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Flavour Structure of the Standard Model

G Cu) e

 Pattern of masses
- Flavour Mixing —

Related to SSB

Scalar Sector (Higgs
. P (Higgs)
« Kaon Factories: u,d, s « LHC: t.,b
etcF: c.t « LC: t,...
« BF, SuperB: b,c, * VF I ve,v,, Vv,
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- v, u v, c vt
Three Families { ¢ } : { “ } , { i }
e d u s T b

Family Vi du| _ Z . q,
Structure |:l qd:| = { [le ’ (VI)R ’ lR } ’ { (qd}L ” (Qu)R ’ (qa’)R }

N Left—-handed Fermions only
Charged Currents W~ _
Flavour Changing: v, <[ , q, < q,

Neutral currents v, L Flavour Conserving

Universality Family — Independent Couplings
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Flavour Physics & CP

YES NO
/] €—> [,
|| €—> Iy
NO YES
JD/ and ¢ In Weak Interactions
CP still a good symmetry (1 family)
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Scalar - Fermion Couplings allowed by Gauge Symmetry

(+) (0)+ _ (+)
EY - = (q_uaqd)L {C(d) (Z(o)j (qd)R + (_¢¢(+)Tj (qu)R} o (VI’Z)L o [Z(o)] ZR + he.

SSB

H B B _
L, = —(1+7j {qu 4y qq +m, 4,9, + m ll}

Fermion Masses are

New Free Parameters [qu T ml} = [ e ] %
mg : "
H M Couplings Fixed: £&y;5 =Tf
f
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N, =3 Identical Copies

0=0 V,ou
0=-1 I'" d'

0=+2/3
=-1/3

Masses are the only difference

WHY ?

SSB

L, = —(1+£j {Ji-M’CZodé + o My up + M+ h.c.}

v

Arbitrary Non-Diagonal Complex Mass Matrices

(M M M = [ %

Flavour Physics & CP
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DIAGONALIZATION OF MASS MATRICES

ro_ ot + >
M,=H, U,=S,-M,S,-U, H, = H] )
M, =H, U, =S -M,S, U, U,-Ul =UL-U, =1 :
S.-SI =8!S, =1

o _ Qf
M, =H,-U, =S -M,S, U,

v

o (1+ﬁ) (- Myd+T-M,u+T-M,1I)
mﬂ,mf)

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

Mass Eigenstates

d; =8, -d; ,  uy=S8,up 5 =S —
dp =8,-U;-dp 5 ug=8,-U,-up 5 L =8,-U;- I Weak Eigenstates
o r . f! £ — F ’ —
f,f, =1, 1, 5 frtp =i f; Ere = Lo
u,d;, =u,-vV-d, . VESu'SZZ L,CC * L
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1)

[ € 7z £ 4 [y, - f
Ne 2sin @, cos 6, “ Zf: 7" ve —ac 7]
S Lt
Z
NO
d Ty

Br(K, > u ) = (6.84+£0.1)x10° , Br(K.—>u u)<32x10"’
L 7HH s 7H H

“s () > utw

K> (x'n) > (ry) > p'u

K, >
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Ve
TU v, 17 )~ LM &y pg
Vil V)~ > =
l [ MI%V _qZ MI%V F
L _Gemy oy S oy
= oy S melmy) iy m) Gy =(1.1663788+0.0000007)x107° GeV"
T
MU
_ a(mﬂ) E_ 2 a(m“)z émi — m‘Z = : x)=1-8x+8x’ —x* —12x" logx
;;W{H S ( nj+c2 - HHSMVZV 2M5V = 0.9958 ; f(x)=1-8x+8 12x* log
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2.197 03+ 0.000 04 PDG '06
2.197 013+ 0.000 024 MuLan '07
2.197 083 +0.000 035 FAST '08
12.196 980 3£ 0.000 002 2 MuLan '10

F
A
S
T
2 5
F My, ) Oqep known to 0.3 ppm
o 192 7° (I+ QED) (van-Ritbergen & Stuart)
New World Average: # ?
T, = 2.196 980 3 (22) ps G, =1.166 378 8 (7) x 10° GeV2 (0.6 ppm)
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2,78

g./g,]
B, ,, 7,/t, | 1.0006+0.0022
U /Tes, | 0.991+0.004
[k /Tks, | 0.982£0.008
By . /By, | 1.039+0.013

