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Vastly Different Scales

10*m
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o

‘ 1000 times smaller than the Femtouniverse ‘ ‘ 10-1°>m ‘

‘ 1000000000 times smaller than the Nanouniverse ‘ ‘ 10'9m‘
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‘ 1000 times smaller than the Femtouniverse ‘ ‘ 10-1°>m ‘

‘ 1000000000 times smaller than the Nanouniverse ‘ ‘ 10'9m‘
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How to explore the Attouniverse ?

. Very high energy colliders:
1. Directly | : e =
CERN, SLAC, DESY, Fermilab, NLC, ...

2‘ Indirectly . Use | Femtouniverse| and  Quantum Effects

to study | Attouniverse| and smaller universes.

"Kaon-Factories" , "B-Meson Factories"
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K" =ds
K°=ds

I (discovered in 1960)

‘ KO and K’ are not Mass Eigenstates

Mass Eigenstates

M(K, )= M(K;) =05 GeV

% _K'+K° % _K'-K°
A2 )
(L = Long) (S = Short)

%
=
~

K
)~ M(Kq)=35-10"°GeV o) - 600 *

M = mass
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[l
AM,,

T(Ks)

t = Life Time




Could ordinary Weak Interactions explain AM ?

r 2

AM, =[2-107 GeV3]GF[11\\/IfV}

2
Z

G,.=11-10"GeV™
~ M, =91 GeV

Disaster !!!

AM, = 2. 107"GeV| Missed by
8 orders of
magnitude !!!

sssssssssss




Could ordinary Weak Interactions explain AM ?

r 2
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Could ordinary Weak Interactions explain AM ?

r 2

AM, =[2-107 GeV3]GF[11\\/IfV}

2
Z

G,.=12-10°GeV™
~ M, =91 GeV

3

S —0 = Disaster !!!
70 h AM, =2-10 "GeV| Missed by
d 8 orders of
GIM Mechanism (1971) magnitude !!!
r D

2
MM, =2-107 M2Z GeV =35-10"GeV |
- ) M

Testing

New very heavy neutral boson ! {Mx =10° GCV} # 1022m !
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AM  in the Standard Model

Gaillard-Lee (March 1974) A =022
S W+ d ( m? )
_/"—’V"W_‘x B AM :[1.4 GeVS]GﬁxZ[ < }
KO cd YC K° ) < My
lw—f G, =12 10°GeV ™
d W- S 4

l S

2
mc
2

W

m, =~/35-102M,, = 15 GeV | €@ |AM, = IO”GeV[

(Prediction !!)

} =35-100°GeV
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AM  in the Standard Model

Gaillard-Lee (March 1974) A =022
S W+ d ( m? )
_/"—"”‘W_‘h B AM :[1.4 GeVS]GﬁxZ[ < }
KO cd YC K° ) < My
lw—f G, =12 10°GeV ™
d W- S 4

l S

m

2
\W%

2
C

m, =~/35-102M,, = 15 GeV | €@ |AM, = lO”GeV[

} =35-107°GeV
(Prediction !!)

- ~ -
November Revolution M, =31 GeV

) 1974 > l

Discovery of CC State
(SLAC, Brookhaven) m_=15GeV| !
\ y

Prediction confirmed !
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Similar Studies: 1974-1994

B, — B; Oscillations

_/'E_W_'L
KE_WN_,_/_

W+

ia

W_

Electroweak Precision
Studies

t

Wi:Wﬂ:

sssssssssss

b

t
Z° Z°

B + AM, =4-10°GeV mp |

=

DESY &7

CERN, SLAC

(Prediction)
~ 150 GeV
+ 30

(1989-1994)

: 2

m, ~ 150 GeV
+ 20
(Prediction)

1994
Discovery of
the Top Quark
(Fermilab)

m, =172.7+29 GeV



First Lessons

1

2.

Very rare processes allow to probe
very short distance scales.

Before claiming New Physics it 1s
essential to make precise calculations
(higher order corrections).

3- Low Energy Processes can give information

about heavy particles prior to their discovery.
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Non-Decoupling of the Top Quark from Low Energy Processes

In QCD and QED very heavy particles (my — <o) do not influence
low energy processes: Appelquist-Carazzone Decoupling Theorem

In the SU(2), ®U(1)y the decoupling can be violated by couplings
of heavy particles that increase with the heavy particle mass.

Goldstone-Boson

sssssssssss



View at Short Distance Scales

d W S

d,s W b
(6] p— P
K m KO BZ’S m Bg,s
b d,s

S d

* £P € -Parameter B} — B Mixing

AM (K, -K)
d t S
W+# W#*
Y Z
q q
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View at Short Distance Scales

* *

K'>n'vw)]| K, >n’vw |K, > up,

B—pup, B— X vv

d W+ \ d N d v
t 0 wE o,
t 1 W t
t B W
S \% S v S v
d W e d o d o
¢ W
70y o)
t \% Wi t LK
t W+
S c S e’ S et
0 _ +_.— 4= —
K, >me'e B—>Xee, X un *

b s B>Xy B-oKYyl %
; E B—> X,y b—sgluon
Y, g
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Develop Formalism for Rare Processes:
CP-Violating Transitions, CP-Asymmetries and
Rare Decays within Gauge Theories

Apply this Formalism to the Standard Model and its
simplest Extensions

Develop a systematic Procedure for Probing New Physics
with these Processes

Identify most interesting Problems and Questions
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Develop Formalism for Rare Processes:
CP-Violating Transitions, CP-Asymmetries and
Rare Decays within Gauge Theories

Apply this Formalism to the Standard Model and its
simplest Extensions

Develop a systematic Procedure for Probing New Physics
with these Processes

Identify most interesting Problems and Questions

Make these Lectures enjoyable to Students as much as
possible
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o Basie Froperiiss In (he S

1 s Charged Current Interactions only
between left-handed Quarks

W t g2 _ .
vwv~<dLL Zﬁy“(l 'Ys) Vi

2 s Quark Mixing
{ Weak Eigenstates } # {Mass Eigenstates }

[ d'\ Vud Vus Vu; [ d \
' - Vcd Vcs Vub S
\ b'd Vi Vis Vo \ b )

Weak Unitarity ) Mass
Eigenstates J | CKM-Matrix ) | Eigenstates
3. GIM Mechanism
Natural suppression of FCNC

Y.G,Z° HY 1 Loop Induced Decays, sensitive to
{ WW~< = 0 # p Yy

short distance flavour dynamics
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4 . Asymptotic Freedom

Ooep

sssssssssss

LD

P

N

RG

=

SD

G? a
“\MMJ{ gQCDTij T
2

o B
Q EP 4n

CLocp(Q)

41

BoIn(Q* / A’)
AP =235+30 MeV  al)(M,)=0.1187+0.0020

! B, InIn(Qz/AZM—S)
Bo In(Q*/Al) e

SD

Short Distances (Perturbation Theory)

o

RG = Renormalization Group Effects

g

LD

Long Distances (Non-Perturbative Physics)




Kobayashi-Maskawa Picture of CP Violation

CP Violation arises from a single phase 0
in W= interactions of Quarks

ud

us

ub

C12C13 $12€13 $15€710
cd 5 Les 5 cb
-512€23-C1252353€ C12C23-5125,3513€ 523€13
d i5 [ts T
$125737C12€23813€ =573C1275125,3513€ C13C13
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Four Parameters: (0, =0_:..)

S, = |V

usl

Sl3 — |Vub|9 S23 - |Vcb|9 8

c;=cos 0 ; s;=sn0;; c3=cy =1

1




Wolfenstein Parametrization | Parameters: | A, A, p, 1M

d S b
) =022 | | v =)+o0)
e 1_5 7L Vub
C -7\‘ 1—% VCb
V, = ANZHO(\4)
t \Y \Y |
s i (A=0.830.02)
Ve, =AX (P —in) Ve =AX(-pP-in)
_ % _ A2
PZPI—T) T]ZH(I—ZJ
(AJB, Lautenbacher, Ostermaier, 94)
R, =p+7 = (1_73) 1|V C_ir_cle around
2 ) A VCb (pan) — (090)

Circle around

(p,n) = (1,0)
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Unitarity Triangle “

Impress0206

Vig Vio * Veg Vep + VigVip =0

. &

n=0 Signals
P (p,n) CP Violation

VX j{‘? Vi Vi

AN
Vub — IVub |€_17 th — |th |€_Z'B
(0,0) (1,0)
An Important Target of Particle Physics
2 2
JCP:}\‘ |Vcb 11=2°A

28

Area of unrescaled
UT



Particular Definition of A, A, p, 1

Si; = A

S, = A A?

Sl3ei8 =A 7L3(P'1ﬂ)
BLO: Phys.Rev. (94); (Schmidtler, Schubert)
At O(A°) equivalent to (Branco, Lavoura, 88)

Basic Virtues of this Definition:

V,, =%+0(17)

Vi = AL (p—in)

V,, =AL +0(1°)

Vq =AML (1-p-in)

The apex of UT given by (p,n) (BLO)

eeeeeeeeeee



Tree Level Decays
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Information from Tree Level Decays

V,.|=0225+0002 =2
Vo | = (41.5+0.8)10° (A = 0.83 = 0.02)
2004: \\;1:) =(0.092+£0.012) (R, = 0.40 £ 0.06)
ool @ (0.102+0.005) (0.44 + 0.02)
_ . B
UL, _ Unitarity
P R, Clock

(0,0) (1.0)

Apex of Unitarity Triangle somewhere on this Band

To find it GO TO Loop Induced Decays
CP-Violation in K-Decays

CP-Violation in B-Decays

sssssssssss
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Hunting A with Rare and €P Decays

2012:

0 0 .
K,"—>mne'e . oo

05 0] 05 10 15 20

(KL — HH)SD P
(CP Asymmetries\
Quark Mixing and CP Violation . >
closely related in the St. Model * ;;1 Decavs -
— Decay
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1 TH Framework
&  Various Types of CF

8.  Standard Analysis of A
4 o B,y from B’s

8 K >, K, - rn’vv

Lecture 111

8. Rare B- and K-Decays
L. Models with MFV

Lecture 1V

8. Going Beyond MFV

®. Probing New Physics in
10 Steps

M. Outlook

sssssssssss
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Theoretical
Framework
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Starting

Point

L= Lgy (gi , 111 aVéKM) T Lo (g?IP m; ’Vli”’)

Identify the effects of Lyp In weak decays
in the presence of the background from Lgy,

