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Rich physics in three-body B decay

« Broaden the study of B decay mechanisms

such as testing the standard model,

studying the emergence of quantum chromodynamics

w@ Provide additional possibilities for CP violation searches.

® besides tree and penguin amplitudes interference as in two-body B decays,
® the interference between different resonant states in three-body B decays.
B — DK* 7z~ with D representing D", D' , measure the unitarity triangle angle v

DKt y = arg[—=V, V= [(V. V)]

R0 / (b — ucs)
T D°K* 7~ —

(b — cus)

_I_ —_
Jok™ 7 comparable in magnitude and

3 potentially enhancing CP violation effects



m’,, (GeV?)

W Provide opportunities for the analysis on the hadron spectroscopy

B — D(pp) P(p)) Py(py) Dalitz plot regions:

2 2

m? + m? + .
2 = (P14 po) miy = (py + pp) the center, the corners and the edges regions

25 1 2 3 ® the two energetic particles are collinear and form a

- moving-fast meson-pair, called quasi-two-body decay

15 —t? 1 ® m*(P,P,),m*(P,P,) generally peak as resonances,
]
10 1 intermediate resonances in three-body B meson decays
j show up
S § & -2
Wl
0 i B->D(,S... > )P, P, with vector, scaler... resonances
0 9 10 15 20 25 30
m’,, (GeV?) B — (D* — ) DP; P, with charmed resonances D*

Fig from arXiv:2112.00315 Ying L1 etc. 4



Experimental and theoretical investigation
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Applying Dalitz plot analysis,

& LHCD have ivestigated B ;) — D(s) K7 3 152. |- ,
[Phys.Rev.D 90(2014), Phys.Rev.D 92(2015)... ] E 5 \\ .—<

& LHCb, Belle and Babar for B,y — D(s) n 7 ok —
[ Phys.Rev.D 92(2015), Phys.Rev.D 76(2007),Phys.Rev.D 79(2009)... ] ° - PR

® structures of ground and excited states of D*, K* and p

® their corresponding fit fractions in isobar model 1sobar model

N . .

& Recently, p-like resonances in By — D(s) K~ K by Belle I A = Z ct A
i=1

[arXiv:2305.01321 |
Actually, virtual effect from p(770) — KK, resonances generally described by
when m(p) < m(K) + m(K) 5 relativistic Breit-Wigner model



w The theoretical approaches based on the factorization hypothesis

have been proposed for quasi-two-body decays. the interactions between the

meson-pair and the bachelor

® PQCD approach for charmed B decays
B — Dgrr, By — DyKn, By — DnKK

[Phys.Rev.D 108(2023), Phys.Rev.D 103(2021)... ]

p: AZNH®J®(DB ®(I)D ®CI)P1P2,i
P2 /

particle are power suppressed

naturally.

.D two-meson wave function

parameterize as time-like form factor,

usually taken to be relativistic Breit-Wigner line shapes n’.. (GoV)

2
mp

LRBW(S) —

s — mg + impl p(s)



® QCDF approach for charmless B decays
B — nnzw, by — Kzn, b5y — KKn, By — KKK

[Phys.Rev.D 88(2013), Nucl.Phys.B 899(2015), JHEP 06 (2020)073... ]

00 <Pp)Pypy I Hyl B>

n
‘ 1
= <P P R. > <R \H 4| B>
' OL" . Z 2(p2) 3(p3) ‘ ] o _ ml%i N imRiFRi ) ‘ eff‘

® approaches based on the symmetry principles, such as

SU(3) and 1sospin symmetry, for charmless B decays

[Phys.Lett.B 726(2013), Phys.Rev.D91(2015)... ]



factorization-assisted topological-amplitude approach

@ factorization-assisted topological-amplitude approach (FAT)

B — DP,D*P,DV
[H.Y.Cheng, etc. Phys.Rev.D 54 (1996)/

® Distinct by weak interaction and flavor flows with all ;C 2\ POV)
° ° ° ° ° b C \
strong interaction encoded, including non-perturbative B | po
ones. @1

