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| All known heavy quark exotics

Category

States / Candidates

x—like: x.1(3872),
Xe0(3860), x0(3915), x.2(3930), X (3940)

I =0 —like: 1(4230), ¢/(4360), »(4660)
with 8 ve1(4140), xe1(4274),
Hidden Charm Xc1(4685), xc1(4500), xc1(4700)
X (4150), X (4630), X (4740)
seen in eTe™: T{_.El(f‘}gﬂﬂ)"'m,
: T.=(4020)1/0 ) T.z(4055)F
Meson-like I—1 Zech 7S o TeeR e
(incl. tetraquarks) seen in B decays: Toz(4050)T, T.z(4100)7,
T.z1(4200)T, T.=(4240)", T.=(4250)F, T.z1(4430)T
I =1/ Tz (3985) T{_.E,,,l(ﬁlﬂﬂﬂ)_m, Tezs1(4220)~
I = T(10753), T(10860), T(11020)
Hidden Bottom
I=1 Tbgl(lﬂﬁlﬂ)‘h Tbgl(lﬂﬁlﬁﬂ)"‘

Hidden Double Charm

chff(ﬁ::’::’n) H T{:E{:E(ﬁgnn) y Tc:Ef_'E(TQgﬂ)

D*-like: D, (2317)F, Dy (2460) "

Open Single Charm

Tc.':sf{.'ﬁ: Teso (2900)“ ,
Tre0(2900)%/ 7+, T...1 (2900)°

Open Double Charm

Te.(3875)F

) : I = 1/2(3/2)
Baryon-like Hidden Charm

Pz(4312)+, P.z(4440)+, Pz(4457)F
P.z(4380) ", P.z(4337)F

incl. pentaquarks
(incl. pentaquarks) = o(1)

Pezs(4458)°, Pz, (4338)°
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| Current and past experiments contributing
to the studies of heavy exotics

Experiment Collisions Energy (c.m.) Production modes Data Taking
BaBar 1999 — 2008
Belle ete” 10.58 — 11.2 GeV ete™, vy, B-decays 1999 — 2010
Belle 11 2018 — 2035
CDF-I1 _ . _ .
DO (Run2) pp 1.96 TeV pp, b-decays 2001 — 2011
CLEO-c et e 3.97 — 4.26 GeV et e 2003 — 2008
BESIII 1.8 — 4.96 GeV e 2008 — 2030+
ATLAS
CMS pp (+ pPb, PbPb) 7 —13.6 TeV pp, b-decays 2010 — 2041
LHCb
COMPASS o : : 2002 — 2021
AMBER p1p, TP Pbheam = 160 — 200GeV /e diffractive 2023 — 2032
GlueX yN E, =8.0—-11.5GeV photoproduction 2015 — 2028+

arXiv:2410.06923



| Good theories (Explanatory power,
systematicity, and predictive power )

Empirical shell gaps for binding energy E
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» Quark Model




Color Confinement

One of Seven Millennium
Prize Problems

. $1,000,000 to prove this q Particle Physics

> -
QCD as fundamental thEOl"y '& _&t. 4 Millennium Problem
of Strong interaction but not FZEC SRRy
been fully understood P VA
1)Quark confining potential can not |
derived analytically; support from _ Qe | QPms® [ Voms
Lattice QCD vir) Ar 7 T K°( r )7

2)Exploring infrared effective theory of
guark confinement:
such as dual superconductivity theory




(1) Hidden double charm meson-like exotics

Tezee(6550), Tezez(6900), Tegee(7290)




| How to explain these exotic states?

