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The IceCube Neutrino Observatory

» IceCube

>

>

>

Located at geographic South Pole
~ 1km? instrumented volume

86 strings with 5160 digital

optical modules (DOMs)

Depths between 1450 m and 2450 m

» Trigger rate of ~ 2.15kHz, mainly

atmospheric muons (E, > 400GeV)

» IceTop

v

>
>
>

~ 1km? surface array

Atmospheric depth ~ 690 g/cm?

162 ice Cherenkov tanks in 81 stations
2 DOMs per tank

— CR air shower measurements!

™
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The IceCube Neutrino Observatory

> IceCube e
» Located at geographic South Pole HighVotage Ganraer & - o
» ~ 1km? instrumented volume e S —
» 86 strings with 5160 digital All | (B e
optical modules (DOMs) D —
» Depths between 1450 m and 2450 m
» Trigger rate of ~ 2.15kHz, mainly G‘“”’SS::E/
atmospheric muons (E, > 400GeV) ot

=~ Wooden lid

» IceTop 40
» ~ 1km? surface array 1

Atmospheric depth ~ 690 g/cm?

162 ice Cherenkov tanks in 81 stations

2 DOMs per tank

+-— Wooden structure

<~ Perlite

DOMs

v vy

110cm

Tank

90cm

Ice

| Diffusely reflective liner
(Tyvek/Zirconium)

— CR air shower measurements!

+— Insulation foam

182cm



Cosmic Ray Physics with IceCube

and IceTon

» IceTop
» Electromagnetic and muonic signal
(Ey ~1GeV, “GeV muons”)
» Shower axis reconstruction
» Cosmic ray energy estimator

» IceCube
» Muon tracks/bundles in the ice
(Eu 2 400 GeV, “TeV muons”)
» Track reconstruction

» Deposited energy along the track dE/dX

— 3-dimensional cosmic ray detector!

primary
cosmic ray

electromagnetic
component

GeV muons

surface — 2835 m.asl

1450 m

2450 m



Cosmic Ray Spectrum

v

IceTop data with > 5 stations hit
Lateral Distribution Function (LDF)

—B—r-l 125
S()=S1zs - (mhs)
Simultaneous fit of shower front curvature

Energy proxy Sias: signal at r = 125 m
in Vertical Equivalent Muons (VEM)

Snow depth taken into account

Conversion function S5 — F(S125)
based on CORSIKA MC (Sibyll 2.1,H4a)

Quality cuts & efficiency correction
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Cosmic Ray Spectrum

-

» Simultaneous fit of shower front curvature

> IceTop data with > 5 stations hit ~ Pure Protons, cos6>0.95
g 35
» Lateral Distribution Function (LDF) 2 5
—B—k-logo(r/125m) U‘i’sz.s
S(r)=8125 - (1257) b g,
5
1

o
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> Energy proxy Siss: signal at r = 125 m
in Vertical Equivalent Muons (VEM)
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o
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» Snow depth taken into account

o

» Conversion function Sy25 — F(S125)
based on CORSIKA MC (Sibyll 2.1,H4a)

> Quality cuts & efficiency correction



Cosmic Ray Spectrum

» Data from June 2010 to May 2013

Log(E/GeV)
107 6.5 7.0 7.5 8.0 8.5 9.0

> ~ 5.1-107 selected events

> Detector systematics
» Snow accumulation

> Energy scale S R

v

[GeV2om~2s1sr~1]

Agreement between years

i

o
. . <
» Agreement with previous results “lg
(e.g. IceCube, Phys. Rev. D 88 (2013)) W
¥  IceTop(H4a) 2010
§  IceTop(H4a) 2011
¥ IceTop(H4a) 2012
10% &

IceTop(H4a) 3 years
IceTop Syst.

