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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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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 NeUtRINes

Atmospheric Neutrinos

\l Cosmic rays interact
in the upper
atmosphere:
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Principle of an optical Neutrino Telescope

Array of optical 1
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SCOpe

Strings

| 2005-2006

9 2006-2007
22 2007-2008
40 2008-2009
59 2009-2010
73+6 2010-2011
78 +8 2011 - ...

Gigaton Neutrino Detector at
the Geographic South Pole

IceCube Lab

5160 Digital optical modules 51 Statns, each with

. . 50 m —— T : : 2 lceTop Cherenkov detector tanks
distributed over 86 strings \ = i 422 OPICA sonrs por tank

Completed in December 2010,
start of data taking with full
detector May 201 |

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings
FThr ~ 100 GeV

Data acquired during the wusom
construction phase has been ﬁ Deoplore
r re
analyzed " [ 50 optcar sensors ?
Ethr~ 10 GeV

Neutrinos are identified through 2450,,,{
Cherenkov light emission from z2om
secondary particles produced in
the neutrino interaction with
the ice /!

.....

,‘
= |

V ‘
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South Pole 10m Telescope MAPO

- TOS - Drilling site (79 &

IceCube Laboratory (ICL) T 80 in 10/11)
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IceCube Enhanced Hot
Water Drill (EHWD) %

Photo: Ben Tibbets
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- South , . .
//\ Pole p +A — 11* (K*) + other hadrons ... TT" U "Vuy—e " VeVuVy

lceCube Depth:
|.5-2.5 km

Downgoing ﬂf _
Muons ; @
-U’ g

AR s pheric
trinos

| North Pole

Atmospheric muons 0 '/year
Atmospheric neutrinos ~ 10°/year
Astrophysical neutrinos ~ IOO/year

il CUuGiwiv 1IvuUul 111 uu.\_\s vUuliua v

extra terrestrial neutrino fluxes
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-ation and Perfori

® (Calibration Sources:
e |2 LED flashers on each DOM
® In-lce Calibration Laser
® Cosmic Rays
® Moon Shadow
® Atmospheric Neutrinos

® Minimum-ionizing Muons

Physical Review D89 (2014) 102004
Cosmic Rays

Cosmic Rays

Moon blocks cosmic rays - Observed muon deficit
140 significance

® systematic pointing error <0.|°
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Physics Potential and

Selected Results
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Very diverse science program, with neutrinos from 10GeV to EeV,
and MeV burst neutrinos
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S NERIES

Science
il :I L | Recently detected High Energy

A | | | | . . . . Physics World
,‘ . i | Neutrinos of Astrophysical Origin Breakthrough of the Year 2013

BREAKTHROUGH

OF THE YEAR

!

3 i f Science 342, 1242856 (2013)
i
l! Phy. Rev. Lett. 113, 101101 (2014)
¢ D Year has been gi
RAYAAAS ‘ fhg lr:eCuée Soufb Pr.\"e Abumng Obsenatory
0 a
~ =)
(o] < N
E 3 Surviving model predictions ¢ 32 \ /
=104\ 00000 e Super-K soft modes ) ’
5 = Super-K hard modes .2 . — iceCube 2014 [NH]  — T2K 2014 [NH)
-m JeceCube soft modes < a0 —  MINOS w/atm [NH)  — SK IV [NH]
| § ~=~ JceCube hard modes .-/ & |
wn G e 90% CL contours IceCube Preliminary
g 10°%7- =~ %, 14
™ S 32
=~ — 30
E = 4 28 /
39 26
10 \
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Track topology

(e.g. induced by muon neutrino)

Good pointing, R o ‘7‘3{‘%@‘%‘{“, "
L VTN &J&

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,
10° - 15°

<

—-(D—v-—(b— — -

3

Ve VT CC-int & vi NC-int
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Astro-physical Neutrino Search
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1. Point Source single dominant source
® How to overcome the large n

