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3 Theorems
(in spite of the many parameters in     )

Proof:                                

L
Theorem 1: Neglecting neutrino masses,            and       are 
separately conserved (and CP is exact in the lepton sector)

Le,Lµ Lt

L (lept) = iL̄i !DLi + iēc
i !Dec

i + eile
i jec

j(v+h)+(N− terms)

le = V T
L le

dVRSince                                with “d” for “diagonal”                            
can redefine                          

VRec⇒ ec
ph VLL =

(
VLn
VLe

)
⇒

(
nph
eph

)
≡ Lphso that

L (lept) = i ¯Lph !DLph + i ¯ec
ph !Dec

ph + eT
phle

dec
ph(v+h)+(N− terms)

(meeec +mµµµc +mtttc)(1+h/v)
essential that n and e are rotated
simultaneously, since

Zµēgµe, Zµn̄gµn
Wµēgµn
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Proof:                                

Theorem 2: In the quarks, all flavor violations reside in the weak 
charged current amplitude proportional to a unitary matrix

hence, this time, by going to the physical basis                        

= Vi jA with                                VV + = 1

L (quarks) = iQ̄ !DQ+ iūc !Duc + id̄c !Ddc

+uTUT
L lu

dURuc(v+h)+dT DT
L ld

dDRdc(v+h)

ui = (u,c, t)
W

d j = (d,s,b)

V = ULD+
L

Wµūgµd⇒WµūphULD+
L gµdph

= WµūphV gµdph with       
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Theorem 3: Neglecting n-masses, CP is violated in as much as* 
V is “intrinsically” complex, i.e. a single phase d is nonzero

Counting “intrinsic” phases:                        

Proof: Under a CP transformation, the overall                                  L is unchanged                                  
except for (!?)

gW +
µ ūgµV d +gW−

µ d̄gµV +u⇒ gW−
µ d̄gµV T u+gW +

µ ūgµV ∗d

N(phys.phases) = n2− n(n−1)
2 − (2n−1) =

1
2(n2−3n+2)

N(On×n) =
n(n−1)

2

N(Vn×n) = n2

⇒
n 2 3 4

angles 1 3 6

phys.
phases 0 1 3(* up to the q-problem)

2n quark phases                      
U(1)B
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Testing the Theorems

Qualitative, but highly significant: 
and                                -Violations: the benchmark Le,Lµ Lt BR(µ→ e+ g) < 1.2 · 10−11

Calculable Flavour Changing Neutral Current processes                            
CP-asymmetries                          

Quantitative: (highly interrelated)

VV + = 1

(A major change in the  2000’s)                          
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VV + = 1

3 rel.s (Type I)                         Si|Vai|2 = 1 a = 1,2,3

SiVaiV ∗
ib = 0 a "= b 6 rel.s (Type II)                         

Type I:                      

|Vud|2 + |Vus|2 + |Vub|2 =
  +  ?  +                       0.9487(10) 10−5

K→ p+ e+n⇒ |Vus f us(0)|
b→ u+X ⇒ |Vub|

N → N ′+ e+n⇒ |Vud f ud(0)|

Summary of         determinations|Vus|

KLOE                      (Czarnecki et al, 2004)
| |

⇔ ⇔
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FCNC processes (genuine and calculable)

1. Interesting because absent at tree level
(Theor. 2: only the W-int.s produce flavor change!)

2. Genuine? E.g.:                   ?  No      bs̄→ cc̄

3. Calculable? E.g.:                   ?       sd̄→ ds̄
Yes this diagram, but how about its gluon dressing?                            

It depends on the typical momentum of the int. lines:
If small (≤ 1 GeV) no, if large yes.

(the “real part”) no (!?)                          DmKK̄
eK (the “imag. part”) yes (!?)                          ⇒

b

W

c

cs

W

s

s

d

d
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The actual computation of a FCNC

1. The “short-distance” EW loop

2. The gluon dressing      

3. The “matrix element” for the actual physical process

: an effective operator     with a
known coefficient C

Ô

Need to resum all orders (RG)                            

:generally divergent

⇒

g + ...+ ...

Ai→ f = C < f |Ô|i >

⇒C(aS log M
m

,aS) M = MW ,mt m = mc,mb
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The Flavor Precision Test (FPT) program
(compare with the EWPT )

Genuine FCNC processes induced by a “calculable” loop

Large room for improvements in precision, redundancy, new entries 

eK s̄d→ d̄s 1% 5-10%

eK′ s̄d→ q̄q 10% 100%

K+→ p+nn̄ s̄d→ n̄n 70% 5%

DmBd b̄d→ d̄b 1% 10%

ACP(Bd→YKS) b̄d→ d̄b 5% <1%

Bd→ Xs + g b→ s+ g 10% 5-10%

Bd→ Xs + ll̄ b→ s+ ll̄ 20% 5-10%

Exp Th
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An example of redundancy

CP-asymmetries               for which the SM predicts           , all 
equal to each other, with some process-dependent uncertainty            

sin2be f f sin2b

(Ligeti 2004)
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CP violation

Useful to “integrate out” the heavy particles (t, W, Z) to obtain 
an         . Which operators can give rise to CP-violation?            Le f f

Þ In order of increasing dimensionality (= decreasing relevance):             

dim 5:  quarks Electric Dipole Moments (!?)
with m/m complex   µq̄LsµnqRFµn +mq̄LqR

against⇒ dneutron(SM)≈ 10−31e · cm
dneutron(exp)≤ 6 · 10−26e · cm≈ 10−11 e

2mNagainstde(SM)≈ 0[
de(exp) = (0.07±0.07)10−26e · cm≈ 10−16µB]

;

qGa
µnGa

rseµnrs; neglecting                            since q is a parameter which may 
be set to 0, maybe by a dynamical mechanism (the axion?)                  
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CP violation (continued)
dim 6:  FCNC               interactions (!?)(q̄q)(q̄q)

now clearly seen in:
eK ⇒ DS = 2/DS = 1
e′K ⇒ DS = 1

ACP(Bd→YKS) ⇒ DB = 2/DB = 1
ACP(Bd → p+K−) ⇒ DB = 1

Examples of theoretically clean asymmetries

(Ligeti 2004)
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The current comparison with data (2004)

type II V ∗
udVus +V ∗

cdVcs +V ∗
tdVts = 0

θ

the angle q has no 
physical meaning 

represented as:


