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Sources of High Energy INEUEEINSS
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The lceCube Detector
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SCOpE

Gigaton Neutrino Detector at
the Geographic South Pole

IceCube Lab

5160 Digital optical modules mme o -

2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

50m

distributed over 86 strings

Completed in December 2010, i
start of data taking with full I (I
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 | DeepCore

/'8 strings-spacing optimized for lower energies
5

analyzed 3 480 optical sensors
Ethr~ 10 GeV

Neutrinos are identified through ..
Cherenkov light emission from zzm

secondary particles produced in _‘—v'i """

the neutrino interaction with

the ice -
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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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CC Muon Neutrino
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Cosmic Rays

Atmospheric
neutrinos

Atmospheric

Particle Physics

Astronomy.

Applied science

Cosmology

Cosmic ray : Supernovae Earth density GZK
. neutrino Dark Matter o :
composition monitoring profile neutrinos
spectrum
: : Transient
Arrival Charm Neutrino :
L : . events, GRBs, Glaciology
directions production oscillations
AGNs
Orisin neutrino cross Neutrino Neutrino Point | Atmospheric
8 sections properties Sources conditions

Very diverse science program, with neutrinos from 10GeV to EeV,

and MeV burst neutrinos

Carsten Rott a 6

19th International Symposium on Particles,
Strings, and Cosmology. 20-26 November 2013

November 22,2013




A oY= 1
CMoSphneric
numv-« g 4
( N 1 < - N » 1 - B VAN 1 N N C = A 10 o 10 - ( « rY \,
=0OS51111C IN\a) d [ LICIC 1Y SICS SLLOIOIT) PPIICA SCICHICC = 0OS111010g)
~ N
- UIE ON
2
= Lo = -
20251 T T T 7 » 107 %, = Erelusy: § 1 R e — -
E C ] q”’ 102 é _ c=SuperKy, 10720 o) .
S 02k 2 g 3 7, AMANDA v, [ e T
2 7 2 10k [=} ?nfoldln? = aL i @
B 1 Yy E 'orward fold. —_ >10 -
L 1 1 O F IceCube v, T 2 gt
0.15 > 107 . unfoldln? P 10722 P ¥
£ + T 4 N'Q‘ g forward fold. g % 10’
01: + — | 2 4 |"'rﬂo‘*‘? N Z 45102 i i % T year)
1 %, : 2 g . = 5 E, =1TeV & T
r L . 10°F Vo o PAMELA Data 2 E, =10Tev z sy F——
E e ] F 107" o 7 s [ - - E, =100 TeV 2 10 _ -
0.05 ¥ STAR (Aushu, K'x) - 107k S E, =1PeV = —
C ¥ STAR (AusAu, K/x) 7 E s 10‘3 L e ) " alashev strong
r A MINOS (p+A_) ] FE Prop, N TRET | T Natural seale 1 S AN A R R g <10 ¢ .3 Ty - F
0T 1 1 * wuw’:'dmmmpd ) 1 107 ST —— L Aty PR e sy T T ,\m:\:mm
E o6 . . . . . . . . y
1 15 2 25 3r— 35 qoole bl b NP NI 10 2 3 4 90 100 110 120 130 140 150 160 170 180 10 —
\s (GeV) -1 0 1 2 3 ) 5 6 10 10 10 Zenith Angle 6 (degrees) 3 8 10
log (E [GeV]) WIMP Mass m, [GeV] log_ (Energy/GeV)
— 10 o
m - _ _ Expected IceCube 40 sensitivity (no background) TH 10-8 ‘
N r—— il B 5= a j e
1016 - 107 AMANDAI, unfolding (2000-2005) Honda + Sacevic Min E & F Inl t| == Waxman & Bahcall [
I OJD "] P e AMANDASIY, 807 d - Razzaque GRB Progenitor 2003 %, 0'018:_ ‘m r| == |C40 Guetta et al. m} H0|e
o 10tk — <<=~ Wasman Bahcl PromptGRB. | o E | A -
100 € E 1040 Amospherc, BlazarsStecker 2005 E g 0.016F L\‘l == |CECUBE-59 ' w \' H |
B o F 4 ICA0Am.s, Unfoding — —~ Waxman Bahcall 199 x 12 4 E - == 1C59 Guetta et al. \ ’ oe
‘ ’ > 105 - —— [Ciy, 3755dPrelm. e Becker AGN Je Disk Comrlation 2005 | 0.014— g ) . d
\ WY \ ( !} s e E A anioin Gl 195 E 3 — COMBINED LIMIT \ 0 H H0|e5
\ v o f 0.012= > [| = 1C40450 Guetta et al W b W\ ‘
P00k E ° ALl W «W /W\ \l
A i oo g Ey O 8’ % o w’ Ml
> [ - E —_ . va [y
T 2107 . G g e i 0,008 109 | , A o
/ W 5 F — e E ~1077 A AT J \
" bt 1% - 0.006/— m: [ ':' y ',: v “‘ r’ w wuu M ! A Wj
f E E A e (R
: 1% I: .- E Y AV ”"w A/ Wi oM
¢ 10°g E ; i ool "
v 15988 St 00028 as Lotd L . “7\“ N N I A
2 7 8 9 0 |
0 " oa & (o L 0 w10 10 e 0 o0 m m
pi " E, [GeV] Heters
° E Icacube 2008 E| 8 Preliminary i: 5 5537 i “\:% —|
_ F i £ - _leeCubed0+59| | = | HIRA ‘j’w N E5
Ty - L s SR = e
A r = c —= 5
5 i -
- ottest spot in whole sky
o E 7hferved e |
] E < :
. 2 2
g | - § ol @l .,
- 1 4 ' Wow oW W oW wowm W oW W W
102 L L L \ rer gt o TeTop DON coumtng e nd
o o o o o K :
Oy [em?] b N 1
-logyy p

