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We evaluate the light baryonium spectrum, viz. the baryon-antibaryon states, in the framework of QCD
sum rules. The nonperturbative contributions up to dimension 12 are taken into account. Numerical results
indicate that there might exist eight possible light baryonium states, i.e. p−p̄, Λ−Λ̄, Σ−Σ̄, and Ξ−Ξ̄ with
quantum numbers of 0−þ and 1−−. For the Λ−Λ̄, Σ−Σ̄, and Ξ−Ξ̄ states, their masses are found above
the corresponding dibaryon thresholds, while the masses of p − p̄ states are not. The possible
baryonium decay modes are analyzed, which are hopefully measurable in BESIII, BELLEII, and LHCb
experiments.
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I. INTRODUCTION

The establishment of quark model (QM) in 1960s [1,2]
led to a renaissance in the exploration of micro worlds. The
spectroscopy of conventional hadrons (qq̄ or qqq) in QM is
being gradually confirmed through experiments and will be
completed soon. Entering the new millennium, with devel-
opment of technology, the emergence of the so-called
exotic state such as X(3872) has been reported [3], and
new ones tend to appear more frequently. Presently, a
bunch of charmoniumlike/bottomoniumlike states XYZ
and pentaquark states Pc are observed in experiments; this
situation is similar to the phase of particle zoo witnessed in
the last century. To discover more exotic states and explore
their properties is currently one of the most intriguing and
important topics in particle physics, which may greatly
enrich the hadron family and our knowledge of the nature
of QCD.
Facing the observations of tetraquark and pentaquark

states, it is nature to conjecture existence of the hexaquark
states, and it is time for hunting them. Deuteron, created at
the beginning of the Universe and its stability is responsible
for the production of other elements, is a typical and well-
established dibaryon molecular state with JP ¼ 1þ and

binding energy EB ¼ 2.225 MeV [4]. Interestingly, the
strong interactions bring stability to deuterons and also
allow various other stable deuteronlike dibaryon states;
however, no such states, though speculated about many
times [5–12], have been observed yet [13]. On the other
hand, the baryonium state composed of a baryon-
antibaryon pair is another special class of heaxquark
configuration. The interaction between baryon-antibaryon
pair is analogous to that between two baryons, which will
provide important hints to understanding the absence in
observation of the stable deuteronlike dibaryon states.
Actually, the history of the investigation of baryon-

antibaryon states dates back to the 1940s, when Fermi and
Yang proposed that π-mesons may be composite particles
formed by the association of a nucleon with an antinucleon
[14], and their scenario was later on replaced by the quark
model. Entering the new millennium, the heavy baryon-
antibaryon hadronic structures, and, hence, the term of
baryonium, were proposed and employed to explain the
extraordinary nature of Yð4260Þ [15,16] and other char-
moniumlike states observed in experiments. Later on, more
investigations on baryonium are performed from various
aspects [17–22]. Partly due to the small spacings between
light hadron states, it is normally hard to discriminate
exotic states from conventional ones. However, with a large
amount of J=ψ samples, BESIII Collaboration is carefully
examining the physics happening in the energy region
around 2.0 GeV [23–32], which motivates a fresh interest
in light exotic states. In the literature, theoretical inves-
tigations on light baryonium were made through various
techniques, including flux tube model [33,34], one-boson-
exchange potential (OBEP) model [35], Bethe-Salpeter
approach [36,37], and QCD sum rules (QCDSR) [38].
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Of those techniques, the model with the independent
Shifman, Vainshtein, and Zakharov (SVZ) sum rule tech-
nique [39] has some peculiar advantages in exploring hadron
properties involving nonperturbative QCD. Rather than a
phenomenological model, QCDSR is a QCD based theo-
retical framework which incorporates nonperturbative effects
universally order by order and has already achieved a lot in
the study of hadron spectroscopy and decays. Its starting
point is to construct the proper interpolating currents
corresponding to the hadron of interest, which possesses
the foremost information about the concerned hadron, like
quantum numbers and the constituent quark or gluon. With
the currents, the two-point correlation function, which has
two representations, the QCD representation and the phe-
nomenological representation, can be constructed. Equating
these two representations, the QCD sum rules will be
formally established, from which the hadron mass and
decay width may be deduced.
In this work, we investigate the light baryonium states,

i.e., B − B̄ states with quantum numbers JPC ¼ 0þþ, 0−þ,
1þþ, and 1−− in the framework of QCD sum rules, where B
denotes light baryon. The possible baryonium decay
channels are also analyzed. The rest of the paper is
organized as follows. After the introduction, a brief
interpretation of QCD sum rules and some primary
formulas in our calculation are presented in Sec. II. We
give the numerical analysis and results in Sec. III. In
Sec. IV, possible decay modes of light baryonium states are
investigated. The last part is left for conclusions and
discussions.

II. FORMALISM

To evaluate the mass spectrum of B − B̄ states in
QCDSR, the appropriate currents coupling to the states
have to be constructed. The lowest order interpolating
currents for B − B̄ states with quantum numbers 0þþ, 0−þ,
1þþ, and 1−− can be respectively constructed as

j0
−þðxÞ ¼ iη̄BðxÞγ5ηBðxÞ; ð1Þ

j1
−−

μ ðxÞ ¼ η̄BðxÞγμηBðxÞ; ð2Þ

j0
þþðxÞ ¼ η̄BðxÞηBðxÞ; ð3Þ

j1
þþ
μ ðxÞ ¼ iη̄BðxÞγμγ5ηBðxÞ: ð4Þ

Here, we use the notion ηB to represent the Dirac baryon
fields without free Lorentz indices. As shown in Ref. [40],
ηB may takes the following quark structure:

ηBðxÞ ¼ iϵabc½qiTa ðxÞCγ5qjbðxÞ�qkcðxÞ; ð5Þ

where the superscripts i, j, and k denote the flavor
of light quarks, subscripts a, b, and c are color indices,
and C is the charge conjugation matrix. In our calculation,
ði; j; kÞ ¼ ðu; d; uÞ, ðu; d; sÞ, ðu; s; dÞ, and (s, u, s) for p, Λ,
Σ and Ξ states, respectively.
With the currents (1)–(4), the two-point correlation

function can be readily established, i.e.,

Πðq2Þ ¼ i
Z

d4xeiq·xh0jTfjðxÞ; j†ð0Þgj0i; ð6Þ

Πμνðq2Þ ¼ i
Z

d4xeiq·xh0jTfjμðxÞ; j†νð0Þgj0i; ð7Þ

where jðxÞ and jμðxÞ are the relevant hadronic currents with
J ¼ 0 and 1, respectively, and j0i denotes the physical
vacuum. For jμðxÞ, the correlation function has the follow-
ing Lorentz covariance form:

Πμνðq2Þ ¼ −
�
gμν −

qμqν
q2

�
Π1ðq2Þ þ

qμqν
q2

Π0ðq2Þ; ð8Þ

where the subscripts 1 and 0, respectively, denote the
quantum numbers of the spin 1 and 0 mesons.
On the phenomenological side, after separating the

ground state contribution from the hadronic state, the
correlation function ΠX

JPCðq2Þ can be expressed as a
dispersion integral over the physical regime, i.e.,

ΠX;phen
JPC ðq2Þ ¼ ðλXJPCÞ2

ðmX
JPCÞ2 − q2

þ 1

π

Z
∞

s0

ds
ρXJPCðsÞ
s − q2

; ð9Þ

where the superscript X denotes the lowest lying B − B̄
hexaquark state, mX

JPC is the mass of X with the quantum
number of JPC, ρXJPCðsÞ is the spectral density that contains
the contributions from higher excited states and the
continuum states above the threshold s0, and λX is the
coupling constant.
On the operator product expansion (OPE) side, the

dispersion relation can express the correlation function
ΠX

JPCðq2Þ as

ΠX;OPE
JPC ðq2Þ ¼

Z
∞

smin

ds
ρX;OPEJPC ðsÞ
s − q2

; ð10Þ

where smin is the kinematic limit, which usually corre-
sponds to the square of the sum of current-quark masses
of the hadron [41,42]. ρX;OPEJPC ðsÞ ¼ Im½ΠX;OPE

JPC ðsÞ�=π is the
spectral density of the OPE side and contains the contri-
butions of the condensates up to dimension 12 which can
be expressed as:
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ρOPEðsÞ ¼ ρpertðsÞ þ ρhq̄qiðsÞ þ ρhG2iðsÞ þ ρhq̄GqiðsÞ þ ρhq̄qi2ðsÞ þ ρhG3iðsÞ
þ ρhq̄qihq̄GqiðsÞ þ ρhq̄qi2hG2iðsÞ þ ρhq̄Gqi2ðsÞ þ ρhq̄qi2hq̄GqiðsÞ þ ρhq̄qi4ðsÞ

¼
X
n

cnsn: ð11Þ

Here, cn is the coefficient of the sn term with corresponding vacuum condensates.
To calculate the spectral density of the OPE side, Eq. (11), the full propagators iSqijðxÞ of a light quark (q ¼ u, d, or s) are

used:

iSqjkðxÞ ¼
iδjk=x

2π2x4
−
δjkmq

4π2x2
−
itajkG

a
αβ

32π2x2
ðσαβ=xþ =xσαβÞ − δjk

12
hq̄qi þ iδjk=x

48
mqhq̄qi −

δjkx2

192
hgsq̄σ · Gqi

þ iδjkx2=x

1152
mqhgsq̄σ ·Gqi − tajkσαβ

192
hgsq̄σ · Gqi þ itajk

768
ðσαβ=xþ xσαβÞmqhgsq̄σ · Gqi; ð12Þ

where the vacuum condensates are clearly displayed. For
more explanation on above propagator, readers may refer to
Refs. [43,44].
Performing a Borel transform on both Eq. (9) and

