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extra-galactic cosmic rays J
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S ® Where are they coming from ?
Victor Hess surrounded by Austrian peasants
after landing from one of his ascensions a few .
weeks before his record breaking ascent in the ® W1at coSMmicC sources accelerate
S 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
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South-Pole, Annual Temperature
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SCope

Gigaton Neutrino Detector at
the Geographic South Pole

IceCube Lab

5 I 60 Dlgltal Optical mOdUIeS >.‘t:;i‘;:-;::::i::’_: /'!ﬁe;;gt%ns, each with
. . . 50m[— e L e 2 IceTop Cherenkov detector tanks
distributed over 86 strings \ - ‘- = o2 Ol sensors pr tar
i

Completed in December 2010, i iceCube Aray
start of data taking with full R I D e e

B (110 5160 optical sensors
deteCtor Ma)' 2OI I l December, 2010: Project completed, 86 strings

FThr ~ 100 GeV

Data acquired during the wusom
I i
construction phase has been | Decpore |
analyzed i | o 48(s) J:tg::l 2::;?sgoplmlze or lower energies
Ethr~ 10 GeV

Neutrinos are identified through ..
Cherenkov light emission from zzom
secondary particles produced in

the neutrino interaction with
the ice

.....

,‘
= |
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SCOPE

Strings Dataset

[ 2005-2006

9 2006-2007

o o 22 2007-2008
Gigaton Neutrino Detector at 10 2008 200
59 2009-2010

the Geographic South Pole nre 102011
78 +8 2011 - ...

IceCube Lab
5160 Digital optical modules g, eTop
d. t b t d 8 6 t . 50m o 2 IceTop Cherenkov detector tanks
ISTCriputed over Strings |

2 optical sensors per tank
324 optical sensors

Completed in December 2010, |  7 ey |
start Of data tak|ng Wlth fu” I l 86 strings including 8 DeepCore strings
detector May 201 | (I

60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

FThr ~ 100 GeV

Data acquired during the wusom
I i
construction phase has been | Decpore |
analyze d i | o 48(s) J;?c:l-s;;‘?:scg\sg optimized for lower energies
Ethr~ 10 GeV

Neutrinos are identified through ..
Cherenkov light emission from zzom
secondary particles produced in

the neutrino interaction with
the ice

,.
= |
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SCOPE

Strings Dataset
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9 2006-2007

o o 22 2007-2008
Gigaton Neutrino Detector at 10 2008 200
59 2009-2010

the Geographic South Pole nre 102011
78 +8 2011 - ...

IceCube Lab
5160 Digital optical modules g, eTop
d. t b t d 8 6 t . 50m o 2 IceTop Cherenkov detector tanks
ISTCriputed over Strings |

2 optical sensors per tank
324 optical sensors

Completed in December 2010, | | caCube Ay |
start of data taking with full i 86 sting nluing 8 DocpCore stings
detector May 201 | | !

5160 optical sensors

December, 2010: Project completed, 86 strings

FThr ~ 100 GeV

Data acquired during the wusom
I i
construction phase has been | Decpore |
analyze d i | o 48(s) J;?c:l-s;;‘?:scg\sg optimized for lower energies
Ethr~ 10 GeV

Neutrinos are identified through ..
Cherenkov light emission from zzom
secondary particles produced in
the neutrino interaction with
the ice S

,.
= |
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e Major calibration efforts resulted in

' a very precise understanding of the
» ice surrounding the lceCube

., Topi

o‘;'?‘F;ﬁ‘,’! : )Z detector

® Calibration Sources:

° |2 LED flashers on each
DOM

béffles

(nylon brusheS) | ® |In-lce Calibration Laser
o Cosmic Rays g Dust logs in IceCube
, o ® One pair of Camera g soof
dlgltal R . DOMs wl
s ' absorption length ~ 210m saof =,

Hole 21 100 [ .L\i;

. i 0 o
scattering length ~20-40m I y \\ S
: 936 m

©
o Hole 66 | ~@
? Hole 50 oF
o _ . reusable DL
j , 200 [ flow 10 m/year
0 i
3 M.,LU‘MM i
Q I I S300 -
| E— L1 | 500 -400 -300 -200 -100 O 100 200 300 400 500 600
1400 1600 1800 2000 2200 2400 X
Meters (]
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South
Pole

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

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
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South
Pole

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

lceCube Depth:
|.5-2.5 km

e

1+ North 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
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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
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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

' 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

IceCubVe 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
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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

 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
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Track topology

(e.g. induced by muon neutrino)

Good pointing, |
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

£ PPC 2015 Deadwood
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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

Ernie & Bert are not GZK, but ...

