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Two styles of detections

IceTop 
Greater Acceptance (more events)

Energy sensitivity from shower size 
(model assumed)

Uses low energy muons (<300 
GeV)

IceTop+InIce in coincidence 
Energy loss profile (high-energy, >300 GeV, 
muons penetrating deep inside the ice)

Energy and composition sensitivity (high-
energy µ are relics from firsts interactions)


…but less events
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IceTop

Energy conversion functions:

Using Monte Carlo simulations (and assuming 

a composition model)

Find most likely energy within each slice of 
S125 (signal @ 125 m from shower core)

Do separately for 4 zenith angle ranges 
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IceTop

Energy conversion functions:

Using Monte Carlo simulations (and assuming 

a composition model)

Find most likely energy within each slice of 
S125 (signal @ 125 m from shower core)

Do separately for 4 zenith angle ranges 

1 “VEM” = “Vertical Equivalent Muon” 
the amount of charge deposited by a single 
muon going straight down through a tank. 

Snow Corrections applied 
S125 measurement

Zenith reconstruction
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IceTop + InIce

Muon energy loss at 1500 m into the ice


Number of large stochastic losses: peaks 
above 2 different thresholds 

(standard and weak)

IceTop+InIce in coincidence 
Energy loss profile (high-energy, >300 GeV, 
muons penetrating deep inside the ice)

Energy and composition sensitivity (high-
energy µ are relics from firsts interactions)


…but less events
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Muon energy loss at 1500 m into the ice


Number of large stochastic losses: peaks 
above 2 different thresholds 

(standard and weak) 
 

Composition-sensitive observable
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IceTop + InIce

Proton
Iron

IceTop+InIce in coincidence 
Energy loss profile (high-energy, >300 GeV, 
muons penetrating deep inside the ice)

Energy and composition sensitivity (high-
energy µ are relics from firsts interactions)


…but less events
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Analysis
Trained with Monte Carlo

Applied event by event

Energy and Mass to be considered only as distributions
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Energy…
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Energy Spectrum from IceTop (alone)

Results from 3 individual years 
consistent with each other 
(This assumes fractions of 

nuclei – p, He, O, Fe – drawn 
from the H4a composition 

model) 

Main systematic effects:

Snow attenuation effects

Absolute scale of IceTop 
energy 
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Energy Spectrum IceTop VS IceTop+InIce
Good agreement between the energy 

spectra of both analyses methods  
 

Smaller energy range than IceTop alone 
due to constrains for the coincidence 

analysis, i.e. smaller statistics
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Energy Spectrum IceTop VS others

Overall good 
agreement of with 
results from other 

experiments 

Good agreement between the energy 
spectra of both analyses methods  

 
Smaller energy range than IceTop alone 

due to constrains for the coincidence 
analysis, i.e. smaller statistics
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…and mass
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Mass reconstruction
Event-by-event classification of mass types is not possible 
Analyse mass as a function of energy on statistical bases 

KDE templates: 
Monte Carlo data converted into template of Probability Density Functions’ (PDF) for each 
primary in each energy bin 

Used adaptive Gaussian kernel width to preserve characteristic features of neural net 
output 
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Mass reconstruction: example on Data

PDFs from KDE templates used in extended Likelihood analysis: 
Data in each energy bin are fitted with corresponding weighted sets of templates 

Weights correspond to a mass fraction

Stronger correlation between neighbouring primaries 
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Detector Systematic Uncertainties  

Considered for in systematic offsets on flux and ⟨ln A⟩ 
Snow, InIce light yield and energy scale uncertainty
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Hadronic Systematic Uncertainties 

Scaling data according to differences in detector response due to interaction models result in 
uncertainty region in the flux and the ⟨ln A⟩
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Mass Composition of the flux
IceCube results IceCube VS others

Overall good agreement up to 100 PeV 
with the composition results from most 

other experiments

Inside statistical and systematic 
uncertainties good agreement with 

models 
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But… the models?
Energy loss of HE muon bundle in IceCube


at slant depth of 1500 m 
(previously seen: here with larger binning)

