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We perform a systematic study on the interactions of the Z£*>D<*> systems within the framework of chiral
effective field theory. We introduce the contact term, one-pion-exchange and two-pion-exchange
contributions to describe the short-, long-, and intermediate-range interactions. The low energy constants

of the Zﬂ*)D(*) systems are estimated from the NN scattering data by introducing a quark level Lagrangian.

With three solutions of LECs, all the ZS*)D(*) systems with isospin 7 = 1/2 can form bound states, in
which different inputs of LECs may lead to distinguishable mass spectra. In addition, we also investigate

the interactions of the charmed-bottom Z§*>B<*>, 22*>D<*) ,and ZE,*)B<*> systems. Among the obtained bound
states, the bindings become deeper when the reduced masses of the corresponding systems are heavier.
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I. INTRODUCTION

The existence of the gqqqg pentaquarks are proposed
by Gell-Mann and Zweig [1-3] at the birth of the quark
model in 1964. In 2003, the LEPS group [4] reported a
narrow resonance signal at 1540 MeV with S = +1, called
©7(1540), whose quark component should be uudds.
Although further experiments did not confirm this state
[5], it triggered extensive theoretical and experimental
studies on possible pentaquark states [6,7].

In 2015, the LHCb Collaboration [8,9] measured the
A) — J/wK~p decay process and reported two hidden-
charm pentaquarklike states P.(4380) and P.(4450) in the
J/wp channel, indicating that these two states have a
minimal quark content of wudcc. In 2019, the LHCb
Collaboration announced [10] the observation of three
narrow peaks in the J/wp invariant mass spectrum.
They found that the P.(4450) is actually composed of
two substructures, the P.(4440) and P.(4457) with 5.40
significance. Moreover, they also reported a new state
below the X.D threshold, namely the P.(4312) with 7.3¢
significance. Before the discovery of the LHCb
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Collaboration in 2015, several groups had predicted
[11-13] the existence of molecular pentaquarks.

The LHCb experiments keep giving us surprise.
Very recently, they reported the first evidence of a char-
monium pentaquark candidate with strangeness in the
E, = J/wAK~ decay process [14]. Its mass and
width are determined to be 4458.8 +2.97}7 MeV and
17.3 j:6.5f§'$ MeV, respectively. However, its signifi-
cance just exceeds 3¢ after considering all systematic
uncertainties. Further studies on the PY; pentaquark are
still needed. As the strange partner of the P, pentaquark
states, it has been predicted in Refs. [11,15-20]. Especially,
the mass predicted from chiral effective field theory agrees
very well with the experimental data [18].

Besides the pentaquarks with hidden-charm quark com-
ponents, the existence of the double-charm pentaquarks is
also an interesting topic (see Refs. [21-27] for reviews
of the exotic hadrons). For the double-charm pentaquarks,
two straightforward configurations are the compact ccqqgq
pentaquarks and (cgq) — (¢g) baryon-meson molecular
states. Based on the compact pentaquark configuration,
the mass spectra of the pentaquarks with QQqqq (Q = b,
¢, and g = u, d, s) quark components were estimated
systematically in the framework of the color-magnetic
interaction model [28]. The authors of Ref. [29] used
similar approach to estimate possible stable pentaquark
states. In addition, the chiral quark model [30] and QCD
sum rule [31] were exploited to analyze the doubly
charmed pentaquark states. For the case of the latter
configuration, some theoretical calculations were per-
formed in the meson exchange models [32-34]. We can
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qualitatively capture some features of the double-charm
pentaquarks from above works, while a systematic study of

the =0/ p) systems is still absent.

The chiral effective field theory has achieved great
success in describing the interactions of the NN systems
[35-40]. It is also a very useful tool to study the interactions
of the two-body hadron systems with heavy flavors
[18,41-55]. In the framework of heavy hadron chiral
effective theory, we consider the one-pion-exchange,
two-pion-exchange, and contact contributions to account
for the long-, intermediate-, and short-range interactions of

the Zg*)D(*) systems, respectively. Among them, the one-
pion-exchange diagrams can be easily calculated with the
standard procedure. For the two-pion-exchange box dia-
grams, Weinberg [56,57] suggested that we should only
consider the contributions from two-particle-irreducible
(2PI) graphs, since the two-particle-reducible (2PR) part
can be recovered by inserting the one-pion-exchange
potentials into the nonperturbative iterative equations.
This treatment can be done with the help of the princi-
ple-value integral method. For the low energy constants
(LECs) associated with the contact terms, generally, they
should be fixed from the experimental scattering data or
lattice QCD simulations. In Refs. [18,53,54], we proposed
an approach which can relate the contact effective poten-
tials derived at the hadron level to those derived at the quark
level, so that the LECs can be determined from the quark
model. For example, to estimate the contributions from

(*)

the contact terms in the 2. D(*) systems, we can derive the

contact effective potentials of the 22*)D(*> systems at the
quark level, the coupling constants in the contact terms can
be determined from the NN scattering data. Thus, the
contributions from the unknown contact terms can also be
estimated. We have a complete framework to study the

interactions of the EE*)D<*> systems, and which is also used
to investigate the interactions of the charmed-bottom
> B, Zé*)D(*>, and 22*)1_5’(*) systems.

This paper is organized as follows. In Sec. II, we present
the effective chiral Lagrangians and the effective potentials.
In Sec. III, we present our numerical results and discus-
sions. In Sec. IV, we conclude this work with a short
summary. Some supplemental materials for loop diagrams
and the results for charmed-bottom systems are given in the
Appendixes A and B, respectively.

II. EFFECTIVE CHIRAL LAGRANGIANS AND
ANALYTICAL EFFECTIVE POTENTIALS

We consider the leading order contact and one-pion-
exchange interactions, and the next-to-leading order two-
pion-exchange contributions to describe the scattering
amplitudes of the X.D, :D, X.D*, and X;D* systems.
We first briefly introduce the effective Lagrangians for the
pionic and contact interactions.

A. Effective chiral Lagrangians

In the heavy baryon reduction formalism [58], the
leading order nonrelativistic chiral Lagrangians describing
the interactions between the charmed baryons and pion can
be constructed as

Lpy = Te[Bs(iv - D = 5,)B5] + 2g5Tr(B5.S - uBy.,)
= Tr[By. (iv- D = 3,4)Bs-,) + 29, Tr(B3S - ubBs)
+2¢,Tr(B5S - uB; +H.c.) + %Tr[Bl(iv -D)B,]
+ g3 Tr(B4.u,Bs + H.c.) + g, Tr(By.u,B; + H.c.),
(1)
where S§* = %ysa’“’vb is the operator for spin—% baryon.
The covariant derivative is defined as D,y =

Ow +T,w+wl'}, where I'} is the transposition of T',.
The chiral connection Fﬂ and axial current u, are defined as

1 .
Lo=3.04  w=3{08 @

with

evmmf®) (A )

Here, f, = 92.4 MeV is the pion decay constant.