PPC 2015 Deadwood
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Follow up analysis to trace hish-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

dust layer

\ 4
> .
edge strings
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Veto and Self=vete

Atm. neutrino

|000m

edge strings
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lceCube Collaboration gl | (o
arxiv:1410.1749 \v/ﬁ’:h and D>E

down-going

| Southern Hemisphere -

-

~up-going

- Northern Hemisphere

down-going  up-going

| Southern Hemisphere - - Northern Hemisphere

10 ,

l

E3®, [GeV2em2sr 1571

Conventional v, Conventional v,

10—4 1 1 1 J 10—5 p !
—1.0 —0.5 0.0 0.5 1.0 —1.0 —0.5 0.0 0.5 1.0

Down-going high-energy neutrinos are can be nearly
background free identified as astro-physical neutrinos

PPC 2015 Deadwood
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Science

37 events (9 track-like, 28 showers) observed

Expectation from conventional
atm. muons and neutrinos ~15.0

™ T T T T T T T T T o
2 : @@ Background Atmospheric Muon Flux
10 e R 3 Bkg. Atmospheric Neutrinos (#/K) E
. : Background Uncertainties ;
== Atmospheric Neutrinos (90% CL Charm Limit) 1 @
v - Bkg.+Signal Best-Fit Astrophysical (best-fit slope £ *¥) []
> , - = Bkg.+Signal Best-Fit Astrophysical (fixed slope £2?) |]
(C 1 :
a 10" - e T RRNS eee Data :
w - -_—
0 b - [
(o)}
GLJ -
- - -' -
o} 0 T e -1 .
n 10 [ )
e
C -
() 1
>
L - o
107 o I-
é .
10° 10° 10*

Deposited EM-Equivalent Energy in Detector (TeV)

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

Mesons including charm quarks in the
atmosphere decay immediately to produce
neutrinos, known as prompt neutrinos which
are not observed yet.

ERS, or Enberg et al. Phys. Rev. D 78, 043005
(2008) is used as a baseline prompt model

Significance are based on the exact neutrino
flux model, not including the uncertainty of
the model.

Atmospheric Bkg : CR Muon ( 8.4+4.2),
Conv. Neutrino (6.6*>7_ ¢),

Over 60 TeV < E < 2000 TeV, the spectrum
consistent with E2 or E-23

E-2 spectrum predicts too may neutrinos
above ~2 PeV. So, a cutoff or steeper
spectrum needed.

5.7 sigma rejection of
atmospheric-only hypothesis

Carsten Rott % GS |8
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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 5 BN Background Atmospheric Muon Flux ° ERS, or Enberg et al. Phys. Rev. D 78, 043005
10 - |e==m Bkg. Atmospheric Neutrinos (x/K) ; (2008) is used as a baseline prompt model
: "77) Background Uncertainties
=== Atmospheric Neutrinos (90% CL Charm Limit) .. .
n : - Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-%%) ¢ Slgnlﬁcance are .basedoon the exact n.eUtrmo
%‘ 2822 : - « Bkg.+Signal Best-Fit Astrophysical (fixed slope E2) flux model, not including the uncertainty of
() 101 I |+ |e®e Data I the model.
; o = =4_ | IceCube Preliminary
™M "~ T ®  Atmospheric Bkg : CR Muon ( 12.6%5.1),
t e e ik e WG A [ dalal Conv. Neutrino (9.0%89,,5),
2 10° [ A PSS S IO
0 H 1 1! ®  Over 60TeV < E <2000 TeV, the spectrum
1= “1° best fit with E-2°8
()
= 1 0-1 11: 1 111 ° E-2 spectrum predicts too may neutrinos
- above ~2 PeV. So, a cutoff or steeper
s spectrum needed.
. — ‘ _I - " -
102 103 104 ~7 sigma rgjectlon of _
Deposited EM-Equivalent Energy in Detector (TeV) atmospheric-only hypothesis

forthcoming ICRC 2015 proceedings
IceCube Collaboration, Science 342, 1242856 (2013),
IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014)
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@@mmdow and flux

3,5——
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)

Carsten Rott % @
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Ap_HES E-4V/ES

Galactic Plane with |b| <6,,,.

IceCube Collaboration, Science 342, 1242856 (2013)

0.40

*e 3yr
0.35 eoe 4yr

0.30

ICECUBE PRELIMINARY

20 25 30

s i | 21 13_] ’ Galactic
. x track event i

-+ shower event |

.......................................... I B
0 TS - 2log(L/LO) 09

no significant correlations -- spacial or temporal
p-value for cascade events “clustering” 18%
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e (5 [ TSRS

submitted ApJ
® Global fit of several IceCube analyses 10-5
. . . . o Conv. ospheric (v, 4
® Variety of selection criteria for both . stmospheric (e +7)
. . = L == Prompt atmospheric (v, +v,. 90% C.L.)
shower-like and track-like events S o6 W Astrophysical (v, 4, +,)
® Data are fit to three observables e IceCube Preliminary
® Energy, zenith angle, event topology « 10"
-
. D
|:2:0 pion-decay &)
0:1:0 muon-damped _10°
1:0:0 neutron-beam =
o I
[~
v, : v, . v, at source o 90% confidence 10_9 — '
= 0:1:0 2 1,00 — combined fit ]_O" 10” 106 10
e 1:2:0 : —  arXiv:1502.03376
s 00 |9 E, |GeV]
0.83 IIceCube
Prelimi .
refiminary I 68% C.L IceCube Preliminary
v, = 90% C.L. Ve 1V, : v, at source
o 0:1:0 1:2:0 1:0:0
A
. / / \‘; neutron-decay
%, 0.17 ' dominated source
2 i rejected at 3.60
OQ ~ 'b S ~ ﬁ: S 0'00 L 1 [ | 1 1 1 1 1 !
Sf& &8 & & 8 0 01 02 03 04 05 06
IceCube Collaboration v, v, fraction at Earth
Phys.Rev.Lett. 114 (2015) 17, 171102
PPC 2015 Deadwood
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(G .

