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Weak decays of doubly heavy baryons: 8., — B8D®*)*
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Abstract: The discovery of =/F has inspired new interest in studying doubly heavy baryons. In this study, the
weak decays of a doubly charmed baryon B, to a light baryon B and a charm meson D (either a pseudoscalar or
a vector one) are calculated. Following our previous work, we calculate the short distance contributions under the
factorization hypothesis, whereas the long distance contributions are modeled as the final state interactions, which
are calculated with the one particle exchange model. We find that the 8., — BD* decays' branching ratios are obvi-
ously larger, as they receive contributions of more polarization states. Among the decays that we investigate, the fol-
lowing have the largest branching fractions: BR(Z} — X*D**) € [0.46%,3.33%] estimated with 7=+ =256 fs;
BR(ES,. — AD™) €[0.38%,2.63%] and BR(E]. — 2'D**) € [0.45%,3.16%] with 15 =45 fs; and BR(QZ. —
20D €[0.27%,1.03%], BRQ;. — E°D*) €[0.07%,0.44%], and BR(Q}. — 20D*) €[0.06%,0.45%] with
7qx. =75 fs. By comparing the decay widths of pure color commensurate channels with those of pure bow-tie ones,

we find that the bow-tie mechanism plays an important role in charm decays.
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I. INTRODUCTION

Studies on doubly heavy baryons that contain two
heavy constituent quarks (¢ or b quark) have been con-
ducted for a long time. They are predicted by the quark
model and allowed by the quantum chrodynamics theory.
Physicists believe in their existence, even though they
have not been found in experiments. The SELEX collab-
oration announced the discovery of Z/. in 2002 and 2005
[1, 2]. However, the reported production is large, and the
lifetime that was measured is very long. Their results do
not agree with the theoretical predictions and have not
been confirmed by other experiments. In 2017, the LHCb
collaboration declared the discovery of E}F via E/f —
AfK n*n* with mz. =3.621 GeV [3]. In 2018, the LH-
Cb collaboration measured its lifetime as 256 fs [4] and
confirmed the discovery via EXf — Efn*[5]. EfF is the
first doubly heavy baryon to be discovered in experi-
ments with properties that agree with the theoretical ex-
pectations. Its discovery is meaningful to the study of the
hadron spectrum and baryon decays. Physicists have
already conducted substantial research on the spectrum of
doubly heavy baryons. However, the determination of a
proper framework to study their weak decays is a very

challenging task. Numerous studies have been conducted
on this topic [6-24], and the form factors as well as the
semileptonic decays of a doubly heavy baryon to a singly
heavy baryon have been studied under various frame-
works. However, few systematic methods are available to
deal with even two body nonleptonic decays, which is es-
sential for guiding new particle discoveries, understand-
ing the dynamics of strong interactions, and testing the
standard model precisely.

In 2017, we applied final state interactions (FSIs) to
baryon decays at the charm scale to estimate the branch-
ing fractions of two body nonleptonic weak decays of
doubly charmed baryons [25]. We suggested two golden
discovery channels of E!*, which, as mentioned above,
were adopted by the LHCD collaboration and aided in the
discovery of the E*F particle. The discovery inspired the
research of doubly heavy baryons and further questions
are posed: which are the golden discovery channels of the
other doubly charmed baryons and what else can we find
in the decays of doubly charmed baryons? To answer
these questions, further research on the weak decays of
doubly heavy baryons is required. In our previous work,
we calculated the decays of a doubly charmed baryon to a
singly charmed baryon and a light vector meson. We also
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investigated the possibility of these decays as potential
dlscovery channels [26]. After discovering E}F, measur-
ing its lifetime, and confirming the discovery with anoth-
er decay, the LHCb collaboration also focused on the
weak decays of E/F with a charm meson in the final state
[27]. Motivated by these theoretical questions and experi-
mental efforts, we study the two body nonleptonic de-
cays of a doubly charmed baryon 8,.. — 8D™), where B,
represents a doubly charmed baryon, 8 denotes a light
baryon, and D™ is either a pseudoscalar or vector charm
meson.

There are many interesting physics to be explored in
baryon decays. For example, the CP violations have
already been observed in K, B, and D meson decays but
have not been observed in baryon decays. Theoretical
progress in this topic is slow because it is challenging to
calculate the dynamics. No systematic factorization meth-
od has been established thus far, even for two body non-
leptonic decays. In general, the contributions in two body
nonleptonic baryon decays can be topologically classi-
fied into several types: 7, C, E, and B [28]. In b baryon
decays, the £ and B contributions are numerically small
[29]. In the charm sector, the situation differs, and the F£
and B contributions may become important [30]. The
study of these decays will aid in understanding the dy-
namics of baryon decays at the charm scale.

The remainder of this paper is organized as follows.
In Section II, the phenomenological framework is intro-
duced, the contributions in these decays are discussed,
and the analytical expressions are presented. Section III
presents several inputs, tables of our results, and discus-
sions. A summary is provided in Section IV. Owing to
space limitations, we list all of the expressions of the

Abs M(Be — BD™) = 22([_[ f o

X M(pg.. = {g)T* (pgppe = {qi)).

Egs. (1) and (3) indicate that the decay process can be di-
vided into two steps. The first is the generation of an in-
termediate state under weak interactions, which is domin-
ated by short distance dynamics, and the second is the
subsequent formation of a final state through the strong
interactions among intermediate particles. In principle, all
possible intermediate states should be considered.
However, based on the argument that the 2-body = n-
body rescattering is negligible [32, 33], we only need to
consider the intermediate states with two particles.

The weak decays B, — B8D™ are induced by the
charged current ¢ — s/d. For charm decays induced by
the flavor changing neutral current (FCNC) with a quark
loop effect, cancellation occurs between the d and s quark
loop contributions; therefore, the FCNC contributions can

amplitudes in Appendix B, whereas the strong couplings
are presented in Appendix C.

II. THEORETICAL FRAMEWORK AND
ANALYTICAL CALCULATIONS

A. Theoretical framework

In our previous work, we extended the model of FSIs
to baryon decays [25, 26] and suggested the discovery
channels for E/ successfully. We also found a misun-
derstanding of FSIs in certain earlier reports, and inter-
ested readers are referred to our upcoming paper. To be-
gin with, we briefly introduce this framework by follow-
ing the ideas proposed in Ref. [31]. Suppose that the
weak Hamiltonian is in the form Hy = A;Q;, where A; are
the combinations of quark mixing matrix elements and Q;
are time reversal invariant weak operators. The amp-
litude of B.. — i can be decomposed as

(iout|Q|Be;in)" = ZS}(J'; out|Q|Be;in), (1)
j

where § j; = (i;out|j;in) is the strong interaction S matrix
element. Using the unitarity of the S-matrix and
S =1+iT, one can obtain an identity related to the optic-
al theorem:

2Abs (i;0ut|Ql Beiin) = ) T j;0ut|Ql Becsin). ()
J

Specifically, the absorptive part in the amplitude of
the B.. — BD™ decay can be obtained as

d3qx
V2E,

J
](27046“ [pg +poo = qk]
k=1

)

safely be ignored. The low energy effective Hamiltonian
with a charged current is given by

SN

Vup|C1()0() + Co() 0% ()| +h.c.,

q =d,s
4)
with
O] = (e Dp)v-a(Gpca)v-a,
04 = (itaDo)v-4(Gpcp)v-as Q)

where D =s,d, V.4, and V,p are the Cabibbo-Kobayashi-
Maskawa (CKM) matrix elements whose values are used
from the CKMfitter Group [34], C;,2(u) represents the
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Wilson coefficients, the Fermi constant is Gg = 1.166%
107> GeV~2, and 0{, are the local four-quark operators
in which « and g are color indices.

The contributions induced by the above Hamiltonian
in two body nonleptonic decays of 8B, can be classified
into eight topological diagrams, which are depicted in
Fig. 1. The external W emission contribution is denoted
by the symbol 7. The internal W emission contributions
can be classified as two types. In the C diagram, the two
constituent quarks of the meson are all obtained from the
weak vertex. In the C’ diagram, one constituent quark of
the meson is obtained from the initial state baryon. The
diagrams in the second line of Fig. 1 are all W exchange
diagrams. In E|, the light quark, which is obtained from
the ¢ quark by emitting a W boson, is picked up by the fi-
nal state baryon, whereas in Ej3, it is picked up by the fi-
nal state meson. In the bow-tie diagram (denoted by B),
both light quarks generated in the weak interaction are
picked up by the final state baryon. The strong interac-
tions in Fig. 1, both short and long distance, are included
although they are not drawn.

The short distance strong interactions are associated
with the weak vertex, and this part of the contribution oc-
curs at a high energy scale so that the perturbative calcu-
lation is still valid. Drawing on the experience of study-
ing b baryon decays [28, 29], one can observe that the W
exchange contribution can be safely neglected at a short
distance. The situation differs when one considers the
long distance contributions, which are thought to be dom-
inating because of the low energy release, and the W ex-
change mechanism may become important [35-39]. A de-
cay process of B.. — B8D™ can be divided into two steps:
a B, baryon first decays to 8. M and then to 8D™ via
long distance interactions. The former step occurs at a
short distance; therefore, the W exchange contribution
can be omitted. The long distance part, which is essen-
tially nonperturbative, is difficult to calculate. In this
work, we model it as the FSIs and perform the calcula-
tion at the hadron level. In this model, the long distance
dynamics are realized by exchanging hadron-state
particles (depicted in Fig. 2). Now we arrive at the step
for calculating the amplitude in detail.

