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INOS

® Neutrino Telescopes

® Astrophysical Neutr

® Selected Results

® Outlook and Conclusions

® Motivation
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Courtesy ALPHONZ WEBER, FORDHAM UNIVERSITY

Victor Hess surrounded by Austrian peasants
after landing from one of his ascensions a few
weeks before his record breaking ascent in the
Bohmen.
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extra-galactic cosmic rays |

bl% Ankle
-
Ed

| |

A A Al A Al A A ll A A ll A
1013 1014 10]5 1016 10]7

nere are they coming from ?

nat cosmic sources accelerate

these particles to energies in the
EeV range !
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2 ~,,,,,/,?\ks’crophysmal Messengers

cosmic rays +
neutrinos

------------- cosmic rays
+ gamma-rays

Hadrons or electrons
can produce the
observed gamma rays

Neutrinos only
produced by hadrons




Sources of High Energy INEUEEINGOS

Atmospheric Neutrinos

Cosmic rays interact
oo 1IN the upper

L = muon

e atmosphere:
V = neutrino

et =electron

e” = positron

= photon

p+A =TT (K2) +
other hadrons ... TT
e T UTVE— e VeVuVy

| ‘
o Y

A
IceCube Collaboration Phys. Rev. Lett. 110 (2013) 151105 /1212.4760v2
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Principle of an optical Neutrino Telescope

Array of optical 1
sensé)rs p ptursthe;
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O hadronic .
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Neutrino lelescopes
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opes /| Detectors

° IceCube at the Geographic South Pole

° ANTARES is located at a depth
of 2475 m in the Mediterranean
Sea, 40 km offshore from Toulon

L2

‘ ° 5160 [0”PMTs in Digital optical modules
distributed over 86 strings instrumenting ~ | km?3

~480m

° Physics data taking since 200/ ; Completed in
December 2010, including DeepCore low-
o energy extension

° Consists 885 [0”PMTs on 12
lines with 25 storeys each.

Cable to shore

° Detector was competed in May i
2008 o
Depth: 850 hg/cm?

Junction Box A

° Baksan Underground Scintillator
Telescope with muon energy threshold
about | GeV using 3,150 liquid scintillation
counters

° Operating since Dec 1978 ; More than 34

17x17x11 m3

Tank size: years of continuous operation
M 70x70x30 cm’
To Shore
'- calibc:.?ion las_er
25 2\ 2N R e
*  LakeBaikal,Siberia,atadepth .1 km\_JK_J"\ {3 /2N 3o .| ®  Super-Kamiokande at Kamioka uses | 1K
T .oe TF el i
. . ".- 0.25 m: B .. 2 -. o : module
®  NT200 (since Apr 1998) consists of =S g e 50kt pure water (22.5kt fiducial) water-
op;ocenltral ahnd seven peripheral strlngs_émmz_m 1< 15 I¢¢ cherenkov detector
O m engt J A s :.. ..} .0..:‘
./ L3 2% il oz o
-.F: e BRI ° Operating since 1996
2:: P - - —';:" i :~2{Dm

" 18.6m
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arXiv:astro-ph/0609743
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* 12 lines

» 25 storeys / line
* 3 PMTs / storey
- 885 PMTs

* ~10MT

Resolution:
Position < 10 cm
14.5m Timing ~ 0.5 ns S
X
(=)
V.
Q
“ $
%)
L
. £
N e)
3
abe
b
/ Junction
gg Box
e dzp\es
<\'\°\L
&

NIM A 656 (2011) 11-38
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©Montanet

* 12 lines
» 25 storeys / line
* 3 PMTs / storey
- 885 PMTs
* ~10MT

Resolution:

Position < 10 cm
Timing ~ 0.5 ns

NIM A 656 (2011) 11-38
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8 ICECUBE

g IceTo
e 81 Stations
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

Detector Volume
~1000 MT

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

at ' . . ’
- ". - : ..-n .
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111 e
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2820 m |_




South
Pole

lceCube Depth:
|.5-2.5 km
Downgoing
Muons

N orth Pole

i
I
|
Up-going eventy can be used to obtain
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes

snals |

p + A = 1% (K*) + other hadrons ... TT" = U Vy—e*VeVyuVy

Carsten Rott 6 |7
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South
Pole

p+A — 11 (K*%) + other hadrons ... TT" = U Vy—e*VeVuVy

lceCube Depth:
|.5-2.5 km

e

1North Pole

NS

|
Up-going eventy can be used to obtain
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes

Carsten Rott CS KIAS-CFHEP Workshop and the 5th KIAS Workshop
17 on Particle Physics and Cosmology Nov. 9 — 13,2015



SOUth + + + + +
p +A — 11* (K*) + other hadrons ... TT" U "Vuy—e " VeVuVy

Pole
lceCube Depth:
|.5-2.5 km
Downgoing
Muons
' North Pole

|
Up-going eventy can be used to obtain
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes

Carsten Rott CS KIAS-CFHEP Workshop and the 5th KIAS Workshop
17 on Particle Physics and Cosmology Nov. 9 — 13,2015



i South
' Pole

/]\ p+A — 11 (K*%) + other hadrons ... TT" = U Vy—e*VeVuVy

lceCube Depth: H
[.5-2.5 km
Downgoing
Muons

i North Pole

|
Up-going eventy can be used to obtain
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes

Carsten Rott CS KIAS-CFHEP Workshop and the 5th KIAS Workshop
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i South
' Pole

//\ p+A — 11 (K*%) + other hadrons ... TT" = U Vy—e*VeVuVy

lceCube Depth: H
[.5-2.5 km
Downgoing
Muons

i North Pole

|
Up-going eventy can be used to obtain
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes
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South

Pole P + A — 11t (K¥) + other hadrons ... TT* = p*Vy—e*VeVuVy
ole

lceCube Depth: U//\
|.5-2.5 km

Downgoing

Muons

i North Pole

|
Up-going eventy can be used to obtain
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes

Carsten Rott CS KIAS-CFHEP Workshop and the 5th KIAS Workshop
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South

Pole P + A — 11t (K¥) + other hadrons ... TT* = p*Vy—e*VeVuVy
ole

IceCubVe Depth:
|.5-2.5 km
Downgoing
Muons

i North Pole

|
Up-going eventy can be used to obtain
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes

Carsten Rott CS KIAS-CFHEP Workshop and the 5th KIAS Workshop
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South
Pole

p+A — 11 (K*%) + other hadrons ... TT" = U Vy—e*VeVuVy
lceCube Depth:
[.5-2.5 km
Downgoing
Muons

 North Pole

Atmospheric muons ~ IO'/year
Atmospheric neutrinos ~ 10°/year
Astrophysmal neutrlnos ~ IOO/year

il CUuUuLGiviv 1iIvull vuu.\_\é vUuliua v

extra terrestrial neutrino fluxes

KIAS-CFHEP Workshop and the 5th KIAS Workshop
Carsten Rott CS 17 on Particle Physics and Cosmology Nov. 9 — 13,2015






Track topology

(e.g. induced by muon neutrino)

Good pointing, 4
0.2°-1°
Lower bound on energy for

through-going events
| Cascade topology

(e.g: induced by electron

neutrino)

Good energy resolution, 15%
Some painting, <
| |

Yo 1905

Ve VT CC-int & vi NC-int
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oN and Peric

