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We study the mass spectra of the NΩ dibaryons in the 3S1 and 5S2 channels with JP ¼ 1þ and 2þ,
respectively, by using the method of QCD sum rules. We construct two dibaryon interpolating currents in
the molecular picture and calculate their correlation functions and spectral densities up to dimension-16
condensates. Our results indicate that there may exist an NΩ dibaryon bound state in the 5S2 channel with a
binding energy of about 21 MeV. The masses of the 3S1 NΩ dibaryons with JP ¼ 1þ are predicted to be
higher than the NΩ and ΛΞ thresholds and thus, can decay into these final states directly in S wave. The
NΩð5S2Þ dibaryon bound state can decay into the octet-octet final statesΛΞ and ΣΞ in D wave via the quark
rearrangement mechanism. The existence of these NΩ dibaryons may be identified in the relativistic heavy-
ion collision experiments in the future.
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I. INTRODUCTION

Quantum chromodynamics (QCD) has been proven to be
the fundamental theory of strong interaction between
quarks and gluons, although it is still ambiguously at the
low-energy region. The study of multiquarks could enrich
our knowledge of hadron structures and hadron inter-
actions, and provide more information about the non-
perturbative behavior of QCD. In the past decades, there
has been impressive progress on the search for multiquark
states, especially after the observations of hidden-charm
XYZ and Pc states [1–8].
Dibaryons are bound states of two color-singlet baryons

with B ¼ 2. The deuteron is the first dibaryon as a loosely
bound state of a proton and neutron observed in 1932 [9].
Until recent years, d�ð2380Þ as another candidate was
discovered in the two-pion production reaction pn →
dπ0π0 and confirmed in pn scattering by the COSY/
CELSIUS and WASA-at-COSY Collaborations [10–14].
The observation of such a resonance has inspired a lot of
theoretical studies on its structure, such as the ΔΔ bound
state with the IðJPÞ ¼ 0ð3þÞ assignment proposed in
Refs. [15–20]. Besides, this structure was explained by a
triangle singularity without invoking a dibaryon in
Refs. [21,22]. There, the authors also explained why the

peak is not observed in other reactions where it has been
searched for. Moreover, the famous H state was first
predicted by Jaffe as a genuine bound state with a
strangeness S ¼ −2 well below the ΛΛ threshold [23].
Although numerous efforts have been done in the past
several decades, there has not been any evidence for the
existence of such an H dibaryon to date [24].
Besides the above octet-octet systems, the NΩ dibaryon

in the octet-decuplet representation is also expected to have
a bound state [25–32], since the Pauli exclusion principle
does not operate and the color-magnetic interaction is
attractive in this system. For the S-wave NΩ dibaryons,
they can be in 3S1 and 5S2 (symbol 2Sþ1LJ, where S, L, J are
the total spin, relative orbit angular momentum, and total
angular momentum, respectively) channels with IðJPÞ ¼
1
2
ð1þÞ and 1

2
ð2þÞ, respectively. The couplings of the 5S2 NΩ

dibaryon to the S-wave octet-octet channels, e.g., ΛΞ, ΣΞ,
are strongly suppressed in a D wave. However, the 3S1 NΩ
dibaryon can strongly couple to the S-wave octet-octet
channels in an S wave. In Ref. [25], an NΩ state with
S ¼ −3; I ¼ 1=2; J ¼ 2 was first proposed as a deeply
bound dibaryon candidate with a binding energy ENΩ ¼
140 MeV and 250 MeV in two different quark models.
Under the chiral SU(3) constituent quark model, the same
NΩ bound state was suggested with a much smaller
binding energy ranging from 3.5 MeV to 12.7 MeV
[26]. This dibaryon was also studied in the extended quark
delocalization and color screening model, in which the
binding energy was obtained around 62 MeV [27]. In
Ref. [28], a chiral quark model and a quark delocalization
color screening model were employed to calculate the
baryon-baryon scattering phase shifts to look for dibaryon
resonances. For the NΩ system, they found a bound state
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about 53 MeV lower than the NΩ threshold in the quark
delocalization color screening model, while no bound state
exists in the chiral quark model. Based on a baryon-baryon
interaction model with meson exchanges, a quasibound
state of NΩð5S2Þ was obtained with the binding energy
0.1 MeVand the decay width 1.5 MeV mainly into the ΛΞ
mode [29]. Such D-wave decay properties of dNΩ → ΛΞ
and dNΩ → ΣΞ were recently studied in a phenomenologi-
cal Lagrangian approach, and their result showed that the
total decay width of the NΩð5S2Þ dibaryon bound state was
in the range of a few hundred keV [30].
The HAL QCD Collaboration also studied the NΩ

interaction in the 5S2 channel in ð2þ 1Þ-flavor lattice
QCD simulations [31]. By employing the quark masses
corresponding to mπ ¼ 875 MeV and mK ¼ 916 MeV,
they found that the interaction between N and Ω was
attractive in all distances, and the binding energy is
BNΩ ¼ 18.9 MeV. Recently, they improved their LQCD
simulations near the physical points (mπ ∼ 146 MeV,
mK ∼ 525 MeV) [32] and found that the interaction
between the two baryons is still attractive in all distances.
A shallow quasibound state below the NΩ threshold
was found having a much smaller binding energy
BNΩ ¼ 1.54 MeV (2.46 MeV) without (with) the Coulomb
attraction.
In Ref. [33], the proton-omega two-particle momentum

