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We study the nonleptonic weak decays of doubly charmed baryons (5,.) into singly charmed
baryons (B,) and vector mesons (V), denoted as B.. — B.V. The short-distance contributions are
calculated within the naive factorization hypothesis, while the long-distance final-state interaction effects
are modeled via hadronic triangle diagrams. Unlike previous approaches, which compute only the
imaginary part using the Cutkosky cutting rule, we evaluate the complete loop integrals to obtain both the
real and imaginary parts of the amplitudes. These provide the nontrivial strong phases essential for
CP violation. The model parameters are determined using experimental data. With this improved
calculation method, we predict the branching ratios and decay asymmetry parameters for various decay
channels, as well as CP violations for short-distance dominated and singly Cabibbo-suppressed channels.
This strengthens our theoretical framework for future study of doubly charmed baryons. Certain decays,
primarily driven by long-distance effects, have been calculated, and their observation in future experiments
could help clarify the role of final-state interactions in charm baryon decays. Therefore, our calculation
of B.. — B,V provides crucial predictions for branching ratios, decay asymmetry parameters, and

CP violation, which are essential for guiding experimental study at LHCb.
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I. INTRODUCTION

The doubly heavy baryons with two heavy quarks (b or
¢ quark), predicted by the quark model, have attracted
extensive attention in both theoretical and experimental
studies. In 2002, SELEX Collaboration initially reported
the detection of E, with an unexpected short lifetime and
a relatively large production rate [1,2]. However, sub-
sequent experiments, including FOCUS [3], BABAR [4],
Belle [5], and LHCD [6], have not confirmed this discov-
ery, which has remained a longstanding puzzle in experi-
ments. In 2017, LHCb Collaboration announced the
discovery of E/(3621) in the invariant mass spectrum
of AfK~z"n* [7]. The existence of E/F was further
confirmed through the decay channel =} — Zfz™ [8].
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LHCDb has performed precise measurements of its mass and
lifetime [9,10], as well as the branching fraction ratio
BE > Efn")/BET >EfnT)=(1.41£0.17£0.10)
[11]. Through the continuous search by LHCb Collaboration
[12—14], the first observation of the singly charged doubly
charmed baryon E/, has been reported through its decay
Bl = AFK~z" by LHCb [15] this year, with a statistical
significance exceeding seven standard deviations. The study
of Q. is also ongoing, with LHCb searching for its decay
signals [16]. Other doubly heavy baryons, such as &, [17],
=) [18,19], and QY [19], have also been investigated by
LHCb Collaboration, though no signals have been detected
to date. The doubly charmed tetraquark 77.(3875) was
identified by LHCb Collaboration [20,21], which may
provide insights into the nature of doubly heavy systems.
Prior to the experimental discovery of 1", theoretical
studies had already suggested that the most likely discovery
channels for these doubly charmed baryons would be
B> AYKatat and 2 - Efxt [22]. Therefore,
pretheoretical studies of doubly charmed baryon decays
are crucial for experimental searches. Theoretical inves-
tigations on doubly heavy baryons have been extensive,
covering production mechanisms, mass spectra, and both
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strong and weak decays [22-46]. However, studies on
nonleptonic weak decays remain relatively limited com-
pared to semileptonic decays. This is mainly due to the large
number of nonleptonic decay channels and the presence of
nonfactorizable contributions that are difficult to calculate
using QCD methods.

In our previous work, we investigated the decays 5. —
B, P in the final-state interaction approach. In order to study
the weak decay of the doubly charmed baryon system and
select the golden mode for the research of doubly charmed
baryons, in this work, we investigate the decay .. - B.V
with vector mesons in the final state. The vector meson
final states are especially important for several reasons:
(i) vector mesons can be reconstructed efficiently through
their decay products, such as p —» ztz~, K* - K*n~,
o — ntx 2% and ¢ — KTK~, which have high detection
efficiencies in experiments, (ii) the angular distributions of
vector mesons provide additional information about the
decay dynamics through decay asymmetry parameters, and
(iii) understanding the B.. — B,V decays is essential for
predicting the discovery channels of yet-unobserved dou-
bly charmed baryons Q...

In this paper, we study the nonleptonic weak decays
B..— B.V for doubly charmed baryons B, =
(BEf, B, Qf.), where B, denotes singly charmed bary-
ons, including both antitriplet (A., Z.) and sextet
(=, 2., Q,) states, and V represents light vector mesons
(p, K*, 0, ¢). We calculate branching ratios and decay
asymmetry parameters for 49 decay channels. For the
specific decay mode B.. — B.V, there is currently one
dedicated theoretical study in the literature [47]. Compared
with the previous study [47], we improve the calculation
method for long-distance contributions by utilizing the
complete analytical expression of loop integrals rather than

only the imaginary parts from the Cutkosky cutting rules.
This allows us to obtain both the magnitude and strong
phase of the triangle diagrams. The strong phases are
essential for calculating decay asymmetry parameters. We
adopt the Pauli-Villars scheme with a momentum cutoff to
regularize the divergence in loop integrals.

This paper is organized as follows. In Sec. II, we present
the topological analysis, the short-distance factorization
calculation, and the long-distance rescattering mechanism.
Section III contains the numerical results and discussions,
including input parameters, branching ratios, and decay
asymmetry parameters. A summary is given in Sec. IV.
Details of the decay amplitudes and strong couplings are
provided in the Appendixes.

II. THEORETICAL FRAMEWORK

In this section, we will present a topological analysis of
each nonleptonic weak decay channel of doubly charmed
baryons, as detailed in Sec. II A. Subsequently, we present
the general framework for calculating the short-distance
and long-distance dynamics of all topological diagrams in
Sec. II B and Sec. II C, respectively.

A. Topological analysis

In this work, we will investigate the exclusive
channels of nonleptonic weak decay of doubly charmed
baryons B.. — B.V. The initial state is characterized by
a doubly charmed baryon triplet B.. = (E/F, El., QL.),
while the final state encompasses the singly charmed
baryon B.= (B3, Bs), and the light vector mesons
V = (p,K*,w,¢), as shown in Appendix C. Based on
the symmetry analysis of the initial and final states of
particles, we will study 49 decay processes.
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The five tree-level topological diagrams for two-body nonleptonic decays B,. — B,V of the doubly charmed baryons
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The tree-level contributions to B.. — B.V decays
(Fig. 1) consist of both short-distance and long-distance
parts. The five diagrams are classified into three types: T
(color-favored external W-emission), C and C’ (color-
suppressed internal W-emission), and E; and E, (two
W-exchange topologies). The distinction between C and
C’ lies in whether both quarks of the final light meson
originate from the weak vertex (only in C). In E;, the light
quark from the charmed quark decay goes to the final light
meson, and in E,, it goes to the final charmed baryon.

The topological amplitudes for each channel are sum-
marized in Table I. Those involving sextet single-charmed
baryons are denoted with a tilde (e.g., 7). Short-distance
dominated modes are listed first, and the remaining three
parts correspond to long-distance dominated modes,
grouped by Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements: Cabibbo-favored (¢ — sud), singly Cabibbo-
suppressed (¢ — dud or ¢ — su5), and doubly Cabibbo-
suppressed (¢ — dus). The T diagram, dominated by
factorizable short-distance contributions [48], can be

computed using factorization. The C(C’) diagram is
strongly suppressed at the charm scale due to the color
factor a,(m.) = C,(m,.) + Cy(m.)/N, [22]. For E,(E,),
long-distance contributions exceed short-distance ones,
which are suppressed by at least an order of magnitude
[48]. However, nonfactorizable long-distance effects may
significantly influence C(C’) and thus the branching ratios,
warranting further study. Our model incorporates such
effects via final-state interactions mediated by loop mech-
anisms, allowing improved agreement with experiment.
The calculation of factorizable short-distance and non-
factorizable long-distance contributions is detailed in the
following subsections.

B. Calculation of short-distance amplitudes
under the factorization hypothesis

At the tree level, the nonleptonic weak decay of doubly
charmed baryons is induced by the decay of the charm
quark. The effective Hamiltonian can be represented as

TABLE I. The topological analysis of each nonleptonic weak decay channel.

Decay Topology Decay Topology Decay Topology

E(fc+ - Eip* j’.rd(T + C’) Ect - ch)er ﬂ:d(T - EQ) Q:rc - lefr )'xdT

Bl - Eipt FAsa(T +C) Bl = Elp* FAa(T +E) Q. — Ep* 44T = 2:E>

Bl - xipt \/Lild(T +0) Bl = Xpt A(T + Ey) Q. - 20" ﬁ (2T + AEy)

Bl = Afp* 2(T+C") Bl = EPKT #5(/%7 + 2aE) Qf, — QK 4(T + Ey)

Blh = BIKT ST +C) /. - Bk AT + A4E; Qi — B0k s (=T + E)

B - BFK A(T+C) Bi = XKt QasT Qf - 20K+t ﬁﬁdx(f +E)

LS - ALK das(T +C') Bl - ZIK %AJS(T +C)

ChalS ha G C B - 20 1(=C' +Ey) Bl - Efe %(C’ —2E, - E)

Bl > QK+t E, Bl > B¢ (O +E +Ey) Qf, - ESKY H(C+0)

Bl = K #(C+E) El > Elo = (0 - 2E, + E,) Qi — BFKO —-C+C

B - ATK? -C+E, 2h - BFpO —% (C'+E,)

B o SH K- E B > Ere L(C+E -E)

Ectt+ - Z(J,‘rerO _%C E?‘rc - EéfK*O -+ (ls C’ + ﬂdEl) Q:rt - E:‘FJFK*_ )“:E]

Bt 53t %(,15, +2,)C = - BrK0 2,C' + 34E, Qi — B0 1(=24C + AE»)

B o e Je(ha—24)C Bl > Afp° H(C-C~E ~E) QL = B0 75 (44C = A Ey)

Bl =X #(-C-C +E +E) Ele = Ao 7A€ = C+E - E) QL —~Elg L (C+ T +E +E)

—4,C] +44C1

El—Zi¢ G (C+C +E +Ey) El = Ao (€' = C+E - Ey) Q= Elw 55 As(E» —2C —2C" - 2E;)
+4,C] +24,C] +2,C]

E - Ilo LM+ THE +E) Qe LAQC-2042E-E) QL -El¢ LA(C - CHE ~E)
—24,C] —4C] —24C]

EL X o Qf - XFK*0 LQ (44C" + A,Ey) Q. — AFK* 2qC' + AE)

L - TR c Qe = X 55(-2C + Ey + Ey) Qi =2 E,

Bl - SFK0 H(C+0) Q. = Afp° ~ 75 (Ei + Ey) Qf. = B KO H(C+E)

EL = ATK? -C+C QL - A %(c’ +E - E) Qf, - EFK0 -C+E,

Q. - Ty’ 3(=E\ +Ey) Qe = Ao ~ 5 (2C —E| + Ey)

Q. —>Xtp L(C'+E +E) Q. — X0+ E,
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follows:
Gr .
Hetr = —= Vi ViglCr(u) Oy (1) + Co (1) Oz ()]
V2 ‘
q'=d.,s
+H.c. (1)

Here, V., and V,, represent the CKM matrix elements.
The four-fermion operators O and O, can be expressed as

0, = (“a%)V-A(fI/ﬂC/})V-Av

= ~1

02 = (M(IQI})V—A (qﬁc(l)V—A’ (2)

with the color indices a and f, and C;,(u) are the rele-
vant Wilson coefficients. After inserting the effective
Hamiltonian as Eq. (1), the amplitude of the nonleptonic
weak decay of doubly charmed baryons B,. — 5.V can be
evaluated with the hadronic matrix element,

Gr
—Lv* VY Ci(B.V|0,|B.). (3
\/j cq qi;;z < | | > ( )

In this work, we neglect the penguin operators for the
strong suppression of CKM matrix elements in charmed
|

<BCV|Heff|Bcc> =

<Bc(p/’ s/z)|6_1/y;4(1 - yS)C|Bcc(p’ sz)> = L_l(p/’ s/z) |:},ﬂfl(q2) + ia;w WfZ(qz) +

~alrl.s)|

Here, ¢ = p — p', and M __ is the mass of doubly charmed
baryons.

