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Antimatter

matter and antimatter distinction in 
different from + versus - charge in 
electrodynamics

• In Maxwell’s theory, if we change 
all “+” into. “-” and vice-versa, 
nothing happens...

matter & antimatter can be 
distinguished: the “stuff” in the 
universe is the “matter” 

• There must be some fundamental 
difference in the laws of physics...
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This picture fails for bosons !

Antiparticles: Dirac’s prediction
• 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 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)

• An electron with energy E can fill this hole, emitting an 
energy 2E and leaving the vacuum (hence, the hole has effectively the 

charge +e and positive energy).

(iγµ∂µ −m) ψ($x, t) = 0

E = ±
√

!p 2 + m2



• An electron with energy E can fill this hole, emitting an 
energy 2E and leaving the vacuum (hence, the hole has effectively the 

charge +e and positive energy).

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

• Naturally describes creation and annihilation...

• ... and that particles and antiparticles must have the same 
mass, spin, ... and opposite charges

Antiparticles: Stueckelberg/Feynman

time
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Discovery of Antiparticles

Back to experiment:  does antimatter 
exists, and, if so, where is it?

Carl Anderson studies at cosmic rays 
on Pikes peak, using a Cloud chamber

Particles will show (temporarily) as 
condensation trail in gas volume (just 
like condensation trails of airplanes)



Antiparticles:  Anderson’s discovery

• Result: discovery of a positively 
charged, electron-like particle 
dubbed the ‘positron’

6 mm Pb plate

63 MeV positive track

23 MeV positive track,
>10x to long for a proton



Antiparticles:  Anderson’s discovery

• Confirmed with γ→e+e-

•



equal amounts of matter 
& antimatter produced (?)

Where is the antimatter?



Cosmic Antimatter...

• Antiparticles appear in cosmic 
ray showers 

• But what about the original 
incoming (anti?)particle

• Must measure before the shower 
starts, eg. above the atmosphere..

Simulation of a 1 TeV proton 
hitting the atmosphere...



AntiMatter Searches: AMS

Photo taken from Mir (1998)
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AntiMatter Searches: AMS
Look for anti-Helium: very unlikely to 

have been created as secondary 
product in collisions...

AMS-2 currently scheduled for STS-134 
(either the last or last but one shuttle flight!) 

for delivery to the ISS..

NHe

NHe
< 1.1 · 10−6 @ 95%CL



Antimatter Searches: Summary

No evidence for the original, 
“primordial” cosmic antimatter:

• Absence of anti-nuclei amongst 
cosmic rays in our galaxy

• Absence of intense γ−ray 
emission due to annihilation of 
distant galaxies in collision with 
antimatter



 Big Bang: 

• Create equal amounts of 
matter & antimatter 

• Somewhere along the way, 
one (matter) is favored

• Final result : a bit of matter 
and lots of photons

• Nbaryons/Nphotons ≅ 6 10-10

Antimatter & the Big Bang

q q 

Early universe
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Sakharov & the Big Bang...



Sakharov’s conditions on the Big Bang

• In 1967, Sakharov formulated 
three necessary conditions to 
generate 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

• These lectures will focus on 2.
Andrei Sakharov

“Father” of Soviet hydrogen bomb 
& Nobel Peace Prize Winner



• Existence of antimatter is a consequence of the combination of special 
relativity and quantum mechanics

• No ‘primordial’ antimatter observed

• Need something called ‘CP’ symmetry breaking to explain the absence of 
antimatter

Summary 



Symmetries

Instructions by the VOC (Dutch 
East India Company) in Aug 1642:

“Since many rich mines and other 
treasures have been found in countries 
north of the equator between 15o and 
40o latitude, there is no doubt that 
countries alike exist south of the 
equator.   The provinces in Peru and 
Chili rich of gold and silver, all 
positioned south of the equator, are 
revealing proofs hereof.”

 Abel Tasman discovered Tasmania 
(Nov. 1642), New Zealand (Dec. 
1642), Fiji (Jan 1643), ...

From the point of view of the 
VOC, this was a disappointment..

Abel Tasman



Symmetries & “Hidden Observables”

“The root to all symmetry principles lies in 
the assumption that it is impossible to 
observe certain basic quantities; the non-
observables”

1.Space translation symmetry:
Hidden observable: Absolute position
Conserved quantity: momentum

2.Time shift symmetry:
Hidden observable: Absolute time
Conserved quantity: Energy

3.Rotation symmetry:
Hidden observable: Absolute 

orientation
Conserved quantity: Angular momentum T.D. Lee

See Noether’s theorem for more details



• Example: Potential energy  
between two charged particles:

• translate origin by    : 

Symmetry & “Hidden Observable”

V = V (!r1 − !r2)

See Noether’s theorem for more details

!r1 → !r1 − !d

!r2 → !r2 − !d

0

!r1 − !r2
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• Example: Potential energy  
between two charged particles:

• translate origin by    : 
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• System is symmetric under 
translations

• Absolute position is a non-
observable: the interaction is 
independent  of the choice of 
origin.

• Result: total momentum is 
conserved
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Symmetry & “Hidden Observable”

d

dt
(!p1 + !p2) = −

(
!∇1 + !∇2

)
V (!r1 − !r2) = 0

V = V (!r1 − !r2)

V (!r1 − !r2)→ V (!r1 − !r2)

See Noether’s theorem for more details

!r1 → !r1 − !d

!r2 → !r2 − !d

• Example: Potential energy  
between two charged particles:

• translate particles by    : 

• V is invariant under translations

• System is symmetric under 
translations

• Absolute position is a non-
observable: the interaction is 
independent  of the choice of 
origin.

• Result: total momentum is 
conserved

!r1 → !r1 + !d

!r2 → !r2 + !d

0

!r1 − !r2 !r1 − !r2

!r2 + !d

!r1 + !d



Discrete Symmetries

• Space, time translation & 
orientation symmetries are all 
continuous symmetries
– Each symmetry operation associated 

with one ore more continuous 
parameter

• There are also discrete symmetries
– Spatial sign flip ( x,y,z → -x,-y,-z) : P

– Charge sign flip (Q → -Q) : C

– Time sign flip (t → -t) : T

• Are these discrete symmetries 
exact symmetries that are 
observed in nature?
– Key issue of these lectures

Quantity P C T      

Space vector x –x x x 

Time t t t –t     

Momentum p –p p –p 

Spin s s s –s 

Electrical field E –E –E E 

Magnetic field B B –B –B 



Discrete Symmetries

• Space, time translation & 
orientation symmetries are all 
continuous symmetries
– Each symmetry operation associated 

with one ore more continuous 
parameter

• There are also discrete symmetries
– Spatial sign flip ( x,y,z → -x,-y,-z) : P

– Charge sign flip (Q → -Q) : C

– Time sign flip (t → -t) : T

• Are these discrete symmetries 
exact symmetries that are 
observed in nature?
– Key issue of these lectures

In particle physics:

note: the definition of a ‘left handed’ particle will follow in ‘a few slides’ time



Discrete Symmetries

• No evidence that electromagnetic & strong forces break C, P or T

• Example: π0 decay into photons

• π0 decays to two photons, but not three!

• Initial and final states are C even, thus C is conserved!

• Experimental test of P and C conservation in EM interaction:

• C invariance: Br(π0 →γγγ) < 3.1 10-5

• P invariance: Br(η→ π0 π0 π0 π0) < 6.9 10-7

• Experimental test of C invariance in strong interaction:

• compare rates of positive and negative particles in eg.

π0 =
1√
2

[
uu− dd

]
L=0,S=0

⇒ C
∣∣π0

〉
= +

∣∣π0
〉

C · "B = − "B;C · "E = − "E ⇒ C |γ〉 = − |γ〉

pp→ π+π−X,K+K−X, ...



CPT theorem

“Any Lorentz-invariant local quantum 
field theory is invariant under the 
successive application of C, P and T ”

 G. Lüders, W. Pauli (1954);   J. Schwinger (1951)

Assumptions: 

1. Lorentz invariance

2. “principle of locality”

3. Causality

4. Vacuum lowest energy

5. Flat space-time

6. Point-like particles

Consequences:

1.  Relation between spin and statistics: fields with 
integer spin  commute and fields with half-
numbered spin  anticommute;   Pauli exclusion 
principle

2.  Particles and antiparticles have equal mass 
and lifetime, equal magnetic moments with 
opposite sign, and opposite quantum 
numbers
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Figure 1: Top: allowed region at 68% and 95%
C.L. in the !(ε), "(δ) plane. Bottom: allowed
region at 68% and 95% C.L. in the ∆M, ∆Γ
plane.

