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Recently, a hadronic state named η1ð1855Þ, about 1.86 GeV, was observed in the BESIII experiment.
This finding has a peculiar interest due to its exotic quantum number JPC ¼ 1−þ. In this paper, we examine
the tetraquark interpretation for the structure of η1ð1855Þ in the configurations of ½1c�s̄s ⊗ ½1c�q̄q and

½1c�s̄q ⊗ ½1c�s̄q, and perform a mass spectrum calculation in the framework of QCD sum rules. The results

show that the observed η1ð1855Þ could be embedded into the ½1c�s̄s ⊗ ½1c�q̄q configuration. The possible

tetraquark and hybrid decay modes are analyzed, which are critical in decoding its inner structure. In the
same way, we evaluate as well the s̄ss̄smolecular state with 1−þ quantum number and find that there might
exist two such ground states.
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I. INTRODUCTION

Investigation on hadronic states beyond the conventional
quark model [1,2], such as multiquarks, hybrids, and
glueballs, may greatly enrich the hadron family and our
knowledge of the nature of quantum chromodynamics
(QCD). So far, more than thirty such states or candidates
have been observed in experiment ever since the observa-
tion of X(3872) [3]. It is highly expected that a great more
new hadronic states will emerge soon afterwards, implying
the renaissance of hadron physics. To decoding the had-
ronic structure of the new experimental observations is one
of the intriguing and important topics in hadron physics.
In the light hadron sector, partly due to the small

spacings between various states and hence large mixing,
it is usually hard to discriminate new hadronic states (like
multiquarks, hybrids, glueballs and so on) from conven-
tional ones in experiments, except the former possess some
exotic quantum numbers (like 0−−, 0þ−, � � �). With the
accumulation of experimental data in charm quark region,
BESIII is ready to examine carefully the hadron physics in
this area [4–13], including of course exotic hadrons.

Very recently, by analyzing the partial wave of the
process J=ψ → γηη0, the BESIII Collaboration observed
a structure at 1.855 GeV, named η1ð1855Þ, in the η and η0

invariant mass spectrum with 19σ significance and its
decay width is some 188 MeV [14,15]. This finding soon
attracts a lot of attention, since η1ð1855Þ possesses an
exotic quantum number of JPC ¼ 1−þ. In the past there
were couple of exotic-hadron candidates observed, while
no one is so well determined as this guy. To understand
more of the η1ð1855Þ’s property is a tempting and pressing
problem in hadron physics.
In the literature, the hybrid explanation of η1ð1855Þ was

proposed by flux tube model [16], QCD sum rules [17] and
effective Lagrangian method [18]. Hybrid, carrying valence
quarks and gluonic degrees of freedom, can possess exotic
quantum number which cannot be reached by a qq̄ state.
The lowest-lying hybrids are expected to have JPC ¼ 1−þ,
which have been explored in a variety of theories [19,20].
The lattice calculations of the 1−þ hybrid were made in the
quenched approximation, where the results predicted that
the 1−þ nonet of hybrids were the lightest with a mass from
1.8 GeV to 2.1 GeV [21–24]. Within the MIT bag model,
the mass of 1−þ hybrids were about 1.8� 0.4 GeV
and the hybrid phenomenology was also carried out in
Ref. [25]. Constituent gluon models, assuming a diagonal
gluon angular momentum, predicted that the mass of light
exotic hybrids were 1.8–2.2 GeV [26], which was con-
sistent with the lattice results. In the framework of
QCD sum rules, the estimation for the 1−þ hybrid was
about 1.6–1.8 GeV [27–29].
However, in physics, the exotic quantum number

