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Exploring the universe through different messengers can
expose new astrophysical processes
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Neutrlnos In TeV-scale multi-messenger astrophysics
AGN, TDE, \

SNR...7 _/‘ € Challenges:
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Some neutrino source candidates

Steady, Time-Independent Transient, Time-Dependent
Pulsar Wind Nebulae Microquasars

Supernova Remnants Tidal disruption events (TDE)
Core-collapse supernovae
Pulsar Wind Nebulae?

i, O

Active Galactic Nuclei AGN flares
Starburst Galaxies Kilonovas
Gl Gamma ray bursts (GRB)
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Detecting neutrinos with Cherenkov light

Want to detect TeV-PeV neutrinos from
astrophysical sources

Use naturally occurring water/ice to build
cubic-kilometer detector arrays

50m

1450 m

2450 m
2820 m

IceCube Lab

IceTop

/ 81 Stations

324 optical sensors

IceCube Array

86 strings

including 8 DeepCore strings
5160 optical sensors

DeepCore

8 strings-spacing optimized
for lower energies

480 optical sensors
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Eiffel Tower
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lceCube science covers a broad range of physics topics
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.92.045006

Main TeV particle morphology classifications within lceCube

Muon Track Electromagnetic/Hadronic Cascade
Angular Resolution: 0.6° Angular Resolution: 5°-15°
Log Energy Resolution: 20% of muon Log Energy Resolution: 15% of neutrino
energy at detector entry energy
Atmospheric muons, charged current v, Neutral current v, charged current v_ and
and v_(T — Y +V’s) v_ (Tt — e/hadrons + v’s)
0 1 2 r
F

j time (us)
t

Dust layer
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e Through-going Cascade positional subclasses:
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Atmospheric background dominates astrophysical signal
/

For a 1 km?® detector

Atmospheric Muons 3000 per second
Atmospheric Neutrinos | ~1 per second

Astrophysical Neutrinos | ~1 per day

Muons from cosmic-ray air showers can
penetrate several kilometers underground

Atmospheric Muon
= = = = Atmospheric Neutrino
= = = Astrophysical Neutrino
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Techniques to remove atmospheric background
/

Use the earth as a muon veto
Select all earth-through-going events
Select high-energy southern sky events

Atmospheric backgrounds still exist on
order of 1000x signal rate

Keep
Reject

Atmospheric Muon
— = = = Atmospheric Neutrino

INFN = = = Astrophysical Neutrino
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Techniques to distinguish astrophysical neutrino signatures

—— Atmospheric Back ground —— Atmospheric Back ground

I Astrophysical Signal - Astrophysical Signal
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.92.045006

Example of techniques: NGC 1068
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[ IceCube (this work)
Theoretical ¥ model (44,45)
Theoretical v model (46)

{  Electromagnetic observations (26)
+ 0.1 to 100 GeV gamma-rays (41,42)
> 200 GeV gamma-rays (43)

NGC 1068
neutrinos
RS
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6619 (2022)

NGC 1068 part of a GeV gamma-ray bright catalog
Check for neutrino excesses around locations of sources in the catalog

lceCube observes neutrino emission from NGC 1068 with global significance of 4.20
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https://www.science.org/stoken/author-tokens/ST-839/full
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Using realtime neutrino alerts to find astrophysical sources

( T ient/Flari S A Add time component to analyses to look
ransien aring sources I for time-dependent neutrino emission

—— Atmospheric Back ground I

lceCube: near 100% uptime and view of
full sky

Astrophysical Signal

Send neutrino targets of opportunity to

telescopes
Tested in the case of TXS 0506+056
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IceCube, et. al,
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https://www.science.org/doi/10.1126/science.aat1378
https://www.science.org/doi/10.1126/science.aat1378
https://www.science.org/doi/10.1126/science.aat1378

Gamma-ray detector technologies
Satellite
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https://discover.lanl.gov/news/0330-hawc/
https://fermi.gsfc.nasa.gov/
https://magic.mpp.mpg.de/
http://dx.doi.org/10.1088/1742-6596/1468/1/012096

