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So far (so good?)
★ No primordial antimatter observed, universe matter dominated

★ Need breaking of CP symmetry to explain this

★ C and P are violated by weak interactions (CP looks still healthy…)

★ Matter-antimatter oscillations: K0 can turn into anti-K0;  
the physical states are not the flavour eigenstates. 

★ Using flavour-specific decays we can observe the flavour oscillations

★ A very rich phenomenology of mixing of K, D, and B mesons

★ CP is broken! 

★ Observed CP violation in K mixing; no evidence so far for B mesons (neither for D mesons).

★ We can measure CP violation in 3 ways: decays, mixing, interference

★ (time-dependent) CP in interference allows to measure phases (difference)
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Two interfering amplitudesAmplitudes and Observables

P (i� f) = |A1 + A2|2

A1 + A2

A1

A2

Aj = �final|Hj |initial⇥

= |Aj |e+i�weak
j

�2

108

**take A1 real for simplicity

**
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Two interfering amplitudesAmplitudes and Observables

P (i� f) = |A1 + A2|2

A1 + A2

A1

A2

Aj = �final|Hj |initial⇥

= |Aj |e+i�weak
j

= |A1|2 + 2|A1||A2| cos �2 + |A2|2

�2

Āj = A⇥
j

= |Aj |e�i�weak
j

P (̄i� f̄) = |Ā1 + Ā2|2
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Ā1 + Ā2
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Two interfering amplitudesAmplitudes and Observables

A1 + A2
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Need a CP conserving phaseAmplitudes and Observables

A1 + A2

A1

A2
�2

P (i� f) = |A1 + A2|2

�2

Ā1

Ā2Ā1 + Ā2

P (̄i� f̄) = |Ā1 + Ā2|2

Āj = |Aj |ei(�⇥weak
j +�j)CP

�2
�2

= |A1|2 + 2|A1||A2| cos (⇥2 ± �2) + |A2|2

P (i⇥ f)� P (̄i⇥ f̄) = �4|A1||A2| sin (⇥2) sin (�2)

Aj = |Aj |ei(+�weak
j +j)
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Where is it?Interference!
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And the CP-violating phaseInterference!
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Time-dependent CP asymmetry

Interference!
t = 0 t
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Phys. Rev. Lett. 115 (2015) 031601
Use the decay  

B0 → J/ψ(→µ+µ-) KS(→π+π-)

Need flavour tagging:  
the actual amplitude of the 

oscillation seen is 
(1-2ω)sinφweak
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B-factories: Belle and BabarBelle/BaBar B factories: e+e- →Υ(4S)→BB

BB threshold

Very clean environment!

�(bb)
�(hadrons)

= 0.28

118

e+e-→Υ(4S)→BB 



 Hadron colliders vs. B-factories
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e+e-→Υ(4S)→B anti-B
p anti-p → b anti-b X  

sqrt(s) = 2 TeV 
pp → b anti-b X  

sqrt(s) = 7,8,13 TeV 

LHC
PEP-II

KEKB

production 
x-section

b hadron  
mixture

b hadron 
boost

underlying 
event

~1 nb

B+B-(50%)  
B0 anti-B0 (50%)

βγ~0.5 (small)

only BB pairs

~100 µb

B+(40%) B0 (40%) Bs0 (10%)  
Λb0 (10%), others (<1%)

βγ~100 (large)

many additional particles

~500 µb
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Need asymmetric beams!
Measuring ACP(t) in B0 → J/ψ KS

• Solution: Make the Y(4s) fly!

• Both B0 mesons practically at rest in ϒ(4s) rest frame 

–  If ϒ(4s) moves in lab frame at modest speed no B0’s will be emitted 

‘backwards’ as speed of ϒ(4s) in lab is always larger than maximum 

backward speed of B0 w.r.t the ϒ(4s)

• Result: spacing between vertices  ∝  difference in decay 
time!

Pier Oddone,LBL  
(now: FNAL)

B0(flav)
B0(CP)

K+

π-
J/ψ

KS

Y(4s)

153

P. Oddone
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Flavour tagging at B-factories: entanglementMeasuring ACP(t) in B0 → J/ψ KS

• Time evolution of ϒ(4s) decay

– t=0: Decay of ϒ(4s) into 2 B mesons

Neither B is in a specific eigenstate,
but B1B2 system evolves coherently,
i.e. flavor anti-correlation preserved during
evolution

– t=ttag One of the two mesons (B1) decays. 

If it decays into a flavor eigenstate, flavor
conservation in the coherent B1B2 system 
requires that also B2 goes into a flavor eigenstate,
even though it has not decayed yet!

– t=tCP The other B meson decays

mixing took place between tCP and ttag.

Y(4s)

B1 B2

B0 B0

K+ π-

B0 or B0

J/ψ KS

time

Bottom Line: tCP, ttag irrelevant, use Δt = tCP-ttag
119

Tagging power O(30%) (remember 2-3% at hadron colliders!)
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Very clean environment! 

   B0 → D*+ π-
fast

             D0π+
soft

                  K-π+

Example of fully reco’d BaBar event
‘’fish eye’’

 view

fast

soft

At Δt=0 (i.e. when the D*π 
decay happened), the ‘CP’ B was/

would have been a B0 

 →ψ(2S) Ks

           µ+µ-     π+π- 

B0(Δt)

120

BABAR
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CP violation in B0 meson 
CP violation in B system!

ηCP = –1 (J/ψ KS …)

e+e� � �(4S)� BrecBtag
Brec � J/⇥KS

Btag � ⌦±X,K±X,�⇥soft,�
±
fastX, ...