Very diverse science program, with neutrinos from [0GeV to EeV,
and MeV burst neutrinos

A 19th International Symposium on Particles,
Carsten Rott 3‘ CS Strings, and Cosmology. 20-26 November 2013 10 November 22’ 2013




Selected Results

Carsten Rott “ 19th International Symposium on Particles, B November 22’ 2013

Strings, and Cosmology. 20-26 November 2013



~ I\ ctrram hy

® How to overcome the large
atmospheric neutrino
background

® We need to rely on
statistical methods to pick
out neutrinos from this
mess

® Do neutrinos cluster
anywhere in space, time,
or arriving in coincidence
with astronomical events
or objects !

® Do we see any spectral
features ?
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One year of data with the fully
instrumented IceCube detector
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Search for hishest enersy. ne
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

A C f 19th International Symposium on Particles,
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IceCube Collaboration, Science 342, 1242856 (2013)
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28 events (7 track-like, 2| showers) observed

Expectation from conventional

atm. muons and neutrinos 10.6 73 ¢
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e e M M e xtrack event

up-going + shower event
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| all events
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HKKMS06 + ERS atmos. v, (H3a CR knee = [C59 Diffuse v, Limit x 3

[C22 Cascade Limit B B IC40 atmos v, unfolding
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——  Waxman Bahcall 1998 x 3/2 IC86 All Flavor EHE Limit (Prelim.) ||
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~—— Decerprit et al. Proton pam IC40 atmos v, forward folding

R T T T T T T

10—9;“”““”“€ ............... é ............... g .............. e, gnnn.““.é ............... g .............. {

(E,/GeV)?dN, /dE, [GeV ™ lem 25 tsr ]

102 10° 104 109 109 107 108 10° 1010

Carsten Rott a cj 19th International Symposium on Particles, 21 November 22’ 2013

Strings, and Cosmology. 20-26 November 2013



rate (Hz)

X

low-energy sample

-
o
&

|

E -8
IlI|IIII|IIII|IIII|IIII|III

\\\\\\\\\\\\\\\\\\\\\\\

s

\\\\\\\\\\\\\\\\\

\\\\\\

-1

09 08 07 <06 05 204 03 -02 -01 0
cos(reconstructed zenith angle)

7 l T T T T l T T T T I T T T T | T T T T | T T T T | T T T T
| e MINOS, 2012 90% i ]
N _ Super-K, 2012, 90% ® Dbest fit ANTARES |
) gl c=seeecc ANTARES, 68% X best it loeCub _
cosmic - e ANTARES, 90% esthitfosbude -
ray T wessssessns IceCube-79, 68% o best it MINGS ]
| = IceCube-79, 90% estfit .
< 5 .
T S5f ]
> B \
(2]
v b : puaEENEEEEENENE NN RNEERy, :
Earth = 4 ]
E | —
| C N
L 3l
2
1_— 1 1 1 1 I 1 1
0 0.5 0.6 0.7 0.8 0.9 1
sin®(26,,)

