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Diagonalize Yukawa matrix Yij

– Mass terms

– Quarks rotate

– Off diagonal terms in charged current couplings

Niels Tuning (14)

Recap
SM Kinetic Higgs Yukawa= + +L L L L
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More details
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More details
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Pairs of self-conjugate mesons that can be transformed to each other via flavour changing weak 

interaction transitions are:

=0K sd =0D cu =0

dB bd =0

sB bs

They are flavour eigenstates with definite quark content

Apart from the flavour eigenstates there are mass eigenstates:

▪ eigenstates of the Hamiltonian

▪ states of definite mass and lifetime

▪ useful to understand particle production and decay

Since flavour eigenstates are not mass eigenstates, the flavour eigenstates are mixed with 

one another as they propagate through space and time

0
0

0
0

L

H

B

B

B B

B

p

B

q

p q

= +

= −

0
0 ,  

, 

:  flavour eigenstate

:  mass eigenstate

s

sL H

B B

B B

0
0 ,  B B

, L HB B

Introduction to mixing and CP phenomena  
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: the flavour state of a B meson that was a B0 (B0 ) at t =0.

Schrödinger equation governs time evolution of the B0-B0 System:

( )

0 0

0 02

( ) ( )

( ) ( )

iM

B t B t
d

i
dt B t B t

   
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   
   
   



0 0( )  ( ( ) )B t B t

=> H (effective Hamiltonian) Mass states are eigenvectors of H
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H
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eigenvalues

The time evolution of the mass eigenstates is governed by their eigenvalues :

 
− − 

 = =

,
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Time evolution 

T conservation  |H21| = |H12|                   

CP conservation  |H21| = |H12|, H11 = H22

CPT conservation  H11 = H22


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( )0 0 2
(0) ( )P B f f H B t→ =

Probability to observe in the state f a B0 produced at time t=0: 
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More general formulae
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The two master formulae (having however neglected  :
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Considering only the mixing :

( )
2

0 0 (1 cos )
2

te
B H B t mt

−
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If one does not neglect  Δ(useful for charm or Bs) the previous formulae become

2 2( 2cos )
4

t t
te
e e mt

 
−

−
+  

( )
2

0
0 (1 cos )

2

te
B H B t mt

−
= − 

Starting from a B0

Starting from a B0

CP violation is 

neglected : q/p=1
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So that one finds for the time dependent mixing asymmetry:
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2
t
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 
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x : the mixing frequency in unit of lifetime

x>>1  rapid oscillation
x<<1  slow oscillation 

   
2
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x y

    
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D0 10-3-10-5 10-3-10-5

Bd
0 ~0.75 ~few%

Bs
0 ~25 (10-15)%Different behaviors for the neutral mesons : 
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

      
 =      

      
cos cos ;
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x is a number the mixing frequency in unit of lifetime
x>>1  rapid oscillation

x<<1  slow oscillation 
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−
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* 2 2( )[ ] ~ ( )c cd cs cf m V V f m * 2 2[ ] ~ud usV V
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)cos1(
2

1 /

)( 000
tmeP q

t

BBB

q

qqq

=
−

→



More…

mq can be seen as an oscillation frequency : 1 ps-1 =  6.58 10-4 eV

 = 122Bm M
In SM :F=2 process

GIM mechanism (Rate ~ m1
2- m2

2)
B0

d,s

d, s b

d,s
b

t,c,u

W
−

W
+B0

d,s
t,c,u

Dominated by  t exchange

VtsVtd

Rate LARGE

Allow to access fundamental parameters 

of the Standard Model

The probability that the meson B0 produced (by strong interaction) at t = 0

transforms (weak interaction)  into B0 (or stays as a B0 ) at time t is given by :
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(Super) B-factories and LHC

(Super) B-factories : 

ECM = 10.58 GeV  

LHC: ECM = 7, 8  TeV , (later 14 TeV)

4 1032 cm-2 s-1 (design was 2 1032)

…  1033 cm-2 s-1 (upgrade)

