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» Research Background

> X(3872)/X(4013) and Zc(3900)/Zc(4020) as D) D*
HQSS multiplet hadronic molecules

» Producing XZ states in B decays

» Summary
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Flavor Physics

» Precise test for Standard Model 15 o
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Flavor Physics

» Producing a series of exotic states in b-flavored hadron decays

B X(3872)FO

B’ = Z(4430)F K-
B’ = Z:(4050) K~
B’ = Z,(4250) K-
B’ = Y(3940)K"
B~ — Y(4260)K ~
B~ — X(4140)K -
B~ — X(4274) K~
B — y(3915)K™
B* — y»(3930)K*
BT — y.0(4500)K*
B* — y0(4700)K™*
B — X(3960) K+

B’ — D+Dr,(2317)"

B’ — D*D,;(2460)"

B* — X(2900)D*
B+ — X(2900)D*

B* — T%,(2900)** D~

B — T (2900)°D°

Tetraquark states

XYZ states
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A) — P.(4380)"K~
A — P.(4312)*K~
A) — P.(4440)"K~
A) — P.(4457)*K"~

2. — P.(4459)°K~

B — P.(4337) p
B~ — P.4(4338)%p

Pentaquark states

XUBBER



Exotic states

» Quark model

\ }(ﬁ >€) S=+1

Phys.Lett. 8 (1964) 214-215

K- K =1

Meson: 3®3 = 18 Baryon: 3®3®3 = 138B8D10
Conventional hadron Exotic state
A AL
- N r | A
0 O 20 a9, ’
Do @ O 0
Baryon Meson Tetraquark Pentaquark  Hybrid glueball
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EXxotic states In experiments

Exotic meson and baryon Tetrquark  Pentaquark
X,(2866)
E X1(2904)
----- o pooy W s
¥ ?ﬁiéﬁﬁi il z%ﬁ%EIo) P (4380) Y(4220) ZH100)  y 64 B¢

Dp(2317)  YE260) o X(915) X(d274) Ze(3900)  Pc(4450) Y(4390) =(1620)  x(7200) Y(4005)

1 9(2[312) P;s(4459) p_(4337) l

l

y

N
2003 2005 2006 2007 2009 2011 2013 2014 2015 2016 2018 2019 2020 2021 2022
I Ar 4 I Ar I I I 4 T
X(3960)
X(3872) Z.(4430)  X(4140) Z.(4200) P (4457) z_.(3985) P_.(4338)
X(5568) P (4440) T..(2900
E Y (3940) @ . @ P,(4312) BESI es(2900)

" D & T,.(3875)
= & 2 (10650)
A,(2940) b@ % %

The nature of the exotic state?
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Hadronic molecular candidate

“‘. G ‘ ‘ Mixing states
-

o o o

Charmonium Hadronic molecules Compact multiquark
- Mass Width X(3872) is a molecular
. candidate
Hadronic
molecule , B(X(3872) - J/yntaa") .
K= B(X(3872) = J/ymtn) H0=£040.3

7.(3900) I1(J*¢)=1(1*") DD"

- P.(4312) IJ?) =2 (?") DY
PCY _ +— *y* < ) _ e
Dy, (2317) I(JF) = 0(0%) DK P.(4457)  I(]F) =2(??) D*Y.
D.,(2460) I(JP) =0(1") D'K
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Hadron-Hadron interaction

» Non-perturbative strong interaction

v(r)

» One Boson Exchange(OBE) model
» Chiral Unitary Approach(ChUA)
» Effective Field Theory(EFT)

» Lattice QCD
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short range | intermediate | longrange

e — .- — ——

|

r [fm]

Repulsion | Attraction
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Eur.Phys.J.C 61 (2009) 411-428
Phys.Rev.D 81 (2010) 014029
Phys.Rev.D 88 (2013) 054007
Phys.Rev.Lett. 111 (2013) 192001

Ming-Zhu Liu



» Research Background

> X(3872)/X(4013) and Zc(3900)/Zc(4020) as D™ D*
HQSS multiplet hadronic molecules

