution. Note

that the IR/UV background evolves less than the CMB because unlike the latter it is
continuously produced during the cosmic history. The decrease of this background with

redshift is thus slower than the one of the CMB. The e!ect of the evolution is actually

smaller in the IR/UV region than in the CMB region. Nevertheless, the di!erence in

the steepness of the injected spectral indices required to adjust the propagated cosmic

ray spectrum induces large variations between the fluxes at low energy.

Not many astrophysical objects fulfill the stringent energetic requirements to be
potential sources of ultrahigh energy cosmic rays. The main candidate sources are the

following: transient sources such as gamma ray bursts (GRB) or young magnetars, and

Cosmogenic Neutrinos: parameter space and detectabilty from PeV to ZeV 6

Figure 2. Top: source emissivity evolution with redshift, normalized to unity at
z = 0, for our six models described in the text. Bottom: e!ects of source evolution on
neutrino fluxes for all flavors. We assume here a pure proton composition and a dip
transition model.

continuous sources like powerful active galactic nuclei (AGN). Among AGN, Farano!-

Riley type I (FRI) and II (FRII) galaxies are more specifically discussed, though FRI

galaxies are far from satisfying the energetic criteria to accelerate particles to the highest

energies (see Lemoine and Waxman, 2009). It might be worth mentioning as well that

no outstanding correlation has been observed between catalogues of FRII galaxies and

Cosmogenic Neutrinos: parameter space and detectabilty from PeV to ZeV 14

Figure 7. E!ects of various compositions on neutrino fluxes for all flavors. We present
the cases of (i) a pure proton injection assuming a dip transition model (black solid),
(ii) a proton dominated Galactic type mixed composition (pink dotted), (iii) pure iron
composition (blue dashed) and (iv) the iron rich low Ep,max model (red dash-dotted).

3. Implications for the existing and upcoming detectors

Figure 9 summarizes our results and compares our fluxes to the existing, upcoming,

and possible future neutrino detector sensitivities. Our estimates for neutrino fluxes

are divided into three possible regions: an optimistic scenario (pink dot-dashed line),

a plausible range of models in which we base many of our rate estimates (grey shaded

area), and a more pessimistic scenario (blue lines). The optimistic scenario corresponds

to the FRII strong source evolution case with a pure proton composition, dip transition
model and Ep,max = 1021.5 eV. The most pessimistic scenario is given by a pure iron

injection and the iron rich composition with low Ep,max, assuming in both cases a uniform

evolution of sources. The shaded area brackets a wide range of parameters: all discussed

transition models, all source evolutions except for uniform and FRII, and varying cosmic

ray injection composition from pure protons to a mixed Galactic type model, with

Ep,max ! 1020 eV. The black long-dashed line indicates the minimum neutrino flux one
could obtain in the case of a uniform source evolution, when the composition and the

maximum acceleration energy are chosen among reasonable values. Namely, this line

represents the case of a Galactic mixed composition with Ep,max = 1020 eV for a uniform

source evolution.

From the discussion elaborated at the beginning of section 2.1, it stands out that a

uniform UHECR source evolution should be deemed rather extreme. Indeed, under the

Cosmogenic Neutrinos: parameter space and detectabilty from PeV to ZeV 12

Figure 6. E!ects of various maximum acceleration energy for protons Ep,max on
neutrino fluxes for all flavors. We present here the case of a pure proton dip transition
model (see section 2.2 for description of the model), assuming a SFR1 type source
evolution. Ep,max = 1020, 1020.5 and 1021 eV for respectively: pink dotted, black solid
and blue dashed lines.

section, we discuss however that a too low Ep,max, that would fall below the proton

photo-pion production threshold, can lead to a drastic suppression of the neutrino flux,

especially around ! EeV energies.

2.4. E!ects of various compositions

The chemical composition of ultrahigh energy cosmic rays remains an open question.

Measurements prior to the Pierre Auger Observatory indicated an increasingly lighter

composition above E ! 1017 eV (Bird et al., 1993; Shinozaki and et al., 2005;

Abu-Zayyad et al., 2000; Abbasi et al., 2005, 2010a). The latest results of the Pierre
Auger Observatory suggest a mixed composition at all energies, that gets heavier at

the highest end (Abraham et al., 2010). Furthermore, there is no reliable theoretical

prediction of the expected composition at the source, mainly because very little is known

about the physical parameters that govern the acceleration and survival of nuclei in those

powerful objects.

We thus consider in this study four typical compositions that have been shown to fit
the shape of the observed ultrahigh energy spectrum: (i) a pure proton composition in

the dip model case, (ii) a proton dominated mixed composition based on Galactic cosmic

ray abundances as in Allard et al. (2006), (iii) a pure iron composition and (iv) a mixed

composition that was proposed by Allard et al. (2008), that contains 30% of iron. For
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Figure 5. E!ects of various transition models on neutrino fluxes for all flavors.
We present the case of a source evolution following the star formation rate from
Hopkins and Beacom (2006). Black solid line: the pure proton ‘dip model’ with an
injection spectrum of 2.5, pink dotted: transition slightly below the ankle for a Galactic
mixed composition with an injection spectrum of 2.1, blue dashed line: pure proton
‘WW model’ with a transition at energy > 1019 eV with a 2.1 injection spectrum (see
text for description of models).

Throughout this paper, we will refer to this ankle transition model, most recently
developed by Wibig and Wolfendale (2004) as the ‘WW model’.

For the mixed chemical composition model (for which the extragalactic cosmic

ray composition at the source is assumed to be similar to that of low energy Galactic

cosmic rays), Allard et al. (2005) demonstrated that the shape of the spectrum can be

well reproduced, assuming an injection spectrum ! of order 2.2 ! 2.3. In this model,

the transition between Galactic and extragalactic components happens at lower energy
(E " EeV) and ends at the ankle.

Berezinsky et al. (2006) proposed that this transition occurs at even lower energy,

around E " 1016.5!17.5 eV, where the cosmic ray spectrum may steepen, creating the so-

called ‘second knee’. The combination of the second knee and the ankle is viewed in this

model as a dip due to pair production energy losses during the intergalactic propagation.

This scenario eases the issue of particle acceleration up to high energy inside the Galaxy,
that is raised by the other models. It requires however a relatively steep injection

spectrum (2.3 ! 2.7 according to the assumed source evolution) that can induce an

energy budget problem for extragalactic sources if the power-law remains identical down

to the energy of the second knee. This problem can be bypassed by assuming a broken

power-law at injection (Berezinsky et al., 2006). Again in this scenario, heavy elements

CR spectrum Redshift evolution

Maximum energy Spectrum composition

K. Kotera, D. Allard and A. V. Olinto,  
JCAP 1010:013, 2010 P. Allison et al.[ARA Collaboration], Phys. Rev. D102:043021, 2020
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run which generated the three passing events in Anal-
ysis A. The third is the same event observed in Anal-
ysis A, which was determined to be downgoing both in
Analysis A through the revised interferometric method
described above, and also in Analysis B independently
with the hit-time based reconstruction method. Like in
Analysis A, all three events are determined to be of sur-
face origin, or associated with a burst of surface activity.

Since all events observed in Analysis B can, with cur-
rently available tools, be identified to be of surface ori-
gin, or cluster in time with bursts of surface activity,
we do not consider Analysis B to have measured any
events. The additional post-unblinding hit-time based
reconstruction cut results in no more than an additional
2% e�ciency loss.

Fig. 8. The 90% confidence-level upper limit on the all-flavor
di↵use flux of neutrinos set by this analysis (thick black line).
The limit accounts for uncertainties in the background esti-
mate and systematic uncertainties on the neutrino sensitivity.
We also plot the projected trigger-level single-event sensitivity
(TL SES) for the five-station ARA5 array by 2022 as a black-
dashed curve. Also shown are the latest limits and flux mea-
surements from IceCube [20, 46], Auger [21] (rescaled with
decade-wide bins and for all-flavors), ANITA [23] (rescaled
with decade-wide bins), and ARIANNA [24]. Shown for com-
parison are several benchmark cosmogenic neutrino flux mod-
els [13, 16, 47].

V. SYSTEMATIC UNCERTAINTIES

In this section, we describe the systematic uncertain-
ties considered in the analysis. The impact of these sys-
tematics on [A⌦]e↵ are shown in Fig. 9, and a table
summarizing the magnitude of their e↵ects at 1018 eV
is provided in Tab. I. We consider systematic uncertain-
ties broadly in two classes. The first class is associated

with theoretical uncertainties surrounding the neutrino-
nucleon cross section and Askaryan emission, and are
shown in Fig. 9 as solid bands, reported at the trigger
level. The second class is associated with uncertainties
in our understanding of the detection medium and our
instrument. The latter are taken into account in setting
the final limit as described in App. A, and are shown as
dashed/dotted lines in Fig. 9 at the analysis level.
For the neutrino-nucleon cross section (�⌫�N), AraSim

uses the model derived by Connolly, Thorne, and Wa-
ters (CTW) [18]. The upper and lower bounds for �⌫�N

are substituted for the central value in the simulation to
estimate the e↵ect of the uncertainty on the simulated
[A⌦]e↵ at the trigger level. In the CTW model, the un-
certainties on �⌫�N are large and grow as a function of
energy, exceeding 100% above 1021 eV. At 1018 eV the un-
certainties on the trigger-level e↵ective area due to the
cross-section are estimated at -15%/+18%. In Fig. 9, for
comparison we also show the uncertainties if we use an
alternative cross-section developed by Cooper-Sarkar et.
al.(CS) [19] which has smaller uncertainties at high en-
ergies by about a factor of four. We additionally studied
d[A⌦]e↵/d[�⌫�N], and find it to be approximately linear;
for example, at 1 EeV, a 10% increase in �⌫�N corre-
sponded to a 10% increase in [A⌦]e↵.
For the Askaryan emission, AraSim implements a mod-

ified version of the model derived by Alvarez-Muñiz et.
al. [48]. A full description of modifications is provided
elsewhere [31], but the primary di↵erences arise due to
the inclusion of of the LPM e↵ect by Alvarez-Muñiz but
not by AraSim, and in AraSim’s use of functional pa-
rameterizations for the shower profile instead of directly
simulated shower profiles. The relative di↵erence be-
tween waveform amplitudes produced by AraSim, and
those derived from a full shower Monte-Carlo are at most
⇠12% [49]. We conservatively estimate the e↵ect of this
systematic uncertainty by reducing or increasing the sim-
ulated field amplitude by ±12% and assessing the change
in [A⌦]e↵ at the trigger level. The relative di↵erence be-
tween the default parameterization and the scaled pa-
rameterization has a maximum value of about 25% near
1016 eV, and starts falling as energy increases. This is
because at high energies the instrument acceptance be-
comes dominated by geometric e↵ects (ray tracing, etc.)
and not signal amplitude. At 1018 eV the estimated un-
certainties due to the Askaryan emission model are -
11%/+13%.

In the second category of uncertainties, we consider
those arising from our detector response and from mea-
surements of quantities such as the index of refraction
in ice and the attenuation length of radio waves in ice.
These systematics are included in our calculation of the
final limit. We consider uncertainties associated with (1)
the attenuation length (Latt) of South Pole Ice and (2)
the depth-dependent index of refraction (n(z)) of South
Pole ice, (3) the calibration of the ARA signal chain, and
(4) the triggering e�ciency of the detector.

The model for the attenuation length (Latt) of South

https://iopscience.iop.org/article/10.1088/1475-7516/2010/10/013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.043021


Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Astrophysical neutrinos13

Requirements for a cosmic accelerator

Geometry 
accelerated particles should be maintained 

within the object during the acceleration process 
Larmor radius < size of the accelerator

Power  
sources must convert enough 

energy into accelerated particles

Losses 
 the energy gained by a particle should be higher 
than the energy lost by radiation or interaction

dp
dt

= Z e ( ⃗v × ⃗B ) → RL =
E

Z e v B
→ Emax ≃ 3 × 1018 eV (Z v) ( B

μG ) ( L
kpc )
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General energy arguments

ℒCR = 4 π
ρCR(Emin) VMWdisc

τR
Cosmic ray luminosity

ρCR(Emin) = ∫Emin

dnCR

dE
E dE ℒclass

tot ≃
dNclass

dt
ℒclass Tclass
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General energy arguments

ℒCR = 4 π
ρCR(Emin) VMWdisc

τR
Cosmic ray luminosity

ρCR(Emin) = ∫Emin

dnCR

dE
E dE ℒclass

tot ≃
dNclass

dt
ℒclass Tclass

ρCR(Emin ∼ GeV) ∼ 1 eV/cm3

τR ∼ 107 yrFrom measurements of cosmic ray 
secondaries, we know the residence 
time of cosmic rays in the galaxy
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General energy arguments

ℒCR = 4 π
ρCR(Emin) VMWdisc

τR
Cosmic ray luminosity

ρCR(Emin) = ∫Emin

dnCR

dE
E dE ℒclass

tot ≃
dNclass

dt
ℒclass Tclass

ρCR(Emin ∼ GeV) ∼ 1 eV/cm3

τR ∼ 107 yrFrom measurements of cosmic ray 
secondaries, we know the residence 
time of cosmic rays in the galaxy

Power required by cosmic accelerators 
to replenish the galactic volume 

ℒCR = 4 π
ρCR(Emin) VMWdisc

τR
∼ 3 × 1040 erg/s
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MSN v2
u ∼ η KG

The velocity of the shock 
wave can be estimated as 
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The characteristic time,  , corresponds to the time it takes the 
expanding shell to sweep through the ISM such that  
(i.e., when it collects as much mass as that ejected) 
After this time, the velocity of the shock wave decreases 
significantly, so this corresponds to the time the SNR is active.
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ρISM = ρSNR
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The characteristic time,  , corresponds to the time it takes the 
expanding shell to sweep through the ISM such that  
(i.e., when it collects as much mass as that ejected) 
After this time, the velocity of the shock wave decreases 
significantly, so this corresponds to the time the SNR is active.