The charmed baryons A, and ZE,*) form the SUQ2)
isosinglet and isotriplets, respectively. The spin—%
isosinglet is

_( 0 Aj) ()
llll_ —Aj_ O )

the isotriplet with spin—% and spin—% are labeled as y5 and
-, respectively. They have the matrix form

++ I sy I\ K
B D2y v . )28 75
W3 - s+ ’ w:‘)* - poas (5)
c ZO e Z*O
V2 ¢ V2 ¢

The heavy baryon field can be decomposed into the light
and heavy components B; and H;, which read

i -1)-x1+ﬁ
B; = e™: TV/i’

ox L =¥
H; = e™M® , Vi (6)
where y; denote the heavy baryon fields vy, w3, and y3-.
v, = (1,0) is the four-velocity of heavy baryon. The B;

fields contribute at the leading order, whereas the H; are
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suppressed by power of 1/mg. M; are the masses of the
heavy baryons. In this work, we adopt the following mass
splittings [59]

5(1 = M3* —M3 ~ 65 MCV,
66 = M3 _Ml ~ 168.5 MCV,
5d = M3* —M] ~233.5 MeV. (7)

In Eq. (1), the couplings g, = —0.60 and g, = 1.04
can be calculated from the partial decay widths of the
2. = A and X — A,z processes [59], respectively.
The g;, g3, and g5 can be related to g, via the quark model
62-60]], which read

g1 = 0.98, g3 = 0.85, gs =—147. (8)

The leading order chiral Lagrangians for the interactions

between the charmed mesons and pion are [63]

Lyy =—((iv- OH)H) + (Hv - TH) + g(HikysH)
- %5;, ('Ha’“’ﬂa,w), 9)

where 0, = mp- —mp = 142.0 MeV [59]. g = —0.59 rep-
resents the axial coupling constant, its value is calculated
from the partial decay width of D** — D%z process [59]
and its sign is determined from the quark model.

In the above Lagrangian, the H denotes the super-field of
the (D, D*) doublet in the heavy quark limit,

L+y, ., .
H=—" (Py* + iPys),
i T *7 -t 1
H=y"H'Y’ = (Pi"y* + iPTys) ;ﬁ,
P=(D".D"),  P,=(D".D"), (10)

Accordingly, the mass splittings for the bottom baryons
and mesons are [59]

0, = My — My, = 20 MeV,
Op = mp —mp ~45 MeV,

0, = my, —my, = 191 MeV,
5d=m22—m/\b:211 MeV. (11)
In the bottom sector, the axial coupling g = —0.52 is

taken from the lattice QCD -calculations [64,65]. g, =
—0.51 and g4 = 0.91 are obtained from the partial decay
widths of the X, — A,z and Z; — A, 7 [59]. Similarly, g,
g3, and g5 are determined from the quark model [60—-62],

g1 = 0.83,

g3 =0.72, gs =—125. (12)

In order to describe the contact interactions of ZE-*) and
D™, we construct the following Lagrangians,

Lyp = Do(HH)Tr(3y,)
+ iD € 5y v (HyPys H) Tr ()
+ E (He"H) Tr(p#ziyr,)
b TE gyt (HP 15t R T ), (13

where

1
! =By - —=(r" + v")r°Bs,

V3
_ 1.
w = B +§B37’5(}’” + v#) (14)

denote the superfields of (B, B3+ ) doublet [66,67]. The D,,,
D, E,, and E, are the low energy constants that account
for the central potential, spin-spin interaction, isospin-
isospin interaction, and isospin related spin-spin interac-
tion, respectively. In Sec. III, we will use the LECs fitted
from the NN scattering data [68] to estimate the contri-

butions of the leading order contact terms in the ZE*)D(*>
systems.

B. Effective potentials

To obtain the effective potentials in the momentum
space, we first calculate the scattering amplitude M.
The scattering amplitude M is related to the effective
potential V(gq) by the following relation

M
V(g) = —m» (15)

where M, are the masses of the scattering particles. We can
obtain the effective potential V(r) in the coordinate space
via the following Fourier transformation,

3
V(r) = / %e-fq-rv<q>f<q>. (16)

where a Gaussian regulator F(q) = exp (—¢*"/A*") is
introduced to regularize the divergence in this integral.
This type of regulator has been widely used in the NN
and NN systems [37,68—71]. In this work, we use the LECs
fitted from the NN scattering [68] to estimate the LECs

of the ZE*)D(*> systems, thus we use n = 3 as adopted
in Ref. [68] for consistency, and take a typical cutoff
A =0.4 GeV to suppress the contributions from higher
momenta [54].

The contact and one-pion-exchange interactions contrib-
ute to the leading order effective potentials. The corre-
sponding Feynman diagrams are collected in Fig. 1, where
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the X.D and X;D systems do not have the one-pion-
exchange diagrams due to the forbidden DDx vertex. The
explicit expressions of the contact potentials for the .D,
XiD, X.D*, and X D* systems are

Vi = =D, + 21, - L)E, (17)

V)z(zb =-D,+2(I, - L)E,, (18)
Vi = =D, +2(I; - L)E,

+§[_Dh+2Eh(Il ‘L)l T. (19)
e = =D, +2(1; - L)E,

+ [=Dy +2E,(1; - L)lo, - T, (20)
where I and I, are the isospin operators of the zﬁ*) and
D™, respectively. The matrix elements of I, - I, can be
obtained via

(I - L) =-[I(I+1)=L(I; +1) - L(IL, + 1), (21)

N =

where [ is the total isospin of the Zg*)D(” systems. The
cross product of the final and initial polarization vectors for
D* mesons (¢' and €, respectively) is given in terms of T
operator

—iT =¢' x e, (22)

where the spin operator S, of the D* meson can be related
to the T operator via

S,=-T. (23)
The spin operators S, of . and S, of X} are related to the
Pauli matrix ¢ and o, via

G . (24)

Then the matrix elements of the 6T and o, - T can be
obtained from Egs. (23)—(24) by

c-T= —251 . S2
=—[S(S+1) =8;(S; + 1) = S2(S, + 1)],
2
-T=-=-5,-8
(P 3 1 2

— _%[s(s+ 1) = S(S; + 1) = S(S, + 1), (25)

where §; = S,(S,,) and S, = S, denote the spin operators
of the 2£*> baryon and D* meson, respectively.

