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Messengers

AGNs, SNRs, GRBs...

They are charged particles and

are deflected by magnetic fields,

x

N\
*
Gamma rays -
They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms.

«
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Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.
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Why Neutrino Astronom

radio/microwave infrared/optical X-rays gamma-rays neutrinos

cosmic-rays
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5160 DOMs

instrumenting 1 km?®
(1 GT) of clear ice

2 ns time resolution

1450 m

2450 m

2820 m

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

Eiffel Tower
324 m



Neutrino Signatures

Track Cascade Double Cascade
[pic from data] [pic from data] [pic from simulation]
CC muon neutrino NC or CC electron neutrino CC tau neutrino

Vo + N> e+ X
Vy + N 2 v, + X

vyt N->u+X

Vi+N->1T+X

angular resolution ~ 0.5° angular resolution ~ 10° ~ 2 expected events
energy resolution ~ 25% energy resolution ~ 15% iIn 6 years



2 V; events

—— single cascade = double cascade —+ - exp. data || —— reco with bright DOMs === reco without bright DOMSI
o bright DOM* bright DOM*
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IceCube Preliminary

* Bright DOMs are excluded from this analysis

= reco without bogint OOMS]
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IceCube Preliminary

* Bright DOMs are excluded from this analysis

~100 TeV

~2 TeV




From where?

Southern Sky dominated by
atmospheric muons

Downgoing *'
tracks
o b
| \ bove horiron use outer layers as a veto to
H dominated &, ol T (Southern sky) select neutrino-induced starting events.
S \‘\‘n‘u ‘ Number of layers depends on desired energy reach
dominales
[ 1) below horizon Vv
(Nothern sky) \U / Veto Vi
v
W
VUJ \
X De

HESE veto
atmospheric muons from Northern Sky

use Earth as a filter to reject




Log10(flux)

Diffuse Analysis

Hard Spectrum

7o diffuse astro. v

N,

Log10(energy)

single powerlaw ¢ x E* (2 parameters)

+ isotropy assumption
+ 1:1:1 flavor ratio

study excess of high energy events over atmospheric expectation
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Different angular
distribution

suppression of atmospheric v in southern sky
as by-product of muon rejection (starting events)

101 hvsical Some neutrinos

> —E astrophysical v are absorbed
é’ i in the Earth
S /
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= X
- i charm v +v,
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T 1071 4
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£ conventional v,
) -2 ‘
g 107 4 after “self veto”
e Arguelles et. al., JCAP (2018)

3 proso porey et conventional v,
.8 Schoenert, Gaisser, Resconi, Schulz
= PRD79 (2009)
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sin(d) = — cos(0) at the South Pole
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conventional v
decay of /K mesons

v, dominates
v, suppressed

behaves as ~E-37
flux largest at horizon

prompt v (not identified yet)
decay of heavier mesons (charm)

ViivVe ~ (1:1)

behaves as ~E27
flux isotropic



High-Energy Starting Ever@

7.5 years Observation > 8¢

100 events (all flavor)

Contained Cascades

recent study on 4 years of data

no evidence for departures
from single power law

N\

Diffuse Results

10_3§

atmo. v, + V,
(before HESE veto)

neutrino fluxes and upper limits

(per flavor)

atmo. vy + vy

IC HESE

% (before HESE veto)
ON

[Ahlers & Halzen, 2018];
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Up-going Muon Tracks

8 years Observation > 6.7¢

~ 500 astrophysical neutrinos
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ANTARES: diffuse (UL)
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Eng [GeV cm 2 s ] sr_l]

Diffuse in Multimessenger

_ " TAhlers & Halzen, 2018] |
107° | . . . . ;
; isotropic y-ray high-energy » ultra-high energy
; background neutrinos ray cosmic rays
[ . roton (L~
; (Fermi) (IceCube) P (£ "  (Auger)
107 | - __
=~ -~ o _ HESE calorimetric @
[ o= - (6yr) imi
10_8 — 7Tj:/71'0 ) ~~‘“~~__ 4
: @ production \ ==
d! Vi U v, ° :
- (8yr) _
—9 | y-rays from  cosmogenic’., |
10 7V decay Y, @
- M. Ahlers (2017) .