Eq. (10), and matching the OPE side with the phenom-
enological side of the correlation function Πðq2Þ, one can
finally obtain the mass of the hexaquark state,

mX
JPCðs0;M2

BÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−
LX
JPC;1ðs0;M2

BÞ
LX
JPC;0ðs0;M2

BÞ

vuut : ð13Þ

Here L0 and L1 are respectively defined as

LX
JPC;0ðs0;M2

BÞ ¼
Z

s0

smin

dsρX;OPEJPC ðsÞe−s=M2
B ð14Þ

and

LX
JPC;1ðs0;M2

BÞ ¼
∂

∂ 1
M2

B

LX
JPC;0ðs0;M2

BÞ: ð15Þ

III. NUMERICAL ANALYSIS

In the numerical calculation of QCD sum rules, the input
parameters are taken from [44–50]:

hq̄qi¼−ð0.24�0.01Þ3GeV3;

hs̄si¼ð1.15�0.12Þhq̄qi;
hg2sG2i¼ð0.88�0.25ÞGeV4;

hg3sG3i¼ð0.045�0.013ÞGeV6;

hq̄gsσ ·Gqi¼m2
0hq̄qi; hs̄gsσ ·Gsi¼m2

0hs̄si;
m2

0¼ð0.8�0.1ÞGeV2; ms¼ð95�5ÞMeV;

mu¼2.16þ0.49
−0.26 MeV; md¼4.67þ0.48

−0.17 MeV: ð16Þ

Note, a large strange quark condensate value is taken in
numerical evaluation according to the recent lattice QCD
calculation [51].
Furthermore, there exist two additional parameters, i.e.,

the continuum threshold s0 and the Borel parameter M2
B,

introduced in establishing the sum rule, which can be fixed
in light of the so-called standard procedures abiding by two
criteria [39,48,52]. The first one asks for the convergence of
the OPE, which is to compare individual contributions with
the overall magnitude on the OPE side, and then a reliable
region forM2

B will be chosen to retain the convergence. The
second criterion of QCD sum rules is the pole contribution
(PC). As discussed in Refs. [53–55], the large power of s in
the spectral density suppresses the PC value; thus, the pole
contribution will be chosen larger than 15% for hexaquark
states. The two criteria can be formulated as follows:

RX;OPE
JPC ¼

����
LX;c0
JPC;0ðs0;M2

BÞ
LX
JPC;0ðs0;M2

BÞ
����; ð17Þ

RX;PC
JPC ¼ LX

JPC;0ðs0;M2
BÞ

LX
JPC;0ð∞;M2

BÞ
: ð18Þ

Here, the superscript c0 denotes the contribution given
by the c0 term. In addition, to find an optimal Borel window
the contributions of c1, c2, and c3 terms are also taken into
account.
In order to determine a proper value for s0, a similar

analysis in Refs. [41,42,56,57] will be carried out. Since the
continuum threshold s0 relates to the mass of the ground
state by

ffiffiffiffiffi
s0

p ∼ ðmX þ δÞ, in which δ lies in the range
0.4–0.8 GeV [48,58], various

ffiffiffiffiffi
s0

p
satisfying this constraint

are taken into account. Among these values, the one which
yields an optimal window for Borel parameter M2

B should
be selected out. That is, within the optimal window, the
mass of hexaquark is somehow independent of the Borel
parameterM2

B as much as possible. In practice, we will vary
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ffiffiffiffiffi
s0

p
by 0.1 GeV, which obtained the lower and upper

bounds hence the uncertainties of
ffiffiffiffiffi
s0

p
.

With the above preparation the mass spectrum of
baryonium in light sector will be numerically evaluated.

For p − p̄ states, the ratios RNN̄;OPE
0−þ and RNN̄;PC

0−þ are shown
as functions of Borel parameter M2

B in Fig. 1(a) and
Fig. 1(b) with different values of

ffiffiffiffiffi
s0

p
, i.e., 2.4, 2.5, and

2.6 GeV. Since the c0 term will vanish in the chiral limit,
we estimate the OPE convergence by inspecting the
contributions of c1 over c2 and c2 over c3, which clearly
indicate that higher dimensional terms yield relative small

contributions, as shown in Figs. 1–4. The dependence
relationships between mNN̄

0−þ and parameter M2
B are given in

Fig. 1(c). The optimal Borel window is found in the range
1.6 ≤ M2

B ≤ 2.2 GeV2, and the mass mNN̄
0−þ can be extracted

as follows:

mNN̄
0−þ ¼ ð1.81� 0.09Þ GeV: ð19Þ

The ratios RNN̄;OPE
1−− and RNN̄;PC

1−− are presented in
Fig. 1(d) and Fig. 1(e) with different values of

ffiffiffiffiffi
s0

p
,

i.e., 2.4, 2.5, and 2.6 GeV, and the relationships between

(a) (d)

(b) (e)

(c) (f)

FIG. 1. Figures for N − N̄ baryonium states. (a) The ratio ROPE
0−þ state as functions of the Borel parameter M2

B for different values offfiffiffiffiffi
s0

p
, where blue lines, red lines, and green lines represent the contribution of c0 terms, contributions of c1 over c2, and the contribution

of c2 over c3, respectively. (b) The pole contribution RPC
0−þ as functions of the Borel parameter M2

B for different values of
ffiffiffiffiffi
s0

p
. (c) The

massMNN̄
0−þ as a function of the Borel parameter M2

B for different values of
ffiffiffiffiffi
s0

p
. The same captions for (d), (e), and (f) as in (a), (b), and

(c), respectively, but for the 1−− state.
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mNN̄
1−− and parameter M2

B are displayed in Fig. 1(f). The
optimal Borel window is found in 1.6 ≤ M2

B ≤ 2.2 GeV2,
and the mass mNN̄

1−− can be evaluated as follows:

mNN̄
1−− ¼ ð1.82� 0.10Þ GeV: ð20Þ

For Λ − Λ̄ states, we show the ratios RΛΛ̄;OPE
0−þ and RΛΛ̄;PC

0−þ

in Fig. 2(a) and Fig. 2(b) with different values of
ffiffiffiffiffi
s0

p
, i.e.,

2.8, 2.9, and 3.0 GeV, and the relationships between mΛΛ̄
0−þ

and parameterM2
B are given in Fig. 2(c). The optimal Borel

window is found in 1.9 ≤ M2
B ≤ 2.5 GeV2, and the mass

mΛΛ̄
0−þ can be obtained as follows:

mΛΛ̄
0−þ ¼ ð2.27� 0.13Þ GeV: ð21Þ

The ratios RΛΛ̄;OPE
1−− and RΛΛ̄;PC

1−− are shown in Fig. 2(d) and
Fig. 2(e), where

ffiffiffiffiffi
s0

p ¼ 2.8, 2.9, and 3.0 GeV, respectively,

and we display the relationships between mΛΛ̄
1−− and param-

eterM2
B in Fig. 2(f). The optimal Borel window is found in

1.9 ≤ M2
B ≤ 2.5 GeV2, and the massmΛΛ̄

1−− can be estimated
as follows:

mΛΛ̄
1−− ¼ ð2.34� 0.12Þ GeV: ð22Þ

For the Σ − Σ̄ states, the ratios RΣΣ̄;OPE
0−þ and RΣΣ̄;PC

0−þ can be
found in Fig. 3(a) and Fig. 3(b) with different
values of

ffiffiffiffiffi
s0

p
, i.e., 2.9, 3.0, and 3.1 GeV, and the

relationships between mΣΣ̄
0−þ and parameter M2

B are pre-
sented in Fig. 3(c). The optimal Borel window is found in

(a) (d)

(b) (e)

(c) (f)

FIG. 2. The same caption as in Fig. 1, but for the Λ − Λ̄ states.
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2.0 ≤ M2
B ≤ 2.6 GeV2, and the mass mΣΣ̄

0−þ can be acquired
as follows:

mΣΣ̄
0−þ ¼ ð2.39� 0.13Þ GeV: ð23Þ

We present the ratios RΣΣ̄;OPE
1−− and RΣΣ̄;PC

1−− in Fig. 3(d) and
Fig. 3(e) with different values of

ffiffiffiffiffi
s0

p
, i.e., 3.0, 3.1, and

3.2 GeV, and the relationships betweenmΣΣ̄
1−− and parameter

M2
B are shown in Fig. 3(f). The optimal Borel window is

found in 2.0 ≤ M2
B ≤ 2.6 GeV2, and the mass mΣΣ̄

1−− can be
extracted as follows:

mΣΣ̄
1−− ¼ ð2.48� 0.12Þ GeV: ð24Þ

For the Ξ − Ξ̄ states, the ratios RΞΞ̄;OPE
0−þ and RΞΞ̄;PC

0−þ are
shown in Fig. 4(a) and Fig. 4(b) with

ffiffiffiffiffi
s0

p ¼ 3.1, 3.2, and

3.3 GeV, respectively, and the relationships between mΞΞ̄
0−þ

and parameterM2
B are given in Fig. 4(c). The optimal Borel

window is found in 2.1 ≤ M2
B ≤ 2.8 GeV2, and the mass

mΞΞ̄
0−þ can be obtained as follows:

mΞΞ̄
0−þ ¼ ð2.67� 0.12Þ GeV: ð25Þ

The ratios RΞΞ̄;OPE
1−− and RΞΞ̄;PC

1−− are shown in Fig. 4(d) and
Fig. 4(e) with different values of

ffiffiffiffiffi
s0

p
, i.e., 3.2, 3.3, and

3.4 GeV, and the relationships betweenmΞΞ̄
1−− and parameter

M2
B are given in Fig. 4(f). The optimal Borel window is

found in 2.1 ≤ M2
B ≤ 2.9 GeV2, and the mass mΞΞ̄

1−− can be
evaluated as follows:

mΞΞ̄
1−− ¼ ð2.79� 0.11Þ GeV: ð26Þ

(a) (d)

(b) (e)

(c) (f)

FIG. 3. The same caption as in Fig. 1, but for the Σ − Σ̄ states.
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The errors of the results, (19)–(26), mainly stem from the
uncertainties in quark masses, condensates, Borel param-
eterM2

B, and threshold parameter
ffiffiffiffiffi
s0

p
. The nonperturbative

contributions by dimensions higher than 12 are also
evaluated, and it is less than 10% of dimension 12, so
the convergence of OPE makes the high-dimension con-
densates contributions negligible.
We also analyze the B − B̄ states with the situations of

0þþ and 1þþ, and find that no matter what values of M2
B

and
ffiffiffiffiffi
s0

p
take, no optimal window for stable plateaus exists.