JPC ¼ 1−þ can also be assigned to a tetraquark state.
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In fact, the dynamical gluon of the hybrid can easily split

into a quark pair so that to discriminate the different
explanations of η1ð1855Þ as hybrid or pure tetraquark
one needs to know more fine structures of the observed
state. About 1−þ tetraquark there have been some inves-
tigations in the literature [29–32]. In Ref. [30], the 1−þ
isoscalar tetraquark states with diquark-antidiquark con-
figurations in light sector were studied in QCD sum rules
by Chen et al., and the masses were found around
1.8–2.1 GeV. Narison investigated the 1−þ tetraquarks in
diquark-antidiquark and molecule configurations but with
no strange quark component, and the numerical results
are around 1.7 GeV [29]. In Refs. [31,32], η1ð1855Þ was
interpreted as a KK̄1ð1400Þ molecular state by using the
one meson exchange model.
In this work, the masses of the light isoscalar tetraquark

states in configurations of ½1c�s̄s ⊗ ½1c�q̄q and ½1c�s̄q ⊗ ½1c�s̄q
with JPC ¼ 1−þ are investigated by means of Shifman,
Vainshtein, and Zakharov (SVZ) sum rules technique [33].
The SVZ sum rules, viz the QCD sum rules (QCDSR),
has some peculiar advantages in exploring hadron properties
involving nonperturbative QCD. QCDSR is a QCD based
theoretical framework which incorporates nonperturbative
effects and has already achieved a lot in the study of hadron
spectroscopy [34–50]. The starting point to establish the sum
rules is to construct the proper interpolating currents corre-
sponding to hadrons of interest, which possesses the foremost
information of the concerned hadrons, like quantum numbers
and structure components. The two-point correlation function
is constructed by interpolating currents, it has two represen-
tations: the operator product expansion (OPE) representation
and the phenomenological representation. By equating these
two representations, the QCD sum rules will be formally
established, from which the hadron mass may be deduced.
The rest of the paper is arranged as follows. After the

Introduction, a brief interpretation of QCD sum rules and
some primary formulas in our calculation are presented in
Sec. II. The numerical analysis and the possible tetraquark
and hybrids decay modes are given in Sec. III. The last part
is left for a brief summary.

II. FORMALISM

The lowest order currents for light tetraquark states with
JPC ¼ 1−þ in molecular configuration are found to be
in forms:

jAμ ðxÞ ¼ i½s̄aðxÞγ5saðxÞ�½q̄bðxÞγμγ5qbðxÞ�; ð1Þ

jBμ ðxÞ ¼ i½s̄aðxÞγμγ5saðxÞ�½q̄bðxÞγ5qbðxÞ�; ð2Þ

jCμ ðxÞ ¼
iffiffiffi
2

p f½s̄aðxÞγ5qaðxÞ�½q̄bðxÞγμγ5sbðxÞ�

þ ½s̄aðxÞγμγ5qaðxÞ�½q̄bðxÞγ5sbðxÞ�g; ð3Þ

jDμ ðxÞ ¼
1ffiffiffi
2

p f½s̄aðxÞqaðxÞ�½q̄bðxÞγμsbðxÞ�

− ½s̄aðxÞγμqaðxÞ�½q̄bðxÞsbðxÞ�g; ð4Þ

where the subscripts a and b are color indices, q stands for
light quarks. In our calculation, qðxÞ ¼ 1=

ffiffiffi
2

p ½uðxÞ þ dðxÞ�
for isoscalar state. Hereafter, for simplicity the four 1−þ
currents in Eqs. (1)–(4) will be referred as cases A to D,
respectively.
With the currents (1)–(4), the two-point correlation

function can be readily established, i.e.,

Πμνðq2Þ ¼ i
Z

d4xeiq·xh0jTfjμðxÞ; j†νð0Þgj0i; ð5Þ

where j0i denotes the physical vacuum. The correlation
function has the following Lorentz covariance form:

Πμνðq2Þ ¼ −
�
gμν −

qμqν
q2

�
Π1ðq2Þ þ

qμqν
q2

Π0ðq2Þ; ð6Þ

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

Πðq2Þ can be expressed as a dispersion integral over the
physical regime after isolating the ground state contribution
from the tetraquark state, i.e.,

