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%\'ﬁ%‘ﬂ#ﬁi(‘ﬁm p N()W Qnd ‘ﬁ‘nﬂ

Pre historic
Stro :
g e ws.
th e 1Ed-)
My~ 0 GeV
g“u' »1
Lo L
CleciTomagnetic QED
Maxwell dlles
¢* 3
M AN .» ﬁrm'\ l‘B‘{-
[3 decay ot renormalizable
Qe ~ 165@\71
rruitation
Newton > Elastein

191s
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%’ﬁt%—mﬂ%b‘_ﬁaﬁq : Now and then

Strovg
¥h

El

Moxwell

lad
“}-_’(- '{ ;;__I.‘ef,

B decay

(rrauitation

Newton > Enstein

'f'-'ilﬁmﬁfpw.'ti{t.

Pre historic Modern
{0 @s: QCD
+Hi3% < bound stule
PMHCM gluon.s
m'ﬂ'" lb-l G!V A”Ia( &‘V
G > 1
QD
; Gws
d= =

| SU@)Xx W)

k|
Formi \qa,, . Charged cur?-t
mot renormalizable W
2 effedive theory  * Nestral currens:
‘ ]¥2 o

=2
G'p“' lt;s(zv ~ -‘r‘a'

My ~ i GeV
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%ﬁ}ﬂ#ﬂi“ﬁﬁ : Now and then

Strong
¥h

El&dmmaanetic
Maxwell

Coulombp
(massless photow)

Weal
B decay
Spm\wmd,

Errauitation

Newton > Einstein
1S

Figth foree 2
Sixth foree ?

Pre historic Modern ‘ Stard
Mods! |
ZE\\] s, QCD ]
FH3% < bound stute
problem gluons
My~ 16" Gov -
g““' » 4 A~lo GuV L G? .
s : G bw 3 ”
| ws. @ 3 Gouplings
[ Sy G
3% ' SU@IX VW (» Gorz)
)
¥
Formi (434 Charged currest
ot renormalizable w*
Z effective theory Neutral current
5 2 9z o g
Q@G> D @Y ~ ) ukawa,
imlorackions
My A1 GV S
Flavor, CPuiclaken -
e Amliacic i om,
" 9 Su)xUQ)
My ~ 10 Gev Breaking

-69-



,%ﬁ?rm#aﬂ‘ﬁm : Now and then and future *

Pre historie Modern Standard
Model
Strong B, Qo )
e +# 3% (_W o

‘ wlerachions
Electromagnetic QED | Gws. but 3 wuplings
Maxwell .t (» gorz)
¢* 33 r SU@xUW) :
Coulomb
(massless photon)
Wealk Formi jqas —ﬂ"zd“'ﬁ“ .
B deon mot. renommalizable
roken G~ baY ~ = —_
my mlorackions
My ~ (G &Y Fermion masses
Flavor, CPviclaiian -
(rravitation < Superstring —— Scalar (¢*)
? ] .
Newbr > Eimsltin~ —— e Amliaaction.
s mgz‘ - q SU@xUQ)
| Mpp ~ 10 Gy Breaking
Fitth foree 2 #~
Sixth foree 2
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QCD ( Quastum Chroltuiﬂrm-'cs)
Hadrons - “bOund stafes of quav-ks and gluons
P Asymptokic freedom ( effeckive gauge coupling+0 ot high emergy )

= Inferactions of quarks, guons
“visible” at high erergies

fevturbakion fheory opplicable

Spould loe Weas’®
- Bur, usually need ‘pammd‘u-_s anned-\‘ns
S quark/gluon €> hadron
%\N N Structure funchions (par‘lbn distribubions)
ﬁ"ﬁx‘ decay constont  (fw, -
. wave function ( quarkonium, )
' matrix elewents
A o

excepkon @ (€€ > hadvons)

v I—“ﬁ'ﬂ-"@d “ Sleer:j »
= (Color wonfinemet

Inportut :~ Geparation, of  shart- omd ~ long- d\STtlnCQ Phybics

(t’od'bhmhon f
pevturbative m'per*hh'hohvg

Quavk/ qluon hadron
calewlable not yex calonlable

( lattice )
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QCD Lagrangian
G‘O.u.ta.e group - SV
Gouge boson (guown) 8

fermions (qumrks) (3.+3% ) = m,
My ¥ £lavers
% (3u+3c) = Mg

Trameters
. 3
Puge oupling  Fo o ds= e AL
Qumk masses Wu, md, ms, mc, Mp, My

( gemerolrd by “wenk Wderackens”
™ Yukawa mtwackong )

