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Primary Cosmic Rays

Cosmic ray showers

/4 ‘ N - UHECRSs can only be studied through air showers

» hybrid detection technique:
- measuring longitudinal profile in air (a few kms) &

footprint on ground (~O(10-100) km?)

EFD — Ecal + Einv

Detector signal (arb. units)

k.

0 20 40 60 80 100 120 140 180 180 200

Time bins (25 ns) _.*

Signal [VEM]
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Auger Engineering Radio

The Pierre Auger Observatory Array

150 autonomous antenna
stations

Surface detector (SD) _ 70
100% duty cycle roma A .

e REEEEEERE
m XEE o.o.o. - o. .o .o.o o o. . .o.o.o.o.o.o o

SD-1500m  SD-750m

000l = 255 K-

Guillermo E. Sicrm - 2007

1600 WCDs 61WCDs o ARl KBt

00 f.’.’.;.'; .;.:.:.:.:.:.:.:.:.:.:.. ’.’.: :::’

L IR ..
e ® ole % 0 ® 00 00 ® o0 o0
® 0 L B L L L L B IR B B B B L B B B B B B B B B B B B C &

F I uorescence d et e ct or (F D) *ooolosooNeccccoscsscccccocesgoceee o .:..

15% duty cycle >~10%¢V B A A e N

4 x 6 telescopes 1 x 3 telescopes (HEAT) el Mo

overlooking SD-1500m overlooking SD-750m PP PR P 1
FON S0R 30 OV 302 x S0

Minimum elevation 1.5° Minimum elevation 30°

Los Leones
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Recent results In a nutshell - energy spectrum

log (E/eV) Light Production in UHECR air showers
10

- isotropic fluorescence
emission

- forward beamed
direct Cherenkov light

Rayleigh- and
Mie-scattered
Cherenkov light

Exposure
[km2 sr yr]

SD1500 (3<60% 60426 215030
SD1500 (3>600 17447 24209
SD750 105.4 569285
Hybrids 2248 (1019 eV) 13655 new analyses in low E:

Cherenkov 286 (1017 eV) 69793

Events

SD-750 analysis - enabled by SD-750 deployment
in 2011 & new trigger installed in 2013
Cherenkov analysis - uses HEAT data (2012-),
new reconstruction technique called “Profile
Constrained Geometry Fit (PCGF)”

10]8 1019
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https://pos.sissa.it/358/374/pdf

Combined spectrum

—
(-
5
[
ol
el
—
r|>
v
~ .
—
~
68)

Events 891972
Exposure ~80000 km? sr yr

20.0 20.5
log I“(E/cV)

E. 0154002 F.=62409 FE.=1242 FE. =507 Combmed fit (E + Xmax)
(cr(l)l'rgics in EeV units) ; : . U.SII’]g the EPOS-LHC model
fitted value of Emax cut ~ 57 EeV
to be published soon
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Height a.s.l. (m) Height a.s.l. (m)
1200010000 8000 6000 4000 2000 1200010000 8000 6000 4000 2000
T -

Vlass composition

Number of charged particles (x1 09)
- N w » (4 (-] ~ ©

Number of charged particles (x1 0’)
- N w - (4] [} ~ o«

%00 400 500 600 700 800 900 10020 B 300 400 500 600 700 800 900 1000
Slant depth (g/cm”) Slant depth (g/cmz)

EPOS-LHC
-—-—= Sibyll2.3c
—-—- QGSJetll-04

~
S
O
~
A
X
©
£
o
o}

18.0 18.5 19.0 19.5 20.0

lg(E/eV)
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Mass composition from SD

« (X" - 1500m
o (X ") - 750m [4]
« (X )-ICRC-2017

Correlation = 0.48

For E>30 EeV,
1050 events SD
128 events FD

QGSJetll-04

125005 events EPOS-LHC

19.5 20
Iog10 (E/eV)

PoS(ICRC2019)440
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https://pos.sissa.it/358/440/
https://pos.sissa.it/358/440/pdf