Gluonic Tetracharm Hybrid

c. Cluster model for C-12 nucleus

Similar to alpha cluster;
Different in diquark-

e@ antidiquark (color-confining)

Charmonia Molecule Diquark-antidiquark
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Diquark-antidiquark or charmonium molecule?
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Abstract

Motivated by the observation of exotic structure around 6900 MeV in the J /1 -pair mass spectrum using s s
proton-proton collision data by the LHCb collaboration, we study the spectra of fully-heavy tetraquarks | 1 1) — ( Q Q ) = ( Q Q ) )
within Bethe-Salpeter equation and Regge trajectory relation. The X (6900) may be explained as a radially Po ? o 1 3/1 ¥ 2 4/J1 3

excited state with quark content ec&¢ and spin-parity 077 (35) or 277 (35) or an orbitally excited 2 P state. =

New ccéé structures around 6.0 GeV, 6.5 GeV, and 7.1 GeV are predicted together. Other bbbb and bebé | 8 L 8) — ’ (Q 1 Qq ) 8 : (Q2 Q4) 8 ) ;
structures which may be experimentally prominent are discussed. On the other hand, the fully-heavy S-wave g & £ E
tetragquark production at hadron colliders is investigated and their cross sections are obtained. O Rb & =

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license Q Q

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP?,

The masses (6.5GeV, 7.1GeV) are predicted previously and
confirmed by ATLAS/CMS.
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Fully charm tetraquark family: Linear Regge trajectories?
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LHCb 2020; ATLAS 2023: CMS 2023, 2025(>5 sigma)
See talks by #AE, FERH X(7100)
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| Fully charm tetraquark production

QCD factorization:

U(pp_}Télc"‘X)

1
= 9 / dr1dzs f; ) (%1, pF) fi/p (T2, pF) 6 (i + j = Tae + X) (8, 1F)
R 0
i,j=q.9

Partonic processes:

LO+NLOvirual: g + g — Ty, and i = — y a1

NLO real: g—l—g—>T4C—|—g,q—|-(f%T4c‘|‘9
q+9—Tsc+q §+9—Tac+q

11




| NRQCD/pNRQCD factorization

AN
QCD/QED
m-
perturbative matching | perturbative matching
............................................ !_[
mv-p
NRQCD/NRQED
............................................ u
) non—perturbative perturbative matching
mv=— matching
PNRQCD/pNRQED

ag(mv) ~ v

V2 A O._l for the T

Bodwin-Braaten-

Lapage
1995

Pineda-Soto-
Brambilla-Vairo
2000

12



I Previous studies (selected)

» Fragmentation mechanism (based on NRQCD), equally
considering the NLO real diagrams (valid for large Pt)

F. Feng, Y. Huang, Y. Jia, W. L. Sang, X. Xiong and J. Y.Zhang,
arXiv:2009.08450; F. Feng et al, 2304.11142

Y.Q. Ma, H.F. Zhang, arXiv:2009.08376

|. Belov, A. Giachino, and E. Santopinto, arXiv:2409.12070

» NRQCD LO ( Pt=0)
R.L. Zhu, arXiv: 2010.09082

13



I Differential cross section in NRQCD

Ao (1)) + X)
dt

O(ﬁ) -

m 14
mﬂ

o) = o)

It
DS+ X1 + x|o5,

X

Ogy = O,

626
X

0 (0
050 = 0y, Z\T4C+X><T4C+X\06;L

— h‘ijg( )U prX:E ”( ) } [iismn Cab cd

[ (i)l [ (io®) ] Cott

(0)f
> T + X)(T, + X|Oghk,

 (i0*)a" ] [xlo" (i0%)x3) Ca g

2M
= e [ (05) + 2753 (043) + B (082)]

14



| Full NLO calculation in NRQCD

Wang,Zhu, arXiv:2510.02085

LO:64(gg) , 4(qqbar)
NLO Virtual:2008(gg) , 170(qgbar)

NLO Real: 618(gg) , 98(qgbar, qg)

15



I Exact IR cancellation

3 1 p \? 11\ 3 RS
s 3 1 myp s LY 9. 3
Kgg,wrtud.l - (2 c (3 log (4?1?4:) 3 i 2 ) 2 log (4'”1(:

+ (1—21 & ; ”‘*) log (%)2 + 4211(? (Liz (2v2 - 2) + Lip (-2v2 - 2))

There are soft divergences when k&, 0or z 1, and collinear divergences when

Yy = COS ﬂknk_.; +1 with k,, = k1, ko, br .

