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Outline:

» Part |. A general overview of cosmic
ray science.

» Part ll: The interconnection between
cosmic ray and particle physics.

» | will mention aspects that will be discussed in detail
in the talks that follow in this session (S.
Ostapchenko, R. Ulrich, D. Veberic, R. Abbasi).

» Afew key slides taken by J. Pinfold and R. Engel
review talks at ICRCs 2013 and 2015.



Part I
A general overview of cosmic ray science
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AMS: A TeV Magnetic Spectrometer in Space (3m x 3m x 3m, 7t)
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Extensive Air Showers (EAS)
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Air showers: electromagnetic and hadronic components
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Development in atmosphere of EAS produced by protons or Fe nuclei at E=101° eV
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EAS detection techniques
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Measurement of Cherenkov
light with telescopes
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Measurement of particles
with tracking detectors

(with drift chambers or
streamer or Geiger tubes)

<3+—— First interaction (usually several 10 km high)

Air shower evolves (particles are created

= and most of them later stop or decay)
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.. Measurement of low-energy muons
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Measurement of high-energy
muons deep underground




E>10"eV
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Cosmic ray flux and interaction energies
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COSMIC RAY SPECTRUM
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Technical: direct to ground based experiments
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Origin of the knee?
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What is the origin of the knee? j

The energetic limit of the acceleration
%l mechanism of galactic c.r.?
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Results in the knee region

EAS-TOP (1999)
Akeno (1992)
10" by Yakutsk (2008)
— ﬂ GAMMA (2008)
— i$ * TUNKA-133 (2013)
— B TUNKA-25 (2013)
— ® IceTop (2013)
| ¥ TIBET-II (2008)
Vv
10'6 — v v
— v v vv?Y
— v v
— vy
— Vv v
1015 -
[ v KASCADE all (2013) ¥
— v KASCADE H (2013)
| KASCADE medium (2013)
v KASCADE Fe (2013)
— A KASCADE-Grande all (2012,2013)
A KASCADE-Grande H (2013))
14 | KASCADE-Grande He+CNO+Si (2013)
10" = A KASCADE-Grande Fe (2013)
_I 11 1 1 1 1 1 11 | 1 1 1 1 1 || | 1 1 1 1 1 1 1 |

10" 10'® 10"7 10'8
E(eV)

M.B., Comptes Rendus (2014) 17



Origin of the ankle? (transition between galactic/extra-galactic CRs)
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..the ankle marks the transition between galactic
and extra galactic cosmic rays ?
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dl/dE x E*° (m2 srseV'd)

KASCADE-Grande results:
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Composition vs Energy
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Anisotropies

Equivalent c.m. energy \s,, (GeV)
10° 10° 10° 10°

10"

1016

ILBLRLLL

1015

LILLLLLLL

Scaled flux E2°J(E) (m2s'sr'ev'?)

1014

| Hlllll

1013

| ll]llll

11 lllllll

1

? 1 III]]II

1 Illlllll 1 llllllll | llllllll | Illlllll | Illlllll

f 1 ll]*ll] ? 1 I IIII[II 1 I IIIIIII

Tevatron (p-p) 7 TeV 14 TeV HiRes-MIA
LHC (p-p) HiRes |
ey I

Auger
TA SD 2013

o B r «

= KASCADE (SIBYLL 2.1)
*  KASCADE-Grande 2012
*  Tibet ASg (SIBYLL 2.1)
= |ceTop ICRC 2013

R. Engel (KIT)

10'® 10'® 10" 10'® 10" 10%° 10%

Energy  (eV/particle)



Random path of Cosmic Rays

@(r,E;r, E, ) : structure function
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amplitude of dipole
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Low-Energy Anisotropy
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Where does this anisotropy comes from?
Why it changes above hundred TeV?
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End of spectrum?
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The cosmic microwave background at 3 °K makes the

Universe opaque to the cosmic rays of extreme energy
K. Greisen - 6.T.Zatsepin & V.A.Kuz'min (1966)

GZK CUTOff p+y = p"‘TlZO

p+y =2 h+x*
E, .=6.8 10!° eV
I=1/0p=6Mpc
0~410 y/cm3

'\ 0=13Bmbarn

Cosmic rays with energy E> 7-10!° eV must
have their sources within 50Mpc



C

Photo-dissociation for
GZK cut-off for protons heavier nuclei

PH+Y,x > A—=n+m’

P+Y,qx %A%p'”co

PV, = A—=p+e +e

Laboratory System:
E proton = 102°eV; E photon: 0.5 meV

Proton reference system:
E proton = 0 eV ; E photon: 300 MeV

Cosmic rays with energy E> 7-10!° eV
must have their sources within 50Mpc

Propagation distance (Mpc)



Other possibility: end of spectrum due to the fact that
sources are running out of steam
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Cosmic Ray Propagation
in our Galaxy

* Deflection angle < 1 degree at 102°eV for
protons

10**18eV 10**19eV ~ 10™20eV




Anisotropy Hints >60 EeV

Statistically limited evidence for Comic Ray Anisotropy above
5.7x 10" eVin the North and South
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The connection with the ‘knee’ and the highest energies
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Part Il
The interconnection between cosmic rays
and particle physics

33



Scaled flux E*°J(E) [m?s'sr'eV'd)

Equivalent c.m. energy\'s,, [GeV]
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Measurement of proton-air cross section

Difficulti
Number of charged particles dP . I —X1 /it s »
dx, L-—e ® mass composition
! " * fluctuations in shower development
(Maie) (model needed for correction)
ar
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Rapidity regions of CR experiments and LHC detectors
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Challenge of limited phase space coverage
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R. Engel (ICRC 2015)
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Charged particle distribution in pseudorapidity

Protons: Ews = 3 x 10' eV

pep «chg NSO Detailed LHC wmp.d‘on
(D'Enterria et al., APP 35, 2011)

N, snl0TWW
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PYTHA 6422 Asas CSC)
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o« PYTHAS 0 (Ture 1)

e PHOUET 112 (+PYTHAG 1Y)

% 2 0 2 4
n

Models for air showers typically better in agreement with LHC data
(data from all LHC expenments, CMS shown as example)
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Examples of tuning interaction models to LHC data
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First LHC data at 13 TeV c.m. energy

(CMS, 1507.05915)
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Good agreement with data !

R. Engel (ICRC 2015)
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Shortcomings of the hadronic interaction models

Muon number in inclined showers

Number of muons in showers with 6>60° Combination of information on mean
depth of shower maximum and
) S muon number at ground
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Several measurements: indications for muon discrepancy
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Average shower maximum and RMS

Average of X Std. Deviation of X
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Dip model (ankle due to pure proton flux)
seems to be ruled out
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Shortcomings of the hadronic interaction models
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CONCLUSIONS

A review of the current understanding of cosmic ray data at different
energies has been presented.

The interpretation of CR data requires the knowledge of the physics of
hadronic interactions in atmosphere, but at the same time provides a
means to cross-check the validity of the physics principles embedded in
the models.

Hadronic interaction models do a fairly well job not only in the
interpretation of EAS cascades in atmosphere but also of LHC data.

However, shortcomings exist! LHC data are extremely helpful in fine
tuning the models and give solid bases for the extrapolation at high
energies.

CR remain the sole mean to test hadronic interactions at energies well
beyond those reachable with colliders.

CRs and accelerator data provide an excellent mix of information to
understand the physics of interactions! 45
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