Astroparticle Physics

+ CoEmic Rays
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What is Astroparticle Physics?

+ Particle Physics +~ Astrophysics / Cosmology

¢ Study the properties of + Study Universe's evolution and
matter and interactions surrounding astrophysical objects

ruben@lip.pt



Astroparticle physics
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Cosmology %

Understand the dynamics of our Universe through the radiation/particles collected at Earth
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Charged

COSMIC rays
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Fundamental Particle Physics

Accelerator Experiment Astroparticle Experiment
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Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transifion radiation fracker

Semiconductor tracker

+ Controlled environment: + Access energy, space and time
+ Beam, background... scales unattainable in Earth
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Neutrino oscillations

A pratical example



Solar Neutrinos

The structure of the Sun

+ Standard Solar Model

¢ Built upon our knowledge over:
¢ Solar dynamics

4 Interaction cross-sections

+ [t was noted since the 60's that the
orediction of the flux of solar
neutrino exceeded the
observations
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Neutrino oscillation

NEUTRINOS FROM SUDBURY NEUTRINO OBSERVATORY (SNO)
THE SUN ONTARIO, CANADA

PROTECTING ROCK [

Electron-neutrinos = 2

: Both electron neutrinos
are produced in the
Sunpce:;red alone and all three types of 2100 m

neutrinos together give sig-
nals in the heavy water tank.

SNO

¢+ Neutrino oscillation was tfound while trying to solve the Solar neutrino problem

¢+ Nobel prize 2015 (A. MacDonald [SNO] ; T. Kajita [Super-Kamiokande])
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Course QOutline

+ First Class

¢+ Cosmic Rays

+ Second Class
¢+ Gamma-rays and Neutrinos
¢+ The multi-messenger approach

¢ Future Projects

¢ Exercises Class

+ Understand/compute some of the phenomena discussed in the theoretical classes

ruben@lip.pt



Through this course...

Astrophysical Sources Fundamental Particle Physics Experimental Challenges

Disclaimer: biased view towards the highest energies
Member of the Pierre Auger and SWGO collaborations
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Cosmic Rays
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Cosmic ray energy spectrum

(Charged particles continuously bombarding Earth)

o \
(o)
10 |l M2 s™!

F(msr s GeV)!
°

l 0—27 ﬁ

10° 10'! 10'3 10'> 10'7 10'° 102!
E (V)
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F(msr s GeV)!

Cosmic ray energy spectrum

l 0—27 ﬁ

10° 10'! 10'3 10'> 10'7 10'° 102!
E (V)
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Cosmic ray energy spectrum

Equivalent c.m. energy Vs, (GeV)

18 10° 10* 10° 16
19
10 Elllllf lf | |+||||I { | ll'*lllf | 1 llllll* | | lllllll
—  HERA (y-p) Tevatron (p-p) 7 TeV 13 TeV 100 TeV
1018 RHIC (p-p) LHC (p-p) FCC (p-p)
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e Pierre Auger Obs.

4

Scaled flux @(E) (m2s'srieV'™)

15"
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Energy  (eV/particle)

+ Spectral features (kinks) are related to the production and propagation of cosmic rays
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Cosmic ray energy spectrum

Equivalentcm.energy \s__ (GeV)
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Energy (eV/particle)
+ An anthropomorphic interpretation of the spectrum
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Acceleration
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Cosmic ray accelerators

¢+ Charge particles can be accelerated by:

+ Violent phenomena like supernovas or
pulsars

+ Strong magnetic fields like supernova

remnants (SNR) or active galactic nuclei (AGN)

¢+ Interplay between strength of the
magnetic field and the size of the
"accelerator”
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Actnve galactic nuclei?

agnetic
A stars \

Interplanetary Crab - \ Radio galaxy

space N
2 \ SNR \ lobes
N\
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Galactic disk 0 Q Galactic

Galactic halo

10° km 1pc 1kpc 1Mpc
1 AU ,
Size, L




How to accelerate particles above thermal energies?
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Bottom-up acceleration mechanism initially
proposed by Enrico Fermi (1949)
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Fermi 2nd order acceleration mechanism

+ Particles accelerated in stochastic collisions with massive
interstellar cloud

+ In the cloud reference frame
Ei =~E{(1— [cosb)
Ey = Ey
+ Returning to the LAB reterence frame
Ey =~vFE5(1 + Bcosb,)

+ Theretore the relative energy gain is:

AFE Ey—E; 1-—[cosbt, + B cos 0% — B2 cos 01 cos 03 .
E - E1 N 1_62

ruben@lip.pt




Fermi 2nd order acceleration mechanism

+ Particles are randomly scattered on the magnetic tield in the cloud
(diffusion process)

(cosB5) =0

¢+ Due to the cloud movement, head on collisions are slightly more

probable
f_ll cos (1 — B cosby)d cos b4 5;

(cosfy) = : _ b
|-, (1 = BcosB)dcosb, 3

¢ Fermi 2nd order gain:

<AE> 452 (Clouds typicall t f ~107%)
~ — ouds typically move at O ~
E 3
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Fermi 1st order acceleration mechanism

+ Shock tormation:
¢+ Sudden release of energy (CMEs, SNRs, GRBs, ...)

