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Introduction and history
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Why Flavour Physics?



What is on the moon?
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Of course going there...

What is on the moon?
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Of course going there...

What is on the moon?

But you can study a 
lot from here before
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Of course going there...

What is on the moon?

But you can study a 
lot from here before

And may be finding 
something new?
13-25 July 2008 T. NAKADA  7/143 School on Flavour, Benasque 



Of course going there...

What is on the moon?

But you can study a 
lot from here before

And may be finding 
something new?

We see far beyond
the direct reach...

Instruments can be
improved and
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Flavour Physics
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Start with Isospin (Heisenberg)...
 p and n are the doublets under SU(2)

similarly +, 0 and  are the triplets under O(3)

Excellent track record to probe high energy scale
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Start with Isospin (Heisenberg)...
 p and n are the doublets under SU(2)

similarly +, 0 and  are the triplets under O(3)

“Strangeness” played a role in establishing 
the concept of flavour quantum numbers

“quark” in early 1960’s
(Gell-Mann, Ne’eman, Han-Nambu, Nishijima, Sakata, Zweig, etc.)
SU(3) flavour symmetry: (u, d, s)  prediction, 

discovered in 1964, Barmes et al. 

Excellent track record to probe high energy scale



Flavour Physics
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Excellent track record to probe high energy scale

Particle (K0)-antiparticle (K0) mixing:

K0  +   K0
K1 =

K0 + K0

2
K2 =

K0  K0

2

under C symmetry
two very different lifetimes
(C  change to CP)



13-25 July 2008 T. NAKADA  12/143 School on Flavour, Benasque 

cloud chamber exposure at BNL

lifetime measurement for 
3-body decays ( μ , e , + 0)
>10 9 sec  

lifetime for +  decay already 
known to be ~10 10 sec

Establish two particle states: short-living, KS, decays into 2
and long-living, KL, decays into 3 , l : 0 0 mixing

Phys Rev Lett. 1956



Flavour Physics

Very suppressed KL μ+μ-
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Excellent track record to probe high energy scale

Particle (K0)-antiparticle (K0) mixing: also oscillations K0
t=0 K0(t)



Flavour Physics

s
d

μ+

μ-K0

s
d

μ+

μ-

W+

W-

u μ

Z0

s
d

μ+

μ-

W+

W-

u Z0

s
d

μ+

μ-

W+

W-

c μ

s
d

μ+

μ-

W+

W-

c Z0

+

+

= 0 if mu = mc

= 0 u
d

c
s

1970

13-25 July 2008 T. NAKADA  14/143 School on Flavour, Benasque 

Excellent track record to probe high energy scale

Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)
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Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)

mK and Br(KL μ+μ-)

Excellent track record to probe high energy scale
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Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)

mK and Br(KL μ+μ-)  charm mass ~1.5 GeV/c2

Excellent track record to probe high energy scale
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Flavour Physics

CPV

KL 

p+  = p + + p
 = angle between pKL and p+

KL

m ( + ) < mK

m ( + ) = mK

m ( + ) > mK

1964, J.H. Christenson et al., Br(K0
L

+ )  0 
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Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)

mK and Br(KL μ+μ-)  charm mass

Excellent track record to probe high energy scale
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CPV 1964, J.H. Christenson et al., Br(K0
L

+ )  0 

Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)

mK and Br(KL μ+μ-)  charm mass ~1.5 GeV/c2

Excellent track record to probe high energy scale

“Superweak model”, CPV only in F = 2 transitions

s
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c d
s

u cu s
d

d
s

No CPV in decay amplitude, i.e. Re  = 0 
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Introduction of the third family 
(before the charm discovery)
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an alternative proposal

u
d

c
s

t
b complex mixing matrix

CPV starts with F = 1: CPV in decay amplitude possible, Re   0  
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NA48
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KTeV
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Regeneration

K0 = (ds)
K0 = (ds)

p = (uud), n = (udd)

Kn, Kp > Kn, Kp 
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Measure

+  and 0 0 at the same time: ++
== L

00
LS

00
S  , NNNN

NA31, NA48

KL is regenerated from KS: ++
== SL

00
S

00
L  , rNNrNN

E731, KTeV

No normalization is required,

but efficiencies, acceptances etc. have to be corrected…



Flavour Physics
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Effort over
30 years to
find
Re   0



Charm discovery
1971

emulsion exposed in
a JAL Jet cargo plane

one event of
X  0 + one charged hadron

Possibly, the first observation of D K 0 decay in 1971

More established discovery was c-c bound states in 1974
by J.J. Aubert et al. and J.-E. Augustin et al.
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hypo. 0 charged  0p
(s) 2.2 10 14 3.6 10 14

(GeV) 1.782.95
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J.J. Aubert et al.

p+Be e+e +X

p
double arm spectrometer

Pb-glass

e+e  invariant mass
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multi-hadron
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13-25 July 2008 School on Flavour, Benasque T. NAKADA  29/143 

multi-hadron
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Augustin et al.

and slightly later…
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Discovery of a third family member
 S. Herb et al. in 1977

μ
+ 
μ

m(μ+
μ )

E288 experiment @ FNAL

(bb) bound states; (1S), (2S), (3S)



Flavour Physics
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CPV and very suppressed B μ+μ-  third family, no topless world

Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)

mK and Br(KL μ+μ-)  charm mass

Excellent track record to probe high energy scale
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First surprise with the b quark

JADE
Physics Letters B, 114B(1) (19143) 71

Muons from a multihadron sample were used to determine an 
upper limit <1.4 10 12 s (95% CL) on the lifetime of beauty particles. 
The data were obtained with the JADE detector of PETRA. The result 
is interpreted within the standard model.

e.g. V. Barger et al.
0.8 10 14< <1.4 10 13 sec, J. Phys. G 5, L147 (1979)
i.e. general prejudice was |Vcb|  |Vus|

The b lifetime
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MAC
Phys. Rev. Lett. 51, (1983) 1022
Lifetime of Particles Containing b Quarks
From a sample of hadronic events produced in e+e  collisions, 
semileptonic decays of heavy particles have been isolated and used to 
obtain a measurement for the bottom-quark lifetime of 
[1.8±0.6(stat.)±0.4(syst.)] 10 12 sec.

