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The Pierre Auger Observatory

Biggest Ultra High Energy Cosmic Ray (UHECR)
detector located in Argentina, Malargue

Al A —— Surface detector (SD)
R b N e 1660 Water Cherenkov detectors in 1.5
Y SO CULLXY SO O km grid, 3000 km? E > 108> eV

sRovecfoces IR A AKX XXX | e 6lstationsin 0.75 km grid, 23.5 km?E >
............ EE AR LN ET X 4 1075 eV
""" e e e S » e 100% duty cycle
Fluorescence detector (FD)
..... AR e 24telin 4 sites, FoV: 0-30°, E>10'8 eV
FELL T, P e HEAT (3tel), FoV: 30 - 60°, E>10"7 eV
“““ < 0 e 15% duty clycle

Auger Engineering Radio Array (AERA)
e 153 antennasin 17 km? array

Lidars and Laser facilities

for calibration Underground muon detector(AMIGA)

e 17 buried scintillators
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The Surface Detector (SD) + AERA + AMIA

communication

GPS antenna
antenna \ o

40 MHz FADC, local triggers,

| 0 Watts
solar panel

" three 97 PMTs

battery box plastic tank
|2 tons water
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The Fluorescence Detector (FD)
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The Auger bestiary
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Energy spectrum over 4 decades in energy
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Event reconstruction - Hybrid

Sensitivity to mass 15% dutyv cvcle

and type of primary

Time structure

Detector signal (arb. units)

o Z‘D 40 60 80 100 120 140 160 180 2a0

‘s‘ Time bins (25 ns)

100% duty cycle

L

.
s
-§§
2
.
b
.

Lateral distribution
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500 1000 1500 2000 2500 Example: event observed with Auger Observatory
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Energy Scale

FD: calorimetric energy measurement
Hybrid events: absolute calibration of the full
SD sample

O(E . )/Epp ~ 8%

[a—
S
w

T T T TTTTT

p—
)
(38

T IIIIIIIl

e high-quality events independently
triggered/reconstructed by SD and FD

e correlation well described by a power-law relationship

e maximume-likelihood fit using a “bootstrap” estimate of
the p.d.f. and event-by-event uncertainties

[a—
=

T T T TTTT1T

SD energy estimator

Systematic uncertainty in the energy scale

Fluorescence yield 3.6%
Atmosphere 3.4% — 6.2%
FD calibration 9.9%
FD profile recon. 6.5% — 5.6%
Invisible energy 3% —1.5%

+ S, [VEM]
+ Sy [VEM]
+ Ny

-— 1 | Il 1 1 1 1111 | Il 1 | 1 1111 l 1 1 1 11111
10!
10" 1018 10 10% Stability of energy scale 5%

EFD [CV] TOTAL 14%

T [IIIIII

ICRC 2013
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The Auger energy spectrum

[V.Verzi, POS(ICRC2019) 450] loglo(E/eV)
17 18 19 20
L % [ % ® % [ ¢ ¢ T [ T _T T [ 1
5 10% |
— - AUGER COMBINED
:cz i SPECTRUM
| All the different fluxes are
. in good agreement
E i among them once
= « SD 1500m 6 < 60 degrees 0% rescaled by normalization
M 10" E = SD 1500m 6> 60 degrees +5% " factors that are consistent
X [ v hybrid v with the systematic
B [ *SD75m 1/ uncertainties
= e Cherenkov -1%
Lol ool Lol ool
- -17 --18 1019 1020

E [eV]
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The Auger energy spectrum

[V.Verzi, PoS(ICRC2019) 450]

_ +0.05
Vo= 292

Events 891972
Exposure ~ 80000 km? sr yr

Ep =0.15£0.02 E;,=62%09

(energies in EeV units)

1017 1018

logIO(E/eV)

2nd knee

20
|

e different models: more than one
Galactic component? (H4a, GST)

e isthe 2nd knee the iron one?
(rigidity dependent cut-off)

ankle region

e dip model
e mixed models: superposition of
heavier nuclei

suppression region

1019

1020
E [eV]

light composition (p + <10%

heavier)
e soft injection spectrum (slope ~ 2)
e production of cosmogenic v

mixed composition
ehard injection spectrum (slope ~ 1)
ecosmogenic v and y suppressed
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Mass composition(X_  moments)

