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High-energy astrophysical neutrinos

GW 𝜸
CR𝝂

Cosmic  
Messengers
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• The largest neutrino telescope 

in the world


• Located at the geographical 
South Pole


• 86 Strings with 60 DOMs each


• Volume ~ 1km3 


• EThreshold ~ 10 GeV (DeepCore) 


• Trigger rate > 2 kHz, mainly 
from atmospheric muons


• The observatory consists of 
three sub-detectors: IceTop, 
IceCube, DeepCore

3

IceTop

IceCube

DeepCore

IceCube Neutrino Observatory
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• Good angular resolution (~ )


• Vertex can be outside the detector


• Stochastic energy loss


• More atmospheric background signal

0.5∘

• All flavours


• Fully active calorimetre


• Suppressed atmospheric backgrounds


• Poor angular reconstruction (~ - )20 30∘

Track topology

Cascade topology

Data

Data

Ea
rly

La
te

νμ

μ

Less Photons More Photons

IceCube Neutrino Observatory
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𝜒 SM

𝜒 SM

?

Annihilation

SM𝜒
SM

?

Decay

• No need of specialised detectors: Gamma-ray 
telescopes, Neutrino detectors, CR-experiments 


• Search for products of dark matter annihilation / decay 
processes: Focus on large reservoirs of dark matter 

?

Your favourite theory

DM search with IceCube

IceCube!!

Primary 
Channels

Final 
Products
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DM search with IceCube

Solar DM annihilation:  
Phys. Rev. D 105, 062004 (2022)

DM annihilation, decay & scattering with High-Energy Starting Events(HESE) 7.5 yrs: JCAP 10 003 (2023) Monochromatic lines from DM annihilation & decay: arXiv: 2303.13663
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• The interactions of neutrinos with DM are considered in cosmology

• For WIMPs as an example, 

7

• In the present Universe, this interaction can dissipate neutrinos and hence suppress 
the neutrino flux at Earth which can be observed by large neutrino telescopes

• Diffused astrophysical neutrinos

• Astrophysical neutrinos from distant sources

𝜒 𝜈
𝜒 𝜈?

Annihilation 𝜒𝜒
𝜈?𝜈

Scattering

Allowed

WIMP Miracle

G. Arcadi et al. Eur. Phys. J. C 78, 203 (2018)

Neutrino - Dark Matter Interaction
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• Using the diffused high-energy astrophysical neutrino fluxes observed by IceCube 
to study the scattering of neutrinos with the Milky Way DM halo along their 
propagation to the Earth


• More flux attenuation to GC

• Constraints on interaction models

!,57*"-'1*,&'*-),$)8*%'+"5,$*+)'(>5E

8C. A. Argüelles, A. Kheirandish and A. C. Vincent, Phys. Rev. Lett. 119 (2017) no.20, 201801

fermion DM & vector mediator

scalar DM & fermion mediator

Neutrino - Dark Matter Interaction Search



𝛘
𝛎 initial neutrino flux  

from a distant source

attenuated neutrino  
flux at Earth

𝛎
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TXS 0506+056

NGC 1068

• All in the northern sky


• Both are the target sources of this analysis


• Treat each source independently (not stacking analysis)

• TXS 0506+056


• First transient source: IceCube-170922A by 290 
TeV neutrino → first multi-messenger astronomy 
with neutrinos


• BL Lac-type blazar


• (77.36°, 5.69°) in the equatorial coordinates


• (195.41°, -19.64°) in the galactic coordinates


• z = 0.3365 (1421 Mpc)

Science 361, 147-151Science 361, eaat1378

• NGC 1068


• First steady source


• Seyfert II galaxy - nearby active galaxy


• (40.67°, -0.01°) in the equatorial coordinates


• (172.10°, -51.93°) in the galactic coordinates


• z =0.0038 (14.4 Mpc) 

Science 378, 538-543

IceCube Neutrino Observatory

Equatorial
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• DM column density along the line of sight (l.o.s)

• Estimate the change of high-energy astrophysical neutrino flux from a source
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ΣDM = ∫path
dr ρ(r)

(τ = ΣDM(r)/mDM)

Dark Matter contributions

CosmologicalMilky Way Source Galaxy

∫path
σn(x) dl = σ

mDM
(∫l.o.s.

ρgal(x) dl + ∫l.o.s.
ρcosmo(z) dl + ∫l.o.s.

