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Searching for exotica

Light hadron sector:

Dibaryon: Deuteron, H states, d∗(2380).

Hybrid candidates: π1(1400), π1(1600) and π1(2015) (dispute).

Glueball candidates: a0(980) and f0(980).

Tetraquark candidates: light scalar mesons.

Heavy hadron sector: breakthough in multiquarks!

Pc(4380),Pc(4312),Pc(4440),Pc(4457): hidden-charm pentaquark states.

Plenty of XYZ states: candidates of molecules, tetraquarks, hybrids...
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Y. R. Liu et. al., Prog. Part. Nucl. Phys. 107 (2019) 237-320
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Searching for exotica

These XYZ and Pc states have inspired vigorous theoretical activity:

Y. R. Liu, H. X. Chen, W. Chen, X. Liu, S. L. Zhu, Prog. Part. Nucl. Phys. 107 (2019)

237-320.

H. X. Chen, W. Chen, X. Liu, S. L. Zhu, Phys. Rep. 639 (2016) 1-121.

F.-K. Guo, C. Hanhart, U.-G. Meissner, Q. Wang, Q. Zhao, B.-S. Zou, Rev. Modern

Phys. 90(2018) 015004.

A. Esposito, A. Pilloni, A.D. Polosa, Phys. Rep. 668 (2016) 1-97.

S.L. Olsen, T. Skwarnicki, D. Zieminska, Rev. Modern Phys. 90 (1) (2018) 015003.

Multiquark (tetraquark, pentaquark, hadron molecule) configurations were extensively

investigated to understand the structures of the XYZ and Pc states.

Hybrid meson configuration was much less studied. However, hybrid meson deserves

more investigations due to the explicit gluonic degree of freedom in it!
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φ(2170)/Y (2175)

Observed by BaBar in 2006 in the ISR process e+e− → φf0(980)γ:

PRD 74, 091103 PRD 76, 012008

PRD 80, 031101 CPC 34, 1045
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Theoretical interpretations of φ(2170)

The present data can not determine the nature of φ(2170):

2 3D1 or 3 3S1 ss̄ state: PRD85,074024; PRD99,074015;PLB657,49.

Tetraquark sss̄ s̄ state: NPA791,106; PRD98, 014011;D78,034012;D99,036014.

Molecular ΛΛ̄ state: PRD96,074027; PRD87,054034.

φf0(980) resonance with FSI: PRD80,054011.

Three body φKK system: PRD78, 074031; PRD83, 116002.

Hybrid meson s̄gs: PLB650,390;PRD59, 034016;PRD100(2019),034012.
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Hybrid meson: [qq̄]8c
+ one excited gluonic field

Q̄ Q
g

8⊗ 8 = 1⊕ 8⊕ 8⊕ 10⊕ 10∗ ⊕ 27

arXiv:1208.5125
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Hybrid meson: [qq̄]8c
+ one excited gluonic field

Lightest hybrid supermultiplet: 1−−, (0, 1, 2)−+

JPC 1−− 0−+ 1−+ 2−+

qq̄ operator q̄γµq q̄γ5q q̄γ5[
←→
Dµ,
←→
Dν ]q

n 2S+1LJ n 3S1 n 1S0 n 1D2

[qq̄] spin-triplet [qq̄] spin-singlet [qq̄] spin-singlet

state ρ, ω π, η

q̄gq operator q̄ λ
a

2 γ
νγ5G̃

a
µνq q̄ λ

a

2 γ
νG̃ a

µνq q̄ λ
a

2 γ
νγ5G

a
µνq q̄ λ

a

2 σ
α
µγ5G̃

a
ανq

[qq̄] spin-singlet [qq̄] spin-triplet [qq̄] spin-triplet [qq̄] spin-triplet

For the same quantum numbers, the spins of the [qq̄] pair in the qq̄ and
q̄gq operators are different! Such difference results in distinct decay
properties of the conventional and hybrid mesons!
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QCD Sum Rules

Study two-point correlation function of current Jµ(x) with the same
quantum numbers with hadron state:

Πµν(q2) = i

∫
d4xe iq·x〈Ω|T [Jµ(x)J†ν(0)]|Ω〉

Classify states |X 〉 by coupling to current 〈Ω|Jµ(x)|X 〉 6= 0

Hadron level: described by the dispersion relation

Π(q2) =
(q2)N

π

∫
ImΠ(s)

sN(s − q2 − iε)
ds +

N−1∑
n=0

bn(q2)n,

ρ(s) =
1

π
ImΠ(s) =

∑
n

δ(s −m2
n)〈0|J|n〉〈n|J†|0〉
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Hybrid Sum Rules

The hybrid interpolating currents:

Jµ = gs s̄
λa

2
γνG a

µνs, JPC = 1−+, 0++,

Jµ = gs s̄
λa

2
γνγ5G

a
µνs, JPC = 1+−, 0−−,

Jµν = gs s̄
λa

2
σαµγ5G

a
ανs, JPC = 2−+, 1++, 1−+, 0−+ ,

J̃µ = gs s̄
λa

2
γν G̃ a

µνs, JPC = 1++, 0−+,

J̃µ = gs s̄
λa

2
γνγ5G̃

a
µνs, JPC = 1−−, 0+−,

J̃µν = gs s̄
λa

2
σαµγ5G̃

a
ανs, JPC = 2++, 1−+, 1++, 0++ .
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Correlation functions for all s̄gs hybrids

Two-point correlation functions for all channels:

Π
(
q2
)

