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ENERGY SPECTRUM

equivalent c.m.s. energy [TeV]
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UHECR = Ultra-High Energy Cosmic Rays !



SOURCES IDENTIFICATION

* nuclei (from p to Fe) likely of extragalactic
origin

E[EeV] thickness of
r, [kpe] ~ 7 BluG B=2-3uG  galactic disk
[uG] ~300 pc

GalacticB  E/Z=100 EeV

e sources identification 05

possible if deflections in
galactic and inter-galactic
magnetic fields are small

JF2012 —
PT2011 -

IceCube Auger Telescope Array
JCAP 01 (2016) 037
and references therein

Frequency [arb. units]

* mass composition is crucial

Deflection [°]



PROPAGATION

interaction with the CMB

GZK
effect
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K. Greisen, Phys. Rev. Lett., 16 (1966) 748
G.T. Zatsepin and V.A. Kuz’min, Sov. Phys. JETP Lett., 4 (1966) 114

PYeus = N E, =

abrupt suppression consistent with
the GZK cut-off

ankle consistent with
PYeus — P e'e”

* GZK horizon depends on primary
mass

* mass composition at Earth # from
the one at the sources
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ATMOSPHERIC SHOWERS  “miSsw

Ey
Tt Hadronic
energy
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g After n
generations ...
2 n
Ehaa = (§> Ey
n=2>5, Enag ~ 12%
n==06, Epqg~ 8%
T uv,

* most of the energy transferred to the em component

R. Engel ICRC 2015

Electromagnetic = 50 _, vy
energy

* shower development and signal at ground sensitive to the hadronic interactions



The importance to take under control the
systematic uncertainties
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DETECTION TECHNIQUES

Surface Detector array (SD)
detection of the shower front at ground

(+) duty cycle ~ 100%
(-) shower size at ground « E (systematics)

Fluorescence Detector (FD)
longitudinal shower development from
fluorescence light from the N, de-excitation

(-) duty cycle ~ 13%
(+) calorimetric measurement of E

Hybrid detector (SD+FD)
calibrate the SD signals against FD energies

E
note: from FD X .~ ln(z)
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UHECR HYBRID OBSERVATORIES

PIERRE AUGER OBSERVATORY TELESCOPE ARRAY

Malargiic — Mendoza (Argentina) Millard County, Utah (USA)
359 S latitude 3000 km? 399N latitude 700 km?

The Pierre Auger Collaboration, NIM A 798 (2015) 172-213 M. Fukushima et al., Prog. Theor. Phys. Suppl. 151 (2003) 206
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autonomous units e e e
FADC at 40/50 MHz

water cherenkov vs scintillators
—> sensitive to showers inclined . =
at large zenith angle | | I B
—>more sensitive to us - e '
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LOW ENERGY EXTENSION

TA

Low energy extension

* denser array
* high elevation FD telescopes (~ 30°- 60°)
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SD EVENTS

AUGER SD - 0<60° ‘vertical’
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dE/dX [PeV/(g/cm?)]
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FD ENERGY SCALE

dE
slant depth Mapc ~ d_X Yy, T C i
X [g/em?] fluorescence photons
EFl'
energy dE §
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deposit gx
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Fluorescence yield
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FD Loma Amarilla:

CHALLENGING -,

dar, APE” FoalicHutalis light transmission

EXPERIMENTS . rormee

}qg) 3 aerosol
=S
M50
r molecular
¢ COmplex atmOSphel'lC eXtreme Laser Facility. 200}

monltorlng Balloon e " Central Laser Facility 150
Iéaunch Weather Station
tation FD Los Morados: F
(aerosols, clouds, ...) Los Mora 100
IR Camera L
Auger, Astrop. Phys. 33 (2010) 108 Malargue* Weather Station S0
FD Los Leones: 10 km 07 “““““““““ ‘
Lidar, R?é"%gnr'gg"*%'\" — 001 02 03 04 05 06 07 08 09 1
Weather Station Transmission

e FD absolute calibration

Auger Drum TA CRAYS TA ELS
(linac accelerator)

