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The cosmic ray — gamma — neutrino link .
universitat

s a0 Propagation
n MR Lo e charged cosmic rays
2 deflected in magnetic fields
e photons / neutrinos
2 pointing back to source

Source interactions:

p(p/y) = m*/7° + anything
T = uF v/,
et + Ve /Ve + VD
T = 7+
Flavour ratio
¢ 1:2:0 = 1:1:1 smoothed out by oscillations
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Observe the charged secondar
via Cherenkov radiation detecte
by a 3D array of optical sensors

hadronic
shower

Need a huge volume (km3)
of an optically transparent
detector material

Antarcticice is the

optically most transparent
natural solid known
(absorption lengths up to 200+
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IceCube Lab

50m[—

1450 m

2450 m
2820 m

The IceCube observatory

IceTop

2 sensors per tank
324 optical sensors

IceCube Array
86 strings

60 sensors on each string
5160 optical sensors

DeepCore
/optimized for lower energies

Eiffel Tower
; y:: 324 m

Deployment
e 05/06 9 strings (IC09)
e 06/07 22 strings (1C22)
e 07/08 40 strings (1C40)
e 08/09 59 strings (IC59)
e 09/10 79 strings (IC59)

(including DeepCore)

Dec, 2010
=>installation completed

May, 2011
->operation of IC86 array
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Performance

Installation
® 5484 optical modules
installed

- 128 DOMs failed
(during installation)

-> 50% fixed again

e expected statistical
lifetime

-> 14.000 years

Data-taking
e average detector uptime
-> 98% over 5 years
e used for data analysis
- 91% over 5 years

Very stable operation!

Survival Rate (%)
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Detection method
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Event signatures

Tracks
Va+N — n +X
e pointing resolution
oy ~1°

Cascades
Ve +tN — e +X
vi + N — vi + X
® energy resolution
oe ~ 0.1 log1o(E)

v, (cascade) simulation

As well as...
e muon bundles (cosmic rays)
£ C

e double-bang (v-) o A
: (\ NS
e exotic states (monopoles,...) i\
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Background

Downgoing Muons

Misreconstructed Muons
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Filtered Data r
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> i
w 104. 3
Up-going M
. Atmospheric Neutrinos
Down-going /‘\ 10 o
R F R TWnge, i ;:‘
Atm. u 10° Final Sample 5 2 |
Rates i IE
10 :
e atm. y: 2800 per second :
® atm. v: 0.1 per minute ; |
- need >10° background rejection! J I .
3 05 0 0.5 1
cos 6
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Background

e 10°E
= 10°
= _E E
= 7 Downgoing Muons
— é IOT_F .
§E § Misreconstructed Muons - JI
" E_ 106;_.'”.“‘ 'nnun:::".‘?
:g E Filtet;;l.[.)ata
E SStecli:(errtAGN cosmogenic 10° r
s < (GZK) g E
g . ; B i
E WB bound \ \ W o10* 3 i
-3:iiii!iiii!iiii!iiiiliiii!i'u"‘i"iniii\!iiii!iiii!iii'i!iiiI!IIII E : T ~
P40 1 2 8 4 5 6 7 8 9 10 1 jole, "WWeniERE ]
og, (5, (8] e e
] ] 10: __ cfeqntm“*mz FI% i..
Background rejection e A
- : » ' 1 b
e event direction i i
- zenith angle, multiplets .
® energy I”E
N ' ~ E-2.7 | 1 K |
. atmosphe.rlc fluxes ~ E # - 2 st :
e time = multiplets cos 6
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vu energy and pointing resolution

3.0

o icsoBDT Pointing resolution B
v IC59 Straight Cuts —5
7 ® energy dependent
E 0 includes: 0,,) ~ o >0(6y) = 1" at 1TeV
g 154 1
% Lot
-
05 Pointing verification
. . i | e +4° window around moon
-> 130 underfluctuation in IC59 s,
Br ! 10% (14 moon cycles ) Aoy
(@) r (
Q 7[ g | 8000 <
> o i = 3
D T . g 6000
o 6f : Energy resolution s 2000
B 3 . F '
Wt = 197 e estimated from S 2000
o 5L 1] H
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o4l e dominated by A 2000
B 4 . ;
L= 10" stochastic losses 2 4000
30 s N -6000
- - 0(Ey) = 0.3 log1o(Ey) % -8000
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Point source searches

