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Neutrinos, y-rays & CRs

Spatial/Temporal correlations between
and gamma rays can trace
cosmic-ray acceleration/interaction sites

p+p/y =X+ =y
S X4+ =yt 4
M+ — 6+ + (oscillates to ~1:1:1)
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Neutrinos, y-rays & CRs

?

¢ Cosmic rays (Auger)
@ Cosmic rays (TA)

Diffuse ~ (Fermi LAT) lceCube (Apd 2015)

CRs: E
‘1,. Known since 100 yrs!
Sourcgs?
Connettion to v?

e e e e e W&B 1984
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y-rays:

Known since ~30 yrs
~3000 sources

> 100 TeV sources
Should be produced
together with v!

Constraints can be derived
depending on the interaction 07 0% 101 10° 10° 107 10° 10° 1010 {0l

type (pp or ply)

Neutrinos, y-rays & CRs

Diffuse ~ (Fermi LAT)
Cosmic rays (Auger)
Cosmic rays (TA)

lceCube (ApJ 2015)

%,

'_ W&B 1984
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Neutrinos, y-rays & CRs

s ¢ Diffuse ~ (Fermi LAT) lceCube (Apd 2015)
1077k ¢ Cosmic rays (Auger) E
s @ Cosmic rays (TA)
=5 107°L .
[}
T %
= 07 L __
| E ]
G : By f f_ 2 _W&B 1084
v 1073 L 1
<) =
HoH [ ]
< l07YL Neutrmos. -
2 E Obs. since ~few years ]
10-10 L Flux ~ W&B bound ]
g Sources? ]
| | l l | | | | l | |
10 10t 102 10%* 10* 10° 10 107 10® 107 10'" 10%!
E [GeV]

Konstancja Satalecka - Sexten 2017 $'c=cuec ((_ta eeeeeeee




1 ST

y-rays:
Known since ~30 yrs
~3000 sources

> 100 TeV sources
Should be produced
together with v!

Constraints can be derived . . . .

Neutrinos, y-rays & CRs

¢ Diffuse ~ (Fermi LAT) lceCube (Apd 2015)
3 ¢ Cosmic rays (Auger) E
@ Cosmic rays (TA)
CRs: E
‘1,. KnownH
Source
Conne

e ",,""'a'.c
T_ _TT}‘E W&B 1984
T 7
3

Neutrinos:
Obs. since ~few years
Flux ~ W&B bound

Sources?

’

1S ?
ction to v?

—

| l | |
depending on the interaction 0° 10° 107 10° 10° 107 10° 107 10 101!

type (pp or ply)

E [GeV]

How are the different messengers connected!?
What are their sources!?

What are the acceleration/emission/propagation processes!?
Neutrino flux ~W&B bound — real connection or accident!

Konstancja Satalecka - Sexten 2017
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Neutrinos: experiments

v-induced
cascade

ques

* Small x-section + flux ~10'S/ km / yr > 100 TeV
— large volumes needed!!!

acoustic
“pancake”

coherent
radio signal

EXtenswe élr showérs (AUGER)
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Amundsen—
Pole Station, Antarctic
lceCube Laboratory iﬂsﬂiﬂﬁ:" A National Science FouRgdation

managed research facility

T

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

&0 DOMs
an each
string
|
DOMs “' Started full operation in 2011
:::ti:‘j | 99% uptime
apart =
Digital 'DFI'I cal -
Module (DOM) 2450 m
3,160 DOMs Y
deployed in the ice o

Antarchc bedrock v



Event topology in IC

Charged-current vy

Up-going track

Factor of ~2 energy
resolution

< | degree angular
resolution

Neutral-current / Ve

Isolated energy
deposition (cascade)

with no track

|5% deposited energy
resolution

|0 degree angular resolution
(above 100 TeV)

Charged-current v+

(simulation)

Double cascade

(resolvable above ~100
TeV deposited energy)

/
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IceCube: background & signal

lcosnﬂcray(p)

Event rates:
* atmospheric Y (99.999% of triggered events) 7 x 10'° (2000
per second)
* atmospheric V (residual background) 5 x 10* (I every 6
minutes)
* astrophysical neutrinos: ~ O(10) per year
— We need clever background rejection techniques!!