Gas cylinder
Energy probe LED

Polarizer Shutter Beam Shot Direction
Pressure
gauge

Iris Iris Radiation Controlled Area

: N T e Generator (80kW)
ELS Control Room AL Power for ELS operation

~50kW

Retardation
plate (A /4) N2 Laser

ND filter Cooling Unit Container

Vacuum Slit

pump
PMT Thermistor Energy probe

S. Kawana et al., B. Shin et al., PoS (ICRC2015) 640
Nucl. Instrum. Meth. A 681 (2012) 68 13

J. T. Brack et al.,
JINST 8 (2013) P05014



TA

MC simulations to
covert S(800) into
shower energy

(ErpL)

ETBL
1.27

E =

~

AUGER

CIC method to
remove zenith
angle dependence

E=AS*
B=1
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SD energy estimators

HYBRID EVENTS
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AUGER

ICRC13 arXiv:1307.5059

Absolute fluorescence yield

Fluores. spectrum and quenching param.

Sub total (Fluorescence Yield)

ENERGY SCALE

slant depth
X [g/em?]

Aerosol optical depth
Aerosol phase function
Wavelength dependence of aerosol scattering

Atmospheric density profile
Sub total (Atmosphere)

Absolute FD calibration
Nightly relative calibration

Optical efficiency
Sub total (FD calibration)

fluorescence photons

Folding with point spread function
Multiple scattering model
Simulation bias

Constraints in the Gaisser-Hillas fit

Sub total (FD profile rec.)

Invisible energy

3% +1.5%

Statistical error of the SD calib. fit

0.7% + 1.8%

Sum in quadrature

21 4

3.4%
s
1.1% cnergy dB —
deposit dx upto30km
3.6%
3% + 6%
1%
0.5%
1%
3.4% + 6.2% TA
9%
2% Astropart.Phys. 61 (2015) 93-101
3.5%
Item Error (% Contributions
9.9% )
S Detector sensitivity 10 PMT (8%), mirror (4%),
5% aging (3%), filter (1%)
1% Atmospheric collection 11 aerosol (10%),
2% Rayleigh (5%)
’ Fluorescence yield 11 model (10%),
3.5%+ 1% humidity (4%),
o/ - 0 atmosphere (3%)
6.5% +5.6% Reconstruction 10 model (9%)

missing energy (5%)

Stability of the energy scale

5%

TOTAL

14% <

15



ENERGY SCALE

Invisible energy (v, L, ..)
Auger: estimated from data
exploiting the muon sensitivity
of the SD signals

Fluorescence yield
Auger uses Airfly
TA uses Kakimoto + FLASH

M. Ave et al., Astropart.

— 24
Phys. 28 (2007) 41 O C
o 2 Anl —— Auger ICRC 2017
T 1|1 22
Airfly -t 5 of Zus Auger ICRC 2013
Dandl : :-—0—- - 185—
- C — TA-p
AirLight o C
irLig T 16:—
FLASH - et . Theoretical 14 ™~
MACFLY - — : : o
Lefeuvre P e— -
|| s
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Kakimoto - =1 o
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J. Rosado et al., Astropart. Phys. 55 (2014) 51

note: combined effect: 5%-10% relative shift between TA and Auger energy scales 16



E®xJ [eVZ xm2? xsr! xs']

TA ENERGY SPECTRUM

= 104 E exposure e 450 8TO0 kmZ sr yr
. N“’_’ E < TA 7 years (ICRC2015)
remarkable extension up to the knee E F '
10 e
common energy scale g F
5 10 :E
10 :g
Y. Tsunesada et al., PoS (ICRC2017) 535 =
! §_ ——— SD 9 years
- 2008/May/11 - 2017/May/11
Tareq AbuZayyad , PoS (ICRC2017) 534 B om0 o
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1072 E- S e TALE Ch K
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exposure

AUGER ENERGY SPECTRUM Auger

6.7x10* km? sr yr
unprecedented statistics

SD spectra only above full efficiency energy threshold

consistency between different measurements

common energy scale TA
0.8x10* km? sr yr
Auger ICRC17 arXiv:1708.06592 AS(ZA
E /eV E /eV
1018 1019 1020 1018 1019 1020
'; 10%
T I ey, " 'Y *.t é
i 'Y ® * o
k L TROPRLE A A I
| |
& E, .= 5.08+0.06+0.8EeV & f + *.
4 v +
L %107 +
L1037} E,=39+2+8EeV + v ; I\
= | Ey,=22.6+0.8+4.3 EeV > | © SD-ASM0vertical l
L . [N - B SD-750 vertical ®
= s Ay=25+01+04 = | 4 Hybrid !
@ — ~(r+Ay) | @ o
SN ® Auger (ICRC 2017) E SN 1056 @ SD-1500 m inclined

