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O Modelo Padrao da fisica de particulas
Ou

O que pensamos saber do funcionamento
do Universo...




Ha cerca de 100 anos...
A pré-historia...
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O atomo

99.999 999 999 9% do
volume do dtomo é
vazio!
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1A Periodic Table of the Elements viia

2
i He
1A i
elium
3A 4.00260
4 5 7 8 10
Beryllium Nitrogen Oxygen Fluorine Neon
9.01218 10.811 14.00674 15.9994 18.998403 20.1797
12 13 14 15 16 18
; 4 Al Si P S Ar
viB viiB
Magnesium ) 7B 8 Aluminum Silicon Phosphorus Sulfur Chlorine Argon
24.305 26.981539 28.0855 30.973762 32.066 35.4527 39.948

23

20 21 22 24 33 34 35 36
& Sc Ti Ve Cr As Se Br Kr

Calcium Scandium Titanium Vanadium Chromium Manganese Iron
39.0983 40.078 44.95591 47.88 50.9415 51.9961 54.938 55.847 58.9332 i % 5 72.64 74.92159 78.96 79.904 3.80

37 39 43 52 53

38 40 41 44 45 50 51 54
Rbb Sr Y Zr Nb Tc Ru Rh Ag Sn Sb Te | Xe

Strontium Yttrium Zirconium Niobium Molybdenum  Technetium Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
85.4678 87.62 88.90585 91.224 92.90638 95.94 98,9072 101.07 102.9055 106.42 107.8682 112411 114818 118.71 121,760 127.6 126.90447

55 57-71 | 72 74 77 79 8 85

56 73 75 78 1 82 ‘83 84
Cs Ba Hf Ta W Re Ir Pt Au g TI Pb Bi Po At

Cesium Barium Hafnium Tantalum Tungsten Rhenium Iridium Platinum Gold Thallium Lead Bismuth Polonium Astatine
132.90543 137.327 178.49 180.9479 183.85 186.207 ; 192.22 195.08 196.9665 . 204.3833 207.2 208.98037 [208.9824] 209.9871 222.0176
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Francium Radium Rutherfordium Dubnium Seaborgium Bohrium Hassium Meitnerium  Darmstadtium Roentgenium Copernicium Ununtrium  Ununquadium Ununpentium Ununhexium Ununseptium  Ununoctium
223.0197 226.0254 [261]

Germanium Arsenic Selenium Bromine Krypton
8

[262) [266] [264] [269] [268] [269] [272) [277] unknown [289] unknown [298] unknown unknown

i anthariid 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

g La C Pr Nd Pm S Eu Gd Tb Dy H En T Yb L

e a e r d m Sm u d b y o r m b u
Lanthanum Cerium Praseodymium Neodymium Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
138.9055 140.115 140.90765 144.24 144.9127 150.36 151.9655 157.25 158.92534 162.50 164.93032 167.26 168.93421 173.04 174.967
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MESOES BARIOES

(instaveis) (decaem até ao protao)
Y
K?dg) K(ll@ Y -
s=1 5§ =0 Awddd)  A°udd) A(uud)  A™(uuu)
q=2
s = —. .
s=( -1 'ng +1 5}3 -1 +1 L
- e ¥ (dds) | Zuds) /¥*uus) =1
7t ~(du) 7" (ud) _
1 s=-
S = - = "(dss) -1 = "(uss)
— 0 = § = —
K(st) K(&d)
2V Qsss)
HADROES:

.J,‘
Murray Gell-Mann
(1929)

Do grego hadros (encorpado, forte)
Particulas constituidas por quarks
Nao sao particulas elementares!
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NEUTRINO

DO ELETRAO :

NEUTRINO
DO MUAO

NEUTRINO
DO TAU
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NUCLEO

ELETRAO
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E as forcas fundamentais?
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Virtual
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As forcas fundamentais
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MATERIA ATOMO NUCLEO PROTAO

Finalmente, o
Modelo Padrao

da Fisica de
Vy

Particulas!
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Teste de Avaliacao Continua:
O que esta errado nestas imagens?
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Agora chegamos aos problems...

