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OUTLINE OF THE TALK
‣ Some generalities on detector and observations (also borrowed from IceCube talks)
‣ Why considering Dark Matter interpretations: motivations and specificities.
‣ Other constraints (or hints for?) new physics: a couple of examples.

Some references to my papers:
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JCAP  1311, 054 (2013) 

E. Borriello, S. Chakraborty, A. Mirizzi and PS,
“Stringent constraint on neutrino Lorentz-invariance violation from the two IceCube PeV neutrinos,''
Phys. Rev. D  87, no. 11, 116009 (2013) 

Other useful references:
 M. G. Aartsen et al.  [IceCube Collaboration],  “Evidence for High Energy Extraterrestrial Neutrinos at 
the IceCube Detector,''   Science 342, no. 6161, 1242856 (2013) 

B. Feldstein, A. Kusenko, S. Matsumoto and T. T. Yanagida,  ``Neutrinos at IceCube from Heavy Decaying 
Dark Matter,'' Phys. Rev. D  88, 1, 015004 (2013)
 

V. Barger and W.-Y. Keung, “Superheavy Particle Origin of IceCube PeV Neutrino Events,”
  Phys. Lett. B 727 (2013) 190

K. Harigaya, M. Kawasaki, K. Mukaida and M. Yamada, “Dark Matter Production in Late Time Reheating,”
  Phys. Rev. D 89, 083532 (2014)
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KNOWN REWARDS...

Aerobee
Rocket

KamiokandeHomestake Mine

ν astrophysics

X-ray astrophysics

Nobel Prize 2002 



...PAVING THE WAY TO “APPLICATIONS”!
massive 

neutrinos!

constraints from SN 
1987A (e.g. axions)

X-ray cluster 
cosmology



IceCube

South Pole Station

IceCube Layout

IceCube Lab

1km3 Cherenkov Array
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The detector

DeepCore: 
• High efficiency PMT

• ~4xIC sensor density

• 20 Mton detector

~1 Gton instrumented volume
• Completed in December 2010
• >99% of DOMs survived installation
• Expect >97% operational in 2025 

Digital Optical Module:
• 10inch PMT
• Electronic digitization
• Communication

E>300 TeV

E>100 GeV

E>20 GeV
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Neutrino signals
CC Muon Neutrino CC Tau NeutrinoNC/Electron Neutrino

6

factor ∼ 2 energy resolution
< 1° angular resolution (high 

energy)

± 15% energy resolution
∼ 10° angular resolution 

(>100TeV)
(not yet observed)

time

6

by Sofia Vallecorsa 
(Uni. Geneve) 
Moriond 2014



BUILDING EVIDENCE: A “PERSONAL” 
FLASHBACK FROM SEPTEMBER 2012

 (...
E. Bernardini and P. D. Serpico,
“Messengers of the universe: Session IV Summary,”
  Nucl. Phys. Proc. Suppl.  237-238, 364 (2013)



Hints of HE astrophysical ν? 

✦ slight excess in the diffuse muon neutrino flux at E~100 TeV 
✦ two cascade events at E~1 PeV

Two not-so-significant (~2 and ~3 σ) but nicely converging hints from IceCube



Hints of HE astrophysical ν? 

✦ slight excess in the diffuse muon neutrino flux at E~100 TeV 
✦ two cascade events at E~1 PeV

Two not-so-significant (~2 and ~3 σ) but nicely converging hints from IceCube

Perhaps on the verge of opening a new 
branch of astrophysics!
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Hints of HE astrophysical ν?
alone poorly convincing; if real, would imply ~2 showers @ PeV energies:
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A “PERSONAL” FLASHBACK
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WELCOME TO BERT & ERNIE

  M. G. Aartsen et al.  [IceCube Collaboration],
  “First observation of PeV-energy neutrinos with IceCube,''
  Phys. Rev. Lett. 111, 021103 (2013)   [arXiv:1304.5356]. 

[...] The probability to observe two or more candidate events under the atmospheric 
background-only hypothesis is 2.9×10−3 (2.8σ) taking into account the uncertainty on the 
expected number of background events. These two events could be a first indication of an 
astrophysical neutrino flux, the moderate significance, however, does not permit a definitive 
conclusion at this time.

1.04 ± 0.16 PeV 1.14 ± 0.17 PeV



A NEW WINDOW TO THE UNIVERSE!

‣ First, 2 shower events just above the PeV 
found at the lower edge of a search motivated 
by cosmogenic neutrinos, 2.8 σ excess

‣ Later, extension to lower energies (down 
to 30 TeV): overall 28 events (both 
showers and tracks) wrt 10.6+5.0-3.6  
background expected (>4 σ! ordinary atm. 
origin rejected at 5.7 σ)

‣ E-distribution, angular distribution and 
flavour composition consistent with a isotropic 
signal (fully Galactic plane disfavored, but could 
have Galactic component)

events and inconsistent with backgrounds from
penetrating muons or with detector artifacts, which
would have been expected to trace the locations of
either the fiducial volume boundary or the posi-
tions of the instrumentation.

As part of our blind analysis, we tested a pre-
defined fixed atmospheric-only neutrino flux

model (5), including a benchmark charm com-
ponent (6), reevaluated using current measure-
ments of the cosmic ray spectrum in this energy
range (7, 8). This adds an additional 1.5 charm
neutrinos to our mean background estimate and
predicts, on average, 6.1 (p/K and charm) back-
ground neutrinos on top of the 6.0 T 3.4 back-

ground muon events. Significance was evaluated
on the basis of the number of events, the total
collected PMT charge of each, and the events’
reconstructed energies and directions (see Mate-
rials and Methods). Our procedure does not allow
us to separately incorporate uncertainties on the
various background components. To nevertheless
obtain an indication of the range of possible
significances, we calculated values relative to
background-only hypotheses with charm at the
level called “standard” in (6) as a benchmark flux
as well as at the level of our current 90% confi-
dence level (CL) experimental bounds (8) (corre-
sponding to 3.8 times standard). To prevent
possible confirmation bias, we split the data set
into two samples. For the 26 new events reported
here, using the benchmark flux, we obtain a sig-
nificance of 3.3s (one-sided). Combined using
Fisher’s method with the 2.8s observation of
the earlier analysis where the two highest energy
events were originally reported (3), and which uses
the same benchmark atmospheric neutrino flux
model, we obtain a final significance for the entire
data set of 28 events of 4.1s. The same calculation
performed a posteriori on all 28 events gives 4.8s.
These two final significances would be reduced to

Fig. 2. Distribution of best-fit de-
posited energies and declinations.
Seven of the events contain muons
(crosses) with an angular resolution
of about 1°, whereas the remainder
are either electromagnetic (EM) or ha-
dronic showers (filled circles) with an
energy-dependent resolution of about
15°. Error bars are 68% confidence in-
tervals including both statistical and
systematic uncertainties. Energies shown
are the energy deposited in the de-
tector, assuming that all light emission
is from electromagnetic showers. For
ne charged-current events, this equals
the neutrino energy; otherwise, it is a lower limit on the neutrino energy. The gap in Edep between 300 TeV
and 1 PeV does not appear to be significant: Gaps of this size or larger appear in 28% of realizations of the
best-fit continuous power-law flux.
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Table 1. Propertiesof the28events.Shownare the deposited electromagnetic-
equivalent energy (the energy deposited by the events in IceCube assuming all
light was made in electromagnetic showers), as well as the arrival time and
direction of each event and its topology (track- or showerlike). The energy shown
is equal to the neutrino energy for ne charged-current events, within experimen-
tal uncertainties, and is otherwise a lower limit on the neutrino energy because

of exiting muons or neutrinos. Errors on energy and the angle include both
statistical and systematic effects. Systematic uncertainties on directions for
showerlike events were determined on an individual basis; track systematic
uncertainties here are equal to 1°, which is an upper limit from studies of the
cosmic ray shadow of the moon (4). Additional per-event information, includ-
ing event displays, can be found in the supplementary materials.

