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Neutrino Astroparticle Physics

Topics of Astroparticle Physics:

e Dark Matter
e Charged Cosmic Radiation
e Gamma-Ray Astronomy

e High-Energy Neutrino Astrophysics

I
I
I
: e Low-Energy Neutrino Astrophysics
I . .
i  Neutrino Properties

e Gravitational Waves

e Theoretical Astroparticle Physics

e Nuclear Astrophysics
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What is the origin of Cosmic Rays with E up to 10° eV ?
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Neutrino Astroparticle Physics: Motivation
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What is the origin of Cosmic Rays with E up to 10° eV ?
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Neutrino Astroparticle Physics: Motivation
Neutrinos as probes of the high-energy Universe

=  Protons with Ep< 10 EeV

directions scrambled by

Source region, e. g.

1 1 surrounding dust clouds,
magnetic fields cource, og, | Caaxies..”
- Initial Pierre Auger Collaboration result, S“ﬁ“m’a’
Interstellar

dust clouds

Science 318 (2007) 938, linking CR and Active Galactj
AGN’s, weaken after new data analyzed

= y-rays: straight-line propagation
but reprocessed in the sources;
TeV y—-ray astronomy: many
newly discovered (galactic and

extragalactic sources)

- Fermi-LAT confirms SNR as sources of CR
Science vol. 339 (2013) 807. Does not explain
the highest energy CR

Satellite
experiments

Fluorescence
detector

Undergroung
detector

/

=| Neutrinos: straight-line - do not poin

propagation, unabsorbed,
not GZK suppressed, but
difficult to detect




The Cosmic Neutrinos Production Mechanisms

= “On-source” astro-v [ 1ev - pev

pP+p—=T+...—=>V+...
hadro production

p+y—=A—(p+a—p+yy)
— n+T —=NnN+V-+...
photo production

= “GZK” cosmogenic VvV

100EeV p

Source: S. Yoshida (TeVPA2013)



Need for a 1 km® Neutrino Detector

Rate = Neutrino flux x Neutrino Effective Area
= Neutrino flux x Neutrino Cross Section x Absorption in Earth

x Size of detector x (Range of muon for v,)

Muon-neutrine effective area for an ideal km® detector
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Expected GZK neutrino rates in 1 km3 detector: ~ 1 per year



Neutrino Telescopes
Techniques: = optical detection

Southern Sky
'Lake Baikal
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Neutrino Telescopes: optical detection principle

Neutrinos of all flavors interact in or near the detector
through charged current (CC) or neutral current (NC)
weak interaction:

@Ve

%W Z
\ / hadronic
shower

Neutrino interaction identification method:
Observe the secondaries

= O(km) muon tracks from v, CC
1 TeV~25km, 1PeV ~ 15 km
= O(10 m) e-m and/or hadronic cascades
from ve CC, low energy v: CC, and vx NC
via Cherenkov radiation detected by a 3D array of
optical sensors




- Counting House

A(pundsen -Scott
South Pole Station




The IceCube Collaboration

1 0 countries, 40 institutions, ~260 collaborators
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The IceCube Detector

IceCube Lab

81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank

324 optical sensors Configurations:

\ g IceTop

50m

2006: 1C9
IceCube Array 2007: 1C22
86 strings including 8 DeepCore strings 2008: 1C40
60 optical sensors on each string 2009: 1C59
5160 optical sensors 2010: IC79
2011: 1C86
e
1450 m
DeepCore % 525 4 e
/8 strings-spacing opt Bome |
- 480 optical sensors 2 oo f ‘\ -
L= ower » Oj 5;l\:00 15:;00 2;’:00 Z‘KSOY “100 4;‘:0
‘_? 324 m time from the event start [ ns 1
2450 m
2820 m

Digital Optical Module (DOM)



