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Outline

Introduction for the Pierre Auger Observatory
Search for UHE neutrinos

Search for up-going showers

Up-going showers from BSM
The AugerPrime upgrade







The Pierre Auger Observatory

4 The observatory was designed to
detect cosmic rays at Malargue of -

Argentlna (E>1()17 eV) % AMERIC A
4 The cosimc ray with extremely high
energies remain highly mysterious i

bbbbbbbbb

Proton or nuclei

4 The Pierre Auger Observatory is
tackling the enigmas of their =

origin and existence N N - .
Baobiao Yue - Uni. Wuppertal T - UCLouvain, June 17th, 2025



The Pierre Auger Observatory

4 The observatory has created
a detection area of 3,000 km?2
, containing 1,600 water-
Cherenkov stations (surface
detector) and 4 Fluorescence
sites at the edge of the array.

440 460 480 500
Credit: J. Pawlowsky uni-w Easting [km]

Baobiao Yue - Uni. Wuppertal D UCLouvain, June 17th, 2025




The Pierre Auger Observatory

4 The observatory has created
a detection area of 3,000 km?2
, containing 1,600 water-
Cherenkov stations (surface
detector) and 4 Fluorescence
sites at the edge of the array.
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4 Auger = ~10 x Louvain-la-

Neuve or Brussels (33 km2) @

440 460 480 500
Credit: J. Pawlowsky uni-w Easting [km]

Baobiao Yue - Uni. Wuppertal D UCLouvain, June 17th, 2025
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urface detector

41,600 in total

4 1.5 km apart from each other, 3000 km?2
~100% duty circle
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Fluorescence detectors
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Fluorescence detectors

1Ce sites
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Fluorescence detectors
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Extensive air showers

Num of particle

loana-Alexandra Caracas PhD thesis /CR\
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first interaction

0 cH-

electromagnetic hadronic muonic

component component component

(The most energy from the primary)
Baobiao Yue - Uni. Wuppertal ol X: how much atmospheric matter the particle shower passes through

Slant depth: X = dex



https://astro.uni-wuppertal.de/fileadmin/physik/astro/mainpage/publications/theses/PhD/Caracas-Diss.pdf

Extensive air showers

Num of particle

hadrons muons electrs Proton 1014 eV
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https://www.iap.kit.edu/corsika/71.php

Extensive air showers
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~ Event ID: 0818457355000
© Time: 03 Jul 2000 12055

‘Hybrid event

| Open datexample |
JE =5.683 X 10" eV
' 0=54.12°
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https://opendata.auger.org/display.php?evsel=3&emin=60&thetamax=90&evid=081847956000

Hybrid event

Event ID: 081847356000
Tire: OJLuI.ZOOO 1205.5

Open data example .
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. Auger: A4z MM observatory

8 neutron and charged CRs: 0 < 80°

v —

Baobiao Yue - Uni. Wuppertal V4 UCLouvain, June 17th, 2025



. Auger: A4z MM observatory

8 neutron and charged CRs: 0 < 80°

4

2
2
\

Cosmic accelerators

B photon: 30° < 0 < 60°, to be extended

Baobiao Yue - Uni. Wuppertal V4 UCLouvain, June 17th, 2025



_uger: A 47 MM observatory

8 neutron and charged CRs: 6 < 80°

cosmic microwave
background

B photon: 30° < 0 < 60°
B down-going neutrino: 60° < 8 < 90°

4)
gw q
N J} : (J

XN

-
Baobiao Yue - Uni. Wuppertal V4 UCLouvain, June 17th, 2025



-ger: A 47 MM observatory

8 neutron and charged CRs: 6 < 80°

photon: 30° < 0 < 60°
B down-going neutrino: 60° < 8 < 90°
8 Earth-Skimming neutrino: 90° < 0 < 95°

Baobiao Yue - Uni. Wuppertal V4 UCLouvain, June 17th, 2025



-uger: A 47 MM observatory

8 neutron and charged CRs: 6 < 80°

ANITA-I

ANITA-III

South Pole: ice

B photon: 30° < 0 < 60°

B down-going neutrino: 60° < 8 < 90

@ Earth-Skimming neutrino: 90° < 0 < 95°
B dark matter: @ > 90°

Baobiao Yue - Uni. Wuppertal % V4 UCLouvain, June 17th, 2025
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The cosmic ray mystery

24l Where are the highest energy
Ccsmic rays coming from?

9
7

(¢ 4]
o
z
>
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9
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=
™
R

 The magnetic field bends their propagation
path during the propagation process

UHE neutrinos can
help to answer!

Baobiao Yue - Uni. Wuppertal 8 UCLouvain, June 17th, 2025




.Search for neutrinos with the Surface Detector
Cosmic ray background

COSMIC RAY (INCLINED)

4 Protons & nuclei at high TOP OF THE ATMOSPHERE
Inclination angles initiate showers

high in atmosphere EM CONPONENT
= Shower front at ground mainly

composed of muons HADRONIC
(electromagnetic component /// COMPONENT
absorbed in atmosphere)

uger JCAP 10 (2019) 022

Baobiao Yue - Uni. Wuppertal O UCLouvain, June 17th, 2025



Search for neutrinos with the Surface Detector

Down-going neutrinos Earth-Skimming neutrinos

NEUTRINO (INCLINED)
TOP OF THE ATMOSPHERE TOP OF THE ATMOSPHERE

EARTH-SKIMMING

HADRONIC TAU NEUTRINO

COMPONENT

Pierre Auger JCAP 10 (2019) 022

4 Neutrinos can initiate inclined showers close to ground
= Shower front at ground consists of electromagnetic + muoniccomponents
= | arge relative time delays of electromagnetic particles

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

Baobiao Yue - Uni. Wuppertal 10 UCLouvain, June 17th, 2025




Sensitivity to all neutrino flavours & channels

Charged Current Neutral Current

V V v

\1 ¢ \1
o high energy \

electron . high energy ..
hdd[OHiC\ _ hadronic‘ T M hadronic cau had 'onic\
Jet & ‘ Jet % \\\ Jet % .

