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Astroparticle physics

Particle physics

v Known experimental
devises

v Invertigation of
secondaries from
well-defined initial
conditions

v Search for unknown
phenomena

A%

Astrophysics
Unknown asselerators

Elecrodynamics: we
understand it well

Measurement of photons:
well understood

Modelling of sources
(inverse problem)
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Some units in cosmology and

astrophysics

v 1 pc = 3.3 light years = 3.3*c*yr=3*1018 cm
distance between stars
v 10 kpc = 3*10%2 cm size of Milky Way galaxy

v 1 Mpc = 10° pc =3*10%* cm distance between
galaxies

v Rgzc =100 Mpc =3*10%° cm distance which
UHECR protons can travel

v 5 Gpc = 1.5"1028 cm size of Universe today
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Overview:

v Introduction: historical remarks
v UHECR measurements

v Acceleration of UHECR in astrophysical
sources

v Propagation of UHECR: energy losses,
magnetic fields

v UHECR spectrum and GZK cutoff
v Theoretical models and composition
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Overview:

v UHECR arrival directions, their sources and
galactic and extragalactic magnetic field

v Correlations of UHECR E>56 EeV with LSS
v Particle physics and UHECR

v Multi-messenger observations with UHECR
v Conclusions



INTRODUCTION
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A%

A%

A%

A%

A%

A%

Cosmic rays: historical remarks

1912: Victor Hess discovered radiation coming
to atmosphere from above

1929: Anderson discovered positron

1932: Primaries of radiation got name “cosmic
rays” under assumption that they are photons

1934 It was proved that primaries are positively
charged particles

1936 Discovery of muon

1938 Pierre Auger observed extensive air
showers
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A%

A%

A%

A%

A%

A%

A%

Cosmic rays: historical remarks

1947 Discovery of charge pions
1947-50 Discovery of strange particles
19562-54 Accelerator physics started

1954 First measurement of extensive air showers by
Harvard College Observatory

1963 first showers with energies E>1079 eV

1965 CMB discovered

1966 Greizen, Zatsepin and Kuzmin predict cutoff in
the cosmic ray spectrum from interactions with CMB at
E~10%0 eV
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A%

Cosmic rays: historical remarks

1981-1993 Fly’s Eye experiment prove fluorescent
technique. First event with E>10%9 eV

1994-1996 First measurements of cutoff region by
AGASA experiment: no cutoff in spectrum: big
theoretical effort beyond Standard Model (SHDM, LIV,

etc.)
2001 HiRes experiment see cutoff.

2007 Construction of Pierre Auger Observatory
finished. Precision measurements started.
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Measurements of
UHECR
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UHECR measurement

v Depth of atmosphere i
1000 g/cm?

v Proton of 102° eV ener
interact within 60-80
g/cm?. Center mass g
energy is 300 TeV: mu?
larger then LHC!

v Shower develops with
final number 1010-11 of
energy particles.
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Parameters to measure:

v Energy of primary particle
v Arrival direction.

v Type of primary particle
(proton, nuclei, photon,
neutrino, new particle)

v Properties of primary
particle: total cross
section.
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Detection of showers on ground

B

@ clectrons

v Ground array measure footstep of
the shower. Final particles at
ground level are gamma-rays,
electrons, positrons and muons.

v Typically 107911 photons,
electrons and positrons in area
20-50 km?Z. It is enough to have
detectors with area of few m2 per 12km
km2. Number of low energy
particles is connected to primary
energy.

v Spacel/time structure of signal give
information on arrival direction.

v Number of muons compared to
number of electrons give
information on primary particle
kind.
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A%

A%

A%

A%

Detection of shower development In

atmospherer

Fly’s Eye technique mesure
fluorescence emision of N, by
collection of mirrors: shape of
the shower.

Total amount of light
connected to energy of primary
particle.

Time structure of signal gives
information on arrival
direction.

