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Motivation (experiment)

Large amounts of data from CDF, DO, Belle, BABAR,
LHCD etc. Collaborations.

BABAR: prd 70-092001, prd 72-072003, prd 78-052005, prd 79-072006 ...
Belle:  prd 75-012006, prl 96-251803, prd 79-072004, prd 78-072006 ...

LHCb: prd 86-052006, prd 90-012003, prd 90-112004, prl 112-011801 ...



Motivation (theory)

Hai-Yang Cheng, C.-H. Chen, C.-K. Chua, C. Q. Geng, Y. K. Hsiao, A. Soni, Y. Li, ...
Xin-Heng Guo, Ya-Dong Yang, Zhen-Hua Zhang, Gang LQ, Jia-Qi Lei, ...
acpF 4 Hossein Mehraban, Mahboobeh Sayahi, ...

A. Furman, B. El-Bennich, R. Kaminski, L. Lesniak, B. Loiseau ....

Thomas Mannel, Susanne Krankl, Javier Virto

Xiao-Gang He, Guan-Nan Li, Dong Xu

SU(3) and Isospin Breaking Effects on B — PPP Amplitudes
Symmetry =

J.L.Rosner, B. Bhattacharyaa,M. Gronaub

- U-spin =CP asymmetries in three-body B decays to charged pions and kaons

PQCD-[ Hsiang-nan Li, Wen-Fei Wang, W. Wang, C.-D. Lii, Z.-J. Xiao, H.-C. Hu, C.-H. Chen, ...
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Final state interaction on B* — 7~ 7'«

I. Bediaga and P. C. Magalhaes
Centro Brasileiro de Pesquisas Fisicas - CBPF - Rio de Janeiro, RJ, Brasil’
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Framework
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Framework

1.0 Frs

Thomas Mannel, Susanne Krankl, Javier Virto
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Available online at www.sciencedirect.com
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Three-body nonleptonic B decays in perturbative QCD

Chuan-Hung Chen, Hsiang-Nan Li

Abstract

We develop perturbative (Q)CD formalism for three-body nonleptonic 8 meson decays. Leading contributions are identified by
defining power counting rules for various topologies of amplitudes. The analysis 1s simplified into the one for two-body decays
by introducing [two-meson distribution amplitudes] This formalism predicis both nonresonant and resonant contributions, and
can be generalized to baryonic decays.
© 2003 Published by Elsevier Science B.V.
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Physics Letters B 561 (2003) 258-265

Three-body nonleptonic B decays in perturbative QCD

Chuan-Hung Chen, Hsiang-Nan Li
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Phys. Rev. D 86, 032013 (2012) (BABAR)
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Results

TABLE I: CP averaged branching ratios and direct C'P-violating asymmetries of B,y — K(p — )7 decays calculated in
PQCD approach together with experimental data [91]

Modes Quasi-two-body results Experiment

B -+ K'(p’ »)n'n” | B(10™° 4045533 (ws) L5530 (a3,) Lo 25 (a3,) Lo21 (a2,)  3.70£0.50
Acp (% 50.775 6 (wn) Ty7(a2,) T (a3,) T 5 (a3p) 37.0£10.0

B 5 K™ (p~ =)n 7’| B(107° 8.17 1 3 (ws) 1038 (ah,) 1035 (a3,) £0.43(a3,)  7.00 £0.90

39.715:6(wn) 151 (a2,)T0:0(a3,) T0'5 (a2,) 20.0 £11.0
B » K~ (pt =)nta®  B(107%)  19.68777i(wp,) £0.01(a},) £ 0.01(a3,) 000 (al,) -

)
)
)
)
)
Acr (%) 21.83 7 (wp,) +0.3(ab,) £ 0.2(a3,) £ 1.2(a3,) -
)
)
)
)
)
)

B - K°(pt =)n*x®| B(10~° 8.1371 53 (ws) £ 0.87(ab,) 0 45(a5,) 1035 (a3,)  8.00 £ 1.50