First Implication from £| : Feynman Diagrams

K" > n'vw, K, > v

Impress0206



Two challenges | -

1. Theory formulated in terms of quarks but
experiments involve their bound states (K, B, D)

2. NP takes place at very short distance scales (10-1°-10-1%m),
while K, B, D live at 10-16-10-m.

sssssssssss



Two challenges | -

1. Theory formulated in terms of quarks but
experiments involve their bound states (K, B, D)

2. NP takes place at very short distance scales (10-1°-10-1%m),
while K, B, D live at 10-16-10-m.

: Effective Theories, OPE, Renormalization Group

# Separation of SD from LD
+ Summation of large log(tgy, / 1y p )

sssssssssss



The Problem of Strong Interactions
B, — B; Mixing| (SM) B; — B; Mixing| (MSSM)

Short Short
Distance Distance

| Long Distance | | Long Distance |

: Perturbative - Non-Perturbative

(Asymptotic Freedom) (Confinement)




Effective Field Theory

Full Theory
(W=, 729 G, v,t, H', b,u, d, s, c, 1)

b W+ d b c
m EWi
d b u d

Effective Theory
(G,v,b,u,d,s,c, 1)

b d b C b S “EO(mb)
CB(U))X( Cz@O)X( CPQO)X(
d b u d q q

"Generalized Fermi Theory" with calculable
sssssssssss o "couplings" Cg(lt), C,(W),...

u=My,




Simplest Example of Operator Product Expansion

b C
§ _ . g, —1 — s . 8,
. =y, (I-vy)b| V. i dy"(1=vy.)ul V .1
W [ YM( 75) ][ cb 2\5}{1(2_1\/[%}[ i ( Vs) ][ ud 2\5}
u d ) .
g 1 . —
— 82 v Vcqud(cb)V_A(du)V_A
1 _ 1 L0 k2 GF _ g; To get Heff |
k* — M5, M3, M, J2 8M:, multiply by i
H, =22V, V', -1-(cb), (d b
# eff _ﬁ cb Yud .(C )V—A( u)V_A )
4 J J )g(
Y Y
Wilson Local
Coefficient Operator N d

Important: | QCD corrections generate new operators and
make WC p-dependent : C.(LL)

sssssssssss



Operator Product Expansion

Wilson

G

Local
Coefficients Operators

H . = — VCKMZ C Q1
Four Quark 3
Q; ” K Interaction V_ A(Sd)v_ N
Vertex
L2
C,(n)qm) Coupling )y _ o, (My) |7
Constants =17 (W)

K, B, D,...}
GF

ﬁVCKMZCi (M)<F Q, (M)‘ M>

_ u=0(1 GeV, m,) 0
T, TVV }

i K'Y, T

/ Short RG Long Distance

N N
Top Renormalization| | Lattice, 1/N
SUSY}p J Group L JHQET, QCDS\
H*.. 3 M, ChPTh

S “ J

AM—F)=

V4

>

8 A

(K°|(5d),._, (5d),_,[K") = =By Fg mifo, ()]

sssssssssss
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Current-Current

Q, = (§auB)V_A (ﬁﬁda)V_A Q, (Su)v A(ﬁd)v—A

QCD-Penguins

Q, = (gd)v_Aq_uZ:,i,s @)y, Qi=(sdy), Aq_%gqﬁqa)
Qu=(d),.y X @) |Qu=(Sdi)yy Xldau.
Electroweak-Penguins
o =§<§d> _ z (@ |56, Tefas),.
Q, - sd ), D e, Q= %(gads)V_A Z,eQ(qua)V—A

eeeeeeeeeee q=u,d,s



Basic Structure of Decay Amplitudes

QCD Short
Long .. .
A _ Dist Renormalization Distance
C 1ts .abn(;.e Group Factor Contributions
ontrioution T]QCD 0 (ijmt)
Hadronic Matrix QCD — Effects Tree Diagrams
Element O(m,) < U< 0(My) Penguin Diagrams
O(m,) Box Diagrams
(Non-Perturbative)
(RG improved (Perturbation Theory)

Perturbation Theory)
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Deriving H (B, — B} )and AM (BO
:  Calculate Box Diagrams

i,j:u,C,t OL,BZWi ,(Di_

: Use

) in 7 Steps

&= - Goldstone Bosons
Must be taken into
account except in a
Unitarity Gauge

X; )(V;)Vid )(V;de )Q

UG:

see AJB, Poschenrieder,
Uhlig; hep-ph/0410309

Vig Vb t Vg Vc*b + Vi Vt*b =0

Multiply by i | and keep only V,,V, part

S,(X,) = ?(Xt,xt)+?(Xu,xu)—2?(xt,xu)

Q(AB=2)=(bd)  (bd)

G:
HfffB =2) _ 16; 1\/12 (thth) SO<Xt) Q(ABZZ)
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Step 3 || : | Include QCD Corrections in the

Leading Logarithmic Approximation vy = Gluon

r a 2 )
P ] ( ) 6/23 Wilson
o .
< b RS (x) | | S,(x,) =Cl,) | SOttt
d b a‘s(“b) o
Q(AB=2)
. S . S
My =0(M,,) My = 0(m, )

Problems with LO =LLA | : Sensitivity to the choices of

1) u, 80 GeV <p_ <300 GeV
1) W, 2.5GeV <p, <5GeV

2
i) p, X = mf\gt)

80 GeV < p, <300 GeV
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: | Include Next to Leading QCD Corrections
(AJB, Jamin, Weisz 1990)

Requires: wwwwwy = Gluon
b d o
; T eftc. + ] +etc.
b
B

Pages 101-103 Les Houches Lectures 1

G2 oy o () (1, osli) = (i)
g = i (o) s | el | sl i) gn

on - o (W) 47 )
~—
N oL (M ) Independent of n, and p, but
nch — 1+ s4 W G( U, Ht) still dependent on
T

I, =1.627
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Typical Two-Loop Diagrams \é’i

S d S %
Y S S t
t t t c,U,T
d S d A% d V) dt Y,

Two-Loop
Anomalous
Dimensions

sssssssssss



Step 5 || : | Calculate the Matrix Element<Q(AB = 2)>

<§§|Q(AB = 2)|B3> = %BB(Mb )Fém]z3 Fz = B-Meson Decay Constant

This p, — dependence cancels the one in Hff]?:z

Step 6 | : | Put <H§§:2> in a manifestly p., U, L, iIndependent Form

ne = ﬁECD[aS<uW>]6/23[1—J5 “S(“W)j with =,

4 u,, - independent
I§B = B, (Hb )[OCS (Hb )]_6/23 [1 +J asiib )j L, — independent

S,(x,) evaluated at pu, = m,

sssssssssss



. | Calculation of AM,(Bj - BY)

1
Use AMd -
m,,

H gff °

(B!

B3)

= ;
AM, = Sk

M (B ) 5 Solx) [Vl

6m°
\ J L
Y Y
independent independent
of of py, 1

A 33 4x —11x*+x° 3x log x
JB,F :(235+ )MeV S (x,)= X X, X, Ox,Jog X,
d "By —41 0( ) 4(1—Xt)2 2(1—Xt)3

N =0.551+0.006 (

1.52
mt
170GeV)
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(AM), .5 [Vio|/| V| and R, .
b R,
0 1
= 2 2
0.50| +/B,F,, A {nB } S(x.)
AM) = _
(AM), =5 [230Mev} {7.8-103 0.55 || 2.34 S(x,)=242£0.12
~ 2 2
(AM) _18.4 JESFBS ‘Vts‘ [HB } S(x,) N, =0.5540.01
* ps | 270MeV | | 0.040 | | 0.55 || 2.34 2
AJB, Jamin, Weisz
V.[=A|V,.|R 2 B.F
‘ td‘ 2TV =V, (l—x—+ﬁk2j &=\/? ==1.22£0.07
2 VB.E,,

V .
| td‘:l.OIF, AM, R, =0.90 |_AMa 184/ps[ a }
Vi AM 0.50/ps\ AM, |1.22

sssssssssss



View at Short Distance Scales

d W S

d,s W b
0 t -0 ) ~
b d,s

S d

* £P € -Parameter B} — B Mixing

AM (K, -K)
d t S
W+# W#*
Y Z
q q

*
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View at Short Distance Scales

*

K" > vy,

*

K, — n'vv

L
d W+ \ d N d v
t o wE g
t 1 Wt t
t B W+
S \% S v S v

B— X vv

T e

K, »>n’e’e” |B—>Xe'e, qu

b S B—> Xy
; 2 B — X,y
Y- 8

B> Ky %

b — s gluon



Penguin-Box Expansion | (SM)

Buchalla, AJB, Harlander (90)

The m, dependence of all K and B Decays

resides 1n 7 Basic Universal Functions F.(x,)

A(Decay) = ZBiniQCDV(iEKMFi (Xt)

F. : |S,X,Y,Z E, E,D

1

(Gauge Invariant set of functions)

Relation to OPE: RG

=2U:</ {ZH )| - S

]

G M)

eeeeeeeeeee




Decay Contributing Functions
B?l _Ec(i)a Bg _ESO, & S(Xt)
K— vy, B—> X vv| X(x)

K, > up, B 11 Y(x,)
g’ Z(xy), X(xy), Y(Xy), E(xy)
K, —» n'e*e” Y(x,), Z(x,), E(x,)
B— Xe'e Y(x), Z(x,), D'(x),E"(x,), E(x,)
B—> Xy D’(x), E'(x,)
sc) @ T xwp@ P s VT

Y(x) @ T -] f s Z(Xy) H%Z“ 1/4%
‘‘‘‘‘‘‘‘‘‘‘ m
E(x,) H% E'(x) ™ 36 D'(x) H%



m, Dependence of Basic Universal Functions

1.52
m
S(x,)=S,(x,) = 2.46] ——
(x) =5y (x) =246 100
— m T1.15 — m —1.56
X(x,)=157 t Y(x,)=102 :
| 170GeV _ | 170GeV _
B . 11.86 B . 71-1.02
Z(x,)=0.71 t E(x,) =026 t
| 170GeV _ | 170GeV _
m 0.60 m 0.38
D'(x,) = 0.38[ : } E'(X,)= 0.19[ : }
170GeV 170GeV

sssssssssss



Master Formula for Weak Decays

AJB (2001)
hep-ph/0101336
hep-ph/0109197

Non-Perturbative || QCD RG || Short Distance Loop
Factors in the SM || Factors

Functions (Penguins, Boxes)

New Flavour-
Changing Parameters

Represent different
Dirac and Colour
Stuctures

(Summation over i)

New = NP

1 1
FSM > FNew 3 New
3 g New
Nacp |:nQCD ]
New

(represent <Q >)

Impress0206

d

d

Non-Perturbative
Factors beyond SM

Short Distance Loop

Functions Penguins, Boxes

: Fully calculable in

Perturbation Theory

: Fully calculable in RG

improved Perturbation Theory

: Require Non-Perturbative Methods or

can be extracted from leading decays

Fully
> calculable
in the SM




sssssssssss

Possible Dirac Structures in

K’ -K’ and By, — 1‘33’3

SM:

Beyond SM:
Y, (1=75) ® v* (1-75) Y. (1=75) ® v*(1+75)
(1=75) ® (1+75)
(I=7s) ® (1-75)
6, (1-v5) ® o (1-v;)
MSSM with large tanf3

General Supersymmetric Models
Models with complicated Higgs System

NLO [niQCD ]New ;

Ciuchini, Franco, Lubicz,
Martinelli, Scimemi, Silvestrini

AJB, Misiak, Urban, Jager




‘ Three Simple Scenarios \ Inami
Lim Functions

SM|:  A(Decay)= ZBi niQCD VimFow (1)

—

real

MFV | : A(DecaY) = ZBi niQCD V(iJKM |:FSIM T Fli\IeW:|
i y,

(Minimal : , : .. \ Y
FI AJB, Gambino, Gorbahn, Jager, Silvestrini 1
avour ‘ o L . Irca
Violation) D*‘Ambrosio, Giudice, Isidori, Strumia
Enhanced i i i i
0 . ' - i locp YekMm | tsm New
29-Penguins| * (Decay) =" B, Noep Vi | Faw + Ay |
1
\_v_l H_l
real Dominated b
AJB, Colangelo, Isidori, Romanino, Silvestrini Z-Penguins Y
Buchalla, Hiller, Isidori; Atwood, Hiller with a New
AJB, Fleischer, Recksiegel, Schwab Complex Phase
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Two more complicated Scenarios

real

AL

)

Zﬁi:g{;ﬁ%?v) A (Decay) = Z B, v iQcD V(leM |:FSIM T FIi\IeW:|

B New . )
(Higgs peneuan) 2B [Moen ] Veru| Gl
r;ral
complex
General - i i i ) i )
MSSM A(Decay) - Z B, Nacop Vexm |:FSM T FNew:|
New 1 New i i
Z’-Models +Z B. [nQCD] View [GNCW ]
L-R Models i —
Multi-Higgs complex
Models

sssssssssss



- (Generally TH
Inclusive Decays e

Exclusive Decays)

Examples: B— Xy, B> X u'n, B> X vv
X, = all final states with AS =1 quantum number

1- Construction of H - as 1n the case of Exclusive Decays

2. The branching ratios calculated perturbatively from
b-quark decay diagrams

3. Non-Perturbative Effects ~ A% /m; (~ 5%)

Heavy Quark Expansions: | Chay, Georgi, Grinstein (1990)
Bigi, Shifman, Uraltsev, Vainshstein (1992)

Manohar, Wise (1993); Mannel (1993)
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2.

Particle Mixing and

Various Types of CP
Violation
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Express Review of B’ — B’ Mixing

€ Flavour Eigenstates

= (bd)

= ( a) In the absence of B’ — B’ Mixing:
- . T
_|R° B°(t)) =|B° i Ht] a,
CP|B > B > = (t)> (O)> “ApL Ht- Mass Width
€ Time Evolution in the Presence of Mixing
0
cdy(t A B (t)>
i ( ):H y(t)  w(t)= _
dt B (t)>
Hermitian Matrices
with positive (real)
eigenvalues T T M;;-transition with virtual
M, -1 M,-i—= ' intermediate states
H=M-—i £ _ 2 2 [';;- transition with physical
) M. r, M i r, intermediate states
66666666666 . s 2 > 2 ) M, =M,, T, =TI



€ Flavour Eigenstates € Mass Eigenstates

B = (EC) B, =pB"+qB’

1_38 = (b?) q_ 2M7, _iAl_E‘Z

B’ :(Es) b AM_17

Eg = (bg) AM = M(BH) - M(BL)
Al' = F(BH) - F(BL)

see:
Erice (2000)
Spain (2004)
('K

All exact formulae from K" — K" system apply
but now:
sssssssssss . M,,[>> [, )




€ Master Formulae (B’-B°)

AM =2|M,,| . T -

d M 1 rlz
- 1~ ] ——1
Ar—zRe(Mlz 12) D ‘Mu‘ m(Mu)
‘Mu - ]
b d,s
M, = (B3 - m
d,s b

th = ‘th e " Vts — Vts e " (Bs = O)
4 e a B B’ _R°
b ~e'?? Py = _ BS B((:) RBo (Pure Phase)




Impress0206

. . . O T _O
Indirect and Direct @P in K, - nrflx,, = KE{

W+ S

(-) (+)
K, =K,+¢K,

K’ -K° Mixing)
g

Mass Eigenstates are not
CP Eigenstates

indirect CP violation (€)

CP (+)
8 f A Y

— 0_0
— T, T T

I

direct CP-Violation (g")

67

CP \K°> - —\K°>

€’=0 in Superweak Models
Wolfenstein (64)




Master Formulae for K’ — K’ and ¢,

S o d
Z Z N = ZF(Xi’Xj)(Vi:Vid)(V;de)Q
1,]J=u,c,t o,p=W~,0" i,j=u,c,t

d S

~~/

M, =—— FéﬁKmKM%V[Q\‘in?CDSO(Xc) +

NP, (x,)+ 22 X3S, (x.x, )|

2 t
Y ~—
x. —V V.* Dominates Dominates
1 1s '1id AMK Ex
AM, =2ReM, Ny~ =057£001  (AJB, Jamin, Weisz, 90)

exp(in/4) NP =132+032
= ImM,, -
V2 AM, N3P = 0.47 +0.05

Ex } (Herrlich, Nierste, 94, 95)

sssssssssss




February 2006

AM, =(0.5301+0.0016)-10 /ps

AM, =(0.503+0.006)/ps £ =(2.280+0.013)-107¢""
8'

AM, > 16/ps (95% C.L.) Re(—j:(16.6i1.6)-104

£
1/ps=6.582-10""GeV

sssssssssss



Modern Classification of CP Violation

We have:
Particle-Antiparticle L CP Violation in Mixing
Mixing # &. CP Violation in Decay
q 8. CP Violation in the Interference
an of Mixing and Decay

Decay

eeeeeeeeeee



Classification of CP in B- and K-Decays | (Nir99)...

1 s | CP Violation in Mixing

By =p[B)£a[B’) | ]
4
P ‘q / p‘ #1| =8 (Not CP Eigenstates)

[(B'(t) > 1'vX)-T(B(t) > I'vX) | 1-[q/p[
F(B(0) > 1vX)+T(B() > 1vX) | [ 14lq/pf My,

dgp =

A

. ~ T
H=M - 15 Observed in K-system: Re g, #0

B’ > B’ > 1'vX
"wrong charge"

I (Phase Difference) leptons agy = 0(10_3)
B’ 5> B’ > 1'vX

Hadronic Uncertainties in I';,, M,

eeeeeeeeeee



Af _ ZAiei(8i+(Pi) Af _ ZAiei(Si—(Pi) (A2<< Al) r=

sssssssssss

CP Violation in Decay

A, :<f‘Hwea.k
CP:

B) A, =(flH"

B)

A JA|=1| F—Lf

Decay __

r

B* —>f+)—F(B‘ —>f‘) -

TN

r

(
(

B' > " )+I(B 1) 1+, /A.[

Requires at least two different contibutions
with different weak (¢.) and strong (9.) phases

1=1, 2

Observed in K-system:

rs

Decay _
f*

~—2rsin(8, -8, )sin (o, — @, )

Re €'y #0

Hadronic Uncertainties in A, , 0,

A2

1

<< ]



BY-Decays into CP-Eigenstate

B B — AM = Difference betwe()en_l\()dass
o g — f Eigenstates in (B”, B") System
B —

f =1, = CP eigenstate
N, = CP-parity = +1

Time-dependent asymmetry:

I(B°(t) > f)-T(B(t) > f)
I(B°(t) > f)+I(B°(t) > f)

acp (t,f)=ag™ cos(AMt) +acp " sin(AMLt)

1- ‘&f
Decay —
dcp . ‘af

acp(t,f)=

2
‘ "mix—ind" __ 2Im E_;f _

e

A (B’ > f
&; = exp[i2¢,] f( - ) “T— Deca /
— —~—2 A(B">f) <« Amplitudes
Mixing
For a single decay contribution or sum of contributions with
the same weak phase

‘2 - f CP

&, =y expli20y, |- exp[—i20p, &= given only
2 ~weak phase ‘ in terms of
‘ﬁf‘ — Po- in the B? decay CKM phase

decay __



eeeeeeeeeee

Dominance of a single CKM Amplitude
Ao Ap - hadronic matrix elements
Or, Op - final state interaction phases
Or, Pp - weak CKM phases
Kf(ﬁo —> f) _AT ei(ST_(PT) 4 APei(SP_(PP) il
= -1 ree i i
AB’—>f) | Ap e+ AL )
Tree Dominance Penguin Dominance
A(B’—>f) . A(B’ > f) ,
0 — _nfe o 0 = _nfe_l o
A((B’ — 1) A((B® — f)
(Pure Phase) (Pure Phase)
Very Clean ! Very Clean !

Also pure phase if 0;=@p | 1! (Example: B{ —>J/y Kj)




3 s | CP Violation 1n the Interference of Mixing and Decay

Misnomer: (“Mixing induced CP-Violation®)

acp(t,f) =ImE; sin(AMt)

Im &, =n,sin (20, - 20, )=-S,

Measures the difference between the phases
of B°-B? mixing (2¢,,) and of decay
amplitude (2¢p)

Examples:

B, > yK, |:

B, »>n'n | :

P, =0 @y=-P n.=-1
Im¢ , =—sin2f

P =Y Py=—P M=+l
Imé_ =sin(2(y+p))=—sin2a

Very clean
TH

K, > vV
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. | Measures the difference between

the phases in K°-K° mixing and

s — dvv amplitude




BY-Decays into CP Eigenstates

o A
Two Contributions r = —2<<1
1

ac, (t,f)=C, cos(AMt)—S, sin (AMLt)

C, =—2rsin (@, — 9, )sin (8, -8, )
S, =-1, [sinZ((p1 — @y ) +2rcos2(@, — @, )sin(¢, — ¢, )cos(8, -8, )]

¢, = weak phases O, = strong phases

{r:O} =) |C; =0 Sf:_nfSinz((Pl_(PM)

eeeeeeeeeee
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Comparison of Two-Languages

CP violation
1n mixing

CP violation
in decay

CP violation
1n interference
of mixing and
decay

Manifestation of
indirect CP

Manifestation of

direct CP

With a single

decay it 1s impossible
to state whether CP
1n mixing or decay.
But Im¢; # Im¢&;
signals CP violation
in decay (Direct CP)



J.

