
Flavour oscillations and 
CP violation in neutral mesons
(a.k.a. a biased introduction to heavy flavour physics)

Mirco Dorigo (EPFL)
mirco.dorigo@cern.ch 

Roma — May 31st & Jun 1st, 2016
Part 

1.a

mailto:mirco.dorigo@cern.ch


Outline

1. Introduction

2. Mixing of neutral mesons

3. CP violation phenomenology

4. Put everything in the SM… 

5. ( and maybe a look beyond)

2

Part 1

Part 2



Flavour?
“The term flavour was first used in  
particle physics in the context of the  
quark model of hadrons. It was coined  
in 1971 by Murray Gell-Mann and his  
student at the time, Harald Fritzsch,  
at an ice-cream store in Pasadena.   
Just as ice cream has both  
colour and flavour, so do quarks.”
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Flavour sector of the SM

4



Reducing the scope
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3 mixing angles  
and 1 complex phase



Heavy flavours
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Will explore (some) flavour-changing interactions of 
charm and beauty quarks (heavy flavour), expanding 
from the physics of kaons (strange quark). 

Quarks feel the strong interaction and hadronise…   
various different strange, charmed and beauty hadrons 

+ many, many possible decays to different final states 

The hardest part of quark flavour physics is learning 
the names of all the damned hadrons!  
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Antiparticles
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• Combining quantum mechanics with special relativity, and the 
wish to linearize ∂/∂t, leads Dirac to the equation

• Solutions describe particles with spin = 1/2

• But (by construction!) half of the solutions have negative 
energy

• Vacuum represents a “sea” of such negative-energy particles 
(fully filled according to Pauli’s principle)

• Dirac identified holes in this sea as “antiparticles” with 
opposite charge to particles … (however, he conjectured that these holes were 
protons, despite their large difference in mass, because he thought “positrons” would have been discovered 
already)

• Starting from the vacuum, and energy 2E, can create one 
electron (with energy E) and one hole (with energy E) (hence, 

the hole has effectively the charge +e and positive energy).
This picture fails for bosons !

Antiparticles: Dirac’s prediction

(i�µ⌅µ �m)⇥( x, t) = 0

E2 = ~p 2 +m2 ) E = ±
p

~p 2 +m2
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Quantum mechanics + special relativity  
lead Dirac to predict 1/2 spin particles with 
positive and negative energy (1928).

Feynman, Stueckelberg:  
negative energy solution as running  
backwards in time: consider it as antiparticle with 
positive energy, going forward in time.

Emission of E>0 antiparticle =  
absorption of particle E<0 

This involves a CPT transformation:  
flipped charge (C),  
flipped time (T),  
must also flip the space coordinates (P).   

Stueckelberg/Feynman interpretation: 

• consider the negative energy solution as running 
backwards in time

• and re-label it as antiparticle, with positive energy, 
going forward in time

• emission of E>0 antiparticle = absorption of 
particle E<0

This involves a CPT transformation:

• we have flipped Charge (C), 

• flipped time (T), 

• and to prevent momentum from being flipped, must 
also flip the space coordinates (P)

Antiparticles: CPT

time

Quantity C T      P

Time t t –t     t

Space 
vector x x x –x

Momentum p p –p –p
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Stueckelberg/Feynman interpretation: 

• consider the negative energy solution as running 
backwards in time

• and re-label it as antiparticle, with positive energy, 
going forward in time

• emission of E>0 antiparticle = absorption of 
particle E<0

This involves a CPT transformation:

• we have flipped Charge (C), 

• flipped time (T), 

• and to prevent momentum from being flipped, must 
also flip the space coordinates (P)

Antiparticles: CPT

time

Quantity C T      P

Time t t –t     t

Space 
vector x x x –x

Momentum p p –p –p

5



10

Antiparticles discoveries
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1932:  Anderson discovers the positron,  
by studying cosmic rays with a cloud chambers. 
Particles “show up” (temporarily) as  
condensation trail in gas volume  
(15 tracks out of 1300 photographs!)  
Nobel prize in 1936.