Acr (% 13.875:5(ws) 15 (az,) "0 5 (a3,) 703 (a2,) —-12.0£17.0
BY S Ko(p° —)n x| B(107S 4.3975 12 (wp) £0.38(ab,) 1025 (a3,) T012(ad,)  4.70£0.60
Acr (% 8.170:3(wn) 03 (a5,) 06 (a3,) £ 0.0(a3,) -
Bl = K(p" =)xFx~  B(107° 0.2175:61 (w, ) T0.00(a3,) To 00 (@3,) 001 (a2,) -

63.77 125 (ws,) 5o (ab,) Thp(as,) 50 (al,) —




Results

TABLE II: C'P averaged branching ratios and direct C'P-violating asymmetries of B,y — m(p —)7nm decays calculated in
PQCD approach together with experimental data [91]

Modes Quasi-two-body results Experiment
BT -7t (p" =)rTn”  B(107°) 8.847 51 (we) 013 (a55) 7171 (a3,) 16 26 (a2,) 8.30+1.20
Acp (%) —27.57 3} (wn) TV a(as,) £ 1.4(a3,) £+ 0.9(a3,) 18.0777,
B »at(p” =)n x’  B(107°) 7.85 152 (we) I1zs(a2,) oo (a3,) 1025 (a3,)  23.00£2.30 °
Acp (%) —3L4735(wp) i 5(az,) Ty é(aszﬁ 7(a3,) ~8.0+8.0
B w7 (p" =)n'x®  B(107%)  18.787% % (ws) 028 (ak,) 030 (a5,) £ 0.01(a3,)  23.00+2.30
Acr (%) 8.271 2 (ws) £ 0.3(ab,) 10 z(aép}"'g o(as,) 13.0+6.0
BY s nt(p” —=)r " B(107°) 0.38 £ 0.05(wp, ) £ 0. Ol(agp) g?(as )+g gi( SP) —
Acr (%) —4.977 7 (ws.) Ty (as,) 5 2(65p)+? 5(a2,) -
Bl w7 (pt =)ntr®  B(107%)  0.4140.05(ws, )00 (a5,) £0.01(a3,) 1005 (a2,) -
Acr (%) —36.725 5 (wp,) 54 (ab,) 1o 5 (a3 p)+32(&zp) -
BT = °(p" =)ntx”  B(107°) 5.53 1770 (ws) 1071 (a20) Zo'47(a2,) L0702 (a3,) 10.90 £ 1.40
ACP(%) 34. 9+6 q(wB}Jré 'i’(ﬂép)*i ?’(ﬂzp)ﬂ g(ﬁzp) 20+11.0
B = n%(p’ <)rtr™  B(107°) 0.1175.05 (ws) 1000 (a5,) 000 (a3,) S0 (ad,) 200 £0.50
Acp (%) —14.2737 (ws) 157 (a2p) La's” (a3,) Toin (a2)) -
By —»(p’ =)rTnT  B(107)  0.357505(ws. ) £ 0.01(a3,) £ 0.00(a3,) £ 0.03(az,) -
Acp (%) ~24.62070(ws,) Lo (a3,) 16 (a3,) 5o 6(as,) -




Puzzle: CP violation in B*— pr*

PHYSICAL REVIEW D 94, 094015 (2016)
Direct CP violation in charmless three-body decays of B mesons

Hai-Yang Cheng,' Chun-Khiang Chua,” and Zhi-Qing Zhang?q

Indeed, LHCb has measured asymmetries in B~ — 777~ 7~ in four distinct regions dominated by
the p [Bl: 1: 047 < m(77 7 )iow < 0.77 GeV, cos@ > 0, IL: 0.77 < m(7" 7 )ow < 0.92 GeV,
cosf > 0, III: 0.47 < m(m7 7 )1ow < 0.77 GeV, cos < 0, and IV: 0.77 < m(7T 7 )jow < 0.92 GeV,

cosf < 0. It is seen that Acp changes sign at m(777~) ~ m,. Summing over the regions I-IV

yvields C'P asymmetry consistent with zero with slightly positive central value

Hence, the LHCb data imply positive CP violation induced by the p and fp resonances.

