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Abstract The continuous advancement of experimental
techniques and investigations has led to observations of var-
ious exotic states in particle physics. Each addition to this
family of states not only raises expectations for future dis-
coveries but also focuses attention on such potential new
states. Building upon this motivation and inspired by recent
observations of various traditional and exotic particles con-
taining an increased number of heavy quarks, our study pro-
vides a spectroscopic search for potential pentaquark states
with spin-parity %7 and composed entirely of charm or bot-
tom quarks. We predict the masses for full-charm and full-
bottom pentaquark states as m = 7628 + 112 MeV and
m = 21, 982 4 144 MeV, respectively. We also compute the
current couplings of these states to vacuum, which are main
inputs in investigations of their various possible decays.

1 Introduction

Since the proposal of the quark model, hadrons with non-
conventional structures, which do not fit the conventional
baryons composed of three quarks (antiquarks) and mesons
composed of a quark and an antiquark, have been subjects of
interests. The theory of strong interaction does not rule out
the existence of such states, and this has attracted interest in
these states. They were investigated extensively in both the-
ory and experiments. Finally, the first evidence came out with
the observation of X (3872) state in 2003 [1]. And follow-
ing this observation, many other such exotic state candidates
were observed [2—10] and listed in particle data group (PDG)
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[11]. These observations were also followed by many theoret-
ical investigations trying to explain their internal structures,
which still have ambiguity and need to be clearly identified
with more scrutiny. It is evident that we will come across with
other such possible exotic states in the future. This expecta-
tion necessitates their examinations in detail via different
approaches to provide an understanding of their substructure
and properties and provide feedback for future investigations.
Besides, these states help to deepen our understanding of the
dynamics of the strong interaction.

The pentaquark states are among these non-conventional
states with their first observation reported in 2015 by the
LHCb collaboration [3]. The investigation of the Ag —
J/¥pK™ process resulted in two pentaquark states in the
J/¥p invariant mass spectrum with the following reso-
nance parameters [3]: mp_43g0)+ = 4380 £+ 8 + 29 MeV,
FPF(4380)+ = 205 &+ 18 + 86 MeV and mpc(4450)+ =
4449.8 £1.7 £ 2.5 MeV, I'p_ 450+ = 39 =5+ 19 MeV.
This observation was supported by a full amplitude anal-
ysis for Ag — J/¥pr~ decays [4] in 2016. In 2019,
using updated data, a new pentaquark state, P.(4312)", was
reported with mp 43120+ = 4311.9 + O.7J_r8:§ MeV and
Tp.siz+ = 9.8 £2.7751 MeV by the LHCb collabora-
tion and analyses revealed two narrow overlapping peaks for
the previously observed peak of the P.(4450)~ state with
masses and widths: m p, 4440+ = 4440.3 £ 13177 MeV,
FPC(4440)+ = 20.6 + 491—?071 MeV and mp. 4457+ =
4457.3 £ 0.6711 MeV, T'p 4457+ = 6.4 +2.077] MeV
[5]. In the recent investigations, new states with the strange
quark were also added to this family. The LHCb collabora-
tion reported the P.;(4459)" state through the investigation
of J¥ A invariant mass distribution in 8, — J/Y K~ A
decays [9]. The mass and width for the P (4459)0 were
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given as m = 4458.8 £ 2.9} MeV, and I' = 17.3 £+

6.5f§:(7) MeV [9]. P.s(4338) state was reported with the mass
4338.2+0.7+£0.4 MeV and the width 7.0 £ 1.2+ 1.3 MeV
from the amplitude analyses of B~ — J/¥ Ap [10].

Following the observations of the above pentaquark states,
theoretical researches chasing the purpose of identifying
their various properties have focused on these states. The
sub-structures and quantum numbers of these observed pen-
taquark states still have uncertainty and this makes them
attractive theoretically. Their investigations provide infor-
mation not only about their nature and substructure but
also for future experiments searching for new such states.
Their scrutiny also supports and contributes to improving
our understanding of the nonperturbative domain of quan-
tum chromodynamics (QCD) with their distinct quark sub-
structures compared to conventional hadrons with three
quarks/antiquarks or a quark and an antiquark. With all these
issues, these states were investigated thoroughly with the
application of different approaches assigning them different
substructures such as diquark-diquark-antiquark [12-26] and
diquark-triquark [24,27] models, and meson baryon molec-
ular states [28—45]. Topological soliton model [46] and a
variant of the D4-D8 model [47] were applied to search
their properties, and in Refs. [48-52] their being kinemat-
ical effects were taken into account. With the possibility for
observation of new pentaquark states with quark content dif-
ferent from the observed ones, various candidate pentaquark
states were also studied in the literature [53—-67].

These observations and the advances in experimental
facilities and techniques indicate the possibility of observ-
ing more exotic states in the future. With this expectation,
these states with different possible structures and quark
contents have been studied using various models [53—83].
The observed traditional baryons with double valence heavy
quarks or exotic states with full heavy quarks in the recent
years [84-90] enhance the expectation for future observa-
tion of such pentaquark states with two, three, or more heavy
valence quarks in their quark substructures. This expectation
motivates us to study such types of systems, and to this end,
in this work, our focus is to study the pentaquark stets with
full charm or full bottom quark contents. With the same moti-
vation, the pentaquark states with full charm or bottom com-
positions were also studied in Refs. [64,91-97]. However,
to enhance our knowledge, better understand these states,
and give support for possible future experiments, we need
more analysis to explain their nature and possible structures.
Furthermore, such analysis helps improve our understanding
of nonperturbative regime of the quantum chromodynam-
ics and refines our knowledge about the dynamics of heavy
quarks. To investigate these states, we apply a method that has
revealed its success so far with its predictions consistent with
the experimental observations, namely the QCD sum rule
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method [98—100]. Using this method, we aim to calculate the
masses and current coupling constants for considered states
with spin-parity %_ with a proper choice of interpolating cur-
rent defining these states and composed of heavy quark fields.
The information obtained about such states, which have the
potential to be observed and investigated in future experi-
ments, may provide support to conduct these experiments
and help to explore and understand their properties.

The outline of the paper is as follows: In Sect. 2, the QCD
sum rules giving the masses and current coupling constants
of the considered states were obtained. Section3 gives the
numerical analyses of the QCD sum rule results attained.
The last section is devoted to the summary and conclusion.

