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Astrophysics of Neutrino Detectors

Nuclear Reaeors ceCube

- S —p—

MeV GeV TeV PeV EeV Energy
(108 eV) (109 eV) (1012 eV) (1015 eV) (1018 eV)

Galactic Core-Collapse SNe: 1-100 MeV

SNEWS: Super-K, Hyper-K, IceCube, Kamland, HALO, CEVNS, SNO+, nEXO, ...
any v detector worth its salt

Diffuse v flux from cosmological core-collapse SNe: 10 — 100 MeV
Super-K, Gd-loaded Super-K, Hyper-K

Very-High Energy Astrophysical v: 10 TeV — 10 PeV

IceCube, KM3Net

Cosmogenic (GZK) neutrinos 10 PeV — 1 EeV
ARA, ARIANNA, RNO, TRINITY, GRAND, Gen2-Radio

|. Taboada | Georgia Inst. of Tech. 3



IceCube: An Ice-Cherenkov v Detector

IceCube Lab

. e S IceTo
e TR - ST S 81 Stations, each with
50m[— 7 -

— S s S e S 2 IceTop Cherenkov detector tanks
e i) AN R 2 optical sensors per tank
324 optical sensors

IceCube Array

|
|
|
‘ | 86 strings including 8 DeepCore strings
l 3 60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings
1450 m

DeepCore

/8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
2 |324m

2450 m
2820 m

4T
coverage (*)

>99%
uptime

I. Taboada | Georgia Inst. of Tech.



Signals at IceCube

tracks cascades / showers
“Traditional v astro channel” Ang. uncert: =3-10°

Ang. uncert: = 0.5 -1.0° Good energy estimate

3 4
] v 8
3
“L 4
- : g
‘E‘.' | g ? % v .
v, CC (dominant) All other CC/NC/Glashow v
v, CC; T decaying into u (minor) interaction (*)

Astro : Atm v : Atm
1:103%:10°

(*) Actually, v, interactions may have complicated topologies

|. Taboada | Georgia Inst. of Tech.
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The Diffuse Neutrino Background

: : high-energy .
isotropic y-ray o ultra-high energy
. neutrmos - D

background W COSMIC rays
(flavor-average) S ’

proton (E—2 "

-
S
-~
- -
e

-
—
—
-~ -
-~

y-rays from
" decay

10 100 102 10* 10° 10 107 10% 107 101 10U
energy E [GeV]
Ahlers, Halzen. PPNP 102 (2018) 73

Neutrino sources are thin
HE y-rays / v from &t decay

|. Taboada | Georgia Inst. of Tech.



Measuring the diffuse neutrino background

HESE Cascades Tracks

4T sr. 4T sr. ~2m sr. (0 -5° to 90°)
All v flavors All v flavors Mostly v,

(un-equal mix) (also un-equal mix)

E>60TeV E>20TeV E > 100 TeV
Deposited energy is Deposited energy is Angular resolution:
well correlated with v well correlated withv  1.0°to0 0.1°

energy energy

7.5 years of data 4 years of data 9.5 years of data
PoS(ICRC2019)1004 PoS(ICRC2017)968 PoS(ICRC2019)1017

(*) We have more methods — the message will not change


https://pos.sissa.it/301/968/pdf
https://pos.sissa.it/358/1017/
https://pos.sissa.it/358/1004/

/10718 GeV lem 25 ler!

astroph.
@100TeV

D

Diffuse neutrino background

35— IceCube Preliminary EESS(]IEC(IZ%O?SI)I{(S}SZ)
0
3.0 - Cascades (4y Full-sky)
7 PoS(ICRC2017)968
. Through-going Muon-Neutrinos
AN —-= (9.5y Northern-hemisphere)
2.0 - RN YN PoS(ICRC2019)1017
,/ . 7\ \\‘ \\

15 — //:,, \‘l}f N

/ / \\//)f_-/ )
10— & Lt VL

I I I I
2.0 2.2 24 2.6 2.8 3.0 3.2 34

Spectral Index -y

At face value tracks favor thin sources; cascades and HESE opaque sources.
But > 100 TeV data is consistent among all channels.

A spectral breaks at 100 TeV (or other spectral options) is possible, but
there’s no clear evidence for this.

|. Taboada | Georgia Inst. of Tech. 8



What are the sources?

Isotropic v distribution is consistent with a diffuse flux
Event flavor consistent with oscillations over astrophysical scale

Point sources: No — but see ahead.

Follow up by multiple instruments: TXS 0506+056 — see ahead.
GRBs (prompt < 1-3%): No  ApiL824 (2016) 2

Any short (<100 s) transients: Probably not prL122 (2019) 051102
Galactic plane: No  Ap1849(2017) 67

Many other usual suspects have been excluded ...

|. Taboada | Georgia Inst. of Tech.



