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IceCube Observatory 
detection technique

C. Kopper≳ 5

track cascade hybrid



IceCube Observatory 
growing IceCube
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correlation of atmospheric lepton flux 
with stratospheric temperature variations 
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neutrino telescopes in Antarctica 
AMANDA → IceCube

AMANDA 1999

10 strings 
1.5 × 10-2 km3 

206 optical modules 
17 up-ward νμ’s 
resolution ~ 4˚ 

Eν ~ 1 TeV
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⟨Eν⟩ ~ 1-5 TeV             
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~1 km3 
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108317 up-ward νμ’s 
146018 down-ward µ 
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→     2008-2014
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1 km3 

4800 optical modules 
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cosmic rays & atmospheric leptons  K. Rawlins 
T. Feusels

S. Tilav

p He

O Fe

IceTop

all-particle energy spectrum cosmic ray composition

CR spectrum & composition determines shape of atmospheric ν and μ spectrum

ICRC 2015
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cosmic rays & atmospheric leptons 

hadronic interactions determine shape 
of atmospheric ν and μ spectrum 10

Gaisser 2013



cosmic rays & atmospheric leptons 

K±

→ Eν ~ 100/cosθ GeV
conventional

prompt

(63.5% for K)

(40%)K0
L ! ⇡e⌫e

(5%)K± ! ⇡0e⌫e

⌘, ⌘0 ! µ+µ�

K0
S ! ⇡e⌫e (0.07%)(Gaisser & Klein 2014)

11

→ Eν ~ 100/cosθ TeV

(⌫e : ⌫µ : ⌫⌧ )

(1 : 1 : 1/10)

(1 : 20 : 0)

(1 : 2 : 0)

D,⇤c ! ` + ⌫` + ... (order %)



TEVATR
LH

Gaisser 2013

muon 
neutrinos

IceCube (2015)

cosmic rays & atmospheric leptons 

                       
Gaisser 1990

ZNi

(ZNN = Zpp + Zpn)

✏i =
kT

Mg

mic2

c⌧i
i = ⇡, K, charm, ...

Particle (i)
✏i (GeV )

| ⇡±

115
| K±

850
| K0

L

205
| K0

S

1.2⇥ 105
| charm

⇠ 3⇥ 107
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cosmic rays & atmospheric leptons 

TEVATR
LH

Gaisser 2013

high energy muons
IceCube (2015)
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Gaisser 1990

• ν’s and μ’s from same hadronic processes 
in cosmic ray atmospheric showers 

• high level cross-calibration sensitive to 
hadronic interaction models



low energy neutrinos 
10 GeV - 300 GeV

Phys. Rev. Lett. 111, 081801

large volume → VETO

two-flavor 
oscillations

De
ep

Co
re

IceCube-79

719 low energy events 

39638 high energy events 

in 318.9 days
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low energy neutrinos 
10 GeV - 300 GeV

non-oscillation 
hypothesis 
rejected at 

5.6σ 
(p-value ~ 10-8)

�m2
23 = 2.3⇥ 10�3 eV 2

sin2(2✓23) = 1

�2 = 15.7/18

best fit

15

Phys. Rev. Lett. 111, 081801 2013



low energy neutrinos 
IceCube - 3 years

P(
ν μ
→

ν μ
)

1 GeV 10 GeV 100 GeV

energy 
resolution 

~0.2 Log(E)

16

• energy resolution resolves the wide 
minimum @ 25 GeV 

• competitive with low energy 
experiments

2015Phys. Rev. D 91, 072004



low energy neutrinos 
IceCube - 4 years

PRELIMINARY

P (⌫µ ! ⌫µ) = 1� sin2(2✓23) sin2

✓
1.27

�m2
23 L

E⌫

◆
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high energy neutrinos and muons M. Börner high energy neutrinos 
up-ward through-going νμ+νμ

2009Phys. Rev. D79, 102005

2010Astropart. Phys. 34, 48

2011Phys. Rev. D83, 012001

AMANDA

IceCube-40

2015Eur. Phys. J. C75, 116IceCube-59

ICRC 2015

review talk by C. Kopper ICRC 2015

Poster 3
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• increasing data volume 

