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The Pierre Auger Observatory
Phase | data taking configuration 2004 — 2021
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| Underground muon
detectors GO+ |
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4 fluorescence detectors
(24 telescopes up to 30°)

High elevation telescopes (3)
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1665 surface detectors:
water-Cherenkov tanks
(grid of 1.5 km, 3000 km?)

Pierre Auger,
NIMA 798 (2015) 172-213

This talk:

Search for UHE

neutrinos

Data 2004 - 2021
Surface detector SD1500

1665 water-Cherenkov stations
1.5 km grid. Area 3000 km?

Search for upward-

going showers

Data 2004 - 2018

4 Fluorescence sites

24 telescopes, 1-30° FoV
3 High-Elevation, 30-60° FoV



Search for UHE neutrinos



Search for neutrinos with the Pierre Auger Surface Detector

Pierre Auger
JCAP 10 (2019) 022

M. Niechciol
PoS (ICRC2023)

COSMIC RAY (INCLINED)

TOP OF THE ATMOSPHERE

Protons & nuclei at high inclination angles
initiate showers high in atmosphere

= Shower front at ground mainly
composed of muons (electromag.
component absorbed in atmosphere)

= Small relative time delays

TOP OF THE ATMOSPHERE

NEUTRINO (INCLINED)

EM COMPONENT

MUONS

— HADRONIC

TOP OF THE ATMOSPHERE
EM COMPONENT
MUONS | HADRONIC
\ COMPONENT EARTH-SKIMMING
TAU NEUTRINO

Neutrinos can initiate inclined showers close to ground

= Shower front at ground consists of electromag. + muonic

components

= Large relative time delays of electromagnetic particles

Neutrino signature — inclined showers (6 > 60°) developing close to ground




Selection of inclined showers

Elongated footprint of shower on ground

ldentifying neutrinos

Apparent velocity of propagation of
trigger along major axis (Length)

Vertical shower Horizontal shower
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Reconstructed 6 > 60° or > 75°

electromagnetic component induces extended signals in
time traces recorded with Water-Cherenkov detectors
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= signal traces with large

values of Area-over-Peak
(AoP)

Definition of Area-over-Peak (AoP)

. Surface Detector PMT Signal I_

Area
AoP =
Peak
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Neutrino identification based on AoP

PRD 91, 092008 (2015)



Sensitivity to all neutrino flavours & channels

Earth-Skimming (ES) — (90°, 95°)
Downward-going high-angle (DGH) — (75°, 90°)

Downward-going low-angle (DGL) — (60°, 75°)

muonic component of the shower

4) double-bang shower 1)regular shower
initiated by v_ initiated by proton
| | 2) *ep Slmel' E-M component of the shower
iniiated by v 2
y - h first interaction
3) up-going shower .
iniiated by v,
Three selections depending on zenith angle: T decay

Pierre Auger Collab., PRD 91, 092008 (2015)
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Background (UHECR)
inclined event in data

50— Pierre Auger Observatory
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Data unblinding. Example: Earth-Skimming channel

Distribution of mean Area-over-Peak <AoP> in highly inclined events

10!

Auger SD 1500 data
1 Jan 04 - 31 Dec 21

100

10_11

Normalized entries

1072 =

1073 -

[ Data 1 Jan 2004 - 31 Dec 2021. Mean=1.187, Sigma=0.075

ﬂ

Monte Carlo v: Mean=2.837, Sigma=0.723

>
(AoP) > 1.83

Monte Carlo sims.
v, Earth-Skimming

v-candidate region

~ 95% v-selection efficiency

(AoP)

| | | | | | | | | | |
0.5 1.0 15 20 25 30 35 40 45 50 55 6.0 6.5

Pierre Auger
JCAP 10 (2019) 022

M. Niechciol for Auger
PoS(ICRC2023)1488

No candidates found in
Earth-Skimming or Downward-going
channels
1 Jan 2024 - 31 Dec 2021

« Large neutrino selection efficiency

* Low expected background 1/50 yr

* Sensitivity limited by exposure not
limited by background



Exposure (1 Jan 2004 — 31 Dec 2021)

M. Niechciol for Auger
PoS(ICRC2023)1488
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Upper limits to diffuse flux &  Best sensitivity slightly below 1 EeV
event rates in Auger SD * Auger limits constrain models assuming

IceCube (2018) (Cosmogenic models)