10-year Time Integrated Point Source Searches

1o

60 = =
4)/) S s e Northern sky hottest
)y T R R B e S \\ spot (8>-5°)
15 4 (s e a0\ p-value: 0.099
0 ( o A Ve P Oﬁ/yz -3.4 n,=61.5
-15 1\, R - : A v
_3(’)\\’ S SVl A L // |
P : _ | NGc1oes  |f

Southern sky hottest spot
RA: 350.2°, 0=-56.5° (0>-5°)
p-value: 0.75

Source list: NGC 1068: 2.9 ¢ %7 Right Ascension
Binomial search. 4 sources (NGC 1068, TXS 0506+056,
PKS 1424+240, GB6 J1542+6129):3.3 ¢

|. Taboada | Georgia Inst. of Tech. 10
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10-year Time Integrated Point Source Searches

, )
60 == oomme——

Northern sky hottest

30 A
_ ’ / - ANTARES E~-2 Sensit. ==« 90% Sensit. E-*
1 | 107" ——. ANTARES E-3 Sensit. —— 50 Disc. Pot. E-3
0 fualse "‘l‘— - === 90% Sensit. E2
-15 1\ o 107 —— 50 Disc. Pot. E*
-30 N0 la - v 90% Upper Limits £-2
-45 ,_l,U 10~ 90% Upper Limits £~
% l(]_m‘___________.-—————— == e
Southerr] . O
. N —11 L A vv: MR % Y v
RA: 350.13 = 10 4 ke .
o . -ty .
=5 T e —— L Y N
p-value: |>< ~n el N I
T Ry | |
"w 'J - l—" . l‘iali'
X AN T
Sourceliy 103 , - ~ |
) ) —1.0 —0.5 0.0 0.5 1.0
B |
INOMIa Sln(é)

PKS 1424-1-sz12-3, 575

|. Taboada | Georgia Inst. of Tech.
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Star-burst galaxy and

NGC 1068

Seyfert Il. 14 Mpc

| IceCube v, + 7, Best Fit
10-10. mm——— Lamastra et al. 2016:y
-0 E RETTTTTY Lamastra et al. 2016:v,
| 4
R ] === HES.S. upper limit (4hr)
IE @ Fermi-LAT (7.5yrs)
© 107"{ Hd  MAGIC upper limit (125hr)
>® b
=
% 1072 e I
S g - + .
2 I o T 1=
< R SN
PO 1 e o s 8 5 T T 3
107184 o IR
10~ 1072

See K. Murase on why MeV photons are expected.

|. Taboada | Georgia Inst. of Tech.
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IceCube’s Multi-messenger program

Realtime alerts V1: April 2016 — June 2019
Realtime alerts V2: June 2019 — present

10 Gold (+20 Bronze) events / year
PoS(ICRC2019)1021
Fast Response Analysis

POS(|CRC2019)1026 original GCN Notice Fri 22 Sep 17 20:55:13 UT
6.6° refined best-fit direction IC170922A
. _ ' ——  |C170922A 50% - area: 0.15 square degrees 3
GW rea ltl me fOl lOW u p = |C170922A 90% - area: 0.97 square degrees
PoS(ICRC2019)918 .
6.2°
c
O
g 58 ...
g TXS 05064056
(]

o
®

Science 361 (2018) eaat1378 _
Science 361 (2018) 147-151 5.0° PKs 0502100

4.6°

784°  78.0° 77.6° 77.2° 76.8°  76.4°
Right Ascension

|
—
o

N W A O O N 00 ©

Fermi-LAT Counts/Pixel



IceCube Gen-2

8 times the instrumented (optical) volume + radio component.
5x better time-integrated point source sensitivity than IceCube (E2)
Threshold is ~30 TeV (‘Standard’ IceCube’s is ~1 TeV)

Better angular resolution, specially above ~100 TeV

106 L

. |
""‘.E'f"""" TR i “"“m“pm‘m

105 L
104 L

w

10°
102 L

p—t
= O

effective local density pu [Gpc'3]
o
Pt

=
9 9
w N

| BN IceCube
[ IceCube-Gen2

10% 10% 10% 10% 10% 10% 10% 10% 10¥ 10%
effective neutrino luminosity L,[erg/ s]

Gen2 Whitepaper: arXiv:2008.04323
I. Taboada | Georgia Inst. of Tech.



Conclusions

lceCube has observed a high energy astrophysical neutrino flux
between 10 TeV and 10 PeV.

The sources of this flux have not been unequivocally identified.
A candidate source has been identified: the blazar TXS 0506+056.

Tantalizing hints of sources in the time integrated results.

Gen2 will reach a sensitivity that will enable it to uncover the
sources of the diffuse flux.