μ

e

Impact parameter distributions
for b l X decays.

: impact 
parameter

b hadron

decay point

High pT l
   respect to the jet axis

b-jet
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l in b

l in c

h in b

Mark II
Phys. Rev. Lett. 51, (1983) 1316
Measurement of the Lifetime of Bottom Hadrons
The average lifetime of bottom hadrons was measured with the Mark II
vertex detector at the storage ring PEP. The lifetime was determined by
measuring the impact parameters of leptons produced in bottom decays.

b=(12.0+4.5
-3.6±3.0) 10 13 sec was found.

l impact parameter distributions
for b, c l X decays.

b lifetime is ~10 12 sec
|Vcb|~0.05, i.e. 
much smaller than sin Cabibbo ~0.2

Opened up interesting possibilities for 
B mesons, e.g. oscillations, CP violation 
and rare decays (as the kaon system)



Flavour Physics
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mB and top mass
CPV  third family

Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)

mK and Br(KL μ+μ-)  charm mass

Excellent track record to probe high energy scale



History of mt

UA1, 1984

 W+  t b

bl

jet

jet

30~50 GeV/c2

Phys. Lett. 147B (1984) 493
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pp W+X 



History of mt

UA1, 1984

 W+  t b

bl

jet

jet

Phys. Lett. 147B (1984) 493
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pp W+X 



m(Bd) ~ 100  m(K0)

ARGUS, 1987

(4S)  Bd
0Bd

0 

 Bd
0Bd

0 or Bd
0Bd

0

  + + or 
24.8±7.6±3.8 

History of mt

UA1, 1984

 W+  t b

bl

jet

jet

30~50 GeV/c2

Phys. Lett. 147B (1984) 493 Phys. Lett. B 192 (1987) 245
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pp W+X 



m(Bd) ~ 100  m(K0)

ARGUS, 1987

(4S)  Bd
0Bd

0 

 Bd
0Bd

0 or Bd
0Bd

0

  + + or 
24.8±7.6±3.8 

> 50 GeV/c2

History of mt

UA1, 1984

 W+  t b

bl

jet

jet

30~50 GeV/c2

Phys. Lett. 147B (1984) 493 Phys. Lett. B 192 (1987) 245
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pp W+X 



m(Bd) ~ 100  m(K0)

ARGUS, 1987

(4S)  Bd
0Bd

0 

 Bd
0Bd

0 or Bd
0Bd

0

  + + or 
24.8±7.6±3.8 

> 50 GeV/c2

LEP 
electroweak fit 
150~210 GeV/c2

1995
CDF 
175±8±10 GeV/c2

D0
199      ±22 GeV/c2+19

-21

History of mt

UA1, 1984

 W+  t b

bl

jet

jet

30~50 GeV/c2

Phys. Lett. 147B (1984) 493 Phys. Lett. B 192 (1987) 245
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pp W+X 
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mB  top mass
CPV  third family

Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)

mK and Br(KL μ+μ-)  charm mass

Excellent track record to probe high energy scale



Flavour Physics

NB: before observing directly c, b or t
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mB  top mass
CPV  third family

Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)

mK and Br(KL μ+μ-)  charm mass

Excellent track record to probe high energy scale



Flavour Physics
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and  oscillations
mB  top mass

CPV  third family

Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)

mK and Br(KL μ+μ-)  charm mass

Excellent track record to probe high energy scale

Discovery of μ: two neutrinos have been considered by e.g. 
Sakata&Inoue(1946), Schwinger (1957), Nishijima (1958), 
Konuma (1958), Kawakami (1958), Kawakami (1958), 
Konuma (1958), Pontecorvo (1959), Oneda&Pati (1959), 
Lee and Yang (1960)
-motivated by the headron-lepton unification attempt
-to explain the absence of μ e  (via e“ ”)



Flavour Physics

13-25 July 2008 T. NAKADA  44/143 School on Flavour, Benasque 

and  oscillations
mB  top mass

CPV  third family

Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)

mK and Br(KL μ+μ-)  charm mass

Excellent track record to probe high energy scale

+ μ+

 n μ p and  n e p

Discovery of μ: BNL spark chamber experiment
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Almost simultaneously, neutrino flavour mixing 

NB: Pontecorvo proposed -  mixing in 1957, analogous to  
the K0-K0 oscillations discovered in 1955



Flavour Physics

Discovery of μ: 1962, Lederman-Schwartz-Steinberger et al.
Neutrino mixing by Maki-Nakagawa-Sakata in 1962
NB: one year before the Cabibbo mixing, 

12 years before the charm discovery
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and  oscillations
mB  top mass

CPV  third family

Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)

mK and Br(KL μ+μ-)  charm mass

Excellent track record to probe high energy scale



Flavour Physics

 oscillations now seen by, Davis, KAMIOKANDE, IMB, SNOW
MACRO, KamLAND, T2K, MINOS...
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 mixing pattern
mB  top mass

CPV  third family

Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)

mK and Br(KL μ+μ-)  charm mass

Excellent track record to probe high energy scale



Flavour Physics
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 mixing pattern  may be heavy neutrinos?
mB  top mass

CPV  third family

Very suppressed KL μ+μ-  SU(2) doublet structure (GIM)
Particle (K0)-antiparticle (K0) mixing: also oscillations K0

t=0 K0(t)

mK and Br(KL μ+μ-)  charm mass

Excellent track record to probe high energy scale



Quark Flavour Physics Experiments

General observation

Hadron machines have been “discovery” machines,
e.g. charm, beauty, W, Z, and top
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Quark Flavour Physics Experiments