2 The QCD sum rules for the masses of full-charm and
full-bottom pentaquarks

This section provides the QCD sum rule calculations that give
the masses and corresponding current coupling constants of
the considered full-charm and full-bottom pentaquarks. The
mass calculations with the QCD sum rule method start with
a two-point correlation function given as

My (p) =i / d*xe?* (01T (%2 ()i 2 O)}]0), (1)

. . P
where 7 stands for time ordering operator and 77,[59) rep-

resents the full-heavy pentaquark currents either composed
of completely charm quarks or completely bottom ones with
the following form:

1 = 1€ Q7 €y, 0, 011 Qiiys Q1. @)

The Q in Eq. (2) is either charm quark or bottom quark field,
T represents transpose, i, j, k, [ are the color indices, and C
is the charge conjugation operator. We use this interpolating
current to investigate both the fully-charmed pentaquark state
using all its heavy quark fields as ¢ quark fields and the fully-
bottom pentaquark state using them as all b quark fields.

In the calculation of Eq. (1), two paths are followed; in
the first path, it is calculated in terms of hadronic degrees of
freedom. Since the result of the calculation contains the mass
of the hadron and the current coupling constant, this path is
called the hadronic side. On the other hand, the same equa-
tion is also computed in terms of QCD degrees of freedom,
that is, in terms of the masses of the included quarks, quark-
gluon condensates, and QCD coupling constant. Therefore,
this path is called the QCD side of the calculation. After fol-
lowing these two paths to study the same correlation function,
the obtained results are matched considering the coefficients
of the same Lorentz structure on each part using a dispersion
relation to obtain the QCD sum rules of the required quanti-
ties, masses, and current coupling constants in this work. The
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obtained results also take contributions from higher states
and continuum, which need to be suppressed to obtain the
required physical parameters. Borel transformations and con-
tinuum subtractions are applied to both sides to provide this.
On the hadronic side, the interpolating currents are treated
as annihilation or creation operators of the considered
hadrons. A complete set of hadronic states carrying the same
quantum numbers as the interpolating current is inserted
inside the correlation function between the interpolating cur-
rents, and the integral over four-x is performed. With these
operations, the result becomes
rHad () — (O1Ju | P50y (p, $)){(Pi0)(p, $)1J,|0) b

2 2
m _
Psgy — P

3

In Eq. (3) the --- is used for the contribution of higher
states and continuum, | P(50)(p, s)) is one particle satate with
momentum p and spin s, and the matrix elements are defined
in terms of the current coupling constants, A Pisg)» and Rarita—
Schwinger spinor, u,(p, s), as

<0|JM|P(5Q)(p7S)> ZAP(5Q)uu(paS)- (4)

Though the states analyzed here are spin-% states, the cur-
rent used in the calculation also couples to the spin-% state.
Therefore, to isolate the contribution to the analyses from the
spin-% state and remove that from spin-% state, we need to
consider the matrix element entering the calculation relevant
for the spin—% states as

4p
Y+ —= | vsu(q, s), )
m+

2

1
Ol ul5(p.8)) = A+
2

which indicates that the results getting contributions from
these states are proportional to y,, or p,,. According to these,
if we choose a proper Lorentz structure that does not contain
Yu or p,,, we separate the part of the results giving contribu-
tion only to spin-% state. To this end, we take into account
the Lorentz structure g,,, in our computation. After using the
matrix element given in Eq. (4) inside the Eq. (3), we use the

following summation over spin:

1
> uu(p. )ity (p.s) = —(p +m)[g,w —3Yur

2pupy PuYv — PvYu
— + , (6
3m? 3m ©)
and obtain the hadronic side as
APiso) > 1
H,}llid(P) = 2*%(15 + mP(SQ))I:gMU YR
~MPso)
_ 2pupy | Puvv — PUV/4:| 4. %)
m%ﬂﬁg) 3mpisg)

Table 1 Necessary input parameters for the numerical analyses

Parameters Values

me 1.27£0.02 GeV [11]

mp 4181003 GeV [11]

(&G?) (0.012£0.004) GeV* [101]

As stated, to avoid the pollution of the spin—% state, we work
with the coefficient of the structure g, which leads us to

2
Had L)
M (P) = ———5—Mpsg 8uv + -+ (®)
Ps0)

where the contributions of other structures are represented
by .... After the Borel transformation with respect to — p>
this result turns into

Had 2 ~Thso)
[0 () = MpggMpsge M 8wt ®)

where M? is the Borel parameter arising from the Borel trans-
formation.

After getting the hadronic side, we turn our attention to
the QCD side of the calculation and use the same correlation
function, Eq. (1), with the explicit form of the interpolating
current given in terms of the quark fields. Using Wick’s the-
orem, we obtain the possible contractions between the quark
fields and attain the result in terms of the heavy quark prop-
agators as:

M) =1 [ dxe™ 2espeee

x {Tr[yu S8 ()Y Sy (1))
xTiliysSg (0iysSy* (1S ()

= Tr[n 83 (OyuSE (015G (iysSy (—x)
xiysS (x)

— 2Trliys S (0)iysSh (—0)1SE ()Y (x)
XY S (x)

+ 285 (0iysSH (—x)iysSy ()1SY (x)
Xy S (x)

+ 285" N SE (St ()iys S (—x)
xiys S (x)

— 2TH[SE ()1 SY (1) Sl (X)iys St (—x)
xiys]Sg (x)

+ 288 ()1 8 (x)iysSH (—x)iys Sy (x)
<55 @)}, (10)
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Fig. 1 Left: the variation of the 9.0, 9.0
mass of the P(s.) state as a f
function of the Borel parameter 8.5 8.5
M? at various values of the < 80 < 80
. S 8.0 S 8.

threshold parameter sg. Right: 3 ’ . . . . . i 8 !
the variation of the mass of the = 75! = 7.5
P(5¢) state as a function of the o —e— 5y=64 GeV? Eq? f —e— M2=10.0 GeV?
threshold parameter s at g 70 _62 GeV? 7.0 2 2
various values of the Borel 65 ¥— 5=62 GeV 6.5 ¥— M*=9.0GeV
parameter M? ! —n— 50=60 GeV? I —=— M?=8.0 GeV?

6.0L S S ] 6.0,

8.0 8.5 9.0 9.5 10.0 60 61 62 63 64

M? (GeV?)

where S'“Qh x) = CS“QbT(x)C and So(x) is the heavy quark
propagator given as

(2i)4/d4ke—ik‘x
T

Sab &Gy oup( +mo) + (K + mo)ous

S0.ab(x) =

K—mg 4 (k% — m3)?
2 2
- a;GG ke +mg K
- S: 11
HERNCE IO ) (n

Using this propagator in Eq. (10), and taking the integral
over x and applying the Borel transformation, we obtain the
final results, which are long and not presented here, given in
the following form:

50 e
, dse ¥ p(s),
Q

BICP sy, M?) = / (12)

25m

with p(s) being the result corresponding to the coefficient
of the Lorentz structure g,,, obtained in the QCD side of the
calculation.