TSNR
ρISM = ρSNR

Let us consider the case of Supernova remnants

For  and MSN = 10 M⊙ nISM = 1 proton/cm3

99% of the energy is in the form of (MeV) neutrinos and 
only η=1% is in the form of kinetic energy (shock wave)

1
2

MSN v2
u ∼ η KG

The velocity of the shock 
wave can be estimated as 

Taking 3 SN per century in the galaxy

ℒSNR
tot ≃

dNSNR

dt
ℒSNR TSNR ∼ 1042 erg/s
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What is (approximately) the current fraction of the volume of 
the disc of the Milky Way occupied by active SNRs? 

Assume there are 3 SNs per century, a Milky Way disc with a 
radius of 15 kpc and a thickness of 300 pc, , and 

. 

Recall that only 1% of the gravitational energy is converted 
into kinetic energy.

MSN = 10 M⊙

nISM = 1 proton/cm3

Exercise:
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But how are charged particles accelerated 
to very high energies at the sources?

One-shot acceleration 
the particle escapes the accelerating region after the first iteration 

Diffusive shock acceleration  
repeated scattering of charged particles on magnetic 

irregularities back and forth across a shock front 
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Diffusive Shock Acceleration
upstreamdownstream

⃗V

ρd , pd , Td ρu , pu , Tu

Let us consider a strong shock wave 
propagating at a supersonic velocity V through 
stationary interstellar gas with density  , 
pressure  and temperature  (upstream). 
The density, pressure and temperature behind 
the shock (downstream) are ,  and . 

ρu

pu Tu

ρd pd Td



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Astrophysical neutrinos18

Diffusive Shock Acceleration
upstreamdownstream

⃗V

ρd , pd , Td ρu , pu , Tu

Let us consider a strong shock wave 
propagating at a supersonic velocity V through 
stationary interstellar gas with density  , 
pressure  and temperature  (upstream). 
The density, pressure and temperature behind 
the shock (downstream) are ,  and . 

ρu

pu Tu

ρd pd Td

V

v

v + 2V



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Astrophysical neutrinos18

Diffusive Shock Acceleration

Rest frame of the shock front

upstreamdownstream

⃗V

ρd , pd , Td ρu , pu , Tu

Let us consider a strong shock wave 
propagating at a supersonic velocity V through 
stationary interstellar gas with density  , 
pressure  and temperature  (upstream). 
The density, pressure and temperature behind 
the shock (downstream) are ,  and . 

ρu

pu Tu

ρd pd Td

upstreamdownstream

⃗v u = − ⃗V⃗v d

V

v

v + 2V
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Diffusive Shock Acceleration

N = N0 (1 − Pesc)k

Probability of remaining in 
the acceleration region

E = E0 (1 + ξ)k

Energy gain after a full cycle
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k =
ln ( E

E0 )
ln (1 + ξ)

Number of cycles needed to reach E

Diffusive Shock Acceleration

N = N0 (1 − Pesc)k

Probability of remaining in 
the acceleration region

E = E0 (1 + ξ)k

Energy gain after a full cycle
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k =
ln ( E

E0 )
ln (1 + ξ)

Number of cycles needed to reach E

Number of particles accelerated to >E

N( > E) ∝
∞

∑
m=k

(1 − Pesc)m = (1 − Pesc)k
∞

∑
m=0

(1 − Pesc)m =
(1 − Pesc)k

Pesc

Diffusive Shock Acceleration

N = N0 (1 − Pesc)k

Probability of remaining in 
the acceleration region

E = E0 (1 + ξ)k
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(1st order) Diffusive Shock Acceleration
Energy gain after one full cycle
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Ed = γL E0 (1 + (vu − vd) cos θud)from upstream to downstream

Energy gain after one full cycle
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(1st order) Diffusive Shock Acceleration

Ed = γL E0 (1 + (vu − vd) cos θud)
Eu = γL Ed (1 − (vu − vd) cos θdu)

ξ = [∫
1

0
d cos θud P(cos θud) γL (1 + (vu − vd) cosud)∫

0

−1
d cos θdu P(cos θdu) γL (1 − (vu − vd) cosdu)] − 1

Projection of an isotropic flux onto a plane

P(cos θud) = 2 cos θud P(cos θdu) = − 2 cos θdu

ξ ≡ ⟨
Eu − E0

E0
⟩ = ∫

1

0
d cos θud P(cos θud)∫

0

−1
d cos θdu P(cos θdu) ( Eu − E0

E0 ) − 1

ξ = γ2
L (1 +

2
3

(vu − vd))
2

− 1 ≃
4
3

(vu − vd)

from upstream to downstream

from downstream to upstream

Energy gain after one full cycle
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Escape probability
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Isotropic flux through a plane

∫
1

0
d cos θ∫

2π

0
dϕ

n
4π

cos θ =
n
4

Escape probability
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Isotropic flux through a plane

Drift rate downstream away from the shock

∫
1

0
d cos θ∫

2π

0
dϕ

n
4π

cos θ =
n
4

n vd

Escape probability
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Isotropic flux through a plane

Drift rate downstream away from the shock

Probability of escape from the acceleration region

∫
1

0
d cos θ∫

2π

0
dϕ

n
4π

cos θ =
n
4

n vd

Pesc =
n vd

n/4
= 4 vd

Escape probability
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dN
dE

∝ ( E
E0 )

−β−1

Differential spectrum of particles

N( > E) ∝ ( E
E0 )

−β
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dN
dE

∝ ( E
E0 )

−β−1

Differential spectrum of particles

β ≡
Pesc

ξ
=

4 vd
4
3 (vu − vd)

=
3

vu/vd − 1

N( > E) ∝ ( E
E0 )

−β
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ρ
∂e
∂t

+ ρ ⃗v ⃗∇ e + p ⃗∇ ⃗v = 0

∂ρ
∂t

+ ⃗∇ (ρ ⃗v ) = 0

∂ ⃗v
∂t

+ ( ⃗v ⋅ ⃗∇ ) ⃗v +
⃗∇ p

ρ
= ⃗f

Mass conservation:

Momentum conservation:

Energy conservation:

Euler equations
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∂
∂x [(ρ e +

1
2

ρ v2 + p) v] = 0

ρ
∂e
∂t

+ ρ ⃗v ⃗∇ e + p ⃗∇ ⃗v = 0

∂ρ
∂t

+ ⃗∇ (ρ ⃗v ) = 0

∂ ⃗v
∂t

+ ( ⃗v ⋅ ⃗∇ ) ⃗v +
⃗∇ p

ρ
= ⃗f

Mass conservation:

Momentum conservation:

Energy conservation:

In steady state with no force:
∂
∂x (p + ρ v2) = 0

∂
∂x (ρ v) = 0

Euler equations
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∂
∂x [(ρ e +

1
2

ρ v2 + p) v] = 0

ρ
∂e
∂t

+ ρ ⃗v ⃗∇ e + p ⃗∇ ⃗v = 0

∂ρ
∂t

+ ⃗∇ (ρ ⃗v ) = 0

∂ ⃗v
∂t

+ ( ⃗v ⋅ ⃗∇ ) ⃗v +
⃗∇ p

ρ
= ⃗f

Mass conservation:

Momentum conservation:

Energy conservation:

In steady state with no force:
∂
∂x (p + ρ v2) = 0

ρu vu = ρd vd

pu + ρu v2
u = pd + ρd v2

d

ρu vu (eu +
v2

u

2
+

pu

ρu ) = ρd vd (ed +
v2

d

2
+

pd

ρd )

∂
∂x (ρ v) = 0

Jump conditions

Euler equations
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Using (for an ideal gas) p ∝ ργ c2
s =

γ p
ρ

ℳ =
v
cs

e =
1

γ − 1
p
ρ

vu

vd
=

γ + 1

γ − 1 + 2
ℳu
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For strong shocks and 
for a monoatomic gas

ℳu ≫ 1 ; γ =
5
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→
vu

vd
≃ 4
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Using (for an ideal gas) p ∝ ργ c2
s =

γ p
ρ

ℳ =
v
cs

e =
1

γ − 1
p
ρ

vu

vd
=

γ + 1

γ − 1 + 2
ℳu

For strong shocks and 
for a monoatomic gas

ℳu ≫ 1 ; γ =
5
3

→
vu

vd
≃ 4

Differential spectrum of particles at the acceleration site

dN
dE

∝ ( E
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−β−1

dN
dE

∝ ( E
E0 )
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β =
3

vu/vd − 1
≃ 1
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Leaky box model 
the effect of diffusion
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Leaky box model 
the effect of diffusion

Cosmic rays are confined within the disc of the galaxy 
and have certain (homogeneous) probability of escape 

∂n
∂t

−
∂
∂x (D

∂n
∂x ) ≃ Q −

n
λ
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For an average D: D ∼ V2 τesc
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Leaky box model 
the effect of diffusion

Cosmic rays are confined within the disc of the galaxy 
and have certain (homogeneous) probability of escape 

∂n
∂t

−
∂
∂x (D

∂n
∂x ) ≃ Q −

n
λ

D
∂2n
∂x2

→ −
n
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For an average D: D ∼ V2 τesc
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Q τesc
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Leaky box model 
the effect of diffusion

Cosmic rays are confined within the disc of the galaxy 
and have certain (homogeneous) probability of escape 

∂n
∂t

−
∂
∂x (D

∂n
∂x ) ≃ Q −

n
λ

D
∂2n
∂x2

→ −
n

τesc
For an average D: D ∼ V2 τesc

In steady state:
n

τesc
≃ Q −

n
λ

n ≃
Q τesc

1 + τesc/λ

In our galaxy , so if τesc ≪ λ τesc ∝ E−δ n ∝ E−β−δ
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Show that for acceleration in magnetic gas clouds, the energy gain 
is second order in the relative speed,  
(2nd order Fermi acceleration). 

Note that the probability of collision with the cloud, , is 
proportional to the relative velocity between the cloud and the 
particle (which travels at a speed close to the speed of light) and 
the particle moves out of the cloud randomly, . 

In this case, in the rest frame of the particles bath,  and 
.

Vcloud

P(cos θud)

P(cos θdu) = constant

vd = Vcloud

vu = 0

Exercise:
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Diffusive Shock Acceleration 
maximum energy in SNRs

dE
dt

=
ξ E

Tcycle

L. O’C. Drury, Rep. Prog. Phys. 46:973, 1983P. O. Lagage and C. J. Cesarsky, Astron. Astrophys. 125:249, 1983

Acceleration rate:
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Tcycle = Tupstream + Tdownstream = 4 ( Du
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+
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vd ) ∼ 20
D
vu

DBohm =
RL
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=
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E
Z e B

For  and , computing the time  the 
SNR remains active and using  for the ISM magnetic field

MSN = 10 M⊙ nISM = 1 proton/cm3 TSNR
B ∼ 4 μG

Integrating the 
acceleration rate, dE/dt

Emax ∼ 40 Z TeV

Emax =
3
20

vu Z e B (vu TSNR)
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Compare the maximum energy obtained  for Bohm diffusion 
with the case of Kolmogorov diffusion, 

  

Take L = 1 pc for the injection length for turbulence and typical values for SNRs 
in our galaxy.

DKolmogorov = DBohm ( 1
2π L E )

2/3

Exercise:
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Acceleration to E > 100 TeV
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Figure 1: Left panel: Summary of intensity measurements E2I(E) of CR nuclei and protons (orange), electrons plus
positrons (black), positrons (blue), antiprotons (red) , neutrinos (magenta) and di↵use photons (green). Right panel:
Magnetic field strength B versus size R of various suggested CR sources; adapted from Refs. [29, 30].

major role. Direct detection experiments present their data often in terms of the kinetic energy
Ekin = E�Amp. Finally, at the highest energies the mass number A cannot be determined reliably
and one uses therefore the total CR energy E.

Emphasis and structure. We discuss CRs with rigidity above R ' 20GV up to the highest energies
observed. As a comparison of, e.g., electron spectra at di↵erent times in the Solar cycle shows,
the di↵erences above this rigidity are negligible relative to experimental uncertainties. Our choice
for the lower limit allows us therefore to neglect the e↵ect of solar modulations. We concentrate
on the propagation of CRs and the production of secondaries, omitting details of the acceleration
process in the sources. Instead we concentrate in this review on models aiming to explain recent
experimental results on the observed CR fluxes: In the energy range below the knee, we discuss
mainly models which were suggested as solution to the rise in the positron fraction, the breaks
and the non-universality of the CR nuclei spectra. In the case of extragalactic CRs, measurements
of the CR dipole and the mass composition favour a low transition energy between Galactic and
extragalactic CRs and a mixed composition. Thus we concentrate on models able to explain the
ankle as a feature of the extragalactic CR spectrum.

