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The effects of the £,D* — A.(2595)D coupled-channel dynamics and various one-boson-exchange
(OBE) forces for the LHCb pentaquark states, P.(4440) and P, (4457), are reinvestigated. Both the pion
and p-meson exchanges are considered for the £.D*-A,(2595)D coupled-channel dynamics. It is found
that the role of the A.(2595)D channel in the descriptions of the P.(4440) and P.(4457) states is not
significant with the OBE parameters constrained by other experimental sources. The naive OBE models
with the short-distance §(7) term of the one-pion exchange (OPE) keep failing to reproduce the P, (4440)
and P_(4457) states simultaneously. The OPE potential with the full 5(7) term results in a too large mass
splitting for the J¥ = 1/2~ and 3/2~ Z.D* bound states with total isospin / = 1/2. The OBE model with
only the OPE §(7) term dropped may fit the splitting much better but somewhat underestimates the
splitting. Since the §(7) potential is from short-distance physics, which also contains contributions from the
exchange of mesons heavier than those considered explicitly, we vary the strength of the 5(7) potential and
find that the masses of the P.(4312), P.(4440), and P.(4457) can be reproduced simultaneously with the
5(7) term in the OBE model reduced by about 80%. While two different spin assignments are possible to
produce their masses, in the preferred description, the spin parities of the P.(4440) and P.(4457) are 3/2~

1,2,4,|

and 1/27, respectively.

DOI: 10.1103/PhysRevD.104.094039

I. INTRODUCTION

The study of multiquark states began even before the
birth of QCD and was accelerated with the development of
QCD. It is speculated that, apart from well-known gqq
baryons and gg mesons, there would be multiquark states,
glueballs, and quark-gluon hybrids in the quark model
notation, which are collectively called exotic hadrons.
Multiquark states can be categorized into tetraquark states
(9qq 9), pentaquark states (qqqqq), and so on. The study of
multiquark states and how the quarks are grouped inside
(i.e., in a compact multiquark state or as a hadronic
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molecule) plays a crucial role for understanding the low-
energy QCD, and it is very important to search for them in
experiments.

In this century, many candidates of exotic tetraquark and
pentaquark states in the charm sector have been observed.
A great intriguing fact is that most of them are located near
hadron-hadron thresholds. This property can be understood
as there is an S-wave attraction between the relevant hadron
pair [1] and naturally leads to the hadronic molecular
interpretation for them (as reviewed in Refs. [2-6]). The
validity of the hadronic molecular picture is also reflected
by the successful quantitative predictions of some exotic
states in early theoretical works based on the hadron-
hadron interaction dynamics [7-15].

The first observation of pentaquark candidates with
hidden charm, P.(4380) and P.(4450), was reported by
the LHCb Collaboration in 2015 [16,17]. These P, states
are located very close to the hidden-charm N* states pre-
dicted above 4 GeV [8-15,18] and stimulated many further
theoretical studies based on various pictures, such as the
charmed baryon and anticharmed meson molecules [19-35],
compact pentaquark states [25,36—43], baryocharmonia

Published by the American Physical Society
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[44-49], and triangle singularities [50-52]. With about
one-order-of-magnitude larger data sample from Run II of
the Large Hadron Collider, the P.(4450) peak has been
reanalyzed by the LHCb Collaboration and found to be
composed of two narrow overlapping peaks, P.(4440) and
P.(4457) [53], and a new state, P.(4312), was also
observed in their new analysis. Those states were observed
in the J/yp invariant mass spectrum, indicating that all
the states contain a combination of the uudcc quark flavors.
The masses of P.(4312) and P_.(4440, 4457) are just below
the mass thresholds of the X.D and X.D* channels,
respectively, suggesting a £.D*) molecular structure for
them [6,34,54-81].

A lot of theoretical works have been done to identify
the spin parity of these three states. Chen et al. [82] study
them with the one-boson-exchange (OBE) model assisted
with heavy quark spin symmetry (HQSS). In their work,
by considering the coupled-channel effects and the S-D
wave mixing, the P.(4312), P.(4440), and P.(4457)
are assigned to be J’ =1/2-X.D, 1/27 £.D* and
3/2” £.D* bound states, respectively. He [60] uses the
quasipotential Bethe-Salpeter approach to study the
¥ .D-X:D-X.D*-X:D* coupled-channel system and obtains
the same quantum numbers for those states as given in
Ref. [82]. However, in the £.D* molecular picture, there
are two possibilities for the quantum numbers of the
P.(4440) and P.(4457). In addition to the above assign-
ment, the P.(4440) and P_.(4457) may also be 3/2~ and
1/27 states, respectively, as suggested in Refs. [59,67,83]
considering contact term interactions. Analyses consider-
ing one-pion exchange in addition to the contact terms for
the X,D™) interactions prefer the assignment of 3/2~ for
P.(4440) and 1/2~ for P.(4457) [66,68], which is also the
conclusion of the most sophisticated coupled-channel
analysis in Ref. [81]. Furthermore, the analysis of
Ref. [66] provides hints for the existence of a narrow
P.(4380) in the new data [53], which was also pointed out
earlier in Ref. [57], in contrast to the broad one reported by
LHCD in 2015 [16].

In Ref. [84], Burns et al investigated the role of
the A, D channel, which has a threshold at 4457 MeV,
in the P.(4440) and P.(4457) states by considering the
¥.D*-A; D coupled-channel dynamics with the one-pion-
exchange (OPE) model. They suggest that the P_.(4457)
and P.(4440) have spin-parity quantum numbers 1/2% and
3/27. In this model, the P.(4457) state has a positive parity
because the quantum numbers of the A, are 1/27, and it is
bound by the interplay between the S-wave A,;D and the
P-wave X.D* [84,85]. The inclusion of the A, D channel is
quite novel. It is argued [84] to be naturally produced with
the color-favored weak decay of the A;,, and does not
contribute to the isospin breaking ratio proposed in
Ref. [83] as a diagnosis of the internal structure of the
P_.(4457). However, to reproduce the binding energy of the
P.(4457), this model requires the A, X.z coupling

constant to be much larger than the physical value deduced
from experimental measurements [86]. If the physical value
of that coupling constant is used, there would be only one
bound state with spin-parity J© = 3/2~, which is related
to either P.(4440) or P.(4457). In this work, we will
reinvestigate such a coupled-channel system by including
more possible meson exchange interactions. This will
enable us to estimate the effects of the A,.;D channel more
comprehensively.

We will also investigate the role of the short-distance 5(7)

term in the Zé*)D(*) coupled-channel systems. There are
different treatments of the &(7) term in the literature
of the phenomenological meson-exchange models. In

Refs. [60,87], the coupled-channel effects of ZE.*)I_)(*) and

A(c*)l_)<*) are studied by solving the Bethe-Salpeter equation
within the OBE model that includes the §(7) term. In their
work, the P.(4312), P.(4380), P.(4440), and P.(4457) are
reproduced with several cutoff parameters for the exchange
of different light mesons (A,, A;, A, A,, and A,) as

P.(4312): JP = 1/2‘(ZLD),

) P.(4380): JP = 3/2‘(2§D),
scenario | _

P.(4440): JP = 1/27(2.D%),

P.(4457): JP =3/27(Z.D").