ρsource(r) dl)

• Considering the contributions from the extragalactic DM and the Milky Way DM

dΦ
dτ

(Eν) = − σνχ(Eν)Φ(Eν) + ∫
∞

Eν

dE′ ν
dσνχ

dEν
(E′ ν → Eν)Φ(E′ ν)

Attenuation Re-distribution
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• Considering both galactic and extragalactic dark matter contributions


• Neutrino trajectory may not pass through the galactic centre but just the galactic halo


• The large distance to a source compensates small cosmological DM density in intergalactic medium


• The dense DM spike surrounding an extragalactic source would give much stronger effects

12

For TXS 0506+056 (1421 Mpc):

Intergalactic free space DM density (Planck 2018)

: NFW profile, Einasto profile, Burkert profile …
Galactic DM density profiles

Milky Way

∫los
ρ(x)dl ⋍ 1.12 × 1022 GeV/cm2

Cosmological

∫los
ρ(z)dl ⋍ 7.25 × 1021 GeV/cm2

Source Galaxy

∫los
ρ(r)dl ≃ 8.73 × 1028 GeV/cm2

Extragalactic source’s DM spike density profiles

F. Ferrer, G. Herrera, and A. Ibarra;  
arXiv:2209.06339 & JCAP 05 057 (2023)

ρ(z) = ρcΩχ,0(1 + z)3 GeV/cm3

ρ(x)

Milky Way DM

Source DM

Dark Matter contributions
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• A new approach has been proposed to use distant neutrino sources to search 

for rare interactions


• This theoretical work used public IceCube data and derived first bounds based 
on overall attenuation of the signal


• 90% flux suppression gives sensitivity regions like:

13

exp( − ∫ nσ dl) = 0.1 → ∫l.o.s
σDMnDM dl ≲ 2.3

Neutrino - Dark Matter Interaction Search

σ = σ0( Eν

1 GeV )
n

Considering Galactic and Cosmological DM only

K.-Y Choi, J. Kim and C. Rott, Phys. Rev. D 99 (2019) 083018
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• Light mass DM 

• With fermion mediator


• With vector mediator


• With scalar mediator

(mDM ≤ GeV)

14

K.-Y. Choi, E. J. Chun and J. Kim, Phys.Dark Univ. 30 (2020) 100606 S. Pandey, S. Karmakar  
and S. Rakshit, JHEP 01 (2019) 095

S. Pandey, S. Karmakar  
and S. Rakshit, JHEP 01 (2019) 095

‘Mediating via light  boson’

• Selected as our benchmark scenario

• Strongly coupled with both  and  (assuming same coupling)

• Weak coupling with  or  

• Oscillation over cosmological propagation baseline  
→ Flavour-universal results in the end

Z′ 

χ ντ
νe νμ

Extends to a thorough analysis

ν ν

χ χ

ϕ

C. Argüelles, A. Kheirandish and A. Vincent,  
Phys. Rev. Lett. 119 (2017) no.20, 201801
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• Mediating via  vector boson


• Single Power Law + ‘dip’


• Account for the dark matter 
contributions from the Milky Way 
halo and the cosmological 
(intergalactic) distribution


• To be optimised for each source 
(with the source properties; eg. 
distance, direction, flux, spectral 
index, …)

Z′ 

15

S. Pandey, S. Karmakar and S. Rakshit,  
JHEP 01 (2019);  
NDM2020 proceeding (DOI: 10.31526/ACP.NDM-2020.11)

Analysis Status
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νμ

μ
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• Through-going tracks from Northern sky ( )


• Good angular reconstruction and improved energy reconstruction


• For ~10.4 years of livetime in IC86 configuration

−5∘ < δ < 90∘

Analysis Status

• Expected backgrounds


• Atmospheric backgrounds


• Conventional neutrinos


• Prompt neutrinos


• Astrophysical backgrounds


• Diffused astrophysical neutrinos
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• Hypothesis tests - search for the astrophysical neutrino signal over the backgrounds


• Null hypothesis: there exists a point source with a single power law spectrum  resulting in  
signal events in the observed data in our detector


• BSM alternative: the flux from the point source consists of the power law assumption as well as a 
signal of interaction with Dark Matter


• Unbinned Maximum Likelihood analysis with the modified PS likelihood

E−γ ns

17

TS = − 2 ln[ ℒ(ns = 0)
ℒ(ns = ̂ns) ] = 2 ∑

events
ln[( 𝒮(event |ns)

ℬ(event |ns)
− 1) × ns

N
+ 1]

ℒ(ns) =
N

∏
i=0

[ns

N
𝒮(αi, δi, Ei |γ, ϕ0, mχ, mϕ, gνχ) + (1 − ns

N )ℬ(αi, δi, Ei |γ, ϕ0)]

= − 2 ⋅ sign(ns) ⋅ ln[ ℒ(ns = ns, γ = γ, Φ0 = Φ0, g = 0)
ℒ(ns = ̂ns, γ = ̂γ, Φ0 = Φ̂0, mχ = m̂χ, mϕ = m̂ϕ, g = ̂g) ]

̂̂ ̂̂̂̂

TS = − 2 ⋅ sign(ns) ⋅ ln[ ℒNull

ℒBSM
]

Analysis Status
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Analysis Status

ninj = 10.0 ninj = 2.0 ninj = 5.0

ninj = 30.0

ninj = 20.0 ninj = 25.0ninj = 15.0

ninj = 40.0 ninj = 50.0

• From the comparison of  and , 
the sensitivity of BSM models to the 
standard single power-law can be 
calculated.. to be updated soon!

