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prmary Extensive Air Shower (EAS)

4 N\
Particle Composition

at ground:

\ vy // ~ 80 % photons
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(B,4,0)

Hadrons can be

detected
by a calorimeter... Petecto

/

The e.m.component
can be detected
by scintillators

Cerenkov light can be
detected by an array

of telescopes on a large area
; J
J
QD =%
i TeV muons can be detected

by an underground
detector in coincidence

L with the surface one p

(C) L9 K. Bernlshe

GeV muons can be
detected
by a tracking detector

)
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Observables Detectors
Nuwmber and seinttllator arra Yys,
fluctuation of electrons | water Cerenkov detectors

Observables in EAS
Charged particles:
em, W, hadrons
cerenkov light
Fluorescence Light

Nuwmber, energy,
deflection angle, Moot
fluctuation of

burted detectors,
tracking calorimeters

Nuwmber, energy and
distribution of hadrons

oleep hadronic
calorimeeters

Nuwmber and wide angle Cerenkov
distribution of Cerenkov | detectors

photons

Cerenkov angular maging Cerenkov
distribution telescopes

Depth of shower Cerenkov, fluorescence
maximum detectors
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Mownte carlo
stmulations
€, A
hadrowntle tnteraction
models
+ detectors
résponse

Ewner
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The em. component

The shower size s determined through a fit of
particle densities measured by different detectors
to the NKG function

AT o\ 52 w \ 549
B N o 7 7
p(.'h o— 2~ 2 . . ‘-—‘- . l _— .—‘-

The arrival direction Ls obtained

T
! 2 , , ,
gn from the relative times of arvival
ol g of the shower front at different
T detectors: cAt = d cosO
S
10| e e, e,

10-2 0

10'3 — Electrons

- Muons
10% . Hadrons 1PeV,0°
1 10 102 ] 103
core distance (m) . [
Scintillators / water detectors t3 o 0
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[ The 1 component }

The muon size comes from a fit to the muon densities measured at different
distances from the shower core (LDF by Greisen in 1960

Iy
p,(r) o« raexp(—L) Ny =2nm / p,.(r)rdr

I
0 o

42 | —— VENUS
- QGSJET
4 [ SIBYLL

W component directly coupled to
hadronic: Link to properties of initial

hadron
----- HDPM
38 | — DPMJET 10%V
3 - The number of low energy (Gev)
% 3 and high energy (Tev) muons
9 Iron depends on primary atomic number

34

with Ne, the muon number Ls the
most sensttive parameter to prima ry
mass

32

23 ’ ’ ’
3OM s s 4 x4 s s s 8 geintillators below absorber or tracking,

log(Ne) water cerenkoVv tanks for Gev muons.
underground detectors for Tev muons
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For a protow S D

\_

Nmax = EOIEC N = ﬂ
’ ,Edecl
X = A In(E) o= 112:“" ~ 0.82...0.95

tot

J

For heavier nuclel

N2 =AEIE, =E,E,

X4 ~A In(E,/A)

24P Superposition model:

A shower from a primary with mass A
and energy € Ls equivalent
to A showers of energy E/A

E,lA
E,

C

=A4"°N

u

NA

u

A

6 D, = dX, . /dne ~ A(2-d lnA/d LnE)

8Lowgatiow rate

(>,,=2.2D,)
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Development of cosmic-ray air showers

o [The hadrownic oompowewt}

(e.g. ion nucleus)

\
N e Back bone of the air shower (hadronic
R plon docye cove) .They constantly feed the em
el component of the EAS through n°s.
8 "
.:"‘! “N .' -— ‘e second interaction .
' . secowdarg hadrows produced tn early
PR 3 stages of showers
ol Reminder of  first  interaction
.| features. Total wuwmber of hadrons
Tt wearly  proportional to  primary
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| The Cerenkov light |

W, = 1.00029 (at sea Level) S Almost all electrons

E.,(e) =21 Mev (35 Mev of the EBAS emit

at #.5 km.) Cherenkov light.

