Espectroscopia, simetria
SU(3) e os quarks

Vitor Oguri




Nucleons (p,n) e Isospin (I= V%)

- prétons e néutrons - mesmo spin (J = 2)

* interacao forte (no interior dos nucleos) nao depende das massas
nem das cargas elétricas

« prétons e néutrons, genericamente conhecidos como nucleons,
sO revelados pelas interacdes eletromagnéticas (sensiveis a carga
elétrica) ou pelas interacdes fracas (decaimento do néutron)

* interacdes no interior do nucleo sao denominadas interacoes
fortes residuais ou nucleares

« tém a mesma intensidade para qualquer par de nucleons,
proton-proéton, préton-néutron ou néutron-néutron



- Heisenberg (1932) : ambos constituem auto estados degenerados
do hamiltoniano que descreve essas interacoes fortes

 auto estados de uma grandeza analoga ao spin %2 do elétron
ou do isospin (1) ¥

 nucleon: dubleto de auto estados simultaneos de 12 e |,

I3

dubleto

carga (Q)

massa (MeV)

nucleon (I =1/2) +1/2
—1/2

p=11/2,1/2)
n=1[1/2,—-1/2)

1
0

938,3
939,5




Isospin

. conservado nas interacoes fortes

* interagdes fortes ndo distinguem membros do dubleto

|Hiper I*] = [Hipes I ] = 0

forte?

- ndo conservado nas interacdes eletromagnéticas e fracas

[HE‘H’I’ 12] # 0 e [I_Ifl'EllEElJ IS] # 0




Simetria de Isospin

- interacdes fracas e eletromagnéticas nao exibem a simetria de
isospin

* baixas energias: as interacdes fracas sao bem menos intensas
(0.001%) do que as interacdes eletromagnéticas, e essas, por sua
vez, bem menos intensas (1%) do que as interacdes fortes

» simetria aproximada

- hadrons: as particulas sujeitas as interacoes fortes residuais

- barions: spin semi-inteiro
- mésons: spin inteiro



Tripleto de pions

o Pions (7t+, 7T, Tt9) : Isospin | =1

I tripleto carga (()) | massa (MeV)
+1 at = |1,+1> 1 139.6
pion (I = 1)
0 7 =11,0) 0 135
-1 rm=|1,-1)| -1 139.6

- emulsdes nucleares (raios cosmicos - Lattes et al. 1947)




Particulas estranhas e ressonancias

d kdons (K, K% e lambda (A9)

T +p — A%+ KO+ (forte - 10-23 s) - producao
» decaimentos fracos (10-10 s)

A —>p + = (fraco)

Ko —> nt + n= (fraco)

— camara de bolhas (Glaser -Berkeley 1952)
— Cosmotron - 2.2 GeV (BNL 1953)

3 ressonancias: delta (A*, A-, A% e rho (p*, p-, p°)

— Bevatron - 6.5 GeV (Berkeley 1954)




Q Gell-Mann, Nakano e Nishijima (1953)

[ AS =0 (interagdes fortes e eletromagnéticas)
1
\ ‘&S‘ =1 (interacoes fracas na presenca de particulas estranhas)
S= +1 (kaons)
S= 0 (nucleons, pions)
S= -1 (lambdas, sigmas)
S=-2 (xi)




Desse modo, explicava-se por que a reacao forte

T +p—oK"+3%” (AS =0)

poderia ocorrer, e as reacoes

)
T +p—K +n (AS=1)

T 4+p—oK +%7 (AS =-2)

k T H+poT +5 (AS =—1),

apesar de nao violarem a lei de conservacao de carga, ndo ocorreriam.




Multipletos de Isospin

quadrupleto (I =3/2): (AT, A", A°, A7) — bérions

tripletos (I = 1): (%, %°,%7) — barions, (p™,p°, p~) — mésons
dubletos (I =1/2): (2°,=7) - barions, (K,K°) — mésons
singleto (I =0): (A") — barion




Formula de Gell-Mann/Nishijima

Q =13+B+S)/2 = I5+Y/2

Q (carga)

B (n° barionico)
- numero quantico aditivo
- lei de conservacao universal: numero de barions

menos o nimero de antibarions permanece constante
- estabilidade do préton

« Y =B+ S (hipercarga)



{a,b,c, .., e,...} e operacao (.)

