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A Questdo Milenar

Do que o mundo
é feito??

Leucipo (Demécrito — 400AC) Empédocles (450 AC)
Atomos e Vazio 4 Elementos e Eter

-G. Alves- 9
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* Rejeitam o atomismo
— Vazio néo natural

» Adotam o pluralismo
— Elementos << Solidos regulares

Domina o pensamento até o
fim da idade média

Meétodo cientifico
— Experimentos quantitativos
— Analise matematica

— Contesta Aristoteles
— Atomismo (parcialmente)

-G. Alves- 3
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» Lei das proporcoes definidas
“8” 8'8 « Os elementos sdo constituidos de atomos
@ & | « Os atomos ndo podem ser criados ou destruidos
«  Atomos de diversos elementos podem se combinar em
substancias compostas
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Problemas, problemas...

+

— Centenas de “Atomos”

— Estados excitados s

J.J.Thompson (1897)

— Inicio da Fisica de Particulas a

« Descoberta do elétron 3 - -

— Modelo de Thompson . :
Ernest Rutherford (1911) \-\. ——

— Modelo nuclear _,A‘

— Mais problemas g -
 irradiacdo T - e

Niels Bohr (1913) n=co
— Modelo pré-quantico n=4
h=3

®

n=1

-G. Alves-
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http://en.wikipedia.org/wiki/Image:Gold_foil_exp_conclusions.jpg
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Rutherford (1918) e Chadwick (1932) Compton Sci:?gr:? ﬁ/ COHEP/CBPF

* prétons e néutrons electron ,+*” Recoll

, 7 at rest - t alactron

Particulas Elementares — novos atomos Y T —- ;
*p, n, e,y > espalhamento Compton A
* breve simplicidade Incident
o . photon  5cattered
» Anderson (1932) — positron (e*) > Dirac photon Ay

* Problemas (de novo) — Estabilidade nuclear
— Radioatividade (Fermi 1933) e Repulsao Coulombiana

— Magnitude das Interacdes Fundamentais
« EM x Gravitacional
« ke?R xGm?R
e 1 x 10381

* Nova forca (interacéo forte)

— Curto alcance — restrita a escala nuclear

— O que determina o alcance de uma forga???
» Honestamente 7?7?
« TQC — Interacdo € -2 troca de “mensageiro”
« Massa do mensageiro - alcance

-G. Alves- 6


http://en.wikipedia.org/wiki/Image:Cloud_chamber_-_visible_trace_of_positron.JPG

« 1926 Klein-Gordon (relatividade = TQC)

1 9°V b,  mic?
2 TV V=Y
1933 Solvay Conf.

— Heisenberg > Troca de e

« Problemas... Spin, potencial...
» Fermi ->Decaimento f (int. fraca)

— Yukawa (1935)
» Solucao Eq. K-G

—Qmr
9 €

VYukawa (T') — —4g
"
« m=0 - Coulomb
— AEAt=mc2ARv!~h
« AR~10"m - m~ 200 m,

-G. Alves-
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— 1937 — 1947 procura pelo méson de
{ Yukawa em Raios Cosmicos
— A grande “pegadinha” da natureza

— 1937 — Anderson = “méson” ~ 200 m,
— raios césmicos

— 1945 — Conversi, Pancini & Piccioni —
Interacdo fracat~ 10°s !!

— 1946 — Perkins — dois tipos de mésons

-G. Alves- 8
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1947 - Lattes, Occhialini & Powell
decaimento © 2 p

u (Anderson) == elétron pesado
“Who ordered that??” I.I.Rabi

Falta alguma coisa...
cmTOut?

W. Pauli (1930) Decaimento beta

« particula neutra (neutrino - v)
Seria a mesma particula??

Frederick Reines & Clyde Cowan (1956)
- 12 observacdo diretav ¥ p 2> n +e*
Leon Lederman (1962)

* VL,V




e (1947-1950) Particulas estranhas (mesmo)
— Produzidas em pares
— Vida média extremamente elevada
¢« KO+ (t~101%05%)
e P> rnt+mw (t=1025)
— Uma familia de particulas estranhas
« KO KK, A ZHEY,Y, & ..

