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Flavourful Ways to the  
Shortest Distance Scales  

Explored by Humans  

Andrzej J. Buras  
(Technical University Munich TUM -IAS) 

Flavourful Ways to New Physics, 

28-31 October 2014, Black Forest 
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Overture  
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A very important year for  
the humanity !  

1676 
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1676 : The Discovery of the 
Microuniverse (Animalcula)  

(The Empire of Bacteria)  

~500 Microscopes  

10-6m 

(Magnification  
by ~300) 

Antoni van Leeuwenhoek  
*24.10.1632  Y27.08.1723  
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Animalcula Hunters  

Antoni van Leeuwenhoek  
*24.10.1632  Y27.08.1723  

Lazzaro Spallanzani  
*12.01.1729  Y12.02.1799  

L. Pasteur  
*27.12.1822  Y28.09.1895  

Robert Koch  
*11.12.1843  Y27.05.1910  
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A Journey to the Very Short Distance Scales:  

1676 - 2046 

Microuniverse  

Nanouniverse  

Femtouniverse  

Attouniverse  

High Energy Proton -Proton  
Collisions at the LHC  

High Precision Measurements  
of Rare Processes (Europe,  
Japan, USA)  

10-6m 

10-9m 

10-15m 

10-18m 

5·10-20m 

10-21m 

Nanoscience  

Nuclear Physics  
Low Energy Elementary  
Particle Physics  

High Energy Particle  
Physics (present)  

Frontiers of Elementary  
Particle Physics in 2010 ´s 

Bacteriology  
Microbiology  

Zeptouniverse  
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               Expedition  
Attouniverse Ÿ Zeptouniverse 

           10-18m Ÿ10-21m                  
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Advanced ERC Grant at the TUM Institute for Advanced Study  
Zeptouniverse Base Camp  

HEADQUARTERS 
ERC-Flavour  
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Present ERC Flavour  Team 

J.Girrbach -Noe AJB 

D.Buttazzo  F. De Fazio  A.Ibarra  

M.Ratz  C.Bobeth  O.Cata  R.Knegjens  
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Overture  
Finished  
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Black Forest Symphony No. 13 

1st  

Movement 

: 

: 

: 

Flavour Physics  

Rare Processes: Technology to  
reach Zeptouniverse  

: Finale: Vivace !  

2nd  

Movement 

3rd  

Movement 

4th  

Movement 

An Excursion into the Attouniverse:  
Standard Model and Open Questions  
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1st Movement:  
  

An Excursion into the 
Attouniverse:  

Standard Model and Open 
Questions  
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The Pillars of our Field  

2E mc= p x
2

D ÖD ²
Proton mass: 1 GeV  

Relativistic Quantum Field Theories  
with local gauge symmetries  

'Edxml`m+ Rbgvhmfdq+ Snlnm`f`+ Vdhmadqf+ R`k`l+ Fk`rgnv£( 

Language and Technology to study phenomena at  

- -= -16 21L 10 10 m º - 5E 1 10 GeV - -D -24 29t 10 10 sec

(c = 1) 

h 
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Dictionary  (Using Heisenberg ś  
 Uncertainty Principle)  

Energy Length 

    20 GeV 

  200 GeV 

      2 TeV 

    20 TeV 

  200 TeV 

2000 TeV 

  10-17 m 

  10-18 m 

  10-19 m 

  10-20 m 

  10-21 m 

  10-22 m 

(Attouniverse)  

(Zeptouniverse)  
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Elementary Particles and Forces  

u 
up 

c 
charm 

t 
top 

g 
photon 

d 
down 

s 
strange 

b 
bottom 

g 
gluons 

ne nµ nŰ 
Z 

Z-boson 

e 
electron 

µ 
muon 

Ű 
tau 

W 
W-boson 

Matter  Forces  

Q

U

A

R

K

S

 

L

E

P

T

O

N

S

 

Electromagnetic  
Force  

Strong  
Force  

Weak 
Force  

The 
Standard  

Model  

g, Gluons  
massless  

Higgs  

provides  
 
masses  

Quarks  
Leptons  
W, Z 

to  

Proton   = u u d  
Neutron = d d u  

Masses of Proton and Neutron  
come from Strong Force, not Higgs !!  
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Periodic Table of Elementary Particles 

(Fermions : Spin ½)  

u   u   u 

d   d   d 

c   c   c 

s    s    s 

t    t    t 

b   b   b 

 2/3 

-1/3 

ne 

e- 
nm 

m- 

nt 

t- 
 0 

-1 

Neutrinos  
    

Charged  
Leptons  

Quarks  

Families  

1 

3 

2 

4 

Generations  1 3 2 
6 
Flavours  

u = up  
d = down  
c = charm  
s = strange  
t = top  
b = bottom  

Charge  
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Masses of Elementary Particles 

in units of  GeV = 10 9eV 

u (3·10-3) 

d (6·10-3) 

c  (1.3) 

s  (0.100) 

t  (170) 

b (4.5) 

ne (º0) 

e- (5·10-4) 

nm (º0) 

m- (0.105) 
nt (º0) 

t- (1.78) 

