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Extraordinary cosmic particle accelerators somewhere, but still 
poorly identified over a century after the discovery of cosmic rays!
• Supernova remnants ✓ 
• Active galactic nuclei ?
• Gamma ray bursts ?
• Radio galaxy jets ?
• Starburst galaxies ?
• … 

Galactic

Neutrinos produced by cosmic ray interactions with 
matter & photons, near source or during propagation:

extragalactic

Oscillations en-route to Earth equlibrate flavours 
so e.g.: ne: nµ : nt :: 1 : 1 : 1 for above decay chain

The Origin of Cosmic Rays 

Expected cosmogenic 
n  flux





Auger has a 3000 km2 surface array, observed by 4 air fluorescence telescopes 

10th May 2007, E ~ 1010 GeV
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Are there plausible 
cosmic accelerators for 
such enormous energies?



interactions of UHE cosmic rays & neutrinos provide a laboratory for 
new physics searches beyond the reach of terrestrial accelerators

‘knee’ – galactic source limit?

‘ankle’- emergence of 
extragalactic sources?

(Courtesey: Ralph Engel)
GZK cutoff?



The sources of cosmic rays must also be  neutrino sources

ÆMaking a reasonable estimate for επ allows 
this to be converted into a flux prediction

… would be higher if extragalactic cosmic rays 
become dominant at energies below the ‘ankle’



Active galactic nuclei

TeV γ-rays have been seen from AGN, 
however no direct evidence that  

protons are accelerated in such objects

… there are possible correlations with 
UHECRs (e.g. 2 Auger events within 30 of 
Centaurus A) however such associations 
may be accidental (magnetic deflections 

are large even at such high energies)



However to see into the cosmic accelerators we need a messenger 
unaffected by intervening dust, gas or magnetic fields: neutrinos



To see the expected flux of high energy neutrinos requires a big detector!



Estimate
of ν flux
from p-p: Halzen & Murchadha [arXiv:0802.0887]

~ 0.02-0.8 events/km2/yr



-------------------  Under construction: + GVD, P-One, TRIDENT …

Radio Detection

ARIANNA, ARA, RNO-G, 
… IceCube-Gen2, 

arXiv:2208.04971 

ANITA … PUEO

Air shower detection
GRAND, Trinity …

Cherenkov detectors

https://arxiv.org/abs/2208.04971


TRIDENT  
(arXiv:2207.04519)

GVD-Baikal  
(arXiv:2109.14344)

P-ONE (arXiv:2005.09493)

KM3NeT (arXiv:2208.07370)

https://arxiv.org/abs/2207.04519
https://arxiv.org/abs/2109.14344
https://arxiv.org/abs/2005.09493
https://arxiv.org/abs/2208.07370
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IceCube Neutrino Observatory

86 strings (125 m between strings)

60 Optical Modules per string (17 m apart)

5160 Digital Optical Modules (DOMs)  in Ice 

1 km3 ⇒ Gton instrumented volume

Construction: 2004-11 (by now 10+ yrs of data)

    

DeepCore

IceTop: 1 km2 surface array (81 ‘Auger’ tanks)

2.5 km

Cost: 279 M$ ⇒ 20 pence per ton





n

µ

Ø A n interacts with a nucleus
… produces a µ (e or t)

and/or a ‘cascade’

Ø A charged particle moving at
superluminal speed gives rise to 
Cherenkov radiation (cone Ð 40°)

Ø This radiation is detected by 
3D array of optical sensors

The lepton direction is aligned
with the incoming n ➟ astronomy!

High Energy Neutrino Detection Principle

nµ µ

N X

W

Position, time & amplitude of hits allows 
reconstruction of tracks using likelihood 

optimisation (machine learning …)



Muon track: time ⇒ color; number of photons => energy



Neutrino flavour discrimination in IceCube

Track topology
Good pointing (~0.2°-1°) 

but only lower bound on neutrino energy

Cascade topology
Good energy resolution (~15%)
but poor pointing  (~10°-15°)



First Observation of PeV-energy cosmic Neutrinos

1050 ± 140  TeV

1150 ± 140 TeV

… discovered in search for GZK neutrinos 
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https://doi.org/10.1103/PhysRevLett.111.021103
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X
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There is an enormous background 
of cosmic ray muons going down 

(only misreconstructed muons
 apparently going up since muons  
 are all absorbed in the Earth) 

Atmospheric neutrinos come from 
the same showers (1 in 106 events)

By using a veto for downgoing events, we can remove the atmospheric neutrinos 
… because we remove the muons coming from the same cosmic ray air shower   

What’s left: PeV-EeV astrophysical neutrinos coming from above

NB: Doesn’t work for upgoing, since the Earth absorbed the muons … 
so Southern Sky (downgoing events) becomes the best channel.