These various cutoffs are related to one parameter a by
means of the definition A, = mg, + a x (0.22 GeV). The
same assignment for such four P, states is also obtained in

Ref. [82], in which the authors solve the ZE-*)D(*> coupled-
channel systems in the coordinate space with also the &(7)
contribution kept in their OBE potentials, and two different
cutoffs are needed in that work. However, in Ref. [68], the P,

states are studied separately in the single-channel Z(C*)D<*)
systems with the 5(7) term discarded in their OBE model.
Four P.. states are reproduced with the same cutoff, and their
spin-parity quantum numbers are given as

P.(4312): JP = 1/2‘(ZCD),

) P.(4380): JP = 3/2‘(2?5),
scenario II _

P.(4440): JP = 3/27(X.D%),

P.(4457): JP = 1/2‘(ZCD*),

where the spin parities of the P.(4440) and P.(4457) are
interchanged compared to scenario I. It may imply that
the 5(7) term in the OBE model plays an important role
in the hadronic molecular descriptions of the P.(4312),
P.(4380), P.(4440), and P.(4457) states.

In principle, an effective field theory framework,
which introduces counterterms to parametrize additional
short-distance contributions, is needed for a consistent
treatment of the §(7) term. In this work, we rather follow
a phenomenological path and investigate the role of the
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5(7) term by adjusting its strength in the OBE model. We
will take the OBE model with the potential derived from the
Lagrangian with HQSS as given in Refs. [88-91]. A
percentage parameter a is introduced to represent how
much the §(7) term is reduced in the potential of our OBE
model and thus mimics the variation of a constant contact
term in a nonrelativistic effective field theory framework at
leading order. The parameter a is varied in the range of [0,
1]; that is, @ = 0(1) denotes fully including (excluding) the
5(7) term.

This paper is organized as follows. The details of the
OBE model in the ="' D)-A,, D coupled-channel system
are introduced in Sec. II. Numerical results and discussions
on the role of A.;D channel and the §(7) term in the OBE
potential are given in Sec. IIl. Finally, we draw our
conclusion in Sec. IV.

Eeff = lSS US

II. FORMALISM

In this section, the phenomenological heavy hadron
chiral Lagrangian is reviewed, and the potentials for the

>DM-A,, D system are constructed within the OBE
framework.

A. Lagrangian

To investigate the interactions between a charmed
baryon or an anticharmed meson with light scalar, pseu-
doscalar, and vector mesons, we employ the effective
Lagrangian, taking into account HQSS, which has been
developed in Refs. [88-94]. The light chiral and heavy
quark spin symmetric effective Lagrangian, which
describes the low-energy interactions between the Qggq
baryons/Qq mesons and the light bosons, can be written as

3
gleﬂyﬂkv SabAZcSﬁu + lﬁSSuhﬂ (l(rblc pbc)SI:‘a + ASSah/,tF” (phc)SLau

—ihy [S 0 ApcRegy + Rab” Acbscaﬂ] + 3y 0" [SZb(FIl/:c _pbc)R/cla + R »(The = PZC)Sﬁa]

+ gsTr[HQGHQ] +igTe[ASy - Ay HY) -

+ iATr |H W(Pab)Hg )

a5 [n,, VuIF

iBTA[HG v, (T, — ol ) HE)

(1)

where flavor indices are denoted by a, b, and ¢ and o is the lightest scalar meson, which is taken to be an SU(3) flavor

singlet,

ar =3 (Eore— ) = fiaﬂﬂm e

D=2 (Eore + coneh)

with & = exp(iP/f,) and p*

3

- L p.op)+ )

F

= igyV*/+/2, where f, = 132 MeV is the pion decay constant. The symbols I’ and V* denote

the light pseudoscalar octet and the vector nonet, respectively,

- 0 0
p=| = ~atnw K
K~ K° —\/%r]

AN
Ve — P _ % + \% K*0 . (3)
k- kY

Field operators for the S- (positive parity) and P-wave (negative parity) heavy baryons Qqq are denoted as interpolating

fields S%, and R”,, respectively. HZ annihilates the antiheavy meson Qq. They are defined as

SZb = \/—(}/ﬂ + Uﬂ)}/ (B6Q)ab + ( ZﬂQ)ab’

== (7 + (B

Rab - \/§

)ub + ( /3*5)(117’

SZb = Sﬂb?’ ) (4)

Rgb = Rﬂb}, ) (5)
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TABLE I. Partial waves for the Z DW-A., D coupled-channel system.
) D s, D" D" A, D
JP=1/2" 281 Dy ), 2812, 4Dy 28124 D125 Dy o *Pi)
P=3/2" ’Ds)» 483" Dy)s 48322 D30, Dy 48302 D32, D3 2.° D)5 Py
JP=1/2* 2Py )y Py 2Py Py 2Pt Pip 281
O T
= (Pyr = Pur’)——.  HE =y°"HT'Y (6)

where the anticharmed pseudoscalar P, and vector 732ﬂ fields' are defined in flavor/isospin space as (DY, D™, D;) and
(D*°, D*=, D7), respectively, with the subscript a is the light flavor index, and v* = (1,0,0,0) is the 4-velocity of the
heavy hadron. The charmed baryon fields B, and B’ in the SU(3) flavor space are written as

SHOSHV2 B V2
Be = | =H/v2 X2 EN/NV2
EF/NV2 OB NV2 Q)

B;. and BY. are the spin excited states of Bg. and B,
respectively, and have the same flavor matrix forms as
above; that is, By, and B, are spin-3/2 fields, and Bg,. and
B/, are spin-1/2 ones.

B. Partial wave representation

In our analysis, we consider three possible spin-parity
states, JP = 1/27,3/2-, and 1/2* for the ./ D™)-A,, D
coupled-channel system. The corresponding partial wave
basis is listed in Table I, where we use the notation 25*!L,
to identify various partial waves. S, L, and J stand for the
total spin, orbital, and total angular momenta, respectively.
The partial wave function [**!L,) is explicitly written in
the standard form as

|25+1 LJ> —

ILSTm) => Cfn o, |Lm)[Smy). (8)

mmyg

where Ci’;’thmX is the Clebsch-Gordan (CG) coefficient,

|Smy) is the spin wave function, and |Lmy;) is the spherical
harmonics.

One critical point in the partial wave implementation is
the spin-orbital ordering convention, which is hardly
discussed in earlier works. Note that a change of the

'Note that here P, and 732# are the heavy meson fields
satisfying the normalization relations (0|P|Qq(07)) = /M5
and (0|P;|0q(17)) = €,1/Mp- [90]. With this convention, all
physical effective couplings for the heavy meson pair (4, h,)
interacting with light mesons are related to the couplings in the
Lagrangian (1) by multiplying an additional factor /M, M}, on
the latter.

+ +
0 Acl —cl
;o n =
’ B3c - _Acl 0 =l |- (7)
=+ _'—'0
=l =cl 0

|
ordering of spin and orbital angular momenta that converts
Cim. sm, into Cgr will lead to an additional sign on the
matrix elements of the spin-orbital operators, such as
S(7, 0, iez X €,) and €, - 7, which are obtained after being
sandwiched between the [»*1L;) states. A detailed illus-
tration can be found in the Appendix. However, as long as
the same convention is used throughout the calculation, the
derived potentials would not depend on the convention. In
this paper, all matrix elements are obtained with the
Ci’:u,Sm,\- convention.

C. Potentials

To get the OBE potentials for the Z(C*)D(*>—ACID system,
we need to derive the 7-channel scattering amplitude M
in the center-of-mass frame first. Note that the non-
relativistic approximation for the charmed hadrons is
implemented in our calculation. Potentials in the momen-
tum space can be obtained from the #-channel scattering
amplitudes with the Breit approximation, that is,
V(g) = -M/\/(;2M;)(T1;2M ), where M are the
masses of particles in the final (initial) states.

