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1, Introduction for the Pierre 
Auger Observatory



The Pierre Auger Observatory
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✦ The observatory was designed to 
detect cosmic rays at Malargüe of 
Argentina (E>  eV)


✦The cosimc ray with extremely high 
energies remain highly mysterious

1017

Proton or nuclei

✦The Pierre Auger Observatory is 
tackling the enigmas of their 
origin and existence



The Pierre Auger Observatory
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✦ The observatory has created 
a detection area of 3,000 km2 
, containing 1,600 water-
Cherenkov stations (surface 
detector) and 4 Fluorescence 
sites at the edge of the array.

Credit: J. Pawlowsky uni-w
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✦  Auger = ~10 x Louvain-la-
Neuve or Brussels (33 km2)  🤠

Credit: J. Pawlowsky uni-w

✦ The observatory has created 
a detection area of 3,000 km2 
, containing 1,600 water-
Cherenkov stations (surface 
detector) and 4 Fluorescence 
sites at the edge of the array.



Surface detector
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Surface detector
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GPS 📡

Acommunication 
antenna 📡

Solar panel

Battery

Electronics

Three  photomultiplier tubes9′￼￼

12 tons of ultra-pure water

I’m FD

✦1,600 in total 

✦1.5 km apart from each other, 3000 km2

✦~100% duty circle



Fluorescence detectors
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Fluorescence detectors
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✦4 Fluorescence sites 

✦24 telescopes, 1-30  FoV

✦3 high-elevation, 30-60  FoV (HEAT) 

✦~14% duty circle: data taking only in very dark, 
moonless and cloudless night

∘

∘

440 PMTs
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Extensive air showers
Cosmic ray

F. Schröder, Progress in Particle and Nuclear 
Physics 93 (2017) 1-68
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Ioana-Alexandra Caracas PhD thesis

(The most energy from the primary)

- -
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X: how much atmospheric matter the particle shower passes through

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

F. Schröder, Progress in Particle and Nuclear 
Physics 93 (2017) 1-68
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Hybrid event
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Open data example 
E =  eV 

 = 
5.683 × 1019

θ 54.12∘

First interaction

https://opendata.auger.org/display.php?evsel=3&emin=60&thetamax=90&evid=081847956000


Hybrid event
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Open data example 
E =  eV 

 = 
5.683 × 1019

θ 54.12∘

FD

SD

First interaction

https://opendata.auger.org/display.php?evsel=3&emin=60&thetamax=90&evid=081847956000
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Auger: A 4  MM observatory π
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1⃣ neutron and charged CRs: θ < 80∘

θ Cosmic accelerators
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Auger: A 4  MM observatory π

UCLouvain, June 17th, 2025Baobiao Yue - Uni. Wuppertal 7

1⃣ neutron and charged CRs: θ ≤ 80∘

Cosmic accelerators

2⃣ photon: , to be extended30∘ ≤ θ ≤ 60∘
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1⃣ neutron and charged CRs: θ ≤ 80∘

Cosmic accelerators

3⃣ down-going neutrino: 60∘ ≤ θ ≤ 90∘

Astrophysical ν

γCMB

Cosmogenic ν
2⃣ photon: 30∘ ≤ θ ≤ 60∘

CMB:  
cosmic microwave 

background
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1⃣ neutron and charged CRs: θ ≤ 80∘

Cosmic acceleratorsAstrophysical ν

γCMB

4⃣ Earth-Skimming neutrino: 90∘ ≤ θ ≤ 95∘

2⃣ photon: 30∘ ≤ θ ≤ 60∘

3⃣ down-going neutrino: 60∘ ≤ θ ≤ 90∘Cosmogenic ν

CMB:  
cosmic microwave 

background
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Auger: A 4  MM observatory π
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1⃣ neutron and charged CRs: θ ≤ 80∘

4⃣ Earth-Skimming neutrino: 90∘ ≤ θ ≤ 95∘

2⃣ photon: 30∘ ≤ θ ≤ 60∘

3⃣ down-going neutrino: 60∘ ≤ θ ≤ 90∘

5⃣ dark matter: θ ≥ 90∘χ

ANITA-III

ANITA-IANITA-IV

South Pole: ice

ANITA

~1 EeV



2, Search for UHE neutrinos

 >100 PeVEν

arXiv:1305.7513 
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The cosmic ray mystery

• The magnetic field bends their propagation 
path during the propagation process

Where are the highest energy 
cosmic rays coming from? 