Background rejection:
* By direction: accept only events coming from North (up-going)

‘/N:,(b)

elp\ Ve,u prompt

g\
g

conventional

- I3 - Y
. -

* By event type: cascades — only produced by NC and ne CC CR shower
* By energy: expected astrophysical flux harder than 99.9999% Hoid
atmospheric - accept only high energy events \ /"fa”e"ems
n)
Analysis: i back%round u bundle
* Look for excess in space and/or time — point sources . physics

* Look for excess of high energy events from whole sky
— diffuse flux

muons

Konstancja Satalecka - Sexten 2017
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Search for point-sources, all-sky, time integrated

IceCube Preliminary p = 0.44 (trial corrected)

!

+45° "7 .
« ; Atmospheric vy

el TEF G e
4 ; - -

_ 7 Penetrating u
—45° TSR SNEM TS T

=R ie=ee—  Equatorial
p = 0.38 (trial corrected)

. NN | [Ap)835(2017) 151]

0.0 0.6 1.2 1.8 2.4 3.0 a.b 4.2 4.8 5.4 6.0
—loggp

No significant event clustering, no point sources identified so far (7 yrs)

N in the North > 100, in the South > |0

Konstancja Satalecka - Sexten 2017 & cecuee (cta =
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High-Energy Starting Events in IceCube

Energy Threshold I6lyelars (ICRC 201 7)

[ Background Atmospheric Muon Flux
I Bkg. Atmospheric Neutrinos (#/K)
Background Uncertainties
10°F —  Atmospheric Neutrinos (90% CL Charm Limit) |-

W s+, [Data

é‘ IceCube Preliminary

o
Selected events that start s 10
. ™
in lceCube volume =

o

]

. =
§2 HESE in 6 yrs (54 9 100 ..
in 4 years) -
PL index ~ 2.5-2.7
10"
. . : : -

Flavor composition |:1:1 10° 10° 104
(as expected) Deposited EM-Equivalent Energy in Detector (TeV)

chi
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VvV, from the Northern sky

Sensitive to

astrophysical neutrinos
above ~120 TeV

Power law index:
2.19£0.10

Konstancja Satalecka - Sexten 2017
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Selected horizontal
and up-going muon tracks

. ICRC 2017
H mm Conv. atmospheric v, + 7, (best-fit)
10~ _J Prompt atmospheric v, + 7, (flux limit (2016))
] Agtrophysical v, + 1, (best-fit)
1076 4 +++ HESBuwnfolding: PoS(ICRC2017)981
IU ! _%.-"""‘-
107° <
1077 4 |
1 IceCube Preliminary
| T ; T ' -
10” 10* 10° 10° 107
E,/GeV See C. Haack, NU022



6 years of astrophysical neutrinos

== HESE with temary PID | ¢, VeiVyiVe at source
Through-going tracks Cascades — lceCube APJ 2015 w10
T T Starting tracks teeCirbe 190

Preliminary A~
%

3.5 L 1
— IC tracks (6yr)
_ 3.0+ = IC tracks (2yr) —
b — ICHESE (4yr) .~
TW 25 4 — IC combined
b — IC cascades
8 2.0 - / e . B
: 1 S v » © © g
* . ) % o o 5 o o ~
""""" + x B 7 RS S A f_;" 1.5 Fraction of v
. . X 2
PRELIMINARY - .+ ™ : . S =]
~ e R Lt + :5 1.0 A (ICRC 2017)
(ICRC 2017) eI S PP PSS Equatorial
""""" See C. Kopper, NUCBO 0.5 A
0.0

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
“Yastro

Tension in spectral index between event classes = 2 components!

Flavor ration — as expected

No significant event clustering, no point sources identified so far

Mostly isotropic — extragalactic (?)

chi
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Population studies: blazar catalog search

Nu event correlation with > 860 blazars from 2LAC N ERII e

Blazars account for: 30° 43
85% of extragalactic Y background 0 A
< 20% of the IceCube neutrino flux

_ 2LAC Blazar Upper Limit - - ;equal wéighting
Pl"— 10_6 2 gt = =25, E, > 10 TeV --------- é-")f-—’weigh—téi—ng—------—E
s‘u‘:{ | — g = —2.2, E, > 10 TeV : | : :
o [
I . _ .
—7
B 10
.
o 1078
<)
Ny 9
2R 107
10-10 | Astrophysical Diffuse Flux
SRR NN NN NN | MR DY