Πphen
i ðq2Þ ¼ λ2i

M2
i − q2

þ 1

π

Z
∞

s0

ds
ρiðsÞ
s − q2

; ð7Þ

where the subscripts i runs from A to D, M denotes the
tetraquark mass, λ is the coupling constant of current to
hadron, and ρðsÞ is the spectral density that contains the
contributions from higher excited states and the continuum
states above the threshold s0.
In the OPE representation, the dispersion relation can

express the correlation function Πðq2Þ as

ΠOPE
i ðq2Þ ¼

Z
∞

smin

ds
ρOPEi ðsÞ
s − q2

þ Πsum
i ðq2Þ: ð8Þ

Here, smin is the kinematic limit, which usually corresponds
to the square of the sum of current-quark masses of the
hadron [34], Πsum

i is the sum of those contributions in
correlation function that have no imaginary part but are
nontrivial after the Borel transformation, ρOPEi ðsÞ ¼
Im½ΠOPE

i ðsÞ�=π, and

ρOPEðsÞ ¼ ρpertðsÞ þ ρhq̄qiðsÞ þ ρhG2iðsÞ þ ρhq̄GqiðsÞ
þ ρhq̄qi2ðsÞ þ ρhG2ihq̄qiðsÞ þ ρhq̄qihq̄GqiðsÞ: ð9Þ

To calculate the spectral density of the OPE side, Eq. (9),
the light quark full propagators SqijðxÞ is employed, say
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SqijðxÞ ¼
iδij=x

2π2x4
−
δijmq

4π2x2
−
itaijG

a
αβ

25π2x2
ðσαβ=xþ =xσαβÞ − δij

12
hq̄qi þ iδij=x

48
mqhq̄qi −

δijx2

192
hgsq̄σ · Gqi

þ iδijx2=x

27 × 32
mqhgsq̄σ ·Gqi − taijσαβ

192
hgsq̄σ · Gqi þ itaij

768
ðσαβ=xþ =xσαβÞmqhgsq̄σ ·Gqi; ð10Þ

where the vacuum condensates are clearly displayed. For
more explanation on above propagator, readers may refer
to Refs. [34,35]. The Feynman diagrams corresponding to
each term of Eq. (9) are schematically shown in Fig. 1, and
the analytical formulas are given in the Appendix.
Performing the Borel transform on Eqs. (7) and (8), and

matching the OPE side with the phenomenological side of
the correlation function Πðq2Þ, one can finally obtain the
mass of the tetraquark state,

Mðs0;M2
BÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−
L1ðs0;M2

BÞ
L0ðs0;M2

BÞ

s
: ð11Þ

Here L0 and L1 are respectively defined as

L0ðs0;M2
BÞ ¼

Z
s0

smin

ds ρOPEðsÞe−s=M2
B þ ΠsumðM2

BÞ; ð12Þ

and

L1ðs0;M2
BÞ ¼

∂

∂
1
M2

B

L0ðs0;M2
BÞ: ð13Þ

III. NUMERICAL ANALYSIS

A. Mass spectrum calculation

In performing the numerical calculation, the broadly
accepted inputs are taken [36–40,51], i.e., mu¼
2.16þ0.49

−0.26 MeV, md¼ 4.67þ0.48
−0.17 MeV, ms¼ð95�5ÞMeV,

hq̄qi ¼ −ð0.23� 0.03Þ3 GeV3, hs̄si ¼ ð0.8� 0.1Þhq̄qi,
hq̄gsσ · Gqi ¼ m2

0hq̄qi, hs̄gsσ · Gsi ¼ m2
0hs̄si, hg2sG2i ¼

ð0.88� 0.25Þ GeV4, and m2
0 ¼ ð0.8� 0.2Þ GeV2.