EleV]
1018 1019 1020
il NN L . ldop ;
850; ¢ data * Ostat ‘:E\ 12()? §§%+§
] 3 100 K3 *ﬁ
800 S > 6ol é, i\‘é
) a9 [ /
— ~ 1& 40 0'. R N
o~ o [ N
€ 750 § 30 $ = 20+ ‘.‘-
g a $ O"_-..I.‘ 1 1 1 1 1
2 — 404 :+-'JT‘* * 200 400 600 800 1000 1200
X 700 > * * slant depth [g/cm?]
X ©
i =
1S = 30+ H -2
5 1 2 ‘>é’ T e e :+' * SyStem.atICS < -IO g cm
650- Wy ol resolution:
. : 40gcm™?at107? eV
s 5 —— EPOS-LH i —
6001~ gy ---- Sibyll2.3¢ 10_: 25 gcm 2 at 1017.8 eV
S 15 g cm™2for E > 1090 eV
17.0 17.5 18.0 18.5 19.0 19.5 20.0 17.0 L17:5 18.0 18.5 19.0 19.5 20.0
lg(E/eV) lg(E/eV)
e FromX__ ando(X__ )lighter composition up to ~2 EeV, heavier above this energy
e Above E_~ 2 EeV both Xmax moments are becoming compatible to MC predictions for
heavier nuclei
10
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(In A) (In A) (X 0 S2a)
(Xmaz) = (Xmaz)p + fE(INA) 0% (Ximaz) = (024) + fro®(InA) e Smaller X __ and larger muon content
EPOS-LHC QGSJETII 04 SIBYLL 2.3c expected in showers by heavier nuclei.

1 Foyst. Y data Tomm + £ e For pure compositions non-negative

3 } of " correlations are found in simulations
=, H | RO e Anticorrelation between Xmax and Ny is
£ |..4em ot i | e expected for mixed compositions

1 ¢ ..‘0...0” t ‘ee ’Q”* . 03 (In4)

¢ L “F EPOS-LHC I
0 “et p 02?
4 01" s %% s
* X 70 ¢ u°;5 o 2@ =

] H | U F— TR P —
- * 2 30 8o, -2
§,1 } f HHH + l \ “ I H{iHHH |+ l ] E%D_Mf_ 1g(1115g/:\r/)=1s.5—19.0 :
° = = -0.069+0.017 ;

01--+pure composition:«+«« HH} {}.{. ........ H+{H.H.H+{ ...... '\+ ........................... +H+*. { ++ _0.3? s X
4 E

l HH' I i 04; preliminary
T“"170 175 180 185 19.0 195 200 17.0 175 180 185 19.0 195 200 17.0 175 180 185 19.0 195 20.0 e A (TR - —y
Ig(E/eV) o(ln 4)

e below the ankle the correlation in data is significantly, at 6.40 from zero, negative

e pure compositions and proton-helium mixes (all having r_ > 0) are excluded

e data are compatible to mixed compositions with o(In A) = 0.85 - 1.60

e above the ankle there are indications on decrease of g(In A) (more statistics is needed)
e the uncertainties in the models are currently the main source of systematics
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Astrophysical interpretation

Combined fit of energy spectrum and X __ distribution:
. o . . e UHECR spectrum at Earth
e sources uniformly distributed in a comoving volume ‘ e Composition at Earth
e nuclei are accelerated through a rigidity-dependent

mechanism
AUGER @ ICRC 2019
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10
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Large scale anisotropy

Weighted Fourier Analysis to obtain modulation in right ascension and azimuth
Auger data: Exposure >92000 km? sr yr

OBSERVATION (>50): 3D dipole above 8 EeV at (a,5)=(98°,-25°): (6.6 %é ) %, 125° away from GC
indicative of an extragalactic origin

FLUX MAP FOR E > 8 EeV

0.44 e -
| amplitude increases
with energy

o
2 8 otf E
B 3
m !
0.40 3 g d(E) = dyy x (E/10 EeV)"]
2,_ o dio = 0.051 £0.007
| B=0.96+0.16
st (B=0 disfavored at 5.10)
0.01 . ' ’
0.36 Energy [EeV]
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Large scale anisotropy

T T
F—&— Auger SD1500
F—&— Auger SD750

—4&— IceTop
10'1 - —#— IceCube

Equatorial dipole amplitude

—8— KASCADE-Grande

90 [

-90 —f

Equatorial dipole phase
o
——
|

-180 PEEPEPEETTH B

aaual
0.001 0.01 0.1

E [EeV]

sl PR
10

- -g— GC

Below full trigger efficiency the modulation in
right ascension can still be obtained

e Use of Fourier analysis in RA for E > 2 EeV
e Use of East-West method below 2 EeV