107 108 10°
Energy in GeV

IceCube, Phys. Rev. D 100 (2019)



Cosmic Ray Spectrum
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Low energy extension

Dedicated infill trigger: > 2 stations hit
LDF fit not feasible

— Random Forest Regression

3 steps
» Core position
» Direction
» Energy

Training/testing uses CORSIKA MC
(Sibyll 2.1,H4a)

Quality cuts & efficiency correction

Iterative Bayesian unfolding
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Cosmic Ray Spectrum

v

~ 7.4 -10° selected events

v

v

Detector systematics
» Mass composition
» Unfolding
» Efficiency correction
» Pressure correction

v

Agreement in overlap region

Data from May 2016 to May 2017

dn

din EdAdQdi

[m—2sr—ts1]

10*
10°
10
107
108
10°
10—10
10-11
10-12

10—13

$1 3-year IceTop

e W this work [Sibyll 2.1]
—
-—
h
.,
o

50 55 60 65 70 75 80 85 90

Primary Energy log,(E/GeV)

IceCube, Phys. Rev. D 102 (2020)



Cosmic Ray Mass Composition

» IceTop & IceCube data
» Events with > 5 hit stations, > 8 in-ice hits
> Mean muon number
N,.(E,A) x A-(E/A)’ |, ~09
» Energy E from IceTop
» Muon number proxy from IceCube
— Mass number A

> Similar concepts apply for PeV gamma ray
searches (IceCube, Astrophys.J. 891 (2020))




Cosmic Ray Mass Composition
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Cosmic Ray Mass Composition

» Artificial Neural Network g 1
» Template PDFs are obtained from CORSIKA MC g i
for 4 mass groups (H, He, O, Fe) ‘ |
» Template fits to data distributions for each energy bin ’ﬂ\ .IIJ
A
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Cosmic Ray Mass Composition

» Data from June 2010 to May 2013 65 70 7 £00(E/GeV), es 00
> ~ 7.3-10° selected events
> Detector systematics T
» Snow accumulation T T 1151 SR NLEEE TSI
T HHOH p— !
» Energy scale £ T -
. . . > 1
> In-ice light yield 8 ! }
. §§ $  Nominal(Sibyll2.1)
> Agreement with IceTop-alone spectrum | ¢ onevien-asw
. . - + | Light yield +9.6%
and with previous results N I e
Energy scale 3%
» Mass spectrum highly dominated by 10%) ¢ Eneray scae 1%
in-ice light yield uncertainties 107 150 100

Energy in GeV

IceCube, Phys. Rev. D 100 (2019)



Cosmic Ray Mass Composition

» Data from June 2010 to May 2013 65 70 75995V 85 90
4.0
> ~ 7.3-100 selected events as
> Detector systematics 3.0 L : EEE e J
» Snow accumulation . e 0 L ‘
» Energy scale = NN ARtEE ‘ ]
» In-ice light yield 2
. 1.5 T §  Nominal(Sibyll2.1)
> Agreement with IceTop-alone spectrum + Light yield -12.5%
. . L+ |Light yield +9.6%
and with previous results v ¢ [srowi +ozm
0.5 Energy scale -3%
» Mass spectrum highly dominated by Akt i
0.0 107 108 10°

in-ice light yield uncertainties _
Energy in GeV

IceCube, Phys. Rev. D 100 (2019)



Cosmic Ray Mass Composition

» Hadronic interaction models 75096V,

10785 7.0 85 9.0
» Sibyll 2.3
> QGSJet-11-04
» EPOS-LHC T

> Limited statistics (10%) and H/Fe only ~:

> Repetition of full analysis with these :E

MC simulations not possible

an
GEGAdaGT

E30

» Instead, uncertainty estimates are

. . §  Nominal(Sibyll2.1)
derived based on the differences 08| st
observed in Sy95 and dE/dX QGsje-0s scalpd
107 108 10°

Energy in GeV

— Interpretation of results in the context of hadronic models not possible

IceCube, Phys. Rev. D 100 (2019)