The match of the results of the coefficients of the Lorentz
structure g, attained in hadronic and QCD sides gives the
QCD sum rule for the masses and current coupling constants
as

2

_ ""’(52@
mpsg e M

= BIIP (59, M?), (13)

2
A
P50

from which we obtain the mass by taking the derivative of
the Eq. (13) with respect to — # and dividing this new result

So (GeVz)
by Eq. (13) itself. This leads us to the mass as

4 BMCP (59, M?)
d(—15)

BIIQCP (5o, M?)

and current coupling constant is obtained from Eq. (13)using
the mass result as

2
m =
Pso)

(14)

2

mP(SZQ)

e M
2 = ———Bn¥P (5, M?). (15)
$0) mP(SQ)

The next stage is to analyze these results with the proper
input parameters and fix the corresponding numerical values
for these quantities, as explained in the next section.

3 Numerical analyses

To attain the numerical results from the QCD sum rules
obtained for masses and current coupling constants, some
input parameters are required. These input parameters are
provided in Table 1.

Besides, we need two auxiliary parameters in each case.
These auxiliary parameters are Borel masses M2 and thresh-
old parameters so that enter the calculations by the appli-
cations of Borel transformation and continuum subtraction,
respectively. In the analyses, the working windows for these
parameters are fixed following the standard criteria of the
QCD sum rule application. To determine the upper limits of
the Borel parameters, dominance of the pole over the contin-
uum is demanded, and for the lower limits, the convergence
of the OPE calculation is taken into account. Regarding these,

Fig. 2 Left: the variation of the 0.25, w 0.25 ———

current coupling constant A p,, I —e— 5p=64 GeV? [ —e— M?=10.0 GeV?

of the P(s.) state as a fl;l’lCthIl of 0.20 50262 GeV? 0.20 - M2=9.0 Ge\/2

the Borel parameter M~ at & [ — [ v

various values of the threshold > 015 —=— 5,=60 GeV? % 0.15] —=— M?=8.0 GeV?

parameter so. Right: the 9: > —— o [

variation of the current coupling & 0.10; l;f 0.10 /
constant A p,, of the Ps) state ~ <

as a function of the threshold 0.05 0.05" 1
parameter sq at variouszvalues of f ] I

the Borel parameter M 0.0%.0 65 0.0 95 10.0 0_0%0 o1 62 6 o

M? (GeV?)

@ Springer

Sp (GeVZ)



Eur. Phys. J. C (2024) 84:695

Page 5 of 8 695

Fig. 3 Left: the variation of the 24 - 24
mass of the P(sp) state as a
function of the Borel parameter I
2 . 23 23
M~“ at various values of the s 5
threshold parameter so. Right: 8 I 3 I
the variation of the mass of the = 22— x> — T TR 22
p . o o 2 2
P(5p) state as a function of the § I $,=500.0 GeV?2 § —eo— M°=35 GeV
threshold parameter s¢ at 21 ) 21 M2=30 GeV2
various values of the Borel I —¥— §p=492.5 GeV , ,
parameter M I — = 5,=485.0 GeV? [ —a— M=25 GeV 1
L L L L 20- L - L L " " L Ll P
20 26 28 30 32 34 486 483 490 492 494 496 498 500
M? (GeV?) sp (GeV?)

the proper intervals for the Borel parameters are fixed as fol-
lows:

8.0 GeV? < M? < 10.0 GeV?, (16)
for full-charm P(s.) pentaquark state and
25.0 GeV? < M? < 35.0 GeV?, (17)

for the full-bottom P(s;) pentaquark state. Regarding the
intervals of the threshold parameters, these parameters are
not completely arbitrary and have connections to the ener-
gies of the possible excited states. For this reason, their val-
ues are fixed by conjecturing the probable energies that may
correspond to the first excited states of the considered pen-
taquarks. Therefore, the following intervals are applied in the
analyses:

60.0 GeV? < 5o < 64.0 GeV? (18)
for P(s.) state and
485.0 GeV? < sp9 < 500.0 GeV? (19)

for P(sp states. Together with these above criteria, another
criterion for these auxiliary parameters is the stability of the
results with the variation of these parameters in their working
intervals. Therefore, after fixing the intervals of these auxil-
iary parameters, we check the dependence of our results on
them and depict their behaviors with the Figs. 1, 2, 3 and
4 for both the full-charm and full-bottom pentaquark states.
As is seen from these figures, these expectations are satisfied
enough at the chosen working intervals.

Having fixed the applicable intervals of the auxiliary
parameters and by using all the inputs, the mass values and

current coupling constants for these states can be reported.
The results are presented in Table 2. In the results, the errors
arising from the errors of input parameters and uncertainties
in the determination of the working intervals of the auxiliary
parameters are also presented.

4 Summary and conclusion

The number of members of exotic states is increasing day
after day as a result of improvements in experimental tech-
niques and analyses. Each new member added to this fam-
ily increases the expectations of future observations of
such states and collects attention over these possible new
states’ investigations. With the motivations brought by the
observed states, the ones with quark content different from
the observed ones have been studied using various theoret-
ical models to provide inputs or comparison grounds for
future experimental findings. With the same motivation and
the motivation brought by new observations of conventional
or exotic states containing more numbers of heavy quarks,
in the present work, we searched for possible pentaquark
states composed of full charm or full bottom quarks and
carrying spin-parity quantum numbers J© = %_. We pre-
dicted the masses for these states as m = 7628 £ 112 MeV
for full-charm pentaquark and m = 21982 + 144 MeV for
full-bottom pentaquark. In the literature, there are a few
works investigating the full-heavy pentaquark states. The

similar mass predictions in Ref. [64] are m = 7.41“:8:%Z GeV

and m = 21.6070-73 GeV for full-charm and full-bottom

states, respectively. In Ref. [92], the prediction for the mass

Fig. 4 Left: the variation of the 4
current coupling constant A ps;,
of the P(sp,) state as a function of
the Borel parameter M2 at
various values of the threshold

—e— 5,=500.0 GeV?
3 —y— $0=492.5 GeV? ] 3
[ —=— 5,=485.0 GeV?

—e— M?=35 GeV?

—¥— M?=30 GeV?

—a— M?=25 GeV?

parameter so. Right: the 2 ° v

variation of the current coupling

Apgy (GEVE)

constant A ps, of the P(sp) state

as a function of the threshold
parameter sq at various values of

the Borel ter M2 o :
€ borel parameter 26 28 30

M? (GeV?)

490 492 494 496 498 500
So (GeVz)

0o ‘
32 34 486 488
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Table 2 : Masses and current coupling constants for P(sc) and P(sp)
states

State m (MeV) A (GeV)°
Pse) 7628 + 112 (9.81 +£2.97) x 1072
Psi) 21982 + 144 1.51 +0.60

of the full-bottom pentaquark state with spin-parity %_ is
m = 23748.2 ~ 23752.3 MeV, on the other hand, they
obtained no bound state for the charm counterpart of this
state. The predictions in Ref. [93] are m = 7863.6 MeV

and m = 23774.8 MeV for full-charm and full-bottom pen-

taquarks with spin-parity J¥ = %7, respectively. Beside

these, in Ref. [94], the analysis gave no stable full-heavy
pentaquark system. The results of the present work are con-
sistent with those of Ref. [64] within the errors for both types
of pentaquarks, on the other hand, they are smaller than the
predictions presented in Refs. [92,93]. As is seen, there is
a need to conduct more investigations about these states to
gain a deeper understanding of them.