L=-5GuGn + = AGE-mDT (+ guage bing + ghost )
flover
¥ N
Q B
Qbc
/j&“‘ ‘5 (= « T‘:
;) C ¢ Q_,
9 Ta A.:.;

B & ( Suis) @lt-Hann
;}{; « fobegeie e
b d
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Vi-:ml:z:ng quarks and gluons

ee » 9 iz

)y
amferred from spheviuty distribulon of SPEAR (f£7Gev)
dearly uisible oo PETRA (5~ 30-% Gev)

ee » 3 ?Is

e

€irst seen at PETRA

3id'n.1¢~ O‘s*(ﬂjnkhth.) Q33 Coupling

P§ > Q.'PL + Qn.aﬂm’

o
1 X

indieate  gluen self oupling ¢
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Q \ . .
SU@x UM > UM Guuge- Higge aydlem
( minimal)
Fermions play no role ( © Technicolor )

Stat from o Higge fdd @ : SU douslet ( The simplest
nonzero Y d\m-%e Higgs structare )

i -l_ ,L((P[‘I‘-"&\
(?-ﬁ(‘?o-i‘?z )

SU TR @ > U U=ep(i®al)  qa:Pautisi

V) ¢ » e P
Totential ©  chould be SURIXVLY  smvariant
Luge = Ope DR ~ VCY)

quodrabic form  2x2= 113 ¥ 2
F@ © SLa) singlat, 2ero UG change

(?Titz(f (+he) =0 'Hl'msk @) S"“a‘ﬂ-t
- Bose stakishics ( 2 is pseudoreal )

( non2evo hyperchovge anwau,)

cuble 2x2rxu %4

quartic 2% 2(1#2)x0e3) = L+ 3+ 3+ (1+3+5)
(@)* ¢ ok
(o) «(dey 9 (@5 (Tae = 2 §20 847 ~ 85k
| itae|” = o
|enr?e 1P < ()?
‘fhe Most gomeral rensrmalizable potemtial ie thus
Vie) = [ « % (o)

u




3\Jmme'\'r3 of the Hl'%b po’ren'ﬁal

V) = wde « M@ i a fution of ¢
(ét(? =§ (W:'H‘P?*‘?:*‘P:) = O gymmemric

OW ~ O x0B) A~ SURYxSUE D SLEY =UH),

5

how ?
Matrix notation

|
D s B (%* A'L‘a%) G=1.23 (Pi:real) -

1 [ ori®s i(w.-:w{))
O\ AQRe,) G-ty

Bivk complex WK4 |, but K 15 ol 455 > Rﬂa[&z constraint

Tlé*,tz = @ ) Tzfrz 3\"1-' (, @o- LT;T:T; (Pq)
A L
LRRA 82k e B4R AT
. _ "'»i;((?o"“‘-tn‘fa)
\ A(QF:-QQ,) - §
T T\ @o-ie3

I B ARV Y toof:%)
= T = =
N " 2@ (-\ )( Yot €3 ) (R(Q.'h“?z)

o

(§9) $: magang'

Bob(QfciTat) = F(RA-iT)

@Té = ’!'2_ [@:1 + TaTo Pa Py ] TaTo = Sab+AE€abe Te
TS OV



SU@ x Vv Fup

Suw), ¢-> Ue &>U0%
U, @ > e A
1.
> UdV
U e SU()

e

e“'“ cdTa
V=( -u)=e € Vi)

