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Cosmic Rays

Atmosphere as shield from
highly ionizing radiation
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At sea level:
mainly muons as
secondary particles

Relative abundance of nuclei
H:He :Z2=6-9:10-20:21-30
| :0.38:0.22 :0.15 :04




High-altitude balloon measurements

3 && /) National Scientific Balloon Facility

FLOAT ALTITUDE: 120,000-130.000 FEET
Y ‘._ 70 m —.i

PAYLOAD WEIGHT: 6,000 POUNDS
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Particle cascades: Extensive air shower

hadrons electrs
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pion-nucleus
interaction .

Neutral pions: :
em. shower o @ o

Charged pions:
muons and
neutrinos

Secondary particles arrive at
ground at almost the same time



All-particle flux
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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
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Composition of cosmic rays at low energy

Nuclear charge number Z
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All-particle flux
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Scaled flux E*°J(E) (m2s'srieVv'd)
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Scaled flux E*°J(E) (m2s'srieVv'd)
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Galactic cosmic rays: the knee

Equivalent c.m. energy \'s,, (GeV)

102 10° 10* 10° 10°
Elllllf I? | ||||||| f | IIIflll T | | ||||||| | | |||||||
B RHIC (p-p) Tevatron (p-p) 7 TeV 14 TeV
. HERA(y-p) LHC (p-p) v HiRes-MIA
= o HiRes |
— A HiRes I
PR o, s Knee o Auger 2009
— | yaaz‘
= '%AA
= ARAA
— LN ‘AA%
= % ATIC e KASCADE (QGSJET 01) LN YR A
- & PROTON m  KASCADE (SIBYLL 2.1) *f ¥

o RUNJOB %  KASCADE-Grande 2009 *f1

*

—

o
—_
w

—

o
—
N

Tibet ASg (SIBYLL 2.1)

—
o
—
()]
—
o
—_
(0]
—
o
—
~

>

10"® 10" 10°° 10!

Energy

(eV/particle)



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)

R;r ~ 1pc X 2 ‘U—G
L=2PE" \ To5ev ) \ 7B

Diffusion: distance scales ~ (time)?

B =3 pG =30nT close to Solar System

Extragalactic sources unlikely



Source candidates: Supernova remnants

SN remnant 1006 (2.2 kpc distance)

Observed galactic SN explosions:

1604 (Kepler)

1572 (Tycho)

| 181 (Chinese astronomers)

1054 (Crab nebula)

1006 (Chinese and Arabian records)

Particle

Estimates:
~3 SN explosions / 100 yrs
Kinetic energy of ejecta: ~10°! erg

(I erg=0.1 yj)

General arguments:
e Rate and energy budget
* Acceleration theory
e Elemental composition

20 pc

Expansion velocity ~ 7000 km/s

Multi-messenger observations: gamma-rays & neutrinos — confirmation still lacking



Magnetic fields: Confinement in the Galaxy (i)

A

log(Flux) 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.

Cosmic ray Ex ~ I 00 TeV log
% z —— (Flux)

Atmosphere

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

New physics: scaling with nucleon-nucleon cms energy

knee due wrong energy
reconstruction of showers!?

spectrum of
sources




Origin and physics of the knee

log(Flux)
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Particle physics:
Equivalent c.m. energy\'s,, A tactor 56
10° 10° 10* ® b g
1019:|||||| T T TTTTT] T T TTTTT] | o
- 2
. - % ATIC ® KASCADE (QGSJETO] =
& T & PROTON m  KASCADE (SIBYLL 2.1 -
% 10 = 6 RUNJOB Y KASCADE-Grande (pre
- = *  Tibet ASg (SIBYLL 2.1)
« s >
- Wﬁ% log(E/particle)
n —
Al |
E - :
o 10°E E
Acceleration/propagation: -
A factor 26 3
P ’k —> E
LHC (p-p) _
bvatron (p-p) =
Fe ¢ .
II| IIIIIII| | ] 1111l | IIIIIII| | IIIIIII| | IIIIII| ' iy
> 015 1016 1017 1018 1019 1020
log(E/particle) Energy (eV/particle)
) |18




Some other models for the knee ...

SINGLE SNR MODEL OF THE PRIMARY COSMIC RAY ENERGY SPECTRUM WITH He IN THE KNEE
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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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Scaled flux E*°J(E) (m2s'srieVv'd)
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Galactic cosmic rays: the knee
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dn/dn

LHC: distribution of charged secondary particles

Protons: Eip = 3 x 106 eV

| — EPOS 1.99 / p+p—chrg NSD
7 | QGSJETII 7000 GeV
| - QGSJETO1 " RO .
- SYBILL 2.1 .
6 * CMS o... d /0;*.’ #"’+ .+\:\\ ~ ..00
o /. o\. °

pseudorapidity n

LHC: Exotic scenatios for knee very unlikely

Detailed LHC comparison

D. D’Enterria, RE,T. Pierog,
S. Ostapchenko (astro-ph/1101.5596)

Significant improvement
of models expected

~20% of primary energy should be transferred to invisible particles
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Scaled flux E*°J(E) (m2s'srieVv'd)

Transition to extragalactic sources: the ankle
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Ankle as transition to free-streaming limit ?

og(Flux) | diffusion limit
8 (isotropic arrival direction)
knee from change in
diffusion regime ?
spectrum of sources free streaming limit
. (anisotropy?)
E uG >
R; >~ 1kpc X —
L= (1018 eV) (ZB) e

