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1. Interference between intermediate states of the

decay can introduce large strong-phase differences

inducing local CP asymmetries in the phase space.

2. Another mechanism is final-state 𝐾𝐾 ↔ 𝜋𝜋
rescattering – occur between decay channels having

the same flavor quantum numbers.

 In general learn about role of hadronic long-distance

effects and final-state interactions in unitarized

description.

 Large non-resonant fractions in penguin-dominated B

decay modes, where as, non-resonant signal is less than

10% in D decays.

 Significant effort in trying underway to understand 3-

body charmless decays.
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 Correlation seen by LHCb:
A𝐶𝑃 𝐾−𝐾+𝐾−  − 𝐴𝐶𝑃(𝐾

−𝜋+𝜋−)

A𝐶𝑃 𝜋𝐾+𝐾−  − 𝐴𝐶𝑃(𝜋𝜋
+𝜋−)

,

Conjectured that CPT theorem & final-state rescattering of

𝜋+𝜋− ⟷ 𝐾+𝐾− may play important roles
I. Bediaga, T. Frederico, O. Lourenço, Phys. Rev. D 89, 094013 (2014)



The central idea
If CP is violated in neutral D mesons, it would exhibit its signature

on the X→ ഥ𝐷0𝐷0𝑌 Dalitz plots when the neutral D mesons are

reconstructed from daughter particles of definite CP.

For conceptual clarity, we shall mostly focus on B → ഥ𝐷0𝐷0𝐾
decays.

• Assume there is no direct CP violation in the 𝐷0 − ഥ𝐷0system and

the 𝐷 mesons are reconstructed from daughter particles of

definite CP 𝑓𝐶𝑃. Let us say they are reconstructed in 𝑓+ =
𝐾+𝐾−, 𝜋+𝜋− .

• Note that we reconstruct the 𝐷 mesons on flavor insensitive

modes, 𝐷0 and ഥ𝐷0 are indistinguishable. In the final state 𝐷0

and ഥ𝐷0 are entangled.



• Both the D mesons are reconstructed in the 𝑓+state and must

have been in same state 𝐷1. The state 𝐷1𝐷1 ⇒two identical

particles and Bose symmetry demands that the Dalitz plot must

be fully symmetric under exchange of D mesons .

• Any difference in the Dalitz plot under the exchange of the two 𝐷
mesons must be a signature of CP violation. If Bose symmetry is

more fundamental one of the states must be 𝐷2 which decayed to

𝑓+ violating CP.
The neutral D mesons can be described in terms of mass, flavor and

CP eigenstates. Mass eigenstates 𝐷1 and 𝐷2:

ቚ ൿ𝐷1,2 = 𝑁1,2 𝑝 1 ∓ 𝑧 ห ۧ𝐷0 ± 𝑞 1 ± 𝑧 ȁ ۧഥ𝐷0

• 𝑝, 𝑞 (in general complex) lead to CP violation

• 𝑧 (also complex) leads to CPT violation in mixing

• If no CPT violation 𝑧 = 0 ⟹ 𝑝 2 + 𝑞 2 = 1 ⟹ 𝑁1,2 = 1

• Exact CP asymmetry ⇒ 𝑝 = 𝑞 ⇒ ቚ ൿ𝐷1,2 ≡ ห ൿ𝐷± =
1

2
ȁ ۧ𝐷0 ± ȁ ۧഥ𝐷0



ȁ ۧ𝐷0 =
1

2𝑝
ȁ ۧ𝐷1 + ȁ ۧ𝐷2 =

1

2
ȁ ۧ𝐷+ + ȁ ۧ𝐷−

ȁ ۧഥ𝐷0 =
1

2𝑞
ȁ ۧ𝐷1 − ȁ ۧ𝐷2 =

1

2
ȁ ۧ𝐷+ − ȁ ۧ𝐷−

The ȁ ۧ𝐷0 and ȁ ۧഥ𝐷0 mesons can be expressed in terms of mass

eigenstates and CP eigenstates as:

ห ൿ𝐷1,2 =
1

2
(𝑝 ± 𝑞) ȁ ۧ𝐷+ + (𝑝 ∓ 𝑞)ȁ ۧ𝐷−



The decay 𝑩 𝒑 → 𝑲 𝒑𝟏 𝑫𝟎 𝒑𝟐 ഥ𝑫𝟎(𝒑𝟑) is best analysed in the

Gottfried-Jackson frame.



