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The Particle Physics Standard Model

three generations of matter interactions / force carriers
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-
mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 0 =124.97 GeV/c?
charge @ %5 73 73 0 0

spin % U % C % t 1 w 0 H
up | charm ' top ' gluon higgs

=4.7 MeV/c2 =96 MeV/c2 =4.18 GeV/c2 0

- @ IF® IF'® || @ l Extremely successful
down j{ strange )| DPottom )| _Photon describing the interactions

=0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c? =91.19 GeV/c2

; . . o 2 between elementary particles
« v (M « @ |
electron muon tau Z boson 8 2 bUt
U) m [1; o W 4 o
% ;1.0 eV/c2 30.17 MeV/c2 ;18.2 MeV/c2 :80.39 GeV/c2 @ E We know ’t s ’n Complete!
1 | eleotron muon tau ||\ <5 Dark Matter / Dark Energy
J heutrino heutrino heutrino W boson o, E

Gravity vs Quantum Mechanics
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Human-made Accelerators
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+ How to perform tests to our understanding of fundamental particle physics?

+ Accelerate and collide particles

+ Measurements in the LAB (controlled conditions)

+ LHC (Higgs) / HL-LHC / FCC-ee / FCC-hh (up to \/E = 100 TeV ; starting 2065)
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Energy vs Intensity Frontier
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Energy Scale

What is our target energy? Are we exploring the optimal energy range?

What is the maximum energy we could aspire to reach?
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F(msr s GeV)!

Ask the Universe

Cosmic ray energy spectrum

LHC beam energy

E=73x10“%eV l
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How to build an accelerator with E, = 10°’eV?

Large Hadron Collider
(LHC), 27 km
circumference,

superconducting magnets
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How to build an accelerator with E, = 10°’eV?

~ S
- b
-

Large Hadron Collider
(LHC), 27 km
circumference,

superconducting magnets

Need accelerator of size of Mercury orbit
to reach 1020 eV with LHC technology
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How to build an accelerator with E, = 10°’eV?

Hillas plot (1984)
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Why do we care?
The Planck scale

Gravity meets Quantum Mechanics

Schwarzschild radius ~ Compton wavelength
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mp can be derived using dimensional analysis
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LIV tests with UHE photons

Crab nebula and pulsar
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probed at energies above the Planck scale




How do we measure
Astroparticles?

Pierre Auger Observatory
UHECR: E > 10%eV - ® ~ 1 km?sec™!
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Pierre Auger Observatory

Area: 3000 km?

Loma Amarilla

Pampa Amarilla, Mendoza, Argentina

Altitude: 1400 m a.s.l.

Ceﬁtral
Campus.....

Los Leone
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Pierre Auger Observatory

Completed in 2008
Taking data since 200

" _lao

e ~ 1600 Surface detectors (SD)
*Ina 1.5 km hexagonal grid
e 3000 km?

e 4 Fluorescence Detectors (FD)
6 x4 Fluorescence Telescopes

~ 60 km « + low energy extensions

Built to detect and study the extremely rare UHECR
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We are “here”
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Really big!!
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Argentina
Australia
Belgium
Brazil
Colombia
Czech Republic
France
Germany
Italy

Mexico
Netherlands
Poland
Portugal
Romahnia
Slovenia
Spain

USA

Pierre Auger Collaboration
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Plerre Auger
Observatory

International collaboration of 17 Countries and ~ 400 scientists
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Surface Detectors (SD
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Hybrid Technique (FD + SD

First
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Hybrid technique (FD + SD)
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Ultra High Energy Cosmic Rays

Equivalent c.m. energy Vs & (GeV)
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Ultra High Energy
Cosmic Rays

What have we learned so far?

22



Are UHECRs produced in our galaxy?
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Are UHECRs produced in our galaxy?