([ a-b=c (fechamento)
(a-b)-c=a-(b-c) (associatividade)
\ eca=a (identidade)
L alra=e (inverso)

 grupo das rotacdes proprias
* matrizes ortogonais (det =1)

* representacoes matriciais



Grupo Su(2)

- representacao unitaria (det =1) do grupo das rotacoes

i0,G
U=e = ° (a=1,2,3)

0, - parametros
G, - geradores

- regras de comutacao [Gas Gp | =1€ap, Gy
(S0, Sp | =1i€qp,S

afy2y

- spin Y2 ou matrizes de Pauli - geradores da
representacao unitaria fundamental de SU(2)




Composicao de representacoes

v 112, +1/2>, e 1/2,-1/2>,
B2t 1172, +1/2>, e [1/2,-1/2>,

[ |1,+1)=1/2,+1/2),[1/2,+1/2),

_ L
W2

| [1.-1) =1/2,-1/2) [1/2,-1/2),

tripleto { 1,0> [|1/2;+1/2>1|1/2:_1/2>2+}1/21_1/2>1|1/2’+1/2>2]

1

7 11/2,41/2),[1/2,-1/2), - [1/2,=1/2),|1/2,41/2), ]

singleto { |0, 0> =

1/2®1/2=1®0 ou 2@2=3&1




Decomposicao em soma direta

O Autoestados simultaneos de S2 e S, sao os estados basicos da
representacao fundamental do grupo SU(2), a partir dos quais
todos os outros estados, associados a representacoes de ordens
superiores, podem ser construidos

[(1®1/2=3/2®1/2 ou 3®2=4@2

3/201=5/203/281/2 ou 4®3=684®2

N

| 1/28©1/2®1/2=3/20©1/261/2 ou 208282=40202



Espalhamento pion-nucleon

Q I=1 (pion)

|

I= Y2 (nlcleon)



reciprocamente

combinacdes | estados

mp 1,4+1)|1/2, 3/2,+3/2)

mn 1,—1)[1/2, 3/2,—3/2)

tn 1,+1)|1/2, 3/2,+1/2)+ 4/ 2[1/2,+1/2)

mp 1,—1)[1/2, 3/2,—1/2)—/2|1/2,—1/2)

1,0) 3/2,+1/2)— 4/ %]1/2,+1/2)

1,0)[1/2, 3/2,—1/2)+ ,/+|1/2,-1/2)




Supondo que o estado de isospin 3/2 seja uma ressonancia (A)
que domine as reacoes

(

ntp - 7wTp

T p—Tmn

T p—>T D

\

Bruckner sugeriu que as respectivas taxas de producao seriam
proporcionais a

|<ntp | ntp>[2=1
|<n®n | = n>|2=2/9
<mp | ®m p>2=1/9

9:2:1 - compativel com resultados de Fermi




Modelo de Sakata

3 Sakata (1956) - SU(3)

(p,n, A°) e (p,n,A% - tripletos fundamentais

« mésons (1 particula + 1 antiparticula)

« barions (2 particulas+ 1antiparticula) ou
(1 particula + 2antiparticulas)



Octetos de Gell-Mann (1960)

barions
B=1
S Y
0 +1 n p
(1dd) (1ud)
-]_ U - ¥ Eu,ho _E+
{_’dds_) (uds)(usd) (uss)
.2 _1 = En
(dss) (148s)
—1 0 +1

1N (547.8 MeV)

meésons

B=0

L o9aT
(11d)

Kﬂl
(ds)

m,n _ 1
(uu) (dd) (ud)

K-
(us)

K+
(13)

[+]

By

(

+

—1

descoberto apenas em 1961



Decupleto de barions

B=1
S Y
0 +1 +A™ A° At ATF
(ddd) (udd) (uud) (uuu)
—1 0 - E*— E:a:o E*.;.
(dds) (uds) (uus) (J.p) _ (3/2+)
-2 -1 E*— E*o
(dss) (uss)
—3 —2 1 -
. (sss) .
-1 0 +1

Q- (1672 MeV)

descoberto apenas em 1964



Quarks: grupo SU(3) de sabor

{‘ Ak}
U =exp 1(1;(?

