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Introduction

® Traditional quark model

NF (@) &7 (gqq9)

® BESIII Collaboration are carefully examining the
physics happening in the energy region around 2.0GeV.

BESIII, Phys. Rev. Lett. 124, 112001 (2020)
BESIII, Phys. Rev. Lett. 117, 042002 (2016)
BESIII, Phys. Rev. Lett. 115, 091803(2015)
BESIII, Phys. Rev. Lett. 91, 022001 (2003)



Introduction

® Exotic hadron: tetraquark, hybrid state, glueball, etc.

tetraquark glueball hybrid

® Exotic spin-parity quantum numbers

o —,0",1",2" | IC I I




Introduction

® The hybridstatesof J°° =1"%  Prog. Part. Nucl. Phys. 82,21 (2015).

® The light tetraquark of J7© =17 J" =07 J™ =0""

Phys. Rev. D 78,054017 (2008). Phys. Rev. D 78,117502 (2008).
Phys. Rev. D 79,114034 (2009). Phys. Rev. D 95,076017 (2017).
New Phys. Sae Mulli 70, 836 (2020). Chin. Phys. C 37, 033104 (2013).

® \We will investigate the SOSQ tetraquark state with the exotic quantum
number J°° =3 using the method of QCD sum rules.



Introduction

® There has not been any theoretical study on the s4sq tetraquark
state with the exotic quantum number J/ =3+,

® \\ei Zhu, Yan-Rui Liu, Tao Yao used the one-boson-exchange
model to study DD, the molecular state of 3™ =3 .
Chin. Phys. C 39,023101(2015)

® There was a Lattice QCD study on the 3 =3 glueball .
High Energy Phys. Nucl. Phys. 8, 573 (1984)
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QCD sum rules

® In QCD sum rule analyses, we consider two-point correlation

functions: i
o, ayas 05 (47)

=1 /d4xeiqr<0|T[l7mmm(X)I?;Iﬁzﬁ%(())]0)

= (=1)'S’ [grx]/}, gfxg/fgg(h/f_;]n(f]z)e
where 1) Is the current which can couple to hadronic states.
® At the hadron level: described by the dispersion relation.

qu):/"" Pe) gy
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® At the quark-gluon level: evaluated via operator product
expansion(OPE).



QCD sum rules

SVZ sum rule (Shifman et al 1979)

Quark and Gluon Level
(Convergence of OPE)

dispersion relation

nDPE(qz) g = q2 *PoPE (S) — Up Sn + Ap—1 Sn_

1

Quark-Hadron Duality

Hadron Level

+ M
2y _ 2 4
thys(q ) — fP qz — M2

(for baryon case) P4

Ponys (8) = A28(s — M2) + -
(Positivity)

(Sufficient amount of Pole contribution)




QCD sum rules

® Perform the Borel transform to correlation function at both hadron
and quark-gluon levels.

I(sg. M3p) E.f%e—Mi/Mi B /

2
J 4dm;

AYY) 2

e Mz p(s)ds.
® Two parameters: M. s,

® Criteria:
1. Positivity of spectral density
2. Convergence of OPE
3. Sufficient amount of pole contribution
4. The dependence of mass on parameters M. s,
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Numerical analyses

® Interpolating currents 1 = (g CT1D,s,)(3.T2C55),
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Numerical analyses

® Interpolating currents

Color-singlet-color-singlet currents
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Numerical analyses

® Interpolating currents

Fierz transformation
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Numerical analyses

® The OPE of current 7% ..,

I, — /50 [ s° B m?2s? (_ 179(g>GG) m? ~oms{qq) | ms (§'a-))53
69120076 1433676 580608076 201676 72074 15127
37(g2GGYm> ~ 91Img(gsqoGq)  m (qq) m2(ss)  (qq)(5s)\ o
+( 12288076 307207 807t 2407 6072 )b
(2GGYm?E  3m? (gstjcr(;q) .B(QEGG)?RS(Q_(;) T{g?GG)Ym(5s) 5{9sqoGq)(ss) m; 2(qq) (ss)
+( 1843276 + 25674 345674 N 864074 N 28872 1272
5(79){gs ‘%O’(r @,))q N ((JQGG)mS(JS(jJG'q) mZ(g.qoGa)(qq) | (g2GG)m3(5s)  3m3{gsqoGq)(ss)
2887 '_ 460874 1272 1382474 12872
{(92GG){qq)(5s) | 17(gsqoGq)(gs50Gs)  mi(qq)(gs50Gs) )] —s/M? g
32472 34567 57672 | "

N m3(g:0Ga)” | 2??15(93@0@)(@@)<-§S))
2472 9 ‘-



Numerical analyses

® Positivity of spectral density
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FIG. 1.