References

1. See the “CP Violation in Meson Decays,” in this Review.

July 16, 2008 11:11

M(K0)−M(K0)(
M(K0) + M(K0)

)
/2

< 10−17(95%CL)



Parity 

• Before 1956 physicists were convinced that the laws of nature were 
left-right symmetric. Strange?

• A “gedanken” experiment: 
Consider two perfectly mirror symmetric cars:

“L” 

driver 

Gas pedal 

“L” 

driver 

Gas pedal 

What would happen if the ignition mechanism uses, say, 60Co β decay?

=“R”



The θ-τ puzzle

Observation of decays to two pions and 
three pions, but whatever decays (now 
known as K+), has, in both decays, the same 
lifetime, mass, spin=0...

In 1953,  Dalitz argued that since the pion 
has parity of -1, 

• two pions (*) would combine to 
produce a net parity of (-1)(-1) = +1, 

• and three pions (*) would combine to 
have total parity of (-1)(-1)(-1) = -1.

Hence, if conservation of parity holds, 
there are two distinct particles with parity 
+1 (the ‘θ’) and parity -1 (the ‘τ’)(**). 

But how to explain the fact that the mass 
and lifetime are the same?

The !!" puzzle… 

•! What is strange about the following 

decays? 

–!Hint: 

(*) produced in the decay of a spin=0 mother
(**) Warning: do not confuse this ‘τ’ with what is now known  as the τ lepton...

The !!" puzzle… 

•! What is strange about the following 

decays? 

–!Hint: 



Parity: Lee & Yang

The Nobel Prize in Physics 1957

"for their penetrating investigation of the so-called parity 
laws which has led to important discoveries regarding 
the elementary particles" 



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 involves 
exclusively weak interaction

Mme. Chien-Shiung Wu



Parity & Spin

How does the decay of a particle with spin tell you something about parity?

Gedanken-experiment: decay of a spin-1 particle to two spin-½ particles

• Spin: |1,1>  →  |½, ½ > + |½, ½>

• It is important that initial state is maximally polarized: only then there is 
a single solution for the spin of the decay products. If not, e.g.

• |1,0>→ |½, +½> + |½, -½> 

• |1,0> → |½, -½> + |½, +½> 



Parity & Spin

• A possible orientation

• And another...

• And another...

• Introduce projection of spin on 
momentum, the helicity to 
distinguish:

• Under parity transform H→-H

• If parity conserved, no reason to 
favour one value of H over another
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Parity & Spin

• A possible orientation

• And another...

• And another...

• Introduce projection of spin on 
momentum, the helicity to 
distinguish:

• Under parity transform H→-H

• If parity conserved, no reason to 
favour one value of H over another



Parity & Spin: Helicity

H =
!S · !P∣∣∣!S · !P

∣∣∣

H = +1 ”Right Handed”

H = −1 ”Left Handed”
warning: 

helicity assignment is not Lorentz invariant for massive particles: an 
observer can boost ‘past’ such that p changes direction.

For more details, please check on the difference between ‘chirality’ and 
‘helicity’

• A possible orientation

• And another...

• And another...

• Introduce projection of spin on 
momentum, the helicity, to 
distinguish:

• Under parity transform H→-H

• If parity conserved, no reason to 
favour one value of H over another



Mme Wu’s Experiment : setup

Magnet Magnet

Electron 
CounterS=5

60
27Co

S=1/2

S=1/2

S=4

60
28Ni

e-

νe

• How do you obtain a sample of 
60Co with spins aligned in one 
direction, and compare to non-
aligned case?

• Adiabatic demagnitization of 60Co 
in a magnetic field at very low 
temperatures (~0.01 K!). Extremely 
challenging in 1956!
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Mme Wu’s Experiment : setup

Magnet Magnet

Electron 
CounterS=1/2

S=1/2

S=4

60
28Ni

e-

νe

• How do you obtain a sample of 
60Co with spins aligned in one 
direction, and compare to non-
aligned case?

• Adiabatic demagnitization of 60Co 
in a magnetic field at very low 
temperatures (~0.01 K!). Extremely 
challenging in 1956!

Magnetic
field

e-

θ
60Co



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!

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

• 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!

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

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

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



From P to C,P and CP 

Leon M. Lederman



From P to C,P and CP

• Lederman et al.: Look at decay π+ → μ+ νμ

• Pion has spin 0; μ,νμ both have spin ½ 
→ spin of decay products must be oppositely aligned 
→ Helicity of muon is the same as that of neutrino.

• Nice bonus: can also measure polarization of 
both neutrino (π+ decay) and anti-neutrino (π- decay)

• Result:  All neutrinos produced are left-handed                                             
and all anti-neutrinos are right-handed

π+µ+ νµ

π−
W−

u

d

νµ

µ−

π+
W+

u

d

νµ

µ+
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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,P and CP

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

π+µ+ νµ(L)

π-µ− νµ(L)

π+ µ+
νµ(R)

π- µ−νµ(R)

CP

P

C

P

C



• Existence of antimatter is a consequence of the combination of special 
relativity and quantum mechanics

• No ‘primordial’ antimatter observed

• Need something called ‘CP’ symmetry breaking to explain the absence of 
antimatter

• CPT is a very good symmetry

• C,P and CP are conserved in strong & EM interactions

• C,P completely broken by weak interactions, CP looks healthy...

Summary 



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)
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Strong force conserves “strangeness”
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Isospin
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+1

-1
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hadronic decays:
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u
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u

K0
(
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K− (su) K0 (sd)



Kaons...
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

Isospin

“Strangeness”

+1

-1

-1 +1

W−

d, u

s

d, u

u

µ−, e−

νµ, νe

K+ → π+π0, π+π−π+, π+π0π0

K− → π−π0, π−π+π−, π−π0π0

K0 → π0π0, π0π0π0, π+π−, π+π−π0

K0 → π0π0, π0π0π0, π+π−, π+π−π0

K+ → π0µ+νµ, π0e+νe

K− → π0µ−νµ, π0e−νe

K0 → π−µ+νµ, π−e+νe

K0 → π+µ−νµ, π+e−νe

hadronic decays: semi-leptonic decays:

W−

d, u

s

d, u

u

d

u

K0
(
sd

)
K+ (su)

K− (su) K0 (sd)
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u

d

u
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K− (su) K0 (sd)
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-1

-1 +1
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particle and anti-particle behave the same
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K0
(
sd

)
K+ (su)

K− (su) K0 (sd)



Kaons...
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

Isospin

“Strangeness”

+1

-1

-1 +1

Semi-leptonic decays:
particle and anti-particle are distinct!

“ΔQ=ΔS rule”

Hadronic and leptonic decays:
particle and anti-particle behave the same
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d, u
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d, u

u

µ−, e−

νµ, νe
W−

u

s

νµ, νe

µ−, e−

s µ−, e−

d µ+, e+

K+ → π+π0, π+π−π+, π+π0π0

K− → π−π0, π−π+π−, π−π0π0

K0 → π0π0, π0π0π0, π+π−, π+π−π0

K0 → π0π0, π0π0π0, π+π−, π+π−π0

K+ → π0µ+νµ, π0e+νe

K− → π0µ−νµ, π0e−νe

K0 → π−µ+νµ, π−e+νe

K0 → π+µ−νµ, π+e−νe

hadronic decays: semi-leptonic decays:
K+ → µ+νµ, e+νe

K− → µ−νµ, e−νe

K0 → µ−µ+, e−e+

K0 → µ+µ−, e+e−

leptonic decays:

W−

d, u

s

d, u

u

d

u

K0
(
sd

)
K+ (su)

K− (su) K0 (sd)
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K0 K0

K0

K0

K0

K0

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...
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3. No more than 50% of K0 will decay to two pions...