Cosmic Ray Mass Composition

» Hadronic interaction models 65 7.0 7.409E/GV), 85 9.0
» Sibyll 2.3 O e
» QGSJet-11-04 351 25 acainonsesied
» EPOS-LHC 3.0

> Limited statistics (10%) and H/Fe only 25

> Repetition of full analysis with these
MC simulations not possible 15

» Instead, uncertainty estimates are
derived based on the differences 05
observed in Sy95 and dE/dX 00

107 108 10°
Energy in GeV

— Interpretation of results in the context of hadronic models not possible

IceCube, Phys. Rev. D 100 (2019)



Cosmic Ray Mass Composition
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Cosmic Ray Mass Composition
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Density of GeV Muons in IceTop

r/m
20 50 100 200 500

3.0

v

IceTop data only, including single hit tanks

25 339mi 646 m

v

At large distances structure around 1 VEM

2.0

v

Caused by single muons ( “muon thumb”)

v

Signal model
» Electromagnetic component
» Muon component
» Uncorrelated background noise

log10(S/VEM)

v

Fits for several energy bins and radial distances
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Density of GeV Muons in IceTop

> IceTop data only, including single hit tanks

Sips =~ 11 VEM  sec(@)=~ 1.0 ... 1.05 T OO M total
) 2000 —
> At large distances structure around 1 VEM non-
bkg
» Caused by single muons (“muon thumb”) 1500
Q
. -
» Signal model 2 000
» Electromagnetic component
» Muon component 00
» Uncorrelated background noise
> Fits for several energy bins and radial distances 9o o oo " o

log10(S/VEM)



Density of GeV Muons in IceTop

» Data from May 2010 to May 2013

100

> ~ 1.8-107 selected events 3 3 % 3 3 % 3
<+ el o (=] (=) o S <
. . T8 83 = 2 8 R 3
> Muon density p,, is given by the muon 10 4
number per tank area «
|
» Systematic uncertainties E{ 102
» Snow accumulation S
» Energy scale .
. e D
» Electromagnetic model 1073 secO=[1.00,1.05] ":::‘-
- 0~13° (N
» Correction factor IceCube Preliminary
2x 102 3x10% 4x10>  6x10* 103
» z-parameter m

log(pu)—1og(ppu,p)
log(pu,re)—log(pu,p)

7=
Paper in preparation

» Studies of hadronic interaction models See also J. Gonzalez, EPJ Web Conf. 208 (2019)



Density

of GeV Muons in IceTop
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» Cross-calibration
hadronic models
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of experimental data can change the interpretation in the context of
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IceCube/HAWC All-Sky Anisotropy

» IceCube
» Dedicated cosmic ray event Y
. . 5 ATATATRA T -
selection* of in-ice data T ARRRARRRT
: o T | RERARTRREAY
» Angular resolution: ~ 3 §ol TeoARAERARL
. £ Wi e O TARRY
» Median energy: ~ 10 TeV S| BRRRE Waun
» HAWC Observatory
. . 150|
» Located at Sierra Negra, Mexico W w W
x [meter]
> ~4100m a.s.l. 102
—— HAWC
» 300 water Cherenkov tanks JeeCube
10! 7 HAWC (energy cut)
» 4 PMTs per tank g lceCube (onergy cut
» Dedicated cosmic ray event selection™ & [J717
» Angular resolution: ~ 0.4° g
10
> Median energy: ~ 10 TeV E.
.
*For details see °
IceCube & HAWC, Astrophys. J. 871 (2019) .
=1.0 =0.5 0



IceCube/HAWC All-Sky Anisotropy

» IceCube data from May 2011 to May 2016 (~ 2.8 - 101! events)
» HAWC data from May 2015 to May 2017 (~ 2.8 - 1019 events)

