COMPOSITION

e Midaae( Uager
sumecr  OVERVIEW

100 Sheets (200 Pages)
93" x 72" (24.7 cm x 19.0 cm)

&Scholar

NEW YORK
Www.ischolarinc.com

[
H
0
H
0
<
N

MARIE CURI

KT

Karlsruher Institut far Technologie



A'\r Shouser Veagarewmunts,

CR

— e"'a‘ K
el AN
(,\ \ = CLuenkav « vellip
m — fumscence

~ i
‘ 'Q\\‘! Oultswn

v \ ' ik ((akov /e3aks -Clhertubeov
R A
VNN VTl VAR MIUROM AN D17
éﬁ&wa Qﬂdﬁmgkzr")

o

AW

UL Ll )7 it L2220 L7 2 &0
e Cl:lv\k«th'
A
L\
(Creastan)

[2 of 22]



HGSS ESF\\MO&(' a) me |
(&(musu»u &c&w\ors(mov\:xmé;“a ‘c',, " M{\o) lD’UM-W\Q dLUt(DPMMl'

Shoper maxciwunn Xy
1200 ¢ —
‘E E EPOS1.99 A c\TE‘ 50 — B - -e- Auger event
G MO0 o Sibyl2.1 9‘0‘0 10%ev S r i - photon
D000 B QGSJetll-03 > [
o = 10® ev = 40— proton
= 16 > - .
><E 900 ? ey / \ 10 ‘eV 83 . on
800 ? 4 ‘:‘ 30 —
F ! ‘0 C
700 - o] C
B ' UHE 200w s
600 - 1000f - X[
= > -
500 | 900f ) =2 L
E O 10—
400 800} c =
30 2’ . 4 00 0\’5"""” o C y 7
E WO 9x10" 10% o 2= /
Covnd v vl vl vl e 1 Y A N N
%b% CQV\"HI\VSOM 10 10 107 10 10®  10® 200 400 600/ 800 1000 1200 1400 1600 ,
calorimetric energy [eV] slant depth [g/cm®]
K.H. Kampert&MU APP 35 (2012) 660

Ve *ass ares: coalprimelvic evlua/

LXeny Dy (UQ)E - 6pA) Eol = [dE[X dX| 3 (035009 Bt
S . (Ez40%ev )

2 \

[3 of 22]



Hoss Echwale: b) U&I N (bl doghiliabionn:

(parkide dekckos)

3 Event ID160542
% .u-d:f,oo\{ ) !
" _ ( U ¢ it ,\E
c E —— EPOS1.99 . .
S 10° - - Sibyli2.1 o 107 ev =
g S QGSJetll-03 A\ & 5 2 KASCADE
8 A 9 10 F

B 1O E oo 4 @ b electron detectors
5 0 | : g
g 10E oy £
E i ey UHE 200 =
c E 10" eV ey 0k

10° & Ty T °

10* ; 10" eV SR = .

E ¢ més@ 2x10° St - _*_ Grande detectors
100 o : | fast + _1-1-
F 4x10" 3 4
0¥ o | #
10t 10°  10° 107 10®°  10° 10" 10" KASCADE
m/' 0“\.0“'5 number of electrons 5 muon detectors
K.H. Kampert&MU APP 35 (2012) 660 10 F
100 200 300 200 300 600

Nr\ ~ A KE /A\ e core distance [m]
N = ZA"‘%“"’X_"\L [V\“(,afkl. > %Movv-\uu«kq- p%‘)mr kth,g: N

ey @

~ exe(~ (Kgroned _1)“(@6&(.6'\\) IA) honse Size ok cotin glidhace: S

[4 of 22]



Ahzr &Wrtwm, —>

eColoe sw&\u ddckov vs. w-ie

!

