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Outline

¢ primary spectrum and composition with IceTop
¢ coincident lceCube/IceTop events

® COSMIC ray anisotropy

e muons in lceCube

¢ bundles and inclusive spectrum

® high pt muons
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lceCube Observatory
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IceCube Lab

50m

1450 m

2450 m
2820 m

air shower detection @ 2835 m altitude (680 g/cm?)

muon detection @ 1450-2450 m depth

IceTop

= 81 Stations, each with

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

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

DeepCore
8 strings-spacing optimized for lower energies
P 480 optical sensors

Eiffel Tower
2 324 m
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lceCube Observatory

air shower detection @ 2835 m altitude (680 g/cm?)

the two tanks of one IceTop station

the two DOMs in one IceTop tank

- Wooden lid

Wooden structure

—— Perlite

33cm
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IceCube Lab

50m

1450 m

450 m

e ~81 Stations, each with
2 IceTop Cherenkov detector tanks

muon detection @ 1450-2450 m depth

IceTop

2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

DeepCore
8 strings-spacing optimized for lower energies
P 480 optical sensors

Eiffel Tower
2 324 m
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growing olbservatory

no. strings array
season . . .
no. stations configuration
1 string
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9 strings
2005-2006 16 stations
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20 stations
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2008-2009 o9 strings T59/IC59
59 stations
2009-2010 79 strings T73/1C79
/3 stations
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lceTop shower reconstruction
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lceTop-only all-particle spectrum
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lceTop-73
326 days livetime
Jun 2010 - May 2011

cos0=0.8

events per bin
per year

—

(Alog1pS15 = 0.05)
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lceTop-73
326 days livetime
Jun 2010 - May 2011

5+ stations
co0s0=>0.8
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lceTop-only all-particle spectrum
effect of snow accumulation

lceTop-73
326 days livetime
Jun 2010 - May 2011
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Iog1O(S1 25 /VEM)

lceTop-only all-particle spectrum
estlmatmg prlmary energy
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lceTop-only all-particle spectrum

resolutions
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lceTop-73
326 days livetime
Jun 2010 - May 2011
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lceTop-only all-particle spectrum
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lceTop-73
326 days livetime
Jun 2010 - May 2011
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lceTop-only all-particle spectrum

lceTop-73
326 days livetime
Jun 2010 - May 2011
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lceTop-only all-particle spectrum
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lceTop-only all-particle spectrum

lceTop-73
326 days livetime
Jun 2010 - May 2011
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lceTop-

only all-particle spectrum

lceTop-73
326 days livetime
Jun 2010 - May 2011
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lceTop-only all-particle spectrum ceTop-73
326 days livetime

Jun 2010 - May 2011
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lceTop/IlceCube spectrum & composition
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lceTop/IlceCube spectrum & composition

IT-40/1C-40
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mass-independent primary energy resolution of 0.05 in logk

simultaneous EM and hadronic component measurement
for spectrum/mass unfolding

experimental systematic uncertainties important

» study extended to IC53/IC59 & IT73/IC79
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cosmic ray anisotropy
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cosmic ray anisotropy large scale
lcelop

relative intensity equatorial coordinates
deficit
lceTop-59/73/81

Low Energy P ( Opost
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Relative intensity [ x1073]
High Energy lceTop-59/73/81
2 PeV

3 -2 1 0 1 2 3
Relative intensity [ x1073]

Aartsen et al., arXiv:1210.5278 accepted to ApJ

NOTE: global topology does not change

deficit amplitude increases with energy
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cosmic ray anisotropy large scale

lceCube & IceTop
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NOTE.: different energy response distribution
lce Top with sharper low energy threshold

might explain IC/IT amplitude differences
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cosmic ray anisotropy large scale

lceTop

Stanev, Gaisser, PDG
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» extend observation above PeV range

» primary mass dependency

» primary spectrum at excess/deficit
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cosmic ray anisotropy small scale
lceCube x2/ndf = 14743.4 / 14187

Pr(x2Indf) = 0.05%

relative intensity raw map

lceCube-59

dipole + quadrupole fit

360" 0°

T aaa—
112 09 -07 -05 -03 -0.1 0.1 0.3 0.5 0.7

AN/(N) [ x107]

Abbasi et al., Apd, 740, 16, 2011

0
-3
AN/(N) [ x10 "] 50 60 36 g Angularscals (o 6

sky map contains correlations at several angular 7 * fy = 24 hours (D+Q sublracted)

scales ; angular power spectrum
10% ¢

in gray 60% and 95% of simulated isotropic ol BERY Y

bands 1ot0 w__'
10 —s— : .