Moreover, there exist two additional parameters s0 and
M2

B introduced in establishing the sum rules, which can be
fixed in light of the so-called standard procedures by
fulfilling the following two criteria [33,34,40,41]. The first
one asks for the convergence of the OPE, which is to
compare relative contribution of higher dimension con-
densate to the total contribution on the OPE side, and then
a reliable region for M2

B will be chosen to retain the
convergence. The other criterion of QCD sum rules
requires that the pole contribution (PC) is more than
(40–60)% of the total [42,43]. Mathematically, the two
criteria can be formulated as:

ROPE ¼
����Ldim¼8

0 ðs0;M2
BÞ

L0ðs0;M2
BÞ

����; ð14Þ

RPC ¼ L0ðs0;M2
BÞ

L0ð∞;M2
BÞ

: ð15Þ

In order to find a proper value for continuum threshold
s0, a similar analysis as in Refs. [34,40,41] is performed.
Therein, one needs to find the proper value, which has an
optimal window for the mass curve of the light tetraquark
state. Within this window, the physical quantity, that is the
mass of the light tetraquark state, should be independent of
the Borel parameter M2

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

ffiffiffiffiffi
s0

p
by 0.1 GeV to obtain the lower and upper

bounds, and hence the uncertainties of
ffiffiffiffiffi
s0

p
[34].

With the above preparation the mass spectrum of light
tetraquaek states can be numerically evaluated. As an
example, the ratios ROPE

A and RPC
A are presented as functions

of Borel parameter M2
B in Fig. 2(a) with different values offfiffiffiffiffi

s0
p

, i.e., 2.1, 2.2 and 2.3 GeV. The reliant relations of MA

on parameter M2
B are displayed in Fig. 3(a). The optimal

Borel window is found in range 1.1 ≤ M2
B ≤ 1.6 GeV2,

and the mass MA can then be obtained:

MA ¼ ð1.87� 0.08Þ GeV: ð16Þ

With the same analyses, and the OPE, pole contribution and
the masses as functions of Borel parameter M2

B can be
found in Figs. 2 and 3, respectively, the masses MB, MC,
and MD can be extracted as follows:

MB ¼ ð1.75� 0.08Þ GeV; ð17Þ
FIG. 1. The typical Feynman diagrams related to the correlation
function, where the solid lines stand for the quarks and the spiral
ones for gluons.
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FIG. 2. The ratios of ROPE
X and RPC

X as functions of the Borel parameterM2
B for different values of

ffiffiffiffiffi
s0

p
, where blue lines represent ROPE

X
and red lines denote RPC

X . Here, the subscripts X runs from A to D. (a), (b), (c), and (d) are for the current in Eqs. (1)–(4), respectively.
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FIG. 3. The massMX as a function of the Borel parameterM2
B for different values of

ffiffiffiffiffi
s0

p
. Here, the subscripts X runs from A toD. (a),

(b), (c), and (d) are for the current in Eqs. (1)–(4), respectively.
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MC ¼ ð2.05� 0.07Þ GeV; ð18Þ

MD ¼ ð1.63� 0.12Þ GeV: ð19Þ

Similarly, we can evaluate the 1−þ strange tetraquark
states in configuration ½1c�s̄s ⊗ ½1c�s̄s. With the replacement
of light quark by strange quark in the obtained analytical
results, the corresponding masses of strange tetraquark are
readily obtained, that is

MA
4s ¼ ð2.14� 0.07Þ GeV; ð20Þ

MD
4s ¼ ð1.71� 0.11Þ GeV; ð21Þ

The convergence of the OPE, pole contribution and the
masses of tetrastrange states are shown as functions of the
Borel parameter M2

B in Figs. 4 and 5 for currents (1) and
(4), respectively. Note that with the replacement of q-quark
by s-quark, the currents in (1)–(3) keep the same.
The errors in results (16)–(21) mainly stem from the

uncertainties in quark masses, condensates and threshold
parameter

ffiffiffiffiffi
s0

p
. For the convenience of reference, a col-

lection of continuum thresholds, Borel parameters, and
predicted masses of 1−þ light tetraquark states are tabulated
in Table I.

