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Relate	
  to	
  "standard"	
  cross	
  section	
  
!

QED	
  
!!
Production	
  of	
  quarks:	
  

photon	
  couples	
  to	
  electric	
  charge	
  Zq

How Colour is Found

Specialty:	
  gluons	
  cannot	
  propagate	
  freely	
  
• Photon	
  "dissociates"	
  into	
  uu,	
  dd,	
  ss..	
  Pair	
  (no	
  "open"	
  flavour")	
  

intermediate	
  resonance	
  	
  -­‐	
  vector	
  meson	
  (same	
  quantum	
  numbers	
  as	
  photon)

• Quarks	
  carry	
  kinetic	
  energy	
  →creation	
  of	
  new	
  qq-­‐pairs	
  →mesons	
  
s ≥ M1 + M2

s = MV
E +E = s           

e+ e−     
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Lets	
  explore	
  the	
  energy	
  regime:

measure R( s )  

only	
  u,d,s	
  quarks	
  for	
  

s < 3 GeV

As	
  R	
  =	
  2	
  	
  →	
 	
 	
 N	
  =	
  3	
  
Inner	
  degrees	
  of	
  freedom	
  of
Quarks:	
  N=	
  3	
  =	
  colours

	
   	
  
=R	
  =
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Colour and New Flavour

Search	
  for	
  new	
  quarks:
• Look for “step-like” structure

Production	
  of	
  new	
  quark	
  flavours	
  	
  of	
  charm	
  z	
  =	
  2/3	
  	
  and	
  beauty/bottom	
  z	
  =	
  -­‐1/3

• Look for appearance of new “vector meson” resonance

s < 3.7 GeV s < 10 GeV                

u	
   d	
   s	
   c	
   b	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  

s ~ 4 GeV
e+e−  → τ +τ −  → hadrons

s ~ 10 GeV e+e−  → bb → hadrons
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e+e−  → cc → hadrons
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s > 55 GeV 
Rise	
  of	
  R	
  towards	
  maximum	
  at	
  90	
  GeV:	
  
Z0	
  Boson	
  production	
  

e+e−  → Z 0  → qq → hadrons

µ+µ−  ← X 0  ← qq ← hadrons

R-plot and Vectormeson/Boson
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How Gluons are Found

Bremsstrahlung:	
  
Acceleration	
  of	
  electric	
  charge:	
  

bremsstrahlung:	
  	
  e−  → e−  + γ
cross	
  section:

Acceleration	
  of	
  colour	
  charge:
gluon	
  bremsstrahlung:
cross	
  section:

Measurement	
  of	
  ratio:	
  	
  σ (3Jet) ≈ α

First	
  observation	
  at	
  DESY	
  1978

q → q + g

σ ≈ αem

σ ≈ αs

σ(2Jet) s
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Strong Interaction : Coupling

Vacuum	
  polarization

PDG
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J / ψ

What about the QCD Potential ?

What	
  is	
  the	
  equivalent	
  of	
  the	
  Coulomb	
  potential	
  in	
  QCD	
  ?	
  
Atomic	
  physics:	
  study	
  hydrogen	
  atom	
  and	
  spectroscopy	
  

e-­‐	
  	
  and	
  p	
  move	
  non-­‐relativistically	
  in	
  central	
  potential	
  

QCD:	
  study	
  hydrogen-­‐like	
  system	
  
study	
  qq-­‐system	
  (quarkonium)	
  with	
  heavy	
  quarks	
  (c,	
  b)	
  with	
  mq	
  	
  = Mquarkonium/2

J / ψ

Resonance	
  production
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cc e e
+ −   cc 	
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Charmonium Spectroscopical Results

Status	
  '0S
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Ypsilonium Spectroscopy (bb)

PDG	
  2012
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Gluon	
  interaction:

• Weak	
  at	
  small	
  distances
• One-boson exchange 
• Asymtotic freedom

• Strong	
  at	
  large	
  distances
• Confinement 
• String breaking 
• Hadronisation

strongelectromagnetic

Photon: mγ  = 0,  J = 1    PC −−     

Gluon:  mG  = 0,  J = 1    PC −−     
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Example for Asymptotic Freedom

M jetjet  = 1.364 TeV / c22	
  Jets	
  at	
  CDF	
  (Fermilab)