« Abraham Pais & Murray Gell-Mann (1953) = novo namero quantico — s
— Conservado pela Interacdo forte
* Producédo em pares

— Particulas estranhas decaem via Interacdo fraca (decaimento beta)
« Vida média
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(1960) Fisica de Particulas estd uma enorme confusao

— Centenas de particulas
« barions, mésons, Iéptons, ...
— Nenhuma ordem aparente

Murray Gell-Mann & Yuval Ne’eman (1961) .
— regra do octeto (simetria SU(3))
— classificacdo das particulas — Q, S, J
— nova tabela periddica
— preveé a existéncia de novas
particulas ()
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« O sucesso da regra do octeto levanta novamente a questio
— S4o0 essas particulas elementares?

— “Young man, if I could remember the names of these particles, I would have
been a botanist” E. Fermi

« Kazuhiko Nishijima, Murray Gell-Mann & George Zweig (1964)

— Hadrons compostos por férmions (spin %2 ) fundamentais (quarks)
* “Three quarks for Muster Mark” — Finnegans Wake (James Joyce)

— Barions - trés quarks
— Meésons - quark-antiquark

999 Q s Baryon aq 0 s Meson
:T{; ? g i Ll 0 0 w
Hﬁu 0 1] .':'n.'] Hﬂir | 0 "
ddd -1 0 A dii —l 0 "
T 1 =} EH dl'i U‘ ':" n
wds 0 -1 zs us I 1 K+
dels -1 -1 Ze dy 0 1 K
UES 0 -2 =+ 7] -1 -1 K™
dss —1 -2 A s 0 -1 K
£5¥ - -3 I g5 0 1] n

-G. Alves- 12
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« Mais Problemas (ndo tem fim)
— Nao se observam quarks livres
— (quarks tem carga fracionaria
— Violam o principio de Pauli??
* Q(sTsTsT)A(dT dT dT), A™ (uf uf ut)

« Até hoje ndo foram observados quarks livres ou carga fracionaria

» Oscar Greenberg (1964)

— quarks tem um novo n° quantico (cor)
— trés cores fundamentais (R, G, B)
— particulas observaveis ndo tem cor = confinamento

— (st sTsT)

— Socorro!!

-G. Alves- 13
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e-
e (1969) espalhamento ep a altas N [\
energias = Rutherford SN K o s
% xf — \. substructure ' substructure
— partons = quarks?? s Lt A
3 \\.. A
B v e B Nt
B \ . i \"'. .i.+
\'\ | L |x\ +| |
®
14

-G. Alves-
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(1974) Descoberta de uma particula com propriedades incomuns
— Revolugéo de Novembro |

| SPECTROMETER

« Samuel Ting (Brookhaven) pp - e*e ol
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-G. Alves- 15
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propriedades incomuns
— Massa elevada ~ 3.1 GeV (proton =~ 1 GeV)
— Vida média elevada (~ 1000x)
« Semelhante as particulas estranhas
Novo numero quantico — ¢ (charme)
Proposto por Glashow, Iliopoulus & Maiani (1970)
— simetria quarks < léptons

u Ve| [V,

d ||s e |u

— Anomalias no decaimento K° 2 u*u

Photo 9B  Detecuing the results of eleciron-pasitean annihifation at

SPEAR  Alter the electron and positron have annihilated, new matter and

antimatter can ba created. This is detected by the array of electronic devices

shown. Electrons enter at one end and positrons at the other end, the

anmihilation occurring in the tunnel behind Roy Schwitters, In this way the
_G. A|VeS- J/¥ and charmed particles were discovered. {Courtesy SLAC)




« O maior problema foi achar um nome...
— Ting — meéson J
— Richter — méson v
— no fim — méson J/y

« Novas particulas contendo charme (1975)
* Mas antes outra “pegadinha”

L1T10-JAN=-1883 02414

Descoberta do lépton t (1975)
b BB

1977 — Ledermanetal. 2> Y
1995 — D@ & CDF - top quark

. i
""""""
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« 6 quarks e leptons (+ antiparticulas)
4 InteracOes (mediadores - vy, g, W/Z, graviton?)
« Todas particulas fundamentais (sem estrutura)

s L eptoNs pueeeemn m—— Strong mEE——mw Electromagnetic =

Tau 1 0 Tau Gluons (8) Photon WA
‘ Neutrino &
e
" ) i Muon L ‘
uono 1 0 ‘ Neutrino Quarks ’

