Zenitth Q.150D0148
»

Az imuth 3.50723 .. ® R e
- B =] 3
- _- =

Search for the Origin of Cosmic Rays

Part 1: Cosmic Rays

Lecture at the J. Stefan Institute Ljubljana
Wlthln the ofe '

Herm { Kolanos “J. :t
Humboldt-Universitat zu Berlin a d DESY

Ljubljana, March 2015 H.Kolanoski - Lecture 'Origin of Cosmic Rays' - 1



Zenit th O."150145

AZ1mw i 5.50725 - B @
-- l‘-‘- - ___:: o=

Search for the Ol:igi;i of C‘oé-mic Rays

Part 1: Cosmic Rays

Lecture at the J. Stefan Institute Ljubljana
within the ¢ '
'Advanced particle dete

Herm? » Kolanoski
Humboldt-Universitét

Ljubljana, March 2015 H.Kolanoski - Lecture 'Origin of Cosmic Rays' - 1




Overview of the lecture:

— Part 1: Cosmic rays (CR) up to 1018 eV (EeV)

— Part 2: Neutrinos as Cosmic Ray messengers

) A
| ‘L"&
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Part 1

— Discovery of Cosmic rays (CR)
— How to measure CR — spectrum and composition
— Below the knee: direct measurements

— Above the knee: E(aﬁensive air showers (EAS)

— PeV-EeV: Spectrum and Composition4. T

e f

— Anisotropy

— Possible sources
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“Cosmic Rays
100 years ajter their discavery, not yet understood
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Extended Air Showers (EAS)

Primary cosmic rays L]
L [ ] °
1025_ [ -
— L L ]
2 .
1938 < .
. L 10k .
Plerre Auger o |
. T [ .
discovered < .
1+ ® Auger 1939
EAS g Kolhorster 1938
; o I Schmeiser 1938
electromagnetic »
shower b 10'1 Ll L i L il Ly \
107 1 10 102

e

Distance (m)

Mont Blanc
(4807 m)

- - ; r- e g
Wlth 2 Geiger-Mdller counters in
coincidence, Auger and his colleagues
detected extensive air showers.
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This cosmic ray image is-amodified vers C re weﬂuced by CERN '\,



Zwicky’s proposal for the CR Orlgl_n

Be Scientific with OL' DOF DABBLE.

CALL ME WHEN
SOMETHING EXPLODES
UP THERE. [ WANNA
CHMECK ON THOSE
FIGGERS.

Cosmic rays are
caufed Yy
Stdrs which burm
with & firg H
ta (00 millien suny
are dhen shrived
frem 4 millien
mi¢ dilrrefers
ta little spheres
ML miler thick,
A Brof Fribe Zm;kh
e ﬁ-.rlpq.ﬂ.d'

Figure 4.2: The cartoon which appeared in the Los Angeles Thnes of 19 Janoary |
strip entitled *Be Scientific with O Doc Dabble”.

In Los Angeles Times, Jan. 1934
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“Cosmic rays are caused by
exploding stars which burn with a
fire equal to 100 million suns and
then shrivel from %2 million mile
diameters to little spheres 14
miles thick.”



Useful Cosmic Rays

Motor of Evolution The cradle of particle physics
¥\ Original &

TITT
-2

Correct
copy
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Charged Cosmic Ray Spectrum

Flux (m?sr s GeV)?

T ~ 32 decades
10 T S (tparticle perm®sT) = very different
10 [ Latelltes detection methods
7|
10 | 0 Knee .
Q (1 particle m2year™) Very dlfferent
-10 ©
10 Fl®©

l detector sizes

Where and how are the
highest energies produced??? [, ¢ paice km year's e

~
-
“u
e
." .
b
5

Galactic and/or extragalactic?

|LHC®p)
What is the composition? bir showers
16 18 20

0 10 10

Is there an energy cut-off?

Energy (eV)
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Balloon Experiments

e volume up to 1 Million m3

e pay load upto 3to

* height up to 40 km.

) e atmospheric depth 3-5 g/cm?
e e compare to A (proton) = 90 g/cm?

