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High Energy Neutrino Production

 Anchordoqui et al., PLB (2004). Kelner, Aharonian, Bugayov, PRD (2006). Kelner, Aharonian, PRD (2008).

Proton-proton interactions Proton-photon interactions

Electron and muon neutrinos are produced by charged pion decay. 

Gamma-ray photons are produced by neutral pion decay.
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Figure taken from Ahlers & Halzen, arXiv: 1805.11112.
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Figure 9: The spectral flux (�) of neutrinos inferred from the eight-year upgoing track analysis (red fit) and the six-

year HESE analysis (magenta fit) compared to the flux of unresolved extragalactic �-ray sources [100] (blue data)

and ultra-high-energy cosmic rays [101] (green data). The neutrino spectra are indicated by the best-fit power-law

(solid line) and 1� uncertainty range (shaded range). We highlight the various multimessenger interfaces: A: The

joined production of charged pions (⇡±) and neutral pions (⇡0) in cosmic-ray interactions leads to the emission of

neutrinos (dashed blue) and �-rays (solid blue), respectively. B: Cosmic ray emission models (solid green) of the

most energetic cosmic rays imply a maximal flux (calorimetric limit) of neutrinos from the same sources (green

dashed). C: The same cosmic ray model predicts the emission of cosmogenic neutrinos from the collision with

cosmic background photons (GZK mechanism).

Note, that the relative production rates of pionic gamma rays and neutrinos only depend on the

ratio of charged-to-neutral pions produced in cosmic-ray interactions, denoted by K⇡ = N⇡±/N⇡0 .

Pion production of cosmic rays in interactions with photons can proceed resonantly in the processes

p + � ! �

+ ! ⇡0

+ p and p + � ! �

+ ! ⇡+

+ n. These channels produce charged and

neutral pions with probabilities 2/3 and 1/3, respectively. However, the additional contribution

of nonresonant pion production changes this ratio to approximately 1/2 and 1/2. In contrast,

cosmic rays interacting with matter, e.g., hydrogen in the Galactic disk, produce equal numbers

of pions of all three charges: p + p ! N⇡ [ ⇡
0

+ ⇡+

+ ⇡�
] +X, where N⇡ is the pion multiplicity.

From above arguments we have K⇡ ' 2 for cosmic ray interactions with gas (pp) and K⇡ ' 1 for

interactions with photons (p�).

With this approximation we can combine Eqs. (1) and (2) to derive a simple relation between
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Messengers of the High Energy Heavens

Neutrinos, gamma rays and cosmic rays have similar energies.



Neutrino Arrival Directions
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Figure 8: Mollweide projection in Galactic coordinates of the arrival direction of neutrino events. We show the

results of the eight-year upgoing track analysis [28] with reconstructed muon energy Eµ & 200 TeV (�). The events

of the six-year high-energy starting event (HESE) analysis with deposited energy larger than 100 TeV (tracks ⌦ and

cascades �) are also shown [98, 99, 28]. The thin circles indicate the median angular resolution of the cascade events

(�). The blue-shaded region indicates the zenith-dependent range where Earth absorption of 100 TeV neutrinos

becomes important, reaching more than 90% close to the nadir. The dashed line indicates the horizon and the star

(?) the Galactic Center. We highlight the four most energetic events in both analyses by their deposited energy

(magenta numbers) and reconstructed muon energy (red number).

by the Auger observatory [101] (green data). This might indicate a common origin of the signal

and provides excellent conditions for multi-messenger studies.

A challenge to most galactic and extragalactic scenarios is the large neutrino flux in the range

of 10 � 100 TeV, which implies an equally high intensity of gamma rays from the decay of neu-

tral pions produced along with the charged pions that are the source of the observed neutrino

flux [14]. For extragalactic scenarios, this gamma-ray emission is not directly observed because of

strong absorption of photons by e+e� pair production in the extragalactic background light (EBL)

and CMB. The high-energy leptons initiate electromagnetic showers of repeated inverse-Compton

scattering and pair production in the CMB that eventually yield photons that contribute to the

Fermi �-ray observations in the GeV-TeV range.

The extragalactic �-ray background observed by Fermi [100] has contributions from identified
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Figure taken from Ahlers & Halzen, arXiv: 1805.11112.

No evidence of clustering in arrival directions of HE neutrinos            Isotropic distribution               
xxxxx.  Neutrinos of extragalactic origin.



• Find the sources of IceCube’s high energy neutrinos.  

• Identify any connection with UHECR & electromagnetic emission. 

• Understand production mechanisms of high energy cosmic particles. 

• Use multi-messenger data to obtain a unique view on sources. 

• Test physics beyond the Standard Model. 

Emerging Tasks



Source Identification



Where Are These Neutrinos Coming From?

★ New physics? 

★ Galactic origin [sub-dominant contribution] 