B. Decay analyses

The preceding numerical results indicate that the
η1ð1855Þ is close in magnitude to our calculation of current
in Eq. (1) light tetraquark state (tetraquark A), which is to
say η1ð1855Þ at least has a large component in tetraquark
configuration. To finally pin down the inner structure
of η1ð1855Þ, a feasible procedure is to scrutinize its
various decay products. Under the requirements of parity,
angular momentum and isospin conservation, the S-wave
ηf1ð1285Þ, P-wave ηη0 and ηηð1295Þ decay processes may
readily proceed for tetraquark A. There are at least two
main differences between the decay modes of tetraquark A
and hybrid state:
(1) Decay modes of πa1ð1260Þ and πa1ð1640Þ for

tetraquark A are suppressed by the s-quarks trans-
lating to q-quarks, while the hybrid may decay to
πa1 more straightforwardly.

(2) The tetraquark A in configuration ½1c�s̄s ⊗ ½1c�q̄q is
relatively tamed to decay to K1ð1270ÞK̄, which is in
configuration ½1c�s̄q ⊗ ½1c�s̄q, while for a hybrid this
decay channel looks more accessible.

With above naive analyses, we expect future experi-
mental measurement on η1ð1855Þ decays via these
channels may help to decode more of the η1ð1855Þ inner
structure.
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FIG. 4. The same caption as in Fig. 2, but for the tetrastrange states. (a) and (b) are for the current in Eqs. (1) and (4), respectively.
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FIG. 5. The same caption as in Fig. 3, but for the tetrastrange states. (a) and (b) are for the current in Eqs. (1) and (4), respectively.
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IV. SUMMARY

In summary, we have investigated the light tetraquark
states in the configurations of ½1c�s̄s ⊗ ½1c�q̄q, ½1c�s̄q ⊗
½1c�q̄s, and ½1c�s̄s ⊗ ½1c�s̄s with JPC ¼ 1−þ in the framework
of QCD sum rules. Our numerical results are tabulated in
Table I. Results indicate that the η1ð1855Þ reported by
BESIII is close in magnitude to our calculation of current
(1) light tetraquark state. The possible tetraquark and
hybrid decay modes are analyzed, through which the inner
structure of η1ð1855Þ may be elucidated with the exper-
imental verification. Moreover, we also predict theoreti-
cally the possible existence of five other 1−þ tetraquark
states.
Finally, it should be noted that the masses of hadronic

states obtained through currents Eqs. (1)–(4) lie closely to

each other, say semidegenerate, which poses a challenge to
experiment on how to disentangle them.
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APPENDIX: THE SPECTRAL DENSITIES
FOR CASE A-D

For the current in Eq. (1), we obtain the spectral densities
as follows:

ρpertðsÞ ¼ s3ð96m2
s þ 5sÞ − 120m2

qs2ð12m2
s þ sÞ

215 × 3 × 5π6
; ðA1Þ

ρhq̄qiðsÞ ¼ ð64m2
s þ 11sÞsmqhq̄qi þ 3ð8m2

q − sÞsmshs̄si
210π4

;

ðA2Þ

ρhg2sG2iðsÞ ¼ −
23sð18m2

q þ 8m2
s − sÞhg2sG2i

213 × 32π6
; ðA3Þ

ρhgsq̄σ·GqiðsÞ ¼ −
5mqð54m2

s þ 25sÞhgsq̄σ · Gqi
28 × 32π4

−
25msð3m2

q − sÞhgss̄σ ·Gsi
3 × 27π4

; ðA4Þ

ρhq̄qi2ðsÞ ¼ ðm2
q − 8m2

s − 4sÞhq̄qi2
27π2

þ ð8sþ 3m2
s − 24m2

qÞhs̄si2
3 × 27π2

−
5mqmshq̄qihs̄si

25π2
; ðA5Þ

ρhq̄qihg2sG2iðsÞ ¼ 115mqhq̄qihg2sG2i þ 23mshs̄sihg2sG2i
3 × 210π2

; ðA6Þ

ρhq̄qihgsq̄σ·GqiðsÞ ¼ 2hq̄qihgsq̄σ · Gqi − hs̄sihgss̄σ ·Gsi
26π2

; ðA7Þ

Πhq̄qi2ðM2
BÞ ¼ −

m2
qm2

shs̄si2
26π2

; ðA8Þ

Πhq̄qihgsq̄σ·GqiðM2
BÞ ¼

m2
shq̄qihgsq̄σ ·Gqi

25π2
þ 55mqmshs̄sihgsq̄σ ·Gqi

25 × 32π2
þ 25mqmshq̄qihgss̄σ ·Gsi

2 × 24π2

þm2
qhs̄sihgss̄σ ·Gsi

25π2
þm2

sm2
qhq̄qihgsq̄σ ·Gqi
3 × 26π2M2

B
: ðA9Þ

For the current in Eq. (2), the spectral densities will be the same with the current in Eq. (1) but with letters q and s
to be exchanged.