Northern Hemisphere

atmospheric neutrino e
background e )
Sl s @ |
v».‘,\_.‘. "'..-' ; > ,
® We need to rely on R g =
. . . S L S S R T A \ —
statistical methods to pick e oy | |
. . ; \
out neutrinos from this > Tisr‘;“";'"g‘i'“'s"s“;'eeri "
messS ) Events u g
‘ “ ‘ ‘ transient source
® Do neutrinos cluster ? L] L
anywhere in space, time, _teve flzevt i lewt

or arriving in coincidence 3 Spectral i?atu re

with astronomical events cumulative flux

or objects ? | /—\ \1
® Do we see any spectral b’ -y
features ? et f ™~
V ' 0

energy
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Point Source Seareh

IC40+59+79+86 significance:
> all-sky through-going muons

ICECUBE PRELIMINARY __—

L iy s
24h ._;1_.“ N £ ..:‘_C_"\....e.f\.;. .’,... Sten o - '.'-"'.‘.-.:" :' ..... 4' .‘l': .;...'.‘.:’..'... :'...'.\ | oh

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0
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Neutrinos in coincidence with
gamma-ray bursts?

Gamma-ray
satellites

Where are the neutrinos? . . .

Are GRBs really A GRB timing/localization information

cosmic ray sources? from correlations among satellites
distant GRB

Direction plus time (10-100s) cuts

¥ 7 -much reduced background



______Jransient.Searkek

1C40 data 2008-2009 (| |7 GRBs in northern sky) and IC59 data 2009-2010 (98 GRBs in the
northern and 85 from southern sky) analyzed. No coincidence found

10° ‘ ‘ ‘ ‘ i lceCube Collaboration - Nature Vol 484, 351 (2012) :
- = Waxman & Bahcall 1100 rrrerr e
= |C40 limit
HL -= 1C40 Guettaetal.  __ NPT T fmmm-n 2y rs:
n ___ 1C40+59 Combined, /! = —_—— ' o
i limit I \‘\ ' '
v __ 1C40+59 Guetta , i \ S 5 . 2 eXPeCted
7 etal. s ' >
£ \ K v
: ; v 20
> : S seen
9 10'9 - ,' ‘\‘\ ‘\ ~
e: "' \‘ \‘ \‘ § 10'1 L
~ ‘s )
L 'l' K ““ “ [ceCube Preliminan
' M e — — - — 100
f" . | | “\_‘\ 107 H—— Ahlerset al : 1
104 105 106 107 [ | —— Waxman-Bahcall ] -9
Neutrino energy (GeV) : ‘
GRB FIREBALL MODEL" 4)’I"S 1
HI 1” " F r N T” 2 .
Afterglow - >
- 4160 =
Bu rst - 2
Pre-Burst = 150 %
E ~ 1051 1054 ergs , =100k &
: | Shoc P ; , 440
” Formation - ; o0k |
£ J) - B — po /¢ 430
R=106cm R ~3x1012 cm T~ 3x103 s 10 10° 105 107
R~ 1014 cm Nentrino break energv = (GeV)
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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

March 10,2015



Follow up @WEJWJ'@ to trace high-eners

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

Vi
u\ Background

veto

1000m

dust layer 1 80m dust layer

\4 $ 10m

<>
edge strings
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Veto and Self=vete

Atm. neutrino

|000m

<>
edge strings
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sealreh

37 events (9 track-like, 28 showers) observed ¢  Mesons including charm quarks in the

atmosphere decay immediately to produce
neutrinos, known as prompt neutrinos which

Expectation from conventional

atm. muons and neutrinos 15.0 are not observed yet.
2 [ - Bac'kgrt;uné A;.m'o;p'hf]:ric Muon ;qu 1 ' ERS’ or.Enberg et al. Ph)'.s“ Rev.D 78’ 043005
10 :-"""""‘""““"'""""""% """" - Bkg,AtmOSpheﬁC Neutrinos (N/K) E (2008) IS used as a basellne Prompt mOdeI
s : Background Uncertainties ]
== Atmospheric Neutrinos (90% CL Charm Limit) : ' .. .
” — BKg.+Signal Best-Fit Astrophysical (best-it slope £ | Significance are .based.on the exact n.eutrlno
> ; ~ - Bkg.+Signal Best-Fit Astrophysical (fixed slope £2) | flux model, not including the uncertainty of
8 101 B 7 77 S S eee Data | the model.
0 = é :
g = 1 Atmospheric Bkg : CR Muon ( 8.414.2),
N —en i Conv. Neutrino (6.6*>7_ ¢),
()
Q 100 ........... T =F=-1:
v ' Over 60 TeV < E <2000 TeV, the spectrum
S consistent with E2 or E23
>
w 5 : :
1 ' E-% spectrum predicts too may neutrinos
10 // above ~2 PeV. So, a cutoff or steeper
é spectrum needed.
% .
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)