submitted ApJ

® Global fit of several IceCube analyses 106
N ! ! L ! ! L L ! ! L L
. . . . CT n |CeCUbe Preliminary [ Power law v, +v, +v, 1
® \Variety of selection criteria for both : o Diffe;mial((y o +V)) :
shower-like and track-like events S 5 : ——]

® 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

Y, : v, v, at source o 90% confidence ] R P B T Ly
= 0:1:0 2 —— combined fit 104 ]_05 ]_06 ]_('_)7
o 1:2:0 LOO | —  arXiv:1502.03376
A 1:0:0 ‘O/\ El/ [GeV]

0.83 IIceCube
Preliminary ..
I 68% C.L. IceCube Preliminary
v, = 90% C.L. Ve 1V, : V. at source

o 0:1:0 1:2:0 1:0:0

A
. / / v neutron-decay
% dominated source

rejected at 3.60

[ | 1 1 1 |
Q. Q.' Q Q. Q' \" 0.2 0.3 0-4 Oo5 006
IceCube Collaboration v, Ve fI‘a,Ct iOIl at Ear th
Phys.Rev.Lett. 114 (2015) 17, 171102
PPC 2015 Deadwood
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Point Source Search (20082012

[lceCube, Astrophys.J.796 (2014) 109]

=
[e2]

® 4yrs (1373days livetime) with loose cut optimization for
well-reconstructed muon tracks

. | — 86-string
-=- 79-string

!—J
(=)}
T

[
H
'

- Neutrino-Muon Opening Angle [1

S
3
. Q 12f-
® Background estimate based on off-source data from g
same declination band 5 o3l
2 0.6}~
® unbinned maximum likelihood test for a fine grid of < 04l
potential sources e I R S S R
B O 102 10° 10° 10°  10° 10’ 10°
E, (GeV)

upgomg

TR
.........

S
—~
O
-
-~
=
v
Q
O
>
r.d.
downgoing
}_"
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PQI Source Seakeh

[lceCube, Astrophys.J. 796:109 (2014)] IC40+59+79+86 Slgnlflcance

+45°
Northern

Hemisp

Sout-rn _
Hemisphere

-45°

p=0.44

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0

-log,, p
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POI Source Seakeh

[lceCube, Astrophys.J. 796:109 (2014)] IC40+59+79+86 Slgnlflcance
+45°
Northern 55
Hemisp re A
10) Xy
. S pQ
e /“an Z’S
24h! A1 ) Nt T R A lh ...
Southern _ 2
Hemisphere
45°
p=0.44
0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0
-logy, p
Carsten Rott % 6 26 I;Z;fe22()91tz 32?%%015



Neutrinos in coincidence with \\\\\‘ m“
gamma-ray bursts? b 2

Gamma-ray
satellites

Where are the neutrinos?
Are GRBs really |

cosmic ray sources?
distant GRB

GRB timing/localization information
from correlations among satellites

Direction plus time (10-100s) cuts
- 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 | lceCube Preliminary
. . . . 9  1.23 x model
Swift provide precise time stamp T 107} 0.69 x model - :
and location £
. _
e 100 | S
Qe ’ - Fireball Model Prediction ]
o A ___ 4YrTracks + 1Yr Cascades
° . o & ’ , ’ 90% CL Upper Limit ]
D Ifﬁ C u It tO attrl b ute d Iffu Se u: -11 | A = = Photospheric Model Prediction |
S 10 E 7 ,f ___ 4YrTracks + 1Yr Cascades
. . ‘EU :/ ¢ 90% CL Upper Limit
neutrino flux with GRB ;| oY ke s 21 Conates
12 L 4 ] — il M| -
0 ) 10° 10° 10’

10
bo u n d S Neutrino energy (GeV)
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IceCube Collaboration, Phys. Rev. Lett 113, 101101 (20] 4)

Heavy Dark Matter IDeca

102

3 Background Atmospheric Muon Flux
=3 Bkg. Atmospheric Neutrinos (n/K)
~~} Background Uncertainties
- Atmospheric Neutrinos (30% CL Charm Limit)
—— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2%)
- « Bkg.+Signal Best-Fit Astrophysical (fixed slope E?)

101 = tl 1 e®e Data
I | | IceCube Preliminary
- - [ — .ii_ﬁ n
— 1]

Events per 1347 Days

103 10*

Deposited EM-Equivalent Energy in Detector (TeV)

° Consider 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).

