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All particle spectrum
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The experimental observables
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ARGO RPC 0.3-5 10> 0.0056
hybrid (LLASHO ) . .
il ) High altitude experiments:
Tibet-ASy 600  Scintillator/burst 1-200 10> 0.0037 [0.5 S Noo ~ indio of .
detector phase Il = Npart 71N ip ot composition
EasTop 820 scintillator/muon 1-100 10> 0.01 < close to maximum of EAS:
low fluetuations
GAMMA 700 scintillator/muon 3-200 10> 0.03
o energy regolution
KASCADE 1020 scintillator/muon 2-90 10>  0.04
CASA-MIA 860 scintillator/muon 0.1-100 10> 0.25
Sea level experiments:
Kascade-Grande 1020 scintillator/muon 10'5-10'¢  0.49 i .
< EAS after maximum
IceTop 680 ice Cher.tanks 10-10' 1 < exploit longitudinal
Tunka 900 unshielded PMTs 1015-1018 3 distribution differencies for
Yakutsk 1020  scintillator/ 10'5-10"  -40 different primaries
unshielded PMTs
Telescope Array 880  scintillator+ 4 10"-10?° 700 composition
+TALE fluorescence tel.
Auger 840 water Cher.tanks 10'7-10%° 3000
+Infill fluorescence tel.
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Direct- mdlrec’r measurements... a remmder
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TIBET-ll and lll

& AQ detector: 221 seintillator counters on a (5 m grid
detectors: N, ¢ [upgraded to 771, surronded by 28 density

~ counters]
& emulsion chambers (80 m2): E, position, 3 of g families

€ buret detectore below EC : N b (burst size)

KIT Workehop, 21-23 September 2015 A.Cagtellina
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Tibet-ASy all particle spectrum ({0'4- (07 eV)
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QGS.+HD (4.0+0.1

R1=-2.67+0.01
R2=-3.10+ 0.01
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R2=-3.12+ 0.01
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TIBET [YAC-Il + Tibet-lll + MD]

Tibet-ll (50000 m?) : fast timing counters + density 5 e
counterg for Primary energy and incident direction.

&  YAC-I(5000m?): 400 High energy AS core with
large dynamic range (! to [0® MIP)

2

“’T S RRRR | rorTTTTl rorrrrT =
o~ - » Estimated |
€  Tibet-MD ( 4500 m? ) : underground water E T 5 2
A1 O 0 e g - -o- Assumed =
o = < E
Cherenkov muon detector @ - Proton ° . E
> F = | .
> [ ® 5 ¢ $ , ]
- - ® =
E xpected performances of the new hybrid Tibet % p Helium/10 e e , | -
. 10 — TS S —
experiment X E 7o :
o ~ 2 9 i .
€ simultaneous observation of cores with YAC and L poee |:o:1 /; 00 S ]
MD: claim ability to separate p, He, medium and RER L
heavg between 50 TeV and lo pev accuratelg. 10-1 i 1 11 11 1111 1 111 11111 1 1111 llll 1 111 i
5 6 7 8
- energy resolution at [ PeV/ better than (2% 10° 10 10 E},%,gy (Ge\})o
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ARGO-YBJ

The Yangbajing Cosmic Ray Laboratory

ELEC‘TMNC

1 10 Pads | 8 Strips

6.5 x 62 cm?)
(56 x 62 cm’) (
N for each RPC for each Pad

T —

oo
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Analog (ev by ev) measurement
ARGO - RPC

Enerqy meagured by Ny (<8 m) + EAS age
hysec-X_ . (s")
A

abs

N

p8max

~ N -e

needs assumption on EAS attenuation after max (120 g em™)

Mass sengitive parameters:
correlation between age and Nys

Hybrid measurement
ARGO + WFCTA (LLHASO)

Energy measured by Ny (<120 m)

needs accurate determination of geometry
GB<O.4O, Ocore ~ 2 m

Mass sengitive parameters:
Nmax(<3 m), shape of Cherenkov images

- 4.5 I~ o
3 [ MC sample following ' g - :PH:‘::;
E Horandel model spectra and 1= .0 4.5
— 4 -2 | composition A T+ MgAlSi
g) < o ) ) PRGN ~ “*Iron
=~ 35 2/ Similar results with Gaisser- PEad. 4
:g‘u Stanev-Tilav (GST) model | e 17 ~x ¢
35 o ENESE S
e 4510 ~% -
) - -~ :
2.5 _5 — 3 8, 3
Bt max __ 4 -
2f8 N =f(E) = 2.5
158 10° n id N
1.5 - —: 2—_ L ] 5 3 =
= l.' - ~ - - A A A I A - A A - A ' A A
1 ’; -E‘-Lﬁ.l-’l’ 11 1415 11 1 1 I 1 1 1 lslsl 1 1 1 6] 1 1 1 1615 11 1 1 _7 3.5 4 4.5 5 p. 5.5 6 6.5
) ) Ibgw(N::") Iogm(N0 )
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Analog measurement