B

Three selections depending on zenith angle :
Earth-Skimming (ES) — (90°, 95°)

Downward-going high-angle (DGH) — (75°, 90°) Pierre Auger Collab., PRD 91, 092008 (2015)

Downward-going low-angle (DGL) — (60°, 75°)
Baobiao Yue - Uni. Wuppertal 11 UCLouvain, June 17th, 2025




Selection of inclined showers

1, Elongated footprint of shower 2, Apparent velocity V of propagation of

on ground shower front at ground along major axis L
Vertical shower Horizontal shower

Ellipse footprint V>>cC V~cC
. |

Selection Earth-skimming (ES) Downward-going Downward-going
high angle (DGH) low angle (DGL)
Flavours & Interactions v CC Ve, Vy ,v- CC & NC Ve, v, v CC & NC
Angular range g > 90° 0 € (75°,90°) 0 € (60°,75°)

N® of Stations (Ng) Ny > 3 Ny > 4 Ny > 4

— Orec > 75° O.ec € (58.5%, 76.5%)
Inclined L/W >5 L/W >3 —

Showers (V) € (0.29, 0.31) m ns™* (V) < 0.313 m ns™* —

RMS(V) < 0.08 m ns ™~ RMS(V)/(V) < 0.08 —

Baobiao Yue - Uni. Wuppertal Pierre Auger, UCLouvain, June 17th, 2025
PRD 91, 092008 (2015)




ldentifying neutrinos

With the SD, we can distinguish muonic from electromagnetic shower fronts
(using the time structure of the signals in the water Cherenkov stations).

=
i
=
c

Electromagnetic
component induces
extended signals in time
traces recorded with
Water-Cherenkov detectors

500 1000 1500 2000 2500 3000
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2000 2500 3000 = 500 1000 1500 2000 2500 3000
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L%
g
-

o
/p)
=
O
p -
p -
g}
-
-;_.'
-
O
. -

-
p -
O
S
O

L
7))

O
-
O
-

=
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Baobiao Yue - Uni. Wuppertal UCLouvain, June 17th, 2025




ldentifying neutrinos

= Signal traces with large values of Area-over-Peak (AoP)
Definition of Area-over-Peak (AoP) Traces of individual stations

Inclined event
E=2.2EeV

0 ~73.0°

JCAP 10 (2019) 022
Area

AOP — | h ! ! ! | |

' 2 7 1 12 1
Peak 50 500 50 000 50 500

| | I |
Neutrino simulation s _

E =0.1 EeV
9 = 75°

AoP = 2.9

200 400 600 800 | ‘
| 750 1000 1250 1500
time [ns]

Neutrino identification based on AoP LI

Baobiao Yue - Uni. Wuppertal 14 UCLouvain, June 17th, 2025

Surface Detector PMT Signal
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ldentifying neutrinos

Pierre Auger Observatory — , e Simated GE_E*;%‘}SO"";_’“L”E ¥
. * e+ o . | T— - r V= ST, @ = .

" " Event 61484636 C ~ Decay altitude above ground = 50.0 m

- December 30, 2020 - -

Monte Carlo simulation Earth-
, . , Skimming tau neutrino

|
10 15 20 25 30 A
X Lkm! " x [km]

Background (UHECR) inclined
event in data

Numbers on top of each station indicate AoP <AoP> is the variable to identify for Earth-Skimming v/_

Baobiao Yue - Uni. Wuppertal UCLouvain, June 17th, 2025



Data unblinding example: Earth-Skimming channel

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

101 ) | | | | | | | | | | | |
3 [ Data 1 Jan 2004 - 31 Dec 2021. Mean=1.187, Sigma=0.075
m Monte Carlo v: Mean=2.837, Sigma=0.723
109 - AoP) > 1.83 -
T AOP) PRELIMINARY
@
= Monte Carlo sims.
@
- 10-1 - . . i
g 10 v, Earth-Skimming
=
S . .
S v-candidate region
< 1072- - -
: ~ 95% v-selection efficiency
10_3 _ Pierre Auger, o
: PRD 91, 092008 (2015), PoS(ICRC2023)1488

Baobiao Yue - Uni. Wuppertal

{AOP)

16

] I | [ l [ I I I l [
0.5 1.0 15 20 25 3.0 35 40 45 50 55 6.0 6.5

No candidates found In
Earth-Skimming or

Downward-going channels
1 Jan 2024 - 31 Dec 2021

4 Large neutrino selection efficiency

4 Low expected background 1/50 yr

4 Sensitivity limited by exposure not
limited by background

UCLouvain, June 17th, 2025



Exposure (1 Jan 2004 — 31 Dec 2021)

