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In this work, we investigate the productions of A,(2910) and A, (2940) in the pp — A,D°p process by
utilizing an effective Lagrangian approach, where both A,(2910) and A.(2940) are considered as D*N
molecular states with J© = 1/2~ and 3/2, respectively. In addition to the z-channel D and D* exchanges,
the contribution from light-meson exchange is also considered. At /s = 10 GeV, our estimations indicate

that the total cross sections for pp — A.D"p are (130.7ff337;9') nb, where the central value is estimated
with A, = 1.1 GeV, and the uncertainties are resulted from the variation of parameter A, from 1.0 to
1.2 GeV. Our results indicate that the light-meson exchange diagrams are very important, which provide a

very large, smooth background. Moreover, the estimations of the D° p invariant mass spectrum reveal that
the peak structure between 2.9 and 3.0 GeV primarily originates from A.(2910), while the signal of
A,(2940) is about 1 order smaller than that of A.(2910). Furthermore, the resulting Dalitz plot is
estimated with /s = 8 GeV. It is expected that our estimations in the present work can be tested by future

experiments at PANDA.

DOI: 10.1103/716b-nkvd

I. INTRODUCTION

Since the observation of X(3872) by the Belle
Collaboration in 2003 [1], some potential exotic state
candidates have been observed and identified by exper-
imental collaborations including Belle/Belle II, BESIII,
and LHCb (see Refs. [2-12] for examples). Among the
possible pentaquark states, P.(4380) and P_.(4450) were
first observed in the J/y p invariant mass distributions of
the A, — J/wK~ p process by the LHCb Collaboration in
2015 [13,14]. Later, the same process was analyzed with
the dataset collected by the LHCb Collaboration in Run I
and Run II in 2019 [15]. Their results indicated that
P.(4380) could be described by the background and a new
narrow state P.(4312) with a statistical significance of
7.36. Moreover, P.(4450) split into two narrow states
P.(4440) and P.(4457). In addition to the above obser-
vations, the strange counterparts of the P, states, P, were
further observed by the LHCb Collaboration, which
included P, (4459) [16] and P (4338) [17]. Because
of the fact that the masses of P, and P, states are close to
the thresholds of D®X. and D™Z,, respectively, the
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properties of these states have been comprehensively
investigated in the molecular frame [18—43].

In addition to the P, and P, states, another two
pentaquark candidates, A.(2910) and A.(2940), have also
been discovered experimentally. In 2006, A.(2940) was
observed in the D°p invariant mass spectra by the BABAR
Collaboration [44]. Then, the Belle Collaboration confirmed
the existence of A,(2940) in the X.(2455)+* 7"~ invari-
ant mass distributions, using a 533 fb~! data sample
recorded by the Belle detector at or 60 MeV below the
Y (4S) resonance [45]. In 2022, based on 772 x 10° BB
events collected with the Belle detector at the KEKB
asymmetric-energy ete” collider, the Belle Collabor-
ation observed a new structure, A.(2910), in the
¥.(2455)% 7"~ invariant mass spectrum of the B® —
¥.(2455)% 7+~ p processes [46]. The Particle Data
Group average of masses and widths of A.(2910) and
A(2940) are [47]

AF(2910): M = (2914 +7) MeV,
I = (52427) MeV,
A$(2940): M = (2939.61|3) MeV,
I' = (207%) MeV, (1)
respectively.

Similar to the case of P, states, the observed masses of
A.(2910) and A.(2940) are close to the threshold of D*N,
indicating that these two states can be regarded as the D*N

Published by the American Physical Society


https://orcid.org/0009-0009-8984-7788
https://orcid.org/0000-0002-3906-7531
https://ror.org/04ct4d772
https://ror.org/01mkqqe32
https://crossmark.crossref.org/dialog/?doi=10.1103/7l6b-nkvd&domain=pdf&date_stamp=2026-03-25
https://doi.org/10.1103/7l6b-nkvd
https://doi.org/10.1103/7l6b-nkvd
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