Energy [EeV]

interval

4-8
> 8

8-16

16 - 32
> 32

median

5.0
11.5

10.3
20.2
39.5

Arrival direction - large scale anisotropy

N

d|

88,325 0.010700
36,928 [ 0.06075-000

27,271
7,664
1,993

0.0561 012

+0.023
0.075:_;()).((),‘%8
0.137 )03

d,

~0.0164+0.009 0.019709° 69 +46
—0.028+0.014 0.066105s  98+9

amplitude increases
oy [°] with energy

o
—

d(E) = dyp x (E/10 EeV)?
dipo = 0.051 £+£0.007

©
[
©
=
a
=
S
@
o
a
(]

—0.0114+0.016 0.057900s 97+12 .. B =0.96+0.16

—0.07+0.03
—0.09£0.06

0.101909  80+17 (8=0 disfavored at 5.10)

0.1610% 152419 | :

Energy [EeV]

Science 357 (2017
PoS(ICRC2019)408

Galactic coordinates
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https://pos.sissa.it/358/408/pdf
https://science.sciencemag.org/content/357/6357/1266

Arrival direction - intermediate scale anisotropy

Likelihood test with astrophysical source catalogs - for Energy =32 EeV

TS — 2 LOg [L (0, faniso)/L (faniso — O) ]

Catalog : IS | Post-trial
Starburst | 38 EeV o | 299 | 450
v-AGNs |39 FeV , 18 |30

Starburst Galaxies

Swift Bat |38EeV 29 | 314
MRS |40EeV

W
o

N
(91}

PoS(ICRC2019)206

N
o

Cumulated TS > 38 EeV

o
ICRC2019

200 400 600 800 1000 1200 1400 1600 1800 2000
Time ordered event # > 32 EeV
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https://pos.sissa.it/358/206/pdf

Cosmogenic Neutrinos

shower age [ Data: 1 )an 2004 - 31 Aug 2018. Mean=1.189, Sigma=0.074

Monte Carlo v: Mean=2.837, Sigma=0.723

(AoP) > 1.83

time [ns]

v-candidate region

2]
V
=
et
c
@
o
@
N
©
€
—
O
p

AGN (Murase 2014) ~ 95% v-selection efficiency

Pulsars SFR evolution (Fang 2014)

Cosmogenic: p SFR (Aloisio 2015) Single flavor
Cosmogenic: p, Fermi-LAT, Emin = 3 X 10*7 eV (Ahlers 2010) Ve:Vyivr=1:1
Cosmogenic: p, FRIl & SFR source evol. (Kampert 2012) y

Cosmogenic: p or mixed, SFR & GRB (Kotera 2010) //

Cosmogenic: Fe, FRIl & SFR source evol. (Kampert 2012)

05 1.0 15 20 25 3.0 35 40 45 50 55 6.0 6.5
(AoP)

90% CL limit Auger
\\(Eanh-Sknnnﬂng]
90% CL limit \N\ 90% CL limit
Auger (2019) NN\ ANITA 1411+l (2018)

[
9
~

90% CL limit

iceCube (2018) _ diffuse neutrino limit

90% CL limit
Auger (2019)
t=a

integrated limit:
KE-2

kK ~ 4.4E9 GeV/
cm2/s/sr
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JCAP 1910 (2019) no.10, 022
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https://arxiv.org/pdf/1906.07422.pdf

Upgrade to "AugerPrime”

for: Improving mass composition determination
by: more statistics + better sensitivity to muonic & EM parts separation

SSD upgrade D150

« SD-750 m

Surface Scintillator Detector (SSD): . SSD preproduction
Engineering arra
3.8 m2 plastic scintillator detector on top preeTng Y
of each WCD

VERTICAL (0-60°)

since September 2016,

with new electronics

77 preproduction stations

since March 2019, with makeshift
electronics

rest are being deployed (will be
completed soon)

20 30 40 50 60 70
X / km

Recent activities at the Pierre Auger Observatory and the Brussels group
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Upgrade to "AugerPrime”
UMD upgrade