3km Circ 2.2 km

e+e-

pp

Circ 27 km

L = 3 1033 cm-2 s-1

…1036 cm-2 s-1 (Super B)
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sketch of an event at B-factory and at LHCb

e+e−
B1

B2

B1

B2

p p

e−
e+


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34

Off
On

)MeV(ME )S4(CM −

e+ e- ->ϒ (4S) ->BB at √s = 10.58 GeV

Production of coherent BB pairs with a 

cross section of 1.1 nb   (over a 

continuum of ~3 nb)

ϒ(1S), ϒ(2S) and ϒ (3S) :  not enough 

mass to decay into BB pair

(Super) B-factories

bb resonances
ϒ (4S)

ϒ(4S) -> B+B–, B0B0

to approx. 50% each 34



M(ϒ(4S))=10.58 GeV

M(B+, B0) = 5.28 GeV

M(Bs) = 5.37 GeV > M(ϒ(4S))/2   

only (B+, B0) 
are produced

(B+, B0) are produced 
nearly at rest in the ϒ(4S) 

A B0 B0 or B+B- coherent pair in the L=1 state is produced  
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B0 B0 or B+B- coherent L=1 pairs are produced nearly at rest in the ϒ(4S) 

  

a
f
CP

(t) =
Prob(B0(t) → f

CP
) − Prob(B0(t) → f

CP
)

Prob(B0(t) → f
CP

) + Prob(B0(t) → f
CP

)
=

= C
f
cos m

d
t + S

f
sinm

d
t

= sin2 sinm
d
t for J/ψ,K0

t= t(B1) – t(B2)

The decay of the first B starts the 

clock t(B1) 

The decay of the other B stops 

the clock t(B2) 

t can be >0  or <0 ….  

Time integrated measurement :  

  

sinm
d
t dt = 0 !!

−

+



One should measure t in order to probe CP violation

It was not the case for the observation of B mixing performed at an previous ϒ(4S) 

collider because : 

  
a

mixing
(t) = cosm

d
t
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In the ϒ(4S) rest frame p(B) ~ 300 MeV : βγ=.3/5.28 = 0.06 flight ~ 30μm

Boost the ϒ(4S)  ! 

flight  Δz ~ 250 μm 

z

e+e−

ϒ(4S)
B1

B2

z

e+e−

ϒ(4S)
B1

B2

or

cτ (B)= 450μm

- By measuring z, we can follow time dependent effects in B decays.

- distance scale is much smaller than in the kaon decay exp. that first  discovered CP 

violation!
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BaBar

Slightly asymmetric detector 
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LHC

b Bq

Bqb

The 2 b-quarks are produced in the same direction along the beam axis

b

b

Boost

40%
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Energy in the CM 8 TeV 

B energy ~ 100 GeV

all types of b-hadrons can be produced :  

Incoherent B B production : a B0 and a B- for example 

b

q=u,d,s,c

b

q1

q2
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Drives the detector design :

• ability to reconstruct the B vertex and to measure its decay time
• K/π discrimination 

• μ identification

All this is similar to (super)B-Factories, 

but with different kinematic ranges

lifetime of a B : 1500 fs 
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What is not similar to (super)-B-Factories :

Probability that a b quark hadronize a into a Bu,d,s meson or a Λb baryon.

Important input for BR measurements since most of the measurements are done 

relative to another well known BR (B-Factories)

All type of b-hadrons are produced at the LHC

Cross sections at 14 TeV:  

x 160 

In 1 every 200 collisions a b-bbar pair is produced

A trigger is needed to:

• reject the light flavours (u,d,s)

• keep only the interesting 

events
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bb production cross section is huge : 290 mb …. 

but the inelastic cross section is about 300 times larger 

L limited to 4 1032 cm-2 s-1 to stay with a limited number of primary vertices

LHCb
collision1

collision2

beam spot

LHCb cannot deal with 30-40 interactions as ATLAS/CMS :  

ATLAS/CMS 
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Event at LHCb 
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In order to record as much data as possible : “luminosity leveling” 

dN
L

dt
= 

  