102 103 10* 105 106 107 10° 10°
Neutrino Energy [GeV]

ch
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Hint for correlation of extreme blazars (HBLs from 3LAC) & high-energy

neutrinos — chance probability 1.3%

10-20% of diffuse flux could be produced by high frequency peaked blazars

(not in tension with lceCube limit)

2FHL HBLs + HE v + CRs — 0.4%

100

—
<

chance probability

—_— popincidence v,

= o pooincdence @)

102
10-3

104

F. (> 50 GeV) (phem2s71)
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AL A P N R
E. Resconi et al. (201])/ :
HBL, 8<10° -
= HBL +uncl, #<10° = _|
E non HBL, 8 < 10 3
All, 810 -

| M|
10-11 10-10

chance probability [%]

100 [

50

-
[=]

w

P. Padovani et al. (2016)
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@ Major outburst of FSRQ PKS B1424-418 (Fermi/LAT) occurred in temporal
and positional coincidence PeV neutrino (Big Bird)

® 5% chance coincidence

Eﬂlﬂ 2010.5 2011 2011.5 2012 2012.5 2013 2013.5

rrryrrrryrrrr T rT T T T T T T T T T T T T T T TS

Kadler et al., Nature 2016

b
]
|

=
= =1 b2
TT T T T T T[T T T T T

=
&

—i —2.—1
F][l[l—:l[l[}[}[}[}h']nv [].U CIln "5 ]

o l ; 1 : I i I : l . | . |
55200 55400 55600 55800 56000 56200 56400 56600
MJID

2.0%926 554 PeV, ang. res. ~10°

@ Alternative model proposed in: Gao et al. (2016), y-ray flare due to
purely leptonic interactions, no connection to neutrino emission

Konstancja Satalecka - Sexten 2017



1ES 1959+650: a case of a flare

M. Ackermann PhD thesis + Krawczynski, H. et al., ApJ 601 p151-164 (2004)

6: (a) TeV Flux [ Crab ]
4
21 X ¥ t @
0 L & | |Mﬁt¥l Oy 1 || SR aploe |
- (b) . 10 keV Flux [ keV™' em™ 5]
0.002' ? . ®
- I R *m o '
ol | A ]
- (c) 8 i 3-25 keV Photon Index
2.5¢ % o
: O
2 @;%%%o@&m X o o% Py 0
56 o o Lo b Y
0 20 40 60 80 100
Date [ MID-52400 ]

® 2002:“orphan flare” (Whipple/HEGRA): high state in y-rays + low state in X-rays
® A-posteriori analysis revealed: 3 v from AMANDA

® Quiescent until ~ 3 months of significant flares in spring 2016

ch
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1ES 1959+650: a case of a flare

[
o

Muon Energy
Proxy (GeV)
o o

per Day =

Neutrino
Events

Time PDF

o To ™
[ |

[y

W

b

o

.

[\]

0

T. Kintcher et al., ICRC 2017

®
" o. ¢ ® 3: ® .o.. .‘. .‘ .o’..‘.O‘ .... ... 3.
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T
N

02 May

|

|

16 May

30 May

A%
, n&g;wﬁ%ﬂfﬂ’ bl

|. Time-Integrated Analysis: excess of neutrino flux during whole time period!?

2. Clustering Analysis: excess on short time scales!?

3.Correlation Test: neutrino distribution following the gamma-ray light curve!?

— No significant exces of neutrinos was observed :(

#ICEBUBE @

(G2 B é b =
Dist. to Source (o)

eeeeeeee



IC, MAGIC & VERITAS, JINST (2016) 11 P11009

' Median Delay:
~ 30 seconds!

Neutrinos

THomas KintscHeR (DESY) lceCuBE MuLTI-MESSENGER PROGRAM

Event multiplets - “neutrino flares” ,E, ~ 100 GeV, duration up to 3 weeks

Pre-defined source list (known AGN, established and potential TeV y-ray emitters)

Expected bg alert rate: 4/yr at ~3.5 sigma threshold

Private alert — MWL data not always available
In collaboration with MAGIC & VERITAS since 2012

Konstancja Satalecka - Sexten 2017 §'cecuee (cta =




Most significant alert on Nov. 9th 2012

Source: SBS |150+497 P S —

6 events in 4.2 days % N Source location

Alert forwarded to VERITAS 1 ‘
No significant gamma-ray emission found g :
F(> 300 GeV) < 3x10° cm?s (99% CL) L_ - _

RA [degrees]
IC, MAGIC &VERITAS, JINST (2016) |1 P11009

Extension to Fermi, HESS and HAWC planned for this year

ch
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® Alert about observed flares~=data exchange & correlation studit
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Neutrino sources - transients...?

