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lceCube at the South Pole

Matthias Danninger MIAPP, February 2015



lceCube at the South Pole

50 ML EEE
\ .
1384
1450m | :

(e 1.5km -2.5kmdeep |
e typically 125 m spacing
between strings
(~70 m in DeepCore)
® 60 Modules per string

[DeepCore]

2450 m é‘
e |

\0 1 km3 = 1 Gton instr. volume

Bedrock

Matthias Danninger MIAPP, February 2015



lceCube at the South,P_o_le

50 m

1450 m

(o O(km) u tracks from vu CC R

® O(10m) cascades from ve CC,
low energy vr CC, and vx NC

2450 m
2820 m

| @ Cherenkov radiation detected
by 3D array of optical sensors

A &

Bedrock
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,4.

DOMs

UBC

e

.
Stochastic |
\.‘\ ochastic loss .‘

DO

(PMT: Hamamatsu, 10"

Digitizers:
ATWD: 3 channels; sampling 300MHz, capture 400ns
FADC: sampling 40 MHz, capture 6.4 us

Flasher board:
12 controllable LEDs at 0 or 45 degrees

Dark Noise rate ~ 400 Hz
Local Coincidence rate ~ 15 Hz
Deadtime < 1%

TS T B ey
P Ry gy
“i"'i'~

o Charged particles produce radiation

~

from ionizations and stochastics in ice
® DOMs digitize the PMT waveforms of
photoelectrons
® Arrival time and recorded charge

information used to reconstruct eventsj

Penetrator HV Divider

DOM

Mu-metal
grid

o
Q
@

o
Q
]
(&)

o
Q
o

o
o
—
)]

ATWD recorded value [ Volts ]

Timing resolution < 2-3 ns 0 B B e . s
Power consumption: 3W 0 20 40 6 80 100 120
\ J sample number
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Flavour identification (tracks & showers-cascades)

CC vV, interaction create u
e can travel kilometres

‘Angular reconstruction
* can be as good as ~ 0.2°

Energy reconstruction
* only lower bound;
« most energy deposited outside the detector

time P I

(direct vs scattered photons)

CC v . interaction & NC v, interaction

» T,e travel short distances

'+ NC: Hadron showers + v

Angular reconstruction
« more difficult, more accurate with higher energy |

Energy reconstruction
« ~10% for deposited E; less than EV if NC

Matthias Danninger MIAPP, February 2015 7



Calibration

Physical Review D89 (2014) 102004

4 I
Calibration Sources:

e LED Flasher on each DOM

® |n-lce Calibration Laser

E off-source Moo g JEEE SHICD :Z: off-source N
I “left” oo 3 e 1. ‘“right”
® Cosmic Ray Energy Spectrum : k. ’ -
Irfﬁ :_ preliminary Im -, I5
. Moon Shadow 21 20 ‘4 -%\ 17 -16 - T3 2 a4 0 1 2 3 LA R

6 15
>___)'sin(a,_.) [deg) (@t ™ Vrocn) "SINBoery) [dEQ)

Moon Shadow in Cosmic Ray muons in IceCube (140)
® Atmospheric Neutrino Energy

. g T T
Spectrum Resolutlon B | . ..$..+..$.tm.+¥w¢wt+.¢m
Shadow profile v?. < i +++r
_ .. angular distance from

® Minimum-lonizing Muons v 005 | .
\ % ¥ q
-0.1 + —— |C59 data N

i Gaussian fit
o 1 2 3 4 s
AY [deg]

Matthias Danninger MIAPP, February 2015 8



Cosmic Ray Background in IceCube

IcCECUBE
northern sky | southern sky cosmic ray
(filtered through (directly above
Earth) detector) _
10° air shower
10’ =
10° Muon Bkg
10°
10* — veto muons
103l Neutrino Bkg — Energy cut

10° neutrinos

Solar WIMP neutrinos |

10
: 6 . ]
1 ‘TeV astrophysical neutll'inos 1 PeV astrophysical neutrinos :lIO I>’<.|arger Bg |ook|ng
1 08 06-04-02 0 02 04 06 08 | up” into muons than
cos(8)  “down” into neutrinos

_ _J

(neutrino signal examples for illustration only)
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Results from Dark Matter Searches
with IceCube & DeepCore

Matthias Danninger MIAPP, February 2015
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Indirect Search with lceCube (Overview)

(Image: M.Strassler)

/Dwarf spheroidal Galaxies:\ n""m—"‘fGalactic Halo:

e IceCube-59 limits T ; e IceCube-22 limits

Clusters of Galaxies: (PRD 84 (2011) 022004)
o lceCube-59 limits e lceCube-79 limits
arXiv:1210.3557, accepted PRD
. Pred B

~

| Galactic Center:

e |lceCube-40 limits
\(arXiv:’|210.3557 2012)/

X V,€"... @ Searching for DM-annihilations is in\
(Local sources (Sun & Earth):) low energy regime for IceCube.

o lceCube-79 limits (~10 GeV:TeV) )
(PRL 110 (2013) 131302) e Consider “extrema” to bracket

o : ible neutrino spectrum.
e Specific models & Global fits _ POSS AL
_(JCAP 11 (2012) 057) \X v,et... e.g. hard (W*W") and soft (bb) /

J

Matthias Danninger MIAPP, February 2015 11



Solar Dark Matter Search with lceCube

f ] (Proposedby: A
® All processes depend on WIMP mass roposed by.
o . . Silk, Olive & Srednicki '85, Gaisser & Tilav 86,

o AﬂﬂlhllatIOﬂ channel (branChlﬂg ratlos) Freese '86, Krauss, Srednicki & Wilzcek '86
o . ) . .