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

Configuration Current
ffiffiffiffiffi
s0

p
(GeV) M2

B ðGeV2Þ MX (GeV)

½1c�s̄s ⊗ ½1c�q̄q A 2.2� 0.1 1.1–1.6 1.87� 0.08
B 2.1� 0.1 1.1–1.6 1.75� 0.08

½1c�s̄q ⊗ ½1c�q̄s C 2.4� 0.1 1.3–1.8 2.05� 0.07
D 2.1� 0.1 1.2–1.7 1.63� 0.12

½1c�s̄s ⊗ ½1c�s̄s A 2.5� 0.1 1.3–1.9 2.14� 0.07
D 2.2� 0.1 1.3–1.8 1.71� 0.11
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For the current in Eq. (3), we obtain the spectral densities as follows:

ρpertðsÞ ¼ s2ð−12m2
qð120m2

s þ sÞ − 48smqms þ sð5s − 12m2
sÞÞ

215 × 3 × 5π6
; ðA10Þ

ρhq̄qiðsÞ ¼ hq̄qisð−4m2
qms þ 2mqð11m2

s þ sÞ þ smsÞ
29π4

þ hs̄sisð22m2
qms þmqðs − 4m2

sÞ þ 2smsÞ
29π4

; ðA11Þ

ρhg2sG2iðsÞ ¼ 23hg2sG2isðs − 26mqmsÞ
213 × 32π6

; ðA12Þ

ρhgsq̄σ·GqiðsÞ ¼ hgsq̄σ ·Gqið−603m2
qms − 99mqm2

s þ 94smq þ 51smsÞ
29 × 32π4

þ hgss̄σ ·Gsið−99m2
qms − 603mqm2

s þ 51smq þ 94smsÞ
29 × 32π4

; ðA13Þ

ρhq̄qi2ðsÞ ¼ hq̄qi2ð12mqms − 2ð12m2
s þ sÞ þ 3m2

qÞ
27 × 3π2

þ hq̄qihs̄sið−15mqms þ 3m2
q þ 3m2

s − 2Þ
25 × 3π2

−
hs̄si2ð−12mqms þ 24m2

q − 3m2
s þ 2sÞ

27 × 3π2
; ðA14Þ

ρhq̄qihg2sG2iðsÞ ¼ 23hq̄qihg2sG2ims

210π4
þ 23hs̄sihg2sG2imq

210π4
; ðA15Þ

ρhq̄qihgsq̄σ·GqiðsÞ ¼ hq̄qihgsq̄σ · Gqið299mqms − 46m2
q þ 9Þ

27 × 32π2
þ hq̄qihgss̄σ ·Gsið23mqms þ 230m2

s þ 18Þ
27 × 32π2

þ hs̄sihgsq̄σ · Gqið23mqms þ 230m2
q þ 18Þ

27 × 32π2
þ hs̄sihgss̄σ · Gsið299mqms − 46m2

s þ 9Þ
27 × 32π2

; ðA16Þ

Πhq̄qi2ðM2
BÞ ¼ −

hq̄qi2m2
qm2

s

27π2
−
hq̄qihs̄sim2

qm2
s

25π2
−
hs̄si2m2

qm2
s

27π2
; ðA17Þ

Πhq̄qihgsq̄σ·GqiðM2
BÞ ¼

hq̄qihgsq̄σ ·Gqið269M2
Bmqms − 46M2

Bm
2
q þ 36M2

Bm
2
s þ 3m2

qm2
sÞ

27 × 32π2M2
B

þ hq̄qihgss̄σ · Gsið65M2
Bmqms − 18M2

Bm
2
q þ 218M2

Bm
2
s þ 6m2

qm2
sÞ

27 × 32π2M2
B

