Taller de Altas Energias
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Cosmic Rays

Sergio Navas
Universidad Dpto. Fisica Tedrica y del Cosmos & CAFPE

de Granada Universidad de Granada
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Astroparticle Physics

... is a branch of particle physics that studies elementary particles of astronomical origin and
their relation to astrophysics and cosmology. It is a relatively new field of research...

Particle

Astroparticle \ Astronom
Physics !

Physics

Cosmology
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The field covers many many topics ...
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Astroparticle Physics related talks:

v Dark Matter <— talk by David Cerdefio [DM]  Tuesday 23th

v Dark Energy

v-Gamma Ray Astronomy < talk by Marcos Lépez [APG]  Friday 26th

v Neutrino  Astronomy < talk by Carlos Pérez [ST4]  Thursday 25th

v CosmiC RayS <— this talk [APC] Wednesday 24th

v ... etc...
v' Cosmic Microwave Background , Gravitational Waves ...

v ...etc...
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Lecture outline
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= 1911 CTR Wilson: Development of the cloud chamber & publication of the first pictures

o
28
e
AN
e
o tracks from / S B
radium -
Z

C.T. R. Wilson, Proc. Roy. Soc. (London), 87,292 (1912)
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Victor F. Hess, centre, departing from Vienna about 1911, was awarded the Nobel Prize in Physics in 1936
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Sergio Navas

discovery of cosmic rays

Cosmic Rays Lectures

TAE 2014 (Benasque)

Berlin @ |
Frankfurt/Oder @
7w,

. ¢
Cottbus ’ Polen
)

® Praha :

® Plzef :
Tschechische Republik

o 4
r .

' t

IS Ceské Pl
~~Budejovice @ [V~ i

~ | -
.

S

'-\\a ( ®
. =
| 5 [ ., o

.

A ®Linz ._1-...

Osterreich
. Salzburg

’/'-.""_|

Wroctaw @

FPassau@—. ;7 v

2
® Brno
d 4
f
: /

& 3
. w h
. i

i}
-,
P -




A radiation of high penetrating power hits the atwosphere from above,
which can't be caused by radioactive emanations.
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= 1929 Bothe & Kolhérster: show that tracks are curved by magnetic field — CRs are charged particles

= 1928 Geiger-Miiller counters (development).

= 1930 BRossi & W Bothe: Coincidence technique many channels — trigger chambers in magnetic fields.

= 1934 Bethe & Heitler: development of electromagnetic cascade theory — the observed particles at ground
are secondaries.

= 1933 — 1935 B Rossi, PMS Blanckett, G Occhialini: Discovery of “secondaries” (only p, n, e known!)

with coincidence Geiger-Miiller counters. d;
1948

Y

= 1934 W Baade & F Zwicky: propose supernovae as possible sources of CRs.
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1938 P. Auger: Extensive Air Showers < Geiger—Mliller counters in “coincidence technique”

Geiger counters separated up to 300 m distance

°
® 1939 data: at 3450 m, 200 cm? counters
°
, ® 1938 data: at sea level, 91 cm? & 430 cm? counters
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“star” as a breakthrough of CR interaction with an

Photo emulsions exposed to CRs
atom of the emulsion
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Results in elementary particle physics with Cosmic Rays

Year Discovery with cosmic  Reference Detector
part.
1929 Charged secondaries Skobeltzyn (1929) Cloud chamber
1929 Charged secondaries Bothe and Kolhorster (1929) Counters and absorbers
1932 Charged primaries Clay and Berlage (1932) Electroscope
1932~ Positron ) Anderson (1933) Cloud chamber
1937 Muon () Neddermeyer and Anderson (1938) Cloud chamber
1947 Pion (1) Perkins (1947) Photographic emulsion
Lattes et al. (1947) Photographic emulsion
1947  \_Strange particles / Rochester and Butler (1947) Cloud chamber Remarkable
1947 p-absorption and decay  Conversi et al. (1945) Counters and absorbers . .
1949 K7 -meson ~N Brown et al. (1949) Photographic emulsion contribution of
1951 /rl‘"—baryon Armenteros et al. (195 1) Cloud chamber CRs to par ticIe
1952 Z-hyperon >  Armenteros etal. (1951) Cloud chamber
1953 2’ -hyperon York et al. (1953) Cloud chamber PhYSI CS.
1954 K*, K~ -meson _J Menon and O‘Ceallaigh (1954) Photographic emulsion

and with first particle accelerator (184 inch synchro—cyclotron at LBL Berkeley)

1948  sw*-lifetime Richardson (1948) Photogr. emulsion / 184" SC
1949 m-energy spectrum Richman and Wilcox (1950)  Photogr. emulsion / 184" SC
1950 7*-and ,ui—mass Barkas et al. (1951)) Photogr. emulsion / 184 SC
1950 [ 7°-meson Bjorklund et al. (1950) Proportional counter / 184 SC
1950  7°-mass Panofsky et al. (1950) Proportional counter / 184 SC
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= 1948 B Rossi (USA) and G Zatsepin (Russia) started experiments on the structure of Auger showers. These researchers
constructed the first arrays of correlated detectors to detect air showers.

= 1947 Fermi: proposed acceleration mechanism by bouncing off moving magnetic clouds in the Galaxy.

