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Production of singly charm pentaquarks from meson-baryon interactions
in B-meson decay
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In the paper, we discuss the possible interpretation of the J” = 1/2~ singly charm pentaquark as
hadronic molecules. With the effective Lagrangian method, we further analyze the production properties of
singly charm pentaquark from decays of B meson, including strong coupling constants and production
branching ratios of the charm pentaquark. Our numerical results show that the branching ratio of production

of pentaquark from B meson can reach to order of 107°.
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I. INTRODUCTION

Recently, there is resurgent interest in terms of penta-
quark, triggered by the progress in the experiment. Since
2015, LHCDb collaboration has claimed the discoveries of
different pentaquark candidates, hidden charm pentaquark
P.(4380), P.(4312), P.(4440), P.(4457), P.,(4459), and
P.(4337) [1-4]. However, no significant P.(4312),
P.(4440)", or P.(4457)% signal is found in recent
Belle experiment in the pJ/y final states of Y(1,2S)
inclusive decays, with current determined upper limits of
B(Y(1,28) — P{ +anything) - B(P{ — pJ/w) at the 107°
level [5]. A higher precision experiment is needed to confirm
the observations. Nevertheless, the observations stimulate
extensive theoretical studies of pentaquark structures using
different scenarios and frameworks [6-20]. In particular,
the composite molecular-state interpretation is quite con-
sistent with the LHCb observation. In Ref. [21-25], the
authors found P.(4440), P.(4457) and P.(4380) can be

well interpreted as D<*)Z§*) molecules, In Ref. [26-30],
P.(4459) and P.(4337) are believed to be D*E, and E.D
moleculars respectively. Nevertheless, there are still many
other possible proposals to understand the origin of these
states, such as compact pentaquark states [31-33] and
kinematical effects [16,34,35]. Upon the assumptions, the
properties of the pentaquark, such as the various interactions,
are investigated with the application of different approaches
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including the effective approach [28,36,37], potential mod-
els [38—40] and QCD sum rules [11,14,18,41]. Though there
are still many controversial arguments about properties of
the hidden charm pentaquark. Moreover, the possible
unobserved pentaquark states possessing single charm quark
are also quested for with the expectation to be observed in
future experiments.

Inspired by the observation of P,.(4337) in the analysis of
B, — J/¥pp, the present work will focus on the production
of pentaquark via B meson decay. Depending on the mass
spectrum of singly charm pentaquark based on triquark-
diquark model [42], effective Lagrangian method [36,37]
and quark delocalization color screening model [43], we
found the masses are around thresholds of pseudoscalar
meson baryon, ED, ND; and ZD. In the approaches of QCD
sum rules [41] and light-meson exchange model [44], they
are near thresholds of vector meson baryon, ED*, ND7 and
2D*. So it is naturally to follow the assumption that the
pentaquark is a meson-baryon molecule state. In order to
fully investigate the production of singly charm pentaquark
from B meson decay, we will use the effective Lagrangian
approach to describe the interaction of hadrons, and simul-
taneously discussing both molecule scenarios, including
pseudoscalar meson baryon molecular and vector meson
baryon molecular in the present consideration.

The building blocks and related evaluation strategy of
effective Lagrangian approach to the hadronic molecular,
can be sketched out as follows: First, a gauge invariant
phenomenological Lagrangian is established to describes
the interaction of the molecular with its constituents. In
which, the molecular and constituents are described by
standard field operators. By the compositeness condition
[45], an effective way that representing the probability to
find the hadronic molecular as a bare state, the coupling
strengths of the hadronic molecular to its constituents can be
determined. Using interaction Lagrangian in hadronic level
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one can further construct transition matrix elements for
hadronic processes involving the hadronic molecular.
Accordingly, the remaining step of the evaluation of matrix
elements will completely reveal the hadronic transition
process. We expect our research to provide assistance for
the study of singly charm pentaquark in experiments.

The paper is organized as follows. In Sec. II, we discuss
the possible meson-baryon molecular of pentaquark: pseu-
doscalar meson baryon BP and vector meson baryon BV.
The coupling constant of pentaquark and its constituent is
given in the following. Section III contains the details of
effective Lagrangian approach to calculate the production of
singly charmed pentaquark via B meson decay. We present
numerical analysis for branching ratios of the production
processes in Sec. V. Last section gives a short conclusion.

