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1. Why high-energy neutrino astrophysics?

2. Some history: the road to discovery

3. Signature, backgrounds, and particle physics 

4. Discovery of high-energy astrophysical neutrinos

5. Statistics interlude 
6. What do we know about neutrino sources?

7. Neutrino oscillation interlude 
8. Particle physics with high-energy neutrinos

9. Near future and final remarks
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Motivation
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cosmic-ray challenge 

both the energy of the 
particles and the 
luminosity of the 

accelerators are large 
   
gravitational energy from 

collapsing stars 
is converted into 

particle acceleration? 

 origin of cosmic rays: oldest problem in astroparticle physics 



highest energy radiation from the Universe: protons!

Fly’s Eye 1991 
   300,000,000 TeV

high energy 
high luminosity



nearby 
radiation

supermassive 
black hole

                ! p + π0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + γ ! n + π+

~ cosmic ray + neutrino 

ν and γ beams : heaven and earth accelerator is powered by 
large gravitational energy
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γ

The opaque Universe
p

e+

e-

γ + γCMB ! e+ + e- 
PeV photons interact with microwave photons (411/cm3) 

before reaching our telescopes 
enter: neutrinos 
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?

opticalmicrowave X-rays gamma-rays  neutrinos                 cosmic rays

terra incognita: 
only revealed by 

neutrinos 
  
 

Gravitational waves - ripples in space-time

highest energy “radiation” from the Universe: 
neutrinos and cosmic rays

Universe is opaque above ~100 TeV energy
11

Here live the 
dragons!
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extragalactic  
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cosmic-rays interact with the 
microwave background

0ππγ ++→+ + pandnp

TeV102E 6×≥υ

cosmic rays disappear, neutrinos with 
EeV (106 TeV) energy appear

π → µ +υµ → {e+υµ +υe}+υµ

  1 event per cubic kilometer per year 
        ...but it points at its source!
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Pioneers



DUMAND: Deep Underwater Muon 
and Neutrino Detector (1973-1995)

Art Roberts, Rev.Mod.Phys. 64 (1992) 259-312 
Christian Spiering and Uli Katz, Prog.Part.Nucl.Phys. 67 (2012) 651-704 17
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Baikal Neutrino Telescope 
(1993-1996)

Art Roberts, Rev.Mod.Phys. 64 (1992) 259-312 
Christian Spiering and Uli Katz, Prog.Part.Nucl.Phys. 67 (2012) 651-704 

1996 first up-
going muon 

neutrino event 

19



AMANDA: Antarctic Muon And 
Neutrino Detection Array (1993-2008)

AMANDA-1

AMANDA-2

Atmospheric neutrino event 
candidate observed by AMANDA-2

AMANDA Collaboration Phys.Rev.D71:077102,2005
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m
^2

/s
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ANTARES: Astronomy with a Neutrino 
Telescope and Abyss environmental 
RESearch (2002 - present)

21

Candidate 
neutrino 
event 
display



That is all the history I am going to 
cover, but these are nice and fun reads

Art Roberts, Rev.Mod.Phys. 64 (1992) 259-312 
Christian Spiering and Uli Katz, Prog.Part.Nucl.Phys. 67 (2012) 651-704 
Christian Spiering European Physics Journal H, 2012 

22http://neutrinohistory2018.in2p3.fr/
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IceCube detection principles 
and reconstruction techniques



The IceCube experiment

(to scale)

there

24
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https://www.youtube.com/watch?v=cLO1997FJcg
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Digital Optical Module (DOM)
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mediator



We use the outgoing particle to classify the 
neutrino. We term this neutrino “flavor.”

νμ 

ud

W+

μ−νe 

ud

W+

e− ντ 

ud

W+

τ−

νμνe

e μ

ντ

τ
CC
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νe 

ud

W+

e− ντ 

ud

W+

τ−νμ 

ud

W+

μ−

Events can start 
in the detector 
or below it 
(throughgoing).

Events must be 
contained or 
partially 
contained in the 
detector.

Events must be 
contained in the 
detector.

All charge-current 
Interactions
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CC interaction in ice or bedrock

Cherenkov-light time and spatial distribution 

 ↳ muon direction 

  σcos(θz)  : 0.005 - 0.015
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All event morphologies
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neutrino detection probability

L



neutrino detection probability

L

νe μ

νμ

τ

ντ
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neutrino detection probability

L

νe μ τ

νμ ντ

neutrino  
survives

neutrino 
detected
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neutrino detection probability

neutrino  
survives

neutrino 
detected

~ _

L

νe μ τ

νμ ντ
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Total neutrino cross section

J. Formaggio 1305.7513

GeV TeV PeV EeVMeVkeV



Relevant neutrino interactions
Neutrino-nucleon scattering at these energies is dominated by “deep inelastic scattering” 
(DIS) where the neutrino interacts with a parton in the nucleon.
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Relevant neutrino interactions
Neutrino-nucleon scattering at these energies is dominated by “deep inelastic scattering” 
(DIS) where the neutrino interacts with a parton in the nucleon.
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Uncertainties on DIS interactions

In the region of interest uncertainties below 
the 4 % level 41



Resonant-W production aka Glashow 
resonance

42



Resonant-W production aka Glashow 
resonance

43
In the Earth only present for anti-electron neutrinos: 

 this process is important for flavor identification and nu to nubar ratio



Resonant-W production aka Glashow 
resonance

44
In the Earth only present for anti-electron neutrinos: 

 this process is important for flavor identification and nu to nubar ratio



Technical note:  
electrons are not in empty space

Loewy et al. arXiv:1407.4415 45



Technical note:  
other corrections to the GR cross section

46Alfonso Garcia Soto et al arXiv:2004.04756



What about flavor dependence?
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High-energy DIS approximations 

48
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neutrino detection probability

neutrino  
survives

neutrino 
detected

~ _

L

νe μ τ

νμ ντ
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In-class exercise

Given the neutrino cross section is approximately

Assuming that the Earth mean density is 5 g/cm3, 
what is the neutrino interaction length at 100 TeV?



