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Abstract The weak decays of a spin-1/2 doubly charm
baryon (B..) to a spin-1/2 singly charm baryon (B.) and
a light vector meson (V') are studied under a phenomeno-
logical scheme. The contributions are classified into differ-
ent topological diagrams, among which the short distance
ones are calculated under the factorization hypothesis, and
the long distance contributions are modelled as final-state
interactions (FSIs) which are estimated with the one-particle-
exchange model. In calculation the topological contributions
tend to fall in a hierarchy. The branching fractions or decay
widths are estimated, and it indicates that 2, — Ef 7z tn~
and Q. — EF K~ 7™ can be used as candidate decays for
searching E. and Q.. Some decays that are mainly acti-
vated by the long distance effects are found, observation on
which in future experiments can help to understand the role
of FSIs in charm baryon decays.

1 Introduction

The doubly heavy baryons with two heavy quarks (b or
¢ quark), predicted by the quark model, had not been
established in experiments for a long time, although they
are allowed by the quantum chromodynamics theory. The
SELEX collaboration used to report the discovery of dou-
bly charmed baryon E}. with an unexpected short lifetime
and a relatively large production rate [1,2]. However, their
results have not been confirmed by the following searches
from FOCUS [3], BaBar [4], Belle [5], and LHCb [6],
which becomes a longstanding puzzle in experiments. Out of
the requirement of experimental searching, we investigated
some weak decays of doubly charmed baryons and presented
Ef > AfK ntnt and EfY — EfxT as candidates
of discovery decay [7,8]. In 2017 the LHCb collaboration

announced the discovery of EX* with properties predicted
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by theorists via our first suggesting decay [9], and recently
they reported observation of E" via the second decay [10].

Before the discovery, there are only a few literatures about
the weak decays of doubly charmed baryons, although they
are really essential to searching for the lowest lying doubly
charmed baryon states. So far there are still very few meth-
ods to deal with the weak decays of doubly heavy baryons.
One of these methods is based on SU (3) symmetry [11-13],
which can figure out some relationships among the ampli-
tudes or branching fractions but is not capable of predicting
their values. What theorists do intensively is the calculation
of weak transition form factors under the framework of vari-
ous quark models or sum rules [14-27]. The branching frac-
tions of related semileptonic decays can be obtained easily
with these form factors. However, semileptonic decays are
not so ideal candidates for particle searching because of the
missing energy problem in experiments caused by neutrinos.
Therefore the study on nonleptonic weak decays, which is
meaningful to both particle searches and research on dynam-
ics of baryon decays, becomes necessary.

Unlike the situation of heavy meson decays, there is
still no systematic factorization theories for heavy baryon
decays because of the complicated dynamics. Therefore
explorations at the beginning tends to be undertaken in phe-
nomenological ways [28]. Based on some assumptions, a
scheme is figured out for the calculation of baryon decays
induced by a ¢ quark weak decay [7]. These decays are quite
similar to charm meson decays, i.e. they take place at a rel-
atively low energy scale. The releasing energy is not large
enough to activate the perturbative theory, and it is commonly
thought that nonperturbative dynamics plays an important
role [29-33]. In our scheme, the short distance dynamics
is calculated under the hypothesis of factorization just as
authors did in Ref. [14]. The long distance contributions
are modeled as final-state interactions (FSIs) and calculated
under the one-particle-exchange model, which will be intro-
duced in details in Sect. 2. Instead of accurate predictions,
the goal of this work is to present the first step estimations.
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Therefore, in our calculation only the lowest lying baryon
states, light pseudoscalar and vector mesons are considered
in the FSIs. The excited states, which are thought to be unim-
portant or lack of data, are ignored.

Under the above scheme, we calculate the nonleptonic
weak decays of a spin-1/2 doubly charmed baryon Z}7,
E or Q. to a spin-1/2 singly charmed baryon and a light
vector meson. This decay mode is special in the meaning
of doubly charm baryon searches. For one reason, E/" is
discovered through Ef " — AFK -7t ™, which is firstly
studied via - — 2 K*0 [7]. For another reason, some
neutral vector mesons can be reconstructed by charged pseu-
doscalar mesons, such as p® by 7 T7~, K*0 by K~n+, K*0
by KTm~, ¢ by K™K~ and so on,which are preferred in
the experiments because of the high detection efficiencies.
This paper is organized as follows. In Sect. 2 we discuss
the dynamics, introduce the theoretical framework, specify
calculation details with an example decay, and list its ana-
lytic expressions. In Sect. 3 inputs are introduced, numerical
results are gathered, discussions and analysis based on the
results are presented. A brief summary is given in Sect. 4.
The expressions for each decay are all listed in Appendix A,
and the strong coupling constants used in our calculation are
collected in Appendix B.

cC

2 Theoretical framework and analytical calculations
2.1 Effective Hamiltonian and topological diagrams

In this paper we focus on weak decays induced by the charge
current ¢ — s/d. The contributing low energy effective
Hamiltonian is given by

Gr

Hefr =75 > Vi VaplCr(w) Of (w)

q=d,s
+ C2() 03 ()] + hc., (D

where D = s, d stands for a down type light quark, V,,
and V,p are Cabibbo—Kobayashi—-Maskawa (CKM) matrix
elements whose values are taken from the CKMfitter Group
[34], C1/2(p) are the Wilson coefficients, and G = 1.166 x
107> GeV~2 is the Fermi constant. The local four-quark
operators 01q Jo are given as

O] = (1aDp)v—-a(Gpca)v—a.
03 = (g Da)v—a(Gpep)v—-a (2)
with o and B as color indices.

The tree level weak interaction contributions to B.. —
B,V decays are depicted by Fig. 1. Here the diagrams are

B, B\ .

7

C

Bc>

fe |
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Fig. 1 Tree level topological diagrams for two body nonleptonic
decays of a doubly charm baryons to a baryon and a meson. The wave
lines sandwiched by two black squares denote where the four-quark
operators are inserted. 7' denotes external W emission diagram; C rep-
resents the internal W emission contribution; E labels W exchange
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diagrams in which the final state particles share the quarks from the
weak vertex; B indicates W exchange mechanism with weakly gener-
ating quarks taken all by the final state baryon. Decays calculated in this
paper receive no contribution labeled by B, although it is listed here
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classified according to the topologies of weak interactions. In
each diagram all the strong interactions are included, which
means both short distance and long distance contributions are
contained. The external W emission contribution is denoted
by T, and the internal W emission ones are classified into
two types represented respectively by C and C’. C diagram
is the one with both constituent quarks in the light meson
taken from the weak vertex, while in C” only the antiquark is
generated from the weak vertex, meanwhile the quark partic-
ipates as a spectator. The W exchange contributions are also
divided into two types: one (labeled by B) with the weak pro-
duction quarks all taken by the final state baryon, the other
(labeled by E) with the two weakly generated quarks shared
by the final state particles, furthermore, the E contribution
can be divided into two topological diagrams with differently
placed weakly decaying ¢ quark. The B diagram, which leads
to production of a charm meson, does not contribute in the
decays of this work. Such kind of decays will be studied in
our future work.