correlation function in relativistic heavy ion collisions was
studied. They extracted the strong pΩ attractive interaction
for the spin-2 channel by measuring the ratio of correlation
functions between small and large collision systems.
Experimentally, such a pΩ correlation function in relativ-
istic heavy ion collisions was also measured by the STAR
experiment at RHIC [34]. The measured ratio of the
correlation function slightly favored a pΩ bound state
with a binding energy of ∼27 MeV.
In this work, we shall study the existence of the NΩ

dibaryons in both 3S1 and 5S2 channels by using the method
of QCD sum rules, following the previous investigation of
the ΩΩ system [35]. This paper is organized as follows. In
Sec. II, we introduce the formalism of QCD sum rules and
construct the dibaryon interpolating currents with
JP ¼ 1þ; 2þ. In Sec. III, we perform the numerical analy-
ses for all channels and predicted their masses and coupling
constants. The last section is a short summary.

II. QCD SUM RULES FOR
DIBARYON SYSTEMS

The QCD sum rule is a powerful nonperturbative
approach to investigate the hadron properties, such as
the hadron masses, decay widths, magnetic moments,
and so on [36,37]. To establish the dibaryon QCD sum
rules, we first need to construct the interpolating currents
for the NΩ system. We shall use the two local Ioffe currents
to represent the nucleon [38,39],

JN1 ðxÞ ¼ ϵabc½uTaðxÞCγμubðxÞ�γμγ5dcðxÞ; ð1Þ

JN2 ðxÞ ¼ ϵabc½uTaðxÞCγ5dbðxÞ�ucðxÞ; ð2Þ

and the current for Ω baryon is written as

JΩμ ðxÞ ¼ ϵabc½sTaðxÞCγμsbðxÞ�scðxÞ; ð3Þ

in which u, d, s represent the up, down, and strange quark
field, respectively, a, b, c are the color indices, C is the
charge conjugation matrix, and T the transpose operation.
Note that the currents JN1 ðxÞ and JN2 ðxÞ contain the quark
configuration of the proton, and the current of the neutron
can be obtained by the replacement u ↔ d. However, such
a difference does not affect the sum rule analyses since
we shall work in the SU(2) isospin symmetry without
considering the effect of isospin breaking in the following
calculation.
In the molecular picture, we can construct two NΩ

dibaryon interpolating currents as

JNΩ
μν;1ðxÞ ¼ ϵabcϵdef½uTaðxÞCγλubðxÞ�ðγλγ5dcðxÞÞT ·

Cγμ · sfðxÞ½sTdðxÞCγνseðxÞ�; ð4Þ

JNΩ
μν;2ðxÞ ¼ ϵabcϵdef½uTaðxÞCγ5dbðxÞ�uTc ðxÞ·

Cγμ · sfðxÞ½sTdðxÞCγνseðxÞ�: ð5Þ

Both of these two interpolating currents can couple to the
3S1 and 5S2 channels with IðJPÞ ¼ 1

2
ð1þÞ and 1

2
ð2þÞ,

respectively. The two-point correlation functions induced
by the above currents are

Πμν;ρσðq2Þ ¼ i
Z

d4xeiq·xh0jTfJNΩ
μν ðxÞJNΩ†

ρσ ð0Þgj0i: ð6Þ

In general, the correlation function Πμν;ρσðq2Þ contains
several different invariant functions Πðq2Þ referring to
different, spin-1 and spin-2 hadron states. One can pick
out these invariant functions by using the projectors
introduced in Refs. [40–42]. For the JP ¼ 1þ and 2þ

pieces, the corresponding invariant functions Π1ðq2Þ and
Π2ðq2Þ can be extracted via the following projectors:

P1A ¼ ½ημρηνσ − ðρ ↔ σÞ�; for JP ¼ 1þ;

P2S ¼ ημρηνσ þ ημσηνρ −
2

3
ημνηρσ; for JP ¼ 2þ; ð7Þ

where the ημν is defined as

ημν ¼
qμqν
q2

− gμν: ð8Þ

At the QCD side, the correlation functions can be
calculated via the operator product expansion (OPE)
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method as a series of various QCD condensates, such as the
quark condensate, gluon condensate, quark-gluon mixed
condensate, and some other higher dimension condensates,
parametrize the QCD nonperturbative effect. In this work,
the correlation functions shall be calculated up to dimen-
sion-16 condensates at the leading order of αs.
At the hadronic level, the invariant function Πðq2Þ can

also be expressed as a dispersion relation,

Πðq2Þ ¼ ðq2ÞN
Z

∞

0

ds
ρphenðsÞ

sNðs − q2 − iϵÞ þ
XN−1

k¼0

bnðq2Þk; ð9Þ

where bn is an unknown subtraction constant. The spectral
density ρphenðsÞ can be usually obtained by inserting
intermediate states jXi of which the quantum numbers
are the same as the interpolating current. We adopt the
duality ansatz “one narrow resonance + continuum” as the
spectral function parametrization,