Families  

1 

3 

2 

4 

Particles in a given family distinguished only by the mass!  

u

m ,
m ,  
nå õ

æ ö
æ ö
ç ÷

< 10-9 

Very 
hierarchical  
structure  
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Basic  
Framework  

Quantum  
Electrodynamics  
(QED) 

Quantum  
Flavourdynamics  
(QFD) 

Quantum  
Chromodynamics  
(QCD) 

Gauge Theories:  
Relativistic Quantum Field Theories with  
elementary Forces following from Gauge Symmetries  

Symmetry: U(1) Q Symmetry: 
SU(2)LÃ U(1)Y 

Symmetry: SU(3) c 

Theory of  
electromagnetic  
interactions  

Unified theory of  
weak and electromagnetic  
interactions  

Theory of  
strong interactions  
(also basic for  
Nuclear Physics)  

Mediated by  

Photon (g) 

(mg= 0) 

Mediated by weak gauge bosons  

Photon (g),      WÑ          Z0          

(mg= 0)  (80 GeV)  (91 GeV) 

Mediated 

by 

8 Gluons  

(mG= 0) 
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®K`mc`t- 
Fhmyatqf¯ 
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The Standard Model 

u
d

c
s

t
b

u

d

c

s

t

b
L L L

R

R

R

R

R

R
' ' '

FHIKFHIKFHIK       + 2/3 

ï 1/3 

+ Leptons  

Quarks  

Fundamental Forces  

Gauge 
Theory  :  SU(3) Ã SU(2)L Ã U(1)Y 

U(1)QED QCD 

Strong  
Interactions  Electroweak Interactions  

(Gluons)       (W±, Z0, g) 

Mesons  
K ds us us

ud uu dd ud

B db B db ub

B sb B sb ub

d d

s s

0

0

0 0

0 0

= = =

= = - =

= = =

= = =

+ -

+ -

+

-

bg bg bg
c h c h b g
c h c h c h
ch bg b g

   K    K

   / 2    

      B

      B

p p p

Bound  
States  

qq

Neutral  
Higgs  
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Weak 
Eigenstates  

Unitarity  
CKM -Matrix  

Mass  
Eigenstates  

Charged Current Interactions only  
between  left -handed Quarks  

Quark Mixing  

tL W°

dL 

g
Vtd

2
5

2 2
1g gm - Öb g

{ Weak Eigenstates }  ̧{Mass Eigenstates } 

GIM Mechanism  

Natural suppression of FCNC  

i 

j 

g,G,Z0,H0 
= 0 

Loop Induced Decays, sensitive to  
short distance flavour dynamics  

d'  Vud Vus Vub  d 
s' = Vcd Vcs Vub  s 
b'  Vtd Vts Vtb  b 
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i 

j 

aG  
m

Asymptotic  Freedom 

aQCD 

Q 

a

QCD ijg T  
m
g

QCD

QCD

g
 a =

p

2

4

()
( )

( )
( )

( )

MS

QCD

MS MS

( ) ( )

ZMS MS

ln  ln Q /
Q ...

ln Q / ln Q /

 MeV       M . .  

è øLbp
é ùa = - +
bé ùb L L

ê ú

L = ° a = °

2 2

1

22 2 2 2
00

5 5

4
1

225 40 0 118 0 003

LD RG SD 

SD = Short Distances (Perturbation Theory)  

RG = Renormalization Group Effects  

LD = Long Distances (Non -Perturbative Physics)  

240 Ñ 10 = 0.1185 Ñ 0.0007 
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First Questions 

Why only three generations ?  

Why only four families ?  

Why only                    and gluons?  ,  W ,  Z°g

Why these special charges (0, ±1, ± 2/3, ±1/3)? 

Why the hierarchical structure of quark  
and lepton masses?  
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More Open Questions  

Why is neutron heavier than proton ? 

Why is our universe dominated by matter ?  

(Violation of CP -Symmetry soon after BIG BANG !)  

What is Dark Matter (25% of the Universe) ?  

Essential  
for our  

Existence !  

None of these questions can be answered 

within the Standard Model 
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New Physics beyond the SM 

must exist !!! 

It  is our  duty  to  find it.  
If not at the LHC then  through  
high precision  experiments . 