The first matrix elements in Eq. (4) are defined using the
decay constants of the emitted mesons P and V, denoted by
fp and fy, respectively,

(P(p)lay"(1 —7s)q|0) = —if pp". (6)

(V(p)lar*(1 = 75)ql0) = myfye™, ()

where ¢ represents the polarization vector of the vec-
tor meson.

Conventionally, the amplitude of two-body nonleptonic
charmed baryon decays is given in terms of the partial wave
scheme,

A(Be = BoP) = iiiy(A+ Bys)u;, (8)
specifically, the invariant amplitudes A and B are expressed

as the following factorization form by using the form
factors f; and g;:

2 . q > q
7.91(q°) + l%jmgz((] )+M

hadron decays. According to the factorization hypothesis,
the matrix elements (B.M|0;|B..) in Eq. (3) can be
factorized into two parts. The first part is parametrized
with the decay constant of the emitted meson, while the
second part can be evaluated using the heavy-light tran-
sition form factors. The short-distance contribution of the
T diagram can be expressed as

G _
<BCM|Heff|Bcc>£D - \/—gvjqfvuqal(ﬂ><M|u7”(l - J/S)Q‘O>

X <Bc|‘_],7;4(1 _}’5>C|Bcc>’ (4)

where a;(u) = C;(u) + C,(u)/3 is the effective Wilson
coefficients. For the color-suppressed C diagram, its short-
distance contribution can be given via its relation to the
T diagram after Fierz transformation. Under the charm scale
u = m,., the Wilson coefficients are taken as C;(u) = 1.21
and C,(u) = —0.42 [49]. M represents both the pseudosca-
lar meson (P) and the vector meson (V). The vector meson
also contributes to long-distance dynamics as an intermedi-
ate state in the next subsections.

By utilizing the heavy-light transition form factors f ,
and g, , 3, the transition matrix elements of B.. — B, can
be effectively parametrized as

q° q"
Mpg

i) a5

cc cc

v H

gg<q2>}ysu<p,sz>. (5)

cc cc

A= ﬂfP(mi - mf)fl(m2)7
B = Afp(m; + ms)gy(m?). )

For the vector meson, the amplitudes are

‘A(BCC - BCV)

— p p *
= ”f(Al}’ﬂs + A, Wfﬂ ¥s+ By, + By n;”)e “u;,  (10)
1 1

where

Ay =—Afym <91 (m?) + go(m?) mi; mf),

i

Ay = =22fymgy(m?), (11)
By = Ay £10) = £o(o) "1,
By = 2fumfr(n?), (12)
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with A :%V’C‘q,quaLz(y) for simplicity, and m is the

mass of the final meson. As we mentioned before, the
factorization formulas in Egs. (8) and (10) are also essential
ingredients for calculating the long-distance final-state
interaction effects.

C. Calculation of long-distance contributions using
the final-state rescattering mechanism

The long-distance contributions are large and difficult to
evaluate. In this work, we employ the final-state rescatter-
ing mechanism, as in Ref. [22], to compute these con-
tributions. This mechanism proceeds via the rescattering of
two intermediate particles, illustrated in Fig. 2. We detail
our calculation of the nonleptonic decay amplitudes
B.. = B.V. At the quark level, the first weak vertex in
the triangle diagram is induced by the external W-emission
diagram 7, dominated by the factorizable contribution.
To avoid double counting, the two-body weak transition

—

@

(e

amplitudes of doubly charmed baryons include only these
short-distance factorizable parts (introduced in the previous
section). The rescattering can occur via s-channel or ¢/u-
channel exchange. The s-channel would be significant only
if the exchanged particle mass was close to mp . However,
the heaviest known singly charmed baryon is ~500 MeV
lighter than mgz: , thus the s-channel is strongly suppressed
by off-shell effects and neglected. We, therefore, consider
only the #/u-channel triangle diagram. Several methods
exist for evaluating triangle amplitudes [50-56], differing
mainly in the treatment of loop integrations. For instance,
Refs. [55,57] apply the optical theorem and Cutkosky
cutting rules to compute only the absorptive (imaginary)
part—the real part, obtainable via dispersion relations,
suffers from large ambiguities and is often omitted. To
obtain the complete amplitude reliably, we directly evaluate
the loop integrals. We use the Passarino-Veltman method to
reduce tensor integrals and integration by parts to express
results in terms of master integrals.

—

(b)
-
v Vv
B{fr' V
B. B,
)

(h)

FIG. 2. The long-distance rescattering contributions to B,.. — B.P manifested at hadron level via single particle exchange,
generating distinct triangle diagrams with intermediate states: (a) {P,B.;P}, (b) {P,B.;V}, (¢) {V,.B.;P}, @) {V,B.V},
() {B.,P;B.}, (O {B..V;B.}, (2) {B., P;B:}, and (h) {B.,V;B:}. The corresponding amplitudes of these triangle diagrams have

been given by Egs. (13)-(20).
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To compute the triangle diagrams, we combine the
weak transition vertex (weak effective Hamiltonian with
naive factorization) with the hadronic scattering ampli-
tudes. The two strong-interaction vertices in that diagram
are evaluated using the hadronic effective Lagrangians
[58-63] given in Appendix B. Specifically, we determine
the amplitude for B..(p;) = B.(p4)V(p3). Figure 2(a)
shows a triangle diagram with intermediate states
{P,B.;P}: a weak vertex B..(p;) = B.(p2)P(p;) and
a rescattering amplitude B.(p,)P(p;) = B.(ps)V(p3).

|

4P1

We denote a triangle amplitude by MIPy, P,; P;]. We
unify momentum and spin-polarization notation as fol-
lows: B...(pi,s;) = B.(ps3,s3)V(ps, €4) with rescattering
particles B.(py,s1)P(p2)/V(ps, &) and exchanged par-
ticles P(k), V(k, &), B./Bi(k, si).

Under this convention and applying the factorization
formula and the hadronic Feynman rules derived accord-
ingly (Appendix B), we obtain analytical expressions for
the eight hadronic loop diagrams shown in Fig. 2, with the
loop integral variable p,

. d _ * a
M[P,B.; P] = _l/—49PBL.BC “ Gyppit(Pas $4)7s(Pa + ma) (A + Bys)u(p;, si)ex(ps. 43)(p1 + k)*PF,  (13)

(27)

d4P1 Jvvp

(2”)4 \/ My, My,

MI[P.B.; V] :i/

U(pss S4) |:<f1VB(.BC7/u -

ifova.B,
my + my

o) )| s+ )

X (A + Bys)u(p;, s;)e"e5(p3, A3)er (k. A ) Paap1,PF. (14)

d4P1 gvvp

MV.B:P] = [ G

x €aﬁp1€/§(p3)€r(p1)p3akp€*”(p1)PJ:’

9pB.B.U(Ps» 54)ys(Pr + my) [Alyﬂs +A;

Jutps

P2 P2
“ys 4+ Biy, + By =~
m; m;

(15)

4
M|V, B V] = / LPLIY 1y )eB (p3)es (R (P3a = k) = €K (p1)e(P3) (Pra + Do)

(2n)* V2

T () (1)) (ke + Pro)l(pan 53) (fwgcgcn -

p2p

L

x e’ (p1) |:Alyp75 + A

d*p

M[B.,P;B,] = - WQPBCBJZ(P4» s4)ys (K + my) (fwzwch +

P2
¥s + By, + B, "D
l

m

ifova.B,

my + my Guuk“>€”(k’ ) (Pr + my)

]u(pi,si) x PF, (16)

ifovs.B, ,4>
—O

V3
m1+mk a

x " (p3, 43)(#1 +my)(A + Bys)u(p;, s;) x PF, (17)

4

. [ d'pr
M[Bw V;Bc] = _l/ (2:))14 u<p4v 54) (flVBCBny -

ifovB.B,

if2vB,.B,

H *U ’/1 k
m4+mk6;wp2)€ (pZ 2)( +mk)

X (f]VB(.B(Vﬁ + %ﬁP%’) e (p3, 43) (P +my)

my + my

Ys+ By, + B

P1 P1
x €’ (pa, A2) <A1}’p}’5 + A, =L L
nm; m;

)u(pi,si) x PF, (18)

. d*py _ _
M(B., P;B;] = igpp,B:9pB.B: /Qﬂ)i‘u(p4?/14)p2ﬂuv(k? )i (k, Ai) x PF,
X 75Y°[P3p€a(P3: 43) — Paotp(P3. 43)|(#1 + my) (A + Bys)u(p;, s;) (19)

% . d4p - * *
M(B..,V: B = —igyp.p:9vs,5: /WM(P47/14)757ﬂ[P2a8ﬁ(P2,/12) — Pop€x(Pasdo)]

X u(k, A )W (k, A )7s7° [P3p€s(P3: A3) = P3s€p(P3. 23)] (P + my)

D1 D1
x €' (ps, Ar) [Amﬂ’s + 4 m” Ys + By, + Bz# u(p;.s;) x PF, (20)
1 1
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where the note PF represents the multiplication of the
propagators and form factor,

1
(p1 —mi + ie)(p} — m} + ie)(p; — m + ie)

x (A% —m%)”. (21)

A =Pt

PF =

The amplitudes for the weak vertices B..(p;) —
B.(p,)P/V(p;) can be calculated using Egs. (8)
and (10). Accordingly, the definitions of A, B, A;,, and
B, appearing in Egs. (13)-(20) are given in Egs. (9)
and (12). The strong coupling constants (e.g., gypp,
five.s.» and fryp ) in the equation are calculated on-
shell, but their reliability is compromised because the
exchanged particle is generally off-shell. To account for
off-shell effects and ensure theoretical self-consistency,
a form factor F(p;, m;) is introduced [55]. Moreover,
a proper regularization scheme is required to handle the
divergences in the triangle diagram master integrals. The
form factor in Eq. (21) is consistent with the Pauli-Villars
regularization scheme,

A2 _ m2 n
Flpume) = (5= 22)
k k A% _ p%

The cutoff A; can be given as
A = mi +nAqcp- (23)

With Agcp = 330 MeV for charm quark decays, the phe-
nomenological parameter # is determined by experimental
data, not from first principles. Multiple strong vertices would
require extensive data to determine # individually, but in our
previous work on B.. — B.V [64] we fixed 1 using the
experimental ratio B(El," — E z")/B(EL - EfzT) =
(1.41 £0.17 £ 0.10) [11]. Since the same charm quark
decay is involved, we adopt that value. The form factor in
Eq. (22) typically exhibits monopole or dipole behavior with
exponent n = 1 or 2. As the branching ratios of B meson
decays [55] are similar for both choices, we adopt n = 2.

