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Probing structure of nucleons

Deviation in alpha scattering

Electron-nucleon scattering, elastic and inelastic limit
Mandelstar and Bjorken variables
Form factor

Rosenbluth formula

Experimental proof of proton structure
Deep inelastic scattering

Probing structure functions at SLAC
Quark parton model

Parton density functions
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Isospin: hypothesis and experimental evidence
G-parity

Strangeness

Gellman-Nishijima formula

Static quark model
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Discovery of the t quark

Discovery of the tau lepton
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MAY 1, 1956
; - . GAS TARGET CHAMBER
Elastic Scattering of 188-Mev Electrons from the Proton and the Alpha Particle*}1§|Y CELECTRON BEAM
R, W. McArusTeR AND R, HOFSTADTER
Dspariment of Plysics and High-Energy Physics Laborolory, Stanford University, Stanford, California ?\ {11__ _]‘( h_ﬂ F
(Received January 25, 1956) BEAM CONVERGES FROM % / S ar
MAGNET AT DISTANGE OF 9 FEET g
The elastic scattering of 188-Mev electrons from gaseous targets of hydrogen and helium has been studied. // \ "u\ - j MONI TOR -

Elastic profiles have been obtained at laboratory angles between 35 and 138°, The areas under such curves, TEST ABSORBER \ :

within energy limits of +1.5 Mev of the peak, have been measured and the results plotted against angle. — SPECTROMETER

In the case of hydrogen, a comparison has been made with the theoretical predictions of the Mott farmula 1 ACCEPTANCE MLE

for elastic scattering and also with a modified Mott formula (due to Rosenbluth) taking into account both

g e > g EVACUATED

the gnomalous magnetic moment of the proton and a finite size effect. The comparison shows that a finite SCATTERING CHA "

size of the proten will account for the results and the present experiment fixes this size, The root-mean- MBE] \\-‘

square radii of charge and magnetic moment are each (0.74::0.24) X 10 em. In obtaining these results it s .

assumed that the usual laws of electromagnetic interaction and the Coulomb law are valid at distances less

than 10~ cm and that the charge and moment radii are equal, In helium, large effects of the finite size of

the alpha-particle are observed and the rms radius of the alpha particle is found to be (1.620.1)3%10-% cm. 3
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On the verfical axis tThee is +the dovble siffereniil

cross-section :

a3 B ## events /ib )
dRdE' (A)(AE) GeV- sr




i) Imcreasdng eunelay lélzc'mveav.s, {he higlest [oeab{ (elastic Peab() decreases  while
the vesonance Pealks (inelas+i4 F@&K-E-} becoyre ?reafc‘r (Hhe yellow ovea becomes bfaaef)

Z) At JE{)(UJ W q decveases \‘-F E (ncrease s (CkPQC{e‘O‘ becaose < = %)

3 At fixed Eand g the vesonsnces decrease if W v cveases (and this wnalkes
Sense \aacauﬁe if H(IE fesonanie 1S heaufev {+ neeals ore evle\r'ay)

di2 dE' GeV- &7

4) s vexy [a‘r?e W e de| Lo 4-2 Mb (F|a+eau)

50, we WKuow that with ©.1s. we have:

d<r {ixed @
j.ﬂ. DS = W, (@?., v) +2 Wy (61?; v)4anlé. = R(Qz)
T 1 | 2
dfL Iyt
do | = o« iz .20 E! M with veco
w bheve it ol El¢ s £ = (H fr with v l)

\W hat +heT saw s fhe fo}/aw:‘waz
f SR Heve the atmale 'S J[('xed at O= °

3 T , ".:f. Jo 1his plot we are sble To e the form facter
“‘g?‘ | E—— for 1he scotlerivg agsinst & proton . Thet & beasose
' ‘ﬂ;_.'ié";';'?m;;,, | whea d.ixi‘uiimé by Vohay we falle away oll the fuemalis

We Wgh/f Wt the elas?ic cose nthe porntlike 'ayP.'-
al R(@):1 and dhen d decreases. In fact:

o
da | Z e f
elaslic  _ (i - q_z ‘L‘m?-z—) |F(‘T’)|
ELAS HI o do " j}_ (Fom% [\'Ke)
4 |t

-From 7%9 ,r'nefas-ffe: med seire s r‘nsfeac} we g8 ndl sae

0 2 3 4 s 8 7 am,:f ¢:12 de Femalemce ~ -{la'} )

(om%io/er[wa the «?bwrcﬁon, with a stroctore  we Uueow Fhat the on/y mod, ficalion is :

da _ 49

=< = F@
T |F @)

?ﬂ.i\l\."
kKe

-‘(mm {he ememsmwes. we ! dedoce | 1hot F (') has net éePewdenze fmm ? and this  would meaw
a powtlilke pacticle . However the cesults 4thad we have ave nel caﬂPa‘\T'ole with the Fa‘n‘Hib(esmHEvaa

aid wdradier s dalop |= +4 .

debe ‘ﬂu’s ée/?avfavr is dve [)/ ‘Hﬂe



EPJ}(—
Z E: 2l,:1
Q4 Q4
2. {x
9T

T‘n‘s means thst: = Z.,-2 < 4 — | Zr<1

N2
So we see a veduced cvess secfion becavse Fhe charge of The -/dv?ef s not ¢ but lesser

Q X

The wnext %m} that J(lfle?( did wss the measurement of Fz(eiv) vs. @=2W.L

We ave fcc.os.,&ma on 2 (@3v)= v-w; (@yy) becsox

-‘. u,’-'ﬂ_&ﬁ-‘:“ ofr s m“ SN ‘e_ _c:t_q_ _ s more sSewv 35‘7!} re _fa WZ
N I 5
I =2

We see {hat B (We) ©s seasclive to 2 not

to @? and offer a cerbdin w 1he cowe is NQ;?(a'l.

AN There/ore Jhis ekpgw'mevff managed fo proe that w;ith
AT he . a . F J
Tq bl 8“&?87 co//r%‘ans we ave /orablwg 7%-9 /))eags
" .a rde 7% 2 f?f’a?zan,

There is a cakolhtien den e bl{ Feyuman that shows that

“.‘\r" i {, the x¥ of Bjorllen s Jusf‘ihe Fraclion of memenfom Taken away
E. ! l:uf each pieee insde the /pm‘on,

Fig. 2a.2¢2s

QVARK PARTON NODEL

This dells  os that wmaybe srcdton s a confatner of smsller pacticles wiih
frdc{‘l'onal chavege (wo"[ 'muH‘f Ple. O‘Fé'.) and % si:fm, (we have’ to prove H-) . These
particles ave call Far‘fona and are the bui[ol:‘ua_ blocks of the @uark PARTONS MODEL

/8
e

In licolar 1he jdea is that Dls. is sn  lucohevedl superposition of elaslic
= crm‘a with parfens - ( the wumber of pactons from dota T

A & 2 Z 2 Z
N \\/
4 /E@\+
P X

T‘nevefore_ the a3sumption s That fro‘\'on exchamacs K* withh ¢ Fsﬁcn, a3} Yhe Yime

i\




What we wawt to do is fo trauslate 1he vacisblee which we exFerc‘memfa\ly Weastre in a DIS
nte varisbles (Sfatisttesl fonclions) Hhat describe the st‘ngfe potlens inside the profon
looK(ma al _Dis (e"P) we saw fhat:

o ar
dsdf

(2 1"W ? ) 2 oy
_4E z(a,v)cos_z_ +ew1(o,v)s:.n7
Dzs a

These W3 and Wz  ave the steuetare funciiens :*Hoey model ovr iqunorance on whet haﬁoens
at 4he ciu.a\rb( level ('Fet{m.(mdw. sud Bd'orken tried to caleolate them  Nobel prite)

Lets [coK ot & aeueric elastic scafiering with a parfon. X with spin %, peinlk
with o mass m suveh Jhat i = HF-x (04241) dad  with ,(raa‘h‘ona\ c.'nawae Zx *

Jda- < dEdETEER co.szﬁ_[i+ O 02 ﬁ_] SCV_Q_l)_’ conservalion of energy
2m,

da Q4 E Z SM? 2 fer partens
Fecoil 5% 1“33)‘ Divac point (ille S(V‘Z“Qm—z) — yp= &
3=Z S=ts particle it 2mx
far?et N
— @l=2z2mY (e\admc cae)
- - - - — ?
This |m?i\es that =F QPR .zanﬁ v
A
der | L ---)E' |cos 6 4 Q% ¢intl | S(v-2)
dalde! 2 2m? z Z2m

T'ncre)(ore we have that -

W, (a?v) = ::i! §(v- f%) P -For one P&TT@VL with X
Wz (&v) = Z5 § (v-.zf‘r%
If we cfeﬁ‘ne +he /car'/on a}enx'7/7 /oma‘?‘r‘on /()4) seceln Hﬂ&‘\':{

fCX) dX = «F'rob. to {Enc\ Q ?aﬁo with ](racl'lon a{mass e [X,x +<l><] j{@ix:i

Theref@re we could 71 Ke info accoanf' all 1he valves ofX:

!
Wy (eyv) = [dx f(x)- = :E':}Z S (v 2y

J <4m? 2m,

f£ Fd Q<
) Jacjx )C(X)%Z 2‘12 s (v_.zH-x )

We vse that I=L[A(X) S(%@)c\x =| AG) | | wlelce| Mo ks soclh that %(X.B——-o

Ia‘(x,)l
= | f6) [@to1 . oo l@® | o eds J @t ; ¥ Y o
Tn cor coe AG= LR L3 96 v- 80, g0 S | glerdmo o Xes2
z
—_— \( = QZ d-_ =Z'Z@ 7[()0 2N : 2 )Q)Z?
8"5|x, 2N X2 P =t " o A J_ZH

— | Wy (@3v) = ?.12 i(:[)

X=Xe




j Blﬂa/a 4
T We (@4 v) = 24 £ X

P

X=X
For N partens we %emeva\T%e as:
N
Wz.(@zfv) = JZE{- 7_(—:_:")
W, (@v) = 2> % fi0 X
J
T \the [Hersfore is| also oed the notation
Roo=Mw,
FL )=V We
we then have Yhat:
X =23ax B (allan - Grozs velation

this refation fells va thal we have one strocfore fonctton not 2 becaose they
ace correlated. This he[fnecl aleo the exf:erimem+al|‘s+ sthce now on |7 the measecremeil

of 4 ,Cumdfom is needed

16

« Tn the P/@'f’ Jo:sT F is shown

F(xQ)

12

| B Y \ - The meaaavevnen‘i'-s have been dovne at -fr'Xeol
' \ ; valve of @ (that we fix by }fr'xfmg the beam
N\ c:nera;‘ E and the Jef(ec'{fon an%\e S.
. P’.ﬁlf'é't_-s‘ - Heve s showwn the B\joern .sca\?m%_.
il " o * Al he wessuvements were done with e tp — emrx
(and that (s the reason of pon fop of Fo). This s because
LA {n Fvimctlﬂe the pd.f. could be al.')(feren'!" for different
7 . nocleons . Toc/&)l we Wuow insfead Fhat +these {D.J.f. are Pl‘EHY
% 1 1*,.-"" T Universal .
";:r:::."-.:::;_, “-'E._-'f - jn fhrs /o/o'f‘ we can c/earfy see T he Bdbrb(en scalin .‘for
i L ge s ST YR N
e 5 a —foeel x the behaviosr as a fuonction of QY s flat.

s The u\if;emo\ev\ce frox X instead is wmore eudenf



Feyumwan point of View :
K L

X : Frafer'fy 01( P@r‘ton

His idea is tht the initial momenfom of fhe parfon 15 a fraction of he momentom of the
nocleon .
R B |
\/ Pq-_‘XF f. — XF=M ~ |PL|
l_P-hﬁc'W | | Fhuc‘aﬂv\l
P f N.B. +the “l'!ransve.'rse momentom e{ the pavrton 15 nesliqible
—

becsoe the Termi enerey is Epp = 200 NV — H i = 40-45 NV

while we now have \s =30 GeV that is oluﬁe ‘M%_he.'r.

There s a relation ‘vetween the Bjerken veriable X and Yhe Feynman X and thrs

can be 2een i the \niodln enery( limt,  me ,mp, Meartn <€

i in m 18 |2 in
ot = P +9 =PI ] "= [Pl +191% 2P
B=(£F) B= (E'F) (bot | P& = Pl = mius , 9= -a?)

in
— 0=-Q*t 2Fat"9

Jx,

9= (&£, §)

(ﬂ;:ﬂ 4 is & lorentt: (nvaviawy swd T cen

Fin in compote it in The frame where fhe pavton
Pfat‘lm= W""On-"q ié é‘\' Ted L F‘I’,:‘H. q = 9 (XF N‘ of Of O) (E'Elf -P-_PI'I)
" = “EY =
Prans X Procten = 2X: H(E-E") = 2xe NV

= (%:E, % £,0,0) ( Prcdeon = (,E,9,0)) 2] o
— Q =-?Ff~aﬂ-"7: 2X: NV
ald
2Ny

Se, n the loidk everay [imit X and Xg are the same thin and {\is is an univers)
vole. So werre sbleto extract infos sbovt the single parton

: what we have to do 78 to
\nme asure _jﬂ% and from this  determine R0 -x K
E

Now we have fo prove bow mawy portons there arc
. 3

With N Far’i‘ons we have N {ractions of momeatom X: ; i=4,..,N X; € [o4] that
are soch fhat :

partens g

_Z Xj= 4 == Z ...Fﬂ'; & fhﬂd%h

Jst £

Then we have addilional constraints : describin
the charae is +14 (amc\ that &5 colorless).

«a the Pro‘}cm ]Cor e;«amPl@ we should impose that
T this model we dlefine 3 #ypes of pertons

d) VALENCE &UARKS
2) SEA OF QUARK — ANTIQUARK §RIRS

3) SEA oF Glooxs i med'\a*ors a‘f S’}rvn% im‘{eracl?on




*» The Valence &usrks sve those soch that the chanBe of the Fro‘}on is correct and the
seme for the other c,u,avﬁum nuombers.

¢+ Then we could add 99 pairs (qq sea) awnd 3\00!\5 (a s)  wilhout any I:ro\olem and weile
the ?rojl'oln lile

P= wud dudd

va[e\m:e o’uarks cﬁ- sta

D s

S Hhe nuelesn lis | alcontatner of many ﬂuarb(s exc:hamam% %\uons, What we find Q)rfberfwm'la(lr
Ts that valence

2 x =osS
J J

and e means that omlkf half of the quarks is doe to valewnce quarks and all the other

mess (s cle fo the sea of quarkis and olions . Tn order fo obfsin this valve was sum all 1he
momentom of {he qu.arKs (reconstructed from badron jets) and see that Jv\neT add of only to half of
the rfyro"l'orl momentom . Ju order fo have mass conservstion these particles in an infinite see

of ciuarlv(s—an‘\ic'uarﬂ(s and qluens wost have a ver small  x.
To &tma able to proke these swmall valves of X we need fnicaln eneVﬂies.

10% 771
107
4 S, * Tn the Fos we started with fiyed &av%e"r experiments
[ ~10 P (e.g. swc), then came HERp with & beam against
c' .
3 W7 a \pm\-on beam , then TEvATRON with a c.o.m-ehev’ay
”O'm.. DG L ,/‘ of 2TeV and toda LHc with 44Tev .
y i
> At Wrpa S
10 Iy //-"'/ |
: ] vy ~Fixed Tar{g_e"l
o !
107 107 100 107 10° 10 1
X

Seo if partens exist we have fo be able To see fhem  but what? We have fo measure the
?ar'*ow: o’emsﬂy fonctions.

Fo(x)  forthe valence quarks

f_,:; () for 1he sea c)u,arl(s

Fs OO for the sea amh‘c’warks
309 for the sea %Iuoﬂ&

From LHc we have 1the folh;n,uin.ru»a Flo'ts:

1.2 7 e ==rpe———
MSHT20NNLO \ \ zf(z,p* = 10" GeV?
zf(z, 4 = 10GeV?) |

Q* \ ,Q°
0.8 \ e i ler
P + from toe Flo\' we cavn see that as e)«)fcc'f‘@]
- the u o,uarlx talles abost 4 of prefon
Wem enfom

- the width o.('fhe [ines is the ex?Derimen“h]
bncer-iaivrix(-

0.4

\ E
\ >N o ].n 'U/\e F{o‘l is shown %/10 l::er:ause at LHc¢

npnllm 0.001 0.01 |l]'l:-/3 1 II‘}){MJI 0.001 0.01 0.1 ,X' 1
the p+P collision i[5 mdt'uly 99 -

N

- From ve plot we can also  see That if we put eurself at very small x we have more glvon Than quavks

i Increasém? Q% s more /fffe/f Joﬁm/ 7%9 20 even a7t /arae .



Constetnts on the parton densidy fonclions in the cose of 4be prokon

4 aﬂm { = Homcvd'um
- ;ffjﬂ = Pl — IJX rjz_fi@‘)]"‘ =4 — JJ)\ [Z % + "']f(")"%(‘)]'x =14 sum vole

avor

. dx I:u-v -] =2 2 valence op oluarl(s in Total
Baryon nomber

S0om TU‘E

rd
. Ax [cif - AI’] =4 1 valence c/own 7uard( n "f'a'lLa.J

c
L]

Does the sarton Seunsily fonciion o\e!:ehé on the wvocleon?

er' cxam/a/e 'uf’(x) = |lor 'TL ﬁ"(x) ? Wf Knol.u ’Hna+ P= C'uud) ‘, n = (&CJO’) ! jn
ior:‘vzc:"ole sheould c{éfém/ on the nycleon but in frsd?ee The o nof g/epend on them. The parton
a(en&/?f fouct ions are /oreﬂr onlversa).

Evolution of gpacton densdly {onc’(ton

The DeLAP +heonf les & way To Frcdicj' the evolution of the raaﬂﬁan dansi-l&f
Fundiom for a %ivea measured valve of i =t s ?Nc-m Star*ﬁmb foinJr Q2.

Inthe 1ss0-1960 the Kuown pavticles weve p,n, 7%, K5, T K, B, ... Once 1he praton
waz discovered fo be  wst a coivtlile fmrﬂde Snyimore )-“ne e]u.eS‘HoY\ was  what ae the
fondamental parficles? And how 'fhe}/ build alse the ofher I{mow/aarfc‘cfesf

We'll see fhat -

‘B‘a"T‘ms’ 9+ 53
Mesons - C’:_q—z

In order fo ondevstand fhal  we a/wa?s have 7o 31‘01:17 mev%‘n; litte :

a _—
——  #eveils moade of badrons [leptons
b o« T o |M|I*L(EF)  where }{=<le:|£)

\

Whet is dhere tn +his mess 2

First of all in ercler fo 5'/qu Hz we shoold sloely the sy{mme‘i'h'es of the ﬁ!eouy since they con ;Pmml!
;‘njbrma‘h‘gns about Hi witheot I{mw;‘na it (ﬂley con  exclode som final states frovfgﬂ'w? Some

selection rules).



SYMHETRY : ontlary /&vﬂ(a'nr\ary opera oS

Noelhers theorem stme'i Y — conserved ?uanfu'fy

Constant of metion = it is a physics| 7uan1’r4y only for hermitian ?oerd'f&rb.

External Symwmetries : sct en  Z and +

Infernal Symwetries : act oninternal g. numbers

ol T
U(ag.,...,au)';e J J

INE Benaraﬁ'ws of W |s 1T =TJ‘+ hermitisn
od) Favame*ev:

— T =D
- 3 - X -.E - 16
Ezamghe U.(?c)’rf-CF g UCf‘)=C’4 t/‘ u(§)= 64
- eq. P, C
P @ari‘i-! 5
«Jts an inversion P: ¥ - y F———p_,_:?
;rf we. a‘ff’ﬁ‘ lefc.e fP]P 1{’= 77[)
Pr=p (hermifrsn operelor — the er’;mva!ues hove & phys. mcun;ha
Ifﬂl[' =a'YP  — %4 —Da=14
* Why is it sc tmperiant : %n‘iy is conserved in s?’rang and ENM ineractions .
! I

Er'aemvafue )oarl'fy ‘n the ,par‘h‘c(e vest fra\me NTs | Lorents invaciant

Jutrinsic parily :
h.b. '[or moseless fmr‘i?de we have fo vde aFT

‘leptons (9=-4), e % P=11 } S5=Y% fermions

‘@u.arc,a =12

t Amlt'-fe rmrons P=-
“Auti - bosons : same Fa\m“}r as bosons

ff epir | | Ha=d
‘BB pair  P=ti

-« P=-4

C Pa rH?:

Ttis an inversion ECE'?{J=a’{J —> a=- 4

a c‘nanaes porficle in its aniipariide (Z 7.8 ar onchanged)



(-4) « (7uan’wm nombeyr) i s 9 —= =8 electric (ho\rae

Al\ 3we\n+umn nombers
Vl'/ K_} TrgJ' 14 ?

C'L}a-—-a’lfa oni~1 neotal Far‘h'c'neo csn be eieaen.erai'es R

Xi& an eiaena'}&Jl‘GS ) h#tn | »=> (We bhave 4o .sece;s,:er(men‘}alv case fo case)

and EH. interaciiens conserve dunol s f‘nfe\«cs"]‘ihg

Whtr; is ;1 g0 imrpor‘lanT : 5+(on3

to Sto y Cac‘f?ha on slates ofNPa.rT('cles
mAnT g T
It oror o1~ prtor
Exame/eﬁ;
(=] J.,‘..O
= . 0 S N £

P Woﬂa’a{ Ef'f-::/c-‘fcily e, .j‘_—)b/

Cy=-1
dfl}’vr“ -GGG "f’)r" —> () = Oy — Cape 21]

P 5 ¥
£
: 1t is forbidden 'DT

We Kuow that (oye=41 but heve Wwe 86 Cﬂor(,'i)a=-i NoT POSSIB(E

C conservalien in  EM. interactions

j—s f‘m/oorfam% to csfoc/y/o.&p—{-};, ﬁr BB (£=H), = (Cgﬁd_)

TWo examwples :
I

- AT € My~ —0 7ot ‘C%mr' :517LJT+JT'
fP at - T -

3 T =D ar
« I\’Ff 5 TT =D ET- \JT’\
=P f?ﬂ*ﬂ' = P ",DJTUT_ =(~1)|— ’?JJTVT- L: anau{ar momentom o f JTtIT" sfg}em

Crig- = i Sy )" Since T ave bosons CwtCx- = +14 e T T

s i U
Cpg = (-4
- letet S5=% C et —se
C et - =p <G L= ;ip e - =p 4= ;e_r
J'Hlay do uo‘i‘g_eve fhe same vesult
P: et o =P = el || | e = et
_ s
gl =0 w ol I —p | 6t = = e




P+r&

Tl'zerefore_ c}aina o) C‘ha.r%e. cewJuza‘tton i= ec‘u.&\ 4o aFPIY @drih{ ansl 6?rnq=ltf.

Phere- = 0" Pere
B V5 = C4)° Ys5
3 1}"8*:" = & ??Usfme "f’sffw F 1Psrece $7f/5f.‘v, = (-4) s %efeﬁ Recall : F%B y}BB
$Fer =97 ¥

~d

—— CVYotem 7 (P Yo = (-0 (07 GG = (070" 0"

L
<« "-f)ff = (-4) i ?f? =Y e L:orbital ang. mom
2 =D PF r ‘4) St S-Ff\n af ?a\'hde:f

C Y= (0" Ys (We can checkit)

What ha!:.pen 4o muff{‘parﬁ‘cle S?S'fem?

5013‘3052 we have a .s‘rs-fem of imare /oadfdts e.?. 3//=1{’£Y’2

e For continoovs operaTors — dc/c/:'ﬁ've eigenvalves
7 v

Examglu U(8)=f3;aé' a »0 U=4+ca6
— U =UWUR) = (114a6) Y (4+2a6)% GYogt:

= (i-}{aa") Y, (;f 1,{'&81)% e i(aﬁ'aﬂalﬁlh 1 3;;'— a‘ja’

« For discrete ‘}msforma'ﬁon — mu/fr)p}fcah'v\e fl‘a,enVa{Uds
; v

‘P&ri{i :
Pt PP = BR L) Yo

- f;aiY‘ f&rm?an - ani‘(fermron P Pafe C 4-‘JLL'- (-é)L:d
= parr boso n — anlibesen F = (pp)(-4) = (1)

—pt=ud — P =AD" 4 P «Zs o T Plarty = -t

c Wy Yy — PP = BRP P Yspace
v
L“t La-_ Mmowm . of:.g w.e.t. center Qf masa Df 42
g !

[ -
; Liz+ |.3

4.3 P=Rap o

= proen uud = p= GOGDGOED” = 44 G_:o , ho excited stote)

— peotron: wdd —— P = (1)@ GY (4)° = t4



|SOSPIN : Continvoss internal .St/w'.vneﬁry

Frem an hysfor—:‘ce! Pm‘nf of view /qer“sembe? picticedd | Abalt mp & m, Am~2NeV
(b% Lo '2/4.000) not on aeccident.

Nucleon = (i) dovblet of Zsas):m I (same a\ae\om as J)

P=|I‘¢5f13:+47z> 91,:]7_-;‘1/2/13 =4k b

Tt~ have same mass @ Wge =~ Migs A_r:’ﬂ__ = Z
T

@fanm?\e’r: W =0d,44> | W= |4,-3>| |re=/|1,03

Deovterigm : '(.»sc:’fo?e of H ®®c' L7 dedlen : nucleus c.F devterium (geem via JTJ'P—;&T)

nn =7
P’
pp =2 Pn si\naleﬁ le, 0>
Pen = 5% @|%-% Lopn daplet |40

We donit see  bound ﬂ‘-’ er nn —>V)7Ioo?%esf.s Pn (3 Fso&F?n 8|‘nala'|'



|SOSPIN

When there start fo be more than say 15 J.'fferewf ﬁ;udamew}al Par"‘?c[eg you staet
'|"ru'vu,Kma that Hﬂetr’?e net reallr fotnc]amcmla) buot there s .somthl'hj more fundamem'b} at
2 desper level . That is why we neeo 79 _sf‘od’y SQSPIN .

Hei;emben} came vp with this idea locKing at pn and p: they have more or less The seme
mass Am ~2NeV - é’r:t" '"1,@% . The idea was thatthey ave different staks of the same

isos F‘m Faﬁ icke.

nocleon =<D | T=2 | Ta=+%

T+
Sawme ‘H/lima l(taﬂaena for 7L and e Am |, 3 MeV —_— (;;.) I=i,' j; = ii,O

n 440 Mel/

So the idea wasz Fhat Hhe sh-ona wt. w\ayloe has = Spwm. socly tha¥ c\IﬁfcreH states of

the seme {sospin behave indhe same way ocadey the intevaction .

