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Scalar — Fermion Couplings allowed by Gauge Symmetry

(+) (0)t . (+)
P = = (Gt {c“” @@j (G)r + ¢ (_@wj (%} - @, 1), ¥ [Z(o)] lk + he.

SSB

H _ _ —
Ly = _(HVJ {qu g Gg + Mg, T, 0y + M II}

Fermion Masses are

_ [ad) w7V
m, ,m , m = |CcC7,C",C —
New Free Parameters [ da '} ! } J2

|
< LB

’ v Couplings Fixed: e =
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N, =3 Identical Copies Masses are the only difference

°-0 [Vf “3) Q=B ng  WHY?
Q=-1 d Q=-1/3

J
¢(O)T ' = I ¢(+) '
(_ o e | = (75, j)L o) 40 Il b+ hec.

SSB

1 ! ¢(+) ' u
J

L, = —(1+ﬂj b -My-df o+ T-MG U+ M-I+ b
\Y

Arbitrary Non-Diagonal Complex Mass Matrices

gy, = [ o]
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DIAGONALIZATION OF MASS MATRICES
H, = HI )

U;-Uf =U{-U; =1

S;-S; = S-S, =1

M, =H, U, =S|-M,-S,-U,
M, = H,-U, = S/- M-S, U,
M| = H-U, =S -M,-S-U,

H —_ . —
L, = —(1+7) (A-Myd+ T-M,u+T-M,

M, =diag(m,,m.,my) ; M, =diag(my,mg,m) M, = diag(mg, m,,m;)

Mass Eigenstates

d =S,-d : U =Sy-up 5 =Sl —+
dp =Syq-Ug-dy 5 Up =S,-Uy-up 5 lp=5-U-Ig Weak Eigenstates
raary, r3 . £ £ £ ' =
U’L d;_ = UL VdL , V = SUS-(I;I L,CC e £CC

QUARK MIXING
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e —
L5 = — Z f »* v, —a f
Ne 2sing, cos@g, Z‘ 7" lve 2 7]

Flavour Conserving Neutral Currents
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LEPTON WIXING

. = 23_ W, Zv ¥ (L-7) VUL + he

o I|F mvi:O LY = - WTZv,y”(l 7s)| + h.c.

2J_

Separate Lepton Number Conservation (Minimal SM without vy)

® IF vy exist and m, # 0

Y., X, , K (Lo + L, +L, Conserved)
BUT Br(u—ey) <12x10™ ; Br(r— uy) < 44x10°
(90% CL)
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r(d, »>ue ) o« [Vv[ "l

We measure decays of hadrons (no free quarks)

Important QCD Uncertainties
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V. : CKM entry Value Source

') Vi | 0.97425+0.00022 | Nuclear g decay
—— 0.9746+0.0019 n— pev,
— 0.9741+0.0026 mt > rletv,
- — V| 0.2246+0.0012 K —>reV,
0.2165+0.0031 7 decays
 — 0.2259+0.0015 K/z— uv, Lattice
s 0.2244+0.0012
SO V| 0.230+0.011 vd —c X
0.229+0.026 D — 7l v, Lattice
- V| 0.985+0.104 D — K v, Lattice
e V| 0.0386+0.0011 | B—>D'/DIV,
—_— 0.0415+0.0007 b—cly,
- 0.0407 +0.0007
] V| 0.0034 +0.0004 Bozly,
. 0.0041+0.0003 b—>uly,
~—— 0.0038+0.0003
] [Vio| /o Vi >0.89 t—>bwW/qW
—— [Vip | >0.74 ; <1 pp > th+ X
: : : 2 ") = 2.002:+0.027
Vol” + [V |V = 09995200010  X(|Vig| + |Vy[ ) = 2002x0.
J
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QUARK MIXING MATRIX

O N. x Ng

2
N:; parameters

V-V =Vvi.v =1

V.  Physical Parameters:

% Ng (Ng — 1) Moduli

The Standard Model

Vij N ei(ﬁj—¢i) Vij

%(NG — 1) (N, - 2) phases
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© Ni=2: 1 angle, 0 phases (Cabibbo)

cos . sin 6,

V = { _ No (’/fJ
—SIn 6.  COos 6,

e N;=3: 3 angles, 1 phase (CKM) C;=C0s 6, ; s;=sino,
_ L6,
C12 C13 812 C13 813 €
1) 1)
V = S5 Cp3 = Cp 5355 € . Cip Co3 =515 55353 € . Sy3 Ci3

ss—ccsew13 —cs—scsem13 C..C
12 ~23 12 ~¥23 ~13 12 ~23 12 ¥23 ~13 23 Y13

1-22/2 A AA (p-in)]
~ ) 1-422  AA? + (9(/14)
AL (L—p—in) —-AA? 1

A~sing, ~0225 ; A~081 ; +p’+7°~0.37 0,720 (7 #0) C/ﬁ
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Standard Model Parameters
QCD: a5(M,)

EW Gauge / Scalar Sector:

9,9, #°,h < a,6,,My,,M;, < a,G-,M,, M,

Yukawa Sector;

ok

4'4

f me1 mlul mz‘

@ mg,mg,m,
U My, M, My o (T

6.,0,,0,,0

(+ Neutrino Masses / Mixings ?)