After gathering all the fragments, the amplitude of decay
B.. — B.V can be expressed as

A(Bee = B.V)

= Msp(Bee > B.V) + M[P. B P| + M[P. B V]
+M[V,B.; P+ M[V,B;V]+ M|B.,P;B.]
+M[B.,V;B.]+ M|B.,P; B+ M[B.,V;B:], (24)

where M, labels its short-distance contributions, includ-

ing the factorization contributions of 7 and C diagrams.

The amplitudes for all channels can be found in
Appendix A.

D. Decay asymmetry parameters and CP violation

As the amplitude for the two-body nonleptonic weak
decay of doubly charmed baryon B.. — B.V can be
deduced as

M(BCC - BCV)

Pru

Pu f
m;

Ys+ By, + B,
m;

=g |Ayurs + Az us,,,

(25)

here, p, is the momentum of singly charmed baryon B, in
the rest frame of the mother particle 5,... The B, spin has
not yet been measured, but the quark model prediction is
spin 1/2. The B.. — B.V mode is, therefore, the decay of
a spin 1/2 particle into a spin 1 and a spin 1/2 particle. In
the helicity formalism, the decay can be described by four
H}\ , helicity amplitudes (H', Hyo, H |, and H) ),
where 4;, A, and Ay are the helicities of B,., B, and V,
respectively. In this decay process, the helicity amplitudes
can be obtained in the Pauli-Dirac representation,

HVY . = (B () erd|B,(4,))e ().
HAY . = (By(Ap)[erysb|B,(2,))e (av).
7 2

i — )“i i
Hy 5, = HVY 5, —HAL - (26)

The helicity amplitudes are related to the transition form
factors as follows:

o ’
HY, ;= _l\/;<(mi +my)f —i—iﬁ) . (27)

1
HV? =

Then, the decay width can be given as follows:

|PMEs+my)

(B~ B0 =" L2 (s o)

Ey
+W<IS+DI2+IP1IZ>]
14

|ﬁL| 1 i
= Z |ij,ﬂv (Bee = B.V)

— -
8rm; Zﬁ,v,if.,/lv

2 (31
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where |p.| is the magnitude of three-momentum of B, in
the rest frame of B,... The relations between A, A,, B;, B,
and S,P;,P,, D can be given as

S:—Al,
‘ﬁc‘ <m +mf >
Py =Pl (BT g g
1 EV Ef+mf 1 2
A
Py=—"Lc_p,
2 Ef+mf 1
po— P ).

Specifically, the decay process .. — B Vv involves four

H: H k

distinct nonzero helicity amplitudes (H o0 Hig H s

and Hf ,)- Armed with these helicity amplitudes given in
L

Eq. (26), we can also proceed to perform the calculations of
the decay branching ratios and various asymmetry param-
eters, which are defined as [65,66]

B’RZF(BCC—)B. )T

:,,7

VB P VTP B P = P
@=@fw§|umw|%y,
ro = 1B P+ I,
ro= AP = VP (33)

Here, we introduce the moduli squared of normalized helicity
\Hﬁ 4, [/Hy, as in Ref. [66], with

o o
Hy = Z [H. 2, (Ebe

Jihp oAy

amplitudes | A’ 2y |> =

—~ EJ/P)P

1 -1 -1 1
= |H;1|2 + |H_;_1|2 + |H%(2)‘2 + |H2_%’0

Lo (34

and a;, is the parity-violating asymmetry parameter, o,
represents the longitudinal polarization of the daughter =,

baryon, and r((r;) corresponds to the longitudinal unpolar-
ized (polarized) parameter.

As our calculation can give the strong phase of the decay
amplitudes, the information of CP violation can be derived.
The direct CP asymmetry is defined as

r(B.. - B.V)-T(B,. - B.V)
r'(B.. - B.V) +T(B.. — B.V)
B 2rsin Adsin A¢

1472+ 2rcos Adcos Agp’

A (B, - B,V) =

(35)

where r denotes the amplitude ratio. Furthermore, Ad and
A¢ symbolize the strong and weak phase differences,
respectively.

The violation of CP arises from the parameters asso-
ciated with decay asymmetry,

R
<
|

a—
a—+

Acp = s rep = (36)

r+r

]|

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present the numerical results for the
branching ratios and decay asymmetry parameters of the
B.. — B.V decays.

A. Input parameters

The calculation requires inputs, including initial and
final-state masses, decay constants of pseudoscalar and
vector mesons, strong couplings, transition form factors,
and the lifetimes of the doubly charmed baryons. In the
following, we will classify and discuss the input parameter
values used in this work:

(i) LHCb Collaboration has measured the mass and
lifetime of the /" baryon as mg++ = 3.621 GeV
and Tgr+ = =256 fs [9,10], along with the mass of
the :jc baryon: mg: =3.619 GeV [15]. From
Refs. [67-69], we adopt 7z =47 fs, as well as
mg:+ = 3.738 GeV and 7o: = 179 fs. The masses
of the final states, including singly heavy baryons

TABLE II. Decay constants (in units of MeV) of the light mesons [70-72] and strong couplings [55,58—63,74,75,77] used in this
work.

fl[ fm f/) fw f}ys f¢ fK fK‘
1302 +1.2 151 +£2.6 216 +£5 195 +3 169 £2.6 233+ 4.6 155.7+3 217+£7
YGppp YGprr gztzia0 g5l G550+ G500} = x50+
4171 6.05 +£0.02 0.70 £0.22 3.1+1.1 8.0+£28 39+£06 43+£04
Ywpr G5t AFp© G505+ )~ 9=06F K- GsO0NSp~ Isis0pt