* The 135 experimental eviclence asme from deuton (pn) that is the noclavs a{deu'l'e\riuvn
@=t, A=2) . We obfen i by excitinganatom of H snd then remoe the clecton with an E.
So Heisember% Jr\m:»ual‘t Fhat i f pn exis?s maybe  we also have pp or nn -

’ﬂhowiwa Jrha+ |p? = I'if;if? | (n> =|;1£f"£—,> —_— f@ﬂ =%x2i = 4+3
.The Sim%\oj‘ would  be \Fn>= l[o,0> = \‘%(liz'-"ii _'|:Lz'f'%>)

* The triplet would be  Ipp>= 44> ; |pr>= |4,0> = 3L +15,-L); an>= 1

1
&«
j/[ we a/a na?L see any PP eor NN +|nere)fc:re we can conclude that fb\n s a8 sfhﬁle‘}'.
We can fest it ‘1hmu%h experiments like ptp —>dtrt; pth—>dsm; kin —sdtn-

IIf 13>ih |:-rfI3>-F-‘v1

. P+P —_ d+ 7T+

i’a—_+%=1 o+ 4 =1 li(H-) ny. stron fw‘}‘emc‘f‘,‘pns
consevve i:scsrfn

®) ‘-%(11,07”0,0?) e ttco 040 =0 | 4,0>
¢ Ninh —— d+T7-
@ 4w Borhdgly| |ol-ee | 4,-4>

So the idea 1= Yo amont he # of events and from them we dotain informations =n T and henee on ike
wmateix elemenls ,  (nb. deevents o <)

T = |Hal' (Prp—> de)
sz Ta _ # ptp— dint _ [Ml? p(dmY)
T #pen —> diTT [P LT

T = |HlEL(Prn—dige)

Oinee %ﬂn ¥ 0.002 and %30_035 —>  p@nY) 2f(’dﬂ.w) —— lpe ||).[al|:
P " My



Ma = <#,4| He|4,4>

My

Lﬁ_ (<i,ol +<o,0|) Hil4,00 = % <4,0l Hel 4,05 + \Iiz_ <o,0|H1| 1,02
T][ o hﬂmt’l/:ésis is frve and lisan;’n 's conserved yn 51‘ran? cntersction Then we bhavefhal:

Il J 4
Hil4,00= K 14,00 ——> M, = & <400 Ha 4,05 +K¢L2_ <ooHTs

]
o

——> R: T -« 4 ~ 2 con firmed éy #r'd
U ME v
2

and this s dhe exrerrmenfa/ proof 1hat iespin exists .

] T[’)e Same 'HI;VI hsa been refeaf&o) with beam ofcﬁar ed pions @ 7T++ P}Vl —_— ..
d T+
Below flhere are dbe Possib/e processes

Moo P> Tt p — T+ p

FH— F >—F 4 —r— —> theres no Tt -_ah&lnssc‘la(e

7t
— s /posse'é]e bt we're nol }oo'\'f'ﬂg

e n —> 77 +n () Jor ! a parficleststes (anly 2)

Ftt-h———>— =P (a)

AT P T2 8 4t

PP —r— It

With 1he same ram/au/a/;bns done sbowe one finds : N a(Ti+p) ~ 3
W(JI"-PP)

This s what we find doiw? experiments

(Ez',?;r) (mﬁa)
T

a(ritp) ~3 confirmeol by dsts -
T (r+p) /

L] 1000 IO

by
E. . (%) (MeV) > Egi“ = W‘mﬁ'

N.B- We ‘nave ch(fereﬂ'l Yesenances - The mest 5“65\8 is the one with 'Hie harcower Ficl( (s;;mce
the width of the pick ooes [ie T~ £). From the plot we cold exfract in sbost The particles
Pren— sy = P P

we see i the vesonance . From The central Pw’n'f of the resonance we %e‘f the mas a from the width +he
lifetime of the porticle. Then +the most sfable resensnce comes From FThe Then ifs charge most
be +2. Thevefore we can alveady ssy that it (s not a meson , since with o meson 9y the best
we con do is a charge L1t =L, o we coold say fhol magbe /5 A untt or there may be
charm quark . Teday we Know this particle is o A™ ,an hadronic resensnce discovered back
in the so's.



G PARITY

We woold like to odd ancther conserves e.]uawmy of s+rom7 nferactions: G

EH. ST RONG WEA K
P X
< b4
I X
G X

G Fa\—i’ry is a mixtorw of «C faav'dl{ and a ratation R: in Isespin space  aroond T..

LS (—

e € ?avrht trows forms the f&Hic\P— in s auliparticle c |y>= (9 |y

; T
* Ry is o wlalion srend Tz i isospin  Space B=et"B |5 R o=t 5>

N.B. Ttis ‘{’Toe
I
—2 | G=CxFR: with g =(-4) kil only for I=integers
We can Sbow ﬁuf !'1! /S  conserved in J‘/‘mn? infeclrors.
= - > il
o N>z |- Ik
1 = + e G:HRL)JJT*): (-4)a) V\omt> = (8 |

( (€+Re) | T =y (717> =
Re 177> = )" IJT> = |
Re [77 = (0¥ it -yt (€ +R) > =@ 1m> = Colm
R == ¢} 1] yqros = ey | J

STRANGE PARTICLES

The ﬁran%e porticles are  prodced a‘f?on%ly bot theyy can decsy with fam; lifefime (weak interactions)
Exa\mfles of _s”frdhae. ?aﬁkbs are K* KoN,B, D,... . We'l see that fﬁé/wre made 6/ s‘l‘ramge 7uark.

G ELL AN = NISHIJIN FORMULA

AL 4he fime there was a l’)ua_e, st of Par"}?c[es , €ach own with s wantfore nombers and the
theorist tried To ot some orders in all these nowmbers. The idea 'thot Fhese numbers ave

velated come  Arom Gell-Mann and leh ima  in 13S6.
J.OQKMﬁ 87’ =] iw.céas ern. ,"1‘: ]oro'fens anc) A- Z‘nea?‘rpf)s l]z 1’75.5 an rs.ge;;o;n.

Ls =24 + A-0)(2) = 2(Geh)-44 = -2

2

s | 5 Fud A
&

Can{m? Q=F and B=A
Ql=T:t £ Gell-Han  Nishijima formola
J




TL]TS fartmu(a wor led far every ééryon and ﬁilr every meson (Ic'bf-? at . +4 +-;i= +4 ) . Thg
roblem came with strange ]ner*[cles KY K, K°, K. Te account fer them a new ?wwfum
nomber was infroduced : the .s'h'anae ness S . Therefore fhe formola  was uvpdsted into:

Q=713 + 8;_5 where [ B+s =Y Hyper—c:‘hanae

What we Wnow ex eh‘men‘fa“y is That fhere weve the pions fhat hoe similar mosses then dhere were
fhe Kaons aleo with similar masses , then affera cerfarn gap o other st of/;ur‘/fcl'es.

Name | n* | n® | K* | K° | p n| A [0 A

Mass (mev)| 140 | 135 | 494 | 498 | 548 | 538 | 940 {1116|1190|1232
Charge 1 | @ || 21| 0 0 1 0 0 |%+1,0|2+10

Parity - - - - - + + + + +
Baryonn. | 0 0 1 £ | 1
Spin 0 0 0 0 0 % % % “ | 3,

The tdea is to ‘H\f’tg accopnt {m—ﬂ.‘s faﬂcrvns vsin symme"}rfes, o3ing the same approach of
Hei}tmbarea_ wilh fhe '[sosf‘\n dea . } ‘a FF

STAT\C QUARK NOOEL

The idea that thee was a srmme-}r wos called  the Eraw;{o\d way (4964 -4264) Gell-Nan an }’wer“;
h 1864 oid somefh:‘ma similar To what Heisembere, Jone bsing c&rou?fheoryf Their idea s
that hadrens are mo#;}ole'lt.s of S0@) Therefore” fhere sre 3 quarks -

u
(2
s
which are the fondamental tpresentation of S0@)  which has 23%-1=9 gencrators where

2 of them osra disgenal @ Ts, Strangeness. This idea con help os fo se¢ how hedrns are

Frnducec[ by quarks . The 3 guarks have the fo//ow.-‘na Wlves of rsaspin and -m‘ranaen:ss

/\S

s - Y&
u % 0 P >
d -4/2 9] avu IB
S o -1 —1s

L |s il

3
i _-% 0 Hp S
LN
< u d
S lo] +1 e

4 % Z,

ﬂesc 2 ave our 2 lex&e blecks: we can comb e {hem 7o obtain all 1he /aor%r‘cffs.

To dbtain wmesons (tuln'lcln are 3®3:<9 =8 @;) we have fo add a querk apd an eyﬁ;ﬂmrk
We slart from the oriain  of I3,5 ,o-’awe fhen add o 7;&3\«*1{ which is onhe of 1he arrew b
fhe red {riangle ond hen in fhe seme way we add an antiquark Chblve amow) . The state

we end i TS & mesen. @rapkica[lvf that s



\V/

A“ H\c Hic‘e.s jn '“ne MUHine‘i‘-s G\o \no'\ haue ’I‘\\e same kmAass anA Hr\aJc i3 [Dacaux ‘[“ne assum/w’/bn
thet «, d ond s have sll the some mass is wrone, (+Hheir masses have different rsloes).
The foct thet mesons are an ocfect and a Singlet  we pictore in Phe fo!/owm? way :

‘For ‘“’le .an'l-’t fﬁere are -Zfo.ssié;'/ﬁ‘/’ea.‘

= /5:0 7 Jym
9%
Ss-
we connot ciessrd one or the sther from first principles so we have fo sccoon? for bolh of Fhem.

Let’s look at the caze S=o first .

vt T We ave loolhing ot parficles which have L=o, #hat is beasvse
Ko (45) K* (u3) we arve <onsiderin round states (while exeted states have L>0)
So we lhave for all Hhese Psr‘h'cles:

+1

J=L®S =0

Theve fore: P P = C0°Co=-4
C= (-977= ¢af*"=+1

Se all the Pa'r*icles i this mul-h}o/ef dve ident/ fred ér the ?@nfm
) VLUIM]OEV‘;

JfC Al O""f

These fam‘r‘c[es are callad F.Seuo/o—-é{a/&r mesons . (,oseuefos:afars \éecause '/he:}}wr("fy is -1)



Let’s vow look at +he case s=32:

= T In this case we hare:

L+s

C= (-07= o=~

Tbercfore: [ P = (‘DL P9 = (—i)° (9)=-1

p% o, ¢
#55  uiie ad

— | g~ 477

* ° ! Ld These /Dar#cfes are called  vector ymesons.

Each particle in the vecter WLUH{PIE'[’ has & corresponalfw Padic\e m the Psevdo—scalar mu({;F{e’r 1 'Hne?/
haye d([{evem’- names even 1%97& {he f/av.or content cs the some becavse Faﬂ‘;‘cles th the vector
mUI-HP[B'f are stales of on hr’gher energy. (l-e. particles with s %reafer mass ) becavse I is br'g_her.

Abost the 3 parlicles ;the 3 pure theeretical ststes ?md\‘ded ‘our Groop Tlne.oﬂ( are Ux, Jchéfs_,
The 3 ”‘? sical States that have ad.r,a/// been observed are instead IT=, 2%, y!. To obtain the
{ohfsicaf states we bave 7o prek com binations of the ststes werve found -from ‘f‘he‘l'heo'ry-

q"ﬁri = % (u@ -dd) T=s
z } Octect

a1 & |
o - — dd - =0
Vs, i3 (uz +dd -2s8) T

1"110 =\|-;i——(uE +dd + s5) I=o } Sfua|e+

The state Vg 4 has isopin 4 and & hasnt auy ST contenmt so it is the (iah‘fcfl'cﬁ\" e 3, and
so ¥t is o cand date To be the T°

of lhe otber 2 states we 1she & combination and then we fit i fo dota fo see what ave the porficles we hae

We write these aener—a/ zorfhoagna/ combinations :
L= ps,v (Fscoéoscaia\‘, vecter)

I
+ )q = Yso cos6: ~ Yoo sin Ops : psecdo-scalar meson mufwa svgle
fi= qu,a s i + Yo stn 6c Bv : vector meson mn‘xin? ans,fe.

Then muf'ff'f them fo dets fo see what are +he f:aﬂ‘;‘c(es we have . We cah also yrewrite

e ! _ sind. ] _ AT L fom 2T L, ke 4 /1 — T, -\ swmé;
fi= cosa. [\L’g,a Py c.:sa.:] = cos 6; [\‘? (ut +dd -2s3) - i (u& +dd + s5) co:se,:]
rewrien in this way we can also see Fhat ' Lhe an?fe a; lnaﬂoens to be eclua'l to the ah%le 8235,5° at whih
5"“9/(9,53 =1L then f'oc sS . (Qia enal\'?in% ths w problem we find the masses as 2 function of the amsle,
z
thoen ﬁHim% the masses (expsrfmsn'}aﬁy measuved) we infer the angle. rzn-m% te data one finds

n°(140)= W&, =(utu—dd)/2 i
n(550) =5 cosO, — i sind " : d

80 p: 1 P ep‘ =—25
N'(960) =i, sinb,, +y{ cosd

p°(770)~ vy, =(uti~dd)/\2
$(1020)=y; ,cos0, — ! sind, =ss =17
(780) =y, ,sin0, +y; cosO, = 0,., =36

~(ut+dd)/ 2




The }_H‘ has beeu [aaf/m!? at 1he data available capem‘men‘i'any-,

P HE; JEC L = 1 =1 I =0 1 =0
ud, ad, us, ds; F if f
‘},Q(dff — uii) ds, Qs
5% 0+ =« K n 7'(958)
138, 17~ p(770) K*(892) #(1020) w(782) - _
1'P, 1t~ 51(1235) Kig® h1(1415) hi(1170) i Ht‘-"('c °on eBCh CD‘Um“ +MEVE 15 a dcffeven‘f {\Q‘JOT COH“FCVT}}'
Py 07F ag(1450)  K;(1430) fo(1710) fo(1370) . + _\
3P, 11 a,(1260)  Kia® f1(1420) f,(1285) gma Aown heva are Excilca SJfa\rcs
1P, 271 a,(1320) K3(1430) f4(1525) f2(1270) %

1'Dy 2% my(1670)  K2(1770)* nz(1870) n2(1645)
13D, 177 p(1700) K*(1680)" $(2170)¢ w(1650)
1°D, 2 K.(1820)*

1'D; 3 pg(1690)  K3(1780) cg(1850) ws(1670)
1PFy 47" a4(1970)  K3(2045) fi(2300)  £4(2050)
13G; 5 ps(2350) K2 (2380)

2'S 0°F w(1300)  K(1460) 15(1475)° n(1295)
238, 17 p(1450) K*(1410)" &(1680) w(1420)
2P, 1t a,(1640)

3Py 271 ay(1700)  K3(1980) f2(1950) f2(1640)

As we said g [ooking at the masses we can see that they have not the same walve . Th's means +hat
the symmetry we 2‘3 ve is uwot truly exact : u,d and s bove different massa We con dedvce
looking fo 1he flavors of the particles that the heavier ones asre fhose with strange guarks.
So the heaviest of {hem is the one with the flavor confent s5. We can look sof the mosses From The
fo”aw:'n? ffo‘l":

a,[1970)
Mass f i | | | !
e - is the same Kind of )Dlo'} we see while stodying atomic
con con R e | plysics bot here the energy scole i huge. (~ Hel va.eV)
- 1£,(1640) | St
1(1950) | 1650}
p— = | ' S ome fav-hcfes have 5 width so lorse aund so a (ifetime
g n,u:m r1 ;.! Very ort that we see fhem Jas‘f‘ s (nlermeadiste states
0'2's,) 17 (2%, f ::f:lws;?) ;l:-‘m. 2 ‘
= = S s Theve| ave bt .J.‘{fenrevs‘f ImtJHlf,le"ls -f .Far"[?c[es.
(1295) {1420) = [a (1450) b,(1235) -3
ni1440) | | b(1680) | S AN | Ky c
+ |11370) i) | =
- [, i . I{ the 57,,,““3{17 were exact the ,oarfrc(cs in the some
ey moltiplets shevld have the some mess, bit since Thats not
“.'('. o= | the cose this means fhat the svc) flavor sympmelry 1=
0 1 2 3 not exact y hence vy # ma # mg (from The exp- T, 22
Orbital excitation ( mS//mJ "% 20) :

How to produce such particles ?

We can Frod,oce 'Hlem in collisions |, |ile : prp —2 I e T KK (KT KT KT
In+his process the bayon number s a problem , we have To produce of least 2 profons fo balonee
-qu loartfoh. Vz.umber be‘]‘wee,n r'nf?[{'a/ andﬁ'ma/ Jfa!c. fijWJoch 198‘”.‘:’? fo Jo 77""'!/9 > in
this way we have 7o preduce just 1 proton and fhis leaves more free enersy To  produce
ofhey fhr'ﬂgs. The /f'}hfer Parh‘des ar The easier To f)roduce becauvse o e JH|PP(E) (HI* is r:’reﬂy
fhe same since we've considering strong inteactions (sice we have hadrons) | the dewscly of states
(phase space) is éarger if we have /,gh-/er parlicles in the i ctcsl stile ; this means that we can cr‘H\erFroducr
more Farfic!es or fmduce Farﬂcles st are  heaviev.

H#oconds A

Jn sn experiment we look of the counts
we have ss a fonction of 1he invariant moss

of the srafem.




We can also Proc{vce such particles  in decays . Heve we hawe the constraint onthe Quloe
fhat most be 2o, The H%‘vﬁcr is The mass In the fonal sfate (the \a\'aev is ) the larze\r Is fhe
F‘nssﬂ aPoce.

The iw«PoHav\* ﬂf\'\u\oa is Tthat whateveris the method the process most consenes @,8,L,s5,Zs

161"5 see how fo 'produce PI(1o)

/Da(’?‘?O) is \recj(gv meson (comblv\a*ion of u amd -cT) . Infai-/:'tre’y :Hze alscaty cbanné’/s
covld be :

:, y) il )8
Scale factor
fo -JTOJTO Mode Fraction (I, /T) Confidence level
%

M, == ~ 100

F KK
VEFE H{TT0)* decays
E K TS +CD heau.{ l. :’: i_l ‘(mls L0S :‘nm 4 §=22
KEpe Mp =y ~My <0 — not allowed 7 5l - arid oo
AT70)° decays
rz 100
s LML | ( 99 18 }x 10—3
See""?f more. in defals  we can  sse  that there is not T (28 pol e
o7°3T in the Joossthle c/ecay channels . Why? fa ww PR v i
Or bE'HBI’} W'ﬂy BF ()o — JT°JT“) -0 7 [ https://pds Ibl. gov Page 11 Created: 8/11/2022 09:37

Thio is dve te severs| teasons:

1) Coority = Cpe =-2 (pdg)  bot Cpo=4q :c: i” -_:;i"ﬂﬁ
Se, not r:ozsd;\e in sfrony jnfecactions (1 bey mosl conserve € parity).
-?) ;Ts%m v we MWnow thst-
P> = | Zr-4, Tar=0>
[ 7> =| 774 ;Lm0 7

since
— T =dled =oce2 —> T = «lg,0> + Blo,o>

—2 Zf|H1i> = <20l H1ld,00 + <20l Hil0,0> =0 —s <P ln>=0

3 Sein Slabislics @ pois sboson 50 we expect Ypo to be symmetric  Tu The cnidisl shie
we hsw a vector meson with 4 Spin thecefre =38 . T/ the fimal state were fwe 3= {his wald
mean 1hat since Sye=0 —> Sr=o =5 d—*l Je=Lle+Sg —> L,=4  and this meons that +he
wavefunction of the final state is not symme’tric [ (Aosurd)

,;(ooKl'W:a a‘{' Frszesse.s with T~ inthe {:’ma, S{a“'e we obseyye -

Srofoge o owsd[ c What we e is the sum of ol contricotrons

I O i o A S B

He: - g meriarsoce ﬁ:ﬁ,:,yf;;g MV E olher =fafes with the same quark content.

: :ZEE o W Meui.,, | - From the olot we see {hat [ ~ g30 NeV mp ~ xxo Hel
i ; BIA| = 0.5 (GeV) Al -+ The bochowmd s sibfrected and o it can bhappen  thst we have
100E]__+:,j ( E a nombsr of evenls associated wilh 1he .g-,"amal +hat is ne%‘,-}wc
oF ‘ oo .; (cbviovsly the sigual in such cases shoold be cgmfa'“ble_ with 0
005, . | ! ! My & belween the onaerterties , i Abats net the case {he Bs bss nd-

been well exslimyied.



igokfma at bdr‘/ons weell see Hhat the Preall‘cﬁohj of Gell- Nam-’rheswr came lnto play . A baryon is
Mmade vp o-F +hree ?uarK'a , S0

B= 9%9:9 = 383083 = 40 @3 03014 = 2% possible sfates

SR

a’ecu’:'d octect oetect S'i"’a‘d'
Gymmetric) Mz Mse (amisywmetric)

(sywm-  (symm.
onder g=3) tﬁ\de\' fert)

We wow have fo add quarks as vectors o5 we've already seen with mesons and what we find is

dd "\ duad

\VARVAVARV AV
e

NEESENEEREREn -3

With baryons we have 3 quarks , so an odd wumber of particles ond so  bas o
se'nSet te define a c-parity | so we Jus‘]‘ oo a3 mold (P!c'hs lakelley b.( R
loo'&m? att %_mund states (L=0) we have:

n . (udd) 5 P (UUG) i A (ddd) : A" (udd) 5 A* (uud!‘- A |uuu3|‘
(dds) ud (uus
" o(dds} ;\::c)(:ds) 5 O:uus) 5 ™ ()( n b om‘"
(dss) =, 01053.\ 0 amUSS)
53| (uss) = 2t =
= o 2 E"o . =
P '3
| 2 - dssq}
158! (2“‘1 combingtion) — .5:.2- 11 (15t combination) —>5=5
— J=L+s5= 4% —>J= iy 5= 3
- = L °
P=CH'RRA = (-9 =+ P=CO" Anp = (1)7=11

+
ﬁJ?z% _)JP= __:_+



So, the ststes werre Ioolﬂinj for are:

b ) mass
Baryons qqq J I ( S Q (MeV)
p, N uud, udd Y %, % 0 1,0 940
A uds 0 0 -1 0 1115
b 3 i uus, uds, dds 1 1,0, -1 -1 1,0, -1 1190
=0 = uss, dss % Ya,-% -2 1.0 1320
A A%, AP, A- Buuu, uud, udd, ddd 3 3., 1., -4, -3 g 12,1,0-1]| 1230
/2 /2 /I 2 /2 ) ~ LSONGV
Lre. T T uus, uds, dds i 1,0, -1 -1 1,0, -1 1385
o ) ~ 150 NeV
=20 = uss, dss Y W, % -2 1,0 1530
) w~ 150 MeV
Q 555 0 0 -3 1 1670

We expect the messes of the baryons to be scmilav if dhe qeack  eontent s fhe same , ond Yhat is

indeed  what we find. SHill thece ave Some corrections dve To awngular momenium structove |

However res,oee“f‘

to fhe meson’s case here The masses ore more sSimilar, For & fixed J‘l‘raﬂgeness +he mass s

+h8 Somé (I"VL that

iven row). There is & percenrlusl

mass variation whew we snerezse .S'hramaeneg :
PUHM% an S quark in place of word quark we obtain & mass varviation Am 150 HeV.

Gell-Naan Jﬂ\eon{ for bar?ons reProoluced dsto ot it olse made o pradiclion: in 56z 4 he

7(555) of the clecu?le‘\ heve noY loceen secn yet .

In the same year was observed the

%
[}

with a mass of mu iszo NeV . o were the theory fo be correcd gne shoold expec‘l +he = to hove a
mass of M ¥1S30 + 450 = 1630 NeV . Ther from The Gell- Namn Nishijima formola we Know That if

we chan%e isospin  we alsc chan;e the c(nar%e |

Is =0 B

/

The \::re.étc_{ec\ lifetime was T~ 10%%s

4
= x3
5

i

S=(x3 =-3

e IR

J-B'!'B-"_'s = =
2

( wealh decay)

ST has an isospin. =0 ’f'laerefore -

Surf)ose we Produce a S witha wmess mxis50 Mel and we ask oorself for the Fo,ssi.ble

alecalf modes

e Trom Strong decay we have AS =0 , S0 meexpe::".‘ Some'“)flﬂ% [fKe=

canact happen lpecauae

ﬂ;ere s ho ether S =-23 farﬁc.\e.

e From EM decay we

connct hdf en  becavse

]%E}’e s o other S =-3 Farﬁr_\e.

« So we can have Ey exelo séon ohll{ weaK—decaYs

also  have

AU = iy 0L —p
B - 8 41 o (meson S—=3
S 3 =z =31 8 -4
3 =2 B v
- -3 &
2 © 3 m (Hev) 4650
As=o , and we ex Fec{” :;omeﬂnm% li Vie:
AU —— X"+ Y Y
s -3 13 0O o

with

3 T3

ST

ST —=2 [ Xt Y
-Z fo)
=4

t

AS= 4

=t
=

=2

-4

1
1530

K



Two possible decays ote : |y ‘:',r*< m Spectator diagram
U

S
Q= |Fl T S| i BF (2™ E°77) = 247
== o S £
EHEY )y I
S: | =3 -2 0 — AS=14 =5 s 3T° T ind erva) c]iazmm
m A4gwo 1326 140 — @ >0 n}"u<:
2 5 BE (v — B77ro)=on
: = 3\ ’ . .
@~ —> N +K s L BF (€ —> N Kk7)= 687
Szl -3 ~4 -4 L3 As-4 - W~ @K"
m: 4450  441S S00 —3 @ >0 $

The alecay 9 — B was observed in 264 at BrooKhaven Nafions\ lskorstories
bq Nick Samios Usifln? bebble chambers :

PP — ptp + KT+ W —> K' beam

K*+P — 27+ Kt + K°®

A

|——;e“1'_e"
por-
This wes the {irst soccess of {fhe Gell-Nonn theory : fhe flevor model of S0E) works well.

COLOR

Lets now stedy a Symmetry Peoblem that we have , # s smal bot relevant. TF we consider the

AN l)arllof\ , itis given by wu'd® , so /7 hos |lso, 5=2 5 ge 2, P= =44 S. the wawe fonction of A
is:

o Yo Yo

5')’"}_‘@2”‘ since sywmeﬁur:‘; smg“*::eﬁc X sqwwetric onder the
—] i Ye Q
sl e fecae > g of ton, 203
S?“ﬂ_ OF d<s3

The Poin‘} e that ATTisl a {Termfon I. Thereﬁhe. ts Wavgfandfon mosT be aﬁi—symme‘}n‘c.
To <olve this ]’brob'tem we have to add andther plece

1 ancibeyr C’u-dh'{‘om number , coLor .
Now the total wave fonction is:

IF.':.“ = Tspee= Y spin Yewer Yeoror
5 S S A
whece z{)a:a\crc most be amjtiskume\ﬂc )

det'’s -H’tf o onderstand  how onany =ders  we veed
te solve the preelem .