PL5K

(X0 (X)) (X))

z, Dz Dz D’
(HSvl) (XGH) (H4v1)
FIG. 1. The leading order Feynman diagrams for the X.D
X1.1), ZeD (Xp4), Z.D* (X34, Hyy), and ZED* (X4, Hyy)
systems. We use the thick line, heavy-thick line, thin line, double-

thin line, and dashed line to denote the X, ¥, D, D*, and r,
respectively.

The one-pion-exchange diagrams for the X.D*
and X;D* systems are depicted in graphs (Hz;) and
(H4,) of Fig. 1. The corresponding effective potentials
read

991 (q-0)(q-T)

Vi = (I, -1
=.D ( 1 2) 2f;21- q2+m’2[

: (26)

995 (4-0r)(g-T)

Vi — (1,1
T T

(27)

One can notice that there is a minus sign between the one-
pion-exchange amplitudes of the ZE-*)D* and ZE-*)D* Sys-
tems [55]. This minus sign comes from the G-parity
transformation between the (D*)°, D®)~) and (D™,
D)0 doublets. Ref. [72] shows the tensor force in the
spin-triplet NN system plays important role. In
Appendix C, we discuss the influence of the tensor force
to the binding energies of 2&*) D* systems.

The two-pion-exchange diagrams for the X.D, XD,
2.D*, and Z;D* systems are illustrated in Figs. 2, 3, 4,
and 5, respectively. The analytical results for the football
diagrams (F};), triangle diagrams (7 ;), box diagrams
(B;j), and crossed box diagrams (R;;) generally have
the following forms,

i 1
Vsyé = (Il : IZ)F"%(’”M Q)’ (28)
chis
T,_j o Sys T,'_j
Vi = (1) - 1) fi [—q°C\" (V34 + J%3)
T y
+Cz J§4](mm£T"-’,C])» (29)
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(£ (7.0 (T12) (15 /T3

(B,/B,)) (B,) (R, /R (Ri2)

FIG. 2. Two-pion-exchange diagrams that account for the effective potentials of the X.D system at next-to-leading order. These
diagrams include the football diagram (F, ), triangle diagrams (T,;/T,;), box diagrams (B,;/B,;), and crossed box diagrams
(Ry;/Ry;). The T3, B ;, and R, ; denote the diagrams with A, as the intermediate state. The notations are the same as those in Fig. 1.

(£,) () (12,) (T,3/T5)

FIG. 3.

(B35) (Bs4) (Rs, /Ry )

(T, / T,3)

(BZI) (BZvZ /EZ.Z) (RZ.I) (RZ.Z /Ezz)

Two-pion-exchange diagrams for the X;D system. The notations are the same as those in Fig. 2.

(T,,) (B,,/By))  (By,/B;,)

(RS.Z /EZ) (R3 3) (R"S 4)

FIG. 4. Two-pion-exchange diagrams for the X .D* system. The notations are the same as those in Fig. 2.

5 CBi.j
Vi = (1 =1 - 1) }ff

/3

B ;
[_‘1201 15
+4Cy" (I8 + 2% + JB)
— @PC3 (JE + TR HCL TR | (me E77 .65 q)
qt; U3 49 g o |Mg, €17, C07,4q),
(30)

Ri; nyz 2Rij R
Vsys = (1 + Il : 12)? [_q Cl "]21

R;;
+q°C7 (U5 + 275, + T5)

Ri.' R,‘_‘ R,‘_’ Ri.'
-G (I + I5)+C, !Jffl}(mmg1 1,6, q),

(31)

13 ”

where the subscript “sys” denotes the corresponding

2£*>D(*) system. The superscripts F; ;, T; ;, B; j, and R; ;

are the labels of Feynman diagrams illustrated in
Figs. 2-5. The JI, JB, J® are scalar loop functions
defined in Appendix A of Ref. [55]. In this work, we

adopt the MS scheme to regularize the loop integrals, one

can refer to Ref. [49] for more details. The £ = £7i, 5?{’2’),

or Ef(i'zj) is the residual energy (the difference between
the incoming hadron energy and the intermediate
hadron mass).

In Ref. [55], we found the contributions of A, in the
loops of two-pion-exchange diagrams have considerable
corrections to the effective potentials. Along the same line
of studying the ZE*)D(*) systems [55], in this work, we also
consider the contributions from intermediate A, state, the
contributions of the 25;*) and D™ in the loop are also
considered, as illustrated in Figs. 2-5.

The general expressions for the corresponding triangle
diagrams (T;;), box diagrams (B;;), and crossed box
diagrams (R; ;) read
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(Fi) (T..) (T2) (T3 /T,5) (T2 (Bi) (B42)
(B4.3 /54.3) (B4,4 /E4_4) (R4.I) (R4.2) (R4v3 /EA.S) (R4,4 /E4,4)
FIG. 5. Two-pion-exchange diagrams for the X D* system. The notations are the same as those in Fig. 2.
n Tij - - III. NUMERICAL RESULTS AND DISCUSSIONS
Vi = (1, - 1) & [—qzcr"f’(ﬂ +J5) +CT”}
b ) b n e 2 To get the numerical results, we need to determine the
x (m,, e 9, (32) four LECS defined in Eq..(13). At pr'esent, .there are no
experimental data or lattice QCD simulations for the
) possible P,.. states. In Refs. [18,53,54], we proposed to
. cBii 5 bridge the LECs determined from the NN (NN) scattering
Bij _ 20, - I Sys ZCB!-J B . .
Vs = (1 =21 - 1) 7 [_‘1 10 data to the unknown LECs of the dihadron systems via a
5 " 'y quark level contact Lagrangian. In this work, we apply this
+q*Cy" (JB, + 298, + JB) — ¢°C57 (JB, + JE) approach t(o) estimate the contributions of the contact terms
Bij Bi; oBi; for the ./ D) systems, likewise. Then we search for
Cy a8 | (men €17, 63, 9), 33)  for the ¢ D systems, . !
+C | me &7, 657, 4) (33) binding solutions via solving the Schrddinger equation and
discuss the numerical results.
R ch R
o . sys [ 20Rij 1R *
Vi = (1+21 - 1) Iz [ 7°C" 5 A. Determining the LECs of the D) systems
4R TR R R\ _ 20Rii R R It is assumed that the contact terms are mimicked by
T q_Cz (/2 + 2{32 +_J43) ¢G5 + T3 exchanging heavy mesons through the S-wave interaction
+ Cff,/ Jfl} (m,. 511?1-./', 5?.1-’ q). (34) E)isb'tiuzgd 1:;1S which a general quark-level Lagrangian is

One can see Appendix A for the explicit values of the
coefficients defined in Egs. (29)—(34).
We notice the expressions of the two-pion-exchange

diagrams for the Zg*)D(*) systems are identical to those of

the ZE.*)D(*) systems [55]. These interesting results can be
easily understood as follows: the differences between the
two-pion-exchange amplitudes of the ZE*)D(*) and ZE.*)D(”
systems are completely caused by the pionic coupling of
the charmed and anticharmed mesons. As mentioned
before, the one-pion vertices [from the u, in Eq. (2)]
between the charmed and anticharmed mesons have a
minus sign difference, but they appear in pairs in the
two-pion-exchange diagrams. Besides, the two-pion verti-
ces [from the ', in Eq. (2)] is invariant under the G-parity
transformation.