-10£1 10+ 1.8 5.77+£0.5 {46+ 15,6+2} {2.6 £0.9,16 £5.3} {4+£13,27+9}
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cen
o|35 8235 58353588335335 82335 33 33 and light mesons, are taken from the Particle Data
NS O O P33 S O S O S O O O SO
axl+T7T +7 +7 T £7 +7 7 +7 +T7 +7 7 +7T +7 Grou [70]
STl vvn & o en - 0+ —~ < — I~ P .
| = g dadadn =g a o~ - " 1
S S 23S S S S S S I (i) Decay constants of pseudoscalar and vector mesons
are obtained from Refs. [70-72] and are summa-
=z 2558585 z59s =558 5= == rized in Table II. The form factors for the transition
39|99 375 3T 575755 57 97 55 £7 5% B.. — B, are taken from the light-front quark
= — — n < T a0 O O n 0o n O >~ : .
T|lm 92 = F A = d = = = = — model calculations [73], which have been success-
S scce e e fully used to predict the discovery channel of E*
—cc
~ — in Ref. [22].
|5z 83355 355355823838388 55388335 33 iii) Th : r]t bati t li tant
~d[3533333333333333353835333¢8 (ii1) The nonperturbative strong coupling constants are
SN = oy © ;0 O o N o © — © crucial for our calculation. Most of them are taken
L' o & " g & a3 35 @ : .
TS S8 8 3 38 3 o o S s 2 e from theoretical works [55,58-63,74-76], which
have been listed in Table II. The remaining cou-
e O e AN == OO0 00 00 0 —— OO0 — e —— . .
-|32 85358555388 888888 55 88 33 &3 plings are inferred from SU(3) flavor symmetry.
| 29T ITETITITITITITITITET T IS
Gl | T FALFT =288 8 73
S S o 3 oS S S IS oSS S 3o B. Branching ratios and decay asymmetry parameters
= . . .
~ o o — oo We present our numerical results for the branching ratios,
3 22 32 &2 So Xz . .
< g §§ EE ’§§ EE %g £l %g 33 %%‘ 33 g3 % e helicity amplitudes, and four decay asymmetry parameters
2l = tr? "E N EI J;o\' 5' AN *Q' g' for all 49 decay channels. The results are summarized in
= — — (q\] on on . .
S S 8 38 s 8 g S s 8 3 g = four tables: Table III for short-distance dominated modes,
& e I s T s 1y T Table IV for long-distance dominated Cabibbo-favored
[} . .
2 modes, Table V for singly Cabibbo-suppressed modes,
g 82 88 88 8388 535 88 35 88 88 88 88 88 and Table VI for doubly Cabibbo-suppressed modes. In our
5 TT 37357 ITITITITETET T 9T 5T :
O Sl W a & § 6 E W s previous study of the .. — B_.P process [64], the model
2 L I B = DR = B parameter # in the form factor Eq. (22) was determined to
= S O O O O O O o o o o o o .
= - . .
g s 2o o - s s beﬁn = O'E,i 0.2 b}; f1tt1n§i to the experimental data
g g% sg 33 gg B g9 g%’_ 84 33 33 33 gg gg B(dj‘j—):.C+ﬂ+)/8(.:jc+—>:.jﬂ+):(1.41:t0.17:t0.10)
(=) ] S oo S oo S Oo S Co S (=] (=} . .
© N PN A P T SN I S B U B AU SN B U o [11]. Since the process B.. — B.V also involves a charm
2 sjfld e s T2 a=aa323 5 cc ¢ . 5
5 S 2 S S5 S 89 885 8 <2 9 quark decay, we adopt the same value as in our previous
% e N ) | < | < | | | ] © o
= T < 7 [ [ [ work [64]. We also analyze the dependence of the branch-
&0 ing ratios and decay parameters on the model parameter 5
I 322032 oy 32 a0 52 00 52 2- 32 25 22 as shown in Fig. 3 ,
o 3333338333358 3358333835 328 ! g 5.
< $ g . o to? A BC' i BO' A Tﬁ? A Err' A The main features of our results are as follows:
N N <t — v v . . . . .
RS s 8 s g S Z3Z3Z < g b1 (1) The branching ratios for the short-distance domi-
z R ! ! ! T S nated modes are typically at the level of 107
-2
g no _2aSwomSe __ on L 107 L .
gl L |3z Eg88 48838 38 38 36 5§23 =5 52 g3 13 (ii) The long-distance contributions are significant for
S S O -5 S =] 1= o S oo = = = .
gl = FOUE U o A o AU A S o A A A the nonfactorizable channels, often comparable to or
z (g b § g2 g g g § % S g I o even larger than the short-distance contributions.
= ) : :
g S < 33 s 33 (iii) The decay asymmetry parameters ay, @, ¢, and r,
> e _gncsnszse o ghow rich pattems across Fhfferent channels, reflect-
RN ES g8 88 5o 38 35323953 853 2y =5 ing the underlying dynamics of the decay processes.
— (== —_ © (=} (=] (=} S o (=] — — : . :
3 = ?\| 1T T I AN NI S (chl ZH (iv) One can see that the branching ratios are moderately
o Bl 8z 9925 d 82k ac sensitive to this parameter, while the decay asym-
Sl gl 82 =3 3 2T E =S & o
g s < S S 33 °C 3 metry parameters show relatively smaller sensitivity.
@ This feature is advantageous because the asymmetry
= e . .
= | o o parameters can be measured more precisely in
= S| > o © < . g .
all =S S = - O experiments, providing stronger constraints on the
= o O .
2l < theoretical framework.
g
(=} . 0
/M FO J&M _ a o C. CP violations
. + K < ! . . .
ol | I s x i) T, o f: fh 288 il We present our numerical results for CP violations.
=i 2l ? VTJ f PTJ oo [IT] [IT] ar oo The results are summarized in two tables: Table VII for
) S+, Lo L G oLe Lo short-distance dominated modes and Table VIII for
< S +3 +38 +38 +3 +3 +3 +3 +8 +3 +8 +3 LS kS . .
Ell Olor of of of f of of of of ol i & G singly Cabibbo-suppressed modes. We also analyze the
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T 28 . .
c|33 335 35 88382883 E8 535 35388388z &8 dependence of CP violations on the model parameter #, as
NS SO O S O S3 PS S S S S0 S P . )
Q:+|+|+|+|+|+|+I+|+|+|+|+|+I shown in Fie. 4
STl O O N v — VOV N >~ < O~ O g. 4.
T a4 —~ad aa=-aang : :
S 6 6 8 S8 s g S &8 8 8 S g The main features of our results are as follows:
(i) The CP violations for the short-distance dominated
. -5 —4
o~ [ v (] = = v
B8 525288 5-928588 2385238 82 ss modes are typlcally at Fhe level of 107 to 10", and
SGET 999 ST 3T 3T IT T IT 5 5T 57 55 the ones of singly Cabibbo-suppressed modes are at
L =1 \O o v O N O — —
2222 f3 2 FIFIH sl the level of 1077 to 107.
= === == .. . . .
=] S S S o == (i) One can see that the CP violations are relatively
smaller, sensitive to this parameter 7.
jsa¥ o}
ESEEEEEE-E e ECEE
o D. Analysis of ©
89 e 8832539389 - ANATYSIS OF 22
Ce e geeee e As shown in Tables III and IV, there are three decays, all
of which have large decay branching ratios,
282888 :c388:238888338833 35 33
wd| SS S S5 33 S3 S3 S5 S3 S5 S S35 S3 S
| +t7 +1T 7T +7T 7T +7 +17 7 7 +7 +71T +T +1
== o + 0,+) —
SEEEEEEER R B~ ) =2 6
2o o 858 o [ B(Qj" - EQ‘JFI_(*O) = (240j12:§96)%’ (38)
85353533 5555853535g235383 88
_+|+|+I+|$?+I$?+|+|$O+|+|$<‘T T =4 0\ 12.14
C g : g Q 2 g 2 % g gl g ) @ B(Qcc - E'K ) - (2'14—1.24)%' (39)
rF T T ss T TS T T3 . e .
. ' ' In this work, the value of the lifetime of Q.. is taken as
wn .
2 B 176 fs [69]. In Ref. [47], the decay widths of these decays
g SSE3555855558553558855 588858 of Q.. have been calculated and, in order to compare with
Ell o|375757975797375757975757 5% cc NAV u 5 pare w
3 AT EIgITITaad2LLeq them, we calculate the decay widths of them and list them
2 S S oSS S S o S S S S S| in Table IX
2 .
S -
& “e For the first process Qf. — QVp*, the two results are
en Q0 —e —— O —— I\ DO = = — . . . .
Z SE€S525353:553235535538825283528 28| similar because this process only involves tree-level con-
e} S S F 7 o F7 ©c F S I F . . . . . .
E= I S é' ] E 33' 1 QI o QI 5 ;I tributions (ignoring the s-channel contribution). Therefore,
= — H N H . O ) = . . . .
=) S 3 p < = S = SS9 the slight difference between the two studies arises from the
o O o o .
o ' input parameters, such as decay constants or form factors.
> —
s . S - . For the other two processes, Qf — ZFK*0 and
S gakse) aS= == Qo Fo + =+ %0
2 %gl %gl §g| %gl §§ §§ §§ %gl §g| §§ %gl %gl EE Q. — BEFKY, we can see our resul'ts are smaller than the
3 Slo m g o WL o 85o ¢ &l ones of Ref. [47]. This is because, different from Ref. [47],
£ S =S T S BB o S SUBI =S B o A . .
s T TSI S3T ST TS for the parameter in Eq. (22), we take the value n = 2. This
£ [ < | choice is more effective at suppressing the contribution of
o
3 _ o loop diagrams, leading to more reasonable results. Different
Sl LR E2 85 94 £% 51 88 42 SX 8% $2 28 Gq||  from Ref. [47], which computes loop diagrams using the
S| 2|57 3537 I T 9T 17 5T BT 57§72 10 . P
Z|| =0 Y 8 a9 a W YA Y WA cutting rule and only evaluates the imaginary part, we have
S| Sl = © O X &~ N .
G &= = = 2 5 & =& = ad = 3« = calculated the complete loop diagrams. Furthermore, we have
= .. . . .
3 additionally taken into account the contributions from two
Ll 7| se 20 cx 53 FR 5w we no St 0w 9o no @ other kinds of loop diagrams, {B,, P; B;} and {B,.,V; B},
| “<c fc‘ f@. dg O'g' (Ti[\' '9:20' 200. 2’\. 21\. goc gl\. a h b F' 2 d h
5 9'IT+?+?B|E|+T+T+C|’+T+°|’+"|”+T+’T as shown by Figs. 2(g) and (h).
= T BRI IRGISITE At LHCb Run 3, an integrated luminosity of 23 fb~! is
Sl §l 2 = = 25 a4 = = d = 8 6 — . . . )
2 S S anticipated [37], with a projected Q.. production cross
2 section of 60—-1800 nb in the LHCD detector [16,23,78-83].
(D) o . . .
=1 The corresponding production event of Q.., N, (2 is
2l Sle 3 < o = rresponding production ev ces Np(Qee)s
Bl e & = =N approximately 10°-10"". Considering the subsequent decay
w
NS chain involving Br(E" - Efy) = 100%, Br(Ef —
= pK ') =6.2x1073 [84,85], Br(K*® - K*z~) = 100%
%} ° - — _
“ o o L S [70], Br(Q? - Q 7")=5.1 x 1073 ~3.43 x 1072 [86,87],
: + X < I Xk - =) = -) =
=l S KRB EE S s 5% Br(Q - AKT)=678% [70], Br(A— pn ).—63.9‘%
al g% < PTJ PTJ PTJ f f f PTJ PTJ ur o [70], and Br(p* — zt2°) = 100% [70], combined with
m g LU . detection efficiencies for final states ¢, g+ .+ = 90 ~95%
|| ST 48 48 48 £8 48 18 48 48 £8 +8 48 48 p.K*7@
R S S 43 3 £3 S S
Ell Ol o0 &G G aaaadadad [88,89], €,0 =20~25% [90], and €, ~1% [91], the
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0.30F 8 L
c g 03
g o025} g
£ o020} ] . 2 oz I a
2 — BR(Q > ZK) B a
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[} > 0.0
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FIG. 3. The dependence of the branching ratios and decay parameters on the model parameter 7.
TABLE VII. CP violations for short-distance dominated modes.
Channels AZH[1077] aycp[1077] acp[1077] rocp[107] ricp[107]
=+t ++ +0.23 +0.69 +0.6 +0.10 +0.26
Bl = Zip 0.91%9 7 0.867); =2.15; =0.31g1 0.29%,7s
=+ + +0.8 +0.9 +0.3 +0.25 +0.7
Bl = Alp 21557 =227 -1.175% 0.357)1% —1.755%
T "Rt +0.07 +0.17 114 +0.06 +0.06
Eo' > E7K =0.14Z509 =0.3975 2674 0187500 =0.11%5 7
T o SR +0.3 +0.32 +0.07 +0.15 +0.24
Bl - EK -1.175% 1.00755; 0.607)73, —0.447555 0.857535
Bl = T -0.68103% 0.2410¢8 —-1.4594 -0.1610%8 0.04379022
=y =0 gt +0.13 +0.027 +59 +0.07 +0.07
2. = 2K 0.387)14 =0.01725 007 6475, =0.17"547 -0.22" 504
N +0.10 +0.22 +0.17 +0.09 +0.20
Ele = EK* —-0.30%5; =0.57%551 -0.4275] 0.23%57, —-0.517559
+ o, =m0 ,+ +0.0153 _0 ’OHO-18 _( {o+021 _ +0.0100 _() ]1+0.19
QL = Ep 0.0094%56:75 0.80%)3 0.82750 0.00774 4700 0.81753
= . 03 . ) !
Q. —» B+ 11793 0.51799 -0.167053 0.071-5%1 0.36:10
+ 0 g+ +0.24 +0.048 +1.3 +0.05 +0.008
Qf. - Q' K* 0.80755 —0.060%5 470 =3.15)3 0.12%504 0.080%)010

TABLE VIII. CP violations for singly Cabibbo-suppressed modes.

Channels Adr1074] apep[1074] aycp[1074] rocp[1074] ricp[1074]
Ei - =ip0 0.46700 1.6103 -0.261001 —0.03879:9% 11793
CRMEE ) —1.1599 —0.415587 -1.259] -0.36200) -0.33550%
Bl > EHp° 0.04010009 —0.072:0013 0.247004 —0.0080100047  0.0098:0005%
SR N -0.3070%% —0.40759 0.2510% —0.01710 65 -0.261 50
EL = Ap° —0.00327 90002 -0.291004 12504 —0.037-9:%0! -0.8910458
B = Alw 0.06870:%%7 —-1.379] 0.25, 50! 0.1970:%0 0.7810:99
EfL - ity —0.066 000 —0.3759¢2 0.61-950 0.012X0601 —0.1315%3
Ef. > BFKO —0.1310%3 -8.471] 27504 -0.26405" 4377
El. - BIK —0.41100¢ —4.14% 1.2:494 —0.29.04° -0.93101¢
Q. - ZHK*0 —0.068-9 001 —0.3179%2 —0.1219% 0.047-9901 —6.028,
Qf, = AJK —0.00085" 030472 —0.547019 -0.11799!1 0.0387 3004 0.08973012
Qf. —» THH K -0.287003 2.7754 0.177992 0.0040 730070 —0.297007
Ql, — Efp° 0.135501 0.5770 7% —0.8170¢% —0.0084-0¢105 0.3010 03
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TABLE VIIL (Continued)

Channels AdL[1074] apcp[1074) acp[1074] Focp[1074] riep[1074]
Qf. > Eltg 0.10109! -1.310¢ —0.0371900% 0.0087 130079 0.7870%
Q. »E'w ~1.5499 ~0.731947 0.83190! 0.172904 —9.614%
QL = Efp° 0.096 0507 -0.2370¢7 —0.04370:016 —0.0015 00023 -0.331002
QL. = El¢ 0.0028 700002 0.24709% —0.175500 0.0037 530008 —40739

QL - Efw —0.451901 1375, 0.362 001 —0.181002 —0.501 07

expected signal events Ns for the three decay channels can be estimated as follows:

Ns = Np(Q..)Br(Q, - Q% ")Br(Q% - Q~z")Br(p™ —» n72°)

x Br(Q~ — AK™)Br(A — pz7)(90%)3(25%) ~ (7.2 x 10* — 4.7 x 10°),

(40)

Ns = Np(Q,..)Br(Qf, - EFK*)Br(E" —» Efy)Br(Ef — pK~zn™")

x Br(K*0 — K*77)(90%)° (1%) = (8.8 x 10* ~ 8.8 x 103),

(41)

Ns = Np(Q..)Br(Q/. = EfK*)Br(Ef — pK~—2")Br(K*® - K*77)(90%)>

= (7.8 x 10* = 7.8 x 10%).

Before the summary, we briefly discuss the contribu-
tions beyond the naive factorization approximation. The
short-distance a, corrections to the factorizable amplitudes
are typically of order a(m,)Crp/(4x) ~ 10%, with addi-
tional power suppression of Agcp/m, ~0.2-0.3 [92,93].
These corrections are perturbatively calculable and can
introduce strong phases via the imaginary parts of loop
integrals. The penguin operators O3 — Og, neglected in
our calculation, also contribute at the short-distance
level [94]. Their effects are CKM-suppressed by 1> in
Cabibbo-favored modes and thus remain at the percent

0.0002
0.0000 |-~
_____ Adir
c -0.0002f "=r=rmial, cP
c [ TSreaa o
I L T Apcp
g -00004r T4 - a
> - 2cP
© ~0.0006} — = rcp
-0.0008 ] rep
00010755 0.8 0.9 1.0 1.1

n

FIG. 4. The dependence of the CP violations on the model
parameter 7.

(42)

level, though they may become more important in
Cabibbo-suppressed channels.

In contrast, the long-distance final-state rescattering effects
via triangular diagrams, which are the main focus of this
work, are nonperturbative and free from short-distance
suppression. They can be resonantly enhanced through
intermediate hadronic states and may produce large strong
phases, making them particularly relevant for decay asym-
metry parameters. These effects are complementary to the
short-distance a, corrections and penguin contributions,
rather than being alternatives. A complete treatment incor-
porating both types of contributions is desirable but beyond
the present scope. Our results should, therefore, be viewed
as estimates within the adopted approximation, providing a
baseline for future more complete calculations in the QCD
factorization framework.

TABLE IX. Comparison of decay widths for three decays
Bcc - B(,'V (FT()I[10_14])'

Channels This work Ref. [47]
Q. - Qp* 82.8 87.5
Qf, — B K0 8.827586 2641175

Q. - EFK 7.861] 58 13.843%°
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IV. SUMMARY

In this work, we study the two-body nonleptonic
weak decays B.. — B,V [with B, = (E/", EL,QL),
B. = (Bs,Bg), and V = (p, K*, @, ¢)] under the final-state
interaction mechanism. As shown in Table III, the factor-
izable diagram 7" dominates over the long-distance con-
tributions from C" and E,. Conversely, from Tables IV-VI,
long-distance effects dominate because the short-distance
amplitude Cgp is suppressed by the effective Wilson
coefficients at the charm scale, where a,(m.) = —0.017 <
ay(m.) = 1.07—the latter is used for the weak decay
vertex. No absolute branching fraction for B.. — B.V
has yet been measured directly. Since this process involves
a charm quark decay, we adopt # = 0.9 £ 0.2, as deter-
mined in our previous work [64], by fitting the ratio
BE - Efnt)/BEF >Efnt)=(1.41£0.17£0.10)
from LHCb [11]. Further findings are as follows:

(1) Using n=0.9+0.2, we predict the branching
ratios, decay asymmetry parameters, and CP viola-
tion for all 5.. —» B_.V decays.

(2) The decay asymmetry parameters are less sensitive
to the model parameter # than the branching ratios,
as shown in Fig. 3, regardless of whether short-
distance or long-distance contributions dominated.

(3) After the calculation of the decay widths of each
decay mode, we conduct a comparative analysis
with other theoretical works and analyze the pro-
duction events in the LHCb experiment. Different

AELT = BipT) = Tgp(EL - Efp™)
+ Mz, 2V 1 )+M(n+,ac’

+ MED 2HED) + mE!

A 29" = Too @i = 2"

TSD(‘—"CC
+ M(z" E )+/\/l(7z+,EC/
+ MEVT ;ﬁ,:c’ )+ M(E!

AEe" = Zip") = Tsp(EL" — ElpT)

5p+;h‘

from other studies, our work includes both real and
imaginary contributions of the amplitudes.
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APPENDIX A: AMPLITUDES OF EACH MODE

The expressions of amplitudes for all 47 B.. — B.V
decays considered in this paper are collected in this
appendix. Twenty amplitudes for the short-distance domi-
nated modes are given as follows:

p°) + M(pt, VT 20) + M(pT, BV p0)
O+ MET 25 ER) + MEDT pHEN), (A1)
>+M<p 2T 20+ M(pt, EDT p0)
%) + MED 2B + MEDT pHEN),  (A2)

+ M(iﬁ,/\j;ﬂo) + M(KJ’,EE./H'KO) + Mz, AL p%) + M(KJF,EE-’H;K*O)

+ AL 0)+M(K*+ EE’)

Mip JK0) + M(p*, AL p0) + MK ED
MAF /55, 77530 + MEDT, K+ 8D + M(AL/ZE, p330) + M(E!
MAE/ZE 7t 50) + MEVT, K+ E0) + M(AL/EE pt 29) + MEDY

.K*O)
K*+ ,_() )

056025-15



XIAO-HUI HU, FU-SHENG YU, and YE XING

PHYS. REV. D 114, 056025 (2026)

AE

c

++ +,+
de = Nip

) =

AEL = EEK)

AEL — K =

AELF - ZHK)

A(E

Al

Bl > AFK) =

—cc

—
2o E

opt) =

TSD('—‘:_:- - A+ )
+ M(zﬁ,zg;no) + MK+, EVT KO + M(at 5 p%) + M(K+,BUT; K#0)
M(p*. 25320 + MK B ;K°>+M<p ZEip%) + MK ED K)
MAS/ZE 75550 + MEVT, K+ EY) + M(AL /25 p:20) + MEVT, K+ 8Y)
MAF/EE 7550 + MEDT KHED) + M(AS/SEpHE0) + MET K EX), (Ad)
=Tsp(EL" = BEFK)
K+ B pg) + MK B i) + M(at A /EEKO)
( K+ BN w) + M(KH B ) + Mt AL /EE K)
+ MK BV 20 + MK ED T pg) + MK 55 + M(p+, A/ K)
+M(K*+,Ec/)+' 0)+M(K*+’E<C’) : )+M(K*+ E‘(’ ¢)+M( + A+/Z+ K*O)
+ MEDT K+Q0) + M(AF /2, 25 BYY) + MEDT K+ Q0) + M(AF/zf . pEVY)
+ MEDT K90 + M(A/ZE, 1t 50) + MEDVT, K+ Q10) + M(AL /S, pti BX0),
(AS)
Tsp(EL" = EFK)
K BV 20 + MK+ BT ng) + M(KT By + M(xt, AF /25 KO)
+ MK ED )0 + MK ED  0) + MK ED T ) + M(xt, AL /5 E)
a0 + MK ED ) + MK EE ) + M(pt. AF /25 K)
K*+,E£/)+' 0)+M(K*+,E§/)+; )+M(K*+,E£/ )+ M(pt, AL/ K)
VT KT Q) + M(AL/EE 25 EYY) + MEVT K QD) + M(AL/EE ptEV)
+ MEVT K Q) + M(AL/SE at  EX0) —I—M(E/ KT Q) 4 M(AS /S, pT B,
(A6)
=Tsp(BL" = ZEK)
+M(K+ A& )+ MK 8 m) + M(KT Z85m) + M(KT AL p°)
M(KT Z50) + MK AL 2°%) + MK B8 ) + MK, 28 )
MK, AF:p°) + MK, S o) + M(AF /S, KBV + M(AF /st K BV
M(AL/ZE KT ER) + M(AE/EE K ED), (A7)
Tsp(ELT — ATKT)
+ M(KT, 25 72%) + M(KT ALing) + MK AL ) + MK Z5:00)
+ M(KT, AL 0) + MK, 2570 + MK, A n8) +M(K*+ Afim)
+ MK, 25 0% + MK, AF o) + M(AF/SE K EDY) + M(AF /s, K+ EDY)
+ M(AL/ZE KT ER) + M(AE/ZE K ED), (A8)

Tsp(Ed = E%T) + M(z*, D% 2%) + Mz, EY pg) + M(n, 8% my) + M(z+, BV p0)
+ Mzt B w) + M(p+ ED 20) + M(p+ B ng) + M(pt By
+ M(p+, 2V %) + M(pt, BV ), (A9)

I
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AEL = B97) = Tsp(E = ) + M(x+, B 2% + M(x+, B ng) + M, 2O my) + M(x+, BD; p0)
+ Mt 2% 0) + M(pt BV 20) + Mt EY ) + M(pt L E )
+ M(p*, BV p0) + M(pT, BV w), (A10)

AL, = Z091) = Ty (Bl = Z01) + M2+, 2% 7%) + M(2t, 2% ng) + M(x, 2% 11) +M(K+,Ec :K%)
+M(7z+,28;p )+ M(xt, = )+M(K+,EC ; K*0)
M(p* 2% 72%) + M(p* Eh ) + M(p* 205 my) + MK ED KO)
M(p*, 2% %) + M(p*, 2% ) + M(K*+, B K0), (AL1)

A(EL = BOK™) = Top(Ef, = E2K*) + M(z+, 58 K0) + MK, BV 20) + M(K+, BV ng) + MK+, ES )
+ M(xt, 20 k) + MK ED p0) + MK ED; ) + MK, BV )
M(p* 29 K%) + MK+, B 29) + MK BV ) + MK, B )
M(p*, 20 k) + MK, BV %) + MK ED 0) + MK, EV; ), (A12)