ΔTS TSNull

ΔTS = TSBSM − TSNull;max

ninj = 1.0
IceCube Work in Progress IceCube Work in Progress IceCube Work in Progress IceCube Work in Progress

IceCube Work in Progress IceCube Work in Progress IceCube Work in Progress

IceCube Work in Progress IceCube Work in Progress IceCube Work in Progress

* From pseudo-experiments using Monte Carlo data 
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IceCube Collaboration, Astrophys. J. 928 (2022) 1, 50

?&#,L-'+"E,D
• Sensitivity to the benchmark model (on , , , )


• Testing different Neutrino - Dark matter interaction models

σνχ mχ mϕ gνχ

19

Analysis Status

• In the current step, no systematics including 
models of astrophysical neutrino flux


• Recent IceCube papers for the astrophysical 
neutrino flux testing various flux models


• This analysis will test those models as well as 
the null hypothesis
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• IceCube opened the era of neutrino astronomy with the discoveries of distant astrophysical neutrino sources


• As of now, two IceCube-identified point sources: TXS 0506+056 and NGC 1068


• It allows novel approaches to study the BSM physics with the sources and neutrinos from them


• Searching for neutrino rare interaction signal with distant point sources


• The vast distances to the sources make the neutrino flux susceptible to rare interactions that might occur 
on the long journeys of the neutrinos from source to Earth


• Constraining the cross-section of neutrino - DM interaction with one IceCube neutrino event by a neutrino 
from TXS 0506+056 (IC170922A)


• Developing analysis for generic point sources and various interaction models


•  - DM interaction with  mediator as a benchmark case


• Several contributions to signal from different DM distributions 


• Analysis sensitivity to the benchmark model will come out soon!

ν Z′ 

20

Summary and Outlook



Thank you for your attention :)

© NSF/IceCube Collaboration
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Your  Favourite BSM  Theory

𝛎 initial neutrino flux  
from a distant source

attenuated neutrino  
flux at Earth

𝛎
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J. H. Davis and J, Silk, arXiv:1505.01843
S. Pandey et al, NDM2020 proceeding 
(DOI: 10.31526/ACP.NDM-2020.11)

B;M"%,*C"
• The objective of the analysis is to search for the BSM interactions of neutrino from the IceCube high-

energy astrophysical neutrino data and their source information


• This experimental DM study has never been done, and IceCube is the ideal detector so far


• Various interaction models can be applied and tested


• Resonant suppression (early cutoff or dip-shape) at a specific  in the neutrino flux from the 
events on extended energy range following the given models are expected.

Eν

24
M. Bustamante et al,  
Phys. Rev. D 101, 123024 (2020);  
for ‘secret’ neutrino interaction

Backup
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• A new approach to study the propagation of the high-energy astrophysical 

neutrino through the cosmological DM as well as the DM in the Milky Way from 
the observation of IC170922A and the identification of its origin with a known 
path and distance.

K.-Y Choi, J. Kim and C. Rott, Phys. Rev. D 99 (2019) 083018 25

• By assuming the attenuation-dominant case, 90% flux suppression gives bounds: 
exp( − ∫ nσ dl) = 0.1 → ∫l.o.s

σDMnDM dl ≲ 2.3

• Model of  
light scalar DM

Backup



Woosik Kang
70th APCTP GWNR Workshop

:)+-,$#*+*+2' 3'.0'*+,"$#%,*)+'%$)--3-"%,*)+ν

26

• Assuming maximum suppression of initial flux to be 90% from attenuation-only: 

exp( − ∫ nσ dl) = 0.1 → ∫l.o.s
σDMnDM dl ≲ 2.3

ΣDM;Galactic ≃ 1.116 × 1022 [GeV/cm2]

ΣDM;Cosmological ≃ 7.246 × 1021 [GeV/cm2]

ΣDM;Source ≃ 8.728 × 1028 [GeV/cm2]

σνχ

mχ
≲ 2.6343 × 10−29 cm2/GeV (@ Eν = 290 TeV)

f = exp( − ∫ nσ dl)
→

σνχ

mχ
≲ 2.3

ΣDM;Gal + ΣDM;Cos + ΣDM;Sou
[cm2/GeV]

Theory Estimations

Backup
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• With a scattering cross-section depending on an energy in single power law

σ = σ0( Eν

1 GeV )
n

K.-Y Choi, J. Kim and C. Rott, Phys. Rev. D 99 (2019) 083018

F. Ferrer, G. Herrera, and A. Ibarra; arXiv:2209.06339

Preliminary

Theory Estimations

Backup
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• Neutrinos are produced from a variety of sources across 

a wide energy range.