best fit flux: E2® = 108 GeV cm=2 s-1 sr -1
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. [E=250TeV A E=120PeV

W blis : E0F : , 4'-.:':‘-. ¥ .: ."'
it 'i#‘w?!'i“-“; B8 L U - 3‘
l ':!-’ T 1 T 'E ' § . T | - : ,.‘

-80

Declination (degrees)

Showers —eo—
80 o ., Tracks - 1

10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)
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Flavor RaEI®

Floating Astrophysical Flavors

0.00 Flavor ratio at source
[ /K Atmospheric v W Atmospheric £ Astrophysical v+ + Dala | 1.00 B 1240 190
107 g S2utherD Homisphere, —1 < s < 0 5 . Northern Hemisphere, 0 < sind < 1 & 0:1:0
g“" = 0.17 O 1:0:0 -
| 0.83
§ 1
gu(r' 170
460

1
d 10 104 10° 10°
Deposited Energy (GeV) Deposited Energy (GeV)

= 2
Confidence Level (%)

o
o

20
1.00

0.00 10

0.00 0.17 0.33 0.50 0.67 0.83 1.00

Ve
* Now allow the fraction of astrophysical neutrino flavor at surface

e Consistent with 1:1:1 and all possible source flavor compositions
Pure v, on surface disfavored at 90% CL

Pure vV, on surface disfavored at >99% CL
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3 . % astrophysical me—
107 f . o Sum of predictions 1
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102 ol astrophysical ™| atmospheric ‘
. neutrinos hg0) neutrinos ?
2 F2p = 108 GeV cm=2 s-1 sr -1 %e,, @S expected .
g 10' ———— Ll W ?
LU —H——h —— ‘
| T — lgma
10° | _\_\_‘—\_ g i—+*
= ]

Prompt neutrinos

E
9
9
4

' 0.45 x ERS L L ‘
- 4
10'2:.. PP | a PSP | ..IHA-.A.A.,‘
10° 10 10° 10°
Muon Energy Proxy (GeV)
Hint from IC59 (1.8 sigma); now IC79/86-1
upgoing muon neutrinos give 3.9 sigma
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Sources of the high-energy Neutrinos ¢
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IceCube Collaboration, Science 342, 1242856 (2013)
TEEER LA T +31 x track event |
o O SNt ST TR USRS I T e '+ shower event

.........................................

-------------------------------------------------------------------------------------------------------------------

...........

Equatorial

cascades

p-value = 7% Tl
TS=2log(L/LO) 11.3
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Origin

e
Extra Galactic
10° ‘
- = Waxman & Bahcall 110°
_ —  1C40 limit
T == 1C40 Guettaetal.  ______ NPT T L mmmma
0 IC40+59 Combined, /! ———— A} ' -
i limit : W ' ‘
o . 1C40+59 Guetta . W \ §
‘E et al. , “‘\“ \“ %
o S A . S
%) I' “‘\ ‘\ =
© 107} ! ““ L 1 :-
@: " \“\‘ \‘ 110" W
< :
IceCube CoIIaboratlon Nature Vol 484, 351 (201 2)
N 0w /o s AL
10* 10° 10° 10’

Neutrino energy (GeV)

Active Galactic Nuclei /

Starburst Galaxies

Starburst| M8&2 148.97 | 69.68 [0.07| 0.15
Radio [NGC 1275 49.95 | 4151 | 00| -
Galaxies |Cyg A 200.87 | 40.73 | 0.9| 0.03