We have subtracted the 2PR contributions of the box
diagrams in our calculations. This can be achieved by the
principal-value integral method proposed in Ref. [55], in
which a detailed derivation is presented in the Appendix B.

L = 9,gSq + 9.qy,7° A'q, (35)

where g = (u,d), ¢, and ¢, are two independent coupling
constants. The fictitious scalar (S) and axial-vector (A*)
fields with positive parity are introduced to account for the
central potential and spin-spin interaction, respectively.
From Eq. (35), the ¢g contact potential is obtained as

Vaa

=c¢,(1-37-1) +¢,(1 =37, -75)6, -65,. (36)

In Table I, we present the quark-level matrix elements
of the operators related to the contact potentials. Based
on the Lagrangian in Eq. (35) and the matrix elements in
Table I, the authors of Ref. [54] derived the contact
potential of the NN system with quantum numbers
I=1and >*'L, =3 §,,

) _ _ 22
Vor = (NN|V4INN) = 6¢c, — 5o (37)
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TABLE 1. The quark-level matrix elements of two-body inter-
action operators O;; for the NN and £.D* systems.

O” llj Ti'Tj O'lO'] (TIT])(GIGJ)
CEEE 1 1 3
[NNJI=S 9 1 -3 -2
[INNE=S 9 -3 1 — 23_5
[NN)I=9 9 -3 -3 25

One can as well obtain the contact potentials of the
[INNV=L, [INN]EZS, and [NN]EZ9 systems, accordingly.

Similarly, the X.D* contact potential can be obtained
from Eq. (36) and Table I as

4
VZL.D* = ZCA, - 12CSII . 12 —§CIO" T+ 8Ct(11 . 12)(0' T)

(38)
Comparing Eq. (19) with Eq. (38) we get

D,=-2¢,, E,=-6c,, D,=2c, E,=6c,. (39)

In Ref. [68], based on the NN scattering data, the LECs
forthe /=0 =0,1)and I =1 (J =0, 1) NN systems
are fitted. With the LECs of these four NN systems, we
obtain six sets of solutions for the ¢, and ¢,. Among them,
four sets of ¢, and ¢, are consistent with each other in sizes

and signs:

0.0:
L @
op————== —_—
002 (37)Z.D system
2
& —0.04
=
= -0.06
-0.08 -- O(¢") Contact
-0 2 -7
-0.1 — Total
0.04
0.02 (c)

,12 (% )XiD system

V(r)(GeV)

-- O(¢") Contact
—- 0@ 2 -7
—— Total
0 4 8 12 16 20

r (GeV!)

(i) Set 1: ¢, = —5.84 GeV~2, ¢, = 2.50 GeV~2;
(ii) Set 2: ¢, = —8.10 GeV~™2, ¢, = 0.65 GeV~2;
(iii) Set 3: ¢, = —8.25 GeV~2, ¢, = 0.52 GeV~2;

(iv) Set 4: ¢, = —7.71 GeV~2, ¢, = 0.38 GeV~2.

The remaining two sets of solutions either have the
different signs or are too large, leading to unstable
numerical results in our calculations.

When checking the above four sets of LECs, we notice
that the ¢, value in Set 1 is smaller than those of other sets,
the input with ¢, in Set 1 will lead to relatively small central
potentials. On the contrary, the value of ¢, in Set 1 is larger
than those of other sets, the spin-spin corrections would be
important with this set of LECs. This is the first case
we want to discuss, we label this set of LECs solution as
Case 1. The LECs in Set 2 have been successfully applied
to study the interactions of the D*)N systems [54], the
small value of ¢, shows that with this set of solution, the
spin-spin interaction serves as the perturbation to the D) N
multiplets. The LECs in Sets 3 and 4 are very close to that
of Set 2, and they give very similar results. Thus, we will
use the LECs in Set 2 as our Case 2. In addition, we also use
the least square method to fit a best solution from these four
sets of LECs, the solution are obtained as

c, = —7.46 GeV~2,

¢, =102 GeV=2.  (40)

we label this set of LECs as the Case 3.
B. Numerical results of the effective potentials

We use the LECs in Case 3 to present the effective
potentials of all the Zg*)D(*) systems. In Fig. 6, we plot the

0.03} (b)
0.025
0.02
2 0015 3(37)ScD system
& oo
= 0005
S
0 T —
-0.005| - -- O(e’) Contact
—- 0@ 2 -7
-0.01
— Total
-0.015
0.03
0.025 (d)
0.02
< 0015 3(37)%:D system
di
2 oot
= 0005
0 == ——
i --- O(e") Contact
0.005, SR B
~0.01 —— Total
0 4 8 12 16 20

r (GeVY

FIG. 6. The effective potentials for the [Z(C*) D];™/* systems. Their 1(J*) numbers are illustrated in each subfigure. The red dashed line
and blue dot-dashed line denote the effective potentials from the contact term and two-pion-exchange, respectively. The black solid line

denote the total effective potential for each system.
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effective potentials of the X.D and X:D systems. The
contact terms of the £.D and XD are the same in the heavy
quark limit, which can be checked from the line shapes of
the contact effective potentials in Fig. 6.

For the [ZCD]EII//Z2 system, the two-pion-exchange inter-
action provides a weakly repulsive force. The contact
interaction provides a strong attractive force, which is also
true for the [ZfD]ilg//zz system. In the [ZjD]i;ﬁ system,

the two-pion-exchange interaction provides a weakly
1=1/2
J=3/2
state together with the strong attractive contact term.
From the right panel of Fig. 6, we can see that the two-

pion-exchange interactions provide considerable attractive
force in the [Z£*>D]§:3/ ? systems. However, for the I = 3/2
case, the contact terms provide strong repulsive forces and
the total effective potentials are repulsive, i.e., we can not
find any bound states. This is also true for the [ZE-*>D*]§:3/ :
systems. Thus, in the following, we only discuss the
DM systems with T = 1/2.