Dataset
e |ifetime 1039 days e 108,317 up-going
(IC40+IC39+IC79) e 146,018 down-going
4
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2 3 < 5 6 7 8 9

log, [E (GeV))
Likelihood analysis
e signal terml: angular and energy pdf e background term
.2 .2
Si = ﬁe_“ /20" . P(E;|y) - pdf from data in zenith band
mo;;
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Significance skymap

Hottest spot
o RA: 34.25°
e DEC:. 2.75°

® ns=23.07,y=2.35
->no close-by candidates

Right ascension scrambling
e 2000 random datasets
->57% have equal or larger

0.0 0.6 1.2 18 24 _loa(j() p 3.6 4.2 4.8 54 6.0 maX- p_value
. - ' Preliminary
Likelihood term
N n n 1’0.07
S 8 T 0.06
Lins,7) = [ (Fesitn + (1 - 2)B)) 57%
= chosen to Seor
Test statistics ST -
4 maximize likelihood =
£(”}/, ’ns) *%|observEelpe¥alte)@orth)
log )\ = 0.01}
£(n8 — 0) 0.003 9
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Gamma ray bursts

Fireball model (long GRBs) External Shock
e collapse of massive star Intornal Shock

e ultra-relativistic jets Colisions betw. dif;
L. parts of the flow
e shock front collision

->PeV neutrino emission
e total energy release ~10°2 ergs

->good candidate for
extragalactic cosmic ray flux o 10%em o 10%em

collapse

IceCube GRB analysis
[Nature, 484 (2012)]

e 215 GRBs from GCN 10°—— .
-- axman & Bahcall 110
i i i = |C40 limit
¢ COInCIdence anaIySIS :f: -= |C40 Glr:etta et f-3|_ R AR e
->time window (AT = 0.1-100s) ~ — |oa*39 Combined, e =
i i » uetta * i \ €
->direction (ALlJIceCube ~ 10) ™ - ]ect4a(;.+59 © ttei' WV \ ;
.. £ “ \ v
e per-alert emission model N o L)
[ ¢ LRY ] Ll.:
e 5.2 events expected < 107} AU ey
® no events observed !
-> starting to constrain GRB models L - - =
10 10 10 10

Neutrino energy (GeV)
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Follow-up program

universitat
Idea transient -
_ _ _ _ event
e trigger follow-up observation by neutrinos in lceCube (SN,GRB,...)”
-> online neutrino analysis "3

Online alerts

e multiplet trigger
Ny =2, AW > 4° At < 100s separation northern

hemisph
->likelihood analysis erﬂfgﬁtﬁig

Follow-up program
e optical: ROTSE, PTF
=>first results

e X-rays: SWIFT | \\
o\

e y-rays: MAGIC, VERITAS

Iridium
sboeser@physik.uni-bonn.de 16
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IceCube online neutrino filter
e

lwii\‘ : { I
M

'1Ii
r| i‘(
If [
(|

|
|
Neutrino multiplets e
Trigger
~3000 Hz
N, Measured Expected ‘
: ol
2 15 8.53 general muon Level 1
IC 40 3 S ros filter ~30 Hz
i (. .»r':!‘
2 19 15.66 high-quality Level 2
IC 59 ‘ { up-going events ~3 Hz
3 0) 0.004 M
AR, 42.5 . BvalE
Toy4) neutrino i pscs
3 0 0.012 selection
L ‘
Ao 19.59 e
IC86 90% atmospheric Latency
3 0 0.005 neutrinos * 5 minutes




Optical follow-up — first results

Supernova jet model
e Are there GRB - like jets

in core-collapse SNe? .
[Abbasi et al., A&A 2012]

[Ando & Beacom (PRL 95/2005)] = -3-2F7 ]
> - 100%
A -
s
= B
g 45 X
- 10%
_5:_
5.5
First year of optical follow-up % T
e 34 alerts send to ROTSE 50 505 5]  B15 52 505 53
e (0 SN counterparts observed log, 0(Ejel[[erg])

First limit on jets in CCSNe
->less than 4.2% of CCSNe have a GRB-like jet with ' =10
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Diffuse v, flux — limits

