
Particle Physics
Dr Victoria Martin, Spring Semester 2013

Lecture 15: Measuring CP Violation

★Mixing and decays of kaons
★CKM Matrix revisited
★The unitarity triangle
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Reminder: Guest Seminars

•From Edinburgh University researchers on their work.  

•Monday (18th March) in tutorial:

•Guest seminar from Dr Greig Cowan on B-physics at LHCb

•Following Monday (25th March) in tutorial

•Guest seminar from Dr Wahid Bhimji on Higgs physics at ATLAS
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Parity Violation in Pion Decays
• Consider charged pion decay at rest, π− → µ− + ν̅µ 

• Charged pion has S = 0 
➡ muon and neutrino produced with equal &                        

opposite spin

➡ The muon and neutrino will have identical helicities

➡ Experiments observe muon helicity is always right-
handed 

➡ Conclusion: Only right-handed anti-neutrinos exist! 

Prof. M.A. Thomson Michaelmas 2011 305

In the ultra-relativistic limit only left-handed 
particles and right-handed antiparticles

participate in charged current weak interactions 

e+ !e
e– !e

e–

!e

e.g. In the relativistic limit, the only possible electron – neutrino interactions are:

RH anti-particle LH particle RH particle LH anti-particle

! The helicity dependence of the weak interaction              parity violation  
e.g.

Valid weak interaction Does not occur

Helicity in Pion Decay

Prof. M.A. Thomson Michaelmas 2011 306

!The decays of charged pions provide a good demonstration of the role of
helicity in the weak interaction 

EXPERIMENTALLY:

•Might expect the decay to electrons to dominate – due to increased phase
space…. The opposite happens, the electron decay is helicity suppressed

!Consider decay in pion rest frame.  
• Pion is spin zero: so the spins of the ! and " are opposite
• Weak interaction only couples to RH chiral anti-particle states. Since

neutrinos are (almost) massless, must be in RH Helicity state 
• Therefore, to conserve angular mom. muon is emitted in a RH HELICITY state

• But only left-handed CHIRAL particle states participate in weak interaction

∝ m�

mπ + m�

ĥ =
�σ · �p

|�p |

Helicity: +1 (RH) Helicity: +1 (RH)

chirality: RH chirality: LH 

• Similarly for π+ → µ+ + νµ anti-muon helicity is always left-handed

➡ only left-handed neutrinos exist!

• This observation also explains why  π− → µ− + ν̅µ is preferred over  π− → e− + ν̅e 

➡ Weak force decay produces particles with left handed chirality and antiparticles 
with right handed chirality

➡ The amount of LH chiral in a RH helicity state is related to β of the lepton.  In 
terms of lepton (ℓ) mass:
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Neutrino States

νL
Left-handed

 neutrino
Right-handed

neutrino

ALLOWED
Parity (P)

FORBIDDEN

Left-handed
antineutrino

Charge
Conjugation (C)

Right-handed
antineutrino

ALLOWED

CP

ν̅L

νR

ν̅R
Parity (P)

Charge
Conjugation (C)

FORBIDDEN

Parity changes the direction of momentum, but not spin: 
Left handed helicity → right handed helicity

Charge conjugation changes the sign of all charges: 
particle → anti-particle

The existence of the νL and  ν̅R  suggests that CP is a good symmetry in the weak interaction
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From Last Lecture: Summary

•Parity P and Charge Conjugation C are maximally violated in weak 
interactions due to vector − axial vector structure of interaction 
vertex.

•Conserved in strong and electromagnetic interactions.

•The combined symmetry CP describes the difference between matter 
and anti-matter

•The existence of only LH neutrinos and RH anti-neutrinos suggest 
CP is good symmetry in the weak force.

•CPT symmetry must be conserved… it’s one of the foundations of QM 
and field theory!
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Neutral Meson Mixing

|K1� =
1√
2

�
|K0� − |K0�

�
CP = +1

|K2� =
1√
2

�
|K0�+ |K0�

�
CP = −1

•The CP eigenstates are: 

•Second order weak interactions can mix long-lived neutral mesons with their 
antiparticles:                                             
➡K0 ( s ̅ d ) , D0 ( c̅ u ) , B0 (b ̅ d) , Bs (b ̅ s)       K0 ↔ K̅0   D0 ↔ D ̅0   B0 ↔ B̅0   Bs ↔ B̅s 

• e.g. take the neutral kaons K0 & K̅0  as an example:

P |K0� = −|K0� P |K0� = −|K0�

CP |K0� = −|K0� CP |K0� = −|K0�

K0K̅0
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Neutral Kaon Decay
•Decay eigenstates are (approximately) K1 (CP=+1) and K2 (CP=−1)

•not the same as the flavour eigenstates K0 and K̅0 

•Two common decay modes of kaons 2π and 3π 

•π0π0 and π+π− have CP = +1   

•π0π0π0 and π+π−π0 have CP = −1  

• If CP is a good symmetry in kaon decay (which it nearly is) we expect:

•K1 → π0π0 , π+π−                   CP = +1 conserved

•K2 → π0π0π0 and π+π−π0         CP = −1  conserved

• K1→ππ has large phase space ⇒ quick decay, travels ~ cm before decay

• named “K-short” or KS with τS = 0.09 ns
• Decay K→πππ has small phase space ⇒ slow decay, travels ~ 10 m before decay

• “K-long” or KL with τL = 51 ns
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Neutral Kaons continued

•Because the kaons can mix, a kaon state can be described as a 
superposition of K0 and K̅0:

•The hamiltonian will describe both the mixing the decay in terms of two 
hermitian matrices:

•Mass difference ΔmK = mS − mL = 3.52(1) x10−12 MeV = 0.53 x 10−10 s−1 is a 
measure of the oscillation frequency

i
∂ψ(t)

∂t
= Ĥψ(t) = (M̂ − i

2
Γ̂)ψ(t)

ψ(t) =
�

a(t)|K0�
b(t)|K0�

�

M̂ − i

2
Γ̂ =

�
MK ∆mK

(∆mK)∗ MK

�
− i

2

�
ΓK ∆ΓK

(∆ΓK)∗ ΓK

�
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Neutral Kaon Properties 

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) (URL: http://pdg.lbl.gov)

K 0K 0
K 0K 0 I (JP ) = 1

2 (0−)

50% KS , 50% KL

Mass m = 497.614 ± 0.024 MeV (S = 1.6)
mK0 − mK± = 3.937 ± 0.028 MeV (S = 1.8)

Mean Square Charge RadiusMean Square Charge RadiusMean Square Charge RadiusMean Square Charge Radius
〈

r2
〉

= −0.077 ± 0.010 fm2

T-violation parameters in K0-K0 mixingT-violation parameters in K0-K0 mixingT-violation parameters in K0-K0 mixingT-violation parameters in K0-K0 mixing [d]

Asymmetry AT in K0-K 0 mixing = (6.6 ± 1.6) × 10−3

CPT-violation parametersCPT-violation parametersCPT-violation parametersCPT-violation parameters [d]

Re δ = (2.5 ± 2.3) × 10−4

Im δ = (−1.5 ± 1.6) × 10−5

Re(y), Ke3 parameter = (0.4 ± 2.5) × 10−3

Re(x−), Ke3 parameter = (−2.9 ± 2.0) × 10−3
∣

∣mK0 − mK0

∣

∣ / maverage < 6 × 10−19, CL = 90% [k]

(ΓK0 − ΓK0)/maverage = (8 ± 8) × 10−18

Tests of ∆S = ∆QTests of ∆S = ∆QTests of ∆S = ∆QTests of ∆S = ∆Q

Re(x+), Ke3 parameter = (−0.9 ± 3.0) × 10−3

K 0
S

K 0
SK 0
S

K 0
S

I (JP ) = 1
2 (0−)

Mean life τ = (0.8954 ± 0.0004)×10−10 s (S = 1.1) Assum-
ing CPT

Mean life τ = (0.89564 ± 0.00033) × 10−10 s Not assuming
CPT
cτ = 2.6844 cm Assuming CPT

CP-violation parametersCP-violation parametersCP-violation parametersCP-violation parameters [l]

Im(η+−0) = −0.002 ± 0.009
Im(η000) = (−0.1 ± 1.6) × 10−2

∣

∣η000
∣

∣ =
∣

∣A(K0
S → 3π0)/A(K0

L → 3π0)
∣

∣ < 0.018, CL = 90%

CP asymmetry A in π+π− e+ e− = (−0.4 ± 0.8)%
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Scale factor/ p

K0
S

DECAY MODESK0
S

DECAY MODESK0
S

DECAY MODESK0
S

DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

Hadronic modesHadronic modesHadronic modesHadronic modes
π0π0 (30.69±0.05) % 209

π+π− (69.20±0.05) % 206

π+π−π0 ( 3.5 +1.1
−0.9 ) × 10−7 133

Modes with photons or "" pairsModes with photons or "" pairsModes with photons or "" pairsModes with photons or "" pairs
π+π−γ [f,m] ( 1.79±0.05) × 10−3 206

