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Stimulated by the observation of a new structure, named A.(2910), in the £.(2455)%*+z*~ decay
channel from B meson decay process by the Belle Collaboration, and the similarity of the
A:(2910)/A.(2940) and P, states, we investigate the decay behavior of the A.(2910) and A.(2940)
in the ND* molecular frame with the possible J” quantum numbers to be 1/2~ and 3/2~. We employ an
effective Lagrangian approach to evaluate the partial widths of ND, X.z, and Xz channels. The
estimations in the present work indicate that the J¥ quantum numbers of A.(2910) and A.(2940) are
preferred to be 1/2~ and 3/27, respectively. From the present estimations, we also find the branching ratio
of A.(3/2) — Zix is much larger than that of A (1/2) — iz, thus Xiz could be a good channel to
distinguish the J” quantum numbers of A.(2910) and A.(2940). Therefore, we suggest searching for the
structure in X}z invariant mass distribution in Belle II.

DOI: 10.1103/PhysRevD.109.094049

I. INTRODUCTION

In the pentaquark family, the prominent members are the
P, states, which were first observed in the J/y p invariant
mass distribution of the process A, = J/wpK~ by the
LHCDb Collaboration in 2015 [1]. Subsequently, the LHCb
Collaboration reanalyzed the same process utilizing the
data collected in run I and run II in 2019 [2]. The new
analysis reported a new narrow state, P.(4312), with a
statistical significance of 7.3¢, and a two-peak structure in
the previously reported P.(4450) corresponding to
P.(4440) and P_.(4457), with a statistical significance of
5.4, while the broad P.(4380) was described by the
background line shape [2]. The nature of the P, triplets is of
great interest to theorists, and some exotic interpretations,
such as pentaquark [3—10] and molecular state [11-22],
have been proposed.

In addition to the P, states, there are some not-so-obvious
candidates of pentaquark states, such as A.(2940), which
was first observed in the D° p invariant mass distributions by
the BABAR Collaboration in 2006 [23]. The mass and width
were reported to be (2939.3 + 1.3(stat) £ 1.0(syst)) MeV
and (17.2 4 1.3(stat) 4= 1.0(syst)) MeV, respectively. Later
on, the Belle Collaboration confirmed the existence of

A.(2940) in the =2 7+~ invariant mass distributions [24].
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In addition, the LHCb Collaboration performed an amplitude
analysis of the decay AY — D°pz~ by using the data sample
corresponding to an integral luminosity of 3.0 fb=! of pp
collisions [25]. The analysis indicated that the most like
spin-parity assignment for A,(2940) is J* = 3/2, but the
other solutions with spins 1/2-7/2 cannot be excluded [25].
So far the PDG average of the mass and width of the
A.(2940)" are [26]

my (o0 = (2939.6113) MeV,
FAC<2940)+ = (201—2) MCV, (1)

respectively.

Recently, the Belle Collaboration reported a new struc-
ture named A.(2910) in the £.(2455)%"* 2"~ invariant
mass spectrum of the processes B — X.(2455)% 7+~ p
[28]. The resonance parameters of this state were reported
to be

my 010 = (2913.8 +5.6 +3.8) MeV,
T'a. 010 = (51.8 £20.0 £ 18.8) MeV, (2)

respectively.

By comparing the masses of A.(2910), A.(2940) with
P, states, we find some interesting phenomena. As shown
in Fig. 1, the masses of A.(2910) and A.(2940) are slightly
below the threshold of ND*, which are similar to the case
of P.(4440) and P_.(4457), respectively. In addition, the
masses of A.(2940) and A.(2910) are about 60—100 MeV
below the quark model expectation for the 2P charmed
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FIG. 1. A comparison of the P, states and A, states.

baryon [29,30]. Thus, some molecular interpretations have
been proposed [31-40] besides the conventional charmed
baryons [41-48]. In particular, the decay properties of
A.(2940) are discussed in the ND* molecular scenario with
different J© quantum numbers in Ref. [36]. The authors in
Ref. [31] estimated the two-body decays of A.(2940)
through assigning it as ND* molecular with J = 1/2%
and 1/2~ and their results favored J = %Jr. Based on the
estimations in Ref. [35], the authors concluded that
A.(2940) could be interpreted as a ND* molecular state
with JP = 3/27, while A.(2910) cannot be assigned as a
molecular state.