Neutral Meson Mixing

i
∂

∂t
Ψ = ĤΨ

Ψ(t) = a(t)
∣∣K0

〉
+ b(t)

∣∣∣K0
〉
≡

(
a(t)
b(t)

)

Ĥ =
(

MK 0
0 MK

)

K0

K0



Neutral Meson Mixing
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∂t
Ψ = ĤΨ

Ψ(t) = a(t)
∣∣K0

〉
+ b(t)

∣∣∣K0
〉
≡

(
a(t)
b(t)

)

Ĥ =
(

MK 0
0 MK

)

K0

K0

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

d

dt

(
|a|2 + |b|2

)
= −

(
a∗ b∗

) (
ΓK 0
0 ΓK

)(
a
b

)

Ĥ =
(

MK − i
2ΓK 0

0 MK − i
2ΓK

)

Can identify ΓK as the decay width (=1/τK)
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Ψ(t) = a(t)
∣∣K0

〉
+ b(t)

∣∣∣K0
〉
≡

(
a(t)
b(t)
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K0 ↔ π+π−

K0 ↔ π+π−
K0 ↔ K0

Now consider the effect of CP symmetry:
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Neutral Meson Mixing

i
∂

∂t
Ψ = ĤΨ

Ψ(t) = a(t)
∣∣K0

〉
+ b(t)

∣∣∣K0
〉
≡

(
a(t)
b(t)

)

K0 ↔ π+π−

K0 ↔ π+π−
K0 ↔ K0

Now consider the effect of CP symmetry:

CP

K0

K0

K0

K0

K2

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

K1

Ĥ =
(

MK − i
2ΓK 0

0 MK − i
2ΓK

)

Ĥ =
(

MK − i
2ΓK ∆

∆ MK − i
2ΓK

)

MK2 = MK −R(∆)
ΓK2 = ΓK + 2I(∆)

MK1 = MK +R(∆)
ΓK1 = ΓK − 2I(∆)



Neutral Kaon Mixing

• K1 and K2 are their own antiparticle, but 
one is CP even, the other CP odd

• Only the CP even state can decay into 2 
pions

– |K1> (CP=+1)  ππ (CP=-1 * -1 =+1)

• The CP odd state will decay into 3 pions 
instead

– |K2> (CP=-1)  ππ π (CP = -1*-1*-1 = -1)

• There is a huge difference in available 
phasespace between the two (~600x!) → 
the CP even state will decay much faster

• Difference due to M(K0) ≅ 3M(π)

• Δ has a large imaginary component!

|K1〉 =

∣∣K0
〉

+
∣∣∣K0

〉

√
2

|K2〉 =

∣∣K0
〉
−

∣∣∣K0
〉

√
2

K0

K0

K1

K2

π
+ π
−

π +
π −

π 0

MK2 = MK −R(∆)
ΓK2 = ΓK + 2I(∆)

MK1 = MK +R(∆)
ΓK1 = ΓK − 2I(∆)



Experimental confirmation...



• Existence of antimatter is a consequence of the combination of special 
relativity and quantum mechanics

• No ‘primordial’ antimatter observed

• Need something called ‘CP’ symmetry breaking to explain the absence of 
antimatter

• CPT is a very good symmetry

• C,P and CP are conserved in strong & EM interactions

• C,P completely broken by weak interactions, CP looks healthy...

• neutral kaons can ‘mix’ (oscillate) into their antiparticles

• and this can causes lifetime & mass differences of the CP (!) eigenstates of 
the Hamiltonian

Summary 



Designing a CP violation experiment

• How do you obtain a pure ‘beam’ of K2 particles?

• Exploit that decay of K1 into two pions is much faster than decay of K2 into 
three pions

–  τ1 = 0.89 x 10-10 sec

–  τ2 = 5.2 x 10-8 sec  (~600 times larger!)

• Beam of neutral Kaons automatically becomes beam of |K2> as all |K1> decay 
very early on…

Initial K0 
and K0 
beam

K1 decay early (into ππ) Pure K2 beam after a while!



The Cronin & Fitch Experiment

Incoming 
K2 beam

Decay of K2 into 3 pions

If you detect two out of the three pions
of a K2 → πππ decay their combined momentum 
will generally not point along the beam line

Essential idea: Look for (CP violating) 
K2 → π+π- decays 20 meters away from 
K0 production point



The Cronin & Fitch Experiment

Incoming 
K2 beam

Decay of K2 into 2 pions

Plot the angle between the 
momentum direction of two 
pions and the beamline

Essential idea: Look for (CP violating) 
K2 → ππ decays 20 meters away from 
K0 production point



The Cronin & Fitch Experiment

Incoming 
K2 beam

Decay of K2 into 2 pions

Plot the angle between the 
momentum direction of two 
pions and the beamline

Essential idea: Look for (CP violating) 
K2 → ππ decays 20 meters away from 
K0 production point



Nobel Prize 1980

"for the discovery of violations of 
fundamental symmetry principles in the 
decay of neutral K-mesons"

“The discovery emphasizes, once again, 
that even almost self evident principles 
in science cannot be regarded fully valid 
until they have been critically examined 
in precise experiments.”



CP is (a bit) broken by weak decays...

Conclusion: weak decay violates CP 
(as well as C and P)

– But effect is tiny! (~0.2%)

– Maximal (100%) violation of P 
symmetry “easily” interpretable as  
absence of right-handed neutrino,   

how to construct a physics law that violates 
a symmetry just a tiny bit?



• Existence of antimatter is a consequence of the combination of special 
relativity and quantum mechanics

• No ‘primordial’ antimatter observed

• Need something called ‘CP’ symmetry breaking to explain the absence of 
antimatter

• CPT is a very good symmetry

• C,P and CP are conserved in strong & EM interactions

• C,P completely broken by weak interactions, CP looks healthy...

• neutral kaons can ‘mix’ (oscillate) into their antiparticles

• and this can causes lifetime & mass differences of the CP eigenstates of the 
Hamiltonian

• CP is (a bit) broken in the neutral kaon system!

Summary 



How to describe this?

K0

K0

K2
KL

π
+ π
−

KS

K1

|KL〉 =

|KS〉 == |K1〉 + ε |K2〉

= |K2〉 + ε |K1〉

with |ε| << 1



How to describe this?

K0

K0

K2
KL

π
+ π
−

KS

K1

|KL〉 =

|KS〉 == |K1〉 + ε |K2〉

= |K2〉 + ε |K1〉

with |ε| << 1
Have a choice when ‘parameterizing’ KS and KL:

1. in terms of K0 and K0

2. in terms of K1 and K2

Historically,  ‘kaon physics’ has chosen 2, but in in ‘B 
physics’ (next lectures!), the equivalent of 1 is very 
much dominant...

This tends to be very confusing...



How to describe this?

K0

K0

K2
KL

π
+ π
−

Have a choice when ‘parameterizing’ KS and KL:
1. in terms of K0 and K0

2. in terms of K1 and K2

Historically,  ‘kaon physics’ has chosen 2, but in in ‘B 
physics’ (next lectures!), the equivalent of 1 is very 
much dominant...

This tends to be very confusing...

KS

K1

eg.

|KL〉 == p
∣∣K0

〉
− q

∣∣∣K0
〉

〈KL| KL〉 ≡ 1 ⇒ |q|2 + |p|2 = 1

p = 1 + ε
q = 1− ε

with |ε| << 1

|KS〉 == p
∣∣K0

〉
+ q

∣∣∣K0
〉



Time Evolution of K0 and K0...

