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CosSmLe RAaYs:

charged particles from astrophysical sources
... the highest energy particles tn the universe !

Cosmic Rays: p, He, ... Fe  fully lonised nuclei
electrons tdentified at Low energies

Energles: Mev ... =102°eV (UHE: > 10%F eV)

mportant part of the galaxy / universe
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Flux of Cosmic Rays

12 orders of magwnitude in energy,
33 “ i flux |

1OX UP L energ Y, =500x dowwn tn flux

Highest energy events:
~ 3 X 10%° eV

102° eV particles do exist,

but are very rare.
< 1 particle / (Rm? millennium)



Exciting particle- and astrophysices:

There are Coswic Particle Accelerators
out there, going up to >102° ev I

where are they? How do they work?
How do UHE particles interact? t




Direct measurements Limpossible for € > 107 ev.
Measwure reactiow products of primaries

‘ ) CR
wn Llarge, natural absorber :  Alr showers —
EAS experiments (with huge detectors) can measure
10*° x siaaller fluxes =
(by sampling a small part of extensive particle showers) P
giving access to  10% x higher energies =
thawn direct measurements. = \
\ many hadronie §
electromagnetic
Lnteractions

(10% - 10%° eV)

undirect detectlon,
but easter to measure




Schematic Shower Development

energy, particle type, direction 222

¢ 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, decays, transport, ...
. at energies from = 10¢ ... >102° eV
*“ (far above man-made accelerators)
Earth magwnetic field, ...
the ever-changing atmosphere ....

C&F

Atmospheric Depth

Complex 'Lm,terpLa Y with ma ny correlations

v e*/

Electromagnetic Hadronic Muonic
Components




Particle muLtLpLLoa‘clow
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unknoww at high energies :

W CR composition (p, He, O, ... Fe, Y,V)

W Energy spectrum

get composition from magwnetic deflections, features i spectrum,
well-understood acceleration and environments
to constrain hadrontle tnteractlons.

m details of nuclear and hadronic tnteractions

Cownstruct an alr shower model based on

partioLe phgsios data (Isr, SPPS, ... LHC ...) and reliable theortes.
Extrapolate to the UHECR regime (>10%€ev, very forward)

to interpret EAS results (e.9. composition).

Fund consistent description o LEWA «* 3
Astrophysies anad Hadtawi,o ’;; Ysies A d‘bff "Qu‘\’t ?VOE‘—-‘
stimultaneously. /,,.




2 2
TYypieal EAS analysis :
most plausible :
asswme:  flux, elemental composition, —— 1 e, .. Fe

hadronic § electromagwnetic interaction model,

J extrapolated from
a’cmosphenc parameters

Lower energles

stmulate shower development,
detector response, measurement procedures, reconstruction

obtain fucLLg inclusive stmulated spectra, (as measured)

compare experimental data and simulations — < u———— v case of discrepancy :
difficult to Ldentify origin
Ln case of agreement :

L.€. perform a Consistency Check Ls parameter combin. unique ?

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

cosmaLe ra Y ph 5sios and air shower development sLmuLtaweoung.



e.9. The PLerre Auger
Observatory

"what is the ortgiwn of the

Ultra High Bnergy Coswmic Rays ?"
(UHECRS: > 10*¢ eV)

Measure them with unprecedenteo
statistics and quality.



where do UHECRS comue from?

what are thca?
How are thca accelevated?

Does thelr spectruim ena?

J

|

/ _angle of
incidence

Extensive Alr Shower:

Lndirect measurement,
shape and particle content of showers

Auger: Hybrid Detector

measure extensive atr shower with:

24 Fluworescence teLesoopes — | |
30° X B0° FoV, 10% dwcg cche, k L

, fluorescence detector

9000[ 6V\18V9ﬁ VﬂSDLMﬁtLDV\/ with fired photo tubes

array of 1600 water Cherenkov detectors
— -

[ 1 [ /L [

L l\g"\‘:

\/

on 2000 kw2, 100% duty cycle, renkov \
N P
SD impact point

well-knowwn aperture




Reconstruction (e.g. for Auger)

direction 6, @:

prima ry energy E:

WMASS M.

ln addition:

rememoer:

via arrival times

fluorescence tels.: from Longitudinal Proﬁl,e

ground array:  lateral particle distribution at ground
particle number ~ € OE/E =~ 30%

subtle differences tn shower form § particle contents
Fe shower develop higher than p showers.