ID Deposited
energy (TeV)

Time
(modified Julian date)

Declination
(degrees)

Right ascension
(degrees)

Median angular error
(degrees) Event type

1 47.6−5.4
+6.5 55,351 −1.8 35.2 16.3 Shower

2 117−15
+15 55,351 −28.0 282.6 25.4 Shower

3 78.7−8.7
+10.8 55,451 −31.2 127.9 ≤1.4 Track

4 165−15
+20 55,477 −51.2 169.5 7.1 Shower

5 71.4−9.0
+9.0 55,513 −0.4 110.6 ≤1.2 Track

6 28.4−2.5
+2.7 55,568 −27.2 133.9 9.8 Shower

7 34.3−4.3
+3.5 55,571 −45.1 15.6 24.1 Shower

8 32.6−11.1
+10.3 55,609 −21.2 182.4 ≤1.3 Track

9 63.2−8.0
+7.1 55,686 33.6 151.3 16.5 Shower

10 97.2−12.4
+10.4 55,695 −29.4 5.0 8.1 Shower

11 88.4−10.7
+12.5 55,715 −8.9 155.3 16.7 Shower

12 104−13
+13 55,739 −52.8 296.1 9.8 Shower

13 253−22
+26 55,756 40.3 67.9 ≤1.2 Track

14 1041−144
+132 55,783 −27.9 265.6 13.2 Shower

15 57.5−7.8
+8.3 55,783 −49.7 287.3 19.7 Shower

16 30.6−3.5
+3.6 55,799 −22.6 192.1 19.4 Shower

17 200−27
+27 55,800 14.5 247.4 11.6 Shower

18 31.5−3.3
+4.6 55,924 −24.8 345.6 ≤1.3 Track

19 71.5−7.2
+7.0 55,926 −59.7 76.9 9.7 Shower

20 1141−133
+143 55,929 −67.2 38.3 10.7 Shower

21 30.2−3.3
+3.5 55,937 −24.0 9.0 20.9 Shower

22 220−24
+21 55,942 −22.1 293.7 12.1 Shower

23 82.2−8.4
+8.6 55,950 −13.2 208.7 ≤1.9 Track

24 30.5−2.6
+3.2 55,951 −15.1 282.2 15.5 Shower

25 33.5−5.0
+4.9 55,967 −14.5 286.0 46.3 Shower

26 210−26
+29 55,979 22.7 143.4 11.8 Shower

27 60.2−5.6
+5.6 56,009 −12.6 121.7 6.6 Shower

28 46.1−4.4
+5.7 56,049 −71.5 164.8 ≤1.3 Track
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  M. G. Aartsen et al.  [IceCube Collaboration],  “Evidence for High 
Energy Extraterrestrial Neutrinos at the IceCube Detector,''
  Science 342, no. 6161, 1242856 (2013) [arXiv:1311.5238]

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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Birth of high energy neutrino astronomy!
 IceCube-79,86  

(662 days live time)
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background expected (>4 σ! ordinary atm. 
origin rejected at 5.7 σ)
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flavour composition consistent with a isotropic 
signal (fully Galactic plane disfavored, but could 
have Galactic component)

events and inconsistent with backgrounds from
penetrating muons or with detector artifacts, which
would have been expected to trace the locations of
either the fiducial volume boundary or the posi-
tions of the instrumentation.

As part of our blind analysis, we tested a pre-
defined fixed atmospheric-only neutrino flux

model (5), including a benchmark charm com-
ponent (6), reevaluated using current measure-
ments of the cosmic ray spectrum in this energy
range (7, 8). This adds an additional 1.5 charm
neutrinos to our mean background estimate and
predicts, on average, 6.1 (p/K and charm) back-
ground neutrinos on top of the 6.0 T 3.4 back-

ground muon events. Significance was evaluated
on the basis of the number of events, the total
collected PMT charge of each, and the events’
reconstructed energies and directions (see Mate-
rials and Methods). Our procedure does not allow
us to separately incorporate uncertainties on the
various background components. To nevertheless
obtain an indication of the range of possible
significances, we calculated values relative to
background-only hypotheses with charm at the
level called “standard” in (6) as a benchmark flux
as well as at the level of our current 90% confi-
dence level (CL) experimental bounds (8) (corre-
sponding to 3.8 times standard). To prevent
possible confirmation bias, we split the data set
into two samples. For the 26 new events reported
here, using the benchmark flux, we obtain a sig-
nificance of 3.3s (one-sided). Combined using
Fisher’s method with the 2.8s observation of
the earlier analysis where the two highest energy
events were originally reported (3), and which uses
the same benchmark atmospheric neutrino flux
model, we obtain a final significance for the entire
data set of 28 events of 4.1s. The same calculation
performed a posteriori on all 28 events gives 4.8s.
These two final significances would be reduced to

Fig. 2. Distribution of best-fit de-
posited energies and declinations.
Seven of the events contain muons
(crosses) with an angular resolution
of about 1°, whereas the remainder
are either electromagnetic (EM) or ha-
dronic showers (filled circles) with an
energy-dependent resolution of about
15°. Error bars are 68% confidence in-
tervals including both statistical and
systematic uncertainties. Energies shown
are the energy deposited in the de-
tector, assuming that all light emission
is from electromagnetic showers. For
ne charged-current events, this equals
the neutrino energy; otherwise, it is a lower limit on the neutrino energy. The gap in Edep between 300 TeV
and 1 PeV does not appear to be significant: Gaps of this size or larger appear in 28% of realizations of the
best-fit continuous power-law flux.
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Table 1. Propertiesof the28events.Shownare the deposited electromagnetic-
equivalent energy (the energy deposited by the events in IceCube assuming all
light was made in electromagnetic showers), as well as the arrival time and
direction of each event and its topology (track- or showerlike). The energy shown
is equal to the neutrino energy for ne charged-current events, within experimen-
tal uncertainties, and is otherwise a lower limit on the neutrino energy because

of exiting muons or neutrinos. Errors on energy and the angle include both
statistical and systematic effects. Systematic uncertainties on directions for
showerlike events were determined on an individual basis; track systematic
uncertainties here are equal to 1°, which is an upper limit from studies of the
cosmic ray shadow of the moon (4). Additional per-event information, includ-
ing event displays, can be found in the supplementary materials.

ID Deposited
energy (TeV)

Time
(modified Julian date)

Declination
(degrees)

Right ascension
(degrees)

Median angular error
(degrees) Event type

1 47.6−5.4
+6.5 55,351 −1.8 35.2 16.3 Shower

2 117−15
+15 55,351 −28.0 282.6 25.4 Shower

3 78.7−8.7
+10.8 55,451 −31.2 127.9 ≤1.4 Track

4 165−15
+20 55,477 −51.2 169.5 7.1 Shower

5 71.4−9.0
+9.0 55,513 −0.4 110.6 ≤1.2 Track

6 28.4−2.5
+2.7 55,568 −27.2 133.9 9.8 Shower

7 34.3−4.3
+3.5 55,571 −45.1 15.6 24.1 Shower

8 32.6−11.1
+10.3 55,609 −21.2 182.4 ≤1.3 Track

9 63.2−8.0
+7.1 55,686 33.6 151.3 16.5 Shower

10 97.2−12.4
+10.4 55,695 −29.4 5.0 8.1 Shower

11 88.4−10.7
+12.5 55,715 −8.9 155.3 16.7 Shower

12 104−13
+13 55,739 −52.8 296.1 9.8 Shower

13 253−22
+26 55,756 40.3 67.9 ≤1.2 Track

14 1041−144
+132 55,783 −27.9 265.6 13.2 Shower

15 57.5−7.8
+8.3 55,783 −49.7 287.3 19.7 Shower

16 30.6−3.5
+3.6 55,799 −22.6 192.1 19.4 Shower

17 200−27
+27 55,800 14.5 247.4 11.6 Shower

18 31.5−3.3
+4.6 55,924 −24.8 345.6 ≤1.3 Track

19 71.5−7.2
+7.0 55,926 −59.7 76.9 9.7 Shower

20 1141−133
+143 55,929 −67.2 38.3 10.7 Shower

21 30.2−3.3
+3.5 55,937 −24.0 9.0 20.9 Shower

22 220−24
+21 55,942 −22.1 293.7 12.1 Shower

23 82.2−8.4
+8.6 55,950 −13.2 208.7 ≤1.9 Track

24 30.5−2.6
+3.2 55,951 −15.1 282.2 15.5 Shower

25 33.5−5.0
+4.9 55,967 −14.5 286.0 46.3 Shower

26 210−26
+29 55,979 22.7 143.4 11.8 Shower

27 60.2−5.6
+5.6 56,009 −12.6 121.7 6.6 Shower

28 46.1−4.4
+5.7 56,049 −71.5 164.8 ≤1.3 Track
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  M. G. Aartsen et al.  [IceCube Collaboration],  “Evidence for High 
Energy Extraterrestrial Neutrinos at the IceCube Detector,''
  Science 342, no. 6161, 1242856 (2013) [arXiv:1311.5238]

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.

www.sciencemag.org SCIENCE VOL 342 22 NOVEMBER 2013 1242856-3

RESEARCH ARTICLE

Birth of high energy neutrino astronomy!