General observation

Hadron machines have been “discovery” machines,
e.g. charm, beauty, W, Z, and top

CP violation in the kaon system mainly studied at hadron 
machines
plus some contribution from KLOE   
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The newest round of Kaon experiments
The issues are; 

precision measurements of ultra rare decays
K+ +  and KL

0

K+  +

|VtdVts |
|VcdVcs |

u                                 u u                                 u
s                                 d

W

u, c, t

e,μ, W
s                                 d

W+

u, c, t

Z0

s                                 d

d                                 d

W

u, c, t

e,μ, W
s                                 d

d                                 d

W+

u, c, t

Z0
KL

  0

Im(VtdVts )

CP conserving decay

CP violating decay
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Current Standard Model predictions:

(isospin breaking taken into account)

BNL787, 1995 data: (4.2 ) 10 10 PRL 97
based on one event

+ 9.7
 3.5

More data taken, no new candidate

BNL787, 1995-97: (1.5 ) 10 10 PRL 2000
+ 3.4
 1.2

Br(K+  + ) = (0.80 ± 0.11) 10 10
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one event
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Current Standard Model predictions:

(isospin breaking taken into account)

BNL787, 1995 data: (4.2         ) 10 10 PRL 97
based on one event

+ 9.7
 3.5

More data taken, no new candidate

BNL787, 1995-97: (1.5          ) 10 10 PRL 2000
+ 3.4
 1.2

Further data taken, one more candidate

BNL787, 1995-98: (1.57            ) 10 10PRL 2002
+ 1.75
 0.143

Br(K+  + ) = (0.80 ± 0.11) 10 10

E787(95-98)/E949(02) combined results

(1.47             ) 10 10 PRL 2004+ 1.30
 0.89
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signal
region

K+ + 0

Boosting statistics cannot be 
achieved with stopped K+ 
decays

 decay in flight

Three candidate events.

mmiss
2 mK

2 1
| P |
| PK |

 

 
 

 

 
 + m2 1

| PK |
| P |

 

 
 

 

 
 | PK || P | K
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SPS primary p: 400 GeV/c
Unsepared beam:
• 75 GeV/c
• 800 MHz 
• /K/p (~6% K+)

K+ +

~11 MHz of K+ decays

Detector based on NA48 with the experience

INFN has approved the funding, CERN approval still to be made

Expected performance: 55 events/year with B/S~15%
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Br(K0 0  )  3 10 11
    Standard Model

< 1.6 10 6
  0

< 5.9 10 7   0 ee 90% CL (KTeV, PLB 99)

E391 at KEK PRL 2008 < 6.7  10 8  90% CL

The experiment will be moved to 
J-PARC, to be upgraded to E14
Expected performance:

2~3 events (SM Br.) 
with ~2 background

with 3 107 sec (3 Snowmass years)
Further improvement in plan 



Mixing and oscillations
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The time evolution of a system with the neutral particle state,      , 
and anti-particle state      , can obtained by solving a Schrödinger eq.   

P
P 

i
t

t( ) = Hs + Hem + Hw( ) t( )

t( ) = a t( ) P + b t( ) P + cf t( ) f
f

where, Hs and Hem are the strong and electromagnetic interaction 
Hamiltonians and Hw is the weak interaction Hamiltonian. The 
general time dependent wave function is given by 

where,      is decay final states of P and P generated by the weak
interactions. All the states,      ,       , and     , are the eigenstates of the 
strong and electromagnetic interactions, and,       and       are at rest (not 
suitable for the neutrinos.)

f
P P f

P P 

Hs + Hem( ) f = Ef f Hs + Hem( ) P = m P ,  Hs + Hem( ) P = m P 

F P = + P ,  F P = P F: flavour
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a t( )
2

+ b t( )
2

+ cf t( )
2

f

=1

unitarity of Hamiltonian.

a t( )
2

: fraction of P, b t( )
2

: fraction of P, : fraction of fcf t( )
2

Due to decays, t > 0

a t( )
2

+ b t( )
2

= decreases

cf t( )
2

= increases

a 0( )
2

+ b 0( )
2

=1

cf 0( )
2

= 0

Initially at t = 0

Note that:

at a given time t

while, 

Usually, we are interested in a(t) and b(t) only.
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i
t

a(t)
b(t)
 

 
 

 

 
 =

a(t)
b(t)
 

 
 = M

i
2

=
M11 M12
M21 M22

 

 
 

 

 
 

i
2

11 12

21 22

 

 
 

- Diagonal elements of mass (M) and decay matrices ( )

  

M11 = m0 + P HW P + P
P HW f f HW P

m0 Ef

 

 
 

f

M22 = m0 + P HW P + P
P HW f f HW P 

m0 E f

 

 
 

f

f’s can be both virtual and real states.

After applying the Wigner-Weiskopf approximation (i.e. ignoring 
weak interactions between the different final states f), and perturbation 
method (i.e. Hw<<Hs+Hem), a(t) and b(t) become the solution of  

P: principal value
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11 = 2 P HW f
f

2
m0 Ef( )

f’s are all possible real decay states, due to the delta function,
i.e. ´s are decay widths.

22 = 2 P HW f
f

2
m0 E f( )

CPT conservation 
 M11 = M22  M0, 11 = 22  0, i.e. 11 = 22  0

Therefore, the diagonal elements are generally assumed to be 
identical



f’s are both virtual and real states commonly accessible from P and P
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M12 = P HW P + P
P HW f f HW P 

m0 E f

 

 
 

 

 
 

f

12 = 2 P HW f f HW P 
f

m0 E f( )
f’s are real decay states, common to P and P.