Jnwariants

U >erp(itash)
¢*> %"
= ep2nieh ¢
@ > itaepl) g*
= et wno) ol
= ep(+{%6"%) ¢
=Ug

et T8 > T VEUUEV = TEE S00xUW-invariant

T8 -1 T = 2€ - 2y

qarke (T 88) = (2@

T 308 - 5‘_(‘2‘&‘)11?1 = -;(Trcﬂb)z T

tode  got® > dt OBV = ctVord oV = durd

*.
=3¢ = 1T
(‘Rfm@ 32 =0
T &b g = 2(2€})

etc.
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Hfag& poh\ﬁa.l
Vors ¢ ge + ey
AP e « I (TEE)
(global)

has \Qr%uA Symmefiy than  SUQR)xLW) : SU(:)Lx SUa), ~ 0w
& > 08Vl U,V € SU@)

T&E > TwVBULEV' = T Ele

Sportaneous Breaking of  SU) x Ud)

choose (<o

A>0 ( stability comstroint : i not, gotemtial unbounded
ﬁou h_lW)

AVAE —Wﬂﬁ§ o Bk

ﬂ__ =0 = %_Pz + 3‘-)\];.@ ! extremum condition

PRE
K
W OO

3 .
or ‘;E;(ei = _3?; 02
;=0

[]]

Rt EEITeEC W=, Q=0 (a=1,2,3) Etrwd

ighed: |<®>-%1
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Unbroken symmél'ry
A )
@ (@ w6 IR

(gouge)
@& -2 - udV-2u

= \T“; 1 IH3enc=@ UV+=4

U=V = 2% ¢ uw

quge: SU@ x Ve, — D)

Global unbnoken ‘:gmm@l‘r&

oled

- w&k"‘“ Sou.)
U=V e SUR X 1ok

(alobq.l'- SU@)L X SU[Z)R = SU[l)D : diagenal SUC) group
8. This group is the Snmme'l'ra of the ng‘}i potentiall
Oh\\j .
In the full 'i'thr_x. SVQ)R and SULR)p s
aplicHy. broken by the Uy gauge interactions
(VW diskinguishes the 37 diveckion )
Howevew, theve are sihuckions wm which s group
oppears Qs Qn Opproximoile s-tmme‘\‘rut
. LQV%Q My Lmit (A » %2)
- p=4 % eloted fo t S‘a.hmtua
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Higgs mass. mabux

Hig% potential
VA
V= Qe + ()
3 2
=g &2:0‘?; + L{ A (%‘?;) (Pg : neal
Extremum
21 =0 > (pk(pﬂxi‘&) for ot i
assume <0 %sz 2:7%_7' 0% minimume (vacuem)

:%.‘;‘-’0 . 'mnx;mum)
2
Mass matrix V "l"li Mcj (.P"‘Pi +

Mt) :{’\;" = 8..3 (P-*’)S-‘(’&) + 2%@4‘?3‘

= <p> @=<Le>

Vawum - <q,o>"0 ) <q>q>=0 (Q=l,2.3) ZEZ‘M'&lMu

M::-j S 2)&’01 860330 = -2'38;.9839 = (-zp’-o )
0
0

2
HE(QO‘"\) eLe mH=-1y3 >0

mz% = 0 € massless shles
C&oldstone koson. )
# Goldstone boson = 3 = dim(G/H )

1’4

full qroup S unbroken Suloqrowo

G = Sve) x Su@g > H = SUE)p

SU@Lx V) = Ullgq, ( %'ulﬂed version,
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Goldstone's  theorem.

Spotancous symmelry breaking =  massless bosons
G > H ( Goldstone bosons )
¥ Qoldstone bosons = dim G/H

Proof C classical version )

oV
@> : a vawum — | =0
'a¢; l ¢=<¢»
ge @ qid> = <>

Potowtial V' (or Lagrangian) & - iwvariant
9 <> % (another) vacuum

Unbroken Sub%mup H
he H %  h<pd>=<b>  (<b> &@patzn)

3> Vawum states 02¢? manifold & G/H

G/H E3¥% Vo dd & const. ( enorgy devsily of UQCuum.)
P> =&ad GH BB o excifukon ¥ massless

> ¥ mossless statew = dim G/H
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Higgs mechonism

T.f the broken Symmetry is gauged,
the Guldstone boson disappear

and the Corresponding gauge boson becomes massive .