Besides, since they are necessary for the calculation of
the form factors that are used in the investigations of pos-
sible decay mechanisms of these states, we calculated the
corresponding current coupling constants for these states.

It is evident that further analyses of these states are nec-
essary to gain a better understanding of their structure and
properties. These results may be supported by other works
through comparisons of their results or used in further inves-
tigations delving into the interaction mechanisms of these
states.

Acknowledgements K. Azizi is thankful to Iran Science Elites Feder-
ation (Saramadan) for the partial financial support provided under the
grant number ISEF/M/99171.

Data Availability Statement This manuscript has no associated data.
[Authors’ comment: All the numerical and mathematical data have been
included in the paper and we have no other data regarding this paper.]

Code Availability Statement My manuscript has no associated code
/software. [Authors’ comment: Code/Software sharing not applicable
to this article as no code/software was generated or analysed during the
current study.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP?.

@ Springer

References

1. SKK. Choi et al. [Belle Collaboration], Phys. Rev. Lett. 91,
262001 (2003). https://doi.org/10.1103/PhysRevLett.91.262001.
arXiv:hep-ex/0309032

2. PA. Zyla et al. [Particle Data Group], 2020(8), 083CO0l
(2020). https://academic.oup.com/ptep/article/2020/8/083C01/
5891211PTEP

3. R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett.
115, 072001 (2015). https://doi.org/10.1103/PhysRevLett.115.
072001. arXiv:1507.03414 [hep-ex]

4. R. Aaij et al. [LHCb], Phys. Rev. Lett. 117(8), 082003
(2016). https://doi.org/10.1103/PhysRevLett.117.082003.
arXiv:1606.06999 [hep-ex]

5. R. Aaij et al. [LHCb], Phys. Rev. Lett. 122(22), 222001
(2019). https://doi.org/10.1103/PhysRevLett.122.222001.
arXiv:1904.03947 [hep-ex]

6. R.  Aaij et al. [LHCb], 13(1), 3351 (2022).
arXiv:2109.01056 [hep-ex]. https://www.nature.com/articles/
$41467-022-30206-wNatureCommun

7. R. Aaij et al. [LHCb], Nat. Phys. 18(7) 751-754 (2022).
arXiv:2109.01038 [hep-ex]. https://www.nature.com/articles/
s41567-022-01614-y

8. R. Aaij et al. [LHCb], Phys. Rev. Lett. 128(6), 062001
(2022). https://doi.org/10.1103/PhysRevLett.128.062001.
arXiv:2108.04720 [hep-ex]

9. R. Aajj et al. [LHCb] arXiv:2012.10380 [hep-ex]. https://www.
sciencedirect.com/science/article/pii/S2095927321001717?via

10. R. Aaij et al. [LHCb], Phys. Rev. Lett. 131(3), 031901
(2023). https://doi.org/10.1103/PhysRevLett.131.031901.
arXiv:2210.10346 [hep-ex]

11. R.L. Workman et al. [Particle Data Group], PTEP 2022,
083CO01 (2022). https://academic.oup.com/ptep/article/2022/8/
083C01/6651666

12. R.F. Lebed, Phys. Lett. B 749, 454 (2015). https://doi.org/10.
1016/j.physletb.2015.08.032. arXiv:1507.05867 [hep-ph]

13. L. Maiani, A.D. Polosa, V. Riquer, Phys. Lett. B 749,
289  (2015). https://doi.org/10.1016/j.physletb.2015.08.008.
arXiv:1507.04980 [hep-ph]

14. G.N. Li, X.G. He, M. He, JHEP 12, 128 (2015). https://doi.org/
10.1007/JHEP12(2015)128. arXiv:1507.08252 [hep-ph]

15. Z.G. Wang, T. Huang, Eur. Phys. J. C76(1), 43 (2016). https://doi.
org/10.1140/epjc/s10052-016-3880-8. arXiv:1508.04189 [hep-
ph]

16. V.V. Anisovich, M.A. Matveev, J. Nyiri, A.V. Sarantsev, A.N.
Semenova, arXiv:1507.07652 [hep-ph]

17. Z.G. Wang, Nucl. Phys. B 913, 163-208 (2016). https://doi.org/
10.1016/j.nuclphysb.2016.09.009. arXiv:1512.04763 [hep-ph]

18. Z.G. Wang, Eur. Phys. J. C 76(2), 70 (2016). https://doi.org/10.
1140/epjc/s10052-016-3920-4. arXiv:1508.01468 [hep-ph]

19. R. Ghosh, A. Bhattacharya, B. Chakrabarti, Phys. Part.
Nucl. Lett. 14(4), 550-552 (2017). https://doi.org/10.1134/
S1547477117040100. arXiv:1508.00356 [hep-ph]

20. Z.G. Wang, Eur. Phys. J. C 76(3), 142 (2016). https://doi.org/10.
1140/epjc/s10052-016-3983-2. arXiv:1509.06436 [hep-ph]

21. J.X. Zhang, Z.G. Wang, Z.Y. Di, Acta Phys. Polon. B 48,
2013 (2017). arXiv:1711.10728 [hep-ph]. https://www.actaphys.
uj.edu.pl/index_n.php?I=R&V=48&N=11#2013

22. Z.G. Wang, H.J. Wang, Q. Xin, Chin. Phys. C 45, 063104 (2021).
https://doi.org/10.1088/1674-1137/abf13b.  arXiv:2005.00535
[hep-ph]

23. A. Ali, I. Ahmed, M.J. Aslam, A. Parkhomenko, A. Rehman, PoS
ICHEP2020, 527 (2021). arXiv:2012.07760 [hep-ph]. https:/
pos.sissa.it/390/527