« estados fundamentais:
tripleto de quarks (u, d, s) de spin /2

« 8 parametros : {o, | k=1,2, ... 8}

[ 3@3=8@1 (mésons)

| 3®3®3=10e8e801 (barions)



8 geradores: {A | k=1,2, ... 8}
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Quarks: grupo SU(3) de sabor

quarks antiquarks
u d s u d 5
carga (Q) +2/3| -1/3 | -1/3 | —-2/3 | +1/3 | +1/3
n® bariénicoB) | +1/3 | +1/3 | +1/3 | —-1/3 | —-1/3 | —1/3
estranheza (S) 0 0 —1 0 0 +1
isospin (I3) +1/2 | —1/2 0f-—-1/2|+1/2 0
hipercarga (Y) |+1/3 | +1/3 | —2/3 | —-1/3 | —=1/3 | +2/3




decupleto dos barions

AT (wuu) AT(uud) A°(udd) A~(ddd)
Y (uus) T*°(uds) ¥ (dds)
=*°(uss) Z=*"(dss)
0~ (sss)

octeto dos barions
p(uud) n(udd)
Y (uus) X°(uds) Z(dds)

=°(uss) Z=7(dss)

A~ (uds)

noneto dos mesons
K™ (us) K°(ds) 1/2 | +1
nt(ud) n°(uti,dd) = (ud)| 1| O
K (ds) K~(ds) 1/2 | -1
n(uti, dd, ss) 0| O
n’(utt, dd, s5) o| o




Momento magnético do préoton (uud) e
do néutron (udd)

Juu: muu) u

u= |sl,m1) u= |52,m2)

11/2,+1/2), | |1/2,+1/2), compondo os 1,+1) 20,
|1/2’_1/2>1 }1/2’_1/2% autoestados — 1,0) 0
1’_1> _2lu‘u

compondo os estados de spinJ,, = 1 com os auto estados de spinsy =2

do quark d, os auto estados correspondentes ao spin J, = 2 do proton serdo
dados por

J,=1/2,m; =+1/2) = \/g 1,1) [1/2,-1/2) — \/g 1,0) [1/2,+1/2)

J,=1/2,m; =—1/2) = \/g 1,0) [1/2,-1/2) — \E |1,-1) [1/2,+1/2)






Grupo SU(3) de cor

*barion mais leve do decupleto em um autoestado de m; = 3,2
« simétrico em sabor e troca de dois quarks

AT (mJ = +§) = (u)(MM =uvluu’ ' =u (m; = +-)

 novo grau de liberdade para os quarks
(Greenberg - 1964)

* interagdes fortes ndo distinguem sabores de quarks,
resultam de uma nova propriedade dos quarks, a cor
(Han e Nambu - 1965)



« decupleto dos barions corresponderia aos seguintes
10 estados simétricos com relacdo ao sabor

)

= uuu
AT = % (uud + udu + duu)
A = %(udd + dud + ddu)
A~ =ddd

= \% (uus + usu + suu)
0 = % (uds + usd + dus + dsu + sud + sdu)
T = \%(dds—kdsd +sdd)

= % (uss + sus + ssu)
= % (dss +sds + ssd)

— 855§ }




Proton - autoestado de spin [m=+ 12 >

produto de estados antissimétricos de spin e sabor
(ud—du) (1L =D =u'dt — utdT — dTut + dld]

incorporando um quark u (m=+ %2) -> simétrica
(primeiro quark u com o quark d)

@'dt — utd" — d'ut + d'uHu' = wdu—du) (TLT =111
totalmente simétrica (sabor e spin)

(udu—duu) (TIT = I17) + (wud—duw) (T = I17) + (uud —udu) (TTL = TIT)

estado normalizado [m= + 2 >

p(T) = ﬁ[ZuTqul + 2dbutu + 2uTdbu +
—ulutd! — uldTud — dTuTut +

—dutd — dty’ — dTuluT)



Espalhamento et e

4t a? 4702
O(eetopty~) = Olee"—qq) = e
2 (e7e*—qq) vl
olce—am _

o(eer—pmum) @

O (e~e*—hédrons)
L P
U(E e —uT ") g, cores q

depende do numero de quarks
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Energia

Vs >2m.~1GeV
Vs >2m, ~ 4 GeV

Vs > 2my ~ 10 GeV

/s > 2m, ~ 350 GeV
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|
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+
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cargas de cor e cargas fortes

quarks: red (r), green(g) e blue(b)
antiquarks: T g b
hadrons nao tém a propriedade de cor
singletos associados ao grupo SU(3).

barions (antissimétrico)

1
419243 = ﬁ(rl byg3—by1p83+ b1gor3 — g1 bory + g119b3 — rngbB)

* mésons (simétrico)

_ 1 _ _ —
419, = E(rlrz + 818>+ ble)