17.5 18.0 18.5 19.0 19.5 20.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5
lg(E/eV) Ig(E/eV) 18



consistency in the ankle position
inconsistency in the cut-off position

EXJ(E)/ (eVZPkm2Zsriyr')

ENERGY SPECTRUM: AUGER vs TA
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Auger + TA Proceedings of UHECR2016 PoS (ICRC2017) 498
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ENERGY SPECTRUM: AUGER vs TA

a 10.4% rescaling factor is fully consistent with the different fluor. yield and E,
(if TA uses Auger fluol. yeld & E. . = AE/E =-9%)

why the spectra are so different at the cut-off?
e astrophysics?
e and/or experimental effects?

Auger + TA Proceedings of UHECR2016 PoS (ICRC2017) 498

""""" RS LS UL I
';: 10 |~ + -
S etotot * ]
Nm : ) .D.D.DOD.D.D ’ :
1 |:] o
E B I:]} -
> -« TASD Full Sky (ICRC 2015) -
g (E rescaled by -5.2%) LIIJ |
W 10" 5 Auger SD Full Sky (ICRC 2017) { E
c.,: - (E rescaled by +5.2%) . -
L TN NN RN TN NN RN lass a1 a3 Las a1 L1 l-
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log (E/eV) 0



Telescope Array & Auger

« common declination band = inter calibration,
systematics, ..., comparison of the energy spectra

* main goal: anisotropy with full sky coverage

:;\ 14000 T T T T T T T T
o~ — Auger SD vertical (2004 - 2016)

E = Auger SD inclined (2004 - 2016)

v, 12000 — Telescope Array SD, 6 < 45° (05/2008 - 05/2015) ]
>\ = Telescope Array SD, 6 < 55° (05/2008 - 05/2015)
> 10000} s

8000

T

6000

T

4000

T

2000}

O !

Directional exposure w

-90 -70 -50 -30 —-10 10 30 50 70
Declination 6 /°

Dedicated conferences:

1) Nagoya (Japan) Dec 2010
2) CERN Feb 2012

3) Utah (USA) Oct 2014

4) Kyoto (Japan) Oct 2016

next: Oct 2018
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DECLINATION DEPENDENCE OF THE
ENERGY SPECTRA

Auger + TA Proceedings of UHECR2016 PoS (ICRC2017) 498

« common declination band -15.79 < § <259
* Auger has not a declination dependence
* TA: cut-off position in the common declination band closer to the Auger one (*)

E /eV
1019 1020

— 10%
lH 1038

>~

7 et bay

;U_D‘ & . - pe [ | [ ]

(q\]

E3J(E)/ (eVZkm?Zsriyr')

5 ?

~

~ 1037

%

SN— \

~ [ 5 <24.8°: log_ (E,/eV) =19.59 +0.06 N

() - ® Auger SD, ICRC 2017, —90.0° < § < —15.7° 7L 5+ 24.8% log (E JeV .\

= - ® Auger SD, ICRC 2017, —15.7° < 6 < 25.0° 107 [~ 0>24.8%log, (E /eV) =19.85 +0.03 ]

M I i
weL APEPEPE EPAPEPI APEPEP APRPER BRI AP A Y

18.5 19.0 19.5 20.0 20.5 19 19.2 194 196 198 20 20.2 204

(*) common decl. band log,,(E,) = 19.59 € 19.56 for TA and Auger, respectively .



