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Nov. 1912, V. Hess:  
“the first results of my observations are most easily explained by the assumption 
that radiation of very high penetrating power enters the atmosphere from above 
and creates,even in the lowest layers a part of the observed ionization”

1911-1913: Victor HESS discovers cosmic-rays

 Hess radiation 

 ultragamma radiation 

 Höhenstrahlung 

 1928, Millikan: cosmic-rays 
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Nov. 1912, V. Hess:  
“the first results of my observations are most easily explained by the assumption 
that radiation of very high penetrating power enters the atmosphere from above 
and creates,even in the lowest layers a part of the observed ionization”

1911-1913: Victor HESS discovers cosmic-rays

 Hess radiation 

 ultragamma radiation 

 Höhenstrahlung 

 1928, Millikan: cosmic-rays 

Where do they come from?  

How are they accelerated to 

those extreme energies?
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Where do we stand after 100 years?

1/m2s

1/m2yr

1/ km2yr

Power-law spectrum:  
non-thermal processes

Mainly protons: 
few electrons or photons

isotropic flux

ρcr ≈1 eV/cm3energy density:

baryons: ρb ≈100 eV/cm3

starlight in disc:ρlight ≈ 5 eV/cm3

magnetic energy:ρmag ≈1 eV/cm3
A. M. Hillas, astro-ph/0607109
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X-ray astronomy 
1948: V-2 rocket, Hermes project (Sun) 

Radio astronomy 

1933: Jansky (Saggitarius A) 

UV astronomy 

1960’s: OSO (Sun) 

IR astronomy 

1800’s: W. Herschel (Sun) 

Gamma-ray astronomy 

1967: Vela’s satelli
tes (GRBs) 

Cosmic photons
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M. T. Ressell and M. S. Turner, Bull. Am. Astron. Soc. 22:753,1990 
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M. Kachelriess, arXiv: 0801.4376

VHE Gamma-rays are absorbed within a few Mpc
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VHE Gamma-rays are absorbed within a few Mpc
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The CR/gamma-ray/Neutrino connection

Cosmic-ray interactions in the atmosphere

atmospheric neutrinos 

Neutrinos and photons are guaranteed byproducts of high-energy cosmic-rays

Exotics
e.g., heavy

 dark matter 

p + X→ π ± /K ± +π 0 +Y

Cosmic-ray interactions off CMB photons

cosmogenic neutrinos p + γ CMB →Δ→ n +π +

p + γ CMB →Δ→ p +π 0

Cosmic-ray interactions at the  source

astrophysical neutrinos 
pp  or   pγ
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Neutrino Production

hadronic 

photohadro
nic 

neutron decay 

π ± → µ± + ν
(− )

µ

π 0 → γ + γ

Eν ! Eπ / 4

Eγ ! Eπ / 2

µ± → e± +νe(νe )+νµ (νµ ) Eν ! Eπ / 4

 e− l /τγγ
dF(Eν = Eγ / 2)

dEν

! 6
dF(Eγ )
dEγ

 
pp interactions

pγ → Δ

→ π + + n

→ π 0 + p

Eπ ! Ep / 5

 e− l /τγγ
dF(Eν = Eγ / 2)

dEν

! 3
dF(Eγ )
dEγ

 

4εγ Ep = mΔ
2

n→ p + e− +νe E
ν
! 5 ×10−4En

p + γ

*relating CR and neutrino fluxes: Waxman-Bahcall bound
E. Waxman and J. N. Bahcall, Phys. Rev. D59:023002, 1999
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Fluorescence

Methods of detection
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Fluorescence Telescope Array 

Pierre Auger Observatory
 

JEM-EUSO 

Methods of detection
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Fluorescence

Scintillation

Cherenkov

Telescope Array 

Pierre Auger Observatory
 

JEM-EUSO 

ARA  

ARIANNA  IceCube 

ANTARES  

Radio UV

ANITA 

Methods of detection
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GRB fireballs Eν ! 2 PeV MeV
εγ
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Figure 6. Predicted E2
νF

νµ(Eν) 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 affects the high-energy tail of the spectra in
all cases.

4 High-energy diffuse neutrino background from gamma-ray bursts

In this section, we present our results on the high-energy diffuse 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 diffuse neutrino flux from
the model parameters for each GRB family (see Table 2).

4.1 Expected diffuse background and uncertainties on the local rate and lumi-

nosity function of each GRB family

The diffuse neutrino intensity from each GRB component (X) can be defined in terms of
the gamma-ray luminosity function, through ΦX(L̃iso)dL̃iso = ΦX(L̃ν)dL̃ν with Φ the LF
introduced in Sec. 2 (normalized to unity after integration over luminosity):

IX(Eν) =

∫ zmax

zmin

dz

∫ L̃max

L̃min

dL̃iso
c

4πH0Γ

1
√

ΩM (1 + z)3 + ΩΛ

RX(z)ΦX(L̃iso)

(

dNνµ

dE′
ν

)

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′

ν = Eν(1 + z)/Γ. Note as the chosen values for tv and Γ (Table 1) should guarantee us to
extrapolate an average description of the whole GRB population. However, our estimation
of the diffuse neutrino emission from GRBs also depends on parameters such as ϵe, ϵB , Γ and
hγp that are currently poorly constrained from observations (see discussion in Sec. 4.2) and
should therefore be considered with caution.

– 17 –

I. Tamborra and S. Ando,  
JCAP 1509:036, 2015

E. Waxman and J. N. Bahcall, Phys. Rev. Lett. 78:2292, 1997

Small fraction in IC from  
High Luminosity GRBs

R. Abbasi et al, Nature 484:351, 2012

Sources
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Figure 6. Predicted E2
νF

νµ(Eν) 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 affects the high-energy tail of the spectra in
all cases.

4 High-energy diffuse neutrino background from gamma-ray bursts

In this section, we present our results on the high-energy diffuse 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 diffuse neutrino flux from
the model parameters for each GRB family (see Table 2).

4.1 Expected diffuse background and uncertainties on the local rate and lumi-

nosity function of each GRB family

The diffuse neutrino intensity from each GRB component (X) can be defined in terms of
the gamma-ray luminosity function, through ΦX(L̃iso)dL̃iso = ΦX(L̃ν)dL̃ν with Φ the LF
introduced in Sec. 2 (normalized to unity after integration over luminosity):

IX(Eν) =

∫ zmax

zmin

dz

∫ L̃max

L̃min

dL̃iso
c

4πH0Γ

1
√

ΩM (1 + z)3 + ΩΛ

RX(z)ΦX(L̃iso)

(

dNνµ

dE′
ν

)

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′

ν = Eν(1 + z)/Γ. Note as the chosen values for tv and Γ (Table 1) should guarantee us to
extrapolate an average description of the whole GRB population. However, our estimation
of the diffuse neutrino emission from GRBs also depends on parameters such as ϵe, ϵB , Γ and
hγp that are currently poorly constrained from observations (see discussion in Sec. 4.2) and
should therefore be considered with caution.
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AGNs

I. Tamborra and S. Ando,  
JCAP 1509:036, 2015

εγ ! 10 eV ; Γ ! 10 →  Eν ! EeV
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The fact that the two PeV shower events reported by
IceCube do not correlate in time with any known GRB
does not significantly disfavor the hypothesis that these
events originate from GRBs. The ability of gamma-
rays and x-ray observatories to monitor for GRBs is, at
present, substantially incomplete. In particular, the Swift
Burst Alert Telescope (BAT) and the Fermi Gamma-ray
Burst Monitor (GBM) collectively cover less than'2/3 of
the sky at any given time. With this in mind, one cannot
rule out the non-negligible possibility that the two PeV
shower events originated from GRBs which happened to
fall outside of the combined field-of-view of these instru-
ments. Furthermore, many GRBs, while in the field-of-
view of either Swift ’s BAT or Fermi ’s GBM, may still go
undetected if they are of su�ciently low luminosity, or
are su�ciently distant.

To assess whether this later possibility is consistent
with a GRB interpretation of these events, we must at-
tempt to estimate the e�ciency with which neutrino-
producing GRBs are detected in the gamma-ray and x-
ray bands [26, 27]. Given the fluence sensitivity of the the
Swift ’s BAT and Fermi ’s GBM ⇠1⇥ 10�8 erg cm�2 s�1

and ⇠2 ⇥ 10�8 erg cm�2 s�1 (at 20 keV) respectively,
one can estimate how distant a GRB (of a given lumi-
nosity) could be and still trigger these detectors. We find
that these experiments should be capable of detecting
essentially all high luminosity GRBs (L >⇠ 1051 erg/s)
within their fields-of-view out to a distance of about 8
Gpc (z ⇡ 5). Thus the observed collection of high lumi-
nosity GRBs is fairly complete (within the given fields-
of-view). In contrast, low luminosity GRBs (L ⇠ 1047

erg/s) are likely to be detected only within a radius of
⇠100 Mpc, suggesting that the vast majority of the dif-
fuse neutrino flux from low luminosity GRB will not be
correlated in time or direction with any observed gamma-
ray or x-ray signal.

IV. PEV NEUTRINOS FROM OTHER
ASTROPHYSICAL SOURCES

A. Active Galactic Nuclei

The kinematics of high-energy neutrino production in
Active Galactic Nuclei (AGN) is similar to that described
for GRBs in Eqns. 5-6, but with potentially important
di↵erences. In particular, the Lorentz factors of AGN
jets are significantly lower than those of GRB shocks;
values of � ⇠ 30 rather than ⇠300 are thought to be typ-
ical [50]. As a result, ⇠10-100 PeV protons can exceed
the threshold for pion production much more easily, re-
quiring only the presence of ⇠keV photons (rather than
the ⇠100 keV photons required in GRBs).

In GRBs, the observed photon spectral break (⇠0.1-1
MeV) leads to a break at ⇠1 PeV in the neutrino spec-
trum. Thus we may expect the first detections of GRB
neutrinos to appear at around this energy scale. In con-
trast, AGN do not typically exhibit a spectral peak at

FIG. 3: The contribution of active galactic nuclei (AGN) to
the di↵use neutrino (plus anti-neutrino) spectrum. Results
are shown for the models of Protheroe [51] and Stecker et
al. [52].

keV energies, but instead in the UV, typically at around
⇠10 eV. This leads one to expect the neutrino spectrum
to peak EeV energies, much higher than that from GRBs.
There is a considerable degree of model dependence in
this conclusion, however, deriving in large part from un-
certainties in the spectrum of the target radiation fields.

We illustrate the nature of this uncertainty in Fig. 3,
with a comparison of two canonical models of the dif-
fuse neutrino emission from AGN. First, as a solid line,
we show the di↵use neutrino spectrum as predicted by
Protheroe [51]. In this model, the scattering of ultra-
high energy protons with UV radiation leads to a neu-
trino spectrum which peaks at EeV energies. For this
spectral shape, most showers initiated within IceCube’s
volume will be of energy 20 PeV or greater. If IceCube’s
existing data does not contain at least a few enormous
(non-contained) showers of this energy, this AGN model
will not be able to account for the two reported PeV
events. In contrast, the model of Stecker et al. [52] pre-
dicts a neutrino spectrum from AGN which peaks at a
much lower energy of a few PeV, not unlike the predic-
tions from GRBs. This is in large part due to the high
density of ambient x-rays present in the Stecker et al.
AGN model.

We also point out that while neutrino emission from
known GRBs can be e�ciently constrained by searching
in the time window around the occurrence of a given
burst, such a background-free strategy is not possible
for AGN. As a result, while it may be possible to rule
out (high luminosity) GRB as the source of IceCube’s
two PeV events by searching in the time and direction
of known GRBs, it will be much more di�cult to defini-
tively test the hypothesis that these neutrinos originate
from AGN.

I. Cholis and D. Hooper,  
JCAP 1306:030, 2013

E. Waxman and J. N. Bahcall, Phys. Rev. Lett. 78:2292, 1997

F. W. Stecker et al., Phys. Rev. Lett. 66:2697, 1991

Small fraction in IC from  
High Luminosity GRBs

R. Abbasi et al, Nature 484:351, 2012

Sources
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Figure 6. Predicted E2
νF

νµ(Eν) 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 affects the high-energy tail of the spectra in
all cases.

4 High-energy diffuse neutrino background from gamma-ray bursts

In this section, we present our results on the high-energy diffuse 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 diffuse neutrino flux from
the model parameters for each GRB family (see Table 2).

4.1 Expected diffuse background and uncertainties on the local rate and lumi-

nosity function of each GRB family

The diffuse neutrino intensity from each GRB component (X) can be defined in terms of
the gamma-ray luminosity function, through ΦX(L̃iso)dL̃iso = ΦX(L̃ν)dL̃ν with Φ the LF
introduced in Sec. 2 (normalized to unity after integration over luminosity):

IX(Eν) =

∫ zmax

zmin

dz

∫ L̃max

L̃min

dL̃iso
c

4πH0Γ

1
√

ΩM (1 + z)3 + ΩΛ

RX(z)ΦX(L̃iso)

(

dNνµ

dE′
ν

)

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′

ν = Eν(1 + z)/Γ. Note as the chosen values for tv and Γ (Table 1) should guarantee us to
extrapolate an average description of the whole GRB population. However, our estimation
of the diffuse neutrino emission from GRBs also depends on parameters such as ϵe, ϵB , Γ and
hγp that are currently poorly constrained from observations (see discussion in Sec. 4.2) and
should therefore be considered with caution.
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The fact that the two PeV shower events reported by
IceCube do not correlate in time with any known GRB
does not significantly disfavor the hypothesis that these
events originate from GRBs. The ability of gamma-
rays and x-ray observatories to monitor for GRBs is, at
present, substantially incomplete. In particular, the Swift
Burst Alert Telescope (BAT) and the Fermi Gamma-ray
Burst Monitor (GBM) collectively cover less than'2/3 of
the sky at any given time. With this in mind, one cannot
rule out the non-negligible possibility that the two PeV
shower events originated from GRBs which happened to
fall outside of the combined field-of-view of these instru-
ments. Furthermore, many GRBs, while in the field-of-
view of either Swift ’s BAT or Fermi ’s GBM, may still go
undetected if they are of su�ciently low luminosity, or
are su�ciently distant.

To assess whether this later possibility is consistent
with a GRB interpretation of these events, we must at-
tempt to estimate the e�ciency with which neutrino-
producing GRBs are detected in the gamma-ray and x-
ray bands [26, 27]. Given the fluence sensitivity of the the
Swift ’s BAT and Fermi ’s GBM ⇠1⇥ 10�8 erg cm�2 s�1

and ⇠2 ⇥ 10�8 erg cm�2 s�1 (at 20 keV) respectively,
one can estimate how distant a GRB (of a given lumi-
nosity) could be and still trigger these detectors. We find
that these experiments should be capable of detecting
essentially all high luminosity GRBs (L >⇠ 1051 erg/s)
within their fields-of-view out to a distance of about 8
Gpc (z ⇡ 5). Thus the observed collection of high lumi-
nosity GRBs is fairly complete (within the given fields-
of-view). In contrast, low luminosity GRBs (L ⇠ 1047

erg/s) are likely to be detected only within a radius of
⇠100 Mpc, suggesting that the vast majority of the dif-
fuse neutrino flux from low luminosity GRB will not be
correlated in time or direction with any observed gamma-
ray or x-ray signal.

IV. PEV NEUTRINOS FROM OTHER
ASTROPHYSICAL SOURCES

A. Active Galactic Nuclei

The kinematics of high-energy neutrino production in
Active Galactic Nuclei (AGN) is similar to that described
for GRBs in Eqns. 5-6, but with potentially important
di↵erences. In particular, the Lorentz factors of AGN
jets are significantly lower than those of GRB shocks;
values of � ⇠ 30 rather than ⇠300 are thought to be typ-
ical [50]. As a result, ⇠10-100 PeV protons can exceed
the threshold for pion production much more easily, re-
quiring only the presence of ⇠keV photons (rather than
the ⇠100 keV photons required in GRBs).

In GRBs, the observed photon spectral break (⇠0.1-1
MeV) leads to a break at ⇠1 PeV in the neutrino spec-
trum. Thus we may expect the first detections of GRB
neutrinos to appear at around this energy scale. In con-
trast, AGN do not typically exhibit a spectral peak at

FIG. 3: The contribution of active galactic nuclei (AGN) to
the di↵use neutrino (plus anti-neutrino) spectrum. Results
are shown for the models of Protheroe [51] and Stecker et
al. [52].

keV energies, but instead in the UV, typically at around
⇠10 eV. This leads one to expect the neutrino spectrum
to peak EeV energies, much higher than that from GRBs.
There is a considerable degree of model dependence in
this conclusion, however, deriving in large part from un-
certainties in the spectrum of the target radiation fields.

We illustrate the nature of this uncertainty in Fig. 3,
with a comparison of two canonical models of the dif-
fuse neutrino emission from AGN. First, as a solid line,
we show the di↵use neutrino spectrum as predicted by
Protheroe [51]. In this model, the scattering of ultra-
high energy protons with UV radiation leads to a neu-
trino spectrum which peaks at EeV energies. For this
spectral shape, most showers initiated within IceCube’s
volume will be of energy 20 PeV or greater. If IceCube’s
existing data does not contain at least a few enormous
(non-contained) showers of this energy, this AGN model
will not be able to account for the two reported PeV
events. In contrast, the model of Stecker et al. [52] pre-
dicts a neutrino spectrum from AGN which peaks at a
much lower energy of a few PeV, not unlike the predic-
tions from GRBs. This is in large part due to the high
density of ambient x-rays present in the Stecker et al.
AGN model.

We also point out that while neutrino emission from
known GRBs can be e�ciently constrained by searching
in the time window around the occurrence of a given
burst, such a background-free strategy is not possible
for AGN. As a result, while it may be possible to rule
out (high luminosity) GRB as the source of IceCube’s
two PeV events by searching in the time and direction
of known GRBs, it will be much more di�cult to defini-
tively test the hypothesis that these neutrinos originate
from AGN.
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Figure 6. Predicted E2
νF

νµ(Eν) 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 affects the high-energy tail of the spectra in
all cases.

4 High-energy diffuse neutrino background from gamma-ray bursts

In this section, we present our results on the high-energy diffuse 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 diffuse neutrino flux from
the model parameters for each GRB family (see Table 2).

4.1 Expected diffuse background and uncertainties on the local rate and lumi-

nosity function of each GRB family

The diffuse neutrino intensity from each GRB component (X) can be defined in terms of
the gamma-ray luminosity function, through ΦX(L̃iso)dL̃iso = ΦX(L̃ν)dL̃ν with Φ the LF
introduced in Sec. 2 (normalized to unity after integration over luminosity):

IX(Eν) =

∫ zmax

zmin

dz

∫ L̃max

L̃min

dL̃iso
c

4πH0Γ

1
√

ΩM (1 + z)3 + ΩΛ

RX(z)ΦX(L̃iso)

(

dNνµ

dE′
ν

)

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′

ν = Eν(1 + z)/Γ. Note as the chosen values for tv and Γ (Table 1) should guarantee us to
extrapolate an average description of the whole GRB population. However, our estimation
of the diffuse neutrino emission from GRBs also depends on parameters such as ϵe, ϵB , Γ and
hγp that are currently poorly constrained from observations (see discussion in Sec. 4.2) and
should therefore be considered with caution.
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The fact that the two PeV shower events reported by
IceCube do not correlate in time with any known GRB
does not significantly disfavor the hypothesis that these
events originate from GRBs. The ability of gamma-
rays and x-ray observatories to monitor for GRBs is, at
present, substantially incomplete. In particular, the Swift
Burst Alert Telescope (BAT) and the Fermi Gamma-ray
Burst Monitor (GBM) collectively cover less than'2/3 of
the sky at any given time. With this in mind, one cannot
rule out the non-negligible possibility that the two PeV
shower events originated from GRBs which happened to
fall outside of the combined field-of-view of these instru-
ments. Furthermore, many GRBs, while in the field-of-
view of either Swift ’s BAT or Fermi ’s GBM, may still go
undetected if they are of su�ciently low luminosity, or
are su�ciently distant.

To assess whether this later possibility is consistent
with a GRB interpretation of these events, we must at-
tempt to estimate the e�ciency with which neutrino-
producing GRBs are detected in the gamma-ray and x-
ray bands [26, 27]. Given the fluence sensitivity of the the
Swift ’s BAT and Fermi ’s GBM ⇠1⇥ 10�8 erg cm�2 s�1

and ⇠2 ⇥ 10�8 erg cm�2 s�1 (at 20 keV) respectively,
one can estimate how distant a GRB (of a given lumi-
nosity) could be and still trigger these detectors. We find
that these experiments should be capable of detecting
essentially all high luminosity GRBs (L >⇠ 1051 erg/s)
within their fields-of-view out to a distance of about 8
Gpc (z ⇡ 5). Thus the observed collection of high lumi-
nosity GRBs is fairly complete (within the given fields-
of-view). In contrast, low luminosity GRBs (L ⇠ 1047

erg/s) are likely to be detected only within a radius of
⇠100 Mpc, suggesting that the vast majority of the dif-
fuse neutrino flux from low luminosity GRB will not be
correlated in time or direction with any observed gamma-
ray or x-ray signal.