Inspired by the recent experimental measurement of
A.(2910), and the similarity between A.(2910)/A.(2940)
and P.(4440)/P.(4457), we consider that both A.(2940)
and A.(2910) are S-wave ND* molecular states, and the
possible J¥ quantum numbers of the molecular states could
be 1/2~ and 3/2~. However, the J” quantum numbers of
A.(2910) and A.(2940) are not well determined. In the
Review of Particle Physics (2023) [26], the J¥ quantum
numbers of A.(2940) are assigned as 3/27, although it is
noted that the J* = 3/2~ is favored but not definitive. The
determination of J” quantum numbers for these states is
challenging due to the interplay of spin-spin interactions
and tensor forces, as discussed in Ref. [27]. Thus, in the
present work, we consider two scenarios, A and B, where
scenario A corresponds to assuming that the J¥ quantum
numbers of A.(2910) and A.(2940) are 1/2~ and 3/2",
respectively, while scenario B corresponds to the opposite
identification. The decays of A.(2910) and A.(2940) are
investigated in the present work, and by comparing with the
relevant experiment measurement, one can further check
the molecular interpretations and may also provide some
helpful information to distinguish two identification
scenarios.

This work is organized as follows. After introduction, the
S-wave ND* hadronic molecular structures with different

JP quantum numbers are discussed. The strong decays of
A.(2910) and A.(2940) in the ND* molecular scenarios
are estimated in Sec. III. The numerical results and the
relevant discussions are presented in Sec. IV, and the last
section is devoted to a short summary.

II. HADRONIC MOLECULAR STRUCTURE

In the present work, we take A.(2910) and A.(2940) as
ND* molecular state, and the possible J” quantum numbers
could be 1/27 and 3/2~. The effective Lagrangian describ-
ing the interaction between the S-wave molecular states and
their components are

La. = ganp A0y / dy () (x + @, p0)

X p(x = wpo,y) + Dyt (x + @up+y)n(x — ope,y)]
+H.c.,

EA;. = gA;,ND*/_\Q (x) / dy(D(yz)[DZ“ (x+ wpD*OY)

X p(x —wp,y) + Dy (x + @uper y)n(x — wpe,y)]
+H.c., 3)

where A, and A indicate the ND* molecular state with
JP'=1/27 and 3/27, respectively, and w;; = m,-lilm,-'
To describe the molecular state interior structure, a
correlation function ®(y?) is introduced, which could
also be understood as the wave function of the D*N.
Considering the similarity of ND* molecular states with
different J¥ quantum numbers, we use the same corre-
lation function for both ND* molecules with J* = 1/2~
and 3/27. The Fourier transformation of the correlation
function is

4

The concrete form of the ®(—p?) should fulfill both
conditions that describe the molecular state inner struc-
ture and drops fast enough in the ultraviolet region. Here,
we use the correlation function of the momentum space in
the Gaussian form [17,49-52],

®(py) = exp (=pi/Aiy). (5)
where A, is a model parameter for describing the
distribution of the components in the molecular state,
and Pg is the Jacobi momentum employed to depict the
relative movement between the components of the
molecular.
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FIG. 2. Mass operators of A. and Al in the ND* molecular
frame, with the J¥ quantum numbers of A, and A’. to be 1/2~ and
3/27, respectively.

In the ND* molecular scenario, the coupling constants
ga,p*y and g p-y can be estimated by the compositeness
condition [53-55], which is

Z=1-1(m,) =0, (6)

where IT'(m,_) is the derivative of the mass operator of the
A, with J? = 1/27. For the state with J* = 3/27, the mass
operator can be decomposed into the transverse part
I(my, ) and the longitudinal part IT-(m,, ), which is

I (), ) = /“Ti(m), ) + "p"

with ¢} = ¢ — p*p*/p*.
With the effective Lagrangians in Eq. (3), we can obtain

the concrete forms of the mass operator of A, and Al
corresponding to Fig. 2, which read

4
H(m/\(.) = (gAL.ND*)2/<Z;)14

{éi( (=g — wpop ). A2
s =9 TG I m,
ﬂ % m]) q2 - sz*O

+ (I)%\[_(q - Q)D*Jrnp)2 A2 }

—g"” +q"q"/m3,..