(E1)
Fig. 1.

(E2) (B)
Topological diagrams of B.. — B M(D™) at tree level. B, denotes a light baryon or singly charmed baryon. M is a light

meson. The thick lines represent ¢ quarks and the wavy lines represent /¥ bosons.

D™

Fig. 2. Decay process indicated at hadron level. The black
square is a weak vertex at which the intermediate state 8, M is
generated. The gray ellipse represents the strong interactions
between intermediate particles, which is realized by exchan-
ging hadrons.

B. Calculation of weak vertices

As stated in the previous subsection, the first step in
obtaining the amplitude is to calculate the weak produc-
tion of an intermediate state. To avoid double counting,
this part of the contribution is short distance dynamics in
principle. At the hadron level, this part is represented by a
weak vertex. At a short distance, the ¥ exchange mech-
anism can safely be neglected. Therefore, the weak ver-
tex can be calculated reliably with the factorization hypo-
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thesis. Given the Hamiltonian in Egs. (4) and (5), the T follows:
diagram in the factorization hypothesis is factorized as
Gr . _ _
ﬂ(Bcc g BCM) = @ Z chVuD (CZ + Cl /NC) <M|(MQDQ)V7A|0><Bc|(QBCﬁ)V7A |Bcc> (6)

q=d,s

with N, = 3. The weak transition of B, to a spin-1/2 singly charmed baryon 8B, is parameterized as

v H
(Bep' SOV = A)lBee(p.52)) = A’ 5L) [y,,fl @+ icrwi—/lfz(qz) + fw%(qz)] u(p, s.)

where g = p—p’, M is the mass of B.., and f; and g; are
the form factors.
The expressions of f; and g;, which can be obtained

v u
—a(p’,sl) ['yugl @+ icrwi—/lgz(qz) - i—/[gs(qz)] ysu(p,s;), (7)
(0lALIP(q)) =ifpqy, ()
and
OIV,.IV(g)) = fymye,, )

with the aid of certain quark models or sum rules, are
used as inputs here. In this study, we adopt the results cal-
culated under the light-front quark model in Ref. [10].

The decay constants of pseudoscalar and vector
mesons are respectively defined as as

where the subscripts "P" and "™ correspond to a pseudo-
scalar and vector meson, respectively. Combining Egs.
(7)-(9), the weak vertex of B.. — B.P is expressed as

. G * — ’ 7 2 ’
Wr(Bee = BeP) = 17% Vi, Vapar fol(p’ )| (M = M') fi(mp) + (M + M")g1 (mp)ys |u(p, s2).. (10)
The C diagram can be calculated via its relation to the 7 diagram under Fierz transformation:
. G * - 7 7 ’ 4
We(Bee — BeP) = 17; Vi, Vapar fo(p, )| (M = M') fi(mp) + (M + M")g1(mp)ys |u(p, s2).. (11)

In the above equations, a; =C,+C,/N¢c and a; =C+
C,/Nc are the combinations of Wilson coefficients. In
this work, the decays are under the charm scale, so we
use a(m.) and a>(m.) in Ref. [40]. M’ is the mass of B..

G % $—v ) 7
Wr(Bee = B.V) :chunDalfveuu(p ,57) [(fl(m%,) -

V2

!

[
We omit the terms with f3 and gz in Eq. (11), because
they are suppressed by m?/M?.

For 8., — 8.V, we obtain

M

M’ 2
;I fz(m%/))?’“rﬁfz(m%/)l?'“

M-M 2
- (g1<m2v> + —gz(m%/))V")’s - —gz<mzv>p’“ys] u(p,s),

M

M

G M+ M 2
We(Bee — B:V) ZTI;V:unDGvafZIZ(p/, S:,) [(fl (m%/) - +M fz(m%/)))/” + Mf2(m%/)p/#
—-M 2
- (g1<m2v> + = gz<m2v))y*‘ys - Mgz(m%/)l?/“)’s] u(p.s:). (12)

C. Rescattering at long distance

The rescattering between the intermediate particles is
nonperturbative dynamics by nature and very difficult to
calculate. In this work, we employ the framework of FS-

Is and perform the calculation with the one-particle-ex-
change model at the hadron level [31,35-39, 41, 42]. In the-
following, we use Q. — Z°D} as an example to demon-
strate the detailed process of our calculation. This decay

can proceed as QF — QUK+ /K*")—»ED, QF — (EF/E)
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(¢/m/n8)—E°D?, and Q. — EY/EL)(n*/pt) — EODT.
The first one is induced by ¢ — su5 at the quark level and
the latter two are induced by ¢ — dud, which indicates
that it is a singly CKM suppressed decay. The intermedi-
ate states QU(K*/K**) and (EY/Z90)(x*/p") are generated
via the T diagram, and (£ /E.")(¢/n:1/ns) originates from
the C mechanism.

As mentioned previously and depicted in Fig. 2, the
long distance contributions are calculated at the hadron
level. The calculation is performed with the chiral Lag-
rangian. One can draw all of the leading diagrams accord-
ing to the perturbation theory with only one particle ex-
changed, as in Fig. 3. The Lagrangian used in this study
is obtained from Refs. [43-46]. The readers can refer to
Ref. [25] for specific expressions.

The three diagrams of the s channel, presented in
Figs. 3(g), (h) and (i), make a sizeable contribution only
when the mass of each resonant state is quite close to the
mass of the mother particle Q.. Among the discovered
singly charmed baryons, even the heaviest one is approx-
imately 500 MeV lighter than E}F. Therefore, these con-
tributions are supposed to be suppressed by the off-shell
effect. As a result, we neglect these contributions in our
calculation and only consider the ¢ channel contributions,
which are the typical triangle diagrams depicted in Figs.

Dy

m/ms

e /S

o)

(8)

Fig. 3.

3(a)-(f). Eq. (3) is employed to calculate the absorptive
part of these diagrams. In principle, the amplitude of the
diagram can be obtained via the dispersion relation

1 [ AbsA(s
AbSALS) (g)ds'.

2

2
A(m]):_ .
Tds S —ml

(13)

—ie

As opposed to QCD sum rules, our calculation is per-
formed in the physical kinematics region, where a singu-
larity exists in the above integration. In this study, we fol-
low the scheme adopted by Hai-Yang Cheng, Chun-Khi-
ang Chua, and Amarjit Soni in Ref. [31]. Only the ab-
sorptive part of the amplitude is maintained for order es-
timation. An additional phenomenological factor is asso-
ciated with the exchanged particle to account for its off-
shell effect and to make the theoretical framework con-
sistent. The expression of this factor is provided in the
following subsection.

D. Analytical expressions for diagrams

We derive the analytical expressions of the amp-
litudes by combining the discussions in Sections II B and
II C in this subsection. To simplify the subscripts, we as-
sign numbers to the particles in a triangle diagram, as il-
lustrated in Fig. 4, in which the momentum flows are also

o/m/ns

=0/ Dy
(i)

Leading FSI contributions to Qf, — Z°D! manifested at hadron level. The black squares denote weak vertices and dots repres-

ent strong vertices. Each thick line in diagrams (g), (h), and (i) denotes a resonant structure. Diagrams (a), (d), and (g) are induced by
the rescattering between Q0 and K*/K**, diagrams (b), (¢), (¢), and (h) by the rescattering between =} /Z/* and ¢/, /ns, and diagram (f)

by 29/22° and n*/p*.
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Fig. 4.
arrows define the momentum directions in our calculation.

Numbers assigned to lines in triangle diagram. The

0d6dy G
Abs My(K*: Q0 D) = flpzlsm ¢ Gg

327TZMQ+

X u(ps. 57,) [legEODWy(—gW + )+

X (3 +map) | (ma, —ma) fimy.) + (ma; +map)g1(m}.)ys | u(py, 52).

In the calculation, summations over the polarization
states of the intermediate and exchanged particles need to
be performed. For example, in Fig. 3(a), one needs to
sum over the polarization states of Q¥ and D*0. In Eq.
(14), 0 and ¢ are the polar and azimuthal angles of p3 in
the spherical coordinate system, respectively, whereas
8DD:K*» flg:JEUDm, and fZQ?E“D*" are strong coupling con-
stants. Furthermore, P2 and P3 are set to be on-shell. To
account for the off-shell effect and to make the theoretic-
al framework self-consistent, a Breit-Wigner structure
and a form factor F(z,m) are associated with the ex-
changed particle. The form factor F(z,m) is parameter-
ized as [31]

(15)

A2_m2 n
A2—t ) ’

F(t,m) = (

_V VusalfK*
V2

defined. We use Mqjp/ciajess(P2; P3;P4) to denote the
amplitude of such a triangle diagram. The subscripts
"a/b/c/d]e/f" correspond to Figs. 3(a)-(f), whereas P2,
P3, and P4 denote the particles at positions 2, 3, and 4,
respectively.