• With higher energies, much lower fluxes at the Earth but 
much bigger electroweak cross sections.

28

Glashow resonance

J. A. Formaggio and G. P. Zeller, Rev. Mod. Phys. 84, 1307 (2012)E. Vitagliano, I. Tamborra and G. Raffelt, Rev. Mod. Phys. 92, 45006 (2020)

Nature 591, 220–224 (2021)

Backup



Woosik Kang
70th APCTP GWNR Workshop

A*2&3"+"$24'#-,$)8&4-*%#>'+"5,$*+)
• A lot of models for astrophysical neutrinos production have neutrinos as the byproducts of cosmic ray interactions 

with gas and radiation via hadronic ( ) and photohadronic ( ) channels. (Fermi-acceleration)


• Dominant  interactions lead to producing the unstable mesons that subsequently decay into neutrinos

pp, pn γp, γn

pp, γp

IceCube Collaboration,  Eur. Phys. J. C 82, 1031 (2022)

29

• Initial flavour ratio at a source is to be 


• Flavour ratio among the astrophysical neutrinos at the Earth is average 
out to be  due to the neutrino oscillation 
during propagation to the Earth over the cosmological baseline. 

(νe : νμ : ντ)source ≃ (1 : 2 : 0)

(νe : νμ : ντ)Earth ≃ (1 : 1 : 1)

p + p → π+ + π− + π0 + X

p + γ → Δ+ → π+ + n, π0 + p

μ+ → e− + νe + ν̄μ

μ− → e− + ν̄e + νμ

π+ → μ+ + νμ

π− → μ− + ν̄μ

π+ →

π− →p + p →

π0 + X → γ + γ + X

νμ

μ+ → e− + νe + ν̄μ

ν̄μ

μ− → e− + ν̄e + νμ

p + γ → Δ+ →
π+ + n →

π0 + p → γ + γ + p

νμ

μ+ → e− + νe + ν̄μ

Backup
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• Where do they came from?


• Massive cosmic accelerator?


• Catastrophic astrophysical event?


• How they are energised?


• How do they propagate?


• The cosmic messengers are connected 
at their source; each could be a clue to 
unveil the mystery of their origins and 
the production mechanisms

30

IceCube Collaboration, Phys. Rev. D 104, 022002 (2021)

GW 𝜸
CR𝝂

Backup
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• High-energy astrophysical neutrinos 
detected by the IceCube Neutrino 
Observatory provide the opportunity 
to explore the dense and energetic 
environment of the universe in the 
great distance

31
C. Rott, J. Korean Phys. Soc. 78, 864–872 (2021)

Backup
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TXS 0506+056

NGC 1068

PKS 1424+240

NGC 4151
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32

• Astrophysical neutrino sources


• IceCube-identified


• TXS 0506+056


• NGC 1068


• High significance from the 
recent IceCube searches


• PKS 1424+240


• NGC 4151

• All in the northern sky, yet

Backup
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• BL-Lac blazar: multi-messenger observations for IC170922A + archival data
=X!'QYQZWQYZ

33
M. G. Aartsen et al. (IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S., 

INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift NuSTAR, VERITAS, 
and VLA//17B-403 Collaborations); Science 361, eaat1378 (2018).

M. G. Aartsen et al.; Science 361, 147-151 (2018).

Backup



Woosik Kang
70th APCTP GWNR Workshop

• Seyfert II galaxy with AGN: highest significance among the candidate sources
<G:'OQZ[

34

Backup

R. Abbasi et al.; Science 378, 538-543 (2022).
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Backup

Credit: Fermi Gamma-ray Telescope, NASA
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✓ benchmark case

…

Neutrino - Neutrino( )CνB
• K. C. Y. Ng and J. F. Beacom, Phys. Rev. D 90 no. 6, 

(2014) 065035 [Erratum: Phys.Rev.D 90, 089904 (2014)] 

• A. DiFranzo and D. Hooper, Phys. Rev. D 92 no. 9, 

095007 (2015)

• T. Araki, F. Kaneko, T. Ota, J. Sato, and T. Shimomura, 

Phys. Rev. D 93 no. 1, 013014 (2016)

• K. J. Kelly and P. A. N. Machado, JCAP 10 048 (2018)

• M. Bustamante, C. Rosenstrøm, S. Shalgar, and I. 