Below                  Above

To separate the cosmic signal from atmospheric background is a challenge!



The High Energy Starting Events

Northern Sky

atmospheric n

cosmic ray

atmospheric μ

Cosmic n

Southern Sky
cosmic ray

μ Veto

Expected bkgd: 8.4 ± 1.2 atm. µ + 6.6+5.9
-1.6 atm. n 

➩ 5.7σ rejection of atmospheric origin
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https://doi.org/10.1126/science.1242856


Photons
>1 cm ~1 mm ~10 μm ~1 nm <0.1 nm

10-6 eV 10-4 eV 10-1 eV ~1  KeV > 100 KeV
Pulsars, Quasars, Radio galaxies The Big Bang (CMB) Non thermal processes (GRBs …)

Multi-messenger Astronomy

Cosmic Rays
Protons, heavy nuclei, electrons, … : 108 - 1020 eV – detected (1912)           Origin(s) unknown 

Gravitational Waves
Predicted by General relativity – detected (2015)
BH-BH merger ~410 Mpc away
More events incl. NS-NS mergers + stochastic background (2023)

Neutrinos
Proposed (1931), detected (1959)           neutral, weakly interacting … mass < 1 eV, 1 mass > 0.1 eV
Detected from the Sun (1966-)          and Supernova 1987a          @ 10 MeV
Diffuse astrophysical flux @ > 50 TeV (2013), First extragalactic source (2017): flaring blazar 1.7 Gpc away, Milky Way (2023)

Stars



The OFU and XFU system

  



Iridium

SN/GRB

Madison/Bonn

Swift (X-ray)PTF (optical)

IceCube

arXiv: 1309.6979 (p.40)

Alerts Alerts

3 / 23

IceCube, 1309.6979 (ICRC)
Active since Apr 2016 (IceCube, Astropart. Phys. 92:30,2017)

Redesign (v2) active since Jun 2019 (Blaufuss et al. PoS-ICRC2019)

SN/
GRB/
Flaring Blazar

IceCube public realtime n alerts

First public n Alert: IceCube-160427

Gold: ~10/yr with average astrophysical `signalness’ 
of 50% (index 2.19)
Bronze ~20/yr with average astrophysical `signalness’ 
of 30% (index 2.19)
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Multi-messenger alerts: 
TXS 0506+056

 Multi-messenger 
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TITLE:   GCN CIRCULAR 
NUMBER:  21916 
SUBJECT: IceCube-170922A - IceCube observation of a 
high-energy neutrino candidate event 
DATE:    17/09/23 01:09:26 GMT 
FROM:    Erik Blaufuss at U. Maryland/IceCube  <blaufuss@icecube.umd.edu> 

Claudio Kopper (University of Alberta) and Erik Blaufuss (University of  
Maryland) report on behalf of the IceCube Collaboration (http://
icecube.wisc.edu/). 

On 22 Sep, 2017 IceCube detected a track-like, very-high-energy event with a 
high probability of being of astrophysical origin. The event was identified by 
the  Extremely High Energy (EHE) track event selection. The IceCube detector 
was in a normal operating state. EHE events typically have a neutrino 
interaction vertex that is outside the detector, produce a muon that traverses 
the detector volume, and have a high light level (a proxy for energy). 

On September 22, 2017, IceCube issued a 
neutrino alert:

• A muon track event created by a ~290 TeV 

neutrino (IceCube-170922A)

• Found to be spatially coincident with a known 

blazar (TXS 0506+056) that was in a flaring 
state


• Blazar was also detected by the MAGIC air-
Cherenkov telescope in the days after the 
alert, with γ-rays up to 400 GeV.


• This launched a very active multi-messenger 
follow-up campaign that included 
observations from radio to γ-rays.