M† = M, † = , but † = (M  i /2)†
 = M + i /2  

 |a(t)|2 + |b(t)|2 : not conserved

- Off-diagonal elements of mass (M) and decay matrices ( )

M21 = M12,  21 = 12Since

CP (or T) conservation  Im(M12/ 12 ) = 0, i.e. | 12| = | 21|
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P t( ) =
1
2

e i +t + e i t( ) P +
1
2

e i +t e i t( ) P 

f+ t( ) P +  f t( ) P 

Solutions for a(t) and b(t) with an initial condition, P is produced at 
t = 0, i.e. a(0) = 1, b(0) = 0, gives 

mass

decay width

f± t( ) =
1
2

e i +t ± e i t( )

± = 0 ± 12 21 m±

i
2 ±

m± = Re ±

± = 2Im ±

are eigenvalues of 

m = m+ m = 2Re 12 21 = 2Re M12
i
2 12

 

 
 

 

 
 M12

i
2 12

 

 
 

 

 
 

= + = 4 Im 12 21 = 4 Im M12
i
2 12

 

 
 

 

 
 M12

i
2 12
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P t( ) =
e i +t

2
P + P ( )+

e i t

2
P P ( )

1+
2

2
e i +t P+ + e i t P( )

This can be also written as

P± =
1

1+
2

P ± P ( )

quantum mechanics state mixing

= 21

12

=

M12
i
2 12

M12
i
2 12

are eigenstates of  with definite masses, m±, and decay widths, ±

P+ and P  decay exponentially
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If CP (or T) is conserved, 

NB: sin[arg(M12/ 12 )] = 0, i.e. | 12| = | 21|

= 21

12

=1

and

m = 2 M12

= 2 12
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Oscillations between P and P

P P t( )
2

= f t( )
2

=

2

4
e +t + e t 2e  t cos mt( )

Probability for the initial P oscillates to P at a given time t:

Probability for the initial P remains as P at a given time t:

P P t( )
2

= f+ t( )
2

=
1
4

e +t + e t + 2e  t cos mt( )

 = + +

2
,  m = m m+

x =
m
 

,  2y = +

  

Often quoted parameters, x and y
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K0 system: mass eigenstates are KL and KS

S = 571 L, m = mL  mS = 0.474 S 

x =
m
 

2 m

S

1,  y =
2  

1

D0 system:
x < 0.03,  y = 7 10 3

B0 system:
x = 0.776,  y < 0.09

Bs system:
x = 25.5,  y = 0.06

Re

Im

M12

12

CP=+1 state is lighter
and decay faster

Kaon system with a 
limit of CP conservation

CP

KS almost CP=+1
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K0 K0

K0 K0

D0 D0

D0 D0

B0 B0

B0 B0

Bs
0 Bs

0

Bs
0 Bs

0
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P t( ) =
1

f t( ) P +  f+ t( ) P 

=
1+

2

2
e i +t P+ e i t P( )

Similarly, solutions for a(t) and b(t) with an initial condition, P is 
produced at t = 0, i.e. a(0) = 0, b(0) = 1, gives 

Direct CPT violation observable:

Direct CP and T violation observable:

Rates of P at t = 0 remains P at t  of P at t = 0 remains P at t

Rates of P at t = 0 oscillates to P at t  of P at t = 0 oscillates to P at t

P P t( )
2

= f t( )
2

=

2

4
e +t + e t 2e  t cos mt( )

P P t( )
2

=
1

f t( )
2

=
1

4 2 e +t + e t 2e  t cos mt( )
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Time dependent T and CP asymmetry: AT(t)

AT t( ) =
P P t( )

2
P P t( )

2

P P t( )
2

+ P P t( )
2

=

1
2 f t( )

2 2 f t( )
2

1
2 f t( )

2
+

2 f t( )
2

=
1 4

1+
4

AT(t)  0  observation of T and CP violation in P-P oscillations

done for the neutral kaon system
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Initial state at t = 0:

p p K0K +

K 0K+

 
 
 

S = 0 S = 0
K = (u s)

K+
= (us )

Identification of the initial state:

pp annihilation at rest

K+ K 0,  K + K0

K0 = ds ( )

K 0 = d s( )

Accompanying charged kaons indicate the flavour of neutral kaons.
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Semileptonic decays are used to directly measure this...
i.e. flavour specific decay modes

q = s rule

s

d d

u

+

K0

q = 0
s = +1

q = 1

s = 0
q = 1

s = 1

s

d d

u

K0

q = 0
s = 1

+

q = +1

s = 0
q = +1

s = +1
final states are specific to the flavour, 

i.e. the particle and the anti-particle

(no hadronic decay mode available for the neutral kaons)

Identification of the final states:
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+
L

= d
out

+ p1( ) L p2( ) p3( ) HW K0
2

phase space

+
+

L

d
in

p1( )  R p2( ) + p3( ) HW K 0
2

phase space

= d
out

p1( )  R p2( ) + p3( ) HW K 0
2

phase space

=  
 R

+

CPT
R

Since the
interactions
between the
final states
are weak,
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LEAR complex
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CPLEAR experiment
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CPLEAR experiment

pp K +K0

K0 K 0

K 0 +e  
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AT = 6.6 ±1.6( ) 10 3

= 0.9967 ± 0.0008 1

Small CP and T in K-K oscillations

AT t( ) =
1 4

1+
4

0

  

AT t( ) =
d +

L HW K 0 t( )
2

d  R
+ HW K0 t( )

2

d +
L HW K 0 t( )

2
+ d  R

+ HW K0 t( )
2
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Now, including l (CP violating KL decay lepton charge asymmetry), 

 even with CP violation 
| m|=2|M12| and | |=2| 12| are still good for the neutral kaons.

NB:
For the B system, | 12|/|M12|<<1, with the SM (and smaller if exists 

new physics). Even with CP violation, | m|=2|M12| is a good
approximation and | | = 2| 12 {cos [arg( 12/M12)]} |  

1 = 3.28 ± 0.12( ) 10 3

From =
M12

i
2 12

M12
i
2 12

 and measured m and 

sin arg M12 arg 12( ) = 6.57 ± 0.24( ) 10 3,  i.e. Im M12 12( ) <<1
M12 and 12 are not exactly back to back
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Time dependent decay rates for a final state f.