That means the currents in Eqs. (3) and (4) do not support
the corresponding B − B̄ hexaquark molecular states.
For the convenience of reference, a collection of con-

tinuum thresholds, Borel parameters, and predicted masses
of hexaquark states are tabulated in Table I.

IV. DECAY ANALYSES

To finally ascertain these light baryonium states, the
straightforward procedure is to reconstruct them from their
decay products, though the detailed characters still ask for
more investigation. In our evaluation, the masses of Λ − Λ̄,
Σ − Σ̄, and Ξ − Ξ̄ states are above the threshold of their
respective BB̄ dibaryons, so the ΛΛ̄, ΣΣ̄, and ΞΞ̄ decay
channel will be the primary decay mode, respectively. On
the other hand, the masses of p − p̄ states are below the
threshold of pp̄ dibaryon, so the pp̄ decay channel
should be forbidden. The typical decay modes of the light
baryonium for different quantum numbers are given in
Table II, and these processes are expected to be measurable
in the running experiments like the BESIII, BELLEII,
and LHCb.

(a) (d)

(b) (e)

(c) (f)

FIG. 4. The same caption as in Fig. 1, but for the Ξ − Ξ̄ states.
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V. CONCLUSIONS

In summary, we investigate the light baryonium states
in molecular configuration with quantum numbers of
JPC ¼ 0−þ, 1−−, 0þþ, and 1þþ in the framework of
QCD sum rules. Our results suggest that there exist eight
possible light baryonium states, i.e., p − p̄, Λ − Λ̄, Σ − Σ̄,
and Ξ − Ξ̄with quantum numbers of 0−þ and 1−−, and their
masses are tabulated in Table I. According to our

evaluation, the masses of Λ − Λ̄, Σ − Σ̄, and Ξ − Ξ̄ states
are above their corresponding dibaryon thresholds, while
the masses of p − p̄ states are not. Moreover, the primary
and potential decay modes of these light baryonium states
are analyzed, which might serve as a guide for experimental
exploration in BESIII, BELLEII, or LHCb.
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APPENDIX: THE SPECTRAL DENSITIES B− B̄
HEXAQUARK STATES

1. The spectral densities of 0− + p− p̄ hexaquark states

The 0−þ p − p̄ hexaquark state spectral densities on the
OPE side can be expressed as:

Πpp̄
0−þðs0;M2

BÞ¼
Z

s0

smin

e−s=M
2
B

X
n

cnsndsþΠsumðM2
BÞ: ðA1Þ

Here,

c7 ¼
1

223 × 32 × 52 × 72π10
; ðA2Þ

c6 ¼
muð2md þmuÞ

220 × 32 × 52 × 7π10
; ðA3Þ

c5 ¼
mdðmd þ 2muÞm2

u

219 × 3 × 52π10
−
hq̄qiðmd þ 2muÞ
217 × 32 × 52π8

þ hGGi
222 × 32 × 52π10

; ðA4Þ

c4 ¼
hGGiðmd þmuÞmu

221 × 3 × 5π10
−
hq̄qiðm2

d þ 4mumd þm2
uÞmu

216 × 3 × 5π8

þ m2
dm

4
u

218 × 5π10
þ hq̄Gqiðmd þ 2muÞ

217 × 3 × 5π8
þ hq̄qi2
214 × 3 × 5π6

;

ðA5Þ

c3 ¼
hGGimdm3

u

219 × 3π10
þ hq̄Gqiðm2

d þ 4mumd þm2
uÞmu

215 × 3π8
− hq̄qi

�
mdð2md þmuÞm3

u

214 × 3π8
þ hq̄Gqi
213 × 3π6

þ hGGiðmd þ 3muÞ
218 × 32π8

�

þ hq̄qi2ðm2
d þ 24mumd þ 14m2

uÞ
214 × 32π6

; ðA6Þ

TABLE I. The continuum thresholds, Borel parameters, and
predicted masses of hexaquark molecular states.

B − B̄ JPC
ffiffiffiffiffi
s0

p
(GeV) M2

BðGeV2Þ MX (GeV)

N − N̄ 0−þ 2.5� 0.1 1.6–2.2 1.81� 0.09
1−− 2.5� 0.1 1.6–2.2 1.82� 0.10
0þþ … … …
1þþ … … …

Λ − Λ̄ 0−þ 2.9� 0.1 1.9–2.5 2.27� 0.13
1−− 2.9� 0.1 1.9–2.5 2.34� 0.12
0þþ … … …
1þþ … … …

Σ − Σ̄ 0−þ 3.0� 0.1 2.0–2.6 2.39� 0.13
1−− 3.1� 0.1 2.0–2.6 2.48� 0.12
0þþ … … …
1þþ … … …

Ξ − Ξ̄ 0−þ 3.2� 0.1 2.1–2.8 2.67� 0.12
1−− 3.3� 0.1 2.1–2.9 2.79� 0.11
0þþ … … …
1þþ … … …

TABLE II. Typical decay modes of the light baryonium for
each quantum number.

JPC N − N̄ Λ − Λ̄ Σ − Σ̄ Ξ − Ξ̄

0−þ πππ ΛΛ̄ ΣΣ̄ ΞΞ̄ ηKK
ππη ππη ππη ηηπ η0KK
ππη0 ππη0 ππη0 η0η0π

πKK πKK ηη0π

1−− ππω ΛΛ̄ ΣΣ̄ ΞΞ̄ ωKK
ππϕ ππω ππω ϕϕπ ϕKK

ππϕ ππϕ ωωπ
πK�K� πK�K� ωϕπ
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c2 ¼ −
ðmd þ 2muÞhq̄qi3

27 × 32π4
þ
�ð11m2

d þ 18mumd þm2
uÞm2

u

212 × 3π6
þ hGGi
212 × 32π6

�
hq̄qi2

þ
�
−
hGGið3md þmuÞm2

u

216 × 3π8
−
hq̄Gqiðm2

d þ 14mumd þ 9m2
uÞ

212 × 3π6

�
hq̄qi

þ hq̄Gqimdm3
uð2md þmuÞ

213π8
þ hGGihq̄Gqiðmd þ 3muÞ

217 × 3π8
þ hq̄Gqi2

214π6
; ðA7Þ

c1 ¼
hq̄qi4

25 × 3π2
−
muð3m2

d þ 11mumd þ 3m2
uÞhq̄qi3

28 × 3π4
þ
�
3m2

dm
4
u

211π6
þ 7hGGiðmd þmuÞmu

214 × 3π6
þ hq̄Gqiðmd þ 2muÞ

26 × 3π4

�
hq̄qi2

þ
�
−
hq̄Gqið7m2

d þ 10mumd þm2
uÞm2

u

211π6
−
hGGihq̄Gqi
212 × 3π6

�
hq̄qi

þ hGGihq̄Gqim2
uð3md þmuÞ

216π8
þ hq̄Gqi2ðm2

d þ 10mumd þ 7m2
uÞ

213π6
; ðA8Þ

c0 ¼ hq̄qi2
�hGGimdm3

u

212 × 3π6
þ hq̄Gqið2m2

d þ 7mumd þ 2m2
uÞmu

28π4

�
þ hq̄Gqi2m2

uð6m2
d þ 8mumd þm2

uÞ
212π6

þ hq̄qi4ðm2
d þ 18mumd þ 11m2

uÞ
26 × 32π2

−
mdm3

uhq̄qi3ð2md þmuÞ
27 × 3π4

−
muhq̄qihGGihq̄Gqiðmd þmuÞ

211 × 3π6
; ðA9Þ

and Πsum is the sum of those contributions in the correlation function that have no imaginary part but are nontrivial after the
Borel transformation, and