Earth diameter in cmwe

Neutrino interaction length

Earth is transparent to neutrinos 
below ~ 40 TeV. 51



Shadow factor

For isotropic 
astrophysical neutrino 

fluxes the “zenith-
averaged”  attenuation 

is more relevant.

52



A story of neutrinos 
through the Earth

53



How to account for 
neutrinos cascading down
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How to account for 
neutrinos cascading down

contribution from neutrinos cascading down
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How to account for 
neutrinos cascading down

contribution from neutrinos cascading down

56



Effect of secondaries is small unless you 
have a very hard spectrum

57



Angular view of Earth 
absorption

Could you measure the Earth using this 
effect? 58



Yes, you can measure the Earth mass and 
profile with neutrinos
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Yes, you can measure the Earth mass and 
profile with neutrinos

60



neutrino detection probability

neutrino  
survives

neutrino 
detected

~ _

L

νe μ τ

νμ ντ
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Muon losses and ranges

Mean energy losses are 
well described by
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Muon losses and ranges

Mean energy losses are 
well described by

In ice

63

Mean muon range



Tau vs muon ranges
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Putting everything together:  
the neutrino and muons effective area

65
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Neutrino telescope effective area  
at 100 TeV

•  AMANDA ~ ANTARES ~ (1- 5) m2 

•  IceCube 86 strings ~ 100 m2

67

The neutrino effective area is the size 
of the neutrino telescope
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IceCube is comparable to a 10 m 
gamma-ray telescope



Typical IceCube’s All-sky effective areas
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Typical IceCube’s  
Differential effective areas

70
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In-class exercise: 
Event Rate Estimation

Assuming that the effective area is given by 

Aeff(Eν) = 10m2 ( E
10TeV )

0.8

And the astrophysical flux is given by

ϕastro(Eν) = 10−18 ( Eν

100TeV )
−2

cm−2s−1GeV−1sr−1

How many (all-sky) events do you expect from 10 TeV to 
10 PeV in 10 years?



Reconstructing events in the ice  
(or in water)

72
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Cherenkov cone and track reconstruction
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Cherenkov cone and track reconstruction
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Cherenkov cone



Muon with Cherenkov cone
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Muon reconstruction with direct photons
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Remember our muon losses discussion

In ice

78

Losses are 
dominated by 

stochastic process… 
 

what does that 
imply?



Stochastic behavior of muon losses

From C. Wiebusch (1995) 79



Muon tracks with charged secondaries

From C. Wiebusch (1995) 80



Muon tracks with charged secondaries

From C. Wiebusch (1995) 81



Muon tracks with charged secondaries

From C. Wiebusch (1995) 82



Absorption length in ice

83



Scattering length in ice

84



Muon in ice

85



Muon in sea water

86



Why is this a difficult problem?

87
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An incomplete information challenge



Muon angular resolution

Mean deviation angle between 
muon and neutrino

89

The Floor

ANTARES, IceCube, Auger, and TA, arXiv:2201.07313



Eμ = 139 TeV 

Eν = 179 TeV

• Muon above critical energy 
• Loses energy stochastically 
• Resolution: σlog10(E/GeV) ~ 0.4

90

We are 
here!



91

Muon energy resolution

Why is this so bad?  
Can we improve?



Cherenkov front and cascade 
reconstruction

92



Electromagnetic cascades longitudinal 

From C. Wiebusch (1995) 93



Cascades transverse 
Electromagnetic cascade Hadronic cascade

94From C. Wiebusch (1995)



Cascade in ice

951 TeV



Cascade in water

961 TeV



97



AMANDA holeice camera

98

https://www.youtube.com/watch?v=hiJVajBA9TQ
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Subtle local ice effects are important
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Subtle local ice effects are important
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Prometheus: 
An Open-Source Solution to Neutrino 

Telescope Simulation

J. Lazar, S. Meighen-Berger, C. Haack, D. Kim, S. Giner, and CA arXiv:2304.14526

https://github.com/Harvard-Neutrino/prometheus
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https://github.com/Harvard-Neutrino/prometheus
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104J. Lazar, S. Meighen-Berger, C. Haack, D. Kim, S. Giner, and CA arXiv:2304.14526

https://github.com/Harvard-Neutrino/prometheus



Improvements with Machine Learning

105

IceCube Collaboration arXiv:2101.11589

Carlos Argüelles (TeVPa 2022)

Examples from IceCube, but true across the board
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That potential is growing:  
New Reconstructions

F. J. Yu, J. Lazar, and CA arXiv:2303.08812

Felix Yu Jeffrey Lazar
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That potential is growing:  
New Reconstructions

Miaochen (Andy) Jin

M. Jin, Y. Hu, CA to appear soon

If all the IceCube data were processed 
by GPUs, they would use, on average, 
the power of 18 households, whereas 
a TPU would use only 1% of this 
energy. 

Google Edge TPU
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Neutrino Telescopes In the 
Quantum Computer Era

• Quantum encoding allows for compression (16qbits).  
• Can store a typical IceCube event in 8 qubits and all google 
drive contents in 44 qubits. 

• Protocol allows for contextual access to the data: can 
retrieve the relevant parts of information efficiently.

J. Lazar, S. Giner, G. Gatti, CA, and M. Sanz (2022) in preparation

Let’s think how this technology will help 
us ten years down the road!

Int32

UInt32

Float32 01000000101000000000000000000000

00000000000000000000000000000101

00000000000000000000000000000101

Current number encoding e.g.:

Quantum digital encoding: 
Store the information in the correlation between spins (parity 
states):

See A. Delgado et al. 2203.08805 for recent review on Quantum Computing used in HEP data analysis.