★ Extragalactic origin 
• Star-forming galaxies 

• Gamma-ray bursts 
• Active galactic nuclei, blazars 

• Cluster of galaxies 
• Tidal disruption events 

• Low-power or choked sources

Anchordoqui et al., JHEAp (2014). Meszaros, arXiv: 1511.01396. Waxman, arXiv: 1511.00815. Murase, arXiv: 1511.01590.
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Figure 4. Prospects of neutrino PS detection. Top panel: Local density of neutrino sources as a
function of L⌫ . The solid black line shows the upper limit implied by the non–observation of PS in the
7 year search [36], while the dashed black line is its corresponding analytical estimation obtained for
µ = 23. The solid blue line represents the sensitivity for the correlation analysis, and the dashed blue
line is its corresponding theoretical estimation (Nbkg = 33, µ = 3.5, zc = 0.02 and �2 = 1.66⇥ 10�2).
The green and red bands mark the regions of parameter space that would explain the observed di↵use
flux [11] for no-redshift evolution (q = 0) and strong redshift evolution (q = 3). The top (bottom)
of each shaded bands assume that 100% (1%) of the di↵use flux is produced by each (n0, L⌫). The
gray markers represent examples of benchmark astrophysical sources (see text for details). Bottom:
Same as top panel but the plotted curves have been derived for 10 years of operation of IceCube-Gen
2 [48]. The forecasted value of µ for non-observation of PS is 7; while the sensitivity to the correlation
analysis has been derived for Nbkg = 33 [36], µ = 2 and zc and � as above. For IceCube, the region
of the parameter space above the upper limit implied by the non–observation of PS and above the
sensitivity curve for the correlation analysis are excluded.
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Figure 4. Prospects of neutrino PS detection. Top panel: Local density of neutrino sources as a
function of L⌫ . The solid black line shows the upper limit implied by the non–observation of PS in the
7 year search [36], while the dashed black line is its corresponding analytical estimation obtained for
µ = 23. The solid blue line represents the sensitivity for the correlation analysis, and the dashed blue
line is its corresponding theoretical estimation (Nbkg = 33, µ = 3.5, zc = 0.02 and �2 = 1.66⇥ 10�2).
The green and red bands mark the regions of parameter space that would explain the observed di↵use
flux [11] for no-redshift evolution (q = 0) and strong redshift evolution (q = 3). The top (bottom)
of each shaded bands assume that 100% (1%) of the di↵use flux is produced by each (n0, L⌫). The
gray markers represent examples of benchmark astrophysical sources (see text for details). Bottom:
Same as top panel but the plotted curves have been derived for 10 years of operation of IceCube-Gen
2 [48]. The forecasted value of µ for non-observation of PS is 7; while the sensitivity to the correlation
analysis has been derived for Nbkg = 33 [36], µ = 2 and zc and � as above. For IceCube, the region
of the parameter space above the upper limit implied by the non–observation of PS and above the
sensitivity curve for the correlation analysis are excluded.
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Neutrino Point Sources

 Mertsch, Rameez, Tamborra, JCAP (2017). Murase & Waxman PRD (2016). Feyereisen,Tamborra, Ando, JCAP (2017).

TXS 0506+056 & IC-170922A  
[talk by A. Franckowiak]

IceCube (7 years)



Diffuse Neutrino Backgrounds

time

z = 0

z = 1

z = 5

neutrinos, gamma-rays

neutrinos, gamma-rays

• Spectral energy distribution 

• Distribution of sources with redshift 

• Distribution of sources with luminosity 

• Comoving volume (cosmology) 



Active Galactic Nuclei (Blazars)

Palladino et al., arXiv: 1806.04769. Padovani et al., MNRAS (2015). Murase, arXiv: 1511.01590.

•Resolved and unresolved blazars can partly explain the IceCube flux  
(w/o violating stacking bounds). 

November 6, 2015 1:24 World Scientific Review Volume - 9.75in x 6.5in ms page 10

10 Kohta Murase
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Fig. 4. Left panel: All-flavor diffuse neutrino intensity calculations for various AGN-related mod-
els: (AGN Jet) a blazar model by Murase et al.,43 (AGN Core) a LLAGN core model by Kimura
et al.,67 (AGN in Galaxy Cluster/Group) a CR reservoir model by Murase et al.84 but with opti-
mistic and moderate normalization, (Cosmogenic) a cosmogenic neutrino model by Takami et al.92

for the ankle-transition scenario. One should keep in mind that each model has large uncertainty
in its prediction. The diffuse neutrino intensity data from the IceCube combined likelihood analy-
sis41 are also shown. Right panel: The nucleon-survival landmark by Waxman and Bahcall100 and
nucleus-survival landmark by Murase and Beacom.103 The diffuse neutrino intensity data from
the IceCube three-year high-energy starting event analysis40 are also shown.

it becomes steeper. Note that low mass clusters and groups, which allow us to
have positive redshift evolutions, are needed for the scenario to be consistent with
other gamma-ray constraints a, including those from the gamma-ray background
anisotropy and individual cluster observations.68,88 Also, AGN are not the only CR
accelerators in this scenario. Not only radio-loud AGN but also radio-quiet AGN,
transients in galaxies (such as supernovae and gamma-ray bursts) can contribute to
the resulting neutrino and gamma-ray intensities.

Recently, Giacinti et al.90 attempted to explain the gamma-ray intensity as well
as the observed UHECR intensity and diffuse neutrino intensities. However, main
blazar emission itself is unlikely to be of pp origin, and their emission is attributed
to inverse-Compton or pγ-induced cascade or proton synchrotron radiation. So neu-
trino and gamma-ray emission will be mainly produced in CR reservoirs containing
radio-loud AGN. In this model, gamma rays from galaxy clusters and groups con-
tribute to the diffuse gamma-ray background significantly, and they are expected
to be detected soon or have their emissivity constrained.88,89

While powerful jets may leave their host galaxy, weak jets or disk-driven winds
from an AGN lie in the galaxy. If CRs are accelerated by these outflows and escape
from the AGN, they should interact with interstellar gas until they leave the galaxy.
Although hadronuclear production of neutrinos in normal galaxies is expected to be
inefficient,67 it can be important when AGN co-exist with starburst galaxies.43,68

aAlthough it is argued that the early work predicted much larger diffuse fluxes,88 actually, the early
calculations for only massive clusters84,86 also show E2

γΦγ ∼ 10−9
− 10−8 GeV cm−2 s−1 sr−1,

i.e., the level of diffuse gamma-ray intensities is very similar.

•Contribution from AGN is strongly model-dependent, but might be sizable. 

•AGN among suspected cosmic ray sources and as such natural candidate neutrino sources. 
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Tamborra & Ando, JCAP (2015), Liu&Wang (2013), Murase&Ioka (2013), Liang et al. (2006), Boncioli, Biehl, Winter (2018).
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Figure 7. Diffuse νµ intensity as a function of the neutrino energy after flavor oscillations for the
HL-GRB (blue band), LL-GRB (violet band) and sGRB (orange band) families. The bands represent
uncertainties related to the luminosity functions and local rates (Table 1), whereas all the other
GRB parameters are fixed to the canonical values. The best fit estimation of the high-energy diffuse
neutrino flux as in [43] is plotted in light blue, while the blue dot (IC-GRB) marks the upper limit of
the GRB diffuse neutrino flux from the IceCube Collaboration [20]. The diffuse neutrino background
from GRB fireballs is smaller than the observed high-energy IceCube neutrino flux in the sub-PeV
energy range and it scales differently as a function of the neutrino energy.