- com a descoberta novas ressonancias e argumentos teodricos
associados aos decaimentos por interacdes fracas, novos
quarks foram introduzidos, os chamados sabores pesados,
como o quark charm (c) e os quarks bottom (b) e top (t),
com massas da ordem de m_= 1GeV, m,~ 5GeV e m= 172 GeV

com esses hovos quarks, em analogia com a estranheza (S),
atribuida ao quark s, foram introduzidos e atribuidos os
numeros quanticos aditivos ao quark charm (c =+1),

ao quark bottom (b=-1) e ao quarktop (t=+1)

esses numeros se conservam nas intera¢des fortes e
eletromagnéticas, mas nao nas interacdes fracas, as quais
permitem a mudanca de sabor

Y=B+S+c+b+t (hipercarga de um quark)




« quarks interagem fortemente devido a cor - QCD
(Cromodinamica Quantica)
« grupo SU(3),

{' A’k}
U=expi1g,a;—

2

« 8 geradores: {A, | k=1,2,...8}
(matrizes de Gell-Mann)

« 8 parametros : {a, | k =1,2, ... 8} (cargas fortes)

* g, : constante de acoplamento forte




* reacOes fortes resultam da interacdao de um octeto
de cor - glions, resultante da composicao
cor-anticor (3 ®3 =8 ®1) com tripleto de cor - quarks
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Clebsch-Gordon

Note: A square-root sign is to be understood over every coefficient, e.g., for —8/15 read —/8/15. Notation: |
1/2x1/2]| ! 3 my; m,
+1] 1 Dl Y = ,—cosﬁ' 5/2 .
[+172+172] 1] 0 0 ‘\ 2x1/2 +5/2| 572 3/2 m, m; | Coefficients
w172 —1/2]1/2 1/72| 1 . s 22| 1)3/2+3/72 S
—1/2 +1/2(1/2-1/2-1 Yl = —v‘l—‘_ sin f e'? +2-1/2| 1/5 4/5| 5/2 3/2
-1/2-1/2| 1 M +1+1/2| 4/5-1/5+1/2 +1/2
v _ fi(ﬁcmﬁg_l) +1-1/2| 2/5 3/5| 5/2 3/2
27 Vi 9 0+1/2| 3/5-2/5|-1/2-1/2
e 0-1/2| 3/5 2/5] 5/2 3/2
Yzl:_\'ll,- 22 sinfcos et -1+1/2| 2/5-3/5|-3/2 -3/2
| 87 2 -1-1/2| 4/5 1/5] 5/2
| 3/2x1/2 |57 -2 +1/2| 1/5 —-4/5|-5/2
2:_\’Q_qm g 210 [+3/2 +1/72] 1] +1 +1 > 121 ]
T +3/2-1/21/4 3/4] 2 1
+1/2 +1/213/4-174] 0 0
3/2x1 .25 55 Az=1202 e2| 2
[2+1] 1]+2 +2 3721 1|32 +3/2 Z1/2+1/2[BRlBA -1 -1
+2 011/3 2/3 3 pa 1 +3/2 0l 275 35| s/2 32 172 =1/2-1/2|3/4 1/4| 2
1 +12/3-173] +1 41 +1 +1/2 41| 3/5 =2/5|+1/2 +1/2 +1/2 -3/2+1/2| 1/4-3/4}-2
+2-111/15 1/3  3/5 +3/2-1[1/10 2/5 1/2 [-3/2-1/2
1x11 2 +1 0/815 1/6-3/10 3 2 1 +1/2 0| 3/5 115 -1/3| 5/2  3/2 1/2
: 1+$ 12 1 041 2/5-1/2 1710 0 0 0O ~1/2+41(3/10 -8/15 1/6|-1/2 -1/2 -1/2
M o +1-1[1/5 1/2 3/10 +1/2-1[3/10 8/15 1/6
1 o012 172 2 10 0035 0-2/5{ 3 2 1 ~1/2 0| 3/5 -1/15 -1/3| 5/2 3/2
0+1)1/2-172f 0 0 0o -1 +11/5-1/2 3/10] -1 -1 1 ~3/2 41110 -2/5 1/2|-3/2 -3/2
+1-111/6 1/2 1/3 0-1| 2/5 1/2 1/10 —1/2-1] 3/5 2/5] 5/2
0 0[273 0-13] 2 1 -1 0/8/15-1/6-3/10 3 2 —3/2 0| 2/5 -3/5}-5/2
~1+1[1/6-1/2 1/3]-1 -1 —2+111/15-1/3 3/5| -2 -2 “3/2 1] 1
0-11/2 172| 2 ~1-1(2/3 1/3] 3
Y, = (-)mY™ |- ofi2-1/2]-2 — —2 0[1/3-2/3]-3 (j1jemima|jija J M)
e ‘H; : }fme—mw [F2-1] 1 = (=1)7=91722(jo jymamy | jpj1 T M)