Rf t( ) = f HW P t( )
2

=
Af

2

2
e  t I+

f t( ) + I f t( ){ }

I+
f t( ) = 1+ Lf

2( )cosh
2

t + 2Re Lf sinh
2

t

I f t( ) = 1 Lf
2( )cos mt + 2 Im Lf sin mt

Lf =
A f
Af

R f t( ) = f HW P t( )
2

=
Af

2

2 2 e  t I+
f t( ) I f t( ){ }

Initially P

Initially P

Time dependent decay rates for a CP conjugated final state f.

Rf t( ) =
Af 

2

2
e  t I+

f t( ) + I f t( ){ }
Lf =

A f 
Af R f t( ) =

Af 
2

2 2 e  t I+
f t( ) I f t( ){ }

Initially P

Initially P

Most general case…

CP conjugation Rf t( ) R f t( ) and Rf t( ) R f t( )
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For hadronic decays of the neutral kaon system, f can only be a pure 
CP eigenstate, such as +  (or a mixed CP eigenstate as + 0):

f = f = fCP
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In the case for the neutral D and B systems, f can be
f = f = fCP

D + , +

B + , J/ KS, etc. Bs
+ , J/  (CP=+1 and 1), etc.
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In the case for the neutral D and B systems, f can be
f = f = fCP

D + , +

B + , J/ KS, etc. Bs
+ , J/  (CP=+1 and 1), etc.

or non CP eigenstates:

D0 + D0

c s+W+(ud) c d+W (us)

Bs
0 Ds

+ Bs
0

b u+W (ud)b c+W+(us)

one amplitude is 
very suppressed than others

both amplitudes are 
similar size
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In the case of the neutral B system, there exists flavour specific 
hadronic final states (a la semileptonic decay):

B D +, Bs
0 Ds

+, etc. ideal for the oscillation study
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For hadronic decays of the neutral kaon system, f can only be a pure 
CP eigenstate, such as +  (or a mixed CP eigenstate as + 0):

f = f = fCP

In the case for the neutral D and B systems, f can be
f = f = fCP

D + , +

B + , J/ KS, etc. Bs
+ , J/  (CP=+1 and 1), etc.

or non CP eigenstates:

D0 + D0

c s+W+(ud) c d+W (us)

Bs
0 Ds

+ Bs
0

b u+W (ud)b c+W+(us)

In the case of the neutral B system, there exists flavour specific 
hadronic final states (a la semileptonic decay):

B D +, Bs
0 Ds

+, etc. ideal for the oscillation study

one amplitude is 
very suppressed than others

both amplitudes are 
similar size
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For CP eigenstates, 

RfCP ( ) =
AfCP

2

2
e I+

fCP

( )+ I fCP

( ){ }

I+
fCP

( ) = 1+ LfCP

2( )cosh y( )+ 2Re Lf sinh y( )

I fCP

( ) = 1 LfCP

2( )cos x( )+ 2 Im Lf sin x( )

LfCP =
A fCP

AfCP

R fCP ( ) =
AfCP

2

2 2 e I+
fCP

( ) I fCP

( ){ }

Initially P

Initially P

 = t/ : time in the unit of the average lifetime

K: x and y = O(1)
Bd: y  0, i.e. cosh = 1 and sinh = 0, CPV in oscillations ignored, | | = 1
Bs: y < 1 but not ignored, CPV in oscillations ignored, | | = 1
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For the D system, one does more complicated treatment… (why?)
y  << 1 and x <<1 and take up to the first order

Assuming CP conservation, 

I+
fCP

( ) = 1+ LfCP

2( )cosh y( )+ 2Re LfCP sinh y( ) 2(1+ y ) 2ey

I fCP

( ) = 1 LfCP

2( )cos x( )+ 2 Im Lf sin x( ) = 0

RK + ( ) e

measured lifetime is “shifted”

For the D0 at t = 0 decaying in to K +, |LK +|=1/(sin Cabibbo)2>>1
Assuming CP conservation

I+
K +

( )+ I K +

( ) = 2

RfCP ( ) e 1 y( )

measure average lifetime
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P P

P

M12

  12

i
2

a1ei 1

a2ei 2

a1 ei 1

a2 ei 2

f

f+(t)

f+(t)

CPV in the oscillation CPV in decay

CPV in oscillation-decay inter play



Quark Flavour Physics Experiments

General observation

Hadron machines have been “discovery” machines,
e.g. charm, beauty, W, Z, and top

CP violation in the kaon system mainly studied at hadron 
machines
plus some contribution from KLOE

Charm mesons have been successfully exploited by 
both fixed target hadron beams and e+e  storage rings.   
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Important breakthrough in the middle of 80’s:
large number of fully reconstructed D mesons 

from the hadronic decays

Fixed target charm experiments

using
Si micro-strip vertex detector and open trigger 

cc

inelastic
  10 3

Large amount of data processed by a custom made 
microprocessor farm
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200 GeV/c K and  beam
ACCMOR 1987

Tagged photon beam

E691 1988

An example: D0 lifetime

factor ~50 in statistics 
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 beam  statistics  average t 

E791  500 GeV 105 40 fs

Focus  up to 300 Gev 106  30 fs

Selex  600 GeV , , p  104  20 fs 

The la(te)st generation of fixed target charm experiments

D0 K- -         119738  evts D0  K+K           10331  evts 

Focus
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Remaining big issues are, oscillations and CPV

BABAR lifetime measurements

y(BBAR+BELLE+others) = 0.01132±0.00266

This is more “state mixing”.
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Better study time dependent decay rates fit for 
D0

 = 0 K+ ( ) (DCSD or oscillation) or KS
+  

: totally dominated by the long range interactions
m: dominant contribution from the long rage interactions

CP violation: due to short range interactions
values of  and m themselves are not too important

but being able to observe oscillations is an important step to 
see CP violation. 
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CP violation in D KK and  decays

and CP violation…



For many years, B meson study had been dominated by
DORIS, CESR, VEPP and LEP

i.e. at e+e  machines
Experiments at hadron machines, fixed target, were “limited” 

After the the discovery of  resonances (bb S states) by hadron machine

CERN: Beatrice FNAL:E866/E789/E772, E771
b cross section measurements (with large error bars) 

 simply not enough b’s and too small b/ inelastic
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The success of e+e  machines continued by PEP-II with BABAR
 experiment and KEKB with BELLE experiment.