+ Supersonic flow hits an obstacle (AGNs jets,
pulsar winds, ...)

Supernova Remnant

+ Same idea as before:

AE 1—[fcost + fcosb; — 132 cos 01 cos 0% )
i - 2

+ But now the crossing probability is proportional to: 57

X cos

ruben@lip.pt



Fermi 1st order acceleration mechanism

+ Crossing the plane shock front downstream

fi)l cos® 61d cos 64 9
(cosbr) = — =3
|, cosBidcos b,

+ Crossing the plane shock front upstream

(cosby) = fol cos” 93d cos 6 _ 2
. 01 cos03dcos@; 9

+ Fermi 1st order gain:

<%> ~ gﬁ (Shock fronts typically move at 5 ~ 107%)

ruben@lip.pt



The power law

Sclentific American, (c) 1998

1 PARTICLE Differential energy flux

PER SQUARE

METER PER SECOND
1 PARTICLE
PER SQUARE

e, METER PER YEAR

1 PARTICLE
PER SQUARE
KILOMETER
PERYEAR

M [T T (T (I [ |
1010 1012 1014 1016 1018 1020

x FE7

Integral energy flux

RELATIVE PARTICLE FLUX (LOGARITHMWIC UNITS)

N(E > Ey) oc E-7 11

JENNIFER C.CHRISTIANSEN

+ In each cycle the particle gains a small fraction of energy €. After n cycles it gets an energy:

En — E()(]. —+ €)n

ruben@lip.pt



The power law

+ If the particle escapes from the shock region with some probability P then the probability to
escape with E > E, is:

i1— —(1—P.)"

Py = (1— Pe)ln(E%)/ln(lJrs) Ny n o In(1+ ¢) 5
In (ﬁ) In(1 — P E
In Pp, = co In(1— P.) = n( ) In
" In(1+¢) In(1+ ¢) E,

+ The index of the power-law carries information about production and propagation

dN E\’ dN
- — ' _ - E—2
dFE . (EO> with ! ar : <dE ) source >

dN dN
e T escape E E_2.7
(dE>Earth > <dE>source T g ( ) >
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Propagation
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Propagation in the galaxy

.

escape

axtragalactic
infall

orbit of earth
(1 AU)

heliosphere
(50—1C00ALN

aNZ — — — i % .

8t 6E T4 — Tj
J>1
Sources Diffusion Convection Energy gains Escape Spallation  Spallation
and losses gains and

ruben@lip.pt decay losses



The knee(s)

proton

100 EeV

+ Charged cosmic rays diffuse and interact in 0
the Galactic randomly magnetised ISM

+ Confinement times ~107 years

Earth

+ CR are basically isotropic

Equivalent c.m. energy \Ew (GeV)

+ Use secondary/primary composition ratios to PR
constrain the propagation models *

+ e.qg. B/Cratio

Scaled flux E“J(E)(m s'sr'eV )
= =
f
/
)
-

—Q, + V- (DVNZ- _ VNZ) -2 (y(E)N; tany
at aE( ( ) ) 10"' g.o
| g
I 1 1 | h
— ( npicosratt 4 L )N, o |
Vi () ? L [+ (e [ [ (e (e e [
Energy (eV/particle)
+ 3 (B0t 4 —
I ' _decay
i>i Vi 4
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Y[kpc]

Towards the highest energies

Proton deflection in the galactic magnetic field
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Magnetic (extra-)galactic field : (nG) uG
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GZK eftect

o e
R ey
0.4 Ey([)(.;BeV] 0.8 1
Discovery of the A <>D|sc:o.very. of the
baryon in accelerator EOS?'C MICTOWave
measurements ackgrouna
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GZK eftect

< GZK CUttO'H: p+vcuB — AT = p+ 7Y

P+TYCMB — AT —n+77"

