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» Traditional quark model: mesons(qq) , baryons(qqq ) (s310d ud g%
Yds (s g
dibaryon pentaquark glueball

» QCD also allows for the existence of the exotic hadron

hybl'id States, etc. diquark + di-antiquark ~ dimeson molecule qqg hybrid

states : tetraquark states, pentaquark states, glueballs,
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3+— 2++7 3++7 4++

> There exist some exotic hadron states can not be

explained as traditional hadrons with such quantum

numbers J*¢=0"—", 0", 17+, 27, 377, etc.

W= O




& &y k% - R

Background Y,
SSad SCHOOL OF PHYSICS SOUTHEAST UNIVERSITY

Charmonium (-like) states

> Below the pp threshold, charmonium states are well understood, while above this threshold

many charmonium-like states (XYZ states) have been observed.
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» Some tetraquark states with exotic quantum number have been investigated using the QCD sum rules.

Phys. Rev. D 95 : 076017
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g — i > 229 molecular states predicted by solving the Bethe-Salpeter
= . __I
B BN B o
- - o equation.
| I ]
5.2f [ B B OB — o I -
- - > A study on the p'p; molecular state with J*© = 37" by OBE
I O . _
Ol Bl W — B .
N My Emm & model before. Chin. Phys. C39 (2) 023101
8 = -
| > A study on the glueball with J*C = 37" by Lattice QCD forty
oy = gg ' years ago. HEPNP 8 :573-578
- = mm wn | Bm e o
ey e ES BN = | » No theoretical study on the cqcq tetraquark state with JPC =
- ﬁ Il DD,
' 37 by QCD sum rules yet.

X. K. Dong, F. K. Guo and B. S. Zou, Progr. Phys. 41, 65-93
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» We consider the two-point correlation function () is an interpolating current) :

» 5
Z1 azasz,B182083 (C_I )

j / 29 (O T, s ()75 5 (0)]]0)

— <_1)J Sl[§a151§a252§a353] Hii<q2)

» At the hadron level, the correlation function can be expressed by the dispersion relation:

2 > Pphen(s)
II(¢") = 5———ds When s— o, it could not be neglected!
am2 8 —q° —1€

» At the quark-gluon level, we perform the Operator Product Expansion (OPE) .

< Quark-hadron Duality >

Operator Product
Expansion

Phenomenological
Spectral Density
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Method: QCD sum rules

» We perform the Borel transformation at both the hadron and quark-gluon levels to obtain :

2 2 S0 2
(so, M2) = f2e~M*/Mb — / e=/M3 p(s)ds
4

2
m.

8(—1(3M§) I1(so0, Mé) fjﬁlg e—5/M3 sp(s)ds
(s, MB) [, e /M3 p(s)ds

>
4m2

M2(807MB) —

» Providing suppression factor to improve the convergence of OPE and multiple

(k—1)!

differentiation to eliminate subtraction terms with ¢ polynomials.

] Threshold s,
» Two phenomenological parameters: ~ )

Borel mass Mg
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» Hadronic spectral density with one pole dominance Phys.Rev.D78:076001
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> Some researchers also have examined finite-width
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8 MeV
Distribution Function) . - = -
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» Strongly favoring the molecular description of these

: L For the ch ium-like states X(3872), Z(4430), Z,(4250).
states instead of the tetraquark description. or the charmonium-like states X(3872), 2(4430). £,(4230)
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» Interpolating currents (for diquark-antidiquark currents) ’ \
<
/ /8 c DT
/r] = (Ca CF]_Qb) [CCF2CDanl ]

o o o
—— - -

o o o o e e e e e e e M M e e mmm M e e Mmm M e e Mmm M e e M M e e Gmm M e e M M e M M M e e e e o o e o o o o o e e o m m mm mm m— —

Tosazas = €€ x S{[X Ca, Day] (€90 CT5) + (X Cpoy ) [E70,C Dy 25}

Prmas = (078 +6%6%) x S{ [7 Oa Doy ) (€9 CT5 ) + (X Oy ) [E070, C Doy 131}
Morapas = €°0C€4° X 3{[050%1753%%] (€90 15CT5) + (X Cars V50) [Fe Vs 15C D 01 ]},
Uilaw?, = (5ac5bd 03 5ad5bc) X 3{ [050%1753%%} (5c7a275cqg) + (CZ;C'YM'%%) [EC%Q%CB% C?Ezr]}
nzlawg _ cabe cde o gqu{ [chaamBasqb] (Ecaazqu_g) -+ (chaawqb) [ECJQZ,,CB%@F] },

6 _ (5ac5bd + 5ad560) X g/“/S{ [CZ;CO-OCULBOQ qb] (Ecaazychg) —+ (CgCO—Oq[,LQb) [ECUQQUCBQ?@;‘”}
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» Interpolating currents (for meson-antimeson currents)

