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Coswie Ray
| Simulations for

A stmulation package for e -
particle showers Ln the atmosphere. o R
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Neas = flux x aren x thme

> 100 ~3 Yrs
for <10% stat. ervor for a Php

High-energy astro particles are very rare.

Therefore, HUGE detection volumes (L.e. absorbers)
need to be tnstrumented

Natwral detectors:  atwosphere, < first target for
water particles from space
, ’ Le.  “Alr Showers”
Lee

doww stde: wo Longer the primary CRs are measured,

but thelr secondary reaction products (EAS),
from which properties of primary have to be deduced.



Schematic Shower Development

energy, particle type, direction 227

¢ p, N, T : wear shower axts
p

WU, ey : more wideLg spread

A

- e,y : from 1% dccakjs ~10 MeV
et 'Y | +
, T ' U : from 715 K, decays =1 gev

W’ Ne,y :Nu = 10-100 varying with
KPR A D core distance, energy, mass, O, ...

(1)
®
1

5

~1000 g/cm?
®

Details depend on:
hadronic and el.mag. particle production,
cross-sections, deca Yys, transport, ...
‘P . at energies from = 10¢ ... >102° eV
w
(far above man-made accelerators)
atwmosphere, Earth magwetic field, ...

C&F

Atmospheric Depth

Complex LwterpLa Y with ma ny correlations

v e*/

Electromagnetic Hadronic Muonic
Components




Bnergy Flow Ln BAS

Hadvrons provide energy for muonic and electromagnetic components.
one Wway street  for energy transfer tnto electromagnetic particles.
Details of energy transfer reactions do matter.



"Sumulations”
awnd
"Models”




Oxford English Dictionary:

Sitmulation:

“lmitating the behaviowr of some sttuation or process
by wmeans of a suitably analogous situation or apparatus”

Model:

“A stmplified or Ldealized description or conception of a particular
system, situation, or process, that is put forward as a basts for
theoretical or empirical understanding, or for caleulations,

predictions, ete.;
a conceptual or mental representation of something.”



Simulations

Large and complex problems can usually be dissected tn
smaller and stimpler, but Lwter—depewdewt, sub-problems.

Simulatlon: wumerical comvolution of ma nwy undividual,

but 'Lw’cer—olepewdcwt, parts to a greater ano more aompLex whole.
(“do on the computer what nature does”)

l‘f the sub-processes are kinown tn ALL detatls,

thew | the simulation produces the CORRECT result,
with all correlations, biases, selection effects .... '
®

even with new features emerging from the '
complex interplay of the sub-processes. *



Models

stmplified, conceptual

(‘f wot all details are known (L.e. most common case),
or it is tmpractical to do a full stmulation,

thewn “Models” of reality are used

(i.e. simplifications, assumptions, approximations, ...)

but “cutting cormers” comes at a cost:

The more stmplification - the easter to obtain a result, but
- the swmaller the “confidence Level”
- the wmore verification Ls neeoled

cructal : (s the model good enough (for the specific purpose) ?
whewn do stmplifications start to affect the results ?



In. Practice

- the precise ano complete stmulation of a complex problem.
may be Lmpossible (or at least very difficult).

- Usually, “Simulation” and “Model” are mixed L various degrees
find a good compromise:
The complexity of the problem should be reflected in
the complexity of the stmulations.

- LwterpLag between sub-parts (and emergence) still quaLLtatL\/eLa
correct, even if some of the tngredients are not right.



In atr showers ...

many Lwter—olepewolewt sub—prooesses (from 10° ... >102° eV)

to form \

OWE La V@ A/ V\'d 670 VM'P LCX P VYOCESS: cross-sectlons,

EXtCWSi\/C Air ShOWeYS electromagnetic and hadronic
particle production,
wLth: Low and high energy wmodels,
, particle decays,
dependencies of observables on atwosphere, tracking,
E, m, 9 v, ... deflection tn magwnetic field,
energy losses, delta electrons,
correlations between them, Cherenkov § fluorescence Light,

;L , multiple scattering, absorption,
statistical fluctuations, P P

Mos’ch very well knowwn,
Just the combination of all
makes it diffieult.