Physical Review D89 (2014) 102004
Cosmic Rays

® (Calibration Sources:

® 12 LED flashers on each DOM [ "

Moon Shadow & <
~0.5° <

® |n-lce Calibration Laser

® Cosmic Rays

Cosmic Rays

® Moon Shadow ® Moon blocks cosmic rays - Observed muon deficit
® Atmospheric Neutrinos 140 significance
.. C .. O ‘ inti <0 ]°
e Minimum-ionizing Muons ~ systematic pointing error <0.l
o)) B &
% 3; 8000
| 4 N g 6000
) Tk AN N — Through-going | q-; 2= 14000
— 1.2¢ S - = Starting - Q% it
N _: Sso e Kinematic i - —2000
5 1.0 ~ 03 O
~0.8F Ses oy . . -
o0 S~. o B 5
= 0.6F ~- 1 A= 000
° 0.4} . 2 4000
H 0.2F 3 _ - -6000
' Y IceCube Preliminary -3/
0.0 Lot 0 i RENAITITY RTTTITIT OO T RO T DR B . -8000
: 3 4 5 6 7 8 T T S ] T S B e B
10 10 10 10 10 10 -3 -2 -1 0 1 2 3
Neutrino energy / GeV @ et ™ Pmoon) SINOcyeny) [deg]
KIAS-CFHEP Workshop and the 5th KIAS Worksho
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oN and Peric

Physical Review D89 (2014) 102004
Cosmic Rays

® (Calibration Sources:

® 12 LED flashers on each DOM [ "

Moon Shadow & <
~0.5° <

® |n-lce Calibration Laser

® Cosmic Rays

Cosmic Rays

® Moon Shadow ® Moon blocks cosmic rays - Observed muon deficit
® Atmospheric Neutrinos 140 significance
.. C .. O ‘ inti <0 ]°
e Minimum-ionizing Muons ~ systematic pointing error <0.l
o)) B &
% 3; 8000
| 4 N g 6000
) Tk AN N — Through-going | q-; 2= 14000
— 1.2¢ S - = Starting - Q% it
N _: Sso e Kinematic i - —2000
5 1.0 ~ 03 O
~0.8F Ses oy . . -
o0 S~. o B 5
= 0.6F ~- 1 A= 000
° 0.4} . 2 4000
H 0.2F 3 _ - -6000
' Y IceCube Preliminary -3/
0.0 Lot 0 i RENAITITY RTTTITIT OO T RO T DR B . -8000
: 3 4 5 6 7 8 T T S ] T S B e B
10 10 10 10 10 10 -3 -2 -1 0 1 2 3
Neutrino energy / GeV @ et ™ Pmoon) SINOcyeny) [deg]
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s A ctranhwve

1. Point Source single dominant source

~

® How to overcome the large
atmospheric neutrino
background

Northern Hemisphere

® We need to rely on
statistical methods to pick
Southern Hemisphere

out neutrinos from this > Ti lust
Mess |mgmsc us erlng

® Do neutrinos cluster ‘ “‘ ‘ e ISIENE SOUTCE

anYWhere in Space’ time’ L levt 3evtth I evt

— eVt

or arriving in coincidence 3. Spectral feature
with astronomical events

cumulative flux

or objects ! /\ \1
® Do we see any spectral \;\_: oy
features ? " ’ N
V 5 ’

energy

Carsten Rott 8 KIAS-CFHEP Workshop and the 5th KIAS Workshop
22 on Particle Physics and Cosmology Nov. 9 — 13,2015



[IlceCube, Astrophys.d. 796:109 (2014)] 5
____________Point SoUErEEeS

ANTARES 4-year up-going muon point IceCube 6-years up-going muons and
source search down-going high energy muons

(-

[ceCube Preliminary +75

North
Atm. v

Y2 4]Oh

«=-180"

2 ‘ South
Atm. py

No significant clustering observed

1 | _ | |

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0

—logop

2.67% change probability 35% change probability (up-going muons)
87% change probability (*PeV down-going muons)

KIAS-CFHEP Workshop and the 5th KIAS Worksho
rsten Rote (5 , ,
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arXiv:1511.02149

South

North

-6
107 > :
" = . ——— ANTARES sensitivity (1338 days)
%) E *  m ANTARES (1338 days)
o n '-_ . AriTARES full-sky limit - 1" bands (1338 days)
e B = w=sss ANTARES E <100 TeV sensitivity
O % O lceCube 3 years
> B - IceCube 3 years sensitivity
Q % ssss lceCube 3 years E <100 TeV sensitivity
G, :
_ -
O -7 - oo
S = 10 = : ——
- = . o
N b—
L £

ahd constrainEs

ANTARES can observe the southern
sky through the Earth

— |ower threshold, better limits in the
south

lceCube has a larger effective area
— more events, better limits in the
north

New: combined lceCube/ANTARES
search

L|m|ts and sen5|t|V|t|es for~v = 2 0

: 10° ¢
C PRE LIMI NARY IC+ANTARES _
" e |C+ANTARES limits |1
. - IC40+59+79 '
s —_ Ao IC limits
O T 07 F ~— - ANTARES
N s 35!: - x  ANTARES limits
. E ) g e A 2 : . x
il “E \Cegu[_] m‘ % - §—_§\‘ ,:(_'* ____,)E( _____ X ——>x——x—X————:
. u O (] eluuNg “."‘ (O] “"‘”*?( —‘»‘%XWYX xX ?)\ 5
B m ?s‘ tdan ’0‘.",." J‘B ~ 10'8 ~. -
\ 0 o/ <
\{  Ogs S
107 \.U - w
s . ApJ Letters 786:L5 (2014) 107 -
NERE RN NN RN FEEE AR RN AR AN A
41 -08 -06 -04 -02 0 02 04 06 08 1 L — i — - 3
Sln(S) sin(é)
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http://arxiv.org/abs/arXiv:1511.02149
http://arxiv.org/abs/arXiv:1511.02149

and constraings

o SOUth . NOI”th ANTARES can observe the southern

—
(&)}

= % ANTARES itivity (1338 d
‘;‘ E = AETARES :183"32 d\;yys)( S Sky through the Earth
- .« ANTARES full-sky limit - 1° bands (1338 d . .
C}JE L % ssss ANTARES ; :1go:av sensaltrllvi?y( b — |ower threShoId, better limits in the
(@) % [ IceCube 3 years
> B . . IcéCube3years sensitivity SOUth
Q % ssss lceCube 3 years E <100 TeV sensitivity .
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GZK Neutrino Seakek

1025: ||||| [TTTTTTTTT [TTTTrTrTrTTT | BLELLELELELE [TrrTrroroTT | R |: Cosmo entic (GZK) neutrinos
p— - Toshihiro FUJII @ TeVPA2015 for TA - g
" N ]
X * | i . o .
T ﬁi‘ﬁi i 1 GZK: Greisen—Zatsepin—Kuzmin
@ AT %0y Y,fﬁ}
% 10| a4  HiRes-l(2008) —
£ ~ v HiRes-ll (2008) \ A AL S ; ) A‘I' ) +
X - 0 Yakutsk Cherenkov (2013) ¢ ] p _l_ VCM 3 n —I_ TC
% A Tunka-55 (2013) ? |-
() v Tunka-133 (2013) -
et KASCADE-Grande (2011) F _|_ —I—
~ < Auger (2013) .
= &  ICETOP (2013) T[ —> !ul« _|_
-y 103}~ @ TA Combined (ICRC 2015) =
: lllll l lllllllll l lllllllll l llllllll l lllllllll l LIl 1l l: \ —I_
16 17 18 19 20 e —I_ @
Iogm(E/eV)
10-5 — Ijnmit:‘c;n all f=la4vf)r=;1 :1:1) neutrino flux (<'>xE ) over one ener?y decade