ΠsumðM2
BÞ ¼

hq̄qi4m2
uð24mdmu þ 14m2

d þm2
uÞ

28 × 32π2
þ hq̄qi2hq̄Gqimdm3

uð2md þmuÞ
28 × 3π4

: ðA10Þ

2. The spectral densities of 0+ + p− p̄ hexaquark states

The 0þþ p − p̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼ −
1

223 × 32 × 52 × 72π10
; ðA11Þ

c6 ¼
muðmu − 2mdÞ

220 × 32 × 52 × 71π10
; ðA12Þ

c5 ¼
hq̄qiðmd − 2muÞ
217 × 32 × 52π8

þm2
uð2mdmu −m2

dÞ
219 × 3 × 52π10

−
hGGi2

222 × 32 × 52π10
; ðA13Þ

c4 ¼
hq̄qimuðm2

d −muð6md þmuÞÞ
216 × 3 × 5π8

þ hGGi2muðmu −mdÞ
221 × 3 × 5π10

−
hq̄Gqimd

217 × 3 × 5π8
þ 9m2

dm
4
u − 16π4hq̄qi2

218 × 32 × 5π10
; ðA14Þ

c3 ¼ hq̄qi
�hGGi2ðmd − 5muÞ

218 × 32π8
−
m3

uðmdmu þ 4m2
dÞ

214 × 3π8

�
þ hGGi2mdm3

u

219 × 3π10
þ hq̄Gqimuð2mdmu −m2

d þm2
uÞ

215 × 3π8

þ 2hq̄qi2muð4md þ 9muÞ þ hq̄qi2ð−m2
dÞ þ 2hq̄qihq̄Gqi

214 × 32π6
; ðA15Þ

c2 ¼ −
hq̄qihGGi2m2

uð7md þmuÞ
216 × 3π8

þ hGGi2hq̄Gqiðmu −mdÞ
217 × 3π8

þ hq̄Gqim3
uðmdmu þ 2m2

dÞ
213π8

þ 1

212 × 3π6
½m2

uð15hq̄qi2m2
d − 11hq̄qihq̄GqiÞ þmdð22hq̄qi2m3

u − 6hq̄qihq̄GqimuÞ

þ hq̄qihq̄Gqim2
d þ hq̄qi2m4

u� −
hq̄qi3mu

27 × 3π4
−

hq̄Gqi2
214 × 3π6

; ðA16Þ
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c1 ¼ −
hq̄qi3muð7mdmu þm2

d þm2
uÞ

28π4
þ hq̄qi2

�
3hGGi2muðmd þmuÞ

214π6
þ hq̄Gqimu

25 × 3π4

�

þ hGGi2hq̄Gqim2
uð3md þmuÞ

216π8
−
hq̄Gqi2ð−2mdmu þm2

d − 5m2
uÞ

213π6
þ hq̄qi4
25 × 32π2

þm2
u½m2

uðhq̄qi2m2
d − hq̄qihq̄GqiÞ − 14hq̄qihq̄Gqimdmu − 11hq̄qihq̄Gqim2

d�
211π6

; ðA17Þ

c0 ¼
hq̄qi4ð22mdmu þm2

d þ 15m2
uÞ

26 × 32π2
−
hq̄qi3m2

dm
3
u

27π4
−
hq̄qihGGi2hq̄Gqimuðmd þmuÞ

212π6

þ hq̄qi2hq̄Gqimuð31mdmu þ 7m2
d þ 7m2

uÞ
28 × 3π4

þ hq̄Gqi2m2
uð8mdmu þ 6m2

d þm2
uÞ

212π6
; ðA18Þ

and

ΠsumðM2
BÞ ¼

hq̄qi2hq̄Gqiðm2
dm

3
uÞ

28 × 3π4
þ hq̄qi4

�
mdm3

u

25 × 32π2
þþm2

dm
2
u

27π2
−

m4
u

28 × 32π2

�
: ðA19Þ

3. The spectral densities of 1− − p− p̄ hexaquark states

The 1−− p − p̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼ −
1

220 × 34 × 52 × 72π10
; ðA20Þ

c6 ¼ −
muð7md þ 4muÞ

222 × 32 × 52 × 7π10
; ðA21Þ

c5 ¼
hq̄qið3md þ 7muÞ
216 × 32 × 52 × 7π8

−
mdm2

uð3md þ 7muÞ
218 × 3 × 52 × 7π10

−
hGGi

221 × 3 × 52 × 7π10
; ðA22Þ

c4 ¼
hq̄qimuð25mdmu þ 5m2

d þ 6m2
uÞ

217 × 32 × 5π8
−
hGGimuð5md þ 6muÞ

222 × 32 × 5π10
−
hq̄Gqið5md þ 11muÞ

218 × 32 × 5π8
−

m2
dm

4
u

218 × 5π10
−

hq̄qi2
211 × 33 × 5π6

;

ðA23Þ

c3 ¼ −
hq̄qi2ð28mdmu þm2

d þ 18m2
uÞ

212 × 32 × 5π6
þ hq̄qi

�hGGiðmd þ 4muÞ
216 × 32 × 5π8

þmdm3
uð11md þ 5muÞ

214 × 3 × 5π8
þ 13hq̄Gqi
213 × 32 × 5π6

�

−
hGGimdm3

u

219 × 3π10
−
hq̄Gqimuð19mdmu þ 4m2

d þ 5m2
uÞ

215 × 3 × 5π8
; ðA24Þ

c2 ¼
hq̄qi3ð7md þ 17muÞ

210 × 32π4
þ hq̄qi2

�
−
m2

uð37mdmu þ 23m2
d þ 2m2

uÞ
213 × 3π6

−
7hGGi

215 × 32π6

�

þ hq̄qi
�hGGim2

uð7md þ 2muÞ
217 × 3π8

þ hq̄Gqið52mdmu þ 3m2
d þ 37m2

uÞ
214 × 3π6

�

−
hq̄Gqimdm3

uð2md þmuÞ
213π8

−
5hq̄Gqi2
215 × 3π6

−
hGGihq̄Gqið3md þ 11muÞ

219 × 3π8
; ðA25Þ
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c1 ¼
hq̄qi3muð38mdmu þ 9m2

d þ 9m2
uÞ

28 × 32π4
−
hGGihq̄Gqim2

uð3md þmuÞ
216π8

þ hq̄qi2
�
−
11hGGimuðmd þmuÞ

213 × 32π6
−
hq̄Gqið5md þ 12muÞ

27 × 32π4
−

m2
dm

4
u

28 × 3π6

�

þ hq̄qi
�hq̄Gqim2

uð32mdmu þ 23m2
d þ 3m2

uÞ
211 × 3π6

þ 5hGGihq̄Gqi
213 × 32π6

�

−
hq̄Gqi2ð13mdmu þm2

d þ 10m2
uÞ

212 × 3π6
−

hq̄qi4
22 × 33π2

; ðA26Þ

c0 ¼ −
hq̄qi4ð19mdmu þm2

d þ 12m2
uÞ

26 × 32π2
þ hq̄qi3mdm3

uð3md þmuÞ
29π4

þ hq̄qi2
�
−
hGGimdm3

u

214π6
−
hq̄Gqimuð94mdmu þ 25m2

d þ 25m2
uÞ

210 × 3π4

�

þ 3hq̄qihGGihq̄Gqimuðmd þmuÞ
214π6

−
hq̄Gqi2m2

uð8mdmu þ 6m2
d þm2

uÞ
212π6

; ðA27Þ

and

ΠsumðM2
BÞ ¼ hq̄qi4

�
mdm3

u

25 × 32π2
þm2

dm
2
u

27π2
−

m4
u

28 × 32π2

�
þ hq̄qi2hq̄Gqiðm2

dm
3
uÞ

28 × 3π4
: ðA28Þ

4. The spectral densities of 1+ + p− p̄ hexaquark states

The 1þþ p − p̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼ −
1

220 × 34 × 52 × 72π10
; ðA29Þ

c6 ¼ −
muð7md þ 4muÞ

222 × 32 × 52 × 7π10
; ðA30Þ

c5 ¼
hq̄qið3md þ 7muÞ
216 × 32 × 52 × 7π8

−
mdm2

uð3md þ 7muÞ
218 × 3 × 52 × 7π10

−
hGGi2

221 × 3 × 52 × 7π10
; ðA31Þ

c4¼
hq̄qimuð25mdmuþ5m2

dþ6m2
uÞ

217×32×5π8
−
hGGi2muð5mdþ6muÞ

222×32×5π10
−
hq̄Gqið5mdþ11muÞ

218×32×5π8
−
27m2

dm
4
uþ27π4hq̄qi2

218×33×5π10
; ðA32Þ

c3 ¼ hq̄qi
�hGGi2ðmd þ 4muÞ

216 × 32 × 5π8
þmdm3

uð11md þ 5muÞ
214 × 3 × 5π8

þ 13hq̄Gqi
213 × 32 × 5π6

�
−
hGGi2mdm3

u

219 × 3π10

−
hq̄Gqimuð19mdmu þ 4m2

d þ 5m2
uÞ

215 × 3 × 5π8
−
hq̄qi2ð28mdmu þm2

d þ 18m2
uÞ

212 × 32 × 5π6
; ðA33Þ

c2 ¼
hq̄qi3ð7md þ 17muÞ

210 × 32π4
−
7hq̄qi2hGGi2
215 × 32π6

−
5hq̄Gqi2
215 × 3π6

−
hq̄Gqimdm3

uð2md þmuÞ
213π8

þ hq̄qi
�
hGGi2

�
m2

uð7md þ 2muÞ
217 × 3π8

−
7hq̄Gqi

215 × 32π6

�
þ hq̄Gqið52mdmu þ 3m2

d þ 37m2
uÞ

214 × 3π6

�

−
hGGi2hq̄Gqið3md þ 11muÞ

219 × 3π8
−
hq̄qi2m2

uð37mdmu þ 23m2
d þ 2m2

uÞ
213 × 3π6

; ðA34Þ
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c1 ¼
hq̄qi3muð38mdmu þ 9m2