II. SINGLY CHARM PENTAQUARK

The singly charm pentaquark can be decomposed by
SU(3) flavor symmetry to form ground 15-plet labeled as P..,
in which the states with constituents cudss, csudd, cudds,
cduss, csuud are exclusively selected as the possible stable
pentaquark candidates [42]. We arrange P, to be S-wave
states always with spin-parity J* = %‘. In previous papers
[36,37,41-44], the masses of P. based on different assump-
tions of their internal structures were studied. It is found that
the J¥ = %‘ states with constituents cnssn, csnnn and
cisnn(n = u, d) in the effective Lagrangian method [36]
and quark delocalization color screening model [43] are
close to the pseudoscalar meson baryon thresholds ED,
ND, and XD respectively, indicating existence of a S-wave
loosely molecular with meson-baryon BP components.
However, under the QCD sum rules [41] and light-meson

exchange [44], the masses of csnnn and ciisnn with J¥ =
%‘ are in proximity to the vector meson baryon thresholds
ED*, NDi and XD*, suggesting the possibility of P,
forming a meson-baryon BV molecular. So we consider
both possible channels relevant to the pentaquark in the
work, which explicitly expressed as pseudoscalar meson
baryon BP and vector meson baryon BV.

In general, the mass of the meson-baryon type singly
charm pentaquark can be expressed in terms of the
constituent meson mass m,,;, baryon mass myg and the

binding energy € as,

Mmp_ = my +mg—¢. (1)

4
25, 083) = [ Gz

Note that € is a variable quantity in our calculation, here we
vary it from 5 to 50 MeV. Once the mass of the composite
pentaquark state is fixed, the couplings of pentaquark to
meson and baryon can be extracted depending on the
compositeness condition. In the following, we discuss the
constituent of singly charm pentaquark, respectively regard-
ing as hadronic meson-baryon molecule BP of 1/27 baryon
and pseudoscalar meson interaction or meson-baryon BV
molecular coupled by the interaction 1/2% baryon and
vector meson.

A. Meson-baryon S1: P, as hadronic molecule B3P

The framework is based on an effective interaction
Lagrangian describing the couplings of the pentaquark to
their constituents, the nonlocal strong Lagrangian involving
JP =1/27 pentaquark state(P.), a 1/2* baryon(B) and
pseudoscalar meson(P) is expressed as follows [25]:

Cran() = gn.soPe) [ 0208 (x43)P(3-3).

(2)

The correlation function ®(y?) characterize the finite size
of the pentaquark formed as BP bound states. A basic
requirement for the choice of an explicit form of the
correlation function is that its Fourier transform vanishes
sufficiently fast in the ultraviolet region of Euclidean space
to render the Feynman diagrams ultraviolet finite. We adopt
the Gaussian form [46,47],

4

with  ®(p?) = exp(—p?/A} ). (3)

where the usual Gaussian regulator cutoff is taken as Ap =
1.0 GeV [28]. The coupling constant gp gp can be easily
extracted from the Weinberg compositeness condition [45],
which implies the renormalization constant Zp of the
hadron wave function is set equal to zero [48,49]:

dZp (M%) -
—iﬁ——#tho. (4)

Zp =1- 91%(,5P

The mass operator of pentaquark Xp (M%,C) can be
described by the self-energy diagram of Fig. 1(a), which
deduced as,

K+ + my)

((k+5)2 = mg)((k=5)* = m}p)*’

096019-2



PRODUCTION OF SINGLY CHARM PENTAQUARKS FROM MESON- ...

PHYS. REV. D 109, 096019 (2024)

B B
PC _F\Q'PL PC e Q'PC
P Vv

(a)

FIG. 1. The self-energy diagrams of singly charm pentaquark
(P.), respectively regarded as pseudoscalar meson and baryon
molecular 5P (a) or vector meson baryon molecular BV (b).

Following the renormalization constant in Eq. (4), the
coupling constant can be expressed in the form,

2
Q%PB 16”/ / ‘19 ()
X< +2p(1-a) ﬂﬁ(ﬁ+ 1) =pp2a—1)°
2(p+1) AT(B+1)
p+28p(1 —a)
X( 26+ 1) +’”B>>’ ©)
where
2 2
A:ﬂ(m%—am%%—m%—%ﬁ-%
dapp®  4a’pp? ;
C4+4p 4+4ﬁ>' 7)

Further determination obtain the numerical result of the
couplings, gathered into Table I.