Annihilation cross-section Details about Capture Process (e.g.):
® Capture (scattering) Press & Spergel '85, Gould '88, Peter 2008

— Scattering cross-sections (S| & SD) )  Sivertsson & Edsjs, PRD85 (2012) 123514 )

------

dN
= Ccapt._ Cann.
dt
Ccmn. = Ccapt. _’O-total

Matthias Danninger MIAPP, February 2015 12



Solar Dark Matter Search - results

Unblinded events in different samples

Expected sens. vs. observed result

T T T T T T T T T

— 7
80 dataset WH (winter, high-energy)

T T | T T T T | T T T T | T T T T | T T T
- - - Expected (bb)

- Expected (W'W)*

—6— Observed (bb)

60% 1 i}ﬁrr"+‘—'m ---------- !

--------- SR o
! ‘ i 37 —e— Observed (W'W)
' —+— + [ = 10 expected

20 1 [ ] =20 expected
i [aV]
; | . £
" T i y = y ' ' T r— — ¥ ¥ t f O -
8 dataset WL (winter, low-energy) 1~
8
2, S
C N—
o % -
it 8
15—+ —— : - t
dataset SL (summer, low-energy)
10 ¢ ('t for m, <m,, = 80.4GeV)

%))

- + ' ’ ‘ ; _41 | | | | | | | | | | | | | | | | | | | | | | | | |
----------------------------------------------------------------------------- 1.5 2 25 3 3.5
+ } + } 1 Iog10(mX/GeV)

details on systematic uncertainties,
see PRL 110 (2013) 131302

099 0992 0994 099 0998 . _ 1
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Solar Dark Matter Search

results

log10 (og,, / cm?)
& & & &

&

SI WIMP-proton cross-section limit

SD WIMP- proton cross-section limit

ll T T T T T | T T T T T T T T T T T T T T | T T
MSSM incl. XENON (2012) ATLAS + CMS (2012) L ;] MSSM incl, XENON 3)12) ATLAS+CMS (2012)
"  DAMANo, channeling (2008) | 35—\ L ggﬂ‘;g‘;&:‘;’)‘“""g (2006) —
-, — - CDMS (2010) N Simple (2011)
: - = = CDMS 2keV reanalyzed (2011) \ —— . PICASSO (2012)
CoGENT (2010) . \ -...= CMS monojet (2012)
=---= XENON100 (2012) -36—{‘ \‘ SUPER-K (2011) (b6 - -
. LN SUPER-K (2011) (W'W) ) .-
L sV N T e - % N\ '-_‘ ‘\\ . - Y S
S a7\ — sen” -
B — G N~ . - Py -
| \ — ] a LSS — PP .’
B o) . \ Se .,_f-'-
.| o -38}— O L "ol —]
N \ ~ —_ T 1 o STt ST S
~N— - //”/\ S
- N "’/-"" — 39— —
S T --®-- |ceCube 2012 (bb)
=~ lceCube 2012 (bF) == = laGibag0iz (WU
| = looCube 2012 (W) T e endGen) [ : |
('t for m<m,, = 80.4GeV/c?) [T | Sy
Il 1 1 Il I 1 Il | ] l 1 L | | 1 I 1 1 1 .” Il I 1 1 1 ‘/\\ I 1 1 1 1
1 2 3 4 1 2 3 4
log10 (m /GeV c?) log10 (m /GeV c?)
- D
e most stringent SD cross-section limit for most models
e complementary to direct detection search efforts
e different astrophysical & nuclear form-factor uncertainties
e Expect new results on Moriond time-scale
- e Multi-year combined results later this summer )

Matthias Danninger

MIAPP, February 2015 14



Solar Dark Matter Search - astrophysical uncertainties

Interactive Tools to visualize astrophysical uncertainties in Solar WIMP searches
(C. Rott & M.D. doi:10.1016/].dark.2014.10.002)

(Here: example for osp)

-35 —
v XENON100 (2013)
A \
E direct-detection S )AMA
-36[ 2\ . |
- . -="l. COUPP (2012)
XI signal-regions Y N "
- N \ e T
. B * ' =7 e —
37 S A .- ' . IceCube-soft
B -h
= -38 IceCube-hard
IceCube é‘
time(y):______ Jo.oo &
S -39 .
& PINGU = -3
o
tme(y):_________ Jo.0o o N
I:I SuperK -40 N
tme(y):______ Jo.oo
. Baksan a1t |
time(y:[______ Jooo
|:| ANTARES
Y — a2 1 | w
time (y): 0.00 ] > 3 "
log10( WIMP mass / GeV )
bcal sun velocity (em ;- [ | 22000

Dark-disk fraction (p.,/p,): ] 0.00

0.00
SMH | Ling et al. | Aquarius et al. | Maoetal.

|
|

Halo models:

ﬂncluded: local DM density, local Sun velocity, dark-disk fraction, and choice of Halo model
|
'Not included: Solar composition & nuclear form-factor uncertainties

Matthias Danninger MIAPP, February 2015 15



New SUSY analysis...

hard channel soft channel

N * ¥ S I
Benchmarks " AN v ¥
100% Br S N s &

Scott Savage, Edsjo &the IceCube Coll., JCAP 11, 057 (2012)

Specn‘lc model (IceCube unbmned I:kel:hood)

B l l I I l l l l l l l I l l l I l I :‘llli_ |\. ‘I‘I :Imlh l I.I Il(l' ll‘l"ll‘. I I l’ "'|"'IY“"I :IM’; .‘I‘ - L0
n : 1C ”1.:l l al fit :: 1C22 . 100

B __ t(ll\tlg,gl\()ll:z s0 I "r:-"s\_b :h\‘lils”\(ll:‘ SSEE|
L — Enum(nlesignuHBG) H ﬁspcc_/i c;mgyi — 0 K ) Marg. posterior I i']\ Marg. posterior ] f:"
i=1 A Bl
Include IceCube event level data in L Wz
e Model exclusion analysis WF 1B’

e Global statistical fit (parameter estimation) Ee . oo T

0.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
myo (Te 2V) myo TeV)
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Global SUSY tit analysis

n
L= Enum(n|()signul+ B(]) H ‘cspcc.i Eung,i

i=1

e Energy resolution (energy estimated by number of DOM hits)
e Angular resolution (incl. PSF of individual events)
e Systematic uncertainty included in effective area

e For initial publication, we calculated all quantities at neutrino level, as we looked
at v-energies above ~60 GeV.

e Good approximation that production angle (® ,) between v and p is less than PSF

v

e DeepCore sensitive to v-energies down to ~10 GeV.

® Data release in preparation for all IceCube-79 solar WIMP event selection
—> including detector responses

Matthias Danninger MIAPP, February 2015 17



Model exclusion example (MSSM-25)

S| neutralino-proton cross-section Os1p (cm?)

(Ref: P.Scott, C.Savage, J. Edsjo & the IceCube Coll., JCAP11,057 (2012) & H.Silverwood et.al., arXiv:1210.0844
Details: 25-dim. parameter space (MSSM-25) using scanning based on importance sampling

Silverwood et al 2012

s 10°

(S| x-section) K]

10-36 : . - p— Silverwood et al 2012 ﬁ

. . ‘e po . =

1038} o e, N T . | 2
s. S 10°

. o

wv

i

I

=

R=y)

-

42 Not excludable
10 ] lo excludable

44 30 excludable
10 T 50 excludable

w— ATLAS 2012 Limit . 2

-46 10° : .

10 T 103 10*
Gluino Mass (GeV)

-36 Silverwood et al 2012
10 T T —— |

o "

Not excludable

-54

1074 @ _
® 1o excludable

-56
107" [| ® 30 excludable ; |
10'53 | @ 50 excludable : :

= XENON10O 2012 Limit ‘

1 0-60 l l Not excludable

lo excludable

10° 10° 10°
Lightest neutralino mass m, (GeV)

Jo excludable

50 excludable

10758 ||== SIMPLE Limit (SD X-SelCtion)d

m——_COUPP 2012 Limit
10° 10° 10
Lightest neutralino mass m, (GeV)

L
SD neutralino-proton cross-section oy, , (em*®
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Galactic Dark Matter Searches

(equatorial coordinates)

Matthias Danninger MIAPP, February 2015 19



Galactic Dark Matter Searches (IceCube-79)

(IceCube results shown
for NFW profile)

~— |C22 Halo
~— 1C40 GC

—e |C79 GC LE sensitivity
=-= |C79 GC HE sensitivity
~— Fermi Dwarf galaxy

T RatUFal seale

IceCube Preliminary

P

Fermi data’

PAMELA data

. tinterpreted for DM [Meade et al. (2010)]

10-26
10t

102

103 10*

m, [GeV]

Search for many interesting ,

. U "WV, uy, TT, WW, bb
potential annihilation channels: X,
(Various DM-Halo models tested ) L1, LY

Matthias Danninger

MIAPP, February 2015
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Galactic Dark Matter Searches (IceCube-79)

—e |C22 Halo ~— |C79 Halo
(|CeCu be results ShOWﬂ —e |C40 GC —e |C79 GC LE sensitivity
*-- |C59 Dwarf galaxy stacking =-a |C79 GC HE sensitivity
fOI’ NFW profile) — |C59 Virgo cluster (subhalo) «— Fermi Dwarf galaxy
-18 ' IR ' L ' o
1078 [ ~IceCube Preliminary

IIIII|_|_|,| IIIIII|,|,I_|_

Fermi data’

PAMELA data’

IIIIII|,|,| IIIII|_|_|,| IIIII|_|,|,| [N

104 E
e Hatiiral scsla Tinterpreted for DM [Meade et al. (2010)]
1026 L ] il AN
10 10° 10° 10°
m, [GeV]
lceCube-59 Dwarf galaxy searches: lceCube-59 Galaxy cluster analysis:
e Source stacking analysis ® Extended point source search
e Optimized size of search window ® Optimized size of sefarch window
L ® Substructures taken into account )

Matthias Danninger MIAPP, February 2015 21



The High-Energy Tail

Searching for a signal above the
atmospheric neutrino background

Matthias Danninger

MIAPP, February 2015
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Cosmic rays - a 100 year old puzzle

Dlscovered by V|ctor Hess

ts .J,,

"\a;!lds

(GeV cm'zsr'1s'1)

Extraordinary particle
accelerators somewhere, but still
not identified after 101 years:

10°®

E2dN/dE

e Supernova remnants? 10

e Active galactic nuclei?

