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The observation of the Tcs̄ð2900Þ indicates the potential existence of strange double charm pentaquarks
based on the heavy antidiquark symmetry. We systematically study the mass spectra of strange double
charm pentaquarks with strangeness S ¼ −1 in both molecular and compact structures for quantum
numbers JP ¼ 1=2−, 3=2−, 5=2−. By constructing the interpolating currents, the mass spectra can be
extracted from the two-point correlation functions in the framework of QCD sum rule method. In the
molecular picture, we find that the Ξ0þ

c D�þ, Ξ�þ
c D�þ, Ξ�þþ

cc K̄�0, and Ω�þ
cc ρ

þ may form molecular strange
double charm pentaquarks. In both pictures, the masses of the JP ¼ 1=2−; 3=2− pentaquarks locate within
the 4.2–4.6 GeV and 4.2–4.5 GeV regions, respectively. As all of them are above the thresholds of their
strong decay channels, they behave as a broad state, making them challenging to be detected
experimentally. On the other hand, the strange double charm pentaquark with JP ¼ 5=2− lies below
its strong decay channel, which may be a very narrow state and easy to identify experimentally. The best
observed channel is its semileptonic decay to double charm baryon. As the result, we strongly suggest
experiments to search for JP ¼ 5=2− strange double charm pentaquarks first.

DOI: 10.1103/PhysRevD.110.056022

I. INTRODUCTION

The study of multiquarks goes back to half a century
after the quark model was proposed in 1964 [1,2] and
became a hot topic since the observation of the Xð3872Þ
in 2003. Due to sufficient experimental statistics, tens of
charmoniumlike and bottomoniumlike states were obser-
ved by various experimental collaborations [3]. These
states could be beyond the conventional quark model
and be viewed as exotic candidates. They also provide a
novel platform to shed light on the hadronization mecha-
nism. Although numerous theoretical efforts have been put
forward to understand their nature [4–16], the hadroniza-
tion mechanism is still unclear.

Because of the observation of these exotic candidates, in
a more general concept, all the bosons are defined as
mesons and all the fermions are defined as baryons. The
latter one is more complicated than the former one due to
one additional (anti)quark. The first well-established exotic
baryon signal was reported by the LHCb Collaboration in
the J=ψp invariant mass distribution of the Λ0

b → J=ψK−p
process [17]. The two structures are called Pcð4380Þ and
Pcð4450Þ. Four years later, with an order-of-magnitude
larger statistic data, the LHCb Collaboration further
reported their hyperfine structures [18]. The Pcð4380Þ is
split into two structures Pcð4440Þ and Pcð4457Þ and a new
narrow peak Pcð4312Þ emerges. In 2020, the LHCb
Collaboration observed the strange partner, i.e., the
Pcsð4459Þ state, of the Pc states in the J=ψΛ invariant
mass distribution of the Ξ−

b → J=ψΛK− process [19].
Recently, another very narrow resonance Pcsð4338Þ was
reported in the J=ψΛ invariant mass of the B− → J=ψΛp̄
process, with the preferred JP ¼ 1=2− at 90% confidence
level [20]. Due to their observed channel, the quark
contents of Pc and Pcs are uudcc̄ and udscc̄, respectively,
indicating they are hidden charm pentaquarks.
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The recent discovery of the double charm tetraquark
Tþ
ccð3875Þ [21,22] raises the question as to whether double

charm pentaquarks exist or not. Some theoretical attempts
have been made to consider the mass spectrum from the
hadronic molecular picture [23–29] and the compact
pentaquark picture [30–34]. Some theoretical attempts
have also been made to consider the electromagnetic
properties [35,36]. For the double charm pentaquarks,
the observed Ξcc [37,38] provides an important input from
the experimental side. In Ref. [24], the authors work on a
Bethe-Salpeter equation with the interaction respecting

heavy quark spin symmetry and predict a Dð�ÞΞð0�Þ
c bound

state. Reference [32] works on color-magnetic interaction
and predicts several compact QQqqq̄ states, which could
be searched for in the Ωccπ, ΞccK, and ΞcD channels.
Reference [31] performs a study within the double heavy
triquark-diquark framework respecting SU(3) flavor sym-
metry; the study finds several stable double charm penta-
quarks, for instance a JP ¼ 1=2− ccs̄ud double charm
pentaquark, against their strong decay channels.
Reference [29] considers the potential double charm
pentaquarks Pcc with quark content ccudd̄ in the QCD
sum rule method. In this work, we further consider the
double charm pentaquarks Pcc with quark content ccusd̄,
based on the heavy antiquark-diquark symmetry (HADS)
proposed in Ref. [39]. The HADS states that a color triplet
double heavy quarks behaves like a heavy antiquark in
color space. In this case, the observed Ta

cs̄0ð2900Þ0 [40]
with quark content cdū s̄ indicates the potential existence
of strange double charm pentaquark ccusd̄. From the
HADS point of view, the mass of double heavy pentaquark
satisfies the relation,

mðQQqqq̄Þ −mðQQq̄ q̄Þ ¼ mðqqq̄ Q̄Þ −mðQ̄ q̄ q̄Þ; ð1Þ

by replacing Q̄ → QQ, as two heavy quarks in the color
antitriplet behave like a steady color source from a heavy
antiquark. The essence of Eq. (1) can be traced back to
Refs. [41,42]. From this point of view, the recently
observed Tþ

ccð3875Þ, as a isospin singlet state, is related
to the Λ̄c by the HADS. The T0

cs̄0ð2900Þ indicates the
existence of strange double charm pentaquarks.
Based on the above arguments, we shall systematically

study double charm pentaquarks with quark content ccusd̄.
To obtain a solid conclusion, we start from both the
hadronic molecular currents, i.e,. Ξþ

c Dþ, Ξþþ
cc K̄0, Ωþ

ccπ
þ,

and the compact pentaquark currents in the QCD sum rule
approach [43,44]. The paper is organized as follows. In
Sec. II, we construct the local pentaquark interpolating
currents for double heavy pentaquark states. Using these
currents, we perform the parity-projected QCD sum rules
analysis in Sec. III. The numerical analysis follows in
Sec. IV. The results and discussions are presented in Sec. V.