&l

100

w UL 2
w ]
a 5
e ) :
= 1= 80 o~
g |
0.5 ; 60
- L
Nr\ B ASSUmin
0 g 40
f:FQ,'-’- 4 :4
-0.5 20
_1 L L ‘ L L L L ‘ L L ‘ L 0

0.5 1 = 1.5
log, (S125/VEM)

o N Go(MSw)

IceCube Coll., APP 42 (20\3) 15

| Gev)

Pierre Auger Coll., PRD 90 (2014) 122005
T

700

600

®
S
[T T T T T T T

500 N

Kk&koﬁ—gvmle o

-
[N P S I NS I e
)
8

10"
E [eV]

Kascade-Grande Coll., PRL 107 (2011) 171104

[

F KASCADE-Grande data
=2 £ 0°- 40°
F_c.1.5-10°events

o
0

10( ch)

(=)

‘\H\‘HH‘\\HlHH‘HH‘HH‘HH‘

b
&
.

number of showers

s also line of
%, 107V 11l efficiency

number of charged particles log
(=2

;\H\HH\HHMH\\HH\HHM\H\HH\HH\HH
335 4 45 5 65 6 65 7 75 8
muon number Iogm(Nu)
[5 of 22]



“lm hver' ank “Probwn aulel”  (idschoe- Gronde)

1 020

egrranke wabhod s ) okl NNy dingn o E- (G g gk

b) musue &‘“K fov J&W et Kk

dI/dE x E*7 (m'zsr'ls'leV”)
=

KASCADE-Grande

a0y — 107V

4 all-particle (104489 events)
o electron-poor sample i

= electron-rich sample
s2p- be,{u\au@ :

y=-3.24+0.08

¥ =-2.9540.05

_ Y=-2.7610.02

Y =-3.2410.05

\
PRI R RTE I VIREN BRI

16

Kascade-Grande Coll., PRL 107 (2011) 171104

17.5 18
log, (E/eV)

16.5 17

Eualin 200V €9 B2, N Eoolc [202 346"V 2!

dI/dE x E?” (m? sris'eV'’)

1019

16.6
Kascade-Grande Coll., PRD 87 (2013) 081101

I band of systematic uncertainty

v light (sep. betwee

7,=-3.25+0.05,7, = -2.79.% 0.08, log, (E

/eV) =17.08 3 0.08

break, light

16.8 17 172 174 17.6 17 18 18.2
Iogw(E/eV)

Feomgi Kow to & kk,oc\ndu(,
Q"'?\mi‘z. 6
[6 of 22]



Outavies & e *Buo-suey’  raulks,  (no LFAR duinis bt TP TN

S. Epimakhov [Tunka], HAP workshop 2015

4

2 _— . Tunka-133, elemental composition
§ — AUGER (QGSJETII-04)
- — AUGER HEAT (QGSJETII-04)
35— . Ice-Top
— . RUNJOB +
3 — direct measurements i %
— *5
25 £
— P N\ \o
2— .g. 3\
— .‘... ‘\\
— ® Ve
15— ! $ } \
I '1I
] — |
0.5—
OF |- IllIIII 11 Illllll L1 IIIIIlI L1 lIIIlII L1 Illllll I 1 Illllll 1 1 llIllll 1 lllllIlI L L Ll
1011 1012 1013 1014 1015 1016 1017 1018 1019 \IOZO
\_/V\/ Ev e

LV\A:Z \ LV\A; N (XNQ(> (Q'BL oliscrcemics " prcsmw(
: TG RO



(X__ ) [g/ent]

Co'hpos\\-\ov\ ok UUNM-Q« vaqgs

gpmstb«u. ddedkov «suus)

820

¥ TAMD2014

800
+ Auger 2014 ® TA MD

780

760

740

—

720

700 -

preliminary

18.2 18.4 18.6 18.8 19 19.2

Ig(E/eV)

MU [TA&Auger Working Group] ICRC2015

19.4

<Bowr) = L9127 (Nt (8

= okt ()

19.6

19.8 20

(s\[s'l'.)

(Xmax) [8/Cm2}

850 |
800 |
750 |

700 |

TA Coll., APP 64 (2014) 49

650 |

. 850 - S — .
NE I = Data
o I ---SYBILL 2.1
€ | I —
2
800 ]
o =T Proton 1
£ .- a i
S e o S N
= ]
L-d ]
_-"Iron 4
700 PPt -
o M T Lo Lo L]
T T —
X0
o =
(] dataivstat X _ -
= 0sys P
~
—
- -
-
- —_ E —
PRGN e S ) ]
B T OCRO |
———— e ¢ 09 1
—o®® @ —
PN B -~
—~ % _ 7]
o @ -
/'_/";'.I_. - X{O‘\
- -
— - -
-
-
/
-~
~
- 1
- - -
- Sibyl12.1 7
-~ B
- <4
-~
-~
R l -
1018 1019 1020
E [eV]

Pierre Auger Coll., PRD 90 (2014) 122005

8 of 22]



lu"wpt.u'\o\a QXw.x Dchvilydiong

(V\S\-«Z) P \—(PMV(_ MASERS ¢ ?IHCIN)&)
( (Ehv) 3-115

Sibyll 2.