-~ pj e } Atoms o ’
Electron 14 0 4 Electron

Light
Neutrino Mesons Chemistry
Electric Charge Baryons Nuclei Electronics

m— Quarks m peeam Gravitational seess sessssm  \\Veak

Electric Charge
Graviton ? Bosons
Bottom 13 213 Top '
‘ e (W,2)

i
Strangee-us 2:30 Charm /—0\
- f" l
p :l-

Neutron decay g

Downe_ﬁa 2;30 Up gﬂtar system Q Beta radioactivity Y
Bla a:lﬁsl Neutrino interactions
ack noles Burning of the sun

eachquark: R, B, G 3colors




O que ¢ a essa “Cor” dos Quarks? =
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— Na&o se observam quarks livres

— Hipotese do confinamento de cor
« particulas observaveis ndo tem cor —>analogia 6ptica

-G. Alves- 19
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— Hipotese do confinamento de cor 2 F = -kx

« Solucdo Analitica ?? Lattice QCD

Energy

(T _ 0O

Elongating gluon tube

-G. Alves- 20
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O que é a essa “Cor” dos Quarks? COHEPICEPF

e Evidéncias de cor?
G{e+e_ — hadrons]

e« RazaoR = R =
+ - + -
G(ee —:»p.p.)
_ 2
=3 > e,
flavour
"v‘v"—vvr'ryUt'vvvv‘tti'l]liUT’]‘!V?*}TTT"
N Ty Yy 'y .« ORSAY o CELLO |
i | : « FRASCATI t JADE )
o NOVOSIBIRSK +« MARK Y
. * SLAC-LBL * PLUTO Lo
o DASP s TASSO
‘- .CLEO ™
« DHHM

,WM n\aL_ 4 4

L[
t-t gﬂlléﬂ iyt #¢ * ’ L% }tg‘._m_ 2

wd. 56,0
p b -
0 .. ORI ) LN g, R e thYs D XN S UM L (9N Yol KW ) DR ] IO e W B ooipopes sl ¥ pligcs
0 L W s 20 25 30 3 40
/un Ys (GeV) o

FiG. 1-9. The ratio R = ole”e” ~ hadrons)/oie”e¢” — u* u ") [Compiled by B. Wiik ]
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Evolucdo “Cor” <> Cromodinamica (QCD)  conees

— 1969 espalhamento inelastico e-p -> fator de escala (Bjorken) partons-quarks
— 1973 Cor como carga (Fritzsch, Leutwyler & Gell-Mann) SU(3)c
— 1973 Liberdade Assintotica (Gross, Wilczek & Politzer) -> Calculo perturbativo

« Nascimento da QCD -> Teoria de calibre inspirada na QED + Yang-Mills
» U(1) ->SUQE)c=>F,,->G,*?
» Mensageiro interage com o campo (ndo abeliana)

-G. Alves- 22



Interacoes Fortes -> Cromodinamica (QCD) -> Quarks corericeer

— Limite perturbativo -> Altas Energias

Magnitude variavel
o, ~ 100 X a

— Solucdo? Alternativas?
* QCD na Rede (Lattice)

Teorias efetivas (ChPT)

03+

01}

o (Q?)

September 2015
v T decays (NLO)

a DIS jets NLO)

& Heavy Quarkonia (NLO)

o ¢'¢ jets & shapes (res. NNLO)
® ¢.w. precision fits (NNLO)

v pp — jets (NLO)

v pp —> tt (NNLO)

QCD 0(M,) = 0.1177 £ 0.0013

100

Y Q[Gev)

1000

-G. Alves- 23



QCD - Vitorias x Derrotas COHEP/CBPF

Ru 074 gluon

Jet 2
pr =42 GeVic

— Calculo perturbativo -> Altas Energias

» Secdes de choque 2.36 TeV c.m.

at least one jet isa

pr=38 GeV/c

Without quark loops With quark loops
— QCD na Rede — —
—o— f, —0- fx
-0 fx B fx
fel 3Mz - My -0 3Mz - My
e 2My_- My il 2My_ - My
- ¥(P -1S) - $(1P - 1)
—e— Y(1D -18S) -8 Y(1D -18S)
- Y(@2P - 1S) - Y(@2P - 1S)
. - Y(3S -18) . Y(3S - 18)
— Confinamento o Y(1P-1S) - Y(P - 18)
| | | |
— Plasma de Quarks e Gluons 0.8 1.0 1.2 14 08 1.0 1.2 14
LATTICE QCD/EXPERIMENT

— Glueballs



Protons e Neutrons??