RESULTS

e amplitudes grow, from below 1% to above
10%

e below 8 EeV the amplitudes not significant
99% CL upper bounds at the level of 1to 3%

e phases shift, from ~GC to ~ opposite
direction

e Suggests transition from anisotropies of
Galactic origin below ~1 EeV to extragalactic
origin above few EeV
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Small scale anisotropy

Blind search - whole sky 1°x 1°grid
Scan:

1°sy=30° and 32EeV=<E , <80EeV
Most significant excess:

R.A.=202. Dec=-45. E,,, = 38 EeV
local Li-Ma significance=5.6¢ post-trial
p-value=2.5% 90

Pp=27°

5.6

(0) 2ouedyTUSIg [ED0]

Likelihood test for anisotropy with
astrophysical catalogs:

v-emitting AGNs, Starburst Galaxies,
Swift-BAT, 2MRS

Highest TS = 29.5 found for starburst
galaxies with Eth=38 EeV

40 3
Populations Composition scenarios 3

—=— Starburst galaxies —A
- - - No attenuation

58 10°
—e— y-ray AGN

-
o
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50 60 70 80
Threshold energy [EeV]
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Neutrinos searches

Neutrino identification in inclined showers detected by Auger

proton or nuclei
Top of the atmosphere

hadronic
component

Protons/nuclei initiate
inclined showers high in
the atmosphere. Shower
front at ground: mainly

muons (small
electromagnetic
component).

EARTH-SKIMMING

Top of the atmosphere

-----
-

EM component

\ hadronic

_— component

Neutrinos can initiate
“deep” showers close to
ground.

Shower front at ground:

electromagnetic +
mMuonic components

527
@
[}
o
p=
o
=
©
=
=
%)

Top of the atmosphere

DOWNWARD-GOING

EM component

hadronic
component

1.6
1.4
12 F

0.8 |
0.6 |
0.4
0.2 |

500
Time (ns)

0 250

Neutrino simulation s |

E=0.1 EeV
9 =75°
AoP =29

750

1000

SD signal vs time
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Neutrinos searches

Expected events:

Red band:1.4-59 CONSTRAIN ON PROTON MODELS
Gray band: 0.8 - 2.0
Blue band (top): 0.4 UHECR source evolution models parameterized as :
—=== AGN m
—-— Pulsars SFR evolution Single flavor, 90% C.L. \P(Z) o ( 1+ Z)
10-6 Cosmogenic: p, Fermi-LAT Veivuive=1:1:1
| " Cosmogenic: p, FRII & SFR source evol. /' m: source evol ut|on pa rameter
. Cosmogenic: p or mixed, SFR & GRB /’ . . .
. ' ’ z__ :the maximal redshift at which UHECR are accelerated
. Cosmogenic: Fe, FRII & SFR source evol. max
- . . _ege .
L 10-7- , - Exclusion of a significant region of parameter space
v 90% CL limit 90% CL limit Auger 26 90% CL limit .
T G- anestil: - seeamen NITA 41411l (2018 (z m) from non observation of v
) X max’
'I‘ 90% CL limit . ’ i ; i '
g Ten) e v - — - Woxman Bahcall bound (2015) | >4 90% CL Pierre Auger, Jan 04 - Aug 18 e
% 3 D Proton spectrum at injection:
o 90% CL limit E™25, Emax =6 %X 1020 eV 80
= Auger (2019)
s X
2 3
e 10—9 - ® 5
L F
(=
0 8
€
8
10739 T . - 20
10V 1018 101° 1020 102
Ey (eV)

Maximum sensitivity around EeV k(90% CL) < 4.4.10° GeV cm™@ s sr’
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UHE neutrinos: point like sources

E2 dN/dE (GeV cm~2s71)

Steady sources

e Good sensitivity at EeV energiesin a

broad range in declination
e Energy range complementary to
lceCube and Antares

— Auger 2018 = Auger DGH 75° <6 < 90° == === |ceCube 2017
w— = we=  Auger Earth-Skimming === == Auger DGL 60° <6 < 75° s e ws . ANTARES 2017
10—5 ! 1 1 1 1 1 1 1 ' 1 1
Upper limits 90% CL ]
10-6 -
R T o S et i RN s, L
Single flavor
VeiVyivp=1:1:1
10—8 - ———— - =
10** eV<Ev510”eV\ ; 107 eV __
\ _____
I —— B e \— o s
\ 1012eV<E, 51015V ="
10-° B
\ —-——’——
\ —-—’—_
Southern sky i Northern sky
10~ T T T T T T

