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Mysteries of Cosmic High-Energy Neutrinos 
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A 2015 Nobel Laureate in Physics Said… 

“I want to thank the neutrinos, of 
course. And since neutrinos are 
created by cosmic rays, I want to 
thank them, too.” 

Neutrino production

F. Halzen and S. Klein, Physics Today, May 2008

Neutrino 2014@Boston 

But we do not know well about “them”… 



Motivation: Cosmic Rays – A Century Old Puzzle 

Open problems 
- How is the spectrum formed?  
 (ex. transition to extragalactic) 
- How are CRs accelerated?  
 (ex. Fermi mechanism: sCR~2) 
- How do CRs propagate? 
… 
 
        The key question  
        “What is the origin?” 
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Multi-Messenger Approach 



Neutrino: Weak Interaction 

where U is a random number in the interval !0,1" , and Lint is
the mean neutrino interaction length

Lint!
1

#$N%E$&NA
, %3&

with NA!6.022"1023 cm#3 %water equivalent& the
Avogadro number.
Following Fig. 2 it is found also that the probabilities of

charged current and neutral current interactions are 0.667
and 0.333, respectively, and both are basically independent
of energy. The neutrino energy E$! produced in the NC neu-
trino interaction or the lepton (' or () energy El! produced
in the CC neutrino interaction are related to the neutrino
energy by E$!!(1#y)E$ and El!!(1#y)E$ , respectively.
According to the CTEQ DIS distribution )y*+0.25 in the
EeV range !33,35". A random selection of y from the d#/dy
distribution, also taken from Refs. !33,35", is adopted in this
work.

C. Ultrahigh energy neutrino sources

There are large uncertainties in the derivations of the neu-
trino flux from cosmological sources. On the other hand,
until the last International Cosmic Ray Conference %Ham-
burg, August 2001& the searches for diffuse flux as well as
point sources of $' neutrinos by the AMANDA-II telescope
!36" were negative and only upper limits had been reported
in the energy region below 106 GeV. These experimental
limits already exclude some models of AGN neutrinos.

Recently, upper limits on the ultrahigh energy electron
neutrino flux from diverse sources have been reported by
RICE %radio ice Cherenkov experiment& !37". The Cheren-
kov radiation in the radio-wavelength region associated with
$e-induced ice showers is detected by using a cubic array
(2.0"106 m3) of dipole radio receivers at the South Pole
and at 100–300 m depths colocated with the AMANDA ex-
periment.
The RICE upper limits %95% confidence level& assuming

an incident power law neutrino energy spectrum dN/dE$
+E#, at EeV energies can be expressed as

dN
dE$

+7.93"10#11! E$

GeV" #1.5

%GeV cm2 s sr&#1 %4&

and

dN
dE$

+1.58"10#5! E$

GeV" #2.0

%GeV cm2 s sr&#1. %5&

From a comparison between the electronic neutrino flux
model prediction and the corresponding RICE upper limits, it
is possible to associate approximately the flux with spectral
index 2.0 with GZK neutrinos and that with the index 1.5
with neutrinos from topological defects %TP neutrinos&. On
the other hand, fluxes in the energy region below EeV and
with spectral index 3.5, 3.0, and 2.5 are linked with AGN
neutrinos.
The RICE results are in agreement with the AGASA up-

per bound on the UHE $e flux for index 2.0 with 95% C.L.
!38" obtained from $e-induced horizontal air showers.

D. Density profile of the Earth

If a neutrino is inside the Earth surface with a nadir angle
-N , it travels in the Earth along a chord of length l(-N)
!2RTcos -N , where RT (!6371 km) is the Earth’s radius.
As the Earth is not a homogeneous medium the lengths of
the chords are transformed to cmw.e. %centimeters of water
equivalent&. For instance, in this outline, the Earth’s diameter
(!2"RT) is equivalent to a column whose depth is 1.1
"1010 cmw.e.
Seismological measurements of the Earth !39" provide

knowledge of the Earth’s density radial distribution .(r)
with good accuracy. The length of the chord for a certain
nadir angle is obtained by a numerical integration:

l%-N&!#
0

2RTcos -N
.!r%z ,-N&"dz , %6&

with the constraint condition

r2!z2$RT
2#2zRTcos -N . %7&

We have determined the lengths of the chords for nadir
angles in the region 0°/-N/89° in steps of 1°, because
-N!90° represents the horizon, where the Earth’s atmo-
sphere has a depth of +3.6"104 cmw.e. Results of an
analysis of neutrino propagation in the atmosphere near the
horizon will be reported in a separate paper.

FIG. 2. CC and NC neutrino %antineutrino& nucleon cross sec-
tion as a function of neutrino energy, according to the CTEQ4 DIS
distribution !33".

HOW OPAQUE IS THE EARTH TO ULTRAHIGH ENERGY . . . PHYSICAL REVIEW D 67, 103008 %2003&

103008-3

Neutral-Current Charged-Current 

σνN~10-33 cm2  

PeV 
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crude estimate at PeV energies 



IceCube: Gton Neutrino Detector 
IceCube

I 5160 PMTs

I 1 km3 volume

I 86 strings

I 17 m PMT-PMT
spacing per string

I 120 m string
spacing

I Angular resolution
⇠ 1o

I Completed 2010

50 m

1450 m

2450 m

2820 m

Eiffel Tower

324 m

IceCube Lab

Deep Core

N. Whitehorn, UW Madison IPA 2013 - 4

- South pole 
- volume~1 km3, mass~Gton 
- 86 strings (120 m spacing) 
- 5160 PMTs (17 m spacing) 
- Completed in 2010 

PMT  
(HAMAMATSU) 



How to Detect Neutrinos? 

•  3 main event types 

“Track” 
(detected) 

“Shower” 
(detected) 

“Double-bang  
& others” 

(not detected) Event Signatures

Muon Neutrino CC (data)
< 1 degree angular resolution

factor of 2 resolution of muon energy

Neutral Current or Electron Neutrino (data)
10 degree angular resolution (high energy)

⇠ 15% deposited energy resolution

Tau Neutrino CC (simulation)

N. Whitehorn, UW Madison IPA 2013 - 6

Event Signatures

Muon Neutrino CC (data)
< 1 degree angular resolution

factor of 2 resolution of muon energy

Neutral Current or Electron Neutrino (data)
10 degree angular resolution (high energy)

⇠ 15% deposited energy resolution

Tau Neutrino CC (simulation)

N. Whitehorn, UW Madison IPA 2013 - 6

Event Signatures

Muon Neutrino CC (data)
< 1 degree angular resolution

factor of 2 resolution of muon energy

Neutral Current or Electron Neutrino (data)
10 degree angular resolution (high energy)

⇠ 15% deposited energy resolution

Tau Neutrino CC (simulation)

N. Whitehorn, UW Madison IPA 2013 - 6

νµ+N → µ+X νe+N → e+X ντ+N → τ+X νX+N → νX+X 

~2 energy res. 
<1 deg ang res. 

~15% energy res. 
~10 deg ang res. 
seen at >100 TeV observable at higher E 

 An array of photomultiplier tubes + Dark and transparent material 
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Upgoing & Downgoing Neutrinos 
Downgoing neutrinos 

Upgoing neutrinos 
good: avoid atmospheric “muons” 
caveat: attenuation by Earth at > 0.1-1 PeV 

caveat: atm. muons (rapidly decreasing as E) 
good: avoid attenuation by Earth 

CR 

CR ν ν

ν

µ

µ

ν

2

II. WHAT IS KNOWN ABOUT THE EVENTS

These two events were detected as PeV cascades dur-
ing the 2010–2012 runs. They were identified in the ex-
tremely high energy (EHE) search, which is optimized
for the detection of EeV = 103 PeV cosmogenic neutri-
nos [2]. This search has strong cuts to decisively reject
detector backgrounds, and these cuts greatly a↵ect the
acceptance for signal events, especially in the PeV range,
which is the edge of the considered energy range, because
relatively few cosmogenic events are expected there.

Our analysis focuses on the PeV range and below. This
section introduces the events and their implications. The
reconstructed event energies are 1.04 ± 0.16 PeV and
1.14± 0.17 PeV [2]. This disfavors neutrino interactions
at the Glashow resonance at 6.3 PeV, for which the cas-
cade energy should generally be the same; we discuss
exceptions below. The absence of higher-energy events
disfavors cosmogenic neutrinos, as their detection prob-
ability is largest in the EeV range.

The values of the energies, and especially their prox-
imity to each other, are crucial. We assume that the
detected energies are probable values in the distribution
of possible values; this is reinforced by there being two
similar events. The minimal explanation of the two ener-
gies is that this distribution is peaked at ⇠ 1 PeV, due to
a drop in detector acceptance at lower energies and de-
creasing neutrino spectra at higher energies. The analysis
threshold for this search is ⇠ 1 PeV [2], which makes it
remarkable that both events were detected there. Very
likely, there are already many additional signal events to
be found at lower energies, but isolating them will re-
quire new searches with cuts optimized for cascades in
the PeV range. Events will likely also be found at higher
energies, but this will take additional exposure time.

The types of events – two cascades, zero muon tracks,
and zero tau-lepton events – also arise from the nature of
the search criteria, which are primarily based on the total
number of detected photoelectrons. In addition, downgo-
ing track-like events are strongly suppressed by the cuts.
The e↵ective area curves for di↵erent flavors show that
this search strategy gives the maximum exposure in the
energy range 1–10 PeV to ⌫

e

+ ⌫̄

e

[2]. The e�ciency for
⌫

µ

+ ⌫̄

µ

, which should be more detectable due to the long
range of the muons, is suppressed, in part because the
muons do not deposit their full energy in the detector.
The e�ciency for ⌫

⌧

+ ⌫̄

⌧

is also suppressed. This can ex-
plain the non-observation of muon track and tau-lepton
events; future searches can be optimized to find them.

The most likely scenario is that both cascade events
arise from charged current (CC) interactions of ⌫

e

+ ⌫̄

e

,
for which the detectable cascade energy is nearly the full
neutrino energy. Because of the above suppressions, we
neglect the rare cases in which ⌫

µ

+ ⌫̄

µ

or ⌫

⌧

+ ⌫̄

⌧

CC
events resemble ⌫

e

+ ⌫̄

e

cascades, due to the muon getting
a small fraction of the neutrino energy or the tau lepton
decaying quickly. Neutral current (NC) interactions of all
flavors of neutrinos also give cascades. The cross section
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FIG. 1. Neutrino fluxes as a function of neutrino energy. The
atmospheric conventional ⌫µ+ ⌫̄µ and ⌫e+ ⌫̄e spectra are from
Ref. [39]. The atmospheric prompt ⌫µ+⌫̄µ spectrum (the ⌫e+
⌫̄e flux is the same) is the Enberg (std.) model [40]. Example
cosmogenic EHE neutrino fluxes (⌫+⌫̄ for one flavor) are from
Refs. [41, 42]. An E�2 astrophysical neutrino spectrum for
one flavor of ⌫ + ⌫̄, normalized as discussed below, is shown,
along with current upper limits from IceCube [38, 39].

is 2.4 times smaller near 1 PeV, though three neutrino
flavors may contribute. The more important point is that
the average cascade energy in a NC interaction is only
⇠ 0.25 of the neutrino energy in the PeV range, which
makes the event much less detectable [2]. It is unlikely
that NC interactions could be the source of these events,
especially both of them, because the cascade energies are
so close to each other and the analysis threshold.

These events are consistent with a steady, isotropic
di↵use source, and we assume this, though other possi-
bilities are not excluded. The events were separated tem-
porally by 5 months, with one in each year of operation.
It is di�cult to measure the directions of cascade events,
as the signal regions in the detector are large and sphere-
like. No event directions are reported in the IceCube pa-
per [2], and preliminary IceCube results from conferences
vary significantly [35, 36]. Future analyses are expected
to have an angular resolution of ⇠ 10 degrees for cas-
cades near 1 PeV (and worse at lower energies) [35]. For
upgoing events that pass through Earth’s core, with a
zenith angle greater than ⇠ 150� (⇠ 7% of the full sky),
there would be especially significant attenuation due to
interactions in Earth [37, 38]. Prompt neutrinos that
are su�ciently downgoing will be accompanied by show-
ers that trigger the IceTop surface detector; this was not
seen, and studies of its e�ciency are ongoing [1]

Figure 1 shows some relevant neutrino spectra.



3.6s and 4.5s, respectively, using charm at the
level of our current 90% CL experimental bound.

Discussion
Although there is some uncertainty in the ex-
pected atmospheric background rates, in partic-
ular for the contribution from charmed meson
decays, the energy spectrum, zenith distribution,
and shower to muon track ratio of the observed
events strongly constrain the possibility that our
events are entirely of atmospheric origin. Almost
all of the observed excess is in showers rather than
muon tracks, ruling out an increase in penetrating
muon background to the level required. Atmo-

spheric neutrinos are a poor fit to the data for a
variety of reasons. The observed events are much
higher in energy, with a harder spectrum (Fig. 4)
than expected from an extrapolation of the well-
measured p/K atmospheric background at lower
energies (8–10): Nine had reconstructed depos-
ited energies above 100 TeV, with two events
above 1 PeV, relative to an expected background
from p/K atmospheric neutrinos of about one
event above 100 TeV. Raising the normalization
of this flux both violates previous limits and, be-
cause of nm bias in p and K decay, predicts too
many muon tracks in our data (two-thirds of tracks
versus one-fourth observed).

Another possibility is that the high-energy
events result from charmed meson production in
air showers (6, 11). These produce higher-energy
events with equal parts ne and nm, matching our
observed muon track fraction reasonably well.
However, our event rates are substantially higher
than even optimistic models (11) and the energy
spectrum from charm production is too soft to
explain the data. Increasing charm production
to the level required to explain our observations
violates existing experimental bounds (8). Be-
cause atmospheric neutrinos produced by any
mechanism are made in cosmic ray air showers,
down-going atmospheric neutrinos from the south-
ern sky will, in general, be accompanied into
IceCube by muons produced in the same parent
air shower. These accompanying muons will trig-
ger our muon veto, removing most of these events
from the sample and biasing atmospheric neutrinos
to the Northern Hemisphere. Most of our events,
however, arrive from the south. This places a
strong model-independent constraint on any at-
mospheric neutrino production mechanism as an
explanation for our data.

