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Standard Model... and Beyond...

So far Standard Model (SM) impressive... But...

(1) Gauge Hierarchy Problem

�

SM fine-tuned. � � ��� � � �

Supersymmetry? Technicolor? Extra dimensions? Little-Higgs? Higgsless?

(2) Flavor Problem

�

Quark/lepton masses, CKM elements not explained.
“Horizontal” Symmetry? : Abelian? NonAbelian? (U(2))

(3) � mass non-zero

�

Why is the � so light?
(Type I seesaw? Type II seesaw? Extra dimensions?)

�

Is the � Majorana? (Is

	�
 good?)
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Flavor Sector Probes

SM extensions may lead to new flavor signatures

Look for them in Flavor Changing Neutral Currents (FCNC)
...since SM contributions loop suppressed

Look for new sources of CP violation

Need SM/lattice calculations to sufficient accuracy

Lepton Sector probes:

� � �� �, � � � � � ,

��� � �

,� � EDM, ...

Quark Sector probes:

� 	 �
 �,

	 �
 �
 
 ,
 � �� �� , 
 EDM, ...

Can we find hints of unification in Quark & Lepton sectors?
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Supersymmetry (SUSY)

Add opposite spin partner: Fermion � Boson
Example:

����� � � ����� �
	 	� � � � � 	��� �

No longer fine-tuned.

�
� ��� � ��� � �

Other nice features:
Gauge couplings unify
Dark Matter candidate (LSP)

But SUSY has to be broken!
SUSY breaking/mediation not unique � MSSM
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U(2) Flavor Symmetry

[Pomarol, Tommasini]
[Barbieri, Dvali, Hall]
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Gauge basis � Mass Basis implies CKM matrix
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SUSY U(2)

SUSY and U(2) dictate structure of the theory

SUSY preserving Superpotential:

� � � � � � 
 �
� � � � � � 
 � �
� � � � � � � 
 � 
 �
� 2 ��� � ��� � � � �
� ��� � ��� � � ��� � 0

# �$ � �& ' ) $ "(& ��� � "($ ) & ��� � ) $ * (& � 0 � * ($ ) & � 0
,

SUSY breaking terms:

�� � � ���� �
 �� � 	 �� � � �� �
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�
���

�
 �� 	�
	


 � � ��� � �
 � � � 	 � � � � � � �
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�
�� �

�
 �� 	 �
	


 �

� � ��� � �
 � � � 	 � � � � � ��
�

�
���

�
 �� 	�
	


 � �7 �7

� � � � �
�

�
� �	 
5 : � ��� �

� 
5 : � ��� � �	 �5 � � �� 5 � � ��

� 5 � �� � ��

	

 � � �� � � 0

�
�

� � �	 5 : �

�	 5 : � �5 ��� 5

� � :� 5 ��
	




SUSY br scale ' � ��� �

-term scale ' �
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Flavor Changing Neutral Currents
(FCNC)

�

Minimal flavor violation (MFV)

� �

-terms aligned w/ SM Yukawas. So FCNC � ��� � �

�

SM,

� = 	 ��� =

�

Non-minimal flavor violation (NMFV)

�

General

�

-terms. So FCNC � new phases

�

Gluino (

���)
Example:
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Operator product expansion (OPE)

Example:

	
 � � effective Hamiltonian

� � � ������ 	 � �
�
	� �

� . - � � . �
�

�
$ � 	
� � � �� �� 	 �

�$ � � � �$ � � � � ����� � � � � � � � � � � ����� � � � � �� � � �
	




� � � � �
 � ��� � � � �� 	 �� � �

� � � �
� �� ��� � �
 � �  ! 	 � "  !