-90 —75 —60 —45 —30 —15 0 15 30 45 60 75
Declination 6 (deg)

90

Transient sources (e.g GW)

e ANTARES, Icecube & Auger searched for
in coincidence with GW170817 from TeV
to EeV

e Very good Auger sensitivity because
source was in the FoV of Earth
Skimming at the moment of merger

IceCube up-going %Q'.\’%';.
" lceCube -1«L)\\'hn -(‘)‘1'11 9’,{_«_ ''''''''' e e e o 2 e e s . e e 2
e GW (90% CL)

+ NGC 14993
¥ neutrino candidate (IceCube)

¢ neutrino candidate (ANTARES)
| s = = = JceCube horizon

= == ANTARES horizon

[ Auger FoV (Earth-skimming)
] Auger FoV (down-going)
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Photon searches

Production of photons in interaction with CMB

EM-shower penetrate deeper into atmosphere (narrower lateral spread)
EM-component arrives later w.r.t muonic (large “risetime”)
FD: X__, SD: lateral distribution function (LDF)

KASCADE-GI'ﬁHd@
I ‘
RAL

rrr| TTT1T

10

= [EEAS-MSU ¢

s F re 3
|-

s = Auger HECO+SD750
E E

uJO

A 10"_5 '
w -

& F !
ERT

§ FE

(=} =

=

Q

s

=)

g

I

10"‘EA
lllll 1 1 1 llllLl

Auger HECO + SD 750 m (2019), UL. at 95 % C.L.
Auger SD 1500 m (2019), UL at95% C.L.

Auger Hybrid (2017), UL. at95 % C.L.

Telescope Array (2019), UL at95% CL.
KASCADE-Grande (2017), UL. at 90 % C.L.

¢ EAS-MSU(2017), UL at90 % CL.

I G2ZK proton (Kampert et al. 2011)
I GzK iron (Kampert et al. 2011)

Telescope Array

Auger Hybrid ¢ { ? 7

¢

Auger SD !

-5
i 10" 10"

E, [eV]

140 Risetime
120 <«

100
80
60
40
20

0

Signal [VEM ]

el

255 260 265  27(

10% 50% quantiles

Most sensitive EAS detector for Ey>0.8
EeV

Most top-down models excluded by
experimental result

Most optimistic models with proton
primaries already excluded
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Muons measurements

AVERAGE NUMBER

- EPOS-LHC E =10%eV, § =67°
& QGSJetIl-04
0.8 % SIBYLL-2.3¢ -

Auger

Using inclined showers
Auger can measure:
i [e] data e average number of

B Muons - sensitive to
. shower development
el e fluctuations in number
of muons - sensitive to
first interaction Phys.

o[Ru)/(R,)

0.30

0.25

0.20

0.10

0.05

FLUCTUATIONS
YV VvV VvV v v
— EPOS-LHC ¢ data
-= QGSJetIl-04 4-mass- X pax-fit+models
- SIBYLL-2.3c

Auger 2019 Preliminary

0.0 _Al}g(‘l' 2019 ljl)l'(‘hlllill?ll'.\l' Lett. B 784 (2018) ©68-76 _ Sl T s s e e Lo TR F O .........
700 750 s 800 0.00 Il(;m |1020
(Xmax) (8/cm?) E/eV
EXPERIMENTAL FACTS:
e fluctuations compatible with model predictions and composition measurement
e Muon excess in average number
e not an effect of first interaction!
e small mismatch accumulating over shower development
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LIV studies: effects on shower development

E B ( ) E2+n >
- Pz m TN
Pl
Consider as and example the neutral pion decay in

two photons
In presence of LIV the decay can be forbidden if:

Fnt2

<0
Pl

This define a threshold in energy. Putting the effect
into MC shower simulators we can forecast the
effect on UHECR observables (e.g X N )

max’ = u
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) 16— . . .
g < R— e Xmax moves (LIV proton mimic higher masses)
S b —is e Energy decreases (pions does not decay and
A L roton LIV n= .
S A - el produce more muons and neutrinos)
= e Number of muons increases (can constrain LIV?)
6 E_ y szt ] ron
4
2:_ g T
s B E R P
o7+ 500 1000 1500 5000 S0 R £
Xlgom’]  goof- TNV
- x 10° E —e— MwsicRoon
“ Ok R EPOS-LHC 10" e
60— . proton 00E oD
E S s e proton LIV n=1 F o o7 .
oS T e proton LIV n=2 e
- L
40— E
- 00 z
C F =
305_ 550— ‘17|.5I — .IIZI — I]81.5I — Ill‘)I ’ ‘log‘m(lé/ng) ::
20—
10f-
0: I S T S R NS S T T T S S B S S T B T T
0 500 1000 1500 2000 2500 log, (E/eV)