By comparison, a neutrino flux produced in
extraterrestrial sources would, like our data, be
heavily biased toward showers because neutrino
oscillations over astronomical baselines tend to
equalize neutrino flavors (12, 13). An equal-flavor
E−2 neutrino flux, for example, would be expected
to produce only one-fifth of track events (see

Fig. 3. Coordinates of the first de-
tected light from each event in the
final sample. Penetrating muon events
are first detected predominantly at the
detector boundaries (top and right sides),
where they first make light after cross-
ing the veto layer. Neutrino events should
interact uniformly throughout the ap-
proximately cylindrical detector volume,
forming a uniform distribution in (r2,z),
with the exception of interactions in the
less transparent ice region marked “Dust
layer,” which is treated as part of the de-
tector boundary for purposes of our event
selection. The observed events are con-
sistent with a uniform distribution.
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Fig. 4. Distributions of the deposited energies and declination angles
of the observed events compared to model predictions. (A and B) Zenith
angle entries for data (B) are the best-fit zenith position for each of the 28 events;
a small number of events (Table 1) have zenith uncertainties larger than the
bin widths in this figure. Energies plotted (A) are reconstructed in-detector
visible energies, which are lower limits on the neutrino energy. Note that de-
posited energy spectra are always harder than the spectrum of the neutrinos
that produced them because of the neutrino cross section increasing with
energy. The expected rate of atmospheric neutrinos is shown in blue, with

atmospheric muons in red. The green line shows our benchmark atmospheric
neutrino flux (see the text), and the magenta line shows the experimental
90% bound. Because of a lack of statistics from data far above our cut
threshold, the shape of the distributions from muons in this figure has been
determined using Monte Carlo simulations with total rate normalized to the
estimate obtained from our in-data control sample. Combined statistical and
systematic uncertainties on the sum of backgrounds are indicated with a
hatched area. The gray line shows the best-fit E−2 astrophysical spectrum with
a per-flavor normalization (1:1:1) of E2Fn(E) = 1.2 × 10−8 GeV cm−2 s−1 sr−1.
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Discovery: Early Results in 2012-2013 

•  Eν
2 Φν=(1.2±0.4)x10-8 GeV cm-2 s-1 sr-1 (per flavor) 

•  Consistent w. flavor ratio νe:νµ:ντ=1:1:1 
•  Favoring cutoff at ~2 PeV for Eν

-2 or steeper than Eν
-2.2 

IceCube 13 Science 

5

FIG. 4. The two observed events from August 2011 (left
panel) and January 2012 (right panel). Each sphere repre-
sents a DOM. Colors represent the arrival times of the pho-
tons where red indicates early and blue late times. The size
of the spheres is a measure for the recorded number of photo-
electrons.

ties in the cosmic-ray flux. Uncertainties in the expected
number of background events are estimated by varying
the associated parameters in the simulation. The two
dominant sources of experimental uncertainties are the
absolute DOM sensitivity and the optical properties of
the ice which contribute with (+43%, −26%) and (+0%,
−42%), respectively. Uncertainties in the cosmic-ray
flux models are dominated by the primary composition
(+0%, −37%) and the flux normalization (+19%,−26%).
The theoretical uncertainty in the neutrino production
from charm decay [16] relative to the total background
is (+13%, −16%). The systematic uncertainties are as-
sumed to be evenly distributed in the estimated allowed
range and are summed in quadrature.
The atmospheric muon and neutrino background

events are simulated independently. However, at higher
energies, events induced by downward-going atmospheric
neutrinos should also contain a significant amount of at-
mospheric muons produced in the same air shower as
the neutrino [19]. Since these events are reconstructed
as downward-going, they are more likely to be rejected
with the higher NPE cut in this region. Thus, the num-
ber of simulated atmospheric neutrino background events
is likely overestimated in the current study.
After unblinding the 615.9 days of data, we observe two

events that pass all the selection criteria. The hypothesis
that the two events are fully explained by atmospheric
background including the baseline prompt atmospheric
neutrino flux [16] has a p-value of 2.9×10−3 (2.8σ). This
value takes the uncertainties on the expected number of
background events into account by marginalizing over a
flat error distribution. Since the prompt component has
large theoretical uncertainties we have also studied how
much our baseline prompt component has to be enlarged
so that the two events can be explained as atmospheric
neutrinos: obtaining two or more events with a probabil-
ity of 10% would require a prompt flux that is about 15
times higher than the central value of our perturbative-
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FIG. 5. Event distributions for 615.9 days of livetime at fi-
nal cut level as a function of log10 NPE. The black points
represent the experimental data. The error bars on the
data points show the Feldman-Cousins 68% confidence inter-
val [20]. The solid blue line marks the sum of the atmospheric
muon (dashed blue), conventional atmospheric neutrino (dot-
ted light green) and the baseline prompt atmospheric neutrino
(dot-dashed green) background. The error bars on the line
and the shaded blue region are the statistical and systematic
uncertainties, respectively. The red line represents the pre-
diction of a cosmogenic neutrino model (Ahlers et al. [21])
with the model uncertainty indicated by the shaded region.
The magenta line represents a power-law flux which follows
E−2 up to an energy of 109 GeV with an all-flavor normaliza-
tion of E2φνe+νµ+ντ = 3.6 × 10−8 GeV sr−1 s−1 cm−2, which
is the integral upper limit obtained in a previous search in a
similar energy range [12]. Signal neutrino model fluxes are
summed over all neutrino flavors, assuming a flavor ratio of
νe : νµ : ντ = 1 : 1 : 1.

QCD model. This contradicts our current limit on the
prompt flux which would allow for not more than 3.8
times the central value at 90% C.L. [18].

The two events are shown in Fig. 4. Both events are
from the IC86 sample, but would have also passed the se-
lection criteria of the IC79 sample. The spherical photon
distributions of the two events are consistent with the
pattern of Cherenkov photons from particle cascades in-
duced by neutrino interactions within the IceCube detec-
tor. There are no indications for photons from in-coming
or out-going muon or tau tracks. Hence, these events are
most likely induced by either CC interactions of electron
neutrinos or NC interactions of electron, muon or tau
neutrinos. CC interactions of tau neutrinos induce tau
leptons with mean decay lengths of about 50 m at these
energies [22]. The primary neutrino interaction and the
secondary tau decay initiate separate cascades which in a
fraction of such events lead to an observable double-peak
structure in the recorded waveforms. The two events do
not show a significant indication of such a signature. Fig-
ure 5 shows the final-cut NPE distributions for the ex-
perimental data, several signal models and background

5

FIG. 4. The two observed events from August 2011 (left
panel) and January 2012 (right panel). Each sphere repre-
sents a DOM. Colors represent the arrival times of the pho-
tons where red indicates early and blue late times. The size
of the spheres is a measure for the recorded number of photo-
electrons.

ties in the cosmic-ray flux. Uncertainties in the expected
number of background events are estimated by varying
the associated parameters in the simulation. The two
dominant sources of experimental uncertainties are the
absolute DOM sensitivity and the optical properties of
the ice which contribute with (+43%, −26%) and (+0%,
−42%), respectively. Uncertainties in the cosmic-ray
flux models are dominated by the primary composition
(+0%, −37%) and the flux normalization (+19%,−26%).
The theoretical uncertainty in the neutrino production
from charm decay [16] relative to the total background
is (+13%, −16%). The systematic uncertainties are as-
sumed to be evenly distributed in the estimated allowed
range and are summed in quadrature.
The atmospheric muon and neutrino background

events are simulated independently. However, at higher
energies, events induced by downward-going atmospheric
neutrinos should also contain a significant amount of at-
mospheric muons produced in the same air shower as
the neutrino [19]. Since these events are reconstructed
as downward-going, they are more likely to be rejected
with the higher NPE cut in this region. Thus, the num-
ber of simulated atmospheric neutrino background events
is likely overestimated in the current study.
After unblinding the 615.9 days of data, we observe two

events that pass all the selection criteria. The hypothesis
that the two events are fully explained by atmospheric
background including the baseline prompt atmospheric
neutrino flux [16] has a p-value of 2.9×10−3 (2.8σ). This
value takes the uncertainties on the expected number of
background events into account by marginalizing over a
flat error distribution. Since the prompt component has
large theoretical uncertainties we have also studied how
much our baseline prompt component has to be enlarged
so that the two events can be explained as atmospheric
neutrinos: obtaining two or more events with a probabil-
ity of 10% would require a prompt flux that is about 15
times higher than the central value of our perturbative-
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uncertainties, respectively. The red line represents the pre-
diction of a cosmogenic neutrino model (Ahlers et al. [21])
with the model uncertainty indicated by the shaded region.
The magenta line represents a power-law flux which follows
E−2 up to an energy of 109 GeV with an all-flavor normaliza-
tion of E2φνe+νµ+ντ = 3.6 × 10−8 GeV sr−1 s−1 cm−2, which
is the integral upper limit obtained in a previous search in a
similar energy range [12]. Signal neutrino model fluxes are
summed over all neutrino flavors, assuming a flavor ratio of
νe : νµ : ντ = 1 : 1 : 1.

QCD model. This contradicts our current limit on the
prompt flux which would allow for not more than 3.8
times the central value at 90% C.L. [18].

The two events are shown in Fig. 4. Both events are
from the IC86 sample, but would have also passed the se-
lection criteria of the IC79 sample. The spherical photon
distributions of the two events are consistent with the
pattern of Cherenkov photons from particle cascades in-
duced by neutrino interactions within the IceCube detec-
tor. There are no indications for photons from in-coming
or out-going muon or tau tracks. Hence, these events are
most likely induced by either CC interactions of electron
neutrinos or NC interactions of electron, muon or tau
neutrinos. CC interactions of tau neutrinos induce tau
leptons with mean decay lengths of about 50 m at these
energies [22]. The primary neutrino interaction and the
secondary tau decay initiate separate cascades which in a
fraction of such events lead to an observable double-peak
structure in the recorded waveforms. The two events do
not show a significant indication of such a signature. Fig-
ure 5 shows the final-cut NPE distributions for the ex-
perimental data, several signal models and background

1.05 PeV 

1.15 PeV 

First detection of PeV events (~3σ) Follow-up analysis (~4σ) 

PeV IceCube 13 PRL 



Starting event channel 

X Best fit spectral index was 2.30±0.3 (3y) and now 2.58±0.25 (4y) 

X Energy threshold ~60GeV  
X Lower energy extension of analysis down to 1TeV!  PRD 91 022001(2014) 

16 
Compared to the previous publication (Phys. Rev. Lett. 113, 101101), a 
softer spectra preferred while consistent within error 

Thursday 29th Neutrino parallel: IceCube Diffuse flux By J. Van Santen 

3 year sample, PRL 113, 101101 

IceCube Neutrinos: Updates in 2015 

- Best fit (no cutoff): sν=2.58+-0.25 
- Eν

2 Φν=(2.2±0.7)x10-8 GeV cm-2 s-1 sr-1  
               at 100 TeV (per flavor) 

•  4-yr HESE data: 54 events (6.5 σ) 
Edep: 20 TeV-2 PeV 

IceCube 15 IPA 
dip? break? 

cutoff? 

cf. 3-yr HESE data: 37 events (5.7 σ) 
     Edep: 30 TeV-2 PeV 

- Best fit (no cutoff): sν=2.3+-0.3 

combined analysis 
- Eν

2Φν=(6.7±1.2)x10-8 GeV cm-2 s-1 sr-1  
  at 100 TeV(all flavor) 
- Best-fit: s=2.5±0.09 (s=2.0 disfavored at 3.8σ)
- Flavor ratio is consistent w. 1:1:1 IceCube 15 ApJ 



Lowering the Threshold: Steep Spectra? 

•  Including lower-energy νs 
Edep>~1 TeV (2010-2012) 

 
   

 
 

 
   

 
 

 
   

 
 

best-fit simple PL: s=2.46±0.12 
IceCube 15 PRD 

•  Shower analyses 
Edep: 10 TeV-1 PeV (2010-2012) 
 

172 events (~4.7 σ) 
s=2.67+0.12-0.13 
atm. prompt (90%CL)  
< 3.8x10-9 cm-2 s-1 sr-1 
No evidence for north-south asymmetry  

IceCube 15 ICRC 



Dr.	Jan	Auffenberg	

	Measured	Astrophysical	Neutrino	Flux	
	

•  Best	fit	astrophysical	neutrino	flux	(unbroken	power	law)	and		
conven:onal	atmospheric	neutrino	flux	predicted	by	Honda	

•  HESE	unfolding	including	4yr	data	in	black	crosses	

10	

Upgoing Muon Tracks: Hard Spectra? 

 
   

 
 

 
   

 
 

 
   

 
 

IceCube 15 TeVPA 

- 6-yr Upgoing muon ν (>220 TeV):  
  only bkg. rejected at 5.9σ  
- Best-fit index: s=2.07±0.13  
- Muon ν flux at 100 TeV:      
  Eν

2Φν=(0.82+0.3-0.26) 
              x10-8 GeV cm-2 s-1 sr-1   
- Consistent w. low-energy analyses  
   but there is a 2σ tension 

A measurement of the diffuse astrophysical muon neutrino flux
Sebastian Schoenen | TeVPa 2015, Kashiwa | 29.10.2015

13

Summary of the diffuse 
IceCube results

� 90% C.L. contours of the different IceCube analyses
¾ Results of IC tracks (6yr) and IC combined analysis (3 yr tracks slightly correlated) 

not compatible within > 3.6σ (two sided significance)

2.6 PeV muon event 



HE Neutrino Astrophysics Started 
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No single source detection & no significant clustering 
Easy to see: mostly isotropic → extragalactic sources 

complied from IceCube 14 PRL 

(supported by diffuse gamma-ray searches:  
KM, Ahlers & Lacki 13 PRDR, Ahlers & KM 14 PRD) 

Origins and mechanism of cosmic neutrinos? 
-pp or pγ? -connection to UHECRs? -connection to γ rays? – new physics? 



Astrophysical “Isotropic” Neutrino Background – Mean Diffuse Intensity  

z=0 (present) 

z=1 

z=5 

t 

Physical Review Letters

Kohta Murase1
1Yukawa Institute for Theoretical Physics,
Kyoto University, Kyoto, 606-8502, Japan

(Dated: February 2, 2014)

PACS numbers: 98.70.Rz, 11.30.Cp, 98.70.Sa

E2
νΦν ≈

ctH
4π

fmesfzε
2
pqp(εp) (1)

fz =

∫

dz
1+z

| dt
dz
|qp(z)

tHqp
(2)

30(r/1013 cm)
−1

! (B/G) ! 107(Γj/100) (3)

ε2νΦν =
c

4π

∫

dz

∣

∣

∣

∣

dt

dz

∣

∣

∣

∣

ε2νqν(εν)F (z) (4)

EB ≈
3

5

GM2
ns

Rns

∼ 3× 1053 erg (5)

[1] K. Murase, Phys. Rev. Lett. 103, 081102 (2009).

Most contributions come from unresolved distant sources, difficult to see each 

F(z): redshift evolution 

z 

d~3 Gpc 

d~8 Gpc 

εν2 qν(εν): ν emissivity at z=0 
              “source physics” 
              qν=Lx(source density) 
              qν=Εx(burst rate)  
 

F(z) 

typically maximum at z~1-2 
ex. star-formation rate 
      supernova rate 
      AGN density  

diffuse ν intensity of extragalactic sources (cf. supernova ν bkg.) ← consistent w. isotropic distribution   



Astrophysical Extragalactic Scenarios 

Active galactic nuclei γ-ray burst
Galaxy group/clusterStarburst galaxy

Cosmic-ray Reservoirs 

- γ-ray bursts  
  ex. Waxman & Bahcall 97, KM et al. 06 
  after Neutrino 2012: 
  Cholis & Hooper 13, Liu & Wang 13 
  KM & Ioka 13, Winter 13, Senno, KM & Meszaros 16 
   
- Active galactic nuclei  
  ex. Stecker et al. 91, Mannheim 95 
  after Neutrino 2012: 
  Kalashev, Kusenko & Essey 13, Stecker 13, 
  KM, Inoue & Dermer 14, Dermer, KM & Inoue 14, 
  Tavecchio et al. 14, Kimura, KM & Toma 15,  
  Padvani et al. 15, Wang & Liu 16  

- Starburst galaxies (not Milky-Way-like) 
  ex. Loeb & Waxman 06, Thompson et al. 07 
  after Neutrino 2012: 
  KM, Ahlers & Lacki 13, Katz et al. 13, 
  Liu et al. 14, Tamborra, Ando & KM 14, 
  Anchordoqui et al. 14, Senno et al. 15  
 
- Galaxy groups/clusters  
  ex. Berezinsky et al. 97, KM et al. 08, Kotera et al. 09 
  after Neutrino 2012:  
  KM, Ahlers & Lacki 13, Fang & Olinto 16 

accretion to 
massive black hole 

core-collapse of  
massive stars 

high star-formation  
→ many supernovae 

gigantic reservoirs w.  
AGN, galaxy mergers  

Cosmic-ray Accelerators 
(ex. UHECR candidate sources) 



Astrophysical Extragalactic Scenarios 

p+γ→ Nπ + X

Active galactic nuclei γ-ray burst

p+ p→ Nπ + X

Galaxy group/clusterStarburst galaxy

Cosmic-ray Accelerators 
(ex. UHECR candidate sources) Cosmic-ray Reservoirs 

σpp~1/mπ
2~30 mb 

Δ-resonance 
(+ direct ch.) 

