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2. Flavour Dynamics

* Fermion Masses

= Fermion Generations
= Quark Mixing

= Lepton Mixing Tt

(T 4

=>

A

——

Standard Model Parameters

CP Violation A

Pygam
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Scalar — Fermion Couplings allowed by Gauge Symmetry

[ = _(F .7 @ [ w [ 7 P N0 g T
y (9u>da)1 | € (9)r + ¢ g (g)r | — (W.1), ¢ Jo | e+ he

¢(0)
] ssB
H 3 B _
Lo = = |ll— {qu 4y 9, + m, 4,49, +mlll}
\"
Fermion Masses are [qu s mz} _ [c<"> s c(l)] v
New Free Parameters ‘ NG
m, f .
T . . _ f
H M Couplings Fixed: Eurt =y
i

The Standard Model A. Pich - ESHEP 2010




N, =3 Identical Copies Masses are the only difference

- " ou = +2/3
0=0 vf uJ' Q=+2/ (=1, N) WHY 2
e @ 0=-1/3

SSB

H _ _
Ly = —(1+—j {a’]'J-M’docljfe + up M cup + M-+ h.c.}
\

Arbitrary Non-Diagonal Complex Mass Matrices

[M' ,M;,M}]jk = [c(]i),c(].”,?,c(jl,z] %
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DIAGONALIZATION OF MASS MATRICES

ro_ _ gt
M,=H, U,=S,-M,S, U,

H, = H]
M, =H, U, =S -M,S, U, U,-Ul =UL-U, =1
M, =H,-U, =S-M,S, -, S;-S} = SIS, =1
o (1+ﬁ) (- Myd+T-M,u+T-M,I)
A%
M, = diag(m, ,m.,m;) ; M, = diag(m, ,mg,m) ; Ml:diag(me,mﬂ,mf)
d, =S,-d, ; u, =S,u, ; I =8I Mass Eigenstates

_ TR g : =
dp =84-Uydp 5 ug =8,-U,-up 5 5 =85, U kg Weak Eigenstates

fL'fL':foL . f]éflle:fRfR £’NC:£NC

u,d; =u,-v-d, ; V=8,-§) L. # L.

QUARK MIXING
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L5 = — ¢ Z f 74 [v, —a f
Ne 2sin @, cos 6, * Zf: 7" ve —ac 7]

Flavour Conserving Neutral Currents

Lo = — -2 Wi D wmyt(I-ys)Vidy + D v, " (1-y5)1 | + he.
1

Np) i

Flavour Changing Charged Currents
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LEPTON WIXING

L0 = = W) Zv y* (1-y5) V" I + hec.

-

242 ’

e IF m, =0 L& == 5= W) X7y (=p)] + he
[

= _ @)
V,j = V. V1J

Separate Lepton Number Conservation  (Minimal SM without v, )

 IF v, exist and m, # 0

VA (L, + L, +L, Conserved)
=191} Br(u—ey) < 12x10™" ; Br(r > uy) < 44x10°°
(90% CL)
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F(a’j —>u.e v,) o« ‘Vij i

We measure decays of hadrons (no free quarks)

Important QCD Uncertainties
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V .. CKM entry Value Source
1) V.4 0.97425 £ 0.00022 Nuclear S decay
—— 0.9746+0.0019 n—pev,
— 0.9741+0.0026 at > rlety,
- - V.| 0.2246+0.0012 K—>re,
0.2165+0.0031 7 decays
— 0.2259+0.0015 K/ m— uv,Lattice
e 0.2244+0.0012
SO V.4l 0.230+0.011 vd —>cX
0.229+0.026 D — xlv, Lattice
- v 0.985+0.104 D — K lv, Lattice
e V| 0.0386+0.0011 | B—D'/DI¥,
- 0.0407 £0.0007
N v, 0.0034 +0.0004 B—rly,
. 0.00410.0003 b—>ulv,
—— 0.0038+0.0003
—_ ‘th‘//zqmqr > (.89 t—>bW/gW
—— V| >0.74 ; <1 pp —>th+X
: : : 2 ") = 2.002+0.02
Voal? + [Vio]” + |V = 0.9995£0.0010 D[ Val + Vg ) = 2.002£0.027  ep)
J
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U.

