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A qualitative overview

(... while Ralph and Tanguy

provide the hard, gquantitative info)



Schematic Shower Development

energy

particle type ? ? ?

directlon

Hadronic

u+

Muonic Y

atmospheric depth ~ 1000 g/cm?2

detector response: energy deposits, times,

effictencies, thresholds, ...

one prima ry pa vtiele produces
millions (billiowns) of secondartes:
L.e. an aLr shower

Shower development depends on:
e hadronilc Lnteractions,
o clectromagwnetic tnteractions,
e particle production,
e deca ys,
° tYaV\,S‘PDYt,

Complex interplay of many effects:
e No awaLg’cic solution possible
o wno test beam for caltbration avatlable
(at Least for really high energies)
P, N, TL: close to axis
M, e, Y : widely scattered
Ne,y: NU- : Njgq = 10000 : 100 : 1

Ee,y ~ 10 MeV, EP- ~1 Ggev

Johannes Knapp,,Ooty,, 2010



9
N_ (x10°)

Particle vaLtlpLioatiow

Particle absorp’ciow

100 showers

10% ev

600

800 1000 1200
Atmospheric Depth (g/cm ?)
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Longitudinal Shower Profiles

100 showers 1 1019 eV

P

9
N, (x10°)
(=)

difference in Xax

but Large ﬂuo’cuatiows

differences between 2
hadrons and photons are Large

50 showers

differences between
proton and tron (or nuclet)

9
N, x10°)
o

are subtle . -
) |-
Ow averagie ¢ have: i
B lhgher1st Lwte,mctufm, suee O, | larger, - X = .
B wore seconolaries, stnce N~ ln(E), ct
Z

B wore |, less ey at ground,
B swmaller luctuations,
stince superposition of 56 subshowers .

)

W faster signal rise, stince | s faster
thaw p showers. 0

=]

200 400 600 800 1000 1200
Atmospheric Depth (g/cm ?)
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Longitudinal Shower Development

)(102

N ayerage

, Atmospheric Depth (g/cm?)
at lower energles:

large fluctuations

“strange” shower curves because of
-(-luatvcatiows tn hetght anad type of
first few interactions.

Johannes Knapp,,Ooty,, 2010



Lateral Dlstribution

ea rLg start,
high maximum,

late start,

Lower maximum,

flat Lateral distribution steep lateral distribution
Large front curvature \ AN small front curvature
MLOYE MAULONS I\ N \\:\ <— max. fewer muons

Lateral distribution is semsitive to X, (L.e. to particle type)

Johannes Knapp,,Ooty,, 2010



Lateral distribution of energy deposit: protons 37#°

‘\g 10 3
> 0
(\50/ 10 ¢ protons, 37
-*g 10 3 = smallest fluctuations
8 B
> 10 7
[ -
GCJ -
5 10 =
1 -
PE . e
10 =
2 F
10 =
aF
10 ==
4 C
10 =
5
10 10 10

core distance (m)
Johannes Knapp,,Ooty,, 2010



Lateral distribution of energy deposit: different masses

10

10 107 ev, 37°
~ no mass dependence
10

10

Energy density (GeV/m 2)

10
10
10
10 - r=300 m

10

10 \ [ ‘ \ I ‘ \ [N
2 3
core distance (m)
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How to build awn atr-shower meodel?

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

2. The beam: 9, He, ... Fe, Y, V, exotics 22?

PeVY UK N\, 2, ... (all kinown particles)

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

4. Particle tracking in magwnetic field,
Lonisation, energy loss, Cherenkov Light
multiple scattering, decays, absorption

Johannes Knapp,,Ooty,, 2010



How to build awn atr-shower meodel?

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

2. The beam: 9, He, ... Fe, Y, V, exotics 22?

PeVY UK N\, 2, ... (all kinown particles)

=. Particle tnteractions

cross sections § particle production Th ﬁ@ ﬁ@

forelectromagnetic and

for nuclear § hadronic tnteractions @W@”@H g

4. Particle tracking in magwnetic field,
Lonisation, energy loss, Cherenkov Light
multiple scattering, decays, absorption

Johannes Knapp,,Ooty,, 2010



How to build a hadrownie tnteraction wodel?

1. bnvent a wmoolel for p-p collisions (simple or elaborate)
2. tune to reproduce experimental results for p-p
2. extrapolate to higher energies

aodd:

4. diffractive processes
5. hard processes

é. P"N, T[—N aWd NI_NQ.
7. wnuclear physies
8. fragmentation of strings tnto hadrons

Problems arise mostly with 4. - .