{For the flux: - ST .
- Geometrical Aperture : (5 % in/out contamination) @ (2.5% angular contamination) =5.6 % C 107
- Efficiency: (5% from MC samples) @ (<10% efficiency estimation of the mixture) = 5.0-11.2 % 251 £
- Unfolding: 3% -

- Hadronic interaction model < 5% 2 10°
-TOTAL: 8.1% - 13.8 % C
- TOTAL: (conservative) = 14% P . 1.5
relimin, ary - 10°
| 252 e
For the energy scale: F o 107
- Gain of the analog system: 3.7 % hd R gy
- Energy calibration: 0.03 in LogE = 6.9% - : ; : B
- Hadronic interaction model: 5% o— :l, * ‘3_[5' : ", — '4_'5' — _,', : '5_'5‘ — 10°
-TOTAL:93% Log(N_)
- TOTAL: (conservative) = 10% Oon_l,ammahon > He: ~ 15%
i 2
Hybrid measurement {8 0>-0.91 || poL3 o
Wide Filed of View Cherenkov Telescope: a - V.= L. v *?jgm
prototype of the future LHAASO telescopes 1= T e g™ Wl W - MgAlS]
» 5 m?2 spherical mirror L v +'l'°':.
» 16 x 16 PMT array 2 ok Ve @y v
> pixel size 1° il '!_f"
» FOV: 14°x 14° - : o Vv
» Elevation angle: 60° A+ A
% ARGO-YBJ: core reconstruction & lateral distribution Py l' ) 1
in the core region > mass sensitive n 2 3
% Cherenkov telescope: longitudinal information pL = 10810(Nimax) — 1.44 - l0g10(Erec/TeV)
Hillas parameters = mass sensitive pc = L/W — 0.0091(R,/1m) - 0.14 - logo(Erec/TeV)
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ARGO-YBJ all particle spectrum

ARGO-YBJ preliminary
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ARGO- YBJ ltght (p+He) spectrum
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ARGO-YBJ all particle spectrum
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Above the knee : KASCADE-Grande

2005 m a.sl.[820 gem™?] .
A ~10°m?
[0'¢-10'8 eV

_— _— -~

=> radio signal

=> electrons
=> MUONS (@ 4 threshold energies)

KIT Workshop, 21-23 September 2015 A Castellina (7



Kascade-Grande : Analysis technique

2 3F cascaoe . Unfolding technique
7.5 é
=
7 Id g d] e
dlogN.dlogN
0.5 5
10 oo
e Hydrogen dJA
6 e EAf Tlos B p,(logN.logN, |log E)dlog E
* Carbon 10 - g
3.5 v Silicon
m [ron +00 +00
5 )i /
| |
4 45 5 5.5 6 6.5 et —

& takes into account the correlation in the fluctuations of N, N y
& relies on kernel function deseribing (E,4) —> (N°bs,, Nebs ) —>

simulationg, hadronie interaction model

- systematic uncertainties increasing with energies
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Kascade-Grande : Analysis technique
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dI/dE x E2® J(E) (m2sec™ sr' eV
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EPOS-LHC

SIBYLL 2.1

QGSjet 11-02

QGSjet 11-04
EPOS 1.99

Prphpoeee

EAS-TOP (Astrop.Phys.10(1939)1)

TIBET-1Il (ApJ678(2008)1165)

GAMMA (J.Phys. G35(2008)115201)

TUNKA (Nucl Phys.B Proc.Sup.165(2007)74)
KASCADE (QGSJETO1 Astrop.Phys.24(2005)1)
KASCADE (SIBYLL2.1 Astrop.Phys 24(2005)1)
KASCADE (QGSJET II, M.Finger 2011)
KASCADE (EPOS1.99. M.Finger 2011
KASCADE-Grande (QGSJET II) Nch-Nu
KASCADE-Grande (SIBYLL 2.1) Nch-Nu
KASCADE-Grande (EPOS 1.99) Nch-Nu
KASCADE-Grande (QGSJET 11-04) Nch-Nu
KASCADE-Grande (EPOS-LHC) Nch-Nu