Anisotropies at intermediate scale

TA ‘hot spot’

S. Troitsky
PoS (ICRC2017) 548

25% around (a,0) = (144.39, 40.39)
143 events E > 57 EeV
Nobs =34 N,,,=13.5

~ 30 post-trial 30

note: ‘hot spot’ outside the common
declination band -15.7% < § < 259

-60

Auger :Z [ preliminary ‘ Centaurus A
U. Cacciari
PoS (ICRC2017) 484
S
19 events ¢
E > 58 EeV ™

Ny =19 N_=6

exp

~ 30 post-trial

0 5 10 15 20 25 30
1 (degree) 23



° ° ° g - U.C i .,
Anisotropies at intermediate scale - Auger bt

UHECR produced in gamma-ray sources

Active Galactic * 17 AGNs from 2FHL Catalog (Fermi-LAT) with E > 50 GeV
Nuclei * ®(>50 GeV) proxy of UHECR flux

Star-forming or = 23 objects with ®(> 1.4 GHz) from Fermi-LAT search list
Starburst Galaxies = ®(> 1.4 GHz) proxy of UHECR flux

A . H H, :isotropy
Likelihood ratio TS =21n| ==L .
H, H, :(1- f)xisotropy+ f x FluxMap(y)

Starburst galaxies - E > 39 EeV Active galactic nuclei - E > 60 EeV

I T T T I T T T T 24
—14
22
20 T - | 12
_ 18 -~
o ° N
2 s | 10
F 14 £ 3 >
T S S
k: 12 9 & c:'l
5 102 % "
5 [}
s Q
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1-20 contours

Illll|lllllllllllllll|l
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0.1 0.15 0.2 0.1 0.15 0.2

Anisotropic Fraction Anisotropic Fraction

390 post-trial significances 2.7 o 24




OBSERVATION OF A LARGE SCALE ANISOTROPY
Auger, Science 57 (2017) 1266-1270

harmonic analysis in right ascension Energy Number  Amplitude Phase Probability
1 (EeV) of events r P, (°) P(zr,)
1.08 - 1 +0.006

1.06 L | 4 to8 81,701 0.005 —0.002 80 + 60 0.60
Loe | l m .
1.02 | |

1 T T

s . ) . first
Eooss) 1 modulation > 8 EeV at 5.2 ¢ !
5 gzz % 1 time!
0695 - { f?f;f hlzi?nl(?)jlﬁi‘é — with a similar analysis on azimuth angle:
360 300 240 180 120 60 0 3d dipole>8 EeV  d=6.5;% (a,.6,)= (1000’_240)

Right Ascension [deg]

_30 0.46

5
equatorial coordinates 0.38



EVIDENCE OF EXTRAGALACTIC ORIGIN OF UHECRs
Auger, Science 57 (2017) 1266-1270

» observed dipole lies ~125° from GC

 infrared-detected galaxies in 2MRS catalog
 dipole lies ~ 559 from the expected one
* better agreement when the Galactic B is taken into account

0.46
-
=}

0.42 g
{<,_.
HI

0.38

2
galactic coordinates note: Z ~ 1.7 — 5 at 10 EeV



ANISOTROPIES WITH FULL SKY COVERAGE

Higher order multipoles

Auger
+ TA

O. Deligny
PoS (ICRC2015) 395

1 ¢ 5
C_— m
6—26 1 §,|a£|

m=—/

+oo +¢

=0 m=—¢{

Galactic Coordinates - 30 deg. smoothing

y=1.5 silicon inj. with cutoff, PT2011 GMF model

-

Om) = >" > agmYem(n)

anisotropy at ~1/1 radians

constraint
on models?

Di Matteo & Tyniakov
arXiv:1706.02534
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MASS COMPOSITION - AUGER

J. Bellido, PoS (ICRC2017) 522

EleV]
~ 111(1)18 1919 "11020

T T T T

+ data == Ogtat - Q'{Q,\O{\
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lightest composition at ~ 2 X
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10F

17.0 17

1018 eV

3780 185 190 193 300

Ig(E/eV)

heavier composition at lower and at higher energies

narrower o(X

max

) above ~2 x 1018 eV
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MASS COMPOSITION - AUGER

J. Bellido, PoS (ICRC2017) 522

mass composition from X . distributions
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MASS COMPOSITION - AUGER

J. Bellido, PoS (ICRC2017) 522

1.0}

relative abundance
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e largest proton fractions at = 10183 eV
 above 10!83 eV increasing fraction of He and N
* no Fe at almost all energies



X, . data

Auger

J. Bellido, PoS (ICRC2017) 522
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are the two measurements in agreement?
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Auger
vs TA

TA: X __ distributions folded

max

with detector effects
(maximize the statistics)