For each population X, we implement the analytical recipe described in Sec. 3 and auto-
matically define the neutrino energy spectrum according to the specific hierarchy among the
different cooling processes for each (L̃iso, z). Note as for luminosities and redshifts different
than the ones adopted in Figs. 2, 3 and 4, the hierarchy among the cooling times changes.
For example, we find that the adiabatic cooling becomes relevant for pions and kaons when
L̃iso is on the lower tail of the studied luminosity interval for all the three GRB families.

We do not include HL-GRBs and sGRBs whose parameters (L̃iso, z) violate the condition
τγγ ≤ 1 (Eq. 3.22) in our calculations. However, for the assumed input parameters, τγγ > 1
is realized only for sources with z > 7 and with luminosities at the upper extreme of their
interval. Therefore, our computation might underestimate the expected diffuse flux only by
a few % since the diffuse neutrino flux is not affected from sources at z > 7.

Figure 7 shows the diffuse high-energy neutrino intensity for the HL-GRB (light-blue
band), LL-GRB (violet band) and sGRB (orange band) components as a function of the
neutrino energy. Each band takes into account the uncertainty due to the LF determination
as from Table 1.

– 18 –

Gamma-Ray Bursts

• Low luminosity GRBs can emit sizeable neutrino flux! 

•Bright GRBs can make up to few % of the high-energy IceCube flux.
•Dedicated stacking searches on GRBs unsuccessful up to now. 
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Figure 7. The neutrino intensity at the best fit point from the top panel of Fig. 6, (Ẽj ,⇣SN)=(1053 erg,
3.4%), is plotted in magenta. The neutrino intensity at the IS radius from choked jets only at the
best fit point from Fig. 8, (Ẽj ,⇣SN)=(1.7 ⇥ 1051 erg, 58%), is plotted as the black dotted curve. The
neutrino intensity at the CS radius from choked jets and with (without) the visible jets at the IS is
plotted in red dash-dot (cyan dashed) with best fit point (5.1 ⇥ 1050 erg, 100%) and (3.8 ⇥ 1051 erg,
58%) respectively. The data points are the same as in Fig. 1, the orange circles are IceCube’s MESE
data [4], the blue up triangles are the data from ANTARES [25], and the green down triangles are
IceCube’s HESE data [8]. The green dashed data points are some of the higher energy bins from
IceCube’s HESE data and are not included in these fits. In all investigated scenarios, the neutrino
intensity describes the data poorly and it will overshoot the experimental data in the higher energy
bins.

fit to the observed data. Hidden astrophysical sources, i.e. sources not electromagnetically
bright, have been put forward to explain the low-energy component of the observed neutrino
spectrum and alleviate tension with Fermi data [28].

In Ref. [44], we presented an advanced modeling of the neutrino emission from electro-
magnetically bright and choked gamma-ray bursts and found that current data suggest the
majority of the jets to be choked. In the light of these findings, in this paper, we investigate
whether neutrinos from bright and choked gamma-ray bursts can describe well the low-energy
excess of events observed by IceCube and ANTARES. Since the model proposed in Ref. [44]
is very general by construction, it represents an optimal framework to test whether astro-
physical bursts can explain the observed low-energy neutrino excess without the addition
new ad-hoc parameters.

If particle acceleration at the collimation shock is e�cient, the resultant neutrino inten-
sity may peak at lower energies than the one coming from particles accelerated at the internal
shock. Since in this work we focus on the low-energy excess of neutrino events, we also inves-
tigate the particle production and acceleration at the collimation shock radius beyond the

– 12 –

The Low-Energy Excess (30-400 TeV)

 Denton & Tamborra, JCAP (2018). Murase, Guetta, Ahlers, PRL (2016).

•Electromagnetically hidden sources invoked to interpret the low-energy excess.  

•Although hidden GRBs can produce a copious amount of neutrinos, they cannot be the 
sources of excess of neutrino events at low energies.



Star-Forming Galaxies

Under calorimetric conditions, star-forming galaxies efficiently produce neutrinos! 

Tamborra, Ando, Murase, JCAP (2014). Thompson et al. (2006), Fields et al. (2010), Makiya et al. (2011), 
Stecker&Venters(2011). Loeb&Waxman (2006), Lacki et al. (2011), Murase et al. (2013).
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FIG. 1. The �-ray (red lines) and per-flavor neutrino (black lines) contribution of the hadronic emission model following Eq. (1)
with � = 2.5. We show the contribution of direct and cascaded � rays separately as dashed and dotted lines, respectively. In
the left plot the emission is normalized according to the best-fit of the combined neutrino data [1] in the 25 TeV to 2.8 PeV
energy range (grey-shaded area). The corresponding total �-ray emission is only marginally consistent with the isotropic �-ray
background (IGRB). In the right plot we show the same model normalized to the best-fit 14% non-blazar emission in the
0.05� 1 TeV EGB (red-shaded area).

associated to BL Lac type blazars. In addition to the in-
dividually resolved 2FHL sources, which comprise ⇠ 40
percent of the total EGB intensity, the flux distribution
of sources fainter than the detection threshold of about
8⇥ 10�12 ph cm�2 s�1 has been constrained by the sta-
tistical distribution of individual photons [30]. Specif-
ically, the number of spatial pixels containing varying
numbers of photons can provide information of the num-
ber of sources at fluxes down to about 1.3 ⇥ 10�12 ph
cm�2 s�1. The 2FHL catalog sources and pixel counting
method together yield a best-fit flux distribution which
is well parameterized by a broken power law with a flux
break in the range [0.8, 1.5] ⇥ 10�11 ph cm�2 s�1 and a
slope above and below the break equal to ↵1 = 2.50 and
↵2 2 [1.60, 1.75], with dN/dS / S�↵.

The integral of this flux distribution is 2.07+0.40
�0.34⇥10�9

ph cm�2 s�1 sr�1 compared to the total EGB intensity
above 50 GeV of (2.40±0.3)⇥10�9 ph cm�2 s�1 sr�1. In
other words, blazars comprise 86+16

�14% of the total EGB
intensity [30]. The best-fit cumulative intensity of resid-
ual emission, from both discrete extragalactic sources and
truly di↵use processes, is 14%, corresponding to an in-
tensity of 3.3 ⇥ 10�10 ph cm�2 s�1 sr�1 above 50 GeV.
Taking uncertainties into account, the allowed range for
the non-blazar EGB component is at the level of 28%
(6.6⇥ 10�10 ph cm�2 s�1 sr�1).