σpγ~ασpp~0.5 mb 

ε'pε’γ ~ (0.34 GeV)(mp/2) ~ 0.16 GeV2 

roughly energy-independent 

accretion to 
massive black hole 

core-collapse of  
massive stars 

high star-formation  
→ many supernovae 

gigantic reservoirs w.  
AGN, galaxy mergers  

σpp σpγ 



Astrophysical Extragalactic Scenarios 

p+γ→ Nπ + X

Active galactic nuclei γ-ray burst

Eν

E2 Φ  

ν  

0.1 TeV PeV 

p+ p→ Nπ + X

Galaxy group/clusterStarburst galaxy

Eν

E2 Φ  

ν  

0.1 TeV PeV 

CR 

CR 

Cosmic-ray Accelerators 
(ex. UHECR candidate sources) Cosmic-ray Reservoirs 

obs. photon spectra 
& source size 

gas density & 
source size 

 Eν ~ 0.04 Ep: PeV neutrino ⇔ 20-30 PeV CR nucleon energy   

sν~sCR sν≠sCR 

accretion to 
massive black hole 

core-collapse of  
massive stars 

high star-formation  
→ many supernovae 

gigantic reservoirs w.  
AGN, galaxy mergers  

Φ∝E-s 



Astrophysical Extragalactic Scenarios 

p+γ→ Nπ + X

Active galactic nuclei γ-ray burst

Eν

E2 Φ  

ν  

0.1 TeV PeV 

p+ p→ Nπ + X

Galaxy group/clusterStarburst galaxy

Eν

E2 Φ  

ν  

0.1 TeV PeV 

CR 

CR 

Cosmic-ray Reservoirs 

obs. photon spectra 
& source size 

gas density & 
source size 

 Eν ~ 0.04 Ep: PeV neutrino ⇔ 20-30 PeV CR nucleon energy   

sν~sCR sν≠sCR 

accretion to 
massive black hole 

core-collapse of  
massive stars 

high star-formation  
→ many supernovae 

gigantic reservoirs w.  
AGN, galaxy mergers  

Cosmic-ray Accelerators 
(ex. UHECR candidate sources) 



relativistic 
outflow 

Cosmic-Ray Accelerators 
γ-ray burst

CRs may or may not escape 

ν

CR? 

CR p 

target γ

νµ

νe

e-

µ+

π+

νµ

νe

e+

n p 

CR e 

γ
ex. shocks in outflows 
      → electron acceleration 
      → radiation (ex. synchrotron)  

Active galactic nuclei

accretion to 
massive black hole 

core-collapse of  
massive stars 
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Figure 2. Neutrino spectra numerically calculated by adopting the internal shock
radius R = 2Γ2ctob

v /(1 + z) for 215 GRBs (light red lines) observed during
the IceCube operations in the 40-string and 59-string configurations. We use the
same GRB samples, the same assumptions for the GRB parameters, and the
same effective area as a function of the zenith angle as those used by the ICC.
The thick red solid line represents the sum of the neutrino spectra of the 215
GRBs and the thick red dashed line is the corresponding 90% CL upper limit
of IceCube. The thick dark gray solid line and dashed line are the predicted
total neutrino spectrum and the corresponding 90% CL upper limit given by
the ICC for the combined data analysis of IC40 and IC59, respectively. The
blue solid and dashed lines correspond to the expected spectra and the 90%
CL upper limit obtained by using the modified method in Guetta et al. (2004).
The purple lines represent our modified analytical calculation as a comparison.
For the above calculations, we adopt benchmark parameters, such as the peak
luminosity Lγ = 1052 erg s−1, the observed variability timescale tob

v = 0.01 s
for the long GRBs, the Lorentz factor Γ = 102.5, and the baryon ratio ηp = 10
for every GRB.
(A color version of this figure is available in the online journal.)

1012–1016 cm.10 The figure shows that the neutrino flux for the
case of R = 1012 cm (the black solid line) would exceed the
corresponding IceCube upper limit (the black dashed line) as
long as the baryon-loading factor is sufficiently greater than
unity. If we fix ηp = 10, then the nondetection requires that the
dissipation radius be larger than 4×1012 cm. We note that, when
the emission radius is too small, the maximum energy of the
accelerating particles is limited due to the strong photohadronic
and/or radiation cooling, and the neutrino emission can be more
complicated due to the strong pion/muon cooling, so a more
careful study is needed to obtain quantitative constraints on ηp

in this regime. On the other hand, the larger dissipation radius
leads to a lower neutrino flux and higher cooling break energy
according to Equations (12) and (13). The shift of the first break
to higher energies for larger dissipation radii is due to those
GRBs with α > 1, whose neutrino spectral peaks located at the
cooling breaks dominantly contribute to the neutrino flux.

3.2. Uncertainty in the Bulk Lorentz Factor

In the previous subsections, we took either the variability or
the dissipation radius as a principal parameter, given a Lorentz
factor, i.e., Γ = 102.5. For those bursts without a measured

10 If the radius is smaller than the photosphere radius, then the neutrino
emission produced by the p − p interactions becomes important (Wang & Dai
2009; Murase 2008); this scenario is not considered here.
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Figure 3. Spectra of the total neutrino emission produced by 215 GRBs,
assuming the same dissipation radius for every GRB at R = 1012 cm (the
black solid line), R = 1013 cm (the blue solid line), R = 1014 cm (the green
solid line), R = 1015 cm (the yellow solid line), and R = 1016 cm (the red
solid line). The corresponding upper limits are shown by the dashed lines.
Other parameters are the same as those used in Figure 2. Note that the red,
green, and yellow dashed lines overlap with each other because the spectrum
shape of the red, green, and yellow solid lines is similar in the energy range of
105 GeV–3 × 106 GeV.
(A color version of this figure is available in the online journal.)

redshift, we took Lγ = 1052 erg s−1 for the peak luminosity, as
was done by the ICC. However, it was found recently that the
bulk Lorentz factor could significantly vary among the bursts,
and there is an inherent relation between the Lorentz factor and
the isotropic energy or the peak luminosity (Liang et al. 2010;
Ghirlanda et al. 2012). As shown by Equations (17) and (18),
the neutrino flux is very sensitive to the bulk Lorentz factor, so
we can use the inherent relation to obtain more realistic values
for the Lorentz factors and, hence, a more reliable estimate of
the neutrino flux.

By identifying the onset time of the forward shock from the
optical afterglow observations, Liang et al. (2010) and Lv et al.
(2011) obtain the bulk Lorentz factors for a sample of GRBs.
They furthermore found a correlation between the bulk Lorentz
factor and the isotropic energy of the burst, given by11

ΓL = 118E0.26
iso,52. (22)

Ghirlanda et al. (2012) revisit this problem with a large sample
and obtain a relation as

ΓG = 29.8E0.51
iso,52. (23)

Compared with the benchmark model, which assumes Γ = 102.5

for all of the bursts, the value of Γ obtained from these
relations is lower for the bursts with the isotropic energy
Eiso ! (4.4–9.4) × 1053 erg.

Ghirlanda et al. (2012) also obtained the relation between the
bulk Lorentz factor and the peak luminosity, i.e.,

ΓGL
= 72.1L0.49

γ ,52. (24)

11 We adopt only the center value for the relationships presented hereafter.
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HE Neutrinos from Classical GRBs 

He+ KM 12 ApJ 

Standard jet models as the cosmic ν origin: excluded by multimessenger obs. 
- Classical GRBs: constrained by stacking analyses <~ 10-9 GeV cm-2 s-1 sr-1   
 ※ space- and time-coincidence (duration~30 s → background free) 

Classical GRBs (prompt) 
IceCube 2015 

IC-40/59 
(IC-79/86 stronger) 

!"
#$

!"#$

ν 

CR γ 

γ 

ν 

Bustamante, Baerwald, KM, & Winter 15 Nature Comm. 



HE Neutrinos from AGN Jets 

Blazars 
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Standard jet models as the cosmic ν origin: disfavored by multimessenger obs. 
- Blazars: 1. obs. SEDs (int. & ext.) → hard spectral shape (KM, Inoue & Dermer 14) 

                2. no clustering (KM & Waxman 16) 3. no source association (IceCube Coll. 15)  
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MPERS03 (LBL)
MPERS03 (HBL)

PPGR15 (BL Lac)
MID14 (Blazar w. ξcr=3)

MID14 (Blazar w. ξcr=50)

Standard diffuse ν predictions 

IC-79/86 
prelim. 

- Very hard spectra: a general trend of one-zone models  
- Many of them (including a leptonic-hadronic model) are excluded by IceCube 

ruled out 
by IceCube 
(6-yr UHE) 

KM, Inoue & Dermer 14 



Controversy: Blazars as the Origin of IceCube’s Neutrinos? 

FERMI blazar stacking results 

X No significant excess 
X The smallest p-value is 6% for the "All 2LAC Blazar" 

30 

IceCube Diffuse flux 

Upperlimits on diffuse flux contribution assuming parameterization in ApJ 720:435 (2010) 

NO! 
- Comparison w. FSRQs’ γ-ray bkg. (Ajello+ 13 ApJ) 

  → average ratio: Lν/Lγ~0.1 (for all-flavor Lν) 
- Blazars are rare objects in the Universe 
  Lγ/Lν~0.1 → nearby blazars should be seen 
                      but unobserved  
- Some model-dependence but quite reasonable  
  (e.g., power-law assumption,  
           γ-dim population of blazars) 
 
 

IceCube 15 
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Figure 1: a) �-ray light curve of PKS B1424�418. The Fermi/LAT data are shown as two-week binned

photon fluxes between 100 MeV and 300 GeV (black), the Bayesian blocks light curve (blue), and the IC 35

time stamp (red line). The first three years of IceCube integration (2010 May through 2013 May) and the

included outburst time range are highlighted in color. b) TANAMI VLBI images of PKS B1424�418. The

images show the core region at 8.4 GHz from 2011 Nov, 2012 Sep and 2013 Mar in uniform color scale.

1 mas corresponds to about 8.3 pc. All contours start at 3.3mJy beam�1 and increase logarithmically by

factors of 2. The images were convolved with the enclosing beam from all three observations of 2.26mas⇥

0.79mas at a position angle of 9.5�, which is shown in the bottom left. The peak flux density increases from

1.95 Jy beam�1 (2011 Apr) to 5.62 Jy beam�1 (2013 Mar).
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YES! 
- Three PeV events may be associated with  
  distant blazars 
- Low significance 
  (~2σ association of the 2 PeV event w. a FSRQ ) 
- Association w. a HESE event can be explained 
  if Lγ~Lν  

Figure 14 Event display showing Big Bird, with 378 optical modules hit. Each sphere shows
a hit optical module. The size of the spheres shows the number of photoelectrons observed by
the DOM, while the color indicates the time, with red being earliest, and blue latest. Figure
courtesy of the IceCube Collaboration.

rays, including the watershed discoveries of antimatter, the pion, the muon, the kaon, and
several other particles. In this article, we have both reviewed the nascent field of cosmic
neutrino astronomy and considered some of the potential ways CR science will once again
point the way in the quest to understand Nature at its most fundamental.
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Fig. 1.—Expected event rates for muon neutrinos ( ) in IceCube-like¯n ! nm m

detectors from five nearby CGs: Virgo, Centaurus, Perseus, Coma, and Oph-
iuchus. Broken power-law CR spectra with , , andp p 2.0 p p 2.4 ! p1 2 b

eV is assumed, and the isobaric model with is used. Note17.510 X p 0.029CR

that IceCube and KM3NeT mainly cover the northern and southern celestial
hemispheres, respectively. Neutrino oscillation is taken into account. [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 2.—Cumulative neutrino ( ) background from¯ ¯ ¯n ! n ! n ! n ! n ! ne e m m t t

CGs for broken power-law CR spectra with and . The breakp p 2.0 p p 2.41 2

energies are eV (thick lines) and eV (thin lines), re-17.5 16.5! p 10 ! p 10b b

spectively. The CR power is normalized to 2 45 "3˙! (dn/d!) p 2 # 10 erg Mpc
at eV, as required to account for CRs above the second knee."1 18yr ! p 10

For the isobaric model, the corresponding is 0.029 and 0.067. For theXCR

central-AGN model, Kolmogorov-like turbulence is assumed with k pCG

. We take Gyr and . WB represents the30 2 "110 cm s t p Dt p 1 z p 2dyn max

Waxman-Bahcall bounds (Waxman & Bahcall 1998).culations of the neutrino spectra using formulae based on the
SIBYLL code at high energies (Kelner et al. 2006).

The neutrino and gamma-ray fluxes can be estimated via the
effective optical depth for the pp reaction as f ≈pp

, where is the target nucleon density in the ICM,0.8j n ct npp N int N

is the pp cross section, and tint ∼ tdyn or max( , tdiff) is thej r/cpp

pp interaction time. Because at Mpc"4.5 "3n ∼ 10 cm r ∼ 1.5N

(Colafrancesco & Blasi 1998; Pfrommer & Enßlin 2004),
, and in the 100 PeV range (Kelner"25 2k ∼ 0.6 j ∼ 10 cmpp pp

et al. 2006), we obtain

"3f ∼ 2.4 # 10 n (t /1 Gyr). (1)pp N,"4.5 int

Roughly speaking, high-energy neutrinos from charged-pion
decay have typical energy (true only in the average! ∼ 0.03!n

sense, because charged particles have wide energy distributions
and high multiplicities as expected from the KNO scaling law)
(Kelner et al. 2006). Hence, neutrinos "PeV are directly related
to CRs above the second knee.

First we obtain numerically the neutrino spectra and expected
event rates from five nearby CGs, utilizing the b model or
double-b model description in Tables 1 and 2 in Pfrommer &
Enßlin (2004) for the thermal gas profile of each CG (Fig. 1).
Our gamma-ray fluxes for single power-law spectra agree with
the results of Pfrommer & Enßlin (2004). As is apparent in
Figure 1, the detection of neutrino signals from individual CGs
could be challenging even for nearby objects. It may be achiev-
able, however, through a detailed stacking analysis.