QED

UA1	
  1984	
  
QCD

1/r	
  potential
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From Quarks to Hadrons

Quarks:	
  
• Flavour:	
  (u,d,s,c,b)	
  
• Colour:	
  (r,g,b)	
  
• Spin:	
  1/2	
  

Build	
  bound	
  systems	
  from	
  quarks	
  
• Colour-­‐less	
  
• Wave	
  function	
  must	
  obey	
  symmetry:	
  

• Bose symmetry for mesons (integer spin) 
• Fermi symmetry for baryons (half integer spin) 

Hadron	
  wave	
  function	
  product	
  of	
  

ψ = ϕcolourψ flavourφspinψspatial 

Group	
  theory	
  easily	
  solves	
  problem	
  forming	
  wave	
  function	
  
• Not	
  treated	
  here..
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From Quarks to Baryons

Example:	
  baryons	
  (qqq)	
  

changes	
  sign	
  under	
  exchange	
  of	
  any	
  2-­‐particles	
  
→ completely	
  "anti-­‐symmetric"	
  
!
Only	
  way	
  to	
  build	
  colour	
  "singlet"	
  (white	
  colour)	
  
• open	
  colour	
  has not	
  been	
  observed	
  so	
  far	
  !

• Consider	
  L=0	
  spatial	
  wave	
  function	
  
→ symmetric	
  under	
  exchange	
  of	
  position	
  of	
  2-­‐particles	
  
homogeneous	
  spatial	
  distribution	
  

• Check	
  ISpin,	
  Flavour>S	
  	
  part	
  
• Example:	
  proton

19
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From Quarks to Baryons

Consider	
  spin	
  S=3/2	
  baryons:	
  

• Spin:

• Spatial:	
  	
  L	
  =	
  0	
  
•

S,	
  Sz	
  

Completely	
  symmetric	
  in	
  space
Flavour:	
  must	
  be	
  Completely	
  symmetric	
  in	
  flavour

Completely	
  symmetric	
  in	
  spin

First	
  hint	
  for	
  colour	
  quantum	
  number

20
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Baryons

Symmetries and Hadron Spectrum

S	
  =	
  1/2

|Δ>	



S	
  =	
  3/2

Ip>	
  

In>
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Mesons	
  (flavour:	
  u,d,s)	
   Mesons	
  (flavour:	
  u,d,s,c)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Symmetries and Hadron Spectrum

Spin	
  =	
  0

Spin	
  =	
  1

Ds

D0

Ds
D–
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−

K * −	



D* −
D*0

uc
−sc

−

d
−c
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Nuclei

Nuclei	
  built	
  from	
  protons	
  and	
  neutrons

http://personal.ph.surrey.ac.uk/~php1ic/Programs/Inch/chart.png

#	
  neutrons

#	
  protrons

24
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Nuclei – Radii and Masses
Nuclear	
  radii:	
  
From	
  electron	
  scattering	
  

A	
  =	
  N(neutrons)	
  +	
  Z(protons)	
  

!
!
Volume	
  scales	
  with	
  A	
  :	
  constant	
  nuclear	
  density	
  

nuclei	
  are	
  not	
  easily	
  compressible	
  
nucleons	
  do	
  not	
  really	
  overlap	
  much	
  ("hard"	
  spheres")

Nuclear	
  masses:	
  
Binding	
  energy:

Weizsäcker	
  mass	
  formula:	
  
fusion

25
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Nuclear Chart

No	
  stable	
  elements	
  with	
  A=5,	
  8
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Nuclei	
  built	
  from	
  protons	
  and	
  neutrons	
  
!

http://www.nndc.bnl.gov/chart/

isotopes

isobars

isotones

stable

27
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Binding

Effective	
  interaction	
  mediated	
  by	
  π	


"long"	
  range	
  nuclear	
  force	
  
Yukawa	
  exchange	
  force	
  
!