Cumulative �-ray and neutrino flux from SFGs—The
hadronic emission of SFGs is thought to originate from
CR interactions in interstellar space, analogous to the
di↵use emission observed from our own Galaxy. The res-
idency time of CRs in given galaxy is determined by the

timescale of di↵usive escape, transport by advective out-
flows, and hadronic interactions with ambient gas. If the
loss time is dominated by di↵usive escape, the hadronic
emission follows a dN/dE ⇠ E�↵�� spectrum where ↵ is
the e↵ective index of the injected CR nucleon spectrum
and � is the index of the energy dependence of the di↵u-
sion tensor. Typical values are � ' 1 (Bohm), � ' 1/2
(Kraichnan) or � ' 1/3 (Kolmogorov). Note that if CRs
are accelerated in multiple source populations with di↵er-
ent rigidity cuto↵s and mass compositions, the resulting
e↵ective nucleon spectrum can have additional spectral
features.

On the other hand, starburst galaxies, a subset of SFGs
that undergo an episode of vigorous star formation in
their central regions, have gas densities that are much
higher than observed in quiescent galaxies [37, 38]. Dif-
fusion in starburst galaxies might also become weaker
due to strong magnetic turbulence [39, 40], while advec-
tive processes might be enhanced [41]. Since losses by
inelastic collisions and advection are nearly independent
of energy, the hadronic emission of starbursts is expected
to follow more closely the injected CR nucleon spectrum,
E�↵. Indeed, the nearby starburst galaxies M82 and
NGC 253 both exhibit relatively hard �-ray spectral in-
dices in the GeV to TeV energy range of 2.1 to 2.3 [42–44].
Due to the harder emission and a higher pion production
e�ciency, the starburst subset is predicted to dominate
the total di↵use �-ray emission of SFGs beyond a few
GeV [27]. Provided that the CR accelerators in starburst
galaxies are capable of reaching per nucleon energies ex-
ceeding 20�30 PeV, the hadronic emission can also con-

Star-Forming Galaxies

Bechtol et al., ApJ (2017). Fermi Collaboration, PRL (2016).

Fermi finds that blazars make 86% of the total extra-galactic gamma-ray background.  

Results in possible tension with star-forming galaxies as dominant source of the diffuse 
neutrino background.



Tomographic Constraints 

 Ando, Tamborra, Zandanel, PRL (2015). 
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The source luminosity density is assumed to evolve as

n(z)hL�(z)i = E�,0 ⇥
⇢

(1 + z)� for z  zc ,
(1 + zc)� for z > zc .

(4)

The constant evolution above zc is motivated by the ob-
servations of infrared luminosity density of star-forming
galaxies (e.g., [58]). We note that unless the redshift
dependence continues to increase steeply up to high z,
our conclusions are largely una↵ected. Very-high-energy
gamma rays are subject to absorption by the extragalac-
tic background light (EBL). This is taken into account
through the exponential term in Eq. (2), where ⌧(E, z)
is the optical depth [59].
For each set of (↵, �, zc), by taking E�,0 as a free pa-

rameter, we compute the �2 statistic as follows:

�2 =
X

i

✓
Ii,dat � Ii,th(E�,0|↵, �, zc)

�i,dat

◆
2

, (5)

where Ii,dat and �i,dat are the spectral intensity data and
the associated root-mean-square error in the i-th energy
bin, respectively, and Ii,th(E�,0) is the theoretical model
intensity for E�,0. The 95% confidence level (CL) upper
limit on E�,0 is obtained by solving� �2 = �2 � �2

min

=
2.71.
The top panel of Fig. 1 shows the gamma-ray spectrum

for ↵ = 2.2, � = 2, and zc = 1.5 (blue dotted), compared
with the IGRB measured by Fermi [48]. The value of the
local luminosity density E�,0 corresponding to the 95%
CL upper limit is E95%CL

�,0 = 2.5⇥ 1045 erg yr�1 Mpc�1.
Cross correlation with galaxy catalogs.—The cross-

correlation angular power spectrum, C�g
` , between the

gamma-ray intensity, I�(n̂), and the galaxy surface den-
sity,⌃

g

(n̂), is related to the angular correlation function
through the following relation (e.g., [54]):

h�I�(n̂) �⌃g

(n̂+✓)i =
X

`

2`+ 1

4⇡
C�g

` W` P`(cos ✓) , (6)

where �I� = I� � hI�i, �⌃
g

= ⌃
g

� h⌃
g

i, P`(cos ✓) is
the Legendre polynomial, and W` is the beam window

FIG. 1. Top: Gamma-ray (blue) and neutrino (red) intensi-
ties for a model with ↵ = 2.2, � = 2, and zc = 1.5. The dotted
curves correspond to the 95% CL upper limit due to the Fermi
spectrum data (the green band represents the systematic un-
certainty due to the subtraction of the Galactic emission [48]).
The solid curves correspond to the same limit but due to
the cross-correlation data. IceCube data for the neutrino in-
tensity are shown above 10 TeV, whereas the orange band
represents the 68% CL region of the corresponding best-fit
single power-law model [5]. Bottom: Cross-correlation angu-
lar power spectrum between the Fermi data, above 1 GeV,
and the 2MASS galaxies, compared with the measurements
by Ref. [52]. Model parameters as well as line types are the
same as the top panel.

function (i.e., the Legendre transform of the point spread
function of the Fermi-LAT [52]).
The angular cross-power spectrum C�g

` is computed as
(e.g., [54])

C�g
` =

Z
d�

�2

W�(z)Wg

(z)P�g

✓
k =

`

�
, z

◆
, (7)

where W�(z) is the integrated gamma-ray window func-
tion, and W

g

(z) is the galaxy window function that
is related to the galaxy redshift distribution, dN

g

/dz,
via W

g

(z) = (d lnN
g

/dz)(dz/d�). We approximate the

Cross-correlation between gamma rays and galaxy catalogs provides tighter bounds on 
neutrino sources. 

