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] Exotic quantum numbers in Hadrons
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Spin and Parity of two-body systems
6 —s| < J < |0+ s
C and G parity of ®® (FF and BB)

C(ODP) = (—1)

d uw s ¢ b t
Q — electric charge —% —|—§ —% —I—% —% —|—§
| — isospin % % 0O 0 0 0
| , — isospin z-component —% —|—% 0O 0 0 o0
S — strangeness 0 0-1 0 0 0
C — charm 0O 0 041 0 O
B — bottomness 0 ¢ o 9-—1 @
T - topness 0O 0 0 0 0 +1
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] Exotic quantum numbers in Hadrons

q d w s e b #
f QT ‘ g=0 Q - electric charge —% -|-§ _% _|_§ _% _|_§
“p | — isospin L L w ® © 4

T 5 3
= n @ JT @ > g)\ |z*isospin z-component —% -|-% 0 0 0 0
q q S - strangeness 0O 0-1 0 0 0
f f s=1 é’ € —ghaii 0 0 041 0 0
P B — bottomness 0 O @ -1 @
G PC T — topness 0 0 0 0 0 +1

I7(J"%) B+S+C+B+T
Q = |+
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Spin and Parity of two-body systems

t—s|<J<|t+s] P=(=DtP,P,
C and G parity of ®® (FF and BB)

C((DE) - (_1)E—I-S G = (_1)I—I—€—|—S

Quantum numbers JP¢ =0-—, 0+—, 1-+, 2+—, 3—+. .. are forbidden
In gg mesons. 4




Exotic hadronic states

(a) Normal hadron.
meson: quark-antiquark pair

baryon: 3 quarks

Exotic hadron state:

(b) ;
@ @
P g 1. Glueball
/ \ (
@p- - -@ (3- --@» Composed of gluons
(c) pentaquark H-dibaryon tetraquark 2. Hybrid
G d“ , Composed of quarks and gluons
3. Multiquark state
diquark—diquark— diquark—diquark— diquark—diantiquark _
antiquark diquark Composed of multi quarks(>3)
(d) molecule hybrid glueball 4. Hadronic molecule
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Hadronic molecules

F.K. Guo, et al. Rev.Mod.Phys.90.015004
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are interpreted as hadronic molecules.

Many XYZ parf]icles are close to
two hadron mass thresholds.



Three-body molecules

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

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

@ @ @ @

T}.(3875) B ~1MeV B ~ several MeV B ~ several MeV
P (4440

T.(3875) A P.(4312) B ~ 33 Mev
P.(4457)

D3, (2317) B ~ 70 MeV B ~ 49 MeV B ~ 77 MeV

Three-body molecules based on two-body candidates
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Three-body molecules

T.W. Wu, et al. Science Bulletin 67 (2022)
1735-1738

Study mainly focused on:

Existence (mass\structure)

Decay (channel\partial width)

Production (B.F.\events)

How to find and verify three-body molecules?



Seraching for DDK

Y(1S)/Y(2S) - R"" + anything, R*" — D* D}t
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Features of D4 D K system

v Study on three-body systems with C-parity
C-parity interaction included

v No mixture of conventional hadrons
0~ exotic quantum numbers

v/ Two-body system can not bind

Suppressed by the OBE model or OZI rule

v Produced in both e™e~and pp collisions

Hidden charm/strange state easier to observe
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Wave function of D DK with C parity

V) 5g =C¥p pr= Y ®(rl,Ry).
e=1.3

Solve three-body problem with GEM

H=T+V+ Vo

Two-body C-parity
interaction interaction
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Two-body interactions

DK interaction parameterized by a constant C
with Contact-range EFT approach
DK — D¢n coupled channel interaction in matrix form
p_ Q. ;)
VgKi(geﬂ — ( \/§C y )
—¥2C, 0

V px in a Gaussian form in coordinate space

With SU(3) flavor symmtry and experimental fitting
Chk Csz ; Cc?sD ~1:05:0.1
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D*,(2317)

Ds0(2317), discovered by BABAR, CLEO and DO,
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T. Barnes, et al. Phys. Rev. D 68, 054006

@PDG (Expe.)