Auger: unbiased X,

distributions

o 850 e o B " ———rrrrry .
B &)
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(ICRC2015) 307 I 1 g _ /,_Hi,;: ;}: L) j
i g 1 B [ i eeee = .
v 7502’"—" J-E EE%H% % ] &M} /477:::::H5 1
HE T 1 % [ ooee=T et
they can’t be : __-Aron o 27 - ]
T _ -7
compared oo el
- —’,,—‘ 650 | -7 "~ Sibyll2.1 5
650::"""| ......... l‘ ......... | NI A A | L.~ /1 M .1'
18.5 19 19.5 20
Energy log, (E/eV) 10'8 10" 10%
E [eV]
sl 1) simulate TA events according to the Auger
I composition
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SPECTRUM INTERPRETATION

ankle 5x1018 eV

“dip” scenario requires
extragal. protons (>85%)

BUT

correlation X, vs S(1000)

evidence of a mixed
composition at the ankle

~~
x5 0'2: —eData 4 EPOS-LHC ¢ QGSJetlI-04
% () |
*kg 0.1= + i iron
= C proton
) [
— 0= ]
- 233 l
—0.1— 287
0 - st data, Ig(E/eV)=18.5 —19.0
o 340
_03 0.5p—0.5Fe
3L . .
= = '
_0'4 _I 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1
18.5 18.6 18.7 18.8 18.9 19

1g(E/eV)

Auger, Phys Lett. B 762 (2016) 288

others: R. Aloisio &V. Berezinsky arXiv1703.08671

cut-off

end of the spectrum due to
propagation effects?

BUT
combined fit spectrum and composition

(I)A x fAE_yf‘cut(E’ZA’Rcut)

maximum rigidity (1) favored
over photo-disintegration (2)

@ |

19.5

19

18.5

18

-15 -1 05 0 0.5 1 1.5 2 2.5

Y
Auger, JCAP04 (2017) 038

G.Farrar & M.Unger , PoS (ICRC2015) 336513



Rhad

HADRONIC

2.4 :
INTERACTIONS S .
2.0 o
Auger, PRD 91 (2015) 032003 T 1] e
~— T
. . . 1.4 | — ...~ Fe
showers inclined at large zenith angle S
o 12 ]
muon excess ~ 30%-80% for mass ~ o surd T
111 --- Epos LHC ..
composition from X_ 0] acsir s
1019 ) 1020
E/eV

Auger, PRL 117 (2017) 192001

S= RESEM + RhangShad

T

rescaling factors to match the SD

0.8 systemanc Uncert. =1 - and FD signals (hybrid data)
06 ; Qll-04p e
al i QIl-04 Mixed © i .
04l . EPOSLHCp = | ev1dence. ?f muon excess
| | EPOS-LHC Mixed O not sensitive to energy scale
0.7 0.8 0.9 1 1.1 1.2 1.3 uncertainty
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OTHER OBSERVABLES SENSITIVE TO MASS COMPOSITION

Auger, PRD 90 (2014) 122005
L.Collica (Auger) PoS (ICRC2015) 336

(InA)

EPOS-LHC

Auger, PRD 92 (2015) 019903

500-1000 m

SD: (secO)
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[ = (sech) . X M +

L "‘+ oo
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- Fe ;_l E

: R

- v wien? ! i

- nseetlvd

"Segees i
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10" |1|o‘9 | |1|02°
E [eV]

max

Auger, PRD 93 (2016) 072006

asymmetry of rise time -

‘e.m. + muons’

max

depth - ‘muons’

QGSJETII-04 500-1000 m
8_
E - <Xmax>
I (secH)
6_
A <Xrunax>
- Fe . -
4 ]
: p AL
T Pet P
L RS t3 E
e " g @ T
R
- P
10" | I1I02°
E [eV]
azimuthal SD: X* _ muons production

Hadronic interaction models fail to provide consistent interpretations of
different observables
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PHOTON LIMITS N

: A
FD: X, .«
SD: time spread, shower front curvature —
| A
o N upper limits 95% CL GZK proton| - --- Z-burst \ /
,.->” = [ ] GZKproton Il e D
® - ~..-.. SHDM |
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NEUTRINO LIMITS

