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Auger-Phase Il: Multi-hybrid shower events

Cosmic Ray (A plethora of measurements to fully understand the shower)

Muon Detectors (UMD)
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Auger-LIP group (current status)

+ Members (11.5 FTEs)

< 7 Senior Researchers

+ 2 Technicians

+ 4 PhD students

¢+ Two will finish in 2026
+ 1 Master students
+ 2 External collaborators

¢+ 9 Undergraduate Trainees

Funding
2024.06879.CERN - 110.300€
Ended Dec 315t 2025
No new fund CERN call yet...

Thesis finished in 2025

Pedro Tomé (MSc, IST)
"Muon energy spectrum from the analysis of
inclined shower footprint"
Supervisors: R. Conceicao and B. Tomé

David Dias (MSc, IST)
"Exploring the electromagnetic shower profile to enhance
the Pierre Auger Observatory physics capabilities”
Supervisors: R. Conceicao and J. Alvarez-Muniz (USC)

Miguel Martins (PhD, IST)
“Interring hadronic interaction properties from the 2D
distribution of muon content and depth of maximum of
extensive air showers”

Supervisors: L. Cazon (USC) and R. Conceicao

Ruben Conceicao



Responsibilities @ Auger

The Auger-LIP group has been actively shaping the
collaboration's activities and decisions since its entry in 2005

Auger House

Coordinators Board

Detector coordinators ) .
D.Veberic, F.Salamida, Scl)eg::c’f’;‘l’iofggza::' -~
C ° b ° I e _ © J.Horandel, F.Sanchez = ==
<> u rre nt res p O n S I I Itl es _ CR phenomenology Multimessenger Neutral Particles Cosmo-geophysics
Science E.Roulet, A.di Matteo K-H.Kampert, E.Zas J.Alvarez-Muiz, R.Colalillo, R.Mussa
Analysis Astroph.scenarios, magnetic Multi-wavelength M.Niechciol TLE, solar activity and
° M M fields, new physics... observations. .. v and y searches space weather, ...
+ Air Shower Physics task coordinator v et

Air Shower Physics
R.Conceicao, J.Vicha

Energy spectrum Mass composition L. Caccianiga, G.Golup
Science Pillars | D-Ravignani, F.Riehn E.Mayotte, A.Yushkov Large and intermediate o
Muons and multi particle

* M * SD-vertical & inclined, Charged particles mass | isot int
ybrid,radio estimators ’ production, new physics,...
+ Calibration SD/SSD task coordinator e | seaoaiton. 2o Lo, i

Software framework
L.Nellen, M.Gofttowik
Analysis framework for
reconstruction, production of data
sefts...

¢+ Representative Auger member at IPPOG [RENEWED] Analysi D.Schm, VNers, T uege, J.Figuera

Foundations High quality data for analysis

Shower simulations

¢+ Ombudsperson [RENEWED] Seence Todls 0 O 5SS e

analyses

Machine Learning
J.Glombitza, S.Hahn
DNN techniques for physics
analyses

Auger

I Monitoring and as a test
. . Calibration Atmospheric Triggers and UUB OLTP i t
<> S e a FC h CO m m |tte e fO r S p O ke S p e rS O n e | e Ctl O n Detector B, Aﬁ'dF; ggg %_ij’r'::émo conditions commissioning C.Bon(ifa;i, F.Gollan, enwlr.;)ﬂr;r;;en

. . B.Keilhauer, L.Valore D.Nitz, M.Schimassek, J.Rautenberg S.Mayotte
Fo 0 FD calib
undations cali Atmo database, VAOD, T.Suomijarvi Calib, VEM/MIP... New projects,

+ Invited plenary talks on EAS physics at IMFP25, ISVHECRI26 “ion rumor | dea montorng..._ | Anslyi ofpertrmances | Deectors sty sits | RS0 o
+ IAC ECRS, Convenership ECRS26 and ICHEP26

+ MoU for the Portuguese participation in Auger has been
extended up to 2035

Auger-LIP group main lines of activity

MARTA

EAS phenomenology

Neutral searches
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Activities in Argentina (@Auger

Calibration campaign using an RPC hodoscope
setup to evaluate WCD-SSD calibration

Testing of a new R&D station concept (MARTA)

MARTA commissioning completed @ PM station
RPC performance above expectations

Issues with inter-detector sync is currently limiting the
exploration of shower physics events