* Possible connection of v and y-rays
in short-GRBs and GWV events

caused by mergers (NS-NS) [Bartos
et al. (2013)]

> GRBs with jets “choked” in T
surrounding medium BN,
[Senno et al. (2016)]: explains Wewoge
hypernovae and Low Luminosity = “xm = mkw
GRBs (rate ~100-1000 Gpcyr'), i
predicts neutrino & y-ray emission

> GCN#19888, MASTERS follow-up of IC alert, reports a
delayed optical transient in FoV — white dwarf in binary
system or other cataclismic variable?! Possible prompt y-ray

emission: see models by [Bednarek&Pabich (2010)] and refs in
GCN#19888

> Tidal Disruption Events (BH eating a star)
— jet + surrounding material = v? y-ray!?
[Lunardini&Winter (2016)]

ch
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Neutrinos from GRBs

® > | 100 GRBs correlated with IceCube data

® GRBs contribute less than 1% to observed diffuse neutrino flux

® Most popular neutrino emission models excluded (production in
prompt phase)
10_? —+ Ahlers et al. 10 :

—l~ Waxman-Baheall B {Ckilal Fig (2005) South v, GRE (G vrp |3

= ; Morth e, (3005 — Cparade ORE (3 vl [

o [S— i ||'|| ¥ |i _'I|||.|I'."\.|-. e :"-'1". Vg I.:I:II |- ¥T) E

p) (GeVem 2 s Hsr !

[ —
= '=
¥ 2 | m—
10-9 =0 s [t -
- ]
? I“ - " — -
) - 1 =
l'e|: lD—]_l] ; ______________é _________________ . .'-\_ " O e
L [P 1 1 - =
fa} ; 7 1 B O FEE R LA EERE RN 1
E % ! : JJJJJJJ IJJ ----- -I-I-Illi.-:-lunl—ll-l.l—l -l—ll-lllJ-_--I—I-l-I-llll.-.- —J—I-II-I*-
| _.-dlﬁglllllﬂ 1 L1 11111 “ll |I'|| E:_'I ||I" ||:| JI_I%' |||I

0t 10 108 107
Neutrino break energy =, (GeV)

IC Coll., Ap J 843 (2017) 2
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IceCube public alerts

~70 TeV track
HESE = High Energy Starting Event (since Apr 2016): '

— Muon track starting inside the detector W ¥
-~ E, ~60TeV % LT

— median angular resolution 0.4-0.6 deg 3

— expected rate: 4/yr all-sky (50% signal probability)

EHE = Extremely High Energy (since Jun 2016):

— Muon track going through the detector
- E; ~ 100 TeV
— median angular resolution 0.22 deg

— expected rate: 4/yr all-sky (75% signal probability)

Planned extensions: all-sky nu event clusters,

lower E threshold single events
IC real-time system: M.G. Aartsen et al., Astropart. Phys. 92 (2017) 30-41s

ch
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IACT follow-up example: HESE-160427A

Inlagral upper lmil Bus map (CL 085, 7%, 095 < E [TeV] < 16) |

FACT GCN Cicular #19427
4.2 hr obs, ~20 hr delay

TITLE: GCN CIRCULAR

HUMBER: 19427

SUBJECT: FACT follow=up of the IceCube event 16042TA

DATE: 16/05/13 13:02:18 GMT

FROM 1 Daniela Dorner at U of Wuerzburg {durnur!nitru,unj-wuurzhurg.dﬂ?

A. Biland (ETH Zurich) and D. Doerner (University of Wuerzburg, FAU
Erlangen) report on behalf of the FACT collaboration:

On April 27th; 2016, the IceCube collaboration reported the detection
of a high-energy neutrino (GCH #19363) with the updated position of

RA=240.57d and DEC=+9.34d (J2000) and a position error of 0.6 degrees
radiues provided at 23:24:24 UTC on April 2Tth.

