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lceCube Observatory

CC Muon Neutrino

vV, + N —pu+ X

track (data)

factor of = 2 energy resolution
< 1° angular resolution

Neutral Current /Electron
Neutrino

Ve + N —5e +X
Vs + N — v +X

cascade (data)

=~ £15% deposited energy resolution
=~ 10° angular resolution
(at energies = 100 TeV)

detection technigue

time

hybrid =

CC Tau Neutrino

v+ N —->17+ X

“double-bang” and other signatures
(stmulation)

(not observed yet)
G. Konper



lceCube Observatory
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identifying neutrinos
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neutrino telescopes In Antarctica
ANMANDA = lceCube
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neutrino telescopes In Antarctica
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neutrino telescopes In Antarctica

AMAN

DA = lceCube

1999

2001
2000-2006

19 strings
7 x 102 km3
o/ 7 optical modules
6595 up-ward v,’s
resolution ~

<EV> ~1-5 TeV




neutrino telescopes in Antarctica
ANMANDA — lceCube

AMANDA 1999
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IceCuhe 2008-2009
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neutrino telescopes In Antarctica

AMAN

DA = lceCube

RSy,

1999
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2008-2010

40-59-79 strings
~1 km3
4800 optical modules
108317 up-ward v,’s
146018 down-ward
resolution ~ 0.4°
(Ev) ~ 1-5 TeV




neutrino telescopes In Antarctica
ANMANDA = lceCube

AMANDA 1999

2001
2000-2006
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cosmic rays & atmospheric leptons

iceTon

all-particle energy spectrum COSMIC ray composition

6x10° | JNILER NIRRT TN | | g | uﬁe e Z w:jbe P'e"m'"ary

i i i : a [ | |

i F}, [ 1] S Tilav $ fags g tf

6 L —— It P T L R — B B o -

wot ot Lty }-ﬁ‘{ e 5 [ Pyt 1 2 -

YL oA . B0 ttip Sgor ;
3)(106 ._ ..... — % - E h%

f + l * f w P - u

: ¥ | 11l R R | _— S T S U I SN S T S SR S N U S N TN

| 107 10° 0’ 0’

¥ 4 ! PrimaryOEnergy(Ge\))
+

| | : } ;
2510° b IceCube PRELIMINARY *l * il{*‘it
by

E° x dI/dE [GeV? m2 sr's ]

—e— |ceTop update with 3 years (cos0=>0.8, H4a, Sibyll) ’ l ¥ :. lceCube l;rel'in;ir'\e;l:y: : _ IceCube Preliminary

Y 9 ~ Ny ~ B

5 bt 11l 2008 3 : I ? % o \ : : \

: ; 1 : = L | = Ll

; —ea— Argo-YBJ G1+G4 2014 ; - ¥ : 0 L™ 0 B L™

: ——— Kascade_Sibyll 2005 *7 : > 0E ééiﬂ!i T TL E > 0E . . B T E

i - i Q ) -

—*— Kascade-Grande_Sibyll 2013 * % O f f Tf O C f LA L B L !i TE

; —e— GAMMA 2014 . : 5 ~ T . $ :

108 b= —¥— Tunka25+Tunka-1332013 | o e === 2|3 2|3
—*— HiRes 2 1] ] °§10 =7 ' B Uéw 3 E
—4— TA 2013 o - . Jo - ]
8x10° | Auger 2013 SENNRRE SE——————————— ¥ N—————————————————— S— - ¥ C« O ( : Tty s Fe
| ' ) i L1y | I i | i i i L) I . 11 LLL7 1 i1 11 ula —_—l 11 g raaaal 1 1 111118 1 a1l 9
.1 0 10 1 0

PrlmaryoEnergy(Ge\)) PrlmaryoEnergy(Ge\))

10° 10’
Primary Energy, E [GeV]

CR spectrum & composition determines shape of atmospheric v and p spectrum



Energies and rates of the cosmic-ray particles
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7t K= - uf 4+ v,0,) (63.5% for K)

L ¢ 4 v,(,) + 7,.(0)

— Ey ~ 100/cosO GeV

K+ — 7TO€V6 (5%)

Kp — mev. (40%)

— Ey ~ 100/cosO TeV

K — mev, (Gaisser&Klein 2014)  (0.07%)

DA, —C+v,+ ... (order %)

n,n — u T
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prompt
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cosmic rays & atmospheric leptons
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cosmic rays & atmospheric leptons
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low energy neutrinos
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rate (Hz)

low energy neutrinos
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low energy neutrinos

iceCube - 3 years

* energy resolution resolves the wide
minimum @ 25 GeV

- competitive with low energy

experiments
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low energy neutrinos

lceCube - 4 years
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ICRC 2010

, 2 M. Borner
UD-ward tnrougn-going ViV, s

Nigh energy neutrinos
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hadronic Interaction models

neavwy guarks In the atmospnere

MCEq cascade calculations (Fedynitch) - Poster 2 Sibyll 2.3 - Fedynitch+ ISVHECRI 2014
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hadronic Interaction models

neavwy guarks In the atmospnere

Sybill 2.3 RC - Fedynitch+ IPA 2015
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ERS: R. Enberg, M. H. Reno, and I. Sarcevic, Phys. Rev. D 78, 43005 (2008). Garzelli, Moch & Sigl 2015
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hadronic Interaction models

neavwy guarks In the atmospnere

Sybill 2.3 RC - Fedynitch+ IPA 2015
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high energy neutrinos

contaned Ve+Ve

using lceCube as muon VETO

lower energy with DeepCore

events starting inside DeepCore

particle ID: cascade-like events vs.