Kascade-Grande
All particle spectrum
(10'6- 108 eV)

10"
— o Akeno (J.Phys.G18(1992)423)
- o AGASA (ICRC 2003)
A HiResl (PRL100(2008)101101)
10" - o HiResll (PRL100(2008)101101) |

— A Yakutsk (NewdJ.Phys11(2008)065008)

~ (@ AUGER (ICRC 2013)

—l 1 lllllll 1 1 lllllll 1 1

10" 10"7
Energy (eV/particle)
Source of uncertainty 106 eV 107 eV 10'% eV
(%) (%)

Intensity in different angular bins (attenuation) —0/+6.5 10.9 213
Energy calibration and composition 10.3 5.8 134
Slope of the primary spectrum 40 2.0 1.9
Reconstruction (core and shower sizes) 0.1 1.4 6.5
Total -11.1/+12.8 12.6 26.1
Artificial spectrum structures (extreme cases) <10
Hadronic interaction model (EPOS-QGS]Jet) -5.3 -169 -14.6
Statistical error 0.6 2.7 17.0
Energy resolution (mixed composition) 24.7 18.6 13.6
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Kascade-Grande

S LPOS 0 e SIBYLL e QGSjet:

e QGS2v4 &90 ~
electron-poor sample Y, =-323 + 0.06
V2= -;.;2 £0.09 |
="

5 = 0.07

=

Y, =-3442007 ]

dN/AE x E* (m%sr's"ev')
=
a
o

1018, ‘f‘l_- .

Y T L |1 y 1

-. P Y
16 1625 165 1675 17 1725 175 17.75 18
log,,(E/eV)

K(E) > ky(E) = (ksi(E) +kc(E)) /2

'SIBYLL QGSjet '
QGS2v4 O

dN/dE x E*7 (m'zsr"s"eV 7
=

y,=-297 = 0.08

yl--2.97:0.05

=-3.00 = 0.03
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eknee feature ~[0'7 eV in the spectrum of the heavy group
e a constant slope well represents the light-medium group: hardening at higher energies?
e similar behavior for all hadronic interaction models

KIT

Workshop, 21-23 September 2015

A Castellina



Kascade-Grande : ankle-like feature
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Kascade-Grande - LH‘&‘
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Kascade-Grande & Kascade (10'“4-10'8 eV)

Preliminary (KASCADE-Combined)

107 kkwky o
.....**X* *
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D ...:... A‘*
5 10 O.:o.ﬁe
I ]
: "4
S
X
=
2
-
i~

AUGER (ICRC 2013) -
HiResI (PRL100(2008)101101)
leeTop (ICRC 2013)

TA (ICRC 2013)

Tunka-133 (NIM A, 756, 2014)

>p—

Y — Coordinate[m|]
&
=]

~600 CXCombined Arca : 284088 m”*
+ |V XGrande Area : 152202 m*
—700 US2KASCADE Area @ 25446 m®

—700—600—500—400—300—200—-100 0 100
X — Coordinate[m)

Combined-Array:
o 37 + 252 detectors

Necessary corrections not applied @ area:
1018} ] 700x700 m?
% KASCADE (QGSlJetl,2005) . 2
A KASCADE-Grande (QGSJet 11,2012) @ KASCADE-Combined (QGSJetll4, 2015, raw) USBd. 284088 m
A KASCADE-Grande (Epos-LHC, 2015) @ KASCADE-Combined (light, QGSJetll4, 2015, raw) @ measures:
A KASCADE-Grande (QGSJetll4, 2015) @ KASCADE-Combined (heavy, QGSJetll4, 2015, raw) N N
15 16 17 i) 19 chs T
10 10 El;eV 10 10 o energy range: 10* — 108V
@ ~ 87% larger fid. area compared to
e advantages in analygis thanks to more accurate Grande standalone
. d l 'Pd . l @ more than 103 million events inside
reconstruction and larger fiducial area the selected area survive the quality
e can be extended to 'OM‘ el cuts and arrived within 0 to 35° to the
zenith.
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- ‘ ,S” i IceTop/IceCube: June 2010 - May 2013 (977.6 days)
L
) s A LMY ]
qé 'l‘""m'"mm" LR ; *
: o
> | IceCube Preliminary f
O . !
©
3 T
o< Y
©
=
W !
. 3y data, IceTop-IlceCube
6|
10 - v 3y data, IceTop alone, H4a composition assumption
107 10° 10°
Primary Energy(GeV)
. s 1 Systematics Uncertainty
Flux systematic uncertainties oW e —
3.35 PeV 33.5 PeV Hole Ice 30cm +4.5%
VEM calibration/Absolute energy scale ~ +4.1% -4.4%  +7.0% -4.3% Hole Ice 100cm -2.9%
Snow correction +5.0%-43% +7.9%-4.7% +10% scattering +3.6%
QGSJet-11-03 4+2.1% +1.4% +10% absorption -11.8%
Light yield 431%-30%  +11% — 7% scattering AND absorption +7%
Total 17.5% 65% _ +10.8% -6.4% Total Ty
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Elemental spectra=
all-particle x NN fractions

Systematic uncertainty:
+9.6% -12.5%
(dominant effect light
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+Tunka-HISCORE : 9(+33) stations
each with 4 PMT (Winston cones)

+Tunka-REX : 20 radio antennas
+5I(ACT
+muon detectors (2000 m?)
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40 years data taking: many reconfigurations

Small Cherenkov array: measure of the
[0'>-10'8 eV range with hybrid technique:
electrong, muong, Cherenkov light

20 years of data
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Telescope Array - composition
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Telescope Array - interpreting the energy spectrum

Pure proton, E > 1082 eV

¢ * Injection spectrum E”,Enax=10%"eV
_fé Source density ([ + 2)" (per comoving unit volume)
% Energy losses with CMB and IRB.
= - Dropagation code: TrangportCR [checked by CRPropa]
Propagation without congidering magnetic fields (B,,,,- < ~O.InG)
— Source distance: Z <~0.7 0
9
e data compatible with pure proton model j 0.1
e constraints on fit parameters 6
y=2.18-0.14 + 0.08 (stat.+sys.) E 5 - 0.01
m=6.8-11+[.6 :
Alog,, E =-0.04 (-9%) - 0.03 + 0.04 3 oo
X?nin/ d.0£=18.0/17 ?
® Zmin upper limit (no sources with z<znin) ‘
0 0.0001

zmin= 0.0l (~40 Mpc) 99.7% C.L. 2 24 22 23 24 25 26

KIT Workshop, 21-23 September 2015 A Cagtellina 40



[400 m a.sl.[820 gem™]
A ~3000 km?,1500 m grid p
[660 water Cherenkov SD + 24 FD

The Pierre Auger Obsgervatory
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s ... EPOS LHC
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Auger : muon production depth

KIT

ma:z: <Xma$> no_ Xﬂfnazz _ (X#ma:r>
é - Auger 2013 prellmlnary é - Auger 2013 preliminary
— ©b6F \ : — 6F
v - EPOS-LHC Xmax V. | QGSJetll-04
4 4
[ Xinax $ [
2t sestt 2 X,
- . ®3 I
D) . ; . ¢ %
0 [ LR R
18 18.5 19 19.5 20 18. - 185 - .19. - ;9.5 20
Iogw(E/eV) Iogm(E/eV)

the congistency between the two Xmax can help to constrain hadronic interaction model
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Auger - interpreting the energy spectrum

* identical sources homogeneously distributed
* Injection of H,He,N,Fe, injection spectrum dfgj,i _ { Jopi (£)
Photodis.cross section + EBL (far [R) Jop

*  Propagation code: CRPropa,SimProp - no magnetic fields

. E/Z, < Reut

Sl s
~

) qap(l_ﬁ)’ E/Z; > Rout

Hypotheges

- 350

)
S
n

R /V
cut

IO(

log
&

lllllllllllllll

-151-05005115225
v

o result mainly due to narrow Xmax distributions
e |t minimum very sensitive to propagation models
e better fit for lower photodisintegration rates and/or lower E Xnax in data (within syst.unc.)
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Xmax distributions at best fit