In Fig. 7, we present the effective potentials of the

attractive potential and forms a deeply bound [Z:D]

ZE-*)D* systems. From Fig. 7, we can see that in the
[ZCD*}ﬁzl/ * and [EﬁD*]ﬂzl/ * systems, the contact terms
provide strong attractive force. The one-pion- and two-
pion-exchange interactions supply very weak repulsive

. Al=1/2 (se pyeI=1/2
forces in the [X.D* J:l//2’ [ZiD* le//2(3 )

the [ZCD*]E;//Zz and [Z’;D*]i;//zz systems, the one-pion- and
two-pion-exchange potentials supply comparable attractive
and repulsive forces, respectively. Thus, the total effective
potentials for these two systems are nearly equivalent to
their contact potentials.

systems. For

0.03

(a)

Our calculation shows that the contact terms are impor-

tant to the [EE*)D(*)]TI/ 2 systems. In our framework, the
fictitious scalar mesons account for the mainly attractive

interactions in the [E£*>D(*)]§:l/ 2 systems, and the
exchange of axial-vector mesons result in mass splittings
in spin multiplets. In Eq. (35), the ¢, and ¢, are related to
the strength of the scalar-exchange and axial-vector-
exchange forces, respectively. From Table II, we notice
that the axial-vector-exchange interactions which are
related to the ¢, provide small corrections to the final
effective potentials in Cases 2 and 3. However, in Case 1,
we have |¢,/c,| = 0.43, this can be regarded as our upper
limit of the |c,/c,|. The relatively small value of ¢, can be
traced to the large masses of the axial-vector particles since
their masses exceed 1 GeV [59].

We need to mention that for the =0 D®) systems, the
potentials with and without A, contributions in the two-
pion-exchange diagrams are discussed in Ref. [55]. In
Sec. II B, we find that the expressions of the two-pion-
exchange diagrams for the X/D®) and £0/D™) systems
are the same. Thus, we do not further perform the
discussion of this contribution, which is very similar to
that of the Ref. [55].

C. The binding energies of the Eg*)D(*) systems

The binding energies, masses, and the root-mean-square
radii in the above three cases are presented in Table II. We
find bound state solutions only for the / = 1/2 channels.

The R,,,, are about 1-2 fm for all the considered ZE-*)D<*)
systems, which are the typical sizes of the hadronic
molecules. From Table II, we can see that the binding of

____________ (b)

= -0.03 2 -002 ~
© 3 $(37)8.D" system
= -0.06] =004 i
= =
> -0.09) -~ O(e)) Contact =~ —0.06 ---O(€") Contact
: - "'O(CB)l*ﬂ' ’052 l—m
_0a2k--" ---0(€) 2 -7 -0.08 - 0(€?)2 -7
— Total — Total
% 4 8 12 16 20
r (GeV™h)
0.04 0.03
0.02f -~~~ _ (d) (e)
———— 0.01 Tl
%—0.02 A 515 D vt %—0401 o
» -0.04 / 3(5 )ED" systemy § 3(57)8:D" system

=-0.06 =
< _0.08 0@ Contactl] = -0.05 —~O(") Contact]
~01 -0 1 -7 O 1—x
- O0(E@)2—7 -0.07| -0(E@)2 -7
-0.12 - — Total L — Total
0145 12 16 20 0% 4 8 12 16 20
r (GeV™h) r (GeV™h)

FIG. 7. The effective potentials for the [Z(C*) D*)"='/% systems. Their 1(J*) numbers are illustrated in each subfigure. The red dashed
line, green dashed line and blue dot-dashed line denote the effective potentials from the contact term, one-pion- and two-pion-exchange
interactions, respectively. The black solid line denote the total effective potential for each system.
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TABLEII. The binding energies, masses and root-mean-square radii for all the [25*)D<*>}§:1/ 2 systems. The subscript denotes the total
angular momentum of this system. The adopted LECs in Cases 1, 2, and 3 are (c;=—5.84,c, =2.50) GeV~2,
(cy = —8.10,¢, = 0.65) GeV~2, and (¢, = —7.46, ¢, = 1.02) GeV~2, respectively.

(D], (XD (Z.D*]s (D [Z:D*]s (XD [Z:D"]s

Case 1 BE (MeV) —-154 -25.0 —31.8 -8.0 —-32.8 —18.2 -3.5
R, (fm) 1.45 1.25 1.20 1.65 1.20 1.38 1.91

Case 2 BE (MeV) -31.3 —42.9 -30.3 -31.7 —26.6 254 —29.7
R, (fm) 1.23 1.11 1.22 1.20 1.26 1.27 1.22

Case 3 BE (MeV) -26.5 -37.7 -29.1 -25.0 -26.4 -22.6 -22.2
R,,, (fm) 1.27 1.14 1.23 1.27 1.26 131 1.30

the [ZjD]i;//i system is deeper than that of the [£,D] -}/ the E; — J/wK~A process and observed in the J/yA

J=1/2
system. In the heavy quark limit, the [ZCD]ill//z2 and

[Z’;D}iyfz systems share the same contact term. Thus,

the difference of the binding energy is from the contribu-
tions of the two-pion-exchange interactions. Besides, in

Case 1, the Eg*)D* systems with lower total angular
momentum J are more compact. This situation is very
similar to the ZE-*)D* systems [55]. However, the results in
Cases 2 and 3 show that the binding energies for the

different ZE*)D“) systems are comparable to each other,
and they have very similar spatial sizes.

The parameters ¢, and ¢, are related to the central
potentials and spin-spin interactions, respectively. In
Case 1, |¢,/c,| = 0.43, the spin-spin corrections in contact

terms have considerable contributions in the Z(c*>D* Sys-
tems [note that the spin-spin corrections do not contribute

to the 22*)1) systems, e.g., see Eqgs. (17)—-(18)]. The spin-
spin corrections are much larger than the contributions
from the one-pion-exchange and two-pion-exchange inter-
actions. Thus, in Case 1, the mass splittings among

different [Z(c*)D*]ﬁzl/ * systems are mainly caused by the
corrections of the spin-spin interactions. The results
obtained from the Cases 2 and 3 are close to each other.
In contrast to Case 1, |¢,/c | ~ 0.1 in these two cases, i.e.,
the central potentials are dominant and the spin-spin
potentials are small. The contributions from the spin-spin
interactions are comparable to those of the one-pion-
exchange and two-pion-exchange interactions. As shown

in Table II, in these two cases, the EE»*)D* systems with
higher total angular momenta have deeper binding
energies.

The results for the XU7BX), Zgj)D”), and Zgj)l—?(”
systems are given in Appendix B.

