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> EXxotic states and hadron-hadron interactions

» Productions of the DK molecule in B decays

> Productions of the DK D, molecule in B decays

» Summary
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Hadron states for strong interaction

» Cornell model
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Gunnar S. Bali, Phys. Rept. 343 (2001) 1-136

» Godfrey-Isgur model

Spin-Spin Term ¢
Tensor Term

Spin-Orbit Term

S. Godfrey et al., Phys. Rev. D32 ( 1985) 189-231
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» Screen potential  br— 1) =
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The complex non-perturbative dynamics of QCD give rise
to diverse structural formations in hadronic matter
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Exotic state D;y(2317)

» Experimental measurements of D,(2317) » Large mass deviation

D_spectrum
ete™ - DY (D!y -» D; %) L

B.ES]]I 2600 D, 2536231
O R . SR s A o
Inclusive process J s P 8| === = === = m e
2300
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J’t | 0— l— 00 lo |4- 20
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» Branching fraction
Br(Diy —» D;n®) ~ 1
BESIII Collaboration, Phys. Rev. D 97, 051103 (2018)

e Mass and width
[
D3p(2317) = 23178 £ 0.5 + 5 < 3.8

* Decay Channel Disfavor the D;,(2317) as excited Cs state

Kk —

s0 - DS_TCO
+0(2317) is regarded as an exotic state!
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Theoretical interpretations for the D,(2317)

» Compact tetraquark %.‘
R -
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Maiani et al., Phys.Rev.D 71 (2005) 014028

» Mixture of molecular and other component
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» Molecular interpretation

v" Mass and mass splitting

Dy,(2317) I(JP) =0(0M) DK
D,,(2460) I(JP) =0(1%) D*K
ChPT Guo et al., Phys.Lett.B 641 (2006) 278-285

Lattice QCD Liu et al., Phys.Rev.D 87 (2013) 014508

v' Branching fraction Br(Dsy > Dsn®) ~ 1

Molecule

Bare states
®, o
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Molecular component more than 70%
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Heavy flavor Physics

> Precise test for Standard Model

n

» Search for New Physics

SM
RD(*) -

(B — D®r)

T(B — D&/p)’

15

T | LI
excuded area has CL> 095 .

T T\ T
9l
%
2
2
)
2
/3’

|‘|Il||llll|l

10 - A
; Winter 14 7 :::Ia.;:l.z:;.gfv) :
.15 P I L1 1 1 1 I .y l =1 1 1
-1.0 -0.5 0.0 0.5 1.0 15 2.0
—— HFLAV SM —— HFLAV SM
—_— e HFLAV 2019 L e HFLAV 2019
® Belle 2019 ® Belle 2019
e HFLAV 2018 ® HFLAV 2018
(e = M, e) | )
0.25 0.30 0.35 0.40 0.45 0.50 0.22 0.24 0.26 0.28 0.30 0.32 0.34 0.36
RD RD*

Lanzhou University

Ming-Zhu Liu




Productions of exotic states in b-flavored hadron decays
> A lot of exotic states were discovered in b-flavored hadron decays

Decay modes New states Decay modes New states

=y = J/YAK P..(4459) Ay = J/UpK P.(4312)/P.(4440)/P.(4457)

A, = Dpm A,(2940) B* - D, tn°DO D¢, (2317)

Bs = J/ypp P (4337) B* - DD Ds1(2460)

B - J/yAp P..(4338) B* > D-K*D*% X,(2900)/X,(2900)
Bt - D, tn*tD™ T.50(2900)*F BT = J/ WK™ X(4140)/X (4274)
B° - DY~ DO T.50(2900)° Bt = J/[YpKT X(4500)/X(4700)
B* - D°D*0k+ X(3872) B = J/YK*¢ Z.5(4000)/Z.;(4220)
Bt > DD K* X(3960) BY » y'nTK?t Z.(4430)

