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O Universo para compreender, …
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Da maçã ao 
Universo

I. Newton

Lei da atracção 
Universal:

A gravidade !
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Será que a maçã é 
elementar?
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Ver o interior da 
maçã ???
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As ondas  difractam-se ... 
Se 𝜆 for da ordem do tamanho do objecto

8Só se podem ver  objectos  com uma dimensão maior que 𝜆 !
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Ver com partículas

d ~ 10-18 m

CERN

Louis de Broglie



Será que a maçã é 
elementar?

Átomo  ~ 10-10 m
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No interior dos átomos

Átomo  ~  10-10 m Núcleo   10-15 m

Electrão < 10-22 m
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Vários quarks,  muitas partículas !!!

Q = + 2/3

Q = - 1/3

u
d

Quarks:
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Vários quarks,  muitas partículas !!!
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A força forte

Quarks de três cores:

Ligados por “cordas”

Se r  < L 
livre !!!

Partículas “sem cor”

Se r ~ L 
preso !!!

Bariões Mesões
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PentaquarksTetraquarks



O neutrão decai…

???oconservaçã PeE
!
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O neutrão decai…

Pauli (1930)

???oconservaçã PeE
!

O neutrino !!!
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pnA visão moderna !
Um quark d transforma-
se num quark u
emitindo um bosão W
que “decai” num par
electrão, anti-neutrino
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O Z0
Parceiro neutro dos W´s 

,...,,, Wqe n

0Z

,...,,, Wqe n

Mz= 91.1875 ± 0.0021 GeV/c2

qqee ®-+

LEP
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Simetrias !!!
Globais M.C.EscherLocais

Leis de conservação:
Energia, Momento linear, 
Momento Angular

Campos de interacção:
Electromagnético,fraco,forte, 
gravítico???, 
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As interações 
Unificação e Simetrias (locais)

electromagneticas
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O Modelo Padrão: 1)2( USU L Ä
Glashow

Salam

Weinberg
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mν ~ 10-1

me ~ 500  10 3

mu ~ 5  10 6

mt ~ 174 10 9

mγ =   0
mW ~ 80 109

mZ ~ 91 109

…

Mas  as Partículas têm massa

mH ~ 125 109

Como é que as massas são geradas ???

Por é que são tão diferentes ???
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O campo de Higgs Peter Higgs

Higgs, Englert, Brout - 1964
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A massa é gerada na interacção com o campo

O mecanismo de Higgs 
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O bosão de Higgs 

4 Julho 2012: CERN
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Higgs Higgs Field in the SM

29

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

• The W+,W-, Z0masses 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 …
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As partículas elementares hoje!
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As partículas elementares em 1957
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Neutrino sector

Present status (Paris Sphicas ,May 2022):

The Nobel Prize in Physics 2002: Raymond Davis Jr, Masatoshi Koshiba
The detection of cosmic neutrinos
The Nobel Prize in Physics 2015: Takaaki Kajita, Arthur B. McDonald
The discovery of neutrino oscillations

A rich experimental 
program in the next 10/20 
years:  
- Accelerator-based long-
baseline; 
- Accelerator-based short-



Gauge sector
Three gauge constants:  g,  g‘ , gs

Higgs sector
Two Higgs potential Parameters:  µ, λ

Fermionic sector 

Twelve fermion masses (or Yukawa couplings):  mν1, mν2, mν3, me, mµ, mτ,
mu, md, mc, ms, mt, mb

CKM quark matrix
Four mixing parameters: λ, A, ρ, η

PMNS neutrino matrix
Four mixing parameters: θ12 , θ13 , θ23 , δ

Strong CP sector 
CP “violating phase”: θCP

26 “magic numbers” (if Majorana neutrinos + 2)  

Numerical values differs by more than 10 orders of 
magnitude  (mν < 0.1 eV, mt ~ 0.2 TeV)  
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“Extended” SM parameters



The End of Physics?

34

Stephen Hawking

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 – “I 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”
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A matéria luminosa   



A velocidade de rotação das estrelas periféricas  
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Rodar em torno do centro da galáxia  

Um halo de matéria escura!
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A matéria escura   
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A expansão do Unverso 
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A expansão do Unverso 

colapso aceleraçãoVelocidade 
escape

Velocidade 
constante



A energia escura !

O Universo encontra-se numa expansão acelerada !!!

0 0.25 0.5 0.75 1 1.25 1.5 1.75
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z
Gold Dataset (157 SNeIa): Riess et. al. 2004

DeceleratingAccelerating

Diagrama de Huble

m
(z)

Energia escura – anti-gravítica
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Fronteiras do nosso (des)conhecimento

?

O modelo 
padrão 

ECM ∼ 1 TeV 

R ∼ 10-18 m ?
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Olhar o Universo no sec. XXI
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O LHC no CERN

CMS

ATLAS
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SM (Particle Physics) extensively tested 
10 years of LHC

45
45



O LHC/ HL-LHC

46
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The long-term …
FCC (Future CERN Collider)

The precision frontier:  FCC – ee  (Higgs Factory)     

Feasibility
 Study under way

The energy frontier:  FCC – pp (100 TeV)  

⪞ 2040

⪞ 2055
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LHC - FCC

XLZD.     
Next DM 
experiment   
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Roman  Space

DESI

Vera       
Rubini
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Um LHC do tamanho da órbita de Mercúrio !!!  
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Física de Partículas na 
atmosfera
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Na pampa argentina
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Ultra High Energy Cosmic  Rays (UHECR)

Pierre Auger Observatory Energy spectrum Muons …

Present

Future
HL-LHC

1020



Detectar fotões no alto das 
montanhas ..
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High Energy Gamma Rays

12 Pevatron sources

HESS
1015 eV

CTA-S
LHAASO

CTA-N

Future

Present

LHAASO

SWGO

Just a few 

examplesCR
AB



Olhar para o centro da galáxia e para o Universo a 4500-5000 m de
altitude na América do Sul com um detector de fotões energéticos

20 000 m2

80 000 m2

1 km2

5 km2
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Astrophysical neutrinos
ICE CUBE

2 PeV

More than 100 high-energy 
cosmic neutrinos  with 100 
TeV  < E < 10 PeV

ICE CUBE–Gen2

7/10/2023: Francis Halzen@IST



nuclear reactor

The Multi-messenger Era

58

GW170817 

First multi-messenger discovery of a binary 
neutron star merger

First simultaneous observation of very high
energy neutrino and of electromagnetic waves

γ-ray blazar TXS 0506+056

ICE Cube muon 
neutrino ~300 TeV



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

The Universe at the highest energies 
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E = 1020 eV



Big Bang

Today
13.8 Billion Years

1028 cm

W
M

AP

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 



International Doctorate 
Network in Particle 

Physics, Astrophysics 
and Cosmology 
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Accelerators

Year of completion

En
er

gy
 (G

eV
) 

~1930

~ 10 MeV

high Luminosity, sophisticated detectors

14 TeV
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LEP



O Protão
(uud)

10-14 m
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O Protão
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M=∑ mquarks + Ecampo/c2

A massa do  Protão
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M=∑ mquarks + Ecampo/c2

A massa do  Protão
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A massa do Sol 

r
vm

Fc
2

=

MS ~ 1.98 1030 kg



A velocidade de rotação das estrelas periféricas  



7
2

Energy density per decade similar in all three messenger particles 

E = 1020 eV

The Universe at the highest energies !



TeV sources tevcat.uchicago.edu

(>200)

Fontes raios gamma de alta energia (TeV)

73



As bolhas de Fermi
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The Big Bang 

Expansion and cooling