» Relative intensity map at 10 TeV
IceCube & HAWC, Astrophys. J. 871 (2019)

| —— ]
2 Relative Intensity [10%] 2



IceCube/HAWC All-Sky Anisotropy

. . . . 5180° 45° 20° 10° 5°
» Decomposition in spherical harmonics ¢ ' T WG iecoune
° i IceCube
— Angular power spectrum 1004 i HAWC
‘
» Individual measurements show 107} e
differences due to partial sky coverage & .
10°® °
m A
» All-sky measurement removes these Y
. ]
10° - POrFs
biases of the power spectrum [ e iiy %_ iéé ae
» Noise level dominated by limited 1010 — e g,
statistics for HAWC 0 > 10 v 20 25 30

IceCube & HAWC, Astrophys. J. 871 (2019), 96.



IceCube/HAWC All-Sky Anisotropy

» Subtraction of the fitted multipole components with ¢ < 3

» Small-scale structures correspond to large gradients, aligned with features
in the local interstellar magnetic field (LIMF) and heliosphere

> Inferred direction of LIMF (compatible with independent observations)

» Estimate of North-South dipole component
IceCube & HAWC, Astrophys. J. 871 (2019)

| aa— ]
-1 Relative Intensity [107%] 1



IceCube/HAWC All-Sky Anisotropy

» Dipole amplitude
A=(1.17 £0.01) - 103
> Dipole phase
a = (38.4+0.3)°
» Systematic uncertainties

AA~0.006-10"3
Ao ~ 2.6°

> Also previous measurements
from IceCube and IceTop

IceCube, Astrophys. J. 826 (2016)
IceCube, Astrophys. J. 765 (2013)
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Summary & Outlook

» IceCube and IceTop are perfect facilities for cosmic ray measurements

>

» Energy spectrum and mass composition
» Anisotropy studies

» Muons and air shower physics
>

Dedicated calibration devices will reduce in-ice
uncertainties

Scintillator array
Radio array
Cherenkov telescopes

Improved analysis methods

|

see also F. Schroder, PoS(ICRC2019)418 (2020)
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Cosmic Ray Spectrum

Snow depths
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Cosmic Ray Spectrum

o
N
5

o
[

IceTop-alone

o
o
G

o

. e

-0.05

bl
a

—=e— ¢0s60.80 - 0.85;
c0s6 0.85-0.90
c0s60.90 - 0.95
cosB > 0.95

o
O i
[N

o)-IOglo(Ewue) Mean of IOglo(Eveco)'mgio(Etrue)

0.08
0.06
7 0.04

3

o
o
N

o of log (Ere

6.5 7 7.5 8 85 9
Iogm(E /GeV)

reco



Cosmic Ray Spectrum
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Cosmic Ray Spectrum
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Cosmic Ray Spectrum

Systematic Uncertainty [%]
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Cosmic Ray Spectrum
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Cosmic Ray Mass Composition

Core resolution [m]
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Cosmic Ray Mass Composition

® Bestfit value
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IceCube Preliminary

—— SIBYLL2.1
— = SIBYLL23
—=—- EPOS-LHC
== QGSJet-11.04

Fe

Density of GeV Muons in IceTop

10!

10°

E/PeV



Density of GeV Muons in IceTop
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Density of GeV Muons in IceTop

MC self-consistency check (proton/iron)

Pulpu(p. SIBYLL2.1)
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Density of GeV Muons in IceTop

Correction factor (proton/iron)
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IceCube/HAWC All-Sky Anisotropy
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IceCube/HAWC All-Sky Anisotropy
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IceCube/HAWC All-Sky Anisotropy

25 1D projection of adjacent § bins

Relative Intensity [107%]

—4— IceCube (-22°:-20°)

—#— HAWC (-21°:-19%)

350 300 250 200 150 100 50 0



	Introduction
	Introduction

	Spectrum & Composition
	Spectrum
	Mass Composition

	Density of GeV Muons
	Density of GeV Muons

	All-Sky Anisotropy
	All-Sky Anisotropy

	Summary & Outlook
	Summary & Outlook

	
	Appendix
	Backup


