Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”

tt tit t
FERMIONS 5inZ12 302, 502, ...

p_ electron
€ neutrino

€ electron [0.000511

<1x10-8 U up

d down

mion <0.0002

. C charm
M neutrino

M muon 0.106 S strange

tau <0.02 tt
T neutrino 28

T tau 1.7771

b bottom

Spin is the intrinsic angular momentum of particles. Spin is given in units of i, which is the
quantum unit of angular momentum, where fi = h/2r = 6.58x10725 GeV s = 1.05x10734 J 5.

Electric charges are given in units of the proton’s charge. In SI units the electric charge of
the proton is 1.60x10~'% coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeV/c2 (remember
E = mc2), where 1 GeV = 109 eV = 1.60x1070 joule. The mass of the proton is 0.938 GeV/c2
=1.67x10727 kg.
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If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.
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Color Charge

Each quark carries one of three types of
“strong charge,” also called “color charge.”
These charges have nothing to do with the
colors of visible light. There are eight possible
types of color charge for gluons. Just as electri-

cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge.

Quarks Confined in Mesons and Baryons

One cannot isolate quarks and gluons; they are confined in color-neutral particles called
hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is converted into addi-
tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into
hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in
nature: mesons qq and baryons gqq.

Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclei is due to residual
strong interactions between their color-charged constituents. It is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be
viewed as the exchange of mesons between the hadrons.

PROPERTIES OF THE INTERACTIONS

Gravitational ‘

See Residual Strong
Interaction Note
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The Particle Adventure

4 Visit the award-winning web feature The Particle Adventure at
For every particle type there is a corresponding antiparticle type, denot- http://ParticleAdventure.org
ed by a bar over the particle symbol (unless + or - charge is shown). /
Particle and antiparticle have identical mass and spin but opposite y Hadiops /
charges. Some electrically neutral bosons (e.g., 2%, v, and 0= cc, but not L 4 A Guarks &

KO = ds) are their own antiparticles. Z _* gluons hadro
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These diagrams are an artist's conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.

An electron and positron

(antielectron) colliding at high energy can
annihilate to produce B® and B® mesons
via a virtual Z boson or a virtual photon.

A neutron decays to a proton, an electron,
and an antineutrino via a virtual (mediating)
W boson. This is neutron B decay.
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Por que ha muito mais
Matéria do que antimatéria

No Universo?

Porque temos massa?

Existem mais de tres?
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Aceleradores de
particulas

™




Aceleradores sao microscopios
. )

atomos nucleos

Tamanho




Aceleradores sao maquinas do tempo

Evolution of the Universe

Inflationary
Expansion
Forces

Separate

Stars
Are Born

10°s 300 000 Years 10° "™ 15-10°Y"

10" Tev 10" TeV 1 TeV 150 MeV 4 meV 0,7 meV

?

electroweak QCD
phase transition phase transition

1 eV = energia de um elétron acelerado por umatensaode 1V =1,6 x 101° J
1MeV=10%eV 1TeV=10"?eV=1,6x10°)







Os experimentos do LHC




Alguns fatos interessantes

e 27 km de 7 Ll1;
. = . | have been hit with
circunferéncia | a TeV particie!

— 99.9999991% c

— 11 mil voltas por
segundo

* Energia 14 TeV

— 1 TeV - energia de
um mosquito voando

— 1 kg de tijolo caindo
de 1 metro de altura
tem 4 milhdes de TeV




Alguns fatos interessantes

. .
quente € f”O © Original Artist

- LHC fUﬂCiOﬂa a - Reproduction rights obtainable from
271 OC www. CartoonStock.com

— Em uma colisao
Pb+Pb produz-se

matéria a
1000000000000° C

(1000000 x interior
do sol)

 Tempo para produzir "You clumsy oafl — | can't believe

(11 71] OdOesggt&?w?\Ji)eggje you actually dropped the antimatter!”

sal) > 1 bilhdo anos




Alguns fatos interessantes

e 1 TB/s de dados (10 mil
enciclopédias britanicas
por segundo)

— ~ 10 PB/ano

* 8 bilhdes US$ para ser
construido em 20 anos

— Copa do Brasil =
e ~ 20 bilhoes US$ Empire State

— Guerra no Oriente Médio L
e ~ 2 trilhdes US$
|PB (petabyte)
|.43 million CDs




Colisdes em aceleradores nao sao
INtuitivas




Por que saem
laranjas de

melancias?