Specifically, the absorptive part of Fig. 3(a) is given
by P2=K*, P3=0Q0, and P4 = D*

F2(t,mp)
2 - 8D*D: K+ P2
t—my, +impol’po
ohps . fampe P4P4
APl (=" + —57)
D <0 mﬂ? + mzo D <0

(14)

[
which is normalized to 1 at # = m?, where m is the mass
of the exchanged particle. The cutoff A is given as

A =m+nAqcp (16)
with Agcp =330MeV. The phenomenological parameter
n depends on all of the particles at the strong vertex. Be-
cause numerous strong vertices appear in the calculation,
a huge amount of experimental data are required to de-
termine these parameters individually. In our calculation,
we set n = 1.5 and vary it from 1 to 2 for the error estima-
tions. In Eq. (15), n is another phenomenological para-
meter that needs to be extracted from experimental data.
Owing to a lack of experimental data, we draw on the ex-
perience of Ref. [31] and setitto 1.
Similarly, the absorptive part of Fig. 3(d) is given as

. |p>2|sinfdfde Gg F2(t,mp)
Abs Ma(K**;Q; D) = - % VesVusai fx- 2—.DgQ?E°D°ngD0K**(p5a + Pda)
32 mey: \/5 t— My +impol ' po
_ p" 24
Xu(pe, s.)ys(@3 + mgy)( g+ 22
K +

mg: + may

X (fl (Wl%(J -

2 mo; — mﬂ? 2
=181 (mK”) + 2 (mKw

mQr_
2
me,

where the spin summation is performed over the polariza-
tion states of Q¥ and K**. It should be stressed that cer-
tain symbols of strong coupling constants resemble those
of weak transition form factors. Readers can distinguish
these according to the feature that strong coupling con-

fZ(mK‘

——gz(mK )P3;0’5]M(P1 82)s

2
)) Yu + _fZ(m%(H )PSy
mqy:

)) YuYs

(17)

stants have particle names as subscripts. The expressions
of the remaining diagrams in Fig. 3 are provided in Ap-
pendix A. With all of the diagrams calculated, the amp-
litude of QF — Z°D* is given as
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AQ, — Z°D) = iAbs[M,(K*;Q°
+M (nl"—‘c"—‘ )+M (nl’:?—"—‘
+M (7717EJr

+ Mp(n"EYLET) + My 2 E

The amplitudes of the other decays can be obtained in the
same manner. Owing to space limitations, we provide
these expressions in Appendix B.

;D) + My($; 5 D7) + My($; 2.7 D)) + Me(¢: 25 E0) + Mo(¢: 2.5 E0)
)+ Mc(ng; E5EY) + Me(ng; 215 E) + My(K*5Q0; DY)

+)+M (771,:'+ D*+)+M (;78,:+
N+ M ELE) + Mp(pt ERED)]. (18)

+)+M (TIS,:H- D*+)

III. NUMERICAL RESULTS AND DISCUSSIONS

The decay width of B, — BD™ can be calculated at
the rest frame of B, by

2
Ve,

~ (mg +mpo)?)((my_

— (mg —mpo)?

[(B. — BD™) =

3
32mm .

where the summations are performed over the polariza-
tions of the initial and final states. Moreover, a factor 1/2
has already been multiplied to average over the polariza-
tions of the mother particle B,..

The calculation of the short distance contribution re-
quires the decay constants of several pseudoscalar and
vector mesons, which are presented in Table 1. Further-
more, numerous strong couplings are required, most of
which are obtained from Refs. [31, 47-53]. Certain strong
couplings that cannot be found in literature are calculated
under the S U(3)r symmetry. The data of the strong coup-
lings are presented in Appendix C.

Now we can obtain the numerical values of the re-
lated decays. We use the lifetime 7z, = 256fs, which was
measured by the LHCb collaboration [4], to calculate the
branching fractions of the =/} decays, and our results are
presented in Table 2. It can be observed that the branch-
ing ratios of the =} — BD* decays tend to be larger than
those of the =Y — 8D mode when the quark constitu-
ents are the same. This can easily be understood by the
fact that =!f —» 8D* decays have more polarization

Table 1. Decay constants of light pseudoscalar and vector
mesons obtained from Refs. [54, 55] (in units of MeV). f,,
and f,, are calculated using the formulae in Ref. [56].

Jr fx ﬁ]g ﬁ]l fP Sk Jo f(b
130 156 163 152 216 217 195 233

Table 2.

D IAB.e > BDY)P, (19)
pol.

[
states. Among these decays, the CKM favored ones cer-
tainly have the largest branching ratios. The branching ra-
tio of EXF — X*D** is estimated to reach the percentage
level.

In Tables 3 and 4 the decay widths of £}, and Q. de-
cays instead of the branching ratios, because no experi-
mental data of their lifetimes are available. Among the
decays of the same mode, B.. — BD or B.. — BD*, the
CKM favored, singly CKM suppressed, and doubly CKM
suppressed decays fall into a hierarchy naturally.

Ef — AD** and :+ — XOD** possess the largest de-
cay widths among the Ef, — B8D™ decays. When estim-
ated with a recently calculated lifetime of 7z. =45fs in
Ref. [57], their branching ratios are given by

BR(E!, - AD™) €[0.38%,2.63%],

BRE!, - 2°D"™) € [0.45%,3.16%]. (20)

The lifetime of Q. is predicted to lie in the range of
75 ~ 180 fs in Ref. [57]. Here, we use the boundary of 75
fs to estimate the three largest branching fractions in the
Qf — BD™ decays, which are given as

BRQ. — E°D*) € [0.27%,1.03%],

BRQ}, — Z°D") € [0.07%,0.44%],

BRQ. — 2°D™) € [0.06%,0.45%]. (21)

Results for branching ratios of = — 8D™. The terms "CF," "SCS," and "DCS" represent CKM favored, singly CKM sup-

pressed, and doubly CKM suppressed processes, respectively. The errors are estimated by varying n from 1 to 2, and the central values

are given at n = 1.5. Topologically, these decays are all classified as the C’ diagram.

Channel BR(1073) CKM Channel BR(1073) CKM
Eff > ItD* 2.9873:18 CF Bif > ItDT 16.06* 1728 CF
Eir >z*D} 0.17+518 SCS Eir -zt 2.68+264 SCS
Efr - pD* 0.16708 scs B — pD** 2.967338 scs
E;; — pD? 0.0170:2 DCS EfF - pDit 0.11703 DCS
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Table 3.

Results for branching ratios of Zf, — 8D™®. The terms "CF," "SCS," and "DCS" represent CKM favored, singly CKM sup-

pressed, and doubly CKM suppressed processes, respectively. The errors are estimated by varying n from 1 to 2, and the central values

are given at n=1.5. B and C’ represent the contributions in Fig. 1.

Channel I'/GeV CKM Contributions Channel I'/GeV CKM Contributions
Ef > 20D* (5.93*43hx 1071 CF C'B Ef. - AD* (1.82%293)x 10713 CF C'B
Ef. > AD* (5.84%618y 10713 CF C'B B > 30D @178y 1078 CF C'B
Ef >z D’ (1.23%)25) %107 CF B Ef - D (6777731 x10714 CF B
Ef. - 20D} (45232210716 CF B Bl > 20Dt (2.52+223) 1071 CF B
Bt - pD° (18572921071 scs B Bl - 3D (1153 =107 SCS C'B
E}. > AD} (3.00%2:23yx 10716 SCS C'B El. > AD (1.58%:3)+10714 SCS C'B
Bl —>nD* (1.59%87)x 10716 SCS C'B gf, - nD** (LO4* a4y« 1071 Scs C'B
Ef, —» 20D} (28527210716 scs C'B Bt — pD* (9.46710,20) 10713 Scs B
B} > nD; (326738810717 DCS c g > nDy* (1.47+50y10716 DCS (o

Table 4. The same as Table 3 but for decay widths of Q. — 8D®.

Channel T'/GeV CKM Contributions Channels T'/GeV CKM Contributions
Qf, — =Dt (1.88*197) 10714 CF c’ Qi — =D (4.99+405) 10714 CF c
Qf, -z D0 (1.764]71) 10715 SCS B Qf, - 30D (1.80*204) 10714 scs C'B
Qf, - AD* (1.754198) 510715 scs C'B Qi - AD* (7.6578%9) 10715 SCs C’'B
of - =D} (9.93+1887) 10716 SCS C'B Qi - 2Dt (4.26*59¢) 10716 scs C'B
Q- =0t (2.3772:13) 10716 SCS C'B Q. >z DY (6.9174:24) 510713 SCS B
Q! - 3Df (1.17+1953)« 10716 DCS C'B Qi —»3'D;* (1.68+]92) 10716 DCS C'B
Qf - pD° (1747295510717 DCS Qf. - pD* (3.83*48%) 10716 DCS
Q! - nD* (4.324336) 107" DCS Qf - ADY (1.06*)27)«107'6 DCS
Q. — AD} (7.00*787) 10718 DCS Qf - nD* (2.744328) 107" DCS

We also specify the topological contributions of the de-
cays in the tables. It can be observed that the bow-tie
mechanism makes a sizeable contribution to the charm
decays. Let us take Qf — Z°D* and Q. —»=*D" as an
example for clarification. The former decay is a pure col-
or commensurate process, whereas the latter one is purely
dominated by the bow-tie mechanism. It can be observed
from Table 4 that

Q. — zp*)
— __— 1 10. (22)
Q. — X+DY%)

The ratio of their CKM matrix elements is

VeV ~44. (23)
VC.YV:;S

Considering that the CKM factors are squared in the cal-
culation of decay widths, it can be found that the CKM
factors will cause a difference of approximately 20 times.
This means that the bow-tie mechanism and color com-
mensurate mechanism contribute with the same order.