B, /B, e | 1.0018+0.0014
B, /By | 1.002140.0016
By, /Bxse | 0.996+0.006
By i/ Bk sze|  1.001£0.002
By u/Bye | 0.997+0.010
8. /8
B,,,7,/t, | 1.0005+0.0023

BW—)T/BW—w

1.036 £0.014

Flavour Physics & CP
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90% CL Upper Limits on Br(l

w—eyy 7.2 10—11

H—=>c7
T— €7y
N
T—>eeu’
T— pum’
T—€en
i o
T —>e KK~
T —>u KK~
T e
T —>e" KK~
T— uKO
T —>utKK™
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1.2- 10—“
3.3.
4.4 -
1.5
1.1-
9.2
2.6
5.4 -
6.8 -
4.4 -
6.0 -
59.
9.6 -

10°°
10°°
107°
107’
10°°
10°°
107
10°°
10°°
10°°
10°°
10°°

L —eee”
T —>eefe
T —>e U
T e
T—>emn
Sl
T—> W Kg
T—>e Kt
T > U K~
T >U T T
T e K
T—> €0
T > UK

> X))

1.0-107"

2.7 -
2.7 -
2.1-
1.6 -
6.5 -
2.3-
52
1.0 -
3.3
6.7 -
3.1-
9.4 -

10°°
10°°
10°°
107’
10°°
10°°
107
107’
10°°
10°°
10°°
10°°

[BABAR / BELLE]

T—>eeu | 1.8
T uetn 1.7

T—>emn? | 8.0-
T—>un | 1.3
T—>eK? 59.
> up’ | 2.6-

T—>e K| 5.8
Tou K| 1.6
T>AT 7.2
T—>efnn | 8.8
T—o>uo @ 89-

Touttn | 3.7

10°°
10°°
10°°
107’
10°°
10°°
107
107’
10°°
10°°
10°°
10°°

A. Pich — Natal 2011

16



c
()
—~

- ,<e F(a’j —u.e v, o« ‘Vij 2

We measure decays of hadrons (no free quarks)

Important QCD Uncertainties
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V.. u;
(00— 0) di 5 &7
W
K-o=nlv, D—>Klv ... ‘<‘7

(P'(kY|7"d ;| P()) = Cop {(k+EY £,(¢7) + R—EV [ (g7}
. GiM; 2 ) :
D —P'ly) = =25 [Vl Cop | SO T (14 Ge) | /(4" suppressed

fi(g%)
f,(0)

8
P

Mp=MeY dg® 35, 5 2
I ~ 1; Y A" (g aMPaMP')

® Measure the g2 distribution |
® Measure T J(0) |V
® Get a theoretical prediction for /. (0) |Vij|

Theory is always needed: Symmetries
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f1(0) = 1+O[(m, —m,)*]

Superallowed Nuclear B Transitions (0*— 0%)

VP 7 In2 (2984.48+£0.05) s Hardy-Towner
ARG (&) i+ &)

(Marciano — Sirlin)

1OC 22Mg 38Km 46V
o A *Ar OMn %2Ga  "Rb
34C| 4230 54C0

V4| = 0.97425 + 0.00022

V4| = 0.97377 £ 0.00027  (PDG 06)

Z of daughter



 (4908.7£1.9)s
7. (143)%)

(Czarnecki — Marciano — Sirlin)

2
|Vud|

PDG10: t,=(8857+0.8) s , A=ga/gy = 1.2694 + 0.0028

IV | = 0.9746 + 0.0019

PDG 2008

1, =(878.5+0.7+£0.3) s

. (Serebrov et al, 2005)
4 PDG10

1.26 1.28

Br(z* — n’e'v,)=(1.036£0.006)x 107"

(PIBETA)
IV 4| = 0.9741 + 0.0026



Large O(p®) ChPT correction (Bijnens-Talavera)

|
Leutwyler & Roos 44 .961(8)
|

|
Bijnens & T alave%m .976 (10)