GZK v Ahlers et al. best fit with 3 EeV trans! ition

m GZK v Ahlers et al. 99% CL range with 3 EeV transition

GZK v Kotera FRII. Emax 316 EeV

ANITA-11(2010)

|

RICE(2012)

(Y

<
a
|

® No evidence for GZK

Ll 1

|

=
—é B PAO(2015) v, . limit x3
g 107 [ eocumeen neutrinos, but 2012
> .
s i this work P S
bd | [2008-2014] &
=\ lceCube analyses found
o f Q) two events in the signa
10° | FSN
B IlceCube Preliminary - .
e e region
E, [GeV]
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Search for hishest enersy. ne

— . o -

IceCube Coll. Phys.Rev.Lett. | 'l (2013) 021103 / arXiv 1304.5356

Tue Aug 9 07:23:18 2011 Dataset/ ReSUItS
(670days of IC79/1C86 data)

expected 0.08 events
observed 2 events (— 2.70)

® Ernie ~1.15PeV (~1.9 104
® Bert~ 1.05PeV (~1.7 104

® Energy is the visible energy
of the cascade, could
originate from NC event, V+

CGC, or Ve CC

Tue Jan 3 03:34:01 2012

® Angular resolution on

cascade events at this energy
~10°

® Energy resolution is about
5% on the deposited energy

Ernie & Bert are not GZK, but ...

Carsten Rott CS KIAS-CFHEP Workshop and the 5th KIAS Workshop
28 on Particle Physics and Cosmology Nov. 9 — 13,2015



Follow up analysis to trace higsh-energ

Probe the energy region of about 30TeV to |PeV, all flavors and all directions,
by vetoing down-going high-energy muons with the outer layer of lceCube

Vi
u\ Background

A
veto 1 90m
£
S
S
i
dust layer 1 80m dust layer
\ 4 ¢ |Om

<>
edge strings
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e o Veto. and S@U{i\//@t@

Atm. neutrino Down-going hgh-energy neutrinos

' . can be nearly background free |
|dentn° ed as astro-physical neutrinos:

~up-going  down-going

- Northern Hemisphere

Southern Hemisphere ;

”

1 90m

.

|000m

‘Al

1
wnn

l('fl
(D-----

|QTI

| BN BN BN B OB
E3®, [GeVZem™2sr~1s71]

P = = = = g

Conventional v,

$ 10m 10—4 '
~1.0 —0.5 0.0 0.5 1.0

edge strings
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analysis

Glowing significance: 4.10(2y) = 5.70(3y) — 6.50(4y)
Increasing number of events:  28(2y) = 36+1(3y) — 53+1(4y)

[ Background Atmospheric Muon Flux

5 2 : 3 Background Atmospheric Muon Flux
10% |-ooeeeemmeeeesmemesseennaeeenden- p B, Atmospheric Neutrins (s/K) - 1l A ~|Em Bkg. Atmospheric Neutrinos (x/K)
C : Background Uncertainties ] I~} Background Uncertainties
= Atmospheric Neutrinos (90% CL Charm Limit) ] : = Atmospheric Neutrinos (30% CL Charm Limit)
0 —— Bkg.+Signal Best-Fit Astrophysical (best-fit slope £ %) |1 W : -~ Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2%)
> : - = Bkg.+Signal Best-Fit Astrophysical (fixed slope £ ?) f>U.. ‘ - « Bkg.+Signal Best-Fit Astrophysical (fixed slope E?)
8 101 NN 77 77 g S , ________ eee Data 0 101 ______________ | 1 |e®e Data i
0 : N~ L IceCube Preliminary
o0 Sl Sl R Com i < A/ = — = -
. g | — Y L :I'_ e
GLJ 1 _:—v—l = . —f— - - =t : :
o 10° Tl e T4 & 10 T i + . -
g | 5 Wity
(N} : S 7
10! VO% I ANV W ST S o— Lu 102 iy, I R
é .
%
A
G4% R U I %, %
10t 10 10° 10 10° 10°
Deposited EM-Equivalent Energy in Detector (TeV) Deposited EM-Equivalent Energy in Detector (TeV)
37 events (9 track-like, 28 showers) 54 events (|5 track-like, 39 showers)
Expectation from conventional Expectation from conventional
atm. muons and neutrinos ~15.0 atm. muons and neutrinos ~21.6
IceCube Collaboration, Science 342, 1242856 (2013), _
IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014) IceCube coll. ICRC 2015 proceedings
Carsten Rott 6 3 KIAS-CFHEP Workshop and the 5th KIAS Workshop
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Science

37 events (9 traCk'Iike’ 28 showers) Observed ® Mesons including charm quarks in the
Expectation from conventional atmosphere decay immediately to produce

neutrinos, known as prompt neutrinos which

atm. muons and neutrinos ~15.0 are not observed yet.
5 "\ [E=3 Background Atmospheric Muon Flux ®  ERS,or Enberg et al. Phys. Rev. D 78,043005
0 [ Bkg. Atmospheric Neutrinos (m/K) B (2008) is used as a baseline prompt model
. : Background Uncertainties ;
== Atmospheric Neutrinos (90% CL Charm Limit) 4 .. .
0 - Bkg.+Signal Best-Fit Astrophysical (best-fit slope £ *¥) [] ° Slgmﬁcance are .based.on the exact n.eutrlno
> : - = Bkg.+Signal Best-Fit Astrophysical (fixed slope E ?*) ] flux mOdel’ not mCIUdmg the uncertainty of
8 101 | R N eee Data 1 the model.
o —- § E
0 I= § 1 ® Atmospheric Bkg : CR Muon ( 8.414.2),
(@)] : 1
. e Conv. Neutrino (6.6*>7_ ¢),
@ | 5 i .
Q 100 L -k = ]
v ] e Over 60 TeV < E <2000 TeV, the spectrum
GCJ ] consistent with E2 or E-23
v ]
L T 5 . .
1 : i~ o E-% spectrum predicts too may neutrinos
10 z """" """"""""""""""" above ~2 PeV. So, a cutoff or steeper
% ] spectrum needed.
7
102 100 10* 5.7 sigma rejection of
Deposited EM-Equivalent Energy in Detector (TeV) atmospheric-only hypothesis

IceCube Collaboration, Science 342, 1242856 (2013),
IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014)
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k—/

54 events (15 track-like, 39 showers) observed ©  Mesons including charm quarks in the

atmosphere decay immediately to produce

EXpeCtation from conventional atm neutrinos, known as prompt neutrinos which
. ) are not observed yet.
muons and neutrinos ~21.6