• refined shape of spectrum 

• reach PeV energy range 

• sensitivity to heavy quark production in 
the atmosphere (for Eν ≳ 0.4-1 PeV) 

• where is transition to  astrophysical 
contribution of neutrinos ? charm from ERS 2008 

CR spectrum from Gaisser 2012



Sibyll 2.3 - Fedynitch+ ISVHECRI 2014

hadronic interaction models 
heavy quarks in the atmosphere

μ νμ

νe ντ

conventional

prompt

prompt

MCEq cascade calculations (Fedynitch) - Poster 2 
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hadronic interaction models 
heavy quarks in the atmosphere

hadronic models

Sybill 2.3 RC - Fedynitch+ IPA 2015

20

Garzelli, Moch & Sigl 2015

Bhattacharya+ 2015



hadronic interaction models 
heavy quarks in the atmosphere

Sybill 2.3 RC - Fedynitch+ IPA 2015

21

cosmic rays



• using IceCube 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 Eν ≳ 10 TeV)

high energy neutrinos 
contained νe+νe

Phys. Rev. Lett. 110, 151105IceCube-79 - DeepCore

2015Phys. Rev. D91 12, 122004IceCube-86

22
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• flavor ratio depends on uncertain 

• associated production 

• that affects          and 

• and affects spectral shape > 1 TeV

high energy neutrinos 
flavor composition
Fedynitch et al. arXiv:1503.00544 

Sibyll 2.3RC1 
H3a CR composition

hE⌫i ⇠ 1.7 TeV

R

✓
⌫µ + ⌫̄µ

⌫e + ⌫̄e

◆
= 16.9+6.4

�4.0

Phys. Rev. D91 12, 122004IceCube-86 2015

K/⇡

p + N ! ⇤ + K+

⌫̄/⌫ µ+/µ�

conventional prompt

(⌫e : ⌫µ : ⌫⌧ ) ⇠ (1 : 1 : 1/10)

(⌫e : ⌫µ : ⌫⌧ ) ⇠ (1 : 20 : 0)
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 high energy neutrinos 
charm and astrophysics

Phys. Rev. D91 12, 122004IceCube-86

charm from ERS 2008 
CR spectrum from Gaisser 2012 24

• determination of conventional flux independent of high 
energy contribution 

• determination of charm flux influenced on astrophysical 
hypothesis (review talk by C. Kopper)

2015



high energy neutrinos 
constrains from low energyT. Kuwabara 

ICRC 2015

Poster 2

25

• <100 TeV CR directly measured 

• <100 GeV ν’s from pions 

• <10 GeV ν’s geomagnetic effects 

• ν oscillations constrained 

• low energy ν’s with SuperK 

• mid-high energy ν’s with IC / DC 

• 6 orders of magnitude in energy



IC79 θsmooth = 0.35˚

significance > 16σ

sun’s shadow

ang. res. = 0.53° ± 0.05°

high energy muons 
pointing resolution and interplanetary magnetic fields

IC86-III θsmooth = 0.35˚

significance > 12σ

moon’s shadow

ang. res. = 0.47° ± 0.05°

Cosmic Ray Anisotropy Workshop 2015 
(Bad Honnef)

26

Phys. Rev. D 89, 102004

IceCube-40+59

2014



high energy leptons 
correlation with stratospheric temperatures

µ multiplicity - ICRC 2013

27

µ

ICRC 2009 
ICRC 2011

• long & short term correlations with high statistical precision: dynamical effects on air density 

• temperature correlation coefficient indirect probe into K/π 

• no temperature correlation if prompt (charm) contribution dominates (PD & Gaisser, 2010)

2e8 events / day



high energy leptons 
correlation with stratospheric temperatures

µ multiplicity - ICRC 2013

νµ ICRC 2013

27

µ

ICRC 2009 
ICRC 2011

2e8 events / day



high energy muons  T. Karg
ICRC 2015

minimum ionizing minimum ionizing

Tue 4/8

28stochastic energy losses

P. Berghaus



arXiv:1506.07981 (ApP)