Tevatron experiments (CDF particular) become competitive in some 
area, e.g. CPV in Bd J/ KS, and has recently made some unique 
contributions, i.e. ms measurements and study of CPV in Bs J/
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Current flavour physics situation can be summarised by

We have already a quite complete picture of mass and 
flavour mixing, in the Standard Model.

The major goal of the future quark flavour physics is 
to look for flavour changing beyond the Standard Model
appearing in the loop processes.

-increased penguin and/or box contributions
appearing in branching fractions, oscillation
frequencies and/or CP violation,
with or without additional mixing parameters

-deviation from the V A structure
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Current Standard Model determination of |Vub/Vcb| is limited 
by the strong interaction theory.

How much could this be improved? What is still needed 
from the experiments to improve the theory of hadronic 
interactions; from BABAR and BELLE then beyond?

Current Standard Model determination of |Vtd/Vts| from 
md/ ms are limited by the strong interaction theory. 

( experimental errors on m’s are small: <1%)
Theoretical error for  |Vtd| (|Vts|) from md ( ms) alone is 
even much larger, while New Physics may produce
Boxd = Boxd

SM (1+d), Boxs = Boxs
SM (1+d)

i.e. m=|Box| |BoxSM| but md/ ms =| Boxd
SM/Boxs

SM|
(For the penguin modes ( / ), experimental errors are 
still large but will improve, e.g. with LHCb, but theory?)  



13-25 July 2008 School on Flavour, Benasque T. NAKADA  98/143 

arg Vtd (from J/  KS etc.) experimentally limited, but already
good, 1° error; will still improve

arg Vub experimentally limited with still large error, ~25°, 
from B DK( ) decays. 
High statistics data essential to make a progress since this
is not affected by New Physics. Independent check with Bs.

For New Physics with  Boxd = Boxd
SM (1+d) however

CPJ/ KS
 = CP J/ KS

SM

and even P=PSM(1+d ), i.e. 
CP KS

 = CP KS
SM, independent check with Bs?

Understanding of D decays could become a limitation:
CELO-c data will be very important
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CP violation in the decay amplitude in B decays already
observed in B  and K  decays. Theoretical interpretation
difficult. Huge statistics for hh  channels will be available.

arg Vtd + arg Vub, experimental error is large, 10°, a 
combined error with B , , ; tree+penguin+box

 channel seems particularly attractive for future 
measurements

B 3  decay description could become a
limitation; extra resonances, non-resonant
contribution etc. Any theoretical help?

Even for New Physics makes only PNP=PSM(1+d), i.e.
no new mixing parameters,
|T+PNP| |T+PSM| and CP  CPSM

Can theory make better predictions? 
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First attempt to prove the Lorentz structure in b s penguin
process with B K( 0)l+l  decays done; low statistics 

208 fb 1 BABAR 101 events
357 fb 1 BELLE 209 events
~1000 events by 2009?

In general, polarization of  can be measured by:
l+l  angular distribution in B K +virtual- ( l+l ) Melikhov et al. 

e+e  angular distribution in B K +real-  with  conversion 
Grossman et al.

 -small statistics
K  angular distribution in B K ( K ) final state Gronau et al .

and more theoretical studies are on going. 

New Physics with no new mixing parameters would affect
this.



B physics at LHC collider mode
Large b cross section (~500μb)

Large  bb /  inelastic (>10 3)
at fixed target energies 10 6

  cc /  inelastic at fixed target energies

Different b-hadrons (Bu, Bd, Bs, Bc, b, b, b etc.)

Many primary particles  well defined b production vertex

To fight against combinatorial backgrounds:
vertexing, PID, and mass resolution
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Completely open trigger a la charm fixed-target experiment 
is not an option at LHC

too high inelastic event rate
interesting decay modes are restricted

Trigger is crucial
At the first level

inclusive signature: pT and displaced tracks/vertices
but with very low rejection…

At the intermediate level
semi-exclusive partial reconstruction

Finally
exclusive reconstruction 

13-25 July 2008 T. NAKADA  102/143 School on Flavour, Benasque 



Bunch crossing frequency: fpp = 40 MHz, i.e. every 25 nsec

Number of pp inelastic interactions in 
one bunch crossing ( inelastic = 80 mb), 0, 1, 2 …

- Reconstruction easier
(final state and tag)

- Lower radiation level

One inelastic interaction
per bunch crossing

dominates.
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Forward geometry

p p

parton-1 parton-2

b

b

b

b
b

bb pair production kinematics

bb-c.m. system

pp-c.m. system
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b-b correlation

Both b and b are in the spectrometer.

Forward geometry

p p

parton-1 parton-2

bb pair production kinematics

No

b

b

b

b

b

b

b
b

bb-c.m. system

pp-c.m. system
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fpp @ LHC = 40 MHz  simple first level trigger needed

Single pT trigger for μ, e, h

pT

pL

p p

muon system: 
low track density

e and h: 
calorimeter 
   ET measurements
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However….  p > pmin

p < pmin

p > pmin

Fe

muon:
identification

hadron:
energy resolution

E/E  70%/ E
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pT threshold can be set low:
 high b efficiency

However….  p > pmin

p < pmin

p > pmin

Fe

muon:
identification

hadron:
energy resolution

E/E  70%/ E

p p
p  pT > pmin

central detector

p p

p  pL > pmin

forward detector
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bb expected in pp collisions at s = 14 TeV: 500μb
5 1011 bb pairs in 1 year (107 s) with L=1032 cm 2s 1

1

10

10 2

-2 0 2 4 6

eta of B-hadron

 p
T

 o
f 

B
-h

ad
ro

n

ATLAS/CMS

LHCb100 μb

230 μb

cf. (4S) B factories: 108 B-B/year @ L = 1034 cm 2s 1
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Momentum spectrum decay distance for B mesons

 average B decay distance in the detector ~1cm
are larger in the forward region.