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.91.262001
http://arxiv.org/abs/hep-ex/0309032
https://academic.oup.com/ptep/article/2020/8/083C01/5891211PTEP
https://academic.oup.com/ptep/article/2020/8/083C01/5891211PTEP
https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.115.072001
http://arxiv.org/abs/1507.03414
https://doi.org/10.1103/PhysRevLett.117.082003
http://arxiv.org/abs/1606.06999
https://doi.org/10.1103/PhysRevLett.122.222001
http://arxiv.org/abs/1904.03947
http://arxiv.org/abs/2109.01056
https://www.nature.com/articles/s41467-022-30206-wNature Commun
https://www.nature.com/articles/s41467-022-30206-wNature Commun
http://arxiv.org/abs/2109.01038
https://www.nature.com/articles/s41567-022-01614-y
https://www.nature.com/articles/s41567-022-01614-y
https://doi.org/10.1103/PhysRevLett.128.062001
http://arxiv.org/abs/2108.04720
http://arxiv.org/abs/2012.10380
https://www.sciencedirect.com/science/article/pii/S2095927321001717?via
https://www.sciencedirect.com/science/article/pii/S2095927321001717?via
https://doi.org/10.1103/PhysRevLett.131.031901
http://arxiv.org/abs/2210.10346
https://academic.oup.com/ptep/article/2022/8/083C01/6651666
https://academic.oup.com/ptep/article/2022/8/083C01/6651666
https://doi.org/10.1016/j.physletb.2015.08.032
https://doi.org/10.1016/j.physletb.2015.08.032
http://arxiv.org/abs/1507.05867
https://doi.org/10.1016/j.physletb.2015.08.008
http://arxiv.org/abs/1507.04980
https://doi.org/10.1007/JHEP12(2015)128
https://doi.org/10.1007/JHEP12(2015)128
http://arxiv.org/abs/1507.08252
https://doi.org/10.1140/epjc/s10052-016-3880-8
https://doi.org/10.1140/epjc/s10052-016-3880-8
http://arxiv.org/abs/1508.04189
http://arxiv.org/abs/1507.07652
https://doi.org/10.1016/j.nuclphysb.2016.09.009
https://doi.org/10.1016/j.nuclphysb.2016.09.009
http://arxiv.org/abs/1512.04763
https://doi.org/10.1140/epjc/s10052-016-3920-4
https://doi.org/10.1140/epjc/s10052-016-3920-4
http://arxiv.org/abs/1508.01468
https://doi.org/10.1134/S1547477117040100
https://doi.org/10.1134/S1547477117040100
http://arxiv.org/abs/1508.00356
https://doi.org/10.1140/epjc/s10052-016-3983-2
https://doi.org/10.1140/epjc/s10052-016-3983-2
http://arxiv.org/abs/1509.06436
http://arxiv.org/abs/1711.10728
https://www.actaphys.uj.edu.pl/index_n.php?I=R&V=48&N=11#2013
https://www.actaphys.uj.edu.pl/index_n.php?I=R&V=48&N=11#2013
https://doi.org/10.1088/1674-1137/abf13b
http://arxiv.org/abs/2005.00535
http://arxiv.org/abs/2012.07760
https://pos.sissa.it/390/527
https://pos.sissa.it/390/527

Eur. Phys. J. C (2024) 84:695

Page 7 of 8 695

24

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.
36.
37.
38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

. GJ. Wang, R. Chen, L. Ma, X. Liu, S.L. Zhu, Phys. Rev.
D 94(9), 094018 (2016). https://doi.org/10.1103/PhysRevD.94.
094018. arXiv:1605.01337 [hep-ph]

Z.G. Wang, Int. J. Mod. Phys. A 36(10), 2150071 (2021). https://
doi.org/10.1142/S0217751X21500718. arXiv:2011.05102 [hep-
ph]

Z.G. Wang, Int. J. Mod. Phys. A 35(01), 2050003 (2020). https://
doi.org/10.1142/S0217751X20500037. arXiv:1905.02892 [hep-
ph]

R. Zhu, C.F. Qiao, Phys. Lett. B 756, 259 (2016). https://doi.org/
10.1016/j.physletb.2016.03.022. arXiv:1510.08693 [hep-ph]
H.X. Chen, W. Chen, X. Liu, T.G. Steele, S.L. Zhu, Phys.
Rev. Lett. 115(17), 172001 (2015). https://doi.org/10.1103/
PhysRevLett.115.172001. arXiv:1507.03717 [hep-ph]

R. Chen, X. Liu, X.Q. Li, S.L. Zhu, Phys. Rev. Lett.
115(13), 132002 (2015). https://doi.org/10.1103/PhysRevLett.
115.132002. arXiv:1507.03704 [hep-ph]

J. He, Phys. Lett. B 753, 547 (2016). https://doi.org/10.1016/].
physletb.2015.12.071. arXiv:1507.05200 [hep-ph]

L. Roca, J. Nieves, E. Oset, Phys. Rev. D 92(9), 094003
(2015). https://doi.org/10.1103/PhysRevD.92.094003.
arXiv:1507.04249 [hep-ph]

K. Azizi, Y. Sarac, H. Sundu, Phys. Rev. D 95(9),
094016 (2017). https://doi.org/10.1103/PhysRevD.95.094016.
arXiv:1612.07479 [hep-ph]

U.G. Meifiner, J.A. Oller, Phys. Lett. B 751, 59 (2015). https://doi.
org/10.1016/j.physletb.2015.10.015. arXiv:1507.07478 [hep-ph]
K. Azizi, Y. Sarac, H. Sundu, Phys. Lett. B 782, 694—
701  (2018). https://doi.org/10.1016/j.physletb.2018.06.022.
arXiv:1802.01384 [hep-ph]

H.X. Chen, Chin. Phys. C 46(9), 093105 (2022). https://doi.org/
10.1088/1674-1137/ac6ed2. arXiv:2011.07187 [hep-ph]

H.S. Li, F. Guo, Y.D. Lei, F. Gao, arXiv:2401.14767 [hep-ph]
H.S. Li, arXiv:2401.14759 [hep-ph]

B. Wang, K. Chen, L. Meng, S.L. Zhu, arXiv:2312.13591 [hep-
ph]

H.X. Chen, W. Chen, X. Liu, X.H. Liu, Eur. Phys. J. C 81(5),
409 (2021). https://doi.org/10.1140/epjc/s10052-021-09196-4.
arXiv:2011.01079 [hep-ph]

FZ. Peng, M.J. Yan, M. Sanchez Sanchez, M.P. Valderrama,
Eur. Phys. J. C 81(7), 666 (2021). https://doi.org/10.1140/epjc/
$10052-021-09416-x. arXiv:2011.01915 [hep-ph]

R. Chen, Phys. Rev. D 103(5), 054007 (2021). https://doi.org/10.
1103/PhysRevD.103.054007. arXiv:2011.07214 [hep-ph]

Z.G. Wang, X. Wang, Chin. Phys. C 44, 103102 (2020). https://
doi.org/10.1088/1674-1137/ababf7. arXiv:1907.04582 [hep-ph]
Z.G. Wang, Q. Xin, Chin. Phys. C 45(12), 123105 (2021). https://
doi.org/10.1088/1674-1137/ac2ald arXiv:2103.08239 [hep-ph]
Z.G. Wang, Int. J. Mod. Phys. A 34(19), 1950097 (2019). https://
doi.org/10.1142/S0217751X19500970. arXiv:1806.10384 [hep-
ph]

