Bem vindos
(remotamente....)
aolLlP!

Experimental particle and
astroparticle physics

Development of new
instruments and methods

Scientific computing

Knowledge transfer,
education and outreach



A aventura da Fisica de Particulas e
Astroparticulas

E'ii“ TECNICO Mario Pimenta
h -’— - LISBOA Lisboa, Julho 2023



O Universo para compreender, ...
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Da maca ao
Universo &

MARS

SATURN
A fos = JUPITER

VENUS

MERCURY

Lei1 da atraccao
Universal:

”11 ”12
F G g 5 g
7"12

I. Newton A graVidade !



Sera que a macga €
elementar?




Ver o interior da
maca 7?7




As ondas difractam-se ...

Se A for da ordem do tamanho do objecto
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SO se podem ver objectos com uma dimensao maior que A !



Louis de Broglie

Ver com particulas

CERN

~ 1018 m
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No interior dos atomos

Atomo ~ 107°m Nucleo 101°m



No interior dos atomos




Varios quarks, muitas particulas !!!

Quarks:

Q=+2/3

Q=-1/3
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Varios quarks, muitas particulas !!!

Q=+2/3

Q=-1/3



A forca forte

Quarks de trés cores:

Ligados por “cordas”

Particulas “sem cor

oo

Barioes MesoOes
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A forca forte

Quarks de trés cores:

Ligados por “cordas”

Particulas “sem cor @ @ ‘ ‘

Barioes Mesdes Tetraquarks Pentaquarks
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O neutrao decai...

conservacao E e P 777

3L F.A.Scott, Phys. Rev.48,391 (1935)

| | 1 !
y 3 12 i 20 £10°

V telectron volts)

17



O neutrao decai...

conservacao E e P 777

3L F.A.Scott, Phys. Rev.48,391 (1935)

Y ] 12 I 20 «10%
V telectron volts)

Pauli (1930)

O neutrino !!!
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A forca fraca

n —> pev

ANNO IV - ¥VOL. 1 - N. 12 QUINDICINALE 31 DICEMERI

LA RICERCA SC;I;ENTIF
£D IL PROGAESSO TECNICO ?ﬂ.@w NAZIONALE
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Q
Tentativo éﬁ,\?xéu@oda dell’ emissione
-4 Qfaggi “beta”
\o& %‘Ol ref. ENRICO FERMI

Riessunto: s@m delta emissione des "T'i P delie sostanze radicattive, foodata sul-
Iipotess \5” tletroni emessi dai ouclei pon esistano prima della disimtegrazione
ma v ormati, imsieme ad tn pewtring, ip modo amalogo alla_formazions di
un quany di luce che accompagna un salto quanuco di = atomo Confroato della
teoria con Vesperienza

Nuovo Cimento and Zeitschrift fur Physik
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A forca fraca

n —»> pev @3

A visao moderna !

Um quark d transforma-
se num quark U
emitindo um bosio W

11 « 7
que decai’ num par
electrao, anti-neutrino

ANNO IV - VOL. I - N. 12 QUINDICINALE 31 DICEMBRI

LA RICERCA SC;I;ENTIF
mmnocmwmoo%%mamow
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Q
Tentativo Q@&?xé)ﬂu@oria dell’ emissione
é& dgf{:‘aggi “beta”

\o dol grof. ENRICO FERMI
&G"Q &

Riassunto: !@ria delta emissione dei raggi P delie soitanze radicattive, foodata sul-

Iipotess WOgli tlestroni emessi dai uursei pon esistano prima della disimtegrazione

ma ¥ iornan'. insiere 3d mn pewtring, in modo asalogo alia_formazione di

un quany di juce che accompagna un salto quaniico di = atomo. Coniroato della
teorin con Vesperienza

Nuovo Cimento and Zeitschrift fur Physik




O Z°

Parceiro neutro dos W's

- DELPHI
- L3 v,
30 - OPAL

| $ average measurements, ,u'f
error bars increased |
hy factor 10

86 88 9% 92 %
E p[GeV]

M,=91.1875 =% 0.0021 GeV/c21



Simetrias !l

Globais

Leis de conservacao:
Energia, Momento linear,
Momento Angular

[.ocais M.C.Escher
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Campos de interacg¢ao:
Electromagnético,fraco,forte,
gravitico???,
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As interacoes