ρphenðsÞ≡ ImΠðsÞ
π

¼
X
X

δðs−m2
XÞh0jJjXihXjJ†j0i

¼ f2Lδðs−m2
LÞþθðs− s0ÞρHðsÞ; ð10Þ

where the δðs −m2
LÞ function describes the lowest-lying

hadron state, and the second part contains the contributions
from excited states and continuum. A continuum threshold
s0 is introduced here to describe the cutoff between the
lowest-lying resonance and continuum. The coupling con-
stants for axial-vector and tensor states are defined as

h0jJNΩ
μν jXAi ¼ fAεμναβϵαqβ; ð11Þ

h0jJNΩ
μν jXTi ¼ fTϵμν; ð12Þ

in which ϵα and ϵμν are the corresponding polarization
vector and tensor, and εμναβ is the fully symmetric tensor.
Due to the quark-hadron duality, the correlation func-

tions obtained at the QCD side and phenomenological side
can be equal to each other. To suppress the contributions
from excited states and continuum, and also to remove the
unknown subtraction constants bn in Eq. (9), one usually
performs the Borel transform to the correlation functions at
both sides,

Πðs0;M2
BÞ ¼

Z
s0

tc

ρðsÞe−s=M2
Bds ¼ f2Le

−m2
L=M

2
B ; ð13Þ

in which the spectral function in Eq. (10) is considered, and
tc ¼ ð3msÞ2 is the physical threshold. The parameterMB is
the Borel mass introduced by Borel transform, which is an
unphysical parameter and should be irrelevant to the hadron
mass. According to Eq. (13), the lowest-lying hadron mass
can be extracted as

m2
Lðs0;M2

BÞ ¼
R s0
tc s · ρðsÞe−s=M2

BdsR s0
tc ρðsÞe−s=M2

Bds
: ð14Þ

The spectral density ρðsÞ for the interpolating currents
JNΩ
μν;1ðxÞ and JNΩ

μν;2ðxÞ are calculated and listed in the
Appendix since these expressions are complicated and
too lengthy to show here.

III. ANALYSES FOR DIBARYON SYSTEMS

We shall apply the following values for the various QCD
condensates and quark masses in the following numerical
analyses [43–50]:

hūui ¼ hd̄di ¼ hq̄qi ¼ −ð0.24� 0.03Þ3 GeV3;

hs̄si ¼ −ð0.8� 0.1Þ × ð0.24� 0.03Þ3 GeV3;

hg2sGGi ¼ ð0.48� 0.14Þ GeV4;

hgsq̄σGqi ¼ −M2
0hq̄qi;

hgss̄σGsi ¼ −M2
0hs̄si;

M2
0 ¼ ð0.8� 0.2Þ GeV2;

ms ¼ 95þ9
−3 MeV; ð15Þ

in which we do not distinguish the up and down quarks in
the SU(2) chiral symmetry and mu ¼ md ¼ mq ¼ 0.
As mentioned above, the tensor correlation function

Πμν;ρσðq2Þ can couple to both JP ¼ 1þ and 2þ diabryon
states. We shall study the NΩ dibaryon with JP ¼ 2þ at
first, by using the interpolating current JNΩ

μν;1ðxÞ in Eq. (5) as
an example.
It is shown that the correlation function in Eq. (13) is the

function of the continuum threshold s0 and the Borel mass
MB. To perform the QCD sum rule analysis, one should
determine the suitable working regions for these two
parameters. The lower bound on the Borel mass M2

B can
be obtained by ensuring the OPE convergence of the
correlation function. For this purpose, we investigate the
tensor correlation function for the current JNΩ

μν;1ðxÞ,

Πð∞;M2
BÞ ¼ 1.49 × 10−10M16

B þ 4.72 × 10−10M12
B

þ 3.78 × 10−9M10
B − 7.30 × 10−9M8

B

þ 4.51 × 10−9M6
B þ 4.55 × 10−9M4

B

− 8.06 × 10−9M2
B þ 4.95 × 10−10; ð16Þ

where the continuum threshold s0 tends to infinity and the
parameter values in Eq. (15) are adopted.
It is shown that the correlation function Πð∞;M2

BÞ is the
polynomial of the Borel mass MB up to dimension sixteen.
We plot the Πð∞;M2

BÞ term by term from the perturbative
contribution to various nonperturbative condensate contri-
butions in Fig. 1. We can find that the contributions from
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quark condensates and four-quark condensates are much
larger than those from any other condensates while M2

B is
large enough, indicating they are the dominant nonpertur-
bative contributions. To ensure the convergence of the OPE
series, we require that the quark condensates and the four-
quark condensates be less than one half of the perturbative
term. The lower bound on the Borel mass is thus obtained
as M2

Bmin ¼ 4.0 GeV2.
We show the variation of the extracted hadron mass

with respect to the continuum threshold s0 with the Borel
mass 4.0 GeV2 < M2

B < 6.0 GeV2 in Fig. 2. In principle,
the extracted hadron mass should not depend on the
unphysical parameterM2

B. To eliminate such a dependence,
we choose the working region of the continuum threshold
as 7.4 GeV2 ≤ s0 ≤ 8.4 GeV2 in Fig. 2.
In Fig. 3, we give the Borel curves of the extracted

hadron mass with respect to M2
B, which reveals very good

stability in the above parameter regions. The mass of the
NΩ dibaryon with JP ¼ 2þ is then obtained as

mNΩ;2þ ¼ ð2.59� 0.17Þ GeV; ð17Þ

and the corresponding coupling constant is

fNΩ;2þ ¼ ð6.68� 0.46Þ × 10−4 GeV8; ð18Þ

where the errors come from the uncertainties of the Borel
mass MB, the threshold s0, and the QCD parameters in

FIG. 1. OPE convergence in the JP ¼ 2þ tensor channel for the
interpolating current JNΩ

μν;1ðxÞ.
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FIG. 2. Extracted hadron mass with respect to s0 in the JP ¼ 2þ

tensor channel for the interpolating current JNΩ
μν;1ðxÞ.

s0=7.4

s0=7.9

s0=8.4

4.0 4.5 5.0 5.5 6.0

2.5

2.6

2.7

2.8

2.9

MB
2/GeV2

M
as

s/
G

eV

JP=2+

FIG. 3. Extracted hadron mass with respect to M2
B in the

JP ¼ 2þ tensor channel for the interpolating current JNΩ
μν;1ðxÞ.
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FIG. 4. Extracted hadron mass with respect to M2
B in the

JP ¼ 1þ channel for the interpolating current JNΩ
μν;1ðxÞ.

TABLE I. Numerical results for the JP ¼ 1þ and JP ¼ 2þ

channels in both JNΩ
μν;1ðxÞ and JNΩ

μν;2ðxÞ.

Current JP Mass=GeV
Coupling=
10−4 GeV8 s0=GeV2 M2

B=GeV
2

JNΩ
μν;1 2þ 2.59� 0.17 6.68� 0.46 [7.4, 8.4] [4.0, 6.0]

1þ 2.79� 0.13 5.19� 1.20 [8.8, 9.8] [3.0, 5.0]

JNΩ
μν;2 2þ 2.91� 0.23 5.58� 1.16 [9.2, 10.2] [5.0, 7.0]

1þ 2.95� 0.13 2.84� 0.17 [9.5, 10.5] [4.0.6.0]

CHEN, WANG, CHEN, and CHEN PHYS. REV. D 103, 094011 (2021)

094011-4



Eq. (15). The central value of the mass prediction is about
21 MeV below the NΩ two-baryon threshold [43], which
may suggest the existence of a loosely bound molecular
state of the tensor NΩ dibaryon with JP ¼ 2þ. The
prediction of the binding energy is roughly in agreement
with the result of recent HAL QCD calculation near the
physical points [32].
For the JP ¼ 1þ channel, we perform similar sum rule

analyses and obtained the parameter working regions as
8.8GeV2≤s0≤9.8GeV2, and 3.0GeV2≤M2

B≤5.0GeV2.
Within these parameter regions, the mass curves are plotted
in Fig. 4 with reasonable Borel stabilities. Finally, the
hadron mass and the coupling constant for theNΩ dibaryon
with JP ¼ 1þ can be extracted as

mNΩ;1þ ¼ ð2.79� 0.13Þ GeV; ð19Þ

fNΩ;1þ ¼ ð5.19� 1.20Þ × 10−4 GeV8: ð20Þ

The obtained mass is much higher than the mass of tensor
state in Eq. (17). This mass is above the NΩ and ΛΞ two-
baryon thresholds, which means that the NΩ system can
not form a bound state in the 3S1 channel.
We also study the NΩ states by using the interpolating

current JNΩ
μν;2ðxÞ in Eq. (5), with the same procedure as the

above analyses. The extracted hadron masses for the
NΩ states with JP ¼ 1þ and 2þ are around 2.9 GeV,
which is much higher than those obtained from the JNΩ

μν;1ðxÞ.
We collect the numerical results for the both the JNΩ

μν;1ðxÞ
and JNΩ

μν;2ðxÞ in Table I and compare with the NΩ threshold
in Fig. 5 for convenience. It shows that only one NΩ
dibaryon with JP ¼ 2þ lies below the two-baryon threshold
and thus, forms a bound state.

IV. SUMMARY

In this work, we investigate the NΩ dibaryon systems
with spin-parity JP ¼ 1þ; 2þ, isospin I ¼ 1=2, and

strangeness S ¼ −3 in the framework of QCD sum rules.
After constructing two tensor NΩ dibaryon interpolating
currents in the molecular picture, we evaluate the correla-
tion functions and the spectral densities up to dimension-16
nonperturbative condensates at the leading order of αs via
the operator product expansion method.
We establish Laplace sum rules for the interpolating

currents JNΩ
μν;1ðxÞ and JNΩ

μν;2ðxÞ in suitable working regions
of the continuum threshold s0 and Borel mass M2

B.
The hadron masses are then extracted reliably for both
of them and four NΩ dibaryons are predicted. Among
these four predicted states, the dibaryon with JP ¼ 2þ

from JNΩ
μν;1ðxÞ lies about 21 MeV below the NΩ threshold,

implying the possible existence of a bound state. Within
errors, this binding energy is roughly in agreement with
the prediction by recent LQCD calculation (2.46 MeV)
near the physical points [32] and the measurement of
the pΩ correlation function by STAR Collaboration
(∼27 MeV) [34].
The other three dibaryon states predicted in Table I are