1 Jan 2004 - 31 Dec 2021 pure proton primary cosmic beam
[ Cosmogenic (proton - best-fit to Auger spectrum) = ssssssas Low-lumin. BL Lac (Rodrigues 2021)
[ Cosmogenic (mixed - best-fit to Auger spectr. & compos.) = « == Starburst Galaxies (Condorelli 2022)
== == == AGN (Murase 2014) = = Magnetars from BNS (Fang 2017) Ex!)lectletii nurnber of v events

o Pierre Auger PR B g

. C 1 Jan 2004 - 31 Dec 2021| 9 9 © Y
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- Best-fit proton zpax =3, (1 + 2)°
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||

)
Best-fit proton, Zmax = 3, (1 + 2)3
)

100 gZTEm

Waxman-Bahcall (2015)

Best-fit proton, Zmax =1, (1 + 2)°

_ Best-fit proton, Zmax =1, (1 + 2)3
" Best-fit mixed, Zmax = 3, (1 + 2)°

Best-fit mixed, Zyax =5, (1 + 2)°
(Astrophysical models)

Pierre Auger integral (2022)

E2 dN/JE (GeV cm~2 s~ 1 sr71)
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=0.1
- B Radio-loud AGN (Murase 2014)
10710 I Low-lumin. BL-Lacs (Rodrigues 2021)
Starburst Galaxies (Condorelli 2022)
=0.01
Single flavor £ . Magnetars from BNS (Fang 2017)
T 0.5 decade log1E [
10 T T To T 1oa 012345678 910
Energy (eV) Number of events
M. Niechciol for Auger Invited review talk today by O. Deligny on constraints on BSM

PoS(ICRC2023)1488 physics from EAS and from UHE gamma-ray and neutrino searches 10



Declination 6 (deg)

Search for point-like transient sources of UHEv

Instantaneous sky coverage of Auger

90 1 - 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Auger FoV Earth-Skimming: 6 € [90°, 95°]
75+ Auger FoV: 8 €[75°,90°] L
Auger FoV: 6 €[60°, 75°]
D e e e~ — 1
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Instantaneous field-of-view covers ~ 30% of the sky:
Earth-Skimming (5%) + Donward-going (25%)

Auger is sensitive to potential sources of UHE neutrinos between

Pierre Auger lceCube,
JCAP 11 (2019) 004 ApJLett. 835, 151 (2017)
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— Auger ES, v, 6 =90.5°
= = == = Auger ES v, 6 =91°

= Auger DGH v, CC, 6 = 80°

m— Auger DGL v, CC, 6 = 66°
= = = = Auger DGL v, CC, 6 =69°
= |ceCube v, CC, 6 €[-5°, 30°]

----- Auger ES v, 6 =92°

Auger DGH v, CC, 6 = 85°

IceCube v, CC, 6 €[-30°, — 5]

1013

close to South Celestial Pole to + 60 deg North => there is always

a time window during a sidereal day in which source is in FoV

10'1;1 1615 1016 10'17 1018 1019 1020
Ev (eV)

Large peak effective areas, close to 1 km?
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Follow-up of GW170817 in neutrinos
Binary Neutron Star Merger + short GRB + 500 sec & +14 days time-windows

GW170817 Neutrino limits (fluence per flavor: v, +y)

ANTARES, IceCube, Auger, LIGO & Virgo 10° | +500 sec time-window |
Astrophys. J. Lett. 850, L35 (2017) i ANTARES | |
10 ¢
q Auger
g 10"t IceCube
> =
(05 100 3 ° ///”___
= 0 _-- .
. - Kimura et al.
DE“] 101 4 NS EE moderate
g~
1072 FKimura et al. ) -~ —-—-.Kimura et al}
X EE optimistig 4/3\ 0" prompt
10- T B
103 L
——— GW (90% CL) ol Auger
+ NGC 4993 — I
¥ neutrino candidate (IceCube) IE o' ANTARES
¢ neutrino candidate (ANTARES) ©
= === [ceCube hori % IceCub
ceCube horizon 8 100} ceCube Fang &
— = ANTARES horizon = Metzger
[ ]Auger FoV (Earth—sk.imming) = 10-1L 30 days 1
[ ]Auger FoV (down-going) = Fang &
e ST 102k Metzger |
| 14 day time-window | 3 days
1073
. . oy 102 10° 10* 10° 10° 107 10® 10° 109 10'!
The NS-NS merger was in an optimal position at the B/GeV
instant of GW emission for the detection of UHE tau Lack of neutrine detection consistent with
neutrinos with Auger expectations from short GRB viewed at

large off-axis angle = 20°

Neutrino limits based on non-observation in

12



Percent

[ceCube. Science 361, 146 (2018)