Unificacao e Simetrias (locais)

graviticas

r electromagneticas
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fortes
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O Modelo Padrao: SU(2), ® U,

Glashow




Mas as Particulas tém massa

em eV/c?

m,, ~ 10-1 m, = 0
m, ~ 500 107 myy, ~ 80 10°
m,~ 5 106 m,~ 91 109
m,~ 174 109 my ~ 125 10°

Como € que as massas sao geradas 777

Por ¢ que sao tao diferentes 777

leV ~1.81073%Kg 05



Peter Higgs
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O mecanismo de Higgs

A massa ¢ gerada na interac¢ao com o0 campo
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CERN

O bosao de Higgs

4 Julho 2012




Ax?

Higgs Field in the SM

A scalar Higgs field that permeates all the Space is introduced
(a new “ether”)

The W*,W-, Z9masses are generated trough the Spontaneous
Symmetry Breaking of this new Higgs field but an extra
massive Higgs Boson appears!

The fermion masses are generated by their coupling to the
Higgs field

The Higgs boson couples at tree level with all massive
particles and at a loop level with all particles ...

Predicted Ob d
4 e 1C e Serye Ilmlnary F 7TeV L 51fb \I' STeV L 196fb‘
6 : > g 10000 - PESPRRE - : T ol :
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As particulas elementares hoje!

Three Generations
of Matter (Fermions) spin %2

spin0

Bosons (Forces) spin 1
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As particulas elementares em 1957

Three Generations
of Matter (Fermions) spin %2

Bosons (Forces) spin 1

Leptons
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Neutrino sector

The Nobel Prize in Physics 2002: Raymond Davis Jr,
The detection of cosmic neutrinos

The Nobel Prize in Physics 2015: Takaaki Kajita, Arth

Proacent otahlie @ariaRuhhohaoNMsn A XD N ations
v physics: PMNS; 3x3 or 4x4? nature (Majorana or Dirac); mass ordering

1 0 0 0050]3 () Sinﬁl;;e"“ 0089[-3 sin 912 0 "A T' Vi vy ; v I8 V.
U3x3= 0 COS“_», Sill“;; 0 1 0 —Siﬂ();g C()Sglg ] X (UMaj) i - /I W

0 —sinfyy cosfy ~sinfze? 0 cosfyg 0 n: i ‘ Vi v, §

e o
atmospheric + SBL reactor + solar + v, KA I

accelerator disapp accelerator app KamLAND

normal Ordering Inverted Ordering

Deep Underground Neutrino Experiment

A rich experimental
program in the next 10/20
years:

- Accelerator-based long-
baseline;




“Extended” SM parameters

26 “magic numbers” (1f Majorana neutrinos + 2)

Gauge sector
Three gauge constants: g, g, g

Higgs sector
Two Higgs potential Parameters: u, A

Fermionic sector

Twelve fermion masses (or Yukawa couplings): m,,, m,,, m,3, m,, m,, m,

. my, my, M, Mg, My, My
CKM quark matrix

Four mixing parameters: A, A, p, N

PMNS neutrino matrix

Four mixing parameters: 0;, , 0,5, 0,5, 0
Strong CP sector
CP “violating phase”: 6.p

Numerical values differs by more than 10 orders of

. 1 VAR o W | X7 gy N\ N T X 7N\
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The End of Physics?

1980 — “The goal of theoretical physics might
be achieved in the not too distant future ... we
might have a complete, consistent and unified
theory of the physical interactions which would
describe all possible observations”.

2002 — “| have changed my mind. I'm now
glad that our search for understanding will
never come to an end, and that we will always
have the challenge of new discovery without it,
we would stagnate”

Stephen Hawking

34



A matéria luminosa




A velocidade de rotacao das estrelas perifericas




Rodar em torno do centro da galaxia

observed

expected
from
luminous disk

——
—
.
o — .

R (kpc)

. M33 rotation curve

Um halo de matéria escura!




A matéria escura




A expansao do Unverso
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A expansao do Unverso

‘-

recollapsing
universe

future

present

past

colapso

4 T T

Dark Matter - Dark Energy
affect the expansion of the universe

Relative size of the universe

-10 ) Now 10 20 ) 30
Billions of Years

critical coasting accelerating
universe universe universe
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A energia escura !
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S O 18 December 1998
vol a2 No $37
’4‘--;,‘141 2336 §7

Diagrama de Huble

i ACCELERATING -
: UNIVERSE G

4 i Broakthvough of the Year

Gold Dataset (157 SNela): Riess et. al. 2004

0 025 0.5 0.75 = 1 125 15 1.75

O Universo encontra-se numa expansao acelerada !!!