Underground muon detector
100% duty cycle

3x10m2 Plastic Scintillators
buried at 2.3m depth

23.5 km2 (61 stations, in the
whole SD-750 area)

installation will be completed before mid 2020

RD upgrade HORIZONTAL (60-90°)

Proved detection technigue by

AERA
Installation of SALLA radio

antennas on top of each WCD

The largest radio detector
so far (3000 kmz2)

+ extended dynamic range &
g new electronics for SD

7ol g SF N = oz
& TN TS - Y - e
bhe s P, S BIN L RGeS |
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The collaboration and the |IHE-Brussels group

The Pierre Auger Collaboration:
~500 members from 89 institutions

Australia

Belgium : : : : -
including Belgium: ULB+VUB (iihe)
Colombia

Czech Republic

France U I_B y

Germany :
Italy
Mexico
Netherlands
Poland
Portugal
Romania
Slovenia
Spain

b S
USA \ Pierre Auger

Observatory

\_‘ &0
Orazio

Zapparrata

Stijn Buitink
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I'he Brussels group -
Dutles & recent activities for the collaboration

» Since this year, Belgium is an official
full-member country

- Task leader of long term performe
loana -

ii
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The Brussels group - Long term performance
of the detector

Time
2007/01 2008/12 2011/01 2012/12 2015/01 2016/12 2019/01

<
~

Scheduled data-taking fraction Loma Amarilla

=
%)

Los Leones = (Coihueco
Los Morados — - — Heat

Hybrid on-time fraction
=
o

140
Shift Id since 2005

2008 2010 2012 2014 2016

SD-750 6T5 events (>55°, >+O.3 EeV)
Radlh + \ + +++t I" ol Lot + #+ Us 1 Bt ". | + + o . H+# i §
'#++ e LK LR AL 'p 1 T

14 years of dat

2012 2013 2014 2015 2016 2017 2018
year

AREA OVER PEAK OF ATMOSPHERIC MUONS

+a

e Area over Peak (A/P) of atmospheric muons in
calibration data is a variable sensitive to the SD
detectors aging [4]

<A/P>,, [25 ns]
P

w
o

e Most stations experienced a rapid decrease in
initial period, followed by a milder slope which
tends to become flat [5]

L)

N
=)

2006 2008 2010 2012 2014 2016 2018

Number of PMTs
o

w
=
=

(S
(=2
(=]

8.7 075 08 085 09 095 1 105 1.1 115 12
<A/P>,... /| <A/P>

2030 2018

e Currently, >80% of the PMTs show an A/P >85% of their initial value

e In 2030, 85% of the PMTs are expected to remain at >95% of their current values

published in 2 internal
notes (“GAP notes”) and
presented in ICRC2019 as

a poster
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The Brussels group - Dipole study in composite
mass scenarios

In a simple case of dipolar proton & isotropic iron...

merit factor=1 /"% fUJ[UI’e. plan:
p fraction = - Partial-sky study for more

10% realistic AugerPrime
conditions & modelings of
mass composition

o
in

total sample

roton-enhanced sample

G > injected

arbitrary variable

- Full-sky analysis (w/ TA
collaboration) for several
composition scenarios
with P.Tinyakov &
M.Kuznetsov (ULB)

Rayleigh amplitude
- -
W ~

=
)

-
—

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09
proton fraction

total sample

Mean & 10 of dipole amplitudes

proton-enhanced sample

proton fraction
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The Brussels group - SD Energy reconstruction

SD energy spectrum (6<60°) reconstruction:

using FD-SD energy calibration, considering Converged into 3 manuscripts
atmospheric correction, systematic uncertainties, ... (loana & Daniela in the EB)
presented at ICRC2019 as a

logm(E/eV) poster

Simulation studies on the angular and 195 20

energy resolutions of the SD . ,
Reconstruction of events recorded by the

. surface
Proton, lg(E/eV) = 18.5 detector of the Pierre Auger
1.8 Proton, 1g(E/eV) =190 &
Proton, lg(E/eV) = 19.5 Observatory
Iron, 1g(E/eV) = 18.5 :
1.6 Iron, Ig(E/eV) = 19.0 (to be published)

