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In this work, we first predict the mass spectra of the QS,*)Dﬁ*)—type doubly charmed molecular pentaquark
candidates, where the one-boson-exchange model is adopted by considering both the S-D wave mixing
effect and the coupled channel effect. Our findings indicate that the QD7 state with J* = 1/27, the QD
state with J¥ = 1/27, and the Q D} state with J* = 3/2~ can be considered as the most promising doubly
charmed molecular pentaquark candidates, and the Q D, state with J© = 1/2, the Q:D; state with
JP =3/27, and the Q D} state with J* = 3/2~ are the possible doubly charmed molecular pentaquark
candidates. Furthermore, we further explore the radiative decays and the magnetic moments of the most
promising doubly charmed molecular pentaquark candidates in the constituent quark model. As a crucial
aspect of spectroscopy, the information of the radiative decays and the magnetic moments can provide the
valuable clues to reflect their inner structures. With the accumulation of higher statistical data at the Large
Hadron Collider, we propose that the LHCb Collaboration should focus on the problem of searching for
these predicted doubly charmed molecular pentaquark candidates containing most strange quarks in the

coming years.
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I. INTRODUCTION

As an important and intriguing research topic, the study
of the exotic hadronic states is one of the effective
approaches to further deepen our understanding of the
non-perturbative behavior of the strong interaction. As is
well known, the investigation of the exotic hadronic states
has been a long history in hadron physics, dating back to
the inception of the quark model in 1964 by M. Gell-Mann
and G. Zweig [1,2]. In particular, since the discovery of the
charmoniumlike state X(3872) by the Belle Collaboration
in 2003 [3], the high-energy physics experiments have
reported more and more new hadronic states, which
prompts extensive discussions on the existence of the
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hadronic molecular states, the compact multiquark states,
the glueballs, the hybrids, and so on [4—14]. Among them, the
hadronic molecular states have frequently been employed to
discuss the observed new hadronic states in the last two
decades [4—14], and this is due to the fact that the majority of
the newly observed hadronic states are located near the
thresholds of the corresponding two hadronic states.

An important example is the observation of the
PJ(4312), PJ)(4440), and P} (4457) states in the J/yp
invariant mass spectrum by the LHCb Collaboration in
2019 [15], and their masses are below and close to the
corresponding thresholds of the S-wave charmed baryon X,
and the S-wave anticharmed meson D), which provides
the compelling experimental evidence for the existence of
the £,D™)-type hidden-charm molecular pentaquark states
in nature [16-22]. In recent years, LHCb also found the
evidence for the existence of the Pjy,(4459) state [23] and
reported the discovery of the PJ (4338) state [24] in the
J/wA invariant mass spectrum, which are associated with
the Z.D)-type hidden-charm molecular pentaquark states
with strangeness [25-34], respectively. Moreover, LHCb
announced the observation of the doubly charmed
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tetraquark state 7'..(3875)" in the D°D°z " invariant mass
spectrum in 2021 [35], and several theoretical groups have
suggested the observed T..(3875)" state assignments to
the DD*-type doubly charmed molecular tetraquark state
[36-47].

Building on the observations of the hidden-charm molecu-
lar pentaquark candidates P}y / Py, [15,23,24] and the doubly
charmed molecular tetraquark candidate T'.. [35] in recent
years, itis natural to anticipate the existence of a family of the
doubly charmed molecular pentaquarks in the hadron spec-
troscopy, which contains different types of doubly charmed
molecular pentaquark states. In Refs. [48,49], the authors
have already predicted the existence of the doubly charmed

molecular pentaquark candidates with the EE,*)D(*) and

E(C"*)DE*> configurations based on the one-boson-exchange
(OBE) model by introducing the S-D wave mixing effect and
the coupled channel effect. Given the above information, it is
natural to focus on the mass spectra and the properties of the
doubly charmed molecular pentaquark candidates with the

Qg*)DE*) configuration to further complete the family of
the doubly charmed molecular pentaquarks, which are new
type of doubly charmed molecular pentaquarks containing
most strange quarks.

In the present work, we first predict the mass spectra of
the QD" -type doubly charmed molecular pentaquark
candidates. The OBE model is utilized to obtain the
effective interactions of the QE*)Dﬁ*) systems, which is a
reliable tool to estimate the hadron-hadron interactions
[6,11]. Based on the obtained OBE effective interactions,
the bound state properties of the QU D! systems can be
discussed by solving the coupled channel Schrodinger
equation, and the realistic calculations consider both the
S-D wave mixing effect and the coupled channel effect,
which can provide the important information for predicting
the mass spectra of the QE*>D§*) -type doubly charmed
molecular pentaquark candidates. Meanwhile, our calcu-

lations yield the corresponding spatial wave functions of

the Q(C*)Dg*) molecules. Furthermore, we further discuss the
radiative decays and the magnetic moments of the obtained
most promising doubly charmed molecular pentaquark
candidates based on their mass spectra and spatial wave
functions, where we utilize the constituent quark model,
which has been widely used for studying the magnetic
moments and the radiative decays of the hadrons in recent
decades [50-95]. This study seeks to provide more abun-
dant suggestions to encourage our experimental colleagues

to explore the Q(C*)Dg*)—type doubly charmed molecular
pentaquark candidates in the forthcoming experiments,
which is the crucial advancement toward in constructing
the family of the doubly charmed molecular pentaquarks.
Although no doubly charmed molecular pentaquark can-
didates have been reported to date, it is likely that the
doubly charmed molecular pentaquark candidates will be

detected by LHCb with the accumulation of higher stat-

istical data at the Large Hadron Collider (LHC) [96].
The rest of this paper is structured as follows. In Sec. II,

we give the derivation of the OBE effective potentials for

the Qg*)Dg*) systems and predict the mass spectra of the

QE-*)DE*)-type doubly charmed molecular pentaquark can-
didates. Utilizing the obtained mass spectra and spatial
wave functions of the Q'’D!”-type doubly charmed
molecular pentaquark candidates, we further explore the
radiative decays and the magnetic moments of the most
promising doubly charmed molecular pentaquark candi-
dates within the constituent quark model in Sec. III. Finally,

the summary is given in Sec. IV.

II. THE PREDICTION OF MASS SPECTRA
OF THE !”D!" MOLECULES

This section concentrates on the prediction of the mass
spectra for the QE-*)D_(Y*)—type doubly charmed molecular
pentaquark candidates, which can offer the essential infor-
mation for the experimental search for them. Meanwhile,
our calculations yield the corresponding spatial wave

functions of the Qg*)DE*) molecules, which are the signifi-
cant inputs for investigating their properties. In the follow-
ing, we first present the derivation of the OBE effective

potentials for the Qﬁ*)Dg*) systems. And then, we analyze

the bound state properties of the QU'D{” systems by

solving the coupled channel Schrodinger equation, which
provides us the critical information for predicting the mass

spectra of the Qg*)DE*)—type doubly charmed molecular
pentaquark candidates.

A. The derivation of the interactions
of the QD" systems within the OBE model

As is well known, the interactions between the constitu-
ent hadrons play a crucial role in studying the mass spectra
of the hadronic molecular states. This study employs the
OBE model to derive the effective potentials in the
coordinate space of the QY pt) systems [6,11], which
has frequently been utilized in the exploration of the
observed P} [15], P$s [23,24], and T, [35] within the
hadronic molecular picture and predict the hadronic
molecular candidates [6,11].

1. Introducing the flavor and spin-orbital
wave functions of the Q."D\" systems
For the Qﬁ*)Dﬁ*) systems, the flavor wave functions
|1, I3) have the form of |0,0) = |Q£*)0D§*>+>, where [ and
15 correspond to the isospin and the isospin third compo-

nent of the studied system.
In addition, the spin-orbital wave functions [**1L ) for

the Q' p¥) systems are
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(2.1)

Here, S, L, and J in the spin-orbital wave functions
|*+1L,) represent the spin, the orbital angular momentum,
and the total angular momentum for the Q£*>D§*) systems,
respectively. Under the static limit, we can explicitly
express the polarization vector €),(m = 0,+1) as ¢ =
(0,+1,i,0)/v/2 and € = (0,0,0,-1
spin wave function with the spin S =1/2, and the
polarization tensor <I>"3;m with the spin S =3/2 can be

) Xy refers to the

represented explicitly as CD’%‘ = 5m| lmz)(imle’fnz,
where the Clebsch-Gordan coefficient is denoted by the
constant CZ’I{C < In addition, Y, is the spherical harmonic
function.