*1 COLOR {YFOTHES(S (e) u(r u: u'a R SYMA.\M.B‘{'H‘C

B B
*R COLOR HY FPOTHESIS CR,B) ug ‘U: ‘U: a‘}u” 5ymw1r:+rfc onder 1 &3
« 3 cocoR HyporhEsis (R & B) ug uf ’ug awti syw wmetric ‘_

Se we need at least 3 colors , say Red, Ble, Green (R,6,8). For the A e
con pnow weite thae Par‘f of the wavefonclion related o color as:

Weor = 7= (IR68Y 1 1B6R> +16RE> - |BRE> ~ IRGB> ~ [6BR>)

N6

this 12 comFlefe_lY antisywmetric vndey the achansqe of any <covple of the 3 colors -

From a Lroup T‘ne&m{ f’°"“+ of view we’re intreducing sn  SOG) e sy mmefry . S0 has
g aqenerators  wheve 2 of themm awe diagonal which for scmilsrity with 1he  Flavor
symme‘rv‘yffhaf weve alieady stodied ) “we call toem Y€ , the color hyfevclnarsée)
and 13(' }‘Hne color Z'SQ.SFEn- Deffumg 1 he fgmdamen’fa\ 'reli‘rcsem&*lon 3512

@) eQ) o =@

The fu:na/amenfa/ /e;o ékaK is

+ t >
4 4 c
% % I

I
B

(I;:o‘, Ycz'.';‘
N.B. how sddiwb all colors s Po.:s.:ible +o %é\ Same‘ﬂ\ima color \e gs |
The <dea s That now we have s cdlor c:lnar«ée as a preperty of quavks . Lile electric

chavee in @ED ;f defermines how oguarKs (and glvons ) intevact H»mu?h +he .S‘fmn%
Forae. This +}meo\'y is called Quantom ChmmoDxlnam?cs (acd) .

QxED. 9. QCD q .
9 : i
e o(=£ % - ot = B¢
e (g
' t} I
q___ &, et (elechvon, Posi'h“oh) C'I  quarks ,_av'\’ﬁc\u.av\&s
] '{ <
4 +YPe € {re
) * vector bason s=4
b’= Phoi’on 1vecioe bosoh S=24 3 1 %\uens * massless
* Mmessless * they cawry color and awicolor chavye
e No electric char%e Q=0 since have ¥< talk bein with Tn.a\-ks
and awt :c,uarks




Moreover at that time there was also ancther bi H{Pc’rheais [ conjeclore | called Color
Cenfine ment in naltore all Physical Far-\?cies ave colorless e they’e color s:’natd.

So o we have to prove 3 'H]MaS:

e Do wark exist ? (.uld; 5)
e Do color exist?2 (Are +he¥ only 32)
e Are theve only colorless Par"hcles n na‘Furef

we have fo boild  observables fo sctally prae These 3 conjectores . N.B.The foct That every bagyen

304 meson aqvee with the dheory s net & proof , it’s d’usf the ‘fh&ar'{ ﬁ‘fl(w?'fhe dots we
aireao\tl have . To actoally prove the. Jr'naory we need Te measvre a Fredic{'mn of the “'Q‘leprtf it self
(ctherwiss A woold vemain only @ conjecfore) .  Auncthey powt we have to explatn is why we see enly

1% ba‘ﬂ(ons and not 2% : this fmble.lm as well see s solved by coler .

Bar(;{on Wave function
B= 9:9. 95 (l})= I]D.SPM! IPSPM lf’ffauor lPCala-

o The spate Pr‘t is s?(mme+?€c becavse  wefre (ooKt‘n? al round  sfate
et bl %)(_3?: Now we assme ~ 5= 2 (symmetric

o For the srlnparf we can have Lx3x3

+ For the flwer we have that : Zcx3e 23r = 40054 Bruy t Bruy t dEa
¢+ For the color we have that : Bex3ex3c = doos + Qeym + Bepmpy s doa

hat e @)+ (2), + (O, 010

If the conjectore of color confinement is froe Then we have fo consider only the coler smafeT T

that is the ah‘hsymme‘{rfc combinalion a?\levl 'b‘f'-

. =
dea - ”L,l/.,,h,r -\,‘?[l%ﬂb + [6BR> + |BR6> — |GRBD — |RBED —'.BGR)]

& we ha\:e =
3"5

A
’LP = l{);ﬁm = 'lf"arin X "f’fraw.- x ’-Fcole\-

and 'ﬂence here we con see that Flaver has fo be .symme‘l‘m'c and 'H\cmfcre we have te choome the
c\ec.o?le* i Flavor T this way fhe 1otal wavefonciion Is mned(y avdtsymumetric ;

— Y. = Zl-l:f.gag "{/j;: 'l{’ﬂ;ﬂ. ’1{4‘3‘,— Bovyon a/ewp/ef 410 FW[SCCd\ ststes

A Flaver smfalew‘ would ot be possible because  (undev the azsomplion of Leo, S=34, 4aa):

A

s % S A
—_ 1}/4. = "-Psface 1‘P5rl‘l‘l 1,/{[2““ qPColoY

\LloU[l:l \:ae .St,mwte{'vfc and his wovld violsle FRAulki exclosion f»ﬁ'nc‘\g:\e .(However *I’heff&uor .STVIBIQJ\'

coulol exist on’y i '?‘hc cage Of JPfVL 'sc%)

Lot ’s now ﬂy to .sfaa/y 7he Baryon Octec’. As we fmow “he slza’ﬁa\ fa'r‘\' is a&imme*ric.
ol Hhe cdor Fav-f is mffosfo/ to be +the au/r's)«mme‘h(: S-Cmgle‘i' . Therejore +he Proc'ud

since L=
7o  consider the oclec!  we muash

of the spin sud //auor ports most be  symmetric . Tu order
tale wte accocort 4he total spin i; case  (inslead of 2¢) ¢

fet-@h, (0, @, O
Fi FA A 2/8 2 Mz ) 14 Mg/ Z My



Tufact in thai cose (L)H”; T LI ¥ )

2

(£, t ==t
(), tet =2 it

43
Thew there 3 also  Hyy that is Jost a linear combination of the olber 2 Hisz= MutHzy (we obtain it
from Clebsch Govdon coefficiends.) Zn 7his case we have to symmetrite the Froduc+ of ihe
spin and flavor part as foflows:

5=£JH’3 4,2 3"-:- M H:' s'-";'_rlﬂi H” I
V)spin "'h’!awr = fl_P l: : 4:-«»- + t[)srin' ?Wftau:r + "'Psrin ’?fhﬂw Bc'WyOVL oclect & 3 physual states

Ep

Recaose of fhe \re'laﬂonship duve 7o Clebsh- Gordon <coe ffictents theve are an/7 3 indeFewden'f ’D&sys{a;!
states. So dhis evala(hs 1he f:arfr‘c/cs we see in the Barygn octect | Tadota)l we ‘“\evefore have g
f)‘nt{’ﬂ:ca\ slates Ci—O ]Crom olecuple.'\' wf‘ihS’_—Z’- and § -From octect with s= —i—)

H esol.  wave 7C<.m.c.+ ion

H == ‘1172. ’ ll)mosem. = 'LP.sFace L{)&P«'\ft '-P{‘la\rav ‘-l'/calo\r

- The space fx\rJr is  symmetric dve to L=o
e The color Far*{ we.  lhave 3cx3,= 8 +4c and we talke the an+isru4me‘f\"fc sina\e‘\' doe Yo color
confinement :

R+R =0

4 = = - B+B =

| £ QR® = :
de i 7= (R®O+[eB+|68) nb. {ez-0
RTBG =0

8c ¢ IRBD>,IRE>, IBR”, 1852, |6R> I6B>, \%0@-13@»), L\ls_qaﬁﬂcﬁ-izss‘»

0 : psevdoscalar meson
o Tor the spin part  we can have %xiz. =044 { P

4. Vector mesons

+ For the ]qaver Paﬂ we have 3;)(-?_,;: et 1f

Siae now we have a ouark and an an'hc]uarlﬁ there’s no Psoli exclosion .Princ:‘PIe to be mstdac)
and theress no need {or +he +otal wavefoncdion fo be S'rmme-l'ri'c or awlisymmeﬁl'c

Therefore we onderstand that with just mesons there wosld net have been the need for color.
coler with mesons /s not neeoled 7o explain anything . The idea of colors  came op enly 4o exfa.'am
fhe 7, A7) A™ thet would have ofherwise a com pletely sy mmetric wavefonction,

G LUOWS

VEcCTOR ROSONE S=4
MASSLESS

¢ 51"1{,055

o cotoRED (O ANT\COLORED)

The hwdﬂﬂesfs are that aluons are -

How do we Know that they are 872 With an tevaction between 2 ﬁuar'b{s we have
3:-_?‘ gr_ = i‘ + QC <

. o.c-ie;:‘l:;' lfﬁ)l, IEF» t_lBﬁ?_,lsE), 168> 1682, \If'—i_(ﬁ"ﬁ - BB), L\l‘_(ﬁir GG - 2BE)
Sm%e ; ﬁ(RRHlBB)ﬂGé—)}



Ju folal we have 5 combinalions | hence we expect © qloons . However a gloon hst is & color simle)
could be observed {recl‘y i nalore , /# would be an elecirical heuvlfral, sfn'ﬂi , massless partick Fht
we would be able 1o see in oor detectors . This weuld imrh‘( ‘ona_ cange .S{wna interaclions . T w fact wrth a Phﬂ']‘on
the Fm‘:a%.ﬁor W mom . space 13 | =/ 9 |and performing o Fooriey ‘\ramsform we fid the potential i
coordinate Space teo ag liKe 'i/r.,‘ wci'zHﬂ a gloon censtrocted exacﬂxl as dhe pheten (se color reitd

we bave an analogous resalt. Tlnere.)(o‘re we exclode 1he Foastbil.‘{l/ {o have a aiuon {n a celor
Srn?[e’r (so color less).

Se we conclode. thal there is net colorless 2&:0&1 but g c‘a/arecfgfuans and those g(ugn.s aud ?aarks do
hot exist free,

T éeneml the vertex is :

1) 8[00»’15 do not f:f)an?_c .ﬂavor of ?u.ark’s.

(f) cdlor must be conserved

PROPERTIES OF cerORS

Colors most be conserved in all rufersctions. Zf we smash porticles dbeve 15 wo color in jnidial
sSlade s alse in the f{lﬂ&\ stefe  we have a colorless guamf{ff‘r.

¢ frp l—2l pip o+ PLp cet+e” — e TT
peg ¥ WL Cc o o o Q
Pt P + K'Y+ )
cl o o © o o o

J/f we cresle a ﬂawr with a certain color then we also cresle sn an~l|‘{law\r widh the yvelated

awhakw WKe :
» PHel > U Un
c o0 +© R+R =o

However we ll never see .SQme'fhiw? like this becawe Theve ave wo free 7aar((s i nalore , we
have 1o fiest dress them as  hadrons. life: e*e” —— 7+ (dz) 4 7~ (Wzdg)

EXTENS(ON To MORE QUARWKS

So far wewve seen Tsospin with SUG) 6ot is the symmetry befween n oud p. 7a ling also strangens
lnto account we find the quark moede! with s0(3) that is the symmelry betweew 1he The
barpons  and between he mesons. Tn 3emcra/ wifhh Su(N) we hove N°-4 geverators , of which
N-4 are dia%ema\ and hewce corrcaPond.'n% fo Phys{ca} obseruables : for S0()  we hove I3 (wrﬂx

Mg =Mp) and for SOE) 3,5 (with me¥myg=mg). The mass difference dells vs that the
‘F[auo‘r .57mme+r‘( s not edct).

Jf we consider also 5 4l quack , 4he chavm ¢, 1hen we have to zonsider The
.symmgxfry of f'favor Su(4a)e. In S0(4)r there ave N%*-1 =45 Bev\cm*om w here

N-{ =2 oF whiclh are d;a%g'ﬁa.\ IS, ¢ (3 ?lmrsica( observables) ¥ wheve < is +the
CHARM ¢



5
the fumJamgfd/ reprewm’ah'om (s

g -0 ) -

With +hs Stfm.me(rl{ the Gell- Nown NfslaiJ‘ima forunula becomes *

N

N
<ooo
T
\____/

Ql= 7|+ E+5tc

z

Mesons ave new described éy 4x4,= 44 4s, . So, before we uisvalized the 3x3 as an octe
plos o .simgie’r, analo%oushf we can wow visvalize 4xg makfh? vse of N-¢ = 3 cimenséons :

: IVL '”lefflane C=o ‘fhem awe the Some mesons werve
encovntered before.

v Bt new in fhe plane C#0 we have new mesons [le
cu =p°, ed=D"; c3 =p; (the heaviest becavx

a-F 5)
» We have Mpy- 2 4860 NV and Myr 2 7040 NeV
. For the scnglet we have a combination of <z, 'u?IIJI

and S35 and exFerrmeerally we have to §e2 what
ave the m:‘x:’na an?les laef'wg.sm fhe_/;lml'/fcs.

.T,[ we alse add another 7uarla{, the Ioeaufy b , we ao te an higher nomber of
ohmnems.éons :l BOIE):. Tn  fhat case we | have N-1=4 divgonal oeusraters
I3,S, ¢,b . whee bis the BEAUTY . The Gell- Napn Nishijima formula “becomes:

Q—-_ is.{. B+5+C+b
2

NESON S

Nesons are unow described 57 SxS = 4+24 , \We can visvalize \'Sog‘f 3p Slices of
the Wole construction. We find wew mesons Jie: B : bT or B i bd . The wass

of the B mesons is eslimated fo be Mg =529 MV (measured b1 Shahrem Rahat|ov).

TH's inderestivg 1o nele fhat the name wmesgons was osed becavse the First observed mesons
had & wass between fhe wmass of eleciron andthe wass of Fm—fon.slue(ftmns, new /15 no
more 1he casel

The higher is 1he mass of The ,D.:r{;'c/e the move decay medes there are (becsuse we
l’lavea. lave ev Fhase space

N (or The ﬁ’ we have _jus‘l‘: f’" A T i (vn °XQyp ‘He.\/)
- for 7 we have jusl 3 hadronic modes
new with B° we can have a lot of decay modes  ( approx S20)



USING QED TO DISCOVER THAT QUARUS AND COORS L£XIST

The froces.s we luavl'" 71'9 .s‘fuc/y I's ‘ﬂne 2 bodtf s:a‘l'lerima

1 & b3 we already saw the differeniial cvoss section inThe com.
frame - |
O o
F. P,‘ dn (Et + E) |P-'t| |

Since we want fo deal with c]u.aw\ﬁies whidn ave Lorentz mvaviant we wtrodoce The Mandelstan
variables s, t,u . Doe do  eneroy conservation we bave that Atf= PtPy and this tells os
that there ave jost 3 ude pendlert vaviables and all the others are built out of them . The 3 Nandelstan

variables are:

S=(PtR) = +P2+2R R =mi+m: + 2RR

i- = (H-Pa)z =M3z +P12 - 2% P

S = (P=Pa) = mi+R-2pP

-”165& are the s¢7u.a'te of 4 vectors / 'Hney are invariant lo? cona'f'y—vc‘fion} SO we can c:omFuTe them

in any Lrame of (e ference . Tf we add ~ them we find:
F f vefe

s+ttu

[}

mis ml + M5 + Ml + 2RP o+ 2PP ~2RB 2R R =

(PiR=RtR) p
S oo oeap (RiP-Ps-B) = > m

fi

—> |s+trw = E mt
1

Note that at ht’gh emerg limit Fr>»>wms — sidi+u 2o
het’s sce  aw cxPlict'i‘ com po ation  in the h?ah enevgy (et :

B
P )/ﬁv . Pe = (EIIFIO/ °) Fas (-Fs,f Pout €088, Povt sin 8, 0)
K P, - (szr'/ ©,0) P4 = (Eaj- P s, - ft séa@ o)

N.B. There e No (P de endence Eecause Seénge 'Hae fo?‘é'k?’f'a/ oes [iKe ‘ﬁ-;: 'W]Qre is angular vnomevl{'om conServatiph
ond so the result is com rlﬂ‘hﬂly swmm&‘hrrc a rovnd ?9 ; 8o we Cdn J'us‘i' looK at ‘f1=0_

S=(Pth) = (FitE) = (2B?=4F2 (we chiooe F.=F, , Syww - beams)
Now we can onderstand w\m( the so colled eunihilation channel rs colled 35-chaunnel .

P
>W‘Y;\ The wmediater hasa 4 momeutom 9= Btk — g*=s | This imfh’ﬂ:
(7 avhe T T 17

AS

5 |
Reaare\i\nod the others varisbles we have- i a
3 | 2
t= (Fr P:)z =(P-R) = - ’3'%5- (i—Cose) —_ ¥29-p-8 =3 _Z;f"'%
&
L 2 o
w=(P-P)= (A-PsF = __ _-j—z:s.(ifco.sé’) —> N —_— - c;': ‘...ﬁi



In particvlar let’s consider & simple @ED process , an elastre ccatfering the [Téller
Scaﬂerin%:

e e — ee” t -channel

U -channel

>@<

T‘neore.ﬁ‘caﬂy we add = oju'aoarams ‘ll’oag'fhck. Exreriw\ev\'l*a{\r we send & elecfrons i awnd we see
2 electrons  coming ouf , we do mot Kuav' what happens . N.8. Feyuman dr‘aarams are fost tools fo
malKe calevlations. We have a Ix fore each verlex s for ihe 2 abeove clia%vama we have:

M:L = Xgy ...

© Mz ¢ olen,...

7

Then we coold also add  other dia%m\ms at hi3her orders lilke:

:rn ’H'KS fal=1 /‘{3 X olgy - Agy = o(s.i and since =:Tq tas
diaayam (s v 40® smaller than +he Frevfm}s onel , So we <dn J'us* fvrad
abeot t  at 1~ of Sccuragy .

This process s simple bot it et so vsefol becsvse we want to  create newfar-h'c{e,s_

So (ei’fs conscder the Bhabha .scaﬁ‘er.-‘m?

cf_c:+ Emm— 8_5+ S-chamne.\ (Amihfla*im\

c” e~
*
+ r

et

ExfseﬁVhenﬁ“ we cannct tell which o( the = lrlaff:anS, we J‘usf"see e” +et Com-'ng in and e+et
coming ovt. ' MB. with Méller sestler: we canno? have an s channel dve To charqe conservation.
The s-chonnel is the most usefol becavse thanlks fo aunchilaton , as long o5 we conserve energy and 1he

tiu.anfom uombers | we can prodwce what we weant . (dhere can also be  inlermediale stofes) :

e~ “* xi-

et X~

Az » coriouJy nole +thal Bhabha s:aﬂerﬂag is & so well Kuown process and ealculatel with se hs‘ah
pree sion that s osed fo calibrate 7he /uminoa?y of the apparstus (ifis » fumina.sifjv covnler) :

N = o Liust - At ——> N(Bhibha scatt.) = N (e'et—see?) = Shhsbhy * Liust * At

; 1h ;
So Af foun{r'ng N i a fime At sad Know:’i‘la T Bhabha we can  obtain  Lust.




The same Jhm& can be done wiﬂa,/u in the ﬁ‘mafsfafe ete” —-‘/-”/U—“ . A Prt’orr' one
could say thad also hevre  we have

et y23

e*e‘——y/u*/a' = < ) il
+
&N et A
o/
however the 1+ :\Ia%r&\m is not posscble  becavse f yt s Possa‘ble than
72,7,‘=_ would be T)ossi.‘nle . and MmT—e7Y viclates fe/ofon. Flaver con servation,
Y
Therefore From both  +he ey/oen‘men‘f'ai and Theoretical po-v- we have J‘um‘ 1 a/.'dgmm.
What ceold \naﬁsow is alse ‘f‘he)‘;llowiwa:

a\ S0

aall witl enouah eneyy we can rrc:cluae awn intermediate state

=
* X
) + _< (V& 2my) that thew decays and produces  u-ut,
et N voduetion ( Vatt t
of X

v dlecay of x

The precess efe” —utp™ is  Important becavse if we're able fo makhe calcolations with wuons b
this will open the way +fo querks 5\;5511'\0'}{“3 A with 99 .

//u .Pe‘; (—Fe't Fig_;) = (Ef.-ﬁ‘) .a-:' (-E)t‘z F;_--;) = (E. h‘;ouo
£ > £ i et _P21= (Ee*:Pe'): (Ef_ﬁ) ﬁ"‘: (E/“'tp') = (EJ _-ﬁ"*)
/ N.B. we are assaming = symme.'frr'c beams E,=FE, =E .
7The energ y needed }w fhe proess (s J?azm“,

The expresston For +he aﬂ‘;}ferewﬂ‘al cross Seetfion is:

da = _ 4 ||3:..+| U‘”z
d 4T (Es+ED | P

If we com vie i+ in the high energ y limit E;»mg —> Por®Pu. And if we ox
the Maudelstan vavisbles (EL'I'%Q2=S . Theve fore

de | 4 IMl2

A | [esis
letts lnod; comPuh: the wmatvix element (M| . We have confributions From:
= T 1
Ms - >¢:V5:f<“ ~o
et o
= P ) 2
M = 8RN A~ o (o) } IHI =,H¢+H21H3+---| = |H¢|z+0(tx3)
et /,(1-
e o p
Myl = Aanann & eifhe)
et = Y

So we Just focos  on the first a/f‘a? ram (feao’n‘ha, ordec) . From the Feyamon rvle we compu'te:



£ B_u-
X#

t +
e ) P" A

~LM = [E(imeymca)]x(‘ii:i)w [i(rs)«:ex’v(a)] = -‘S£ZJZ“%.

Now we hove to falke who acowit spin.

ssible confi

[;o.ssikili’ties i

we thew define the helcdy as the projection of spin along the direclion of motton .

For &= wmassless W s invariant. €™ s ot massless bot in fhe high energy [imit con
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urations  (uscaly the e-(er beams ave wot FQ\ar'\a—e&J

can either be Ur oc down
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=

>
or -

«< 5
~

?arfrclc

Since we do not Kuow spin we have fo som over ol Yne

we have 2

For the :sja'l n

bl [5-F
= \IP

\
be

considered mdssless. and i maokes sense fo conscder [eff handed and rr‘gh?‘ handend e/lecirons:

< %, —»
ﬂne Fos;&“e c.onﬁaura'/fom are:
L ==L, = S =-14
el C+g
| <+— 5> & = o S2=0 3l ¥¥
e, ehy h0+ FO.SS-EHB because >?N
=1
= | < Sz =0 ofana. mem . conservation ‘et
e’g C+R
=’ > & :’ S'Z‘ = fi
&7 i ety

Aua lo ously there ave

combindtions

Se what

*

Mg e-'-.—/' = / =
[Ty p
/u‘ Y
M| o _t= = o = 4{-. o My

@
T Ty

T‘ﬂ&sa are ‘HM’ 4 W\a+r€x eleméw‘('s we have Uﬁa consicfer:

2
g

MRR

2 peossible final configuration states {or/u and {his malfes p o folal of 4
we have 3Sre Fhe following configorations

Mig means +hal we
have e7in the witia)
and Mp W the ﬁucﬂ shic

,Mgg \! = \Mu.lz = (4_"_0{): (1+ cos@)?

| Me. |*= IHLR|2= (41Fo!)2 (4-5059)2

T T
-1 cosf

4

-1 cos0 +l

e?(1 +c0s8)? | (1 —cosB)?

4

N

cosB +1

ll T
- cosB + | -1

4
eZ(1 —cosB)? ez(] +0059)3

Ileu.lz-l- |Mn|z+ |H-e|.|z+ |}'{¢.n|z] =
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= _’I__ ("L") [2(i+ cos@) « 2 (i—c:ose)l} =
ﬁffg &
o z =
1 5 [4 + 4 cos 49]

2
= _"(S [1 + caszei[ n.b.

max )(o‘r‘ ¢ =o

3 & =P =
&7 ct AT e

bt{ im‘fegr&ﬁov\ we can obtem 1he fotal cross section:

N

- da L |4 m &«
iy = (_ckn__.____
i fc“l 3| B8

let 5 convert it iufo Somefhl'h; we cam medyre ; Sin GeV' and Tin bam:

. 43” £t = 05640 ¢

- Fic=1 = 190 Mel-fm =o.18% Gel- fm

— dfm =40 4t =20 = 257

s ¢ = 056-40% © 190 G _ 24.6ub _ 2 6ab 4
s S [6ev] 4 (e [61)°
Now we an (el &t a process with ezu,arks fn the final sfste:
o = 9 Zn QED Ol I caredboot is electnc
W o chavee . @ED is blind 1o color and
- all +he vest.
e- 9

We foKe tnte acccowt that quavks have o fractionavy chdv}e

+ 'u-,c/'ﬁ
dy=Ze , E={ -t dsb
a & feﬁ?‘ans

This wmplies that :
r a(ete— q.9.) = T(ete —putu) 24

Swmwce we dont Wuow a priori which color the ?uarks have , we have fo Sum over

the 32 fx:ssible mhffauﬁ“oﬂ&'— (N(.’".S)
U % %

E >\W< +
%« T %

Se we have
g (et — 9.9.) = T(ete —putp-) Z4 + Ne

Bot this is for 2 Alaver! How mawy Flavovs do we have? It s/e/oends on S

) cr(e*&’—: 3‘:7“)=<r'(e+e“ —P/u*y-")'N:. Z .%’-72;-
flavors

An waiaoﬁavd' qu.avx“r?rr is the vatio:
T(eree—99) _ N(e'le"— q9) L ZBE;‘NC

Flavers

R =
= T(ete” — #7) N (ete™ —2mi)
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. If M. s <oamy: also ¢ - Red Rouds It (%).3 =244 = ‘1T°
f am (T cam sk Rg. Ruser 3:(5)°- 4
-EF s > 2mg : also t - RchcH: S

The.orewlical’ty this vetio shoold be a S‘l‘ef Ffonetion s

Tn ma/f{;z we denst have as{e? )CJchlron. becae we

covld have gsome resononaes X whea Vs ~ ma

2 e*
T 1 1 X
1+  2mic) 2mi(b) m(Z) 2m(t)
| ‘V's (Gev) e

0 : . . .
1 2 5 10 20 50 100 200 500

Ju that case the cvoss section beacomes -

J: anaular momentum of X

T(e's —ax| —bLgf) = L7 (23'9) Rl I

leter e Sa,Sb: spin of incoming beams  (in This case Sazsi=%2)
S (Bar)(esits) e [ (""X'EJI"% J F a

P = Tl + T Do Gl g comel)




EXPERIMENTAL TESTS CF QED

The scluation is fhet we have fo find exp. evidende Ffor all the boiloling blocks b4 we
iwserted i the +heowf‘ Between 13%5-13%6 we had the eve™ collider * Petea ot Degy
(near Hdlm\our?') withh different odevec 7ors

the stroctote of the detestor ™y osoally cilindrics) becao of {he cometvy of
the B : we want B= oniform inside and thrs is achieyable wih a C)rl. %eomejtw.

pu{hn? +o?€fh¢r the data faken ﬁom sl the exloerimenfs (Jade, Tasso, Glla, Mvrko') was Jfound Fhe -(g//cw{ng

resa.H‘.