I .I ____ Proton

. ._Nemmn

-G. Alves-
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Parece confuso?? —>

Qual a solucao??
— Estudar a escala de energia TeV
— LHC

“Whatever happened to elegant solutions?”






S

COHEP/CBPF

Backup

-G. Alves- 28
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Vitdrias do Modelo Padrao ="

m Impressionante acordo com dezenas
de medidas experimentais

Incluindo a massa do top
Producéo de quarks pesados
Jatos

Assimetrias W, Z

Measurement Fit JomeEs_Oftygmeas =
0 1 2 3

A(SLD)

m,, [GeV]
Iy [GeV]
m, [GeV]

91.1875 + 0.0021 91.1874
2.4952 £ 0.0023 2.4957
41.540 + 0.037 41.477
20.767 £ 0.025 20.744

0.01714 £ 0.00095 0.01640

0.21629 £ 0.00066 0.21585

0.1721 £ 0.0030 0.1722
0.0992 + 0.0016 0.1037
0.0707 £ 0.0035 0.0741
0.923 = 0.020 0.935
0.670 = 0.027 0.668
0.1513 + 0.0021 0.1479
80.392 + 0.029 80.371
2.147 £ 0.060 2.091
1714+ 2.1 171.7

100

50

{EIECEE:

¢ Tevatron
[0 SM constraint

68% CL
30.8

1995
Year

1990

Direct search lower limit (95% Chy g

2000

304

30.2

30

@ ALEFH
B DELPHI
A L3

* OPAL
1990-1952 data

1993-199% data
typical syst. exp.
luminosity error

theoretical errors:
I QED
E= luundnursir}i

21.2

peak

01.25

01.3
E_, [GeV]
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« Simetria Interna (calibre): previne anomalias
» Qualquer massa quebra a simetria

SU3)-~x SU(2), x U(1
SU@)X SU@LX ULy,
CDQ Eletrofraca

|

Quebra espontanea —— Mecanismo de Higgs N g e
EDQ + Fra.ca. z==Zs[wrctyry)kratyey)eed

Solucdo mais econdmica

V() = n2$?/2 + Ad*/4 (vev=+0)

-Um Unico escalar com massa = V2 Av
- Termos de massa para W=, Z (o v)
-Interacao com férmions =» massa (a v)

Mas...

-G. Alves- 30
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 Artificial: forma do potencial, acoplamento, etc.
« Massas nao determinadas.

— Massa do Higgs < 1 TeV para evitar anomalias

Wi Higgs

Violacao da unitaridade Restaura a unitaridade
c ~ E2

-G. Alves- 31
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- Massa do Higgs sofre corre¢des por sua interacao

* m, < 1TeV exige ajuste preciso (artificial) A = 101° GeV

*Problema da hierarquia

6G 1 1 1 A 2
my=mi——— [m?— —mﬁ, —mypy | A*~ mE— (115GeV)? (—)

\f 2 f 4 4 400GeV
anntop \ A= scale up to

which the SM is valid

THE HIERARCHY PROBLEM

All of particle physics can be laid out on a scale of energy or, equivalently, mass.

The known particles are heavy enough that physicists require huge machines to
create them, yet they are far lighter than the energy at which forces may unify or
gravity may come into play. What enforces the separation? No one yet knows. This
puzzle is especially acute for the Higgs. Extremely high-energy processes tend to pull
its mass far above 1 TeV. What holds it down?
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- .-fg

16 dogress

10'5 gegroes

..;m" @ "

Violagcdo de CP ndo é suficiente , 18 degress
Matéria |

3 degrees K
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Como resolver esse dilema???