3C 123.0 69.27 | 29.67 | 0.0

M87 187.71| 12.39 | 0.0

Cen A 201.37 | -43.02 0.03| 0.49

Galactic

Pre-trials p-value

0.40

0.35r

o
w
o

ot

N

wn
T

o
¥
o

©

bt

w
T

Galactic Center

TS=2log(L/LO)

Galactic Plane

Galactic Plane with |b| <@,

of the high-energy neutrinos

Galactic

o
-
o

25 30
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lanations

T o s ° New IceCube data and color octet neutrino interpretation of the
102 3 booeee I Big. Atmosphenc Newtrings {K) PeV energy events A.N.Akay, O. Cakir,Y.O. Gunaydin, U. Kaya, M.
i:‘:‘m‘,’c“m”:’f;w L charm Loni) Sahin, S. Sultansoy. arXiv:1409.5896
2 _. ::I:::::::::::::::Z::::;::::;ﬁ ’ ° Mind the gap on Icecube: Cosmic neutrino spectrum and muon
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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).

Lifetme t [s]

Bound on lifetime
~ 1028

Rott, Kohri, Park (1408.4575)

1077 l

- Decay ¥ — Vh
1078 3 I_FP_ E
1027 E_ ............
IOZ() 5 )

This analysis

[ IceCube PRD (2011)

Fermi—LAT ApJ (2012) «sesessees ‘
>5 PAMELA Data JCAP (2013) v
lO-—» -‘_l A aazaxl a nnnuu.- I Lo
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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Hunt for Dark Matter with Neutrinos
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_velocity distribution

v 1nteractions

- v oscillations

Vi
Oanll
Ogscatt F
capture
Fann
Detector
Freese ‘86
Silk, Olive and Srednicki ‘85 Krauss, Srednicki & Wilczek ‘86

Gaisser, Steigman & Tilav ‘86 Gaisser, Steigman & Tilav ‘86



Solar VWIMP. CaptuEe

Rott, Siegal-Gaskins, Beacom PHYSICAL REVIEW D 88, 055005 (2013)

* WIMPs can get gravitationally 10: | 6= 05 o

captured by the Sun 107 ", N o=10" cm® ----- T

e Capture rate, I'c,depends on 10% .l -
WIMP-nucleon scattering cross — 1o S _
section = I = R N

Dark Matter accumulates and B S )

starts annihilating R -1

e - Only neutrinos can make it 10°F |5
out 10** a

Equilibrium: The capture rate
regulates the annihilation rate
(Ia=I'c/2)

* The neutrino flux only depends

on the WIMP-Nucleon
scattering cross section

|

10

m,, [GeV]

The capture rates scales as:
['c ~pym,'oa for my ~ma

I'c ~pm,2ca for my >> ma

number density + kinematic suppression
Mma - is the target mass
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1 Surviving model predictions
""" Super-K soft modes

— Super-K hard modes
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9

Neutrino
bounds
extremely
competitive
with Dark
Matter direct
detection
&

Can test
models
beyond the

10000 reach of LHC
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Future of lce@Gubeé

PINGU Geometry with 40 strings

® Make it better £ + [+ lceCube
50l ',—-'-~ ~-j{ + DeepCore |
o o E Z A : * PINGU
® Precision detector : RGPS PR I ;
. 0 v g e e Qe e e e e
~ E * O o O O @ 1 :
Wlth GeV : : o o o & o o o 1 .
-50— R T T S L S S | :
threshold E ‘\ o g o @ o 1
E O T R, 4
-100 - 3 R ad
P § v 4
: ~ L B s .
T B B BT B PR B
-100 -50 0 50 100 150 200
X (m)
DecaCube (1/2/3) IceCube DeepCore
. . |
® Make it bigger Spacing 1 (120m):
1500 IceCube (1 km?)
+ 98 strings (1,3 km?)
1000 | =23 km?®
- Spacing 2 (240m):
= L # IlceCube (1 km?3)
N + 99 strings (5,3 km?)
-500 = 6,3 km?®
GAe IceCube 86 Spacing 3 (360m):
spacing 120 m lceCube (1 kma)
-1500} spacing 240 m |+ :
spacing 3som||  * 35 tings (11,6 k)
~200%556 — —2000  —1000 |6| 1000 2000 3000 AN ]
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® PINGU upgrade plan

® Instrument a volume of about
S5MT with ~40 strings each
containing 60-100 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, ...)