10

This makes sense with what we’ve a‘-reec\y Seen:

T= 2.6 5 & (5=406a) = 1ub

. S Teav?]
ol
° NB. it 1s the tetel < & Ahe one haT we oblaiy
01 b J(hrcu?jh:
: N=a= fis At
- 1{.,'030«,
5(GeV)

What we see , reSPedweIr i the csse of €t and ¥ in the final sthies s shown in the
2 )ca“owiu? fr'auras:
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Thew we can also ook st the dfferentiol cros section, fmafwzg a frenel not in cag.,-eemeni‘

with what  we expect 9T o (4rcoste) {om aEb. We find :
da
i e —
P PETRA
18~ 2SCoY The fxpwﬂ is thet we onh{ took Wito sccout ¥ as  mediator . There is
S0 . % aeoeweak photon +2Z° = o
.. d s e 9 + Acost) also } 2 y3
3 o =
iy o A /4(4 -
i DNy T y 7 o
* N 5 » e
* JADE \‘\ =
30 - & MARK- hot | .
L -:LAL?TEJ F,)r,,o c,)rn(?ny = AS we cain see ‘Hle f;D)n'l.S are hp?l Q/Jé‘)/rrbu)‘ep{ h) MMG'J'FJCQMY &Hd {hrs
" TASSO aa = 15 (1 +cos0)

f-e”s fhat 7~ 3n.re s coniribrlion that olpes et 39 like 4+ w@s'@

g.A,.\..‘,lg.l_,_lj..|
-10 -05 0 cose 05 10}

Iﬂ order 4o sce Letter 1he d’fxﬂ?/aéﬂfy we cau f?lof' ‘I%e et o 6&1‘(,09.9:4 TImeas qud Tapp

o f R' - . "Ew Y As we can see affer {5 ~506ey we stavt to see
B 1 L "QL 13 e —=1"T i a d'\' Scrsrqu
- Model

ni T Standard
1 i
o I L.Ji ll,ﬁj{i 1 1
b2 § T 1 + T
i

% >Zo< 1
Qs
A~ M ]
g —
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s{Gev?)

Jsbote"

PETRA Vs < 47 GeV

Reyond the ete” and M channels we covld also have T'z~ and hodrons in
the ;{-ma[ state. So To be move precise the total number of events s %New B\f

Nrer = o x Lins At = (Tt o +T3+9%) x Loost At
wheve a1 ,9:,03, 9% ave 7he cross sections for the foor different final states
» The T is so heavy that it has a lof of final states (e =186el) : T—e Ve, T—s3T,...

e Withh hadrons what we see is fhe fa//awf'na:

ete” — 99

Sivice we don't see sz\& c)u.a\-b(s i nature what 'nan)ens s that quarks conver?

o _ into  hadrons (baryons and mesons) via a process called hadronization .
/ )et N\ Therefore what we sec dre Hhe so cslled Jets : bunches of .sfu_[ﬁ afl spread

L/O | out, a mixtore of everyl‘ﬁ.'ha ( hadrons, ete -..)
' slet :




QED TEsSTS AND THE PRODUCTION oF QUARKS

The fr‘rs'{' 7wes7’ian, we want fo leoh atis how fo a’r’.s?’fng.ur'.sk the t-channel fmm {he 5-channe!

: __ } %j‘ As we can see the 2z chamnels have diffevent diffevential cvoss sectior

= _"/-/J (doe to Yee conﬁauva'l-'an.s of.s]or'u). There /s also aun in fer/erem fem
- L m:/// and when we falte fhe modulos Square  we se the som of all of Them.
g A St

We o test Ed |ot( lcohing ot the angular distribotion Ffor a fixed eneryy and see Thal we get the
exI:aecw‘eA behsvioor  Zin The fmif off small angles the behaviovr is simpler

* limits of do/dcost for cos® —» 1 (i.e. 8 — 0):
" . 2mo?( 3+1Y f2na? Y/ 16
e'e’ se'e’: ' — | = :
s \sin“B L s Jo
- 2na’ 1+1 ( 2na’ | 2
ee —yy: —— = Sl
s sin'f@ L s N@?
; 5 .
mal(  3+1 (2ma? )/ 16
e'ese'e: ————| = I 3l
2s (2sin"(0/2) ) | s J\®
2 o3
e'e —»u'u: &H&l]: Mi| }
2s L s N2

Zn the Bhabhs Jfaﬂenbg we have 2 channels and what we see Is the svm of the em/o/r}fza’e
&7uar&:1-r inter ference term -

t-channel s-channel 2
b e e . Z da :
e ,
* | Sum \ #
[ i e { t | = condh ) 4 \
e e i
imerference R e e R e b
N term cosB
day a® 11'” + 87 2‘{” II'LI i 14'" Interference
e e e
g Cross section
e 73+ cos2@\?2 diverges for 8 = 0
~ 4s \ 1 —cosf

To see whether we have c'veryafkmg under control or nd we do a ratio plat (on +he n‘ahﬂ:

[T e Tl y

Fano Gev A

We can also very {5 and m_;l e /;f;g

- ® L36 GeV 5 A

see that the angular - /x'//’:ﬂ

|- | gt ) g |

distriaclion vavies as S a
expe Ad m‘:_} ﬂﬁig,ﬁ-

DBD’;;'
e e
s Ratic between measured cross section
and QED caiculation

BY checking that the behaviowr (s The one expected we can [edh indiectly for new physics . Tn_fact
if Bhabha ‘wes:
Man= Ne + M5+ M

2
——> | Q| o M| e MR o HEM s [Ma ] 2 N e 2 MEN,

Now werre 'readL{ for e'e”—s hadvons . The hadvenizstion s thevre becavse quarls are naf odlor stna[e‘f,
heﬂ:e fhey cannot be gbszrved. U\H\é‘i‘ we wnedsure ave fhe ‘car\(ans ﬂno] mesons ‘f‘hs’l‘ ‘H’le 7warKs mac‘a UF.
The onilf EX(emen is the 7‘(0):» 9:401#(5 +hat is Hoo fﬂeavy Fhat F cfefayg L;f/[orr malKiva mesongs ang baryona_
Cor defsctor sllows us fo vnderstond whetbher we have e, u°, hadrons( je1s) ; fhenwe feok ai the rstie:
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we F[0+ |'+ as

R:

R=R{5)

a(ete"— had)
T (ete™— pcpr)
. Wha! we heve i5:

This F/a‘/ is made op of mony data Fo:nfs What we have V)e\'e tnsYead is The same P\o‘\'
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= o : %{%‘:‘Sﬁ\ w Uk 70t T T I T L——— et s s [Gev]
10 ! T”"ig&‘:k e
0 " - Ly j/[ we Juaf look at 1he low enerar Vﬁ?r’en Jhlo
” x 3 behaviour is -f’he}o//ow:‘n.a ;
R :: /J\lj/v & . @ u, d S sop PQCI
1 j 4 b= e 10 ,,‘«d ive quark mode
e o
\]?> 2mMd , 2my, 2Ms then R~z anc! indeed s what we See fmm the vesonances . Mear 1he

If

resonahces we see A s/.\e:r‘ e Bredf W;émer shope ve To 1ts decoy width . We have that:

. Plrro)

M-ssomey ; W(FET):

[f =37 Helf

/

apd rfa this case ¢ hos The navower /DeaK (and there Jore /‘wﬁ aéa/ Avme)

So what we see cu '/'Ag

)D/o'/' is the flat spec

trum + resenances .

W ithoot  +alds

tnte  accoont <olor

off b{y a foctor of 3 that is @ lot and so this is an indirect Proof thai eclor cxists.

> P(Joe) - T'= 4 NeV/' P (3590): T7=145Tlal

we would be
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S all these r\d{‘.s sre The exr:er-'w‘.en‘fa] }Drwf that 7uarks exist and 8ll we did was covnt fhe # of events:

#(f’f‘c‘ e hiJ\'\:ﬂ‘\S)

i (N= o Lost - )

# (ete™ — M)
Ij( we /ook a?‘ %hﬂ lt amo/ S cﬁannc/ we [’Idue ‘)(haf;

R
t: FS 2
5 (B+R)*= Me =\5

AR E

TZn the t-channe! we cannet have a vesonawmce (Ps+P)? connet be a resonamae becovse there
s no correlation belween frand Fo. Tu The s—clonnel instead we have & resononce. So we
covld sce  whether we ave in the t-channe) or in the s-channel by /aak.‘ma at fhe alﬂgu[&'f distrebition
bot i the cast of S-chounel we can slso look at the jnwoviant vmiss since we can have recordnzs
looﬁ,img resonances by measaving the invarient mvss is @ powerful Tool For drscoveries .

Neasuting R is aw indirect proof  of fhe existence of some ﬂ.m’_ i meas-un‘mca_a peal instead
s & direct preef 7 hat me:se'f/u'n?_ exists  (becsuse we‘re able Yo measaxe the mass and +he

decay e th .
lef’ﬁ how ,5*0::17 the .,Dlscouev7 of Charmonium (€2) in 13%4- ‘P.:of/e were /oo}?l‘n% Sfor hew

sStales ?%rw;h QED inferactions. Zn Z9%0 The existonce of a 4”‘7@\'!«( was Fro?osaé via Yhe ai

machan' s (develoﬁed fo explain wlmf theve was & Suffression cJC fhe Jeca,y l("—i/aj,u').
2 ci?‘gﬁrem:; labs osed 2 J#mvﬂ‘ '{Cd:ff.ur'7n¢es:
i) SPEAR (S‘fa“fovﬂ tostron Electron Asywme+rt"c :’?"Mﬁ ) (R[ch’r.:\r e)(r:eﬂmwi')

e et o
er ol ol

«9 AGs (A\*erm‘iim; Gradient Symkm‘hron] vsed prefon on &  fixed tamet (TEW} exPen'w.evd‘)

(5 g 2
P+ Be — Jly — £tee--- .<Q>,ww< + hadrens
& i

Richter called ts diecovery W, 'Tin?, called it & | today we call i+ the JYy and it has:

M = 309% MeV [ [Y= 0033 MeV A Lw =40° (cx*fremely navvew)

LQ’HS now ao -Hzrou?'h +he 77':43 expe riment PrBe — ET+ET + X

T'ney looKeol at the invaviawt mass of ete” (n The fr'hdl state . Fivest of all we Fm:iuce. Prd-ov-.s
then we accelevate them (ineavly ,then we accelevate them in the AGs and  Finally we swmosh fhem
aaama’" a‘%a«ae‘r. (40"} @r‘\ic\es per Ful:«c\.

The cle%‘ec"fcr i=s a 2awms Sfec+mme+er. Tht‘k{ erd Jﬂ\e amle a\ a8 ceclain vahe . T\\e\{ weve o:)\-?c'le_
Ma%ueis (N that le¥ dhe Farﬂ'c\es Follow the Hrack . Thewn there was @ Cherenlov oletector CC).
Then  wmoltiwire prop- chambers (D) (that leave a scana\ prop.fo the energy of the pariicle.
There were thie TM  shower counter () (4o see whether we have an e~ or n

Since fhe amale iS fixed The na g vets Fix also fhe wmomenton; so all the vlicles  Tn () have the same
momentom  bot i fferent mass and so diffevent veloeities : tlhis allows os fo discriminge them .



D : multiwire proportional chamber; g
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lcf":ﬁ locK 51 7he Hinemadics of The ckfef‘l‘mevlf

Pz Pe) = (B s g, - pisin g)

\

=i Pce) = (EF, P cos _g. ,+Psin )

We ore in the (rﬂ?h caeryy (iwmsy - p»me — pt e

—s (PraP V= PU P oprpT = 2mit 2 (BYE- FoF) &
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-— me*e™) = 4FETE” sﬂntze — we el To messare EtE79

N.B. TF we had clhe sen AT we would Wave had & werwe resslution becouse gaes

inte molli ple  scstterin
We cave about res. becsvie what we see s fhe convolotion belween the resolytion

and the Bredt Wigwner  of the vesonance. Affer lhe colliscon of many  pulses the plet 13

al T'igngetal‘,x + Regonance at 2.0 -3.2 Ge\ k! centval valve : WM =3 26V
p Be—ete”
|l /GS 1974 * Widih : a26eV . ASMMW\} dis 6 3imes the aaussdn Slgmﬁ
we have : g 30 NV
: Remambev— Jrha'{‘_
DELTA BREIr- wioNER volsT
Sfx-—ﬂl') G('x-}q‘(r) 6(’x»x’,q—)

Lia:, with a amJ dstecTor
sheould ke 02ero.

Doing o Cavssaaun ft and PErForm the de-convolvlion we can find fhe actusl width of The partide
Whew TU\E annovnced 1he vesult i+ called e /:arh'c/c the J and Ythatis lbecawse fhe ?u.awl-um nuimbers

For this far'f{c[e are the same of the /oéofm gf=47



lefg hew go 7{4.*00317 the gD,".scover’y of l}/ at Slac loy Richtey

Experimental Areas at SLAC

rossaons T s P * e*e” coflider with S = 2.5 &N — .56
EEZ':’:Z' aanee 7 N e There is & wivac vsed o accelerafe etand £~
Test Beam

P s + When a /azer sruohgy e reedeol The vadivs was iucreased
b 2 Miles - o’ tued T
T F." s Siuce +his reased ke _‘a}mthro'l'mn radiation

Daniping Product wmeatal

Rings

This was fhe synchrotron lets now fooK at the detector:

This s the MARK-4 Ae'{‘ec{‘o‘r, similar o what we hove —l—oc\ar st ¢Ns . Zn the exp. “l%ey were
don e +et collistons scanuing over different valyes of s i .S‘foJ af 200 MeV. cevniin
'H!lé # OJL evgn‘f& jrar &acfﬂ. lra'ue. However wf“n ‘“m‘s S'}cﬁ L2e '/JM}/ o/r'a/br"; see awr'¥&f>ﬂ‘a.
Reclua'u? the step sive Fo 2.5 NeV. ‘Haey saw a clear cesonane paak  at 3.4 Gev

ee’ — hadrons

N + The peal (3 asymme?‘n‘c : it rs (araer on the left rather
] on fhe n’?h’f

* Theve ave more  hadyons Than /c)ofons (this is becaos

o(shw..quo.i > o(mm{:_u

..........

So we hae a new pavticle and the Tdea was +hat i/ is o beund sTate cZ  where ¢ s

the new charm ?uark . 7%67 measered 1 = 3.4Gel / hewce Tdlfine cnte accovnt

aAlse the Lr‘ua/fm? eaer?y o]( 5711'914? mleriction we can :':4/%?‘ the mass g/ the chavm
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o| T the velativistic ra?\'vme.: Pl E —> s=4et=24|F1" — I;:Tl‘ ~ AT
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(N5 = my) e D
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We can Jenofe g i r'ee-' [_'(J!qf — ete”)

- [z T (qy — fF) felp.al

and our asﬁvmf”"oh s [ha= Mot Do Vs | %

Se there ave 4 vallnows The, D T'nad, Thet bul we v measure oo, T, s and using K we
alse Wnow That . Sc theve ave 4 oulfuows with 2 <. The M4  sa we Kuaw it Jfacla'-r s
Mig = 0033 NeV . The width is so narrow fhal this rtesonance is fzrad‘ical(?/ a §.

e T N Tu the Richter <p. they continved To 1ake
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Decay of QQ resonances

le‘ffs consider 2 pariicle maole ea where a=8C.
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Made Fraction r;/m c«jZ:ch;:
i K'K (491 405 )% S=1
PR (339 404 )% §=12
fz pr+w 70 (154 +04 )% 5=1.24
| 2,
rﬁ n { 1.301+0.025) % $=1
Iz 2% {132 4005 )x 103
s te -
. S5 — sSU = - k)
the wost likely decsy channels sre: o S ol (E KO
55— 5d |53 | (k| k)

What about fhe sunikilation cha\f\'nel?

&
1
. _>’va1'r<___ e‘%. 4? — 7T’ viclales  E-wom conseruaiion
2 q (1 - body c‘ecatf)
Q, 9
M: e $— 77" we have 8 colored 8luon5 . I7 not possible fo ha
. BB i
9

a colorfess a [uvon




How to preduce  £+€ in the final state? (As we con see from fhedable)

s ¥ /£+
5 RN,

¥ becsvse it
is virfval e # has
A mass

Why the brawchr'mg ratio is So smoll 7

We Know that : | M(a—sbe) « |HGa—=b)|’ Pls=E)

- $—> KK Mg =495 MeV , g 21020 Ne¥  — @ ~ 4020- 2°455=30 W/
e d — gt Mg =~ 0.5 NeV —> @~ 400 -1 ~ 1049 Nel
Mew ~ f\]o(sn ‘\IO(EH = FXgy = %
Macb ~= \IO(-') - Jo{ =Xs =04 r'EH < :’ r’s—irouoa
oo

Hewce we ounderstand whx[ it is so small.

How to prodvee 7% in 1he fiua/! state ?

s o i
¥* b o =L 3
iAARAA A re= uE-dd M~ 2,7, ot
g N \ 7
%

The other decoys left are all hadronic processes

—_———— oy ey ey QQ — 2 aJUenS
B8

|::j - @ pavily : violated {CCs§)=-i

& ALy cqp = [c@) =+
- dir
. & | g [ e reg: ¢— T b—amre (ab. quge <fudd)
CTE LA LLA ‘tﬁeﬁ_‘_;ﬂz « &L Pari-?\( ! cown served
I . Fa”hf =| dix Iz.rﬂ must be ranscwed l
[ ] %, ¢ P pavity mvstbe conserved

gg—:]‘mr:'{q

We Wuaw 4hat
¢z I%=4" and 2%17 (b e=(-0""7=-1).
n¥: I=0" and I%-1°
7T gP=0"" and I°=1"

There/am-’ & —— tIe
P €1) (-1) (1) viclated
6 (-1) (=1) (-1) violated

—_— ot a/}ow&a}



‘(D — ‘JTOWQ - not all owed
G (-4) (1) (-9) violated

We need an ather Far"tfck’ in the _final state:

o R ——— —?‘ 2 f—g_' 4’_)7]_*71_/”-0 (h'o §4/9:,93 € &uldj)
crerriia D
L %
Y ov ooV | 3
CInEIREA B
SRS SIS 7

This con be Foseéble e /ar e;rdm}pé 49 — P and {hen S =T

J/V DEcAy =37 Kev

J/¥(15) DECAY MODES
Scale factor/

Mode Fraction (I, (T} Confidence leval
r hadrons (87.7 £ 05 )% - =
r; virtualy —+ hadrons (1350 + 0.30 )% — Wbur a’/q) — D+D (Dhb )
M3 EEE (641 =10 )% | ;
M V88 (88 +11 )% s not POES\\:\e? Becav se
s e*e ( 5971+ 0.032)% G N L 4 GV
s ete o 3] (88 % 14 }x10—3 = 2. = ¢
Ml wp ( 5961+ 0.033)% m‘]“? 3 i € 7 mb ?64

—_— ma-mx < &L WAD

The € pority  conservafion allows vs To  bhave only sfruna decays with of kast 3 aluo\ns .

CR —_— 32'5- — g‘ W& ose 91,?:.93 & JZI,J]
(L L L I I . (notl s becouvse if is feo heavy)
pe | ———u
=T |®
—~ vy —— 9
e B T T T %

We covld go on  and add  mere gluons and more guarls ontil we have Space (ontil &uste aliows i)
This /;({DE Ofa/eca}/ (with Eafuons) has a M~ ofé Cﬁeaw'/y Su/afresseo}) /‘4%.?.5 >/s0 exf/afn wkfv

JY is so narrow - M that {ime Fhis fact wes not Wuow and there was an smpirical role : the ozr pur
‘Hunt safc/ Hlafr

is f3 vored

i so Ffrcsseal j

o2 sfands for (Okybo- Ewc:‘}-;[f?uka) 2866. lafer when ©co was eslabilised ‘Mey ex/:éu'nacJ
the rule %ﬁeorefr‘:a//y :
NB. of covrse with s ?rea'%ev J we have wore wide invayiaut masses So Jj’gﬁ'(zs) s 31imes widey

than the J/y (45 .

=[ =g



DISCOVERY OF Z L£PTON

What we have so far s - (ve) C&)

e

IRmE,

The a/fsawry of & wew more pariicle wovld imply the evislense of a whole new fém:’/y (lspfons
snd 7u_arl»{s) . This discovery came in 43%6 BY St with MARwL  (Nobel prize 41.899) .

HG was /ovK:'Mg_ at events cy(‘ﬂ/)e Kind :

ete —> eln” (umbalonced ,ie. there is .S:me'fhfm? else other than the
electron and the moon)

e
. 81-{‘3-‘ _— X+X-
L 3 e+X
|—)/«*+x
ete” — ete (unbalauced )
eter —J/u*//l."((lnbd!amd)

Other -!y/pes coufcf £e:

The detector was #he /é//owr'mar

Ecac.
- As we cewn

(They have wore Bs)

passes throvgh Hhie Tron  aud sk \eaves a stav\a)
a}{er while iuslead e leaves all s @aer;f raside fhe

see on Jhe ri h‘\',‘{he decay Is unbabned

Fhat is the 5 does not add up. We s yo ther frack
nind o shioold be tTo Sceount Sor {he m.‘ssa'ua ¢ wmomerhing

W h st they gaio ie that they weve neotvives . The process that ac"ma'ily lnaﬂ:ens s the

fa”own'tr\j, :

ete ——s 7~ zt

|_>/_,+y‘
;e‘i

Ve
Ve

7/ this [T | i1s heauy we cannot froJuce it rf we ave  befow +rc§ﬁofd ; fo have The fraducffoan

on balanced cxt (et the Areshold is N5 22m..
Tu the é)r’aekr’mgnf 1%:‘7 Law :

Bl
o ] From Yhis 2:«]6\‘ we cleavly se that we have & treshold
Fe: 20 [- \ & Froduc!‘r‘on that Tells us thet
fol ’ \ l Me =1.3 Gel
| N

L 1| w This is The preof of the existence of & new particle, the T
MZ To:al Energy (GSeV) ﬁ ,:

How de we Kuow T (s o ‘EID'):MZ T+ inreracls ekacv‘/y S o am}u .



biLScue-; of b 9 t'k

jn, 1992 leon lederman at Fermilab  oliscovered the b quarl( ( Noloel prite 1953) . He osd a
400 Gel/ fr‘o'foﬂ. beam on & 'l('&l‘a,e‘f' ('IO“ Pavrﬂcles Fer' f:ufSe)

Pt cu(Pt) — o mute iy x

The defectr was a 2 ovms spectromefer

* The /u“/ﬂ (/u-/“—) channel has as expected any
peald (Ahis was s -PTODJC that they had fhe Be

ondey control.

» Tn the ptu chaunel they saw  aw excess of evenlk
that cannet be oxploined by Waown partides

The same dafe csn ‘e alse sghown i the fa//owlf.lﬂg f:(e‘f‘s:

botfomonium bb

first evidence for \ data 1977 data 1977,
an excess L '-\ background subtracted
5l %A " ®
: g Y -
8 || 2 hd ' \\.f X
£ p ket
: : \ f U

‘ y &
"% " gy .I"’\‘-..‘......

L L L L L L L
" w u W m 7B S W0 1282 86 90 94 98 102 106 1.0 I
My, eV Moss (Gev) Mass (GeV

the Phﬁ en the right 15 a 8B sobiracted ?\o‘r . Yo oWlain it we slact f rom 4he observed ?w’r
that can we model as bdcbi?rwnd + aaussen Fealﬂ

Si%na\ = B6& + cGavssian

Tu or cose we have & fa”;'m B that we can mode! as a decreasen e>p. 86 =Ae

thew alpeal»(s that we model with 33;0.53(‘4&15 . So the srﬁm\ can ke f{ﬂd with -

and

Sia\al = ATy B. G(X1,9) +C 6Xaw) + D G (X3,93)

Once the Jit s done we lhave a best Fit corve of the Bé. S we can subtmet if from fhe acfus|
Sighal  >nd obtsin o &oeﬁ{ﬁywmf subtracted ,ofa:?'/‘ wiflh only +Fhe pealt.



W hat Jc‘ne-f ssw isthe convolvlion of a Breid -Wigver and & Gaussian resolution. The foct +that
the Gaovssion well Fit the data is due fotbe fact that dhe defector resolution dominate over the
intrinsic Bred - W'wd'ne‘r,

They called the fwnd bound stste  bottamoniom . Lster in 1990 at Sloc , Cest) Cornell , Pep-w | KEK  did
5 scon and what {hey obseried wes :

1 .5 Werre secity fhe fmily of b5 states, that Fhey

As we csn see therwe ave 4 laeaKs : dhe 151 is {he
narroweyr which means thwat i re':-weserf}s the more stable
boond state

Also in this case we have a whde s c+'r’DSC‘0r3~y (as dhe chavmoyivm ,Pou’from'um eec.)
with the ouly diffevence that the petential of fhe bound state sud 1he masses d\anae.

Iun a while open B stafes  weve discovered as: B (b3) , Bs (b3), Bc (bZ) , B, B'(bd)
with g = s.2%9 Gel .

The wost  probable decays for ¥ would ke :
bb —— b7 bu (8F) ; bb—ITd (8BY)
However fhts is noh posickle  for the Y(is) or Y(26) or V() bot beomes posschle for the Y(ks) sinee
m (Y(s) =10-s80 GV, vn (B)=5.2196eV — Quae = M (Y (45)) -2 (B) >0

S dhe Y (4s) Froduces with an h\}h Froba‘bil{’ry BB snd % {5 used as 8 factery ( made with an ete cdlider
at the everqy Vs = w (Yres) .

S at this moment of fhe flast family we Kuow -
(b) (z:)
we miss the Ve and the ”'h:?“ ﬁuark.

Discovery of top quark t
! L

The idea was 4o look for something e :
etes — > tt  — final slifes 5 22m;
PP — £rE+X
prp —> €1t rx

However theve werent signes of fop i P} cellisions (3pFs and Fermilak) and ete
colli stens Cat LEP) (.Scanwivua S S0 — Joo Gel ) (there was > fheoretieal fdea of mz).

