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Direct measurement (balloons, satellites)

Nuclear abundance: cosmic rays compared to solar system
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Abundance relative to Carbon = 100

Cross check of model with secondary elements

Interstellar medium in galaxy: ~| atom /cm3

Spallation of nuclei e
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Nuclear abundance: cosmic rays compared to solar system
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* Explanation of differences of abundances
* Energy dependence through Tesc predicted

Nuclear charge
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Composition of cosmic rays at low energy
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Galaxy and galactic magnetic fields

| pc=3261y= 3.0810'6m

halo

Sun Galactic

/ Center

(Andromed, M31) ﬁ
| 2-4 kpc 8.5 kpc
Magnetic field not well known,
R 1 e ¥ L uG B =3 uG =30nT close to Solar System
~ 1 pc S
L=2PE \ Totsev ) \ ZB

Diffusion: distance scales ~ (time)? — Extragalactic sources unlikely



Galaxy and galactic magnetic fields

(Andromeda, M3 1)

E ) (,uG) B =3 pG =30 nT close to Solar System

R; ~ 1
L pcx(loﬁev ZB

Diffusion: distance scales ~ (time)? — Extragalactic sources unlikely



Air shower ground arrays

hadrons electrs 71.00 - 10" ° sec Proton 10 " eV
21311 m

Combined energy-
composition analysis
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Example:

KASCADE-Grande (Karlsruhe) 10102 0% 0% 105 108 107 10°  10° 10

Shower size N, (Ec>1 MeV)




Energy /| composition analysis using shower profiles

Number of charged particles (x109)
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Example: event measured by Auger Collab. (ICRC 2003)

* Energy well determined

* Primary particle type: mean and
fluctuations of shower depth of
maximum



Scaled flux E*°J(E) [m?Zs7sreV'?
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Success: all-particle flux
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Magnetic fields: Confinement in the Galaxy (i)

log(Flux)

A

diffusion limit
(isotropic arrival direction)

free streaming limit
(anisotropy?)

Observed spectrum softer than injection spectrum



Magnetic fields: Confinement in the Galaxy (ii

log(Flux)

A

diffusion limit
(isotropic arrival direction)

knee from change in
diffusion regime !

free streaming limit
S (anisotropy?)

>

log(E)

Diffusion: same behaviour for different elements at same rigidity p/Z ~ E/Z



Magnetic fields: Confinement in sources

SN remnant 1006 Iog(Flux)

Distance ~ 2.2 kpc

20 pc

A

diffusion limit
(isotropic arrival direction)

knee from sources
(acceleration) ?

free streaming limit

~_ (anisotropy?)

>

log(E)

Acceleration: same behaviour for different elements at same rigidity p/Z ~ E/Z



Exotic models for interpretation

The knee and unusual events at PeV energies

A.A .Petrukhin?

2Experimental Complex NEVOD, Moscow Engineering Physics Institute,

Kashirskoe shosse, 31, Moscow 115409, Russia

Nuclear Physics B (Proc. Suppl.) 151 (2006) 57-60

The appearance of the knee in EAS energy spectrum in the atmosphere in PeV energy interval and observation
of various types of unusual events approximately at same energies are considered as evidence for new physics.
Some ideas about possible new physical processes at PeV energies are described. Perspectives to check these ideas
and their consequences for experiments at higher energies are discussed.

New physics, the cosmic ray spectrum knee, and pp

cross section measurements

Aparna Dixit!, Pankaj Jain?, Douglas W. McKay?®, and Parama Mukherjee?

December 7, 2009

E, ~100 TeV

log
(Flux)

New physics: scaling with nucleon-nucleon cms energy

knee due wrong energy
reconstruction ?

spectrum of
sources




Origin and physics of the knee

log(Flux)
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Composition in Knee region (i)

Scaled flux E*° J(E) (m?Zsec'sr'eV'?)
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Composition in Knee region (ii
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Air shower ground arrays

hadrons electrs 71.00 - 10" ¢ sec Proton 10 " eV

21311 m

Combined energy-
composition analysis
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dI/dE x E>®J(E) (mZsec ' sr'eV'?d)

Energy spectrum really just a broken power law ?
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Curvature in power law of flux

SINGLE SNR MODEL OF THE PRIMARY COSMIC RAY ENERGY SPECTRUM WITH He IN THE KNEE
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Transition to extra-galactic sources?