Good proper time resolution.
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Some detector requirements

B momentum

b-hadron

Bs
0

t = 0

primary
vertex B decay distance

proper time: t

K

+

+

opposite side 
flavour tag

 +

+

pp interaction

What do we measure? (an example)

K+ same side 
flavour tag
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LHCb Evolution
Letter of Intent for LHC-B, August 1995

x-y Si micro-strip detector
warm magnet
three RICH’s (aerogel + 2-gas) with HPD’s
HERA-B tracking system
Pre-shower, Shashlik+PbWO4, Fe-Tilecal+Quarz-W
CSC or Honeycomb or drift tube muon system

L-1 pT 200 KHz
L-2 tracking + vertex 10 kHz
L-3 full reconstruction
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Technical Proposal for LHCb, February 1998

Super conductive magnet
r-  strip Si vertex detector
Two RICH’s (still three radiators)
No inner-part of calorimeters
MRPC+MWPC muon system

L-0 pT 1 MHz
L-1 tracking + vertex 40 kHz
L-2 vertex with p 5 kHz
L-3 full reconstruction 200 Hz

What is different from LoI apart from -B  b?
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Many changes in the mean time
Be conical beam pipe
Normal conductive magnet
All MWPC (with a little GEM) muon system
Straw chamber + Si tracking system
Greatly reduced tracking stations (nothing in the magnet)
All Si first tracking station
Two level trigger (1 MHz full readout after the first level to CPU farm)

Reoptimization TDR for LHCb, September 2003
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Changes were motivated by:
budgetary constraint (financial and material)
technical feasibility
physics flexibility

After TP, B physics has evolved a lot: major ones are…
CPV in Bd J/ KS, L measured with   0.026

( 3) measured with   25°

Bs-Bs oscillation frequency measured, better than one needs
i.e. KM model for CPV is now quantitatively tested
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Flavour changing processes, branching fractions, oscillations and CPV,  
can be described by the four parameters of the CKM matrix ( , A, , )

F=1 F=2d
s
b

u
c

s
b

d
s K, B K, B



Changes were motivated by:
budgetary constraint (financial and material)
technical feasibility
physics flexibility

After TP, B physics has evolved a lot: major ones are…
CPV in Bd J/ KS, L measured with   0.026

( 3) measured with   25°

Bs-Bs oscillation frequency measured, better than one needs
i.e. KM model for CPV is now quantitatively tested

No major improvement of the B factory results expected from now on 

-BABAR end of run in April, Belle in 1~2 years-
Emphasis on the LHCb physics goal is shifting from 

Confirmation of CKM  Search for new physics
with  Ldt = 10 fb 1 data by ~2013
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Some notable examples are…
NP search in Bs where the effect could be still large

Bs  μ+μ-

W

W
b

s μ+

t
μ

SM

MSSM
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Some notable examples are…
NP search in Bs where the effect could be still large

Bs  μ+μ-

Integrated luminosity (fb–1) 

B
R

 (
x
1
0

–
9
) 

Uncertainty in  
background prediction 

Expected final CDF+D0 limit 

SM prediction 

90% CL limit on BR 
(only bkg is observed)

SM

MSSM

0.05 fb–1  overtake CDF+D0
0.5 fb–1  exclude BR values down to SM
2 fb–1    3  evidence of SM signal
6 fb–1    5  observation of SM signal

2009

 nominal 1 year
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W

W
b

s μ+

t
μ

SM Br = ~3.5 10 9 



Some notable examples are…
NP search in Bs where the effect could be still large

Bs  μ+μ-

CPV in Bs  J/

s
SM = –arg(Vts

2) = –2 2  = –0.0368 ± 0.0018 (NB argVcb = 0)
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b s

SM + new particles with
different phase?



Some notable examples are…
NP search in Bs where the effect could be still large

Bs  μ+μ-

CPV in Bs  J/

A
CP

(t ) =
B s

0 ( t ) f( ) Bs
0 ( t ) f( )

B s
0 ( t ) f( )+ Bs

0 ( t ) f( )

A
CP

(t) =
– f sin s sin( mst)

cosh st /2( ) f cos s sinh st /2( )

f = CP(f) 
CP(J/ )=+1, CP( )=+1, JJ/ =S+L=0, 
S=SJ/ +S = 0, 1, 2
L=LJ/ = 0, 1, 2
CP(J/ ) = ( 1)L

Angular analysis of the final states needed

s
SM = –arg(Vts

2) = –2 2  = –0.0368 ± 0.0018 (NB argVcb = 0)
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b s

SM + new particles with
different phase?



CDF

: 2 s = - s
CDF and D0 studied time dependent CP asymmetries 

NB: If there were indeed New Physics as suggested by 
M. Bona et al. (arXiv:0803.0659), who combined all the 
CDF and D0 results, LHCb would see a 5  observation of CPV 
in Bs J/  with ~200 pb-1, i.e. 10% of nominal year of data. 