Plans to explore sealed RPC technology @ PM station
(synergy with SWGQO activities)

Key measurement for the upgrade

> 0.8_
% - - n N
£ 078/ ¥ A — 3%
G d | . . . d w - Baa | \ J\ | N/ E{ /\
as and electronics Issues Impacte - R U8B N\ 1 LR
. . . 0.76 |— UUBDG‘ EJ] ' a Q(ﬁ @g | E‘J\
during RPC moving operation = n L | 2 0058 Ag - 1+ g -+ -
™ 00 o9 / © Il‘ / Q C
0.74 o) © 500 0 O
. . V)
Necessary to identify problems and - p° | |
. ] . R Q@ / © RPC1
implement practical fixes A o Apca
e f C1M 740 + 0.007
B ‘ RPC1 Mean: 0.740 £ 0.
o o o Y RPC3 Mean: 0.7714 0.007
Limited funding — mostly remote 068~ |
. . o . - - - - Expected from LAB measurements
operations, minimal on-site support A | | | | | |

12:.00AM 03:00AM 06:00AM 09:00AM 12:00PM 03:00PM 06:00PM
Time
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EAS pheno: EAS particles energy spectrum

Novel strategies being exploited to access for the first time the energy spectrum of the shower e.m. and muon components

)

N
o
o

WCD signal (VEM

150

100

50

Analysis of MARTA (WCD+RPC) +SSD data

Shower particles are crossing multiple detectors
that respond differently to particle type and energy

(P. Assis et al, JCAP 10 (2025) 097)

MARTA-SSD Station

III(lOOS
- —0
-
= u
i -
C -0.005
0 100 200 300 400

SSD signal (MIP)

Mean signal difference

Ratio

RPC hits

— Original

— Modified

60

50 100 150
WCD signal (VEM)

Mean signal difference

Take advantage of Auger Prime (WCD + SSD)

(on-going analysis)

Preliminary results
allows us to explore
impact of systematic

uncertainties and detect
potential SSD-related
effects
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From Radio Proftiles to Muon Slopes: New Probes of EAS Physics

Average universal shower profile reconstruction Measurement of the slope of muon number distribution, A ,
using radio interferometry through AMIGA data at LHC equivalent energies
J. Alvarez-Muniz, W. Carvalho, R. Conceicao, D. Dias [A. Fernandes PhD (to be completed in 2026)]
nominal | modified
- Access the o
1.04 = Average (Radio) s )
Average (Long e¥) : T UHE first 10° §100 | |
0.8 — First demonstration _ . 0 : . oy
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(AXmax) (gem™?)

A New Framework to Access First-Interaction Physics

Probabilistic mapping between

multiparticle production variables and
the depth of maximum in proton-induced

EM component (")

1" generation

Forward hadron production in proton-air collisions above LHC
energies through the fluctuations of extensive air showers

L. Cazon, R. Conceicédo, M. Martins, F. Riehn — submitted to PRL

extensive air showers Epos LHC-R: Eg = 10190 eV (\/m = 137 TeV), 6 = 60°
L. Cazon, R. Conceicédo, M. Martins, F. Riehn Tmey 1200 L 0 (X1) (gem=2) 275 1L o0 (nme) | 1bo a1 i
Phys.Rev.D 112 (2025) 4, 043016 2! generation T —— —':’ - [ i
KA = 1000 | I 1 :
Neglect (Cl( \’1 ”; \)l) (Ql( \)I ”; \)l) &: [ - - :
contribution 2 : 1 1
> 8001 1r t 1
L o <ahad> 1 JLo (e 4 ] ‘_o.o" (Cem) "1.5"
6—60 —A(UJ) ahad_/\’r (Ld Chad+CEM) _:,\1200 | [ e——) || e———) ]
i 1000 - 1 F —
% i ]
Eo = 10190 eV, § = 60° Eros LHC-R v 800 [ 1F 1
-~ Epos LHC-R  -* SiBYyLL2.3e -° QGSJETII-04 10° l l —
-o- QGSJETIII 01 -=- Epos LHC -+ SIBYLL2.3d . A((-)) = -1.2gem™? 05 10 15 05 10 15 05 10 15
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— . . q) 4
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Searches tor neutral particles

Enhancing the Observatory multi-messenger capabilities

Explore high signal fluctuations Explore new detectors to extend neutrino searches to all