MUItimessenger aCtiVitieS With Auger Pierre Auger. ApJ., 902, 105 (2020)

Follow-up of 83 BBH mergers detected
in GW by Ligo-Virgo

No candidate neutrinos from any of the BBH mergers
Stacking limit => ratio of energy emitted in UHE
neutrinos to that emitted in GWs < 5%

Fractional contribution of each BBH to statcking limit

10+ B GWTC-1 (2015-2017); mean=(3.041.05)%
B GWTC-2/GWTC-2.1 (2019); mean=(0.8120.16)%
BN GWTC-3(2019-2020);  mean=(1.14+034)%

AT P S I 1 TR |

0 10 20 30 40 50 60 70 80
BBH merger index (time ordered)

BBH GW151226 + GW170608 + GW191226 alone
contribute ~ 28% to the total stacking limit

M. Schimp for Auger, PoS(ICRC2021)968

Follow-up of TXS 0506+056 blazar

22 Sep. 2017 High-Energy v discovered by IceCube
coincident with gamma-ray blazar

No candidate neutrinos from direction of TXS @ EeV in Auger
First upper limits to UHE neutrino (& photon) flux from an
identified neutrino source

———IceCube: v-flux 0.5 yr

— —@= = IceCube: v-flux 7.5 yr Single flavor
10-8 4+ Auger (v): 1 event in 0.5 yr ' ' '
= = = = Auger (v): 1 event in 15 yr Flux needed to see
Auger (y): 1 eventin 0.5 yr 1 vV in Auger in 05 yr
109 + Fermi-LAT (y) i — n
'_T - Fermi-LAT (y): archival
n 4+ MAGIC(y)
g Flux needed to see
£ 10710 T IceCube flux ¢ TvinAugerin15yr [
- —o——-—4- i
o 1vinOS5yr|  =======-
) I_
L 10—11 o0 o-—0 —
O
S + I1ceC_ub7e;|ux T Flux needed to see
o vin/soyr 1 1vyin Augerin 15 yr
W10-124 + -I i
TXS 0506+056 & IceCube 170922A]
10713 . . | . . l
108 1010 1012 1014 1016 1018 1020

Energy (eV)
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Search for Upward-going showers
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ANITA
events

DIRECT CR event
(stratospheric)

27142546, -5.5°

—_

field strength, mV/m
o

(b)

—Vpol

—Hpol| |

atmosphere-skimming
air shower

UHECR

_)

—

10 20 30 40
time, ns

atmosphere-skimming

UHECR shower

ANITA events

dominant horizontal polarization of pulses
consistent with geomagnetic effect

direct

radiation

Atmosphere

ANITA
radio detector

reflected
radiation

Antarctic ice

ANITA |- PRL 117, 071101 (2016)
ANITA Il - PRL 121, 161102 (2018)
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ANITA
events

DIRECT CR event
(stratospheric)

27142546, -5.5°

—_

field strength, mV/m
o

(b)

—Vpol

—Hpol |

atmosphere-skimming
air shower

-10 0 10 20 30 40

UHECR
—>

—

time, ns

atmosphere-skimming

UHECR shower

ANITA events

50

dominant horizontal polarization of pulses REFLECTED CR event
consistent with geomagnetic effect (polarity inversion)
68298837, -36.7°
0.6 T T . . ’
(d) ——Hpol
g 04 L _Vp0| J
>
e
= 0.2
D
C
® 0
»
o
;?__’ -0.2 normal, reflected
air shower
0.4 —
-10 0 10 20 30 40 50
time, ns
ANITA
. UHECR
direct radio detector
radiation
Downward
reflected UH ECR
£ radiation shower
LN
(9.0
l
Atmosphere ANITA | - PRL 117, 071101 (2016)

ANITA Il - PRL 121, 161102 (2018)