Standard Analysis

of
Unitarity Triangle
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Standard Analysis of UT

/4
Indirect
£7P in
K, —>nn

€k

Relevant Parameters

BK? FBd\ED a:FBS\@/FBd\@

(1.0)
A = 0.092+0.012
Vcb
R, = 0.40+0.06
e, AM,  AM./AM,

sssssssssss 79




Indirect CP in K, - 1
S d
Im t.c t,c +QCD m) £ 4ém {Experiment}
d S

CXP: e, =(2.280+0.013)-107¢'*
B’ — BY. Mixin
d,s d,s g

b d,s CLEGOS
ARGU

A ot o e
BaBar

d,s b Belle

(aM),, = M(B)), ~M(B),

N

Mass Eigenstates

S

exp:  [(AM), =(0.503%0.006)/ps
* (AM) >160/ps (95% C.L.) (LEP/SLD) (Tevatron)




Basic Formulae

1. g - Hyperbola
ﬁ[(l _E)Athmgc:D +P, (8)] A2]§K =0.213

Nt =0.57+0.01; P.(g)=0.28+0.05; F, =2.42+0.12

(F, = S(x))
2‘ B,-B, Mixing Constraint

0.041| [2.34 | AM, | 230MeV | [0.55
V, F

tt

R, :0.86{

0.50/ps| /B F ng

d'By |

=0.041+£0.001; AM, = (0.503i0.006)/ps; e’ =0.55+0.01

a, B, -B. Mixing Constraint (AM/AM,)

Vcb

Rt:0-90\/ AM \/18.4/ps{ & } EJ:\/BiFBS

0.50/ps\ AM, [1.22 JB,F,

AM,>16.0/ps (95% C.L.) LEP (SLD)

sssssssssss



4. [sin2p from A (VK

A (WK) = —a, sin(AM,t)

a,x, = sin2f (SM)

0.79% 00 (CDF)

sin 2B, = 10.741£0.067+£0.033  (BaBar)
(stat)  (syst)
0.719 £ 0.074 + 0.035 (Belle)

(ALEPH : 0.84 |1oq +0.16)

4
sin2p = 0.726 £ 0.037 (awKS) (Before Summer 2005)

4

(233+16)° |
B = . | (sinp = 040+ 0.03)
(66.7£1.6) (excluded in the SM)

eeeeeeeeeee




Crucial Parameters in SM and Beyond

[Vie| =2 0.2240 + 0.0036

Vs (3.81 £ 0.46)-10°3

Vol (41.5 + 0.8)-10 e

Vi

v, 0.092 + 0.012 *

o, () (168 + 4) GeV

By 0.86 + 0.15 (&)

B, Fyq (235 Ti? ) MeV (AM,)

f B, Fy, 1.24 £ 0.08 AM.
\/7 B, kg, AM,

Valid for all extensions of SM !!
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Unitarity Triangle 2004 AJB, Schwab, Uhlig

n=0354+0.027
p =0187+0.059
y = (622£82)
R, = 0.887+0.059
R, = 0400+0.039
V,|=(824£054)-107

-0.75 -0.5 -0.25 0 0.25 ‘ 0.5 ().75 1

ImA, =(140+0.12)-107*
A= Vt:th

eeeeeeeeeee



Unitarity Triangle 2005

UTtit collaboration : Bona et al.

1= 1.2

II|III|III|III|III|
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Summer 2005 News New
Physics ?

(sin2B),, = | 0.726+0.037 | =E| 0.687£0.032| %k

m(m) =|168+4GeV| M| 163.0+2.7GeV

Vub —

= [00902£0012 B | 0.102 +0.005

cb

UT fitters
Vu I sides — . + .
New Vc:’ m(m)| mp (sin2BJurse 0.791+0.034

eeeeeeeeeee

( Sinz B ) total

=10.734+0.024







Basic Contributions

Decays with Trees and Penguins

ﬂ’\jf) b — ccs

v.Z b— ccd

1 b — uus

q e
(8) —— u.c q b — uud

m. Trees only h. Penguins only

b — cus W+ b — sss
S PN

—> —>- b — cud —~ S(
\;:%H<qz b — ucs % b — dds
ds) |b—>ucd q¢ |b—ddd

q1¢q2€{uac} q=d,s
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B - J/yK,
(B)

+P b — ccs

o, B, v from B-Decays

d—s

—>

B, —»>B’

B’ > J/yo

(Bs)
b — ccs

IHS \—)

B, — 9K,

(B)
|E| b —sss

B, > KK~
By, M2

b — uus

sssssssssss

B, > n'n”
B+y) 2
m b — uud

7.}

B, >Dn, D n'
2B +7)
T| b— ucd, cud

ld —>S

B! ->D/K", D.K*
(2B, +7)

T| b —ucs, cus

IBS —B

—

U-Spin Symmetry

v and 3

B* > DK*, DK’
(v)

T| b— ucs, cus




BY-Decays into CP-Eigenstate

B B — AM = Difference betwe()en_l\()dass
o g — f Eigenstates in (B”, B") System
B —

f =1, = CP eigenstate
N, = CP-parity = +1

Time-dependent asymmetry:

I(B°(t) > f)-T(B(t) > f)
I(B’(t) > f)+I(B°(t) > f)

acp (t,£)=a™ cos(AMt) +acp " sin(AMLt)

1- ‘&f
Decay —
dcp . ‘af

acp(t,f)=

2
‘ "mix—ind" __ 2Im E_;f _

e,

A (B’ > f
= exp[i2(pM] f( - ) — Deca /
« —— A{(B">f) <« Amplitudes
Mixing
For a single decay contribution or sum of contributions with
the same weak phase

‘2 - f CP

&, =y expli20y, |- exp[—i2p, &= given only
2 ~weak phase ‘ in terms of
‘ﬁf‘ - Po- in the B® decay CKM phase

decay __



BY(B%)-Decays into CP-Eigenstates

(Mixing) RO (Decay) (Mixing) RB° (Decay)

Bo/ \f Eo/ \f =n.f n, = £l CP.
N BO/ N }_30/ o f Ty
Basic dynamical quantity: ?X§§§£§;§ : 0,=0, B, 7
| A, (EO —>f ) . . /
Sy E\eXP(lz(PMJ) A (BO N f) =—n, exp(i29,, )-exp(-i2¢, )
(G

Y £ )
Mixing v
Decay Amplitudes In the case of a single

decay contribution or

5 =0 o . contributions with the
B, — B, mlxmg) same weak phase

(B! -B! mlxmg)

10 EXP #Imgf:nfSinz((PD_(PM)*

@
—

(PM:<

@

N

\

U
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B, —» J/yK, and B

R e
b
By ANEVVE
V. V. = AL'R "
VtSth = _Vcsvcb o VusVub
0 . * * *
A (B > T/ yK )=V, V,, (A; +P,)+V, VP, + V. VP,
~ VCSVCb (AT T Pc - Pt ) T VusVub (Pu o Pt )
(Dominance of a single phase)
z—z//b <0.02 (ch ~0 | acy (WKg) =1, sin2(@, — @, )=—sin2p
CIS) ch ( # 1o =P #<adcilﬁ(\|/Ks):O aCP(wK+);0
u ot 1 _ = . _
\At T Pc - Pt = ) ‘|aWKS 1/ L CWKS 0 S\I/Ks . 2[3
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B, - J/yo and B,

—ifs

Vts = Vts c
b
B’ Differs from
B) — J/yK, only by
"spectator" quark d — s
(05 =0)
Complication: (J/\y(p) admixture of CP =+ and CP = —
(Can be resolved: see Page 40: "B-Decays at the LHC ")
( ) [ mix . )
¢, =0 acy =sin2(Q, —¢y )= 24" =0.03
2 dir ~ -
10y =—PBs =AMy q qacp = 0 2B .
gw‘ ~1 A lot of room for New Physics!




Bg —> (I)K . and B (Pure Peguin Decay)

K, V. V., = A\’
V. V. = AL'R "
(P VtsV:‘;) — _Vcsvc*b o Vusvzb

A(Bg —> (PKs) — VcsV;ch + VusVI;kau + Vtth::)Pt
— VcsV:b (PC o Pt ) + VUSVljb (Pu B Pt )

(Dominance of a single phase)

e

N
( A

<002 agy (0Kg)=—sin2B =agy (yK;)
cs ' cb 0
N B | [Cu.~0  [Su =Sw =sin2B

V.V

us 'ub
%

.

Q

0(1 (neglectingj | B < ?ngsmi‘;" )
o p = O ("85 (IS, —Syu|<0.04 (SM) it Woras,

. C t J
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World S
Averages

First Results for B, — @K

(+0.45+0.43+0.07 (BaBar)

sin2P).. =- +0.11
( )i 096050559 (Belle)
l (Belle) (BaBar)

. =—0.05£0.24
C,x. =—0.15£0.33

\V

Sy, ~Syk,| =0.88+0.34

(Violation of SM by 2.6c)

New Physics:

Enhanced QCD Penguins
70 Penguins, ..

S,k = 0.76£0.36][S, . =002%035

n
C,x. =—0.26£0.22

(fully consistent with SM)

Grossman,

as non-leading terms Worah
. Ciuchini
could be different Silvestrini

Hiller, Raidal, Ciuchini + Silvestrini
Fleischer, Mannel



Present Results for B, — ¢K_

(sin2p) 050£025+0.06 (BaBar)
sin =
¥ 10.06£0.33£0.09 (Belle)

World Averages: |S
(2005)

k. =034£020 C, =-004+017

¢

To be compared with  |S  ~0.73 New Physics?