1955: discovery of the antiproton by Chamberlain, 
Segré,  Wiegand and Ypsilantis, using the Bevatron 
(proton) beam of 6.5 GeV. Found 60 negative 
particles with same mass of the proton within 5%.  
Nobel prize in 1959.  

Antiparticles discoveries

15 kG magnetic field

63 MeV 
positive track

23 MeV positive track,  
x10 too long for being a proton

6 mm Pb plate
E A R L Y  A N T I P R O T O N  W O R K 499

antiproton had been seen in the apparatus. This signal was used to start an
oscilloscope, from which a picture of the pulses in the counters S 1, S2, and
the guard counter could be obtained.

Three such pictures are shown in Fig. 9. The horizontal motion of the
dot on the oscilloscope screen is uniform, so the curve shown represents an
electrical signal as a function of time. The first pulse on each curve (oscillo-
scope trace) is due to the counter S 1, the second is due to S 2, and the third
(if present) to the guard counter C 1.

The pulses themselves look rather broad in this figure, but by careful
measurement of the position of the pulse at its beginning, the difference in
time between pulses can be measured to an accuracy of about one milli-
microsecond.

Fig. 8. Plan view of the apparatus used in the discovery of antiprotons. T indicates the
target, QI and Q2 are magnetic lenses, CI is the guard counter, and C2 is the velocity-
selecting Cerenkov  counter. The last two counters (C3 and S4) may be ignored.

Select 
negatively 
charged 

particles with 
p=1.19 GeV. 

 
Measure TOF 

and use 
Cherenkov 
counters 
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why this energy? 
(exercise)



Any Lorentz-invariant local quantum field  
theory is invariant under the combined  
application of a C, P and T transformation 
[ J. Schwinger (1951); G. Lüders,W. Pauli (1954) ]

Assumptions: 

1. Lorentz invariance 

2. Principle of locality

3. Vacuum lowest energy 

Consequences: 

1. Fields with integer spin commute and  
fields with half-numbered spin  
anti commute (Pauli exclusion principle);

2. Particles and antiparticles have equal mass  
and  lifetime and opposite quantum numbers.

CPT theorem

13

PDG reference

– 5–

Figure 1: Top: allowed region at 68% and 95%
C.L. in the ℜ(ϵ), ℑ(δ) plane. Bottom: allowed
region at 68% and 95% C.L. in the ∆M, ∆Γ
plane.
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A non-zero value would violate CPT invariance in ∆S = ∆Q amplitude. Re(y) is the
following combination of Ke3 decay amplitudes:

Re(y) = Re
(

A(K0 →e−π+ νe)
∗−A(K0 →e+ π− νe)

A(K0 →e−π+ νe)
∗+A(K0 →e+ π− νe)

)

VALUE (units 10−3) EVTS DOCUMENT ID TECN

0.4±2.50.4±2.50.4±2.50.4±2.5 13k 16 AMBROSINO 06E KLOE

• • • We do not use the following data for averages, fits, limits, etc. • • •

0.3±3.1 17 APOSTOLA... 99B CPLR

16They use the PDG 04 for the K0
L

semileptonic charge asymmetry and PDG 04 (CP

review, CPT NOT ASSUMED) for Re(ϵ).
17Constrained by Bell-Steinberger (or unitarity) relation.

Re(x−)Re(x−)Re(x−)Re(x−)
A non-zero value would violate CPT invariance in decay amplitudes with ∆S ̸= ∆Q.
x−, used here to define Re(x−), and x+, used below in the ∆S = ∆Q section are
the following combinations of Ke3 decay amplitudes:

x± = 1
2

(

A(K0 →π− e+ νe)
A(K0 →π− e+ νe)
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∗
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∗

)

.
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−2.9± 2.0−2.9± 2.0−2.9± 2.0−2.9± 2.0 18 AMBROSINO 06H KLOE

• • • We do not use the following data for averages, fits, limits, etc. • • •

−0.8± 2.5 13k 19 AMBROSINO 06E KLOE
−0.5± 3.0 20 APOSTOLA... 99B CPLR Strangeness tagged

2 ±13 ±3 650k ANGELOPO... 98F CPLR Strangeness tagged

18AMBROSINO 06H uses Bell-Steinberger relations with the following measurements:

B(K0
L
→ π+π−) in AMBROSINO 06F, B(K0

S
→ π0π0π0) in AMBROSINO 05B, the

K0
S

-semileptonic charge asymmetry in AMBROSINO 06E, and K0-semileptonic results
in ANGELOPOULOS 98F.