° lceCube Gravitino Decay analysis forthcoming

(ICRC2015)

Derived bound on
lifetime ~102%8s

Rott, Kohri, Park (1408.45'75)

29
107
- Decay ¥ — vh
10% _E
-
g 107 P | |
= : :
A S
_ [ >
26 | |
10 : This analysis =
IceCube PRD (2011)
I Fermi—LAT ApJ (2012) =sssseeees
2 (I
107~ = p 5 p i
10 10 10 10 10
m, [GeV]

Heavy DM bounds with neutrinos, see also

Murase and Beacom JCAP 1210 (2012) 043
Esmaili, Ibarra, and Perez JCAP 1211 (2012) 034
El Aisati, Gustafsson, Hambye 1506.02657
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Heavy Darlc Matter Deca

IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014)

- lceCube Bound on

2
10 ' =3 Bkg. Atmospheric Neutrinos (n/K)
~~} Background Uncertainties

= Atmospheric Neutrinos (30% CL Charm Limit) . : P 2 7
—— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2%) I ‘ rtl I I I e S

% A [ - « Bkg.+Signal Best-Fit Astrophysical (fixed slope E?)
()] : — 1 e®e Data
; 10 - '_h'_}_‘ IceCube Preliminary
M 7 S . - 28
| ] ulﬂ," 1 R 10 T T T T 1017 T T T T oI T T T T T 17717
5 ok — ._—._jw‘il_—l i " Halo Uncertalnty I
% 10 ......................... / 4 . | Pa— %:[—.:_1_@._ ...! i X 3 VV ElnaStO
P L | A G ?
> : ‘ °
i | ..__.._
10 F ——
"_1 % 102 | |
102 10° 10* =
Deposited EM-Equivalent Energy in Detector (TeV) =
° Consider Heavy Decaying Dark Matter (example 5
X~ Vh)
24 | _
° Focus on most detectable feature (neutrino line) 10
° Backgrounds steeply falling with energy, highest | 1 |
energy events provide best sensitivity "1'03 — "1'04 — "1'05
° Continuum and spacial distribution could help m, [GeV]
identify a signal
° Bounds from Fermi-LAT and PAMELA derived from
search for bb annihilation channel (dominant decay Heavy DM bounds with neutrinos, see also
channel of Higgs). Murase and Beacom JCAP 1210 (2012) 043
o |lceCube Gravitino Decay analysis forthcoming Esm.alll,.lbarra, and Perez JCAP 1211 (2012) 034
(lCRC20 | 5) El Alsatl, GUStafsson, Hamb)’e 1 506.02657
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IceCube Collaboration, Phys. Rev. Lett 113, 101101 (20] 4)

Heavy Dark Matter IDeca

102

3 Background Atmospheric Muon Flux
=3 Bkg. Atmospheric Neutrinos (n/K)
~~} Background Uncertainties
- Atmospheric Neutrinos (30% CL Charm Limit)
—— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2%)
- « Bkg.+Signal Best-Fit Astrophysical (fixed slope E?)

101 = tl 1 e®e Data
I | | IceCube Preliminary
- - [ — .ii_ﬁ n
— 1]

Events per 1347 Days

103 10*

Deposited EM-Equivalent Energy in Detector (TeV)

° Consider 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).

° lceCube Gravitino Decay analysis forthcoming

(ICRC2015)

Derived bound on
lifetime ~102%8s

Rott, Kohri, Park (1408.45'75)

29
107
- Decay ¥ — vh
10% _E
-
g 107 P | |
= : :
A S
_ [ >
26 | |
10 : This analysis =
IceCube PRD (2011)
I Fermi—LAT ApJ (2012) =sssseeees
2 (I
107~ = p 5 p i
10 10 10 10 10
m, [GeV]

Heavy DM bounds with neutrinos, see also

Murase and Beacom JCAP 1210 (2012) 043
Esmaili, Ibarra, and Perez JCAP 1211 (2012) 034
El Aisati, Gustafsson, Hambye 1506.02657
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] Galactic Center (GC) on the southern hemisphere
° large backgrounds from down-going muons
] Search for anisotropy on Northern hemisphere
o high-purity neutrino sample (up-going muon
events)

. Assume annihilation into vv, bb, UL, TT, WW

C

@ Recognized by European Physical Society

volume 75-number1-january-2015

Particles and Fields

This Analysis

1C22 8
vea IC22W'W
e-e IC224*y

-

1/-\ ’

o~ ‘ [~ ) —~
Ch & \ 4
Phys.Rev.D84:0232004,2011

1

lceCube 22- strlngs Halo Analysis

90°

on-source / off-source

(oY)
=
O
%0
oo
-]
0°
e o4
O
R0
§ —0.2
@)
-
—0

lceCube 79-strings multipole analysis
316 days (2010 - 2011)  experimental skymap

multipole expansion of
V arrival direction

IceCube
Preliminary

Equatorial

E .
I 0 events/pix 10
R. Abbasi et al., Phys. Rev. D 84 (2011) 022004.
M. Ackermann et al., Astrophys. J. 761 (2012) 91. Eur. Phys. dJ. C75, 20 (Jan 2015