2006 Sk, =047£0.19

eeeeeeeeeee



Decays to CP non-eigenstates and y

(=

B, > D'’
(Dunietz+Sachs)

d—os

B’ > D*K*

Aleksan, Dunietz, Kayser

B} (Bg) and B (]_32) can decay to
the same final state

Requires full time-dependent analysis:

4 time dependent rates
BY (1) f, B (t)>f,
By, (t)>f, By (t)>T,

Tree diagrams only

. ( —>f)
20y
S A o)
e A(]§° —>f)
' A(B°—>f)
B By
Oum = B B(S)




(Dunietz, Sachs)

f=D'n d
b f"(::..
— B
B
>
d
(M,AL'R ")
H0
EJ(d) _ o2 A(Bd —
' A(Bg >
A(EO — f) | _
(d) —i2p d _ a-i(2B+y)q 2 f
= =¢ —~=¢ AR, —- . :
St A(Bg - f) " M. 2B +y without hadronic
— — uncertainties
1\/[f — Mf 1\/[f — Mf (B known) l

Small

Hadronic Matrix Elements Interference:
difficult exp. y

task
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Aleksan

Dunietz
Kayser
Directly obtained from Bg , 1_33 — D" through |d > s
f=D/K" =D K"
rC D: fG K rC D. f”<: k-

BO K BO BO BO

: > < < : >

(M,ALR¢") (M,AL?) (M AVR,e™) (M AL)

In analogy to B, B - D*n’

g?) . E_,(fs) _ 6—12(2Bs+y # 2B, +y without hadronic #

uncertainties
B, from

. 10 1O
B, —phase in B, — B, I B! - oy
Much bigger interference

than in B}, B} - D*n
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(Gronau + Wyler)

Directly obtained from B!, B! — D/K* through [B, — B*
S
. K — « D
—4 < c =
- © 50 B’ “‘{: K'D" #K'D’
> > K* ]
u u
s Need
u K~ 0 = 0
b —> >— D’ B* > D.K"
- 3 B \CC L
B DO S DO _ DO 0
K- L= +D
: : 5

To each process only single diagram contributes

A(B+_>I_)OK+)=A(B_—)DOK_) A(B+—)D0K+)=A(B_—)I_)OK_)62iY

0 (A?u3 ) 0 (A?u3 R, ) Colour suppressed
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Gronau-Wyler Method for y

V2 A(B* > DJK")=A(B" - D’K")+A(B" — DK")

V2A(B > D!K )=A(B > DK )+A(B - DK

D! =(D%)+[D%)  cp=+

¢

A(B* 5 DK) V2 A(B”— DK")

V2 A(B* - DK*)

A(B*—>D’K')=A(B > DK")

Advantages
¢ Pure Trees Disadvantages
* No tagging + Br(B* - D°K") ~ 0(10°°
* No time dependent measurements e Br(B" > D°K*)~0(10™*

. 0
Impressozi On]ﬁ}] rates ’ Detectlon Of D+



B, > n'n and a

d W+

+
+

b d - .
PSS e i V,,V,y = ALR e"
— < u,c,t u,c,t ub " ud b
u u
T B
G

V.V, =AN
db LT Vtthd — _V:qud — V:chd

A(B(c)l — 7t+7t_) = VSqud (AT +P, ) + :chch + V‘;)thPt
= V:qud (AT +P, - P, ) + Vc*bvcd (Pc — Pt)

Ve Vea | _ 1 Assuming
i = 50(2) — — gnn =1
VioVa| Ry P.. Pp = V| |Pwm B
Pc _Pt _ Pmc ? Tmc << acp =My, sin2((pD—(pM):sinZ(y+B):—sin2a
A.+P —-P T - :
b acp =0 [C,..=0[[S,, =sin2a
Dominance of a

single amplitude uncertain
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World Average:

Results for B, — "

" =100+ 0214007

~0.09 +0.15+0.04
" =0.58+015+0.07

(—0.30+£0.17£0.03

(BaBar) Consistent with 0
(Belle) P
(BaBar) Consistent with 0
(Belle) 12,4

C_=-037+011 S_=-061£016

Isospin analysis (Gronau + London)

Model independent determination of o

Model independent upper bound

(Grossman, Quinn; Charles)

. Br (BO —> nono)
e (aeff - oc) : Br(B+ — TC+TE0)
Im¢
G

TUTT

SIN 20 =

Impress0206
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Model dependent determination

of o using (P_./T,.)..
Beneke, Buchalla, Neubert, Sachrajda:|small C__
Keum,Li,Sanda: large C__

Most recent:

Buchalla, Safir;

AJB, Fleischer, Recksiegel, Schwab
Gronau, Rosner et al.

Ali, Lunghi, Parkhomenko



eeeeeeeeeee

Fleischer:

B >

B, > K'K"
B! >D'D™
B, > DD,

U-Spin Strategies | @<

N

-

J

=

B,y

|

B, — J/yK,
B —»J/yK,

=

Uncertainty from
U-Spin breaking

Gronau + Rosner; Chiang Wolfenstein:

|

B, > K"

B - K"

-

Uncertainty from U-Spin breaking,
rescattering, colour suppressed
EW-Penguins



B, »>n'n and B) - KK~ (Bandy)| (Fleischen

{Replace inB) »>n'n : d— s}

S o _ 4 iy
ey’ b - ViV = AL'e"R,
< Vo= A)2
BS_< 4 K BS - Vcchs = AL
’, %k _ % %k
S s’ u K~ thVts T _Vuqus o Vcchs

A(BY > KK )= V)V, (Af P =)+ V. V,, (P~ F))

U-Spin Symmetry: Por = F.—h - P.— P _ Pk = de®
T A, +P -P AL+P -P T

T

strong
phase

agy (B) »>n'n)  agy (B! >K'K) N 7
. , # subject to U-Spin
aly(By >n'n)  al (B! >K'K')

breaking corrections

(B, from B, > J/yo) B present in B} — B} mixing
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th = ‘th e P
Vub = Vub
V, =V,

ts

L

e
_iBs

€

B (B ) > wK,

—

B

B)(B;) > v¢

2.

B, (]_32) > D'’

=)

Br(K+ —> n*vV)
Br(KL - novV)

eeeeeeeeeee

Decays into CP non-Eigenstates

Golden Measurements || (Essentially no

TH uncertainties)

—

Decays into CP-Eigenstates | (time evolution)

B

(time evolution)

2B +y

B}(B;)— D:K"

—

K" > n'vv and K, — n’vv

B and y

=

(branching ratios)

2B, +







AJB (2001)
Master Formula for Weak Decays hep-ph/O101336

Non-Perturbative

Factors in the SM

QCD RG
Factors

Short Distance Loop
Functions (Penguins, Boxes)

New Flavour-
Changing Parameters

Represent different
Dirac and Colour

Stuctures

d

d

(Summation over i)
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AJB (2001)
Master Formula for Weak Decays hep-ph/O101336

Non-Perturbative

Factors in the SM

QCD RG
Factors

Short Distance Loop
Functions (Penguins, Boxes)

New Flavour-
Changing Parameters

Represent different
Dirac and Colour

Stuctures

d

d

B,,B, from K" —rn’e’v

X(v) = [X(v)e™

v = parameters (m,, ...)

Impress0206 109

Dynamics

Pure
Short
Distance




th

Z S ZO Vi S Vi + QCD Corrections:
" Tt L' Dib, Dunietz, Gilman LO (91)
d v, d V,  Buchalla+ AJB NLO (94)
J x=m/M
G, o

Ho= o 0. ;(xCX;L FAX(x,))Q

A=V V, A =V.V, Q=(sd),_, (W),

cs ' cd

0
4; Xl(Xt) = nxXO(Xt)

aXo(t) In Ht2

X(Xt) - Xo(Xt) t

— Xl(x)zil(x)+8x
m () | Do My X, ~10°
For p, =m, Cancels [,-dependence

n. =0.995 in X, (x, (1)) X(x,) = 0.65-x""

eeeeeeeeeee




Br(K* — n'vv)

+ + G * (— —
H. (K" — n'e"v) T;Vus(su)VA(ve)VA
€ Use: Isospin Symmetry

LGNS

@ For single v with m_. =m

® Take:

<TC ‘ su),,_ A‘K+>

Br(K* - n'vw) o

Br(K+ —> ﬂ:oe+v) - V22n’sin®0,,

X +AX(x, )

€ Include Isospin breaking corrections Marciano+ Parsa (95)

- “
m . #m, Additional

[sospin violation in K—1 formfactors ¢ # Factor
Electromagnetic corrections affecting

s — ue'v butnots— dvv ‘rK+ =0.901 ‘
\ y

eeeeeeeeeee



¢ Summing over 3 v's

. Im\
Br(K ):x{( H}lé t

2
X(xt)) +(R§?° P+ ¥ t

3oc2Br(K+ - TCOC+V)

r
+ + 2 - 4
s 27" sin” Oy,

% :4.84-10”{

a=1/128; sin’ 0, =023; Br(K'—>n’e'v)=4.87-10"

A

0.224

\

(M)
1|2 1 ;
P =—| =X}, +—X; 0.39+0.07
c 7\‘4 |: 3 NL 3 NL:|
) LO NLO
Hes L B + 220 + 79

< Uncerta{nty ! /o # /o
Br, [V V| + 14% + 4%

{9, (1), 0, (1) 100 GeV < p, <300 GeV; 1 GeV < p, <3 GeV }

LD Effects <5%
Rein, Sehgal

Hagelin, Littenberg
Lu, Wise; Fajfer

112
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Smallness of LD related
to absence of internal y
contrlbutlons (present in
K, - n’e’e” K, > up)

K* ’

w



Br(KL —> novV)
¥ Consider one v-flavour and denote:

F=r % X, +AX(x,))

V2 27sin’ 0y,
Hey = F(gd)V—A (VV)V—A +F (HS)V (VV)V—A

€ Now:

1

K, = ﬁ((ug)\ K*)+(1-2)[K"))
CPIK’)=—{K")  K")=[K’)




*

(@), [K*)=~(z'|(sa),_, k")
A(KL—HEVV):%[ (1+8) - F (1-8)|(|(5d), <)
zzlmxtx(xt) (Vv),_,
o (wfsa), k)= (=), )

\ 4

<

r D

Isospin Breaking
(Marciano, Parsa)

7~

. # < I, = 0944

. s

€ Summing over v

eeeeeeeeeee

2
Br(K, - n’vv)= KKL|: 5 X(Xt)}

ImA

\

>

(ImA, =—ImA\,)
Xy << X(x,))



AJB, Schwab, Uhlig (04)

1 Present Status within SM (TH and Parametric Uncertainties)

Impact of Present and Future Measurements of K — nwvv
on CKM

and B) — B! Mixing

Interplay of K — nvv with | £ in B Decays

l K — vV in Scenarios with New Complex Phases in EWP
‘ AM /AM¢, Rare Decays

eeeeeeeeeee



S
+ — 0 —
K* tc d v K t . d v

< N < 0

\ > } T \ > }n

u d
[sospin Symmetry Isospin Breaking:
4 Marciano, Parsa (Suppression)
<n+ (§d)V_A‘K+> -2 <n0‘(§u)V_A‘K+> K*(10%) K, (5%)

<n0\(gd)v_A\K0> — <n0\(§u)v_A\K+>
T

Leading Decay:

K" > nle’v

Long Distance:

K*: +(6+2)% Isidori, Mescia,
Smith (2005)
K;: <1% Buchalla, Isidori



—| AJB

Express Review of K™ — nvv and K, — 1’V | Schwab

Uhlig
hep-ph/0405132

NLO: Buchalla + AJB (94); NNLO: AJB, Gorbahn, Haisch, Nierste (05)

SM: |Br(K* — n*vv) =(8.0+11)-10"|| Br(K, — n°vv)

(28+0.6)-107"

Exp: [Br(K* — 1'vv) = (14.7“3-0)-10-“

—8.9

Br(K, - n°vv)<59-107(KTeV)

Brookhaven: E787, E949
(CKM, NA48, JPARC, ..)

