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Section 1

Review
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Hadronic States

@ Color confinement and Asymptotic freedom — Hadrons — Non-perturbative effects
@ Traditional Hadrons: Mesons (qq); Baryons (qqq).
@ QCD allows exotic states beyond Quark Model.
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Observation of Multi-quark States

e
Mo [GeV]

P.(4380)", P.(4450):

M =~ 4380, 4450 MeV [LHCb, 2015]
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Hexaquark States

o Experimental candidates: X(1835), X(1860), X(1880), X(2075), X(2085),
Y(4260), Y(4660), etc.

[E.Fermi, C.N.Yang, 1949]: Pions may be NN bound states.

Dibaryon molecular states (#.%) :

Deuteron: J~ = 17, Eg = 2.225MeV pn dibaryon bound state.

Dihyperon states: [R.L.Jaffe. 1977] etc. ;

Diproton states: [P.J.Mulders, et.al. 1980];
AcAc: [Z.G.Wang et.al. 2021]

Baryon-antibaryon bound states — Baryonium (8%, %', % needless to be
color singlet):
e Hidden-charm: [C.F.Qiao, 2005/2007], [H.X.Chen, et.al. 2006], [Z.G.Wang,
et.al. 2021], etc. ;
o AgAg: [B.D.Wan, L.Tang and C.F.Qiao. 2019];
e Light Baryoniums: [B.S.Zou, H.C.Chiang. 2004], [S.L.Zhu, C.S.Gao. 2006],
[Z.G.Wang, et.al. 2006], [B.D.Wan, S.Q.Zhang and C.F.Qiao. 2021], etc.

Compact hexaquark states: [Z.G.Wang. 2022], etc.
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QCD Sum Rules

@ Various methods: Quark Model, [SVZ, 1979]
Lattice QCD, QCDSR, AdS/QCD,
etc.

@ [SVZ, 1979]: First principle,

analytical, perturbative &

non-perturbative.

@ First principle, analytical.

@ Sum of perturbative +
non-perturbative.

@ Proven for conventional hadrons,
tetraquarks, pentaquarks.
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Review

QCDSR for X(3872) and P, States

MX(3872) = (387169 + 017) MeV

Ref Configuration QCDSR results State
W.Chen, et.al 2013 | £eGe+ /1 — £2DD* 3.88GeV molecular
Lee, et.al 2009 D°DY — DD~ (3.88 £ 0.06)GeV | molecular
Matheus, et.al 2007 (gach)(qace) (3925 + 127)MeV | compact

M4380 = (4380 +8+ 29)M€V, M4450 == (44498 +1.7+ 25)M€V

Ref Configuration QCDSR results State
Chen, Zhu, et.al 2015 DY, 4.37'_"8:%3(}6\/ molecular
Chen, Zhu, et.al 2015 | sin@DX* + cos 0 D*A.. 4.47f8:%gGeV molecular
Z.G.Wang 2016 Ca(ujdi) (umen) (4.38 £0.13)GeV | compact
Z.G.Wang 2016 Ca(ujdy) (umen) (4.44 £ 0.14)GeV | compact

QCDSR accurately predicts masses of X(3872) and P, states!

sk4737 (UCAS)
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X(2075) and X(2085)
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Mx(2075) = (2075 +12+ 5) MeV, J=1
pA/pY states in constituent quark JE = 1+ [BESIII, 2023]

models [Huang, Ping, Wang, 2011].
Further structures should be investigated!
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QCDSR for Light Baryoniums

M (1535 = (1833.7 + 6.7 + 2.1) MeV  [BESIII, 2005]

[BESIII, 2023)

Ref Configuration QCDSR results State
Z.G.Wang 2006 | pp, SS9 =0"" 1.9(1) GeV | X(1835)
B.D.Wan 2021 | pp,0~"/17~ 1.81(10) GeV | X(1880)
B.D.Wan 2021 | AA,J7Y=1"" | 2.34(12) GeV AA

Configurations 2%’ and compact hexaquarks should be studied!

= X(2075) and X(2085) in pA final state.
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A, States

o BESIII results: [BESIII, 2025]

s - 3 iy

We search for a possible A.S. bound state, denoted as HZ, via the ete™ — 7tn~AF A process
for the first time. This analysis utilizes 207.8 and 159.3 pb~* of e*e~ annihilation data at the center-
of-mass energies of 4918.02 and 4950.93 MeV, respectively, collected with the BESIII detector at
the BEPCII collider. No statistically significant signal is observed. The upper limits of the product
of Born cross section and branching fraction o(ete™ — 7t H, + c.c.) x B(H; — n~AFAZ) at a
90% confidence level are reported at each energy point and for various H. mass hypotheses (4715,
4720, 4725, 4730, and 4735 MeV/c?) and widths (5, 10, or 20 MeV), with the upper limits ranging
from 1.1 pb to 6.4 pb.