A(EZ = BOK™) = Tp(87, —» BOK) + M(2+, 2% K0) + M(K* B 20) + M(K+ B ng) + MK+ ED: )

+ M(rt, 20 k) + MK ED; p0) + MK, ED; ) + MK+, BV )
M(p*, 20 K0) + MK, BV 20) + MK, BV ) + MK, By )

M(p*. 2% K0) + MK+, BV p0) + MK+, BV ) + MK+, BV ), (A13)
AEL = DK = Tgp(BL - TKT),  AQL - Q™) = Tgp(QL — Qp*), (Al4)

(2, 2% 29) + M(x+, 2D ng) + M(x*, 20 ) + MK+, Q0 K°)
(n’*,EC’) w) + M(K*, Q0 K*0)

AQL = Bpt) = Tsp(Ql. — Edp*
+ M(z+, BV p0
+ M(p* ,:.glo,ﬂo ¢
(p. BV o) + M(K*, Q0 K*0), (A15)

AQ{, = Ept) = Tsp(Ql = %) + M(z* Y 2%) + M(z* B ng) + M(x* . ED:my) + M(K*, Q2 KO)
+ M(n ,:.(C'O,po) —|—./\/l(7r+,EC') sw) + M(K*, Q0 K*0)
+ M(pt B 20) + M(pt B ing) + M(pt Eimy) + MK, Q% K0)
+ M(p*, BV %) + M(pt BV ) + MK, Q0 K*), (A16)
A(QL = QUK™) = Tsp(Q, = QUK™) + M(x* B K) + MK, Q0% mg) + MK+, Q2my) + M(x*, 2 K*0)
+ M(KT, 92;¢)+M( LBV RO) o MUK, Q0 ng) + MK, Q%))
+ M(pt B K0) + MK, Q0 ), (A17)

A(QF - B0K*) = Tgp(Qf, —» BOK*) + M(K+, BV 20) + M(K*. BV ng) + M(K+. % y) + M(K+,EV?; p0)
+ MK, BV @) + MK, BV ) + MK EDY 29) + MK, BV i)
+ M(K,2% ) + MK+, BV p0) + MK, BV ) + MK, BV ), (A18)
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AQ = BOK™) = Tsp(Qf, — EOK™) + M(K* B3 2% + MK B ) + MK EL:m) + MK B )
+ MK, EY o) + MK BV ) + MK, BV 29) + MK ED )
+ MK E ) + MK EY p0) + MK Y 0) + MK ED ). (A19)
The amplitudes for long-distance dominated and Cabibbo-flavored modes can be given as follows:
AELF > SHEK0) = Cop (Bl — Z++K*0) + M(z+ E K*) +M(7T+,:C/) (K + M(pt ’:C) K
+ Mt BT K + MEDT 2T AL /SE) + MEDT pti AT/
+ MEDT 72 + MEDT prixi), (A20)

AEL — QK = M(z+, BV KO + Mzt BV K40) + M(pt, BV KO + M(pt, BV K0), (A21)

A(‘—‘LL ij(*O) CSD (h‘cc Z+K*0) + M( ) ‘:‘C )0’ K+)
+ M(pt, 2V k) + MEVC, 2 30)
+ ME 7 3:0) + MEV pti50), (A22)

A(EL = AK) = Cop(EL, - A+K*°> + Mt B K + Mt BDG K + M(p* B K
+ M(pt B k) + MEY, 2+ 50) + M(EV?, p+: 20
+ ME, 2+:5:0) + MEV?, pt; 520), (A23)

AL — T KT) = MED A /50 + MED o ALJED) + MED. 75 55) + MED pHE). (A24)

AEL = 25p°) = M, 2% 20) + M+, 8D pt) + M(pt BV 20) + M(p+, ED pt)
+ ME, 2520 + ME, ptE) + MEY +"M+M<,f:w (A25)

AEL - B g) = MED 2+ 20%) + MEV?, o+ 2V £ MEV?, 2+, 50) + ME, pt; E20), (A26)

AEL - Efw) = M(x :> )+ M(at, 2 ,p+>+M<p B2 20 + M(pt, BN pt)
+ MEP, 75 ED) + MED, p YY) + MED n+;a:’°>+M< 20 ptE),  (A27)

AL — Bp%) = M(n* B -n+>+M<n+,E£’ )+ M B ) + Mt B p)
+ MEY 280 4 ME, pr 2D + MEVC, 2 E0) + MEVL, pr B0, (A28)
AEL = Efp) = ME, 272" + ME, pt 2 + ME, 2420 + MEY, pHE),  (A29)

AEL - Brw) = M@t 2P 20) + M, BV o) + M(pt BV o) + M(pt, BV pt)
+ ME 252  MED pHEYY) + MED 220 + MEY, ptER),  (A30)

AQL = EFK™) = Cp(Q = BFK™) + M(zh, QLK) + M(zh, QLK) + M(pT, Q4 KT) + M(p*, Q2 K*)
+ M(Q2, 72 + M(Q2, ot YY) + M(QQ, 25 E0) + M(Q0, p+; B0, (A31)

056025-18
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AQL = EFKY) = Cqp(Qf, = EFK) + M(zt, Qg;K*) + M(zt, Q%K) + M(pT, Q%K) + M(pT, Q% K*)
+ M(Q. 77 E) + M(Q2p T E®) + M(Q). 71 E0) + M(Q). pT: EL). (A32)

The amplitudes for long-distance dominated singly Cabibbo-suppressed modes can be given as follows:

AEL = ZE5p") = Csp(BEL - ZE)0)
+M(n+,AC+/ZC+;n+)+M(K+,E£’> KY) o+ Mzt AL ) + MK EDT K
+ Mot A /SR ) + MK BV K + M(pt, AL /SE pT) + MK, EVT K
+ M(AE 7T Z8) + M(ES, 7t AF ) MEDT g+ 50 )+M(Ac+,p+ )
+ M(ZF AL + MEDT KHEDT) + MAL 2520 + MEDT KHE)
+ M(AE pHE) + MEVT K+ 50, (A33)

/_\A,_\A

ABL = 2544) = Cop(EE — 70)
+ MK ED K+)+M(K+,Ec’) LK)+ MK BT KT ) + MK BT K
+ MET KHED) + MEDT, K HEDT) + MEDT, KB + MEDT K ES), (A34)

AEL - SHw) = Cop (Bl - o)
Mzt A /S5 7)) + MK EDT K 4+ Mot A /S5 p7) + MK BT K
M(p + Af/zz_r;,ﬁ)_,_M( Kt :() 'K+)+/\/l( NSt )+M(K*+’E£’)+;K*+)
MAS 7t AP + M(EF 2450 + MEVT, k+ 207
M(AE.p*:AT) +M<zr,p+ =)+ ME K"
M(EE 75T + MEDT KBS + M(EEph i E0h) + MEDT KBS, (A35)

A(EL = Zip°%) = Cop(BL. = ZEp°)
+ M+ 2% 7)) + MK EY K + M(nt, 50 p0) + MK BV k)
+ M(p*, 20 2%) + MK B KF) + M(p*, 20 p7) + MK+ B k)
+ M0, 7+:20) + MEYY, K+ 2% + M(22, p+:50) + M(EV?, K+, 2V

+ M(Z0 75 20) + MED, K E0) + M2, pH20) + MED, K E),  (A36)
AEL = Zi¢p) = Cop(Bl — zqu)
+ M(k+, 8 K+)+M(K+,:£> K) 4+ MK+ EV K + MK BV Koty
+ MEY kHED) + MEY, kYY) + MEY K E) + MED, K E0),  (A37)

AEL - Zio) = Csp(EL — Elw)
+ M(xt 2% 1) + MK EYY K + M(at, 50 p7) + MK+, BV ko)
=30 ) + MK+ BV K + M(pt, 30 p) +M(K*+ g0 g++)
)+ MED K ED) - MR, pt30) + MEV, ke 5V

+ M(p
+ M2, 7t 20
+ M0, 7t 50) + MEVY K E10) + M(Z0, pt; 5:0) + M(EV, K+, 20),  (A38)
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A(E2 — AtP) = Csp(EE — A2Y)
+ M(n’*,Zg;ﬂ*) + M
M(p*,2hat) + M
M(E, 7720 + M
M(Z2, 775 20)

+ ':(/)0>+M(20

AEL = Afg) = Csp(EL = Al g)
+ M(k+, BV

+ MED, k2D + MmEY

AEL = Aw) = Cop(Ee = Mw)
+ M, 2% 7) + M
M(p*, Zs77) + M
ME, 74520 + M
M(Z0, m+29) + M(E°

AEL - Zfp7) = M(Z, +A+/2+)+./\/l(.~c

+ M(E2, 25 20) + MED, KHES) + M2, p

AEL - B K0 = MK+, BV 1
+ M(E

+ M(E°

)+ MK+ ED pt) + MK,
LK Q0) + M(20, 2+ 2D + MEVY,
KTQ0) + M(22 7 EY) + M(ED

AE/. - BEKO) = M(K* B at) + M(K+ B
+ M(E

+ MEY,

;p7) + M(K*,
KTQ0) + M0 2 B + M(E!”
K+: Q*U)+M(Z(L)’”+ ;—*/0) +M(El

AQf = ZFK0) = M2+ BV k) + Mz, BV k) + M(pt
+ M(Q, K+ EY o ,p+-2°)+M(QO

)+ M(E!
+ M(QY, K+ E0) + ME, 25 2:0) + M(QL,

= Mz, BV k) + M(xt, BV k) + M(pt

+ M, K+ EYY) + MEV?, pti 30) +M(QO

A(Qf, = AFK™)

+ M(QL KT E0) + M(EVC, 2t 20) + M(QQ,

AQf - K ) = M(Q0, K+ EVT) + MEV°
+ M(Q, K+ =) + M(EY

056025-20

K*+,EC’) LK)+ M(p*, 29;

CKH) 4+ MK EDY K + MK
K*+;~/)0) +M(—-c Kt —wO) +M(—-c

K+)+M(n+ 20 p) + M(K+, Y,

+) + M(pt, 0
<E£’ KHED) + M2, pt z°>+M<~c
LK ”*/0) + M2, pt: 220) + M(EV°

LK EDT) £ M0, p A+/2+)+M(5£

,75*;2?) + M(QL K EZ5) + M(E:, pt

)+M(K+,EC) LK)
)+ MK, BV ko)
+. ZO> +M(-—c K*J'_,:E)O)

+ MEV K+ E70) + M(Z2, p+ 20) + M(EV® K+ E20),

20 k) + MK, BV k)

K*+)
K*+ '“( )0)

- 10
KT B,

K*Jr; E(C’)"')

K*+ -—*/+>

Z*+)+M(

=% 7) + MK+, Y pt)

K1Q0) + M(x2, p*5 )
KHQE) £ M(ELpTED),

=0, at)+ M(K*, EE/)O;/ﬁ)
K Q0) + M(22,pt; BV
K Q)+ M(Zep T ED),

=00 k+) + M(p+, VY
K8 + MED pt )
K+ E) + ME pt:520),

LK)

[I]

K+ >+M(E£’> ,pﬂz(z)

K3 200) + M(EVC, pt 30),

AN E) + MQL KT ER ) + MEEC pt AL/
(

0 it

K*+ '—'*/0)
b

(A39)

(A40)

(A41)

(A42)

(A43)

(A44)

(A45)

(A46)
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= M(x*, BV x

+ M (,0Jr B o
no .