Agreement with p-N, TEN and N-N data ts usually worse
thawn with p-p data.

Johannes Knapp,,Ooty,, 2010



Awnything to learn from Accelerator Experiments ?

W atr Showers: At accelerators:
pHe e Y, (V) AW AAY
P/ w, T[i/ Ki,D’ /\ 1A/ sees W, T[i/ Kilo
o, N, Ar Ln atr P, A
E=107 ... 10 ev (=107 Tev!l) E<1Tev (soon ~ LTeV)
(all ave important 1) E<200cev  for nuclel § wesons
collioing: E‘ﬂb’PP =1 Fx107ev (@L3x107 eVv)
€ oan = 85X 107 eV
very forward (N, ~ 32+12xlg €/Tev) highp_ (IN] <=-5)

~ 4-14)
“soft interactions”  RCD does not work “hard interactlons”, RCD

Johannes Knapp,,Ooty,, 2010



dN/dy

partLoLe olewsitg

500 I B

, >
energy density S 450
=

acceptance of UA5

400

350

300

250

200

150

100

50

wn HH‘HH‘HH‘HH‘HH‘HH‘HH‘\H\‘HH‘HH

P-p won-diffractive 12 10 12.5
Lnteractions rapidity ¥
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109 EI 1 III 1 1 1 1 1 IIII :I 1 1 1 IIIII R 1 1 IE 109
s = . 3
protown. - (awnti)protown s L 1. s
. 10° & . 410
cross-sectiowns 107 - ; 5 140
E . :
S Tevatron LHC 3
10° & 5 : 4 10°
10° | 410°
F Oy, 3
10* | 4 10* _
10° F 410° g
= - F o (Eft> E_/20) ] =
& 10 E jet\ =T cm 3 102 <
- 3 I
© 10 E Ow 410" -
. - Oz 3 o =
3 cyjet(ETJet > 100 GeV) E 10 3
10" E 410" £
- . >
102 E 4102 °
10° F 4 10%
- - . ;
1074 E 0je’t(ETJe >E.n/4 | 10_4
o F 5 1 &
10 EoHiggS(MH = 500 GeV) \ 3 10
10—7 ||||| 1 1 ||||||| 1 ||||||| : 1 1 1 10‘7
0.1 1 10
E_. (TeV)
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Havd:

Perturbation theory can be app(,ied: RLCD

High momentum transfer means low A (< 1).

/

@\
|
—»

.Soﬁ:: non-diffractive

N
R\

A\Y

R quarks are exchanged

R large energy § momentum transfer (@)

Colour string,
fragmenting tnto colour-neutral
hadrons

[ I XY
e

w
w almost no energy § momentum transfer
w
w but transfer of colowr

———

Low momentum transfer means large A, (> 1).

Perturbation theorg cannot be ap'PLLeal.

Soft: diffractive

-\
C’
— >

.

Y almost no energy § momentum transfer

o transfer of colowr

Soft: scattering off the nucleon as a whole (wot off the quarks)

Johannes Knapp,,Ooty,, 2010



Saﬁ: fundamentally different treatment of interactions Haval:

avtificial border Line,
nconststent transitlon

perturbative
QCD

&5, momentum transfer
CR codes: HEP codles:
emphasis on soft reactions, emphasts on haro processes,
haval processes adoled for soft “undertying reactions” are
higher energies crudely parametrized to get

background at 1N ~3-5

Johannes Knapp,,Ooty,, 2010



angle (rad)

-
(—]

[y
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[y
(—]

[y
(—]

10

10

10

Awngle as Function of Psewdo Rapidity N

_ CDF ~ ]
- was f
- UAF
= Toteme Castor
- Cosmic Ray B
= regime
L [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ |
0 2 4 6 8 10 12 14

n
< > atlas/eMs 1) <5 calorimeter
<>

N <2.5 tracking

<—> LHeb 19<I] <49

< > Totemw 3<I) <>

LHef 0% only neutrals
140 w from Lnteraction point

10

10

10

110

110

angle (deg)

1
=Y

awm at:

B total cross sectlon O',wt
B clastic cross section:

do

at 2

’ ’ ’ —dG

B diffractive cross section: Gt gM
X

o P parameter

buct:
Lnereasing EV\/CYgg '(:LI/L)(
diﬁ‘vbcuL’cg
particle number

momentum

part’wLe type
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Sofar: CRawd HEP cover “Virtua Ly exclusive”
Rinematical reglons