The best way to discover ’f‘a}a cju.ark is ‘Hnrouah hadrenic  Wachines o weak nter actions : Miop, My Ihe are



relaiea‘. m& ,5‘1(09” cf w,f bﬂ.ﬂJDS

the }(o//ow a'm? process:

Azs we’ll see  weak cutevactions

'{_o kaﬁaen is :

this [mp\ies +that

rovides constraints on e

the W and Z and what it woes ondevstood s thot g

Mw 2 Me 1+ Mp

. T fact in 1983 [t was discovered
z my , m; They had infact

w* € 5
AJVVVL<
q —ig= b,s,d

Joré_';(er te stay sn the same family , g0 the wmest /ihely preces

wis

wh—5¢b

. From lederman we can infer that  wmy = 106eV —> mES6d

Jn 4393 we discovered Ww %80 GeV —> we can Pu‘\' {imite on the ‘|'of> mass . JF {he ‘Irolb was {fﬁhfer‘ than
W it should have been a[reac\\f discorered byt since is not 7The @se we can concluode that.

m'l'er >mw

S if the -}qa iz beavier thon The W the process that we should Jook {or is the 4@{: decay not the w

a\ecoy:

From (EP snd from calevbtion

AN
- T

‘1";' wt
we had a prediction on The fop mass

200 %o 30 6eV  (not easy for

e So the \_-\;,s-f ‘Hm'm% te/ de iz o use S-{mr)ﬁ nferadis
So the best

YCO\UCQ +h9. OF-
was to use an hedron collider.

e } - The mass gees From
&5 -~
i ] ] ete” colliders)
> 150 § Tevatron 1
g ;I]\A cénstra\nt 1l
. % CL 1
= 00 and wst @ep to
Direct search lower limit {(95% CL) I
%07ge0 1995 2000 2008
Year

jn 1284 'Hacy had evidence of where the fo/o mass should be with +he Tevatron at

Fermilab.

FERMILAB'S ACCELERATOR CHAIN
- MAIN INJECTOR

{(necvcren

TEVATRON

. Laraev verston =f SpFs with
\s = 43¢ Tel

* We can either do a collidin
beam exPerimevﬁ' or a fixed
+6tr3e"f experiment at D2ERO or
CDF detectors.

let s ook a1 how to produce fo)o ?uark’- Tc’f? quark interacts sfrongﬁf so we look at S‘J’rma interachivns

P+f 11> $4F #X

Here |, dve fo the natore of stron

a 9uark cmits &

infexactions (and of hadromitalion) we have a lot of final states
On a time scaleof wi4d”s 1he hadvoniralion process ha/of)ens :

3 lven Then

other guorks and from o shower of guarks and 9luons we end gp with hadrons



Hard scattenng Panaon showar Haorans
- Hoclvo
. .
dnoeasrg Q M;.}t I\OV" i3
-

Theve are maw} dfdlbfam in @cd that can contribute 1o the Producffgﬂ of 2t

nesT P‘!’oba b‘lc

% - Y rrr— ¢ q t
f>m‘m<t‘ S vl | F SW‘?

9a

What is .Pecu“av* abeut The 7‘:}0 (s That fheve are no '/‘aj:- mesons (%q) or +°f baryonf (quqa) and
there is no ‘f'afanr'um (€7) Jound state . That is becave he fgﬁ (s 5o heau}« that i1 decays Eej’m ]‘Bmin?
a bovnd state . From Fermi ﬂ?eory we Foond That:

b My ¥ 1,25 GeV

~£5
% PYGeM)  Gr=11616%" —2 1226V — r=?— ~40's
w

this s obtained loohing ot weald intecactions .  Stroms interactions have o chavacterishic 7ime of
zr~16"%  so {his meaus that the top decays even before m%.:mc{r'm? at 1a0x £ —bW.

As we  said The mos? probabe hing fo happen is tThe a-g fosion :

. We can have tmdn}/ﬁma} states wWtr— ,E*Ve, WT—-’qa‘Tt
» Thew we pave fo dress the final states :cnfafmm? quarks
witi hadronization

The W can a/fray o vy ways but well onderstand the s.‘mf:/er one is fhe one with lepfons W2,

FF — ¢t 7 s for each b we have a get of hadrons
|—) W+b e if the W Jecars inte 7,77_, we have £ more J”e’ts
|—) w*tb of hadvous

« if W decays infe €y, we do not have o'fherJ'cﬁ.

Se we have a |esser messy sitoadion with W—€Ve Becausa that is the sitoation with the Smoller
nom ber ofJ'afs of hadrons avound. Seo The 3o/c/e;«a mode 7e:

F+F —_— .2Jle'|'s + f{*fz_«tm?s.cc‘n& .Ieneray

sigrals fa \/ ‘l

AL and We e,\fz’cﬁ‘racks nevtrines
HADROCAL nle'! EcAL




N.B. A/ﬂ!auz& W —3 €v, is 1he most clean channe! fs 8.8 is only w02 S we need To 42 le
i fo dwovnt that fhe eXfedeJ nom ber of evenfs is The 10 4 of the total.

lgf’s now have a look at +he cpF C}(f:el"l‘mew}}
- Same 6eome+ry of cns. (but lower res.)

- CDF has 4 Sas tracker Cinslead
wow cHS and ATLAs have silicov tracker)

By /ooKr‘m3 At ﬁte invariant Mmaes we can See 7‘o}9 :

BT l_lli -
il m< *"‘: -;_,-.? . He-re we \(\aue a [ o |O:} :J(‘\(le_\re Ave 2 Fa‘—ame*em
: gy X, ¢) and +the Svery | ()
> ﬁ-—:. "

Nmua::\a\{s an event looK [ilhe +hrs:

+ What clna\nae is the %ranularﬁy that is  much
Finer today

The plot of the discovery was the ﬁ:f/owing:

(Tvaviant wass uf (Pr¢ Pr+ Pars Pt Ev)z
" Do - Dn ’nacl A worse res ’l'lﬂdl.‘l CD'F< This i8 d-ne' +° .‘-he

vesence of ECAL and wno trackers in Do
- T GEaAw~ INE (befler ves wﬁhareai—e\r E)

199 £ 30 GeV

TVINTS 0 CeT)

E
400 |
i 0 504 * Data
= \:,\\‘-i‘:‘:‘\‘; i [ signal plus background | o i ; +EK£[) s P ( 12 Her res w l“”l [e csey P / Lf(dvﬂ
5 0 [ Background only P

it more essy fo bend with B)
- Combining the jufos from the 2 exp. they weve
able to found the '{'o)o , 28 shown in the Plo+.
Ns = Ny - Ng

EVENTS/AS GeV)

176 2 13 GeV

TVENTOI0 Gev)
N W

o T T T T T T
80 120 160 200 240 280 100 150 200 250 300 35
MASS (CeV) MASS (GeV)

The ovﬂ\f +|n.iwa we miss is Ve botto understand ite discovery we first need 1o ondevetand
weall interactions.



Weak interaction

Number of neutrino flavors
From Fermi model to V-A theory
Applications of weak interactions: Muon-decay, Pion-decay
Lepton flavor universality

Weak interactions of hadrons
Weak interactions in quarks
Flavor changing evidences
Cabibbo angle

GIM mechanism

Neutral weak current

Modern Electro-weak theory
Discovery of W and Z

Goldhaber experiment



W EAK INTERACTIONS

Wealk intevactions were fist observed in the shw process  Tn10407s
noclear B-decsy. The Theory of wesll int. was bovn in pavallel with tThe evidence of +he

r
existence of Y.

o expected
A 4 P @ o\:»faru&d
X —,>MY 1e 4+ X

\“( X has beew called nevtrine
A A _ =
2 X _)MY HE e

_ exrertmew['a\ cviodlence ofa
3 bedy decay

LY
’

The is+ 'Hneovt( PraPasw{ 'ILO ::{escrilve Hue noclesr F-a'ezay was #Ae Fermi - fﬁeor}/. Z’Z-/Ige Ferm!
theory the interaction is fa:‘nf/f'ffe and described 6}/ & <4-fermion aouf/.-'mg Gr = 14646 5Ge(*
(nb. npolice the difference belween Ol and Gr @ Aag is dimension less)

P

:X ﬁ:LY-\- e+ Ve <> e- (a veement with EXFG‘VL'lmeVLfS)
fist exomple of =77

Ve

The extreme case is 7he /B—a’.em}/ of the free neutron -
n — )Dfe‘ffe

Tnside a nwclevs the neotron is stoble becovse o the &@,,$0 . A free nedtion instead is
able fo a’ecay beaose @ ¥4 MeVso

\UhY n—> pPIT~ or N —3 Tt~ or i —s ete”  connet éaﬁuen_? becvse of The

Barron number conservetion . \We are assum:‘mg 'Hna'\‘ W.T. corserve The de'/orz Rouvz ber

(Eu'{' we haye F'roof ol'zfy at low encryg f‘fs)

jn cosma/a Hmre s & Megr}/ ca{/sa/ Bay/voaenea‘s T #FF-‘—’S 1‘0 ofecsfh'ée 7%8 process éypeﬂ!ﬁﬂ'ieo,
fo have talten place dunna the early universe fo produce Boyonic asymmelry in the observed univers,
In 1967 Sslhavov proposed & set of 3 necessary condc7ions Fhst a &siyan—aeneraft‘wr} inferacton must
Sah‘:fr Te onduce matller dud antimalter at diffevent rates

1) Theve most be a ¢ [P vidation , and for that we need wealk interactions (since EM ound STRONS
consene CfcP) -

2) There must be a violation of éar/mz nomber : not now bot of the .éf;.r‘nmh; of fime, 5 hf'?h

8ﬂer19|'e.s o vielation must “ve ccccxrmJ —

3) Julersclions ot of thevmal e7u:‘/:'én'umq

So inthe fa“aw'\nc& we will esseme ‘Hja‘( Wealk infevsctions consevve the bavyon noimber



SYNMETRIES and VIOLATIONS

P CP T Baryon | keplon # | Flavor (48, Ac; Ab)
eeo | V | V V4 v v Vv 7
stRog| V| v v v/ /
WEAK | X | X | X | X ' X (ps=4; AC=4, Ab=4)
1 ! \
From Wo From Goldhaker — From Gronin - Fitch Sinee CcPT 5 dc.a. _
Cxperi med! Cxpeviment Cxperimenl @ SUC is & onivevsal symuet ¢ (uds) — P2~ As=4
and CP isvioldled - also T has to be violated

So there ave 3 matn experimendsl  signaloves of weall (rfevactions :
' 0

4) Prodocfion Q-{—- nedlri nes

2) Long lfe {ime : in geueral a long Iife fime coold come bolh from a suppression of the

matrix element . dvefo weak inl. aund From a small phase space , Jueto a small @ valve.
I{%e fhase s pace is lau«ae bot we still have & ’mm{,s (fe-time —> wealk tnleraction

3) Flavor _vic\ation (wdl& S5, c ,or b o)uar{{.s)

NEOTRINO FLAVORS

We have Yo snswer to = C)u,es“h‘on& ; (e‘ " (z."
1) How do we WKuow That YV ¥ Ve (# V) ,? ( ) )

2) How do we Kuow that v .—,é?'?

'Af‘ler-}he —de&y{ N — pte 1Ve wis Known a plece affroo/(dme !9/ the Reines- Cowan cxperiae
in 4956 . TL\ET 1>o+ a detecter near a veacter and loclled for processas (i Ke:

V. + P |=—> n+et (mamy counls)
'9;1 tp = M-Jr//-f (ne covnts)

They foond & # of events compatible witn the expected valve  confirmi {he existeace of V.
cond no eveuts and this is dve by flie fact b the theshold

Tu the aféevﬁrom.s; they fe
et to lhe 15! process (where Ey, = .2Hel). A[ihuuh?‘he/ didnf find eveats becoor

Is moch h?«ame'r respe
V. didnt have encogl cueray., The idea o prove that there are 1wo differeut fype of v ishe

<oy FEC'l' one .

« Tu 12672 ledermon, Shwarz and Sicmber% proved st there ave 2 different Kind of v

Tl\elf used 'Hne_ Process:
‘P"r Be _'_-)Ti--r‘f-)(



fo Frocluce T and sendthem agatnst a \of of steel @ tn this way the pions wale an hadronic

shower saund seme of them oleféy info wmuon$
Tr——smty Ve
then Jflﬂey lagked far eveurls willh these 2 JI{[me final stales sod see what \nappsms:
\}A + X —J/Vl-'i- Y
Vu t X — 27tY

Thd GTF&Va"\Qs was the JCOUOWL'VI%! amny
wven 7

Spark Chamber to Lonversi|: =as belweew
3 savfaces , when the
Pdv‘ii‘c[e 0E€s 'ﬂirouabl :"}
if F\fad veces a bParM

detect neutrinos

Pions produced

3.5‘1019Pm\ons of ] o
15 Kol on a dametof | Ve o R RETER

Berillium P —
AT

Steel shield stops strongly interacting particles

Tlne 595«,7(' ,\,104'1 relons on the Jﬁzmaef and observed 34 simale /44rac\[5 and

C electron Showers ]('rom the s?avfl( chambers :

P ==, Fil‘/evac‘lls less and

electrons interact more | 1he }z leave st Va:‘ﬁ [t [wes

eascly (Brems + ew. shower)

(we Kuow they are e~ and
hot et from the curvaztore)

j)C )//M- ’r’LVe ‘ﬂlf‘al’e'{l’ceﬂy we ahol//d/l!'f See am?« e/ecfmna Lu‘f' Hle‘r/ Sauw '{éo&'e e/ecfrons f;:zr exferr'mﬂﬂ
concloded is {hst fhere ave =z different families :

Yeasons (b@CK%v‘ound) . What '{lﬂ,esf
(Nobel zPri‘%e.)

1‘)/,( frocl:.‘n:es an/y/u" _— 3} # Ve

The came idea of using & neolrine beam aad then lool(\'m& at what comes sut was bler
L Sed —(of‘ the Z nedtcinoe V- in 2998 at the Donovt ex,oer:‘msn'f‘ef Fevmlab.

Le="1 l_/u=+1_ L=t1




Fhenomenclogy of wealk inleraction
U'

-Sem‘\\eP*camc_ c:\eccyfs N —,»?e“ Ve
rt —— Ae 3,
le[:‘fgm‘c o’ecays : JT’L——a/U_* Vu

/u'f—) %E*Ve

Hadroni c c:"eca?“g: A = P AS=4  (Ab=t, Ac=4)
K' — e

Ju order tfo have adheoy of Wesk inferactions it requived w40 years  of experiments snd Theoris.
The {rra'l 2 exfaer(me\n*.‘a im For‘ldmﬂ' 1o onderstand ¥ lhis jntevaction ave:

4) Wo ex?erivmevﬂ‘ : J'Dav;“\rf vioat Tove

—

.2) Go\dhaler experiment : theye are only le{-l- handed wnevtrines éT) h=-1

These resalts fell vs that helidty >fhehndeduess snd chirslity are :‘mpardeT in weald vuleratin

Qeca{ls : what 75 helicdy -

net loceuts uaviant (Massi\le c&‘se)

For avu/ Fa.r+?c\e ‘Hl?_ \’telﬁ:?“y (s c\efr‘med as h: ];‘E"

J-orenh tnvariant  (massless case)
T the hi h~euer7 lim iF Evp F:_Ef.dvi fae(r"c:'fy iS5 & conserved ?uamW? also for massive
Farﬁc[c.s (E.a‘ & ov ¥ !Jue t their f.‘ah‘f mass, dre aoacf c&na/z'oéfoS)_

Al these conscderstions /ef'ﬂre/écf that in 7960  Jlee and Vbug owoposed the so callal Chira]
{'heohf for wealf inferactions ;. weal inievaclions deFe\ndS on Ch({réuﬁ

We‘re dealing with {erm?@h& and for them we have the Dtvac'{'\wg\—r’ for femmions . We denote
with @ the spinorfield of o fevmion . A Spinorfield can be SfI:'Hed in 3 so cslled left-hauded
S}ailno‘r am} ina ru‘aH—lnam&eJ SPImoY‘:

1|)= «—LPLH + eLPPH
we can do this with '“fle, help CJ-F dhe Chfra\ o?erd"h:ﬁ‘
°|= 15"{"5253 = (Z i[) with K“:(‘ﬂ O) HA‘:(O TL) Divac wnateicies

0 -4 -gt o

_ fe i+ ., L flor<) , (1 o L )
qTy= (4 0)/ qi_(,,’ o)/ G}'-(o -i) Faoli malricies

‘Hna\nb(.s o 5/ ra ]CacJt, we cawn clef(‘ne the chiral F\f‘c\jec“'ev‘s 2
L= 2-(-%%) Pe =2 (1197)




Ju 1this way the /ef-/ handed and the rr’ah‘i' handed Far‘l’ o-f‘H\e spinor are given by :
ph= Ry =L pH= B = (et Y

P™ond Y ave ciqenstates of the chival cpevator 5 vespectively with elgenalies ¢ and 4 . Tudead
= L V= b =
¥ U= £ (5 N Y = £ (00 P 4"

thal is called ehivs\cty .

What is 4he relaton between \ne,\tcf‘kcf and chinlity?

Experimentally we doad Unow whst the chirality con be since & is no  made op of cbservabiles

The heh‘c[*lzf insfead s somethine, we can actoally messave since & (s made op by ng
and momentom . We can on\\1 e ﬂalpo\a\-e‘lhe chtmlﬁy on the base of cur \ne'xrci-lr measuvemenk

For o waessive piticle with mas wm — E=\J PAm? f E>mn —71'() '—‘-'F'-I"LH
The -ro'bab‘\\.i-\tf af‘nauim-a ?.llJ—‘-“LP"“ S ‘L-P + +the mare pwi the more
left handedness and riaht handed ness becomes a ?ro]:er'f? .-.-.»-F the fa'r‘hcle . Thes

means that n Hhe massless (vlva velativistce) limik clntral-‘.-h( s & conserved c;uanf:‘)’y

He{fci‘{ﬂ{ deFemds on momenlom ond ﬂ?ere/ore in aeneral i is not Lorents jnvsviant . However
for & massless particle we caurt -ﬂ“P the womentorn snd this means that for a massless s’:arh‘cle
helich{ is lorents (nvariaat, it is anr inlrinsic /oro,:erfy of the Parﬂ‘c{e (it does nat clefa-emé on the
-Frs\me_ of referemce). : '

e Fo'r A wassile Paﬁide i qeneral we can swap the sean q{ momen'?‘dm with a (oma"' snd
Hnerefore ‘nelici'kt{ is wet Colﬂseru'&cl ; Heuue.ue!‘ inthe limit o E))M_J(he hﬁll‘(‘l{’y ‘oecc}me.a a aooJ
con sevved ﬂman{i*t{ and aPmeima‘rfom OF c.hfr:‘\l[+7 with Froba'oilf‘"y F‘

How to incorporate chivallly in weaW inferaciions?
I T

L ED s a r:oV'lfe&/L'l' - coveent lererac_{fom, *

— M = (Ty w)(e) < (Ty'w) (<o) = —%f S 3mg =L ict
97 B

where | 74= Pyry o Lol = (I - T3

J* vader Lorents fvaus formation behaves (e a 4 vector . Therefore vnder pardy :
Pr = (Pry, -1 y)

Tustead if I a/;/o/y [P on the motrix element Meep = :; 5 b AR B 7 :f?ef '

ﬁDMaED = —%(J:J:—(’i)‘(‘i)) - }{QED =P M'/rr'nsfca// LED /s r'naarfam‘f omder pan'ff/

(becauae we have a 4 vecter current)




This isud siremaz:/‘{ a/e/semfs on & scalar prodoct of 2 4-veclors ( Lovents iwusviant) . 7herefore we
E\rame of reference. (frofoowd. Me&nim‘a) without Probiems.
This /[eer[ure of @ED was a au.icltmaa, Tb"rt‘v\c?t:[e te construct the weal jntevaction

Jrheory .
V-=-A Haerorq

can compare resu s flrawn dc'{fewevﬁ'

o all {he PaHrr.(e_ fouchh in one vertex withh ne meodiator

P
i 16'/ e~ [Gel= Gev?® (common featove fo all comtact tuderaction theories)

QED is current-current ;‘ul‘evacifr"gn and ois c)imensfonless)
%

Fermi Was awavre eF all 'Hﬂeiaﬁ /ac.fs and \/12+i’i€d ‘Hﬂ(?n Jfc; write '{he weald iw'reiradic\n
as & corent - corvend intevacfcen rather than as a conlact interaction =

Mweab( = GF _J}Q_z

How can 7 choote The correct which violates Far[ﬂ/?_ Z Know fhat:

Pv = =¥ (vector)
H-').S = 3 (Sca[ar)
IPE‘ = A C sevdeo —vector or axrtal)

Pp =-B  (psevdo-scalar)
« If the corrent wes a 4 vector like Ju = pyry Fhere wold wet ke a parity viclatconl
o JF the coweut is 4-scolor bilwear P Y {hen theve T2 no parity viclation
o Jnarder fo boild & cowent that violates parily the seldticon ta fo ose an  axial

vector biltnear lile TFK’“{S’LF or a tensor bilinear lilte 'l—f/_-ﬁ;v"LlJ willh q;f%[gwm
T ?enel@f we falfle a combination sf +hewm :

J’Weah: _1'}_) (CV K‘u + CA KSJH + C'r q-,uv )‘LP

Hamt( years gf exlsevimem+s have been devoted TLa f:'ma/ the se COfyfj/}‘cr‘en'fs. 7The
f!‘fﬂa( answer (s tThat

(j:yeal.( = 1}) JF (4 "Xs) ’1*) V-A cowevﬁ (Heéern weak interackion)

So fhe wealkk corrent has beth a vector and an axial part end there is a minvs in
between. The exPe\rtmeMa\ hint to quess thes  structore comes Ffrom the
Gold haber e.xlaew‘mevﬁ Which showed" fhat there are only L4 nevfrenos
So we could have con scdered (4-Y>) (Hhat selects> the 4 Pari‘) Frmes the 4
tector current of the nevtrino and that (s ndeed what™ we have.

So we veuwrote the Fermi +hear7 as a corcrenad - corrent ’H‘xaor'hf ( v-n theery) - i isla
corcent - cocrent *hﬁorl{ bot with s facter Ge at the vertex in P1ace of a P'ropaaa#er.



1 GF 3

= M =Cr Jo-To = Ge CRYG-DRIBRETR)

4
MODERN ELECIRO- WEAK INTERACT (DN

The idea came to Klein (Jthe same of Kletn-Gerdon &7!4311‘0\'1) that H\ouah‘\' that 4here coold be a

massive mediator

The ides s 1hst Fermi ﬂteory (v-4 fheory) is jost the low eper y limit of 4he electro-weak
H\%\*{ ie. t‘mcrea%ihad +the energy we ‘re able to e the mediator .

Ge rerareserﬁs cor lack of onderstanding abeot whats 8efn on ot the fundaments) leve)
and how we can relale t fo The mass of {he med/iotar

What we have in @ED is that:

=P '-'-i‘-",., ol = el
M qz( ) 5#4.”,

(i every vertex tlheres & {ac‘(‘o\r AN

P 2
P -2 (3” = _J';_;l) 3..; l-' weal.{ chawae (eeiui\la\evd' Yo e)
) Mw : wmediater mass
9-B-8
%
Ex‘:eraman“ra\\t( we see that My ¥ 50 ey : we chahae q {'(‘tnol{n«a resonance peaks which
CGrrcs}pomd fo the case where g Mw j.e. where A - .

jﬂ. the 75 neyfron aéra/v what ﬁaf:/a:ns is That-
h — F+e—+\7 — Qe = Mu-mp-Me & § N

Thewf'ore— at the best we have :

"’J v - t? v =
(3# —1‘—'7—”& ) 1 Fd30
92 - M M2
Se the intevaction collapses e a pont @ we cau associate ths i+ fo Gr:

‘1’—'5-“-1'!/ — 9‘2("”: SD/[{=

G L 35’ c(oin% ca\colalion correctly Cim | = V2 Eu;';
N2 5 M




As we said ‘pe)core VI the weak charge and it is {he weak &im‘ua‘ew\ of'l\ne elednk
clnama.e e. Byana\oal{ wih  QED we con  Say :{a’t:

2 "
sl | =52 | 14 log) = @
“m 4T

Beth the Termi constant and 1he mass of the W con be measured exf;erimewfa\\\f and
this ca‘we.s 08 the acess to the weak char&e.:

M ¢ goleall | L& o dl1gl10 "Gl | L, Ju = 0.653

'Hlia means ‘[‘\na* b

2 B
S I L O P . P Lshgurg =05 oy
4T 8.5 BN T L 139 0 pr=

So the weak tnteraction (s nd™ inteinsically weak  (otw> ey ) bot the diffevence
is ta the on[;ac%@’\'w\ which sopfresse s the wealk intevaction wiatrix elewment:

G G = M T=4 |
o fi 9
= Muerc o 9 o Y
WEAK Vo M en Mé  olen
W o o Muee < iy —

Al the orocegses that werve secen haﬂaene& at the scale of no more 7@ UN s the My ~ 80 6ev is
Com F\e*e\cf out of scale and Tais means we ave always i the lows enery limit . where we cannet see the
fYOfaeaa‘ﬁo'r and where the  Fermi{-\-A “‘“”7 is c::mF\e'\'e\tr f(u‘lo. aFP\"oximdifon‘

To ac+ual\\{ d:a'linauish Hhe TFermi ﬂnemhf {rom the I:ru-fa%ahr '“qeoﬁf we have To build a wachine capable
of qiving o momeniom Jransfer of the order of the My wher Muew has a pole. ie resonance

A

! >
NS
Muw




APP\\‘caJﬁona ot Weal tntevaciions

@/Av DECAY :

A= e[Vl Y =1

Qvalue. = n/’pt- -Me- ~ 405 Ne\l

The walvix element Ts:

M - q?ﬂf _ [E(e) e u ] [T 6 e v (e

’Hle. %oa\ i= Te Cgm?d‘-e_ : z
(= e mrn) < [HI" x (phase spsce)

. we need To compofe s IMI* orbefter < IMIT>:

CHID = > - > M

W‘lh

ins in
,‘a: { state \h\l‘{lﬂ\*e

[IEEEA

mthe f'ma\ stale “nere are mawny Possi‘a‘le i the rtial slate we dow't v o pe\ari%eé beawm oF,u

Spin cm{i%uta*\ich\s fhat we dont look — Se we sum dlso overthe al\ spin cgh{:au.mﬂtms inthe
we sum ever them. ntdial state.
;Tm‘{faf slafe —-/M_ with =2 ‘SFM states (Srtnce mﬁ?‘o) ﬂ, oy i;
Fnal  stales - 'V/,. with 4 Spin state = .
— e~ with 2 spin states = =
- _\:7: with 4 af:im stafe %

From these soms we caefr & Yace of Y wmatricies . —> essier calculations .

e Then we see that the scale a,f%he eneva y (see Quale) is soch ThaY at the best g« ioshy
and 'UOEVE-FOV'E o,?« N3

« (2
—-—DI"(M&

4
) (_)'(]D'mae sfacg)  — /_’ o G;z x (Fhage ,s‘:,ace)

Jet% v IDU‘# corself jn -Hne/z. rest frame o do  calec\ations . A ae\nefo\ r:on{isaomhon s«

/3
“ e
e ——
Ve
There are 2 exireme con fiaurations :
)’H I“- 7 g max
> — ot - _ e
i) T E. = £ --g—lm/u = =R —%_n;,,



-3) & L

L
T

e | | &l
we care aheot the encw Y of the

L=5"sm, =p p=p"=o

electvon becavse iz the oh'l\( thine we cawn see.