IV. SUMMARY

The discovery of E/ in 2017 has inspired interest in
studying doubly charmed baryons. Among all of the re-
lated topics, how to calculate their weak decays is a
meaningful and challenging one, which can provide valu-
able suggestions for experimental research as well as aid
in understanding the dynamics of baryon decays. In our
previous work, we applied the model of FSIs to baryon
decays and realized the estimation of two body non-
leptonic decays of charm baryons.

In this study, we calculated the decays of a doubly
charmed baryon to a light baryon and a charm meson. In
the same decay mode, B..— 8D or B, — BD*, the
CKM favored, singly CKM suppressed, and doubly CKM
suppressed decays fall into a hierarchy naturally. The
B.. — BD* decays tends to have larger branching ratios
or decay widths because they have more polarization
states. Moreover, Z}" — Z*D** has the largest branching
ratio in EF — BD™ decays, which lies in the range
0f(0.46 ~ 3.33)%. The two largest branching ratios in the
Ef - 8D mode are BR(E!.— AD**)e[0.38%,
2.63%] and BR(E*. — 2°D**) € [0.45%,3.16%], which are

—cc

043108-8



Weak decays of doubly heavy baryons: B,. — 8D

Chin. Phys. C 45, 043108 (2021)

estimated with 7=, =45 fs. For the Q/, —» 8D" mode,
BRQY, — E°D*) € [0.27%,1.03%], BR(Q;, —E°D*) €
[0.07%,0.44%], and BR(Q;. — Z°D**)€[0.06%,0.45%]
are the three largest ones, and they are calculated with
TQr = 75 fs.

By comparing the decay widths of pure color com-
mensurate processes with those of pure bow-tie pro-

cesses, we found that the bow-tie mechanism also plays
an important role in charm decays.
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APPENDIX A: EXPRESSIONS OF DIAGRAMS (C)-(1) IN FIG. 3

- |p5Isinddéde G F2(t,mp:)
Abs My($; = D} Y P Vstr fy—————— gz 0p- gD s (Paa + P
b(P; B )= 302m o \/z us 2f¢t_mD +1mD+FD+g‘ D‘gD‘D‘a&(péi-a Dsa)
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sz I’)’LQZ

2, , Mo, —n=; 2 2 2
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Abs M (1,25, DEF) =— ——V* - -+ D+
(m ) 2me, N3 Vs zfm sz o T 8D D, D2a
_ , PFP f2:.*:."D pvpa/
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AbsM, ;25D =— | —————V: V,,a - Dt
(M )= 3271'2mg': \/z cs Vs 2f'h m%)+ +imD:+FD:+ 8Dy D P2a
_ i\ feepe . pPury
Xu(pG,s;) flE;*E“D;*)’y _glla+ 4174 + « s O—,WIPZ _gvoz_{_%
mp., ) Mep+ e mp..
X (3 +mz+) [(mg: —mz) fi (m,zh) +(mgoy +mz)g1 (mrzz. )75] u(py,sz), (A4)
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AbsM,(ng; =5, D) =—- | ——————V: V,5a : e
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043108-9



Chin. Phys. C 45, 043108 (2021)

Run-Hui Li, Juan-Juan Hou, Bei He et al.

|p3|sindd6de G F(t,mp.)
AbsM,(pg:E.5 Dty = [ 1P2sin0dédy Gr ) : N
" - 32rPmg. A2 " me t—m3,, +imp-Tp. 8D Do P2a
- p/lp fZ: +EOD pvpa
Xu(ps, s.) | fizrzop: Y| =8 + 42 = o'wlp" %
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=0 |p2|s1n0d6dgo Gr v Fz(t, Mzo)
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Abs M($; 252 = —i | Z—— T — VY, L S
(¢: =, )= 327‘[21’)19; \/E Vs 2f¢t méa +imzo T 8ErED;
_ AN, . psp}
XTU(ps, s))| fizmegyu| —g™ + = 22 + o (—iph)[—g™ + 2—22
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oy Mo tmsE 5 2 2
X (Pa+mzo)ys(ps +mz) || fr(my) - sz(m(;,) Yo + EfZ(mas)p&y
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x| (may, —m=.) fi(m3 )+ (may +mz)gi1(m3 )ys|u(py,s52).

. (" |p>lsinfdéde Gg F2(t,m=)
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APPENDIX B: EXPRESSIONS OF AMPLITUDES

The expressions of the amplitudes for all of the
B.. — BD® decays are presented in this section. To
make the expressions simpler, we define a function
M(P1,P2,P3,P4,P5,P6) to represent the absorptive part
of the triangle diagram depicted in Fig. 4. The absorptive

O—,uv( 117”)

t— m%_ +imz-T'=-
O-pv( IPH)
p;t

PP Pip;

u Y

+ 2 ][ g+ >
+ mp*

_m% 2 2 2
82(mg.) | vays —%gz(mp)psws u(pi,sz).

F2(t,mz)

r— m%.u +im=ol'=o

8=0=, 8= E0D:

(A12)

F(t,m= )
t— mZE, +im=-T'=-

8=05-n+8E0E-D!

(A13)

F2(t9m3’)
t— mé, +imz-T'=-

gmz-

n+8EL

03]

-D:

(Al4)

F2(t,mz-)

z—gEOE D:

mZ_ +imz- I'=-

rsp,
v
2

mqy, +mg 2 2 2
—fz(mﬁ))ya + —— f(m2)p3a
MQ& mgz

2
-——ga(m. )Psws] u(pi, sz). (A15)
mqy:.

Fz(t’ mE’)
8ENE-Dr

2
me f2(m2+ )P3a

(A16)

part in Eq. (14) is related to this function as follows:

Abs M (K, Q% D) = M(Q ., K,Q°, D, 2° D). (B1)

The amplitudes of all B.. — BD™ decays are calcu-
lated as follows using this function:
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— = — 0 = — «( e} 0
AE 5 DY =iMES  nH 5L DY, DY EN+ MEL 7t B, D, DY ) + M p*, &, D, DY, EY)

LL’ =cc

+M(:2—C+’p L2l =+ DO D* 2+)+M(:++ KO 2++ D*+ Dt 2+)+M(:++ K*O 2++ D+ Dt 2+)

cc cc

+ MES 7t 502025, DY+ ME ot ELL A S, DY)+ M(EST o, 27,2027, DY)

Zee o T Zee o T Zee o T

+MES 7B NEL DY+ MES  pt B, 0zt DY+ ME " BN A EY, DY)
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cc
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cc

AEH 5T D) =iME S K EL DO, DY+ MEH K EF, DO, DTN+ MESS K2, D, D, EY)
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+MEL,p" ELEE, DY+ ME " EY, D", D" )+ ME!,p", B, D, D", X7)
=+ _+ =/0 v- v0 n+ =+ + =0 y= v0 pn+ =+ 0 v+ px+ pt+ 30
+MEL 7" 2R X272, DY+ M(EL,p" EL 27,20, DY)+ M(B!, K", 2., Dy ,D",X7)

+MEL K2, DD+ ME!, K, AL, D, DY, 20+ M(EL, K, A, DF,D*, %)

+MEL KA Z, DY)+ ME! R, ZF, 0,20, DY)+ MEL, K0, A} ,n,2°, DY)

ccr —cc’

+ME!, K0,z 0,2, DY), (B10)

AEL, - ADY) =iIME}. 7%, B, D, D", A+ ME,.p", B, D, DY, A) + M}, n*, E),E7, A, D")

=cc =cc?
+ME!p", 2027, A DY+ ME!L K, 2, D, DT A+ M(EL, K™, 8, DY, D, A)
+ MEL KA D DY A+ ME!, K, AL, DY, DY, A)+ M(E],,K°, A} ,n, A, D)
+ MEL K25 n, A, DY+ MEL, KO, Al n, A, DY)+ M(Z, K, 2, n,A,D")
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ce? ce?