QUAN-YUN GUO and DIAN-YONG CHEN

PHYS. REV. D 113, 054043 (2026)

pentaquark molecular states. In Ref. [48], the author
investigated the properties of A.(2940) by using the
QCD sum rules, indicating that A.(2940) could be
regarded as the S-wave D*N bound state with
JP =3/27. Moreover, the authors in Ref. [49] proposed
that A.(2910)/A.(2940) could be regarded as a D*N
molecular state with J© = 3/2~ by using the QCD sum
rules. Using the quark delocalization color screening
model, the authors in Ref. [50] proposed that A.(2940)
is likely to be interpreted as a D*N molecular state with
JP =3/27. By considering A.(2940) as a D*N molecular
state with J¥ = 1/2% and 3/27, respectively, the authors in
Refs. [51-53] estimated the two-body decay channels D°p,
>t*7~, and X2z and three-body decay channels
A.(2286) 7t~ and A.(2286)"2°2°. In Ref. [54], the
authors studied the decay properties of A.(2910) and
A.(2940) by using an effective Lagrangian approach,
and the results suggested that A.(2910) and A.(2940)
could be assigned as D* N molecular states with J© = 1/2
and J© = 3/27, respectively, while the branching fractions
for ND, 2.z, and X}z channels of A.(2910) and A.(2940)
were estimated. More recently, the authors in Ref. [55]
investigated the DN-D*N coupled-channel interactions
using both heavy quark effective theory and a flavor-
symmetry-constrained effective Lagrangian approach.
Their estimations indicated that the mass spectrum of S-
wave D*N systems can be matched to three A, exotic
states. Among them, the masses of A.(2910) and A.(2940)
align with those of D*N bound states with J© = 1/2~ and
JP =3/27, respectively. In conclusion, both the spectrum
estimations and the decay property investigations support
that A.(2910) and A.(2940) can be identified as D*N
bound states with J© = 1/27 and J¥ = 3/2", respectively.

In addition to the mass spectrum and decay properties,
we also notice some theoretical research on the productions
of A.(2910) and A.(2940). The authors in Ref. [56]
investigated the production of A.(2940) in the yn —
D~ A,(2940) process, where A.(2940) was regarded as a
D*°p molecular state with J* = 1/2%, and the estimations
showed that the dominant contributions come from the
t-channel with D* exchange. Then, by considering
A.(2940) as a D**p molecular state with J© = 1/2%, the
authors in Ref. [57] investigated the production of A..(2940)
in the 7~ p — D~D°p process by including the s, u, and ¢
channels, indicating that the total cross sections are of orders
of 10 ub at P, =15 GeV. Moreover, the authors in
Ref. [58] studied the productions of A.(2910) and
A.(2940) in the process zp — D~D°p, where both
A.(2910) and A,(2940) are considered as D*N molecular
states, and the estimations indicated that the dominant
contributions to the cross sections come from the inter-
mediate state A.(2910).

In terms of experimental conditions, the PANDA
Collaboration proposed to search for the charmed baryons

in the pp scattering process with the momentum range of
P, = [1.5,15] GeV [59]. Based on the high-energy beam
and the potential higher-energy configurations with the
future upgrades, one can investigate the productions of
A.(2910)/A.(2940) in the pp scattering process. It is
worth noting that the estimations in Refs. [54,55] suggested
that both A.(2910) and A.(2940) could be considered as
D*N molecular states with the J” quantum numbers to be
1/27 and 3/27, respectively. Thus, we propose to inves-
tigate the pp — A_DP p process with the contributions from
both A.(2910) and A.(2940), while the light-meson
exchange is also considered in the present work.
Specifically, we first estimate the cross sections for the
pp — A.D°p process. Then, the D°p invariant mass
distributions and Dalitz plot are estimated to check the
individual contributions of A.(2910) and A.(2940).

This work is organized as follows. After the Introduction,
we present our estimations of the cross sections for
pp — A.D°p.In Sec. I1I, the numerical results and relevant
discussions of the cross sections and differential cross
sections are presented. The last section is devoted to a
short summary.