B. Meson-baryon S2: P, as hadronic molecule BV

The effective interaction Lagrangian for the couplings of
1/2~ pentaquark (P,), a 1/2% baryon (/3) and vector meson
(V) is given as [28]:

B p,,py) ”
mp,

Lp py(x) = gp pvPc(xX)r (g,w

x / dy®(y?) B (x + %) 7z (x - %) . (8

TABLE I. The fitted expansion parameters a; of form factors
for transitions B — D and B — D*.
ag a a as  Mpye (GeV)
B—D F(0) 0666 —0.260 —0.106 0.00
F,(0) 0.666 —3.236 —0.075 0.00
Ap(0) 0.100 —0.180 —0.006 0.00 6.335
B D A;(0) 0.105 —0.430 -0.100 —0.03 6.275
A,(0) 0.055 —=0.010 —0.030 0.06 6.745
A3(0) 0.059 -0.110 -0.250 -0.05 6.745

The self-energy diagram of P, as the bound state BV is
illustrated in Fig. 1(b). Directly the coupling constant can
be obtained as:

d4k
i) T
QP BV dﬁ

o v+ 5/— mp)y” < _ p,,p,,)
(c+ 27 —m) (k=57 —m) \ ™ ™,

(i) (o )

1s the

where k 4 £ is the momentum of baryon 53 and k —
momentum of vector meson V respectively.

III. THE PRODUCTION FROM B MESON DECAY

Using the effective Lagrangian method, we could further
study the production properties of pentaquark from B
meson decays. The naive two body production B - P_.B

(b)

(© (d)

) | (h)

FIG. 2. The triangle diagrams of singly charm pentaquark
produced by two body decays of B meson. In (a)—(d), pentaquark
is assumed to be pseudoscalar meson baryon 5P molecular, while
in (e)—(h) it exists as vector meson baryon BV molecular. The
exchanged particles can be light baryons N, E, and X.
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q q
FIG. 3. The dominant contribution of weak decay of B meson

coming from the factorizable W-emission diagram.

can be divided into two subprocesses under the phenom-
enological approach, by inserting possible hadron complete
states, expressed as a weak transition matrices (4|H.|B)
and a strong coupling matrices (P B|H,|A).

<PCB|Heff|B> = Z<PCB|H/1|/1></1|HCH‘B>7

A

(10)

where B can be charm antibaryon ¢ g g or light antibaryon
q q g. The possible intermediate hadron states(/l) of charm-
light mesons and charm-charm mesons (4 = DM, D™ D)
have the dominant contribution, in light of the leading
factorizable process of weak decays of B meson shown
in Fig. 3. H, is the possible Lagrangian of strong interaction
in hadronic level, which wound be discussed in the
following. Under the framework of SU(3) light quark
symmetry [50-52], we could select several golden produc-
tion channels, corresponding to quark transitions b —
ccd/s and b — cud/s [42],

B _)Pz‘r;l:udz__’ B _)Pc_udsvé‘ ’
BS _)Pciuddp’ B~ _)PcﬁddsA ’ B _)P+dussz_' (11)

The processes can be described by chain B — MM, E)PCB
on account of effective Lagrangian method, pictured as
triangle diagrams in Fig. 2. Here, two intermediate mesons
MM, can be charm-light mesons D*)M or charm-charm
mesons D) D, they exchange by baryon(B) to produce the
expected pentaquark.

A. Effective Lagrangian and form factors

To describe the chain process B — M{M,, the effective
Hamiltonian of weak decays of B meson is ready

Gr

Heff \/i

—=Vexm(Ci(w)O

1 (1) + Co (1) Oz (u)) +Hec. (12)

Here G is the Fermi constant, C; 5(x) and O ,(u) are the
tree level Wilson coefficients and fermion operators of
transition b — ciid/s or b — ccd/s, for instance, O; =
(Eab/})V—A (dﬂua)V—A’ 02 = (E(lb(z)V—A (dﬂu/)’)V—A for the
transition b — citd. The weak transition matrices
(A|He|B) can be further expressed as

M(B = DWM)
_Gr

=/ Vekmar (D |(eb)y_4|B)(M|(qq)y_40).

(13)

where §q = du, 5u or 5c. a, appears as the combinations of
effective Wilson coefficient a; = C; + C,/N,. with N, the
number of colors.