2 : B Background Atmospheric Muon Fux ° ERS, or Enberg et al. Phys. Rev. D 78, 043005
10~ Ppronsssnsmsnren - |E=m Bkg. Atmospheric Neutrinos (r/K) i (2008) is used as a baseline prompt model
: "77) Background Uncertainties
= Atmospheric Neutrinos (90% CL Charm Limit) L. .
v ; — Bkg.+Signal Best-Fit Astrophysical (best-fit slope £-2%¢) [ ® Significance are .based.on the exact n.eUtrmo
% i : - « Bkg.+Signal Best-Fit Astrophysical (fixed slope E?) flux model, not lncludlng the uncertainty of
() 101 I |+ |e®e Data I the model.
; o = =4_ | IceCube Preliminary
M g | ‘- T ®  Atmospheric Bkg : CR Muon ( 12.6%5.1),
t e e st WY 2. dalal Conv. Neutrino (9.0%89,,5),
& 10° [ o o T R
0 ; ° Over 60 TeV < E <2000 TeV, the spectrum
= 1 best fit with E-2°8
)
- 1 0-1 ° E-2 spectrum predicts too may neutrinos
T Wy S above ~2 PeV. So, a cutoff or steeper
i v spectrum needed.
: — ‘ _I - - L]
102 103 104 ~7 sigma rejection of
Deposited EM-Equivalent Energy in Detector (TeV) atmospheric-only hypothesis
ICRC 2015 proceedings

IceCube Collaboration, Science 342, 1242856 (2013),
IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014)
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3.5

D

@@mmdow and flux

I
HESE—4yr

¢a stro

3.0

2.5+

2.0

1.5

'lceCube Preliminary

1. | | | | | |
9.8 2.0 2.2 24 2.6 2.8 3.0 3.2

Yastro
Spectral index has steepened

Contour plot in
spectral index vs.

normalization at
|00TeV

HESE-4yrs best fit flux:
E2® =~2.2 x 108 GeV cm2 s1 sr-1

(no new PeV events but relatively large number in TeV)
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IceCube Collaboration, Science 342, 1242856 (2013) o

ICECUBE PRELIMINARY

54 % i RikEGE
T3 % 3 ﬂ,:ffg
2 o Y On A
17 X43 16 8 11 26+ 18 S5z
-r x + X -+- T ¥ 8 = 35. .gl
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46 § - = s
36 48+ 4 2 T
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+ 2 . + i1
2+ &4
+ P %30 Ta:
*F $
12+ 19 : &
T F, -
& Rl
+ < g.
18 42 g §
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21 10 -+ G
_________________________________________ C .
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.+ shower event: ¢ TS - 2/0g(L/LO) 09

LU CEERR
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e ®
° L
000 000000
e o
° ‘N-C
® d
LTLLl eee
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e
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J e o
o
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no significant correlations -- spacial or temporal
p-value for cascade events “clustering” 8%

Carsten Rott CS KIAS-CFHEP Workshop and the 5th KIAS Workshop
35 on Particle Physics and Cosmology Nov. 9 — 13,2015



Can we make an independent confirmation of

the "Observation of Astrophysical Neutrinos™
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AN TARES Diffuse Seakei

J. Schnabel ICRC2015

Expected events:

® Background:9.5 £ 2.5
® Astrophysical: 5.0 + |.1
Observed:

® |2 events

® Results:

® (Consistent wit

6
‘E' 10 B Ve u /3, ANTARES u.l. cascade 2014

o B Ve u -/3; ANTARES sensitivity cascade 2014
A ez v,, atmospheric (Bartol)

I o Ve . /3, ANTARES u.l. IC flux
'.'m B Vi /3, ANTARES sensitivity IC flux

> Ve . /3, ANTARES u.l. E

o B Ve . -/3, ANTARES sensitivity E

g Ve . /3, Icecube 2014
N

i reliminar

10% —
—lllllll | | lllllll | | lllllll |

10 10° 10° 10’
Energy E [GeV]

n background

® Consistent wit

n lceCube
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MWPeninis s
.
- . s e 0o - .. - .. Tl -
. B .- .. - ®o—e -
.o - - - -

- ) ..;..'P

S . I } h | ' I |
Example ~550TeV Muon o SO 1 1 ” ‘,j ||t \N\ ’ ,
(corresponding neutrino-in'PeV range) IceCube Collaboration Phys.Rev.Lett. 115 (2015) 8, 0!1102
Highest energy events are inconsistent with a hypothesis of solely terrestrial origin at 3.7¢

Best fit astrophysical flux consistent with High-Energy Starting Events
Normalization for E-%:0.997%493 108 E2 GeV cm? s*! sr-!
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Conventional atmospheric =
Promgt atmospheric ——
E “ astrophysical
Sum of predictions
Experimental data e

|l 4 f : i b

' Exam 19 |i
(correspond - 1102
Highest energy events are inconsistent with a hypothesis of solely terrestrial origin at 3.7¢

Best fit astrophysical flux consistent with High-Energy Starting Events
Normalization for E-%:0.997%493 108 E2 GeV cm? s*! sr-!

115 (2015) 8, 0
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SO

'. 190 ®
Northern Hemisphere 179
Southern Hemisp}fere

. . / [¢
..............................................

Equatorial

event appears in both samples

© : vy + vy (2yrs) ) : HESE track (3yrs) 0 : HESE cascade (3yrs)

Sky map in equatorial coordinates of the arrival direction of the 21 highest-energy events of this analysis (red dotted circles). The most
probable neutrino energy (in TeV) indicated for each event assumes the best-fit astrophysical flux of the analysis. For comparison, the
events of the 3-year high-energy starting event (HESE) analysis with deposited energy larger than 60 TeV (tracks and cascades) are also
shown. Cascade events are indicated together with their median angular uncertainty (thin circles). Image: IceCube Collaboration
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http://icecube.wisc.edu/news/view/348
http://icecube.wisc.edu/news/view/348

Leif RADEL ICRC2015

_Ihrough-going mUeRS

® Preliminary Results on éyears of lceCube muon data

® 3 years reanalyzed and extending to 6 years

Exp. data

i Combined v, +7,
107 o .

1 Astrophysmalu +7, B Conv. atmosphech +,

e Icedube Prellmmary s —-7—__ ' Icedube Prqllmmary ;* ; —;__ IceCube Prellmlnary
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| index and: fltEx

12> Best-fit spectral index:

Yastro=1.9120.20
120
Measured astrophysical spectral
.= index nearly independent of the
! q ° °
~ Pprompt normalization
e o 10t ———————————————————
| = ; I Conv. atmospheric v, +7, (best-fit)
N 10-5:_ ______________ ............. EES Prompt atmospheric v, +v, (90% C.L.) [
Nm : I Astrophysical v, +7, (best-fit)
5 = - : : : : :
5100 NG A Best fit: i
3 : ' 0.66_020049x108GeV-lcm-2s-1sr-1
0 10T L R ]
=
(I)prump! [ERS] \5; 10'8: ..... |
* ) [ . : ~~~~ :
Energy region: % 109} tcecube pretiminary 7oL
E, = | 70TeV - 3.8PeV Y40 4.5 5.0 5.5 6.0 6.5
logyo(E, /GeV)
Independent confirmation of astrophysical ':‘;rg}azzgeg'cfgg \%mrreezs cars
signal observed in IceCube HESE Analysis y & y
Carsten Rott (5 42 IR Ay SO



1clc Eveng

® Up-going (i.e.not a CR muon)