Clebsch-Gordon

j _ ] ' 3
r’fj :{_l}m m’dj‘ :{f'} 3/2)(3/2 33 > 1 1/2 _ E 1 _l_—|—
m',m m.m’ —m,—m’ |_|_3).-'2 =7 1143 5 dﬂ,ﬂ = cosf d 1/2.1/2 = cos 5 dl_.l = :
2x3/2 |12 3202012 12 3 2 1/2 4 sin
Li/2] 7/2 5/2 24320 122172 41 41 41 d) =-sins  djg=-—
[F2+372] 1|+5/2+45/2 51731175 T2 310 1/2.-1/2 2 = V
T24172| 377 47| 772 572 372 e —1ic Ve 1/e S0 1 -
+1/2+1/213/5 0 -2/5 3 2 T 0 gl _
+1+3/2| 4/7-3/7TH3/2 +3/2 +3/2 —1/2+3/2 [1/5 =1/2 3/10 0 0 0 0 { -1~ —_—
+2-1/2| 1/7 16/35 2/5 _
— 2| 4 13528 772 572 32 12| |15 T lars0 1/4—1/a0-174
2x2 e 0+3/2] 2/7-18/35 /5| +1/2 1724172 +1/2|  [0355 1195 8720 174 —1720 17432 3
|+2+2+1 43 43 +2-3/2| 1735 6735 2/5 2/5| |3/2 +3/2[1/20-1/4 9/20-1/4) -1 -1 -
+1-1/2|12/35 5/14 0-3/10 +1/2-3/21 1/5 1/2 3/10
+$ +; ]g Hg ‘2‘ g g 0+1/2|18/35 =3/35-1/5  1/5| 772 572 3/2 12| |Z12-1721 355 0 —2i50 3 3
1+ ; - ;'”4 ]:2 2';? -1 +3/2| 4/35-27/70 2/5-1/10|-1/2 -1/2-1/2 -1/2 ~3/2+41/21 1/5=1/2 3/10| =2 -2
+ +1 -3/2 | 4/35 27/70 2/5 1/10 — _
sl a7 0-37[ 43 2 0 -1/2 18/35 3/35-1/5 ~1/5 BT R E
0+2{3/14-1/2 2/7| +1 +1 +1  +] -1 +1/2012/35-5/14 0 3/10| 772 5/2 3/2
> 111714 3710 3/7 15 —2 +3/2| 1/35-6/35 2/5 -2/5|-3/2 -3/2-3/2 [3/2-3/2 1
+1 0 3/7 1/5-1/14-3/10 0 -3/2| 2/7 18/35 1/5
0 +1| 3/7 -1/5-1/14 3/10 4 3 2 1 0 —1 =172 a7 =1/35=2/51 7/2 52
+2 -2 égﬂ 15}(} ,‘2",4’? ;L:KS 1?5 -1-3/2| 4/7 3/7| 7/2
+1 -1 5 2/5 1/14-1/10 =1/5 _o_ _a/7L
0 0 |18/35 0-2/7 0 1/5 Al VAN . i
-1 +1 | 8/35 -2/51/14 1/10 -1/5 4 3 2 1 -2-3/2 1
a/2 1+cosf @ -2 2 | /70-1/10 2/7 -2/5 /5] -1 -1 -1 -1
3232 = —5 €083 +1 -2|1/14 310 3/7 1/5
g2 0 -1 3/7 1/5-1/14-3/10
3/2 \/rl—cosﬂ . f d2. = 1 +cos -1 0| 3/7 =-1/5-1/14 3/10 4 3 2
ffa;z.uz:_ 3T51n§ 22 \7 9 -2 +1(1/14-3/10 3/7 -1/5| -2 -2 -2
_ 1+ cosf . 0 -21314 1/2 2/7
dzig lm:ﬁﬂcgsﬁ {f%_l:— sin # -1 -1 4/7 0-3/7 4 3
3/2,-1, 2 2 ' 7 1+ ooad —2 0[314-1/2 2/7| -3 -3
3/2 1 —cos# ., 6 9 6 ., 12 — 1" Donsf—1 -1 -2(1/2 1/2] 4
dﬁ?l—ﬁfﬂz_Tsm§ {fz:n:TSIH H fl.l 2 { } -2 111/2=-1/2]-4
-
3/2 JcosH —1 f 1 —cost | 2 3 . |_2 —21 1
d a1y = —5 083 d%,—i = - sinf dig= _\UIE sin b cosd




« Quarks como sendo as particulas envolvidas diretamente nas
interacdes fortes foram postulados por Murray Gell-Mann e
G. Zweig, nos anos de 1960, segundo argumentos de simetria,
como os elementos constituintes dos hadrons.

