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ElectrodinGmica qudntica

TQC DOS FOTOES, ELECTROES, POSITROES E SUAS INTERACOES

(QED)
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Schwinger Tomonaga Dyson Feynman

The Nobel Prize in Physics 1965 was awarded jointly to Sin-Itiro
Tomonaga, Julian Schwinger and Richard P. Feynman "for their
fundamental work in quantum electrodynamics, with deep-
ploughing consequences for the physics of elementary particles".

Filipe Joaquim Infroducdo & Fisica de Particulas e ao Universo (2/3) CERN, 24-29 Agosto 2014 2



Uma arma Universal

° 1943

Em 1948 Feynman desenvolveu um TS
método “grdfico” que permite 3 Wt
calcular processos que envolvem
interaccoes entre particulas
elementares.
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A furgoneta Feynman
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A TECNICA DOS DIAGRAMAS DE FEYNMAN E USADA PARA CALCULAR AS “PROBABILIDADES”
DE OCORRENCIA DE PROCESSOS ENVOLVENDO PARTICULAS ELEMENTARES.
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O VACUO QUANTICO

vécuo EM FISICA QUANTICA O
(latim vacuus, -, -um) VACUO ESTA LONGE DE

adj.

Que ndo contém nada; que ndo se acha ocupado por SER ESPACO \VAVAIO S

coisa alguma. = 0CO, VAZIO
[Juridico, Jurisprudéncia] Que se possui mas que nao

se desfruta ou ndo se goza. PIH Energia-’rempo

S. m.

Espaco circunscrito que nao contém ar ou que se
supoe vazio.

O espacgo entre os corpos celestes que se supde vazio.

29 Quantizacdo: O campo E.M. pode ser interpretado como um
conjunto infinito de osciladores harmonicos cujo estado fundamental
tem energia ndo nula.

P Polarizacdo do vacuo

A semelhanca da polarizacdo
de um dieléctrico.
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O VACUO EM QED

Polarizac&o do vacuo Correccdo ao vértice Correccdo a energia
propria
S
2p (n=2, I=1) 2p,, (j=3/2) 27 MHz 1017 MHz
2s (n=2, I=0 :
S (n ) ) 2p1/2 (J=1/2) 2p1/2 ‘WQW‘ '%
: 2s
2 =1/2 1/2
(XGEYNEDN)) Sz (J1/2) 68 MHz
Bohr Dirac QED

Teoria: 10568 MHz , Exp: 1057.9
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O EFEITO CASIMIR

Segunda Quantizacdo: O campo
electfromagnético consiste num
conjunto de osciladores harmonicos.

S
&
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CASIMIR (1948):

Estre as placas condutoras so alguns modos ddo permitidos.
EFEITO: Forca entre as placas condutoras.

VOLUME 78, NUMBER 1 PHYSICAL REVIEW LETTERS 6 JANUARY 1997

Demonstration of the Casimir Force in the 0.6 to 6 xm Range

S.K. Lamoreaux*

Physics Department, University of Washington, Box 35160, Seattle, Washington 98195-1560
(Received 28 August 1996)

The vacuum stress between closely spaced conducting surfaces, due to the modification of the zero-
point fluctuations of the electromagnetic field, has been conclusively demonstrated. The measurement
employed an electromechanical system based on a torsion pendulum. Agreement with theory at the
level of 5% is obtained. [S0031-9007(96)02025-X]

PACS numbers: 12.20 Fv, 07.07 Mp
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O EFEITO CASIMIR
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SITUACAO NO FINAL DOS ANOS 40

ELECTRODINAMICA QUANTICA

Teoria qudntica dos electiroes, positroes,
fotdes e da interaccdo electromagnética.

( )

FORCA FRACA

Teoria do decaimento radioactivo descrita
pela inferaccdo de Fermi.

FORCA FORTE

Forca responsavel pela coesdo do nucleo
descrita pelo potencial de Yukawa.

()
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PARIDADE

Transformacdo de paridade P: ‘I’i") ‘PF)
Uma dupla tfransformacdo de +X +X
paridade corresponde a ndo fazer
nada...
EVEN PARITY ODD PARITY

P(p )=P(dr /dt )=—p

Vector: Pseudo-vector: z1=rxp ,

A inferaccdo electromagnética, a forca forte e a
gravidade sdo invariantes debaixo de paridade.
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Paridade e o puzzle

o 1988

Paridade intrinseca: As particulas elementares (e ndo sé) tém uma
paridade intrinseca.