@ Near-threshold bound states or resonances?

@ Different theoretical methods should be further examined.
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QCDSR for Hidden-heavy States

[S.Q.Zhang and C.F.Qiao, 2025]

State  JPC QCDSR
Ac-Ac 0% 5.00[5601,5.19+0.24 [61], 511533 [562] 560 : [W.Chen, H.X.Chen, S.L.Zhu et.al,
- 46630 [562] EPJC, 2016]
1+ 4,89 [560], 4.997019 [562]
- 4_7810‘23[561]’46&:%[5&] 561 : [B.D.Wan, L.Tang and C.F.Qiao.
2 5.15 [560] EPJC, 2019]
2 4.83[560] 562 : [X.W.Wang, Z.G.Wang and G.L.Yu.
3* 5.68 [560] EPJA, 2021]
3= 5.04 [560]
e 523900 (5631 563 : [X.W.Wang, Z.G.Wang. AHEP,
0~ 4.885008 [563] 202 1]
i i:ggé i:z: @ No prior AgY( results in QCDSR!
ARy O 11.84+022 [561] @ A.X. masses may exceed 5 GeV. ApSy
0 masses may exceed 12 GeV.

1- 11.72+£0.26 [561]
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Theoretical Fran

Section 2

Theoretical Framework
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Theoretical Framework

Configurations

o B%' molecular states:

[36] ® [30] ® [36] = [106} @ [86] D [86] @ [10}7

[1.] — [1.] forms the %’ states. Choose pA, p>, Ap>q.
o Compact hexaquark states:

B] ® [3] ® [3c] = [15] @ [6c] @ [3c] & [3c],

qqq — [3c), then [3.] ® [3.] = [8] @ [1.]. Structures [3.]qq-[3c]qqs/qsq have
same components as pA/pX.
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Theoretical Framework

Interpolating Currents

The chiral limit m,, = mg — 0 is taken to simplify the currents.

@ [3.] triquark currents
@ Color singlet Baryonic currents

0t = ilga™sd"", 05 = ilansad",

(4,7, k) = (u, d, u)/(u, d, 5)/(u, s, d) for

Mme = Eabc[quchﬁ’Y5qlz )

o = Eabc[quTC’)% qé] q’cC , [Sc}udu/uds/usm
(3,4, k) = @ Compact hexaquark currents
(v, d, u)/(u, d, 5)/(u, 5, d) [ (u, d, @)/ (u, Q, d) . a
for p/A/%/Ao/S0. Gy = Masuas Ly s
@ Baryonium currents J2(u) = Tasusal () Madus

JP=0"07,17,17" .
Ly = 1,19, Yu, Yus for

o .- ot 0t,07,17,1".

J =Meysne, J  =1NezN2a,

i it All masses evaluated by two

Ju =NBVuNBs  Ju = NB VuV5NB- independent currents

(Type-1/Type-2).
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Theoretical Framework

Quark Side

@ 2-Point correlation functions

e (Q T{j(z),5"(0)} |22),

L (¢") = l/d%el“@\T{Ju( 2),4,(0)}19)

(guy - q’;g" )Huu(q2)7

1
Dispersion Relation {} p(s) = — ImH(s)

o OPE

PX JP ( )

B = [ as D
Smin s§— q

Smin = m> (light) / (2mg)? (hidden-heavy).
o Contract with full propagators: OPE up to dim-13 (light) or dim-12 (heavy):

P =P+ Z plon.

n=3
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Hadron Side

@ Phenomenological framework
Ax,r = (Qj(z) [Ho)

Phen 2 2
-(s) = A\ o(s—m +0(s — s P(S), '
Px,7(8) = Ay yrd( x.r) 005 = 0)px o(5) Ax,gre” = (Q 3 (z) [Ho) -
A2 b ~  pxr(s) ole of ground state
HPhen e S d PX TR0 P g
X7 () mi »— @ + “ . @’ so: continuum threshold

Quark-Hadron duality |} Borel transformation

2 12 S0 2
2 —-my p/Mp _ OPE —s/ M3,
Ax,gpe %7 = dq/’x sr(s)e )
S

Smin

which is the sum rule .