< @=wv

g
8

u
B logEeV) = 17.8-17.9 !

15.0-19.)

T

>14.§

Aug
log(E/eV) > 19.5
p=0592

i

~«+ oo

= 04

I02

&Hu( émh‘w :

Pierre Auger Coll., PRD 90 (2014) 12, 122006

1 7 sioyiiza —o
08 |
06 |
= 04l

Pt o dod 3 3 o o

QGSJET II-4 —=—i
EPOS-LHC —o—1

roak

lfli %L%Ii %I.

fﬂf e

?zﬁ ﬁ;g X

% s

i i%%%mﬁﬂﬁ

ﬂlf

f o

3
3 102
>
-3

3

E
4
!

Tt

101

E[eV]

8& ?tJok(a;L;+y I s Lotk &GS}LHI—O‘&)

8 of 22]




ZJ\‘LZ“Z‘ Pt (R v«wwmds)

o HiRes/MIA 2000 4 Yakutsk 2011 ¢ Auger 2015
:_ ¢ CASA-BLANCA 2001 A TA2011 (corr.) ¢ LOFAR 2016 ||
-l v HiRes 2009 (corr.) m Tunka 2011

Cherenkov/Fluorescence/Radio

_1 | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | 11 111l

10" 10'® 10" 10'® 10" 10%°

E [eV] partial update of K.H. Kampert&MU APP 35 (2012) 660, (EPOS1.99)

2. syst. typi wlly > ¢ 103 o2 &> 204 in LinAS [9 of 22]



- "H OTIBETMI = SNR-CRs ='-'- EG-CRs
He ©KASCADE — — GW-CRs —— Total
°C elceTop e

20 AHiResll

°Ne ¢ Auger
* Mg

E«.l«r}(z\oluo\%o Coprnont T

1
e
o

w
\
o

10?

9 SNR By = o 2- A0S 2
- addikipal %hdic, (ompruik 2
-~ DoL})- Rayet clacs 2
=~ 1C- aledpadiv ok Gpl. i Eeniandion

°
@

*Fe

—
o

-

E* Intensity [cm™sr-'s-'GeV?

Shadka 1 107 / Ll
£ ® bl ol M o Al el vl bl ool )
S ... 1 110 102 10 10* 10° 10° 10" 10° 10° 10" 10"
6 N Energy E (GeV)
o KASCADE v TUNKA (QGSJET-11-04) - ——H —— SNR-CRs C/He=0.4
E v TUNKA (EPOS-LHC) B LOFAR (QGSJET-1I-04) - 10° = e=0.
5 ™ LOFAR (EPOS-LHC) A Yakutsk (QGSJET-1I-04) ] o E
T A Yakutsk (EPOS-LHC) ® Auger (QGSJET-II-04) ® ;
C ® Auger (EPOS-LHC) = \WR-CRs (C/He=0.1) ] (0] L
4 11117 Kampert & Unger 2012 = WR-CRs (C/He=0.4) Fe " 102 &
o GW-CRs ] 7 E
o -7 Si ] c
3 | - b -
o 3 Jc E. 10
= — > =
e ] ®
C JHe 8 -
1= = £ TE
C . 7 o 5
coo ] il
0= H
g Cl Cl Cil il L J 107 @ B i il el vl ol i TN
10° 107 10° 10° 10 10" 1 10 10 10° 10* 10° 10° 10" 10° 10° 10" 10"
Energy E (GeV) Energy E (GeV)

S. Thoudam et al. arXiv:1605.03111
[10 of 22]



Lows-tass Gplackc CRs at Eo 2

Upper Limit - Dipole Amplitude

Ahﬁr o("(xh, amplitud (ks :
1 ]

-1 L
: 4 [
J — L
102 — 7-26
1 1
Pierre Auger Collab., APJ 762 (2012) L13 E [EeV]

omgu: No! = '\tkk\\u\w u&az)al»kc,l

TA (htwde digtebudim:

'ISo\voe: [

Isotropic
= 1EeVp

— — p spectrum

500

400

300

200

100

0

1 1 1 —L
-60 -40 -20 40 60 80

s L
0 20
TA Collab., arXiv:1608.06306
(AL hbrq,

[11 of 22]



=)

9
-nM. P“““'l‘(p UMM (““‘)‘S\kw'. >H% (mh-.\) 8 [ o
\ ) 7
O A ol P*&m ad 2V e >m ° .
6 e / 5 oot §
k- ') 4
Phrancdes : © Sourte Wolipm L.é. ~ (/h—z) .
0.001
. wa\ww'- ov('{n\su,\\‘a\a v ETY :
o \%VU.LILJ'. EW \;2 TRy ——— 0.0001
X E.Kido&O.E. Kalashev [TA] ICRC2015
T T T 248 T T T T
245 L Emax=1019-9 EeV | 54 | |
g o4 | e o5 I:_ | g 24.4 ]
NE . NE 242 T
L 235 - ] N
3 > 24 -
=) W &d‘u i) N
) o3 L A 3" N = 23.8 ™A
[¢p] [+2]
w w
_8’ 2 23.6 X
225 ~ 1 -
L 234 Uniform ——— i
LSS - — -
22 | 1 1 1 \ 232 1 1 1 1 L
18.5 19 19.5 20 20.5 18.5 19 19.5 20 20.5
E. Kido&O.E. Kalashev [TA] ICRC2015 |og(Energy[eV]) log(Energy[eV])

[12 of 22]



Hou to vetmeile il Xinax 2

= @tohic Wedpwaic nbeadioung

Y (Rncgr  #SCba

820

800 -

720 —

700 —

10'® 10"

E [eV]

MU, R. Ulrich, R. Engel (unpublished); see also J.D. Allen and G.R. Farrar ICRC13 arXiv:1307.2322

!
1 020

) [g/cm?]

max

6(X

%Cross Sechow atd
V‘\k(i\f‘&t&|7 above o'tV (QGS]L\'[I-OL&) /’ |

70

50

40

30

20

cross section factor
N @ &
n (4] w (4, S (¢,

o

1200

1100

1000

° T T T[T T T [T [ T[T 7T

1 1
02 04 06 08 1

1 1
12 14 16 18

60 |

rescaling o& f0"3eV \_/ multiplicity factor
!b Q
80

. oﬂ«‘ul waodke{

J

= dovixe!l

( bt uey exofic ...
m&‘\b d& Vf'liv

’O‘/ o z)vd‘w 0%2

1018

1019

E [eV]

) I1I02° ak {o'%eVv !)

[13 of 22]



A Model-lodegedik Tesk & Gmoesl 3
‘LL '\J‘. T’»d. ) &k'v\ §, 1100 - Epos-LHC
AN s F “0.5p —0.5Fe
“XE1000:—
o Conedakion o‘& Xonky Ouind ’Qm“'k gi(({u.l, sool-
s P‘m (AN@QRW vz 0 8005—
o Mkl comeusikw: r<0 700
° ‘I\MS kﬂ\f 0\9.( U‘LW(LLS < Ou{-ll\o(, wods -“‘\-Q“S 600;— | o | Icorns-{atlonI -0. I37
. \ 10 30 40 50 60 70 80 90 100
(ind. e me t‘w fhe Provions S(:‘\o(d S*(1000), VEM
=~ 03 3 F —
= E Epos-LHC I Auger 2015, preliminary 1376 events
‘8_ 0 2:_ : Mivbkuets lé.e‘“q,‘o\?c 51100__ Ig(E/eV)=18.5-19.0
= TE apuet o, He 0 Fe . r -
5 £ 7 | - : .
o1 * E1000[
*Xg e Y . .
‘ED 0.0A° o 850‘8% % 900:_
I =— - .
o2 Fe=-0.125+0.024 SooF -
“E Ilg(Elev)=185-19.0 r -t
e 7001
_0'4? Auger 2015, preliminaryé (O)R\ f'—¥¢.=4'-4 600 | ! | [rG =|_0 7125 0. 02|4
7' 1 1 1 1 | 1 1L \:‘ L ‘ \:l 1 1 | ““l“‘ll\lllllllllllllllllllllllll
-0.5 0 05 1 15 2 20 30 40 50 60 70 80 90 100