"'—'Rﬁii IM

R it Shelf

example:
Helium buoyancy of 1 kg/m3 on ground

— for a load of 2000 kg need 2000 m3 helium
=400 000 m® at height of 5 g/cm#

© Ljubljana, March“2.015'~



I Scintillator

Balloon: Detectors

dentification without magnet . SO0 .

Transition Radiation

Graphite
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Relative Abundances

CR Composition up to ~100TeV
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Extensive Air Showers

Flux (m?2 sr s GeV)!

10 2

10

4 RS
10 satellites

10 balloons

10 12
10 10

Ljubljana, March 2015
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Air Shower Development

hadrons electrs 0.00 -107° sec Proton 10" eV
h'*'= 21311 m
f ]
- < = o
< = = o
< - - . -
© s - © < *
o o
=

laeger,R.Engel.FZKarlsruhe

N =X(h)=Xy-e W — h=H.In:

Ljubljana, March 2015

Atmospheric depth
In g/cm?:

X(h) =] p(z)dz~ p(h)/ 9

Shower age:

3
meax

X

S =

1+

0<s(X)<3
S(Xmax) =1

N -
— = 20.5km
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Longitudinal Shower Profile

lceTop

\

Auger Tunka KASCADE

\
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\

s=0.8
s=1.0
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Gaisser-Hillas Formula:

100 PeV

10 PeV

J;'I,.T{.{‘_Y] — -'FI"Fr'..li'II'E.-!' (

X TILET — -'.‘-'_

Y — exp
JYer.-:' — -le

.'"Ii.

X

.X- — ;Yj_ )f -’YFI’HI.J' e

100 TeV

[ ] ] ]

10 TeV

1000 1200 1400

N X

€, max?

nae X, /A are parameters

A= 70 g/cm? is an effective rad. length

e.g.: at 100 PeV about 107 particles

on sea level.

Shower profile can be seen with Cherenkov and fluorescence telescopes.

But mostly air shower detectors are calorimeters with only one readout plane.

Ljubljana, March 2015

H.Kolanoski - Lecture 'Origin of Cosmic Rays' - 1

14




| ateral Distribution Functions}w

le+10

le+09 |

le+l8 |

an C(s)Ne(X) '
n _— 5‘ —_—
NKG rdrd{p € r]

N.(X) number of particles at depth X
s =3/(1+ 2Xmax/X) shower age

11 = XgEs/Ec &~ 9.3 g/cm*  Moliére radius

C(s) = ['(4.5—s)/[2nr?['(s)['(4.5—2s)]  hormalization
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Shower Physics and Interaction Models

* hadronic interaction models: SYBILL, QGSJET, EPOS

 FLUKA for lower energies

Equivalent ¢.m. energy NSy (GeV)

« Tuning with LHC o 10 10° 10 10° 10°
,ﬁ"‘iﬂ LA I I|I|III| I|||II| I I I||III| I I IIFII||
5 b L
e RHIC {p-p) Tevatron (p-p) 7 Tel' 14 TeV
@ 4o HERA [y-p) LHE (p-p) r HiRes-MIA
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o i 4 HiRes l|
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- "]1?_? % =
L = I
5 =
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ol [~
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= =
3 B
ﬁ 10155—

n E & ATIC s KASCADE (QGSJET 01) ."'"aﬁﬁ.ﬁ
= & PROTON m  HASCADE (SIBYLL 2.1)
10 & RUNJOB *  KASCADE-Grande 2009 o
3 *  TibetASg (SIBYLL2.1)
.":'13 i Ll I.ILJ.Ld. 1_J1 I]IIIJl L1 I.LIWI 11 IIIIII| L] JII.III] Ll IIIJI.I|. 1L II:IIII.| L_L Ll ‘

10" 10" 10" 10' 10" 10" 10" 10™® 107
Energy (eV/particle)
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Coverage of LHC DetectOrS
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Improvements in Models thanks to LHC
Before LHC Now

o 7 TeV NSD b, 7 TeV NSD
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In practice: Op-air
by tuning models to
describe /A seen in data

Difficulties:

* mass composition can alter A

e fluctuations in Xmax
 experimental resolution ~ 20 g/cm?

e_Xl/’\int

X1: point of 1st interaction

= .