122
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So far (so good?)
★ No primordial antimatter observed, universe matter dominated

★ Need breaking of CP symmetry to explain this

★ C and P are violated by weak interactions (CP looks still healthy…)

★ Matter-antimatter oscillations: K0 can turn into anti-K0;  
the physical states are not the flavour eigenstates. 

★ Using flavour-specific decays we can observe the flavour oscillations

★ A very rich phenomenology of mixing of K, D, and B mesons

★ CP is broken! 

★ Observed CP violation in K mixing; no evidence so far for B mesons (neither for D mesons).

★ We can measure CP violation in 3 ways: decays, mixing, interference

★ (time-dependent) CP V in interference allows to measure phases (difference).  
Need two interfering amplitudes with CP-violating and CP conserving phases.

★ Large CPV in interference for B0 mesons 
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Towards CP in the SM

In the ’60s:  
4 types of lepton: e, νe, μ, νμ  
3 types of quarks: u, d, s  

1963 to preserve universality of weak interactions, 
Cabibbo introduces a rotation between d and s quarks

The d’ seen by the W is a superposition of the d 
and s...

• If d’ is a superposition of the d and s, should 
there also be an s’ ?

• If so, we can write d’ and s’ as rotated 
versions of d and s

• And if there is an s’, why no u-like partner 
for it?

Weak Interaction: Universality 

d

s

d’

�
d�

s�

⇥
=

�
cos �C sin �C

� sin �C cos �C

⇥�
d
s

⇥

(*) yes: coupling of Z to d’ without matching s’ causes a tree-level 
flavour changing neutral current, which is incompatible with eg.  

observed Br(KL→μμ)

s’

63

⇤�

��

W�

g

d

u

W�

s

u

W�

> >>g cos �C g sin �C

61
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Towards CP in the SM

In the ’60s:  
4 types of lepton: e, νe, μ, νμ  
3 types of quarks: u, d, s  

1963 to preserve universality of weak interactions, 
Cabibbo introduces a rotation between d and s quarks

1970 Glashow-Iliopoulus-Maiani (GIM) mechanism to 
explain KL→µµ decay suppression. Introduce a new 
quark, the charm.   

The d’ seen by the W is a superposition of the d 
and s...

• If d’ is a superposition of the d and s, should 
there also be an s’ ?

• If so, we can write d’ and s’ as rotated 
versions of d and s

• And if there is an s’, why no u-like partner 
for it?

Weak Interaction: Universality 

d

s
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�
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⇥
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cos �C sin �C

� sin �C cos �C

⇥�
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s

⇥

(*) yes: coupling of Z to d’ without matching s’ causes a tree-level 
flavour changing neutral current, which is incompatible with eg.  

observed Br(KL→μμ)

s’

63

⇤�

��

W�

g

d

u

W�

s

u

W�

> >>g cos �C g sin �C
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One ‘tiny’ problem: no direct experimental evidence for a fourth quark... 

�
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�
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u
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,

�
c
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L e+e- -> 
psi(2S) -> J/psi 

pi+pi- -> 
mumu pipi
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Towards CP in the SM
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...until 1974:  Discovery of J/ψ (cc) resonance by Ting, Richter (Nobel prize 1976)

VOLUME 33, NUMBER 23 PHYSICAL REVIEW LETTERS 2 DECEMBER 1974

tion of all the counters is done with approximate-
ly 6-GeV electrons produced with a lead convert-
er target. There are eleven planes (2&&A„3&&A,
3XB, 3XC) of proportional chambers rotated ap-
proximately 20' with respect to each other to re-
duce multitrack confusion. To further reduce the
problem of operating the chambers at high rate,
eight vertical and eight horizontal hodoseope
counters are placed behind chambers A and B.
Behind the largest chamber C (1 m&& 1 m) there
are two banks of 251ead glass counters of 3 ra-
diation lengths each, followed by one bank of
lead-Lucite counters to further reject hadrons
from electrons and to improve track identifica-
tion. During the experiment all the counters are
monitored with a PDP 11-45 computer and alI
high voltages are checked every 30 min.
The magnets were measured with a three-di-

mensional Hall probe. A total of 10' points were
mapped at various current settings. The accep-
tance of the spectrometer is 6 0=+ 1', h, q = + 2,
hm =2 GeV. Thus the spectrometer enables us
to map the e'e mass region from 1 to 5 GeV in
three overlapping settings.
Figure 1(b) shows the time-of-flight spectrum

between the e' and e arms in the mass region
2.5&m &3.5 GeV. A clear peak of 1.5-nsec width
is observed. This enables us to reject the acci-
dentals easily. Track reconstruction between the
two arms was made and again we have a clear-
cut distinction between real pairs and accidentals.
Figure 1(c) shows the shower and lead-glass
pulse height spectrum for the events in the mass
region 3.0 & m &3.2 GeV. They are again in agree-
ment with the calibration made by the e beam.
Typical data are shown in Fig. 2. There is a

clear sharp enhancement at m =3.1 GeV. %ithout
folding in the 10' mapped magnetic points and
the radiative corrections, we estimate a mass
resolution of 20 MeV. As seen from Fig. 2 the
width of the particle is consistent with zero.
To ensure that the observed peak is indeed a

real particle (7-e'e ) many experimental checks
were made. %e list seven examples:
(1) When we decreased the magnet currents by

10%%uo, the peak remained fixed at 3.1 GeV (see
Fig. 2).
(2) To check second-order effects on the target,

we increased the target thickness by a factor of
2. The yield increased by a factor of 2, not by 4.
(3) To check the pileup in the lead glass and

shower counters, different runs with different
voltage settings on the counters were made. No
effect was observed on the yield of J;

80- I242 Events~

70 S PECTROME TER

- H At normal current

Q- I0%current

Io-

mewl 9
5-0 3.25 5.5

me+e- Qgv
'

Fla. 2. Mass spectrum showing the existence of J'.
Results from two spectrometer settings are plotted
showing that the peak is independent of spectrometer
currents. The run at reduced current was taken two
months later than the normal run.