π+π− e+ e− ( 4.79±0.15) × 10−5 206

π0γγ [m] ( 4.9 ±1.8 ) × 10−8 231

γγ ( 2.63±0.17) × 10−6 S=3.0 249

Semileptonic modesSemileptonic modesSemileptonic modesSemileptonic modes
π± e∓ νe [n] ( 7.04±0.08) × 10−4 229

CP violating (CP) and ∆S = 1 weak neutral current (S1) modesCP violating (CP) and ∆S = 1 weak neutral current (S1) modesCP violating (CP) and ∆S = 1 weak neutral current (S1) modesCP violating (CP) and ∆S = 1 weak neutral current (S1) modes

3π0 CP < 1.2 × 10−7 CL=90% 139

µ+µ− S1 < 3.2 × 10−7 CL=90% 225

e+ e− S1 < 9 × 10−9 CL=90% 249

π0 e+ e− S1 [m] ( 3.0 +1.5
−1.2 ) × 10−9 230

π0µ+µ− S1 ( 2.9 +1.5
−1.2 ) × 10−9 177

K 0
L

K 0
LK 0
L

K 0
L

I (JP ) = 1
2 (0−)

mKL
− mKS

= (0.5293 ± 0.0009)× 1010 h̄ s−1 (S = 1.3) Assuming CPT
= (3.484 ± 0.006) × 10−12 MeV Assuming CPT
= (0.5289 ± 0.0010)× 1010 h̄ s−1 Not assuming CPT

Mean life τ = (5.116 ± 0.021)× 10−8 s (S = 1.1)
cτ = 15.34 m

Slope parameter gSlope parameter gSlope parameter gSlope parameter g [b]

(See Particle Listings for quadratic coefficients)

K0
L → π+π−π0: g = 0.678 ± 0.008 (S = 1.5)

KL decay form factorsKL decay form factorsKL decay form factorsKL decay form factors [d]

Linear parametrization assuming µ-e universality

λ+(K0
µ3) = λ+(K0

e3) = (2.82 ± 0.04) × 10−2 (S = 1.1)

λ0(K
0
µ3) = (1.38 ± 0.18) × 10−2 (S = 2.2)
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Scale factor/ p

K0
L

DECAY MODESK0
L

DECAY MODESK0
L

DECAY MODESK0
L

DECAY MODES Fraction (Γi /Γ) Confidence level(MeV/c)

Semileptonic modesSemileptonic modesSemileptonic modesSemileptonic modes
π± e∓ νe [n] (40.55 ±0.11 ) % S=1.7 229

Called K0
e3.

π±µ∓ νµ [n] (27.04 ±0.07 ) % S=1.1 216

Called K0
µ3.

(πµatom)ν ( 1.05 ±0.11 ) × 10−7 188

π0π± e∓ ν [n] ( 5.20 ±0.11 ) × 10−5 207

π± e∓ ν e+ e− [n] ( 1.26 ±0.04 ) × 10−5 229

Hadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modes

3π0 (19.52 ±0.12 ) % S=1.6 139

π+π−π0 (12.54 ±0.05 ) % 133

π+π− CPV [p] ( 1.967±0.010) × 10−3 S=1.5 206

π0π0 CPV ( 8.64 ±0.06 ) × 10−4 S=1.8 209

Semileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photons
π± e∓ νe γ [f,n,q] ( 3.79 ±0.06 ) × 10−3 229

π±µ∓ νµ γ ( 5.65 ±0.23 ) × 10−4 216

Hadronic modes with photons or $$ pairsHadronic modes with photons or $$ pairsHadronic modes with photons or $$ pairsHadronic modes with photons or $$ pairs
π0π0γ < 2.43 × 10−7 CL=90% 209

π+π−γ [f,q] ( 4.15 ±0.15 ) × 10−5 S=2.8 206

π+π−γ (DE) ( 2.84 ±0.11 ) × 10−5 S=2.0 206

π02γ [q] ( 1.273±0.033) × 10−6 231

π0γ e+ e− ( 1.62 ±0.17 ) × 10−8 230

Other modes with photons or $$ pairsOther modes with photons or $$ pairsOther modes with photons or $$ pairsOther modes with photons or $$ pairs
2γ ( 5.47 ±0.04 ) × 10−4 S=1.1 249