More promising would be the cumulative background signal.
A rough estimate of the neutrino background is (e.g., Murase
2007; Waxman & Bahcall 1998)

c 1 dN2 2! F ∼ min (1, f )! n (0)fn n pp CG z4pH 3 d! dt0

"9 "2 "1 "1∼ 1.5 # 10 GeV cm s sr fz

18 "p!2.1f (! p 10 eV) !pp n# , (2)[ ] ( )"32.4 # 10 10 PeV

where CGs are assumed to be the main sources of CRs from
the second knee to the ankle. Here, is the local densityn (0)CG

of massive CGs and is a correction factor for the sourcefz

evolution (Murase 2007; Waxman & Bahcall 1998). For de-
tailed numerical calculations of the background, we treat more
distant CGs following Colafrancesco & Blasi (1998) adopting
the mass function of Jenkins et al. (2001). The results for the
broken power-law case are shown in Figure 2. With ! pb

eV, the expected event rates above 0.1 PeV in IceCube17.510
(Ahrens et al. 2004) are ∼2 yr"1 for model A, ∼1 yr"1 for model
B, ∼5 yr"1 for the isobaric model, and ∼3 yr"1 for the central
AGN model.

Hence, upcoming telescopes may be able to find multi-PeV
neutrino signals from CGs, providing a crucial test of our sce-
nario. From equation (2), we can also estimate the correspond-
ing gamma-ray background from decay, which is0 2p ! F ∼g g

for the broken power-law"9 "8 "2 "1 "1(10 to 10 ) GeV cm s sr
case. This is only (0.1–1)% of the EGRET limit, consistent
with the nondetection so far for individual CGs. Note that the
expected gamma-ray background flux would increase if can!b

be decreased, requiring larger CR power from CGs.

4. IMPLICATIONS AND DISCUSSION

To test the CG origin of second knee CRs, high-energy neu-
trinos should offer one of the most crucial multimessenger
signals. Unlike at the highest energies, CRs themselves in the

eV range offer no chance of source identification as they1810
should be severely deflected by Galactic and extragalactic mag-
netic fields. Moreover, due to magnetic horizon effects, extra-
galactic CRs #1017 eV may not reach us at all (Lemoine 2005;
Kotera & Lemoine 2007) so even the broken power-law spectral
form will not be directly observable. Gamma-rays are unaf-
fected by intervening magnetic fields, but those at "PeV en-
ergies relevant for the second knee are significantly attenuated
by pair-creation processes with the CMB and cosmic IR back-
grounds (e.g., Kachelrieß 2008). In contrast, neutrinos in the
PeV–EeV energy range should be unscathed during propaga-
tion (Bhattacharjee & Sigl 2000 and references there in). Con-

KM, Inoue & Nagataki 08 

3

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

E2
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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WB Bound
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); Baikal(νe)
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← GZK

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

Loeb & Waxman 06 

IceCube 
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galaxy group/cluster 
CR sources: AGN, galaxy mergers, virial shocks 
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Inelastic pp Neutrinos from CR Reservoirs 

•  Explain >0.1 PeV ν data with a few PeV break (theoretically predicted)  

KM, Ahlers & Lacki 13 PRDR 
updated @ Neutrino 2014 

diffuse ν bkg. 
diffuse γ-ray bkg, 

diffusive escape of CRs 

Common origin for neutrinos and gamma rays? 
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Inelastic pp Neutrinos from CR Reservoirs 

•  Explain >0.1 PeV ν data with a few PeV break (theoretically predicted) 
•  Escaping CRs may contribute to the CR flux (theoretically predicted) 

Common origin for neutrinos, gamma rays & UHECRs? 
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>TeV γ rays interact with CMB & extragalactic background light (EBL) 
 
 

How to Test?: Multi-Messenger Approach 

p+γ→ Nπ + X → Eγ
2 Φγ ~ (4/3) Eν

2 Φν

p+ p→ Nπ + X → Eγ
2 Φγ ~ (2/3) Eν

2 Φν 

HE γ	

LE γ	

cosmic photon bkg. 

λγγ	 e 

cosmic photon bkg. 

γ +γCMB/EBL → e+ + e−

π±:π0~1:1 

π±:π0~2:1 

π 0 → γ +γ

ex. λγγ(TeV) ~ 300 Mpc 
      λγγ(PeV) ~ 10 kpc ~ distance to Gal. Center 

Fermi 
satellite 

airshower 
detectors 
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CASCADE GAMMA-RAY SIGNALS PRODUCED IN COSMIC VOIDS AS A CLUE OF ULTRA-HIGH-ENERGY
COSMIC RAYS FROM ACTIVE GALACTIC NUCLEI EMBEDDED IN THE STRUCTURED UNIVERSE

KOHTA MURASE
1

AND HAJIME TAKAMI
2

ABSTRACT

Active galactic nuclei Cocoon shocks might work as a accelerator if the Mach number is high enough. Even
if the This model leads to the strong emission, Possibly, neutrinos might be detecable as the diffuse neutrino
background.

Subject headings: gamma rays: bursts — gamma rays: theory — plasmas

1. INTRODUCTION

The origin of ultrahigh energy cosmic rays (UHECRs) is
still one of the open problems. Active galactic nuclei (AGNs)
are one of the most widely discussed UHECR sources. There
are radio loud AGNs that are supposed to have strong jets and
radio quiet AGNs that are not supposed. The former class can
be divided into two classes: FR I galaxies and FR II galax-

ies. FR I galaxies typically have L j ! 1045 erg s−1 while FR

II galaxies have L j " 1045 erg s−1. The local source density

is ns ∼ 10−4 Mpc−3 and ns ∼ 10−7.5 Mpc−3, respectively. See
Kawakatsu et al. 2009 and Collin 2008. When these AGNs
are observed by on-axis observers, they are seen as blazars.
Especially, FR II galaxies are supposed to be observed as FS-

RQs that typically have L j " 1047 erg s−1. See Ghisellini et al.
2009.

Radio quiet AGNs include Seyfert galaxies and their source

density is higher, ns ∼ 10−3 Mpc−3. They may also have weak
jets. See e.g., Hodge et al. 2008.

There are

2. THE COCOON SHOCK SCENARIO

The Hillas condition implies the necessary condition for
UHECRs to be accelerated. The source may move towards
us with the relativistic speed of cβ. When the bulk Lorentz
factor of the source is Γ, the distance of the emission re-
gion is written as r ≈ 2Γ2cδt and l ≈ r/2Γ is the comoving
source size. When the source moves nonrelativistically, r it-
self should be interpreted as the source size. The Hillas con-
dition rL < ZeBlβ becomes

LB > 6.7× 1045 erg s−1 Z−2E2
20Γ

2β−1 (1)

The acceleration time scale tacc ≡ ηE/ZeBc should also be
smaller than the dynamical time scale tdyn ≈ l/βc or the dif-

fusion time scale tdiff ≈ l2/3κ. In the former case, tacc < tdyn

leads to

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β3 (2)

η depends on acceleration mechanisms. In the latter case, we
have

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β

(

κ
1
3
lc

)2

(3)

Therefore, it would be possible for FR I and FR II galaxies to
generate UHE protons while radio quiet galaxies only produce
UHE nuclei rather UHE protons.

1 YITP, Kyoto University, Kyoto, 606-8502, Japan
2 YITP, Kyoto University, Kyoto, 606-8502, Japan

3. METHOD

Taking into account the pair creation, inverse Compton,
synchrotron radiation and adiabatic loss, we numerically cal-
culate the cascade emission by solving the Boltzmann equa-
tions that are often referred as kinetic equations ???,

∂Nγ

∂x
= −NγRγγ +

∂NIC
γ

∂x
+
∂N

syn
γ

∂x
−

∂

∂E
[PadNγ] + Qinj

γ ,

∂Ne

∂x
=
∂Nγγ

e

∂x
− NeRIC +

∂NIC
e

∂x
−

∂

∂E
[(Psyn + Pad)Ne] + Qinj

e ,

where

Rγγ =

∫

dε
dn

dε

∫

dΩ

4π
c̃σγγ(ε,Ω),

RIC =

∫

dε
dn

dε

∫

dΩ

4π
c̃σIC(ε,Ω),

∂NIC
γ

∂x
=

∫

dE ′Ne(E ′)

∫

dε
dn

dε

∫

dΩ

4π
c̃

dσIC

dEγ
(ε,Ω,E ′),

∂Nγγ
e

∂x
=

∫

dE ′Nγ(E ′)

∫

dε
dn

dε

∫

dΩ

4π
c̃

dσγγ

dEe
(ε,Ω,E ′),

∂NIC
e

∂x
=

∫

dE ′Ne(E ′)

∫

dε
dn

dε

∫

dΩ

4π
c̃

dσIC

dEe
(ε,Ω,E ′). (4)

Here c̃ = (1−µ)c, Psyn is the synchrotron energy loss rate, Pad is
the adiabatic energy loss rate, Nγ and Ne are photon and elec-

tron/positron number densities per energy decade, and Q
inj
γ

and Q
inj
e are photon and electron/positron injection rate.

4. RESULTS

We have performed numerical calculations using the same
code.

4.1. The photon flux

We have to consider the two points as for those loss pro-
cesses. First, the acceleration time should be smaller than all
the loss time scales due to synchrotron cooling and photo-
hadronic cooling and so on. In addition, accelerated particles
should escape from the source before they lose their energy
due to those loss processes.

For discussions below, we need the target photon field.
Here we assume the broken power-law spectrum which can
be expected for various nonthermal phenomena of GRBs and
AGNs. For given observed break energy of εb

ob = Γεb and lu-
minosity of Lγ , we use

dn

dε
∝

Lγ

4πr2Γ(βc)
(ε/εb)

β−1
(5)
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Inelastic pp Neutrinos from CR Reservoirs 

•  Explain >0.1 PeV ν data with a few PeV break (theoretically predicted)  
•  Must largely contribute to diffuse γ-ray bkg. (perhaps “common” origins?) 

- Strong predictions: spectral index s<2.1-2.2, >30-40% to diffuse γ-ray bkg. 
  Proposed tests: 1. Measurements of neutrino data below 100 TeV  
                            2. Decomposing the diffuse γ-ray bkg. 

KM, Ahlers & Lacki 13 PRDR 
updated by KM 1410.3680  

diffuse ν bkg. 
diffuse γ-ray bkg, 

diffusive escape of CRs 
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Application: Gamma Rays Challenge Dark Matter Models 

•  Galactic: γ → direct (w. some attenuation), e± → sync. + inv. Compton 
•  Extragalactic → EM cascades during cosmological propagation 

Quasi-isotropic emission from the Galactic halo (e.g., DM) can be constrained 

KM, Laha, Ando & Ahlers 15 PRL 

DM → νe+νe (12%) 
DM → b+b (88%) 

ex. Feldstein et al. 13,   
      Esmaili & Serpico 13,  
      Higaki+ 14, Fong+ 15,  
      Bai+ 14, Rott+ 15 

(similar results in other  
models that are proposed)   
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Inelastic pp Neutrinos from CR Reservoirs 

•  Explain >0.1 PeV ν data with a few PeV break (theoretically predicted)   
•  Must largely contribute to diffuse γ-ray bkg. (perhaps “common” origins?) 

- Strong predictions: spectral index s<2.1-2.2, >30-40% to diffuse γ-ray bkg. 
- If steep (s~2.5)→ ruling out a single origin & another component is required  
  pγ sources (KM & Ioka 13 PRL, Kimura, KM & Toma 15 ApJ), Galactic (Ahlers & KM 14 PRD) 

KM, Ahlers & Lacki 13 PRDR 
updated by KM 1410.3680  

diffuse ν bkg. 
diffuse γ-ray bkg, ? 
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Fig. 3.— Top Panel: Integrated emission of blazars (with and without EBL absorption),
compared to the intensity of the EGB (datapoints from AC14). Lower Panel: as above,

but including also the emission from star-forming galaxies (gray band, Ackermann et al.
2012) and radio galaxies (black striped band, Inoue 2011) as well as the sum of all non-

exotic components (yellow band). An example of DM-induced γ-ray signal ruled out by
our analysis is shown by the solid pink line, and summed with the non-exotic components
(long-dashed pink line). The inset shows the residual emission, computed as the ratio of the

summed contribution to the EGB spectrum, as a function of energy as well as the uncertainty
due to the foreground emission models (see AC14).

Implications of Detailed Gamma-Ray Studies 

Contributing >30-40% of diffuse sub-TeV gamma-ray flux 
→ improving and understanding the Fermi data are crucial 

Be cautious but 
If >50% come from blazars → tighter constraints: s<2.0-2.1   
If >60-70% come from blazars → insufficient room for pp scenarios! 

Ajello+ 15 ApJL  

~100 % come from blazars 
at sub-TeV energies? 
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Fig. 3.— Top Panel: Integrated emission of blazars (with and without EBL absorption),
compared to the intensity of the EGB (datapoints from AC14). Lower Panel: as above,

but including also the emission from star-forming galaxies (gray band, Ackermann et al.
2012) and radio galaxies (black striped band, Inoue 2011) as well as the sum of all non-

exotic components (yellow band). An example of DM-induced γ-ray signal ruled out by
our analysis is shown by the solid pink line, and summed with the non-exotic components
(long-dashed pink line). The inset shows the residual emission, computed as the ratio of the

summed contribution to the EGB spectrum, as a function of energy as well as the uncertainty
due to the foreground emission models (see AC14).

Implications of Detailed Gamma-Ray Studies 

Photon fluctuation analyses (Poisson term of angular power spectra) 

Ajello+ 15 ApJL  

~100 % come from blazars 
at sub-TeV energies? 

FIG. 1: In the left (right) panel the adaptively smoothed count map of one simulation (real sky) in the energy range 50 GeV-2
TeV is represented in Galactic coordinates and Hammer-Aito↵ projection. The two maps contain about 60000 �-ray events.

The results from analyzing the sources in the simu-
lated data can be used to measure the detection e�-
ciency !(S), which is a weighting factor that takes into
account the probability to detect a source as a function
of flux. The detection e�ciency is simply derived from
the simulations measuring the ratio between the number
of detected sources and the number of simulated ones
as a function of measured source flux. The result re-
ported in Fig. 3 shows that the LAT detects any source
in the |b| > 10� sky for fluxes larger than ⇡ 2⇥ 10�11 ph
cm�2 s�1, but misses 80–90% of the sources with fluxes
of ⇡ 1 ⇥ 10�11 ph cm�2 s�1 and many more below this
flux. The peak (!(S) >1) clearly visible at a flux of
⇡ 2⇥ 10�11 ph cm�2 s�1 is due to the Eddington bias.

A reliable estimate of the detection e�ciency is funda-
mental in order to correct the observed flux distribution
of the 2FHL catalog and in turn to derive the intrinsic
source count distribution, which is obtained as:

dN

dS
(Si) =

1

⌦�Si

Ni

!(Si)
[cm2 s deg�2], (1)

where ⌦ is the solid angle of the |b| > 10� sky, �Si is
the width of the flux bin, Ni is the number of sources in
each flux bin and Si is the flux at the center of a given
bin i. We verified through simulations that this method
allows us to retrieve the correct source count distribution
as long as the distribution used in the simulations is a
faithful representation of the real one.

This is found to be consistent, down to the sensitivity
of the 2FHL catalog (⇡ 8⇥ 10�12 ph cm�2 s�1), with a
power-law function with slope ↵

1

= 2.49±0.12 (see right
panel of Fig. 3). This best-fit value is consistent with
the Euclidean expectation and motivated us to choose
↵
1

= 2.5 in the simulations.
Fig. 4 shows the cumulative source count distribution

that is defined as:

N(> S) =

Z S
max

S

dN

dS0 dS
0 [deg�2], (2)

where S
max

is fixed to be 10�8 ph cm�2 s�1.