Galaxy Center
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UHECR have an extra-galactic origin

Science 357 (2017) no.6537, 1266-1270

0.46

180 |

+ UHECRs are accelerated:

+ somewhere in our Universe
+ from the photon and neutrino limits (next class)

¢+ QOutside the galaxy

0.38
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UHECR energy spectrum

Phys. Rev. Lett. 125 (2020) 121106
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Composition fits to X,
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The primary composition goes from light to heavier as its energy increases
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Measurement of the EAS muon content

+ Muons are sensitive to the details of the hadronic interactions

that rules the shower development

¢+ Measurement performed using hybrid ( inclined showers

101

Sensitive to
the EAS muon

number—Rﬂ

Phys.Rev.Lett. 126 (2021) 15, 152002
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The EAS muon puzzle @ Auger

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

(In(p3s/ m_2))

0.2 -
] E=10"%¢V,
040 S0=H —
: Fe
06 - EI..O“\ | ® | Auger
| \~\\ N e
1 T o
—0.8 - O..... DT
1 T ~OHe
- "D ..... \~~~~
—1.07 o EPOS-LHC Tt TSoP
1 O QGSJetll-04 =
127771
600 625 650 675 700 725
Xmax) /g cm™?

Muon excess present both at lower
and higher energies if one takes into
account preferred Xax composition

850
| & Auger FD ICRC17 (prel.) = stat. B
- ¢ Auger SD ICRC17 (prel.) = stat .-~ |
800 — ~ =sys. ~ 5 -
- . B ﬁﬁ
_ i e g8l 2 ¢
oY B ~'o & =
i S -ceat?®
£ 750 [ _get2fe
o -
2 e
A~ — e
s 700 e ﬁg
£ EEA
T
650 - -
600 -
Ry o Lol 1 Lol | Lo
10" 10'® 10" 10%°
E [eV]

ruben@lip.pt

Phys.Rev.Lett. 126 (2021) 15, 152002
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Multi-nybrid shower events

(The future of the Pierre Auger Observatory)
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-messenger observations
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Multi-messenger Astronomy
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Multi-messenger observation of a Binary Neutron Star Merger

Joint publication of LIGO, VIRGO, INTEGRAL, Fermi, IceCube, Pierre Auger ...

BREAKTHROUGH

OF THE YEAR
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- \\ | Swope +10.9 h
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Virgo & | |
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Simultaneous observation of a Gravitational Wave + electromagnetic counter parts
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H Origin of the elements B

6 10
" Hdd
INn the Universe
14 16 17 18
IE ﬂl
19 20 21 22 23 25 26 20 25 29 33
Ca Sc Ti Cr Mn Fe Co Ni Cu Zn As
37 38 33 40 12 10 43
Rb St A *b \ g ' C Sb &

Merging Neutron Stars  Exploding Massive Stars Big Bang
Dying Low Mass Stars  Exploding White Dwarfs Cosmic Ray Fission

¢+ The merger of neutron stars is known as Kilonovae

+ Kilonovae are candidates for production of half the chemical elements
heavier than iron in the Universe

ruben@lip.pt

35



Astroparticle Physics
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LIP @ Auger

® [irstinteraction PIERR
AUGER
OBSERVATORY
Phenomenology of Air Showers Raising the bar
New observables and measurements New detectors and calibration measurements
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a1 is the fraction of energy going into the
Particularly important

Machine Learning Analysis

hadronic sector in the first interaction

Particle physics up to \/g ~ 400 TeV
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SWG

The Southern Wide-field Gamma-ray Observatory
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Novel shower observables for
gamma/hadron discrimination

New detectors technologies able to cope
with harsh environmental conditions
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Improved data analysis with integrate
machine learning algorithms
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What is Astroparticle Physics?

+ Particle Physics +~ Astrophysics / Cosmology

¢ Study the PrOpeﬂI?S of ¢+ Study Universe’s evolution and
matter and interactions surrounding astrophysical objects
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Astroparticle physics

.
v 7
>\ ~
S o
Q >
QS >
Y o
T )
Q. ‘ W

Cosmology

Understand the dynamics of our Universe through the radiation/particles collected at Earth
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Modeling acive galaxies
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Credit: Bill Saxton, NRAO/AUI/NSF
Slide from X. Rodrigues @ LIP seminar
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Pierre Auger Observatory

(Low energy extensions)