First example of neutrinos in MMA: TXS 0506+056

Follow-up detections of IC170922 based on public telegrams

o
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DOI: 10.1126/science.aat2890 16



https://doi.org/10.1126/science.aat2890

First example of neutrinos in MMA: TXS 0506+056

DOI: 10.1126/science.aat1378

(2017) high energy neutrino

original GCN Notice Fri 22 Sep 17 20:55:13 UT
m  refined best-fit direction IC170922A
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https://doi.org/10.1126/science.aat1378
https://doi.org/10.1126/science.aat2890

Timeline of IceCube’s realtime alerts

I I I I | I I I I I I

Supernova DAQ

I I I | | | | | I | [ Event Clusters
Gamma-ray Follow-up (GFU) GFU-cluster Alerts v2

| | | |
Optical Follow-up (OFU) >
Gold/Bronze High-energy Track Alerts >
| | | | | Single Events
High-energy Cascade Alerts
Fast Response Analysis > Follow-up to
| | | | | | | | External Triggers
Gravitational Wave Follow-up
I I I I | I ! I !

2008 ... 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025



Overview of the IceCube realtime stream infrastructure

39 s to receive full GFU event data

Via Iridium Satellite
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Gamma-ray Follow-Up (GFU) cluster alerts

1C40 1C59 1C79 1C86a IC86b 1C86¢
L 'l L L L
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Approach: Identify potential neutrino flares in realtime using multiple events

Advantages over single events:
e Biased towards closer sources
e More time window information
e Ability to trigger with <100 TeV events
e Better directional resolution from multiple events (~0.2°)

Challenges:
e Large number of trials performed
e Source-list mode: need to bet on the right sources
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How the GFU-cluster algorithm works

A
5 Incoming events in region of source
= O location trigger the analysis pipeline
-
g Likelihood is maximized using all data
Back d . . — . .
. — .Nac > e Likelihood maximization estimates:
Right Ascension ewest=ven _
e number of signal events
Tested Time Windows PY Spectral |ndex
29 1% = e start time of flare candidate
-gg Trigger
%E 101 Threshold Events Analysis-Triggering
5; ~ Event(t)
UL g L
| | || I ‘I |
-175 -150 -125 -100 -75 =50 =25

Relative Time (Days)
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Current GFU-cluster alert algorithm

‘ Best fit
® o [
E Incoming
Q o GFU
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Tested Time Windows
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& & )
L | 1
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Compare TS from likelihood to
background TS distributions

Each analysis-triggering event
results in a pre-trial p-value

Alert sent if passes a pre-trial
significance threshold

Current: Alerts sent under MoU to
partner telescopes

Analysis-Triggering
Event (t,)

Relative Time (Days)

Near source
hypothesis
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Single example of a simulated source significance curve

SIM XXXX+056

Alerts (Low)
= Alerts (Med)

<. Alerts (High)
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Best-fit Flare Duration (Days)
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Injected source:

e 5 signal events
e 50 day flare duration
[ y = —2

Each point includes data from
previous 180 days

Not a light curve, adjacent points
use overlapping data

Significance decays over time as
no new signal
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GFU Source list vs. Allsky alerts

GFU alert stream has two different modes:
Source list and Allsky

Send out alerts if trigger passes p-value
threshold

Source list alerts automatically shared
under MoU with IACTs

Allsky alerts shared with human in the loop

Source list alerts (model dependent)
- Test location of nearby AGN that are
highly variable in gamma-rays
- Pro: reduces trials factor
- Con: relies on model assumptions
- Con:z <1 bias

Background Alert Rate (yr1)

104?
103€

1025

1005

10_1€

101?