IV. PEV NEUTRINOS FROM OTHER
ASTROPHYSICAL SOURCES

A. Active Galactic Nuclei

The kinematics of high-energy neutrino production in
Active Galactic Nuclei (AGN) is similar to that described
for GRBs in Eqns. 5-6, but with potentially important
di↵erences. In particular, the Lorentz factors of AGN
jets are significantly lower than those of GRB shocks;
values of � ⇠ 30 rather than ⇠300 are thought to be typ-
ical [50]. As a result, ⇠10-100 PeV protons can exceed
the threshold for pion production much more easily, re-
quiring only the presence of ⇠keV photons (rather than
the ⇠100 keV photons required in GRBs).

In GRBs, the observed photon spectral break (⇠0.1-1
MeV) leads to a break at ⇠1 PeV in the neutrino spec-
trum. Thus we may expect the first detections of GRB
neutrinos to appear at around this energy scale. In con-
trast, AGN do not typically exhibit a spectral peak at

FIG. 3: The contribution of active galactic nuclei (AGN) to
the di↵use neutrino (plus anti-neutrino) spectrum. Results
are shown for the models of Protheroe [51] and Stecker et
al. [52].

keV energies, but instead in the UV, typically at around
⇠10 eV. This leads one to expect the neutrino spectrum
to peak EeV energies, much higher than that from GRBs.
There is a considerable degree of model dependence in
this conclusion, however, deriving in large part from un-
certainties in the spectrum of the target radiation fields.

We illustrate the nature of this uncertainty in Fig. 3,
with a comparison of two canonical models of the dif-
fuse neutrino emission from AGN. First, as a solid line,
we show the di↵use neutrino spectrum as predicted by
Protheroe [51]. In this model, the scattering of ultra-
high energy protons with UV radiation leads to a neu-
trino spectrum which peaks at EeV energies. For this
spectral shape, most showers initiated within IceCube’s
volume will be of energy 20 PeV or greater. If IceCube’s
existing data does not contain at least a few enormous
(non-contained) showers of this energy, this AGN model
will not be able to account for the two reported PeV
events. In contrast, the model of Stecker et al. [52] pre-
dicts a neutrino spectrum from AGN which peaks at a
much lower energy of a few PeV, not unlike the predic-
tions from GRBs. This is in large part due to the high
density of ambient x-rays present in the Stecker et al.
AGN model.

We also point out that while neutrino emission from
known GRBs can be e�ciently constrained by searching
in the time window around the occurrence of a given
burst, such a background-free strategy is not possible
for AGN. As a result, while it may be possible to rule
out (high luminosity) GRB as the source of IceCube’s
two PeV events by searching in the time and direction
of known GRBs, it will be much more di�cult to defini-
tively test the hypothesis that these neutrinos originate
from AGN.
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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
νΦν(Eν = 1GeV) ≈

c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

Here, tH is the age of the Universe, and the factor
ζ = 100.5ζ0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of ζ0.5 ∼ 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, νe : νµ : ντ = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
Φνe

= Φνµ
= Φντ

= Φν/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 Eν < 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
νΦνµ

∝ E2−p
ν . 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 Eν is domi-
nated by protons of energy E ≈ 20Eν [18], so that the
cosmic-ray ”knee” corresponds to Eν ∼ 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
νΦSB

ν ≈ 10−7(Eν/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
Eν > 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
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Figure 6. Predicted E2
νF

νµ(Eν) 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 affects the high-energy tail of the spectra in
all cases.

4 High-energy diffuse neutrino background from gamma-ray bursts

In this section, we present our results on the high-energy diffuse 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 diffuse neutrino flux from
the model parameters for each GRB family (see Table 2).

4.1 Expected diffuse background and uncertainties on the local rate and lumi-

nosity function of each GRB family

The diffuse neutrino intensity from each GRB component (X) can be defined in terms of
the gamma-ray luminosity function, through ΦX(L̃iso)dL̃iso = ΦX(L̃ν)dL̃ν with Φ the LF
introduced in Sec. 2 (normalized to unity after integration over luminosity):

IX(Eν) =

∫ zmax

zmin

dz

∫ L̃max

L̃min

dL̃iso
c

4πH0Γ

1
√

ΩM (1 + z)3 + ΩΛ

RX(z)ΦX(L̃iso)

(

dNνµ

dE′
ν

)

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′

ν = Eν(1 + z)/Γ. Note as the chosen values for tv and Γ (Table 1) should guarantee us to
extrapolate an average description of the whole GRB population. However, our estimation
of the diffuse neutrino emission from GRBs also depends on parameters such as ϵe, ϵB , Γ and
hγp that are currently poorly constrained from observations (see discussion in Sec. 4.2) and
should therefore be considered with caution.
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The fact that the two PeV shower events reported by
IceCube do not correlate in time with any known GRB
does not significantly disfavor the hypothesis that these
events originate from GRBs. The ability of gamma-
rays and x-ray observatories to monitor for GRBs is, at
present, substantially incomplete. In particular, the Swift
Burst Alert Telescope (BAT) and the Fermi Gamma-ray
Burst Monitor (GBM) collectively cover less than'2/3 of
the sky at any given time. With this in mind, one cannot
rule out the non-negligible possibility that the two PeV
shower events originated from GRBs which happened to
fall outside of the combined field-of-view of these instru-
ments. Furthermore, many GRBs, while in the field-of-
view of either Swift ’s BAT or Fermi ’s GBM, may still go
undetected if they are of su�ciently low luminosity, or
are su�ciently distant.

To assess whether this later possibility is consistent
with a GRB interpretation of these events, we must at-
tempt to estimate the e�ciency with which neutrino-
producing GRBs are detected in the gamma-ray and x-
ray bands [26, 27]. Given the fluence sensitivity of the the
Swift ’s BAT and Fermi ’s GBM ⇠1⇥ 10�8 erg cm�2 s�1

and ⇠2 ⇥ 10�8 erg cm�2 s�1 (at 20 keV) respectively,
one can estimate how distant a GRB (of a given lumi-
nosity) could be and still trigger these detectors. We find
that these experiments should be capable of detecting
essentially all high luminosity GRBs (L >⇠ 1051 erg/s)
within their fields-of-view out to a distance of about 8
Gpc (z ⇡ 5). Thus the observed collection of high lumi-
nosity GRBs is fairly complete (within the given fields-
of-view). In contrast, low luminosity GRBs (L ⇠ 1047

erg/s) are likely to be detected only within a radius of
⇠100 Mpc, suggesting that the vast majority of the dif-
fuse neutrino flux from low luminosity GRB will not be
correlated in time or direction with any observed gamma-
ray or x-ray signal.

IV. PEV NEUTRINOS FROM OTHER
ASTROPHYSICAL SOURCES

A. Active Galactic Nuclei

The kinematics of high-energy neutrino production in
Active Galactic Nuclei (AGN) is similar to that described
for GRBs in Eqns. 5-6, but with potentially important
di↵erences. In particular, the Lorentz factors of AGN
jets are significantly lower than those of GRB shocks;
values of � ⇠ 30 rather than ⇠300 are thought to be typ-
ical [50]. As a result, ⇠10-100 PeV protons can exceed
the threshold for pion production much more easily, re-
quiring only the presence of ⇠keV photons (rather than
the ⇠100 keV photons required in GRBs).

In GRBs, the observed photon spectral break (⇠0.1-1
MeV) leads to a break at ⇠1 PeV in the neutrino spec-
trum. Thus we may expect the first detections of GRB
neutrinos to appear at around this energy scale. In con-
trast, AGN do not typically exhibit a spectral peak at

FIG. 3: The contribution of active galactic nuclei (AGN) to
the di↵use neutrino (plus anti-neutrino) spectrum. Results
are shown for the models of Protheroe [51] and Stecker et
al. [52].

keV energies, but instead in the UV, typically at around
⇠10 eV. This leads one to expect the neutrino spectrum
to peak EeV energies, much higher than that from GRBs.
There is a considerable degree of model dependence in
this conclusion, however, deriving in large part from un-
certainties in the spectrum of the target radiation fields.

We illustrate the nature of this uncertainty in Fig. 3,
with a comparison of two canonical models of the dif-
fuse neutrino emission from AGN. First, as a solid line,
we show the di↵use neutrino spectrum as predicted by
Protheroe [51]. In this model, the scattering of ultra-
high energy protons with UV radiation leads to a neu-
trino spectrum which peaks at EeV energies. For this
spectral shape, most showers initiated within IceCube’s
volume will be of energy 20 PeV or greater. If IceCube’s
existing data does not contain at least a few enormous
(non-contained) showers of this energy, this AGN model
will not be able to account for the two reported PeV
events. In contrast, the model of Stecker et al. [52] pre-
dicts a neutrino spectrum from AGN which peaks at a
much lower energy of a few PeV, not unlike the predic-
tions from GRBs. This is in large part due to the high
density of ambient x-rays present in the Stecker et al.
AGN model.

We also point out that while neutrino emission from
known GRBs can be e�ciently constrained by searching
in the time window around the occurrence of a given
burst, such a background-free strategy is not possible
for AGN. As a result, while it may be possible to rule
out (high luminosity) GRB as the source of IceCube’s
two PeV events by searching in the time and direction
of known GRBs, it will be much more di�cult to defini-
tively test the hypothesis that these neutrinos originate
from AGN.
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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
νΦν(Eν = 1GeV) ≈

c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

Here, tH is the age of the Universe, and the factor
ζ = 100.5ζ0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of ζ0.5 ∼ 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, νe : νµ : ντ = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
Φνe

= Φνµ
= Φντ

= Φν/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 Eν < 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
νΦνµ

∝ E2−p
ν . 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 Eν is domi-
nated by protons of energy E ≈ 20Eν [18], so that the
cosmic-ray ”knee” corresponds to Eν ∼ 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
νΦSB

ν ≈ 10−7(Eν/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
Eν > 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
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Figure 6. Predicted E2
νF

νµ(Eν) 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 affects the high-energy tail of the spectra in
all cases.

4 High-energy diffuse neutrino background from gamma-ray bursts

In this section, we present our results on the high-energy diffuse 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 diffuse neutrino flux from
the model parameters for each GRB family (see Table 2).

4.1 Expected diffuse background and uncertainties on the local rate and lumi-

nosity function of each GRB family

The diffuse neutrino intensity from each GRB component (X) can be defined in terms of
the gamma-ray luminosity function, through ΦX(L̃iso)dL̃iso = ΦX(L̃ν)dL̃ν with Φ the LF
introduced in Sec. 2 (normalized to unity after integration over luminosity):

IX(Eν) =

∫ zmax

zmin

dz

∫ L̃max

L̃min

dL̃iso
c

4πH0Γ

1
√

ΩM (1 + z)3 + ΩΛ

RX(z)ΦX(L̃iso)

(

dNνµ

dE′
ν

)

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′

ν = Eν(1 + z)/Γ. Note as the chosen values for tv and Γ (Table 1) should guarantee us to
extrapolate an average description of the whole GRB population. However, our estimation
of the diffuse neutrino emission from GRBs also depends on parameters such as ϵe, ϵB , Γ and
hγp that are currently poorly constrained from observations (see discussion in Sec. 4.2) and
should therefore be considered with caution.
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The fact that the two PeV shower events reported by
IceCube do not correlate in time with any known GRB
does not significantly disfavor the hypothesis that these
events originate from GRBs. The ability of gamma-
rays and x-ray observatories to monitor for GRBs is, at
present, substantially incomplete. In particular, the Swift
Burst Alert Telescope (BAT) and the Fermi Gamma-ray
Burst Monitor (GBM) collectively cover less than'2/3 of
the sky at any given time. With this in mind, one cannot
rule out the non-negligible possibility that the two PeV
shower events originated from GRBs which happened to
fall outside of the combined field-of-view of these instru-
ments. Furthermore, many GRBs, while in the field-of-
view of either Swift ’s BAT or Fermi ’s GBM, may still go
undetected if they are of su�ciently low luminosity, or
are su�ciently distant.

To assess whether this later possibility is consistent
with a GRB interpretation of these events, we must at-
tempt to estimate the e�ciency with which neutrino-
producing GRBs are detected in the gamma-ray and x-
ray bands [26, 27]. Given the fluence sensitivity of the the
Swift ’s BAT and Fermi ’s GBM ⇠1⇥ 10�8 erg cm�2 s�1

and ⇠2 ⇥ 10�8 erg cm�2 s�1 (at 20 keV) respectively,
one can estimate how distant a GRB (of a given lumi-
nosity) could be and still trigger these detectors. We find
that these experiments should be capable of detecting
essentially all high luminosity GRBs (L >⇠ 1051 erg/s)
within their fields-of-view out to a distance of about 8
Gpc (z ⇡ 5). Thus the observed collection of high lumi-
nosity GRBs is fairly complete (within the given fields-
of-view). In contrast, low luminosity GRBs (L ⇠ 1047

erg/s) are likely to be detected only within a radius of
⇠100 Mpc, suggesting that the vast majority of the dif-
fuse neutrino flux from low luminosity GRB will not be
correlated in time or direction with any observed gamma-
ray or x-ray signal.

IV. PEV NEUTRINOS FROM OTHER
ASTROPHYSICAL SOURCES

A. Active Galactic Nuclei

The kinematics of high-energy neutrino production in
Active Galactic Nuclei (AGN) is similar to that described
for GRBs in Eqns. 5-6, but with potentially important
di↵erences. In particular, the Lorentz factors of AGN
jets are significantly lower than those of GRB shocks;
values of � ⇠ 30 rather than ⇠300 are thought to be typ-
ical [50]. As a result, ⇠10-100 PeV protons can exceed
the threshold for pion production much more easily, re-
quiring only the presence of ⇠keV photons (rather than
the ⇠100 keV photons required in GRBs).

In GRBs, the observed photon spectral break (⇠0.1-1
MeV) leads to a break at ⇠1 PeV in the neutrino spec-
trum. Thus we may expect the first detections of GRB
neutrinos to appear at around this energy scale. In con-
trast, AGN do not typically exhibit a spectral peak at

FIG. 3: The contribution of active galactic nuclei (AGN) to
the di↵use neutrino (plus anti-neutrino) spectrum. Results
are shown for the models of Protheroe [51] and Stecker et
al. [52].

keV energies, but instead in the UV, typically at around
⇠10 eV. This leads one to expect the neutrino spectrum
to peak EeV energies, much higher than that from GRBs.
There is a considerable degree of model dependence in
this conclusion, however, deriving in large part from un-
certainties in the spectrum of the target radiation fields.

We illustrate the nature of this uncertainty in Fig. 3,
with a comparison of two canonical models of the dif-
fuse neutrino emission from AGN. First, as a solid line,
we show the di↵use neutrino spectrum as predicted by
Protheroe [51]. In this model, the scattering of ultra-
high energy protons with UV radiation leads to a neu-
trino spectrum which peaks at EeV energies. For this
spectral shape, most showers initiated within IceCube’s
volume will be of energy 20 PeV or greater. If IceCube’s
existing data does not contain at least a few enormous
(non-contained) showers of this energy, this AGN model
will not be able to account for the two reported PeV
events. In contrast, the model of Stecker et al. [52] pre-
dicts a neutrino spectrum from AGN which peaks at a
much lower energy of a few PeV, not unlike the predic-
tions from GRBs. This is in large part due to the high
density of ambient x-rays present in the Stecker et al.
AGN model.

We also point out that while neutrino emission from
known GRBs can be e�ciently constrained by searching
in the time window around the occurrence of a given
burst, such a background-free strategy is not possible
for AGN. As a result, while it may be possible to rule
out (high luminosity) GRB as the source of IceCube’s
two PeV events by searching in the time and direction
of known GRBs, it will be much more di�cult to defini-
tively test the hypothesis that these neutrinos originate
from AGN.

I. Cholis and D. Hooper,  
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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
νΦν(Eν = 1GeV) ≈

c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

Here, tH is the age of the Universe, and the factor
ζ = 100.5ζ0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of ζ0.5 ∼ 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, νe : νµ : ντ = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
Φνe

= Φνµ
= Φντ

= Φν/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 Eν < 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
νΦνµ

∝ E2−p
ν . 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 Eν is domi-
nated by protons of energy E ≈ 20Eν [18], so that the
cosmic-ray ”knee” corresponds to Eν ∼ 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
νΦSB

ν ≈ 10−7(Eν/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
Eν > 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
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Figure 1: Summary of predicted νµ fluxes from different 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 νµ 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 νµ or νe acceptance of 18,000 km3sr at 1018 eV is achieved
(for ντ , 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 effective
solid angle of 2 sr beyond 70◦ and by an effective 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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Figure 1: Summary of predicted νµ fluxes from different 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 νµ 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 νµ or νe acceptance of 18,000 km3sr at 1018 eV is achieved
(for ντ , 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 effective
solid angle of 2 sr beyond 70◦ and by an effective 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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Figure 1: Summary of predicted νµ fluxes from different 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 νµ 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 νµ or νe acceptance of 18,000 km3sr at 1018 eV is achieved
(for ντ , 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 effective
solid angle of 2 sr beyond 70◦ and by an effective 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

σ̂(ij → BH)(ŝ) ≈ πr2
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

σ(νN → BH) =
∑

i

∫ 1

(Mmin
BH

)2/s
dx σ̂i(xs) fi(x, Q) , (4)

where s = 2mNEν , 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]; σ(νN → 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+λi(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
νN → ℓX 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 Eν , as
is well known, the black hole cross section grows even
more rapidly: for large n, it has the asymptotic behavior

σ ∝ Eλi(10 TeV)
ν ≈ E0.45

ν . As a result of these effects,
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/σ)
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 =

∫

dEν NA
dΦ

dEν
σ(Eν )A(Eν)T , (5)

FIG. 1: Cross sections σ(νN → 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 νN → ℓX.

where A(Eν) 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,
dΦ/dEν 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 cutoff [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,

SM

BHP

UHE (ZeV) Neutrinos
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Figure 1: Summary of predicted νµ fluxes from different 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 νµ 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 νµ or νe acceptance of 18,000 km3sr at 1018 eV is achieved
(for ντ , 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 effective
solid angle of 2 sr beyond 70◦ and by an effective 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

σ̂(ij → BH)(ŝ) ≈ πr2
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

σ(νN → BH) =
∑

i

∫ 1

(Mmin
BH

)2/s
dx σ̂i(xs) fi(x, Q) , (4)

where s = 2mNEν , 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]; σ(νN → 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+λi(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
νN → ℓX 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 Eν , as
is well known, the black hole cross section grows even
more rapidly: for large n, it has the asymptotic behavior

σ ∝ Eλi(10 TeV)
ν ≈ E0.45

ν . As a result of these effects,
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/σ)
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 =

∫

dEν NA
dΦ

dEν
σ(Eν )A(Eν)T , (5)

FIG. 1: Cross sections σ(νN → 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 νN → ℓX.

where A(Eν) 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,
dΦ/dEν 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 cutoff [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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Figure 1. Contribution of the different 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 affected 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 effect of the evolution is actually

smaller in the IR/UV region than in the CMB region. Nevertheless, the difference 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
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Figure 2. Top: source emissivity evolution with redshift, normalized to unity at
z = 0, for our six models described in the text. Bottom: effects 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, Faranoff-

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. Effects 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
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Figure 6. Effects 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. Effects 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

CR interactions with background radiation
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Figure 5. Effects 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 α 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
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Figure 1. Contribution of the different 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 affected 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 effect of the evolution is actually

smaller in the IR/UV region than in the CMB region. Nevertheless, the difference 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
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Figure 2. Top: source emissivity evolution with redshift, normalized to unity at
z = 0, for our six models described in the text. Bottom: effects 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, Faranoff-

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
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Figure 7. Effects 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
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Figure 6. Effects 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. Effects 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

CR interactions with background radiation
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Figure 5. Effects 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 α 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
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Di↵use flux Expected number of events Probability of

Neutrino Model (1 January 2004 - 20 June 2013) observing 0

Cosmogenic - proton, FRII [31] ⇠ 4.0 ⇠ 1.8⇥ 10�2

Cosmogenic - proton, SFR [31] ⇠ 0.9 ⇠ 0.4

Cosmogenic - proton, Fermi-LAT, Emin = 1019 eV [33] ⇠ 3.2 ⇠ 4⇥ 10�2

Cosmogenic - proton, Fermi-LAT, Emin = 1017.5 eV [33] ⇠ 1.6 ⇠ 0.2

Cosmogenic - proton or mixed, SFR & GRB [9] ⇠ 0.5 � 1.4 ⇠ 0.6 � 0.2

Cosmogenic - iron, FRII [31] ⇠ 0.3 ⇠ 0.7

Astrophysical ⌫ (AGN) [32] ⇠ 7.2 ⇠ 7⇥ 10�4

Exotic [34] ⇠ 31.5 ⇠ 2⇥ 10�14

Table III. Number of expected events Nevt in Eq. (1) for several theoretical models of UHE neutrino production (see Figs. 4
and 5), given the combined exposure of the surface detector array of the Pierre Auger Observatory plotted in Fig. 3. The last
column gives the Poisson probability exp(�Nevt) of observing 0 events when the number of expected events is Nevt given in
the second column.
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Figure 5. Upper limit to the normalization of the di↵use
flux of UHE neutrinos (at 90% C.L. and in bins of width 0.5
in log10 E⌫ - see text for details) from the Pierre Auger Ob-
servatory (straight steps). We also show the corresponding
limits from ANITAII [29] (dot-dashed line) and IceCube [30]
(dashed line) experiments (with appropriate normalizations
to take into account the energy bin width, and to convert
to single flavor), along with expected fluxes for several cos-
mogenic neutrino models [9, 31, 33] as well as the Waxman-
Bahcall bound [13] (all converted to single flavor).

solid line in the bottom right panel of Fig. 5 in [33]
(also depicted in Figs. 4 and 5 in this work), cor-
responding to the best-fit to the cosmic-ray spec-
trum as measured by HiRes, we expect ⇠3.2 events.
As a consequence that model is excluded at more
than 90% C.L. For this particular model we also
show in Figs. 4 and 5 the 99% C.L. band result-
ing from the fitting to the HiRes spectrum down to
Emin = 1019 eV. The Auger limit is also approach-
ing the solid line in the upper left panel of Fig. 5
in [33], a model that assumes extragalactic protons
above Emin = 1017.5 eV [36], for which ⇠ 1.6 events

are expected (see Table III). The Auger direct lim-
its on cosmogenic neutrinos are also constraining
part of the region indirectly bounded by Fermi-LAT
observations.