+MEL R EE n 20 DY+ ME!L KO, A 0,20, D)+ M, K0, 20,20, D)

ce? cc?
+MEL7,EL, D0, D, 20+ ME?,p", 20,0, D", 2% + M(E],x*,50,27,2°, D)
+ MEL,p",E0, 27,20, D), (B12)

— AD™) =i[ME!, 72", 22, D°, D", A) + M(E!.,p" B, D™, D", A) + M(E]., 7", B2, 27, A, D*)

+ME! ", 2027, A, D)+ ME!L K, 2, D, D™ A+ M(EL, K, 28, D2, D™, A)

=ccr
+ME!L R, AL DD A+ MEL K, A, D, D™ A+ M(E!,K°, A, n,A,D*")
+ME!L R, 25 n, A D)+ MEL, KA n, A, D)+ MEL, K, 28 n,A,D™)
+ME!, 77,20, D0, D A+ ME!p" EL, D, D", A) + M}, 2t 20,27, A, D)
+ME!,p", 20,27, A, D], (B13)

— ADY) =i[ME],K*,2, D, D}, A)+ M(E!, K™, 22, D°, DY, A) + M(E}, K, 2,57, A, DY)

+ME! K257 AD)H+ ME].6,A DI, DF N+ M(E! ., ¢,2F, D, DF, A)

+ MELm, AL DS, DY A + MEL,m, Z2, DT DY A) + M(EL s, AL, D", DY, A)
+ M(Ens, 25, D57, DY A) + M(EC, 6, AL N A DY) + MEL i AL AL AL DY)

+ MELm8, AL AN DY) + MEL 6,20, AN DY) + MELmLEL A A, DY)
+ME! 08,25 AA DD+ MES 74,30, 57, A, DN + M(E!p", 20,27, A, D))
+ME! %ALY A DD+ ME! %2520, A, D)) + M(E].,w,AF, A A, DY)

+ME!, 0,2, AADH + ME!, 2% AL A, DN+ ME! 7%, 28,50 A, DY)

cc cc?

+ MEL 1, AL AN DD + MEL 1, AL AN DD + MEL, 71,5, A A, DY)
+ MEL 08,55 A A DD + MEL K, E0, D, DY A)+ MEL,K**,2°,D°, D}, A)

ce?

+ MEL KT ELE7,A,DH + M(E], K2R, 27,A,D))], (B14)

AE! - 2D =iIMEL, kY, 20, D, D 20+ M(E! K20, D%, D30 + ML, Kk, E0,27,5°, DY)

+ MEL K 20,57, 50, DY) + M(EL.0. AL, DYDY .50 + M(EL,. 4,57, D, DY, 50)

+ ME},m, AL D, DYLE) + MELm, 28, Dy, DY E0) + MEL s, AL, DY, DY)

+ M(EL 5,25, D}, DY, EY) + MBS ¢, AL E0 20, DY) + MEL,m, ALEY, 2, DY)

+ M(EL s, ALEY 20, DY)+ MEL, 6,2, 2°,2°, D)) + MEL 1, 20,20, 2%, D)

+ME! 18,25, 20, 20, DY + M(E!,7,20,27,20, D) + M(E?,p*,20,27,2°, DY)
+ME! %A A, DY+ ME! %25 A0, DY) + M(E],, w, A}, 20,20, DY)
+ME!,0,27,2°,2°, DN + ME!, 2% A A 20, DN + MEL, 2%, 28, A, 20, DY)

+ME! 1L, AL 20, DN + MEL g, AFE0, 20, DY+ M(Z]m, 2, 2°,2°, D))
+ME!n8,27,20, 20, DY+ ME! KT, 2L, D, DT, 20 + M(E],,K**,2°,D°, D}, 5°)
+ME! KT ER, =730 DN+ MEL, K*,E0,27,2°, D)), (B15)

cec?
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AEL -5 2D =iME! K, E0,D°, D 20+ M(E! K20, D, D 2% + M(E?, K,E0, 27,50, D)

—cc cc?

—cc>

+ME! KT EYE 20 DY+ MEL ¢, AL, D D 20+ M(E! 0,25, D, D, 50)

=cc’

+ ME!.m. AL DYDY I+ MEL.m. X!, DYDY X0 + MEL ns. A}, DY, D, X0)

+ME! 08,25, DF, D %) + M(
+ME! 5. AL 20,20, D) + M(
+ME! 8. 25,20.20, D) + M(

=6, ANE0 30 DY+ MEL 1 AFLE0, 20, D7)

=cc’

B ,0,25.20.30 DY+ M(EY 1, 25,2020, D)

—cc’

Bl 202N DI+ MEL. P 20,2750 D)

=cc’

+MEL P AL AZ, DY+ MEL, 0%, 28, A2, DY+ M, w,A], 20,50, D1

+ME!,w,2,20.20. D) + M(

=cc’

—_ 0 0 * —_ 0 0 *
=, AL NS, DY+ MBS 70, 28 A S, DY)

=cc

+ ME 71, ALLZY 20, DI + ME] s, AL Z0, 20, D)+ M(E] 1,27, 20,2°, DY)

+ MEL.n8.27.2°. 2. D7) + ME

+ K+ :IO DO,D§.+,ZO)+M(E+ K*+,E£.O,D*0,D:+,ZO)

cc? = cc

+ME!L KT ED 27,30 DY+ MES K, EL, 27,20, D)), (B16)

AE!, - AD™) =i[ME],
+ ME

cc?

F KT EL DY DI A+ M(E
s+ =0 —— *
KT ELETLA DY)+ M(

+ *+ =0 #0 *+ =+ + =0 =— s+
K DD N+ M(EL KT, EY, E7, A, DY)

cc? =

Er L6, AL D DY N+ ME!, 0,37, D5, DY A)

=cco

+ MEL 1, AL DYDY N+ MEL i, 28, DY, DY N + MEL s, AL, D Dy A)

+ MEL 13,25, D, D A) + M(E
+MEL s, AL AN D)+ M(
+ME! s, 2L AN D)+ M(

=cc>

=cc>

. ¢’A:9A9A’D:+)+M(E:Ca’717A:’A7A,D§+)

cc?

.25 AN DY+ ME! 1,25 A A D)
2057 A DY+ MELpt 20,27, A, D)

+ ME! PO AL A DY+ MEL 0,28 20, A, D) + M(EL, w, AL, A, A, DY)

+ MEL, w, T, A A D)+ M(

—cc?

7%, AL A D)+ M(E], 20,27, 20 A, DY)

+M(E:C,T]1,A:,r,A,A,D§+) +M(E:C5778’A:3A’A’D§+) + M(EZC’an:»A»A’Der)

+ MEL 15,25 A AD

—+ + =0 N0+ =+ 4+ =0 0yt
=K D, D N+ MEL, K™, EX, D, D, A)

cco s=c

+ME! KT BT ADY+ ME! LK, EL,E7,A, D], (B17)

cc?

AE!, — nD?) =i[ME!, K, 22, D, D n)+ ME

ce?

+ ME!K*,20.27 . n,D7) + M(

=cc>

+ME!.K°, AL, DY, D . n)+ ME

cc?

+ ME! K, AL, An, DY)+ M(E

cc?

+ ME! LKA 0, DY+ ME

cc

+ ME!L K, 55 An, D],

cc

AE!, — nD) =iME!, K22, D%, D n)+ ME

=cco

+ME!LK,20,27,n,D

cc?

ccr
—cc?
cco

0 0 =+ g0
K’ 253 n, D)+ M(EL, K", !, A,n,DY)

cc

cc?

K20, D% D )+ M(E.K*,20,27 ,n,DY)

0 * —_ 0 %

K, A, D", Dt ,n)+ M(E!, K", 2, D, D}, n)
() = 0 0

K25, DY, D, n)+ M(E!, K, AL, 2 n, DY)

cco

0 — #0 0
K AF,An, DY)+ M(EL, K™, 30,0, DY)

cco

(B18)

S KR DO D )+ M(EL KT, 20,327, 0, DY)

cco s~

FL KO AR DY, D n)+ MEL, K, ZF, D, D, n)

cc?

+ MEL KO A D™, D n)+ ME!, K, 2F, D, D2 n)+ M(Z),, K, A}, X0, n, DY)

cc?

+ ME! K, AL A n, D)+ M(Z

cc?

+ME!L KO A, 0, D)+ ME

cc?

+ M(E! K. 25, A n, DY),

cc?

cc?

0 0 * —_ 0 *
K2 o, DY+ MELL K, Z A n, DY)

cc? s~

KON A, DY+ MEL, KT, 3,50 0, D)

cc? s

(B19)
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AE], - nD*) =iME], 7,22, D, D%, n)+ ML, p*, 20, D°, D*,n) + M(Z},.0°, A}, D*, D" ,n)

=cc —ccr

+ MEL, %2, DT, D \n) + M(E],w,A},D*, D" ,n) + M(E},,w,2,D*,D*,n)

—cc’
+ ME!.7° AL, D™ D" n)+ ME! 7", ZF, D", D" ,n) + M(E]..n1, A}, D*",D*,n)

=cc> =cc’

=+ + + Pt —_t + + P+ —+ + + Pt
+M(:‘CC»778’ACaD* aD »n)"‘M(:‘CcJ]l»ZC,D* ’D 9n)+M(:‘cc57789ZC’D* aD 9”)

) 0 A+ + ) 0 v+ + =+ 0 A+ +
+ MEC.p Al nn, DY)+ M(EC.,p" X0, n,n, D7)+ M(E,n", Al n,n,D7)

=+ 0 v+ + =+ + + —+ + +
+MEL, 20, nn, D)+ ME 1, A, n,n, D7)+ ME,ns, A;,n,n, D7)

+ MEL 1,2 nn, DY)+ MEL, 18,28 n,n, DY)+ M(Z!, K*, 20,27 ,n,D")