Mass. 2317.7 MeV
Width. < 3.8MeV
Partner D¢y: 2460 MeV
M(Dg4)-M(D4o)=140 MeV

@Quark model (Theo.)
Mass. 2480 MeV
Width. 270-990 MeV
Partner D4: 2560 MeV
M(D41)-M(D4,)=80 MeV

—-|D'K’
DK



Explanations of Ds0*(2317)

M. Altenbuchinger et al. Phys.Rev.D 89, 014026 Z. Yang et al. PhysRevLett.128.112001

Mp:, 2317 [MeV]

3000

2420 — T T ZZIZIIZIZIZE:ZIII::I:ZZZ:ZIZZZZZ:ZZZZZZZZZI}I;:;IIB%§

y D', (2860 D15(2860

2400 ¢ 2800

2380 . < p:,2700)

2360 1 o N T il -

<l | gm’ 2400 SR . N i_l_)_:i_(_zjfi_)i ___________ 4D K

2320 E% D (2317)—

2300 e 2200

] D&
2280 —m————— = O *  Godfrey/Isgur(1985)
0 100 200 300 400 20001 o o/®  Ourfit
4 ——  Detected
m, [MeV]
. B0 ————o 17 2= 3
DK pole position@ChPT .
J
68 % DK+32 % ¢S@LQCD

TABLE V. Pole positions /s = M — i% (in units of MeV) of
charm mesons dynamically generated in the HQS UChPT.
(S.1) JP =0t =T ChPT, Lattice and Exp. all surport that the
(1, 0) 2317 + 10 2457 + 17 D:0(2317) is a DK molecule or at least has
0, 1/2) (2105+4) —i(103+7) (2248 +6)—i(106 +13) | a large DK component.
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DK interaction fitting Dgg(2317)

Considering Dg(g(2317) asa D K — D n molecule +csS state

Momentum space

Couplings A=050 A=100 A=150 A=200 A=050 A=100 A=150 A=2.00
9D*, DK (GeV) 19.37 14.72 13.32 12.66 16.20 12.28 11.16 10.63
gD*,Dsn (GeV) 13.23 9.54 8.40 7.86 10.42 7.70 6.89 6.50

Ca(fm?) —5.78 —1.84 —1.03 —0.71 —6.96 —2.06 —1.12 —0.75
Compositeness |[A =050 A=100 A=150 A=200 [A=050 A=100 A=150 A=200
Ppk 0.92 0.90 0.89 0.88 0.65 0.63 0.62 0.62
Pp,q 0.08 0.10 0.11 0.12 0.05 0.07 0.08 0.08
100% molecule 70 % molecule+30 % €S
Coordinate space
Components of D7;(2317)| M (DK — Dsn) M(DK)|M(c3) [4] P(cs) P(DK) P(Dsn)
70% molecule+30% cs 2280 2349 2406 30% 60% 10%
100% molecule 2318 2358 2406 0% 90% 10%
50% molecule+50% c3 2230 2336 2406 50% 42% 8%
DK—DS"> CS BDK<45MCV
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C-parity interaction DyD*, — D D%,

== .I i i | o
Vo ¥
| |
. D D D r ry
’ (a) ° ’ (b) 0 Ry R, R;
D Dj Dy Dy B D | B
- | g - | - 3
¥ ffb
s, D D ' D
- © ° ’ (d) :

T| exchange potential

Ve simplified as

_2 kQ 5 e—mr . e—Ar A2 . m2 o

_gﬁq{J( d1r - 87A S

qo =mpz, —Mmp,, k =0.56, A= ahgop +mess, mess = \/m% — (mpz, —mp,)*.
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C-parity interaction D,D?%, — DD,

D, K ,.2
0 5 & ol

T| exchange potential

~ O L
Y

Ve simplified as

_2 k2 5 e—mr . 6—1\?* A2 . m2 o

(= < .
¥ 3 f2 9o 47r 8TA )

qo = mpx, = Mp,, k = 0.56, A= ahgop +meys, mess = \/m% = (mpz, —mp,)*.
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Binding, weights and spatial struture

0— D <D K molecule: X(4310) & AR, R,
| | - o O ) @—+C

Scenarios | B.E.(0"") Ps_ x_p|Ppox-p.| Pp.p-K
a=1 | 2278 111% |82 % | 11 %
a=2 | 20135 10%1% | 8055 % | 1019 %