X}/”

X }’M )
4 g - mZDwr
H’“’(’"A’ gA ND*) / {cbf\, —(q - wD*Opp)z’ A%/I]
1 —g”” + 4" [mp.

X
ﬂ_ﬂ_mp qz_m%*o

+ &% [~(g = @p+,p)* A3

DR S ’"fy*] G
ﬂ_%_mn qz—m%y+

III. STRONG DECAYS

In the present work, both A.(2940) and A.(2910) are
assigned as S-wave ND* bound states, and the possible J”

N B
A+
< v
D* P
(a) (b)
D* B D* B
AF A+
c B _ D
N P N P

D* P D* P

(e ()

® (h)

FIG. 3. The typical diagrams contributing to A, strong decay at
the hadron level.

quantum numbers could be 1/2~ and 3/2~. With both J?
quantum numbers, the ND* molecular state can decay into
ND (including pD° and nD*), X,z (including X7+, £+ 7°,
and XI*77), and Ziz (including Xz*, X:*2° and
¥t 27). All these decay processes occur in the way that
the components, i.e., ND*, connect the molecular and the
final states by exchanging a proper meson or baryon. All
the relevant schematic diagrams contributing to the dis-
cussed decay processes are listed in Fig. 3, where P and V
refer to pseudoscalar and vector meson 15-plets, respec-
tively, while B and D denote baryon 20-plets with
JP =1/2% and 3/2%, respectively.

A. Effective Lagrangian

In the present estimations, we employ the effective
Lagrangian approach to evaluate the widths of the proc-
esses mentioned above. The interaction between molecular
states and their components have been presented in Eq. (3).
With SU(4) symmetry, all the other relevant effective
Lagrangians read [56—64]
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Lrsp = 9BBP Byy 750, PB, The concrete form§ of P, V, B, and D are listed in Apps:ndix A

Note that the relationship between ggpp and the familiar g4 in

Lppy = _gBBVBY,uVﬂBv the NNz coppling is giyen by g4 = 2f gppp/m, [65]. In the

g B B above effective Lagrangian, mp and m,, refer to the masses of

Lppp = JEDP (DB - BD*)a,P, the corresponding pseudoscalar and vector mesons. The SU(4)

p symmetry is explicitly broken by the involved hadron masses,

Lipy = 9BDY (D457 B — BySy*DH) 0,V, —9,V,), for instance, the mass of the p, K*, and D* should be used in
mv the relevant effective Lagrangian.

Lppy = gDDVba7UVyDav

Lppy = —igppy(P9,P — 90, PP)V,

B. Decay amplitude

According to the effective Lagrangians listed above, we

Lyyp = gwpe#mﬂaf‘V”()“VﬂP. ©) can obtain the amplitudes for A. decays corresponding to
the diagrams in Fig. 3, which are
|
a) 3 d'q 2 A2 N3~ W5 1 V.5
iIMypop =1 2" @ (—pty, Aip)ga.np 9ssrgvep (i) a(p3)r'y’ (iq), AT 9uett(Po)
. . g + psph/md 1
X (ips + iq)*gop — e 5 F(mg, A),
Pz my q* - m;
(D) 5 [ d'q & 2 A2 N ;1 5 vt : a
IMypoy = 2 D(=p1y. Ay ga.np 9s5vgvvp (i) iu(ps)y g, 9 u(Po)€appo(—ip5)
~Gep + P2cD2g/ M5 =, +qq/m
(=gt 0t Lol I S WAL ),
py —m; q —my
A 4(0) 3 dq - 2 A2 N 1S (s 1 .5
iMpyg =i (2ﬂ4)q)(_plzvAM)QAL,ND*QBBVQBBP(Z) u(ps)y(sd_mqy v (lpzw)p(2 7

—g” + m?
ngﬁu(pO) 9¢ 2 plp / 1‘7:( )
Pi _ml

. d'q N3 , .
My = 1 / 2 Pla: Nin)ga o 95pvgspp (i) 1(p3) ¢ ((=ipy) 9us = (=P 1) 9us)
G

— b
(g 1 s g + plp}/m}

7Y Gagtt(po) ———LF—LF
Yo —my o ( 0) P%_ml ( )

