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—" Quarks — “the building
blocks of the Universe”

The number of
D C — quarks increased
Charm came as with discoveries of
surprise but \ new particles and
completed the have reached ©
picture grd

st 2n°
" Generatio™

For unknown
reasons Nature
created 3 copies
(generations) of

down strange bottom quarks and leptons

() ) )




scovery History

VO
0

s1X quarks six leptons

Now we have a beautiful pattern of three pairs of quarks and
three pairs of leptons. They are shown here with their year of
discovery.




Matter and Antimatter

Antimatter was

The first created together
generation is = with matter

what we are - during the “Big
made of b2 ™ bang”

Antiparticles are created at accelerators in ensemble with
particles but the visible Universe does not contain antimatter




Quark’s Colour

Baryons are “made” of quarks

AdTdTdD
Q(sTsTsT  ?
AV TuTu

To avoid Pauli principle veto one can
antisymmetrize the wave function
introducing a new quantum number
- “colour”, so that

A =e"(d Td Td,T)




The Number of Colours

4 Update of Burkhardt, Pietrzyk 95 > The X_SeCtlon Of

s | Very Preliminary ] electron-positron

: ; _f annihilation into

*thi *M M hadrons is proportional
'"7;:\"T'Tf i to the number of quark
i ++ s colours. The fit to

! ‘ experimental data at
various colliders at
different energies gives

N, =3.06+0.10




The Number of Generations

> Z-line shape
obtained at LEP
depends on the
number of
flavours and
gives the
number of (light)
neutrinos or
(generations) of

the Standard




Quantum Numbers of Matter

> Quarks e SU(Z)

2 1/3

U, =up, vary 3 4/3

currents in
weak

> Le ptons interactions

D, =down,




The group structure of the SM

Np

: Z TS ij 59.1: TF ? Z fabc fxabd 5&1' 04

ij=1 a,b=1

S (Tt 5,y
( ).

Casimir Operators

: :_ 1 68% CL contour ALEPH
T —— 95% CL contour

* QCD =SU(3) |

[ SO(3),E8 ¢ massless gluino ]

QCD analysis :
definitely singles out P oee  wesw
the SU(3) group as =
the symmetry group of
strong interactions
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Electro-weak sector of the SM

SU(2) x U(1) versus O(3)
3 gauge bosons 1 gauge boson 3 gauge bosons
After spontaneous symmetry breaking one has

3 massive gauge bosons 2 massive gauge bosons
(W*, W-, Z% and 1 massless (y) (W*, W-) and 1 massless (y)

B
‘r @" 0 f. » Discovery of neutral currents was a
& ’f'- / crucial test of the gauge model of

l?” weak interactions at CERN in 1973

> T'he heavy photon gives the
neutral current without flavour
violation




Gauge Invariance

Gauge transformation vy (x) = (7,] (xX)y ; = explict” (X)]f;ja v,
l,;l. (x) > l; ; U ; (x) maIrix parametgr matrix
Fermion Kinetic term i/ (x)7"3,y/(x) > (U (x)7*d, (UG (x))
=iy (07" ¥ () +W (07U (13, Uy ()
Covariant derivative d, >D,=0,1+gAT" = 8#}—# g4, Gauge field

20(0) > T AT (1)=20,000 (x) —»  Dy(x) > UMDy (x)

Gauge invariant kinetic term il;(X)V”D,}//(x)

[D,.D,1=gGu =g (3,4 =, 4+ glAu, A1) G () > U(x)G )T ()

Gauge field kinetic term

AN /\‘uv
—%Tr GuwG Field strength tensor
12




Lagrangian of the SM

L=L__ +L 1L

gauge Yukawa Higgs

Lo =—LGoGe — Wi W! —LB, B,

+iLay* D, L, +iQ,v"D,0, +iE«y"D,E,
104 i
+iUay" D, U, + lDocY'uD‘uDa +(D,H) (D,H)

Ly = Vo LaE,H + y2 0, D H + 3%, 0,U, H

Yukawa

I~

=—V=mH'H-%(H'H) H = it,H'

a,8=1,2,3 - generation index

L

Higgs




Fermion Masses In the SM

Direct mass terms are forbidden due to SU(2), invariance !

Dirac Spinors left right Dirac conjugated Charge conjugated

—?’ 1+7’
v, Y, = Wy = v, w=yY, v =Cyy =iyy

Lorenz invariant Mass terms

/‘lULWRv\—I_ V¥, WLWL I//Rl//R

SU(2) doublet SU(2) singlet Unless Q=0, Y=0

- C

_ o VRV,
c
V.. TV, v,

Majorana mass term




Spontaneous Symmetry Breaking

Introduce a scalar field with quantum numbers: (1,2,1) H =

With potential

At the minimum

\

V=-mHH+4(HH)’
Unstable maximum

V.e.V. scalar Stable minimum

//H:/\ O

EG
S +1i = exp(i =— S
_2F!\)\ 2 v + \/5

pseudoscalar
- 0 )—ﬁggs boson
h

V4 —

\ \/5) 15

Vv +




The Higgs Mechanism

Q: What happens with missing d.o.f. (massless goldstone bosons P,H* orf) ?