Slope of LDF at 125 m from shower axis 


Sexp(R) = Sref

⇣
R

Rref

⌘��� log10

⇣
R

Rref

⌘

<latexit sha1_base64="+pTNhwSEP1swKvJukRc1Mq7kGGg="></latexit>

dE/dX1500 sensitive to #HE muons 
reaching InIce detector 

Iron showers more muon rich than proton 
showers 

β sensitive to shower age and muons far 
from shower axis 

Iron showers develop faster and are more 
muon rich than proton showers 
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Energy loss of HE muon bundle in IceCube
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Slope of LDF at 125 m from shower axis 
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dE/dX1500 sensitive to #HE muons 
reaching InIce detector 

Iron showers more muon rich than proton 
showers 

β sensitive to shower age and muons far 
from shower axis 

Iron showers develop faster and are more 
muon rich than proton showers 

Both must give a comparable mass 

composition reconstruction! 
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…are they?
Using dE/dX1500 or 
β in the analysis 

with everything else 
unchanged, their


must be compatible!


QGSJet-II.04, 
Sibyll2.3 are in 
good agreement

EPOS-LHC in 2σ 
(at low S125)

Sybill2.1 not 
much


Sibyll2.3 and 
QGSJet-II.04 have 

better internal 
consistency

data� p

Fe� p
<latexit sha1_base64="KHxaXk2+YMrEYjCkxVtUggQMHDc="></latexit>
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@ 3 PeV, 0° ≤ θ < 18°
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EM signals dominate near the core 
of the shower. 

At larger distances, the EM 
component weakens, and signals 
from single muons become visible

Muon “thumb”

Non-muon 
distribution

Lateral Signal Distribution 
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Muon component (single VEM’s, modulated by geometry

~EM component (power law + threshold behaviour)

Background from accidental coincidence hits

EM signals dominate near the core 
of the shower. 

At larger distances, the EM 
component weakens, and signals 
from single muons become visible

One distribution for every energy bin

Histogram (S/VEM distribution) for 
every slice of distance (r)

Lateral Signal Distribution 
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@ 3 PeV, 0° ≤ θ < 18°

Lateral Signal Distribution 
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EM signals dominate near the core 
of the shower. 

At larger distances, the EM 
component weakens, and signals 
from single muons become visible

One distribution for every energy bin

Histogram (S/VEM distribution) for 
every slice of distance (r)

Muon component (single VEM’s, modulated by geometry

~EM component (power law + threshold behaviour)

Background from accidental coincidence hits
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@ 3 PeV, 0° ≤ θ < 18°
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Muon component (single VEM’s, modulated by geometry

~EM component (power law + threshold behaviour)

Background from accidental coincidence hits

EM signals dominate near the core 
of the shower. 

At larger distances, the EM 
component weakens, and signals 
from single muons become visible

One distribution for every energy bin

Histogram (S/VEM distribution) for 
every slice of distance (r)

Lateral Signal Distribution 
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Lateral Distribution Function
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Each dot is a the result of a vertical slice histogram 
Find the muon density ρµ at two reference distances:


600m and 800m

600 800
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Comparison with models
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Results with systematic uncertainties (squared caps)

in comparison with for three composition models commonly used of the primary flux


Sibyll2.1 seems the most consistent, while EPOS-LHC the most off.
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Cosmic Rays anisotropy

There is an evolution of the anisotropy with the energy

Large Scale:


Flip between 130 and 240 TeV: not fully understood

density gradient of cosmic rays due to stochastically distributed sources?


Change in the phase of the anisotropy between TeV and PeV energies could indicate a 
shift of the sources from the Orion arm to the Galactic center


Small Scale: 
Isotropically turbulent interstellar magnetic field
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IceCube-Gen2 on the surface (Cosmic Rays)
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(In the IC86 area)

Scintillator above IceTop (IceTAXI/μDAQ) 
particle counting(/veto) above IceTop

better snow absorption studies

Radio Antenna array 
longitudinal profile of the EAS

direct energy/mass related observables

IceACT 
IACT detector


direct Cherenkov 
light: mass/ 

direction 
observables
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(In the IC86 area)

Scintillator above IceTop (IceTAXI/μDAQ) 
particle counting(/veto) above IceTop

better snow absorption studies

Radio Antenna array 
longitudinal profile of the EAS

direct energy/mass related observable

IceACT 
IACT detector


direct Cherenkov 
light: mass/ 

direction 
observable

Poss
ible configuratio

ns

PoS(ICRC2017)1055
IceAct for IceCube-Gen2 Jan Auffenberg

the detectable neutrino flux.