Quark Flavour  Physics  
Lepton  Flavour  Violation  

EDMs + (g -2)µ,e 
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Calculating Probabilities 

Heavy Gauge 

Boson 

b

b

ƞ+

ƞ-

P = C 
const  

b
weakweakQ a

weakweakQm a
2

G

1

M

2 

a ºQED

Analog of

1

137

Analog of 

electric 

charge 

Weak  

charge 

b 2

weak weak weak 4

G

1
P C Q Q

M
m= Ö Öa

Probability decreases with increasing mass 

of exchanged object 

Virtual 

Exchange 

of a 

Very Heavy 

Particle 
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2nd Movement:  
  

Flavour Physics  
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Vud Vus Vub 

Vcd  Vcs Vcb  

Vtd  Vts Vtb  

Hierarchical Structure of Quark Flavour-Changing Interactions 

º 1 0.004e-ig 

º 1 0.04 

0.008e-ib -0.04 º 1 

1    2    3 

u    c    t 
  

d    s    b  

q i q j 

Complex Phases ( b,g) 
responsible for  
violation of CP Symmetry  

Matter ± Antimatter  
Symmetry  

a
p

Weak
Weakg

=
2

4

=g VWeak ij
WÑ 

b

g

º

º

23

70

o

o

Cabibbo -Kobayashi -Maskawa matrix  

(would be a unit matrix for m i=0) 

º 0.2 

º -0.2 
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CKM 

N. Cabibbo  
(1935-2010) 

M. Kobayashi  T. Maskawa  

(Nobel Prize 2008)  

Dirac Medal  
(2010) 
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Kobayashi-Maskawa Picture of CP Violation 

CP Violation arises from a single phase  d 
in W± interactions of Quarks  

ud 

cd 

td 

us 

ts 

cs 

ub 

cb 

tb 

-s12c23-c12s23s13e
id  c12c23-s12s23s13e

id 

-s23c12-s12s23s13e
id  s12s23-c12c23s13e

id 

 c12c13  s12c13  s13e
-id 

 s23c13 

 c23c13 

Four Parameters:  (q12 º qcabibbo ) 

s12 = |Vus|,    s13 = |Vub|,   s23 = |Vcb|,   d 

cij ¹ cos qij  ;  sij ¹ sin qij  ;  c13 @ c23 @ 1 
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1
2

2

-
l

l Vub 

-l 1
2

2

-
l Vcb 

Vtd Vts 1 

Wolfenstein Parametrization Parameters:  l, A, r, h 

l=0.22 Vus=l+0(l7) 

Vcb=Al2+0(l8) 

Vts=-Al2+0(l4) 

(A=0.83±0.02) 

u 

c 

t 

d s b 

R 
V 

V 

R 
V 

V 

b 
ub 

cb 

t 
td 

cb 

¹ + = - F 
H G 

I 
K J 

¹ - + = 

r h 
l 

l 

r h 
l 

2 2 
2 

2 2 

1 
2 

1 

1 
1 

( ) 

V A i td 
= - - 

= - F 
H G 

I 
K J 

l r h 

h h 
l 

3 

2 

1 

1 
2 

b g V A i ub 
¹ - 

= - F 
H G 
l r h 

r r 
l 

3 

2 

1 
2 

b g 

(AJB, Lautenbacher, Ostermaier, 94)  

K J 
I 

Circle around 

(r,h) = (0,0) 
  

Circle around 

(r,h) = (1,0) 
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Vud Vub + Vcd Vcb  + Vtd Vtb = 0 

Unitarity Triangle  

* * * 

    ̧0  Signals 

CP Violation 

3 

A 
V V ub ud 

l 

h 

r 
h 

Rb Rt 

a 

b g 

(0,0) (1,0) 

* 

3 

A 
V V tb td 

l 

* 

b i 
td td e V V 

- = g i 
ub ub e V V 

- = 

An Important Target of Particle Physics 

) , ( h r 

22

CP cbJ V 2=l h= Ö

Area of unrescaled 

UT 
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Tree Level Decays  

Vus 

Vub 

Vcb 

ne 

e+ 

po 

u 

s u 

W+ 

K+

ne 

e+ 

ro,po 

u 

b u 

W+ 

B+

ne 

e+ 

u 

b c 

W+ 

B+
o* oD ,D
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( )

ub

us ub

o

cb CKM UT

 (-phase of V )

V s . .        V s . .