AQ — Bp)
-n+> + MK, Q%K) + M(p

)+ MK, Q0% K+) + M(xt, BV p
+ ':‘) . +)+M(K*+ QO.K*+)

")+ MK, Q1K)

+ MEY, 7+ 80%) + M(Q0, k+,Q0) + MEL, p+EY%) + M(Q0, K*+; Q0)
+ MEV 2+, 50) + MEL, pt;E20), (A48)
AQL = B ) = MK+, Q%K) +M(K+ QU K ) + M(K*, 99;K+) +M(1<*+ Q0 K*+)
+ ME 258D + M0, KQ9) + MEVC ptEDY) + M(Q0, K+ Q0)
+ ME, z+; "*’0) + M(Q0, K+ Q) + M(EVY, pi B0) + M(QO, K*F; Q:0), (A49)
A(QL Fw) = Mt BT + Mt B0 ) + MK, Q%K) + M(at B pt)
+ Mzt Z0 pt) + M(KH, QY K ) + M(pt, BY 2t) + M(pt, 2R 7t)
+ M(K*T, Q%K') + M(pT, B p7) + M(p™ B pT) + M(K*, QY K*T)
+ M(E, 7% E) + M(ED, 275 ED) + M(EL, 21 ED) + M(ED, 25 EY)
+ M(E2,p™ ED) + M(EL, pT3 BY) + M(EL, pT EY)
+ M(EL.p"3E0) + M(EL 7 E0) + M(ED. 75 EL7)
+ M(ELpH ) + M(EL, pt; E), (AS50)
AQF = E5p%) = M(a+, BV 1) + MK, Q%K) + Mzt BV pt) + MK+, Q%K)
+ M(pt, 2" ,71'+) + MK, Q%K) + M(p+, 2 +) + MK, Q%K)
+ ME 2+ 8l )+M(98,K+ Q) + MEV p+ BV + M(QL K+ Q0)
+ ME 7t 820) + MEVC, pt; E20), (A51)
AQf = Bt ) = M(KT, Q%K) + M(K+, Q% K*) + M(K*™, QQ;K+) +M(1<*+ Q0 K+ )
+ MED, 24200 + MQ0, k+;Q0) + ME, p+ BV + M(QL, K+ Q0)
+ ME 2+ 270) + M(Q2, K+ 9:0) + M(EVC, p+ E0) + M(Q0, K+ Qi0), (A52)
AQE = Bfa) = Mzt BV 1) + MK+, Q0 K) + M+, BV p+) + MK+, Q0 K*)
+ M(pt, BV 7r+)+M(K*+ QY K+) + M(p*, 2V +)+M(K*+ Q0; K*+)
+ ME 2+ 2% + M0, K+ Q0) + M(EV?, p+: YY) + M(Q0, K3 Q0)
+M(E‘C”°,n+;5:’°)+/\/l(~ 0 ptiEN). (AS3)

The amplitudes for long-distance dominated doubly Cabibbo-suppressed modes can be given as follows:

A(BES = ZHK™) = Cop(EL = T K)

+ MK AL/ES 7f+)+/\/1(1<+ ALJZEPT) + MK A28 77) + MK AL /EE pT)

MAS /=8 K EDT) + M(AF /s KB
M(AF /T K "*/+) + M(AF/SH K B,

056025-21

(A54)



XIAO-HUI HU, FU-SHENG YU, and YE XING PHYS. REV. D 114, 056025 (2026)

AEL = ZEKY) = Cop(BL, — TEK)

+ MK, Z%2%) + MK, 2% p7) + M(K*H, 22 20) + M(K*H, 22 pT)

+ M0 KT EYY) + M0, K BY0) + M(Z0, K+ E0) + M(Z0, K+ B20), (A55)
AEL = ATKY) = Csp(EL — ATK™)

+ MK, 2% 2t) + M(KT, 2% p") + M(K*H, 2% 21) + M(K*, 2% pT)

+ M0 K YY) 4 M0, K BV 4 M(Z0, K+ E20) + M(S0, K+ B0, (A56)

AQl = %) = MK+ 2 K + M(K+ B -K*+>+M<K*+ 2% KH) + MK+ B K

+ ME, kB + MED, K+ 2% + MEV K+ 20 + MEV, K+ E20),  (A57)
A(Qt - SHp) = M(K™, E£> KT+ MK BV k) + MK BV K + MK BV K

+ MEY Kk ED) 4 MEY K+ EY) 4 MED, K E0) + MEVC, K EX0),  (ASS)
AQf - Sfo) = M(K*, :£> K+ MK EVY K + MK 52’) ; )+M(K*+,:(C'> LK)

+ MED, k2% + MEY, K+ 2V 4 MEVY, k+:2:0) + M(EV, K+ E:0),  (A59)

[I]

A — AFp0) :M(K+,E§) K +M(K+,EJ K ) + MK, B k) + MK EV K
+/\/l( 0 kt+.E =( )+M( (N0 KB =( )+M(E/) . */0)+M(E/) K+ 270), (A60)

AL — Ald) = M <K+,a§'>, )+M(K+,a<g> 'K*+>+M<K*+ 2% k) + MK BV K
+M(EC , v: )+M( (10 K*+ .— )+M(E (N0 , "—*/0)—}-./\/[(5/) K*+ —*/O) (A61)
A(QZLC _)A:rw) :M(KJF,Eg) K+)+M(K+,EC/) 'K*+) +M(K*+ g’) K+) +M(K*+ :(/)O;K*+)
+ MEY k2D 4 MEY k2D 4 MEY, K820 + MEVY, K+ E0), (A62)
A(Qz = 207) = M(K+, 2% K0) + M(K+ 2V K0) + MK+, BV K0) + MK BV K0),  (A63)
AQt > st p7) = MEV k8D + MEYY, K+ BV 4+ MEVC, K50 + ME, K E0), (A64)
A(Qf = EFFK™) = Cop(Qf. — EFK0)
+ MK ED 20 + MK ED o) + MK BV 2t + MK EDY p)
+ MEY, k+,Q0) + MEY, K+ 00) + MEV, Kk 0:0) + ME, K+,Q10),  (A65)
A<Qj_c +K*0) CSD<Qj_c - EZ‘FK*O)
+ MK+ ED 7) + MK+ ED pt) + MK BV 20) + MK, BV p)
+ MED, k:Q0) + ME, k+:Q0) + MEV k+:Q:0) + ME", K+:Q:0).  (A66)

APPENDIX B: LAGRANGIAN COUPLINGS

The hadronic strong interaction Lagrangians [58—63] can be presented as follows:

Lypp = igyp,p,[V¥P10,P; — V¥P50,P1], (B1)
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Lyyp = —D0VP o Tr{orviorPVE), (B2)
m\/]mvz
Lyy,v, = zg"\/V%W [VE(0,V5V3p = V50,V 3p) + (0,VEV oy = VIO Vap)VE + VE(VEO Vs — 0,VEV3,)],  (B3)
L5, = 9ps,p, Tr[B.irsPB,]. (B4)
r B - favs.s, — .
VB.B, — flVBl.B(.Tr[chuVﬂBc] + —TI‘[BCGWOMV Bc]’ (BS)
' ' mp, + mg,
Lpp,s: = 9pp,5:€7*(B,)! (B*)V"HG”P' (B6)
['VBCBZ. = _igVB[Bj [B:Il},SyuBc + chsyDBi](aﬂvv - auvy)' (B7)

For estimating the hadronic scattering amplitudes, we need the following Feynman rules derived from the matrix element of
the effective hadronic Lagrangian with definite initial and final states:

(V(k, 2)P(p2)|ilypp|P(p1)) = igyvpe™ (k. A)(P1 + P2),s (B8)
2(P2)P(q)|iLppp|Bi(p1)) = igppi(p2)ivsu(py),
(By(p2)P(q)|iLpps|Bi(p1)) (P2)iysu(py) (B9)
. . i
2\P2)V 4, Aq)|lyBR|O1\P1)) = U(P2 1V 22— 0,49 q.4 ¢ U\ D1
(By(P2)V(q. 4g)|iLyss|Bi (1)) (p2) |f +fm1+m2 e (g, Ag)u(pr), (B10)
; — M pvaf * *
(V(p3, 43)V(k, 4)|iLyyp|P(p1)) l\/We p3;181/<’13vp3)p1a8ﬂ(k”1k)’ (B11)
(B(pa. 24)|ilygg |B* (k. A)V(p1. A1) = —igyp,p:i(pa. A)r y u (k, ) [p1e, (P A1) — prgu(pr An)], (B12)
Pas)|iLppp|B*(k, 4 )P(p1, 1)) = gpB.B:u(P4s As) Pru (K, Ag),
(B(pa)|ilppp|B*(k, i) P(p1. 1)) (Pas Aa) 1wt (k, Ay (B13)
. l * v v
(V(p3: )V Ik, A)iLyyy |V(pis &) = — g\%v €,(p1.A1)e" (p3. A3)e; (k. A) (p5 + PY)
i
- gjgv e (k.2)e" (P A1 )es (pa. 4s) (—p% = pE)
I
- gg en(p3. 3)e™ (k, A)e, (pr ) (pY = pb), (B14)

where %7 is the Levi-Civita tensor.

APPENDIX C: STRONG COUPLINGS

In general, meson-baryon and meson-meson strong couplings can be obtained from the SU(3)-invariant strong Hamiltonian.
In the present work, we use the SU(3) flavor symmetry to analyze the vector-vector-pseudoscalar (VVP), vector-pseudoscalar-
pseudoscalar (VPP), baryon-baryon-pseudoscalar (BBP/BB*P), and baryon-baryon-vector (BBV /BB*V) couplings. Under
SU(3) flavor symmetry, the pseudoscalar and vector meson can be written as follows:

il + s ﬂ.+ K+

V2 Ve nm 0 0
P _ - _LO+W78 KO 1
PP =07) = 7 V2T Ve +ﬁ 0 m 01, (C1)
K- I —\/%'Is 0 0 m

056025-23



XIAO-HUI HU, FU-SHENG YU, and YE XING

PHYS. REV. D 114, 056025 (2026)

2L o + o+
nta P K
VP =17) = - 2w g0 Cc2
e B A ()
K*— I_('*O ¢
The spin-parity 1/27" singly charmed baryons include antitriplet 55 and sextet B¢, which can be given as follows:
v+ I B
. c V2 V2 . 0 A B
N by 20 + =
=2 0 -Br -8 0
i o
In addition, the spin-parity 3/2" singly charmed baryons sextet B¢ can be given as follows:
—++  Zt BT
A S
3+ *+ =l0
* P _ — P *0 2
B(r=3)=| % = % (c4)
Ef./+ E:f./o Q*O
V22 ¢

Then, with the help of Egs. (C2)—(C4), we can obtain the relationships of these strong couplings, as shown in Tables X—XIV.

