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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

IceCuhe 2008-2009
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cosmic rays & atmospheric leptons

iceTon

all-particle energy spectrum COSMIC ray composition
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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
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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
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high energy neutrinos

flavor composition

iceCube-86 Phys. Rev.D9112,122004 2019
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Ve + Ve

- flavor ratio depends on uncertain

- associated production

- that affects 7/v and put/u~

K/m

p—I—N—>A—|—K+

- and affects spectral shape > 1 TeV

normalized to v, flux
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high energy neutrinos

charm and astropnysics

IceCube-86 Phys. Rev.D9112,122004 2015
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- determination of charm flux influenced on astrophysical
charm from ERS 2008

hypothesis (review talk by C. Kopper) 24
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ICRC 2010

Nigh energy neutrinos

. 1. Kuwabara
CONSIrains rom 10w ENErQ) |—""
- 'l
+ <100 TeV CR directly measured = 107'E
v = Super-Kv,
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: - Nm 10—25 ‘ / - Fréj:US Vu
- <100 GeV v’s from pions e F % 0 Fréjus v,
°© I . T AMANDA v,
L 2 10E 9o %, o unfoldinr}; |
- <10 GeV v’'s geomagnetic effects G - S, % forward folding
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high energy muons

oINtINg resolution and Interplanatary magnetic fields
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Phys. Rev. D 89,102004 2014
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

2e8 events / day

AR/<R>, AT /<T > [%]
o o
II‘IIII ||||‘|||
==

ICRC 2009
ICRC 2011

{/
7
o
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Jul Oct  Jan  Apr Jul Oct  Jan  Apr Jul Oct  Jan  Apr Jul Oct  Jan  Apr Jul Oct Jan  Apr Ju
2007 2007 2007 2008 2008 2008 2008 2009 2009 2009 2009 2010 2010 2010 2010 2011 2011 2011 2011 2012 2012 2012

>
5
=

- 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

— ST/ CECUBE PRELIMINARY H multiplicity - 1RE 2013
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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
o)
10°F 0% :
S 3 L "S =  CDHSW 90%
T U N | -~\\\
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~ i
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search being extended to full IC86 102 TS T0°
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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

4




supporting material
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cosmic rays & atmospheric leptons

- are accelerated in unigentified sources
- are composed of atomic nuclel

* propagate across magnetized plasmas

- hit Earth’s atmosphere

* generate hadronic & e.m. showers

(GeV cm'zsr'1s'1)

E2dN/dE

Energies and rates of the cosmic-ray particles

Gaisser 2013 Grigorov
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% Model H4a
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cosmic rays & atmospheric leptons

Calculation of atmospheric muons from cosmic gamma rays

J. Poirier!, S. Roesler?, and A. Fasso’

I Center for Astrophysics at Notre Dame, Physics Dept., University of Notre Dame, Notre Dame, Indiana 46556 USA

2Stanford Linear Accelerator Center, Stanford, California 94309 USA

SCERN-EP/AIP, CH-1211 Geneva 23, Switzerland

Table 2. Fractional contributions to the parents of the muons which

reach sea level.

E~ (GeV) T m K™ K™ | neutral kaons
1 0.106 | 0.894 | 0.0 0.0 0.0

3 0.495 | 0.485 | 0.020 | 0.0 1.7 x 104

10 0.492 | 0.489 | 0.011 | 0.007 | 9.8 x 104

30 0482 | 0.482 | 0.019 | 0.014 | 3.1 x 1073

100 0.478 | 0.477 | 0.022 | 0.018 | 4.4 x 1073

300 0477 | 0.476 | 0.023 | 0.019 | 4.7 x 1073

1000 0475 | 0.476 | 0.024 | 0.019 | 5.2 x 1073

3000 0.476 | 0.475 | 0.025 | 0.020 | 5.1 x 1073

10000 0474 | 0.477 | 0.024 | 0.020 | 5.2 x 1073

SLAC-PUB-11092



searching for neutrinos
Dackground rejection

» all-flavor searches: vy, Ve & Vr

» through-going up-ward p’s &
HE down-ward p’s

il i Py
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2
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searching for neutrinos