Tamborra, Phys. Rev. D 101 no. 12, 123024 (2020)

• I. Esteban, S. Pandey, V. Brdar, and J. F. Beacom, Phys. 

Rev. D 104 no. 12, 123014 (2021)

• D. Hooper, J. Iguaz Juan, and P. D. Serpico, 

arXiv:2302.03571

…

Neutrino - Dark Matter(DM)

• J. Barranco, O. G. Miranda, C. A. Moura, T. I. Rashba 
and F. Rossi-Torres, JCAP 10, 007 (2011)


• M. M. Reynoso and O. A. Sampayo, Astropart. Phys. 
82, 10 (2016)


• K. J. Kelly and P. A. N. Machado, JCAP 10, 048 (2018) 

• S. Pandey, S. Karmakar and S. Rakshit,  JHEP 01, 095 

(2019) [Erratum: JHEP 11, 215 (2021)]

• J. B. G. Alvey and M. Fairbairn, JCAP 07 041 (2019)

• K.-Y. Choi, E. J. Chun and J. Kim, Phys.Dark Univ. 30, 

100606 (2020)

…


• C. A. Argüelles, A. Kheirandish and A. C. Vincent, 
Phys. Rev. Lett. 119 no. 20, 201801 (2017) 


• K.-Y Choi, J. Kim and C. Rott, Phys. Rev. D 99, 083018 
(2019)


• F. Ferrer, G. Herrera, and A. Ibarra, arXiv:2209.06339

• J. M. Cline and M. Puel, arXiv:2301.08756

…
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Woosik Kang
70th APCTP GWNR Workshop

:#>%5>#,*+2'=!-

• How to get  for a given :

1. Setting two trials; one for Null hyp. and 

the other for BSM hyp. from multiple 
pseudo-experiments ( >1000) with 
given  for each hypothesis


2. Calculate the value of  ( ) 
from a scan of  and  that maximise 



3. Get 

TSana ninj

nexp
ninj

TSNull TSNull;max
ns γ

ℒNull

ΔTS = TSBSM − TSNull;max

37

= [−2 ⋅ sign(ns) ⋅ ln[ ℒBG

ℒBSM
]] − [−2 ⋅ sign(ns) ⋅ ln[ ℒBG

ℒNull
]]

TSana = − 2 ⋅ sign(ns) ⋅ ln[ ℒNull

ℒBSM
]

= − 2 ⋅ sign(ns) ⋅ [ln ℒNull − ln ℒBSM]
= − 2 ⋅ sign(ns) ⋅ [(ln ℒNull − ln ℒBG) − (ln ℒBSM − ln ℒBG)]

= − 2 ⋅ sign(ns) ⋅ [ln[ ℒNull

ℒBG
] − ln[ ℒBSM

ℒBG
]]

= − 2 ⋅ sign(ns) ⋅ [−ln[ ℒBG

ℒNull
] + ln[ ℒBG

ℒBSM
]]

= TSBSM − TSNull = ΔTS

ℒNull

ℒBG ℒBSM: background-only 
: null hyp. (single power-law)

: BSM hyp. (SPL+attenuation)

Backup
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ℒ(ns, γ, ⃗θ) =
N

∏
i

[ns

N
Si + (1 − ns

N )Bi]

⃗θ = (mχ, mϕ, g)

Si = Si( ⃗xs, ⃗xi, Ei |γ, ⃗θ) ≅ 𝒮i( ⃗xi | ⃗xs)ℰi(Ei |γ, ⃗θ) Bi ≃
ℰB(Ei |ϕatm + ϕprompt + ϕastro)

ΩbandTo include BSM hypothesis, only energy PDF needs to be modified

The modified energy PDF can be generated from the hypothetical fluxes

Backup

To this analysis, the parametres are
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• Spatial background PDFs

39

Pr
ob

ab
ilit

y 
De

ns
ity

Pr
ob

ab
ilit

y 
De

ns
ity

Backup

IceCube Work in Progress

IceCube Work in Progress

IceCube Work in Progress



Woosik Kang
70th APCTP GWNR Workshop

!*2+#>'I.F-
• Spatial signal PDFs

40

Pr
ob

ab
ilit

y 
De

ns
ity

Pr
ob

ab
ilit

y 
De

ns
ity

Backup

IceCube Work in ProgressIceCube Work in Progress

IceCube Work in Progress



Woosik Kang
70th APCTP GWNR Workshop

!*2+#>'I.F-
• Energy signal PDF

41

(Normalised PDFs)