In order to infer the shape of the dN/dS below the flux
threshold for detecting point sources we have performed
a photon fluctuation analysis. This helps us to probe the
source count distribution to the level where sources con-
tribute on average 0.5 photons each. The analysis is per-
formed by comparing the histogram of the pixel counts
of the real sky with the ones obtained via Monte Carlo
simulations and allows us to constrain the slope of the
di↵erential flux distribution below the threshold of the
survey [15, 16]. We consider a di↵erential flux distribu-
tion described as a broken power law where the slope
above the break is ↵

1

= 2.5 as determined in this work
while below the break the slope varies in di↵erent sim-
ulations between ↵

2

2 [1.3, 2.7]. For each value of the
slope we derive the model pixel count distribution av-
eraging over the pixel count distributions obtained from
20 simulations. The simulated and real maps have been
pixelized using the HEALPix tool 2 [17]. We have used a
resolution of order 9, which translates into 3145728 pixels
and an pixel size of about 0.11�. Consistent results are
obtained when using a resolution of order 8. We consider
a single energy bin from 50 GeV to 2 TeV.

The model (averaged) pixel count distributions are
compared to the real data using a �2 analysis to deter-
mine the most likely scenario. As expected, there is a
degeneracy between the best-fit value of the slope ↵

2

and
the choice of the break flux, Sb. The result of the analy-
sis is that the break flux is limited to the range between
Sb 2 [8⇥10�12, 1.5⇥10�11] ph cm�2 s�1 while the index
below the break is in the range ↵

2

2 [1.60, 1.75]. The
best configuration, which we refer to as our benchmark
model, has a break flux at 1 ⇥ 10�11 ph cm�2 s�1 and
a slope ↵

2

= 1.65 with a �2 = 12.4 (for 12 degrees of
freedom). This implies that the source count distribu-
tion must display a hard break |↵

1

� ↵
2

| ⇡ 0.9 from the
Euclidean behavior measured at bright fluxes. We show
in Fig. 5, for the best-fit configuration, the comparison

2

See http://healpix.sourceforge.net
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FIG. 4: Cumulative source count distribution N(> S) with
the uncertainty bands as in Fig. 3 together with the theo-
retical predictions from Ref. [12] (blue dashed line), [4] (red
dashed line) and [13] (green band). The vertical dotted brown
line shows the 5mCrab flux reachable by CTA in 240 hrs of
exposure [14].

Our best-fit model for the flux distribution dN/dS is
therefore, for S & 10�12 ph cm�2 s�1, a broken power-
law with break flux in the range Sb 2 [0.8, 1.5] ⇥ 10�11,
slopes above and below the break of ↵

1

= 2.49 ± 0.12
and ↵

2

2 [1.60, 1.75], respectively and a normalization
K = (4.60±0.35)⇥10�19 deg�2 ph�1 cm2 s. We believe
this describes the source counts of a single population
(blazars), because no re-steepening of the source count
distribution is observed and because the large majority
(97%) of the detected sources are likely blazars.

Fig. 4 reports the theoretical expectations for the
source count distribution given by blazars [4, 13] and BL
Lacs [12]. These models are consistent with the obser-
vations at bright fluxes, but are above the experimental
N(> S) by about a factor of 2 at S = 10�12 ph cm�2

s�1. We include in the same figure also the predicted
5mCrab sensitivity reachable by CTA in 240 hours in
the most sensitive pointing strategy [14]. At these fluxes
the source density is 0.0194± 0.0044 deg�2, which trans-
lates to the serendipitous detection of 200±45 blazars in
one quarter of the full sky. It is also interesting to note
that our analysis constrains the source count distribution
to fluxes that are much fainter than those reachable by
CTA in short exposures.

Once known, the source count distribution can be used
to estimate the contribution of point sources to the EGB.
This is performed by integrating the flux distribution
dN/dS as follows:

I =

Z S
max

0

S0 dN

dS0 dS
0 [ph cm�2 s�1 sr�1]. (3)

Choosing S
max

= 10�8 ph cm�2 s�1 we find that the

FIG. 5: Comparison between the pixel count distribu-
tion from the average of 20 simulations (blue points), and
the distribution from the real sky (red points). The
green points show the di↵erence between the two distribu-
tions. In each number of photon bin N

photons

ranging be-
tween [N

photon,1, Nphoton,2] we display N
pixel

with N
photons

2
[N

photon,1, Nphoton,2).

total integrated flux from point sources is 2.07+0.40
�0.34 ⇥

10�9 ph cm�2 s�1 sr�1 which constitutes 86+16

�14

% of the
EGB above 50GeV estimated in [2]. This validates the
predictions of models [3, 4, 12]. Point sources with fluxes
S > 1.3⇥10�12 ph cm�2 s�1 produce 1.47+0.20

�0.24⇥10�9 ph

cm�2 s�1 sr�1, while 6.0+2.0
�1.0 ⇥ 10�10 ph cm�2 s�1 sr�1

is produced by sources below that flux.
The Fermi-LAT has measured the angular power spec-

trum of the di↵use �-ray background at |b| > 30� and in
four energy bins spanning the 1-50GeV energy range [19].
For multipoles l � 155 the angular power CP is found to
be almost constant, suggesting that the anisotropy is pro-
duced by an unclustered population of unresolved point
sources. Indeed, Refs. [20, 21, 22] argue that most of
the angular power measured by the Fermi-LAT is due to
unresolved emission of radio-loud active galactic nuclei.
The angular power due to unresolved sources at

>50GeV can be readily predicted from the source count
distribution as:

CP =

Z S
max

0

(1� !(S0))S02 dN

dS0 dS
0[(ph cm�2 s�1)

2

sr�1],

(4)
The angular power evaluates to CP (E > 50GeV) =
9.4+1.0

�1.6 ⇥ 10�22 (ph/cm2/s)2 sr�1. This is the first
observationally-based prediction of the angular power at
>50GeV. Our estimation for CP (E > 50GeV ) is in good
agreement with the extrapolation of the Fermi-LAT an-
gular power measurements [19] above 50GeV and is con-
sistent with the calculated anisotropy due to radio loud

Non-blazar contribution < 14±14% 



Implications of Detailed Gamma-Ray Studies 

Bechtol+ 16 

cross corr. between galaxy catalogues shot-noise in diffuse γ-ray bkg.  

Ando+ 15 PRL 

The proposed tests for pp scenarios have been done 

Given that IceCube’s data above 100 TeV are explained… 
Decomposition of extragalactic γ-ray bkg. gives tighter limits: s<2.0-2.1   
Insufficient room for pp scenarios to explain the 10-100 TeV neutrino data 



Two Components?: Low-Energy “Excess” Problem 

-  If γ-ray transparent → strong tensions w. diffuse γ-ray bkg. for both pp & pγ
    pp → ~100% of diffuse γ-ray bkg. even w. s~2.0 
    minimal pγ → >50% diffuse γ-ray bkg. (via EM cascades) 

•  Best-fit spectral indices tend to be as soft as s~2.5 
•  10-100 TeV data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1 
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the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives nεν ∝ const as a low-
energy neutrino spectrum [39]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-
trino and γ-ray spectra with the diffuse neutrino flux
and the IGRB [40] for a neutrino break εbν in the range
6–25 TeV. Since the sub-TeV emission is dominated by
γ rays from cascades in the CMB and EBL, the tension
with the IGRB can be weaker than in pp scenarios. How-
ever, the IGRB contribution is still at the level of ∼ 50%
for εbν = 25 TeV and reaches ∼ 100% for εbν = 6 TeV.
The spectrum (5) can be realized when the target pho-

ton spectrum is a power law with a high-energy cutoff or
a gray body (see below). We note that specific models
have larger contributions to the IGRB, by accounting for
the detailed energy dependence of fpp/pγ , the contribu-
tion from low-energy CRs, and cooling of charged mesons
and muons. As examples, we consider hadronic γ rays in
the low-luminosity AGN model of Ref. [24] (Model A),
which can explain ! 100 TeV neutrino data, and the
choked GRB jet model of Ref. [21] (Model B), although
these sources are predicted to be opaque to very-high-
energy γ rays. The right panel of Fig. 1 shows the corre-
sponding all-flavor neutrino and generated γ-ray spectra
as thick blue and thin red lines. Pretending γ-ray trans-
parency leads to violation of the high-energy IGRB data.
The limits of the IGRB contribution of pγ scenarios are

expected to become even stronger by identifying addi-
tional point sources or by decomposing the emission into
contributions from individual source populations. This
will further constrain the γ-ray transparent sources for
εbν = 6–25 TeV, which are still allowed by the Fermi data
(cf. left panel of Fig. 1). On the other hand, since the
sub-TeV emission is dominated by γ rays from cascades
in the CMB and EBL, the tension with the IGRB can
easily be relaxed compared to pp scenarios if the sources
are hidden, i.e. if high-energy γ rays generated in the
sources of diffuse neutrinos undergo efficient interactions
with intrasource radiation. In fact, this is generally the
case for pγ scenarios as we will show in the following.

CONNECTING pγ AND γγ OPTICAL DEPTHS

Let us consider a generic source with target photons
of energy εt and spectrum nεt . For soft target spectra
nεt ∝ ε−α

t with α > 1, which is valid in most nonther-
mal objects, meson production is dominated by the ∆-
resonance and direct pion production. Its efficiency fpγ
is given by

fpγ(εp) ≈ (εtnεt)σ̂pγ(r/Γ) , (6)

where σ̂pγ ∼ 0.7 × 10−28 cm2 is the attenuation cross
section (the product of the inelasticity and cross sec-
tion [41, 42]), r is the emission radius, and Γ is the bulk
Lorentz factor of the source. The energy of protons that
typically interact with photons with energy εt is

εp ≈ 20εν ≈ 0.5Γ2mpc
2ε̄∆εt

−1 , (7)

where ε̄∆ ∼ 0.3 GeV, and ∼ 30 TeV neutrinos require x-
ray or MeV γ-ray target photons. We here consider tran-
srelativistic or relativistic sources, like GRBs, pulsars,
and AGN including blazars, where target radiation is pre-
sumably generated by synchrotron or inverse-Compton
emission from thermal or nonthermal electrons. The low-
energy photon spectrum can be expressed by power-law
segments, nεt ∝ ε−α

t , where α ≥ 2/3 [43]. For nεp ∝
ε−scr
p and α " 1, the efficiency scales as fpγ ∝ εα−1

p , and
the neutrino spectral index is s = scr+1−α. For α ! 1 we
have s ∼ scr above the pion production threshold due to
higher resonances and multipion production [41, 42]. A
similar scaling is obtained for gray-body and monochro-
matic target photon spectra [34, 42].
Now, in pγ scenarios, the same target photon field can

prevent γ rays from escaping the sources. The optical
depth to γγ → e+e− is given by

τγγ(εγ) ≈ (εtnεt)η(α)σT (r/Γ) , (8)

where σT ≃ 6.65 × 10−25 cm2 and η(α) ≃ 7(α −
1)/[6α5/3(1 + α)] for 1 < α < 7 [44], which is the or-
der of 0.1. The typical γ-ray energy is given by

εγ ≈ Γ2m2
ec

4εt
−1 . (9)

Eqs. (6) and (8) lead to the following relation [41, 45],

τγγ(ε
c
γ) ≈

σγγ

σ̂pγ
fpγ(εp) ≃ 10

(

fpγ(εp)

0.01

)

, (10)

where εcγ is the γ-ray energy corresponding to the reso-
nance proton energy satisfying Eq. (7),

εcγ ≈
2m2

ec
2

mpε̄∆
εp ∼ GeV

( εν
25 TeV

)

. (11)

Thus, the neutrino data from 25 TeV to 2.8 PeV [5], cor-
responding to the proton energy range from ∼ 0.5 PeV
to ∼ 60 PeV, can directly constrain the two-photon an-
nihilation optical depth at εγ ∼ 1–100 GeV.
In general, the effective pγ optical depth fpγ de-

pends on source models. But too small values of fpγ
seem unnatural since the observed neutrino flux is not
far from the Waxman-Bahcall [46, 47] and nucleus-
survival bounds [48], corresponding to maximally effi-
cient neutrino production in the sources of ultrahigh-
energy (UHE) CRs. More quantitatively, it is possible
to obtain general constraints on fpγ by comparing the
observed CR and neutrino fluxes. Recently, Ref. [49]
obtained fpγ " 0.01 by requiring that the extragalactic

minimum pγ:  
~30 TeV is just around energy due 
to the pion production threshold 
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FIG. 1. Left Panel: All-flavor neutrino (thick blue lines) and isotropic diffuse γ-ray (thin red lines) fluxes for pp and minimal
pγ scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ∼ 10 TeV to ∼ 2 PeV energies [5], where
s′ = sob = 2.5 is used. While pp scenarios require εbν = 25 TeV with a strong tension with the Fermi IGRB [13], minimal pγ
scenarios allow the range εbν of 6–25 TeV (shaded regions) as long as the sources are transparent to γ rays (see the main text for
details). Right Panel: Same as the left panel, but now showing diffuse neutrino fluxes of specific models from Refs. [21, 24].
To illustrate the strength of diffuse γ-ray constraints, we pretend that the sources were transparent to γ rays.

generation rates are conservatively related as [27]

εγQεγ ≈
4

3K
(ενQεν )

∣

∣

εν=εγ/2
, (3)

where γ-ray and neutrino energies are related as εγ ≈
2εν . However, the generated γ rays from the sources may
not be directly observable. Firstly, γ rays above TeV en-
ergies initiate electromagnetic cascades in cosmic radia-
tion backgrounds including the extragalactic background
light (EBL) and cosmic microwave background (CMB) as
they propagate over cosmic distances. As a result, high-
energy γ rays are regenerated at sub-TeV energies. Sec-
ondly, intrasource cascades via two-photon annihilation,
inverse-Compton scattering, and synchrotron radiation
processes, can prevent direct γ-ray escape. To see their
importance, we temporarily assume that the sources are
γ-ray transparent. We will see in the following that this
hypothesis leads to significant tensions with the IGRB.
In pp scenarios, neutrino and generated γ-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

ενQεν ∝

{

ε2−s
ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(pp) , (4)

where εbν is the break energy and the softening of the
spectrum, δ ≡ s′− s, is expected from the the energy de-
pendence of the diffusion tensor [28]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power
law ε−s

γ into the sub-TeV region (see Eq. (3)), where it
directly contributes to the IGRB [29] and Ref. [12] ob-
tained a limit s ! 2.1–2.2 for generic pp scenarios that

explain the " 100 TeV neutrino data. The limit is tighter
(s ∼ 2.0) if one relaxes this condition by shifting εbν to
! 30 TeV to account for the lower-energy data [30].

Motivated by results of Ref. [5], we calculate the dif-
fuse neutrino spectrum using Eq. (4) with s = 2 and
s′ = 2.5 and the corresponding γ-ray spectrum using
Eq. (3). Following Ref. [25], we numerically solve Boltz-
mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. As indicated in Eq. (3),
the results are not much sensitive to redshift evolution
models. In the left panel of Fig. 1 we show the resulting
all-flavor neutrino and γ-ray fluxes as thick blue and thin
red lines, respectively, in comparison to the Fermi IGRB
and IceCube neutrino data [5]. To explain the ! 100 TeV
neutrino data, the contribution to the IGRB should be
at the level of 100% in the 3 GeV to 1 TeV range and
softer fluxes with s " 2.0 clearly overshoot the data. As
pointed out by Ref. [12], this argument is conservative:
the total extragalactic γ-ray background is dominated by
radio-loud AGN whose jets point at us, i.e., blazars (e.g.,
Refs. [31, 32]), and their main emission is typically vari-
able and unlikely to be of pp origin [33, 34]. Most of
the high-energy IGRB could even be accounted for by
unresolved blazars [35–37]. Although the IGRB should
be decomposed with caution, if this blazar interpretation
is correct, there will be little room for CR reservoirs. A
recent study on the cross correlation between γ rays and
galaxies also supports our argument [38].