Jamin et al .974 (11) XPT+disp.
Cirigliano et al .984(12) yPT+1/Nc

.960(5) (7)

.968(9) (6)
.967(6)

.9647 (15),...
ETMC-09 .9560(84)

N f=2+1
" HPQCD-FNAL* .962(11)

RBC-UKQCD-07 0.9644 (49)
RBC-UKQCD-10 .9599(37)%33

Q9 09290 (91 (9% 99\ 0

/.(0)=0.959+0.005

£.(0)=0.97 +0.01

Flavour Physics & CP

Quark M.

yPT+LR

Clover

DWF

Clover
Clover
TWMF

Stag
DWF

Flavianet, arXiv:1005.2323 [hep-ph]

0.213 0.214 0.215 0.216 0.217
- 1 1 - 1rr 1 1T

K, e3

L

K_u3

K u3

0.213 0.214 0.215 0.216 0.217

| £+ (0) Vys| = 0.2163£0.0005

| Vus| =0.2255+0.0013

Vys| = 0.2230+0.0024
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(Marciano 04)

Ji Vs |
JolVia |

= (.2763 1+ 0.0005 Vas | _ 0.2316+£0.0012

(01,7250, | PU6Y) = 1, 17 L e

f/f _ -

1.14 116 118 120 122 124 126

R — - 4V &Nudl (Kp2/ 'I'l'uzy

BMW 10

" JLQCD/TWQCD 09A
MILC 09A
MILC 09
Aubin 08
PACS-CS 08, 08A
RBC/UKQCD 08
HPQCD/UKQCD 07
NPLQCD 06
MILC 04

our estimate for N, = 2417 [ T |Vus|(KI3)

ETM 09 1 gl 7

ETM 07 - '

QCDSF/UKQCD 07

[] our estimate for N, = 2'
0o 0223

114 116 118 120 122 124 126 -

[Vud|(0*— 0%)—>

0971 0972 0973 0.974 0.975 0976 0977

fe/fr=1.193£0.006 (FLAG 2010) v.

u
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e TSV, ALEPH
— Kn
m K2n

e K37+ K™ (MC)
—1 K4x (MC)
— K5 (MC)

<+ OPAL

+ (K) from PDG
[l (Kn+Kn)~
B (Knan+Knn)~
D (Knrm)™

R R 2/ 2
s (GeV? RT = |‘; MT; _ |VT T2 ~ 24 %er) A(CZS)
ud us T
~
el =
2' ud —5Rth
v, > Vys|=0.2166£0.0019, +£0.0005,

m,(2Gev) =96+10 MeV

Simultaneous mg & V, . fit possible with better data

The T could give the most precise V ; determination



D>y Lattice input

— lattice QCD [Fermilab/MILC, hep-ph/0408306]
experiment [Belle, hey

D — Kiv
ILC, hep-ph/0408306]

experiment [Belle, hep-ex/0510003]
experiment [CLEO:

experiment [BaBar, 0704.0020 [hep-ex]]
experiment [C 3 [hey experiment [CLEO-¢, 0810.387¢

x]]
I|u|!—\:\||£

=0.98£0.10

CS[p>Kiv

3070509013 3070509-012

=0.229£0.025

cd D—rxlv

1

q? (GeV?) q* (GeV?)

PDG 2010:
V| =0230£0.011 \Y =1.023+0.036

ve— ud CSID—KIv,Dy—1v



QCD Symmetries

CLEO ALEPH Sl
? ORI
: (42.3+1.5)x107°

F(l) |Vcb|:

/_f‘ e
[~

HFAG seacll (36.04£0.52)x10°

End of 2009

¥’/dof = 38.7/23 (CL= 2 %)

G(1) =1.074+0.018+0.016 (FNAL / MILC) |V |[=(39.2£14, £09,)-107°
F(l) =0.927+0.0134£0.020 (MILC) |V, |=(38.94£0.6, £1.0,)-107°
-3
— + :
Ve, =(39.0£0.9)-10




(OPE, HQET)