H Du¢’ (%
1996 - Gomge afevockion ne D\L"? @= ¢o)
0
¢ \R\ W g':rm bmw 2‘((0
1’ = ¢+ ——)- J(‘\MN\ W
& ¢ =é (0H+ix)
\Q (ot L
7 (¢°*9p¢+)Wp =~z 9V (3p¢+)w}.
"mixfng “of Ou ¢+ and W;
Guuge boson. Propogatdr
k> ‘L kpkv eulev
W ;JvﬂﬂfV\Q;vu = iﬁ (;‘3kv‘ —157 + d.-%ET )
S — L
vacuum polari 2akion “ransverse”  “longhudingl " (fulim )
Sensw_

F’\@"’v = ”‘\-(g‘w kz‘ kyku) Tl'(lrf)

T {rom gauge (nvariance

W,w p@o' vW

- iz(%w,""*‘? ok B0 ) (G gk TCKY 5 (o

2

(g,w h, ) W)

no bn;ifud.‘mt part  due fo gauge (invarance
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[AV,V.V G M@w\+ m@r G~ + -

= ( /Q#kv ) épﬁv
ﬁ(um&» dh ™ e e
\> geuge bosen mass = O > lomgifucinal part
Cas fav as (o) is regular) # radiakve tareckion & Sitho
Goldstone contribukon o vawum polarizakon.
é - lev
W'\P.:X ---- X "’\‘;W = 3‘30hp' hz a%‘vkv =——3‘” %"
z 2
"A'( ?‘“hz—hﬂkv) Tr(k )
2 l22 4 i
k) ~ -3 = Lo
k~° fion - poie Termi.
| i | ot
RUTHY (-39 K-
M‘)j‘»‘""
Jauge boson mass skiffed from © W mass
bacase of The Goldstone pole mu=ggv

In prackide, U o umueniont to conal the  FpbWp torm
w the L“Y‘"“x“"‘" b'a o gouge f\'m\ﬂ twrm.  (Ry gauge)

The MQ boson moss ferm (s conttined TpC(TT@p‘-{

W A

o /% ¢° | W AMA\)(:\AAAW
¢ / W £ ?=E‘U

L 2aok,0  F Lt t
39 970 Wy 7 90" Ww,
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Guu%a. boson mass
' T VAl
Deg = (3 igZWh +4f2By )G
r t
SUR) Coupling U coupling

There 15 no amhoven® novmalizakion of VM) (unlike simple sroups)
> Wwe can choose the UUY hypercharge of @ at will

by redefining §' (e fake 3 a4 Convemdion ) !

Mafrix notodion

D& = %8 + 39 TWp 8 -39 Doy
Du8 = % -59 T Tawi +39 BT
Grouge boson. wass Torms  Come Peowe. the Ehags Kineke form,
£ =37 Dué@s Dp<d> @3t
Dp<®> = 57 (§7awy - 9T3By)

5’2‘ q’ 4‘2 4,7-
3 3 !
XP = 3Wp'3 B,u

= T (TaX)?
= g0’

g o0 gl ud ] + (qui-q8)° {

Note: $L full SUR)LXSU@R 0" quge fe 202 1Lha"
3
2
% OQQZ“ (3 W:- 3I‘B: ) © SUQ)p invariant
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define. ‘
Wp = & CW; + AWy

Ly = \]3’ ,Q(SWp, 3'Bp)

- L gt wt L (e 2
I. 4 %'0 WPWF + '§ (%I*%z) ‘Uﬁ ZPZM = My, w;wp_.-:n:z,.z“

\
My = 3 4
ST
8443 stte
{
= B
A‘* ,J%:L‘_%.a. + % l‘>
5 mossless =  photon
Zy = Wy o8y — By sinbw 9’
3 '('0»\9\43 ‘?
A“ = W’I\ Sl;'\bw '+ BP (Dlew