*)
.mg) c
m, iPs

-
A q(e) 3 dq - 2 A2 NI - 1 v,5
iMiypp =i (27 (=P Ay )ganp 95oPgypp(i) i1 (P3)guiq F—m, 7 9uett(Po)

~—

D /02
. . - + pipf/m 1
X (ip§ + iq%) Guy p _2m§ 2 g F(my.A),
q

A s [ dq ; . 1
My = 72 / 4)q)(_P%Z*A%/I)QAFND*QBDVQVV’P(Z) #(p3)r 1. 9u(ia" g — iq"9") ———

2z /=
. . —Gep + P2eP2p/ M3 —Gs¢ + 4;qe/ M
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Py —my q-—my

G 5 [ d'q N3 . .
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where the G, (p, m) is the numerator of the propagator for the
baryon with spin 3/2, which is

1 1 2puPy
—Guv +§7/,u71/ +%(7/ﬂpu - }/l/pﬂ) +§ m2 .

Gu(p,m) =

In the above amplitudes, a form factor is introduced to
describe the exchanging meson inner structure and off-shell
effect, which is |

A4

FlmeN) = G = At

(11)

with A to be a model parameter, which should be of the
order of 1 GeV.

For the specific decay process, we list all the possible
loop contributions in Table I, and the total amplitudes for
each channel are

Re-ND = ME/ poa) T M D*On] + My D*“(ﬂ] T M pD Op]’

E(\)f—&c PO ME:BD*ODO] + MEZ)*OD*O] + M nD*+D + M[w**D + M D*O pA*] + M D*Opﬁ MEI(;)*WAO] + ME£>*+nn]’
M = MO o+ MU o+ MO+ MU+ M,

‘quz;% - MEIGDZ)*OpAO] + ME;))O;; + M[nD*+D°] + M, nD*+D*0 + M[D*+nA I’

fﬁ—&j* 0= ME;Z*ODO] + Mff)D*OD*O] + M [nD**D7] + M[nD*+D + M D*O pA*] + M [D*pp] Mfg?**nﬁo] + MElg))**nn]’

x):—»z;**n- = ME;)D*OD’] + MEf)D*OD* + M D*+nA+ + M [D**np] + M D*“pM*]’
O same = Mgl g+ MDA+ M+ M ML (12)
|

With the total amplitudes listed above, we can estimate the 1 1 ¢’N,
partial widths of the decay processes listed in Table I by gvep = 4 9 gvve = 41622, (14)

1 Ipl
| N —_—
In the same way, one can obtam the decay amplitudes for
the ND* molecular state with J* = 3/2~ and then estimate
the corresponding partial widths with the above equation.

MAL.—>...|2‘ (13)

IV. NUMERICAL RESULTS AND DISCUSSIONS

A. Coupling constants under SU(4) symmetry

Under SU(4) symmetry, the coupling constants gppy, and
gyyp could be related by the same gauge coupling constant
g by [52,66-70]

where f, = 132 MeV is the decay constant of the 7 meson;
g = 12.48, which can be derived by the observed decay
width of the process K* — Kz [26,52].

Regarding the coupling constants related to baryons, the
following values are utilized [56,59-61,63,71-73]:

988P = 9NNz = 0.989, 9sBY = gnny = 3.25,
9BDP = GANz = 2127 9Bpy = gAN/) = 608’

9ppy = Ypan = —4.3. (15)

TABLE 1. All the possible specific loop contributions to the considered decay channel, where [ABC] indicate the loop that A.(p)
couples to A(p,)B(p,), and A(p;)B(p,) transits into the final states by exchanging C(q).
JP Final states Loops
1- ND IND*z], [ND*1], [ND*p], [ND*@] ] ]
S0 g0 [pD DY, [pDD), [nD**D"], [nD** D], [D*0pA+], [D*pp], [D**nAY], [D** i
B g [pD*°D"], [pD*D*"], [D**nA*], [D**np], [D*pA+Y]
30+ [nD*T D], [nD** D*0], [D*°pA°], [D*0pii], [D*TnA]
3= ND [NDz], [NDy], [NDp], [INDw) ) .
2T g0 [pD*°D°], [pD*°D*], [nD** D], [nD**D*], [D**pA*], [D**pp], [D**nA°], [D** nii]
B g [pD*°D"], [pD*D*"], [D**nA*], [D**np], [D*pA+t]
=0+ [nD**D°), [nD**D*], [D*°pA°], [D*pii], [D**nA"]
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Other coupling constants of those type can be derived from
SU(4) symmetry.