ATMOSPHERE
m=2

Single flavour, 90% C.L. Cosmogenic v models
Ve iV, iV = 1:1:1 p, Fermi-LAT, Emin=1019 eV (Ahlers '10)
1 0_5 = T !Mt TTTTTT T T T TTTTT [ w— i = D, Fermi'LAT, Emin=3 1017 eV (Ahlers "1 O)
~ === = |ceCube (2015) (x 1/3) p, FRIl & SFR (Kampert '12)
. ~ [ por mixed, SFR & GRB (Kotera '10)
Auger well suited [ wiimi ANITAI (2010) (x 1/3) X3 Fe, FRII & SFR (Kampert '12)
for deiieCt.lngl 1%) 107° = e Auger 1 Jan 04 - 31 Mar 17 Astrophysical sources =
cosmo (,)glca F'u) E = = AGN v (Murase '14) E
neutrinos o B ]
£ -7
S 107" E
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— - — i
E. Zas PoS =" ///111,.%

W10° = / —
- / \ —
A ONER :
J. Alvarez-Muiiiz = 10°9 a
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NO NEUTRINOS (E>100 PeV) IN
COINCIDENCE WITH GW IN

AUGER SD DATA

Auger Antares IceCube arXiv:1710.05839
E. Zas PoS (ICRC2017) 972  Auger, Phys. Rev. D 94, 122007 (2016)

75°

s
0° B IceCube up-going: SN

—— GW (90% CL)
+ NGC 4993
¥ neutrino candidate (IceCube)
¢ neutrino candidate (ANTARES)

e | ====IceCube horizon

— = ANTARES horizon

—15°% \
—30°\, pE

—45° \/\~_

=60~

[ Auger FoV (Earth-skimming)
1 Auger FoV (down-going)

GW170817

ApJL, 848:L.12, 2017

R. Ulrich PoS (ICRC2015) 401

Opoair FROMFD R, Abbasi PoS (ICRC2015) 402
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CORRELATIONS AMONG IceCube
NEUTRINOS AND TA+AUGER CRs

IceCube, Auger & TA JCAPO1 (2016) 037
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FUTURE

* accumulate exposure
* mass composition at the highest energies ?

* how to overcome the problem of the limited FD duty cycle ?

E /eV
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AUGER IN THE NEXT DECADE

Auger upgrade

scintillator
faster electronic (120 MHz)

Scintillator 3-8-m?

e, %
’4»

* discriminate e.m. and muonic components

* mass sensitivity above the cut-off

(no sensitivity from FD)

T T T
68% isotropic mmm—
95% isotropic messan

99.7% isotropic
data —e—

1.5
9
S
o, 1
. . 5
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. . . (]
8]
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(]
ke
B 05f
g
-1
arXiv:1604.03637 0

D. Martello, PoS (ICRC17) 383

Relative excess of pairs
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=£ Scintillation detector (SSD)
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2= — muons
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105—1
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700
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TA IN THE NEXT DECADE

J. Matthews, PoS (ICRC17) 1096

TAx4  ~3000 km?

SD: 507 scintillators
1.2 km - 700 km?

new 500 SD stations
2.08 km spacing

2 additional FDs in MD and BR

E > 57 EeV
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I Heuge Radio detection of EAS

Phys. Rep. 620, 1-52 (2016)

~ 100 MHz

CODALEMA3
1 km """ (?‘7) COD?;:;E)MAZ
L i 3 b X geomagnetic  charge excess
;¢§%(7x48)
*a ’ ; A : “a et = 3 . A —[—l_;[_ #
N @ e du L3 LBy i<
i L.
Tunka-R . A N A A N N A A - P -
n(6a3) ex P
@ P AERA N A A N A 4__4_4___;};_
sw it (153) « |
S 2 w - <+ <+
pec i L (future) - . . : . & I o
. SKA1-low o _ _
(~70.000) = Polarized into = Radially polarized
. : :‘;ﬁﬁ . . . . direction of towards shower
*"‘M Lorentz force  axis
x***f A A A
S Askaryan effect
radio signals related to the em of the shower S A
100% dut 0 25% of e~ over e
o (u y Cyc C G. Askar yan,

no atmospheric attenuation, ... Soviet Phys. JETP 14, 441.(1962)



Radio detection of EAS

800

750}

600

550

LOFAR

LOFAR

Pierre Auger (ICRC 2015) > Tunka
Hires/MIA

o Yakutsk

S.B. et al, Nature 531, 70 (2016)

LOFAR data
CoREAS simulation

E Auger

175
log,, E (ev)

many progresses and CR physics feasible
X ax from LOFAR
energy estimation from AERA (Auger)

main limitation:

small footprint at ground =2 requires dense array of antennas 43

150 200
0 100 200 300 Distance (m)

Position along v x B axis (m)

10°

—
(e
™

20. 30 MeLz/ Sin% & [eV]

100

AERA (Auger)

[y
(e
)

-l-

T

.+.