IceCube Preliminary = All-sky Scan
== MAGIC
------ VERITAS
My o, H.E.S.S.
&.“ .
k,\' Single Source
N (6=0°)

All-sky
Alerts

N

23

lo 20 30 40 50
Pre-trial Significance Threshold

Allsky alerts (model independent)

Test pixels around incoming events
Pro: can identify previously
unknown/unexpected sources
Con: large number of trials
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Example of IACT follow-up: VERITAS and B3 2447+381

. Blazar B3 2447+381
Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov (A)": 10 MAGIC detectiol Neutrino Excess “+  VERITAS: E > 200 GeV +  MAGIC: E > 200 GeV
S N ool s s S e IACT y-rays
| & ) ° ! 1
., jlceCube GFU-cluster Alerts S @ o 5 e AL
L e o i :
M—N 10_2 —(;j (B)—‘4 + Fermi-LAT (100 MeV - 300 GeV)
Qo Ee Alert Threshold 2 7, . t
- e Triggers Not a Iight-curve! 10~ 5752 _ + Fermi-LAT y-rays
i O Aerts 5 N , .
0o : : : ! I ] ] 10° 21 'H““ +'f“;‘+" A o T 413‘ % { ol T K
59550 59600 59650 59700 59750 59800 59850 o - e - - oz LT SR ese B
MJD (C):.,,4 \ .+ Swift XRT(0.3-10keV) | NuSTAR x10 (3-12.5 keV)
5 Swift XRT/NuSTAR x-rays
IACT can request a more complete report for ‘ :
GFU-cluster alerts
o T T ~ Optical
IACT analysers look at multiwavelength (MW) . o1 oz R
. . . s L2 . -
data for more evidence of transient activity
& ;: ¢+ ATLAS + ASAS-SNg ASAS-SN V Optical
VERITAS sends ToO to NuSTAR (hard X-ray)
for further follow-up P —— 11 ]
& & &° & < o?\'MJD - ;f]’

DOI: 10.3847/1538-4357/adb30c
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https://iopscience.iop.org/article/10.3847/1538-4357/adb30c

Example of IACT follow-up: H.E.S.S. and 1ES 1312-423

1ES 1312-423

107°
! GFU-cluster alert from direction of 1ES
10710 _ .
T 1312-423 in 2019
10w — H.E.S.S. 40 observation can be compared
o I to archival analysis
IE 10—12 - L
o
2 o Archival H.E.S.S. X
T nessos measurement
041 Gemraote o | Besides TXS 0506+056, no TeV y-ray flares
. PermiLAT ULs 2019 H.E.S.S. measurement identified by follow-ups of neutrino alerts
B | rgliot s | at time of alert
o Swift-UVOT UVM2 2011
10-1 10! 10 10° 107 10°
Energy (keV) ICRC(2023)1501

CiNen 26


https://pos.sissa.it/444/1501/
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Current work: new public GFU-cluster alerts

Physics:

e Expand focus beyond just TeV gamma-rays

e Update source-lists with improving
understanding of potential source classes

e Automatically provide updates on source
status to communicate if still interesting

Other:

e Shift towards more public sharing of data
e Increase ease in publishing follow-up papers
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[E IceCube (this work) {  Electromagnetic observations (26)
Theoretical v model (44,45) -+ 0.1 to 100 GeV gamma-rays (41,42)
Theoretical v model (46) > 200 GeV gamma-rays (43)

NGC 1068 N DOI: 10.1126/science.abg3395
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https://pos.sissa.it/444/1501/
https://doi.org/10.1126/science.abg3395

Proposed public alerts distribution

1
—— New Source List (May 7th)
Low Threshold
------- Med Threshold
------- High Threshold
------ Single Source +30°
----- Single Source 0°
Single Source -30°

103_
. GCN Update

Alert Threshold High o +ROC (GCN Circular) .. & 102k

""""""""""""""""""""""""""""""""""" 10 lceCube
I |G ki > Preliminary
> H =
8| lert Threshold Medium R 3
3 &£ 1ot
[
S GCN Notice GCN Notice ot e—
£ | Alert Threshold Low v -
S <
® ACTIVE ALERT ACTIVE ALERT @ 10% =
T Cluster Candidates @ o @ = .
= w ™
b @ ) S
o . . 107 "’%