Xmax/ p (V), 8/I-'L
results depend strongly on BAS models

there are large shower fluctuations

Large air shower detectors are only sparsely
sampling the showers (funawncial reasons).
L.e. mueh worse than one would wish.



.Stu,ala of hg’,@h_ewer@ Y CRs Mass Composition 4
requires detatled modelling of /"' \

s a p 2 - Had. Lw’cema’cbow |
hadrowntLe LateractLons Ln alr.

Lewgths o \ Secowd particle ?
. K production
P =~

Conuposition vs hadrownic Lnteraction wwodelling

“Partiele Ph gs'ws approach”

a. obtaiw relevant data at accelerators (... ISR, SPPS, LHC + others)
b. Develop a sound theoretical framework to

extrapolate to higher energies (well beyond accelerators)
Use knowledge of particle physies to unterpret the CR data

“Astrophy sles approach”

a. Astrophysical composition measurements from:
-Magwnetic deviations of particles from point sources
—Features on the energy spectrum
—Acceleration Mechanism/Environment well understood

Use kinowledge of compostition to constrain hadronic interactions

(n reaLLtg: a compromise o
SeL-f—cowsLstewt descriptiow o-f composl’ciow and Lnteractlons



The diffiewlties:
EAS energles go far beyond accelerator energies

understand relevant hadronte § nuclear physics

at energ Les < few TeV (soft interactions, diffraction,
cross sections, particle production, ...)

Extrapolate to high energies
(based on a reliable theory)

( The variable atmosphere )

™~

not topie of this meeting



understand relevant hadronte § nuclear physics

at energies < few TeV  (soft interactions, diffraction,
cross sections, particle production, ...)

L.e. nwot the “phenomenologieal” type of understanding,
where each set of data gets tts own “tuning”
Just to fit the accelerator data,

but the type of understanding,
that allows firm extrapolation over
decades in energy.



understand relevant hadronte § nuclear physics

at energ Les < few TeV (soft interactions, diffraction,
cross sections, particle production, ...)

L.e. nwot the “phenomenologieal” type of understanding,
where each set of data gets tts own “tuning”
Just to fit the accelerator data,

but the type of understanding, p Qt
that allows firm extrapolation over oS@[b «\'
decades in energy. Qt_ le
(7,
?



Too many free (ad-hoe) parameters
are may be ok for low energies (< accelerator energies),

but lead to exploding systematical ervors
whew extrapolating.

Predictions become meantngless.



How to build awn atr-shower model?

1. The detector medium:
Atmospheric composition, density as function of height

2. Thebeam: p, He, ... Fe, Y, V, exotics 222
P.e Y, W, K, A 2, ... (all known particles)

3. Particle interactions
eross sections § particle production
forelectromagnetic and
for nuclear § hadronic interactions

4. Particle tracking tn magwnetic field,
Lonisation, energy loss, Cherenkov light
multiple scattering, decays, absorption



How to build awn atr-shower model?

1. The detector medium:
Atmospheric composition, density as function of height

2. Thebeam: p, He, ... Fe, Y, V, exotics 222
P.e Y, W, K, A 2, ... (all known particles)

2. Pa rtLoLc Lwteraotbows T S

for wuoLcar § hadroww Lwtem otwws

4. Particle tracking tn magwnetic field,
Lonisation, energy loss, Cherenkov light
multiple scattering, decays, absorption



How to buwild a hadrownie tnteraction wwodel?

1. invent a model for p-p collisions (simple or elaborate)
2. tuwne to reproduce experimental results for p-p
3. extrapolate to higher energies

add:

4. diffractive processes
5. hard processes

e P N, TT-N, X-N, Ni-

#. wuclear physics
R. fragmentation of strings into hadrons

Problems arise mostly with 4. - .

Agreement with p-N, TT-N and N-N data is usually worse
thawn with p-p data.