@ Extract the mass and decay constant 50 2
LX,JP,O(SO7 M%) :/ ds POPE(S) e,S/MB7

Smin

Ly p 1 (s0, Mp)

_ 8
L P 0(s0, Mp) Lx,JP,l(SU’ MQB) =

o(Mz?)

my ;p(s0, Mp) = 2
X5 J LX,JP,O(SO?MB)‘

m2 P/M%
)\‘\“/1»(50‘ Mp) =1\/e X7 L‘\“//)‘O<S()7 Mpg).

2 additional parameters sy and Mp are,inserted!
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Theoretical Framework

Criteria & Numerical Setup

Criteria: Parameters (= 2 GeV):

e Pole dominance: RPC > 30%/15% (qq) = —(0.24)° GeV?,

(q
(heavy/light). (3s) = 1.15(qq),
2 2\ _ 4
e OPE convergence: R°"E < 10% . (9,G") = 0.88 GeV*,
(g3 G®) = 0.045 GeV®,
o M% stability: Borel Window 2 ,
S 05 GeV2. my = 0.8 GeV~,
3o ~ mx +0, 5 =0.4-08 (light) / ~ ™s =95 MeV,
0.5—0.9 GeV (heavy). me = 1.273 GeV, my = 4.183 GeV.
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Numerical Results

Section 3

Numerical Results
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Light Baryoniums: pA and pX

Current J¥ State v50(GeV) JU;ZB(GeVz) Mx(GeV) Ax(1075GeV®) RPC(%) ROPE(%)
Type-l 07 pA  29+01 24-29 196+003 35441010 18—55 38—42
pE 29401 24—-29 198+0.04 3.62+0.12 18 —54 38-—4.3

Type-2 07 p[\ 28+0.1 1.6 —2.2 2.00%+0.20 3.57 +£0.89 18—60 1.7-29
pE 28+0.1 1.6 —-2.1 1.99+0.18 3.524+0.83 21-60 22-35

1~ ;1)17\ 28+0.1 1.7-2.2 203017 3.524+0.81 17 -562 25-—-4.2

pE 28401 1.7—-22 203+£017 3.524+0.80 18—-53 16-—2.7

@ 6 possible baryonium states with J© = 07,07, 1.
Other J: not coupled.
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Compact Hexaquark States

Currents J© Configurations \/55(GeV) MZ(GeV?) mx(GeV) Ax(107°GeV®) RPC(%) ROTE(%)

Type-l 07 [Blygg-Belggs 29401 24-29 1.99+40.02 3214005 2781 3.6 —4.1
1T [Bege-[Bclggs 29£0.1 23-30 197003 284005 18-90 3.5 4.3
Belagg-Belgsg 29401 23-29 1974002 2834004 2388 3238

Type-Il 0 [3clygg-[Belygs 28401 16-22 1.84+021 238+056 17—62 2.2—3.3
17 [Bloge-Belggs 29401 1.8-23 2014020 2844070 16—49 2.8 —4.4
[BcJoga-[Bclgsy 29£0.1 1.8-23 2024020 2814069 16-49 1.6 —2.4

@ 6 compact hexaquark candidates with J© =07,0%,17,1%. 0%/07 of
Type-I/1l identical under isospin.

@ Other states: no coupling.
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Scanning from Threshold

@ Thresholds: 4.71 GeV (A.X,.), 11.43 GeV (A,X)).

o 3
S 61 21
<o =]
s = ) ,
—— M5°=8.0 GeV/
5| PPt o7 My’=38GeV 10} —— Ma?=8.2 GeV?
T T — Mg? =4.2GeV? Mg’= 8.4 GeV?
4 - . . . . ol . .
5.0 55 6.0 6.5 7.0 1.5 12.0 125 13.0

V50 (Gev)

(a) Type-2 0t AZ,

50 (Gev)

(b) Type-1 0~ A%,

@ Unstable behaviors show instability near threshold. Threshold effects may
pollute the spectrum.