It is convenient to label the five channels considered in
our work for the = DA, D system, ie., =D, =D,
A, D, £.D*, ¥:D*, as the first, second, third, fourth, and
fifth channels, respectively. They are sorted simply by their
thresholds. The OBE potential in the momentum space for
this five-channel coupled system can be written as

V=V, +V, +V,+V,+V,, (9)

where all components are given as
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1

J(q) = -AO) — 10
q) = , (10)
c o1 q2+ﬂl2j
.. .. > [ 1
Ly =\ _ plJ ij - ij -
Vn/;,(ﬂ) = Bn/q(oa - ) (04 'Q)m, (11)
VI (§) = —Cl O
plw q) = plo~"2 ZI’Z +ﬂ,2,
., o . .. . 1
+ Hij
> 1
VikG) = ENO3 - ) (13)
" " g’ +ﬂ%k

A = AZ = A% = AP = lsgs,

- A3k A3k -
VKG) = F*Og - (05 x §) (14)

‘72 + /"%k .
Here, i, j, and k are the channel indies with i, j = 1,2,4,5,

and k=4, 5. Oy,...,O¢ are the spin operators in the
t-channel transition. They are given explicitly in

Appendix. g and p;; = |/mg — w;j; are the 3-momentum
and effective mass for the exchanged meson, where w;; is the

energy of exchanged meson in the 7-channel transitioni — ;.
Note that there is no energy exchange in the elastic transition
(i =j); that is, w; = 0. A,B,C, D, E and F denote sym-
metric constant matrices consisting of the coupling constants
and the flavor factors. All nonzero elements are listed,

991 V3991

By, = Lem By, =By, =By, = T
3991 991
By, = By = _T”/’?Q—f”’ By, = Tﬂ/nf_lzr’
Chlo = Gy = Clf = Gl = Ty i,
Dl = Tyagisdt  Df, = Dily = Dffy = Tyu—stissh
D3, = D3, = Tyuihsgy. Dy}, = Tp/wé/lﬂsgzv,
E¥ = 1, hzj}cgrm’ F3 = —Tl,%hylg%,, F35 = —r,,%hg/lg%,, (15)

where {7,.T,.T,.T,} ={-1.1/6,-1,1/2} are the
flavor factors and 7., = /3/2 for the isospin-1/2
system.

After implementing the Fourier transformation, we can
obtain potentials in the coordinate space. With the dipole
form factors included, they read as

ij 1 ij (= A%"ﬂ?' : = o\ 32
V() = G [ VA@ (354 etz D

2
Al-j +4q
(16)
with A;; = | /A* — w};. For the 6 meson exchange, one gets
Vfrj(”) = —Ai'vf'@’in(r, Aijs i), (17)
1 L (NG =HG)
Y(r Nijs pij) = 3/~2 7 < ) ~§>
(271') q +/"ij Aij—i—q

x exp(ig - 7)d*q, (18)

[

where Y(r,A;;, ;) is the attractive Yukawa poten-
tial. Before implementing the Fourier integral of the
pseudoscalar-exchange potential, we decompose it into
two terms as usually done in the literature,

Vi (G) = BY —{o;f-(o;(<1-ﬁ U )
/n /'73 q2+/’£l2j

)
A AR~ A A q
+(3O3J.q04fq—03f-(94f)672+2}. (19)

ij

Note that the constant 1 inside the parentheses in the
first term leads to a short-range & potential [5(F)
term in the coordinate space]. As discussed in the
Introduction, the short-distance contribution cannot be
fully captured by the OBE model, which may be
viewed as there can be contributions from exchanging
heavier particles. Thus, we introduce a parameter a
to adjust the strength of the &(F) potential. It is
introduced as
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vy

with S(OY, 0% ) =307 . 4044 -

.. N =i l,{
0o(@) = ”/,73{(9 (94’(1 —a—r

2

=2
+8(0F.0F 4 qi}, 20
+ﬂl,> ( )qzﬂt?j 0)

(5’“ (7)i Thus, a = 0 corresponds to the case with the full §(7) potential of the

exchanged meson, and a =1 corresponds to the case without it. Then, the V’ (r) can be obtained as

erj/n(r) = 77/'13 {O (}" Al]’/’tl]’ )+ S(O OU A) (I", Aijv/’lij)}v (21)
where
1o ,0 1 A2 — uZ\? e
C(r,/\ij,/li]w )__28_ 28_ (V’Aij’/"ij)+a(2ﬂ_)3/ <A2/ aé) erdRg, (22)
10
T(r Njopyg) = 15— Y (1 g pig)- (23)
With the same procedure, we can obtain the r-space potentials for Egs. (12), (13), and (14),
VY (r) = =C1 05 Y (r, Ay, i) — ,,/a, {20 [C(r. Ay pij @) = S(OF OF W)T(r, Ay i) }. (24)
3k(y — _ipakgsdk 20
Vi (r) = —iE;*O5 - U Y(r, Asi, p3i)s (25)
ik A3k sy O
VoK(r) = —lejO;k : (O;k X ’”)EY(’”, Asye, p3g)- (26)

The §(7) term in the central potential C(r) appears not
only in the pseudoscalar exchange potentials but also in
the vector meson case. Figure 1 shows the contribution of
the §(7) term to the central potential, where a = 0(1)
means a full inclusion (exclusion) of the 5(7) term. If the
6(7) term is fully removed, the central potential becomes
very weak and repulsive.

For the numerical analysis, we need some input param-
eters, such as masses of particles and coupling constants in

50
— 0 [
>
[
= 50
N r
=
£} A=1GeV,u=135 MeV,
T -100} 1
< — a=0
= — a=05
-150 | — a=09
— a=1
200475 0.5 1.0 1.5 2.0
r [fm]
FIG. 1. Central potential with different a values.

|

Lagrangian Eq. (1). All the masses of particles are referred
to the isospin-averaged values of the experimental masses
listed in the Review of Particle Physics [86] and are
collected in Table II. The coupling constants are given
in Table III. It should be mentioned that the scalar meson
coupling constant gg = 0.76 for the D Do vertex is different
from the values used in Refs. [68,91,95] by a factor of 2m,
due to the different conventions as introduced in Sec. 1T A.
The coupling g in the Z@ZE.*)O' vertex is determined in
Refs. [91,96] with the chiral multiplet assumption [97].
The pseudoscalar meson couplings g and g; are determined
in Refs. [91,98] from the experimental decay widths
of D* - Dr and X! — A,z [86] (quark model rela-
tions are used to relate g, to the latter process). The vector
meson couplings f, A, fs, Ag, and gy are determined in
Refs. [91,99] with the vector-meson dominance
assumption. The coupling of the vector meson with the
P- and S-wave baryons h; may be roughly estimated from
the A, — Z,y decay via the vector meson dominance
assumption [100,101]. At the tree level, the radiative decay
width of A,; — X_.y can be calculated as

aph3
[(Ag = Zy) = 36EI;/1432(’“AL1 —my )(my + ng)s
my m,
X (mix,, = 2m3 m3, +6m3 mj 4 ms, )
= 1.28h% MeV, (27)
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TABLE II. Masses of the involved particles in units of MeV used in our calculation.

c n n p ® D D* >, = A
500.0 137.2 547.9 775.3 782.7 1867.2 2008.6 2453.9 2518.1 2592.3
TABLE III. Coupling constants used in the calculation.

gs [96]  Ig [91] g [98] g [91] B [99]  fs [91] A 991 As [91] gy [991  hy [103] hs
0.76 6.2 -0.59 0.94 0.9 -1.74 0.56/GeV -3.31/GeV 59 0.62 0.24

where agy = 1/137 is the fine structure constant. The
radiative decay width T'(A.; — Z.y) has not been mea-
sured, but the prediction of it may help us to estimate the
value of 3. The decay width I'(A.; — Z.y) is investigated
in Ref. [102] with HQSS and predicted to be 71 keV. One
can infer the coupling constant s; from this to be 0.24.