V s ( . . )        ( )

                                                   

-

-

= = ° = = ° Ö

= = ° Ö d = g = °

3

12 13

3

23

0 2252 0 0008 3 9 0 4 10

40 9 1 1 10 67 12

 (21.5Ñ1.0)o 

but could be subject to 

NP pollution 

Phase of Vts: å - (1.2Ñ0.1)o 

ɓ = (21.4Ñ0.8)o 

CKM Parameters from Tree -Level Decays  
(subject to very small NP Pollution)  

0.68Ñ0.02 
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Loop Induced FCNC Processes  

t 

b 

t 

b d,s 

d,s 

t 

d 

s 

t 

s 

d 

W° 

W° W° 

W° 

CP   eK-Parameter 

DM (KL-KS) 

t t 

d s 
W° 

W° W° 

g Z Z g 

d s t 

é t t 

d s 
W° 

G 

Ko
K o

B Bd

o

d

o-   Mixing

Bd s

o

,
Bd s

o

,

q q q q q q 

B Bs s

0 0-  Mixing

Discovered 

in 2006 

(CDF, D0) 
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Loop Induced FCNC Processes  

b s 
W° 

x 

g, g 

t 

d 

s 

n 

e W° 

W° 

e 

t 

t 

d d 

s s 

e- e- 

e+ e+ 

W° 

W° 

W° 

ZO,g ZO,g 

K e e X e eL S S­ ­+ - + -p mm0       B  X,

B X K

B X

S

d

­ ­

­

*g g

g

       B

   b ­ s gluon 

t 

t 

d 

s 

l 

n W° 

W° 

n 

t 

t 

d 

s 

n 

ZO 
W° 

n

t 

d 

s 

n 

ZO 
W° 

W° 

n

L d,sK ,   K          B ,    B K(K*)+ +­p nn ­p nn ­mm ­ mm0
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Hierarchical Structure of the CKM Matrix 

ö
ö
ö

÷

õ

æ
æ
æ

ç

å

--

-

-

1sesss

s0.97s

ess0.97

23

iɔ

132312

2312

iɔ

1312

s13 << s23 << s12 

(4·10-3)   (4·10-2)    (0.2) 

Large  CP  effects in Bd 

Small  CP  effects in Bs 

Tiny  CP  effects in KL 

A B KCP d s­ ºyb g bg0 1

A BCP s­ º -yjb g c h0 10 2

e e

pnn

º º

­ º

-

-

0 10

0 10

3

0 11

c h c h
c h c h

     ' 0 10-6

Br K L

S

S

K sy

yj

º

º

2

3

1

25

GIM Structure of FCNC ´s 

PMNS: Negligible LFV 

(tiny ɜ masses)  
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Unitarity Triangle Fits 

UT fit  CKM fitter  

(Icons of Flavour Physics)  
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Impressive Success of the CKM Picture  
of Flavour Changing Interactions  

(Once quark masses determined  :  only 4 parameters) 

All leading decays of                          mesons 

correctly described  

K s d, , , D  B  B
0 0

Suppressed transitions :  

                                           mixings found at 

                                           suppressed level 

K K B Bd d s s

0 0 0 0 0 0- - -, , B  B

CP-violating Data (K, Bd) correctly described 

 

B X X l ls s­ ­ +-g,  B    OK

(GIM)  

(NFC) 
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Very very highly suppressed transitions in the SM  

consistent with experiment:   

Br B

Br K

Br K e

Br e

d ecm

s

L

L

n

­ @ Ö

­ @ Ö

­ @

­ º

º

+ - -

-

mm

pnn

m

m g

d i
d i
b g
b g

3 10

3 10

9

0 11

    10

       10

                       10

-40

-54

-32

Exp Upper Bound 

confirmed 

~6·10-8 

~10-12 

~10-11 

~10-26ecm 

Standard Model 
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Impressive Success of the CKM Picture  
of Flavour Changing Interactions  (GIM)  

Several tensions between the flavour data and the SM exist. 

   (see Movement 3) 

Hierarchies in Fermion Masses and Mixing Angles have  

to be understood with the help of some New Physics (NP). 

This NP could have impact on Low Energies. 

There is still a lot of room for NP contributions, 

in particular in rare decays of mesons and leptons,  

in  CP flavour violating transitions and EDM´s.  

Yet 

EW-Symmetry Breaking has to be better understood. 

Matter -Antimatter Asymmetry Ÿ New CP Phases needed.  
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Theoretical 
Framework  
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The Problem of Strong Interactions  

B Bd d

0 0-   Mixing (SM) B Bd d

0 0-   Mixing (MSSM) 

W± 

W± 

Short 

Distance 

d 

d b 

b 

B0 B0

Long Distance 

t t 

c± 

c± 

Short 

Distance 

d 

d b 

b 

B0 B0

Long Distance 

~
t

~
t

SD LD :  Perturbative 

   (Asymptotic Freedom) 

:  Non-Perturbative 

   (Confinement) 
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Full Theory 

(W±, Z0, G, g, t, H0, b, u, d, s, c, l) 

t 

b 

d 

t 

d 

b 

W° 

W° 

t t 

b s 
W° 

W± 

d u 

b c 

q q 

m²MW 

Effective Field Theory  

Effective Theory 

(G, g, b, u, d, s, c, l) 

CB(m) C2(m) CP(m) 

b d 

d b 

b b 

d u 

c s 

q q 

m@0(mb) 

"Generalized Fermi Theory" with calculable 

"couplings" CB(m), C2(m),... 
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Wilson 
Coefficients 

Local 
Operators 

H
G

V Ceff
F

CKM i i

i

= ä
2

mbg Q

Qi

Ci mbg

sd sd
V A V A

bg bg
- -

Four Quark  
Interaction 
Vertex 

Coupling 
Constants C

Ms W

s

m
a

a m
bg b g

bg=
L
NM

O
QP

6

23

pppnn
mm g

,
, ,...
 