For more general overviews and the topics neglected we recommend the following resources:
The textbooks [33, 34] give a comprehensive introduction into the astrophysics of CRs. They are
nicely supplemented by the textbook [35], which contains an up-to-date discussion of observations
and an introduction to the development of extensive air showers. The e↵ect of solar modulations
on low-energy CRs is thoroughly discussed in Ref. [36]. Di↵usive shock acceleration is reviewed
in the classic work [20], while more recent developments are covered, e.g., in Refs. [37, 38]. The
standard di↵usion approach to the propagation of Galactic CRs has been described in detail in
the textbooks [33, 34]; a discussion of the numerical approach used e.g. in GALPROP and its
main results is given in Ref. [39]. Gamma-ray studies using Cherenkov telescopes and satellite
detectors like Fermi-LAT which have revealed important informations on CR sources are reviewed

5

4 Sources and acceleration of high energy cosmic rays
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Figure 4.1: Magnetic field strength versus size of various suggested cosmic ray sources.

Blandford argument The acceleration of a proton to the energy E = 1020 eV by regular
electromagnetic fields requires the potential di!erence U = 1020 V. What is the minimal power
P dissipated by such an accelerator? In order to use the basic equation P = UI = U2/R
known from high-school physics, we have to know the appropriate value of the resistance R.
Since the acceleration region is in most cases nearly empty, we use R " 1000 " (lead by the
“impedance of the vacuum”, R = 4!k0/c = 1/("0c) # 377"). Hence a source able to produce
protons with E = 1020 eV by regular acceleration in electromagnetic fields has the minimal
luminosity [12]

L = U2/R >" 1037 W = 1044 erg/s . (4.1)

This can be transformed into an upper limit on the density ns of ultrahigh energy cosmic
rays (UHECR) sources, since the observed UHECR intensity fixes the required emissivity L,
i.e. the energy input per volume and time, as L " 3 $ 1046erg/(Mpc3yr). Hence, the density
of UHECR sources able to accelerate protons to E = 1020 eV should be smaller than ns =
L/L " 10!5/Mpc3, if the acceleration is by regular electromagnetic fields. For comparison, the
density of normal galaxies is ns # 10!2/Mpc3, while the most common type of active galactic
nuclei in the nearby Universe, Seyfert galaxies, has the density ns # (1 ! 5) $ 10!5/Mpc3

within redshift z <" 0.02.

4.1.2 Specific sources

Most galactic astrophysical sources are connected with type II (or core-collapse) supernovae
(SN) and their remnants (SNR): Examples are the direct acceleration in the magnetosphere of

28

The Hillas plot

M. Kachelrieß and D. V. Semikoz, Prog. Part. Nucl. Phys. 109:103710, 2019

Supernova Remnants
Active Galactic Nuclei

Gamma Ray Bursts
StarBurst Galaxies

Tidal Disruption Events
Pulsars… LHC

A variety of cosmic accelerators may produce neutrinos (see !gure 2). The
expected event rates can be estimated using supernovae as an example. The
conditions provided in a supernova allow for shock acceleration, so a fraction of
the kinetic energy of the explosion is expected to be transferred to high-energy
protons and heavier nuclei. These will then result in neutrinos through the chain
reaction shown in equation (1). Assuming that this process transfers 10 J44 to
neutrinos with tera-electron volt (TeV) energies (see section 2.1), it will yield a total
of !6 1050 neutrinos. The IceCube effective area—that is, its cross-section for
neutrinos—corresponds to its geometric area of one square kilometer multiplied by
its detection probability, which is notoriously small due to the fact that neutrinos only
interact weakly. Formuon neutrinos at 1 TeV the effective neutrino area—the number
of detected neutrinos by the detector is equivalent to the "ux of neutrinos crossing the
effective area—is only!1m2 (and!10m2 for 10TeV), hence onewill detect on average
only one TeV neutrino from a supernova at a distance of 100Mpc (themost frequently
used unit for extragalactic distance is the megaparsec, 1 Mpc= ·3.26 106 light years).
Fortunately, within such a distance, more than 1000 supernovae explode every year,
including some very energetic ones with massive progenitors. Observing individual
supernovae in connection with high-energy neutrinos hence appears within reach.

Neutrinos are the key to an unobstructed view of cosmic accelerators over a
broad range of energies and distances. Their weak interaction with matter allows
them to escape from dense environments that are opaque to photons. They can
travel over essentially any distance in the Universe without being obstructed,
making it possible for us to probe distant energetic sources outside the reach of
electromagnetic observations at comparable energies. Neutrinos are also neutral,
leaving their direction unaltered by magnetic !elds; a detected neutrino will point
back to its origin.

Figure 2. Scenarios for sources of neutrinos, with varying degrees of jet formation.

Multimessenger Astronomy

6

I. Bartos and M. Kowalski, 2017

https://www.sciencedirect.com/science/article/abs/pii/S0146641019300456?via=ihub
https://iopscience.iop.org/book/978-0-7503-1369-8/chapter/bk978-0-7503-1369-8ch1
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Fast rotating neutron stars that emit a beam of 
electromagnetic radiation, typically along its 

magnetic axis. They have very stable and short 
periods, very high magnetic fields and emit in 

radio. The radiation can only be observed 
when the axis is pointing towards the Earth. 
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Let us consider a particle that moves in a non-uniform and static 
magnetic field. Because of the motion of the particle, it feels a time-
varying magnetic field, which induces an electric field (Faraday’s law)

⃗∇ × ⃗E = −
∂ ⃗B
∂t

Example of one-shot Acceleration
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magnetic field. Because of the motion of the particle, it feels a time-
varying magnetic field, which induces an electric field (Faraday’s law)

⃗∇ × ⃗E = −
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Let us consider a particle that moves in a non-uniform and static 
magnetic field. Because of the motion of the particle, it feels a time-
varying magnetic field, which induces an electric field (Faraday’s law)
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Let us consider a particle that moves in a non-uniform and static 
magnetic field. Because of the motion of the particle, it feels a time-
varying magnetic field, which induces an electric field (Faraday’s law)

⃗∇ × ⃗E = −
∂ ⃗B
∂t

Emax = − ∫ Z e ⃗E d ⃗l = − ∫ Z e ⃗∇ × ⃗E d ⃗S = Z e ∫
∂ ⃗B
∂t

d ⃗S = Z e 2π ∫ dB r
dr
dt

∼ Z e 2π B R v

P ≡
2π R

v
→ Emax ∼ Z e B R

R
P

4π2

For the Crab pulsar:
P ∼ 0.03 s , R ∼ 10 km , B ∼ 1011 G

Example of one-shot Acceleration

Emax ∼ Z × 1018 eV
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Neutron star or black hole with a companion star. 
Once the companion exceeds the Roche volume of the binary 
system, an accretion disc forms around the compact object. 

© M. Kornmesser / ESO

Tidal disruption events: X-ray binaries
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Gamma Ray Bursts

The most luminous sources in the Universe: typical pγ accelerators 

The photon spectrum (target for neutrino production) is constituted by 
synchrotron radiation of electrons in the internal shock fronts of the jet, with a 

break at ~250 keV, produced by cooling of electrons (or even by inverse Compton) 

Assuming that the proton spectrum follows the electron spectrum of the source, 
the neutrino spectrum has two breaks:  

at ~0.1-1 PeV (due to the break in the photon spectrum) and  
at ~10-100 PeV (due to pion synchrotron losses)
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Figure 6. Predicted E2
!F

!µ(E!) for a typical HL-GRB (L̃iso = 1052 erg s!1), LL-GRB (L̃iso =
1048 erg s!1), and sGRB (L̃iso = 1051 erg s!1) at z = 1 with flavor oscillations included. The HL-
GRBs exhibit the highest flux and the kaon contribution a!ects the high-energy tail of the spectra in
all cases.

4 High-energy di!use neutrino background from gamma-ray bursts

In this section, we present our results on the high-energy di!use neutrino background from
GRB fireballs. We first discuss the expected neutrino background within the canonical model
in terms of the astrophysical uncertainties on the local GRB rates and luminosity functions
(see Table 1), then we study the dependence of the high-energy di!use neutrino flux from
the model parameters for each GRB family (see Table 2).

4.1 Expected di!use background and uncertainties on the local rate and lumi-

nosity function of each GRB family

The di!use neutrino intensity from each GRB component (X) can be defined in terms of
the gamma-ray luminosity function, through "X(L̃iso)dL̃iso = "X(L̃!)dL̃! with " the LF
introduced in Sec. 2 (normalized to unity after integration over luminosity):

IX(E!) =

! zmax

zmin

dz

! L̃max

L̃min

dL̃iso
c

4!H0#

1
"

$M (1 + z)3 + $!

RX(z)"X(L̃iso)

#

dN!µ

dE!
!

$

osc

.(4.1)

In the numerical computation of the neutrino background, we assume zmin = 0 and zmax =
11, L̃iso ! [L̃min, L̃max] with L̃min and L̃max defined as in Table 1 for each family X, and
E!

! = E!(1 + z)/#. Note as the chosen values for tv and # (Table 1) should guarantee us to
extrapolate an average description of the whole GRB population. However, our estimation
of the di!use neutrino emission from GRBs also depends on parameters such as "e, "B , # and
h"p that are currently poorly constrained from observations (see discussion in Sec. 4.2) and
should therefore be considered with caution.
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No correlations found 
Small fraction in IceCube 
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M. G. Aartsen et al. [IceCube Coll.], Astrophys. J. 843:112, 2017
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Figure 7. Di�erential median sensitivity of the Northern

Hemisphere track, all-sky cascade (Aartsen et al. 2016a), and

Southern Hemisphere track stacked GRB analyses to a per-

flavor E≠2 ‹ quasi-di�use flux in half-decadal ‹ energy bins,

with the final combined analysis shown in the black line.

Integrated sensitivities are shown as dashed lines over the

expected 90% energy central interval in detected neutrinos

for a given analysis. The IceCube measured 68% CL astro-

physical per-flavor neutrino flux band is given for reference

from a global fit of IceCube analyses (Aartsen et al. 2015b)

and a recent 6-year Northern Hemispheres ‹µ track analysis

(light blue, Aartsen et al. (2016d)).

This combined test statistic is used to calculate limits
on the GRB neutrino models of Section 2 as it is less
sensitive to possible background fluctuations than the
per-GRB method.

The background-only and background-plus-signal ex-
pectations of both stacked and per-GRB analyses are
determined from Monte Carlo pseudo-experiments fol-
lowing the same methodology as described by Aartsen
et al. (2016a). The sensitivity, both di�erential and in-
tegrated, of the stacked method to a per-flavor quasi-
di�use E≠2 neutrino spectrum is shown in Figure 7.
This sensitivity is calculated for each individual search
channel, as well as the final combined sensitivity. The
Northern Hemisphere track analysis (combining the re-
sults of Aartsen et al. (2015d) with this paper’s exten-
sion to three additional years) is seen to be the most
sensitive neutrino detection channel. The all-sky cas-
cade and Southern Hemisphere track channels converge
in sensitivity to the Northern Hemisphere track within
a factor of a few at energies & 1 PeV, while the South-
ern Hemisphere track analysis is the most sensitive GRB
analysis to date for neutrinos & 10 PeV. Each individual
channel has su�cient sensitivity to detect a neutrino sig-
nal should the per-flavor quasi-di�use GRB neutrino flux
be comparable in magnitude to the measured IceCube
astrophysical neutrino flux of ≥10≠8 GeV cm≠2 sr≠1 s≠1.

6. RESULTS

The final event sample was searched in coincidence
with the 508 GRBs of the three-year Northern Hemi-
sphere sample and the 664 GRBs of the five-year South-
ern sample. Both per-GRB and stacked per-year and
channel test statistics were calculated to discover a neu-
trino signal from GRBs. The results of the per-GRB
analysis are presented for the Northern and Southern
Hemisphere analyses in Tables 1 and 2, respectively.
Here, basic information about the GRBs and coinci-
dent events are described, including their timing, an-
gular uncertainty ‡, angular separation ��, the mea-
sured “-ray fluence of the GRB, and the estimated en-
ergy of the coincident event. The significance of the
coincidences is summarized in two ways. Event signal-
to-background PDF ratio values used in the test statistic
calculation are provided to estimate relative event im-
portance. The significance of the per-GRB test statistic
is then given as a p-value calculated from that GRB’s ex-
pected background-only test statistic distribution, con-
stituting that GRB’s pre-trials p-value. In parentheses,
the post-trials p-value of this GRB coincidence is given,
calculated relative to the combined three-year Northern
Hemisphere track and five-year Southern track analy-
sis max({Tg}) test statistic distribution expected from
background, respectively.