10-10

e Gamma ray bursts?

Energies and rates of the cosmic-ray particles

(T. Géisser)'

- protons only

' 'CAPRICE

AMS
BESS98
Ryan et al.
Grigorov ——#%—

JACEE

Akeno A
Tien Shan
MSU

CASA-BLANCA
DICE
HEGRA
CasaMia
Tibet

Fly Eye
Haverah

AGASA

all-particle

Y

"electrons

Bitrons  »

ke X
LW
E;

- antiprotons

10

10° 108
(GeV / particle)

10 10
Ekin

Matthias Danninger

MIAPP, February 2015
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Astrophysical messenger

cosmic rays +
neutrinos

cosmic rays
+ gamma-rays

Hadrons or electrons
can produce the
observed gamma rays

Neutrinos only
produced by hadrons

Matthias Danninger MIAPP, February 2015



General search strategy

Point like v sources Diffuse v fluxes

Promising for:

e rare bright sources (e.g. GRB) More promising for: ¢
e transient sources

e more abundant extragalactic
e galactic sources

Background

# events

energy

Matthias Danninger MIAPP, February 2015



Summary of ditfuse neutrino fluxes

e Precise measurement of atmospheric v, spectrum (arxiv:1409.4535)

e First measurement of atmospheric Ve spectrum at high energies (PRL 110 (2013) 151105)

—
= 1.0+/-0.2 PeV
F’ 107F Super-Kv, ... '600m _
i TSy COSEITG
P 2 /Fré}usv
P o o Fréjus v
S ok o %, AMANDA v,
5 10F <,  — %, o unfoldln? _ .
5] - o, %, forward folding :
= % Ny~ 1.1+/-0.2 PeV
>107E 2 IceCube v {Eaal
o] S 9 _ o unfoldln? _ L el
N . o . N forward Tolding e
10—55_ \ :“‘; 3 : ! ' :
10°% 4
. .Dl'om
10_7?_ ptl{lly '\le GZK
- Y1 GRB [ We look from
—8_— @& = Y am=-
10 = Galactic Supernovae=§ e UltraHighE to HighE
- /_____\ '/,
_9|-l 1 1 l L1 1 1 l L1 11 l L1 11 I L1 1 I L1 1 1 IL ll[lll I Ll 1 1 I l\‘l 1 | L1 1 |
104 0 1 2 3 4 5 6 7 8 9
log  (E, [GeV]) See also PRL 111, 021103 (2013)

Matthias Danninger

MIAPP, February 2015
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All flavour - all Sky - starting event analysis

lceCube discovers excess events at high energies using contained events

« Significant (5.7 o) excess above the background-only expectation

: N N

[Southern Sky (downgoing)] [Northern Sky (upgoing)] ~ ~
n . . 5 = Background Atmospheric Muon Flux
. [mm Back d At heric M Fl 109 F [ Bkg. Atmospheric Neutrinos (7/K)
]_02 -M [ | | B:gc;.irt(::\jgspher:;:s;\feli:fi:\osugrjk)ux : Background Stat. and Svst. Uncertainties
[ Background Stat. and Syst. Uncertainties —  Atmospt
—— Atmospheric Neutrinos (90% CL Charm Limit) —— Signal+Bkg. Best-tit Astrophysical £ “ Spectrum
—— Signal+Bkg. Best-Fit Astrophysical E~? Spectrum eee Data
eee Data g 1 3
2 IceCube Preliminary o 107 P [
© 101 e R [a) _||——|
o — o) — -
o0 o0 . 1
& 2 L
- ()
0] Q 0
Q w 107
£ 10° gt c
[ 7/ )
g >
& w
10'1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
10
-1.0 -0.5 ' 0._0 _ 0.5 1.0 102 103
sin(Declination) Deposited EM-Equivalent Energy in Detector (TeV)
e Compatible with isotropic flux ® Harder than expected atm Bg
e Events from North absorbed in Earth ® Merges well into expected Bg at low E

\° Minor excess in South; not significant ) v Cut-off at PeV? /

Matthias Danninger MIAPP, February 2015 27



Skymap

[ 4
x track-like events
‘7shower events T TR T + shower-like events
Other SearCheS: p-value = 7% ...... ......
 Galactic plane correlation A A . colas
(+-2.5 degrees, motivated ......... | Sl R frrenn] - . E— o '_‘;41.: ______ .........

by TeV y observations)
* Time clustering / GRB

Not significant! " yall events
/| p-value = 84% | 1

s/
-

Equatorial

see also:
Science, 342 (2013) 1242856 I ——
Phys. Rev. Lett. 113, 101101 0 TS=2l0g(L/LO) 11.3
: Quantifying the excess:
e Data is fit to a mixture of non-prompt atm., prompt atm. and astrophysical neutrinos
® In the range 60 TeV < E < 2 PeV, spectrum consistent with an E~2 spectrum
> E%p ~ 0.95 + 0.3*107° GeV/cm?¥/s/sr per flavor
e E~2spectrum predicts too may neutrinos above ~2 PeV
- Cutoff or softer spectrum needed