II. INTERPOLATING CURRENT FOR DOUBLE
HEAVY PENTAQUARK

In this section we systematically construct the local
pentaquark interpolating currents with spin-parity JP ¼
1=2−; 3=2−; 5=2−, since these quantum numbers can be
achieved with the S-wave ground heavy (or double
heavy) baryon and ground charm (or light) meson
with quark content QQusd̄. Five flavor configurations
½d̄dsd�½ϵabcQaQbuc� and ½d̄dQd�½ϵabcQaubsc�, ½d̄dud�×
½ϵabcQaQbsc�, ϵaijϵbklϵabc½Qiuj�½Qksl�d̄c and ϵaijϵbklϵabc×
½QiQj�½uksl�d̄c are considered. Here a � � � d, i � � � l are color
indices, u, d, s represents the up, down, and strange quark,
Q represents the heavy quark, i.e., charm or bottom quark.
The former three flavor configurations have the same color
configuration 1c ⊗ 1c, which can be related by the famous
Fierz transformation,

δdeϵabc ¼ δdaϵebc þ δdbϵaec þ δdcϵabe: ð2Þ

The latter two flavor configurations have the same color
configuration 3̄c ⊗ 3̄c ⊗ 3̄c.
In order to find the correspondence for open charm

tetraquark usd̄ c̄ and double charm pentaquark ccusd̄ due
to HADS, we analyze their spin structure. Insuring the
charm diquark has the same color structure, i.e., antisym-
metric in color space as anticharm quarks, the spin structure
of diquark should be symmetric due to Pauli principle,
which requires the spin of charm diquark should be
S½cc� ¼ 1. As the strange charm tetraquark T0

cs̄0ð2900Þ with
quark content ½uc̄�½sd̄� is a spin singlet state [40], the spin
structure of diquark and antidiquark should be ½uc̄�0½sd̄�0 or
½uc̄�1½sd̄�1 to form a spin-0 tetraquark state. Thus, for open
charm tetraquark with JP ¼ 0þ, the spin structure of
corresponding HADS pentaquark partner should be

1½cc� ⊗
1
2½u�

⊗ 0½sd̄� ¼
1
2½ccusd̄�

⊕
3
2½ccusd̄�

doublet with spin-0 ½sd̄� component or

1½cc� ⊗
1
2½u�

⊗ 1½sd̄� ¼
1
2½ccusd̄�

⊕
3
2½ccusd̄�

⊕
5
2½ccusd̄�

triplet with spin-1 ½sd̄� component, which indicates that the
HADS partner for the open charm tetraquark with JP ¼ 0þ
should have spin 1=2; 3=2, or 5=2. An analogous discussion
can also be made for the molecular structure ½sc̄�½ud̄� and
the compact structure ½us�½c̄ d̄�.
With the above considerations, in this work, we discuss

various types of pentaquarks with spin 1=2; 3=2, and 5=2.
Generally speaking, there is no one to one correspondence
between the current and the physical structure. It should
be emphasized that some of the interpolating currents in
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the following subsections can be related by the Fierz
transformations in Eq. (2) and hence are not independent.

A. Currents for the heavy baryon-heavy meson
molecular pentaquark

The currents with color configuration ϵabc½uasbQc�½d̄dQd�
could well couple to Ξþ

c Dþð�Þ molecular states. In previous
QCD sum rules analysis [45], one finds that the currents

1ffiffiffi
2

p ϵabc½ðuTaCγ5sb − sTaCγ5ubÞcc�; ð3Þ

1ffiffiffi
2

p ϵabc½ðuTaCγμγ5sb − sTaCγμγ5ubÞγμcc�; ð4Þ
ffiffiffi
2

3

r
ϵabc½ðsTaCγμubÞγ5ccþðuTaCγμcbÞγ5scþðcTaCγμsbÞγ5uc�;

ð5Þ

can couple well to the Ξþ
c , Ξ0þ

c and Ξ�þ
c states, respectively.

Here Ξþ
c , Ξ0þ

c , and Ξ�þ
c belong to the SU(4) flavor spin-1

2
20-

plet, spin-1
2
20-plet, spin-3

2
20-plet, respectively. Thus, we can

construct the following currents to perform QCD sum rule
analysis,

η1 ¼
1ffiffiffi
2

p ϵabc½ðuTaCγ5sb − sTaCγ5ubÞQc�½d̄dγ5Qd�;

η2 ¼
1ffiffiffi
2

p ϵabc½ðuTaCγμγ5sb − sTaCγμγ5ubÞγμQc�½d̄dγ5Qd�;

η3 ¼
1ffiffiffi
2

p ϵabc½ðuTaCγ5sb − sTaCγ5ubÞγμQc�½d̄dγμQd�;

η4μ ¼
1ffiffiffi
2

p ϵabc½ðuTaCγνγ5sb − sTaCγνγ5ubÞγνQc�½d̄dγμQd�;

η5μ ¼
ffiffiffi
2

3

r
ϵabc½ðsTaCγμubÞγ5Qc þ ðuTaCγμQbÞγ5sc

þ ðQT
aCγμsbÞγ5uc�½d̄dγ5Qd�;

η6 ¼
ffiffiffi
2

3

r
ϵabc½ðsTaCγμubÞγ5Qc þ ðuTaCγμQbÞγ5sc

þ ðQT
aCγμsbÞγ5uc�½d̄dγμQd�;

η7;μν ¼
ffiffiffi
2

3

r
ϵabc½ðsTaCγμubÞγ5Qc þ ðuTaCγμQbÞγ5sc

þ ðQT
aCγμsbÞγ5uc�½d̄dγνQd� þ ðμ ↔ νÞ; ð6Þ

where u, d, s denote up, down, and strange quarks,
respectively. HereQ denotes heavy quarks c or b, T denotes
the transpose of quark field, and C denotes the charge
conjugation operator, and the indices a, b, c, d are the color
indices of quark fields. One notices that not all of the above
currents are related to the strange charm tetraquark by
HADS. Further discussions can be found in Sec. V.

It should be noted that the interpolating currents for
baryon states could couple to both positive and negative
parity states and thus, currents in Eq. (6) could couple to
JP ¼ 1=2�; 3=2�, or 5=2� pentaquarks. For instance, the
current η1 would couple to both Ξþ

c Dþ states with JP ¼
1=2− and Ξþ

c Dþ states with JP ¼ 1=2þ in P-waves. We
will further discuss such an issue in the next section.

B. Currents for the double heavy baryon-light
meson molecular pentaquark

We introduce currents with color configuration
ϵabc½QaQbuc�½d̄dsd� and ϵabc½QaQbsc�½d̄dud� coupling to
Ξþþ
cc K̄0ð�Þ and Ωþ

ccπ
þðρþÞ molecular states, respectively.

In previous QCD sum rules analysis [45] one suggests that
the currents

ϵabcðcTaCγμcbÞγμγ5uc; ð7Þ

1ffiffiffi
3

p ϵabc½2ðuTaCγμcbÞγ5cc þ ðcTaCγμcbÞγ5uc�; ð8Þ

could well couple to Ξþþ
cc and Ξ�þþ

cc states with JP ¼ 1
2
þ; 3

2
þ,

respectively. Thus, we can construct the following penta-
quark currents to perform QCD sum rules analysis:

ξ1 ¼ ½ϵabcðQT
aCγμQbÞγμγ5uc�½d̄dγ5sd�;

ξ2μ ¼ ½ϵabcðQT
aCγνQbÞγνγ5uc�½d̄dγμsd�;

ξ3μ ¼
1ffiffiffi
3

p ϵabc½2ðuTaCγμQbÞγ5Qc

þ ðQT
aCγμQbÞγ5uc�½d̄dγ5sd�;

ξ4 ¼
1ffiffiffi
3

p ϵabc½2ðuTaCγμQbÞγ5Qc

þ ðQT
aCγμQbÞγ5uc�½d̄dγμsd�;

ξ5;μν ¼
1ffiffiffi
3

p ϵabc½2ðuTaCγμQbÞγ5Qc þ ðQT
aCγμQbÞγ5uc�

× ½d̄dγνsd� þ ðμ ↔ νÞ; ð9Þ

where ξi should be the HADS partner of open heavy
tetraquark ½uc̄�0ð1Þ½sd̄�0ð1Þ due to its spin-1 ½cc� diquark

component and spin-0(1) ½sd̄� component.
The interpolating currents for configuration