Any p-p source with a spectrum softer than E     and evolution slower than (1+z)  is excluded. -2.1 3



Probing the Source Physics



Margutti et al., ApJ (2014). Woosley & Bloom (2006). Bloom & Hjorth (2011). Lazzati et al. (2012). Piran et al. (2017). 
Sobacchi et al., MNRAS (2017).

SN 2012ap in the X-rays 3

FIG. 2.— Kinetic energy profile of the ejecta of ordinary type Ibc SNe (red) and E-SNe, a class of explosions that includes GRBs (blue), sub-E GRBs (light-
blue) and relativistic SNe (orange). Squares and circles are used for the slow-moving and the fast-moving ejecta, respectively, as measured from optical and
radio observations. The velocity of the fast-moving ejecta has been computed at �t = 1d (rest-frame). Black solid lines: ejecta kinetic energy profile of a pure
hydrodynamical explosion (Ek / (��)-5.2, Tan et al. 2001), and for explosions powered by a short-lived (Ek / (��)-2.4) and long-lived (Ek / (��)-0.4) central
engine (Lazzati et al. 2012). Open black circles identify explosions with broad-lined optical spectra. The purple arrows identify the directions of increasing
collimation and mass of the fastest ejecta. SN 2012ap bridges the gap between cosmological GRBs and ordinary SNe Ibc. Its kinetic energy profile, significantly
flatter than what expected from a pure hydrodynamical explosion, indicates the presence of a central engine. References: Margutti et al. (2013a) and references
therein; Ben-Ami et al. (2012); Horesh et al. (2013); Corsi et al. (2014), Walker et al. (2014); C14; M14.

that has been shown to scale as ⇢SN / R-n with n ⇠ 10 (see
e.g. Matzner & McKee 1999; Chevalier & Fransson 2006).

Assuming a wind-like CSM structure ⇢CSM / R-2 as ap-
propriate for massive stars, a power-law electron distribution
ne(�) = n0�-p with p ⇠ 3 as indicated by radio observations
of type Ib/c SNe (Chevalier & Fransson 2006) and by ra-
dio observations of SN 2012ap (C14) and a fraction of en-
ergy into relativistic electrons ✏e = 0.1 as supported by well
studied SN shocks (e.g. Chevalier & Fransson 2006), the
Chandra non-detection of SN 2012ap at �t ⇡ 24d implies
Ṁ/vw < 5 ⇥ 10-6(M�y-1/1000kms-1). Ṁ is the mass loss
rate of the progenitor star and vw is the wind velocity. We
renormalize the mass-loss to vw = 1000kms-1 as appropriate
for a Wolf Rayet progenitor stars. In this calculation we used
the bolometric luminosity we derived in M14, Ek ⇠ 1052 erg
and Mej ⇠ 3M� as obtained by modeling the bolometric lu-
minosity in M14.

The inferred limit to the mass-loss rate Ṁ < 5 ⇥
10-6(M�y-1) is independent from any assumption on
magnetic-field related parameters, it is not affected by pos-
sible uncertainties on the SN distance and indicates that the
pre-explosion mass-loss of SN 2012ap lies at the low end
of the interval of values derived by C14 (4⇥ 10-6 M�y-1 <
Ṁ < 5 ⇥ 10-5 M�y-1) based on the modeling of the radio
observations with synchrotron emission.8 This result is in

8 Note that the synchrotron formalism is instead dependent on assumptions

line with the value derived for the relativistic SN 2009bb
(Ṁ ⇠ 2 ⇥ 10-6 M�y-1, Soderberg et al. 2010b) and consis-
tent with the wide range of values inferred for sub-E GRBs
(10-7 M�y-1 . Ṁ . 10-5 M�y-1).

4. SN 2012AP IN THE CONTEXT OF ENGINE-DRIVEN EXPLOSIONS

The radio observations of SN 2012ap are well modeled
by synchrotron emission arising from the interaction of the
SN shock with the environment (C14). C14 derive Ek =
(1.6±0.1)⇥1049 erg carried by mildly relativistic ejecta with
velocity v ⇠ 0.7c at �t = 1d. By modeling the observed
optical emission, M14 infer Ek ⇠ 1052 erg in slow moving
(v ⇡ 20000kms-1) material. These two values define an Ek
profile significantly flatter than what expected in the case of a
pure hydrodynamical collapse (Ek / (��)-5.2, e.g. Tan et al.
2001), thus pointing to the presence of an engine driving the
SN 2012ap explosion (see Fig. 2).

Engine-driven SNe (E-SNe) constitute a diverse class of ex-
plosions that includes relativistic SNe, sub-E GRBs and or-
dinary GRBs. SN 2012ap is intermediate between ordinary
non-relativistic SNe and fully relativistic GRBs and falls into
a region of the parameter space populated by sub-E GRBs and
the other known relativistic SN, SN 2009bb (Fig. 2)9. With
reference to figures 3 and 4 we find that:

on magnetic field related parameters.
9 The relativistic nature of SN 2007gr has been questioned by Soderberg

et al. (2010a) and it is not included here. See however Paragi et al. (2010).

Continuum of stellar explosions originating from hydrogen-stripped envelopes.

Supernova-GRB Connection



Neutrinos may be the only particles successfully escaping the stellar envelope.

⌫�
⌫

Successful GRB  
(photons & neutrinos)

Choked GRB  
(neutrinos only)

Failed GRB  
(no particles)

Supernova-GRB Connection



IceCube data constrain the fraction of SNe harboring jets and the fraction of choked jets 
(compatible with electromagnetic observations of bright jets). 

Denton & Tamborra, ApJ (2018). Denton & Tamborra, JCAP (2018).  
Tamborra & Ando, PRD (2016).  Senno et al., PRD (2015). Meszaros & Waxman, PRL (2001). 
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Millisecond Magnetars

Fang & Metzger, ApJ (2017).

Long-lived ms magnetar following NS merger may produce neutrinos up to 1 year.  
Neutrinos (in coincidence with GWs) would be smoking gun signal for long-lived magnetar.

7

3.3. Interaction Rates of Pions and Muons

Figure 3. Lifetime of pions (thick lines) and muons (thin
lines) in the lab frame (solid black), compared to their char-
acteristic cooling time due to hadronuclear interaction with
the ejecta baryons (dotted brown; equation 33) and syn-
chrotron radiation in the nebula (dash-dotted green; equa-
tion 34).