= 1950’s PMTs & liquid-plastic scintillators — 1%t array of liquid scintillators AGASSIZ (1957)
= 1953 Galbraith & Jelley : detection of air-Cherenkov radiation (mirror + PMT + oscilloscope in moonless nights).
= 1958 Porter: 1% large surface array of water-Cherenkov detectors

= 1961 — 1963 Volcano Ranch (New Mexico) 8.1 km? plastic scintillation

= 1964 — 1977 Havera Park (Leeds, UK) 12 km? plastic scintillators + water-Cherenkov detectors

= 1990 - 2004 Akeno - AGASA 100 km? scintillator detectors. Optical fiber.

= 1981 —-1993 Fly’s Eye | & Il (Utah) : Fluorescence Detection — stereoscopic observation.

= 1997 — 2006 HiRes| & IlI: Fluorescence Detection

= 1996 — 2010 KASKADE (Germany) Surface array

= 2004 - 2015 Pierre Auger (Argentina) 3000 km? Hybrid (SD + FD)

= 2008 Telescope Array (Utah) : 700 km?2 Hybrid (3 FD stations . 507 SD 3 m? plastic scintill., 1.2 km spacing)
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“Cosmic Rays can be defined as
massive particles striking the
Earth”

o Primary Cosmic Rays: these entering the upper atmosphere.

o Secondary Cosmic Rays: those produced by the interactions of
the primary CRs in the atmosphere or in the Earth.

o Galactic (including solar)

o Extragalactic
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Very smooth power low spectra
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One of the unsolved problems in Astrophysics is:

@ Bottom-up models: low energy particles are accelerated via SM processes

within the astrophysical objects (e.g. magnetic/electric fields)

@ Top-down models: particles already generated with very high energies usually

via non-SM processes (e.g. decay of very heavy “exotic” particles)

Sergio Navas Cosmic Rays Lectures TAE 2014 (Benasque)
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EXOTIC PARTICLE DECAY

Different daughter particles spectra depending on the number of particles in the final state.
In general “bump-like” spectrum, at least before propagation!
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ACCELERATIO
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1949: FERMI ACCELERATION (2 order)

Fermi, E. Phys. Rev., 75, 1169 (1949).

Stochastic energy gain (acceleration) in “elastic scattering” with
magnetized plasma clouds (magnetic inhomogeneities)
moving at non-relativistic speed V

Tail-end collision — Energy loss

On average, Head—on collisions more probable
— Energy gain over many collisions:

AE | E oc B2 B =V/c~10"*

Head—on collision

— Energy gain “2" order ”
v Slow and inefficient

v The resulting energy spectrum strongly dependent on
Plasma cloud cloud parameters
moving at speed V v Predicted energy spectrum does not fit with data

Sergio Navas
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~2() years later a new 1dea was proposed (it requires
heavier calculation) ...

R.Blandford, J.Ostriker, Astrophys. J., 221, L29 (1978)
R.Blandford, D.Eichler, Phys. Rept. 154, 1-75 (1987)




1970's: FERMI ACCELERATION (15t order)

Scattering at magnetic irregularities separated by a planar
strong shock waves moving with high velocity 3

o ldeal fluid equations
o Conservation of Num. particles & energy:

P1V1=PyV,

pstrea™ Jow astred™

o Strong shock:
pz/ P1= (y+1)/(y-1)

o Fully ionized plasma (monoatomic ideal gas):
v=5/3 ~1.7
v,/ v,=4

— Rapid gain in Energy as particles
repeatedly cross shock front

AE/E < (B~107

Axford, Krymsky (1977), Bell, Blandford, Ostriker (1978) i 4t ’
Achterberg (2001), Bell (2004) 1st order
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Power law spectrum E-* predicted

The Fermi acceleration mechanism generates a power-law particle energy spectrum.

E, = initial energy of particle at source

¢ = E = energy gain after each shock-crossing (C<<1)

In€,_/E
—> Energy after ncrossings: E. =E,-(1+¢)" =>n= n__0.
IN(1+ <)
P, = probability to escape the accelerating region after each shock crossing (constant & <<1)

esc
( = ratio of the loss and crossing flux = 4v,/c))

—> Probability to stay in the acceleration region: N=N,(1-P, )"

d N 1+ In € I:)esc _ - Pesc <«— v Predicted exponent independent of local

— CC E In(1+<) i~ E < environment / shock parameters.

d E v Observed spectrum goes like E=7 —
something still missing ...

=~ 3 = (strong shock limit) =1

i
VZ

The observed flux from high energy CRs requires a
steeper injection spectrum.
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SOURCES
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Powerful shocks in the Universe?
Supernovae |

SN remnarit N49 in the Large
"‘;l'\/l'agejllanic C|0Udi(~48 kaC-)’ ._"-
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~1 SN Il explosion / 50 years in each Galaxy




HESS : 1s' Experimental Confirmation !