The kinematically allowed region for the traditional Dalitz plot in

case of 𝑩 → 𝑲 𝑫𝟎 ഥ𝑫𝟎 looks as follows.



The kinematically allowed region for the triangular Dalitz plot in

case 𝑩 → 𝑲 𝑫𝟎 ഥ𝑫𝟎looks as follows.



ȁ ۧ𝐾𝐷0(𝑝2)ഥ𝐷
0(𝑝3) =

1

4𝑝𝑞
ቀ൛ ൟۧȁ𝐾𝐷1 𝑝2 𝐷1(𝑝3) − ȁ ۧ𝐾𝐷2 𝑝2 𝐷2(𝑝3)

− ൯ሽሼ ۧȁ𝐾𝐷1 𝑝2 𝐷2(𝑝3) − ȁ ۧ𝐾𝐷2 𝑝2 𝐷1(𝑝3)

The state ȁ ۧ𝐾𝐷0(𝑝2)ഥ𝐷
0(𝑝3) in terms of the mass eigenstate is, 





A 𝑡 ↔ 𝑢 exchange asymmetry in 𝐵 → 𝐾 𝐾+𝐾−
𝐷 𝜋+𝜋− 𝐷 Dalitz

plot is a measure of 𝛥𝐴𝐶𝑃 = 𝐴𝐶𝑃 𝐾+𝐾− − 𝐴𝐶𝑃 𝜋+𝜋−

• Note that parent particle the B meson or the nature of

accompanying meson plays no role in the kind of direct CP

violation under consideration.

• Only the momentum of the 𝐾 meson was important. Therefore

instead of concentrating on a single decay mode we could add

other decay modes or even look at non-resonant processes such

as 𝑒+𝑒− → 𝑌 𝐷0 ഥ𝐷0. 𝑌 could be a pseudoscalar, vector, … or

even a multibody state.

• Generalizing we consider 𝑋 → 𝑌 𝐷0 ഥ𝐷0. Finally asymmetry can

be observed in a superposition of many individual “Dalitz plots”

or “Dalitz Prism”







The amplitude ҧ𝐴(𝑟, −𝜃) for the CP conjugate process, assuming

CPT violation is:

ҧ𝐴 𝑟,−𝜃 = 
𝑛=0

∞

− ҧ𝑠𝑛 𝑟 𝑠𝑖𝑛 𝑛𝜃 + ҧ𝑐𝑛 𝑟 𝑐𝑜𝑠 𝑛𝜃

where ҧ𝑠𝑛(𝑟) and ҧ𝑐𝑛(𝑟) necessarily differ from 𝑠𝑛
∗(𝑟) and 𝑐𝑛

∗ 𝑟 :

𝑠𝑛 𝑟 = 𝑠𝑛(𝑟) + 𝜖𝑛
𝑠(𝑟) 𝑒𝑖𝛿𝑛

𝑠
ҧ𝑠𝑛 𝑟 = 𝑠𝑛(𝑟) − 𝜖𝑛

𝑠(𝑟) 𝑒𝑖𝛿𝑛
𝑠

𝑐𝑛 𝑟 = 𝑐𝑛(𝑟) + 𝜖𝑛
𝑐(𝑟) 𝑒𝑖𝛿𝑛

𝑐
ҧ𝑐𝑛 𝑟 = 𝑐𝑛(𝑟) − 𝜖𝑛

𝑐(𝑟) 𝑒𝑖𝛿𝑛
𝑐

Since process is CP conjugate amplitude is average of both

𝐴 𝑟, 𝜃 and ҧ𝐴(𝑟, −𝜃):

𝐴 =
1

2
𝐴 𝑟, 𝜃 + ҧ𝐴(𝑟, −𝜃)



This term survives only if CPT is violated and leads to an asymmetry

in Dalitz plot under 𝜃 ↔ −𝜃 ≡ 𝑡 ↔ 𝑢.