June 29th - July 3rd 2015


http://link.springer.com/article/10.1140/epjc/s10052-014-3224-5%7C
http://link.springer.com/article/10.1140/epjc/s10052-014-3224-5%7C

(\ 1/'\ P [~ — o ~

o | _

= CL 1 Ci

° Galactic Center (GC) on the southern hemisphere lceCube 22- Strmgs Halo Anah;gols

1

276 days (2007 - 2008) 60

o large backgrounds from down-going muons el tss / off-source

] Search for anisotropy on Northern hemisphere

o high-purity neutrino sample (up-going muon
events)

This Analysis
o—a bd

—a W'W-

down-going ., up-going

Galactlc Center

oo nvp"

lceCube 79-strings multipole analysis
316 days (2010 - 2011)  experimental skymap

0
e multipole expansion of
5 V arrival direction
£
N
=)
-
<}
S~
IC22 bb IceCube
A IC22WHW Preliminary
IC22 u*
IC22 v
natural scale ..« Fermi bb
Fermi pu* u~
m--——-----n' [ : .
103 0 events/pix 10
| " . 7oy, 3,075, 0 Cran 018)
m, In GeV 3] PPC 2015 Deadwood
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http://link.springer.com/article/10.1140/epjc/s10052-014-3224-5%7C
http://link.springer.com/article/10.1140/epjc/s10052-014-3224-5%7C

lceCube Collaboration

. ** -t~ (B A
i 050725 ______Galactic Centei

log,o(J()) for NFW

Use IceCube external strings as a veto:

- 3 complete layers around DeepCore (~ 375m)

* Full sky sensitivity: access to southern hemisphere \
up-going

down-going

sCatteng

lyr of data

. xira 'Sens'itiv'it); (;}b.) — - S'ensiéiviti'y (-- ').l ----  Sensitivity ()
s velo can 10-19 B L. TP N
. 3 Limit (55) == Limit (+" 7 ) »— Limit ()
§ ] %ﬁg ETwo analyses, combined based on 10 3 o
§ : best sensitivity (dotted). b — ' g S
— Yy o 2
250 m : Both analyses observed .If” . = %
: underfluctuations e 107F 5%
: U =9
i “High energy” analysis: 0.5 & = :::,: q&é :
* “Low energy” analysis: 20 \; 102 L 3*?, %
------------------------------------------------------------- 53
Separate Low energy and High energy optimizations: .
GC is above the horizon 102 |
— Fiducial volume in central strings ;
— refined muon veto from surrounding layers - NFW
. . ) MR | . L s 101 : R A
Use scrambled data for background estimation 10 102 10° 10°
m, [GeV]
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velocity distribution

v 1nteractions

' v oscillations

Vi
Uanll
Oscatt I
capture
Fann
Detector
Freese ‘86
Silk, Olive and Srednicki ‘85 Krauss, Srednicki & Wilczek ‘86
Gaisser, Steigman & Tilav ‘86 Gaisser, Steigman & Tilav ‘86

Carsten Rott ‘3‘ PPC 2015 Deadwood
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Solar VVIMP. Captuike

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

WIMPs can get gravitationally 107 | oS 1(')_36 o
captured by the Sun 107 e o .~ Jﬁ? =10 cm® - -- - |
e Capture rate, I'c,depends on T . -
WIMP-nucleon scattering cross — o= = '.'.'II'.';;;,,,,:“ i
section f) = """'1:::;;;'.,.1 ,,,,,,,,,,,,,
Dark Matter accumulates and S Tteal s ek
starts annihilating R -1
e - Only neutrinos can make it 10°F |
out 10* — e
Equilibrium: The capture rate . 0 GV 100 1000
regulates the annihilation rate '
(TA=T'c/2) The capture rates scales as:

['c ~p,m,'oa for my ~ma
['c ~p,m,2ca for my, >> ma

number density + kinematic suppression
ma - is the target mass

* The neutrino flux only depends
on the WIMP-Nucleon
scattering cross section

PPC 2015 Deadwood
June 29th - July 3rd 2015
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MP_Limi€s