PHYSICAL REVIEW VOLUME 95, NUMBER 6 SEPTEMBER

Absorption of Negative Pions in Deuterium : Parity of the Pion™

W. CHINOWSKY AND J. STEINBERGER
Columbia University, New York, New Vork
(Received June 8, 1954)

The reaction w~-+d—2n has been observed by detecting the two neutrons in coincidence with slow nega-
tive mesons incident on a liquid deuterium target. The observed angular correlation of the two neutrons
confirms the identification of the process. The process is therefore not forbidden, and this fact may be used
to establish the odd relative parity of the pion and the nucleon.

Dalitz (1954): Puzzle 6 — T Duas particulas (mesdes 6 e T) com a
mesma massa decaiam para estados de paridade diferente.
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Uma proposta ousada...

1958

ECENT experimental data indicate closely iden-
tical masses! and lifetimes? of the 6+ (=K ") and
the 7+(=K,3t) mesons. On the other hand, analyses?®
of the decay products of 7+ strongly suggest on the
grounds of angular momentum and parity conservation
that the 7+ and 6* are not the same particle. This poses
a rather puzzling situation that has been extensively
discussed.*

One way out of the difficulty is to assume that
parity is not strictly conserved, so that 6+ and 7+ are
two different decay modes of the same particle, which
necessarily has a single mass value and a single lifetime.

PHYSICAL REVIEW VOLUME 104, NUMBER 1 OCTOBER 1, 1956

Question of Parity Conservation in Weak Interactions™

New York

PRESENT EXPERIMENTAL LIMIT ON
PARITY NONCONSERVATION
. On the other hand, i i
of 7+ strongly sugge
grounds ngular momentum and conservation
that the 7+ and 6* are not the same pa i
a rather puzzling situation that has be
discussed.*

which for
In genera
Va-  spectr

O prémio Nobel da Fisica foi atribuido a C. N. Yang e T.D.
Lee em 1957;

"for their penetrating
investigation of the so-
called parity laws which
has led to important
discoveries regarding the
elementary

parficles™.

-

~TRATNKER.
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o 1958

Em 1956 Cowan e Reines detectaram o

neutfrino do electrdo usando como fonte

0Ss neutrinos provenientes de um reactor
nuclear.

present work was done (3). This work
confirms the results obtained at Hanford
and so verifies the neutrino hypothesis

suggested by Pauli (4) and incorporated
in a quantitative theory of beta decay by
Fermi (9).

O prémio Nobel da Fisica
foi atribuido a F. Reines
em 1995;

“for the detection of the
neutrino”

Filipe Joagquim

20 July 1956, Volume 124, Number 3212 SCI I NC I J

Detection of the Free

Neutrino: a Confirmation

C. L. Cowan, Jr., F. Reines, F. B. Harrison,
H. W. Kruse, A. D. McGuire

A tentative identification of the free
neutrino was made in an experiment
performed at Hanford (/) in 1953. In
th rk the reaction

tpt—> B (m

wherein th, u-
agment decay
1 a large reactor was incident on a de-
or containing many target protons in
a hydrogenous liquid scintillator. The re-
action products were detected as a de-
layed pulse pair; the first pulse being due
to the slowing down and annihilation of
the positron and the second to capture
of the moderated neutron in cadmium
dissolved in the scintillator. To identify
the observed signal as neutrino-induced,
the energies of the two pulses, their time-
delay spectrum, the dependence of the
signal rate on reactor power, and its mag-
nitude as compared with the predicted
rate were used. The calculated effective-
ness of the shielding employed, together
with neutron measurements made with
emulsions external to the shield, seemed
to rule out reactor neutrons and gamma
radiation as the cause of the signal. Al-
though a high background was experi-
enced due to both the reactor and to
cosmic radiation, it was felt that an iden-
tification of the free neutrino had prob-
ably been made.

trino flux from fissio

Design of the Experiment

To carry this work to a more definitive
conclusion, a second experiment was de-
signed (2), and the equipment was taken
to the Savannah River Plant of the U.S.
Atomic Energy Commission, where the

20 JULY 1956
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present work was done (3). This work
confirms the results obtained at Hanford
and so verifies the neutrino hypothesis
suggested by Pauli (4) and incorporated
in a quantitative theory of beta decay by
Fermi (5).