(4) To ensure that the peak is not due to scatter-
ing from the sides of magnets, cuts were made
in the data to reduce the effective aperture. No
significant reduction in the Jyield was found.
(5) To check the read-out system of the cham-

bers and the triggering system of the hodoscopes,
runs were made with a few planes of chambers
deleted and with sections of the hodoscopes omit-
ted from the trigger. No effect was observed on
the Jyield.
(6) Runs with different beam intensity were

made and the yield did not change.
(7) To avoid systematic errors, half of the data

were taken at each spectrometer polarity.
These and many other checks convinced us that

we have observed a reaI massive particle J-ee.
U we assume a production mechanism for J to

be da/dp~ccexp(-6p~) we obtain a yield of 8 of ap-
1405

e+e- -> 
psi(2S) -> J/psi 

pi+pi- -> 
mumu pipi

66

1974 Ting and Richter discover the J/ψ resonance.  
4 types of lepton: e, νe, μ, νμ  
3 types of quarks: u, d, s  

   

1970 Glashow-Iliopoulus-Maiani (GIM) mechanism to 
explain KL→µµ decay suppression. Introduce a new 
quark, the charm.   



1973 Kobayashi and Maskawa introduce a new fields to 
accomodate CP violation in the theory 
4 types of lepton: e, νe, μ, νμ  
3 types of quarks: u, d, s  

   

1970 Glashow-Iliopoulus-Maiani (GIM) mechanism to 
explain KL→µµ decay suppression. Introduce a new 
quark, the charm.   
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1973 Kobayashi and Maskawa introduce a new fields to 
accomodate CP violation in the theory 
4 types of lepton: e, νe, μ, νμ  
3 types of quarks: u, d, s  

  

 
1977 Discovery of the bottom quark 

25

Towards CP in the SM

70

70

Are there really 3 generations?

• Discovery of 5th quark in 1977

– Named ‘b’ for beauty/bottom

– Mass around 4.5 GeV

– Start of the 3rd generation of 
quarks!

74

Are there really 3 generations?

• Discovery of 5th quark in 1977

– Named ‘b’ for beauty/bottom

– Mass around 4.5 GeV

– Start of the 3rd generation of 
quarks!

74



1973 Kobayashi and Maskawa introduce a new fields to 
accomodate CP violation in the theory 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Towards CP in the SM

70Three generations, four parameters...
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⌅ = VCKM

�

⇤
d
s
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⇥

⌅ =

�

⇤
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⇥

⌅

�

⇤
d
s
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⇥

⌅

VCKM =

�

⇤
c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

⇥

⌅

so with four parameters ⇥12, ⇥23, ⇥13, �
with sij = sin �ij , cij = cos �ij

... and many more observables!
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The CKM matrix 

Three generations, four parameters...
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How do we measure the couplings?How do you measure those numbers?

• Magnitudes are typically determined from ratio of decay rates

• Example 1 – Measurement of |Vud|

– Compare decay rates of neutron
decay and muon decay

– Ratio proportional to |Vud|2

– |Vud| = 0.9735 ± 0.0008

– Vud of order 1

�

⇤
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⇥

⌅
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How do we measure the couplings?

Magnitudes are typically determined  
from ratio of decay rates  

How do you measure those numbers?

• Example 2 – Measurement of |Vus|

– Compare decay rates of 
semileptonic K- decay and 
muon decay

– Ratio proportional to |Vus|2

– |Vus| = 0.2196 ± 0.0023

– Vus ≡ cos(θc)

�

⇤
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⇥

⌅
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How do we measure the couplings?

Magnitudes are typically determined  
from ratio of decay rates  

How do you measure those numbers?

• Example 3 – Measurement of Vcb

– Compare decay rates of 
B0  D*-l+ν and muon decay

– Ratio proportional to Vcb
2

– |Vcb| = 0.0402 ± 0.0019

– |Vcb| is almost (but not quite) equal to sin(θc)2 [= 0.0484]

�

⇤
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⇥
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How do we measure the couplings?

Magnitudes are typically determined  
from ratio of decay rates  

How do you measure those numbers?

• Example 4 – Measurement of Vub

– Compare decay rates of 
B0  D*-l+ν and B0  π-l+ν 

– Ratio proportional to (Vub/Vcb)
2

– |Vub/Vcb| = 0.090 ± 0.025

– Vub is of order cos(θc)3 [= 0.01]

�
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How do we measure the couplings?

Magnitudes are typically determined  
from ratio of decay rates  
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Hierarchy...
�

⇤
|Vud| |Vus| |Vub|
|Vcd| |Vcs| |Vcb|
|Vtd| |Vts| |Vtb|

⇥

⌅ ==

�

⇤
0.97419± 0.00022 0.2257± 0.0010 0.00359± 0.00016
0.2256± 0.0010 0.97334± 0.00023 0.0415+0.0010

�0.0011

0.00874+0.00026
�0.00037 0.0407± 0.0010 0.999133+0.000044

�0.000043

⇥
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Wolfenstein parameterisation  
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[ do you remember Charm mixing and WS, RS:  
why D0→K-π+ is favoured w.r.t to D0→K+ π-? ]
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How do we measure |Vtd| and |Vts|?  

q = u, c, t
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Mixing: Box Diagrams

GIM (=VCKM unitarity): 
if u,c,t  same mass, everything 

cancels by construction!
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Dominated by top quark mass:

reference:                 τB ~1.5 ps
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0.5 ps-1

(in 1987) 
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The top!  
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0.5 ps-1

Mass of the top > 150 GeV

1994 top quark finally 
discovered by CDF and D0! 