IL A,(2910) AND A,(2940) PRODUCTIONS
IN THE pjp SCATTERING PROCESS

In the present estimations, we consider that both
A.(2910) and A.(2940) are D*N molecular states with
the J¥ quantum numbers to be 1/2~ and 3/27, respectively.
In Fig. 1, we present the Feynman diagrams for the pp
scattering process, where Figs. 1(a) and 1(b) correspond to
the z-channel light-meson and D/D* exchanges, respec-
tively. In the present calculations, we employ the effective
Lagrangian approach to depict the relevant hadron inter-
action vertices. The effective Lagrangians for NNz, NN#,
NNo,NNp, NNwA.ND, A.ND*, A}, ND, and A’,ND can
be written as [51-53,56-58,60-69]

Lynz = _igNNﬂN}’S?' ZN,
ﬁNNr, = _igNNnN ysni,
Lyne = —QNN(;N No,

— KNN
‘CNNp = _gNNpN {7,4 - 3 £

o-””av} T- ﬁﬂN,
my

= K
Lyno = —InneN [J’u - 21:;:/;) o ”@] o, N,

Lanp = igAL,ND/_\CYSND + H.c.,
Lanp = gAL,ND*/_\c]/”ND; +H.c.,
L np = igAleD/_\leD +H.c.,

9N ND -,
EAﬁzND =— *Aclz‘VSNaﬂD +H.c. (2)
p/
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FIG. 1. Diagrams contributing to the production of A.(2910)/A.(2940) in the pp — A.D°p process. (a), (b) The t-channel light-
meson and D and D* exchanges, respectively. Here A, and A} refer to A.(2286) and A.(2910)/A.(2940) states, respectively.

Hereafter, AY, and A}, refer to A.(2910) and A.(2940), respectively. Then, because the A.(2910) and A.(2940) states
are both considered as D* N molecular states, the effective Lagrangians of the molecular states coupling to their components
are [54]

Ly: np+ = gae np N 7*vsNDj 4+ Hee,
La:wp = gano- AAND; + Hee (3)

With the above effective Lagrangians, one can obtain the amplitudes corresponding to the pp — A.D°p process,
which are

Mﬂ',p = [ﬁ(pS)(_igNNH/S)u(pZHSO(kl7mmr‘ﬂ)[@(pl)( lgNNnJ’S)S /2 (ky, m mp, p)(igA(.NDVS)U(pB)]
X F(kQ’mvar)[ (kl’mﬂ’A )]2

M,y = [@(ps)(=ignnyrs)u(p2)]S° (kv my T [0(p1) (=ignnyrs)SY? (kaompy, Ty ) (iga wp?s) v(p3))]
X F(ky,m,, A, )[F (ki m,, A)]%

M{r,p = [ﬁ(pS)(_gNNG)u(pZ)]SO(kI’mmra)[l_}( )( gNN(r)S/ (kZ’ mg,, p)(igA(.NDyS)U(p3)}

X F(ky, m,, A)[F(ky, my, AP,
Yt ]sttbr.m ) [3000) (o [re - 22 (i)

M,y = {’7(175) <_gNNp [}’ﬂ ENNp 6"” iky) }
x SV2(ky,m,.T,)(iga np¥s)v } X F(ky.m,, A,)[F(ky,m,, A,)],

p>=p

Moy = [i05) (=m0 1 - 22t u<p2>] kgm0 [8(00) (v e = 5222 0 4 |

my

x §1/2 (ky,m mp, p)(igA(,NDVS)v(p3):| XF(k27mpyAr)[F(kl’mwiAr)}z’

Mpa. = [i(ps)(iganpys) SV (ks, mp, . Tx ) (iganprs)u(p2)]SO(ky, mp. Tp)[B(p1)(iga npys)v(p3)]
X F(k?n mp_, Ar)[F(kl »Mp, Ar)]z’

MD*,A(. = [ﬁ(Ps)(iQACND}’S)Sl/z(k% mp FA(,) (gA(.ND‘yu)u(pZ)]Splw(kl smp, I'p ) [@(Pl ) (QA(.ND*YV)U(PM
X F(k37 m/\L.?Ar)[F(kl’ mD*’Ar)]zv
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Mp.a:, = [@(ps)(igas np)S"? (ks ma: . Taz )iga: xp)u(p2)IS° (ki mp, Tp) [9(p1)(iga, nprs)v(p3)]

