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Section 1

Review
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Standard Model and QCD

Standard Model of Elementary Particles
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Hadronic States

@ Color confinement and Asymptotic freedom — Hadrons — Non-perturbative effects
@ Traditional Hadrons in Quark Model:

o Mesons (gq);

e Baryons (qqq).
@ QCD allows for hadrons beyond Quark Model — Exotic states:

7 2
$ (4 g (1

(a) meson (e) two- and three-gluon gluballs

4

{¢) compact tetraquark
a 'y

(b) baryon

(g) weakly-bound hadronic molecules
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Review

Observation of Exotic States

© ©
=3 a

Events / ( 0.005 GeV )
N
a

; The Penta-quark state
3‘182‘ I I3.‘84I I I3.|86‘ ‘ IJ.LBI I I3!9‘ I I3.92 Pc(4380)+7 Pc(4450)+
Mty (Ge) Myzs0 = (4380 & 8 & 29)MeV
[LHCb.2015]

The Tetra-quark state X(3872)
M (ssr2) = (3871.69 + 0.17)MeV
[Belle.2003]
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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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X(2075) and X(2085)

Ezoo-_ (@) *| " (b) y¥nbin=1.17 |,
% |{|||| |H{H|Hl | { 2001 ]
g | / | |
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: ,'*’q*l,*|,*,|"* i
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Mx(2075) = (2075 £ 12 £ 5)MeV, J=1 Mxa0s5) = (2086 £ 4 + 6)MeV
[BES.2003]

JP =17 [BESIII.2023]

o Theoretical explanation: pA and pX states in constituent quark models.
[H.X.Huang, J.L.Ping and F.Wang, 2011].

Further potential structures of these states should be investigated!
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Theoretical Methods

@ Various methods :

Quark Model

MIT bag model

Chiral effective theories
Lattice QCD

NRQCD

AdS/QCD

QCD sum rules (QCDSR)
Light-cone sum rules (LCSR)

Inverse Problems

[SVZ, 1979

© 000 o

QCD AND RESONANCE PHYSICS. THEORETICAL FOUNDATIONS

M

KHAROV

QCD AND RESONANCE PHYSICS. APPLICATIONS

HIFMAN, AL VAINSHTEIN *

V1. ZAKHAROV
. 117259, USSR

Advantages of QCDSR:
Based on the first principle of QCD.

Gives the analytical results.

Sum rules of perturbative and
non-perturbative effects.

An effective and proven method ongf
researching the properties of hadron?
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QCD Sum Rules for 2-Point Correlation Function

© QD

o (¢7) =
Smin

POP(s) = pPor(s) + pl0(s) + p (&G )(s) + -,

§— qZ ’ 5
Ly(so. M3) ds pOPE(s)e™™Mir + TP (M3)

(50 M)

a
—L
M52

() = inﬂ( el <Q |T{j(x).j“(0)} ‘ Q)
OPE

Dispersion
Relation

2g2 %o - 2
226G — I ds pQCP(s)e=M 4 TIm(M2)

Swin

Q-H Duality Borel
DY) ~ IPHEN(g2)  Transformation

pls) = lel'l(s)
7

Ly (s M3)

m (50 M) = :
\ Ly (50, M3)

P () = 22 def li(s)
= s N T Y S ——
mi-q? ), T s—q? (0. Mg) = /oMM (50, M) .

/)/r"c"(.v) = /lﬁﬁ (.v - m,}) +0 (.v - .s(,) plls)

2-point QCDSR gives the mass and decay constant of the hadrons.
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QCDSR for Mesons

@ p meson: [SVZ, 1979]

4
(%) =0414, (M) =06 GCeV?,

&p th
which is our final result for the p meson.