TABLE X. The strong coupling constants between the vector mesons and two pseudoscalar mesons gy pp can be obtained by using the
coupling g,,, = 6.05 = — "’Vﬁ [55] and SU(3) relations.

Vertex

g Vertex g Vertex g Vertex g
pntn — p'nns o P’ gt plrmt e
PROKO —w PKK* i P e 20,70 e
ontn” gi'/”zf wn’n® % on nt g‘/ﬁ wKK° %
wK"K* 3 wngis N wngi e Ny Sype
w1 \/Egvpp p+ﬁ'+ﬂ'0 ‘/V—\/”EI’ p+”+’78 qv_\/%l’ ,0+7t+171 qv_\/,;{
pt 'zt - gvﬁ pTKOK* 9vrp prngnt gvﬁ prma* e
K*K*n® Qvgp K*"K™n e K*"K™n Qupe KKzt g

i X N3 | v vep
KK —\/39veP Krm K w% pa’n qvﬁ pna’ A

2 3
PN N PR N p K K° gvep PN e
prmn el KKz~ gvep KK 7" — K"K dugr

050 gvee 0, %0 0, %0 gvee - O g
K K"n, \V/%P K ngK %QVPP K K \‘7{ K~ n°K \Vg’
K~z K° gvpp K*K™ng —avee K*~K™n, qi/? K ngK~ ‘qvﬁ
K K- e KOzt K- Gvpp K070 RO — e KORO%, = Lo
3

KK, vy NG v o, KO e KK~ .
HKOKO gvpp Pnsng e Pnsn ~ 1V 2gypp Pning ~1V2gypp
dmm upe
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TABLE XI. The strong couplings between the pseudoscalar meson (P) and two vector mesons (V) can be obtained by using the
coupling constant g,,, = gyyp/ V2 = —10 [74] and SU(3) relationships.

Vertex g Vertex g Vertex g Vertex g
popong g\\%r popom g\v/vgr pOwﬂO H‘/ﬁ p0p+ﬂ.— _ g\v/vzp
pOpfﬂJr g\V/V_P pOK*—K+ g\V/V_P pO ]_(*OKO _ g\V/V_P a)pOn.O g\v/v_i’

2 2 2 2
wwng g:’/vé’ wwin; g\V/"S—” wpT g\V/VEP wp~nt wﬁ
KK e kK" o Pt —sg prant e
,0+,0+77-'0 !/i//vip ,0+,0+'78 KI\V/%P ,0+,0+7]1 .fl\v/ng p+I_(*OK+ Jyvp
Kt K*+ﬂ0 g\/ﬁ K*+K*+n8 g\v/vgr K*+K*+m H\v/vgp K*+K*0ﬁ'+ gvvp
K*+¢K+ gyvp p—pOn.— g\V/V_P p_a)ﬂ:_ g\V/V_P p—p—ﬂo _ 9vvp

2 2 2

pPNS N PP i p KK’ gvvp KK a~ gvvp
K*OK*OEO _ H\/ﬁ K*OK*OnS !1\‘//‘/6_10 K*OK*Onl .(]V% K*0¢K0 gyvp
K~ p°K- g% K~ oK~ gy’{ K*=p~K° Jvvp K* K*ng 20,vr
K*—K*—},ll !JV% f(*OpOf(O _ g://VEP I_(*Owl_(() !]V% [_(*Op+ K- gvvp
KOk, —Lavwr KOk, H\V/‘%P PKK- Gyvp PKOKO Jyvp
bPng —2avve bPm Lt

TABLE XII. The strong coupling constants between three
417 = —-(’V% [77] and SU(3) relations.

vector mesons gyyy can be obtained by using the coupling g,,, =

Vertex g Vertex g Vertex g Vertex g
popow gl//vzy pprO 9://\/{ p0p+p— _ gyi‘/ pop—p+ g\v/viv

0 grs— g+ gvvy 0 0 g0 _g 0,0 g g
pP’K*~K w3 P’ KK 7 wp’p N3 [1010) v/l

+ - 9 -t g *— gkt 9 10 gr+0 g

wpTp \V/"EV wp~p \V/‘%V wK*"K \"/‘%V wK*K \V/Vi"
p+p0p+ _ yl//vzv ,0+C0p+ !/\v/vzv p+p+p0 H\v/viv p+p+w gvﬁ
p+l_(*OK*+ gyvy K*+ K*+p0 g\v/viv K*+K*+a) g\v/va K*+ K*0p+ Jyvy
KT pK** gvvv ppp~ 3 prwp” i3 ppp° — g
) ”\V}Z" p KK gyvy KKt p~ gvvv KOK*0p0 - g%v
K*OK*Ow !Ji//viv K*O¢K*0 gvvv K*—pOK*— !]\v/\%v K~ wK* .(/://viv
K*—p— I‘(*O gyvy K*_K*_qﬁ gvvy I‘(*OPOI_{*O _ H\v/viv I‘(*Owk*o gvﬁ
Kt K= gyvy KK gvvy PKTK Jyvv PKOK gyvy
D gvvv
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TABLE XIII.  The spin 1/2 singly charmed baryon ground states include antitriplet B3 and sextet B¢. The strong couplings of Bz55P,
BgB3P, and BgBgP can be obtained by using the coupling constants gz+z:,0 = 0.7 = g*\’;‘_ﬂl Jergo = 3.1 =922 and T X0xt =

8.0 = J”% [58], respectively. Since the matrix forms of the spin 3/2 singly charmed baryon ground state B and the 1/2 sextet Bg under
symmetry are similar, the derived relations are identical. Then, the couplings BgB3P and BgBgP can be obtained from gs.op:,- =
3.9 = gpppr and gyriso,e =43 = q”\“/l‘” [75], respectively.

Vertex g Vertex g Vertex g Vertex g
ASNEng \ﬂgPBBl ASAEm, 29\”/’%’“ ATEFKO 9pPBBI AFEIKT —9prBBI
E?Aj’i{o 9pPBBI1 EjEj—ﬂ'O g}’% Ejajﬂg _g;’% E;L.Ejlﬁ 29:/%31
B2t 9pPBBI BIATK- —3gpgBI 205 IpBBI E0=0 0 _!/1:;%1
EEens — BEe, Zaegm
TN Rt —9prBB2 TIPESKT —9rBB2 TAE RO 9pBBR2 TIESKC - g':/Bgz
TIEKT - g}’% SN 7 9pBB2 TOEIKO —9rBB2 EALKO = "”jgz
ErEtad @ HEIrETng V39pm =Rt !I%?z EOAFK- g,:%;z
E,COEjJT_ gi’% E,COE(C)ﬂ'O - g”%m :,CO:(C)T] V39psm Qg::r K~ 9dprBB2
Q=IO 9prBR2
THE 0 !1;:}3%33 DR MRETN y;:/sgz TSy, 'lf:%n SHErat .a%as
SHEFKT e pIONar S oo TiEing eppn TiEin V.3
23’ Zg ﬂ+ 9}:}%&3 Zj EICJr KO 9P§B3 EBL EICO K+ QPSBS Z(C)Zj T 9}\7533
05070 — e =00 3 =05, ot 29:20 toass
BT tegp =R g AN trag CALCATS — g
FESm fene CASCHS 2 degen ELQIKT fene BV K™ Seges
E,COE(()I_(O 9.‘;%;3 E,COEIC+7[_ 91’%33 E::()EICOHO _ 925’\8/%3 EICOEICO;78 _ 921’\13/136_3
.—./() —vO,,,l gpﬁm E‘u”,‘OQ(C) KO 9P\/B§3 Qg:chr K- 9P\/132§3 QO:/CO I‘(O 9;\7533
QIQg _\/%QPB[B QA g”j?

TABLE XIV. Similar to Table XIII, the strong couplings of B3B3V, BgB3V, and BgB¢V can be obtained by using the coupling
constants ggzop+ g = {4.6,6} = gygpi, gsoar,- = 12.6,16} = gypp, and gsiyo,r = {4.0,27} = M [63], respectively. Then, the

couplings BgB3V and BgBgV can be obtained from gy« 51,0 = 10 = gyp-p, and gsozi,- = 5.77 = g‘”‘*’” [76], respectively.

Vertex g Vertex g Vertex g Vertex g
AfA o —V29vEp1 AJEFKT —9vBBI ASEIKHT 9vBB1 ESAK —GvBB1
Ef Ei/)o - qv% EfEfw - “V—jgl BEfEf —9vBB1 BB OPJr —9vBB1
EOANSK 9vBBI 0= pT —9vBB1 =020 QV% 20200 - g%”
EgE(c) —9vBBI1

TN —9vBB2 PRRICHY Sl —9vBB2 SIALP 9veB2 TIESK - 9%2
Z?EgK*Jr —g‘/% 20A+p gvep2 ZgEgK*O —3gvBR2 EéJrAZLI_(*O _g\%z
Eé+52rpo QVSBZ E/C+E;rw !Ivzﬂ E/C+E:r¢ _ QV% E/C+Egp+ 9‘:}3532
EOANSK* e EVEipT oo 0890 — g 02w upm
EPa? - 9%2 QUEFK* 9veB2 QUEPK 9veB2

(Table continued)
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TABLE XIV. (Continued)

Vertex g Vertex g Vertex g Vertex g
Zj+2i+p0 9%3 2;@—+Zz—+w H\\/%ﬁ 22’+2§p+ H\\/}fga 22_+EIC+K*+ !Jv_jg}
Z;r 2C++p— 9\:/5553 ijiw 9\\/;53 ZC+ Z(C)p+ 9\\/}%&3 ZjE/CJr K*O gvzzzm
TIEOK g 0% tp g 030p° — fuage 050 aug
Z(L?E/LQK*O .(]\i/BiBZ E/C+ Z;mt K* !/\\//B%ZS E/C+ Z:— I_(*O !lv% E/C+ E:fpo .(Izv\B/%s
ESEw eV BEEL Qv =ZEOpt Jvpen EQUKH g
EICOE;r K* vaf:} E/COE(C)I_(*O H\\/;gs E/COEIC+p— gvgm E/COE/COPO _ gzv\ﬂ/%s
EICOEICOCU 92\/\5/1%3 EICOEICO 9v12933 E/COQQK*O g\\/};gs Q(C)E/C+ K* gv%m
QUEPK gvjé*" Qb 9vBB3
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