K. Azizi, Y. Sarac, H. Sundu, Chin. Phys. C 45(5), 053103 (2021).
https://doi.org/10.1088/1674-1137/abe8ce.  arXiv:2011.05828
[hep-ph]

N.N. Scoccola, D.O. Riska, M. Rho, Phys. Rev. D 92(5),
051501 (2015). https://doi.org/10.1103/PhysRevD.92.051501.
arXiv:1508.01172 [hep-ph]

Y. Liu, I. Zahed, Phys. Rev. D 95(11), 116012 (2017). https://doi.
org/10.1103/PhysRevD.95.116012. arXiv:1704.03412 [hep-ph]
FK. Guo, U.G. Meiflner, W. Wang, Z. Yang, Phys. Rev.
D 92(7), 071502 (2015). https://doi.org/10.1103/PhysRevD.92.
071502. arXiv:1507.04950 [hep-ph]

M. Mikhasenko, arXiv:1507.06552 [hep-ph]

FK. Guo, U.G. Meiliner, J. Nieves, Z. Yang, Eur. Phys. J. A
52(10), 318 (2016). https://doi.org/10.1140/epja/i2016-16318-4.
arXiv:1605.05113 [hep-ph]

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
71.

78.

. M. Bayar, F. Aceti, FK. Guo, E. Oset, Phys. Rev. D 94(7),

074039 (2016). https://doi.org/10.1103/PhysRevD.94.074039.
arXiv:1609.04133 [hep-ph]

X.H. Liu, Q. Wang, Q. Zhao, Phys. Lett. B 757, 231-
236 (2016). https://doi.org/10.1016/j.physletb.2016.03.089.
arXiv:1507.05359 [hep-ph]

X. Liu, H. Huang, J. Ping, Phys. Rev. C 102(2), 025204
(2020). https://doi.org/10.1103/PhysRevC.102.025204.
arXiv:2005.09646 [hep-ph]

A. Feijoo, V.K. Magas, A. Ramos, E. Oset, Eur. Phys. J. C 76(8),
446 (2016). https://doi.org/10.1140/epjc/s10052-016-4302-7.
arXiv:1512.08152 [hep-ph]

H.X. Chen, L.S. Geng, W.H. Liang, E. Oset, E. Wang, J.J.
Xie, Phys. Rev. C 93(6), 065203 (2016). https://doi.org/10.1103/
PhysRevC.93.065203. arXiv:1510.01803 [hep-ph]

J.X. Lu, E. Wang, J.J. Xie, L.S. Geng, E. Oset, Phys. Rev.
D 93, 094009 (2016). https://doi.org/10.1103/PhysRevD.93.
094009. arXiv:1601.00075 [hep-ph]

Y. Irie, M. Oka, S. Yasui, Phys. Rev. D 97(3), 034006
(2018). https://doi.org/10.1103/PhysRevD.97.034006.
arXiv:1707.04544 [hep-ph]

Q. Zhang, B.R. He, J.L. Ping, arXiv:2006.01042 [hep-ph]

R. Chen, J. He, X. Liu, Chin. Phys. C 41(10), 103105
(2017). https://doi.org/10.1088/1674-1137/41/10/103105.
arXiv:1609.03235 [hep-ph]

T. Gutsche, V.E. Lyubovitskij, Phys. Rev. D 100(9), 094031
(2019). https://doi.org/10.1103/PhysRevD.100.094031.
arXiv:1910.03984 [hep-ph]

K. Azizi, Y. Sarac, H. Sundu, Phys. Rev. D 98(5),
054002 (2018). https://doi.org/10.1103/PhysRevD.98.054002.
arXiv:1805.06734 [hep-ph]

K. Azizi, Y. Sarac, H. Sundu, Phys. Rev. D 96(9),
094030 (2017). https://doi.org/10.1103/PhysRevD.96.094030.
arXiv:1707.01248 [hep-ph]

X. Cao, EK. Guo, Y.T. Liang, J.J. Wu, J.J. Xie, Y.P. Xie, Z. Yang,
B.S. Zou, Phys. Rev. D 101(7), 074010 (2020). https://doi.org/10.
1103/PhysRevD.101.074010. arXiv:1912.12054 [hep-ph]

J. R. Zhang, Phys. Rev. D 103(7), 074016 (2021). https://doi.org/
10.1103/PhysRevD.103.074016. arXiv:2011.04594 [hep-ph]
YP. Xie, VP Goncalves, arXiv:2012.07501 [hep-
phl. https://www.sciencedirect.com/science/article/pii/
S0370269321000617?via

E.Y. Paryev, arXiv:2007.01172 [nucl-th]

FL. Wang, R. Chen, X. Liu, Phys. Rev. D 103(3),
034014 (2021). https://doi.org/10.1103/PhysRevD.103.034014.
arXiv:2011.14296 [hep-ph]

FEB. Duan, Q.N. Wang, Z.Y. Yang, X.L. Chen, W. Chen,
arXiv:2401.10078 [hep-ph]

S.Y. Kong, J.T. Zhu, S. Chen, J. He, arXiv:2402.02703 [hep-ph]
A. Sharma, A. Upadhyay, arXiv:2401.02146 [hep-ph]

W.X. Zhang, C.L. Liu, D. Jia, arXiv:2312.12770 [hep-ph]

Y. Yan, H. Huang, X. Zhu, J. Ping, arXiv:2312.04977 [hep-ph]
X. Liu, Y. Tan, X. Chen, D. Chen, H. Huang, J. Ping,
arXiv:2312.04390 [hep-ph]

Z.Y. Wang, C.W. Xiao, Z.F. Sun, X. Liu, arXiv:2311.17736 [hep-
ph]

F.L. Wang, X. Liu, Phys. Rev. D 109(1), 1 (2024). https://doi.org/
10.1103/PhysRevD.109.014043. arXiv:2311.13968 [hep-ph]

G. Yang, J. Ping, J. Segovia, arXiv:2311.01044 [hep-ph]

X. Liu, Y. Tan, X. Chen, D. Chen, H. Huang, J. Ping, Phys. Rev. D
108(9), 094008 (2023). https://doi.org/10.1103/PhysRevD.108.
094008

E.Y. Paryev, arXiv:2310.04123 [hep-ph]. https://www.
sciencedirect.com/science/article/pii/S0375947423001951?