Maximum opening angle S AU clight associated to BAS

of emitted light = 1.=° contained L @ Warrow cowne,

(at sea Level) keeping the shower direction
weak absorption of Light S Most C-light reaches observation

tn atmosphere level. N, <Ltr above observer, a
very good wmeasure of €,

Lateral distribution and 8 information on longitudinal
temporal structure depend on development. Primary mass
shower max position

3|10

v>c/n

LetoYSs s PMIS:

A.castellina 3rd School of Cosmic Rays and Astrophysics



Outline of the Lecture

Introduction

Origin, acceleration and propagation of co
Models of the knee

Bnergy spectrum and compositiol  The high energy region

measurements and results CerenRov detector results
Models of the knee: comparison

The measurement of the p-Air cross section itk data

The all-particle energy spectrum
The link with direct measurement:
Extensive Alr Showers spectra and comp. below the kinee

Awisotropg studles with EAS arra Yys
The qalactic to Extragalactic transition
Future Proj ects

A.castellina 3rd School of Cosmic Rays and Astrophysics

17




~
2 -+ AGASA , @ HiRes/MIA #* SUGAR _
> = + Akeno 20 krp a1 KASCADE (e/m QGSJET) ® Tibet ASy w
[ + Akeno 1 km u KASCADE (e/m SIBYLL) ® Tibet ASy-lll
O - % AUGER A KASCADE (h/m) V Tunka-2 J
- O BLANCA @ KASCADE (nn) * Yakutsk k- 4
7] 7 < CASA-MIA Z MSU |
- 10" | 4 DICE gF Mt. Norikura |
= E -+ BASIE-MAS
o - X EAS-Top +
L B & Fly's Eye |
E, Haverah Park
< B Haverah Park Fe
@ | % Haverah Park p
uf HEGRA
. @ HiRes-
'-.g: 10 6 — @ HiRes-ll b
= C ©
& n AR
© - e®
x
3 F
L n
| IIlIIlI| | IIIII|I| 1 II|||Il| | IlIIlIIl | Illlllll 1 IIIIII|| | IIIlIIIl | IIIlIl |
4 1
10 10° 10° 10’ 10° 10° 10" 10"

Energy E, [GeV]

Bnergy and composition are strictly related information
AlL observables are derived either from. the Lateral spread of EAS at a specific
observation Level or from its longitudinal development in atmosphere

Multi-detector arrays are wmore powerful, since they caw correlate different
observables

The understanding of data relies on the knowledge of the stochastic and
systematic uncertainties.

The conversion from the observable to the physical quantity relies on Monte
carlo simulations
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Eo7
2 0.6 IR ”3*‘:**'?**&,
= 0.5 v 0 O - R - *A‘*'
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03
0.2 | © JACEE
L GRIGOR —
GOROV Y. =2.7¢
Y, =3.19
0.1 — e
10° 10°*
E (TeV)

Corsika code + twteraction model

N, converted to 810 g em = using the measured A, = (219 +3) g em?

Ne(anA) = a(A)Eoﬁ(A)

Effective A from direct measurements, with
Extmpol,atiow checked b Y consistence with other measurements

Er(A) = ZxEZ (A

53s’cematic wncertainties from model and compositiow, each 10 %.

[M.Aglietta et al., Astrop.Phys.10 (1999) 11
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| CASA-MIA |

1089 particle detectors (0.25 km?)

1024 muow detectors, 2 m underground

F=log(N.+SN,)

*F does not depend on A: systematic differences tn
energy assignment less than 5 %

°F depens very Little o O but rematins iwdepewdew’c
on oomposi’ciow

°C dependent on the model

N\ the energ Yy is determined

independently from

oompositiow

N\ the knee does not change with 0

[M.glasmacher et al., As’crop.Phgs.io (1999) 291]

log10(N,.+25 N,)
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QO protons 490
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r A iron: me
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_. 0‘9‘3
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y YO
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22

34 e s 4
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A.castellina 3rd School of Cosmic Rays and Astrophysics

20



200 x 200 m? at 1020 g/cm?

