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Multi-messenger observations of the Cosmos

v

gammas (z<1)

protons E<10¥ eV

- - = Cosmic
- accelerator
photons: Absorbed by dust and radlaﬁon (pa1r creatlon-on CMB)

protbns/nuclei:
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Which neutrinos?

I Neutrino arise mostly from:
B decays produce anti-neutrinos: n — p + ¢ + ve ;

Occurring in neutron rich environment, i.e. from
heavy elements (nuclear fission — nuclear
reactors)

B decays produce neutrinos: p — n + e* + v,
Occurring in proton rich environment, 1.e. nuclear
fusion (stars) pr

. Thermal emlssmn produce both neutrmos and -

“anti- neutrmos in-same quantltla T, g e el y
T Y2 Ve SV :

Occurring in hot & very dense environment, 1.c.
supernova explosion -

| + A Hadronig/interaction, leadmg to i productlon and
subseque_nt decay, e.g. atmospheric I_showers
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Hamiltonian
Flavour

Oscillation probabilities for an initial e

Electron




Supernova Explosion

Earth

Reactors

Supernova Remnants

Atmospheric

Neutrino Energy (e




Interaction of neutrinos

JWeak interaction (neutral & charged currents)

dDetection of /neutron capture/change of
chemical composition




Low energy (MeV — GeV) Neutrinos

dCherenkov emission of lepton
(SNO, Kamiokande)

dScintillation of lepton
(KamLAND, Borexino)

I Neutron capture (favoured by
Boron, Gadolinium, ...) (SNO,
Kamiokande)

JHeavy water D2O- sometimes used
-torlimit neutron captyte = ;- o w—
JPhysics:
U Solar & Reactor neutrinos _
U Neutrino OQscillations
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x?/d.o.f. = 172.3/147

pp v: 144 + 13 (free) 210pg: 583 + 2 (free)

"Be v: 46.2 + 2.1 (constrained) 14C: 39.8 + 0.9 (constrained)

pep v: 2.8 (fixed) - Pile-up: 321 £ 7 (constrained)
- CNO v: 5.36 (fixed) 210B;: 27 + 8 (free)

214pp: 0.06 (fixed) 85Kr: 1 = 9 (free)
Borexino Detector
- Stainless Steel Sphere
Hylon Outer Vessel
Hylon Inner Wesse
Fiducial woluma

Synthetic
pile-up
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Solar Neutrinos

ptp—H+e v, | (V.-pp) B—i—e'—l—p—>2H—|—ve

\

99.6 %

85 %

<E>=027MeV 7

‘H+p—°He+ vy

0
04% (v, -pep)
E, = 1.44 MeV
2.10° %

‘He +°He — “He + 2p | 15% ‘He +p—“He+e" +v,

ppl loss~2%

99.87 % /

°"He - “He — /Be +y

(v.-™Be) |'Be +e — 'L1+v,

(v, - hep)
E,=9.63 MeV

\ 0.13 %

'‘Be +p—>°*B+y

E, = 0.39, 0.86 Me)

'

1 +p— 2 “*He

pp 11 loss 4%

. (v.- *B)

‘B — 8]?e+ e'+v

<E> = 6.74 MeV

sBe — 2 “He

Total loss 2.3 %
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Neutrinos from Supernovae

Proto EN dDensity p ~ 10" g /cm?

dCoherent Scattering of
neutrinos:
A~ 1/p6 ~300 cm
d Diffusion time t ~ 1s
d Collapse time T~ 0,1 s
4 Neutrinos are dynamically
trapped . =

o 4 ¥, B

JBurst of reutrinos during the
«explosion '« s
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Neutrinos from Supernovae

dLarge uncertainties in estimations

d Around 10% erg in neutrinos

Prompt v,
deleptonization
burst
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Neutrlnos from Supernovae

® Kam fl :,_‘H evis.)
o IMB-3 (8 evis.)
A Baksan (5 evis.]
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Neutrino V|S|ble
O Confirmation-of-SN:explosion mechanism; 105 crg (99% neutrinos,
<E>~10MeV, optical precurspt, M) J 3

JIimits on'the physics of neutrinos (mass, maghietic moment, life-
trme,* 4)

J'Confirmation of Shapiro effect (gravitational'time delay)

L 'Waiting for'next nearby (but not too close!) supernova
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400 |-Sub-GeV e-like Sub-GeV p-like

1thout oscillatio
1th oscillation

number of events

Multi-GeV e-like Multi-GeV p-like + PG
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High Energy Neutrinos

 Atmospheric neutrinos
 Neutrinos produced in hadronic
showers

J Ratio vu/ve ~2

4 Astrophysical neutrinos
(AGN, GRB;SNRS! .5

Mathieu de INaurois
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(electron) v V {muon-neutrino)
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Detection principle

Atmospheric
Neutrinos
3000 per yr

N ]

.......