Event Signatures

Neutrino interaction identification method: observe the secondaries (tracks, cascades)
via Cherenkov radiation detected by a 3D array of optical sensors

e o
‘Wv Ve @
o /e

v, (cascade) simulation

16 PeV v, simulation

Tracks:

v, +N—=u+X

. through going muons
» pointing resolution <1°

Cascades:
= e-m and hadronic cascades

Vo ¥ N —>e(t)+ X
%

f+N%vf + X f=e,urt

» good energy resolution for cascades
contained in the detector ~10%

Composites

= starting tracks

= tau double bangs
= good directional and energy resolution



Cosmic Rays Background Rejection
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Reconstruct u tracks and identify their origin (Cosmic Rays vs atm. v )

by their direction




Point Source Neutrino Search

Search for excess of astrophysical neutrinos from a
common direction over the background of
atmospheric neutrinos




lceCube: 4 Years Point Source Search: Skymap

» Search for excess of astrophysical neutrinos from a common
direction over the background of atmospheric neutrinos
= All-sky search and a priori source list

ICECUBE PRELIM/INARY P—ﬁ’ELIMINAFW \

Northern Sky (below the honzcm)/ 2 S~
Data dominated by atm. v's_~~ ; e . TR RS \\
LN SR o X2 RN, o AR
[ ! S : TN P o)
24h|\ Y €. \ " " Wi 17 " /' J . ||0h
Southern Sky (above thgq;rizon) NG R R A lix /
Data dominated by atm. u SN WA e ' B e - s
-45 \.\ .- & : //
R > e
=S SRRRSR L e
-85
0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0

-log,, p
= 4 years of data: IC40+IC59+IC79+IC86, Livetime: 1371 days

= Total number of events: 178k (upgoing) + 216 (downgoing)



lceCube: 4 Years Point Source Search: Skymap

» Search for excess of astrophysical neutrinos from a common
direction over the background of atmospheric neutrinos
= All-sky search and a priori source list

ICECUBE PRELIMINARY #P-ﬁfLIMINAW\\

Northern Sky (below the hOI‘IZO‘ﬁ)// . \
Data dominated by atm. v’ s ' - . e -log;op=5.04
L% oy ) A X < NnSrc,=40.17
/ o , F 5 ‘3 ; i B “ 3 '.\_ "\ \ Ybest = 3.45
24hl\ Jopedae. '. ‘\, .0 ,'; | ‘ \ ” | Oh
\
s SVER -log,p=5.96
outhern Sky (above the ,onz,on) NSrc,,,=16.16
Data dominated by atm. u _ Voeos = 2.34
g best — ~-
-y
Southern Sky (6<-5") Hottest Spot o
:: " .:. 21« 1ca0 eventsh
W e IC59 events b 54
s IC79 events | a8
+ |C86 events
0.0 0.6 1.2 1.8 2.4 3.0 3.6 a.2 f‘ 16
|Ogl() P K 30
= 4 years of data: IC40+IC59+IC79+IC86, Livetime: 1371 days iy “ 5
= Total number of events: 178k (upgoing) + 216 (downgoing) ."".._' .
= Hottest spots and post-trial p-values: ’ & o
» Nothern sky: Ra=11.45deg, Dec=31.35deg, 37.6 % (not significant) L ICECURE PRELY mmv . -
= Southern sky: Ra=296.95deg, Dec=-75.75deg, 9.3 % (not significant) -BOL.--' I R e M! s e

E — —i. — AN i
280 285 290 295 300 305 310 315

No evidence for point sources



lceCube: 3 Years Point Source Search: Upper Limits

» Search for excess of astrophysical neutrinos from a common
direction over the background of atmospheric neutrinos

»  Stacking analyses

(Southern Sky (downgoing)| Northern Sky (upgoing)| = Northern sky: 1 TeV —1 PeV
— IC79+IC59+IC40 sensitivity (90% C.L.) = Southern sky: 100 TeV — 100 PeV
AT -- IC79+IC59+1C40 discovery potential (50)
n 101 |e e IC7941C59+1C40 Upper Limits (90% C.L.)|] 1.0 = | Z
2 — ANTARES sensitivity (90% C.L.)  arXiv: co2 oone || O
= a a ANTARES Upper Limits (90% C.L.) 1207.31(]5 S 90 E-LS 3
. 0.5+ -
; 100| A -
() —_
- —
" E 0.0+
© -11 wn
E 10 g)
_05 4
“ S
L 12 -
107} i : i ] -1 , SO N L N v Ne ) i
-1.0 -0.5 0.0 0.5 1.0 2 3 4 5 6 7 8 9 10
sin(d) log,,[E, (GeV)]