When one considers the short distance contributions, it
indicates that 7 diagram is dominating [35]. Under the fac-
torization hypothesis it can be calculated with the meson
decay constant and the form factors of B.. — B, transition.
The C diagram, suppressed by the color factor, can be related
to the 7 diagram by Fierz transformation. Therefore it can
also be calculated in the same way. Amplitudes of other dia-
grams at short distance will be neglected in this paper. For
one reason they are expected to be suppressed at least one
order [35], for another reason long distance dynamics is more
important at the scale of charm quark. What’s more, there is
still not any factorization theory that can deal with baryon
decays reliably. It should be emphasised that the insignifi-
cance of C, E and B contributions at short distance does not
mean they are also unimportant at long distance, which can
be seen in our results. The long distance contributions, which
appear as final-state interactions, are discussed in details in
Sect. 2.3.

2.2 Short distance amplitudes under the factorization
hypothesis

The weak transition of spin-1/2 B, to spin-1/2 B, can be
parameterized as
<BC(P/, S;)'(V = A)pulBec(p, 57))
2 q’ 2, 4" 2
=u(p',s)) | vuf1@) +iow— f2(q7) + = f3(¢°)
M M
xu(p,s;)
— 7 2 . qv 2 qM 2
—i(p, ) | vug1(@”) + ioun 178207 + 5783(q7)

X VSu(pvsz)7 (3)

with g = p — p’ and M as the mass of B,.. The calculation
of the form factors f; and g;, which can be performed under
kinds of quark models or sum rules as mentioned in the intro-
duction, is not the task in this work. We will use the recent
data obtained under the light-front quark model in Ref. [19]
as inputs.

The decay constant of a pseudoscalar meson is defined
with axial-vector current

OlALIP(@)) = ifPqu. “

and that of a vector meson is defined with vector current

OIVulV(g) = fvmye,. Q)
Combining Egs. (3)—(5), the short distance factorizable
amplitudes of B, — B, P are given by

TSD(BCC - B P)

J_%ﬂhmnﬁﬁ@@%HM%—MUﬁmﬁ)
+ (M + M) g1 (m3)yslu(p, s2),
CSD(BCC - BCP)
G
=i;%w;w0@ﬁmuﬂ¢HM4—M6ﬁmﬁ>
+ (M + M) g1(m%)yslu(p, s;). (©6)

=Cy+ Ci/N¢c and a, = Cy 4 C3/N¢ are the combina-
tions of Wilson coefficients. In principle the nonfactorizable
contributions should also be included in ay 2, although they
are usually not considered under the factorization hypothe-
sis. Since the decays in this paper happen at the charm scale,
ai(m¢) and ar(m.) [27] are used. M’ denotes the mass of ..
Terms with f3 and g3 are omitted in Eq. (6) because they are
suppressed by m% /M?. The amplitudes of B.. — B.V can
be expressed as

Tsp(Bee — B:V)

Gr -
ﬁV Vupai fve,u(p', s;)

X[<fﬂm€)

2
+Mﬁm%ﬂ“

M- M
—(amﬁ)+—7g—gxm%)y%s

M+ M’
+ fxmvﬂ

2
—Mgz(m%/)P/“VS] u(p,s;),

CSD(BCC - Bc V)

Gr x=0 1 !
ﬁV Vupaz fve, u(p’,s;)
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Fig. 2 Leading FSI contributions to Ef. — EFp° manifested at
hadron level. The black squares denote weak vertices and dots repre-
sent strong vertices. Diagrams a, b and ¢ are induced by the rescattering

M +
x [(fl(m"‘w— M

M/
—fz<m2v)> yr
2
+Mf2(m%/)l?m
M- M
— <g1<mzv> + ng(m%) yhys

2 2 m
—Mgz(mv)l? Y5 | u(p, sz). )

2.3 Long distance contributions

The long distance contributions, nonperturbative in nature,
are really difficult to be calculated. In this paper we treat
them as FSI effects, which is modelled as soft rescattering of
two intermediate particles. The FSIs are usually calculated
at the hadron level under the one-particle-exchange model,
the reasonability of which is argued in Refs. [29-33,36-38].
We take EF — E}p° as an example to introduce
the framework of our calculation. This decay can pro-
ceed as EL. — (BY/ED)(nt/p*t) — EXp? or EY —
(ZF/AHKO/K*) — EF p° via exchanging one particle
between the intermediate states. Both of the two process are
CKM favored, while the intermediate states of the former
one are generated by a short distance 7 diagram and those
of the latter one are produced by a short distance C diagram.
Utilizing the strong interaction Lagrangian at hadron level,
one can draw all the leading diagrams in the meaning of per-
turbation theory as in Fig. 2. The Lagrangian employed in
this work can be found in Refs. [39-42]. Readers are referred

@ Springer

between 0/ and 7 /p*, and diagrams d, e and f by the rescatter-
ing between E* JA} and K°/K*°. Each thick line in diagrams a and
d denotes a resonant structure

to our previous work [7] for their specific expressions and we
will not list them in this paper any more.

There are two s channel contributions depicted as Fig. 2a
and d. They are supposed to be suppressed highly by the off-
shell effect because of the absence of a candidate resonance
particle whose rest energy should be very near to that of £, A
If any candidate were to be found in future experlments, 1ts
width would play an important role in determining the con-
tribution of this diagram. Since there is no suitable particle
and data so far, we just neglect these contributions in our cal-
culation. Besides, there are four ¢ channel contributions. The
long distance contributions of 2F. — EFp° will be given
by these diagrams.

We would like to mention that the topological classifica-
tion of these contributions can be performed by drawing their
substructures at quark level. For example, Fig. 2b is mani-
fested as Fig. 3 at quark level. One can see that the d quark
in p* is originally from E., therefore it belongs to the C’
contribution.

Now we are at the point of calculating a triangle diagram.
In order to simplify the expressions, the particles in a triangle
diagram is numbered as in Fig. 4. In the following paragraphs
of this paper, this set of numbers is used when a triangle dia-
gram is calculated. When reading expressions in this work,
readers are asked to associate these numbers with particles at
corresponding positions. The calculation of FSI effect can be

! It is based on the consideration that & and ’“** should have nearly
the same masses since they are isospin partners
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=+
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Fig. 3 Substructure of Fig. 2b at quark level. The wave line represents
a W boson

Fig. 4 Numbers assigned to the
lines in a triangle diagram. The
arrows define the momentum
directions in our calculation

carried on in different ways [29-33]. In general, the absorp-
tive part of a two-body decay P1 — P5P6 can be related
to a sum over all possible particle 1 decay final states {g},
followed by strong {gx} — ps ps rescattering:

Abs M(P1 — P5P6)

1 ' Pgx
I 1—[] R L 2 464
2 (1 [ g ) o

J
x| ps+ps— Y ax | M(p1 — {ax})
k=1
x T*(pspe — {ak}). ®)

In this paper Pi (i = 1,2,3,4,5, 6) represents a particle at
position numbered with i in Fig. 4, and p; are the correspond-
ing momentum. Basing on the argument that the 2 body = n
body rescattering is negligible [43,44], we adopt the scheme
in Ref. [36] and treat the intermediate particles P2 and P3
as on-shell. As a result, Eq. (8) is deduced as

Abs M(P1 — P5P6)
1 d®prd? p3

- E/ (27)04EL E;

X M(p1 — p2p3)T*(pspe — pap3). ©)

2m)*8*(ps + po — p2 — p3)

The dispersive part can be calculated via the dispersion rela-
tion

1/ AbSA(S)dS/, (10)

Dis A(m?) = —
LS (m]) 7 ) S/—m%

which suffers from large ambiguities [36], and in this work
we assume the absorptive part is dominating and neglect the

dispersive part. In future we could come back to this problem
if there is plenty of experimental data.