( MSMDE j Array: 252 detector stations with € /4~ and muon counters

Central detector: 300 m? hadron calorimeter and 4 muon layers
MTD: 120 m? muon tunnel

I‘l" AV'

* H, QGSJet
» H SIBYLL
¢ Fe, QGSJel
» Fe, SIRYLL

Combined x2 mintmization to fit ';: 10°F ‘ 7Y S TR R
Ne,Nu size spectra simultaneously 2 i,
dJ e i EEigh
- W Tl
dlogN.dlogN €t IP® *
: i H
s [ (logn.logn, log E)dlog E *
a) i PallogN.logN,llog E)dlogE |
v dlogE <
3 0 maasseol
The all particle spectrum : sum of 5 ~ A SBYLL21
o] 1 1 MR SR | 1 L PR S S T R
MAass groups spectra 10° 10 10°
[T.Antont et al., Astrop.Phys.24 (=005) 1] primary energy E [GeV
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— A Tibet

"Nzu - KJACEE  § prora

X | ® Proton-3 @ Akeno (1984) L]
Eg [ CASA-MIA

% B 98 CASA-BLANCA

2 O DICE
10 _I 1 1 lllllll 1 1 lllllll 1 1 lllllll
10° 10° 107 108

energy E [GeV]
The spectra agree quite well tn shape and knee position (despite different
techniques, observables, atmospheric depths!)
15% systematic shift in energy needed to mateh fluxes
Swooth Rwnee at ~4 PeV, Y1, "2 Yaooe 31

..but need different mass groups spectra to diseriminate among astrophysical
models!

A.castellina 3rd School of Cosmic Rays and Astrophysics



A

>

B 4

2 10

W

N

g

w

: 3

Uy 10

%

)

]
102

thm and composition waomatwg

L TTTT IITTHH ILLEERLL

|

Low ewcrgg rawge Supcrposvcww
with direct measurements

1 IIIHII 1 IIIHITI

H’L@l’l energy range, )
the “knee region”

IIIII]

|

| T Tl

L

|

lllll]

1

llllllll

|

| IIII'NI|

| YlllIIII

1 I!NIYlll

] lIIIIII|

| Il'IIIT|

| II[IIII|

| l[IIIYI|

L L1t

L1 111

' 1
._!

12

0

13

10

14

10

15

10

1

16

17
10

1
10

1
10"

16"

Energy per nucleus (eV)



( Direct measwrements with balloowns j

RUNJOB, JACEE
Passive detectors with nuclear emulsions o

- must be recovered and developea iy
Labom’corg 1oma

; J spacer (~20cm)

- record the incoming particle and
secondaries from tnteraction II.‘E:;
B

I thin EC(~5c.u.)

—

fF—— o

]

diffuser (~dcm)

p.He, heavy nuclel up to 500 Tev/nucleon

Silicon Matrix ATTC, TRACER«, OREAM
NG \ tenic— elude detectors for charge measurement

Bays

(fine grain silicon matrix, scintillators)
and for energ Y eva Luation (calorimeeters,
transition radiation detectors, )

P-Ni from 50 Gev to 100 TeV total energy
BGO Calorimeter O-Fe from 1 qev/w to 10 Tev/w

K p-Fe from 10™* tp 10*° eV
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© MASS91 @ Grigorov| : | = BESS98 :
3 IMAX9? B SOKOL | i { o Ans ] RUN)OB Ty =~ .74 *£0.08
3 Swodyetal. £ MUBEE | : | A CAPRICEYS : _

. Ryame(al. B JACEE | : | v ATIC Vie = .78 £ 0.20
® RUNJOB(this work) |- JACGE Y. = 2.90 Vi, = 2.6
: . P S e '

He (RUN)OB) ~1/2 He()ACEE)
at € = 100 Tev/wn

10‘ T Ivl"ﬂl T l'llm T llluﬂl LN

A HEAO0-3 4 SOKOL ® RUNJOB
< SANRIKU W™ JACEE
¢ CRN

E,  dI/AE, [ sec s Gev')

10°

10 10 10° 10 10 10° 10

kinetic energy E, [GeV/nucleon] 10'

RUNJOB: Y~2.7 for CNO to ~2.6 for Fe

if Runjob/sanriku gradual change in
slope indicated a rigidity

dependent form

If JACEE/Sokol different sources for
protons and for He ano heavier

A
Vo V‘AJ‘

4 4 :
NeMgSi (x1/10) - .;.‘_+__ l
iron (xllloﬂ) |

A llllld L llll A llllld AL AL

1 10" 10° 10°
[V.A.Derbina et al, Astrop.) 628 (2005)] kinetic energy Eo [GeViaclost]

Eo*S dI/dE, [msrsec GeV/n'S]
2 2

-

10°
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CAS-TOP
(qrawn Sasso, ttal

2000 m asl
820 g em™

144 m? Hadrow calorimeeter:
9 layers x 13 cm Fe absorber,

2 layers streamer tubes

1 layer “quast-proportional” tubes
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110 wm asl
1100 ¢ em™

Lead Shield
+ Top Layer

A e =43 Top Cluster
Trigger Layer

iron Plates
(4000T; 11 &)

Concrete
Muon Chambers
(2 layers; 260 m?)