In this experiment, a detailed check of
each term of Eq. | was made using a
detector consisting of a multiple-layer
(club-sandwich) arrangement of scintil-
lation counters and target tanks. This
arrangement permits the observation of
prompt spatial coincidences character-
istic of positron annihilation radiation
and of the multiple gamma ray burst due
to neutron capture in cadmium as well as
the delayed coincidences described in the
first paragraph.

The three “bread” layers of the sand-
wich are scintillation detectors consisting
of rectangular steel tanks containing a
purified triethylbenzene solution of ter-
phenyl and POPOP (6) in a chamber 2
feet thick, 6 feet 3 inches long, and 4 feet
6 inches wide. The tops and bottoms of
these chambers are thin to low-energy
gamma radiation. The tank interiors are
painted white, and the solutions in the
chambers are viewed by 110 5-inch Du-
mont photomultiplier tubes connected in
parallel in each tank. The energy resolu-
tion of the detectors for gamma rays of
0.5 Mev is about 15 percent half-width
at half-height.

The two “meat” layers of the sand-
wich serve as targets and consist of poly-
ethylene boxes 3 inches thick and 6 feet
3 inches by 4 feet 6 inches on edge con-
taining a water solution of cadmium
chloride. This provides two essentially in-
dependent “triad” detectors, the central
scintillation detector being common to

CERN, 24-29 Agosto 2014

both triads. The detector was completely
enclosed by a paraffin and lead shield
and was located in an underground room
of the reactor building which provides
excellent shielding from both the reactor
neutrons and gamma rays and from
cosmic rays.

The signals from a bank of preampli-
fiers connected to the scintillation tanks
were transmitted via coaxial lines to an
electronic analyzing system in a trailer
van parked outside the reactor building.
Two independent sets of equipment were
used to analyze and record the operation
of the two triad detectors. Linear ampli-
fiers fed the signals to pulse-height selec-
tion gates and coincidence circuits. When
the required pulse amplitudes and co-
incidences (prompt and delayed) were
satisfied, the sweeps of two triple-beam
oscilloscopes were triggered, and the
pulses from the complete event were
recorded photographically. The three
beams of both oscilloscopes recorded sig-
nals from their respective scintillation
tanks independently. The oscilloscopes
were thus operated in parallel but with
different gains in order to cover the
requisite pulse-amplitude range. All am-
plifier pulses were stored in long low-
distortion delay lines awaiting electronic
decision prior to this acceptance.

Manual analysis of the photographic
record of an event then yielded the
energy deposited in each tank of a triad
by both the first and second pulses and
the time-delay between the pulses. Using
this system, various conditions could be
placed on the pulses of the pair compris-
ing an acceptable event. For example, ac-
ceptance of events with short time delays
(over ranges up to 17 microseconds, de-
pending on the cadmium concentration
used) resulted in optimum signal-to-
background ratios, while analysis of those
events with longer time delays yielded
relevant accidental background rates.
Spectral analyses of pulses comprising
events with short time delays were also
made and compared with those with
long delays.

This method of analysis was also em-
ployed to require various types of energy
deposition in the two tanks of a triad.
For instance, the second pulse of an event

The authors are on the staff of the University
of California, Los Alamos Scientific Laboratory,
Los Alamos, N.M.

103

26 anos depois: finalmente o neutrino

Downloaded from www.sciencemag.org on February 15, 2012




A experiéncia de Wu: um Nobel ndo dado?

° Em 1957 Wu obtém a prova
o o ° OO experimental de que a paridade ndo é
/‘ y conservada pela interacg¢do fraca.

o—>
__ >0
oo —>

Experimental Test of Parity Conservation

in Beta Decay*
C. S. Wu, Columbia Universily, New York, New YVork

Q Q AND

Q
Q Q Q o Q E. AMBLER, R. W. Havywarp, D. D. Horres, anp R. P. Hubson,
o o National Bureau of Standards, Washington, D. C.
Q Q Q o (Received January 15, 1957)

i N a recent paper' on the question of parity in weak

, T e N t paper! on the quest f parity k

' B - interactions, Lee and Yang critically surveyed the

1 . BT experimental information concerning this question and

o : / i ‘ reached the conclusion that there is no existing evidence
: ~ either to support or to refute parity conservation in weak

interactions. They proposed a number of experiments on

beta decays and hyperon and meson decays which would

provide the necessary evidence for parity conservation

or nonconservation. In beta decay, one could measure

the angular distribution of the electrons coming from

beta decays of polarized nuclei. If an asymmetry in the

Reflections on a life

distribution between 6 and 180°—#@ (where 6 is the angle
between the orientation of the parent nuclei and the
momentum of the electrons) is observed, it provides
unequivocal proof that parity is not conserved in beta
decay. This asymmetry effect has been observed in the

case of oriented Co®,

Emotionally wrenching
Beyond the familiar
All things to all people
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PARIDADE E HELICIDADE