Loma Amarills 70 + Infill - Denser array
Hems + 433 m grid with 19 stations
» + 750 m grid with 61 stations
- + AMIGA - Buried scintillators (muon detectors)
+ 19(61) stations in 433 (750) m array, 10'%° < E/eV < 10"
40 + 30(60) m? scintillator modules
+ 2.3 m below ground
30 + Auger Engineering Radio Array (AREA)
’ ¢ 153 antennasin 17km? E > 4 x 10'%eV
— o S 1S
Campus _
|, Q;etecw o
o K &
+ HEAT Southern twin
+ 3 additional FD telescopes with a high A
elevation FoV 30°-60°, E > 10!7eV HDO H& -
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Normalized rates

1.08

1.06

1.04

1.02

0.98

0.96

0.94

0.92

The UHECR dipole

_lllllllllIlll|lll|lll|lll|lll|lll|ll

6.6C | 7

+ f

—®— DataE>8 EeV
S| - Rayleigh analysis
| I 1 1 | 1 l 1 ] | 1 1 l 1 1 1 | I 1 1 1 1 I 1 | 1 1 l 1 L 1 1 I 1 1 1 1
350 300 250 200 150 100 50

Right Ascension [degrees]

Exposure

until end of 2020
(B < 80°)
110 000 km2 sr yr
o ~5x 101
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Dipole amplitude

Pierre Auger Collaboration, ICRC21

107" :
: d(E) = dyo x (E/10 EeV)? -
* dio = 0.050 = 0.007
‘ 5 =0.98+0.15
10-2 L PR N N N
5 10 50
Energy [EeV]




Arrival directions: intermediate scale

. s> Galactic 30~ — Starburst galaxies - E, = 38 EeV — 80
- : = : (ant: rFLIC rominm | 2 o\ iy
- A b 0 @
| _ 5 25 _— ' Y ._:J! 3" ‘,' 2 ' vy 23
T i ) 5
N _ u O Q
e F " ¥ cenA 50 2
g 15 L i t | 40 *
© e ‘ “w‘ N
— \ 'y {r' ram-,
= & A‘k Y Y 30 =
E 10 * aaiiath R ah
= r o
= e TR .
O - AN E, =3.810"eV, y=23°-25° |20 ©
- x ) (40
5 a2 | B f‘,b ;. \ > :._\

v L UTy 1¢

A
'60° — o tfﬂ:. 1 | 1 1 L | 1 1 1 | 1 1 L | 1 1 1 | 1 1 1 | 1 3 1 | 1 {\'
75° longitude % 20 40 60 80 100 120 140

E
-4 -2 0
Li & Ma significance [o]

Pierre Auger Obs. exposure = 32 EeV [10° km? yr sr]

+ The most significant excess at Cen A 4o

+ Several likelihood tests for correction of arrival direction with astrophysical catalogs

+ Most signiticant signal at 3.80 for Star Burst Galaxies catalog
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Neutral particles searches

Photons Neutrlnos

COSMIC RAY PHOTON OSMIC RAY (NCLINED NEUTRINO (INCLINED)
TOP OF THE ATMOSPHERE / (VERTICAL) TOP OF THE ATMOSPHERE [(VERmAL) TOPOF THE ATMOSPHERE o' T RAY INC \) TOP OF THE ATMOSPHERE | |Top o THE ATrOSPHERE
o h— [ owc -------- - Sepmem e e I I - o
EM COMPONENT ELADRONK EM COMPONENT HADR EM COMPONENT EM COMPONENT
COMPONENT COMPONENT | HAoRoni
MUONS \ COMPONENT EARTH-SKIMMING
M MUONS HADRONIC
UONS HERON TAU NEUTRINO