One key phenomenological ingredient is a form factor
associated with the exchanged particle. This particle is cer-
tainly off-shell, and the form factor is introduced to make the
whole framework meaningful in the sense of perturbative
calculation. Details are left to the following paragraphs.

2.4 Analytic expressions

We proceed with the decay Ef — EFp°, and present
expressions of the amplitudes in this subsection. This decay
receives no short distance factorizable contributions. For long
distance contributions we need to calculate the Diagrams 2b,
¢, eand f. We introduce the symbol My, /¢ /e (P2; P3; P4) to
denote an amplitude. The index b/c/e/ f labels the diagram.
P2, P3 and P4 represent the particles at positions 2, 3 and
4, respectively. Consequently the absorptive part of Fig. 2¢
with P2 = 7+ and P3 = P4 = E? is given by

| pa2|sin0dOde GFr
32n2m EL ﬁ

* Fz(t’mgg) *V
x Vi Vuaa fngazrsgnJr 17266

Abs My(z™; B2 BY) =

ol
_ J25050,0
X W(ps, s;)ys(Pa + mgo) (flsgagpoyv ti— ‘0 Ouv P

X (p3 +mgo) [(msj:' — mgp) filmy) + (mgy,

+mag)g1(mi)l/5] u(pi,sz), (11)

where t = pi and ¢ is the polarization vector of p in the
final state. In Eq. (11) the spin sum of two intermediate
gs are performed. The 3-momentum of final-state baryon
is defined at the “+” direction of z axis. 8 and ¢ are the
polar and azimuthal angles of p3 in spherical coordinate sys-
tem. ggrgo, - Jizoz0,0 and frzogo, 0 are strong coupling
constants. To account for the off-shell effect, a multiplica-
tion of the Breit—Wigner formula and a form factor F (¢, m)
is associated with the exchanged particle. One can conclude
that this diagram contributes little because of highly off-shell
effect caused by the large mass of exchanged Eg Since it is
too small, the term with width of E? in the Breit-Wigner
formula is abandoned in Eq. (11). The form factor F (¢, m)
is parameterized as [36]

A% —m?\"
) 1

=
=

F(t,m):(

normalized to 1 at # = m?. m is the mass of the exchanged

particle. The cutoff A has the form of

A =m+nAgcp (13)

@ Springer
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with Aqcp = 330MeV. The phenomenological parame-
ter n depends on both exchanged and external particles at
the strong vertex. The determination of their values requires
huge mount of experimental data, since there are quite a lot
of strong vertices in the related decays. For lack of experi-
mental data we use = 1.5 in this work and range it from 1
to 2 for error estimations. Another parameter that needs to be
determined is the n in Eq. (12), which is also a phenomeno-
logical one extracted from experimental data. We borrow the
experience from Ref. [36] and set it to 1.
Similarly, one can get

|palsinfdbde G g
327121’)133—( ﬁ

F*(t,mgo) By
x Vi Vudalfp—z( gﬂ”-i-% €6

— EO o
c

Abs My(p™; B B = —

x u(ps, S;) |:f13j5gp+yv —1
X (P4 +mgo) |:f 15080,00 Ve +1m—‘a

Mg+ +mgo
X (3 + mzo) [(fl (m?) — %fz(mf,)) Yo

fz(m ) P30

=+
=

cc

- (gl(Wt%) +

Me+ — Mrgo

= gz(fﬂf,)) Yo s

See

2
- m—gz(m )Psoys] u(pi, sz). (14)

Sice

Besides the spin sum of two 1ntermed1ate s sum over the
polarization states of intermediate o is performed, too. In
the following calculation polarization sum of the interme-
diate states should always be performed, and we will not
remind it one by one any more. It should be stressed that
some symbols of strong coupling constants looks similar to
those of weak form factors, and one can distinguish them
by the feature that strong coupling constants have particle
names as indices. The expressions of other amplitudes are
listed as follows.

|palsinddfde G

Abs My(nT; B2 ED) = -
S h( c ) 327T2m53r6 \/z

F2(t, mgr)
* e *V
X Ves Va1 fr 8zt glon+ —— el
—m,
c

X u(ps. s.)ys(Pa + mgo)
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X (p3 +mzp) [ (mgy —mz) fr(m?)

+ Ongg, +mzpgim2)ys | u(pr, o), (15)

|palsinddOde G g
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» B PP
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- mE’O 14
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fzsjsﬁ.";ﬁ

_ / . nw
Xu , S =t =/ —l————0
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ON OB

X @4— + mE’CO)

J220z0,0
X flEgE;OpO)/C( +i mieo ot o
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¢ B

2y Mgl TMa 2
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s gz(mp) YoV5

cc

2
—m—gz(m VP30 V5 | u(p1, s7), (16)

Siee

| p2lsinfdOde G g
32n2m5(t V2
2
Fot.mg)

VE Vid @t fa 8ty s ——
p e O 6
s ST m2,

&9

Abs My(nT; E; B0) =
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f2~’0~0 0
. [<Rgeyyy
i s
n - —i—mao
e c
2

g+ mgn)gnm2)ys | u(pr, 52), an

| palsinfdOde G
327T2m53r[ V2

F2(t,m:o) pﬂpv
x V Vda Se _ /Sv+ 242 X
]fp t_mz 8 mz 6

=0 4
c

Abs My(p™; B BY) = —

.
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With all the pieces gathered, the amplitude of E,, —
EF p? is expressed by

A(Bee — E:"po) =i Abs [Mb(n+; g% 2%

¢’ B¢

Table 1 Decay constants of light pseudoscalar and vector mesons col-
lected from Refs. [46,47] (in unit of MeV). f; and f;;, are calculated
with the formulas in Ref. [48]

fn fx fnx fm fp fK* Jo f¢
130 156 163 152 216 217 195 233

+Mb(,0+; Eg; Eg) + Mb(JT+; E? E/co

+My(p "5 B BD) + My( T3 8D B + My(pT; EY; BD)
+My (8L BY) + My(pT: BY: B

+Me(n i BT + Moot B )

+Me(r s B 7w T) + Me(oT B )

MoK TE D) + MK 55 A D)

MR AL D) + MoK AL 2D

RO K+ g

+M (RO 2 KO + Mp(K*0: 25 K0 (33)

Amplitudes of all the other decays can be calculated in the
same way, whose expressions are collected in Appendix A.
Now we are ready to talk about the branching fractions.