CR regime Ls not (Yet) described by a
fundamental theory, based on first principles

But: CR woolels neeal predictive power for extrapolation

to high energles, small angles and small @2
(e.9. from a solid theoretical basis)

consistent caleuwlation of
cross-sectlons andl Pa vtiele prooluw’c'ww s naelear collistons

consistent treatment of
soft, hard and diffractive interactions (L.e. no artificial boundaries)

of all sorts of hadrons and nicclel with nucleons ana nicclel
over the whole CR energy range (107 ... 10°" eV)

Johannes Knapp,,Ooty,, 2010



News from Relativistic Heavy lon Collider (RHIC):

- closerto CR: Nucleus - Nuelews collistons
partly even with ©, N beams

- first results require already wodifications of
models.

News from LHC p-p: CMS, CASTOR, TOTEM, LHC- ...

Soon: results from LHC nuclel

The weore data avatlable,
the more the models will be constratned, and
the better the extrapolations to CR energles.

Johannes Knapp,,Ooty,, 2010



Awnything to learn from Hadronic CR Reactions ?

e.9. balloon or high-altitude experiments YES, ...
RUNJO®B, Chacaltaya / systematics, small exposure (few 100 hours - m™)
i / | primary

Target to tnduce reaction
target X-Ray Films, Bimulsions,
7 to measure scoowdarg tracks (mamn)

// \ Energy determination by blackening of

/

/
/
/

X-ray films

spacer electromag). sub-showers (Ey > 1 Tev)

hadronic energy not measured

Charge/Mass:
// // j — ) \/!:a iowﬂsatiow
// // calornmeeter
/ Some reaction of ~10*5 v particles seen
/
/ but still work to be done

to be useful for model builolers.

Johannes Knapp,,Ooty,, 2010



Examples of emulsion chamber events  (one layer each)

Johannes Knapp,,Ooty,, 2010



Ave there theoretical guidelines for soft interactions?

Yes:  Gribov - Regge Theory (GRT)

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

successful for
elastie scattering
total cross-section

extension 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 moment !

Johannes Knapp,,Ooty,, 2010



Cross-sections deseribed by “Reggeon” and “Pomeron.” Exchange

Total cross section (mb)

||||ml! lllllll! lnnm‘fllnlm! llmm! llllml! ||||‘||I'1 LBLLLILL|

: IIIII|]J: |H|H: Illlu,lll IIIJIHJ lllllu,IJ l[lllul_l_u_llml.l 10

10° 10° 107 - 10°

Laboratory beam momentum (GeV/c)

IIHITI'! lnm'n! |n|fl1|! lllll'l'l! llllrm! |||1||I'1 Illllm

102

10

10° - 10° 107 1

Laboratory beam momentum (GeV/c)

0.1

0.09

0.08

0.07

0.06

0.05

0.04

0.65
0.6
0.55
0.5
0.45
04
0.35
0.3
025

“Pomeron”

s % e =0.0790% 0.0011 ]
:- + 1 % —
: ¥ “' 4
- po pd n'p n'd K'p K*d ]
+ pp pd np K in Kd vy 1
L pn Kp ]
- pn K™n 1
[ 1) n=04678+0.0059 | |
- Correlationm and € = -56% —
[ S i =
T ;
- pp pd n'p w'd K'p K*d i

pp pd np K'n K™d

[ pn K'p B
- pn K™n YO
llmggeowll

from Particle Data Book 1996

Johannes Knapp,,Ooty,, 2010



Experimental results are not always unique ...

||||ﬂ11! IIHm" lnnm'fllmm‘! 1||ur|1 llll!mil ||||ﬂ LILILLILL |

L= 10% difference in measurements of
’ Tevatron Expertments:

whteh Ls correct 2272

,. How to extrapolate to higher energies?
50 W

Total cross section (mb)
8

LHC results will resolve this soown.

30

. . N

"' Kb, K*n, KD Kn

‘ Illllll,i lllllmi Il]lu,uj llllluj illilu]} ll“llli_]_]_mmu :
10° 10° 107 - 10°
Laboratory beam momentum (GeV/c)
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Glawber Theory of nuoleon-nuoleus and nuclews-nuclews collisions
(a geometric wodel)

15t colliston: D, He, C, ... Fe collide with N, O, Ar
at energles: 10%° ... 103t eV

_____________________ Yo
Projectile U \\\\T:

d(b) o0 |
I p-nucleus
< db) p(r) no. of target participants
D ] E O(p-p)
@:::::::::: """" ¢ b

Analogous for nucleus-nucleus collistons.
Works rather well !

nucleus Problem: multiple interactions

Johannes Knapp,,Ooty,, 2010



Mownte carlo version of Glawber Theory

B asswme nucleow distribution in projectile § target
B track each nucleon in space and time

B perform nucleon-nucleon collisions

He N O
@ 2 [ o >
° O e
0 2\ ©
P
O ®
O
Colliston of one projectile nucleon  with multiple target nucleons.
Colliston of multiple projectile nucleon — with one target nucleons.