5. The current Auger limit is less restrictive with
the cosmogenic neutrino models represented by the
gray shaded area in the bottom panel of Fig. 4
(⇠0.5 to ⇠1.4 events are expected as shown in Ta-
ble III) which brackets the lower fluxes predicted
under a range of assumptions for the composition
of the primary flux (protons or mixed), source evo-
lution and model for the transition from Galactic to
extragalactic cosmic-rays [9] The same remark ap-
plies to models that assume pure-iron composition
at the sources. A 10-fold increase in the current ex-
posure will be needed to reach the most optimistic
predictions of cosmogenic neutrino fluxes if the pri-
maries are pure iron, clearly out of the range of the
current configuration of the Auger Observatory.

6. A large range of exotic models of neutrino produc-
tion [34] are excluded with C.L. larger than 99%.

7. In IceCube, neutrino fluxes in the 30 TeV to 2 PeV
energy range have shown a ⇠5.7� excess compared
to predicted atmospheric neutrino fluxes [12]. A
refinement of the IceCube search technique to ex-
tend the neutrino sensitivity down to 10 TeV [37],
yielded a power-law fit to the measured flux with-
out cut-o↵ given by dN/dE = �0(E⌫/E0)�� with
�0 = 2.06⇥10�18 GeV�1 cm�2 s�1 sr�1, E0 = 105

GeV, and � = 2.46. If this flux is extrapolated to
1020 eV it would produce ⇠0.1 events in Auger.
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At the South Pole 

86 strings with 60 DOM/string 
125 m apart on triangular grid 

17 m vertical spacing between 
PMTs 

8 DeepCore strings 75 m apart 

81 IceTop stations: two tanks/
station, two DOMs/tank 

completed in 2010

Secondary particles detected via Cherencov radiation
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~15% deposited energy resolution 
~ 15° angular resolution

~15% deposited energy resolution  
(factor of ~2 in neutrino energy resolution) 

<1° angular resolution 

νµ + N → µ + X
ν x + N →ν x + X

νe + N → e+ X
ντ + N → τ + X

µ +νµ +ντ

18% ντ + N → τ + X

e+νe +ντ

82%

ντ + X

Neutrino event signaturesν 17

CC Muon Neutrino Neutral Current /
Electron Neutrino 

CC Tau Neutrino

track (data) 

factor of ≈ 2 energy resolution 
< 1° angular resolution at high 

energies

cascade (data) 

≈ ±15% deposited energy resolution 
≈ 10° angular resolution (in IceCube)  

(at energies ⪆ 100 TeV)

“double-bang” (⪆10PeV) and other 
signatures (simulation) 

(not observed yet: τ decay length is 
50 m/PeV)

⌫µ +N ! µ+X ⌫⌧ +N ! ⌧ +X⌫
e

+N ! e +X

⌫
x

+N ! ⌫
x

+X

time

ντ + N → τ + X

e+νe +ντ

82%

ντ + X

muon tracks showers double-bangs 

Above PeV 

Type of events

Two types of searches: contained events and through-going muons
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Ingredients

dNνe
sh,CC

dEdep
= T ⋅NA dEν Attνe

Eν( )dΦνe

dEν

dy Meff Ee
CC( )R Ee

CC,Edep ,σ Ee
CC( )( )dσ ne

CC Eν ,y( )
dy0

1
∫0

∞
∫

time of observation

effective  
detector mass

attenuation/
regeneration factor

neutrino flux
DIS CC  

differential cross 
section

energy resolution 
function

Eν = neutrino energy Eνy = hadronic shower energy    
       (at production)

EeCC = Eh+Ee

For νe CC interactions For other cases, further details are needed
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M. G. Aartsen et al. [IceCube Collaboration], Science 342: 1242856, 2013

~400 Mton effective target mass
Rejection of 

atmospheric muons

High dust 
concentration

High Energy Starting Events 

Effective masses
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Attenuation/Regeneration factors 

ντ

τ →ντ

ντ

attenuation, redistribution due to NC 
and regeneration due to tau decays

V. A. Naumov and L. Perrone, Astropart. Phys. 10:239, 1999 
S. Iyer, M. H. Reno and I. Sarcevic, Phys. Rev. D61:053003, 2000 
S. Rakshit and E. Reya, Phys. Rev. D74:103006, 2006
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SPR, A. C. Vincent and O. Mena, Phys. Rev. D91:103008, 2015
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p + X→π ± / K ± +Y

µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )
Conventional flux

At high energies pions/
kaons do not decay: only 
charm mesons with short 
lifetimes (prompt flux)

M. G. Aartsen et al. [IceCube Collaboration],  
Phys. Rev. Lett. 110:151105, 2013

Neutrinos: ~60%-70% tracks 
 Muons: ~90%-100% tracks

Atmospheric background
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10ms of data

atmospheric muons

atmospheric neutrinos

cosmic neutrinos

∼1011 /yr
∼105 /yr
∼10 /yr

Credit: IceCube

finding a needle in a haystack
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January 3, 2012: 1.14 PeV
Ernie  

(or Epi, Egas, Ernesto, Ênio, Ernest, Enrique, 
Erling, Yenik, Edi, Emil, Arik, Shadi, Anis...)

August 9, 2011: 1.04 PeV
Bert  

(or Blas, Becas, Berto, Beto, Bart, Bernt,  
Vlas, Büdü, Hubert, Bentz, Hadi, Badr...)

M. G. Aartsen et al. [IceCube Collaboration], Phys. Rev. Lett. 111:021103, 2013

The first PeV neutrinos
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M. G. Aartsen et al. [IceCube Collaboration], Science 342: 1242856, 2013

From May 2010 to May 2012: 

7 tracks + 21 showers  
between 30 TeV and 2 PeV (deposited energy)

9+2 bkg

+26 events above 30 TeV
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M. G. Aartsen et al. [IceCube Collaboration], Science 342: 1242856, 2013

From May 2010 to May 2012: 

7 tracks + 21 showers  
between 30 TeV and 2 PeV (deposited energy)

For making the first observations of high-energy cosmic neutrinos

9+2 bkg

+26 events above 30 TeV
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M. G. Aartsen et al. [IceCube Collaboration], Science 342: 1242856, 2013

From May 2010 to May 2013: 

9 tracks + 28 showers  
between 30 TeV and 3 PeV (deposited energy)

5

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
charm atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

excess at low energies, hardening the spectrum of the re-
maining data. The corresponding range of best fit astro-
physical slopes within our current 90% confidence band
on the charm flux [9] is �2.0 to �2.3. As the best-fit
charm flux is zero, the best-fit astrophysical spectrum
is on the lower boundary of this interval at �2.3 (solid
line, Figs. 2, 3) with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [34]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypothetical
point source. This reduces the bias introduced by muons,
allowing track and shower events to be used together, and
improves sensitivity to multiple sources by considering
the entire sky rather than the single best point.

Three tests were performed to search for neutrinos cor-

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events (median angular resolution ⇠ 15�)
are marked with + and those containing muon tracks (. 1�)
with ⇥. Approximately 40% of the events (mostly tracks
[13]) are expected to originate from atmospheric backgrounds.
Event IDs match those in the catalog in the online supple-
ment [29] and are time ordered. The grey line denotes the
equatorial plane. Colors show the test statistic (TS) for the
point source clustering test at each location. No significant
clustering was observed.

related with known gamma-ray sources, also using track
and shower events together. The first two searched for
clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [35],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [36] and ANTARES [37]
lists; see online supplement [29]). For the catalog search,
the TS value was evaluated at each source location, and
the post-trials significance calculated by comparing the
highest observed value in each hemisphere to results from
performing the analysis on scrambled datasets.

No hypothesis test yielded statistically significant evi-
dence of clustering or correlations. For the all-sky cluster-
ing test (Fig. 5), scrambled datasets produced locations
with equal or greater TS 84% and 7.2% of the time for
all events and for shower-like events only. As in the two-
year data set, the strongest clustering was near the galac-
tic center. Other neutrino observations of this location
give no evidence for a source [38], however, and no new
events were strongly correlated with this region. When
using the marginalized likelihood, a test statistic greater
than or equal to the observed value was found in 28% of
scrambled datasets. The source list yielded p-values for
the northern and southern hemispheres of 28% and 8%,
respectively. Correlation with the galactic plane was also
not significant: when letting the width float freely, the
best fit was ±7.5� with a post-trials chance probability
of 2.8%, while a fixed width of ±2.5� returned a p-value
of 24%. A repeat of the time clustering search from [11]

M. G. Aartsen et al. [IceCube Collaboration], Phys. Rev. Lett. 113:101101, 2014

12+3 bkg

37 events above 30 TeV
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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 differential CR energy budget at z = 0, QEp

,
the INB flux per flavor is estimated to be [5, 11]

E2
νΦνi ≈

ctHξz
4π

1

6
min[1, fpp](EpQEp

) (2)

where tH ≃ 13.2 Gyr and ξz is the redshift evolution
factor [5, 17]. The pp efficiency is

fpp ≈ nκpσ
inel
pp ctint, (3)

where κp ≈ 0.5, σinel
pp ∼ 8×10−26 cm2 at ∼ 100 PeV [19],

n is the typical target nucleon density, tint ≈ min[tinj, tesc]
is the duration that CRs interact with the target gas, tinj
is the CR injection time and tesc is the CR escape time.
The pp sources we consider should also contribute to

the IGB. As in Eq. (2), their generated IGB flux is

E2
γΦγ ≈

ctHξz
4π

1

3
min[1, fpp](EpQEp

), (4)

which is related to the INB flux model independently as

E2
γΦγ ≈ 2(E2

νΦνi)|Eν=0.5Eγ
. (5)

Given E2
νΦνi , combing Eq. (5) and the upper limit

from the Fermi IGB measurement E2
γΦ

up
γ leads to Γ ≤

2+ln[E2
γΦ

up
γ |100 GeV/(2E2

νΦνi |Eν
)][ln(2Eν/100 GeV)]−1.

Using E2
νΦνi = 10−8 GeV cm−2 s−1 sr−1 as the measured

INB flux at 0.3 PeV [3, 4, 20], we obtain

Γ ! 2.185

[

1 + 0.265 log10

(

(E2
γΦ

up
γ )|100 GeV

10−7 GeV cm−2 s−1 sr−1

)]

.

(6)
Surprisingly, the measured (all flavor) INB flux is com-
parable to the measured diffuse 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 Γ ! 2.1–2.2, consistent with Eq. (6). In
addition, we first obtain the minimum contribution to
the 100 GeV diffuse IGB, " 30%–40%, assuming Γ ≥ 2.0.
Here, the IGB flux at ∼ 100 GeV is comparable to the
generated γ-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 Γ ∼ 2.1–2.2 explain the “very-high-energy ex-
cess” [17] with no redshift evolution, or the multi-GeV
diffuse 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 different 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 different 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 Γ = 2.0 (thick) and
Γ = 2.14 (thin). The shaded rectangle indicates the IceCube
data [4]. The atmospheric muon neutrino background [21]
and the diffuse IGB data by Fermi/LAT [14] are depicted.
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FIG. 2: The same as Fig. 1, but for Γ = 2.0 (thick) and
Γ = 2.18 (thin) with the star-formation history [23].

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

for pγ scenarios. First, pγ reactions are typically efficient
only for sufficiently high-energy CRs, so the resulting γ
rays can contribute to the IGB only via cascades – low-
energy pionic γ rays do not directly contribute and the
differential flux is reduced by their broadband spectra, as
demonstrated in [24]. More seriously, in pγ sources like
GRBs and AGN, target photons for pγ reactions often
prevent GeV-PeV γ 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 γ rays, for which the diffuse IGB is not
constraining. In contrast, pp sources considered here are

φν ∝Eν
−γ    ;   γ < 2.2

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

To avoid overshooting cascade limit

Multimessenger approach: 
 Constraining pp sources with gamma-rays
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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 differential CR energy budget at z = 0, QEp

,
the INB flux per flavor is estimated to be [5, 11]
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4π
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where tH ≃ 13.2 Gyr and ξz is the redshift evolution
factor [5, 17]. The pp efficiency is

fpp ≈ nκpσ
inel
pp ctint, (3)

where κp ≈ 0.5, σinel
pp ∼ 8×10−26 cm2 at ∼ 100 PeV [19],

n is the typical target nucleon density, tint ≈ min[tinj, tesc]
is the duration that CRs interact with the target gas, tinj
is the CR injection time and tesc is the CR escape time.
The pp sources we consider should also contribute to

the IGB. As in Eq. (2), their generated IGB flux is
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INB flux at 0.3 PeV [3, 4, 20], we obtain
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(6)
Surprisingly, the measured (all flavor) INB flux is com-
parable to the measured diffuse 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 Γ ! 2.1–2.2, consistent with Eq. (6). In
addition, we first obtain the minimum contribution to
the 100 GeV diffuse IGB, " 30%–40%, assuming Γ ≥ 2.0.
Here, the IGB flux at ∼ 100 GeV is comparable to the
generated γ-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 Γ ∼ 2.1–2.2 explain the “very-high-energy ex-
cess” [17] with no redshift evolution, or the multi-GeV
diffuse 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 different 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 different zmax. This
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FIG. 1: The allowed range in pp scenarios explaining the mea-
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FIG. 2: The same as Fig. 1, but for Γ = 2.0 (thick) and
Γ = 2.18 (thin) with the star-formation history [23].

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

for pγ scenarios. First, pγ reactions are typically efficient
only for sufficiently high-energy CRs, so the resulting γ
rays can contribute to the IGB only via cascades – low-
energy pionic γ rays do not directly contribute and the
differential flux is reduced by their broadband spectra, as
demonstrated in [24]. More seriously, in pγ sources like
GRBs and AGN, target photons for pγ reactions often
prevent GeV-PeV γ 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 γ rays, for which the diffuse IGB is not
constraining. In contrast, pp sources considered here are

φν ∝Eν
−γ    ;   γ < 2.2

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

To avoid overshooting cascade limit
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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∝ Σg, B∝ Σ0.7g and B∝ Σ0.4g , 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

Multimessenger approach: 
 Constraining pp sources with gamma-rays
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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 differential CR energy budget at z = 0, QEp

,
the INB flux per flavor is estimated to be [5, 11]
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where tH ≃ 13.2 Gyr and ξz is the redshift evolution
factor [5, 17]. The pp efficiency is

fpp ≈ nκpσ
inel
pp ctint, (3)

where κp ≈ 0.5, σinel
pp ∼ 8×10−26 cm2 at ∼ 100 PeV [19],

n is the typical target nucleon density, tint ≈ min[tinj, tesc]
is the duration that CRs interact with the target gas, tinj
is the CR injection time and tesc is the CR escape time.
The pp sources we consider should also contribute to

the IGB. As in Eq. (2), their generated IGB flux is
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Using E2
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INB flux at 0.3 PeV [3, 4, 20], we obtain

Γ ! 2.185

[

1 + 0.265 log10

(

(E2
γΦ

up
γ )|100 GeV

10−7 GeV cm−2 s−1 sr−1

)]

.

(6)
Surprisingly, the measured (all flavor) INB flux is com-
parable to the measured diffuse 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 Γ ! 2.1–2.2, consistent with Eq. (6). In
addition, we first obtain the minimum contribution to
the 100 GeV diffuse IGB, " 30%–40%, assuming Γ ≥ 2.0.
Here, the IGB flux at ∼ 100 GeV is comparable to the
generated γ-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 Γ ∼ 2.1–2.2 explain the “very-high-energy ex-
cess” [17] with no redshift evolution, or the multi-GeV
diffuse 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 different 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 different 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 Γ = 2.0 (thick) and
Γ = 2.14 (thin). The shaded rectangle indicates the IceCube
data [4]. The atmospheric muon neutrino background [21]
and the diffuse IGB data by Fermi/LAT [14] are depicted.
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FIG. 2: The same as Fig. 1, but for Γ = 2.0 (thick) and
Γ = 2.18 (thin) with the star-formation history [23].

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

for pγ scenarios. First, pγ reactions are typically efficient
only for sufficiently high-energy CRs, so the resulting γ
rays can contribute to the IGB only via cascades – low-
energy pionic γ rays do not directly contribute and the
differential flux is reduced by their broadband spectra, as
demonstrated in [24]. More seriously, in pγ sources like
GRBs and AGN, target photons for pγ reactions often
prevent GeV-PeV γ 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 γ rays, for which the diffuse IGB is not
constraining. In contrast, pp sources considered here are

φν ∝Eν
−γ    ;   γ < 2.2

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∝ Σg, B∝ Σ0.7g and B∝ Σ0.4g , 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

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
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FIG. 2: Measurements of the isotropic di↵use �-ray flux in the TeV-PeV range by various experiments (see Table I). Left
panel: The black lines shows the �-ray flux corresponding to IceCube’s best fit assuming pp-interactions (K = 2) and an
exponential cuto↵ at 6 PeV (i.e. 3 PeV for neutrinos). We show the unattenuated flux and the flux from 8.5 kpc, 20 kpc
and 30 kpc, respectively, taking into account pair production via scattering o↵ CMB photons. For the conversion of photon
fractions into photon flux we use the CR flux of Ref. [8]. For comparison we also show the total neutrino flux as a thin gray
line. Right panel: Comparison to the Galactic �-ray emission of a generic DM decay scenario assuming a scalar X with mass
mX = 5 PeV and lifetime ⌧X = 7⇥ 1027 s. The solid, dashed and dotted black lines show the di↵use emission from the three
sky regions divided by the red dashed circles in Fig. 3. The solid gray line shows the total average neutrino flux, which also
accounts for the extragalactic contribution shown separately as a dashed gray line.

a zenith angle range of 30� would fully cover this �-ray
“blind spot”.

If the IceCube excess has a hadronuclear (pp) origin it
is even possible to constrain this scenario via the di↵use
isotropic gamma-ray background measured by Fermi-
LAT [57]. The secondary �-ray and neutrino spectra
from pp collisions follow the initial CR spectrum / E��

with � & 2. Hence, normalizing the neutrino spectrum
to the IceCube excess in the TeV-PeV range fixes the
spectra also in the sub-TeV range. In fact, the Galactic
pp origin of the IceCube excess can be consistent with the
preliminary Fermi data in the (0.1 � 1) TeV range [23]
only for hard CR power-law spectra, � & 2. This scenario
can be excluded via future constraints on � with contin-
ued neutrino observation in the sub-PeV range and by
limiting the contribution of candidate neutrino sources
to the isotropic gamma-ray background.

Another possible Galactic source of the IceCube excess
consists of very heavy dark matter (DM) in the Galac-
tic halo, which decay or annihilate into Standard Model
particles [e.g., 58, and references therein]. Depending
on the particular model, their particle properties can be
probed by neutrino and �-ray observations. The emis-
sion will be very extended and can be compared to the
limits on the isotropic di↵use �-ray emission. In Fig. 3 we
indicate the Galactic Center region containing 25% and
50% of the local DM decay from the Galactic halo. The
two-body decay of the DM particle may produce PeV

neutrino line features with some continua [27–29]. For
instance, PeV DM gravitinos in R-parity violating su-
persymmetric models would decay into neutrinos and/or
photons. Note that this would also result in high-energy
�-rays that may include a PeV �-ray line feature [59].