47T(1 — e)T'(—¢)

R L S 3
Goont (85— Tic+ k) 2cm( % T(1 - 20

47r,u R 1 2

B;j (z =1,ys)

" R

o or Lo [(4mp)\°© X
5AP-CT _ _ @s ( W‘u”) L1+ ¢)5©O2P;(2),

Ohard col. yo=+1 (E + J = Tse + k)
e2r \ p%

4 1 log(1
C 2e Dg( z) BI'J' (Z,yg :f:l]
2em 1—=2 v Z i
collinear

1
(3'4 1 5 log(1 — 2) z) B (o= 1.5) 20
2emm -z 1 o0 z3
T

I 4 ()(mm) %ag})a’(l z)[ 2C;;bgimenr ((1 ! z)+$ 2(W)+)]
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I Collider energy dependence for different spin and scales

10%
-0- 0(0++):uR=1.OmH,uF= 1.0my —— 0(2++):uR=2.0mH,uF=1.OmH
—e— 0(2t1):ug =1.0my, up=1.0my -4= 0(0t*):ugr=1.0my, up = 0.5my
-u- 0(0++):/.1R=2.OmH,;.1F=1.0mH —k 0(2++):/.1R=1.0mH,/.1F=0.5mH

Reference at 7TeV:
o(eta_c)~1076nb

0(2J/psi)~10nb

o(T_4c)
~[0.1-0.5]nb

o [pb]

LDMESs extracted
from LHCb data

1004

PDF: PDF4LHC21 mc | m:=1.5GeV, LDMEs-Set-|

107! T T
102 103 104

VS [GeV]

17
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| Rapidity dependence for different diquark configurations

do/dy [pb]

104 4

1034

1024
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100°
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-e- 66(0F
-a- 33(0%

LR R
¥ LA
v v v ¥ R
e

*) -4= mix(0*T+)
+) ——— 353(2++)

-y
r-A——k—k-*-.‘_.‘__‘__‘__‘__‘__‘__‘F_‘.— ] I—.—-I-..__..*
-0 —-0—-0—-0-0-— ‘.—*-*-*‘i~ R
..-..--.--.--.'-.'-0-—.-_ **sh. \'\
.'—._,._..~ s‘\ ‘
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\."\ \ \\
.\ S
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.\
PDF: PDF4LHC21_mc | m:=1.5GeV, LDMEs-Set-l, VS =13TeV k
0 5 (IS

[3 3_bar]
plays a major role
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I Soft gluon radiation produces large logarithms

do |9 C
dyd?p, ;L{M _50(14{11 . Aff( d’]‘f(’r )dT
206 21— 6+
X p? [ (1 _61)4- 5(1 _‘52) (]_ —62) (1 _fl)
2
(gmg) 5(1— £)5 (1_5.;1)]?
f”t

At low P_perp, the soft gluon radiations
generate the divergence, which should be
resumed to obtain reliable predictions.

19



I Collins-Soper-Sterman resummation

do (L+1)
dp? P

{0:3 Rl Il W )

OW (b, M?) 2
+a? +03L%+oiLA S (K + G"YW (b, M?) ,

3 4r2
v, +a L 5, :
WA % } Collins, Soper 81

Collins, Soper, Sterman 85

dydp;

X Z/ dgAfa,fA gAa]-/b Z/ ngfb/B gﬁwl/b)

X exp {— / : “:i’; [ln (f:)j ) A(g(p)) + B(g(ﬁ))] }
Kl (:;—:;g(l/h)> Cib (g g(1/1 ))

+ Y (p; Q,z4,2B).
20



! NLL Resummation results

, -e- 66(0**,Resum) 66(0**, NLO)
1044 -a- 33(0**,Resum) -»- 33(0**,NLO)
-42- mix(0T*,Resum) -¢- mix(0T*,NLO)