(
K0(0)
K0(0)

)

(
KS(t)
KL(t)

)

(
KS(0)
KL(0)

)
=

(
+q +p
+q −p

)

(
K0(t)
K0(t)

)
=

(
+1/2q +1/2q
+1/2p −1/2p

)
KL

KS

K0

K0

(
KS(t)
KT (t)

)
=

(
e−iωSt 0

0 e−iωLt

) (
KS(0)
KL(0)

)



Time Evolution of K0 and K0...
(

K0(t)
K0(t)

)
=

(
g+(t) p

q g−(t)
q
pg−(t) g+(t)

) (
K0(0)
K0(0)

)

t = 0 t

K0

K0

K0

g+(t)

q

p
g−(t)

p

q
g−(t)

K0

K0
g+(t)

K0

g±(t) =
e−iωSt ± e−iωLt
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Time Evolution of K0 and K0...

t = 0 t
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g+(t)

K0
π−e+νe

π+e−νe
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=
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q
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W+
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Time Evolution of K0 and K0...

t = 0 t

K0

K0

K0

g+(t)

K0

K0
g+(t)

K0
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Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
〈αξ〉 = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

〈Aexp
T 〉 = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
〈Aexp

T 〉

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) %= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average 〈Aexp

T 〉 between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on 〈Aexp

T 〉 also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this

CPLEAR, Eur. Phys. J., C : 22 (2001) , pp.55-79
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AT (t) =
Iπ−e+ν(t)− Iπ+e−ν(t)
Iπ−e+ν(t) + Iπ+e−ν(t)

=
1− |q/p|4

1 + |q/p|4
= 4Rε



Time Evolution of K0 and K0...
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Fig. 31. The Aexp
δ asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit

Table 4. The correlation coefficients from the Aδ fit

Re(δ) Im(δ) Re(x−) Im(x+)

Re(δ) – 0.44 −0.56 −0.60
Im(δ) – −0.97 −0.91
Re(x−) – 0.96
Im(x+) –

that is a negligible change for Re(δ), but an error of
Im(δ) smaller by an order of magnitude. The correla-
tion coefficient is −0.5. We stress that the analysis of
the π+π− decay channel [29] gives exactly the quantity
αξ = (1 + 4Re(ε − δ))ξ which enters the asymmetry pre-
sented here, and no external experimental information is
needed for the quantity Re(ε − δ). On average we have
〈αξ〉 = 1.12756 ± 0.00034. The Aδ asymmetry depends
only weakly on η. The level of the background contribu-
tions remains below 1% of the signal. The regeneration
corrections result in a shift of the Aexp

δ value of the order
of 0.3×10−3. The systematic errors are shown in detail in
Table 5. The dependence of the fit results on ∆m, ΓS and
ΓL is negligible within their respective errors. From Ta-
ble 5 we conclude that the main systematic error on Re(δ)
results from the uncertainty in the normalization factor
αξ, while Im(δ), Re(x−) and Im(x+) are mainly affected
by the uncertainty in the background charge asymmetry.
In the case of the fit with two parameters, the systematic
error on Re(δ) is the same while the systematic error on
Im(δ) becomes three times smaller.

7.6 AT asymmetry analysis

The AT asymmetry represents a direct comparison of T -
conjugated rates. The measured asymmetry Aexp

T is shown
in Fig. 32. Between 1 and 20 τS the data points scatter
around a constant offset from zero, the average being

〈Aexp
T 〉 = (6.6 ± 1.3) × 10−3 ,

χ2/ndf = 0.84 , ndf = 607 .

Fig. 32. The asymmetry Aexp
T versus the neutral-kaon decay

time (in units of τS). The solid line represents the fitted average
〈Aexp

T 〉

This is an evidence for T violation. For a thorough analysis
the appropriate phenomenological expression was used. In
the limit of negligible background, the fitting equation,
(18a), becomes

AT(τ) (24)
= 4(Re(ε) − Re(y) − Re(x−))

+2
Re(x−)(e− 1

2 ∆Γτ − cos(∆mτ)) + Im(x+) sin(∆mτ)
cosh( 1

2∆Γτ) − cos(∆mτ)
.

With respect to (14), we note on the r.h.s. an additional
term −2(Re(x−) + Re(y)). This term follows from the
primary-vertex normalization procedure, see Sect. 6.2.

Equation (24) simplifies when CPT invariance in the
eπν decay amplitudes is assumed (Re(y) = 0 and Re(x−)
= 0). We allowed, however, for a possible violation of the
∆S = ∆Q rule (Im(x+) %= 0). The fitting procedure then
contains only two parameters, Re(ε) and Im(x+), both
T violating. After including the background rates, (18a)
folded with the decay-time resolution was fitted to the
data Aexp

T (τ). The final results are the following.

4Re(ε) = (6.2 ± 1.4stat ± 1.0syst) × 10−3 ,

Im(x+) = (1.2 ± 1.9stat ± 0.9syst) × 10−3 ,

χ2/ndf = 0.84 , ndf = 606 .

The correlation coefficient between 4Re(ε) and Im(x+) is
0.46.

Thus T violation in the neutral-kaon mixing is clearly
demonstrated. Since Im(x+) is compatible with zero, no T
violation is observed in the semileptonic decay amplitude
which violates the ∆S = ∆Q rule, should this amplitude
be different from zero. We note that Im(x+) is given by
the values of the asymmetry at early decay times while
4Re(ε) is determined by the late decay-time values. As a
result the average 〈Aexp

T 〉 between 1 and 20 τS is essentially
equal to 4Re(ε).

A summary of the systematic errors for the different
parameters is reported in Table 6. Note that the system-
atic errors on 〈Aexp

T 〉 also apply to 4Re(ε) for the case of
the two-parameter fit. The secondary-vertex normaliza-
tion η is the dominant source of systematic error for this

CPLEAR, Eur. Phys. J., C : 22 (2001) , pp.55-79

This measurement allows one to make an ABSOLUTE distinction 
between matter and anti-matter

– Positive charge is the charged carried by the lepton preferentially 
produced in the decay of the neutral K meson

q

p
g−(t)

p

q
g−(t) π−e+νe

π+e−νe

AT (t) =
Iπ−e+ν(t)− Iπ+e−ν(t)
Iπ−e+ν(t) + Iπ+e−ν(t)

=
1− |q/p|4

1 + |q/p|4
= 4Rε



• Existence of antimatter is a consequence of the combination of special 
relativity and quantum mechanics

• No ‘primordial’ antimatter observed

• Need something called ‘CP’ symmetry breaking to explain the absence of 
antimatter

• CPT is a very good symmetry

• C,P and CP are conserved in strong & EM interactions

• C,P completely broken by weak interactions, CP looks healthy...

• neutral kaons can ‘mix’ (oscillate) into their antiparticles

• and this can causes lifetime & mass differences of the CP eigenstates of the 
Hamiltonian

• CP is (a bit) broken in the neutral kaon system!

• And we can use this to unambiguously distinguish matter and antimatter

Summary 



At t=0, events with a 
- K+ ‘tag’ are a pure K0 sample
- K- ‘tag’ are a pure K0 sample

Use the strangeness conservation of 
the strong interactions to perform 
tagged K0 and K0 production:

CPLEAR Detector@CERN

pp→
{

π−K+K0

π+K−K0
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At t=0, events with a 
- K+ ‘tag’ are a pure K0 sample
- K- ‘tag’ are a pure K0 sample

Use the strangeness conservation of 
the strong interactions to perform 
tagged K0 and K0 production:

CPLEAR Detector@CERN

pp→
{

π−K+K0

π+K−K0

pp→
{

π−K+K0 → π−K+ π+π−

π+K−K0 → π+K− π+π−



Interference!
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1. CP violation in decay

2. CP violation in mixing:

3. CP violation in interference mixing/decay:

Three ways to break CP... 

A+− ≡
〈
π+π−|K0

〉 λ+− ≡
q

p

A+−
A+−

A+− ≡
〈
π+π−|K0

〉

g±(t) =
e−iωSt ± e−iωLt

2
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1
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2
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(

q

p
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)
!= 0



Write in terms of observables...
λ+− ≡

q

p

A+−
A+−

Γ
(
K0 → π+π−

)
= N

[
e−ΓSt + |η+−|2 e−ΓLt+2e−Γt |η+−| cos (∆mt− φ+−)

]

Γ
(
K0 → π+π−

)
= N

[
e−ΓSt + |η+−|2 e−ΓLt−2e−Γt |η+−| cos (∆mt− φ+−)

]

KS KL KS-KL interference
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where τS is in ps, and has negligible dependence on the value of∆m.

Figure 4: The time-dependent asymmetryA+− vs the neutral-kaon decay time. The solid circles represent
the data, including residual background, whereas the solid line is the result of our fit.

Using for < ∆m > and < τS > the world averages [8],< ∆m >= (530.1± 1.4)× 107!s−1 and

< τS >= (89.32 ± 0.08) ps, the results of the fit for φ+− and |η+−| are:

|η+−| = (2.264 ± 0.023) × 10−3

φ+− = 43.19◦ ± 0.53◦,

where the errors are purely statistical and χ2/d.o.f. = 1.2. Table 1 shows the correlation coefficients
between φ+−, |η+−| and α , given by the fit.

