Ultra High Energy Cosmic Rays:

Experimental status and Future
Observations



Outline

* The Pierre Auger Observatory and Telescope Array

- Experimental status: Highlights of the recent results
- AugerPrime: The Upgraded Pierre Auger Observatory
- The Next Generation: GRAND
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The Pierre Auger Observatory
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4 fluorescence detectors
(24 telescopes up to 30°)
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More than 400 members, i
98 institutes, 17 countries

Water-Cheren
0 detectors and

1665 surface detectors: Fluorescence
water-Cherenkov tanks telescopes
(grid of 1.5 km, 3000 km?)

Southern hemisphere: Malargue,
Province Mendoza, Argentina
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Detector signal (arb. units)

Observables Pierre Auger Observatory

Time structure
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Telescope Array

Fluorescence Detectors(FDs)
Middle Drum(MD) : 14 telescopes
+ TA Low energy Extension (TALE) 10 FDs suim it in i fm win

Bofrder of FD stgd

m s

8 iy |
E!!Dﬁm -

FDs

ool %

Long Ridge(LR) station =2 mm‘“mmwmmmmmmmmmm o .
12 telescopes S mmmxﬂm m:nmmmm

m:mmu*m&::zmmmﬁ,mﬁ:m&:m:mmm ol o
i iy o oo BN e e i e ol ! ool i o e e ~,.,, e
mﬁﬂmm:&zﬁ:mﬁnmmmmmmmm T

aln o ol o ol e mmmmmmxmmﬁm
mmmm:ﬂammmmm :

i B IECSI ST U - e (v ! iR NG min mmmmaﬁszk
. g =i W e ofn e i o e o e o b i W

mmmmmmmmmMMm
: *v'tﬂm:mmm.:m:mmm o
/ kmmmmmmx{;@nmmmm it NG
¢ha Ridge mmmmmzxm hE A o m s o T

mmmmﬁnm mmmmmmmmmmmmmmm N
v mmm

3 communication towers / ‘ Telescope Array Locations

For the SD array . General Reference Map
= Surface detectors(SDs)
- 507 scintillation detectors
win Y o0 oy s oy e ate oy - 2 layers, 3m2 each
ain o8 w7 min 0 wio e ok e iy ey i -
mmmmmmmmmmmmu : - 1.2km spacing

#is g e ol mio o e i i e i e 3 el - total coverage ~700km?2
ﬁmmmmmmmmmmmm gmmm

mmﬂmmmmm@mmmnmmﬁa i

ain wfn Hinckl¢ === ===

Sx N min

Central Laser Facility g g

u.:nu Kﬁﬂ:&%fﬂ‘ﬁf‘\\
5 fE g0 (Eneen e mie o SN win w0 =in i \

n*l”'\
D (=0 B8 D e W 25 ‘

Black Rock Mesa(BRM) station
12 telescopes

5 rmmmmmmmm mmmmmmzn

okRockMesa
_mmmmmmmmmmm S g ' e S bein e i
/

i o 3 gin g wiE o sin s of g e gip s s
4 °

Charles Timmermans

= ACRT 2071

Radboud University

paN,
5
‘/c:wﬂ'

MiNe S

Grigory Rubtsov,
ICRC 2021

Paris, July 11,2022 | 5



The Energy Spectrum
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SD energy estimator

p—
-

— p—
o )
T T TTTTT

[
<

D Energy Calibration

\S)

. S35 [VEM]
. S38 [VEM]
T N19

p—

SD data are calibrated to FD energies
- common energy scale

SD 1500 m vertical - S.,
- S(1000)+CIC
- threshold 2.5 EeV

SD750m-S,

- S(450)+CIC Vladimir Novotny
- threshold 0.1 EeV ICRC2021

SD 1500 m inclined - N,
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EXposure

SD - from active hexagon cells
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Cosmic Ray Energy Spectrum

E [eV] fit parameters (* stat. * syst.)
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TA SD Energy Calibration
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Comparison Auger-TA

Auger & TA Energy Spectrum Auger & TA Energy Spectrum (energy *4.5% rescaled)
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Comparison Auger-TA: Fluorescence

®
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Cosmic Ray Spectra
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- Other experiments shown
without sys. uncertainties

- Auger has smallest sys.
uncertainty on energy
scale (14%)

Auger-TA comparison:
see presentation of joint
working group (Tsunesada et al.)