In pγ scenarios, neutrino and γ-ray spectra depend on
a target photon spectrum. The effective optical depth
to photomeson prodution (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than
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contrary to standard 
AGN interpretation! 



•  γγ → e+e-: unavoidable in pγ sources (ex. GRBs, AGN) 

•  Same target photons prevent γ-ray escape 

pγ/γγ Optical Depth Correspondence 

1.  fpγ << 1 unnatural (requiring fine tuning),  
Do not overshoot the observed CR flux 

2. Comparison w. non-thermal energy  
    budgets of known objects 
    (galaxies, AGN, cluster shocks etc.) 
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the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives nεν ∝ const as a low-
energy neutrino spectrum [39]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-
trino and γ-ray spectra with the diffuse neutrino flux
and the IGRB [40] for a neutrino break εbν in the range
6–25 TeV. Since the sub-TeV emission is dominated by
γ rays from cascades in the CMB and EBL, the tension
with the IGRB can be weaker than in pp scenarios. How-
ever, the IGRB contribution is still at the level of ∼ 50%
for εbν = 25 TeV and reaches ∼ 100% for εbν = 6 TeV.
The spectrum (5) can be realized when the target pho-

ton spectrum is a power law with a high-energy cutoff or
a gray body (see below). We note that specific models
have larger contributions to the IGRB, by accounting for
the detailed energy dependence of fpp/pγ , the contribu-
tion from low-energy CRs, and cooling of charged mesons
and muons. As examples, we consider hadronic γ rays in
the low-luminosity AGN model of Ref. [24] (Model A),
which can explain ! 100 TeV neutrino data, and the
choked GRB jet model of Ref. [21] (Model B), although
these sources are predicted to be opaque to very-high-
energy γ rays. The right panel of Fig. 1 shows the corre-
sponding all-flavor neutrino and generated γ-ray spectra
as thick blue and thin red lines. Pretending γ-ray trans-
parency leads to violation of the high-energy IGRB data.
The limits of the IGRB contribution of pγ scenarios are

expected to become even stronger by identifying addi-
tional point sources or by decomposing the emission into
contributions from individual source populations. This
will further constrain the γ-ray transparent sources for
εbν = 6–25 TeV, which are still allowed by the Fermi data
(cf. left panel of Fig. 1). On the other hand, since the
sub-TeV emission is dominated by γ rays from cascades
in the CMB and EBL, the tension with the IGRB can
easily be relaxed compared to pp scenarios if the sources
are hidden, i.e. if high-energy γ rays generated in the
sources of diffuse neutrinos undergo efficient interactions
with intrasource radiation. In fact, this is generally the
case for pγ scenarios as we will show in the following.

CONNECTING pγ AND γγ OPTICAL DEPTHS

Let us consider a generic source with target photons
of energy εt and spectrum nεt . For soft target spectra
nεt ∝ ε−α

t with α > 1, which is valid in most nonther-
mal objects, meson production is dominated by the ∆-
resonance and direct pion production. Its efficiency fpγ
is given by

fpγ(εp) ≈ (εtnεt)σ̂pγ(r/Γ) , (6)

where σ̂pγ ∼ 0.7 × 10−28 cm2 is the attenuation cross
section (the product of the inelasticity and cross sec-
tion [41, 42]), r is the emission radius, and Γ is the bulk
Lorentz factor of the source. The energy of protons that
typically interact with photons with energy εt is

εp ≈ 20εν ≈ 0.5Γ2mpc
2ε̄∆εt

−1 , (7)

where ε̄∆ ∼ 0.3 GeV, and ∼ 30 TeV neutrinos require x-
ray or MeV γ-ray target photons. We here consider tran-
srelativistic or relativistic sources, like GRBs, pulsars,
and AGN including blazars, where target radiation is pre-
sumably generated by synchrotron or inverse-Compton
emission from thermal or nonthermal electrons. The low-
energy photon spectrum can be expressed by power-law
segments, nεt ∝ ε−α

t , where α ≥ 2/3 [43]. For nεp ∝
ε−scr
p and α " 1, the efficiency scales as fpγ ∝ εα−1

p , and
the neutrino spectral index is s = scr+1−α. For α ! 1 we
have s ∼ scr above the pion production threshold due to
higher resonances and multipion production [41, 42]. A
similar scaling is obtained for gray-body and monochro-
matic target photon spectra [34, 42].
Now, in pγ scenarios, the same target photon field can

prevent γ rays from escaping the sources. The optical
depth to γγ → e+e− is given by

τγγ(εγ) ≈ (εtnεt)η(α)σT (r/Γ) , (8)

where σT ≃ 6.65 × 10−25 cm2 and η(α) ≃ 7(α −
1)/[6α5/3(1 + α)] for 1 < α < 7 [44], which is the or-
der of 0.1. The typical γ-ray energy is given by

εγ ≈ Γ2m2
ec

4εt
−1 . (9)

Eqs. (6) and (8) lead to the following relation [41, 45],

τγγ(ε
c
γ) ≈

σγγ

σ̂pγ
fpγ(εp) ≃ 10

(

fpγ(εp)

0.01

)

, (10)

where εcγ is the γ-ray energy corresponding to the reso-
nance proton energy satisfying Eq. (7),

εcγ ≈
2m2

ec
2

mpε̄∆
εp ∼ GeV

( εν
25 TeV

)

. (11)

Thus, the neutrino data from 25 TeV to 2.8 PeV [5], cor-
responding to the proton energy range from ∼ 0.5 PeV
to ∼ 60 PeV, can directly constrain the two-photon an-
nihilation optical depth at εγ ∼ 1–100 GeV.
In general, the effective pγ optical depth fpγ de-

pends on source models. But too small values of fpγ
seem unnatural since the observed neutrino flux is not
far from the Waxman-Bahcall [46, 47] and nucleus-
survival bounds [48], corresponding to maximally effi-
cient neutrino production in the sources of ultrahigh-
energy (UHE) CRs. More quantitatively, it is possible
to obtain general constraints on fpγ by comparing the
observed CR and neutrino fluxes. Recently, Ref. [49]
obtained fpγ " 0.01 by requiring that the extragalactic
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Indication of Gamma-Ray Dark Cosmic-Ray Accelerators 

•  Βounds on τγγ hold for both thermal and nonthermal photon targets  
•  pγ mechanism: ν sources should naturally be obscured in GeV-TeV γ rays 
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Fig. 6.— The diffuse neutrino intensity (per flavor) from RIAFs
in the LLAGN model. The top panel shows the diffuse neutrino
intensity for each model tabulated in Table 2. The dashed line
(B2) almost overlaps the dot-dashed line (B4). The bottom panel
shows the diffuse intensity from two-component model (see text for
detail). The red-solid, green-dashed, and blue-dotted lines show
the total intensity, intensity from low-energy part, and intensity
from high-energy part, respectively. The green triangles represent
the atmospheric muon neutrino background produced by CRs. The
black squares show the observed data of neutrino signals.

trino flux due to the low pion production efficiency.

4.2. Diffuse intensity of cosmic-ray protons

In our model, most of the injected protons escape from
the accretion flow without depletion due to the low effi-
ciency of pion production fπ ! 0.2. Here, we discuss the
effects of escaping protons.
Assuming that the Universe is filled with CR protons,

we can estimate the CR flux as in the neutrino flux.
Figure 8 shows the estimated flux of CR protons for
models B1, B2, B3, and B4. This flux of the escap-
ing protons is much lower than observed CR flux for
1015.5eV < Ep < 1018 eV for all the models. Although
the escaping proton luminosity has weaker dependence
on ṁ than that of neutrino luminosity, the bright part is
dominant for the CR proton flux.
We note that it is unclear whether CRs of Ep ∼ 1016

eV are able to arrive at the Earth from LLAGN. In
fact, the magnetic fields in the intergalactic medium
(IGM) prevent the protons from traveling straightly, so
that the distant sources cannot contribute to the CR

Fig. 7.— The contribution to the total intensity (red-thick lines)
from different luminosity bins (thin lines). The blue-dashed, green-
dotted, and magenta-dot-dashed lines show the fluxes from bright,
middle, and faint parts, respectively. See text for definition of the
each part. The black squares show the observed data of neutrino
signals. The top and bottom panels show the intensity for B2 and
B3, respectively.

flux. The diffusion length of CR protons during the cos-

mic time is estimated to be ∼ 6B−1/6
−8 E1/6

p,16l
1/3
coh,2 Mpc

(Ep ! 1018 eV), where we use B−8 = B/(10−8 Gauss),
Ep,16 = Ep/(10 PeV), and the coherence length lcoh,2 =
lcoh/(100 kpc) (e.g., Ryu et al. 2008). We consider that
the CRs are in cosmic filaments and/or the galaxy groups
with Kolmogorov turbulence, and ignore the cosmic ex-
pansion. In addition, our Galaxy is located in the local
group, where the magnetic fields are probably stronger
than the usual IGM. These magnetic fields can poten-
tially reduce the UHECR flux of Ep ∼ 1019 eV arriving
at the Earth (Takami et al. 2014). We should take the
effects of these magnetic fields into account to discuss the
arrival CR flux in detail.
The escaping protons would diffuse in host galaxies

of LLAGN, and interact with gas in the interstellar
medium (ISM) inside the galaxies. The pion produc-
tion efficiency of pp inelastic collisions in the ISM is esti-
mated to be fπ,gal ≃ Kppnp,galσppcttrap ∼ 8×10−4E−0.3

p,16 ,
where np,gal ∼ 1 cm−3 is the mean nucleon density
in the host galaxy, ttrap = h2/4κ is the trapping time
in the galaxy. We use the scale height h ∼ 1 kpc
and the diffusion coefficient estimated in our Galaxy,
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beyond which the cylindrical, collimated flow has a con-
stant Lorentz factor (with !cj ! !"1

j ) because of the flux

conservation. The subsequent jet head position rh is

rh ! 8:0# 109 cm t3=5L1=5
j0;52ð!j=0:2Þ"4=5%"1=5

a;4 : (2)

Even if the jet achieves ! & !cj in the star, !cj !
5ð!j=0:2Þ"1 implies that the collimated jet is radiation
dominated. The jet breakout time tbo is determined by
rhðtboÞ ¼ R(, where R( is the progenitor radius.

The progenitor of long GRBs has been widely believed
to be a star without an envelope, such as Wolf-Rayet (WR)
stars with R( ) 0:6–3R* [24]. Let us approximate
the density profile to be %a ¼ ð3" "ÞM(ðr=R(Þ""=
ð4#R3

(Þ (") 1:5–3), where M( is the progenitor mass

[25]. Then, taking " ¼ 2:5, we obtain rcs ! 1:6#
109 cm t8=51 L6=5

0;52ð!j=0:2Þ8=5ðM(=20M*Þ"6=5R3=5
(;11 and rh !

5:4# 1010 cm t6=51 L2=5
0;52 ð!j=0:2Þ"4=5 ðM(=20M*Þ"2=5R1=5

(;11
[22], where L0 ¼ 4L0j=!

2
j is the isotropic total jet

luminosity. The GRB jet is successful if tbo !
17 sL"1=3

0;52 ð!j=0:2Þ2=3ðM(=20M*Þ1=3R2=3
(;11 is shorter than

the jet duration tdur. With tdur ) 30 s, we typically expect
rcs ) 1010 cm for classical GRBs [26].

The comoving proton density in the collimated
jet is ncj!L0=ð4#r2cs!cj$mpc

3Þ¼L=ð4#r2cs!cj!mpc
3Þ’

3:5#1020 cm"3L52r
"2
cs;10!

"1
2 ð5=!cjÞ. Here, L ¼ ð!=$ÞL0,

L is the isotropic kinetic luminosity, and $ is the maximum
Lorentz factor. The density in the precollimated jet
at the collimation or internal shock radius rs is nj !
L=ð4#r2s!2mpc

3Þ ’ 1:8# 1019 cm"3 L52r
"2
s;10!

"2
2 , which

is lower than ncj due to ! & !cj. This quantity is relevant
in discussions below. Note that inhomogeneities in the jet
lead to internal shocks, where the Lorentz factor can be

higher (!r) and lower (!s) than ! !
ffiffiffiffiffiffiffiffiffiffi
!r!s

p
.

Radiation constraints.—Efficient CR acceleration at in-
ternal shocks and the jet head has been suggested, since
plasma time scales are typically shorter than any elastic or
inelastic collision time scale [12–14]. However, in the
context of HE neutrinos from GRBs, it has often been
overlooked that shocks deep inside a star may be radiation
mediated [27]. At such shocks, photons produced in the
downstream diffuse into the upstream and interact with
electrons (plus pairs). Then, the upstream proton flow

should be decelerated by photons via coupling between
thermal electrons and protons [28]. As a result (see Fig. 1),
one no longer expects a strong shock jump (although
a weak subshock may exist [29]), unlike the usual
collisionless shock, and the shock width is determined
by the deceleration scale ldec ! ðnu%Ty+Þ"1 ’
1:5# 105 cmn"1

u;19y
"1
+ when the comoving size of the

upstream flow lu is longer than ldec. Here, nu is the
upstream proton density, and y+ð, 1Þ is the possible effect
of pairs entrained or produced by the shock [30].
In the conventional shock acceleration, CRs are

injected at quasithermal energies [31]. The Larmor

radius of CRs with )!2
relmpc

2 is ruL ) !2
relmpc

2=ðeBÞ ’
3:8# 10"3 cm &"1=2

B L"1=2
0;52 rs;10!2!

2
rel, where B is the mag-

netic field, !rel is the relative Lorentz factor, and &B -
LB=L0 [32]. If the velocity jump of the flow is small over
ruL, the CR acceleration is inefficient. For ldec . lu, since
significant deceleration occurs over )ldec, including the
immediate upstream [28,29], CRs with ruL . ldec do not
feel the strong compression, and the shock acceleration
will be suppressed [27,33,34]. CRs are expected when
photons readily escape from the system and the shock
becomes radiation unmediated, which occurs when lu &
ldec [30,36]. Regarding this as a reasonably necessary
condition for the CR acceleration, we have

'uT ¼ nu%Tlu & min½1; 0:1C"1!rel0; (3)

where C ¼ 1þ 2 ln!2
rel is the possible effect by pair pro-

duction [29], although it may be small when photons start
to escape. Since the detailed pair-production effect is
uncertain, 'uT & 1 gives us a conservative bound.
Applying Eq. (3) to the collimation shock [37], the

radiation constraint for the CR acceleration is

L52rcs;10!
"3
2 & 5:7# 10"4 min½1; 0:01C"1

1 !rel0; (4)

where nu ¼ nj, lu ! rcs=!, and !rel ! ð!=!cj þ !cj=!Þ=2
are used. As shown in Fig. 2, it is difficult to expect CRs
and HE neutrinos from the collimation shock for classical
GRBs. We note that the termination shock at the jet head
and internal shocks in the collimated jet are less favorable
for the CR acceleration than the collimation shock since
ncj & nj and !cj . !.
We can also apply Eq. (3) to internal shocks in the

precollimated jet, which have been considered in the
literature [12,13]. Internal shocks may occur above
ris ! 2!2

sc(t ’ 3:0# 1010 cm!2
s;1:5(t"3, and the relative

Lorentz factor between the rapid and merged shells is
!rel ! ð!r=!þ !=!rÞ=2, which may lead to the upstream
density in the rapid shell )nj=!rel. Using lu ! ris=!r )
l=!rel, we get 'T ¼ nj%Tl & min½!2

rel; 0:1C
"1!3

rel0 or
L52ris;10!