Experimental upper limits on the diffuse flux of muon neutrinos from

sources with @ ~ E-2 energy spectrum

10°

10

E2 db/dE, [GeV cm? s srT]

107

10

AMANDA v, 2000-2003 90%CL
ANTARES v, 07-09 90%CL limit
IC59 diffuse sensitivity

1C59 diffuse 90%CL limit

1C40 atmospheric unfoldin:

g
conventional atmospheric v, (HKKMO07)
conventional (HKKMOQ7) + prompt (Enberg et al.) vy
1 Waxman-Bahcall upper bound (2011)

Mannheim 1995

BBR | 2005 steep spectra sources

Stecker AGN (Seyfert) 2005

High Peaked BL Lac (max) Mucke 2003
Prompt GRB Razzaque et al. 2008

limit

1 IIIIli’Ii | IIIIIII|! | IIIII[I| | IIIIIII| l IIIIIII| [

= < i s ey
e N
- <
= : =
= Preliminary ™
_I | | | L"l | | | | I | | | | I\ | I\'I I | | | | I | |
4 5 6 7 8

-> can we improve beyond this?
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Diffuse v. searches

Advantages T o + Freuev,
. I o Frejusv,
e good energy reconstruction o ook o msuperky,
e significantly less background § f 2 AMANDA v,
. + ? 107 1 ' - Fonr]:/(aladrg?olding
-> no atmospheric e* S b Y /:Ice%CubevM
- less atmospheric ve N \ %Foqxgggolding
10°F =
Challenges 10k K
e stochastic energy loss from atm. p ol Comy., '
e |imited directional reconstruction of cosmic v, { lceCube limit
10°E " bound
3 A L S T N
- “u (8.3 TeV) log, (E, [GeV])

3
L]

Analysis strategies
® |ow energies
->veto around DeepCore
e middle energies
->signature / quality cuts
® highest energies
->only cut on energy
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Low-energy cascades

Jniversitat slelyly!
. . primary
Atmospheric electron neutrinos cosmic ray
. air shower
e conventional flux
® ve-flux = ~10-2 vy-flux n D
e prompt flux Y AL
e decay of charmed mesons (e.g D*,Do,/\c) gy AN
. . % |
=> probe hadronic interaction models ’ e/ \\
1,
scattering ; /1 ' \\
\\—&—’ el | V.o
\ / I K
f\\ , | Vu |
\\ < . > prompt
P leceCube conventional atmo. v
& s atmo. v
* extra Analysis strate
&L \\ veto cap y 9y
¢ . | e DeepCore
(_‘_%:_ AMANDA ->denser module spacing
?‘ i =>lower trigger threshold
.-z g Deep -=>in clearest part of the ice
P 0 Core
| ) e |ceCube

. , ->use as surrounding veto for atm. p

t &5 250 m
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Atmospheric ve flux — measurement

First observation of v,
e statistically significant (1029 evts, ~50% sig, ~50% bgd)
e substantial backgrounds remaining

-> not (yet) able to discriminate flux models

=> not (yet) sensitive to prompt atm. neutrino flux

sboeser@physik.uni-bonn.de
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- 1 —1 _
~ =~ 10 L Wy
- PRELIMINARY —e— Data . o el PRELIMINARY Super-Kv,
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- —— Total Predicted (Honda) | % 107 "7 5 Fréusn!
- . ' £ E N % | e
= —— Atm. v, (Bartol) 6 F e AMANDA v
- ——— Atm.v_ (Honda) > 107 OO,) o o unfolding
e N Atm.v_(Bartol) 8 E 1/@0/ % forward ?olding
- u . - . -
- T ——— Atm.v  (Honda) >107F /O/)Q X - /: lceCube v,
- = ). o unfolding =
= [ e | Atm.y v g \ ey
= : . —_— u W o X \i\\ forward folding
3 I 1078 L This Work v, R
= R T SR 10 %
- = ; Prompy
O 4 7.
= | 10" _Hondav, Y, Vi
= | . = IC79 1o Banelve o
-l —t —Hondav, I
e Lo v by by BT i ol v b b b b I el vy
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Iog10 (EV [GeV])
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Medium energy cascades

Analysis strategy
e select “cascade-like” events

Quality parameters
e tensor of inertia
->round vs. elongated
o fill ratio
-> hits everywhere where expected
e vertex stability
—)ea_rly and late hits from same
origin
° ...