 K*

{ K, B, D,...} 

Mw m=0(1 GeV, mb) 0 

Short Long Distance 

Top 
SUSY 
H°... 

Renormalization 
Group 

a
m

s
w

n

M
log

F
HG

I
KJä

Lattice, 1/N 

HQET, QCDS 

ChPTh 

RG 

( ) () ()F
CKM i i

i

G
A M F V C F Q M

2
­ = m mä

Operator Product Expansion  

K s d s d K B 
V A V A K K K s 

0 0 2 2 2 9 8 

3 
b g b g b g - - 

=  F  m m 
/ 

a 
^ 

9806471 
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Master Formula for FCNC Amplitudes 

A FCNC B V F m NPi i

QCD

i

CKM

i t

i

b g b g=ä h ,

Long Distance 

(Non-perturbative 

 Lattice) 

Flavour and CPV 

in SM and MFV 

enters only here 

Short Distance 

Functions 

(Perturbation TH)  

Only Loops 

if GIM works  

NP can add 

new loops and  

trees with new 

flavour parameters 

and CPV phases 

Renormalization 

Group (QCD) 

LD ź SD NP can add 

new Bi´s absent 

in SM 

(New Operators 

 with new 

 Dirac Structures) 

non-MFV  

(real for MFV)  

QLR 
 

(right -handed 

 currents, S, P) 
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d,s d,s

Possible Dirac Structures in

K K and B B- -0 0 0 0

           

     

SM: 

( ) ( )5 51 1m

mg -g Ã g -g     

Beyond SM: 

( ) ( )

( ) ( )

( ) ( )

( ) ( )

5 5

5 5

5 5

5 5

1 1

1 1

1 1

1 1

m

m

mn

mn

g -g Ã g +g

-g Ã +g

-g Ã -g

s -g Ã s -g

        

            

            

       

MSSM with large tanb 

General Supersymmetric Models 

Models with complicated Higgs System 

New
i

QCDNLO :è øhê ú   Ciuchini, Franco, Lubicz, 

Martinelli, Scimemi, Silvestrini 
  

AJB, Misiak, Urban, Jäger 

Warped Extra Dimensions 
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Basic Diagrams in FCNC Processes  

Penguin 

Family 

Box 

Diagrams 

Tree 

Diagrams 

(GIM broken  

 at tree level) 

(GIM broken  

 at one loop) 

: 
New Physics 

enters here 

Similar  

diagrams 

in LFV  

and EDM´s 

s d s b s d s b 

n n m+ m- d d m+ m-

Z0 ɔ G H 

s 

b 

b

s

s 

d 

n

n

+ 
other 

box diagrams 

s 
d 

GKK 
s

d

s 
d 

Z 
n

n

s 
b 

H 
s

b

s 
b 

Z´ 
s

b

Generated 
through 
mixing with  
New Gauge  
Bosons 

Double Higgs Penguin 
in SUSY 

RS 
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Minimal Flavour Violation  
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General Structure in Models 

with Constraint Minimal Flavour Violation 

No new Operators  (Dirac and Colour Structures)  
beyond those present in the SM  
   

Flavour Changing Transitions governed by  
CKM. No new complex phases  beyond those  
present in the SM  

Ciuchini, Degrassi, Gambino, Giudice;  
AJB, Gambino, Gorbahn, Jäger, Silvestrini;  

( ) i i i i

i QCD CKM SM NewA Decay B V F Fè ø= h +ê ú  
 

real  
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Minimal Flavour Violation (MFV)  

SM Yukawa Couplings are the only breaking  
sources of the SU(3) 5 flavour symmetry of the  
low -energy effective theory  

(Yt, Yb) MFV 

CMFV 

D´Ambrosio, Guidice, Isidori, Strumia (02)  Chivukula, Georgi (87)  

CKM the only source of Flavour Violation  
but for Y tƮXb new operators could enter  

Operator structure of  
SM remains  

VERY STRONG 
RELATIONS 
BETWEEN 
K and B Physics  
and generally  
ƜF=2 and ƜF=1 
FCNC Processes  

AJB, Gambino, Gorbahn, Jäger, Silvestrini (00)  
Ali, London  

Related  
Studies  
 
 