Riterdo GIoAEa
i 4 A
‘l



Isto nao devia funcionarl!...

A

MASSA




Isto nao devia funcionarl!...
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O Mecanismo de Higgs
em bonecos

Flmms Englert

Peter Higgs (b. 1929) (b. 1932)
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do/dQ? (pb/GeV?)
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A historia comeca ha mais de 30 anos...

what is the origin of mass?
what kind of unification way exist beyond the standard model?
what is the origin of flavour?

is there a deeper reason for gauge symmetry?

We have simply too many a priori plausible hypotheses concerning the nature
of symmetry breaking in the standard model. Experimentation in the TeV
range at the comstituent level is bound to provide most essential clues, and
the present successes of the pE collider are a very strong encouragement to
go to higher energies and to higher luminosities in hadron-hadron

collisions.

PROCEEDINGS OF THE ECFA-CERN WORKSHOP

held at Lausanne and Geneva,
21-27 March 1984
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LINAC2 - 50 MeV Proton Synchroton (PS) - 25 GeV
Booster - 1.4 GeV Super Proton Synchrotron (SPS) - 450 GeV
Large Hadron Collider (LHC)— 7 TeV

—php— -4
LEP/LHC

West Area

WAV s T AT
to Gran Sasso

East Area

Linac
lons

ISOLDE

BOOSTER

= _
ll j Leir

¥ AD Antiproton Decelerator LHC Large Hadron Collider
antiproton conversion PS Proton Synchrotron n-ToF Neutron Time of Flight
: SPS Super Proton Synchrotron CNGS Cern Neutrinos Gran Sasso
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O que é um protao?
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O protao no modelo dos quarks
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O protao como o conhecemos hoje

The most dramatic of these
[experimental consequences],
that the protons viewed at
ever higher resolution would
appear more and more as field
energy (soft glue), was only
clearly verified at HERA ...

F. Wilczek
[Nobel Prize 2004]
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Como se distribui a energia dentro dos protoes
Partdes: quarks e gludes constituintes dos hadroes

h

Proton I;f:cequ .
- F2(x)
1/3 1. . X
Proton o X = fraccao da energia

do protao levada
por cada partao

AMAMA
AN
MM

1/3 1 X

Bound valence t
Proton quarks + gluon radiation

B AMAMAUAA
AN

valence

%m&llx g Ly

{ 1
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Em detalhe: funcdes de distribuicao dos partoes

MSTW 2008 NLO PDFs (68% C.L.)

—1.2—

o

A energias maiores, como as do LHC, a contribuicao dos gludes e
dos quarks de “mar” aumenta — o LHC colide quarks e gludes!
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Energia efetiva de colisao

Ricardo Gongalo Escola de Professores CERN - 8/9/2017

35



Feixes de protoes

» T

dipole
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T RF Voltage

A particle

A particle A particle
which arrives which ®
early will see arrives late

smaller RF

oltage ()

will see a
larger RF
voltage
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Energia do feixe:
2802 bunches de 1.15x10! protdes

7TeV / protao (2015) = 7x10%2 x
1.602x1071°

Da 362 MJ por feixe...

* |gual a energia cinética de um
porta-avioes de 20,000t a viajar a
11,7 nés (21.7 km/h)

ATLAS Run Query 2012-09-23 21:58:35

'a‘ ] OO | I | RUBLER | LI | I T | Lol Ll | LI ] S L l I 5

. . & [ —Intensity Beam-1 — Intensity Beam-2 n

* Tudo contido num feixe 500 Beam energy —eewiihetablobeanis
de =16um = F 14

* Runs tipicos duram cerca  3*°F ;
de 8 horas gsooi_ ————3

* Intensidade diminui E i
. (] 1L 2

devido a perdas 000 :
* Depois voltamos a : i

injectar novos feixes e -
0:...1... e | | e En T | S En_,_"o

100 200 300 400 500 600 700 800
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|3.8 BILLION YEARS AGO, ]
A FEW SECONDS BEFORE THE All set,