—— 33(2**,Resum) 33(2**,NLO)

102

Typical p_t
around 2 GeV

10—2_

do/dP [pb/GeV]

10—4_

1076 S~

PDF: PDF4LHC21_mc | mc=1.5GeV, LDMEs-Set-I, VS =13TeV

-0 2I0 4IO 6I0 8IO 100
P 1 [G EV]



I Fully charm tetraquark decay properties

Chen-Liu-Zhao-Zhong-Zhu-Zou,

L
btk ke

Major decay modes

22




I Cascade decay angles

23



I Helicity amplitudes

<ﬁ1)\a1a_q > = 4dn ’U e <Ql)\ﬂl AG—Q‘ H, |51A1>
= 71/;11 Z (2 Aay Aaa | [51A1AG, AG,) (S1ALAG AG, | H o [s1A1)
— 477 [ 4 e’ pl 1\ Dilj ( ‘1)1,91_,(1)1) <31>\1>\a1 Aa.2| H1 ‘S1>\1>
— ‘P\"TS1F;;AQ2 D)leljxa
S o 5—81—89 178
Symmetry constraint: F)&l)\g = }72(_1) F—)q—)\z
Parity conservation;
Identical particles P L s 718
F)\p\g o (_1) F)\Q}H

24




I Polar angular distribution

0.5,

-------- 0**(6908) |
0. 4 ----- 0**(7018) |
i i — 2**%(6927) |
= 0.3:
T g B ] 0**(6883) Il
0.2,
A T 0**(6795) Il
01 /
[ — 2*%(6890) Il
00 05 10 15 20 25 3.0

6,

Model I: quark model (QM);
Model Il: diquark model+heavy quark effective
theory(HQET) 25
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I Plane angular distribution

0_1 70 [ v+ + T 1T [ T ¥ ¥ ¥ [ T ¢ ©r ©v [ ¥ T 7 7 [ T T 7 F [ ¢ & T T 11T
- % 8] e 0**(6908) |
0.165! o L A 05, IR 0**(7018) |
L Z I — 2*%(6927) |
L 0.160| )
o] ; 0**(6883) Il
0.155F . 7 i 4 ] Ll 0**(6795) I
I ] ——— 2**(6890) Il

26
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| Charmed meson pair channel

e e S E E e e e B S e s s S S e e e e S S s
F o= P ]
Y At a e_f.
e rata’s & =
L] A s & % ] i
L e o LR re o
R LY _’,r 3 i
F ¥y [ ' 3 4
0.18
0.16;
0.14
I ¥
o H
r vy at b W
L ' LY o
L e )}4 (_‘1_ )
i o ¥
0 12— hey 0 o, G
= & =" 4 L i
L LPL S,
S Y SN SN TR N RN TR TR TN SN T T 1 i "N N O TR RN N T | I

. 0**(6883)

----- 0**(6795)

— 2*(6890)

.. 0**(6883)

----- 0**(6795)

— 2*(6890)

. 0"(6883)
----- 0*(6795)
— 2*(6890)

. 0"*(6883)
----- 0+(6795)

——— 2**(6890)

The 0, and ® distributions
for various tetraquarks near
6.9 GeV into D*(— D)
and D*(— Dn)

using Model II (HQET).
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I Quantum entanglement

1.25
1.20 |

1.15; 4 a A A% ©® ]
@ . A& e Modell
1.10 | o L |

1.05 i ] o Model ll
1.00 ¢ :

Concurrence
[ 3
o]

0.95

| 6400 6600 6800 7000 7200
Tetraauark Mass(MeV)

1 h00+2h01+4h00+2h11 (hDD) +2(h11)
mar (U \/g[ 00 01 = 11 11 1] < 2(1 . 00 = 11 )

| ] b 2
e € = 4/2(1 ~ Tep}),

&

00 10 2 B10 4 pl1 4 pl-1 e h10 4+ pl-1
ma$(0=LBg)<¢2(l—(W) _( 10 + }\1T+ 1—1) = 10 T 1

hﬂ)

If assume quantum entanglement as a basic principle,

then a constraint formula for helicity amplitudes.