III. NUMERICAL RESULTS AND DISCUSSION
A. Role of the A ;D channel

The A, D channel has its threshold very close to the
mass of the P.(4457) and couples to J® = 1/2" in an S
wave due to the negative parity of the A.; baryon. It is
interesting to study whether the A, D channel can trigger
the formation of some J” = 1/2* molecular candidate
near its threshold. In Ref. [84], the J” = 1/2F system
was investigated with the X.D*-A,;D coupled channels
considering OPE with couplings from quark model. They
demonstrated that if the nondiagonal potential of the

|

2

-V 0 0
0 —;}%V%Aét 0 +
0 0 — £V 4 As

where V2, y; and R;(r) are the Laplacian, reduced mass,
and radial wave function of the ith channel (i = 3,4,5);
Ay =W, —W;3; and A5 =Ws5;—W; are the mass
differences; and E is the binding energy. In the spherical
coordinate, the Laplacian and radial wave function may
be written as V7 = r 2222 — ”lr—jl) and R;(r) = @
respectively. The ground-state binding energies of the
JP =1/2% and 3/2~ systems are obtained by solving
the Schrodinger equation with the help of the Gaussian-
expansion method [104].

It is useful to take a look at the coupled-channel
potentials. We plot the potentials with the coupling con-
stants in Table I1I for the J¥ = 1/2% and 3/2~ system with
total isospin 7 = 1/2 in Fig. 2, in which we fully remove

%.D*-A D coupled channel is strong enough it is possible
to reproduce the P, (4457) and P, (4440) as J* = 1/2" and
3/2~ molecules simultaneously. Now, we revisit the role of
A, D channel by including the vector meson exchange
potential in the coupled channels of A, D-X,D*-X:D*. The
other channels below the A, D threshold are not considered
because ZE*)D — A, D transitions, where only p meson
exchange is allowed, give zero amplitudes which can be
deduced from the Lagrangian in Eq. (1).

All potentials needed in our work are formulated in
Sec. II C. Here, we use potentials of the A, D-X .D*-X:D*
coupled channels to solve the Schrddinger equation to
probe the molecular states with J* = 1/2% and 3/2~. To be
consistent with Sec. II C, we enumerate the three channels
Ao D, X.D*, and X:D*, with channel labels 3, 4, and 5,
which are ordered according to the channel thresholds W,
Wy, and Ws. The coupled-channel Schrodinger equation
for spherically symmetric potentials can be written as

Vs Viy Vis R3(r) R3(r)
Vizo Vag Vs Ry(r) | = E| Ru(r) |, (28)
Vs3 Vs Vss Rs(r) Rs(r)

[

the 6(7) term by setting a = 1 as is the case in Ref. [84].
The diagonal A, D potential is neglected in our formalism.
This is because our motivation is to check the mechanism
proposed in Ref. [84] where the A, D-” D™ coupling
forms a bound state lying below the A, D threshold.” The
potentials for other exchanged mesons absent from the
potential plots are forbidden due to the HQSS, isospin, and
parity conservations. The exchange of the isoscalar mesons

*Basically, the diagonal A.;D component can be contributed
by ¢ and @ meson exchange. However, the @ exchange is
repulsive, which is similar to DA, system as shown in Ref. [6].
The o exchange gives the attractive force, which is considered to
be small due to the weak D D 6 coupling.
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FIG. 2. Coupled-channel potentials for the J¥ = 1/2F and J* = 3/2~ isodoublet systems with A = 1 GeV and without the 5(7) term
(a=1). @ AqD(S ) = ZD(Py;) (0) AgD(Pyp) = Z.D*(*S55) (¢) AqD(S1)0) = ZeD*(*Pyy) (d) Ay D(PP3)p) —
Zﬁ[_)*(453/2) (e) ZCD*(ZPI/Q) — ECD*(2P|/2) ®) ZCD*(4S3/2) — ZCD*(4S3/2) (2) ECD*(ZPI/Q) — ECD*ZPI/Q) (h) ZCD*(4S3/2) -
2.D*(*S55) (i) ZtD*(*Pyjy) = ZiD*(*Py ) () ZiD*(*S30) = ZiD*(*S3)0).

o6, w, and 7 for the A,,D — X.D* is forbidden considering
isospin symmetry, which is the case here, and since the A
couples to X}z in the D wave, the pion exchange for
A, D — ZiD* is also not considered. We can see that in the
1/2% system the diagonal potentials V4, and Vss are
attractive, but they couple in P waves and are largely
canceled by the strong repulsive centrifugal potential. The
off-diagonal elements involving the S-wave A, D channel

contributes to the J* = 1/2% system and may trigger the
1/2" system to form a bound state. The quark model
calculation in Ref. [84] indicates that the P.(4457) and
P.(4440) can be simultaneously reproduced as JP =
1/2%,3/2" states within the A,;D-X.D* coupled channel
as long as the off-diagonal elements of the A, D potential
are strong enough. Here, we further investigate such a
scenario within the OBE model.
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TABLE IV. Binding energies of the J* = 1/2% and 3/2~ A, D-X.D*-X:D* coupled-channel systems with isospin / = 1/2 as a
function of cutoff A. We compare the binding energies obtained from several cases. For all cases, we take § = 0.17 GeV~!. In cases I, II,
and 111, we consider only the A.; D-X,D* coupled channels. Case I stands for the results obtained by considering only the OPE potentials
with g, = 8¢7/3 = 1.53 from quark model. The results obtained using OPE potentials V#* in our work are given as case II. The results
obtained by considering OBE potentials in our work are given as case IIl. For case IV, we consider the OBE potentials for the
A, D-2.D*-Z:D* coupled channels. Each entry with a “...” means that the potentials are not enough to form a bound state. The values

of A and binding energy are in units of MeV.

Case I Case 11 Case III Case IV
A 1/2% 3/2° 1/2+ 3/2° 1/2* 3/2° 1/2* 3/2°
1000 -0.36 -0.23
1200 —-4.52 -5.32 —-8.47
1420 -17.73 -21.91 -31.64
1600 —38.68 —-0.67 —-41.91 —59.36

The combined coupling of the OPE potential for the

Ao D — X.D* channel is defined in Ref. [84] as
ghyw

where the values of g and &, are given in Table III, and the
pion energy w in the t-channel transition A,;D — X.D* is
given by @ =M, — My _. The physical value of 7 is
0.17(4) GeV~!, as mentioned in Ref. [84], with coupling
constants in Table IIl. In Ref. [84], it is required to be
g =0.52 GeV~! in order to set the lower 3/2" state match
the P.(4440). Note that quark model predictions of the
OPE potential for the elastic channel £.D* which was
studied in Ref. [84] is roughly 1.7 times stronger than the
one derived in our work. Here, we take a simple ratio of the
OPE potentials,

§= (29)

q 2
% - —gg_"m 17, (30)

n 99
where the quark model potential V7 is given in Ref. [84]
with g7 = 0.59 and V#* is obtained in our work. The ratio
arises due to different determinations of the coupling
constants at the quark and hadronic levels. As given in
Table III, the pseudoscalar couplings g and g, are deter-
mined from the experimental data on the decays of D* —

Dr and X} — Az, respectively, and used in our work.
For the A, D-X.D*-Z:D* coupled-channel system, we
remove the 5(7) term in the whole potentials by setting
a = 1. In this case, the J* = 1/2~ state, which was a deep
bound state when a = 0, cannot be bound in this system
with a value of A up to almost 5 GeV. In the rest of this
subsection, we will keep a =1 as the potential for the
Ao D — X.D*, which triggers the J¥ = 1/2% state to be
bound is independent of the a parameter. We mainly focus
on the states below A, D and X .D* thresholds with spin
parities J* = 1/2" and J* = 3 /27, respectively, in order to
discuss the effect of the A, D channel on these states,
corresponding to the P..(4457) and the P.(4440). The other

P, states at the resonance region above the £.D* threshold
will be discussed in Sec. III B.