Mp(r70) = T75.26 + 0.23MeV  [PDG, 2024]
e Pion: [SVZ, 1979]

fr=my[2m =125 MeV |
which is to be compared with the experimental value

Frlexper =133 MeV .
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QCDSR for X(3872)

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

QCDSR gives accuracy results for the mass of X(3872) !
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Review

QCDSR for P, States

Mysg0 = (4380 +8+ 29)MeV, Mygs0 = (44498 +1.7+ 25)MQV

Ref Configuration QCDSR results State
Chen, Zhu, et.al 2015 Dy, 4.371015GeV molecular
Chen, Zhu, et.al 2015 | sin DX} + cos@D" A, 4471030 GeV molecular
Z.G.Wang 2016 Ca(ujdi) (umen) (4.38+0.13)GeV | compact
Z.G.Wang 2016 Ca(ujdi) (umen) (4.44 +£0.14)GeV | compact

QCDSR gives accuracy results for the mass of P, states !

sk 47347 (UCAS)
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QCDSR for Baryoniums

Mx (1535 = (1833.7+ 6.7 £ 2.1)MeV  [BESII1.2005]

Mx(1ss0) = (1882.1 + 1.7+ 0.7)MeV  [BESII1.2023]

MAR final state = (2356 £ 7 £ 17)MeV  [BESIII.2022]
Myse60) = (4664 + 11 4+ 5)MeV  [Belle.2007]

Ref Configuration QCDSR results Possible State
Z.G.Wang, et.al 2006 pp, JTC=0"" (1.940.1) GeV X(1835)
B.D.Wan, et.al 2021 | pp, /79 =0""/17" | (1.81(2) £ 0.10) GeV X(1880)
B.D.Wan, et.al 2021 AR, JPC =177 (2.34£0.12)GeV | AA final state

L.Tang, et.al 2019 A, J9=0"" (4.78 £ 0.23)GeV Y(4660)

Configurations 2%’ and compact hexaquark states should be studied!
= X(2075) and X(2085) in pA finial state.
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Theoretical Framework

Section 2

Theoretical Framework
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Theoretical Framework

Configurations 2%’ and Compact Hexaquark States

o BP' molecular states:
[36] ® [36] & [36] = [106} D [86] D [86] D [1 C}v

[1c] — [1.] forms the Z%' states. ) B
To explain X(2075) and X(2085), we choose pA and pX states.

@ Compact hexaquark states:
[36] ® [30] ® [36] = [156} ® [65] D [30} ® [30}7
qqq forms a [3.] state,

B3] ®[3c] = [8c] @ [1e),

[3.] — [3¢] forms the triquark-antitriquark states.

To explain X(2075) and X(2085), we choose structures ¢qq — ¢gs,
which have the same strange number and quark components as pA
and pX.
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Theoretical Framework

Interpolating Currents

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

@ Baryonic currents o [3.] triquark currents

]dq o),

254" (2)] ¢"F () |

) = (u, d, u) for [3¢]udus
3¢cluds, and (u, s, d) for

Maa(e) = iae |4 (D)CGH )| 15¢4(a) =i

=i

[45(

. iT j k [

N22(T) = i€ape |:qa (fU)C’YE)qb(”)} 4e(2) where (z 5k
[

where (4,7, k) = (u, d, u) for p, (u, d, s) for
(u, d, s) for A, and (u, s, d) for 3. 3¢l usa-

e Baryonium currents of the pA and o Currents of the [3.]g¢¢-[3c]gqs and
pY. states with J” =07,07,17,1" [3c)qaq[3e) gsq States

i) = NasudsL (o) Maus

Jo(w) = Nazusal () Nadus
where ',y = 1,15, V0, YuVs
correspond to the 4 quantum
(I 'Y/L'VF)T’%’( 7). numbers 01,07, 17, 1.
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Theoretical Framework

Quark Side
@ 2-Point correlation functions

For J=0, TI(¢) =i / dzel ™ (O T{j(), 7 (0)} |2},

1 "
For J = ]., H(q2) = *g (g‘“j - qqg > Hpu(qz)a

I,,(f) = i / Azt (9] T, (), 11 (0)} 9

1
Dispersion Relation |} p(s) = — ImII(s)
7r

. OPE
° pXJI’(s)

gy - [T B
Smin

@ Do contractions, using full propagators, we obtain the OPE of spectral
density, which should be cut off at dimension 13