energy E [GeV]

10 100 10® 10* 10° 10® 107 10% 10° 1010 1ot

diffuse neutrino flux fits well into global diffuse multi-messenger picture
above ~100 TeV the same v-flux appears in multiple channels
some differences at lower energies could be indicative of additional contribution(s) to the

diffuse, e.g. dark neutrino sources (more data needed!)
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NOTE: Gamma Rays flux
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Point Source Analysis

Directional Clustering Hard Spectrum

. L. L werlaw trum
neutrino emission from one point in the sky poweriaw spectru
— bivariate gaussian (spatial pdf)

(~flat on scales <1deg of

A
track angular resolution)

point source |Og10 energy
| u

>

right ascension

declination

Y
©
Q.

log,, pdf

background

©
Q.
Clustering Time

gaussian or box time profile
(can include possible time dependence )

background

neutrino flare

time

15



IceCube pomt sources

67972

033¢ -

'1 v062

.......

ceCube Preliminary
B |

101 102

103

Deposited Energy or Muon Energy Proxy [TeV]

2 N New Starting Tracks @ /' Earlier Starting Tracks
©® N New Starting Cascades @ /\/ Earlier Starting Cascades

O N* Throughgoing Tracks



Source clustering

no significant clustering observed

in 8 years of data ,
(497 072 track events, 95% E, > 1 TeV) =
+75
60 +' x ’-'.
45 - o +
+30 4 . K "’ T
o t * ‘ + . .
+15 B 3 o ) _
- 4! i x x f,x + o+ ; é
f 21 | 31 T‘++ g
15 . .
+’ % T . x T;_+ Y p 64 "
0 | \ F 3\ " 7#:* " 22°
45 + \;\\ v / 4

T x shower like | I i :

60 x x ! . ° o o ° o

5 o + Wlth traCkS 0 7 righgfcension177 e

o e e e Equatorial (!) . 4—6

010 E -130 ) ~10g0(Pioca)
TS = —241In(L) hottest SpOt . p=03
E < 300TeV 1PeV < E (after look-elsewhere correction)
g

[Eur. Phys. J. C (2019) 79]
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ANTARES: point sources

18
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Neutrino Candidates

138322 neutrino candidates in one year Z)
19



TXS 0506+056

TXS 0506+056 is a blazar
.TX 3 located at z=0.34

" 05064056 /-, (~4 billion ly away)

(Blazars are AGNs with jets that can
flare, producing gamma-rays)

20



Declination [°]

TXS 0506+056 with IceCube

Direction of lceCube-170922A consistent with TXS 0506+056 (0.1 deg)
Significant excess seen by Fermi-LAT and MAGIC shortly after IC alert (30)
Historical lceCube data indicates independent neutrino flare in 2014-15 (3.50)
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6.0

5.5 st

£ . i < 1"‘
.o " .:\.\.4 N

T el

"""""""""

MAGIC (95%)
Fermi (95%)

—— IceCube (50%) |~ - . -
|— - lceCube (90%) |. -

“TXS 05064056 = -

© ' PKS.0502+049"
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[Science 361, 147-151 (2018)]
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125m

found 13 + 5 muon-neutrino tracks on clustered in
space and time consistent with the direction of TXS
in a ~110 day window (December 2014)

4 rejection of bg-only (Atmospheric v) hypothesis
4 events consistent with hard injection spectrum (E-2-1)
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NOTE: Gammas Astronomy

Crab (standard candle); Galactic

E2Flux(eV cm?2s™)

10° |

10* ¢

103 t

102 t

realizations

average
radio-optical 55—

COMPTEL +—v—
Fermi —&—
MAGIC +——*—
HEGRA ——=—

HESS

Tibet-ASy
Fermi flare (Feb. 2009) +——e—
Fermi flare (Sep. 2010) ——

_oynchrotron

INTEGRAL -

10° 10°

22

Markarian 421; Extragalactic

renkov

Optical '"UV  X-rays
Infrared
Radio

Synchrotron

j Markarian 421 - broad-band spectrum

Flux per decade (vF,;), erg/cm? second

15 20
log frequency (Hertz)
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NOTE: Gammas Astronomy