Mownte Carlo stmulations of elementa ry processes
Ls the appropriate method to use.



unknoww at high energies :

m clemental aomposi’ciow
a ewergg spcatruwu
m details of nuclear and hadronic tnteractions

construcet a WLooel based on reliable data

and theories at Lower energles.
Extrapolate it to UHECR reglown.

Find consistent description of all points (W) simulta neously.

Requires some tteration ...



TYpical EAS analysis :

most pla ustble :

assume: flux, elemental oompositiow, _ P, He, ... Fe

hadrontic § electromagwnetic interaction model,

) extrapolated from
atmosplnenc parameters

Lower energles

simulate shower development,
detector response, measurement procedures, reconstructlon

obtain.  fully inclusive stmulated spectra, as they are measured

OOVMIPHYC 6)('P6YLVM,6V\ztaL data and SLVWI/LLQ'H«OV\:S _ L case o{ olisorepawag :
difficult to Ldewtifg origin

, , Ln case of agreement :
L.e. perform a Conststency Check t 69

LS parawmeter combin. wnilgue ?

lterative process (ma nwy different experiments / variables / variable combinations)
to understand

coSMLLE ¥ Y phgsics and air shower development simuLtaweousLH.






Aroheology of CORSIKA

pre 1929

SHRC-60-K-OSL-E-SPEC (P Grieder):

maln strueture,

Lsobar wmodel for hadrownice interactions
HDPPM § NKG (Capdevielle):

high-energy hadronie interactions,

analytie treatment of electro magwnetic subshowers
EgS4 (Nelsow et al.):

electron gamma showers

CORSIKA Vers.1.0  FFeb 1990



First official reference:

Computer Physics Communications 56 (1989) 105-113 105
North-Holland

A MULTI-TRANSPUTER SYSTEM FOR PARALLEL MONTE CARLO SIMULATIONS
OF EXTENSIVE AIR SHOWERS

H.J. GILS, D. HECK, J. OEHLSCHLAGER, G. SCHATZ and T. THOUW
Kernforschungszentrum Karlsruhe GmbH, Institut fir Kernphysik, P.O. Box 3640, D-7500 Karlsruhe, Fed. Rep. Germany

and

A. MERKEL
Proteus GmbH, Haid-und-Neu-Strasse 7-9, D-7500 Karisruhe, Fed. Rep. Germany

Received 13 July 1989

extended version of EGS4. The program
CORSIKA (COsmic Ray SImulations for
KASCADE) simulates hadronic showers and has
two options differing in their treatment of the
electromagnetic subshowers and hence in their
requirements of CPU time. It will be described
clsewhere [12). Examples of the computation time [12] J.M. Capdeviclle et al., KfK Report, to be published.



22" (CrC, Adelatde, Jan 1990

1l 7.3-3
AIRSHOWER SIMULATIONS FOR KASCADIE

J.N.Capdevielle', P.Gabriel, H.J.Gils, P.K.F.Grieder?, D.Heck, N.Heide,
J.Knapp, H.J.Mayer, J.Oehlschlager, H.Rebel, G.Schatz, and T.Thouw

Kernforschungszentrum und Universitat Karlsruhe,
D-7500 Karlsruhe, Federal Republic of Germany
'Laboratoire de Physique Théorique, Université de Bordeaux,
[-33170 Gradignan, France
“Physikalisches Institut der Universitat Bern,
CH-3012 Bern, Switzerland

Abstract

A detailed simulation program for extensive air showers and first results are
presented. The mass composition of cosmic rays with E, == 10'%eV can be deter-
mined by measuring electrons, muons and hadrons simultaneously with the

KASCADE detector.



CORSIKA:
A Monte Cario Code
to Sj late xtensive
Air Shower
D, Heck. J.Kna P, J apdevielle
G. Schatz, T

Februar 1998



Preface to KK 4998 (1992)

Analyzing experimental data on Extensive Air Showers (EAS) or planning corresponding experiments
requires a detailed theoretical modeling of the cascade which develops when a high energy primary
particle enters the atmosphere. This can only be achieved by detailed Monte Carlo calculations taking
into account all knowledge of high energy strong and electromagnetic interactions. Therefore, a number
of computer programs has been written to simulate the development of EAS in the atmosphere and a
considerable number of publications exists discussing the results of such calculations. A common feature
of all these publications is that it is difficult, if not impossible, to ascertain in detail which assumptions
have been made in the programs for the interaction models, which approximations have been employed
to reduce computer time, how experimental data have been converted into the unmeasured quantities
required in the calculations (such as nucleus-nucleus cross sections, e.g.) etc.