Recently published in Science: 
IceCube Coll. et al., Science 361 (2018)
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• Blazar also detected in γ-rays up to 
400 GeV by MAGIC after the alert

• Multi-messenger follow-up 
campaign of observations from 
radio to γ-rays. 

IceCube collaboration,
Science 361:146,2018 

side view

125mtop view 0 500 1000 1500 2000 2500 3000
nanoseconds

On September 22, 2017, IceCube issued a 
neutrino alert:

• A muon track event created by a ~290 TeV
neutrino (IceCube-170922A) 

• Spatially coincident with a blazar 
(TXS 0506+056) in a flaring state 

Redshift measured:
z = 0.3365 ± 0.0010

https://doi.org/10.1126/science.aat1378


Many questions still remain 

• Why TXS 0506+056?
• A distant (~4 Bly) and very luminous 

blazar … why not closer blazars? 

• What other objects are out there like 
TXS 0506+056? 
• Ongoing investigations with MM 

partners to resolve this …
• Continued issuing of alerts 

Archival records show that TXS 0506+056 is 
indeed a source of high energy astrophysical ns

as a fitted parameter. Themodel parameters are
correlated and are expressed as a pair, (F100, g),
where F100 is the flux normalization at 100 TeV.
The time-dependent analysis uses the same for-
mulation of the likelihood but searches for
clustering in time aswell as space by introducing
an additional time profile. It is performed sep-
arately for two different generic profile shapes: a
Gaussian-shaped timewindow and a box-shaped
time window. Each analysis varies the central
time of the window, T0, and the duration TW
(from seconds to years) of the potential signal to
find the four parameters (F100, g, T0, TW) that
maximize the likelihood ratio, which is defined
as the test statistic TS. (For the Gaussian time
window, TW represents twice the standard de-
viation.) The test statistic includes a factor that
corrects for the look-elsewhere effect arising
from all of the possible time windows that could
be chosen (30).
For each analysis method (time-integrated and

time-dependent), a robust significance estimate is
obtained by performing the identical analysis on
trialswith randomizeddatasets. These areproduced
by randomizing the event times and recalculating

theRAcoordinateswithin eachdata-takingperiod.
The resultant P value is defined as the fraction of
randomized trials yieldinga valueofTSgreater than
or equal to the one obtained for the actual data.
Because the detector configuration and event

selections changed as shown in Table 1, the time-
dependent analysis is performed by operating on
each data-taking period separately. (A flare that
spans a boundary between two periods could be
partially detected in either period, but with re-
duced 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 observation time to the obser-
vation time of that data segment (30).

Neutrinos from the direction of
TXS 0506+056

The results of the time-dependent analysis per-
formed 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 from2012 to 2015,
contains a significant excess, which is identified
by both time-window shapes. The excess consists
of 13 ± 5 events above the expectation from the
atmospheric background. The significancedepends
on the energies of the events, their proximity to
the coordinates of TXS 0506+056, and their
clustering in time. This is illustrated in Fig. 2,
which shows the time-independent weight of
individual events in the likelihood analysis during
the IC86b data period.
The Gaussian time window is centered at 13

December 2014 [modified Julianday (MJD) 57004]
with an uncertainty of ±21 days and a duration
TW = 110þ35

"24 days. The best-fitting parameters for
the fluence J100 = ∫F100(t)dt and the spectral
index are givenbyE2J100=2:1þ0:9

"0:7 # 10"4 TeVcm–2

at 100 TeV and g = 2.1 ± 0.2, respectively. The
joint uncertainty on these parameters is shown
in Fig. 3 along with a skymap showing the result
of the time-dependent analysis performed at the
location of TXS 0506+056 and in its vicinity
during the IC86b data period.
The box-shaped time window is centered

13 days later with duration TW = 158 days (from
MJD 56937.81 to MJD 57096.21, inclusive of

contributing events at boundary times). For the
box-shaped time window, the uncertainties are
discontinuous and not well defined, but the un-
certainties for the Gaussian window show that it
is consistent with the box-shaped time window
fit. Despite the different window shapes, which
lead to different weightings of the events as a
function of time, bothwindows identify the same
time interval as significant. For the box-shaped
time window, the best-fitting parameters are sim-
ilar to those of the Gaussianwindow, with fluence
at 100 TeV and spectral index given by E2J100 =
2:2þ1:0