Atmospheric backgrounds
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10 msec of IceCube data

Muons detected per year: 

• Atmospheric  (3000 per second) 
• Atmospheric*  (1 every 6 minutes) 
• Cosmic** 

μ ∼ 1011

ν → μ ∼ 105

ν → μ ∼ 102
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The Cosmic-Ray Spectra
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Atmospheric neutrinos production

113



Cascade equations
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Cascade equations

115



Cascade equations

116



Cascade equations

117



Relationship between  
 primary and secondary particles

118



Muon-neutrino flux

119



Electron-neutrino flux

120
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Two prone hunt of astrophysical 
neutrinos
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106 atmospheric µ

per atmospheric ν

Challenges: 
Astrophysical neutrino flux is very small 

Large atmospheric neutrino and muon backgrounds 



Challenges: 
Astrophysical neutrino flux is very small 

Large atmospheric neutrino and muon backgrounds 
124
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Strategy: 
- Use the Earth to block the large atmospheric muon flux 
- Look at the highest energy where the atmosphric neutrino flux 

is smallest

Strategy One: look at the 
Northern Sky

astrophysical 
neutrinos

Two years of data
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8 years of northern-sky neutrinos 
 show consistent excess over atmospheric background

Northern-sky 
astrophysical 

neutrino flux is 
well 

characterized by 
single power-law 

with spectral 
index: 2.19±0.10 
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Strategy: 
- Define a veto region in the detector to supress the 

atmospheric background, 
- Advantage: All-sky vision

Strategy Two: Use the 
other detector as a veto



High-Energy Starting Events (HESE)

Astrophysical 
neutrinos 
candidates!

128

Large muon 
background 
that is  
well- 
separated



This event selection contains some of the 
highest energy neutrinos ever observed

Bert Ernie

1PeV 1.1PeV

Big Bird

2 PeV

Color indicates time (red earlier, green later) 
Sphere sizes indicate charge deposited.

early late

129
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HESE-7.5 years distribution

*HESE = high-energy starting events

new events

131
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HESE-7.5 years distribution

*HESE = high-energy starting events
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Expected angular distributions
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How to look in the downgoing direction?

Schonert, Gaisser, and Resconi (arXiv:0812.4308) Phys.Rev.D 79 (2009) 043009



Passing Fraction =  

Cosmic Ray Flux *  

Shower Development *  

Muon Energy Loss *  

Detector Response

What is the passing fraction?

135

Passing fraction: probability that all accompanying muons of the shower 
pass the cuts (veto) given a neutrino interaction in the detector



Passing Fraction =  

Cosmic Ray Flux *  

Shower Development *  

Muon Energy Loss *  

Detector Response

Revisiting the passing fraction
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Passing Fraction =  

Cosmic Ray Flux *  

Shower Development *  

Muon Energy Loss *  

Detector Response

137

Revisiting the passing fraction



Passing Fraction =  

Cosmic Ray Flux *  

Shower Development *  

Muon Energy Loss *  

Detector Response

138

Revisiting the passing fraction



Passing Fraction =  

Cosmic Ray Flux *  

Shower Development *  

Muon Energy Loss *  

Detector Response

139

Revisiting the passing fraction

CA, Palomares-Ruiz, Schneider, Wille, Yuan arXiv:1805.11003



Start with the

 cosmic-rays

Total Flux

Cosmic Ray 
Energy

Column 
Density

Parent 
Energy

Cosmic 
Ray Type

Parent 
Type

140

CA, Palomares-Ruiz, Schneider, Wille, Yuan arXiv:1805.11003



Cosmic ray flux


Yield of parent meson from cosmic ray


Yield of neutrino from parent meson

141

CR->meson->(neutrino+muon)

CA, Palomares-Ruiz, Schneider, Wille, Yuan arXiv:1805.11003



Muon and neutrino from same interaction 
	 N-body decay governs products


Muon from separate shower branch 
	 Product governed by “average shower” 
	 Cosmic ray shower with parent energy subtracted

142
128

Adding correlated and uncorrelated muons

CA, Palomares-Ruiz, Schneider, Wille, Yuan arXiv:1805.11003



DowngoingUpgoing

143

Coincident muons supress neutrino flux!

https://github.com/tianluyuan/nuVeto
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Southern Sky/Down-goingNorthern Sky/Up-going

HESE-7.5 years angular distribution



Southern Sky/Down-goingNorthern Sky/Up-going

HESE-7.5 years angular distribution

astro signal 
suppressed 

background
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Starting Events Energy Distribution And 
Inferred Spectrum

γ = 2.9 ± 0.2

High-Energy Starting Events energy distribution is well described 
by a single power-law, but with a spectral index softer than the 

northern tracks!



Comparison of different single 
power-law spectra

❖Shower power (hep-ph/0409046): Cascade-only event selections also 
produce very pure astrophysical neutrino samples! 

❖Multiyear cascade analysis extends to TeV energies, yields a harder 
spectrum. Restricting this above 60 TeV, HESE spectrum is recovered. 

❖First hints of a diffuse component in the ANTARES data! 147
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Summary:  
complementary search strategies

Neutrinos interacting 
inside the detector

Muon neutrinos 
filtered by Earth

Total energy measurement 
all flavors, all sky

Astronomy: angular resolution 
superior (<0.4 degrees)
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Search for Neutrino Sources



152



153
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12

FIG. 5: Left: The 2D distribution of events in one year of data for the final event selection as a function of
reconstructed declination and estimated energy. The 90% energy range for the data (black), as well as simulated

astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using

simulated data.

FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.
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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.

The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.

Source Catalog Searches: The motivation of this
search is to improve sensitivity to detect possible neu-

FIG. 3: 90% C.L. median sensitivity and 5� discovery
potential as a function of source declination for a

neutrino source with an E�2 and E�3 spectrum. The
90% upper-limits are shown excluding an E�2 and E�3

source spectrum for the sources in the source list. The
grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic

[IceCube 2019]

Neutrino	Sky-IceCube	10	yr
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Recent News! 
NGC1068 is a 
high-energy 

neutrino source
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nearby 
radiation

supermassive 
black hole

                ! p + π0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + γ ! n + π+

~ cosmic ray + neutrino 

ν and γ beams : heaven and earth accelerator is powered by 
large gravitational energy
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γ

The opaque Universe
p

e+

e-

γ + γCMB ! e+ + e- 
gamma rays accompanying IceCube neutrinos interact

with interstellar photons and fragment into multiple lower
energy gamma rays that reach earth
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γ

The opaque Universe

e+

e-
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IceCube Preliminary
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Multimessenger 
approach
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Real time system up and running!