How does a nucleon after its first collision tnteract with a second nucleon ?

Johannes Knapp,,Ooty,, 2010



Superposition. Model

... asswmes that nucleus (A) Ls a superposition of
A free nucleons which tnteract iwdepewolewtl,a.

Goood assumption since binding energies (< € x 10% eV)
are much smaller than energies of CR nucleons (> 10™* ev).

©O 0 O O O

symmetric ,
as 5 mwmetrie

mplementation partly not sophisticated enough.

Johannes Knapp,,Ooty,, 2010



Example: CORSIKA

Standard Tool tn Alr Shower Ph 53&05,

used successfully by many CR./ Y ray experiments
LA very oifferent energy ranges (10%° - 10* eV)

combines best packages avalable for :
o hadronic Lnteraction at high/low energles
(RGS)ET, SBYLL, BPMJET, EPOS ..... FLUKA, WRMD .....)
o clectromagnetic interactions
(EGsS4)
° oletailed particle transport
(scattering, energy loss, Cherenkov Light, deflection tin magnetic fields, ...)
° decays and branching ratios

follow individual particles with all their interactions
(§ apply some tricks to reduce computing time and particle output)

.. delivers a large file with all particles arviving at ground Level

Johannes Knapp,,Ooty,, 2010



Hadvrowle Ltnteraction. models tn. CORSIKA:

HPPM J-N. capdevielle et al. KK 4992 (1992) discontinueot
SBYLL1L.6 TK. qaisseretal. Phys. Rev. PS0 (1994) 5710 § P46 (1992) 5013

2.1 wajor revision: ). Ahn et al., Phys. Rev. D 0 (2009) 094003
VENUS K. Werner Phys. Rep. 232 (1993) €7 discontinied

S.S. Ostapchenko, K. Wernegr et al., Phys. Rev. Lett. 26 (2001) 2606
2001 first version avatlable, 2003 discontinued

ROS|ET N.N. KalmyRov, S.S. Ostapehenko, Phys. At. Nucl. 56 (1993) 346
RGSJET I s.s. Ostapchenko
PPMJET J-Ranftetal, phys rev.ps1L (1995) 64 wpdated 2001, now vers. 2.5

ErPOS K. Werner et al. 2009, now Vers. 1.99
still new, parameters to be fixeo

2bbra-noqub

s there anything better ?

Johannes Knapp,,Ooty,, 2010



Low energy hadronic interactions: typ. <100 Gev

Lmportant, since most of the measured secondaries are Low-energy

FLIUKA resonances, tntranuclear cascaoles,
nuclear fragments, nicclear ph 531,05,

UMD (can in principle all be measured but Ls
difficult ....)

(GHEISHA)

€.9. FLUKA :

hadron-nucleon: elastic, exchange <3-5gev/e lwETIK  high€
phase shifts, data, rESONANCES special DPM § hadronization
etronal § decays

hadron-nucleus: < 4-5Gev/e high €
nbra-nuclear cascaoles GRT, glauber

+ evaporation, fisslon, Ferml breakup, Y-ole-excitation

Johannes Knapp,,Ooty,, 2010



A simple example : HDPM
... based ow the dual parton. mode

Colliston with colour exchange forms two colour strings
which fragwment into jets of observable hadrons.

Hadrons from each string form a Gaussian in raploity space.

Parametrize positiow 5J, and width O as function of €
to reproduce p-p non-diffractive results.
(+ e)ctmpoLate S,

putinp, TEK:N, charged/neutral, ....

add =vd qaussian for nucleus in p-A,
A-A supcrpositiow of Lnolependent p-A collistons,

adol diffraction ..
ad hoce,

lots of free parameters,
no predictive power
Rapidity:
+ n~y
y = ;_ In E+p, for high energies
E-p, (or zero mass)
Pseudorapidity:
1 p+p (Pseudo)rapidity
11 5 In L is additive in Lorentz
P-PL transformation.
n = - In (tan(6/2))

O V¥  Rapidityy

Johannes Knapp,,Ooty,, 2010



A simple hadrownic interaction model: the Hillas Splitting Algorithm

primary particle, E

split primary energy at random in 2 parts:

X €y, (1-x) =)
leading particle: x €, leading
particle

split rest, in N steps, randomly Lnto
2 portions each. Total: 2N portions /\

spLLt each portiow at random L 2 parts: TU /\T[
X' '€ ([@1-x)E

‘Pf«ow: o > Tt /\T[

, , Tt
continue until a threshold energy /\
(> va) Ls reached. !