19Uses PDG 04 for the K0
L

semileptonic charge asymmetry and Re(δ) from CPLEAR,
ANGELOPOULOS 98F.

20Constrained by Bell-Steinberger (or unitarity) relation.
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A test of CPT invariance. “Our Evaluation” is described in the “Tests of
Conservation Laws” section. It assumes CPT invariance in the decay and
neglects some contributions from decay channels other than ππ.
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“If we accept the view of complete symmetry between positive 
and negative electric charge so far as concerns the fundamental 
laws of Nature, we must regard it rather as an accident that the 

Earth (and presumably the whole solar system), contains a 
preponderance of negative electrons and positive protons. 

It is quite possible that for some of the stars it is the other way 
about, these stars being built up mainly of positrons and negative 

protons. In fact, there may be half the stars of each kind. ” 

14

Dirac,1933



Cosmic antimatter searches
Possible signals:

• photons produced by matter-antimatter 
annihilation at domain boundaries - not seen.  

• Cosmic-rays from anti-stars (best prospect 
anti-4He nuclei), e.g. searches by AMS.

No evidence for the (primordial) cosmic antimatter, 
and

If the Big Bang created an equal amount of matter & 
antimatter, somewhere along the way one (matter) 
has been favoured.
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AMS-2

N(baryons)/N(photons)≅ 6 x 10 -10



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(s)

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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Which is our current knowledge of CP violation? 
(where is CP violation in SM? how much is it?) 
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So far (so good?)

★ No primordial antimatter observed, universe matter dominated

★ Need breaking of CP symmetry to explain this
 



Neutral meson mixings,
i.e. matter-antimatter oscillations
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Back in the ‘50s

Observation of something(s) decaying to ππ and 
πππ (now known as K+), but whatever decays 
has, in both cases, the same lifetime, mass, spin=0... 

In 1953, Dalitz argued that, since π has parity -1,  

• ππ has parity (-1)(-1) = +1 

• πππ has parity (-1)(-1)(-1) = -1. 

If parity conserved, there must be  
two distinct particles:  
• the ‘θ’ with parity +1  
• the ‘τ’ with parity -1. 

How to explain two distinct particles with the 
same mass and lifetime (θ-τ puzzle)? 
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Parity: Lee & Yang
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Observation of something(s) decaying to 
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FIG. 2. Gamma anisotropy and beta asymmetry for
polarizing field pointing up and pointing down.

one unit and no change of parity, it can be given only
by the Gamow-Teller interaction. This is almost im-
perative for this experiment. The thickness of the
radioactive layer used was about 0.002 inch and con-
tained a few microcuries of activity. Upon demagnetiza-
tion, the magnet is opened and a vertical solenoid is
raised around the lower part of the cryostat. The
whole process takes about 20 sec. The beta and gamma
counting is then started. The beta pulses are analyzed
on a 10-channel pulse-height analyzer with a counting
interval of 1 minute, and a recording interval of about
40 seconds. The two gamma counters are biased to
accept only the pulses from the photopeaks in order to
discriminate against pulses from Compton scattering.
A large beta asymmetry was observed. In Fig. 2 we

have plotted the gamma anisotropy and beta asym-
metry vs time for polarizing field pointing up and
pointing down. The time for disappearance of the beta
asymmetry coincides well with that of gamma ani-
sotropy. The warm-up time is generally about 6 minutes,
and the warm counting rates are independent of the
field direction. The observed beta asymmetry does not
change sign with reversal of the direction of the de-
magnetization field, indicating that it is not caused by
remanent magnetization in the sample.