Other follow-ups: 160731A (Circ. #19377), 161103A,
AMON160218

Declination

(J2000)

-
-
o

H.E.S.S. Preliminary

10%

09°

lceCube HESE
0a° 20160427

16™0™00°  16"05™00°  16"00™00°  15"55™00°
Right Ascension (J2000)

TS value map Soft cuts
F | MAGIC .- VERITAS - ICRC2017
D, HESE- 160427 Preliminary 3 127 | oo
] I e
w
-
- 2 hrs obs o
- 42 hr delay
EEThrTES e 1 :2(] (EiEE\uf H’%
DG, Neutrino 2016 : Other follow-ups:
I | 150731A, ATel #9315 ol R e 2
244* 242 240= 238°
161 1605 16 nﬁrﬁﬁ
Konstancja Satalecka - Sexten 2017 M.Santander et al. ICRC 2017

H.E.S.S.

1.7 hrs obs
~ 63 hr delay
Eihres ~ 350 GeV

F. Schissler
Poster GAO71

Significance [«]

VERITAS

- 3.2 hrs obs
- 120s delay

GCN Circular #19377

Other follow-ups:
161103A




Gamma-rays from nu sources

@ Can we set a limit on number of potential neutrino & y-ray sources?
@ Naive picture: |:1 nu:gamma flux, all sources located at redshift z

@ Example: CTA South, 2h of observation

107 p ] I —
' : . |—— Gamma-ray flux |]
z=0.1:
E .
; 10"
<
=
S
?\
=
= 10
3
=
(-]
o
=
=
D 103
©
o
[
104 i i
10 10 10° 10*
E, [TeV]

Konstancja Satalecka - Sexten 2017 $cecoee (cta B @




More refined assumptions: sources follow Star Formation Rate, standard
candles, different local densities tested

FIRESONG code used for neutrino sources and alert simulations
(https://github.com/ChrisCFTung/FIRESONG)

Prediction: detection/constraints of y-ray flux from neutrino sources depending
on local source density Lo

— 0.5 Hour
5 Hour
50 Hour ||

0.8}

Transient Sources, v=2. 13
timescale = 10's
CTA South Full

©
o)}
T

constrained by IC

Detection Probability
©
=S

Work in-progress 02| 2-3 years, 5 alerts — 1 resolved Spur

— join the CTA Neutrino Team!:) o9 — = = s

Local Source Denisty Rate Mpc?yr—!
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1.®.Mére studies needed to understandumble sources e

) for CTA:™ M""""‘-—.

B
“h‘-nﬁm-—-!-__ﬂ.__-
. ...__'- ’

ich time to invest in a single observation? | 3
z MWL input important — e.g. Ionger decaying transient?

M"""’*“:Tollow up"'ﬂé‘r‘v‘atlo for several days in a row?

& optimize the observation st

s



el i * s

Future of neutrmo astrophy?csf’

®In the Nort} KM3Net;.-started*deploy fit, rst dat{ 2_026"" |
Galactic Center, good for. ne,utrmb_osc ations s'tudle scascade

degrees' .' | ) ,* 'r 4{,‘ ‘I' GY*

®.In the South IceCubeﬁGenZ R&Q star tidata f30’ mu.lfl-
instrument (Cherenkov light, radio,'sufface apr 5)’ s“tlve to V:

i |

ne"ltrl nDS j:’ 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 2024 2025 .
Be r " . L 7 FLr

T
Gen2 Phase 1 Phase |
(7 string) deployment

Multi-component observatory:
e Surface air shower detector

e Gen2 High-Energy Array

e Sub-surface radio detector

Design Production Deployment

- el = = = = = - -

- = 2 -

et - - - - - - = - - —_ -
— - - - - - - - - - —

DeepCore

PINGU



IACTs as neutrino detectors

R " D.Gora, HEP 2017

Tau-induced extensive 4 ol | e et _
air shower w0 L. % Centaurus A - Single flavour neutrino limits (90% CL)

. ' ' From Roque - ' :
PeV neutrino from Sea o o 7] <" | MAGIC3OhrsandFluxtv. oo oiapy

m °p S

» F wawsdugerDownwar

m B Auper Earth-skimming 3

a.rr_lﬂ;,r:_ lcaCube 201k Cuoco 2006 =

A _ f

1l 1':]5._ o -

R E i 3

1ﬂ-9 _' 4-"} *“.. Kachelriess 20049
A B it s it B g
Look for tau induced showers from the see/rock 10% 10' 107 10'® 10" 102 107" 1072 102°

Eﬁfﬂ?sirpéaiys. Journ. Lett., 755:L4 (2012) log, , (E/eV)

@ Tau neutrinos HAVE TO be astrophysical!!!