3 - 4 stations with signal
> 5 stations with signal 4

126 events

1019



E2 dN/dE (GeV cm™2 s~ 1 sr 1)

10—
- Single flavor
[ Ve:rvyivr=1:1:1

=
T
~

1078

10~°

10—10

Neutrino with radio detectors

J. Alvarez-Muiiz PoS (ICRC2017) 1111

90% CL limit
— IceCube (2017)

90% CL limit
Auger (2017)

_mm proton, strong & weak evolution, Ep max = 1020 eV (Kampert 2012)
B p or mixed, weak evolution, Ep max = 10%° — 3x10%! eV (Kotera 2010)
B Iron, strong & weak evolution, Ep s = 102° eV (Kampert 2012)

90% CL limit
ANITA 1 (2010)

3-yr sensitivity
ARA 37 |
3-yr sensitivity|
ARIANNA -

150-day sensitivity]
EVA

1021

Ey (eV)
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Fluorescence radiation detection from space

JEM-EUSO Program

EUSO-TA (2013 -) '
—;!f EUSO-KLYPVE
{1 400km

TUS (2014)

EUSO-Balloon (2014)

EUSO-SPB1  (2017) HER!
=129

MiniEUSO (2018)
EUSO-SPB2  (2021)

K-EUSO (2023)

Atmosphere
also '

POEMMA (2025 +)

Cherenkov

{
4 '—,“ 1 w“"?'-' v ‘

TA-EUSO( — |

M. Casolino PoS (ICRC2017) 370



Fluorescence radiation detection from space

K-Euso - ISS

approved by Russian Space
Agency

1t 1S a concrete mission at a
fraction of the cost of JEM- EUSO

uniform full sky coverage with large

exposure
;105 =
T F K-EUSO baseline
2 B (Schmidt mirror 40 deg)
|
o | / K-EUSO refractive (previous)
b= |
810* =
A = (A . Auger
* Y X
10° / TA
7/
I 1 1 1 1 A | I
19 20
10 19 Energy (e\1/?21

M. Casolino PoS (ICRC2017) 370

TP FEYTY IRYTAPYITIIYOTE FOTRY PYUTY FOUTY T

:: 10 27 0 < [ ] n
\\ : (b) Time profile

Atmosphere

Cherenkov

Cain.
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OUTLOOK

* successful implementation of the hybrid technique (FD+SD)
but still many open issues
o UHECRs are of extragalactic origin
o there is some level of anisotropy but what are the sources? R%J(;ERERP{
o UHECRSs are not only protons. What 1s the mass composition CBSERVATORY
at the cut-off? ankle and cut-off interpretation?
o hadronic interaction models?

> Auger and TA will take data in the next decade
o 6000 km? with full sky coverage

o mass sensitivity at the highest energies

. . AugerNext
> next generation experiments RRD studies

o fluorescence detection from space
o current UHECRSs observatories are the 1deal place where to
develop new detection techniques (radio ...)

ASPERA

> new LHC data '_E‘ E R 5—%

[Aliger Eog nmering Ned i A‘mlyll'.
= o) @
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E*J(E)/ (eVZkm?Z sriyr')

COMPARISON OF THE ENERGY SPECTRA
INTHE COMMON DECLINATION BAND

« common declination band -15.79 <9 <25°
* account for the different shapes of the directional exposure

= better agreement than in the full declination band
—> still some discrepancy that has to be due to experimental effects

Auger + TA Proceedings of UHECR2016 PoS (ICRC2017) 498
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Anisotropies at intermediate scale - Auger

Test statistics

25

20

15

10

U. Cacciari,

PoS (ICRC2017) 484
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Anisotropies at intermediate scale - Auger

iminary

preli

# events per beam

Observed Excess Map - E > 39 EeV

# events per beam

Beam size
Nevts =40

0 NGC1068
Beam size
Ngyis = 40

NEG253
R [ Rl

starburst

390

.