M

track-like neutrino event
Edep=2.620.3PeV . ® Deposited energy: 2.6£0.3 PeV

~ o - = Dustlayer with ® [ower bound on the neutrino
large absorpFlon energy

~oot . and scattering

SHHE R ® Neutrino energy significantly

higher
® Date:June 11,2014

~ o
o

— g

©
©o 0 0.0
S

< ) B S o ¢ ¢ v oo P I

b T . . . 0000000000
~OEOOLOEOR ¢ 00900 000000000

5 W] B . . o o o 000000

e & ® Direction: | 1.48° dec/ 110.34° RA
ER o ® Angular resolution <[°

The event above was detected in IceCube on [

June 11, 2014. Image: IceCube Collaboration. Early T Late
ime

KIAS-CFHEP Workshop and the 5th KIAS Workshop
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Unfolded astrophysical muon % 1 111 OWTHAACHEN
) IIl. Physikaltsches TR Jan
neutrino spectrum ettt thiin L Ul
Assuming best-fit power law:
++4+ Unfolding Bl Conv, atmospheric v, +#.
B Astrophysical v, +u,
IceCube: Preliminary | Multi-PeV track

neutrino energy
pdf

Multi-PeV track
p-value < 0.01%
to be of

neutrino energy pdf = atmospheric
(highest-energy event) | origin

~—
—
o
™
- &

FEvents per

l)

40 45 50 55 6.0 65

IU.!’,l.;,,{me’(linn neutrino energy e

m | Atmospheric-only hypothesis excluded by

10 A measurement of the diffuse astrophysical muon neutrino flux
Sebastian Schoenen | TeVPa 2015, Kashiwa | 28.10.2015
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_____________ANTARES ALEE

[ Previous | Next || ADS| ]

ANTARES neutrino detection and possible Swift X-ray
counterpart

ATel #7987, D. Dornic (CPPM), S. Basa (LAM), P. A. Evans (U. Leicester), J. A. Kennea (PSU),
J. P. Osborne (U. Leicester) and V. Lipunov (MSU)
on 3 Sep 2015; 12:18 UT
Credential Certification: Phil Evans (pae9@star.le.ac.uk)

Subjects: Optical, X-ray, Neutrinos, Request for Observations

Referred to by ATel #: 7992, 7993, 7994, 7995, 7996, 7998, 7999, 8000, 8002, 8003, 8006, 8027,
8034, 8097, 8124

Tweet
On September 1st, 2015, at 07:38:25 UT, ANTARES has detected a bright neutrino at a location of:

RA(J2000) = 16h 25m 42s
DEC (J2000) = -27d 23m 24s
with an uncertainty of 18 arcmin (radius, 50% containment)

A target of opportunity alert has been sent immediately to Swift. The XRT onboard Swift followed
the ANTARES error box 10 hours after the neutrino detection. An uncatalogued X-ray source has
been detected above the limit of RASS, with the flux varying between 5e-13 and 1.4e-12 erg cm?-2
sA-1(0.3-10 keV), at location:

RA(J2000) = 16h 26m 2.12s
DEC (J2000) = -27d 18m 14.8s

with an uncertainty of 2.4 arcsec (radius, 90% containment).

The detected X-ray source seems to be variable. By contrast no transient source in the visible
domain with MASTER SAAO has been observed so far until the magnitude 18.5 with a galactic
extinction of 2 (Schlegel et al). Further Swift observations have been planned.

We encourage strongly further multi-wavelength observations to identify this X-ray source.

Related

8124 ANTARES neutrino detection:
kinematic evidence that the
Swift’XRT X-ray counterpart is
a likely Upper Sco member

8097 Search for Counterpart to
ANTARES Neutrino Detection
with lceCube

8034 ANTARES neutrino detection: A
preliminary VLA catalogue of
radio source components and
their variability levels in the
field

8027 Pan-STARRS search for optical
counterparts to the ANTARES
neutrino detection

8006 ANTARES neutrino detection:
Nishi-Harima NIR photometry

8003 MAXIVGSC upper limit for an
X-ray counterpart of the
ANTARES neutrino event
detected on September 1.

8002 ANTARES neutrino detection:
LSGT B, V, R optical
observation

8000 ANTARES high energy neutrino
Alert150901.32 Error-box X-ray,
B, V, R optical observations
and Possible Candidate to
Neutrino Source

7999 Jansky VLA observation of the
ANTARES neutrino detection
region

7998 ANTARES neutrino detection:
CAHA photometry &
spectroscopy of the Swift
source

7996 WiFeS and Kepler K2
Observations of the stellar
x-ray source within the
ANTARES neutrino detection
region

7995 ANTARES neutrino detection:
INTEGRAL upper limit on the
hard X-ray counterpart

7994 ANTARES neutrino detection:
Optical/NIR spectroscopy of
the Swift/XRT counterpart
candidate from NOT

7993 ANTARES neutrino detection:
optical spectroscopy of X-ray
counterpart candidate with
SALT

7992 Pan-STARRS imaging of the
x-ray source position within the
ANTARES neutrino detection
region

7987 ANTARES neutrino detection
and possible Swift X-ray
counterpart
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UHE Cosmic-Ray correlations with HE netteine

(V)

87 events with E > 57 EeV

ICRC2015 IceCube + Auger +TA
Collaborations  arxivI511.02109 |

plastic scintillation detectors
+ 3 fluorescence detector stations

ADataset: May 2008 - May 2014

3000 km? surface array with 1660
water-Cherenkov detectors
+ 4 fluorescence detector stations

OpDataset: Jan 2004 - March 2014

Distribution of UHECR deflections in Galactic

0 2 4 6 8 10 12
Deflection [°]

[PT2011] M. S. Pshirkov, P. G. Tinyakov, P. P. Kronberg, K. J.
Newton-McGee, Astrophys. J. 738 (2011) 192.

[JF2012] R. Jansson & G. R. Farrar, Astrophys. J. 757 (2012) 14.

x: lceCube tracks, +: IceCube cascades, o: Auger, A: TA

i i iaidi 3 T T T T 2 T T T T
magnetic fields for rigidity E/Z>100EeV s ol Expected Range (30) ] . : Expectad Range (30)
05 T T T D = 2 Expected Range $2c; = = 45|k Expected Range (20) = -
3 JF2012 — & L% Expected Ranq_e 1c) W _ g Expected Range (1c) m
04l 1O PT2011 - | k<) i |4 racks « k<) 1k Cascades « |
= : -Ur mH ; % § - Preliminary § Preliminary
< oallf] |%2 115 .. = %0 |
g‘ =] : o 0.5 o 0 A AR LT X
3 02 ° {13 ° s . B |
o € -05 e lceCube Cascades
II 0 1 | N -1 -4 : 1 1 1 1 1
- 0 5 10 15 20 25 30 0 5 10 15 20 25 30
0 ' Maximum separation angle [°] Maximum separation angle [°]

Relative excess of pairs, [np(a)/(n°())] —1

® More statistics needed. All results
below 3.30
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http://arxiv.org/pdf/1511.02109.pdf
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Neutrinos in coincidence with
gamma-ray bursts?

Gamma-ray
satellites

-_ :

Where are the neutrinos? . . .