D. Possible decay patterns of the Zg*)D(” molecules

The P.(4312), P.(4440), and P.(4457) are produced in
the AY) — J/wK~ p decay process and reconstructed in the
J/wp channel [10]. Similarly, the P .,(4459) is produced in

invariant mass spectrum [ 14]. In this subsection, we discuss
the possible decay patterns of the P, states. They may be
considered as the reconstructive channels from the pp
collisions at LHCb.

In Fig. 8, we present the mass spectrum of the P,
pentaquarks based on the inputs in Case 3, and some
relevant thresholds. Due to the cc pairs in the P,
pentaquarks, the decay behaviors of the P.. states are
different from that of the hidden-charm pentaquarks. There
exist two types of decay modes for the P, states, i.e., the
(cqq) — (cq) and (ccq) — (¢q) modes. Note that the A .z

and Dn are the dominant decay channels for the ZE*)
baryons and D* meson, respectively. For simplicity, we
only consider the ground A., D, and 7 as our decay final
states in the first mode. From Fig. 8, we can see that the
P_.(4296) state with J¥ = 1/27 is near the threshold of
the A.Dx. Thus, it is very difficult for this state to decay
into this three-body final state due to the small phase space.

4600

4550 -

4500 - —

4450 -

4400

4350 —

--------------------------------------------- %.D
4300 F o o e o ADr
4250

v.D D .D 1D
4200
4150 === com==n ymoo - goc--- poom-- comnn yooo - PEETT AD

FIG. 8. The mass spectrum of the P,.. pentaquarks. The results
are obtained using the LECs in Case 3. The black solid lines
denote the P.. pentaquarks. The blue and red dotted lines denote
the thresholds of the EE*)D@‘> and possible decay channels,
respectively.
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But the P..(4296) can easily decay into A.D two-body
final states. Further study on the branching ratio of this
decay process is still needed. The P..(4350) with J¥ =
3/27 can decay into the A, Dz via the S-wave, while
decaying into the A.D is D-wave suppressed. One can
perform similar analyses for the other five P, states.
Now we discuss the (ccq) — (¢g) decay mode, i.e., the
P.. states decay into the ground ZE. baryon and a
pseudoscalar or a vector meson. The threshold of E..7
channel is about 3760 MeV, which is much lower than the
P, states and is not presented in Fig. 8. The predicted P,
states with J” = 1/2~ can decay into this channel through
S-wave, thus, this should be an important strong decay
channels for the J¥ = 1/2~ states due to the large phase

spaces. The states that are composed of the ZE-*> and D* can
also decay into the E..@ and E_.p final states. One can also
extract the decay properties for the other P.. pentaquarks
in Fig. 8.

IV. SUMMARY

Inspired by the recently observed P, [10] and P, [14]
pentaquarks, we perform a systematic study on the inter-

actions of the Z(C*)D(*) systems to explore the possible P,..
states. We include the contact term, one-pion-exchange,
and two-pion-exchange interactions within the framework
of chiral effective field theory.

Due to G-parity transformation law, the expressions
of the one-pion-exchange and two-pion-exchange effective

potentials of the ZE-*)D(*) systems are opposite and identical

to those of the ZE-*)D(*) systems [55], respectively. In the
two-pion-exchange diagrams, the contributions of the

intermediate A, ZE*), and D™ that considered in
Ref. [55] are also considered in this work. One can refer
to Ref. [55] for a thorough discussion of the two-pion-
exchange potentials for the ZE-*>D<*) (Z§*>D(*)) systems.
In principle, the LECs of the EE-*)D<*) systems should be
fixed from the experimental data or lattice QCD simula-
tions, which are not available at present. Alternatively, we
introduce a quark level contact Lagrangian to bridge the
LECs [68] determined from the NN scattering data to the

unknown ZE*)D(” systems. With the LECs fitted from
the NN scattering data, we obtain four sets of (c,, ¢,)
parameters describing the contributions of the contact
terms. We present three cases to study the binding energies

of the Z(C*)D(*> systems.
The mass spectrum of the [ZE-*)D(”]i:l/ * molecules
depend on the values of the LECs. In Case 1, a relatively

small central potential and a large spin-spin interaction are
introduced. The obtained P,.. mass spectrum is very similar

to that of the Zﬁ*)D(*) systems. However, the mass spectra
obtained in Cases 2 and 3 are different from that of the
Case 1.

In this work, to estimate the binding energies of the P,
pentaquarks, we only consider the S-wave interactions

between 2@ and D). The S — D wave mixing is not
included in this work. On the one hand, the LECs
introduced from the short-range contact tensor term can
not be estimated at present, we only consider the leading
order contact terms for cutting down the unknown param-
eters. Thus, the S — D tensor force from the leading order
one-pion-exchange (two-pion-exchange) is neglected for
consistency. On the other hand, as presented in Figs. 6-7,
the S-wave contact interactions are dominant in all the

Z(c*) D™ systems, the off-diagonal components from the
one-pion-exchange (two-pion-exchange) interactions give
little corrections to the obtained binding energies due to the
large diagonal components from the contact terms (see the
discussions in Appendix C).

From the effective potentials of the [ZE*)D<*)}§:1/ :
systems, we find that the attractive force between the

E(C*) and D™ arises mainly from the short-range inter-
actions. Although this short-range-interaction-dominant
mechanism is consistent with our understanding of the
P. (73], Z. (Z},) [51], and X(3872) [74] states, these
phenomenologically determined LECs still need further
support from experimental data or lattice QCD simulations.

We determine the couplings g, ¢,, and g, [59] by
calculating the partial decay widths of the D*, X., and

Z(C*) systems, the other axial couplings g;, g3, and g5 can be
correspondingly obtained in the framework of the quark

model [60-62]. Thus, the width effects of the £ and D*)
are partly encoded in these parameters. However, it is
difficult to introduce widths into the Schrodinger equation

when we solve the binding energies of the EE*)D“)
systems. The present method can only provide rough
positions to the considered P_. pentaquark.

We briefly discuss the strong decay behaviors of the P,..
pentaquarks. The (cqq) — (¢g) and (ccq) — (qq) are the
two types of decay modes. Correspondingly, the A.D,
A.Dr, and E .z are expected to be important channels to

search for these [ZE*)D“‘)]TI/ * molecules.
We also study the interactions of the 2£*>B<*>, 2;}*)D(*>,

and Zé*)y*) to search for possible P.,, Pj., and Py
pentaquarks. The corresponding systems with I = 1/2 can
also form molecular states. In addition, among the studied
systems, the binding becomes deeper when the reduced
masses of the systems are heavier.