Matthias Danninger MIAPP, February 2015 28




Northern Sky through going analysis

Events

IceCube Preliminary

Conventional atmospheric —
Promgt atmospheric m—

E™“ astrophysical =
° Sum of predictions 3
° Experimental data e

103

10* 10° 106
Muon Energy Proxy (GeV)

e Analysis of through-going events from the northern sky using 2 years of data—vy,
charged current only, above ~1 TeV (publication in preparation)

e Excess over atmospheric background of 3.90

e Best fit astrophysical flux is compatible with 3yr HESE results

 Flavor Ratio of Astrophy. Neutrinos above 35 TeV in IceCube (arxiv:1502.03376)

\

J

Matthias Danninger

MIAPP, February 2015
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Could this be Heavy Dark Matter?

Possible evider

reported PeV events are

intriguingly close in energy

e consistent with

about 1PeV ;;

* latest ~2 PeV ¢
to a line signal

o 2.4PeV Dark M
e Flux can be rel

TDOM = 1

Models:
* Singlet fermior
e Hidden Sector
e Gravitino Dark

1.

of & “Showers e
Tracks +--X<---

60 -

40 + *; IJJ -

lceCube bound on lifetime ~10%’s

10°8

—

o
N
(o)}

Lifetime 1 [s]

—

o
N
B

Phys.Rev.D84:022004,2011

|l|l|

Halo Uncertainty

¥ — vv Einasto

1 llll 1 1 llllIII

in Detectof (TeV)

10

10* 10
m, [GeV]

Line signal

N

108

(GeV)

Matthias Danninger

MIAPP, February 2015
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Atmospheric neutrino Oscillations
analyses

0 0 P X
I: vacuum propagation . I:
AR

0 TN AN ST e

Matthias Danninger MIAPP, February 2015
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Neutrino oscillations

v, — disappearance analysis:

Survival probability of v,

0.0 1.0
Amj, =7.59-10 % eV? 0.9
Amj =2.43-10 % eV? '
0.2 N e 0.8
> 10.7 7 2
§ 0.6 !
-0.4 10. S
s a ‘f;
= o) 0.5 T
8 o ?‘
_ 0} "
0.6 S 0.4 &
k- 0.3 >
-
-0.8 — 0.2
0.1
—1.0 10 100 1000 0

E / GeV
P(Vgq — Vg) =sin®(20)sin°(1.27Am°L/E)

Oscillation parameters: 6 and Am? (in eV?)
Variables: L (distance traveled in km) and E (neutrino energy in GeV)
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Neutrino oscillations - results

~ B
Vu - disappearance analysis:
e current analysis: Fit for zenith angle and energy
® High statistics and low energy threshold (3 years of data)
® Reduced systematic uncertainties, compared to first analysis
N J
800 . |
—— MC best fit —
600f| - - - MC expectation oE =
Zz Data - =
g 400f $ oa
=
200}
o Ichube Preliminary
10* 10? 10°
LI’CCO/EI’(‘CO (knl/(}ev)
1.4 -{- ] T
1.2 .} ]
% 1.0H -- -} ------------------- +
2 081y i Actual fit is simultaneously
s 0.8[] IceCube Preliminary ¥ performed in 2 dimensions
0.4\ . : |
. MC best fit | MC expectation | ¢ Data (energy+zenith)
10° 10° 10°
Lieoo/ Broco (km/GeV)
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Neutrino oscillations - results

- . . ™
Vu - disappearance analysis:
e current analysis: Fit for zenith angle and energy
® High statistics and low energy threshold (3 years of data)
® Reduced systematic uncertainties, compared to first analysis
N J
N T cecube 0L (M) — T2k 2014 (WK Results for normal hierarchy:
. — 0.09
8 90% CL contours IceCube Preliminary S|n2(623) - 0.53_1_012
36
s 3 |Am?3y| = 2.7210:50 x 107 %eV?
o 3.2¢
5 3.0
i 58l /
2.6
4 \ Best fit values and 90%
2.2}
o P L confidence interval

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
sin® (6.,;)

Matthias Danninger
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Looking ahead - PINGU wor: arxiv:1401.2046)

\
Precision lceCube Next Generation quradeI

e Higher DOM density, lower energy
threshold (few GeV)

e 20 - 40 (+) strings with ~ 20 m spacing
e 60 - 100 Optical Modules per string

Main Physics Topic:

neutrino mass hierarchy

o

“Normal” “Inverted”

lo

wor [

m?
(m,)+

[AmZ|-23x 1000
|Am1| 23% 107 eV

Am2<0

L 79-String
Deployment
I . 2004-2010
4]
400/~ HQE DOMs
Normal DOMs
@ PINGU DOMs
200~ ° o o
! s | © °° o PINGU
o ac
) ° ? H . H -
- . : HEHE : -
R, A
Bl EENT I A T o A A 86-String
N : - ] R : ] : Deployment
¥ e ) AU S ' 2010/2011
' ' ' ' O ' ' '
400/ o0 HEEEE R : B HQE DOMs
- : . P R . : : @ Normal DOMs
e : R T : ' '
- PP P HHEHH B P P
oo @00 200 0 200 | 400 (600
> K{uso
€3 |
g 8 {’.1550
£85
C o Maeso o
88 | 3
cC®
SE Lo 10 DOM's
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PINGU — Dark Matter sensitivity