170



171

Try the 
IceCube 
Augmented 
reality app to 
see our alert 
events! 
 
Search for: 

IceCubeAR
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Looking at the archival data in the TXS 
direction

180

search in archival IceCube data: 
•150 day flare in December 2014 of 
     19 events (bkg <6) 
•2.10-5 bkg. probability 
•spectrum E-2.1 

No significant gamma-ray emission at 
flaring time! 



nearby 
radiation

supermassive 
black hole

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earthν and γ beams : heaven and earth accelerator is powered by 

large gravitational energy
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nearby 
radiation

supermassive 
black hole

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earthν and γ beams : heaven and earth accelerator is powered by 

large gravitational energy

182

τγγ ∝
σγγ

σpγ
τpγ



13±5 signal events rejecting 
background hypothesis at 3.5%

183

Neutrino Flare in 2014

with reduced significance.) An additional look-elsewhere correction then needs to be applied

for a result in an individual data segment, given by the ratio of the total 9.5 year observation110

time to the observation time of that data segment (30).

Results

The results of the time-dependent analysis performed at the coordinates of TXS 0506+056 are

shown in Fig. 1 for each of the six data periods. One of the data periods, IC86b from 2012-2015,

contains a significant excess which is identified by both time-window shapes. The excess con-115

sists of 13±5 events above the expectation from the atmospheric background. The significance

depends on the energies of the events, their proximity to the coordinates of TXS 0506+056, and

their closeness in time. This is illustrated in Fig. 2 showing the contribution of individual events

during the IC86b data period.

2009 2010 2011 2012 2013 2014 2015 2016 2017
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IceCube-170922A

Gaussian Analysis

Box-shaped Analysis

1�

2�

3�

4�

Figure 1: Time-dependent analysis results. The orange curve corresponds to the analysis
using the Gaussian-shaped time profile. The central time T0 and width TW are plotted for
the most significant excess found in each period, with the p-value of that result indicated by the
height of the peak. The blue curve corresponds to the analysis using the box-shaped time profile.
The curve traces the outer edge of the superposition of the best-fitting time windows (durations
TW) over all times T0, with the height indicating the significance of that window. In each period,
the most significant time window forms a plateau, shaded in blue. The large blue band centered
near 2015 represents the best-fitting 158-day time window found using the box-shaped time
profile. The vertical dotted line in IC86c indicates the time of the IceCube-170922A event.

6

the Gaussian window show that it is consistent with the box window fit. Despite the different

window shapes, which lead to different weightings of the events as a function of time, both130

windows identify the same time interval as significant. For the box time window, the best-

fitting parameters are similar to those of the Gaussian window, with E2J100 = (2.2+1.0
�0.8)⇥ 10

�4

TeV cm�2 and � = 2.2 ± 0.2. This fluence corresponds to an average flux over 158 days of

�100 = (1.6+0.7
�0.6) ⇥ 10

�15 TeV�1 cm�2 s�1.

(a) (b)

Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the flu-
ence at 100 TeV, E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (31) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the p-value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The p-value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

When we estimate the significance of the time-dependent result by performing the analysis135

8

TW = 110+35
�24 days

�100 =
�
1.6+0.7

�0.6

�
⇥ 10�15TeV�1cm�2s�1

[IceCube, Science 2018]

Time-dependent search in the direction of TXS 0506+056 revealed 
a neutrino flare in December 2014.
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Neutrino Flare in 2014

• Enhancement is seen around 
IC170922A in gamma-rays and 
radio, and a drop in optical.


• Neutrino flare in 2014-2015 is 
correlated with enhancement in 
radio and drop in optical flux, but 
no change in gamma-rays.

Optical
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Gamma-neutrino anti-correlation?

E. Kun, I. Bartos, J. B. Tjus et al 2009.09792

The gamma-ray correlation is not so direct/obvious
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NGC	1068 & the Neutrino Signal
5

-0.30�

1.70�

-2.30�

40.87� 38.87�42.87�

Equatorial

�

�

FIG. 2. Local pre-trial p-value map around the most sig-
nificant point in the Northern hemisphere. The black cross
marks the coordinates of the galaxy NGC 1068 taken from
Fermi-3FGL.

the hottest spot in the data with a distribution of hottest289

spots in the corresponding hemisphere from a large num-290

ber of background trials.291

The most significant point in the Northern hemisphere292

is found at equatorial coordinates (J2000) ↵ = 40.9�,293

� = -0.3� with a local p-value of 3.5 ⇥ 10-7. The best294

fit parameters at this spot are n̂s = 61.5 and �̂ = 3.4.295

However, due to the extremely large number of trials296

from examining the entire hemisphere, this significance297

is reduced to 9.9% when compared to the largest over-298

fluctuations in that hemisphere from many background299

trials. The probability skymap in a 3� by 3� window300

around the most significant point in the Northern hemi-301

sphere is plotted in Fig. 2. This point is found 0.35�302

from the active galaxy NGC 1068, which is also one of303

sources in the Northern source catalog. The most signif-304

icant hot spot in the Southern hemisphere, at right as-305

cension 350.2� and declination -56.5�, is less significant306

with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters307

n̂s = 17.8, and �̂ = 3.3. The significance of this hot308

spot becomes 75% post-trial. Both hot spots alone are309

consistent with a background-only hypothesis.310311312

Source Catalog Searches: The motivation of this313

search is to reduce the trial factor and thus improve sen-314

sitivity to detect possible neutrino sources already ob-315

served by other messengers. A new catalog composed of316

110 sources has been constructed which updates the cat-317

alog in previous sources searches [16] by using the latest318

�-ray observations. The size of the catalog was chosen to319

limit the trial factor applied to the most significant source320

in the catalog such that a 5� p-value before trials would321

remain above 4� after trials. These 110 sources are com-322

posed of Galactic and extragalactic sources which are se-323

lected separately. The extragalactic sources are selected324

from the Fermi -3FGL catalog [23] since they provide the325

highest-energy unbiased measurements of �-ray sources326

FIG. 3. 90% C.L. median sensitivity and 5� discovery poten-
tial as a function of source declination for a neutrino source
with an E�2 and E�3 spectrum. The 90% upper-limits for
the source list are also shown for an E�2 and E�3 source spec-
trum. The grey curves show the 90% C.L. median sensitivity
from 11 yrs of ANTARES data [22].