« Do ponto de vista dinamico, os quarks como constituintes dos
hadrons comecaram a emergir dos trabalhos experimentais de
R. Hofstadter, nos anos de 1950, no centro de aceleradores

de elétrons da Universidade de Stanford, no qual estabeleceu
a subestrutura do préton.

Finalmente, foram estabelecidos ao final dos anos de 1960,

com os experimentos de espalhamento profundamente inelastico
de elétrons por prétons, também em Stanford (SLAC), liderados
por J.l. Friedman (MIT), H.W. Kendall (MIT) e R.E. Taylor do SLAC,
e com os trabalhos tedricos (modelo a partons) de J. D. Bjorken
e R. Feynman.
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Experimentos

Hipdteses e teorias

Aceleradores e detectores

pdsitron {Anderson, Caltech — 1932)

milon {Neddermeyer & Anderson, Caltech — 1936)
plon (Powell ef al, Bristol — 1947)

kdon {Rochester & Butter, Manchester — 1947)

fie andmalo {Kuseh & Foley, Columbia — 1947)
ressondneia {A) (Fermi et al, Chicago — 1952)
antiprdton (Chamberlain &f al, Berkeley — 1955)
raio do préton {Hofstadter ef al, SLAC — 1956)
violagio da paridade {Wu ef of, NBS - 1957)

helicidade do neutring {Goldhaber ef al, BNL - 1857}

ressondncia {p°) [Erwin el al, BNL - 1961}

ressondneias {Alvarez ef al, Berkeley — 1961)

neutrino do mion {1} (Lederman et al, BNL — 1962}

{£1=) (Samios ef al, BNL - 1964)
CP violation {Cronin ef al, BNL- 1964)
deep inelastic (Friedman ef af, SLAC - 1969}
WXNC (Lagarrigne ef of — Gargamelle, CERN - 1973)
charm {¢) — ¢ (Richter ef al, SLAC - 1974)
J [Ting ef al, BNL - 1974)
r (Perl ef af), jets (Hanson et al} — {SLAC — 1975)
bottom {4} (Lederman et al, Fermilab — 1977)
gluon jets (TASSO, DESY - 1979)
W=, Z {Hubbia ef al - UAL, CERN — 1983)

tap {t) (CDF/D@, Fermilab — 1995)
neutring do tau (1.} {DONUT, Fermilab — 2000}

equacio de Dirac {1928)

antipartieula {Dirac — 1930} e neutrino {Pauli — 1930)
isospin {Heisenberg — 1932}

beta decay (Fermi -1934)

méson 7 | Yukawa — 1935)

QED (Feynman, Tomonaga, Schwinger — 1947)

estranheza (Gell-Mann, Nishijima — 1953}

violagho da paridade {Lee, Yang — 1956)

V-A ({Feynman, Gell-Mann — 1958)

mixing Havor {Cabibbo — 1963)

quarks {Gell-Mann, Zweig — 1964} ¢ Higgs {1964)
SU.3) {cor) (Greenberg, Han, Nambu - 1064-65)
EW {Glashow, Salam, Weinberg — 1967}

charm {GIM - 1970}

renormalizabilidade {Veltman, "t Hoolt — 1972)
bottom - CKAL {Kobayashi, Maskawa — 1973)
QCD {Callan. Gross, Politzer, Wilezek, Fritesch,

Gell-Mann, Leutwyler et al - 1973

Clelotran {Berkeley) (80 keV - 1930)

e camara de bolhas (Glaser, Berkeley — 1952}

Cosmotron {BNL) (3.3 GeV — 1953)
Bevatron {Berkeley) (6.2 GeV — 1854)
SLAC (eR180 MeV — 1955

e gpark chamber {Conversi, CERN — 1953)

PS (CERN) (pfi28 GeV - 1959)
AGS (BNL) (pE33 GeV — 1960)