The F‘naso. Space dakes wnio axoont af\ 1he 'Debsi\ule_ cgnfaeauvah'ons that we have. If has 3

Mteqvals (3 body de :
ear s (. y Secay) f’ N c:laﬁ,c &Py, d2p- SAT(P dolel p )

Pi“?a’ﬁe am? G Gm? G e

From & dimevsional ?ciﬁ of view

[F]=E% infoct Dwglp ; [M=E, [6]-E" — [pI-=F°

.Sc ‘\\r\e novre  ene we l’lave 1%& /araer ‘Hle_ fhase SPaCE w-'” loe . jﬂ. our

dEfEWdS on the mass of 4he M- Laraer (s M lavaer is the ene ¥ ‘|'r&nsfered 1o Hhe clecay’s frbc[cﬁs
M is the enerm sdle of the process (@ vm.) . T/)erefore we could say 7hat:

case all the Kinewmoaties

M « GFZ m/As ({mm dimensional anaf/«s{b)
Computing the full intesral -
e d
L | 4 5 .
n = T b m; (Tcﬂal width)

Wew:fore this shen ns that:

Il

o< m—s

4
L Lol
7 P i

so fhe heavier 1= Yhe c\em‘( in? Far‘ltde {he {am‘er o olecays, What werve seen is The dotal widih ot we
coold alse censider the Jdifferential width  sad corapare & with Wweasaremeuts ¢

decays
i {im‘i‘m | . » Specta colax a%‘reemen'\“ befween theory and experimen)
o{: Ee | o 1
| g |
e I,"( - ‘Hlé )form cf 'FLLE /dmc‘llfon s ‘Hve one we exf;ec'f' . j?‘ €S
4 at Zero at some maximom E"ner%T ey ™~ g’—mﬂ)and rl'aoe.s
/ “‘o Zevo a+ Zevro eﬁe\‘aT (Ew.{u. ~ Me ~0)
1
M~
¢ ,
4 gpopnriy mewsy = nt
W
Morecver

countine fhe nomber of events (without (odtive at the whole spectrum) we can

measure The \\'-Fehme zZl . T\nen wiilhh a 5Fec1mme+er we can measure My, . This ollow s
o have & precise measurement of GE -

4 | L4 el m= > |l =\I 48213

i /Mmeas
Bred 482 3

Cineas M=

M meas

Se we are able B  measure the T:ara\me*evs of the 7%807. Moreove v if we find & way fo measare

.'wa(e/:ewa‘euﬂy w we could -Ffmo\ & way 1o measure Mw wilhout actoally Producmcd i+ (dhis was Jone
obfér’mma Huw ~ 80 Gell ) .



(® 7 -DEcAyY

We have 2 Foas‘do\e precesses :

- — ™ Ve Qe = Myp-Me = 135 NeV
I ———sluur Y, Qu = M= M = 23 NeV

;f)f we were fo falte a bet wed say thet the fd\:ore-o\ c]ecay is the one into elecirons becsvse

the phase space (related to «uale) (s {arge'r. However "in 49583 @ cerN Fidecaro measored
BRI — e ) #o bot very very amall. As wesll see fhis is dve

to the weall interaction. Jet’s fale the c\‘a\amm for the e chaunel:

R e
T . % WL"\.{
P R

this the vertex hat we dont Kuoo

the matrix elemeat is

Tu order to have a saalar matvix element

M = Pu (’rﬁ_ () ¥ (4-X9) 'U'(FS_)) x F. it has o be a 4-vector
9%- Md &

(N.B. Also in this cese 9l » my <« My — 3‘3’ . ?ﬁ =GF)

9% M

leta f:u’\‘ oorself in the reference Jrame of 71 and build Fuoot of fhe ?uan-f,‘fr‘es that we
have : we can either vse the spin of fhe IT or ils 4-momentom. Since +he ITs spin s
E7ua/ ‘/‘c Fero we can ch[y ¢ Se s 4-momem‘um.

— E’* =L+ B /;\r is the f:’on-decay constant.

Thew! we cad de wnl.al before anol com)ou‘/‘e ‘ﬂ)e avelr‘aae matrix e(evnem,"' < MDD
‘l‘AKtha_ ?VI'I—O acceoount +ha+:

Ih i tal a'[‘a+e 2 -7 with 41 Sfuh state
Final state - ~e”  with 2 spin stafes ol B0 =+ |
-% with 1 s)or'n. state -
4
— kx> = (3_:) o méE (mg-md)
The Aec&r widtll is then af\(e‘ﬂ. b!f
M« < | = (phase space)
Infe?rafr‘ng we find that:
=| 4 lﬁl 1 : Bl o 4 12 T
B = <IHP> - with (B)=2A (mr-m?) T T

'Hw an,lf ‘”n'na thal we do not Know is 1he ualve of Fr.



However if we ook at the ratio between the = decaY chauwels (and this (s what we are ih{er“{eol;w)
it cll'ssFPears. (alse from an axp. point of view we coan cancel 5r.sv’ema4:‘c &rrors)

I - 2 2
rl (Tr O V‘) = me? (WI,; - m) ~ 4.283-40 ¢ —> e~ cheunel s S‘U/-'—‘/oressed
¥ —= m:  (my -mi)
(M(m—p ) p AL T

Whif is it s0 s«;'ppressed ?

—_— -

T & | o[ [=b [* Al =] [ [=> [
£ » > & s >
J=o J=0
dizo Ji=0
We need a RH €7 in order We need a RH /U-— in ordeyr
fo coonter balance . te coonter balance .
) v
Tf'le Frobabil\"’nf of froafua‘ug a RH. Th_e probability of froalc.-q-u3 a R4.
& is prop- to (i-Fj M ois prop- to (1-{2)
Since F.:- "ﬁ & f-2.640 "~ Stnce P)“ =_FL ~ 0.38
E E.
==D;>roi>(.?ﬂc')~ox ——-—“Dfrol:(PHc')nféZK
sopeREsSED |

Tn a vnivere with Me =0 the (f{e-'-ime. caf the 1 would fe fonae\- becavse the afscay with the e-
weuld &mmrle?elv forb:éden.

ju a uvwiverse with mg=m,*=a '/'Ae Jr woulo[ Become sfable [:'ecause -ﬂ]e Jecay c'oa{a/ i’daf’ I‘Jaf)f:en alse
becavse +here sre no ﬁ‘ahw‘er badvoks | folwhich! | ceald c/eca{(/ .S'fl’ona{y,

iep‘i‘on Flavor Um‘versal{-ly of Weal i ntevactions

How to cjproue_ that 3:, = 8::‘ = 3:

,[fos lool( bac“i a'\_ QED,

X*

How do we aow {hat = L in fhe verfex is 'Hae ‘Safrne? We Huow F becaose  we can See
cwtoera‘memjta.“tf that [Qel = (Qﬂ-i 2 |Qet| ((or exunfle aﬁ)l({;ma a maandit field and @.y{mfx:\aﬁe Q -ﬁrom F—‘Q?B)

.7:1. the same way  we want the Kauow Whether the Guw in the verfex is fthe some ﬁreuer7 Par‘licfcdf

holl.

e yﬂ

To answer this question we have fo find o process That con awess 1o all The cvo}oﬁ'n
constanls . We Kuow that such a process (S the Z"Jezoy (it can decsys beth fo e or ).



M, & 4.95 GeV &
m/ﬁ- = fos Hel Ll 15 £= e or
Me = ©.8 Hel
5 Vs
The clecant widt (v is:
[ (e s i) = Q38 2 g (eeesin = d =)
(== e v.) S NG AR R o =y BR (T7—= 4™ %) e
=
((e—pgr) = ((fl( 5‘31 M o (FoK T ) BR (27— e % v ) = (= e % ve)
- il r"}'nf'

] # ewats z75F
# +o+él Z—PVQJUCGJ
We csn com/ovfe 7%& Fd?ff'a éefweel/b F(r-‘—’/ﬁ") and [T (Z." —e”) as:

EXFeTiW\EW\&\\Y we can measvre the B8R as: BR(Z—f)

[T(e=—p%v) _ BR(z—p %) Im
r'(?:'—;e‘ﬁe));) BR (e-— e % v) i

and com pave this reselt with:

r—l(c—_;/a'b; v:) — (ﬁz)‘ P(z_—’,“--';'vz) e\CmFuJ\QA ama\ﬁ(ca\\y
Mz = e mv) (99 F(E—=emn)

1 (gf,)z N RR(zT— ™ Bv2) P(E—pTVe) -
(3%)° BR ("= e~ % ve) S(—eRn)

M
— 3w~ 4004 tooo2 = 8,,5 = au‘:‘ —ﬁqoromf the € —u pm‘ver_sa{.'fy)
Jw

Now we have fo prote it slse for 94 . Froving that we ll slso oblsin fhe proof that = (5 a le‘afon

becavse we'll hove  the expercimental cvidence Fhal = behaves /i#e a /effen vnder wealk interactions -
dets look aof {fhe Br. o/f fhe 2.04:{61/5:

r— el )75— Ve /u_—)e'ﬁ:g“ = Wh?‘ whe choose '/in's? Becauvse t'i[f's
Vefrr fu?umf Eﬁ(ﬂ'—)e'ﬁb)‘)nﬂoaz

d~

+alﬂ|‘uc& fhe rafio belween the 2 B.R. we'll find the catic 2= :

(v = emn) _ BR(woemp) [ _ BR(M—emn) T,
I_'(Z'-—Ms'ﬁ Yz ) BR (z7—ewv) M5 BR (™= c % %) z:“




thot we cou comp ave with :
— P com U"E’;Cl

N —ewmn) _ (80 mP pPr—eiin aualytically
Mz — ewv) (95) wm§ £ (z—enm)

/e g
—>| 3% ~ f.004 2 0003 — Sw 53:}" — z-:-a/u vniverss|ily
S‘E T:nro\l

—_ gﬁzju&: 33:) an

Z‘clecat'/ in details

T can in T:rmctf;(e. cle.cays info electvong ; muens and aleo hadrons

Sw no"'a“qwd b(fuewt.&‘n‘cau‘r K<g
o S .I lejf’wdf allowed folfclﬂwae cons.
!

+~ BECAY MODES

lef’s haue a loo\ﬁ at the bhadronic decays :
f

g )

We find exf:emmenfd// that BR(Z’ — Kve) ® 40 7% BR (27— 5:) . The reasen csunst
be n the r)lnasa space bot i the Cabibbe ahafe which refre.sen'fs ‘Hne}écf that umuersa[:‘}y s
breMew Sfor quarks . The z{er:ay wilh  jost 1 pion is the one with l'avaer Fhase space because the fin

shafe is the /:?thSf but /o/a}rm? w'th &cbd  we can slse consider:

W:LILL‘ ”e-& T —3 Vel +7T° w?i"‘-x :o 8.3. T —s Ve T
(@ -

So The main o’&fdy channels seems fo be €, p7, T del s compare The 3 different olcays:

in {erms of c{fraf( widths pf—*,ﬂ S LI B

Ex \rime.m.hilr we a[veady saw That 1—':—7‘— L AL facl from Foo ol My s %17
Tusfead for the hadronic d&ca? we Find thy [V, z4 3%, =3x | SN S Thie ts duve 7o Zhe
f&zﬁ' +hat quavks have cdax  So we bhave the d(aamm with T aud d 3dimes and ks umfl\e.s
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The aqreement between 1he ¢ tesults means Fbat The assamption of the leF'l“oh onixersa\ly is
corcect? basically anclher Preof.

WeakK interaction of hadrons
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W e CGMfufe the madrix elemen] as:
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C'onse?acm’l{/f the amplifude s : M~ KIHED>: fotaw , where <IN (s the mean of |12
ever all the wnikal aw fial Spin (bnﬁaure‘ﬂ’:‘:hsf

nitia\ state nw = = _
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There[arv o/ar'ng fhe calechlion we Find
rihm?(h _jP E—;’;) —> Z;ﬁduy 7= rj L 13435
heory

However experfmeu‘bfly we have fhat:

ZeXP = 8%¥8 s




Thié o'-iScretzanctf (miplte.s that  hadrons éehave oﬂfferemﬁy  We should consider the 3euemf £ se
will  differeat vecter aud axial cou,u[;'uasr

aw X M({:V* G Us)
n

[ L i— o PCa) s T v ) ¥

(R IAN)

wheve G and G are mea sured ‘b«[ B /gt o[ecars.

WEAK INTERACTION (N QUARKS

\With |0-f>*9ns weve seen The process

i wheve L& {e,p,cf — we say that w~

b ceoples with -
3 ). GG
Ve /! 7 \Wu g L

Bot we havent seen any lepfon flavor violation like e :‘_ . Wit hadrons we'll se

that 4wis ix not feoe. First of all let’s bave a ledk to some well Huown process .

«Neotrow  n=(udd) B clecay ( Semileptonic decay)

the weaw interaclion and 2 olher quarks 4hat do
het interact . These 2 ﬁw&rb(s avre called sf:ee:+a+©r

o}\gaﬂ(a
=
« MW Aecay (.semi‘Ef‘{on'ic clecaclf) -
T . e — As=o0

- K~ dec.a&f (semi\e!;’\-amc decdy)

K @__."_ 13 As=d
. S=0
SE-41 7Zé7w<e‘
v

<So, it seems fhat W™ does not care abest +the ﬂu.avl(".s}'lauac conjeriation | Th fact @s we can

see in thiz last case W™ ccoples S de 2w and dhis produices a slrangeness viclation As=4
P compar

So we see that beth dhe ciecays with or withoot stranseness vioclation can haPPen. :
the 2o dac.stfs in order 1o understond the :ﬁffemm.

T}\ere s cml!.r onhe ﬁu_,av"b( which s Fav"‘eci\:’a‘\\'\n tn




15" evidence of +he difference (witlh mesons I and K*)

let’s have a look +othe leid'om‘c cle_ca\{.s of TTand KT . 7T and K* ore essevz{:‘al//v Fhe
same excep? for d ess (and my=~i40Nd / my ~sooNeV)

See?w% the Ibclg lables we can e fhat

Seal

i+ DECAY MODES Fraction (I';/T) Canfidi
Leptonic and semileptonic modes =2 'HMS meawna "Hna‘\‘ —\-V\e're .s'ncu\o\ be a éxg(ereme
( 1.582+0.007) x 1079 b_‘
e i+, ( 63.56 2011 )% ETWeen *h& 2 diaarama.
let v, ( 507 004 )%

+ u f'r /“+ 2
T ~>' N =P | A~AE D m, (m}-m?)
d W ! m2 M
g

1
rl(n-‘i'—_)/;ﬁ)}n) NG-E)C;%(WJ— m:)zi
1
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TF we tsKe the ratic belween the twe Ty ¢
SICES T E LA B I RT)

P(N*—;/A*)j..) 5—,%»_ Fr Iy (mn‘—m,f)‘
c'ecas
Remember that: (1 ¢...0) = BR (--.) Mg “—:H——L—n; So we can measare +he rato

between [Ts exf:eriememiaﬂy (see p.d. 9 +ables sbove) What we aeﬁ is:

(@x_)l ~ 0.0S
G

This fell s os that wealk tutevactton s less [Ekellf +o kaﬂ:en I]C we have Ag=4

2" evidence of the elffferehce (wiJ\'ln. bar!{ows n ,Z‘)

'n DECAY MODES
n * n @ P ,_l o¢ 6_; (AS=O) ﬁﬂux Made r.mmsr‘.r].. Confidence e
Space 100

M pe ¥, %
P pe” Pgy lal ( 92:07) %1073
3 hydrogen-atom i < 27 «10-3 5%

I~ DECAY MODES

Mode Fraction (F;/T) Confidence level
- - g nn (99,848 + 0.005) %
Z ‘ Z h r’ e Gfl (bs=d) )rh‘if r, nrq sl (46 06 )x10~4
P My ne v, { 1017£0.034) x 1073
PC{ 4 nu 7, (45 +04 )xi10~4
(s Ae 7, (573 £027 )= 10-5
15 g E+X ¢ 18 « 104 90%
e
B

The ( e (s ‘H‘le Same as Leﬁre anc! 1;7 ekfen‘menfdf measgyreme &3?{6 9% asses,
decay” constants and branchi roction we can obtoin in the end the exstimate
of the ratto between the Ferm constants snd what we Find (s slso in +his coxe :

m ~ 0.0S
GFZ (AS = 0)




The, so‘u-h‘on +o 'Hn's P\’D‘JLP—W\ came b:.! Ca!ozl;bo. The_ Idea was “H\e )Co“owim% - Iln ha‘\u\’e
we have 3 (eigenstates flavers) u,d,s. (in 453 -Ihey only Knew sboul {hese {hree) , however there ts
not 'Far-hcu (sr reasen w\mf 4he F(avors fhat we see in nalore sheould be dlse Yhe eigenstates of weak inteaction
Sc the (sbibbo idea was 1hat WeaK interaction does neh care sbost +he {lavors thet we see in wnatore bot i
hhas ({or quarka) its own ef%ens‘la*ies. More -facma\h’ ]

Techinically speallin the (dea ts that +he eigenstates of weall intevactions (weak Hamiltonian)are
d' and &' thet ae linear soperpostions of the flavor elaens‘rah&s d and §:

PiS
S Pidnm i the

laver s
d'= cosed +sing s il | & is Known as Cabibbo angle
S'= -sined +cos5@ s \ b
/
d

With this idea the wealh iuteraction vertex becomes :

|
A g '/ d w 5 : i “w ﬁsl‘m; f
W w

d
&xs8
v
O is the pavameter that we have fo fix from Fhe dala in order o explain the mixiore
that we bhave. Jet’s see how o estimate i -

1

36066

i 5 -
yi ol ? W’3<V’M —p [ o« Grcos®s Mg (m,r—m,,)Fnin_}_ Lt
m

sing X
K*_éo Mm9< = [T oésitg md (mén2) L A
F Z

cos?*@ =0 gy

r (K=t ) = Gan@)z xF(VH,aI My, mu,)cr,)(u) — | 8 %026 =43°
[ (o pmty) sinld = 0.03

Thia means -‘ha‘\‘ -Fo\r all "r\ne vavioua o\ecat(s we alw.mrs If)cwe:

[M(0s=4) o« sin8 =o.c3 . M(as =0) = cos%g =0.9%

this means that [M(As=4) is alwau{.s suﬂ:sressa:f in wealk inevactions . This faci 1s Kuown as
Cabibhe sSuppression .

Most As-=4 de.ca'fs explained by Cabiblo’ s an:aﬁe. However obe maJer- Fm&,(em was with
[eio{cm{c c\ecat,s. det’s talke for s>xample

w /"
K Mkt — mrp) = 647
: Vo

~ 40
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Wh7 the BR. for the decat{ oF fhe U° s moch more Suﬂoressed_?
o« What is Yhe wmediafor for the 2nd process 7 So far we ve on/?- falked about chavzed correnls with wi and
it is becavse seofer wete only (ooked a¥ c‘nu'naeA vertex . Jn this cose i is nevlrsl ond #zerefwe



whatever ¥ 15 in the wioldle as medisfor 1+ has wo chorge , So we eall 4, we. Moreoer it
moust be able to change the flavor : His dells va thet frivially the wmedisfer cannct be o y*
(infact AsS=4 Is nct allowed in @ED).

Jf We does nct exisf  we expert te have (ke 2un) =0 . What we find experimentally inslesl n fhat
Mk —ptp) 2462 and there fore there ave 2 possibilities 1 or fhe mass the medialor is increditly

[arcae. ( net Fo,:,s-i\a\e) or the process is actaally hapf:emn-a_ withouot a we 4hw:ualn a 2" order dca%ram

For fhe process with the K° we have +he fo”owma loc:f: diaa.ram :

(-] ? 2
b e s 4 .
K /%u(“ =T )~ —2}— 31‘;; sSng cos@ ¢~ Gf sin"9 @s@
P ey -'vuu;-'
G G

Doma the comfleﬂ-e caleolattons  of this clra«aram one ](cmh that dhe theorelicsl Preofu'c-ln‘on
fov the decakr width b:‘aaer dhan what ex?er(mem*a(ly measored :

3

o (K" ™) T, = 40

Se we have a problem : t'{ the we does not extst thean the cwv.\\l way [a which +the process can
L;a,ﬂash {s Wa a 2% order dia ram which however |ead fo a lo?tﬁ evr o\ecatf widt. — ,:rcb!em.
Ih some sSense we should have Scmmflif'nﬁ Zhat Zu'ves a concellalion m such o way tlee ﬁm
s as small as the measured one.

The Problem was solved b G{as‘gw—a’\io?qlusa Maiani (t3%0) with the &N mechancsm .
The stolated the extstence of a new guark - the Lharm quavlc (up-file with chage
a=+24) . With +his new ﬂuarb( for the K*-decay we alse haveto consider the c//agram:

-

«3,,9:!19 g"' #
2 2
K y M, ~ _3; j“’z (-sta ) (cese) il
Mo M g"’&___‘ C-quark  momentaim
JuBE Gu t
/;l»
The idea atthe base of 6N mechancsm s Yhat W* covples  with (:Q and (j')
This means that tn the vertex with ¢ d and W we bhare ¢, 5! and W. And since we have to take anly
the \:avi' of d fﬂ'of!-'l’o s' we 321‘ a facfor (-sin8)
Ta the same way in ihe vertex with <, s and W we Just have a contvibulion {from c; s' and W, so we
«be* a facter (cese).

59 with the < G)l{.mrb( around we have anew diagram whose amp\i*ude 5 ekar_“t! like the one of “the Previous
A\'a‘hvam but with & minvs n front and with fhe P!re?aaqa‘tor of the charm in place of the Pro?aada‘torcf
H‘\e_ up . The ‘hﬁa( amf;(i+od2. will be

/({&o‘r = /‘{ (u-quark) 1 f{(c-c]uarll)

Ja order to have T w1d® and thevefore Mg >0 we weed fo have |M,,, 2 1-3 6eV




50 {f the chaym exists (wﬂ'ﬂ 9e =+2/3 [ e :’1-36-41\/) thewn the deca‘.( l&"—r/m;u” does not need a {lanrdr
c'nane&twa medisfar W to be explained: The existence of +he charim quarlt s aeomewt‘m% that was
preven later on in 49%4 with the discovery of the /Y

So  we ve vaderstoed  that {'\1{: nteraction  can ‘naﬂbev\ with (:]Ll) or with (;) . In a
vertey we  lhave in a,e.m_e.ra\ the {o\lowfma Structore:

%
9

~ G Vij ¥ (1-7%)

Wheve €] ave the flavors of +he quarks fu,d c.s} and Vij & @ mixing matris with +he

obdec-kue o-f 4&1&{\«? e Par"i onl-r Pmﬁor’ﬂena\ ) d' (if the ot ber guark is a u) and 5-(|'f the other
c:,uarlv( is a e): J -

d s 2 d
< in
V'J = ek I L LA TR W mso/ | w Sflnﬂ/ . <& cosg, ” < -snp 5
-sing cos6/ ¢ %’ew’ IZLIW_ i Wk

Tn the case o /e[f:w’ons instead The cyu:‘va(cm[ matrix is Fhe r’a’enﬁ'/f since there is ko mixing . (Fe?'han
niversality)

However 4here was snother preblem: in 4264 i was cbserved P sidalion
T order 1o explain 1his fact in 1993 1he idea of GIM was aewcr&li?@d LY Kobayashi and MNaskawa whe

Prcpoud new T.Larb(s and Their infevaction . Ther Fmpos&d the existence of a4 vew {awu"'f (t)
e 'Hney taene.va\i'&ed the GIN mechaniem sarina that wi covples with :

(3 () 6

So the vexlex  con be %enera\i'eed as:

in Kaen imesong

9

9 N ‘aw (chn);J 1 (3- Ks)
w

Wheve we can Jdefine e so called Cabibbe - 'u(obayashh Mashawa  ymatrix (cum matrix)

° s b
VUG} V"s Vo'b 1{

VCKH = Ved Vcs Veb ¢
Vea Vis Vi / ¢

This matrix s a 2x3 Uhi+ar7 matrix I?arame.‘]'rf?ed loy 3 rea/arnales and 57 7 com/:Jax
P\nasa.

- {he complex phase ceuld explato the cp viclakon
e the 3 an%\es can be.:'n{erf:refca' os 3 censecufive rolafions awond X,y 2.

l U D (.lll 0 S'\"e o Cl'.! m s‘ d
Vekm = |0 ¢ 8y 0 1 0 —8, Cg O in -Bn cos of the
0 —8,3 C = 3 Cabibbo awg{g

23

- o - . —id

(]'.’{'l‘ : b]ztli " \51"‘({

= | —8,,C0y — C138208126°  CioCog — 8128298150  8.4C
“12%23 “12%23“13 7 “12™23 “12%23“18™ . v23™13

@ L L —_ 8 —e p e plo v o
blﬁb‘jil o L'].’(‘.’ii“"].if" c')!'s‘.!H ‘s‘l'.!{".!.'(bl'.(t' ('2'1('1‘1



We can ose {he Wol-{-'.s‘('em faVame+h%5i?on and write e\rew{ht‘m& ih 4evme of the Ghibbo awale

with A= sims.

1-23/2 A AN} (p — in)
Vekm=|  -A 1-A?/2 AN?
AN(1=p—in) —AX? 1

) + O\

The forther we 5 -From Hae o\iaaona] the moe we have a

d !s|b
U D O
c | [} |:| o avea o« |Vl
£ o [ ]

Tocla(( we bave wmeasured the entries of the matrix .

SUFrreas(on X

Wl'u( uatove has this strocke we have wo idea

Loo'l(\'wg at Ppe  we ﬁwd 1hat.

[Vexa| = | 0.22486 + 0.00067 0.97349 + 0.00016
0.00857 G001 0.04110™5:55072

0.0a152+0 0

0.97435 + 0.00016 0.22500 £ 0.00067 0.00369 + 0.00011
0.9991181() booost

«Tf we look at dve 1,b entries ﬂ:eY are ~ 1 and thal
Aecar slmest door of the fime info on shell b and W
-Traws‘posed entries are similar as expected b}/ enitarty

is becavse dhe 150/9 IS So heavy hat it

The cky Favame’cers ave free Parama’sers of the S : they ave nct fredrc'fecl E? the Fheory bot an
o\nl(r be measared . To ex]oerfmen‘fany measore these Pavame‘fe\rs fhe clecaxr veed  are Yhe {oﬂewiwa:

Vud vus Vuh
n—fv K—={lv B—mnmlv
K — mlv
V.;d vc.\ vcb
D—i(v D;—{v B— Div
D— ntv D— Kiv B— D*{v
Vi Vis Vib

By — B; B+« B,

\

/

* Vud Wed sure\men“'

In t:nr?ncifale we could  vse the {o\lowt‘\n& tweo processes -

= ’ Ve
11 d

Vud

)/

-—

vy

ﬁ——r/u'?,‘

e.a.

w — 1>e.'17¢

“9

%

Whic'h af Jc'nese. 2

borrons , therefore mesns arve fre;(erred,

P L. IVVJI"‘

ie tThe best in order to  measure Nud & T ‘?encraf [araer haJmm‘c

haalromc Correc'fton

M = |Voal® x hadrenic corvedion

correc{ions in



. VU:, measure,‘n’\,eh*

I\n Fri\nci‘:le we could  uvse the {ollowtna two processes -

K —ﬂ- e KT— JT'/u"’)},. — [ x |Vu5,2* (f‘na:e srxace)
— =\ e.g. .
— [ | Vs [Via| x (phase space)

I/(f—a et

l\‘z Z
5 wt 3y
,8 +
<v, rr
. So The only

Which of these 2 is beller? The phase spaces ave guite similar Since M, = My
FocesS r‘s'l'l;\ev "H(\AV\ "Hne oJr‘rIE\'- s 'Hne -f-a.:'[“ “H’raT

thine dhat | con lallows U&-+e choose a

K+_> 7T/°“+}’;M

(s Frc/ermcf becavse is wot <orrelafed To V.