X [g/cm?]
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Auger Prime

Aim: a large exposure detector with composition sensitivity above ~4 x 10° eV

12 upgraded stations (Engineering Array) since
2016 with new electronics, higher sampling (120
MHz), large dynamic range (10 FADC ch)

the SSD pre-production array: 80 stations
(since March 2019)

356 SSD stations already deployed
Underground Muon detector

the world-largest radio detector (3000 km?)
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Conclusions

——=—— OPEN QUESTIONS

ngAC TAC Tacme| - What is the origin of flux suppression?
g —— -fundamental constraints on sources and their properties

HEAR THAT?2 \ ——
2. is there a fraction of protons above ~5 10°eV?
-feasibility of charged particle astronomy
-proof for future experiments

3. can we disentangle composition and hadronic interaction systematics ?
-constraints on hadronic multiparticle production from EAS
-constraints on new physics beyond the reach of LHC
-new Mmeasurements at accelerators
-constraints of LIV

FUTURE STEPS

e Increase in statistics at UHE

e Composition sensitivity at and above the suppression region (E>4 10" eV)
e More data on neutrinos (and photons)

e More information on hadronic interactions
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Auger 20th Anniversary

20th Anniversary I;:;::'ed/txugftehr

Observato

Rl - noc
o ad Yo SN ew -,

Scientific Symposium & Celebration
Malargue, 14 - 16 November 2019

14-15 : Scientific Symposium
Guided tour to the Observatory JOIN US at httDS://WWW.auqer.OrQ/
16 : Anniversary Celebration
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https://www.auger.org/

Backup slides
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The future of UHECR: Auger Prime detectors

‘ PIERRE
WLS fibers+routers AUGER

OBSERVATORY

Extruded Scintillator bars with 2 holes

WLS
fibers+routers

Alu Enclosure

Extruded scintillator ’
bars 160cm long ]
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The future of UHECR: Auger Prime electronics

1. Increase of the data quality (better timing, dynamic range and p identification):
a) 10 FADC channels instead of 6 The Upgrade Unified Board (prototype)
b) faster sampling of ADC traces (40 - 120 MHz)
c) more precise absolute timing accuracy (new GPS receiver) /

2. Faster data processing and more sophisticated local triggers
a) more powerful processor and FPGA

L1 Ll

£

™

Improved calibration and monitoring capabilities

P

New components:
1 Connection to the SSD and any additional (R&D) detectors
2. Additional small PMT

Totally back-compatible with the old design

(same power communications, hardware interfaces...)
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SSD matrix inversion method

b a
muons Electrons Lateral Distribution Analysis

ANC - T

A parameterization of the LDF for the SSD was done using simulation.
Simulated Fe LDFs fit for WCD and SSD

T T
H| Ayein/m* = 4.0 logio( Exc/eV) = 19.5 VC
e/ = 36.0 ¢ WCD

composition : Fe ¥  Scintillator

10*

i

103

Stop o a b Sem T
8a 7 Ll=0 1-—4 2 @

Single Station Analysis
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o
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The future of UHECR: Auger Prime detectors

VERTICAL SHOWERS HORIZONTAL SHOWERS
° ’ VERTICAL (0-60°) HoRIZONTAL (60-90°)
Lt
. ﬁ;}
| b ~+%’*” ¥
3 " e % N © "8
R e T W - =
operation time [years] : “
- o o _ RADIO Hybrid: 18
Significance of distinguishing two different , from radio
realisations of “maximum rigidity model” : n;auons from WCD .
e as it predicts, i.e. no protons at UHE
e adding 10% protons
>50 in 5 years of operations
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Ultra High Energy Cosmic Rays (UHECRS)

Scaled flux E*° J(E) (m?s'srieV'?)

Particles with E =10'7-10%° eV, /s = 14-450 Tev

Equivalent c.m. energy Vs,, (GeV)
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ASTROPHYSICS

e What is the nature and origin of
UHECRS?

e What is causing the suppression of the
flux at the highest energies?

e Which are the sources? can we perform
UHECRs astronomy?

e How are UHECRs accelerated to such
extreme energies?

