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IceCube
an optical Cherenkov detector in the deep Antarctic ice

125 m string spacing

1.5 km

1 km

17 m DOM spacing

• Started full operation in 
2011 

• Wide energy range: ~30 
GeV neutrinos to PeV 
muons 

• Heavy CORSIKA users 
since ca. 2002
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CR, gamma, and neutrino detection
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• Earth stops 
penetrating 
atmospheric 
muons 

• Up-going muon 
tracks are 
neutrino events

• IceCube detects 
incoming muons 

• Starting events 
are neutrino 
events

Trickiest backgrounds: rare showers dominated 
by single high-energy muon or neutrino
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CORSIKA in IceCube

CORSIKA
Muon propagation

Air

Ice

Photon 
propagation (GPU)

1. Run CORSIKA showers to 2832 m asl 

2. Propagate muons to instrumented 
volume, simulation stochastic losses 

3. Propagate photons to DOMs 

4. Simulate detector response

IceCube detects ~1e11 air showers 
per year. We need to choose which 
showers to simulate. (Even with 
SIBYLL)
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Patrick Berghaus
Muon Multiplicity Spectrum
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High Energy Muon High Multiplicity Bundle

Muon Event Types in Volume Detector

Energy Spectrum follows Nucleons
-same as Neutrinos! 

Energy Spectrum follows Nuclei

Size: PMT Signal

Color: Time

≃ratio 1:10
for bright events

Patrick Berghaus, 2012

This is an interesting 
shower: 

• background to 
neutrino searches 

• tracer of forward 
physics

This is boring, and 
expensive to simulate 
(CORSIKA running 
time scales with 
multiplicity)

https://docushare.icecube.wisc.edu/dsweb/Get/Document-62498/mumultspec_pb_crgroup.pdf
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Simulating interesting showers

• Carefully tune injected energy spectrum & 
mass composition to avoid simulating 
excessively high-multiplicity showers. Only 
accounts for average shower behavior. 

• Sample from a parameterization of the  muon 
flux at depth (MUPAGE/MuonGun). 
Parameterization loses information for > 1 
muon.  

• Apply a known bias by aborting boring showers 
as quickly as possible. Used to require 
mucking about in CORSIKA internals 
(ICECUBE1 option from v7.50); now 
significantly easier with D. Baack’s dynamic 
stack.

µ

π

π
π
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Cor++: CORSIKA plug-ins in C++

Standard CORSIKA 

• Secondaries of each interaction to FIFO 
storage 

• Depth-first propagation 

• Minimizes in-memory size of shower 

DYNSTACK CORSIKA (since v7.57, June 2017) 

• Secondaries to custom storage  

• Can change propagation order, drop particles, 
stop the entire shower, gather statistics, etc. 

• Similar to Geant4 actions 

https://github.com/tudo-astroparticlephysics/Cor-PlusPlus
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Biasing scheme for single-like showers

• User specifies a target fraction of showers to accept (“bias factor,” e.g. 0.01) 
• Plugin uses the Elbert formula to pick a muon energy threshold for each shower

Vertical showers

• Shower is killed with a probability (always < 1!) based on the highest-energy muon in the 
shower 

• Kill probability increases monotonically with energy, so shower can be killed before the first muon 
is produced. 
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Demo: vertical proton showers

h�#H2 R, _mMMBM; iBK2b 7Q` mM#B�b2/ �M/ #B�b2/ bBKmH�iBQM Q7 p2`iB+�H- R S2o
T`QiQM b?Qr2`b rBi? aA"uGG kXj+- *P_aAE� dXe9X h?2 iBK2b T2` b?Qr2` �+@
+QmMi 7Q` �M B``2/m+B#H2 yX8 Kb Qp2`?2�/ 7Q` bBKmH�iBM; i?2 T`BK�`v BMi2`�+iBQM
�M/ r`BiBM; i?2 QmiTmi }H2X

a?Qr2`b "B�b 7�+iQ` EBHH2/ AMi2`�+iBQMb hBK2 T2` b?Qr2`
FBHH2/ +QKTH2i2

R29 R y Lf� Njd ReN Y yX8 Kb
R28 R2@k Nj88k 9y N89 ky Y yX8 Kb
R2e R2@9 NN3ded e 3ed k Y yX8 Kb

`mMbX Ai Bb bi`BFBM; ?Qr i?2 MmK#2` Q7 BMi2`�+iBQMb i?�i ?�p2 iQ #2 bBKmH�i2/
#27Q`2 i?2 FBHH /2+BbBQM Bb K�/2- �M/ i?mb i?2 �p2`�;2 `mMMBM; iBK2 T2` b?Qr2`-
/2+`2�b2b bi`QM;Hv rBi? /2+`2�b2/ #B�b 7�+iQ`X

h?2 mTT2` T�`i Q7 2�+? T�M2H BM 6B;m`2 k b?Qr i?2 /Bbi`B#miBQMb Q7 KmQM
#mM/H2 +?�`�+i2`BbiB+b 7Q` 2�+? Q7 i?2b2 j `mMb b2T�`�i2Hv- �M/ �HbQ +QK#BM2/
rBi? r2B;?ibX h?2 +QK#BM�iBQM r2B;?i 7Q` b?Qr2` i Bb ;Bp2M #v

wi =




∑

j

Njp�++2Ti,j(xµ,K�t,i)