QUARK MIXING MATRIX

® N, x N, N; parameters
V-Vi = Vvi.v =1

® 2N,-1 arbitrary phases:

G-

i d V. o 0% v

J 1 1]

S elu d, — ¢

1 1

V.,  Physical Parameters:

%NG (N;— 1) Moduli ; %(NG - 1) (Ng— 2) phases
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<
|l
E—

X

A~sin @, ~0225 ; A~0.81 ; p’ +n> =037

The Standard Model

0,70 (n=0)

A. Pich - ESHEP 2010

1 angle, 0 phases (Cabibbo)
cos 6.  sin G
. No
—sin 6. cos 0.
3 angles, 1 phase (CKM) Cj=cos b ;
—i6)3 |
Cip Ci3 S12 i3 Si3 €
3 B i3 3 i55
S12 €3 —Cp §x3 813 € Cip Cp3 = 812 53 813 € S73 €13
io i0
S1p 83 7 € G383 € N TCp Sy T S G383 € N Cr3 €3 ]
1-2%/2 A AN (p—-in)
) 1232 AX + O (/14)
AN (1-p—in) —-AA° 1

S;

J

sin 0,

G



Standard Model Parameters
QCD: U (Mz)

EW Gauge / Scalar Sector:
g, g 1u,h o a,0, My, M, < a G, ,M, M,

Yukawa Sector:

ot
s ex M 1
@ Mg > Mg > 1My
U My , M, my Praam

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 (~02%) ¢P in K’ decays (1964)
Sizeable C# in B' decays (2001)

Huge Matter— Antimatter Asymmetry

iIn our Universe Baryogenesis
CPT Theorem: (P T
Thus, 675 requires: = Complex Phases

= |nterferences
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cr Signal

I'(B" > JwK,)-T(B’ > JyKy) .

I'(B" > JwK,)+T'(B’ > JlyKy)
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fitter

Beauty 09

sol. w/cos 2 < 0
(excl.at CL = 0.95)

0
m
[=]
A
_
Q
(4]
]
i
o
@
=
o
o
@
o
=
3]
=
a

T =7 (1—%@ = 0.342+0.014
UT:

pD=p (1—%@ = 0.154+0.022

a=92.0x34°; =22.0£0.8° ; y=65.6£3.3°
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Steylekwd Ulodal  (dzenanisi of )’/j)

Complex phases in Yukawa couplings only:

_ Z (_, d C(d) ¢(+) d, + C(”) ¢(O)T M, + h.c
J’ J jk ¢(0) kR jk _¢(+)T kR .

< SSB [(67)=17]

. A% 71 (d) g (w) v
L, =— (1+—) — {dJL Cy’ dpp + Uy G Uy + h.c.}
v) 2

J(lq ) diagonalization c

H —
L, = - (1+—J {djL my dy + Wy my g + h.c.}
Vv J J

_ T
L. __F W, Zuy (1-y5) V; d, + he.

The CKM matrix V; isthe only source of Q/P
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Neutrino
Oscillations

http://hitoshi.berkeley.edu/neutrino

< _CHORUS
NOMAD

>0—@0—090 650

—>» 'VN —_—> Vo _—> ‘\-"H —_—> Vi

neutrino trajector

Lepton Mixing

, CP ?
NEW PHYSICS

Vr

All limits are at 90%CL
unless otherwise noted
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Neutrino
Oscillations

Gonzalez-Garcia, Maltoni, Salvado, 2010

o>

107 eV?]

2
21

Am

06 07 0.01 0.02 003 0.04 0.05 0.06

Sln 13

107 eV?]

2
31

Am

0.01 0.02 0.03 0.04 0.05 0.06

.2
sin 613

The Standard Model

NORMAL

INVERTED
A, = (7.59+0.21)-107 eV?
Ami,| = (243%0.13)-107 eV’
sin®(26,,) = 0.87+0.04
sin®(26,;) > 0.92

sin®(26,;) < 0.19
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THE STANDARD THEORY OF

FUNDAMENTAL INTERACTIONS SUB)e ® SU(2), ® U1y

Electroweak + Strong Forces

Gauge Symmetry Dynamics

3 Gauge Parameters: ¢, (Mé) ,a, 0,

All Known Experimental Facts Explained i

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

- Why 3 Families ?
/st - Why Left = Right ?
-Why m, > M, ?
- Does the Higgs Exist ?

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