29

high energy muons  T. Karg
ICRC 2015

Tue 4/8

• high energy inclusive muon spectrum compatible with additional contribution at HE 

• prompt component from charm production and unflavored η mesons

2015



non-standard physics 
νμ disappearance to sterile neutrino

in normal hierarchy 
large effect on anti-ν

 M. Wallraff
ICRC 2015

Wed 5/8

68%

90%

30

• sterile neutrino with large mass splitting 
• effects of matter oscillations @TeV - where most of IceCube ν’s are 

search being extended to full IC86

22,000 events 
with IC59

from 2000 pseudo-experiments

sensitivity (90% CL)



cosmic ray astrophysics (μ) 

- cosmic ray anisotropy 
- probe of local interstellar 

fields 
- probe of local sources of CR

ν astronomy 

- transition to astrophysics of 
energy spectrum & 
flavor composition 

- point and diffuse sources of 
cosmic rays

test of Standard Model 

- non standard oscillations 
- sterile ν’s 
- Lorentz invariance 
- quantum gravity

atmospheric 
ν and μ

particle physics (ν + μ) 

- ν oscillations 
- high energy hadronic models 
- forward physics 
- heavy quarks 
- ν mass hierarchy

geo-sciences 

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

variations 
- Earth science

detector calibration 

- angular pointing/resolution 
- energy calibration

Pingu - K. Clark
Fri 31/7

Gen2 - E. Blaufuss
Fri 31/7 31



supporting material
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cosmic rays & atmospheric leptons 

Gaisser 2013
• are accelerated in unidentified sources 

• are composed of atomic nuclei 

• propagate across magnetized plasmas 

• hit Earth’s atmosphere 

• generate hadronic & e.m. showers



cosmic rays & atmospheric leptons 



‣ all-flavor searches: νμ, νe & ντ 

‣ through-going up-ward µ’s & 
HE down-ward µ’s

μ

νμ

searching for neutrinos 
background rejection



‣ all-flavor searches: νμ, νe & ντ 

‣ through-going up-ward µ’s &   
HE down-ward µ’s 

‣ contained cascades

searching for neutrinos 
background rejection

μ

νe,τ

νe,τ



searching for neutrinos 
background rejection

μ

ν

ν

‣ all-flavor searches: νμ, νe & ντ 

‣ through-going up-ward µ’s &   
HE down-ward µ’s 

‣ contained cascades 

‣ HE starting events + self-veto 
& outer-veto



low energy neutrinos 
Super-Kamiokande

1 GeV 10 GeV 100 GeV

P(νμ→νμ)
vertically up-going events (L ~ 13,000 km)

~0.5 GeV ~0.5 GeV

~3 GeV ~3 GeV

~100 GeV~10 GeV



low energy neutrinos 
IceCube79 - DeepCore

2013Phys. Rev. Lett. 111, 081801
large volume → VETO

two-flavor 
oscillations

De
ep

Co
re

IceCube



~0.5 GeV ~0.5 GeV

~2 GeV ~2 GeV

~100 GeV~10 GeV

P (⌫µ ! ⌫µ) = 1� sin2(2✓23) sin2

✓
1.27

�m2
23 L

E⌫

◆

low energy neutrinos 
Super-Kamiokande



low energy neutrinos 
IceCube79 - DeepCore

P (⌫µ ! ⌫µ) = 1� sin2(2✓23) sin2

✓
1.27

�m2
23 L

E⌫

◆

2013



low energy neutrinos 
IceCube - 3 years

2015Phys. Rev. D 91, 072004

P(
ν μ
→
ν μ

)

1 GeV 10 GeV 100 GeV

energy 
resolution 

~0.2 Log(E)

5174 observed events 
6830 expected events 

in 953 days



low energy neutrinos 
IceCube - 3 years

2015Phys. Rev. D 91, 072004

P(
ν μ
→
ν μ

)

1 GeV 10 GeV 100 GeV

energy 
resolution 

~0.2 Log(E)

�m2
23 = 2.72+0.19

�0.20 ⇥ 10�3 eV 2

�m2
23 = �2.73+0.18

�0.21 ⇥ 10�3 eV 2

sin2 ✓23 = 0.53+0.09
�0.12

sin2 ✓23 = 0.51+0.09
�0.11

NH

IH



high energy muons 
pointing calibration and …

2014Phys. Rev. D 89, 102004IceCube-40+59



high energy muons 
pointing resolution and angular resolution

2014Phys. Rev. D 89, 102004IceCube-40+59

geomagnetic 
deflection

moon’s shadow

ang. res. = 0.63◦ ± 0.04IC59



high energy muons 
DOM calibration with muons

2014JINST 9, P03009IceCube calibrations

• minimum ionizing quasi-horizontal muons 

• energy-independent losses in the ice 

• single p.e. detected by DOM optical sensors 

• absolute charge measurement 

• DOM sensitivity measurement



high energy muons 
DOM calibration with muons

2014JINST 9, P03009IceCube calibrations

• charge distribution of PMTs 

• single p.e. peak from minimum ionizing muons 

• 0.2 p.e. trigger threshold 

• HLC less likely to be from noise



high energy neutrinos and muons high energy neutrinos 
up-ward through-going νμ+νμ

2009Phys.Rev.D79:102005

2010Astropart.Phys.34:48-58
2011Phys.Rev.D83:012001

AMANDA

IceCube-40

• high quality through-going muons 

• energy spectrum smoothly merge with 
“low energy” determinations 
(Super-Kamiokande, Fréjus) 

• first time high energy atmospheric 
neutrinos



IC40

high energy neutrinos and muons 
high energy neutrinos 

up-ward through-going νμ+νμ
2009Phys.Rev.D79:102005

2010Astropart.Phys.34:48-58
2011Phys.Rev.D83:012001

AMANDA

IceCube-40



2015Eur. Phys. J. C75, 116IceCube-59

2009Phys.Rev.D79:102005

2010Astropart.Phys.34:48-58
2011Phys.Rev.D83:012001

AMANDA

IceCube-40

high energy neutrinos and muons 
high energy neutrinos 

up-ward through-going νμ+νμ



Eur. Phys. J. C75, 116IceCube-59

high energy neutrinos and muons M. Börner high energy neutrinos 
up-ward through-going νμ+νμ

ICRC 2015

Poster 3

2015



high energy neutrinos and muons M. Börner high energy neutrinos 
up-ward through-going νμ+νμ

ICRC 2015

Poster 3

Eur. Phys. J. C75, 116IceCube-59 2015



high energy neutrinos and muons 
contained νe+νe

2015arXiv:1504.03753 (PRD)IceCube-86

track-like cascade-like



high energy neutrinos 
flavor composition

νμ

νeντ

conventional

prompt

astrophysical

Fedynitch et al. arXiv:1503.00544 - Sibyll 2.3RC1 - H3a CR composition

Phys. Rev. D91 12, 122004IceCube-86 2015

conventional prompt

(⌫e : ⌫µ : ⌫⌧ ) ⇠ (1 : 1 : 1/10)

(⌫e : ⌫µ : ⌫⌧ ) ⇠ (1 : 20 : 0)



high energy leptons 
correlation with stratospheric temperatures

temperature data from NASA AIRS 
instrument on board the Aqua satellite

Teff (Ei, ✓) =
R

dEi

R
dX ✏(Ei, ✓)Pµ(Ei, ✓,X) T (✓,X)R

dEi

R
dX ✏(Ei, ✓)Pµ(Ei, ✓, X)

Pµ(Ei, ✓, X)

↵th
T (✓) =

T · @
@T

R
dEi �i(Ei, ✓) ✏(Ei, ✓)R

dEi �i(Ei, ✓) ✏(Ei, ✓)