3 Inputs, numerical results, and discussions

With amplitudes at hand, a decay width of P1 — P5P6 can
be calculated at the rest frame of P1 by

Jmd = ns +m)2)(m — (ms —mg)?)
32mm3

[(P1 — P5P6) =

x Y JAP1 — P5P6)2,
pol.

(34)

where the summations are performed over the polariza-
tions of initial and final state particles, and an factor 1/2 is
multiplied to average over the polarizations of the mother
particle. To calculate the branching fractions lifetimes of
the mother particles are necessary. The recent measurement
Tg+ = 2563 [45] by the LHCb collaboration is adopted in
this work. For lack of experimental data, the decay widths of
E and Q. are given instead of the branching fractions.

Besides the inputs already specified, decay constants of
light pseudoscalar and vector mesons are collected in Table 1.
The related masses and widths are taken from the Particle
Data Group [46] and we will not list their values here any
longer. m,, = 835.7 MeV is used as in Ref. [49] and m,,; =
612 MeV is calculated with the formulas in Ref. [50]. Strong
coupling constants are the inputs with the largest amount.
Some of them can be found in the literatures, and the unfound
ones are calculated with respect to the SU (3) symmetry. The
strong coupling constants appeared in our calculation are
gathered in the Appendix B.
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Fig. 5 a An example with
possible contribution of on-shell
exchanged particle. b
Dependence of the
Breit—Wigner like factor
F2(t,my)/(t —m2) on @ in
region around the singularity,
where 6 is the polar angle of
=}’s 3-momentum obtained at
the rest frame of 1+

In our previous work [7] the sensitivity of branching ratios
to 1 in Eq. (12) has already been investigated. It is found that
branching fractions might vary a lot when 7 ranges from 1 to
2. However this parameter is purely a phenomenological one,
which is determined not by the first principle calculations
but experimental data. Since the experimental data is far less
enough, we make a rough decision of letting it equal 1.5 for
central values and vary it from 1 to 2 for error estimations.

It should be mentioned that the exchanged particle is pos-
sible to be on-shell in some kinematics region. This case
appears when P3’s rest energy in Fig. 4 is larger than the rest
energy sumof P4 and P6, and at the same time the rest energy
sum of P4 and P2 is smaller than that of P5. It is just the
physical constraint under which a 1 body — 2 bodies decay
and meanwhile a 2 bodies — 1body collision take place.
In Fig. 5a, for example, one gets r — m = (1.65cosf —
1.64) GeV? after some calculation at the rest frame of E "‘**
where 6 is the polar angle of £ ’s 3-momentum obtamed
at the rest frame of Ef". It indicates a singularity nearby
0 = 0, which is depicted in Fig. 5b. In this case the aban-
doned term with pion’s lifetime in the Breit—Wigner formula
has to be picked up to regular the singularity. However, one
needs not to worry about losing control of this singularity,
which contributes little because of the cancellation in inte-
gration between left and right sides of the pole.

In Tables 2, 3 and 4 we collected our results and the corre-
sponding topological contributions to each decay. The short
distance contributions are identified with indices “SD”, and
the long distance contributions are labelled with the symbols
defined in Fig. 1. According to the CKM matrix elements,
these decays can also be classified as CKM favored ones
induced by ¢ — sud and labelled with “CF” in Tables 2, 3
and 4, singly CKM suppressed ones by ¢ — dud orc — sus
with “SCS”, and doubly CKM suppressed ones by ¢ — dus
with “DCS”.

One can see in Table 2 that each Ef;" — B,V decay
receives short distance contribution of Csp or Tsp. The dis-
covery decay Xt — T K* is predicted to range from
about 1.7% to 11.0%, which are slightly different from the
values in our previous work [7]. It is caused by the differ-
ent inputs used in this paper, such as the life time of E},
etc. Although they are not chosen as the discovery decays
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because of the low efficiency of reconstructing o7 in the
detectors, EXt — Efpt and EXF — EFpt have the
largest branching fractions, whose values are around 16%.
These two decays as well as the discovery decay are all
CKM favored ones. The branching fractions of singly CKM
suppressed decays range from order of 1073 to 1072, The
doubly CKM suppressed decays have the smallest branching
fractions at the order of 10™*. Among decays in the same
CKM mode, those with T contributions tend to have largest
branching fractions. The C type decays are about several
times smaller than the T type. The other types of decays
are suppressed highly. Under this theoretical framework 7sp
is absolutely the dominating contribution comparing to the
nonfactorizable contributions. As a result one can see that the
results with Tsp contributions are not sensitive to the varia-
tion of n. However, the picture is totally different for the other
types of contributions which increase or decrease rapidly as n
changes, which indicates very important FSI effects. Similar
cases exist in ch and Q.. decays.

The Ef, — B,V decays, whose results are collected in
Table 3 have richer dynamics. Besides the contributions
in EXT decays, E|» contributions come in. Because E}.
is still not established in experiments, there is no exper-
imental data for its lifetime. Instead of branching frac-
tions we present the decay widths in unit of GeV. Sim-
ilar to the E]" decays, the different topological con-
tributions fall in a hierarchy in the same CKM decay
mode. The decays with the largest widths are the CKM
favored ones with T contributions "‘j‘c — Egp+ and
g8F — E9%. In a very recent work, the lifetime of
’:‘j‘c is calculated to be 45 fs [58]. If estimated with this
value, the branching ratios of these two decays are given

as

BR(E, 997 € [2.4%,2.9%],
BR(EL — ELp*) € [3.1%, 3.5%] . (35)

Although they have large branching fractions, these two
decays are not ideal discovery decays of EF, because of
the low efficiency of reconstructing p™. The decay
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Table 2 Our results for branching ratios of E}* — B.V and cor-
responding topological contributions. The “CF”, “SCS” and “DCS”
represent CKM favored, singly CKM suppressed and doubly CKM sup-

pressed processes, respectively. The errors are estimated by varying n
from 1 to 2, and the central values are given at n = 1.5

Channels BR (%) Contributions CKM Channels BR (%) Contributions CKM
gt —» s K0 5.4013% Csp. C CF Bl — EfpT 15.987332 Tsp, T, C' CF
gt — gfpt 16.54703 Tsp, T, C’ CF Eft — =fpt 1057508 Tsp. T, C’ SCs
gLt = Afpt 0.95700 Tsp, T, C' SCs gl — i p0 0.457931 Csp, C Ne
it - oHo 0.147908 Csp, C SCs gt - $Hte 0.097908 Csp, C Ne
EXt - Bf KT 0.597908 Tsp, T, C' SCs Eht - KT 0.807 02 Tsp, T, C' e
gt - srK* 0.0679% Tsp. T, C' DCS ght — AfK 0.057999 Tsp, T, C' DCS
gt - nitgH0 0.02790 Csp, C DCS