¢+ Greisen, Zatsepin, Kuz'min (1266)
¢+ Cosmic ray interaction with CMB

+ Energy loss process o |

1081 pee Protons

¢+ Prediction: CR energy spectrum should
have a cutoff around E ~ 1020 eV

Mean Energy (eV)
F

(Cronin, TAUP 2003)

1019 R | L e aaaal Ll i iaas
100 10! 102 103 104

Propagation Distance (Mpc)
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GZK vs nuclei photo-desintegration

10° |
10° |
— ‘ 10
Protons ' Ty
-
< ¢
o
5
>
10°
10" L :
P E \~‘: \ \
. g — - x
Nuclei ./L""CMB,IR 10 Lo o b b b e e B S ™ o
17 17.5 18 18,5 19 19,5 20 20,5 21
log(E(eV))

At 1020 eV proton and iron have similar attenuation lengths
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Direct Measurements
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Direct detection of cosmic rays

Balloon experiments Satellite experiments
e.g.: CREAM-III e.g.: AMS-I|

ruben@lip.pt



Operation principle

+ Use particle spectrometers to identity particle nature and energy

Matter Antimatter

RICH

' A K : : : : : ’ ~
-.'oc'.' .'-..c' .'0..-'. .'-.,o’. ....
: :
E(Al J ] ; N ; ¥
\ | § il :
| |
s Mo

“‘
'H\|“‘
fF v

m“'g’g"ef‘ Rayons cosmiques et

Physique étrangelets

Matiere noire Antimatiere

+ Similar to what is done in an HEP accelerator experiment
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Operation principle

+ Use particle spectrometers to identify particle nature and energy

Events

RICH velocity

S|gn(R)xATRD

-2 -1.5 -1 -05 O 05 1 15 2 25
TRD + Tracker

¢+ Similar to what is done in an HEP accelerator experiment
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cnergy spectrum

+ Cosmic ray composition can

be directly measured up to
PeV

+ Relation between elements
can be used to constrain
acceleration properties

ruben@lip.pt
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Positron flux

lﬁ*l‘!‘!‘ﬁ"
Electrons Positrons x10

.
‘ ’65 ”k“ﬁ
$ %

, M@*‘i i
ve ,o.o;.iﬁ“ﬁ%ﬂé‘gﬁ?‘* T ¢ ¢

Energy [GeV]
I_I_LI_I_I_I.IJ I_I_I_I_I_I_L.Ll 1 | LLI_I_I.LI
10 100 1000
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PosItron excess origin

Astrophysical origin Fundamental particle physics
Pulsar winds Dark matter decay/annihilation
2 . —25
Positron Spectrum >
e AMS-02 8 * AMS 1.9 million positrons
— 20 = Fit with Eq.(5) and -~ % o0 TPark Matter 'V'Od.e'.
7, 68% C.L. band K7 — Cosmic Ray Collisions
" 0 APJ 729 106 (2011)
® X
% 15 £15 1.2 TeV
+ Dark Matter
> o
o Source term o
S 10 w10
&’
w 5 5 Cosmic Ray Collisions

Energy [GeV]

Energy [GeV]
1 10 100 ~ 1000 1 10 100 1000

AMS continues to gather statistics and by 2024 should be able to distinguish between the two scenarios
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Indirect
Vleasurements
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Extensive Air Showers

hadrons electrs 0.00 10 ° sec Proton 10 ' eV
21311 m

Satellite

+ Satellites are not a viable
option given the scarce fluxes
and extreme high energies

¢+ The interaction of high

energy radiation/particles - e
with Earth atmosphere om e T ™ °
oroduce huge particle W T
cascades .
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Shower observables
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hadrons muons

electrs
J.Oehlschlaeger,R.Engel,FZKarlsruhe
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Longitudinal Profile

Lateral Profile (LDF)
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Monte Carlo EAS simulation [CORSIKA]

EAS engine

_.p

ruben@lip.pt

Electromagnetic component

Hadronic component

Muonic component




EAS engine
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. Accessing the first interaction

L. Cazon, RC, F. Riehn, PLB 784 (2018) 68-76

Lo’ L. Cazon, RC, M. Martins, F. Riehn,Phys.Rev.D 103 (2021) 2, 022001
x 107
- | | | | | — Ypeoic ~ !
10! — 25 ' Ly L é
: o He N Fe § e | | C
I ] SEEI - 5
100 - _ 1.0 o J _ ;:,
= - 05f  asEET L - @
_ ] A © CORSIKA =
*;P : : O'%.O 0%2 OT4 Of6 0?8 1?0 1?2
= . o
S 107 E ' 10°
e = ] —— EPOS-LHC “
Q% i i 0.16{ = QGSJet I1-04 g :
- . Sibyll 2.3¢ £ 1074
: - " 15 16 17
- 1 <o.12: In(N,.) _
B - 10° 4 N |
i | 0.10 £ \
1073 | | _ 5 |
- = o 107+
i | | | | | | ol | LR o
, 13.0 13.5 14.0 14.5 15.0 15.5 0.10 0.15 00 05 1.0

Number of muons log. number of muons

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)
ruben@lip.pt



Detection Techniques

The Pierre Auger Observatory as a case study for the
Cosmic Ray indirect detection field

46



Pierre Auger Observatory

Area: 3000 km?