= mm == AGN (Murase 2014)

| . Aucor FeCo « 3D 750 m |0G2), UL at 95 % C.L.
10° E— PRELIMINARY ° Ausar Fyieid (2027}, UL, % 95 % G Cosmogenic (best-fit to Auger spectrum - proton) sannnnnn | ow-lumin. BL Lac (Rodrigues 2021)
a n Aager SD 1500 m (2022), UL 1855 C | s Cosmogenic (best-fit to Auger spectr. & compos. - mixed) - = Magnetars from BNS (Fang 2017)
: + KASCADC-Grande {2017}, U.L. at 80 % C.L. == = == Starburst Galaxies (Condorelli 2022)
— 10 v EAS-MEUIZ01T), UL S0 % C.L. = -
%.. o Telsscops Array (2008} UL st 855 CL. _7 C
o : » by n Telescope Aray 2021}, U.L. 2285 % C.L. 107/ 5 Auger (2022) ceCube (2018) B
. - ceCube 1
o~ _ m —
; 1 G2Z% proton | IKargert ot &, 2011) - . e
é GZX proton || (Gadmint Kalashes & Semikoz 2022) \ 7 ANITA (2019) = 10 L
p GZX mied ([Bodrkova et al 2021) n ] - H"’
% 1 CR rlcractiors in Miky Way (Borat el o, 2022} T 10—8 — S R N S E D E S N S § S N : |L
' 10 . e SHDNM la [Kaliahi & Kuznetio 2016) n I~~~ L emureraga S o Waxman-Bahcall (2015) i >,
- e .. ; e SHIDM b [Kalsahere & Kurnetaoe 2018) ‘T' . “‘>< - ﬁ\.. \\ ~
o "oe 4 =00 | eeeas= SHDM | [Kachsiniass, Kalsshee & Kuznetsov 2018) = _“‘/“ \_mr ntegral (2022) - 1 |E
O — * * : N
3 102 > N O\ :
v 107°= * ‘ \ - 2
[ - \ “ q)
g 9 . % \ B L‘B
N — < Ll ° \ L
Q 10-3 = o) \ \ = O 1 o
3 E = . \\ PRELIMINARY ¢t S
8 o © —10 B ©
E — (Eu 10 B o
10 E - L
= =0.01
= - _ Single flavor E
10-:"':_ - 10_11 ] I I I T IIII| | IIII| I I I T TTTI
10" 10" 10% 10%/ 108 10+° 10%° 102!
_ Eqy [eV]) Energy (eV)

No UHE photons or neutrino have been observed yet
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Mass composition enhanced anisotropy

BN Jighter
B heavier

3606 Events T = E: (10'87

60

30

180 \_ _ 420 460 ta GC -60 -120
30

-60 ,ﬁ

P

Declination

=90
Right Ascension

-

+ Heavier composition from the galactic plane ( < 4 o)

+ Combined spectrum + composition fit suggest an acceleration mechanism o« A

38 1 1 | 1 |
10 Auger, JCAP 05 (2023) 024 No Xmax {
—\ from FD :
|; S _ .
- o 1037 - X
LI - /,
-180 0 m c‘jd A = 1
T o 2<A<4
il (‘"3_‘
“ g m D<A<22
i_4§ —_ 1036_ 23<A<38
A>39
18.0 18.5 19.0 19.5 20.0
loglo(E/eV)
X
O
Q
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Exploration of inclined showers

+ Muons =2 Assess Hadronic
interaction models

¢+ Energy given by the Fluorescence Detector
+ Data selection

+ Zenith angles [62° ; 80°] ¢+ 281 hybrid events

¢+ E>4x1018 eV
MC:p QESIETIS g Eas o0 000000
g::ggo < > 240 o0 o o o e o o o o o
(P:Oo 1350 450 225_ O O O O O o =« ® O O O O

O 0O O O O O O
200- © o o o o

© o o o O
o o O O

® o o o o o o o

12 O o0 0 0o @ @ 0 o 0o o o o o
©O 0 0O 0O O O O 0O 0O 0O 0o O 0 O

10 ©O 0 0O 0O O 0O 0O 0O 0o 0 O ©°

Boooooooooooo o
llhl||||(')||(')11h|1(3||O||ﬁ|101|(’)11(‘)||(‘)||&)

-26 -24 -22 -20 -18 -16 -14 -12 -10 -8
270° X [km]

225° 315

+ Inclined shower 2> Muons

p,(data) = Nig - p,(QGSJETIIO3, p, E = 10" €V, 0)

o data
Narrow signals N
' l"n-l'l'l.‘l — l'l'

Atmosphere R u = N MO
1,19
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Measurement of the EAS muon content

¢+ Done using hybrid inclined showers

+ Perform a likelihood fit including all reconstruction uncertainties (detector, energy...)