-23
*\ — . l I : I x10 j8
e . 100H — atm. v, +7, background '
Sensitivity study based on - atm. 47 background g —
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® current reconstruction S v
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e / PINGU’s higher DOM density allows for inclusion of
Cascade channel —> improved sensitivity
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PINGU — Dark Matter sensitivity

36  DAMA/LBRA (2009) | — Lux@o13)
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Conclusions — Dark Matter searches

o Competitive & Complementary searches for Dark Matter with lceCube (Sun & Galaxy)
e Searches for Kaluza Klein Dark Matter (PRD 81 (2010) 057101)
e Multiyear datasets from full detector being analyzed —> expect new results soon

o PINGU will allow to extend searches to very low WIMP masses (~few GeV)

Sivertsson & Edsjo, 2012

10", S S _
i auss (free space f
10 - ;“bdig"’htff"f’ /Searches from the Earth (work in progress): A
0 £ ———  Total ]
§_ 10} = Toul i bl re. 50 o Earth capture dominated by resonances with heavy
% 10} 00 = 10 cm - elements
2
£ ool e interesting for WIMP masses below ~100GeV
é 1owz» e Background estimates from MC & extrapolations only
§ 1o“E (no On-Off-source search possible)
y
TR T B— o - ———
Recent highlight:

lceCube’s phySICS program Is very diverse: " Observation of Astrophys. v

Cosmic Rays. Atmospheric neutrinos, Particle Phy3|c, __m | V-Oscillation measurements

Astronomy, Applied Science & Cosmology

~ _
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The Future

An upgraded IceCube detector for high energies - in addition to
low energies (PINGU)
e PINGU

e O(40) densely packed strings

e Neutrino mass hierarchy, dark matter, neutrino physics
¢ High-Energy Upgrade (no name yet)

® |ceCube is optimized for ~1TeV -> focus on a threshold of ~30TeV

e O(100) strings, ~10km?

e |dentify astrophysical sources of neutrinos

3000

2000

(and CR’s), neutrino and particle physics

> : » DeepCore

so- Baseline Geometry-| . pau

aaaaa
E .

o TS S S R SRR T +

rrrrrr

—1000}.....5 .

vvvvvvv

position offset w.r.t. IceCube center (m)

-2000
=150 . : : : : :
N S BT BT BT S I —3000 R . ' ' )
100 -50 0 50 100 150 20(0 ) Downwind Sector : . Quiet Sector
x m L L 1 | L
-2000 -1000 0 1000 2000
— position offset w.r.t. IceCube center (m)
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Additional slides
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Flavor identification (showers-cascades)

Waveform examples from modules at various positions in the detector:

| —— Best cascade fit —— Reversed orientation -+ -+ Exp. data|

400! |

-------

.......

200} "L,

.......

—200r -f

Distance to source (vertical) [m]
o

~400 |

Distance to source (horizontal, along axis) [m]
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Starting event analysis - veto detinition

Throughgoing muon

Total detector

Q/pe 4 Q/pe
(c ve
- dQ/dt
250 s ~|----~'“ ~T“’ N ‘
0' i 2 3 Time/ps
Veto region
\H /Veto
o\’ _—

Q/pe ‘
e | T
®\o 0 i 1 2 3 Time /us
o i
o

o

"’

(Image: A. Karle)

Contained cascade Vi,

Total detector

Q/p -
ZSJ .l.)dlcz(

.Ll

|| -
2 3 Time /us |

Veto region - barely contained cascade

Q/pe
| | — >
0 | 2 3 Time /ps
Veto regjon - well contained cascade
Q/pe
| | D e .
0 X 2 o Time /ps

IlceCube Preliminary
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Starting event analysis

Effective Target Mass [Mton]

: : v, CC
100F [ T e | mcC
1 ‘| =— v.CC
— All Flavors NC
0 bl |
10! 10° 10*
Neutrino Energy [TeV]
4 N

Largest sensitivity to v, CC:

of the initial neutrino energy

with the neutrino
g

All energy deposited inside the detector
Smaller sensitivity for v. and v, CC:

muon and tau decay products carry out part

Smallest sensitivity to NC interactions:

Significant fraction of the total energy disappears

u

Look both up and down

PeV neutrinos absorbed in Earth; seen only
horizontally or from above

Atmospheric self veto for
down-going events

J

PRD 79, 043009 (2009)

1800 mwe

0 0102 03 04 05 0.6 0.7 0.8 0.9
cos(0)
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FirSt hintS N |CeCUbe analyses (partial detector)

-

events

1

1

1

N

Diffuse muon neutrino search IC59

IllllllIIIIIIIIllllllllllllllll]llll
IC59 data

(M= conv. atms. v, (HKKM2007)

- e CONV. @tms. v, (HKKM2007 + best fit nuisance)

- ————— astrophysical v, E? (best fit)

N e D astrophysical v, EZ (90%CL upper limit)
03 - prompt v,, (90%CL upper limit)