Auger Total (1 Jan 04 - 31 Dec 21)
————— vr Earth-Skimming (ES)
10% 4 v vtV +vr OE[75°,90°] Total F . l
EEEEEEEETE Vet v, +ve 6€[60°,75"] raCtIOna
,,,,,,,, o Neutrino | contribution
e
% [Pt flavor | to eventrate
~ 1017- e
£ ’ (E-2 flux)
2 | ES90-95° , 10 %
o < DGL 60-75° | -
1016 - r Vv 4 A)
,/ DGH 75-90° - 86 %
; : e
A S .Y

Ey (eV)

Baobiao Yue - Uni. Wuppertal 17 UCLouvain, June 17th, 2025



Upper limits to diffuse flux and event predictions

Sec 2021 4 Best sensitivity slightly below 1 EeV

1 Jan 2004 — 31 4 Auger limits constrain models assuming pure proton primary cosmic beam

Cosmogenic (proton - best-fit to Auger spectrum) = ssssssas Low-lumin. BL Lac (Rodrigues 2021)
Cosmogenic (mixed - besl-fil to Auger speclr. & compas.) s mem Starburst Galaxies (Condorelli 2022)

- = AGN (Murase 2014) _— = Magnetars from BNS (Fang 2017)
. N Pierre Auger

Expected number of v events

| |

1 Jan 2004 - 31 Dec 2021 © SRvINRS

107 Pierre Auger i j 2 ER £
(2022) lceCube (2018) ANITA IV (2019) | |Cosmogenic models] Rl e i

* | | | I

10°°

. / =10 - Best-fit proton z,,.x = 3, (1 + 2)° _
— — : Best-fit proton, znax =3, (1 +2)°7 ;

(

(
Waxman-Bahcall (2015) Best-fit proton Ziax = 1, (1 +Z)5.

(

(

_ Best-fit proton, zmax =1, (1 + 2)° |

Pierre Auger integral (2022)
{ Best-fit mixed, zyax =3, (1 + z)5|

EeV km™2 yigl sr-1)

Best-fit mixed, Zmax =5, (1 + 2)° |
[Astrophysical models:\ | RO o

Radio-loud AGN (Murase 2014)_4

Low-lumin. BL-Lacs (Rodrigues 2021)-

T —— N ————————————
LR 2 N B B _ =R _N N 1 _§E N &R N _J N _§N_§B_E N _§B_ N _§E &N ]
S SR NS S N S S S S ——— ——

EZ dN/dE (GeV cm™2 s~ ! sr7 1)
=
)
o

10—10

s
Starburst Galaxies (Condorelli 2022)' b
—0.01 -
t Single avar s Magnetars from BNS (Fang 2017): | |
E 0.5 decade logoF [ HEER L
10_11— I | |||||||l7 T T 11111!]18 \ T‘Tlllllllg I 1 l—|||l|20 ! [ ||21 O il 2l§ 4 5 6 7 8 910
10 10 10 0 10 Slide from Jaime Alvarez Muhiz Number of events

Energy (eV)
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Search for pomt -like transient sources of UHEL

| ' | | | | | | |

Auger FoV: 8 &[90°, 95°] Auger FaV: 8 € [75°, 90°] Auger FoV: 8 € [60°, 7'SC]

DGH 75-90°

GW170817

—~
(@)
Q

Z

0
-
@)

"=
(T

E=

[e
)

Q

GRB 190114C

equatorial coordinates |

P ——— !_.!_._._._ o — - o . o o -

[ | | I | |

10 12 14 16 18 20 22 24
JCAP 11 (2019) 004 a — tgs (hr) tGS: the Greenwich Sidereal Time

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
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

Baobiao Yue - Uni. Wuppertal

Effective area

l I ES 90-95°
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[

9
N
|

Effective area (km?)

p—

9
N
|

Auger ES, v+, 0 =90.5°

Auger ES vy, 8 =91°
Auger ES v, 6 =92°

Auger DGH v, CC, 8 = 80°
Auger DGH v, CC, 8 = 85"
Auger DGL v, CC, 0 = 66°
Auger DGL v, CC, 6 = 69°
lceCube v, CC, 6§ €[-57, 30°]
lceCube v, CC, § €£[-30¢, —57]

7

/

DGH 75 90

107>

1013'

——— r[ a v
1014

- 1015

10 107 10 100 10%°

E, (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

W 170817 Neutrino limits (fluence per tlavor: vy +7,)
X - A. Albert et al 2017 ApJL 850 L35 GW170817 Neutrino limits (f f
75 : 10° } ANTARES +500 sec time-window H
= 1 +/- 500 s Auger
§ 10 F IceCube —
> J- -
— .7 } ~—— "~ Kimuraet al,
{.: o-'L * J—— - // \ L moderate
0o ~

2l 0° .
l() l\ln]Llld Cl dl. , TETrTES e —., l\l]ﬂ[l['zl C[ ;ll

.
p—
4 ” 0
//‘\ prompt
PRSI RErT | TR EITT B AT TR | P e | Al Al

EE optimistig

' [ceCu 10° }
150 G\\Y (90% CL) . 102 L ¥ 4 \\»‘.
N + NGC 4993 T ANTARES ——
entrino cand o |20l = ~Auger
¥ ncutrino candidate (IceCube) > g
: . © : IceCube ano &
{ neutrino candidate (ANTARES) S, 107 iy Fang &
= === [ceCube hOI‘lZOI.l ;:: 10-' | +/- 14 days 30 ll;}i\ &
— == ANTARES horizon  Fang &
. . 1072 ¢ \ Metzger
Auger FoV (Earth-skimming) 14 day time-window 3 days
e y 3 " 3 : (
Auger FoV (down-going) 10 TSI 10T I o 10T 1o