• A large duty cycle is needed for a surface veto detector to detect as many astrophysical events
as possible.

• The number of detectable astrophysical events increases linearly with the azimuthal coverage
of a surface array. With increasing declination the length of the active Volume (ice) increases.
Thus a neutrino will more likely interact with increasing declination and produce a signal in
the in-ice detector. In the vertical case, only the ice directly above the detector (about a factor
of 2.5) is gained, while e.g. in the direction of the Galactic Center (declination q = 61�) the
active volume is already about six times larger.

• The detection system has to be easy to deploy and operate.

Figure 2: Add on Array for IceTop. The blue region
indicates the footprint of IceTop. Each 7 connected
hexagons build one station of 7 telescopes. Each tele-
scope looks in a different direction of the sky, open-
ing in total a field of view of 18�. The colors of
the different telescopes (hexagons) indicate the impor-
tance of the telescope. Deep green telescopes shield
> 50 optical modules of from IceCube deep in the ice
from cosmic ray signals (see the right Figure 2). The
light green telescopes cover between 10 and 50 opti-
cal modules. The red telescopes cover less than 10
telescopes. The white telescopes are not needed.

The most obvious option for a surface
veto are particle detectors which measure the
Cherenkov- or scintillation light produced in
an enclosed active volume [9]. First simula-
tions based on shower parameterizations un-
derline the importance of large detection vol-
umes and sensitivity to the electromagnetic
and the muonic component of the air shower
[10]. Uncertainties from intrinsic fluctua-
tions in the air-shower front at the surface in
this case are of primary importance in deter-
mining the veto efficiency and its energy de-
pendence.
In the following, an array of small imaging
air Cherenkov telescopes is discussed as an
alternative detection method which uses the
atmosphere as the active volume. First we
discuss an estimated air Cherenkov telescope
array and the technical properties of imaging
air Cherenkov telescopes needed for a sur-
face veto detector. After that, a 61 pixel Ice-
Act prototype telescope that has been built
for the South Pole is described. In addition,
we show first data that was taken with a 7
pixel IACT demonstrator at the South Pole
in coincidence with IceCube.

2. Criteria for an air Cherenkov
veto array at the South Pole

In the following we will briefly discuss
the motivation and required properties of possible IceAct arrays that could be operated at the South

2



Latest results from IceTop – A. Porcelli 04/10/2019 – COSPA

Outlook
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Evolution of CR energy spectrum and mass composition is 
studied

Composition is getting heavier with increasing energy up to 108 GeV

Individual spectra shown in the energy range from 106.5 – 109 GeV 


Agreement with cosmic ray composition models and fits

…but not yet a clear depiction of the hadronic interaction models 


Good agreement with results of other experiments up to 108 GeV  


What’s next 
Improve the analysis and systematic uncertainties

Improved detector systematics

Improved simulations, reconstruction, hadronic interaction models

New observables such as arrival time resolution or the snow absorption 


IceCube-Gen2: arrays of scintillators, IACTs, Radio Antennas



THANK  YOU
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BACKUPS
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Snow Accumulation
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Energy resolution

Bias: ~0 
Resolution: best between 10 and 300 PeV
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Energy resolution

Position/Direction 
Performance

Bias: ~0 
Resolution: best between 10 and 300 PeV  
worsening in regions where position/direction 
resolution suffers (misreconstructions) 
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Position/Direction Performance
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Each dot is a the result of a vertical slice histogram 
Find the muon density ρµ at two reference distances:


600m and 800m

Lateral Distribution Function

45

Correction factors 
ρ/ρTRUE using Sibyll2.1 (em1/2 are 

max/min changes varying the 
models; realistic CR flux using 

weighted with H4a model)


Error bands include statistical, 
composition and EM model 

uncertainties

600 m

800 m

600 800
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Resulting Muon density
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ρμ should range between p and Fe. EPOS-LHC seems off