Crab (standard candle); Galactic Markarian 421; Extragalactic

10° T T T ' ' ' ' T
10*
EE%
0
3 realizations Optical 'UV  X-rays
. 107 ¢ “"H average Infrared
:(n o radio-optical & Radio
£ iy INTEGRAL -
> 10° | COMPTEL %VH////
X Fermi —+—
o MAGIC +———
ol # HEGRA
1006 4 HESS )
Tibet-ASy 3
Fermi flare (Feb. 2009) +——e—
10° Fermi flare (Sep. 2010) —<— ‘/
1071 | . Syn ch rOtrO n | 10-14

10 10°

15 20

5
19 log frequency (Hertz)

E(eV)

E2dN/dE [ MeV cmi2s-1)

—a— Formi LAT (24 months)

———— Berezhko & Voelk 2010

S,
——«— HESS (Aharonian et al, 2007)

Zirakashwi} & Aharonian 2010 (it
Zirakashvill & Aharonian 2010 (IC/n0 mixed)
ra vl vyl 3 v uel iy

In this region there are ¥ produced also by CR interactions:

71'0 (those constitute the isotropic y background)

. . . . —+
m\ st production is correlated also to v production via 7~

11 Ll 111 I
10° 10* 10° 10°
Energy [ MeV ]
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Gamma Rays point sources

Very High Energetic ¥ - 10 GeV-100 TeV




Neutrino oscillation
/,,\_ N p Sinz(ze)sinz(AmzL)
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normal hierarchy (NH)

m> 4
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1 |

atm

V2

sol
4

Vy Vr
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Neutrino oscillation

(c;; =cos 0 s; =sin0,)

1 0 O c3; 0 s3¢7% Cr  Sip Of | ei/2
U= |0 ¢ 53 0 1 0 -8, C;p O 0 e2
0 —53 09 —5..° 0 C 0 0O 1 0
i 1 17513 13 | L 1L
normal hierarchy (NH) inverted hierarchy (IH) )
m? 4 A m?
1 | EW
A7nsol _
A2 7 Uel UeZ U
mltm
AT” atm U — Ulul Uluz U
‘ Vo Url UTZ U
Am?2 | -
= A4
V1 . g
Ve V/L Vr
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(If |U| # 1, afourth neutrino is required = sterile neutrino!)

Neutrino oscillation

(c;; =cosf.; s;;=s1nb.)
Sy v In case of Majorana particle
In case of CP-violation in neutrino oscillation T T
0 0 ¢4 | ci3 513 O
— |10 ¢ ) _
U= 23 23 0 s;3 €13 0
0 —sy3 €23 | C13 0 0 1

normal hierarchy (NH) inverted hierarchy (IH) )
m? 4 A m?
1 | : || V2
A7”3()1 _ —
9 . Uel UeZ Ue3
ATnatm
Arn’itm U — Ulul Uluz U:u3
- V2 Url UT2 UT3
Am?2 | - B
= A4
V1 . g
Ve V/L Vr
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Neutrino oscillation

(c;; = cos 0;;
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U= [—=515C3 — C1285353€
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normal hierarchy (NH)
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Measuring the OSC|IIat|on

down 1.00

1al Ordering

0.75

0.50

0.0

100 Mass Ordering 10 - 102 103

E,(GeV)

[ArXiv:1902.07771]
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vy disappearance

normal hierarchy (NH) inverted hierarchy (IH)

m> Y. | _ - . | A m?