via

@ Springer


https://doi.org/10.1103/PhysRevD.94.094018
https://doi.org/10.1103/PhysRevD.94.094018
http://arxiv.org/abs/1605.01337
https://doi.org/10.1142/S0217751X21500718
https://doi.org/10.1142/S0217751X21500718
http://arxiv.org/abs/2011.05102
https://doi.org/10.1142/S0217751X20500037
https://doi.org/10.1142/S0217751X20500037
http://arxiv.org/abs/1905.02892
https://doi.org/10.1016/j.physletb.2016.03.022
https://doi.org/10.1016/j.physletb.2016.03.022
http://arxiv.org/abs/1510.08693
https://doi.org/10.1103/PhysRevLett.115.172001
https://doi.org/10.1103/PhysRevLett.115.172001
http://arxiv.org/abs/1507.03717
https://doi.org/10.1103/PhysRevLett.115.132002
https://doi.org/10.1103/PhysRevLett.115.132002
http://arxiv.org/abs/1507.03704
https://doi.org/10.1016/j.physletb.2015.12.071
https://doi.org/10.1016/j.physletb.2015.12.071
http://arxiv.org/abs/1507.05200
https://doi.org/10.1103/PhysRevD.92.094003
http://arxiv.org/abs/1507.04249
https://doi.org/10.1103/PhysRevD.95.094016
http://arxiv.org/abs/1612.07479
https://doi.org/10.1016/j.physletb.2015.10.015
https://doi.org/10.1016/j.physletb.2015.10.015
http://arxiv.org/abs/1507.07478
https://doi.org/10.1016/j.physletb.2018.06.022
http://arxiv.org/abs/1802.01384
https://doi.org/10.1088/1674-1137/ac6ed2
https://doi.org/10.1088/1674-1137/ac6ed2
http://arxiv.org/abs/2011.07187
http://arxiv.org/abs/2401.14767
http://arxiv.org/abs/2401.14759
http://arxiv.org/abs/2312.13591
https://doi.org/10.1140/epjc/s10052-021-09196-4
http://arxiv.org/abs/2011.01079
https://doi.org/10.1140/epjc/s10052-021-09416-x
https://doi.org/10.1140/epjc/s10052-021-09416-x
http://arxiv.org/abs/2011.01915
https://doi.org/10.1103/PhysRevD.103.054007
https://doi.org/10.1103/PhysRevD.103.054007
http://arxiv.org/abs/2011.07214
https://doi.org/10.1088/1674-1137/ababf7
https://doi.org/10.1088/1674-1137/ababf7
http://arxiv.org/abs/1907.04582
https://doi.org/10.1088/1674-1137/ac2a1d
https://doi.org/10.1088/1674-1137/ac2a1d
http://arxiv.org/abs/2103.08239
https://doi.org/10.1142/S0217751X19500970
https://doi.org/10.1142/S0217751X19500970
http://arxiv.org/abs/1806.10384
https://doi.org/10.1088/1674-1137/abe8ce
http://arxiv.org/abs/2011.05828
https://doi.org/10.1103/PhysRevD.92.051501
http://arxiv.org/abs/1508.01172
https://doi.org/10.1103/PhysRevD.95.116012
https://doi.org/10.1103/PhysRevD.95.116012
http://arxiv.org/abs/1704.03412
https://doi.org/10.1103/PhysRevD.92.071502
https://doi.org/10.1103/PhysRevD.92.071502
http://arxiv.org/abs/1507.04950
http://arxiv.org/abs/1507.06552
https://doi.org/10.1140/epja/i2016-16318-4
http://arxiv.org/abs/1605.05113
https://doi.org/10.1103/PhysRevD.94.074039
http://arxiv.org/abs/1609.04133
https://doi.org/10.1016/j.physletb.2016.03.089
http://arxiv.org/abs/1507.05359
https://doi.org/10.1103/PhysRevC.102.025204
http://arxiv.org/abs/2005.09646
https://doi.org/10.1140/epjc/s10052-016-4302-7
http://arxiv.org/abs/1512.08152
https://doi.org/10.1103/PhysRevC.93.065203
https://doi.org/10.1103/PhysRevC.93.065203
http://arxiv.org/abs/1510.01803
https://doi.org/10.1103/PhysRevD.93.094009
https://doi.org/10.1103/PhysRevD.93.094009
http://arxiv.org/abs/1601.00075
https://doi.org/10.1103/PhysRevD.97.034006
http://arxiv.org/abs/1707.04544
http://arxiv.org/abs/2006.01042
https://doi.org/10.1088/1674-1137/41/10/103105
http://arxiv.org/abs/1609.03235
https://doi.org/10.1103/PhysRevD.100.094031
http://arxiv.org/abs/1910.03984
https://doi.org/10.1103/PhysRevD.98.054002
http://arxiv.org/abs/1805.06734
https://doi.org/10.1103/PhysRevD.96.094030
http://arxiv.org/abs/1707.01248
https://doi.org/10.1103/PhysRevD.101.074010
https://doi.org/10.1103/PhysRevD.101.074010
http://arxiv.org/abs/1912.12054
https://doi.org/10.1103/PhysRevD.103.074016
https://doi.org/10.1103/PhysRevD.103.074016
http://arxiv.org/abs/2011.04594
http://arxiv.org/abs/2012.07501
https://www.sciencedirect.com/science/article/pii/S0370269321000617?via
https://www.sciencedirect.com/science/article/pii/S0370269321000617?via
http://arxiv.org/abs/2007.01172
https://doi.org/10.1103/PhysRevD.103.034014
http://arxiv.org/abs/2011.14296
http://arxiv.org/abs/2401.10078
http://arxiv.org/abs/2402.02703
http://arxiv.org/abs/2401.02146
http://arxiv.org/abs/2312.12770
http://arxiv.org/abs/2312.04977
http://arxiv.org/abs/2312.04390
http://arxiv.org/abs/2311.17736
https://doi.org/10.1103/PhysRevD.109.014043
https://doi.org/10.1103/PhysRevD.109.014043
http://arxiv.org/abs/2311.13968
http://arxiv.org/abs/2311.01044
https://doi.org/10.1103/PhysRevD.108.094008
https://doi.org/10.1103/PhysRevD.108.094008
http://arxiv.org/abs/2310.04123
https://www.sciencedirect.com/science/article/pii/S0375947423001951?via
https://www.sciencedirect.com/science/article/pii/S0375947423001951?via
https://www.sciencedirect.com/science/article/pii/S0375947423001951?via

695

Page 8 of 8

Eur. Phys. J. C (2024) 84:695

79

80.

81.

82.

83.

84.

85.

86.
87.
88.
89.
90.

91.