In our concrete calculations, the contribution of the S-D
wave mixing effect and the coupled channel effect is

considered when discussing the QDY interactions,
where the relevant S-wave and D-wave channels

|>S*1L,) of the QW pt) systems include

1_
JP = E : QL‘DS|2§%>’ QCD:|2§%/4D%>7
Q:D;[’S,/*Dy/*Dy).
3_
JP =35 1 D'y "Dy, QDS Dy/ Dy,
Q:D;['Sy/’Dy/*Ds/Dy),
5_
P _ > . * Ty* |6 2 4 6
JP =7+ QuD;|°S;/"Dy/*Dy/Dy). (2.2)

Here, we take [>T'L,) to represent the spin S, the orbital
angular momentum L, and the total angular momentum J
of the corresponding mixing channels, respectively.

2. Deducing the interactions of the QE*)DS) systems
within the OBE model

For the QU D{") systems, the £,(980), 7, and ¢ exchange
interactions are taken into account within the OBE model.
To simplify, the meson f(980) will henceforth be referred
to as fy.

To quantitatively derive the Q( ) S*) interactions at the
hadronic level, we first need to compute the scattering

MDY -e D )(q) for the QDY -
QE*)Dg*) process by employing the effective Lagrangian
approach [35]. In detail, the scattering amplitude

el ol pl) (q) of the o¥p
can be calculated by the relation iMD

amplitude

Q(*) ) process
) p
~ D (g) =

o G pg
Y e—fo Py iF( ”) @ 5P(g””) iF(DDS) D€ \When considering the
exchange of the light mesons € [97,98]. Here, the propa-

gator of the light meson &€ is denoted by P‘(é’”), while the

associated interaction vertices for the Q7D - @t p*)
scattering process by exchanging the light meson £ are

() o) ®)
given as Fﬁ‘) @€ F(lz) oy E In the following, we

construct the relevant effective Lagrangians to describe

the effective interactions of the Q' D systems.
Regarding the constituent hadrons of the QE*) §*)
systems, Q. with J” =1/2% and Q; with JP =3/2*
are part of the S-wave single-charmed baryons in the 65
flavor representation, and previous theoretical studies

commonly take the notation Bé*) to refer to the matrix

of the S-wave single-charmed baryons in the 65 flavor
representation, which can be expressed as [99-105]

(o) ++ Ly()+ 1 gle)+
Zc \/_EZL 75—-0
* * *)0 —(7,%)0
BY = | Lzt 50 Ll (2.3)
L:‘l*>+ L':/*)O (*)0
58 N Qe

In addition, D, with J* = 0~ and D? with J¥ = 1~ are the
S-wave charmed-strange mesons [106]. For the exchanged
light mesons for the QE.*)D_(Y*) systems, we consider the f),
n, and ¢ mesons, which are the light scalar, pseudoscalar,
and vector mesons [106], respectively.

The effective Lagrangians descnblng the interactions
between the heavy hadrons B, / Dy ) and the light scalar,
pseudoscalar, and vector mesons are constructed by incor-
porating the requirements of the heavy quark symmetry,
the chiral symmetry, and the hidden local symmetry
[99-105,107], i.e.,

Lylipie = I5(S,foS") — %918””“%(5,4«41,51)
+ifs(8,0a(V* = p°)S¥) + 25(S,F* (p)S,),
(2.4)
Lpopre = gs(HL fol\)) + ig(H), AbaVSH( )
+iBH 0 (V, = p) 1)
+id(HP 0" F,, (p), HL), (2.5)
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where both superfields SM and HSQ) are defined at the
heavy quark limit [99]. Specifically, the superfield S, is
composed of the S-wave single-charmed baryons in the 65
flavor representation Bg with J* = 1/2" and B with
JP =3/2%, and the S-wave charmed-strange mesons D,
with J¥ =0~ and D} with J¥ =1~ can be constructed

as the superfield HElQ), which can be expressed as
[99-105,107]

1
S}t = _\/;O/y + 1}#)]/536 + Bgﬂ’ (26)
1+ "
H{(JQ) _ J (Da(Q)#J/# _ D(Q)st)- (2.7)

2

The corresponding conjugate fields fulfill the relations
8, =8}y and AL =yoH'? Ty [99-105,107]. Here,
v, represents the four velocity, which is given by v, =
(1,0) in the nonrelativistic approximation. In addition, we
also define the pseudo-Goldstone meson field &, the axial
current A/u the vector current V/u the vector meson field
p,» and the vector meson field strength tensor F**(p), which

(01Q|ess(1/24)) = /2m er,\
¢ N 2 Z%’”’ngfx%m ’

(01 |ess(3/21)) = |/2mq. | @, 2L o !
c QF %m’ZmQ»« %m )

(2.9)

Here, the mass of the heavy hadron i is denoted by m;
(i =Q.,Q; D,,D;), and we define the Pauli matrix and

the momentum of the charmed baryon Qﬁﬂ as ¢ and p in the
normalization relations for the charmed baryon Q., €,
respectively.

The expanded effective Lagrangians among the heavy
hadrons Bé*) /D' and the light scalar, pseudoscalar, and
vector mesons are obtained by expanding the constructed
effective Lagrangians to the leading order of the pseudo-
Goldstone meson field &£, which can be expressed
explicitly as

Lyopig, = ~l5(BfoBs) + Is(Bg, foBg")

o lg -
can be represented as & = ¢//s, A, = (£10,& - £0,E7)/2, - % (Bi,folr' + v")r’Be) + He.,  (2.10)
V, = (£'0,&+80,E)/2, p, = igyV,/V2, and F*(p) =
dpt — Fpt + [pt, p¥], respectively. Meanwhile, the matri-
ces for the pseudoscalar mesons P and the vector mesons C — 20D foDl + 2q.D* i 211
V, are provided as follows ' o 9sDafoDa +29sDaufoDa™,  (2.11)
2 + + ) _
N3 7 K Lgogp = 12‘(}71 40, (B i 10,P Be)
0 T
P = T - + - KO ) 3 =
v2ove — i 2L iy (B 3, PBL)
_ = 2f #
K KO - %}7 /4
‘ V3 .
0w N K+ +i 2f91 v (Bg,0,Py,r° Be) + He.,
e ﬂ (2.12)
\/ — _ _i . %0 , . 212
7 p 7 + v K (2 8)
K I_(*O ¢ 2i
ig o oyt
! Lopppp = =70 equiD} DY Py,
respectively. In the above effective Lagrangians, the nor- ) i
malization relations for the heavy hadrons Q., Q*, D, and - (D} D} + D,D} T)a,,[phu, (2.13)
D7 are denoted as [107] I
|
Lo = =PI B VB — i By (W — Vi) B) =PI (B b (4 o) By)
BBV = NG 6V 6 13\/5 yme 6 /6 ouV 14 )y Be
ASGV o " " 5 BsIv | o s
- %weﬂ(&”\/ — V) (7, + v,)7° Bg) +W<Bsﬂv‘ VBg')
A —
+ i% (By, (V¥ — #VMB;,) + He., (2.14)
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Ly = =V2BgyDyDiv Vi + 29y Dy, Dt v - Vi,

—2V2iAgy D} D (9,V, - 9,V,),,
—2V22gy €30 (Dy D + D} D)0V,
(2.15)

The coupling constants in the effective Lagrangians are the
essential inputs for analyzing the mass spectra of the

D\ type doubly charmed molecular pentaquark can-
didates, which can be determined by reproducing the
experimental data or calculated by using the theoretical
models. From the quark model [108], we can estimate the
corresponding phase factors between the associated cou-
pling constants. The following numerical calculations
utilize the coupling constants as [y = 6.20, gy = 0.76,
g1 =094, g=-0.59, f,=0.132 GeV, pfsgy = 10.14,
Bgy = =525, Asgy=19.2GeV~!, and gy =—3.27GeV~!
[49,97,98,105,109-119], which are frequently used to
describe the interactions between the hadrons and study
the masses of the observed PJ(4312), P} (4440),
and PJ(4457) in the £.D™ molecular picture [110].
Furthermore, we sourced the masses of the involved
hadrons from the Particle Data Group [106], which include
my =990.00MeV, m, =547.86 MeV, m; =1019.46 MeV,
mp = 1968.35 MeV, mp: = 2112.20 MeV, mqg =
2695.20 MeV, and mq. = 2765.90 MeV.