LHCb with 0.5 fb 1 (expected data in 2009): ( s) = 0.046
down to the level of SM
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With 10 fb–1, >3  evidence of CP violation ( s  0), even if only SM



Some notable examples are…
NP search in Bs where the effect could be still large

Bs  μ+μ-

CPV in Bs  J/

overtake Tevatron after several months and
down to the SM level in ~one year
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Some notable examples are…
NP search in Bs where the effect could be still large

Bs  μ+μ-

CPV in Bs  J/

overtake Tevatron after several months and
down to the SM level in ~one year
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ATLAS and CMS plan to make B physics in their 
early period of data taking, ~3 years, collecting 30 fb 1 data by ~2011.
Br(Bs  μ+μ-)<~6 10 9 (90%CL)
(They plan to continue this programme at L=1034, 4  in one year)

( s)  0.04 



Some notable examples are…
NP search in Bs where the effect could be still large

Bs  μ+μ-

CPV in Bs  J/

Probing Flavour Changing Neutral Current b s: deviation from the 
Standard Model prediction in 

Phase = CP violation Bs  

overtake Tevatron after several months and
down to the SM level with 2009 data

Analogous to Bd KS, time dependent CP asymmetry
for Bs  can measure the BSM phase in b s penguin, s-eff

(for Bs, with only t contribution, SM makes 0 CP asymmetry)
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b s

SM + new particles with
different phase?
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(mBs) B/S Nsig
) ( ) ( s-eff)

12 MeV/c2        0.4-2.1  4000      42 fs  0.1

LHCb Bs  performance with 2 fb 1 data 

)Br = 1.4 10 5

angular analysis needed to resolve CP=1 and = 1 states

~2013 with 10 fb 1 data: 
( s-eff) = 0.04

(Bd Ks for LHCb, ( d-eff) = 0.14)
Currently
 ( d-eff) = 0.18
BABAR+Belle
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Some notable examples are…
NP search in Bs where the effect could be still large

Bs  μ+μ-

CPV in Bs  J/

Probing Flavour Changing Neutral Current b s: deviation from the 
Standard Model prediction in 

Phase = CP violation Bs  improvement over B factory KS

Lorentz structure = angular distribution or  polarization
Bd K*0μ+μ- far larger statistics than B factory 

CPV in Bs improvement over  B factory K*(KS
0)   

overtake Tevatron after several months and
down to the SM level in ~one year
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AFB performance

By ~2013, LHCb
zero crossing point with 10 fb 1

(s0) = 0.27 (GeV/c2)2 [19K events]

LHCb will look for other radiative decays, 
e.g. Bs  57k events with 10 fb 1  CP violation

Other angular distribution 
being studied as well.

LHCb 2 fb-1 in 2010

+  ATLAS precision @ 30 fb-1

+  Belle 2006
             SM model
             SM extensions

 ATLAS 30 fb 1 forward-backward asymmetry
three canonical years 



Some notable examples are…
NP search in Bs where the effect could be still large

Bs  μ+μ-

CPV in Bs  J/

Probing Flavour Changing Neutral Current b s: deviation from the 
Standard Model prediction in 

Phase = CP violation Bs  improvement over B factory KS

Lorentz structure = angular distribution or  polarization
Bd K*0μ+μ- far larger statistics than B factory 

CPV in Bs improvement over  B factory K*(KS
0)   

FCN current in “up” type quark: NP effect different from “down” type
D: oscillations and CP violation down to the level of SM

much larger statistics than B factory 

overtake Tevatron after several months and
down to the SM level in ~one year
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D physics statistical error with 10 fb 1 data (~2013)
(x’2)=6.4 10 5

(y’)=8.7 10 4

(yCP)=5 10 3

CP asymmetries for K+K  and +  <O(10 3)



Some notable examples are…
NP search in Bs where the effect could be still large

Bs  μ+μ-

CPV in Bs  J/

Probing Flavour Changing Neutral Current b s: deviation from the 
Standard Model prediction in 

Phase = CP violation Bs  improvement over B factory KS

Lorentz structure = angular distribution or  polarization
Bd K*0μ+μ- far larger statistics than B factory 

CPV in Bs improvement over  B factory K*(KS
0)   

FCN current in “up” type quark: NP effect different from “down” type
D: oscillations and CP violation down to the level of SM

much larger statistics than B factory 

 from tree (only SM) and from tree + penguin (SM+NP):   3°

much larger statistics than B factory 

overtake Tevatron after several months and
down to the SM level in ~one year
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And 3μ decays under study now…
2.2 1010 Br( 3μ)/2 fb 1 L0 triggered events

for  from pp bbX and pp ccX processes
Reconstruction efficiency and S/B under studies
How many Drell-Yan +  production?

Current limit from BABAR and Belle ~10 8



LHCb ready for the beam
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A lot of Monte Carlo events were
generated reconstructed

Br [10 9]

uncertainty in the background
estimation

90% CL upper limit

SM prediction

Integrated luminosity [fb 1]

and
analysed

Bs μ+μ
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Now we also have “properly” triggered cosmic events

going through the calorimeter and muon systems
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Summary
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Flavour physics has an excellent track record to find 
physics beyond the direct search at that moment:
charm, bottom and top quarks and family structure

Both experimental and theoretical efforts continue
to follow this avenue:
K, D and B, as well as lepton sectors

Strong interactions remain to be a “bottle neck” for
further progress in many places…



We are looking forward to see
10 TeV pp collisions in our

 detector very soon!

Followed by finding out which
 one of the following

 excitements we will have:
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In 2014 at LHC

ATLAS
CMS

high pT physics

LHCb
flavour physics

Particle Physics
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ATLAS
CMS

high pT physics

LHCb
flavour physics

Particle Physics

Only SM

BSM

In 2014 at LHC
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ATLAS
CMS

high pT physics

LHCb
flavour physics

Particle Physics

Only SM

BSM Only SM

BSM

In 2014 at LHC
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ATLAS
CMS

high pT physics

LHCb
flavour physics

Particle Physics

Only SM

BSM Only SM

BSM

BSM

BSM

In 2014 at LHC
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ATLAS
CMS

high pT physics

LHCb
flavour physics

Particle Physics

Only SM

BSM Only SM

BSM

BSM

BSM

Oh, no more space left… but the best would 
be if we find totally unexpected!

In 2014 at LHC
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