. . T zenith angles and not only for Earth-skimming events
in space and time - P
tail
. . ' ' I" .;‘
(P. Costa et al., arXiv: 2602.12167) 6 ;e ,,z‘.;;. | Bis
P
V, e . 51 === Fisher Cut - : :’;9?; """""""" 1.50
: uz_, 4 —-— Adjusted Cut oo
Achieves a fivefold improvement W = | ~d b 1255
! 29 e w
over previous discriminators (S)) : S 3 - 1.00
: : ey e
using only WCD stations //\\ & 2 | . ‘ 0.75
[100% duty cycle] n p L R 0.50
-/ E E :
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1 .O 4 - . - - - - Cosmogenic (best-fit ta Auger spectrum - proton) -  Magnetars from BNS (Fang 2017)
. : Cosmogenic (best-fit to Auger spectrum & compos.- mixed) =+= Starburst Galaxies (Condorelll 2022)
- = AGN (Murase 2014) ® V. Ssso nense VS Swco, nense. Enkg = 104
*+ Low 'umin. BL Lac (Rodrigues 2021) @ V. Ssso nense VS Swco pense. Enkg = 10°
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utreach activities

Auger Masterclasses at IMC 2023 IMC 2024 IMC 2025 IMC 2026
Events 3 5 6 8
Continents 2 4 4 3
Countries 5 10 12 14
Institutions 12 16 21 30
Institutions within Auger 10 10 10 14
Institutions outside Auger 2 6 11 16
Students 550 534 660 1280

1Zer

O International Particle
Physics Outreach Group

(7))

9
O) o=
(8) ©
O =
m‘ oﬂ
m\ " P
" a)

>\

0‘3

Belle Il

Particle Therapy

))

New features: Top 100 Catalogue + SD750 + HEAT + ... /i

Ruben Conceicao
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Balance + immediate future

Proton-air interaction properties at \/g ~ 100 TeV from shower-depth measurements
with the Pierre Auger Observatory and connection with the Muon Puzzle

s 17 papers in 2025 Pierre Auger Coll. — intended for PRL
(8 direct + 9 indirect) Eo = 10187 oV, § = 55°

+ Strong impact in the community

¢+ Key milestone: SSD MIP calibration for
AugerPrime

+ 2 PhD theses to be finalized

0.00 0.25 0.50 0.75 1.00 1.0 1.5 2.0 2.5
(CEM) (Chad)

¢ Future Auger PRL publication from the Auger i
(LIP) team . Air Shower Physics

\\ IN THE AUGERPRIME ERA""A_\“;
¢ Strong involvement in AugerPrime

¢+ Workshop co-organized between LIP and
FZU (Prague)

¢ Increasing synergistic relations with FZU group

\
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SWOT Analysis
____ stength

Strong expertise in air-shower phenomenology, detector Very limited mid-level manpower and constrained
calibration, and RPC-based R&D, combined with visible operational funding relative to the breadth of
leadership roles within the Pierre Auger Collaboration and activities, requiring careful prioritisation of tasks,
sustained scientific output in high-impact journals. travel, and fieldwork to maximise scientific return.

The AugerPrime upgrade and extended operation until Strong dependence on periodically renewed
2035 enable precision measurements of shower national funding schemes introduces uncertainty for
components, offering unique opportunities to address long-term planning and may limit the group’s ability to
systematic uncertainties, hadronic interaction modeling, fully exploit emerging opportunities during the
and the muon puzzle. AugerPrime era.

Ruben Conceicao 1 2
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The EAS muon puzzle @ Auger

Fur.Phys.J.C 80 (2020) 8, 751
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Calibration activities

Use an RPC hodoscope setup to evaluate WCD-SSD calibration

Pierre Auger coll., JINST 15 (2020) 09, P0O2002
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Development of
innovative calibration
methods that can be
performed directly in

the field
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1.2

1.15

1.1

1.05

—

New setup to test/
calibrate the newly
installed Scintillator

Surface Detector (SSD)
and new SD electronics
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MARTA

Muon Array with RPCs for Tagging Air showers
P. Assis, et al Eur.Phys.J.C 78 (2018) 4, 333

Efficiency Distribution RPC1 Efficiency Distribution RPC3

+ Place Resistive Plate Chambers
pelow the water Cherenkov
tank to directly detect the
shower muon component

