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background and motivation

CPV and Matter-anti-Matter Asymmetry of the Universe

Sakharov’s criteria

B-violation;

C , and CP violation;

out of thermal equilibrium.

sphaleron transition:

CKM triangle
C P CP

V − A X X ✓
CKM

√∖ ✓ √∖
V − A ⊗ CKM X X

√∖
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background and motivation

CPV has been observed in K , B, and D meson sectors

CPV hasn’t been observed in baryon decay processes

Cronin and Fitch 小林、益川
penguin diagram LHCb
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background and motivation

baryonic CPV in theory

CPV in hyperon

CPV corresponding to decay
parameters: O(10−5)−O(10−4)

overall CPV in Λb

CPV in cascade decays of Λb
PRD108,L111901

2211.07332

PRD107, L011301
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background and motivation

what next?
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background and motivation
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Forward-Backward Asymmetry (FBA)

Interference of S- and P-wave, with a strong phase δ

A = aS + e iδaP cos θ, aS(P) = atreeS(P) + a
penguin
S(P)

AFB
B− =

NΩ+

B− − NΩ−
B−

NΩ+

B− + NΩ−
B−

=
ℜ(⟨a∗S aP e

iδ⟩)
|⟨aP⟩|2/3 + |⟨aS ⟩|2

.

AFB
CP =

1

2
(AFB

B− − AFB
B+ ).

(ZHZ, PLB820, 136537)
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background and motivation

strong phase between S and P waves

B± → π±π+π−

A = aS + e iδaP cos θ, aS(P) = atreeS(P) + apenguinS(P)

AFB
B− =

NΩ+

B− − NΩ−

B−

NΩ+

B− + NΩ−
B−

=
ℜ(⟨a∗SaPe iδ⟩)

|⟨aP⟩|2/3 + |⟨aS⟩|2
.

AFB
CP =

1

2
(AFB

B− − AFB
B+).

Λ+
c → Ξ0K

BESIII measurements
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background and motivation

cascade decays H → h1R (weak), R → h2h3 (strong)
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2 Decay angular distribtuion induced CPA in cascade decays
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analysis of heavy hadron cascade decays

cascade decay in bottom and charmed hadrons

bottom or charmed hadrons are common to decay cascadely a two-body
weak decay followed by a strong one
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angular distribution of H → Rc and CPV

1

ΓH→R(→ab)c

dΓH→R(→ab)c

dcθ
=

1

2

∑
0≤j≤2sR
j even

γ
(j)
H→R(→ab)cPj(cθ),

γ
(j)
H→R(→ab)c ∝ λ

(j)
H→Rc ≡ ⟨sR ,−sR ; sR , sR |sRsR j0⟩

⟨sR ,−sR ; sR , sR |sRsR00⟩
W(j)

W(0)
,

W(j) =
∑
σ

(−)σ−nR ⟨sR − σsRσ|sRsR j0⟩
∑
λ3

∣∣∣FJ
σλ3

∣∣∣2 .

A
(j)
CP ≡ 1

2

(
λ
(j)
H→Rc − λ

(j)

H→Rc

)
.
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interference pattern: helicity form v.s. canonical form

W(j) =
∑
σ

(−)σ−nR ⟨sR − σsRσ|sRsR j0⟩
∑
λ3

∣∣∣FJ
σλ3

∣∣∣2 .
W(j) =

∑
ls,l ′s′

ρjls,l ′s′a
J
lsa

J∗
l ′s′ ,

FJ
σλ3

=
∑
ls

(
2l + 1

2J + 1

) 1
2

⟨l0sσ − λ3|lsJσ − λ3⟩⟨sRi
σs3 − λ3|sRi

s3sσ−λ3⟩aJls ,

ρjls,l ′s′ =

√
(2l + 1)(2l ′ + 1)

2J + 1

∑
σλ3

(−)σ−nR ⟨sR − σsRσ|sRsR j0⟩

× ⟨l0s σ−λ3|lsJ σ−λ3⟩⟨sRσs3 −λ3|sRs3s σ−λ3⟩
× ⟨l ′0s ′ σ−λ3|l ′s ′J σ−λ3⟩⟨sRσs3 −λ3|sRs3s ′ σ−λ3⟩.