13
P = pPert > plon,
n=3
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Hadron Side

@ Phenomenological framework
95;:3'}“( ) = >‘X JP 5( mx 11) +0(s— SU)F)X,JP(S)v Ax,gp = (9] j() | Ho) ,

HPher;’( ) = )‘X JP I * ds px, 7 (8) pole of ground state
X mi o — ¢ s s—q "’ So: continuum threshold

Quark-Hadron duality |}  Borel transformation
—m2 M2 S0 _s/M2 .
Ny "M / ds pS5e (s)e™ /M 4 1™ (1),

Y Smin

which is the sum rule of the correlation function of the ground state hexaquarks.

50 2
@ Extract the mass and decay constant Ly jp o(s0, M2) :/ s p % (s) e~/ ME
Smin
Ly ;p (50, M%) (M),
my 4P (80, A[n) = AR
Ly p o(s0, M%) 1%}

LX,JPJ(stM??) = LX,JP,O(SO’M??)'

a(Mz?)

5 5
5 m2 L (s0, M%)/ M,
Ax, P (50, Mp) = \/9 o Ly sp o(s0, M3).

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

Criteria of Choosing sy and Mp

@ Pole Dominate:

~ Lx, (50, MQ)

RX = 15% for hexaquark states.

Lx, jp o(00, MQ)
@ OPE convergence:
OPE E(OII?;)O(SO’ B ) )
Ry jr = m < 5% in this work,
where
L) (50, M3y) = s plO13) (g)e= 5/ M,

Smin

e M3 stability: Observables shouldn’t depend on the additional parameters.
= Find a platform: Borel Window.
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Numerical Results

Section 3

Numerical Results
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Numerical Setup

o Parameters should be chosen at y =2 GeV:

(q9) = —(0.24 £0.01)> GeV?, (ss) = (1.15 + 0.12)(qq),
(2 G?) = (0.88 £0.25) GeV*, (g2G®) = (0.045 £ 0.013) GeV®,

(2950 - Gq) = mg(qq), (3950 - Gs) = mi (ss),
m = (0.8 +0.1) GeV?, ms = (95 £ 5) MeV.

@ Reliable region of sy should be /sy ~ mx + d, where § is typically taken as
0.4 — 0.8 GeV. We allow /sy to vary within a range of £0.1GeV.

@ A stable physical state: MQB within the Borel window exceeds 0.5 GeV?,
ensuring the stability of the results.
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Results of pA and pX

Current J¥ State v50(GeV) JU%(GUVZ) Mx(GeV) Ax(107°GeV®) RFPC(%) ROPE(%)
Type-l 07 pA  29+01 24-29 196+003 35441010 18—55 38—42
pE 29401 24—-29 198+0.04 3.624+0.12 18—-54 38—-43

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~ ;U[\ 28+0.1 1.7-2.2 203017 3.524+0.81 17-582 25-4.2

112 284+0.1 1.7—-2.2 203017 3.52 4+ 0.80 18—-53 16-—-27

@ For the other states, no suitable Borel window could be identified regardless
of the choice of sy and M%. Therefore, we conclude that the corresponding
current does not couple to such states, which is consistent with our
previous work on the light baryonium. [B.D.Wan, et.al, 2021].
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Borel Windows of pA
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Borel Windows of pX
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Results of the Compact Hexaquark States

Currents J¥ Configurations V50(GeV) M%(GUVQ) mx(GeV) Ax(1075GeV®) RFC(%) ROVE(%)

Type-l 0F [Bolygg-[Belags 29101 24-29 1.99+0.02 3214005 27-81 3.6—4.1
17 [Bolygg-Belegs 29401 23-3.0 1.97+0.03 2844005 18—90 3.5 4.3
[Bclagq-[Bclgsy 29£01 2329 1.97£0.02 283+£0.04 2388 3238

Type-ll 07 [3clggq-[Belggs 28401 16-22 184+021 238+056 17—62 2.2—33
17 [Blegq-Belogs 29401 18-23 2014020 284+070 16—49 28—4.4
Belgg-Belgse 29401 1.8-23 2024020 2814069 1649 1.6 2.4

o J¥ =07(07) states of the configurations [3.]y4q-[3c] gqs aNd [3c] gaq-[3¢) gsq for
the Type-I (II) currents are in fact the same state under the consideration of

isospin

symmetry.