d þ 9m2
uÞ

28 × 32π4
þ hq̄qi2

�
−
11hGGi2muðmd þmuÞ

213 × 32π6
−
hq̄Gqið5md þ 12muÞ

27 × 32π4

�

þ hq̄qi
�hq̄Gqim2

uð32mdmu þ 23m2
d þ 3m2

uÞ
211 × 3π6

−
11hGGi2hq̄Gqimuðmd þmuÞ

213 × 32π6

�
−

hq̄qi4
22 × 33π2

−
hGGi2hq̄Gqim2

uð3md þmuÞ
216π8

−
hq̄Gqi2ð13mdmu þm2

d þ 10m2
uÞ

212 × 3π6
−
hq̄qi2m2

dm
4
u

28 × 3π6
; ðA35Þ

c0 ¼ −
hq̄qi4ð19mdmu þm2

d þ 12m2
uÞ

26 × 32π2
þ hq̄qi3mdm3

uð3md þmuÞ
29π4

þ hq̄qi2
�
−
hGGi2mdm3

u

214π6
−
hq̄Gqimuð94mdmu þ 25m2

d þ 25m2
uÞ

210 × 3π4

�

−
hq̄qihGGi2hq̄Gqimdm3

u

214π6
−
hq̄Gqi2m2

uð8mdmu þ 6m2
d þm2

uÞ
212π6

; ðA36Þ

and

ΠsumðM2
BÞ ¼ hq̄qi2hq̄Gqi

�
−

mdm4
u

29 × 3π4
−
m2

dm
3
u

29π4

�
þ hq̄qi4ðmdm2

uðmd þmuÞÞ
27 × 32π2

: ðA37Þ

5. The spectral densities of 0− + Λ− Λ̄ hexaquark states

The 0−þ Λ − Λ̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼
1

223 × 32 × 52 × 72π10
; ðA38Þ

c6 ¼
m2

s

220 × 32 × 52 × 7π10
; ðA39Þ

c5 ¼
hGGi

222 × 32 × 52π10
−

hs̄sims

217 × 32 × 52π8
; ðA40Þ

c4 ¼
hGGim2

s

221 × 3 × 5π10
þ hs̄Gsims

217 × 3 × 5π8
þ hq̄qi2
213 × 32 × 5π6

þ hs̄si2
214 × 32 × 5π6

; ðA41Þ

c3 ¼
hq̄qi2m2

s

211 × 32π6
þ hs̄si2m2

s

214 × 32π6
−
hs̄sihGGims

217 × 32π8
−
hq̄qihq̄Gqi
212 × 32π6

−
hs̄sihs̄Gsi
213 × 32π6

; ðA42Þ

c2¼hq̄qi2
� hGGi
213×32π6

−
hs̄sims

27×32π4

�
−
hq̄qihq̄Gqim2

s

210×3π6
þhGGi

�hs̄Gsims

216×3π8
þ hs̄si2
213×32π6

�
þ hq̄Gqi2
213×3π6

þ hs̄Gsi2
214×3π6

; ðA43Þ

c1 ¼ hq̄qi2
� hGGim2

s

212 × 3π6
þ hs̄Gsims

27 × 3π4
þ hs̄si2
24 × 32π2

�
þ hq̄qi

�hs̄sihq̄Gqims

29π4
−
hGGihq̄Gqi
213 × 3π6

�

þ hGGi
� hs̄si2m2

s

214 × 3π6
−
hs̄sihs̄Gsi
213 × 3π6

�
þ hq̄Gqi2m2

s

212π6
þ hq̄qi4
25 × 32π2

; ðA44Þ

c0 ¼
hq̄qi4m2

s

24 × 32π2
þ hq̄qi2hs̄si2m2

s

25 × 32π2
−
hq̄qihGGihq̄Gqim2

s

212 × 3π6
: ðA45Þ

It should be noted that, the contribution of the masses of u and d quarks are so tiny forΛ − Λ̄, Σ − Σ̄, and Ξ − Ξ̄ states that
we have not displayed them.
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6. The spectral densities of 0+ + Λ− Λ̄ hexaquark states