Utilizing the aforementioned discussions, the scattering
amplitude M9 22 =2D (4 of the QDY — @ plY)
process can be obtained. By using the Breit approximation
and the nonrelativistic normalization [120], the effective

() p L) p
- o' pl-alp
potential in the momentum space Vi~ ~° °* (g) can

be obtained, and we can write the specific expression
explicitly as [120]
MDD ()
\/ngg*)2mD§*)2mQE*)2mD§*>

(2.16)

() (%) (%) 1y (%)
ol pt Lol p!
Vi ' (q)

Finally, it is essential to obtain the effective potential in the

i ) ) Lot pi) .
coordinate space v% i =Dy (r), and this is due to the

fact that our present work utilizes the coupled channel
Schrodinger equation solved in the coordinate space to

analyze the bound state properties of the Qg*)D§*> systems.
In the specific calculations, the effective potential in the

() p) L o) )
. o!'pl - p .
coordinate space Vi ° ~ 7 (r) can be obtained by

performing the Fourier transformation for the effective

) p) _, o) p*)
1 1 Q. 'D;’—Q. D,
potential in the momentum space V;° ~* 7 (q)

the form factor F (g2, m%), which is expressed as

and

() (%) () (%)
Q. 'D;’—Q. ' D,
Ve t(r)

dq ) p)_, ot p*)
:/(271-)3 elq-rv% Dy’ —=Q. "D, (q)]:'Z(CIZ’mZ). (217)

It is well known that our discussed baryons and mesons
exist the complex inner structures, and the form factor is
commonly utilized to represent the off-shell effect of the
exchanged light mesons and the finite size effect of the
discussed hadrons. Thus, the monopole-type form factor
F(q*, m%) = (A> = m%)/(A? — ¢?) is introduced into both

interactive vertex FZ‘I)h ¢ and Fﬁf)h € during the aforemen-

tioned Fourier transformation [38,121], where the intro-
duced cutoff parameter, the mass, and the four momentum
of the exchanged light meson are defined as A, mg, and g,
respectively.

The above procedure can be used to derive the OBE
effective potentials in the coordinate space for the QE*)D§*>
systems. In Table I, we summarize the obtained OBE

effective potentials in the coordinate space for the Qg*)D‘(;*)

systems, which include the OBE effective potentials and
the operators.

B. The prediction of mass spectra
of the QD! molecules

Based on the obtained OBE effective potentials in the
coordinate space for the QE*)Dg*) systems (see Table 1), we
can obtain the binding energy E and the corresponding
spatial wave functions ¢;(r) by solving the coupled
channel Schrodinger equation. Furthermore, the root-
mean-square radius rpyg and the probabilities of the
individual channel P; can be calculated from the obtained
spatial wave functions. These physical quantities can
provide the useful hints for predicting the mass spectra

of the Q1" D{"-type doubly charmed molecular pentaquark
candidates.

When discussing the hadronic molecular candidates in
the context of the OBE model, it is necessary to make a few
remarks before presenting the numerical calculations. (i) In
the OBE model, the free parameter is the cutoff A in the
monopole-type form factor to study the mass spectra of the

QE*)DE*)—type doubly charmed molecular pentaquark can-
didates, and we aim to search for the loosely bound state

solutions for the QS*)D£*> systems by adjusting the cutoff
parameter between 1.0 and 2.5 GeV in our numerical
calculations. Based on the results of studying the bound
state properties of the deuteron, a loosely bound state is
more likely to be considered as the hadronic molecular
candidate with the cutoff parameter in the monopole-type
form factor around 1.0 GeV [6,38,112,121-125].
Moreover, the study of the masses of the observed Pj
[15], P;}S [23,24], and T, [35] in the hadronic molecular
picture also suggests that the cutoff parameter in the
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TABLEI. The obtained OBE effective potentials in the coordinate space for the Qg*) Dﬁ*) systems. The tensor force operator, denoted
as T(x,y), can be defined as 3(7-x)(#-y) —x -y, where 7 is the radial unit vector.

OBE effective potentials

Q.D —Q.D. 2
szD.x Dy (r) = —lsgs on + ﬂs[;!iv Y¢
D, —QF %
V%D" QiD; (I‘) _ _ngSOIYfO + ﬂsﬁ./v Ole,
vaZCDI*QCD.f (r) _ _lsgsoszo +2 2919 (030 +O,P, ) ﬂs/f’gv OZY(/, + 2/13/19V (203 o, - (94’P,)Y¢
ng:_)gm; (r) = —l5950s Yy, = %% (060, + O7Pr)Yﬂ + ﬁsgfv OsYy — @ (2060, - O7Pr)Y¢

Q.D;—Q:D ‘s
vE(, s Ds :MOSYfO Psh gvo Y(/,]

(
\)(ELD‘Y —-Q.D; (r)

= 30,0, + O P,)Y, + 255 (20,0, - 0P Yy
VEPEP () = L 82(0,,0, + O, P,)Y s - B4 (20,0, - O, P,)Y s
VDR ) 10,0, + OuP, ¥y~ (20,0, - 0P, Ve
v(EZ:D‘%QfDT (r) = %%(0150 + O16P,)Yys +Asﬂg‘/ (20150, = O16P,)Y s

)

VPl () = 1535017on6 + 3\/‘(}2(](0180 + OP,)Y, ﬂ;f}V O17Y 46 +2 g\/‘ (2(918(9 O19P,)Y s

S

—mgir_ ,~Air A,Z—mzi A
O, :%%rza%’P, = r%}% Ygi=¢ 84”6 - 87:/\,£ e mg; = \/m%;—q% A =/N—q;
q; = 0.04 GeV g, = 0.06 GeV ¢; = 0.02 GeV g4 = 0.10 GeV g5 = 0.06 GeV g = 0.04 GeV

Operators

3

a+b 5.m+ ot i . + + . +
Ol = Za.b,m,n C%a b ,,:l]”n}(;a(e;b erll))(rln 02 :)(3(6411 : €2))(1 03 :}(.1:[6 : (16'2 X ejl)])(l 04 :)(éT(O', 1€y X €4))(1

+b 5.m+ i +b + i T
Zabmnczaalb am nﬂfga(sl €3h)(€2'62))(1n 06 Zabmncza sz n)(Ta(Gl X€3h) (62 X€4))(rln

m,ln 24, 1b m 1n
Jatb  dm+ +b ¥
O; = Za,b.m.n Ciaalb C?,’y,nlnn)(?aT(el x €;b’ € X €4) O = Za b Czaalb )(3 (63 ’ O-))(l Oy = X3 (6 : 61)}(1 O :)(;T(O',SI))(]
+b +b +b .
On=>u aal,,ﬂféa[ - (io x €3 )])(1 On =2 u Czaale;aT(em o x €3 ))(1 Oi3=>up aal,,)(é[ - (io > €})|rt

Sath +b mt
Ou= ZabC:wZ;T(Smlo'Xﬁ))h O;5s = Zabmncza c 13 ey - (i€} x e )l

2a,1b m ln

3a+b  2m+n 3a+b b
016 = Za,b.m n Cza 1b Cz TaT(ezl’ 16‘1 x 63 ))(l ol7 - Zab Cza lblia(" 6‘}, )(62 : SZ)}(I

mln X3

Ois =2 up CZ;T: 1o xel) - (e x €)1 O9 =3, cieth 1T (o x € 63 x €})y,

alb 3
O = diag(1,1) O)7"* = diag(1,1) O = diag(1.1,1) O~ = diag(-2.1) O} */* = diag(1,-2.1)

{5 )

s (0L 2N 02 Cgiag(1,1,1) O —diag(1.1.1,1) O = diag(1.1,1,1)
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monopole-type form factor around 1.0 GeV is an appro-
priate choice to study the hadronic molecular candidates.
(i1) For the ideal hadronic molecular candidate, the binding
energy is expected to be at most tens of MeV, which can
ensure that there is no significant overlap for the two
constituent hadrons in the spatial distribution [6,105].
(iii) Given that the observed PUA,’ [15], P,,’}S [23,24], and
T.. [35] can be explained as the S-wave hadronic molecular
candidates, this study predominantly concentrates on the
S-wave QU p¥) systems.