T

(UCAS)

Hexaquark Spectroscopy in QCD Sum Rules

Aug.18th, 2026

22/35



Behaviors at Different s
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Nume

Results of AgX( States

JP State /5(GeV) ME(GeV?)  Mx(GeV) Ax (GeV®) RPC(%)  |R©2)|(%)
0~ AYy 125+0.1 7.8—-8.5 11.68£0.18 (5.8+1.7) x 1073 32-51 4.8 -104
1= AZy 125+0.1 7.9-8.6 11.70 £ 0.18 (5.8 £ 1.7) x 1073 31—-50 4.5-10.0
TABLE I: The related numerical results of the Type-I currents
JP State /3p(GeV) M3(GeV?)  Mx(GeV) Ax (GeV®) RPC(%)  |R©2)|(%)
0~ AX. 63+0.1 41-47 [5724£0.08 | (1.7£03)x 107 31-54  05—-1.2
ApSp, 126+£01  9.1-105 11.864+0.10 (1.4£0.2) x 1072 30 —54 04-1.0
0F AS. 63+01 33-43 | 5774£006 | (14+£0.1)x10"3 32—-69 1.5-83
ApSy 125401  75-93 11894007 (92+1.3)x107° 30-63 1.7-95
1= AZ. 64+01  42-49 |579+0.09 | (20£03)x107° 31-56 0.4-1.0
ApYy 127+£01  91-10.6 11.92+0.11 (1.5+0.2) x 1072 33-57 0.3-1.0
1t AZ. 6.4+0.1 3.3-45 I 5.82 £ 0.09 | (1.4£0.3) x 0= Bi=73 1.2-8.6
Ay, 126401  7.6-95 11.95+0.07 (1.0+04)x1072 31—65 1.5-85
TABLE II: The related numerical results of the Type-II currents

Consistent with the BESIII results! — All J© masses above thresholds.

Suggest search in 5.5—6.0 GeV (A.Z.) and ~12 GeV (ApZs).
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Conclusion

Section 4

Conclusion
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Conclusion

Conclusion

Light h ks: -
ig exaquarks Heavy AoSo:

@ 6 pA/p¥ baryonium states
(07,0%,17).

@ 6 compact hexaquark candidates
(0—,0%,17,17).

e X(2075) within J© = 17 range;
X(2085) not in 17 region.

e 07,07 : open-strange hadron
candidates near 2 GeV.

e X(2075)/X(2085) possibly not pure
states — moleculars and multiquarks
coexist.

Nonperturbative hadronization needs further study.

sk4737 (UCAS)
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o All JF=07,0",17,1" masses
above thresholds.

o Consistent with BESIII; predict
5.5—6.0 GeV and ~12 GeV.

o ApY,: hidden-bottom candidates in
the 12 GeV region, would be
detected in LHCb, Bellell, and
others.

@ Other researches: see at [Z.G.Wang
et.al, 2604.14597]
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T ernds
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The Full Propagator of Quarks

@ The full propagator of light quarks

1Sflk(m) 215]k2 5¢ _ (S]k 1 . t7k aB (Jaﬂy_’_#a_aﬁ) _ (S]k@

oA M o2 327222

ik 9% ik
+i0% g malae) — 0" g5 1152

_ 7kaul3 _ gk P
ta g5 (9590 - Ga) — ity 768 (0apd+900p) me(gsG0 - Gq).
@ The full propagator of heavy quarks
i(;jk +m i t]a]C ng @ (e
sh(p) = Wt ma) i 5 [0 W+ m) + -+ ma) o
p? —my (p2 _ m2)
Q

. ik
i6"mq (g3 G*) 14 M W+ mo)

2 2 3 p? — ng
12 (p — mQ)

6™ | (+maq) [f (p* —3md) + 2mq (20" — md)] (f+ mq)
48 (p2 _ m%g)
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The Spectral Density for Light Hexaquark States

@ The correlation functions of pA and p¥ states

75 (6%) = = ieanceuymer caeiy s [ 10 Tr [S5 (=) (1) S1(@) (1 13)]

Tr [csf“"'l(fz)csggl (71)] x Tr [csfdld(z)csjle(z)] ,
H;y:p?l;w(qQ) = — i€abc€ay by ey EdefEdyer fy /[Dl’] Tr [S;fl (—=2)vu (1,75) Silf(z)% (1, ’Ys)] X
Tr [csf”“l(fz)csggl (71)] x Tr [csfdld(z)csgle(z)] ,

HIY:PE-Q(J;) = — i€abc€ay by cq EdefEdy er fy /[D;v] Tr [S;il (—z) (1,ivs) Silf(z) (1, i'ys)} X

Tr {CS,MTM1 (—I)C'yg,ngl (—a:)'yg)] x Tr [CS,fdl d(w)C'yg,S;le(z)w%] s

H;y:piriw(f) = — i€abc€ay by ey EdefEdy o1 fy /[DI] Tr [5;;1 (—2)yu (1, ivs) S @)y, (1, 175)] X