The 0þþ Λ − Λ̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼ −
1

223 × 32 × 52 × 72π10
; ðA46Þ

c6 ¼
m2

s

220 × 32 × 52 × 71π10
; ðA47Þ

c5 ¼ −
hs̄sims

217 × 3 × 52π8
−

hGGi2
222 × 32 × 52π10

; ðA48Þ

c4 ¼
hGGi2m2

s

221 × 3 × 5π10
þ 3hs̄Gsims þ 8π2ðhs̄si2 − 2hq̄qi2Þ

217 × 32 × 5π8
; ðA49Þ

c3 ¼ −
hs̄sihGGi2ms

217 × 3π8
−
m2

sðhs̄si2 − 8hq̄qi2Þ þ 2hs̄sihs̄Gsi
214 × 32π6

þ hq̄qihq̄Gqi
212 × 32π6

; ðA50Þ

c2 ¼
hGGi2ð3hs̄Gsims þ 8π2hs̄si2Þ

216 × 32π8
þ hs̄Gsi2 − 27π2hs̄sihq̄qi2ms

214 × 3π6
−
hq̄qi2hGGi2
213 × 32π6

−
hq̄Gqi2
213 × 3π6

−
hq̄qihq̄Gqim2

s

210 × 3π6
; ðA51Þ

c1 ¼ hq̄qi2
�hGGi2m2

s

212 × 3π6
þ hs̄si2
24 × 32π2

�
þ hq̄qi

�hs̄sihq̄Gqims

27π4
þ hGGi2hq̄Gqi

213 × 3π6

�

−
hs̄sihGGi2ðhs̄sim2

s þ 2hs̄GsiÞ
214 × 3π6

þ hq̄Gqi2m2
s

212π6
þ hs̄Gsihq̄qi2ms

27 × 3π4
−

hq̄qi4
25 × 32π2

; ðA52Þ

c0 ¼
hq̄qi4m2

s

24 × 32π2
−
hq̄qi2hs̄si2m2

s

25 × 32π2
−
hq̄qihGGi2hq̄Gqim2

s

212 × 3π6
: ðA53Þ

7. The spectral densities of 1− − Λ− Λ̄ hexaquark states

The 1−− Λ − Λ̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼ −
1

220 × 34 × 52 × 72π10
; ðA54Þ

c6 ¼ −
m2

s

220 × 32 × 52 × 7π10
; ðA55Þ

c5 ¼
hs̄sims

214 × 32 × 52 × 7π8
−

hGGi
221 × 3 × 52 × 7π10

; ðA56Þ

c4 ¼ −
hGGim2

s

221 × 3 × 5π10
−

hs̄Gsims

217 × 3 × 5π8
−

hq̄qi2
214 × 33π6

−
hs̄si2

214 × 32 × 5π6
; ðA57Þ

c3 ¼ −
hq̄qi2m2

s

211 × 32π6
−

hs̄si2m2
s

212 × 32 × 5π6
þ hs̄sihGGims

216 × 3 × 5π8
þ hq̄qihq̄Gqi
210 × 32 × 5π6

þ hs̄sihs̄Gsi
213 × 32π6

; ðA58Þ

c2 ¼ hq̄qi2
�
5hs̄sims

29 × 32π4
−

hGGi
215 × 3π6

�
þ hq̄qihq̄Gqim2

s

210 × 3π6
þ hGGi

�
−
hs̄Gsims

216 × 3π8
−

hs̄si2
213 × 32π6

�
−
hq̄Gqi2
215π6

−
hs̄Gsi2

214 × 3π6
; ðA59Þ

c1 ¼ hq̄qi2
�
−

hGGim2
s

212 × 3π6
−
hq̄Gqims

27 × 3π4
−
hs̄Gsims

27 × 3π4
−

hs̄si2
24 × 32π2

�
þ hq̄qi

�hGGihq̄Gqi
212 × 32π6

−
hs̄sihq̄Gqims

25 × 32π4

�

þ hGGi
�hs̄sihs̄Gsi
213 × 3π6

−
hs̄si2m2

s

213 × 32π6

�
−
hq̄Gqi2m2

s

212π6
−

hq̄qi4
24 × 33π2

; ðA60Þ
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c0 ¼ −
hq̄qi4m2

s

24 × 32π2
−
hq̄qi2hs̄si2m2

s

26 × 32π2
þ hq̄qihGGihq̄Gqim2

s

212 × 3π6
: ðA61Þ

8. The spectral densities of 1+ + Λ− Λ̄ hexaquark states

The 1þþ Λ − Λ̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼ −
1

220 × 34 × 52 × 72π10
; ðA62Þ

c6 ¼
m2

s

220 × 32 × 52 × 71π10
; ðA63Þ

c5 ¼ −
hs̄sims

215 × 32 × 5 × 7π8
−

hGGi2
221 × 3 × 52 × 7π10

; ðA64Þ

c4 ¼
hGGi2m2

s

221 × 3 × 5π10
þ 9hs̄Gsims þ 8π2ð3hs̄si2 − 5hq̄qi2Þ

217 × 33 × 5π8
; ðA65Þ

c3 ¼ −
7hs̄sihGGi2ms

216 × 32 × 5π8
−
−20hq̄qi2m2

s þ 2hs̄si2m2
s þ 5hs̄sihs̄Gsi

213 × 32 × 5π6
þ hq̄qihq̄Gqi
210 × 32 × 5π6

; ðA66Þ

c2 ¼ −
hq̄qihq̄Gqim2

s

210 × 3π6
þ 3hs̄Gsi2 − 352π2hs̄sihq̄qi2ms

214 × 32π6
þ hGGi2½3hs̄Gsims − 6π2hq̄qi2 þ 8π2hs̄si2�

216 × 32π8
−
hq̄Gqi2
215π6

; ðA67Þ

c1 ¼ hq̄qi
�hs̄sihq̄Gqims

24 × 32π4
þ hGGi2hq̄Gqi

212 × 32π6

�
þ hGGi2½m2

sð6hq̄qi2 − hs̄si2Þ þ 3hs̄sihs̄Gsi�
213 × 32π6

þ hq̄Gqi2m2
s

212π6
þ hs̄Gsihq̄qi2ms

27 × 3π4
−

hq̄qi4
24 × 33π2

−
hq̄qi2hs̄si2
24 × 32π2

; ðA68Þ

c0 ¼ −
hq̄qi4m2

s

24 × 32π2
−
hq̄qi2hs̄si2m2

s

26 × 32π2
þ hq̄qihGGi2hq̄Gqim2

s

212 × 3π6
: ðA69Þ

9. The spectral densities of 0− + Σ− Σ̄ hexaquark states

The 0−þ Σ − Σ̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼
1

223 × 32 × 52 × 72π10
; ðA70Þ

c6 ¼ 0; ðA71Þ

c5 ¼ −
hq̄qims

216 × 32 × 52π8
þ hs̄sims

217 × 32 × 52π8
þ hGGi
222 × 32 × 52π10

; ðA72Þ

c4 ¼
hq̄Gqims

217 × 3 × 5π8
þ hq̄qi2
214 × 32 × 5π6

þ hq̄qihs̄si
213 × 32 × 5π6

; ðA73Þ

c3 ¼
hq̄qi2m2

s

212 × 32π6
þ hq̄qi

�
−

hs̄sim2
s

212 × 32π6
−

hGGims

217 × 32π8
−

hq̄Gqi
213 × 32π6

−
hs̄Gsi

213 × 32π6

�
þ hs̄si2m2

s

214 × 32π6
þ hs̄sihGGims

218 × 32π8
−
hs̄sihq̄Gqi
213 × 32π6

;

ðA74Þ
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c2 ¼ hq̄qi
� hs̄si2ms

28 × 32π4
−
hq̄Gqim2

s

211 × 3π6
þ hs̄sihGGi
213 × 32π6

�
−

hq̄qi3ms

27 × 32π4
þ hq̄Gqi

� hs̄sim2
s

212 × 3π6
þ hs̄Gsi
213 × 3π6

�

þ hq̄qi2
� hGGi
213 × 32π6

−
hs̄sims

28 × 32π4

�
þ hGGihq̄Gqims

217 × 3π8
þ hq̄Gqi2
214 × 3π6

; ðA75Þ

c1 ¼ hq̄qi
�hs̄sihq̄Gqims

28 × 3π4
−
hs̄sihs̄Gsims

29 × 3π4
− hGGi

� hq̄Gqi
213 × 3π6

þ hs̄Gsi
214 × 3π6

��
þ hq̄qi2

�hq̄Gqims

28π4
þ hs̄Gsims

28 × 3π4
þ hs̄si2
25 × 32π2

�

þ hq̄Gqi2m2
s

213π6
−
hs̄si2hq̄Gqims

29 × 3π4
þ hq̄qi3hs̄si

24 × 32π2
−
hs̄sihGGihq̄Gqi

214 × 3π6
; ðA76Þ

c0 ¼
hq̄qi4m2

s

24 × 32π2
−
hq̄qi3hs̄sim2

s

24 × 32π2
þ hq̄qi2hs̄si2m2

s

26 × 32π2
: ðA77Þ

10. The spectral densities of 0+ + Σ− Σ̄ hexaquark states

The 0þþ Σ − Σ̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼ −
1

223 × 32 × 52 × 72π10
; ðA78Þ

c6 ¼ 0; ðA79Þ

c5 ¼
hq̄qims

216 × 32 × 52π8
−

hs̄sims

217 × 32 × 52π8
−

hGGi2
222 × 32 × 52π10

; ðA80Þ

c4 ¼ −
hq̄Gqims

217 × 3 × 5π8
−

hq̄qihs̄si
213 × 32 × 5π6

þ hq̄qi2
214 × 32 × 5π6

; ðA81Þ

c3 ¼ hq̄qi
�
2hs̄sim2

s þ hs̄Gsi
213 × 32π6

þ hGGi2ms

217 × 32π8
−

hq̄Gqi
213 × 32π6

�
−
hs̄sihGGi2ms

218 × 32π8
−
m2

sð4hq̄qi2 þ hs̄si2Þ
214 × 32π6

þ hs̄sihq̄Gqi
213 × 32π6

; ðA82Þ

c2 ¼ −
hq̄qi3ms

27 × 32π4
þ hq̄qi

�hq̄Gqim2
s

211 × 3π6
−

hs̄si2ms

28 × 32π4
−
hs̄sihGGi2
213 × 32π6

�
þ hs̄sihq̄qi2ms

28 × 3π4

−
hq̄Gqið2hs̄sim2

s þ hs̄GsiÞ
213 × 3π6

−
hGGi2hq̄Gqims

217 × 3π8
þ hq̄qi2hGGi2

213 × 32π6
þ hq̄Gqi2
214 × 3π6

; ðA83Þ

c1 ¼ hq̄qi
�
−
hs̄sihq̄Gqims

28π4
þ hs̄sihs̄Gsims

29 × 3π4
þ hGGi2

� hs̄Gsi
214 × 3π6

−
hq̄Gqi

213 × 3π6

��
þ hq̄Gqimsðhs̄si2 þ 6hq̄qi2Þ

29 × 3π4

−
hq̄Gqi2m2

s

213π6
−
hq̄qi2ð3hs̄Gsims þ 8π2hs̄si2Þ

28 × 32π4
þ hq̄qi3hs̄si

24 × 32π2
þ hs̄sihGGi2hq̄Gqi

214 × 3π6
; ðA84Þ

c0 ¼
hq̄qi4m2

s

24 × 32π2
−
hq̄qi3hs̄sim2

s

24 × 32π2
þ hq̄qi2hs̄si2m2

s

26 × 32π2
: ðA85Þ

11. The spectral densities of 1− − Σ− Σ̄ hexaquark states

The 1−− Σ − Σ̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼ −
1

220 × 34 × 52 × 72π10
; ðA86Þ

c6 ¼ 0; ðA87Þ

LIGHT BARYONIUM SPECTRUM PHYS. REV. D 105, 014016 (2022)

014016-15



c5 ¼
hq̄qims

215 × 3 × 52 × 7π8
−

hs̄sims

216 × 3 × 52 × 7π8
−

hGGi
221 × 3 × 52 × 7π10

; ðA88Þ

c4 ¼ −
hq̄Gqims

218 × 32π8
−

hs̄Gsims

217 × 3 × 5π8
−

hq̄qi2
214 × 32 × 5π6

−
hq̄qihs̄si
214 × 33π6

; ðA89Þ

c3 ¼ −
hq̄qi2m2

s

210 × 32 × 5π6
þ hq̄qi

� hs̄sim2
s

210 × 32 × 5π6
þ hGGims

215 × 32 × 5π8
þ hq̄Gqi
213 × 32π6

þ hs̄Gsi
211 × 32 × 5π6

�
−

hs̄si2m2
s

212 × 32 × 5π6
−

hs̄sihGGims

216 × 32 × 5π8
þ hs̄sihq̄Gqi
211 × 32 × 5π6

; ðA90Þ

c2 ¼
hq̄qi3ms

27 × 32π4
þ hq̄qi2

� hs̄sims

29 × 32π4
−

hGGi
213 × 32π6

�
þ hq̄qi

�
−

hs̄si2ms

210 × 3π4
þ hq̄Gqim2

s

213π6
−
hs̄sihGGi
215 × 3π6

�

þ hq̄Gqi
�
−
hs̄sim2

s

214π6
−
hs̄Gsi
215π6

�
−
hGGihq̄Gqims

219π8
−

hq̄Gqi2
214 × 3π6

; ðA91Þ

c1 ¼ hq̄qi2
�
−
hq̄Gqims

28π4
−

hs̄Gsims

27 × 32π4
−

hs̄si2
24 × 33π2

�
þ hs̄si2hq̄Gqims

28 × 32π4

þ hq̄qi
�
−
hs̄sihq̄Gqims

28 × 32π4
þ hs̄sihs̄Gsims

28 × 32π4
þ hGGi

� hq̄Gqi
213 × 3π6

þ hs̄Gsi
213 × 32π6

��

−
hq̄Gqi2m2

s

212 × 3π6
−
hq̄qi3hs̄si
24 × 32π2

þ hs̄sihGGihq̄Gqi
213 × 32π6

; ðA92Þ

c0 ¼
hq̄qi3hs̄sim2

s

24 × 32π2
−

hq̄qi4m2
s

24 × 32π2
−
hq̄qi2hs̄si2m2

s

26 × 32π2
: ðA93Þ

12. The spectral densities of 1+ + Σ− Σ̄ hexaquark states

The 1þþ Σ − Σ̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼ −
1

220 × 34 × 52 × 72π10
; ðA94Þ

c6 ¼ 0; ðA95Þ

c5 ¼
hq̄qims

215 × 3 × 52 × 7π8
−

hs̄sims

216 × 3 × 52 × 7π8
−

hGGi2
221 × 3 × 52 × 7π10

; ðA96Þ

c4 ¼ −
hq̄Gqims

218 × 32π8
−

hq̄qihs̄si
214 × 33π6

þ hq̄qi2
214 × 32 × 5π6

; ðA97Þ

c3 ¼ hq̄qi
�
2hs̄sim2

s þ hs̄Gsi
211 × 32 × 5π6

þ hGGi2ms

215 × 32 × 5π8
−

hq̄Gqi
213 × 32π6

�
−

hs̄sihGGi2ms

216 × 32 × 5π8
−
m2

sð4hq̄qi2 þ hs̄si2Þ
212 × 32 × 5π6

þ hs̄sihq̄Gqi
211 × 32 × 5π6

;