L =
kfN

1
N

2

4s
x
s

y

  


1/2

x,y( )=
1

2s
x
s

y

e

−
x2

2s
x

2

e

−
y2

2s
y

2

k bunches

f frequency

N1 : number of protons in a bunch

N2 : number of protons in a bunch

z

y

x

p

p

luminosity decreases as a 

function of time (loss of 

particles) : ATLAS CMS 

except if one moves the 

beams (LHCb) 

48



bb production cross section is huge : 290 μb …. 

but the inelastic cross section is about 300 times larger

Should trigger on interesting events  
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Physics consequences : signal selection

At the LHC : ‘standard  procedure’ : use the B invariant mass 

50



At B factories : use the additional ϒ(4S) constraint. The ϒ(4S)  decays into 2 B 

mesons at rest. 

2 variables ΔE and mES

From the lab frame boost all tracks back in the ϒ(4S) rest frame where :  

reconstruction
(dominant)

beam energy spread

charged tracks only charged tracks + neutral

ΔE

This is similar to what can be obtained from a standard invariant mass plot

σ= 15 MeV
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However one can also use : 

from detector 

measurement

independent of the mass 

hypothesis of the particles

0.062

dominated by the 

beam energy 

knowledge

mES

σ= 3 MeV

charged tracks only charged tracks + neutral

es
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two uncorrelated variables : additional 

power for background rejection 
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Physics consequences : full Breco

At B-Factories all the tracks are from the two B (no hadronization) :

Can reconstruct B then all the rest is from the other one

=> allow to perform very delicate analyses with neutrinos. 
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Physics consequences : tagging

Tagging : determination of the flavour of the B (B or B) at the production time

The charge of the lepton or of the kaon gives information on the b : 

a high pT l- or a K- probably come from a b quark (and thus a B meson)

a high pT l+ or a K+ probably come from a b quark (and thus a B meson) 

High pT Low pT
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Two main techniques : Opposite Side Tagging or Same Side Tagging.  

The B meson fully 
reconstructed (eg D*+π, 

J/Ψ Ks …. )  

The tagging B 

This is opposite side tagging.

It can be performed both at B-factories and LHC, but fundamental differences 

due to the production mechanism 
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The B meson fully 
reconstructed (eg D*+π, 

J/Ψ Ks …. )  

The tagging B 

• At B-factories : coherent B0 B0 production 

• At LHC if a B0 is produced, at the same time one can have
at the same time a Bs, a B+ , a Λb 

The Bs oscillates many time before decaying and does not 

keep track of its flavour at the production time : information is lost 

In addition at LHC they are all the 

fragmentation tracks and the tracks 

from the other interaction
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The fragmentation tracks can however helps the tagging : Same Side Tagging

b

s

s

u

u

d

d

u

K-

Bs

u
p cannot be done at B-factories ! 

Search for a track attached to the primary 

vertex (not to the B decay vertex), close to 

the B and not too slow  

PV Bs decay products

fragmentation tracks  

the fragmentation K ?
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Tagging performances : 

QxN :  equivalent number of 

events perfectly tagged

B-Factories typical result  (here BaBar) 

Total : 2.3 % 

SSK tagging adds about 1.3 %  

LHCb (Tevatron similar)

1000 events reconstructed are equivalent to  

• 300 perfectly tagged at B-Factories

• 30 perfectly tagged at LHCb/Tevatron colliders 59



Putting all together : comparison 

σ(bb) σ(inel)/ 
σ(bb) 

Number of B produced in the 
detector acceptance 

LHCb ~290 b ~300 1fb-1 (2011)

+ 2fb-1 (2012)

+

150 109 b bbar pairs (2011) 

BaBar

BELLE

~1 nb ~4 425 fb-1 (BaBar) 

700 fb-1 (BELLE)

1.1 109 B Bbar pairs

Ldt

But for LHCb 

• trigger efficiency : from 90-95 %  efficiency to 30 % efficient depending on the 

mode

• acceptance : depends on the decay mode (40% - 20%)