BABAR and LHCb measurements for this quantity, however,
prefer a positive CP asymmetry in the m(r* ™) region peaked

atmp.

The theoretical predictions based on the QCDF, PQCD and
SCET all give a negative CP asymmetry of order -0.20 for B*—
pnt .



PHYSICAL REVIEW D 90, 112004 (2014)

Measurements of CP violation in the three-body phase

space of charmless B~ decays

R. Aaij ef al.”
(LHCb Collaboration)

(Received 25 August 2014; published 11 December 2014)

LHCb has measured CP asymmetries in regions dominated by vector resonances

L A 300F | - T
00 LHCb  (¢) 3 : LHCb  (d) :
200 + -4 L 200F -
: + H = J[H 4 :
100 ] +}' 100 -4 -
E t .++++ - - + Ht 1 :
T A B *++H++ # FH
-100F . ]
: H“L -100f H'J[ t S
-200 :_ M P R P B = N T T

0.5 1 1.5 0.5 1 1.5
m(),  [GeV/cY]  c0s0>0 m(nr)  [GeV/e] cos0<0

I: 0.47 <m(n*n’),,, <0.77 GeV, c0s6>0,

11: 0.77 < m(w*w),,, <0.92 GeV, co0s6>0,
111: 0.47 < m(n*n),,,, <0.77 GeV, c0s6<0,
IV: 0.77 < m(n*w),,, <0.92 GeV, cosB<0.

Acp changes sign at

m(r'n) ~m,



* Interference between p and f(500)

PHYSICAL REVIEW D 87, 076007 (2013)
CP violation in B* — 7= 7" v~ in the region with low invariant mass of one 7 77~ pair

Zhen-Hua Zhang,"* Xin-Heng Guo,”" and Ya-Dong Yang'*

 The fraction of tree and penguin contributions varys across
the phase space

PHYSICAL REVIEW D 88, 114014 (2013)
Branching fractions and direct CP violation in charmless three-body decays of B mesons

Hai-Yang Cheng' and Chun-Khiang Chua’



Results

TABLE III: CP averaged branching ratios and direct C'P-violating asymmetries of B,y — nm(p — )7 decays calculated in
PQCD approach together with experimental data [91]

Modes Quasi-two-body results Experiment
BT = q(p” =)rx’  B(107°) 6.7473 %0 (wr) 7025 (a5,) 000 (a3,) "0 02 (a3,)  7.00 £ 2.90
Acp(%) —0.370 % (wp) 103 (a8,) 107 (a3,) £ 0.0(a3,) 11.0+11.0
B = n(p° =)t x  B(107°) 0.1755:02(wB) 26.02(a2,) 000 (a20) To 00 (a2,) <15
Acp(%) 16.3753(ws) T3 3(a5,) 115 (a3,) 118 a5,) -
BY - q(p° =)rta~  B(107%)  0.101007 (wE ) £ 0.00(a%,) £ 0.00(a3,) £ 0.00(a3,) -
Acr (%) 19.270 5 (ws. ) 0.4 (ad,) 7073 (a3,) 7177 (a3,) -
BT = n(pT =)rtx’  B(107°%) 4567105 (we) 1015 (a5,) 1003 (a5,) 1002 (a5,)  9.70 £ 2.20
Acp (%) 21.077 4 (wp) +1.6(ad,) +0.2(a5,) 735 (ad,) 26.0+17.0
B = q'(p° =)nTn™  B(107™°%) 0177005 (ws) Ty 0o(as,) £0.01(a3,) +0.01(a3,) <13
AC’P(%) 12-8:.2( )+§%é(ﬂ'zp)+$é(ﬂ'2p)+gé(a2p) -
B} =/ (p” =)xta™  B(107°) 0232075 (ws, )0 01 (a3,) + 0.00(a3,) 001 (a3,) -
Acp (%) 37.9103 (wp, ) £ 0.2(a%,) + 0.3(a3,) + 0.2(a3,) -