Scenarios| rp g TDK TH.D (T')
a=1 | L6355 | 123702 | 14302 1T
a=2 | 1t | 12208 | 16305 19t

Scenarios | (Vp, ) | (Vbk) (Vb.p) (ngj}n)
a=1 | 40725 |-1477 28| —1477 270
a=2 | —37725 | -143773| —1378 372

Mainly contributed by "2 &,

Mass(MeV)
|

0.4

0.6
R (fim)

0.8

FIG. 5. Mass of X as a function of the cutoff ..
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Comparion with 0~

0=+ D.DK molecule:

4304 MeV

Sets |B.E.0™") Ps,x_p Pok—b, Pp.D-K
a=1 | 26772 13Y0% 76 0% 117 %
a=2 | 28713 14M% 741 % 127 %

Scenarios| Tp_g TDK TH.D (T)
a=1 | 15502 11302 1308 18700
a=2 | 1455 1153 12555 19577

Scenarios| (Vp,x) (Vbk)  (Vp.p) ng—tﬁ
a=1 | —da —lblgn —ibp 9
a=2 | —47731 —-154770 1778 —43)

0~* DyDK: coupling with c€ and D¢D¥,

4332

0~~ Dg¢DK: no coupling with ¢C and DgD¥,

" n.(48)
D.,DK
X(4310)
Bp pk
ESD;O
ﬁSD;O
JFe=0"* JE=0""
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Decays of 07~ DD K molecule X(4310)

Triangle diagrams of the strong decays

-

Dio(k1) ) Dio(k1) D(p) Dolia) D(p1)
X(431E)(kn) B0 X(431E)(ko) . X(4319)(ko) K(q)
Y D.(q Y n(q Y
Dq(kg) ]/(é:h(pz) D (kg) Dégpz) D (’l"?) D gpz)
(a) . (b) - )

d*q 1 1 1
; = « 7 gp* - — L (kHF — g F(¢?),
tM 9xD*,D.9D:, D9y D.D, / (27?)4( 2 — ¢ )kf _m%:n k2 _m%s P —m3 en(p2)F(q°)
d*q 1 1 1
' = « 5.9D* D.n9p. D - F(g?),
'Z.Mb gXDsnDSQDS(]DSqQDSDSn (27r)4q ]{:% — mQD;rJ k% — m%b q2 — %E‘u(pQ) (q )

dq , 1 1 1
q
iy

’ZM = g * D.9D* DKYD *
(i XD, D, 0 D D¥E ( k’% . m%* k% - m% q2 —m%
s0 El

. 1 1 |p]
2J +18m M?2

. A% —m?
M) Flg.Am) = (S
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Partial decay widths

Width(keV)
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(=]
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3000 —n =
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X — D*D
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Productions of 0~~ DD K molecule
0=~ D,DK molecule:

Fg</iD D* (k1) K(p1) 8 S —

(\ ~~ K B A, o

pu— —9s, —(2)— Ds(q) - = B— X(4310)K |
v P D:u(;k X (4310) (7 6l ]

(a) (b)

M = 9b+bH.k9D*, D, xAB — D*OD*)

Branching Fraction(10°)

gh h“hl
+
2
(k%—m_*)(kQ—m )(qﬁ—-m%s)pTF(q )! 0 g
Pso 1.0 1.2 1.4 1.6 18 2.0
a
* Tk GF 2
A(B — D5, D*) :Evcbv::salfD;‘O{_QI -£(g2)(mp- + mp)Ay (¢) + (ko + q2) - e(q2)q1 - (ko + q2)
A2 (q%) k A 2 A 2 ) A 2
mp= +mpg + (ko + q2) - e(g2)[(mp~ + mp)Ai1(q7) — (mp — mp~)A2(q7) — 2mp-Ao(g7)l},

Production rate: B — [X(4310) — D*D]K ~ (3+1) x 107°
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Hints in LHCDb

TABLEI. Resonant and nonresonant components included in the baseline fit and their spin parities, fit fractions,
and product branching fractions [B(B™ — RC) x B(R — AB)], where A, B, C are the three final-state particles. To
obtain the branching fractions, including both R - D**D~ and R — D*~ D™, the values in the table should be
multiplied by a factor of 2. The first uncertainties are statistical, estimated with a bootstrap method [32], the second
are systematic, and the third are from the uncertainty of the B™ — D** D~ K™ branching fraction. The masses and
widths of the resonances marked with the T symbol are fixed to their known values [6].