Séc. XIX
Muitos elementos
diferentes

Periodic Table of the Elements
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A estrutura basica da matéria

* 1895 - Rontgen
descobre o raio-X




Estudos da radiacao

» 1896 — Becquerel

— Materiais que emitem |uz
naturalmente

— Alguns materiais marcam
filmes fotograficos, mesmo
NO escuro

Scanned at the American
Institute of Physics




A estrutura basica da matéria

e 1897 — Thomson
descobre os elétrons

— Carga negativa
— Muito leves




A estrutura basica da matéria

positively
charged
matter

electrons

* Por conta disso,
Thomson propde

um modelo para o
atomo

— O pudim de passas




A estrutura basica da matéria

* Ruthertord, Geiger e
Marsden

— Descobrem o nucleo
atomico
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O nlcleo atomico

* Rutherford, Geiger e
Marsden

Rutherford
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O prdéton e o néutron

e 1919 — Préton e 1931 — néutron
(Rutherford) (Chadwick)

To Vacuum Pump Nitrogen

4 v

Fluorescent
Screen

Microscope

cloud
chamber I

[

Radioactive Alpha \

Source Particles polonium beryllium  paraffin
source of «-rays

http://www.nature.com/physics/looking-
back/chadwick/chadwick.pdf




O pion

21

 Yukawa 1934 o Lattes, Occhialini,

— Interacgao forte entre Powell, 1947
nucleons devida a
troca de particulas

(Coulomb) m=0 =
m=1

m=
M=10  w—
M=50 =——




Todos pareciam contentes

* Todos os elementos da natureza eram
compostos de 4 elementos basicos

— Prdotons

— Neéutrons

— Elétrons

— Foétons — luz e interacao eletromagnética
— Pion — interacao forte

« Ate que...




Antimateria

e Dirac achou estranho
o resultado de uma
conta, em 1930, e
postulou que o
resultado seria devido
a existéncia de
antimatéria

 Anderson, em 1932,
descobre o positron




Novas particulas

..and many
more!




Anos 60

Muitas particulas novas
> 500 atualmente

Murray Gell-Mann




Todas essas particulas podem ser
compostas de trés outras mais
fundamentais (e antiparticulas)

— u(g=2/3,s=0, spin="2)
— d(g=-1/3,5s =0, spin = 2)
— s(gq=-1/3,s =-1, spin = 12)

Da Wikipedia: “For some time, Gell-
Mann was undecided on an actual
spelling for the term he intended to

coin, until he found the word quark in
's book '

— Three quarks for Muster Mark!
Sure he has not got much of a bark
And sure any he has it's all beside the
mark.
« —James Joyce, Finnegans Wake”




OIYVEE

 Gell-Mann, nos anos de
1960, postula que todas
os hadrons (os que nao
sao |éptons) seriam
formados de duas ou
trés particulas mais
elementares, os quarks
— Three quarks for Muster

Mark! - James Joyce,
Finnegans Wake”

Experimentos no SLAC
confirmam esta hipotese




A existéncia do quark

If the Proton is then F£P(x) is

Three valence quarks

Three bound valence quarks

g 2 >
EEE

Three bound valence
quarks + some slow
debris, e.g., 9+ qq
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SLAC DIS 1960

» Existéncia dos quarks

o F3(GARGAMELLE)
* (18/5) F$N(MIT-SLAC)

http://www.slac.stanford.edu/cgi-wrap/getdoc/slac-pub-5724.pdf




O Modelo Padrao




~érmions e bosons
Principio de exclusdo de Pauli

Bosons Fermions
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O que somos?

« Somos feitos de
atomos

— Nucleos (prétons +
néutrons)
* Feitos de quarks

— Elétrons

* Uma pessoa de 50
kg
— 25 g de elétrons
— 1,5 kg de quarks

— Onde estao os
outros 48,5 kg?




O que somos?

* Se colocassemos
quarks e elétrons
juntinhos, seriamos
menor que um
grao de areia

« Somos “vazio” e
neste “vazio” esta
quase toda nossa
massal




Para entender o que somos
precisamos entender

* Energia ¢ Massa

*Campo  * Matéria

* Forca




Energia
uma grandeza gue se conserva

* Energia é substancia?