Results
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Results

2 - 2 \|3
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7. Phys. C 62, 455 (1994)

=  B(p' - 1) =1004"32% By = rr) = 81112229



Decay Modes Quasi-two-body B (in 1077) @;Ddy B (in 1@ Acp

B S KF(pP o)rtas  AGGRETCENGTGL  dellm 039nhiioa
B = K*(p™ —)m~n” 8881500 5 0k 0 %] 8.8417 5 035003004000 0.00
BY K~ (¢ »)n*n®  13.8173281 00800024000 BT8G5 025 )Rl
B — K°(p" =)nta® 106475380 5005 10.60353 013503 6,01 7600 0.00
B’ = K°(p" —)x"m™ 531555060 05 oo 5.2071 53 0.107566™5:00 " 0:00"0.00
B = K%(p° )mtn™  0.225005 001 0600 0227003 02040 11 0.1070.05 0.0
BY = mt(p )mtam 85RO 5 8117753 —0.2975,56 01 003 0.00
BY —at(p” —)nn® 532005 N0 5305157 —0.377 0175 07-0.02-0.00
B (p" —)rtr” 1234055070816 50 00 12.20"538 0.1115:65 06101 0.01
BY = at(p” )ar 0195500 000 0.0 0197503 0015377 6,08 7601 0.02
BY = (pF —=)rta®  0.2050 0 GO0 0291553 —0.28%0 015,05 0:0220.03
BY o m(pt )rted LOATL TR 0 1937353 024+ 0 0 202
BY — n'(p =)mtaT  0.2650 05 00 00300 026150 —0.5470 04 .04 05 0.01
e (D L S 1 Ly A Y M 0155002 —0.3075 05615 000" 0.00
B —n(pt —)mta® a0 00 4391537 0024535 6.00+6.01 0.00
BY > n(p” )mtrm 014550 G0 o o, 0147553 —0.1375.05 508001 0.03
BY = (e —)mtaT  0.085505 500 000 0.0 0085003 0374501 0:01 7601 0.01
BY —a/(p" =)rta® 321055 s o6 o 3.20%5 77 0467065760201 0.00
B0 eten 0o 02208 0207 g Egn L)
I O i S V¥ iy 1 0171058 0.54500%6.00%6.0070.50




Decay Modes

Quasi-two-body B (in 1077) @d}r B {in@

Acp

Bt = KT (p" =)atn™

B - K*(p"~ =)n n°
B! = K (p"" —=)nta"
BY = K%p"" —=)at "
B - K%p" =)nta™
BY — KY(p"" =)nt ™

9 53+D.EQ+0.29+D.35+G.'¢]7
. —0.52—-0.27T—0.31—-0.05
4 8QF1-51+0.514+0.56+0.12
Y _1.08—0.40—-0.52—0.09
6 52+2.4H+U.DE+G.GL+U.U‘.’
* -1 69 =002 =0.01-=0.01
6 2n+1.9ﬂ+|.“-’1+ﬂ-?3+ﬂ.13
. —1.43—0,95—-0.66—10,11
2 98+1.DE+D.4U+U.EB+U.G?
0. Td—0.37-0.27—-0.06
0 ]1+ﬂ.¢}1+0.ﬂl+ﬂ.ﬂf}+ﬂ.ﬁ1
: — 0,01 —0,00—0,00—0.01

3127192
502170
8.037307
7.6472%52
3677108

0.14 + 0.02

0 33+D.DE+D.1}1+G.¢}G+D.D'¢}

—0.07—=0.01—-0.00-0.01

0.29+0-0240.0540.01+40.01

—0.05—-0.04—0.01—-0.00

0 26+U.U4+D.GD+U.UG+U.DI

=004 =0.01=0.00-0.01

0 14+D.03+D.1}1 0. 0000

—0.04—0.03—-0.01—-0.01

0 UH+D'D1 +0.014+0.0140.01

—0.00—0.00—0.00—-0.00

0 01+D.IE+D.13+G.¢}E+D.DI

—0.10-0.11-0.05—0.00

Bt = nt(p"® =)nta™
yr— "
Yt o

0

BY —» x%(p" =)rtn~
BY = a%(p" =)ntw”