E/GeV

4 The NS-NS merger was in an optimal 4 Lack of neutrino detection consistent

position at the instant of GW emission for the ~ WIth expectations from the associated

detection of UHE tau neutrinos with Auger short GRB viewed at large off-axis
5o anglez 20°

UCLouvain, June 17th, 2025
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Abnormal up-going showers in ANITA

The Antarctic Impulsive
Transient Antenna (ANITA)

4 Neutrino will be absorbed
IN these directions

4 BSM particles?

Baobiao Yue - Uni. Wuppertal

Energy
(EeV) 0 (degree)| Day
ANITA-I 0.6 117.4 17
ANITA-IIl | 0.56 125 7

ANITA-II

PRL 121, 161102 (2018)

South Pole: ice

~35 km altitudes

ANITA-I

PRL 117, 071101 (2016)

UCLouvain, June 17th, 2025



_servations by Auger FD
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5 by Auger FD
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5 by Auger FD

UCLouvain, June 17th, 2025
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~ Test of ANITA obse

Up-going (UG)

Fluorescence Detector (FD)
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~ Test of ANITA obse

Up-going (UG)

UV band

Fluorescence Detector (FD)

Baobiao Yue - Uni. Wuppertal DD UCLouvain, June 17th, 2025




~ Test of ANITA obse

Up-going (UG)

4 Auger FD is sensitive to up-
going air showers

4 ANITA did not provide
(publish) exposure for the
detected events

4 Flux of up-going events was
not known

4 collaborated with ANITA to

calculate it

UV band

Fluorescence Detector (FD)

Baobiao Yue - Uni. Wuppertal 23 UCLouvain, June 17th, 2025
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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 up-going => background
=some events even admit an upward- and downward-going reconstruction simultaneously
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Background

Potential background real event Background Monte Carlo event

Reconstructed downward-going event with core falling Quasi-horizontal event 0,,~ = 89.6° reconstructed as up-
outside array goingd.,. = 116.6°

elevation [deg]
elevation [deg]

|llllIllllllllllllll|IIII|]III|II

PR SR IS ST ST SN ST SR S SR S N ST ST S SH S SN S S S SN ST S S S S S S S
145 140 135 130 125 120
azimuth [deg]

1 L l L 1 L 1 l L L L 1 l L 1 L 1 l 1 L L |
120 115 110 105

azimuth [deg]

Y2/Ndf = 139.5/177

dE/dX [PeV/(g/cmd)]

Shower core
behind telescope

[
M
. e
NCs :
R
M*“h"" P
—'_‘M—w PEEs

6 1 1 1 l 1 1 L1 l L1 | - | I L1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 L1 1 l 1 1
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slant depth [g/cm?]
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Burn sample

Full data
Background simul.
Signal simulation

102 g’g CR spectrum

e

Cut value /¢

Y S e e
S Sy e - - -
- YU X LERY S -
K 0,

N
~-

7 ee

/).kn" i

Cu.t Slgnal

region

Number of Events / bin
o

32’ « F3-arbritary normalizatjon

—_
<
N

02 03 04 05 %o6 07 . .
Discrimination Variable /

Cut value at /.= 0.55 optimized minimizing MC background &

maximizing sensitivity

Discriminating upward-going showers

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

arctan {In [max(Lyp, Ldown)/Ldown] % ¢}

/2

LdOWI”l > LI/tp : l — O
Ldawn < thp [ € [O,l]
L,,only: [=1
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Discriminating upward-going showers

d—N—CR spectrum
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—— Burn sample
—m— Full data

—— Background simul.
—— Signal simulation
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Signal
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Discrimination Variable /

L] 11"1 | 4 g o [ NG

¥ 0.6

0.8

0.9

One event found in | Jan 2004 - 31 Dec 2018
Consistent with expected background of 0.271+0.12 events

from MC cosmic ray showers reconstructed as upward-going

27
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PRL 134, 121003 (2025)
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Auger FD and ANITA exposure comparison

Pierre Auger Observatory ANITA 11I

T [ 4 [ 21 | aa [ 101 ] 229 | 325 | 819 | 1208 | 2381 3923 [ 6113] 50431077107 |131) 152|172 192 211 232| 255 | 282| 3.16
o —0.01 0.01 0.02 002 0.02 003 003 003 004 004 0.05 005
- — 10° —0.01 0.02 002 002 003 003 004 004 005 005 0.06 0.07
8 — - 5F001 002 003 003 003 004 004 005 005 006 0.07 0.08
- = —0.02 0.02 0.03 004 004 005 005 006 0.06 007 0.8 0.08
7 & - /002 003 004 004 D0DO5 005 006 006 007 008 008 009
- Insuffiicient MC statistics {102 003 003 004 005 006 006 007 007 008 009 003 010 0 5
© = toquantify exposure : . ©Fo03 004 005 006 006 007 008 008 009 010 041 012 7 7
~ [ 5 = > € _f[004 005 006 006 007 008 009 009 010 011 012 013 e
ESE { % X >looa 005 006 007 008 009 010 010 0.1 o5 | =
= A = 56 144 192 — 10 g < A C0.04 0.05 0.07 008 009 010 0.1 0.13 = w
B 10 60 126 266 | 3§ 004 0.06 007 008 0.09 011 0.12 |
- 4 15 70 237 463 003 0.06 008 009 0.0 0.12
E 9 60 123 298 558 3Foo0s 006 008 010 041 013 ~
= 43 57 212 377 604 1 i -0.03 0.06 0.08 0.10 0.12 0.14
= 24 30 72 273 4418 771 —0.02 0.06 0.09 0.11 0.15
B 2 15 32 125 190 379 529 782 ~0.02 0.06 0.09 0.11 —1107*
: 9 23 40 55 198 333 461 749 977 1Eo001 005 009 0.12 =
0 §607 4SS, 39) 156 208, 363 (490, 714 A 839 1101 107 o £%01 004 009 p.12 i
17 17.2 17.4 17.6 17.8 18 18.2 18.4 17 17.2 17.4 17.6 17.8 18 18.2 18.4
log(E/eV) log(E/eV)