A. Yushkov [Pierre Auger Coll.] ICRC2015 N c(In A)

=5 gk, is mived Cowprsibion |

S"(1000), VEM

[14 of 22]



Dip kel vs. Secondarics () Veulrnos &“"”‘ f’l“’hP""“‘ P“‘LJ"“"‘ (VGNO

10.0 :
f IceCube 2014

8.0

N, . W N
23 3 9
~N o o b

6.0

all flavors) [GeV cm™ s™" sr']

& o 1078 TA fit min
| 4.0 )
[ 107 10 ?
— Best fit
2.0¢ » 1071 == 68.3% C.L.
[ ] 10 1 == 95.4% C.L.
| Enmax = 10"°GeV fixed - 10 99.7% C.L.
X PR VI Y S TR e a—————
v 10 10 10 10 10 10
"\ E [GeV]
J. Heinze et al. ApJ 825 (2016) 122
Ssare Qlbion « (4-&2,)"‘ 3 S‘?Uo‘“‘\h ~E” ¥ A
A | s‘ﬂhb surte Wl weeded /

+o g\\- Spedhun = {00 Wasny Witdiwes [15 of 22]



D‘\? fludd vs. Secondaries b) Veru owd F‘/\qhvs.s 8«»« Profers =2 P4 e

A.van Vliet, arXiv:1609:03336 (I

10% —— 10° Q.

- — m=0 -~ m=6 107fﬁTﬁ — m=0
- = —10% - ;u——6 § ¥ IceCube - i -~ m=-6
2 0%mg
T B5gg.. I T —u 7 i f - - [3
E TP TTI, 1 L R L H Hfﬂh m=6 G CAM
1024 A T " 10 HE § & FermiLAT
B o 6 o~ R UE
£ g 10 £ -
> > e I >
2 210° 7§ { } ! CA
8 102 IS - ! <)
I = 104 1 3
Z - Z Z
&> & - & .
] i & 103 N B J
a8 TA Rt : 3
102L57— 102 : 2 10314
1077 10T 10™° 10%° 10 10" 10 107 10® 10T 10% 105 10° 10 10 10 10 10%
E[eV] E[eV] E[eV]
10%° - 10°
i — GRBs MLLAGNS 107mv_
- = 10°%}| -~ HLAGNs SFR = HW
5 5 , MHLAGNSs § § IceCube & ﬁﬁﬁhﬂ
" 102 7 10 7 10° 5
o o -
£ 3 £
z 3 3 10°
§1023 § § 7 X\
z z Z10°¢ — GRBs MLLAGNs |\
N 3 S --- HLAGNs SFR
MHLAGNs § ¢ Fermi LAT
22 2 3
1050w 10% 6T 16T 0™ 107 10® 10° 102 005105 10™ 10T 107 10T 10

E[eV] E[eV] Elev]

(see also IceCube Coll. arXiv:1607.05886; R.-Y. Liu et al., PRD 94 (2016) 043008;
V. Berezinsky et al, APP 84 (2016) 52; A.D. Supanitsky PRD 94 (2016) 063002;
E. Gavish, D. Eichler ApJ 822 (2016) 56, ...)

=) Stuvces € UdER R S‘VO“,\L[ Covgteatned !
|9 Ul

[16 of 22]



850

Hixed Conposition Nodel
800 r
NE L L
- 3 TR
o ad b iH 6rwkm.s R s f H
v 700
* Ll ‘M'x,ok o sfco\'mn gsA @)
65? 018 m
102 . = 70
Y4=1.0, Epax=52x10'8 eV D=
H R =
= = CNS _ 60 -
424 MgAISi
"_cn 10 — |
o 5
S 23 2 40 t+
o X 30+
% ©
mﬂ 1022
L 20 F
21 10 L
ot 10'° 102 102! 10 10'° 10%°
E (eV) E (eV)

R. Aloisio, V. Berezinsky&P. Blasi JCAP 1410 (2014) 020; see also D. Allard, arXiv:1111.3290 and A. Di Matteo [Pierre Auger Coll.] ICRC2015 [1 7 of 22]