A new, ~2 PeV cascade event (“
Big Bird”) 

has been recently found!

http://antarcticaneutrin
os.blogspot.fr/2013/11/big-bird-joins-bert-and-ernie.html

the Muppets!

 IceCube-79,86  
(662 days live time)
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BEYOND THE TEV DARKNESS!
VHE photon

e+

e-

EBL photon
(at higher E: CMB, radio)

The Universe is opaque to VHE γ’s,  due to EBL 
(extragalactic background light, UV to IR) 

absorption. The 10-100 GeV (Fermi) range is the 
last e.m. probe of the deep universe

note:  @ PeV even extragalactic CR
are not likely to arrive to us:

typical diffusion time > lifetime of the 
universe already @ E~1017 eV

M. Lemoine 2004,
R. Aloisio and V.S. Berezinsky 2004



A DARK MATTER ORIGIN?
B. Feldstein, A. Kusenko, S. Matsumoto and T. T. Yanagida, PRD  88, 1, 015004 (2013) [arXiv:1303.7320] (“PeV line” only)

 A. Esmaili and PS,  JCAP  1311, 054 (2013)   [arXiv:1308.1105] (all events)
...



PROBLEMS WITH ASTRO INTERPRET.?

While it is likely that astrophysical sources are responsible for those events, some features 
allow one to entertain the possibility of a DM origin, notably  

I. no events beyond ~2 PeV  (vs. ~8 expected if flux set to a ~E-2 astrophys. benchmark)

II. dip of events in the 0.4-1 PeV range (but still ≤2 σ fluct.)

III.  Observed ratio downgoing/upgoing (>1 due to Earth absorption) events ~ 6
 Accounting for μ contamination, down to 4.5+-1.0
Expected for an isotropic E-2 astro-background ~1.8 

IV. Some excess towards GC, but no Galactic Plane correlation
(7 of the contained events in 30° x 30°, 8% chance prob.)

Lν(0.06-2 PeV)~5 1036 erg/s
Lγ(>1 TeV)~7 1034 erg/s

P. Lipari, arXiv:1308.2086



WHAT IF DUE TO DARK MATTER? 

Stable, massive particles in chemical equilibrium down to
T<<m (required for cold DM!), suffer exponentially suppression 

of their abundance.

what is left depends on the decoupling time, or their annihilation 
cross section: the weaker, the more abundant...

XX̄ ←→ ��̄
Can it be a WIMP?



WHAT IF DUE TO DARK MATTER? 

must be non-thermal DM

K. Griest and M. Kamionkowski,  
PRL  64, 615 (1990).

σmax
J vrel ≈

4π(2J + 1)

m2
Xvrel

≈ 3× 10−22(2J + 1)cm3/s

(mX/TeV)2

ΩXh2 ≥ 1.7(3.4)× 10−6
�

mX/TF (mX/TeV)2

Stable, massive particles in chemical equilibrium down to
T<<m (required for cold DM!), suffer exponentially suppression 

of their abundance.

what is left depends on the decoupling time, or their annihilation 
cross section: the weaker, the more abundant...

XX̄ ←→ ��̄
Can it be a WIMP?

A textbook calculation proves that

ΩXh2 � 0.1 pb

�σv�

But cross-section cannot be arbitrarily high! Unitarity bound

Too high mX ⇒ too small annihilation ⇒
too large th. abundance to match observations 

mX � O(100)TeV



ONE ALTERNATIVE PRODUCTION

or, accounting from indirect production (via cascade 
and decay products of inflaton decays)

From inflaton decay, into DM or into particles  cascading 
and decaying into DM (and typically for low reheating)

ΩDMh2 ¼ 0.1196" 0.0031: (49)

Using ΩDMh2 ≃ ðρDM=sÞ=3.5 eV and Eq. (48), we obtain
the relation between the mass of DM and the reheating
temperature as

mDM ∼ 1.5 TeV
!
αDM
α

"!
TRH

100 MeV

"
3=2

; (50)

once the condition of mϕ ≥ m2
DM=2TRH is satisfied and the

contribution from the decay of the inflaton is neglected.
Let us discuss whether the annihilation of DM is

negligible or not [45] for the parameter of the interest
given in Eq. (50). The annihilation of DM is irrelevant
when the following condition is satisfied:

nDMhσannvi
H

≪ 1: (51)

In the case of mϕ ≥ m2
DM=2TRH, the DM abundance is

determined at T ¼ TRH, and hence, the left-hand side of
this inequality should be calculated at T ¼ TRH, and we
obtain an upper bound on the abundance of DM as

ΩDMh2 ≪
1

3.5 eV

!
45

8π2g%ðTRHÞ

"
1=2 mDM

hσannviMPlTRH
; (52)

≃ 102
!

10

g%ðTRHÞ

"
1=2

!
10−2m−2

DM

hσannvi

"

×
!

mDM

1.5 TeV

"
3
!
100 MeV

TRH

"
: (53)

FormDM and TRH given in Eq. (50), the upper bound on the
DM abundance is larger than the observed DM abundance
as long as mDM > Oð100Þ GeV.6 Therefore, the prediction
in Eq. (50) is valid for mDM > Oð100Þ GeV.
Figures 3 and 4 summarize the results obtained in this

section. Although we take account of the production of DM
from direct decay of the inflaton, we omit the contribution
of the DM production from a shower of inflaton decay since
it depends models and has uncertainties, as we have
mentioned. We assume that αDM ¼ α and the mass of
the inflaton is 1012 GeV and 1015 GeV in Figs. 3 and 4,
respectively.7 The blue (middle gray) shaded areas are
regions in which the energy density of DM produced by
inelastic scatterings exceeds the observed one. The boun-
daries of the blue (middle gray) shaded regions are thus
given by Eq. (50), once the condition of mϕ ≥ m2

DM=2TRH
is satisfied. In the case of mϕ ≤ m2

DM=2TRH, which appears
in the upper-right regions of Fig. 3, the abundance of DM is
calculated from the second line of Eq. (48). Below the red
dotted lines, the reheating temperature is smaller than the
QCD scale, and the DM density is overestimated (see the
comment in the last paragraph of Sec. III C). Therefore, for
mDM ≲ 103 GeV, the correct DM abundance is obtained at
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FIG. 3 (color online). Exclusion plot in a scenario with low reheating temperature. We assume that the mass of the inflaton mϕ is
1012 GeV and that the branching of inflaton decay into DM is 1 (left panel) and 0.02 (right panel). We also assume αDM ¼ α. The
abundance of DM produced from thermal production (Ωth

DMh
2), direct decay of inflaton (Ωdir

DMh
2), and inelastic scatterings (Ωsca

DMh
2) is

larger than that observed in the green (dark gray), red (light gray), and blue (middle gray) shaded regions, respectively. The striped
region are TRH > mDM=10, in which DM is produced only thermally. The abundance of DM is less than that observed above the blue
dashed line due to its annihilation. Here, we have assumed that the annihilation of DM is efficient and its cross section is 10−2m−2

DM. The
red dotted lines represent the reheating temperature below which Ωsca

DMh
2 is overestimated.

6Here, we implicitly assume that DM loses its momentum just
after they are produced. If that is not the case, the annihilation
cross section of DM is as small as α2E−2

th ≪ 10−2m−2
DM, and the

upper bound on DM abundance can be much larger than the
reference value given in Eq. (53).

7The inflaton mass of 1015 GeV is possible in models
proposed in Refs. [46–48].