@ For the other states, no suitable Borel window could be identified

regardless of the choice of sy and MQB. Therefore, we conclude that the

corresponding current does not couple to such states.

T
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Borel Windows of the [3.],4-[3¢]4qs Hexaquark states
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Numerical Results

Borel Windows of the [3.] 4 [3¢]4s¢ Hexaquark states
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Section 4

Discussion and Conclusion
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Decay Modes Analysis

@ In experiments, the observed hadronic states are usually not pure states of a

certain structure, but rather mixtures of several hadrons with nearly
degenerate masses and identical quantum number.

e Masses and Quantum numbers;
o Rebuild them from the decay modes.

@ Strong decay dominant

p (w)

0
0
0 K (K~
0 (K7)
0
0

A(E) m(w)
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Discussion and Conclusion

Decay Modes Analysis

@ Possible decay modes

Jr 0~ ot 1
Modes of pA (pX) T K T K* T K*
wwk WwK™ WwK™
Jr 0~ 0* 1~ 1
[3e]qaa~[3clqgs K, wwk T K*, wwK* T K*, wwK* i, wwK*
wpK mpK (pA/pX) 7pI
[3e]gqa~[3clgsq K, wwk T K*, wwK* T, wwK* i, wwK*
wpK mpK (pA/pX) 7pI
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Conclusion

@ There are 6 possible pA and p> molecular states with quantum numbers
JP=0",0%1".

@ There are 6 open-strange compact hexaquark candidates with quantum
numbers J£ =07,0%,17,17F.

@ The mass of X(2085) does not fall into the predicted region for the J© = 1%
hexaquark states considered here, implying that its internal structure cannot
be explained by the present configurations alone.

o The mass of X(2075) lies within the predicted range of the J* =1~

hexaquark states, and hence possible it possesses large components of these

states.
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Conclusion

@ Moreover, the hexaquark states predicted in this work with quantum numbers
JE =07 and J¥ = 0 can serve as candidate for the open strange hadrons
near 2 GeV, which are possible to be observed in Belle.ll, BESIII and LHCb.

@ As such, it is possible that both X(2075) and X(2085) are not pure states of
a certain component, but rather mixtures of different hadronic components.

@ The molecular and multiquark structures may coexist, which pose a

challenge to us in deciphering the exotic states!
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T ernds
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The Full Propagator of Light Quarks

@ The full propagator

soik (N s sik ¥ ik 1 - ik GZ,B a a i (29)
iy (@) =0 5 = (e i g () =
7> _

i mg(gsq0 - Gq)

) . T
+ i§‘7kzmq<71q> — 0k —_(g5q0 - Gg) + 6%

T7 1152
1 —
~ 105 (9580 Ga) — it (Gastl+4709) molg.70 - G

@ The OPE of spectral density up to dimension 13

pOPE(s) =pP () 4 p1 (5) + p P (3) + p199 () + 97 () + D ()
+p{04G%) (g) 4 p(a0(aGD) () 4 G () 4 pl30° (5) 4 p(ACDIC) (4)
+pla07 () (g) 4 plaCGa)” (g) 4 plaD*(aCa) (g) 4 p(aad(Gh) (4)
+p(290" () + p(aD(@CA(E) () 4 (AR (ACD (g) 4 p{AGD(GY) (),
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Borel Transformation

@ Definition

LN S SR A T R
. l(s—(ﬁ)k] (k=1 (MQB> '

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