Awnything to Learn from Accelerator Bxperiments ?

w atr showers: At accelerators:
E
P/ Hcl see Fe/ “ee ‘Yr (V) PIPIC /crAlY,V/
T D m P =
W IT, K ',A,A,...+av\,3 secondary e JE e
O, N, Ar LA ALY P, e, A
3.5TeV
E=107...10%ev (=107 Tevl) e<1§¢\cv (soon. ~ 2 TeV)
(all ave mportant 111) E<200cev  for nuclel §wmesons
colliding: €, =17x10"ev (13x107 eV)
emM=85xchv

, . . _ F: TOTEM
vera foyvvard (nP“‘Q 32 +12x LO@_D(E/TCV) hb@“ P-,- ( |Tl| <3-5) 00- LH’C'f
~ 4-14)
“soft interactions” @CD does not work: “Nard interactions”, @CD



The very forward region

6

dN/dy

particle dcwsi.tg

5

Lmportant for EAS,
but diffieult to get
at with accelerators

1 :

energy density

PP non-diffractive
tnteractions



cCosmle Ra Y Models wneed:

cross sections: total, inelastie, diffractive...
particle production: type, energy, angular dist.
maleg LA very forward divection (nN=3 ...15)

but measurements wn the very forward range
become tnereasingly difficult:

energy flux,
parthLe number,

momentum,
particle type



Also needed:
Cowstistent caleulation of

Lnteractlon cross sectlons and pa vtiele produo’ciow
soft, hard, diffractive, nuclear interactions

of all sorts of hadrowns,
over the whole energy range



Acre there theoretical guidelines for soft tnteractions?

ves: Gribov - Regge Theory (GRT)

of multl - Pomeron exchange
(a relativistic quantum field theory)

successful for
elastic scattering
total cross-section

PP, TP, KPp, ...

extensiow to particle production :
wot without uncertainty but
relatively few free parameters and
seems to work fine up to highest energies

The best theoretical model we have at the wmoment !



Glawber Theory of nuoleon-nucleus and nuoleus-nusleus collisions

(a geometric weodel)

st colliston: P HE. &

at energies: 10%° ...

Projectile

nucleus

Fe collide with N, O, Ar
10** eV

L e

\\\

) ( )
O (p-nucleus
(r) 5 . no. of target participawts
O(p-p)

Awnalogous for nucleus-nucteus cotlistons.
WorRs rather well !

Problem: multiple interactions
of nucleons in one colliston



much more detail on soft hadronie moodels
in talk of S Ostapehenko



CORSIKA: “as good as possible”,
{uLLﬁ 4-dime.
tracking, deca Yys, atmospheres, ...

el.mag. Eaqs4 * * recommended
* based on Gribov-Regge theory

_ e
Low-€E.had. GHEISHA * source 0-(: sws’cematic uwcer’caiw’cw

FLUKA *
UrRMD

nigh-E.had.**  @cS)ET ** Tuned with accelerator data,
DPM)ET * thew extrapolated to >102° ev
erOS* (=g orders of magnitude 111)
SEBYLL

+ many extemsions § smeLLﬁcatLows Sizes and runtimes vary

by factors 2 - 40.
Total: » 10° Lines of codle
Mawny years of development.

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



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

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 parameter
distributions

CR background:
absolute trigger
rate within 15%

G Mater,
29th ICRC Pune (2005)
astro-ph/0507445
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core (NOrmMalized)
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MM,OW ?i.y\,e Width (tn Cherenlkov Telescopes)

Low-energy muons:
small ring radius
more multiple scattering

— 0.2 » DataCT2
3 - « DataCT3
Q.18 Pl * MC
.S N
= 0.16[— ’#
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RI[ °]

Muon ring radius



Scaled Width awnad Lewgth (of shower Lmages)

simulated gamma-rays have
meawn 0 and variance 1

stmulations and
measured H.E.S.S. data from the crab Nebula
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KASCADE : 10*° -10'°ev
muow - electron. ratio

CORSIKA Stmulations
z — dat l
= 3 © data r'/{';”_,:;::;;;:\.\ = P
107t ~
O - 7 = Q)
10 %L = Fe
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B .’ ,.,-,'-1lir Q“:‘
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10 = o / :
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KASCADE

10t

with exp. data.
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Haverah Park data 1077- 101% ev
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M as fbt‘ Of ewerg” McCs for mixed hadronic comp.

are consistent with data.
10%% - 5x10Y eV Y, v showers Look very different.