HESS (y-ray color map
ROSAT (X-ray contour)

TSR
H.E.S.S. RXJ0852.0-4622

High-energy particle
acceleration (y-rays)
in the shell of a
supernova remnant

Dec (deg)

17 h 15 min . 17 h 11 min

Nature 432 (2004) 75-77
A&A 437, L7-L10 (2005)

09h00m 08h50m

RA (hours)
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GALACTIC sources

Several violent processes occur in the Universe that can act as particle’s sources:

Hubble optical picture s o
@ SuperNova Remnants JNSeRMpRREEEE e e

(SNR)

— Fermi Shock Mechanism —

@ Neutron stars / Pulsars [RAEESIEEY S S

— dense & compact objects EeMRNEHEUECUREINN I

high magnetic fields —
~2M,,, @~20 km

i ;
) ¥
A
=

sun

& Micro Quasars

— Binary systems with /
an accreting BH — ' Star
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EXTRAGALACTIC sources

Several violent processes occur in the Universe that can act as particle’s sources:

: : : Core of Galaxy NGC 426l
@ Active Galactic Nuclei Hubbls ‘Sisc Tilsssoua

Wide Field / Planetary Camera
(AGN)

— Quasars / Blazars: supermasive BH at
center of Galaxy emitting relativistic
jets —

~109-10° M,,,, Distance ~240 Mpc—6 Gpc

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

W= = = B
380 Arc Seconds " 17 Arc Seconds

88,000 LIGHTYEARS 400 LIGHTYEARS
(Radio-galaxy M87)

- '.y" @ Gamma Ray Bursts (GRB)
, ; . — narrow beam of intense 4 |
EM radiation — o ,

5 kly
synchrotron
_ radiation jet

Hubble

) ve . @R : = e
i 2
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Larmor radius & Rigidity

Charged (eZ) particle moving with velocity £ in Uniform Magnetic Field (B)

F—eZ. ﬁx B < Lorentz Magnetic Force changes only f direction ( fLB)

Magnetic force = centripetal force

_ B?
B F=eZ-f-B=m‘—
I
9
F rg Rigidity gyro-radius
or
_» S Larmor radius
eZ _F )
p B-r,=— Jolts

el

... in order to accelerate CRs to high energies, the size of the
acceleration site must be larger than the Larmor radius.
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Larmor radius & Rigidity

Rigidity B-r, = £ I/O Its ... a given source (fixed Rigidity) can
e ) accelerate iron to higher energy (x eZ)
than protons !

A factor 26

log(Flux)

N |

log(E/particle)
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log(magnetic field, gauss)

(Hillas, 1984)

ENERGY LIMITATION: the Hillas plot

neutron star

Hillas Criterion: Geometrical requirement
Larmor Radius < size of accelerator

protons (100 EeV) (otherwise escapes the acceleration site)
— protons (1 ZeV)

R|(B
kpc ) \ uG

(no energy losses)

E . ~10%eV.Z.

O % %
nhclei\“%o‘ffzf@
_ jets <
— Large sites (R), large magnetic fields (B)

colliding
galaxies
SN remnants: E,_, ~10% eV (knee)

o | disc
galactic | e
CRs:E. . ~10%°eV (cutoff) ??

] | |

3 6 T9 12 [ 15 [ 18 1 21
1 au Ipc lkpc |1 Mpc
log(size, km) Milky Way @~2x10'8 km
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ENERGY LIMITATION (cont.)

Relaxed for

Hillas Criterion (Geometrical)

heavy nuclei !

B [Gauss]

E,. zlols-z-(

i}.[i} oV
kpc ) \ uG

2. Minimal power of the Source

I

Lid s 8 3 )

galaxy clusters

2
Z z1045-Z'2-( E nax ] erg-s—

10%eV

TVacuum impedance

Energy loss within the Source
(synchrotron radiation)

olG.A_4.

E o <3x1

V(2] e

[astro-ph] arXiv:0808.0367
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PROPAGATION
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Propagation of Cosmic Rays

Propagation of CRs from the source to the Earth can change
the energy spectrum

AND

the direction
e o e T B A B e S G A i S e s e e e I

@ Deflection in magnetic fields + Energy loss due to synchrotron emission

LTINS ~:Photon *.

@ Scattering with intergalactic/interstellar medium changes energy spectrum
i | (neutral particles like photons/neutrinos are less affected but not completely safe)

(SRS

. o~

o’ “ .
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Interstellar space (residence time of CRs in Galaxy ~5x10° years)

ST AR SR, S

ST 0 08, R

... the propagation of CRs resembles a random-walk in real space (diffusion — isotropy) and momentum
space (diffusive acceleration) explained by scattering of CRs on turbulent magnetic fields in the Galactic disc.
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Galactic Cosmic Rays

Galactic CRs at least up to energies around the knee (~ 5x10%° eV)

are deep in the diffusive regime — propagation can be described by solving numerically a

diffusion—convection—energy loss equation which is location— energy— and specie— dependent

on;(E,x,t
B2D)  G0Vn(Een) = QB  Diffsir
—1 —1
Inelastic scattering with gas + decays — — (C[J)\@-jinel(E) + )\d ) n@'(E, X, t)
0
Synchrotron radiation + adiabatic red-shift — — 8—E (@an (E, £, t))
> do;(E', E
producing species i from spallation of j —> + Z / dE, MEJ,E ) le(E,, €I, t)
E
k

Solved numerically
metry for Galactic

data

Disk
with a given geo
and compared to
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Galactic Cosmic Rays

Galactic CR spectrum injected at sources < the one observed at Earth

SNR observed in y-rays with spectrum oc E% with o~2.2
Hadronic contribution to y-ray emission from primary nuclei interacting with ambient gas