SLAC {e~ ou et @50 GeV — 1966}

o MWPC {Charpak et o, CERN - 1968]
Fermilab {p@400 GeV - 1970}

ISR (CERN) (pp@60 GeV — 1971)

e drift chamber {Walenta et o, CERN - 1971}
SPEAR (SLAC) (ete~®3.7+3.7 GeV - 1972)

PETRA (DESY) (e7e~ @40 GeV - 1978}

SPS {CERN) {ppi540-630 GeV — 1981)

LEP [ (CERN) {eTe™ @01 GeV - 1080}
TEVATRON I (Fermilab) (ppfil.8 TeV — 1992)
LEP 11 {CERN)} {eTe~ @210 GeV - 1996)
TEVATRON II {Fermilab) {ppfi2 TeV — 2001)
LHC (CERN) (pp@7 GeV - 2010}




Experimentos em Fisica de Altas Energias

As interacoes fundamentais da
natureza se manifestam em
colisdes de particulas em altas
energias.

Os aceleradores de particulas
proporcionam que essas
interacdes ocorram,
continuamente, em uma
pequena regido do espaco
(vértice da colisao).

A partir desses vértices outras
particulas secundarias sao
criadas (eventos), e se afastam
em todas as direcdes, em um
amplo intervalo de energia.




Objetivos gerais

Identificacdo de particulas (elétrons, muons,
neutrinos, quarks, bosons mediadores,hadrons)

Determinacao de atributos intrinsecos (carga,
massa, momento magnético, spin, tempo de
vida, branching ratios)

Medicdao de parametros associados aos
fenomenos envolvidos (secao de choque,
constantes de acoplamento)




« Determinacao de posicoes, de trajetorias, de
velocidades e tempos de voo

« Distribuicoes de grandezas geomeétricas
(angulos polar e azimutal, pseudo-rapidity) e
cinematicas (momentum, energia)




« Sistemas complexos de deteccao, organizados
em subsistemas, 0s quais sao compostos por
varios tipos de detectores

« Experimentos com grande numero de
colaboradores (empreendimento coletivo)

« Grandes laboratoérios internacionais
(aceleradores)




» Nos anos de 1960, os experimentos em Fisica de
Particulas iniciam a transicao das camaras de bolhas
para sistemas de deteccao baseados em circuitos
eletronicos.

» Nos anos de 1970, com os experimentos em grandes
aceleradores, e a necessidade de melhor identificacao
de Farticulas, os calorimetros e as grandes camaras
de fio tornam-se os componentes centrais dos
experimentos em Altas Energias.

» A partir dos anos de 1990, camaras de fio e
cintiladores, desenvolvidos nos anos de 1950 na
espectroscopia nuclear, sao adaptados aos novos
detectores, ou substituidos por semicondutores.




Cloud Chambers 1910-1950ies

Wilson Cloud Chamber 1911

The ions produced by a charged particle are leading to condensation in
supersaturated water vapor. One finds small water droplets along the track that
can be photographed.

W.Riegler/CERN 34



Cloud Chamber 1910-1950ies

Philipp 1926

’

Alphas

X-rays, Wilson 1912
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Cloud Chamber 1910-1950ies

Magnetic field 15000 Gauss,

chamber diameter 15cm. A 63 MeV
positron passes through a 6mm lead plate,
leaving the plate with energy 23MeV.

The ionization of the particle, and its
behaviour in passing through the foil are
the same as those of an electron.

Positron discovery,
Carl Andersen 1933

W.Riegler/CERN
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Cloud Chamber 1910-1950ies

Rochester and Wilson

W.Riegler/CERM

First observation of the “V0"” particles in cosmic
rays during the 1940ies. (now known as Kaon and
Lambda)

‘... The VO particle originates in a nuclear
Interaction outside the chamber and decays after
traversing about one third of the chamber.

The momenta of the secondary particles are

1.6+-0.3 BeV/c and the angle between them is 12
degrees ... *




Nuclear Emulsion 1930ies to Present

Film played an important role in the
discovery of radioactivity but was first seen
as a means of studying radioactivity rather
than photographing individual particles.

Emulsions were exposed to cosmic rays

: at high altitude for a long time (months)

e and then analyzed under the microscope.

In 1937, nuclear disintegrations from cosmic
rays were observed in emulsions.

The high density of film compared to the

-
N cloud chamber ‘gas’ made it easier to see
i AN energy loss and disintegrations.
3R
N

EXPLOSIVE' DISINTEGHRATION OF A NUCLEUS
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Nuclear Emulsion

Discovery of muon and pion

W. Riegler/CERN

i

Discovery of the Pion:

The muon was discovered in the 1930ies
and was first believed to be Yukawa’'s meson
that mediates the strong force.