OrigiwaLLg used n MOCCA:  (produces only plons as secondaries)
X, X’ uwi{orng distributed between o .... 1
N=22

very stmple, very fast, but gives only a qualitative description of hadronic shower.

Johannes Knapp,,Ooty,, 2010



Shower development (qualitatively)
cructal: CO YYCLWCCDI !
- tnelastie cross-sections (S.

)
- hadrontc pa rtiele prooluotiow

(LWCLQStLOLta RLV\JBL L.e. fraction of energy converted into secondaries)

large cross-sections,

, , } make short showers
high tnelastietty

small cross-sectlons,
, , make long showers
Low tnelastieity
less crucial:
nuclear fragmentation, de/dx, decays, tracking,
electromagwnetic reactions, ....

Johannes Knapp,,Ooty,, 2010



Measwred Cross-Sections

o (mb)

o (mb)
s Y
—

_|_
g=

10

10

elastic

1 10

elastic

2
10

p (GeV/c)

10

3

10

4

10

6 7
10 10
p (GeV/c)
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Predicted PP Cross-Sectlons

'E 250_IIIIII| I I IIIIII| | | IIIIII| I I IIIIII| gl | IIIIII.,' I I
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(mb)

p-air
inel

550

500

450

400

350

300

250

p-—ALr Inelastie Cross-Sectlons

1997

~50%

° Mielke et al. Frichter, Gaisser, Stanev (1997)
u Yodh et al.

A Gaisser et al.

<> Baltrusaitis et al.

* Honda et al.

(o) Aglietta et al.

4

— VENUS

----- QGSJET
¢ F -.-.- HDPM
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Cross section (proton-air) [mb]

p-ALlr Inelastic Cross-Sections 2008
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O O O

500
450
400
350
300

250 =

Equivalent c.m. energy s, [GeV]
10°

10 10 10° 10°
_LIIIII | | IIIIIII | | lllllll * | IIIIIII | | l+llll| | |
— ® Mielke etal. 1994 Tevatron (p-p) T LHC (C-C) L
— V¥ Baltrusaitis et al. 1984 LHC (p-p) S
— [ Nametal 1975 :
— /\ Siohanetal. 1978 ‘
— A Hondaetal 1999
— (O Knurenko et al. 1999
= B ICRC07 ARGO-YBJ
— A ICRCO7 EAS-TOP
- @® ICRCO7 HiRes
— — QGSJETO1
- --- EPOS
= e o= - NEXUS3
= e S == SIBYLL2.1
""" . ---QGSJETII.3

ot
— et
TEN

| Illlllll | llllllll | llllllll | llllllll | lIIIlIlI | IIIIlIll | Illlllll | llllllll | llllllll | lIIllIlI |

10" 102 10" 10™ 10" 10" 107 10® 107 10%®
Energy I[eV]

~20%

wuhannes Knapp,,Ooty,, 2010



HERA weaswred structure functions at small x

F, B i -
i Q*= 0.35 [ Q=05 [ Q% = 0.65
1 b o HI-95 | - poa F —-— GRY
i ° Eégs% - CKMT [ - BK
L A L ML
- o NMC e - ABY
0.5 o B N
The wore Pa rtons (quarks § gluons) [ L:':‘\*T*Q"fffﬁgﬁ—gt‘4f: i ""-é7;-:,~.:4&%7£__&.; ] E
therc arc LV\[ a WucLeoV\l O ,—III[!! ] lllIHil | llIHill | IIIHHTHIIII 1 lLIIlHl | llllllll Lo IJ'.III I llllllll 1 lIIIIEII L L it
at small x, F, [ Q> = 0.85 [ Q=12 [ Q=15
’ ’ ’ ’ 1 _— = :‘
the more Likely a colliston s to < - -
happen wtth a 3 i i
high-energy projectile, 05 .77 IR - T
aV\Id the hi’gher I:S the O :[ LIl :illll . L1 Illlill 1 llIIIIII 11 Illlll-llllll [ ||||l|| 11 Illllll Lo
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2 L - .
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’ B~ C~ T~
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cross-scatbows O —IIIIII L1 ||||||| L1 lll|||| 1 lJlIIl_llllIJ L1 IIIIIII L1 lllllll [ IIIIIIr_IIlI[I 11 lHHIl 11 HHII‘ Lo i
, , 10° 107 107 10° 10* 1070 10° 10 1070
to high energes. x

x = momentum fraction of a parton
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Gluon density at low x