Soon improved by E391a !!!
(J-PARC, ...) 29-107'

ith i (Br(K™ - n"vv)) < 5% ek
T
TH very clean | : [&ﬁ%ﬁ}gﬁggftﬁs}# 7 ’
~2008 o(Br(K, - 'vv)) < 5%
dthgnf% ggggn 6(Br)=10% |o(sin2B=0.04) [o(y)=9°|o(|V,|)=7%
Ofggrtlagfllety o(Br)=5% |o(sin2p = 0.025)|c(y) =5 |o(|V|) = 4%

eeeeeeeeeee



Basic Formulae for K™ > nt'vv (SM)

N = 107 42+ 31

Br(K" - n'vv)=4.8-10"| A'"RTX* +2P,A’R Xcosp+P; |

+0.7]

(top) (top-charm) (charm)

Buchalla
AJB (94)
NLO)

BGHN
NNLO (05)

eeeeeeeeeee

P =0.367%t 0.033 +0.037%£0.009=0.37%£0.07
H,_J H,_J

H,._J
Am_ =50MeV theory

Qg

P.=0.371+£0.031, £0.009+£0.009=0.37+0.04
c —_—

theory O

}1011 ~(8.0£1.1)107"

E787 (2)
E949 (1)
3 Events




Charm
Part

Top
Part

Impress0206 119

QCD Corrections to K — tvv

LO NLO NNLO
47t ( 04 ( )
B 0) , pl) s\He ) p(3) _
P = PV +PV+ P u, =0(m,)
o, (k. ) Am
Va.inshtein, Zakharov, Novikov Buchalla AJB
Shifman (1977) AJB Gorbahn
Dib, Dunietz, Gilman (1991) Nierste
(2005)
2
o _mi(e)
t 2
y ot (1) M
XM(x,) = Xo(x,) + =52 (x,) .
41
Inami, Lim (81) Buchalla, AJB (93)

AJB (81)

Misiak, Urban (98)




3-Loop
Anomalous
Dimensions

Matrix
Elements
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Impress0206

P_(u, ) for various calculations

122

of a, (uc ) from (MZ )
0.42 | 0.42
0.4 :-‘...--..,.,,__ 0'4 :-
0.38 | 0.38 |
a’ [
0.36 | 0.36 |
034 | 0.34 |
0.32 [ i pongs i o pemen s e o Seoviie 0 sednay B o ped o o e 0.32 [ i ; \ . ; ) :
1 125 15 175 2 225 25 275 3 1 125 15 175 2 225 25 275 3
u, [GeV] u, [GeV]
NLO NNLO



Reduction of TH Error in P,

042 T T T T T T T .

0.4

Gie )y NNLO y
o : -

0.36 | LD .‘

0.34 |

0.32 N T T S S S S ]

1 120 1.5 1.75 2 225 25 2.75
U, [GeV]

eeeeeeeeeee



K* > n'vv in the (p,n) Plane

_ 11 A 472 1 2 _3)?
Br(K* - n'v¥) = 43110 A*X? )g[(cm) +(po=p)’ |
1 p
(1-n272) 7 AX(m,)

1 rgr(lc %w)}

431-107"

R, =1+R;-2p
th:Aﬁ(l—ﬁ—iﬁ)

‘ d‘_

eeeeeeeeeee



_ AlB
Anatomy of ‘th‘ from K™ — n'vv | Schwab
12

oNVul) _ 399 | o 76 o(Br(K)) )
R (O
Present: + 4% + (Very Large) -+ 2%
om0 e am s
zgr)(f (+>.)0)2: B :’ £ +3.5% £ 1%
Determination

sssssssssss

at 4-5% possible

(Scenario I)

(Scenario II)



Theoretically clean Relations

D’ Ambrosio + Isidori (02)

4

2
o 7\/4P
Xz th SIIIZB-F(Rt C082B+ - ]

Br(K" > n'vw)=x, |V, g
V.| X
AM, _ _6
R, ~& K, =7.64-10 P, = 0.37+0.04
AM

S

AJB, Schwab, Uhlig (04)

4 ( AP ]2

Br(K' > n'vw)=x X2| T2 +| T, + ——

\

Vcb

+

T _ sin [3siny T _ Cos 3siny

I_Sin(B+'Y) 2_sin(B+y)

eeeeeeeeeee



(Direct CP) Basic Formulae for K, »> n°vv || (SM)  Buchalla

AJB (NLO)
4 X o)
Br(K, - n°vv)=2.8-10" “[ } Vo _ [_}
0.35] | 41.5-107 | | 1.48

E391a: Br(KL —> TEOVV) <2.9-10"| Future: E391a, JHF

Model ) Br(KL — TEOVV) <44 Br(K+ — n*vV) E391a could get
independent | S the first non-trivial
bound <14-107(90%C.L.) upper bound.
(Grossman,

Nir)

nN=R, sinf E391 (JHF): ~ 1000 Events
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— || Buchalla
UT from K—mvv|as

ImA, = F(m,,Br(K,))

sin 2B = F,(P., Br(K, ), Br(K "))

Ay = Vt:th
sin 23 “ sin 23

° (B—>1J1/y,K
(0.0) (1.0)  ~ (1.4,0) (K- mvv) S oK. 2
| x(m,)~m," ] C}irm K-Physics €@ B - Physics
(037+0.04) == p =
~ AZ X(ﬁt) Sol\t;[ and | Beyond

eeeeeeeeeee



oy Buchalla, AJB (94
The Angle B from K — tvv | RS, Uik 04)

o(sin2B) _o319(%) 455 o(Br(K)) 030 Br(KL))

BSU:

sin 23 P ~ Br (K+ ) Br(K, )
G(sin ZB) = £0.041 + ? + ? (Present)
o(sin2B)= 0.017 +0.039 +0.028 | (Scenario I)
Br’s at 10%
o(sin2B)= 0.011 +0.020 +0.014 | (Scenario II)
Br’s at 5%
TH . . , o
very o(sin2B)~0.02—0.03 requires o(Br’s)<5%
clean

eeeeeeeeeee



The Angle y from K — vy | AIB,Schwab, Uhlig (04)

o|Br(K" Br(K V
o) _g7590) 4 55 (Br(K) c0072 B E) y o(Val)
Y PC BI'(K+) BI'(KL) Vcb

o(y)=  +83 + 2 + 2 +4.9°  (Present)
G(y) = +3.7 + 8.5 +0.4° +3.8° (Scenario I)
Br’s at 10%
o(y)= +£2.5° £42° £0.2° +2.5° | (Scenario II)
Br’s at 5%
VT;Iy o(y)~£5° requires G(BI‘(K+)) < 5%
clean

eeeeeeeeeee



Unitarity Triangle 2004 | (AJB, Schwab, Uhlig)

Br(K+) = Br(K+ —> n*yV) —147-107"

Unitarity
Triangle
from
K —nvv

(2012)

sssssssssss



B.

Rare B and K Decays

B,—»>puun  B-o>X v
B—> Xy B— X I'T

K, = =1l




0 b n
b Z " + t . QCD Buchalla, AJB (93)
S o " Corrections | Misiak, Urban (98)

+ =\ _ . —9_T<BS)_ FBs il ‘Vts T 2
Br(B, > p'n")=38-10 {2301\/&:\/} 0,040 ()

1.56
v(x,) = o] ulm) |y F, =(230+30)MeV
170GeV s

’C(BS) = (1.46 + 0.0S)ps (Dominant uncertainty)

SM: Br(BS —> pﬂu_) =(3.7£1.0)-10” Br(BS —> ;ﬂu‘) <5-107

DY, CDF 95% C.L.

eeeeeeeeeee



Bd —> M+ L | (just replace s—d)

Br(B, > p'n)=10-10"

1(B,)

F

1.54ps

|

2
By
190MeV

[Y(x)]

1(B,) = (1540+0.014)ps

F; =(189+27)MeV
V4| =(824+054)-107

SM: |Br(B; > u'n )=(1.04+£034)-10™"

Belle: |Br(B, > p'p)<16-107 (95% C.L.)

Br(B, > u'w) _<«(B,) m,

Br(BO1 > ;ﬂu‘) 1(B,) my,

eeeeeeeeeee

FB
— =122+0.06

By

S

Useful measurement
of ‘th‘




b ZO Vi b W Vi
2 PR L
Vi S v, S v,

QCD Buchalla, AJB (93)
Corrections | Misiak, Urban (98)

Br(B — X,vv)=158- 105[

SR (RS RS ErL

SM: |Br(B— X vv)=(3.66+021)-10"| ALEPH:

Br(B— X vv)<64-107*

_ o) :
BI’(B — X, VV) V. d‘ Theoretically

— — > cleanest measurement
Br(B —> XSVV) V., of [Vy|/|Vy

eeeeeeeeeee

Long Distance Effects neglegible: Buchalla, Isidori, Rey




B—> X,y

W:I:
. . Large SD
+ QCD
Corrections
Y
Y = on shell
Dominant _ l v
. Q.= mbsLwaRF
Operator

(Magnetic Penguins)

Bertolini, Borzumati, Masiero (1987)
Deshpande, Lo, Trampetic, Eilam,
Singer (1987)

QCD Enhancement (~ 3)
governed by the Mixing
of Q, with

Q, = (EC)V A(ES)V—A

Br(B— X.y) =+

(352+0.30)-10* CLEO, BaBar, Belle
(3.70£0.30)-10" SM

Sensitive to New Physics! Important for constraining

eeeeeeeeeee

Supersymmetry !!



‘ NLO-QCD Corrections Saga 1994-2002 \

1993 Identification of strong: Ali, Greub; AJB, Misiak, Miinz, Pokorski
w, dependence (~ 60%)

Initial Adel, Yao (93); Greub, Hurth (97);| AJB, Kwiatkowski, Pott (97)
Conditions Ciuchini, Degrassi, Gambino, Giudice (97)
Two and AJB, Jamin, Lautenbacher, Weisz (92): Ciuchini, Franco,
Three-Loop Martinelli, Reina (93)
A 1 « | Misiak, Miinz (95), (Two-Loop Mixing of Magnetic Operators)

poma pus Chetyrkin, Misiak, Miinz|(97) (Three-Loop Mixing between
Dimensions Q, and Q,)
Operator
Mp it Greub, Hurth, Wyler (1996) Review:

atrix AJB, Czarnecki, Misiak, Urban (2001) AJB, Misiak (2003)
Elements
Gluon Ali, Greub (91)
Bremstrahlung Pott (95)
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B — XY beyond NLO — NNLO

2001: Gambino, Misiak (significant uncertainty due to m_)
=) Go beyond NLO

Considerable
Progress
made

4-Loop
Mixing Q,<>Q-

Impress0206 138

Misiak, Steinhauser (2004)
Bieri, Greub, Steinhauser (2003)

Gorbahn, Haisch (2005)
Gorbahn, Haisch| , Misiak (2005)

Czakon, ...