"3
2 & 5:7# 10"3min½!2

rel;0:5; 0:32C
"1
1 !3

rel;0:50: (5)
As shown in Fig. 3, unless ! * 103, it seems difficult to
expect CRs and HE neutrinos for high-power jets inside
WR-like progenitors (where ris & rcs ) 1010 cm). Note
that although the constraint is relevant for shocks deep

FIG. 1 (color online). The schematic picture of a collimated
GRB jet inside a progenitor. CR acceleration and HE neutrino
production may happen at collimation and internal shocks. The
picture of the radiation-mediated shock is also shown.
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Summary

> Neutrinos and gamma rays are indeed complementary messengers. They probe
▪ different high-energy interactions.
▪ different energy regimes.
▪ different distance regimes.

> The correlations between the two messengers can be used to understand the high-
energy emission of various source populations better.
▪ Galactic high-energy ! sources compatible with "-ray data, but no identification yet.
▪ LAT Blazars contribute less than 20% to the diffuse !-flux.
▪ Extragalactic p-p scenarios (like star-forming galaxies) problematic.
▪ No coincidence with GRBs detected yet.

> New instruments proposed  
promise a bright future.

31

ASTROGAM

CTA

IceCube-Gen2

CR reservoir scenario 
(nearby starburst galaxies) 

KM & Waxman 16 
Heavy DM scenario 
(nearby DM halos) 

Markus Ackermann  |  09/13/2013  |  Page  

Future neutrino telescopes.

> A gigaton detector is the scale needed to observe astrophysical neutrinos
> Need to go beyond the gigaton scale for “precision neutrino astronomy”.

> KM3NeT is the most advanced project to build a multi-gigaton neutrino telescope 
array.

31

KM3NeT  
• Distributed infrastructure for 

underwater neutrino telescopes.
• Detector sites off the coast of 

France, Italy, and Greece.
• Instrumented volume:

1-2 km³ (~5 km³ total)
• 1 TeV energy threshold.
• 40 M€ funding for phase-I 

available
IceCube-Gen2 KM3Net 



Summary 
What is the origin of cosmic ν signals? 
mostly isotropic & diffuse TeV-PeV γ-ray limits → extragalactic component  
pp scenarios: theoretical predictions & may consistently explain the CR data 
                      s<2.1-2.2 & >30% to the diffuse sub-TeV γ-ray bkg.  
pγ scenarios: classical GRBs & blazars (most powerful jets) are subdominant 
                      (although they can still be the sources of UHECRs) 
                      dim CR accelerators (ex. low-power GRBs/AGN cores) allowed 
 
LE excess: atm. bkg.? magical combination w. Gal. comp.? or something new?  
pp scenarios: strong tensions w. detailed studies of the diffuse γ-ray bkg.  
pγ scenarios: natural in hidden CR accelerators (ex. low-power GRBs/AGN) 
Are cosmic-ray connections coincident?     

Toward identifying individual sources  
- IceCube-Gen2: almost all (reasonable) models can be tested  
- Gal. sources: νµ search by KM3Net & sub-PeV γ in the Southern Hemisphere 
- X-ray/soft γ-ray detectors for hidden sources, UHE (>10 PeV) ν searches 



Appendix 
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FIG. 3: The fluctuation of the non-isotropic di↵use flux described by Eq. (7) assuming extended emission regions with radius
15� around each direction in the sky. The events are weighted according to the approximation described in the text. The
blue dashed lines indicate the position of the FBs. The red dashed lines show the GC region containing 25% and 50% of the
emission from DM decay in the Galactic halo.

which are simply given by

Jxgal
⌫

(E)⌫) =
⌦DM⇢cr
4⇡m

X

⌧
X

1Z

0

dz

H(z)
Q

⌫

((1 + z)E
⌫

) , (5)

where H2(z) = H2
0 [⌦⇤ + (1 + z)3⌦m] is the Hubble con-

stant with ⌦m ' 0.3, ⌦⇤ ' 0.7 and H0 ' 70 kmm/s.
The comoving DM density is parametrized via the crit-
ical density ⇢cr ' 5 ⇥ 10�6GeV/cm3 and DM fraction
⌦DM ' 0.27 [62]. Note, that the extragalactic contribu-
tions in the form of �-rays (and electrons/positrons) will
not directly be observable, but initiate electro-magnetic
cascades in the cosmic radiation backgrounds. This will
populate the extragalactic �-ray background in the GeV-
TeV energy range. The extragalactic �-ray background
inferred by Fermi-LAT can thus also constrain this sce-
nario [58].

In the right panel of Fig. 2 we show the total neu-
trino flus as a sum of Eqs.(4) and (5) indicated as a solid
gray line. For comparison, the extragalactic contribu-
tion is indicated separately as a dashed gray line. The
solid, dashed and dotted black lines show the di↵use �-
ray emission from the three sky regions divided by the
red dashed circles in Fig. 3. This indicates the increased
di↵use emission towards the GC. Note, that the GC it-
self is only barely visible by the experiments listed in the
figure. This scenario is hence marginally consistent with
the non-observation of PeV �-rays. However, an observa-
tory in the Southern Hemisphere covering the GC with

a 0.1� 1 PeV �-ray sensitivity comparable to that of the
KASCADE array would be su�cient to constrain this
DM model. Moreover, the all-sky averaged PeV �-ray
flux from DM decay is in reach of future observatories
like HiSCORE or LHAASO.

Note that, in this specific DM decay scenario, the total
neutrino flux is a factor of two higher than the generated
�-ray flux since the neutrino flux includes extragalactic
contributions. Although we only consider X ! hh for
demonstration, di↵erent DM scenarios with line features
or extended decay channels, e.g. X ! ⌧+⌧� can lead
to increased PeV �-ray emission that can already be ex-
cluded by di↵use TeV-PeV �-ray limits.

B. Non-Isotropic Galactic Emission

In the previous section, we demonstrated the power of
PeV �-ray searches. If the observed neutrino emission is
largely isotropic and Galactic, it contradicts existing PeV
�-ray measurements, supporting extragalactic scenarios.
In principle, the observed events could come from Galac-
tic sources that do not accidentally exist in the sky region
covered by various air shower arrays. Indeed, more than
half of IceCube’s events lie within this “blind spot”, so
that we cannot rule out such a possibility. But, since
many events appear significantly out of the GP, power-
ful Galactic accelerators seem to be needed even at high
latitude, which is theoretically challenging. PeV �-ray

Galactic Contributions? 

Ahlers & KM 14 PRD 
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Figure 3. Comparison of the energy spectrum of observed events in IceCube with the expectations
from DM decay with flux in figure 1 (red-solid) and generic E�2

⌫ flux (blue-dashed). Both the observed
events and predictions include background events due to atmospheric neutrinos and muons [3].

corrections (which are in fact quite large!): despite the fact that no hard neutrino channel is
present at tree level, a su�ciently hard neutrino spectrum can be still obtained with a 40%
branching ratio in e�e+, thanks to the major role played by cascade radiation of massive
gauge bosons (see [22, 23]). This fact may appear surprising, so we provide in the following
a qualitative justification. First of all, even if one mostly radiates “soft” gauge bosons, in
a splitting process (say e�e+ ! e�W+⌫) both the soft and the hard neutrino spectra are
populated: the low-energy one via the soft (single or multiple) W decay process and the
high-energy one via the ⌫’s which the electrons have converted into. Secondly, while naively
these processes are suppressed by a power of ↵ (weak fine structure) with respect to the
three level, the presence of large logarithmic factor (of the type ↵ log(m2

DM/m2
W )) makes

these “corrections” sizable for massive particles, at the level of 10% or larger of the tree-level
result (for more technical details see e.g. [23]). As a consequence, by varying both lifetime
and branching ratio within a factor of only a few with respect to the naive fit obtained
with the ⌫⌫̄ tree-level diagram, one is capable of fitting the spectrum even in the absence of
tree-level neutrino emission. From the model building point of view, a DM decay to e�e+

and ⌫⌫̄ can be naturally constructed from the coupling of DM to the weak SU(2) lepton
doublet (⌫↵, `↵). For an equal decay branching ratio in the two components of the doublet,
the corresponding modification of the parameters {⌧, bH} with respect to the pure ⌫⌫̄ case
best fit parameters is thus less than a factor 2. Other choices for the final states (including
for example massive gauge bosons, top quark and muon/tau leptons) would also produce
spectra roughly compatible with observations, but for illustrative purposes in the following
we shall concentrate on our benchmark case which presents the most marked di↵erences with
respect to a featureless power-law spectrum of astrophysical origin.

The number of events at IceCube can be calculated by convoluting the flux at Earth
with the exposure of the detector, such that the number of events in the bin �iE⌫ is given by

Ni =

Z

�iE⌫

✓
dJh
dE⌫

+
dJeg
dE⌫

◆
E(E⌫) dE⌫ , (3.1)

where for the exposure E we used the 662 days reported exposure in [20]. The result of
our analysis is shown in figure 3. In this figure the red (solid) and blue (dashed) curves
correspond to expected number of events from DM decay with the spectrum of figure 1 and a

– 6 –

Others: 
Galactic CR halo 
Unidentified γ-ray sources 
Galactic plane 
Local spiral arms… 

So far, more papers about Galactic sources 
(a fraction of νs are explained except Galactic halo models) 

Fermi γ-ray bubbles 
 Razzaque 13 
Ahlers & KM 14 
Lunardini et al. 14 
Taylor et al. 14 

Decaying DM halo 

KM & Beacom 12, Feldstein et al. 13,  
Esmaili & Serpico 13, Bai et al. 14 



E2
νJHNRνα ≃ 6.2 × 10−9 GeVcm−2s−1sr−1

!
Eν

0.1 PeV

"−0.2
;

ð11Þ

with exponential cutoff at Eν;max ≃ 2 PeV.
In Fig. 4 we show the associated flux of diffuse Galactic

CRs and from SNRs/PWNe and HNRs from Eqs. (8), (11)
and (10) using relation (2) in comparison to experimental
observations of TeV-PeV γ-rays. The absorption via inter-
stellar radiation fields in the plane depends on the Galactic
longitude; the dashed lines indicate observations for a

source at the GC where the absorption effect is strongest
[35]. Note that the individual diffuse TeV-PeV γ-ray limits
of the GP are for different emission regions along the GP as
indicated in the legend of the plot. The relative size of the
“on-source” regions of the experimental results are sum-
marized in Fig. 5. The diffuse flux prediction (only π0-
decay) for jbj < 5° or jbj < 10° are lower than the jbj < 2°
calculation shown in Fig. 4 by about a factor 2 or 3,
respectively.
The intensity of the Galactic diffuse emission (including

unresolved point source emission and truly diffuse emission)
is also expected to vary along the GP. For a uniform source
distribution or CR density within the GP (as assumed in our
approximation) the flux variation between the Galactic
center to anticenter is less than 25% (omitting absorption).
For instance, the flux predictions in the inner (outer) Galaxy
corresponding to the Tibet limits (cf. Figs. 4 and 5) increase
(decrease) by 20% (23%) compared to the overall average.
However, as mentioned earlier, one has to keep in mind that
the source distribution should also follow the Galactic arms,
bar, and bulge. Similar to the observed γ-ray distribution
along the GP this can enhance the neutrino emission in
directions with increased local source density.
The Milagro experiment identified a diffuse γ-ray

emission in the GP at 3.5 TeV within 40° < l < 100°
and at 15 TeV within 40° < l < 85° [45,46]. The cumu-
lative flux of many sources including SNRs or PWNe may
make a significant contribution to the Milagro flux. This is
roughly consistent with estimates based on analyses on
nearby SNRs and PWNe that have been observed by
Cherenkov telescopes like HESS [82]. The neutrino flux
from SNRs suggested by Eqs. (2) and (10) is marginally
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FIG. 5 (color online). The on-source regions of GP diffuse
emission used for the experimental results shown in Fig. 4 using
the same color coding. We also show the distribution of IceCube
events in the vicinity of the GP (cf. Fig. 1). The circled areas
indicate the uncertainty of the cascade reconstruction as in Fig. 4.
Note that the limits on diffuse γ-ray emission along the GP from
HEGRA [49] assume a larger zenith angle range than for the
isotropic diffuse emission listed in Table I.
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FIG. 4 (color online). Diffuse measurements of the γ-ray flux in
the GP in comparison to the expected diffuse flux from the
propagation of Galactic CRs (light-gray lines) and from Galactic
SNRs (black lines) and HNRs (dark-gray lines) with power index
Γ ¼ 2.2. The solid lines indicate the estimate in Eqs. (8), (10) and
(11) using relation (2) without attenuation and the dashed lines
indicate the contribution from a source at the GC. We adopt the
calculation of Ref. [35] for the interstellar radiation field on top of
the CMB. We also show estimated sensitivities w.r.t. the diffuse
TeV-PeV γ-ray emission in the GP (jbj < 2°) for the observatories
(in ascending energy of maximum sensitivity) CTA (green
dotted), HAWC (blue dotted), LHAASO (red dotted) and Hi-
SCORE (brown dotted). Note that the model-dependent theo-
retical fluxes are averaged over Galactic longitude and latitude
jbj < 2°, whereas the measurements only apply to the intersection
of the GP with the FoVand in some case extend to larger absolute
latitudes as indicated in the plot (cf. Figure 5). Extending the GP
to jbj < 5° or jbj < 10° reduces the theoretical fluxes (only π0-
decay and ignoring absorption) by about a factor 2 or 3,
respectively. The relative intensity of the diffuse flux between
Galactic Center and anti-Center is less than $25% (see text).
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Importance of TeV-PeV γ-ray Limits on Galactic Sources 

•  Existing diffuse TeV-PeV γ-ray limits are already close to predicted fluxes 
•  No significant overlap between νs and search regions  
•  Need deeper diffuse TeV-PeV γ-ray obs. in the Southern Hemisphere 

Ahlers & KM 14 PRD 

Airshower arrays have placed diffuse γ-ray limits at TeV-PeV 
9

For typical nucleon densities of n = 1 cm�3 n0 a sig-
nificant energy fraction ✏

p

of the initial SN ejecta energy
of Eej = 1051 erg Eej,51 can have been transferred to CRs
by the end of the Sedov phase. Note that the ejecta ve-

locity is Vej ' 104 km s�1 E1/2
ej,51M

�1/2
ej,� for the mass of

the ejecta Mej = Mej,�M�. The Sedov radius is RSed =

(3Mej/4⇡n)
1/3 ' 2.1 pc M1/3

ej,�n
�1/3
0 corresponding to the

deceleration time of tSed ' 200 yr E�1/2
ej,51 M

5/6
ej,�n

�1/3
0 [76,

77]. The shock velocity V
s

decreases as / (R/RSed)
�3/2

after tSed. In the Sedov phase, assuming the Bohm limit
and a parallel shock, the maximal proton energy is es-
timated to be E

p,max ' (3/20)eBRV
s

[78], where the
magnetic field is parametrized as B =

p
"
B

nm
p

V 2
s

'
0.46 mG "

1/2
B,�2n

1/2
0 E1/2

ej,51M
�1/2
ej,� (R/RSed)

�3/2 and "
B

is
the fraction of the energy density carried by the mag-
netic field in the shock. This gives the final estimate

of E
p,max ' 4.5 PeV "

1/2
B,�2M

�2/3
ej,� Eej,51n1/6

0 (R/RSed)
�1/2

which is close to the CR knee.