P | CREATION OF QURUNIVERSE. Lets fire up this
P ' 1 » ™l Lar e Hadron Particle
ot APENE N Il e et D e

By

LN
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EM calorimeter: |n|<3.2
Pb-LAr Accordion

o/E = 10%/NE @ 0.7%

PN

™y o — y '§ Hadronic calorimeter:
' ‘ i 1, =1 rl ,,I: B |n|<1.7 Fe/scintillator
A Nt F ;,wﬁfﬂ’ 1.3<|1|<4.9 Cu/W-Lar

L o G/E .= 50%/VE ® 3%

jet™

L=44m,J=25m
*7000 tonnes

=108 electronic channels
*3-level trigger reducing
40 MHz collision rate to

Inner Tracker: |n|<2.5, B=2T

Si pixels/strips and Trans. Rad. Det.
200 Hz of events to tape G/p; = 0.05% p- (GeV) ® 1%
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Detetores de tracos

1082 mm
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Calorimetros de Argon Liquido

LK

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic
end-cap (EMECQ)

LAr electromagnetic
’ VS nd
barrel » ll i
LAr forward (FCal) “&
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O calorimetro de telhas (TileCal)
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Sistema de imanes de ATLAS

end-cap

barrel
: ~~ toroids

toroids

end-cap

toroids
VNN

\\\ \\ \\\\\\\ * campos magneéticos muito

' 1l intensos (2T, 4T max) gerados por

solenoid

imanes supercondutores

\ \N\ \ |,

\\ \'. e Curvam as particulas carregadas
através da forca de Lorenz:

F=vxB
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Detetores de muoes

Thin-gap chambers (TGC)

Cathode strip chambers (CSC)

Barrel toroid

" Resistive-plate
chambers (RPC)

5 , End-cap toroid
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Extrato de filme:
“ATLAS Episode IlI: the particles strike back”
https://cds.cern.ch/record/10963907?In=ka
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Etapas do projecto Tilecal (1993-2009)

<=, 7 P '

1996-2002:construcao 1999-2002 Instrumentacao

COATLAS

A EXPERIMENT

2002-2004: calibracdes 2004-2006 Instalagao 2007-2009 certificagao 2009--—>: aquisicdo/analise
dados LHC

(raios césmicos)

Um longo percurso para conseguir as excelentes caracteristicas do Tilecal no detetor ATLAS
Com participa¢ao portuguesa: LIP, FCUL, UMinho
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Jactos hadronicos

Had. cal.

Calorimeter jet

\ L A
Mt
Particle jet ! ;™ Ketc
\
i
— — — g & - .

A EXPERIMENT
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Trigger: sistema de selecao em tempo real

* 25 ns entre pacotes
— (i.e. =7.5m a velocidade de ¢)

— 40 milhoes de cruzamentos de
feixes por segundo

— Cada colisao daria =1.5Mb
— =>60Tb por segundo

* Impossivel guardar todos os
dados

— E desnecessario!

— A maioria das colisoes é sem
interesse

O sistema de trigger guarda
apenas =10-15 colisdes por
cada milhao

* Mas tem que decidir em
2,5us!!

Ricardo Gongalo

CALO MUON TRACKING I

F Pipeline
I? memories

Derandomizers

©

Read out drivers

£

@?_%_? Readout buffers
(ROBs)