28
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IRecent results from Lattice QCD

Li,Shi,Chen,Sun,arXiv:2505.24213;2505.23220;
Meng,Liu,Tuo,Yan,Zhang,arXiv:2411.11533;

0.0

+ ® M420 Linear fit
| % M250 Linear fit e
—0.2F % ATLAS 2023 model-A

| % ATLAS 2023 model-B '
[ | X(6500) resonance state

CMS 2023 no interference Run 2 + ] is observed in LQCD

-0.4F
L ® CMS 2025 interference Run 2+3 —

| See talk by ZFE

2 Im(+/s) (GeV)

~0.6} * s

—0.8F

__l‘O .............................

Re( \/; )—2my, (GeV) 29
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(2)Hidden charm /open double charm
meson-like exotics

X—llke Xcl(3872),
X0 (3915), xe2(3930), X (3940)

T.c(3875)T

30




I Unified study of T and X(3872) from model, experimental data and
Lattice data

Ren,Wang,Yang,Wu,PRD110,074007(2024);PRD
110,114029(2024);...... ;
Meng,Liu,Tuo,Yan,Zhang,arXiv:2411.11533;

TABLE III. Branching ratio of different channels I'; /Tiotal

Decay channels PDG [60] Ref. [68] Owurs H _HO + HI
xe1(3872) — = J/ 0.035+£0.009  4.1719%  0.035 v Hi=g+i

Y (3872) = 0T/ 2.8+ 0.7% - 4.1% ~ 9= 2 letk))ai (B]+|B)g.. {atk)]
xe1(3872) = wJ /1 4.1 +1.4% 4.4723%  13.7% H =Y atk))v., (k)]

Xc1(3872) — wrwJ/¢¥ not seen - 6.2% ~ “

Xe1(3872) — D°D%°x% 45 £ 21% - 11.4% L They found X(3872) is
Xc1(3872) - D*°D° 34 +12% 52.47733% 58.5% v Amixing state

Xe1(3872) & m'xe2 < 4% - 1.8% v" With bare charmoinum,
Xc1(3872) — 7¥xc1 3.1 5% 3.677:% 2.3% v And DD* bar+D*D bar
Xe1(3872) = 7%xc0 < 13% - 1.5% v molecule_; -
Xe1(3872) = yD* D~ < 3.5% = 0.1% Y Tec as DD*+D*D
xe1(3872) — vD°D° < 6% = 6.4% ~  molecule

Xc1(3872) = vJ /v (7.84£29) x107% 1.1795% <5x1073 7

Xc1(3872) — v (2S)  possibly seen 24703% 7Tx107° v

31
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Predicting isovector charmonium-like states
from X(3872) properties

Zhang, Ji, Dong, Guo, Hanhart, Meil3ner, Rusetsky, JHEP 08
(2024) 130;PRD 111 (2025) 014031;arXiv:2502.04458

p__ B D _ D D* D D’
1 IO . )
D BF D BF D D"“ D \D"‘ D
D> D D* D by D
I =Xt b S

D D* D D D

® Pole position of the X(3872) determined to be (relative to the D°D*? threshold)
Ex = (—160253137 — 1257557 3%0) keV

® Compositeness of X(3872): 0.97(2)

® Existence of an isovector W, (3880)
O Signal of W,;(3880)° predicted to be more visible in B = K°[D°D°x?, ] /7]
O Signal of W,,(3880)*: threshold cusp at D*¥D*? threshold in J /iy tr”

32



Summary and outlook

v Overview the mass spectrum, the hadron-
production and decay properties for hidden double
charm meson-like exotics

v Overview the recent studies for X(3872) and
Tcc(3875)

Outlook: measuring the (differential) cross section (or)
and the decay angular distribution shall tell us the
inner structure of exotics; Color confinement has not
been really understood, and its deep investigation is
needed.

Thank you a lot!
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