BT = J/YwK* X(3915) B® - y.mtK* 7.(4051)/Z.(4248)
Bt > K*K K* £0(980) B® = j/yntK* Z.(4200)
Bt - nnOK* £5(980)

« Branching fraction

e CP violation

* Invariant mass distribution

Angular distributions
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» Providing rich physical observables to study the exotic states
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Hadronic molecule with new configurations

» Two-body hadronic molecules

DC(*) Meson- Meson
C ¢ »
L=1 < 2 —)
C

*)

S

» Three-body hadronic molecules

Baryon-Antibaryon

Three-body meson
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Three-body molecules can verify hadron-hadron interaction

» Existence of three-body hadronic molecules

Wu et al., Sci.Bull. 67 (2022) 1735-1738

» D and K meson as the building block

D K "
.7 —— R
D, - D,

® GG

D30(2317) B ~ 70 MeV B ~ 49 MeV B ~ 77 MeV

Liu et al., Phys. Rept. 1108 (2025) 1-108

v" New configuration states generated by
hadron-hadron interactions

v The existence of three-body molecules can
verify hadron-hadron interaction
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Experimental search for the three-body molecule

> JPC = 0=~ D_DK molecule

v Contain charge parity
 This system with neutral charge =

1n:(45)

v Impact of other non-perturbative effect is small

 No mixture of conventional cC
« Two-body subsystem J*¢ = 0=~ D.DZ, can not bind B, ok

i 4286 |- -HEEEEEE....." "
v" Can be detected by experiment s

X(4310)

| DsDgo

 Can be produced at e*e~and pp collisions

. ]PC =0t ]PC -0
: (
a —0

D%, (2317) D.DK

A good candidate of three-body molecule!
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» EXxotic states and hadron-hadron interactions

» Productions of the DK molecule in B decays

> Productions of the DK D, molecule in B decays

»Summary
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Productions of D,(2317) in B decays

» Explain these branching fractions

Decay modes BarBar
B* —» DD} (2317) 0.8070:1% 1.0 £ 0.3+ 0.1

B® - D™D} (2317) 1.06131¢ 1.8+ 0.440.3

BT - D*°D}+(2317) 0.90197% 0.9+ 0.6 +0.2
B® - D*~ D}t (2317) 1.50%3%% 1.5+ 0.4 +0.2

D, (2317) >
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Productions of the DK molecule in B decays

Nawe factorization approach

E— ﬂ(B‘ — DY D‘*’O) = s b Vesd

75 (D3 I(sD)I0)( D™l(ch)|B™)

u U

2
> Form factors (5|5 =< {—gﬂa(mm fmp)dr (¢2) + prpa— 220 s

mD*O —|_ mB'l'

4 (q2) ppa | M D=0 + mp+ 2 Mmp+ — Mpxo 2 QmD*O 2
mD*o+mB++qp [ q Al(q)_ Ag(q)— Ao(q)]

sz+ - m2—

0
PH — D qu

<DO|(CB)’B+> = 72

Fi(¢?) +

» Decay constants [(D:f1(se)l0) = fpl..

Decay constants characterize the internal structure of exotic state
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Calculating decay constant of the D,(2317)

» Effective Lagrangian approach

‘ l
Lp* pk = 9o, pkDyDK, Lp* p.y = 9% DD Dsn

Lypk = fLX(0)V*(DI.K —8,DK), Lyp,,= les"(O)V"(Dsa,m — 0,Dgn)

» Loop integral

11 1 1 5
Ao = gp2 DK [ (0)/ (27:14 K2 — ml 252 — mﬁ(k’ k)en(V),  (Di1(sa)l0) = TP
1 o ) EXEracting decay constant
A = 9pyD, i ,(())/ (2m)4 k‘l —m? k3 —m3 (k —R)eal¥); 1 ! A?
: B = gt 7 O) 1 [ da(2e —1in
50 w?
» Unknown parameters
~ Renormalization energy scale
2 Dimensional Regularization Scheme / ik, R A" o /, S 08 A?
_ (2m)4 (k% — m3)[(p — —m3]  16n2 J, S o 2
. Coupling constants
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Calculating decay constant of D,(2317)