- Preliminar o

. y
4

0 10

T lllllll

NILULH.I] l]lllllll lllllllll IIIIIIlll llIIIlllI IIlIIl]II 1|

T
—
M~
(=}
™
10 I
=L £ 10°
- c E
1 8
g g 10}
= L o =
o' - - 2 1000
- : 1 Q =
L Lo 1 11 L1 [ 1 T Ll 1 11 | __q—|_ a L
-2 15 -1 -0.5 0 0.5 1 15 101 [
log10(dE/dx____ [GeV/m]) :
21
1030

® Diffuse searches sum up muon
neutrino flux from all directions

® Excess in high energy tail: 1.8 ¢ )

\_

Diffuse cascade search IC40

~

atm.

omo

@ 42.10°GeVs'cm?sriE”? (v,,,=1:1:1)
atm. v +v,, (conventional) -« data
atm. ve +v, +v; (prompt)
atm. p + atm. v

== atm. p extrapolation

5| preliminary
- stat. errors only

T

high energy |
signal region

2.1o0

3.5

4.0 4.5
l0g10(Efeco/GeV)

® Excess in high energy tail:

Matthias Danninger MIAPP, February 2015

45



Cosmogenic (GZK) search

Analysis strategy:
Select starting events with a high number of PE in the detector (>60000 PE, depending on zenith)
Makes analysis sensitive to Eyy> PeV

We found:
2 events in 616 days of livetime between May 2010- May 2012

Expected background:  0.08 £ 0.05 events — 2.80 excess (Bg-only hypothesis)

\ J
10°E
1.0+/- o 2 PeV 1.1+/-0.2 PeV
: _ ' 10°E
600"-151; i fi. il ;' 10’ Data (GZK) cosmogenic
i AT § 1 44  neutrino prediction
. ‘ TG bie 5 =% ? -g
w ? .o : E
._."..’ [ ] o HEdL A
77 ) ents
Seargy,  2'ung e T S R
10

See also PRL 111, 021103 (2013)
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Cosmogenic (GZK) search

Analysis strategy:

Select starting events with a high number of PE in the detector (>60000 PE, depending on zenith)
Makes analysis sensitive to Ey> PeV

We found:
2 events in 616 days of livetime between May 2010- May 2012

Expected background:  0.08 £ 0.05 events — 2.80 excess (Bg-only hypothesis)

- J

r
1 17}
10 wg Data  (GZK) cosmogenic
- L5 af _+_+_ neutrino prediction
% 10 % -
=) St 10'1=€
o 10 £ F
— -2
g 10
10 W% &
°F Sum of expected 0
7 7000
10° 1¢f background 7
Z
s -6 '5Ahlllllllll:l]l!}_‘;//lllllnnn
331 08 06 04-02 0 02 04 06 08 1 10 1045 5 55 6 6.5 7 75
cos 6 lOgloNPE

See also PRL 111, 021103 (2013)
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Starting event analysis
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Atmospheric p bg

Determined from data:

Define a second veto layer and tag
events, which pass the first layer

6 +/-3.4

Atmospheric v bg

Based on MC & previous IceCube
measurements (including prompt flux

measurement = 0 + O)

4.6 +3.7-1.2

Charge thresho

Id 6000

p.e.

Events per 662 Days
—
ON

Bkg. Atmospheric Muon Flux (Tagged Data)

Bkg. Atmospheric Neutrinos (7/K)

Bkg. Uncertainties (All Atm. Neutrinos)
Atmospheric Neutrinos (Benchmark Charm Flux)
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best Fit Astrophysical £ Spectrum
All Events (Trigger Level)
Data

10*

N

10°

Total Collected PMT Charge (Photoelectrons)
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Maximum likelihood analysis

IcECUBE

ouns| background expectation from data
owor] FOZIH) = - ALE)+ (1= ) foe ()

ki L

v S il ol AR

iIJ 1" i

The observed angle to the

Sun is fitted with signal and

0.006

background pdf:s

0.005

pdf in¥

/Ty
0.004 Al 1 !
- 2 I
Evaluate shape fit with log- 0.003 .:I obsérvatlon
likelihood rank (FC) to 0.002
construct Cl for the number "8 signal simulation (e.g. 1000 GeV)
of signal events ys % 05 i 5 3 25 3
¥ in radians
R (/1) o »C( ,UJ) (Angle between event trlack 8I< direction from the Sun)
- L(j) |
L(p) is the pdf product over 5 Thver
. Hi = 1 B
\the flnal Sample / j—ilve ‘/fo J—ilvev ff

(scale to multiple datasets)
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Solar Dark Matter Search - results

Unblinded events in different samples

80F

60

40

20

T T T T T T T T T

—
dataset WH (winter, high-energy)

dataset SL (summer low energy)

IcECUBE

Expected sens. vs. observed result

'36 T T | T T T T | T T T T | T T T T | T T T |
- - - Expected (bb)
- Expected (W'W)*
—6— Observed (bb)

37— —e— Observed (W'W)*

log10 (ogp,, / cm?)