In the following we will discuss a simple DM scenario
consisting of a scalar particle X with mass m

X

= 5 PeV
and lifetime ⌧ = 7 ⇥ 1027 s that decays into two Stan-
dard Model Higgs h [29]. This scenario produces a flat
secondary flux of neutrinos with E

⌫

< m
X

/2 that can
resemble the spectral features of the IceCube excess. We
determine the energy distributions Q

⌫

(E
⌫

) and Q
�

(E
�

)
of secondary neutrinos and �-rays, respectively, via the
Monte Carlo code PYTHIA [60]. The 4⇡-averaged di↵use
Galactic emission can then be calculated as

Jgal
⌫/�

(E) =
Q

⌫/�

(E)

8⇡m
X

⌧
X

1Z

0

ds

1Z

�1

dc
↵

⇢(r(s, c
↵

)) , (4)

where ⇢(r) is the spherical mass density of the Galactic
DM halo at radius r, which can be parametrized by the
line-of-sight distance s and angular distance ↵ towards
the GC as r2(s, cos↵) = s2 + R2

� � 2sR� cos↵. We use
the Einasto profile [61] ⇢(r) / exp[�(2/�)(r/20kpc)� ]
with � = 0.17 and normalization ⇢(R�) = 0.4GeV/cm3.

For the correct normalization of the neutrino emission
it is also necessary to include extragalactic contributions

Multimessenger approach: 
Isotropy? Galactic vs Extragalactic
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changes around (0.01..0.1)Eτ [14]. Below this energy it
follows original proton spectrum, which has power law in-
dex 2.1 − 2.2 for usual Fermi acceleration models, while
at higher energies diffusion of protons from the source
through the turbulent magnetic field with Kolmogorov tur-
bulence spectrum is expected to soften the spectrum to
2.5 [23].

The possibility of non-negligible Galactic contribution
is indicated by the consistency of the all-sky γ-ray and neu-
trino spectra, which follow the same powerlaw over some
five decades in energy (from 10 GeV up to PeV) [7]. The
γ-ray all-sky spectrum is dominated by the Galactic con-
tribution, so that it is natural to expect that the Galactic
component is also present in the neutrino flux. The analy-
sis of Ref. [3] has searched for the correlation of the arrival
directions of neutrinos with energies above 30 TeV in the
three-year data set of IceCube. This analysis has found
that the best correlation is at the level of ≃ 2.5σ pre-trial
in the angle ±7.5◦ around the Galactic Plane and at the
≃ 2.2σ level (2.8% chance coincidence probability) after
the trial factor is taken into account.

Below we demonstrate that the neutrino four-year Ice-
Cube signal in the energy band above 100 TeV [3, 26],
which is free from the residual atmospheric neutrino and
muon background [3], shows an evidence for the Galactic
component.

2. Anisotropy properties of neutrino signal

The Galactic and extragalactic contributions to the
neutrino flux could be distinguished based on the differ-
ence in the expected distribution of the signal over the
sky. The extragalactic flux should be isotropic, while the
Galactic flux should show anisotropy toward the Galactic
Plane, where most of the target material for the cosmic
ray interactions is found. Low statistics of the neutrino
signal and uncertainties in the modelling of the Galactic
neutrino flux prevented a sensible analysis which would
give definitive conclusions on the presence of the Galac-
tic and extragalactic contributions in the first three years
of IceCube data [7, 18]. The overall distribution of neu-
trino signal on the sky in the energy band above 30 TeV
is consistent with an isotropic distribution [3, 5], i.e. with
the extragalactic signal. However, at 30 TeV the IceCube
signal still has a significant contribution from the atmo-
spheric neutrino and muon background which could dilute
the weak anisotropy signal.

A more clean anisotropy analysis could be performed in
the energy band above 100 TeV, where the signal is almost
backgorund-free. The updated results of 4-year IceCube
exposure show 19 events in this energy band with only one
background [5, 26]. Fig. 1 shows the distribution of the
detected E > 100 TeV neutrino events in Galactic latitude.
One could notice two features in this distribution. First,
the low Galactic latitude bin |b| < blow = 10◦ contains a
large number of events (9 out of 19). Next, the bins at high

Figure 1: Galactic latitude profile of the E > 100 TeV IceCube
neutrino signal. Dark grey solid histogram shows the expected profile
of the isotropic neutrino signal. Dashed dark grey histogram shows
the Galactic component profile. Thick light grey solid histogram
shows the sum of the Galactic and extragalactic components.

Galactic latitude (above bhigh = 50◦) contain no events at
all.

To some extent, the lower number of counts in the bins
at high Galactic latitude could be attributed to the smaller
solid angle spanned by these bins. To verify if this would
provide a satisfactory explanation of the deficit of neu-
trino counts at high Galactic latitudes, we have performed
Monte-Carlo (MC) simulations of the expected sky distri-
bution of the neutrino signal. The MC simulation takes
into account of the declination dependence of the IceCube
effective area, derived from the information reported in
the Ref. [3]. This declination dependence leads to a differ-
ence in the effective exposure in different Galactic latitude
bins. The MC simulation generates the number of events
proportional to the exposure in each declination bin. The
events are randomly distributed in the Right Accention.
The MC events are then re-mapped in the Galactic coor-
dinates.

The Galactic latitude distribution of events expected
in the isotropic flux model found from MC simulations is
shown with the dark grey solid line histogram in Fig. 1.
If the isotropic flux is normalised on the total number of
events, the isotropic model predicts 4.6 events at |b| > 50◦.
The probability to find no events in this latitude range is
p|b|>50◦ = 5× 10−3.

The isotropic model is also inconsistent with the low
Galactic latitude data, which shows an excess over the
data. The tension between the model and the high Galac-
tic latitude / low Galactic latitude data could be char-
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FIG. 2: Measurements of the isotropic di↵use �-ray flux in the TeV-PeV range by various experiments (see Table I). Left
panel: The black lines shows the �-ray flux corresponding to IceCube’s best fit assuming pp-interactions (K = 2) and an
exponential cuto↵ at 6 PeV (i.e. 3 PeV for neutrinos). We show the unattenuated flux and the flux from 8.5 kpc, 20 kpc
and 30 kpc, respectively, taking into account pair production via scattering o↵ CMB photons. For the conversion of photon
fractions into photon flux we use the CR flux of Ref. [8]. For comparison we also show the total neutrino flux as a thin gray
line. Right panel: Comparison to the Galactic �-ray emission of a generic DM decay scenario assuming a scalar X with mass
mX = 5 PeV and lifetime ⌧X = 7⇥ 1027 s. The solid, dashed and dotted black lines show the di↵use emission from the three
sky regions divided by the red dashed circles in Fig. 3. The solid gray line shows the total average neutrino flux, which also
accounts for the extragalactic contribution shown separately as a dashed gray line.

a zenith angle range of 30� would fully cover this �-ray
“blind spot”.

If the IceCube excess has a hadronuclear (pp) origin it
is even possible to constrain this scenario via the di↵use
isotropic gamma-ray background measured by Fermi-
LAT [57]. The secondary �-ray and neutrino spectra
from pp collisions follow the initial CR spectrum / E��

with � & 2. Hence, normalizing the neutrino spectrum
to the IceCube excess in the TeV-PeV range fixes the
spectra also in the sub-TeV range. In fact, the Galactic
pp origin of the IceCube excess can be consistent with the
preliminary Fermi data in the (0.1 � 1) TeV range [23]
only for hard CR power-law spectra, � & 2. This scenario
can be excluded via future constraints on � with contin-
ued neutrino observation in the sub-PeV range and by
limiting the contribution of candidate neutrino sources
to the isotropic gamma-ray background.

Another possible Galactic source of the IceCube excess
consists of very heavy dark matter (DM) in the Galac-
tic halo, which decay or annihilate into Standard Model
particles [e.g., 58, and references therein]. Depending
on the particular model, their particle properties can be
probed by neutrino and �-ray observations. The emis-
sion will be very extended and can be compared to the
limits on the isotropic di↵use �-ray emission. In Fig. 3 we
indicate the Galactic Center region containing 25% and
50% of the local DM decay from the Galactic halo. The
two-body decay of the DM particle may produce PeV

neutrino line features with some continua [27–29]. For
instance, PeV DM gravitinos in R-parity violating su-
persymmetric models would decay into neutrinos and/or
photons. Note that this would also result in high-energy
�-rays that may include a PeV �-ray line feature [59].

In the following we will discuss a simple DM scenario
consisting of a scalar particle X with mass m

X

= 5 PeV
and lifetime ⌧ = 7 ⇥ 1027 s that decays into two Stan-
dard Model Higgs h [29]. This scenario produces a flat
secondary flux of neutrinos with E

⌫

< m
X

/2 that can
resemble the spectral features of the IceCube excess. We
determine the energy distributions Q

⌫

(E
⌫

) and Q
�

(E
�

)
of secondary neutrinos and �-rays, respectively, via the
Monte Carlo code PYTHIA [60]. The 4⇡-averaged di↵use
Galactic emission can then be calculated as

Jgal
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(E) =
Q
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(E)
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X

⌧
X

1Z

0

ds

1Z

�1

dc
↵

⇢(r(s, c
↵

)) , (4)

where ⇢(r) is the spherical mass density of the Galactic
DM halo at radius r, which can be parametrized by the
line-of-sight distance s and angular distance ↵ towards
the GC as r2(s, cos↵) = s2 + R2

� � 2sR� cos↵. We use
the Einasto profile [61] ⇢(r) / exp[�(2/�)(r/20kpc)� ]
with � = 0.17 and normalization ⇢(R�) = 0.4GeV/cm3.

For the correct normalization of the neutrino emission
it is also necessary to include extragalactic contributions
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changes around (0.01..0.1)Eτ [14]. Below this energy it
follows original proton spectrum, which has power law in-
dex 2.1 − 2.2 for usual Fermi acceleration models, while
at higher energies diffusion of protons from the source
through the turbulent magnetic field with Kolmogorov tur-
bulence spectrum is expected to soften the spectrum to
2.5 [23].

The possibility of non-negligible Galactic contribution
is indicated by the consistency of the all-sky γ-ray and neu-
trino spectra, which follow the same powerlaw over some
five decades in energy (from 10 GeV up to PeV) [7]. The
γ-ray all-sky spectrum is dominated by the Galactic con-
tribution, so that it is natural to expect that the Galactic
component is also present in the neutrino flux. The analy-
sis of Ref. [3] has searched for the correlation of the arrival
directions of neutrinos with energies above 30 TeV in the
three-year data set of IceCube. This analysis has found
that the best correlation is at the level of ≃ 2.5σ pre-trial
in the angle ±7.5◦ around the Galactic Plane and at the
≃ 2.2σ level (2.8% chance coincidence probability) after
the trial factor is taken into account.

Below we demonstrate that the neutrino four-year Ice-
Cube signal in the energy band above 100 TeV [3, 26],
which is free from the residual atmospheric neutrino and
muon background [3], shows an evidence for the Galactic
component.

2. Anisotropy properties of neutrino signal

The Galactic and extragalactic contributions to the
neutrino flux could be distinguished based on the differ-
ence in the expected distribution of the signal over the
sky. The extragalactic flux should be isotropic, while the
Galactic flux should show anisotropy toward the Galactic
Plane, where most of the target material for the cosmic
ray interactions is found. Low statistics of the neutrino
signal and uncertainties in the modelling of the Galactic
neutrino flux prevented a sensible analysis which would
give definitive conclusions on the presence of the Galac-
tic and extragalactic contributions in the first three years
of IceCube data [7, 18]. The overall distribution of neu-
trino signal on the sky in the energy band above 30 TeV
is consistent with an isotropic distribution [3, 5], i.e. with
the extragalactic signal. However, at 30 TeV the IceCube
signal still has a significant contribution from the atmo-
spheric neutrino and muon background which could dilute
the weak anisotropy signal.

A more clean anisotropy analysis could be performed in
the energy band above 100 TeV, where the signal is almost
backgorund-free. The updated results of 4-year IceCube
exposure show 19 events in this energy band with only one
background [5, 26]. Fig. 1 shows the distribution of the
detected E > 100 TeV neutrino events in Galactic latitude.
One could notice two features in this distribution. First,
the low Galactic latitude bin |b| < blow = 10◦ contains a
large number of events (9 out of 19). Next, the bins at high

Figure 1: Galactic latitude profile of the E > 100 TeV IceCube
neutrino signal. Dark grey solid histogram shows the expected profile
of the isotropic neutrino signal. Dashed dark grey histogram shows
the Galactic component profile. Thick light grey solid histogram
shows the sum of the Galactic and extragalactic components.

Galactic latitude (above bhigh = 50◦) contain no events at
all.

To some extent, the lower number of counts in the bins
at high Galactic latitude could be attributed to the smaller
solid angle spanned by these bins. To verify if this would
provide a satisfactory explanation of the deficit of neu-
trino counts at high Galactic latitudes, we have performed
Monte-Carlo (MC) simulations of the expected sky distri-
bution of the neutrino signal. The MC simulation takes
into account of the declination dependence of the IceCube
effective area, derived from the information reported in
the Ref. [3]. This declination dependence leads to a differ-
ence in the effective exposure in different Galactic latitude
bins. The MC simulation generates the number of events
proportional to the exposure in each declination bin. The
events are randomly distributed in the Right Accention.
The MC events are then re-mapped in the Galactic coor-
dinates.

The Galactic latitude distribution of events expected
in the isotropic flux model found from MC simulations is
shown with the dark grey solid line histogram in Fig. 1.
If the isotropic flux is normalised on the total number of
events, the isotropic model predicts 4.6 events at |b| > 50◦.
The probability to find no events in this latitude range is
p|b|>50◦ = 5× 10−3.

The isotropic model is also inconsistent with the low
Galactic latitude data, which shows an excess over the
data. The tension between the model and the high Galac-
tic latitude / low Galactic latitude data could be char-
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Figure 6. Relative excess of pairs, [np(α)/⟨niso
p (α)⟩]− 1, as a function of the maximum angular

separation between the neutrino and UHECR pairs, for the analysis done with the track-like
events (a) and with the cascade events (b). The 1σ, 2σ and 3σ fluctuations expected from an
isotropic distribution of arrival directions of CRs are shown in red, blue and grey, respectively.

The post-trial p-value is 28%. For the analysis done using the high-energy cascades
(Figure 6b), the smallest pre-trial p-value is obtained at an angular distance of 22◦,
for which 575 pairs are observed while 490.3 were expected on average. The post-trial
p-value is 5.0 × 10−4 assuming an isotropic flux of CRs arriving at the Earth.

By looking at Figure 7 one can infer that most of the excess of pairs in this case is
due to the fact that there are several high-energy cascades in regions with large densities
of UHECRs, i.e., near the Super-Galactic plane and at the TA ‘hot spot’ [38], which is
a 20◦ radius region centered at the Galactic coordinates (ℓ, b) ≃ (177◦, 50◦)2.

We also perform some a posteriori tests of the cross-correlation results, considering
separately the data of Auger and TA. It was observed that both samples lead to a
minimum at 22◦, with the TA post-trial p-value being 9.3 × 10−4 and that of Auger
being 4.1 × 10−2. Thus, when considering the entire UHECR data set, this minimum
gets reinforced.

The results of the likelihood stacking method are summarized in Table 3. The
most significant deviation from the isotropic flux is found for the magnetic deflection
parameter D = 6◦ for the cascade sample. The observed pre-trial p-value is 2.7 × 10−4.
Due to this rather small value the post-trial p-value calculation based on generating
background-only samples and counting the fraction of those more significant than the
result is not feasible. We then conservatively apply a trial factor of 3 to account for the
3 values of the magnetic deflection parameter D used in the analysis3. The obtained
post-trial p-value is 8.0× 10−4.

2The presence of two cascade neutrino events near this hot spot was already pointed out in Ref. [16].
3This approach is conservative since when using generated background-only samples it was observed

that the significances obtained for D = 3◦, 6◦, and 9◦ are strongly correlated. When these simulations
were used to obtain trial factors for less significant pre-trial p-values we obtained trial factor values
smaller than 2.
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FIG. 2: Measurements of the isotropic di↵use �-ray flux in the TeV-PeV range by various experiments (see Table I). Left
panel: The black lines shows the �-ray flux corresponding to IceCube’s best fit assuming pp-interactions (K = 2) and an
exponential cuto↵ at 6 PeV (i.e. 3 PeV for neutrinos). We show the unattenuated flux and the flux from 8.5 kpc, 20 kpc
and 30 kpc, respectively, taking into account pair production via scattering o↵ CMB photons. For the conversion of photon
fractions into photon flux we use the CR flux of Ref. [8]. For comparison we also show the total neutrino flux as a thin gray
line. Right panel: Comparison to the Galactic �-ray emission of a generic DM decay scenario assuming a scalar X with mass
mX = 5 PeV and lifetime ⌧X = 7⇥ 1027 s. The solid, dashed and dotted black lines show the di↵use emission from the three
sky regions divided by the red dashed circles in Fig. 3. The solid gray line shows the total average neutrino flux, which also
accounts for the extragalactic contribution shown separately as a dashed gray line.

a zenith angle range of 30� would fully cover this �-ray
“blind spot”.

If the IceCube excess has a hadronuclear (pp) origin it
is even possible to constrain this scenario via the di↵use
isotropic gamma-ray background measured by Fermi-
LAT [57]. The secondary �-ray and neutrino spectra
from pp collisions follow the initial CR spectrum / E��

with � & 2. Hence, normalizing the neutrino spectrum
to the IceCube excess in the TeV-PeV range fixes the
spectra also in the sub-TeV range. In fact, the Galactic
pp origin of the IceCube excess can be consistent with the
preliminary Fermi data in the (0.1 � 1) TeV range [23]
only for hard CR power-law spectra, � & 2. This scenario
can be excluded via future constraints on � with contin-
ued neutrino observation in the sub-PeV range and by
limiting the contribution of candidate neutrino sources
to the isotropic gamma-ray background.

Another possible Galactic source of the IceCube excess
consists of very heavy dark matter (DM) in the Galac-
tic halo, which decay or annihilate into Standard Model
particles [e.g., 58, and references therein]. Depending
on the particular model, their particle properties can be
probed by neutrino and �-ray observations. The emis-
sion will be very extended and can be compared to the
limits on the isotropic di↵use �-ray emission. In Fig. 3 we
indicate the Galactic Center region containing 25% and
50% of the local DM decay from the Galactic halo. The
two-body decay of the DM particle may produce PeV

neutrino line features with some continua [27–29]. For
instance, PeV DM gravitinos in R-parity violating su-
persymmetric models would decay into neutrinos and/or
photons. Note that this would also result in high-energy
�-rays that may include a PeV �-ray line feature [59].

In the following we will discuss a simple DM scenario
consisting of a scalar particle X with mass m

X

= 5 PeV
and lifetime ⌧ = 7 ⇥ 1027 s that decays into two Stan-
dard Model Higgs h [29]. This scenario produces a flat
secondary flux of neutrinos with E

⌫

< m
X

/2 that can
resemble the spectral features of the IceCube excess. We
determine the energy distributions Q

⌫

(E
⌫

) and Q
�

(E
�

)
of secondary neutrinos and �-rays, respectively, via the
Monte Carlo code PYTHIA [60]. The 4⇡-averaged di↵use
Galactic emission can then be calculated as

Jgal
⌫/�

(E) =
Q

⌫/�

(E)

8⇡m
X

⌧
X

1Z

0

ds

1Z

�1

dc
↵

⇢(r(s, c
↵

)) , (4)

where ⇢(r) is the spherical mass density of the Galactic
DM halo at radius r, which can be parametrized by the
line-of-sight distance s and angular distance ↵ towards
the GC as r2(s, cos↵) = s2 + R2

� � 2sR� cos↵. We use
the Einasto profile [61] ⇢(r) / exp[�(2/�)(r/20kpc)� ]
with � = 0.17 and normalization ⇢(R�) = 0.4GeV/cm3.

For the correct normalization of the neutrino emission
it is also necessary to include extragalactic contributions

Search for correlation with CR sources 
small (non-significant) excess at  22º, comparable to angular resolution

M. G. Aartsen et al. [IC/PAO/TA Col.], JCAP 1601:037, 2016

Multimessenger approach: 
Isotropy? Galactic vs Extragalactic
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changes around (0.01..0.1)Eτ [14]. Below this energy it
follows original proton spectrum, which has power law in-
dex 2.1 − 2.2 for usual Fermi acceleration models, while
at higher energies diffusion of protons from the source
through the turbulent magnetic field with Kolmogorov tur-
bulence spectrum is expected to soften the spectrum to
2.5 [23].

The possibility of non-negligible Galactic contribution
is indicated by the consistency of the all-sky γ-ray and neu-
trino spectra, which follow the same powerlaw over some
five decades in energy (from 10 GeV up to PeV) [7]. The
γ-ray all-sky spectrum is dominated by the Galactic con-
tribution, so that it is natural to expect that the Galactic
component is also present in the neutrino flux. The analy-
sis of Ref. [3] has searched for the correlation of the arrival
directions of neutrinos with energies above 30 TeV in the
three-year data set of IceCube. This analysis has found
that the best correlation is at the level of ≃ 2.5σ pre-trial
in the angle ±7.5◦ around the Galactic Plane and at the
≃ 2.2σ level (2.8% chance coincidence probability) after
the trial factor is taken into account.