The sign of the asymmetry coeAicient, o., is negative,
that is, the emission of beta particles is more favored in
the direction opposit. e to that of the nuclear spin. This
naturally implies that the sign for Cr and Cr' (parity
conserved and pa. rity not conserved) must be opposite.
The exact evaluation of o. is difficult because of the
many eA'ects involved. The lower limit of n can be
estimated roughly, however, from the observed value
of asymmetry corrected for backscattering. AL velocity
v(c=0.6, the value of n is about 0.4. The value of
(I,)/I can be calculated from the observed anisotropy
of the gamma radiation to be about 0.6. These two
quantities give the lower limit of the asymmetry
parameter P(n P(=I,)/I) approximately equal to 0.7.
In order to evaluate o, accurately, many supplementary
experiments must be carried out to determine the
various correction factors. It is estimated here only to
show the large asymmetry effect. According to I-ee and
Yang' the present experiment indicates not only that
conservation of parity is violated but also that invari-
ance under charge conjugation is violated. 4 Further-
more, the invariance under time reversal can also be
decided from the momentum dependence of the asym-
metry parameter P. This effect will be studied later.
The double nitrate cooling salt has a highly aniso-

tropic g value. If the symmetry axis of a crysial is not
set parallel to the polarizing field, a small magnetic
field vill be produced perpendicular to the latter. To
check whether the beta asymmetry could be caused by
such a magnetic field distortion, we allowed a drop of
CoC12 solution to dry on a thin plastic disk and cemented
the disk to the bottom of the same housing. In this way
the cobalt nuclei should not be cooled su%ciently to
produce an appreciable nuclear polarization, whereas
the housing will behave as before. The large beta asym-
mef. ry was not observed. Furthermore, to investigate
possible internal magnetic effects on the paths of the
electrons as they find their way to the surface of the
crystal, we prepared another source by rubbing CoC1&
solution on the surface of the cooling salt until a
reasonable amount of the crystal was dissolved. AVe then
allowed the solution to dry. No beta asymmetry was
observed with this specimen.
3lore rigorous experimental checks are being initi-

ated, but in view of the important implications of these
observations, we report them now in the hope that they
Diay stimulate and encourage further experimental
investigations on the parity question in either beta or
hyperon and meson decays.
The inspiring discussions held with Professor T. D.

Lee and Professor C. N. Yang by one of us (C. S. Ku)
are gratefully acknowledged.
*YVork partially supported by the U. S. Atomic Energy

Commission.' T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956).
~ Ambler, Grace, Halban, Kurti, Durand, and Johnson, Phil.

Mag. 44, 216 (1953).' Lee, Oehme, and Yang, Phys. Rev. (to be published' ).
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• The counting rate in the polarized case is 
different from the unpolarized case

• Changing the direction of the B-field 
changes the counting rate!

• Electrons are preferentially emitted in the 
direction opposite the 60Co spin!

60Co polarization decreases as a function of time
as the temperature increases

backward rate 
wrt. unpolarized rate

forward rate 
wrt. unpolarized rate

Parity 
transformation

Magnetic
field

e- θ

60Co

Magnetic
field

e-

θ
60Co

Mme Wu’s Experiment : conclusion

• Analysis shows data consistent 
with the emission of left-handed 
(i.e. H = -1) electrons only....

• ... and thus only right-handed    
anti-neutrinos

29

The Exprimental (Re)Solution...

Idea for experiment in 
collaboration with Lee and 
Yang: Look at spin of decay 
products of polarized 
radioactive nucleus

– Production mechanism only 
involves weak interaction

Mme. Chien-Shiung Wu
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Mme Wu’s Experiment : result

• The counting rate in the polarized case is 
different from the unpolarized case

• Changing the direction of the B-field 
changes the counting rate!

• Electrons are preferentially emitted in the 
direction opposite the 60Co spin!
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forward rate 
wrt. unpolarized rate

Parity 
transformation

Magnetic
field

e- θ

60Co

Magnetic
field

e-

θ
60Co
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From P to C,P and CP 

Leon M. Lederman

30

C,P and CP

π+µ+ νµ(L)

π-µ− νµ(L)

π+ µ+νµ(R)

π- µ−νµ(R)

CP

P

C

P

C
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C,P and CP

π+µ+ νµ(L)

π-µ− νµ(L)

π+ µ+νµ(R)

π- µ−νµ(R)

CP

P

C

P

C

C broken, P broken, but CP appears to 
be preserved in weak interaction!
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Strangeness

CP & Kaons... Isospin

“Strangeness”

+1

-1

-1 +1

mK ~ 494 MeV/c2

No strange particles lighter than kaons exist
⇒Decay must violate “strangeness”

Strong force conserves “strangeness”
⇒Decay is a pure weak interaction

K0
�
sd

⇥
K+ (su)

K� (su) K0 (sd)

34

Yet, another puzzle: particles (like the θ-τ) produced in strong interactions and decaying with 
very long lifetimes (inconsistent with strong decays) to strongly interacting particles. 