PRL 110, 131302 (2013)
Observed events
° :;eCuge 7‘;-strlngs configuration (partially completed :Z winter high energy |
ee (') (=) 1 Sy S SR SO S st bt 1
P 40
® 318 days (May 2010 - May 201 1) 20¢ :
-
. . 8k ) |
° Search for an excess of events from the direction of the Sun p o Minter low energy
c
.. @
® use track events for better pointing 2 0 e e e e SN SO S B
2r .
R
®  Separate summer and winter analysis L :
summer low energy
10
®  use outer detector to veto down-going muons for S50 TSRO OPUD e e BORUNRTH NN RO-- ==
. 5}
summer analysis
0 =338 0992 0994 0.996 0.998 cos (\P)I
Spin-dependent scattering Spin-independent scattering
-38
L | 1] 1 T T T T T T T T T T l ' 1 1 l l l 1 l l 1 l Ll I I l
- \ ! ! ["] MSSM incl. XENON I(2012) ATLAS + CMS (2012) l 1 MSSM incl. XENON (2012) ATLAS + CMS (2012)
- — DAMA channeling (2008) — - E DAMAmcMNIeIi’Ig(M)
\ S = n \ — - COMS (2010) —
S asese Simple (2011) NI \ --- gggESN?Tk?:o:eoTalyzed (2011)
: — . PICASSO (2012 : : —
36— \\ | sIUPEn-K:zon))(bE) -40— . =-:= XENON100 (2012) —
- LN —— SUPER-K (2011) (W*W) o~ s
T ONY N e oa— VT N T T —
O a7 —\’-,\ " <
bé: o - 6% 42— —_
S 8- " =3 B
g R g, il \'., \\h___.———"// e ’”\“\ B
39— 44— "\".\, e i - 1 )
-~ #- caCube 2012 (bB) Ty
. - - @ lceCube 2012 (bB) |
40 |—— IceCube 2012 (W'W) ',' - | o —a— |ceCube 2012 (w'w')'(
¢ (z° for m <m,, - 80.4GeV/c?) J ~—— . (t’t‘formldr;,, = 80.4GeV/c?) ‘
1 1 1 1 / 1 I 1 1 1 \ l L 1 L 1 _46 1 1 1 1 1 l 1 1 1 1 l 1 1 1 L
1 2 3 4 1 2 3 S
log10 (m, / GeV c?) log10 (m, / GeV c?)
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Preliminary Solar VWIMP Lim

- '35 'II | | | | | | | | | | | l |
°c . ] MSSMincl. LUX( 014) ATLAS+CMS (2012)
& . } "lceCube Preliminary* DAMA no channeling (2008) o
=~ A Y COUPP (2012)
o 3pl— "\ — — PICASSO (2012) ’ .
o vo\L Y T ) e SUPER-K (2015) (bb)
_ : == SUPER-K (2015) (W'W) * . ]
o \\ . Baksan Hard Dy
@) \ Bener Baksan Soft iy
L 37—\ == XENON 2013 o . —]

38— |
39— |
[ — '1C86-1 (2011): 341 Days of Livetime
40— ~--#---- Limit (bb) T
—=— Limit (W'W)*
g ---4#---- Sens (bb)
| , —s— Sens (W'W)*
o | | | | | | | | | | | I. / Iﬂ‘t T for mll<m = 80. 1GeV/c

2 3 < >
Iog10(mx/Gch' )

® Jwo independent analyses (lyr of lceCube data)

O
(00
G\

® Result with 3yrs of lceCube data expected for ICRC 2015

Carsten Rott a 6
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\\

‘/‘\ ‘/\1'-
—Kx ,

'/w

Ao e Dark Matter could be captured in the Earth and
| produce a vertically up-going excess neutrino flux

® |C86-I dataset: 2 statistically independent analyses

® |ow energy & High energy

se  LE analysis - yv =W ™ W o

17 Sivertsson & Edso, 2012 10*° o HE analysis 1y y—=W™W
10} _ _ _ v N . L
\ woow AMANDA Dy =W W o
Gauss (free space) \.\ )
“Bact* fen " 0 15 . .
S S 107\ factor 10 improvement
10 f\ Unbound
— \ Bound (with hole) : over AMAN DA
Tota
) . Total (with hole) 10*
v 10 s Total (with hole) red. SD
. === Total (with hole) red. S|
£ .
= . . 100
: 107" 5 N Oy = 107" cm’ e
R = ] \ \\ .\~'\._‘_ *
i \ N\ 7 12| —
.E M J \\\ - 10 '~ "~_\- )
o 108} e T i "\ o ~—
E - ) {) I | 0 \\\ 19
- itk § s o8 02 N\ 10"
v bun o N
2 10 ’ | ) ' |
O [ . N\
101k Supwrs  © oosomms \\
ek T o sens | N 10° [ceCube Preliminary
\\
10" - N
10 100 1000 10 0l | | | )
: " 10°
WIMP mass, M (GeV) 10 eV 10 0
m, l e

® First result of Earth WIMP analysis expected at ICRC 2015 (next rhonth)
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s future of lceCubE