Iron, Ig(E/eV) = 19.5

[
~

"A measurement of the cosmic ray energy
spectrum above
2.5 x 10N18 eV using the Pierre Auger
Observatory”
(to be published in PRD)

(o]
T~
o
o
=
=
po—
@)
N
O
Qf 12
S
pr—
=
oY)
=
<L

v J., 1500m 6<60°

‘Features of the energy spectrum of
cosmic rays above
2.5 x 10N18 eV using the Pierre Auger
Observatory”
(to be published in PRL)
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I'he Brussels group -
Activities In International contferences

- Daniela won Belgian Physics Society
prize for the talk “Measurement of the
cosmic ray spectrum with the Pierre
Auger Observatory”

. AT [ “;M'u-:u.un & LY
||
EUROPL\J JHY&‘)@AL “d;ﬁlr\Z“ - % 631 é

- EPS 2019 (loana - talk “Review
of the results from the Pierre
Auger Observatory”)

» |CRC 2019 (Daniela - poster
"“Reconstruction of Vertical Events
Recorded by the Surface Detector of
the Pierre Auger Observatory”, Koun -
poster “Long term performance of the
Pierre Auger Observatory”)

- |CNFP 2019 (Daniela - talk

“The Pierre Auger
rvatory: review of |
g?e?t reasu/é and future ' . - COSPA 2019 (Daniela -
perspectives’) e CRC 2201 9% “f; — talk “The Pierre Auger
resie Lo o S Observator V. [ atest
; = b T results and future
| Petepedlies )
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Outlook

- The Pierre Auger Observatory is getting through an exciting era with AugerPrime upgrade
- better separation between mass components will be achieved by SSD, RD & UMD
upgrades

= fowards charged particle astronomy & particle physics

- Increased statistics & reduced background & new electronics & radio technique
= cosmogenic heutrino & photon discoveries

i
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Back up




SIDEEREIVAIS
"delta method” using risetime
shows similar result to FD result
with smaller error

Period: 01/2004 - 08/2018 - Array 1500m

Benchmark Bin —

== QGSJetll-04
— EPOS-LHC

|
|
(
|
|
|
|
|
|
|
|

¢

e B T

18.8 19 19.119.2 194 19.6 19.8 20
log., (E/eV)
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Integral p

photons

diffuse photon limit

= = = SHDM (Gelmini et al. 2008)
I 't - SHDM' (Ellis et al. 2006)
I I II v TD (Gelmini et al. 2008)
"EAS-MSU 2017 w = = Z-burst (Gelmini et al. 2008)
l I GZK proton (Gelmini et al. 2008)

9™ GZK proton (Kampert et al. 2011
Auger HECO+SD750 2019~ ~ « _ B GZK proton (Kampert et al. 2011)

B GzK iron (Kampert et al. 2011)

Above 10 EeV: 11 events,
consistent with background
below 1 EeV:1 event, consistent
with background

Recent activities at the Pierre Auger Observatory and the Brussels group
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. HeEPoSLHC lg(E/eV) = 19.77 + 0.03
NEPOS Lk 0 = 45.29° + 0.16°

*  Fe EPOS-LHC

- PQGSJetll.O4
He QGSJetl1.04

N QGSJetll.O4
== Fe QGSJetll.O4

A
—
>
—
o
>
—
2
~
F
ET)

103
Core distance r/m
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Arrival direction - intermediate scale anisotropy

full-sky source search without target source

scan over 32<Eth<80 EeV, 1<0<30° Total SD events with E>32 EeV : 2157
most significant (post-trial p- Total exposure 101,400 km2 sr yr
value=2.5%) at:

Eth=38 EeV, 6=27°, ~2° away from
CenA

CenA

NGC4945
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