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IceCube Deployment

2006-2007:
13 strings deployed

Air shower detector '
Threshold ~ 300 TeV

Altogether: 22 strings
52 surface tanks

2005-2006: 8 strings

Msop, | ;"..
" 2004-2005 : 1 string
Inlce First data in 2005
first upgoing muon:
planned 80 strings of 60 July 18, 2005
optical modules each
AMANDA
17 m between modules 19 strings
125 m string separation. 677 modules
L el g ¢ i) 17 m between modules

Ry ki ~30 m string separation

Completion by 2011



p Vertical Intensity for AMANDA-II

—,’: v AMANDA-II (this work) Need to understand atmospheric neutrinos where
- 4 Monte Carlo (CORSIKA) cosmic signal is expected
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* u background

* mis-reco atmospheric bundles (~103 times v, events)

» coincident events

(~10° times v, events)

(~10 times v, events)

» atmosphere properties
* ice optical properties

Constrain measurements at low energy
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| Zenith[Pandel] Final Cuts

v, event selection:
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Surviving Events
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IceCube-9

v, event selection:

* number of non-scattered photons >= 10
« distance of hits along the track >= 250 m

» cuts designed for 95% neutrino purity
» ~3% atmospheric neutrino efficiency
« still ~20-30 background contamination

* energy threshold ~100 GeV

Phys.Rev.D76:027101,2007
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0.0 > cos(p) >-0.2
-0.8 > c0S(0) > -1.0  m—

2 3 4 5 6 7 8
logyq (E/GeV)
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g af | Bartol atm v ® AMANDA-II, unfolded
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B A i::: PIERS

» measure photons from muon stochastic energy loss
» correlate number of photons with muon energy
« correlate photon density with expected PDF

| WO S— = e
2 A 25 3 3.5 4 4.5 Iog E [GeV]
» 2
QE - k Number of hit cannels
g s [ Total charge |
= ‘\ Reconstructed photon density
B 1.4 1k \
g 1.2 ’ A\
8 1 '
0.8
0.6

use u track length where no stochastic losses

D. Chirkin - ICRC 2007 |

4 5 5 7 8
muon energy log, (E[ GeV ])
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Rejecting the background : IceCube-22

| Background Rejection vs. Signal Efficieﬁcy | [— Single Mucn Zenith .
- S Eing:;eLMuon Zenith Ve event selection:
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(trigger level,
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Gross, Tluczykont, Ha, Rott, DeYoung,
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© veto

* IceCube
4 AMANDA

Resconi, & Wikstrom, ICRC 2007

e e —t

Low energy atmospheric neutrinos

Neutrinos < 100 GeV generally
better understood : constrain
normalization at low energy to
reduce systematics at high energy

The denser AMANDA-II array embedded
within the coarser IceCube array lowers
energy threshold

¢ T % alecey) * contained and partially-contained tracks
Desired « vertical tracks close to 1km-long strings
ckground Signal Event
., / * “easier” background rejection
Y » veto with external IceCube strings

» veto with upper sensors (down v)

30 GeV <E, <100 GeV
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. eutrino oscillations

At ~30 GeV v marginally affected by
os standard oscillations : systematics

With ~30 GeV threshold only up-ward
neutrino tracks have chance to
oscillate

0.03

0 5e i5° 30° | 45° 60° 75° - '
o, '
Akhmedov, Maltoni & Smirnov, hep-ph/0612285 CC Interaction 1 = = 3

* measure contained events versus cosf - o
* wangular resolution & v, - u angle at low energy > R — :
« threshold effects I ;
. o? o 2 g2 = j J
* measure L/E, for vertical tracks e e 0,0, =
(LIEY E: LI} E - |

* v, - u kinematic issues |

« energy resolution op of o}, ’b
. . . — — -_— +_

« statistical analysis E} E2 (1=7) B2’ S —

(Albuquerque and Smoot, Phys Rev D64, 053008) Vi
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(E, = 50 GeV)
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Neutrino oscillations in AMANDA-II

- _I_ axp, data with stat ., error
_I_ eip . daba with stk 4 syt emor
107 - |
I atma G wih AT = 243 107 ey
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12F
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=

« Oscillations affect marginally our data
at the threshold

 need large statistics & lower threshold

* systematics important

Influence of Am? on atmospheric neutrino
flux for E, > 50 GeV and for maximal
mixing angle is very small and dominated
by statistics and experimetal resolution
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Standard oscillations

Quantum decoherente
«E? model, a = 41098

5 i
Log(E/GeV)

M.