Are GRBs really GRB timing/localization information

cosmic ray sources? from correlations among satellites
distant GRB

Direction plus time (10-100s) cuts
A ' - much reduced background



External Shock
e 1C40 data 2008-2009 (117 GRBs in
Collisions betw, diff. 1 northern sky) and 1C59 data 2009-2010 (98
_ GRBs in the northern and 85 from southern
‘ sky) analyzed. No coincidence found

Afterglow

>10"%cm

* upgoing vutrack search — 506 bursts in 4yrs
- all-flavor cascade search — 257 bursts in 1yr

Burst data from Fermi-BAT and T ['ceCube Preliminary
. . . . v [ 1.23 x model
Swift provide precise time stamp T 10°}0.69 x model - ;
and location £ BER
N _
" 1070 F ‘e -
) i ’ - Fireball Model Prediction % _ ]
o . 7 ___ 4YrTracks + 1Yr Cascades
° . o o ’ ’ 90% CL Upper Limit ]
Difficult to attribute diffuse % ,u| 7,7 - erowsonenc moserrescion
> E ’ ___ 4YrTracks + 1Yr Cascades
. . rEu R L’ 90% CL Upper Limit
neutrino flux with GRB  § |- v Tacks 31 Cosates
12 N ] NP N
10 4 5 6 7
bou nds 10 10 10 10

Neutrino energy (GeV)
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YWhat have we learned so far ¢
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Global i

IceCube Collaboration Astrophys.J. 809 (2015) 1, 98

® Global fit of several IceCube analyses

-t

10
® \Variety of selection criteria for both = i'«mv. "i'lllﬂﬁl)h(;ri(‘.(lf(.. tu,) e
. . E L === Prompt atmospheric (v, +v,, 9% C.L.
shower-like and track-like events S 106l N Astrophysical (v, +4, +7,)
® Data are fit to three observables b IceCube Preliminary
® Energy, zenith angle, event topology =« 10°
-
1:2:0 pion-decay i
0:1:0 muon-damped L1077
[:0:0 neutron-beam 'e'\
ViV, 1V, at source o - 9
= 0:1:0 2 —20 10 1 N 6 't
A E, [GeV]
{16
114 =3 68% C.L. IceCube Preliminary
112 mm@ 90% C.L. V, v, v, at source
11C 0:1:0 1:2:0 1:0:0
8 / / \‘; neutron-decay
6 ' dominated source
2 4 ' rejected at 3.60
2 L 1 [ | 1 1 1 1 1 ]
S ;0 0L 02 03 04 05 06

IceCube Collaboration v, v, fraction at Earth
Phys.Rev.Lett. 114 (2015) 17, 171102
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e (e IS PSR IR

IceCube Collaboration Astrophys.J. 809 (2015) 1, 98
® Global fit of several IceCube analyses

® \Variety of selection criteria for both
shower-like and track-like events

® Data are fit to three observables

® Energy, zenith angle, event topology '«

1:2:0 pion-decay
0:1:0 muon-damped
1:0:0 neutron-beam

10— ——————

W Power law (v, +v, +v;)

- IceCube Preliminary
: v v Differential (i, +v, +v,)

Ve i v, v, atsource o 9 | |
O :1: 2 ] - -
. 120 AL00 18 107 10°
A E  |(GeV
, [GeV]
I 68% C.L. IceCube Preliminary
3 90% C.L. Ve 1V, : V. at source
0:1:0 1:2:0 1:0:0
/ / \‘; neutron-decay
' dominated source
2 ' rejected at 3.60
SIS 0 01 02 03 04 05 06
IceCube Collaboration v V, fraction at Earth

Phys.Rev.Lett. 114 (2015) 17, 171102 ©
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All-Sky Cascades R
4 lceCube Preliminary

Ve +V. (2yr)
All—Sky Starting Events (LESE) 2y Cascades
ICRC2015

Ve +Vyu +vz (2yr) A
All-Sky HESE
Ve +V, +Vq (4yr)
d\g@" . lceCube Preliminary
& 4 year HESE
All flavor (ve + v+ v,)
ICRC2015

Northern—Sky v, (2)
v, (3yr)

lceCube Preliminary
v, (Northern Sky only) 3year PRL 115 (2015) 8, 081102
ICRC2015 to be updated v, (Northern Sky only) 2year

KIAS-CFHEP Workshop and the 5th KIAS Workshop
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Okrigin of the high

gh-enersy

Extra Galactic
Gamma Ray Burst

)

10°° ‘
= =  Waxman & Bahcall ] 100
_ —  IC40 limit
HL == |C40 Guetta et al. L e
n —_ 1C40+59 Combined, ’ > S
7 limit : ' ‘
n _ 1C40+59 Guetta J ‘\“ \ LE)
R et al. A .
E 4 ‘\‘\ ‘\ %
(@) " LIRY | O
%) :' ‘\‘\ ‘\ \;
) L
9 10 ot :' ‘\‘\ ‘\ 1@
o :' 5 % Y110 -
5 :
IceCube CoIIaboratlon Nature Vol 484, 351 (201 2)
Ty v/ S RO |
10* 10° 10° 10’

Neutrino energy (GeV)

Active Galactic Nuclei /

Starburst Galaxies

Starburst | M82 148.97 | 69.68 |10.07| 0.15

Radio NGC 1275 49.95 | 41.51 | 0.0 -

Galaxies |[Cyg A 299.87| 40.73 [ 0.9 | 0.03
3C 123.0 69.27 | 29.67 | 0.0 -
MS87 187.71 | 12.39 | 0.0 -
Cen A 201.37 | -43.02 (0.03| 0.49

Galactic

Galactic Cente

Galactic Plane

Pre-trials p-value

0.35

0.30

o
N

o
N
o

o
N

o
ot
(=

o
o
v

NeUtEIN®S

Galactic

0.00
0

—_aam
TS=2log(L/LO) 09
ee, 3yr~
eee 4yr
.
.
.
o ° o
° °
.
$
©°
.
10 15 20 25 30
f)
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1!‘1 (2Y:\'A/ ‘D dl

"o

, MAatrtar
AN \

® Heavy Decaying Dark Matter
(example X—Vh)

® Focus on most detectable feature
(neutrino line)

® Backgrounds steeply falling with
energy, highest energy events
provide best sensitivity

® Continuum and spacial distribution
could help identify a signal

® Bounds from Fermi-LAT and
PAMELA derived from search for
bb annihilation channel (dominant
decay channel of Higgs).