Tr [€8," (~2)Crs Syt (—2)7s | x Tr [€8, 1 (@)C58 2 (a)s)
/[Dw] = /d4a:.
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The Spectral Density for Light Hexaquark States
@ The correlation functions of triquark-antitriquark states
o [3c)gqq-[3c)gas:
Iy (67) = /[Dx] Tr [S7(=2)T2l (1) 28, (2)T2L ) Te]
x Tr [S7*(=2)[18; (2)1] Tr [87" (2)[18,* " (—2)T1 5
o [3¢)gaq[3c)asq:
() = [ (D] Tr [S}2* (=P L2} (T2 s
x Tr [P (—2)T18; (2)I'1] Tr [S¢ ()T1 S (—2)T'1];
@ The OPE of spectral density up to dimension 13
PO (9) = (5) + p 0 (5) + 9T (5) 91 () + 1 (9) T (9)
(G (5) 4 pa0GaGa) (o) 4 (G (g) 4 p(a0° (g) 4 pMEGDE) ()
O (5) 4 p T (5) 4 1190 () 4 10 )
19010 (5) 4 plINIGDED) () 4 (AN AGD* () 4 p(AGDIED) ()
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The Spectral Density for A3 States

@ Using the Wick’s theorem,
() (¢°) = = i€abeCar by et EdesCar enss /X/PTY [53(”(—ﬂf)rlF(u)rlsgf(fﬂl)rlF(u)Fl}
x Tr [csuT “1 (—g)CTo S (—pz)rg] x Tr [csg“ dld(x)crgsgle(x)rg] .

[ oef 2 2

@ The spectral density can be expressed with the Kallen—Lehmann spectral

1
representation p(s) = — ImII(s),
T

— 2 - - \2 3 - 2
pOPE(S) _ ppert(s) +p<qq>(s) +p(G )(s) +p<qu>(8) +p(qq> (8) +,0<G >(S) +p<GQ><G )
— — —- \3 — 2 — \2 2 - 2
+p<qq)<qu)(5)+p<qq> (s)+p<qu><G >(S)+p<qq> (G >(s) +p<qu> (s)
- \2/= - \4
+p(qq) <qu>(s)+p(qq) (s).
(5.2)

@ The loop integrals of the relevant Feynman diagrams can be evaluated by the
Schwinger parametrization method, and the ultraviolet divergences arising from L
these loop integrals are removed through renormalization in the MS scheme.
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Borel Transformation

@ Definition

@ Useful Relations

B [(qz)k] =0,

LS S WA T L
’ Ls—w] - o () '

@ Borel transformation is used for suppressing the contribution of higher excited
states and the continuum spectra.
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Reliability of QCDSR for Multiquark States

Conventional Hadrons Multiquark States
@ Ground state usually well @ Ground state and continuum are
separated from excited states. less clearly separated.
@ Spectral function often dominated @ Pole dominance is usually weaker.

by a clear lowest pole.
p(s)

R(s)

N th | continuum
M2 S0 s POI€ higher Fock P>
pole continuum components
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Reliability of QCDSR for Multiquark States

Conventional Hadrons Multiquark States

@ Compact quark configurations. @ More spatially extended

o OPE typically converges rapidly. configurations.

o Effective threshold /sy is usually ° Higher—dimens.ional condensates
close to the first excited state. may be more important.

o QCDSR predictions are often @ Choice of /sy is more subtle due
quantitatively successful. to limited knowledge of excited

spectra.

@ Larger systematic uncertainties are
expected.
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Reliability of QCDSR for Multiquark States

o Existing QCDSR studies of multiquark systems show no obvious contradiction
with current experimental observations.

@ Typical uncertainties are of order Aqcp, but still sufficient to distinguish
near-threshold states from states well above threshold.

o If QCDSR obtains a near-threshold result, it should be carefully considered. It
may be a molecular state, threshold effects, or 2-hadron scattering states. In
the A.X., the near threshold result may also contribute to the ccqq+ 7
structure whose masses may lie in 4-5 GeV. [W.Chen, H.X.Chen, S.L.Zhu
et.al, EPJC, 2016]

@ Therefore, QCDSR remains a semi-quantitative but useful framework for
exploring multiquark spectroscopy. The applicability remains an open
question deserving further investigation, especially clarifying the interplay
between the OPE and the complex spectral structure of such systems.
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