12

x 9(x,Q°)

Q°=5 GeV?

exp. uncertainties only

QCD Fits (H1)

Q% . = 1.5 GeV?
BQ, = 2.5CeV
Q.= 3.5GeV
BQ° . = 5.0 GeV

H1 Collaboration

Johannes Knapp,,Ooty,, 2010



Soft Hadrowio tnteraction TYpes

elastic scattering

bJ

inelastic, single diffractive

no colour exchange,

Low center-of-mass energy,

Low Lwetas’cici’cg

particle production,

colour exchange,

high center-of-mass energy,
high inelasticity

inelastic, non-diffractive

inelastic, double diffractive

diffractive - nown-diffractive
ratio is very Lmportant

Johannes Knapp,,Ooty,, 2010



Results ow pa rticle proalu.ctiow

particLe muLtipLLoLtg

A C
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10

Multiplicity distributions of charged particles for 10"eV 1'*N coll.
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UAS results at the SPPsS Rapidity:

s 5 | 2 E-pL
% i — VENUS Pseudorapidity:
----- QGSJET
L - +
i PR R SIBYLL n= l In PP,
4 . 2 P-p
- Ve " E.n =900 GeV -+=++ HDPM L
ek, e : —— DPMUJET = - In (tan(6/2))

n~y
for high energies
(or zero mass)

(Pseudo)rapidity
is additive in Lorentz
transformation.

-
:.'
~

1
ey

10
n

Pseudorapldltg (n) distributions iwitlaLLg wot very well described:

models can fit either dN/dN (N=0) or

the tail to large N-values,
but not both.

ave wodels wrong) or badly) tuwned?

Johannes Knapp,,Ooty,, 2010



Awnother experiment at the same collider ....

E,, = 630 GeV P32 (Harretal.)
Simulations including experi,mewcaL trigger

—— DPMJET II.55

dN/d n

QGSJETO01
-------- SIBYLL 2.1

Harr et al.

N
LI L I LI LI I LI L I T\ I,

New expertmental results in contradiction to older UAS distributions,
but very good agreement with stmulations.

Experimental results are not always to be takew at face value.
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Projectile § Target
Pavtioipants

Fe - N collistons

most probable:

one Proj ectile nucleon
hits one target nucleon

dN/dN o,
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— VENUS

QGSJET

SIBYLL

DPMJET
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Number of interacting target nucleons N .,

40 50
Number of interacting projectile nucleons N ,,

unphysical
since too stmple
nucleus-nucleus
moolel

Johannes Knapp,,Ooty,, 2010



Feynman x distribution in p-N collisions

dN/d x,,
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big difference in total
number of particles
(not very important)

-1 -0.8

-0.6

-04 -0.2 0 0.2 0.4 0.6 0.8

XF

very forward reglon
LS meor’ca wt for
shower deveLopmeWc
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Feywnman x distribution tn. N-N collistons ...
... shouwld be sgmmctria as well
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Nitrogen-Nitrogewn Collistons
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... should be perfectly symmetric,
Lf nuclear tnteractions are treated well.
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Average Longitudinal Shower Development

RGS)et well tn Line with other models.
High multiplicity partly compensated by lower cross-section and
partly irrelevant since mostly low-energy particles produced.
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Longitudinal distribution
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Lateral distribution

Lateral distribution of particles — p 10° eV
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Summary § outlook

B creat improvements in BAS simulations in past few years.
Soft hadronic and nuclear interactions modeled on basts of
Gribov-Regoe § Glauber Theory.

B Assumption of a mixed CR composition (p, He, ... Fe)
and extrapolation of models from 100 Gev range Yields amazingly
good agreement with CrR data from ~10™=2 ... 10Y ev.

B New accelerator expertments will provide new experimental input to
cross-sections, diffraction and hadvonic particle production under small angles.

B Astroparticle experiments increasingly constrain wmodels at higher energes.

only HEP and Astroparticle physieists together can solve the problem of
origin of the high energy cosmic rays and its hadronic interactions
in the atmosphere.
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