HARIGAYA et al. PHYSICAL REVIEW D 89, 083532 (2014)

083532-8

a certain reheating temperature between the red dotted lines
and the lower edges of the blue (middle gray) shaded
regions. Given the mass of the inflaton mϕ and the
branching ratio of inflaton decay into DM sector
Brðϕ → DMÞ, we have an upper bound on the mass of
DM above which the amount of DM from direct decay of
inflaton is larger than that observed [red (light gray) shaded
regions]. If the annihilation of DM is efficient and its cross
section is as large as 10−2m−2

DM, the abundance of DM is
equal to and less than that observed on and above the blue
dashed lines, respectively. The blue dashed line in the
striped regions corresponds to the conventional thermal
WIMP scenario. The DM production from thermal process
calculated in Sec. III A is always subdominant in these
parameter regions. Note that DM with a mass of Oð1Þ PeV
can account for the abundance of DM if the branching ratio
of the inflaton into the DM sector is suppressed and the
reheating temperature is as large as 10 GeV.
Finally, we comment on the case in which the mass of

DM and the reheating temperature are within the
nonshaded regions or above the blue dashed lines in
Figs. 3 and 4. In this case, we need other sources of
DM or other DM candidates to account for the observed
DM abundance. The former solution is easily realized by
the decay of long-lived matter: moduli [14–16] or Q-ball
[45,49–51], for example. Axion, which is introduced by the
Peccei-Quinn mechanism [52], is one of the well-motivated
candidates for the latter solution.

IV. DISCUSSIONS

In this section, we discuss the relation between our result
and some related topics: the free-streaming velocity of DM,
Affleck-Dine baryogenesis, heavy DM with mass of Oð1Þ
PeV, and SUSY theories.

A. Free-streaming velocity of DM

Since DM is relativistic after the time of DM decoupling
in the low reheating temperature scenario, it might have a
cosmologically relevant free-streaming velocity. If
interactions between DM and the thermal plasma are
negligible, the present-day free-streaming velocity of
DM is calculated as

v0 ≃
EthjT¼TRH

mDM

T0

TRH

!
g$sðT0Þ
g$sðTRHÞ

"
1=3

; (54)

≃ 8.7 × 10−9
!

mDM

1.5 TeV

"!
TRH

100 MeV

"−2! g$sðT0Þ
g$sðTRHÞ

"
1=3

;

(55)

∼ 8.7 × 10−9
!

mDM

1.5 TeV

"−1=3! g$sðT0Þ
g$sðTRHÞ

"
1=3

; (56)

where T0 ð≃2.3 × 10−4 eVÞ is the temperature at the
present time and g$s is the effective number of relativistic
degrees of freedom for entropy. Here, we assume thatmϕ ≥
m2

DM=2TRH and use Eq. (50) in the last line. Although the
observation of the Lyman-α forest constrains the free-
streaming velocity as v0 ≲ 2.5 × 10−8 [53] (see Ref. [54]
for review), we find that the above result satisfies this
constraint when mDM ≳ 100 GeV. The free-streaming
velocity will be further constrained by future observations
of the redshifted 21-cm line because the erasure of small-
scale structure results in delaying star formation and thus
delaying the buildup of UV and x-ray backgrounds, which
affects the 21-cm radiation signal produced by neutral
hydrogen. It is expected that future observations of the
redshifted 21-cm line would improve the upper bound to
v0 ≲ 2 × 10−9 [55]. The low reheating temperature sce-
nario with mDM ≲ 100 TeV would be tested by future
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FIG. 4 (color online). Same as Fig. 3, but assuming the mass of the inflaton to be 1015 GeV.
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ONE ALTERNATIVE PRODUCTION

 K. Harigaya, M. Kawasaki, K. Mukaida and M.Yamada,   
“Dark Matter Production in Late Time Reheating,'' 

PRD 89, 083532 (2014) [1402.2846]

or, accounting from indirect production (via cascade 
and decay products of inflaton decays)

From inflaton decay, into DM or into particles  cascading 
and decaying into DM (and typically for low reheating)

ΩDMh2 ¼ 0.1196" 0.0031: (49)

Using ΩDMh2 ≃ ðρDM=sÞ=3.5 eV and Eq. (48), we obtain
the relation between the mass of DM and the reheating
temperature as

mDM ∼ 1.5 TeV
!
αDM
α

"!
TRH

100 MeV

"
3=2

; (50)

once the condition of mϕ ≥ m2
DM=2TRH is satisfied and the

contribution from the decay of the inflaton is neglected.
Let us discuss whether the annihilation of DM is

negligible or not [45] for the parameter of the interest
given in Eq. (50). The annihilation of DM is irrelevant
when the following condition is satisfied:

nDMhσannvi
H

≪ 1: (51)

In the case of mϕ ≥ m2
DM=2TRH, the DM abundance is

determined at T ¼ TRH, and hence, the left-hand side of
this inequality should be calculated at T ¼ TRH, and we
obtain an upper bound on the abundance of DM as

ΩDMh2 ≪
1

3.5 eV

!
45

8π2g%ðTRHÞ

"
1=2 mDM

hσannviMPlTRH
; (52)

≃ 102
!

10

g%ðTRHÞ

"
1=2

!
10−2m−2

DM

hσannvi

"

×
!

mDM

1.5 TeV

"
3
!
100 MeV

TRH

"
: (53)

FormDM and TRH given in Eq. (50), the upper bound on the
DM abundance is larger than the observed DM abundance
as long as mDM > Oð100Þ GeV.6 Therefore, the prediction
in Eq. (50) is valid for mDM > Oð100Þ GeV.
Figures 3 and 4 summarize the results obtained in this

section. Although we take account of the production of DM
from direct decay of the inflaton, we omit the contribution
of the DM production from a shower of inflaton decay since
it depends models and has uncertainties, as we have
mentioned. We assume that αDM ¼ α and the mass of
the inflaton is 1012 GeV and 1015 GeV in Figs. 3 and 4,
respectively.7 The blue (middle gray) shaded areas are
regions in which the energy density of DM produced by
inelastic scatterings exceeds the observed one. The boun-
daries of the blue (middle gray) shaded regions are thus
given by Eq. (50), once the condition of mϕ ≥ m2

DM=2TRH
is satisfied. In the case of mϕ ≤ m2

DM=2TRH, which appears
in the upper-right regions of Fig. 3, the abundance of DM is
calculated from the second line of Eq. (48). Below the red
dotted lines, the reheating temperature is smaller than the
QCD scale, and the DM density is overestimated (see the
comment in the last paragraph of Sec. III C). Therefore, for
mDM ≲ 103 GeV, the correct DM abundance is obtained at
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FIG. 3 (color online). Exclusion plot in a scenario with low reheating temperature. We assume that the mass of the inflaton mϕ is
1012 GeV and that the branching of inflaton decay into DM is 1 (left panel) and 0.02 (right panel). We also assume αDM ¼ α. The
abundance of DM produced from thermal production (Ωth

DMh
2), direct decay of inflaton (Ωdir

DMh
2), and inelastic scatterings (Ωsca

DMh
2) is

larger than that observed in the green (dark gray), red (light gray), and blue (middle gray) shaded regions, respectively. The striped
region are TRH > mDM=10, in which DM is produced only thermally. The abundance of DM is less than that observed above the blue
dashed line due to its annihilation. Here, we have assumed that the annihilation of DM is efficient and its cross section is 10−2m−2

DM. The
red dotted lines represent the reheating temperature below which Ωsca

DMh
2 is overestimated.

6Here, we implicitly assume that DM loses its momentum just
after they are produced. If that is not the case, the annihilation
cross section of DM is as small as α2E−2

th ≪ 10−2m−2
DM, and the

upper bound on DM abundance can be much larger than the
reference value given in Eq. (53).