Initial Conditions

Matrix Elements
(first steps)

Three-Loop Mixing
of Magnetic Penguins




B— Xsu+ L | Hou, Willey, Soni (87)

b s I Sl QCD (LO): Grinstein,
Q : _ malicr Savage, Wise (89
V.2 .
u S ’

Penguins QCD (NLO): Misiak (94)

AJB + Miinz (94)

Operators: b
Qoy = (S )V A(MM) +1Q, = InbgLCSle‘bRFlLW

Qiov = (Sb)v A(““) L

Known from B — X y

_sV|v

ts

2{(st)(\c )" +/Co| )+4(1+ )\(;\ +12C c}

(Pu++Pu+)2 C :PNLO Y(X) _47 “C — _
Lt e gm0z le,




NNLO
QCD

Recent Developments on B— X p -

Bobeth, Misiak, Urban (2000)
Ghinculov, Hurth, Isidori, Yao (2002-2004)
Asatryan, Asatrian, Greub, Walker (2002-2004)

Asatrian, Asatryan, Hovhannisyan, Poghosyan (2004)
Bobeth, Gambino, Gorbahn, Haisch (2004)

Br(B— XI'l") = {

(low s region)

(below cc resonance)

(45+1.0)-10°  Exp
(44£0.7)-10°  SM

In order to test better look at |A - (s) = Forward — Backward [

Asymmetry

Ag(s)=-3C

[sC,(s)+2C, ]
10 U(s) Vanishes at s, [s,C(s,)+2C, =0

Impress0206

Theoretically clean; sensitive to New Physics.

140

see
Section 6

J



K, = n’e’e” (3 contributions)

OLS n'yy = n’e’e 4= CP conserving

Donoghue, Holstein, Valencia, Ecker, ]
[ Usin, ]

Is’lch, de Rafgel, Flypn, Randall, KTe\g/ 99)
eghal, Heiliger, Fajfer (95) K, —myy
Cohen, Ecker, Pich (93) -
Donoghue, Gabbiani (95)
Ambrosio, Portoles (97)

@ K, — > n’y" > n’c’e” 4mm indirect CF K, =K, +¢K,
*(KS — n’e’e” helps here!)

Ecker, Pich, de Rafael (91)
Heiliger, Seghal (93)
Donoghue, Gabbiani (95)
Fajfer (95)

() K, ——n'y" > n’c’c ¢m direct £F
* (TH very clean!) New Physics
can enter here

Flynn, Randall
Buchalla, AJB, Harlander

The action NLO: AJB, Lautenbacher, Misiak,
of Z°, vy Miinz (94)
Penguins

Impress0206 141

{Dib, Dunietz, Gilman




Present Status on K, — n'e*e”, K, - n'p u”

Buchalla, D" Ambrosio, Isidori; Isidori, Smith, Unterdorfer

l=e,u

Br(K, - n'l'l")=|C,,, + Cim(

ImA,
107

J+c

|
dir

2
(Iln(“)ﬁt) +C |10

\ J U
v

A

indirect

g
Interference of

cP direct and indirect

C . =226%+70

C: =74+15

C: =24+02
Cépe =0

+1.1

Br(K, - n’e’e’) = (3.7 209

CH

mix

Cct

~" - —

direct CP

conserving

~53+1.6
~19+04

mt —

Cy =1.0x0.1
Clpc =52£1.6

)-10—“

Br(K, - n’p'p)=(15£03) 107"

eeeeeeeeeee




.

Minimal Flavour Violation (MFYV)

Generalities
Model with one Universal Extra Dimension

Littlest Higgs Model

MSSM at low tanf3

Review: AJB  hep-ph/0310208

eeeeeeeeeee



Generalities

Fi(v)

. - - K and B
. i i i i
A(DecaY) = Z BiMacp Vekm [FSM T FNew] Physics
1 - ~ ~ related
AJB, Gambino, Gorbahn, Jager, Silvestrini real to each
D‘Ambrosio, Giudice, Isidori, Strumia other

1 All flavour changing processes governed by VéKM :

l Only SM Operators are relevant.
SM:

V=X 1 New Physics enters only through 7 Master Functions

F(v)=8(v), X(v), Y(v),Z(v), D'(v). E'(v), E(V)

1

v = collects parameters specific to a given MFV model.

eeeeeeeeeee



Examples

Universal Unitarity Triangle

AJB, Gambino, Gorbahn, Jager, Silvestrini (00)

In the full class of MFV-models it 1s possible to construct
quantities that depend on CKM parameters but in which
the dependence on new physics parameters cancels out

g

CKM Matrix determined without
"New Physics Pollution"

g

‘ Universal Unitarity Triangle ‘

eeeeeeeeeee

R, =0.90 AM, 18.4/ps[ a }
0.50/ps\ AM, [1.22

‘awKs = sin 2[3‘




“ Universal Unitarity Triangle 2004 H

AJB, Schwab, Uhlig

Use only quantities that are independent of parameters
specific to a given Minimal Flavour Violation model

\' 1-2%/2)|v
b q R, = ( ) ub
Vcb 7\“ Vcb
AM, &, |[AM .
R, =2t d a sin 2
AM. = R A\ AM. o = P
R, R, B.E,

eeeeeeeeeee




SM UT versus UUT of MFV | BSU (04)

SM MFV
n=0.354+0.027 n=0.360%0.031
p=0.187x0.059 p=0174+0.068
= (622+82) y = (642+9.6)

R, = 0901£0.064
R, = 0400£0.044

V| =(838%0.62)-107

Y
R, = 0.887+0.059
R, = 0.400+0.039

V| =(824+054)-107

Im), = (140£0.12)-10” _
A, =V.V, ImA, =(143£0.14)-10

UUT of MFYV rather close to SM UT *

eeeeeeeeeee



Universal Unitarity Triangle (MFV)

UTtit Collaboration : Bona et al.

1< F
1

0.5-

-0.5-

eeeeeeeeeee



MFYV "Sum Rules"

Relations that do not involve the Master Functions X, Y, Z, S, etc.

Violation of these relations signals new flavour (CP) violating
interactions beyond CKM or new operators that are strongly
suppressed in SM

Examples (sin 2l3)nvV = (SinzB)wK

Br(B, > u'n) (B, m, { H\

Br(B, > wn ) T(By) my, |y, | ||V J AM, " m, B E |V

Br B—)va ‘ ‘
B(B—)stv) ‘Vts

eeeeeeeeeee



Impact of a Modified |V |

AM
{AMd ~ ‘th‘z .[SSM(mt) + AS]} D) ‘th‘z N [ .

S(m, ) + As]

Yo (m,)+AY]

BI‘(Bd —> M+M_) = ‘th‘z '[YSM (mt) T AY]2 ~AM, [S(m )+ AS]
t

But

Br(B, - p'n ) = [Vy[ [Yeu (m,) + AY]

L]

v

ts

AS >0 uo uo
n n?ost - Br(BS s ) > Br(BS 7 )
extensions Br(Bd — H+H_) NP Br(Bd — M+“_) o

"~y

~|V,| (CKM Unitarity)

eeeeeeeeeee



AJB, Fleischer (01)

Br(K, )= F(Br(K+), A,k sgn(X)) H very

clean

Independently of any parameters, for given *
Br(K") and a,; only two values of Br(K; ) possible.
X <0
very
<0 unlikely

X>0 4= (SM, MSSM)

a, = fixed

> Br(K")
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Correlation: Br(B— X_y) <> §, in AFB(B —> Xsl+1_)

MSSM (MFV) Universal Extra Dimensions
(Bobeth, AJB, Ewerth) (AJB, Poschenrieder, Spranger, Weiler)

.8}

L7t

.6}

.5}

L5t
0.1 0.12 0.14 0.16 0.18 0.2 0.12 0.13 0.14 0.15 0.16 0.17

50 S0
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Relations between AM_; and B, ; — up

in Models with Minimal Flavour Violation

(AJB, hep-ph/0303060)

2 S(Xtﬁxnew)
V(xR

D T2
AM, ~ B,F;

Vi

t? Xnew

Br(B, - u)~ F;

Vi

Large hadronic
uncertainties
due to F;

X +0
FBd\/Bd = 235i33_24 MeV FBO1 = (189 £27) MeV

B =1.34+0.12 =
Bd

=1.00£0.03

eeeeeeeeeee

F, B, =(276 £38)MeV Fy = (230 +30) MeV
B, =1.34+0.12 (No problems with
i B chiral logs and

quenching)



_ _ T(B )Y2 (X ,inew) No dependence
Br(B, — pt)=4.36-10" qu S M| e
SM: F - _ 1.6
Br(B, — ) =3.42-10" “(B,) || 134 )| m(m,) AM,
S 1.46ps | B, || 167 GeV | |18.0/ps
- . _ 1.6
Br (B, - i) =1.00-10 | F(Bo) || 134 || M (m) |7 _AM,
! 1.54ps || B, || 167 GeV | [0.50/ps
(Example)

eeeeeeeeeee

Br(BS’d —> uﬁ) from AM_

AM, =(18.0+0.5/ps)

# Br(B, — un)

(3.4240.54)-10°°

AM = (0.503i0.006/ps) # Br(B, — pup)=(1.00£0.14)-10™"

Moreover new Physics Effects can be easier seen

*



Testing MFV through B, ; &> up and AM,

Br(B, >un) B, t(B,) AM
B,

S

t(B,) AM,

Br(Bd —> uﬁ)

\ J \. 7
"

(1.00 ; 0.03) Experiment

Valid in MFV models in which only SM operators relevant.

Violation of this relation would indicate the presence of new
operators and generally of non-minimal flavour violation.
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The Impact of Universal
Extra Dimensions on

FCNC Processes

Based on:
AJB, M. Spranger, A. Weiler =(BSW) (hep-ph/0212143)
AJB, A. Poschenrieder, M. Spranger, A. Weiler (hep-ph/0306158)



The Next Steps

ACD Model inD =15

Impact of KK on Inami-Lim Functions

&0 RO &=

Impact on: [A, &, AM,,, K—>nvv
K, —up, B> X vy, B, > up

B—> Xy, B—> X gluon, €'/¢
B— X up, K, »n'e’e,

‘ Conclusions

eeeeeeeeeee



Introduction to the Model

Kaluza (1921) and Klein (1926)
Unification of gravity and electrodynamics
in D = 5 compactified on 5'.