In our manipulation of the coupled-channel equation
with threshold differences, the lowest threshold mass is
always chosen to be the origin of energy, and the S-D
mixing is also considered. Table IV shows the binding
energies of JP =1/2%,3/27 systems by varying the
cutoff A, with the coupling constants given in Table III,
and §=0.17 GeV~!. The binding energies of J' =
1/2%,3/2 states for the two-channel A, D-X.D* case
with the OPE potential are given in the column labeled case
IT and compared with the results from quark model
potentials as given in the column labeled case 1. With ¢
absorbed into the definition of g, their difference lies in the
value of g; (g; = 0.94 for case IT and 8¢7/3 = 1.57 for case
I). The results including the scalar and vector meson
exchange potentials are given in the column labeled case
III. Considering the A, D-X.D*-Z:D* coupled channels
together with the OBE potentials, the results are given in
the last column labeled case IV. One sees that the J¥ =
1/2% system, which couples to the S wave A, D and the P
wave X.D*, does not form a bound state because the
A, D — X, D™ transition potential is not strong enough,
and there is only one bound state with J* = 3/2 in this
system, which is mainly formed by the S wave X D*.

As shown in Ref. [84], if § = 0.52 GeV~!, then a J* =
1/2% bound state emerges, and masses of both P.(4457)
and P.(4440) would be reproduced with the same cutoff
A = 1.42 GeV. The results with § = 0.52 GeV~! are given
in Table V, where the results in the column labeled case 1
are consistent with Ref. [84], as they should be. It is shown
within the same table that it is more difficult to bind the
3/2 state using the g; value from Table III comparing with
case [ using g; from the quark model. Because of the larger
value of § in contrast to Table IV, the 1/2" bound state
appears with relatively large cutoffs. The inclusion of the
scalar and vector meson exchange (case III) as well as the
:D* coupled channel (case IV) only makes minuscule
contributions to the binding energy of the 1/2T state.

094039-9



YALIKUN, LIN, GUO, KAMIYA, and ZOU

PHYS. REV. D 104, 094039 (2021)

TABLE V. Binding energies of the J* = 1/2* and 3/2~ A, D-X,D*-Z:D* coupled-channel systems with / = 1/2 as a function of
cutoff A. The difference from Table IV is that here § = 0.52 GeV~! is taken. Each entry with a “...” means that the potentials are not
enough to form a bound state. The values of A and binding energy are in units of MeV.

Case 1 Case 11 Case III Case 1V
A 1/2+ 3/2° 1/2* 3/2° 1/2+ 3/2° 1/2* 3/2°
1000 -0.99 —0.55 —1.06
1200 —-6.08 -7.95 —-11.17
1420 -0.33 -20.19 —0.01 -0.54 -0.53 -26.50 -0.56 -35.97
1600 -1.33 —41.75 —-0.42 -2.66 —1.64 —48.09 -1.70 —64.98

Another S-wave channel for the 1/27 state is the A, D*.
One may expect a sizeable role it would play, although its
threshold is around 140 MeV above the A.D one.
However, its S-wave elastic potential is repulsive since
the repulsive w-exchange force contributes dominantly.
And it is found that the nondiagonal dynamics of the A, D*
channel is also negligible due to the experimental con-
straints on the A, couplings similarly to the A, D case. An
explicit inclusion of this channel into case III would only
slightly increase the numerical values of the absolute values
of the binding energies by less than 0.5 MeV for the cutoff
in the range listed in Table IV. All other S-wave channels
for the 1/2" state with higher thresholds are expect to be
irrelevant.

B. Role of the §(F) term in the OBE model

In the hadronic molecular picture, the masses of the latest
observed pentaquarks P.(4312), P.(4440), and P.(4457)

are claimed to be well reproduced as the zﬁ*)D<*> bound
states with various OBE models [60,68,82,87,105].
However, for the two higher states P.(4440,4457) close
to the X_.D* threshold, their spins are very model dependent
to be either J¥(4440,4457) = (1/27,3/27) [105] or
JP(4440,4457) = (3/27,1/27) [68]. A recent analysis
using an effective field theory framework shows that the
LHCb data can be well described with both quantum
number assignments, while the latter is preferred because
of its insensitivity on the cutoff values used in regularizing
the coupled-channel Lippmann-Schwinger equation [81].
In this section, first, we use the OBE potentials derived in
Sec. II to simultaneously reproduce all the observed P,
states by varying the cutoff A and the magnitude of the 5(7)
term without coupled channels. Then, we include the

ZE*)D(*) coupled-channel effects and try to distinguish
the two spin-parity assignments for P.(4440) and
P.(4457) with help of the §(7) term. Here, we consider
four channels D, £:D, £.D* and X:D* and exclude the
A D channel due to the fact that its contributions are
negligible for negative parity states with the physical value
for g.

To be consistent with Sec. IIC, we enumerate
the channels .D, XD, £.D*, and T:D* with 1, 2, 4,

and 5, respectively, which are ordered according to the
channel thresholds Wy, W,, W,, and W5s. First, we take a
look at the potentials for the J¥ = 1/2~ and 3/2~ systems.
Figure 3 shows the diagonal S-wave potentials, where we
compare the potentials with the 5(7) term (a = 0) and those
without it (@ = 1) using a cutoff A = 1 GeV. The V!! and
V22 potentials are independent of spin and a. Both vertices
in the 7-channel transitions are in S waves, and there is no
central term as discussed in Sec. II C which leads to the §(7)
term. Both the pseudoscalar and vector meson exchange
potentials in V*# have the §(7) term originated from central
potentials. As shown in Figs. 3(b), 3(c), 3(d), and 3(e),
when we fully remove the 5(7) term, the total potential for
JP =1/27 becomes very weakly attractive, while that of
JP = (3/27) becomes strongly attractive. The potentials
for V>3 also have the same behavior. We do not show the
off-diagonal elements of the potentials. The analytic
expressions can be found in Sec. IIC, and the 5(7) term
also has similar effects. In the following, we use these
potentials to solve the Schrodinger equation to reproduce
the masses of the P.(4312), P.(4380), P.(4440), and
P.(4457) states.

It is worth it to mention the method of solving the
coupled-channel Schrodinger equation with threshold
differences in our approach. In the . D-X:D-X D*-X:D*
coupled channels, the P.(4312), P.(4380), P.(4440), and
P.(4457) masses determined in the experimental analyses
are located as

M(4312) < W, < M(4380) < W, < M(4440)

where W; is the threshold energy of the ith channel. Here,
we directly solve the coupled-channel Schrodinger equa-
tion,

n &> L +1)

S e RO WIS
where i is the channel index, u; is defined by u;(r) =
rR;(r) with the radial wave function R;(r) for the ith
channel, and py; is the corresponding reduced mass.
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FIG. 3.