Acceleration spectrum oc £-22 consistent with non-relativistic shock acceleration theory

s w N

Charge CR spectrum observed at Earth n(p) & injected spectrum @(p)oc E* related by:

n(p) oo Df’; p

5. Data from secondary (N) to primary (O) CR ratios > ~0.4-0.5 = n(p)ocE‘2-7

Consistent with

observations!
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Extragalactic Cosmic
OUR LOCAL GROUP

contains more than 30 galaxies

Andromeda Galaxy e Milky Way Galaxy ‘

Rays

SMALL MAGELLANIC CLOUD

(~2.4 Mlyr)

ANDROMIDA (M31)

4 MILLION LIGHT YEARS wide

Sergio Navas Cosmic Rays Lectures TAE 2014 (Benasque)
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;"’ 410 cm',%_', / j
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COSMIC MICROWAVE BACKGROUND

D
tiny fraction

recombination epoch
of a second

. photon decoupling
CMB relic radiation

13.7
billion
years

Sergio Navas Cosmic Rays Lectures TAE 2014 (Benasque)
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Extragalactic Cosmic Rays

|.  Non-relativistic baryons (gas in centers of Galaxy Clusters) <= NEGLIGIBLE !

Il. Adiabatic energy loss (expansion of the Universe = redshift) < SMALL !

lll. Low energy target photons (yYoyg Cosmic Microwave Background) < DOMINANT !

Pair production Photo disintegration Pion production
GZK
nucleons reSS‘On‘
P+Yews > P teTe" P+ CMB_)—-\-'-‘JA)_)p'I'TCO

P+ vYems = AT(1232) > N+ 1"

(same for neutrons)
high inelasticity ~20-50%

. low inelasticity ~20%/A
nuclei Z:;
— A A
A+yeng > A +e7e X+ vomug > X + 7

Atvyemg > (A-1)+N

Eiveshola  ~A x 2x10%8 ~ 5x10%% for iron ~A x 5x10%1% eV

Low energy threshold
Sergio Navas Cosmic Rays Lectures TAE 2014 (Benasque) 43



10000

1000

Attenuation length [Mpc]

Sergio Navas

Extragalactic Cosmic Rays

Nucleons & nuclei interactions with low energy photons

Yevs Cosmic Microwave Background

100 ¢

10 |

protons

pion production

10

100
E [EeV]

1000

100000
10000

1000

10

100 |

JCAP 11 (2006) 012

pair production
@l nuclei NN
i ‘photo-disintegration b
1 10 100 1000

E [EeV]
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Extragalactic Cosmic Rays

Opaque space ...

100%
[ GZK horizons
% 80% (uniform source distribution)
2 E=6 109°eV
5
S 60%
@ i Y T .
>
& 4no
o 40%
£
[72]
o
o
= 20%
=
=)
3]
@© o7
s 0%

0 50 100 150 200

Propagation Distance D (Mpc)

Amnesic protons...

=

Q
)
I

Energy at source (eV)
=

320 EeV |

1020 |

1019 PR |

'

109 101

Propagation Distance (Mpc)

prri |
10°

Sources with E > E, must be at D < 100 Mpc (local cluster)

Fll e piraed |
103

104
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Deflection in Magnetic Fields

Deflection of cosmic rays in cosmic magnetic fields still hard to quantify |f =q- V X é
(based on numerical simulations):

rms deflection angle
Waxman et al. Astrophys. J. 472 189 (1996)

e(E,d)z\/leclg/zo.so-z-(E) ( d j ( . ] (

r 10%eV 10Mpc 1Mpc

g

107°G j

B = Strength of the magnetic field coherent over a length |,
E = cosmic ray energy traveling a distance d

Order of magnitude estimate (Galaxy):

0 - [10%eV
|C ~ 100 pc, d ~10 kpC, Bz3luG — B(E)zl 7. ?
Eproton ~ 60 E€V — few  degrees
E.on ~60EeV — tensof degrees = Galactic magnetic fields are likely to destroy any

possible correlation with local large scale structure in case of heavy composition

Large-scale extragalactic magnetic fields are much less known.

Sergio Navas Cosmic Rays Lectures TAE 2014 (Benasque)
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DETECTION
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Detection of Astroparticles .. a challenge |

The basic ideas are the same as for any particle physics detector. The “how” is NOT an issue:

@ Charged particles:

v Spectrometers to reconstruct Z/M ( « magnetic field )
v Cherenkov light detectors ( < highly relativistic )
v Calorimeters to measure the energy  ( < atmosphere! )
v Fluorescence Telescopes

Vo

@ Neutral particles: turn them into charged ones and measure those...

... the main question is
“which” are the messengers | want to study (CR, y-rays, v)?

“which” region of the energy spectrum | want to explore?
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"Featureless” energy spectrum .. <E™/ (y~27)

104 —
S F o, #Spectral indices
@ 102 N — .
5] . , for species
§ _1 — :ivzﬁ& b II " | 0 9
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n
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- - .
[T B
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. o
L ().I
10_"’i o
[ ’ knee E~4x1015 y=3
— ‘%’:t
167k e
i E~4x107 y=3.3
10_16_—
—19f
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5 e Direct (space & balloons)
@ 10 e
(&) N
8 I &
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€ L Indirect (ground based)
~ | =4[
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2 r Measurements
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:: Direct
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10‘192
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1021
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Fluxes of Cosmic Rays
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—13f V"a*
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DETECTION
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SATELLITES, STRATOSPHERIC BALLOONS...
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Oxygen Intensity (porticles/cmz—sr—s—MeV/nuc)