1 9 17 25 33 41 49 57 ' 57 49 41 33 25 17 9 1

. 08
3 N
o
S
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0.76
0.74
0.72
P . 0.7
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Pierre Auger collaboration results in a nutshell

UHECR energy spectrum features UHECR have an extra-galactic origin
E [eV]
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The rise ot Machine Learning @ Auger

1038 - |

Auger, JCAP 05 (2023) 024 No Xmax

= - = - from FD
Extraction of Xmax from the SD ground signal IS Y. G
g 9 (T:;) 1037_: \M ; \\‘ 0_
' I e \ B
Pierre Auger coll., Phys.Rev.Lett. 134 (2025) 2, 021001 & Phys.Rev.D 111 (2025) 2, 022003 3| zsas
f 36 | 2??5%(538 > A
logo(E/eV) |l s f
Ogl() e ; , - :
1100 820185 190 195 ZQO 18.0 18.5 loglzf()].a(;ev) 19.5 20.0
d ////' $ SD(DNN) + o 8201 B =
m combined fit <Xmax>
10001
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°
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£ :
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o=334 :
7001 corr = 0.699 ]
samples = 1642 — EPOS - LHC [
----- QGSJetll - 04 e
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60 . ’ . : : »° . ' ' ,”/ //
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E | EeV

+ Resolutions comparable to those achieved with hybrid (FD+SD) events but factor nearly 7 of more events

+ Algorithms highly dependent of simulations and might be picking up unknown less controlled shower characteristic
+ It is vital to control the Extensive Air Showers and detector systematic uncertainties!!
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Systematic uncertainties

Analysis of the (X, S1000) distribution

Pierre Auger Coll., Phys.Rev.D 109 (2024) 10, 102001
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None of the post-LHC tuned hadronic interaction models can describe the Auger (X, .., S1000) data, even

ax?
considering the systematic uncertainties - Shift on muon and X, scale needed?!
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dN/dlogyo(pr/GeV) (N26? /N,,)

Ratio vs.
QGSjetII-04-p

Universality of the muonic sector

L. Cazon, RC, F. Riehn, JCAP 03 (2023) 022

The muon distributions in air shower can be characterized using few key distributions

| | 1 i e ' : 1 | ' 1 o , B Lo v v b v v by v bvv v o by g |
| 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 | | =
s , 3 12000 — — — = - 2
1 X =0g/cm? - ’ . - EPOS 1.99 x0.86 [ —_ 4 X =0g/cm E
10 o4  proton. 60°. 1019 eV e — X - EPOS-LHC x0.82 F - 10% 3 proton, 60°, 10 eV E
] PR = 210000 Y xB8E L s S :
103 — i g ] \ QGSJetII-03 x1.15 [ - 10% 4 E
E E S - i ! = 3
- - ~ 80004  / \U QGSJetll-04 x1.00 [ é 102 - -
102 S ] Sibyll 2.1 x1.27 [ o 3
. - ~— . . - 5 g
: - ~ . . - 1 ]| -~
10! -~ EPOS 1.99 x0.86 o 60007 Sibyll 2:3d X091 Q107 4| BPOS 1.99 x0.86
. j --EPOS-LHC x0.82 E & i i 3 100 -= EPOS-LHC x0.82
10 (A QGSJetII-03 x1.14 N 4000 — - 5 3| QGSJetIl-03 x1.14
10-1 1: ..... QGSJetII-04 x1.00 ;_ 5 2000 . i i 10-1 4] QGSJetll-04 x1.00 :
Sibyll 2.1 x1.26 = 8 : : 2 3| Sibyll21 x1.26 g
Ve — Sibyll 2.3d x0.92 E - proton, 60°, 101° 6V L 1077 3 | — Sibyll 2.3d x0.92 E
1 5 . P - 0. O - ] ] ] ] | ] ] ] ] | ] ] ] ] | ] : ?“ 1,5 : :—
’ - - . <X 1.25 | - 75 g 7 B
) - > - > L . :
1.0 _: . e :_ ‘8 ?; 1.00 30 R s ettt S AN .. ::_ _8 B 1.0 — e e T A -
1 - CGU? : thv? . SS=IICS====2 \ -
17 L MY s - S 05 - —t
0,5 1 1 1 1 I T T T T I T T O’ N | . LI I | I LI D I LI B B I LI I LI D B | I 1 1 1
-3 —2 -1 1 ~500 0 500 1000 -1 0 1 2 3 4 S
Transverse momentum log,,(pt/GeV) Depth X' (g/cm?) Energy log,,(E/GeV)