µ−1  Compton wave length
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• Element	
  formation	
  in	
  stars	
  and	
  supernovae	
  
• Limitations	
  for	
  highest	
  energy	
  cosmic	
  rays

• Phase	
  transition	
  to	
  "nucleonic	
  Universe"

p + γ (CMB) → Δ → p + π Greisen-­‐Zatsepin-­‐Kuzmin	
  limit	
  
(GZK-­‐cutoff)	
  

E( p) < 1019 eV = 1010 GeV

Strong Interaction in Astrophysics (Example)
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Quark Gluon Plasma

The	
  Phase	
  Diagram	
  of	
  QCD
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Heavy Ion Collisions

Assume:	
  collision	
  of	
  Au	
  +	
  Au	
  with	
  Ekin	
  	
  =	
  1	
  TeV/A	
  
Kinetic	
  energy	
  >>	
  binding	
  energy	
  of	
  nucleons

Central	
  collision	
  creates	
  soup	
  of	
  nucleons	
  
• being	
  heated	
  up	
  
• melting	
  of	
  nucleons	
  creates	
  soup	
  of	
  quarks	
  and	
  gluons	
  (quark-­‐gluon	
  plasma)	
  
• Gluons	
  fluctuate	
  into	
  quark-­‐antiquark	
  pairs	
  
• Soup	
  expands	
  →	
 cooling	
  → condensation	
  (hadronisation)	
  

• New	
  nucleons	
  form	
  
• Pions	
  evaporate	
  from	
  soup

31



Exzellenzcluster Universe

Stephan	
  Paul	
  |	
  	
  Particle	
  Physics	
  for	
  Astrophysicists22.08.14

Heavy Ion Collisions

Assume:	
  collision	
  of	
  Au	
  +	
  Au	
  with	
  Ekin	
  	
  =	
  1	
  TeV/A	
  
Kinetic	
  energy	
  >>	
  binding	
  energy	
  of	
  nucleons

Central	
  collision	
  creates	
  soup	
  of	
  nucleons	
  
• being	
  heated	
  up	
  
• melting	
  of	
  nucleons	
  creates	
  soup	
  of	
  quarks	
  and	
  gluons	
  (quark-­‐gluon	
  plasma)	
  
• Gluons	
  fluctuate	
  into	
  quark-­‐antiquark	
  pairs	
  
• Soup	
  expands	
  →	
 cooling	
  → condensation	
  (hadronisation)	
  

• New	
  nucleons	
  form	
  
• Pions	
  evaporate	
  from	
  soup
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Heavy Ion Collisions

Assume:	
  collision	
  of	
  Au	
  +	
  Au	
  with	
  Ekin	
  	
  =	
  1	
  TeV/A	
  
Kinetic	
  energy	
  >>	
  binding	
  energy	
  of	
  nucleons

Central	
  collision	
  creates	
  soup	
  of	
  nucleons	
  
• being	
  heated	
  up	
  
• melting	
  of	
  nucleons	
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  soup	
  of	
  quarks	
  and	
  gluons	
  (quark-­‐gluon	
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Heavy Ion Collisions

Assume:	
  collision	
  of	
  Au	
  +	
  Au	
  with	
  Ekin	
  	
  =	
  1	
  TeV/A	
  
Kinetic	
  energy	
  >>	
  binding	
  energy	
  of	
  nucleons

Central	
  collision	
  creates	
  soup	
  of	
  nucleons	
  
• being	
  heated	
  up	
  
• melting	
  of	
  nucleons	
  creates	
  soup	
  of	
  quarks	
  and	
  gluons	
  (quark-­‐gluon	
  plasma)	
  
• Gluons	
  fluctuate	
  into	
  quark-­‐antiquark	
  pairs	
  
• Soup	
  expands	
  →	
 cooling	
  → condensation	
  (hadronisation)	
  

• New	
  nucleons	
  form	
  
• Pions	
  evaporate	
  from	
  soup
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Heavy Ion Collision

ALICE	
  @	
  LHC
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Quark Gluon Plasma II

Measure	
  temperature	
  from	
  "particle	
  multiplicities"	
  momenta	
  
Relative	
  yield	
  of	
  particles	
  of	
  different	
  species	
  (mass)	
  depends	
  on	
  temperature

Multiplicity:

Measured	
  distribution	
  consistent	
  with	
  T	
  =	
  170	
  MeV

36
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What do we know about the QGP ?

Temperature:	
  
• Heating of nucleon soup stops at T=170 MeV

Fluid	
  Properties:	
  
• Measuring characteristics of “QGP-decay”: 

– Flow	
  direction	
  of	
  particles	
  (elliptic	
  flow):	
  QGP	
  is	
  perfect	
  fluid	
  
– Expected:	
  "perfect	
  gas"	
  -­‐ 	
  no	
  interactions	
  
– Viscosity	
  lower	
  the	
  superfluid	
  helium	
  
– Close	
  to	
  theoretical	
  limit	
  (film)	
  
!