Fits to lepton energy,
hadronic invariant mass and
photon energy moments

HFAG

V| =(41.8+0.7)-107

CD lincl

2.5 o discrepancy with
exclusive measurement

V| =(40.7£1.4)-107°



HFAG Ave. (BLNP) 0 Large backgrounds from
432 £0.16 +0.22 -0.23

HFAG Ave. (DGE) B> X.1v

446 £0.16 +0.18-0.17

HFAG Ave. (GGOU)

434 +0.16 +0.15 - 0.22 O Strong experimental cuts
HFAG Ave. (ADFR)
4,16 £0.14 + 0.25 - 0.22
HFAG Ave. (BLL)
487 £0.24 £0.38

O Large theoretical uncertainties

BABAR (LLR)
443 £0.45 £0.29

BABAR endpoint (LLR)
4,28 £0.29 £ 048

BABAR endpoint (LNP) PDG 2010:

4.40 £0.30 £0.47

HFA
‘Vub

_=(427+0.38)-107




Large theoretical uncertainties

> /d.o.f. = 0.59

Ball-Zwicky q~ < 16
— simultaneous 4-parameter z-fit 334+ 0.12 +0.55 - 0.37
0.035 O Fermilab-MILC lattice data

* BABAR data rescaled by V.| from z-fit HPQCD q° > 16

3.40£0.20+0.59-0.39

FNAL g’ > 16

~ 0,025

o
-

3.62+0.22+0.63 - 0.41

g

0.015

HFAG

PDG 2010; Vil =(338£0.36)-107°

excl

‘Vub ‘ =(3.891£0.44)- 1073

4 3
V.| [x 107]




b =<

[

Led]

¥

‘Vud‘z + ‘Vus‘z +‘Vub

Flavour Physics & CP

‘2

CKM entry Value Source
| Vid| 0.97425+0.00022 Nuclear S decay
0.9746+0.0019 n—>pev,
0.9741+0.0026 x> rlev,
| V| 0.2255+0.0013 K —>re,
0.2166£0.0020 7 decays
0.2256+0.0012 K /m—> uv, Lattice
V| 0.230+£0.011 vd >cX
0.229+0.025 D — rzlv, Lattice
V| 1.023 +£0.036 D—>Klv,D,—lv, Lattice
' 0.0390 +0.0009 B— D" /DIy,
0.0418+0.0007 b—>cly,
0.0407 +£0.0014
| Vi | 0.00338 +0.00038 B—rly,
0.00427 +0.00038 b—>ulv,
0.00389 £ 0.00044
Veo| [VE, IVl >0.89 t>bW/t—qW
| V| 0.88+0.07 pp—oth+X
2 2
= 1.0000+0.0010 Z(‘Vuj + ‘ch ) = 2.002+0.027 (LEP)
J

A. Pich — Natal 2011 29



Hierarchical Structure

1—A2/2 A AX (p-in)
V ~ ) 1122 AL + (’)(/14)
AL (- p—in) —-AA° ]

A~sin@.~0226 ; A~081 ; \p*+7°~037

c
(9]
-
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QUARK MIXING MATRIX

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

® 2N,-1 arbitrary phases:

G-

i V. o 0% v

J 1j 1]

u. — el u d, — ¢

1 1

V.,  Physical Parameters:

%NG (N;— 1) Moduli ; %(NG - 1) (N;— 2) phases
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e N.=2: 1 angle, 0 phases (Cabibbo)
cos 6. sin 6.
V- {—sin 0. cos HC} e qf)

e N.=3: 3 angles, 1 phase (CKM) ¢j=cos§; ; s;=sin6

_ L5,
Ciy Ci3 NPESE S;3 €
= S1p Cy3 = €y §y3 83 € Cip Cy3 = 81 5383 € Sy €3
S1p Sy3 = €, G383 € TCp Sy; T Sp G385 € Cyr3 €3
[ 2 3 - N\
1-1°/2 A AL (p—in)
2 2 4
~ ) 1—A%2 AA G (/1 )
3 . 2
AL (1-p—in) —-A4AA 1

Axsin@.~0226 ; A~0.81 ; Jp>+n° ~0.37 0, #0 (n#0) C]f)
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