3
{‘ WP’ = Z“ WwsBw =+ A|‘ S\nBw
BP = -ZM snbw + AP wsO w
' Higgs feelds @z (k=032 655 3> (@, 0, @) 3

qouge bosons (W 2Z) o0 "EUkARS. € BY, o= H Evtav
Prysical 5 KK £ LT TR

wnbroken
": 5 Ve AY _ Qouge boson ‘J’A:'. Wi, Wrz, We, Ws, @ C+ghost)
e e s mass leroken unphysical
3 I is. 4
wde ... a Quagebomn oAb Wri, Wya, We  We, @ ( ~ D



Neak mixing omgle and  Gauge Couplinge
( Weinberq angle )

g ¥ 9
- — QI. e = T (o a\,‘=
tan Ow 9 "Ow ‘/%2+3‘z = W
(az____ 82*'3'1
% CosOw X sin®w
su@. | ¢ 9| v
X $inQ, X CsOw
9%’
e =
U g
¢ parameler
ome
Pe My oSO
9z /M NC Ferm cowpling
F/ my CC. Formi coupling
= if ane doubolet (s)
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or’

| ‘ WL", 4
(Feneral thgb ¥ ”
friC
ﬂ‘ h‘“ﬂ
b oak isosin T "
VEV &0 I3 Q=I3+Y =0 = Y=-I3

Dpd = b +ig T*Wed -ig Iz Bpd

T SUa T fib
= b + EQ(T*N,‘,+L.¢.)§ +LETWR-I TR ¢

My =3 <TITT+TT 1LY 348 TE=T'uiT?

= [ T -12] e’

[' If W¥co hgge
\ 2 3
2 | 2 \ Y > = L
My = 2I; (M <> "
° ZPOCSWE"S'B}.L
0- me  I(TH)-I? s
M7 cos’Ow 2T
(I,I=)=(3, t3) P= 1 ¢ Exerimevially confirmed
\
41D} 3
(1, 0) 0 (V) xUw) unbroken )
(3.4 3
(%.%83) 3
(3.%2) (
(€ 285 1
P\EF‘.\# Tu,ﬁ-i ‘.'LA_,'. SC ‘1 ir '¥ $)

o Salar 3§ (reak m&S) o S04 : R”
<> alway o radiot mode (<> KX ETIIFM) : physical

B SU)XVW > UM (3 broken generators)

Uiy £ 2RIEREF thgga1d nonzero U dharge £ 1) > complex Geld

> el KA LR > BB -3 %0



SU@ xU@) (m,g Inferacdions

Dr = O+ igT*Wgk +:4'Y By

B+ (TWETW) + T W +ig Y By
(W, Bp) pat

differest onventions \
infroduce Q= T3+ Y (

Q."T;'l' \f :
\_‘ Gl = T;"Y /

19 TPy iy (Q-T)By
AT3(9WR-9'Bp) + 1@ By
. O [

%z ZF' - ZPS:!\BW + Au wsBw

= i92(T°- Qsin'dw) Zy + ie QAR

Dp. = ap- 3 —(T WF. TWp)**ﬁz(T G.Sm"ew)zrl-\-a.eQAp .‘

T 7 ; 4
W™ couples with Z couples to
bure SL2) Wl:'\j a Unear combinafion ?l“ﬂbh CBUPles

of SU) and em. 4o Q, Coupling €

d\arae,
QED
TE=T T

3 = 8 = e
% Smew 2 (sbw  Sinb, w0y
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Fermion fouge uiferactions
{, = E -‘{:LLDLPL = 2 GLiPBY + X Yo i Y

\eft-handed Onfifermions
frelds (4§ §ermion number conserved,)
Ordimmj fermions = Rinelcterm — %(@‘ﬁhft]fwtp Hm..?
L'. doublet = 3 2 -—
R: singlet -3; WYP(T-Q%.&A'{ZP - *‘-‘!’UFQ YA
(Tetz) .
- _9 k55 ?ww w' |
>\A: w \T—{ .6“ _:T - same
‘--!-_h=_i:; fw 'S'.’
4
Z -c “ ( 1:55 Q \ ze )
42 % (I3 5 - Asin®u
£
§
3 -ieQ T
§