Streamer Tubes
(pad-readout; 300 m?)
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Proton. primaries
from. hadrow data

EAS-TOP, i simulation
820 g cm™2 Y (Corsika/ 105
Kascade, i RGS)ET)

4—
sea level

Measure the flux of single hadrons

Use Monte Carlo to subtract the Helium 104
contribution to the hadron flux :
CORSIKA/RGS)ET tested Ln EAS data:

the model reproduces the experimental ratio

1 IIIIIIlI | lIlllIIl 1 IlIIIlII 1 L1 111

at better thawn 1070 103 104 10
Minimize the difference between measured E (Ge\/)
and expected (from different proton spectra)

[ M.Aglietta et al, Astrop.Phys. 19 (2003) 329
hadron flux T Antoni et al., Ap) 612 (2004) 914 1
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Cowposition from Cerenkov light
and HE muons

. Primary
particle
*
B .
X i ) Atmospheric
ﬂ“‘ ; T Shower
o AR
Y
\ B
e
© \ w2 w*
r\‘

wr Cherenkov
. photon

S

W\ o {
- AN N
L e s el er, U Number
e 3 : % of
\ € 3, ER
\ =iy » photons
EANER N ¥
g CR S CN
% % % . \
E ™,
AN Photomultipliers
,
TR T
{ oy Mirror
i AN
| ] FAN
y Distance R FA—
Z’/\j _ Telescope

jon level

High energetic
muon (E>1.3Tev)

2 ‘ \
[ M.Aglietta et al, Astrop.Phys. 21 (2004) 223

963 m a.s.l.

and Proc.29th .

532m

Mountain
Aquila
(2370 m)

MACRO

Underground
laboratories

MACRO and EAS-TOP separated by 1100 -

1300 wm of rock
(Bu»1.3-1.2Tev)
Common angular fielo
16°<0<5g°, 127°<p<210°

Fe.0 X 12 X 4.8 m>
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what s measwred:

MACRO : selection of primaries based on the energy/nucleon by means of

the Tev U and BAS geometry by means of the muon tracking
(E" ~ 1.3 TeV)

EASTOP : Cerenkov light intensity and average Cerenkov Lateral
distribution (E'r =20 TeV)

Key points of the analysis:
S
=

1F The beams are well defined:

*p at €&, < 40 Tev
*ptHeat 40 < €, < 100 Tev
*ptHe+CNO at €, > 100 Tev

107k E=goTev N, P=N
E~250Tev N, P=N, M=

CNO
Nm

Same cﬁ‘ioiemg (inside 15%) in
Tev u production.

10

E(TeV)
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0 50 100 150 200 250

Distanza R (m)

The Cerenkov photon density
for r>140 w is a good
estimator of the primary

energy

Z/nst 1520 / 18

HE

T

cveniy

A =154m

10J
07 i 1

0 1 2 3 4 5

Relative fluctuation Relative fluctuation

Photon Dlewsit5 as a function

of core distance:

r<30 wm : Yy density dominated by
fluctuwations

r=30-140 m: exp olewsitg, with slope
related to Xopeox

r>140 m : almost constant Light,
tnformation on €,
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KASCADE:

From N, N to € A

dJ |5 s dJ,
dlogN.dlogN,| "< |dlogE
measured

p,(logN,logN,llog E)dlog E

=
s
10 3
o
o
"
10 g
c
10
H, QGSJET
= H,SIBYLL 10
EO
* Fe QGSJET
= Fe, SIBYLL 1
PUNET SH SR SN BN SN SN SN SN SN SN SN N1
5 5.5 6 6.5
tr
Ig Nu