» Producing XZ states in B decays

» Summary
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X(3872)/X(4013) and Zc(3900)/Zc(4020) as D™ D* molecules

» Lippmann-Schwinger Equation

Z.(4020)

X(4013)

Z,.(3900)

X(3872)

<i?' |T|i?> _ <E' |T|E> + j (3:)73 <E' |V|c7> G(s) (§|T|E>

l (kv1a) = ccvoca—|ehoca - 1D

v
- 1-VG
» Loop function
d3q 1
66 = [ 5 -
(2m) \/E—ml—ml—zq + ie
H1i2

Dimensional regularization scheme
Momentum Cutoff scheme = Form factor
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X(3872) and X(4013) as the isoscalar molecules

> Contact-range potential Isoscalar sector
[ X (3872)) = % [(|D** D7) +|D*D")) — (ID*D*~) + |D°D*?))]
state JPC Vv Y(4013)) — 1 D*+ D*— D0 H*0
| X (4013)) = 7 (1 )+ | )

DD 0+t C,
Particle Basis

C.= =(D**D- - D*D*") C, = 5(D*'D° - D°D*?)

[ cra] x@sr2) | vz 73
i D*D/DD* ! Lo o o
| 17— C,—Cy i Vo, _c, = CotCp Cot Cl:
cr+ Ol O+
Isospin 1=0
- [V R o=t 6 e ;
DD 1 -G i 3871.69 , With HQSS X(3872) has a
: = artner X (4013
] 2+t C,+Cy| X(4013) ! 4013.03 P ( )
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Z¢(3900) and Zc(4020) as the isovector molecules

» Contact-range potential Isosvector sector

|2:(3900)) = % [(ID**D~) = [D*"D")) + (|D* D*~) — [D°D*?))]

_L *+ y*—\ *0 M0
DD o+t \Zc(4020)>—\@(‘D D*7) —|D*D ))

________________________________________________ Isospin Basis

1t C,+ C i CS_|_qu2

Isospin 1=1
i o+t C, —20C, i
L a EOETEI Y with HQSS (3900) has a
DT 1T Ga— Gy Zo(4020) 4024-13/21  4024-13/21  partner Zc(4020)
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» Research Background
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HQSS multiplet hadronic molecules
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Producing XZ states in B meson decays

» Triangle diagram mechanism

D: KI(KO) DS+ K:(KO) DS+ K:(KO)
Bi(B ) Y D*0(D*t) Bi(BO) Y D*0(D*+) Bt(BO) Yy D' (D)
DO(D\—\ X (3872) D0(1>N X (3872) D*O(D>\ X (3872)
(a) g (b) g (c) g
| X (3872)) = % [(|D** D7) +|D*°D%) — (ID*D*7) + [D°D*"))]
Z:(3900)) = % [(|D**D7) = [D**D%) + (|D*D*~) — |[D°D*"))]
D¥ K: 0 *+ >
s (K°) ;/ K+(K°)
0
B+£B ) 'D*O(D*+) B+£BO) 'D*O(D*+)
D*O(D*x X5(4013) D*0(1>\ X5(4013)
(d) g (e) g
_ i *+ yx— *0 y*0 Zc 4020 :i D*—|-D*— . D*OD*O
\X(4013))_\/§(\D D*) +|D*D*%))  |Z.(4020)) \@(\ ) — | )
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Effective Lagrangian Approach

» Weak interaction Nawe Factorisation
i _ G _ _
’ A(BT = DID*) = 7‘; e Vesar (DT (s2)[0) (D*°|(cb)|BT),
_ G o
. ® A(B* = DID®) = 2LV, Veedi (DY |(s2)|0) (D°|(cb)| B,
(i%-?&\‘ o \/§