Most of these distributions are universal with the exception of the muon energy spectrum for £, > 1 GeV
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Pierre Auger Coll., Phys.Rev.D 109 (2024) 10, 102001

Analysis of the (X
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Explore hybrid FD-SD events and fit the measured two-dimensional (X
templates for simulated air showers produced with hadronic interaction models
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Muon puzzle

Phys.Rev.D 109 (2024) 10, 102001
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Muon puzzle + Shiftin X .. scale

Phys.Rev.D 109 (2024) 10, 102001
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X,,,.x from SD trace using a DNN

Pierre Auger coll., Phys.Rev.Lett. 134 (2025) 2, 021001 & Phys.Rev.D 111 (2025) 2, 022003
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Machine Learning - X, from DNNs

log 10l E/eV)
19.0

19.5

| | & O

| &)
| - )
| @

| o)
| ®

FD (ICRC'19) £ oy
SD (DNN) % 04 i o o
+ Oavs '_,-"—’--/// Bt ot
iy
."-" / ,"’
O™ " R
T Sk s o

EPOS
QGSJetll - |
SIBYLL23d

LHC

H

100
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WCD signal (VEM)

SSD+MARTA - E_  extraction
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Sensitivity of a MARTA-SSD station to EAS energy Spectrum
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+ SAL paper to be released soon
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Accessing the first interaction

L. Cazon, RC, M. A. Martins, F. Riehn, Phys.Lett.B 859 (2024) 139115

+ Hadronic interaction models

predict universal value of A, for
shallow showers and highly distinct
values for deep showers

Low hadronic activity - diffractive events

Large hadronic activity - e.g. high multiplicity
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EAS Muon Puzzle

Pierre Auger Coll., Phys.Rev.Lett. 126 (2021) 15, 152002

Hadronic o
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Models unable to consistently describe the average EAS muon content but its
relative fluctuations agree with X __. expectations!!

Number of muons at ground, R
H Ruben Conceicdo (see also, Pierre Auger Coll,, Phys.Rev.D 109 (2024) 10,102001) 3 ()



. Muon number distribution features

L. Cazon, RC, F. Riehn, Phys.Lett.B 784 (2018) 68-76
o L. Cazon, RC, M. Martins, F. Riehn, Phys.Rev.D 103 (2021) 2, 022001
L. Cazon, RC, M. Martins, F. Riehn, Phys.Lett.B 859 (2024) 139115
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The shape and relative fluctuations of the muon number distribution gives access to the properties of the

FIRST hadronic interaction (fraction of energy carried by neutral pions - a;)
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First @ We have shown that X, .,can be predicted so

Interaction

51 (ahadv Chadﬂ CEM)

X

max

Depth of the shower maximum

combinations of the following mu

L. Cazon, RC, M. Martins, F. Riehn, submitted to Phys. Rev. D

ely from the energy spectra of secondaries by using linear

tiparticle production quantities a4, Chad> CEM -
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The functional form of & .4, &i.q- Crp 1S iNdependent of the hadronic interaction models and the particle

contribution to these quantities can be explored at the HL-LHC to exclude models
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Extensive Air Showers

Available accelerator data primarily
cover collisional systems such as pp (1-1)

and PbPb (208-208), whereas extensive
air showers (EAS) predominantly involve

p/7*-N (1-14) interactions

The upcoming p-O collisions will be
highly valuable in constraining high-
energy hadronic interaction models

ruben@lip.pt

One of the multiple
pion - nitrogen
Interactions
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GWs and neutrinos - GW170817
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AugerPrime timeline
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AugerPrime: A Wealth of Information

Auger multi-hybrid event
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More events than ever...
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Beyond Standard Model Physics

interferometric Not to scale,
payload / angles don't
- / reflect reality
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(ANITA, Phys. Rev. Lett. 121 (2018) 161102)

Search of up-going events with FD

one event observed (compatible with background)
Auger upper limits are significantly lower than the
Inferred ANITA fluxes

FD exposure for up-going shower also used for
others BSM studies
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Hybrid Technique (FD + SD
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