Depth in atmosphere with
maximum signal give
information on primary particle
kind.

phototubes actifs

e
-
Plan de |la gerbe
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Stereo Event E ~50 EeV

HiResl HiRes2
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Shower structure: theoretical
uncertanty

v Extrapolation of
accelerator data to high
energies with different
approaches can give
uncertainty upto 30 %
in energy estimate for
same shower and 100%
important for chemical
composition study.
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v AGASA covers an area of
about 100 km? and
consists of 111 detectors
on the ground (surface
detectors) and 27
detectors under
absorbers (muon
detectors). Each surface
detector is placed with a
nearest-neighbor
separation of about 1 km.

v Operated 1993- 2003.
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High Resolution Fly’'s Eye: HiRes

v HiRes 1 and HiRes 2 sit on two
small mountains in western Utah,
with a separation of 13 km.

v HiRes 1 has 21 three meter
diameter mirrors which are
arranged to view the sky between
elevations of 3 and 16 degrees
over the full azimuth range;

v HiRes 2 has 42 mirrors which
image the sky between elevations
of 3 and 30 degrees over 360
degrees of azimuth.

v Operated in stereo mode 1999-
2006.
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\prt involving more than 450
2 Institutions in 17 countries:

stralia, Bolivia, Brazil, Czech Republic,
1any, ltaly, Mexico, Netherlands, Poland,
yenia, Spain, United Kingdom, USA,

’-} 7‘~';.
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Pierre Auger Observatory
South site in Argentina almost finished
North site — project
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The Surface Array

Communications

SAGNAP — April 2004
P. Mantsch
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The Fluorescence Detectors

Schmidt Telescope at Los Leones
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Extreme Universe Space Observatory:
JEM-EUSO (project)

E

ISS - The International Space Station

S Earth ; Z. ESA
Fatmosphere 3

e Columbus
230 kam Modul
\QK/ Cherenkov oce

EUSO: Extreme Universe Space Observatory
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Integrated Exposure
(at 1020 eV)
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Acceleration of
UHECR
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Acceleration of UHECR
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UHECR spectrum and
GZK cutoff
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Nucleons can produce pions on the cosmic microwave background
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Same true for heavy nuclei:
Fe
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Auger Energy Spectrum 2007

60
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Theoretical models and
composition
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Protons can fit UHECR data
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Mixed composition model
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Problems: 1) escape of the nuclei from the source
2) How to accelerate Fe in our Galaxy
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Composition study
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Models and composition

Mixed composition Protons only
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Arrival directions

of UHECR and
magnetic fields.
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UHECR propagation in Milky Way

v Deflection angle ~ 1-2 degrees at 102%V for protons
Astronomy by hadronic particles?

10**18eV 10**19eV 10**20eV
5 g | £
......... . =
X[kpe] X[kpc] X[kpe]
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Uncertainty of GMF models

v From M.Kachelriess et al,
astro-ph/0510444

v Protons with energy
4*10'° eV deflection in
galactic magnetic

field.

HMR model PS model
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Deflections by EGMF

By K.Dolag, D.Grasso, V.Springel, and |.Tkachev
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Magnetic field in several directions from
Earth for constrained simulation

vvvvvvvvvv

..............

Dolag et al, astro-ph/0410419
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astro-ph/0401084
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Horizon for protons
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Simulation with SOPHIA, stochastic energy losses,
Assuming AE/E = 20% event by event
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AGASA data E>4x10"eV
~60 events

Clusters -- are events which came from the same
part of sky within given (usually small) angle
from each other. Angle is 2.5 degrees for AGASA.



Arrival directions for E>40 EeV In
in AGASA)
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Probability of correlation
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M.Kachelriess and D.S. astro-ph/0512498
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Clustering signal in AUGER:
20-25 degree scales

E > 40 EeV

0.01 |

0.001

] 1 1 ] 1
0 5 10 15 20 25 d4d
efdeq]

~1-2 %, ~70 events, Pierre Auger Collaboration, ICRC 2007
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Clustering signal in AUGER: scan

E[EeV]
60 50 40 30 20
30 I
0001

001

0L
10 100

2% after scan and penalty between 7 and 23 degrees
Pierre Auger Collaboration, ICRC 2007

Statistically limited at the moment.
If real, connection to LSS and EGMF



Correlations with
local LSS
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v New York Times, GOSM“E RAY PUZZLE
December 29, 1932 DUE T0 BE S(]LVE[)]

DOr. Millikan Expects Nature'
of Contents to Be Known
Within a Year.

HE CAUTIONS SCIENTISTS

Warns of Present Theories
and Offers New Articles
of Faith for a Credo.