"0:8 # 10"4 TeV cm–2 and g = 2.2 ± 0.2. This
fluence corresponds to an average flux over
158 days of F100 = 1:6þ0:7

"0:6 # 10"15 TeV–1 cm–2 s–1.
Whenwe estimate the significance of the time-

dependent result by performing the analysis at
the coordinates of TXS 0506+056 on randomized
datasets, we allow in each trial a new fit for all
the parameters: F100, g, T0, TW. We find that the
fraction of randomized trials that result in a more
significant excess than the real data is 7 × 10–5 for
the box-shaped time window and 3 × 10–5 for the
Gaussian time window. This fraction, once cor-
rected for the ratio of the total observation time
to the IC86b observation time (9.5 years/3 years),
results in P values of 2 × 10–4 and 10–4, respec-
tively, corresponding to 3.5s and 3.7s. Because
there is no a priori reason to prefer one of the
generic timewindows over the other, we take the
more significant one and include a trial factor of
2 for the final significance, which is then 3.5s.
Outside the 2012–2015 time period, the next

most significant excess is found using the Gauss-
ian window in 2017 and includes the IceCube-
170922A event. This time window is centered
at 22 September 2017 with duration TW = 19 days,
g = 1.7 ± 0.6, and fluence E2J100 = 0:2þ0:4

"0:2 # 10"4

TeV cm–2 at 100 TeV. No other event besides the
IceCube-170922A event contributes significantly
to the best fit. As a consequence, the uncertainty
on the best-fitting window location and width
spans the entire IC86c period, because any win-
dow containing IceCube-170922A yields a similar
value of the test statistic. Following the trial cor-
rectionprocedure for different observationperiods
as described above, the significance of this excess

IceCube Collaboration, Science 361, 147–151 (2018) 13 July 2018 2 of 5

Table 1. IceCube neutrino data samples.
Six data-taking periods make up the full
9.5-year data sample. Sample numbers
correspond to the number of detector
strings that were operational. During the
first three periods, the detector was still
under construction. The last three periods
correspond to different data-taking
conditions and/or event selections with the
full 86-string detector.

Sample Start End

IC40 5 April 2008 20 May 2009
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC59 20 May 2009 31 May 2010
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC79 31 May 2010 13 May 2011
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC86a 13 May 2011 16 May 2012
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC86b 16 May 2012 18 May 2015
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC86c 18 May 2015 31 October 2017
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

Fig. 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.
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GRB 221009A

Brightest of all time (@ z = 0.151)
Observed by a plethora of instruments

Highest energy photon (LHAASO) ~18 TeV 
    (Huang et al. GCN 32677)

Initial IceCube response via Fast Response Analysis 

No neutrino emission found in -1 day +2 days
                   (Thwaites et al. GCN Circular 32665)

Severe constraints on theoretical models!

10-hour time lapse – Fermi LAT

However no neutrinos have yet been observed from g-ray Bursts

IceCube collaboration, ApJL 946:L26,2023

https://doi.org/10.3847/2041-8213/acc077


CNNs applied to 10 years of IceCube data helped to identify @ 4.5σ, neutrino emission 
from the Galactic plane due to interaction of cosmic rays with interstellar matter
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https://doi.org/10.1126/science.adc9818


Above a few GeV energy, neutrinos interact dominantly via n-N deep inelastic scattering
… a process that is well-understood in the Standard Model of particle physics

Q2  Þ  propagator ¯

Q2  Þ  parton distribution functions 

Most of the contribution to #-secn comes from:

Can calculate numerically at Next-to-Leading-Order (NLO) … no significant further change at NNLO 

IceCube detects high energy neutrinos - but how do we interpret the event rate in terms of the incident flux?