X F(ks mp  A)[F (ki mp, AP,

Mo e, = [a(ps) (iga: np) S (kss ma- Tz ) (gar np 7?5 u(p2)] S (ki mp- Tpe) [5(p1) (ga v 7.)v(3)]

X F(k3vmA:]vAr)[F(kl’mD*vAr)]zv

[ IA ND
MD,A;2: M(PS)( ’;

T

X F(k3vmAjszr)[F(klvavAr)F’

[ 9A:,ND
MD*,A;ZI ”(PS)( ’;;

T

X F(k3vmAzszr)[F(kl’mD*vAr)]zv

where the subscripts correspond to the propagators
involved in the relevant processes. In addition,
S%(k;,m;,T;) and S}, (k;,m;,T';) are the propagators of
scalar and vector mesons with four momentum k;, mass m;,
and width I';, respectively, and the concrete forms are

i

Sk;,m;, 1)) = 5—5——,
( ! ml ) klz—mlz—i-lm,FI
1% kﬂku 2

Sl (ki m;. T;) = 29”+—/m (5)
k; —m + im,I;

In addition, 8'2(k;, m;.T;) and S)>(k;,m;.T;) are the

propagators of A.(2910) and A.(2940), respectively,
which read
S'Y2(k;,m;,T; :L,
(kismi. ) k2 —m? +im;T;
831/,2 k,. i?ri _ kl i
' (kismi T) 12— m? +im;T;
1/ yﬂ}/ kﬂ kV yﬂ ku J— kﬂ 7/”

(6)

In the above amplitudes, the form factor F(k;, m;, A,)
is introduced to depict the inner structure of the
involved hadrons and the off-shell effects, and its specific
expression is

A4
F(ki,m;, A,) = ——5—5 7

o) =5 e e 0
where k; and m; are the four momentum and the mass
of the exchanged state, respectively. It should be noted that
the above form factor is typically applied to s-channel

9A:,ND

J’s(—ipﬁ)) 5%2(/(3, LON FA;z) <

(it >)u<p2>] (ke . Tp) 501 ) iga ) o(p3)]

7[

75(‘”’@) Sut (k. my- Tz )(gar np- )M(Pz)] Sip(kr,mp . Up)[5(p1)(ga.np70)0(P3)]

4)

processes. In Refs. [70-72], such kinds of form factors have
been extended to apply to u and ¢ channels, which play the
role that smoothly suppresses the contributions from large
momentum transfers while maintaining the physical behav-
ior of the low-energy region. In the above form factor, a
model parameter A, is introduced, and its specific value
should be determined by comparing the theoretical esti-
mations with the corresponding experimental measure-
ments. However, no experimental measurement for the
considered process is available at present. In our previous
work, when we evaluated the cross sections for the 77 p —
D*~ A, in the effective Lagrangian approach, we found that
the cross sections at P, = 13 GeV are estimated to be
2.591] 5 nb when taking A, = 1.0-1.2 GeV [58], which is
consistent with the upper limit of the experimental data
reported by the AGS Collaboration at Brookhaven National
Laboratory [73]. Thus, in the present work, we take the
same parameter range as that employed in the estimations
of the processes 7~ p — D~D'p to estimate the cross
sections for the pp — A.D°p process.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Coupling constants

Before the estimations of the cross sections for the pp —
A.D°p process, the values of relevant coupling constants
should be clarified. In the present estimations, both
A.(2910) and A,(2940) are considered as D*N molecular
states. Therefore, the coupling constants relevant to
A.(2910)/A.(2940) and their components D*N could
be determined by the compositeness condition [74-76],
which is

dr (mD* + mN)5/2

4My.my  (mp-my)'/?

912\;1\70* = \/@ (8)
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TABLEI The coupling constants involved in the pp — A, D%p
process.