high-energy sample

-3
x10
- [
T 0.5F
—| 7 e e
i //// 2 ///é/ {///// Z non-oscillation case, norm uncertainties
Q — /
“-“l -
S 045 non-oscillation case, shape uncertainties
= N e -
04— \\R\\\Ql\\\\\\l\\ world average oscillations, norm uncertainties ,
0.35— world average oscillations, shape uncertainties 8%es
- KKK
- S5K
0.3 data XXXRR
0.25—
[ \/\){X}E K
0 15 — /<< )/\/{)/\.K)'Mxéig&Q}gi/g%y\( >>‘<.>§< yz;%fégg;f/;?\ X
= , AMYA’Y’A/KV/Y s X IEEOISE 9///>, /
= RIS St ST ottty
0.1—&- W S S
SRILINTEIKEL (IR RIEELLRRRK
T REEEERRRERRRARRKA AL
_IlllIlllIIIIlIIllllIlllllIIIIIIIIIIIIIIIIIIIIIIII

-1 09 08 07 <06 05 04 03 02 -01 0
cos(reconstructed zenth angle)

Phys. Rev. Lett. 111, 081801 (2013)

i Neutrino oscillation with high significance but not high precision yet
| -|Am? =[2.5 = 0.5(stat) = 0.3(sys)] 10-3 eV2
| -sin2(203) > 0.92 (68% CL)
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lceCube Dark Matter Sez

IceCube Coll. PRL 110, 131302 (2013)
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PINGU Geometry with 40 strings
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® Developing a proposal to further in-fill
DeepCore, called PINGU

® [nstrument a volume of about
|OMT 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, ...)

® TJest low mass dark matter models

NGU

© [2011] The Pygos Group

An example PINGU geometry (20 strings)
© IceCube String
y(m) °

50 o @ Infill String (PINGU)

O DeepCore String

-100

-150

100 150
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50 0 50
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PINGU Physics Potentia

® Neutrino Mass Hierarchy ® Dark Matter Searches
(1113)+7IU;:3I2
| i ® Assume that atmospheric muon

a— backgrounds can be effectively rejected

B
A flzz.ax 10% ev2 2 . . o« e e
23 o i} i ( not included in the sensitivity )
~76%105eV2--------- --¥ dm2 - .
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ke d=xn T I d=m
00T 0203 0405060708 0910 [0 § T OT0I 0405060708 TITI U2 testable
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19th International Symposium on Particles,
Carsten Rott ﬁ 8 Strings, and Cosmology. 20-26 November 2013 28 November 22’ 2013
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Advantages of PINGE

® Well-established detector and construction technology (low risk)
® Relatively low cost: ~$10M design/startup plus ~$1.25M per string

® Rapid schedule: deployment could be complete by 2017-18,
depending on final scope

® Quick accumulation of statistics once complete

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

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

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

e PINGU LOI forthcoming

A 19th International Symposium on Particles,
Carsten Rott & CS Strings, and Cosmology. 20-26 November 2013 29 November 22’ 2013



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

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

® Great prospect for future
upgrades

® PINGU in-fill aims at creating a

large volume detector with a
threshold of few GeV

® |deal for precision neutrino
measurements (Neutrino
Mass Hierarchy, ...)

Run 121240 Event 72944671 InlceS

lceCube continues to collect and analyze
data

One very high energy event appeared in the
10% of the 2012 data used to develop the
analysis — “Big Bird”

378 hit DOMs

Bert and Ernie are the not only PeV
neutrinos

Carsten ROtt % C 3 19th International Symposium on Particles, 3 0

Strings, and Cosmology. 20-26 November 2013
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Backup
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IceCube Collaboration, Science 342, 1242856 (2013)
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___ Effective Tarset M

IceCube Collaboration, Science 342, 1242856 (2013)
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lceCube 86 strings oscillatic

Improvements:
*Normalization has been fixed at the horizon .
300 —— — —_— new reconstruction

sof = wewmosc] s ] techniques using
2000 = = " NO OSC. | | | sttt -~ 3 ERR |

| § Data S unscattered

~ T photons
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ICRC2013 Proceedings: IceCube Coll. arxiv:1309.7008
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Maximize the likelihood L at every point in the sky x
#of events froxp source

Total # of events = 28
= Mlo@mj-_ _

Mot
4 n, — N
— S rot )
L(x)= H XS (x)+ X B.(x)
: 44 44

I L ror |/\| ror AN N

Reconstruction map Uniform value

value at position x for each event
from event 1 at every position

* Events' energies not used in the likelihood

TS is calculated for every point in the sky X

rs(x) = 2x lod L¥)/
TS(x) = 2x log\ Ao(x)} where [ = I(x.n, = 0)
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® The goal is improved overall precision.
lceCube methods already perform well e
(5-10% level); aim is to reach few % level

via. Old ice

Old ice

2402 |RAUD)
231 MauU Jeap)

® |mproved in lab measurements for -
calibration of the PMTs and the DOM

itself. Complete a full circular test to
obtain the absolute efficiency in the ice. “'“'—"*

® Advanced understanding of the hole ice
and methods to reduce the impact
(drill water degassing).