5 10 15 20 30
Multipole ¢

large and small scales separated @ ~20 TeV ?
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cosmic ray anisotropy large scale

equatorial coordinates

T|bet 1l 5TV __——zF
Amenomori et al., ICRC 2011 // / / \ \ \\
//// \\\\\ 1.001
L/ o
oss P complete sky coverage at
— ... equivalent energies

e » understand systematics of
lceCube-59 : o
elative intensity B Mmaps derivation

Abbasi et al., ApJ, 746, 33, 2012 20 TeV -

Milagro + IceCube TeV Cosmic Ray Data (10° Smoothing)

Milagro 1 TeV
Abdo et al., PRL, 101, 221101, 2008
, ‘- , ..... '.‘..,-;- ......... I Ce Cu be 2 O Te\/
4 hr = 60° Abbasi et al., ApJ, 740, 16, 2011

statistical significance
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cosmic ray anisotropy large scale

(3 pG)
energy dependency 0014
3-10° 0.3 3 30 300 3,000 pc
3 Tibet ASY Amenomorl et aI ApJ. 626, 129, 2005 , 10 100  10° 10t 10° 10° pc
_"-"_nl_“__L.__l_"l_"l_.I. ? 10 = sl Lol Lol sl 2ol Lol L1 “.“:
[C e IceCube 22 AbbaSI e’[ aI ApJ 71 8, L1 94 201 O ,
D IceCube-59 Abbasi et al., ApJ, 746,33, 2012 5
~ dipole ' i . ©
- component EAS-TOP Adlietta et al.. AoJ. 692; L130. 2009 | S 10 1_ s
R S R ARGO-YBJ Zhang 31%'ICRC k6dz-Poland,2009 | & 6 . S Gal [
O\O ARGO-YBJ 32" |CRC Beiing China,2011 E T A ' !
rny | gaussian fit - Aartsen et al., arXiv:1210.5278 3 0 ) -l_ : |
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g' 1 0'1—§ 3
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10-2 | 1 | llllli 1 1 | Illlli 1 | 1 IIlIIi I-- | L1 1111 Energy [Gev]
102 10° 10* 10° 10° Abreu et al., Astrop. Phys., 34, 627, 2011
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(3 HG)
3-10° 3-10% 3-103 3-107 0.3 gyro-radius (pc)
7 70 700 7,000 70,000  gyro-radius (AU)
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muon INclusive spectrum
high energy muons « energy/nucleon

300 TeV Cascade,

60° Track

2 “,Js

\
1

8 i A \ (depth: 3400m)

1.07(x=60%) PeV surface energy
(MC-simulation estimate based on
cascade energy, slant depth)

Energy Deposition along Track

T 10'E
?5. o ? "oz ':” -t:.. ..... i
0 et _‘,%
10 -3_ T . : A e | "
[ 70m Cutolt
13_ N TR
| —— 150m Cutolt
0" 3_ sees: Fit excluding outliers  [......... - ......
i * Individual DOMs 3
T i : L o I

Y= Ll
10 2000

1 R T AT ]
3200 2400 3600 3800 4000
Slant Depth [m]

high energy muons have
large stochastic energy loss
processes

energy lost by muon bundle
In the detector dominated
by the highest energy muon

low multiplicity or single
muon events selected

inclusive dNy/dE, can be
determined
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muon INclusive spectrum
high energy muons « energy/nucleon
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10" surfreco

nucleon spectrum from Horandel mixed composition models
prompt component in PeV range to be considered

analysis in progress
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muon Multiplicity spectrum
muon bundles « energy/particle

high multiplicity muons have high total energy but low
‘energy/muon

stochastic energy losses are less important

smoother energy loss profile

Energy Loss Profile

E 10 E
- -
. 2 -
Dust Layer -‘:’. ., B i ik
) - “-%a :
(L. ~50m) N e
abs = %ﬂ =
10° = :
I IR E ——— 70m Cutoff
ower o | —p— 00m Cutofl |
(A, ~200m) - —— 150m Cutoff
]ﬂ-l E_ cennee] BEBBBES Fl'. c.\cluding OUUitl’S .........
= ; : ; *  Individuul DOMs
]0-2 1 1 1 l 1 1 1 l 1 1 L l 1 1 1 l 1 1 1 | 1 1 1
1600 1800 2000 2200 2400
Slant Depth [m]
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muon Multiplicity spectrum
muon bundles « energy/particle

R . —_— T T R S N, Al—a po

—V—y— : pr m

=3
2
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[m~2srad 's'GeV'"]

Gaisser Mixed Extragal.