Dackground rejection

» all-flavor searches: vy, Ve & Vr

» through-going L
HE down-ward

o-ward p's &

'S

» contained cascades




searching for neutrinos
Dackground rejection

» all-flavor searches: vy, Ve & Vr V

» through-going up-ward p’s &
HE down-ward p’s :

» contained cascades

» HE starting events + self-veto
& outer-veto /




low energy neutrinos

Super-Kamiokande

Sub-GeV e-like

Sub-GeV u-like
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low energy neutrinos

lceCube 79 - DeepCore

Phys. Rev. Lett. 111, 081801 2013
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low energy neutrinos

Super-Kamiokande
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low energy neutrinos

lceCube’9 - DeepCore

2013
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Phys. Rev. D 91, 072004

low energy neutrinos

iceCube - 3 years

2019

Events per energy band

5174 observed events
6830 expected events
N 953 days
800 v, disappeared |-
, 600 / S,
g %§ RER v, from v,
247 2, |\mm oy, +
v/ e NC
200 \
N
% 20 20 60 80
E, (GeV)

100

® Data

— MC best fit

- = = MC expectation|

:Ic

" Frew = [6— 8] GeV

eCube Preliminar

" e = [32 - 42] GeV

Freco = [42 — 56] GeV

O 08 —06 04 02 00 -10 —6.8 06 04 02 00
08 (Oreco)
= | B
E :
1 :Er
> 1] T
NI :¢
| 8
ﬁ energy
/ resolution
E ~0.2 Log(E)
| R
M U ;ﬁ
1 GeV 100 GeV



Am| (10 *eV?)

Phys. Rev. D 91, 072004

low energy neutrinos

2019

iceCube - 3 years
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high energy muons

ooiNting calioration and ..

IceCuhe-40+59
e ~
+*+ =z 0
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Phys. Rev. D 89,102004
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high energy muons

ooINtiNg resolution and angular resolution

IceCube-10+59 Phys. Rev.D 89,102004 2014
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high energy muons

DONM calloration with muons
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* MiNimMum Ionizing quasi-horizontal muons

JINST 9, P03009

* energy-independent losses In the ice

2014

* single p.e. detected by DOM optical sensors

- absolute charge measurement

- DOM sensitivity measurement



high energy muons

DONM calloration with muons

IceCube calibrations JINST 9,P03009 2014

- charge distribution of PMTs

* single p.e. peak from minimum ionizing muons

Density (AU)

+ 0.2 p.e. trigger threshold

* HLC less likely to be from noise

Photoelectrons



nigh energy neutrinos

Up-ward througn-going Vu+Vv,

AMANDA Phys.Rev.D79:102005 2009
Astropart.Phys.34:48-58 2010
IceCube-40 Phys.Rev.D83:012001 2011
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nigh energy neutrinos

Uo-ward througn-going Vy+\Vy,

AMANDA Phys.Rev.D79:102005
Astropart.Phys.34:48-98
iceCube-40 Phys.Rev.D83:012001
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nigh energy neutrinos

Uo-ward througn-going Vy+\Vy,
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ICRC 2010

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

Nigh energy neutrinos

IceCube-59 Eur.Phys.).C19, 116 2019
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Nigh energy neutrinos
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high energy neutrinos and muons

contaned Ve+\Ve

IceCube-86 arkiv:1904.03793 (PRD) 2019

U>)‘ N —&— Data
g 10° &= = MC Best Fit
™ = Conventional v,
(\i B R Conventional v,
™ 10% & | O = E% Astro (v, + v, +Vv,)
‘2 = ~—— CR Muon
0 10E A track-like cascade-like
C = '
() - s T =
|.I>J 1 ’_ : g - —@— Data - - - - Conventional v, CC

E ... k 4y} - = MC Best Fit . .