B. Scenario A

In scenario A, we consider A.(2910) and A.(2940) as
ND* molecular states with J* = 1/2~ and 3/2~, respec-
tively. The coupling constants of the molecular states
and its components could be estimated by Weinberg’s
compositeness condition as indicated in Eq. (6). The
coupling constants g, yp+ and ga yp- depending on the
model parameter A, are presented in Fig. 4, where A,
varies from 0.4 to 1.5 GeV. Our estimations indicate that the
coupling constants smoothly decrease with the increasing
of Ay. As indicated in Eq. (5), the correlation function
or, equivalently, the wave function will decrease at a
slower rate with larger A;,, suggesting that the molecular
components interact over a larger spatial region. From
Eq. (8), it is evident that the loop integral part of the mass
operator increases with higher values of A;,;. Consequently,
the coupling constants exhibit a decreasing trend as Ay,
increases. In the considered A, range, the coupling
constants g, yp-y and g yp- are estimated to be 4.22 ~
2.49 and 3.56 ~ 2.69, respectively.

With the above preparations, we can estimate the partial
widths of the relevant processes. In this work, the ND,
.z and iz channels are taken into consideration, which
should be the dominant decay channels of both A.(2940)
and A.(2910). In the present estimations, two model
parameters are introduced, which are A,, introduced by
the correlation function and A employed by the form factor.
Here we take Ay = 0.7 GeV and vary A from 0.5 to
1.0 GeV. The widths of considered channels depending on
the model parameter A are presented in Figs. 5 and 6, where
the widths increase with the increasing of A. The parameter
A solely emerges in the form factor F(m,,, A). The explicit

55— ——————
A,(2910)

_ 4t — = = A(2940) |
=R ]
<

&

0

=]

Q

o

o0

gt

7B

= |

]

O,

2r J

S TR R SN N SR S S— ) I TR S S— |

1.0 1.2 1.4
AM(GQV)

0.4 0.6 0.8

FIG. 4. The coupling constants g, yp+ and g yp+ depending
on the model parameter A, in scenario A.

103

102,

— 1 E
=~ 10
[}
2
% 100 L
=
1071 L
1072 L L L L
0.5 0.6 0.7 0.8 0.9 1.0
A(GeV)
FIG. 5. The partial widths of A.(2910) - ND, 2.z, and iz

depending on the parameter A, where A.(2910) is assigned as
D*N molecular state with J? = 1/2".

expression of F(m,, A) in Eq. (11) reveals that it amplifies
with the increasing of A. Consequently, the estimated
partial decay widths, as well as the total widths, also
increase with the rising of A. From the figures, one can find
that the measured widths of A.(2910) and A.(2940) can be
well reproduced in the range 0.70 < A <0.83 and
0.74 < A < 0.81 GeV, respectively.

In the common parameter range, ie., 0.74 < A <
0.81 GeV, the estimated branching fractions for the con-
sidered channels are collected in Table II. Our estimations
indicate that the A.(2910) dominantly decays into £ .z with
a branching fraction (98.7-98.9)%, while the branching
fractions for iz and ND are rather small, which are
(6.18-6.43) x 10~ and (4.01-5.62) x 1073, respectively.
In the same parameter range, we find the branching

10%

10" ¢
=
[
\2/ 100,
5
= .
107 .-
1072 £ . . ‘ . g
0.5 0.6 0.7 0.8 0.9 1.0
A(GeV)

FIG. 6. The partial widths of A.(2940) - ND, Z .z, and Zin
depending on parameter A, where A.(2940) is taken as D*N
molecular state with J? =2/37.
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TABLE II.  The branching fractions for ND, X.z, and iz channels for A,(2910) and A.(2940) in different
scenarios.

Scenario A Scenario B
Channel A,(2910) A,(2940) A,(2940) A,(2910) (%)
ND (4.01-5.62) x 1073 (1.90-2.40)% (3.49-3.90) x 103 (1.44-1.49)%
2.7 (98.7-98.9)% (13.8-14.0)% ~98.8% (12.4-12.5)%
Xim (6.18-6.43) x 1073 (83.7-84.0)% (7.72-7.76) x 1073 ~86.0%

fractions of iz, .z, and ND channels for A.(2940) are
(83.7-84.0)%, (13.8-14.0)%, and (1.90-2.40)%, respec-
tively. From the present estimations, we can conclude that
the observations of A.(2910) in the ND and X}z channels
are rather difficult. In the X,z channel, both A,.(2910) and
A.(2940) could be observed, and in the ND channel,
A.(2940) is more likely to be observed.