Charged mesons created by photopion and hadronu-
clear interactions decay into neutrinos via ⇡± ! µ± +
⌫
µ

(⌫̄
µ

) ! e± + ⌫
e

(⌫̄
e

) + ⌫
µ

+ ⌫̄
µ

. The neutrino produc-
tion competes with the radiative and hadronic cooling
of the mesons and muons. The latter occur at a rate

t�1

x, c

= t�1

xp

+ t�1

x,rad

, (32)

where x denotes either ⇡ or µ,

t
xp

= (n
p

�
xp


xp

c)�1 (33)

is the hadronic cooling rate due to interaction with the
ejecta baryons, and

t
x, rad

=
3m4

x

c3

4�
T

m2

e

E
x

u
B

(34)

is the energy loss time due to synchrotron radiation. The
relevant time scales for pions and muons are shown in
Fig. 3. Synchrotron emission dominates the energy loss
until ⇠ 105.5 s for pions and ⇠ 106 s for muons.
These cooling processes can be accounted for by in-

troducing a second suppression factor on the neutrino
production rate of the form,

fx

sup

= min

✓
1,

t
x,c

�
x

⌧
x

◆
(35)

This quantifies the fact that neutrinos are e�ciently pro-
duced only if the decay time of a pion or muon is shorter
than its cooling time.
The suppression factor can be estimated analytically

as

f⇡

sup

=0.3 ⌘�2

�1

B4

14

�3 ✏�1

B,�2

t6
5.5

(36)

fµ

sup

=1.5⇥ 10�3 ⌘�2

�1

B4

14

�3 ✏�1

B,�2

t6
5.5

(37)

where �
⇡p

= 5⇥10�26 cm2, 
⇡p

⇠ 0.8, ⌧
⇡

= 2.6⇥10�8 s,
�
µp

= 2⇥ 10�28 cm2, ⌧
µ

= 2.2⇥ 10�6 s (Eidelman et al.
2004), and taking E

⇡

⇠ 0.2E
p

as the average ratio of
pion energy to its parent proton energy in photopion
production. Because the mean lifetime of a muon ex-
ceeds that of a pion by a factor of ⇠100, muons almost
immediately experience radiative cooling before decay-
ing into secondary neutrinos.

4. NEUTRINO PRODUCTION

4.1. Individual sources

Figure 4. All-flavor fluence of high-energy neutrinos from
a stable millisecond magnetar on timescales from an hour
to a year (solid lines) after the merger. The fiducial mag-
netar model assumes an initial spin period Pi = 1 ms,
surface dipole magnetic field B = 1014 G, ejecta mass
M

ej

= 0.01M�, and source distance D = 10 Mpc. The
black dash-dotted line indicates the 90% sensitivity of Ice-
Cube for a time-integrated search of point-like sources with
one year of operation (Aartsen et al. 2017) (which is compa-
rable to its time-dependent sensitivity for a transient source
with week-long duration; Aartsen et al. 2015). The grey
dashed line shows the estimated point-source sensitivity of
ARA (Ara Collaboration et al. 2012) (or ARIANNA; Bar-
wick et al. 2015) from an one-year time-integrated search.

Neutrino production is delayed until charged pions
are both produced e�ciently and avoid being cooled ra-
diatively before decaying. The former occurs first, af-
ter the pion production rate exceeds the proton cooling
timescale once tp

sup, 0

⌘ t (t
p, rad

= t
⇡, cre

). However, ra-
diative cooling of the pions prevents neutrino production
until somewhat later, once t⇡

sup, 0

⌘ t (t
⇡, rad

= �
⇡

⌧
⇡

).
At yet later times, muons obey the same decay timescale
condition and thus also contribute to neutrino produc-



Cosmogenic Neutrinos

Moller, Denton & Tamborra, to appear. Alves Batista et al., arXiv: 1806.10879.

Neutrinos can hint towards redshift evolution and nuclear composition of cosmic ray sources.
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Probing Particle Physics



Why?

• Neutrinos with highest energies (PeV)            Probes of Physics at new energy scales. 

• Neutrinos with the longest baseline (Gpc)            Efficiently enhancing small effects.   

• We have data! 

High energy neutrinos can tell us about 

✴ Dark matter annihilation and decay 
✴ New interactions and neutrino secret interactions 
✴ Neutrino decay 
✴ Sterile neutrinos 
✴ Lorentz invariance violation 
✴ Anomalous neutrino magnetic moment 
✴ Non-standard neutrino interactions 
✴ Matter effects 
✴ ….
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Scenario Exclusion by
IceCube

Exclusion
by IceCube-
Gen2

Complete flavor triangle 42% 96%
Standard mixing 2% 73%
Non-standard neutrino
production

17% 93%

NSI at production 5% 84%
Matter e↵etcs 0% 71%
Pseudo-Dirac neutrino 14% 85%
Decay 14% 85%
Quantum decoherence 2% 73%
Sterile neutrino 10% 86%
E↵ective operator 36% 94%
Interaction with DM 42% 96%
Shortcut through extra
dimension

11% 80%

NSI in Earth matter 30% 92%
NSI at detection 11% 89%

TABLE I: Percent of parameter space for the BSM scenarios
and matter e↵ects excludable at 3� by IceCube and IceCube-
Gen2. We included IceCube for comparison to IceCube-Gen2.
We have taken the complete envelope as the parameter space,
and we have not considered the individual sub-parameter
spaces.

its parameter space does not coincide with the e↵ective
operator scenario, then we find 0% since the standard
mixing parameter space lies within the e↵ective operator
parameter space. In the opposite situation, one can dis-
criminate the standard mixing scenario in 96% of the pa-
rameter space, since standard mixing covers only a small
fraction of the e↵ective operator parameter space. This
means that the table is not symmetric. Cases with a high
discriminating factor are interesting since one can distin-
guish between them at least in principle. Some examples
are: standard mixing vs. ⌫-DM interaction, constant
matter e↵ects vs. decay, and quantum decoherence vs.
e↵ective operators.2 For all the information, we advise
the reader to look at Tab. II.