2.7

mult " mul
T

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

T Gaisser Proton Ex(raga]. ...... ..................... v

o] o Poly_(ionato Rigidity' .-x.:x vos - SR ——

dd/dE

S S R ¥ S Sy '9 9.5 10
long [GeV]

mult

muon energy lost in the detector e« muon multiplicity

Emut @s a measurement of primary energy with mass-dependent weight
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Main High-pt
muon bundles Bundle

evidence of high pr muons

Lateral Separation Distribution

» -
‘:G‘ 4' & Data
T10° Random Coincidences
0 = )
™ - Sibyll
P B DPMJET
€ 403
= 10 E —— QGSJET
-g -
2
210 E_
- T et N
10 RS iRdt &
F t " *ffﬁr Run 109310 E: Onc, 4000Cns
. Hgh
10"
10-2 1 11 1 l 1 1 11 l 1 IL 1AL L II 1 L L I 11 L L I 11 L I 1.1 1 I 1L 11 L
100 200 300 400 500 600 700 800 900 1000

Distance between LS Muon and Bundle Reconstruction

observation of parallel tracks in coincidence with muon bundles

separation distribution reasonably well reproduced by interaction models
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muon bundles

evidence of high pr muons

«» 6000
> -
% : # Data
n u Random Coinc. (x10)
p¥: 5000: —— Sibyll ]
£ H —— DPMJET
® ] — QGSJET
el [
E4000_
= -
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3000— —L e * T e o
- . o o
- | [
2000— - o
N with charm
: — Ml
1000—
L . ’_l_,—'—’—‘
0' m PP IPIPEPEP EPEPOP B D ol T P
0 0.1 0.2 0.3 04 05 0.6 0.7 08 09 1

cos(Zenith Angle of Bundle Reconstruction)

observation has flatter angular distribution

Indication of heavy quark production

(that would flatten distribution @horizon) 7

effect of cosmic ray composition ?
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conclusions

¢ [celop is providing all-particle primary spectrum with high statistical precision
¢ |ceTop/lceCube coincidence for better energy resolution and mass sensitivity

® COSMIC ray anisotropy observed at different scales, energies, with muon/e.m.
components. Working on full-sky coverage with ARGO-YBJ, short/long time stability,
composition-dependent observation, and to extent to higher energies

e muon multiplicity observation to provide inclusive muon spectrum, and probe primary
mass and high pT muons as evidence of transition to pQCD and heavy quark
production in the atmosphere

e Others: seasonal variation of muon events in correlation with stratospheric temperature.
Study short/long time durations, probe heavy quark production in the atmosphere
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lceCube-86 (78+8) interstring (surface) distances
. string

* |ceTop tank

o . DeepCore strir

Y [m]

Grid North

400

300 -

200
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-100 -

-200 -
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-400

-500 [~

Y I T N W NN TR A RN N TN NN TN N S [ T R T R T NS R T_—_—
-600 -500 -400 -300 -200 -100 0 100 200 300 400 500 600

X [m]

lceCube geometry
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DeepCore interstring (surface) distances

Y [m]

Grid North
S

50

-100

=190

-200*

100 0 0o  s0

DeepCore geometry

q00

150

200
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growi
& eve

ng IceCube
Nt collection

Strings Year U rate
IC22 2007 500 Hz
IC40 2008 1100 Hz
IC59 2009 1700 Hz
IC79 2010 2000 Hz
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Observed InlceSMT Rate (Run Duration > 1 hour)

2400

) Ir'1lcreS'Mﬁ' Fliat'e )

I v R ]

r

]

1

1

L2

]

1

2200 -

SMT8

2000 - n

1800 |- -

1600 |- 1

1400 |- n

Rate [Hz]

IC22 IC40 C59 C79 IC86

1200 |- n
1000 |-
800 - 1

600 |- m -

400 M A | A i | M i | M i | M i 1 i i | i M | i M 1 i A 1 i M | M " | M A 1 i i | M A 1 A i 1 i i | i M 1 i A | " M | i M 1

04/01  07/01 10/01  01/01 04/01 07/01 10/01 01/01  04/01 07/01 10/01  01/01 04/01  07/01 10/01 01/01  04/01  0O7/O1 10/01 01/01 04/01
2007 2007 2007 2008 2008 2008 2008 2009 2009 2009 2009 2010 2010 2010 2010 2011 2011 2011 2011 2012 2012

39

Paolo Desiati

Thursday, January 31, 2013



growi

ng IceCube

& eve

Nt collection

10 =

AR, /<R,>, AT/ <T 4> [%]