» Coupling constants

decay modes Exp [34] decay modes Exp [34]
Dt 5 KV, 8.72 4 0.09 Df s mpetv,  2321L0.08
D
D D
K K
K

(k" 1) = (k" 171K) +f

gigi = lim (Vs — /50) T;j(V/s) | € 20, ViC,
s—\/50 Vﬁ;f{gn:
V3C, 0
mim mim Lo A? D, ! ld l A®
B = 9pgmna £ O [ oo — i |GV = g [ dain

Similar regularization approach
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Calculating the decay constant of D,(2317)
> Strong decay constants of D,(2317)

Couplings p=1.00 p=150 p=2.00

gp-px 1175 1192 11.95

9D*,D.y 8.13 147 7.32

» Decay constant of D,(2317)

Decay Constants g = 1000 p = 1500 p = 2000

‘ Ipe (2317) 59.36 58.74 58.59

Decay constant of D,(2317) is almost independent on the renormalization energy scale
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Production rates of D,(2317) in b-flavored hadron decays
» Production rates of Dy(2317) in B decays

1073

Decay modes Ours  Experiments [29]
Bt - DOD:J (2317) | 048 0.80f8_'l'36
B* — D**Dyf(2317) ] 0.39 0.90%07

» Decay constant of D;,(2317) as a bare state

Quark model
Hadronic molecule fpz 2317 = 110 MeV
Bare state _
fpz (2317) = 59 MeV Phys.Rev.D 54 (1996) 6803-6810

70%
\JL ) fD;o(2317) =116 MeV

Relativistic Bether-Salpeter method
fD;0(2317) =112 |V|eV

Phys.Lett.B 650 (2007) 15-21

fpi, 2317y = 71 MeV
Physical state

From B decay, the D¢, can not be explained as a pure hadronic molecule
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» Exotic states and hadron-hadron interactions
» Productions of the DK molecule in B decays

> Productions of the DK D, molecule in B decays

» Summary
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Spectrum of the DK D, molecule

» Two-body hadron-hadron potential

. o—(r/Ro)2
Ry/\'1 A% R; vin =Ce w2 R}
» b, b, v' D;y(2317) and SU(3)-flavor symmetry
. r3 \/_

> Wave function of DKD system Y3, 0
1 /
= E(‘I’DSDK +C¥ pr) C ==l Vo, k(r) = 5Vpr(r)
> Effective Hamiltonian of DKD system v X(3872) with SU(3)-flavor and HQSS
H=T+T' +V+V'4+V° symmetry
l VDSD — Ca

H:T—I—V—I—VC

DK . nD;K . ~nDsD __ 1 . .
<\IJC‘(H—E)‘\I’C>:O Ca ‘Ca, 'Oa ~1:0.5:0.1
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Spectrum of the DK D, molecule

> Three-body interaction > Results of DKD, molecule
Dy > > Dg Scenarios |B.E.(0" )| P5_x_p| Pox—5. |Pb.p—x
D D a=1 | 2283} | 114 %| 7825 % | 1170 %
< _ a=2 | _20%7% | 1071% | 8055 % | 107% %
> > K Scenarios| Tp g DK H.D (T)
_ _ a=1 | 16705 1.2703 14795 17775}
_ k * ) ) )
Dg Dy Scenarios | (Vp_z) VoK) (Vb.p) <V§:f?_’“ﬂ>
e G o
b a=1 | —40.2 [—147. 23| —147 270
i a=2 | 3772 [-143;78| —13;8 312
l_)s - l_);o
One eta exchange potential v X(4310) is predicted in our model
o 0k? , e —e-Ar A2_p2 . ¥ DK-Dgconfiguration is dominant
i = T3 it 9ol A7cr T T 8rA ¢ )