ϵabc½QaQbsc�½d̄dud� are the same as ϵabc½QaQbuc�½d̄dsd�
with substitution u ↔ s and we denote them as ψ i,

ψ i ¼ ξiðu ↔ sÞ; ð10Þ

where ψ i should be the HADS partner of open heavy
tetraquark ½sc̄�0ð1Þ½ud̄�0ð1Þ due to its spin-1 ½cc� diquark

component and spin-0(1) ½ud̄� component.
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C. Currents for compact pentaquark

The double heavy pentaquarks with compact struc-
tures can be treated by an intuitive picture, in which
the heavier component forms a nucleus and the lighter
one is in an orbit around this nucleus. Such a picture
for compact pentaquark has color configuration
½½cc�3̄d̄3̄�3½us�3̄, where the heavy diquark forms a color
triplet spin-1 state, as suggested previously. Since the
½cc� diquark with spin-0 violates the Fermi-Dirac sta-
tistic, we only construct the pentaquark with the ½cc�
diquark with spin-1. To compare with this compact
picture, we also consider a more complicated picture,
i.e., one heavy quark and one light quark form one color
antitriplet diquark and the two heavy-light diquarks
combine with the other light antiquark to form a color
singlet pentaquark. Such a picture has color configura-
tion ½½cu�3̄½cs�3̄�3d̄3̄. In this work, we suggest currents
with color configuration ϵaijϵbklϵabc½Qiuj�½Qksl�d̄c and
ϵaijϵbklϵabc½QiQj�½uksl�d̄c coupling to the two compact
pentaquark states above, and we use the following
interpolating currents to perform our QCD sum rule
analysis:

J1;2 ¼ ϵaijϵbklϵabcðQT
i CγμQjÞðuTkCγμslÞγ5Cd̄Tc ;

J1;3 ¼ ϵaijϵbklϵabcðQT
i CγμQjÞðuTkCγ5slÞγμCd̄Tc ;

J1;5μ ¼ ϵaijϵbklϵabcðQT
i CγμQjÞðuTkCγ5slÞγ5Cd̄Tc ;

J1;8μ ¼ ϵaijϵbklϵabcðQT
i CγνQjÞðuTkCγνslÞγμCd̄Tc ;

J1;9μν ¼ ϵaijϵbklϵabcðQT
i CγμQjÞðuTkCγνslÞγ5Cd̄Tc

þ ðμ ↔ νÞ; ð11Þ

and

J2;1 ¼ ϵaijϵbklϵabcðQT
i Cγ5ujÞðQT

kCγ5slÞγ5Cd̄Tc ;
J2;2 ¼ ϵaijϵbklϵabcðQT

i CγμujÞðQT
kCγμslÞγ5Cd̄Tc ;

J2;3 ¼ ϵaijϵbklϵabcðQT
i CγμujÞðQT

kCγ5slÞγμCd̄Tc ;
J2;4 ¼ ϵaijϵbklϵabcðQT

i Cγ5ujÞðQT
kCγμslÞγμCd̄Tc ;

J2;5μ ¼ ϵaijϵbklϵabcðQT
i CγμujÞðQT

kCγ5slÞγ5Cd̄Tc ;
J2;6μ ¼ ϵaijϵbklϵabcðQT

i Cγ5ujÞðQT
kCγμslÞγ5Cd̄Tc ;

J2;7μ ¼ ϵaijϵbklϵabcðQT
i Cγ5ujÞðQT

kCγ5slÞγμCd̄Tc ;
J2;8μν ¼ ϵaijϵbklϵabcðQT

i CγμujÞðQT
kCγνslÞγ5Cd̄Tc

þ ðμ ↔ νÞ; ð12Þ

where currents J1;i are heavy diquark coupled and J2;i
are heavy diquark decoupled. For convenience, we call
these two types of currrents Type-I and Type-II. The
currents J1;2; J1;3; J1;5μ; J1;8μ; J1;9μν should couple to the
HADS partners of open heavy tetraquark ½usd̄ c̄� due to
their spin-1 ½cc� diquark components.

III. QCD SUM RULES

In this section, we shall investigate the currents
using the method of QCD sum rules. Symbols J, Jμ,
and Jμν are assigned to denote the currents with spin
J ¼ 1=2; 3=2; 5=2, respectively. The two-point correlation
functions obtained by the currents can be written as [46]

Πðq2Þ ¼ i
Z

d4xeiq·xh0jT½JðxÞJ̄ð0Þ�j0i

¼ ð=qþMXÞΠ1=2ðq2Þ;

Πμνðq2Þ ¼ i
Z

d4xeiq·xh0jT½JμðxÞJ̄νð0Þ�j0i

¼
�
qμqν
q2

− gμν

�
ð=qþMXÞΠ3=2ðq2Þ þ � � � ;

Πμναβðq2Þ ¼ i
Z

d4xeiq·xh0jT½JμνðxÞJ̄αβð0Þ�j0i

¼ ðgμαgνβ þ gμβgναÞð=qþMXÞΠ5=2ðq2Þ þ � � � ;
ð13Þ

where � � � contains the other coupling states, MX denotes
the mass of physical state X. In this work, we will only use
the structures 1, gμν, and gμαgνβ þ gμβgνα for the correlation
functions Πðp2Þ, Πμνðp2Þ, and Πμναβðp2Þ, respectively, to
study the JP ¼ 1=2−; 3=2−, and 5=2− double charm pen-
taquark states. We assume that the current couples to the
physical state X through

h0jJjX1=2i ¼ fXuðpÞ;
h0jJμjX3=2i ¼ fXuμðpÞ;
h0jJμνjX5=2i ¼ fXuμνðpÞ; ð14Þ

where fX denotes the coupling constant, uðpÞ denotes
the Dirac spinor and uμðpÞ; uμνðpÞ denotes the Rarita-
Schwinger vector and tensor, respectively.
For the convenience of discussing the parity of hadron

currents, we assumed that the hadron state X has the same
parity as its current J, and used the non-γ5 coupling relation
in (14). Meanwhile, the γ5 coupling relation also exists,

h0jJjX0
1=2i ¼ fXγ5uðpÞ;

h0jJμjX0
3=2i ¼ fXγ5uμðpÞ;

h0jJμνjX0
5=2i ¼ fXγ5uμνðpÞ; ð15Þ

where X0 has the opposite parity of X. Equations (14) and
(15) indicate the fact that two states with opposite parity
could couple to the same current. These relations also
suggest that the current j≡ γ5J with opposite parity can
couple to the state X. In the following discussion we will
denote the currents with positive parity as J and the currents
with negative parity as j. The parity issue will be further
discussed at the end of this section.
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At the hadron level, two-point correlation function can
be written as

Πðq2Þ ¼ 1

π

Z
∞

s<

ImΠðsÞ
s − q2 − iϵ

ds; ð16Þ

where we have used the form of the dispersion relation, and
s< denotes the physical threshold. The imaginary part of
the correlation function is defined as the spectral function,
which is usually evaluated at the hadron level by inserting
intermediate hadron states