Coupling constant Value Coupling constant Value
IAND —13.98 IAND* -5.20
9A,ND 0.99 9 ND* 3.55
9A,ND 0.84 gar,ND* 2.34
9KkDD: 5.0 9kD:D* 7.0
9kp,D* 5.0 9NNz 13.46
INNy 4.76 INNe 9.42
INNp 3.25 KNNp 6.10
INNw 11.76 KNNo 0

where € =my +mp- —my. stands for the binding
energy of A}, and we take ¢ =32 and 6.2 MeV for
A.(2910) and A.(2940), respectively. In addition, the
factor 1/(4M,-my) is introduced for the normalization
of two involved fermion fields. The specific values of
9N ND* and gA,ND* estimated with the above relation are
presented in Table L.

For the coupling constants ga ND and IA?,ND> using the
effective Lagrangians in Eq. (2), one can obtain the
corresponding two-body amplitudes M-_yp. Then, the
decay widths of the A} — ND processes can be written as

1 |kj|

2
9

Cpronp =

where M and J are the mass and angular momentum of the

initial A} states. k 1 is the three momentum of the final states
in the initial rest frame. It is worth noting that the decay
properties of A.(2910) and A.(2940) have been inves-
tigated in Ref. [54], and the branching fractions of the ND
channel for A.(2910)/A.(2940) are estimated to be

B(A.(2910) — ND) ~ 40%,
B(A,((2940)) — ND) ~ 11%. (10)

With the above branching fractions and the central values
of the widths of A.(2940) and A.(2910) in Eq. (1), one can
obtain the coupling constants ga: ND and 9N ,ND> which are
listed in Table 1.

The coupling constants gy, gvny: Inner INNp» KNNp»
JnNe» and kyy, are obtained from Refs. [61-63,68,69].
The specific values of the coupling constants mentioned
above are also listed in Table L.

B. Cross sections for the pp scattering process

After clarifying the amplitudes and relevant coupling
constants, the cross sections for the pp — A.D°p process
can be estimated, and the total amplitude is

MTOI = M”’p + M,,’p + Mo-,p + Mp,p + Mw,p
+ Mpa, +Mpep, +Mpar, + Mp s,
+ Mp.a:, + Mp ar,. (11)

With the above total amplitude, one can obtain the differ-
ential cross sections of the pp — A D p process, which is

1 ] —
Wa | Mo |*dp2dpid cos0dy,  (12)

do =
where the flux factor ® = 4|, |\/s, P, represents the
three momentum of the initial antiproton. /s is the center-
of-mass energy. p9 and p? refer to the energy of the
outgoing A, and proton, respectively.

With the above preparations, the cross sections for pp —
A.D°p depending on the center-of-mass energy /s are
presented in Fig. 2. Among them, Fig. 2(a) corresponds to
the cross section for pp — A.D°p estimated with
A, = 1.1 GeV, where the cyan dotted, red dashed, blue
dash-dotted, and black dotted curves stand for the indi-
vidual contributions from A.(2286), A.(2910), A.(2940),
and light meson, respectively, while the black solid curve
refers to the total cross sections for the pp — A.D%p
process. From this figure, one can find that the contribu-
tions from A,(2286) are not shown when /s < 6 GeV
because its cross sections in this range are less than 1 pb. In
addition, the cross section of A.(2910) is about 2 nb at
/s = 10 GeV, which is about 250 times and 15 times of
that from A.(2286) and A.(2940), respectively. Moreover,
our estimations indicate that the cross section resulted from
the light-meson intermediate process is predominant, which
enhances the total cross section by more than 1 order of
magnitude. In Fig. 2(b), we present the total cross sections
for the pp — A.D°p process, where the black solid curve
is obtained with A, = 1.1 GeV, while the cyan band
represents the uncertainties resulted from the varying of
A, from 1.0 to 1.2 GeV. Our results show that the cross
sections increase rapidly near the threshold and then
increase rather slowly with the increasing of /s. In
particular, the total cross sections are estimated to be
(130.713575) nb at /s = 10 GeV.