« Supersimetria

— Perfeita simetria
« férmions e bdsons
e cancelamento

— Novas particulas

FPARTICLES THAT
MAKE UP MATTER

QUARK ELECTRDN

| S
X

“SQUARK™

HKNOWN
PARTICLES

THEQORETICAL
PLANE DIVIDING
TWO REALMS

THEIR
“SPARTICLE™
PARTNERS

“SELECTRON"

SWT]HZ ~

superparticles

FARTICLES THAT
MEDIATE FORCES

PHOTOM GLUOMN

<

“PHOTINO™

“GLUING™

W

—

COHEP/CBPF
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DimensoOes extras
— Motivacao - Supercordas
» Gravitagdo<D.E.
— Escala de unificagéo ==
Eletrofraca
« Muitos modelos
— Muitos efeitos

— Ressonancias KK

« Cordas

« Graviton
— Mini-buracos negros
— Energia perdida

Planck brane Tev brane

-G. Alves- 36


http://www.sciencemag.org/content/vol296/issue5572/images/large/se1920511003.jpeg

_ o

S| padrao nao é adequado para o0s sistemas microscopicos
M=kg, L=m, t=s => E=J
- Sistema Naturalh=c=1
Grandezas fundamentais E=eV, v=c, mom. ang.= h
lev =16 x10197
M, = 1.6726219 x 10-?7 kg = 0.938 GeV
M., = 175 GeV
Raios Cosmicos ~ 1020 eV (Lab)
Aceleradores = 10'2eV (CM)

-G. Alves- 37



The Large Hadron Collider ﬁ

The LHC Machine and Experiments

Luminosity = —_ Lal’ge
T s e 1 27 km de circunferéncia
High lumi phase i Had ron

1034 cm2s!

1 protons

. 1 ions

Collider

1~ 7 X mais energia

1 ~100 x mais
luminosidade

1 Comparado ao Tevatron

e
=5y
,-»f‘_»‘,‘;

N
=

pp collisions at 14 TeV /)

—

*High Energy = factor 7 increase w.r.t. present accelerators
*High Luminosity (# events/cross section/time) = factor 100 increase ||

Proton - Proton
a Vs = 14 TeV** (**a partir de 2019/20)

Luminosidade ~
~100 fbt / expt / Ano** (**a partir de 2017/18)
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Aceleradores Lineares X Circulares 11 COHEP/CBPF

0 Ja vimos que a energia disponivel para producdo de novas
particulas V2E <=> 2E (alvo estacionario x colisdo frontal)

O Dai a utilizacdo cada vez mais frequente de colisores de particulas

The Livingston Plot: Past, Present & Future(?) Colliders Fﬂ/
I : wan

| | | | | ]
T ey el ol
1PeV ab? o e
3 the ey
¢ 100 Tev o
= unknown 27 @
: 3
& AY
] -~
2 10 Te¥ o
= E
S  1Tev \\\\\%
g \
.E Lbre
+ H 7
E 100 Ge¥ erer collider .
L=
10 Ge¥ |
1Ge¥ ° the future —
100 Mev .', ' L w
g 2 8 8 g &8 §8 8 § &8
year of first physics —>
Bruce King (EML) ; “High Energy #oon Colliders™, UK HEP Forum, RAL, 1 October, 2000 | &

-G. Alves- 39



A Colabhoracae CMS™
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Detector CMS™

HCAL

Detectores
de Muons

Rastreamento
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Gorte Transuersal do Detector

Select: ot " Irln - - o i L
Muon
Electron
------ Neutral Hadron
Charged Hadron
----- Photon
@
AT >>>>
Silicon
Tracker
Electromagnetic

e [11]" Calorimeter
-l

Hadion Superconducting
Calorimeter Solenaid

lecn return yoke interspersed £
Transverse slice with Muan chambers 2
through CMS === =

~ "1 A Al PNINA PN



TRACKING

G{veriex)=6 mm

airg) = ebpm (VIX)
= 180 pm {CDT)
= 200 pm (FDC)

D@ Detector

MUON
)< 3.3

5_;’ =02@ 0.0lp

CALORIMETRY

<4
AT[ XA(II: LINES NE

-G. Alves-
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Jatos de quarks e gluons COHEP/CBPF

Run 124120 / Event 661307

Farticle r|‘:'J.'.':‘\e-..'. r‘-\t'..‘.'.l‘.il"il:' gluOll
Jet 1 pr =22 GeVlic Jet 2
pr= 42 GeV/c

CAS

2.36 TeV c.m.

Jet 3
pr= 38 GeV/c