P
n jnihnj,

ρðsÞ≡ 1

π
ImΠðsÞ ¼

X
n

δðs−M2
nÞh0jJjnihnjJ̄j0i

¼ f−2X ð=pþm−
XÞδðs−m−2

X Þ þ fþ2
X ð=p−mþ

X Þδðs−mþ2
X Þ

þ continuum: ð17Þ
The spectral density ρðsÞ can also be evaluated at the quark-
gluon level via the operator product expansion (OPE). After
performing the Borel transform at both the hadron and
quark-gluon levels, the two-point correlation function can
be expressed as

ΠðM2
BÞ≡ BM2

B
Πðp2Þ ¼

Z
∞

s<

e−s=M
2
BρðsÞds: ð18Þ

Finally, we assume that the contribution from the con-
tinuum states can be approximated well by the OPE
spectral density above a threshold value s0 (duality), and
arrive at the sum rule relation which can be used to perform
numerical analysis,

M2
Xðs0;MBÞ ¼

R
s0
s<
e−s=M

2
BρðsÞsdsR

s0
s<
e−s=M

2
BρðsÞds : ð19Þ

To further discuss the parity of the hadron states, we
assume that the correlation function of J is given by

Πþðp2Þ ¼ =pΠ1ðp2Þ þ Π2ðp2Þ;
each scalar functions Π1;2ðp2Þ in the equation above can
construct a sum rule with (19) separately. Meanwhile, the
correlation function of j can be written as

Π−ðp2Þ ¼ =pΠ1ðp2Þ − Π2ðp2Þ:
The difference between the correlation function of J and j
appears only in the sign in front of Π2ðp2Þ due to the γ5
coupling. Thus, the same functionsΠ1 andΠ2 appear inΠþ
and Π− bring us no independent sum rule from j. Here we
use the method of parity projected sum rule to obtain two
independent sum rules with different parity [47,48].

In the zero-width resonance approximation, the imagi-
nary part of the correlation function in the rest frame p⃗ ¼ 0
is considered as

ImΠðp0Þ
π

¼
X
n

�
ðλþn Þ2

γ0 þ 1

2
δðp0 −mþ

n Þ

þ ðλ−n Þ2
γ0 − 1

2
δðp0 −m−

n Þ
�

≡ γ0p0ρAðp0Þ þ ρBðp0Þ; ð20Þ

where λ� are coupling constants and m� denote the mass
of positive or negative parity state. ρAðp0Þ; ρBðp0Þ are
defined by

p0ρAðp0Þ≡ 1

2

X
n

½ðλþn Þ2δðp0 −mþ
n Þ þ ðλ−n Þ2δðp0 −m−

n Þ�;

ρBðp0Þ≡ 1

2

X
n

½ðλþn Þ2δðp0 −mþ
n Þ − ðλ−n Þ2δðp0 −m−

n Þ�:

The combination p0ρAðp0Þ þ ρBðp0Þ and p0ρAðp0Þ −
ρBðp0Þ contain contributions only from the positive- or
negative-parity states obviously; thus, we can establish the
corresponding parity projected sum rules,

Lkðsþ0 ;M2
B;þÞ≡ 1

2

Z
sþ
0

s<

e−s=M
2
B ½ ffiffiffi

s
p

ρOPEA ðsÞ þ ρOPEB ðsÞ�

× skds ¼ λ2þm
2kþ1
þ exp

�
−
m2þ
M2

B

�
;

Lkðs−0 ;M2
B;−Þ≡ 1

2

Z
s−
0

s<

e−s=M
2
B ½ ffiffiffi

s
p

ρOPEA ðsÞ − ρOPEB ðsÞ�

× skds ¼ λ2−m2kþ1
− exp

�
−
m2

−

M2
B

�
; ð21Þ

where s�0 denote the threshold of positive or negative parity
state.We can extract themass for positive and negative parity
states by

m�ðs�0 ;MBÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L1ðs�0 ;M2

B;�Þ
L0ðs�0 ;M2

B;�Þ

s
: ð22Þ

We shall discuss the detail to obtain suitable parameter
working regions in QCD sum rule analysis in next section.
Using the OPE method, the two-point function can also

be evaluated at the quark-gluonic level as a function of
various QCD parameters. To evaluate the Wilson coeffi-
cients, we adopt the quark propagator in momentum space
and the propagator,

iSabQ ðpÞ ¼ iδab

=p −mQ
þ i
4
gs
λnab
2

Gn
μν
σμνð=pþmQÞ þ ð=pþmQÞσμν

ðp2 −m2
QÞ2

þ iδab

12
hg2sGGimQ

p2 þmQ=p

ðp2 −m2
QÞ4

; ð23Þ
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iSabq ðxÞ ¼ iδab

2π2x4
=x −

δab

12
hq̄qi þ i

32π2
λnab
2

gsGn
μν

1

x2
ðσμν=xþ =xσμνÞ þ δabx2

192
hq̄gsσ · Gqi −mqδ

ab

4π2x2
þ iδabmqhq̄qi

48
=x

−
imqhq̄gsσ ·Gqiδabx2=x

1152
; ð24Þ

where Q represents the heavy quark c or b, q represents
the light quark u, d, s, the superscripts a, b denote the
color indices. In this work, we evaluate Wilson coefficients
of the correlation function up to dimension nine conden-
sates at the leading order in αs. The OPE results for the
currents in Eqs. (6), and (9)–(12) are too lengthy, thus
we collect these results in the supplementary document
“OPEresult.nb” [49].

IV. NUMERICAL ANALYSIS

In this section we perform the QCD sum rule analysis for
double heavy molecular pentaquark systems using the
interpolating currents in Eqs. (6) and (9)–(12). We use the
standard values of various QCD condensates as hq̄qi×
ð1 GeVÞ ¼−ð0.24� 0.03Þ3 GeV3, hq̄gsσ ·Gqið1 GeVÞ ¼
−M2

0hq̄qi, M2
0 ¼ ð0.8� 0.2Þ GeV2, hs̄si=hq̄qi ¼ 0.8� 0.1,

hg2sGGið1 GeVÞ ¼ ð0.48� 0.14Þ GeV4 at the energy
scale μ ¼ 1 GeV [50–57] and msð2 GeVÞ ¼ 95þ9

−3 MeV,
mcðmcÞ ¼ 1.27þ0.03

−0.04 GeV, mbðmbÞ ¼ 4.18þ0.04
−0.03 GeV from

the Particle Data Group [3]. We also take into account the
energy-scale dependence of the above parameters from the
renormalization group equation,

msðμÞ ¼ msð2 GeVÞ
�

αsðμÞ
αsð2 GeVÞ

� 12
33−2nf ;

mcðμÞ ¼ mcðmcÞ
�
αsðμÞ
αsðmcÞ

� 12
33−2nf ;

mbðmbÞ ¼ mbðmbÞ
�
αsðμÞ
αsðmbÞ

� 12
33−2nf ;

hq̄qiðμÞ ¼ hq̄qið1 GeVÞ
�
αsð1 GeVÞ

αsðμÞ
� 12

33−2nf ;

hs̄siðμÞ ¼ hs̄sið1 GeVÞ
�
αsð1 GeVÞ

αsðμÞ
� 12

33−2nf ;

hq̄gsσ · GqiðμÞ ¼ hq̄gsσ ·Gqið1 GeVÞ
�
αsð1 GeVÞ

αsðμÞ
� 2

33−2nf ;

hs̄gsσ ·GsiðμÞ ¼ hs̄gsσ · Gsið1 GeVÞ
�
αsð1 GeVÞ

αsðμÞ
� 2

33−2nf ;