; & W,
Atmospheric
muons

-y
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IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

1450 m

Digital Optical
Module (DOM) 2450 m

5,160 DOMs
deployed in the ice

Ice Cube

86 strings of DOMs,
set 125 meters apart

Amundsen-Scott South
Pole Station, Antarctica

A National Science Foundation-
managed research facility:

T

60 DOMs
oh each
string




Signatures

d“Track” events
dOnly v,

4 Good angular resolution (< 1°)
., Neutrino astronomy
 Vertex outside detector
— Bad energy resolution

B hiWem ini L

d All flavours.(e scatterlng)

J'Bad angular resolutlon (~10°_)
. 4/ But fully calorimettic - i 4 o B
“ - Energy Resolutlon ~ 15%

Mathieu de Naurois” | \ USP V]][—Mai



- & Showers —e—

~ Tracks —>—
> 0

h‘gggﬁube Preliminary

- 56‘0,.‘0 .
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Declination (degrees)

DOWNGOING

First astrophysical signal!

10°
Background Atmospheric Muon Flux

Bkg. Atmospheric Neulrinos (2/K)

Background Stalt. and Syst. Uncertainties

Atmospheric Neutrinos (Benchimark Charm Flux)

Atmospheric Neultrinos (90% CL Charm Limit)

Signal +Bkg. Best-Fit Astrophysical £ Spectrum
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Conventional atmospheric m—
Promgt atmospheric n—
E“ astrophysical =
Sum of predictions
Experimental data e

Muon Energy Proxy (GeV)



céumulated since
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IceCube, 2021
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Through-going tracks (>200 TeV) Cascades

Starting tracks

Equatorial
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WISE
UVOT+X-5HOOTER
XRT+NuSTAR TXS 0506+056 (z = 0.3365) +

F':I!.]llli.-:!-d‘.T IC170922A
MAGIC
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v Optical

A

logi10(Counts)

Predicted n® Northern Sky Northern Sky

ght
[sr71]

Southern Sky Southern Sky

'a
=
5

—
"
I

v Analysisi Expectation

Weight [sr

Galactic Coord.

Significance ©
[o]

0-
Galactic Longitude [/]
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lceCube HESE alerts
iceCube EHE alerts
IceCube GOLD alerts
kceCube BRONZE alerts

V1 (0.12 per week)

60 mmm V2 (0.47 per week)

e Alerts
N
o

\

GCN/AMON No!

IceCube Realtim




The Future — IceCube-Gen2

v Gen2-Radio IceCube-Gen?2 ® IceCube gk IceCube Upgrade

I Multiscale detéetor from 10° 10 1220 Y ERU

JIceCube-Gen2 planed ¢onstriiction:
2024.=:2032

d Expected ~ 10x in'the number of sources
A First phase funded.

.
L

starburslgl‘agles

A
rad io\l\o ud AGN

N\ BLlac

b \
N %
h
N

effective local density pes [Gpc™3]

IceCube A
IceCube-Gen2 N
L ._._.:B_.?.'n......___._|.__...
10% 10% 10* 10* 10% 10% 10% 10% 10% 10%

effective neutrino luminosity L,[erg/ s]
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Mode-Cleaner
d’entrée

Cavité Fabry-Perot

LASER Modulation L=23km, F=50
Nd:YAG  en phase

A=1,064 um
P,=20 W

Mode-Cleaner
de sortie

Démodulation C\

Photodiodes
de détection (InAsGa)




First Detection — September 14™ 2015

J Announced February 11% 2016
JSecond detection announced June 15%, 2016
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Final O3B Mass Plot
Masses In the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars

N
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Solar I\/IHasses
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e
GW190425, second binary NS merger

LIGO Vlrgo KAGRA | Aaron GeIIer | Northwestern

17 yaerd "3 T i
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Relﬁ;ased November 7,2021
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Normalized amplitude
2

J

J

I First ever electromagnetic

Time (seconds)

(:()1111tf§f1)211ft L1177 77 7077777077777 7777777777777 777777777707777777777777777777777777
TITLE: GCN/FERMI NOTICE NOTICE_DATE: Thu 17 Aug 17 12:41:20
NOTICE_TYPE: Fermi-GBM Alert RECORD_NUM: 1
D TRIGGER_NUM: 524666471
GRB_DATE: 17982 TJD; 229 DOY; 17/08/17
GRB_TIME: 45666.47 SOD {12:41:06.47} UT
TRIGGER_SIGNIEF: 4.8 [sigma]
TRIGGER_DUR: 0.256 [sec]
D E_RANGE: 3-4 [chan] 47-291 [keV]

COMMENTS : Fermi-GBM Trigger Alert.

COMMENTS : This tr igg GLAST Durat Monltor — Trigger GEA0GE47L — ROL7, ang 17, IHA106.47 UT
1 Toct Varntern 17

jom. 1.7; GLAST_E017PE8_ 124111 ¥ CR8_GTRIG.0AQ

[deg] . COMMENTS : T
after the trigger.
[I17107 770777777 77777777777

Count rate (counts/sec)
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Heavy Elements

Big Dying Exploding Human synthesis
. low-mass massive No stable isotopes
“ fusion stars stars

Cosmic Merging Exploding
ray neutron white
fission stars dwarfs

e
" |58 60 61 63 64 65 66 67 68 69 70 71
el v i s
89 90 92 93 94 95 96 97 98 99 100 | 101 | 102 | 103
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Gravitational waves
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