Table 3 Our results for decay widths of E}. — B,V and correspond-
ing topological contributions. The “CF”, “SCS” and “DCS” represent
CKM favored, singly CKM suppressed 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

Channels I'/GeV Contributions CKM  Channels I'/GeV Contributions CKM
gt - iKY 84288« 107% Cop, €L Es CF &L — AR (706778 %1074 Cp. C, Es CF
gk — %" (.83« 1071 Tgp, T, E, CF &L —8%* @773 %1071 Tsp, T, E CF
Bl — 8fp° (1825 10712 ¢ E CE Bl —&rp’ (6137 «107 ' E CF
EL — Elo (L6318 10714 ' E CF  EL—Efe Q473 1Hx1075 ' E CF
B — Ttk (138718« 1071 B CF Bl —> Egf¢ (12733 % 10715 Ey CF
gL - Et¢ (9.9071%2%) 4 10-17  E, CF gt — k2337 x107 CF
gL — =fp° (1315539 % 107%  Csp, C,C",E1, B2 SCS  BL — AFp® (336733 %1071  Csp,C,C", E1, E»  SCS
gL - Stw Q2173 1071 Csp, C,C',E1,Ex SCS  BL — Afw (101753210715 Csp,C,C', E1,E»  SCS
gh — =0t 6.01703) x107*  Tep, T, E, SCS  EBL > Tfe (1547 1gHx10715  Csp,C e
EL — Alg 261728 x 1071 Csp, € SCS B — BlK*T (1307000 * 10714 Tsp, T, E e
EL — 80k 191074 Ty, T E, SCS  Bf — Bk (1.00108) x 1075 ' E» Ne
gL - Bk (1.53HEh 107 ¢ E, SCS  EL - =ftp (9.08703) 1077 By e
L - BFK (48739 %1071 Csp, C, C’ DCS Ef — AFK* (2547788 %1071 csp, C, DCS
gL — 20Kk 2887000« 10715 Tep, T DCS

EF 0" has a large branching fraction, too, which is given as>

BR(EL — 25 p°) € [0.4%,2.5%). (36)

In Ref. [7] the ratios of the branching fractions are found to
be not sensitive to the variation of », which can be obtained
at a fixed value of 1 and used to pick out the ideal discov-
ery decay. The central values given at n = 1.5 in Table 3
indicates that BR(ES, — E}p”) is expected to have the
largest branching fraction except the two CKM favored T
decays. Considering p° can be reconstructed by 77—, we
think Ef, — Efmx*7~ can be chosen as a candidate for
searching E7 .

2 For estimation of branching fractions, the lifetime of BT is always
used as 45 fs.

When SELEX reported the first observation of EF

Seer
—-

ajc — A.K~mt is used for reconstruction [1], which is
contributed by % — AFK™ and Ef. — TFTK~. The
branching fraction of the former one ranges from 0.2% to
1.2% and is only about half of BR(EL, — EFp"), while
the latter one, which can only occurs through W exchange
mechanism, is expected to be highly suppressed.

It is interesting that the following five decays are purely
induced by the W exchange mechanism, whose short distance
contributions are thought to be highly suppressed:
el - Itk T, Ef - 8f¢. Bf - B¢,

gf - QUk*, Bf - 2o . (37)

Provided that there is enough data in future experiments,
measurement of these decays will help to figure out the role of
FSIs in doubly charmed baryon decays. Among these decays
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Table 4 Our results for decay widths of Q. — B.V and correspond-
ing topological contributions. The “CF”, “SCS” and “DCS” represent
CKM favored, singly CKM suppressed and doubly CKM suppressed

processes, respectively. The errors are estimated by varying 1 from 1 to
2, and the central values are given at n = 1.5

Channels I'/GeV Contributions CKM  Channels I'/GeV Contributions CKM
or - kY (38T <108 o, 0, CF Qf - 8+K" @6 )%107%  Cop.C, C CF
Qb - Qpt (875759« 1071 Tgp, T CF Qf - srK” 35T «1075 LB e
Qtf > ArK™ (LO0THI 10715 €' By SCS  Qf — gfpl (428038« 1071 Csp, C, E, SCS
Qh — B0 (8.587258) « 10—‘5 Csp, C, E| SCS @ — Efw (8227250 x 10715 Csp, C, E, SCs
Qb - Efw (6.09759%) % 10~ Csp, C, E; SCS  Qf — 8t 287105 x 10714 Tsp, T, E SCS
Qb —» 0% 2857019« 1071 Tsp, T, E; SCS Qt - Efe (1.867179) 1071 Csp,C,C',E»  SCS
QL > Ef¢ 945788 41071 Csp,C,C',E;  SCS Qf — QUK* (41875 1071 Tp, T, Ey SCS
Qh - oK (1637 51077 B SCS Qb - BFXKY @779 107 Csp, C, En DCS
Qf — ote 845124 10717 ¢’ DCS QL — Afe @255« 10717 ¢ DCS
Qf — BIK*+ (1LO0T00) * 10715 Tsp, T, Ey DCS  Qf — BOK* (L1273 %1071 Tsp, T, Ey DCS
Qb — BFK*0 (624755 x1071®  Cgp, C, E» DCS QL — BHtp~ (120031077 B DCS
Qf - xHp0 @275« 10717 Ey B DCS  Qf — Atp 410153« 10717 Ey, Ey DCS
Qh - Stw (174729 1077 Ey, B DCS  Qf — Af (176722« 10717 Ey, Ey DCS
Qh — 20t (1397085 « 10710 Ey DCS

the branching fraction of £, — QOK *+ is possible to be as
large as 3.1%o0 when n = 2, Wthh is hopeful to be observed.

There are only three CKM favored Q. — B,V decays,
all of which have large decay widths. In Ref. [58], the life
time of 2" is evaluated with large ambiguity as 75 ~ 180 fs.
Estimated with tq , = 75 fs, branching fractions of the three
CKM favored decays are given as

BR(Q. — BIK™) € [0.5%, 3.3%],
BRQY — EFK™) € [1.0%, 6.1%],

BR(Q, — Q 1)~ 10.0%. (38)

Considering the reconstruction efficiency, Q. — Qo™ is
not an ideal discovery decay for Q7 , although it has a large

branching fraction. Among these decays Qf — Ejf*o can
be a candldate of searching Q. with K 0 reconstructed by
K- nt

Besides some decays induced purely by the W exchange
mechanism, there are also two pure C’ type decays Q. —
TF¢ and QF. — AT ¢. Research on these decays will help
to understand the importance of this type of contributions.
However, they have tiny branching fractions at the order of
107 or 10~ because of the doubly CKM suppression, which
hints that it may not be easy to observe them in experiments.

ce?