αsðμÞ ¼
1

b0t

�
1 −

b1
b0

log t
t

þ b21ðlog2t − log t − 1Þ þ b0b2
b40t

2

�
; ð25Þ

where t ¼ log μ2

Λ2, b0 ¼ 33−2nf
12π , b1 ¼ 153−19nf

24π2
, b2 ¼

2857−5033
9
nfþ325

27
n2f

128π3
, Λ ¼ 210 MeV, 292 MeV, and 332 MeV

for the flavorsnf ¼ 5, 4, and 3, respectively. In this work, we
evolve all the input parameters to the energy scale μ ¼ 2mc
for our sum rule analysis.
To establish a stable mass sum rule, one should find the

appropriate parameter working regions at first, i.e., for
the continuum threshold s0 and the Borel mass M2

B. The
threshold s0 can be determined via the minimized variation
of the hadronic massmX with respect to the Borel massM2

B.
The lower bound on the Borel mass M2

B can be fixed by
requiring a reasonable OPE convergence, while its upper
bound is determined through a sufficient pole contribution.
The pole contribution (PC) is defined as

PCðs�0 ;M2
B;�Þ ¼ L0ðs�0 ;M2

B;�Þ
L0ð∞;M2

B;�Þ ; ð26Þ

where L0 has been defined in Eq. (21).
As an example, we use the current J1;2ðxÞ with JP ¼

1=2− in c sector to show the details of the numerical
analysis. As we mainly focus on the negative parity states in
this work, we will omit the parity superscript without
ambiguity in the following discussion. For this current, the
dominant nonperturbative contribution to the correlation
function comes from the quark condensate, which is
proportional to the charm quark mass mc. In Fig. 1, we
show the contributions of the perturbative term and various
condensate terms to the correlation function with respect to
M2

B when s0 tends to infinity. It is clear that the Borel mass
M2

B should be large enough to ensure the convergence of

FIG. 1. Contributions of various OPE terms with dimension
d ¼ 0 to 9 in Eq. (21) for the current J1;2ðxÞ with negative parity
in c sector, as a function of M2

B when s0 → ∞.
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the OPE series. In this work, we require that the contri-
bution of the perturbative term is larger than the contribu-
tion of the quark condensate term, which is

CVGðM2
B;�Þ ¼ Lhq̄qi

0 ð∞;M2
B;�Þ

Lpert
0 ð∞;M2

B;�Þ ≤ 1; ð27Þ

providing the lower bound of the Borel mass M2
B ≥

3.50 GeV2. After studying the pole contribution defined
in Eq. (26), one finds that the PC is small for pentaquark
system due to the high dimension of the interpolating
current. To find an upper bound of the Borel mass, we
require that the pole contribution to be larger than 20%. As
the right panel of Fig. 2 shown, the upper bound of the
Borel mass is determined as 3.86 GeV2. As a result, a
reasonable Borel window for the current J1;2ðxÞ is obtained
as 3.50 GeV2 ≤ M2

B ≤ 3.86 GeV2.
As mentioned above, the variation of the extracted

hadron mass m with respect to M2
B should be minimized

to obtain the optimal value of the continuum threshold s0.

We define the following hadron mass m̄X and quantity
χ2ðs0Þ to study the stability of mass sum rules

m̄ðs0;�Þ ¼
XN
i¼1

mðs0;M2
B;i;�Þ

N
; ð28Þ

χ2ðs0;�Þ ¼
XN
i¼1

�
mðs0;M2

B;i;�Þ
m̄ðs0;�Þ − 1

�
2

; ð29Þ

where the M2
B;iði ¼ 1; 2;…; NÞ represent N definite

values for the Borel parameter M2
B in the Borel window.

According to the above definition, the optimal choice for
the continuum threshold s0 in the QCD sum rule analysis
can be obtained by minimizing the quantity χ2ðs0Þ, which is
only the function of s0. In this example, there is a minimum
point around s0 ≈ 22.3 GeV2 in χ2 function and we show
the variation of m with s0 in the left panel of Fig. 3, from
which we can find that the optimized value of the
continuum threshold can be chosen as s0 ≈ 22.3 GeV2

indeed. In the right panel of Fig. 3, the mass sum rules are
established to be very stable in the above parameter regions

FIG. 2. Convergence (left) and pole contribution (right) for the interpolating current J1;2ðxÞ with JP ¼ 1=2− in c sector. The band
shows the working Borel window 3.50 GeV2 ≤ M2

B ≤ 3.86 GeV2.

FIG. 3. Mass curves for the interpolating current J1;2ðxÞ with JP ¼ 1=2− in c sector, as a function of the threshold s0 (left) and the
Borel mass M2

B (right). The band shows the working Borel window 3.50 GeV2 ≤ M2
B ≤ 3.86 GeV2. In the left panel, the mass curves

with different M2
B intersect at s0 ¼ 22.3 GeV2, indicating that the mass has a minimum dependency on the Borel mass at

s0 ¼ 22.3 GeV2. In the right panel, the mass curves with different s0 around 22.3 GeV2 are stable in our working Borel window.
The blue dotted, red dashed and purple dot-dashed curves on the left (right) figure are for Borel mass (threshold) M2

B ¼
3.50 GeV2; 3.68 GeV2; 3.86 GeV2 (s0 ¼ 22.0 GeV2; 22.3 GeV2; 22.6 GeV2), respectively.
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of s0 and M2
B. The hadron mass for this molecular

pentaquark with JP ¼ 1=2− can be obtained as

mJ1;2 ¼ 4.38þ0.04
−0.05 GeV; ð30Þ

where the errors come from the uncertainties of the
threshold s0, Borel mass M2

B, quark masses and various

QCD condensates. Performing the same numerical analysis
to all interpolating currents in Eqs. (6) and (9)–(12), we
collect their numerical results with stable sum rule analysis
in Tables I and II.
Furthermore, we consider the dependence of the mass of

the double heavy pentaquark on the mass of the heavy
quark by varying the heavy quark mass to perform the sum
rules analysis. In heavy quark spin symmetry, the mass of
heavy hadron can be written as follows [58–60]:

mPQQ
¼ 2mQ þ Λ̄þ Δm2

4mQ
þOð1=m2

QÞ; ð31Þ

where Λ̄ denotes the contribution independent with heavy
quark mass and spin. Δm2 denotes the contribution from

TABLE I. The masses (the last second column) of various molecular structures extracted from the two-point
correlation function based on the QCD sum rule approach. The errors are from the Borel windows, the threshold of
higher states, the various condensates and the quark masses. The first five columns present the names of the currents,
the corresponding molecular structure, the quantum number JP, the Borel mass square and the threshold of the
continuum s0. The last column indicates the corresponding two-heavy-hadron thresholds.