No evidence for point sources



Neutrinos From Gamma Ray Bursts
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Figure 3

Fireball model:

Internal shocks in GRBs — acceleration for UHECRSs
Neutrino production in p-y interactions in fireball

BURSTING OUT

FORMATION OF A GAMMA-RAY BURST could begin
either with the merger of two neutron stars or
€ with the collapse of a massive star. Both these
events create a black hole with a disk of material
NEUTRON STARS around it. The hole-disk system, in turn, pumps
out a jet of material at close to the speed of light.
= Shock waves within this material give off radiation. | JET COLLIDES WITH
" AMBIENT MEDIUM
N [external shock wave)
; BLOBS COLLIDE GAMMA
(internal shock  RAYS
wave)

) SLOWER

BLACKHOLE W psk St%}f“ BLOB
l

CENTRAL
ENGINE =

PREBURST

GAMMA-RAY EMISSION

MASSIVE
AFTERGLOW

Per-burst Neutrino Fluence

HYPERNOVA SCENARIO
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IC40+IC59 Neutrinos From Gamma Ray Bursts

Search for neutrinos from direction of GRB in short time window (<1 day)
around trigger time (=satellite measurement of GRB):
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Results:

= 215 GRBs in Northern sky

= 2 events observed:
both trigger IceTop, likely atm. muons

=  Neutrino flux limits in tension with
fireball model

400 600 300
Time since BAT trigger time (UT 2007-06-21T23:17:39.8)
| e==x=™ 1040458 Allowed (90% CL ' ]
— |C40+59 Allowed (95% CL 1
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Nature 84, 351 (2012)



Search for Diffuse Neutrino Fluxes

Diffuse flux = effective sum from all (unresolved) extraterrestrial sources (e.g.AGNS)

Possibility to observe diffuse signal even if flux from an individual source is too small to be
detected by point source techniques.

» Search for excess of astrophysical
neutrinos with a harder spectrum than
background atmospheric neutrinos

Atmospheric v, u

Harder Spectrum
v (E?)

Energy

= Advantage over point source search: can
detect weaker fluxes

= Sensitive to all three flavors of neutrinos

»Disadvantage: high background




Atmospheric Neutrinos
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WB (Waxman-Bahcall)
theoretical limit on diffuse
astrophysical v,



events

|C59 Search for a Diffuse Flux of Muon Neutrinos

[T T 1T°1 T T T1 T T 11 T T 11 | T T T 1 | T T T1 | T 1T 1T T T T T_] § 42
L - ® ©
4 ———— [C59 data O, o
107 conv. atms. v,, (HKKM2007) — e 0
= — CONV. atms. v, (HKKM2007 + best fit nuisance) 3 =1
C ———— astrophysical v, E? (best fit) . =
- T ™M, =m=e=a astrophysical v, E2 (90%GCL upper limit) — ko) ]
1 03 L prompt v, (QO%CL upper limit) | _: —800
: P | [l [ : 5 _l600
- reliminary - |
10° E -
- - 100
10 = 1B 200
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= . qu - E log10(dE/dx___ [GeV/m])
- , I T
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-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 :
log1 O(dE/ereco [GeV/m]) .

Best-fit results:

E-2 norm = (2.7 +/- 5.9) x10° E2GeV cm? 51 gr!
Prompt norm = (0 +/- 1.216) x [Enberg et al. + Gaisser knee]

the ?highest energy event



IC59 Neutrino-Induced Cascade Search Results

= (contained) cascade search analysis in IceCube, 335 days (2009-2010)
= Energyrange 43 TeV <E, <6 PeV (central 90% v signal events)

A. Schoenwald et al, for the IceCube Coll., ICRC2013 paper 0662

10?