The two-point correlation functions, Il (sq. M%) (left-solid), Iy, (so. M%) (left-dashed), Il33(sy. M%) (middle-solid),
44(s9. M%) (middle-dashed), Ilss(sg, M%) (right-solid), and Tlgg(sy, M%) (right-dashed), as functions of the threshold value s.
These curves are obtained by setting M% = 1.4 GeV?.



Numerical analyses

CVQ = Hﬁ:m(s[],flf%) 507
® Convergence of OPE VG = G | 5%
® Sufficient amout of pol ibuti [11(s0, M) :
pole contribution  pc = MBS 45y
HII(DQJI?B) -
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Numerical analyses

, 0.19
® The dependence of mass on parameters |M, = 23371 GeV
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Numerical analyses
I

® Mass extracted from currents

TABLE I: Masses extracted from the currents n;.f,;,;gg.

Currents M3 [GeV?] so [GeV?] Pole [%] Mass [GeV]

2.33701%

! 1.32-1.45 724+1.0 44.9-53.3

Najasas

1.33-1.48 7.6+ 1.0 45.1-54.1 2.45t3;$'§

Najasas

Neiasag  1.46-1.60  9.6+1.0 45.1-53.4  2.727013
NS asag  1.45-1.58  9.441.0 45.2-53.1  2.677073

The mass of sgsq tetraquark state with the exotic quantum
number J3f¢=3"1s2.33 GeV.
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Decay behavior
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® |t well decay into the P-wave p¢/ ¢ channel but not info the
o f,(1525)/  f,(1525) / ¢ f,(1525) channels.

® Itwell decay into K™ (892)K™(1430) channel but not into the P-wave
K™ (892)K"(892) channel.



We use the method of QCD sum rules to study light tetraquark
states sgsq with the exotic guantum number jPc _ 3+,

We calculate the mass of this state, and predict its decay behavior.

We propose to investigate the P-wave p¢/@w¢ channel in future
BESIII, if there existed a narrower resonance of J°¢ =3, it would
be more likely to be a compact sqsq tetraquark state.
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More studies on light tetraquark states
I
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2 29 29 2.3 24 25
M(6 f (980)) (GeV/c?)

(¢)The ete™ — ¢~ cross section with two
incoherent Briet-Wigner functions, the ¢(1680) and the

L , . Y (2175). Taken from Belle [16]. (f)The ¢f0(980) invariant mass spectrum. Taken from
(a)The eTe™ — ¢ fo(980) cross section. Taken from BESIII [17].

BaBar [11].




More studies on light tetraquark states

® There are two S5 interpolating currents of 37 =1

Ty = (82 C758,)(5.7,75CS, ) = (S,C7,,755)(5.7:CSy )

1, =(5,C»"s,)(5,0,,C5, )—(5,Co,,8,)(5,7"C5, )

® After mixing, the results are more reliable(reasonable), the mass is
extracted to be

Ji, = cost g, +sint @, .
sin® 11, + cosb i 1z, .

My = 2.41+0.25 GeV .
f\f}/}__, 2.34 4+ 0.17 GeV .

Ja



More studies on light tetraquark states

Events/(20MeV/c?)

22 23
M(om') (GeV/c?)

J/Y = nY = nen’
BESIIL, PRD99 (2019) 112008

Possibility A: JF =1

M- = 2002.1 +27.5+ 15.0 MeV,
- =129+ 1747 MeV.

Possibility B: JF =1°

M+ =2062.8 4 13.1 £4.2 MeV,
I+ = 177 £ 36 & 20 MeV.



More studies on light tetraquark states

® There are two 5555 interpolating currents of J° =1"":

Th, = (S; Csb)(§a7/y7/5C§bT ) — (S;nyyssb)(gacng )
My, = (8.Cr"8,)(5,0,,75CS, ) —(5,C0,,758,)(S.7'CS, )

® Only one of them, 77,, leads to reliable(reasonable) sum rules:

M,, =2.0070 5 GeV



More studies on light tetraquark states
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BESIII. PRL 106 (2011) 072002 BESIII. EPJC80 (2020) 8. 746 BESIII, PRD93. 112011 (2016)



More studies on light tetraquark states

® There are two $$5S interpolating currents of 3°¢ =g

M = (54 Cs6)(5a75C5 ) + (5 Cys55) (5.C55 )

12 = (553 Copusb) (540" 15C54 ).
® After mixing, one leades to reliable(reasonable) sum rules:
o +0.15

While the other leads to:
M, >3.0GeV



Advantages of rich strangeness states:
e

® Experimentally, their widths are possibly not too broad, so
they are capable of being observed.

® Theoretically, their internal structures are simpler due to
the Pauli principle restriction, on their potential number

IS limited.
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