® Amplitudes with strong phases extracted from data.

vy
~{|
2

® Flavor SU(3) symmetry relate different amplitudes and \, ds)[} p(v)
. (b)
strong phases of the same topological type. ¢

b c

. . "\ D)
I'=|T|. C=|Cle™, E=|E|e™, ; % —"
(5)

J(S) a || P(V)

for B — DyP,P=nK,nn



@ factorization-assisted topological-amplitude approach

[H.Y.Cheng, etc. Phys.Rev.D 75 (2007) 074021]

Scheme 1

T
C|
|
dc (degrees)
0p (degrees)

+0.61
+0.20
6 077_0.21
+0.13

9.2
—69.072¢

13.9

Er 1 (fixed)
Eo 1 (fixed)
X?nin 45.28
X2, /dof 11.32

® based on Flavor SU(3) symmetry

T=|T|, C=|Cle’, E=|E|e",

® Need to keep SU(3) breaking effects



Y factorization-assisted topological-amplitude approach d(s)

_|'\) P(V)
[Si-Hong Zhou , etc. Phys.Rev.D 92 (2015) 094016] , >§< —
B | (\) D®)
TDP 2 GF V. V* 2 2 FB—>D 2 (a)
c lﬁ ch uqal(:u)fP(mB o mD) 0 (mP)’
b C
- /\: ofs)
CPP = i ZEV Vi f (1 — m3)FB~F (). B s7’( -
V2 4)[) p(v)
(b)
.G . fo,fp . .
E2" = ITI;Vcquqmlz?fB fz())f yEe?:, y .
/A - DG
B[,
SU(3) breaking effect are kept in F, {1, 1 & % 2l PV)
(c)
¢ =0.48+0.01 ¢ =(56.613%)° j
Xe = 048 = V.U, ¢c = (56.673%)°, FAT firstly proposed in D meson decays
vE=0024100%, ¢F =(123.9533)°, H.n.Li,C.D.Lu, F. S. Yu, Q. Qin
with y2/d.o.f. = 1.4. Applied successtully in B meson decays

v

S.H.Zhou, etc.



B — D P, P, with resonances D*, p, K*, w, ¢ in FAT

& take B(S) — D(V — )PP, as example

® two subprocesses: B, — D,V firstly, subsequently V — PP,

P oo [ Jb

CANANG:

4 )
(a) (b) (c)

® classify the topological diagrams into T, C, E by weak decays

b— cqiu(g=d,s)

[



& two subprocesses: B, — D,V firstly, subsequently V — PP,

1 D
INE
2
(b)

amplitudes of b —» cqii (g =d,s):

(a)

\/_ 2Gp Ve, Vi, a(w) fymy FB_)D (m‘z/) (8x>/k 'PB>»

\/_ 2GpVy,Y, fD(S) My AB_W (mlz)) <g‘>x/< ‘PB) )(C€i¢ca

=/2G.V, V¥ my f Touty % E "
F 7ceb uqu B ff EV Pp) X € °
DJr
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&% two subprocesses: B, — D,V firstly, subsequently V — PP,

[ B oo
. = . =
P> P>

(b) (c)

® RBW distribution for intermediate states p, K*, w, ¢:

1

s — m2 + imyy(s)

LRBW( S) —
where s = (p; + pz)z, ['(s) 1s s-dependent width of vector resonances

* (P, (p1) Py (p,) | V(py)) can be parametrized as a strong coupling constant gy p.