A di↵erent visualization of Tab. II is shown in Fig. 6
where the discrimination percentage is given as a frac-
tion of 100 %. Similar as in Tab. II, the row is the true
scenario implemented by Nature (“data”), and the col-
umn is the perception of Nature (“theory” scenario). A
darker (lighter) shading of blue means a higher (lower)
discrimination percentage between the scenarios. Take
the scenario “Interaction with DM” as an example which
occupies a large fraction of the parameter space. The
other parameter spaces are fully contained within its pa-
rameter space. Therefore, one can(not) distinguish be-
tween the scenarios when “Interaction with DM” is the

2 Here, we assume the former cases (standard mixing, constant
matter e↵ects and quantum decoherence) are test scenarios, and
we analyze them against the true cases (⌫-DM interaction, decay
and e↵ective operator), respectively.

true (test) case, leading to a dark row and a light column.
The scenario “Matter e↵ects” is completely opposite to
“Interaction with DM”, since it spans a small fraction
of the parameter space, giving it a light row and a dark
column in Fig. 6. Half-dark means partially overlapping
parameter spaces, meaning one can discriminate about
50% of it, independently of the choice of true scenario.
This can be compared to the extreme case with complete
distinguishable cases or zero discrimination percentage.

VII. DISCRIMINATION BY ENERGY
DEPENDENCE

So far, we have studied the flavor composition inde-
pendent of energy (or marginalized over energy). In spe-
cific cases, however, the energy dependence can be used
to reveal the BSM e↵ect. Here we study three di↵erent
energies inspired by the potential capability of IceCube-
Gen2 [106]: 10 TeV, 100 TeV, 1000 TeV. We choose spe-
cific scenarios for neutrino decay, quantum decoherence,
e↵ective operators and neutrino shortcuts through the
extra dimension as examples, see Tab. III for the cho-
sen parameter values. We show the result for these four
scenarios in Fig. 7.

The e↵ect of neutrino decays is typically strongest at
low energies (where the Lorentz factor is low), whereas
standard mixing is approached for high energies. Quan-
tum decoherence (for the chosen scaling with energy) and
e↵ective operators typically show up at high energies, at
least for the parameters chosen here. If the energy depen-
dence for quantum decoherence scales such as ⇠ e�2LEn

with n = 1, then e↵ects shows up at low energies. The
shortcuts through the extra dimension are an example
for an e↵ect present in a particular energy range only.
Of course, the details (where the transitions occur) de-
pend on the chosen model parameters, but these exam-
ples demonstrate that the energy-dependence of the BSM
can be used to learn about the BSM physics. For a more
detailed discussion of the interplay between a possible en-
ergy dependence of the source flavor composition (which
we marginalized over here) and energy-dependent BSM
physics, see Ref. [40].

VIII. DISCRIMINATION BY GLASHOW
RESONANCE

Another potential way to distinguish among BSM sce-
narios is the Glashow resonance, ⌫̄e + e� ! W� !
anything, at E⌫ = m2

W /(2me) ' 6.3 PeV [170]. The
Glashow resonance event rate is an indicator for the elec-
tron antineutrino contribution to the total flux

G =
⇠ē,�

⇠e+ē,� + ⇠µ+µ̄,� + ⇠⌧+⌧̄ ,�
. (36)

The Glashow resonance has been used as discriminating
power for pp versus p� interactions, which are generic

Rasmussen et al., PRD (2017). Ahlers, Helbing, los Heros, arXiv: 1806.05696.

Fraction of parameter space excludable by IceCube and IceCube-Gen2.



An Example: Invisible Neutrino Decay

Denton & Tamborra, PRL (2018, in press). See also arXiv: 1808.07629.

Invisible Neutrino Decay Resolves IceCube’s Track and Cascade Tension

Peter B. Denton⇤ and Irene Tamborra†

Niels Bohr International Academy, Niels Bohr Institute,
University of Copenhagen, Blegdamsvej 17, 2100, Copenhagen, Denmark and

DARK, Niels Bohr Institute, University of Copenhagen,
Juliane Maries Vej 30, 2100, Copenhagen, Denmark

(Dated: May 17, 2018)

The IceCube Neutrino Observatory detects high energy astrophysical neutrinos in two event
topologies: tracks and cascades. Since the flavor composition of each event topology di↵ers, tracks
and cascades can be used to test the neutrino properties and the mechanisms behind the neutrino
production in astrophysical sources. Assuming a conventional model for the neutrino production, the
IceCube data sets related to the two channels are in > 3� tension with each other. Invisible neutrino
decay with lifetime ⌧/m = 102 s/eV solves this tension. Noticeably, it leads to an improvement over
the standard non-decay scenario of more than 3� while remaining consistent with all other multi-
messenger observations. In addition, our invisible neutrino decay model predicts a reduction of 59%
in the number of observed ⌫⌧ events which is consistent with the current observational deficit.

Introduction.—The IceCube Neutrino Observatory
measures high energy astrophysical neutrinos with en-
ergies reaching up to few PeVs [1–3]. While numerous
source candidates have been proposed to interpret the
observed data, no clear picture has yet emerged [4–7].

According to the conventional framework, high energy
neutrinos in astrophysical sources are expected to be
produced primarily as a result of charged pion decay.
Charged pions decay to a muon and a muon neutrino,
and the muon in turn decays on to a positron, electron
neutrino, and a muon antineutrino resulting in a neutrino
flavor ratio at the source of ⌫e : ⌫µ : ⌫⌧ = 1 : 2 : 0, each
with approximately the same energy. After neutrino os-
cillations, the flavor ratio at the Earth is roughly 1 : 1 : 1
leading to the expectation that the spectral distributions
of neutrinos will be the same for any flavor. We stress
that this last statement is independent of the source class
since any mechanism that produces high energy neutri-
nos will do so dominantly as a result of charged pion de-
cays. Hence, within this picture, the only possible result
is equal fluxes for each flavor.

Single power law (SPL) and broken power law (BPL)
fits have been considered to interpret the sample of neu-
trino events [8–14]. The data seem to favor a SPL, with
a possible break to explain the excess of events below 100
TeV [12, 15].