Current Structure JP M2
BðGeV2Þ s0ðGeV2Þ Mass (GeV) Threshold (MeV)

η3 Ξþ
c D�þ 1

2
− 3.20–4.38 24.3 4.50þ0.05

−0.04 4477
η4μ Ξ0þ

c D�þ 3
2
− 3.30–4.25 24.3 4.55þ0.05

−0.04 4588
η6 Ξ�þ

c D�þ 1
2
− 3.00–4.75 24.3 4.63þ0.06

−0.05 4655
ξ1 Ξþþ

cc K̄0 1
2
− 3.16–4.05 20.3 4.20þ0.05

−0.05 4120
ξ2μ Ξþþ

cc K̄�0 3
2
− 3.12–4.23 24.3 4.52þ0.06

−0.05 4512
ξ3μ Ξ�þþ

cc K̄0 3
2
− 3.38–4.23 21.3 4.28þ0.05

−0.05 4192
ξ4 Ξ�þþ

cc K̄�0 1
2
− 3.00–3.76 22.3 4.37þ0.05

−0.05 4584
ξ5μν Ξ�þþ

cc K̄�0 5
2
− 3.00–4.45 24.3 4.47þ0.05

−0.04 4584
ψ1 Ωþ

ccπ
þ 1

2
− 3.18–4.25 21.3 4.27þ0.05

−0.05 3853
ψ2μ Ωþ

ccρ
þ 3

2
− 3.16–3.63 24.3 4.50þ0.06

−0.06 4488
ψ3μ Ω�þ

cc π
þ 3

2
− 3.04–4.41 22.3 4.36þ0.05

−0.05 3925
ψ4 Ω�þ

cc ρ
þ 1

2
− 3.00–3.77 22.3 4.37þ0.05

−0.05 4560
ψ5μν Ω�þ

cc ρ
þ 5

2
− 3.20–4.63 25.3 4.55þ0.05

−0.05 4560

TABLE II. The masses (the last column) of various compact
diquark-diquark-antiquark structures extracted from the two-
point correlation function based on the QCD sum rule approach.
The errors are from the Borel windows, the threshold of higher
states, the various condensates and the quark masses. The first
five columns present the names of the currents, the corresponding
diquark-diquark-antidiquark structure, the quantum number JP,
the Borel mass square, and the threshold of the continuum s0. The
notation ½cc�s1 ½us�s2 d̄ or ½cu�s1 ½cs�s2 d̄ denotes the diquark com-
ponents with spin s1 and s2, respectively.

Current Structure JP M2
BðGeV2Þ s0ðGeV2Þ Mass (GeV)

J1;2 ½cc�1½us�1d̄ 1
2
− 3.50–3.86 22.3 4.38þ0.04

−0.05
J1;3 ½cc�1½us�0d̄ 1

2
− 3.14–4.22 21.3 4.29þ0.05

−0.05
J1;5μ ½cc�1½us�0d̄ 3

2
− 3.50–3.82 21.3 4.27þ0.05

−0.05
J1;8μ ½cc�1½us�1d̄ 3

2
− 3.50–4.10 22.3 4.38þ0.05

−0.05
J1;9μν ½cc�1½us�1d̄ 5

2
− 3.46–4.25 23.3 4.43þ0.05

−0.05
J2;1 ½cu�0½cs�0d̄ 1

2
− 3.00–4.05 21.3 4.25þ0.04

−0.04
J2;2 ½cu�1½cs�1d̄ 1

2
− 3.00–5.08 24.3 4.57þ0.05

−0.04
J2;3 ½cu�1½cs�0d̄ 1

2
− 3.78–4.28 23.3 4.44þ0.05

−0.04
J2;4 ½cu�0½cs�1d̄ 1

2
− 4.00–4.11 22.3 4.35þ0.05

−0.04
J2;5μ ½cu�1½cs�0d̄ 3

2
− 3.00–4.03 21.3 4.27þ0.05

−0.04
J2;6μ ½cu�0½cs�1d̄ 3

2
− 3.00–4.31 22.3 4.31þ0.04

−0.04
J2;7μ ½cu�0½cs�0d̄ 3

2
− 3.00–4.05 21.3 4.25þ0.04

−0.04

FIG. 4. The linear dependence of double heavy pentaquarks on
the heavy quark mass mQ. The red dots are the QCD sum rule
results with errors from the Borel windows, the threshold of
higher states, the various condensates and the quark masses. The
blue dashed curve is the fitted result with the formula in Eq. (32).
Here the current J1;2 is presented as an illustration. The cases for
other currents are also linear.

ZI-YAN YANG, QIAN WANG, and WEI CHEN PHYS. REV. D 110, 056022 (2024)

056022-8



heavy quark spin symmetry breaking of the order 1=mQ.
We choose ten testing points with masses equidistant from
mc to mb, and fit our results using

mPQQ
¼ 2mQ þ bþ c

mQ
: ð32Þ

For example, we show the dependence of the pentaquark
mass on the heavy quark mass from current J1;2 in Fig. 4.
We collect all the fitting parameters in Eq. (32) and the

mass of the bottom partner for currents we dealt with in
Tables III and IV.

V. DISCUSSION AND CONCLUSION

We investigated the mass spectra for ½Ξð�Þþ
c Dð�Þþ�,

½Ξð�Þþ
cc K̄ð�Þþ�, ½Ωð�Þþ

cc πþðρþÞ� molecular pentaquark states
and ½cu�½cs�d̄, ½cc�½us�d̄ compact pentaquark states in the
framework of the QCD sum rule. We construct the
interpolating pentaquark currents and calculate their

TABLE III. Fitting coefficients of Eq. (32) for molecular pentaquarks. The first, second, and third column show
the currents, JP and molecular structure for each pentaquark, respectively. The fourth and the fifth columns show
present the fitted coefficients b and c. The sixth column shows the mass spectra for double bottom pentaquarks by
replacing the charm quark mass by the bottom quark mass. The errors are from the Borel windows, the threshold of
higher states, the various condensates and the quark masses. The last two columns list the mass and spin-parity of the
HADS partners for the corresponding pentaquarks. While “−” denotes that there are not the HADS partner, as the
two heavy quarks are not formed as a 3̄ diquark in color space.