As discussed before, the per flavor neutrino spectral
emissivity is given as E2

⌫

Q
⌫↵ ' (1/6)

p

c�
pp

nE2
p

N
p

(E
p

).
E↵ective CR acceleration to very high energies ceases
at the beginning of the snowplow phase at tsp ' 4 ⇥
104 yr E4/17

ej,51n
�9/17
0 [79]. For a local SN rate of RSN ⇠

0.03 yr�1 the number of active SNRs is of the order of
NSNR ' RSNtsp ' 1200. The cumulative di↵use flux
from SNRs in the GP with �⌦GP ' 0.44 sr (|b| < 2�)
can then be estimated as

E2
⌫

JSNR
⌫↵

⇠ NSNRhrlosi
4⇡VGP

E2
⌫

Q
⌫↵

' 2.2⇥ 10�6 GeV cm�2 s�1 sr�1 1

R0

✓
E

⌫

E
⌫,min

◆2��

⇥ ✏
p,�1Eej,51NSNR,3hrlosi1 , (9)

with E
⌫,min ' 0.05E

p,min and VGP ' 2⇡R2
MWh. Here we

introduce the line-of-sight distance hrlosi averaged over
Galactic longitude and latitude |b| < 2� [80]. For a ho-
mogeneous distribution within radius RMW ' 17 kpc
and scale height h ' 0.1 kpc we derive hrlosi ' 7.5 kpc
(compared to hrlosi ' 4.0 kpc or 2.4 kpc for |b| < 5�

or 10�, respectively). Assuming � = 2.2, R0 ' 4.8 and
hrlosi ' 7.5 kpc we hence have a flux of

E2
⌫

JSNR
⌫↵

' 2.5⇥10�8 GeV cm�2 s�1 sr�1

✓
E

⌫

0.1PeV

◆�0.2

,

(10)
with exponential cuto↵ at E

⌫,max ' 0.2 PeV.

The required CR energy of 20 � 30 PeV for the pro-
duction of 1 PeV neutrinos can be reached by hyper-
novae (HN) with energies of Eej ⇠ 1052 erg [81–83]. One
should keep in mind that most of the HNe are non-
relativistic, and trans-relativistic SNe, which have also
been suggested as powerful CR accelerators [84–86], are
much rarer and not necessarily HNe, e.g., GRB 060218
with Eej ⇠ 2 ⇥ 1051 erg [87]. It has been suggested that

�10�
�5�

0�
5�

10�

3
4

5

6

13

14

24
25

27

28

IC-40 (g)UMC EAS-TOPEAS-TOP

�10�
�5�

0�
5�

10�

3
4

5

6

13

14

24
25

27

28

HEGRAHEGRA

�10�
�5�

0�
5�

10�

3
4

5

6

13

14

24
25

27

28

CASA-MIATibet Tibet

270� 240� 210� 180� 150� 120� 90� 60� 30� 0� �30� �60� �90�

longitude l

�10�
�5�

0�
5�

10�
la

tit
ud

e
b

3
4

5

6

13

14

24
25

27

28

Milagro
Milagro

FIG. 5: The on-source regions of GP di↵use emission used for
the experimental results shown in Fig. 4 using the same color-
coding. We also show the distribution of IceCube events in
the vicinity of the GP (cf. Fig. 1). The circled areas indicate
the uncertainty of the cascade reconstruction as in Fig. 4.
Note that the limits on di↵use �-ray emission along the GP
from HEGRA [48] assume a larger zenith angle range than
for the isotropic di↵use emission listed in Tab. I.

unidentified TeV �-ray sources that may include HN rem-
nants (HNRs) may explain a part of the observed neu-
trino events [25]. The HN rate is ⇠ 1 � 2% of the SN
rate [88, 89], so we expect NHNR ⇠ 20 � 40. Taking a
fiducial value of NHNR = 30, a power index � = 2.2 and
hrlosi ' 7.5 kpc we arrive at

E2
⌫

JHNR
⌫↵

' 6.2⇥10�9 GeV cm�2 s�1 sr�1

✓
E

⌫

0.1PeV

◆�0.2

,

(11)
with exponential cuto↵ at E

⌫,max ' 2 PeV.

In Figure 4 we show the associated flux of di↵use
Galactic CRs and from SNRs/PWNe and HNRs from
Eqs. (8), (11) and (10) using relation (2) in comparison
to experimental observations of TeV-PeV �-rays. The
absorption via interstellar radiation fields in the plane
depend on the Galactic longitude; the dashed lines indi-
cate observations for a source at the GC where the ab-
sorption e↵ect is strongest [35]. Note that the individual
di↵use TeV-PeV �-ray limits of the GP are for di↵erent
emission regions along the GP as indicated in the legend
of the plot. The relative size of the “on-source” regions of
the experimental results are summarized in Fig. 5. The
di↵use flux prediction (only ⇡0-decay) for |b| < 5� or
|b| < 10� are lower than the |b| < 2� calculation shown
in Fig. 4 by about a factor 2 or 3, respectively.

The intensity of the Galactic di↵use emission (includ-
ing unresolved point source emission and truly di↵use
emission) is also expected to vary along the GP. For a
uniform source distribution or CR density within the GP
(as assumed in our approximation) the flux variation be-
tween the Galactic Center to anti-Center is less than 25%
(omitting absorption). For instance, the flux predictions

Galactic Plane (ex. diffuse Galactic cosmic rays, supernova remnants, SF regions)

supernova 

diffuse 

hypernova 



Secret Neutrino Interactions 

Fl
ux

 ¡2  \
(¡

) [
G

eV
 c

m
-2

 s
-1

 s
r-1

]

Energy ¡ [GeV]

g=0.5, mX=80MeV
g1=0.6, mX1

=120MeV
g2=0.035, mX2

=7MeV

Atm
ospheric i

Waxman-Bahcall
IceCube

2X Model
Pop III Model (Rx30 at z>8)

Cosmogenic i
Cosmogenic i with New ii Interactions

10-10

10-9

10-8

10-7

10-6

10-5

103 104 105 106 107 108 109 1010 1011 1012

2

in model-building compared to Refs. [17–20]. We demonstrate how small explicit lepton number
violation could be combined with a low-scale mechanism for neutrino masses. While this scenario
is, in some respects, less predictive than the case of spontaneous symmetry breaking, it is simple,
technically natural and opens the way to new phenomenology in the neutrino sector.

An analysis closely related to ours was presented in [21, 22], which studied the e↵ect of light
scalar exchange on the energy spectrum of ⇠10 MeV neutrinos from core-collapse supernovae.
E↵ects due to vector boson exchange on the neutrino flux at high energy neutrino telescopes
were considered in [23, 24]. More recently, Refs. [25, 26] presented IceCube constraints on
neutrino interactions through a light mediator. In contrast to these works, we explore a concrete
model with a well defined relation to the neutrino mass mechanism. This allows us to (i) analyze
neutrino flavor e↵ects, highlighting the interplay between the rich phenomenology of a three-flavor
detection at IceCube to the flavor structure governing neutrino oscillations; and (ii) contrast our
model with concrete experimental constraints.

Many constraints on neutrino self-interactions were derived in the literature based on labora-
tory, astrophysical and cosmological data. We recalculate the most relevant constraints and refer
to the corresponding literature in the body of the paper.

The paper is organized as follows. In Sec. II we write an e↵ective Lagrangian for neutrino
masses including a light scalar �. We identify the parameter space that is relevant for high energy
neutrino astronomy, where high energy astrophysical neutrinos scatter on the ambient cosmic
neutrino background (C⌫B) through resonant � particle exchange. We then propose a simple
model that realizes this parameter space using heavy Dirac sterile neutrinos and explicit breaking
of lepton number mediated to the SM through the interactions of �. In Sec. III we calculate
the e↵ects of the neutrino interactions on the spectrum and flavor composition observable at
neutrino telescopes. We highlight the relation between the spectral and flavor distortions to the
details of the neutrino mass mechanism. We assess the prospects for detection by calculating
neutrino event rates in the IceCube detector, considering both showers and tracks. In Sec. IV we
summarize our results. In App. A we collect formulae for neutrino self-interactions. In App. B
we summarize observational constraints including meson decay, neutrinoless double-beta decay,
electroweak precision tests, lepton flavor violation, as well as astrophysical and cosmological
constraints.

II. LOW-SCALE NEUTRINO MASSES WITH NEUTRINO SELF-INTERACTIONS

Consider the low energy e↵ective Lagrangian describing neutrino mass generation

L = � g

⇤2

�(HL)2 + cc, (1)

where ⇤ is a large mass scale, g is a dimensionless coupling (matrix in lepton flavor), and � is a
SM-singlet complex scalar. We work in Unitary gauge, where electroweak symmetry breaking is
described by H = 1p

2

(0 v + h)T with v = 246 GeV. L = (⌫ l�)T is the SM lepton doublet left-

handed Weyl spinor, and we denote the antisymmetric SU(2) contraction by (HL) = HT i�2L.
Lepton number violation is mediated to the SM through a vacuum expectation value for �,

� = �+ µ (2)

with h�i = µ. In the neutrino mass basis we have

L = �1

2

X

i

(m
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+ cc+ ..., (3)
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FIG. 11: Total cross sections for ii ! ii (blue), ii ! jj (purple), and ij ! ij (brown), with parameters
m� = 10 MeV, �� = 10�4m�/(4⇡), m⌫i = 2m⌫j = 0.1 eV, and Gi = Gj = 10�2.

The contribution of the s-channel diagrams above depends crucially on the decay width of the
exchanged scalar. This can be computed if no other decay paths except for the two-neutrino
state exist,

�
�

=
m

�

32⇡

X

i

|G
i

|2 . (A6)

In the scattering calculations above, we summed scalar and pseudo-scalar exchange diagrams,
ignoring the small mass splitting between these states. We now comment on the breaking of
scalar–pseudo-scalar mass degeneracy due to the explicit breaking of lepton number in the model.
Corrections to the near-degeneracy of the scalar (s) and pseudo-scalar (a) components of � =

(s + ia)/
p
2 arise as �m2

�

= m2

s

� m2

a

= 2�
�

µ2 = 2��

G2 m2

⌫

. This splitting means that scalar
and pseudo-scalar s-channel diagrams go resonant at slightly di↵erent neutrino energy, (✏

res,s

�
✏
res,a

)/✏
res

= �m2

�

/m2

�

, where ✏
res

denotes the mean resonance energy. This should be compared
to the width of each resonance, caused by the decay width of the states, �✏

res

/✏
res

= �
�

/m
�

.
In the parameter space of interest to us (m

�

& MeV, G & 10�3) and for reasonable values of
�
�

. 0.1, we see that the mass splitting is smaller than the width of the states, and can be

ignored: (✏
res,s

� ✏
res,a

)/✏
res

= 2��

G2
m

2
⌫

m

2
�
⌧ �✏

res

/✏
res

⇠ G2

32⇡

.

Appendix B: Experimental constraints

Experimental constraints on ⌫⌫ interactions were considered in, e.g., [64–69], some of which
allowed for a light mediator and some took an e↵ective theory approach. Below we recalculate
the most relevant constraints, finding that the strongest generic bounds on G come from kaon
decays, independent of the scalar mass for m

�

⌧ m
K

as is relevant for this work. Stronger
bounds exist from neutrinoless double-beta decay, but apply only for a light scalar m

�

< 2 MeV.
Strong constraints, though specific to our model with heavy sterile neutrinos, are found from
PMNS matrix non-unitarity, and apply regardless of the interactions of �.

a. Light meson decays. The decay mode ⇡+ ! e+⌫� opens the possibility for pion decay
into an electron with no helicity suppression [68, 69]. In the limit m

�

⌧ m
⇡

we find, in agreement
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with

m
⌫i =

g
i

µv2

⇤2

, g = diag(g
1

, g
2

, g
3

), G
i

=
m

⌫i

µ
=

g
i

v2

⇤2

(4)

and where the ... in Eq. (3) stand for Higgs interactions that we do not discuss here. For later
convenience we define

G ⌘
X

i

G
i

=

P

i

m
⌫i

µ
. (5)

Focusing our attention to the phenomenology at neutrino telescopes, we show later on in
Sec. III A that a sizable modification to the neutrino flux observed at earth occurs if

G & 10�3

⇣ m
�

10 MeV

⌘

, or equivalently ⇤ . 8 TeV ⇥
⇣ m

�

10 MeV

⌘� 1
2
g

1
2 . (6)

The main observable e↵ect is the scattering of high energy neutrinos on C⌫B through resonant
� exchange, with resonance energy

✏
res

=
m2

�

2m
⌫

= 1 PeV
⇣ m

�

10 MeV

⌘

2

⇣ m
⌫

0.05 eV

⌘�1

. (7)

For the scattering to be identifiable in a neutrino telescope of the scale size of IceCube, the
resonance energy should fall in the range between a few TeV to a few PeV, where the atmospheric
background becomes manageable but the statistics is still large enough for a reasonable exposure
time. Note that the scattering e↵ect persists somewhat below ✏

res

, since the resonance energy
of neutrinos from high-redshift sources is lower by 1 + z as seen at the Earth. Non-resonant
interactions can in principle be important for large values of G [25, 26], but we show that such
large values are excluded in our model by various experiments.

There are then two basic requirements on the new physics leading to Eq. (1):

1. Requiring ✏
res

⇠TeV-PeV and using Eq. (6), we find that the new physics scale needs to
be quite close to the electroweak scale, ⇤ = O (10 TeV).

2. Eq. (6) implies

µ .
⇣ m

�

10 MeV

⌘�1

✓

P

i

m
⌫i

0.1 eV

◆

100 eV. (8)

We thus need to explain a large gap between the scalar mass and its Vacuum Expectation
Value (VEV): m

�

� h�i = µ. Explaining such a gap would be di�cult if lepton number
was broken spontaneously by �. The lesson we take from this constraint is that lepton
number violation should be explicit in the � sector.

Considering e↵ects in neutrino telescopes, then, the relevant parameter space is well defined. We
illustrate this parameter space in Fig. 1.

Eq. (1) is subject to various experimental constraints. In App. B we review the most relevant
processes, summarized as follows:

• If � is lighter than about 2 MeV, then the non-observation of neutrinoless double-beta decay
involving the emission of a light degree of freedom imply G . 10�5. The number 2 MeV
corresponds to the available phase space for the reaction (A,Z) ! (A,Z + 2) + 2e� + �.
This lower limit on m

�

is comparable to the constraint due to the number of relativistic
degrees of freedom during big-bang nucleosynthesis.
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•  An example that IceCube can be used for testing nonstandard interactions 
•  Can be more powerful than laboratory tests 

ex. s-channel resonance:  
s=2mνEν~mX
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•  Neutrino bound is very powerful at high energies 
•  Cascade γ-ray bound: more conservative/robust at high mdm 

γ: Fermi cascade bound 

ν: IceCube 3 yr 

~ const.	

※Annihilating heavy 
    dark matter scenarios 
    are difficult due to the 
    unitarity bound PeV 