 M(top)~174 GeV 

Discovery of the 6th quark

• Discovery of top quark 
complete 3-generation picture

• Took a long time (1994) 
because t quark is very heavy: 
~175 GeV/c2!
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How do we measure |Vtd| and |Vts|?  
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Bs mixing: CDF, 2006
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A more complete calculation leads to the 
SM expectation of ~18/ps

most important difference with B0: 
replace Vtd→Vts

94

Replace |Vtd| with |Vts|
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q = u, c, t

W�

W+

q = u, c, t

d b

b d

Vqd

V ⇥
qb Vqb

V ⇥
qd

GIM (=VCKM unitarity): 
if u,c,t  same mass, everything 

cancels by construction!

q = u, c, t
W W

q = u, c, t

d b

b d

Vqd V �
qd

V �
qb Vqb

Bs mixing: CDF, 2006

q = u, c, t

W�

W+

q = u, c, t

d b

b d

Vqd

V ⇥
qb Vqb

V ⇥
qd

q = u, c, t
W W

q = u, c, t

d b

b d

Vqd V �
qd

V �
qb Vqb

Observation of B0
s ! !B0

s Oscillations

A. Abulencia,23 J. Adelman,13 T. Affolder,10 T. Akimoto,55 M. G. Albrow,16 D. Ambrose,16 S. Amerio,43 D. Amidei,34

A. Anastassov,52 K. Anikeev,16 A. Annovi,18 J. Antos,1 M. Aoki,55 G. Apollinari,16 J.-F. Arguin,33 T. Arisawa,57

A. Artikov,14 W. Ashmanskas,16 A. Attal,8 F. Azfar,42 P. Azzi-Bacchetta,43 P. Azzurri,46 N. Bacchetta,43 W. Badgett,16

A. Barbaro-Galtieri,28 V. E. Barnes,48 B. A. Barnett,24 S. Baroiant,7 V. Bartsch,30 G. Bauer,32 F. Bedeschi,46 S. Behari,24

S. Belforte,54 G. Bellettini,46 J. Bellinger,59 A. Belloni,32 D. Benjamin,15 A. Beretvas,16 J. Beringer,28 T. Berry,29

A. Bhatti,50 M. Binkley,16 D. Bisello,43 R. E. Blair,2 C. Blocker,6 B. Blumenfeld,24 A. Bocci,15 A. Bodek,49 V. Boisvert,49

G. Bolla,48 A. Bolshov,32 D. Bortoletto,48 J. Boudreau,47 A. Boveia,10 B. Brau,10 L. Brigliadori,5 C. Bromberg,35

E. Brubaker,13 J. Budagov,14 H. S. Budd,49 S. Budd,23 S. Budroni,46 K. Burkett,16 G. Busetto,43 P. Bussey,20 K. L. Byrum,2

S. Cabrera,15 M. Campanelli,19 M. Campbell,34 F. Canelli,16 A. Canepa,48 S. Carrillo,17 D. Carlsmith,59 R. Carosi,46

S. Carron,33 B. Casal,11 M. Casarsa,54 A. Castro,5 P. Catastini,46 D. Cauz,54 M. Cavalli-Sforza,3 A. Cerri,28 L. Cerrito,30

S. H. Chang,27 Y. C. Chen,1 M. Chertok,7 G. Chiarelli,46 G. Chlachidze,14 F. Chlebana,16 I. Cho,27 K. Cho,27 D. Chokheli,14

J. P. Chou,21 G. Choudalakis,32 S. H. Chuang,59 K. Chung,12 W. H. Chung,59 Y. S. Chung,49 M. Ciljak,46 C. I. Ciobanu,23

M. A. Ciocci,46 A. Clark,19 D. Clark,6 M. Coca,15 G. Compostella,43 M. E. Convery,50 J. Conway,7 B. Cooper,35

K. Copic,34 M. Cordelli,18 G. Cortiana,43 F. Crescioli,46 C. Cuenca Almenar,7 J. Cuevas,11 R. Culbertson,16 J. C. Cully,34

D. Cyr,59 S. DaRonco,43 S. D’Auria,20 T. Davies,20 M. D’Onofrio,3 D. Dagenhart,6 P. de Barbaro,49 S. De Cecco,51

A. Deisher,28 G. De Lentdecker,49 M. Dell’Orso,46 F. Delli Paoli,43 L. Demortier,50 J. Deng,15 M. Deninno,5 D. De Pedis,51

P. F. Derwent,16 G. P. Di Giovanni,44 C. Dionisi,51 B. Di Ruzza,54 J. R. Dittmann,4 P. DiTuro,52 C. Dörr,25 S. Donati,46
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We report the observation of B0
s- !B0

s oscillations from a time-dependent measurement of the B0
s- !B0

s
oscillation frequency "ms. Using a data sample of 1 fb!1 of p !p collisions at

!!!
s

p " 1:96 TeV collected
with the CDF II detector at the Fermilab Tevatron, we find signals of 5600 fully reconstructed hadronic Bs
decays, 3100 partially reconstructed hadronic Bs decays, and 61 500 partially reconstructed semileptonic
Bs decays. We measure the probability as a function of proper decay time that the Bs decays with the
same, or opposite, flavor as the flavor at production, and we find a signal for B0

s- !B0
s oscillations. The

probability that random fluctuations could produce a comparable signal is 8# 10!8, which exceeds 5!
significance. We measure "ms " 17:77$ 0:10%stat& $ 0:07%syst& ps!1 and extract jVtd=Vtsj " 0:2060$
0:0007%"ms&'0:0081

!0:0060%"md ' theor&.