Because the uncertainties from the quark model assump-

tions cannot be quantified, thus the Z£*>D(*) systems still
need further study. If lattice QCD calculations are per-
formed to extract physical observable quantities in the
future, we can fit the lattice results to extrapolate to the

physical pion mass to obtain the LECs for the ZE.*)D<*)
systems. The width effects and the S — D wave mixing
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effects can also be studied by solving the corresponding APPENDIX A: SUPPLEMENTS FOR THE TWO-
Lippmann-Schwinger equations. PION-EXCHANGE EXPRESSIONS

In Sec. II B, we present the general expressions for the
ACKNOWLEDGMENTS football diagrams (F, ;), triangle diagrams (T; ), (T ;), box

This project is supported by the National Natural Science di_agrams (Bij), (B;;) and crossed box diagrams (R;;),
Foundation of China under Grants No. 11975033 and  (R;;) in Egs. (28)—(34). In this appendix, we give their
No. 12070131001. explicit coefficients defined in Eqgs. (28)—(34).

TABLE III. The coefficients CsTy'J (C;Ty'g’ ), Csfs/ Ris (ng/ R)"’) defined in Eqs. (29)—-(34). The superscripts denote the corresponding
diagrams illustrated in Figs. 2, 3, 4, and 5, respectively.

T, Tis Tis Tis B/R), B/R), B/R), B/R), 7, B/R), B/R B/R B/R),
CS);S Csys cs};s CS};S ngg/ )ia ngg/ )iz ngg/ )i ngs/ )ia Cs};g ngs/ )i ngs/ )iz ngs/ )i ngs/ )ia
>.D s % g 7q 77 7 s
4 4 3 3 2 8
D I 503 A 549 N g ... N
36 4 e 8, . 2 8
>.D* I I A A N 7a 7% 7% % 79 79
4 ! 3 3 3 24 2 8 8
>:D* s s % 593 g9 g9 79 79 g% e I 75
4 36 24 24 2 2 2 0 32

TABLE IV. The coefficients C,T,,‘"' (CZ‘f ) and ETii (ET"‘/ ) defined in Eqgs. (29) and (32). The superscript denotes the corresponding
diagrams illustrated in Figs. 2, 3, 4, and 5, respectively.

ClTi.l C;i.] gTi.l ClTi.z ng.z gTi.z C{i.} C;m (C/‘Tu CIT.‘A Cgu& gTi.4 CT"J CZM g]_",-j
x.D 1 3 &-5, 2 2 E-5, 1 3 £ 1 3 E+46,
D 1 3 £-5, 1 3 £ ! 1 E+6, - 1 E+6,
D 2 2 £ ! 1 E+5, 1 3 £ 2 £-5, 1 3 E44,
Dt 2 2 £ ! 1 &+, 1 1 E£+s, 1 3 £ 1 1 £+6,

TABLE V. The coefficients Co'’, Ca and EE,B/ R)ii defined in Egs. (30) and (31). The superscripts denote the corresponding diagrams
illustrated in Figs. 2, 3, 4, and 5, respectively.

Cf"l Cfi.l C;B/R)ivl CgB/R>,.| C‘(‘B/R>,.| g(lB/R).,l ggB/R)‘,l
=D 1 1 1 10 15 £ E-6,
2D 1 1 1 10 15 & E-9,
x> L L ; H 10 : :
X:D* B 328 Io 20+125°—45 10 +6B> - 2B € €
CBI 2 Cfﬁl C(B/R)i.z CgB/R)i.z CE‘B/R)i.z g(lB/R)i.z gEB/R)i.z
=D 2 2 2 » 10 £-3, £-3,
=D I 1 1 Io 5 £+6, £-8,
=D LA 14 It Io 5 £ £+,
D" S=3°428 =38 3 15=68%+28 15— 6B + 2B £ E+8,
Cf" Cffﬁ C(B/R)l.3 CgB/R)[.s CE‘B/R)['S g(lB/R)i.z. gEB/R)I.z
=D’ = 4 : “ 2 £-5, £
D" 2-B>+B 2—Bz—§ g w 20 — 6B% + 2B E+4, &
Cfm le"A CgB/R)iA CgB/R)m C‘(‘B/RM S(IB/R)M g(lB/R)iA
s 24 24 2 2 10 £-5, £+6,
>:D* %TB_Z %Bz—# 3 L2548 6B%2 — 2B E+6, E+ 6,
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TABLE VI. The coefficients Cm !, Cm and Sn “/ defined in Eqgs. (33) and (34). The superscripts denote the corresponding diagrams
illustrated in Figs. 2, 3, 4, and 5, respectively.

C?I.] Clkl.l C;E/R)I,I cgg/k)u C‘(‘B/R>I.I 823/1})1.1 SgB/R)I.I
z.D 1 1 1 10 15 E+6, E-96,
C?z_z Cll_?z.z CQB/R)Z'Z CgB/R)z.z CE‘B/R)Z.z gEB/R)z.z E(ZB/R)z.z
5D 1 1 1 10 5 £+ -5,
CIB3.| CIRII CgB/_)l] C(B/R 3.1 C‘(‘B/R>3] EEB/R)SI S(ZB/R)31
5D 24 24 2 2 10 £+6, £
Clélz CIR32 C;B} 7)3.2 C(B/R C‘(‘B/R>?2 g?B/R)3Z 5<2B/R)32
o i ] : 5 T
Cf“ Cfm C;B/ )as c(B/R C‘(‘B/R)m g?B/R)u g(zB/R)4.3
2iD* 2-B>+B 2 - B? —% % 740 1232+4B 20 — 6B + 2B E+ 6y £
CB-/M C{?u C;B/i)“ c(B/R)M C‘(‘B/R>4.4 8§B/R)4.4 SgB/R)“
x.D* —332";3_2 7332—333—2 % 332 6B% — 2B E+6, E+ 6,

APPENDIX B: THE BINDING ENERGIES OF THE

Specifically, we collect the coefficients Cb . (C5 d o) = . ¥ =
p 4 o =B, =D, AND £i7B) SYSTEMS