7The inflaton mass of 1015 GeV is possible in models
proposed in Refs. [46–48].
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a certain reheating temperature between the red dotted lines
and the lower edges of the blue (middle gray) shaded
regions. Given the mass of the inflaton mϕ and the
branching ratio of inflaton decay into DM sector
Brðϕ → DMÞ, we have an upper bound on the mass of
DM above which the amount of DM from direct decay of
inflaton is larger than that observed [red (light gray) shaded
regions]. If the annihilation of DM is efficient and its cross
section is as large as 10−2m−2

DM, the abundance of DM is
equal to and less than that observed on and above the blue
dashed lines, respectively. The blue dashed line in the
striped regions corresponds to the conventional thermal
WIMP scenario. The DM production from thermal process
calculated in Sec. III A is always subdominant in these
parameter regions. Note that DM with a mass of Oð1Þ PeV
can account for the abundance of DM if the branching ratio
of the inflaton into the DM sector is suppressed and the
reheating temperature is as large as 10 GeV.
Finally, we comment on the case in which the mass of

DM and the reheating temperature are within the
nonshaded regions or above the blue dashed lines in
Figs. 3 and 4. In this case, we need other sources of
DM or other DM candidates to account for the observed
DM abundance. The former solution is easily realized by
the decay of long-lived matter: moduli [14–16] or Q-ball
[45,49–51], for example. Axion, which is introduced by the
Peccei-Quinn mechanism [52], is one of the well-motivated
candidates for the latter solution.

IV. DISCUSSIONS

In this section, we discuss the relation between our result
and some related topics: the free-streaming velocity of DM,
Affleck-Dine baryogenesis, heavy DM with mass of Oð1Þ
PeV, and SUSY theories.

A. Free-streaming velocity of DM

Since DM is relativistic after the time of DM decoupling
in the low reheating temperature scenario, it might have a
cosmologically relevant free-streaming velocity. If
interactions between DM and the thermal plasma are
negligible, the present-day free-streaming velocity of
DM is calculated as

v0 ≃
EthjT¼TRH

mDM

T0

TRH

!
g$sðT0Þ
g$sðTRHÞ

"
1=3

; (54)

≃ 8.7 × 10−9
!

mDM

1.5 TeV

"!
TRH

100 MeV

"−2! g$sðT0Þ
g$sðTRHÞ

"
1=3

;

(55)

∼ 8.7 × 10−9
!

mDM

1.5 TeV

"−1=3! g$sðT0Þ
g$sðTRHÞ

"
1=3

; (56)

where T0 ð≃2.3 × 10−4 eVÞ is the temperature at the
present time and g$s is the effective number of relativistic
degrees of freedom for entropy. Here, we assume thatmϕ ≥
m2

DM=2TRH and use Eq. (50) in the last line. Although the
observation of the Lyman-α forest constrains the free-
streaming velocity as v0 ≲ 2.5 × 10−8 [53] (see Ref. [54]
for review), we find that the above result satisfies this
constraint when mDM ≳ 100 GeV. The free-streaming
velocity will be further constrained by future observations
of the redshifted 21-cm line because the erasure of small-
scale structure results in delaying star formation and thus
delaying the buildup of UV and x-ray backgrounds, which
affects the 21-cm radiation signal produced by neutral
hydrogen. It is expected that future observations of the
redshifted 21-cm line would improve the upper bound to
v0 ≲ 2 × 10−9 [55]. The low reheating temperature sce-
nario with mDM ≲ 100 TeV would be tested by future
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SIGNAL SHOULD COME VIA DECAY
The right o.o.m. can be obtained by invoking Planck suppressed operators 
(plus GUT-related or B-L breaking or...)

Γ ∼
�

Λ

mPl

�2 �mX

mPl

�4

mX

More details on model-building e.g. in 
Feldstein, A. Kusenko, S. Matsumoto and T. T. Yanagida,   
PRD  88, 1, 015004 (2013) [arXiv:1303.7320] 

ex.: R-parity violating gravitinos, hidden sector gauge bosons, ... alternatively and singlet fermions in an extra dimension...
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  T. Higaki, R. Kitano and R. Sato,
  “Neutrinoful Universe,”  arXiv:1405.0013

Alternatively, from “right-handed” neutrino decays
(in leptons and gauge bosons/higgses)

Γ ∼ |y|2mX

16π

Caveat: many unnatural small parameters... still
a problem for anyone?

Plus: can “embed” it into a more complete model,
also accounting for inflation (B-L breaking “higgs”),
leptogenesis, even BICEP 2...

y ∼ 10−29

ex.: R-parity violating gravitinos, hidden sector gauge bosons, ... alternatively and singlet fermions in an extra dimension...
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Figure 3: Consistent regions with neutrino masses and cosmological observations. The
two shaded regions (green and light orange) are consistent with the BICEP2 at 1σ level
respectively, and imply that the non-thermal leptogenesis works (green) and the dark matter
is explained via the inflaton decay (light orange). Here, we assume normal hierarchy. We
also show the mass range of N1 favored by the IceCube experiment (pink shaded region).
In the dark orange region where thermal leptogenesis is viable, the reheating temperature is
treated as a free parameter satisfying M2 ≤ TR ≤ mφ = 1013 GeV with 5MPl ≤ vB−L. A
high reheating temperature is realized by the decay into hh, WW and ZZ via the coupling
in Eq. (3).

5.1 The branching fractions of N1

The partial decay widths of N1 at tree level are,

Γ(N1 → "−W+) = Γ(N1 → "+W−) =
|y1"ν |2M1

16π

(

1−
m2

W

M2
1

)2 (

1 +
2m2

W

M2
1

)

, (41)

Γ(N1 → ν"Z) = Γ(N1 → ν̄"Z) =
|y1"ν |2M1

32π

(

1−
m2

Z

M2
1

)2 (

1 +
2m2

Z

M2
1

)

, (42)

Γ(N1 → ν"h) = Γ(N1 → ν̄"h) =
|y1"ν |2M1

32π

(

1−
m2

h

M2
1

)2

. (43)

For M1 $ mW , mZ , mh, we can see that Γ(N1 → "∓W±) : Γ(N1 → νZ, ν̄Z) : Γ(N1 →
νh, ν̄h) % 2 : 1 : 1 due to the equivalence theorem [43]. The lifetime of N1 for M1 $

12
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3

τDM, with the highest energy events fixing the branch-
ing ratio into hard (or monochromatic) neutrino channels
(denoted bH in the following), as well as the PeV-mass
scale of the particle.

Remarkably, for a rough prediction of the spectral
shape dNν/dEν no detailed model of the DM sector is re-
quired. Phenomenologically, neutrino spectra from heavy
particle decays/annihilations present both a hard and a
soft component, denoted respectively with “H” and “S”.
The former one comes from final states containing “pri-
mary” neutrinos (such as a pair of neutrinos, νγ, etc.),
but to some extent also other charged leptons, notably
electron. On the other hand, other channels, and in par-
ticular those involving light quarks (u , d , s, here denoted
as q), lead to significantly softer spectra. Hence we sim-
ply parameterize the spectrum as

dNν

dEν
= (1− bH)

dNν

dEν

����
S

+ bH
dNν

dEν

����
H

. (9)

In the following section we will show some examples of
spectra, specifying the “S” and “H” tree-level modes.

Additionally, it has been appreciated since more than
a decade that electroweak cascades are an important in-
gredient at center-of-mass energies of the order of PeV
or larger [15]. Needless to say, also QCD parton jets
play an important role, either because QCD final state
is directly present (as in the soft channel of Eq. (9)) or,
at very least, as byproduct of the electroweak cascades.
In order to account for this effect, we rescale the results
presented in [16] for a 0.1 PeV annihilating DM—whose
spectra are available numerically at [17]—for few PeV
candidates. Note that the ignorance of the DM model
details, together with intrinsic theoretical error on the
spectra prevents a precise calculation. Additionally, the
current limited statistics would make it probably unnec-
essary. Hence, the spectra used should be intended as
“educated guesses”, illustrative of the qualitatively ex-
pected shape, rather than detailed predictions.

Remarkably, as illustrated in the following section,
with these generic ingredients and a minimal set of as-
sumptions for DM physics, it appears rather easy to re-
produce the “unusual” spectral shape hinted to by the
data. This framework also lead to quite specific predic-
tions, which can be falsified once sufficient statistics will
be collected.