D. Sahoo, R. Sinha, N. G. Deshpande, 

Phys. Rev. D91, 051901(R) (2015)







If both isospin and 𝑈 -spin are

individually good symmetries

Dalitz Plot must obey the

symmetries concluded by the two

physicists. But that is impossible

unless the amplitude is either

• symmetric under both

𝑠 ↔ 𝑡 and 𝑡 ↔ 𝑢,
• antisymmetric under both

𝑠 ↔ 𝑡 and 𝑡 ↔ 𝑢





D. Sahoo, R. Sinha and N. G. Deshpande, Phys. Rev. D 91, 076013 (2015)



S𝑡𝑢𝑑𝑦 𝑜𝑓 𝐵 → 𝑃𝑃, 𝑉𝑃, 𝑃𝑃𝑃 decays in the framework of flavor

symmetry

 Study fully symmetric final states in 𝐵 → 𝑃𝑃𝑃 , 𝑃 = 𝜋, 𝐾 .

Relations between fully symmetric final states in the SU(3) limit.

2𝒜 𝐵+ → 𝐾+𝜋+𝜋− 𝐹𝑆 = 𝒜 𝐵+ → 𝐾+𝐾+𝐾−
𝐹𝑆

2𝒜 𝐵+ → 𝜋+𝐾+𝐾−
𝐹𝑆 = 𝒜 𝐵+ → 𝜋+𝜋+𝜋− 𝐹𝑆

Bhattacharya, Gronau, Imbeault, London, and Rosner, Phys. Rev. D 89, 074043 (2014).

 Update on 𝐵 → 𝑃𝑃, 𝑉𝑃 using SU(3).

• Extraction of W-exchange and penguin-annihilation

amplitudes for the first time.

• Larger than expected color suppressed tree and strong phases

• Predict large BR ∼ 10−6 for 𝐵𝑠
0 → 𝜙𝜋0.

• Identify few observables to be determined experimentally in

order to discriminate among theory calculations
H. Y. Cheng, C.W. Chiang, and A. L. Kuo, Phys. Rev. D 91, 014011 (2015).











Assuming factoriziation the resulting local correlators are

computed in the framework of Heavy-Meson Chiral Perturbation

Theory (HMChPT)

Under factorization approximation, three factorizable amplitudes for 
𝐵0 → 𝐾+𝐾−𝐾0

current-induced process: 𝐵0 → 𝐾0 0 → 𝐾+𝐾−

 transition process:  𝐵0 → 𝐾−𝐾0 0 → 𝐾+

 annihilation process: 𝐵0 → 0 0 → 𝐾+𝐾−𝐾0

 H.-Y. Cheng, C.-K.Chua, 

Phys. Rev. D 88, 114014 (2013)

Phys. Rev. D 89, 074025 (2014)





• Approach to 3-body B decays based on kT factorization theorem

with two-hadron distribution amplitude (TDA) for dominant

region TDA

two hard-gluon

power suppressed

one hard, one soft

gluon, two hadrons 

collimate, dominant

B
<<

• Short-distance and rescattering P-wave phases are equally

important for predicting 𝐴𝐶𝑃 .
• Can explain and predict direct CP asymmetries of 3𝜋 and 𝐾𝜋𝜋

in various localized regions of phase space.
W.-F. Wang, H.-C Hu, H.-n Li and C.-D. Lü, Phys. Rev. D 89, 074031 (2014)



• Power (
1

𝑚𝑏
2) & 𝛼𝑠 suppressed with respect to two-body.

• At leading order/power/twist all convolutions finite ⇒ factorization