Ves measurement

In Fr:‘m:‘;:[e we could uvse the ﬁ//ow.a‘wg 3 processss :
D.‘--—Q V°€+V¢ = |Vc.s|z

RN
O o 52 D0
2<£ u u Df_) KGKt > I_' =4 IVcs‘tl\/u:I‘
v|d |5
becasse the deCaL( width Aepewdé only onn \es.

Also i this case s convenient 1o use the 15t one
* Vo and Vi measurements vequire B mesons B°= (EJ),‘ Bt= (gu)

i Vclp measeye

B° — Dt 4o [ e [Veplt

T  deesnrt exist! Top Tndeed

e jl d - The f’VObIQW\ s ‘“‘15& '\'\\ES
T o - decays too c’u.fc.((‘y, <T+ is ‘*o‘:omum)

- Vid measuve
d
We heecJ a fD:‘oCeSS with ‘Hoe Vekfex' M{ ! Tc:; e\:."i'a tn I‘\' we meec\ +Q %&Ke
W

the v{r‘\'ua\—\‘d\b GVL lmf)

ge  — Mee |Veal?[Vil® ~ Vgl

This s a2 4 'boALi decay and n fr.‘nc:',:le it shevldut be /oa.s'sfHe . However we ac-hzaHY see /F .
How is chsfue? The problem would be +he momentom conservation ;o +he oh/ﬁ Way s fo
7 his fffch /s called B° B° oscillation . AB =2

bhave the lsame limass| a3 in this case -



= Vts nea sve

—5 P IV I*IVeil®| w |\{{s|2

N.B. We'l] see that (I&\lo\' oscillation is the Kér to onderstand ~F .

Can we have 5 neuvta\ weaW corvent?

SQ{a»c weve seen thaf
- (el-‘.’c{'vfcaulf) charged wealk coments exrst and <au ke {laver chawa\‘m? (1 the case of hadvons)
"(E(ec{'v*icau ) nectral weall currenfs +hat ave F[auor cham?fm? do nat exist. bot ovnlil now no'}hl'ng

Prevents o de nd have -(l&\,'o'( conserving neviral covrent .

Flavor conserving neviral corrent (Blodman 4958)

The /oossi}pfea werffces ave:

So  we VQPresmf the  verfex of & ﬂamr ronsevw'w; nevtral curren/ as:

43_/{

f 2 )C=,ﬂ,)’x,€’; A4 = flavors
E

There ave seme difficolties with these processes imediated by a flavor consecuing  weak nediral

corrent (£°) because the final state is The ssme we 337‘ with ’p/vofm.s o5 mediators 1f we
consider £ or 9: 1 (V' is bot considered  becavse 9y=o and &LD dees nol work).

£ e /’E
Zl%x"; >

.le‘f"/.s fake he iﬁ procsss

4 4
£ ol @alvmgeysy L4 | | J=w A n _te ym o
% U R PO R e ¥ S T %
we have that:

:L) llf ey > o wran +he Flrcce.ss /s afhsaJy favared
2 if 9% << M the ENM process  deminates becouse AI:_‘—: > Y (else of ofeu vk w)

z

3) ff ‘7’ 2 M we ao on The f:o/e and the weall /Drm:esa domina tes  ond This F’e7urred hr‘ah fuer?re.s not

reachable in  1358.

Se the thle'm isthat both BHM snd WEAK processes have the same iniia\ and final state and we have 7o o/f'.s‘/fmddsh
one process from the otber.



,In 1961 G lasqow fmrosecl onification of Weak and EM tatevaction (wmixtue of ¥ and 2= frelds) .
dn 1967 Weimbera — Salam Prof\osed @{aégow’a 'fhemy as as,:onfaueu.sly brolen 6—&1.3& %hea»y L S0(D) g X U(i)EH

Zn 1371 t'Hooft proved that fwcs theory is reacrmalizible
jf the 7%!0?7 had been covrect H’”’,’" would bave had #o f'"m{ ekfwm'mewfaf evidence [or W and #° as Laaf/oenaJ

Tu 1978 ﬁfasﬂow—- Wcinbera - Salam weceived the Nolel .

Zudirect ,proof of Z°

w‘n; fo lose aja."nsf the £t Procss as we Sow. Then/ore the so/u'l[fon s

:Z')L we Use E",/u' or 7uavk: wc’m?

fo use prevteines (or antiney n‘mos_,) :

VX — Yt X where X =e,p,n The exPernmen‘\a\ chal\emaes N
%3
/ i) Have 2 beam o—f nevtrinos
% 2-) Have an ln?ah (n+en5€+7
?* 3) Ha\fe a {ocuaecl beam
4) Very small cress section g~ 40 P%en

NB. Reines and Cowan o0sed nestrives by Fu’t‘c?na the exf:er\'men'{' near a reactor . However they had oM
nestrives and a g?~ NeV is te smal for cuv geals , moreover we need 1o have the momentom Under control .

hile jnstead ‘er had neutrines aotn% in all directions) .
So, we need /‘o ;)nvc a &am of heu‘fﬂ'nes : ;‘1’ rs Wa‘f .Some/h:‘wa -?dsy 7[0 GJD'{QNL 7 i?l 'fook about s ,Vears 1L°

f::rcd'uze i and the Jsawry came [n 79%3 at Cern.

Eif‘eril‘hevﬁ @ cerN 43%3
= ?rp&uce the v-beam Hhe idea was a Frr:ﬁ'o\n beam on a 'kav?je*\‘ o{ Beryﬂiu\m and e 'H'u'mg.s Thst

can f?aff;ﬂ" are:

PrBe —s TreX ; TRX , KTKRX = PrBe — [I1%, K2} +X

(n‘nere can also be é?aryan«s in the final stste we put emwgr’/t enersy the initral stafe) .
We want fe cbiain 71 in the {1nal state becaux +he.t( have an cta- j:re-fewd ofecay chaunne/ ~ 3324

T ¥ —)//: ?« A —> we can frocluce a beam of Vv pore at ~ssx  with
hi‘ah Evdevxsﬁ-r-
K — uty  ~ gox
1‘ = s
KT — JT/«*)}‘ 3 7
Kf f— JT.8+ Ve ~ B

Mereove r that JEC&Y is such That 7, ~10°s — £ ~pycc, ~ o(m) : this wmeans that piens

Fll’a‘n{' meters befare c/eta/r'ha
Howe\fe'r we have a Fmbl'e,m %Wev\, b\, the fac.i- dbhat we cant contre {-he Winewmadice cf‘”ne Picn

Ve
-
\f —  paricl S ovt . Tu the CuH of
_— pc'.\ [cles ave s‘:rea =) o A1 dH &
B | . i the 77 by virtue of fhe fact that spin

o]ﬁﬂ‘ (s Fero }'“qe cjcc,aY (s !So?‘rv/ct'c




CeN
T //“+ LA 4
- /5 s
% T
v,

IT7ARY fui >P'§ i the lab frame we have +he {—-o\\owin% sx/::mk(oh:

+
5 — — = Yu goes Sferward in The some direction of J7 in
% /.
Yau the /lab ﬁ'ame.
Se the idea 1= have = very hig\a ewer‘pe-\tc wion beam  and hence  hiah eunersetie F(ons in

order Yo hawe B2F> BY  and therefere have Y. golug. in The ssme ditection as 1he I in the

[ab frame.

Be| | T ..

- S 1
New we have o focose +he Y. and o do so we have to focos the pions . The Fmblem was
Solved L:l{ Van der Meer . He wvented This horn:

Swilchine, The se n

o of B We select T snd heuce 3y

{von Y defector
shield

s

Be

FOm

The iron shield is theve fo sTgF
e | grt o bavyan,s AP,
. el via joaization | BN shower

via wnoclear lutevaction | ilenization

* un? yia  ionnatien
KAt

H,m:w\‘na the iaferaction lew?hﬁ" Awt ,the nomber of particles SUWW\'W? the shield goes [iKe Nggpo€

So inthe end we’re able to ablkin a beawm of weutrivos , we dont Kuow fheir momentom but we Know with

a certain accovacy its direcion of {lfcah'\’

T’ne. o(e‘fccfor vsed (s éﬁraamﬁue
o Steel cylinder {i\\ed with

-Fraon l\'o'u.fd CFBr (\io'u.id)

If is a bubble chamber

e fresewce of @ 2T maaneﬁ‘ic
{teld

- We fooll frz-fare of fhe
evenfs (expected low rafe)




N, d
JN‘" = ANF Thsc& EL, ‘T'

dt dt T

Obsevv.g-hon D owe Kinow -Hna.ﬁ'

* Oy = ¢+ {ixed
. ‘I‘c increase d:’r we need an ‘*nah ih'l'ﬂhs'l"l.{ beam — smash as many ?\-ﬁ‘rons Peronﬂ- of fime as we can,

e d is as \onoa as we can

we e to have ng \arge

- The choice of freon was wmoliwated by the fact dbat t was really het (just below Hhe \:o'\\ih? patat) aud # was casy
t tale pictores with it

J.a{"’.s see what [(ind a-F evenls we exFecl- . The v can teract with ovJ.‘lﬂary ma Heyr ) So we 3)72.:1"
eveals of the Kind :
VY + {?} —_— ')?+)(

h

Charged currend process (cc)
Y

1/%“»6‘ —> T+ Ve

(cc) events /f)dve/u_* in
Vot — 4+ P/x 7 the Ffinal state .

Such  evevits are baclle yound
but we can cxlptoﬁ 4 e in
order 4o <ot oﬁ—' 41hem .

Tfﬂne Z°%extsts —> heulral corrent processes (NC) (obée\f\ra\o'leﬁ

EASTIC
SCATTERINGS

?

Vprltlp—> Vut Wp

[p — Y+ hadrons (NELASTIC SCATTERING




-H\obe are 'Hle e SSES Uue.’c( IH{Q +o use +o cln‘sh\n u,\‘s\ﬂ ‘W,e, (NC') -(rovn ‘Hne_ (cc) 3 Thé'n 'H\cve i
an additiona) clig:rewce belweew the a« and dhe wc 1hst we can undevstand Isy looking at momentum
conservalion . With a cc  in the -Ft‘waf state we always have all d’nara_ed particles (exce'p'f' @r the case
Vute™ ——s 1 Ve that we can il dl‘a‘ffngufsh becavse of 7he pe) .

this means fhat @rce precesses

}/?“ C’lﬂar-aeci - W i
avticles e could algc check +his constrain)

............ 3 % ID

p-r)ﬁtz (=] w ;PTL =0

(intial fransvevse

memewhom) by montin
becsuse yu 13 4 dothe
detector

jn,s;’aac) ﬁrd NC process there s olso & v in 1he frnal sfate (and ho muens)

Vi LY
% i : — 1his means that a we process has
P rcle c
g fc‘uH s ha ZPT:"‘E“” +0o  that we could
<ha
‘ZPT_‘—Y}N?(-'O vse fo ofl's‘/r'l'?w'sh f’mm Q c /!7?"0‘6"5'

Tn | conclisian || 1= c:ff;,f:‘naursh cc from N we basically see Z'/hr'MJ.S'-

‘i) presence of u —
z) unbalance of zPrihra

What did ey see ?

Yu + N — Vot 3 hadrons
V«\/"’“
EO
N X

* with a Yubeam: 02 wve¢ 428 «c , Ish Lsckamund N¢
e with a _'); beam : 64 NC , 248 cc , 42 n L&c['.’a,rouwé cC

The avents that ‘H\e_(f @uw:\ were

So we can soy that:

D E—Z— # o — nevtw( corrent exists

D Lty 5 9. #9,




The dominant ¢ chagram has on am}o/r'fud’e of order ~»Gr — we shovld s Q suppression ﬁcfcr of the
ordec of ~GF Euf since we hae L > g2 we then conclvde that the weutral corrent excsts.

N.B. ﬂne fad- ‘“nai' £C ¥ 3 NC cannot be ex/o/afnea/ with /fu'ahev- ordey f?l"a{.eSse-S. i rs Fee much.

Electro weak theory

Glasqow - Weinbera - Salam (ormu(a'*ed {he s called Electro-wealk theoy S0@uwr v@,, with the boson
Wi, w?, w?d cemin ‘Fl’om SU@w and the boson B cvm‘m% {mm U@)gy

e W and W I)rovae us 9 char:aet; lneausf bosons

wt = whteiw?

e W2 and B provide us the 2 physical bosons  Z°and A(Y) 8 btf a Wnixtove re.Pre.SQ.w"reo\ b({

EY | [Fe5 % |-fmu)/W= Ow is the Weimbera mixing an«a\e_ (ot fixed
A sin Bw  Cosbuw /\ B \3&1 theory , must be wmeasoved)

Ttle. sfruc‘fdre of fhe Weald intevact jon ancl 'Hne cbvious. .. tw\evac‘sto\n aye -

c.c. N.c.
f2 f

~o QY (L-Y®)
w0

RN tc (cf - lcfys)

et

)(1,1 =/£t, Yo Ve, 92 )( -"/ferml‘on

£ = flavers of
c?\uark’s

Cvf and C'f are \re-Srec‘(iVel‘-j the veclor snd fhe axial coul:’(im é‘noH’hey o\eFemcl on the [eP‘l‘gn/
quark flavor. Glasqow - Weinberg - Sslam ?rco!{cfefc( these valyes ( Nobel 19%8). The Cau/o/',‘u;J
]OY'eoiIC"'éa' bY ﬂnefheory weve:

i cv €A
1 i

Vey Vyo Vi 3 3
£, T —1 +2sin’6, —}

Wt l {sin’d, i

d, s b } + §sin’6, -}

What +the ‘Hﬂ.ers'ry Freo/:‘cfs s alse that:

=_%¢ - _7¢ I
9w sinbu 92 51 Quy €28 Buw 7 4

So theve s not a fondamental g{,'//eren(e between the weakk and The £r coofﬁ'w? bot & Jfﬂ}mwce?iven
btr the Weinbgra mixing an le.
Ancther Fredic{':‘on of the ‘fheury 's that: Mw = M;; s Buw

so the ek\:,ew‘\mevmira\ exstimation of Mw/Ms ai\Jes an exsfimation of *he Weinéera anafe

Bu = 29° , sin‘f, xo0.23.

J-a‘ter t "Hooft preved that s renormalizable awnd he algo 3# fhe Nobel prize.



To verify Gws ‘!’hﬂort/ we need to measove
— /
1 £ coS Bu , $in Buw .
: / /
23 ¢ g

(@) MEASURE G, Ca

c]u,&vdthies Sensdive 1o G, Cu
Mw, Mz

We can consider the ) Prvtf&ﬁé& 2
V/‘ re — pTt Ve

’5*\1/’“

g o e

G

—> O~ T(gu) =0 (§sinb) — Ty~ (g = q—(e&.sinew,casew)

To calevlate J(Khe cross section 7!/7::4. we /:207" our selves Jn the CoN {ramc

4 2 f:'m{m:ca( Far&me‘\‘ers H oo, et

’5“/ &

{F 9% « M3, MY doiwa the com?\efte Comru‘\‘aﬂoh ope can -(End 1hat.

2
S (NC) ~ (jq_) Ez(fv({[,az +GCA)

?

'Hﬂe\n one  can {im& ‘\'\(\&\"—
— e ~ 002

q-Nc_ = Q_CV,WI-E-—) %16—) = i - 575"&2@“,! +.4_-3WL2 Cfw = o.02
Tce T (V teT— Y i - Vee
bt £ M

: the tndivect proof of Ew theory seems

Tnstead exfoen'mamfa//y the vesult is :_—‘“ ~o.14d

1o work l

@ PRODOCE W aND E ox shEcl (DIRECT EuDEND)

%

The proce sses that we Kuow +that can Ila/o,:em are :
£ 99 ¥V o

£7 9
zo

£ v % Ji
it was estimated that My, M3 = $0-100 GeV.

Feom Fe'rm:'\\n.eor\/ Ge 21056v™  and
If a decay can happen then alse 1be cpposile process con haﬂoew , ds lohg as there 15 enevgh

cneray . this {ellz us how we can F\’Dc\\’cﬂ WahJZ

To procluce a Won shell a process that we could vse with {ep‘rolnd is the {‘ollowina
1

V2
\Ilowever this process is hope\ess . Ve cap be gcnerafcd 57 n—> pe Ve but were nof



alo\e '*'a acce[era{‘Q. nei-\her+he. med’trcm lne;'\'he\’ '\'\ne aw\ VL&U'\'Y‘(VIO. Hpreoue‘r {{‘ rec]q.‘ure

ver{ focosed beamns and an e beam’s encrey feo h(?h. (becavse Ve from n slecay has

v3NY) . Se dhe tht{ accesschle way is-
U

St u
e-% ‘ a..,f@Slg:

i
We covld talle in practice 5% 2 (ud) or W - (@d) ; which ceuld be Frq.;\uced throuah:

prp — Tpp

HO\Neve\r JTY aee unstable with z~40 % and 1his means #hat %helfe s ol enoua(q
Tlme to collect them . Therefore we coold vse l)avygvxs |iWe p-: (uud) or n: (ddu)
in Parﬁcolar is beller becavse T can sccelermafe f. ©Of cosrse since I need alsoan anliquak
to oblain it " we o also andiprofons [ c(@Td) . So what we do is fo collide /Dro‘foms a.-na?

ani :’Frofo ns;

‘P—f?‘ — Whix ]Di-F —s W +X

6 w P W
& s

To Pmc:luce Z° on .she” h 5‘feao/ ohe afrafeaif Wou!o( be fouse 2 co//r‘d;'ma beams of et and

e ok
ZQ
— Lhesa = % o 45 GeV (cha“amac'm})
ZL
Howeser witlh electrons we have 4he T:ro\o'lesm of enevay loss via Bremstrablons  with & prob .o

emission of a ¥ fhat goes I Ke Af%—s (ch"lica”y it haﬁaens only with electrons ) . An idea could be
malke a larger n otder fo minimize $his radialive euergy lose  and {his would be expensive .
Ancther Possibili'{"f could be with moens : The aa/.vaw.f.::;e is That /hcy wen-f have Yhis réoﬁ‘eft’onfrabjrm
dnd the vadivs of fhe Fing covld be smaller. However ot thal Jime baw‘ua fwe ca//;'a/f‘ug beams of ut

ond p~ was chaHew? (ng because of muen’s drcay .
The lasf [ejafou fao.s;a' r‘/n')‘? was a z*+z” collider bt F conned be done becavse fhe T /f}%f{'me /s fao.f})nﬂ)

The‘re;[are. also in this case 1he most f:radr‘ca/ way +o /aroofuce it is Hm:u;h ?udkk.s .

1 J
il 6-9‘ oy 5
L ry J

{

Alse in this case the best 'Hnilnc& o do io fo collide ‘aroircms and an"ﬁi-FTcﬁhvuS

P ZP
F(©

P""F —> Z°+ X




The exPerEmen'%a\ challen%e was te produce  wany F’ and then to sccelevate them .To rroc]u;.-_-
an'\'iFro"rchs wWwe can cc//:'a/e f;raf'ons beams f:»+,'-‘> > F+F +F+P 5

The Froblevn is that we would lille to have fhs P {ocoseé . the preblem was solved bfv Stmon
Van der Meer who inveuted the Stechastic Cooling of anlr\'fbrc+on5' - The werd cooling refes to
'H'le minimizaicon of Zhe {ransverse momentum 9{-' the awﬁ'-frofsn. js such a wa;/ that f_i'; 3?;.
This +echhiclu,€_ is slill used ‘%gday,

Back in the 8%0% they had  sPs (&Jlom— Proton Syuchroton) at CerN.  Then in 1976 Rubbia had 4he f'o/eaa{
+U‘t"ﬂflﬂ(& seS nto SPPs (&err Froten  antiFroten :anchro‘fmﬂ).

Once aniifrofons are froduced we can scelerste Them . Of course we heed fo céeh}e ?he s«?w of the ma??nef.‘c fflJ
in order fo azelerele them in oﬁaosr'fe direction snd fhen male them <alfide .

Ja uas (Uudewaroun& Area 1) and Unz  dher were z deleclocs and esch ene of Fhem was able fo see PP cofliscons,
For #this E‘)rf:e\f‘t'meh"f m $984 Rodbia snd  Van der Meer %9‘{ the Nobel prise .

Since we ore co//fa/;'n; ::om/orasr'fe /Jar{ri:/es we don'f Kunaw ezac-//? {he ceniev of mass enevyy Js

g [
i Ly e d
“ o i
‘B‘= (E‘! E;{OIO) ﬁ‘: (EQI-EZ‘O{O) 7 Jg-:d(BTPg)t = \J(EﬂE:,—E&’Ez,OIO)zL" -Fl*f-:;

_ﬂ’)e ehercaies ef ‘Hl& cjua'rk's E; avd Ez are rJ: Ebeam i The.se 2 energ-’zs are  unkKunown !:u?" WLBH,
we can say *hat :

EiEe = % Epopy = % Ebeam wheve  xclo,4] isHbhe Fafio\q Q\ensan{ {onction

——— \JS_'JL"—;-\]SPF where \IS_P;, = E,,fi-‘; = 540 GeV —r> ‘J%ﬂ’i'?o(;eu 2 My, My (Emou?ln ehersy
to ]Jroducz thew)
The swether toing t take tate acecunt isthe foct that we dond Unow the Locents boost in
cach colision bechose we do not Waow the momentom of each pivton :

a i d U J d “u . d

—d

=D boost = boost bocsl =0

However we Know that the boost csunct be in the dansverse divection (ﬁ-ﬁ %)T;vo (This
nat comr‘e"‘e-it{ Hoe becavse Fherers dthe Ferm( Eher«a.t[ bt hﬁ?(ta;b[e \’e.srec% fo BG40 GeV)
That (s becsose w the witial slde the dransverse momentom  is exactly © P=0. and

]C'rom momentom consérustion A_Z{_’:T=o

So, the processes that well leck for ave:

P+F‘ — W lor F° | +IX X: bhadronizat ion of £ e bro\@ﬂ
| 28, 9.4z pand P (con ke =, 75 KE KPP
s L% . 9:7; (by the .sT:vec'{a“'mr €)u.ar|r(-°=)

]\’Q{'/S see 1he Pf'c:hre of the detecfor vsed UA4 . The goal was fo measure the
transverse wome nfom of all particles (1o say if ther wes unbalaucement in the event) and +o
me asure the only observable +hat does ot derencﬁ on dhe nllnowed boest @ the itavariand mass.



the Central Detector —
& big deily dhasmber o &— MESSUTE P
track charged partscles
im the 0.7 T Field of the

ik imaagrart

measuye g

How o Lind |ET
\Seﬂ

oA ;
Jn principle  we coold vse  E— g% or E'—5 97 | ME/\»< : A
. z' _
i

However +the \e?fo\n 1)v0ce.ss (s ?re{e\'red doe to the ?rese.m.—_e, n Yhe _e,“J‘ process , of J'ﬂ‘.s which
-ivnflt( a worse :»Pen‘mm'l'a\ resclition of 5. aa \'E:]u.i\‘e theie  vecenslrocdion. N.B. The \ie:hs there
extst becsvse of the hadvonieation .

We Froduce ZF°e— £te, Tn the rest /frame we have L ?°J me:% >>If§,,me-
Se we can tread P and e~ as wmasslkss Far’iicfes. Tn The <as )[rame 4the lboost is on Kkneow n

and what we can do is 0 messare +he ma?ui’m‘ia [Pl sed dhe am?le of emisston G of L' L .

p_~4L"
A 2
R
I‘{easurimb P.oan Pein the lab we can estimate the invaciant wass as:

\Spr = \I (B+BY = \I B+ B2 R B = \] r:u’+ vInJ 1 2(E, 5 - cosg) X \].25. E, (1- wse)

-] o

let% vef:oﬁ' seme eveals whewe “Hoet( saw the Z:

hadyoni ation
P\'oduds

laob(fm1 at the muons we con say that
Hne. € was %cm? 'i'c “he lE‘H'

Pth —= 2% +X

; ete”

indhis case with electwons we dent hawe dracke
far away (they are doe only fs muens)

%Alwa all ‘\'o%@jhex we obtan  +the (o\\o\a\\i\ﬂ? wnvariant—yass plot



. ‘H) measured the evue,r%v in the calorimeter

. 2f - - MZ - : Une.x{ wea suved  {he apemm«a am%le
> I - 8o they weonstructied the “4 momenlowm aud from
' ( \m i e Frse®e _ it {'\neY fevnd the invaviant mass. 1 hey Pu+m
|‘\ '{“’\-E Flo‘l’ i
\"L ,’_] |
U N T i e for 2 fo fm by g
VARIANT MASS M fe'e ) (GeV/c")
How f find W Jete
W & W L
A\ag W this case we coold use W— ALYy or W — C)Aq—d okt
’ q; Jet

And alse in 1his case we prefer +he fepfon process  doe 4o fhe worse yesolstion en {5 1
the o0nd precess ,cJue 1e the Pve,seme of d'e+s )

Let s focos , therefore  in the (eisi‘o\n process. Theve s ¢ frack (e or p) that we can clesrly see and

easi\Y measare its  ynomevtom  aand ewne Then +hee s some \misso.'h? ener?y dve o v thst we <ant

measave, Zn erder fo reconstruct the nweriant vmass we need do exirad  omwe  nformalions abedt V.
Ja e rvest {rame we haove

*_ %
. Ef-: E_& = H_W — PZ ~ MW
(since Pxis L keost)

cdvn _dn de* _ dn 4 _ dn 1 _ dw 4 _dn 4
4 *
dP,  de* dfe de* j:_: do¥ Mo cosgt do® Mu [ Tower 967 M o E";s

d Fex da* \|(';_—‘“)‘—(Pu‘

This is an hisfooram that we can ex’sen‘mevﬁ'a“y meadsure |, we just have fo see  lhow mawy ewnts we

find for o ghen vale of o of the lepton .
We bhswe a Fo\e at Me <o ye-l expect fo have a waximom at {he valves anwnd % Whet ‘hﬂeY

2
e.xferime\r\\'a\h( saw 8

The main soucce of backgroond comes from #he Precess :

mn W—blz-%
P €™ Ve Vr
/ " this e is the one thad we wanl to cwloff. To do thal we use fhe Fact
ll 1_‘ that F has [ess energy becavse there are 2 V in thes case.