Phase	
  transition:	
  
• Transition from QGP to “normal” hadronic phase 

proceeds	
  slowly	
  
– Phase	
  transition	
  is	
  "cross-­‐over"	
  
–Order	
  parameter	
  is	
  "chiral	
  condensate"	
  <qq>	
  (qq-­‐correlations)

37
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neutron proton
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Strong	
  variation	
  in	
  transition	
  rate
Transition	
  rateProcess

Typical Processes

39
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semi-­‐leptonic hadronic

leptonic

charged neutral

currents
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Characteristics

Weak	
  interaction:	
  
• Violates	
  parity,	
  time	
  and	
  charge	
  conjugation	
  
• Violates	
  CP,	
  CT,	
  PT	
  
• Conserves	
  CPT	
  (so	
  far)	
  
• Violates	
  quark	
  flavour	
  conservation	
  
• Violates	
  Lepton	
  flavour	
  conservation	
  
• Conserves	
  Lepton	
  number	
  and	
  baryon	
  number	
  (so	
  far)	
  
!
Similarities	
  to	
  electromagnetic	
  interaction

mγ  = 0  mZ 0   = 91.1 GeV / c 2 Weak	
  interaction	
  very	
  short	
  ranged

41
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Weak Interaction Characteristics II

Propagator:  ≈ 1
Q + M  2 2 

boson

b)	
  	
  for Q2  << M 2  Propagator:  ≈
1

Mboson

2 ≈ const.

a)	
   for Q2  >> M 2 Propagator:  ≈	
  	
  
1

Q2

= Propagator (γ )

Interaction	
  (matrix	
  element)	
  is	
  constant	
  with	
  energy	
  
→ replacement	
  of	
  matrix	
  element	
  with	
  "effective	
  coupling	
  constant"	
  GF	
  	
  [GeV/c2 ] 
→ interaction:	
  point	
  like	
  (Fermi-­‐interaction)

with	
  Mboson =	
  80	
  GeV/c2 (91	
  GeV/c2)

42
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Characteristics of β-Decay

β-­‐decay:	
  
3-body	
  decay:

"Sargent	
  rule"	
  responsible	
  for	
  large	
  variation	
  of	
  particle	
  lifetimes	
  !
decay rate: Γ ≈ GF (Δm)5

phase	
  space

Lepton	
  and	
  quark	
  decay	
  (almost)	
  identical	
  (universality	
  of	
  weak	
  coupling)	
  
Quark	
  decay:	
  price	
  to	
  pay	
  for	
  change	
  in	
  quark-­‐flavour	
  !!	
  → CKM	
  matrix

GF

43
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Strong	
  &	
  electromagnetic	
  interaction	
  "conserves"particle	
  flavour	
  

only	
  "pair-­‐creation"	
  possible	
  as	
   ( ff )	
  	
  

Families

Weak	
  interaction	
  acts	
  within	
  "family"	
  
charged	
  current	
  induces	
  transitions:	
  e.g.	
  d→u	
  or	
  e-­‐→νe

q =+ 2
3

q = − 13 
q = 0

q = −1

44
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CKM I

However:

Solution:	
  
• Quarks	
  are	
  "eigenstates"	
  of	
  strong	
  interaction	
  (mass	
  eigenstates)	
  
• not	
  identical	
  to	
  "eigenstates"	
  of	
  weak	
  interaction	
  
• Unitary	
  rotation	
  matrix	
  VCKM	
  

• Weak	
  interaction	
  acts	
  on	
  
rotated	
  quarks	
  q'

c

u

and

Thus:
• change	
  between	
  families	
  
• only	
  in	
  quark	
  sector
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Diagonal	
  elements	
  are	
  dominating

• Transition	
  rates:	
   Γ≈  	
  	
  	
  
• 
•

Transitions	
  within	
  "family"	
  (mass	
  eigenstates)	
  dominate	
  
Unitary	
  3x3	
  matrix	
  has	
  

• 3 “rotation angles” (Euler angles) 
• 1 phase

CKM Matrix II

Mif
2
≈ Vij

CKM  2 Vij
CKM 2
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Build	
  rotation	
  matrices	
  (in	
  flavour	
  space)

CKM III
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CKM III

In	
  flavour	
  physics	
  often	
  "Wolfenstein"	
  parametrization	
  used:

unitarity	
  triangle	
  
angles	
  measured	
  in	
  
decays	
  of	
  K,	
  B	
  and	
  Bs
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Neutrinos

Obviously..	
  Biggest	
  question	
  for	
  many:	
  
What	
  is	
  the	
  mass	
  of	
  neutrinos	
  ?