III. RESULTS

The galactic and extragalactic components of the
neutrino flux at the Earth readily follow by plugging
dNν/dEν into Eq. (3) and Eq. (6), respectively. Our
benchmark case is the choice DM → νeν̄e for the hard
channel and DM → qq̄ for the soft one. We also account
for the neutrino mixing en route from production point
to the Earth. Due to neutrino flavor oscillation, flux of
να at Earth is ΣβPαβIβ , where Pαβ denotes probability
of νβ → να oscillation and Iβ represents the flux in β

DM ! ΝeΝ e , qq
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FIG. 1: The flux of neutrinos at the Earth form decaying DM
with mDM = 3.2PeV and τDM = 2 × 1027 s and final states
νeν̄e and qq̄, with 12% and 88% branching ratios, respectively.
The blue (dashed) and red (dot-dashed) curves are for galactic
and extragalactic components, respectively. The black (solid)
curves shows sum of the two components. The shown fluxes
are (νe + νµ + ντ )/3, including antineutrinos.

flavor at the source. The observable flux are subject to
complete decoherence, thus Pαβ = Σi|Uαi|2|Uβi|2, where
Uαi represents the elements of PMNS mixing matrix, set
here at the best-fit values from [18]. Due to the oscilla-
tion of neutrinos, the flavor ratio of neutrino flux at the
Earth from decaying DM is Je : Jµ : Jτ � 1 : 1 : 1, which
is consistent with the observed numbers of muon-track
and cascade events in IceCube.

Fig. 1 shows the expected neutrino flux at Earth from
decaying DM with mDM = 3.2 PeV and τDM = 2×1027 s,
which as we will see gives a good fit to the IceCube data.
The shown flux is the average of all neutrino and antineu-
trino flavors: (νe + νµ + ντ )/3. The assumed DM mass
stems from mDM/2 ∼ Emax

ν , where Emax

ν = 1.6 PeV is
the maximum energy of observed events at IceCube; and
τDM is chosen in such a way to give two events in PeV
range. The blue (dashed) and red (dot-dashed) curves
correspond to galactic and extragalactic components, re-
spectively; and the black solid curve for the sum of them.
The gray vertical line shows the maximum energy of neu-
trino at mDM/2. For the branching ratio of hard channel
DM decay (that is DM → νeν̄e for our benchmark), we
assumed bH = 0.12. The requested feature for the inter-
pretation of IceCube data is clear from Fig. 1: a peaked
shape at Eν ∼ PeV accompanied by a dip in the range
∼ (0.3−1) PeV and populated spectrum below ∼ 0.3 PeV
due to the softer qq̄ channel (with cascade corrections)
as well as the EW cascade tail from νν̄.

The choice of final states sharing the qualitative fea-
tures discussed above is by no means unique. In Fig. 2 we
compare some alternative combinations of spectra pre-
senting energy spectra similar to our benchmark decay
channel (solid, black curve). In particular the soft chan-
nel in Eq. (9) can be bb̄ or cc̄ final states and the hard

‣ Both Galactic and extragalactic contributions present, roughly comparable in size

very different situation with 
respect to annihilating DM! 

Small uncertainties since 
“the clumpiness factor” does not
enter the leading term,  only 

cosmological parameters and global 
Galactic properties (e.g. total DM 

mass) matter.

Even the Galactic profile only matters 
mildly for angular studies, not for the 

normalization of the signal
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τDM, with the highest energy events fixing the branch-
ing ratio into hard (or monochromatic) neutrino channels
(denoted bH in the following), as well as the PeV-mass
scale of the particle.

Remarkably, for a rough prediction of the spectral
shape dNν/dEν no detailed model of the DM sector is re-
quired. Phenomenologically, neutrino spectra from heavy
particle decays/annihilations present both a hard and a
soft component, denoted respectively with “H” and “S”.
The former one comes from final states containing “pri-
mary” neutrinos (such as a pair of neutrinos, νγ, etc.),
but to some extent also other charged leptons, notably
electron. On the other hand, other channels, and in par-
ticular those involving light quarks (u , d , s, here denoted
as q), lead to significantly softer spectra. Hence we sim-
ply parameterize the spectrum as

dNν

dEν
= (1− bH)

dNν

dEν
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+ bH
dNν

dEν
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H

. (9)

In the following section we will show some examples of
spectra, specifying the “S” and “H” tree-level modes.

Additionally, it has been appreciated since more than
a decade that electroweak cascades are an important in-
gredient at center-of-mass energies of the order of PeV
or larger [15]. Needless to say, also QCD parton jets
play an important role, either because QCD final state
is directly present (as in the soft channel of Eq. (9)) or,
at very least, as byproduct of the electroweak cascades.
In order to account for this effect, we rescale the results
presented in [16] for a 0.1 PeV annihilating DM—whose
spectra are available numerically at [17]—for few PeV
candidates. Note that the ignorance of the DM model
details, together with intrinsic theoretical error on the
spectra prevents a precise calculation. Additionally, the
current limited statistics would make it probably unnec-
essary. Hence, the spectra used should be intended as
“educated guesses”, illustrative of the qualitatively ex-
pected shape, rather than detailed predictions.

Remarkably, as illustrated in the following section,
with these generic ingredients and a minimal set of as-
sumptions for DM physics, it appears rather easy to re-
produce the “unusual” spectral shape hinted to by the
data. This framework also lead to quite specific predic-
tions, which can be falsified once sufficient statistics will
be collected.

III. RESULTS

The galactic and extragalactic components of the
neutrino flux at the Earth readily follow by plugging
dNν/dEν into Eq. (3) and Eq. (6), respectively. Our
benchmark case is the choice DM → νeν̄e for the hard
channel and DM → qq̄ for the soft one. We also account
for the neutrino mixing en route from production point
to the Earth. Due to neutrino flavor oscillation, flux of
να at Earth is ΣβPαβIβ , where Pαβ denotes probability
of νβ → να oscillation and Iβ represents the flux in β
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FIG. 1: The flux of neutrinos at the Earth form decaying DM
with mDM = 3.2PeV and τDM = 2 × 1027 s and final states
νeν̄e and qq̄, with 12% and 88% branching ratios, respectively.
The blue (dashed) and red (dot-dashed) curves are for galactic
and extragalactic components, respectively. The black (solid)
curves shows sum of the two components. The shown fluxes
are (νe + νµ + ντ )/3, including antineutrinos.

flavor at the source. The observable flux are subject to
complete decoherence, thus Pαβ = Σi|Uαi|2|Uβi|2, where
Uαi represents the elements of PMNS mixing matrix, set
here at the best-fit values from [18]. Due to the oscilla-
tion of neutrinos, the flavor ratio of neutrino flux at the
Earth from decaying DM is Je : Jµ : Jτ � 1 : 1 : 1, which
is consistent with the observed numbers of muon-track
and cascade events in IceCube.

Fig. 1 shows the expected neutrino flux at Earth from
decaying DM with mDM = 3.2 PeV and τDM = 2×1027 s,
which as we will see gives a good fit to the IceCube data.
The shown flux is the average of all neutrino and antineu-
trino flavors: (νe + νµ + ντ )/3. The assumed DM mass
stems from mDM/2 ∼ Emax

ν , where Emax

ν = 1.6 PeV is
the maximum energy of observed events at IceCube; and
τDM is chosen in such a way to give two events in PeV
range. The blue (dashed) and red (dot-dashed) curves
correspond to galactic and extragalactic components, re-
spectively; and the black solid curve for the sum of them.
The gray vertical line shows the maximum energy of neu-
trino at mDM/2. For the branching ratio of hard channel
DM decay (that is DM → νeν̄e for our benchmark), we
assumed bH = 0.12. The requested feature for the inter-
pretation of IceCube data is clear from Fig. 1: a peaked
shape at Eν ∼ PeV accompanied by a dip in the range
∼ (0.3−1) PeV and populated spectrum below ∼ 0.3 PeV
due to the softer qq̄ channel (with cascade corrections)
as well as the EW cascade tail from νν̄.

The choice of final states sharing the qualitative fea-
tures discussed above is by no means unique. In Fig. 2 we
compare some alternative combinations of spectra pre-
senting energy spectra similar to our benchmark decay
channel (solid, black curve). In particular the soft chan-
nel in Eq. (9) can be bb̄ or cc̄ final states and the hard

‣ Both Galactic and extragalactic contributions present, roughly comparable in size
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PHENO ASPECTS: #2
‣ almost isotropic, slight anisotropy towards inner Galaxy due to off-center position of 
the Sun with respect to the GC (much milder and less uncertain than for annihilation!)