PC = 0=~ D,DK
A =algep + Mesy J S
Ming-Zhu Liu
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Strong decays of the DK D, molecule

BG(S)
1-Z|=|g* P Two-body subsystem
80%
o > >
D3y (k1) n(p1) D3 (k1) Ds(p1) D3y (k1) D(p1)
X (4310) (ko) X (4310) (ko) X (4310) (ko)
 Ds(q) Y 7(q) Y K(q)
| J/¥(p2) D, (k2) D; (p2) D* (p2)
(a) i (b) i ©) i
. dq .. . 1 1 1
?’MG = gXD;‘ODS.gDzoDsT]g@bI_)SDS ( )4 (k )k% - k2 D q2 mQD Sﬂ(pz)F(q )7
, d*q 1 1 9 B A% — mE 2
iIMy = QXD;DDSQDEODsngDsD;n/ 2n) g" - ’m%*o o m%s o m%e“(pg)F(q ), F(qg,A,m) = (—A2 )
iMe = gxp- p.9D* DKID D*K/ d'q g 1 1 € (pg)F(gQ) AN =alAgep +mE
sots 50 s ( ) kQ mZ)D*D k% _ mQDS q2 m%{ M 9
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Strong decays of the DK D, molecule
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Productions of the DKD, molecule in B decays
» Final states interaction approach

» Weak Interaction vertices

Gr

A(B — D},D*) ZE‘/cb‘/csalfD;O{_(h -e(g2)(mp~ + mp)A1 (i) + (ko + q2) - £(g2)q1 - (ko + ¢2)

= (ko + q2) - €(q2)[(mp+ +mB)A1(q}) — (mB — mp~)A2(qi) — 2mp-Ao(qi)]}

Decay constant ~ Molecular picture Decay Constants  p = 1000 p = 1500 p = 2000
of D2,(2317) | fon s 5936  58.74 58.59
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Productions of the DKD, molecule in B decays

S 77— 00—mm———————————— S ]mmm™m—mm—m—
“é * Center - =B—=XK “?O . Lower - =B —=XK *D,o ’ Upper - =B — XK
C 6t < 15k .

o
5 | & | 5 2}
Q ‘5 6
S 4} S 10} = |
= &9 (6 &
o11] 1 9
& £ £ 1F
S 2 = 5 =

5} )
S5 | g g |
—_ [ —
m 0 --------- m 0 m 0 .........

1.0 1.2 14 1.6 1.8 2.0 1.0 1.0 1.2 1.4 1.6 1.8 2.0

B(B - X(4310)K) = 107 B(B - D},(2317)D®) ~ 1073
» The ratio of the yield of the three-body molecule to that of the two-
body molecule B(B » DsDK X)/B(B - D%y (2317)D®) ~ 1073

Y(ete™ » DDK X)/B(ete™ -» D},(2317)X) ~ 1073
Tian-Chen Wu et al., Phys. Rev. D 108 (2023) 014015

Such a ratio indicates that 1t’s independent on the short-range interaction, but dependent
on the long-range interaction.
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Event number of the DKD, molecule at LHCb experiment

> Estimate the event number B(B - X(4310)K) =~ 2 x 107° e
v B> DWDK
B(X(4310) - D**D%) ~ 0.25
B(B* - (X(4310) - D*:DT)K*) = 5 x 1077
B(B* » D**D¥K*) =~ 6 x 107* B.DK
B(B* - (X(4310) » D**D*)K*)/B(B* - D**D¥K™*) ~ 1073

LHCb Collaboration 9 fb~1 N(BJr — D*J—’D$K+) ~ 2 X 103

N(B* - (X(4310) > D**DT)K*) ~ 2
LHCb Collaboration 50 fb™1  N(B* - (X(4310) » D**D*)K*) =~ 10
LHCb Collaboration 350 fb~1 N(B+ - (X(4310) - D*J—’D$)K+) ~ 100
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» EXxotic states and hadron-hadron interactions