Below we demonstrate that the neutrino four-year Ice-
Cube signal in the energy band above 100 TeV [3, 26],
which is free from the residual atmospheric neutrino and
muon background [3], shows an evidence for the Galactic
component.

2. Anisotropy properties of neutrino signal

The Galactic and extragalactic contributions to the
neutrino flux could be distinguished based on the differ-
ence in the expected distribution of the signal over the
sky. The extragalactic flux should be isotropic, while the
Galactic flux should show anisotropy toward the Galactic
Plane, where most of the target material for the cosmic
ray interactions is found. Low statistics of the neutrino
signal and uncertainties in the modelling of the Galactic
neutrino flux prevented a sensible analysis which would
give definitive conclusions on the presence of the Galac-
tic and extragalactic contributions in the first three years
of IceCube data [7, 18]. The overall distribution of neu-
trino signal on the sky in the energy band above 30 TeV
is consistent with an isotropic distribution [3, 5], i.e. with
the extragalactic signal. However, at 30 TeV the IceCube
signal still has a significant contribution from the atmo-
spheric neutrino and muon background which could dilute
the weak anisotropy signal.

A more clean anisotropy analysis could be performed in
the energy band above 100 TeV, where the signal is almost
backgorund-free. The updated results of 4-year IceCube
exposure show 19 events in this energy band with only one
background [5, 26]. Fig. 1 shows the distribution of the
detected E > 100 TeV neutrino events in Galactic latitude.
One could notice two features in this distribution. First,
the low Galactic latitude bin |b| < blow = 10◦ contains a
large number of events (9 out of 19). Next, the bins at high

Figure 1: Galactic latitude profile of the E > 100 TeV IceCube
neutrino signal. Dark grey solid histogram shows the expected profile
of the isotropic neutrino signal. Dashed dark grey histogram shows
the Galactic component profile. Thick light grey solid histogram
shows the sum of the Galactic and extragalactic components.

Galactic latitude (above bhigh = 50◦) contain no events at
all.

To some extent, the lower number of counts in the bins
at high Galactic latitude could be attributed to the smaller
solid angle spanned by these bins. To verify if this would
provide a satisfactory explanation of the deficit of neu-
trino counts at high Galactic latitudes, we have performed
Monte-Carlo (MC) simulations of the expected sky distri-
bution of the neutrino signal. The MC simulation takes
into account of the declination dependence of the IceCube
effective area, derived from the information reported in
the Ref. [3]. This declination dependence leads to a differ-
ence in the effective exposure in different Galactic latitude
bins. The MC simulation generates the number of events
proportional to the exposure in each declination bin. The
events are randomly distributed in the Right Accention.
The MC events are then re-mapped in the Galactic coor-
dinates.

The Galactic latitude distribution of events expected
in the isotropic flux model found from MC simulations is
shown with the dark grey solid line histogram in Fig. 1.
If the isotropic flux is normalised on the total number of
events, the isotropic model predicts 4.6 events at |b| > 50◦.
The probability to find no events in this latitude range is
p|b|>50◦ = 5× 10−3.

The isotropic model is also inconsistent with the low
Galactic latitude data, which shows an excess over the
data. The tension between the model and the high Galac-
tic latitude / low Galactic latitude data could be char-
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Figure 6. Relative excess of pairs, [np(α)/⟨niso
p (α)⟩]− 1, as a function of the maximum angular

separation between the neutrino and UHECR pairs, for the analysis done with the track-like
events (a) and with the cascade events (b). The 1σ, 2σ and 3σ fluctuations expected from an
isotropic distribution of arrival directions of CRs are shown in red, blue and grey, respectively.

The post-trial p-value is 28%. For the analysis done using the high-energy cascades
(Figure 6b), the smallest pre-trial p-value is obtained at an angular distance of 22◦,
for which 575 pairs are observed while 490.3 were expected on average. The post-trial
p-value is 5.0 × 10−4 assuming an isotropic flux of CRs arriving at the Earth.

By looking at Figure 7 one can infer that most of the excess of pairs in this case is
due to the fact that there are several high-energy cascades in regions with large densities
of UHECRs, i.e., near the Super-Galactic plane and at the TA ‘hot spot’ [38], which is
a 20◦ radius region centered at the Galactic coordinates (ℓ, b) ≃ (177◦, 50◦)2.

We also perform some a posteriori tests of the cross-correlation results, considering
separately the data of Auger and TA. It was observed that both samples lead to a
minimum at 22◦, with the TA post-trial p-value being 9.3 × 10−4 and that of Auger
being 4.1 × 10−2. Thus, when considering the entire UHECR data set, this minimum
gets reinforced.

The results of the likelihood stacking method are summarized in Table 3. The
most significant deviation from the isotropic flux is found for the magnetic deflection
parameter D = 6◦ for the cascade sample. The observed pre-trial p-value is 2.7 × 10−4.
Due to this rather small value the post-trial p-value calculation based on generating
background-only samples and counting the fraction of those more significant than the
result is not feasible. We then conservatively apply a trial factor of 3 to account for the
3 values of the magnetic deflection parameter D used in the analysis3. The obtained
post-trial p-value is 8.0× 10−4.

2The presence of two cascade neutrino events near this hot spot was already pointed out in Ref. [16].
3This approach is conservative since when using generated background-only samples it was observed

that the significances obtained for D = 3◦, 6◦, and 9◦ are strongly correlated. When these simulations
were used to obtain trial factors for less significant pre-trial p-values we obtained trial factor values
smaller than 2.
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FIG. 2: Measurements of the isotropic di↵use �-ray flux in the TeV-PeV range by various experiments (see Table I). Left
panel: The black lines shows the �-ray flux corresponding to IceCube’s best fit assuming pp-interactions (K = 2) and an
exponential cuto↵ at 6 PeV (i.e. 3 PeV for neutrinos). We show the unattenuated flux and the flux from 8.5 kpc, 20 kpc
and 30 kpc, respectively, taking into account pair production via scattering o↵ CMB photons. For the conversion of photon
fractions into photon flux we use the CR flux of Ref. [8]. For comparison we also show the total neutrino flux as a thin gray
line. Right panel: Comparison to the Galactic �-ray emission of a generic DM decay scenario assuming a scalar X with mass
mX = 5 PeV and lifetime ⌧X = 7⇥ 1027 s. The solid, dashed and dotted black lines show the di↵use emission from the three
sky regions divided by the red dashed circles in Fig. 3. The solid gray line shows the total average neutrino flux, which also
accounts for the extragalactic contribution shown separately as a dashed gray line.

a zenith angle range of 30� would fully cover this �-ray
“blind spot”.

If the IceCube excess has a hadronuclear (pp) origin it
is even possible to constrain this scenario via the di↵use
isotropic gamma-ray background measured by Fermi-
LAT [57]. The secondary �-ray and neutrino spectra
from pp collisions follow the initial CR spectrum / E��

with � & 2. Hence, normalizing the neutrino spectrum
to the IceCube excess in the TeV-PeV range fixes the
spectra also in the sub-TeV range. In fact, the Galactic
pp origin of the IceCube excess can be consistent with the
preliminary Fermi data in the (0.1 � 1) TeV range [23]
only for hard CR power-law spectra, � & 2. This scenario
can be excluded via future constraints on � with contin-
ued neutrino observation in the sub-PeV range and by
limiting the contribution of candidate neutrino sources
to the isotropic gamma-ray background.

Another possible Galactic source of the IceCube excess
consists of very heavy dark matter (DM) in the Galac-
tic halo, which decay or annihilate into Standard Model
particles [e.g., 58, and references therein]. Depending
on the particular model, their particle properties can be
probed by neutrino and �-ray observations. The emis-
sion will be very extended and can be compared to the
limits on the isotropic di↵use �-ray emission. In Fig. 3 we
indicate the Galactic Center region containing 25% and
50% of the local DM decay from the Galactic halo. The
two-body decay of the DM particle may produce PeV

neutrino line features with some continua [27–29]. For
instance, PeV DM gravitinos in R-parity violating su-
persymmetric models would decay into neutrinos and/or
photons. Note that this would also result in high-energy
�-rays that may include a PeV �-ray line feature [59].

In the following we will discuss a simple DM scenario
consisting of a scalar particle X with mass m

X

= 5 PeV
and lifetime ⌧ = 7 ⇥ 1027 s that decays into two Stan-
dard Model Higgs h [29]. This scenario produces a flat
secondary flux of neutrinos with E

⌫

< m
X

/2 that can
resemble the spectral features of the IceCube excess. We
determine the energy distributions Q

⌫

(E
⌫

) and Q
�

(E
�

)
of secondary neutrinos and �-rays, respectively, via the
Monte Carlo code PYTHIA [60]. The 4⇡-averaged di↵use
Galactic emission can then be calculated as

Jgal
⌫/�

(E) =
Q

⌫/�

(E)

8⇡m
X

⌧
X

1Z

0

ds

1Z

�1

dc
↵

⇢(r(s, c
↵

)) , (4)

where ⇢(r) is the spherical mass density of the Galactic
DM halo at radius r, which can be parametrized by the
line-of-sight distance s and angular distance ↵ towards
the GC as r2(s, cos↵) = s2 + R2

� � 2sR� cos↵. We use
the Einasto profile [61] ⇢(r) / exp[�(2/�)(r/20kpc)� ]
with � = 0.17 and normalization ⇢(R�) = 0.4GeV/cm3.

For the correct normalization of the neutrino emission
it is also necessary to include extragalactic contributions

Search for correlation with CR sources 
small (non-significant) excess at  22º, comparable to angular resolution

M. G. Aartsen et al. [IC/PAO/TA Col.], JCAP 1601:037, 2016

No correlations with 
VERITAS sources 
M. Santander et al. 
[IceCube/VERITAS 
Collaborations],  
arXiv:1509.00517

Multimessenger approach: 
Isotropy? Galactic vs Extragalactic



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos on the Earth and from the Sky

What about the flavor composition?



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos on the Earth and from the Sky

It carries information about the
mechanism of production...

What about the flavor composition?



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos on the Earth and from the Sky

It carries information about the
mechanism of production...

Exotic physics could produce deviations
from the standard expectations

...but also about the way neutrinos
propagate from the sources to the detector

What about the flavor composition?

(next lecture)
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Neutrino
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Muon sources νe :νµ :ντ( )S = 1:1: 0( )⇒ νe :νµ :ντ( )⊕ = 14:11:11( )
           

Neutron sources νe :νµ :ντ( )S = 1: 0 : 0( )⇒ νe :νµ :ντ( )⊕ = 5 : 2 : 2( )
           n→p+e- +νe

π± → µ± +νµ(νµ)

e± +νe(νe) +νµ(νµ)
✖

π± → µ± +νµ(νµ)

e± +νe(νe) +νµ(νµ)

✖

Muon damped  
sources

νe :νµ :ντ( )S = 0 :1: 0( )⇒ νe :νµ :ντ( )⊕ = 4: 7 : 7( )
           

What is the compatibility of the observed
number of tracks and showers with

different neutrino flavor ratios
(assuming isotropy of the sources)?
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SPR, A. C. Vincent and O. Mena, Phys. Rev. D91:103008, 2015

Flavor ratios with 
averaged oscillations

Cut at E<60 TeV
Edep = 60 TeV, 3 PeV⎡⎣ ⎤⎦3-year data
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Flavor ratios with 
averaged oscillations

Including higher energies
3-year data
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Effect of the Glashow resonance
νe+ e−→ W −

ER = MW
2 / 2me ≈ 6.3 PeV

Edep = 60 TeV, 10 PeV⎡⎣ ⎤⎦

SPR, A. C. Vincent and O. Mena, Phys. Rev. D91:103008, 2015

Including higher energies
3-year data

Not enough tracks  
→ no muon neutrinos 

No GR events  
→ no electron neutrinos 
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Unit break at 1 PeV
Edep = 60 TeV, 10 PeV⎡⎣ ⎤⎦
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Unit break at 1 PeV
Edep = 60 TeV, 10 PeV⎡⎣ ⎤⎦
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Edep = 60 TeV, 10 PeV⎡⎣ ⎤⎦
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IceCube analysis

M. G. Aartsen et al.[Icecube Collaboration],  
Phys. Rev. Lett. 114:171102, 2015

SPR, A. C. Vincent and O. Mena, 
Phys. Rev. D91:103008, 2015

Edep = 60 TeV, 10 PeV⎡⎣ ⎤⎦
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Newer IceCube analysis!

M. G. Aartsen et al.[Icecube Collaboration],  
Astrophys. J. 809:98, 2015

SPR, A. C. Vincent and O. Mena, 
Phys. Rev. D91:103008, 2015
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Figure 5. Best-fit neutrino spectra for the single power law model
(all flavors combined). The blue and red shaded areas correspond
to 68% C.L. allowed regions for the conventional atmospheric and
astrophysical neutrino flux, respectively. The prompt atmospheric
flux is fitted to zero, we show the 90% C.L. upper limit on this
component instead (green line).

Figure 6. Best-fit astrophysical neutrino spectra (all flavors com-
bined). The red shaded area corresponds to the 68% C.L. allowed
region for the single power law model (cf. Figure 5). The black
data points show the result of the di↵erential model; the horizontal
bars denote the bin width, the vertical error bars denote 68% C.L.
intervals.

Figure 7. Electron neutrino fraction measured at Earth in the 2-
flavor model. The black point denotes the best-fit value, the filled
bands show the 68% (green) and 90% (red) C.L. intervals. The
dashed lines mark electron neutrino fractions expected for di↵erent
flavor compositions at the source, assuming tribimaximal neutrino
mixing angles.

Figure 8. Profile likelihood scan of the flavor composition
at Earth. Each point in the triangle corresponds to a ratio
⌫e : ⌫µ : ⌫⌧ as measured on Earth, the individual contribu-
tions are read o↵ the three sides of the triangle. The best-fit
composition is marked with “⇥”, 68% and 95% confidence
regions are indicated. The ratios corresponding to three flavor
composition scenarios at the sources of the neutrinos, computed
using the oscillation parameters in Gonzalez-Garcia et al. (2014,
inverted hierarchy), are marked by the square (0 : 1 : 0),
circle (1 : 2 : 0), and triangle (1 : 0 : 0), respectively. The
best-fit composition obtained in an earlier IceCube analysis of
the flavor composition (Aartsen et al. 2015c) is marked with a “+”.

Ruiz et al. (2015) (based on event sample H1, presented
in Aartsen et al. 2014e), and by Palladino et al. (2015),
Pagliaroli et al. (2015), and Aartsen et al. (2015c) (based
on event samples that were extended with respect to H1,
respectively). With respect to these measurements, the
constraints presented here are significantly improved; we
attribute this to the fact that the combined event sam-
ple analyzed here contains a significant number of shower
events as well as track events. Though the best-fit flavor
composition obtained in Aartsen et al. (2015c) (white
“+” in Figure 8) lies outside the 95% C.L. region, the
68% C.L. region obtained here is completely contained
within that obtained in the previous work, demonstrat-
ing the compatibility of the two results. Because neither
analysis was designed to identify tau neutrinos, a degen-
eracy with respect to the ⌫⌧ -fraction is observed in both,
the slight preference towards a smaller ⌫⌧ -contribution
found here is likely connected to the slight di↵erences in
the energy distributions of the three neutrino flavors. In
future, the identification of tau neutrinos will enable us
to place stronger constraints on the flavor composition
of the astrophysical neutrino flux.

We acknowledge the support from the following agen-
cies: U.S. National Science Foundation-O�ce of Polar
Programs, U.S. National Science Foundation-Physics Di-
vision, University of Wisconsin Alumni Research Foun-
dation, the Grid Laboratory Of Wisconsin (GLOW) grid
infrastructure at the University of Wisconsin - Madi-
son, the Open Science Grid (OSG) grid infrastructure;
U.S. Department of Energy, and National Energy Re-
search Scientific Computing Center, the Louisiana Opti-
cal Network Initiative (LONI) grid computing resources;
Natural Sciences and Engineering Research Council

dφ
dEν BF

∝Eν
−2.50±0.09

Edep = 60 TeV, 10 PeV⎡⎣ ⎤⎦



Sergio Palomares-RuizSergio Palomares-Ruiz
Sergio Palomares-Ruiz Neutrinos on the Earth and from the Sky

30% track misID and deposited energies up to 10 PeV

 

  1
   0

 0.1

 0.2

0.9

 0.3

 0.4

0.8

α
µ
,⊕

 0.5

 0.6

0.7

 0.7

 0.8

0.6

 0.9

   1

0.5

αe,⊕

  0

0.1

0.4

0.2

0.3

0.3

0.4

α
τ
,⊕

0.5

0.2

0.6

0.7

0.1

0.8

0.9

  0
   1

C
.L

.
E
x
c
lu
s
io
n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1dφ
dEν BF

∝Eν
−2.49−0.30

+0.35

dφ
dEν BF

∝Eν
−2.60±0.15

Newer IceCube analysis!

M. G. Aartsen et al.[Icecube Collaboration],  
Astrophys. J. 809:98, 2015
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Figure 5. Best-fit neutrino spectra for the single power law model
(all flavors combined). The blue and red shaded areas correspond
to 68% C.L. allowed regions for the conventional atmospheric and
astrophysical neutrino flux, respectively. The prompt atmospheric
flux is fitted to zero, we show the 90% C.L. upper limit on this
component instead (green line).

Figure 6. Best-fit astrophysical neutrino spectra (all flavors com-
bined). The red shaded area corresponds to the 68% C.L. allowed
region for the single power law model (cf. Figure 5). The black
data points show the result of the di↵erential model; the horizontal
bars denote the bin width, the vertical error bars denote 68% C.L.
intervals.

Figure 7. Electron neutrino fraction measured at Earth in the 2-
flavor model. The black point denotes the best-fit value, the filled
bands show the 68% (green) and 90% (red) C.L. intervals. The
dashed lines mark electron neutrino fractions expected for di↵erent
flavor compositions at the source, assuming tribimaximal neutrino
mixing angles.

Figure 8. Profile likelihood scan of the flavor composition
at Earth. Each point in the triangle corresponds to a ratio
⌫e : ⌫µ : ⌫⌧ as measured on Earth, the individual contribu-
tions are read o↵ the three sides of the triangle. The best-fit
composition is marked with “⇥”, 68% and 95% confidence
regions are indicated. The ratios corresponding to three flavor
composition scenarios at the sources of the neutrinos, computed
using the oscillation parameters in Gonzalez-Garcia et al. (2014,
inverted hierarchy), are marked by the square (0 : 1 : 0),
circle (1 : 2 : 0), and triangle (1 : 0 : 0), respectively. The
best-fit composition obtained in an earlier IceCube analysis of
the flavor composition (Aartsen et al. 2015c) is marked with a “+”.

Ruiz et al. (2015) (based on event sample H1, presented
in Aartsen et al. 2014e), and by Palladino et al. (2015),
Pagliaroli et al. (2015), and Aartsen et al. (2015c) (based
on event samples that were extended with respect to H1,
respectively). With respect to these measurements, the
constraints presented here are significantly improved; we
attribute this to the fact that the combined event sam-
ple analyzed here contains a significant number of shower
events as well as track events. Though the best-fit flavor
composition obtained in Aartsen et al. (2015c) (white
“+” in Figure 8) lies outside the 95% C.L. region, the
68% C.L. region obtained here is completely contained
within that obtained in the previous work, demonstrat-
ing the compatibility of the two results. Because neither
analysis was designed to identify tau neutrinos, a degen-
eracy with respect to the ⌫⌧ -fraction is observed in both,
the slight preference towards a smaller ⌫⌧ -contribution
found here is likely connected to the slight di↵erences in
the energy distributions of the three neutrino flavors. In
future, the identification of tau neutrinos will enable us
to place stronger constraints on the flavor composition
of the astrophysical neutrino flux.

We acknowledge the support from the following agen-
cies: U.S. National Science Foundation-O�ce of Polar
Programs, U.S. National Science Foundation-Physics Di-
vision, University of Wisconsin Alumni Research Foun-
dation, the Grid Laboratory Of Wisconsin (GLOW) grid
infrastructure at the University of Wisconsin - Madi-
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Differences between the IceCube analysis and  
O. Mena, SPR and A. C. Vincent (PRL113:091103, 2014) are mainly due to  

extending the deposited energy range to cover the Glashow resonance (+ track misID)
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M. G. Aartsen et al. [IceCube Collaboration], Science 342: 1242856, 2013

From May 2010 to May 2014: 

15 tracks + 39 showers  
between 20 TeV and 2 PeV (deposited energy)

M. G. Aartsen et al. [IceCube Collaboration], Phys. Rev. Lett. 113:101101, 2014
Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

Figure 7: Arrival directions of the events in galactic coordinates. Shower-like events are marked with +
and those containing tracks with ⇥. Colors show the test statistics (TS) for the point-source clustering test
at each location. No significant clustering was found.