*,
*\
Analysis-Triggering Event Time (t,) , ‘ % , 3\—>
1o 20 30 40 50

Pre-trial Significance Threshold
NASA GCN: Multi-threshold system to provide False alarm rate calculated by running
updates on interesting activity simulations of 1 year of scrambled data

FlareWatch Website: Provide updates on Proposed thresholds:
sources without notifications

® 0,.= 3.000, ~20 bkg alerts per year
e o =3.750, ~1bkg alert per year

P

® O,.= 4.500, ~0.05 bkg alerts per year
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https://gcn.nasa.gov/

Neutrino FlareWatch website - archival alerts page

¢ Alerts ¥ [i] Support

IceCube Preliminary

Realtime Gamma-Ray Follow-Up — Archival Alerts

This page provides a table of historical events detected by the IceCube Neutrino Observatory, featuring events from the past year where the significance initially
exceeded 3 sigma but has since dropped below this threshold. These events highlight some of the most significant detections in IceCube's history.

For additional information about these events or the IceCube project, please visit our support page.

Search:
Source name :;z;; . :;egl; i ziuar;;;on (LS_:_?; eventdme v Signal events Spectral index :::;::I Level
SIM XXXX+056 77.36 5.69 171.16 2017/11/17 21:57:54 19.99 -3.12 0.00093
SIM XXXX+056 77.36 5.69 135.11 2017/09/22 20:54:30 17.82 -3.05 0.0007
SIM XXXX+056 77.36 5.69 176.74 2017/08/28 07:04:56 21.13 -3.08 0.00087
SIM XXXX+056 77.36 5.69 127.84 2014/12/21 19:47:11 6.53 -2.14 0.000082
SIM XXXX+056 77.36 5.69 43.07 2014/09/28 01:19:02 8.06 -2.25 0.0000063
SIM XXXX+056 77.36 5.69 0.57 2014/08/16 13:22:25 135 -1.40 0.0011

Showing 1 to 6 of 6 entries Previous 1 Next

W Low Threshold (20 bkg per year)

W W Medium Threshold (1 bkg per year)
¥ % W High Threshold (0.05 bkg per year)

30



Neutrino FlareWatch website - source detail page

& Go back

¥ Alerts ¥ [i] Support

IceCube Preliminary

SIM XXXX+056 simsad

Name SIM XXXX+056

Other associations Simulated Source with 50 Day Flare Injected
Right ascension 77.36°

Declination 5.69°

Significance curve

Alert history

Significance Curve

.Source-list alerts
live by end of 2025

Low threshold — — Medium threshold — — High threshold () Significance peak
180
: ® ~
10> =
° )
« o, =
@ VL o =
= b ALY B g
3 a® o, =
& ‘o, o 3
e L N A RS S s o D W oof® cog @
‘d)‘ =
A e o =
[ o % 1 s
e ® 7
° e &
° o,
1073 0® ®e0o® can®® .
0.1
Aug 10 Aug 24 Sep7 Sep 21 oct5 oct 19 Nov 2 Nov 16 Nov 30 Dec 14 Dec 28
2014

Time of trigger event
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Future work: Flare searches using multiple instruments

10* 3 JceCube Preliminary == All-sky Scan @ 1xs 0506+036 N v KM3NeT
— 3 o NGC 1068 H PONE B Baikal-GVD
7 1 == MAGIC -@:- Galactic center/plane
S 1004 ONL VERITAS
o Py, H.E.S.S.
© 1 %"' Single Source
< 102 S, Al
() ]
&' ]
- 10!+
C ]
8 ] All-sky
a 0 1 Alerts
g 1074 % 1
() ] 1
g X
% .
RS g
T T T T T tf‘ = -
lo 20 30 40 50 =T
Pre-trial Significance Threshold https://doi.org/10.3390/universe 10020053

Flaring/Transient sources must be bright to be seen over atmospheric background
Combining with multiple instruments can increase number of signal events
More instruments also improves sensitivity to different regions of the sky