Equivalent c.m. energy\'s,, (GeV)
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Ultra-high energy: 102° eV

Need accelerator of size of Mecury’s orbit
to reach 10%° eV with current technology

Large Hadron Collider (LHC),
27 km circumference,
superconducting magnets

(M. Unger, 2006)

/

Acceleration time for LHC: 815 years
23



Source: diffuse shock acceleration?

Hillas 1984

Emax ~ 108 eV ZB
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Greisen-Zatsepin-Kuzmin (GZK) effect

log [Flux/(erg cm 25" sr™')]
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Example: Energy loss of protons

proton, E = [02/°eV 022 e
il T oo [ :
5 (Cronin, TAUP 2003) |
10 - | 7
512 Mpc |
128 M
T 1 & 101}
10° | i = :
)
:
€3
107 | . §
f
102 + ] -
1019 el el el R
107 et 100 10! 10° 103 104
10 alﬂval enerqy E 1OeV 10 Propagation Distance (Mpc)
arr
Hadronic energy loss: stochastic process (Achterberg 1999,

Stanev et al., PRD62, 2000)
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Loss length comparison: protons vs. nuclei

Loss length here
defined for 25% loss
of initial energy

Nuclei subject to energy loss
similar to nucleons

Proton and iron propagate
over largest distance

10"

Proton

— = Helium
— = = (Oxygen

10"

1' 0%°
E (eV)

402‘

(Allard et al.,, 2005)
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Scaled flux E*° J(E) (m?Zsec'srieV'®)

Origin of flux suppression: GZK effect vs. max. energy
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N X o N Southern Pierre Auger
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Hybrid detection

Lateral distribution

! 2/ NDoF: 8.860/ 8
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Simulation of individual hybrid events

35 | | |
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Signal (VEM)

Example: QGSJET Il iron
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Comparison of results