Now, we analyse the bound state properties of the Q_ D,
Q:D,, Q.D%, and Q:D} systems by solving the coupled
channel Schrédinger equation in the context of the single
channel analysis, the S-D wave mixing analysis, and the
coupled channel analysis, which allow us to predict the
mass spectra of the QE-*)Dﬁ*)—type doubly charmed molecu-
lar pentaquark candidates.

1. Bound state properties of the Q.D; system

The Q.D; system has the attractive forces provided by
the f, and ¢ exchange potentials within the OBE model,
and Fig. 1 displays the obtained bound state properties for
the Q.D, state with J* = 1/2".

The single channel analysis shows that the loosely bound
state solutions for the Q,.D, state with J* = 1/2~ exist at
the cutoff value A greater than 1.88 GeV. Thus, the .D;
state with J” = 1/2 can be proposed as the possible
candidate of the doubly charmed molecular pentaquark.
Moreover, we can incorporate the coupled channel effect

QCDS[]P =1/27]

O — — g = 3/27]

_12 1 2 1

2.03

1.89 1.96 2.10 2.17
A(GeV)
FIG. 1. Bound state properties for the Q D, state with J© =

1/2™ and the Q:D, state with J* = 3/2".

involving the Q.D,, Q.D%, and QD7 channels to analyze
the bound state properties for the Q.D, state with
JP = 1/2. After performing the numerical calculations,
we find that the Q.D, system with the lowest mass
threshold is not the dominant channel, which makes the
corresponding size of this coupled system is less than
0.4 fm and it contradicts the idea of the loose molecular
picture [6,105]. In the present work, we do not list such
numerical results when considering the coupled channel
effect. In fact, this phenomenon has already been explored
in previous works [98,119]. When employing the same
cutoff value for the coupled channels Q.D,, Q.D?, and
Qi D7, the effective interaction of the Q.D, channel with
JP =1/27 is much weaker than those of other coupled
channels with J¥ = 1/2~, which can lead to the dominant
channel not being the Q.D, system. In the future studies,
we can further discuss the bound state properties for the
Q.D, state with J¥ =1/2~ by considering the coupled
channel effect and taking different cutoff values for the
involved coupled channels once the relevant experimental
data become available.

2. Bound state properties of the Q;D; system

The total effective potential of the Q:D, system com-
prises contribution from the f, and ¢ exchanges within the
OBE model. Moreover, there is no contribution of the
tensor force from the S-D wave mixing effect (see Table I).
Hence, the Q; D, state with J* = 3/2 has identical bound
state properties with and without considering the S-D wave
mixing effect, and the contribution of the [*D;,) channel
is zero.

In Figure 1, we present the obtained bound state proper-
ties for the QD state with J* = 3/2~. For the QD state
with J¥ = 3/2~, we obtain the bound state solutions by
choosing the cutoff value A around 1.87 GeV or even larger
in the single channel and S-D wave mixing analysis.
According to the above analysis, the QD state with J© =
3/27 can be assigned as the possible candidate of the
doubly charmed molecular pentaquark. In addition, the
bound state properties of the Q:D; state with J* = 3/2~
can also be discussed by conducting the coupled channel
analysis involving the Q! D, Q.D}, and Q;D} channels.
Similar to the case of the Q D state with J* = 1/2~, our
numerical results indicate that the primary channel is not
the QfD, system when the coupled channel effect is taken
into account. This can be attributed to the fact that the
effective potential of the Q;D, channel with J* = 3/2 is
significantly weaker compared to the effective potentials of
the other coupled channels with J¥ = 3/27 if using the
same cutoff value for the involved coupled channels.

3. Bound state properties of the Q.D; system

The Q.DF system has the 7, f,, and ¢ exchange
potentials within the OBE model, and its spin-parity
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TABLE II. The obtained bound state properties for the Q. D7}
system. The units of the cutoff parameter A, the binding energy E,
and the root-mean-square radius rgys are GeV, MeV, and fm,
respectively. The dominant probabilities for the corresponding
channels are displayed in bold font. Here, the obtained results
labeled as Case I, Case II, and Case III correspond to the single
channel analysis, the S-D wave mixing analysis, and the coupled
channel analysis, respectively.

JP =1 A E FRMS
Case I 1.32 -0.54 3.75
1.34 -3.68 1.57
1.36 -942 1.02
A E  rrus P(’S,/'Dy)
Case 11 1.32 =-0.76 3.72 99.92/0.08
1.34 —-4.11 1.49 99.88/0.12
1.36 =996 1.00 99.87/0.13
A E 'rMS P(Qchﬁ/QiD}‘)
Case 111 1.29 —-1.20 2.60 95.64/4.36
1.30 -=-3.87 1.47 91.35/8.65
1.31 -=8.03 1.03 86.51/13.49
JP =3 A E  rrus
Case I 234 —-0.28 4.90
242 -0.74 3.56
250 -—-141 2.73
A E  rrus  P(*Sy/°Dy/'Ds)
Case 11 231 —-0.24 506 99.96/0.01/0.03
241  —0.89 3.32  99.94/0.01/0.05
250 -—1.83 244 99.92/0.02/0.06
A E 'rMS P(QcDﬁ/Qsz)
Case TIT 1.50 -1.08 2.62 79.66/20.34
1.51 —-450 1.21 61.10/38.90
1.52 -9.70 0.80 48.91/51.09

quantum numbers J¥ can be either 1/2~ or 3/2~. In our
concrete calculations, we first search for the loosely bound
state solutions for the Q.Dj system by performing the
single channel analysis. And then, we discuss the bound
state properties for the . D} system by incorporating the
contribution from the S-D wave mixing effect and the
coupled channel effect. In Table II, we present the bound
state properties for the Q.Dj system obtained in three
ways: the single channel analysis, the S-D wave mixing
analysis, and the coupled channel analysis, respectively.
For the Q.D} state with J¥ = 1/27, we can obtain the
bound state solutions by choosing the cutoff value A
around 1.32 GeV and considering only the contribution
of the S-wave channel. And then, the bound state solutions
can be found with the cutoff value A around 1.32 GeV by
including the contribution of the D-wave channel.
However, the S-D wave mixing effect has a minor role
in generating the Q. D} bound state with J¥ = 1/2~, and
the [*S; ») channel dominates with probability greater than
99%. Furthermore, we consider the coupled channel effect
arising from the Q.D} and Q}D; channels to discuss the
bound state properties for the Q D} state with J© = 1/2-.

By taking the cutoff value A around 1.29 GeV, the bound
state solutions can be obtained, where the Q.D7 channel
has the highest probability with almost 86% probability.
Given that the Q.D? bound state with J* = 1/2~ exist the
small binding energy and the appropriate size within the
reasonable cutoff value, we conclude that the Q.D} state
with J¥ = 1/2~ can be considered as the most promising
doubly charmed molecular pentaquark candidate.