0 € [110°,130°] to contain the abnormal events
Auger FD exposure is 2 - 2000 larger than ANITA-III (I) exposure

@ Normalizing several E-2 — E-9 spectra to 1 event in ANITA | or |l In tension
=  8-69 events expected in Auger, while only 1 event compatible with background has been observed
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I Which particle can cause up-going showers in the Air?

@The final state
4 won’t be absorbed inside the Earth quickly

=y, uandt
4 The final state will interact (or decay) in the air

= 2. air density too less
= 1: too long lifetime

= 7: possible long propagation length and short

lifetime
4 Or BSM particle

@The primary particle

4 1 too large cross section
4 BSM particle: dark matter with small cross section

Baobiao Yue - Uni. Wuppertal 29 UCLouvain, June 17th, 2025



_ BSM scenarios

1. BSM - 7 model
2. BSM - v_model (backup slides) )(
3. BSM - r-like model [uHEP 07 (2023) 005] )(

» 7-like particle: no energy loss
* Unknown lifetime

4. Dark matter captured with electron or

nucleus inside the Earth. IceCube paper: )(
Eur. Phys. J. C (2025) 85:490 7-like

>
=
Q
@
q
<
=
o
U
N
@
q
<
O
=
O
S

o Annihilation: y + y - vvorz 7™ .. dt 0

Earth — =
art %

1, 2, 3 Reference
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https://agenda.infn.it/event/37867/contributions/227959/attachments/121245/176813/AugerBSMBaobiaoYue.pdf

1, BSM - 7 model: Tau propagation in the Earth

E = 10%? eV, -50 km underground, p =206 g/cm3

dE
T
.2 30 k. 1073 GeV) : Tau energy loss: — = a+ pL_
’ : dX
Energy loss X o ionization process

X [ bremsstrahlung, pair production and
photonuclear ( , ASW) processes

Tau decay length is decreasing due to tau
energy loss when propagating

50 km 1s the maximum distance tau can
propgation inside the Earth

ALLM: arXiv:hep-ph/9712415
ASW: Phys. Rev. Lett. 94, 022002 (2005)
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1, BSM - 7 model: Tau propgation simulation

21 - | | ! | | | | | | | | | | | | | | | | 1 | , , I | : -10_2
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1, BSM - ¢ model: sensitive cross-section
6<[110°, 180 °}

PSurVival PInteraction
BSM BSM+-r<

From the other side

of the Earth to the

crust with 50 km to
the ground

Maximum
I; cC(1PeV)
e
10910 (Ogsm/cm?)

(I)BSM

Multiple curves are for
different zenith angles

__ pSurvival Interaction
P(BSM — 7) = PBSM X PBSM—V:
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1, BSM - 7 model: BSM flux upper limit

OBSM—matter

4 Assuming energy independent cross section
4 FD up-going exposure:

0 € [110° 180°], log,o(E/eV) € [17,21] — FD[110°,124.2°]
4 dDyq,,/dE E~* diffuse flux — EB szmi:;: 123"3] |

m—— D [110°, 180°]
= w/0 req.

-3/ —-36—-35-34-33-32-31-30-29-28-27
l0g10 (OBsM — matter/sz)
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1, BSM - 7 model: BSM flux upper limit
Integral limit:E > 1017 ev

10
110°, 124.2°] === SD-ES [90°, 95°]

124.2°, 141.3° ] === W/O reg.

(141.3°, 180°] Auger CR E>1017 eV
(110°, 180°]

EARTH-SKIMMING
TAUNEUTRINO

UHECR flux (E>10!7 eV)

Constrains models 1
DRV Dy < 107 X Dppypep

produce BSM
—37 —36 —35-34-33-32-31-30-29 —28 —27

= N, from SD-ES
|0g10 (OBsM — matter/sz)
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1, BSM - 7 model: BSM particle production in air showers

Cosmic ra
© y &= FD-UG[110°, 180°]
== SD-ES[90°,6 95°]

UHECR _
O UHECR "= Ogsm = UBSM - matter

o
. BSM
SM particles

104
BSI\/I particle —37 —36 —35 —34 —33 —32 —31 —30 —29 —-28 —27

2
10910 (OBSM — matter/CM*)

‘ BSM particle == (O ——> O
Cosmic ray ::O SM particle t

Baobiao Yue - Uni. Wuppertal UCLouvain, June 17th, 2025




Upper limit of tau flux

Depth = -50 km {(p) = 2.7 g/cm>

4 Tau generation flux is the integrated tau

Half decade bin width generated over 50 km depth in the crust

1124.2°,141.3°]

4 One event found: consistent with the

background expectation 0.27 + 0.12 events
( PRL 134, 121003 (2025) )

Preliminary

4 The Feldman Cousins (FC) method:

XBg =1, Noow = 3.28

-@- FD[110°, 124.2°]
[ FD[124.2°, 141.3°]

primary _
—— FD[141.3°, 180°] * predicted (E S [ min?® max]) N9O%
—~fe— FD[110°, 180°]

@~ SDES[90°, 95°] to obtain the upper limit of @ _in [ £

18 19 20 21 22
l0g10 (E-/eV)
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“PoS(ICRC2017)952"..