To do this we need a precise theoretical understanding of neutrino interactions 
(at energies far exceeding those achieved with neutrino beams at accelerators)



Detection of a particle shower at the Glashow resonance with IceCube
Nature | Vol591 | 11March2021 

6.05 ± 0.72 PeV



the predicted UHE ν-N cross-section using PDFs can 
be tested by studying ν absorption in the Earth

Preliminary Reference Earth Model (PREM)
Earth diameter = interaction length at Eν ~ 40 TeV

NB: The angular dependence of the flux of
atmospheric neutrinos (which dominates up to
~105 GeV) is known … the extra-terrestrial flux is
~isotropic (since the Galactic component is <18%)

IceCube Collaboration, Nature 551:596,2017

CSMS 2011 n

CSMS 2011   

weighted

⌫̄

Co
op

er
-S

ar
ka

r, 
M

er
ts

ch
, S

S
(C
SM

S)
, J

HE
P 
08

:0
42

,2
01

1

https://doi.org/10.1038/nature24459
https://doi.org/10.1007/JHEP08(2011)042


As the gluon density rises at low x, non-perturbative effects must become important … a Colour 
Glass Condensate has been postulated to exist (and has some support from RHIC and ALICE data)

This would strongly suppress the n-N #-secn below its (unscreened) SM value
… can we test this experimentally with UHE cosmic neutrinos?



Electroweak instanton-induced interactions in the SM 

E⌫ � E2
sph/2xmN ' 4⇥ 107/x ⇠ 109�11 GeV

Ellis, Sakurai & Spannowsky, JHEP 05 (2016) 085

Non-perturbative transitions between degenerate  SU(2) vacuua (with different B+L #) are exponentially suppressed below the 
“sphaleron” mass: ~ MW/αW ≃ 9 TeV … large cross-sections predicted for ν-N scattering at higher cms energies:

Han & Hooper, PLB 582:21,2004

IceCube has sensitivity to sphalerons
comparable to that of the LHC!

nN: DIS
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Powerful test of new 
physics beyond the 

SM (e.g. leptoquarks, 
new dimensions, 

sphalerons, colour 
glass condensate etc)

... should be able to 
probe up to ~1010-11 

GeV using flux of 
cosmogenic n

- with IceCube-Gen2

https://arxiv.org/abs/1903.04333
https://doi.org/10.1007/JHEP08(2011)042


• Violation of Lorentz invariance (in string theory …)
       (e.g. Carroll et al 2001; Colladay & Kostelecký 1998)

• Violations of the equivalence principle (different 
gravitational coupling) (e.g. Gasperini 1989)

• Interaction of particles with space-time structure ➛ 
quantum decoherence of flavour states (e.g. 
Anchordoqui, Goldberg, Gonzalez-Garcia, Halzen, 
Hooper, Sarkar, Weiler 2005)

• Neutrino decay (e.g. Beacom, Bell, Hooper, 
Pakvasa, Weiler 2003; Mehta & Winter 2011)

• Non-standard interactions (e.g. Arguelles, Katori, 
       Salvado 2015; de Salas, Lineros, Tórtola 2016)

• Sterile neutrinos (e.g. Bdrar, Kopp, Wang 2017)

• New long-range flavoured forces (e.g. Bustamante 
& Agarwalla 2019)

c - 
v1
c - 
v2

New physics effects can be probed in very long baseline neutrino oscillations

IceCube Collaboration, Nature Physics 18:1287,2022
Nature Physics 14:961,2018

https://doi.org/10.1038/nature24459
https://doi.org/10.1038/s41567-018-0172-2




To do astronomy and particle physics with cosmic 
neutrinos we must think BIG!
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IceCube Upgrade



Summary

qNeutrino telescopes have already measured the n DIS cross-section up to cms energies 
~10 times higher than are attainable at the LHC … finding no deviation from the SM

q This sets constraints on BSM physics that can increase the cross-section 
e.g. new TeV-scale dimensions, leptoquarks, …                    

(… admittedly ruled out already in Run II – but with cosmic n can go much further)

q There may be non-perturbative SM processes which can affect the n DIS cross-section 
at higher energies, e.g. electroweak sphalerons and QCD colour glass condensate - to 

probe this will require studying the highest energy (GZK) cosmic neutrinos at ~1010 GeV

To probe the cosmic energy frontier we must think big (IceCube-Gen2, KM3NeT, …) 

The real voyage of discovery consists not in seeking new lands 
but in seeing with new eyes - Marcel Proust

q The measured n flavour ratio is sensitive to any process that can affect the coherence 
of neutrino oscillations over astronomical baselines, e.g. n decay or non-standard 

interactions, or even LI-violation and ‘space-time foam’ at the Planck scale