Backup

IceCube Work in Progress



Woosik Kang
70th APCTP GWNR Workshop

0*>/4'?#4'.#$/'0#,,"$'&#>)'8$)(*>"-

42

Backup

The outer region of the MW 
gives you small differences 
among DM halo models  
→ using one representative 
model (NFW) for further study
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Milky Way galactic DM density along l.o.s to TXS 0506+056 Cosmological DM density along l.o.s to TXS 0506+056
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• Observe extraterrestrial neutrinos


‣ 1st detection of astrophysical flux in 2013


• Search for extraterrestrial neutrino sources


‣ 1st astrophysical source in 2018: TXS 0506+056


‣ 2nd astrophysical source in 2022: NGC 1068 

• Multi-messenger astronomy with neutrinos


‣ 1st multi-messenger observation in 2018: TXS 0506+056 
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NEUTRINO ASTROPHYSICS

Neutrino emission from the direction
of the blazar TXS 0506+056 prior to
the IceCube-170922A alert
IceCube Collaboration*†

A high-energy neutrino event detected by IceCube on 22 September 2017 was coincident in
direction and time with a gamma-ray flare from the blazar TXS 0506+056. Prompted by
this association, we investigated 9.5 years of IceCube neutrino observations to search for
excess emission at the position of the blazar. We found an excess of high-energy neutrino
events, with respect to atmospheric backgrounds, at that position between September 2014
and March 2015. Allowing for time-variable flux, this constitutes 3.5s evidence for neutrino
emission from the direction of TXS 0506+056, independent of and prior to the 2017 flaring
episode. This suggests that blazars are identifiable sources of the high-energy astrophysical
neutrino flux.

T
he origin of the highest-energy cosmic rays
is believed to be extragalactic (1), but their
acceleration sites remain unidentified. High-
energy neutrinos are expected to be pro-
duced in or near the acceleration sites when

cosmic rays interact with matter and ambient
light, producing charged mesons that decay into
neutrinos and other particles. Unlike cosmic rays,
neutrinos can travel through the Universe un-
impeded by interactions with other particles and
undeflected bymagnetic fields, providing ameans
to identify and study the extreme environments
producing cosmic rays (2). Blazars, a class of active
galactic nuclei with powerful relativistic jets
pointed close to our line of sight (3), are prom-
inent candidate sources of such high-energy
neutrino emission (4–9). The electromagnetic
emission of blazars is observed to be highly var-
iable on time scales from minutes to years (10).
The IceCube Neutrino Observatory (11) is a

high-energy neutrino detector occupying an in-
strumented volume of 1 km3within the Antarctic
ice sheet at the Amundsen-Scott South Pole Sta-
tion. The detector consists of an array of 86
vertical strings, nominally spaced 125 m apart
and descending to a depth of approximately
2450m in the ice. The bottom 1 km of each string
is equipped with 60 optical sensors that record
Cherenkov light emitted by relativistic charged
particles passing through the optically transpar-
ent ice. When high-energy muon neutrinos in-
teract with the ice, they can create relativistic
muons that travel many kilometers, creating a
track-like series of Cherenkov photons recorded
when they pass through the array. This allows the
reconstruction of the original neutrino direction

with a median angular uncertainty of 0.5° for a
neutrino energy of ~30 TeV (or 0.3° at 1 PeV)
(12, 13).
IceCube discovered the existence of a diffuse

flux of high-energy astrophysical neutrinos in
2013 (14, 15). Measurements of the energy spec-
trum have since been refined (16, 17), indicating
that the neutrino spectrum extends above several
PeV. However, analyses of neutrino observations
have not succeeded in identifying individual
sources of high-energy neutrinos (12, 18). This
suggests that the sources are distributed across
the sky and that even the brightest individual
sources contribute only a small fraction of the
total observed flux.
Recently, the detection of a high-energy neutri-

no by IceCube, together with observations in
gamma rays and at other wavelengths, indicates
that a blazar, TXS0506+056, located at right ascen-
sion (RA) 77.3582° anddeclination (Dec) +5.69314°
(J2000 equinox) (19) may be an individually iden-
tifiable source of high-energy neutrinos (20). The
neutrino-candidate event, IceCube-170922A, was
detected on 22 September 2017, selected by the
Extremely High Energy (EHE) online event filter
(21), and reported as a public alert (22). EHE
alerts are currently sent at a rate of about four
per year, and are based on well-reconstructed,
high-energy muon-track events. The selection
threshold is set so that approximately half of
the events are estimated to be astrophysical neu-
trinos, the rest being atmospheric background
events. After the alert was sent, further studies
refined the directional reconstruction, with best-
fitting coordinates of RA 77:43þ0:95

"0:65 and Dec
þ5:72þ0:50

"0:30 (degrees, J2000, 90% containment
region). The most probable neutrino energy was
estimated to be 290 TeV, with a 90% confidence
level lower limit of 183 TeV (20).
It was soon determined that the direction of