J.ef’: \'elaor'i' Some events where "H\ec( saw a W:

We're sble o draw an arow for he “invisible” nedtrive (like we did  in fhe {ieams sbow) becsuxe with
=
Pr = (B, R) we have:

final to_\;{tdq charyed p. Sharyd p.

> Py=38 — S%. o Bl=g | 1|5 :-f_ P (best estimate for By)

A

USL‘ma 1 wesre sble o z:nm}:u‘le +the invariant mass : \JE.I_'-' \I(Pd Py )?
What *\19.1 fovnd is fhat :

————————r——y
T ST
250 EVENTS
Sackgraund fram
3 W 00D zracesses

B @uer ‘
- s-F the neddeine is in the trangverse P\awe then we <an ceconstruct

YThe foll iwvariant mass, stherwie Jost loll leo King at the invadant
mase n Yhe fcansverce plane we're m.'ssémg a Farf‘ of 1he enersy.
That i3 why we ¢ "ehouldey " on 1he /eﬁ.

So Ao conclude, inthis way ‘Hneul were able to prove that W an F cxisted and in 45%4 'Hney
%o"f the Nobel prize.



CP violation

Experimental methods
B meson CP violation:
B factory and direct proof
BO-BObar mixing
Interference between mixing and decays



C P VIOLATION

To cbserve <P violation we can vse ‘/'h'e..)/a//owrhg methods :

INDIRECT <P VIOLATION - J['Ms method exflcﬁ' e mesons oscillation s proces ses like B%&°
or K° <> K°  seeina that such %raw.aé:rmm‘-;‘bn.s do nrof occor with exactly the some fnmbb;’/ﬁ’y i belh
directions.  (seme wethod vsed far the di.Scodeﬁf DfCP vida¥on ' K° ; 13¢4)

DIREeT < vioavion 1 this mefhod s bawd on the sesrchtm?j or processed where

cF e?aetcms‘ﬁa“e — cFer&ezg‘fa‘ft or sesing That ,éy- +he t:/ecay processes A— f and Aof
the frcba-\t‘?l{{t( ate no} the same 3 .Sua%es‘hn% that malter and sntimatter behave differently .

In 1273 was proposed | as we lnow, the KM mechanism for the <P yiolation in gN. This

KH mechanism woks with the ckM walriy : a 3x3 uni*dry matrix paraundri}ed E}’
3 edler amale,s and 4 Cme'.ex phase (describ{ma the c,uarK mrxrn%)

Ved (Vos Vo 9: P j

\/CKH = Ved Vc5 Veb !

Vi Vee Vad

G]-i
*aV:

As we said e chu s a uni‘\a\'\l \ma-\\"w ,4hﬁrefore

Vctm \/CKH =4

This relakon gives v 9 condifions on the elements of the cnt mshix . The 3 easy condtrons
are the ones we cbejr ferom the d\‘a%ona\ (related to the reladion sn'6e + cos?Be =1) :

] O]

Vaal® + [Viel® + [Vl = 1
Vaal? + Vel + |Val° = 1
Vial® + Visl® + [Val® = 1

Trom Yhe of £ cliacaona\ {erms  the uni\ar-, rela.ﬂow

T T
V!.;Qvus+v.v+vld\fl\=0 ;\'ll

cd Cs

[ Via Vi + Vo Vi + Ve Ve = 9] 2200
Vo Vit Vo Vg # V, V=0 X%
Vo Voo # Vi Ve + VoV =0 A AR L elsidaleds

Vi Vg # Vy Vo #V, V=0 XXX

Vo Vig + Vo Vi + VW, = 0 A2 %

ub “cb

cach addenvim as a magkdude of a

sf'ecift'c power of .

These sve relations befween C‘GWJF!‘EX numbers . Zn each row we have the sawmof 3 complex nmbes
(3 vectors in the complex F{a\ne) which qives rero . So these  are ‘l‘\r‘l‘awau[ar relation :

<

AS we c¢cawn %e from "”Le ma uia‘ade of 7%2 aJJemo/a Cexf:ras%d n /Dowers of)l)
there ace  velalions which ave very v balsned . For example in the fiws} row:



"/_A"”—’_]).S
2

A

Seo it (s nel easy to measure all the sides witlh fhe same ex/uam'menfaf resolution . Tﬁenv)(orz'
the fm‘ere.;{rw? processes are those i which all the sides are of the same order , for exawmple
like the 24 relation where we have all sides are oforder A2 ;| morecvec il contatus sleo ferms of 7he lim
Vib | sowe con fest if vsing B mesons.

KM PreJIc‘fEA the existence of a complex phase in the < wmatrix  in arder to have a cpuiclation. We

need , therefore, on experimentsl proof of fhe existence of af least one com/o/ex phase and From what weie
seere obove the best thing fo do is fo search for it using 8 mesons.
So we look st dhe interesting relation that we already noted abowe :

U

* »* L
Vud Ve + \/r:d Voo + Vi Vi =0

|7 ‘EI—'-'.\T_H‘_ In 'H?e -ﬁriaw [e. We calh See 'Hla'l' we have 'I'o nmeasuae
V'”’V""’l‘._ ,“5’ the BEW\B'-E‘—S and the L 4 and Vs af"‘/ae Wolfstein
[ VeaVis fbramd'rf%a* on ,
Rescaling, aligning
! i Thﬁé& anales corresponds 7('0 ‘ch o/lowm hazes fhe cuHd matrix
A 0 M ¥ F
I prassras—— A
Vvl T N Ve 4 4 g
/S e + ¢t 1
0 /v v BN <l iiﬁ 1 1
0 P 1

IF we measure By Fo ythen ckir hos o complex phase avd thecefore we have ceviolatin
B FACTORY How o ?@QCE_ BB/B-O ?

The idea iz to osa ;85 we sad  B® [ B" wesens and we need a lot of them . We could uvse the
Fcl\owinca, WIBJE\KA i

® B° lix madalofl (hd)] snd | B of (bd)

L] 'Fil's‘t'ofal\ we ?mduce the boind state Y (Lg) quouah ete” collistons :

et b

- T v*
cte” —> bl (i)m.md 5‘&&"&) >’VV\IIJ‘<_
e b

Of covrse bb is net the onlkf channel :

er etATTFU d ¢

g (ete—> bb) ~danb o~ 4 pithad
T4l T (e — tt)  35nb |
e T U d o

Wht{ Y 7 Becaosn H' has -f;lé /:9355!;1‘/:'7’7 fa Jecay f'u'.‘fc B mesons [ 'F??.S?‘ of
all lets see /s ajoec‘r‘rom :



o (e'¢ — Hadrons)(

'For SOY PUTPORS  We wawT to o fhe Y(4s) vesonance since it [Jas 8!/!0{/?,,4 mass
in order Yohave a Auawe 29 in The decay process iate B°B° (er B*B™) .

Q (Y — BB [B'B) = Myuy -2y >0

In order fo do that we hawe fo set the com energy to |Ns5 = 10.58 Gel.
T'ne Way  in which Y(®) can do this process 1>

b
Ys) | _
b

b 8
orl W@s) |
b

This s called B-factery at Y(s) . To vecap, we bave the fol\owi\n% process :

— B°B° ~ sox
cte — 5 bb = Ys) —s {
B*B” ~ sox \‘

Y4s)
et

b
& ;

& = My, —2Mg = 1058 —2x528 ~0.02 20

‘“fl:‘é means Hﬁdf
S(ete"—=bb — 83°) o 4
T(ete” —s tot) 8

A‘\' Slac "an,tf made 'Hrn‘s B fachnj snd d was worf(n‘wa {or A 10 years. It was o
linenr | acllider /&Ffbroxima’fd" 3 Um long with Unc‘ar«a,rouno] detectors.

There was cm{(r one e.xPeﬁnew‘l' ronwing
Babkar , in which 'Hle.lr looKed for 8’53’
::laca:fs. (!oolﬁ:t'wra_ for cp violatcons)

One way to lodk for ce violalions in & direct way 13 fo measure the number of eveafs of fhe 2
fo]lowinoa cP :onl}haafe c/eca}/.s:

B°—b [pTKY || <P, B°— DMKk~
W Kt W' “ K'
b b
B° 74 <) - B® Vee N\
J d° J 3"

A’c"‘ua“lf for "Bsbar" {hey (coked for 7 insfead of D and fhe veason is At sine M=o Z.4T
where < o |[M|*xBF in erd;rfo hove mere counts IT s befley because IH,,.|1«|VUJV 25 IH,!Zn-:IVusll




To see that they had Kaons and not pions 'Haey vsed a Cherenllov  detector  (made of aecogel) and
by 1dentifying the final stafe the, were oble fo say wheter they saw & B ors B They measured
The number of events /aakl'w? for o difference  for 1he 2 process ( jndication fora ce vidlation)
J# fook a while and in 2004 they found :

.l'\,‘

> 400~ @) B'>K'n- ‘3 h (B°— K*mT) = 210
< 200/ B'—>K-n* dbh 1 W (B — K1) = 43¢
'é P Y i ey |
| A S —— “
s 0.1F P BABAR - = = ° g
g ot } AW,ME P(B___’k”) I"(B—?Kﬂ')- & - ©.433 4003 + 0003
g M (B— k™+ M (8°—> k)
“-0.1|

5.2 522 524 5.26 5.28 5.3

mT:S(GchL‘l) Dl‘re(-{- FVWF D‘F cF VTO\SI"_L-OD I

One :'mlcvesfr'm? Hu"w; lvcre 25 ﬁ;c c?u.am‘um enf:m-alemen‘f' . The preccss we éaue S

@
I - s
The B® snd B° have S=o (becavse they ave scalor bosons) . Then since the iitial st

ha -1 this meaws that in order to wnsewe T, in the final slate of B mesons
we shodd have L (8°8°)=4. The wavefouction of 1he final state s :

ZP(B°§°) ) %Pau lﬁ-’(awr = (-j')L ]l/{',am = _’I‘P-Flt\fo\r'
Since -H“p“f are 2 bosons , it must be symmetric. Thevefore lPﬂmr most be &Mfﬁ‘{“‘-‘“e'h"'c-

In a collisien we prodvee 2 physical particles B and B°. These are free poriicles  and we have no contro
over them . We lKuow that dve 1o Weak iwtevactions these =2 pacticles can ascillate one inte the other

= Vie Vea i
b — e Anrnns—e—d
+* vt

d +W—)—b
Vey Vie

Zf i éaf/cens that a B® oscilliles and becomes a BS sine the {laver wavefouction must be an’qisymme’\‘r:‘c
then immedistely B oscillates into B There is no exchange of infermation between the i/oar'fn‘cfzs)
'/ﬁey are 'ILY'QU.‘!”(IA? i space snd 4ime sepatotely but if one cbawa\es flavor then the other has to do it
ivnme:lra‘[‘ehf . This s an ex&mPlea{: the Einstein - Podol sky - Rosen Pa\rec'im( : we fvroduce 2 iHJePGHdc’H‘f‘
Phyar‘ca( sfates  bot becavse of quantum enfaﬂglemenf' fh37 have o obey each other vules , if e 1(/‘.}" flavor
then the other has to do it immediately.
Moreover they can clecay with o Bfetime of 7% “4.5ps . The c/e:a,v of one of the Fwo /oar}'r‘c!es breaks
the entanglement snd the other one Is free fo do what it wavts  (fheress no enfa nafememf s
there is po flaver)



B° - BR° HIXING

A5 we a.[\reacly seenn  In “fhe case of the K° the ‘h\m,e. cvolution of B°/ B° is gg\rernm’ by a

complex matrix {hat can  bewritten in terms of hermitian. motrices M aad [7:

M-cT Mo-cTa
H-=
M4T"££{£— N -/r:rT_

z

Tts cigen slates cou be wiitlen in terms of The {famr er'}ensr'aﬁss 8° /8¢ (-Hme. ones farno(uozo( hf
natoe . Jn aemeva\ they avce

B> = plB> + qiB>
184> =P 18> - 918 with  p2tq?=q

T"\e most con 5}DF{905 {ea:ture_ of K°=K° wixin is the c{iaPeraiQ l\‘feJri‘mes of {e twe mass
elgenstates and this 5 why we called them Uy and WUs- Tu fhis case instead +he A'feyl;‘me
difference is C)u.c"le small  (4ais alows us o ﬂe%l?-r:‘t' M, (for By bot nt for Bs) while Fhe mass
difference of the two wmass eiaehsh"’re s wot neﬁl\‘aflo'le ,Am =032 HeV (Hts 15 why we called dhe 2
ernaehs’(a'\'e.‘s B U(ahﬁ and By (}lr_am,) :

and ‘\\(\en( evolve semply  as -

- (M- 2m _ Y
{lBL&)>= 34(H £ 42’)]30

T Am g
1By > = e (hrid 98 g0y

So a slate  that at f=o js Porely B (ond B9 will oscillates as:

-t (N- <)t
IB°(®> = e HAT=E) [aw@f)ls’) -4 %érnﬁ—‘“flﬁv]
-— —t(N- <)t
B> = e U F) [cos(Azm dig> %(smg_ww]

il

Theve forc 5

-nt
P (Bo rematns B, +) = ez (i + Cos (Amt))

° = "IH-'
P (B oscillstes mto 8°,t) = ez (1—"605 (awm+t))




The ﬁucﬁon, above is shown in the P‘g'l".

| Am=0.493 ps™
- 1T = 1.542 ps
o B’— B’

2 25 3 AJ '."“-717.75 5
t (ps)

To measure fhis behaviovr one c!efr'nes what s c*a”e.ol 4he lmixivu%_ asfmmefrf:

#B°— ##B°
#6°+ #B°

}{fxin? asymme'hrr =

TL‘L& ﬁc‘f‘ is ‘H\éﬁ' wi'}h an  &te collision we Prod'uce a far‘r of B mecons °

etes — B°B° t=o
then at +>0 we can hdve:
« B"B° (wo oscillslion)
B B° (Eoﬁ B® oaciﬂa'ffon)
BE | (Bh B asciladion )

With ﬂ,f‘z cff’c‘a'y times o,( the fwo B mesons , and with At =t we can o]@[ine the amfaﬂ‘fuJe Of m:‘kl\n?

(oecillstien) os:

A= (ovrsrm-veF
(# B°R + #B'B*) +#8°F"
and this is what "t‘ﬁct{ mea suved :
e S
BABAR b)
a ‘d‘\' of evgn"rs a+ .S\’na\\ P U \
times (kecavse here the 4 ' s
Far‘(ic\es have pot decayed w
'19+- -0.5
1a 5 10 15 20)
AU (ps)

S Ahaall fe quantom entanalement we can  measure the B B® oscillstions /n time . The C/J'ﬁ'caﬁy is
that we dont Ynew which B° deays first : it 1e & random process. However expertmentally we can

umclevs'i'alr\cl U}L\Q c:lecatreo' fc‘rsf L?f /og}f:‘n? a‘]" H;e G{&:d}/ f;roclucﬁs;

R+ Dkt Dot B°—> DK, DYy~

We sfart with fwe B mesons B: and B: awd we dont Know which one of the two is B®and

which E° B Jecar Bulecay
. (A t
T ' t ?t




Whea Hhe j"’+Par‘}rcle decay /ook:‘na at its c/ﬁ:a,y )oraJucfs we can ondevstand whether it was a Boor o BT
Then after {he 1‘+cfeca}/ the 2*d one (s he more eﬂ*angfedj dis free To eilher oxillaie or not.
Then atthe fime % we can lock agam at The Je.-:ay f:md’uafs and we an eifher find that Hhe Far-frck hos

cscillated o not. Thatis how we covnt fhe number of oscillafions as ,aﬁncfﬁbb of the fime cﬂﬁ-ereme
.A'I:-= fi"'{'j. =

INTERFERENCE BETWEEN DEAAYS AND HIXING

To this  case we have that to achieve F we have = Fo.ssible !Psﬂns‘.

s 5

T 0/07{('(“..5 the inferference s Parame'{'rf%eck by dhe distauce between the 2 holes ; here we haw

the cUM matrix element which Fm:\uce. the Phase d fference between the = Jf'a%rams (the one

.shr“timb_ Ffrom B and {the one a‘f’arffn} From B*) . From the collision we get & B mesons 8ioud B. kit
we dont Kuow which owe is B and B® As before  we look at the Jera/v /pm vets

B‘l- clgca Bideca
=0 €1 f t. !
PE
T T oy A Bt _
= B1=8% B+B°
L o Be—dI¥ Is

At this Pohn’c 2 ﬂu‘mas could  have /;aﬁoenec/:

we have no iea of which one of the 2 has

‘i) B: wey & §°, i+ rema ined ag" and 'H‘:eh it Jec&}(da’ e J/‘}’Ixs
8 leﬁoeuaf aud we have 1o take into accwunt

2 B. was é", it escilloted To & B° snd it cfaca;(ed' fo Jly ks

Here. B:i is called Bfaﬁ that is we 'fdﬁ,fc.fewl-ify ‘erf[auor of Bs ond of Bz af ty.

Tﬁe other 1‘6:&33 ﬂ;a'/' could h&ffeu ‘s 7%9 foﬂcwm?

Bt deca Bideca
» A &
t Tt
5 --------- B—Jdly s
# Bi=? Ber?
B b B —b"
= B.=8°

This mesns that when we cbserve 8. clec‘&}l info a final stste To obtain the amplitede for such s frausition we have

fo sum the avn’a{\‘iude of the & different processes that con Aof?csn (with or withot exillstion):

I

A{.‘Pe e )
B° Tee Acp: B"—sfep = |Aqle®”
/\/ Rep: & — fop =lpal Y
A M12 = A(Pe Py Au.r : B® e g‘ = IArﬂ'xle‘?m
> —2ip 0
je =" B

N.8. The fcasen Lelm‘wJ +he c/wf‘ce

of ]Cf. =J/WUs is becavse we can c{earfy see it in the
detector.



Iy Ue

L5 — we observe <Giracks
; 2, ete, pipr of charged paviicles
(2 f:bs;.‘{ we and 2 ')
with the right invariaw! wmass . and

the confrinis Mg = Mgy, Mg =My

We Like this event alse from a +heoredica | Fm‘n‘/‘ofw’ew. joolrfrma at  dpe suiplidode for +the g5t
process Ai=Ace we hove to lock af the fo//ow:‘na_ c/.'ag,ram

Jockine st ‘H)e_ cud mafrix  we can e that +his chaedmm has
no complex Phasg inside and that is 3::0:) :

Then, we can loa}f, a‘f’ f/:e am/p/.-"/ode Aaﬁr 'f'he .Q?(ona/ f)ra(es_s 'Hdd'f‘ £dn ha/o/oew Bo—) E"—-iJﬂFKs

Here +there s a I bot we tallk about Ks becavse cherImem:h[ly it is very
casy fo o/ﬁs*ffnam'sh between Ws and UL

An jmloaﬁani'ﬂfammﬁ{e:hfo uv:de:s‘lamd the Fm\oabilﬁy of oscillation + decay is >\=“f?£: where
? an F aye ones o combinalion @
Bo= plg">+ 918> ; Buw=ple> -9l 9irpi=4
What we foond  experimentally is that:
. |ql/|p| 24 ot g4af precision , o there is no cp violsfion in the mixing
Rl An 28 st 17 precision
Se if X isthere it has fo be 3 complex phae X =P Where pisthe phawe i the cut matvix.

This fact is important and if we combine fhe time evolution of the oscillation and of the clecay what we
fn‘m] is that the frcbab‘-lﬁ;r cf Inauin% aBora B° after a fime At is :

Z
(85 M) = S— (1 Zmd-sin (8ma®))

Am 2 =-s€rtip

- £
FB M) = i_/t (4l Tnisid (Amat))

Then what we con define is the <P Asymmetry as:

-2 K =
cP Asymme‘rv-f - |A1- |Al _ # (B Tyw) - # (B> Tifks) s (2B) sin (A -At)

|Al'+ Al % (B°—319ks) + # (B°—> T (¥ Ks)

Tha* is eosy fo measure exfacrr'mmfa[/ , we J'usf have fe covun' 8°and _E_S" a8 a)[orzdf“on af
At- fcr- Lig . Sowhat we haw fo measare is the amP[r'fuJe of these oscillsfions so that we con haw
an eslimste of B. If the oscillation amfi('\ude, is o then alse B henee a cotmf;lex Fhasa exists. Zf ‘s tead

the amP\i"mé«e is csmpa‘hb‘e with © fhen alse g = and dhe kN mechaniem is brolfen .



The ﬁncfﬁous fhat we have to wmeasure are :

Fv

S@m 5.
F (85 M)po BO RO from {hese we sheld | < ::
50 s 2
ste the oscillations on g o2
l40 L]
30 -}he r{ahf gﬂ.?
“ S =
10 o8
L '|‘D 75 5 -25 0 2%5 5 75 10 o 10 -7.8% -15 25 0 25 5 75 1 I
At (ps) At (ps)

So  what Jr'ney did was cwm’:'m} JIY and Us as s function of fime and whet fhey sow i 2004 was:

& 150

2 s
_g- El B“ tags 1 Background ‘
2 » E{l taes
‘£ 100 . ‘
[~
E |
50
o ‘
3 05 |
Z | —7|3np = aw44L0.06%, £0.033
|
3 0 | |stnep o
05 }
-5 0 5 |
(v 20010) At (ps)

This proves fhat the KH wechawism works and for 1his J]sco\rcry Kobsyashi and Nasktowa as}‘l"ne
Nolbel prite w2008 Onhe can slso do The cx}oer-fmem‘ with Zly e with {he olifference that fhe corve ¢s

olpi:os«:'l'e since what cﬁan%ea is the cp s&&n-

We t:rovad all the prediclion of fhe UM wechauism ta be frve bot ther is st a problem : the smovnt
of observed ce vielstion is net sufficient do exphin the covent ssywmetry we see in natore , we're not

sble fo explain sfill the asyuumetry between watter and antimatter in the universe.
8 = /



This eu‘}aualemen‘\‘ es vs o way To see that the ckN matrix element is comf/ex. What 'fhe,v did
at Slac was ?uﬂihc] the wmachine at the mass of YUs) — S = t0.52 Gev . /.ooh'm? for the process:

ete” — Y(45) —— B°B° — Q=435 -2mg = 3co NelV

S there s a (ile e.uenal{ (eﬁ' \Co\' the 2 Paﬂic(es in the fi\nal state , bheace the beost is small :PK—‘%:%
Se the B mesons are Prar_‘r(caﬂ}( at rest  and since we have S=o |, the cler_aY is iaso‘hrb?\‘e_. |
This fact waz osed o throw away bAcK‘&muml events

Howe ver +he fact that the 2 mesonsz ave ractically at rest iz & problem becavse they overlap and
we insfead wanf fo measare 1he oistance between the {Parffclc’s To use fhe 7gan¥am fm‘dw?/emenf
of the B° ond B°. 7o solve +his ,oroé/em what 'fhe.y did was uu‘wa asymwmefric beams wifh cnery res

Ee- = 86eV , Eet =3.1 GeV — boxstof ~éGev A

Now the (ongitudival distance between the dwo decarf points of B°and B° became experiment)
measurable : <Az> =is50um (snd therefors & wmeasavable decay Fime)
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Goldhaber exfercmenf (185%)

,7; 1956 fhere was Wl exp —> Weall cress seclion can be o fonclion of &F

@y e

s% 4% $pe g
or. ‘arN'# ! %fl;; =i f %”a'

d
UF own
In vp we have ‘Htcﬁ the e ’ws the :?ol‘n m Fthe same a/f‘r‘ 8/[F dmo[ Ve in 7%1 ?/:0;;7@ din
Tn wn we have the oppeos.fe sefoalon

Why these 2 cenf shovlol be q/:/'/‘ 7 We /fmc{ lhat  down is //é‘vorep’-
z ZO/G‘/f'ﬂ-e a ?wn‘ﬁ"‘/f cafled ﬁeﬁirr'/y"
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- 22 -23
Sm s in an excitel sfajes NB.  STR.| = 2|~ 40_“5/;‘7 5
EM S| T~ dg [ed BB

WEBAK — & ~ 10 %% %s

EH2T ~10'% 182

Bl — Sm Y
S=4 S=0 &4 —3 +he 9F;‘|n i5 “h’amsfei{‘en] 'f‘cn\(

jf K is emilted in the same direction of Sat

cage h-"’H— i? = 1=
St L ¥

cax =4 i . &=,
S Sm ¥

We WKuow W@I=h@Gt) = h@) —> we Yransfer tee h weatwure bent frem v,
f. Sw o1 Y
T:h:m an en.e)?y Pel'w'f © f vie u

Sm —> Sy

Smt ———
5 | OF =961 [QV Wflo ~ 40—.?8V

If '/éf’ J’ rveancounter Q@ ém ,'7/ Cdt/w:.a?! ree,\'r'{es ("/
yt Sm — St

K s o lifle LDL 0{ less emerae{-Cc o{ 3,2eV  becaux of the cecor) 97[ San
*—

Tu the ref. frame of Sm we hawe S0 — i — E()=AE-382y <AF (S, S
{

Ho\ue\IET Sm* is fmduced Ly 'H'l'e To c]é(‘dy i I'{Qs-rurns out *\\&‘\' ‘\'\(\e bcas‘\‘ C!JCS«':E¢ is EV)OUB\'\
‘{'o com‘:ensa‘\e _/pr‘“le 32¢eV loss due ‘fs recol % 1%6 X:‘s em:‘ﬂeqf 7] 7%8 Same a//‘rE’C?Jfbn

a/f S E) T’ﬁ
O anf‘

Z‘/ t}}/ /S eMr'//ea/~'n ﬁf Sdwm e oﬂ‘r offm r"f rezdms some ed. ﬁwks fa [ boosT

Se ,-"/ can ree)u#es Sm

RQA& +h‘cks 1 Jh‘c((ﬁ 2
jf Y F,(cgm*) = 1) h(ﬁrh(m) and & E =BDE (Sm, 5n)
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We want 4he F\\c‘]‘on smifted by the SoF

fo excite agatn  anciher Sm o Fhat thew will emit

4 : a Fho'}'on 4hat we can covnt
21D
NaT
— ho b@08+
LhO o st } 3n A
tZ E ”-ﬁ'ig; he-g No u‘aml
v
= £
4160 ”fMV — yes bost
—#g* s 4 dm —)'Er?OE
_1.”12{ 'n-’-ﬂ }(95 gtahd]
-é!Tv.
£70
"z 1} E, *’-ﬁ v st +Sm Yo Zost
‘ﬁ‘Ja ek —)Ygs fo'ju&f
T Sm he BOQS'T
g 5 # T.Sm*:- 5lx ha+d — ho S{Junl
Y
h, =14 ho= o

B4
By

hO Codh{\S =D Q
M no comls

7 4;',-, nel seeh —> {cuvxn\ aermme“thr




S =
Soowe oy e =, ki sl
1:: ==

F
=0 =
2:0 K —> vV owidh hy=ts does nab extd
m =0
h=-4 ﬁ

jf we Jrv\/ to  extend Ahis ‘Hzeory of w. mt 1o ofher porticles we have a problam
for s massive Aicle  h s not invsviant  judked de)oean on the Jrawme
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