=αs

(
A1q

6 + A2m
2q4
)
log

(
−q2

µ2

)
+
(
A4q

2〈αG 2〉+ αs(A3q
2m〈qq〉+ A5〈qq〉2

+ A6〈g 3G 3〉+ A7m〈gqσGq〉)
)
log

(
−q2

µ2

)
+ αs

(
B1q

6 + B2m
2q4

+ B3q
2m〈qq〉+ B4q

2〈αG 2〉+ B5〈qq〉2 + B6〈g 3G 3〉+ B7m〈gqσGq〉
)
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Correlation functions for all s̄gs hybrids

Coefficients of the finite terms:
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Method I: Laplace Sum Rules Analyses (LSRs)

Borel transform: suppress the contributions of continuum and higher
excited states in correlation functions:

Πk(M2
B) = M2

B lim
N,Q2→∞

M2
B=Q2/N

(
− Q2

)N
Γ(N)

(
d

dQ2

)N{
(−Q2)kΠ(Q2)

}
,

Quark-hadron duality: Laplace Sum Rules with QCD spectral function

Lk
(
s0,M

2
B

)
=

∫ s0

4m2
s

dse−s/M
2
Bρ(s)sk = f 2

Xm
2k
X e−m

2
X /M

2
B .

where s0 is continuum threshold and MB is the Borel parameter.
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Method I: Laplace Sum Rules Analyses

For the vector s̄Gs hybrid meson with JPC = 1−−: M2
B ∈ [3.2, 4.2]GeV2
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The extracted mass mX ∼ 3.1− 3.3 GeV is much higher than the mass of
φ(2170)/Y (2175)!
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Method II: Gaussian sum rules analyses (GSRs)

The unsubtracted GSRs of integer weight k are defined as

Gk(ŝ, τ) =

√
τ

π
lim

N,∆2→∞
τ=∆2/(4N)

(
−∆2

)N
Γ(N)

×

(
d

d∆2

)N {
(ŝ + i∆)kΠ(−ŝ − i∆)− (ŝ − i∆)kΠ(−ŝ + i∆)

i∆

}
=

1√
4πτ

∫ ∞
0

tke−
(ŝ−t)2

4τ
1

π
ImΠQCD(t) dt ,

providing a fundamentally different weighting of the spectral function that makes

them well-suited to analyzing distributed resonance strength hadron models.

QCD Gaussian sum-rules:

GQCD(ŝ, τ, s0) ≡ 1√
4πτ

∫ s0

0

e−
(ŝ−t)2

4τ
1

π
ImΠQCD(t)dt ,

where the GSRs have a duality interval of width ∼
√

2τ near ŝ. By varying the free

parameter ŝ, GSRs can probe a wide region of the hadronic spectral function with

the same sensitivity as the ground state region.
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Gaussian sum rules analyses

The normalized GSRs (NGSRs) are defined as:

NQCD(ŝ, τ, s0) =

1√
4πτ

∫ s0

0 e−
(ŝ−t)2

4τ ρhad(t) dt∫ s0

0 ρhad(t)dt
.

In a double-narrow resonance model

ρhad(t) = f 2
1 δ
(
t −m2

1

)
+ f 2

2 δ
(
t −m2

2

)
.

The normalized GSRs

Nhad (ŝ, τ) =
1√
4πτ

(
re−

(ŝ−m2
1)2

4τ + (1− r)e−
(ŝ−m2

2)2

4τ

)
,

where the normalized couplings are defined as

r =
f 2
1

f 2
1 + f 2

2

, 1− r =
f 2
2

f 2
1 + f 2

2

, 0 ≤ r ≤ 1.
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Gaussian sum-rules analyses

Fitting the ŝ dependence of the QCD prediction and hadronic model

χ2 (r ,m2, s0) =
ŝmax∑
ŝmin

[
Nhad (ŝ, τ)− NQCD (ŝ, τ s0)

]2
,

with the modelled resonance m1 = mY (2175) = 2.188 GeV.
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Gaussian sum-rules analyses

The resulting predictions:

sopt
0 = 9.7± 1.0 GeV2

m2 = mfit = 2.90± 0.16 GeV

r ≤ 0.033 .
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No evidence for a significant strangeonium hybrid component of the
φ(2170), which is consistent with the LQCD calculation(PRD84(2011),074023).
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Hybrid decay properties

Hybrid meson decay selection Rules:

Kinematically allowed.

Conversation of IGJPC .

[ss̄] quark spin symmetry: the spin of [ss̄] pair favors to be preserved
in process s̄gs → φ+ X .

S+P-wave selection rule: hybrids cannot decay into two identical
mesons (S+S-wave, P+P-wave).

For φ(2170), the following decay modes are important:

Branching fractions of φ(2170)→ φ+ f0(980), φ(2170)→ φ+ η.

Open-strange channel: φ(2170)→ K+ + K−.
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BESIII’s new measurment in e+e− → K+K−

Phys.Rev. D99 (2019) no.3, 032001

If this structure can be identified with φ(2170), the observed K+K− decay mode would

disfavour the 3 3S1 ss̄ meson, strangeonium hybrid, and sss̄ s̄ tetraquark interpretations.

If this structure can not be identified with φ(2170), the lack of K+K− decay mode

would disfavour the 2 3D1 strangeonium meson and ΛΛ̄ interpretations.

Further experimental and theoretical studies are needed.
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Summary

We have calculated the two-point correlation functions of s̄Gs hybrid
mesons in various channels.

The LSRs analyses show that the vector s̄Gs hybrid is much heavier
than the φ(2170)/Y (2175).

In a double-narrow resonance model, the GSRs are used to probe the
distributed resonance strength in the hadronic spectral function.

We fit NGSRs of the QCD prediction and hadronic model to predict
(m2, r , s0) and find the relative coupling strength r < 5%.

Our investigations don’t support the s̄gs hybrid interpretation for
φ(2170)/Y (2175).

φ(2170)→ K+K− decay mode is important to distinguish its nature!

Thank you very much!
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