Individ

(1000 m) at 10 EeV
N
O

rel
u

Mupn counting

N

1.5

~~~~~~

ual hybrid simulation

-QGSJET I1-3/iron

' QGSJET I1-3/proton

0.8 1

12

1.4

Energy scale rel. to FD

Results of different methods consistent
* shift of energy scale expected
e muon deficit in simulation even with shifted energy scale

QGSJET II:
N, = 1.0 (protons)
Ny = 1.32 (iron)

Em. component

But: All results depend directly or indirectly on simulation of em. component



HiRes-MIA hybrid measurement

Muon density 600m from core

850 ——————————————————————
a=930 £85 +(10.5) N
800 .77» sys. + stat. | . (‘\II/.\ !
i =
@&y Sys =
750 | - E
-
N
I
700 - . =
650 - -
600 - -
550 ———— ' ' '

16.5 17.0

17.5

f=0.73 £0.03 =(0.02)

- (QGSJet Iron
—=- QGSJet Proton

18.0 18.5 19.0

log1 0(E/eV)

Analysis with QGSJET98 (very similar to QGSJETOI)

1
E (108eV)

HiRes Fly‘’s Eye and MIA Collabs., Phys. Rev. Lett. 84 (2000) 4276
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Telescope Array: energy scale

| | | 5 | | ® TASD
e ol oo * Energy scale is
> F o determined more
| = * ] accurately by FD than by
P M¥res . *H_H' I CORSIKA QGSJET-II
< - vr® Y | -
.,: Todgit § o s } ‘L ! « Set SD energy scale to
E 1F 4 7 FD energy scale using
S ¢ 3 well-reconstructed events
i ] seen by both detectors:
X
o [ i 27% renormalization.
=
10.1 = o= Entries 266
AL A1 1 l O . 14 ALl l - -0__0--2 l S &8 % l LN S . l L i 1 Mean 1.276
17 17.5 18 18.5 19 19.5 0 20.5 N ——e 04138
l°g10(E/ev) - ;é:nr;:nt 3::;1:;.;
B e w28
B ¥ Sigma  0.3554 + 0.0197
40— =
confirmed with scintillator array - -
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0.5 1 1.5 2 2.5 3 3.5 4
E, / Ep ( BR, LR Hybrid Ikeda, MD Mono Rodriguez), E > 10'*° eV

(TA Collab.,Thomson, ICHEP 2010) 35
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Summary

Many fundamental questions still unsolved in cosmic ray physics

Composition measurement key ingredient, strong dependence on
hadronic interaction models

Discrepancies indicate shortcomings current models
Data and input (theory/phenomenology) needed from colliders
Cosmic ray data allow us to reach to higher energy

Next talk: what can we learn from cosmic ray observations!?
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Composition based on mean Xmax

(Heck, 2010)
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Dense

Verification with multi-
molecular
clotde - messenger data

Supernova
remnant

T° decay
& —y-rays

N ﬂ*
Chitiprocor Example: gamma-rays

shell of hot gas jiverce. Compten (neutrinos would be conclusive!)
scattering— y-rays

Chandra
SN 1006

Filaments with high
mag. field (100 pG):
indirect proof of

hadronic particles!?

, eV /(cm? s)

|C contribution
derived from X-ray data

(Berezhko et al., astro-ph/0906.3944)




Heitler model of em. shower

Number of charged particles

*)
Ly
| Aem
\ X = n kem

\\ \ E=Ey/2"
\;\\ NLE) ) .
A\ = Shower maximum: E=E.
‘\\ N X
\\\\,\ S
:..‘.‘\' ' gf Nmax — EO / Ec
| ! Xmax ™~ 7‘~em hl(E() / Ec)
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Muon production in hadronic showers

E

E/n Diot =MNch+ Npent

E/(n,J \( ncn)”

n

By (ntot)n (n.p)

Assumptions:
e cascade stops at Epat = Egec

* each hadron produces one muon

Primary particle proton

% decay immediately

TTE initiate new cascades

N, = [ 20 a
a Edec

111 nch

o ~ (0.82...0.95

hl Niot

(Matthews, Astropart.Phys. 22, 2005)

40



Superposition model

Nmax — EO/EC

Proton-induced shower

Xmax ™~ 7‘~eff ln(EO)

N Ey )"
— _ () A
3 Edec

Assumption: nucleus of mass A and energy Eo corresponds
to A nucleons (protons) of energy E, = Eo/A

NA =A—) =N
maz <AEC> ez Xrl?lax ~ At ln(E() / A)

Ey \”
N =A ( ) =A'"N
K AEdec :

0.9
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GZK horizon and magnetic field deflection

Extragalactic magnetic field

AN
3x1018 eV

HB\//J;

/N

A

1020 eV | \

—-a0 0 20

GZK horizon: energy-source relation
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(Bergmann et al., PLB 2006)

42



t.- PR

clustet,;*'é

;' -, i!" . . ';“ '?‘&;{ o 0 - ol .
' Hercules . &
sy “4 % - ot Capncomus nf' | .Supercluste-r;-

vt ". - Void. | ‘*)
. Lo S d, ~
¥ Pavo-lndus

L 4
L

“ L e Bootes *,
&‘ ou

“.

Bootes
Void

g

,u totft Sculptor ?'- '
uperclus g : Voud
g w ' . .

=

F’etseus-
Supercluster

oologfu%ﬁg

y . upercluster

- ZColumba
Supercluster

www.atlasoftheuniverse.com

E >3%10'? eV


http://www.atlasof
http://www.atlasof

(f' p N .::T g\? - b.’!

Dlstrlbu nof Gal'

(t e ’ . 'ﬂ'ﬁ . *‘u 3
Capricomus - .,x'f' . &L
‘* Su cluster..*é. . okt §
| i‘«

gt o o

‘ ' ;. ?"ﬁ" - :
A - c- Hercules 299

e - "4 L Capncomus & .Supetcluste_r-‘

. L f VDId - L.) -
= p é ‘f A FL

2. g F'avor-l ndus

‘1 UU mlllron Iy

A g .

» e . SuE)_ Gl
4 . - ~w
""""A o S , g
S DUthOI.%' SCUth’ Supe' > .‘. 1(': - D: >
uperclust v g R
T

www.atlasoftheuniverse.com


http://www.atlasof
http://www.atlasof

Signal (VEM)

Example: EPOS 1.62,iron
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Importance of fluctuations
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(Knapp, 1998)
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