φ+− |η+−| α
φ+− 1 0.17 0.37

|η+−| - 1 0.65

α - 1

Table 1: Correlation coefficients for the fitted values in the case of fixed∆m

An alternative way of presenting the data is given by the ‘reduced asymmetry’ Ared(τ) =
A+−(τ) × e−

1
2 (ΓS−ΓL)τ , as shown in Fig. 5. The physics content of this plot is identical to that of

6
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0 0Ž .Fig. 1. The measured decay rates for K open circles and K

Ž .solid circles after acceptance correction and background subtrac-

tion.

this asymmetry makes the measurement, to first or-

der, independent of absolute acceptances and there-

fore of Monte Carlo simulation, thus reducing sys-

tematic uncertainties.

3. The detector

The CPLEAR detector has been described else-
w xwhere 6 . It had a cylindrical geometry and was

mounted inside a solenoid of length 3.6 m and

internal radius 1 m, which produced a magnetic field

of 0.44 T parallel to the p beam. The beam, extracted
Ž .from the Low Energy Antiproton Ring LEAR at

CERN, had a momentum of 200 MeVrc and stopped
in the target at the centre of the detector. The target,

consisting of a 7 cm radius sphere filled with gaseous

hydrogen at 16 bar pressure, was replaced in mid

1994 by a 1.1 cm radius, 27 bar, cylindrical target

surrounded by a 1.5 cm radius, cylindrical propor-
Ž .tional chamber PC0 .

Tracking of the annihilation products was per-

formed by two layers of proportional chambers, six

layers of drift chambers and two layers of streamer

tubes. Kaon, pion and electron identification
Ž .Cherenkov light, time of flight and energy loss was

provided by a threshold Cherenkov counter sand-

wiched between two layers of plastic scintillator. An

18-layer, leadrgas-sampling electromagnetic calori-
meter completed the detector.

Because of the small branching ratio of the de-
Ž .sired annihilation channels, Eq. 1 , and the high

6Ž .beam-intensity f10 prs , a multi-level trigger
w xsystem 6 , based on custom-made hardwired proces-

sors, was used to provide fast and efficient back-

ground rejection. The PC0 information was incorpo-

rated into the trigger for all data taken during 1995

and 1996. Not more than two hits in this chamber

were required, thus ensuring that the neutral kaon

decayed outside PC0. This eliminated a large number

of unwanted, very short lifetime K decays as wellS

as background multikaon and multipion annihila-

tions, allowing the rate of useful recorded events to

be significantly increased.

4. Data analysis

Events corresponding to the desired annihilation

channels, followed by the decay of the neutral kaon

to pqpy, are selected by demanding four charged

tracks with zero total charge. In order to be well

above the pion threshold in the Cherenkov detector,

the charged kaon is required to have a momentum of

at least 350 MeVrc. Furthermore, to be consistent
with the trigger requirements, a momentum compo-

nent in the plane transverse to the beam axis of at

least 300 MeVrc is demanded. The events are then
passed through a geometrical and kinematical con-

strained fit, with a total of nine constraints. These

are:

Ø overall conservation of energy and momentum
Ž .4C ,

Ø missing mass at the annihilation vertex equal to
0 Ž .the K mass 1C ,

Ø at each vertex, corresponding to the intersection

in the transverse plane of two tracks, same coor-
Ž .dinate along the beam axis for both tracks 2C ,

Ø neutral-kaon momentum collinear with the line

joining the two vertices in both the transverse and
Ž .longitudinal planes 2C .

Events are required to have a probability from the

9C fit of at least 5%. At lifetimes beyond 11t S
tighter probability cuts are applied to reduce the

residual background, such that the signal-to-back-
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• Existence of antimatter is a consequence of the combination of special 
relativity and quantum mechanics

• No ‘primordial’ antimatter observed

• Need something called ‘CP’ symmetry breaking to explain the absence of 
antimatter

• CPT is a very good symmetry

• C,P and CP are conserved in strong & EM interactions

• C,P completely broken by weak interactions, CP looks healthy...

• neutral kaons can ‘mix’ (oscillate) into their antiparticles

• and this can causes lifetime & mass differences of the CP eigenstates of the 
Hamiltonian

• CP is (a bit) broken in the neutral kaon system!

• And we can use this to unambiguously distinguish matter and antimatter

• There are actually three ways in which CP can be broken!

Summary 



Sofar: 

- seen that Weak Interaction breaks both C and P ‘completely’ and CP ‘a bit’

- described what happens in very generic terms...

Next: 

1. towards the Standard Model description of the  Weak Interaction

2. how CP violation is integrated into the Standard Model

3. how can we test the Standard Model description of CP violation?

CP and the Standard Model



Leptons & Quarks

In the sixties, it seemed that there were 

• 4 types of lepton:   e, νe, μ, νμ

• 3 types of quark:    u, d, s

• but many (most!) considered quarks a mathematical trick to 
explain the zoo of observed particles...

Let’s sort them by their electrical charge:

           0:    νe, νμ             +⅔:    u

          -1:    e,   μ          -⅓:    d,  s



Leptons & Quarks

In the sixties, it seemed that there were 

• 4 types of lepton:   e, νe, μ, νμ

• 3 types of quark:    u, d, s

• but many (most!) considered quarks a mathematical trick to 
explain the zoo of observed particles...

Let’s sort them by their electrical charge:

           0:    νe, νμ             +⅔:    u

          -1:    e,   μ          -⅓:    d,  s
W+W-



Weak Interaction: Leptons vs Quarks

• Problem: using the measured muon lifetime, the predicted neutron lifetime is 
a bit too short -- and the predicted lifetime of strange particles way too 
short...

• Conclusion: measured strength (coupling constant) of weak interaction is 
systematically (!) different when measured in different types of processes??? 

• Or maybe we just overlooked something?
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g g=

Weak Interaction: Universality

d cos θC + s sin θC

u

W−

The d quark as ‘seen’ by the W,  the weak eigenstate d’, 
is not same as the mass eigenstate (the d)...

(
νe

e

)

L

,

(
νµ

µ

)

L

,

(
u
d′

)

L

=
(

u
d cos θC + s sin θC

)

L



Weak Interaction: Universality 

d

s

d’

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

• If d’ is a superposition of the d and s, 
shouldn’t there be an s’ as well?

• 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’
s’

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

• If d’ is a superposition of the d and s, 
shouldn’t there be an s’ as well? (*)

• 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?

(
d′

s′

)
=

(
cos θC sin θC

− sin θC cos θC

)(
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)



Weak Interaction: Universality 
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and s...

• If d’ is a superposition of the d and s, 
shouldn’t there be an s’ as well? (*)
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versions of d and s
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(*) 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)



Cabibbo and the charm quark

• There was however one major exception which Cabibbo could not 
describe: K0 → μ+ μ-

• Observed rate much lower than expected from Cabibbos rate
correlations (expected rate ∝ g8sin2θccos2θc)

u νµ

s µ−

d µ+

sin θC

cos θC



GIM and the charm quark

• How does it solve the K0 → μ+μ- problem?

• Second decay amplitude added that is almost identical to original one, 
but has relative minus sign ⇒ (Almost) fully destructive interference

• Cancellation not perfect because u, c mass not quite the same...

c νµ

s µ−

d µ+

− cos θC

sin θC

u νµ

s µ−

d µ+

sin θC

cos θC



One ‘tiny’ problem: no experimental evidence for a fourth quark... 

...until 1974:  Ting, Richter (Nobel prize 1976)

(
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e

)

L

,

(
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)

L(
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)

L

,

(
c
s′

)
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 Cartoon shown by N. Cabibbo in 1966… 
since then, there was tremendous progress in the 

understanding (better: describing) CP violation 

⇒ next topic! 



• Existence of antimatter is a consequence of the combination of special relativity 
and quantum mechanics

• No ‘primordial’ antimatter observed

• Need something called ‘CP’ symmetry breaking to explain the absence of 
antimatter

• CPT is a very good symmetry

• C,P and CP are conserved in strong & EM interactions

• C,P completely broken by weak interactions, CP looks healthy...