ðA98Þ

c2 ¼ hq̄qi
�hq̄Gqim2

s

213π6
−
msð8hq̄qi2 þ 3hs̄si2Þ

210 × 32π4
−
hs̄sihGGi2
215 × 3π6

�
−
hq̄Gqið2hs̄sim2

s þ hs̄GsiÞ
215π6

þ 5hs̄sihq̄qi2ms

29 × 32π4
−
hGGi2hq̄Gqims

219π8
þ hq̄qi2hGGi2

213 × 32π6
þ hq̄Gqi2
214 × 3π6

; ðA99Þ
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c1 ¼ hq̄qi
�
−
7hs̄sihq̄Gqims

28 × 32π4
þ hs̄sihs̄Gsims

28 × 32π4
þ hGGi2

� hs̄Gsi
213 × 32π6

−
hq̄Gqi

213 × 3π6

��
þ hq̄Gqimsðhs̄si2 þ 9hq̄qi2Þ

28 × 32π4

þ hq̄Gqi2m2
s

212 × 3π6
−
hs̄Gsihq̄qi2ms

27 × 32π4
þ hq̄qi3hs̄si

24 × 32π2
−
hq̄qi2hs̄si2
24 × 33π2

þ hs̄sihGGi2hq̄Gqi
213 × 32π6

; ðA100Þ

c0 ¼
hq̄qi4m2

s

24 × 32π2
−
hq̄qi3hs̄sim2

s

24 × 32π2
þ hq̄qi2hs̄si2m2

s

26 × 32π2
: ðA101Þ

13. The spectral densities of 0− + Ξ− Ξ̄ hexaquark states

The 0−þ Ξ − Ξ̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼
1

223 × 32 × 52 × 72π10
; ðA102Þ

c6 ¼
m2

s

220 × 32 × 52 × 7π10
; ðA103Þ

c5 ¼
hGGi

222 × 32 × 52π10
−

hq̄qims

216 × 32 × 52π8
; ðA104Þ

c4 ¼ hq̄qi
� hs̄si
213 × 32 × 5π6

−
m3

s

215 × 3 × 5π8

�
þ hs̄sim3

s

216 × 3 × 5π8
þ hGGim2

s

221 × 3 × 5π10

þ hq̄Gqims

217 × 3 × 5π8
þ hs̄Gsims

217 × 3 × 5π8
þ hs̄si2
214 × 32 × 5π6

; ðA105Þ

c3 ¼
hq̄qi2m2

s

212 × 32π6
þ hq̄qi

� hs̄sim2
s

212 × 3π6
−

hGGims

217 × 32π8
−

hs̄Gsi
213 × 32π6

�
−

hs̄si2m2
s

213 × 32π6

−
hs̄sihGGims

218 × 32π8
þ hq̄Gqi

�
m3

s

215 × 3π8
−

hs̄si
213 × 32π6

�
−
hs̄sihs̄Gsi
213 × 32π6

; ðA106Þ

c2 ¼ hq̄qi
�
−
hs̄si2ms

28 × 3π4
þ hGGi

� hs̄si
213 × 32π6

−
m3

s

215 × 3π8

�
−

hs̄sim4
s

210 × 3π6

−
hq̄Gqim2

s

211 × 3π6
−
hs̄Gsim2

s

211π6

�
þ hq̄qi2

�
m4

s

210 × 3π6
−

hs̄sims

27 × 32π4

�
þ hs̄si3ms

28 × 32π4

þ hGGi
� hs̄sim3

s

216 × 3π8
þ hq̄Gqims

217 × 3π8
þ hs̄Gsims

216 × 3π8
þ hs̄si2
213 × 32π6

�

þ hs̄si2m4
s

212 × 3π6
þ hq̄Gqi

� hs̄Gsi
213 × 3π6

−
hs̄sim2

s

212π6

�
þ hs̄sihs̄Gsim2

s

211 × 3π6
þ hs̄Gsi2
214 × 3π6

; ðA107Þ

c1 ¼ hq̄qi2
�
−
hs̄sim3

s

27π4
þ hs̄Gsims

28 × 3π4
þ hs̄si2
25 × 32π2

�
−
hs̄si2hs̄Gsims

28 × 3π4
þ hq̄Gqi2m2

s

213π6

þ hq̄qi
�hs̄si2m3

s

28π4
þ hGGi

� hs̄sim2
s

211 × 3π6
−

hs̄Gsi
214 × 3π6

�
þ hq̄Gqi

� hs̄sims

27 × 3π4
−

m4
s

210π6

��

þ hq̄qi
�
3hs̄sihs̄Gsims

29π4
þ hs̄si3
24 × 32π2

�
þ hGGi

�
−

hs̄si2m2
s

214 × 3π6
þ hq̄Gqi

�
m3

s

216π8
−

hs̄si
214 × 3π6

�
−
hs̄sihs̄Gsi
213 × 3π6

�

þ hq̄Gqi
�hs̄si2ms

29π4
þ hs̄sim4

s

211π6
þ 3hs̄Gsim2

s

212π6

�
; ðA108Þ

LIGHT BARYONIUM SPECTRUM PHYS. REV. D 105, 014016 (2022)

014016-17



c0 ¼ hq̄qi2
� hs̄si2m2

s

22 × 32π2
þ hs̄Gsim3

s

26 × 3π4

�
þ hs̄si4m2

s

26 × 32π2
−
hs̄si2hq̄Gqim3

s

29π4
þ hs̄si2hs̄Gsim3

s

29 × 3π4

þ hq̄qi
�
−
hs̄si3m2

s

25 × 3π2
þ hs̄sihq̄Gqim3

s

27π4
−
hs̄sihs̄Gsim3

s

28π4
−
hGGihs̄Gsim2

s

213π6

�

þ hGGi
�hs̄sihs̄Gsim2

s

213 × 3π6
−
hs̄sihq̄Gqim2

s

212 × 3π6

�
þ hq̄Gqi2m4

s

212π6
: ðA109Þ

14. The spectral densities of 0+ + Ξ− Ξ̄ hexaquark states

The 0þþ Ξ − Ξ̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼ −
1

223 × 32 × 52 × 72π10
; ðA110Þ

c6 ¼
m2

s

220 × 32 × 52 × 71π10
; ðA111Þ

c5 ¼
hq̄qims

216 × 32 × 52π8
−

hs̄sims

215 × 32 × 52π8
−

hGGi2
222 × 32 × 52π10

; ðA112Þ

c4 ¼ −
hq̄qið3m3

s þ 4π2hs̄siÞ
215 × 32 × 5π8

þ 6hs̄sim3
s þ 3hs̄Gsims þ 8π2hs̄si2
217 × 32 × 5π8

þ hGGi2m2
s

221 × 3 × 5π10
−

hq̄Gqims

217 × 3 × 5π8
; ðA113Þ

c3 ¼ hq̄qi
�
18hs̄sim2

s þ hs̄Gsi
213 × 32π6

þ hGGi2ms

217 × 32π8

�
−
7hs̄sihGGi2ms

218 × 32π8

þ hq̄Gqið3m3
s þ 4π2hs̄siÞ

215 × 32π8
−
m2

sð2hq̄qi2 þ hs̄si2Þ þ hs̄sihs̄Gsi
213 × 32π6

; ðA114Þ

c2 ¼
64π2hs̄si3ms þ 3ð8hs̄sihs̄Gsim2

s þ 4m4
sð4hq̄qi2 þ hs̄si2Þ þ hs̄Gsi2Þ

214 × 32π6

þ hq̄qi
�
−
msð2hs̄sim3

s þ 3hs̄Gsims þ 24π2hs̄si2Þ
211 × 3π6

−
hGGi2ð3m3

s þ 4π2hs̄siÞ
215 × 32π8

þ hq̄Gqim2
s

211 × 3π6

�
þ hGGi2

�
3hs̄sim3

s þ 3hs̄Gsims þ 8π2hs̄si2
216 × 32π8

−
hq̄Gqims

217 × 3π8

�

−
hq̄Gqið18hs̄sim2

s þ hs̄GsiÞ
213 × 3π6

þ hq̄qi2hs̄sims

27 × 32π4
; ðA115Þ

c1 ¼ −
hq̄qi2ð30hs̄sim3

s þ 3hs̄Gsims þ 8π2hs̄si2Þ
28 × 32π4

−
hs̄si2msð2hs̄sim2

s þ hs̄GsiÞ
28 × 3π4

þ hq̄qi
�hs̄sið54hs̄sim3

s þ 45hs̄Gsims þ 32π2hs̄si2Þ
29 × 32π4

þ hGGi2ð16hs̄sim2
s þ hs̄GsiÞ

214 × 3π6

�

− hq̄qi
�hq̄Gqið8π2hs̄sims þ 3m4

sÞ
210 × 3π6

�
þ hq̄Gqimsð2hs̄sim3

s þ 3hs̄Gsims þ 24π2hs̄si2Þ
212π6

þ hGGi2
�hq̄Gqið3m3

s þ 4π2hs̄siÞ
216 × 3π8

−
hs̄sið7hs̄sim2

s þ 2hs̄GsiÞ
214 × 3π6

�
−
hq̄Gqi2m2

s

213π6
; ðA116Þ
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c0 ¼
hq̄qi2m2