: 
Ratz et al (08)  
Smith et al (08)  
Zupan et al (09)  
Kagan et al (09)  

Spurion Technology  

Nir et al.  
AGIS 
Feldmann, Mannel  

also beyond  
MFV 
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npny bb ­­ = KKB S
)2(sin)2(sin

(CMFV) 

(CMFV) 

(MFV) 

The violation of these model independent MFV (CMFV) relations would 

signal new flavour and CP-violating interactions (and/or new operators) 

Model independent Relations: 
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3rd Movement  

Rare Processes: Technology to 

reach Zeptouniverse 
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Common  
Belief  

There must be  New Physics  
  (New Particles and New Forces)  

: 

In order  
to search  
for it  

: Need Resolution  
of Distance Scales 10 -21m -10-19m 

(Theory + Experiment)  

Large  
Hadron  
Collider  

Rare 
Processes  

: 

: 

Resolution  

down  
to  

5 Ͻ0/ƨ1/l 

0/ƨ10l 

(Quantum Fluctuations)  

Equivalent to the status  
of the Universe 10 -14 -10-12sec  
after the BIG BANG !  
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In our search for a more  

fundamental theory we need  

to improve our understanding  

of     Flavour  
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Indirect Search: Precision Measurement of 

                            Decays of Mesons and Leptons 

B
+ +­tnt

W+ 
B+ 

b 

u 

gW gW 

ɜŰ 

Ű+ 

H+ 
B+ 

b 

u 

gH gH 

ɜŰ 

Ű+ 

mB º5 GeV

Standard  
Model  

Contribution  
of a new  
charged Heavy  
Particle  

Br B A
g

MSM

W

W

+ +­ =tntd i
2

2

2

Br B

A
g

M
B

g

M

W

W

H

H

+ +­

= +

tntd i

    
2

2

2

2

2

A, B ± parameters of a given theory  

D= ­ - ­ ¸+ + + +
Br B Br B

SM
tn tnt td i d i 0

Signal of a  
new particle  
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              Mixing (Oscillations) K K
0 0-

K0 K0 K 0

(discovered in 1960) 

K0 and       are not Mass Eigenstates 

Mass Eigenstates : K
K K K K

L =
+

=
-0 0 0 0

2 2
        KS

(L = Long)                   (S = Short) 

K 0

M K M KL Sb g b g@ =05.  GeV

M K M K GeVL Sb g b g- = Ö -35 10 15.
t

t

K

K

L

S

b g
b g@600

M ¹ mass t ¹ Life Time 

III 

DM K

K ds

K ds

0

0

=

=
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Could ordinary Weak Interactions explain          ? DM K

s 

d 

d 

Z0 
s 

K0 K 0
DM GeV G

M

M

G GeV

K F
W

Z

F

= Ö
L
NM

O
QP

@ Ö

-

- -

2 10

11 10

2 3
2

2

5 2.
MZ @90 GeV

DM GeVK @ Ö
-2 10 7

Disaster !!! 

Missed by 

8 orders of 

magnitude !!! 
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Could ordinary Weak Interactions explain          ? DM K

s 

d 

d 

Z0 
s 

K0 K 0
DM GeV G

M

M

G GeV

K F
W

Z

F

= Ö
L
NM

O
QP

@ Ö

-

- -

2 10

11 10

2 3
2

2

5 2.
MZ @90 GeV

s 

d 
Z0 

GIM Mechanism 

= 0 DM GeVK @ Ö
-2 10 7

Disaster !!! 

Missed by 

8 orders of 

magnitude !!! (1971) 
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Could ordinary Weak Interactions explain          ? DM K

s 

d 

d 

Z0 
s 

K0 K 0
DM GeV G

M

M

G GeV

K F
W

Z

F

= Ö
L
NM

O
QP

@ Ö

-

- -

2 10

11 10

2 3
2

2

5 2.
MZ @90 GeV

s 

d 
Z0 

GIM Mechanism 

= 0 DM GeVK @ Ö
-2 10 7

Disaster !!! 

Missed by 

8 orders of 

magnitude !!! (1971) 

s 

d 

d 

X0 
s 

K0 K 0

DM
M

M
GeV GeVK

Z

X

@ Ö
L
NM

O
QP = Ö- -2 10 35 107

2

2

15.

New very heavy neutral boson ! M GeVX @106
Testing 

10-22m ! 



Schwarzwald20

14 

62 

        in the Standard Model DM K

Gaillard-Lee (March 1974) 

W+ 

W- 

d 

s 

K 0

d 

s 

K0 c c 
DM G

m

M

G GeV

K F
c

W

F

=
L
NM

O
QP

@ Ö - -

14

12 10

5 2 2
2

2

5 2

.

.