® |mprovement of LED flasher control
and precision calibration of the LED

output

® Full simulations studies are underway

Carsten Rott % 8 19th International Symposium on Particles, 36 November 22’ 2013
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® | ow-cost on-board camera
system

® complementary to the more
sophisticated camera systems.

® The merit of the system:

® can be deployed on a large
fraction or all of PINGU
Sensors

® determine the exact
positioning of individual
DOMs with respect to the
drill hole and refrozen ice

® understand local ice
properties after freeze in

19th International Symposium on Particles,
Carsten Rott ﬁ 8 Strings, and Cosmology. 20-26 November 2013 37
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Search for Dark Matter in the T down
Milky Way

V
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2D PDFs generatfed
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SR WIMP Signal with healpix
. J
115 W 1 annihilation channel
1016F XX HE — :55322” |
. 107 ElceCube Preliminary | (csovegs custer
® |ceCube achieves 107 — 173 GC snsky
sensitivity to
reach down to
WIMP masses of
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1 Surviving model predictions
1004\ e Super-K soft modes

— Super-K hard modes

--#-- JeeCube soft modes

S
% —#— [ceCube hard modes
3

(€102) v ‘(5)99 Aepol ‘shyd

SPIN-DEPENDENT CROSS SECTION (cm2)

I | |
10 100 1000 10000
WIMP MASS m p (GeV)
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® |mportant to model light
bropagation and detector
brecisely to reduce systematic
uncertainties

e (Calibration system allows to map
second order effects:

® Vertical variations (up to 50m/
km)

® Azimuthal anisotropy of
scattering length (up to ~10% /
|00m)

Measurement of South Pole ice transparency with the
IceCube LED calibration system,

Aartsen et al., (IceCube Coll.), NIMA55353
http://arxiv.org/abs/1301.5361

19th International Symposium on Particles,
Strings, and Cosmology. 20-26 November 2013
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_____________ Resolution

Muon energy resolution

1800
1600
1400

Muon energy: rms of log(E) ~ 0.15
Muon neutrino: 0.3 (inevitable
physics fluctuations from neutrino

9
. 8
> 7
0] 5 1200 energy to muon energy at detector)
A 1000
5 s
\A & 800 Electron neutrino cascades:
s 4 ] 600 rms of log(E): ~ 0.175
3 400 sigma of peak: 0.07
5 — 200
! 1 L e 1IC40 Cagcade Energy Resolution e e e e
2 3 4 5 6 7 8 9 1p10
|Og1o(<dE> [ GeV ]) o_gf— Mean=-0.165, RMS=0.175
1 =
| 0.8
’?8,, 0.9 =
w 0.8 0.7:—
o 0.7 0.6—
O -
~ 06 0.5
: -
W 05 0.4
2 04 =
@ 02 0.2}
£ 0.1 0.1F-
0 | : 11 lllllllllllll llllllllllllll“
2 3 4 5 6 7 8 9 07 08 -06 -04 02 0 02 04 06 08 1
lo gw(Ewg [GeV]) Iog1 o(Cret:loFlt«t_Energy)-log | o(MCPrnmary_Emargy)
Carsten Rott % 6 19th International Symposium on Particles, 4) November 22’ 2013

Strings, and Cosmology. 20-26 November 2013



(Y ti1cnal T

10 inch Hamamatsu PMT (R-7081-02) Measure individual photon arrival time:
2 ping-ponged four-channel ATWDs:
TV board * Analog Transient VWaveform Digitizer

»+ 200-700 Megasamples/s
< 5 —Q/ flasher board * 400 ns range
N |{ I il 2 pow *400 pe/ 15 ns
fl_l R l o board - fADC (fast ‘ADC’):
B o — * 40 Megasamples/s

'''' delay * 6.4 us range
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* Dark Noise rate ~ 350 Hz o
* Local Coincidence rate ~ 15 Hz 0.005
* Deadtime < 1% o i NN B
* Timing resolution =2 ns © 20 40 eo 8o 100 bins
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