The most significant coincidence (in both pre-trials
and post-trials p-value) was found in the Southern Hemi-
sphere analysis coincident with GRB110207A, a Swift-
localized long GRB (T100 = 109.32 s) observed at a dec-
lination of ≠10.8¶. This event occurred during the T100
of the GRB and had a reconstructed direction within
1¶ of the GRB, with a moderate reconstructed muon
energy of Eµ & 12 TeV, yielding a signal-to-background
PDF ratio of S/B = 271.6. The pre-trials significance
is p = 3.5 ◊ 10≠4, making it the single most significant
coincidence with a GRB to date in any IceCube GRB
neutrino search. Although the event was within 1¶ of the
GRB location, the angular uncertainty of this event and
GRB were 0.3¶ and 0.01¶, respectively. Combined, these
lead to a ≥3‡ o�set in the signal space PDF, reducing
the significance of the coincidence. Monte Carlo sim-
ulations and reconstructions were performed of muons
with similar energy, origin, and light deposition topol-
ogy to the measured event, establishing that the recon-
structed angular uncertainty of 0.3¶ is consistent with
the median angular resolution of the simulated muons of
0.24¶. Furthermore, a full likelihood scan of a more de-
tailed angular reconstruction, which accounts for muon
stochastic losses, was performed on this event to ver-
ify the quality of the reconstructed direction (Aartsen
et al. 2014a). It was found that the two reconstructions
are consistent with each other, while the GRB110207A
location is > 5‡ from the advanced reconstructed direc-
tion, supporting that this event is inconsistent with the

https://dx.doi.org/10.1088/1475-7516/2015/09/036
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.78.2292
https://iopscience.iop.org/article/10.3847/1538-4357/aa7569
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Active Galact Nuclei

Powered by accretion around SMBHs in the 
center of galaxies, AGNs are less luminous 

than GRBs, but radiate for longer.  
Synchrotron radiation by accelerated 

electrons produces a IR/X-rays peak, and 
ICS of synchrotron, the MeV-GeV peak. 

Smaller Lorentz factor for the jets and much 
lower minimum energy of the background 
radiation (UV):  higher neutrino energies 

© L. Calçada / ESA/Hubble

F. W. Stecker et al., Phys. Rev. Lett. 66:2697, 1991
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FIG. 5: The unification model for AGNs. The components of the figure are discussed in the

text. Blazars are those AGNs for which the jets are close to line of sight. A regular quasar

or a Seyfert 1 galaxy is observed if the orientation angle is ! 30o, where the narrow-line

and broad-line regions are visible. At larger angular o!sets, the broad-line region will be

hidden by the torus, the corresponding class being Seyfert 2 galaxies. Perpendicular to the

jet axis, the full extent of the jets may be seen particular at low frequencies, giving rise to a

morphology typical of radio galaxies. The figure is adapted from Refs. [214, 215, 216, 217].

taking into account the intrinsic anisotropy of the phenomenon, is shown in Fig. 5 (see

Refs. [214, 215, 216, 217] for further
and more detailed discussions).

For example, Seyfert galaxies possess a dusty torus of gas at distances intermediate

between the BLR and NLR (narrow line region). An observer whose line of sight

to the black hole intercepts this torus would see a heavily reddened (or completely

extinguished) BLR and central continuum radiation but an unreddened NLR. This

would be identified with a Seyfert 2 galaxy. If the line-of-sight does not intercept the

torus, the central regions of the nucleus can be observed directly, leading to a Seyfert

1 classification. Radio loud quasars are then objects in which the line-of-sight is close
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Spectrum: �0 · (E/GeV)�1.5

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 1.6⇥ 10�12 4.6 (3.8� 5.3)⇥ 10�12

FSRQs 0.8⇥ 10�12 2.1 (1.0� 3.1)⇥ 10�12

LSPs 1.0⇥ 10�12 1.9 (1.2� 2.6)⇥ 10�12

ISPs/HSPs 1.8⇥ 10�12 2.6 (2.0� 3.2)⇥ 10�12

LSP-BLLacs 1.1⇥ 10�12 1.4 (0.5� 2.3)⇥ 10�12

Spectrum: �0 · (E/GeV)�2.0

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 1.5⇥ 10�9 4.7 (3.9� 5.4)⇥ 10�9

FSRQs 0.9⇥ 10�9 1.7 (0.8� 2.6)⇥ 10�9

LSPs 0.9⇥ 10�9 2.2 (1.4� 3.0)⇥ 10�9

ISPs/HSPs 1.3⇥ 10�9 2.5 (1.9� 3.1)⇥ 10�9

LSP-BLLacs 1.2⇥ 10�9 1.5 (0.5� 2.4)⇥ 10�9

Spectrum: �0 · (E/GeV)�2.7

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 2.5⇥ 10�6 8.3 (7.0� 9.7)⇥ 10�6

FSRQs 1.7⇥ 10�6 3.3 (1.6� 5.1)⇥ 10�6

LSPs 1.6⇥ 10�6 3.8 (2.4� 5.2)⇥ 10�6

ISPs/HSPs 1.6⇥ 10�6 4.6 (3.5� 5.6)⇥ 10�6

LSP-BLLacs 2.2⇥ 10�6 2.8 (1.0� 4.6)⇥ 10�6

Table 3
90% C.L. upper limits on the di↵use (⌫µ + ⌫µ)-flux from the

di↵erent blazar populations tested. The table contains results for
power-law spectra with spectral indices �1.5, �2.0, and �2.7.
The equal-weighting column shows the median flux upper limit

and the 90% central interval of di↵erent sample realizations of the
Fermi-LAT source count contribution (in parentheses). All values

include systematic uncertainties.

Figure 4. Di↵erential 90% C.L. upper limit on the (⌫µ+⌫µ)-flux
using equal weighting for all 2LAC blazars. The ±1� and ±2�
null expectation is shown in green and yellow, respectively. The
upper limit and expected regions correspond to the median SCD
sampling outcome.

a factor of about 2, than the median outcome in the en-
ergy range between 5 TeV and 10 TeV where the largest
excess is observed. This is the average behavior for a soft
flux with spectral index of about �3.0 65, if one assumes
a simple power-law fit to explain the data. While such a
physical interpretation can not be made yet, it will be in-

65 This can be read o↵ in figure 8. The ratio function indicates in
which energy range a given flux function appears first, on average.
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Figure 5. 90% C.L. flux upper limits for all 2LAC blazars in
comparison to the observed astrophysical di↵use neutrino flux. The
latest combined di↵use neutrino flux results from Aartsen et al.
(2015b) are plotted as the best-fit power-law with spectral index
�2.5 , and as a di↵erential flux unfolding using 68% central and
90% U.L. confidence intervals. The flux upper limit is shown using
both weighting schemes for a power-law with spectral index �2.5
(blue). Percentages denote the fraction of the upper limit compared
to the astrophysical best fit value. The equal-weighting upper limit
for a flux with a harder spectral index of �2.2 is shown in green.

teresting to observe this excess with future IceCube data.
For information on the di↵erential upper limits from the
other samples the reader is referred to appendix D.

5.4. The maximal contribution to the di↵use

astrophysical flux

The astrophysical neutrino flux is observed between
10 TeV and 2 PeV (Aartsen et al. 2015b). Its spectrum
has been found to be compatible with a single power-law
and a spectral index of �2.5 over most of this energy
range. Accordingly, we use a power-law with the same
spectral index and a minimum neutrino energy of 10 TeV
for the signal injected into the simulated skymaps when
calculating the upper limit for a direct comparison. Fig-
ure 5 shows the flux upper limit for an E�2.5 power-law
spectrum starting at 10 TeV for both weighting schemes
in comparison to the most recent global fit of the astro-
physical di↵use neutrino flux, assuming an equal compo-
sition of flavors arriving at Earth.
The equal-weighting upper limit results in a maximally

19%-27% contribution of the total 2LAC blazar sample
to the observed best fit value of the astrophysical neu-
trino flux, including systematic uncertainties. This limit
is independent of the detailed correlation between the
�-ray and neutrino flux from these sources. The only as-
sumption is that the respective neutrino and �-ray SCDs
have similar shapes (see section 5.2 for details on signal
injection). We use the Fermi-LAT blazar SCD as pub-
lished in Abdo et al. (2010c) as a template for sampling.
However, we find that even if the shape of the SCD dif-
fers from this template, the upper limit still holds and
is robust. In appendix A we discuss the e↵ect of di↵er-
ent SCD shapes and discuss how the combination with
existing point source constraints (Aartsen et al. 2015c)
leads to a nearly SCD-independent result, since a point
source analysis and a stacking search with equal weights
e↵ectively trace opposite parts of the available parameter
space for the dN/dS distribution.
In case we assume a proportionality between the �-ray

and neutrino luminosities of the sources, the �-weighting

M. G. Aartsen et al. [IceCube Coll.], Astrophys. J. 835:45, 2017

No correlations found  
<27% contribution to 

the diffuse flux

https://iopscience.iop.org/article/10.1088/0034-4885/67/9/R03
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.66.2697
https://iopscience.iop.org/article/10.3847/1538-4357/835/1/45
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StarBurst Galaxies

© J. Gallagher, M. Mountain and P. Puxley / NASA / ESA/Hubble

Galaxies with intense star formation rate and high gas density.  
Neutrinos are produced by hadronic (pp) interactions of protons off ISM. 

Located at large distances (> Mpc): only a dozen (< 20 Mpc) have been 
observed in gamma-rays, but the larger activity at high redshift makes 

them a good candidates for the diffuse neutrino flux

3

olate the local 1.4 GHz energy production rate per unit
volume (of which a dominant fraction is produced in qui-
escent spiral galaxies) to the redshifts where most of the
stars had formed through the starburst mode, based on
the observed redshift evolution of the cosmic star forma-
tion rate [24], and calculate the resulting neutrino back-
ground. The cumulative GeV neutrino background from
starburst galaxies is then

E2
!!!(E! = 1GeV) !

c

4!
"tH [4#(dL!/dV )]!=1.4GHz

= 10!7"0.5 GeV cm!2 s!1 sr!1. (2)

Here, tH is the age of the Universe, and the factor
" = 100.5"0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of "0.5 " 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, #e : #µ : #" = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
!!e

= !!µ
= !!!

= !!/2.
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FIG. 1: The shaded region brackets the range of plausible
choices for the spectrum of the neutrino background. Its up-
per boundary is obtained for a power-law index p = 2 of
the injected cosmic-rays, and its lower boundary corresponds
to p = 2.25 for E! < 1014.5 eV. The solid green line corre-
sponds to the likely value p = 2.15 (see text). Other lines: the
WB upper bound on the high energy muon neutrino intensity
from optically-thin sources; the neutrino intensity expected
from interaction with CMB photons (GZK); the atmospheric
neutrino background; experimental upper bounds of optical
Cerenkov experiments (BAIKAL [29] and AMANDA [30]);
and the expected sensitivity of 0.1 km2 and 1 km2 optical
Cerenkov detectors [1].

Equation (2) provides an estimate of the GeV neu-
trino background. The extrapolation of this background
to higher neutrino energies depends on the energy spec-
trum of the high energy protons. If the proton energy dis-
tribution follows a power-law, dN/dE # E!p, then the

neutrino spectrum would be, E2
!!!µ

# E2!p
! . The energy

distribution of cosmic-ray protons measured on Earth fol-
lows a power-law dN/dE # E!2.75 up to the ”knee” in
the cosmic-ray spectrum at a few times 1015 eV [23, 25].
(The proton spectrum becomes steeper, i.e. softer, at
higher energies [2].) Given the energy dependence of the
confinement time, # E!s [22], this implies a produc-
tion spectrum dN/dE # E!p with p = 2.75 $ s ! 2.15.
This power-law index is close to, but somewhat higher
than, the theoretical value p = 2, which implies equal
energy per logarithmic particle energy bin, obtained for
Fermi acceleration in strong shocks under the test par-
ticle approximation [26]. We note that the cosmic-ray
spectrum observed on Earth may not be representative
of the cosmic-ray distribution in the Galaxy in general.
The inferred excess relative to model predictions of the
> 1 GeV photon flux from the inner Galaxy, implies that
the cosmic-rays are generated with a spectral index p
smaller than the value p = 2.15 inferred from the local
cosmic-ray distribution, and possibly that the spectral
index of cosmic-rays in the inner Galaxy is smaller than
the local one [27]. The spectrum of electrons accelerated
in SNe is inferred to be a power law with spectral index
p = 2.1 ± 0.1 over a wide range energies, " 1 GeV to
" 10 TeV, based on radio, X-ray and TeV observations
(e.g. [28]).

For a steeply falling proton spectrum such as dN/dE "
E!2, the production of neutrinos of energy E! is domi-
nated by protons of energy E ! 20E! [18], so that the
cosmic-ray ”knee” corresponds to E! " 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
!!SB

! ! 10!7(E!/1GeV)!0.15±0.1GeV cm!2 s!1 sr!1(3)

up to " 0.1 PeV. In fact, the ”knee” in the proton spec-
trum for starburst galaxies may occur at an energy higher
than in the Galaxy. The steepening (softening) of the
proton spectrum at the knee may be either due to a
steeper proton production spectrum at higher energies, or
a faster decline with energy for the proton confinement
time. Since both the acceleration of protons and their
confinement depend on the magnetic field, we expect the
”knee” to shift to a higher energy in starbursts, where the
magnetic field is much stronger than the Galactic value.
The predicted neutrino intensity is shown as a solid line
in Fig. 1. The shaded region illustrating the range of
uncertainty in the predicted neutrino background. This
range is bounded from above by the intensity obtained
for p = 2, corresponding to equal proton energy per log-
arithmic bin, and from below by the intensity obtained
for p = 2.25, corresponding to the lower value of the
confinement time spectral index, s = 0.5.