2 pc3 2
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& Finally, combing the two subprocesses together,
the decay amplitudes of each topological diagrams

g@ﬁ 7= (P (1) P2 () |(@)v-al0) (Do) ()4 B(ps))
‘ 4 = P B LD (¥ () (g1 ) D (9) | cb)v-a| Blon)
(a) =P (1= 2) VAGRVaViyan fymyFE2(s) - ey
- C = (P1(p1) P (p2) |(@0)v-a| B(pB)) (D (pp) |(cu)v-4| 0)
i - P B P B (V () [@)v-al Bps)) D (o) (@4l 0
! =pp - (p1 — p2) V2Gr VerVosq fomy Ag7 (mip) X“e?” S — m%/gjlf-?rl:ivI‘v(S) |
oo E = (D (pp) P (p1) Pa(p2) [Hess| B(ps))
. % Hi - P ) T Do)V (o) M| B(p)
(c) foD(s) E i¢F gvp P,

= pp " (P1 — P2) ﬁGF VcbVJq my fB

)

e
f-fo X s —mi + imy Ly (s)



Numerical results and discussion

Y 1nput parameters

® electroweak coefficients: CKM matrix elements and Wilson coefficients;

® nonperturbative QCD parameters: decay constants f, transition form factors F

and nonfactorizable parameters )(C, gbc, vE ot

¢ =048 4001, ¢° = (56.6732)",

E 0.002 E 3.3\ C>E
X =O.024J_“0:001, O = (123.95;2) :

® Hadronic parameters: my, 1 yand g VP, P,

15



& Predict branching fractions for B, - DP\P,, B, = D PP,

integrate the the differential width over the kinematics region

(Ippll Py 1)
(2n)3 6 m3

dT =ds |A(s) |,

® ground states of p, K*, w, ¢ ® oround states of D*

B — D(p = )rr, .

B, — D (K* = )K,

B — D (p, o, ¢ — )KK

16



Decay Modes Amplitudes  Data BraT Brgep

I. B = Dgyp = Dynrm

B — D(p —=)nm Va V., 10~4 10~4 10~4
?_ S DNpm e THC L 13EI8 1T S @ Hierarchy of branching fraction
B DH(p o)mn  T+E o412 600t5HESL  sa3tiy:
B® — D(p° —w)rtn~ JS(E—C) 3.21+0.21 25070157075 003 139705 * CKM:
B} - Df(p~ =) n® T 95+£20  7T45Tg0T3nTes 7727553
Vv B — D(p — ) nrinduced via b — ciig
B =Dt (p~ =) m"  E 0.018%5/001 %0 0004 0-051 5014 B — D(p = )rrminduced viah — ucq
B = D%(p° =)+ 5B 0.0090:001 00001 0-02625006
B — D(p —)nm Vb Vs 107° 107° 107 Cabibbo favored decay modes are able
B~ = Dy (p° =)ntn~ LT 16.710 8*2 stietis 1521 to be measured firstly by experiments
B Dot e T 0.7 2R
B} = D~ (p* =)nta®  E 0.19%5 83*8*8'8?8 02 0697075 ® topological diagrams
B — D%(p° =)ntn~  E 0.09001 0 001001 0-347008
ViV FAT |T|~2[|C|~ 12]E]
B~ = D~ (p° =)ntr J5(T - A) 0.35 0 0,09 0.01-003  0-53T037
B DOy )t O+ A 0.48 RE G0 005708
B Dt )t T4 B LB RIONTOR 07603
BY - D0 )wtn= (B C) 0.LIHGILAT0H001 0,015+000




Decay Modes Amplitudes  Data BraT Brqcp
B = D(K* =K Vap V. 10— 10— 10—
B° —» Df(K*~ -)Kn" E 0.11%5,01700.02 0.5240157 008000
BY — DOY(K*0 —)K+n~ C  286+044  3.747016+0.79+004 2.8611 550254000
VCbVJs
B~ = DYK* 5)K- T+C 2.0470:04+0.35+0.17 16770 83 031 007
B —» DT (K*~ -)K—r° T 1.315 01055 013 1.2470 2550185005
BY — DY(K*® 5)K 7+ C  0.32+005  0.27+301+0.06+0.01 0.17+0-10+0.03+0.00
B - Df(K*~ =)K n° T+E 1.4250 01 058014 1.1170:337 031 0.04
B — D(K* »)Kn Vs Vit 106 106 107°
B~ = DYK* =)K—7° C+A 4.461018+0TA+0.0040-89  1.001043+020+0.09
B~ — D (K —5)K—rt A 0.727 5 0 0011006 0.2170:06 005000
BY — DOK* )K—nt C 348101 066 004 031 1967587 041 012
B) - Dy (K*T =)Ktn® T+E 8.59 005 175 05076 13-37304 073 079
VUb cti
B~ — Dy (K* =)Ktr— A 0.0374 0 0 00010003 0-01476,003 0008 0.0002
B® —» Dy (K*t =)K*n®  E 0.005 00004 0-0'000710.0004  0-0050003 00010
By » D~ (K*t =)K*r® T 0.357 0 007 0:00410.03 0.670:15 0040 04
BO — DO(K*O —))K+7T_ C O.16+0'01+0'03+O'002+0'01 0.08+0'05+O'02+0'00