Xoppax RMS (Xax)

b'— °v' . | -
- EPOSV1.99 -
g ~ erensanenes gGSJET(“ Aug er p g 701
g IBYLL2.1 ) e
Sl 1 3 | e B
g - . g : * * { s,
P e R & > - 1407 998 781 619 p..
V e P e m - T 33 + +
750 E “F o +
. 30 - 143 186
700 — N ———— LA
. Fe
650 , """"" 10 :_
""l/.;"'lllr ...... L L L T N T W | L L 1 TR 0: T | 4 L A 1 el
10" 10" 10" 10" ,
E [eV E [eV]

model dependent

) ) whatever we do to models
Lnterpretation

(within Limits),
data do wot fit to E<4x10Yev

l‘f one trusts the models, primarg proton SLMAS.

then composition turns heavier
(but the two plots are not consistent)



~ 30% level for <10'® ev
more for >10F gv

CORSIKA: is not perfect but gives reasonable agreement of
stmulations with aitr shower data from 10 ev to 102° ev:

HESS, VERITAS, Magile Y ra Yy astronomy;  10'*-10"* eV

KASCADE-Grande CR showers; 1041017 eV
Haverah Park 107101 eV
Auger 10™-10%° eV

Auger data constrain Particle Phgsias (at >10%% eV):
P-alr, p-p cross section @ 2x10*€ ev
Haodvrownic interaction models in CORSIKA need adaption ...
More muons § ground stgnal needed for same fluorescence Light.



But at about >10%€ ev:
muown defiett
model defictencies appear.

s this ...
a change of mass composition
o
a change of hadronie interaction physies
(from what we extrapolate)
o
a mix of both ??



Recent new data from.

— Relativistie Heavy lon Collider (RHHIC)

nucleus-nuclews collistons, STAR, PHENIX,

PthLU with ©, N beams PHOBOS, BRAHMS
— LHC

DD, A, AA, ATLAS, CMS, ALICE,

cross sections TOTEM, LHC

forward particle production,
up to 4 (soon ) Tev / beam

Almost all wew results require some wodification of wodels! _°e

~

The more data Ls available,
the wore the wmodels will be constrained
and, possLbLg, o,
the better the extrapolations to CR energies. -
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LHCf n° P, spectra at 7+ Tev
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Challenge now:

cawn the model butlders tune thelr models
to capture all these differences ?2?

don’t addjust random free parameters
preserve the ”prealict'we power”

ls an Lncremental change emouwgh or
LS a radicaLLg new approach needed?

much more detail: talk of T Pierog



Su.wnmarg:

Sitmulations with hadrontle Lnteraction wmodels

- based on Gribov-Regge Theory

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

- extrapolated to all energies 10° ... >102°ev ...
all particles  p, n, nuclel, , K, A, ...
heavy wmesons, baryons ....

prooluoe showers that Look very much Like real events.
L.e. CORSIKA Ls not far off the truth.
(wncertainties < 20% for most observables)

This LS @ remarkable sweeess ...
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Sitmulations with hadrontle Lnteraction wmodels

- based on Gribov-Regge Theory

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

- extrapolated to all energies 10° ... >102°ev ...
all particles  p, n, nuclel, , K, A, ...
heavy wmesons, baryons ....

prooluce showers that Look very much Like real events.
L.e. CORSIKA Ls not far off the truth.
(wncertainties < 20% for most observables)

This is @ remarieable sweeess ...

56’@ to awatgse the composi‘ciow at >1.01% eV (and other details)
better predictions (<10-15% precision) are weeded.
P P



The Futwre ...

- wnew results fromw RHIC, LHC own cross sections,
very forward data, particle production, ...

- wodel-constraining cosmie ray results from

AMS, Tracer, PAMELA, LACTS, .... KASCADE-grande, Auger, TA ...
- modification of models

- progress in theory ?



The Enad