over the full sky. Sources from Fermi -3FGL are weighted327

according to the integral Fermi -LAT flux above 1 GeV328

divided by the sensitivity flux for this analysis at the re-329

spective source declination. The 5% highest-weighted BL330

Lacs and flat spectrum radio quasars (FSRQ) are selected331

directly. The minimum weighted integral flux from the332

combined selection of BL Lac and FSRQs is used as a333

flux threshold to include sources marked as unidentified334

blazars and AGN. Eight Fermi -LAT sources are identi-335

fied as galaxy types with associated starburst activity.336

Since these types of objects are thought to host hadronic337

emission [24, 25], they are all included in the final source338

list.339

To include Galactic sources in the catalog, we consider340

measurements of very-high-energy �-ray sources from the341

TeVCat online catalog of > 200 GeV emitters [26, 27].342

Spectra from TeVCat were converted to equivalent neu-343

trino fluxes, assuming a purely hadronic origin to the344

observed �-ray emission, and compared to the sensitiv-345

ity limit of this analysis at the declination of the source346

(Fig. 3). Those Galactic objects with fluxes > 50% of347

IceCubes sensitivity limit were included in the source cat-348

alog. A total of 12 Galactic �-ray sources survived the349

selection.350

The final list of neutrino point source candidates is351

a Northern-sky catalog containing 97 objects (87 extra-352

galactic and 10 Galactic) and a Southern-sky catalog con-353

taining 13 sources (11 extragalactic and 2 Galactic). The354

large North-South di↵erence is due to the di↵erence in355

the sensitivity of IceCube in the Northern and Southern356

hemispheres; recall that the sensitivity was used to con-357

struct the catalog. The post-trial p-value for each catalog358

describes the significance of the single most significant359

• NGC 1068, aka M77, is a Seyfert 2 galaxy with a heavily obscured nucleus 
• One of the best studied AGN, which played a major role in AGN unification 

scheme 
• Compton thick environment with Column density ~ 1025 cm-2 
• Bright in X-ray, and high infrared luminosity indicating high level of star formation

‣ Historically considered as a promising cosmic-ray accelerator. 

/ E�3.2

• IceCube 10 yr time-integrated search 
found 51 neutrinos in the direction of 
NGC 1068, with a soft spectrum. 

• The neutrino flux much higher than the 
observed &-ray flux by Fermi.  

• Models built on measured &-ray flux by 
Fermi cannot accommodate the 
neutrino flux. 

• Obscuring necessary to absorb the 
pionic &-ray accompanying neutrinos. IceCube, PRL2020

Image Credit: NASA/HST
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Interlude: 
 Review of neutrino oscillations



KamLAND sees the oscillation wiggle

191



192

High-energy astrophysical 
neutrino flavor composition
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Neutrino oscillation is an interference experiment (cf. double slit experiment) 

For double slit experiment, if path ν1 and path ν2 have 
different length, they have different phase rotations and it 
causes interference.

interference pattern

light source ν1

ν2

slits screen

Neutrino oscillations: 
 natural interferometers
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Neutrino oscillations: 
 natural interferometers

Neutrino oscillation is an interference experiment (cf. double slit experiment) 

If 2 neutrino Hamiltonian eigenstates, ν1 and ν2, have 
different phase rotation, they cause quantum interference. 

If ν1 and ν2, have different mass, they have different 
velocity, so thus different phase rotation.
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Neutrino oscillation is an interference experiment (cf. double slit experiment) 

If ν1 and ν2 interact with anything along their way, they will 
produce new oscillation features!

For example: long-range neutrino forces, dark matter-neutrino 
interactions, neutrino decay, Lorentz violation, etc …

Neutrino oscillations: 
 natural interferometers



(1:2:0)

(0:1:0)

(1:0:0)

Pion

Muon-damped

Neutron

Flavor composition @ source
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Initial 
flavor

Flavor 
mixing

Standard 
Expectation

New Physics!
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The flavor triangle
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Fraction of m
uon flavor at EarthFr
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The flavor triangle
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uon flavor at EarthFr
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The flavor triangle
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Fraction of m
uon flavor at EarthFr
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The flavor triangle

201

Fraction of m
uon flavor at EarthFr
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The flavor triangle
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Unitarity

Ahlers, Bustamante, and Mu arXiv:1810.00893
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Due to unitarity, the possible Earth 
flavor ratios for a given initial flavor 

composition is confined.

Predicted flavor triangles given 
some initial flavor composition
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CA, T. Katori, J. Salvado 
(Phys. Rev. Lett. 115, 161303)

Measuring a flavor 
composition outside of 
these regions points to 

new physics!

206

After oscillations where will the 
different sources end up?

pion 
neutron 
muon-damped 
exotic tau

See also Bustamante et al. PRL 115, 161302 (2015); Rasmussen et al. 1707.07684; Palomares-Ruiz 
1411.2998; Palladino et al 1502.02923; Bustamante et al 1610.02096; Brdar et al. 1611.04598; Farzan & 

Palomares-Ruiz 1810.00892; CA et al. 1909.05341; Learned & Pakvasa hep-ph/9405296 .. 
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Non-unitarity
Parke & Ross-Lonergan 1508.05095
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Non-unitarity

CA, Farrag, Katori, Khandelwal, Mandalia, Salvado arXiv:1909.05341
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+Neutrino 
decay

M. Bustamante, J. Beacom, K. Murase (1610.02096)
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+ NSI@Earth
In the pion scenario 

NSI effects are small. 
This is not the case for 
other initial flavor ratios.