The extension of the neutrino spectrum to energies
E! > 1 PeV is highly uncertain. If the steepening of the
proton spectrum at the knee is due to a rapid decrease
in the proton confinement time within the Galaxy rather

A. Loeb and E. Waxman, JCAP 0605:003, 2006

E2
e

dNe

dEe
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ν

dNν
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Normalization of the neutrino spectrum using synchrotron radiation
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C. Argüelles, M. Bustamante, A. Kheirandish, SPR, J. Salvado and A. C. Vincent, PoS(ICRC2019)849, 2020

Standard expectation: 
power-law spectrum

Standard expectation: 
same arrival time as photons

Note: Not an exhaustive list of scenarios

Searching for new physics

Standard expectation: 
isotropy (diffuse) 

directional (sources)

Standard expectation: 
equal flux of all flavors

https://pos.sissa.it/358/849
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Figure 10. Limits on the DM lifetime and NDM at 95% CL as a function of the DM mass,

for all decay channels studied for the single-channel decay and astrophysical flux combination.
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The dotted curve shows gamma-ray bounds on DM decay obtained in [15].
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Figure 9. Same as figure 4, for the scalar mediator scenario, with the mediator dominantly decay-
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3.3 Vector and axial-vector mediators

The double di�erential cross section in the case of a vector mediator is given by:

d
2
‡

dxdy
=

ÿ

q

1
32 fi

1
x MN E‰

(g‰ gq)2

(Q2 + m
2

ZÕ)2

◊

A
(Q2)2

2 + s
2

≠ s Q
2

B

fq(x, Q
2). (3.7)

where, gq is the coupling of Z
Õ to the quark q, and s ¥ 2 xE‰MN .

To evade the strong bounds particular to vector (and axial-vector) mediators coming
from dijet resonance searches in collider experiments, as discussed in section 2.3.1, we im-
pose a penalty on the ‰

2 computation whenever the combination of the coupling constant
and MZÕ extends into a region disfavoured at more than 90% confidence level. Once we
have thus determined the allowed region of the parameter space, we show the results (fig-
ure 10) corresponding to a benchmark point in this space, defined by the values in table 3,
that maximises the contribution from secondary neutrinos from DM decay (Flux-3), and
correspondingly deems the astrophysical neutrino component insignificantly small (which we
consequently do not show). An increased flux for the latter can be accommodated by a
corresponding scaling down of the value of f„g

2
‰/·„ and so on.

As seen in figure 10, unlike the pseudo-scalar and the scalar cases, we note that the
galactic and the extra galactic secondary flux events remain approximately flat with de-
creasing energy below ¥ 1 PeV. This results in the absence of a dip or deficit in the region
400 TeV–1 PeV which is one of the features of the present IC data that we would like to
reproduce in scenario I. This can be mitigated by increasing the mass of the mediator (see
figure 11). A comparison with the pseudoscalar mediator event spectrum, where this problem
is absent, is shown for a fixed mass, in the right panel figure 11.
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creasing energy below ¥ 1 PeV. This results in the absence of a dip or deficit in the region
400 TeV–1 PeV which is one of the features of the present IC data that we would like to
reproduce in scenario I. This can be mitigated by increasing the mass of the mediator (see
figure 11). A comparison with the pseudoscalar mediator event spectrum, where this problem
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matter potential in neutrino propagation
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3

⇢� = 0.4 GeV cm�3. A “cored” profile (↵ = 0.4) only
leads to slightly less suppression in the very center for a
range of cross sections; these to not significantly impact
the observables, as they would e.g. for DM annihilation,
which depends on the square of the DM density profile.

We take the incoming di↵erential neutrino flux, �(E),
to be isotropic. This is not an assumption that all sources
are the same: it is rather the statement that in any given
direction, the sum of contributions from neutrino sources
along the line of sight is the same as from any other di-
rection. We model �(⌧ = 0) as a power law in energy.
The propagation of the extragalactic high-energy neu-
trino flux towards the Earth, as they traverse the di↵use
DM halo, can be described by a cascade equation

d�(E)

d⌧
= ��(E)�(E) +

Z 1

E
dẼ

d�(Ẽ, E)

dE
�(Ẽ), (1)

where E is the neutrino energy. �(E) is the model-
dependent total cross section of ⌫ with energy E, while
d�(Ẽ, E)/dE is the di↵erential cross section from Ẽ to
E. ⌧ is the DM column density

⌧(b, l) =

Z

l.o.s.
n�(x; b, l) dx, (2)

b and l are respectively the galactic latitude and lon-
gitude, and n�(x; b, l) = ⇢�(r)/m� is the DM number
density along the line of sight (l.o.s). The DM column
density and the arrival direction of high-energy cosmic
neutrinos are shown in Fig 1.

Likelihood function We construct an extended un-
binned likelihood function for a given set of parameters
# = {m�,m�, g} and events of observed topologies t, en-
ergies E, and arrival directions, ~x = (b, l)

L({t, E, ~x}|#) = e�
P

b Nb

NobsY

i=1

X

a

NaPa(ti, Ei, ~xi|#), (3)

where the indices a, b run over the number of astro-
physical events (Nastro), atmospheric neutrinos (Natm),
and atmospheric muons (Nµ) in the model; while the
product in i runs over the observed events (Nobs = 53).
The probability of the astrophysical component is
proportional to the solution �(E, b, l) of Eq. (1). A sup-
pression from dark matter in the extragalactic neutrino
flux from the (b, l) = (0, 0) direction thus suppresses the
likelihood of observing astrophysical events from that
direction. The probability distributions of the neutrino
components in Eq. (3) are given in Appendix A of
Supplemental material [45].

Results The likelihood is incorporated into a custom-
built Markov Chain Monte Carlo (MCMC) code3, which

3 We use the publicly available emcee [46] sampler.

FIG. 2. E↵ect on the energy and spatial distribution of HESE
as seen at IceCube, due to interactions with the DM halo
of the Milky Way for three di↵erent examples representative
of the parameter space explored in this study. Pale grey
and purple lines represent atmospheric background fluxes.
Darker lines are: Black: standard astrophysical flux; yellow:
fermionic DM with a spin-1 mediator (g = 1,m� = 10 MeV,
m� = 10 MeV). Blue: the same model but with g =

p
5,

m� = 100 MeV; and orange: scalar DM with a fermionic
mediator (g =

p
10,m� = 20 keV, m� = 6 GeV). The new

physics models can be probed with our analysis of HESE neu-
trinos, but are not accessible to cosmological studies. We
show binned IceCube HESE data as gray crosses.

is used to produce posterior likelihood distributions in the
six-dimensional space of (g,m�,m�, Nastro, Natm, Nµ).
We note that posteriors on {Na} reproduce indepen-
dently obtained results [17, 39], with Nastro = 34.3 ±
6.5, Natm = 14.4± 4.6, and Nµ = 7.1± 2.8. We find that
these are completely uncorrelated with the other model
parameters.
Fig. 2 shows examples of the event distributions in

four di↵erent scenarios, as they would be expected in Ice-
Cube, in the case of an E�2 di↵use isotropic flux. The
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The detection of the high-energy neutrino event, IceCube-170922A, demonstrated that multimessenger
particle astrophysics triggered by neutrino alerts is feasible. We consider time delay signatures caused by
secret neutrino interactions with the cosmic neutrino background and dark matter and suggest that these can
be used as a novel probe of neutrino interactions beyond the standard model (BSM). The tests with BSM-
induced neutrino echoes are distinct from existing constraints from the spectral modification and will be
enabled by multimessenger observations of bright neutrino transients with future experiments such as
IceCube-Gen2, KM3Net, and Hyper-Kamiokande. The constraints are complementary to those from
accelerator and laboratory experiments and powerful for testing various particle models that explain
tensions prevailing in the cosmological data.
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The new era of multimessenger astroparticle physics has
started thanks to the recent detection of high-energy cosmic
neutrinos [1,2] and gravitational waves [3,4]. The detection
of the high-energy neutrino event, IceCube-170922A [5],
gave further motivation for time domain particle astro-
physics. Although the significance of the association with
the flaring blazar TXS 0506! 056 is only !3!, this flaring
blazar was observed at various wavelengths [5], including x
rays [6] and GeV-TeV " rays [7], which demonstrated the
capability of multimessenger observations initiated by
high-energy neutrino observations.
Neutrinos have important clues to particle physics

beyond the standard model (BSM), as well as the asym-
metry between matter and antimatter. Since the discovery
of high-energy cosmic neutrinos in IceCube, not only
the properties of neutrinos but also different kinds of
BSM physics, including dark matter (DM) and non-
standard interactions, have been discussed (see, e.g.,
[8,9]). In the standard model (with a minimal extension
for finite neutrino masses), the time delay due to the finite
neutrino mass (m#) is estimated to be !t"m2

#D="2E2
###

1.5!10$13 s"m#=0.1 eV#2"0.1PeV=E##2"D=3Gpc#, which

is much shorter than durations of known astrophysical
transients. Possible time delay between neutrinos and " rays
have been discussed to place constraints on the weak
equivalence principle (WEP) and Lorentz invariance vio-
lation (LIV) [10–14]. A time delay of a few days was also
reported for IceCube-160731 coincident with a possible
"-ray counterpart, AGL J1418! 0008 [15].
Not only blazar flares but also various transients, such as

long and short "-ray bursts (GRBs) [16,17], supernovae
(SNe) [18,19], transrelativistic SNe [20,21], and tidal
disruption events (TDEs) [22,23], are promising high-
energy neutrino emitters. It is natural that electrons and
ions are coaccelerated in these sources, and the temporal
and spatial coincidence between neutrinos and " rays is
expected. Relevant characteristics of various extragalactic
transient sources considered in the literature are summa-
rized in Table I (see also Refs. [24,25]).
We explore delayed neutrino signatures induced by BSM

interactions (see Fig. 1) and suggest that they serve as new

FIG. 1. Schematic picture of neutrino “echoes” induced by
BSM interactions. See text for details.
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propagation of high-energy cosmic neutrinos. The oscilla-
tion pattern of lower energy neutrinos, such as solar, long-
baseline, or supernova neutrinos, would not be affected,
though. For those energies, !m2=E! ! !V, and the stan-
dard results are recovered. Note that this energy dependence
is a characteristic feature of dimension-three operators.

II. FLAVOR OF COSMIC NEUTRINOS

The study of the flavor composition has been long
recognized as a powerful tool to determine the production
mechanism of high-energy astrophysical neutrinos [37–55].
The departure from the canonical flavor compositions would
indicate the effect of new physics [27,31,34,36,38,56–76].
In the standard scenario, astrophysical neutrinos are pro-

duced from the decays of pions and kaons and secondary
muons, which are in turn created by hadronic (proton-
proton, pp) or photohadronic (proton-photon, p") inter-
actions in cosmic accelerators. The flavor composition at
the source of the neutrino plus antineutrino flux is (approx-
imately) !!e"!#"!$"S # !1=3"2=3"0"S in both cases.1

Given the cosmic distances these neutrinos travel,
oscillation probabilities are averaged out [78]. As a
consequence, for the values of the mixing angles mea-
sured in neutrino oscillation experiments [79–81], the
resulting (!# !̄) flavor composition at detectors at Earth
becomes !!e"!#"!$"$ # !1=3"1=3"1=3"$.
There are two main features that stand out from the

canonical flavor composition. Due to maximal mixing in
the # % $ sector, astrophysical !# and !$ fluxes are always
expected to be very similar at Earth. Moreover, regardless
of the flavor composition at the cosmic source, all flavors
become finally populated after propagation through cosmic
distances. Thus, if any of the three neutrino flavors is found
not to contribute to the observed high-energy event
spectrum in neutrino telescopes, this necessarily implies
the existence of new physics. In this paper we present a
scenario in which the neutrino flavor composition at the
source is preserved and coincides with that at the detector.
Given that !$’s are very scarcely produced at astrophysical
sources, this possibility is very far from the canonical
expectation. This can be seen in Fig. 1, where we show the
expected flavor combination at Earth from hadronic
sources within the scenario discussed in this paper (which
coincides with that at production), the current allowed
region and the expected flavor composition from standard
averaged oscillations.

III. PROPAGATION OF COSMIC NEUTRINOS
INTERACTING WITH ULTRALIGHT

SCALAR DARK MATTER

Now we show how the interaction term in Eq. (1) could
result in a flavor composition of the cosmic neutrino flux at
detection approximately equal to that at the source.
A complex field can be decomposed as

%! !x; t" $ &! !x; t" 1!!!
2

p
mDM

e%imDMt; !3"

such that, in the nonrelativistic limit, !0&!t" & mDM&!t"
and thus, solving the equation of motion (Euler-Lagrange
equation), the classical field& is approximately constant, and
can be obtained from the contribution to the 00 component of
the energy-momentum tensor (T00 $ 'DM), which results
in 'DM $ j& j2.
The charge density associated to this complex scalar can

be written as

J%0 $ i!%%!0% % %!0%%" $ j& j2

mDM
$ 'DM

mDM
; !4"

FIG. 1. Ternary plot of the flavor composition of cosmic
neutrinos. The allowed flavor compositions are represented by
the regions within the black lines, using IceCube HESE events
after 7.5 years (68% and 95% confidence level), with three types
of topologies: muon tracks, single, and double cascades [82].
Also shown is the obtained best fit (black cross). The gray shaded
contour indicates the allowed region after standard averaged
oscillations during propagation, and accounts for uncertainties at
95% confidence level of the neutrino mixing angles [79]. For
hadronic sources, the expected flavor ratio at detection after
standard propagation lies at the center (star), whereas within the
scenario discussed in this paper, it would coincide with the flavor
composition at the source (thick purple dot).