Esquerda Direita

Filipe Joagquim

HELICIDADE:

h=1 : Direita

h=-1: Esquerda

O Nosso mundo

Esquerda 9 neutrino

pion*

A 4
Esquerda G anti-muon

O a1 lno

“»  Direita

Infroducdo & Fisica de Particulas e ao Universo (3/3) CERN, 24-29 Agosto 2014

14



SIMETRIAS C (conjugac¢do de carga) E CP

A conjugacdo de carga
transforma uma partficula na sua
@ antiparticula

positive charge negative charge

ALLOWED NOT ALLOWED ALLOWED

E % neutrino % neutrino D ‘ anti-neutrino p
A

vion NN . o EEEED i pion-

A\

E é anti-muon b anti-muon D é muon D

TALVEZ CP SEJA CONSERVADA...
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TRANSFORMAGCOES GLOBAIS E LOCAIS

Transformagdo global _
Esfera original P, Transformacgado local

8
’.

Os bosoes de gauge (e respectivas forcas) surgem como
consequéncia de impor invaridncia debaixo de simeftrias locais
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O MODELO PADRAO: A RECEITA

O GRUPO DE SIMETRIA DO MODELO PADRAO E:

SU(2) x U(1),

1
Nun

Glashow Weinberg Nellelgg

1) Distribua as particulas elementares
pelas “representacoes” do grupo de
simetria.

2) Escreva todas as interaccdes que
sQo invariantes debaixo do grupo de

simetria local.

RESULTADO: Teoria que descreve a interaccdo dos quarks, leptdoes e bosodes
de gauge.

mas... Todas as particulas tém massa nula |
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Até agora a chdvena do CERN é assim:

FUNDAMENTAL PAR=—-—~_~un INTERACTIONS

FERMIONS . ISONS

Leplon

Vo S e,

.,//s

I——‘"“

us INTRODUCTION TO
ELEMENTARY PARTICLES
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Como dar massa as particulas?

. 1962

O CAMPO DE HIGGS...
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A chdvena CERN depois de introduzir o @

FUNDAMENTAL PARTICLES AND INTERACTIONS

FERMIONS . ' 00

BOSONS |

Ut g e taness .

s m e
-~ iy

B T ———

+Ref-V(©)

g, =
= N
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O MECANISMO DE HIGGS

uw>0,1>0 uW<0,A>0
s s
= =
o +
0 ¢

A simeftria € quebrada
espontdneamentel!

Os bosdes de gauge (We Z)e
os fermides adquirem massal

E... O FOTAO PERMANECE
SEM MASSAI o
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V($) = n* 1% ) |4]°

A
“NO VACUQ": V™ :' - M
2N

Essencial para o mecanismo
de Higgs funcionar.

V(¢)

|I— Im($)
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UMA ANALOGIA PARA O MECANISMO DE HIGGS

https://www.youtube.com/watch?v=joTKd5j3mzk
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PREMIO NOBEL DA FISICA 2013

msers | EEmSEEmoee The Nobel Prize 2013 in Physics

Here, at last! s ‘

- cus
Franmcois Englert and Poter W. Higgs are jointly awarded the Nobel 9 k N,
Prize in Physics 2013 for the theory of how particles acquire mass. !
In 1964, thoy proposed the theory independantly of each other [Englert

did so together with his now-deceased colleague Robert Browt). ’

In 2012, their ideas were confirmed by the discovery of 2 so-called %,

Higgs particle, at the CERN laboratory outside Genova m Switzerland. b ! —

The 3warded mectoneem = 3 camral part oL miN BACILRS Z3ICIeN CFTS TaER &
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O LAGRANGIANO DO MODELO STANDARD
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771,‘(11’\0,\,‘(1-}-’) )d"]+—“97-(p [md(d_’\C’/\K(1+ Yo )uf)—m (d_’\C',\K(

ug| = 1#1‘1(11 - %%H(d"d") Es -,f"", O(@dydu)) —
g%&w Sd)) + X+(a2 —~ M?)X+ 4+ X~(8* - M?)X~ 4+ X°(d* -