sð3hs̄Gsims þ 32π2hs̄si2Þ
26 × 32π4

þ hs̄si2m2
sð3hs̄Gsims þ 8π2hs̄si2Þ

29 × 32π4

þ hq̄qi
�
−
hs̄sim2

sðhs̄Gsims þ 8π2hs̄si2Þ
28π4

þ 5hs̄sihq̄Gqim3
s

27 × 3π4
−
hGGi2hs̄Gsim2

s

213π6

�

−
3hs̄si2hq̄Gqim3

s

29π4
þ hGGi2

�hs̄sihs̄Gsim2
s

213 × 3π6
−
hs̄sihq̄Gqim2

s

211 × 3π6

�
þ hq̄Gqi2m4

s

212π6
; ðA117Þ

and

ΠsumðM2
BÞ ¼

hq̄qi2hs̄si2m4
s

26 × 32π2
−
hq̄qihs̄si3m4

s

26 × 32π2
þ hs̄si4m4

s

28 × 32π2
: ðA118Þ

15. The spectral densities of 1− − Ξ− Ξ̄ hexaquark states

The 1−− Ξ − Ξ̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼ −
1

220 × 34 × 52 × 72π10
; ðA119Þ

c6 ¼ −
m2

s

220 × 32 × 52 × 7π10
; ðA120Þ

c5 ¼
hq̄qims

215 × 3 × 52 × 7π8
þ hs̄sims

216 × 32 × 52 × 7π8
−

hGGi
221 × 3 × 52 × 7π10

; ðA121Þ

c4 ¼ hq̄qi
�

m3
s

215 × 3× 5π8
−

hs̄si
214 × 33π6

�
−

hs̄sim3
s

216 × 3× 5π8
−

hGGim2
s

221 × 3× 5π10
−

hq̄Gqims

218 × 32π8
−

hs̄Gsims

217 × 3× 5π8
−

hs̄si2
214 × 32 × 5π6

;

ðA122Þ

c3 ¼ þhq̄qi
�
−

hs̄sim2
s

211 × 5π6
þ hGGims

215 × 32 × 5π8
þ hs̄Gsi
211 × 32 × 5π6

�
−

hq̄qi2m2
s

210 × 32 × 5π6
þ hs̄si2m2

s

210 × 32 × 5π6
þ hs̄sihs̄Gsi
213 × 32π6

þ hs̄sihGGims

215 × 32 × 5π8
þ hq̄Gqi

� hs̄si
211 × 32 × 5π6

−
m3

s

215 × 3π8

�
; ðA123Þ

c2 ¼ hq̄qi
�
5hs̄si2ms

210 × 3π4
þ hGGi

�
m3

s

215 × 3π8
−

hs̄si
215 × 3π6

�
þ hs̄sim4

s

210 × 3π6
þ hq̄Gqim2

s

213π6
þ hs̄Gsim2

s

211π6

�
−

hs̄si3ms

28 × 32π4

þ hGGi
�
−

hs̄sim3
s

216 × 3π8
−
hq̄Gqims

219π8
−

hs̄Gsims

216 × 3π8
−

hs̄si2
213 × 32π6

�
þ hq̄Gqi

�
5hs̄sim2

s

214π6
−
hs̄Gsi
215π6

�
−

hs̄si2m4
s

212 × 3π6

−
hs̄sihs̄Gsim2

s

211 × 3π6
−

hs̄Gsi2
214 × 3π6

þ hq̄qi2
� hs̄sims

29 × 3π4
−

m4
s

210 × 3π6

�
; ðA124Þ

c1 ¼ hq̄qi2
�
5hs̄sim3

s

26 × 32π4
−

hs̄Gsims

27 × 32π4
−

hs̄si2
24 × 33π2

�
þ hs̄si3m3

s

28 × 32π4
þ hq̄qi

�
−
hs̄si2m3

s

26 × 3π4
þ hGGi

� hs̄Gsi
213 × 32π6

−
7hs̄sim2

s

212 × 32π6

��

þ hq̄qihq̄Gqi
��

m4
s

210π6
−

hs̄sims

26 × 32π4

�
−
5hs̄sihs̄Gsims

28 × 3π4
−

hs̄si3
24 × 32π2

�

þ hGGi
� hs̄si2m2

s

213 × 3π6
þ hq̄Gqi

� hs̄si
213 × 32π6

−
m3

s

216π8

�
þ hs̄sihs̄Gsi

213 × 3π6

�

þ hq̄Gqi
�
−
hs̄si2ms

27 × 3π4
−
hs̄sim4

s

211π6
−
3hs̄Gsim2

s

212π6

�
þ hs̄si2hs̄Gsims

28 × 3π4
−
hq̄Gqi2m2

s

212 × 3π6
; ðA125Þ
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c0 ¼ hq̄qi2
�
−
5hs̄si2m2

s

24 × 32π2
−
hs̄Gsim3

s

26 × 3π4

�
þ hq̄qi

�hs̄si3m2
s

26π2
−
7hs̄sihq̄Gqim3

s

28 × 3π4
þ hs̄sihs̄Gsim3

s

28π4
þ hGGihs̄Gsim2

s

213π6

�

−
hs̄si4m2

s

26 × 32π2
þ 3hs̄si2hq̄Gqim3

s

210π4
−
hs̄si2hs̄Gsim3

s

29 × 3π4
þ hGGi

�
5hs̄sihq̄Gqim2

s

214 × 3π6
−
hs̄sihs̄Gsim2

s

213 × 3π6

�
−
hq̄Gqi2m4

s

212π6
: ðA126Þ

16. The spectral densities of 1+ + Ξ− Ξ̄ hexaquark states

The 1þþ Ξ − Ξ̄ hexaquark state spectral densities on the OPE side can be expressed as:

c7 ¼ −
1

220 × 34 × 52 × 72π10
; ðA127Þ

c6 ¼
m2

s

220 × 32 × 52 × 71π10
; ðA128Þ

c5 ¼
hq̄qims

215 × 3 × 52 × 7π8
−

13hs̄sims

216 × 32 × 52 × 7π8
−

hGGi2
221 × 3 × 52 × 7π10

; ðA129Þ

c4 ¼ −
hq̄qið9m3

s þ 10π2hs̄siÞ
215 × 33 × 5π8

þ 6hs̄sim3
s þ 3hs̄Gsims þ 8π2hs̄si2
217 × 32 × 5π8

þ hGGi2m2
s

221 × 3 × 5π10
−

hq̄Gqims

218 × 32π8
; ðA130Þ

c3 ¼ −
hq̄qi2m2

s

210 × 32 × 5π6
þ hq̄qi

�
21hs̄sim2

s þ hs̄Gsi
211 × 32 × 5π6

þ hGGi2ms

215 × 32 × 5π8

�
−

hs̄sihGGi2ms

213 × 32 × 5π8

þ hq̄Gqið15m3
s þ 16π2hs̄siÞ

215 × 32 × 5π8
−
hs̄sið8hs̄sim2

s þ 5hs̄GsiÞ
213 × 32 × 5π6

; ðA131Þ

c2 ¼
hq̄qi2ð2π2hs̄sims þm4

sÞ
210 × 3π6

þ hGGi2
�
3hs̄sim3

s þ 3hs̄Gsims þ 8π2hs̄si2
216 × 32π8

−
hq̄Gqims

219π8

�

þ hq̄qi
�
−
msð2hs̄sim3

s þ 3hs̄Gsims þ 22π2hs̄si2Þ
211 × 3π6

−
hGGi2ðm3

s þ π2hs̄siÞ
215 × 3π8

þ hq̄Gqim2
s

213π6

�

þ 64π2hs̄si3ms þ 3ð4hs̄si2m4
s þ 8hs̄sihs̄Gsim2

s þ hs̄Gsi2Þ
214 × 32π6

−
hq̄Gqið22hs̄sim2

s þ hs̄GsiÞ
215π6

; ðA132Þ

c1 ¼ −
hq̄qi2ð42hs̄sim3

s þ 3hs̄Gsims þ 8π2hs̄si2Þ
27 × 33π4

þ hq̄qi hGGi
2ð22hs̄sim2

s þ hs̄GsiÞ
213 × 32π6

þ hq̄qi
�hs̄sið24hs̄sim3

s þ 21hs̄Gsims þ 16π2hs̄si2Þ
28 × 32π4

−
hq̄Gqið16π2hs̄sims þ 9m4

sÞ
210 × 32π6

�

þ hq̄Gqimsð6hs̄sim3
s þ 9hs̄Gsims þ 64π2hs̄si2Þ
212 × 3π6

−
hs̄si2msð5hs̄sim2

s þ 3hs̄GsiÞ
28 × 32π4

þ hGGi2
�hq̄Gqið9m3

s þ 8π2hs̄siÞ
216 × 32π8

−
hs̄sið3hs̄sim2

s þ hs̄GsiÞ
213 × 3π6

�
−
hq̄Gqi2m2

s

212 × 3π6
; ðA133Þ

c0 ¼
hq̄qi2m2

sð3hs̄Gsims þ 28π2hs̄si2Þ
26 × 32π4

−
5hs̄si2hq̄Gqim3

s

210π4
þ hs̄si2m2

sð3hs̄Gsims þ 8π2hs̄si2Þ
29 × 32π4

þ hq̄qi
�
−
hs̄sim2

sð3hs̄Gsims þ 20π2hs̄si2Þ
28 × 3π4

þ 3hs̄sihq̄Gqim3
s

28π4
−
hGGi2hs̄Gsim2

s

213π6

�

þ hGGi2
�hs̄sihs̄Gsim2

s

213 × 3π6
−
7hs̄sihq̄Gqim2

s

214 × 3π6

�
þ hq̄Gqi2m4

s

212π6
: ðA134Þ
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