1Nevertheless, while in the case of pp processes, the flavor
ratios for the separate neutrino or antineutrino fluxes are the
same, for p" interactions, the flavor ratios are !!e"!#"!$"S #
!1=2"1=2"0"S for neutrinos and !!̄e"!̄#"!̄$"S # !0"1"0"S for
antineutrinos. Some of the phenomenological implications of
this have already been studied [77].
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angularly correlated and then it may depend on the part of
the sky accessible to IceCube.

IV. DISCUSSION

In the previous sections we have analyzed the effect of
DM on neutrino oscillations using an effective potential
parametrized in Eq. (10). In a more generic framework,
considering new physics beyond the standard model, the
interaction between both particles can also be expressed as

Vij ! !0ijG
0
F
"DM
mDM

: "20#

This equation allows the reinterpretation of the effective
potential in terms of a new interaction strength G0

F as well
as on the DM mass, mDM. We highlight that Eqs. (10) and
(20) are parametrizations of the potential where the
structure of the !ij"!0ij# parameters depends on the choice
of a given particle physics model. For simplicity, we
assume that the interaction between neutrinos and DM
particles happens via the interchange of a Z0-like boson.
In this case, the primed Fermi constant is related to the
standard GF by

G0
F ! m2

Z

m2
Z0
GF; "21#

withmZ ! 91 GeV. Here, the mass of the mediator and the
interaction strength are tightly related. This scaling is valid
only for the coherent scattering regime if there is no
momentum transferred by the mediator, or if the mediator
is so heavy that it can be integrated out.
It is important to mention that, besides the effect of

forward coherent scattering encoded in the DM potential V,
neutrinos might actually scatter on the DM halo. This could
disrupt the effect of neutrino oscillations, modifying also

their arrival directions and energy spectrum [44]. To this
end, we have to ensure that the mean free path due to the
neutrino-DM scattering cross section at Earth,

l# !
!
$#%

"DM
mDM

"!1
!

!
$#%

8.1 ! 10!22 cm2

"!1!mDM

GeV

"
kpc;

"22#

is large enough, allowing neutrinos to cross the galaxy and
being affected only at the level of oscillations.
For the case of galactic neutrinos, we set l# at Earth to

be 50 kpc, which corresponds to a cross section
$#% ! 1.62 ! 10!23"mDM=GeV# cm2. This value guaran-
tees that, apart from the effect of coherent forward
scattering, neutrinos rarely scatter along any trajectory,
including the ones passing through the GC for a NFW
profile. A complementary study for ultralight DM, in the
regime where the neutrino-DM scattering cross section has
a relevant role for the neutrino propagation, is analyzed
in Ref. [45].
In a more extreme case, we also consider the bound

$#% < 10!33"mDM=GeV# cm2, which comes from the CMB
analysis when DM-neutrino interactions are allowed [46].
This bound corresponds to l# > 106 Gpc at Earth. Let us
remark that this bound applies for DM-neutrino cross
sections at the MeV scale and therefore its value might
be different for the neutrino energies considered in this
work, depending on the particle physics model considered.
In what follows, we use these two values of the neutrino
mean free path as benchmarks to discuss the dependence of
the effective potential on the remaining parameters, !0, G0

F,
and mZ0 . We also consider a particle physics scenario with
unconstrained mean free path in order to better understand
the role of the parameters.
In Table II, we present six different choices for the

involved parameters that can reproduce the three selected

FIG. 8. Flavor triangles for the initial states (1"2"0) (left) and (1"0"0) (right). The left panel shows the flavor area covered by a
homogeneous DM profile (reddish area) and the one covered by the effect of a NFW profile (blueish area). The right panel shows the
areas covered by imposing a maximum value for V#

ij and a NFW profile. We observe that for smaller maximum values the area is closer
to the solution in vacuum. The best fit point and 68% and 95% C.L. allowed regions from IceCube data are also shown.
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constraints can be used to set the scales of n ! 0 and n ! 1
operators introduced in this Letter. For example, we set
O0 ! 1 ! 10!23 GeV as a current limit of the n ! 0 oper-
ator, and O1 ! 1 ! 10!23 GeV with !1 ! 1 TeV as a
current limit of n ! 1 operators, where "O1=!1# ! 10!27.
Throughout this Letter, we have assumed the scale of O1 is
of the order of O0 without loss of generality.
Anarchic sampling prediction and IceCube results.—In

order to predict the flavor composition on the Earth in the
presence of new physics, the values of the mixing matrices
~Un should be specified. In order to show a prediction with
new physics operators, we have to account for all the free
parameters in the mixing matrix; we use a random sampling
scheme to construct the mixing matrix. A well established
schema is the anarchic sampling [49–52], which samples a
flat distribution given by the Haar measure

d ~Un ! d~s212!d~c413!d~s223!d~!; "5#

where, ~sij, ~cij, and ~! correspond to sines, cosines, and
phase for the new physics n-operator mixing angles. We
omit the Majorana phases since they do not affect neutrino
oscillations.
In Fig. 2, we show the allowed regions using anarchic

sampling in the case where H ! "E=!n#n ~UnOn
~U†
n. In this

case, we neglect the mass term, we are considering that the
Hamiltonian has only one operator, i.e., V ! ~Un, and the
result does not depend on n. Each plot in this figure
corresponds to a different production flavor composition.
We show the pion decay production "1"2"0# [yellow], beta

decay "1"0"0# [green], muon cooling "0"1"0# [red], and
for completeness, we show the exotic "# dominant model
"0"0"1# [blue]. The color density in these plots is a
representation of the probability given by the anarchic
sampling.
In Fig. 3, we show the case where we have a mass term

and the n ! 0 operators. In the top plot, we set
O0 ! 1.0 ! 10!23 GeV, corresponding to the order of
the current best limit on this operator. In the bottom left
plot, we setO0 ! 3.6 ! 10!26 GeV, and in the bottom right
plot we set O0 ! 6.3 ! 10!28 GeV. These values are
chosen because they have the same magnitude as the mass
term with neutrino energy of E" ! 35 TeV and
E" ! 2 PeV, respectively. In this plot, the colors represent
different assumptions in the production flavor content, and
the color intensity is the probability given by the anarchic
sampling as in Fig. 2.
In Fig. 4, we show the case for the n ! 1 operators. The

color notations and their intensities have the equivalent
meaning as Fig. 3. As before, in the top plot, we set the new
physics operator to the current best limit "O1=!1# # 10!27.
This is achieved by choosingO1 ! O0 ! 1.0 ! 10!23 GeV
and !1 ! 1 TeV. In the bottom left plot, O1 !
3.6 ! 10!26 GeV and !1 ! 35 TeV are used, and in the
bottom right plot, the parameters are O1 ! 6.3 !
10!28 GeV and !1 ! 2 PeV. These choices make new
physics to be the same magnitude as the mass term with a
neutrino energy of E" ! 35 TeV and E" ! 2 PeV,

FIG. 2 (color). Allowed region using anarchic sampling on the
mixing angles for the new physics operator when the mass term in
the Hamiltonian is neglected. The different plots correspond to
different assumptions on flavor content at production. The color
intensity is proportional to the probability predicted by anarchic
sampling.

FIG. 3 (color). Allowed region using anarchic sampling on the
mixing angles for the new physics n ! 0 operators. The top plot
corresponds to the current limits on n ! 0 operator; the bottom
left plot corresponds toO0 ! 3.6 ! 10!26 GeV, while the bottom
right plot corresponds to O0 ! 6.3 ! 10!28 GeV.
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V
�
e� + V

MW

e� + hV cos

e� i as a function of the mediator mass
and coupling. Tracing the iso-contour of constant Ve�

from high to low masses reveals the transitions that the
potential undergoes as the interaction range grows. From
10�10 eV to 10�18 eV, the potential is sourced mainly by
the Earth and, to a lesser degree, the Moon. The sharp
jump at 1/m0

e� = R� is due to standard Earth matter

e↵ects turning on. At 10�18 eV, the interaction range
reaches the Sun, the potential receives the contribution
of solar electrons, and the iso-contour jumps to a lower
value of the coupling. At progressively smaller masses,
the interaction range grows and the potential receives the
aggregated contribution from electrons distributed in the
Milky Way. At 10�27 eV, the interaction range reaches
the GC and the iso-contour jumps to an even lower value
of the coupling, since the GC contains more electrons.
Finally, at 5 · 10�33 eV, the interaction range reaches the
size of the causal horizon, and the potential is saturated
by all of the electrons in the observable Universe.

Flavor transitions.— The new interaction a↵ects
the evolution of flavor as neutrinos propagate. The evo-
lution is described by the Hamiltonian He� = Hvac +
Ve� + ⇥(R� � m

0�1

e� )V�
mat

, here written in the fla-
vor basis. The first term accounts for vacuum oscilla-
tions: Hvac = (2E⌫)�1

UM
2
U

†, where E⌫ is the neu-
trino energy, M2 = diag(0,�m

2

21
,�m

2

31
), and U is the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing ma-
trix, parametrized, as usual, via the mixing angles ✓12,
✓23, ✓13, and the CP-violation phase �CP. The second
term accounts for the new interaction [7, 8, 27, 28, 30–32]:
Ve� = diag (Ve� ,��µ�Ve� ,��⌧�Ve�). The third term
accounts for standard matter e↵ects inside the Earth:
V

�
mat

= diag(V �
mat

, 0, 0), where V
�
mat

⌘
p
2GFn

�
e and n

�
e

is the electron number density; see the Supp. Mat. for
details. This term is relevant only when the interaction
range is smaller than the radius of the Earth, i.e., when
m

0�1

e�  R�. When the new potential or the standard
matter potential dominates, the Hamiltonian becomes
diagonal and flavor mixing turns o↵. For anti-neutrinos,
�CP ! ��CP, Ve� ! �Ve� , and V

�
mat

! �V
�
mat

.
From here, we compute the probability of the flavor

transition ⌫↵ ! ⌫� . For high-energy neutrinos, the
probability oscillates rapidly with distance — the oscil-
lation length is tiny compared to the propagated dis-
tances, i.e., 10�10 Mpc vs. Gpc. Thus, we approxi-
mate the probability by its average value [48], P↵�(E⌫) =P

3

i=1
|U 0

↵i(E⌫)|2|U 0
�i(E⌫)|2, where U

0 is the matrix that
diagonalizesHe� . It has the same structure as the PMNS
matrix, but its elements depend not only on ✓12, ✓23, ✓13,
and �CP, but also on�m

2

21
, �m

2

31
, g0e� , m

0
e� , and E⌫ . Be-

low, to obtain our results, we numerically compute P↵�

for each choice of values of these parameters.
Flavor ratios at the sources.— We expect high-

energy astrophysical neutrinos to be produced in the
decay of charged pions made in pp and p� collisions,
i.e., ⇡+ ! µ

+
⌫µ ! e

+
⌫e⌫̄µ⌫µ and its charge-conjugate.

Thus, neutrinos leave the sources with flavor ratios (fe,S :
fµ,S : f⌧,S) =

�
1

3
: 2

3
: 0

�
. In the main text, we derive lim-

FIG. 4. Flavor ratios at Earth f↵,� as functions of the long-
range potential Veµ associated to the Le � Lµ symmetry,
for three illustrative choices of flavor ratios at the sources
(fe,S : fµ,S : f⌧,S) =

�
1
3 : 2

3 : 0
�
(nominal case), (0 : 1 : 0)

(shown in Supp. Mat.) and (1 : 0 : 0) (pure-⌫e, from neu-
tron decay, shown only for illustration). We assume equal
fluxes of ⌫ and ⌫̄. In this plot, neutrino energy is fixed at
E⌫ = 100 TeV for illustration, but our limits are obtained us-
ing energy-averaged flavor ratios hf↵,�i (see main text), which
behave similarly with Ve� . For every value of Veµ, we scan
over values of the standard mixing parameters within their
1� ranges [49] under normal ordering (NO). We include the
IceCube 1� flavor contours that we use to set limits on the
new interaction: the current one [24] (“IceCube 2015”) and
projections for IceCube [50] (“IceCube 2017”) and IceCube-
Gen2 [51, 52]. For comparison, we show the regions of f↵,�
allowed by standard mixing at 1�.

its using this nominal expectation for f↵,S. In the Supp.
Mat., we consider the alternative “muon-damped” case
(0 : 1 : 0)S, which might occur at E⌫ & 1 PeV if sec-
ondary muons lose energy via synchrotron radiation be-
fore decaying, so that high-energy neutrinos come only
from the direct decay of pions. Our conclusions are unaf-
fected by this choice. In Fig. 4, in addition to these two
cases, we show, only for illustration, the case (1 : 0 : 0)S
— a pure-⌫e flux coming, e.g., from neutron decay.
Flavor ratios at Earth.— At Earth, due to mix-

ing, the ratios become f↵,� =
P

�=e,µ,⌧ P�↵f�,S. Under
standard mixing, i.e., if Ve� is zero, the ratios at Earth
are approximately

�
1

3
: 1

3
: 1

3

�
�. If Ve� is nonzero, the ra-

tios at Earth depend on g
0
e� and m

0
e� . Since the vacuum

contribution to mixing scales / 1/E⌫ , at the energies
recorded by IceCube it might be sub-dominant, making
flavor ratios sensitive probes of new physics [52–80].
We adopt the likely scenario [81, 82] in which the flux

consists of equal parts of ⌫ and ⌫̄, as expected from neu-
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(a) (b)

FIG. 1. (a) Flavor composition of high-energy astrophysical neutrinos at Earth for di↵erent assumptions on
the initial flavor composition �in

⌫e
: �in

⌫µ
: �in

⌫⌧
, assuming only standard three-flavor oscillations. The size of

the colored regions represents the uncertainty in the three-flavor oscillation parameters based on the global
fit developed in ref. [47]. For comparison, we also show results based on the more recent fits from ref. [67]
(black dashed contours) and ref. [68] (gray dashed contours). Black solid contours indicate the flavor ratios
preferred by IceCube data at the 68% and 95% confidence level [69]. Note that we show only results for
normal neutrino mass ordering (NH) since the plot for inverted ordering would be almost identical. (b)
Variation of the fractional ⌫e, ⌫µ and ⌫⌧ fluxes at Earth as a function of the initial ⌫e fraction x, assuming
an initial flavor composition of the form (x3 : 1� x

3 : 0).