B/R i (C:ygs/ k) “) in Table I1I, the coefficients of trlangle
dlagrams Cr? (Ch7y and ETis (7Y in Table 1V, the We also study the interactions of the =\ B, Zg,*)D(*),
coefficients of box and crossed box diagrams Cp'’, Ca’  and ZE;*)B(*) systems with the three cases of LECs. The
and Equ/R%‘j in Table V, and the coefficients of box  results for the possible P, (Z(*)B(*>) Py, (2<*)D(*)) and
and crossed box diagrams C27, CNi and €F/®i in P (=\”) B*)) pentaquarks are collected in Tables VII, VIII,
Table VI and IX, respectlvely.
TABLE VII. The binding energies and root-mean-equare radii for all the [ ] =172 systems. The adopted LECs in Cases 1, 2, and
3 are (¢, = —5.84,¢, = 2.50) GeV~2, (¢, = —=8.10, ¢, = 0.65) GeV~2, and ( = —7.46,c, = 1.02) GeV~2, respectively.
=Bl [Z¢Bl: Z.B"]; (B (=B, [Z:B*]; [Z:B*]s
Case 1 BE (MeV) —-24.3 —24.8 —-39.8 -13.0 —47.6 -32.7 -11.0
R, (fm) 1.16 1.15 1.04 1.35 1.00 1.08 138
Case 2 BE (MeV) —43.5 —44.0 —38.0 —40.9 —40.3 —41.5 —44.1
R,y (fm) 1.01 1.01 1.06 1.03 1.04 1.03 1.01
Case 3 BE (MeV) -37.9 —44.9 -36.8 —33.3 —40.1 —38.1 —35.3
R, (fm) 1.05 1.00 1.06 1.08 1.04 1.05 1.06

TABLE VIII. The binding energies and root-mean-equare radii for all the [257*)D(*)}§:1/ . systems. The adopted LECs in Cases 1, 2,

and 3 are (¢, = —5.84, ¢, = 2.50) GeV~2, (¢, = —8.10, ¢, = 0.65) GeV~2, and (¢, = —7.46,c, = 1.02) GeV~2, respectively.

D], ;D] [Z,D*]y [Z,D%]s (Z,D7] (Z,D7]; (Z,D7]s

Case 1 BE (MeV) -232 212 -373 -11.5 —43.0 ~28.0 -78
R, (fm) 1.21 1.25 1.09 1.42 1.05 1.16 1.55

Case 2 BE (MeV) —41.7 -39.3 -35.6 —38.4 ~36.0 -36.5 -38.6
R, (fm) 1.06 1.08 1.10 1.07 1.10 1.10 1.07

Case 3 BE (MeV) -36.3 ~34.0 —34.4 -31.0 -35.8 -332 -30.2
R,,,, (fm) 1.10 1.12 1.11 1.13 1.10 1.12 1.13
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1=1/2

TABLE IX. The binding energies and root-mean-square radii for all the [22‘) B 7 systems. The adopted LECs in Cases 1, 2, and 3
are (¢, = —5.84, ¢, = 2.50) GeV~2, (¢, = —8.10,¢, = 0.65) GeV~2, and (¢, = —7.46,c, = 1.02) GeV~2, respectively.

%,B); [=B]; 2,8, [£,B; =B, =B, [=B;

Case 1 BE (MeV) -33.2 -30.5 -53.0 -20.0 —60.0 —41.8 —15.1

R, (fm) 0.97 0.99 0.87 1.09 0.85 0.92 1.16
Case 2 BE (MeV) -54.8 -53.5 -51.0 -52.2 -51.5 -51.7 -52.5

R, (fm) 0.86 0.87 0.88 0.87 0.88 0.87 0.87
Case 3 BE (MeV) —48.5 —46.7 —49.5 —43.6 —51.3 —47.9 —42.7

R, (fm) 0.88 0.89 0.89 0.91 0.88 0.89 091

In our calculation, we have already adopted the P I.1 99 1 V2
(7)) = . —=V YA m,r)e-T

approach developed in Ref. [55] to keep the effects from ZD (r) =T, - L) 212 3 (A, 1)
the mass splittings in the (Z}, ¥,, A,) baryons and (B*, B) 1
mesons. - 55("7 T.6)T (A my,, r)] ) (C4)

We find binding solutions for all the [ZE*)B(”];:I/ 2,
= DE)=2 and [£B™]71? systems. The mass
spectra of the possible P,.,, P,., and P, pentaquarks
are similar to those of the Z£*>D(*) systems.

We also notice that among the [Zg*)D(”]j:l/ 2,
=0 B2, =D and [Z?B(*)]TI/Z systems,
the absolute values of the binding energies generally have
the following relation,

|Ep..| <|Ep,|~|Ep,| <|Ep,,|. (B1)

APPENDIX C: DISCUSSIONS ON THE TENSOR
FORCES IN ONE-PION-EXCHANGE
POTENTIALS

We take the [ZCD*];j]//zz system as an example to discuss
the role of tensor term in the one-pion-exchange potential.
To calculate the one-pion-exchange potential for the X .D*
in Eq. (26), we define the following Fourier transformations
(denoted by [FT),

1] e (/) | = VA ), (C)

q* +m;

)
q na2my \ —
H{qz sexp (—q*"/A? )} =Z(A,m,,r). (C2)
q- +my
And the T(A, m,, r) function is defined as
1
T(A,mg, 1) =ro, ( 0,Y(A, my, r)> (C3)
r

Then, the one-pion-exchange potential in the coordinate
space can be written as

where S(7,T,6) = 3(7- T)(# - 6) — o - T is the tensor force
operator (with # = 7/|7]). According to (*S*1L’,|Q;|>*1L,),
with Q; =6 - T and Q, = S(#, T, 5), we obtain the follow-
ing matrix expressions for J = 1/2 case.

0 an( ) @

We still use the LECs in Cases 1, 2, and 3 as our inputs
and include the §— D wave mixing in the one-pion-
exchange potential. After solving the coupled-channel
Schrodinger equation, we find that in all these three cases,
the binding energy shifts due to the one-pion-exchange
tensor forces are within 0.1 MeV. The S — D wave mixing
gives tiny correction to the total effective potential of the
[ECD*]ﬂjl//i system.

In Fig. 9, we plot the spatial wave functions for the
S- and D-waves obtained from Case 3, our calculation

0.4
4= 0.3 S-wave

>
[«
S

— 0.2
~
~

0.1

D-wave
0
0 4 8 12 16 20
r (GeV™h)

FIG. 9. The S- and D-wave spatial wave functions obtained
from Case 3.
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shows that the S-wave component is 99% of the total
wave function.

From Eq. (C5), we can see that the off-diagonal
components of tensor operator have considerable contri-
butions to the X.D* one-pion-exchange interaction.
However, since the one-pion-exchange interaction is
much weaker than the short-range contact interaction,
the total effective potential is dominated by the diagonal
components.

In principle, to discuss the effects of S — D wave mixing,
we should also include the tensor terms from the contact
and two-pion-exchange interactions. However, to perform
such calculations, we need to introduce more LECs to the
contact term, which can not be determined at present. For
the corrections induced from two-pion-exchange tensor
forces, we expect that they play similar role to the one-pion-
exchange tensor forces, since in this case, the contact terms
are still dominant.
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