Event builder

¢

Datarecording

Full-event buffers
and
processor sub-farms
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Trigger / DAQ architecture
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CERN SDX1 dual-CPU nodes
computer 6 ~1600 ~100 ~ 500
centre Eventrate | Local Event Second-
~ 200 Hz Storage E\,lent Builder LVL2 | jevel
Data SubFarm Fllter SubFarm farm trigger b
Outputs EF Inputs /
storage (SFOs) (EF) (SFls) S
PROS
Network 'y
DataFlow - stores
Manager YYVY  vyvyd LVL2
< > output
/ Network switches
LvVL2
Super- A 2
visor ol o g
AA :g, § § E
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3| 8§ 5
S (G] E- S
Event data I B USA15 | %
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pulled: g s|ad =
. [} <
partial events £ v
@ <100 kHz § USA15 Data of events accepted
! 5 o 1600 by first-level trigger
full events £ 150 Read- <
@ ~ 3 kHz o PCs livyy VL v VL 3::(5 VME  Dedicated links
Read-
Read-Out out
Subsystems Drivers
(ROSs)
Rol (RODS) First_
Builder X level
trigger
Timing Trigger Control (TTC) \ &8

Event data pushed @ < 100 kHz,
1600 fragments of ~ 1 kByte each
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10 de Setembro 2008: primeiros feixes!

nlis Canvas <> ‘ 2008-09-10 00:37

yjeometry: <default: Atlantis

0 7 (m 10

Escola de Professores CERN - 8/9/201

Ricardo Gongalo 50



Filme em:
https://cds.cern.ch/record/20207807In=en
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3000 cientistas
- (1000 estudantes)
# 33 paises
& 177 universidades




ATLAS em Portugués

Em Portugal: No Brasil:
~20 investigadores, ~10 — 15 estudantes Cerca de 30 colegas de varias instituicoes
LIP — Coimbra, Minho, Lisboa UFRJ-COPPE, UFJF, USP, UFSJ (UFBA, CEFET-

FCUL, FCTUC, UM, CEFITEC/UNL, INESC, CFMC RJ, UFF)
Programa de treino de engenheiros no CERN
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Standard Model Total Production Cross Section Measurements status: August 2016
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< '% ’" wﬂﬁ ~ New Particies
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A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Grnevg

Received T Movember 1975

M, < 07 Mev

o] 1500 Mev < l-ﬂ!ﬂ kel
| occessbie in pp

L | ot -m%“ﬂ

Higgs Boson Moss (Me¥ )

R ——

We should perhaps finish with an apology and a caution. We apologize to ex- J
perimentalists for having no idea what is the mass of the Higgs boson, unlike the ~_
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do nof want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing

experiments vulnerable to the Higgs boson should know how it may turn up.
: e —
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Por volta de Julho de 2010, depois de décadas de

buscas"' 6 July 2010 My = 158 GeV
N . ’q1 $ Q
5 _ IE
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At the LHC

'QQ 102 ——— https://twiki.cc—lzrn.ch/twiki/lbin/vieV\{/LHCPIhys.ics:/LHCIHXSIWGI 5
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Run Number: 167576, Event Number: 71531361

UATLAS

A EXPERIMENT

Date: 2010-10-24 09:50:41 EDT

Ricardo Gongalo
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Combinacao estatistica

/Production
g
o K

t
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Nem sempre se acerta a primeira...
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Conferéncia europeia de Fisica de
Particulas (EPS-HEP) 2011 [6]
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Events / GeV
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“The Brazil Plot”

E | | | 1

o ATLAS Preliminary 2011 + 2012 Data

6 105 —obs. \s=7TeV: |Ldt=4.6-4.81b" 3

S - - Bxp \s=8TeV: ILdt =5.8-59fb" -

= u [ J+1o -

% B [ ]+206 ~

- i _

@)

BQ 1 I 2 Sl

O [ -

® - .

1 0_1 — o —

El CLs Limits -

100 200 300 400 500 600
m, [GeV

Ricardo Gongalo Escola de Professores CERN - 8/9/2017



O Grafico dos 6 mil milhdes de francos suicos

ATLAS Preliminary 2011 + 2012 Data -

—— Obs. Vs =7TeV: |Ldt = 4.6-4.8 fb
--- Exp. \s=8TeV: |Ldt=5.8-59 b

200 300 400 500 600
m, [GeV]

Probabilidade de 1 em 3.5 milhdes de o sinal vir de
uma flutuacao estatistica do ruido de fundo
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ATLAS Preliminary 2011 + 2012 Data

—— Obs. Vs=7TeV: |Ldt=4.6-4.81b"
\s=8TeV:
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A Descoberta do bosao de Higgs

Volume 712, Issue 3, 6 June 2012

ELSEVIER

In praise of charter schools

ISSN 0370-2693
The Britain's banking scandal spreads
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A glant Ieap for
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Finding the
: Higgs boson
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A Descoberta do bosao de Higgs...