C. Scenario B

In scenario B, we consider A.(2940) and A.(2910) as
ND* molecular states with J* = 1/2~ and 3/2", respec-
tively. The coupling constants of the molecular states and
its components depending on the model parameter A;, are
presented in Fig. 7. In scenario B, gy yp- is several times
larger than g, p+y. In particular, in the considered param-
eter range, ie., 0.4 <Ay < 1.5 GeV, g, yp- decreases
from 2.05 to 1.54, while g, yp- varies from 7.35 to 4.39.

The partial widths of the relevant channels for A.(2940)
and A,(2910) depending on the parameter A are presented
in Figs. 8 and 9, respectively. Our estimations indicate
that, in scenario B, the widths of A.(2940) and A.(2910)
can be reproduced in the ranges of (0.7 < A < 0.76) and
(0.75 < A < 0.89) GeV, respectively. In a very small
common parameter range, i.e., 0.75 < A <0.76 GeV,

7 A.(2910)
: — = = A.(2040)
6

Coupling constant

1 L. . R R . . R .
0.4 0.6 0.8 1.0 1.2 14
AAJ(GQV)

FIG. 7. The coupling constants gjl\/ 33 y and gf\/ i)‘ ~ depending
on the model parameter A, in scenario B.

the branching fractions of the ND, X .z, and Z} 7 channels
are collected in Table II. As for A.(2940), its dominant
channel is £ .z with the branching ratio to be 98.8%, and
the branching ratios of the ND and X{z channels are
estimated to be (3.49-3.90) x 1073 and (7.72-7.76) x 1073,

0.5 0.6 0.7 0.8 0.9 1.0
A(GeV)

FIG. 8. The partial widths of A.(2940) -» ND, X .z, iz
depending on the parameter A, where A.(2940) is considered
as a D*N molecular state with J? = 1/27.

102,

101,

100,

Width(MeV)

107 T

total

1072 L L I L
0.5 0.6 0.7 0.8 0.9 1.0

A(GeV)

FIG. 9. The partial widths of A.(2910) -» ND, .z, Zim
depending on the parameter A, where A.(2910) is considered
as a D*N molecular state with J” = 3/2".
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respectively. In addition, the branching fractions of
A.(2910) > ND, X.z, and Xiz are evaluated to be
(1.44-1.49)%, (12.4-12.5)%, and 86.0%, respectively.

It should be noted that A.(2940) was first observed in
the D°p invariant mass spectrum; the branching fractions
of A.(2940) — ND are estimated to be (1.90-2.40)% and
(3.49-3.90) x 1073 in scenario A and scenario B, respec-
tively. Thus, from the decay properties of A.(2940),
scenario A is weakly favored. As for the X .z channel,
our estimations indicate that the branching fractions for
A, — Xz are larger than the one of A, — .z, however,
the branching ratio of A/, — X x is more than 10%, which
should be also sizable to be observed; thus, the structure
in X,z invariant mass distributions may contain both
A.(2940) and A.(2910). In addition, we find the branching
ratios of A/, — X¥7x is at least 100 times larger than the one
of A, — X}z, which means X}z could be a good channel
for determining the J” quantum numbers of A.(2940)
and A.(2910).

D. The effect of the tensor coupling term
in pNN vertex

In the aforementioned estimations, the tensor coupling
terms in the BBP interactions, as depicted in Eq. (B1), were
not taken into account. However, it is known that the tensor
coupling plays a crucial role for the pNN interaction [27],
which potentially makes substantial contributions to the
ND channel. Therefore, the impact of the tensor coupling
terms is further elaborated in this subsection.