-
-
=

3, BSM - 7-like model

The correspoding flux is In
tension with non-
observations from

'::""-“:Fa~-"ecto r
lceCuge ang Auger. : ' INGERLY
nergy 6 (degree)| Day

(EeV)

0.8, 0.9, |96./, 96.7,
1.5,3.9 196.2, 96.1

PRL 126, 071103 (2021)

ANITA-IV

ANITA-IV 28

1 degree below the 30-39 km altitudes

horizon South Pole: ice
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3, BSM - 7-like model

ANITA-IV & IceCube solution

ll 1 L1 1 1 lll

|Ol 1 lllll | 1 1 Ill llllllll | 1 llll 1 L1 1

| |
B ..

Baobiao Yue - Uni. Wuppertal

BSM

lceCube §

allowed
region

solution||

104

10°

L 102

.101

BSM solution
combined with
non-observation
in lceCube

BSM solution for
ANITA-IV 4 events

Diffuse BSM flux (E~Y in (1, 100) EeV

Flux ® [ km™4day ]

Absorption (6ggn_matter) AN
regeneration are considered

Best fit: 0 = 8.9 X 107°cm?, 1 =
1.3 % 1077s (@1EeV), and ® = 1.8

km2day.

UCLouvain, June 17th, 2025



3, BSM - 7-like model

ANITA-IV solution exclusion

ANITA+IceCube Best-fit
103 4 B Auger FD UG: 110°-180°

B Auger SD ES: 90°-95°

&
@

lceCube allowed

region1, 2 o

il |
-10 -08 -06 -04 -0.2 0.0
cosB

102 [ Auger FD exclusion
1 Auger SD-ES exclusion
- ANITA-IV & IceCube solution

Best fit:
FD up-going showers: ~3 events
SD ES: ~2835 events

UCLouvain, June 17th, 2025

1073
107° 10~ 1074 103 1072 107! 10° 10!
Lifetime T (s)
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AugerPrime: exploiting the richness of extensive air showers

More insight in the mass composition

+ increased statistics

Measure of the longitudinal development of the extensive
air showers (EAS) while crossing the atmosphere
®Fluorescence telescopes

Discrimination between the electromagnetic and muonic
components of the EAS
®Water Cherenkov Stations and Scintillators
®Larger dynamic range to measure high particle
densities cloxer to the core

/OveyZZO km2 sr yr for anisotrog
v"Over 90, 000 km?2 sr yr for pectrum s A

..2022-2024 . \ v

transition period (commlss:onmgk
to AugerPrime

Measure of the radio emission of EAS
~®Radio antennas

.A;' : "*‘:g ~ Direct measure of the muonic component
\ ® Underground detectors

: o ‘ Rl % ‘_r
e B 3 - B — 27
b - :
R ™ >y A
. N . '
W N W
E P -

Slide from Antonella Castellina | nybrid m Y Ements anmmg new analysis techniques
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Phase 2 - the AugerPrime upgfade -
Data taking from 2025 to >2035...

/ + 40, 000 km? sr yr .
/ Multi-hybrid events : FD, SD, SSD, RD, UMD |

—

nerforming




A first glimpse of RD data

- also RD-data taking is on-going: First events for commissioning are there
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-etection with radio antenna in the air

Top of atmosphere

* Radio signal: minimal Y~ [h””’ p(h) g, ~ Cosmic ray Y
atmosspheric attenuation : h COSO
o Larger effective volume |
than particle detectors X1 (p-air)
<200 gcm-2
This study will be given in
ICRC 2025. Stay tuned!
1Y) 2 Q 44\ 2 < 44\ ! Q 44\ 2 Q 4\ 2 2 4\ 2 g

[Baobia) Yue - Uni. Wuppertd — 1 a3 ] ] uctouain[June 14n, 2025


https://indico.cern.ch/event/1258933/contributions/6485786/
https://indico.cern.ch/event/1258933/contributions/6485786/

-etection with radio antenna in the air

Top of atmosphere

* Radio signal: minimal Y~ [h””’ p(h) g, ~ Cosmic ray Y
atmosspheric attenuation : h COSO
o |Larger effective volume X1 (V) anywhere! |
than particle detectors X1 (p-air)
<200 gcm-2
This study will be given in AO
ICRC 2025. Stay tuned!
1Y) 2 Q 44\ 2 < 44\ ! Q 44\ 2 Q 4\ 2 2 4\ 2 g
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-etection with radio antenna in the air

Top of atmosphere

* Radio signal: minimal Y~ [h””’ p(h) g, ~ Cosmic ray Y
atmosspheric attenuation : p  COSO
o |Larger effective volume X1 (V) anywhere! |
than particle detectors X1 (p-air)
<200 gcm-2
This study will be given in
ICRC 2025. Stay tuned!
Cherenkov L. s” - i 'l' COherent radIO
cone =" 2 emission
A\ ! () n ! () I ! () AT 2 Q 44\ 2 2 l‘l\ g

b = ""J
I

L I
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Neutrino detection with radio antenna from the Andes

“HN

’\
\¢l ! ' ‘\ll'
\" \\ '920 ""V‘ ”' ’

\\" ﬂ\/ . g /" |

¥ "lb

\'

m

\\\ N\
)

\V

| My '\‘ V s \“' R N r..:.ffj»f' : : R
AR ' M;‘ R ‘~~~-A.."',",:'.;-:..‘,ci\‘\V Sl W _ e ’
y“’/’ )\\, ”/‘l"\\\{.\"\'.‘\! ! \'j, B 2 U - : 2 ST s XE .