• neutral kaons can ‘mix’ (oscillate) into their antiparticles

• and this can causes lifetime & mass differences of the CP eigenstates of the 
Hamiltonian

• CP is (a bit) broken in the neutral kaon system!

• And we can use this to unambiguously distinguish matter and antimatter

• There are actually three ways in which CP can be broken!

• the weak and mass eigenstates of quarks are not the same...

Summary 





The Nobel Prize winning part

(
u
d′

)

L

,

(
c
s′

)

L

,

(
t
b′

)

L




d′

s′

b′



 = VCKM




d
s
b



with



How many ‘physical’ parameters in VCKM?

• complex NxN matrix:  2N2 parameters

• must be unitary:

• eg. t must decay to either b, s or d, so 

• in general: V*T V = I → N2 constraints

• freedom to change phase of quark fields 

• 2N-1 phases are irrelevant:

• number of ‘physical’ parameters = N2-2N+1

• how many can be rotation angles? N(N-1)/2

• For N=2 : 1 parameter, with 1 rotation angle (Cabbibo!)

• For N=3:  4 parameters = 3 rotations + 1 irreducible phase!

|qj〉 → eiφj |qj〉

〈qi| Vij |qj〉 → 〈qi| e−iφiVijeiφj |qj〉

Vij → ei(φj−φi)Vij



How many ‘physical’ parameters in VCKM?

• complex NxN matrix:  2N2 parameters

• must be unitary:

• eg. t must decay to either b, s or d, so 

• in general: V*T V = I → N2 constraints

• freedom to change phase of quark fields 

• 2N-1 phases are irrelevant:

• number of ‘physical’ parameters = N2-2N+1

• how many can be rotation angles? N(N-1)/2

• For N=2 : 1 parameter, with 1 rotation angle (Cabbibo!)

• For N=3:  4 parameters = 3 rotations + 1 irreducible complex phase!

|qj〉 → eiφj |qj〉

〈qi| Vij |qj〉 → 〈qi| e−iφiVijeiφj |qj〉

Vij → ei(φj−φi)Vij



Complex phases & CP

What does CP (or, equivalently T) conjugation 
do with the Hamiltonian H ?

T x̂ = x̂

T p̂ = −p̂

[x̂, p̂] = i!

T [x̂, p̂]T−1 = TiT−1! TiT−1 = −i



With 3 (or more) generations VCKM can be complex  
 CP violation possible

Complex phases & CP

The T (and CP) operations must be anti-unitary, 
which implies complex conjugation !

What does CP (or, equivalently T) conjugation 
do with the Hamiltonian H ?

T x̂ = x̂

T p̂ = −p̂

[x̂, p̂] = i!

T [x̂, p̂]T−1 = TiT−1! TiT−1 = −i

b

u

W−

Vub
b

u

W+

V ∗
ub

CP



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!



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!



Are there more than three generations?

• Surprisingly, you can actually say 
something about that…

– Measure decay rate of Z boson into 
all quarks, compare to total Z boson 
decay rate

– Because Z can decay into νν each 
additional generation with a light 
neutrino increases the fraction of Z 
decaying to νν, and thus decreases 
the fraction of hadronic decays....

– Shows conclusively that there are 
only 3 generations (of neutrinos, of 
the type we know, with mass < MZ/2)



• Existence of antimatter is a consequence of the combination of special relativity and 
quantum mechanics

• No ‘primordial’ antimatter observed

• Need something called ‘CP’ symmetry breaking to explain the absence of antimatter

• CPT is a very good symmetry

• C,P and CP are conserved in strong & EM interactions

• C,P completely broken by weak interactions, CP looks healthy...

• neutral kaons can ‘mix’ (oscillate) into their antiparticles

• and this can causes lifetime & mass differences of the CP eigenstates of the Hamiltonian

• CP is (a bit) broken in the neutral kaon system!

• And we can use this to unambiguously distinguish matter and antimatter

• There are actually three ways in which CP can be broken!

• the weak and mass eigenstates of quarks are not the same... related by VCKM

• with 3 or more families, one can have a complex phase(s) in VCKM and thus CP violation 
is possible!

Summary 



Three generations, four parameters...




d′

s′

b′



 = VCKM




d
s
b



 =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb








d
s
b





VCKM =




c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13





so with four parameters θ12, θ23, θ13, δ
with sij = sin θij , cij = cos θij

... and many more observables!



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







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







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 cos(θc)2 [= 0.0484]




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb







Wouter Verkerke, NIKHEF (183)

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]




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb







Hierarchy...


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



 ==




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

 ==




1 0 0
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

 +O(λ)



Hierarchy...
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Vtd Vts Vtb



 ==




1 λ 0
−λ 1 0
0 0 1



 +O(λ2)



Hierarchy...



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−0.0011
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−0.000043








Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 ==




1− λ2/2 λ 0
−λ 1− λ2/2 Aλ2

0 −Aλ2 1



 +O(λ3)



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
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






Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 ==




1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1



 +O(λ4)



Hierarchy...
lo

g 1
0(

 m
as

s 
[M

eV
/c

2 ]
 )

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)



• Existence of antimatter is a consequence of the combination of special relativity and quantum 
mechanics

• No ‘primordial’ antimatter observed

• Need something called ‘CP’ symmetry breaking to explain the absence of antimatter

• CPT is a very good symmetry

• C,P and CP are conserved in strong & EM interactions

• C,P completely broken by weak interactions, CP looks healthy...

• neutral kaons can ‘mix’ (oscillate) into their antiparticles

• and this can causes lifetime & mass differences of the CP eigenstates of the Hamiltonian

• CP is (a bit) broken in the neutral kaon system!

• And we can use this to unambiguously distinguish matter and antimatter

• There are actually three ways in which CP can be broken!

• the weak and mass eigenstates of quarks are not the same...

• with 3 (or more) families, one can have a complex phase in the CKM matrix that defines the 
weak eigenstates, and this allows for CP violation!

• There is a clear (and unexplained!) hierarchy in the CKM

Summary 



How to measure |Vtd| and |Vts|?




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 ==




1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1



 +O(λ4)



Intermezzo: Neutral Meson Mixing

• Need to be neutral and have distinct anti-particle (x)

• Needs to have a non-zero lifetime 

• top is so heavy, it decays long before it can even form a meson (♢)

• That leaves four distinct cases...

d s b
d × K0 B0

s K0 × Bs

b B0 Bs ×

u c t
u × D0 "
c D0 × "
t " " ×

Note: for (much!) more detail, see eg. arXiv:hep-ex/0103016v1
 



Intermezzo: Describing Mixing…
Time evolution of B0 and B0 can be described by an effective Hamiltonian:

 what is the
 difference between 

M12 and Γ12?



Intermezzo: Describing Mixing…
Time evolution of B0 and B0 can be described by an effective Hamiltonian:

 what is the
 difference between 

M12 and Γ12?

M12 describes B0 ↔ B0 

via virtual states

For details, look up “Wigner-Weisskopf” approximation…

d

dt

(
|a|2 + |b|2

)
= −

(
a∗ b∗

) (
Γ Γ12

Γ∗
12 Γ

) (
a
b

)
Remember:  antihermitian part describes the 

‘leaking’ out of the (sub)space spanned by B0 and B0

Γ12 describes B0 ↔ B0 

via real states, eg ππ



∆m +
i

2
∆Γ = 2

√(
M12 −

i

2
Γ12

) (
M∗

12 −
i

2
Γ∗

12

)q

p
=

√
M∗

12 − i
2Γ∗

12

M12 − i
2Γ12

Solving the Schrödinger Equation

From the eigenvector calculation:

Eigenvectors: 

Δm and ΔΓ follow from the eigenvalues:

Solution (in terms of eigenvectors):

(a and b determined by initial conditions)

Evolution of eigenvectors: 

|BH(t)〉 = |BH〉 e−i(M+ 1
2∆m− i

2 (Γ−∆Γ))t

|BL(t)〉 = |BL〉 e−i(M− 1
2∆m+ i

2 (Γ+∆Γ))t

ψ(t) = a |BH(t)〉 + b |BL(t)〉



∆m +
i

2
∆Γ = 2

√(
M12 −

i

2
Γ12

) (
M∗

12 −
i

2
Γ∗

12

)q

p
=

√
M∗

12 − i
2Γ∗

12

M12 − i
2Γ12

Solving the Schrödinger Equation

From the eigenvector calculation:

Eigenvectors: 

Δm and ΔΓ follow from the eigenvalues:

Solution (in terms of eigenvectors):

(a and b determined by initial conditions)

Evolution of eigenvectors: 

|BH(t)〉 = |BH〉 e−i(M+ 1
2∆m− i

2 (Γ−∆Γ))t

|BL(t)〉 = |BL〉 e−i(M− 1
2∆m+ i

2 (Γ+∆Γ))t

ψ(t) = a |BH(t)〉 + b |BL(t)〉



Mixing: Kaons vs. B mesons
• The difference between K mixing and ‘the rest’:  Γ12

• A large fraction of Kaon decays produce CP eigenstates: 

• all decays without leptons are CP eigenstates..