(Yoshiki Tsunesada,)
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The Cosmic Ray Composition
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Cosmic Ray Composition -Auger Results
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Comparison Auger-TA Composition
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Interpretation Spectrum and Composition

CRs ejected by generic EG Propagation through the 5 Production of showers Comparison with the data
accelerators intergalactic medium in the atmosphere (detector effects are included)
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Interpretation Spectrum and Composition

Mass composition at Earth
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Bands:
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Energy scale: o, (E)/E =14 %

Xmax scale: oy

(transition to galactic component), similar results for total composition obtained

Eleonora Guido, ICRC2021
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Cross Section

Charles Timmermans Radboud University %a Paris, July 11,2022 | 19



(cm’lg)

Number of Events/ AX

New TA cross section measurement
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The Muon Puzzle
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Simulations

QGSJet 11-04 simulations,
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Adding the second moment
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“Low energy’/"Large scale” anisotropies
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Dipole Reconstruction
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Dipole as function of energy
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No clear trend in the evolution of dipole direction with energy
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High Energy Anisotropies
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““High"” energy anisotropies

O(EAuger = 41 EeV) = q} = 240
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Accepted ApJS (June 2022), ArXiv:2206.13492
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4-pi anisotropy
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Dipole direction better constrained, compatible with Auger-only result

Charles Timmermans

Radboud University § %‘E

4.20 for the starburst galaxy catalog 2.90 for the all-galaxy catalog
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Neutrals and Multi Messenger
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Mostly Sensitive to Tau neutrinos

—=—=—= AGN (Murase 2014)

Neutrino search using inclined air showers

—+— Pulsars SFR evolution (Fang 2014) Single flavor
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Cosmogenic: p, FRIl & SFR source evol. (Kampert 2012) ,/
[ Cosmogenic: p or mixed, SFR & GRB (Kotera 2010)
[ Cosmogenic: Fe, FRII & SFR source evol. (Kampert 2012) 4
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> a0 (JCAP 10 (2019) 022,
Y] 90% CL limit
= o = Auger (2019) JCAP 11 (2019) 004)
S b
=
B 1079 -
~
w
10—10 L
021
Ev (eV)
(Michael Schimp)
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(Expected number of v events)

electromagnetic

particles

[Pierre Auger, 1 Jan 04 - 31 Aug 18

[Cosmogenic neutrino models]

protons, FRII evol. (Kampert 2012)

protons, FRIl evol. (Kotera 2010)

protons, SFR evol. (Aloisio 2015)
protons, SFR evol, Eyay = 102! eV (Kotera 2010)
protons, SFR evol. (Kampert 2012)

protons, GRB evol. (Kotera 2010)

protons, Fermi-LAT, Ei, = 102 eV (Ahlers 2010)
protons, Fermi-LAT, E, = 10*7-> eV (Ahlers 2010)

mixed CR (Kotera 2010)

iron, FRII (Kampert 2012)

[Astrophysical neutrino models]

radio-loud AGN (Murase 2014)

Pulsars, SFR evol. (Fang 2014)

(UHECR 2018, updated)

90% C.L.

95% C.L.

99% C.L.

1
]
]
1

1
'
1
1
1
1

1 1 1
2

3

a4 5 6 7 8 9
Number of events
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0

Integral photon flux for E > E_[km® sryr]

Photon searches

- [ ) Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
1 02 ] ] () Auger Hybrid (2021), U.L. at 95 % C.L.
= [ J Auger SD 1500 m (2019), U.L. at 95 % C.L.
— A KASCADE(-Grande) (2017), U.L. at 90 % C.L.
~I t I t i v EAS-MSU (2017), U.L. at 90 % C.L.
-~
1 0 __. ~ o L I I I I t L] Telescope Array (2019), U.L. at 95 % C.L.
F~.
— GZK proton (Kampert et al. 2011)
— GZK mixed (Bobrikova et al. 2021)
1= SHDM | (Kalashev & Kuznetsov 2016)

= SHDM Il (Kachelriess, Kalashev & Kuznetsov 2018)
[~
= pp interactions in halo (Kalashev & Troitsky 2014)
— CR interactions in Milky Way (Berat et al. 2022)

1 0—1 = . e Y || mmmmmes Single source without cutoff

102 =

10° &=

107 =

-5

107° &=t

10'° 10" 10%°

Charles Timmermans
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Accepted ApJS (May 2022), ArXiv:2205.14864
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Multi-Messenger

w 8 7
8
al EPOS LHC photon MC
6 * *  Auger-Data burn sample
principal component axis
*
4 * : — 50% photon efficiency cut

| I | | 11 1 | I | | | 11

—6 -4 -2 0 2 4 6

Selection of photon-like events
between 30 and 60 degrees

Charles Timmermans

gA

10

log, (Qsye, / deg?)