The definitions of nonperturbative form factors of
B — D and B — D* are [53-55]

2 02
(DU eb) B = Fi0) (74 = "R ) i) (MBS0 ),
1
2iA,(k? *(ky) - k
(DIl BP) = ) it p, =2, )
* 1
*(ky) - k
— Gy + o )as(88) (1) - 2 i)
1

A, (K2
+ As( 1)mB

e*(ky) -

+ mp-

ky

2
(s -2 )
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TABLE II. The coupling constants of singly charm pentaquark
and the molecular meson-baryon components, obtained by
compositeness condition. The couplings between meson and
two baryons, derived from SU(4) flavor symmetry, where the
generic coupling parameters are taken as gggp = 0.989,
9By — 325, and fBB’V =6.1 [39]

9p.ED dp.ND, 9p.=D 9p_ =D~ 9p.ND: 9p D"
2.280 2.209 2.282 0.337 0.293 0.328
=5 9sar gs.ND Y=sk 9NNz =E.D,
3.78 9.97 5.34 19.09 13.5 13.41
9NNp ==.D; J=sk~ =) 9rsp gz .ND*
3.25 1.88 4.60 3.25 3.75 4.60
fNN/) EE.D; f._.ZK* J E=5p fAZ/) f):(ND*
6.1 3.52 8.63 6.1 7.04 8.63

Where p and k, represent momentum of B and D)
mesons. £ denotes the polarization vector of vector meson
D*, and k; = p — k, is transition momentum.

The matrix elements involving pseudoscalar or
vector mesons and the vacuum exhibit the following
definitions [56],

(Vki, €)1(@q)v-410) = myfve;,
(P(k1)|(2q)v-4l0) = if phiy-

Wherein fp and f are decay constants of pseudoscalar P
and vector V mesons, respectively.

The description about chain A — P.B can be accom-
plished by the effective Lagrangian including two baryons
and a meson, given as [39]:

(15)

Lisp =2 Bysy,0'PB). (16)
mp
Cawy = asav By, VB) + 2 Bo, V'E). (17)

with () represents trace. The coupling constants between
meson and two baryons can be determined by the generic
SU(4) symmetry, we deduce them into Table II.

B. Decay width

Armed with the effective Lagrangian and form factor, the
production process of pentaquark is direct. We show

amplitudes of process BY — Pcsu 44P corresponding with Figs. 2(b), 2(d), 2(f), and 2(h), given as

. d*ks itp,(p2) (Js + my)r’ kv (p1)
M, = lfn/WgNNn:gP[ND (& = m2)(k2 — mD V(2 — mzzv)]ﬂ(k%)
X (2p2 4 p1 = ks) - (p1 + k3)F1(k}) = (mp — mp )F 1 (k7) + (mj — mp, )F, (7)), (18)
_ fom / d*k; ip (p2)(Js +my) (7, fNNpJ§Dk§/4mp)yl3(pl)
o | @y IV IPND T G ) (R — iy ) (R — i)
o K kﬁl 2012 2
<\ =g+ ) FE k) (P + ko) Fa (k). (19)
P
— 2aP2p Q kg (21
Fh i, (P2)7 (s = m oy (p1) (90 = P2 ™) (=g + )
f}‘[/( ﬂ_>4gNNﬂgPND (kz_m )(kz_mD )(kz_mN)
k
X (—meAl(k%)klﬂ + Az (k) o _;”mD* (p-ky + ko ky —mp + m%);))}—z(k%)’ (20)
_fm /d4k - itp, (p2)rsy” (Ks + my)(vs — fanp0,5K] /4m,) v (p1)
M | gt NI G ) 06— i ) (06— )
2iA4(K2) ki,
X (ngi”; Eupoko D7 — As (k7) gy (mp + mp; ) + Az (k7) M(P + k2)y>
kS k5 K'kS
2 k2 _ P2aP2p (ll/ 2 us | 1M1 ) 21
x JF ( 3)(9(1/1 m%ﬂ + = mp; -9 + mlz) ( )
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Where my and k5 represent the mass and momentum of
exchanged baryon N. The momentum definitions can be
found in Fig. 2. To describe the structure and off-shell
effect, a monopole form factor is introduced for the
exchanged baryon B (E, X, N) [57,58],

2 _ A2
mg — A

F) =T ar

myg and ks represent the mass and momentum of exchan-
ged baryons B. We adopt the cutoff value A = my +a
[52,57-61].