Gamma rays from Dark Matter Annihilation in the Central Region of the Galaxy 17

where Γ is the decay width (inverse lifetime) and the spectrum now refers to the

photons generated in the decay process. Unlike with the cross section in the case

of annihilating dark matter, one does not have any strong theoretical motivation for

considering any particular lifetime for an unstable DM particle. In any case, arguments

have been put forward justifying the typical range of the lifetimes needed for significant

signatures in astrophysics with ∼TeV mass particles and GUT-scale physics mediating
the process (in analogy with the expected proton decay in GUTs), see e.g. [63]. From the

phenomenological point of view, there are a couple of points worth mentioning regarding

decaying DM candidates:

Decaying DM

Annihilating DM

!100 !50 0 50 100
1

10

100

1000

104

Θ !deg"

J##Θ$

J##90o$

Figure A1. The angular profile of the gamma-ray signal as function of the angle, θ,
to the center of the galaxy for a NFW halo distribution for decaying DM (solid red
line), compared to the case of self-annihilating DM (dashed blue line). Both signals
have been normalized to their values at the galactic poles, θ = ±90◦. The central cusp
is regularized by assuming in both cases an angular resolution of 0.1◦.

I. The DM distribution and the role of substructures in particular is of little
importance in determining the level of the signal.

II. The angular distribution of the gamma-ray signal is very distinctive, and much

flatter than the corresponding annihilation signal, as illustrated for a NFW profile

in Fig. (A1).

Should gamma rays be detected from DM, a comparison between the emission in

the inner Galaxy and the emission at high latitude would immediately reveal the nature

of the particle physics process (annihilation or decay) responsible for the emission [64].

Notice that this information is very difficult to extract with other cosmic ray probes.

‣ In a 30° aperture cone around the Gal. Center, one expects about twice the number 
of events than for an isotropic flux (~15% vs 7%)

‣ Currently hard to tell apart, but interesting test possible over O(10) yr timescale.
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FIG. 2: The overall flux of neutrinos at the Earth for de-
caying DM to various channels. The black curve shows our
benchmark DM → νeν̄e, qq̄ with 12% and 88% branching ra-
tios, respectively. The blue (dashed), red (dot-dashed) and
green (dotted) curves represent channels shown in legend
with branching ratios in parentheses. The assumed values
for τDM are in the range (1 − 3) × 1027 s. The shown flux is
(νe + νµ + ντ )/3, including antineutrinos.

channels can be replaced by e−e+ channel. As can be

seen from Fig. 2, the required shape of energy spectrum

is recurring in all the shown channels. The e−e+ channel

shows the importance of EW corrections (which are in

fact quite large!): despite the fact that no hard neutrino

channel is present at tree level, a sufficiently hard neu-

trino spectrum can be still obtained with a 40% branch-

ing 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, but with the following

qualitative argument we justify it. First of all, even if one

mostly radiates “soft” gauge bosons, in a splitting pro-

cess (say e−e+ → e−W+ν) 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 ν’s which the electrons have con-

verted into. Secondly, while naively these processes are

suppressed by a power of α (weak fine structure) with

respect to the three level, the presence of large logarith-

mic factor (of the type α 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 [22, 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 νν̄ 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

νν̄ can be naturally constructed from the coupling of DM

to the weak SU(2) lepton doublet (να, �α). For an equal

decay branching ratio in the two components of the dou-

blet, the corresponding modification of the parameters

{τ, bH} with respect to the pure νν̄ case best fit param-

eters is thus less than a factor 2. Other choices for the
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FIG. 3: Comparison of the energy spectrum of observed
events in IceCube with the expectations from DM decay with
flux in Fig. 1 (red-solid) and generic E−2

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

final states (including for example massive gauge bosons,

top quark and muon/tau leptons) would also produce

spectra roughly compatible with observations, but for il-

lustrative purposes in the following we shall concentrate

on our benchmark case which presents the most marked

differences with respect to a featureless power-law spec-

trum 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 ∆iEν

is given by

Ni =

�

∆iEν

�
dJh
dEν

+
dJeg
dEν

�
E(Eν) dEν , (10)

where for the exposure E we used the 662 days reported

exposure in [20]. The result of our analysis is shown in

Fig. 3. In this figure the red (solid) and blue (dashed)

curves correspond to expected number of events from DM

decay with the spectrum of Fig. 1 and a generic E−2

ν
spectrum, respectively; and the black points with error

bars show the observed events. The following comments

about Fig. 3 are in order:

1) The branching ratio bH = 0.12 of DM → νeν̄e is

fixed mainly by requiring two PeV events, i.e. the

last energy bin.

2) The DM lifetime τDM = 2 × 1027 s is mainly de-

termined by the low energy part of events. Let

us mention that the assumed value of DM lifetime

is compatible with the lower limit on τDM obtained

e.g. in [9] from the data of IceCube-22 [21], but the

two cannot be compared at face value. In fact, two

issues should be taken into account: i) the lower

limit in [9] is calculated with the assumption of

bH = 1, and as described there, the limit should be

‣ Abrupt energy cutoff expected above 1-2 PeV 

‣ Dip expected for a mix of hard+soft channels, e.g.  
leptonic + hadronic/cascade contribution. 

In a few words: Scenario testable with forthcoming IceCube data!
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channels can be replaced by e−e+ channel. As can be

seen from Fig. 2, the required shape of energy spectrum

is recurring in all the shown channels. The e−e+ channel

shows the importance of EW corrections (which are in

fact quite large!): despite the fact that no hard neutrino

channel is present at tree level, a sufficiently hard neu-

trino spectrum can be still obtained with a 40% branch-

ing 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, but with the following

qualitative argument we justify it. First of all, even if one

mostly radiates “soft” gauge bosons, in a splitting pro-

cess (say e−e+ → e−W+ν) 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 ν’s which the electrons have con-

verted into. Secondly, while naively these processes are

suppressed by a power of α (weak fine structure) with

respect to the three level, the presence of large logarith-

mic factor (of the type α 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 [22, 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 νν̄ 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

νν̄ can be naturally constructed from the coupling of DM

to the weak SU(2) lepton doublet (να, �α). For an equal

decay branching ratio in the two components of the dou-

blet, the corresponding modification of the parameters

{τ, bH} with respect to the pure νν̄ case best fit param-

eters is thus less than a factor 2. Other choices for the
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final states (including for example massive gauge bosons,

top quark and muon/tau leptons) would also produce

spectra roughly compatible with observations, but for il-

lustrative purposes in the following we shall concentrate

on our benchmark case which presents the most marked

differences with respect to a featureless power-law spec-

trum 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 ∆iEν

is given by

Ni =

�

∆iEν

�
dJh
dEν

+
dJeg
dEν

�
E(Eν) dEν , (10)

where for the exposure E we used the 662 days reported

exposure in [20]. The result of our analysis is shown in

Fig. 3. In this figure the red (solid) and blue (dashed)

curves correspond to expected number of events from DM

decay with the spectrum of Fig. 1 and a generic E−2

ν
spectrum, respectively; and the black points with error

bars show the observed events. The following comments

about Fig. 3 are in order:

1) The branching ratio bH = 0.12 of DM → νeν̄e is

fixed mainly by requiring two PeV events, i.e. the

last energy bin.

2) The DM lifetime τDM = 2 × 1027 s is mainly de-

termined by the low energy part of events. Let

us mention that the assumed value of DM lifetime

is compatible with the lower limit on τDM obtained

e.g. in [9] from the data of IceCube-22 [21], but the

two cannot be compared at face value. In fact, two

issues should be taken into account: i) the lower

limit in [9] is calculated with the assumption of

bH = 1, and as described there, the limit should be

‣ Accommodated in a variety of final states/b.r./
lifetimes (i.e. not particularly fine-tuned, e.g. decay 
via operators containing L H OK, no specific flavor 
structure), typically

dNν

dEν
= (1− bH)

dNν

dEν

����
S

+ bH
dNν

dEν

����
H

.

‣ Associated to measurable gamma flux 
(below current bounds, but not by huge factors)

Loosely, low-E tail fixes Γ,  bH Γ the PeV “line”  

bH ∼ 0.1÷ 0.4

Γ−1 ∼ 1÷ 3× 1027 s



MORE EXOTICS...