• the  CP even ones have more phase-space

• Hence the lifetime difference (large Γ12!)

• For B0, (and, to a somewhat lesser extent Bs), the dominant 
decays are not CP eigenstates

• hence ΔΓ=0 (smallish), and Γ12 does not contribute to B0 
mixing

• note: as a result labeling eigenstates as  ‘S’hort and ‘L’ong 
doesn’t make sense -- hence the ‘H’eavy and ‘L’ight 

• so do B0 (Bs) mesons actually mix?

!−ν!, ud, cs

W−

d

b

d

c

!−ν!, ud, cs

W−

s

b

s

c

!−ν!, ud

W−

d

s

d

u

Dominant decay amplitudes



q = u, c, t

W−

W+

q = u, c, t

d b

b d

Vqd

V ∗
qb Vqb

V ∗
qd

Mixing: Box Diagrams

q = u, c, t
W W

q = u, c, t

d b

b d

Vqd V ∗
qd

V ∗
qb Vqb



q = u, c, t

W−

W+

q = u, c, t

d b

b d

Vqd

V ∗
qb Vqb

V ∗
qd

Mixing: Box Diagrams

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



q = u, c, t

W−

W+

q = u, c, t

d b

b d

Vqd

V ∗
qb Vqb

V ∗
qd

Mixing: Box Diagrams

Dominated by top quark mass:

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

reference:                 τB ~1.5 ps



Dominated by top quark mass:

reference:                 τB ~1.5 ps

Before you decay, you’ve 
gotta ask yourself one 

question: 

“do I feel like oscillating?”

well, do ya?



B0 Mixing:  ARGUS, 1987
Integrated luminosity 1983-87: 103 pb-1

• Produce an bb bound state, ϒ(4S), in 
e+e- collisions:

• e+e- → ϒ(4S) → B0B0 

• and then observe:

• measure that ~17% of B0 and B0 
mesons oscillate before they 
decay
  

• τB ~ 1.5 ps ⇒  Δmd ~ 0.5/ps, 

First evidence of a really large top mass!

B0
1 → D∗−

1 µ+
1 ν1

D∗−
1 → D0π−1s

D0 → K+
1 π−1

B0
2 → D∗−

2 µ+
2 ν2

D∗−
2 → D−π0

D− → K+
2 π−2 π−2

π0 → γγ



Bs mixing:

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

most important difference with B0: 
replace Vtd→Vts

A more complete calculation leads to the 
SM expectation of ~18/ps



Bs mixing: CDF, 2006
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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

PRL 97, 242003 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
15 DECEMBER 2006

242003-3

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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s oscillation signal measured in five bins of
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A more complete calculation leads to the 
SM expectation of ~18/ps

most important difference with B0: 
replace Vtd→Vts



D0 mixing

D0 K+π−
Look for ‘wrong 
sign’ D0 decays



D0 mixing

d,s,b ‘in the loop’ instead of u,c,t
⇒ GIM (almost) kills this amplitude...
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D0 mixing: BaBar, 2007

The RS and WS fmK!;!mg distributions are described
by four components: signal, random !!

s , misreconstructed
D0, and combinatorial background. The signal component
has a characteristic peak in both mK! and !m. The random
!!

s component models reconstructed D0 decays combined
with a random slow pion and has the same shape in mK! as
signal events but does not peak in !m. Misreconstructed
D0 events have one or more of the D0 decay products either
not reconstructed or reconstructed with the wrong particle
hypothesis. They peak in !m but not in mK!. For RS
events, most of these are semileptonic D0 decays. For
WS events, the main contribution is RS D0 ! K"!!

decays where the K" and the !! are misidentified as !"

and K!, respectively. Combinatorial background events
are those not described by the above components; they
do not exhibit any peaking structure in mK! or !m.

The functional forms of the probability density functions
(PDFs) for the signal and background components are
chosen based on studies of Monte Carlo (MC) samples.
However, all parameters are determined from two-
dimensional likelihood fits to data over the full mK! and
!m region.

We fit the RS and WS data samples simultaneously
with shape parameters describing the signal and random
!!

s components shared between the two data samples. We
find 1 141 500# 1200 RS signal events and 4030# 90 WS
signal events. The dominant background component is the
random !!

s background. Projections of the WS data and fit
are shown in Fig. 1.

The measured proper-time distribution for the RS signal
is described by an exponential function convolved with a
resolution function whose parameters are determined by
the fit to the data. The resolution function is the sum of
three Gaussians with widths proportional to the estimated
event-by-event proper-time uncertainty "t. The random
!!

s background is described by the same proper-time
distribution as signal events, since the slow pion has little
weight in the vertex fit. The proper-time distribution of the
combinatorial background is described by a sum of two
Gaussians, one of which has a power-law tail to account for
a small long-lived component. The combinatorial back-
ground and real D0 decays have different "t distributions,

as determined from data using a background-subtraction
technique [9] based on the fit to mK! and !m.

The fit to the RS proper-time distribution is performed
over all events in the full mK! and !m region. The PDFs
for signal and background in mK! and !m are used in the
proper-time fit with all parameters fixed to their previously
determined values. The fitted D0 lifetime is found to be
consistent with the world-average lifetime [10].

The measured proper-time distribution for the WS signal
is modeled by Eq. (1) convolved with the resolution func-
tion determined in the RS proper-time fit. The random !!

s
and misreconstructed D0 backgrounds are described by the
RS signal proper-time distribution since they are real D0

decays. The proper-time distribution for WS data is shown
in Fig. 2. The fit results with and without mixing are shown
as the overlaid curves.

The fit with mixing provides a substantially better de-
scription of the data than the fit with no mixing. The
significance of the mixing signal is evaluated based on
the change in negative log likelihood with respect to the
minimum. Figure 3 shows confidence-level (C.L.) contours
calculated from the change in log likelihood ("2! lnL) in
two dimensions (x02 and y0) with systematic uncertainties
included. The likelihood maximum is at the unphysical
value of x02 $ "2:2% 10"4 and y0 $ 9:7% 10"3. The
value of "2! lnL at the most likely point in the physically
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F. Le Diberder,36 A. M. Lutz,36 S. Pruvot,36 S. Rodier,36 P. Roudeau,36 M. H. Schune,36 J. Serrano,36 V. Sordini,36

A. Stocchi,36 W. F. Wang,36 G. Wormser,36 D. J. Lange,37 D. M. Wright,37 C. A. Chavez,38 I. J. Forster,38 J. R. Fry,38

E. Gabathuler,38 R. Gamet,38 D. E. Hutchcroft,38 D. J. Payne,38 K. C. Schofield,38 C. Touramanis,38 A. J. Bevan,39

K. A. George,39 F. Di Lodovico,39 W. Menges,39 R. Sacco,39 G. Cowan,40 H. U. Flaecher,40 D. A. Hopkins,40

P. S. Jackson,40 T. R. McMahon,40 F. Salvatore,40 A. C. Wren,40 D. N. Brown,41 C. L. Davis,41 J. Allison,42 N. R. Barlow,42