Diagonal S-wave potentials for the J¥ = 1/2~ and J* = 3/2~ isodoublet systems with A = 1 GeV. a = | means without the

8(F) term. (a) Vyj, potentials which are independent of spin and a. (b) Vay.J" =1/27,a=0 (¢) Vy.J' =1/27,a=1
(d) Vi, J' =3/27,a=0 (e) Vau,J" =3/27,a=1 (f) Vss,J' =1/27,a=0 (g) Vss,J" =1/27,a=1 (h) Vs5,J" =3/27,

a=0(@) Vss.JP =3/2",a=1.

The eigenmomentum for channel i is given as g, =
2u;(E — A;), where A; is the threshold difference with
respect to the threshold of the lowest channel. By solving
Eq. (32), we obtain the coupled-channel wave function,
which is normalized to satisfy the boundary condition for
the jth channel given as [106]
ul) (1) 225, e - §,,(E)eidr, (33)
where §;;(E) is the scattering matrix component. Bound
states and resonances are represented as poles at E. of
S;;(E) in the complex energy plane. Among them, bound
states emerge as poles on real energy axis (Epqe < 0) in the
Riemann sheet where the momentum g; is purely positive
imaginary for each channel. While resonances are related
to those poles of S;;(E) in the Riemann sheet closest to the

real axis of the physical sheet corresponding to the
scattering energy region (ReEp. > 0 and ImE,. < 0).

First, we show the results of the single channels
¥.D, :D, £ .D*, and X:D* with the S-D wave mixing
effects considered.” The quantum numbers can be
JP =1/27,3/27, and 5/2~. Table VI shows the binding
energy of each single channel with various cutoffs. We list
the results for two different 5(7)-term contributions, that is,
a =0 and a = 1. In the single-channel case, the binding
energies of the 1/27(X.D) and 3/27(X:D) states are
independent of the &(7) term, and the two systems are
loosely bound. The corresponding potentials for these two
systems are identical as given in Fig. (3a). The small
difference between the binding energies is completely
caused by the different reduced masses. However, for all
the other states, the §(7) term has an impressive effect on
the binding energies. And the binding energies are heavily

*Note that the S-D wave mixing effects on binding energy are
calculated by solving the coupled-channel Schrédinger equation
with all partial wave channels for each single hadron pair.
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TABLE VI. Binding energies of the J© =

1/27,3/27,5/2" isodoublet states in the single-channel XD, ¥:D, ¥.D*, and X:D*

systems by varying the cutoff A. The hadron pair inside each set of parentheses denotes the corresponding single channel. Each entry

with a “...” means that the potentials are not enough to form a bound state. The values of A and binding energy are in units of MeV.
1/2°(£.D) 3/ (D) 1/ (£.D7) 3/ (sDY)  1/27(siDT)  3/2(iDY)  5/27(5iDY)
A a=0 a=1 a=0 a=1 a=0 a=1 a=0 a=1 a=0 a=1 a=0 a=1 a=0 a=1
1000 -23.12 —-50.13 —2.44 -0.48
1200 . —117.27 -4.99 -351.24 -27.15 —10.03
1400 —-0.28 —-0.36 —325.26 -0.04 -1942 < -500 -88.16 —0.21 -0.24 -31.65
1600 -3.73 -4.03 < =500 -0.98 -41.04 < -500 <-=500 -2.07 -1.78 -215.79
dependent on the cutoff A when the §(7) term is included  the masses of P.(4380), P.(4440), and P.(4457) lie above

because of the short-distance nature of the §(7) term. The
single-channel results show that we cannot reproduce the
P.(4312), P.(4380), P.(4440), and P .(4457) simultane-
ously by including or excluding fully the §(7) term.

Then, let us move to the cases with the value of the
reduction parameter a taking a value somewhere between 0
and 1. The results with @ =0.78 and A = 1.6 GeV are
obtained as

>.D:M(1/27) = 431738,  E(1/27) = —3.73,
:D:M(3/27) =4381.34,  E(3/27) = —4.03,
%D :M(3/27) = 444101,  E(3/27) = —21.41,
5. D" :M(1/27) = 445844,  E(1/27) = —3.98,
D :M(1/27) =4518.17,  E(1/27) = -8.51,
s:D*:M(3/27) = 451467,  E(3/27) = —12.02,
S:D*:M(5/27) = 4498.19,  E(5/27) = —28.49,

where both the mass M and the binding energy E are in the
units of MeV. The wave functions for the P.(4312),
P.(4380), P.(4440), and P.(4457) as well as the other
pentaquarks located below the X} D* threshold are shown in
Fig. 4. The P.(4312) and P.(4380) are pure S-wave
molecules. For the P.(4440) and P_.(4457), the S-wave
components are dominant and mixed with a few percent of
the D-wave components.

If we take a = 0.58, the P.(4440) and P,.(4457) masses
can be well reproduced in the £,D* channel with the same
cutoff A = 1.4 GeV. Their binding energies are solved as
E(1/27) =-23.81 MeV and E(3/27) = —-4.51 MeV,
respectively. But there are no bound states for the lower
¥.D and XD channels with the same parameters. For the
>*D* system, three bound states with binding energies
E(1/27) = —46.21 MeV, E(3/27) = —12.98 MeV, and
E(5/27) = —6.26 MeV can be obtained with that set of
parameters.

Finally, we consider the £.D-X:D-X.D*-Z:D* coupled-
channel system with the S-D-wave mixing effects. We try
to reproduce the P.(4312), P.(4380), P.(4440), and
P.(4457) states by varying the cutoff A and the reduction
parameter a. As mentioned at the beginning of this section,

the threshold of the X.D channel. Then, these three P,
states should be solved as resonances in the current
coupled-channel system, that is, the eigenenergies of
P.(4380), P.(4440), and P.(4457) will take complex
values. Going to the appropriate Riemann sheets, one
can find the complex poles of the § matrix, which can
be interpreted as resonances. We interpret the real and
imaginary parts of the pole position as the mass and half
width of the corresponding resonance.”

Two sets of solutions are found that can reproduce the
P.(4312), P.(4380), P.(4440), and P.(4457) masses
simultaneously. They are marked by different reduction
values, a = 0.55 and a = 0.79. Figure 5 shows the masses
(upper panel) and widths (lower panel) of the 1/27(Z.D),
1/27(2.D*) and 3/27(Z.D*) states as functions of A for
each value of a. The horizontal gray bands represent the
experimental uncertainties of P, masses [53], and the
vertical gray bands stand for the cutoff range where masses
of all P, states can be simultaneously reproduced. In this
figure, we do not include the curves of the 3/27(Z:D)
molecule since its mass is always in line with the P.(4380)
within the whole cutoff range covered by the plot (and thus
higher than the P.(4337) structure reported recently in
Ref. [107]). The vertical dashed lines are the best-fit
solutions with A =1.23 GeV for a =0.55 and A =
1.40 GeV for a = 0.79, which are obtained by minimizing
the y? that represents the deviation between our solved P,
masses and the LHCb measurements.