LEPTOQUARKS?
“We interpret the PeV shower events observed by the IceCube collaboration as an s-channel 

enhancement of neutrino-quark scattering by a leptoquark that couples to the flavor and light quarks. 
With a leptoquark mass around 0.6 TeV and a steep E-2.3 neutrino flux, charged-current scattering gives 
cascade events at 1 PeV and neutral-current scattering gives cascade events at 0.5 PeV.  This mechanism 

is also consistent with the paucity of muon-track events above 100 TeV”
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Figure 1: Resonance processes via a leptoquark LQ in the UHE neutrino nucleon scatter-

ing. Left: the neutral current events. Right: the charged current events.

The case of interest is a τ -neutrino and a τ -lepton.

For the leptoquark (LQ) model, we assume a weak-isospin LQ doublet that couples to

third generation leptons (ντ , τ) and first and second generation quarks (u, d). Thus, the

main processes of interest, because their cross-sections are resonance enhanced, are

ντ + q → LQ → τ + q ,

ντ + q → LQ → ντ + q .

as illustrated in Fig. 1.

We attribute the IC shower events at PeV energy to the CC reaction for which the

showers are associated with the τ decays to hadrons and the hadron jet from the produced

quark. The energy of the secondary neutrino from the τ decay is undetected, so the

observed EM shower energy is a little less than the mass of the leptoquark. To a zero-

level approximation, the shower energy deposition determines the leptoquark mass.

When the produced τ decays to a muon, giving a track, the energy of the event is lower

than for the hadronic τ -decays. Likewise, in the case that the τ decays to an electron the

shower energy is lower than for the τ to hadrons decay.

In the NC reaction above, the energy of the event will be about half of the CC reaction.

Thus, the shower energy of the NC is an approximate measure of
1
2 the leptoquark mass.

The NC cross section is about the same as the CC cross-section. The gap between the

PeV events and the onset of the lower energy events should be about
1
2 of the leptoquark

mass, which seems consistent with what is observed.

The leptoquark can be a a scalar (J = 0) or a vector (J = 1). A general list of

leptoquark models and the experimental limits are given in the review by S. Rolli and M.

Tanabashi[14] in the Particle Data Book. We show the simple scenario of a leptoquark

scalar S of charge−1
3 , which couples to the first generation quarks and the third generation

lepton in the following form,

LLQ = fLS
†
(u, d)L ε

�
ντ
τ

�

L

+ fRS
†uRτR + h.c. (1)

The Levi-Civita symbol ε antisymmetrizes the two SU(2) doublets to match the singlet S.
The couplings fL, fR are the leptoquark couplings to the left and right chiral quarks. In

the narrow width approximation, the leptoquark resonance contribution to the neutrino

cross-section has the form[15, 16, 17]

M2
S dσ(ντN

LQ−→ ντX) =
π
2f

2
L Br(S → ντd)xdN(x, µ

2
) , (2)
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scalar S of charge -1/3, which couples to the first generation quarks and the 3rd generation lepton

V. Barger and W.  Y. Keung,  Phys. Lett. B  727, 190 (2013)  [1305.6907].
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LEPTOQUARKS?
Intrinsic Flux: astrophysical & with a steeper than normally inferred;  

“bump” at PeV due to the opening of new channel.  Peculiar predictions:
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Figure 4: Cross section ratio of the charged current process of ντN scattering via a
leptoquark resonance to the corresponding Standard Model CC process.
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V. Barger and W.  Y. Keung,  Phys. Lett. B  727, 190 (2013)  [1305.6907].

‣  E-shape (dip due to CC vs NC type of reactions) 
‣  flavour composition (little tracks due to tau excess)
‣ collider signatures (quoted CMS bound from LHC-7 of 525 GeV...)



PARAMETERIZING LORENTZ VIOLATION

δ =

�
v

v0

�2

− 1 , v =
∂E

∂p
, v0 =

p�
p2 +m2

,

assuming that there is at least one  frame in which space and time translations and spatial 
rotations are exact symmetries (typically the lab one),  there one can write 

Lorentz invariance violation (LIV) effect can be phenomenologically parametrized in terms of δ

E2 = p2 +m2 + f(p, . . .)

with f containing e.g.  cubic or quartic  powers of p  inducing “linear” (n=1) or 
“quadratic'' (n=2) deviations, respectively, from LI occurring at a mass scale MQG. 

δ =

�
v

v0

�2

− 1 � v0
E

∂f

∂p
� ±

�
E

MQG

�n



REMEMBER OPERA?

ν → ν e+ e−

Eν � 2me/
√
δ � PeV

�
10−18/δ

For finite (but much smaller!) δ, same channel open at PeV scale if:

with a loss rate

Γe± =
1

14

G2
FE

5δ3

192π3
= 2.55× 1053δ3E5

PeV Mpc−1

Little Problem: here we do not know the initial beam flux! 
How to translate this observation into a constraint?

A. G. Cohen and S. L. Glashow,
PRL 107, 181803 (2011) [1109.6562]

δ � 5× 10−5Initial claim of evidence for OPERA collab.1109.4897

argued internally inconsistent with CERN beam 
survival due to fast allowed “Cherenkov” decay 



COSMIC APPLICATION

ωγ =
4π

c

� E2

E1

E
dϕγ

dE
dE � 5.7× 10−7 eV/cm3 .

The e± pairs from the decay induce e.m. cascades, with 
gammas being reprocessed in the ~1-100 GeV band of the 

gamma extragalactic background. 

Fermi-LAT puts an upper limit to the total energy density 
stored in the initial neutrino flux!  
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being isotropic)
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I(>0.1GeV)=
(1.03±0 .17)×

10-5 cm-2 s-1 sr-1 

Abdo et al. 
PRL104 (2010) 101101



A HUGE JUMP IN CONSTRAINTS!
Energy density inferred from 
the observed 2 events is:

ωobs
ν =

4π

c

1.2PeV�

1PeV

E
dϕE

dE
dE � 2.7× 10−9 eV/cm3 ,

e−Γ d � ωobs
ν

ωγ
∼ 10−2So, if this is the relic of a huge,  suppressed flux, 

the maximum tolerable suppression is

For cosmologically distant sources d> Gpc, which implies that 

δ < 2.6× 10−19 i.e. channel closed, δ < 10−18



A HUGE JUMP IN CONSTRAINTS!
Energy density inferred from 
the observed 2 events is:

ωobs
ν =

4π

c

1.2PeV�

1PeV

E
dϕE

dE
dE � 2.7× 10−9 eV/cm3 ,

e−Γ d � ωobs
ν

ωγ
∼ 10−2So, if this is the relic of a huge,  suppressed flux, 

the maximum tolerable suppression is

For cosmologically distant sources d> Gpc, which implies that 

δ < 2.6× 10−19 i.e. channel closed, δ < 10−18

weaker bound (but better than existing ones) follows from the process ν → νγ

Note 1: purely Galactic origin for the totality of the signal excluded by angular distribution 
study, plus lack of plausible origin... and even in that case one would gain over existing bounds

which is however independent on the assumptions on the LIV bound in the e-sector 
(this also follows from direct bounds from Crab flare, see F. W. Stecker,  APP 56, 16 (2014))

Note 1I: for δ close to the opening of the channel, one may clearly ‘induce the PeV cutoff ’ 
via LIV,  F. W. Stecker and S. T. Scully, 1404.7025



CONCLUSIONS
‣ The era of high energy neutrino astrophysics has started!
‣ The event rates are in the ballpark of what expected for astrophysical fluxes, but the 
flux spectrum (and angular distribution) show some departures from expectations. 
‣ If significant/confirmed, they will either give clue on astrophysical sources or strengthen 
“exotic” interpretations:

✴ Decaying, non-thermal dark matter?
✴ Leptoquarks?
✴ Lorentz violation?
✴ ...

‣ Independently of taste (i.e the appeal that these scenarios have on each one of us) 
they share an important (albeit lately out-of-fashion) feature: they are testable! 
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“exotic” interpretations:
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Final remark
any new astrophysical window has soon or later opened unexpected possibilities to  
fundamental physics probes (what of CMB cosmology without “microwave telescopes”?) 
No reason to believe that this time will be different! Maybe we have not thought yet of 
the most clever way to use this opportunity... 



...LET’S NOT WASTE IT!

Courtesy ANITA Collaboration, Antarctica

Merci pour votre attention!