Solar Modulations and Abundances of Elements

T T T TTI] T T T T TTT] T
-6
10 — —
- - 3
o) wmT -
N 309,-‘2000 _
10_7 —
/ :
ACE/CRIS ]
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10_8 = =
10_9 ool C ool Lol 1
10 100 1000 10000

E/M (MeV/nuc)

Spallation of nuclei

Relative Abundances

1ZC‘@
D

interstellar medium in Galaxy: ~1 atom/cm?3
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DETECTORS IN SPACE

(Data 2006 — 2008)

et ,p,p,He
1GeV—1.2TeV

Sergio Navas

PAMELA | Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics

+ —
TOF.(S1)
Time-Of-Flight ANTICOINCIDENCE ‘ !
plastic scintillators + PMT: (CARD) R
- Trigger TOF (S2) = (CAT)
- Albedo rejection; | I
- Mass identification up to 1 GeV; I
- Charge identification from dE/dX. I 7T =1
ANTICOINCIDENCE | = | SPECTROMETER
Electromagnetic calorimeter (CAS) I I
|
|
- Discrimination e+ / p, anti-p/ e TOF (S3) :
(shower topology) :
- Direct E measurement for e- : CALORMETER
Neutron detector s4 [j:l—':lzzl:l.-lz:j]
| o OISR | verecTon
- High-energy e/h discrimination I
|
Spectrometer I
microstrip silicon tracking system + permanent magnet ===
It provides: GF: 21.5cm? sr
- - R =pc/Ze Mass: 470 kg
Size: 130x70x70 cm?
Power Budget: 360W
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DETECTORS IN SPACE

| 1 TeV electron L. Accardo et al. PRL 113, 121101 (2014)
1
L |
| l x AMS-02
— 2 (particle ID) Alpha Magnetic Spectrometer

TRD

|
Z N9 H | Tracker §
Uéiﬁ%%
2 N < ] (charge &
2 N | - momentum)
§ 7 | ,
\ f v 41 billion primary cosmic rays
_ — - TOF (direction) v 10 million identified as e+
. — v E € [0.5to 500] GeV
) 2 v Increase of positrons from 8 GeV
RICH with no preferred incoming
Z { (charge and B) direction in space. The energy at
T O T which the e+ fraction ceases to
E —— . increase = 275+32 GeV.
y = — ECAL (particleID &

3D shower energy profile)
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Adriani et al. - Science - 332 (2011) 6025
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R=PC_
Ze

Rigidity:

Vao 1006y p ~ 2.820+0.005 £
7/3%—1ooev He & 2.732+£0.008

E

Z

1. The proton and He spectra have different spectral shapes!

J(R)c R"

10

|
—{—

Solar effects
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Zatsepin et al. 2006 (fltted to data)
GALPROP ¢=450 M

Zatsepin et al. 2006
Single power law fit
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102 10°

R (GV)

10%
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CRs “"below the knee”: SUMMARY

(@ )

1. Direct detection measurements: detectors in space, stratospheric balloons...

2. Main component of CRs: protons (~85%), with additionally He (~10%) + other heavier elements
3. Abundances: odd—even effect (even = tighter bounded nuclei = more abundant)

4. Spallation effect observed: Li-Be-B produced as secondaries

5. Low energy CR flux suppressed and modulated by Sun activity
dN 1.8x10°(E/GeV)™’
dE m*-s-sr-GeV

7. p and He (slightly) different spectral index and changing with Rigidity

6. “Featureless” energy spectrum ocE27

8. Good agreement between experiments over may orders of magnitude in Energy.
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% 102: Fluxes of Cosmic Rays
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Array of Surface detectors
(water Cherenkov, scintillators, ...)
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+ +
T >uty, (99.9%)

+ +
K* > p*+v, (63.5%)

Kf —> 7t + 1°

(21.2%)
K* K° 7
i

+

U v, v I’

muonic component ~10% E,

neutrinos ~1% E,

Sergio Navas

Primary Particle

1e

Nuclear interaction

with air molecule &\
T TRY
Hadronic e
cascade /
e’ e,

Y V VYV y

S + e ' e /
p,nt K~

(nuclear fragments)

hadronic component ~4% E
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Extensive Air Showers (EAS)

m° —>vyy (98.8%)
y—>e’e

e >e v

palr -creation
e

2

Cherenkov

Cherenkov &
fluorescence
radiation

electromagnetic component ~85% E

Atmosphere = calorimeter of variable density (vertical thickness > 26 radiation lengths)
(1 proton, E=10*8 eV, 6=0°) — ~10'° particles at sea level, few km? on ground




Electromagnetic EAS: the Heitler model

n=1

pair production

n=2

bremsstrahlung

n=3

n=4

Particles at maximum oc E,

Nmax — Eo / ECVritical Maximum depth o In(E,)
— — 4 -
Xmax — X0 = M -d = X0 +2‘r -In eo / Ecritical _

* After n interaction lengths there are N =2" particles each
with energy E, = E,/N,, and total traversed depth is X=n-d
* Splitting process until E < E_,;;.,; ~80 MeV
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EAS initiated by hadrons & superposition model

d I\ " In@N_
| \ I f=— 209
In@N_

~10 GeV at10" eV

# .
E T
critical

N
—m ~ Q(1000) for E, ~10" eV <« e.m. cascade carries most
of the shower energy!