track-like / hybrid events

- higher sensitivity to heavy quark production in the

atmosphere (for

-y = 10 TeV)

IceCube-79 - DeepCore  Phys. Rev. Lett. 110, 151105 2013
IceCuhe-86 Phys. Rev.D9112,122004 2015
5107 Co .
- = ' ’7[,@ e V, (unfolding)
Nm - ""s o’/
£ 4l | v, (forward folding)
G 10% -
> \ A v, (DeepCore 2013)
e I o, Ve
S 10° l'@,) | A Vv, (2014)
W F I'O/;
- Y,
10'6 ;
B Pro
10-7 = mpt Vv
0ol
- —— Honda vu(HKKMSZOOT)
. Honda v . (HKKMS2007)
10°E- — modified Honda v,
- Bartol v,
10 | | | | | | | | | | | | | | | | | | | | | | | | |
10— 2 3 4 5 6

Iog10 (E /GeV)



high energy neutrinos

flavor composition

iceCube-86 Phys. Rev.D9112,122004 2019
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- flavor ratio depends on uncertain

- associated production

- that affects 7/v and put/u~
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- and affects spectral shape > 1 TeV

normalized to v, flux

- -

- - -
= = o o O
N = (-] — N

-
—
W

10° 10° 10 10° 10° 10’ 10°

Fedynitch et al. arXiv:1503.00544
Sibyll 2.3RCT
H3a CR composition

III11'| | llllllll I llllllll I lIlIIlII I lIlIlllI I IlllllII L
[~/ Ve
- vV, V.
L (Ve:v,:tvr)~(1:20:0)
: . — = _ _ _ _ _
7 —_— _ - g
—/ _
? | -
o - conventional P prompt
- ~ /
; p -~ — — ™ - - -~ - -
- 7
- V4
7
E V4
= /7
_ /
- s (We:v,:iv)~(1:1:1/10)
u_|,|,|l 1 L 1 vfnml 1 1||m|| l lllllllI 1 lllllllI | L1l

10°
E,, [GeV] 23



high energy neutrinos

charm and astropnysics

IceCube-86 Phys. Rev.D9112,122004 2015
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ICRC 2010

Nigh energy neutrinos

. 1. Kuwabara
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high energy muons

oINtINg resolution and Interplanatary magnetic fields
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IceCube-40+39

sun’s shadow

Cosmic Ray Anisotropy Workshop 2015
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high energy leptons

correlation with stratospneric temperatures

:ﬁ%ff//zéef CECUBE PRELIMINARY

AA A

u multiplicity - IGRG 2013
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- long & short term correlations with high statistical precision: dynamical effects on air density
+ temperature correlation coefficient indirect probe into K/t

* NO temperature correlation if prompt (charm) contribution dominates (PD & Gaisser, 2010)
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high energy leptons

correlation with stratospneric temperatures
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: IGRG 2015
high energy muons T Karg

Tue 4/8

Low-Energy Bundles HE Muons
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Nigh energy muons
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+ prompt component from charm production and unflavored n mesons



| ICRC 2015
non-standard physics M. Wallraff

Vv, disappearance 1o sterle Neutrind e

in normal hierarchy - sterile neutrino with /arge Mass Splitting

large effect on anti-v effects of matter oscillations @TeV - where most of lceCube V’s are

cos(f) =—0.875,  Amp =0.50eV, 6,,=11.0°

from 2000 pseudo-experiments
22,000 events
with IC59
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particle physics v + p) ‘atmospheric detector calibration

o v and p

- v osclllations - ’ - angular pointing/resolution

- high energy hadronic models - energy calibration

- forward physics ) 5

- heavy quarks test of Standard Model

- v.mass hierarchy )
. - non standard oscillations

geo-SCIeNnces

cosmic ray astrophysics [u) - sterlevs
- Lorentz invariance

- quantum gravity

v astronomy

- stratospheric temperatures
- upper atmosphere winds
- short & long time temp. folds

variations
~ . - probe of local sources of CR
- Earth science <

- COSMIC ray anisotropy
- probe of local interstellar

p

- - transition to astrophysics of
energy spectrum &
flavor composition

Pingu - K. Clark  Gen2 - E. Blaufuss -~ point and diffuse sources of
Fri 31/7 Fri 31/7 ~ COSMIC rays
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