Current JP Structure bðGeVÞ c ðGeV2Þ mPbbs
ðGeVÞ mTcs̄

ðGeVÞ JPðTcs̄Þ
η3 1

2
− Ξþ

c D�þ 1.65 0.40 10.16þ0.06
−0.05 – –

η4μ 3
2
− Ξ0þ

c D�þ 1.79 0.25 10.31þ0.06
−0.05 – –

η6 1
2
− Ξ�þ

c D�þ 2.33 −0.35 10.68þ0.06
−0.05 – –

ξ1 1
2
− Ξþþ

cc K̄0 1.48 0.24 9.930.060.05 2.94 0þ

ξ2μ 3
2
− Ξþþ

cc K̄�0 1.64 0.44 10.170.060.06 3.26 1þ

ξ3μ 3
2
− Ξ�þþ

cc K̄0 1.46 0.38 9.96þ0.06
−0.05 3.03 1þ

ξ4 1
2
− Ξ�þþ

cc K̄�0 1.04 1.07 9.59þ0.07
−0.07 3.16 0þ

ξ5μν 5
2
− Ξ�þþ

cc K̄�0 1.63 0.38 9.99þ0.06
−0.05 3.20 0þ; 1þ; 2þ

ψ1
1
2
− Ω�þ

cc π
þ 1.48 0.30 9.96þ0.06

−0.05 2.99 0þ

ψ2μ
3
2
− Ωþ

ccρ
þ 1.57 0.51 10.04þ0.06

−0.06 3.25 1þ

ψ3μ
3
2
− Ω�þ

cc π
þ 1.45 0.47 9.96þ0.06

−0.05 3.09 1þ

ψ4
1
2
− Ω�þ

cc ρ
þ 1.16 0.88 9.71þ0.06

−0.06 3.12 0þ

ψ5μν
5
2
− Ω�þ

cc ρ
þ 1.80 0.25 10.14þ0.07

−0.06 3.27 0þ; 1þ; 2þ

TABLE IV. The same as that of Table IV but for a compact pentaquark. The notation ½cc�s1 ½us�s2 d̄, or ½cu�s1 ½cs�s2 d̄
denotes the diquark components with spin s1 and s2, respectively.

Current JP Structure b ðGeVÞ c ðGeV2Þ mPbbs
ðGeVÞ mTcs̄

ðGeVÞ JPðTcs̄Þ
J1;2 1

2
− ½cc�1½us�1d̄ 1.61 0.30 10.06þ0.06

−0.05 3.11 0þ; 1þ

J1;3 1
2
− ½cc�1½us�0d̄ 1.52 0.29 10.00þ0.06

−0.05 3.02 0þ

J1;5μ 3
2
− ½cc�1½us�0d̄ 1.53 0.17 9.97þ0.06

−0.05 2.94 1þ

J1;8μ 3
2
− ½cc�1½us�1d̄ 1.61 0.30 10.06þ0.06

−0.05 3.11 1þ

J1;9μν 5
2
− ½cc�1½us�1d̄ 1.66 0.29 10.10þ0.06

−0.06 3.15 2þ

J2;1 1
2
− ½cu�0½cs�0d̄ 1.79 −0.16 10.21þ0.07

−0.06 � � � � � �
J2;2 1

2
− ½cu�1½cs�1d̄ 1.87 0.14 10.33þ0.07

−0.06 � � � � � �
J2;3 1

2
− ½cu�1½cs�0d̄ 1.74 0.07 10.18þ0.07

−0.06 � � � � � �
J2;4 1

2
− ½cu�0½cs�1d̄ 1.72 0.08 10.17þ0.06

−0.06 � � � � � �
J2;5μ 3

2
− ½cu�1½cs�0d̄ 1.65 0.07 10.08þ0.06

−0.06 � � � � � �
J2;6μ 3

2
− ½cu�0½cs�1d̄ 1.61 0.08 10.08þ0.06

−0.06 � � � � � �
J2;7μ 3

2
− ½cu�0½cs�0d̄ 1.79 −0.16 10.21þ0.07

−0.06 � � � � � �
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two-point correlation functions including perturbative term
and various condensate terms. With appropriate Borel mass
and threshold, we obtain stable sum rule for some currents
and extract the corresponding mass spectra listed in Tables I
and II, as well as those in Fig. 5. In Fig. 5, the two-hadron
thresholds are also plotted to illustrate whether the penta-
quarks are stable or not. Here the Ξcc and Ωcc masses are
taken from the lattice calculation in Refs. [61]. We also list
their possible strong decay mode in Table V, where we
denote the negative parity baryon state H with spin-J as
HðJ−Þ. The production for double charm pentaquark Pcc
has already been discussed in Ref. [29,31]. The production
mechanism of strange double charm pentaquark Pccs is
similar, i.e., via the weak decay of double heavy baryon Ξbc
or triply charmed baryon Ωccc.
The masses of strange double charm pentaquarks for the

molecular and compact pentaquark currents are listed in
Tables I and II, respectively. In the two tables, only the
quantum numbers JP ¼ 1=2−; 3=2−; 5=2− are considered,
as these quantum numbers can be achieved by the con-
sidered two-hadron channel in S-waves. The mass region
for these three quantum numbers are 4.2–4.6 GeV, 4.2–
4.5 GeV, and 4.4–4.5 GeV, respectively. One should notice
that the masses of the currents Ξþ

c D�þ, Ξ0þ
c D�þ, Ξ�þ

c D�þ,
Ξ�þþ
cc K̄�0, and Ω�þ

cc ρ
þ are below their corresponding

threshold, indicating that these strange double charm
pentaquarks could be stable against their strong decay
channels. On the contrary, those for the Ξþþ

cc K̄0, Ξþþ
cc K̄�0,

Ξ�þþ
cc K̄0, Ωþ

ccρ
þ, and Ω�þ

cc π
þ channels are around or above

their corresponding thresholds, indicating that they could
be broader states and not easy to be detected experimen-
tally. As we acknowledge the fact that the interpolating
currents are not independent and do not necessarily directly
correspond to the physical structure, the above statements
about the internal structure of the pentaquark need further
theoretical investigations. In comparison with other works
in the market, we plot Fig. 6. In the figure, we also plot the
thresholds of the potential strong decay channels for each
quantum number. We mainly compare our results with
those of Refs. [24,27,28,31,32]. In Ref. [32], the authors
employ a color-magnetic interaction in Schrödinger equa-
tion and obtain the mass spectra by variational method.
Their masses, namely the mass for JP ¼ 1=2−; 3=2−; 5=2−

are around 4.0–4.8 GeV, 4.1–4.8 GeV, and 4.7 GeV
respectively, are higher than ours. There are two reasons.
One is that they mainly focus on the mass splitting of the
pentaquark states and the accurate values need further
dynamical calculations, as claimed by the authors in their
work. Thus, the wider range of mass in Ref. [32] is
probably due to the overlooked dynamical calculation.
Another reason is that they use the variational method,
which is well-known to only give the upper limit of a given
state. Similarly, in Ref. [34], the authors analyze the
pentaquark q4Q̄ system in a constituent quark model based
on the chromomagnetic interaction in both the SU(3) flavor
symmetric and SU(3) flavor broken case. They find that
the ΞccK̄ could be stable pentaquark state. In Ref. [27],
the authors study the double-heavy pentaquarks in non-
relativistic constituent quark model by solving the multi-
body Schrödinger equation including the color Coulomb

FIG. 5. The mass spectrum of strange double charm pentaquark
for the interpolating currents, ΞcD, ΞccK,Ωccπ, Type-I and Type-
II currents in order. The red circles, blue boxes, red rhomboids are
JP ¼ 1

2
−, 3

2
− and 5

2
−, respectively. The errors are from the Borel

windows, the threshold of higher states, the various condensates
and the quark masses. The hollow points represent the HADS
partner of single charm tetraquark. The eight horizontal dashed
lines are the double charm two-hadron thresholds.

TABLE V. Possible decay mode for double charm pentaquark.