—10F—

Rate [Hz]

2400

2200

2000

1800

1600

1400

1200

1000

800

600

400

Observed InlceSMT Rate (Run Duration > 1 hour)

InIc'eSMT R'ate

- SMT8

ca2 IC40 C C79 IC86
B "\/\ -
I L ! 1 1 L ! L I I I I I L L I 1 L L I
04/01  07/01 10/01  01/01 04/01 07/01 10/01 01/01  04/01 07/01 10/01  01/01 04/01 07/01 10/01 01/01  04/01 07/01 10/01 01/01 04/01
2007 2007 2008 2008 2008 2008 2009 2009 2009 2009 2010 2010 2010 2010 2011 2011 2011 2011 2012 2012

2007

hd

1 I 1
A
2tﬂr1

160

Pressure [hPa]

+30

+1C

-100
[°c]

40

ﬁef)r Jul Qct Jan Apr Jul Qct Jan Apr Jul Oct Jan Apr Jull Qct Jan
2007 2007 2007 2008 2008 2008 2008 2009 2009 2009 2009 201C 2010 2010 2010 2011
Paolo Desiati

Thursday, January 31, 2013



lceTop array: triggering and calibration

single hits (1 DOM)

(muon detection & air shower veto for icecube studies)

1600 Hz

station trigger

(HG-HG or HG-LG coincidence in 1 us)

30 Hz

Counts per bin

IceTop event trigger
(3+ stations in 10 ps)

Calibration: Vertical Equivalent Muon
8000 - DOM 51-61
7000

C — Total
6000 —— Muons
5000 — 1VEM = 118.3 pe S Eaciground
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lceTop-only all-particle spectrum ceTop-73
326 days livetime

estimating primary energy
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the relationship between Si25 and primary
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lceTop-only all-particle spectrum

acceptance

lceTop-73

326 days livetime
Jun 2010 - May 2011
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Proton simulation
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lceTop-only all-particle spectrum ceTop-73

: 326 days livetime
resolutions Jun 2010 - May 2011

—e— Proton, cos#>=0.90 1.8

i ......................... .......................... ......................... &— Proton, 0.90>c0s6>=0.80 1.6
- . —=— lron, cos6>=0.90
C O . —&— Iron, 0.90>c0s8>=0.8 14
25 _. ........ D ............ .......................... ......................... , .......................... .......................... ....................
20 3_0 .................. D .......................... ......................... .......................... ......................... ....................

———— Proton, cos6>=0.90

.~ ———— Proton, 0.90>c0s6>=0.80
—=—— |ron, cos6>=0.90

- ——=— lron, 0.90>c0s6>=0.80

30

o

]
a

* O

AW [

__. .......... «. ..........
15— 0.8

Lo}

Core Resolution [m]
I
»
o
g

L1s]
.

0O : :
10_ ......................... o .E:D e .......................... ......................... ;.‘..Q..m..g..@.,a ................. 0.6
| RALHFIP. YL RL] :
LTI L 5 5 0.4 B

: . : . : { L
5 [ S URRRRRRRRRREERETRIES DUNUUDUOURERRRRRRERREREE S sssnssmss s HERRRRTRRRRRIOIROR T S . 3 se s s ss fas e e e R e R L s O
: : : 5 : : : : ‘ .

- : ngg

o o s ©

e n
on a

o
L}
n
. o ©
fo
° .
o . ®
o« o0

em

|

a
=)
* O m: 0

H : : : i H : : - : ; E :
= I 1 1 11 I 1 1 1 1 I 1 1 1 1 I 1 | 1 1 I 11 | 1 I 1 11 1 I 1 1 | - I 1 1 1
5.5 6 6.5 7 7‘5 8 8.5 9 0-2-1—1 L | 1 | | 1 | 1 I 1 | I 1 I 1 1 | 1 i | 1 1 1 I 1 1 I [8%51 1 | | é | | 1

55 6 6.5 7 75
log, (E, ./GeV) log, (E, /GeV)

e om @

om0
Lol ]
LN }

— 5 . Proton, cos6>=0.95

o Proton, 0.85>c0s6>=0.80

Ll Iron, co0s6>=0.95

Iron, 0.85>c0s6>=0.80

0.12

0.1

III‘III‘III
(o}
(o]
[s]

e O
e
.