Loma Amarilla

Pampa Amarilla, Mendoza, Argentina

Altitude: 1400 m a.s.l.

Ceﬁtral
Campus.....

Los Leone

ruben@lip.pt



Argentina
Australia
Belgium
Brazil
Colombia
Czech Republic
France
Germany
Italy

Mexico
Netherlands
Poland
Portugal
Romania
Slovenia
Spain

USA

Pierre Auger Collaboration

ol

k¢

o

Plerre Auger
Observatory

International collaboration of 17 Countries and ~ 400 scientists

ruben@lip.pt

PIERRE
AUGER

OBSERVATORY




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

Built to detect and study the extremely rare UHECR
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We are “here”

Nazare

Oceano
Atlantico

Obidos
Peggrne Municipality
i
Lourinha
A8 |
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A21 |
Oceano
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(A16
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T PP Torres Novas
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Gl

Rio Maior

€1
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€1

(A13 |
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Estuario
do Tejo

(A23
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Montijo
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EEI !:!’ Montemor-0-Novo
A8 (1P2)
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: E1 | Santiago do
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Monte Novo Santa Susana
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Carregueira
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Oceano
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(A26
[A26-1

Santiago Ermidas

G O g I e do Cacém do Sado
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Ferreira do [ 1P2 |
Alentejo IP8.

Beja

E1)

Alinstrel

What's the size of the Observatory?

N

Ber

Alpalhao

E802

Marvi

Parque Nati

da Serra ¢

Crato S. Mamed

Alter do Chao

Fronteira EZB

Casa Branca

Estremoz m

Borba
Evora Monte Vila Vigosi
Alandrog
Redondo
Reguengos

de Monsaraz

X Amieira

Moura

Pias

Serpa

-
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Really big!!
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Pierre Auger Observatory
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Surface Detectors (SD
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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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Water Cherenkov Detector (WCD
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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 '
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Fluorescence Detector
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Hybrid Technique (FD + SD
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Hybrid technique (FD + SD)
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Ultra High Energy
Cosmic Rays

What have we learned so far?
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UHECR energy spectrum

Pierre Auger Collaboration, ICRC this year
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Are UHECRs produced in our galaxy?
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Are UHECRs produced in our galaxy?

Galaxy Center

Galaxy Plane® o g
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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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relative abundance

p-value

Composition tits to X,,,, e rseorsos
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The primary composition goes from light to heavier as its energy increases

ruben@lip.pt




Muon

Shower description

Phys.Rev.Lett. 126 (2021) 15, 152002
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Combination of different measurements reveals tension between
data and all hadronic interaction models

Relative fluctuations suggests that discrepancy might be related to
hadronic low energy interactions in the shower
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Proton-air cross-section .., c.c oo
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Testing exotic scenarios

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

Monopole 107 eV, y=10" . .. .. .
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existence of ultra-relativistic magnetic
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| orentz Invariance Violation

+ LIV is predicted by many Quantum Gravity theories

+ Change the dispersion relation in a

ohenomenological way and see impact in shower

observables

¢ LIV doesn't allow the pi0 to
decay immediately

¢+ The fluctuations of the number
of muons at the ground shows
a high sensitivity to LIV

+ Stringent cut for high energy
Interactions
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Next years of the Pierre Auger Observatory

(A plethora of measurements to fully understand the shower)

AMIGA

MARTA

Intill

|
HC c.m. energy equiv to first interaction

Auger Prime (SSD)

101¢ 1017 1018 1019 1020 Energy [eV]
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Next Class
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Next class

+ Neutral messengers
¢+ Photons (Gamma-rays)
+ Neutrinos

¢+ Astroparticle Multi-messenger Era

+ Future Projects
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Backup slides




More trouble for
Hadronic Interaction Models...

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

+ Combined fit of energy scale (Rg) and K
hadronic component rescaling (R .4) 16 \Q\\“
[Hybrid: SD + FD] 3 1% \:\\
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Xmax distribution momenta
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