A: They become longitudinal d.o.f. of the gauge bosons W/, i=1,2,3

Longitudinal components

2 ~ '
Higgs field kinetic term ‘DMH‘ = auH—gWuH—i

\/EgWL'L ][gWi +g'B,

W +g'B, | V2gW!

— : 3
Z,=-smb,B +cosb, W,

— . 3
Y, =co0s6, B, +sinb, W,




The Higgs Boson and Fermion
Masses

_ 2177 A T 2
» V=—m HH+7(H H)
4
_—;L; +lv2h2+ﬂh3+&h4 vi=m’/A

J2 8
m, = 2m =~/2Av

I~

Yukawa

Ly =V LaE,H+ 2.0 D H+ Y% 0,U H

a, B =1,2,3 - generation index
Dirac fermion mass

M = Diag(y,, )V, M =Diag(y,,)V, M, = Diag(y.s)v

yO]:; LocNﬁH — ]\41.v — Diag(yévﬁ)v Dirac neutrino mass

17




Quark/Lepton Mixing

» The mass matrix is non-diagonal in generation space
* [t can be diagonalized by field rotation Q -> Q'=V Q

UM, U->UV;M,V,U =UM>“U’
DM ,D—>D’V:M_ V,D’ = D’M D’

IV NV 7 U—>U'V,Z VU =UZU V;V,=UZU’
» Charged Current UwW,D->U'V;W,V,D=UW,V;V,D’

Cabibbo-Kobayashi-Maskawa mixing matrix

The (only) source of flavour mixing in the SM @




CKM Matrix and Unitarity
Triangle

—i0
SPISE $12C13 S13€

7 0
81,63 T C1p87355€ C1pCo3 = §128,355€ $23C13

) )

; :
S12873 = CpC385€ —Cp8y3 T §15C5353€ Cy3C3

Two important properties

1. CP-violation due to a complex phase 6 !
2. Unitarity triangle

Vudvb; + Vch;; + thVrZ =0

= V, +V,=s,V,




The Unitarity Triangle: all

constraints

I I I l" I",‘I I I

| I I I ! .. . I I _
06 — 2 Am, | 8K L\ LPO7Prelim T
b \ gk
05 / ¢ . X =
L = —
= ey S
04 — & \ | ]
= o B 5 -
— B -~ 1
0.3 s -~ -
e o k|
K \
0.2 \\
0.1 =
| o B 3

0 e 1 1
-0.4 0.2 0 0.2 _ 04 0.6 0.8 1

A consistent picture across a huge array of measurements
40)




Comparison with Experiment

Global Fit to Data Higgs Mass Constraint

Preliminary

Measurement Ayl i 0.23099 + 0.00053
0.23192 + 0.00053

m,[GeV] 91.1875 + 0.0021

+
I, [GeV] 2.4952 + 0.0023 0.23117 £ 0.00061
Gpagr [ND]  41.540 +0.037 Ag,0P —A— 0.23225 + 0.00036

R, 20.767 + 0.025 : Ay 0c A——0.23262 + 0.00082
A 0.01714 +0.00095 . <Qq > 0.2321 £0.0010
Orags L 00048 Average(LEP) 0.23184 +0.00023
0.1439 +0.0042  -.97 110015715
0.2321 + 0.0010
Average(LEP+SLD)H 0.23146 £ 0.00017
0.21653 + 0.00069 wldof:11.9/6
0.1709 + 0.0034  -. 102,
0.0990 + 0.0020 ]
0.0689 + 0.0035
0.922 +0.023
0.631 + 0.026
0.23098 + 0.00026

0.2255 + 0.0021 Ao® = 0.02804 + 0.00065

] o= 0.119 £0.002
80.452 + 0.062 . ] / gz m=174.3 £ 5.1 GeV

1743 +£5.1
0.02804 + 0.00065

< I I
0.232 0.234

. o lept
sSiNn“0
3210123 eff

Though the values of sin dYw extracted
from different experiments are in good

) a = agreement, two most precise
with the SM predictions - precision tests measurements from hadron and lepton
of radiative corrections and the SM asymmetries disagree by 3¢ 21

Remarkable agreement of ALL the data




The SM and Beyond

The problems of the SM: Ercse e s
particle? ~— ‘

- Inconsistency at high energies due to Landau poles
e [Large number of free parameters

 The origin of the )
* Flavour mixing AN of generations 1s arbitrary
» Formal unification oNg#POng and electroweak interactions

The way beyond the SM:

« The SAME fields with NEW —>

GUT, SUSY, String, ED
interactions and NEW fields s

- NEW: fields with NEW —> Compositeness, Technicolour,

mteractions preons
22




We like elegant solutions

“Whatever happened to elegant solutions?”