6. Future Plans

Other searches in IceCube have managed to reduce the energy threshold for a selection of start-
ing events even further in order to be better able to describe the observed flux and its properties [5],
but at this time they have only been applied to the first two years of data used for this study. We will
continue these lower-threshold searches and will extend them to the full set of data collected by
IceCube. Because of its simplicity and its robustness with respect to systematics when compared
to more detailed searches, the search presented here is well suited towards triggering and providing
input for follow-up observations by other experiments. In the future, we thus plan to continue this
analysis in a more automated manner in order to update the current results with more statistics and
to produce alerts as an input for multi-messenger efforts.
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16+6 bkg

17 new events  
6 tracks / 11 showers 

54 events above 20 TeV
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IceCube Preliminary

Figure 2: Distribution of deposited PMT charges of the events. Atmospheric muon backgrounds (estimated
from data) are shown in red. Due to the incoming track veto, these backgrounds fall much faster than the
overall background at trigger level (black line). The data events in the unshaded region at charges greater
than 6000 p.e. are the events reported in this work. Atmospheric neutrino backgrounds are shown in blue
with 1s uncertainties on the prediction shown as a hatched band. For scale, the 90% CL upper bound on the
charm component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spectra
(assuming an unbroken power-law model) are shown in gray. The dashed line shows a fixed-index spectrum
of E�2, whereas the solid line shows a spectrum with a best-fit spectral index.

IceCube Preliminary

Figure 3: Deposited energies of the observed events with predictions. Colors as in Fig. 2.
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C. Kopper et al.[Icecube Collaboration], arXiv:1510.05223 (ICRC 2015)

Best-fit: E-2.58  
Not a good fit for an E-2 spectrum

Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

(re-fit with priors on prompt)

IceCube Preliminary

Figure 5: Contour plot of the best-fit astrophysical spectral index gastro vs. best-fit normalization at
100TeV, Fastro. Shown are the fit of three years of data, re-fit with a prior on the charm component
in yellow (“HESE-3year”). The best-fit point is marked with a yellow star. The previous fit as shown
in [3] is marked with a black “⇥” (this fit used an unconstrained charm component). The fit of all four
years of data using the same method is shown in purple (“HESE-4year”) with a best-fit spectral index
of E�2.58±0.25, compatible with the 3-year result (although, note that the data used for the 3-year re-
sult is a subset of the 4-year result and thus the two are not independent.) The best-fit power law is
E2

f(E) = 2.2±0.7⇥10�8(E/100TeV)�0.58GeVcm�2s�1sr�1.

IceCube Preliminary

Figure 6: Astrophysical neutrino flux (combined neutrino and anti-neutrino) as a function of energy ex-
tracted from a combined likelihood fit of all background components and several pieces of E�2 components
in neutrino energy. Error bars indicate the 2DL =±1 contours of the flux in each energy bin. An increase
in the charm atmospheric background to the level of the 90% CL limit from the northern hemisphere n

µ

spectrum [4] would reduce the inferred astrophysical flux at low energies to the level shown for comparison
in light gray.
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Reject a purely 
atmospheric origin at 6.5σ

Quite a soft spectrum! 
assuming (1:1:1)

dΦ
dEν

= φ Eν

100 TeV
⎛
⎝⎜

⎞
⎠⎟
-γ4-year data
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FIG. 1. Isotropic single power-law model: spectral shape. Profile likelihood contours in the astrophysical neutrino
� � � plane, at 68% C.L. (dark colors) and 95% C.L. (light colors). Filled orange contours (closed purple curves) represent
the EM-equivalent deposited energy interval of [10 TeV � 10 PeV] ([60 TeV � 10 PeV]). Our best fits (stars) and the
preliminary IceCube best fit for (1 : 1 : 1)� in the EM-equivalent deposited energy interval [60 TeV � 3 PeV] [4] (square),
E2

⌫ d�/dE⌫ = 6.6 ⇥ 10�8 (E⌫/100TeV)�0.58 GeV�1 cm�2 s�1 sr�1, are also indicated. Left panel : without including a prompt
atmospheric neutrino component (6P analysis). Right panel: including a prompt atmospheric neutrino component (7P analysis).

‘h’ respectively refer to the soft and hard components. In this case, “8P+2pow”, the set of free parameters is
{↵e,s,↵e,h, �s, �h, Na,s, Na,h, Nµ, N⌫}. Finally, we also perform a fit allowing the astrophysical fluxes from the northern
and southern hemispheres to be independent of each other. In this case, there is no sum over � in the denominator
of the PDF’s defined in Eq. (6), but H 0 = N or S. Likewise, we set ↵µ,N = ↵⌧,N (for the northern, and equivalently
for the southern hemisphere, ↵µ,S = ↵⌧,S), so that we have 8 free parameters {↵e,N,↵e,S, �N, �S, Na,N, Na,S, Nµ, N⌫},
and we refer to this fit as “8P+NS”.

III. SINGLE POWER-LAW ANALYSIS

In this section we consider an astrophysical neutrino flux with an isotropic unbroken power-law spectrum. First,
we study the case of identical neutrino and antineutrino fluxes. In Sec. III B, we allow them to have di↵erent
normalizations and flavor compositions, but with the same spectral shape. Lacking statistically significant evidence
of clustering or correlations, the assumption of isotropy of the astrophysical neutrino flux is justified. An all-sky
clustering test yields p-value = 0.58 and a test of a possible correlation with the galactic plane, allowing its width to
vary, yields p-value = 0.025 (p-value=0.07 if the width is fixed to 2.5�) [4]. The results of this section are summarized
in Tabs. I and II.

A. Isotropic power-law model

In order to compare with previous results obtained with the 3-year data sample and with the preliminary 4-year
analysis of the IceCube collaboration, we first consider the simplest case, i.e., an isotropic single power-law flux,
which is defined by its flavor composition, normalization and spectral index, and we assume the same properties for
neutrinos and antineutrinos. As described above, we perform a 7P fit with {↵e,↵µ, �, Na, Nµ, N⌫ , Np} as the set of
free parameters, and a 6P fit, which is identical to 7P but fixing Np = 0. The results of this section are summarized
in Tab. I, where we also show the results of the 4P (same as 6P, but fixing the flavor ratio to (1 : 1 : 1)�) and 5P
(same as 6P, but setting ↵µ = ↵⌧ ) fits.

In Fig. 1, we show our results of the 6P (left panel) and 7P (right panel) fits, considering the data in the two di↵erent
EM-equivalent deposited energy intervals, [10 TeV � 10 PeV] (filled orange contours) and [60 TeV � 10 PeV] (closed
purple curves). The 68% C.L. (dark colors) and 95% C.L. (light colors) contours in the � � � plane are depicted

without prompts with prompts

IC best fit 
[60 TeV - 3 PeV] 

(1:1:1)

Softer spectrum than the 3-year result 
Tension with through-going muon 6-year data

M. G. Aartsen et al. [IceCube Col.], Astrophys. J. 833:3, 2016

10 M. G. AARTSEN ET AL.

Figure 5. Best-fit neutrino spectra for the unbroken power-law
model. The line widths (blue, red) represent the one sigma error
on the measured spectrum where the green line represents the up-
per limit on the prompt model (Enberg et al. 2008). The horizon-
tal width of the red band denotes the energy range of neutrino en-
ergies which contribute 90% to the total likelihood ratio between
the best-fit and the conventional atmospheric-only hypothesis. The
black crosses show the unfolded spectrum published in Kopper et al.
(2015).

4.2. Astrophysical flux
The best-fit for the unbroken power-law model of the as-

trophysical flux results in

�⌫+⌫ =
�
0.90+0.30

�0.27

�
· (E⌫/100 TeV)�(2.13±0.13) (4)

in units of 10�18 GeV�1 cm�2 sr�1 s�1. The statistical sig-
nificance of this flux with respect to the atmospheric-only hy-
pothesis is 5.6 standard deviations. The fit results are shown
in Fig. 5 and summarized in Tab. 3. The quoted errors are
based on the profile likelihood using Wilks’ theorem (Wilks
1938) and include both statistical and systematic uncertain-
ties. No contribution from prompt atmospheric neutrinos is
preferred by the best-fit spectrum and an upper limit, based
on the profile likelihood is shown in Fig. 5. For more infor-
mation about the upper limit for prompt atmospheric neutri-
nos see Sec. 6.

Table 3. Best-fit parameter values for
the unbroken power-law model. �

astro

is the normalization of the astrophysical
neutrino flux at 100 TeV and is given
in units of 10�18 GeV�1 s�1 sr�1 cm�2.
�

prompt

is given in units of the model in
Enberg et al. (2008). The normalizations
correspond to the sum of neutrinos and
antineutrinos.

Parameter Best-Fit 68% C.L.

�
astro

0.90 0.62 � 1.20

�
astro

2.13 2.00 � 2.26

�
prompt

0.00 0.00 � 0.19
Figure 6. Two-dimensional profile likelihood scans of the astrophys-
ical parameter �

astro

, �
astro

and the prompt normalization �
prompt

in units of the model in Enberg et al. (2008). The contours at 68%,
90% and 95% CL assuming Wilks’ theorem are shown.

free flavor ratios

Single power-law spectrum
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FIG. 2. Isotropic single power-law model: flavor composition. Ternary plots of the profile likelihood exclusions of the
astrophysical neutrino flavor composition of the high-energy events detected at IceCube after 1347 days, setting the number of
prompt atmospheric neutrino events to zero (6P analysis). The black (cyan) lines represent the 68% (95%) C.L. allowed regions.
We also show the allowed space assuming averaged oscillations during propagation from the sources and taking into account
uncertainties at 95% C.L. of the neutrino mixing angles [203], for normal hierarchy (white contour) and inverted hierarchy
(blue contour). The canonical flavor composition at Earth, (1 : 1 : 1)� is also indicated (white star). Left panel : using the
53 events in the EM-equivalent deposited energy range [10 TeV � 10 PeV]. Best fit (white circle) at (0.03 : 0.37 : 0.60)�.
Right panel : using the 32 events in the EM-equivalent deposited energy range [60 TeV � 10 PeV]. Best fit (white circle) at
(0.00 : 0.40 : 0.60)�.

A. Isotropic power-law model

In order to compare with previous results obtained with the 3-year data sample and with the preliminary 4-year
analysis of the IceCube collaboration, we first consider the simplest case, i.e., an isotropic single power-law flux,
which is defined by its flavor composition, normalization and spectral index, and we assume the same properties for
neutrinos and antineutrinos. As described above, we perform a 7P fit with {↵e,�,↵µ,�, �, Na, Nµ, N⌫ , Np} as the set
of free parameters, and a 6P fit, which is identical to 7P but fixing Np = 0. The results of this section are summarized
in Tab. I, where we also show the results of the 4P (same as 6P, but fixing the flavor ratio to (1 : 1 : 1)�) and 5P
(same as 6P, but setting ↵µ,� = ↵⌧,�) fits.

In Fig. 1, we show our results of the 6P (left panel) and 7P (right panel) fits, considering the data in the two di↵erent
EM-equivalent deposited energy intervals, [10 TeV � 10 PeV] (filled orange contours) and [60 TeV � 10 PeV] (closed
purple curves). The 68% C.L. (dark colors) and 95% C.L. (light colors) contours in the � � � plane are depicted
and we also indicate the best fits (stars). For both 6P and 7P fits, the two C.L. regions are very similar, regardless
the energy interval, although they are slightly larger for [60 TeV � 10 PeV], due to the reduced statistics. For the
case where the number of events from prompt atmospheric neutrinos is set to zero, 6P fits (left panel), the best fits
(bf) agree with each other. For [10 TeV � 10 PeV], we get �

bf

= 2.84+0.25
�0.27 and �

bf

= 11.1+3.7
�4.8 and for [60 TeV �

10 PeV], we get �
bf

= 2.77+0.31
�0.42 and �

bf

= 10.3+7.1
�6.3, where �bf

is given in the usual units, 10�18 GeV�1 cm�2 s�1 sr�1.
However, when a prompt atmospheric neutrino contribution is also included (7P), the best fit for the spectral index
and the flux normalization is slightly larger for the [10 TeV � 10 PeV] data set, yet within the 68% C.L. regions. Note
that these results point to a softer astrophysical spectrum than the 2-year and 3-year best fits [2, 3, 7, 11, 16]. They
also point to a slightly softer spectrum than the preliminary results presented by the IceCube collaboration using the
4-year data, �

IC

= 2.58± 0.25 [4], although they are compatible within 1� C.L. However, notice that the preliminary
IceCube fit included all events in [60 TeV � 3 PeV], but not the information from the lack of events above 3 PeV. As
explained in Ref. [7], the absence of events near the Glashow resonance [205] (E⌫ ⇠ 6.3 PeV) has implications on the
best fit for the flavor composition and the spectral index, either pointing to a suppressed ⌫̄e flux or to a softening of

 Pu
re ν e Pure ντ

Flavor composition
Edep = 60 TeV, 10 PeV⎡⎣ ⎤⎦



Sergio Palomares-RuizSergio Palomares-Ruiz
Sergio Palomares-Ruiz Neutrinos on the Earth and from the Sky

 

  1
   0

 0.1

 0.2

0.9

 0.3

 0.4

0.8

α
µ
,⊕

 0.5

 0.6

0.7

 0.7

 0.8

0.6

 0.9

   1

0.5

αe,⊕

  0

0.1

0.4

0.2

0.3

0.3

0.4
α
τ
,⊕

0.5

0.2

0.6

0.7

0.1

0.8

0.9

  0
   1

C
.L

.
E
x
c
lu
s
io
n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

8

   0  1

 0.1

 0.2

0.9

 0.3

,
7
;)

 0.4

0.8

 0.5

 0.6

0.7

 0.7

 0.8

0.6

 0.9

,e;)

   1

0.5

  0

0.1

0.4

0.2

0.3

0.3

0.4,
=;
)

0.5

0.2

0.6

0.7

0.1

0.8

0.9

  0  1

%
C
L

E
x
cl
u
si
o
n

0

10

20

30

40

50

60

70

80

90

100

   0

 0.1

  1

 0.2

0.9

 0.3

,
7
;)

 0.4

0.8

 0.5

 0.6

0.7

 0.7

 0.8

0.6

 0.9

,e;)

   1

0.5

  0

0.1

0.4

0.2

0.3

0.3

0.4,
=;
)

0.5

0.2

0.6

0.7

0.1

0.8

0.9

  0  1

%
C
L

E
x
cl
u
si
o
n

0

10

20

30

40

50

60

70

80

90

100

FIG. 2. Isotropic single power-law model: flavor composition. Ternary plots of the profile likelihood exclusions of the
astrophysical neutrino flavor composition of the high-energy events detected at IceCube after 1347 days, setting the number of
prompt atmospheric neutrino events to zero (6P analysis). The black (cyan) lines represent the 68% (95%) C.L. allowed regions.
We also show the allowed space assuming averaged oscillations during propagation from the sources and taking into account
uncertainties at 95% C.L. of the neutrino mixing angles [192], for normal hierarchy (white contour) and inverted hierarchy
(blue contour). The canonical flavor composition at Earth, (1 : 1 : 1)� is also indicated (white star). Left panel : using the
53 events in the EM-equivalent deposited energy range [10 TeV � 10 PeV]. Best fit (white circle) at (0.03 : 0.37 : 0.60)�.
Right panel : using the 32 events in the EM-equivalent deposited energy range [60 TeV � 10 PeV]. Best fit (white circle) at
(0.00 : 0.40 : 0.60)�.

and we also indicate the best fits (stars). For both 6P and 7P fits, the two C.L. regions are very similar, regardless
the energy interval, although they are slightly larger for [60 TeV � 10 PeV], due to the reduced statistics. For the
case where the number of events from prompt atmospheric neutrinos is set to zero, 6P fits (left panel), the best fits
(bf) agree with each other. For [10 TeV � 10 PeV], we get �

bf

= 2.84+0.25
�0.27 and �

bf

= 11.1+3.7
�4.8 and for [60 TeV �

10 PeV], we get �
bf

= 2.77+0.31
�0.42 and �

bf

= 10.3+7.1
�6.3, where �bf

is given in the usual units, 10�18 GeV�1 cm�2 s�1 sr�1.
However, when a prompt atmospheric neutrino contribution is also included (7P), the best fit for the spectral index
and the flux normalization is slightly larger for the [10 TeV � 10 PeV] data set, yet within the 68% C.L. regions. Note
that these results point to a softer astrophysical spectrum than the 2-year and 3-year best fits [2, 3, 7, 11, 16]. They
also point to a slightly softer spectrum than the preliminary results presented by the IceCube collaboration using the
4-year data, �

IC

= 2.58± 0.25 [4], although they are compatible within 1� C.L. However, notice that the preliminary
IceCube fit included all events in [60 TeV � 3 PeV], but not the information from the lack of events above 3 PeV. As
explained in Ref. [7], the absence of events near the Glashow resonance [194] (E⌫ ⇠ 6.3 PeV) has implications on the
best fit for the flavor composition and the spectral index, either pointing to a suppressed ⌫̄e flux or to a softening of
the spectrum or both. In this sense, the harder spectrum obtained by the IceCube preliminary analysis is expected.
Moreover, in our analysis we allow the flavor composition to vary, whereas IceCube’s analysis fixes it to the canonical
(1 : 1 : 1)�. Nevertheless, we have checked that this does not have a strong impact on the shape of the spectrum (see
the 4P results in Tab. I). This can be understood by comparing our 4-year and 3-year results [7]. The larger number
of new low-energy events (around ⇠ 100 TeV) relative to the number of high-energy events (& 200 TeV), steepens the
spectrum even further, and thus, the impact of the Glashow resonance is expected to be smaller. Yet, note that both
results are compatible at 1� C.L. with the data. On the other hand, recalling that the ⌫e + ⌫̄e contribution produces
a larger number of HESEs than any other flavor in IceCube (cf. Fig. 12 in Ref. [7]), a larger all-flavor normalization
is necessary to explain the same total event rate with a smaller ⌫e + ⌫̄e relative contribution.

In Fig. 2 we show the ternary plots of the profile likelihood in flavor space for the two energy intervals we consider.
The results are very similar to each other, although the ones for the entire sample (left panel), [10 TeV � 10 PeV], are
slightly more constraining. With the new data, we find a best fit which indicates a slightly larger (smaller) fraction of
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FIG. 2. Isotropic single power-law model: flavor composition. Ternary plots of the profile likelihood exclusions of the
astrophysical neutrino flavor composition of the high-energy events detected at IceCube after 1347 days, setting the number of
prompt atmospheric neutrino events to zero (6P analysis). The black (cyan) lines represent the 68% (95%) C.L. allowed regions.
We also show the allowed space assuming averaged oscillations during propagation from the sources and taking into account
uncertainties at 95% C.L. of the neutrino mixing angles [203], for normal hierarchy (white contour) and inverted hierarchy
(blue contour). The canonical flavor composition at Earth, (1 : 1 : 1)� is also indicated (white star). Left panel : using the
53 events in the EM-equivalent deposited energy range [10 TeV � 10 PeV]. Best fit (white circle) at (0.03 : 0.37 : 0.60)�.
Right panel : using the 32 events in the EM-equivalent deposited energy range [60 TeV � 10 PeV]. Best fit (white circle) at
(0.00 : 0.40 : 0.60)�.

A. Isotropic power-law model

In order to compare with previous results obtained with the 3-year data sample and with the preliminary 4-year
analysis of the IceCube collaboration, we first consider the simplest case, i.e., an isotropic single power-law flux,
which is defined by its flavor composition, normalization and spectral index, and we assume the same properties for
neutrinos and antineutrinos. As described above, we perform a 7P fit with {↵e,�,↵µ,�, �, Na, Nµ, N⌫ , Np} as the set
of free parameters, and a 6P fit, which is identical to 7P but fixing Np = 0. The results of this section are summarized
in Tab. I, where we also show the results of the 4P (same as 6P, but fixing the flavor ratio to (1 : 1 : 1)�) and 5P
(same as 6P, but setting ↵µ,� = ↵⌧,�) fits.