UHE neutrinos can 
help to answer!

ν



Search for neutrinos with the Surface Detector

✦Protons & nuclei at high 
inclination angles initiate showers 
high in atmosphere
➡Shower front at ground mainly 

composed of muons 
(electromagnetic component 
absorbed in atmosphere)

➡Small relative time delays
Pierre Auger JCAP 10 (2019) 022
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Cosmic ray background



✦Neutrinos can initiate inclined showers close to ground
➡Shower front at ground consists of electromagnetic + muonic components
➡Large relative time delays of electromagnetic particles

Search for neutrinos with the Surface Detector

Pierre Auger JCAP 10 (2019) 022

Neutrino signature → inclined showers (  > 60 ) developing close to groundθ ∘

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

Down-going neutrinos Earth-Skimming neutrinos



Sensitivity to all neutrino flavours & channels
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1, Elongated footprint of shower 
on ground

2, Apparent velocity V of propagation of 
shower front at ground along major axis L

Selection of inclined showers

UCLouvain, June 17th, 2025Baobiao Yue - Uni. Wuppertal 12 Pierre Auger, 
PRD 91, 092008 (2015)

Ellipse footprint



Identifying neutrinos
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Electromagnetic 
component induces 

extended signals in time 
traces recorded with 

Water-Cherenkov detectors

Slide from Karl-Heinz Kampert



➡ Signal traces with large values of Area-over-Peak (AoP)

Identifying neutrinos

Traces of individual stations

Neutrino identification based on AoP

JCAP 10 (2019) 022

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



Background (UHECR) inclined 
event in data

Monte Carlo simulation Earth-
Skimming tau neutrino

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

UCLouvain, June 17th, 2025Baobiao Yue - Uni. Wuppertal 15

Identifying neutrinos
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Data unblinding example: Earth-Skimming channel
Distribution of mean Area-over-Peak <AoP> in highly inclined events

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 

Monte Carlo sims.  
  Earth-Skimmingντ

Pierre Auger, 
PRD 91, 092008 (2015), PoS(ICRC2023)1488



Exposure (1 Jan 2004 – 31 Dec 2021)
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Pierre Auger, 
PoS(ICRC2023)1488

ES 90-95∘

DGH 75-90∘

DGL 60-75∘

Total



Upper limits to diffuse flux and event predictions
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1 Jan 2004 – 31 Dec 2021 ✦ Best sensitivity slightly below 1 EeV

✦ Auger limits constrain models assuming pure proton primary cosmic beam 

Auger total
Slide from Jaime Alvarez Muñiz



Search for point-like transient sources of UHEν
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JCAP 11 (2019) 004

ES 90-95∘

DGH 75-90∘

DGL 60-75∘

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
Large peak effective areas, close to 1 km2

ES 90-95∘

DGH 75-90∘

DGL 60-75∘

IceCube
equatorial coordinates 

tGS: the Greenwich Sidereal Time



✦The NS-NS merger was in an optimal 
position at the instant of GW emission for the 
detection of UHE tau neutrinos with Auger

Follow-up of GW170817 in neutrinos Binary Neutron Star Merger + short GRB

UCLouvain, June 17th, 2025Baobiao Yue - Uni. Wuppertal 20

A. Albert et al 2017 ApJL 850 L35

✦Lack of neutrino detection consistent 
with expectations from the associated 
short GRB viewed at large off-axis 
angle ≳ 20∘

GW

+/- 500 s

+/- 14 days

Auger

Auger

NGC 4993

Auger



3, Search for up-going showers



Abnormal up-going showers in ANITA
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ANITA-III ANITA-I
South Pole: ice PRL 117, 071101 (2016)

Energy 
(EeV) θ (degree) Day

ANITA-I 0.6 117.4 17

ANITA-III 0.56 125 7

The Antarctic Impulsive 
Transient Antenna (ANITA)

PRL 121, 161102 (2018) 

✦Neutrino will be absorbed 
in these directions


✦BSM particles? 