/ Nuclei initiated showers compared to proton showers
\ .
~-In A« Less penetrating

Xr':‘ax eO :: Xrgax e0 -
Nﬁeo:: NE eo;Al_ﬂ

< More muons
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Decreasing mass:

i&.’ Slower shower development
;,\/ > Higher <X ..>, Higher oy...,
§ More particles at ground
S

Higher e.m. component at ground
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Extensive Air Showers (EAS)

hadrons electrs 0.00 -10"° sec Proton 10 '° eV
h'st= 22489 m
@ 101° eV
. X ¢~ 700 g/cm?
max g
2
X, ~800g/cm
2
X/ =950 g/cm
o
- = on
< _
< = = P
o _
- = = L= oo
;:_3 -
] T_% o <
©“> P o
o«

J.Oehlschlaeger,R.Engel. FZKarlsruhe
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: % X Fe, 31.6 PeV,?/ndf=30.45/23 lllnfoldingh Fe, 31.6 PeV,?ndf=8.3/8
) ¢ b, 31.6 PeV, x?/ndf=45.58/45 i
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© - ' 5 10F
g0 07 \ g
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:|| ||||||||||||||||||||I :IlllllIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIl
6.2 6.4 6.6 6.8 7 7.2 48 49 5 51 52 53 54 55 56
true number of charged particles Iogw(N’cr:) true number of muons Iogw(NL“‘)
Data can be interpreted in terms of primary & F gAfBCADE'Gra"de data (full efficlentcy)
. . Z 9(-0°-18°
mass by a comparison to air shower -2 [ ¢.78000 events / | N i
. . . . . . S r = 6 ) |
simulations using hadronic interaction models ‘5 &5 ines according to 8, i
- _ response matrix for: N )
5 sl —p > 5
— o - 4 /" 2 £
> Protons = deeper s " %.80-8.94 102 &
q E = )
» more charged particles (more electrons), lesspu & 75F = I~
. £ B . o
- more fluctuations < {1 E
> Iron = less penetrating 3 P j 796810 —10 ©
- less charged particles (less electrons), more n £ - /e Intaivals:l rieenergy. ||
) £ 650 7/ 454768 inlog, (E/GeV): ]
- less fluctuations S dhash i
2
6 '11%-7l’2§111111111511|1l_1
5 5.5 6 6.5 7 5

Np / Ne relates to the primary mass reconstructed number of muons Iogw(N:“)
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Fluorescence Telescopes Surface Detectors

Shower Longitudinal Profile Lateral Distribution of Particles at Ground

Communications antenna

GPS antenna
“Fuorescence” Water Cherenkov sectroniosbox | B oo e
High Energy Low Energy . -
eten Figtoa stations
D pPp @ \
bag —
Mitrogen Excited / e
Molecule Molecule uv i ght \&
. Batteri Polyethylene tank
CR Fluorescence Detection Cosmic Ray e

Scintillators

Miror  PMT Camera Utravioet Rav%% e/y detector:  liquid scintillator + light collector + PMT
1111 Muon detector: plastic scintillator shielded (iron) + PMT

Stereoscopic |
. Imaging |-

lead shielding

Top Cluster

trigger layer

iron absorber

https://web.ikp.kit.edu/KASCADE/welcome.html
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GROUND BASED
DETECTORS:

DATA &
INTERPRETATION




Ground Based detectors

EAS-TOP Indirect measurements in E € 1012 — 1016 eV
1989 — 2000 Data divided in 3 mass groups 1 —
0 —4. ------ .-..Dl.l.-l: """ m T
100 _-.'-'-'_' ________
<10 —» p flux > CNO flux S A A
-11 L : u ! ! . !
U ' B S S S S
S ~ 105 — p =CNO (~same flux!) S R LR O
R e R B
RV i \ ~5x105 — CNO dominates B S A B e B
_UJ Sk BT I ________ __-__b'fitinlillubui:mml.uh:si ________
'VJ 10 E_ [ o .\I:uon-H;l(I:ron (|1.'I1.'<é‘l0l'
f‘.vl E | :. L i L i L i . ITI(_';i:rlclllliIo: l‘icllt::jml»|)lc:\: L
E. 10_14 : :jightip CNO = Fe (~Same f|uX.) -400 (e.m.det.ectors) i 0 100 200 [m;t]m
= Jight=p + He (calorimetry)
HQ F . (PMTs) s oP array.
direct measurements
E 15 O p+He
Z, 10 - 0O cCNo
= A Fe
16[ > Good agreement with low energy data
10 E_ Light comp.
L e > Different sp.ectrum for the 3 groups with
0 E R slopes changing
sl > Break on the knee observed in light
1 I 1 1 L l 1 1 1 l 1 L 1 I 1 1 1 I 1 1 1 J 1 1 1 1 1 1 1 { L L 1 I 1 . -
e 5s 6 ez 64 e es o components but not in heaviest

Log(E, [GeV])
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KASKADE & KASKADE-Grande

a O

v

~ 2 - 2
Area ~ 200x200 m K ASKADE _Grande Area ~ 700x700 m

252 stations (scintillators) — + 37 stations 10 m? scintillators
13 m spaced >100 m spaced

E € 1015-10Y eV E € 10 - 1018 eV
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KASKADE & KASKADE-Grande

diff. flux dJ/dE -E>° / (m2 srsev'?)