Bound on lifetime

~ | 0285

Rott, Kohri, Park PHYS. REV. D 92, 023529 (2015)

10%° e

Decay y — vx
& 28 | ]
R :
= ;
>
T """""""""""""
& 107
a ed e,
3 [
-
S 102 L This analysis )
. : IceCube PRD (2011) ]
: Fermi—LAT ApJ (2012) ==eeeeeees
Esmaili et al. (2012) weeeveeess
25 L/ PAMELA Dara JCAP O13) - _
10° 10* 10° 10° 107
M, [GeV]

Heavy DM bounds with neutrinos, see also

Murase and Beacom JCAP 1210 (2012) 043
Esmaili, Ibarra, and Perez JCAP 1211 (2012) 034
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10*¢ S v _
“Evidence” “Indirect Targets” 10° DM PrOﬁleS . 5 ]
. for y.v o ; 10 E
CMB Universe E 107 . : = E
e ' © ]
Structure  Local Group  Extra- 10'F == : 3 % 10" E
formation - featic wE— S . =
Milky Way  Galaxies 5 ]
Galaxy / ol Galactic E @ 10° g
clusters/ ".' 2[[ — Einasto Kravtsov2| |
Rotation curve | Isothermal Moore E . -
! | 3H — Burkert — NFW -y 10 o el
Dwarf / Kravtsovl o) 10 10! 102
spheriodals B 16 o H{BC o ;:) T Neutrino Energy E,, (GeV)
100 Ir/KpC m
gravitational
lensing ~Mpc — Ty S — s S ——— — T
L s»-—-+ |C22 Halo ~ VERITAS Segl 95%C.L.
G +--+ IC59 Dwarfs ~ —-—- MAGIC Segl 95%C.L.
Nucl.Phys.Proc.Suppl. 235-236 (2013) 413-420 20 = &~-—4 |C79 Halo ~———  Fermi Dwarfs 95%C.L.
Figure 1. Observational evidence for dark matter and potential target 10 E —a 1C79 GC
that are expected contain significant amounts of dark matter. "
T E
n =
" X
”E 10-22 E
ot ;
N -
5
= [
0 =
. . ~ N
Various models motivated 107
by increase in positron : = x 7+ 7
fraction can be excluded " natura scale
[ 4 '26
Wlth neutrlnos 10 i iaaaa iaaa i
10 10° 10° 10 10°
m, [GeV]
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10%¢ P LR vy -
L ' F '_,_ T T T E
“Evidence” “Indirect Targets" 10°E DM PrOﬁ les . ] - LT ]
: for y.v — ' 102 K +vuv— ............... -
CMB Universe \QTIO?E_-:\-__\_ : 5 T2 AN AN
__ ' 1 ) [T 1
Structure  LOcal Group  Extra- 10 ; = 10! e .
formation ._ - m 10('_.— S . p E g §
Milky Way  Galaxies 5 i ]
4 actic E <7 o L _
Galaxy | , \ = 107 E
clusters/ Einasto Kravtsov2 ; ;
Rotatiod cu Isothermal Moore ]
| ] Burkert — NFW . \ 107! P e "'-"2
Dwarf Kravtsovl &t 10 10! 10
spheriodals y Tt 100 10t e Neutrino Energy E,, (GeV)
~100kpe r/Kpc n
gral‘:'im 'ﬁ; ANTARES Collaboration arXiv:1505.04866
. wneXwne —> vV, Db, WW* 777w’

Nucl.Phys.Proc.Suppl. 235-236 (2013) 413-420

Figure 1. Observational evidence for dark matter and potential target
that are expected contain significant amounts of dark matter.

1022 -
- E lceCube79+DeepCore GCt® ‘;\?,
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— - egue
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25|
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_velocity distribution

b M V Interactions

T AL '

S i v oscillations
N\ Tk e 1%

‘ T o H

0 allll

Oscatt
F(:a.pt ure

F allll

Detector
Freese ‘86

Silk, Olive and Srednicki ‘85 Krauss, Srednicki & Wilczek ‘86
Gaisser, Steigman & lilav ‘86 Gaisser, Steigman & Tilav ‘86
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_________ Solar VVIMBS

IceCubeColl., PoS(ICRC2015) 1099

:r 1 I 1 ] 1 | ] | l. 1 | I | 1 ] 1 I 1 .
g 35— ‘lceCube Preliminary* | MSSM incl. LUX (2014) ATLAS + CMS (20121)' — Neutl"lno
é-‘ . DAMA no channeling (2008) it ". & bo un d S
o T . m ‘ & go° —
i " ——— PICO2L 2015 extremely
o oy o
> _ g o e 4 _| . .
g 37 competitive
sl _ with Dark
________ Matter direct
-39 o .
detection
"\\
~40— — &
__________ . Can test models
—41—_ SUPER-K (2015) | —
——— ANTARES (2013) R e WOW be)'O n CI th c
g |ceCube Limit =5 =5
—42 _-._ lTGCUbe sens | l | 1 | 1 I 1 | 1 i l | | reac h Of L H C
1 2 3 4
2
Iogm (m / GeV c™“)
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K IYlatten

Cherenkov y's 1000 ;Milky W;y (center]) no oscillation, 0.5s
B 5 MeV e+ ; normal hierarchy, 0.5s +
| inverted hierarchy, 0.5s
! 100 } _:
JCAP 1502 (2015) 02, 006 o Milky Way (edge)
6 T T T T T 5 180 i 8 :
t=1s 200 |- = A .LMC
t=5s 4 160 i c i 5 : § . ]
~ or t =108 - o F (,9; 0.1y false trigger rate | o SMC
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- .0 M, Jansson and Farrar 4 1 1
1038 11, Janwon and Faay ———— === Axions generated in Supernovae burst
18.0 M, Pshirkov et al. - oot . . .
108 Mo, Pshirkov et . - 2L Dominant energy released in neutrinos
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<, — R e . . .
EEeran Axions convert to Gamma-rays in the
012 SN987A bounds Precise time stamp + detection of gamma-
10~ 10710 107 1078 . .
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® |ceCube has provided an amazing sample
of events, but is still limited by the small
number of events

® Observed astrophysical flux is consistent
with a isotropic flux of equal amounts of
all neutrino flavors

® So far non of the analyses has shown

any evidence for point sources lceCube Gen? Facility
® Where are the point sources!? et

® What is the flavor composition? | pcoraPINGY

lceCube Gen2 Cosmic Ray Array (CRA)

® What is the spectrum? Cutoff?

® Transients !
® Multi-messenger physics!?
e GZK neutrinos!?

KIAS-CFHEP Workshop and the 5th KIAS Workshop
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Gigaton Volume Detector (GVD)

arXiv:1308.1833
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KM3NeT sites and deployment :iSC'ence
e ARCA: Astrophysical Research with Cosmic in the Abyss :“mm!:,
o Study astrophysical neutrino fluxes at E > 100 GeV e L1
e 2 ‘blocks’ at KM3NeT-It — m—
e ORCA: Oscillations Research with Cosmics in the Abyss N_H IH
o Resolve the neutrino mass hierarchy (1 GeV < E <100 GeV) - _

e 1 block at KM3NeT-Fr

& KM3Nel:zHQ@

° Phase 1 : The KM3NeT Research Infrastructure
e ~10% ARCA ~5% ORCA 3 Installation Sites in the Mediterranean
« Funded! Construction begun , Sl
2017 completion & KMSNEILER ot 43
e Phase 2: .. e AN
e 100% ARCA and ORCA e & KM3NET:-It

e Completion as soon as 2020

C.W. James, ANTARES highlights and KM3NeT prospects, ICRC 2015 : ' 20

KIAS-CFHEP Workshop and the 5th KIAS Workshop
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www.km3net.org

e ARCA blocks:

® |15 lines

17"

® 90m horizontal

e 36m vertical

31x3"PMTs

LA LA A B B \
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1360m

Expanded region of instrumented ice: 1270 m

IceCube instrumented region
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=~ |ceCube Gen2

IceCube ICRC2015

AR T TR L R

Example geometry :: NuMu 25.8 PeV

Spacing: 240 m E .
Volume: 8.0 km3
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Median Angular Error (throughgoing)

Resolution

10* . :
lceCube ICRC2015 — Sunflower, 200m 100% Sunflower, 200m 10%
— Sunflower, 240m 100% Sunflower, 240m 10%
- Sunflower, 300m 100% Sunflower, 300m 10%
Edge-weighted 100% Edge-weighted 10%
10°
107 b
Gen2 geometries show promising angular resolutions
Using IceCube reconstructions: 0.3-0.5 degree
Selecting highest quality track events (~10%): 0.1 degree
107 : ‘ : '
10° 10* 10° 10° 107 10°
logo =)
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D

® PINGU upgrade plan

® |nstrument a volume of about
S5MT with ~40 strings each
containing 96 optical modules

® Rely on well established drilling
technology and photo sensors

® Create platform for calibration
program and test technologies
for future detectors

® Physics Goals:

® Precision measurements of
neutrino oscillations (mass
hierarchy, ...)