).

("",‘ N
) [f

\
WS
\ | . ‘“ /1 M‘\'/, l,"‘\\\\’”“
m *‘!“H \'l u\' \‘ ”’/’\’0’

”I ‘,"V‘V"u 7‘1' .\\"‘..y
*"k\ 4~ \I(‘\\'

I.‘ ., 'Q«
l

\v,\ \\u‘ “‘ \

/
0 .‘;\', S 'wll
o'

“V

'

"A \
il e
Seal)y

SRTM data via MUYSC package
Baobiao Yue - Uni. Wuppertal 44 UCLouvain, June 17th, 2025




Neutrino detection with radio antenna from the Andes
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Surmmary and conclusion

4 The Pierre Auger Observatory is a 41t Multi-Messenger Observatory for
UHECR, Photons, Neutrinos, and BSM particles

4 The sensitivity to upwards-going air showers allowed us to check the
ANITA ,anomalous events”
= \\e would have expected (under sensible assumptions) several events

In the Auger fluorescence telescopes

= strong tension with ANITA events, which remain mysterious...

4 \We can translate the bounds on upwards-going showers to

= bounds of tau’s created in the Earth crust, and

=»bounds of BSM particles as a function of their (unknown) cross section

4 Stay tuned for the AugerPrime upgrade — the largest radio detector in
the world!

Baobiao Yue - Uni. Wuppertal 45 UCLouvain, June 17th, 2025
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Callbratlng the Primary Energy

absolute E-scale from light intensity|

Longitudinal Profile E=68 EeV
=770 g/cm?

dE/dx (PaV/g cm?)

800 1000 2000
Slant Depth (g cm?)

dE
—d
dx ‘

fluorescence yield

Slide from Karl-Heinz Kampert

Baobiao Yue - Uni. Wuppertal UCLouvain, June 17th, 2025



Ll

Calibrating the Primary Energy

Nucl. Instr. Meth.A798 (2015) 172 . . .
i i s . Fit of particle density as a fct

of distance from shower core

= p(r)
Siot = | 2mrp(r)dr

Zenith angle ~ 60°
Preliminary energy
estimate ~ 1020 eV
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Note, this way the surface
detector array Is calibrated by the
~ fluorescence telescopes, based
e e 527 | on lab measurements! 10-11(;” o “iblw 1110119 T
Slide from Karl-Heinz Kampert Epp [€V]
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Callbratlng the Prlmary Energy

Auger, PRL 116 (2016)

— A lCle\lr_ 10’%\. A=158+007 BE=1951+004

pd
2
e

- <> 3-4stations witr. signal
" 4 > 5stations with signal

pd
-
llll‘w

Electric Field Strength
' 30—sompz/ Sin” & [eV]

A uger
3

] 019

Primary Energy

Absolute calibration of radio signal:
18 MeV energy radiated in radio signal @ 1 EeV

Slide from Karl-Heinz Kampert
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Radio emission from air showers
. Charge

e Cosmic ray shower! | orentz force shower; s
\ 4 axils , axilSs :
I :®

o : e Deflection

I —>

~ : _~ shower front
'V

— | — polarization in
, — \ —«¢—<«—<«—_ shower plane
/ radio + air-Cherenkov ~ ,  \  -=---e B

| \ at detector
: + O e T

\

\ B &
| Geomagnetic emission Askaryan emission

F. Schroder, Progress in Particle and Nuclear
Physics 93 (2017) 1-68
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Down-going Nu interaction probability

Curved atmosphere

Primary energy = 101° eV

Probability/(g/cm?)

10—10

10° 1073 104

104
Xo slant depth (g/cm?)

10°
Top atmosphere

* Slant depth: the integration of matter density

e Xo : the interaction slant depth

* More slant depth and more neutrinos — very

inclined angle
Baobiao Yue - Uni. Wuppertal

Integrated density

(g/cm?)

30000
- |ntegrated air density to Auger
B Down-going low v
20000 F e Down-going high v
Down-going low: (60° — 75°)
10000

Down-going high: (75° — 90°)

0 20 40 60 380 |
Zenith angle (deg)

85" integrated P,

10!8 eV: 5.8x10-5
10! eV: 1.2x104
10%Y eV: 2.4x104

10%! eV: 4.5x10-4
UCLouvain, June 17th, 2025


https://www.kaggle.com/code/augeropendata/proton-air-cross-section

Auger Phase 1: Neutrino from the topography

Role of topography at Auger site Length in rock (km) vs direction for observers at

different locations in the SD1500

length in

Digital Elevation map of the Auger site West-most observer ook (km)
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o

Topography affects both Earth-Skiming (?0° — 95°) &

downward-going (88° - 90°) channels

Topography contributes (roughly) 17% to the TOTAL B
neutrino event rate (assuming an E-2 flux) Neutrino direction

Baobiao Yue - Uni. Wuppertal Slide from Jaime Alvarez Muniz UCLouvain, June 17th, 2025




Selection of neutrinos in Auger

Selection

Earth-skimming (ES)

Downward-going
high angle (DGH)