Lyrics:	
  Bob	
  Seger	
  (2003)	
  

"Tomorrow"	
  

from	
  Greatest	
  Hits	
  Vol	
  2	
  
. . . 	
  
Let	
  me	
  see	
  a	
  show	
  of	
  hands	
  
Tell	
  me	
  the	
  truth	
  now	
  
What	
  happens	
  if	
  
Neutrinos	
  have	
  mass	
  
I	
  can't	
  tell	
  you	
  about	
  tomorrow	
  
I'm	
  as	
  lost	
  as	
  yesterday	
  
. . .

Rock	
  and	
  Roll	
  Hall	
  of	
  Fame	
  
>	
  60	
  million	
  albums	
  sold	
  !!
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Neutrinos

Obviously..	
  Biggest	
  question	
  for	
  many:	
  
What	
  is	
  the	
  mass	
  of	
  neutrinos	
  ?

Lyrics:	
  Bob	
  Seger	
  (2003)	
  

"Tomorrow"	
  

from	
  Greatest	
  Hits	
  Vol	
  2	
  
. . . 	
  
Let	
  me	
  see	
  a	
  show	
  of	
  hands	
  
Tell	
  me	
  the	
  truth	
  now	
  
What	
  happens	
  if	
  
Neutrinos	
  have	
  mass	
  
I	
  can't	
  tell	
  you	
  about	
  tomorrow	
  
I'm	
  as	
  lost	
  as	
  yesterday	
  
. . .

Rock	
  and	
  Roll	
  Hall	
  of	
  Fame	
  
>	
  60	
  million	
  albums	
  sold	
  !!
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Some Neutrino properties

Neutrinos	
  are	
  (quasi)	
  massless	
  
• all	
  reactions	
  involving	
  neutrinos	
  infer:	
  mν=0	
  	
  (valid	
  for	
  e,	
  µ,	
  τ)	
  

• direct	
  mass	
  measurements	
  for	
  neutrinos:

• only	
  hint	
  for	
  masses:	
  neutrino	
  oscillations	
  
• In	
  the	
  following	
  assume:	
  neutrinos	
  are	
  massless	
  !	
  
• neutrinos	
  and	
  anti-­‐neutrinos	
  are	
  different	
  particles

• Neutrinos	
  know	
  about	
  families Nobel	
  prize	
  1988:	
  
Lederman,	
  Schwarz	
  
Steinberger

Lyrics:	
  Bob	
  Seger	
  (2003)	
  

"Tomorrow"	
  

from	
  Best	
  Hits	
  Vol	
  2	
  
. . . 	
  
Let	
  me	
  see	
  a	
  show	
  of	
  hands	
  
Tell	
  me	
  the	
  truth	
  now	
  
What	
  happens	
  if	
  
Neutrinos	
  have	
  mass	
  
I	
  can't	
  tell	
  you	
  about	
  tomorrow	
  
I'm	
  as	
  lost	
  as	
  yesterday
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right-­‐handed	
   H	
  =	
  +1	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

For	
  massless	
  particle:	
  
Helicity	
  is	
  "good"	
  quantum	
  number	
  	
  -­‐	
  valid	
  in	
  all	
  frames	
  of	
  inertia	
  (vparticle	
  	
  =	
  c)	
  

• Helicity	
  couples	
  "spin"	
  to	
  direction	
  in	
  space	
  
• Photons	
  have:	
   -­‐	
  emission	
  from	
  atom	
  equal	
  for	
  both	
  helicity	
  states	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

• Emission in all directions : no space direction is preferred 
• Parity is conserved 

Experimentally	
  found:	
  
• Neutrinos	
  come	
  in	
  only	
  one	
  helicity	
  state	
  

Hυ  = −1 Hυ  = +1    

Parity Violation in Weak interaction

Neutrinos	
  have	
  definite	
  helicity
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Examples for Parity Violating Processes