To obtain the bound state solutions for the Q. D} state
with J¥ = 3/2, we set the cutoff value A to be approx-
imately 2.34 GeV during the single channel analysis. By
taking into account the contribution of the S-D wave
mixing effect, we can obtain the bound state solutions
with the cutoff value A above 2.31 GeV, where the
dominant channel is the [*S;,,) with probability greater
than 99% and the D-wave channels have very small
probabilities. Considering the contribution of the coupled
channel effect and setting the cutoff value A at approx-
imately 1.50 GeV, we can obtain the bound state solutions,
and the contribution of the coupled channel effect is
significant in the formation of the Q D} bound state with
JP =3/27, where the contribution from the Q;D? channel
is also obvious, apart from the Q.Dj; channel. After
comparing the obtained bound state properties of the
Q. D state with J* = 1/27, there is no priority for the
Q D} state with J* = 3/2~ as the most promising doubly
charmed molecular pentaquark candidate. However, the
QD state with J© = 3 /27 can be regarded as the possible
doubly charmed molecular pentaquark candidate.

4. Bound state properties of the Q;D; system

The total effective potential of the Q) D} system contains
the exchange potentials of the 7, f,, and ¢ within the OBE
model, while there exists the tensor force in the # and ¢
exchange potentials, which results in the S-D wave mixing
effect contributing to the bound state properties of the
QD7 system. The bound state properties of the Q:D;
system can be discussed by numerically solving the
coupled channel Schrédinger equation, and the correspond-
ing bound state solutions of the QD7 system are listed in
Table III.

From the bound state properties for the Q} D} system listed
in Table III, several noteworthy results can be inferred:

(i) For the Q:D} state with J* = 1/2~, the bound state
solutions exist when the cutoff value A is taken
around 1.27 GeV if only considering the contribu-
tion of the S-wave component. In the analysis of the
S-D wave mixing, it was observed that the corre-
sponding cutoff value reduces when the same bind-
ing energy is reached. Additionally, the total
probability of the D-wave components for this
bound state is less than 1%. Based on the theoretical
analysis of the bound state properties of the deu-
teron, the Q! D? state with J© = 1/2~ can be viewed
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TABLE III.

The obtained bound state solutions for the Q D} system. The units of the cutoff parameter A, the binding energy FE, and the

root-mean-square radius rgyg are GeV, MeV, and fm, respectively. The primary probability of the corresponding channels is highlighted
in bold font.

S-D wave mixing case

Jr Single channel case

%_ A E RMS A
1.27 -0.37 4.27 1.27
1.29 -3.76 1.53 1.29
1.31 —-10.39 0.96 1.31

%_ A E TRMS A
1.46 -0.53 3.81 1.45
1.50 -5.15 1.36 1.49
1.53 —-11.70 0.94 1.52

%_ A E RMS A
2.24 —0.31 4.28 2.22
2.37 —-1.40 2.75 2.36
2.50 -3.20 1.94 2.50

E 'rRMS P(ZS%/4D%/6D%)
—0.82 3.15 99.83/0.10/0.07
—4.70 1.39 99.73/0.16/0.11
—11.61 0.92 99.72/0.17/0.12

E FRMS P(*S;/°Dy/*D;/°Dy)
-0.39 4.24 99.87,/0.04/0.08/0.01
—4.40 1.47 99.74/0.07/0.17/0.02
—10.27 1.00 99.73/0.08,/0.18/0.02

E TRMS P(6§%/2|D%/4[D§/6D%)
-0.29 4.86 99.94/0(0)/0(0)/0.06
—1.50 2.67 99.91/0.01/0(0)/0.08
-3.70 1.83 99.89/0.02/0(0)/0.09

as the most promising doubly charmed molecular
pentaquark candidate.

(ii) For the QD7 state with J© = 3/2~, the bound state
solutions with the cutoff value A around 1.46 GeV
can be obtained by conducting the single channel
analysis. By taking into account the contribution
from the D-wave channels, we can find the bound
state solutions with the cutoff value A = 1.45 GeV,
and the probability of the [*S;/,) channel is over
99%. Hence, we propose the Q:D? state with J* =
3/2~ as the most promising doubly charmed
molecular pentaquark candidate.

(iii) For the Q!D? state with J* = 5/2~, we can obtain
the bound state solutions by performing the single
channel analysis when the cutoff value A is slightly
larger than 2.24 GeV. In addition, the bound state
solutions exist when the cutoff value A is tuned
larger than 2.22 GeV after considering the S-D wave
mixing effect, but the contribution of the D wave
channels is very small. Since the cutoff parameter A
for the formation of the Q! D? bound state with J© =
5/27 is obviously far from the reasonable range
around 1.0 GeV, we cannot support the existence of
the doubly charmed molecular pentaquark candidate
for the Qi D} state with J¥ = 5/2".

Based on the obtained numerical results, we can predict
the Q. D! state with J© =1/27, the Q:D? state with
JP =1/27, and the Q:D} state with J* =3/27 as the
most promising doubly charmed molecular pentaquark
candidates, since they exhibit the small binding energies
and the suitable sizes within the reasonable cutoff values. In
addition, the Q D, state with J© = 1/27, the Q}D;, state
with J¥ =3/27, and the Q D7 state with J¥ = 3/2~ are
the possible doubly charmed molecular pentaquark

candidates. Compared to the QW pt) systems [116], the

Q¥ pl systems have more hadronic molecular candi-

dates, which is similar to the situation with the EE”)Dg*)

systems [115] and the Eg’)Dg*) systems [49].

III. THE EXPLORATION OF RADIATIVE DECAYS
AND MAGNETIC MOMENTS OF
THE QD MOLECULES

In the previous section, we already predicted the mass
spectra of the Qg*)DE*)—type doubly charmed molecular
pentaquarks, and our analysis concluded that the Q.D}
state with J© = 1/27, the Q:D? state with J* = 1/27, and
the Q!D? state with J¥ = 3/2~ can be considered as the
most promising doubly charmed molecular pentaquark
candidates. However, differentiating the spin-parity quan-
tum numbers for the Q7 D} molecules is the critical issue.
This section discusses their radiative decays and magnetic
moments, which may provide the crucial information to
reveal their inner structures and aid in establishing the mass
spectra of the QD type doubly charmed molecular
pentaquarks. In the realistic calculations, the constituent
quark model is used and the convention adopted is the same
as in Refs. [85,95] to study the radiative decays and the
magnetic moments of the Q.D} molecule with J¥ = 1/27,
the QD? molecule with J* = 1/27, and the D} mol-
ecule with J¥ = 3/2-.

A. The calculation method of radiative decays and
magnetic moments of the hadrons within
the constituent quark model

As the important input information for studying the
radiative decay widths between the hadronic states, it is
essential to compute their transition magnetic moments
[61,67,69,74,76-85,90-93,95,126]. In this work, we
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employ the constituent quark model to calculate the
transition magnetic moments between the Q.D; molecule
with J¥ = 1/27, the QD* molecule with J* = 1/2~, and
the Q:D} molecule with J© = 3/2~.