—

T I][]]I]l

dN/dX,,,, [cmP/g]

107

19

P-Air Cross-Section from Xmax distribution

Data: 1018 eV < E < 10185 gV

T 1IIII[I'|

]
|

A; = 55.8 77, glem®

L

500 )
x max [gfc m ]

O-p—air —

1000 1100 1200

. (nair>
Aint




p-Air and pp Cross section @ Vs=57 TeV

Equivalent c.m. energy\'s,, [TeV]
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Detecting Extensive Air Showers

Primar-
teilchen

e/y-Detektorfeld

Radio-

antenne — \ Spurdetektoren

\

Kalorimeter,

Fluoreszenz- und
Cherenkov-Licht




Detector sizes

very high particle densities in air showers - take only samples

distance 7.5 m distance 13 m
size 40000 m?2 size 40000 m?
energies 10 TeV — 1 PeV energies 100 TeV — 10 PeV

s PHERE

distance 1500 m
size 3000 km?2
energies EeV — 100 EeV

distance 125 m
size 1 km?2
energies PeV — EeV

\) FceTop
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Sampling Detectors

Sampling on the surface

320 mm
Wooden Box

Packing
Foam

10 mm Plastic
Scintillator

PMT Lucite Prism

Cross-Section

Cherenkov light ===

scintillation counters
measure: number of particles

Ljubljana, March 2015

water/ice Cherenkov detectors
measure: calorimetric energy
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Sampling of longitudinal shower profile

iImaging Cherenkov non-imaging Cherenkov

Event: 1364365
Los Morados

Ig(E/eV)~19.2
(6,9)=(63.7, 148.4) deg

Los Leones

lg(E/eV)~19.3
(6,9)=(63.7, 148.3) deg

SD array: Ig(E/eV)~19.1

(8,¢)=(63.3, 148.9) deg
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muon detectors

Muon Tracking Detector: 150 m2 p-tracking
Al recanstruction of the mean production height S? GeV muons ]
of the muons by trianguistion 3:’7 .
=>ac:fm'ﬁonafmassparamefer{!f:bmm e/ g} from Showel’ o @ w I
] . b *
s/ | products B o "
]
g S | M - LA
E 3 A concrete
AN TR TeV muons
= 4" 5; — ai\$~51rearnertul:|es . . .
i A | from first interaction,
. = yc angufar resoiution .
wan length: 45 m ¢for single muons): ~ 0.5° near shower axis
. | Mount Aquila
muon number is

2370 m (a.s.l.)

composition sensitive: i

I

for HE nucleus each nucleon 12000 O t
interacts independently | |z=

= higher hadron multiplicity
= higher meson decay rate
= higher muon rate

-
— e w
-

| Underground
Laboratories
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Sampling distance

e you need large areas,

* but need not completely covered
because of high particle densities

« for O(m? detector find range of
suitable signals, see =

» chose sampling distance such that

that detector does not limit energy
and angle resolution

Ljubljana, March 2015

Estimate for IceTop:

R [m]

1000 +

Effective Lateral Shower Size

100 +

Energy dependence of the radius
above which signals drops in a
3-m2-detector below 0.2 VEM

1.1 PeV

70 PeV

10

log(E/GeV)

H.Kolanoski - Lecture 'Origin of Cosmic Rays' - 1
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Air Shower Reconstruction

N signals (Si : )_(i ,ti)

/

shower front

- shower direction: 6, ¢ \

« shower centre

- shower size

- shower age:

Ye. " 7
— EO ~__lateral distribution of signals
Y0 Sy = 216.75% 11,14

(with mass hyp.)

B =317+0.06

— Xmax

Ljubljana, March 2015

reference signal e g e i
SIZE at R=125m S T R R, R Ty B R R s R—

Perp. distance to shower axis [m]
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Detectors In the PeV to EeV Range

Typical size ~ 1 km?
4 S
10 - 1 Teilchen pro m” und Sekunde s
L s Qo e.g. Kaskade-Grande, Tunka, IceTop,
= 10 Satelliten '
S
@ 7
O 10 - - “Knie”
2 % 1 Teilchen pro m* und Jahr
M 10 v
o 10 l
£ E L
T a3 - S
u_§- 10 e SO S sesesseesesrse “Knéchel”
A8 EAIILIRZIIRL R RIS " 1 Teilchen km? und Jahr
10 - Ballons '-
419
10
22
10
25 -
10
-28 "'g
10 -
0 107 10" 10" 10"® 10?
Energie (eV)