� �� �

� - ��� � � �
 � �  ! #� 	 � ��  !
Renormalization group evolution from high scale to � �

New physics contribution to Wilson coefficients:

� � � � � �
�

����� � � � �� � � �87 $ % � / �&��� � ')( � � �87 �* � / �&�� � ')( �

� ��� � � � ���� � �87 % � � / �&�� � ')( �
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-meson (and aon) FCNC

FCNC Effects in:

� �� � �

:���� � ��

mixing ( 	
 )

� �� � �

:� � �� � mixing (

� � 
�� ),

� � � � ���( � ��� � �

)� � �� �mixing (

� � 
�� )

� �� � �

(B.R. and CP Violation):


 0 � � - �,


 0 � � - �


 0 � � - � � � �


 0 � �� -
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Recent � � � �

data
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Average (s-penguin)

0.722 ± 0.040 ± 0.023

0.728 ± 0.056 ± 0.023

0.726 ± 0.037

0.50 ± 0.25
 + 0.07

– 0.04

0.06 ± 0.33 ± 0.09

0.27 ± 0.14 ± 0.03

0.65 ± 0.18 ± 0.04

0.95
 + 0.23

– 0.32 ±
 0.10

–0.47 ± 0.41 ± 0.08

0.35
 + 0.30

– 0.33 ±
 0.04

0.30 ± 0.59 ± 0.11

0.75 ± 0.64
 + 0.13

– 0.16

0.55 ± 0.22 ± 0.12

0.49 ± 0.18
 + 0.17

– 0.04

–1.26 ± 0.68 ± 0.18

0.41 ± 0.07 0.41 ± 0.07

H F A GH F A G
FPCP 2004
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Model parameters

Define

� ���� � �� � �

� �� � � '
� � 2����� � �� � � �	� 2� 2�


 2��

Natural sizes:

� ��
� �� � � � $87 ���
 � � � � � ��
� �� � � � � �
� � � �87 � � � � �
� �

SUSY spectrum: (“effective” SUSY)

� � � � � � ���� � �

��� �� � . � � � � � � � �� $ �� �

� � 0 �� � - � � � � � ' � � � �

� ��� � � � � � '�� � � �

� � � � � � � � � � �

�� �
� � �� $ �
� � � � �
� � � 7 % �� $ 	
� �

All masses are in GeV

Neutron EDM suppressed in effective SUSY in spite of new

� �� �

phases
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� �

: �
�

� mixing

Limit:

	 � �� � � ;7 ;�� 
 � 	 @ 95% C.L. [PDG2004]
SM prediction:

� ;�� � � 	 � 	 � �� � � � � � � 	

For large

�� � �
 � mixing (with


 0 �
 0 mixing constraints):

	 � �� 6 � � � 
 � 	

For small

�� � �
 � mixing (no


 0 �
 0 mixing constraints):
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� �

: � � � (

� � �)


 7 �7 � 
 0 � � - � � � � �87 � � � �� �
� �� � � � 
 � � � � [HFAG-ICHEP04]

� �� � �� �� � � � � � 	 � 
 �� � �� � � � 	 � �� � ���� � �

	 � 
 �� � �� � � � 	 � �� � ���� � � � �7 � % � � �� � �� �� � � �7 � %
@ 95% C.L.
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� � �� � � � 
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� �

: � � (

� � �� �)

� �� � 
 ��� � '
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 0 � � � � � � - �

� � �
 0 � � � � �� -
� � � � 
 0 � � � � � � - �

� � � 
 � �� � � 	 � �� � � � � 
 � � �� � 	 � �� � �

Experiment [HFAG-ICHEP04] SM prediction


 7 �7 � 
 0 � �� - � �7 � � 	� �
� 	
� � 
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 � � �87 � ; � �87 � % �
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� � and � � � scan

For small

�� � �
 � mixing (no new phase in


 0 �
 0 mixing):
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For large

�� � �
 � mixing (with new phase in

 0 �
 0 mixing):
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Conclusions

SM has (theoretical) problems
Expect new physics � new FCNC contributions

Lepton sector probes:

� �� �, � �� � � ,

��� � �

,� � EDM, ...