Fit fraction [%] Fit fraction [%]
Component JPLE) Bt - D*"D"K™* Bt - D*"DTK™ Branching fraction [1074]
EFFy.. 1 109532 3¢ 09534 114 0742948 311 +0.07
7¢(3945) 0~* 3.420% 107 3.1505 Lo 0.231507 2005 % 0.02
X2(3930)1 D 180 100 17402 e 012100 H% 0,01
.. (4000) 1+ 5.1%5% 203 4607 %07 0.35%505 L5 +0.03
X1 (4010) i 10,155 43 AN 0.69734¢ 9% 0,06
W (4040)" 1= AR A 0.1979%% #9002
h.(4300) 1= f2pda 402 1114202 0.08%003 *oot = 0.01
T* . ,(2870)0,° 0* 6502 42 e 04510064003 4 .04
Tt51(2900)°f 1 55 e 03813014816 + 0,03
NR,-- (D*¥D%) 1~ 20,422 2l 185151 £l 13910164011 4+ 0,12
NRo-(DFD*¥) 0 12408 407 143080 0.0818%¢ 1982 +0.01
NR— (D" 7 D<) I+ 7B o B =2 (A S B S N
NR—(D*FD%) 0-+ 1585 1 14597 B2 1097 024 0.00

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



Hints in LHCDb

4 Data ——  %2(3930) 1.(3945) ——  1(4040) o Tho(2870)0 T::,(2900)°
—— Total fit EFF,- N £,(4000) I 71(4010) 22 ho(4300) o NRj+
W Background e NR-- o NR-+ e NRg-- 0 e Reference fit
— T T I T T T I - — T T T T T T I T T T I T T | I T T T ] -
> _ > _

[ LHCb 9 fb~! B B LHCb 9 fb~!
= 100 | = 100 (b)

%0 - o0 !

3 sof 3 s0f

< - ] 2
° ¢ St
i) = ) <

g - = -

O 0 O 0

M(D*-D*%) [GeV] M(D**D") [GeV]
 (4040)" 1= 250 13 BT 0 0.197384 4882 +0.02
h(4300) 1+ 1033402 LUg2ss 0.0890 +2% +0.01
T%50(2870)°, 0" 6.5175 1ie 0.4505% 2010 =+ 0.04
Tt51(2900)°" - 5.5015 116 0.38%070 o1 £ 0.03
NR,-- (D*¥ D) 1-- 2ot 1 |5l 1397008 08012
NRo—(D'FD¥) 0~ 15405 7 1A 0.08*53¢ 1082 +0.01
NR,+ (D*FD¥) T+ TR Gy e 12T e 1T
NR- (D*¥D*) 0+ 159539 533 145597 130 1.09%535 2033 +0.09

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



Estimation of events in LHC

BaBar, Phys. Rev. D 83, 032004(2011) LHCb, Phys. Rev. Lett. 133,131902(2024)

ofpp-1
B(BT = D*DTK'])~6x107* BT - D*DFKt ~2x 10°

LHCb, JHEP 12, 139 (2020)
B(Bt - D*t*D~K™)
B(B+ — DODOK+)
B(BY — D*"DVtKT)
B(B*+ — DODOYK)
B(B® - D~ DYK")
B(B® - D-DYK)
B(Bt - D**D-K™)
B(B+ — D*~D+TK)

= 0.517 £ 0.015 £ 0.013 £ 0.011,

= 0.577 £ 0.016 = 0.013 = 0.013,

= 1.754 £ 0.028 + 0.016 £ 0.035,

= 0.907 = 0.033 &= 0.014,

Process: B — [X(4310) —» D**DT|KT ~5x 1077

LHC integrated luminosity: 50 fb-1 Events: 10
350 fb1 100 25




Summary: . —s gm
Q. G

D:,(2317) D,DK

Y 4310 MeV 0~ D DK exotic molecule is predicted
on the nature of D7%¢(2317) as a molecule and €§
mixture

Y Main decay X — D* D with several MeV width

Y Production process B — (X — D*D)K with 10
branching fraction

Experiment searches are strongly recommanded |
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