Pais/Gell-Mann: these particles can be produced only in pairs, and a new (additive) quantum 
number is associated to them, the strangeness, which is conserved in strong interaction, 
but not in weak ones. 
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Hadronic and leptonic decays:  
particle and antiparticles behave the same

Yet, another puzzle: particles (like the θ-τ) produced in strong interactions and decaying with 
very long lifetimes (inconsistent with strong decays) to strongly interacting particles. 

Pais/Gell-Mann: these particles can be produced only in pairs, and a new (additive) quantum 
number is associated to them, the strangeness, which is conserved in strong interaction, 
but not in weak ones. 
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Hadronic and leptonic decays:
particle and anti-particle behave the same
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Semi-leptonic decays:  
particle and antiparticles are different!  

“ΔQ=ΔS rule” 

Yet, another puzzle: particles (like the θ-τ) produced in strong interactions and decaying with 
very long lifetimes (inconsistent with strong decays) to strongly interacting particles. 

Pais/Gell-Mann: these particles can be produced only in pairs, and a new (additive) quantum 
number is associated to them, the strangeness, which is conserved in strong interaction, 
but not in weak ones. 



Known:
-K0→π+π-

Hypothesis: 
-K0 is not equal to K0

Use C (actually, CP) to deduce: 
1. K0 (K0) is an ‘admixture’ with two distinct lifetimes
2. Each lifetime associated to a distinct set of decay modes
3. No more than 50% of K0 will decay to two pions...

35
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1. K0 (K0) is an ‘admixture’ with two distinct lifetimes
2. Each lifetime associated to a distinct set of decay modes
3. No more than 50% of K0 will decay to two pions...

35

The fact that a neutral meson is 
not its own antiparticles  

was very weird at that time 
(think about pions)



Only strong interactions
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Identify ΓK as the decay width (=1/τK)
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�
|a|2 + |b|2

�
⇓
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Ĥ = M̂ � i

2
�̂ =

K0

K
0

Superposition state

Time evolution 

Hamiltonian 
Mass 

K0 and anti-K0 eigenstates of the strong interaction.
If no weak interaction, they are stable and have equal mass:  
they are the physical states.  
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With weak interactions
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K0

K
0

K0 and anti-K0 can decay to the 
same final state (CP eigenstate) 

ππ
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Decay-width 



With weak interactions: mixing
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K0

K
0

The weak interaction breaks the 
degeneracy: add off-diagonal elements  

ππ
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Ĥ =
�

MK 0
0 MK

⇥

K0

K0

As (eventually) K0 and K0 decay, add an antihermitic part to the Hamiltonian
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With weak interactions

34

K0

K
0

K0 and anti-K0 are no longer eigenstates of H. 
K1 and K2, superposition of K0 and anti-K0, 
are eigenstates and have different  
mass and lifetime (physical states)

Neutral Meson Mixing
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K0 and K0 are no longer eigenstates of H
their sum (K1) & difference (K2) are eigenstates...
and K1 and K2 have different masses and lifetimes
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Now consider the effect of CP symmetry:

CP
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If CP is conserved

35

[with the phase convention:                   ]

K1 and K2 are their own antiparticles, 
one CP even, and one CP odd. 

Only CP-even state (K1) decay to ππ
K1: CP=+1 => ππ: CP=(-1)(-1)=+1 

CP-odd state (K2) decay into πππ 
K2: CP=-1 => πππ: CP=(-1)(-1)(-1)=-1

ππK0

K
0

K1

K2
πππ

CP e
ve

n

CP odd

K1 =
|K0i+ |K0ip

2

K2 =
|K0i � |K0ip

2

CP |K0i = |K0i

Huge difference in phase space, 
the CP even will decay much faster!
• difference due to M(K)~3M(π)
• ∆ must have large Im component

τ1 = 0.89 x 10-10 s,  τ2 = 5.2 x 10-8 s 



Experimental confirmation
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Experimental confirmation...