@ Cheap observation time (cloudy weather) g 1 Arizona
s - Namibia 3
@ Feasibility studies with MAGIC — for most *§_ 102 = =
optimisitc models, ULs ~ AUGER can be set g -
< 107 = =
@ CTA: event rates comparable or higher than for IC 104: B
S e Tenerife E
-5 :\ TN T T T I Y YT YN AR N S |:

0 65 7 715

8 8.5 9
Konstancja Satalecka - Sexten 2017 logwEVT/GeV)W.



Astro-beam-dump: HE nu always produced in conjunction with HE
y-rays in CR interactions
High-energy neutrino diffuse flux measured by IC!
No event clustering in space/time, no pointsources so far...
Population studies: blazars responsible for max. ~20% diffuse
neutrino flux, GRB max. ~1%
Hints of correlations between high power AGN & HE neutrinos
Neutrino sources: extragalactic! Faint! Transient!?
CTA advantages:
Low E threshold — high z sources
High sensitivity — fainter sources
Tau neutrino detector?!
Start operation with |C & KM3Net present

— Smart observation strategies & analysis methods needed!
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NEUTRINOS: EXPERIMENTAL

-

* Small x-section + flux ~10'>/ km / yr > 100 TeV
— large volumes needed!!!

-

10° eV to4Hie—e)

acoustic
“pancake”
v-induced ..
SHEAdEe coherent
y radio signal

S nd salt
MADEUS, SP. s Jllty study)

¢ 107 to 10" eV
Extensive air showers (AUGER)



CHERENKOYV EFFECT in ICE/WATER

detector
(PMTs)

X
0o
e ¥
C CO(\G

Muon

Interaction v, +N- p+N




CR & v: WAXMANN BAHCALL BOUND

¢ Starting from the observed CRs with energies >10'° eV a limit was derived on the neutrinos
produced within the same sources assuming:

|.  Protons are accelerated at the sources with a power-law index 2
2. All protons undergo photo-hadronic interactions giving neutrons, neutrinos and g-rays

3. The sources are optically “thin” to neutrons, which escape and decay into protons giving
the observed CRs

4. The luminosity evolution of far away sources (whose CR we do not observe) is not
stronger than any class we know
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® Mannheim Protheroe and Rachen (MPR) showed that 5 b, KMannheim, et al. (2001)
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® The observed flux is very close to WB limit: c
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http://arxiv.org/find/astro-ph/1/au:+Mannheim_K/0/1/0/all/0/1

| WHY NEUTRINO ASTRONOMY? |

® Mean free path of Very High Energy (VHE) photons is much less than the
cosmological distance (Universe ¢/HO0=13.7 billion year (WMAP) ~ 4000 Mpc)

® Mean free path of VHE neutrinos is longer than cosmological distance

5}
T

é 3:_ \Infra Red _:
§, 2;_ 136 Mpc B
mean free o -
process cut-off © Andromeda M31:0.775 Mpc
path k- :
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proton p+y.°%«  >50EeV 50 Mpc ST T Legerewy
. Photons are absorbed in the
neutrin
V+Vi95°% | >40 ZeV 40 GpC Extragalactic Background Light (EBL)

os Protons (E> 0% eV) interact with

the Cosmic Microwave Background
(CMB)



NEUTRINO OSCILLATIONS |

Neutrinos can change their type (or flavor) during propagation if they
are massive and if the mass eigenstates do not coincide with the flavor

eigenstates
They are connected through a unitary rotation (U PMNS matrix):
[vi(t)) = e7" |v;(t = 0))
The temporal evolution is dictated by the mass eigenstates (vacuum
case):
Vo) =) Ui Vi)
;

The probability to detect a neutrino with initial flavor state as state is:
2
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NEUTRINO OSCILLATIONS |

® In the relativistic case and with t = L (propagation distance of neutrinos, c=1):

Amz L
Pyo—vy(L,E) = Ul Usp Uaj Ujj exp | —i T
k,j

° The oscillatory phase becomes:

Probabilities for a given
an initial flavor to be
detected as an electron
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NEUTRINO OSCILLATIONS |

In astrophysical environments neutrinos are produced with a distribution of
energy and they can travel sufficiently far.