+ Extraction of the two first momenta of the muon distribution as a function of the primary energy

Sensitive to
the EAS muon

number—RM

Phys.Rev.Lett. 126 (2021) 15, 152002

44 46 48 47 47 49

L — (R(E)

YV VvV VvV v v
data +0res (281 events)

Gsys(E)
<+—>

(Ru.)(E) = a[E/(107 eV)]°
a = 1.86+0.02

b = 0.99 +0.02
D/n.d.f. = 289.7/273

E/eV
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Sensitive to the

EAS calorimetric
energy - E




EAS muon fluctuations

Phys.Rev.Lett. 126 (2021) 15, 152002 L. Cazon, RC, F. Riehn, PLB 784 (2018) 68-76
x 107
Proton-proton equivalent CM energy /s / TeV 3.0 | | | ! ! l
80 90 100 200 300 400 Epos-LHC : .
030 . n n 25 |- 2.0 a
— EPOS-LHC ¢ data 5
025 - QGSJetll-04 4-mass-Xmax-fit+models 20 15 o
a
SIBYLL-2.3d =15k 5
1.0 2
kS
0.5 a5 L {1 Q¢
£ T CORSIKA -
0.0 | | | | | | 0.0
00 02 04 06 08 1.0 12
)
a1 is the fraction of energy going into the
I I Lo | L l I I L1 1] . . . . .
0.00 1019 1020 hadronic sector in the first interaction
E/eV

o(a) = 70% 0(N,)

Suggestion that muon deficit might be related with
description of low energy interactions

The muon relative fluctuations are in agreement
with the mass composition expectations
derived from the analysis of X,ax data
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Proton-air cross-section

34t |[CRC, PoS (2015) 401

-3 107 - ---= Proton (40%)
¢ p-Air cross-section can be extracted from § | [~ s

= Sum

[l IIIIII|

the X, distribution tail

gd
+ If there is a large fraction of protons B

I IIHIII

A1

1100 4200

Xmax [0/cm® ]

.......

AAAAAAAAAAAAA

Proton-Air Cross-section Proton-proton Cross-section

Equivalent c.m. energy s, [TeV]
10" 1 10 1
am_ L YI YI 1 4 1 T ™ YYT LA — ] .'_\T | I-] 1] 1 1 1 )
. Nam ot 8l 1975 10 <= Auger 2012 (Glauber) %
Siohan etal. 1978 [~ -8~ ATLAS 2011 '
- Y Baltrusaits ol al 1984
700 M. M::mo:t al 1994 ) — 100 I gmcS)Ezgyﬂ
B A Honda el al 1999 - o -
B Kruronko ¢ &l 1999 ! . " é 90— - TOTEM 2011
— 600[ Belov ot al.2007 ' P - -¥- UAS s . o*
s - B L Aislli ot 412009 - L .- = - -~ CDF/E710 y, P
B Aglietia ¢ & 2009 "3 80_— s o3
E I Toloscope Amay 2015 I 4 g i < TOTEM 2013 Pr g
500 —W— Auger PAL20T2 | 4 q:a" . = _F @ This work PR
3 -~ —@— This Work 2015 [ + | c 701 R .
! o "" “0 _'.'v'
c - -— - ' L R—
5 eeeie 5 60l | 4/; QGSJETIL3
e s § — - SIBYLL2.1
QGSJETI-04 D} 50| g3 _ﬁ,""/ ------ EPOS1.99
- = SIBYLL-2 1 F: “X” . - + EPOS-LHC
40
_ - <o QGSJETI-04
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Testing exotic scenarios

Phys.Rev. D94 (2016) no.8, 082002

Monopole 107 eV, y=10" . .. .. .