~35 km altitudes

Propagation length 6000–7000 km

UHECR

Polarity inversion



Test of ANITA observations by Auger FD
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Surface Detector (SD)
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Up-going (UG)

Surface Detector (SD)
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Up-going (UG)

Surface Detector (SD)

UV band N*

N*
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Fluorescence Detector (FD)

27×

Up-going (UG)

Surface Detector (SD)

UV band N*

N*
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Fluorescence Detector (FD)

27×

Up-going (UG)

Surface Detector (SD)

UV band N*

N*



Test of ANITA observations by Auger FD
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Fluorescence Detector (FD)

27×

Up-going (UG)

Surface Detector (SD)

UV band N*

N*

✦Auger FD is sensitive to up-
going air showers


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


✦Flux of up-going events was 
not known


✦collaborated with ANITA to 
calculate it 



Signal: Upward-going Monte Carlo event
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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 

 EeV, ,  = 844 E = 3 θ = 114.2 Xmax g/cm2

Early

LateFD camera

PRL 134, 121003 (2025)



Background
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Early
Late

Reconstructed downward-going event with core falling 
outside array

Potential background real event

Early

Late

Background Monte Carlo event
Quasi-horizontal event  reconstructed as up-

going 
θMC = 89.6∘

θrec = 116.6∘

Shower core 
behind telescope

PRL 134, 121003 (2025)



Discriminating upward-going showers

UCLouvain, June 17th, 2025Baobiao Yue - Uni. Wuppertal 26

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

lc

Cut

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

 : 

 : 


 only : 

Ldown > Lup l = 0
Ldown < Lup l ∈ [0,1]
Lup l = 1

PRL 134, 121003 (2025)



Discriminating upward-going showers
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One event found in 1 Jan 2004 - 31 Dec 2018 
Consistent with expected background of 0.27±0.12 events 

from MC cosmic ray showers reconstructed as upward-going

Cut

PRL 134, 121003 (2025)

θMC ≈ 90∘

6 pixels

Early Late



Auger FD and ANITA exposure comparison
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Auger FD exposure is 2 - 2000 larger than ANITA-III (I) exposure 
๏ Normalizing several E-2 → E-5 spectra to 1 event in ANITA I or III 
➡  8-69 events expected in Auger, while only 1 event compatible with background has been observed

 to contain the abnormal events θ ∈ [110∘,130∘]
In tension



4, Up-going showers scenarios 
from Beyond Standard Model



Which particle can cause up-going showers in the Air?
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๏The final state

✦ won’t be absorbed inside the Earth quickly

➡ ,  and 


✦The final state will interact (or decay) in the air

➡ : air density too less

➡ : too long lifetime

➡ : possible long propagation length and short 

lifetime 

✦Or BSM particle


๏The primary particle

✦ : too large cross section

✦BSM particle: dark matter with small cross section

ν μ τ

ν
μ
τ

ν

τ

Decay

ΦBSM



BSM scenarios
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1. BSM -  model  

2. BSM -  model (backup slides) 

3. BSM - -like model [JHEP 07 (2023) 005] 

• -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 

• Annihilation:  or  …

τ

ντ

τ

τ

χ + χ → νν̄ τ−τ+

τντ τ

-like τ

A
uger N

ull observation 

dE
dX

= 0Earth

χ χ τ−τ+

χ
χ

χ

1, 2, 3 Reference

https://agenda.infn.it/event/37867/contributions/227959/attachments/121245/176813/AugerBSMBaobiaoYue.pdf


1, BSM -  model: Tau propagation in the Earthτ
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Tau energy loss: 


✴ : ionization process


✴ : bremsstrahlung, pair production and 
photonuclear (ALLM, ASW) processes


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


50 km is the maximum distance tau can 
propgation inside the Earth

−⟨ dEτ

dX ⟩ = α + βEτ

α
β

, -50 km underground, Eτ = 1022 eV ρ = 2.6 g/cm3

(-50 km, 1013 GeV)

Energy loss

 decay Pτ

 ALLM: arXiv:hep-ph/9712415 
ASW: Phys. Rev. Lett. 94, 022002 (2005)



1, BSM -  model: Tau propgation simulationτ
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 BSM       → τ → ντ → τ
2G

1G
Eprimary

τ = 1021 eV, θ = 180∘

๏Only the newborn  
within 50 km has a 
high probability to 
exit  the Earth.

τZoomed in

Regenerated  < 1018 eVτ

NuTauSim MC



1, BSM -  model: sensitive cross-sectionτ
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PSurvival
BSM PInteraction

BSM→τ

P(BSM → τ)

 P(BSM → τ) = PSurvival
BSM × PInteraction

BSM→τ

In the last 
50 km crust

From the other side 
of the Earth to the 
crust with 50 km to 

the ground

Maximum  
~σCC

ν (1 PeV)

τ

Decay

ΦBSM

Multiple curves are for 
different zenith angles



1, BSM -  model: BSM flux upper limitτ
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τχ
σBSM−matter

✦ Assuming energy independent cross section

✦ FD up-going exposure: 



✦  diffuse flux

θ ∈ [110∘, 180∘], log10(E/eV) ∈ [17, 21]
dΦBSM /dE ∝ E−2

 Integral limit:E ≥ 1017 eV90% C.L.