I
o
o i
.
[

E, ) distribution

T e

reco
I
o
L]
o
o
o]
L]

ne
o
(o}

0.06— = -yt

10
I

" 0O [e] .
omo

L3
.
.
3
[n]
oce
ooce
>
N O

mg

o of log, (E
T
[x 3
Oe
DeC
200 e
[ne}

0.02

O 1 | | I | | I | N | N | | I I | | I | 1 1 1 1 | (-
6 6.5 7 7.5 8 8.5 9 9.5

log, (E, /GeV)

44
Paolo Desiati

Thursday, January 31, 2013



lceTop-only all-particle spectrum ceTop-73
326 days livetime

Jun 2010 - May 2011
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lceTop-only all-particle spectrum ceTop-73
326 days livetime

Jun 2010 - May 2011
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lceTop-only all-particle spectrum

.. 89 events per bin
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lceTop-only all-particle spectrum

lceTop-73
326 days livetime
Jun 2010 - May 2011
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lceTop-only all-particle spectrum

Data reconstructed with 5 different composition assumptions
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326 days livetime
Jun 2010 - May 2011
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lceCube muon bundle trigger statistics

detector trigger rate (Hz) | actual time (d)

livetime (d)

() number of events with
|LLH reconstruction from
online-filter collected by DST

number of
events ()
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cosmic ray anisotropy analysis technique

raw map of events in equatorial coordinates («,0);

reference map from events scrambled over 24hr in
o (or time)

T —
0 70508.8

rebin raw and reference maps to enhance inter-bin
correlations

——
0 8.57967e+07

subtract reference map from raw map to determine
the residual relative intensity map

AT N, — (N L
<I > - <N > * i(lelative Inte(l)rlsity [ ><10_31] ’
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cosmic ray anisotropy encrgy selection

Log(E. (GeV))

lceCube 5
c 2.8 7
£ 25
< 24
5
9 2.2
! 4
1.
: 2
1.45
1.2 1
07 08 09 1 0
Cos(0z¢,ith)
20 TeV 400 TeV
210° @ 0.09p T
b c = S
gw 90'08? * + _§
z 5
10" §_
10 E_
10° 5_
10 — 0275574 5 6 7 —8. %
Log(Eprimary) Log(EPrimary(Gev))
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COSMIC ray anisotropy vs energy
in lceCube-59 Verg,

® reference map derived from data with time scrambling

® smoothing radius optimized on highest significance in excess/deficit region

1/2
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COSMIC ray anisotropy vs energy

N lceCube-59
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Compton & Getting, Phys. Rev. 47, 817 (1935)
Gleeson, & Axford, Ap&SS, 2, 43 (1968)

—arth’s motion around the Sun

v=29.8 + 0.5 km/s

4 Horandel, Astrop. Phys. 19, 193, 2003
—10 "
& = b) Ay - 1
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Q) i e - —o.9
" ] 5 20 HJ‘LLLT os
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Origin Of |arge Scale aniSOtrOpy : Compton & Getting, Phys. Rev. 47, 817 (1935)

Compton-Getting

Gleeson, & Axford, Ap&SS, 2, 43 (1968)

—ffect ?

— = (*y+2)20030
c

» apparent energy-independent ~10-2 dipole
anisotropy due to relative motion of solar system
through ISM

» motion of solar system around galactic center ~
220 km/s

» reference system of cosmic rays is unknown

lceCube-59
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solar dipole anisotropy vs energy in lceCube-59

The observation of the solar dipole
supports the observation of the sidereal
anisotropy in cosmic ray arrival direction
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anti-/extended-sidereal distributions vs energy Iin

lceCube-59

anti-sidereal distribution ~ solar dipole variability
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systematic uncertainties lceCulbe-59

statistical stability tests + anti-sidereal effect
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cosmic ray anisotropy small scale
lceCube

region right ascension  declination  optimal scale peak significance post-trials  IC79 (post-trials)

1 (122.4%41y° (4743750 22° 7.00 5.30 6.80
2 (263.0750)°  (—44.17F2%° 13° 6.70 190 5.4
3 (200.600)°  (=37.0%33)° 11° 6.30 1do 6.4c
4 (332.4720)°  (=70. 0“ 2)° 12° 6.20 120 6.1
5 (217.753%3)°  (=70.0135)° 12° ~6.40 ~4.50 -6.1c
6 (77.6737)°  (=3L.973%)° 13° ~6.1a ~4.1lo 430
7 (308.2F48)0  (—34.5198) 20° —6.10 —4.lo 440
8 (166.5732)°  (=37.2120)° 12° ~6.00 ~4.00 -6.4c
IC59 Dipole + Quadrupole Fit Residuals (12° Smoothing) IC59 Dipole + Quadrupole Fit Residuals (20° Smoothing)

significance significance
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anisotropy vs.
angular scale
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large vs small scale anisotropy
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