all above the NΩ and ΛΞ thresholds. All of them can
directly decay into the NΩ final states in an S wave. For
the two NΩ dibaryons in the 3S1 channel with JP ¼ 1þ,
they can also decay into the ΛΞ and ΣΞ final states with
larger phase spaces in an S wave via the quark rearrange-
ment mechanism. Although in a D wave, the ΛΞ channel
was considered as the dominant decay mode for the
NΩ dibaryons with JP ¼ 2þ [29,30]. The NΩð5S2Þ →
Λþ Ξþ π process may also be an interesting decay
channel for the weakly bound state of NΩð5S2Þ dibaryon,
while the two-body ΛΞ;ΣΞ decays are strongly sup-
pressed in a D wave. These decay processes may be
identified in the heavy-ion collision experiments like
STAR, RHIC, and J-PARC, where plenty of hyperons
will be produced [51,52]. Moreover, the measurement of
the energy and width of the lowest pΩ− atomic state in
these experiments could be rather instructive, as it gives
access to the pΩ− scattering length, which would indicate
that the hadronic pΩ− system is almost bound or weakly
bound [34]. Recently, a new source of baryons and
antibaryons has been proposed at a tau-charm factory
like BESIII, or a super tau-charm factory like STCF or
SCTF, where the numerous J=ψ and ψ 0 event data will be
able to supply copious hyperons, such as Λ, Ξ, Ω, and so
on [53].
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APPENDIX: THE SPECTRAL DENSITIES

We calculate the spectral densities for both the JP ¼ 1þ axial-vector channel and the JP ¼ 2þ tensor channel up to
dimension-16 condensates by using two interpolating currents JNΩ

μν;1ðxÞ and JNΩ
μν;2ðxÞ, and collect all of them below:

(i) For the JP ¼ 2þ tensor channel in JNΩ
μν;1ðxÞ,

ρðsÞ ¼ s7

325272215π10
−
43hs̄simss5

105× 214π8
−

hq̄qimss5

105× 210π8
−

hg2sGGis5
35× 9× 217π10

þ 5hs̄si2s4
3328π6

þ 5hq̄qihs̄sis4
3329π6

þ 5hq̄qi2s4
63× 29π6

−
25hgss̄σGsimss4

27× 7× 29π8
þ 7hgss̄σGsihs̄sis3

3325π6
þ hq̄qihgss̄σGsis3

3324π6
þ 5hgsq̄σGqihq̄qis3

3328π6
−
83hg2sGGihs̄simss3

34211π8

þ 7hg2sGGihq̄qimss3

33211π8
þ 5hs̄si3mss2

48π4
−
5hq̄qihs̄si2mss2

48π4
−
7hq̄qi2hs̄simss2

48π4
−
5hq̄qi3mss2

24π4
þ 25hg2sGGihs̄si2s2

3229π6

−
5hg2sGGihq̄qihs̄sis2

3327π6
þ 5hgss̄σGsi2s2

3× 27π6
þ 5hgsq̄σGqihgss̄σGsis2

3× 210π6
−
hg2sGGihq̄qi2s2

3228π6
−
5hg2sGGihgss̄σGsimss2

3229π8

þ 35hg2sGGihgsq̄σGqimss2

32213π8
þ 5hq̄qihs̄si3s

9π2
þ 20hq̄qi2hs̄si2s

27π2
þ 40hq̄qi3hs̄sis

27π2
þ 10hgss̄σGsihs̄si2mss

27π4

−
10hq̄qihgss̄σGsihs̄simss

27π4
−
115hgsq̄σGqihq̄qihs̄simss

3226π4
−
235hq̄qi2hgss̄σGsimss

3325π4
−
5hgsq̄σGqihq̄qi2mss

6π4

þ 125hg2sGGihgss̄σGsihs̄sis
3427π6

−
25hg2sGGihgsq̄σGqihs̄sis

3328π6
−
55hg2sGGihq̄qihgss̄σGsis

3428π6

−
115hg2sGGihgsq̄σGqihq̄qis

33211π6
−
5hg2sGGi2hs̄simss

33210π8
þ 25hg2sGGi2hq̄qimss

34212π8
þ 5hq̄qihgss̄σGsihs̄si2

6π2

þ 5hgsq̄σGqihq̄qihs̄si2
18π2

þ 35hq̄qi2hgss̄σGsihs̄si
54π2

þ 5hgsq̄σGqihq̄qi2hs̄si
3π2

þ 20hq̄qi3hgss̄σGsi
27π2

þ 25hg2sGGihs̄si3ms

3325π4
−
5hg2sGGihq̄qihs̄si2ms

3325π4
þ 35hgss̄σGsi2hs̄sims

3225π4
þ 5hgsq̄σGqihgss̄σGsihs̄sims

3226π4

−
175hg2sGGihq̄qi2hs̄sims

3426π4
−
25hq̄qihgss̄σGsi2ms

63π4
−
35hgsq̄σGqihq̄qihgss̄σGsims

3225π4
−
5hgsq̄σGqi2hq̄qims

16π4

þ 35hg2sGGi2hs̄si2
34210π6

−
55hg2sGGi2hq̄qihs̄si

34211π6
þ 5hg2sGGihgss̄σGsi2

3× 210π6
−
5hg2sGGihgsq̄σGqihgss̄σGsi

3× 210π6

−
5hg2sGGi2hq̄qi2

33211π6
−
25hg2sGGihgsq̄σGqi2

33211π6
þ 5hg2sGGihq̄qihs̄si3δðsÞ

2334π2
þ 5hq̄qihgss̄σGsi2hs̄siδðsÞ

24π2

−
5hg2sGGihq̄qi3hs̄siδðsÞ

81π2
þ 5hg2sGGihgsq̄σGqihs̄si2msδðsÞ

3× 27π4
þ 5hg2sGGihq̄qihgss̄σGsihs̄simsδðsÞ

3226π4

þ 5hg2sGGihgsq̄σGqihq̄qi2msδðsÞ
3224π4

−
5hg2sGGi2hgsq̄σGqihs̄siδðsÞ

34211π6
−
5hg2sGGi2hq̄qihgss̄σGsiδðsÞ

34211π6

−
80hq̄qi3hs̄si2msδðsÞ
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(ii) For the JP ¼ 1þ axial-vector channel in JNΩ
μν;1ðxÞ,