Similar to the approach for dealing with the transition
magnetic moments between the hadronic molecules dis-
cussed in Refs. [85,95], the impact of the spatial wave
functions of the initial and final states is also considered to
investigate the transition magnetic moments between the
Q D molecule with J¥ = 1/27, the Q:D? molecule with
JP =1/27, and the QD molecule with J* =3/2",
which depend on their binding energies. Currently, there
is a lack of the experimental information on the QE’”D}‘
molecular states. To establish the transition magnetic
moments between the Q.D? molecule with J* =1/2",
the Q!D* molecule with J¥ = 1/27, and the Q;D} mol-
ecule with J” = 3/2~ in the present work, we assume the
binding energies of the initial and final Q"' D* molecules to
be identical for simplicity. In this context, the transition
magnetic moments between the Q.Dj molecule with
JP =1/27, the Q:D} molecule with J* = 1/27, and the
Q:D? molecule with J© =3/27 can be deduced by
calculating the expectation values of the z-component of
the magnetic moment operator, which can be expressed as
[61,67,69,74,76-85,90,91,95]

Uy = JH’ J |ZAst —ikr; _'_ﬁorbltalw J > (31)

Here, py_ jp is the transition magnetic moment between the
hadrons H and H’, J, is the lowest value between J and
Jy, the spatial wave function of the emitted photon
for the H — H'y process is denoted by e~/ and k refers
to the momentum of the emitted photon, which is
k = (m} —m?%,)/2my. Within the constituent quark
model, the magnetic moment operator is composed of
the spin magnetic moment operator and the orbital mag-
netic moment operator, which can be written explicitly as
[50-95]

pn = L g (3.2)

~orbital __ My €p my, €m &
L.. (3.3
He <mb + my, 2mh * my, + my, 2mm> : ( )

In the above expressions, we define the charge, the mass,
and the z-component of the Pauli spin operator of the jth
constituent of the hadron as e;, m;, and 6_;, respectively. In
addition, the subscripts » and m have been utilized to
distinguish the baryon QE-*) and the meson D7, while f,z is
the z-component of the orbital angular momentum operator

between the constituent hadrons Qg*) and D}. When only
considering the S-wave component, there is no contribution

of the orbital magnetic moment to the transition magnetic
moments between the hadrons.

On the basis of the transition magnetic moments among
the Q.D? molecule with J = 1/27, the Q:D} molecule
with J¥ = 1/27, and the Q}D* molecule with J* = 3/2",
we can further discuss their radiative decay widths. The
radiative decay width I'y_, 5, can be linked to the transition
magnetic moment py_, g, the momentum of the emitted
photon k, the proton mass m,, the electromagnetic fine
structure constant agy, as well as the quantum numbers of
the initial and final hadrons [61,67,69,74,76-85,90—
93,95,126], where the specific expression can be provided
as follows [85,95]

Ty 1 Jy\2
o

r ) :E AEM 0 JHZ
It = 2 20y + 1 (JH/ 1 JH>2
-J, 0 J,
|/4H_>H”2
— (3.4)
KN

Here, m, = 0.938 GeV [106], agy =

Ty 1 JH>and(JH/
Sy, 0 Jy. -7,

1/137, uy = e/2m,,,

J

and the constants ( J” ) are the

3-j coefficients.

In the present work, we also explore the magnetic
moments of the Q D% molecule with J¥ =1/27, the
Q:D? molecule with J” = 1/27, and the Q}D? molecule
with J¥ = 3/2~. Similar to the method used for estimating
the transition magnetic moments between the hadrons, the
magnetic moments of the hadrons py within the constituent
quark model can be calculated using the following expect-
ation values [50-95]

0rb1tal| JH JH>

He = JHvJH|Z/A4;5)m (3.5)

B. The results of radiative decays
of the Q )D* molecules

The radiative decay width is a significant electromag-
netic property of the hadron, which can be experimentally
studied. Thus, we first study the radiative decays between
the Q.D? molecule with J* = 1/27, the Q:D} molecule
with J¥ = 1/27, and the Q}D? molecule with J = 3/2~.
As the essential inputs for studying the radiative decay
widths between the Q.D} molecule with J© = 1/27, the
Q:D* molecule with J¥ = 1/27, and the QD? molecule
with JP = 3/27, it is necessary to calculate their transition
magnetic moments.

As demonstrated in Refs. [82—-85,95], the transition
magnetic moments of the hadronic molecular states are
composed of the linear combination of the magnetic
moments and the transition magnetic moments of their
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TABLE IV. The spin wave functions |S, S3) of the Q., QF, and
D?. Here, 1 and | in the spin wave functions represent 1/2 and
—1/2 for the third components of the quark spins, respectively.

Hadrons S, S3) The spin wave functions
o 11/2.1/2) VACUNE St AN N
‘ 11/2,-1/2) AN+ =201
3/2.3/2) "
o 3/2.1/2) LM+ )
‘ 3/2.-1/2) FEAT+H N+
13/2,-3/2) W
L) 1"
D: 1.0) L+ 1)
[1,-1) W

constituent hadrons in the constituent quark model.
Currently, the values of the magnetic moments and the
transition magnetic moment of the hadrons Q,., Qf, and D}
have not been determined experimentally. In the following,
we discuss the magnetic moments and the transition
magnetic moment of the hadrons Q,, Q7, and Dj}. In order
to calculate the magnetic moments and the transition
magnetic moment of the hadrons Q., QF, and D} using
the constituent quark model, it is necessary to construct
their wave functions. The flavor wave functions of the Q,,
Q7, and Dj have the form of ssc, ssc, and cs, respectively.
In Table IV, we present the spin wave functions |S, S3) of
the Q., Qf, and D¥, where S and S5 in the spin wave
functions represent the total spins and the total spin third
components of the Q., Qf, and Dj, respectively.

In addition to their flavor and spin wave functions, we
also need to discuss the spatial wave functions of the Q.
and Q7 baryons when calculating the transition magnetic
moment between the hadrons Q. and Q. In our current
study, we utilize the simple harmonic oscillator wave
function ¢, ;,, (B, r) to describe the spatial wave functions
of the baryons Q. and Q [85,95], and the simple harmonic
oscillator wave function can be defined as follows

2n! J+1 3 B2
Gpim(Pir) = anJrz(ﬂzr e T Y, Q).
\ P

(3.6)

Here, we define the radial, the orbital, and the magnetic
quantum numbers of the discussed hadron as n, [, and m,

respectively. Additionally, Liﬁ(x) denotes the associated
Laguerre polynomial, Y, (€,) represents the spherical
harmonic function, and f# is a parameter in the simple
harmonic oscillator wave function. Our previous theoretical
study [85] utilized f = 0.4 GeV to investigate the tran-

sition magnetic moments of the QE*)I_)j molecules, and this

value is also utilized in the present work. In practice, when
calculating the contribution of the spatial wave functions of
the initial and final states (¢|e~%"i|¢;), the spatial wave
function of the emitted photon e~’**/ needs to be expanded
using the spherical Bessel function j;(x) and the spherical

harmonic function Y, (Q,) [127]

0

[
o™ =N "N " da(=i) iy (kr) Y, ()Y 1 (0,). - (3.7)

=0 m=-I

Utilizing the aforementioned discussions, the contribution
of the spatial wave functions of the initial and final states
(¢sle"™"i|g;) can be calculated [85].

Taking into account the flavor, spin, and spatial wave
functions of the Qg*) baryons and the D} meson, the magnetic

moments and the transition magnetic moment of the QE*)
baryons and the D meson can be deduced by calculating the
expectation values of the z-component of the magnetic
moment operator. Regarding the magnetic moments of the

QE-*) baryons and the Dy meson, we find pqo = % Uy — %,uc,

Hoo = 2§ + pe,and ppy = p. + pg. Moreover, we acquire

Hoo_qo = %ﬁ Hy — 2\76 u. if we disregard the contribution of
the spatial wave functions of the initial and final states. Here,
we take u, = —puz; =e,/2M,. To provide quantitative
description of the magnetic moments and the transition
magnetic moment of QE-*> baryons and D} mesons, we take
the constituent quark masses as m; = 0.45 GeV and m, =
1.68 GeV employed in prior work [57], which have been
widely used in the last decades to investigate the hadronic
magnetic moments and transition magnetic moments
[82-85]. In Table V, we list the obtained numerical results

for the magnetic moments and the transition magnetic

moment of the QE*) baryons and the D meson.

In Table V, we also list the magnetic moments and the
transition magnetic moment of the QE*) baryons and the D}
meson predicted in other theoretical works. Especially, our
obtained magnetic moments and transition magnetic

(*)

moment of the €.’ baryons and the Dj meson are

TABLE V. The numerical results for the magnetic moments and
the transition magnetic moment of the Q(C*) baryons and the D}
meson. The units of the magnetic moments and the transition
magnetic moments are yy = e/2m,. For the Hoo_qn, We con-
sider the contribution of the initial and final state spatial wave
functions.