...premiada com o Prémio Nobel 2013:

Francois Englert, .
Belga, =

Peter Higgs,

Inglés, nascido em 1932, .
nascido em U. Libre
1929, de Bruxelles
Univ.

Edimburgo

"for the theoretical discovery of a mechanism that contributes to our
understanding of the origin of mass of subatomic particles, and which
recently was confirmed through the discovery of the predicted
fundamental particle, by the ATLAS and CMS experiments at CERN's
Large Hadron Collider”
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Ha mals bosoes de nggs?
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Pole top mass M; in GeV

What if?...

NOT IN SCALE
Vel'i‘ (‘;t')
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Noticias frescas
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“Ha mais coisas no céu e na terra,
Horacio, do que sonha a nossa
filosofia.”
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That 's All
Folks!

Ricardo Goncalo (LIP) Qualquer duvida: jgoncalo@lip.pt
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== .- ' BACKUP SLIDES
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Estrutura e principio de funcionamento do calorimetro Tilecal
Estrutura periodica, ferro e cintiladores de plastico

placa mestra (5mm)
espacador (4mm)
cintilador (3mm)

cntlgdor o)

periodo basico, 18mm

Luz produzida nos cintiladores
transmitida até aos
fotomultiplicadores através de
fibras dpticas WLS

/Flbras WLS\

=N
cintilador

o

“lrazao Fe/cint. 4:1
“ldidametro ext 8.5 m
“lcomprimento 12 m
“Ipeso total 2900 T

sub-modulo

»Hermeticidade para detec¢do
de jactos e E/Ms*

»Cobertura || < 1.6

| »Resolugdo em energia para
:  jactos

AE  50%

~ @D 3%
E +E ’
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TELLUS ABOUT ...WAIT DDN'T YoU .. 0K, TH5 15 DONT TELL US YO

YOUR FROPOSAL- ALREADY FIND ITA EMBARRASSING. LOST IT ALREADY.
/| JE'RE REQUESTING YEAR OR T AGOF — ./ LOOK.
$3 BLUON INFNDNG | = YES,LELL,OM. NG I5— || NOUR DEFENSE,

To FIND THE HIGGS BOSON. \ ITS FEALLY SMALL.

51 57169 5

o |
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* Ok, so we reject background and take only signal events
Maybe not so simple:

Bunch spacing is 25ns: not much time to decide! (25ns x C = 7.5m)

Put event fragments in memory pipeline to buy time for Level 1 decision
Pileup of minimum-bias events means longer reconstruction time and higher
occupancy

Not only pileup from same bunch crossing! ATLAS sub-detector response
varies from a few ns to about 700 ns (= 28 bunch crossings!)

Try to rely mostly on high-pT particles
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Level-1 Trigger Rates versus Time - RUN 87863 X—ray Of the ATLAS cavern Wlth