In Fig. 1, we show our results of the 6P (left panel) and 7P (right panel) fits, considering the data in the two di↵erent
EM-equivalent deposited energy intervals, [10 TeV � 10 PeV] (filled orange contours) and [60 TeV � 10 PeV] (closed
purple curves). The 68% C.L. (dark colors) and 95% C.L. (light colors) contours in the � � � plane are depicted
and we also indicate the best fits (stars). For both 6P and 7P fits, the two C.L. regions are very similar, regardless
the energy interval, although they are slightly larger for [60 TeV � 10 PeV], due to the reduced statistics. For the
case where the number of events from prompt atmospheric neutrinos is set to zero, 6P fits (left panel), the best fits
(bf) agree with each other. For [10 TeV � 10 PeV], we get �

bf

= 2.84+0.25
�0.27 and �

bf

= 11.1+3.7
�4.8 and for [60 TeV �

10 PeV], we get �
bf

= 2.77+0.31
�0.42 and �

bf

= 10.3+7.1
�6.3, where �bf

is given in the usual units, 10�18 GeV�1 cm�2 s�1 sr�1.
However, when a prompt atmospheric neutrino contribution is also included (7P), the best fit for the spectral index
and the flux normalization is slightly larger for the [10 TeV � 10 PeV] data set, yet within the 68% C.L. regions. Note
that these results point to a softer astrophysical spectrum than the 2-year and 3-year best fits [2, 3, 7, 11, 16]. They
also point to a slightly softer spectrum than the preliminary results presented by the IceCube collaboration using the
4-year data, �

IC

= 2.58± 0.25 [4], although they are compatible within 1� C.L. However, notice that the preliminary
IceCube fit included all events in [60 TeV � 3 PeV], but not the information from the lack of events above 3 PeV. As
explained in Ref. [7], the absence of events near the Glashow resonance [205] (E⌫ ⇠ 6.3 PeV) has implications on the
best fit for the flavor composition and the spectral index, either pointing to a suppressed ⌫̄e flux or to a softening of
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FIG. 2. Isotropic single power-law model: flavor composition. Ternary plots of the profile likelihood exclusions of the
astrophysical neutrino flavor composition of the high-energy events detected at IceCube after 1347 days, setting the number of
prompt atmospheric neutrino events to zero (6P analysis). The black (cyan) lines represent the 68% (95%) C.L. allowed regions.
We also show the allowed space assuming averaged oscillations during propagation from the sources and taking into account
uncertainties at 95% C.L. of the neutrino mixing angles [192], for normal hierarchy (white contour) and inverted hierarchy
(blue contour). The canonical flavor composition at Earth, (1 : 1 : 1)� is also indicated (white star). Left panel : using the
53 events in the EM-equivalent deposited energy range [10 TeV � 10 PeV]. Best fit (white circle) at (0.03 : 0.37 : 0.60)�.
Right panel : using the 32 events in the EM-equivalent deposited energy range [60 TeV � 10 PeV]. Best fit (white circle) at
(0.00 : 0.40 : 0.60)�.

and we also indicate the best fits (stars). For both 6P and 7P fits, the two C.L. regions are very similar, regardless
the energy interval, although they are slightly larger for [60 TeV � 10 PeV], due to the reduced statistics. For the
case where the number of events from prompt atmospheric neutrinos is set to zero, 6P fits (left panel), the best fits
(bf) agree with each other. For [10 TeV � 10 PeV], we get �

bf

= 2.84+0.25
�0.27 and �

bf

= 11.1+3.7
�4.8 and for [60 TeV �

10 PeV], we get �
bf

= 2.77+0.31
�0.42 and �

bf

= 10.3+7.1
�6.3, where �bf

is given in the usual units, 10�18 GeV�1 cm�2 s�1 sr�1.
However, when a prompt atmospheric neutrino contribution is also included (7P), the best fit for the spectral index
and the flux normalization is slightly larger for the [10 TeV � 10 PeV] data set, yet within the 68% C.L. regions. Note
that these results point to a softer astrophysical spectrum than the 2-year and 3-year best fits [2, 3, 7, 11, 16]. They
also point to a slightly softer spectrum than the preliminary results presented by the IceCube collaboration using the
4-year data, �

IC

= 2.58± 0.25 [4], although they are compatible within 1� C.L. However, notice that the preliminary
IceCube fit included all events in [60 TeV � 3 PeV], but not the information from the lack of events above 3 PeV. As
explained in Ref. [7], the absence of events near the Glashow resonance [194] (E⌫ ⇠ 6.3 PeV) has implications on the
best fit for the flavor composition and the spectral index, either pointing to a suppressed ⌫̄e flux or to a softening of
the spectrum or both. In this sense, the harder spectrum obtained by the IceCube preliminary analysis is expected.
Moreover, in our analysis we allow the flavor composition to vary, whereas IceCube’s analysis fixes it to the canonical
(1 : 1 : 1)�. Nevertheless, we have checked that this does not have a strong impact on the shape of the spectrum (see
the 4P results in Tab. I). This can be understood by comparing our 4-year and 3-year results [7]. The larger number
of new low-energy events (around ⇠ 100 TeV) relative to the number of high-energy events (& 200 TeV), steepens the
spectrum even further, and thus, the impact of the Glashow resonance is expected to be smaller. Yet, note that both
results are compatible at 1� C.L. with the data. On the other hand, recalling that the ⌫e + ⌫̄e contribution produces
a larger number of HESEs than any other flavor in IceCube (cf. Fig. 12 in Ref. [7]), a larger all-flavor normalization
is necessary to explain the same total event rate with a smaller ⌫e + ⌫̄e relative contribution.

In Fig. 2 we show the ternary plots of the profile likelihood in flavor space for the two energy intervals we consider.
The results are very similar to each other, although the ones for the entire sample (left panel), [10 TeV � 10 PeV], are
slightly more constraining. With the new data, we find a best fit which indicates a slightly larger (smaller) fraction of
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FIG. 2. Isotropic single power-law model: flavor composition. Ternary plots of the profile likelihood exclusions of the
astrophysical neutrino flavor composition of the high-energy events detected at IceCube after 1347 days, setting the number of
prompt atmospheric neutrino events to zero (6P analysis). The black (cyan) lines represent the 68% (95%) C.L. allowed regions.
We also show the allowed space assuming averaged oscillations during propagation from the sources and taking into account
uncertainties at 95% C.L. of the neutrino mixing angles [203], for normal hierarchy (white contour) and inverted hierarchy
(blue contour). The canonical flavor composition at Earth, (1 : 1 : 1)� is also indicated (white star). Left panel : using the
53 events in the EM-equivalent deposited energy range [10 TeV � 10 PeV]. Best fit (white circle) at (0.03 : 0.37 : 0.60)�.
Right panel : using the 32 events in the EM-equivalent deposited energy range [60 TeV � 10 PeV]. Best fit (white circle) at
(0.00 : 0.40 : 0.60)�.

A. Isotropic power-law model

In order to compare with previous results obtained with the 3-year data sample and with the preliminary 4-year
analysis of the IceCube collaboration, we first consider the simplest case, i.e., an isotropic single power-law flux,
which is defined by its flavor composition, normalization and spectral index, and we assume the same properties for
neutrinos and antineutrinos. As described above, we perform a 7P fit with {↵e,�,↵µ,�, �, Na, Nµ, N⌫ , Np} as the set
of free parameters, and a 6P fit, which is identical to 7P but fixing Np = 0. The results of this section are summarized
in Tab. I, where we also show the results of the 4P (same as 6P, but fixing the flavor ratio to (1 : 1 : 1)�) and 5P
(same as 6P, but setting ↵µ,� = ↵⌧,�) fits.

In Fig. 1, we show our results of the 6P (left panel) and 7P (right panel) fits, considering the data in the two di↵erent
EM-equivalent deposited energy intervals, [10 TeV � 10 PeV] (filled orange contours) and [60 TeV � 10 PeV] (closed
purple curves). The 68% C.L. (dark colors) and 95% C.L. (light colors) contours in the � � � plane are depicted
and we also indicate the best fits (stars). For both 6P and 7P fits, the two C.L. regions are very similar, regardless
the energy interval, although they are slightly larger for [60 TeV � 10 PeV], due to the reduced statistics. For the
case where the number of events from prompt atmospheric neutrinos is set to zero, 6P fits (left panel), the best fits
(bf) agree with each other. For [10 TeV � 10 PeV], we get �

bf

= 2.84+0.25
�0.27 and �

bf

= 11.1+3.7
�4.8 and for [60 TeV �

10 PeV], we get �
bf

= 2.77+0.31
�0.42 and �

bf

= 10.3+7.1
�6.3, where �bf

is given in the usual units, 10�18 GeV�1 cm�2 s�1 sr�1.
However, when a prompt atmospheric neutrino contribution is also included (7P), the best fit for the spectral index
and the flux normalization is slightly larger for the [10 TeV � 10 PeV] data set, yet within the 68% C.L. regions. Note
that these results point to a softer astrophysical spectrum than the 2-year and 3-year best fits [2, 3, 7, 11, 16]. They
also point to a slightly softer spectrum than the preliminary results presented by the IceCube collaboration using the
4-year data, �

IC

= 2.58± 0.25 [4], although they are compatible within 1� C.L. However, notice that the preliminary
IceCube fit included all events in [60 TeV � 3 PeV], but not the information from the lack of events above 3 PeV. As
explained in Ref. [7], the absence of events near the Glashow resonance [205] (E⌫ ⇠ 6.3 PeV) has implications on the
best fit for the flavor composition and the spectral index, either pointing to a suppressed ⌫̄e flux or to a softening of

8

   0  1

 0.1

 0.2

0.9

 0.3

,
7
;)

 0.4

0.8

 0.5

 0.6

0.7

 0.7

 0.8

0.6

 0.9

,e;)

   1

0.5

  0

0.1

0.4

0.2

0.3

0.3

0.4,
=;
)

0.5

0.2

0.6

0.7

0.1

0.8

0.9

  0  1

%
C
L

E
x
cl
u
si
o
n

0

10

20

30

40

50

60

70

80

90

100

   0

 0.1

  1

 0.2

0.9

 0.3

,
7
;)

 0.4

0.8

 0.5

 0.6

0.7

 0.7

 0.8

0.6

 0.9

,e;)

   1

0.5

  0

0.1

0.4

0.2

0.3

0.3

0.4,
=;
)

0.5

0.2

0.6

0.7

0.1

0.8

0.9

  0  1

%
C
L

E
x
cl
u
si
o
n

0

10

20

30

40

50

60

70

80

90

100

FIG. 2. Isotropic single power-law model: flavor composition. Ternary plots of the profile likelihood exclusions of the
astrophysical neutrino flavor composition of the high-energy events detected at IceCube after 1347 days, setting the number of
prompt atmospheric neutrino events to zero (6P analysis). The black (cyan) lines represent the 68% (95%) C.L. allowed regions.
We also show the allowed space assuming averaged oscillations during propagation from the sources and taking into account
uncertainties at 95% C.L. of the neutrino mixing angles [203], for normal hierarchy (white contour) and inverted hierarchy
(blue contour). The canonical flavor composition at Earth, (1 : 1 : 1)� is also indicated (white star). Left panel : using the
53 events in the EM-equivalent deposited energy range [10 TeV � 10 PeV]. Best fit (white circle) at (0.03 : 0.37 : 0.60)�.
Right panel : using the 32 events in the EM-equivalent deposited energy range [60 TeV � 10 PeV]. Best fit (white circle) at
(0.00 : 0.40 : 0.60)�.

A. Isotropic power-law model

In order to compare with previous results obtained with the 3-year data sample and with the preliminary 4-year
analysis of the IceCube collaboration, we first consider the simplest case, i.e., an isotropic single power-law flux,
which is defined by its flavor composition, normalization and spectral index, and we assume the same properties for
neutrinos and antineutrinos. As described above, we perform a 7P fit with {↵e,�,↵µ,�, �, Na, Nµ, N⌫ , Np} as the set
of free parameters, and a 6P fit, which is identical to 7P but fixing Np = 0. The results of this section are summarized
in Tab. I, where we also show the results of the 4P (same as 6P, but fixing the flavor ratio to (1 : 1 : 1)�) and 5P
(same as 6P, but setting ↵µ,� = ↵⌧,�) fits.

In Fig. 1, we show our results of the 6P (left panel) and 7P (right panel) fits, considering the data in the two di↵erent
EM-equivalent deposited energy intervals, [10 TeV � 10 PeV] (filled orange contours) and [60 TeV � 10 PeV] (closed
purple curves). The 68% C.L. (dark colors) and 95% C.L. (light colors) contours in the � � � plane are depicted
and we also indicate the best fits (stars). For both 6P and 7P fits, the two C.L. regions are very similar, regardless
the energy interval, although they are slightly larger for [60 TeV � 10 PeV], due to the reduced statistics. For the
case where the number of events from prompt atmospheric neutrinos is set to zero, 6P fits (left panel), the best fits
(bf) agree with each other. For [10 TeV � 10 PeV], we get �

bf

= 2.84+0.25
�0.27 and �

bf

= 11.1+3.7
�4.8 and for [60 TeV �

10 PeV], we get �
bf

= 2.77+0.31
�0.42 and �

bf

= 10.3+7.1
�6.3, where �bf

is given in the usual units, 10�18 GeV�1 cm�2 s�1 sr�1.
However, when a prompt atmospheric neutrino contribution is also included (7P), the best fit for the spectral index
and the flux normalization is slightly larger for the [10 TeV � 10 PeV] data set, yet within the 68% C.L. regions. Note
that these results point to a softer astrophysical spectrum than the 2-year and 3-year best fits [2, 3, 7, 11, 16]. They
also point to a slightly softer spectrum than the preliminary results presented by the IceCube collaboration using the
4-year data, �

IC

= 2.58± 0.25 [4], although they are compatible within 1� C.L. However, notice that the preliminary
IceCube fit included all events in [60 TeV � 3 PeV], but not the information from the lack of events above 3 PeV. As
explained in Ref. [7], the absence of events near the Glashow resonance [205] (E⌫ ⇠ 6.3 PeV) has implications on the
best fit for the flavor composition and the spectral index, either pointing to a suppressed ⌫̄e flux or to a softening of
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FIG. 6. Isotropic two power-law model: spectral shape. Contours in the � � � plane, corresponding to 68% (dark colors)
and 95% (light colors) credible regions with the 8P+2pow analysis, as described in the text. Filled blue contours (closed
green curves) represent the EM-equivalent deposited energy interval of [10 TeV � 10 PeV] ([60 TeV � 10 PeV]). The posterior
means (circles) and best fits (stars) are also indicated. Left panel : astrophysical component with a soft spectrum. Right panel:
astrophysical component with a hard spectrum.

IV. TWO POWER-LAW ANALYSIS

The case of a single isotropic high-energy neutrino flux is the simplest scenario one could consider. However,
di↵erent astrophysical sources are likely to contribute to the neutrino flux arriving at Earth and thus, it is also
natural to consider more complicated spectral features and anisotropies in the angular distribution. As the next
step, we discuss the possibility of a two-component astrophysical flux. This has already been suggested to explain
the IceCube HESE spectrum, either assuming an isotropic flux and with a focus on the gap below 1 PeV [165] or
considering galactic (mainly in the southern hemisphere) and extragalactic (isotropic) contributions with di↵erent
(but fixed) spectra [166], but with the same flavor composition. Here, we update and extend these analyses by first
considering an isotropic model with two components with di↵erent energy spectra and flavor compositions. Secondly,
we turn to the case of a di↵erent (single) power-law flux from the northern and southern hemispheres. Unlike the
plots in the previous section, we show credible regions using a bayesian analysis of our posterior distributions. We do
so because for this larger parameter space, robust profile likelihoods require impractically large samples. The results
of this section are summarized in Tabs. III and IV.

A. Isotropic two-power-law model

We first consider the simplest extension of an isotropic power-law flux, i.e., an isotropic flux with two power-
law components. We vary the flavor composition (with ↵µ,s = ↵⌧,s and ↵µ,h = ↵⌧,h), the power-law indices and
the number of events produced by each neutrino flux component. As in the single component case, we assume the
neutrino and antineutrino fluxes to be equal. As described above, we perform an 8P+2pow fit with the free parameters:
{↵e,s,↵e,h, �s, �h, Na,s, Na,h, N⌫ , Nµ}, where the indices ‘s’ and ‘h’ refer to the soft and hard component, respectively.
The results of this section are summarized in Tab. III.

In Fig. 6 we show the results of the 68% and 95% credible regions in the �
s

��
s

(left panel) and �
h

��
h

(right panel)
planes. In both panels, in addition to the best fits (stars) we also show the posterior means (circles). We see that
for the component that would explain the low-energy data, the best fit spectrum is very soft, (�

s

)
bf

= 3.50+1.55
�0.41 for

[10 TeV � 10 PeV] and (�
s

)
bf

= 3.89+1.08
�0.16 for [60 TeV � 10 PeV], with a spectrum similar in shape to the conventional

atmospheric neutrino flux. This partial degeneracy explains the low number of atmospheric neutrino events obtained
from the fit, mainly when the entire energy range is considered. We also note that the best fits for the normalization
of the soft component are at the edge of the 68% credible regions, with the posterior means being about a factor of 2

Soft spectrum Hard spectrum

A. C. Vincent, SPR and O. Mena, Phys. Rev. D94:023009, 2016
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FIG. 6. Isotropic two power-law model: spectral shape. Contours in the � � � plane, corresponding to 68% (dark colors)
and 95% (light colors) credible regions with the 8P+2pow analysis, as described in the text. Filled blue contours (closed
green curves) represent the EM-equivalent deposited energy interval of [10 TeV � 10 PeV] ([60 TeV � 10 PeV]). The posterior
means (circles) and best fits (stars) are also indicated. Left panel : astrophysical component with a soft spectrum. Right panel:
astrophysical component with a hard spectrum.

IV. TWO POWER-LAW ANALYSIS

The case of a single isotropic high-energy neutrino flux is the simplest scenario one could consider. However,
di↵erent astrophysical sources are likely to contribute to the neutrino flux arriving at Earth and thus, it is also
natural to consider more complicated spectral features and anisotropies in the angular distribution. As the next
step, we discuss the possibility of a two-component astrophysical flux. This has already been suggested to explain
the IceCube HESE spectrum, either assuming an isotropic flux and with a focus on the gap below 1 PeV [165] or
considering galactic (mainly in the southern hemisphere) and extragalactic (isotropic) contributions with di↵erent
(but fixed) spectra [166], but with the same flavor composition. Here, we update and extend these analyses by first
considering an isotropic model with two components with di↵erent energy spectra and flavor compositions. Secondly,
we turn to the case of a di↵erent (single) power-law flux from the northern and southern hemispheres. Unlike the
plots in the previous section, we show credible regions using a bayesian analysis of our posterior distributions. We do
so because for this larger parameter space, robust profile likelihoods require impractically large samples. The results
of this section are summarized in Tabs. III and IV.

A. Isotropic two-power-law model

We first consider the simplest extension of an isotropic power-law flux, i.e., an isotropic flux with two power-
law components. We vary the flavor composition (with ↵µ,s = ↵⌧,s and ↵µ,h = ↵⌧,h), the power-law indices and
the number of events produced by each neutrino flux component. As in the single component case, we assume the
neutrino and antineutrino fluxes to be equal. As described above, we perform an 8P+2pow fit with the free parameters:
{↵e,s,↵e,h, �s, �h, Na,s, Na,h, N⌫ , Nµ}, where the indices ‘s’ and ‘h’ refer to the soft and hard component, respectively.
The results of this section are summarized in Tab. III.

In Fig. 6 we show the results of the 68% and 95% credible regions in the �
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s

(left panel) and �
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h

(right panel)
planes. In both panels, in addition to the best fits (stars) we also show the posterior means (circles). We see that
for the component that would explain the low-energy data, the best fit spectrum is very soft, (�

s

)
bf

= 3.50+1.55
�0.41 for

[10 TeV � 10 PeV] and (�
s

)
bf

= 3.89+1.08
�0.16 for [60 TeV � 10 PeV], with a spectrum similar in shape to the conventional

atmospheric neutrino flux. This partial degeneracy explains the low number of atmospheric neutrino events obtained
from the fit, mainly when the entire energy range is considered. We also note that the best fits for the normalization
of the soft component are at the edge of the 68% credible regions, with the posterior means being about a factor of 2

Soft spectrum Hard spectrum

Not significantly better than a single power-law
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green curves) represent the EM-equivalent deposited energy interval of [10 TeV � 10 PeV] ([60 TeV � 10 PeV]). The posterior
means (circles) and best fits (stars) are also indicated. Left panel : astrophysical component with a soft spectrum. Right panel:
astrophysical component with a hard spectrum.

IV. TWO POWER-LAW ANALYSIS

The case of a single isotropic high-energy neutrino flux is the simplest scenario one could consider. However,
di↵erent astrophysical sources are likely to contribute to the neutrino flux arriving at Earth and thus, it is also
natural to consider more complicated spectral features and anisotropies in the angular distribution. As the next
step, we discuss the possibility of a two-component astrophysical flux. This has already been suggested to explain
the IceCube HESE spectrum, either assuming an isotropic flux and with a focus on the gap below 1 PeV [165] or
considering galactic (mainly in the southern hemisphere) and extragalactic (isotropic) contributions with di↵erent
(but fixed) spectra [166], but with the same flavor composition. Here, we update and extend these analyses by first
considering an isotropic model with two components with di↵erent energy spectra and flavor compositions. Secondly,
we turn to the case of a di↵erent (single) power-law flux from the northern and southern hemispheres. Unlike the
plots in the previous section, we show credible regions using a bayesian analysis of our posterior distributions. We do
so because for this larger parameter space, robust profile likelihoods require impractically large samples. The results
of this section are summarized in Tabs. III and IV.