TOO MANY |
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C,P: Violated maximally in weak interactions
CP . Symmetry of nearly all observed phenomena
Slight (~0.2%) ¢P in K° decays (1964)
Sizeable ¢# in B’ decays (2001)

Huge Matter— Antimatter Asymmetry

In our Universe Baryogenesis
CPT Theorem: CP T
Thus, 675 requires: = Complex Phases

= |nterferences
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2 Interfering Amplitudes

C/’lS Signal

I'(B° - JyK,)-T'(B° - JlwK,) . 0

I'(B° - JyK,)+I'(B° - JyK,)
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Vudvb +Vcdvb "‘th Vﬂ: =0

l fitter

ICHEP 10

sol. w/cos 2f<0
(excl\at CL > 0.95)

Ts]
=)
(=]
A
|
Q
(]
[}
=
O
[
i
o
o
[T}
=l
=
Q
frd
«

7=n (1—%11 = 0.358+0.012

pD=p (1—%11 = 0.132+0.022

a=87.8+3.0° ; f=22.42+0.74° ; y=69.8+3.0°
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Standard fudsl Mssiulsn of ¢

Complex phases in Yukawa couplings only:

_ Z UCH { (Zi”j deg + C [ii;j UﬁR} + h.c
: SSB | (#?)=v/V2]

H) v : /
L, = (1+—) N {dJL Cy) dpg + T Ci Upp + hc}

C ) diagonalization c

H — _
L, = - (1+7) {djL un dir + 0, m, Ujp + h.c.}

L =——WT v} 1-7) V, d, + hc.
cc 22 Z e Q=vs)

The CKM matrix Vj; Isthe only source of Q/P

The Standard Model A. Pich - TAE 2010



-

The Standard Model A. Pich - TAE 2010







Neutrino
Oscillations

http://hitoshi.berkeley.edu/neutrino

< _CHORUS
NOMAD

>0—@0—090 650

—>» 'VN —_—> Vo _—> ‘\-"H —_—> Vi

neutrino trajector

Lepton Mixing

. CP 7

NEW PHYSICS

VR

All limits are at 90%CL
unless otherwise noted
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107 eV?]

2
21

Am

eV]

©

_\ma1 [10

Neutrino
Oscillations

Gonzalez-Garcia, Maltoni, Salvado, 2010

<

~
[¢)]

=

05 06 07 0 0.01 002 003 0.04 0.05 0.06

tan 9 Sln 13

0. 3 0 001 002 003 0.04 0.05 0.06
tan 9 sm

~

13

The Standard Model

NORMAL

INVERTED

Ams, = (7.59+0.20)-107° eV?

Amd,| = (2.43+0.13)-107° eV?
sin°(26,,) = 0.87+0.03
sin°(26,;) > 0.92 (90% CL)
sin°(26,;) < 0.15 (90% CL)
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Am®| = 3367 x107eV?,

|Am?| = 2.3575 5 x107e V2,
sin®(20) = 0.86 +0.11 sin®(20) > 0.91(90% CL)

Comparisons to Neutrinos

—
(\J> | 1 | 1 1 | | 1 | | | 1 | | 1 | | | 1 | | 1 | | | |
D [ —— MINOSV, 90% — MINOS v, 90%
- - e MINOS ¥, 68% .- MINOS v, 68% -
'ID 5__ ® Best v, Fit @ Elest‘w'vL Fit 7
— a |
e’ — ]
NE 4__ N
< I y
e 3 T
@ [ MINOS Prgliminary —
o [ 1.71x 10% POT v,-mode
— 2 7.24 102“ POT v -mode -
ﬂ 1 ]

05 06 07 0.8 09 1
sin®(26) and sin*(26)

P. Vahle, Neutrino 2010
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alk by Yoshihisa Obayashi

 Test v oscillation or v oscillation separately.

Jul. 24, 2010
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68%
20%

000) ———

Super-K

"K: Search for CPT violation in atm. v

Under the CPT theorem, P(v=> V) and P(v=> V) should be same.

SK-1+11+111

Preliminary

Neutrino:

Am,32=2.2x10-3eV?
sin?20,,=1.0
Anti-neutrino:
Am,;2=2.0x10-3eV?2
sin?20,;=1.0

0.2 0.4 0.6 0.8

_l.—l-III|

2 NN 26
Sin® 2 06,4

No evidence for CPT
violating oscillations
is found.

Yoshihisa OBAYASHI, Atmospheric
MNeutrino from Superk



THE STANDARD THEORY OF SuU

FUNDAMENTAL INTERACTIONS (3)C @ SU(Z)L @ U(l)Y

Electroweak + Strong Forces

Gauge Symmetry Dynamics

3 Gauge Parameters: aS(MZZ) L a, Q,

All Known Experimental Facts Explained i

Problem with Mass Scales / Mixings: »
- 15 Additional Parameters

- Why 3 Families ?
st - Why Left # Right ?
-Why my > M, 2
- Does the Higgs Exist ?

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




Anywhere Is

artist

title, track 2

1997

genre

239.5323
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