Radboud University § %ﬁ

4 __ EVery close sources i photon horizon estimate ° GWTC-1
- = GWTC-2
3-5 :_ E —a
3 Q < 720deg® —
: -------------------------------------------------- el - e -
— — L
253 = =
" - — i
~ ) = gt
2__ QCI’It --....:—‘:‘ ............... Caa s o YRR .
: — —— — .
- —a—
1.5
" - o— " Well localized events (2 < 20deg?)
- —&—
1t ©
. ® .
O T T A T T T AT T ST N T MO M
1.5 2 2.5 3

Close and well localized GW events

MiNe s

3.5
Iogm(DL / Mpc)

No candidates,
upper limits set

Philip Ruehl, ICRC2021
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AugerPrime: An Upgraded Observatory
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The Science case for Auger Prime

= study the origin of the suppression

= select light primaries for charged particle
astronomy

= provide better estimates of the neutrino and

v flux, as such establishing the potential of
future CR experiments

= better measure the shower components to
deepen the study of hadronic interactions at
UHE and look for non standard physics

Extend operations to >2025,

increasing the statistics
— ——

Improve the sensitivity to the
composition at UHE :
disentagle the electromagnetic and

muonic components
——— T ——

Charles Timmermans
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Ig(E/eV)

MiNe S

170 175 180 185 19.0

520
glO(E/eV

-4 -3 -2 -1 0 1 2 3 4

local Li-Ma significance [o]

Castellina, ICRC2019

Paris, July 11,2022 | 36



The new Detectors of AugerPrime | ™

Radio Antenna: n,

Vertical |0° < 6 < 60° 1 _
Scintillator: SSD (housing 10%
Combination of Scintillators + WCD n 4n 1 ] produced in Nijmegen)
to disentangle muonic and o \
electromagnetic component -

Horizontal 60° < 0 <85 Water Cherenkov
Detector: E ., +n,

WCD “only” muons
Radio “only”
electromagnetic

Status of deployment SSD:

» SSD placed on >75% of stations
« >20% fully equipped

 Finalise installation this year

* In 2023 only AugerPrime

Schoorlemmer, Nikhef 2022

3 3% S
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The Radio Upgrade Needs Radio and Muons

CORSIKA/CoREAS__| ¢ o [ A »| Mass composition
simulations ‘ " EACTECTIN, analysis
< 3381 1622
;% 3 .2076 =1295 0984 581
; K L 8, o A
= ‘278 167
£ H HP 1 70
=1 Detection efficiency /
= . . 28
Zz || Event statistics: >
101 - Nearly full efficient 6 > 70° oo,
- N(10y, IgE>19) = 3381 %
10° 18.4 18.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0
log1o(Etnr / €V)
? 2000/ Full shower
10.05/| reconstruction:
. . - 0e< 10%
RD Detector > Station signal __1950/| - no bias
simulation reconstruction [ % 192
ISg= i:d;a(i;0:5320,0193ji
£719.00
. bD inderflows = 55
ﬁAdd measured noise ~18.75
. 18.50
18.25 -4 =2 0 2 4
(Egs - Eom )/ 0kzss
18.25 18.50 18.75 19.00 19.25 19.50 19.75 20.00
Ig(ENS / €V)
I Schlueter, ICRC2021

0 1500
samples / 4 ns
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GRAND: A Next generation Observatory
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Extensive air shower
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GRAND Workshop,
Dunhuang, April 2019

Science case
1 |AP

| Electronics prototyping

5 G 1 Nanjing U. sx«gg‘/Radboud = Fast Radio Bursts Martineau,
| e "L | NBI PMO = = PMO ARENA 2022
~ Particle detectors " PMO WA Obs. Paris/Nancay
Penn State U. f- o S —
. §
/ \. management
A PMO
Simulations/data analysis ”~ . \  NAOC " "
|AP . ’ \ —
IFLP el '
KIT ' B S
LPNHE Software b\ o 3
LPNE \ Wi b D X . Unit production
PMO IAP/LPNHE Aptenna prototypin NAOC
UF Rio de Janeiro LPC Clermont Biheh hadboud Jie
Mil Brissals MIWW. UF Rio Janeiro delzn U. Xidian U. " I”
. ‘; 1 it



GRAND PROPOSAL
« Sizable effort for end-to-end simulation on a
10000 antennas hotspot (GRAND10Kk)

=>» Sensitivity in IceCube2015 range.