101 F

Events / bin / livetime

335 days Iive t|me EEE Atmospheric » (prompt)

B Atmospheric r (conventional)

4 ¢ Data

IceCube Preliminary E=67TeV

B Atmospheric ' = After final selections (including E,,
8 data events were found (4 bg events expected)

> 38TeV)

E=43TeV

5.0 5.5 ) IceCube Preliminary IceCube Preliminary
log,( Reconstructed Energy / GeV ) ! T
10 10
L] ] [ ] . . 9 . 9
Likelihood fit results: 7 e
- Flux limit (per flavor) g’ 3
= —
. E 7 0
Dgyo,= 1.7x108 (E/GeV)? (GeV-' s sr! em = 0
43 TeV <E, < 6 PeV °
- Prompt neutrinos: 00 05 10 15 20 25 30 o2 4 6 8 10
B3¢, [107% GeV 57! sr™t em™?] Pprompt / Prnberg
+3.2
2‘9—2.6(I)Enberg parameter pull | parameter uncertainty
. . . . . ¢conv 0.16 G[d’conv] =0.25
- Nuisance parameters with no strong deviation from nominal value P 0.16 o[¢u] =05
cosmic ray index | 0.1 olindex] = 0.5
energy scale 0.27 | olenergyscale] =0.15




First observation of PeV-energy neutrinos with IceCube
Phys. Rev. Let. 111 (2013) 021103

Asticles published week ending 12 JULY 2013

Published by
American Physical Society, o Volume 111, Number 2



First observation of PeV-energy neutrinos with lceCube
Phys. Rev. Let. 111 (2013) 021103

|C79+IC86 analysis of Extremely High Energy filter data (670 days, 2010-2012)
to search for cosmogenic or GZK all-flavor neutrinos (PeV-EeV)

®

Q..

3 o
date (GMT) Aug. 8, 2011 Jan. 3, 2012
" NPE 7.0 x10* 9.6 x 10
“s00m number of recorded DOMs 354 312

reconstructed deposited

energy (PeV) 1.04 +£0.16 1.14£+0.17
reconstructed z vertex (m) 122+ 5 25+ 5

Two cascade like PeV events, found in an analysis dedicated
to a search for bright events
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|IC79+IC86 Contained Vertex Events Search

Accepted for publication in Science

A follow up search on 2 PeV cascades:
= Selecting for high energy neutrino events with vertices well contained in the detector
volume (no flavor tagging, combination of neutrino induced muons and cascades)

Results:
Observed 28 events (21 cascade-like, 7 track-like) in 30 TeV < E, < 1.2 PeV, expected 10.6"3;

number of background u and conv. v events (12.1+3.4 including prompt v)

a° o011 filn 14
LR ¥
e Wi R g i
Faadioe. N A°
declination: -13.2° declination: 40.3° d def’t":atm"- 9-;" v
deposited energy: 82TeV deposited energy: 253TeV eposited energy: /11e

s

Qo
e

1.1

[

IceCube Preliminary
IceCube Preliminary
IceCube Preliminary

C. Kopper et al, for the IceCube Coll., ICRC2013 paper 0650



|IC79+IC86 Contained Vertex Events Search

Accepted for publication in Science

[ Background Atmospheric Neutrino Flux [Southern Sky (downgoing)] lNorthern Sky (upgoing)]

[ Background Atmospheric Muon Flux T T T

Background Stat. and Syst. Uncertainties H . = :ac:groun: :gnnosp:er!c :eutrl:r Flux

— " x N 2 10______ ISR S ackgroun ospheric Muon Flux

Signal+Bkg. Best Fit Astrophysical £ Spectrum Background Stat, and Syst, Uncertainties
10! + eee Data - - 1 —— Signal+Bkg. Astrophysical E-2 Spectrum
o [, lceCube Preliminary ese Data .
" gl d lc@Cube. Preliminary |
> | : :
© L/ 7 H x
8 %7/ 2
o 7 7 —— [a]
©
) //////// s 6L--
% 0L ] 7.777 5 S 1 ©
a 100 ¢ l 1]
0 7 Q
= %)
b 2
: g 4|
w+v oz A Sl
////'
7
///%% 210 0.0
10° sin(Declination)

Deposited EM-Equivalent Energy in Detector (TeV)

Purely atmospheric origin (u + atm. v) of 28 events rejected at 4 o level.