40
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37

A cloud chamber 6 m from the interaction point (3-
GeV p beam on a copper target):
• all K1 (and Lambda) decay before
• observed forked tracks kinematically compatible 

with πeν and πµν from  
long lived K2 (estimated lifetime in 10-9-10-6 s).

More systematic confirmation later: 
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Λ0 (sud) →  p(uud)π-, i.e. s→uπ- 

i.e.  π- tags an s (and not sbar!)

K0bar + p → π0π+Λ0

Incoming K+ (sbar) produces K0 (sbar):
K+p → pπ0π+K0

37

Experimental confirmation...
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A cloud chamber 6 m from the interaction point (3-
GeV p beam on a copper target):
• all K1 (and Lambda) decay before
• observed forked tracks kinematically compatible 

with πeν and πµν from  
long lived K2 (estimated lifetime in 10-9-10-6 s).

More systematic confirmation later: 
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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. 
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ππK0

K
0

K1

K2
πππ

CP e
ve

n

CP odd

K1 =
|K0i+ |K0ip

2

K2 =
|K0i � |K0ip

2

More general
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K0

K
0

K1

K2

CP e
ve

n

CP odd

|KLi = p|K0i � q|K0i

|KSi = p|K0i+ q|K0i

|p|2 + |q|2 = 1

|KLi

|KSi

More general
No assumption on CP conservation,  
take a more general basis

with the normalisation condition 
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Solving the Schroedinger equation

|KLi = p|K0i � q|K0i

|KSi = p|K0i+ q|K0i

Solving the Schrödinger Equation
Solution (in terms of eigenvectors):

(a and b determined by initial conditions)

�(t) = a |BH(t)� + b |BL(t)�i @
@t (t) =

 
M � i

2� M12 � i
2�12

M⇤
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⇤
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2�

!
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Solving the Schrödinger Equation
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(a and b determined by initial conditions)
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From the eigenvector calculation:

Eigenvectors: 

q
p =

r
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12

M12� i
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|BHi = p |Bi+ q
��B

↵
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Eigenvectors of the Schoeridenger equation:

From the eigenvectors calculation: Evolution of the eigenvectors:
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∆m and ∆Γ follow from the 
eigenvalues:
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The key mixing parameters 
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Time Evolution of K0 and K0...
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t=0: physical superposition of “flavour” states

time evolution of physical states

time evolution of “flavour” states
from evolution of physical states
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M12 and Γ12 determine the mass and width splittings ∆M and ∆Γ, respectively:

∆M ≡ M1 −M2 = 2Re

[

q

p
(M12 −

i

2
Γ12)

]

(15)

∆Γ ≡ Γ1 − Γ2 = −4Im

[

q

p
(M12 −

i

2
Γ12)

]

, (16)

and therefore the characteristics of D0-D0 mixing. We show the unmixed and mixed
intensities as a function of the dimensionless variable, Γt, for initially pure states of
K0, D0, B0 and Bs, in Figs. 3(a–d), respectively. Of the four lowest-lying neutral
pseudoscalar meson systems, the D0-D0 system shows the smallest mixing, as noted
earlier. In the K0 system, both |x| and |y| are both of order 1; in the D0 system,
|x| and |y| are both of order 1%; in the B0 and Bs systems, |x| ≫ |y|.
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Fig. 3. The unmixed (blue) and mixed (red) intensities for an initially pure (a) K0; (b) D0; (c)
B0; (d) Bs state. The vertical scale in (b) is logarithmic, the others linear. The values of the mixing
parameters as defined in Eqs. 1 and 2 are obtained using data from Ref. 19, assuming ||q/p| = 1.

From Eq. 9 (Eq. 10), the amplitude that a D0 (D0) produced at t = 0 will
develop into a linear combination of D0 and D0 and decay into f (f̄) at time t is:

⟨f |H|D0(t)⟩ = Afg+(t) + Āf
q

p
g−(t), (17)

⟨f̄ |H|D0(t)⟩ = Āf̄g+(t) +Af̄

p

q
g−(t), (18)

[arXiv:1209.5806]
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q

p
g−(t), (17)

⟨f̄ |H|D0(t)⟩ = Āf̄g+(t) +Af̄
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Time evolution
Time Evolution of K0 and K0...
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Use “flavour specific” decays!