I||. _
, q (t I=‘|,|ll —0.8
i il |. “IIGLI I

\ jolation of Lorentz In\/
F dc/c = 1027

b f
LoglE/Ge W)

non standard effects :

* Quantum Decoherence
« flavor eigenstates decohere through
interaction with a foamy
quantum-gravitational space-time

astro-ph/0412618

* Violation of Lorentz Invariance
« different speed for different flavors
* Violation of Equivalence Priciple
* non-universal coupling to gravitational
field

hep-ph/0502223
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J. Ahrens, J. Kelley - ICRC 2007

200

No evidence of oscillation :

¢/ ¢ <5.31027 (90% CL)

for ©, = + n/4 (max mixing)

Standard + VLI oscillations :

« Am? = 2.3-103 eV?
O, = /4

P(v, — v,) =1— sin?20sin*(QL)

20 = arctan(s/t)

s=292.1073

v

5
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Spectrum of atmospheric neutrinos with Bartol+prompt and AMANDA-II |
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Atmospheric neutrinos depend on

* primary cosmic ray flux

atmospheric profile
rigidity cutoff (low energy only)

hadronic interaction model

* /K contribution
» charm production

|Spectrum of atmospheric neutrinos with Honda+prompt and AMANDA-III
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Physical Review D 76, 042008 (2007)

 AMANDA-II highest sensitivity
@ 100 TeV

* [ceCube will increase
significantly event statistics

« able to probe charm production

» charmed mesons in the atmosphere produce flatter prompt spectrum

* big uncertainties due to lack of direct data in forward regime

« AMANDA-II have put limits on various models

* use also huge cosmic u statistics : issues with multiplicity and lateral distribution



; B -- A SO : 3 ‘ 2
b SN <y -

" Charm production in the atmosphere

dN/dx vs. x (E/E ) for Charm D at 10° GeV

* cross section very uncertain : lack of direct

= 10!? Model (N, )
2’ :_ CORSIKA / DPMJET-II (0.42) m eaS u re m e ntS
2 1 = FLUKA / DPMJET-II (0.11)
|+ - FLUKA / DPMJET-III (0.11)
107 . . .
3 - data have harder x; distribution than
DPMJET-IIl (pQCD prediction)
10°
- » better meson D description in DPMJET-II
10°
0% « improvement in DPMJET-III for asymmetry
i oo e Loy e Ve e by g L e by g b s by 1 . . .
o 01 02 03 04 05 06 07 08 09 s in target fragmentation region for baryon (p.
dN/dx vs. x (E/E ) for A, at 10° GeV Berghaus, T. Montaruli, J. Ranft)
ga 15 Wodel (N, )
g Do | - - |
% 107 FLUKA / DPMJET-I1I (0.0011) b|g Spread among |nteraCt|On mOde S,
o especially for the A particles
10'3;— . . .
: « charm production to be incorporated in
b ey other models
10° 4
first iteraction .
10°} * need more benchmark of existing codes
| | | | [ | | ] |

-7 1 Ll Ll il 1 Ll LA Ll L Ll A L bk A L Al Ll A . .
101 02 03 04 05 06 07 08 09 1 P.Berghaus,J.Ranft T. Montaruli
primary
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Conclusions and remarks
* lceCube will collect unprecedented atmospheric neutrino statistics
 important high energy irreducible background for neutrino telescopes
- with AMANDA-II dense core and dedicated analysis techniques the
energy threshold can be lowered down to ~30 GeV : lower theoretical

uncertainties and marginally affected by standard oscillations

* high energy neutrinos to probe non-standard oscillation scenarios

* possible to probe interaction models and cosmic ray composition

 high energy hadronic models play important role in neutrino telescopes

« charm production suffers large uncertainties. Improvements underway.
Need to benchmark models and wait for measurements from
dedicated experiments
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Amundsen-Scott South Pole Station

South Pole
AMANDA-II
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- Detection principle

O(km) long u tracks
S

! | ifenergy is > few TeV muon points to neutrino direction

neutrino astronomy is possible

~17Tm

| ice properties very important

a neutrino telescope

©,,~0.65(E /TeV)048
(3TeV<E,<100TeV)
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Atmospheric neutrinos in IceCube

lceCube will detect a large number of atmospheric neutrinos

IC-9 IC-22 IC-80
Atm v, ~630 /y =250008 ~40,000 /y
Background ~10-20% P =20% ?7?