. J.X. Lin, H.X. Chen, W.H. Liang, W.Y. Liu, D. Zhou, Eur.
Phys. J. A 60(1), 15 (2024). https://doi.org/10.1140/epja/
$10050-024-01240-7. arXiv:2308.01007 [hep-ph]

Q. Xin, X.S. Yang, Z. G. Wang, Int. J. Mod. Phys. A 38(22-23),
2350123 (2023). https://doi.org/10.1142/S0217751X23501233.
arXiv:2307.08926 [hep-ph]

R. Chen, Q. Huang, Phys. Rev. D 108(5), 054011 (2023). https:/
doi.org/10.1103/PhysRevD.108.054011. arXiv:2307.04168
[hep-ph]

X. Zhu, Y. Wu, H. Huang, J. Ping, Y. Yang, Universe 9(6), 265
(2023). https://www.mdpi.com/2218-1997/9/6/265

Y. Yan, Y. Wu, H. Huang, J. Ping, X. Zhu, Eur. Phys. J. C 83(7),
610 (2023). https://doi.org/10.1140/epjc/s10052-023-11810-6.
arXiv:2305.16609 [hep-ph]

R. Aaij et al. [LHCb], Phys. Rev. Lett. 119(11), 112001
(2017). https://doi.org/10.1103/PhysRevLett.119.112001.
arXiv:1707.01621 [hep-ex]

R. Aaij et al. [LHCb], Phys. Rev. Lett. 121(16), 162002
(2018). https://doi.org/10.1103/PhysRevLett.121.162002.
arXiv:1807.01919 [hep-ex]

R. Aaij et al. [LHCb], arXiv:2006.16957 [hep-ex]. https://www.
sciencedirect.com/science/article/pii/S2095927320305685 ?via
E. Bouhova-Thacker [ATLAS], PoS ICHEP2022, 806 (2022).
https://pos.sissa.it/414/806

J. Zhang et al. [CMS], PoS ICHEP, 775
arXiv:2212.00504 [hep-ex]. https://pos.sissa.it/414/775
A. Hayrapetyan et al. [CMS], arXiv:2306.07164 [hep-ex]
G. Aad et al. [ATLAS], Phys. Rev. Lett. 131(15), 151902
(2023) .https://doi.org/10.1103/PhysRevLett.131.151902.
arXiv:2304.08962 [hep-ex]

Z.G.  Wang, arXiv:2104.12090 [hep-ph].  https://www.
sciencedirect.com/science/article/pii/S0550321321002765?

via

(2022).

@ Springer

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Y. Yan, Y. Wu, X. Hu, H. Huang, J. Ping, Phys. Rev. D 105(1),
014027 (2022). https://doi.org/10.1103/PhysRevD.105.014027.
arXiv:2110.10853 [hep-ph]

H.T. An, K. Chen, Z.W. Liu, X. Liu, Phys. Rev. D 103(7),
074006 (2021). https://doi.org/10.1103/PhysRevD.103.074006.
arXiv:2012.12459 [hep-ph]

H.T. An, S.Q. Luo, Z.W. Liu, X. Liu, Phys. Rev. D 105(7),
074032 (2022). https://doi.org/10.1103/PhysRevD.105.074032.
arXiv:2203.03448 [hep-ph]

W.X. Zhang, H.T. An, D. Jia, Eur. Phys. J. C 83(8),
727 (2023). https://doi.org/10.1140/epjc/s10052-023-11845-9.
arXiv:2304.14876 [hep-ph]

G. Yang, J. Ping, J. Segovia, Phys. Rev. D 106(1),
014005 (2022). https://doi.org/10.1103/PhysRevD.106.014005.
arXiv:2205.11548 [hep-ph]

Z.B. Liang, F.X. Liu, X.H. Zhong, arXiv:2402.17974 [hep-ph]
M.A. Shifman, A.L. Vainshtein, V.I. Zakharov, Nucl. Phys. B 147,
385 (1979). https://doi.org/10.1016/0550-3213(79)90022- 1
M.A. Shifman, A.L. Vainshtein, V.I. Zakharov, Nucl. Phys. B 147,
448 (1979). https://doi.org/10.1016/0550-3213(79)90023-3

B. L. Ioffe, Nucl. Phys. B 188, 317 (1981). https://doi.org/10.
1016/0550-3213(81)90259-5. Erratum: [Nucl .Phys. B 191, 591
(1981)]. https://doi.org/10.1016/0550-3213(81)90315- 1

V.M. Belyaev, B.L. Iofte, Sov. Phys. JETP 57, 716 (1983). [Zh.
Eksp. Teor. Fiz. 84, 1236 (1983)]. http://www.jetp.ac.ru/cgi-bin/
dn/e_057_04_0716.pdf


https://doi.org/10.1140/epja/s10050-024-01240-7
https://doi.org/10.1140/epja/s10050-024-01240-7
http://arxiv.org/abs/2308.01007
https://doi.org/10.1142/S0217751X23501233
http://arxiv.org/abs/2307.08926
https://doi.org/10.1103/PhysRevD.108.054011
https://doi.org/10.1103/PhysRevD.108.054011
http://arxiv.org/abs/2307.04168
https://www.mdpi.com/2218-1997/9/6/265
https://doi.org/10.1140/epjc/s10052-023-11810-6
http://arxiv.org/abs/2305.16609
https://doi.org/10.1103/PhysRevLett.119.112001
http://arxiv.org/abs/1707.01621
https://doi.org/10.1103/PhysRevLett.121.162002
http://arxiv.org/abs/1807.01919
http://arxiv.org/abs/2006.16957
https://www.sciencedirect.com/science/article/pii/S2095927320305685?via
https://www.sciencedirect.com/science/article/pii/S2095927320305685?via
https://pos.sissa.it/414/806
http://arxiv.org/abs/2212.00504
https://pos.sissa.it/414/775
http://arxiv.org/abs/2306.07164
https://doi.org/10.1103/PhysRevLett.131.151902
http://arxiv.org/abs/2304.08962
http://arxiv.org/abs/2104.12090
https://www.sciencedirect.com/science/article/pii/S0550321321002765?via
https://www.sciencedirect.com/science/article/pii/S0550321321002765?via
https://www.sciencedirect.com/science/article/pii/S0550321321002765?via
https://doi.org/10.1103/PhysRevD.105.014027
http://arxiv.org/abs/2110.10853
https://doi.org/10.1103/PhysRevD.103.074006
http://arxiv.org/abs/2012.12459
https://doi.org/10.1103/PhysRevD.105.074032
http://arxiv.org/abs/2203.03448
https://doi.org/10.1140/epjc/s10052-023-11845-9
http://arxiv.org/abs/2304.14876
https://doi.org/10.1103/PhysRevD.106.014005
http://arxiv.org/abs/2205.11548
http://arxiv.org/abs/2402.17974
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90023-3
https://doi.org/10.1016/0550-3213(81)90259-5
https://doi.org/10.1016/0550-3213(81)90259-5
https://doi.org/10.1016/0550-3213(81)90315-1
http://www.jetp.ac.ru/cgi-bin/dn/e_057_04_0716.pdf
http://www.jetp.ac.ru/cgi-bin/dn/e_057_04_0716.pdf

	Investigation of full-charm and full-bottom pentaquark states
	Abstract 
	1 Introduction
	2 The QCD sum rules for the masses of full-charm and full-bottom pentaquarks
	3 Numerical analyses
	4 Summary and conclusion
	Acknowledgements
	References