Energia escura — anti-gravitica .



Fronteiras do nosso (des)conhecimento
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Olhar o Universo no sec. XXI
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O LHC no CERN

LN
©
LHC - B CERN ATLAS
4;&P0Int 8 ~FEE ATLAS ALICE ~
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SM (Particle Physics) extensively teste
10 years of LHC

Standard Model Total Production Cross Section Measurements @ Jra
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O LHC/ HL-LHC

Luminosity [cm2s]

Disk Storage [PBytes]

e Peak luminosity —Integrated luminosity
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The long-term ...
FCC (Future CERN Collider)

The precision frontier: FCC —ee (Higgs Factory) < 2040

The energy frontier: FCC —pp (100 TeV) = 2055

SUISSE

e : N Ann> -y . Wparticle a S|
FRANCE — (i - N S for the post-LHC era
. Am o .

L8P ofiting from CERN's|
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Dark Matter/Dark Energy

Multipole moment, £

= 2 10 50 500 1000 1500 2000 2500
% 6000
1 A
o 5000 i
, 5 |
= 4000 1
(kmJs) g |
S 3000 %A
=
e AN
5 2w ' g
o
= ’ b
] - ",
g 1000 i IIVM" \
5 '
[ 0
0 18 1 02
Angular scale

X x4

AMS 02

(Alpha Magnetic Spectrometer)

uoneqyruuy
production

q.e.,y E,e*,y

Scattering :nuclear recoils
(Direct detection)

Top Photosensor
Array

XLZD.
Next DM oy,

Liquid Xenon

Paprr
I~

experiment e S oo |

Cathode O—~(—

Dark Matter

Dark Energy




Raios cosmicos carregados
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Um LHC do tamanho da 6rbita de Mercurio !!!
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Na pampa argentina




Ultra High Energy Cosmic Rays (UHECR)

Present

Pierre Auger Observatory Energy spectrum

rlev?]

J(E) X E* [km? yr's
%

Future
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Detectar fotdes no alto das
montanhas ..

Incoming gamma ray

Collision with atmospheric
nucleus

Extensive Air Shower

Particles from air shower penetrate
particle detectors, interact and are
detected

PARTICLE
DETECTOR ARRAY

Cherenkov
Light

IMAGING ATMOSPHERIC
CHERENKOV TELESCOPE

|2A3] Das anoqo 1ybIaH

(SR ——

----- 1-3 km

Not to scale
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High Energy Gamma Rays

Present

X-rays

Q
10* COMPTEL C R 7 )

107

16‘ 16‘ 10° 10" 10% 10" 10" 1015 eV
Energy (eV)

12 Pevatron sources

Dec=20 Dec=10 Dec=0' Dec=-10

, Galactic latitude (deg)
S431 4% R (A
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Olhar para o centro da galaxia e para o Universo a 4500-5000 m de

t1coSs

Oes energe

~/

altitude na América do Sul com um detector de fot

20 000 m?
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Astrophysical neutrinos
ICE CUBE

& 'ceCuse
: 50m . A e R
//'
IceCube Laboratory 86 nom
Dat llected here
sen tellite to the

aaaaa
warehouse at UW-Madison

I

Il

L ‘\‘ i

&Z;DE;OPDOM) 2450 m l‘ln“l l ' | ||
B CUBIE oy [

7/10/2023: Francis Halzen@IST

Events per Bin

More than 100 high-energy

raN haak Fa) 1’\/\114‘1"11’\['\(‘1 ‘TT‘:“"IA 1 nn
CUDlllJ.\/ ICVULLL IUD Wd,llll 1 UV
103 ]

s ml _ Agtrophysical v + v
a1 e -~ onv. atmospheric v + 7

1

—_

H
o
L

IceCube Preliminary

10* 10° 10° 107
Median Neutrino Energy / GeV

2 PeV

73 : . .
4 29 IceCube high-energy astrophysical neutrinos
4 December 4, 2012 :