4 Summary

Inspired by the discovery of EfF, recently doubly heavy

baryons are being studied intensively. In purpose of study-

@ Springer

ing the weak decays of heavy baryons and presenting some
research channels for unfound doubly charm baryons, we
investigate the two body nonleptonic decays of a spin-1/2
doubly charm baryon (5..) to a spin-1/2 singly charm baryon
(B.) and a light vector meson (V). These decays happen at
quark level through the weak decays of a charm quark. It is
usually thought that the scale of the charm quark is not large
enough to activate the perturbative theory. Therefore the long
distance contributions are expected to play an important role
in these decays. In calculation we employ a phenomenolog-
ical model used in Ref. [7]. Under this framework the short
distance contributions are calculated under the factorization
hypothesis and the long distance contributions are modelled
as the final-state interactions (FSIs) which are calculated with
the one-particle-exchange model.

The contributions in doubly charm baryon decays induced
by the charged current of weak interactions can be classified
into six types labelled by T, C, C’, E| 5, and B. Among the
same CKM decay mode the T topological diagrams are found
to have the largest contribution, and C diagrams contributes
two or several times smaller than 7. The other topological
diagrams are relatively suppressed. It is found that the short
distance factorizable contribution 7sp is dominating. As a
result branching fractions with Tsp are not so sensitive to 7,
an phenomenological parameter in the form factor associated
with the exchanged particle in FSIs to account for the off-
shell effects and to render the whole calculation meaningful
in the perturbative sense. However, branching fractions with
Csp or purely nonfactorizable contributions vary rapidly as
n changes.
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The branching fractions of 1" — B,V decays are pre-
sented with Tgtt = 256 fs. The three CKM favored decays
8fF - K0, Bt & Erptand XY — EfpT
have large branching fractions of 5% to 20%. The branching
fractions of singly CKM suppressed decays £/ " — ZFp*
and EXF — AFpt are also possible to reach the percent
level owing to the 7" contributions.

The decay widths of 2. — B,V and Q. — B,V are
given instead of branching fractions for lack of experimen-
tal data for 75+ and 7+ . Calculated with 75+ = 45fs,
g5 — E%" and B}, — %" are evaluated to have the
largest branching fraction of about 3%. However, they are
not ideal candidates of discovery decays because of the low
reconstruction efficiency of p * in experiments. Except these
two decays, the 2}, — E ,0 is expected to have the largest
branching fractlon, Wthh is evaluated to range from 0.4%
to 2.5%. Considering p° can be reconstructed by the easily
detected 7t ~, EY. — Ef 77~ can be proposed as the
candidate for searching &,

In Q. — B,V mode the larges branching fractions
belong to the three CKM favored decays, whose values are

estimated to be BR(2, — ErK™) e [0.5%.3.3%).

BRQL — E4K™) e [1.0%,6.1%] and BR(Z: —
Q") ~ 10.0% with Tqp = 75fs. Taking the detection
efficiency into consideration, we think Qf, — EFK 77 is
a favorable mode to search Q.

Some pure W exchange decays are founded, which are
highly suppressed at short distance. These decays are thought
to be activated almost by the long distance effects. Observa-
tion on these decays in the future experiments can help to

understand the role of FSIs in charm baryon decays.
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Appendix A: Expressions of amplitudes

The expressions of amplitudes for all the 5., — B,V decays
are collected in the section. In order to make the expressions

AELT - =Fph) = Tsp(ELT —

simpler, we define function M(P1, P2, P3, P4, P5, P6) as
the absorptive part of a triangle diagram shown in Fig. 4. The
isospin factors of external particles are already included. The
absorptive part in Eq. (11) is related to this function as

Abs Mgp (1 8 ) = M(EL 2 8 7 00, &), (A1)
Amplitudes of all B, — B,V decays are given as follows
with the help of this function.
AEEF - E++K*O) = Csp(ELF — E++K*°)
HIMEL 7t 8f k7, K0, 5
FMERT )T R K, &0, £
FMES 2t B kT R0, 5 + MELT, ot 8 kT R, 55
+MER, 2t gF AL 5H, B0)
+MELT ot el AT sH B+ MELT 2t 88 s s k0)
+MELT ot R, o = k0)
FMELT 7t B AL, 2 R0 + M@ELT. ot B AL = B0
+MELT 2t B s s k)
FMELT, pt B sF s, B, (A2)
AELT - TSD(T++
HIMELE ot gF 70, +.gh

+MELT, T, EZr,pO,p L ED

Efpt) = £FpT)

FM@ER 2t E’ 70t
FMET 2t 5 80 5 ot

Bl at ES BLE

g5 + MEL, pT, 24, 00, ot ED)

+MELT ot eF. 8% gF ot + MELT 2t Ej,S/CO.Ej.er)
FMELT, ot 5, 80 85 ph)

FMELT 7t :’p+ 80, 8F, o) + M(ELF, ot E
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+M@L, 7T 80 KO k) + Mk, ot B k70, kL )
FM@E. 7t 20 K0 Kk Q)

+M@L. ot B0 k0 Kk 0+ Mk ng. 8. 0. Q0. K*)
+ ML, .:j,szo Q0 k*t)

FM©E g, 20,20, @0, KH) + M. ¢, B, 0,0, k)
M@t kt, Q0 g, KT, Q0

M@t k7,00 ¢, k¥, Q0 + M@ 0y, EF, @0, 0, k')
FM@E 01, B0, 20, @0, k), (A50)

e k) +im@, kT,
+M(Q+,K*+,”° ’,K*O,Eér)

0.7 k% 8f)

o]

FM@E. KT 50 7 k0 &5 + M@t k80, ), k0 B
M@ kT, 0. Q0 gF k)

FM@L, k80 Q0 5 k0 + Mk, kB0, Q0. & k*0)
+M(Q+ K*+,r_‘-0 QO r:+ K*O)

+M(9$YK°,CC g, K0, BN + M@, K0, 2F ¢, K0, &)
FMEQE. KO, B ng, K0, EF)

+M@EL. K0 B ¢ k0 5, (AS])

/ ’
AL — 2k = cgp(@f, - 5. k*0)

’
HIME@EL KT 807 k0. 8
M@ KB pm K, B

U ’ U ’
Mm@l kT el a7 k0 e + Meb, kT EL, o k0, )
Mm@t kt, 80 Q0 E/‘+ K*0)

ccr > S
FM@L, k80 Q0 & k0 + Mk, k ED Q0 &t k)
+M@k. Kt 50 Q0 Bt k10
FM@©E KO B g, K0 B + M@ K0, B, ¢, K0, B
FMQE. KO, u2+’ ng, K0, & +)

FM@E KO B 6 k0, 55, (A52)