R. J. Barlow,42 Y. M. Chia,42 C. L. Edgar,42 G. D. Lafferty,42 T. J. West,42 J. I. Yi,42 J. Anderson,43 C. Chen,43

A. Jawahery,43 D. A. Roberts,43 G. Simi,43 J. M. Tuggle,43 G. Blaylock,44 C. Dallapiccola,44 S. S. Hertzbach,44 X. Li,44

T. B. Moore,44 E. Salvati,44 S. Saremi,44 R. Cowan,45 P. H. Fisher,45 G. Sciolla,45 S. J. Sekula,45 M. Spitznagel,45

F. Taylor,45 R. K. Yamamoto,45 S. E. Mclachlin,46 P. M. Patel,46 S. H. Robertson,46 A. Lazzaro,47 F. Palombo,47

J. M. Bauer,48 L. Cremaldi,48 V. Eschenburg,48 R. Godang,48 R. Kroeger,48 D. A. Sanders,48 D. J. Summers,48
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50Mount Holyoke College, South Hadley, Massachusetts 01075, USA
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We present evidence for D0-D0 mixing in D0 ! K!!" decays from 384 fb"1 of e!e" colliding-beam
data recorded near

!!!
s

p # 10:6 GeV with the BABAR detector at the PEP-II storage rings at the Stanford
Linear Accelerator Center. We find the mixing parameters x02 # $"0:22% 0:30&stat' % 0:21&syst'( )
10"3 and y0#$9:7%4:4&stat'%3:1&syst'()10"3 and a correlation between them of "0:95. This result is
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inconsistent with the no-mixing hypothesis with a significance of 3.9 standard deviations. We measure RD,
the ratio of doubly Cabibbo-suppressed to Cabibbo-favored decay rates, to be !0:303"0:016#stat$"
0:010#syst$%%. We find no evidence for CP violation.

DOI: 10.1103/PhysRevLett.98.211802 PACS numbers: 13.25.Ft, 11.30.Er, 12.15.Ff, 14.40.Lb

Quantum-mechanical mixing of neutral-meson particle-
antiparticle states has been observed in the K [1], B [2], and
Bs [3] systems but not yet in the D system. D mesons,
which contain a charm quark, are the only system where
contributions of down-type quarks in the mixing loop can
be explored. In the standard model (SM), the D0-D0 mix-
ing rate is expected to be very small (10&4 or less), due to
Glashow-Iliopoulos-Maiani suppression of the first two
quark generations and Cabibbo-Kobayashi-Maskawa sup-
pression of the third [4]. Long-distance effects from inter-
mediate states coupling to both D0 and D0 also contribute,
making precise prediction and interpretation difficult [5].
We present evidence for D mixing consistent with these
expectations and with previous experimental limits [6].

To the extent that only the first two generations are
involved, CP violation is expected to be well below the
sensitivity of this experiment, although non-SM processes
could enhance either mixing or CP violation. We compare
D0 and D0 samples separately and find no evidence for CP
violation.

We study the right-sign (RS), Cabibbo-favored (CF)
decay D0 ! K&!' [7] and the wrong-sign (WS) decay
D0 ! K'!&. The latter can be produced via the doubly
Cabibbo-suppressed (DCS) decay D0 ! K'!& or via
mixing followed by a CF decay D0 ! D0 ! K'!&. The
DCS decay has a small rate RD of order tan4"C ( 0:3%
relative to CF decay, with "C the Cabibbo angle. We
distinguish D0 and D0 by their production in the decay
D)' ! !'

s D0, where the !'
s is referred to as the ‘‘slow

pion.’’ In RS decays, the !'
s and the kaon have opposite

charges, while in WS decays the charges are the same. The
time dependence of the WS decay rate is used to separate
the contributions of DCS decays from D0-D0 mixing.

The D0 and D0 mesons are produced as flavor eigen-
states but evolve and decay as mixtures of the eigenstates
D1 and D2 of the Hamiltonian, with masses and widths M1,
!1 and M2, !2, respectively. Mixing is characterized by the
mass and lifetime differences "M * M1 &M2 and "! *
!1 & !2. Defining the parameters x * "M=! and y *
"!=2!, where ! * #!1 ' !2$=2, we approximate the
time dependence of the WS decay of a meson produced
as a D0 at time t * 0 in the limit of small mixing
(jxj; jyj + 1) and CP conservation as

 

TWS#t$
e&!t

/ RD '
!!!!!!!
RD

p
y0!t' x02 ' y02

4
#!t$2; (1)

where x0 * x cos#K! ' y sin#K!, y0 * &x sin#K! '
y cos#K!, and #K! is the strong phase between the DCS
and CF amplitudes.

We study both CP-conserving and CP-violating cases.
For the CP-conserving case, we fit for the parameters RD,
x02, and y0. To search for CP violation, we apply Eq. (1) to
the D0 and D0 samples separately, fitting for the parame-
ters fR"

D; x
02"; y0"g for D0 (') decays and D0 (&) decays.

We use 384 fb&1 of e'e& colliding-beam data re-
corded near

!!!
s

p * 10:6 GeV with the BABAR detector [8]
at the PEP-II asymmetric-energy storage rings. We se-
lect D0 candidates by pairing oppositely charged tracks
with a K,!" invariant mass mK! between 1.81 and
1:92 GeV=c2. Each pair is identified as K,!" using a
likelihood-based particle identification algorithm. We re-
quire the !'

s to have a momentum in the laboratory frame
greater than 0:1 GeV=c and in the e'e& center-of-mass
(c.m.) frame below 0:45 GeV=c.

To obtain the proper decay time t and its error $t for
each D0 candidate, we refit the K, and !" tracks, con-
straining them to originate from a common vertex. We also
require the D0 and !'

s to originate from a common vertex,
constrained by the position and size of the e'e& interac-
tion region. The vertical rms size of each beam is typically
6 %m [8]. We require the &2 probability of the vertex-
constrained combined fit P#&2$ to be at least 0.1% and the
mK!!s

&mK! mass difference "m to satisfy 0:14<
"m< 0:16 GeV=c2.

To remove D0 candidates from B-meson decays and to
reduce combinatorial backgrounds, we require each D0 to
have a momentum in the c.m. frame greater than
2:5 GeV=c. We require &2< t < 4 ps and $t < 0:5 ps
(the most probable value of $t for signal events is
0.16 ps). For D)' candidates sharing one or more tracks
with other D)' candidates, we retain only the candidate
with the highest P#&2$. After applying all criteria, we keep
approximately 1 229 000 RS and 64 000 WS D0 and D0

candidates. To avoid potential bias, we finalized the analy-
sis procedure without examining the mixing results.

The mixing parameters are determined in an unbinned,
extended maximum-likelihood fit to the RS and WS data
samples over the four observables mK!, "m, t, and $t. The
fit is performed in several stages. First, RS and WS signal
and background shape parameters are determined from a fit
to mK! and "m and are not varied in subsequent fits. Next,
the D0 proper-time resolution function and lifetime are
determined in a fit to the RS data using mK! and "m to
separate the signal and background components. We fit to
the WS data sample using three different models. The first
model assumes both CP conservation and the absence of
mixing. The second model allows for mixing but assumes
no CP violation. The third model allows for both mixing
and CP violation.
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D0 K+π−



D0 meson
K0 meson

B0 meson Bs meson

Blue:
   given a P0, at t=0,
   the probability of 
   finding a P0 at t.

Red:
   given a P0, at t=0,
   the probability of 

   finding a P0bar at t.

Summary of Neutral Meson Mixing
d s b

d × K0 B0

s K0 × Bs

b B0 Bs ×
u c t

u × D0 "
c D0 × "
t " " ×



• Existence of antimatter is a consequence of the combination of special relativity and quantum mechanics

• No ‘primordial’ antimatter observed

• Need something called ‘CP’ symmetry breaking to explain the absence of antimatter

• CPT is a very good symmetry

• C,P and CP are conserved in strong & EM interactions

• C,P completely broken by weak interactions, CP looks healthy...

• neutral kaons can ‘mix’ (oscillate) into their antiparticles

• and this can causes lifetime & mass differences of the CP eigenstates of the Hamiltonian

• CP is (a bit) broken in the neutral kaon system!

• And we can use this to unambiguously distinguish matter and antimatter

• There are actually three ways in which CP can be broken!

• the weak and mass eigenstates of quarks are not the same...

• with 3 (or more) families, one can have a complex phase in the CKM matrix that defines the weak 
eigenstates, and this allows for CP violation!

• There is a clear (and unexplained!) hierarchy in the CKM

• All four neutral mesons can mix -- and do, but some faster(slower) than others... 

• Heavy top quark needed for B mixing

Summary 