The Multi-messenger Era

GW170817

world
5 240 \\ Swope +10.9h BREAKTHROUGH
—— ‘ g OF THE YEAR
Virgo —_ -~

1
7 . ’ N
Fermi/ g
GBM S0 E J
16h 1 8h

IPN Fermi /
INTEGRAL

. First multi-messenger discovery of a binary
N | - neutron star merger

y-ray blazar TXS 0506+056 First simultaneous observation of very high

« Source identification

- csasuad energy neutrino and of electromagnetic waves
L d weeogimEE } EREEGaEIzaG
"Madison i : :‘ ] 5 iy -; 3 3
\ SR
Delay: ! gl “; : 33§ LR o: 3
O(min) RS, * Increased sensitivity AN : : g -
o for transient neutrino P 0”0‘4. '.‘“ __—
sources 3 Doview] © ™ 0w _Bw aesam e 196m
( —
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The Universe at the highest energies

10>

E?® (GeVem™2 s sr)

—
S
w0

167"

L1l L4 1l

Ll

1 - FermiEGB + lcecube (HESE 6yr) | All KASCADE
] == Fermi EGB (non-blazar) Wl Icecube (v, 6yr) | ¢ Light KASCADE
4 == Total associated y ray w1 —all flavour Iy A Auger (E x 1.05)
4 — Source associated y ray Murase ; % TA + TALE (E x 0.91)
= \ == All CR
3. *. \d “A, == Mediumtheavy CR
] ' | = Light CR
% )

LA | | T L P LK |

2
T & % Lr] ! L R |

1 10 107 0* 40° 10°
E (GeV)

TTT

107

L
T 1 T 11T

108

| T P L . ¥ |

i0? 16" qo"

E=10%¢eV

K. Fang, K. Murase, Nature Phys 14, 396398 (2018).

The energy density per decade 1s similar in all the three messenger particles

dN
Pdecade = / EdlnE

dN _ dN

— dlnE
dE EdlnE

EZ

decade
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O Universo para compreender, ...
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Many open questions

* What is the origin of the masses and mixing parameters?
 How quarks and gluons interact to form nuclei?

Why matter dominates (locally...) over anti-matter?
 What is dark matter made of?

 What is the nature of Dark Energy?

 What is the complexity of the Higgs Field sector?
 How inflation started and stopped?

* How to couple GR and QM?

 What is the origin of the highest energy cosmic rays?

Frontiers of Energy

Frontiers of Precision
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International Doctorate
Network 1n Particle
Physics, Astrophysics
and Cosmology
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Accelerators
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O Protao

1014 m
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O Protao
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A massa do Protao

M= z mqua ks
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A massa do Protao

+ € /e~

~ e MPO

M= 2 mqua ks

938 ~ ( 15 +  925)MeV/c?

1 MeV /2~ 1.8 1073%K g
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A massa do Sol

/ myy
T Fo=—
mTvzzG m; Mg

2

R R

Mg~ 1.98 10% kg



A velocidade de rotagcao das estrelas periféricas

observed

expected
from
luminous disk

——




The Universe at the highest energies !

pa 10°° | isotropic y-ray high-energy w, Ultra-high energy

'G — backgrognd neuérirt\:s -_.. cosmic rays

i, 1007 | M+*'+(Fe"m) HESE — = o

‘T ++ H (Gyr) ..°

6, o

E | ) R T ."'....

~, v+ Vv

NS- I ?Byr] ! ...

ol !
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Fontes raios gamma de alta energia (TeV)
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Source Types

PWN

Binary XRB PSR Gamma
BIN

HBL IBL FRI FSRQ
Blazar LBL AGN
(unknown type)

Shell SNR/Molec. Cloud
Composite SNR
Superbubble

Starburst
DARK UNID Other

uQuasar Star Forming
Region Globular Cluster
Cat. Var. Massive Star
Cluster BIN BL Lac
(class unclear) WR




As bolhas de Fermi

Gamma-ray emissions

X-ray emissions
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The Big Bang

Expansion and cooling
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Afterglow Light
Pattern
400,000 yrs.,

Inflation

Quantu
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1st Stars

Dark Ages

Development of

Dark Energy
Accelerated Expansion

Galaxies, Planets, etc.

about 400 million yrs.

Big Bang Expansion
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Big Bang Expansion

13.7 billion years

Source - WMAP