The masses of P_. states for the best-fit solutions are
listed in Table VIL. Note that the state with spin parity J* =
1/2~ near the XD threshold does not have decay width
since it emerges as a bound state in our calculation where
the channel coupling to the lower channels is omitted. As
we can see from Table VII, the P.(4312) can be interpreted
as the 1/27(Z.D) molecule in both solutions, and it is
consistent with the single-channel result. The spin-parity

“Since only the > D) channels are included, and the finite

widths of the EE*) and D* are not considered, the width obtained
here should be understood as a partial width into the channels

considered. For an analysis with lower channels A.D), 5.N, and
J/wN included, see Ref. [81].
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FIG. 4. Reduced wave functions u(r) = rR(r) corresponding to the partial wave components considered in the single-channel
analysis with A = 1.6 GeV and a = 0.78. The hadron pairs inside the parentheses are the corresponding channels. (a) J© = 1/27(Z.D)
() J” =3/27(£:D) () J” = 3/27(£,D%) () J* = 1/27(£,D%) () J* = 1/27(£:D") (B J* = 3/27(£:D") (9) J” = 5/27(£:D").
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FIG. 5. Coupled-channel results of isodoublet system E(C*) D™ by varying the cutoff A. Upper (lower) panel shows the mass (decay
width through XD and X} D channel) of corresponding states. Horizontal gray bands are representing the experimental uncertainties of
P. masses, and vertical gray bands stand for the cutoff range where masses of P states can be simultaneously fitted. Lines for the
JP =3/27(Z:D) state are not shown, and its mass always lies in the experimental mass of P,(4380). (a) a = 0.55 (b) a = 0.79.
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TABLE VII. Poles of the S matrix (corresponding to M — il"/2)
closest to physical real axis in the coupled-channel analysis of the
isodoublet =t/ D(*) systems with (A, a) = (1.23 GeV,0.55) and
(A, a) = (1.4 GeV,0.79), corresponding to scenario I and sce-
nario II, respectively. The channel closest to each pole is given in
the parentheses in the first column. The results are in units of MeV.

J? (dominant (A, a) = (A, a) =
channel) (1.23 GeV,0.55) (1.4 GeV,0.79)
1/2-(=.D) 4317.1 4312.8
3/27(Z:D) 4379.8 — 0.0i 4375.6 — 0.1i
1/2-(2.D") 4441.0 - 8.0i 4458.8 — 1.3i
3/27(X.D%) 4456.9 — 5.9i 44394 —4.2i
1/27(Z:D") 4498.6 — 6.6i 4525.0 - 0.8i
3/27(Z:D*) 4511.1 — 16.6i 4518.0 —4.2i
5/2-(2:D") 45219 - 5.1i 44983 — 6.3

assignments for the P.(4440) and P.(4457) states are
interchanged between these two solutions. In the solution
with @ = 0.55, the masses of P.(4440) and P_.(4457) can
be reproduced well by the 1/2~ and 3/2~ X.D* molecules,
respectively. However, the P.(4440) and P.(4457) are
described as the 3/2~ and 1/2~ X.D* molecules in the
solution with @ = 0.79 as in the single-channel case.
Such spin-parity interchange can be understood as the
dependence behavior of 1/2~ and 3/2~ X, D* elastic poten-
tial on the parameter a. We plot the impact of the parameter a
on the .D* elastic potential for J¥ = 1/2~ and 3/2~ in
Fig. 6. As one can see, the 1/27 potential gets shallower as a
increases, leading to a smaller binding energy (absolute value
of E) of the 1/2~ bound state, while the situation is reversed
for the 3/2~ potential—the 3/2~ potential becomes deeper
as a increases, and the 3/2~ bound state will have a larger
binding energy. It results in 3/27-P.(4440) with larger a and
1/27 — P.(4440) with smaller a. This behavior is originated
from the sign difference of the §(r) term in the 1/2~ and
3/27 X.D* elastic potentials; see the value of the spin

operator @§4 . (934 in Appendix.

In our model, we may distinguish the two possible
solutions by the decays of the two states into the subdominant
channels .D and XD, which behave differently in these
two spin-parity assignments. In the model calculation of
Ref. [108], the dominant decay channel for both P(4440)
and P, (4457) is suggested to be A.D*. For the solution with
a = 0.55, the partial decay width of the 3/2~ X .D* state
corresponding to the P.(4457) is already larger than the
central value of the experimentally measured total decay
width of the P.(4457), e, = 6.4 +2.0779 MeV, and
marginally consistent within 1¢. It indicates that scenario
I with a 3/27 P.(4457), corresponding to the a = 0.55
solution, is not favored. For the solution with a = 0.79,
corresponding to scenario II, the spin parities of P.(4440)
and P.(4457) are {3/27,1/27}, and their partial decay
widths through the subdominant ZE”D channels are much
smaller than the measured total widths and thus could be
compatible with the experimental observations once lower
channels such as A,D™), J/wN, and 5N are considered.

At last, let us mention that, since the widths of the D* and

Zg*) are not taken into account, the partial widths of the
obtained states would be underestimated. It is expected that
the widths for the states with =.D*) as the main compo-
nents are only marginally affected, while those for the
D) can get a sizeable correction from the X} width
(around 15 MeV). In the favored scenario II, the 1/2~ and
3/27 Z:D* states have a small mass difference of only
7 MeV; considering further their decay widths, they could
behave as a single structure around 4.52 GeV in the
experimental data. The 5/2~ state has a mass about
4.50 GeV. These results are similar to those obtained from
fitting to the LHCb data in Ref. [81]. It is worthwhile to
notice that the LHCb data show a signal of nontrivial
structures around 4.50 and 4.52 GeV in the J/y p invariant
mass distribution, in particular in the “my, all” dataset [53].
Future data with higher statistics will be able to resolve the
iD* states.

— JP=1/2",a=0.55A=1.23 GeV — JP=3/27,a=0.55A=1.23 GeV
25 -—-- JP=1/2",a=0.79,A=1.4 GeV -—-- JP=3/2",a=0.79,A=1.4 GeV
0
i
= -25¢ I .
3 i
2 -50f 1 1
= \
= -75¢f '.| .
1
-100} i1 1
1
~125} + -
1
—150 L 1 1 1 “ ! 1 1 1 1
0.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
r [fm]

FIG. 6. The S-wave potentials for the £,.D* channel with spin parities of J” = 1/2~ and J© = 3/2, where the total potentials

(summing up all light-meson-exchange potentials) are shown.
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IV. CONCLUSION

We investigate the coupled-channel dynamics of the

A, D and =0 D™ channels within the OBE model to test
the mechanism of a J© = 1/2* state being triggered by the
A, D channel. It is found that the J¥ = 1/2% system
cannot be bound with the OBE parameters constrained by
other experimental sources with reasonable cutoff values
because the nondiagonal potentials in the A, D and X, D*)
coupled-channel system are not strong enough. The sit-
uation does not change qualitatively when the X;D*
channel is included in addition.