[ = 10 expected
[ ] =20 expected

¢ ('t for m, <m,, = 80.4GeV)

1o | | | | |
4 1.5 2 2.5 3 3.5
5t Iog10(mX/GeV)
O T TR I Ty 0998COAS(‘.'P)1 details on systematic uncertainties,
see PRL 110 (2013) 131302
Matthias Danninger UBC, January 2014 50




Galactic Dark Matter Searches

(equatorial coordinates)

2
ER p SC
SC 2
m
X
10° ——
Einasto L
Isothermal T
Burkert I 102 'Wvgb
Kravtsovl =
. . o~ Kravtsov2 > 1
Physics quantity, 3> w0t : Voces % 100§
/ to be extracted = , 2 0
{ 10°F Nv 107 |
w
10! 107 |
, m, =300GeV
10°F X
-2
10k L s L 10 10° 10’ 10
10 10 10 \P /° 10 E,, [GeV]
Galactic Center @ 266° RA; -29° Dec
51
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Galactic Dark Matter Searches (IceCube-79)

— [|C22 Halo
(IceCube results shown — 1C40 GC

fOF NFW proﬁle) ~—e Fermi Dwarf galaxy

10_18 T T L IF I- -I T T
IceCube Preliminary

xxe).uf,u._...... S

-2
— 107
T
(7]
i=
-22
L 10
Eﬁ Fermi data’
=~ PAMELA data
-24
10 -
eI AU S _Tinterpreted for DM [Meade et al, (2010)]
natural scale '
-26 1 1 1 1 1 L1l . 1 1 1 1 1 111 » 1 1 1 1 1 L1 1
10 1 2 3 4
10 10 10 10
m, [GeV]
e A

Search for many interesting ,
"WV, uy, TT, WW, bb

potential annihilation channels: XX
7,7y

(Various DM-Halo models tested )
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Galactic Dark Matter Searches (IlceCube-79)

@
— 1C22 Halo
(IceCube results shown ~— 1C40 GC — IC79 GC LE sensitivity
. =-= IC79 GC HE sensitivity
for NFW profile) — Fermi Dwarf galaxy

IceCube Prehmmary 4

N x_x.r)_u ......... E_

-a--
.-

(O 4V) [cm3s1]
[
o
N
N

PAMELA data’

10724 | | E
T ——— ........................................................ ! .1r1terpreted for DM [Meade et al. (2010)] .. i
10! 10° 10° 10*
m, [GeV]
" IceCube-79 Galactic Center analysis: |
e First IceCube analysis looking at GC for low WIMP masses (< 100 GeV)
e Up to 4 orders of magnitude improved sensitivity @ 100 GeV
_ @ Results are compatible with background only )
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Galactic Dark Matter Searches (IceCube-79)

—e |C22 Halo ~— |C79 Halo
(|CeCu be results ShOWﬂ —e |C40 GC —e |C79 GC LE sensitivity
*-- |C59 Dwarf galaxy stacking =-a |C79 GC HE sensitivity
fOI’ NFW profile) — |C59 Virgo cluster (subhalo) «— Fermi Dwarf galaxy
-18 ' IR ' L ' o
1078 [ ~IceCube Preliminary

IIIII|_|_|,| IIIIII|,|,I_|_

Fermi data’

PAMELA data’

IIIIII|,|,| IIIII|_|_|,| IIIII|_|,|,| [N

104 E
e Hatiiral scsla Tinterpreted for DM [Meade et al. (2010)]
1026 L ] il AN
10 10° 10° 10°
m, [GeV]
lceCube-59 Dwarf galaxy searches: lceCube-59 Galaxy cluster analysis:
e Source stacking analysis ® Extended point source search
e Optimized size of search window ® Optimized size of sefarch window
L ® Substructures taken into account )
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Neutrino oscillations - first analysis

rate (Hz)

IcCECUBE
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Analysis strategy - mass hierarchy

"o Atm. neutrinos oscillations with resonant ve conversion in high electron |
densities in the Earths core
_® Measurement looks for difference between patterns A & B )
Vu anti-V
15 : 1 15 - 1
0.9
lO.B
2 > 10 07 &
Normal 2 ° 06 =
Hierarchy £ 2 oa L [pattem A]
& & 03 &
0.2
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cos6, distinguish v, from
° | 0o anti-vy, A=B...
0.8
3 2 10 07 @
Inverted (\i o 00 =
Hierarchy § S el T [pattem B]
w G 03 &

0.2
0.1
0

.08 -06 -04 -02 0 08 -06 04 02 0
cos 0, cos 6,
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Analysis strategy - mass hierarchy

( . . . . L] .
e Atm. neutrinos oscillations with resonant ve conver BUZ‘- ‘v1h electron

densities in the Earths core Oy
oM t looks for difference between patt %
easurement looks for diffe W p (D%h)AO(aW/;D)
| Plang:
6 : : : D&z‘ )
more details .7 &
5_ . et // ................ - |
arXiv:1401.2046 : - :
S é 2 f | = [pattern A
C g DRt S ]
O o
= "k out ablllty to
51 - | SR S F /\/ _[_'
= 5 Ol/l//q rom
g p) SR . ................ .......... ................ | |an_[" 8/
Z X . . . [
1— -----------------------------------------------------------------------------
, = [pattern B]
% . 7 6 g 10 |

PINGU livetime [yrs]

\ _ _ 4
—_—— — —— - S—

Matthias Danninger MIAPP, February 2015 57