�R
i

hR
i

i = ↵exp

T

�T
eff

hT
eff

i
�Ii

hIii
= ↵th

T
�Teff

hTeff i

PD et al., ICRC 2011

↵µ,exp

T

= 0.860± 0.002(stat.)± 0.010(syst.)



high energy leptons 
correlation with stratospheric temperatures

νµ

ICRC 2013



high energy leptons 
K/π ratio

↵th
T

↵exp

T

 (GeV)s
1 1.5 2 2.5 3 3.5

 ra
tio

p
K/

0

0.05

0.1

0.15

0.2

0.25

NA49 (Pb+Pb)
+p)pE735 (

)+p/+STAR (Au+Au, K
)-p/-STAR (Au+Au, K

)
atm

MINOS (p+A
)

atm
IceCube Preliminary (p+A

ICRC, Beijing 2011

experimental systematics under 
strict control



high energy leptons 
correlation with stratospheric temperatures

 (GeV)s
1 1.5 2 2.5 3 3.5

 ra
tio

p
K/

0

0.05

0.1

0.15

0.2

0.25

NA49 (Pb+Pb)
+p)pE735 (

)+p/+STAR (Au+Au, K
)-p/-STAR (Au+Au, K

)
atm

MINOS (p+A
)

atm
IceCube Preliminary (p+A

ICRC, Beijing 2011

↵th
T (✓) =

T · @
@T

R
dEi �i(Ei, ✓) ✏(Ei, ✓)R

dEi �i(Ei, ✓) ✏(Ei, ✓) PD, Gaisser 2010

• indirect probe into K/π ratio 

• prompt particles (charm) decay fast 

• do not correlate with temperature



high energy leptons 
charm production

PD, Gaisser 2010 charm contribution from RQPM 
model (Bugaev et al. 1998)

↵th
T (✓) =

T · @
@T

R
dEi �i(Ei, ✓) ✏(Ei, ✓)R

dEi �i(Ei, ✓) ✏(Ei, ✓)

conventional

prompt

fast decay of charm mesons 
no sensitivity to air density 
no temperature correlation

high energy μ’s and ν’s from charm decay not 
sensitive to temperature variations 

astrophysical neutrinos as well 

complications from muon multiplicity



IC40×2

high energy leptons 
charm production

PD, Gaisser 2010



‣  2×108 µ/day → 220-430 µ/day 

‣         decreases 10-30% for Eµ > 100 TeV 

‣  10 years of HE muon data

↵th
T

muon multiplicity modifies temperature 
correlation (ICRC 2013) 

need to evaluate the energy of 
individual muons in the bundle 

→ single muons

high energy leptons 
charm production

PD, Gaisser 2010



IC40×2 → IC86 ~ 4.8×IC40

38400
14160
840

40800
15120
1080

‣  100 ν/day → 2-3 ν/day          

‣          decreases 20% for Eν > 30 TeV 

‣ long time to accumulate enough statistics

↵th
T

astrophysical neutrinos do not correlate 
with atmospheric temperature 

neutrinos produced in larger portion 
of Earth’s atmosphere 

small event statistics

high energy leptons 
charm production

PD, Gaisser 2010



high energy muons 

P. Berghaus

 T. Karg

ICRC 2015



minimum ionizing minimum ionizing stochastic energy losses

P. Berghaus

high energy muons 
 T. Karg

ICRC 2015



2015arXiv:1506.07981 (ApP)IceCubemultiple muons

high energy muons 
 T. Karg

ICRC 2015



Fedynitch, Becker-Tjus, PD 2010

neutrinos muons

hadronic interaction models 



non-standard physics 
νμ disappearance to sterile neutrino

ICRC 2015IceCube-59



in normal hierarchy 
large effect on anti-ν

non-standard physics 
νμ disappearance to sterile neutrino

 M. Wallraff
ICRC 2015

Wed 5/8



non-standard physics 
non-standard oscillations

AMANDA 2013Phys. Rev. D79, 102005

J. Kelley

standard 
oscillations

violation of 
Lorentz invariance

90% CL

99% CL
SK+K2K 90% CL

IceCube 10 yrs 90% sens.