DOI: 10.1103/PhysRevLett.97.242003 PACS numbers: 14.40.Nd, 12.15.Ff, 12.15.Hh, 13.20.He

Since the first observation of particle-antiparticle trans-
formations in neutral B mesons in 1987 [1], the determi-
nation of the B0

s- !B0
s oscillation frequency "ms from a time-

dependent measurement of B0
s- !B0

s oscillations has been a
major objective of experimental particle physics [2]. This
frequency can be used to extract the magnitude of Vts, one
of the nine elements of the Cabibbo-Kobayashi-Maskawa

(CKM) matrix [3]. Recently, we reported [4] the strongest
evidence to date of the direct observation of B0

s- !B0
s oscil-

lations. That analysis used 1 fb!1 of data collected with the
CDF II detector [5] at the Fermilab Tevatron, and the
probability that random fluctuations would produce a com-
parable signal was 0.2%, corresponding to 3! signal sig-
nificance. This level of significance is insufficient to claim
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To measure !ms, we fix A ! 1 and fit for the oscil-
lation frequency. We find !ms ! 17:77" 0:10#stat$ "
0:07#syst$ ps%1. The only non-negligible systematic uncer-
tainty on !ms is from the uncertainty on the absolute scale
of the decay-time measurement. Contributions to this un-
certainty include biases in the primary-vertex reconstruc-
tion due to the presence of the opposite-side b hadron,
uncertainties in the silicon-detector alignment, and biases
in track fitting. The uncertainty on the correction ! for the
hadronic candidates with a missing photon or "0 is in-
cluded and has a negligible effect.

The B0
s- "B0

s oscillations are depicted in Fig. 5. Candidates
in the hadronic sample are collected in five bins of proper
decay-time modulo the measured oscillation period
2"=!ms. In each bin, we fit for an amplitude (the points
in Fig. 5) using the likelihood function [4], which takes
into account the effects of background, flavor tag dilution
and decay-time resolution for each candidate. The curve
shown in Fig. 5 is a cosine with an amplitude of 1.28,
which is the observed value in the amplitude scan for the
hadronic sample at !ms ! 17:77 ps%1. As expected, the
data are well represented by the curve.

The measured B0
s- "B0

s oscillation frequency is used to

derive the ratio jVtd=Vtsj ! #
!!!!!!!!!!!!!!!
!md
!ms

mB0s
mB0

r
[13]. As inputs we

use mB0=mB0
s
! 0:983 90 [14] with negligible uncertainty,

!md ! 0:507" 0:005 ps%1 [13] and # ! 1:21&0:047
%0:035 [15].

We find jVtd=Vtsj ! 0:2060" 0:0007#!ms$&0:0081
%0:0060#!md &

theor$.

In conclusion, we report the first observation of B0
s- "B0

s
oscillations from a decay-time-dependent measurement of
!ms. Our signal exceeds 5$ significance and yields a
precise value of !ms, which is consistent with standard
model expectations. This result supersedes our previous
measurement [4].
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FIG. 5. The B0
s- "B0

s oscillation signal measured in five bins of
proper decay-time modulo the measured oscillation period
2"=!ms. The figure is described in the text.
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A more complete calculation leads to the 
SM expectation of ~18/ps

most important difference with B0: 
replace Vtd→Vts

30

results (on 36/fb)

two ways to visualize result

measure amplitude of oscillation vs Δm

result in numbers

main importance for LHCb: we can measure Bs mixing

proves that flavor tagging and decay time resolution sufficient
pre-requisite for many other analyses

oscillation for given value of Δm

already competitive.
will update with 1/fb

One of the first analysis in LHCb back 
in 2010: prerequisite for many other 

analyses...
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We report the observation of B0
s- !B0

s oscillations from a time-dependent measurement of the B0
s- !B0

s
oscillation frequency "ms. Using a data sample of 1 fb!1 of p !p collisions at

!!!
s

p " 1:96 TeV collected
with the CDF II detector at the Fermilab Tevatron, we find signals of 5600 fully reconstructed hadronic Bs
decays, 3100 partially reconstructed hadronic Bs decays, and 61 500 partially reconstructed semileptonic
Bs decays. We measure the probability as a function of proper decay time that the Bs decays with the
same, or opposite, flavor as the flavor at production, and we find a signal for B0

s- !B0
s oscillations. The

probability that random fluctuations could produce a comparable signal is 8# 10!8, which exceeds 5!
significance. We measure "ms " 17:77$ 0:10%stat& $ 0:07%syst& ps!1 and extract jVtd=Vtsj " 0:2060$
0:0007%"ms&'0:0081

!0:0060%"md ' theor&.