post-trial significances
(energy scan)

U. Cacciari,

Observed Excess Map - E > 60 EeV

# events per beam

Beam size
Ngyis = 15

.90 _

80

# events per beam

Beam size
Ngyis = 15

AGN

2.7 0 51

PoS (ICRC2017) 484



Probability

OBSERVATION OF A LARGE SCALE ANISOTROPY

Auger, Science 57 (2017) 1266-1270

! |

. Tight Triggers —————

\\:* Relaxed Triggers --------
N All Triggers

IIIIIIIIIIIIIIIIIIIIIIIIIIIlI

—

10000 20000 30000 40000 50000 60000 70000 80000
Exposure [km2 Sr yr]|
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X,y Auger vs TA

X ax distributions distorted by the

FD field of view

(A): R =55km
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Auger: cuts to obtain unbiased X,
distributions
TA: X, distributions folded with

detector effects (maximize the statistics)
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Calibrate SD mass estimator againts X _. from FD

Auger arXiv:1710.07249 < @ < e
é [ ] AST‘SXOOmarray é [ ] ASTSXOOman'ay . ;H
rise time in SD signals sensitive to s e -[Fe R Aot
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.o e R e T g et ' + |
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(data—iron)/(proton—iron)
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SPECTRUM
INTERPRETATION £ -

Auger, JCAP04 (2017) 038 st 5

predict the energy spectrum at Earth assuming that 192— s s S o 2
CRs are of extragalactic origin sl 4
fit (f,.v,R,,) at sources @, x f,E7f (E,Z,,R,,) . 2

do we observe the cut-off at the sources?
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HADRONIC
INTERACTIONS

Auger, PRD 91 (2015) 032003

hybrid showers inclined at large
zenith angle
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HADRONIC INTERACTIONS

Auger, PRL 117 (2017) 192001
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Expected cosmogenic vs with the
Auger exposure ACRCZ017) 972

Diffuse flux neutrino model Expected events

(1 Jan 04 - 31 Mar 17)

Cosmogenic - proton - strong source evolution

Cosmogenic - proton, FRII evol. (Kampert 2012) ~ 5.2
Cosmogenic - proton, FRII evol. (Kotera 2010) ~ 9.2

Cosmogenic - proton - moderate source evolution

Cosmogenic - proton, SFR evol (Aloisio 2015) ~ 2.0
Cosmogenic - proton, SFR evol, F,,, = 10! eV (Kotera 2010) ~ 1.8
Cosmogenic - proton, SFR evol. (Kampert 2012) ~ 1.2
Cosmogenic - proton, GRB evol. (Kotera 2010) ~ 1.5
Cosmogenic - proton - normalized to Fermi-LAT GeV ~-rays
Cosmogenic - proton, Fermi-LAT, Ey, = 10" eV (Ahlers 2010) ~ 4.0
Cosmogenic - proton, Fermi-LAT, E,_;, = 10" eV (Ahlers 2010) ~ 2.1
Cosmogenic - mixed and iron
Cosmogenic - mixed (Galactic) UHECR composition (Kotera 2010) ~ 0.7
Cosmogenic - iron, FRII (Kampert 2012) ~ 0.35

Astrophysical sources
Astrophysical - radio-loud AGN (Murase 2014) ~ 2.6
Astrophysical - Pulsars - SFR evol. (Fang 2014) ~ 1.3

EXCLUDED (> 90% CL), DISFAVORED (85% < CL < 90% ), ALLOWED =




Constraints on Cosmogenic neutrinos
from proton-dominated sources

Zmax

Auger 31 Mar 2017 (90% CL)

maximum
source
distance

5
m

source evolution ~ (1+z)™
Injection spectra dN/dE ~ E- -



E. Zas PoS

Unanbiguos identification of vs - Auger crem o
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Neutrino: Inclined air shower with broad component
Typical air shower
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Position along v x (v x B) axis (m)

X, Mmeasured
by LOFAR

fit of the asymmetric 1.d.f.
200-450 antennas/event
118 showers

0X .. ~ 15 g/cm?
SE ~ 27% (LORA)
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