0.4 0.5 0.6

sin” (6,3)



vy disappearance

ci3 0 spe™@| ey sz O] [eiv2 g
O 1 O _513 C13 O O ei¢2/2 O
4 _Sl3ei6 0 3 0 0O 1] O 0 1]
2.0F
0.4 0.6

:“
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v, disappearance

FC 68%

SERRRRRRREEEEEEREEEEE ------------- 90% CL -bon-tour-s ------------- --------------------------------- --------- -
0.4 0.5 0.6 0 1 2
sin® (6,5) Ax’

[Phys. Rev. Lett. 120, 071801 (2018)]
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Vr appearance & hlerarchy

[Phys. Rev. Lett. D 99, 032007 (2019)] 75 | |
| =— Normal Ordermg
IceCube v; Appearance 16 — Inverted Ordering
20 Analysis A gl
. IceCube V¢ Appearance
CC Expected (N;=1.0, 68%) < Analvsis A
15 NC+CC Expected (N = 1.0, 68%) - 4 y
= = CC Best-Fit — :
= NC+CC Best-Fit _|l 2
T
-
=
e
Analysis 4, NC+CC 0 ' ' ' ; ;
e — ' Best-Fit 68%, 90% 0.35 040 045 050 0.55 0.60 0.65
Analysis B, NC+CC Sin2 (923)

I .
' Best-Fit 68%, 90%

Consistent with Super-K and OPERA
Lmavssacel - (they have different energy/distance range and
definition of vy normalisation;

Analysis B, CC
| | | BestFioo%, so% normalisation = measured/expected)

SuperK 2017, CC 68% *

arXiv:1711.09436 . | | .
————— ' ' Preference for NO at (CLs = 53.3%).This result
arXivi804.04912 | | IS in line with recently reported preferences for

>0 " Nommalization *®  the NO by Super-Kamiokande, T2K, NOVA,
Analysis A: v all-flavor high acceptance vam simulation-driven MINQOS, and recent global best fits.

Analysis B: non-v optimised high rejection + vam data-driven [Phys. Rev. Lett. 120, 071801 (2018)] g))
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v oscillatio

3000

¢ mmw v© mem VCC Hatmo
V€ WNC V€ ¢ Data
25001t H
2000t
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C
% 15001
L
10001
5001t
0&
&)
§1.2s-- MC Uncertainty | Data

.51.00" "I...II-II.I'...|I|'lll'I'.l'l..llll..l.|.lll

$0.754

10° 10! 102 103
L/E (km/GeV)

Analysis A
4 v all-flavor high acceptance
4 vam simulation-driven
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- - Yy -— e HAtmo

1750 1 e Ne NC
. vr vl . Ve ¢ Data

O
%1.25" MC Uncertainty I Data
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2 0.75t o : i : ;
10° 10! 10° 10°
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Analysis B

4 non-v optimised high rejection
4 Vatm data-driven



Flavour of cosmic neutrinos

expected from oscillations over
cosmic baselines

e.g. pion-muon decay

Ve : Vy : vr = 1:2:0 injected at source

0.0 0.2 0.4 0.6 0.8 1.0
v, fraction (fe,)
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Flavour of cosmic

expected from oscillations over
cosmic baselines

e.g. pion-muon decay

Ve : Vy : vr = 1:2:0 injected at source

Expected ratio on Earth,

neutrinos

given the current values of
the oscillation parameters

37
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v, fraction (fe,)
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Flavour of cosmic neutrinos

— 20 V, : v, : v, at source o

expected from oscillations over s 0:1:0 2

. . 118 9. 1.00
cosmic baselines ©on

: {16 . ' :
e.g. pion-muon decay . best fit

. 14
Ve : Vy : vr = 1:2:0 injected at source
12
~
10 4
o™
] I
6
4 Y 0.17
[
2 “ A » » 0.00
S & KX L& & @ 8
0 Q> SN SR SRR N
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Flavour of cosmic neutrinos

expected from oscillations over
cosmic baselines

e.g. pion-muon decay

Ve : Vy : vr = 1:2:0 injected at source

100
I&)

- 40

Confidence Level (%)

0.00

— 20 V, 1V, Vv, at source o
w  0:1:0 %
118 o 1:2:0 1.00
A 1:0:0 -0 data
116 - i
0.83 best fit
114
12 <
1103
()
g |
6
0.17
4 <
2 < . ‘ 0.00
S L KL & @ S
0 Ny Q Q Q Q Q N

APJ 806, 98 (2015) Ve
constraints from

starting tracks
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Flavour of cosmic neutrinos

IceCube data is well consistent with 1:1:1 flavour ratio at earth

Ve : Vy : vr = 1:2:0 injected at source

expected from oscillations over | —

cosmic baselines

 J

e.g. pion-muon decay | .