DOI: 10.1103/PhysRevLett.97.242003 PACS numbers: 14.40.Nd, 12.15.Ff, 12.15.Hh, 13.20.He

Since the first observation of particle-antiparticle trans-
formations in neutral B mesons in 1987 [1], the determi-
nation of the B0

s- !B0
s oscillation frequency "ms from a time-

dependent measurement of B0
s- !B0

s oscillations has been a
major objective of experimental particle physics [2]. This
frequency can be used to extract the magnitude of Vts, one
of the nine elements of the Cabibbo-Kobayashi-Maskawa

(CKM) matrix [3]. Recently, we reported [4] the strongest
evidence to date of the direct observation of B0

s- !B0
s oscil-

lations. That analysis used 1 fb!1 of data collected with the
CDF II detector [5] at the Fermilab Tevatron, and the
probability that random fluctuations would produce a com-
parable signal was 0.2%, corresponding to 3! signal sig-
nificance. This level of significance is insufficient to claim
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To measure !ms, we fix A ! 1 and fit for the oscil-
lation frequency. We find !ms ! 17:77" 0:10#stat$ "
0:07#syst$ ps%1. The only non-negligible systematic uncer-
tainty on !ms is from the uncertainty on the absolute scale
of the decay-time measurement. Contributions to this un-
certainty include biases in the primary-vertex reconstruc-
tion due to the presence of the opposite-side b hadron,
uncertainties in the silicon-detector alignment, and biases
in track fitting. The uncertainty on the correction ! for the
hadronic candidates with a missing photon or "0 is in-
cluded and has a negligible effect.

The B0
s- "B0

s oscillations are depicted in Fig. 5. Candidates
in the hadronic sample are collected in five bins of proper
decay-time modulo the measured oscillation period
2"=!ms. In each bin, we fit for an amplitude (the points
in Fig. 5) using the likelihood function [4], which takes
into account the effects of background, flavor tag dilution
and decay-time resolution for each candidate. The curve
shown in Fig. 5 is a cosine with an amplitude of 1.28,
which is the observed value in the amplitude scan for the
hadronic sample at !ms ! 17:77 ps%1. As expected, the
data are well represented by the curve.

The measured B0
s- "B0

s oscillation frequency is used to

derive the ratio jVtd=Vtsj ! #
!!!!!!!!!!!!!!!
!md
!ms

mB0s
mB0

r
[13]. As inputs we

use mB0=mB0
s
! 0:983 90 [14] with negligible uncertainty,

!md ! 0:507" 0:005 ps%1 [13] and # ! 1:21&0:047
%0:035 [15].

We find jVtd=Vtsj ! 0:2060" 0:0007#!ms$&0:0081
%0:0060#!md &

theor$.

In conclusion, we report the first observation of B0
s- "B0

s
oscillations from a decay-time-dependent measurement of
!ms. Our signal exceeds 5$ significance and yields a
precise value of !ms, which is consistent with standard
model expectations. This result supersedes our previous
measurement [4].
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FIG. 5. The B0
s- "B0

s oscillation signal measured in five bins of
proper decay-time modulo the measured oscillation period
2"=!ms. The figure is described in the text.
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A more complete calculation leads to the 
SM expectation of ~18/ps

most important difference with B0: 
replace Vtd→Vts

30

results (on 36/fb)

two ways to visualize result

measure amplitude of oscillation vs Δm

result in numbers

main importance for LHCb: we can measure Bs mixing

proves that flavor tagging and decay time resolution sufficient
pre-requisite for many other analyses

oscillation for given value of Δm

already competitive.
will update with 1/fb

One of the first analysis in LHCb back 
in 2010: prerequisite for many other 

analyses...
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Hierarchy   Hierarchy...
lo

g 1
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top

charm

up
down

strange

bottom

Charge: +2/3 Charge: −1/3

Flavour-changing transition by charged 
weak current (boldness indicates transition 
probability ∝ |Vij|)

Smallest couplings are complex → CP violation

What is the 
explanation for this 

structure?
We don’t know!

– Transition within generation favored

– Transition from 1st to 2nd generation suppressed by λ=sin(θc)

– Transition from 2nd to 3rd generation suppressed by λ2=sin2(θc)

– Transition from 1st to 3rd generation suppressed by λ3=sin3(θc)

85

thickness represents  
the strength of  
the coupling

CP violation in the 
 weakest couplings
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So far (so good?)
★ No primordial antimatter observed, universe matter dominated

★ Need breaking of CP symmetry to explain this

★ C and P are violated by weak interactions (CP looks still healthy…)

★ Matter-antimatter oscillations: K
0
 can turn into anti-K

0
;  

the physical states are not the flavour eigenstates. 

★ Using flavour-specific decays we can observe the flavour oscillations

★ A very rich phenomenology of mixing of K, D, and B mesons

★ CP is broken! 

★ Observed CP violation in K mixing; no evidence so far for B mesons (neither for D mesons).

★ We can measure CP violation in 3 ways: decays, mixing, interference

★ (time-dependent) CP V in interference allows to measure phases (difference).  
Need two interfering amplitudes with CP-violating and CP conserving phases.

★ Large CPV in interference for B
0
 mesons 

★ Need (at least) 6 quarks and a mixing matrix to accomodate CPV (and flavour oscillations) in the SM
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The unitarity constraints    Use the unitarity constraint(s)!

�

⇤
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⇥

⌅

O(�) +O(�) +O(�5) = 0

O(�3) +O(�3) +O(�3) = 0

O(�4) +O(�2) +O(�2) = 0

|Vud|2 + |Vcd|2 + |Vtd|2 = 1
|Vus|2 + |Vcs|2 + |Vts|2 = 1
|Vub|2 + |Vcb|2 + |Vtb|2 = 1

V �
usVud + V �

csVcd + V �
tsVtd = 0

V �
ubVud + V �

cbVcd + V �
tbVtd = 0

V �
ubVus + V �

cbVcs + V �
tbVts = 0

VudV
�
cd + VusV

�
cs + VubV

�
cb = 0

VudV
�
td + VusV

�
ts + VubV

�
tb = 0

VcdV
�
td + VcsV

�
ts + VcbV

�
tb = 0

‘sd’ triangle: K0

‘bd’ triangle: B0

‘bs’ triangle: Bs

relative size of CP-violating effects

   The 9 unitarity conditions of the 3×3 generations CKM matrix:

   The 6 complex “Unitarity Triangles” involve different physics processes
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The unitarity triangle    
“The” Unitarity Triangle...