Quark sector probes:

	 � 
 �,

	 �
 �
 
 ,
 � �� �� , 
 EDM, ...
Considered example of B-meson FCNC in SUSY U(2)

Consistent with known data
Can explain current


 0 � � � - anomaly
Await


 0 � �� - ,

� �� � �� �� � ,
	 � ��

Complimentary probes:
Direct (LHC/ILC) � Indirect (Low-energy, B-factories etc.)
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BACKUP SLIDES

BACKUP SLIDES FOLLOW
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Recent � � � �

data

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

– ηf
 × Sf

s-
pe

ng
ui

n

Charmonium Average (WA)

φ K0

η, K0
S

f0K
0
S

π0K0
S

K+K–K0
S

Average (s-penguin)

0.726 ± 0.037

0.50 ± 0.25
 + 0.07

– 0.04

0.27 ± 0.14 ± 0.03

0.95
  + 0.23

– 0.32 ±
 0.10

0.35
  + 0.30

– 0.33 ±
 0.04

0.55 ± 0.22 ± 0.12

0.42 ± 0.10 0.42 ± 0.1

H F A GH F A G
ICHEP 2004

BABAR

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

– ηf
 × Sf

s-
pe

ng
ui

n

Charmonium Average (WA)

φ K0

η, K0
S

f0K
0
S

π0K0
S

ωK0
S

K+K–K0
S

Average (s-penguin)

0.726 ± 0.037

0.06 ± 0.33 ± 0.09

0.65 ± 0.18 ± 0.04

–0.47 ± 0.41 ± 0.08

0.30 ± 0.59 ± 0.11

0.75 ± 0.64
 + 0.13

– 0.16

0.49 ± 0.18
 + 0.17

– 0.04

0.43
  + 0.12

– 0.11 0.43 ± 0.12

H F A GH F A G
ICHEP 2004

Belle

Shrihari Gopalakrishna - New Physics in the Flavor Sector – p.18



Tevatron bounds
Source: [D. Bortoletto, C. Rott]

[hep-ex/9910049, 0410007]
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Tevatron bounds
[hep-ex/0404028]
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� � �

: Kaon mixing

CP violation due to mixing:

�5 � � � � �87 � �; � �87 �� ; � 
 � � � � [PDG2004]

�

Constrains MFV contributions (SM,

� =

,

�� =

)

�

NMFV gluino contributions not constrained

About 25 % uncertainty in calculating hadronic matrix element (in Bag factor


 � )

(1.05, 1.1, 1.2) contours of

� �� ��
� � �� :
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� �

: �
�

� mixing

	 � 0 � �87 � � � � �7 � � %� � � 	

�� �� � �87 % � � � �7 � � %

( � �� � �

in SM) [PDG2004, HFAG-ICHEP04]

MFV constraints similar to Kaon case

For large

�� � �
 � (squark) mixing, NMFV (

���) contribution strongly constrains

� � �
� �

About 15% uncertainty in decay constant
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� �

: �
�

� mixing

Limit:

	 � �� � � ;7 ;�� 
 � 	 @ 95% C.L. [PDG2004]
SM prediction:

� ;�� � � 	 � 	 � �� � � � � � � 	

Dilepton asymmetry:

� ��
�
� � ' � � ��
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�
�

� � � � 
 ��
�


 ��
�
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� � ��
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� � � � 
 ��
�


 ��
�

� SM prediction:

� ��
� � 6 � � � �

For large

�� � �
 � mixing (with


 0 �
 0 mixing constraints):

	 � �� 6 � � � 
 � 	

For small

�� � �
 � mixing (no


 0 �
 0 mixing constraints):
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� �

: � � �, � � �


 7 �7 � 
 0 � � - � � � � �87 � � � �� �
� �� � � � 
 � � � � [HFAG-ICHEP04]

� �� � �� �� � � � � � 	 � 
 �� � �� � � � 	 � �� � ���� � �
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 �� � �� � � � 	 � �� � ���� � � � �7 � % � � �� � �� �� � � �7 � %
@ 95% C.L.

with


� � �� � � � 
 
 ������ contribution strongly constrains

� ��
� �

(-7, -3, 3, 7) % cont of

� �� � �� �� � (

� 	 %7 �	 � �
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� �

: � �
� � ��

Experiment [HFAG-ICHEP04] SM prediction


 7 �7 � 
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 � � � � �87 �
 � � � �
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