Lecture 3
Flavor and CP
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3 Theorems
(in spite of the many parameters in L )

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

Proof:  L£UP) =iL; PL;+ie¢ Pef +e N €5 (v+h) + (N —terms)

Since A°=V/AVk  with “d” for “diagonal”

can redefine ) ) Vv v,
Vge" = e, VLL:< >$<p>ELh
so that ! Vie !

£lert) — il DL, + ieS), De; +ephgel, (v+h) + (N —terms)

essential that v and e are rotated

simultaneously, since (meee.+myppe +meree)(1+h/v)
Z.eye, L, VY,V
W.ey,v
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Theorem 2: In the quarks, all flavor violations reside in the weak
charged current amplitude proportional to a unitary matrix

%(u,c‘;vt)
VaVaVaVy —V,;A with VV' =1
dj=(d,s,b)

Proof:
£larks) — i PO + i Pu’ +ide Pde
+ul U NURu (v +h) +d" DI NDRrd (v + )
hence, this time, by going to the physical basis
Wiy, d = Wi U D} y,d
= Waip,nVyud,,  with V = ULDZr

Riccardo Barbieri 3 ElectroWeak Interactions: Theory 2004



Theorem 3: Neglecting v-masses, CP 1s violated in as much as*
V is “intrinsically” complex, i.e. a single phase 0 is nonzero

Proof: Under a CP transformation, the overall L is unchanged
except for (1?7)
eW, iy, Vd+gW, dy,V u=gW, dy,V'u+gW, iy,V'd
2n quark phases

Counting “intrinsic” phases:
2 / U(1)p
N(Vuxn) =n
n(n—1) = N(phys.phases) = n* — nin—1) _ (2n—1) = %(n2 —3n+2)
n 2 3 4
angles 1 3 6
s i phys.

(** up to the O-problem) phases 0 1 3
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Testing the Theorems

Qualitative, but highly significant:
L.,L, and L. -Violations: the benchmark BR(y—e+y) <1.2- 10~ 1

Quantitative: (highly interrelated)

Vvt =1
Calculable Flavour Changing Neutral Current processes

b .
CP-asymmetries (A major change in the 2000’s)
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Vvt =1

Z,-|Vai\2 =1 a=1,2,3 3 rel.s (Type 1)

ViV, =0 a#b 6 rel.s (Type II)

(Czarnecki et al, 2004)
TYPe I: KLOE
2 2 P L PDYG 2002 » :
‘Vud‘ —I_ ‘VUS‘ _I_ ‘Vub| - Shified PDG 2002 -
_5 Tau lepton »
0.9487(10) + ? + 10 .
/ ud Hyperon »
N—N+e+v= ‘Vudf (O)| KTeV — =
Us Shifted ERGS . |
K —J + € —l_ V= ‘V”Sf (O) ‘ &> Unitarity and Nuclear beta decays  +——a—— 1
b—u+X= |Vl 0.21 0.215 0.22 0.225 0.23

Summary of |V,s| determinations
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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!)
_ _ b T
2. Genuine? E.g.: b§ — ¢C ? No W

3. Calculable? E.g.: sd — d§ ? V\é %
/

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.
Amgg (the “real part”) no (1?)

= €k (the “imag. part”) yes (17)
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The actual computation of a FCNC

1. The “short-distance” EW loop

N : an effective operator O with a
known coefficient C

2. The gluon dressing

:generally divergent

g + ... M
:>C((1510g—,OLS) M:MW,m, m—=meg,myp
m

Need to resum all orders (RG)

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

Ar=C< f‘é\‘l >

Riccardo Barbieri 8 ElectroWeak Interactions: Theory 2004



The Flavor Precision Test (FPT) program

(compare with the EWPT )
Genuine FCNC processes induced by a “calculable” loop
Exp Th
Ex Sd — ds 1% 5-10%
Ex/ sd — qq 10% | 100%
Kt — atvy [§d — v 0% | 5%
Amp, bd — db 1% 10%
Acp(Bs — WKs) |bd — db 5% <1%
Bg— Xs+y b—s+y 10% | 5-10%
B, — X, +1l b—s+1] 20% | 5-10%

Large room for improvements in precision, redundancy, new entries
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An example of redundancy

(Liget1 2004)
Dominant final SM upper limit on PP .
process state | sin 23,5 — sin 23| SIN 2 0 Cf
h — ces K g < (.01 +0.726 £ 0.037  +0.031 £ 0.029
b — cod o ~ (0.2 +0.40 + 0.33 +0.12 4+ 0.24
D= -~ 0.2 +0.20 + 0.32 +028 £0.17
h— sqq ot ~ 0.05 +0.34 4 0.20 —0.044+0.17
n'Kg ~ 0.1 +0.41 4+ 0.11 —0.04 4+ 0.08
KNTHK Kg -~ (. 1. +0.53+ 017 +0.09 4+ 0.10
™K g ~ (.1 +0.34 + 0.28 +0.09 +0.14
folK g ~ 0.1 1029 4+ 0.26 +0.14 4+ 0.22
whg ~ (.1 +0.75 £ 0.66 —0.26 £ 0.50

CP-asymmetries sin2f3, ¢ for which the SM predicts sin2 , all
equal to each other, with some process-dependent uncertainty
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CP violation

Useful to “integrate out” the heavy particles (t, W, Z) to obtain
an Le7 . Which operators can give rise to CP-violation?

: : : : : : +
[] In order of increasing dimensionality (= decreasing relevance):

dim 5: quarks Electric Dipole Moments (!?)
UqLOngrF" +mqrqr - with w/m complex
= dpeurron(SM) =~ 103 e-cm against
dpeurron(€xp) < 6-107*%¢ - cm ~ 10_“%
[d.(SM) ~ 0 against
d,(exp) = (0.07+0.07)10*°¢ - cm ~ 10~ p]

T neglecting 0G,,G,,e""" since 0 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 (49)(4q) interactions (!?)

now clearly seen in:
ex = AS=2/AS=1

g = AS=1
Acp(By — WKs) = AB=2/AB=1
Acp(By —n"K™) =AB=1
Examples of theoretically clean asymmetries

Measurement (1in SM) Theoretical mit | Present error
B —vks () ~ ().2° [.G"
B— oKs. n""Ks, ... (3) 2° —~ 10°
B — mm, pp. pm (o) ~ 1° ~ 157
B— DK (7] = 250
By — wao (5s) () 920
Be — DK (v —23,) < 1°

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

type II  VigVus +VgVes +VigVis =0

15

represented as:

0s |

05

0

the angle 6 has no B A
phySICal meanlng -] 05 o 0.5 1 15 2
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