V �
ubVud + V �

cbVcd + V �
tbVtd = 0

� = arg
�
�V �

ubVud

V �
cbVcd

⇥

� = arg
�
�V �

cbVcd

V �
tbVtd

⇥

� = arg
�
� V �

tbVtd

V �
ubVud

⇥

�

�

�

• Pick a quark phase convention such that  Vcb* Vcd is real

• Normalize all sides by  -Vcb* Vcd

�V �
ubVud

V �
cbVcd

� V �
tbVtd

V �
cbVcd

(0, 0) (1, 0)
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The unitarity triangle    
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The unitarity triangle    
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Putting together     
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How to measure the angles?     

Use CP violation in the interference!  

Remember B0 → J/ψ(→µ+µ-) KS(→π+π-) ? 
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From CP parity  
of J/ψ and KS  
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How to measure the angles?     

Use CP violation in the interference!  

Remember B0 → J/ψ(→µ+µ-) KS(→π+π-) ? 
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CP violation     
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Putting all together     

No need (at current level of precision!) for physics beyond  
the Standard Model to explain the observed CP violation 

The CKM model of CP violation has successfully been confirmed!  
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So far (so good?)
★ No primordial antimatter observed, universe matter dominated

★ Need breaking of CP symmetry to explain this

★ C and P are violated by weak interactions (CP looks still healthy…)

★ Matter-antimatter oscillations: K
0
 can turn into anti-K

0
;  

the physical states are not the flavour eigenstates. 

★ Using flavour-specific decays we can observe the flavour oscillations

★ A very rich phenomenology of mixing of K, D, and B mesons

★ CP is broken! 

★ Observed CP violation in K mixing; no evidence so far for B mesons (neither for D mesons).

★ We can measure CP violation in 3 ways: decays, mixing, interference

★ (time-dependent) CP V in interference allows to measure phases (difference).  
Need two interfering amplitudes with CP-violating and CP conserving phases.

★ Large CPV in interference for B
0
 mesons 

★ Need (at least) 6 quarks and a mixing matrix to accomodate CPV (and flavour oscillations) in the SM

★ CKM mechanism explain all CP violating phenomena observed (so far)
 



Sakharov’s conditions

Three requirements for a universe with a baryon asymmetry: 

1. a process that violates baryon number 

2. C and CP violation, i.e. breaking of the C and CP symmetries 

3. 1&2 should occur during a phase which is NOT in thermal equilibrium
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The question

Three requirements for a universe with a baryon asymmetry: 

1. a process that violates baryon number 

2. C and CP violation, i.e. breaking of the C and CP symmetries 

3. 1&2 should occur during a phase which is NOT in thermal equilibrium

52

Is this SM CP violation enough?
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Can estimate the magnitude of the baryon asymmetry of the Universe caused 
by CKM CP violation  

The Jarlskog parameter J is a parametrization invariant measure of CP violation 
in the quark sector: J ~ O(10-5). The mass scale M can be taken to be the 
electroweak scale O(100 GeV).  

This gives an asymmetry O(10-17)… 
much much below the observed value of O(10-10)!  

Still a lot to discover!

 27
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Exploring the next scale     Probing the Next Scale

High energy production 
of new particles. 

Probe directly structure 
of matter and its 

interactions

Low-energy 
precision measurements. 

Quantum probes of higher energy 
scales than directly accessible.

2

High energy 
production of 
new particles. 

Low-energy  
precision measurements.  

Quantum probes of higher energy  
scales than directly accessible. 
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Exploring the next scale with mixing     
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Mixing: Box Diagrams

GIM (=VCKM unitarity): 
if u,c,t  same mass, everything 

cancels by construction!
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Dominated by top quark mass:

reference:                 τB ~1.5 ps
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Exploring the next scale with flavour     
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operators with dimension d > 4, constructed in terms of SM fields, suppressed by inverse powers
of an effective scale ! > M W :

Leff = LSM +
∑ c (d )

i

!(d−4) O(d )
i (SM fields). 15.

This general bottom-up approach allows us to analyze all realistic extensions of the SM in terms
of a limited number of parameters (the coefficients of the higher-dimensional operators). The
drawback of this method is the impossibility of establishing correlations of NP effects at low
and high energies: The scale ! defines the cutoff of the effective theory. However, correlations
among different low-energy processes can still be established by implementing specific symmetry
properties, such as the minimal flavor-violation (MFV) hypothesis (Section 4). Experimental tests
of such correlations allow us to test and establish general features of the new theory, which hold
independently of the dynamical details of the model. Specifically, B, D, and K decays are extremely
useful in determining the flavor symmetry–breaking pattern of the NP model.

3.1. Bounds from !F = 2 Down-Type Transitions
The starting point for this analysis is the observation that in several realistic NP models we can
neglect nonstandard effects in all cases in which the corresponding effective operator is generated
at tree level within the SM. This general assumption implies that the experimental determination
of the CKM matrix via tree-level processes is free from the contamination of NP contributions.
Using this determination, we can unambiguously predict meson-antimeson mixing and FCNC
amplitudes within the SM and compare them with data, thereby constraining the couplings of the
"F = 2 operators in Equation 15. The term "F = 2 operators refers to four-quark operators that
change flavor numbers by two units, such as s̄ d s̄ d . Each "F = 2 amplitude is then conveniently
parameterized in terms of the shift induced in the modulo and the CP-violating phase, or the real
and imaginary parts (10, 11):

⟨Bq |Le f f |B̄q ⟩
⟨Bq |LSM|B̄q ⟩

= CBq e2iφBq ,
Re[⟨K 0|Leff |K 0⟩]
Re[⟨K 0|LSM|K 0⟩]

= C"mK

Re→Im
−−−−−−−→ CεK . 16.