AQL - sF¢) =im@L, kT, 2% k¢, 2F)
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+M@QL, KT, 50’ K*.¢.55) FM@E, K, 55, Q0 k4, E0) + M@, KO, 51, 0, k*+, 8)9)
+ ML, K ,_‘C 0.k .9, 5 M@, K0, /c+99 KT ELO)
M@t kB '0 K g eh + Mm@kt B0 D 5 ¢) FMEQE. KT, B, g, KH E’CO) M@ K EY ¢, K E’Co)
+M@L k*H el 8l 2t ¢) +M@E K+ ED ng, KT, E)0)
+M©QL KT, 560, g%, =F, ¢) + M@, K*T, :CO’ 22, 5t ¢) FM@E K E 0 6 K*T. 3 0)] (A56)
FM@L kT, 80,80 5t ¢
M@k ELED 5F ¢)+ M@k k. 80 20 5F . 9) AGEL — 2++K**) —iMEL KO A o kL s
ML K ED ED sF ) FMEL B AF pm Kk s
+M@L, k% 85 R0 ¢, 5h) + M, k0, 25, k0,6, 5F) +MEL K £F 27 k5
+M@L KO B RO 9,50 FMEL T SF o KT s + MEL a8 AF 5H k)
FMEE. KO B B0 9. 55 + M@E K0, 55 5. 5T ) +MEL, pt 80 AT 2 k)
FMEQL K 85 85 5. ¢) FMEL, 7t 80 AL SE K + MEL. pT, B0 AL SHT K
+M©E KO, B B B, ¢+ M@k, K0, 85 BN 5 ) +MEL. 7t .ES,EC*,EJ#K**)
M@, KO, gt .+,¢) FMEL, pT B S ST K + MEL. 2T, 20 sF s k)
+M@L K0, B B s )+ ML K0, B B T ¢) +MEL pt B0 5 55 K, (A57)
M@ K 5 B s o), (A53)
AEL - 8F¢) = iMEL K. AL KO, ¢, 8
AQE — AF¢) = ilM@QE, K+, 82 K 6, AD) FMEL T A K0, . 55
FME@QL K*T B K*T 9. AD) +M(:j;,4) st k9 ¢, 85
+M@E KB KT 90D +MEL K 5 K0, ¢, 85 + MEL. 2T, 20 0 BF . 9)
FME@E. KL E K g AP + M@ kT, 80, 20, AF . ¢) +MEL, pt, 2, 20 . 9)
ML K B B AT 9) +MEL, 7+, 80,80, 8F, ) + M(EL, pT, EL, 82, &F, ¢)
+M©L Kk ED EY Y ¢+ M@f KT, 8L, L AL, 9) +M(Eh. a8 80 8F . 9)
+M@L KF 8 80 AL 9) +M(EL .80 B0, B ) + MEL 7+, 80, 80, 8. ¢)
+M@E, kL B0 AT @)+ M@G kT L EL AL ¢) +M(EL, ot 80, 20 EF, ¢)1, (AS8)
FME@E KL ED ED AT 9
FM@L KO 8, R0, ¢, AD) + M@, K0, 5, B0, 6, AT) AGEL - +¢) =iM@EL K’ AL KO . 5 F
FM@©E KO B RO 6. A FMEL. T AF k0, sj)
FME@E. KO B RO 9 AT + M@ KO EF. EF AF.9) FMEL R s K0 ¢, 8
+M@L K0, BF 8F AL 0) TMEL T sF k0 6 B + M@EL, 2, 2% 20 2 )
+M©E KO EE B AL 0+ M@QL. K, BF B AL ¢) +MEL, p+ Y 80 EF )
+M©@ KO B AL 9) FMEL 2, 50, 20, 8¢, ¢) + MEL, pT, 0, 8, EF, )
FM@L K0, 2 B A ¢+ M@ KO, B B AL 9) +MESL T ,E?,Q/O,CC+,¢)
FM@L KBS B AL ) (A54) FMEL 2050 B ) + MEL 2t B0 B0 EF g)
+M<::;,p+,s;0,:; BRSO (A59)
At — g0k = Typ(f, » B2 HitM@d. KO g 2t k¥ ED)
FM@E, K0, B, ot K ED) AEE — QOK*) = iIM(EL, x+, 80, KO, k*+, o0)
+M@L. KO B at k80 + Mk k0, 5 pt kr ED) FMEL, pT, 80 k0 Kk Q0)
Mm@l K0, :j’QO*KH* =) +MEL. 7. 20 K0 K Q0)
*M@L. K. 5E 90 K E) + M@l KO, EF 90 K E) +TMEL o B KO K Q) + MEL B aF B2, o0 k)
M@ K, B 9 KL ED) FMEL B AF 20, 0 k)
+M QL KT EL ng, KT B + M@ KT 8D ¢, KT ED +MEL K s, 80,90 k) + MEL. K. 5F, 8, 0 k*)
FM@E KT, 20, g, K, D) MG B A0, 00 k)
+M@E, K, 82,0, K ED), (AS5) T MEL T AR 20, Q0 k)
‘0 0 0 o FMEL R £ 20,00,k
AQL > S0k = Typ (@t — s,c K +itM@t, KO, g 7t k*t 80 PMEL T 520 g0 g (A60)
M@t k0 gF, pt kT D)
FM@L KO B 7 KT B0 £ M@E KT, B 0t KT D) AEL — =T p7) = ilMEL 2 AF 77, p7 5F)
ML KO gF Q0 k* 20 FMEL O AF 2
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+MEL. 70 st 27 o7 5F ) TM@E@E. kT, 80 20 55, 00
FMEL, 03 o7 07 EH + MEL 2T 20 A, 5 o) M@, kB0 80 s )0 + Mk kT, 20, 80, 51, 00
FMEL, pt 20 AL 55 o) FM@E, K ED 50 55, )0, (A64)
FMEL 2, 50 sk S 07y - MEL. pTL 20 B B, 07
+MEL KT EY eF 2 p7) A — AFp%) = itmeel, kO, 85, K0, 00, at)
+MEL. KL B 5 o) + MEL. KT L 8F 2 ) FM@E, K0, EF R0, 00 A%
FM(EL, K, E/CO: gf. st ) +M@©@E. KO & + RO 00 A
+MEL K EL B T, 07) + MEL, KT8, B, 5 ) FM@E, K B B0 0 AF) + M@k, KO, 5F. 8F AL, 0)
FMEL K ED B s o) Mm@l k0 8t 8f Al 0%
FMEL, K 0 EF 5 o), (A61) +M(92,K°,~?,Sﬁ, AF 00+ M@E K™, BF B AL )
FMEQE. KO EF gF AR )0
AQL — I K ) = itM @, ng, EF K, K*7, 55 T) FM@E KO B B AT, 00 + M@, KO E B AT, o0
+M@QL, ¢, EF K*T KT, 5 ML, K*O,'::+Y'::+ AF )
MG g B KT KR B Mm@k kT EY kL o0 AD) + Mk kL EY kR0 A
FMQE. ¢, B KT KT S + M@t KL 90 B S k) FM@E KT ED k. 00 A0
+MQL, K, Q0 BE BT KT +FM@L K0 K 00 aD) + M@d, k.80 80 AE )
FM@L, KT Q0 B, s k) + Ml k0 B s k) FM@©@E. kK, 80 20 AT, 00
M@ 2t 8L AL T k) FM@E KT EY B0, AF, )0 + M@ K+, B 20, AT, p0)
FM@E pt 80 AT = k) M@t B0 A 5T k) FM@L KT, ED, 20, AT, )9
FM©E pT B AE S K M@E K EO 50 AR )0+ M@k KT 50 50, A%, 0
+M(Qjc,n+,30,>:+ sH k) Mt pt B0 i u k) M@ K 20 50 AT 0 (A65)
+M@L. 2t 80 55 5 k)
FM@E. pt ES SE T k), (A62)  AQf - stw) =imM@L. k% ef k0 0.5
+ M@t k0 8F K0 0, 1)
A@L - =Ty =itM@b, k0. 88 k7 07 2 +M@L, KO, B, B w, 55)
+M@L, KBS K pm 5 FM@E KO ER B0 w5k + M@ K0, EF B 5 0)
FMEQE KO B K o S FMEQE, K0 EF ES S w)
FME@E. KO B K pm s+ M@E kL EL EF S p0) +M@L. KO BF B sF o)+ M@L K0 5F BT 5 w)
M@ KT, s° shxft ) FMEQE. KO, B B 5 w)
FM@L KT EL B S, p) + ML kB B s 07) +M@L. K0 EF 5 sF w)+ M@ K0 B BT 5 w)
+M@L, Kkt D, BF 5 o) FMEQE. KO B B 5T w)
FM@L K ED B 5 o) ML Kk EL K 0, 20 + M@, KL B K0, 5
FM@E, KT D EF s pT) L M@, KL EL, 5 s p)l, FME©E KT ED K 0. 5T
(A63) FME@E K ED K 0, 55 + M@, KL 2% 20 B w)
M@t k89,80, 51, w)
Al — 5" = im@f, K 8F, k0, 00, 55 +M@L, kT 8 80 5, o) + ML, k*T, 82, 20, 55,