This is the more embarrassing, since our knowledge of high energy interactions - though much better
today than ten years ago - is still incomplete in important features. This makes results from different
groups difficult to compare, to say the least. In addition, the relevant programs are of a considerable size
which - as experience shows - makes programming errors almost unavoidable, in spite of all undoubted
efforts of the authors. We therefore feel that further progress in the field of EAS simulation will only be
achieved, if the groups engaged in this work make their programs available to (and, hence, checkable by)
other colleagues. This procedure has been adopted in high energy physics and has proved to be very
successful. ltis in the spirit of these remarks that we describe in this report the physics underlying the
CORSIKA program developed during the last years by a combined Bern-Bordeaux-Karlsruhe effort.

We also plan to publish a listing of the program as soon as some more checks of computational and
programming details have been performed. We invite all colleagues interested in EAS simulation to
propose improvements, point out errors or bring forward reservations concerning assumptions or
approximations which we have made. We feel that this is a necessary next step to improve our
understanding of EAS.



ICRC Durban 1997

Fly‘s Eye:
The box is 0.6m wide
(Composition changes)

1.2m
v

Om

Im

Cosmic
Rays

Om

Im

A

0.6m

AGASA:
The box is 1.2m wide
(Composition unchanged)

Use the same yardstick (L.e. Mownte Carlo program)

to get consistent results in different experiments.
Use a well-calibrated, reliable yardstick
to get correct results.
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CORSIKA:

tracking, deca Yys, atmospheres, ...

el.mag. Egs4 ™

Low-€E.had.* GHEISHA
FLUKA *
UrRMD

high-B.had.** @osjeT **
DPM)ET *
EPOS *
sSmeyLL

+ many extensions § stmplifications

“as good as possible”,
fuLLg 4-dime.

* recommended
* based on Gribov-Regge theory
* source of systematic uncertainty

Tuned at collider energies,
extrapolated to > 102° ev

Sizes and runtimes vary
by factors 2 - 40.

Total: » 10° Lines of code

Mawny years of development.



CORSIKA:

http://www-ik.fzRk.de/corsiRa/

Free download (after vegistration)
tnstallation tnstructions
Detailed User's Guide

papers § talks
wostly Fortraw code + some C routings,

self contained (wo extermal packages weeded),
FUIAS O (virtuau,a) all machines.


http://www-ik.fzk.de/corsika/
http://www-ik.fzk.de/corsika/

CORSIKA flow diagram.

Initialization Steering cards:
of shower ID, E, 6,¢

sim. parameters
random numbers

Cross sections
for had & em
interactions

Where is next atm parameters

get first particle — - | jnteraction or

or next particle
from stack decay?

——

\ tracking to int. point:

multiple scattering

internal
particle stack

apply cuts, energy loss
put secondaries defl. in mag field
onto stack Cherenkov light

AN
N

passed
| observation level?
QGSjet HE interactions !
SIBYLL - —
DPMJET —
X <

tpos | Gheisha2002 LE

FLUKA

UrQMD

EGs4  Elmag. Particle output

NKG




Examples of emerging features in detailed simulations:

Cherenkov light:
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Pulse Shapes i water-Cherewkov Detectors
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Horizowtal showers

OwLa MUULONS Left LW aLr shower.

Very narrow tLmee traces.

cructal for meutrino search with
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Signal and Timing as function of 0, ¢, mass, ...
- change tn a complex way.
- are corvelated
- changes are important for analysis

This behaviour and correlations emerge automatically,
qualitatively and quantitatively,

as conseguence of convolution of basie transport § interaction
processes particles tn an air shower.

Mawny such effects tn BAS physics.

Therefore:
detailed stmulation (rather thawn simplified modelling)
are so Lmportant.