Final selection
e Boosted decision tree
-> separately optimized for
two different energy regions

sboeser@physik.uni-bonn.de
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Search for neutrino-induced cascades

W atm. p

2 atm. p + atm. v

@ atm. v, +v, (conventional) m 4.2.10°GeVsicm?sriE? (e, =1:1:1)

B atm. ve +v, +v; (prompt) ¢ data

|
- preliminary
10° - stat. errors on

1 1

ly

L

¥ ]
==

[

events per bin [T =367.1d]

10-2 !

A

1

1C40

3.0 3.5 4.|0 4.l5 5.lO
log10(Ereco/GeV)
Interpretation
e statistical fluctuation ?

e enhanced prompt flux ?7?
e astrophysical neutrinos ?7??
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|0\}V or high
energy sample 4

Events E <100 TeV

e consistent with
expectations

=> conventional ve+vy
-> atmospheric u

Events E 2 100 TeV

e observed: 3(+1) events
e expected: 0.36 events
->significance: 2.750
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Highest energy diffuse search

O 0O

AR~~~
»

N  © N

cos(zenith angle | p-hypothesis)

S & & o
F-S
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sessseessessaenshessessensensee

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

B D - RETTTTTT P PR PP

B XL LE L LT L LR T S TEP PP PP PPPPP

6 65 7
log_ (NPE)

10° Analysis strategy
10¢ @ only cut on energy-sensitive

\ parameter
10 =>NPE = number of
102 photo-electrons

10 @ zenith angle dependent

->lower threshold for up-
going tracks

10" e mostly ignore event shape
1072 -> sensitive 10 vetv,+ve

1

107
104
10°°
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EHE diffuse search — results

Dataset Events
® 670 days of IC86 e expected 0.08
-> 2.70 excess e observed 2

—

10°

l*

10*

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

............. (1.0£0.2) PeV

© © o ©
(*2]

o A N O N B

NI & S e veeneamaan e Tue Jan 3 03:34:01 2012

| I - ¥ A A M i
B N N S . éié“i,-w

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

cos(zenith angle | p-hypothesis)

O~ v

llllllllllll

Bert

5 4 45 5 55 6 65 7
log (NPE) (1.1£0.2) PeV
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EHE diffuse search — results

| —— Best cascade fit Reversed orientation - - Exp. datal
Tue Aug 9 07:23:18 2011
400
E 200 (TN S
© .
L \
| N\ | me———— ° 4~
2 I : A
8 LL - ®
- 0 ‘ ! ® .
3 | - 3 Ernie
oo [\ 4’/",— . - +
p 'l : s\ (1.0£0.2) PeV
() 1 e = /
o S > 4 . 1] -
c AT g 4 ¢ ~ ~
® Y - Tue Jan 3 03:34:01 2012
v —200} . <
&) . | A
N ’f\
\\\ 1‘” ¥
. / .
-400 Il J;‘.*\ A
‘ RN \ [
400

0 0
Distance to source (horizontal, along axis) [m]
Detailed inspection
e indication that both events are down-going (1.1+£0.2) PeV
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EHE model expectations

10°E
= —&— data
B Background sum
10 e atmospheric |
E e atmospheric v conventional
> atmospheric v prompt
107 —— GZK v Yoshida et al.
B GZK v Ahlers et al.
2 10 GZK v Kotera et al.
—— = ~2 -8 r -1 2
5 E — E o(vc+v_u+vt)=3.6x10 [GeV sr em? s
> E
=) - : }
2 10 ey
= s
: —
Z 10
10° {7 |
107 = [ e
10-5_' : | T o b VO o e Ll [ !
4.5 - ey 6 6.5 7 7
log NPE
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Interpretation?

® above prompt
expectation

e below Glashow
resonance energy

Ve + €t — WH

e too low in energy
for GZK models

e spectrum not very hard
-> for E-2 expect
8-9 events

AS
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Future searches

Combine advantages

e Explicit contained search
(as for low energies)
-> atmospheric muon veto

e Sensitive to all flavours

e Optimized for 1PeV region
=>factor 3 gain in sensitivity

Stay tuned for results!
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® |imit
->enha

Diffuse flu
o first

® smal excess oﬂc’:’aﬁ‘e

- two mdependent analyses .

N ,
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