—0.01-0.03—-0.002—-0.01

—0.03—-0.02—-0.00

2. By — DK* > DyKn

FAT |T|~2|C|~ 12]E]

comparable branching ratios
or 107% — 10 are also

measurable 1n experiments

< Comparison with PQCD

FAT |7T]~2[C|~I12]E]

PQCD |7|> |C|~ |E]

® all modes dominated only by
C are larger than those 1n the
PQCD

® more precise



3. B, — Dyp — DyKK

Decay Modes

v
FAT

v
PQCD

B — D(p —-)KK
B~ — D% p - -)K K"
B — Dt (p~ —-)K K"
BY — D%’ -)KTK~

BY - Df(p~ =)K K"

(
BY - Dt (p~ -)K~ K"

4+0.13+1.2640.63 _5
.01 14 176060 X 10

4+0.034+1.00+4-0.49 —5
4.647 005 0.90—0.47 X 10

+0.0740.284-0.02 —6
1.347 007 026002 X 10

+0+1.18+0.60 -5
2.63 29 1.07-0.60 X 10

+1.64+0+2.71 _9
9.46° 77 o 189 X 10

+0.08+0+0.11 —8
0.487 )04 0_0.07 X 10

+6.24+0.940.7 -5
11.8740-12-0.9 X 10

+5.0140.324-0.65 —5
7.937593 030063 X 10

40.46+0.804-0.01 —6
1.07Z5737 058001 X 10

+3.4740.044-0.47 —5
6.06 25 06 0.04_0.45 X 10

+0.58+0.904-0.40 _8
4.227 367 0.65-0.30 X 10

4+0.15+40.234-0.10 _8
1.0975 17 0'15-0.07 X 10

1.89+O+0’53+0'03+0’04 < 10—9

—0—-0.46—0.03—-0.04

2.51+0.10+0.37+0.04+0.17 X 10—9

—0.11-0.34—-0.04—-0.17
0+1.83+0.874-0.77

_|_ I
8.74 70 166—0.83—0.77 X 10 ;

—0.04—1.07—-0.06—0.05

—0.31-1.13-0.06—-0.51

1.51t8+0.32+0.15+0.13 > 10—7

—0.29-0.14-0.13
0.17+4+0+40.11+40.09

0.99 608 0011009 X 1077

1+0.094+-04-0.064-0.04 —9
0.9175 0420 0.05-0.04 X 10

40.52+40.864-0.01 —9
3.227 5 043 0.01 X 10

4+0.1240.2540.03 _9
0.93 06 0.17—0.01 X 10

+1.6942.69+-0.03 —8
6.26 71730 0.92_0.02 X 10

5.37+0.07+1.18+0.06+0.05 X 10—9 6.87+2'05+3'30+0'08 > 10—9

1.60—1.01-0.08

5 73+0.32+1.26+0.06+0.51 ,  1)—10 () 7g+0.20+0.46+0.08 . 17—10

—0.13-0.29-0.06

4+0.6341.004-0.01 —7
2.327 548 034 0.01 X 10

4+1.49+4-2.42+40.40 —9
.47 035 183 0’37 X 10

4+0.364-0.61+0.09 —9
1.85 535 0 '45-0.08 X 10

00 — .
« B, — D, ¢ — D, KK pole mass dynamics

Belle II
B(B~ — DK~ K¢) =(1.89 £ 0.16 & 0.10) x 10~*,

B(B® - D"K~K2) =(0.8540.11 £ 0.05) x 10™%,

a peaking structure in low mnvariant mass
region of KK, with p-like resonances but