IceCube is partially sensitive to the flavor state of the
neutrino through two distinct event topologies: track
events resulting dominantly from ⌫µ interactions [3],
and nearly spherical cascade events resulting dominantly
from ⌫e and ⌫⌧ interactions [16]. The IceCube Collab-
oration has interpreted each of these data sets in terms
of the true per-flavor neutrino flux at the Earth under
the assumption that the flavor ratio remains constant at
1 : 1 : 1 for all energies and that the flux follows a SPL [8].
The IceCube Collaboration finds that those two di↵erent
channels produce results in tension with each other [3],
as shown in Fig. 1.
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FIG. 1. IceCube track [3] and cascade [16] data samples.
The tension between the two data samples is driven on the
high energy end by the observation of six tracks with energies
E > 1 PeV and the lack of Glashow Resonance events at
E = 6.3 PeV in the cascade channel [3]. On the low energy
side there is also an apparent excess of events in the cascade
channel [15].

IceCube finds that the best fit per-flavor astrophysical
flux from the track analysis over E⌫ 2 [194 TeV, 7.8 PeV]
is �t = 2.13 ± 0.13,� t = 0.90+0.30

�0.27 [3] and the best fit
from the cascade analysis over E⌫ 2 [13 TeV, 7.9 PeV] is
�c = 2.67+0.12

�0.13, �c = 2.3+0.7
�0.6 [16] where �i is the spectral

index and� i is the flux normalization at E⌫ = 100 TeV
in units of 10�18 GeV�1 cm�2 sr�1 s�1.
In this Letter, for the first time, we combine spectral

and flavor information simultaneously to investigate the
tension between the data sets associated to the two event
topologies. We investigate several modifications to the
standard picture of the high energy astrophysical neu-
trino flux beyond what is foreseen within the Standard
Model [17].
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FIG. 2. The track to cascade ratio as a function of the neu-
trino energy. The invisible neutrino decay of ⌫2 and ⌫3 reduces
the track and cascade ratio below 1 PeV up to 75% with re-
spect to the case where all neutrinos are stable. The deviation
from the expected value of 0.5 for the standard case is mostly
due to track misidentification.

spectrum (� >⇠ 2), visible decay becomes e↵ectively in-
visible.

We assume that ⌫1 is stable since it has the least ⌫µ
fraction since this can suppress the ⌫µ fraction at low
energies. This may be the case if the mass ordering is
normal, as is currently favored at 2�3.4� [25, 26, 33, 34],
and the Majoron has a mass between ⌫1 and ⌫2, or if ⌫1 is
massless (or very light) and has no (significant) coupling
to the Majoron.

The oscillation averaged probability for invisible neu-
trino decay is

P̄ (⌫↵ ! ⌫�) =
3X

i=1

|U↵i|2|U�i|2e�⇤i , (3)

where⇤ i ⌘ dHI 0(z)mi/E⌧i and I 0(z) =
R z

0 dz0(1 +
z0)�2h�1(z0) is the corrected cosmological distance scal-
ing for neutrino decay [35]. Thus in our model⇤ 1 = 0
and⇤ 2 = ⇤3 and ⌧/m for ⌫2 and ⌫3 is the one new free
parameter.

Figure 2 shows the modification of the track vs. cascade
ratio due to invisible neutrino decay within the model
introduced above. One can check that in order to have an
e↵ect within the region of interest of IceCube, we should
have ⌧/m ⇠ 102 s/eV.

Minimizing the �2 in the SPL only case with neutrino
decay, we find �2 = 1.57 with log10[(⌧/m)/(s/eV)] =
1.93+0.26

�0.40. At 1 d.o.f. this represents a good fit, consis-
tent with the data at 1.25�. It is an improvement over
the stable neutrino case of� �2 = 11.8 showing that the
neutrino decay scenario is preferred by the data over the
standard stable neutrino case by 3.4�. The 2D �2 pro-

FIG. 3. The 2D �2 projection for neutrino decay with a sin-
gle power law astrophysical flux. The shaded regions rep-
resent 1, 2, 3 � for 2 d.o.f. The best fit point of � = 2.73
and log10[(⌧/m)/(s/eV)] = 1.93, indicated with the dot, has
�2 = 1.57. This includes a marginalization over the source
normalization.

jection of the source spectral index � and the neutrino
lifetime ⌧/m is shown in Fig. 3. We note that ⌧/m is
fairly well determined since it must give observable con-
sequences within IceCube’s region of interest. Varying
the redshift evolution power ✓ produces a fairly small ef-
fect with the best fit value of ⌧/m and the �2 changes
only slightly with ⌧/m increasing with ✓. If we extend
our fit to the BPL source model, the best fit point does
not change at all and � = 0 is preferred. The results are
summarized in Table I [36].

Our findings should be compared with existing bounds
on invisible neutrino decay. The best terrestrial con-
straints on invisible ⌫3 decay come from atmospheric and
long-baseline data: log10[(⌧3/m3)/(s/eV)] > �9.52 [37],
while the best terrestrial constraints on invisible ⌫2 decay
are from solar neutrinos and are log10[(⌧2/m2)/(s/eV)] >
�3.15 [38, 39]. Strong constraints, in apparent contra-

TABLE I. The �2 and significance for the single power law
(SPL) and broken power law (BPL) models, along with the
best fit source spectral index and neutrino lifetime. Here we
fix R⇡,µ = 1 for the BPL model, see text. The BPL models
have as many or more parameters than data points, thus only
a lower limit on the significance can be placed by taking 1
d.o.f.

Model
Standard Model Invisible ⌫ Decay
SPL BPL SPL BPL

�2 13.4 13.4 1.57 1.57

� 3.23 > 3.65 1.25 > 1.25

� 2.4± 0.10 - 2.73± 0.10 -

log10(
⌧/m
s/eV ) - - 1.93+0.26

�0.40 1.93+0.26
�0.40

Invisible neutrino decay with                           solves tension between track and cascade data.⌧/m = 102s/eV



Conclusions

• Observation of extragalactic neutrinos opens a new window on high-energy Universe. 

• Sources not yet resolved, multi-messenger methods powerful.   

• Composition of IceCube energy spectrum seems complex. 

• High energy neutrinos are already useful as probes of source physics. 

• High energy neutrinos are unique probes of particle physics at new scales.



Thank you for your attention!