Some extra dimensional Models:

# brane world: SM on brane, gravity in
the bulk, localization mechanism

# gravity and gauge bosons in bulk,
fermions on brane 2 ! > few TeV,
localization mechanism

# Universal extra dimensions (UED):
everything in the bulk, no localization
mechanism required, gravity not con-
sidered

A 1dr=as "aller Rirgbs Fheoma1ology Woikshcp on Heswy —lawes s, A1 27 - way s,

eeeeeeeeeee



ACD Model

Appelquist, Cheng, and Dobrescu (ACD) i

hep-ph/0012100 &5

# All SM fields live inthe bulk D — 1 + 1,
Gravity not considered.

# Orbifold: Replace S' by 5'/7,

# Simple extension of SM, 1 extra
parameter (72, radius of ED), boundary
terms set to zero

# provides excellent dark-matter candidate
Servant, Tait '02; Cheng,Feng,Maichev '02

# bounds on 1/ are rather weak
-|I.-"I-rf i 2} GEU, Ad o 200 Gav,

1A 2 300 GeV, My <« 250 Gev. Appelquist,Yee '02

A drEaE Wallen Hirgbs g Fheaomeology Woikshcp on Heswy -lges g A1 27 - Way Z,
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Appelquist, Cheng, Dobrescu Model (ACD) | (D=5)

‘ Universal Extra Dimensions: ‘ All SM fields live in
extra dimensions

‘ Particle Content ‘ in an Effective D = 4 Theory

SM Fields (n = 0) n Corresponding KK Models
(Zero Modes) n=1,2,.)Ws. Z,,, etc.
_|_
Additional Physical Scalar
Modes a?n), a(in); n=12,...
Single New Parameter: _ 250 GeV (M., > 250 GeV)

Compactification Scale
1/R

300 GeV (M,, <250 GeV)

(ACD, AY: Electroweak Precision Observables)

eeeeeeeeeee



Mass Spectrum

. Full Set of Feynman
Rules in BSW

. Vertices depend on n/R

. Conservation of KK
Parity =
Absence of tree level
KK contributions

. Minimal Flavour
Violation
(CKM Matrix; no new

operators)

eeeeeeeeeee



Properties Relevant for FCNC Processes

- AF=2
lec.am, |+ S(x, 1/R)= +an(x nj [ j
n=I

Boxes

K" > n'vv
K, —>mv| : X(x, 1/R)= +ZC (X j
Y n=1
B — X, vV C, 4Bo)
— ZO
SM Penguins

B.,—oup — = n

< N ( l/R):Y (Xt)JrZ:Cn X, —
K, =>pp - R

GIM mechanism improves significantly the convergence

of the sum over the (KK), Modes and essentially removes
the contributions of (KK), . in the first two generations.

eeeeeeeeeee




Results for the Function S(x,, 1/R)
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Basic Formulae for UT Analysis

1. g - Hyperbola
ﬁ[(l _E)AthtngCD + P, (8)] A2]§K =0.213

Nt =0.57+0.01; P.(g)=0.28+0.05;

P =SO(Xt)
F;“" = S(x,,1/R)

2‘ B,-B, Mixing Constraint

(R > R

0.041} \/2.34 \/ AM, | 230MeV | [0.55

R, =0.86
t { Vol [\ Eo VOS0/ps| (B E [\ms [ {RM <R}

tt

d'By

=0.041+£0.001; AM, = (0.503i0.006)/ps; e’ =0.55+0.01

a, B, -B. Mixing Constraint (AM /AM,)

. BF
Rt — 090\/ Al\/Id \/18 4/pS |: a jl £ = \/7s By [No dependencﬂ

0.50/ps\ AM, |1.22 JEdFBd on 1/R

AM, > 14.4/ps (95%C.L.) LEP (SLD)

Vcb
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Implications for Unitarity Triangle

66
64

62
60
58

|Vw_'| x 103

56

| 1/R =200 (300) GeV |

54

52

“[ ] 50
P I Y P B B agll o 1 1] l
200 400 600 800 1000 200 400 600 800 1000
R [GeV] R [GeV]

@) (b) Suppressions :

0.36

0.26 —r—T——T——7
0.25
0.24
0.23 i
0.22 B

2 0.21 I
0.2 i
0.19 .
0.18 i
0.17 I

N L e R e 0.16
200 400 600 800 1000 200 400 600 800 1000

R [GeV] R [GeV]

V| : 8%  (4%)
n o 11% (4.5%)

vy :10° (5°)

0.34

0.33

0.32

0.31

1, 1,10 01005131,

0.3

(c) (d)
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Unitarity Triangle in the ACD Model

1/R =200 GeV

C = (0,0) B = (1,0)

At 1/R=200GeV vy, =65 — . p =49°
but at 1/R =300 (400) GeV  7,., = 60°(63°)

Very difficult to see the difference in view of
hadronic uncertainties.



& sMm

200 400 600 800 1000 200 400 600 800 1000
Impress0206 167 R! [GeV] R! [GeV]




Br(Kt — atwr) x 101

Impress0206

Implications for Rare K and B Decays

Br(B, = ptp) x 10°

168




The Impact of Universal Extra Dimensions on
0 + -

B> Xy, Bo>Xuu,K, —>mne

Andrzej J. Buras, Anton Poschenrieder,
Michael Spranger, Andreas Weiler
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Diagrams Contributing to D, E, D', E'
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Results for D, E, D', E'

200 200 600 800 1000 %200 400 600 800 1000

0 //
-0.05¢

200 400 600 800 1000 200 200 600 800 1000
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Impact of KK on B =Xy

CLEO
SM
ALEPH +0.41 » .
>Br(B—>XSy): 3.28 10 (3.57i0.30)-10
BaBar —0.36 . . m’
Gambino + Misiak (—2 = 0.22]
Belle m;,
A
o, -} m?/m? =0.22
3.25 2,2
Br(Bo>Xy) } m}/m; =0.29
107 2.75}
[ ] 2.5}
2.25]
2f

7300 400 500 600 700 800 900 1000
1/R
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Impact of KK on B =X uu

, _ +2.0 »
( Integration |  Br(B—Xup)=|7.9+2.1 .10 (Belle)
over -1.5

full dileption (g™ (4 1£0.7)-10°  (Ali, Lunghi, Greub, Hiller)
[mass spectrum)
ACD: (4.8+0.8)-10° (BPSW; 1/R=300GeV )

(P, +P, )

2
my

S =

( Integration

over
low dileption
[mass spectrum)

w W W w W

[0 e I Vo] w = | S5 T 76 Y (&)

[N ]

0.05<5=<0.25

300 400 500 600 700 800 900 1000

SM: (2.75£0.45)-10° IR
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Forward-Backward Asymmetry in B ->X L'l |[(SM)

1 dT(b—)su*u‘)

A (3) = dcost, 9
FB(S) (b—>cev _[ COS B0 sgn(co; L)w
$ReC:™ (8)+2C1)" Ly
Apy (§)2—3C10[ ’ ( )A 7y } b,
U(s)
‘o 2L C, « (5b), , (mn),
0 Reégff (§0) C, (§b)V_A (HH)A
G, o B Ay
SM | :
NLO: 8,2 0.14£0.02 Yo,

NNLO : §0 = O 1 6 2 i 0008 ﬁizi,tlll'::ll:l,ig’s;lfrian, Greub, Walker, Bieri

Ghinculov, Hurth, Isidori, Yao

eeeeeeeeeee
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eff
C, very

weakly affected

5, ~ \/Br(B - X.y)

300 400 500 600 700 800 900 1000

1/R
0.16
019 400
S, 0-14 300
0.13f 250
0'121.4 1.5 1.6 1.7 1.8

JBr(B—X.y)



L  ACD Model consistent with the data on FCNC Processes
with 1/R =300 GeV

&  Only small impact on UT relative to the SM
8. |Enhancements|: [K' > v (9%), K, - n'vv(10%)
11 0 N 0
R =300 Gev B> X up(12%), B— X,vv(12%)

B— X v (21%), K, - p'p (20%)
B, &> p'n (23%), B, > p'n (33%)

‘ Suppressions : B—> Xsy(ZO%) , B> ngluon (40%)
S,:0.162 > 0.142|; €'e

&  With improved Exp+Th for B —X_yand S, strong lower
bound on 1/R could be obtained.
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FCNC Processes 1n the "Littlest" Higgs Model

LH Model |: Arkani-Hamed, Cohen, Katz, Nelson (2002)

FCNC Processes | : AJB, Poschenrieder, Uhlig : hep-ph/0410309  B;,—B;, Mixing
0501230  Rare Decays
05xxyyy  Technical Details

New Effect

A Symphony of penguin and box diagrams with generally below
30%

Wf , Zg WIJ{_F, Z%, A% (new Gauge Bosons)

t T , R (new heavy top, charged scalar)
SM New Particles

Related
work: Choudhury, Gaur, Goyal, Mahajan, 0407050 (confirmed our results)
Choudhury, Gaur, Joshi, McKellar, 0408125 (?)
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s d
Wy
u,c,t
d
Z
v v
5 d s d
WL U, ¢, t
u,c,t
d Wi, W
ZH ZH
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Movement 4
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FCNC Processes in MSSM (MFV)

Classic Paper | : Bertolini, Borzumati, Masiero, Ridolfi (1991)

Last Analysis | : AJB, Gambino, Gorbahn, Jager, Silvestrini (2000)

Quissm
T
Q=5

0.65<T(K"— n"w)<1| (0.73<T(B— X wv)<134
041<T(K, - n’vw)<1| |0.68<T(B, - pp)< 153

Governed by the modification Governed by the modification

of X(v)and V| of the functions X(v), Y(v)
— -

enhanced or V., not enhanced or

suppressed modified suppressed
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: (BBBEPSW)
MF Vit Collaboration hep-ph/0505110

Use the existing results for

UUTHAit Xow(V)=195 Y, (v)=143

B Xy =) (Xgm = 1.53) (Yo =0.99)

B X'l ]

K" —>n"vv Model Independent
Upper Bounds

within MFV Scenario

Conclusion | : | Large Departures from
SM within MFV not
possible
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‘ Upper Bounds on Rare K and B Decays from MFV \

Bobeth, Bona, AJB, Ewerth, Pierini, Silvestrini, Weiler hep-ph/0505110

Branching Ratios (g/l5|:0>:) (985I\O/IA)) (6885’2) Exp
Br(K* —n'vv) 10" | <119 | <109 |8.3:1.2 14770
Br(K, » n’wv)-10" | <46 | <42 |3.1:0.6 | <5.9-104

Br(B— X, vv)- 10’ <52 | <41 |[3.7+0.2| <64
Br(B, - p'n)-10° <7.4 <5.9 |3.7+1.0 | <5.0-102
Br(B, > p'pn)-10"° | <22 <1.8 |1.1£0.4 | <1.6-103
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