Sergio Navas

]

1 017 FYivyy v ¥ EAS-TOP (Astrop.Phys.10(1999)1) —
-8 O *V *, 7 Tibet-Ill, QGSJET 01 (ApJ678(2008)1165) —
*| Vv*,,, ® GAMMA (ICRC 2011) -
=[]0 ﬁ S B IceTop (arXiv:1202.3039v1) ]
[ ] ® b ‘ TUNKA-133 (ICRC 2011)
. il by Yakutsk (NewJ.Phys11(2008)065008) —
D " - A KASCADE-Grande, QGSJET Il (Astrop.Phys.36(2012)183) —
5 O Akeno (J.Phys.G18(1992)423)
0 AGASA (ICRC 2003)
A HiResl (PRL100(2008)101101)
¢ .. HiResll (PRL100(2008)101101) . . |
() AUGER (arXiv:1107:4809)
> AUGER AMIGA infill (ICRC 2011)
10" =
o
e
t ¢
10° &
hd —
KASCADE, all-part,, QGSJET Il (see Appendix A) . :
KASCADE, light (p), QGSJET Il (see Appendix A) . _
KASCADE, medium (He+C+Si), QGSJET ll:(see Appendix A) .
KASCADE, heavy (Fe), QGSJET Il'(see Appehdix A) e ]
- KASCADE-Grande; all-part;, QGSJET 1l (this-work) - —
KASCADE-Grande, light (p), QGSJET II (this work) ®e
. KASCADE-Grande, medium (He+C+Si), QGSJET Il (this work) °. _
KASCADE Grande, heavy (Fe), QGSJET Il {this work) i
] ] I I I I | ] 11 1 11:
10" 10" 10"

primary energy E/eV

Cosmic Rays Lectures

TAE 2014 (Benasque)



CRs "around the knee”: SUMMARY

1. Indirect measurements: ground based detectors (Fluorescence, Cherenkov, Scintillators...)

2. A good description of the all-particle spectrum found (compatible between experiments).
3. Data consistent with the assumption of a rigidity dependent change of the knee energy.
4. Light (He dominated) composition at the knee.

5. Change towards a heavy composition at higher energies.

6. KASKADE-Grande extends unfolding analysis to E ~ 1018 eV (3 mass groups) and Indicates

very heavy composition at E ~ 1017 eV.

o At the knee ~4x101> eV spectral slope changes from
v~2.7 to y~3.1 (end of Galactic “proton” flux)
0 At the 2" knee ~4x107 eV y~3.1 to y~3.3 (end of Galactic “Fe” flux)

c )
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% m?i Fluxes of Cosmic Rays
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The Pierre Auger Observatory Malargiie — Argentina

(Pampa Amarilla)

o Taking data since 2004

T
56 Presidente <™\
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PARAGUA

Pedro Jua
Caballero

N3

&
% q’%%

=
e fama

o Detector completed in June 2008

Ar‘nofagast
| —

o ~500 members and 19 countries

Argentina, Australia, Bolivia®, Brazil, Croatia, Czech Republic,

France, Germany, Italy, Mexico, Netherlands, Poland, Portugal, o 1 -

Romania’, Slovenia, Spain, UK., U.S.A., Vietham” 2 ERAT
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\ i
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|  OBSERVATORY Santia I°

HYBRID detection technique

ARCHIPIELAGO
JUAN FERNANDEZ
| (cHie

)‘ Cuncapcil’:j)

| soutH
\( PACIFIC

< Mar del Plata
i |
\Bahia— Necochea
Gl _{ Blanca |

) e
|

T
[ Viedma

San Ca. los de ?arﬂnchg ‘ SOUTH
o2 T x
‘ /
| ATLANTIC |
[
OCEAN |
| f
1
| f
| |
| /
T Argentina
Falkland lslands | Intenational boundary "
S 48.
(Islas Malvinas) [ == Province boundary
‘ (administered by UK., | * National capital
claimed by Argentina) | . |
| ® Province capital

O] |
7 'J Strait of i
Magellan

B

\
' St
W | ——— Railroad
3 [ Road
\
\

The city of Buenos Aires comprises
a federal district.

[
TIERRA DEL FUEGO, ANTARTIDA E “

ISLAS DEL ATLANTICO SUR |
| | 0 100 200 300 Kilometers

fT | 0 100 200 300 Miles
Lambert Conformal Conie Projection, SP 235/50S

Cosmic Rays Lectures

Sergio Navas



Q
Fs

5 F Pierre Auger has 100% trigger efficiency above 10!8 eV
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3000 km?, 1390 m altitude, 875 -1740 g cm? (60°)
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Hybrid shower detection
FLUORESCENCE DETECTORS (FD)

4 fluorescence sites + 1 HEAT

« grouped in units of 6 telescopes
~ 14% duty cycle 4
< field of view: 30° x 30° il

SURFACE DETECTORS (SD) o
+ 1600 water Cherenkov tanks in 1.5 km spaced array |
61 in 750 m grid (“infill") )

% 3.6 m x h1.2 m (12 ton purified water)
@ 100% duty cycle
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Communication
Surface antenna GPS antenna

Detector N\ . e

Electronics enclosure ‘ Solar panels
40 MHz FADC, local triggers, 10 Wat \ A —— /




Surface Detector
array (SD)

SD Signal (VEM)
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Fluorescence sohdlibe SeliE] t\
segmented mirror S
Detector (SD) e L