Likelihood fit: Energy range: 60TeV < E, <2PeV
Results: Ecutoff =1 6i(1)i PeV
E*®,, =(12+£04)x10™ [GeV'ls'lsr'lcm’z] (per v flavor)

C. Kopper et al, for the IceCube Coll., ICRC2013 paper 0650



|IC79+IC86 Contained Vertex Events Search

a follow up search on 2 PeV cascades

Searched for:
— Point source in sample of all 28 events
— Point source in subsample of 21 cascade events

UBE PRELIMINARY

* All p-values are post:trial

shower events
p-value = 8%

17
'

all events
p-value = 80%

0 TS= 2log(L/LO) 12.4

No evidence of spatial clustering found



Diffuse Fluxes — Status
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CR sources pp vs py collisions: Glashow Resonance

. - _ _ Ve " ,q
= Resonant W production v,+e- —= W™ at E =6.3 PeV
. oy . w=
= Unique channel: sensitive to electron anti-v flux
IceCube does not distinguish v and anti-v induced DIS events - Vi q

= Hadronic particle showers W~ —g¢g are dominant: I'j,/Ty, ~70%

IceCube MC Simulation:
Hadronic Cascad_e at 6PeV

1034

107

10-36

L) (Vi
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-38|
101 10° 103 10" 105 10 107 10 109 10" 10111()"
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CR sources pp vs py collisions: Glashow Resonance

v,+e =W
Ve + v, Online cascade filter rates at PeV energies in IceCube
il - I ‘ Channel

"ol S 0 T all
= proton collisions - pp = T B0t Gevem?sert | [EGRas
- L ‘ ! : e+v
5008 L g
>N 0 = 5 J RGR—088yr | [IDIS NC
p+p T+ +... 0.06 I e

7PeV : ‘
J 13|s_009yr OO - . U S PR URRRUR

anti-v, and v, produced equally 0.04
at Earth: anti-v, :v, =1 :1* 0.02

-
e e
- — ———

: 1 2 3 4 5 6 7 8 9
= proton photon scattering — py Evs [PeV]
@ +n v and ¥, cascade filter rates at PeV energies in IceCube for (v_e¥_e)=(0.78,0.22)
JU + p E‘ . E E'2®(ve+§re)=1x1 08 Gchm‘zjs"sr'1 E
| 80-08;% 53:253
no anti-v, produced at source 0,065 . J =LA ‘

at earth: anti-v, : v, =0.22:0.78" |
(*)ratios at earth from Bhattacharya et. al., arXiv:1108.3163 0.04 J os =0 10yr

Evis [PeV]

H. Niederhausen, J. Kiryluk for the IceCube Coll., ICRC2013 paper 0494



The Cosmic Neutrino Fluxes

“GZK” cosmogenic v
o Production
P+Vop > A—=m+n—v+..
o CR spectrum:
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GZK cosmogenic v’s: calculations depend on:
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injection spectrum, end of galactic CR
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Yoshida et al, Prog.Theo.Phys. 89 833(1993)



Astronomical Distances

1 Mpc = 3.26 million light-years 0.037 Mpc

Solar System Solar Interstellar Neighborhood

Local Galactic Group Virgo Supercluster Local Superclusters Observable Universe

3 Mpc 33 Mpc 28000 Mpc



p NPE

log

(IC79+IC86) Search for Cosmogenic GZK Neutrinos

Data from 2010-2012
Energy range PeV — EeV

o  no atmospheric background is
expected

Two neutrino-induced
cascade events found

at ~1 PeV.
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Cosmogenic v models

Engel et al.
= Kotera et al. (FRII)

Ahlers et al. (max)

Abhlers et al. (best)

Yoshida et al.
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Neutrino Telescopes

Techniques: = optical detection
* radio detection
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% I CECUBE

SOUTH POLE NEUTRIND OBSERVATORY

Summary

= Era of km3 neutrino astronomy has begun
o 100,000+ high-energy neutrinos on the books

=  Atmospheric neutrino flux measurements (cascade and muon
channels)
* Prompt neutrino limits (cascade and muon channels)
= Two 1 PeV neutrino-induced cascades detected
Evidence for astrophysical neutrinos ! Ty o
= No astrophysical neutrino sources g‘
detected yet
= No neutrinos seen from GRBs

o Setting limits on physics of fireball model

= (Continued gains in sensitivity

o Continuous data taking with full detector, improved analysis techniques

b

ool