An updated analysis of these constraints has been presented (Figure 2) (12). There are three main
conclusions that can be drawn from this analysis.

First, in all three accessible short-distance amplitudes (K 0 − K 0, Bd − B̄d , and Bs − B̄s ), the
magnitude of the NP amplitude cannot be greater than the SM short-distance contribution. The
latter is suppressed both by the Glashow-Iliopoulos-Maiani (GIM) mechanism, namely the small-
ness of the mass differences between second- and first-generation quarks, and by the hierarchical
structure of the CKM matrix, specifically the smallness of quark-mixing angles,

A"F=2
SM ≈ G2

F m2
t

16π2

(
V ∗

ti V t j
)2 × ⟨M̄ |(Q̄Liγ

µ QLj )2|M ⟩ × F
(

M 2
W

m2
t

)
, 17.

where F is a function of O(1) that gives the dependence on the masses of the top quark and the W
boson, which are the virtual intermediate particles in this amplitude. As a result, NP models with
teraelectronvolt-scale flavored degrees of freedom and O(1) effective flavor-mixing couplings are
ruled out. To set explicit bounds, let us consider, for instance, the subset of left-handed "F = 2
operators in the generic effective Lagrangian (Equation 15), namely

"L"F=2 =
∑

i ̸= j

c i j

!2 (Q̄Liγ
µ QLj )2, 18.
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Table 1 Bounds on representative dimension-six !F = 2 operatorsa

Bounds on ! (TeV) Bounds on cij (! = 1 TeV)
Operator Re Im Re Im Observables
(s̄ Lγ µdL)2 9.8 × 102 1.6 × 104 9.0 × 10−7 3.4 × 10−9 !mK ; εK

(s̄ RdL)(s̄ LdR) 1.8 × 104 3.2 × 105 6.9 × 10−9 2.6 × 10−11 !mK ; εK

(c̄ Lγ µuL)2 1.2 × 103 2.9 × 103 5.6 × 10−7 1.0 × 10−7 !mD; |q/p|; φD

(c̄ RuL)(c̄ LuR) 6.2 × 103 1.5 × 104 5.7 × 10−8 1.1 × 10−8 !mD; |q/p|; φD

(b̄ Lγ µdL)2 5.1 × 102 9.3 × 102 3.3 × 10−6 1.0 × 10−6 !mBd ; SBd →ψ K

(b̄ RdL)(b̄ LdR) 1.9 × 103 3.6 × 103 5.6 × 10−7 1.7 × 10−7 !mBd ; SBd →ψ K

(b̄ Lγ µs L)2 1.1 × 102 1.1 × 102 7.6 × 10−5 7.6 × 10−5 !mBs

(b̄ Rs L)(b̄ Ls R) 3.7 × 102 3.7 × 102 1.3 × 10−5 1.3 × 10−5 !mBs

aBounds on & are quoted assuming an effective coupling 1/&; alternatively, the bounds on the respective cijs are given
assuming that & = 1 TeV. Observables related to CP violation are separated from the CP-conserving observables with
semicolons. In the Bs system we quote only a bound on the modulo of the new physics amplitude derived from !mBs .

For the definition of the CP-violating observables in the D system, see Reference 15.

nonstandard CP-violating contributions can still be set. The resulting constraints are second only
to those from εK , and unlike in the case of εK , they are controlled by experimental statistics and
could be significantly improved in the near future.

A more detailed list of the bounds derived from !F = 2 observables is shown in Table 1,
where we give the bounds for two representative sets of dimension-six operators: (a) left-left
operators (also present in the SM) and (b) operators with a different chirality that arise in specific
SM extensions. The bounds on the latter are stronger, especially in the kaon case, because of the
larger hadronic matrix elements. The constraints related to CP violation correspond to maximal
phases and are subject to the requirement that the NP contributions be smaller than 30% (60%)
of the SM contributions (9) in the Bd (K) system. Because the experimental status of CP violation
in the Bs system is not yet settled, we require simply that the NP contributions be smaller than
the observed value of !mBs (for less naı̈ve treatments see, e.g., References 6 and 12).

3.2. Correlations Between K and D Mixing
Two different features can provide flavor-related suppression factors: degeneracy and alignment.
Generally, low-energy measurements can constrain only the product of these two suppression
factors. However, an interesting exception occurs for the operators with a left-left current structure
of the type shown in Equation 18, where there is an independent constraint on the level of
degeneracy (16). Consider operators of the form

1
&2

NP
[Q̄Li (X Q)i j γµ QLj ][Q̄Li (X Q)i j γ

µ QLj ], 20.

where XQ is a hermitian matrix. Without loss of generality, we can choose to work in the basis
defined in Equation 10:

Y d = λd , Y u = V †λu, X Q = V †
d λQ V d , 21.

where λQ is a diagonal real matrix and Vd is a unitary matrix that parameterizes the misalignment
of the operator of Equation 20 with the down mass basis.

The experimental constraints that are most relevant to our study come from K 0 − K 0 and
D0 − D0 mixing, which involve only the first- and second-generation quarks. When studying NP
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Same information in a different format     
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A huge effort     
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If you want to contribute in the game,  
there are plenty of opportunities in the future!

You have here in Rome!
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