® Test low mass dark matter models

© [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

150
x(m)

50 0 50 100
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_Advantases of PINGE

o
2/
® Well-established detector and construction
teChnOIOgy (IOW riSk) Vv, I Vv, I .
v1—f‘A 2
® Relatively low cost: ~$|10M design/startup plus 2
~$1.25M per string or am,
® Rapid schedule ::f="’"‘3* v, I
® Quick accumulation of statistics once complete ®v. ®¥: WY . BV B
® Provides a platform for more detailed
calibration systems to reduce detector
. PINGU LOI
systematics : ; —
® Multipurpose detector: Neutrino Properties, F Freliminary
Dark Matter, Supernovae, Galactic Neutrino
Sources, Neutrino Tomography, ... F:
e Opportunity for R&D toward other future ic § =
water Cherenkov detectors 3
® PINGU LOI released arXiv:1401.2046 -
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PINGU Multipurpose E

Spln dependenT sca’r’rer'lng

— SuperK hard (2011)

1027 L

Blue shadoB areas indicate %
F sensitivitie4 possibly obtanable L

" with more powerful analysis techniques.”-.

- Suoen( sdt 12011)

u-# |ceCube-79 soft (2013)
== |ceCube-79 hard (2013)
--= PINGU lyr sensitivity (soft) |
— PINGU lyr sensitivity (hard) ]
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10! 10° 10°
m, [GeV]
—— PINGU (1 year) MINOS 2013
DeepCore (6 vears) T2K prel.
Ve e e e e e ————————————
. PINGU: .
¢:a> 281" solid NH .
- dashed TH 1 Based on old
i S — _ 1 reconstruction.
%24_ Q‘ ..................... ——— UpdatEd result
g | - — ———1 will be much
Lol -3 improved.
' Prehmmary ;
2_0'. L. FEPEE RPN PP B | 1

sin” (20,,)

0.84 0.86 0 88 0.90 0.92 0.94 0.96 0.98 1.00

vy disappearance: Highly competitive after | yr

Figure 25:
demonstrated by comparing the left most figure (pure iron core) and the middle figure (iron mixed
with lighter elements). Signature of a pure iron Earth core with respect to a model assuming the same
composition for mantle and core are shown on the right.

LA LR

LA DT
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: Iron_ v, |

E [ GeV

1% 140

0 ‘I"

Preliminary

oriment

ography

{57 B [ N b
deg

The impact of a changed core composition on the muon-neutrino survival probabilities is

Also: See lceCube result, PRL | | 1,081801 (2013)

—
c

o)

The true neutrino energy and direction are
shown for one vear of data with 35% electron neutrino contamination.

Significance to exclude
no v, appearance (o)
()]

0 Al

1 L] L L] l Ll L] L] L] Ll L] L] L]
——m - __I_ J.G_-_U.

| frue v, porm -

| | | 4
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vy appearance: Exclude null hypothesis
at 5o with ~| month of data
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Rott et al. e-print 1502.0493C

detector Hydrogen content [wt‘;A] 0 5 10 15
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® Refrozen ice (hole ice) is a major
source uncertainty

i
l
)

AN MU IO

Old ice Old ice

i

203 e

® There is good reason to expect that
the situation for each sensor module .
can be rather different

® Understand the ice conditions in
the vicinity of every sensor

® Where is the sensor with
respect to the hole ice !

® Are there any impurities,
cracks, bubbles, etc ...

® Where is the cable located ?
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TR ConGSIe

® |ceCube has reigned in a new era
in astro-particle physics

® What's the origin of the high-
energy neutrino excess !

® |et’s find out!

® Great prospect for future
upgrades

® PINGU in-fill aims at creating a

large volume detector with a
threshold of few GeV

® High-energy extension for PeV
neutrinos
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