ρðsÞ ¼ s7

7 × 5233218π10
−

hs̄simss5

105 × 213π8
−

hq̄qimss5

75 × 213π8
þ hg2sGGis5
35 × 9 × 217π10

þ hs̄si2s4
45 × 28π6

þ hq̄qihs̄sis4
15 × 210π6

þ hq̄qi2s4
45 × 29π6

−
hgss̄σGsimss4

45 × 210π8
þ 7hgss̄σGsihs̄sis3

15 × 29π6
þ hq̄qihgss̄σGsis3

3228π6
þ hgsq̄σGqihq̄qis3

5 × 210π6
−
hg2sGGihs̄simss3

15 × 211π8

þ 5hg2sGGihq̄qimss3

32214π8
þ hs̄si3mss2

96π4
−
hq̄qihs̄si2mss2

24π4
−
hq̄qi2hs̄simss2

192π4
−
hq̄qi3mss2

24π4
þ 5hg2sGGihs̄si2s2

32210π6

−
hg2sGGihq̄qihs̄sis2

3228π6
þ hgss̄σGsi2s2

3 × 28π6
þ hgsq̄σGqihgss̄σGsis2

3 × 210π6
þ hg2sGGihq̄qi2s2

32211π6
−
5hg2sGGihgss̄σGsimss2

32213π8

þ hg2sGGihgsq̄σGqimss2

213π8
þ hq̄qihs̄si3s

6π2
þ hq̄qi2hs̄si2s

18π2
þ hq̄qi3hs̄sis

3π2
þ hgss̄σGsihs̄si2mss

36π4

−
25hq̄qihgss̄σGsihs̄simss

192π4
þ hgsq̄σGqihq̄qihs̄simss

192π4
−
hq̄qi2hgss̄σGsimss

72π4
−
3hgsq̄σGqihq̄qi2mss

16π4

þ 25hg2sGGihgss̄σGsihs̄sis
33210π6

þ hg2sGGihgsq̄σGqihs̄sis
210π6

−
7hg2sGGihq̄qihgss̄σGsis

32210π6
−
hg2sGGihgsq̄σGqihq̄qis

32211π6

−
hg2sGGi2hs̄simss

32213π8
þ hg2sGGi2hq̄qimss

3 × 214π8
þ hq̄qihgss̄σGsihs̄si2

4π2
þ hgsq̄σGqihq̄qi2hs̄si

2π2
þ 2hq̄qi3hgss̄σGsi

9π2

−
hg2sGGihq̄qihs̄si2ms

3226π4
þ hgsq̄σGqihgss̄σGsihs̄sims

3 × 27π4
þ 5hq̄qihgss̄σGsi2ms

144π4
−
3hgsq̄σGqi2hq̄qims

32π4

−
11hg2sGGi2hq̄qihs̄si

33212π6
−
hg2sGGihgsq̄σGqihgss̄σGsi

211π6
þ hg2sGGihq̄qihs̄si3δðsÞ

3324π2
−
hg2sGGihq̄qi2hs̄si2δðsÞ

108π2

þ hq̄qihgss̄σGsi2hs̄siδðsÞ
16π2

−
hgsq̄σGqihq̄qihgss̄σGsihs̄siδðsÞ

18π2
þ hg2sGGihq̄qi3hs̄siδðsÞ

63π2

þ hgsq̄σGqi2hq̄qihs̄siδðsÞ
8π2

−
hq̄qi2hgss̄σGsi2δðsÞ

36π2
þ hgsq̄σGqihq̄qi2hgss̄σGsiδðsÞ

6π2

−
17hg2sGGihgss̄σGsihs̄si2msδðsÞ

3327π4
þ hg2sGGihgsq̄σGqihs̄si2msδðsÞ

384π4
þ 7hg2sGGihq̄qihgss̄σGsihs̄simsδðsÞ

3229π4

þ 7hg2sGGihgsq̄σGqihq̄qihs̄simsδðsÞ
3229π4

−
hgss̄σGsi3msδðsÞ

3 × 27π4
þ hgsq̄σGqihgss̄σGsi2msδðsÞ

3228π4

þ hg2sGGihq̄qi2hgss̄σGsimsδðsÞ
3 × 28π4

þ hgsq̄σGqi2hgss̄σGsimsδðsÞ
3 × 28π4

þ hg2sGGihgsq̄σGqihq̄qi2msδðsÞ
3 × 27π4

−
hgsq̄σGqi3msδðsÞ

128π4
−
hg2sGGi2hgss̄σGsihs̄siδðsÞ

32212π6
−
hg2sGGi2hgsq̄σGqihs̄siδðsÞ

32213π6

−
hg2sGGi2hq̄qihgss̄σGsiδðsÞ

32213π6
þ hg2sGGi2hgsq̄σGqihq̄qiδðsÞ

33213π6
−
2hq̄qi2hs̄si3msδðsÞ

9

−
16hq̄qi3hs̄si2msδðsÞ
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(iii) For the JP ¼ 2þ tensor channel in JNΩ
μν;2ðxÞ,