We observe an average transition probability, which is fully determined by the
input energy spectrum and flavor composition of the neutrinos

We can distinguish three benchmark scenarios for flavour composition at

source:
Ve ! Vyu © Vo at source Ve : Vu @ Vr at Earth
. B 0:1:0 0 0.19:0.43:0.38
|.PION-DECAY: ® 1:2:0 O 0.31:0.35:0.34
Ve:!Vy:iVe=1:2:0 A 1:0:0 A 0.55:0.19:0.26

2.MUON-DAMPED
Ve iV :Ve=0:1:0

3.NEUTRON-BEAM
Ve ! Vu:Ve=1:0:0
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Appearance of tau neutrinos is a clear ;
evidence that the neutrinos are astrophysical Ve



SERACH FOR COSMIC Nu SIGNAL

® The signal is expected to exhibit a differed spectrum compared to atmospheric
neutrinos

® Search for deviations from background

E2®, [GeV cm2s-'sr-]

® in energy (diffuse-like searches)

® in energy and direction (look for individual sources)
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Individual sourc€STSearch for excesses

from few strong objects. Localised (in

space and/or time)

Diffuse searches: search for an overall
excess from an ensemble of many weak
sources. Deviation in energy spectrum



BACKGROUND SUPPRESSION: DIRECTION

down-going
atmospheric
muons

® Earth stops penetrating muons from below

R up-going e N A
atmospheric Apply direction cuts (select up-going)

ACUge ® Effective volume larger than detector

/o * E>O(100 GeV)

/ going
cosmic . o
neutrino Sensitive to vy only

® Sensitive to “half” the sky (the North)



BACKGROUND SUPPRESSION: EVENT TYPE

® Looking for cascades

® Effective volume smaller than c

® E>0(30TeV)

cascade-type
Sensitive to all flavours events
Sensitive to full sky

almost background-free!




BACKGROUND SUPPRESSION: ENERGY

< Energy spectrum looks different for background and signal

< Select high-energy events:

reject atmospheric Y

reject atmospheric v,
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lceCube Coll. Phys. Rev. D 91, 022001 (2015)
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ASTROPHYSICAL NEUTRINOS FROM ALL-SKY

i : tooon g : . : =-1450 m
¢ vetoregion g I 90 meters : |

fiducial ch'lumé

FEE S i<-2085 m
: I 80 meters : :

R =-2165m
flducial Voélume;

- 1O-meters-i— 2450 m
Side

for atms. U
— reject tracks entering the detector from outside, expected background: 6+3.4 /year

for atms. V

— reject tracks accompanied by air showers with muons, expected background: 4*3%.
12 /year

(detectable when coming from the Southern hemisphere)

+ charge cut (> 4000 phe) to select very high energy events
— “golden channel”: High Energy Starting Events (HESE)




EXAMPLE: HESE-160427A IN OPTICAL

PAN-Starrs followed up

lceCube HESE alert on

2016-04-27 and found a
recent supernova at z=0.3:

Gemini (GMOS)

10.3" F

oo PRELIMINARY;

10.1

Optical spectroscopy
10, 20 days post-peak

" Gemini DbssrvatoryALURA

10.0 .
_ - PS16cgx@~10d e 1a@[8,12] days (10) 10d
2.5 2 2.5 1a@[8,12] days (20)
=
=
E 1,8 20 -
= s =
E 0,7 L] E
E 0, fi é o
. 5 1.0
. Light curve € 0.5-
consistent with
d T T T T T
; explosion days — :—..m 0.0
».2' | before neutrino alert o e 160827A best :
o | e Features atypical for SNla,
307 ° 230 £ 7 230, 0° 240, 0° 240, 17240, 27 240, 35240, 47240, 57 240, 6 240, T°240. & bu.t not SUﬁICIEﬂt J[D exclude

right ascension

Chance probabilit { if lc (associated with GRBs): <1%
P y if la (no HE neutrinos expected): <10%
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