18.7 < Ig(E/eV) < 18.8 19.1 <Ig(E/eV) < 19.2 19.5 < Ig(E/eV) < 20.0
502 o § Bhask
M D/N = 29.4/15 5 03f D/N= 9.5/11 st D/N= 64/8
s L - -
- S go4F
.16 3 “"0.25: “oask L 2
0.14~ :
0.12fF 02r o3 E
: 02sf
0.1 :— 0.15 o
0.08f 02f
0.06F- 0.1 0.15f
004 ool 0.1
0.02F ' 0.05
0T 700 50500 850 900 950 1000 0760 700 750 800 850 900 950 1000 T R T
X [gem™] Xoax [gem™] X, [gcm™]
@ red:A=1 @ green: 5<A <22 e thick brown: total
@ gray: 2<A <4 @ blue: A > 23 @ black dots: Auger data
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Augnr / Teleecope Array comparigon

_ e
o~ : : * Data [
?, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —— QGSJETII-0 850 I o data+ o
E I : | = =" QGSJET-01
2 800* : [==-SYBILL 2.1 _
A I . 800 [
é ™~
£ | § |
y Ll 80 750
750 Teeteee 2 w :
5
£
! > 700
700
650 — = Sibyll2.1
e = : = = = = @ @ . L + QGSjetll-04
650 —1185 19 195 20 ./../....l- 2 2 2 2 32 2221 i A4 2 3 23
' Energy log, (E/eV) 108 10" 1020
TA: Auger:
» maximize statistics » minimize measurement bias
» result: “(X,ax) in detector” » result: “(X,.x) in atmosphere”
» compare to: simulations including » compare to: simulations at
detector effects generator level
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_Auger / Telescope Array comparison

JAuou 2013 / A Combined ICRC-2015

log, (E/eV)

€, =1.102 +0.003 %2 | ndf 427.8 /26
T , I PO 0.805 + 0.005514
‘e g4y E
S X X g
H| |
PO TS ST T N SN W ST T ST WY SN ST SN NN S T TN N N S S ' l}. A -
17.5 18 18.5 19 19.5 20
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: ' flux
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_Auger / Telescope Array comparison

820

+ TA MD 2014 preliminary

800

}  Auger2014 ® TAMD

780

740

|5
@ 760

:
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720
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) T I T B B I I

(2.9 £ 2.7 (stat.) + 18 (syst.)) g/cm?

llllllllll|

182 184 186 188 19 182 194 196 198 20

lg(E/eV)

Simulated composition
according to Auger
result fed to the TA MC

simulation and analysis
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_Large Secale Anisotropy above PeV

Sky map of the CR flux E > 8 EeV Sky map of the CR flux E > 10 EeV

e

Auger (7.3 = 1.5)% (p=6.4 10%) Auger and TA (6.5 = 1.9)% (p=5 107)
Dipole Amplitude - Phase
§ o aogis 3 ] !
/ ¥V KASCADE Cwrande M“—og 90 ’
® kelp center
5 ! — | !
0
L T ft
10%- ’ dipole points L
L 4 o o l | { i Auger - 750m
. - @ Auger - 1500m
10° L e ——— 180 —A— KASCADE -Grande
0001 001 01 1 10 100 0001 001 o.1 1 10 100
E [EeV) E [EeV)
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Amplitude
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Doint source searches

& astrophysical origin of UHE sources (top-down models strongly disfavoured)

©look at highest energies (as deflections proportional to Z2/E)
“look close (as cutoff is seen for E> 40 EeV)

&No significant excesses were found

& Two medium scale spots
- _
Dec. (deg) : T, E>s7eev S
/s 4
30 ’ g ‘
y 3
y / =
\ ' m ‘) 2
—1
360 180 0
RA. (deg) =10

8
" a . L .
60

TA
7 years, 109 Events (> 57 EeV)

Northern Hemisphere: hot spot
seen by TA (3.4 o) near the
Ursa Major cluster

Auger
10 years 157 events (> 57 EeV)

Southern Hemisphere: hot
spot seen by Auger
(post-trial prob 1.4%) near
to Cen A
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Some conclusion from experimental data

n knee region

v allparticle knee ~4 {0™ eV

v light component knee < PeV (Tibet), ~700 TeV)
(Argo) a factor ~4 lower than Kascade

/ 1073-10"* LSA amplitudes found around
TeV energies

v change of trend, already pointed out by
EasTop and others, above [0'* eV

O == m + g

ARGO pHe analog

ARGO pHe hyb
Kascade p
KG light

KG heavy

Jx E* [m s sr! eV?]