2 81+U.23+D.DE+U.EG+U.UE
: =0 AD—=0.03—-0.52 =009
1 28+U.13+0.41+D.25+ﬂ.ﬂ3
. —0.,09—-0.11—-0.17—=0.03
5 ﬁl+2.lﬁ+ﬂ.33+ﬂ.ld+ﬂ.ﬂ2
. —1.50—0.34—-0.13-0.01
U DS+Q.¢}1+0.D4+G.GD+Q-‘]1
: —0.01—=0.02—=0.00—0.01
0 lﬁ+ﬂ.ﬂ2+ﬂ.ﬂl—|—ﬂ.ﬂ2+ﬂ.ﬂl
. —0.01—0.01—0.01 —0.00
0 6T+U.EG+U.2T+Q.15+U-UU
N = (.29=0.15=0.13=0.00
[] 14+ﬂ.ﬂf1+[l.03+ﬂ.ﬂ1 .00
. —0.03—0.02—0.01 —0.00
0 U6+U.DI+D.UE+U.UU+U.EI
: — 0 01— 001 — 0 00 —0 L 00

i . T8
3-.4:&'_0_82

Ep+0.61
I‘GS—U.ES

6.9257 74
0.107595
0.205505
0.8370%3
0.17%5:02
0.0775:03

-0 35+D.DB+U.DI +0.02+40.00

=001 —0.02—0.05-0.01

—0 51+¢].01+D.Dﬂ-+ﬂ.ﬂ2+ﬂ.01

—0.02—0.00—-0.02—-0.01

0.110-0340.0140.01+40.01

—0.02—=0.00—0.00—-0.00

-0 0-3+¢}.05+D.DE!-+GJ]3+'D.0‘2

—0.01—-0.03—-0.03—-0.00

0 24+H.D2+ (. 0840.0240.02

—0.00—0.058—0.00—0.01

0 18+U.UU+D.G7+U-U5+U. 0z

=0.04=0.18=0.07=0.02

-0 53+G.Dﬂ+ﬂ.ﬂﬂ+ﬂ.ﬂ4+ﬂ.0ﬂ

0.02—0.03—-0.06—-0.01

-0 35+D.DU+U. 19+0.014-0.02

—0.02—0.14—-0.00—-0.02

Bt = p(p"t =)rta®
B? = n(p"® =)=t
BY = p(p" =)nTw™

Bt =/ (p" =)nta®
BY = n/(p"° =)nt ™
B! = 1'(p N

‘;IT_
+

l — )T

9 11+U.7T+U.1T+ﬂ.ﬂ5+ﬂ.ﬂﬂ
. —0,53—0,14—0.04 —0,00
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: — 002 =001 =000 —0. 00
0 D4+0.ﬁ1+0.00+ﬂ.ﬂﬂ+ﬂ.ﬂﬂ
. —0.01—0,00—0,00—0,00
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Results
BT — ntpY — natata~

B = (8.15114%) x 1077 Acp =—0.297005 (PQCD)

BABAR Collaboration  Phys. Rev. D 79, 072006 (2009)

(1.410:6) % 106 (—6+ 28 £ 20712)%



Results

Phys. Rev. D 86, 032013 (2012) (BABAR) Phys. Rev. D 96, 036014 (2017)
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FIG. 45 (color online). The pion form factor-squared measured
by BABAR as a function of +/s” from 0.3 to 3 GeV and the VDM

it Crgeribed 1m the-fexy, The summation of the contributions
from p(770), p’, p"and p'" for the
differential branching ratios of the
B*— K*p — K*n*ndecays
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Summary

* Framework for the 3-body (quasi-two-body)
hadronic B meson decays in PQCD approach

* Results of quasi-two-body decays B4 — Pp,
Pp'(1450), Pp''(1700) — Pran
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