 GeV l

l@022.

m Mc W= Ö =-35 10 152. .  GeV DM GeV
m

M
GeVK

c

W

=
L
NM

O
QP= Ö- -10 35 1011

2

2

15.

(Prediction !!) 
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        in the Standard Model DM K

Gaillard-Lee (March 1974) 

W+ 

W- 

d 

s 

K 0

d 

s 

K0 c c 
DM G

m

M

G GeV

K F
c

W

F

=
L
NM

O
QP

@ Ö - -

14

12 10

5 2 2
2

2

5 2

.

.

 GeV l

l@022.

m Mc W= Ö =-35 10 152. .  GeV DM GeV
m

M
GeVK

c

W

=
L
NM

O
QP= Ö- -10 35 1011

2

2

15.

(Prediction !!) 

November Revolution 

1974 

Discovery of         State 

(SLAC, Brookhaven) 

cc

M cc@31.  GeV

mc@15.  GeV !! 

Prediction confirmed ! 
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EPS (High Energy Prize 2011) 

Sheldon Glashow  John Iliopoulos  Luciano Maiani  

GIM 



Schwarzwald20

14 

65 

Similar Studies: 1974-1994 

W+ 

W- 

d 

b 

Bd

0

d 

b 

t t Bd

0

B Bd d

0 0-  Oscillations

+ DM GeVBd
@ Ö -4 10 13 mt º

°

150 GeV

        30

(Prediction) 

DESY 87 

Electroweak Precision 

Studies 

CERN, SLAC 

(1989-1994) 

1994 

Discovery of 

the Top Quark 

(Fermilab) WÑ WÑ 
t 

b 

t 

t 

Z0 Z0 

mt º

°

150 GeV

        20

(Prediction) 

mt = °171 2 GeV

B dbd

0 =
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2013 
sB + -­m m

( )sB bs=

Bs 

+m

-m

Quantum fluctuations at  
very short distance scales  

The probability for this decay to 

occur depends on the dynamics 

hidden in        : particles and forces 

                          at short distance  

                          scales 



Schwarzwald2014 67 

Searching for New Particles  
through Rare Processes  

0

sB + -­m m

What is the Probability for this Decay to occur?  
 

                              100% ҭ  t Ґ м 

Standard Model  
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1993 

2003 

2012 

Buchalla + AJB  P = (3.5 ± 1.5) · 10-9 
(LMU) 

AJB   P = (3.4 ± 0.5) · 10-9 

AJB, Girrbach   P = (3.5 ± /-2( ƪ 0/-9 
Guadagnoli, Isidori  

Note :  Only about 3 among 1 Milliard (Billion) produced  
                  mesons are predicted to decay into  0

sB
+ -m m

LHC: proton + proton                            + many other  
                8 TeV                                            particles  

0

s s B ,  B ,  ...Ý

+ -m m
+ -m m

( )sB bs¹
                 in the Standard Model sB + -­m m

2013 Bobeth, Gorbahn,         P = (3.65 ± 0.23) · 10-9 
Hermann , Misiak,  
Stamou , Steinhauser     
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But Prediction for                  could be different 

in other Theories with New Particles 
sB + -­m m

Some Versions  
of  

Supersymmetric  
Models  

2010 

2013 
(January)  

O Ʈ 0/-7 ± 10-8 

    (10 ± 100 among 1 Milliard  
    Bs can decay into           )  

+ -m m

Minimal Theory of Fermion Masses  

(New Particles = New heavy quarks)  
(AJB, Grojean, Pokorski, Ziegler)  

AJB, Girrbach, Ziegler  

P = (4.6 ±  /-3( ƪ 0/-9 

about 4 -5 per Milliard  sB + -­m m

2011 
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Messages from the LHC July  
2013 
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Messages from the LHC July  
2013 

LHCb 
( ) -= ° Ö9

expP 2.9 0.7 10
CMS 
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Status of                     

The first  
NLO QCD 

Calculation  
of                   

Buchalla + AJB  (Nucl. Phys. B400 (1993) 225)  

ü Reduction of ɛt dependence in m t(ɛt) 
ü Finding missing factor of two in branching ratios.  