Robert A. Millikan

By WILLIAM I. LAURENCE.
Special to TR NEw YoRE TDOS.

mm D‘cu ”-——DI‘. ROb—
ert A. Millikan, Nobel Prize winner
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< < < <

Prescription of blind test

Based on 15 events E>56 EeV period
January 1, 2004 - May 28, 2006

12t Catalog of AGN’s by Veron

Z<=0.018 or R<=75 Mpc 472 objects

PAO data with ICRC T5 E>=56 EeV Herald v4

Search of correlations in 3.1 degree angle from AGN'’s.

Within this angle P =0.21

chance

v Running prescription until P=0.01 or up to 34 events
v Status: passed 6/8 May 2007

At August 31, 2007 8/13 P=1.6e-3
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Arrival directions for E>57 E€V In

Auger
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Doublet — at Cen A - real sgwrce?
(CenA

2 sigma at the momen;
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Cen A: radio galaxy

Centaurus A VLA 4.9 GHz

The Radio Structure of Centaurus A a2 adf ]
a2t .
4 aal ] Inner
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D § | / é 48t -
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v Radio galaxy with AGN
located at 4 Mpc from our
galaxy: extremely nearby !!!

v Typical distance between
radio galaxies is 20-40 Mpc

" .. ©Anglo-Australian Observatory: -

v Most nearby AGN:
typical distance
between AGN's is
10 Mpc (if not in
clusters)
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Statistics with Galactic plane cut

v Z<=0.018 R=75 Mpc: 425 AGN
|Ib|>12 degrees

v 6 events in Galactic plane only one
correlate

v Out of Galactic plane 21 event /19
correlate 90%.

v Only new events: 11/9 correlate P=0.0002
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Source in magnetized region

model z

10 S R T T T T LT B § L T T —
S fit 1/E22 —— 3
A no MF —&— ]
- i 0,0) +¥-
1 B 5 {30,10) Iiigieest -
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SUMMARY of Auger correlation

study:
v Evidence that UHECR sky is anisotropic above GZK

cutoff

v 3 degree angle mean that magnetic fields are not very
large + <Z> is not very large

v Independent confirmation of GZK cutoff from correlations
with NEARBY sources.

v AGN’s can be sources or tracers of sources in local LSS

v . PROTONS from AGN'’s: Energy scale has to move up
E->E+30% Warning: There is no signal from Virgo
cluster, 2-3 sigma

v Statistics N*2 next ICRC



Particle physics at
ultra-high energies
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Number of muons and energy scale

3
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Relative number of muons

2x10°F
rel — @
N, =1 .
_______________________________________________
10°F
2 9x10°f '
g 8x10°f el
W 7x10% | , , TS
6X102 = i | L s SV VI —
; ®
5x102 fF——— o frmmmmman o
2L rel ?
4x10 NM =2
LN T R AR TR A AR G
310°%""""01 02 03 04 05 06 07
sin2(6)

we need in 1.5 times more muons
as compared to QGSJET-Il model:
Heavier then Fe or wrong model prediction
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Composition study: depends on
hadronic interaction models
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" JEMBSENHICERN Latin American School
LHC-CR interplay

Calibration of the models at
high energy is mandatory

‘,

14 TeV in the center of mass L et
E,=107 eV (Eigy= E2cu/2 my) ol

b i

Major LHC detectors (ATLAS, CMS, LHCB) will measure
the particles emitted in transverse directions

LHCT is a tool to calibrate MC code to energy relevant
for CR physics. It will cover the very forward part
May be also Heavy Ion runs?
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Detector I ) 4 Detector IT
Tungsten INTERACTION POINT Tungsten
Scintillator IP1 (ATLAS) Scintillator

ecim‘illcn‘ing fiberj kSilicon ustrips )

[ Beam line }

Two independent detectors on both side of IP1
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LHCf Arm 1 — Installatlon
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L performances. Monte Carlo y-ray

enerqgy spectrum

Gamma Energy Spectrum

particles/bin
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LHCTf performances:

model dependence of neutron energy distribution

Original n energy

Neutron Energy Distributions
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Secondary photons

and neutrinos from
UHECR



] _n School 2009, Lecture 1: Cosmic rays

Pion production
N+y, =N +E.7ri

700

R U] T S
P+Pb:2nl+... =% opy I p
ESOO — ‘I -

0 e L )
j_l;, — 2,)/ §400 _— 1“ —_
jT_ : M_ +VM §200 i p \‘\\ —:
u>=e +v, +v, 0 il s ) o ey oo

n=p+e +v,

Conclusion: proton, photon and neutrino fluxes are

connected in well-defined way. If we know one of them we
can predict other ones: gt piot
4 vV