» Productions of the DK molecule in B decays

> Productions of the DK D, molecule in B decays

» Summary
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v" From the perspective of B decays, the D;,(2317) can not be explained
as the pure hadronic molecule instead of mixture of molecule and other
bare components.

v With the D;,(2317) being predominantly a DK molecule, we predicted a
compelling three-body hadronic molecule with quantum numbers J¢ =
0~~ D.DK, which can not be mixed with the conventional charmonium
state or two-body hadronic molecule.

v’ The mass of the J*¢ = 0=~ D.DK molecule is estimated to be around 4310
MeV, and it dominantly decays to D™ D. We estimate that its production
events number at the LHCb Collaboration would be around 10 for an
integrated luminosity of 50 fb~* and about 100 for 350 fb~1.
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Thanks for your attention!



> Meson-meson 0 a

* With all light quark

» Meson-baryon @ e

 With a charm quark

15(980) I6(JPC) = 0*(0+) KK D, (2317)  1(") = 0(0H) DK
a¢(980) IGUPC) = 1_(0++) KK D¢, (2460) IUP) — 0(1+) D*K
A(1405)  I(JP) = 0(1/27) NEK ».(2800) IU") =1(?") Dp
1(JP) =0(3/2~ D*
 With a pair of cc A(2940)  1U7) =0G3/27) P
X(3872) 1G UPC) — 0+(1++) DD* ¢ With d pair Of cC
_ P.(4312 IJr) =27 DX.
Y(4260)  1°(JP¢)=0"(177) D,D* p E4440; I((]]P)) :?((??)) Bes
 With a pair of cc P.(4457)  I(J") =2(?") D%,
T..(3985)  I(JP)=7(1") D*D|
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Fit fraction [%]

Fit fraction [%]

Component JP(©) B* — D**D K" Bt - D*"D*K* Branching fraction [107%]
EFF, . s 0914 1 0741 811+ 007
7.(3945) 0~ 34105 412 31105 1T 0.237007 *002 £ 0.02
Xc2(3930)° 2+ 18503 113 L7503 507 0.122553 L8 £ 0.01
e (4000) 1+ 51530 143 46:93 134 0351287 1219 1 0.03
2a(4010) L+ 10,1738 13 01344 113 0.69:244 0% +0.06
(4040’ I-- 28103 193 26183 183 0.19598% 198 +0.02
h.(4300) 1= 1.2102 102 11102 402 0.081503 1992 +0.01
T:(2870)°, 0 6.5117 ie 0.45200 o0 +0.04
T751(2900)" 17 5.5505 116 - 0.38%57 Tt +0.03
NR,-- (D*FD¥) 1~ 2041323 2] 18.57 4 1% 1391040 1017 +0.12
[NR,(D*FD) 0 1206 +07 1.106 +08 0.081004 +005 4 0,01 |
R, (DY) 1 178119 138 16,117 33 121233 82 011
Ry (DFD%) 0 159533 123 145539 138 109702 1032 +0.09

LHCb Collaboration, Phys. Rev. Lett. 133 (2024) 131902

B(B —» X(4310)K) =~ 2x 107°
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> The weight of Jacobi
PO = 108 @)
P; = Z\ﬂﬁ?w) = (PID;)(D; )
(@) = X; ;D]
(D;|D;) = 5

Pi = (¥|POI¥Y)

= (WD) ) SN @)

J
= Z S vi Z SEJI ZS“'."F
j /

I‘F

= Z Sii Z I:’j'
i’ 7

_ Z S ji. Pi=3:8 i = (VD)
7

isS11 Si2 Si3 1.71% T7.15% 1.27%
S291 S Sxn|=|7.15% 65.63% 7.31%
S31 S S33 1.27% 7.31% 1.21%
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Backup

» Three-body force

| m 1
A A A
> ----@-----9
A A A

) j k
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