Electromagnetic

properties Present work Other works

oo —1.051 —1.127 [74], —0.960 [128]
oo —1.018 —1.127 [74], —0.936 [76]
Hpr+ 1.067 1.000 [76], 1.080 [129]
Ho:0qo —1.003 —0.960 [62], —1.128 [61]
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consistent with those predicted in other theoretical works.
Thus, we can get the reliable results of the transition
magnetic moments between the Q.D; molecule with
JP =1/27, the Q:D? molecule with J* = 1/27, and the
Q:D¥ molecule with J¥ = 3/2~ by utilizing our obtained
magnetic moments and transition magnetic moment of the
QE.*) baryons and the D} meson.

In addition, we discuss the impact of the spatial wave
functions of the initial and final states to the transition
magnetic moment of the Q:° — Q% process. By disregard-
ing the contribution of the spatial wave functions of the initial
and final states, we reach a value of pgo_ g0 = —1.006puy,
which is comparable to the result of pg.0_g0 = —1.003uy
when including the contribution of the spatial wave functions
of the initial and final states. Here, we need to mention that
the momentum of the emitted photon is about 70 MeV for the
Q% - QU process, and the obtained factors (¢ |e~™"i|¢;)
are approximately 0.99. Furthermore, if the value of f in the
simple harmonic oscillator wave function grows from 0.3 to
0.5 GeV, the contribution of the spatial wave functions of the
initial and final states (¢;|e" "i|¢;) for the Q% — Q¥
process exhibit slight changes, which does not obviously
affect the transition magnetic moment of the Q0 — Q0
process.

In the subsequent analysis, we study the transition
magnetic moments and the radiative decay widths between
the Q.D* molecule with J* = 1/27, the Q:D? molecule
with J? = 1/27, and the Q;D} molecule with J* = 3/2~
using the single channel analysis, the S-D wave mixing
analysis, and the coupled channel analysis, respectively.
From Table II, it should be noted that the mass of
the Q:D? molecule with J© = 3/2~ is greater than that of
the Q! D? molecular state with J* = 1/2~ when utilizing the
same cutoff parameter. Consequently, this research
focuses on investigating the transition magnetic moments
and the radiative decay widths of the QiD}[1/27) —
Q.Di[1/27)y.  QDi[3/27) — QDi|1/27)y,  and
Q:D%|3/27) — QiD%|1/27)y processes.

For the Q D} state with J* = 1/27, the Q:D; state with
JP =1/27, and the Q:D; state with J* =3/2, their

TABLE VI

flavor wave functions |/, 13) are |0,0) = |Q£-*>0D§+>. In
addition, their spin wave functions |S, S3) can be constructed
by coupling the spin wave functions of the corresponding

constituent hadrons QE*) and Dj. When calculating the
transition magnetic moment of the D-wave channel, it is
necessary to expand the corresponding spin-orbital wave
function |>5*!L,) employing the spin wave function |S, mg)
and the orbital wave function Y Lm, [82—-85,95], i.e.,

PSHIL)) =3 o, Comt 1y 1S-ms)Y 1, And then, the
transition magnetic moment of the D-wave channel can be
inferred by calculating the expectation value of the spin and
orbital magnetic moment operators.

As mentioned above, the transition magnetic moments
between the Q.D} molecule with J* = 1/27, the Q}D?
molecule with J¥ = 1/27, and the QD! molecule with
JP = 3/2~ are dependent on the spatial wave functions of

the initial and final Q{"'D* molecules. In the present work,

we take the precise spatial wave functions for the Q§*>D}‘
molecular states to discuss their transition magnetic
moments, which can be obtained by studying their mass
spectra in the above section. Currently, there is no available
experimental information on the QE-*)Dj molecular states.
However, it is noteworthy that their spatial wave functions
are dependent on their binding energies. For the purpose of
this investigation, we assume the same binding energies for

the initial and final Qg*)D}f molecules and three binding
energies —0.5, —6.0, and —12.0 MeV to discuss the
transition magnetic moments between the Q.D; molecule
with J¥ = 1/27, the Q!D* molecule with J* = 1/27, and
the QD molecule with J* = 3/2~. Based on the obtained
transition magnetic moments between the Q.D; molecule
with JP = 1/27, the QD? molecule with J* = 1/27, and
the Q!D* molecule with J” =3/27, we can further
calculate their radiative decay widths. In Table VI, we
collect the obtained numerical results of the transition
magnetic moments and the radiative decay widths between
the Q. D* molecule with J* = 1/27, the Q}D? molecule
with JP = 1/27, and the Q;D} molecule with J* = 3/2~

The obtained transition magnetic moments and radiative decay widths between the ,D* molecule with J* = 1/27, the

QD% molecule with J© = 1/27, and the Q!D? molecule with J© = 3/2~. The units of the transition magnetic moments and the
radiative decay widths between the hadrons are yy and keV, respectively. Here, Case I, Case II, and Case III correspond to the results
obtained based on the single channel analysis, the S-D wave mixing analysis, and the coupled channel analysis, respectively.

Electromagnetic

properties Decay processes Case | Case II Case III

HHopr QiD:1/27) - Q.D¥|1/27)y 0.629, 0.664, 0.665 0.629, 0.663, 0.665 0.538, 0.369, 0.265
Q:D:3/27) - Q.D¥|1/27)y —0.702, —0.742, —0.744  —0.702, —0.741, —0.743  —0.804, —1.053, —1.152
QiD;|3/27) - QiD;|1/27)y -1.301, —1.301, -1.301 —1.301, —1.300, —1.300

| QiD:1/27) - Q.D¥|1/27)y 1.135, 1.263, 1.270 1.134, 1.260, 1.267 0.831, 0.390, 0.201
QiD%3/27) - Q.D¥|1/27)y 0.708, 0.789, 0.793 0.706, 0.787, 0.791 0.926, 1.590, 1.902
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based on the single channel analysis, the S-D wave mixing

analysis, and the coupled channel analysis, respectively.
According to the numerical results of the transition
magnetic moments and the radiative decay widths between
the Q.D* molecule with J* = 1/27, the Q}D* molecule
with J¥ = 1/27, and the Q; D} molecule with J* = 3/2~
listed in Table VI, we want to specify four points: (i) The
S-D wave mixing effect plays a minor role in modifying the
decay widths of the Q;D}|1/27) - Q.D}|1/27)y and
QiD%|3/27) —» Q.D%|1/27)y processes, but the contribu-
tion of the coupled channel effect is crucial in mediating
the decay widths of the QID¥|1/27) - Q.Di[1/27)y
and Q;D:|3/27) -» Q.Di|1/27)y processes. (ii) The
decay widths of the QiDi|1/27) - Q.D%|1/27)y and
Q:D%|3/27) - Q.D%|1/27)y processes are influenced
by the binding energies of the initial and final Q'’D?
molecules, particularly in the case of the coupled channel
analysis. Thus, we strongly expect that the binding energies
of the Q,D* molecule with J© = 1/27, the Q:D’ molecule
with J¥ = 1/27, and the Q;D} molecule with J* = 3/2
can be established in the forthcoming experiments, which
can provide the important inputs to improve our under-
standing of the decay widths of the QiDi|1/27) —
Q.D:[1/27)y and Q:D?|3/27) — Q.Di|1/27)y processes.
(iii) Combined with the information on the binding energies
of the QﬁDg*) molecular states and the radiative decay
behaviors of the QiD:[1/27) - Q.Di|1/27)y and
Q:D%|3/27) - Q.D%|1/27)y processes, the spin-parity
quantum numbers of the Q}D? molecular states can be
distinguished. In the future, we urge our theoretical and
experimental colleagues to study the radiative decay
behaviors of the QiD}|1/27) - Q.Di[1/27)y and
Q:D}|3/27) - Q.D:|1/27)y processes. (iv) Assuming
the same binding energies for the D molecule with J© =
1/2~ and the Q:D? molecular state with J© = 3/2~, the
phase space is zero for the Q:D}|3/27) - Q:D}|1/27)y
process, and we get I'g:p:j3/a-j-q:p:(1/2-)y = 0. Taking
different binding energies for the QD7 molecular state with
JP =1/27 and the Q:D* molecule with J* = 3/2~ and
scanning their binding energies in the range from —12 to
—0.5 MeV, we can estimate that the decay width of
the QiD}|3/27) —» QiD:|1/27)y process is less than

TABLE VIL

0.011 keV. Specifically, the decay width of the
QiD¥|3/27) — QID%|1/27)y process is highly suppressed,
and this is primarily due to the limited phase space available
for this radiative decay process.