Antarctic ice
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ANITA DIRECT CR event ANOMALQOUS event REFLECTED CR event
events (stratospheric) (wrong polarity for CR) (polarity inversion)
_27142546,-5.5° 1 15717147, -35° 06 68298837, -36.7°
(| (b) —Hpol | (a) —Hpol (d) —Hpol
E ——Vpdl £ o5 ——Vpol] . € 04} —Vpol| .
£ =" >
ﬁ ° ! £ 0 4 = 0.2}
B -1} £-05 £ 0
% atmosphere-skimming o o)
L= air shower ..‘l_’ 1t ‘anomalou.s F_’ -0.2 normal, reflected
upward air shower — ’
2F . [ [ l [ | . . [ . air shower
- -0.4 . : : : :
100 10 20 30 40 50 <10 O0F 10 200 30 40 S0 40 0 10 20 30 40 50
time, ns time, ns time. ns
THANITA
direct =  radio detector UHECR
UHECR radiation . EEEE
_ —> 4 d
atmosphere-skimming reflected Downwar
UHECR shower £ diati UHECR
shower ~ ragiation shower
o
ANITA events ’
Atmosphere ANITA |- PRL 117, 071101 (2016)
ANITA Il - PRL 121, 161102 (2018)

Antarctic ice
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ANITA anomalous events & Auger FD ANITA 11 PRL 121, 161102 2018
2 anomalous events at elevation angles: -27.4° & -35°

= Search for upcoming showers with Auger

Standard Model (SM) origin:

 Tau showers from neutrino interactions? Discarded
. . . . . . . . 1 114 .
e Other radiation mechanisms (TR air/ice or ice/air)? Discarded If “anomalous” events are from air showers

the Fluorescence Detector could also observe
upward-going showers =
use FD data 1 Jan 2004 — 31 Dec 2018

Beyond SM (BSM) origin?

0,.c > 1100
<hower radiation shower Beyond SM
Standard Model 1 decay ??? ‘ Shy
Atmosphere S QP
P ~ ~ Ic/g 25,
Antarctic ice \\\ c 8

,0
a’tlc/e ?
2

-



Signal: Upward-going Monte Carlo event

azimuth [deg]

=) -
S 30—
Fluorescence s
Detector g F
pixel camera s 205
15 [
Early pixels b
Late pixels sE
=
reconstructed as
upward-going z
s F
> 6
® 5
o =
X 4
2 =
IS |
2F- WhLe
Fitted Gaisser-Hillas § LEATE
. . 1 — 3 veoblys
profile of E deposit - ¥
0

|
|||.‘." ;

¥2/Ndf= 164.3/199

400 500 600 700 800 900 1000 1100 1200

slant depth [g/cm?]

Main challenge of analysis:

In absence of any signal from the
Surface Detector, i.e. using only
the time sequence and profile:

« UHECR downward-going
events with specific
geometries, can be
reconstructed as upward-
going => background

* some events even admit an
upward- and downward-going
reconstruction simultaneously

Pierre Auger

submitted to PRL 2024 o



Background Monte Carlo event

Potential background real event

=89.6°

Quasi-horizontal event 0yc
reconstructed as upward-going 0,,.~116.6°

with core falling outside array

Reconstructed downward-going event
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Discriminating upward-going showers

PRELIMINARY

¢.=0.55
dN 20 —— burnt data
102 dE -CR spectrum Py —m— full data
o = —— background simul.
2 —— signal simulation
=
|9

-
o

1
I.].I

signal
region

DAL R

Number of Events / bin

After all cuts to reject background:

some events admit both
upward- & downward-going
reconstructions

$

Discrimination based on ratio of
maximum likelihood of upward
& downward reconstructions
I—U|o/|—dowr1

arctan {ln [maX(Lupy Ldown)/Ldown] ' C}

16 = t --+-J_'—| )
= ggoc E3-arbritary normallzat I

102 I
:lllllllllIlllIIll]llllllllllllllllllllllllll L1l |
0 0.1 0.2 03 0.4 0.5 0.7 0.8 0.9 1

Discrimination Vanable [

Cut value at 4= 0.55 optimized minimizing MC background & maximizing sensitivity

[ =
/2
|—down > |—up =>¢=0
I—up > I—down =>(E€ [011]

Lyp only =>¢="1

Pierre Auger

submitted to PRL 2024 21



Discriminating upward-going showers

10

One event found in 1 Jan 2004 - 31 Dec 2018 oE
Consistent with expected background of 0.27 £ 0.12 events 5 |
. . v =
from MC cosmic ray showers reconstructed as upward-going. = so -
2 s
8
dN i —O— burnt data =
10° ¢ CR spectrum ! |—=— fulldata =
dE = . -
S =! —— background simul. -
= —— signal simulation E

3:

v

azimuth (deg)

x%/Ndf= 119.5/146

%
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o
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TN T (L
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T F
£ 04
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E T T : : 1 g 02 E
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Pierre Auger
submitted to PRL 2024