S L o) 103 B E24 Astro (v, +v, +v“) ~— Conventional v, (CC+NC)+ v, NC

10-1|1.|LJ L 1 P LJ . Q - ——— CR Muon
7 Y g (B IGev > 2P N e SR
°9,, ( reco,4 © ) g?) 10? e e
= -
" - _
% . —e— Data -mim E24Astro (v, + v, +V,) -g 10
;?, 10° & —— MC Best Fit —— CR Muon ) D G e [ At
(\i E —— Conventional v, - Conventional v L|>.| R A R A
™ X 1E
o™ 2 -
c 10 I _
S -08 06 -04 -02 O 02 04
> E
LL -
1 PR S UN (ST TR U N VR U SN WU TN SN TN WU VNN (WO SN SN U TSN U WA NN NN SR B L
-1 -08-06 04 -02 0 0.2 04 0.6 08 1
Cos(erecoA )



high energy neutrinos

flavor composition

IceGube-86 Phys. Rev. D9112,122004 2015
Fedynitch et al. arXiv:1503.00544 - Sibyll 2.3RC1 - H3a CR composition
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high energy leptons

correlation with stratospneric temperatures

temperature data from NASA AIRS
iInstrument on board the Agua satellite
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high energy leptons

correlation with stratospneric temperatures
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high energy leptons

</TT ratio
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high energy leptons

correlation with stratospneric temperatures
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high energy leptons

charm proaduction

1 - T T T T
: charm contribution from RQPM
PD, Gaisser 2010 model (Bugaev et al. 1998)
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high energy leptons

charm proaduction

1 | E, min|| no charm |[[RQPM charm | ERS charm || int. charm
PD, Gaisser 2010 o Rate| o Rate || Rate||o Rate

0.8 0.5 0.83| 2050/0.82 20701/0.82| 2050|/0.82| 2060
10 098 1.26//0.89 1.4010.97 1.26(/0.94| 1.34

0.6 100 1.0 10.0025(0.53| 0.00491/0.91)0.0028 (/0.71(0.0036

Temperature coefficient

04F v - TABLE I: Correlation coefficients for muons with (8 < 30°)
. \, for three levels of charm (energy in TeV; rate in Hz/km?).
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0 1 L | L N | 1 1 | L ! ‘.-I- ------ N 1
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R 3 0.70 5900 1(0.62 6300
30 0.94 3501/0.72 450




high energy leptons

charm proaduction

Temperature coefficient
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muon multiplicity modifies temperature
correlation (ICRC 2013)

need to evaluate the energy of
individual muons in the bundle

— single muons

PD, Gaisser 2010

E, min|| no charm |[[RQPM charm ||ERS charm || int. charm

o Rate ||« Rate |« Rate ||« Rate
0.5 0.83| 2050/0.82 20701(0.82| 2050|/0.82| 2060
10 0.98] 1.261|/0.89 1.401(0.97 1.26(/0.94| 1.34
100 1.0 10.00251/0.53| 0.0049 /0.91)0.0028/0.71|0.0036

TABLE I: Correlation coefficients for muons with (8 < 30°)
for three levels of charm (energy in TeV; rate in Hz/km?).

2x108 p/day — 220-430 p/day

o decreases 10-30% for E, > 100 TeV

10 years of HE muon data




Temperature coefficient

high energy leptons

charm proaduction

AL S . S PD, Gaisser 2010
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high energy muons

1. Karg
Low-Energy Bundles HE Muons
1,000/second 1/second 0.1/second
Minimum Ionizing Minimum Ionizing Stochastic
Single Muons 20-10,000 Muons 1 HE Muon, 10-100 others
P.Berghaus

10-100 TeV CR 1 PeV-1 EeV CR 100 TeV-10 PeV CR
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high energy muons

1. Karg

Low-Energy Bundles HE Muons
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a muon, maybe two 200-310 muons 640-1,650 TeV P. Berghaus

minimum ionizing minimum ionizing stochastic energy losses



ICRC 2015

high energy muons

1. Karg

multiple muons IceCuhe arkiv:1906.07981 (ApP) 2019
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hadronic Interaction models

neutrinos
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non-standard physics

Vv, disappearance to sterle neutrino

IceCube-39 ICRC 2015
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non-standard physics M. Wallraff

Vv, disappearance 1o sterle Neutrind e
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non-standard physics

NON-Standard oscllations

AMANDA Phys. Rev. D79, 102009 2013
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