The detailed estimations are outlined in Appendix B. The
estimated partial decay widths of A.(2910) and A.(2940)
in scenario A are presented in Figs. 10 and 11. It is evident
from the figures that the widths of the ND channel are
augmented as expected for both A.(2940) and A.(2910).
Even including the tensor coupling term, the widths of
A.(2940) and A.(2910) can still be simultaneously repro-
duced within a common A range, which is 0.73-0.77. In
Table III, the branching fractions of ND, X .z, and ;7
channels, determined by the common A range in scenario
A, are collected. For A.(2910), it dominantly decays into
Y.z and ND, with the branching fractions ratio approx-
imately 3/2. For A.(2940), it dominantly decays into X7,
while the branching fractions of Xz and ND channels
are also sizable, and the ratios of the branching fractions
of these channels are approximately predicted to be
Yim:Za:ND="T:1:1.

The estimated branching fractions of A.(2940) and
A.(2910) in scenario B are depicted in Figs. 12 and 13.
The widths of A.(2940) and A.(2910) can be reproduced
within the ranges 0.65 < A < 0.70 and 0.74 < A < 0.88,
respectively. This suggests that both widths cannot be
reproduced within a common parameter range. For com-
parison, we also collected the branching fractions estimated

with individual parameter range in scenario B in Table III,
where one can also find the branching fractions of the ND
channel are largely enhanced.

Despite the changes in the magnitudes of the branching
fractions due to the inclusion of the tensor coupling term
in the pNN vertex, the qualitative conclusions remain
unchanged, i.e., scenario A is weakly favored and the
>*z channel could be used to determined the J* quantum
numbers of A.(2910) and A.(2940).

V. SUMMARY

The observed masses of A.(2940) and A.(2910) are a bit
below the threshold of ND*, and their mass splitting is
similar to the one of P.(4440) and P.(4457); thus, we
consider both A.(2940) and A.(2910) as molecular states
composed of ND* with different J¥ quantum numbers.
Two possible combinations of J” quantum numbers are
discussed in the present work. Scenario A corresponds to
assuming that the J© quantum numbers of A.(2910) and
A,(2940) are 1/27 and 3/2, respectively, while scenario
B corresponds to the opposite identifications.

The decay properties of A.(2910) and A.(2940) were
investigated by using an effective Lagrangian approach in
both scenarios, the widths of ND, Z.z, and X}z channels
are estimated, and our results indicate that scenario A is
weakly favored. In addition, we find the branching frac-
tions of A/, — X4 is at least 100 times larger than the one
of A, — Z.7 in both scenarios. Thus only the signal of
A.(3/27) is expected in the Xiz invariant mass distribu-
tions, which indicates that the X}z channel could be a good
channel to determine the J* quantum numbers of A.(2940)
or A.(2910). Thus, we suggest the Belle IT Collaboration
search for the structure around 2900 MeV in the X!z
invariant mass spectrum.

Before the end of this work, it is worth mentioning that,
in Ref. [24], the Belle Collaboration observed A.(2940)
in the Afz"z~ invariant mass distributions, where both
A,.(2880) and A.(2940) were observed. In the A,.(2880)
yield as a function of M(A} z™*), there is a clear signal of
%.(2455) and an excess of events in the region of
2.(2520). As for the A.(2940) yield as the function of
M(Af7*), a clear signal of £.(2520) is expected if one
considers the J© quantum numbers of A.(2940) as 3/27,
which could be tested by further measurements in
Belle II.
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APPENDIX A: THE EFFECTIVE LAGRANGIAN
WITH SU4) SYMMETRY

In SU4) symmetry, the matrix form of pseudoscalar P
and vector V meson 15-plet states are

LN + + A0
BtEtE T kv~ D
}7( —
- f+ ARV K° D
P= _ ,
K- K°
0 + —3m
D D pf ok
P_O_‘_ﬂ_i_f/_'l’ ,D+ Kt D*O
V2 Ve V12
— J/y %0 *—
b P \/—+ \/—+ 12 K D
o K+ I'(*O \/Ea)/—FJ/W D*— ’
V12
*0 *+ *+ _3w
D D D3 75
respectively.