PINGU Geometry with 40 strings

® Precision physics with
~GeV threshold

® large volume:acquire
high statistics
astrophysical neutrino
sample

E 100:._ ........................................... .............................................. ................................
> [ * | * IceCube
5O S ,=n 0= |+ DeepCore |
R *.|_¢_PINGU
E e, i ¥ FIET ¥ iaws :
0__ ............................. "4, ..... o e .ﬂ, ......... ‘ .........
A L
K p ¢ e ¢ e @ oo |1 ¢!
=SB0 R e R e S
: v Y g e o “a
: \‘ N 4
B 1 T T e OSSO SOOI S
B ~ é
" S~ -~ - -
-150 :._ ...................... , ..................... e e
'_j 1 1 1 1 | 1 1 1 l 1 l 1 1 1 i 1 1
-100 -50 0 50 200
X (m)
DecaCube (1/2/3) IceCube DeepCore
2000
Spacing 1 (120m):
1500 IceCube (1 km?)
..... + 98 strings (1,3 km?)
1000 ; ® & & & 0 .. 0.......‘0...........:... - 2'3 kmd
' ’ . ’. .‘. : © ’0'0. :0.0-0.0.0.-.0.
T B SN S Spacing 2 (240m):
£ 0 FLAEE SN SR :o.:.o:o.:.o:o.:.-. IceCube (1 kmB)
- * ¢ P B wepm Bem e + 99 strings (5,3 km?)
e GO IR = 6,3 km’
e IR L MR
=ADG0 = IceCube 86 Spacing 3 (360m):
B S B R S spacing 120 m IceCube (1 km?)
-1500 T - o N ® spacing 240 m | 2 4
spacing 360 m t ?g ztzn%s (1 1’6 km )
~20%%000  —2000  -1000 0 1000 2000 3000 ey A
(m)
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s future of lceCubE

® Precision physics with
~GeV threshold

/E\ :.... ................................................................... ...................... .......................................................
> * | * IceCube
5O g2 m =~ .| » DeepCore |
A *.| » PINGU
. N ‘
of- 5 :
-505;— """" @ g g g R e ST
-100F-
150F-
]

PINGU Geometry with 40 strings

|||1i||1|'1|||:||
-100 -50 0 50

1 ! I ] 1 ] l 1 1 1 1 i ] 1
100 150 200

X (m)
DecaCube (1/2/3) IceCube DeepCore
o 2000 M
® large volume:acquire Spacing 1 (120m):
. . e 1500 IceCube (1 km?)
hlgh statistics + 98 strings (1,3 km?)
: : 1000 =2,3 km?®
astrophysical neutrino |
- Spacing 2 (240m):
sample = IceCube (1 km3)
- + 99 strings (5,3 km¥)
Eroa = 6,3 km®
A * IceCube 86 Spacing 3 (360m):
ieeso | I - ML
R R + 95 strings (11,6 km®)
-200Q = . — - =12,6 km?
000 -2000 1000 |r?1| 1000 2000 3000
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® 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, ...)

NGU - Frecision IceCuberINeEXt
: |

. Al
GenerationUpgrade M

© [2011] The Pygos Group

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

Y(m) ° @ IceCube String

50 o @ Infill String (PINGU)

O DeepCore String

o Testl dark matt -150
s SaTE AR 50 0 50 100 150
X(m)
Carsten Rott a- @ 40 PPC 2015 Deadwood
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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, ...)

® Jest low mass dark matter
models

Generation\Upgrade

© [2011] The Pygos Group

M

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

Y(m) ° @ IceCube String

© @ Infill String (PINGU)

O DeepCore String

100 150

x(m)

50 0 50

Carsten Rott 3 6
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lceCube Neutrino Oscil

800 '
- Expectation: best fit
600}| = = - Expectation: no osc. e
¢ Data 1 =t

lations

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

« competitive result (3 years)

« will improve further

[Am3,|=2.72700) x 107 eV*

sin”(6,,)=0.53"7",
4
ERd|
3 2
1
Licco/ Eroeo (km/GeV) 0 ! i :
38 w— |ceCube 2014 [NH] == T2K 2014 [NH]
« select ' MINOS w/atm [NH] - SK IV 2015 [NH]
tarting events >0
S g ~; 3.4 90% CL contours
clear u tracks T 55
rely on direct photons S 30|
@ 2.8
« 5174 events observed cf. 6830 3 26
expected if no oscillation 2.4
2.2
« perform 2D fit in Eand cos(6) 2033 0.4 0.5 0.6 07 01234
Sin‘Z (023) ~2AInL
Carsten Rott % 6 4| PPC 2015 Deadwood
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® Well-established detector and construction

technology (low risk) v, I— v, I
* Ami,
v,
e Relatively low cost: ~$10M design/startup plus ~ 2
$1.25M per string ™ oor ant,
® Rapid schedule N —
v, V; I
® 3 seasons (first deployments in 2017/2018 ?) m. B B mv. V. B
® Quick accumulation of statistics once complete
® Provides a platform for more detailed calibration -
systems to reduce detector systematics i3 :’i“”::cp 1
® Multipurpose detector: Neutrino Properties, Dark 4 i
Matter, Supernovae, Galactic Neutrino Sources, i

/

Neutrino Tomography, ...

/  atmospheric neutrinosl
, (ice/water Cherenkov)

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

® PINGU LOI released arXiv:1401.2046

T:Illllllll FTTl

future long baseline*

neutrinos

L IIIIII.

