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AIM

✤ To connect the CP violating parameters appearing in neutral kaon decay, 

oscillation and Baryogenesis to the Bargmann invariants and hence 

geometric phases in the effective field theory; establishing the geometric 

origin of  CP violation.

Geometric Phase and Bargmann Invariant

ϕg[C] = ϕtot[𝒞] − ϕdyn[𝒞]

ϕtot[𝒞] = arg(ψ(s1), ψ(s2)) ϕdyn[𝒞] = Im∫
s2

s1

ds(ψ(s),
d
ds

ψ(s))

ϕg[ free geodesic in ℛ] = 0

Geometric Phase

Bargmann Invariant
Δ3(ψ1, ψ2, ψ3) = (ψ1, ψ2)(ψ2, ψ3)(ψ3, ψ1) = Tr(ρ1ρ2ρ3)

ϕg[n − vertex polygon in ℛ connecting ρ1 to ρ2, ρ2 to ρ3, . . . ,

ρm to ρ1 by free geodesics] = − argΔm(ψ1, ψ2, . . . , ψm)

Connecting BIs to CP Violating Phase 𝛅

|KL⟩ =
1

1 + |ϵ |2
( |K2⟩ + ϵ |K1⟩) |KS⟩ =

1

1 + |ϵ |2
( |K1⟩ + ϵ |K2⟩)

Δ3(KL, KS, K1) + Δ3(KL, KS, K2) =
4(Re{ϵ})2

(1 + |ϵ |2 )2
= δ2

δ =
2Re{ϵ}
1 + |ϵ |2CP Violating Phase

●

ϵ ≈ 10−3

ϵ ≠ 0

Bargmann Invariant for Kaon Decay

KS → (ππ)2 → KL KL → (ππ)0 → KS

I = 2 I = 0

Mixing of   and  Through Pions KS KL

Δ4(Ka, (ππ)j, Kb, (ππ)i) = (Ka, (ππ)j)((ππ)j, Kb)(Kb, (ππ)i)((ππ)i, Ka)
= Tr[ρ(Ka)ρ((ππ)j)ρ(Kb)ρ((ππ)i)]
= f*aj fbj f*bi fai

f*aj fbj f*bi faiIab

Rephasing invariant
Quark level


Jarlskog invariant

J = Im(V22V13V*23V*12)

Δ4(Ka, (ππ)i, Kb, (ππ)j) = f*ai fbi f*bj faj

ϕg = − arg(Δ4)

Δ4 ⇒ Rephasing invariant measure of

CP violation

Rephasing invariant
δB = f*1a*b f1cd* f*2ac* f2b*d

ΔB ∝ Im(δB)

R1 = B†A; R2 = D†C|RL⟩ = |R2⟩ + δB |R1⟩

|RS⟩ = |R1⟩ + δB |R2⟩ (R1, Rj) = δij

Δ3(RL, RS, R1) − Δ3(RL, RS, R2) = 4iRe(δB)Im(δB)

Δ3(RL, RS, R1) − Δ3(RL, RS, R2) ∝ ΔB
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Summary

◆We have constructed the Bargmann invariants for kaon decay and 

    oscillation from effective meson field theory, without going into the 

    quark level.

◆We have then shown the connection between the BIs and the CP 

    violating phases of those systems.

◆This connection, in turn, has shown the relation between geometric 

    phases of the system with the CP violating phases, hence the geometric

    origin of CP violation.

◆A similar connection has been shown for the XY model of Baryogenesis.
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Net baryon number produced

 in the decay of  X and Y

One Loop Vertex Correction to the Tree Level

Bargmann Invariant for Kaon Decay