= =0 - = =0 - = =0 -
+MEL K ELE ,n, DY+ MEL, K, EL X ,n, DY)+ M(E!,, K™, 5,7 ,n,D")],

AEL, = nD™) =iIMEL 7", 20, D°, D™ ,n) + MEL.p" 20, D", D" )+ MEL, 0", AL, D™, D" )

Al

=+
—cc

=cc> —cc’

+ ME! 025, D, D )+ ME! ., w, AL, D, D" . n)+ ME!,w,Z}, D", D" ,n)
+ M(E], 7% AL, DY, D n)+ MEL, 2", 25, D", D™, n) + M(Z],,m,A;,D*,D**,n)

+ M(EL 18, AL, D, D™ n) + M(EL 1,27, D7, D™, n) + M(E;..,8, 2, D", D*" )

+ ME! P AL nn, DY+ MEL, P ZF n,n, D)+ ME! 2% AY,n,n, D)

+ ME! 70,2 nn, DY+ MEL 1, AY n,n, D™+ M(Z!., g, AF,n,n, D™)

—cc? Ll

=+ + *+ =+ + + =+ + =0 v +
+ MEqm, 25 n.n, D)+ ME,ns, 2, n,n, D)+ M(E, K", E.,Z7,n,D™)

+ MEL KT, EL,E7 0, D) + MEL K™ E0,57,n, D) + MEL K™, B0 n, D™,

=cc »=c > =cc

— pD%) =iME].K",2°%,5° p. D% + ME!K*,Z% A, p. D)+ ME! K", 20,20, p,D°)

+ME KT EC A, p, DY)+ ME! K, E% 20, p. DY) + M(E! K™, 2%, A, p,D%)
+ME!L K2R 50 p, DY)+ MEL, K, ED, A, p, DY) + MEL,, 7%, 20, n, p, D)
+ MEL.p" 00, p, DY) + MELp°, 2, p, p, D°) + M(EL,n°, 2L, p. p, D°)
+ MEL.n1. 25, p.p. DY)+ ME].n5. 25, p.p. DV + ME},..0°. A, p.p. D")

+ MEL. 70 AL p.p.D%) + MEL.n1, AL, p.p. D) + M(E.ns. A, p.p. D),

cc?

AE! - pD) =iME], K", 2% 20, p. DY+ ME? K, E% A, p, D)+ ME?, K, 20,30, p, D)

cc »=c> ccr

+ME! KT EL A, p, D)+ ME!, K, 2L 50, p, D)+ MEL, K, EL A, p, D)
+ME!L K, EL S p, DY+ MEL K, EL, A, p, D)+ ME], 7%, 20, n, p, D)
+ME! 7,200, p, D)+ ME! %2, p, p, D)+ ME, 2%, 2%, p, p, D)
+ MEL.m 28 p.p. D)+ MEL 18,28, p.p, D) + MEL.p° AL, p.p.D™)

+ MEL 7 AL p.p. D)+ MELmu AL p.p, D)+ MELms, AL, p. p. D),

—cc’

AE!, -2 D) =iIME!, 77, 20,5°, 55, D% + ME],, 7", 2% A, 2%, D% + ME!, 7%, 20,5027, D0)

=cc?

+ME! 77 B0 A, DY)+ M(E],p", 22,20, 27, DY) + MEL,p*, 22 A, ZF, D)

=cc»

+ME!pT, 20 205, DY+ M(ELp7 20, A2, DY) + MEL, KO, 2, p, 2", DY)

=cc ccr

+ME! K2 p, 2t DY)+ MEL KO, AL, p, 27, D)+ M(E], KO, A}, p, =%, DY),

cc?
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AEL -5 2 D0 =iIME! 7+, 22,20, DY+ ME! 7t B0 A2, D)+ M(E] 77,20, 20, 2%, D)

—cc

A=

Al

—cc

=+
=cc

=cc> —cc> s=c

+ MEL 7" EX AT D)+ MELp" 20,20, 55, D)+ MEL.p",E0,A,Z7, D)

=cc =c» =cc> =

+ MEL.p"EL. 2025, D)+ MEL.p" EL, A5, D)+ M(E},.K°, 25, p. 2%, D)

=cc? =cc?

+ME!L KO EE p, 2t DY+ ME! KO, AL p, 27, D)+ M(EL K™, A}, p, =", D)), (B25)

cc?

=cc> =cc> s

=0 A gD =0 =— =0 - =0 =— —0 - 20 0 =0
E'DN) =iMEL, " 5L, E7, 2, DD+ M(EL,p",EL,E7, 2, D))+ M(E] K", 2,27, =%, DY)

+ MEL K2 N E, DY+ ME! K,28,5°,2° DY+ ME!,K,2F,A,E°, DY)

ce? ce?

+ MEL 2t L2720 DN+ M(E],.p*, EL, 27, B, DN + M(E],,K°, A}, X°,2°, DY)

=cc? cc

+ MEL KA NAE, D+ MEL, KO, AT, E0, DN + M(E], K, AF,A,Z0, D)), (B26)

cc?

=cc =cc =

=0 A =0 =— =0 - =0 =— —0 -+ 20 0 =0
EDIN =iMEL, 2L 2B, DY+ MEL, ot ELELE, DN+ M(ELL K, 22,5, DY)

+ MEL K, AE, DY+ ME!,K,2F, 50, 2%, D) + MEE,K,27, A E°, DY)

cc? cc

+ ME] 7", EL, 57, B0, D)+ MEL.p", B, E7,E%, DY) + M(EL. KO, AL 20, 2°, D))

—cc’ cc?

+ MEL. K, AL ANE D)+ MELL K AL 20, D + M(EL. KO ALLAE, DY), (B27)

=cc>

AQ, — EDY) = iIM(Q,,x*, 90, D, D* E%) + M@, p*, 0, D", D*, E%) + M(Q,.,n*, 90, =7, E°, DY)

ccr cc?

+ M@, 0057, 2° DY+ MK, EF,20,20, DY + M(QFL, K, EF, AL Z0, DY

cco =i s= )

+ k*o =+ 20 ':'0 D+)

cc? =i 9=

+ M@K, E,30, 2% DY+ M), R, E,ALZ0, DY) + M(Q
+ MQL K02 AEY, DY+ M(Q K0, 24,20 20, DYy + MQ} K, 5, AL E0, DY)

+ M K. 2, D DY 2% + ML K, E, D DY EY + ML K, 2, DY, DT E0)
+ M@K, EF, DY, DY, E0)], (B28)

cco

AQ}, - E'D™) =iMQ. 7", Q). D%, D™, EY) + M(Q.p". Q). D, D" E%) + M(Q}..n",Q),E7,E°,D™)

ccr

co=— 9=

M + + 00 == =0 s+ + 20 =+ 0 =0 =+ + 0 =+ =0 pyx+
+ M(Q.,p",QLE B, D)+ M(Q,, K, EL 2,55, D) + M(Q, K™, EL,AN,ZE°,D™)
+ M K, 24 50 20 Dy + MQFL KO, E L ALE0, DY+ MQEL R, 520,20, D)

+MQL K2 AEY, DY+ M(Q)L R, E 20,20, DY+ MQFLL K0, E ALEY, DY)

ccr s=c »
+ 0 =+ + w+ =0 + 0 =7+ + s+ =0 + o0 =+ *+ s+ =0
+ M(Q. K, B, DY, D™ 2+ M(Q... K", E.", D, D", E") + M(Q} ., K™, EY, D, D"",E")
+ 0 =7+ + e+ =0
+ MQLL KT B, DT, D™, BN,

(B29)
AQ - Z°DH) =iMQ], K,Q0, D, DT, 2% + M}, K, 00, D°, DT % + M(Q,¢,.EF, DT, D}, E")
+ M@}, 6,55, DY, DL E) + MQ i, EE DY, DYLED) + M@, m, B, DY, DY LE)
+ M@} s,B7, D3, DYLED) + MQL 1,2, DT, DY EY) + MY, 6,E7,E°,2%, D))
+ M@}, ELLE B, DY) + MQLns, EELEYE, DY) + MQ. 6,20, E°, 20, D)
+ M@, 2 E0E0 DY + MY s, 2L B0, 20, DY + MQE Lt 20, 27,20, DY)
+ M, p", 20,27, 20, DN + MQF, 2+, E20,27,20, D) + M(Q,p", ER,E7,E2°, D)), (B30)
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AQL, - EOD) = iMQE, k,Q0, D%, Dt E) + M(Q], K*,00, D, D2 EY) + M(Q, 0,5, DiF, D}, E”)

cc? s = s o=

+ =+ s+ s+ =0 + =+ pt+ prt+ =0 + =+ n+ s+ =0
+ M(Q ¢, 2, D DT EN) + M(Q.m, B, Dy, DT, EY) + M(QC,m, B, Dy, DT, EY)

s =

+ =+ nt + =0 + =+ Nt + =0 + =+ =0 =0 +
+ M(QL . ns, B, DY, DY EY) + M(Q s, 22, DY, DY ED) + M(QLL, 6,5, E7, 27, D)

cco

+ =+ =0 =0 + + =+ =0 =0 + + =+ =0 =0 +
+M(Qgcanl9‘zcad = 7D§< )+M(QC 7778’:‘07‘: = ’D: )+M(Qcc9¢5:‘z‘ S, 7D*

C N

+ =+ =0 =0 + + =+ =0 =0 + + 4+ =0 =m— =0 +
+ M m, EEYEY, DY)+ M(QL s, 2L EY BN, DY) + M(QL L ELLETL,EY, DY)

cco sy

+ M@ pT, 20527, 20 D+ MQ, 7, 20,27, 20, DI + MO 0", ER, 27,20, D)), (B31)

AQ - 2D =M@, Kk, 2, DO, DY 20 + MY K, ED, D, D, 2% + M, K, 2L, D, DY, 50)

+ M@ K2R, D, DY) + ML K, ELLET, 0, DY + MO KL ER, 57,50, DY)

cc?