Downward-going
low angle (DGL)

Flavours & Interactions
Angular range

N°® of Stations (/Nst)

v, CC
e > 90°
jvst Z 3

Ve, v, ,v- CC & NC
6 € (750,900)
Nst 2 4

Ve, Vy, ,vr CC & NC
8 € (60°,75°)
Ngo 2 1

Inclined

Showers

L/W >5
(V) € (0.29, 0.31) m ns*
RMS(V) < 0.08 m ns™*

Orec > T75°
L/W >3
(V) < 0.313m ns ™!
RMS(V)/{V) < 0.08

Orec € (58.5°, 76.5°)

Young

Showers

Data: 1 January 2004 - 31 May 2010
> 60% of stations with
ToT trigger & AoP > 14
Data: 1 June 2010 - 20 June 2013
(AoP) > 1.83
AoPpin > 1.4 if Ngt=3

Fisher discriminant based

on AoP of early stations

> T75% of stations close to
shower core with 1ol trigger
&
Fisher discriminant based
on AoP of early stations

close to shower core

Table 1.

downward-going ncutrinos. See text for explanation.

Baobiao Yue - Uni. Wuppertal

Observables and numerical values of cuts applied to select inclined and young showers for Earth-skimming and

UCLouvain, June 17th, 2025



ldentifying neutrinos

‘race example: ToT trigger & large AoP

From the observational point of
view, signals extended in time:

Induce Time-over-Threshold
(ToT) triggers in the SD WV Y W

stations time [ns]

Definition of Area-over-Peak (AoP)

signal [\(EM]

[ ] -o -
& = o — 4 N
1111 L L L I 1 | 1

and/or - PEAK

AREA

ot PEAK
Have large Area-over-Peak Bee] R_IE—A_L
value (AoP ~ 1 muonic front) '

= AoP

%

Time [ns]

Searching for neutrinos =
Searching for inclined showers with stations

with ToT triggers and/or large AoP

Baobiao Yue - Uni. Wuppertal UCLouvain, June 17th, 2025



Stability of the SD1500 array of the Pierre Auger Observatory

Effective area vs time for different neutrino channels

Earth-Skimming vy, E=101% eV, 8=91" Downward-going ve CC, E=10'% eV, 8=80°
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BSM particle interaction profile inside the Earth

— —37.0 2
OBSM — matter = 10 cm
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BSM particle interaction profile inside the Earth

— —-37.0 2 _ —-32.0 2
UBSM — matter — 10 cm UBSM — matter — 10 cm
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Tau decay showers and FD simulations

Simulation region Simulation: tau decay (TAUOLA) + air density profile (TAUOLA arXiv:1002.0543)

Hard to detect

—~ 9

o0

~J

o)

Average first
interaction height

-—
Invisible u™* + v/i

Ul

N
Probability

T decay length (km)

N

180° Lmax: 9 km

Tau decay shower energy and
average starting point distribution

(Tau energy 1019 GeV, 4 km, 6 = 180°)

9 10 11 12 g 10 11
|0910 (ET/GeV) |091o (Eshower/GeV)

High energy taus have less probability to decay
In the simulation region , where the showers are ~83% tau decay channel could be visible by FD.
most likely to be seen.

Average shower starting height (km

-

Baobiao Yue - Uni. Wuppertal UCLouvain, June 17th, 2025



2, BSM - v_ model: v_ propgation simulation

1072

U =T EPman =107 eV, 6 = 180°

Probability

2G
l | Regenerated 7 <1018 eV

6000 3000 10000 12000
V: generation position (km)

NuTauSim MC

@BSM — v _: any newborn v, generated beyond ~1000 km can only
contribute by the regeneration.

Baobiao Yue - Uni. Wuppertal UCLouvain, June 17th, 2025



2, BSM - v. model: integral upper limit

00% C.L.|Integral limit:E > 10!7 eV

10
110°, 124.2°] == SD-ES[90°, 95°]

(124.2°, 141.3° ] === W/0 reg.

[141.3°, 180°] Auger CR E>10'7 eV
110°, 180 °]

.‘-I.l
L 4
N
N
. o
N
N\ |
N N
N\
N\
N\
N
A
N
N
N

cosmic ray

Auger

—37-36—-35—-34-33—-32—-31-30—-29-28-27
10910 (OBSM — matter/CM?)

Baobiao Yue - Uni. Wuppertal

=== FD-UG[110°, 180°]
s=== SD-ES[90°,95°]

UHECR __
"' OgsM = OBSM — matter

10~
—37 —36 —35 —34 —33 —32 —31 —30 —29 —-28 —-27

2
10910 (OBSM = matter/CM*)

4 Assuming energy independent cross section
4 FD up-going exposure:

0 € [110°, 180°], log,((E/eV) € [17,21]
4 d®,.,,/dE < E~* diffuse flux

UCLouvain, June 17th, 2025



Neutrino-nucleon cross section

arXiv:2204.04237 Center-of-mass energy /s [GeV]
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UHE neutrino interactions

arXiv:2204.04237

Cosmic Neutral-current vN
accelerators deep inelastic scattering

Diffuse flux of
UHE v from sources

MAMMAARAARARAN R
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v oscillation

e

Diffuse flux of
cosmogenic v
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~ Event ID: 0818479556000
Tire: OJLuI.ZOOO 1205.5

‘Hybrid event

| Open datexample
E =5.683 % 10" eV
0=54.12°

Elevation [deg]

90
Azimuth [deg]
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