3γ < 7.4 × 10−8 CL=90% 249

e+ e−γ ( 9.4 ±0.4 ) × 10−6 S=2.0 249

µ+µ−γ ( 3.59 ±0.11 ) × 10−7 S=1.3 225

e+ e−γγ [q] ( 5.95 ±0.33 ) × 10−7 249

µ+µ−γγ [q] ( 1.0 +0.8
−0.6 ) × 10−8 225

Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )
violating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modes

µ+µ− S1 ( 6.84 ±0.11 ) × 10−9 225

e+ e− S1 ( 9 +6
−4 ) × 10−12 249

π+π− e+ e− S1 [q] ( 3.11 ±0.19 ) × 10−7 206

π0π0 e+ e− S1 < 6.6 × 10−9 CL=90% 209

π0π0µ+µ− S1 < 9.2 × 10−11 CL=90% 57

µ+µ− e+ e− S1 ( 2.69 ±0.27 ) × 10−9 225
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Neutral Kaons with CP Violation
• The CP eigenstates are K1 and K2

• The decay KS and KL are not quite identical to the CP eigenstates;                    
in terms of a (small) parameter ε:

• Both KS and KL contain slightly more K0 (matter) than K̅0 (antimatter). The 
decay states contain both CP = +1 and CP = −1: CP is violated in weak force 
decay

• ε is measured to be |ε | ~ 2 × 10−3, the amount of indirect CP violation

|K1� =
1√
2

�
|K0� − |K0�

�
CP = +1

|K2� =
1√
2

�
|K0�+ |K0�

�
CP = −1

|KS� =
1
N

(|K1� − �|K2�)

|KL� =
1
N

(|K2�+ �|K1�)

|KS� =
1
N

�
(1 + �)|K0� − (1− �)|K0�

�

|KL� =
1
N

�
(1 + �)|K0�+ (1− �)|K0�

�

N is an overall 
normalisation factor 
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CP and T Violation in  KL → π ℓ ν 
•CP violation is also observed in the semileptonic decay 

KL→π ℓ ν
➡ℓ stands for e or µ
➡K0 can only decay as K0→π− ℓ+ ν 
➡K̅0 can only decay as K̅0→π+ ℓ− ν̅ 

•KL = 1/N [ (1+ε) K0 + (1−ε) K̅0 ]

•Measure asymmetry in KL decay rates:

•Measured to be δ = 3.27(12) × 10−3

•CP violation due to the mixing of the CP eigenstates

δ =
Γ(KL → π−�+ν)− Γ(KL → π+�−ν̄)
Γ(KL → π−�+ν) + Γ(KL → π+�−ν̄)

δ =
(1 + �)2 − (1− �)2

(1 + �)2 + (1− �)2
= 2Re (�)

s ̅
d

W+

u ̅ 

μ+

νμ

d

s
d ̅

W−

u

μ−

ν̅μ

d ̅

K0

K̅0
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 CP Violation in K→ππ
• KL ~ K2 + ε K1   mainly CP = −1 plus a little CP = +1

• KL is observed decay into both πππ (CP = −1) and ππ (CP = +1)

• Measured rate of KL → ππ is slightly larger than can be accommodated by ε 

• A small amount (ε’) of the K2 in KL decays directly to ππ.

• Known as direct CP violation, measured to be |ε’/ε|  = 1.65(26) × 10−3

• It took 40 year’s of effort to measure these effects!  

• (including VJM’s PhD thesis → )

• The observed amount of CP violation in these 
experiments is very small ~10−3

• CP is nearly a good symmetry in the weak interaction
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Types of CP Violation

1.Direct CP violation in decay amplitudes

• Can occur in both charged and neutral particle decays

• e.g. ε’, the CP=−1 state decays directly to CP=+1 final state

2.CP violation in neutral meson mixing 

• e.g. rate for K0→K̅0 not equal to rate for K̅0→K0 , measured in 
semileptonic decay by δ

3.Indirect CP violation due to interference between mixing and decay

• e.g. ε measures decay mixing between CP=−1 and CP=+1 states

For reference, three types of CP violation are classified:
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Summary
•The CP symmetry describes the difference between matter and anti-matter 

- almost a good symmetry in the weak interactions.

•Small amounts of CP violation observed in K0 B0 D0 Bs0 through decays and 
mixing.

•Three types of CP violation:

1.Direct CP violation in decay amplitudes

2.CP violation in neutral meson mixing

3.Indirect CP violation due to interference of mixing and decay.

•CP violation is accommodated in the Standard Model through a complex 
phase in the CKM matrix. 

•The unitarity triangle of the CKM matrix is used to understand observation 
of the CP violation, and see if measurements are consistent.  
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