+ *0 ~+ *0 O +
FM@EL K JK¥0 00 58 +M@L KT EL 8 5F )

+ 0 o'+ 5x0 +
M K BT K0 oz tM@b. k82 8 5F 0) + M@ kY. 82, 80 5F w)

+ *0,—+ *0 + + k0 gt gt vt 0 / /
+M@L K70, EF R, 00, 28 + M@ KO EF. 8E 200 +M@L kT B EL T W), (A66)

+M@b, k0, 8t gf, =, 00

[(

FME@E. KO BF B T 00+ M@ k0, 5 5, 51, 00) AQL — Ato)=im@L k0 gF B0 0, AT)
FM@E, KO, B 2 5 00 + M@ K0 EE B, 0, AD)

FME@E KO B B 5T, 0% M@k, K0, B B s )0 FM©G KO B K, 0, A

FME@E K B B sF, 00 FM@L, KO B RO 0, AF) + M@k, KO 8 EF AT w)
FM@L kT 80 k7 00 58 + Mk, kT 80 k0. 55) +M@L, k¥ 8F & AL, )

ML KT, 8] 0 k=, 00 .xh) +M@t, k0, =, Ech,A:r,w)

FM@L, K ED kL 00 55 + Mg, kT Y, 89, 51, p0) M@ K B B A )

+M@t, k¥, 80, 82 =, %) FM@©E KO B EF AT )

FM@L kT, 80,80 5+ 0 + M@k, kL 80, 80, 55, 00 FM@E KO B BF AT o)+ ML KO B B AT )
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FMEE. KO B B AT ) 148 & 8 ¢ 8
o <t o o o w
FMQL, K B K 0, D) + ML, K BL k¥ 0, AD) [
FMEQE KT EY K w0, AF)
FM@L K B K o AT + M@tk EY B A w) o iq S
| |
M@t k8%, 82, At w) Mo Te L; L %
+ =)
FME@E KT, EY E0 AT, w) | X ~ % ? (Y
/ / e + o
FMQE K5 :? g0 AT, w) + M@E. Kkt 50, 80 A, w) § l, g 2 % L
Mm@t k¥, 2L 20 A, w)
FM@E kT, 20 80 AR w) + M@, K, EL, 20, AT, w)l, w| g g og Aoy
(A67) @ oS @
Al - 201 =itm@, kT, 2% K0, pT, £0)
FM@E, K, 80 RO ot 50 % e bt f
0 0+ -0 ot X k& x
+M@t, kT, 20 kY, pT, 20 1_4 X %+ s |
+M@E, K, 80, R, ot 50 + M(ef, K0 8F 82, 50, ph) g ¢ J ! ? J ?
<
+ 0 =+ =0 0 + * * *
M@ KB B X o) Sl Rk &k 3k o
/7 /
Mm@, k0 gF el =0, ot + Mk, k0 8 L, 20, o)
+M@L. K0, g 80 50 ot 18 8 8 3 8 9
+M@E, k0, 2 80, 50, o) + M@, k0, 5, 80, 50, pT) T T e
+M@L, k0 g 50 50 o) (A68)
- %
c kR Bk X F
‘M =} S 4+ * *
S <R =T S G
B X 4
. . 51 1 Tt 1 T
Appendix B: Strong coupling constants 5.2 ¢ ot o=
> L X QX X
In this section we list all the strong coupling constants used
in our calculation. Some of these values are taken from Refs. 2888 ¢ ¢
. . | + < < wv o o
[36,51-57]. For those that can not be found directly in the
literatures, we calculate them under the assumption of SU (3) -
symmetry. In calculation we perform SU (2) transformation T T.: L E‘ 3 °§<
prior to SU(3) ones. Lo~ s 9 I 3
According to which SU(3) multiplets do the parti- % 1 ) 1 T 1
cles belong to, the vertices in this paper can be divided E) L Cfm ‘i . C\QM C§<
into 8 types: VPP, VVV, B3B3 P, BesBeoP, BeeBes P, 2
B3B3V, BeeBesV, and BegB:3V. P denotes a light pseu- %:: wl v o o o o o
doscalar meson, and V represents a light vector meson. The z S e s s s
singly charm baryons can be classified into two SU (3) mul- S b
tiplets: a triplet labeled by 5.3 and a sextet by B.¢. With these i
.. . =]
label-definitions one can know the meaning of our symbols < 3 2 3 o
. . . R, + ?54 f + OQ M
for each vertices whose coupling constants are collected in & Fleh 2l = X~
*
Tables 5, 6, 7. S | NN LS
2 | 8 1 o + 1 o o 1
- S . * * o * *
S|Pl Rl M Rk M s
2
3
o0 nn O N W A A A
= S & © . A o ©
i | O F v N v\ en e
=
3
on
= + (=) + <
o + 4+ % I
E R N
o': | = CQ BN 3 ?
0 1 T~
slsl v )
Zll« 1L ot !
El>l s x Qlx & 3
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