p(770) 1s not favored

W BWT (or off-shell) effects

B — Dyp — D(S)KIZ

inp<<7nKj+rng
® p(770) is about 20 % of the p-like
resonance and nonresonance contribution

are not very sensitive to the widths of

resonances, B, — Dy p, o = Dy KK



(5)

Decay modes

Bl (1075)

B

(cut)
PQCD

(107°) [14]

Data (107°)

Bt - D0zt - D ntqt

BT - DK+ —» D—ntKT

BY - D*ngt - DVp—xTt

BY 5> DK+ 5 DVnr— K+

BY 5+ Df~nt - D'K—7+

10.26™

+3.16
18.8 7596

0.24
1.397 51

0.17
0.8375 1%

+0.89
4.2170 51

2.25
—2.02

+8.80
19.2 650

+0.68

4.5

8.7757
0.36
0.727 5,

+1.01
1.90 0.68

22.3 =

-3.20 [63]

10.9 -

- 1.8 [59]

- 2.7

10.9 =
0.96 -

8.8
7.8

- 0.23
1.3

0.81 -
4.70 =

- 0.38

- 4.38

130}
47]
26]
129]
28]
32|

BWT (or off-shell) effects from D*

B~ - (D* - )D"'n” K™

by cuts > 2.1GeV

20

Resonance Fit fraction

D?(2400)° 83+26+0.6+ 1.9
D;(2460)0 31.8+t1.5+09+ 14
D?(2760)° 49+12+03%+ 0.9
S-wave nonresonant 38.0+7.44+1.5+10.8
P-wave nonresonant 23.8 £5.6 2.1+ 3.7
D*(2007)° 76t23+13+ 1.5
B 3619109+ 1.6




Summary
1. We systematically analyze three-body decays B — DP,P, with

p, K*, w, @, and D* resonances.

The intermediate subprocesses B — DV, B — D*P, are calculated in FAT approach;

The resonant states V and D* are described by relativistic Breit-Wigner
distribution successively strong decay to P, P,.

2. The branching fractions agree with data measured by Babar, LHCb and Belle, and
BWT effects for p™(770) to K=K, system reach a proportion of approximately 20%

of all p-resonant and nonresonant components measured by Belle 11 recently.

3. Predictions for the other modes, especially with comparable branching ratio
107% — 10~* are also measurable in LHCb and Belle 1I.

‘l'ﬁcmﬁ you



Backup slides

T = (P1 (p1) P2 (p2) |(ub)v_a|B(ps)) (D(pp)|(cq)v-a4|0)

=pp - (p1 —p2) V2Gr VuVq a1 fp my ATV (m3)

gvp P,
s —ms + imyTy(s)

)

C = (Py (p1) P2 (p2) |(@b)v—a| B(pg)) (D (pp) |(@q)v—4] O)

- LBl B (Vo) (@8- Bps) (D (o) [(cu)y-al )

— pp - (01 — p2) V2Gr ViV: fomy AP (m2)) xCei#® — VAP
pp - (p1 —p2) V2Gr Vi g fD MV Ay (M) X s —mi +imyly (s,

E = (D (pp) P, (p1) Pa(p2) [Hess| B(ps))

- R im0

=pp - (P1 — p2) \/§GF VubVCZ my fB

fefD s —mi +imyTy(s)

)

A= (D (pp) Py (p1) Ps(p2) |Hess| B(pB))

= P ) L Do)V (o) [Heys| B(p)

fpgppym? gv PP
—pn - (D — 2GrVuaV:a — ’
pp - (P1 = p2) V2Gr Vi g @118 m% —m3, s —mi + imyly(s)

b — u transition, respectively, where ¢ = d,s and py = p; + p2 = /s. 1

ADV

—V2GFr Viu Vi ai(p) f5

2
/b, 9DV MNP

2 .9
mp —Mmp

(

v " PB

).