The two-body decay width of B meson B — P13 can be
formulated as

Fi(k*) =

(a2’ + a,z' + a,z?%),

|P¢|
8am3

2

F(B_)Pc+8): |M

9

here, M represents amplitude of singly charm pentaquark
produced from B meson, and P; is the magnitude of
the three-momentum of final state, known as |Pg¢| =

ﬁ A(m3, m%{, m%), with A(a,b,c) = a* + b*> + ¢*—

2ab —2bc — 2ac.

IV. NUMERICAL ANALYSIS

In the numerical analysis, the form factors F,(k?),
F,(k*), and A;(k*)(i = 1,2,3) of transition B — D(D*)
can be parametrized using the Bourrely-Caprini-Lellouch
(BCL) method [54,55]

1=k /m}
1 2 273
Fz(kz) = W (CIQZO + ap <Zl —?> + a, (22 +T>>,
V(mg +mp)? — k2 + \/(mB +mp ) —mi,
A;(k?) = (ap + a1z + a23 + a3z3), (22)

\/(mB + n’lD*)2 — k2 - \/(mB + mD*)2 - mgole

with the expressions of the z- and z;-coefficient

\/(mB +mp)* —k* — \/(mB +mp)* — (mp, — mD;)z

Vg + mp T =K 4\ i+ mpe )2 = (g, = mp 2

Z:\/(mB+mD)2_k2_\/(mB+mD)2 7 =

V(mg +mp)* =12+ \/(mg +mp)? ’ ®)

Where m,. denotes the physical pole masse of B. meson. The fitted parameters ) ; » 3 and m,;. are collected into Table L.
Additionally, we need decay constants of mesons [39],

fr=0.130 GeV, fx = 0.156 GeV, fp =0.212 GeV, p, = 0.249 GeV,
fr-=0.210 GeV, fp- = 0.220 GeV, f,=10.216 GeV, p, = 0.230 GeV,
as well as CKM matrix elements and effective Wilson coefficient [62,63],
|V.ql =0.221, |V, =0974, |V,|=02243, |V.|=0.221, |V.al =0.974,
Gr =1.166 x 1073, a, = 1.07, 75 = 1.638 x 10712 5.

We adopt cutoff parameter o with a central value 250 MeV
to determine the branching ratios of charm pentaquark P,
produced from B meson, respectively at the binding
energy € =5, 20 and 50 MeV. The branching ratios are
achieved at the order of 1077=107% for the meson-baryon
scenario BP molecular, and 107'9-10~° for the meson-
baryon BV molecular, the results are shown in Table III.

For completeness, we draw branching ratios changing
with cutoff parameter a in range of 100-300 MeV in
Figs. 4 and 5.

Among the processes with attention, the branching ratio
under pentaquark as hadronic molecule BP (S1) holds the
higher possibility than the meson-baryon BV molecular
(S2). It is noteworthy that the process BY — PF 3= is

096019-6
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TABLE III.

The production processes of pentaquark (B — P,B) in B meson decays can be discussed separately in two scenarios, S1:

pentaquark as the hadron molecule of 5P, S2: pentaquark as the hadron molecule of BV. The branching ratios are calculated at a central
value A = mg + 0.25 GeV, within the value of binding energy ¢ = 5, 20, 50 MeV. The exchanged particles (EP) can be E, N, Z. For
definiteness, we show the dominant intermediate hadron states in the last column.

Branching ratio (x1077)

B— P.B € =5 MeV € =20 MeV e =50 MeV EP Dominant hadrons
B > P, Bt 6.84 15.49 28.51 B pD
B — P/ P 18.88 36.48 57.92 N pDy
S1 B~ = P\ 6.80 17.16 34.52 z pD
B’ — P;u”)_:‘ 22.20 27.27 29.06 = KD
B - PLt S 6.17 14.43 23.74 N DD;
B> pP_, BT 0.014 0.045 0.094 ) pD*
5 BY - P ..p 0.009 0.045 0.100 N pD}
B~ = P\’ 0.020 0.018 0.056 z pD*
B> Pl 3" 0.002 0.012 0.025 E KD, K*D
25| o BoPipas T N . 40} o BoPioT 70} o BPiou T =
B>Pisua P ] Bi->Pisuaa P 0 B>Pisuaa P -
A - A
201+ B-Puuh PO 30 o BoPluqs A a o B Py N . .
~ _ A g 5 - u A Y 50 -
o . BP R o . BoP, T ) s BoP 2
x - x A * x " *
2 B, Borti ‘ R I S " 2 40}« BoPtE
© A n © *® © A
2 N > 20 LIS . > R
£ [ ] £ * £
é 10 N A - ‘ é : A . : v v -é 30 ] : A . v
s * - s, & " Py ¢ & - L g
R . = . : v 10 . & . 3 20 = : v
5 A ] ! ‘ A ve u A ’
N . v3¢ PO ; e 10 LI
AA..-";;” =V; ® §:‘ ...
Ou‘l"“” 00-.““. Oi.l."gz e00®
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a a a
FIG. 4. Inthe configuration of meson-baryon BP molecular(S1), the branching ratios of B — P, vary with the scale parameter . The