FUNDAMENTAL PHYSICS

e Tests of fundamental interactions and
their models in extreme energy regimes

e Constrain or find hints of new
phenomena (e.g. Lorentz invariance
violation)
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How are UHECR produced?

1015

1010'

10°
o
(a8
10°
107°
10—10 B

lau

1pc

Tkpc
I

TMpc
I

neutron star

white
dwarf

GRB

AGN jets

hot spots

Emax ~ BSZBR
Hillas plot (1984) -

[ SNR
Kotera & Olinto, ARAA 2011 G shicioks
£ = o o= g : L -
16? 10% ip 1020 10%
R [em]

With LHC technology need accelerator of
size of Mercury’s orbit to reach 102%eV

Realistic constraints more severe

e small acceleration efficiency
e synchrotron & adiabatic losses
e interactions in source region
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How to get UHECRs at Earth?

Processes during extragalactic cosmic ray propagation /e:_
2l
e Adiabatic energy losses due to the expansion of the Universe — @0
e Interactions with photon backgrounds: Proton o
o Pair production (Cosmic microwave background)
o Disintegration ( Extragalactic background light) - —\-Q L
o Pion production ‘LL,41 ® o
CMB

UHECR total energy loss lengths
8 N |

2 [ I
3} L . g e sc—Ce . I .
e e P upercl. Nuclei — a
E 102:— ‘ ) N, LH"CM? C’
— g e Hya—Cen
IT: S © = [— \ Supercl.
= 1 4He- 5 ==l Virgo Cl;
100, e NO He >50 EeV, CNO > 100 EeV
s zsls\li ‘ g AN expected
‘ls ol 565 " e e Extreme-E CRs can only be: local,
107 ""Fe 1 1 | | T~ .. M31 &/or protons, &/or heavy nuclei
5 10 20 50 100 200 500

E [EeV]
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How to measure UHECRS?

Telescope Array (TA)
Delta, UT, USA

507 detector stations, 680 km?
36 fluorescence telescopes

Pierre Auger Observatory
Province Mendoza,Argentina
1660 detector stations, 3000 km?
27 fluorescence telescopes

N

:

Directional exposure w(d)/ km?yr
(o))

Auger+TA have full sky coverage

T T T

—Aug;a sD ver]tiwl (200]4 -2016) :

- Auger SD indined (2004 - 2016)

B — Telescope Array SD, 9 < 45° (05/ 2008 - 05/ 2015)
- TelescopeArray SD, 9 < 55° (05/ 2008 - 05/ 2015)

1

1

- on - -

~
-
———————————

-
—'—
-
-

£

0 L L | 1 1 -
—90 -70 -50 -30 —10 10 30 S50 70 90

Declination 4/ °
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The future of UHECR: TA X 4

statistics at UHE

the Southern site

Feb. 19 - Mar. 12, 2019:

e 257SDs
e G communication
towers

AIM: increase the coverage up to ~3000 km? to increment the

e SD array: increased by 500 stations with 2 km spacing
e FD telescopes:increased by 4 FD in the Northern site, 8 in

TAx4 northern FD station

under construction
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The future of UHECR: GRAND

Giant Radio Array for Neutrino Detection

e 200000 antennas over 200000 km?

e radio quiet regions around the world
(half in China)

e autonomous radio detection of

inclined air-showers in 50-200 MHz
band

GOAL: observation of UHE cosmic particles with E>10'® eV to study their origin

e |arge exposure
e <1%angular resolution
e sensitivity to neutrinos

Prototype GRANDproto300 : 300 antennas on 200 km? in 2020/21
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The future of UHECR: POEMMA

POEMMA '8 Probe Of Extreme Multi-Messenger Astrophysics

OBSERVING
MODES

NADIR FOR UHECR: LIMB FOR UHECRS & NEUTRINOS:
RAapDiUs 200-400 KM | 'WTANGEB&G 3.7 10% km

WISCONSIN Ugned States

ICRC201%,

GOAL: observation of UHE cosmic particles with E >10" eV to study
their origin

e huge gain in exposure (~10° km? sr yr) for both charged CRs
and neutrinos

e full sky coverage of the celestial sphere

e sensitivity to neutrinos > 2 x 10”° eV from FD of v-induced EAS

e follow-up of transients

2 satellites flying in loose formation

4 m wide FoV (45°) Schmidt mirrors

fast (1ps) UV camera for fluorescence
observation + ultrafast (10 ns) optical camera
for Cherenkov obs.