What limits a 1 km? detector?

at 1 EeV: F=1.5x1021 (m? sr s GeV)!
for Alog E =0.1; AQ=1.8 sr (0<45°); A=1 km?

you get about 8 events per year

Ljubljana, March 2015 H.Kolanoski - Lecture 'Origin of Cosmic Rayiﬁ;.u 28



/
IceCube Detector s, _.am . o7

[Detector Completion Dec 2010 ] e oo el
IC1IT o e
- ® o
2005 @ © |C-A4(
IceCube Lab - 2008
\_::Z , & IceTo . IC-9T® ®
M T R 2007
= Sk 324 optical sensors
| CR Analyses
' IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

air showers in lceTop

December, 2010: Project completed, 86 strings

L

gﬁl?gcs-osgeacing optimized for lower energies atm . ne Utri NOS | n I ce C u be

480 optical sensors

il

muon (bundle)s in IceCube

1450m|

Eiffel Tower
324 m

IceCube - IceTop coinc.

2450 m

2820 m

IceCube with IceTop is a
3-dim Air Shower Detector

unprecedented volume
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e

Aerial view of IceCube/IcéTop
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DOM — Digital Optical I\/Iodule

pressure glas sphere

junction cable

harness

elektronics: )
high voltage,
digitalization,
data transfer

photomultiplier = light sensor

@ 82cm
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DOM — Frontend Electronics

HV Divider

/ LED

DOM Flasher Board

Mainboard

Mu-Metal

R G

Delay ol

Board

PMT / 4

f

Glass Pressure Housing

RTV Gel

PMT with integrated HV-converter
* Onboard Digitalisation
o ATWD, 128 Samples in 422 ns
o FADC, 256 samples in 6.4 us
» Local Coincidence with neighbors
* Onboard calibration and tests
« Autonomous operation

3 amplifications:
least significant bit (LSB):
saturation HG DOM
saturation LG DOM

Ljubljana, March 2015

_/|>[ Discriminator Trigger
L e
xl6
e
, ATWD |esm
>x_
x0.25) | [YH ,.Q:
| ATWD e )
x26 x9 (=9
\ O 1
/ TADC
uum\‘ m 40 Mz
(A/B)=——== LC |

0.15 pe (photoelectronen)
8000 pe = effective 16 bit 1~ 10° steps
125000 pe = effective 20 bit
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Final IceTop Detector Array 2011

600
7
Y @%
o)c @76 © 73 e7a
72 of ®
400 - 70 o/l %
63 @64 ge
60 .51 g2 & ) 7 @58 .59
6 ®
200 53 3¢ & “?? 4 @® 49 30
51 o32 ® © N é‘] ° % ¢
% °° 43 a1 éf
E a 2 e % ¢ /e 33 39 o0
= 0 35w 4 7 ey e @
> 33 3 Ty 80 &' 30
2 3 o IChgP s 29 %
o3l ® a2 7.‘2326 o e
3 o Q- 1 20 1
200 {2 & ISV g 3
s & ° 2 & | In-fill
14 e8 10 @ (]
9 °
\ % ;8 2 o] g9 .
400 1 N @ % s & @ oTank A
) V\ 1 2 8 ¢ ° o Tank B
[ ]
& % < ® Holes Snow surface
micL y 7
_600 I T T T I I
600 -400 200 0 200 400 600 Perlite
X [m] -

final detector:

81 stations (162 tanks)

mostly ~ 125 m;

In-fill array: 3 inserts +5 closest stations

S S S /
////////“/"“///////
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lceTop Signal Recording

leading edge

»

A

voltage

charge [PE]
3.3ns; 128 bins ~ 420 ns

baseline

time [ns] R

£2000F
1800
16005
oof 1VEM = 125 PE
1200 i :
1000 j Slgnal dIStrlbutlon
800 . inuntriggered
- calibration runs
600 |
“0F muon signal
200F = snow height on tanks
b e T €.m. background
0 100 200 300 400 500
Charge in PE
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Shower Development for Different Nuclel