® Jest low mass dark matter
models

-100

-150

NGU - Frecision IceCuberINeEXt

. : \
CE“’W G‘b:}:\ \"\V\ ‘\ ‘ ,_\ f‘ ‘1 ~ ~ %

© [2011] The Pygos Group

An example PINGU geometry (40 strings)
Note: PINGU geometry is still being optimized

© IceCube String

@)
Y(m) O DeepCore String

© @ Infill String (PINGU)

50

-50|e

50 0 50 100 150
x(m)
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PINGU -"Frecision’IcECUbElINEXt

® PINGU upgrade plan

® |nstrument a volume of about
S5MT with ~40 strings each
containing 96 optical modules

® Rely on well established drilling
technology and photo sensors

® Create platform for calibration
program and test technologies
for future detectors

® Physics Goals:

® Precision measurements of
neutrino oscillations (mass
hierarchy, ...)

Generation\Upgrade

© [2011] The Pygos Group

%

An example PINGU geometry (40 strings)
Note: PINGU geometry is still being optimized

)’ (m) ° @ IceCube String

© @ Infill String (PINGU)

O DeepCore String

® TJest low mass dark matter -150
50 O 50 100 150
models
x(m)
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lceCube Neutrino Oscil

800 '
- Expectation: best fit
600}| = = - Expectation: no osc. e
¢ Data 2l -

lations

[IceCube, Phys.Rev.D91:072004 (2015)]

« competitive result (3 years)

« will improve further

[Am3,|=2.72700) x 107 eV*

sin®(0,,)=0.53",""
4 l
ERd|
:21 2
!
Lyeco/ Eroeo (km/GeV) 0 ) ' i :
5g| |— IceCube2014 [NH] == T2K 2014 [NH]
« select ' MINOS w/atm [NH] - SK IV 2015 [NH]
. 3.6
sltartlngtevel:\ts ~; 3.4 90% CL contours
cléar u traCks w5,
rely on direct photons S 30
~E 28 "
« 5174 events observed cf. 6830 3 26 )
expected if no oscillation 2.4 AL e
2.2 ';"f',,',,',:"“'“":,',.'..'..'.'..‘,.'..'.'..'-"--"" :
« perform 2D fit in Eand cos(6) 2033 0.4 0.5 0.6 07 01234
S]nZ (023) ~2AInL
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Neutrinos Antineutrinos

0.9
0.8

=0.7
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> 10/

O ~0.6 — -06 —~+
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|
o
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')PREM

Energy / GeV

06 - -

L a:
H A I L__U U(%-ﬂa f

NO

os e o A . ~J. ; o ~U. :
‘ |Matter effects on cascades (ve and vq) also |mportant|
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0, ~ J J (0
Science Potential of PINGU and @ REA
® Well-established detector and construction
technology (low risk)
v I v, —
® Rapid schedule v, E—
® PINGU: 3 seasons (first deployments in - Ama or -
2018/2019 ?) e
v,
¢ ORCA:5%till 2017 (100% by 2020 ?) v, E— v
® Quick accumulation of statistics once complete mve Wv. @v. mve WV @Y

® Provides a platform for more detailed calibration
systems to reduce detector systematics

range depends on:
Y value of delta-CP

. octant
‘ energy scale

/  atmospheric neutrinosl
(ice/water Cherenkov)

® Multipurpose detector: Neutrino Properties, Dark
Matter, Galactic Neutrino Sources, Neutrino 6
Tomography, ... c

e Opportunity for R&D toward other future ice/water 4
Cherenkov detectors

e PINGU LOI released arXiv:1401.2046 update later
this year

| future long baseline*
f reactor @

} rieutrinos

llllllllllf.T:llllIlllllITT IIIIIIIII

¢ ORCA see www.km3net.org/

2015 2020 2025 2030
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http://arxiv.org/abs/arXiv:1401.2046
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SE EXP

erime

5 years of PINGU data

= L

[ ] ° [ ] T T
Multipurpose detector: Neutrino
. 2.5 o o —
Properties, Dark Matter, & Preliminhry
. ° Q. Qp=smmmmmmceccmcmcsssssssesese—e——————— ..o ................. ¢ ..................... 20
Supernovae, Galactic Neutrino &
. = o
Sources, Neutrino Tomography, ... o £ :
iR ]
----- T2K 2014 = IceCube 2014 R
..... T2K 2014 - weme=  [ceCube 2015 (3-year DeepCore - projected) /
projected 2020 wwws  PINGU 3 year, Fogli 2012 global inputs P10 0.42 0.44 0.46C % L}EA 0.50 052 0.51
. ore
""" NOVA-projected == PINGU 3 year, NuFit 2014 global inputs
‘S 2020 (95% CL) G PN sl s - Spin depefwdent WIMP-proton lcross section |
n” Normal mass ordering assumed, 90% C v = XENONI00 (2013) C. Rott APPSS Bulletin Vol.5 No.3 Pages 18-23 (June 20135)
| L G
.g, 30} —36 — . IBAMA/Libra . Antares-soft
C:'-; L :*".. COUPP (2012)
45 — Antares-hard
o gssestetmescttttsa,,, N?, IceCube-soft
S~
25| E” R ‘ --------- lceCube-hard
= Baksan-hard G NGURSE=aaamd
S —39 | SupegK-soft .
""""""" " lceCube  2010-2011
PRELIM'NARY —40 SuperK-hard GU‘ha Antares  2007-2008 |
20 : . A ; : . Super-K  1996-2012
030 035 0.40 045 050 055 060 065 0.70 : l 1 Baksan 1 1979-2009
-41
sin2(023) 1 2 3 4
log10( WIMP mass / GeV )
Carsten Rott 8 73 KIAS-CFHEP Workshop and the 5th KIAS Workshop

on Particle Physics and Cosmology Nov. 9 — 13,2015



Rott & Taketa et al. Scientific Reports 5,

Article number: 15225 (2015) arxiv:1502. 04930m g
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® |ceCube has reigned in a new era in astr
physics

® What’s the origin of the high-ent
excess !

e Let’s find ou
® Great prospect for future upg
® Gen2 / ARCA for high statistics PeV neutrinos

® PINGU/ORCA for Neutrino Mass Hierarchy and
more

® Opportunity for unexpected discoveries !

® Dark Matter, Galactic Supernova, ...

Image:Stephan Richter, IceCube/NSF