The baryon 20-plet states with J¥ = 1/2%, B, corre-
sponding to SU(3) octet, can be denoted as

P =i, n=¢n. A= \/%(4’321 = $312),
I = ¢us, 20 = V2¢y. 7 = s,
EY = ¢33, E™ = ¢33,
S =dne T =V2pe I =
BE = V2 Bl = V2,

[1]

2
cH = \/;(¢413 - ¢431)’ HO/ \/7(¢423 ¢432)s

2
Af = \/;(¢421 — (a12), Q) = P33,
B = aa Bl = Qaa, Q. = s (A1)

The baryon J* = %* 20-plet states, D, corresponding to
decuplet in SU(3) symmetry, can be written as

Q- = D333 =0 — \/§D133 k- \/§D233
Z*+ — \/§D3l], 2*0 — \/6D3]2, TE = \/§D322,
A+t = pt, At =3D'2, A0 = \/3D122,

A~ = D222

Z(C) _ \/§D224, Eg _ \/6D234, Q0 — \/§D334,

E+:\/_D134 +:\@D“4, +:\/8D124,

B = =3 D4, Bl = V3 D% Q= V3 D3,
Qft =D, (A2)

where ¢, and D'/* satisfy the following conditions, and i,
J, k can go from 1 to 4,

bijk + jri + Prij = 0,
bijk = Pjix
Dklj _ Dkﬂ

Dt/k lej _ Djkt Djlk (A3)

The SU(4) invariant effective Lagrangian related to
baryons in tensor notions could be written as

‘CBBP =9 (a¢*ijk 5pm¢mjk + bd)*ijk 5pm¢mkj)v
[’BBV =0v (C¢*ljkyﬂv d)mjk + d¢*ljkyﬂv d)mkj)
['BDP - g 1(e¢*1]ka ,PmD# jk + f¢*]kla PmDm/k)
Lapy = gur (9™ 5D! , + hg™iD", )y

x (9,Vi =, Vi),
Loop = 9o (D7 Py D)0, P1),

Lppy = g (D VEDuji)s (A4)
where g,,, g, a, b, c... are the constants associated with the
couplings in the effective Lagrangian, which can be derived
by comparing with the SU(3) relations [56,60,76].

APPENDIX B: ESTIMATED RESULTS WITH
TENSOR COUPLING TERM

As indicated in Ref. [27], the tensor coupling term is
important for the pNN interaction [27], and the effective
Lagrangians of the pNN with tensor term reads

K, -
—’%ﬂp” -y, (Bl1)

‘C/)NN = g/)NNl/_/N |:y;4 + 2mN

where gﬁNN /4r = 0.84. As for the value of «,, it was fitted
to be 1.825 or 2.2176 by reproducing the zN scattering and
yN — zN reaction data in Ref. [75], while it was determined
to be 6.1 in the Bonn meson exchange model for the NN
interaction [74]. Here, we take the larger value of «,, i.e.,
Kk, = 6.1, to check the effect of the tensor coupling term. The
estimated branching fractions of the relevant decay channels
depending on the model parameter A in both scenarios are
presented in Figs. 10—13. In Table III, the branching fractions
estimated in a common A range in scenario A and in the
individual A range in scenario B are presented.
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FIG. 10. The partial widths of A.(2910) - ND, 2.z, and Zix
depending on the parameter A, where A.(2910) is assigned as
D*N molecular state with J? = 1/2".
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FIG. 11. The partial widths of A.(2940) - ND, .z, and Xz

depending on the parameter A, where A.(2940) is assigned as

D*N molecular state with J? =3/2".

TABLE III.
scenarios with the tensor force.

Width(MeV)

!

0.8 0.9 1.0

0.5 0.6 0.7
A(GeV)

FIG. 12. The partial widths of A.(2940) - ND, X .z, and Zix
depending on the parameter A, where A.(2940) is assigned as

D*N molecular state with J? = 1/2".

102,

107"
1072 : : ‘ ‘
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A(GeV)
FIG. 13. The partial widths of A.(2910) - ND, X .z, and Zix

depending on the parameter A, where A.(2910) is assigned as
D*N molecular state with J? = 3/2".

The branching fractions for ND, ¥z, and X;z channels for A.(2910) and A.(2940) in different

Scenario A (common A)

Scenario B (individual A)

Channel A.(2910) A.(2940) (%) A.(2940) A.(2910) (%)
ND (39.7-39.9)% (10.9-11.7) (39.4-40.0)% (6.06-7.62)
sz (59.7-59.9)% (12.5-12.7) (59.5-60.2)% (11.7-12.1)
Tim (3.72-3.79) x 1073 (75.8-76.4) (4.48-4.53) x 1073 (80.7-81.8)
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