NA

first interactigh

e/m

surface
bservation

/ S proton
Xi/ gcm?
earlier,
. same height heavier
s+ earlier : more .
N e/m nucleus:
e earlier maximum
| /J i v
H \\ e more muons
X/ gcm
H.Kolanoski - Lecture 'Origin of Cosmic Rays' - 1 35
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Composition dependent Observables
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Derived Spectrum Depends on Composition:
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flux of primary CR:
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Composition Sensitivity of Slant Depth
NA 1 1 1
e/ shower size depends on zenith angle
_ AN . | Slant depth = X(8) = X(0)/ cos 6
cm-2)
:; IceCube - Eﬁ%_‘“&éﬁ:@ IceCube
E i Proton assumption i i ::E:j Iron assumption
~ i R i 0
> % g{:L:'F:Fi
o} 4
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i T g
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— Flux not isotropic for proton or iron only assumptions
— Mixed composition needed!

— Isotropy requirement leads to composition sensitivity with surface detector only!
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Composition Model H4a

T.K.Gaisser. “Spectrum of cosmic-ray nucleons, kaon production, and
the atmospheric muon charge ratio.” Astropart. Phys. 35 (2012) 801.
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Data require at least 2 galactic contributions
and in addition an extragalactic one
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PeV to EeV

The fine structure in the spectrum
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Confinement in the Galaxy

Rigidity: R=—=pB
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Spectrum and Composition

IceCube/lceTop’s Strength
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Signal [VEM)]

IT73/IC79 Composition Analysis
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NN: Spectrum and Co
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Average Mass Composition
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Systematics are still Large
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Mass Spectra
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Cosmic Accelarators

Supernova Remnants Fermi acceleration

RXJ1713 as seen by HESS

shocked gas unshocked gas
(downstream) (upstream)




Efficiency of SNR for Cosmic Rays

PR = 0.5 MeV/m3 CR energy density
1R =107 years time spent in galaxy
Vg~ 106t m3 volume of galaxy (r = 15 kpc, h = 0.5 kpc)

Reqired acceleration power:

Total power of supernova explosions:

Tc°N = 30-50 years time between SN explosions in milky way
ESN= 3x1046 J energy per SN

Ley = ESN /1SN = 3x10% J/s

With 1% efficiency of SN all cosmic rays can be explained
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Acceleration of Nuclel In SNR?

* RXJ1713 as seen by HESS

TeV gamma telscope

-~}

Fermi sat.

)
1) anti-coincidence detector
" (plastic scintillator)

h

conversion foil
(Wolfram)

e

. / \ \‘\ tracking detector
Fermi LAT /\ (Si- strip detector )

(CsiI(T1))
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Acceleration of Nuclel iIn SNR?
‘
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Hadronic or Leptonic?
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Detection of the Characteristic Pion-Decay Signature in
Supernova Remnants using Fermi LAT
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Solid lines: best fit pion-decay gamma-ray

Dashed lines: denote the best-fit bremsstrahlung
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UHECR
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The highest energies In nature

Plerre Auger Observatc
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AUGER
OBSERVATORY

Coihueco

Los Leones

energy deposit [PeV/(g/cm?)]
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Event Example in Auger Observatory

Loma Amairilla

Los Morados

-o- Auger event
photon
proton
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Summary of UHECR Results

1A

JACEE

MGU
Tien-Shan
Tibet07

AKeno
CASA-MIA
HEGRA

Fly’s Eve
Kascade
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IceTop-73
HiRes 1

HiRes 2
Telescope Array
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i

cut-off at 1020 eV
definitely observed

28/84 33% _
|sotrop|c background 21%
= <1 % chance probability
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GZK or source power limited?

(GZK = Greisen-Zatsepin-Kuzmin)
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Nature of the Cutoff?

Is this the “GZK cutoff”?
Energy loss by collison with CMB photons?

Or do accelerators run out of steam?
— composition becomes heavier - Fe

Auger: X ., with florescence detectors

data suggest change of
composition from light to heavy

Not GZK cutoff?

= = 143
619 457 331 230 188

Clarification from other messengers?

Are there GZK neutrinos?
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Limiting energy of CR sources ?

(Allard, arxiv:1111.3290) | Natural transition to heavier J
T T T I

" mixed composition at the sources 1 COmpOSI'[IOH at h|gh energy
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