FIG. 2. Flavor composition of high-energy astrophysical neutrinos at Earth in the presence of sterile neutri-
nos. For the initial flavor composition, we consider in addition to the scenarios from fig. 1 also the possibility
of a purely sterile initial flux, (�⌫e : �⌫µ : �⌫⌧ : �⌫s) = (0 : 0 : 0 : 1). We show in color the parameter
points corresponding to the 68% (left), 90% (middle) and 95% (right) credibility intervals from a global fit
to short and long baseline data [47] (see text for details). The regions delineated by dashed black lines are
the corresponding intervals without sterile neutrinos from fig. 1. Large solid black contours correspond to
the IceCube constraint on the flavor ratios [69]. Once again, the results shown here are for normal neutrino
mass ordering.
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Fig. 6. Same as Fig. 4 for (! s 
e : ! s 

µ : ! s 
" ) = ( 1 3 : 2 3 : 0) . 

shown that within the presently allowed range of NSI large devia- 
tions from the standard 3 # oscillation predictions for the detected 
flavor composition can be expected, in particular for fluxes dom- 
inated by one flavor at the source. On the contrary we find that 
the expectation of equalized flavors in the Earth for sources dom- 
inated by production via pion-muon decay-chain is robust even in 
the presence of this form of NP. 
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FIG. 5. Comparison of the regions of flavor content |U↵i|2
(↵ = e, µ, ⌧) of the neutrino mass eigenstates ⌫1 (blue), ⌫2
(mustard) and ⌫3 (aubergine) in 2020 and 2040. The over-
laid contours denote the sensitivity to flavor measurement, as
in Fig. 2. If all but one eigenstate decays completely while
propagating to Earth, the allowed flavor composition at Earth
matches the flavor content of the one remaining eigenstate.
Otherwise, the flavor composition is a combination (gray) of
the flavor contents of the surviving ⌫1, ⌫2, and ⌫3.

the flavor composition at Earth is computed following
Eq. (10).

The left panel of Fig. 6 shows the resulting posterior
distributions computed assuming that the flavor compo-
sition at the source is fffS = fff

⇡
S
⌘

�
1

3
: 2

3
: 0

�
S
. The pos-

teriors reach their peak as m/⌧ ! 0, favoring longer
lifetimes; we thus place upper limits on the decay rates.
These become more constraining over time, as L(###) and
L(fff�) become narrower. They translate into lower limits
on the lifetimes of ⌧/m � 2.4⇥ 103(eV/m) s, using 2015
data, to 5.6 ⇥ 105(eV/m) s in 2040. The right panel of
Fig. 6 shows the corresponding lower limits on the life-
time as a function of neutrino mass. We have highlighted
the allowed interval of masses assuming normal ordering
by shading out the regions that are respectively disfa-
vored for each of the mass eigenstates due to constraints
on the mass splitting from oscillation experiments, and
limits on the sum of the masses from by the latest global
fit including cosmological observations and terrestrial ex-
periments [205].

A realistic analysis needs to take into account the un-
certainties on the flavor compositions. To this end, we
explore two alternative choices of the flavor composition
at the source: varying over all possible values of fffS (“fffS

free”); and production via full pion decay, but allowing
its contribution to the neutrino flux to vary below its
nominal value of 100%, with a half-Gaussian prior with

a 10% width (“fffS constr.”) and the rest of the flux comes
from the muon damped scenario.
Table III shows the 95% C.R. upper limits on the de-

cay rate for the three cases. In the most conservative
case, “fffS free,” we see the same decay rate limit with
2020 and 2040 data, m/⌧ ' 2 ⇥ 10�4. This corresponds
to a transition energy between fully-decay and no-decay
at E ' m/⌧H0 ' 100 TeV, close to the lower limit of our
energy window. For any smaller decay rates, only a small
fraction (exponentially suppressed, see Eq. (8)) of neu-
trinos in the energy window would have decayed during
the propagation, thus causing negligible changes to the
flavor composition integrated over energy. This leads to
strong degeneracy between the flavor composition at the
source and the decay rate. By choosing instead the “fffS

constr.”, the degeneracy is largely lifted. This illustrates
that any future bounds for neutrino decay will need to
be carefully weighed against our understanding of the
flavor composition at the source. However, note that we
only use the flavor information to test decay. If there
are indeed hints for neutrino decay, the measured energy
spectrum will also provide crucial information [110].
The limits that we find are for the case of invisible de-

cays and are, therefore, more conservative than the case
of visible decay. For visible decays [35, 55, 112], the heav-
ier mass eigenstates decay into the lightest one and can
still be detected in neutrino telescopes. In the normal
mass ordering, where ⌫1 is the lightest neutrino, visible
decay leads to a larger surviving fraction of ⌫1, moving
the flavor composition further away from the flavor com-
position expected from full pion decay, and potentially
strengthening the limits on the decay rate. However, by
2040, and assuming that the measured flavor composi-
tion is centered on fff

⇡
�—as in the projected measurement

contours in Fig. 5—then only decays that leave ⌫2 as the
dominant surviving neutrino in the flux will still be al-
lowed. For a detailed treatment of the nuances of visible
decay, see Ref. [112].
The right panel of Fig. 6 shows that our lower limits on

the neutrino lifetime are far from the lower limit stem-
ming from early-Universe constraints [162]. Although
those limits assume a scalar-mediated decay from heav-
ier to lighter mass eigenstates, decays to completely in-
visible products should not produce appreciably weaker
bounds [206] owing to the self-interactions induced by
such a new mediator. Our limits are independent of
early-Universe cosmology and are thus not susceptible
to modifications to ⇤CDM nucleosynthesis or recombi-
nation. For example, models in which a late-time phase
transition leads to neutrino decay [207, 208] easily evade
the cosmological limits, making our constraints domi-
nant.

VI. SUMMARY AND CONCLUSIONS

The flavor composition of TeV–PeV astrophysical neu-
trinos, i.e., the proportion of ⌫e, ⌫µ, and ⌫⌧ in the neu-

N. Song et al., JCAP 04:054, 2021
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The zenith-dependent effect of the cross section on
the event rate is shown in Fig. 3, assuming the best-fit,
single-power-law flux reported in [12], which is obtained
using the CSMS cross section � = �CSMS [14]. The
degeneracy in the measurements of flux and cross section
is broken by the different amounts of matter traversed
by neutrinos arriving from different directions. In order
to illustrate the effect of a modified cross section, two
alternative expectations are shown for � = 0.2�CSMS and
� = 5�CSMS under the same best-fit flux assumption.
In the southern sky (cos ✓ > 0) the Earth absorption is
negligible and the event rate is simply proportional to the
cross section. In the northern sky (cos ✓ < 0) the strength
of Earth absorption is dependent on the zenith angle and
E⌫ , as shown in Fig. 1, as well as the cross section, shown
for a single zenith angle in Fig. 2. Absorption alters the
shape of the event-rate zenith distribution in the northern
sky. For example, with � = 5�CSMS and near cos ✓ =
�0.5, the attenuation of the arriving flux counteracts the
increased neutrino interaction probability, so that the
event rate falls back to that expected from the CSMS
cross section. Modifications of the neutrino cross section
are thus constrained by the non-observation of energy-
dependent distortions in the zenith angle distribution.

FIG. 3. The zenith distribution of data and the best-fit, single-
power-law flux expectation assuming �CSMS (orange) [14]. Pre-
dictions from two alternative cross sections are shown as well,
assuming the same flux. In the southern sky, cos ✓ > 0, the
Earth absorption is negligible so the effect of rescaling the
cross section is linear. In the northern sky, cos ✓ < 0, the
strength of Earth absorption is dependent on the cross section,
as well as the neutrino energy and zenith angle.

IV. RESULTS

The CC cross section, averaged over ⌫ and ⌫, are shown
in black in Fig. 4 and Fig. 5 for the Bayesian 68.3% HPD
and frequentist one sigma intervals assuming Wilks’ theo-
rem, respectively. As the scale factor is applied across the
entire interval within an energy bin on the CSMS calcula-
tions, the shape is preserved within each bin. The central
point in each energy bin corresponds to the expected,
most-probable energy in dNMC/d logE, the distribution
of events in the MC along the x-axis. This is chosen
in lieu of the linear or logarithmic bin center to better
represent where most of the statistical power lies in each
bin. Since we assume a fixed CC-NC cross-section ratio,
the NC cross section is the same result relative to the
CSMS prediction and so is not shown here.

FIG. 4. The charged-current, high-energy neutrino cross sec-
tion as a function of energy, averaged over ⌫ and ⌫̄. The
Bayesian 68.3% HPD credible interval is shown along with
two cross section calculations [14, 16]. The credible intervals
from a previous analysis [22] are also shown for comparison.

In addition, the measurement based on HESE showers
with six years of data is shown as orange crosses [22] in
Fig. 4 and the previously published IceCube measurement,
using upgoing muon-neutrinos, is shown as the shaded
gray region [21] in Fig. 5. Since credible intervals and
confidence intervals have different interpretations, we do
not plot them on the same figure. Note that both previous
measurements extend below 60 TeV and are truncated in
this comparison. Predictions from [14] and [16] are shown
as the dashed and solid lines, respectively.

A corner plot of the posterior density, marginalized over
all except two or one of the cross-section parameters, is
shown in Fig. 6. Similarly, two-dimensional profile likeli-

Neutrino cross section

R. Abbasi et al. [IceCube Coll.],  
Phys. Rev. D104:022001, 2021
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Two types of events
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Figure 1: Summary of predicted !µ fluxes from di!erent models. The various curves are explained in the
text.

Figure 2: Schematic representation of a UHE air shower, and of its placement with respect to the ground
and the Auger array. A “far inclined” shower is likely to be due to a hadronic cosmic ray, whereas a “deep
inclined” shower can only be caused by a neutrino.

In contrast, the charged current interaction of a !µ produces a muon, which is not detectable by
Auger.

For ordinary air showers occurring at large zenith angles, the electromagnetic component is
attenuated long before the shower front reaches the ground, whereas the hard muon component
(in the energy range 10 to 1000 GeV) can reach a ground-based detector array, accompanied by a
small amount of radiative products which arrive at the ground at the same time (within a few tens
of nanoseconds). Therefore the shower front for such an event is rather flat and thin, with all
particles arriving within about 100 ns of a planar front. This represents a “far inclined” shower.
In contrast, a neutrino-induced event deep in the atmosphere (a “deep inclined” shower) yields
a much larger electromagnetic contribution at the ground. This is illustrated in Figure 2, which
shows the geometry of an inclined air shower in relation to a ground array. The shower front in the
case of a deep shower departs measurably from a plane, and particle arrival times can be spread
out over several microseconds. In principle then, given the ability of Auger to distinguish between
muons and electromagnetic activity, it is straightforward to distinguish between neutrino-induced
events at large zeniths (from 70! to the horizon) from other types of cosmic rays.

With one Auger ground array alone, a !µ or !e acceptance of 18,000 km3sr at 1018 eV is achieved
(for !" , the acceptance is even greater, as it includes the rock underneath the array, as described
below). This can be estimated roughly by multiplying the surface area of 3,000 km2 by an e!ective
solid angle of 2 sr beyond 70! and by an e!ective production height above ground varying between
0 and 5 km, depending on zenith angle (the useful shower length being about 15 km at 1018 eV).
At energies below 1018 eV, the acceptance is reduced because of the diminished lateral extent of
the electromagnetic component, which then requires the shower front to strike the ground in a
position with respect to the array that is favorable for triggering. At energies greater than 1018 eV,

E607

τ decay

horizontal air-sho
wers Earth-skimming neutrinos 

Mainly electron neutrinos 
Just above the horizon 

Very penetrating ∝σ

Only tau neutrinos 
Just below the horizon  

tau decays ∝ 1/σ
A. Kusenko and T. J. Weiler, Phys. Rev. Lett. 88:161101, 2002

Neutrino cross section at UHE (ZeV)
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Two types of events

2

Figure 1: Summary of predicted !µ fluxes from di!erent models. The various curves are explained in the
text.

Figure 2: Schematic representation of a UHE air shower, and of its placement with respect to the ground
and the Auger array. A “far inclined” shower is likely to be due to a hadronic cosmic ray, whereas a “deep
inclined” shower can only be caused by a neutrino.