Earth not in center of Galaxy: strong anisotropy expected



Equatorial dipole

Arrival direction distribution of cosmic rays

Relative amplitude of dipole anisotropy
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5. (Auger ICRC 2009)

00001 Lol v vkl
1le+14 1e+15 1e+16 Te+17 1e+1BT 1e+19

Energy [eV]

Ankle

E uG
R; ~ 1k —
L= TRpE (10186\7) (ZB)

Transition between galactic
and extragalactic sources

Dipole anisotropy expected
from galactic diffusion (large for
protons, small for heavy nuclei)

No anisotropy expected for
extragalactic sources (independent of
composition)

No anisotropy below 6 x 10!° eV found: interpretation of ankle unclear
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Transition to extra-galactic sources?
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Scaled flux E*°J(E) (m2s'srieVv'd)
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The upper end of the energy spectrum
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Problem |: Sources must be extreme objects

Hillas 1984: 1012 N Emax ~ Bsz-B-L ||
R B B ]
Emax ~ 101%eV Z B = ) L ]
kpc ? [ |
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o] 10 N |
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shock 2 [ ]
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i trength & | N ]
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L space\ \ alactic _
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Problem 2: Energy loss during propagation

log [Flux/(erg cm 25" sr™')]

log(E/eV)
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Mean Energy (eV)

Energy loss for different particles

Energy loss length
4
Energy loss length 10 ] — 3
< > . Proton ]
B T — -Helium | |
1022 | —ry ——rrr ——rrrr 103 _ ﬂ\l\L'I._} — — =Oxygen _E
5 (Cronin, TAUP 2003) 1 : = 2
10 L .
8
=3
1021 | .
[ x
[ 10" | 4
5. 3
10° L J
1020 _ -
5Z
' Protons 107" ) I . Lol
10" 10% 10%"
E (eV)
1019 L e T (Allard et al. 2007)
10 10 10 10 10

Propagation Distance (Mpc)

Proton and iron suffer smallest
(and almost equal) energy loss
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Problem 3: Deflection in magnetic fields

Extragalactic magnetic fields

Typical field strengths:

e proton deflection angle ~few degrees
* iron deflection angle large
* proton astronomy !

Galactic magnetic fields

B L 6x10°eV
3uG kpec  ElZ
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Anisotropy at the highest energies

Discovery in 2007: Science cover article
E>55x10"7eV

""" > - Correlation:
| | ®* . e N\ 38+0.07-0.06%

Isotropy: 21%

. @
s ".’ ° ;
.°>< Arrival direction

of cosmic rays

(Auger, Astropart. Phys. 2010)
Active Galactic Nucleus (AGN) smeared by 3.1°

Note:
e anisotropy only for source distances up to GZK sphere (as one would expect)
* no correlation found in HiRes data (smaller statistics, northern hemisphere)

38



Number of charged particles (x109)

Number of charged particles (x1 09)

Composition analysis using shower profiles

Height a.s.l. (m)
8 1200010000 8000 6000 4000 2000

— proton, E=10"° eV

Auger shower

%00 300 400 500 600 700 800 900 1000
Slant depth (g/cm’)

Height a.s.l. (m)
8 1200010000 8000 6000 4000 2000
[ | T T | T T | T T | T T | T T |

— iron, E=10" eV

® Auger shower
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oy
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Number of charged particles (x1 09)
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- 19 .

= y-ray, E=10" eV =
-~ e Auger shower
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- —e7

3f =

:

ds E
: = 1 111 | L 111 | L 111 | L 111 | L 111 | I:

%00 300 400 500 600 700 800 900 1000

Slant depth (g/cmz)

Example: event measured by Auger Collab. (ICRC 2003)

* Energy well determined

* Primary particle type: mean and
fluctuations of shower depth of
maximum
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Unexpected change of mass composition !
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Theoretical uncertainties on mean Xmax large
Uncertainties on prediction of fluctuations?
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form mixed or light to heavy

Change of cosmic ray composition

(Auger Collab. PRL 104,2010) Anisotropy
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Scaled flux E*° J(E) (m?Zsec'sreV'?)

10'®

10'8

10"

10'°

10°

10"

1013

Why is there a transition from a light to a heavy composition ?

Upper end: Flux suppression due to GZK effect ?

Equivalent c.m. energy\'s,, (GeV)

HERA (y-p)
RHIC (p-p)

10° 10° 10* 10° 10°
Ellllll | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII|E
= 4 AT ®  KASCADE (QGSJET 01) v HiRes-MIA -
- & PROTON B KASCADE (SIBYLL 2.1) A HiRes | -
= 6 RUNJOB v KASCADE-Grande (prel.) A HiRes I =
— *  Tibet ASg (SIBYLL 2.1) ® Auger SD 2008 -

1 Q.
1
1 :f
L
E‘TA
" g
[ | IIIIII|

Tevatron (p-p) A

10"

10

10'"° 10'° 10" 10'® 10" 10%°
Energy (eV/particle)

Composition
proton and/or iron
dominated at
upper energy end

Particle physics

-+ Emax =17

Upper end: flux
suppression due
to GZK effect
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Scaled flux E*° J(E) (m?Zsec'sreV'?)

Upper end: Maximum injection energy of source(s) ?
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Why is max. injection energy so similar to GZK threshold ?

Equivalent c.m. energy\'s,, (GeV)
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Extragalactic
particles: isotropy
in ankle region

Composition
related to rigidity
at source

Upper end:
superposition of
max. energy and
GZK effect
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