Scalar ouge uleractions

% A PO
LoD e e s
\\\ \\
g rwn o v 3‘:‘{: weoguil
’ /7

/

Bor W-W mteovactions ,%_lﬁm



Yang— Mills Tnteraction

Fp% = ’Bpf-\s-?Mﬁ -9§ e AﬁAﬁ A=4,-, dm&

‘Fabc : %wkgtﬁ o Structure Constant

[T? T = Agabeye
T (T%T%) « Sq'b > bec'- +o‘l'a|l\1 an’a‘symmé‘fﬁc.

odioint vop. (T3 = ~i €29 (4% gguckd o Taoti )
ARG Bafic oo

{ =-7 FwFi
'
=7 (OuAM- ALY + g e pB DA - Jgigbegedeqabcyd

kinekc Torm s r:_:}{
brr'i-l“c.

SU()_) ,fﬂbcz GQbC a=1,2,3

gobegene . gacchd, god ol

w3
’_/-}L\—,\ w:w'z Mmo Z2Z2 eixc
y 2 WW ¥ C all mesdtrad )
oW w* wiw w W™
‘X . w:w:zz mo 2222 ek
W w) Ww Zy

WW ¥ Y
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Fermion mass

On\\j H‘;ﬁgs dloublets Cam %{ue,/\{!rmion masses
ko
(<-) Qny nonlrvial H\‘aas fp. Can QLR Qeuge boson masses )
Quarks and |eplons

Unwvagiant Combpination
T Y=4Q> UG
v v 4 -1
e b= (,e)‘_ 2 2 1 f. D (?* + he
e Sy o +1 1 Y -4 % -}
d L7 \d/ 2 € q V\I.(-? + he,
£ n O ~3 EY Yei1
d P O 3 3F AP @* + he
Y 4§32
i \ (
(P = (:go) 2 2 1
N s |
@ =( ¢ ) 2 —z 1

1. fermions Cabove) Cannot have SURXUC) Anvariant mass ferm.
Quarks/leplons are massless “hefove” Symmelry breaking

2. A single doublet @  comv ?mro'te masses of all quarks, leptons,
od W5Z .
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Quark masses and Mixings ( generic case )
M generddions of quarks 14U, URe, dReY  dstem

1. Cnelic + Gauge ferm for these feelde | Aﬁmme‘fh‘c_
umder Jm) x YM) x YD) :

4> UL, R>Uaur, dr~ Usde
rg.ti\
°Gmg,bomsanblb\dofgmmkons cl:'-"\ \
X
© Every gevation mannot be dishinguished
{rom one ancther

efc.

Z. Yukawo, wieractions break the %mmdhd, C %Cv\m‘calla)
—£ = ‘5:‘.;; dRc(_PQ?.& + L.‘ E{;GR% + he.
3., hey Complax
¢ Yukewas ove the onla Source of anmfra breaking in M

3. fisand Ws have 4n*(real) pumvnei’ers tn totad .
But not all of thom are ?k%.‘callxa observable.
The S(ammd‘rz of the KineHc form Amplies a kind of

m?ammeh\‘zqﬁon wvariance - The transformation

¢sbfu L o UThU,  E2CED

leaves the physics u.nchcmcded.
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4. One should be careful at this point, because mot the
entire U(m)?' sammefra reallxa acts on £ and h.

Actually o UW  subgroup of Uy’
U=Va=0U3= E)id
does not dhange § and k.

The effechive repavametvizakion Qroup 1 Hws Uem /004),
5. The space of physical parametors is therefore
R/ (Um¥/um)

Dimension = 4’ - ( Int-1) = M|

'd'{.af'if: (nl-(- 1 = am + 3“\(\(1\-!) + zl (In=-D(N~-2)
\'hi‘:'{‘, *"‘:n,.»’ masses mixing amgles phases
.,e‘: 3 k3 (flavor violakon)  (CP wiolation)
i Mm=2 4 | 0
3 6 3 [
4 8 6 3

If one starts from real Yukawa Couplinss

2

¥ tal parameters am
reparameirizaton. goup QM) x O xOM)  dim 3xgnin-0
( must keep the reality of fand W)

¥ physical paramefors oW ~ 330 = 3NCND)

l
SN = 2n +  3nln-) (mo phase )

mMosses -gzm‘utnts



Quark mass malrix
(d Vv
Md=\§'f Mu-‘-\,‘gﬁ,
‘£m= algMddl?. + G;Mu(.lt + h.c. dl =/ d% \_.