• for mode requiring tagging : a factor 1/10 wrt B-factories for LHCb 

Super B factories  : 

~ 80 109 B Bbar pairs 
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APPENDIX IV

More on CKM



From Childhood 

In ~2000 the first fundamental 

test of agreement between

direct and indirect measurements of sin2To precision  

era

Dominated by 

md, Vub,Vcb, eK, limit on ms and Lattice
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zoomed in..

levels @

95% Prob

 = 0.160 ± 0.009

h = 0.345 ± 0.009 

~6%

~3%

Unitarity Triangle analysis in the SM:
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2022

2004

Unitarity Triangle analysis in the SM:
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Some interesting configurations 

Universal Unitary Triangle

Angles only

Sides and eK

 = 0.160 ± 0.017

h = 0.338 ± 0.011 

~11%

~3%

“Tree-only”

Tree-level

processes:

Semileptonic

and DK

B decays

~15%

~7%

→ reference

for model

building

 = ±0.162 ± 0.024

h = ±0.361 ± 0.025 
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Inclusive vs Exclusive

 = 0.162 ± 0.009

h = 0.356 ± 0.009

sin2 = 0.755 ± 0.020 

 = 0.164 ± 0.009

h = 0.348 ± 0.009

sin2 = 0.753 ± 0.028 

only inclusive values only exclusive values
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fit simultaneously for the CKM and

the NP parameters (generalized UT fit)
add most general loop NP to all sectors

use all available experimental info  

find out NP contributions to ΔF=2 transitions

Bd and Bs mixing amplitudes

(2+2 real parameters):

UT analysis including new physics 

68

Details if you want ot see how it works



NP parameter results 

dark: 68%

light: 95%

SM: red cross

CBs vs fBs

CBd vs fBd

CBd
= 1.14 ± 0.11

fBd
= (-3.4 ± 2.0)°

CBs
= 1.14 ± 0.08

fBs
= (-0.3 ±

0.6)°

K system 

CeK
= 1.12 ± 0.12

69

Details if you want ot see how it works



NP parameter results 

dark: 68%

light: 95%

SM: red cross
B

d

B

s

The ratio of NP/SM amplitudes is:

< 25% @68% prob. (35% @95%) in Bd mixing

< 25% @68% prob. (30% @95%) in Bs mixing 70

Details if you want ot see how it works



To evaluate which constraint we can put on contributions from 

New Physics amplitudes is a delicate problem and often is Model dependent.
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What does it imply ?

Details if you want ot see how it works



sin(2) a sin(+)

B→nB→K()

the sides...

ms md Vub/Vcb

…

Many new (or more precise) measurements 

to constraint UT parameters and test New Physics

s

CP asymmetries in 

radiative decays

the angles..

Rare decays...

sensitive to NP

What happened since….
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http://darthvader.roma1.infn.it/maurizio/utfit/2bpg/ckm-s2bpg.html
http://utfit.roma1.infn.it/btaunu/ckm-btaunu.html
http://utfit.roma1.infn.it/btovg/ckm-btovg.html
http://utfit.roma1.infn.it/ckm-constraints/01-vub.html
http://utfit.roma1.infn.it/ckm-constraints/03-dmd.html
http://utfit.roma1.infn.it/ckm-constraints/04-dms.html


Beyond the Standard Model with flavour physics

The indirect searches look for  “New Physics”  

through virtual effects from new particles in loop corrections

SM FCNCs and CP-violating (CPV) processes occur at the loop level

SM quark Flavour Violation (FV) and CPV are governed by weak interactions

and are suppressed by mixing angles.

SM quark CPV comes from a single sources ( if we neglect q QCD )

New Physics  does not necessarily share the SM behaviour of FV and CPV 

“Discoveries” and construction of the SM Lagrangian

f

bq

e f




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~1970   charm quark from FCNC and GIM-mechanism  K0
→ 

~1973   3rd generation from CP violation in kaon (eK)  KM-mechanism

~1990   heavy top from B oscillations mB

>2010   success of the description of FCNC and CPV in SM

3

2

1
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