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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

8

= ST
nf"@ Q@ @, Composed of 2 or more hadrons
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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. Science Bulletin 67 (2022)
1735-1738

Study mainly focus on:

Existence (mass\structure)

Decay (channel\partial width)

Production (B.F.\events)

From two-body to three-body 3>2+1>1+1+1



Three-body molecules

T.W. Wu, et al. Science Bulletin 67 (2022) M.Z. Liu, et al. Phys.Rept. 1108 (2025) 1-108
1735-1738

@ @ @ @

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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Seraching for DDK
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10
E @ ‘Y( 1 S) ::::Zl Fit L2 N (b) T(zs) ::::' Fit
NO 8 === Background NU = ==+ Background
s T Sideband = Sideband
4] | ]
= B =
v r 0
o[ o
2 4 2
® o 5
3 L 750
RN im0 ¢ SO, o
41 412 414 416 4.18 42 41 412 414 416 4.18
My (GeVic?) M, (GeVic?)

ete~ = R™ + anything at /s = 10.520/10.580/10.867 GeV, R** — D*D:*

Vs = 10.520 GeV V5 = 10.580 GeV.

Phys.Rev. D102 (2020) 112001@Belle

V5 = 10.867 GeV

-o-Data

— Total Fit

==+ Background
Sideband

L e~ Data 200 - -e-Data

L:'g--.'J 10~ (a) j-:a:':tr:aI:gFri::und cb B (b) j.IB-::’I(IgFri::uund o"g--.'J (C)
% r Sideband % 150 Sideband % 20—
= r = + + =
[ 10 10
3 H] oo ; S
~ 5 - ~ = ~
2 o | 210
= c L c -
2 ‘l ‘ th H‘M l 2 sof o
LIJ —Nhl llﬂ“hl ﬂhl l lﬂlll llihl l.ﬂl L l e LIJ B LIJ

0 ol ll Loy l. PRREER PR LI .l .l I[ L 1 .l ] 0 ................... 0

41 412 414 416 4.18 4.2 41 412 414 416 4.18 4.2 41

My (Gev/c?) Mp:p+ (GeV/c?)

Doubly charmed more difficult to produce.




Features of D4 D K system

How to find and verify three-body molecules?

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




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]
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0 s —/ gete?;:ed
N 1800 - s TR
DK pole position@ChPT e
68 % DK+32 % cS@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 JP =1+ 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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Wave function of D DK with C parity

V) 5g =C¥p pr= Y ®(rl,Ry). H=T+V+ VC
e=1.3 / \
Two-body C-parity

Solve three-body problem with GEM 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

Vi, _( - _§C“>
f Sn
—%5Ca 0

V px in a Gaussian form in coordinate space

With SU(3) flavor symmtry
Chk Csz ; Cc?sD ~1:05:0.1
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DK interaction fitting Dgg(2317)

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

TABLE IV. D%;(2317) coupling to its constituents (in units of GeV). Momentum space

Couplings A=050 A=100 A=150 A=200 A=050 A=100 A=150 A=200
gp*,DK 19.37 14.72 13.32 12.66 16.20 12.28 11.16 10.63
gD*,Den 13.23 9.54 8.40 7.86 10.42 7.70 6.89 6.50
C.(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=100 [A=050 A=100 A=150 A=2.00
Ppk 0.92 0.90 0.89 0.88 0.65 0.63 0.62 0.62
Pp, 4 0.08 0.10 0.11 0.12 0.05 0.07 0.08 0.08

Coordinate space

Components of D3;(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-D.n> c¢cs Bpx<45MeV
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C-parity interaction D,

X B3
VC simplifies as T exchange potential
2 _k? /
C _ 2
VDSD;‘O—DSD;‘O — _gcﬁ%y(""a Meff, )
T

m):7nﬂ%"””%=k::056’l\zaAmﬂr+mdﬁﬂ%H:;Jm%—ﬁnmo—mﬂﬁz
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Binding and weights of Jacobi channels

0=~ D.DK molecule:

SetS BE(O__) PDSK—D PDK—D PD D—K
a=1| 22733  11%] %| 785 % | 111] %
a=2 20737  1001% | 80,5 % | 1017 %
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|
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FIG. 5. Mass of X as a function of the cutoff R...

@ —0
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Decays of 0~ DD K molecule

Triangle diagrams of the strong decays

Do (k1) )

n(p1) D3 (k1) D4 (p1) DZo(k1)
X (ko) X (ko) X (ko)
28 b — { @ — { K@
Ds(’f>\ J/1(p2) Ds(’f>\ D; (p2) Ds(kk\
(a) ! (b) ()

_ dq 1 1 1 5
Me = 9x02,0,9001500.0, | G = ) e eI P&
_ d*q 1 1 1 .
ZMb = gXD:UDSgD;ODsUgDSD;n (273')4 q# k:% s m%,fﬂ k% = m% q2 o m% E”(pz)F(q )5
. d*q | 1 1

M. = gXD;UDSQD;'fUDKgDSD*K/ (zﬂ)ﬂ” k2 2

€ F(¢?),
—m}. kg_m%s qz_ 2 #(p2) (Q)

T
_2J+18ﬂﬂfglM|



Partial decay widths
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Productions of 0~~ DD K molecule

Hﬁ K 8 T T T T ¥
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8 O -:;jo - —_— Ds(q) 6F -
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Branching Fraction(10™)
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1 P 7, 9
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Most promising process: BT — (X — D* " DT)KT ~ 107°

LHC integrated luminosity: 50 fb-1 Events: 10
350 fb-1 100 17




Summary: arxiv:2501.11358

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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