& different analysis, at different altitude

@comparison of systematics

llllli 1 LLLLL LLLLL lllll IIIIIII l
1014 10115 10116 101? 1018
E [eV]
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Some conclusion from experimental data

v good agreement of all
experiments within systematics

IceTop
Tunka-133
Kascade-Grande combined
Kascade-Grande EPOS-LHC
Kascade-Grande QGSJet04
Kascade-Grande light
Kascade-Grande heavy
Yakutsk

Telescope Array

Pierre Auger

v good superposition with UHE
arrays

/ concaveregion above 2 (0'¢ | i e
YA SR

/ steepening ~ 107 eV S W .

10'° 10"

E[eV]
v/ evidence for a knee at ~ 8 [0'°-10'7 eV due to the heavy component
v ankle-like feature of the light component above 10 eV
v between [0'© and [O'8 eV, the equatorial dipole does not exceed ~ [0
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Some conclugion from experimental data

UHE re gion v flux suppression and ankle clearly established
v difference in UHE flux between TA and Auger, not explained by

v TA and Auger data agree in declination dependence

composition, but different

inferprefaﬁon ie given v iSOfl‘OpiC sky around 1O EeV
V' Auger shows p-fraction ~60% v" no significant point source anisotropy

~10'82 ¢\ almost zero ~10"° eV
/' Fe fraction always negligible, p v hot gpot in TA sky at 57 EeV, warm gpot in Auger gky at 57 EeV

fraction compatible with 0% at

a : : A : : A :
highest energies 3 Efw BREHILIE
v strong upper limits to primary photons :f "E &
v absence of cogsmogenic neutrinos X I S e 1 s Sy o e s
disfavours pure p composition & .
S B ceTop &

L * Tunka-133 i g S g G

e v Kascade-Grande combined

& poor statistics >3 10'? eV, need composition

1 013 ... v Kascade-Grande EPOS-LHC
. E A ascade-Grande QGSJe
meagurement above (TAx4, AugerPrime) . [oece e Grande QG5 Iet
@. . e R [ O Telescope Array
Pimportance of joint working groups, study of o I - H - -
systematics T T '
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Why saying, “l don’t know”

Theoretlman s Cat

Experimentalist's Cat

We need

...more data

..better control of systematics
..upgrades !

Joint effort among different

collaborations ig now a most
welcomed real&g makes Uﬂll d !]00[' marl(eter

(...hopefully more to come) !
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UHE.: future upgrades
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Photong

< to get limits on top-down mechanisms
< to search for GZK photons
<to fix the maximum photon fraction in the primary flux

Exploit observable differencies between g and hadrons

¥ 5 EAS develop deeper in atmogphere: larger Xmax
* 35 EAS look young: larger rige time, smaller radius of curvature

- SD
‘8:—— " " -
r FD 3. Old” shower (u) 1300 Hybrids
‘ S 3 o § ... simulations 18 <log,,(EjeV) < 18.5
' 10 - of o200
i FEN photon Jroof Shokon
: ‘. , N proton 2 000
ol ) ".. ) iron e R Rl R B R .
o ," . tere (™) 900 N i...
: S " N " £ £l
! . N £ “Young” shower (e,y) 800 VT e d A%
r . . . .. .. ,. .l
2| S SN ‘ , 700 o N
': - . "~ ‘.} Y 18l 000 : A proton
I‘ * W W W aﬁ lg ;z: Ia lw %
Atmospheric Depth (g/cm2) “; maAAAszAAA'L‘ 6 ‘A‘l‘A‘AAéAAAAl
o .m‘-h.-- st l0g, (S,
tene [na)

signal amplitude
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Photong

Photon limits 95% C.L.

~ _I L] | 1 1 I L] LI ] 1 | I LI B
— GZK p (Gelmini '08) """"""" SHDM
Z LS I GZK p (Kampert '12) - == SHDM' =
- =, wm GZK Fe (Kampert '12)  —— TD 5
A R S 3 A —-z :
A= P Ve —
g 1075 hy Voo L, A E
o - e Tl Y, .
Wi [ — — ~§_ TA 20T 22y T, -
r-102E - — W RS, =
L = TA 2015 i ‘%* """" -
§ - (prellmlnary) <]
= - SD 2008 -
= v Vv
5 107 ; g Vs
° - J SD 2015 s
£ _ (preliminary) |
= 10 .
o = 5
g -
— 1 0'5
10'® 10'"° 10%°
E, [eV]
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Photon point sources

< Protons near the ankle produce photong ~ [ EeV : can we find them?