þ hs̄sihgsq̄σ ·Gqið65M2
Bmqms þ 218M2

Bm
2
q − 18M2

Bm
2
s þ 6m2

qm2
sÞ

27 × 32π2M2
B

þ hs̄sihgss̄σ ·Gsið269M2
Bmqms þ 36M2

Bm
2
q − 46M2

Bm
2
s þ 3m2

qm2
sÞ

27 × 32π2M2
B

: ðA18Þ

For the current in Eq. (4), we obtain the spectral densities as follows:

ρpertðsÞ ¼ s2ð−12m2
qð120m2

s þ sÞ þ 48smqms þ sð5s − 12m2
sÞÞ

215 × 3 × 5π6
; ðA19Þ

ρhq̄qiðsÞ ¼ hs̄sisð22m2
qms þ 4mqm2

s − smq þ 2smsÞ
29π4

þ hq̄qisð4m2
qms þ 2mqð11m2

s þ sÞ − smsÞ
29π4

; ðA20Þ

ρhg2sG2iðsÞ ¼ 23hg2sG2isð26mqms þ sÞ
213 × 32π6

; ðA21Þ
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ρhgsq̄σ·GqiðsÞ ¼ hgsq̄σ ·Gqið603m2
qms − 99mqm2

s þ 94smq − 51smsÞ
29 × 32π4

þ hgss̄σ ·Gsið−99m2
qms þ 603mqm2

s − 51smq þ 94smsÞ
29 × 32π4

; ðA22Þ

ρhq̄qi2ðsÞ ¼ hq̄qi2ð−12mqms þ 3m2
q − 2ð12m2

s þ sÞÞ
27 × 3π2

þ hq̄qihs̄sið−15mqms − 3m2
q − 3m2

s þ 2Þ
25 × 3π2

−
hs̄si2ð12mqms þ 24m2

q − 3m2
s þ 2sÞ

27 × 3π2
; ðA23Þ

ρhq̄qihg2sG2iðsÞ ¼ −
23hq̄qihg2sG2ims

210π4
−
23hs̄sihg2sG2imq

210π4
; ðA24Þ

ρhq̄qihgsq̄σ·GqiðsÞ ¼ −hq̄qihgsq̄σ ·Gqið299mqms þ 46m2
q − 9Þ

27 × 32π2
−
hq̄qihgss̄σ · Gsið−23mqms þ 230m2

s þ 18Þ
27 × 32π2

−
hs̄sihgsq̄σ ·Gqið−23mqms þ 230m2

q þ 18Þ
27 × 32π2

−
hs̄sihgss̄σ · Gsið299mqms þ 46m2

s − 9Þ
27 × 32π2

; ðA25Þ

Πhq̄qi2ðM2
BÞ ¼ −

hq̄qi2m2
qm2

s

27π2
þ hq̄qihs̄sim2

qm2
s

25π2
−
hs̄si2m2

qm2
s

27π2
; ðA26Þ

Πhq̄qihgsq̄σ·GqiðM2
BÞ ¼

hq̄qihgsq̄σ · Gqiðm2
qð3m

2
s

M2
B
− 46Þ − 269mqms þ 36m2

sÞ
27 × 32π2

þ
hq̄qihgss̄σ ·Gsið−6m2

qðm
2
s

M2
B
− 3Þ þ 65mqms − 218m2

sÞ
27 × 32π2

þ
hs̄sihgsq̄σ · Gqið−2m2

qð3m
2
s

M2
B
þ 109Þ þ 65mqms þ 18m2

sÞ
27 × 32π2

þ
hs̄sihgss̄σ ·Gsið3m2

qðm
2
s

M2
B
þ 12Þ − 269mqms − 46m2

sÞ
27 × 32π2

: ðA27Þ
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