First steps: begin combining IceCube and KM3NeT data in realtime

@EM 32


https://doi.org/10.3390/universe10020053

Conclusions

GCN Update
Alert Threshold High O

OGCN Update

T
0 .
8| Alert Threshold Medium HROG(GENCIoual)
§ ______________________________________________________________________________
8 GCN Notice GCN Notice
= [ Alert Threshold Lowv
% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
n ACTIVE ALERT ACTIVE ALERT
® Cluster Candidates @ o )
=
o ® [
ol ©® )
Analysis-Triggering Event Time (t,)
0 TXS 0506+056 B IceCube KM3NeT
0 NGC 1068 l PONE B Baikal-GVD

-@:- Galactic center/plane

—

P-ONE Collaboration

DOI: 10.3390/universe10020053
IN m\g

lceCube looks for astrophysical neutrino
signatures in realtime

GFU-cluster alerts check incoming data for
quick evaluation of neutrino flare candidates

Public GFU-cluster alerts by end of 2025

Neutrino FlareWatch website will provide
updates on active sources

Future outlook: cluster alerts using multiple
neutrino telescopes
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https://doi.org/10.3390/universe10020053

Backup
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Neutrino Interactions
V. W VY

Cannot observe neutrinos directly )
g :eeuctt:i:'; ngt‘::?i:o nEIt.l::’lan
Instead observe the outgoing charged particles from %
weak neutrino interactions - e ‘ll I‘
At IceCube energies, most interactions DIS
electron muon tau
—= V g
I/l l [ [~ or VI
W
n pr
: > : > >
time time time

(NFNCharged Current (CC) Neutral Current (NC)  Deep Inelastic Scattering (DIS)
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Some subclasses of TeV particle morphologies within lceCube

time (us)

Dust layer

l {

Starting Track Double Cascade (simulated)
Angular Resolution: 1 5° v_ (t — e/hadrons + V’s)
Log Energy Resolution: .3 x log(E ) Must be high energy to see tau track
Charged current v, and v_(T — p +V’s) At lower energies look for double pulse
@EN structure in PMT waveform

DOVA

99.3 PeV v_
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Limitations of gamma-ray astronomy
Gamma rays attenuated by CMB and other background light in the TeV energy ranges

Gamma rays also produced by cosmic ray electron acceleration (leptonic acceleration)
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cosmological max of star formation
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nearest galaxy

galactic centre

10¢

neutrinos cosmic-rays

opaque to photons;
transparent to neutrinos
and gravitational waves

gravitational waves—ripples in space-time
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DOI: 10.1088/978-0-7503-1369-8


https://ui.adsabs.harvard.edu/link_gateway/2017muas.book.....B/doi:10.1088/978-0-7503-1369-8

Time-dependent Likelihood Approach

Azimuthal term for

Fitted parameters ¥ €lto,t1] U,'glform Iime EDF Sﬁ‘frt time-windows
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GFU Event Sample Properties

C v, vy C25 v, e GLE Ve LT Ve

IceCube Preliminary
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Gamma-ray Follow-Up (GFU) event sample covers full-sky
Harsh energy requirements in southern sky to remove cosmic-ray background
Earth absorption effect seen in northern sky for high energy events
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The next generation of lceCube: the IceCube Upgrade

v lceCube-Gen2 Radio
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IceCube Upgrade (deployment 2025/26)

e Denser instrumentation

e Lower minimum energy (~1 GeV)

Goals:
e R&D for IceCube-Gen2

e Calibration of detector systematics

e Oscillation physics
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https://pos.sissa.it/444/1036/pdf
https://pos.sissa.it/444/1183/pdf

The next generation of lceCube: IceCube-Gen2

" ® IceCube
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Increase effective volume to 8 km®
Increase upper energy threshold

Improve sensitivity to astrophysical
neutrino sources by factor of ~5
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Flavor ratio at source
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https://icecube-gen2.wisc.edu/science/publications/tdr/