Rate [Hz]
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Ricardo Gongalo

ATLAS

Real Rame: Johnny Rammond
Occupation: Head of the O.P.T.C.~ Optic
City Planning Committee
Identity: Known to his best friend Toby
Whey
Legal status: Johnny Rammond is a
United States citizen, Atlas is considered
“above the law"
Place of birtl: Heffield, Nebraska
Marital status: Single
Known relatives: Sturgill Rammond
(father, deceased), Dorothy Rammond
(mother, deceased), Toby Whey (best
friend)
Base of operatlons: The Optic City Plan-
ning Center, as well as his secret labora-
tory in a hidden chamber of his house
First appearance: A/l Time Comics:
Crime Destroyer #1
Origin: Johnny Rammond came to the
big city from the Midwest with a couple
bucks in his pocket and stars in his eyes.
He soon found the reality of Optic City a
harsher one than he could have dreamed.
After months of hardship and difficulty, he
was reduced to sleeping in the sewers of
the city with the other underground den-
izens of the underground communities.
One night he came upon a mugging and
in trying to stop it, he was assaulted and
badly hurt. He managed to crawl back into
the sewers. He was washed into a drain
which took him into a deeper level of the
under city than any human had ever been,
one which was constructed by ancient
aliens many aeons before human beings
arrived on the continent. There, mysteri-
ous, cosmic machines whirred to life and,
sensing Rammond’s innate good nature
and well-meaning spirit, imbued him with
one of the most powerful weapons on
the planet, his multi-channel, anti-mat-
ter-powered communicator / signal ring.
Rammond's second life as Optic City's
mightiest costumed hero began that day.
His only weakness is when uncertainty
and fear take hold in his mind

Helght: 6'1
Welght: 215 ibs.
Eyes: Blue
Hair: Blonde
Powers: Atias's anti-matter ring
gives him multiple powers, including
super strength, super speed, the
ability to fly, anti-matter rays which
shoot out of his eyeballs, the ability to
absorb tremendous trauma, the ability
to communicate with whoever wears his
other ring from anywhere in the universe,
etc.
Weapons: Anti-matter power ring
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Voltemos um pouco atras...

Atencao! Os proximos slides
contém equacoes
potencialmente chocantes.

'-';'f:"‘
=

”

Joseph-L%ﬁis Lagrange (1736—-1813)
LN



Lagrangianos e mecanica classica

The equations of motion of a system are derived from a

scalar Lagrangian function of generalized coordinates
and velocities (time derivatives)

L(qg,q) =T -V

and from the Euler-Lagrange’s equations:

oL d oL __ 0
Oq;  dt 9q;




Example

Particle in a conservative potential V. The Lagrangian

L= sm(i* + 9 + %) — V(x,y, 2)
has derivatives (e.g. for x)

oL OV 0L d /6L
or Oz’ O mx’dt((’?az)

and Euler-Lagrange’s equations

oL d OL __ 0
8(]3' dt 8q3 o

mx

finally give us Newton’s familiar 2"9 |aw!

oV oV oV ma — n
mr = —5-,Mmy = — ay,mz——%ﬁ =F



Symmetries and conservation laws

Noether’s theorem:

If a system has a continuous symmetry property, then
there are corresponding quantities whose values are
conserved In time.

Simplest case: Coordinates not explicitly appearing in the Lagrangian

—> Lagrangian invariant over a continuous transformation of the
coordinates

Example: mass m orbiting in the field of a fixed mass M

( 7¢7 7¢) I'—=V = —mfr2 %’I’)’LT2¢2 G]\fm

Since the lagrangian doesn’t depend explicitly on ¢ (symmetry with

respect to I’Otgtlf@?ﬂ spacﬁ the @ijeriagrrﬁ/r%gggquatjn gives

O

Whete'the angular momeéntumJ°is a"constant of motion! .



Agora nos campos quanticos...

| YT

Schrodinger
(1887 - 1961)



o €<;€f=fe;¢
éé& P CaE o o o
og og .e. fg@?@fa
veg Vg Yef Vog Yot Yot Vet Yol

éﬁ ef Yef Vg Vel Vot Yot Vor
Eéef ?eéééeét =

Particulas sao ondas num “mar” (campo quantico)
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Generalized coordinates are now fields (dislocation of each
spring)
g — pi(x)

In a relativistic theory we must treat space and time
coordinates on an equal footing, so the derivatives in the
classical equations are now

o0 O O
&V = 0= (571 35 3y 55 )
In place of a Lagrangian we have a Lagrangian density (we

call it Lagrangian anyway, just to be confusing)

L(gi, %) — L(¢s, 0upy) with: L = [ Ldx

The new Euler-Lagrange equation now becomes

0L
A ) =0

8gb,,,



Gauge invariance

Take the Dirac Lagrangian for a field { representing a spin-%
particle, for example an electron:

L = ih?ﬁ’)/pjauw — mlW

It is invariant under a global U(1) phase transformation like:

Y(x) = Y’ (2) = e'PP(x)

Where X is a constant

L= e XX (hapyF D, 0p — mapyp) = L



Local gauge invariance and interactions

If x = % (x) then we get extra terms in the Lagrangian:
L = je ' PhyH [eiqxauw — iq(@ux)eiqxw] — me X e X qjn)
= L' — gy (9. x)

But we can now make the Lagrangian invariant by adding an interaction term
with a new gauge field A, which transforms as:

Ay — Al = A, — Oux
VB L= iy D,np — map — quyt ALY

A few things to note:

1. Gauge theories are renormalizable, i.e. calculable without infinities
popping up everywhere (Nobel prize of t’"Hooft and Veltman)

2. The new gauge field A, is the photon in QED
3. The mass of the fermion is the coefficient of the term on Y

4. There is no term in A A* (the photon has zero mass) - this is the
beginning of the Higgs story...



Esfera original Transformacdo global

*
*
.......
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Mass of elementary particles and gauge bosons
Lopp = Yy 0, — me)p — epyiep A, — 2 F, ) FPY 4+ 2my A, AV

To keep the Lagrangian gauge invariant (against a U(1) local phase
transformation) the photon field transforms as:

]
Ay — Al = A, —
But the A* mass term breaks the invariance of the Lagrangian:

zmy A AP — 2ma (A, — 0,)(AF — OFx) # 2my A, AV

2

For the SU(2), gauge symmetry transformations of the weak
interaction the fermion mass term m_y also breaks invariance!

Bottom line: the SM (without the Higgs mechanism) results in
wrong calculations and breaks down for massive particles



O Mecanismo de Higgs

Faois Englert

Peter Higgs (b. 1929) (b. 1932)



* Introduce a SU(2) doublet of spin-0 complex fields

o= (@)

_L(Gﬁ icbz)
- V2 \¢3 +ipd

* The Lagrangian is [ — (8M¢)T(6’“qb) _ V(gb)
* With a potential V(gb) = /L2¢T¢ + A(¢T¢)2

* For A>0, u?<0 the potential has a
minimum at the origin

* For A>0, u’<0 the potential has an
infinite number of minima at:

2

‘¢‘ S V— _ K=
V2 2
The choice of vacuum (lowest Pre A

energy state of the field) breaks the symr)ﬁetr
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Electroweak symmetry breaking

In the Standard Model with no Higgs
mechanism, interactions are symmetric
and particles do not have mass

-

S
\
|

Electroweak symmetry is broken: /<

— Photon does not have mass f/

— W, Z have a large mass " .

Higgs mechanism: mass of W and Z
results from the Higgs mechanism

Masses of fermions come from a
direct interaction with the Higgs field
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EWK Symmetry Breaking in Pictures

<._‘ _,..

O+ -G

Ricardo



* We have at this point a massive scalar field with vacuum
expectation value v and mass
mp = V2\v

4 gauge fields: W1, W), W) and BY which transform to give
the massive W*, W-and Z, and massless A (the photon)

1
My @) = My =My — 5gwv
ma =0 & = 246GeV

mz = 50/ gy + 97

with g, g, the couplings of electromagnetic and weak forces

* Defining the Weinberg angle as g
2 — tan 6
T W
we also get the relation between m
W
the masses of W and Z — COS HW

mz

* Fermions get their masses from interaction terms with the Higgs
field (Yukawa coupling)



Finally! What we think we know:

mpy = V2AU

Higgs mass (was) the only unknown
parameter

We can give mass to W* and Z while keeping
the photon massless

Relation between masses of W and Z

Higgs couples to W and Z with strengths
proportional to their masses

Higgs couples to all fermions with a strength
proportional to their mass

f W+
g
_____ mfﬁ He==--@& Mwgw

mw __
W = cos By

Z

my

(Y




