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FERMION MASSESS

Scalar — Fermion Couplings allowed by Gauge Symmetry

P (@) ¢(+) W) ¢(0)T - " ¢(+) | .
Ly = (@, Tg) |© (Q4)r +C _ ot (s | + (M1) C 50 | R + N.C.

l SSB
7]
\Y;
Fermion Masses are
New Free Parameters
f
. . _ mf
H Couplings Fixed: Ouer ==V
f
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FERMION GENERATIONS

N.=3 Identical Copies Masses are the only difference
v, U’
(Irj djrj (j:]-;"',NG) WHY ?
] J

Arbitrary Non-Diagonal Complex Mass Matrices
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DIAGONALIZATION OF MASS MATRICES

M, = H -Uy =S} - M, S, U, H, = Hi “
M, = H,-U, = S}-M,-S,- U, U;,-Ul =Ul- U, =1

H — . —
, = —(1+7) (A-My-d+0-M,u+T-M, -1}

M, =diag(m, ,m;,my) ; My=dag(my,mg,m) ; M =dag(mg,,m,,m,)

Mass Eigenstates

d. ESd'dL : U. =Sy-up ; ILESI.II" i
dp =S4-Uy-dg 5 ug =S,-Uy-up 5 Iz =S,-U;-lg Weak Eigenstates
fifl="ff  fifi="*% —
o d =T -Ved =S,-Sq b

QUARK MIXING
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Zﬂ Z f]/“ [Vf—af 7/5]f
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" 2sin 6, cos b,
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LEFTON WMIXING

WT ZV " (A—-ys) ViE') I, + h.c.

2f
e |F 02 ZI: vy (1=y)1 + hc
m o=V
(Minimal SM without vy)
e IF
Y., X, K, (L, + L, +L, Conserved)
BUT Br(u—ey) <12x10™ : Br(r— uy) < 6.8x10°

(90% CL)
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r(d, —»ue ) o« |V,| ey

We measure decays of hadrons (no free quarks)

Important QCD Uncertainties
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‘Vud‘z + ‘Vus‘z + ‘Vub

The Standard Model

‘ 2

CKM entry Value Source
0.9740+ 0.0005 Nuclear £ decay
0.9745+0.0019 n— pev,
0.9740+0.0005
0.2233+0.0028 K—>rzeV,
0.2208+0.0034 7 decays
0.2219+0.0025 K/z— uv, Lattice
0.2221+0.0016

0.224+0.012 vd »>c X

0.97+0.11 W*™ —> ¢S

0.974+0.013 W*—had,V,:, V4 o
0.0413+0.0021 B—>DIV,
0.0416+0.0010 b—cly,
0.0415+0.0010
0.0038+0.0009 B—plV,
0.0044 +0.0005 bouly
0.0043+0.0005

0.97 " 91 t— bW /gqW

2 2
~ 0.9980 +0.0017 (vl * V) = 199920025 e
J
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QUARK MIXING MATRIX

® Unitary N xN;

Matrix:

2
N: parameters

V-V =V.v =1

J

® 2N, -1 arbitrary phases:

u — e T e d, wmmp V6 - S ALAV
Vi, Physical Parameters:
%NG (N — 1) Moduli ; %(NG — 1) (N;,- 2) phases

The Standard Model
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® Nf =2: 1 angle, 0 phases (Cabibbo)

cos 8. sin 6, /
—sin 6. Cos 6,

® Nf =3: 3 angles, 1 phase (CKM) C;=C0sd; ; s;=sing;
Cpz Ci3 S12 Ci3 Si3
— =S, C23 —Cp S23 S13 C, C23 — Sy, S23 S13 S23 C13
. S12 823 = €5 Cp3 545 —Cip S5 = S515C55;5 Cy3 Cy3 i
[ 1-2%)2 A Al (p- )]
~ A 1-422  AA? + O (/14)
AL (1-p-in) -AX 1 |

A~sing, ~0222 ; A~084 ; \p>+n° ~041 EAY) /
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Standard Model Parameters
QCD: (!

EW Gauge / Scalar Sector: 4
9,9, 4°,h < «,6, M, , M, < M,
13

Yukawa Sector:

&,
T\

= 18 Free Parameters (+ Neutrino Masses / Mixings ?)

TOO MANY !
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O Violated maximally in weak interactions
® Symmetry of nearly all observed phenomena
® Slight (~0.2%) ¢/ in K° decays (1964)

® Sijzeable / in B” decays (2001)

® Huge Matter— Antimatter Asymmetry
In our Universe

CPT Theorem: (P T

Thus, / requires: = Complex Phases

= |Interferences
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Stamdaed Modal Msciisn of - #2

Complex phases in Yukawa couplings only:

— 0. d’ o) ¢(+) d’ c ¢(O)T ' h
Z (U5, di)o | Cie O ) *F T Cik el Ur | + NC
jk _

< [(#°)-vive]

L, =- (1+—j {d_j'L Ci) Ay + T C3 Upe + h.c.}
(a)
Cik S
L, = — (1+—j {JjL My O + O My U + h.c.}

g t -
L = o W, Z,: 0y (1-y) V. d; + he.

Vi /
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, @ -
{sin"®,,, sin"6,,.}

M. Maltoni

Lepton Mixing

, CP ?

VR

N EW P HYS I C S >y, >V, ——> v, ——>V,

neutrino trajector
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Electroweak + Strong Forces

Gauge Symmetry Dynamics

3 Gauge Parameters:
All Known Experimental Facts Explained [

Problem with »
- 15 Additional Parameters

- Why 3 Families ?
/)8 - Why Left # Right ?
- Why mt > MZ ?
- Does the Higgs Exist ?

- Flavour Mixing
- CP Violation
- Neutrino Masses / Oscillations
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GREAT REWARD
STOCKHOLM

The Standard Model A. Pich - CERN Summer Lectures 2005