®  update this summer A T S SR
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SE EXP

erime

5 years of PINGU data

= L

[ ] ° [ ] T T
Multipurpose detector: Neutrino
. 2.5 Q o -
Properties, Dark Matter, & Preliminhry
o )
S G I . N : P R & e T LA 2
upernovae, G4a actic INeutrino =
. = o
Sources, Neutrino Tomography, ... o £ :
ER ]
----- T2K 2014 = IceCube 2014 B
..... 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
e -
=, 30} —36 — . U8 DAMA/Libra _ Antares-soft -
= LN n :+"_. COUPP (2012)
g Antares-hard
< - _
T LessetERmR RSt aaaa,, g IceCube-soft
S~
5 PP L
25 | ¢ TFF e IceCube-hard
S Baksan-hard e INGIRRE=nad
S —39 | SupegK-soft .
-------- a8 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 l Baksan 1 1979-2009
—-41
sin2(023) 1 2 3 4
log10( WIMP mass / GeV )
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Expanded region of instrumented ice: 1270 m L ~ 4 , ) -
| - C ‘ , [ YA o |
1360m | 2620m — — - L'— £

IceCube instrumented region I

|
3 °
3 lceCube Coll. Gen2 LOI arXiv:1412.5106
! T T T T T
3 i Dark Sector ; Clean Air Sector
£ ¥ 3000 ------- (G e SR e ot S e e
i : LA el
-g | i E ;'" —. ® :.. g:eometrys Wlthl
2 | T 2000f-----<----- 8- 9-9.0.5:-@------:300m-string--
R o : ' | :
N g o000 . Spacing
: » - i - ; i: v / '. ) ® .E o E :
R . U 1000} 4o 62 0 @@ TR——— | T—
1200 1400 1600 1800 2000 2200 2400 2600 2800 9 Lo o Cie e : :
A, (400 nm) [ m ] vs. depth [ m ] 6 l o ....‘g.: | : ;
18 . . . ] b e e | :
string spacing and instrumented detector volume 2 0 _% ._._.‘ e - l & ]
1 e — |CeCUbe-86 (V;nst-+-60m=1'26 km3 ) """" ] t ’|i] . ‘. . . . .. . y E E
y —  240m (Vi .59, =9.73 km® ) 2 .. %09 o
. — 300M (Vgom=1424kn®) | ‘ @ | PO XX 5 z
N ' ' & —1000—--"e,;;-%’-0-0‘.-'---.--,.-"-:'-'----Q----{ ----------- fomnm
g z Cooo® e /S
3 = eco0? e s
0 m 1 N\a s : :
; 5 2000 |[SHEE N S —
t [ [ ' '
9 : : : :
e ' ' ' '
s : : : !
—3000}----- Ao ; : ERTLRRETETE foem oo
Downwind Sector : . Quiet Sector
1 | | | 1
—2000 —1000 0 1000 2000
position offset w.r.t. IceCube center (m)
cos(zen)
PPC 2015 Deadwood
Carsten Rott a' és 44 June 29th - July 3rd 2015


http://arxiv.org/abs/arXiv:1412.5106
http://arxiv.org/abs/arXiv:1412.5106

TR C ONGIUISICRE

® |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!

® Many more exciting physics topics: Galactic
Supernovae, cosmic-rays, atmospheric
neutrinos, exotics, ...

® Strong physics potential and prospects for
lceCube upgrades

® PINGU in-fill aims at creating a large
volume detector with a threshold of few
GeV and could be the first determine the
neutrino mass hierarchy

® High-energy extension could acquire high-
statistics TeV and PeV neutrino sample
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Phys.Rev.Lett. 114 (2015) 17,171102
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slide from Chad Finley @ RICAP 2014
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Principle of an optical Neutrino Telescope
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Mnt WIMP-nucleon cross section

section

T T T T =35 — . — .
C. Rott APPSS Bulletin Vol.5 No.3 Pages 18-23 (June 2015) * XENONI00 (2013) C. Rott APPSS Bulletin Vol.5 No.3 Pages 18-23 (June 2015)
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log1l0( WIMP mass / GeV )
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Table 1: Rough comparison of neutrino telescope characteristics relevant for current Solar DM searches. The median angular resolution (©) is
quoted for different representative neutrino energies (E,), where applicable. More details in Refs. [35, 34] (IceCube), [39, 50] (ANTARES), [38, 51]

(SK), and [40] (Baksan).
Datasets with Livetime E,-range Instrumented O¢)atE,
completed analyses  (days) (GeV) volume (ton) 25/ 100/ 1000 GeV
IceCube 2010-2011 317 =10 ~1 Gton 13/32/1.3
ANTAREST  2007-2008 2905 =10 ~20 Mton 6/3.5/1.6
SK 1996-2012 3903 = 0.1 ~50kton 1-1.4%
Baksan 1979-2000 8803 > 13 ~3 kton 1.5% (tracks > Tm)

T Preliminary 2007-2012 results correspond to 1321 days livetime

Physics of the Dark Universe (Nov 2014)

M. Danninger & C. Rott “Solar WIMPs Unraveled” -
* Values are given at muon level (E,); © dominated by kinematic scattering angle.
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