Hixed Conposition Nlodel

e Erox~ Z O
. MWW@H»M &wk'% ®
* bak ‘wigckiomspedmun g5/ ©
e odboc (o0-E (k&« U'*wa.* o

Y5=1.0, Engy=52x10"8 eV LR

1018 1019 1020 1021
E (eV)

<Xmax> (g/CmZ)

S(Xmax) (Q/sz)

850 ‘

800 r

750

700

650

Sybill
QGSJet1 -
QGSJet2 ------

EPOS——]

108 1010
E (eV)

50

40

30

20

10

108 101°
E (eV)

R. Aloisio, V. Berezinsky&P. Blasi JCAP 1410 (2014) 020; see also D. Allard, arXiv:1111.3290 and A. Di Matteo [Pierre Auger Coll.] ICRC2015

[18 of 22]

T



Phobomnden (uberodions 1 Sty Ewvivenpatnt 2

1 036

MU, G. Farrar & L. Anchordoqui PRD 92 123001

source environment EBL/CMB detection
cosmic ray

N i,

10 & — interaction
-~ - - escape
. ~
10° & ~ -~
3 o T-s S
E.m E —
e [
o 107 g
10°
10° £, IR RN RN A A
17.5 18 18.5 19 19.5 20 20.5
Ig(E/eV)
102 k= 1<A<2 7<A<19 20<A <39 40<A <56

— - injected

n, dN/dIgE/dt [a.u.]
T

£ S R P RO L
17.5 18 18.5 19 19.5 20 20.5

Ig(E/eV)

E® J(E) [eV2 kmZ sryr']

140

120

100

80

60

40

20

—o
~

¢ Auger 2013 prel.

o [TTT1rT

18

19 19.5 18 18.5 19 19.5

Ig(E/eV) Ig(E/eV)

[19

of 22]



36

10 MU, G. Farrar & L. Anchordoqui PRD 92 123001
¢ Auger 2013 prel.

source environment EBL/CMB detection

~
o [TTT1rT
®

* Enax~v £

® Compositim: Wesvy ov Gl wix
* bk ‘lv\‘\c,ckdv\ spedm go A
° (nu—E (A&-\t awf“mk kr &KL

. Mt{' Bu« v obsevabovies
':L WIJL(-(-PAuhu.h-s

ao(ol\kwl desens a&
(‘““P‘ imbeachion (u\b\"vs) lg(E/eV) lg(E/eV)

[20 of 22]



== SNR-CRs === WR-CRs
== EG-UFA = Total

Concmsions

o Mzasirew s [0\ -10'8 ¢V
quanb vy neomclingive

e CRs, Vst \65 d\s&.\lw di‘)-\mu

E3x Intensity [cm2sr-'s-'GeV?]
3

1
Energy E (GeV)

S. Thoudam et al. arXiv:1605.03111

Energy E (GeV)

C Y"B-A.‘H'd‘?“u Ewan Con \‘
(&8 " W Obs'(wﬁhs‘ '0‘*" N»?/ 10 : \ .
N RN B VR AP N A WOTH I TN | R P\
molls are Pssible 10° 107 10° 10° 100 10"

= Energy E (GeV)

= I

D e waee s et data o UHE ! [—1<A<2 -—3<A<6 =—SNR-CRs =~ WR-CRs

o —7<A<19 20 <A <39 == EG-Minimal == Total
3 40 <

i = EG-Minimal ' EG-UFA ] (O]
— — Fe \
- / ln
C 1 AAsi ".,.’
— ”,/"VVVVVV v — o
C ‘;"ﬁ,’,,""vv"v' \ Jc g
. vy — R
- v B 2z
o :He 2
L n [9)
— 7 £
C 7 o
C Iy [T
:" : Il Il \\\\H‘ Il \\\\\H‘ \“"\ \\H‘ Il \\‘\\H‘
L ol ng 10° 10’ 10° 10° 10" 10"
0 10 10

[21 of 22]




l -
T

M NO. 1110

Y ITEM NO. 11100
8 l|16|24 011|D|l 1

Made in India
iScholar, Inc.
Edgewood, NY 11717
www.ischolarinc.com

P o U o
A7 aws o 2 -‘o\ m"“{;

al” — '}
{ s::\mC“ A e
P et “u
\ %"Q\wmr ax 0 -
> A

[22 of 22]



