
Kaons et al: CP violation in the quark sector

Connor Behan

October 27, 2014



CPT symmetry

Physics is invariant under CPT.

• C switches particles and antiparticles: Cφ(x , t) = φ∗(x , t).

• P reflects position: Pφ(x , t) = φ(−x , t).

• T reflects in time: Tφ(x , t) = φ∗(x ,−t).

Evidence that they are not conserved separately is relatively recent.



The Wu experiment

In 1956, C. S. Wu studied the decay of cobalt-60 (spin 5) to
nickel-60 (spin 4) in a magnetic field.
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The anti-neutrino was always right handed.
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The Cronin-Fitch experiment

In 1964, Cronin and Fitch looked at kaons decaying into pions.∣∣π0〉 = (|q ↑ q̄ ↓〉 − |q ↓ q̄ ↑〉)± (|q̄ ↑ q ↓〉 − |q̄ ↓ q ↑〉)
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The Cronin-Fitch experiment

Two mass eigenstates of neutral kaons:

|KS〉 =
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Down and strange quarks are distinguishable.

300 lifetimes He or N
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Experiment found |KL〉 decaying into two pions!
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Standard model explanation
Mass matrices in the standard model are not diagonal.

LY = ū′LM
uu′R + d̄ ′LM

dd ′R + h.c .

= ū′LV
†
L,uM

u
diagVR,uu

′
R + d̄ ′LV

†
L,dM

d
diagVR,dd

′
R + h.c.

= ūLM
u
diaguR + d̄LM

d
diagdR + h.c .

We have defined uo = Vo,uu
′
o , do = Vo,dd

′
o . These can be inserted

into the weak coupling terms.

LW =
g

2

[
ū′L d̄ ′L

]
γµW b

µσb

[
u′L
d ′L

]
=

g√
2
ū′Lγ

µW−
µ d ′L +

g√
2
d̄ ′Lγ

µW+
µ u′L + . . .

=
g√
2
ūLVL,uγ

µW−
µ V †L,ddL +

g√
2
d̄LVL,dγ

µW+
µ V †L,uu

′ + . . .

We get a unitary quark mixing matrix called the
Cabibbo-Kobayashi-Maskawa matrix: VCKM = VL,uV

†
L,d .
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= ū′LV
†
L,uM

u
diagVR,uu

′
R + d̄ ′LV

†
L,dM

d
diagVR,dd

′
R + h.c.

= ūLM
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Standard model explanation

We need to know how C and P act on standard model fields.

P C

φ(x , t) φ(−x , t) φ∗(x , t)
ψ(x , t) γ0ψ(−x , t) iγ2ψ∗(x , t)

Aµ(x , t) −Aµ(−x , t) A†µ(x , t)

Perhaps using separate invariance of QED action.

LW =
g√
2

[
ūLγ

µW−
µ VdL + d̄LV

†γµW+
µ uL

]
CPLW = − g√

2

[(
−iuTL γ0γ2γ0

)
γµW+

µ V
(
iγ2γ0d∗L

)
+
(
−idT

L γ
0γ2γ0

)
V †γµW−

µ

(
iγ2γ0u∗L

)]
=

g√
2

[
d̄LV

TγµW+
µ uL + ūLγ

µW−
µ V ∗dL

]
This is CP symmetric if and only if VCKM is real!
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CKM matrix parameters

A complex matrix has 2n2 real parameters... n2 if it is unitary.

[u c t]diag(e−iφu)Vdiag(e iφd )

 d
s
b

 = [ũ c̃ t̃]V

 d̃
s̃

b̃


Removing 2n − 1 parameters this way, there are (n − 1)2

remaining. CP violation requires at least 3 generations! 1 0 0
0 c23 s23
0 −s23 c23

 c13 0 s13e
−iδ

0 1 0
−s13e iδ 0 c13

 c12 s12 0
−s12 c12 0

0 0 1


Measured values are sin θ12 = 0.2229± 0.0022,
sin θ23 = 0.0412± 0.0020, sin θ13 = 0.0036± 0.0007,
δ = 1.02± 0.22.
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Indirect CP violation

Oscillation of K 0 → K̄ 0 might be preferred over K̄ 0 → K 0 in
semileptonic decay of a KL beam.

Plot from [PRL 52B 113,
1974] at Proton
Synchrotron shows CP
violation in the oscillation.

lim
t→∞

N+ − N−
N+ + N−

= (3.32± 0.06) · 10−3

This is a preference for K 0 over K̄ 0 because s̄d only decays to a
positron, sd̄ only decays to an electron.
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Indirect CP violation
Evolve with a non-Hermitian Hamiltonian:

i
d

dt

[
K 0

K̄ 0

]
=

(
M − i

2
Γ

)[
K 0

K̄ 0

]

Most general form consistent with CPT:

H =

[
M11 − i

2Γ11 M12 − i
2Γ12

M∗12 − i
2Γ∗12 M11 − i

2Γ11

]
Eigenstates (with trivial time evolution) are:

|KS〉 = p
∣∣K 0
〉

+ q
∣∣K̄ 0
〉

|KL〉 = p
∣∣K 0
〉
− q

∣∣K̄ 0
〉∣∣〈K̄ 0|K 0(t)

〉∣∣2∣∣〈K 0|K̄ 0(t)
〉∣∣2 =

∣∣∣∣qp
∣∣∣∣4

There is indirect CP violation if and only if
∣∣∣qp ∣∣∣ 6= 1.
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Indirect CP violation
Working out eigenvectors,

q

p
= −

√
M∗12 −

i
2Γ∗12

M12 − i
2Γ12

M12 =
〈
K 0
∣∣M ∣∣K̄ 0

〉
≈ i

t

〈
K 0
∣∣ e−iHint t

∣∣K̄ 0
〉

Inami and Lim calculated this from interfering box diagrams.
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Direct CP violation
B meson (b̄d) experiments like LHCb see balanced oscillation.

For
example [arXiv:1304.4741v1]:
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However, they observe

Γ(B0 → π−K+)− Γ(B̄0 → π+K−)

Γ(B0 → π−K+) + Γ(B̄0 → π+K−)
= −0.098± 0.012
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Direct CP violation
Does the longer-lived meson with the lightest and second-heaviest
quarks contain the same stuff as atoms?

Sakharov conditions for
baryogenesis are:

• C violation and CP violation.

• No thermal equilibrium in the early universe.

• Non-conservation of baryon number.

�W Vus

u
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u
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Direct CP violation
First measured at B factories like BaBar and Belle.

Photo from
[Francesco Meschia]:

Slight tension in values of −ImV ∗
tbVtd

VtbV
∗
td

VcbV
∗
cd

V ∗
cbVcd

.

B0 → K 0
Sφ : 0.39± 0.17

B0 → K 0
SJ/ψ : 0.68± 0.03
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Plotting the triangle
Since CKM matrix is unitary, 6 entries in VCKMV †CKM must be 0.

VudV
∗
cd + VusV

∗
cs + VubV

∗
cb = 0

VudV
∗
td + VusV

∗
ts + VubV

∗
tb = 0
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∗
td + VcsV

∗
ts + VcbV

∗
tb = 0

VusV
∗
ud + VcsV

∗
cd + VtsV

∗
td = 0

VubV
∗
us + VcbV

∗
cs + VtbV

∗
ts = 0

VubV
∗
ud + VcbV

∗
cd + VtbV

∗
td = 0
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