< as the energy flux in TeV j rays exceeds [ eV em™ ¢! for some sources (CenA, Galactic
center) with thie energy spectrum, we expect similar flux at EeV (as sources with
spectrum ~ E%, put the same energy flux/decade)

= Observed
1ok Expected No point sources of EeV photons is found.
g B Within 95% For d¢/dE ~E>
,%0 w ] $;<0.25eVem? s
B 10} well below expectations
'qé 10}
e No Galactic sources of protons F
10 —> they are not trangient
N P T —> they do not emit in jets towards E arth
0 1 2

308(5) —> they are too faint
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Neutrinog

(1) inclined hadronic shower

(2-5) neutrino induced showers

; ~1us
Il —— attor 3 otm
.z. J :rlh : ‘Na'rmw time d(I;)ribuUOn
o electromagn. hard muons :
““‘_‘“ ;ﬁ ghoyens ] s mméfﬁmm
~ ) =
“e Wide time distribution . |
« Strong curvature 1
~»..* Steep lateral distribution 5 Bk wiw k'
e Earth-skimming: v; CC (90-95°)
Neutrinos in Auger:

e down-going : all flavours CC&NC
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Neutrinog

Neutrino single flavour limits (90% C.L.)

Cosmogenic v models
p, Fermi-LAT best-fit (Ahlers '10)

10-5 T T T T L N L L B B : P, Fermi-LAT 99% CL band (Ahlers 10)
~ wem = IceCube 2013 (x 1/3) < e p, FRIN& SFR (Kampert '12)
E “ 7777 Fe, FRIl & SFR (Kampert'12)
| s Auger (2013) ‘/,‘ (L5050 p or mixed, SFR & GRB (Kotera '10)
= 10 E == ANITA-I12010 (x 1/3) « — = Waxman-Bahcall 01 4T
w - . — 3
- - ., ’/ 1 0
NCI) B *, " —— 7 D
b — + -
E 7  —| ~” 9,
10" E o i ey O
- 1 3 L pu—
> = ” LTI I A 3 ~
(0] — — ST L e LT T e e e o
W 408 T Q
% 10— Li _= H
2 3 9
© -
o 4 O
L ©
=5 N
1 ©
i 1l ol QO
10% 107

dN/dE = k E?

-» k ~

6.4 x 10°GeV cm=2stsri

[0.1 - 25] EeV

Auger limits constrains models with pure proton primaries
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Correlation with UHE neutrinos

Telescope Array, Auger, IceCube Collaborations @ ICRC 2015

s | o\ L A TEE, Joint analysis of 3
o \ < A
s 7 X % A o\ 4 Collaborations!
/4 + 3. +
/, X& %30 oo 5 '
- "C O +9
+, // b + ] +
s + 0 +
| 120 M K 4 ;"D + 240 . v
X2\ S * o
+ 4+ 0 X
\ -~ I %
\ 0+ / ® - - !
¢ =% v 3 £
XN X / -
o / '
/-
T =t

ATA> 57 EeV O Auger > 52 EeV + IC cascade X IC tracks

All correlations less than 3.3 sigma significance
To be monitored with larger data set
(in particular the analysis with cascades)
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Systematic uncertainties on the energy scale

Uncertainties entering into the SD calibration fit

Absolute fluorescence yield 3.4% :
Fluor. spectrum and quenching param. 1.1% Aerpsol OPUC?I dCRﬂl 3%+06%
Sub total (Fluorescence yield - sec. 2) 3.6% Horizontal uniformity ! f
Aecrosol optical depth 3%-+-6% Atmosphere variability 1%
Aerosol phase function 1% N}g!lﬂy relative calibration 3%
Wavelength depend. of aerosol scatt. 0.5% Statlstw‘al error of the profile fit %+3%
i . Uncertainty in shower geometry 1.5%
Atmospheric density profile 1% Invi h h d 1.5
Sub total (Atmosphere - sec. 3) 3.4% +6.2% nvis. energy (shower-to-s ower uc.) =
PR Sub total FD energy resolution 7% - 8%
Absolute FD calibration 9% — -
i . N Statistical error of the S(1000) fit [3] | 12% + 3%
Nightly relative calibration 2% . . .
. . Uncert. in lateral distrib. function [3] 5%
Optical efficiency 3.5% .
Sub total (FD calibrati 4 9.99 shower-to-shower fluctuations [3] 10%
u 'to ( c. ENMETNON = sec.. ) i Sub total SD energy resolution 17% = 12%
Folding with point spread function 5%
Multiple scattering model 1%
Simulation bias 2%
Constraints in the Gaisser-Hillas fit 3.5% + 1%
Sub total (FD profile rec. - sec. 5) 6.5% +5.6%
Invisible energy (sec. 6) 3% +1.5%
Stat. error of the SD calib. fit (sec. 7) | 0.7% +1.8%
Stability of the energy scale (sec. 7) 5%
Total 14%
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E xample scenario