800|-
700}
600/

+Put the strongest limit on the
existence of ultra-relativistic magnetic

Proton 10” eV

Energy deposit (PeV/(g/cm?))

monopoles (MM) 500¢
¢+ Test on fundamental particle physics exotic 300
: 200/-
scenarios 00l
+ Relics of phase transitions in the early % 200 200 600 800 100012001400 1600
universe Slant depth (g/cm?)
10" g
. . o — 107 """*'"\"*R — IceCube — ANITA-II
+ MM produce air showers with a distinct P S RICE  — Auger
signature from standard ones [0 SO
¢+ Should be easily observed by the Auger FD g :ﬁ
¢ Emon 107 eV : 10|
- l()'wg
¢ Mpmon € [101;10'°] eV /c? £ 10™)
107" )
0573 )y 10 11 12 13
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Flves

+ Use FD to observe rare electromagnetic phenomena
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Auger Prime detectors

New electronics (UUB) and Scintillators(SSD) m The strateqy ——

VERTICAL (0-60°)

Flbers -

PMT tube

- e — — —

Enclosure frame

HORIZONTAL (60-90°)

Radio Upgrade

Underground Muon Detector (UMD)
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AugerPrime timeline

Start of the end of SSD end of UUB end of Radio+

Upgrade shipment on production UMD
phase site and shipment deployment

i v hep RNSE

el Ry ANa
e VA

R A
By R
S

R=O19w 2020 2021 2023

end of PMTs end of SSD end of UUB +

« .o PMTs
deployment
fabrication pioy deployment

SD Deployment History

Auger multi-hybrid event
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More trouble for Hadronic Interaction Models...

Phys.Rev.Lett. 117 (2016) no.19, 192001

. . . 2 - . ! : .
+ Combined fit of energy scale (Rg) and hadronic 8|
component rescaling (R,.y) [Hybrid: SD + FD] ol \§\
g 12} \ _
Sresc(REa Rhad)i,j — RESEM,i,j T RhadR%‘Shad,i,j L + """"""""""""""""""""""" |
0.8 1 Systematic Uncert. =1
. . 06 |  QuodMixed o
¢+ Depth of maximum of muon production depth sl olosticy
(X*:“ ) 07 08 09 1 1.1 12 1.3
max Re

35t ICRC, PoS (2017) 509

|n(A) :E z: : i:,nl?x Auger 2017 prelimi?ary + :5 Z: Auger 2017 preliminary
L max " = f + 7l
Fe 4 6 ; ', f * 61—
; EPOS-LHC ' [ QGSJet-1.04 _ .l. +
2.6 i e B K, Fe
N 4 4 1 :
31 - 3~ "
He 0.7 . b o
: B R : B z
Nops. .. oaasasttith ; PR
—~ 22 e o0 0 " * 0 4 - - - o ?
p O O...I : Lol : : p O.u.-.lu".... .......l : : p
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Shower description

O
Phys.Rev.Lett. 126 (2021) 15, 152002
— B EPOS-LHC --E21QGSJetll-04 ----EXISIBYLL-2.3d ® data
0.18 - S | 79 4-mass-Xmax-fit+model
O. 16 B ¢ d;?éi;“ \:;ﬂ}b\\:
0.14F [
N . \
®) p X “ \
__0.12F \ g \
3 \ P i -
L P . mm
O \E/ 0.10 | *\ \ ’ﬁ;_‘ [\\ ....... “ ................... :—.l .................................... ]
-4 * \\ .
0.08 Hel, ~ \ : \‘
0.06 - 7"
O N \|‘ .
0.04 - \
O Fe| E=10YeV
| | | | | |
O 0.02 1.2 1.4 1.6 1.8 2.0 2.2

Relative tluctuations suggests that discrepancy might be related to
Muon hadronic low energy interactions in the shower
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Surface Detectors

+ Sample shower secondary particles reaching the ground

¢ 100% duty cycle

¢ Arrival time = primary cosmic ray direction
¢ Energy estimation: signal at 1000 meters from the shower core
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FluorescenceDetector

+ FD: collects the fluorescence light produced
by the shower development

+ Only operate in moonless clear sky nights
(~15% duty cycle)
+ Energy — integral of the collected
photons

+ Primary composition = Shower maximum
depth '

30
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elevation [deg]
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