Probability to get Ne,N,,
from a primary with (€,,A)

oo ptoo
Ps= /x /O‘/S’,_iEArAdlgN;medlgNg,true

/

Intrinsic shower fluctuations

» Trigger and

Reconstruction efficiency

. Reconstruction,
resolution, sgstematios
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The knee s due to a cutoff in the Light component
The cutoff moves to higher energies for heavier nuclet

The Lnterpretation Ls Limited by knowledge of the properties
of the hadronic tnteraction properties

[ T.Antonl et al, Astrop.Phys. 24 (=oos) 11
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—— lionisation chambers top cluster o
trigger plane ’> lead shielding ow d ens
’_ iron -
More direct approach, Less dependent on

: | /ﬁ Lnteraction models
46
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[ T.Antont et al., Astrop.Phys., 16 (Roo2) 2421
A.castellina 2rd School of Cosmic Rays and Astroph Hsics 37




Rel. ab.

0.8

0.6

0.4

CASTOP

® Light=p n':;f/ —
com
M Light=p+He % Uz P
""" g
. BN N
7z i hAARAN
»
.
~ '
z i
’ M- =
.
7
: )
& P
~ . 4&\.\, Py
: N
s 4\:\\\\.\\\\.\\\\\%\\\\\\\\
~ A A
R TR IR
R e e e
N, L
’ RN
o) NN
Py 2
R A
OO o’ ;
AR N R e e W e S |
SRR R R T
B SRR
a—— AT e e o
%\‘\“\"\1 R i e e R By "
RN R R R R R Rt R R R R R R R R R R R R R L -
R R R R R A R R R R R Rt >
DR R R R o .
e e e e e e e e AR,
R R R R R R R R R R R -
R R R R R R e e e |
B
e “
R R .
D e i e e lﬂ
R e R R R
T M
SR P lﬂl
e
M mmgmmmmg
L |
5.2 6 6.6

o0.76 (pt+He)
0.124 (N)
0.10 (Fe)

54 5.6 5.8 6.2 6.4
7 ? Log (N,)

relative abundawnces |

dN/dE (m™ s sr! GeVY)

® Light=p
B Light=p+He

direct measurements

% Light comp.

X
MON
R

10
My = v

10° 10’

E, (GeV)

+ experimental size spectra
+ simulation

A.Ccastellina

3rd School of Cosmic Rays and Astrophysics

38



_

EA'S,’TOP’ Study of Tev muon multiplicity
em size N, distribution in different
MACRO : intervals of N, around the knee

HE muons Nu

across the

Lstency of the
qev a

! EASTOP (GeV muons)

03.2 34 J.6 1.8 K 4.2 44 4.6
Log(E/TeV)
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Tibet

& &4

Yangbatji

BAS array : 221 scintillation counters
(15 wm grid, 3.7 10* m?)

+ emulston chambers (20 m?)

+ burst detector (20 m?)

43200 m asl (606 g cm™)

P X649 om>

A=150 g e >

4mm’o a’

Hybrid: sensitivity of EAS array
mproved by with large emulsion chambers
Ewrich the proton and Helium events by
tagging them with y-families

+ very high altitude

Selection of primary protons
event by event
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Fluctwations are Lower for EAS
from heavy nuclei
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T below the range of experiment
Separation p/He : strong corvelation ervors on He spectruum
cannot see heavy nuclel
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CASA-MIA

KNN TEST

Mownte Carlo simulation and
classification according to some
“characteristics” : p,, P, S

Each event s assigned a
“class” in the plane of
“characteristics”

K wearest neighbor:
event A : 100% class 1
event B : 100% class 2
evewt C : 50% - 50%
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some characteristic

Fluctuations tend to superimpose
classes:
only "p-Ln',Ie,e" and “Fe-Like” events

A.castellina 3rd School of Cosmic Rays and Astrophysics 43
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Direct Cerenkov
Yield = 2%

Primary Nucleus, Charge Z

__________________________

Direct emlssion bg the Primarg

particle

Yield « z=
€, detectable: C,. ~ Cp
Ewission angle 0.15°-0.3°

CerenRov emission by EAS
EAS Cerenkov Pa rticles
Yield =« Energy YieLd - 622
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e 12]
g 1 E
c
S o8 1
8 ef cosf =
s n(A)p
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single detector
module

ldea: sampling the Cerenkov Lateral distribution,
which is a superposition of the Light generated at all
heights

Characteristic ring of Light at = 100-150 wm from core

c(r)=c, (r/120)F r=120-350 m
cr)=c,, e*" r<i20 m

proton C lnne
< Cherenkov Inner Slope

lw’cewsitg at

50 100 150 200 250 300
Core distance (m)
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BLANCA = 144 angle integrating detectors

<X, derived directly from the slope of the Cerenkov Ldf (through Mc)

weak dependence on model: mixed composition Lighter approaching the kwnee,
thew heavier

systematic uncertainty <10 % in the whole range
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¥ ool
> 650.
v -
600-
550: .'.fi.'. f..'.’.','.....