ρðsÞ¼ s7

45×72220π10
−
43hs̄simss5

21×219π8
−
hq̄qimss5

15×214π8
−

hg2sGGis5
63×222π10

þ25hs̄si2s4
33213π6

þ35hq̄qihs̄sis4
33213π6

þ5hq̄qi2s4
32213π6

−
125hgss̄σGsimss4

7×33214π8
−
5hgsq̄σGqimss4

3×216π8
þ35hgss̄σGsihs̄sis3

33210π6
þhgsq̄σGqihs̄sis3

3×29π6
þ7hq̄qihgss̄σGsis3

3328π6

þ65hgsq̄σGqihq̄qis3
33212π6

−
83×5hg2sGGihs̄simss3

34216π8
−
23hg2sGGihq̄qimss3

33215π8
þ25hs̄si3mss2

3×29π4
−
35hq̄qihs̄si2mss2

3×28π4

−
49hq̄qi2hs̄simss2

3×28π4
−
25hq̄qi3mss2

3×28π4
þ125hg2sGGihs̄si2s2

32214π6
þ65hg2sGGihq̄qihs̄sis2

33212π6
þ25hgss̄σGsi2s2

3×212π6

þ125hgsq̄σGqihgss̄σGsis2
3×214π6

−
7hg2sGGihq̄qi2s2

32212π6
þ3hgsq̄σGqi2s2

212π6
−
25hg2sGGihgss̄σGsimss2

32214π8

−
25hg2sGGihgsq̄σGqimss2

32217π8
þ35hq̄qihs̄si3s

144π2
þ35hq̄qi2hs̄si2s

108π2
þ25hq̄qi3hs̄sis

108π2
þ25hgss̄σGsihs̄si2mss

3324π4

−
25hgsq̄σGqihs̄si2mss

3×27π4
−
35hq̄qihgss̄σGsihs̄simss

63π4
−
65×23hgsq̄σGqihq̄qihs̄simss

32210π4

−
47×35hq̄qi2hgss̄σGsimss

3329π4
−
25hgsq̄σGqihq̄qi2mss

192π4
þ252hg2sGGihgss̄σGsihs̄sis

34212π6
þ35hg2sGGihgsq̄σGqihs̄sis

33212π6

þ155hg2sGGihq̄qihgss̄σGsis
34212π6

−
55×13hg2sGGihgsq̄σGqihq̄qis

33215π6
−
25hg2sGGi2hs̄simss

33215π8
−
5hg2sGGi2hq̄qimss

34216π8

þ5hgsq̄σGqihs̄si3
48π2

þ35hq̄qihgss̄σGsihs̄si2
96π2

þ65hgsq̄σGqihq̄qihs̄si2
3225π2

þ49×5hq̄qi2hgss̄σGsihs̄si
3325π2

þ25hgsq̄σGqihq̄qi2hs̄si
96π2

þ25hq̄qi3hgss̄σGsi
63π2

þ125hg2sGGihs̄si3ms

33210π4
−
79×5hg2sGGihq̄qihs̄si2ms

3329π4

þ175hgss̄σGsi2hs̄sims

32210π4
−
149×5hgsq̄σGqihgss̄σGsihs̄sims

32210π4
−
49×25hg2sGGihq̄qi2hs̄sims

34210π4

−
15hgsq̄σGqi2hs̄sims

29π4
−
175hq̄qihgss̄σGsi2ms

3327π4
−
79×5hgsq̄σGqihq̄qihgss̄σGsims

3229π4
−
25hgsq̄σGqi2hq̄qims

29π4

þ175hg2sGGi2hs̄si2
34215π6

−
25hg2sGGi2hq̄qihs̄si

34215π6
þ25hg2sGGihgss̄σGsi2

3×215π6
−
5hg2sGGihgsq̄σGqihgss̄σGsi

3×214π6

−
35hg2sGGi2hq̄qi2

33215π6
−
175hg2sGGihgsq̄σGqi2

33215π6
þ43×5hg2sGGihq̄qihs̄si3δðsÞ

3427π2
þ5hgsq̄σGqihgss̄σGsihs̄si2δðsÞ

64π2

þ35hq̄qihgss̄σGsi2hs̄siδðsÞ
3×27π2

−
25hg2sGGihq̄qi3hs̄siδðsÞ

3425π2
−
15hg2sGGihgsq̄σGqihs̄si2msδðsÞ

211π4

−
145hg2sGGihq̄qihgss̄σGsihs̄simsδðsÞ

32210π4
−
15hgsq̄σGqihgss̄σGsi2msδðsÞ

210π4
þ25hg2sGGihgsq̄σGqihq̄qi2msδðsÞ

3229π4

−
35hg2sGGi2hgsq̄σGqihs̄siδðsÞ

34215π6
−
35hg2sGGi2hq̄qihgss̄σGsiδðsÞ

34215π6
−
25hq̄qi3hs̄si2msδðsÞ
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(iv) For the JP ¼ 1þ axial-vector channel in JNΩ
μν;2ðxÞ,