- - - no reg.
FD

preli
minary

 



1, BSM -  model: BSM flux upper limitτ
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Integral limit:E ≥ 1017 eV

UHECR flux (E>1017 eV)

SD ES ντ

 from SD-ESΦBSM

ΦBSM < 10−3 × ΦUHECR
Constrains models 
in which UHECRs 

produce BSM 
particles 

90% C.L.

SD-ES

FD
Auger 

cosmic ray

preli
minary

 



1, BSM -  model: BSM particle production in air showersτ
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Cosmic ray

SM particles

BSM particle

Earth

σUHECR
BSM

Cosmic ray

σUHECR
BSM BSM particle

SM particle
σBSM−matter τ

90% C.L.

preli
minary
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Upper limit of tau flux 
✦Tau generation flux is the integrated tau 

generated over 50 km depth in the crust


✦One event found: consistent with the 
background expectation 0.27 ± 0.12 events 
( PRL 134, 121003 (2025) )


✦The Feldman Cousins (FC) method:


✴Bg = 1, N90% = 3.28


✦   
to obtain the upper limit of  in 
Npredicted (Eprimary

τ ∈ [Emin, Emax]) = N90%
Φτ [Emin, Emax]

Half decade bin width

Depth = -50 km   ⟨ρ⟩ = 2.7 g/cm3

Pr
el

im
in

ar
y

[110∘, 124.2∘]

[124.2∘, 141.3∘]

[141.3∘, 180∘]

[110∘, 180∘]

[90∘, 95∘]



3, BSM - -like modelτ

ANITA-IV

South Pole: ice

Energy 
(EeV)

θ (degree) Day

ANITA-IV 0.8, 0.9,  
1.5, 3.9

96.7, 96.7,  
96.2, 96.1

28

ANITA

PRL 126, 071103 (2021)
θ

1 degree below the 
horizon 

The correspoding flux is in 
tension with non-
observations from 

IceCuge ang Auger.

30–39 km altitudes

UCLouvain, June 17th, 2025Baobiao Yue - Uni. Wuppertal 38

Trajectory

PoS(ICRC2017)952



3, BSM - -like modelτ
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BSM solution for 
ANITA-IV 4 events

BSM solution 
combined with 

non-observation 
in IceCube

IceCube 
allowed 
region 
1, 2 σ

BSM 
solution

JHEP 07 (2023) 005

✴ Diffuse BSM flux ( ) in (1, 100) EeV 

✴ Absorption  ( ) and 
regeneration are considered  

✴ Best fit: σ = cm2, τ = 
s (@1EeV), and Φ = 1.8 

km−2 day−1.

E−1

σBSM−matter

8.9 × 10−33

1.3 × 10−3



3, BSM - -like modelτ
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FD-UG

SD-ES

90% C.L.

IceCube allowed 
region 1, 2 σ

Best fit:

FD up-going showers: ~3 events

SD ES: ~2835 events 

preli
minary

 

preli
minary

 

Excluded



5, The AugerPrime upgrade
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A first glimpse of RD data

UCLouvain, June 17th, 2025Baobiao Yue - Uni. Wuppertal 42



Top of atmosphere 
Neutrino detection with radio antenna in the air

Cosmic ray

X1 (p-air)   
<200 gcm-2

X1 ≈ ∫
htop

h1

ρ(h)
cos θ

dh• Radio signal: minimal 
atmosspheric attenuation


• Larger effective volume 
than particle detectors

This study will be given in 
ICRC 2025. Stay tuned!