Theoem © o complex Mxm mafix M can weitten
o M= UfD U’ . U,U't: unitary,

D: diagonal , ol elements Z 0

-t m ot am Em En e am S e am e e WD S M em me em S e Em ey en e W e WD G Sk EE an S G G G WD

Mmass eigm' Tafed

+ ag. diug.
Mu = URM:l’UI_ , Md=VZMdh3VL

Wr=UrUr , dr= Vede & RS
L L L L L Lu
- dieg. - dag.
—{m = drMa “dL + U.RMuh’ u. +he Fxf

left-handed doublets

0 ut
SU@. ak on Q0= (d")

°_ UL - U
r U (uLvEdL)‘(dc)

+ /
or  \/,q’= (v;t)" u“) = 3")

K= ULVLT ' Kobayashi- Maskawa matvix
| di= Kdo u!= ktu,
Guuge Coupling
Neutral : T BpU 2 dodpde diagonal : GIM
Charged @ UiBpde 3K de Haver viclation



SU@xUA) x SUG) © Minimal mode!

vl

. V
1} e d

The Ohltj dimmsionful parome\'er As the Hl‘ggs mass Term.
(or the P“S‘P VEV ) . All other mosses are Secmdqg

(> sewnd kind of “universality” : see below )

my = G
Mz = é?z-u_-
My = = hv
Md =z fqo
My = \Fz" fo v
my = A3 NEw

mass o (oupling with thgys

Unique brm.\uxg patfern
Neutrinos aactly massless  ( Mujorana mass furme forbidden )

Bmaon and leplon number automakacally conserved
( Mo renormalizable m‘a‘fakna miwackows, )
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How neutrines can %e‘t mass
1, Introducing Vg ¥+ Dirac mass
Vet QUG x SU@xUUY  singlet Mo qauge oupling
“Ln = TG0 the 2 my=gho
No explanation why M, &< My, Mg
2. Infreducing triplet Higge < Majomna mass
Vive € Q- 0 SU triplet
Y=-1
need %o (T=4,Y=1) CAM AR
-£ = Kl )it Ta b Ko +he. » My = £, <>
vev <> must be much smallerthan &> ( p=! constraint alse)

+ Can ingose global lepton number Symmeiry  ( Grelmini- Roncadel: andlel )
In this mse <X>¥0 > Goldstone boson (Mojoron)

3. Remnant inferactions from hiq“*.&--‘:-’ energy < Moajorana, mass
Mo mew partides ,  nonrenormalizable effective inferaction
1 .
-f = 7 LEORDTE PERng +he  dind

/mv’\'W

Small My explained by lorge M

‘ °9ee~saw" D an expliat esgmple (Vg with [tl\‘ae Mojorana mass
+ ordinary Dirac wass term. )



Anomaly cancellation. . SM

3-qauge boson verfex : fermion loop armeckow

b o
g e

R = Ciral formion o Ad Gouge cuwrrtnt 1= unomaﬁa N ECI
(> <N=2nFARE)
ar\Omal\J 062_“' TQ ’l.Tb, Tck
all 33 T -Ter
(eft-handed ( without onkparticles)

Anomaly 3 {frmion mass = &HGu
ﬁ ~ Qinear divergemce © Omomaly
Gimess = 0 (chinaiy)
&g G convergent

Q@) x V)

Tb
@ T“q c =0 SU(2) does mot have complax reps
T

T Q
©) h < nontrivial

Tb

® T T ¢
. =0 (TWT%=0)

Y
® Y Q nontrivial
Y
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anomaly o T THTE TS ~ Trp TATETE

Tr: for all formions (no anhifermiens)
SM

@ left-handed fermion 3 SUQ) doublet T¥ =3
@ vight-handed formion 13 SUR singlr  TH=D