(et a2l 8), 4 B)® = Yot V) jimvrv (Vi|(@b),_|B~)
S (]S ————————(Si](@b),_,|B7),

s —mg. +imgls,

| VAR S

(wt (p1)m~ (p2)|(@b), ,|B)E = S —T S et - (p1 — p2) (Vi (), _,|B™)

~ S12 — My, + imy. L'y, ol

a3

S—>7r+ -

() b B_a
S19 — mS + ZmS FS <S ‘(u )V—A‘ >



fr fx fp I, /B /B, fo JK~ fu fé
130.2+1.71556+0.4211.9+1.1 258 4+12.5190.94+-4.1 225 +11.2 213 +11 2204+11 192+ 10 225+ 11
FlB—>D FlBs—>Ds A(l)3—>p A(1)3—>K* Aé?s—ﬂ( * Ag—m A(l)33—>¢
Fi(O) 0.54 0.98 0.30 0.33 0.27 0.26 0.30
o 2.44 2.44 1.73 1.01 1.74 1.60 1.73
%) 1.49 1.70 0.17 0.14 0.47 0.22 0.41




TABLE I: Masses my and full widths I'y of vector resonant states.

Resonance Line shape Parameters = Resonance Line shape Parameters
p(770) my = 775.26 MeV w(782) my = 782.65 MeV
I'p = 149.1 MeV I'o = 8.49 MeV
K*(892)* my = 891.66 MeV K*(892)" my = 895.50 MeV
' = 50.8 MeV I'o = 47.3 MeV
$(1020) my = 1019.46 MeV
I'p = 4.25 MeV
Gposntr- = 6.0, g+t =499, Gy x+xk- = —4.94.

GpsK+K- * QuosK+K- - 9psk+k— =1:1: —\ﬁ,

9pont+tn— = Gptaont+ y Jporn0n0 = Jurtr— = 0,

9OK+K— = —gp0Ko0Rg0 = JuK+K—- = JuKOK0, YpK+K— — GpKOKO



TABLE VI: The same as table |IV, but for the quasi-two-body decays (top) B(S) — D(¢p -)KK

(x107*), and (bottom) By — D(¢ —)KK (x107°).

Decay Modes Amplitudes BraT Brqcp
B — D(¢p =-)KK Va Vo.E
B) — D°(¢ —+)KTK~ C  0.193%5008 0'037-0.002
— D%(¢ =) K K" 0.134750060.026--0-001
B — D(¢p -)KK Vb Vi
B~ — D; (¢ +)KTK~ A 0.75 0 0 035007 0157005 001 001
— D; (¢ =) = K°K? 0.52 0 0 031005 010001 001 001
B) — D¢ -)KTK~ C 2851015 054 005025
— D%(¢ —)K°K? 1.987 0,08 038 0.02-0.17

B — D(w—)KK
B - D%(w —)KTK~
BY —» D%(w —)K+tK~

B - D(w —)KK
B = D, (w—=)KTK~
B™ - D (w—)KTK~

B - D°(w —=)KtK~ 6.14"

BY — D%(w —)K+tK~

1083+O.09+O.15+O.03 >< 10—6

—0.08—0.32—-0.03

4001+0.7O+0—|—0.92 X

—0.33—0—-0.57

+0+1.45+0.68+0.61
6’90—0—1.31—0.65—0.61

0+40.68+-0.06+0.37

+
41576 "0.:63-0.05-0.37

4.217

0.73+0+0.49+40.37
0.34—0-0.45—-0.37

10—°

x 1078
x 10~°

0.30+41.16+4-0.09+-0.54 < 10—10
0.28—1.05—0.09—-0.54

x 1010