b ¢ _ G

L ) A(B* = D D) = \/g o Vestt (D2 |(58)[0) (D|(cb)| B,

u/d u/d * *0 Gr *—+— *0 +

> A(B* = D" D) = ‘/_Vcchsa D;"|(s¢)|0) (D*°|(cb)|BT),
Decay mode RPP. [62] Current matrix elements
ai.| BT - DD 9.04 0.9
aio| B°— D DY 7.2+0.8 (D7 |(s0)|0) = ifDS_p’;)s_ , (D |(se)|0) = mp« fp:—€,
ai.| BY > D°D:t  7.6+1.6 2
aio| B°— D™D 7.4+1.6 (D*°|(cb)|BT) =€, {—g“‘”(mﬁko +mp+)A; (¢°) + P“PQm—AL—i—qle,
aiy| BT = D°Df 82417 ) b
a| B° D" Df  80+11 4%%@&%;53%%—+¢P{92%¥@2mm%—TE§¥@i®@ﬂ—%?”mmﬂ”,
—_ D*0 B+

af.| BT - D°D:t 171424 I P
ay| B - D* Dt 17.7+14 (D%(cb)|BY) = {(PB+ + ppo)t — %qy} Fip(q?) + %%Fw(q&),

102
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Effective Lagrangian Approach

, » Hadron rescattering

D_;F K;(KO)
B+(BY) _— Lp:pk = —igp:px (DO* KD}l — D}, 0" KD"),
> v D0 (D*
o
D°(D™) X(,SSTQ) ED;‘D"‘K _ —QD;D"‘KgpvaﬁapDzvaaD*ﬁTKﬂ

» Dynamical generation of molecules

Molecules| D**D~ D*D*~ D**D° D°D*°
Lxpp- =9xpp-X"D},D, X (3872) 1/2 —-1/2 1/2 —1/2
Lx,pp+ = 9x, 0D Xou DD, Z.(3900) 1/2 1/_2 —1/2 —1/2
Molecules| D*"D*~ D**D*°
Ly pp+ = 9z.pb ZgDD;: X2(4013) 1/v/2 1/V2
L pp+ = 1971 D D-Epvapd Z D** D, Z:(4020)|  1/V2  -1/v2
Residues of the corresponding poles Molecules gn ge

X(3872) | 3.86GeV  3.39 GeV
X»(4013)| 5.36GeV  4.86 GeV

gig; = lim (Vs —/s0) Ti; (V/s) Z.(3900) | 5.02 GeV 5.02 GeV
Vs Z.(4020)|  1.25 1.25

T=01-VG)~'V
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F(¢*) =

1-—a (¢2/m%) + b (¢*/m%)

R. C. Verma, J. Phys. G 39, 025005 (2012)

Parameterise
—

Production rates of XZ states in B meson decays
» No extra parameters

F(q*) = F(0)

Decay modes Our predictions Exp. [62] Ratio Exp. data [62]
I Bt - X(3872)K+ 1.49 + 0.62 2.1+0.
| B = X(38T2) K V00 O 1 0624013 0.52 + 0.26
LB e X8R | 0934039 L1304 | e
Bt — X(4013)K* 23 +0.
0—> (4013) 0 0.23 4 0.08 0.75 4 0.16
B° — X (4013)K 0.17 £+ 0.06
BT = Z. KT 214+0.11 4.7 x 107°
D — Z.(3900) O 0 0 < 4.7 x 10 0.63 4 0.29
B° — Z.(3900)K 0.13 + 0.07
B" — Z.(4020)K*| 0.0095+0.0033 < 1.6 x107°
0 o 1.05 +0.14
B — Z.(4020)K 0.0100 + 0.0034

Well describe the production rates of X(3872) in both B+ and BO mesons as well as their ratio

Attribute the isospin breaking two decays to the difference of X(3872) couplings to the neutral

channel and electric component of D*D
LEE =+ ESHYIEHICP WBIFFHTS

¢* — AT q? — A3

Ming-Zhu Liu



Production rates of XZ states in B meson decays

X(3872)
¥
4,;10 ! ff X(4013) Z.(3900)
T 3
%104 f f Z.(4020)
-
1072
10‘1 T P S

0.2 f

O 08F
SRR )
@ 04F

Production rates of X(3872) in B decays are
larger than those of X(4013) by one order of
magnitude

Production rates of Zc¢(3900) in B decays are
larger than those of Zc(4020) by one order of
magnitude