graphs correspond with binding energy ¢ = 5 MeV (left), 20 MeV (middle), and 50 MeV (right).
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In the configuration of meson-baryon BV molecular(S2), the branching ratios of B — P, vary with the scale parameter a.
The graphs correspond with binding energy ¢ = 5 MeV (left), 20 MeV (middle), and 50 MeV (right).
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unallowed under the latter molecular case owing to the effect of phase space. The results of branching ratios obviously show
that the production channels B? — P D and B’ - P+ Z possess considerable order of branching ratio in two
molecular scenarios, for instance, in BP molecular at the blnding energy € = 20 MeV,

Br(B) > P/, uP) = 3.648 x 107°,

csu

Br(B° — P,

7)) = -6
L'dussz ) =2.727 x 107°,

In particular, the dominant contributions among the two
possible subprocesses come from B — pD =P/ b as

Fig. 2(d) and B° — KD—>PC+(-1MSSZ‘ as Fig. 2(a).

V. CONCLUSIONS

In this work, we force on the properties and productions
of singly charm pentaquark. Under the assumption of
pentaquark molecular composition, it is meaningful to
investigate the productions of singly charm pentaquark
by decays of B meson B — P_[3. According to the effective
Lagrangian method, the selected suitable processes can
then be studied with the benefit of hadronic triangle
diagrams. We deduce branching ratios of the productions
eventually, what deserves our attention is the productions of
pentaquark P, . and P - . Our calculations suggest that
branching ratios of the two Cablbbo allowed processes can
reach to 107® and 1078, which needs to be further
confirmed by experiments. For the scheme of BV molecule,

br(B° — KD;Pj‘-lmi‘

br(BY — pD 5P ) = 2.59 x 10°°,

) = 2.60 x 107°. (24)

|

the involved pentaquark and b-quark weak transition are
very close to the ones concerned in the Belle experiment. In
an ideal situation, it seems that the dominant branching
ratio of Y(1,2S) — P} + anything may be at the order
of 107%-107 in the binding energy e = 50 MeV.
Consequently, it is required a higher precision progress
in the experiment. A remarkable point that the difference of
initial and final states between the production B = P ;4.
and T — P} may affect the conclusion. Therefore we will
study the dominant process of Y — P carefully within the
framework of effective Lagrangian approach in the sub-
sequent work.
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APPENDIX: DECAY AMPLITUDES

The amplitude of B — P, =t is

cudss

itp,(P2) (b5 + mz)r’ Krvz(pr)

: d*ky
M, =if, /( ) 7 925:9P D (k2

mz) (k3 = mp) (k3 = m2)

X F2(I3)((2pa + p1 — k3) - (p1 + k3) — m + mp)Fy(k}) 4 (m§ — m}) Fy(kY)), (A1)
B d*ks iip (P2)(fs + mz)(y, = fzz,00k5 /4m,)vs(p))
Mc_fpmp/(z )49 =p9P.ED (kz_m )(kz—mD)(k2—m1)
( 7 +"7"'f)f2<k2><<p k), L (K2)). (A2)
[)
_ 2(, 25 kzk‘zl
o d*ks ip (p2)r’ (s — mz)frvz(p1) (gap — ) (=g +, )
Me—lfﬂ/WgEEngP(ED* (kz_m )(kz_mD*)(kz_mg)
(=2 )+ ARR) 0 (b by = ) ) PR (43)

096019-8



PRODUCTION OF SINGLY CHARM PENTAQUARKS FROM MESON- ... PHYS. REV. D 109, 096019 (2024)

M, = fom /d4k3 emd itp, (p2)rsy” (ks + mz)(vs — f==,0,5k] /4m,)v=(p1)
= = 9==,9P,ED"
P | gt TEE —(k5 — m2) (k5 — mp,.) (ki — mj)