>
élagag — S{(an/alca)DQB (qb’yoﬂ qb)}
<

€c2x1a2a3 — S{(éa7a175ca)Da3(Qb7a275qb)} B

<>
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J \

e

<
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Fierz rearrangement

1 _ 1 1 d _ 1 4 4 1
( 77(211042@3 \ ( % % % 12 21 21 \ ( é562341042063 \
Moy asas _1§ 51 ? §1 _15 _? §%1a2a3
Noyasas _ ? _? ? _15 §1 _1§ gZélOQOés
Nasazas % _15 (5) % _15 8 2:%10&2063
77041042043 Q1023
6 6
Nayagas ) \ 1 1 0 -1 -1 0 ) K €0410é2043 )

» Since any given four-fermion couplings, the fermion fields entering them can always be
rearranged by the Fierz transformations.
» This transformation indicates that these two configurations are equivalent, which will

be applied to study the decay properties later. i
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Method: QCD sum rules

» The QCD spectral density p(s) at the leading order of o, and up to the dimension ten (D = 10) :

X X X
\ s s

O T T o S OS> P

(a) (b) (c) (d) (e) (f)

—. 59

(5) + plaDtaGD (g) 4 ptaIGD” ()

(,GG) = (6.35+0.35) x 1072 GeV*
: 7¢) = —(0.240 4+ 0.010)% GeV?
» Some vacuum condensate values in QCD sum rules : ~ \49) ( o )" Ge
(9sq0Gq) = —Mg x (qq)
Mg = (0.840.2) GeV?
me(me) = 1.27570022 GeV
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> Pole Dominance
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» Stability

- T o e e Em e e e e e e e o

6.0 6.0 6.0 6.0 - ~

5.5} {55 55 155 /’/ \\\
el - -~ 0 ' * There are non-vanishing Borel windows as long '
» 4-5’/’_’_‘__’ _____________________________ 14.5
2 40 ja0 as s, > 28.4 GeV2.
3.5¢ 13.5

I
|
I
I
I
|
35)4.0 27.0 30.0 33.0 36%0 3'3(,),00 3.20 3.40 363 3.80 4,0%0 : i Al'OllIld SO ~30.0 GeVZ,We ChOOSG the thl‘eShOId
I
|
I
I
I
|

|
|
|
1
|
|
so [GeV?] Borel Mass? [GeV?] :
value to be 27.0 GeV?*< 5,<33.0 GeV?2. |
5 5 2 3 I
[ [ [ o [ [ ] I
4 a4 « 1+« Within this working regions, we obtain: !
= ] 5 m@ g = B 5 | 0.49 :
O] / o [T . . | — +U. |
= ] 1 o 2.26 -2 5 !
! ! ) £, =(2.897%) x 107°GeV i
0 : - 0 ~
25 270 30.0 33.0 60 300 320 340 363 380 400 N L’
S [GeVz] Borel Mass? [GeV2] N N e e = - -



Results and Discussion

Summary table

16

TABLE I: QCD sum rule results extracted from the diquark-antidiquark currents 7,454, and the mixing currents Jé'l’;fwg

with the exotic quantum number JF¢ = 37T,

Currents| M3 [GeV?] | so [GeV?]| Pole [%] | Mass [GeV] fx [GeV®]

Neyogas | 3:40-3.63 |30.0£3.0| 40-48 4667058 | (2.891332) x 1072
N2 amas | 3-40-3.60 [29.04+3.0| 40-47 450700 | (83770 gl) x 1072
N anes | 3.63-4.00 |35.0+£3.0| 40-46 5750070 | (11.71%552) x 1072
Nayasas | 3.65-4.05 [35.0+£3.0| 40-47 5717070 [(16.07£532) x 1072
Noyogas | 3.57-3.78 [32.0£3.0| 40-45 512705 | (T150552) x 1072
NS anas | 3:35-3.80 [32.0+£3.0| 40-53 5.08%0 35 |(10.10%5 %) x 1072
T was | 340-361 [30.0+3.0| 40-47 4677951 | (2.871231) x 1072
T2 aes | 3.39-359 20.04£3.0| 40-47 4497945 | (3.35%243) x 1072
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Results and Discussion

» We also investigated the mixing of n&lazas and ntleazas by calculating their off-diagonal correlation

function 2 ( 2) by setting s, = 29.0 GeV2and M3 = 3.40 GeV2.
q
;0,03 ,B,B,B;
e
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! ] . \I | M2: 4.49_0.41 GeV :
: ( J%IO‘QO‘B ) = ( HUGEEY ) ( grazas ) ! L 1243 =) 5
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Decay behavior

—————————————————

q N e e e e e e, —————
S-wave [pxca]/[wxeal/[J/1£2(1270)] I P-wave [D"D*] )
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> We investigated the charmonium-like states with J’¢ =3"" by QCD sum rules and find the

corresponding interpolating currents are composed of two quark fields and two antiquark fields

as well as one covariant derivative operator.

» Through the identification of an effective Borel window, we find the mass of the lowest-lying state

is around 4.49 GeV.

» Above the open-charm threshold and combined with the Fierz rearrangement, we analyzed

potential decay channels around the D*])_"z‘threshold: X—[od/y]/[pd/vy].

> We hope that such states can be found in future experiments at BESIIIL, Belle-II, LHCDb, etc., to

further enrich the study of charmonium-like hadronic states.
19
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Thanks for your attention !
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