« Go for x20!! =& Network of 0(20) subarrays of
0(10000) antennas with sparse density
(1/km?) at various favorable locations around
the world (« hotspots »)

Northing, x (km)

Martineau,
ARENA 2022

107

T T

T -
=
A
r”———_
\
\

10-8¢

| Cosmogenic v
10—9} I Pessimistic
Standard

—_

3
—_
(=]
I

200K integrated (10 yr) 3

All-flavor (v 4 7) E2®, (E,) [GeV ecm 2 s sr1]

10—11 L nnl L Ll P | Lo
10° 10° 107 108 10° 1010 10!

. ) ==} Neutrino energy E, [GeV] )
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GRAND STAGES

Few km?2 Radio

T 300 km?2 10,000 km?2
particle Standalone radio Standalone radio
detection + in China
in China particle detection
in China
GRAND
GP35  GP300 10K
2018 2022 2028

Detector budget:20 M€

Detector budget:1.5 M€

Development:

Charles Timmermans

Cost Reduction:

E/llechani.cs e Scale

ectronics * Integration (board)
Power system
DAQ Neutrino and Multi-

Reconstruction tools Messenger physics!

Radboud University €5t
%M‘Ne‘(&g

200,000 km?
Standalone
radio
Worldwide

203X
Detector budget:150 M€

Cost Reduction:
e Industrial Scale
 Integration (Chip)

Full physics potential

Paris, July 11, 2022 43



Elevaton

The Ant

length X 20 MHz

Ekvaton

Charles Timmermans

enna Design

length Y 20 MHz

Elvaton

length 20 MHz

Elvaton

Radboud University

2aN,
exx

Ferres

MiNe¥
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Radio
Analog front end

GRAND Dlgltlzer Unlt = 2-level amplification

A = LNA
500 mill. = Variable gain amplifier/attenuator
samples pers
= Filtering 50-200MHz
Control GPS 1PPS; RX = ADC (14-bit 500 million samples per second)
Sensors data sensors GPs
v = ADC = Receiver & ADC

Digital electronics - FPGA

Notch filters - reduce noise levels and narrow

A band interfering signals
- L1 Triggering ) f\ J/\l "
i : )| T2
Control Triggered event + Time-over-Threshold v\[\/\v /\ H ”ﬂ “ﬂv/\ rline
& metadata * Noprecedingpulse UV \J VUV L
No succeeding pulse ‘ ! %
train 1 Tpr i Tper -
v = Buffers 2 events (2 us event window)
ARM CPU . . ,
= L2 Triggering (optional)
= Buffers 400 events
- Triggered event
timestamp
Control Set of buffered
triggered events
& metadata

= L3 Triggering + Compares triggered events timestamps
% Central DAQ ParisduljndividR6RR t$cdbn units

&
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ncay: A test station in France

H7T1D100 H7T2D100 H7T3D100
H7T1D100 H7T2D100 H7T3D100
Entries 1024 Entries 1024 Entries 1024
Mean  990.7 Mean  963.6 Mean 570.7
|std Dev 4761 Std Dev 499.9 Std Dev 428.5

200 400 600 800 1000 1200 1400 1600 1800 200! 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000

H7T1D87 H7T2D87 H7T3D87
H7T1D87 40 H7T2D87 H7T3D87
Entries 1024 [ Entries 1024 sof Entries 1024
Mean 1014 L Mean 1053 Mean  750.8
Std Dev 629.1 L Std Dev 595.1 Std Dev 574.6

0 200 400 600 800 1000 1200 1400 1600 1800 2000

200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000

Some first pulses indicating basic functionality!

Charles Timmermans Radboud University §
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GRAND@Auger: A proposal

« Subarray of 10 GP300 units within PAO array

« Test GRAND units & trigger system in a different radio
environment

e Cross calibration & analysis of Auger (radio) & GRAND
data

 Site selection in November 2022, deployment mid 2023
(pending approvall).

Charles Timmermans Radboud University % Paris, July 11, 2022 | 47



H% -60.00 dBn &% 0 dB
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'mw.w

=1k 216.4200 MHz
VBY 1.000 kHz 3 13.24 s (1001 pts)

Martineau,

Subei county, Gansu province: ARENA 2022

— Remote mountain area in the Gobi desert

— Excellent radio background & topography ideal for
deployment

— Within boundaries of a Nature Reserve

— Deployment authorization pending approval

Radboud University {5t
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Conclusions

Current detectors produced a lot of results

Questions remain
« What are the sources of UHECR?
« What is the composition of UHECR?

New topics have come up:
« UHECR Multi-messenger physics

 Can we do particle physics beyond LHC energies?

Upgrades may provide parts of the answers

A much larger detector will be needed
 Preparations are well under way

Charles Timmermans Radboud University %
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