GZK photons with
E>10 EeV
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Secondary photons and neutrinos

Zmin=0; E,,=1.28e+21 HiRes Mono le+26 HRea | Jods 1. LI | T T T TTT11I0] T T T 1117
- HiRes 112005 -3

G.Gelmini et al, astro-ph/0702464
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Search for secondary photons
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Cascade photons
with GeV - TeV
energies
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Cascade photons for 1/EZ.
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Contribution of UHECR to EGRET

{E)E?[eVem? s sr]

Ll 1 1 | 1 1 1 | 1 1 1
108 108 1010 1011 1012
E [eV]

O.Kalashev, D.S. and G.Sigl, astro-ph/0704.2463



UHE neutrinos.
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Pion production

! I T R TR R R L S 2R
N+yb=>N+Eﬂ7 Y ;
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1
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n=p+e +v,

Conclusion: proton, photon and neutrino fluxes are

connected in well-defined way. If we know one of them we
can predict other ones: gt piot
4 vV



Multi-messenger
observations of sky.
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Acceleration J acceleratig @

Cosmic Rays E< Eg« A
Difficult to do astronomy

=
- netic f

Synch ,
.C. E.M. Pion production
Cascades Neutron decay
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Previous generation: AGASA, HiRes

111 scintillation detectors HiRes-l. HiRes-|
27 muon detectors ’
i ~4_M$( 30 Scientists) ~10M$ (~60 Scientists)

s i R RN

0.5-1 event/year E>100 EeV

3-5 events/year E>60 EeV
20-40 events/year E>30 EeV

% Goal: check if GZK cutoff exist?
a,Amsotropy first hints?
e 1 e “"»‘;’Eu-f.ﬁ';
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klf\\ll f _I\V\f\lf'ﬁ‘l':f\ﬂ

10 events/year E>100 EeV

., 50 events/year E>60 EeV
. % 400 events/year E>30 EeV
Bl

9
=
= %2 w
N 94 P4
Sl peeeee W mEu
N =

e = July: Cutoff confirmed !l
7=~ November 9th: Anisotropic sky Il ;
Sources - astrophysical objects in ™"
LSS i
1§OOVV ‘
w15 (Goal: establish first UHECR

4 Fluore

-soms . SOUFCES: 3-5 years of Auger data CEyery
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Future Projects: Auger North, JEM-EUSO

JEM-EUSO (~20% duty cycle)

Auger North Nadir mode ~40,000km2yr / yr for 2 years

Til ~2 km2 f
~10,000km2 * (%4 7 Sr)/yr for 10 years llted mode ~200,000km2yr / yr for 3 years

Total ~680,000km2 yr ~2M km2 str yr

o 100-300 eventslyear E>1OO EeV
e 500-1500 events/year E>60 EeV

2 101° eV

1.6 km square gid 4000 10000 events/year E>30 EeV

A single FD 30° x
Propose 10,000 km'

Goal: start UHECR astronomy

S e ] T ——
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Multi-Messenger observation all-sky

Gamma Rays

\ _ Gamma Ray &
}’ X-Ray Satellites

A\_CTA North

UHECR
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Conclusions

v Cutoff in UHECR spectrum exist. UHECR come from
astrophysical sources. Open questions:
Cutoff from acceleration or/and cutoff from propagation.
Composition: protons or/and nuclei?

v November 9, 2007: UHECR astronomy started. Sources are in local
LSS. AGN's are possible sources.

v A lot of astrophysics can be done: Galactic and extragalactic
magnetic fields, individual sources of UHECR, acceleration
mechanism, etc. Larger detectors needed (Auger North, JEM-
EUSO, etc.)!

v Input from LHC needed to reduce uncertainty in hadronic models:
energy determination and composition of UHECR. Definitely revision
of calculations with high-energy interactions.

v Secondary photons and neutrinos can give additional information on
sources when they will be detected