In contrast, the charged current interaction of a !µ produces a muon, which is not detectable by
Auger.

For ordinary air showers occurring at large zenith angles, the electromagnetic component is
attenuated long before the shower front reaches the ground, whereas the hard muon component
(in the energy range 10 to 1000 GeV) can reach a ground-based detector array, accompanied by a
small amount of radiative products which arrive at the ground at the same time (within a few tens
of nanoseconds). Therefore the shower front for such an event is rather flat and thin, with all
particles arriving within about 100 ns of a planar front. This represents a “far inclined” shower.
In contrast, a neutrino-induced event deep in the atmosphere (a “deep inclined” shower) yields
a much larger electromagnetic contribution at the ground. This is illustrated in Figure 2, which
shows the geometry of an inclined air shower in relation to a ground array. The shower front in the
case of a deep shower departs measurably from a plane, and particle arrival times can be spread
out over several microseconds. In principle then, given the ability of Auger to distinguish between
muons and electromagnetic activity, it is straightforward to distinguish between neutrino-induced
events at large zeniths (from 70! to the horizon) from other types of cosmic rays.

With one Auger ground array alone, a !µ or !e acceptance of 18,000 km3sr at 1018 eV is achieved
(for !" , the acceptance is even greater, as it includes the rock underneath the array, as described
below). This can be estimated roughly by multiplying the surface area of 3,000 km2 by an e!ective
solid angle of 2 sr beyond 70! and by an e!ective production height above ground varying between
0 and 5 km, depending on zenith angle (the useful shower length being about 15 km at 1018 eV).
At energies below 1018 eV, the acceptance is reduced because of the diminished lateral extent of
the electromagnetic component, which then requires the shower front to strike the ground in a
position with respect to the array that is favorable for triggering. At energies greater than 1018 eV,
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Black hole production
2

Black hole formation is expected when partons i and j
with center-of-mass energy

!
ŝ pass within a distance

rs(ŝ), suggesting a geometrical cross section of order

!̂(ij " BH)(ŝ) # "r2
s(ŝ) . (3)

We will take this as an adequate approximation and as-
sume that a black hole of mass MBH =

!
ŝ is formed.

(Numerical analysis of classical head-on collisions in four
dimensions finds MBH # 0.8

!
ŝ [17].) The suppression

factor of Ref. [24] has been disputed [25]; we have not
included it here. The neutrino-nucleon scattering cross
section is then

!(#N " BH) =
!

i

" 1

(Mmin
BH

)2/s
dx !̂i(xs) fi(x, Q) , (4)

where s = 2mNE! , the sum is over all partons in the nu-
cleon, the fi are parton distribution functions (pdfs), and
Mmin

BH is the minimal black hole mass for which Eq. (3)
is expected to be valid. We set momentum transfer
Q = min{MBH, 10 TeV}, where the upper limit is from
the CTEQ5M1 pdfs [18]; !(#N " BH) is insensitive to
the details of this choice. For the conservative fluxes
considered below, our results are also rather insensitive
to x < 10!5. For concreteness, however, we extrapolate
to x < 10!5 assuming fi(x, Q) $ x![1+"i(Q)]. Finally, we
choose Mmin

BH = M". The relatively mild dependence on
Mmin

BH is discussed below.
Cross sections for black hole production by cosmic neu-

trinos are given in Fig. 1. The SM cross section for
#N " $X is included for comparison. In contrast to
the SM process, black hole production is not suppressed
by perturbative couplings and is enhanced by the sum
over all partons, particularly the gluon. In addition,
while the SM cross section grows rapidly with E! , as
is well known, the black hole cross section grows even
more rapidly: for large n, it has the asymptotic behavior

! $ E"i(10 TeV)
! # E0.45

! . As a result of these e!ects,
black hole production may exceed deep inelastic scatter-
ing rates by two or more orders of magnitude.

Although greatly reduced by black hole production,
neutrino interaction lengths L = 1.7 % 107 kmwe (pb/!)
are still far larger than the Earth’s atmospheric depth,
which is only 0.36 kmwe even when traversed horizon-
tally. Neutrinos therefore produce black holes uniformly
at all atmospheric depths. As a result, the most promis-
ing signal of black hole creation by cosmic rays is quasi-
horizontal showers initiated by neutrinos deep in the at-
mosphere. At these angles, the likelihood of interaction
is maximized and the background from hadronic cosmic
rays is eliminated, since these shower high in the atmo-
sphere. The number of black holes detected is, then,

N =

"

dE! NA
d"

dE!
!(E! )A(E!)T , (5)

FIG. 1: Cross sections !("N ! BH) for M! = Mmin

BH =
1 TeV and n = 1, . . . , 7 from above. (The last four curves are
virtually indistinguishable.) The dotted curve is for the SM
process "N ! #X.

where A(E!) is a given observatory’s acceptance for
quasi-horizontal showers in cm3 water equivalent steradi-
ans (cm3we sr), NA = 6.022%1023 is Avogadro’s number,
d"/dE! is the source flux of neutrinos, and T is the run-
ning time of the detector.

There are many possible sources of ultra-high energy
neutrinos. Here we conservatively consider only the
‘guaranteed’ flux of Greisen neutrinos produced by in-
teractions of the observed ultra-high energy cosmic rays
with the cosmic microwave background [19]. This flux is
subject to uncertainties; we adopt the results of Ref. [20],
shown in Fig. 2. The flux estimates of Refs. [21] produce
similar event rates, while the strong source evolution case
of Ref. [22] enhances the results below by over an order
of magnitude. New physics might also increase the neu-
trino flux. In particular, many proposed explanations
of cosmic rays with energies above the Greisen-Zatsepin-
Kuz’min cuto! [19, 23] would boost these event rates by
several orders of magnitude.

Quasi-horizontal showers may be observed by air
shower ground arrays or air fluorescence detectors. The
largest near-future cosmic ray experiment is the Auger
Observatory, a hybrid detector consisting of two sites,
each with surface area 3000 km2. Construction of the
southern site is in progress, with a counterpart planned
in the northern hemisphere. Auger acceptances for
deeply penetrating air showers have been studied in
Refs. [8, 9, 10, 22]. Black holes decay thermally, ac-
cording to the number of degrees of freedom available,
and so their decays are mainly hadronic [4, 5]. We there-
fore consider the hadronic shower acceptance for ground
arrays, including ‘partially contained’ showers [8]. For
fluorescence, we use the results of Ref. [10] for showers
with zenith angles above 60# initiated at depths greater
than 1250 cmwe. These acceptances are given in Fig. 2.
A duty cycle of 10% has been included for fluorescence,
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Two types of events

2

Figure 1: Summary of predicted !µ fluxes from di!erent models. The various curves are explained in the
text.

Figure 2: Schematic representation of a UHE air shower, and of its placement with respect to the ground
and the Auger array. A “far inclined” shower is likely to be due to a hadronic cosmic ray, whereas a “deep
inclined” shower can only be caused by a neutrino.

In contrast, the charged current interaction of a !µ produces a muon, which is not detectable by
Auger.

For ordinary air showers occurring at large zenith angles, the electromagnetic component is
attenuated long before the shower front reaches the ground, whereas the hard muon component
(in the energy range 10 to 1000 GeV) can reach a ground-based detector array, accompanied by a
small amount of radiative products which arrive at the ground at the same time (within a few tens
of nanoseconds). Therefore the shower front for such an event is rather flat and thin, with all
particles arriving within about 100 ns of a planar front. This represents a “far inclined” shower.
In contrast, a neutrino-induced event deep in the atmosphere (a “deep inclined” shower) yields
a much larger electromagnetic contribution at the ground. This is illustrated in Figure 2, which
shows the geometry of an inclined air shower in relation to a ground array. The shower front in the
case of a deep shower departs measurably from a plane, and particle arrival times can be spread
out over several microseconds. In principle then, given the ability of Auger to distinguish between
muons and electromagnetic activity, it is straightforward to distinguish between neutrino-induced
events at large zeniths (from 70! to the horizon) from other types of cosmic rays.

With one Auger ground array alone, a !µ or !e acceptance of 18,000 km3sr at 1018 eV is achieved
(for !" , the acceptance is even greater, as it includes the rock underneath the array, as described
below). This can be estimated roughly by multiplying the surface area of 3,000 km2 by an e!ective
solid angle of 2 sr beyond 70! and by an e!ective production height above ground varying between
0 and 5 km, depending on zenith angle (the useful shower length being about 15 km at 1018 eV).
At energies below 1018 eV, the acceptance is reduced because of the diminished lateral extent of
the electromagnetic component, which then requires the shower front to strike the ground in a
position with respect to the array that is favorable for triggering. At energies greater than 1018 eV,
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Black hole formation is expected when partons i and j
with center-of-mass energy

!
ŝ pass within a distance

rs(ŝ), suggesting a geometrical cross section of order

!̂(ij " BH)(ŝ) # "r2
s(ŝ) . (3)

We will take this as an adequate approximation and as-
sume that a black hole of mass MBH =

!
ŝ is formed.

(Numerical analysis of classical head-on collisions in four
dimensions finds MBH # 0.8

!
ŝ [17].) The suppression

factor of Ref. [24] has been disputed [25]; we have not
included it here. The neutrino-nucleon scattering cross
section is then

!(#N " BH) =
!

i

" 1

(Mmin
BH

)2/s
dx !̂i(xs) fi(x, Q) , (4)

where s = 2mNE! , the sum is over all partons in the nu-
cleon, the fi are parton distribution functions (pdfs), and
Mmin

BH is the minimal black hole mass for which Eq. (3)
is expected to be valid. We set momentum transfer
Q = min{MBH, 10 TeV}, where the upper limit is from
the CTEQ5M1 pdfs [18]; !(#N " BH) is insensitive to
the details of this choice. For the conservative fluxes
considered below, our results are also rather insensitive
to x < 10!5. For concreteness, however, we extrapolate
to x < 10!5 assuming fi(x, Q) $ x![1+"i(Q)]. Finally, we
choose Mmin

BH = M". The relatively mild dependence on
Mmin

BH is discussed below.
Cross sections for black hole production by cosmic neu-

trinos are given in Fig. 1. The SM cross section for
#N " $X is included for comparison. In contrast to
the SM process, black hole production is not suppressed
by perturbative couplings and is enhanced by the sum
over all partons, particularly the gluon. In addition,
while the SM cross section grows rapidly with E! , as
is well known, the black hole cross section grows even
more rapidly: for large n, it has the asymptotic behavior

! $ E"i(10 TeV)
! # E0.45

! . As a result of these e!ects,
black hole production may exceed deep inelastic scatter-
ing rates by two or more orders of magnitude.

Although greatly reduced by black hole production,
neutrino interaction lengths L = 1.7 % 107 kmwe (pb/!)
are still far larger than the Earth’s atmospheric depth,
which is only 0.36 kmwe even when traversed horizon-
tally. Neutrinos therefore produce black holes uniformly
at all atmospheric depths. As a result, the most promis-
ing signal of black hole creation by cosmic rays is quasi-
horizontal showers initiated by neutrinos deep in the at-
mosphere. At these angles, the likelihood of interaction
is maximized and the background from hadronic cosmic
rays is eliminated, since these shower high in the atmo-
sphere. The number of black holes detected is, then,

N =

"

dE! NA
d"

dE!
!(E! )A(E!)T , (5)

FIG. 1: Cross sections !("N ! BH) for M! = Mmin

BH =
1 TeV and n = 1, . . . , 7 from above. (The last four curves are
virtually indistinguishable.) The dotted curve is for the SM
process "N ! #X.

where A(E!) is a given observatory’s acceptance for
quasi-horizontal showers in cm3 water equivalent steradi-
ans (cm3we sr), NA = 6.022%1023 is Avogadro’s number,
d"/dE! is the source flux of neutrinos, and T is the run-
ning time of the detector.

There are many possible sources of ultra-high energy
neutrinos. Here we conservatively consider only the
‘guaranteed’ flux of Greisen neutrinos produced by in-
teractions of the observed ultra-high energy cosmic rays
with the cosmic microwave background [19]. This flux is
subject to uncertainties; we adopt the results of Ref. [20],
shown in Fig. 2. The flux estimates of Refs. [21] produce
similar event rates, while the strong source evolution case
of Ref. [22] enhances the results below by over an order
of magnitude. New physics might also increase the neu-
trino flux. In particular, many proposed explanations
of cosmic rays with energies above the Greisen-Zatsepin-
Kuz’min cuto! [19, 23] would boost these event rates by
several orders of magnitude.

Quasi-horizontal showers may be observed by air
shower ground arrays or air fluorescence detectors. The
largest near-future cosmic ray experiment is the Auger
Observatory, a hybrid detector consisting of two sites,
each with surface area 3000 km2. Construction of the
southern site is in progress, with a counterpart planned
in the northern hemisphere. Auger acceptances for
deeply penetrating air showers have been studied in
Refs. [8, 9, 10, 22]. Black holes decay thermally, ac-
cording to the number of degrees of freedom available,
and so their decays are mainly hadronic [4, 5]. We there-
fore consider the hadronic shower acceptance for ground
arrays, including ‘partially contained’ showers [8]. For
fluorescence, we use the results of Ref. [10] for showers
with zenith angles above 60# initiated at depths greater
than 1250 cmwe. These acceptances are given in Fig. 2.
A duty cycle of 10% has been included for fluorescence,
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