 Cinética







Energia
uma grandeza gue se conserva

* Energia é substancia?
— Nao é substancia

e Cinética




Energia
uma grandeza gue se conserva

* Energia é substancia?

— N3ao é substancia .

e Cinética
 Potencial




Energia
uma grandeza gue se conserva

Energia é substancia?
— Nao é substancia
Cinética

Potencial

Calor
— Energia cinetica




Energia
uma grandeza gue se conserva

aqui aqui

* E a energia potencial? = aqui

aqui aqui

aqui  aqui |
— E = mgh aqui A aqui
i aqui aqu :
, aqui _ aqui
* Onde esta? - aqui .
aqui . aqui aqui aqui
apui
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Campo

* Energia contida
NoO campo

— Densidade de
energia

e Soma em todo
universo = mgh




Campo, energia e massa

Energia PESA!llI
Energia tem massallll




Relacao entre massa e energia

p2 2

C+ O = CO + energia
p+n—>d+energia

d + energia 2 p +n
e* + e = energia
energia 2> et + e
energia = matéria + antimatéria




E o campo? Do que é feito?




A forca entre duas particulas

@ @




As forcas fundamentais
Quarks

VvV
Leb@herca gravitacional?




E o préton?

3 quarks (uud) unidos pela
forca forte

Massa do proton

— ~938 MeV/c?
.+ ~1.6x10%kg

Massa dos quarks no préton
— ~ 10-20 MeV/c?
— ~ 1-2% do total da massa!

E o resto da massa?

— Essencialmente no campo da
forca forte



E o bdson de Higgs?

* Ouvi dizer que o boson de Higgs € o
responsavel por gerar a massa das coisas.

* |sto ndo esta em contradicdo com tudo que
foi dito até agora?
— SIM e NAO !

* A pergunta certa € “de onde vem as massas
das particulas elementares?”




O campo de
Higgs

) 2 IMAGINE A FIELD TUAT
PERMEATES THE
ENTIRE UNIVERSE,

>

EVERY PARTICLE
FEELS THIS FIELD,
BUT IS AFFECTED IN
DIFFERENT AMOUNTS,

g

» Campo que
permeia todo o

\
N

COME PARTICLES AREW \ o 1
REALLY SLOWED DOWN ‘o

Universo LLY SLOWED D
Q
R OTHER PAR‘UCLEQ)
- “LARGE" MASS HARDLY FEEL (T,
o ——— -» "SMALL" MASS

GQUESTION OF WHY
PARTICLES HAVE

» A particula de
Deus? °.
— "The God
Particle”- Leon

Lederman

soYouTURNTuE)

DIFFERENT

MASS INTO A
DIFFERENT
QUESTION:

. \

THE HIGGS 1S JHE MANIFESTATION OF THIS FIELD,
THE EVIDENCE FOR (TS EXISTENCE.




Criando e observado o bdson de
Higgs

* Fornecer energia para excitar o campo e tirar
uma particula deste campo

energia = Higgs

* Muito raro
— 1 bdson de Higgs a cada 1 trilhao de colisdes

* Vive pouco tempo
— Cerca de 10%s




Observacao do bdson de Higgs

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.2 ‘ GMT
Run/Event: 195099 / 137440354




%ATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST




S6 3% da massa do proton?

» Por que é tdo importante saber isso?

— A massa das particulas elementares vém do
campo de Higgs

e Quarks, elétrons, muons, etc.

* O Universo existiria como ele é hoje sem o
campo de Higgs?

» Como as massas das particulas elementares
atetam o nosso dia a dia?




Um exemplo: o atomo de
hidrogénio

* Raio de Bohr do atomo de hidrogénio é
inversamente proporcional a massa do

elétron

h

M CO

(1 —

e E se a massa do elétron fosse menor? E se
ele nao tivesse massa?




4

SIC

V 4

qu .que N3 muito mais
Materia do que antimatéria

no Universo?

'—

\ Porque temos massa?

—

Existem mais de ‘Frgs?
dimensoes espaciais:

| —

exg s elemen®”

0
uais sao i
Of)ésicos que forma

W

Y—
(48]
O
(Op)
Q0]
i
-
-
o]0)
S
(D)
Q.
(Vg
=
>
o]0
gmm—

A

"