- E [eV]
108 10" 1020
[A2013 preliminary /
Auger 2013 preliminary
1038 | _ AE/E=14% .
ve P . : e extragalactic proton sources
®e ® O g2 2 N | | | L.e=""""

» sourceg digtribution ([+2z)*#
« injection spectrum E2->¢

e Emax ~ 2 x 10'87 eV
R « very hard injection spectrum E
» enhanced Galactic component

E3J(E) eV?km 2srlyr~!
2

1036 N 1 R 1 s 1 A N L N
17.5 18.0 18.5 19.0 19.5 200 205
logo(EAV )

> hard spectra: acceleration in rapidly rotating neutron stars, aceretion disks with unipolar induction, ete.
(high metallicity)
> good fit to Auger only above 5 EeV. Below
v Galactic spectrum extending up to 5 EeV

BUT if light, disfavoured by anisotropy results, if heavy by Xnax
v extraGal. (ad-hoe) sources injecting p, He. In agreement with Kascade-Grande and leeTop results

BUT too much Fe at | EeV wrt Xmax result

(from arXiv:1312.7459)
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The energy estimation with SD

¥ use an energy estimator at a given optimal distance "‘ //

[Haverah Park: p(600), AGASA : S(600), PAO: S(1000) 5 -

v the estimator depends on the zenith angle :
to combine observations from all angles

Attenuation curve S vs 6 = CIC(6)
extracted from data using the so-called }\(%onstant Intensity Cut

if the CR flux is isotropic | = const
if acceptance(6) is known d sin?f
For a shower from direction 9 | S(6°t) = S(ropt)
and measured S(ropt) CIC(8)

The estimator is then correlated with energy
® by means of simulations
e by using an independent measure of energy (FD)

Nef(I>k)

dN/dcos’ o
=

micoity [au

S(1000) [VEM)
Z

: . . ° . . .
. .
T
L
P T s
:E' : PR LI S
- '
o b
! o IS(1000) VEM)> 1.4
F o Ig(S(I000)VEM)> 1. —— IgfS(I000) VEM)> 1.6
e SI000YVEM)> 12 —+- Ig(S(1000) VEM)> 1 8
'E T | aal

03

04

asd oy e
05 06 07

T BEETE PR
08 09 1

cos'0

e ST 08°
S1% 0 248"
. ASS 0
. WS 0xMT
02T
. %S0V
19>0>0"

J
S~ W @ N
SELO00 m{ VEM)
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Conpommeﬁommalpwﬁo(m

KIT

F—y———y y———

dE
1) FD [HiRes] Eyor / dX ——
0 dX 2 095 L
Measure the longitudinal development of EAS et e f’%l
Mass dependence: If the primaries are heavy, the ' p A
energy is higher 0.85 S d
[© Song et al, Astrop.Phys. (2000)] ' *
0.80| re
2) SD [AGASA] ' Fe
0.75f
Measure the lateral development of EAS E=ax 10" S(600)°
070 1 ) al
[© Takeda et al, Astrop.Phys.19 (2003) 447) ... ) 7 8 9 10 1
Simulation S:ngl(‘ Altitude Interaction Primary E=ax 10'7. 5..(609’)."‘." E cau » Log(GeV)
Code Particle Model Composition a T b i Example
COSMOS  “electrons” 900m QCDJET p 2.03 1.02 S0=50 VEM
CORSIKA PH, 900m QGSJET98 p 2.07 1.03 1 ________ 1.04 energy is lower by
(v5.623) Fe 2.24 1.00 ~4 to 13% (depend|ng
SIBYLL16 p 2.30 1.03 I ‘‘‘‘‘‘‘‘ 113 on the model used) if
Fe 2.19 1.01 primaries are heavy
AIRES PW . 667m QGSJET98 p 2.17 1.03 I ________ 1.09
(v2.2.1) Fe 2.15 1.01 .
SIBYLL16 p 2.34 1.04 I ________ 113
Fe 2.24 1.02
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