+ MQ K, 20,257,520 DY + M) K2R, 27,30, DN + MQ!L K, 5, 20,50, D))

cc?

+ 0 =+ =0 0 + + 0 =+ =0 vO p+ + 0 =+ =0 0 n+
+ MK EFELE DD+ MQLL KT ELEYE DN+ M(QL K, BN EY S, DY)

+ M@, K, EF, D™, DI + M(QL, KO, 2, D, DY, %) + M(QF, K, 2, DT, DF,20)
+ MQ} K24, D, D30, (B32)

cc?

AQF — ADY) =iIM(Q], K*,2°, D0, Dt A) + M(Q],,K*,Z°, D, D}, A) + M(Q],,K**,2°,D°, D}, A)

cc?

+MQL K20, D°, D, A+ M(Q KT, 20, 27, A, DY) + M(Q], KT, 20,27, A, D))

cc?

w4+ =0 —— s+ =0 —— 0 —+ =0
+ MQLL K ELETL,ADD + MQL KL EN ET,A DD+ MQLLL KB EY, A, DY)
0 —r+ =0 0 =+ =0 0 = =0
+ MQLL K EFE A DD+ MQLLL KB EY A DD + MQLLL K, E 20, A, DY)
+MQL K. E, D" DF A+ M(QL K E, D DY A+ M(QEL K, EF, DY, DT A)

+ MQ}, K, 2%, DY, DY, N)], (B33)

AQ - 2D =M@, k2L, DY, D 20 + M)LK, ER, DY, D30 + MQFL K, EL, D, DY, E0)

e
+ MQLL K20, D0, D 3% + M@K, ELET, 20, DYy + ML K, ER,E7,50, D7)
+ M@K, 2L E7, 30 DY+ M(QLLL KL ER,E, 50, DY + ML KO, =, 20,30, DI
+ M@K EE 30, D) + MQL K ELEE0, DY + M@ K, EE0, 50, D))
+ M(Q} K%, B!, D", D X0+ MQ)L K°,EF DY D 50 + M(Q,, K™, B}, D™, D}, X0)
+ M@, KB, D™, D20,

(B34)

AQ — AD) =iIM(Q], K, 20, D%, D A) + M(Q], KT, 2°,D°, D, A) + M(Q],,K*, 20, D™, D+ A)
+MQL K2R, DO, D A+ MQL KT EY ET A D) + M(QL KT, ER,E7,A, DY)
+FMQL KT EYLET A D)+ MQELL KL ED ET A D) + M(Q)LL K, EE,E0 A, DY)
+MEQ, K, EFEO A DY+ MQLL K, EZ0 A DR+ MQ K0, 220 AL DY)
+MQ LK. EN, DT, D A+ M(QL KO B, DT, DY A+ M(QL KT, S, D, DT A)

+MQL, K2, D, DI, A, (B35)
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A - 2D =M@ 7t 2, DO, DT 20 + M@t 20, D0, DY, 3% + M@ p" 20, D, D, 30)
+ M@ p* ’_/0 D p* EO)+M(QCC, +,EO .50, DY)+ M(QF +,E’0 .50, D
+ MQpt,E%LE7. 20 DY + MQF L pT B, 27,20, DY + M(Q] 00, EF, DT, D", 20)

+ MQ} 0% 5, DY, DY, 20 + M(Q], 7%, EF, D, DY, 2% + M(QY,
+ M(Qfn1,EE D™, D20 + M(Q. 18, E7, D™, D", 20 + M(Q],,m, E, D", D, 2°)
+ MQL, 8, B4, D, DY 30 + M(QL, w,EF, D, D*,5%) + M(Q,
+ M@, p% 25 A Z0, DY+ MQL, 00, 20, ALZ0, DY) + M(QF, 0,
+ MQ,w, B4, 20,50 DY)+ MQF, 7%, 2, AL 20, DY) + MY,
+ MQfn1,EF 0,20, DY) + MQF s, EE 20,20, DY) + M(QFm1, 20,20, DY)
+ MQ s, 207, 20,20, DYy + MQL KT, Q0,527,320 DY) + M(Q
+ MQ¢,E5,20.20. DY) + MQF 1, EF 20,20, DY+ M(Q) . 55,320,230, DY)

+ MQL,¢,E17, 20,20, DY)+ MQF 1, B0, 20,20, DY) + M(QF g, E2F,20,2°, D), (B36)

cc?

cc?

O,E,+ D*+ D+ ZO)

cc?

—_r 0

9'—‘C+9D+3D+’E)
0 0

E;,X0Z,DY)

ccr

0 —_ 0
L2/, A,50, DY)

CC’

K*,00,27,5° D)

CC’

AQ! — ADY) =ilM(Q], 77,2, D0, DY, A) + M(Q},, 7", 20, D™, D*, A) + M(Q],p", 22, D", D", A)
+ M, 0", 20, D, DY, A) + M(Q], 7", 20,57, A, D) + M(Q 7" X, 27, A, DY)
+MQpT EL ST A DY)+ MQLpT ER E A DY+ M(QE 00, S, DY, DY, A)
+MQ 0B, DT DY A+ M(Q)L 70 B, D DY A) + M(Q) 2% B, DD A)
+ MQ 1, EE D™, DY A) + MQ 8,25, D, DY, A) + M(Q 01, EL5, D™, D, A)
+MQ 8, B, D DY A) + M(Q,w, B, DY, DY, A) + M(Q ., w,E",D*,D*, A)

cc?

cec?

ccr

ccr cc?

+MQL % EN AN DY)+ MQL 0% EF AN DY)+ M(Q, w0, 55,20, A, DY)
+ MEQ,w, B0 A, DY)+ M@, 70, B AN DY)+ M(Q) 7 EL AL A, DY)

+MQL 1,28 20, A, DY+ M(Q, 18,25, 3°, A, DY) + M(Q 1, 2,20, A, D)

+MQ 3. B0 A DY)+ MQL KT, QY 5T ALDY) + M(QLKT,Q0, 27, A, DY)

+MQ, 0,25 20 A, DY)+ MQ 11, EFE0, A, DY) + MQ 8,25, 20, A, DY)

+MEQ, 0,20, 30 A, DY+ MQ 1, 2L 20 A, DY) + MQY s, 225,20, A, DY), (B37)

CC’

A, - 20D =M@, 7t 20, DO, D 20 + M), 7t 20, D0, D20 + M p" B, D0, D™, 50)
+ MQ ot ER, D, D20 + MQF 7 B 27,50 DY+ M(Q) 7t B, 27,50, D)
+ MQL.p" L2750, D) + MQL.p" B, 2720, D) + M(Q,.p°, B . D, D" 1)
+M(Qccap0,—‘;+,D*+ D*+ 20)+M(QCC, O’H:,D+ D*+ 20)+M(QCC7 O,H;+,D+ D*+ 20)
+ MQ B8 DY, D 20 + M(Q) s, 25, DY, D", 20 + M(Q) 1, BT, DY, D", 20)
+ MQ) s, 25, DY, D 20 + M(Q), w0, EF, D™, D, 20+ M(Q), 0,5+, D", D", 20)
+ MQ}. 0" E5 A Z0, D) + MQLL. 00, 20 A S, D) + M(Q 0, B, 20,20, D)

+ M@, w,E,30,20, D)+ M(QF, 7% B8, A0, D) + MQ], 70, 50, AL E0, DY)

+ MQ}m, ELEZ0, D)+ MQ s, EEE0Z0, D) + MQL i, 220,20, D)

+ M@ 18,205, 20,20 D) + M@ KT, Q027,30 D) + MQFL K, Q0,527,350 D)
+ M©Q. 6,220,320, D) + M@, 1, 5,20, 50, D) + M(Q}.m5,EF, 20,20, D)

+ M@} 0. B 20,20, D)+ MQL 1, B 2020, D)+ M(Q s, 07, 20,2°, D), (B38)

cco

cco
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A, — AD™) = iIMQF, 7", 20, D%, D A) + M(Q,, 7+, 20, D%, D" A) + M(Q.,p*, 20, D0, D** | A)
+MQL T EL, D D A+ MQY 7t EL ST AL D) + MQ, 1, B, ST, A, DY)

cco

+MQL 7,202, A D)+ MQFpT ER ST A D) + M(QY, 00, 2, DT, D, A)

cc?