440 photomultipliers

erture
ith UV filter

Telescope Bays

Anteroom

Bath-
room ~ Mech.Workshop

Computer & DAQ

Entrance Hall
Calibration ™~
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Example of “hybrid” event

Loma Amarilla (Fp)

Coihueco

e

Los Morados
(FD)

Los Leones
(FD)
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e©
Shower Observables et
<o®
Fluorescence Telescopes: "N 6)‘1»
measure the shower longitudinal profile. q\do %»

. _ &2 /
Calorimetric measurement of energy. & P 4 S}'
Determination of shower maximum X ., (primary mass and o, ;. analyses). s\@(\,\ (O"\\\ i

7 =f Time structure

g

8
Time bins (25 ns)
T 10 e . am o
= F Lateral distribution
g il 1oy}
2 10° g
[72] =
g - - 510()0 x F
1000 1 g
10 E_ ?'I' .:. )
- ! IT ¥ T Surface Detectors:
P NS S RIS N S RS TS S B ictri i
1 = b e e S measure the shower lateral distribution

r [m] Energy o« signal measured at 1 km from core
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The Energy SpeCtrU m Conclusions: “cutoff”
GZK effect ?

> 130.000 events ! E [ eV] Accelerator out of steam?
1018 1019 1020
Auger 2013 preliminary

o
i — = |
m J(E;E > E;) < E™% | 1+exp (logloig IO;IOEW)]
1036 A T — .1? f N
17.5 18.0 18.5 19.0 19.5 20.0 20.5
log,,(E/eV)
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What are they ?7?

Single line: y?/ndf=128.1/16, p=1.15x10"1°
Broken line: y?/ndf=10.3 /14 , p=0.74

& C 5 < 80F S b
- Auger 2013 preliminar C Auger 2013 prelimina
I : * S § F p 2
2 : S5 70 3 proton
g 800 g 60F
S S s0f
TS0 o :
F~® ®23 1150 40
700 :_36673%25859 1984 s 30 ;_
650 ;— — EPOS-LHC 20 E—U A R R R e L LR e L e e e S e e e - '_i' i hiv i
T s QGSJetll-04 3 iron
" --- Sibyll2.1 L
600 \ ; \ Z Y 0:....1 i
10"® 10" 10%° 10'® 10" 10%°
E [eV] E [eV]
Conclusions:

A trend towards a heavier composition at higher energies
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Particle Physics !

p-air cross section at Vs =57 TeV  (<E>~1.7 EeV)

Tail of the X,,,, distribution sensitive to cross-section 1018 < E < 10185 eV
[ 2PT11) - 2
X = . L ﬂﬁﬁ A, =558+23 g/cm
max . t
—— X exXp—- o _ <ma|r> 10 # Xmax € [ 768,1004 ] g/cm?
dX A p-air — -
max n A — C t
77 g = {}
v Define A, as primary observable via exponential shape E i }{
v Select a proton enriched data sample (n=20%) g 1L i
bYq =
v Use simulations to correlate A,M© with cross-section g = l = 20%
Z C
v A, MC adjusted to reproduce the measured A, N
- - proton
10 EqU|vaIenl1c.m. energy\-1s(§p [TeV] 02 107 dominated
Ca 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1l 1 I 1 1 1
: T T IIII\II T T T TTTT ‘ T T 1T I\I + T T T IIIIII T T LI 500 600 700 800 9002 1000 1100 1200
700 09TeV  236TeV  7TeV 14fev Xmax [9/cm?]
= B O Nametal 1975 LHC
E A Sichanetal 1978
- 600_— ¥  Baltrusaitis et al. 1984 28
= | e Mielkeetal 1994 +
i - 4 Hondaetal 1999 = ( 505 + 22 Stat SyS) mb
2 : (@] Knurenko et al. 1999 p alr
© 500— & HiResICRC 2007
e T Aglietta etal. 2009
s ~ L] ielli et al. P - - -
S soof. 4 vasmeione 20m /f{}:'— Systematic uncertainties:
& - —@— Auger ICRC 2011 ‘_4(‘»"’ ? - == QGSJet0lc o Hadronic models
8 T i;&ﬁi ? e o energy scale
5 300;} f—?— ..... Epos 1.99 o simulations ... total +20 mb -15 mb
o photon and helium fraction:
o%”t 1(;12 10'13 1(;14 --L;gﬁ- 1(',15 1('117 '-'%"318' 10'19 “;20 = photon fraction 0.5%  +10 mb

Energy [eV] = He fraction 25% -30mb

Sergio Navas Cosmic Rays Lectures TAE 2014 (Benasque)



CRs “end of spectrum”: SUMMARY

Where do we stand ?

We observe:

o A suppression in energy spectrum: GZK-effect or exhaustion of the

acceleration mechanism?

o No GZK photons or neutrinos

o A trend towards a heavier composition at higher energies
o A weak correlation to nearby matter distribution

o A very isotropic sky on large scale

o Particle Physics measurements with UHECRs !
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HIGHER AND HIGHER, LIKE THEY'RE TI L 3
A SILVER BULLET, ROARS ’ PENETRATING gy o
THE SLEEK SPACE CRAFT... 1! ANY THING./

NATURALLY/
HE:ﬁSY#g?? TRONG THEYRE © N
5 ONLY RAYS \
COSMIC Rays// OF LIGHT/
I--I WARNED YOU CAN

'T MOVE Y/

Cosmic Rays offer lots of

data and open questions:
Still lots to do !!

-
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