Auger FD vs ANITA exposure

The Pierre Auger Observatory

ol | 4 | 21 [ 44 | 101|229 | 325 | 819 [1208 [ 2381 |3923 | 6113
8
7E
= Insuffiicient MC statistics
6 to quantify exposure 62 55
= < E 42 116
E s .
E 60 126 266
3 = 70 237 463
£ 60 123 208 558
2 - 43 57 212 377 604
= 2 30 72 82 273 418 771
1 - 32 125 190 379 529 782
c 23 40 55 198 333 461 749 977
0 : oy’ $ | ,sq 1 m 1 m lqo 1 711 1 859 1 1|1°]
17 17.2 17.4 17.6 17.8 18 18.2 184
log(E/eV)

Exposure as a function of shower energy
and height of shower injection

Pierre Auger
submitted to PRL 2024

PRELIMINARY

ANITAII

077|107 | 131 | 152] 172 192] 211 | 232 2555 | 2.82] 3.16]

0.01 0.02 0.02 0.02 0.03 0.03 003 0.04 0.04

103 . 002 002 002 003 003 004 004 005 0.05
001 002 003 003 003 004 004 0.05
002 002 003 004 004 005 005 0.6
7 F0.02 003 004 004 005 005 0.06
102 003 004 005 006 006 007 0.0
_ 6 004 0.05 0.06 0.07 0.08
= € 0.05 0.06
= 5
K4 < 0.05 0.06 0.07 0.08
10 E < 0.05
=< 4 0.06
w
0.06
3 0.06
1 2
1
107"

01 7 17.2 17.4 17.6 17.8 18
log(E/eV)

18.2

107"

1072

€ (km?2 sryr)

Auger FD exposure: 0 € [110°, 130°] is 2 - 2000 larger than ANITA-III () exposure: 8 € [110°, 130°]

Normalizing several E2 > E~ spectra to 1 eventin ANITA | or Il

=> 8 > 69 events expected in Auger, while only 1 event compatible with background has been observed

Auger non-observation of upward-going showers effectively dismisses
the interpretation of the anomalous events as upward-going showers
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Conclusions

UHEv have been searched with the Surface Detector of the Pierre
Auger Observatory

* No candidates found 1 Jan 2004 — 31 Dec 2021
« Competitive limits to diffuse fluxes, most sensitive around 1 EeV

* Pure proton cosmogenic neutrino models constrained
* Large instantaneous sensitivity to bursting sources in Earth-Skimming FoV

* Auger is a key actor in Multimessenger Astronomy at UHE
» Follow-up of BNS, BBH, flaring blazars, etc...

Searches for upward-going showers with the Fluorescence
Detector of the Pierre Auger Observatory
* 1 event found, compatible with background, in Jan 2004 - Dec 2018

* Dismissing a shower origin of ANITA anomalous events that remain
mysterious...
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Role of topography at Auger site

Digital Elevation map of the Auger site
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= Topography affects both Earth-Skiming (?0° - 95°) &
downward-going (88° — 90°) channels

= Topography contributes (roughly) 17% to the TOTAL
neutrino event rate (assuming an E2 flux)

Length in rock (km) vs direction for observers at
different locations in the SD1500
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Constraints on sources of UHECR from Auger UHEv limits

Constraints on source evolution:

sources evolving as (1+z)™ up to z,.« Constraints on proton fraction F
5.0 ! ! ! —100 1.0 '
Pierre Auger, Jan 04 - Dec 21
4.5 Proton spectrum at injection |
80 — 0.8
4.0 - S
5
3.5 B 60 5 0.6
3 J e
€3.0 - o L
N 68% CL 90% CL 20 S 0.4-
2.5 SQ SimProp L g
-\\\ =
S
2.0 20 O 0.2
1.5
1 O O 0.0 I I I I I
' 2.0 2.5 3.0 3.5 4.0 4.5 5.0 2-0 2-5 3-0 3.5 4-0 4-5 5-0
m m

C. Petrucci for Auger
PoS(ICRC2023)1520



Stability of the SD1500 array of the Pierre Auger Observatory

Effective area vs time for different neutrino channels
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Upper limits to steady point-like sources of UHE neutrinos

E2 dN/dJE (GeV cm~2 s71)

Auger total 2021
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Background Monte Carlo event
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Monte Carlo event 6=83°
reconstructed as downward- and upward-going

Reconstruction favors downward-going
Ldown > I—up =>¢=0
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