In addition to the cross sections, we present the Dalitz
plot for the pp — A.D°p process at /s = 8 GeV with
A, = 1.1 GeV depending on mpo, and mz po [Fig. 3(b)]
and the projections depending on mpo, [Fig. 3(c)] and
mg_po [Fig. 3(a)]. From the Dalitz plot, one can find clear
enhancement near the D°p threshold. In the A.D® and D°p
invariant mass distributions, the cyan dotted, red dashed,
blue dash-dotted, and black dotted curves correspond to the
individual ~contributions from A.(2286), A.(2910),
A(2940), and light meson, respectively, while the black
solid curve refers to the summation of the individual
contributions as well as their interferences. In Fig. 3(a),
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FIG. 2. The cross sections for the pp — A.D’p process depending on the center-of-mass energy +/s. (a) The individual

contributions from light-meson and A£*>

states. (b) The total cross sections with the uncertainty resulted from the model parameter

A,, where the black solid curve is obtained with A, = 1.1 GeV, and the cyan band represents the uncertainties resulted from the

variation of A, from 1.0 to 1.2 GeV.

our estimations indicate that the A.D° invariant mass
spectrum is smooth across the entire mass range and shows
no sharp structure. In Fig. 3(c), our estimations show that
the contribution from A.(2286) is relatively small, while
the contribution from the light meson is rather large and
smooth, which plays the role of background of the

observations of A.(2910)/A.(2940). As for A.(2910)
and A,.(2940), our estimations suggested that the signal
of A.(2910) is predominant, which is about 1 order larger
than that of A.(2940). In addition, as shown in the inner
figure of Fig. 3(c), a clear structure can be observed
between 2.9 and 3.0 GeV in the D°p invariant mass

7.0 N (a) | 7.0t (b) 1P 102
1
6.5 6.5
. : 100
2 6.0 6.0}
) [ 1072
) 5.5 5.5¢
£ 50 500 1074
4.5 4.5¢ 10°¢
0 10 20 30 40 50 30 35 40 45 50 55
180 — —
(©)
...... A(2286) 150 140 ]
——= A.(2910) 120+
—eme AL(2940) 00 i
------ Light meson 60!
— Total
30H
0 v . . . .
30 35 40 45 50 55
mDOP(GeV)

FIG. 3. (b) The Dalitz plot for pp — A.D°p process at /s = 8 GeV with A, = 1.1 GeV depending on 1,y pand mg_po. (a), (¢) The

A.D° and D°p invariant mass distributions, respectively.
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spectra, which should correspond to A.(2910) rather
than A,(2940).

IV. SUMMARY

The observed masses of A.(2910) and A.(2940) are
close to the threshold of D*N, and the mass splitting of
A.(2910) and A.(2940) is similar to the pentaquark
candidates P.(4440) and P.(4457). These particular
properties suggest that both A.(2910) and A.(2940) are
good candidates of the D*N pentaquark molecular states
with different J¥ quantum numbers. In addition to the
decay behaviors, the production studies of A.(2910) and
A.(2940) also provide useful information for the
inner structures of these two A, states. Experimentally,
the PANDA Collaboration proposed to search for the
charmed baryons in the pp scattering process with
P; = [1.5,15] GeV. Therefore, we propose to investigate
the A.(2910) and A.(2940) productions in the pp —
A.D°p process in the present work.

For the individual contributions, our results show that
the cross section of A.(2910) is about 2 nb at
/s = 10 GeV, which is about 250 times and 15 times
that from A, (2286) and A.(2940), respectively. Moreover,
our estimations indicate that the cross section resulted from
the light-meson intermediate process plays a significant
role, which enhances the total cross section by more than 1
order of magnitude. In particular, the total cross sections
for pp — A.D'p are estimated to be (130.75574) nb at
/s = 10 GeV, where the central value is estimated with

the parameter A, = 1.1 GeV, and the uncertainties come
from the variation of A, from 1.0 to 1.2 GeV.

The differential cross sections for the pp — A.Dp
process are also estimated with /s = 8 GeV in this work.
For the D°p invariant mass spectrum, the contributions
from A.(2286) and the light meson play the role of the
background. In addition, our estimations indicate that the
dominant contributions to the structure between 2.9 and
3.0 GeV come from A,(2910), indicating that the expected
structure in the D°p invariant mass spectra should corre-
spond to A.(2910) rather than A.(2940). It is expected that
the estimations in the present work could be tested by
further experimental measurements at PANDA in the
future.
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