ρðsÞ¼ s7

3533223π10
−
hs̄simss5

21218π8
−
7hq̄qimss5

75217π8
þhg2sGGis5

63222π10
þ hs̄si2s4
32213π6

þ7hq̄qihs̄sis4
15214π6

þ7hq̄qi2s4
45213π6

−
hgss̄σGsimss4

32215π8

−
3hgsq̄σGqimss4

5217π8
þ7hgss̄σGsihs̄sis3

3214π6
þhgsq̄σGqihs̄sis3

213π6
þ7hq̄qihgss̄σGsis3

32212π6
þ13hgsq̄σGqihq̄qis3

5214π6

−
hg2sGGihs̄simss3

3216π8
−
hg2sGGihq̄qimss3

32218π8
þ5hs̄si3mss2

3210π4
−
7hq̄qihs̄si2mss2

327π4
−
7hq̄qi2hs̄simss2

3210π4
−
5hq̄qi3mss2

328π4

þ25hg2sGGihs̄si2s2
32215π6

þhg2sGGihq̄qihs̄sis2
32211π6

þ5hgss̄σGsi2s2
3213π6

þ25hgsq̄σGqihgss̄σGsis2
3214π6

þ7hg2sGGihq̄qi2s2
32215π6

þ3hgsq̄σGqi2s2
214π6

−
25hg2sGGihgss̄σGsimss2

32218π8
þhg2sGGihgsq̄σGqimss2

217π8
þ7hq̄qihs̄si3s

96π2
þ7hq̄qi2hs̄si2s

3225π2

þ5hq̄qi3hs̄sis
96π2

þ5hgss̄σGsihs̄si2mss
3227π4

−
3hgsq̄σGqihs̄si2mss

128π4
−
175hq̄qihgss̄σGsihs̄simss

3210π4

−
13hgsq̄σGqihq̄qihs̄simss

3210π4
−
7hq̄qi2hgss̄σGsimss

3227π4
−
15hgsq̄σGqihq̄qi2mss

29π4
þ125hg2sGGihgss̄σGsihs̄sis

33215π6

þ5hg2sGGihq̄qihgss̄σGsis
32214π6

−
hg2sGGihgsq̄σGqihq̄qis

32215π6
−
5hg2sGGi2hs̄simss

32218π8
þhg2sGGi2hq̄qimss

3218π8
þhgsq̄σGqihs̄si3

32π2

þ7hq̄qihgss̄σGsihs̄si2
64π2

þ5hgsq̄σGqihq̄qi2hs̄si
64π2

þ5hq̄qi3hgss̄σGsi
144π2

−
79hg2sGGihq̄qihs̄si2ms

32210π4

−
149hgsq̄σGqihgss̄σGsihs̄sims

3211π4
−
35hq̄qihgss̄σGsi2ms

3228π4
−
15hgsq̄σGqi2hq̄qims

210π4
−
5hg2sGGi2hq̄qihs̄si

33216π6

−
hg2sGGihgsq̄σGqihgss̄σGsi

215π6
þ43hg2sGGihq̄qihs̄si3δðsÞ

3328π2
þ3hgsq̄σGqihgss̄σGsihs̄si2δðsÞ

128π2

−
7hg2sGGihq̄qi2hs̄si2δðsÞ

3326π2
−
hgsq̄σGqi2hs̄si2δðsÞ

128π2
þ7hq̄qihgss̄σGsi2hs̄siδðsÞ

256π2

−
23hgsq̄σGqihq̄qihgss̄σGsihs̄siδðsÞ

3226π2
þ5hg2sGGihq̄qi3hs̄siδðsÞ

3328π2
þ5hgsq̄σGqi2hq̄qihs̄siδðsÞ

256π2

−
7hq̄qi2hgss̄σGsi2δðsÞ

3226π2
þ5hgsq̄σGqihq̄qi2hgss̄σGsiδðsÞ

192π2
−
85hg2sGGihgss̄σGsihs̄si2msδðsÞ

33212π4

−
5hg2sGGihgsq̄σGqihs̄si2msδðsÞ

3210π4
−
263hg2sGGihq̄qihgss̄σGsihs̄simsδðsÞ

32213π4
þ79hg2sGGihgsq̄σGqihq̄qihs̄simsδðsÞ

32213π4

−
5hgss̄σGsi3msδðsÞ

3212π4
−
119hgsq̄σGqihgss̄σGsi2msδðsÞ

32212π4
þ7hg2sGGihq̄qi2hgss̄σGsimsδðsÞ

3212π4

þ25hgsq̄σGqi2hgss̄σGsimsδðsÞ
3212π4

þ5hg2sGGihgsq̄σGqihq̄qi2msδðsÞ
3212π4

−
5hgsq̄σGqi3msδðsÞ

212π4

−
5hg2sGGi2hgss̄σGsihs̄siδðsÞ

32217π6
−
hg2sGGi2hgsq̄σGqihs̄siδðsÞ

32217π6
−
hg2sGGi2hq̄qihgss̄σGsiδðsÞ

32217π6

þ7hg2sGGi2hgsq̄σGqihq̄qiδðsÞ
33217π6

−
7hq̄qi2hs̄si3msδðsÞ

72
−
5hq̄qi3hs̄si2msδðsÞ
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