A. Isotropic two-power-law model

We first consider the simplest extension of an isotropic power-law flux, i.e., an isotropic flux with two power-
law components. We vary the flavor composition (with ↵µ,s = ↵⌧,s and ↵µ,h = ↵⌧,h), the power-law indices and
the number of events produced by each neutrino flux component. As in the single component case, we assume the
neutrino and antineutrino fluxes to be equal. As described above, we perform an 8P+2pow fit with the free parameters:
{↵e,s,↵e,h, �s, �h, Na,s, Na,h, N⌫ , Nµ}, where the indices ‘s’ and ‘h’ refer to the soft and hard component, respectively.
The results of this section are summarized in Tab. III.

In Fig. 6 we show the results of the 68% and 95% credible regions in the �
s
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s

(left panel) and �
h

��
h

(right panel)
planes. In both panels, in addition to the best fits (stars) we also show the posterior means (circles). We see that
for the component that would explain the low-energy data, the best fit spectrum is very soft, (�

s

)
bf

= 3.50+1.55
�0.41 for

[10 TeV � 10 PeV] and (�
s

)
bf

= 3.89+1.08
�0.16 for [60 TeV � 10 PeV], with a spectrum similar in shape to the conventional

atmospheric neutrino flux. This partial degeneracy explains the low number of atmospheric neutrino events obtained
from the fit, mainly when the entire energy range is considered. We also note that the best fits for the normalization
of the soft component are at the edge of the 68% credible regions, with the posterior means being about a factor of 2

Soft spectrum Hard spectrum

Not significantly better than a single power-law

A. C. Vincent, SPR and O. Mena, Phys. Rev. D94:023009, 2016
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FIG. 3. Isotropic single power-law model: event spectra in the IceCube detector after 1347 days. We show the result
for the best fit of 6P analysis in the EM-equivalent deposited energy interval [60 TeV � 10 PeV]: atmospheric muon events
(red histogram), conventional atmospheric neutrino events (blue histogram), astrophysical neutrino events (black histogram),
E2

⌫ d�/dE⌫ = 10.3⇥ 10�8 (E⌫/100TeV)�0.77 GeV�1 cm�2 s�1 sr�1 and (0.00 : 0.40 : 0.60)�, and total event spectrum (purple
histogram). We also show the spectrum obtained using the preliminary IceCube best fit for (1 : 1 : 1)� in the EM-equivalent
deposited energy interval [60 TeV � 3 PeV] (gray histogram), E2

⌫ d�/dE⌫ = 6.6⇥10�8 (E⌫/100TeV)�0.58 GeV�1 cm�2 s�1 sr�1,
and the binned high-energy neutrino event data (black dots) [4] with Feldman-Cousins errors [193].

⌫µ + ⌫̄µ (⌫⌧ + ⌫̄⌧ ) in the astrophysical flux than the 3-year results, but likewise with a negligible ⌫e + ⌫̄e component.
With no new event with EM-equivalent deposited energy in the PeV range, we stress again that, assuming an isotropic
single-component astrophysical neutrino flux, the lack of events above 2 PeV implies a suppressed ⌫e + ⌫̄e flux and
a steep spectrum (or a break in the spectrum). Concurrently, the important fraction of muon tracks misclassified as
showers allows for a significant astrophysical ⌫µ + ⌫̄µ flux. The fact that the best fit for this fraction is higher than
in the 3-year analysis can be explained by the higher relative number of tracks: there are 6 new tracks out of 17 new
events, whereas there were 8 tracks out of 36 events (plus one coincident event whose energy and direction cannot be
reconstructed) in the 3-year data sample. In any case, the canonical (1 : 1 : 1)� flavor composition is still compatible
with the data within 1� C.L.

In Fig. 3, we show the 4-year IceCube HESE data (black dots) and the event spectra obtained with our 6P best
fit (i.e., setting Np = 0) using events in the EM-equivalent deposited energy interval [60 TeV � 10 PeV]. The
astrophysical signal (black histogram) and backgrounds (red and blue histograms), as well as the total (tracks plus
showers) spectrum (purple histogram) are depicted. We note that the low energy data is nicely fitted and that our
result is in perfect agreement with the preliminary IceCube best fit spectrum (gray histogram) below PeV energies.
On the other hand, at PeV energies our best fit spectrum does not present a bump around the Glashow resonance,
unlike what happens for the IceCube spectrum. Obviously, this is because (1 : 1 : 1)� is fixed in the IceCube analysis,
whereas our best fit in this energy range is (0.00 : 0.40 : 0.60)�, i.e., no ⌫e+ ⌫̄e flux and hence, zero expected Glashow
resonance events. However, given the softness of the astrophysical flux, even for the IceCube best fit, the expected
number of events around the Glashow resonance after 4 years is less than one.

Finally, we turn to the 7P analysis and discuss the possible contribution from prompt atmospheric neutrinos to
the data. In Fig. 4 we show the 68% C.L. and 95% C.L. profile likelihood contours for the normalization of the
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⌫ d�/dE⌫ = 10.3⇥ 10�8 (E⌫/100TeV)�0.77 GeV�1 cm�2 s�1 sr�1 and (0.00 : 0.40 : 0.60)�, and total event spectrum (purple
histogram). We also show the spectrum obtained using the preliminary IceCube best fit for (1 : 1 : 1)� in the EM-equivalent
deposited energy interval [60 TeV � 3 PeV] (gray histogram), E2

⌫ d�/dE⌫ = 6.6⇥10�8 (E⌫/100TeV)�0.58 GeV�1 cm�2 s�1 sr�1,
and the binned high-energy neutrino event data (black dots) [4] with Feldman-Cousins errors [193].

⌫µ + ⌫̄µ (⌫⌧ + ⌫̄⌧ ) in the astrophysical flux than the 3-year results, but likewise with a negligible ⌫e + ⌫̄e component.
With no new event with EM-equivalent deposited energy in the PeV range, we stress again that, assuming an isotropic
single-component astrophysical neutrino flux, the lack of events above 2 PeV implies a suppressed ⌫e + ⌫̄e flux and
a steep spectrum (or a break in the spectrum). Concurrently, the important fraction of muon tracks misclassified as
showers allows for a significant astrophysical ⌫µ + ⌫̄µ flux. The fact that the best fit for this fraction is higher than
in the 3-year analysis can be explained by the higher relative number of tracks: there are 6 new tracks out of 17 new
events, whereas there were 8 tracks out of 36 events (plus one coincident event whose energy and direction cannot be
reconstructed) in the 3-year data sample. In any case, the canonical (1 : 1 : 1)� flavor composition is still compatible
with the data within 1� C.L.

In Fig. 3, we show the 4-year IceCube HESE data (black dots) and the event spectra obtained with our 6P best
fit (i.e., setting Np = 0) using events in the EM-equivalent deposited energy interval [60 TeV � 10 PeV]. The
astrophysical signal (black histogram) and backgrounds (red and blue histograms), as well as the total (tracks plus
showers) spectrum (purple histogram) are depicted. We note that the low energy data is nicely fitted and that our
result is in perfect agreement with the preliminary IceCube best fit spectrum (gray histogram) below PeV energies.
On the other hand, at PeV energies our best fit spectrum does not present a bump around the Glashow resonance,
unlike what happens for the IceCube spectrum. Obviously, this is because (1 : 1 : 1)� is fixed in the IceCube analysis,
whereas our best fit in this energy range is (0.00 : 0.40 : 0.60)�, i.e., no ⌫e+ ⌫̄e flux and hence, zero expected Glashow
resonance events. However, given the softness of the astrophysical flux, even for the IceCube best fit, the expected
number of events around the Glashow resonance after 4 years is less than one.

Finally, we turn to the 7P analysis and discuss the possible contribution from prompt atmospheric neutrinos to
the data. In Fig. 4 we show the 68% C.L. and 95% C.L. profile likelihood contours for the normalization of the
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FIG. 9. North-South model: spectral shape. Contours in the ��� plane, corresponding to 68% (dark colors) and 95% (light
colors) credible regions with the 8P+2pow analysis, as described in the text. Filled blue contours (closed green curves) represent
the EM-equivalent deposited energy interval of [10 TeV � 10 PeV] ([60 TeV � 10 PeV]). The posterior means (circles) and
best fits (stars) are also indicated, as well as the IceCube best fit of a similar analysis with a larger data sample [16] (squares).
Left panel : upgoing events (northern hemisphere). Right panel: downgoing events (southern hemisphere).

astrophysical spectrum with a 1.1� discrepancy with respect to the isotropic single power-law model. This would be
particularly interesting as it could be an indication of a galactic contribution in addition to an isotropic extragalactic
flux4, which has already been suggested using di↵erent arguments [21, 32, 36, 80, 166].

Here, we would like to examine whether the HESE data are partly driving this asymmetry, using an extra year
of data with respect to Ref. [16]. We therefore examine the statistical significance of the North-South asym-
metry by using the 4-year HESE data and performing an 8P+NS analysis, where the set of free parameters is
{↵e,N,↵e,S, �N, �S, Na,N, Na,S, Nµ, N⌫}, as described above. The results of this section are summarized in Tab. IV.

The results for the power-law indices and normalizations of the astrophysical spectrum are shown in Fig. 9 for
neutrinos originating from the northern (left panel) and southern (right panel) hemispheres. There is clearly no
indication of an asymmetry in the shape of the spectrum. In the case of the EM-equivalent deposited energy interval
[10 TeV � 10 PeV], the best fit values for the spectral indices are (�

N

)
bf

= 2.96+0.41
�0.78 and (�

S

)
bf

= 2.94+0.24
�0.29, which

are in perfect agreement with each other. The best fits for the spectral indices in the interval [60 TeV � 10 PeV]
are: (�

N

)
bf

= 2.42+0.89
�0.61 and (�

S

)
bf

= 2.79+0.31
�0.29, and both spectra are compatible at 1� C.L., mainly due to the large

uncertainty from the upgoing, northern hemisphere, events. Regardless the energy interval considered, the best fit
for the southern hemisphere is very similar to what is obtained for the single power-law isotropic model (see Tab. I).
This is not surprising, as the statistics are dominated by the downgoing events. Indeed, the scarce data from the
northern hemisphere also explains the large allowed regions and the very small dependence on the deposited energy
interval which is considered. Note that in the interval [10 TeV � 10 PeV] ([60 TeV � 10 PeV]), only 16 (10) events
have been observed from the northern hemisphere. The asymmetry found in Ref. [16] is thus likely dominated by the
addition of through-going muon track events, which entirely originate from the northern hemisphere. These events
are well-fitted by a much harder spectrum, �

TG

' 2 [4, 203]. When combined with the mainly-downgoing, much
softer HESE spectrum, this results in the reported asymmetry.

It is important to stress that we are not excluding the possibility of the quoted asymmetry, but trying to understand
its origin. Indeed, our results for the northern sky are compatible at the 1� C.L. with an astrophysical spectrum
as hard as the one found from the analysis of the through-going track sample. The sample size is simply not large
enough to make stronger claims with the HESE data set on its own. Furthermore, the asymmetry could occur in the
normalization, rather than in the spectral index. Nevertheless, our results do not show either the presence of any
asymmetry in this parameter.

4 Even if a flux with galatic plus extragalactic contributions would approximately correspond to a single-component flux from the North
and a two-component flux from the South, we have shown in the previous section (Sec. IVA) that the two power-law analysis does not
significantly improve the fit to the current HESE data over the single power-law model. Thus, this scenario can be adequately modeled
by the North-South model considered here.

Upgoing neutrinos Downgoing neutrinos
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FIG. 9. North-South model: spectral shape. Contours in the ��� plane, corresponding to 68% (dark colors) and 95% (light
colors) credible regions with the 8P+2pow analysis, as described in the text. Filled blue contours (closed green curves) represent
the EM-equivalent deposited energy interval of [10 TeV � 10 PeV] ([60 TeV � 10 PeV]). The posterior means (circles) and
best fits (stars) are also indicated, as well as the IceCube best fit of a similar analysis with a larger data sample [16] (squares).
Left panel : upgoing events (northern hemisphere). Right panel: downgoing events (southern hemisphere).

astrophysical spectrum with a 1.1� discrepancy with respect to the isotropic single power-law model. This would be
particularly interesting as it could be an indication of a galactic contribution in addition to an isotropic extragalactic
flux4, which has already been suggested using di↵erent arguments [21, 32, 36, 80, 166].

Here, we would like to examine whether the HESE data are partly driving this asymmetry, using an extra year
of data with respect to Ref. [16]. We therefore examine the statistical significance of the North-South asym-
metry by using the 4-year HESE data and performing an 8P+NS analysis, where the set of free parameters is
{↵e,N,↵e,S, �N, �S, Na,N, Na,S, Nµ, N⌫}, as described above. The results of this section are summarized in Tab. IV.

The results for the power-law indices and normalizations of the astrophysical spectrum are shown in Fig. 9 for
neutrinos originating from the northern (left panel) and southern (right panel) hemispheres. There is clearly no
indication of an asymmetry in the shape of the spectrum. In the case of the EM-equivalent deposited energy interval
[10 TeV � 10 PeV], the best fit values for the spectral indices are (�

N

)
bf

= 2.96+0.41
�0.78 and (�

S

)
bf

= 2.94+0.24
�0.29, which

are in perfect agreement with each other. The best fits for the spectral indices in the interval [60 TeV � 10 PeV]
are: (�

N

)
bf

= 2.42+0.89
�0.61 and (�

S

)
bf

= 2.79+0.31
�0.29, and both spectra are compatible at 1� C.L., mainly due to the large

uncertainty from the upgoing, northern hemisphere, events. Regardless the energy interval considered, the best fit
for the southern hemisphere is very similar to what is obtained for the single power-law isotropic model (see Tab. I).
This is not surprising, as the statistics are dominated by the downgoing events. Indeed, the scarce data from the
northern hemisphere also explains the large allowed regions and the very small dependence on the deposited energy
interval which is considered. Note that in the interval [10 TeV � 10 PeV] ([60 TeV � 10 PeV]), only 16 (10) events
have been observed from the northern hemisphere. The asymmetry found in Ref. [16] is thus likely dominated by the
addition of through-going muon track events, which entirely originate from the northern hemisphere. These events
are well-fitted by a much harder spectrum, �

TG

' 2 [4, 203]. When combined with the mainly-downgoing, much
softer HESE spectrum, this results in the reported asymmetry.

It is important to stress that we are not excluding the possibility of the quoted asymmetry, but trying to understand
its origin. Indeed, our results for the northern sky are compatible at the 1� C.L. with an astrophysical spectrum
as hard as the one found from the analysis of the through-going track sample. The sample size is simply not large
enough to make stronger claims with the HESE data set on its own. Furthermore, the asymmetry could occur in the
normalization, rather than in the spectral index. Nevertheless, our results do not show either the presence of any
asymmetry in this parameter.

4 Even if a flux with galatic plus extragalactic contributions would approximately correspond to a single-component flux from the North
and a two-component flux from the South, we have shown in the previous section (Sec. IVA) that the two power-law analysis does not
significantly improve the fit to the current HESE data over the single power-law model. Thus, this scenario can be adequately modeled
by the North-South model considered here.
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FIG. 5. Neutrino-antineutrino model: normalization of the fluxes. Profile likelihood contours in the � � �̄ plane, at
68% C.L. (dark colors) and 95% C.L. (light colors) with the 7P+⌫⌫̄ analysis, as described in the text. Filled orange contours
(closed purple curves) represent the EM-equivalent deposited energy interval [10 TeV � 10 PeV] ([60 TeV � 10 PeV]). The
best fits (stars) are also indicated.

⌫̄e flux comparable to the ⌫e flux would result in an excess of events around this deposited energy. So far, the most
energetic event in the 4-year HESE sample has an energy of about 2 PeV, far enough from the resonance peak that
it is unlikely to be associated with it. The implications of the lack of events around this energy have already been
discussed [7, 162, 163, 201]. This could be the indication of a break [7, 94] or a cuto↵ [18, 202] in the astrophysical
neutrino spectrum at an energy of a few PeV.

In this section, we perform a fit to the 4-year HESE data to evaluate the presence of a potential neutrino-antineutrino
asymmetry. Assuming the mechanism of production of neutrinos and antineutrinos to be the same, we consider only
one power-law spectral index, but we allow for di↵erent flavor compositions (with ↵µ = ↵⌧ and ↵̄µ = ↵̄⌧ ) and di↵erent
number of events produced by neutrinos and antineutrinos. As explained above, we perform a 7P+⌫⌫̄ fit, where the
set of free parameters is {↵e, ↵̄e, �, Na, N̄a, Nµ, N⌫}. The results of this section are summarized in Tab. II.

In contrast with the 6P analysis, which fits the sum of neutrino and antineutrino events, we now find the number of
astrophysical neutrino or antineutrino events not to be very correlated with the spectral index of the astrophysical flux
(assumed to be the same for both populations). Unsurprisingly, the numbers of neutrino and antineutrino events are
highly correlated between themselves, to keep the total number of events consistent with the data. This is an indication
of the degeneracy in both, the normalization of the fluxes and the flavor ratios of neutrinos and antineutrinos3. This
is shown in Fig. 5, where we depict the 68% C.L. and 95% C.L. profile likelihood contours in the �� �̄ plane for the
two energy intervals. Solutions with either no astrophysical neutrino or no astrophysical antineutrino flux are allowed
within 1� C.L., even though the best fit corresponds to a neutrino-dominated flux. This implies that current data do
not allow us to determine if there is an asymmetry in the neutrino-antineutrino composition of the astrophysical flux
and of course, do not allow us to distinguish scenarios with di↵erent fractions of neutrinos and antineutrinos (see also
Ref. [162, 163]).

3 See Ref. [164] for a discussion of the phenomenological implications of an asymmetry in the flavor compositions of neutrinos and
antineutrinos.

Important with higher statistics
H. Nunokawa, B. Panes and R. Z. Funchal, JCAP 1610:036, 2016
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FIG. 5. Neutrino-antineutrino model: normalization of the fluxes. Profile likelihood contours in the � � �̄ plane, at
68% C.L. (dark colors) and 95% C.L. (light colors) with the 7P+⌫⌫̄ analysis, as described in the text. Filled orange contours
(closed purple curves) represent the EM-equivalent deposited energy interval [10 TeV � 10 PeV] ([60 TeV � 10 PeV]). The
best fits (stars) are also indicated.

⌫̄e flux comparable to the ⌫e flux would result in an excess of events around this deposited energy. So far, the most
energetic event in the 4-year HESE sample has an energy of about 2 PeV, far enough from the resonance peak that
it is unlikely to be associated with it. The implications of the lack of events around this energy have already been
discussed [7, 162, 163, 201]. This could be the indication of a break [7, 94] or a cuto↵ [18, 202] in the astrophysical
neutrino spectrum at an energy of a few PeV.

In this section, we perform a fit to the 4-year HESE data to evaluate the presence of a potential neutrino-antineutrino
asymmetry. Assuming the mechanism of production of neutrinos and antineutrinos to be the same, we consider only
one power-law spectral index, but we allow for di↵erent flavor compositions (with ↵µ = ↵⌧ and ↵̄µ = ↵̄⌧ ) and di↵erent
number of events produced by neutrinos and antineutrinos. As explained above, we perform a 7P+⌫⌫̄ fit, where the
set of free parameters is {↵e, ↵̄e, �, Na, N̄a, Nµ, N⌫}. The results of this section are summarized in Tab. II.

In contrast with the 6P analysis, which fits the sum of neutrino and antineutrino events, we now find the number of
astrophysical neutrino or antineutrino events not to be very correlated with the spectral index of the astrophysical flux
(assumed to be the same for both populations). Unsurprisingly, the numbers of neutrino and antineutrino events are
highly correlated between themselves, to keep the total number of events consistent with the data. This is an indication
of the degeneracy in both, the normalization of the fluxes and the flavor ratios of neutrinos and antineutrinos3. This
is shown in Fig. 5, where we depict the 68% C.L. and 95% C.L. profile likelihood contours in the �� �̄ plane for the
two energy intervals. Solutions with either no astrophysical neutrino or no astrophysical antineutrino flux are allowed
within 1� C.L., even though the best fit corresponds to a neutrino-dominated flux. This implies that current data do
not allow us to determine if there is an asymmetry in the neutrino-antineutrino composition of the astrophysical flux
and of course, do not allow us to distinguish scenarios with di↵erent fractions of neutrinos and antineutrinos (see also
Ref. [162, 163]).

3 See Ref. [164] for a discussion of the phenomenological implications of an asymmetry in the flavor compositions of neutrinos and
antineutrinos.

Strong correlation: too early to reach any conclusion

Important with higher statistics
H. Nunokawa, B. Panes and R. Z. Funchal, JCAP 1610:036, 2016
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Great discovery by IceCube: onset of the era of neutrino astronomy 

Three potential issues: 

➙ Deficit of muon tracks… important track misID 

➙ Deficit of electron antineutrinos E>PeV… spectral break? pγ sources? 

➙ Too soft spectrum… several sources? 

(1:1:1) is OK within  1σ  for a power-law spectrum 

Multimessenger approach: gamma-rays, cosmic-rays, neutrinos 

What are the sources? So far, no correlation among messengers 

We need more data: KM3NeT, Gen2 IceCube 

Hopefully at higher energies too: PAO, TA, JEM-EUSO, ANITA… 

some final comments