We further investigate the role of the 5(7) term in the
coupled-channel dynamics. Here, the §(7) term comes
from the constant term of the 7-channel scattering ampli-
tudes in the momentum space. Such a §(7)-term contribu-
tion is of a short-distance nature and needs to be
regularized. Here, the regularization is performed by
introducing dipole form factors, the effects of which
may be recognized as the short-range interactions derived
by the exchange of mesons heavier than p and @ mesons. In
this work, as a phenomenological study, the §(7) term is
corrected by introducing a reduction factor a that quantifies
how much the §(7) potential is reduced in the OBE
potential. a varies in the range of [0, 1] in our analysis.
Two set of solutions for the parameters, the cutoff A and the
reduction parameter a, are found to be able to reproduce
the masses of the observed P, states in the hadronic
molecular picture. In the first solution, called scenario I,
the best description of the P, masses is given by the
parameters {A = 1.23 GeV,a = 0.55}, where P.(4312),
P_(4440), and P, (4457) are interpreted as the 1/27(Z.D),
1/27(2.D*), and 3/27(Z.D*) molecules, respectively. The
second solution, called scenario II, has {A = 1.4 GeV,
a =0.79}, and the spin-parity quantum numbers of the
P.(4440) and P_(4457) states are 3/2~ and 1/2", respec-
tively. Scenario Il is favored since the partial decay width of
the P.(4457) in scenario I is larger than the central value of
the experimental value. This is consistent with previous
analysis from an effective field theory point of view [81]. In
this preferred scenario, the P.(4312), P.(4380), P.(4440),
and P.(4457) states are the 1/27(Z.D), 3/27(Z:D),
3/27(2.D*), and 1/27(X.D*) molecules, respectively.
Besides, another three P, states exist below the X:D*
threshold, and their spin-parity quantum numbers and
masses are JF(4525,4518,4498) = (1/27,3/27,5/27)
|

00 0 gl iFhxay
0 0 i)?; X Gy i;?; X ¥1
0, = 0 0 0
e i xan
i7s < 71

in scenario II. These three states may show up as two
structures at about 4.50 and 4.52 GeV. There are hints for
their existence in the LHCD data, and their confirmation is
expected with data of higher statistics.
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APPENDIX: SPIN OPERATORS

The spin wave functions for spin-1/2 and —3/2 particles
are denoted with y and J, respectively, where y is a
two-component spinor. With the Clebsch-Gordan coeffi-
cients, the spin-3/2 spinor y for the ith particle can be
decomposed as

Zi(h) = C3E (ho)yi(hy), (A1)

where € is polarization vector and €(+1) = F1/
V2(1,+i,0), €(0) = (0,0, 1).

Once we enumerate channels XD, X:D, A, D, X.D*, and
>*D* with upper indices 1,2,3,4, and 5, respectively, all
potentials for the coupled channels obtained by #-channel
transitions H;H, — H3H, can be generated by the opera-
tors below. Oij and 0;j are diagonal, and O, = O, =
(s ds - 70,0, 0501, 75 - 1) n the following, we only
show the operators at the upper triangle of the coupled-

channel potential matrix; the others can be obtained with the
Hermitian condition of the potential matrix,

000 & &
00 & &
0, = 0 0 0o . (A2)
i€y X €;, 1€)X €}
i€y X €;
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and O3 = €5, o :)(gg;(l, and O7° :ﬂ x cy;. The
other operators are zero.

The partial wave projection of operators in the JX =
1/27,3/27,1/2" system is shown in the Table VIII, which is
calculated by sandwiching the operators given above
between the partial waves of the initial and final states
[109]. Every element of the spin operators is replaced by the
corresponding partial wave projections in the actual calcu-
lation. Here, we calculate the spin projection for the transition
1 -5 (Z.D — X:D*) as an example. For J¥ = 1/27, the
partial waves for the initial and final states are

PSRN x 61) - EP5HILy) = i€y, C

ZCD:2S1/2,
Zib*:251/2,4 D1/2,6 D1/2’ (A3)

From Eq. (A2) together with Egs. (21) and (24), we
know that the spin operators, which are universal for the

pseudoscalar and vector exchange potentials, are 5%5
o) = (ifs x 6x1) - € for the spin-spin coupling and
S(0F.08.#) =37, x 311) - #6;-# — (i7) x 611) - & for
the tensor coupling. Then, it can be calculated as

J.m CS’,ms’ CS,ms CsB,mB

ml' ,ms' ~mlms ~m3.m4~ml,m2~hl,h2
3
x Z ke (h2)yi (h1) oy, (m1)ek(m4) (L', ml'|L, ml), (A4)
ijk=1

<2S,+1LIJ|S(5§5, 54115’ ?)|2S+1LJ> _ iCJ'm ’CJ.m CS’,ms’ CS,ms Cs3.m3

ml .ms

ml,ms ~m3,m4~ml,m2~hl,h2

3
X{3 Z ke (n2)yh (h1)oly, (m1)es? (ma) (L', ml'|r*r°|L, ml)

i,j,k,o=1

- Z lkesi (h2)y L (h1)oly, (m1)ei* (md) (L', ml'|L, ml) }, (A5)

i.j.k=1

where the lower indices of Clebsch-Gordan coefficients which represent the magnetic quantum numbers should be
summed. (>*1L/| and |>S*!L,) stand for the partial waves for the final and initial states, respectively. The spherical
harmonics are integrated as

(L', ml'|rkre

L,ml) = / dQy;, (0, $)r* Y, (0, ), (A6)

where Y, (6, ¢) is the spherical harmonics and r* and r° are the components of the unit vector 7 in the spherical
coordinate. After having calculated Eqs. (A4) and (A5) with the partial waves given Eq. (A3), we get (—/2,0,0) and
(0,+/2/5,34/2/5), respectively. One should be careful about the convention. If the ordering of the angular momenta in the
Clebsch-Gordan coefficient CL’;’.mS, changes to Ci;?,ml” the result of Eq. (A5) will change to (0, —+/2/5,34/2/5). All
Jm  and the results are collected in Table VIII.

ml',ms">

partial waves in our work are calculated with the convention of C

TABLE VIII. Partial wave projection of the spin operators in the potentials.

JP=1/2" JP=3/2" JP =172+
o}l 1 )] 1)
o2 (1 diag(1,1) (D
o diag(1,1) diag(1,1,1) diag(1,1)
oy diag(1,1,1) diag(1,1,1,1) diag(1,1)
o:'- oy (v/3.0) (0./3.0) (v/3.0)
$(05", 04", #) (0, V/6) V3,0,V3) (0./6)
0y -0y (-v2.0.0)

S(05™, 05, %)

(0./2/5.31/2/5)

(_
(0,-v/2,0,0) (=v/2,0,0)
L ) (0,/2/5,3/2/5)

Gl

(- 4.0 5.3

(Table continued)
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TABLE VIIL (Continued)

JP=1/2" JP=3/2" JP=1/2%
0. 0% 0, 1) (1 0 0) 0, D
0 0 1
S(6§4'7542¥49?) (\/E’ 1) 0 _1 (\/E, 1)

225 =95
03 - 04

S(07, 03, 7) (Vids-v3)
544_644 -2 0
o (0 1)
S(O%, 0% #) (0 ﬁ)
NG

245 245
03 - 04

S(05"-, 0% 7)

0 4z -/
R \/5
NNV 5
05 0y 0 0
02 0
00 -1
S(65%.57.7) 0 & %
_7_ 16 1
35 15 5
2 1 8
N 5
03¢ (—1/3/3.—+/2/3)
0 - (0¥ x 7) (2i//3,-i\/2/3)
Og - (03 x #) (0,v2/3,V/3/10)

-1 2 (() \/i)
10 1 N
2 1 0
—\/§ 0O 0 0 20 o
0 —\/g 0 0 0 -/ 0
0 0 -0
1 1 21
0 - -k 3 0 4z -/
4 9 4 \/E 1L 3
vis s Vs VR E
I S 0 15
V15 V6 14
200 0 20 0
030 0 <0 2 0)
00 3 0 00 -1
000 -1
7 6 V3 0 = =
R BRI
-5 owe 0 Um ICE
Vi o
5 N AT
(1/VE=1VE=1) (~1/V3.~V/273)

(i/V/3.2i/\V/3.-i/V/3)

(_

(2i/V3.-i\/2/3)

V/5/3.v/2/3.4/5/3.,0) (0,+/2/3,+/3/10)
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