Volume 49B, number 1 PHYSICS LETTERS 18 March 1974 

To compare the expected time distribution (1)with 
the observed distribution we require knowledge of the 
time-dependent acceptance of the apparatus e(r). This 
function has been calculated by a realistic simulation 
of the experiment using Monte Carlo m. ethods. The 
procedure simulates the production of K ° with the 
help of experimental K ° -~ n+n - data [10]. Details of 
the spark chamber performance such as the resolution 
and its angular dependence, and the local efficiency 
are derived frorfl the data sample. Particles undergo 
scattering in traversing matter or are absorbed. The full 
field map is used to track orbits through the magnet. 
The reliability of this simulation, is, however, only 
weakly dependent on either of these inputs, and on the 
precise location of the geometrical aperture of the de- 
tector. 

This is due to two design features of the apparatus: 
1) it accepts for each decay point K°-origins distri- 

butes over 5 K~ lifetimes and thereby smears out rela- 
tions between geometrical aperture and a given eigen- 
time; 

2) the frequency distribution of electrons over the 
cells of the Cerenkov counter and over the allowed 
phase space depends even more weakly on eigentime 
because of the preceding momentum analysis. 

We have done several tests to convince ourselves 
that this simulation gives a reliable acceptance func- 
tion including time resolution effects. 

The time distribution of K ° -~ r r + n  - events has 
been fitted with the result 

r s = (0.877 -+ 0.018) × 10-10s, (5) 

in good agreement wiht the world average [11 ]. 
Using I~3 data we have done two additional tests. 

The time dependence of the charge asymmetry in Ke°3 
decays follows from eq. (2) 
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Fig. 3. a) Time distribution of observed events, corrected for acceptance. Also shown is the prediction for x = 0 (AS/A Q). 
b) Results of earlier experiments (labelled (1) to (13), see ref. [5 ] ) compared to result of this experiment (e). The inset shows the 
likelihood contour for the present results. 
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From an initial 
beam of K0 only

Phys. Lett. 49B (1974) 103 
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Mixing asymmetry
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Their charge asymmetry is evaluated as a function of  T' and p '  in bins of  width At '  = 0.5 × 10-10s and p '  = 
f 2 GeV/c starting at rmi n = 2.25 × 10 -10 s and Pmin = 7 GeV/c. 

The mass difference Am is determined by a comparison of  the time dependence of  the measured charge asym- 
metry with the theoretical expectation fi(r', Am, y) for the set of  parameters to be determined. The theoretical 
function ~ and its derivatives are calculated by Monte Carlo techniques from eq. (2). This treatment accounts for 
the following: 

- The K~3 matrix elements according to V - A  theory with linear formfactors for the hadronic current [3] and 
radiative corrections [4].  

- The observed beam profile, and the experimental resolution and acceptance. 
- Transformation from the true kaon momentum p and lifetime r to the measured quantities p '  and r ' .  
- The shape of  the kaon momentum spectrum and the dilution factor A(p) as obtained in the K~2 analysis [1 ] 
The influence of  the actual form of  the matrix element on the charge asymmetry is weak. The shape of  the 

momentum spectrum enters only indirectly in the transformation from r to r ' .  The K S lifetime and the K L charge 
asymmetries are taken from previous results of  the same experiment [ 1 ,2 ] .  The results of  the best fits to the 
measured charge asymmetries are shown in figs. 1 and 2. The A S - A Q  fac tory  is left free in the fits. The uncor- 
rected values for the KL-K S mass difference are: 

Am(Ke3 ) = (0.5287 -+ 0.0040) × 1010 s -1 , A m ( K 3  ) = (0.526 + 0.0085) × 1010 s -1 . 
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Fig. 1. The charge asymmetry as a function of the reconstructed decay time r' for the Ke3 decays. The experimental data are 
compared to the best fit as indicated by the solid line. 
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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
 