Gonzalez-Garcia et al. Astroparticle Physics 84 (2016) 15-22



211

(setting operators scales to current SK bounds)

35 TeV

1 PeV

+ New physics: effective operators
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Other New Physics Effects on the 
Flavor Triangle

Learned & Pakvasa arXiv:hep-ph/9405296, Mena et al arXiv:1404.0017, CA et al 
arXiv:1506.02043, Bustamante et al arXiv:1506.02645, Brdar et al arXiv:1611.04598, 

Gonzalez-Garcia et al arXiv:1605.08055, Rasmussen et al arXiv:1707.07684, Etc

Rasmussen et al arXiv:1707.07684



Folding in with the effective areas we can 
get expected track to cascade ratios

213



Ternary classification

A. Garcia-Soto, P. Zhelnin, I. Safa, CA, arXiv:2112.06937



Strategy: 
- Search for high-energy double cascade deposition

Find tau neutrinos ~ 
Astrophysical neutrinos

215

Most atmospheric neutrinos are mostly 
produced by either pion or kaon decay.

Tau neutrinos are predominantly produced by 
D-meson decay, which is a very small 
contribution. 

Tau neutrino contribution negligible in energy 
range of interest.



Find tau neutrinos ~ Astrophysical neutrinos 
(caveat)

216A. Garcia-Soto, P. Zhelnin, I. Safa, CA, arXiv:2112.06937



Strategy Three: Find tau 
neutrinos

217
tau decay length = γ c τ = 50m per PeV

Detecting anthropogenic tau neutrinos at neutrino experiments
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Two tau neutrino candidates observed in 7.5 HESE

All  energies: 4  events 
0  new  events  in  2016 season 
0  new  events  in  2017 season

Above 60TeV: 2  events 
0  new  events  in  2016 season 
0  new  events  in  2017 season

7.5 Years Double Cascades

Data

Event 
#1

Event 
#2

219



Energy Asymmetry 
= (E1-E2)/(E1+E2)

220

Event 2 Event 1

Event 2 is in a region where tau neutrinos are most 
likely to appear, event 1 is not.
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Event 1 (Big bird): PeV event, does not show double bang 
characteristics on DOMs

early late



Separation between bangs ~17m,
222

Event 2: First astrophysical !" candidate identified!

Total deposited energy 
~ 90 TeV. 


First “bang” in time 
(shower)


Second “bang” in time 
(tau decay)

ντ 

ud

W+

τ−

early late
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Latest Astrophysical Flavor 
Measurement

The European Physical Journal

EPJ C
Recognized by European Physical Society

Particles and Fields

The European Physical Journal C
volume 82 · number 11 · november · 2022

volume 82 · number 11 · november · 2022          

123

(Continuation on the reverse page)
Two-dimensional MC PDFs showing total reconstructed energy versus reconstructed double-cascade length for the double-cascade subsample with data 

points, using the best fi t to the atmospheric and astrophysical components with the fl avor composition of astrophysical neutrinos fi xed to 1:1:1. In the 
signal (ντ-induced double-cascade events) histogram (top), the region containing 95% of the expected signal is indicated with white dotted lines. In the 

background (all remaining events) histogram (bottom), the white vertical dotted lines mark the regions containing 68%, 90%, and 95% of the 
single-cascade induced background. In both histograms the two tau neutrino candidates are overlaid as white circles

From the IceCube Collaboration on: Detection of astrophysical tau neutrino candidates in IceCube. Eur. Phys. J. C 82, 1031 (2022).
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Sensitivity
Result

Latest astrophysical neutrino 
flavor measurement

IceCube Collaboration 
EPJ-C 82, 1031 (2022)
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Particle Physics With High-Energy  
& 

Interesting open questions
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231



When will we measure the “prompt 
component”? Where are the neutrinos 

from D meson decay?

232



How about CR hitting the 
Sun?

233
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237
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Maybe we wont find solar WIMPs, but these neutrinos are 
there for sure!  

One persons background, becomes another one’s signal! 239



There is also expected neutrino 
production from solar flares!

240

On going searches for temporal 
coincidence neutrino signature 
and solar flare.



By the way … odd things are happening 
with the gamma-rays from the Sun

241
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Do we understand high-energy neutrino 
interactions? Will there be surprises?
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The first Glashow resonance event: 
anti-νe + atomic electron ! real W at 6.3 PeV

Resonant production of a weak intermediate 
boson by an anti-electron neutrino interacting with 

an atomic electron
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Signal:
hadronic (quark-antiquark decay 
of the W) 

  Or

Background:
electromagnetic shower radiated 
by a high energy background 
cosmic-ray muon 

muons from pions (v=c) outrace 
the light propagating in ice that is 
produced by the electromagnetic 
component (v<c)

W production or background?
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Hadronic shower from W-decay: 
Early muons followed by electromagnetic shower



Dark matter annihilation

IceCube Collaboration 2205.12950. 
See also CA, H. Dujmovic arXiv 
1907.11193, Dekker et al 
1910.12917; Chianese et al. 
1907.11222; Sui & Bhupal Dev 
1804.04919; Feldstein et al 
1303.7320; Murase et al 1503.04663, 
Murase & Beacom 1206.2595  …

248

IceCube Collaboration, arXiv:2205.12950
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WIMP Miracle: 
The final frontier

To rule out the WIMP miracle in a “model independent way” 
 one needs to constraint all SM annihilation channels.



Q. Liu & J. Lazar et al 2007.15010

For good limits, we need good 
predictions!

250Bauer, Rodd & Webber et al 2007.15001

https://github.com/IceCubeOpenSource/charon

IceCube results with updated calculations to appear soon!



Background agnostic constraints on  
Dark matter making neutrinos

251
Flux of neutrinos from dark matter cannot overshoot 

measurements of the integrated neutrino flux.
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Gamma-ray experiments 
 will have correlated 

signals

I will discuss these gamma-ray experiments too!



253CA, D. Delgado, A. Friedlander, A. Kheirandish, I. Safa, A.C. Vincent, H. White arXiv:2210.01303

Background agnostic constraints on  
Dark matter making neutrinos

Associated gamma-ray flux should also not overshoot constraints
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And many more measurements ...