+ MQE % B, D, D A) + M(QE, 70, EF, DY, D', A) + M(Q, 7%, B, DY, D™, A)
+ M(Q:C’ ’7] ,E:9D+7D*+,A) + M(Q:‘—Lw )78’ E:‘—’D+’D*+’A) + M(Q:C’ nl ’Eé+7D+,D*+’A)
+ Mg, B DY, D N + MQE, w,EF, D™, D™ A) + M(Q ., w, B, D™, D™, A)
+FMQLL 0 BN AN DY+ MQL 00 E AL A, D)+ M(Q, w,EF, 30, A, D)

cc?

+MEQ,w, B30 A, D)+ MQF, 70,25 AL A, D) + M(QF, 7%, ELF AL A, DY)

ce?

+ MQf L ELEY A D) + MQ 8. E5 0, A D) + M(Q. 1, BT Z0, AL D)
+FMQ 78,2020 A, D)+ MQFL KT, QY 27, A, D) + M(Q K ,Q0, 27, A, D)

+FMQ ¢, 55,20, A, D)+ M(Q,

ce?

+FMQL 0,503, A, D) + MQ

cco

1,250 A D) + MQms, 5L X0, A, D)
B0 A D) + MQE s, B0 AL DT,

AQE -2 D) =M@ k1, Q0. 20,57, DY)+ M@ K, Q0 20, 2%, DO + M(Q], 7", 20,50, 5+, DY)

cco C

C*

+ MQ), 7, 20,50 2%, D+ M(Q], 7,20, A2, DY) + MQF, 7", E0, A, Y, D)

+ M}, p", 22,20, 3%, DY) + M}

cc? cc
+ MQ. o ER A ZT, DY)+ MQ,

+ MEQ 8, 25,27, 24, DY) + M(Q,
+ M(QF s, E, 27,25, D),

ccr

AQL - 2 D) =M@, K, Q0,20 5, DY+ M(Q)L K, 00,20, 5%, D) + M(Q],, 7", B0, 50, 5%, D)

cc?

o ER 0 5 DY+ M0t ELL AL X, DY)

$.25.20, 20 DY)+ MQ,. 1, B2, 2, D)
¢,20,5% 3%, DY)+ M(Q} 11, 2L, 2%, 2%, DY)

+ M@, 7", 20,3037, D0 + M(QF, 7", B0 AL, D)+ MQF, 7,20, AL EY, D)

cc?

+ M@, p", 202027, D)+ M@, 0", 20,20, 2%, D) + MQ,p", 20, A2, D)

cc?

+ MQ}.p" EL AT, D)+ M(Q)L. 6,57, 27,57, D)+ M(Q).1, B, 21,27, D)
+ MQE 8. E5 25,25, D)+ M(QF ¢, 20,24, 24, D)+ M(Q). 1, B, 2,2, D0)

+ M(Q. s, EL, 2%, 25, D)),

A — pD®) =iMQ) K+, 20,3°, p, D) + M(Q, K", 20,20, p, D) + M(Q}. K+, 2% A, p,D%)

cc?

+MQL KT, E0 A, p, D)+ M(Q, K20, 50 p, DY) + M, K, EX,2°, p,D°)
+ MQLL K0 A, p, D)+ M(QEL K™, B A, p, D)+ M(QL,, K°,ZF 5, p, D)

ccr =i

+ M, KO, EF 5, p, DY) + M,

K25 5% p, D%+ M(Q, K™, 2.7, 2, p, DY),

+0 . =0 ¢0 +0 =0 §0 0 =0 0
A, - pD™) =ML KT ELE, p, D)+ M(QL KT, ED, 2, p, D)+ M(Q), KT, E,A, p,D™)

-0 0
+M(Q:—C’K+s:‘£‘ ’Asp’D )+M(Q:—L
+ MQf K™ E0 A, p,. D)+ M(Q,

cc

K B30, p. D)+ M@ K EL, 20, p, D7)
K*LE0 A p. D) + M@K, EL 3, p, D)

cc?

+ M@K ER S, p, DY+ MQ] L K, EE 5 p, D)+ MO K023, p, DY),

cc?

AQF. - nD*) =i[MEQ}., K", 20,37, n,D*) + M(Q
+MQL K2R, 57 n,DY) + M(Q

cc
+ MQ K2 20 0, D) + M(Q

cc? cc?

cco

LK ED ST n, DY)+ M(QL KT, EY S, n, DY)

KO 2550 0, DY+ M(QLL, KO, EF, A n, DY)

K= A, n, DY)+ M(Q, K0, 25,320, n, DY)

+ M@K EN A, DY)+ MQ)L K, E0, 50 0, DY) + M(QLL K0, Z, A,n, DY),
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A, — D™ =i[M(Q K", E0, 27, n, D) + M(Q! KT, Z20.27 0, D) + M(Q}. K", 20,27, n,D"")
s+ =0 y— * 0 — 0 * 0 — 5

+ M@K ED T 0, D)+ MK E 2 0, DY + M(QLLLKY,EY A, n,D*)

+MQL K EF 50 0, DY + MQLL KO E A, D) + M(Q)L, K0, 28,30, n, D)

cc? cco

+ MEQL K, EN A, D)+ MQLL K, Z0, 50 0, D) + M(QLL, K0, 20, A,n, D], (B45)

cec?

AQL — nD™) =iMQ KT, E0, 27,0, D) + M(QFL KT, E0, 27,0, D) + M(Q), K™, 20,27, n,D")
54+ =0 v— * 0 — 0 * 0 = *

+ ML K EY S, n, D)+ M(QL, K, EL 2 n, D) + M(Q K", E! A ,n,D*")
0 — 0 * 0 — * %0 = 0 *

+ MEQLL K E0 2 0, DY+ M(QE, KD, E A n, D)+ M, KB, 27 n, D)

+MQL KO EN A n, D)+ M(Q K0, 2,50 0, D) + M(Q) K02, A n, D). (B46)

] particles belong, the vertices in this study can be divided
APPENDIX C: STRONG COUPLING CONSTANTS into BBY. BBP, DD'P. DDV, D'D'V. B.8D, and

In this section, we list all of the strong coupling con- B.8D*, where P denotes a light pseudoscalar meson, V'
stants used in our calculation. Some of these values are  represents a light vector meson, and B. is a singly
obtained from Refs. [35, 41-47]. Those that cannot be charmed baryon. These definitions clarify the meanings
found directly in the literature are calculated under the as- of our symbols for each vertex, the coupling constants of
sumption of S U(3)r symmetry. which are presented in Tables 5, 6, 7, and 8.

According to the SU(3)r multiplets to which the

Table 5. Strong coupling constants of BBV vertices.

Vertex fi f Vertex fi f Vertex A fa

p— np* —2.40 3295 A— X p* 2.00 12.30 20 5 3tpt 7.20 -25.00
=t - Apt 2.00 12.30 st K 5.66 -1.70 o+ o S0+ -2.26 37.05
DI A —6.00 2.50 p — SOk 4.00 -1.20 p— AK** 5.10 —28.00
p— K0 5.66 -1.70 20 53 pt -7.20 25.00 50 _, 50 —4.00 1.20
A—nk? 5.10 —28.00 30 5 E K -1.60 26.20 30 - 5% —6.00 2.50
0 5 304 4.30 -1.10 A — 200 1.90 11.90 p— pp° -2.50 22.20
A — E0K*0 -6.00 17.10 A - 5K -6.00 17.10 A—Ag -5.30 24.60
n — SOK+0 —-4.00 1.20 A - Aw -7.10 8.70 n— I K 5.66 -1.70
n— AK* 5.10 —28.00 ol -2.26 37.05 n— np® 2.50 —22.20
=0, AR 445 —27.54 205 2 pt 6.08 -1.56 =0 _, 50 1.60 —-26.20
=20 - 20 -9.50 32.30 50 _, =0 g0 1.60 —26.20

Table 6. Strong coupling constants of B8P vertices.

Vertex g Vertex g Vertex g
p— nnt 21.20 A—3Xnt 10.00 30 s stat -10.70
It - At 10.00 s pfo 5.75 s+, =0+ 19.80
p—XK* 425 p— AK* -13.50 p— K0 5.75
™ — 0t 10.70 50 iRk —4.25 = 53R 19.80
¥ = Kt 14.00 A—EK* 4.25 A=k -13.50
P = pg 4.25 n—SK*¥ 4.70 p— pr® 14.90
p—=pm 14.14 n— nnd —-14.90 n— SO0K0 —4.25
n— AK° -13.50 =0 _, 50%° -14.00 n— nng 425
' > 2t 4.70 A — =Z9K0 425 n— nn 14.14
30 - 500 —14.00 20— 30 10.00 =0 _, AR 425
A — 2070 10.00 0 — 30, 14.14 20— 20pg -13.50
A — Ang -10.00 Tt — Ttg 10.00 20, =0, 14.14
A — Ay -14.14 DI T 14.14
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Table 7. Strong coupling constants of DD*P, DDV, and D*D*V vertices.

Vertex g Vertex g Vertex g f
D* - Dn 17.90 D — Dp 3.69 D* — D*p 3.69 4.61
Table 8. Strong coupling constants of 8.8D and 8.8D* vertices.
Vertex g Vertex g f
Ac — NDy 4.82 Ac — NDj —5.80 3.60
X, — ND, 3.78 . - NDy 11.21 4.64
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