@ left © vight o charge Q= T+Y & 2

® Teo YATATOY - Top w.rf,m

) .l_isﬂb‘. (2) !“(4
T@L
N o
= %. a“'b Tre (Q‘Ta)
™ traless
= 3(_ Sab T &
' ki
S <]
@ —‘_V‘LY - TV‘RY Y

(@)
T @=T2)® =~ TvpQ® (T30 fiv rjhe-bowatid fommions )

]|

= T!-._ é’i —3TH.Q1T3 +3Tv, Qﬁ"’)‘z ‘Th.cﬁ)’ - T!'RQg
"
= - 3TL@-THAT? ons

SE)
= =3Tr YQT?

) 3
3T YT T

]

= =3 YO - 3T T
Y traeless
> =R

Anomoly cancellabion in SM & 2@ =0

Qv+ Qe + 3Qu+3Qd = 0+ C1) *3x5 «3xCH) 50

Colov



F—\nomq.ly

img le ooy

LR R T TUTETSY = @R (™

Conjugale rep. Q(R") = —a(R)
(Proct) Q(RH d%® = T (-T2 3(-T%), T}
= €9> Te TOR(TOHTeteTerThY)
== T (~)F
= - T (TSre+ Ty ¢ (tr=1)
= — T T2LT?, 75
= - AdR) da'oc

Real, ( pseudoreal £5) rep. & amomaly & 0
i R¥~ R aR) = —arRMH= -a) = o

Complex vep. & LEGL 3% ¢ anomaly fase (SRzARB K anemalyT3)
SU@), SO@m1), SpCan), SO (WN),

Ey . Es, F4, o2

Complex rep. & £2BF  SUWD (W3) , SO, Eg
>SS SOWN2) « B¢ @& anomaly frue

anomaly <> 330 Casimir .
g rd""‘“ :
Comple x rep. & M} o Cosimir R foweS

Dn ~ S0@2n) o Gasimir & 28 Casii.‘-n/ﬂ&:jﬁmmk

2,%,6,, 20-2 5 N &"‘e"‘“" no Complax rep.

n=odd > complax rep. &)
M=2 SOUIA~SLxSV) 2;2

m=3 SO6) ~ SL&) 2,4;3 2 anomaly
M=y So(®) 2.4 6; 4
m=% Solw) 2.4, 6.8:. 5

30(6) o anomaly  Tv M) EMKE M} s eIkt (a1, S0 1)

Eo o Gsimr skl %75.6,%,9.12

Mo cmomlﬂ



Simple group 3% SUM) (NY3) st o H-TRikE
g%hey = anomaly free = .

R- g or SUM) h23) , VW) EBL PR3 7ziid> o
AR oc 2 LT onomaly =0 € B.IuB TR EESE L.

QCD Tw , 7znid» 15 Cquks) (Bo+3L) xmg ¥

RF LT real T ERTB AT anomaly 18 B
( vectorlike )

SU x U miraculous Ccancellation

Boudhat - ILopoulot ~ Meyer

SU(S) GUT : 7znity 3 (Bl+ 40) » mq
V4 \,

d, (:‘)u. (g)l.. ., et

Qo) =AY = —Q(B*) » anonu.b,l# cancel

SOU0) GUT: anomaly free
50U )

16 = 8% « 10 + 1
A%
Y.

Shiz XYy, SV . VwuF SM o Qnenq(j cancellaivon, N

W3,
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(T g G order of indep. G (3 = k)

Ag  SU+D 0(Q+2) 2,3, 4., 0+
Be So@ud R(20+1) 2,4, 6,-, 20
Ce  SpQap Q1) 2,4, 6, -, 20

Dy S0 ¢33 L0e-1) 2.4,6, -, 20-2 ; ¢

Ee 18 1,5,6, 8. 49 2
E7 133 2, 6.8, 10,2, 14 (8
Es 248 2,8, 1214, (8, 20, 2% 30
Fa 52, 2,6,8,12
Qy b+ 2,6
Aq ~ By~ Cy
Ba~Cy
A3 ~ D3
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