Notes : A part from AMANDA-II and IC-9 the numbers reported are approximate.
Year is 365 day livetime
Numbers for IC22 and 1C80 are preliminary estimations based on IC9 selection

o ‘1 e+ unprecedented statistics of atmospheric neutrinos able to probe
Al hadronic interaction models

.+ huge statistics of cosmic muons to probe dependency on cosmic
ray composition and on hadronic interaction model

» wide energy range to constrain uncertainties on normalization
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dE/dX (GeV cm “/g)

~ Muon energy loss

@ dE/dX =
~2.5e-3 GeV cm’/g
@ Density of ice =

0.92 g/cm’
/ @ Approximate Energy Loss =
~0.23 GeV/m

e

@ DOMs hit=8
@ Distance traveled by
muon = ~120 m

1 llllllllll

@ E=~276GeV

0 1 2

J. Pretz Thesis Figure 4.4

I
3

B 5
log, {MuonEnergy / GeV)




effective scattering coefficient [m'l]

Rate (Hz)

traces dust
concentration

absorption
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o
|

absorptivity [m‘l]

2|
10

power law
for dust

2200 309

J. Geophys. Res. 111 (2006) D13203
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1800 2000 2200
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2400

Measurements:
P in-situ light sources
P atmospheric muons

0% ¢
F ! ® Laboratory ice
I ® Cleanest AMANDA-II ice
B | @ (Cleanest AMANDA-A ice
10 ‘

absorption by pure ice

— T~

T T T T
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absorption coefficient [m'l]

10 -
i 1 '
" absorption by
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07 ¢ M 5
B “Pee® I
F L e
" [ L
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100 200 300 400 500 600 700 800 900
wavelength [nm]

Average optical ice parameters:

}“abs
A

sca

~110 m @ 400 nm
~ 20m @ 400 nm



v
’

=8

<

Accessing low energy events

« lceCube and AMANDA-II denser core to measure events down to ~ 30 GeV

 Topological trigger in IceCube based on hit sensor topology

« starting/stopping tracks
 contained tracks

* lceCube denser along vertical strings (17 m vs 125 m string distance)
« at least 5 hit consecutive sensors in a string : E, >30 GeV
* measure neutrino track length

» Albuguerque and Smoot, Phys Rev D64, 053008

lﬁ—.ﬁ

1.2 1.4 16 1.8 2 22 2.4 26 2.8
n Muon Neutrino Energy Log(E /GeV)

Detectable events are defined as évents that
have at least one hit in the detector

Efficiency for detectable v, signal string trigger (5 out of 7)

0.7

0.6
0.5
0.4

0.3
0.2
0.1

—

Am? = 2.4e-3 eV?
vertically upward v,

-

v, surviyal probability




Accessing low e
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Effective Area Ratio for the
combined detector
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Contained events (year ™)
g 0§ E:
T T T

IN ICE CUBE

Full mixing

am? = 354107 eV

¥ E =20 GeV
* E =40 GeV
¢ E =60 GeV
- 10% energy resolution
- 20% energy resolution *

Contained events

(year™)
H
k

. _..’

=

R

eutrino oscillations

«

# §

§

IN AMANDA
Full mixing

¥ E =20 GeV
* E =40 GeV
o E=60GeV

-- 10% energy resolution
- 20% energy resolution

« angular distribution of contained
events

 energy threshold ~ 20 GeV
* energy resolution < 30 GeV

« effect reduced for Am?2 < 3-10-3 eV/?2

e
(=]
I
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FIG. 2: Uncertainties assigned to the production rate of
charged pions (left) and charged kaons (right) as a function
of x1a1,. The uncertainties are shown for various ranges of in-
cident particle energy E; for interactions of protons on light
nuclei.

G.D. Barr et al., astro-ph/0611266
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