JP S-wave P-wave

1=2− Ξð0Þ
c Dð�Þ, ΞccK̄ð�Þ, Ωccπ=ρ ΞccK̄�

0, Ξccð1=2−ÞK̄, Ξ�
ccK̄�

0,

Ξ�
ccð3=2−ÞK̄, Ωccð1=2−; 3=2−Þπ

3=2− ΞcD�, Ξ�
cD, ΞccK̄�, Ξ�

ccK̄, ΞccK̄�
0, Ξccð1=2−; 3=2ÞK̄,

Ωccρ, Ω�
ccπ Ωccð1=2−; 3=2−Þπ

5=2− � � � � � �

FIG. 6. Mass spectra of double charm pentaquark with
JP ¼ 1=2−; 3=2−; 5=2−, in comparison with other works. The
blue upside triangles, green diamonds, pink squares, cyan down-
side triangles, and the purple circles are the results from Ref. [32],
Ref. [24] (cutoff Λ ¼ 0.5 GeV), Ref. [31], Ref. [27], and
Ref. [28], respectively. The red circles are our results. The
horizontal dashed lines represents the corresponding two-hadrons
thresholds for given quantum numbers.
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interaction and spin-dependent interaction. They conclude
that the mass is about 4.4–4.5 GeV for compact pentaquark.
Such results are slightly higher than our results, which may
possibly due to the overlooked linear confinement potential
and induce two free parameters β and the distance between
the two heavy quarks R. The authors suggest that the
optimal value of R ¼ 1 fm for double heavy pentaquark,
which may cause a higher mass spectra. Another potential
reason is that they use variational method as discussed
above. In Ref. [31], the authors employ the double heavy
diquark-triquark model including the interaction between
triquark and heavy diquark ½cc�3̄ and the interaction in
the light diquark ½qq0�3̄. They obtain the mass for ccn̄sn
states with JP ¼ 1=2− and 3=2− as 4.1� 0.3 GeV and
4.6� 0.3 GeV, which is consistent with ours. In Ref. [24],
the authors study the heavy-heavy hadronic molecules by
solving the single channel Bethe-Salpeter equation with
the interactions following the heavy quark spin symmetry,
including the interactions from light vector meson

exchange. Their results illustrate that Dð�ÞΞð0�Þ
c system

can be bound easily, which is consistent with our results.
In Ref. [28], the authors study the molecular pentaquarks
by solving the Lippmann-Schwinger equations with near-
threshold effective potentials. Their results suggest that
ΞcDð0Þ�, Ξ�

cD�, and Ξ�
ccK̄� systems could possibly bound as

molecular states, which is consistent with our results.
It is interesting to find that we obtain almost degenerate

mass for all the currents with JP ¼ 5=2−, as shown in Fig. 6.
This is because that all these currents contain spin-1 cc
diquark, leaving potential small splitting from light quarks.
In addition, one can also see that the mass is far below the
thresholds of corresponding strong decay channels and can
be viewed as a stable and narrow state. As the result, we
consider the existence of this state is a very solid conclusion
of our work. The best observed channel is its semileptonic
decay to double charm baryon, i.e., Ξ�þþ

cc and Ω�þ
cc .

We consider the dependency of the pentaquark mass
PQQ on the heavy quark mass mQ and use Eq. (32) to
fit our results. The fitting parameters and the predicted
double bottom pentaquarks masses are listed in Tables III
and IV. The masses of double bottom pentaquarks are
around 9.6–10.6 GeV, 10.0–10.2 GeV, and 10.0 GeV for
JP ¼ 1=2−; 3=2−; 5=2−, respectively. Except that the two
states with JP ¼ 1=2− are higher than the lowest two-
hadron threshold Ωbbπ (10.33 GeV), all the other double
bottom pentaquark states are lower than their correspond-
ing lowest two-hadron thresholds and can be viewed as
narrow states. Here the masses of double bottom baryons
are taken from the result of lattice QCD in Ref. [62]. From
the two tables, one can also see the heavy quark spin
symmetry emerging in the spectrum. As we know, spin
interaction of heavy quarks does not occur at the leading
order in the ΛQCD=mQ expansion, which makes the masses
of pentaquarks with the same light quark spin are degen-
erate. Such symmetry can be seen in our results, namely

J1;2, J1;8μ, and J1;9μν with spin-1 ½us� diquark component
give a degenerate mass at 4.38 GeV. Such behavior can also
be seen in the molecular structure currents ξ1, ξ3μ in the
Ξþþ
cc K̄0 structure and ψ4, ψ5μν in the Ωþ

ccρ
þ structure.

Comparing Eq. (32) with Eq. (31), the parameter b in
Eq. (32) should be the parameter Λ̄ in Eq. (31) and is
independent of heavy quark mass and spin. This feature can
be reflected by the currents ðψ1;ψ3μÞ, ðJ1;3; J1;5μÞ, and
ðJ1;2; J1;8μ; J1;9μνÞ. They have the same light quark spin
structure, leaving almost the same parameter b.
As we discussed in Sec. I, the double charm pentaquark

ccusd̄ should be the HADS partner of the singly charm
tetraquark usd̄ c̄, we can derive the corresponding mass
spectra of singly charm tetraquark Tcs̄ through Eq. (31) by
replacing2mQ tomQ, andwe list these corresponding spectra
and their spin-parity in Tables III and IV. The mass and spin-
parity of HADS partner for current ξ1 is consistent with the
recently discovered Tcs̄ð2900Þ, which indicates that
Tcs̄ð2900Þ could be a molecular tetraquark with spin-0
½sd̄� meson component. Furthermore, current (J1;2, J1;8μ,
J1;9μν) could be the HADS partner triplet for tetraquark
½us�1½c̄ d̄�1 with mass about 3.1 GeV, current (J1;3, J1;5μ) or
(ξ1, ξ3μ) could be the HADS partner doublet for tetraquark
Tcs̄ð2900Þ. With the spectra and decay modes in this work,
we hope that these double charm and double bottom
pentaquarks could be discovered by the LHCb, BelleII,
CMS, and RHIC Collaborations and so on in the near future.

VI. SUMMARY

Motivated by the observation of the Tcs̄ð2900Þ, we study
the mass spectrum of its HADS counter parts, i.e., strange
double charm pentaquarks. By constructing currents in the
molecular and compact pentaquark pictures, we extract
the corresponding mass spectra for quantum numbers
JP ¼ 1=2−; 3=2−; 5=2−. The masses for the former two
quantum numbers are within the energy region 4.2–
4.6 GeV and 4.2–4.5 GeV, respectively. The masses of
the three currents (two molecular currents and one compact
pentquark current) of the quantum number JP ¼ 5=2− are
almost degenerate and locate around 4.5 GeV. It is below
the threshold of its two-hadron strong decay channel and
can be viewed as a narrow state, making it easily to be
measured in experiment. The best observed channel is the
semileptonic decay to double charm baryon. The corre-
sponding strange double bottom pentaquarks are locate at
9.6–10.6 GeV, 10.0–10.2 GeV, and 10.0–10.1 GeV for the
above mentioned three quantum numbers. This kind of
study is useful for the further measurements of strange
double charm and double bottom pentaquarks.
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