( )

( )

9

s SM

10

d SM

Values of  Br B ƞ ƞ 2 3 0/

                  Br B ƞ ƞ 0 0/

+ - -

+ - -

­ - Ö

­ Ö

were  
with us  
for last  
15 years  

Theoretical Improvements  
over years  

Buchalla, AJB; Misiak, Urban  ( ~1998) 

September  
2013 

s,dB ƞ ƞ+ -­

: 

Recently : full NLO Electroweak, NNLO QCD  

Bobeth, Gorbahn, Hermann, Misiak, Stamou, Steinhauser  

( ) ( )

( ) ( )

+ - -

+ - -

­ = ° Ö

­ = ° Ö

9

s SM

10

d SM

Br B ƞ ƞ 2-54 /-12 0/

Br B ƞ ƞ 0-/5 /-/8 0/

Data  (LHCb) 

( )

( )

-

-

° Ö

+ Ö-

9

10

2.9 0.7 10

1.63.6 101.4

s,dB + -­m m
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Warning: |V cb |  (|Vts|)  Dependence  

BGHMSS 

use 

 3

cb incl
V 42 10-º Ö

( ) ( )

( )

9

s SM

9

Br B 3.65 0.23 10

                            2.9 0.7 10       

                                          (LHCb+CMS)

-

-

­mm = ° Ö

° Ö

But 

for 
3

cb excl
V 39 10-Ö ( ) ( ) 9

s SM
Br B 3.1 0.2 10 -­mm º ° Ö

Different 

Route 

(AJB 2003) 
(Knegjens 2014)  

( ) ( )
( )

( )

SM

s9

s DataSM
ss

M 1.33
Br B 3.5 0.2 10

¦BM

-
è øè øD
é ù­mm = ° Ö é ù
é ùD ê úê ú

scb B(No V ,  F  dependence)
Lattice  
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Present Status 

( )
( )

( )
( )
( )

d d

s s SM
CMFV

Br B Br B
4.3 1.8

Br B Br B

+ - + -

+ - + -

è ø­m m ­m m
é ùº °

­m m ­m mé ùê ú
(LHCb, CMS)  

Anomalies in angular observables in  
                             (LHCb) dB K * + -­ m m

­ tn ­ tn s

s

B D * ,  B D               (2-3 ) (BaBar)

                                               (4 )    (+ Belle)

Breakdown of Lepton -Universality in  + + + -­B K l l

Some Tensions in UT -fits (present already since 2008)  

July 2014 
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Basic Questions for remaining min 

Can Quark Flavour Physics give us insight into the  
dynamics at very SD scales if no direct clear signal  
of NP will be seen at the LHC? No new particles  
below 6 TeV.  

Can we reach Zeptouniverse 10 -21m (~ 200 TeV) 
by means of Quark Flavour Physics?  

Which Processes could give us the best resolution  
of SD scales?  
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See also Charles et al.  
(1309.2293) 
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The sensitivity of ȹF=2 processes to scales  
                             is impressive !!!  NP 1000 TeV L >

Three points to be made in this talk  

1 

2 

New Physics at these scales cannot 

be measured in K, Bs, Bd, D rare decays 

(NP effects negligible) 

We cannot learn much about the nature  

of this physics through ȹF=2 processes and  
Effective Theory approach except when flavour 

symmetries U(3)3 (MFV), U(2)3 are involved. 

What are the maximal scales at which NP can be 

seen in rare K, Bs, Bd, D decays? 

Yet 

? 

3 We need badly rare decays to learn about physics 

beyond the LHC. 
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      2015-2025 : Expedition  
Attouniverse Ÿ Zeptouniverse 

           10-18m Ÿ10-21m                  

Quark  
Flavour  
Physics  

= 
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      2015-2025 : Expedition  
Attouniverse Ÿ Zeptouniverse 

           10-18m Ÿ10-21m                  

Quark  
Flavour  
Physics  

= 
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Searching for New Physics  

on the Way to Zeptouniverse  
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Searching for New Physics  

on the Way to Zeptouniverse  

21st Century  
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Three Basic Requirements 

1 Precise CKM parameters from tree  
level decays (negligible NP contributions)  

2 Precise Lattice QCD Calculations  

Main Targets                       ub cbV ,  V ,  g: 

Main Targets                      
                                       

s d d s

( 2/3 ) (1/2)

B B B B 8 6
¦ ¦F ,F ,B ,B ,B ,B

 formfactors (B K*,K)+ ­

: 

Significant progress in the last years  
(dynamical fermions) but higher precision  
needed in order to see small NP effects.  
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ub cbDetermination of V  and V  Crucial
    for Identification of New Physics

AJB + Girrbach -Noe, 1306.3755  ē (Dependently on |V ub| and 
                                                             |Vcb | different NP is required  
                                                             to fit the data)  

|Vub| · 10-3 |Vcb | · 10-3 

3.2 

3.2 

4.1 

4.1 

3.7 

3.9 

39.0 

42.0 

39.0 

42.0 

40.5 

42.0 

Scenarios 
3

ub exc
3

ub inc 
3

cb exc
3

cb inc 

10 V 3.4 0.3

10 V 4.3 0.3

10 V 39 1.0

10 V 42 1.0

º °

º °

º °

º °

Data 

Crivellin + Pokorski; 1407.1320 

(NP explanation in the difference 

 between exclusive and inclusive 

 determinations currently ruled out) 

AJB, De Fazio, Girrbach -Noe, 1404.3824 