All	
  process	
  involving	
  weak	
  interaction	
  violate	
  parity	
  
not	
  only	
  those	
  involving	
  neutrinos	
  

• Charged	
  currents	
  
• have maximal parity violation 
• Only couple to left handed fermions (right-handed anti-fermions) 

• Neutral	
  currents	
  
• Degree of parity violation depends on electric charge of particles involved (see later) 

Example:	
  µ-­‐decay

for	
  particles	
  with	
  m	
  =	
  0	
  :	
  
helicity	
  not	
  frame	
  independent	
  !	
  
electrons:	
  Ekin	
  	
  >>	
  me	
  and	
  v	
  == c
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Examples for Parity Violation

maximum	
  recoil	
  
case	
  b)	
  preferred

preferred
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maximum	
  recoil	
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Note:	
  CP-­‐Symmetry	
  still	
  conserved	
  !

P-Violation III

Wait	
  for	
  later...
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V-A Structure

How	
  to	
  describe	
  parity-­‐violating	
  interaction	
  ?	
  
E. Fermi:	
  
• Vector	
  current	
  (like	
  e.m.):	
   has	
  negative	
  parity	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Vµ

• Axial-­‐vector	
  current	
  (new): has	
  positive	
  parity

γS:	
  projection	
  operator	
  for	
  chirality	
  
chirality	
  =	
  helicity	
  for	
  m=O	
  

!
• Interference	
  of	
  both:	
  violates	
  parity:	
  Vµ ±	
  Aµ	



• "charged"	
  interaction	
  couples	
  to	
  left-­‐handed	
  fermions	
  → Vµ -­‐ 	
  Aµ

effective	
  coupling	
  constant:	
  
"charge"	
  *	
  propagator	
  

• S,	
  P,	
  T	
  seem	
  not	
  to	
  be	
  realized

example	
  for	
  leptons

55



Exzellenzcluster UniverseExzellenzcluster UniverseFlavour Oscillations

Consider	
  2-­‐state	
  problem

no	
  transitions	
  for	
  infinite	
  wall

assume	
  interaction	
  allowing	
  transitions	
  !!
symmetry	
  around	
  x	
  =	
  O

new	
  Eigenstates	
  
with	
  definite	
  parity:

orthonormal	
  
perturbation	
  theory:

level	
  shift	
  

degeneracy	
  broken
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Gedanken-­‐experiment	
  
at	
  t=0:	
  through	
  particle	
  into	
  left	
  potential	
  well:	
  
switch	
  in	
  Hint	
  	
  and	
  observe	
  time	
  evolution:	
  
we	
  can	
  write:

no	
  defined	
  parity

Just	
  like	
  coupled	
  pendulum	
  !

57

Just	
  like	
  coupled	
  pendulum	
  !	
  

probability	
  to	
  find	
  system	
  in	
  R	
  

oscillation	
  frequency



Exzellenzcluster UniverseThe case of K0-mesons
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Weak	
  interaction	
  leads	
  to	
  mixing:	
  	
  K (t) >

Particle Oscillations IV

=  α(t) K 0  >+ β(t) K 0  >

For	
  weak	
  interaction:	
  build	
  Eigenstates	
  to	
  CP-­‐operator:

Eigenstates	
  to	
  Hint	
  	
  :Eigenstates	
  to	
  Hint

→ phase	
  space             
phase	
  space

Thus	
  there	
  are	
  "two	
  lifetimes"	
  for
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Particle Oscillations V

Time	
  evolutions:

Amplitude	
  to	
  find	
  KO	
  after	
  time	
  t	
  if	
  we	
  start	
  with	
  a	
  KO	
  at	
  t=O

Holds	
  for	
  all	
  particle	
  oscillations	
  !!
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World	
  average:	
  Δmd  = 0.502 ±	
  0.006	
  ps-­‐1

B-­‐mesons

K-­‐mesons

B-­‐factories	
  (BaBar,	
  Belle)

CP-­‐LEAR	
  (CERN)	
  

pp	
  -­‐-­‐7	
  K0*	
  K0	
  -­‐-­‐7K+π-­‐	
  	
  K0

e+  + e−  → B0 B0

B0  → l−  + X 
  
B0  → l+  + X
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