500~
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log,,(Energy/eV)
[).w.Fowler et al, Astrop.Phys.15 (2001) 491
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b (m) L 45 GeV gamma

(1) CRrwithin the field of view produces
an tmage of the shower on the focal
plane

<300 -200 <100 O 100 200 300

(i) Need to know
from EAS array

- distance to core and shower §°
direction = 2t
from Mownte Carlo ’ { ;
- the cerenkov Light distr. around o5 | g

the axis at each depth L ‘

s

(Lit) Fit to the Longitudinal distribution
Xopaxe Ny ano width

(tv) Total Lwtewsitgj of Cerenkov Light

< € from total intensity of C light

0, [degree]

i L 100 GeV proton
14000

0
<300 -200 <100 0 100 200 300
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Before the first tnteraction...

0 (h) = (W-1), n=Llocal atmosphere refraction tndex

N« 22 s _ 1 cerenRov

V. Y emission rate
1 2
~ mc E.g9. Fe nucleus: At sea level vy, ~42 €, ~2 TeV
. » | Eyy(h) = —— 9 thr thr
i \268(h) o 726(h) AL50 kM Y, ~6R0 E,, ~36 TeV

YDIRzYEAS — | Fux

AE/E « Z,

1
Primary Charge Z
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Xdirection
= Off pixel

Cp . Separated by LACT as a single high intensity
p’uxcL between the reconstructed EAS directlon and

the centre of gravity of the shower
pixel size = 0.1°

1° &~
' S m HESS QGSJET (223
© O HESS SIBYLL (Z»22)
= 10'F 4+ saceszein)
- .
- * RUNJCS (2=28)
5 X IC ura et al. (2>2%)
€ from total intensity e
image (€, =13 Tev -
o My flIn ]
Z=4y1 t % ﬁl | | )
— DC 12k . s EAS-TOP
10 , H'r | :
Increase Ln statistics [ [
Lnerease energy range -
Good agreement with others: Preliminary
more precise
10-3. . 2 3

[F.Aharoniaw et al., astro-ph/0F01766]
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Sunmary on spestrum. and composiion

Type

dir.
dir.
dir.
ind.
ind.
ind.
ind.
ind.

Technique Energy Range Experiment and Sensitive Components
Spectrometer 1-200 GeV AMS(p-He), BESS(p,He), HEAO(CNO-Fe)
Calorimeter 30GeV - 500 TeV ATIC({all), CREAM(all)
Emulsion chambers 10-500 TeV JACEE, RUNJOB (all)
Hadron calorimeter 500 GeV -1 PeV KASCADE, EAS-TOP (p)
Muon spectrometer 100 GeV - 10 TeV L3+C{mostly p and He)
Cherenkov + TeV u 50-300 TeV EAS-TOP /MACRO(p.He.CNO)
N.-N, 100 TeV - 10 PeV GRAPES, KASCADE, EAS-TOP (all)
Emulsion chambers 5-300 TeV Tibet AS+y (p.He)

The spectra from direct and BAS measurements in the “low” energy
reglon do agree guite well

The knee L the all pa rtiele spectruum exLsts at 2-4 PeVv

The knee of the cr spectrum Ls most probably due to light elements (He);
the mean composition gets heavier above the knee.

Does the kwnee scale as €E/Z or as E/A ? Uncertaln...

Hadronle tnteraction models are the main source of sgs’cematics
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Primary Energy (eV)
Good agreement for all measurements
global fit to the spectrum dN/dExE=7
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Discrepancy between Jacee and Runjob results: ATIC2 agrees with jacee
Global fit to the spectrum dN/dExE =4
Accuracy for the Ne-Nu results ~ direct measurements
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