1E+7

1E+6

Ground:
North+Soutl
1E+5

Auger TAx4

1EM

Exposures (L=km*2*sr'yr)

HiRes

1E43 AGASA

Fly's Eye

1E+2
1990 2000 2010 2020 2030 2040
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The future of UHECR: FAST

Fluorescence detector Array of Single-pixel Telescopes Reference: T. Fujii et al., Astropart.Phys. 74 (2016) 64-72

UHECR and neutral particles E > 10" eV

mass discrimination on event by event basis

huge target volume with lower cost w.r.t current FDs .
Deploy on a triangle grid with 20 km spacing, like e
“Surface Detector Array” www.fast-project.org

FAST Projecie

e Smaller optics and single or a few pixels 1 m? aperture, 15°x15° FoV
e Low-cost and simplified telescope
e installed for X-calibration and trigger at Auger and TA

2 2 e
8 wf Data 8 8 wf
ofy 1| I | J i A 1off f I
B S S . T ek, iy
Time bin [100 ns] Time bin [100 ns] Time bin [100 ns] ‘Time bin [100 ns]
- pmt_0_20180515_092721_792523028
g e 5 py o SR R P TlA FD ) FAST top-down reconstruction (Prelimin
S @ s TR R B, R B 3 reliminar : -
.;_ 3 8 e N | Energy: 19.0 %,:eV ?emth Azimuth Core(X) Core(Y) Xmax , Energy
H tE Rp: 6.1 km 59.8deg -96.7deg 79km -9.0km 842 g/cm? 17.3 EeV
P "E 3 o
oS = = .. F S S T E - -I 73 X -Io'lg
[ ]
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The energy spectrum In Auger and TA

3

Ty T T Ty T T T e T T T T g
10 10 10 10

E [eV]

e Energy scale: different fluorescence yield and invisible
energy models

e 0_ . On the two energy scales : 14% for Auger and 21% for TA
yst

Low energy comparisons: -
e yO: isin agreement! Telescope Array

W I I A R NS AN e
e 2nd knee position: within 1.80 188 19 192 194 19.6 198 20 20.2
e y1: within 2.1o log, (E/eV)

10 2008/05/11 - 2019/05/11
f o -16°< §<24.8°
o 24.8°< §<90.0°

J(E) x E3[m? x s x sr! x eV?]

= ' (0 11+0 01) EeV — - ' " DECLINATION DEPENDENCE
(1 58 [2.920£0.008 (4.910.1) EeV 0 " ] [
. 107 - X090 = Auger: Only a
w F trend for a
G . - ~.: slightly larger
~ F & AUGER intensity in the
g i [ 8, South (consistent
- ) e @ - IR S with dipole

Lt “m m -42.5° < § <-17.3° . "
a ) (54 \ 3 17030 <8 <e2e8e expectations)
= 107 - [O. Deligny PoS(ICRC2019) 234] = \ B
K ] e TA, ICRC 2019 \ - 1 1E0 [ev]

i = Auger, ICRC 2019 i T T T T T T ™)
TA: Differences in

the suppression
energy, with an
excess of
intensity in the
Northernmost
sky
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Tension on composition

between Auger and TA?

820
800
780
760
740
720
700
680
660
640

X lglem’]

e X _ res.~25to~15gcm? (from1078eV to >10"7 eV)
e Systematic uncertainty on X __

Pierre Auger Coll., PRL 2011, PRD 2014; update at ICRC17

¢ Auger FD ICRC17 (prel.) * stat.

+ sys.

:I|IIIIII[|III|III|[I]|III|III|III|I]I|I

T
E [eV]

L S10gcm™

<X pnae> (9/cm?)

- | 22/ nat 24.2/9 | .2/ndf = 6.538/7
7801 | PO 716.1 + 1.511 5
= | 1 53.06 + 3.4 - +

760

740 I IR
720 AR
5 Telescope Array

700h XY T~ Systematics

182 183 184 185 186 187 188 188 19 19

Iogw(E/eV)

e X _ res. 172 gcm? (from10'®2 eV to 10" eV)
e Systematic uncertaintyon X __ ~17g cm™

Auger data show trend towards heavier composition above 10'84 eV

TA data have less statistical separation power and larger systematics

TA data compatible with mix of 4 elements with 75% (p+He) below 10! eV

direct comparison is difficult (AUGER unbiased measurement, TA biased by detector acceptance)
CAVEAT: TA analysis with QGSJetll-04 only [excluded by Auger g(Xmax) measurement]
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Full sky coverage with Auger + TA