UCLouvain, June 17th, 2025Baobiao Yue - Uni. Wuppertal 43

https://indico.cern.ch/event/1258933/contributions/6485786/
https://indico.cern.ch/event/1258933/contributions/6485786/
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Top of atmosphere 
Neutrino detection with radio antenna in the air

Cosmic ray

X1 ( ) anywhere!ν
X1 (p-air)   

<200 gcm-2

X1 ≈ ∫
htop

h1

ρ(h)
cos θ

dh

Coherent radio 
emission

Cherenkov 
cone

• Radio signal: minimal 
atmosspheric attenuation


• Larger effective volume 
than particle detectors

This study will be given in 
ICRC 2025. Stay tuned!
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https://indico.cern.ch/event/1258933/contributions/6485786/
https://indico.cern.ch/event/1258933/contributions/6485786/
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Neutrino detection with radio antenna from the Andes

Auger

Andes

SRTM data via MUYSC package
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Neutrino detection with radio antenna from the Andes

Auger

Andes

SRTM data via MUYSC package

ντ τ

ντ τ

Flat ground
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Surmmary and conclusion
✦The Pierre Auger Observatory is a 4π Multi-Messenger Observatory for 

UHECR, Photons, Neutrinos, and BSM particles

✦The sensitivity to upwards-going air showers allowed us to check the 

ANITA „anomalous events“

➡We would have expected (under sensible assumptions) several events 

in the Auger fluorescence telescopes 

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


✦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


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



Thanks!

credit

https://www.uclouvain.be/fr/presse/site-de-l-ucl-a-lln


3, Up-going showers scenarios 
from Beyond Standard Model



Calibrating the Primary Energy
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Slide from Karl-Heinz Kampert
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Slide from Karl-Heinz Kampert
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Calibrating the Primary Energy

Slide from Karl-Heinz Kampert
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Radio emission from air showers

F. Schröder, Progress in Particle and Nuclear 
Physics 93 (2017) 1-68

Cosmic ray Lorentz force

Deflection

Charge 
excess
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Down-going Nu interaction probability

• Slant depth: the integration of matter density 


• X0 : the interaction slant depth


• More slant depth and more neutrinos — very 
inclined angle

 integrated P  

 eV: 5.8x10-5 
 eV: 1.2x10-4 
 eV: 2.4x10-4 
 eV: 4.5x10-4

85∘
νe−CC

1018

1019

1020

1021

Curved atmosphere

Down-going low: ( ) 
Down-going high: ( )

60∘ − 75∘

75∘ − 90∘σν
σp-air

: https://www.kaggle.com/code/augeropendata/proton-air-cross-section 
: PRD 83, 113009 (2011)

σp−air
σν

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


Auger Phase 1: Neutrino from the topography

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



Selection of neutrinos in Auger
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Identifying neutrinos
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Stability of the SD1500 array of the Pierre Auger Observatory

Effective area vs time for different neutrino channels

Construction period Complete SD1500 period
UCLouvain, June 17th, 2025Baobiao Yue - Uni. Wuppertal



BSM particle interaction profile inside the Earth

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

Low σ

Relative position r

0 1

θ

PREM 

Earth model



BSM particle interaction profile inside the Earth

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

High σ

AugerBSM entry

Low σ

Relative position r

0 1

θ

PREM 

Earth model



Tau decay showers and FD simulations

SRTM data via MUYSC package

Decay

<X1>

H0

<H1>

Tau

L

Simulation region

9 km

θ

High energy taus have less probability to decay 
in the simulation region , where the showers are 

most likely to be seen.

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

~83% tau decay channel could be visible by FD.

Invisible  +  μ± ν/ν̄

Tau decay shower energy and 
average starting point distribution 

(Tau energy 1010 GeV, 4 km, )θ = 180∘

Average first 
interaction height

Above 9 km altitude 

Showers not fully developed 
Hard to detect
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2, BSM -  model:  propgation simulationντ ντ

๏BSM  : any newborn  generated beyond ~1000 km can only 
contribute by the regeneration.

→ ντ ντ

 BSM        → ντ → τ → ντ → τ

Regenerated  < 1018 eVτ

Eprimary
ντ

= 1021 eV, θ = 180∘

2G1G

NuTauSim MC

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



2, BSM -  model: integral upper limitντ

✦ Assuming energy independent cross section

✦ FD up-going exposure: 



✦  diffuse flux

θ ∈ [110∘, 180∘], log10(E/eV) ∈ [17, 21]
dΦBSM /dE ∝ E−2

Integral limit:E ≥ 1017 eV 90% C.L.90% C.L.

Auger 
cosmic ray

SD-ES

FD
preli

minary
 

preli
minary
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Neutrino-nucleon cross section
arXiv:2204.04237
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UHE neutrino interactions
arXiv:2204.04237
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Hybrid event
Open data example 
E =  eV 

 = 
5.683 × 1019

θ 54.12∘

First interaction
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https://opendata.auger.org/display.php?evsel=3&emin=60&thetamax=90&evid=081847956000