The long range of the muon was however
causing contradictions with this hypothesis.

In 1947, Powell et. al. discovered the

Pion in Nuclear emulsions exposed to
cosmic rays, and they showed that it decays
to a muon and an unseen partner.

The constant range of the decay muon indicated a
two body decay of the pion.



Chamber 1950ies to early 1980ies

In the early 1950ies Donald Glaser tried to build
on the cloud chamber analogy:

Instead of supersaturating a gas with a vapor
one would superheat a liquid. A particle
depositing energy along it’s path would

then make the liquid boil and form bubbles along
the track.

VA

In 1952 Glaser photographed first Bubble chamber
tracks. Luis Alvarez was one of the main proponents
of the bubble chamber.

Mok finme ¢ wiienad The size of the chambers grew quickly
Fem 1954: 2.5"(6.4cm)

. 1954: 4” (10cm)

1956: 10" (25cm)

1959: 72” (183cm)

1963: 80" (203cm)

K e €00 22 e sec 1973: 370cm

i
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Bubble Chamber

‘old bubbles’

Ubesdsuck YUnterdrurk
KoM presciens- Expanio eyentil : i i ' :
R ¥ 9 e Veae w0 foteete 220 500000 0 S0l e

L o it g

Stempel

BLlrzl aMmpen B[I ‘L!IH-ITIFI:E'I'I ‘new bubbles’

Flileaigheik

The Bubble Chamber can not be triggered, i.e. the
bubble chamber had to be already in the superheated

¥ state when the particle was entering. Because in the

Lyl
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50ies particle physics moved to accelerators it was

-] ﬂ.:.
2 p
3’:‘ fg: possible to synchronize the chamber compression with
| [1]
A = r ST E i
i Drockegaster the arrival of the beam.

Kamera
For data analysis one had to look through millions

of pictures.
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Bubble Chamber

The80-inch Bubble Chamber

BNL, First Pictures 1963, 0.03s cycle

W.Riegler/CERN
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Discovery of the ¥~ in 1964




W. Riegler/CERN

Bubble Chamber

Gargamelle, a very large heavy-liquid (freon)
chamber constructed at Ecole Polytechnique
in Paris, came to CERN in 1970.

It was 2 m in diameter, 4 m long and filled
with Freon at 20 atm.

With a conventional magnet producing a field
of almost 2 T, Gargamelle in 1973 was the tool
that permitted the discovery of neutral
currents.
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Bubble Chamber

Can be seen outside the Microcosm Exhibition

W.Riegler/CERN

3.7 meter hydrogen bubble chamber at CERN,
equipped with the largest superconducting
magnet in the world.

During its working life from 1973 to 1984, the
"Big European Bubble Chamber” (BEBC) took
over 6 million photographs.
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Bubble Chambers

The excellent position (S5um) resolution and the fact that
target and detecting volume are the same (H chambers)
makes the Bubble chamber almost unbeatable for
reconstruction of complex decay modes.

The drawback of the bubble chamber is the low rate
capability (a few tens/ second). E.g. LHC 10° collisions/s.

The fact that it cannot be triggered selectively means that
every interaction must be photographed.

Analyzing the millions of images by ‘operators’ was a quite
laborious task.

That’s why electronics detectors took over in the 70ties.

W.Riegler/CERM
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Calorimetry

Calorimeters are attractive in our field for various reasons:

In contrast with magnet spectrometers, in which the momentum resolution
deteriorates linearly with the particle momentum, on most cases the calorimeter
energy resolution improves as 1/Sqrt(E), where E is the energy of the incident
particle. Therefore calorimeters are very well suited for high-energy physics
experiments.

In contrast to magnet spectrometers, calorimeters are sensitive to all types of
particles, charged and neutral. They can even provide indirect detection of neutrinos
and their energy through a measurement of the event missing energy.

Calorimeters are commonly used for trigger purposes since they can provide fast
signals that are easy to process and interpret.

They are space and therefore cost effective. Because the shower length increases
only logarithmically with energy, the detector thickness needs to increase only
logarithmically with the energy of the particles. In contrast for a fixed momentum
resolution, the bending power BL? of a magnetic spectrometer must increase linearly
with the particle momentum.

C.W. Fabjan and F. Gianotti, Rev. Mod. Phys., Vol. 75, NO. 4, October 2003
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