IceCube-170922A was consistent with the loca-

tion of TXS 0506+056 and coincident with a
state of enhanced gamma-ray activity observed
since April 2017 (23) by the Large Area Telescope
(LAT) on the Fermi Gamma-ray Space Telescope
(24). Follow-up observations of the blazar led to
the detection of gamma rays with energies up to
400 GeV by the Major Atmospheric Gamma
Imaging Cherenkov (MAGIC) Telescopes (25, 26).
IceCube-170922A and the electromagnetic obser-
vations are described in detail in (20). The sig-
nificance of the spatial and temporal coincidence
of the high-energy neutrino and the blazar flare
is estimated to be at the 3s level (20). On the
basis of this result, we consider the hypothesis
that the blazar TXS 0506+056 has been a source
of high-energy neutrinos beyond that single event.

Searching for neutrino emission

IceCube monitors the whole sky and has main-
tained essentially continuous observations since
5 April 2008. Searches for neutrino point sources
using two model-independent methods, a time-
integrated and a time-dependent unbinned max-
imum likelihood analysis, have previously been
published for the data collected between 2008
and 2015 (12, 18, 27). Here, we analyze the same
7-year data sample supplemented with additional
data collected from May 2015 until October 2017
(21). The data span 9.5 years and consist of six
distinct periods, corresponding to changing detec-
tor configurations, data-taking conditions, and
improved event selections (Table 1).
The northern sky, where TXS 0506+056 is

located, is observed through Earth by IceCube.
Approximately 70,000 neutrino-induced muon
tracks are recorded each year from this hemi-
sphere of the sky after passing the final event
selection criteria. Fewer than 1% of these events
originate from astrophysical neutrinos; the vast
majority are background events caused by neu-
trinos ofmedian energy ~1 TeV created in cosmic
ray interactions in the atmosphere over other
locations on Earth. However, for an astrophysical
muon-neutrino flux where the differential num-
ber of neutrinos with energy E scales as dN/dE ~
E–2, the distribution of muon energies is different
than for the background atmospheric neutrino
flux, which scales as ~E–3.7 (17). This allows for
further discriminating power in point source
searches besides directional-only excesses.
A high-significance point source detection

(12, 18) can require as few as two or three, or as
many as 30, signal events to stand out from the
background, depending on the energy spectrum
and the clustering of events in time. To search
for a neutrino signal at the coordinates of TXS
0506+056, we apply the standard time-integrated
analysis (28) and time-dependent analysis (29)
that have been used in past searches (12, 18, 27).
The time-integrated analysis uses an unbinned
maximum likelihood ratio method to search for
an excess number of events consistent with a
point source at a specified location, given the
angular distance and angular uncertainty of each
event. Energy information is included in the def-
inition of the likelihood, assuming a power-law
energy spectrum E–g , with the spectral index g
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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The list of author affiliations is available in the full
article online.
*The full lists of participating members for each
team and their affiliations are provided in the
supplementary materials.
†Email: analysis@icecube.wisc.edu
Cite this article as IceCube Collaboration et al.,
Science 361, eaat1378 (2018). DOI: 10.1126/
science.aat1378

Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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at http://dx.doi.
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Evidence for High-Energy 

Extraterrestrial Neutrinos at the 

IceCube Detector

IceCube Collaboration*

Introduction: Neutrino observations are a unique probe of the universe’s highest-energy phe-

nomena: Neutrinos are able to escape from dense astrophysical environments that photons cannot 

and are unambiguous tracers of cosmic ray acceleration. As protons and nuclei are accelerated, 

they interact with gas and background light near the source to produce subatomic particles such as 

charged pions and kaons, which then decay, emitting neutrinos. We report on results of an all-sky 

search for these neutrinos at energies above 30 TeV in the cubic kilometer Antarctic IceCube obser-

vatory between May 2010 and May 2012.

Methods: We have isolated a sample of neutrinos by rejecting background muons from cosmic ray 

showers in the atmosphere, selecting only those neutrino candidates that are fi rst observed in the 

detector interior rather than on the detector boundary. This search is primarily sensitive to neutri-

nos from all directions above 60 TeV, at which the lower-energy background atmospheric neutrinos 

become rare, with some sensitivity down to energies of 30 TeV. Penetrating muon backgrounds were 

evaluated using an in-data control sample, with atmospheric neutrino predictions based on theo-

retical modeling and extrapolation from previous lower-energy measurements.

Results: We observed 28 neutrino candidate events (two previously reported), substantially more 

than the 10.6  expected from atmospheric backgrounds, and ranging in energy from 30 to 1200 

TeV. With the current level of statistics, we did not observe signifi cant clustering of these events in 

time or space, preventing the identifi cation of their sources at this time.