HESE with ternary topology ID 7
Best fit: 0.29 : 0.50: 0.21 1.0
Sensitivity, E~2? spectrum o

1:1:1 flavor composition '

WORK IN PROGRESS

—— single cascade —— double cascade -+ - exp. data i ‘ —— reco with bright DOMs ==~

reco without bright DOMs ’

Detected Photons

bright DOM*|

bright DOM*

o0

0000
(@]

o® .8&0 OQQO.G

o 0000990 o0
c00000® 00

ilceCube Preliminary’

©

oe0o0
(@ Ne)

o
: -
o
0 o D
o 8§
® - @
82 @ o
@
s @
00
)

* Bright DOMs are excluded from this analysis

[EPJ Web Conf. 207
02005 (2019)]

Fraction of v,

Smoking gun astrophysical events: v

| Event ID through dedicated double cascade

reconstruction:
analysed all HESE (7.5y) events above 60 TeV

2 candidates found!

~100 TeV

40

(expected to pass cuts: ~1.4 v, ~0.7)



Neutrino cross section

vu — v, disappearance probes high energy (TeV scale) neutrino cross section

4 earth absorbs neutrinos at high energies (E, > 30

TeV)
4 earth opaque to neutrinos above 1 PeV (vertical
directions)
4 absorption depends on neutrino nucleon cross-
section (DIS)
2 lceCube can measure it!
0.9 -® Neutrino
0.8 ~&- Antineutrino
i — Weighted combination
i ' — — This result
[0) ..
o 06 - [Nature 551 596 (2017)]
0.7 b
5 05
0.6 1 "'.é S . ' :
0.5 \ X Ll (1 ].... Aesioheeeend
— u 0.3 :i- l
54 I ] ! |
0.3 T <+ 02? Accelerator
: data
021 —— » CSMS 0.13
01| b COMS O: ,,,,,,,,,,,,,,,,,,,,,,,,,
= Flux-averaged CSMS 1.5 2.5 3.5 4.5 55 6.5
l)'“1()3 10° 10} '1(')" 10° 107 l0glE,, (GeV)] ;
E, (GeV) [CSMS from Cooper-Sarkar et al, JHEP 08 (2011) 042] By
)
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Neutrino cross section

vu — v, disappearance probes high energy (TeV scale) neutrino cross section

4 earth absorbs neutrinos at high energies (E, > 30

TeV)
4 earth opaque to neutrinos above 1 PeV (vertical
directions)
4)p absorption depends on neutrino nucleon cross-
section (DIS)
2 lceCube can measure it!
0.9 -® Neutrino
0.8 &+ Antineutrino
B — Weighted combination
L B — This result
o G 06 i [Nature 551 596 (2017)]
Xl consistent with SM prediction 5’ 05 |
el AR
= 0.4 ] g a3 i! ! l
-_"U.:{ — <+ 0.2 Accelerator
021 —— » CSMS 0-15 data
01| b COMS 0: ,,,,,,,,,,,,,,,,,,,,,,,,,
= Flux-averaged CSM5 1.5 2.5 3.5 4.5 5.5 6.5
00 10° 101 10° 106 107 log[E, (GeV)]
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Glashow resonance
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|dentified in new search for cascades near the
detector boundary (partially contained cascade)
detailed analysis of the event ongoing.

Charged current DIS
X

deposited energy ~6 PeV (~10% sys. uncertainty)

Al \ evidence for presence of an early muon (~few 10 GeV)

consistent with y-production in hadronic shower
implications for diffuse electron (anti-)neutrino flux under study.
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Cosmogenic neutrinos?
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