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• The new mantra in hadronic heavy flavor decays is the

Dalitz plot or three body decays of heavy mesons.

• Largely driven by “Measurements of CP violation in

the three-body phase space of charmless 𝐵± decays”
 LHCb collaboration, PHYSICAL REVIEW D 90, 112004 (2014)
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Three-body hadronic decays of heavy mesons constitute a large

fraction of the branching fraction. BaBar, Belle and LHCb,

measured branching ratios and CP asymmetries for a large number

of B 3-body hadronic modes.
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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)



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

S. Kränkl,  T. Mannel , J. Virto [arXiv:150l5.04111]



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).



 SU(3) in D decays: From 30% symmetry breaking to 10−4 precision. 

Identify a class of U-spin related decays D→ 𝑃+𝑃−, 𝑃+𝑉−, 𝑉+𝑃−.
Symmetry-breaking terms affect relations at 𝒪(4) U-spin breaking.

M. Gronau, Phys. Rev. D 91, 076007 (2015)

 Extraction of the CP-violating phase 𝛾 using 𝐵 → 𝐾𝜋𝜋 and 𝐵 → 𝐾𝐾 𝐾
decays. Analysis based on fully symmetric state. 

B. Bhattacharya, M. Imbeault, and D. London, Phys. Lett. B728, 206 (2014)

𝜖1 =
𝜋+𝐾− 𝐻eff

𝐶𝐹 𝐷0 (1)

𝜋+𝐾− 𝐻eff
𝐶𝐹 𝐷0 (0)

𝜖2 =
𝐾+𝐾− 𝐻eff

𝑆𝐶𝑆 𝐷0 (1)

𝐾+𝐾− 𝐻eff
𝑆𝐶𝑆 𝐷0 (0)



 Relations among several fully symmetric B→PPP amplitudes are

not affected by first-order SU(3) breaking effects due to a

nonzero strange quark mass, and also some not affected by first

order isospin breaking effects. These relations, therefore, hold to

good precisions.
X. G. He, G. N. Li, and D. Xu, Phys. Rev. D 91, 014029 (2015).

 Complete set of isospin, U-spin, and SU(3) relations among the

CP asymmetries in 2-body 𝐵 → 𝑃𝑃 and 𝐵 → 𝑃𝑉 decays.

• Effects of first order symmetry breaking. SU(3) breaking

found to have reasonable size for appropriately normalized

observables.

• Derive sum rules among 𝛿𝐶𝑃:

𝐵 → 𝑃𝑃 19 (𝐵 → 𝑃𝑉 32) linearly independent sum rules in 𝛿𝐶𝑃
Y. Grossman, Z. Ligeti, and D. J. Robinson, JHEP 01 (2014) 066.



• Branching ratios and direct CP asymmetries in D → PV decays, Q. Qin, H.-n Li, C.-D. Lü, and F.-

S. Yu, Phys. Rev. D 89, 054006 (2014)

• Improved Estimates of The 𝐵𝑠 → 𝑉 𝑉 Decays in Perturbative QCD Approach, Z. T. Zou, A. Ali, C.

D. Lu, X. Liu and Y. Li Phys. Rev. D91 (2015) 054033 (2015)

• Non-leptonic decays of Charmed mesons into two Pseudoscalars, A. Biswas, N. Sinha, G. Abbas,

arXiv:1503.08176

• Model-Independent Analysis of CP Violation in Charmed Meson Decays,

R. Dhir, C.S. Kim, S. Oh., arXiv:1504.02556

• Probing spectator scattering and annihilation corrections in 𝐵𝑠 → 𝑃𝑉 decays, Q. Chang, X. Hu,

J. Sun, Y. Yang, Phys.Rev. D91 (2015) 7, 074026

• Topological amplitudes in D decays to two pseudoscalars: a global analysis with linear SU(3)_F  

breaking, S. Muller, U. Nierste, S. Schacht, arXiv: 1503.06759

• Dalitz plot studies in hadronic charm decays, L. Lesniak, arXiv: 1411.1665

⋮

Sorry could not complete the list. Will do so after the talk and update.





Dalitz plot would to be symmetric under exchange of two particles,

say 2 and 3, i.e. also under 𝑡 ⟷ 𝑢, iff

• particles 2 and 3 are equally massive, and

• they exist in even partial wave states.



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)



Consider Dalitz plot of 𝐵 → 𝐾𝐷0 𝐷0.

• Assume there is no direct CP violation in the 𝐷0 −  𝐷0system 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− .

• Hence both the D mesons must

have been in same state 𝐷1 .

𝐷1𝐷1 two identical particles and

Bose symmetry demands that the

Dalitz plot must be fully

symmetric under exchange of D

mesons .

• Any difference must be a

signature of CP asymmetry
D. Sahoo, R. Sinha, N. G. Deshpande and S.Pakvasa, Phys. Rev. D89, 071903(R) (2014)



D. Sahoo, R. Sinha, N. G. Deshpande, Phys. Rev. D91, 051901(R) (2015)
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