Production rates of Zc¢(3900) in B decays are
smaller than those of X(3872) by one order of
magnitude

A hierarchy for the branching fractions of D D™ molecules in B decays
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Production rates of XZ states in B meson decays
» Why branching fractions of isoscalar molecules are larger than those of isovector

molecules
D, K (1) b K+ () 2y K+(KY)
A Y D*(D*F) 2 ) ) 2 Vo ] YDUDT)
DO(D\—{\_ “i X(3872) DO(D\—\ X (3872) D*O(D*_I----! X (3872)
@ (b) —— o=
Ki(K“) Ki(K“) K+ (K)
F D*O(D*) D*O(D*+)  DO(DY)
i % B
by s T o H=
Molecules| D*t*D—  DTD*— 2*_0_52__?2?*-0
x@s)| 12—z L1 o1l
Z,.(3900) 1/2 2 bip i1

Amp a and c for isoscalar molecules add constructively, but those for isovector molecules add destructively
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Decay constants of the charmoniumlike state

EEEEEEEEE D

 WEE . u/d u/d

- >
" : K+(K.:}) : I{%KUJ d
BB : D0 e .
. 12D BH(BY) = A X(3872)
D)D) - X(3872) : :
:u EEEEEEE H: g TR . (X(3872)|(CE) ‘0) - mX(3872)fX(3872)£#
. 1L +() +() 77 _
o - f d“q34 i/ (B — DFD°) o (D} — DK+) o (DD — X(3872)) ) /(B> X(3872)K) = ﬁvcbvﬁag (X (3872)|(c€)|0) (K|(sh)|B)
) (-m8,) (6 (7o) V2

> Decay constants of XZ states as D™ D™ molecules

Molecules Decay Constants
X(3872) 182.22F3-02
Z.(3900) 68.85116-1% Decay Constant of X(3872) as a pure charmonium is 329 MeV

2.52
Z.(4020)  15.69F202 Eur.Phys.J.C 51 (2007) 841-847

Decay constant of X(3872) is extracted as 182 MeV
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Production rates of XZ states in b-flavored mesons decays

» Branching fractions of X(3872) in other decay processes

Decay modes Exp. [44] as Decay modes Our predictions  Exp. [44]
BT = J/K' 10.20+0.19 0.27170021 BT 5 X (3872)K™ 1.4970-62 2.14+0.7
Bt — J/YK*t 143408 0.23670007| BT — X(3872)K** 3477083 2.8~ 6

BY — J/v¢ 104404 0.20617000%  BY — X(3872)¢ 2.3910-28 1.1+04

B = J/ym  4.0+0.7 0212+09181 BO _ X(3872)7 0.41+0:11 —

Consistent with the experimental data

» Predicting branching fractions of Zc(3900) and Zc(4020) in b-flavored mesons

Decay modes

Our Predictions

Decay modes

Our predictions

B? — Z.(3900)¢
BY — Z.(3900)7

BY = Z.(3900)K*F  49.64T5 18

34.07+10-36
5.83%1 %0

B* 5 Z.(4020)K*+
BY — Z.(4020)¢
BY — Z.(4020)n

+0.51
2'51—(].51
vy 0,33
l'bd—ﬂ.ﬂ:!
o—+0.05
U'gd—ﬂ.ﬂﬁ

A new approach extracting the decay constants
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» Research Background

> X(3872)/X(4013) and Zc(3900)/Zc(4020) as D™ D*
HQSS multiplet hadronic molecules

» Producing XZ states in B decays

» Summary
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> We propose a triangle diagram mechanism to produce X(3872) and Zc¢(3900) as D*D
molecules as well as their HQSS partners D*D* molecules in B decays.

» The absolute branching fraction of X(3872) in B decays as well as their ratio
Ahierarchy of branching fractions for all the D*D and D*D* molecules in B decays

* Why production rate of Zc(3900) in B decay is lower than that of X(3872)

> Using triangle diagram mechanism, we extract the decay constants of D* D) molecules,
and predict their branching fractions in other decay modes
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Thanks for your attention!