210(04) k
—_— Kop® — Ay (k? )+ A (k) ——4— k
() a0~ Ay + ) 4 AR (4 ),

a 9K K'KS
x F2(k3) (gaﬂ - piﬂf%) <—9ay mD> ( —g*° + ’; 1)
PC P

The amplitude of B~ —» P_,,, A°

M, = if / d*ks itp,(p2)(fs + ms)r’ iva(p1)
< ] @t IR G ) (K = i) (8 = m3)
X F2(k})(((2p2 + p1 = k3) - (p1 + k3) — mp + mp,)Fy (kT) + (mj — mp)F5 (k7).
M, = fom / d*ks ip,(p2) (K + mx)(r, — fAszz:»kZi:/‘lmp)V[\(Pl)
o | @ayt I drer —(K = m2) (k3 — i) (k3 — mi3)
Kk
< (= ) P+ k), ()
m,
‘ d*ks ip, (p2)r" (s — mu)lrvz (P1) (Gap — P pzﬁ)( g%+ 4 2)
M. = if. [ Ggeonsans 06— )6~ )0~ )
k
X <—2mD*A] (k%)kly +A';(k )%(p k[ + kz kl m% =+ sz*)>f2(k%),
mg + mp:-
M, = f /d4ks ) itp, (p2)rsy’ (fs + ms)(vs — fAzp o5k’ /4m, ) vz (p1)
oMo || op* InzeIpED —(2 = md) (K& — ) (k2 — m2)
2iAy(k?) ki,
X <n13ﬁ ;w/)t/kpp _AZ(k%)gw(mB + mD*) +A3(k%)m(p + kZ)ﬂ)
ary )
x fz(k%)<9aﬂ —pz"fzﬁ> ( ™+ ﬁ) ( L )
mp, mp- my
The amplitude of B — P!, =3~
M, = if / d*ks iip, (p2) (s + mz)r Kyvs (py)
= r J @ayt PERIPED (G i) (k5 — i) (K — m)

x FH(k)(((2p2 + p1 = k3) - (p1 + k3) — mp + mp,)Fy (k7)) + (mg — mp)Fa(k7)),

B d*ks itp, (p2) (M3 + m")( — fesk-0a ki /4m,)us(py)
Me =1 / L e 1 e R A a3
< (= + 580 P2 a) (p 4 o) a2
mK*
_ dley itp, (p2)7" (ks — mz)Kivs(p1) (gop — pzam)( i +1:,ﬂf—;]j2)
M, =if, / WQEZKQPCED* (k2 — mK)(k2 _ mD )(k2 %)

k
X <—2mD*A1(k%)k]M +A3(k%)m _;”

(bt k= 4 ) ) PR

096019-9

(AS)

(A6)

(A7)

(A8)

(A9)

(A10)

(Al1)



NA LI, YE XING, and KE-FAN JIANG

PHYS. REV. D 109, 096019 (2024)

4

ﬁPC(Pz)J’s}’ﬁ(% + mz)(ys — fask-0,5k]/4m,)vs(py)

d ks
My = fpmp/—gEEK*gP(ED*

27 — (k3 = m2) (k3 — mp. ) (kf — mi.)
2iAy(k?) . ki,
X <m Eupork P’ — Az(k%)gw(mz; + mp-) + As(k7) P—— (P +ka),
D2aP2p kS ikl KikS
F2(k2 _ _ v —gt 4 L1} Al2
) (=22 (o 4 20 (o (a12)
The amplitude of BY — P $--
M, = (if )/ d*ks ds w0 iip, (p2) (M5 + my)r fvs, (p1)
» = (UUDp, A a 95 NDYPND,
(2z)* (ki —mp, ) (k3 — mp) (k3 — m3,)
x F2(k3)(2p2 + p1 — k3) - (p1 + k) — mj + mp)Fy (k}) + (mf — mp) Fa (kD). (A13)
_ " T
M,y = (ifp) / d*ks itp (p2) (K3 + my)(vy = e np O kY [Amp Jus (p1) (=g +352)
a =\ s —gzt‘ 9 c s -
PO (m)t TEADERAD (ki —mp, ) (K3 — mp.) (k3 — my,)
k
< P (=2 A D)+ A5 2 (k= ) ). (A4
B D*

Where mg, mys, my and kz represent the mass and momentum of exchanged baryon (E,X,N), respectively.
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