C. The results of magnetic moments
of the Q\"'D: molecules

In the previous subsection, we discussed the radiative
decays of the Qg*)Dj molecules, which can provide the
crucial information to reflect their inner structures and
disentangle the spin-parity quantum numbers of the QD
molecular states. In the following, we explore the magnetic
moments of the ,D? molecule with J* = 1/2~, the Q:D;}
molecule with J¥ = 1/27, and the Q}D? molecule with
JP = 3/27 using the single channel analysis, the S-D wave
mixing analysis, and the coupled channel analysis,
respectively.

On the basis of the constructed flavor and spin wave
functions of the Q D7 state with J© = 1/27, the Q:D? state
with J¥ = 1/27, and the Q}D? state with J© = 3/2~, we
can deduce their magnetic moments by computing the
expectation values of the z-component of the magnetic
moment operator. Including the contribution of the S-D
wave mixing effect and the coupled channel effect, their
magnetic moments depend on the spatial wave functions of
the corresponding mixing channels. In the present work,
we consider three binding energies —0.5, —6.0, and
—12.0 MeV for the Q.D? molecule with J* = 1/27, the
Q:D* molecule with J¥ = 1/27, and the D} molecule
with J¥ = 3/27 to discuss the spatial wave functions of the
relevant mixing channels, from which we can obtain their
magnetic moments by considering the S-D wave mixing
effect and the coupled channel effect. In Table VII, we give
the numerical results of the magnetic moments of the Q. D}
molecule with JP =1/27, the QD molecule with
JP =1/27, and the Q:D; molecule with J* =3/2"
obtained by the single channel analysis, the S-D wave
mixing analysis, and the coupled channel analysis,
respectively.

As shown in Table VII, the magnetic moments of the
Q.D} molecule with J¥ = 1/27, the QD? molecule with
JP =1/27, and the QD molecule with J* =3/2~ are

The obtained magnetic moments of the Q.D} molecule with J© = 1/27, the Q:D} molecule with

JP =1/27, and the Q:D? molecule with J” = 3/2~. The units of the magnetic moments of the hadrons are .
Here, Case I, Case II, and Case III correspond to the results obtained based on the single channel analysis, the S-D
wave mixing analysis, and the coupled channel analysis, respectively.

Molecules Case 1 Case 11 Case III
Q.D¥[1/27) 1.062 1.061, 1.061, 1.061 1.124, 1.186, 1.169
QiD%[1/27) -0.921 —-0.921, —0.920, —0.920
QiD%[3/27) -0.319 -0.319, -0.319, —0.319
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not affected by their binding energies in the single channel
analysis, since the overlap of the corresponding spatial
wave function is 1 when the different binding energies are
applied to the focused molecule. Moreover, the D-wave
components with small contribution do not significantly
affect the magnetic moments of the Q.D; molecule with
JP =1/27, the Q:D? molecule with J* = 1/27, and the
QD molecule with J¥ =3/2~. More importantly, the
magnetic moments of the Q}D? molecular state with J¥ =
1/2~ and the Q;D* molecule with J* =3/2~ are obvi-
ously different, and the magnetic moment of the QD3
molecule with J” = 3/2~ is greater than that of the Q}D}
molecular state with J¥ = 1/2~. Therefore, the magnetic
moment properties can serve as the vital physical quantities
to differentiate the QD molecular state with J* = 1/2~
and the D} molecule with J* = 3/2".

Furthermore, several predicted QE*)Dﬁ*) molecules and
conventional Q.. baryons may exist the identical quantum
numbers and comparable masses. In the future, we will
explore the electromagnetic characteristics of the conven-
tional Q... baryons, which can offer the vital information for

distinguishing the Q' D" molecules and the Q.. baryons.

IV. SUMMARY

In recent decades, the investigation of the exotic had-
ronic states has become one of the most influential and
important research issues in hadron physics. Thanks to the
accumulation of the high-precision experimental data, more
and more exotic hadronic states have been discovered in the
high-energy physics experiments. In particular, LHCb has
observed the PJl, P, and T, states, and their masses are
very close to the thresholds of the corresponding two
hadrons, which has inspired theorists to explain them in
terms of the hidden-charm molecular pentaquarks and the
doubly charmed molecular tetraquark. Obviously, these
experimental observations provide a good opportunity for
constructing the zoo of the doubly charmed molecular
pentaquarks in the hadron spectroscopy. In Refs. [48,49],
the authors have already predicted the existence of the
doubly charmed molecular pentaquark candidates with the
> D& and 20 pl) configurations.

To further complete the doubly charmed molecular
pentaquark family, in this work we focus on the doubl
charmed molecular pentaquark candidates of the QS*)Dﬁ*
configuration, which are new type of doubly charmed
molecular pentaquarks containing most strange quarks. As
the crucial information to search for them experimentally
and the important inputs for the study of their properties,
we first predict the mass spectra of the Qg*)DE*)-type
doubly charmed molecular pentaquark candidates. In our
concrete calculations, we utilize the OBE model to derive
the effective potentials in the coordinate space of the

Q¥ pt) systems, and then we try to find the loosely

bound state solutions of the QE-*>D§*) systems by solving the

coupled channel Schrodinger equation, where our analysis
considers the contribution of the S-D wave mixing effect
and the coupled channel effect. Our quantitative analysis
indicates that the Q.D} state with J* = 1/27, the Q:D?
state with J¥ = 1/27, and the Q}D; state with J© = 3/2~
can be considered as the most promising doubly charmed
molecular pentaquark candidates, and the Q_ D state with
JP =1/27, the Q:D, state with J* = 3/27, and the Q_.D?
state with J® =3/2~ are the possible doubly charmed
molecular pentaquark candidates, which are basically
consistent with the theoretical prediction in Ref. [130].
Furthermore, the corresponding spatial wave functions of

the QE-*>D§*) molecules can be obtained, which play a
pivotal role in the investigation of their properties.

In order to provide more abundant suggestions for the
construction of the mass spectra of the QD type
doubly charmed molecular pentaquarks in the future
experiments, we further explore the radiative decays and
the magnetic moments of the most promising doubly
charmed molecular pentaquark candidates based on their
mass spectra and spatial wave functions. In the realistic
calculations, the constituent quark model is used by
considering both the S-D wave mixing effect and the
coupled channel effect. Our obtained results indicate that
(1) the radiative decay behaviors and the magnetic moments
play an important role in reflecting the inner structures of

the QE-*)Dﬁ*)—type doubly charmed molecular pentaquarks,
(ii) the radiative decay behaviors of the Q:D}[1/27) —
Q.D:|1/27)y and Q:D}|3/27) — Q.D}|1/27 )y processes
can provide the valuable suggestions for identifying the
spin-parity quantum numbers of the D} molecular states,
and (iii) the spin-parity quantum numbers of the Q}D3
molecular states can be distinguished by studying their
magnetic moment properties.

Since the discovery of the charmoniumlike state
X(3872), the past two decades have been a crucial period
in the study of the exotic hadronic states. With the
accumulation of higher statistical data at LHC [96], we
have enough reason to believe that various types of doubly
charmed molecular pentaquark candidates will be found at
LHCDb in the future. Thus, the mass spectra, the properties,
and the production mechanisms of different types of doubly
charmed molecular pentaquark candidates should receive
more attentions from theorists at the present stage, which
will expand our understanding of the doubly charmed
molecular pentaquark candidates and provide the essential
guidance to search for the doubly charmed molecular
pentaquark candidates in the future experiments.
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