χ → νν̄

CA, D. Delgado, A. Friedlander, A. Kheirandish, I. Safa, A.C. Vincent, H. White arXiv:2210.01303



Constraints on dark matter decay to neutrinos

255CA, D. Delgado, A. Friedlander, A. Kheirandish, I. Safa, A.C. Vincent, H. White arXiv:2210.01303

Low-threshold/Inverse-
beta decay experiments



Constraints on dark matter decay to neutrinos

256CA, D. Delgado, A. Friedlander, A. Kheirandish, I. Safa, A.C. Vincent, H. White arXiv:2210.01303

Range of accelerator and 
atmospheric neutrino 
experiments



Constraints on dark matter decay to neutrinos

257CA, D. Delgado, A. Friedlander, A. Kheirandish, I. Safa, A.C. Vincent, H. White arXiv:2210.01303

Neutrino 
Telescopes



Constraints on dark matter decay to neutrinos

258CA, D. Delgado, A. Friedlander, A. Kheirandish, I. Safa, A.C. Vincent, H. White arXiv:2210.01303

Terra Incognita 
Unseeing neutrino energy range
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And many more measurements ...

CA, A. Diaz, A. Kheirandish, A. Olivares-Del-Campo, I. Safa, A.C. Vincent Rev. Mod. Phys. 93, 35007 (2021); 
See also Beacom et al. PRL 99: 231301, 2007.

χχ → νν̄



CA, A. Kheirandish & A. Vincent Phys. Rev. Lett. 119, 201801

Dark matter neutrino incoherent scattering
Not to scale

260

New 
Trail With High- 

Energy 
Neutrinos



HESE Neutrino Skymap

261

Galactic coordinates

Events are compatible with an isotropic distribution: found no signal!

IceCube Collaboration, arXiv:2205.12950
HESE: high-energy starting events
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Also include effects in energy and direction

Galactic center

SM prediction 
w/interactions

SM prediction 
w/interactions

Glashow 
resonance

Integrated over energyIntegrated over energy



Cosmological bounds using Large Scale 
Structure  from Escudero et al 2016

Color scale is the maximum allowed coupling.

New constraints on 
neutrino-dark matter interactions 

263

IceCube Collaboration, arXiv:2205.12950
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Second Generation Analyses 
 Using Medium-Energy Starting Events

A. McMullen, A. Vincent, CA, A. Schneider arXiv:2107.11491

Eν = 46 TeV
Model: Scalar DM, Scalar Mediator

Larger sample sizes data sets yet to be used for these searches. 
Only IceCube’s High-Energy Starting Events used so far.

High-Energy 
Analysis Range

Medium-Energy 
Analysis Range

mχ = 1 GeV
mϕ = 10 MeV
g = 1
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Neutrino Time of Flight

Space-time effects  
J. Ellis et al arXiv:1807.051550
K. Wang et al. arXiv:2009.05201
Zhang & Ma arXiv:1406.4568

Dark Matter-neutrino interactions 
Murase & Shoemaker arXiv:1903.08607

Time-of-flight constraints rely on 
assumption of flare emission 
window. Handle with care.
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Opacity to Individual Sources

dark matter-neutrino couplings
CA et al. arXiv:1703.00451  
Kelly et al arXiv:1808.02889
Choi et al. arXiv:1903.03302

neutrino-neutrino couplings 
Kelly et al arXiv:1808.02889  
CA et al. arXiv:2009.05201
Carpio et al. arXiv:2104.15136

Choi et al. arXiv:1903.03302

TXS0506+056

Kelly et al arXiv:1808.02889
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Opacity constraints rely on 
assumptions on the intrinsic source 
luminocity. Handle with care.
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Search for Lorentz 
Violation via Flavor 

Morphing

As neutrinos travel from 
their far away source 
they can interact with a 
Lorentz violating field. 

Effects expected at the 
Planck Scale.
Space-time effects  
J. Ellis et al arXiv:1807.051550
K. Wang et al. arXiv:2009.05201
Zhang & Ma arXiv:1406.4568
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Trajectories in the flavor triangle in the presence 
of  Lorentz Violation (LV)

IceCube collaboration Nature Physics (2022) arXiv:2111.04654
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Results on high-dimensional LV operators

IceCube collaboration Nature Physics (2022) arXiv:2111.04654

On-going work to 
improve on this by 

Basia Skrzypek
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Neutrino Oscillations At Cosmic Scales
NGC 1068

Carloni, Martínez-Soler, CA, Babu, Bhupal Dev arXiv:2212.00737

See also Beacom et al. hep-ph/0307151, 
Esmaili arXiv:0909.5410, Esmaili & Farzan arXiv:1208.6012, 

Rink & Sen arXiv:2211.16520
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PseudoDirac Neutrinos
NGC 1068

Carloni, Martínez-Soler, CA, Babu, Bhupal Dev arXiv:2212.00737
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J. W. Valle Phys.Rev.D 28 (1983) 540 
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Neutrino Oscillations At Cosmic Scales

K. Carloni, I. Martínez-Soler, CA, KS Babu, PS Bhupal Dev arXiv:2212.00737

Work by Kiara Carloni and Ivan 
Martinez-SolerData analysis pending … fingers crossed!



Anomalies
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Unusual things
Fox et al arXiv:1809.09615 ANITA Collaboration arXiv:1803.05088

See also ANITA Coll. arXiv:2112.07069 for ANITA-IV results.  
Four additional interesting events observed. 
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Unusual things

See also …
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Tau Regeneration
Safa … CA… arXiv:1909.10487
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Intimate connection 
 between PeV and ZeV energies

Put neutrinos here

Neutrinos come out here
Safa … CA… arXiv:1909.10487

Safa, Lazar, … arXiv:2110.14662

Get code here: 
https://github.com/icecube/TauRunner
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Ruling out ANITA Neutrino Interpretation

IceCube Collaboration arXiv:2001.01737
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Constraints on EeV Fluxes 
 From PeV Measurements

arXiv:2203.13827



What other signatures of new physics could find?

280
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What other signatures of new physics could find?
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What other signatures of new physics could find?
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What other signatures of new physics could find?



See CA, Bustamante, Kheirandish, Palomares-Ruiz, 
Salvado, and Vincent arXiv:1907.08690 for more 
details 284

What other signatures of new physics could find?