MyXO4Y 62)’+zq('., (0, X X =0, XX ) +igs, W (0,Y X~ -
0,‘4_\*1 ) +igen W, (0,‘_X X0 -9, :XO_\’*) +igsu W, (0,:)(‘}' -
d,YXT) + 'igchﬂ(('),,.X’+X+ - 9, X~ X7) +igs, A, (9, XFXT —

0, X"X") = LgM[X*X*H + X~X~H + 2X°X°H] +

L2 igM[X+ X0 — X~X067] + 7-igM[XOX ¢+ — XOX+g-] +

nge [XOX gt — XOX | + zq'\l[X+X @ — X~ X—¢"
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O MECANISMO DE HIGGS

Algumas previsdes da teoria:

e

"
5 {;' .;‘.__q o :fv.-— o

Motrs 8= My | siey = 1- M&/M2 %
M:Sl\/\z%w = i

Os bosoes W e Z foram descobertos no
CERN em 1983.

W, = §0.385£0.01¢ G
M, = 41.1836 £ 0.086 G/

O detector gargamelle

-

—

~

O prémio Nobel da Fisica foi atribuido a Rubbia e
Van De Meer em 1984;

"for their decisive contributions to
the large project, which led to
the discovery of the field particles
W and Z, communicators of weak
intferaction”
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O NOBEL PARA O MODELO PADRAO

O prémio Nobel da Fisica foi
atribuido a Glashow, Weinberg e
Salam em 1979;

"for their conftributions to the theory of the unified weak and electromagnetic
interaction between elementary particles, including, the prediction of the
weak neutral current”.

Até ao dia 4 de Julho de 2012 ndo se sabia nada sobre o
que estava por detfrds da quebra de simetria electrofraca.

Até que...

Filipe Joaquim Infroducdo & Fisica de Particulas e ao Universo (3/3) CERN, 24-29 Agosto 2014 26



BORN ON THE 4TH OF JULY

CMS Preliminary Combined Q {s =7 TeV (2011), fLdt = 4.8 0"
Vs=7TeV.L=511f" |~ H — vy (untagged) ATLAS Pre“mmary {5 =8TeV (2012), [Ldt=5.91"

ls=8TeV. L=53fs' | H—vy (VBFtag)

EPS July 2011
—— Observed
--- Expected

CERN Seminar 12/2011\ .
— Observed K
Expected

Spring 2012 . 4duly2012
Observed , Observed "
Expected k Expected

126 128 110 115 120 125 130 135 140 145 150

Mass (GeV) m,, [GeV]
“The discovery of a particle consistent with the Higgs boson opens the way to
more detailed studies, ... , and is likely to shed light on other mysteries of our

Universe.”
Rolf Heuer, CERN D.G., Press Release July 4, 2012

“We are reaching into the fabric of the Universe at the level never done
before... We are in the edge of a new exploration.”

Joe Incandela, CMS spokesperson, Press Conference, July 4, 2012
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O ACQO O O MA NATICO
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“ENTAO A MASSA VEM TODA DO HIGGS?2"
Protdop =uud: Z M, + My =11 MoV
W\],_—- 133 MoV
P~
h.\

SO 1% da massa do protdo é devida d massa em
repouso dos quarks, ou seja...

Apenas uma infima parte da massa € devida ao
mecanismo de Higgs...
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1964: MISTERIO DOS NEUTRINOS DESAPARECIDOS

BaCha” Davis

- C nUmero de neutrinos que saem do Sol esta
mal calculado, OU
- A experiéncia estda errada.

OSCILACOES DE NEUTRINOS

? sin* (26) s (ﬁ": )

Amz = mZ-m/;
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E AGORA?
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O QUE DIRIA KELVIN AGORA?

“Twentieth first-Century Clouds over the
electroweak theory”

e “"A beleza e a clareza da teoria electrofraca estd

J "* obscurecida por algumas nuvens”

- - As nUvens do Pedro:

- Matéria escura e energia escura

- Porque existe mais matéria que anti-matéria no Universo?

- Porgué 3 familias?;

- Problema da Hierarquia;

- Porgue € que as massas das particulas elementares sédo o que sGo;

- Porgue € que os neutrinos sdo muito mais leves do que os leptoes
carregados e 0os quarks;

- Serd que as 3 (ou 4) forcas se unificam a alguma escala?;

- Serd que as particulas elementares sdo mesmo elementarese;
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“We are in the edge of a
new exploration.”
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filipe.joaquim@tecnico.ulisboa.pt
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