Simulations vs bata:
... & few examples

Result:
fair agreement from 10*2-102° eV



VERITAS

TeLescope 1

E > 150 GeV

@amma VﬂgS:
good agreement
of tmage param.
distributions

CR background:
absolute trigger
rate within 15%

G Mater,
29th ICRC Pune (2005)
astro-ph/0507445
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(normalized)
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KASCADE : 10*° -10'°ev
muow - electron. ratio

CORSIKA Stmulations
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QGSJet - description of data

KASCADE ”

Fair agreement
of Monte Carlo
with exp. data.
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FPvs &P energy Auger (e > 10 ev)
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@ ©-25deg Clear correlation between SD and FD energy estimates,
@ 25-45deg

® +5-codeg L.e. shower wodels arve about right. (better than 25%)
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- Swmulations with hadronte tnteraction models

- based on Gribov-Regge Theory

- tuned to accelerator data (maLng PP, PA, < TeV)

- extrapolated to all energies 10° ... >10*°ev ...
all particles  p, n, nuclel, , K, A, ...
heavy mesons, loargows

prooluce showers that
L.e. CORSIKA is not far off the truth.
(wncertainties < 20% for most observables)

- Bveryone uses the same code.

THIS IS A REMARKABLE SUCCESS!



edweational
mages



Vvisualise and understand what is gotng on ...

... as wtth early bubble and clowd chamber photos.
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” protons (or neutrons) \ .

are absorbed

photon tnduces electron slowed dowwn
electromagnetic sub-shower and absorbeo



2 TeV proton shower, bottom view

Development of a 2TeV Proton Shower
from first interaction to the Milagro Detector

Viewed from below the shower front -
Color coded by Particle Type

This movie views a CORSIKA simulation of a proton initiated shower.
The purmple grid is 20m per square and is moving at the speed of light in
vacuum. The height of the shower above sea level Is shown at the
bottom of the screen.

Yellow - muons




2 TeV gamma shower onto Milagro, side view

Shower from a vertical 2TeV Gamma Ray Primary
Side View

Note the penetration of the shower core almost to the second
layer of detectors (6m) and the formation of the bowl and ring
structure by the shower core. The ring is the classic
Cherenkov radiation pattern, and the bowl is formed by

multiple scattering - many small rings from highly scattered
particles adding up to form a bowl. In the Milagro pond the
probability density of Cherenkov light emission from an
entering particle is in this bowl-ring distribution.




2 TeV gamma shower onto Milagro, bottom view

Shower from a vertical 2TeV Gamma Ray Primary
Bottom View

This shower is seen from below the Milagro pond. Note the

small Cherenkov rings from the peripheral particles and the

prominent bowl and ring structure formed by the core. The
boxes are the same size, but the white box is at the water
surface, and the purple box moves with the shower front.




2 TeV proton shower onto Milagro, side view

Shower from a vertical 2TeV Proton Primary
Side View

At this energy proton showers {end to have many fewer
particles hitting the pond - as seen by the wide particle
spacing in this relatively strong proton shower. Notice the

very distinctive Cherenkov cone left by a muon.

Yellow - muons




200 MeV electrons onto Milagro, side view

Plane of 200MeV Electrons at 20°
Side View

In this movie the shower reference plane color has been changed from
red to purple, and two white planes representing the upper and lower
layers of photodetectors in the Milagro pond have been added (1.5m

and 6.15m depths respectively). Note the delayed refraction of the
showerfront due to the penetration of gamma ray photons into the
Milagro Pond. The gammas are produced by Bremssirahlung in the air
and water. See the movie 20dE200MeVNC to clearly observe the
separation by pariicle type that occurs.




The Future of CORSIKA ... is bright.

- wnew results fromw RHIC, LHC own cross sections,
very forward data, particle production, ...
- wodel-constraining cosmice ray results from
AMS, Tracer, PAMELA, LACTS, .... KASCADPE-grande, Auger-sS, ....

- progress in theory ?

- Many new results on the Origin of Cosmic Rays ahead.



S ng :

- CORSIKA Ls a great tool
to study and visualise air showers,
to awaLgse data from air shower expertments

and o olest LYW WEW EXPErLMAENES.

- CORSIKA has revolutionised the field and
s wow the  "Zolol Scavolorol”
of the EAS aommuwi’cg.

- CORSIKA s not (yet) perfect,
but approximately correct.