Large Scale Anisotropy

Energy threshold
e 8.86 EeV for Auger
e 10 EeV for Telescope Array

Events
e ~31000 events

e Agreement with Auger alone, smaller uncertainty
0.325 0.33 0.335 0.34 0.345 0.35 0.355 0.36 0.365

e Hint for a quadrupole moment ey
@) [km=2yrlsr 1

Intermediate Scale Anisotropy (<30°)

Energy threshold Events
e 40 EeV for Auger e 969 events
e 532 EeV for Telescope Array

Blind search

20° radius around (a=12"50™, &= - 50°), 2.60 post-trial P -
. : T o — ——
15° radius around (q: 9h30m, o= +54O), 1.50 pOSt-trlal local Li—Masigniﬁcanceo] -
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Effect of Galactic B field on extragalactic dipole direction (and amplitude)

dipole direction dipole direction after accounting for ApJ 868 (2018) 4

outside Galaxy 90 Galactic B field for E/Z = 32, 16, 8 and 4 EeV

Galactic coordinates 1.0

2MRS
dipole

-180 | 05

apnyubew |eulblio Jo uoindel4

)
/ LLoo

(using Jansson&Farrar 2012 B field model) outer spiral arm observed dipole E. > 8 EeV

extragalactic dipole direction gets shifted towards spiral arms by Galactic B field
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Rate of change of X __ with energy

Pierre Auger Coll., PRL 2011, PRD 2014; update at ICRC17

820
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¢ Auger FD ICRC17 (prel.) + stat.

T tsys.

—
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Fluorescence Detector

Fluorescence Detector

High elevation Auger telescopes elevation 30° — 58°

3 telescopes at Coihueco site

range of Xmax analysis: 10172 eV < E < 10181 eV —

data: same to ICRC (2017) [J. Bellido, PoS(ICRC2017)506]

Standard telescopes elevation 1.5° — 30°
24 telescopes at 4 sites

range of Xmax analysis: E > 10178 eV
compared to ICRC (2017): update with 2016 — 2017 (+20% of statistics)
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X Mmeasurement
Max

Measurements of the depth of shower maximum Xi,ax

47863 high-quality events
1020 events with E > 10 EeV

the highest energy 104 + 9.5 EeV
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(p-He-N-Fe)-fit of Xhax Distributions
FD data:

lg(E/eV) =17.2...18.1

lg(E/eV) =17.8...>19.5

1sof V2 ielE/VY <173 T3 1(EfeV) < 174 400F 74 1g(E/N) < 175 | 400f 175 18(E/eV) < 176 800F 17.8< Ig(E/eV) < 17.9 m 17.9< 1g(E/eV) < 180 | 600} 18.0<Ig(E/eV) < 18.1 { 600} 18.1<1g(E/eV) < 18.2
100 N= 1052 200 N=1617 2$ N=2264] 300 N=256s] 500 N=4586 | 400 N= 4001 400) N= 33381 400 N=3396
200
ﬁ; 50 100, 100 100 200 200 200 200
o » 0 0 o
Sn:% O E/NT <177 | 400F TSGRV <TIR | 00 TSIV < 179 ] 250 IS IglE] V) < 18D 288 T82< Ig(E/eV) < 183 ] 400F T83< IglE/eV) < 184 WA<TgE/eV) <185 ] 200 T8 S<Ig(E/eV) < 186
S 300 N=2620] 300 N=2320{ 200 N=1827] 190 N=1440] 300 N=2704] 300 N=1596 150 N= 1099
=200 200 100 200 200 100
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£ 0 0 0 0 0
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Examples of 4-component fit:
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Composition Fractions
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PCGF method

The PCGF method of shower axis geometry reconstruction was successfully
Implemented in the Offline software used at the Pierre Auger Observatory. The
resolution of the xO reconstruction is 1.6, and the calorimetric energy is
reconstructed with a resolution of 18%. Correspondence between the measured
data and full simulations of air showers and the FD is at a reasonable level.

A preliminary energy spectrum of cosmic rays in the energy region of 1016.5 - 1018
eV was estimated. Dominant systematic uncertainties are in the FD energy scale
(14% in energy) and MC simulations of the FD (15% in exposure). The reconstruction
procedure and Cherenkov emission model contribute to the uncertainty in the
Cherenkov energy scale by ca. 5% each. A presence of the second knee is robust
against changes in the invisible energy even to the MC predictions for pure beams.
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