Z.-H. Zhang (U. South China) Decay-Angular-Distribution CPV 6th HFQCD 2024 14 / 22



Properties of ρ

1 Nonzero elements satisfy the triangle inequality (necessary condition):

|l − l ′| ≤ j ≤ l + l ′,

|s − s ′| ≤ j ≤ s + s ′.

2 Zero elements:

ρjls,l ′s′ = 0, if

{
j is even, l and l ′ one is even, the other is odd;
j is odd, both l and l ′ are even or odd.

important!

interference between amplitudes with different parities are absent in the
decay angular distributions! (l : parity of als)

total number of independent canonical amplitudes for B → BM
(2s1 + 1)(2s2 + 1)− κ(κ+ 1), κ = min{s1 + s2 − s3, 0}.
half of which are parity even (odd).
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analysis of heavy hadron cascade decays

Table: typical decay

weak mode
als strong mode

parity-even parity-odd

1
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2
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+
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2

3
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2
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Typical example: 1
2

+ → 1
2

+
+ 1−(→ 0− + 0−)

1

Γ

dΓ

d cos θ
=

1

2
+

α(2)

2
P2(cθ) =

1

2
− W(2)

2
√
2W(0)

P2(cθ).

A
(2)
CP =

1

2
(α(2) − α(2))

W(0) =
1√
3

(
|F1 1

2
|2 + |F−1− 1

2
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2
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2
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1

2
√
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2
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2
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2
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2
|2
)
,
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1√
2
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2
|2
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−
√
2
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|F0 1
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2
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)]
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2
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.
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According to the analysis above, we propose to search for
decay-distribution-correlated CPV in cascade decays of the types

1) B → BM, M → M1M2, with the spin of M is nonzero;

b → duu transition: Λ0
b → pρ(770)+, Λ0

b → N(1520)∗ρ(770)+;
b → suu transition: Λ0

b → Λρ(770)0, Λ0
b → pK∗(892)−,

Λ0
b → N(1520)K∗;

c → udd transitions: Λ+
c → pρ(770)0, Ξ+

c → pK∗(892)0;
c → uss transitions: Λ+

c → pϕ, Λ+
c → Σ+K∗(892)0.

2) B → BM, B → B′M ′, with the spin of the baryon resonance B is
larger than 1

2 , and the spin of M is nonzero.

c → udd transitions: Λ+
c → N(1520)∗ρ(770)0,

Ξ+
c → N(1520)∗K∗(892)0;

c → uss transitions: Λ+
c → N(1520)∗ϕ, Λ+

c → Σ+K∗(892)0;
b → duu transition: Λ0

b → N(1520)∗ρ(770)+;
b → suu transition: Λ0

b → N(1520)K∗.
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Beyond Generalized Factorization

Only Strong Phase is not enough, we has to go beyond Generalized
Factorization

als = (λT
CKMaT + λP

CKMaP)Klse
iδls

α(2) will be independent of CKM, hence No CPV corresponding to α(2).
Go beyond GF:

als = (λT
CKMaTls + λP

CKMaPls )Klse
iδls
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Summary and Outlook

3 Summary and Outlook
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Summary and Outlook

Summary and Outlook

CPV hasn’t observed in the baryon sector,

interfer. of intermediate resonances plays important role for CP
violation in three-body decays of bottom meson,

decay-angular-distribution correlated CPV is also worth searching in
bottom or charmed baryon decays,

Outlook: More CPV observables in four-body decays.

Thank you for your attentions!
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Summary and Outlook

欢迎大家10月底莅临湖南衡阳参加重味物理与CP破坏研讨会！
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