Discussion: The data contain a mixture of neutrino fl avors compatible with fl avor equipartition, 

originate primarily from the Southern Hemisphere where high-energy neutrinos are not absorbed 

by Earth, and have a hard energy spectrum compat-

ible with that expected from cosmic ray accelerators. 

Within our present knowledge, the directions, ener-

gies, and topologies of these events are not compatible 

with expectations for terrestrial processes, deviating at 

the 4σ level from standard assumptions for the atmo-

spheric background. These properties, in particular 

the north-south asymmetry, generically disfavor any 

purely atmospheric explanation for the data. Although 

not compatible with an atmospheric explanation, the 

data do match expectations for an origin in uniden-

tifi ed high-energy galactic or extragalactic neutrino 

accelerators.

FIGURES IN THE FULL ARTICLE

Fig. 1. Drawing of the IceCube array.

Fig. 2. Distribution of best-fi t deposited 
energies and declinations.

Fig. 3. Coordinates of the fi rst detected light 
from each event in the fi nal sample.

Fig. 4. Distributions of the deposited energies 
and declination angles of the observed events 
compared to model predictions.

Fig. 5. Sky map in equatorial coordinates of 
the TS value from the maximum likelihood 
point source analysis.

Fig. 6. Distribution of deposited PMT charges 
(Qtot).

Fig. 7. Neutrino effective area and volume.

SUPPLEMENTARY MATERIALS

Materials and Methods

Event Displays 1 to 28

Neutrino Effective Areas

A 250 TeV neutrino interaction in IceCube. At the neutrino 

interaction point (bottom), a large particle shower is visible, 

with a muon produced in the interaction leaving up and to the 

left. The direction of the muon indicates the direction of the 

original neutrino.

READ THE FULL ARTICLE ONLINE
http://dx.doi.org/10.1126/science.1242856

Cite this article as IceCube Collaboration, 

Science 342, 1242856 (2013). 

DOI: 10.1126/science.1242856
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NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068
IceCube Collaboration*†

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 79þ22

"20
neutrinos at tera–electron volt energies, with a global significance of 4.2s, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an
order ofmagnitude higher than the upper limit on emissions of tera–electron volt gamma rays from this source.

O
bservations of high-energy cosmic rays
(protons and atomic nuclei from space),
up to 1019 to 1020 eV (1–3), have demon-
strated that powerful cosmic particle
accelerators must exist, but their nature

and location remain unknown. Interstellarmag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera–electron volt cos-
mic accelerators.
Active galaxies, those that host an active ga-

lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line

of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).
The IceCube Neutrino Observatory (15) is

based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km3 of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Themeasured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta–electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20–22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3s (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9s, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13May 2011 and 29May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018.We only used
the full detector data because our methods de-
pendonuniformly processeddata. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions
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*Corresponding authors: analysis@icecube.wisc.edu; F. Halzen
(francis.halzen@icecube.wisc.edu)
†IceCube Collaboration authors and affiliations are listed in the
supplementary materials.

Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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• Double-cascade


•  CC vertex


•  decay vertex
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• Lower energy threshold

• Better precision from 

the improved calibration

48

IceCubeIceCube-Upgrade IceCube-Gen2

0.1 TeV - 100 PeV
(best) directional: < 1 ,  energy: 15%∘Better precision

Higher energy

• Higher energy limit

• More neutrino events from 

the larger effective volume
New goals

“Identifying more astrophysical neutrino sources”

“More events from neutrino multi-messenger astronomy”

“Advanced understanding on cosmic accelerators”
“Advanced understanding on Antarctic glacier”

“Progresses on scientific researches”

and more…
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• Seven new strings: densely instrumented in the centre of active volume of the 
IceCube detector


• To enhance the capability to detect neutrinos in the GeV range for the 
measurement of the unitarity of the PMNS matrix


• To reduce ice properties related systematic uncertainties in the IceCube analyses 
by re-calibration of the IceCube detector


• Newly developed optical sensors with new calibration devices 49

mDOM D-Egg

PoS(ICRC2019)1031, PoS(ICRC2021)1042, PoS(ICRC2021)1070

IceCube-Upgrade
- 7 new strings
- 20 m inter-string distance
- 3 m inter-module distance
- Novel optical modules
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IceCube
- 86 strings
- 125 m inter-string distance
- 60 OMs per string
- 1 km3 volume

Gen2
- 120 new strings
- 240 m inter-string distance
- 80 OMs per string
- 8 km3 volume

Gen2 Optical Module candidates  
(left: 16 PMT option, right: 18 PMT option)

J. Phys. G 48 060501
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