285

That potential is growing: 
The Upgrades

Phase 1: 7 new, high-precision strings in  
the central, densely instrumented region.

Funded, installation in 2025.

New detector 
technologies. 
Better low energy 
reconstruction. 
Improved flavor 
identification.
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Improved light-collection for 
 low-energy events

*DeepCore (shown on the left) is the current low-energy extension of IceCube
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That potential is growing: 
The Upgrades

Phase 2:  x10 the volume 
of present IceCube,  
plus additional detectors.
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The Future of IceCube: 
The Upgrades

Phase 1: 7 new, high-precision strings in  
the central, densely instrumented region.

Funded, installation in 2022.

Phase 2:  x10 the volume 
of present IceCube,  
plus additional detectors. 
Progressing through NSF 
Science Board approval.
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Km3Net
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Km3Net
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ORCA’s first atm-nus!
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Envisioned full detector: 
• 1211 strings 
• 30 hDOM per string 
• 7.5 km^3 
• 3475m depth at South China Sea 
• Underwater robots for deployment and maintena
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Future 
Neutrino 
Telescope 
Network
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ντ

τ
Shower

The geometry here is key for the acceptance of neutrino detection

Thinking about Earth-skimming neutrino detectors
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Thinking about Earth-skimming neutrino detectors

ντ
τ

S
how

The geometry here is key for the acceptance of neutrino detection 

This would be a more ideal scenario, but can’t put mountain over detector



*TAMBO means house or inn in Quechua. 300

TAMBO

P. Zhelnin, I. Safa, A. Romero-Wolf and CA ICHEP2022

Pavel Zhelnin William Thomson Diya Delgado Jeffrey Lazar Ibrahim Safa
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νττ

We went to Peru earlier last year and found a location for the experiment! 
First prototype detectors are expected to be deployed next summer.
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Terrestrial measurements



> 10 TeV

> Mpc 
(~Andromeda)

Terrestrial measurements        astrophysical frontier

303
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Projected Upgrade Flavor 
Measurement

N. Song, S. Li, CA, M. Bustamante, A. Vincent (arXiv:2012.12893)



Obrigado!
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Neutrino energy

GeV TeV PeV

Astrophysical  
NeutrinosAtmospheric  

NeutrinosNeutrinos in 
IceCube

Why look for new physics with HE neutrinos? 
• Standard neutrino oscillations term decreases with energy. 
• High-energy atmospheric neutrinos: understood flux and flavor composition. 
• Astrophysical neutrinos traverse the largest distances, small effects can 

accumulate.

Standard term New physics term

std. atm. osc. here!



Because of oscillations, neutrinos are natural clocks.

As time passes, they change from one flavor to the other, 

and back.

Lorentz violation will change the neutrino oscillation frequency 
producing new flavor conversion 307



308

We have search for Lorentz Violation with 
 high-energy Atmospheric Neutrinos

The analysis sensitivity, especially for 
high-dimensional operators, is 
dominated by the highest-energy 
events.

Lorentz violation changes the ratio of horizontal to vertical events.
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Leading constraints across several fields of physics

Very strong limits on Lorentz Violation induced by dimension-6 operators!

Nature Physics (2018) s41567-018-0172-2
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Trajectories in the flavor triangle in the presence of  
Lorentz Violation (LV)



Results on high-dimensional LV operators

311

IceCube 
Prelimiinary
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Beyond the Lorentz Violation interpretation

Standard term New physics term
Our analysis is performed by 

introducing effective terms, which 
can be due to by other new physics 

beyond Lorentz Violation. 

New long range forces gauged on

Bustamante et al. 1808.02042

(0:1:0) source (1:0:0) source

Caveat: need to know neutrino source 
initial flavor composition to get robust 

bounds with current limits.



de Salas, et al. Phys. Rev. D94 (2016) 123001


Capozzi et al. 1804.05117 313

Coherent Dark Matter Scattering
Standard term New physics term

(0:1:0) source (1:0:0) source

Coherent scattering with dark 
cosmic background

Our analysis is performed by 
introducing effective terms, which 

can be due to by other new physics 
beyond Lorentz Violation. 

Caveat: need to know neutrino source 
initial flavor composition to get robust 

bounds with current limits.
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CA, A. Kheirandish & A. Vincent Phys. Rev. Lett. 119, 

201801

Dark matter neutrino incoherent scattering
Not to scale
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Neutrino skymap
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??
No!

The low energy approximation does not work at a PeV!!

Begin to resolve microphysics: need more concrete model

What about the cross section?
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Fermion DM, vector mediator:  
similar to a leptophillic Z’ model

Scalar DM, fermionic mediator:  
e.g. sneutrino dark matter,  

neutralino mediator.  
Resonant behavior (s-channel)

Two Simplified Models
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Effects in energy and direction

Galactic center

IceCube Work In Progress
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New constraints on  
neutrino-dark matter interactions 

Cosmological bounds using Large Scale 
Structure  from Escudero et al 2016

Color scale is the maximum allowed coupling.

IceCube Work In Progress
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El fin



Thank 
you!



Bonus slides
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Due to unitarity, the possible Earth 
flavor ratios for a given initial flavor 

composition is confined.

Predicted flavor triangles given 
some initial flavor composition

C.A., T. Katori, J. 
Salvado (Phys. Rev. 
Lett. 115, 161303)



324

Beyond the Lorentz Violation interpretation

Capozzi et al. 1804.05117 

Coherent dark matter 
scattering with local DM

Induced by DM int.

Looks the same as the LV term

I’ll come back to the astrophysical constraints soon…

Projections to this kind of physics with 10 years of IceCube/
DeepCore.

High-energy atm. Low-energy atm. Reactor/solar

Astro?

DeepCore

Reinterpret our LV limits in dark matter neutrino coherent scattering 



Current bounds from SK

IC wins a lot in c due to the E 
factor

arXiv:1410.4267

325
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(arXiv:1007:0006)
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+ (eV) sterile neutrino

Brdar et al. JCAP 1701 (2017) no.01, 026 

• Sterile neutrinos 
effect is small on 

propagation.  
•Large change only 

if the sources are 
shooting sterile 

neutrinos