−1

, U8V

r?2`2 Nj �M/ p�++2Ti,j �`2 i?2 MmK#2` Q7 b?Qr2`b �M/ �++2Ti�M+2 T`Q#�#BHBiv
7Q` `mM jX

h?2 HQr2` T�`i Q7 2�+? T�M2H b?Qrb i?2 `�iBQ Q7 p�`B�M+2 iQ K2�M BM 2�+? #BM-
r?B+? +�M #2 BMi2`T`2i2/ �b i?2 2z2+iBp2 HBp2iBK2 UBM mMBib Q7 b?Qr2`bV BM i?�i
#BMX 6Q` i?2 H2�/BM; KmQM 2M2`;v i?Bb `2~2+ib 2t�+iHv i?2 �++2Ti�M+2 T`Q#�#BHBiv-
�M/ i?2 `2/ +QK#BM2/ +m`p2 b?Qrb i?2 2z2+iBp2 �++2Ti�M+2 T`Q#�#BHBiv 7Q` i?2
+QK#BM2/ `mMbX h?2 Qi?2` BMi2`2biBM; };m`2 Bb i?2 bBM;H2M2bb b?QrM BM i?2 HQr2`
`B;?i T�M2H- r?2`2 i?2 �//BiBQM Q7 #B�b2/ `mMb bB;MB}+�MiHv BM+`2�b2b i?2 MmK#2`
Q7 bBKmH�i2/ b?Qr2`b r?2`2 i?2 p�bi K�DQ`Biv Q7 i?2 #mM/H2 2M2`;v Bb +�``B2/ #v
� bBM;H2 KmQMX h?Bb `2;BQM Bb i?2 KQbi BKTQ`i�Mi 7Q` #�+F;`QmM/b iQ M2mi`BMQ
b2�`+?2bX

8 6mim`2 rQ`F
aBM+2 i?2 1H#2`i 7Q`KmH� �++QmMib 2bb2MiB�HHv QMHv 7Q` KmQMb 7`QK TBQMb- i?2
#B�b2/ bBKmH�iBQM rBHH bB;MB}+�MiHv Qp2`b?QQi i?2 i�`;2i T�bbBM; `�i2 �i ?B;? 2M@
2`;B2b r?2`2 T`QKTi KmQMb #2;BM iQ /QKBM�i2 i?2 vB2H/ �i ?B;? xX h?Bb- 2{+B2Mi
bmTTQ`i 7Q` T`Q/m+BM; #B�b2/ M2mi`BMQb- +QmH/ #2 �//2/ #v T�`�K2i2`BxBM; vB2H/b
7`QK 2X;X J*1[ (9) 7Q` /Bz2`2Mi H2TiQM 7�KBHB2b �M/ T`Q/m+iBQM K2+?�MBbKb-
�M/ mbBM; i?Qb2 T�`�K2i2`b BM TH�+2 Q7 i?2 9y v2�` QH/ bi�M/�`/ +?QB+2bX

8



10

Demo: vertical proton showers
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Figure of merit: effective livetime/walltime

• Weight: simulated cosmic ray 
fluence / expected flux (1/s) * 
undersampling weight 

• Effective livetime: sum(w)/sum(w^2) 

• ~similar to integrated luminosity 

• Currently optimal biasing speeds up 
computation by a factor ~10
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Figure 4. Tests performed to determine the optimum undersampling factor. MuonFilter, Cascade-
Filter, and HighQFilter are di↵erent selections of events based on computations performed at the
South Pole that are intended to identify events likely to be neutrinos. A high factor will result in too
few showers making it to the photon propagation step, starving the GPU of photons. The left plot is
using a primary particle range from 30 TeV to 1 PeV, while the right plot is using 1 PeV to 10 EeV. Too
low of a factor will result in most of the CPU being spent on showers which don’t generate muons that
emit light in the detector volume. The vertical axes show the amount of simulation Livetime divided by
the amount of GPU time it takes to generate it; higher is better. A clear preference for a factor of 103 is
clearly seen in both energy ranges.

Table 1. Summary of improvements between old simulation and new parallel simulation. Completed
Walltime is defined as the Walltime of Completed Jobs divided by Walltime of Completed and Failed

jobs.

Old Chain New Chain
Time Per Shower 101µs 3.70µs
Memory/Core 7GB 1GB
Completed Walltime 60% 84%
GPU utilization 45% 80%

typical showers to fill out the phase space. A sample of weights is shown in the right side of170

Figure 3. Finding the optimum value for the undersampling factor is discussed below.171

While the above changes significantly reduce the amount of computation needed to prop-172

agate particles, a single CPU core will still struggle to produce enough showers to fully utilize173

the GPU. Since a typical cluster computing configuration has 4 or 8 CPU cores available for174

every GPU, we optimized our setup for these conditions. Parallelization is achieved by run-175

ning multiple instances of IceTray, each with their own generator and Proposal, but sharing176

a single photon propagator server. The more instances of IceTray, the easier it is to keep the177

GPU busy, but the less likely to get an available slot in the cluster. We tested parallelization178

by creating 1, 2, 4, 8, or 16 instances of IceTray, with 8 instances being optimal for our179

computing resources.180

In addition to the memory savings described above, parallel IceTray also distributes the181

memory resources across the allocated cores preventing exceeding memory limits. Since the182

amount of memory allocated for an event is highly stochastic, 8 instances sharing 8 GB of183

memory is significantly less likely to exceed the limit than 8 separate jobs that allocate 1 GB184

each.185

K. Meagher @ CHEP 2023

Optimized sampling

Natural-rate sampling
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Next steps

• Generalize! 

• Replace 1D bias with an ML model 

• Learn arbitrary target distributions 
(i.e. different event selections) 

• Investigate bias book-keeping in 
higher dimensions


