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Abstract After the discovery of the double-charm baryon
E1" by LHCDb, one of the most important topics is to search
for the bottom-charm baryons which contain a b quark, a ¢
quark and a light quark. In this work, we study the two-body
non-leptonic weak decays of a bottom-charm baryon into a
spin-1/2 bottomed baryon and a light pseudoscalar meson
with the short-distance contributions calculated under the
factorization hypothesis and the long-distance contributions
considering the final-state-interaction effects. The branch-
ing fractions of all fifty-seven decay channels are estimated.
The results indicate that 8/, — E)r T, B) — E, 7t
and Qgc — Q;nJF decay modes have relatively large decay
rates and thus could be used to experimentally search for the
bottom-charm baryons. The topological diagrams and the
SU(3) symmetry of bottom-charm baryon decays are dis-
cussed.

1 Introduction

The recent discovery of the double-charm baryon EX" by
the LHCb collaboration [1,2] is the first observation of the
double-heavy-flavor baryons which contain two heavy-flavor
quarks (b or c) and one light quark (u, d or s) [3-5]. It
opens a new window to understand the perturbative and non-
perturbative features of the strong interaction, since their
structure of two heavy quarks in the core and one light quark
in the cloud is different from all the observed hadrons. It is

natural and important to extend our studies to search for the
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bottom-charm baryons (B, = EZC, Egc or Qgc). The heavy
diquark core of bc could be somewhere different from that
of cc.

The theoretical predictions on the branching fractions of
weak decays of the bottom-charm baryons are very helpful
for the experimental searches, analogous to the case of the
observation of the double-charm baryon. There are too many
decaying modes of heavy flavor hadrons. The experimen-
tal measurements prefer the modes with the largest branch-
ing fractions and easily detected final particles. In [6], it
is suggested to search for the doubly charmed baryons via
ELf > ATK mtnt and EfF — EfnT. Subsequently,
the LHCD collaboration successfully observed E/* through
the above suggested processes [1,2]. The importance of the-
oretical studies on the weak decays is discussed in [7,8].

The charm-quark decays dominate the decay rates of the
bottom-charm baryons, like the B, meson. It is known that
around 70% decay rates of B, comes from charm decays,
20% from b quark decays and 10% from bc¢ annihilation.
The large fractions from charm are induced by the dominate
weak transitions of ¢ — s with |V | ~ 1, while the bottom
decays are suppressed by b — ¢ with |V ~ 4 x 1072
Therefore, in this work, we will study the charm decays of
the B, baryons in order to point out the most favorable modes
for experimental searches.

The dynamics of the non-leptonic charm decays are usu-
ally difficult to be calculated due to the large non-perturbative
contributions at the charm scale [9-11]. In the recent years,
the weak decays of charmed baryon decays have been exten-
sively studied [ 12—38], as well as the weak decays of double-
charm or bottom-charm baryons [39-65]. In [6], the non-
leptonic decay amplitudes of the double-charm baryons are
calculated with the factorizable contributions using the fac-
torization approach and the non-factorizable contribution
considering the rescattering mechanism of the final-state-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-021-09239-w&domain=pdf
mailto:hanjiajie1020@163.com
mailto:854474645@qq.com
mailto:jianghy15@lzu.edu.cn
mailto:xiaozhenjun@njnu.edu.cn
mailto:yufsh@lzu.edu.cn

539 Page 2 of 20

Eur. Phys. J. C (2021) 81:539

interaction effects. The observation of E" via the processes
predicted by the above theoretical framework manifests that
itis reliable for charm decays of double-heavy baryons. This
method has been systematically used to study the decays of
double-charm baryon (3. ) into one charmed baryon and one
pseudoscalar meson (5. P) [8], one charmed baryon and one
vector meson (53.V) [40], and one light octet baryon and
one charmed meson (BD™) [41]. In this work, we will use
the same method to study the bottom-charm baryon decay-
ing into one b-baryon and one light pseudoscalar meson,
Bbc — BbP .

This paper is organized as follows. In Sect. 2, we describe
theoretical framework adopted in this work. The numerical
results and some discussions are collected in Sect. 3. Sum-
mary is in Sect. 4.

2 Theoretical framework

The effective Hamiltonian describes the tree-level charm
decays is given by:

GFr
Hefr =5 Y Vi ViglCi(w) 01 (w)
q'=d,s

+C2 () O2(W)] + h.c., ey

where VC";[, and V,, are CKM matrix elements, O and O
are two four-fermion local operators:

01 = (iiaqp)v-a(q gCa)v—a.
02 = (ilaqa)v—a(q'gcp)v—a. 2

with Cy 2 as the relevant Wilson coefficients.

Comparing with the charm-quark decay of B. meson,
the weak decay of bc baryons can receive more compli-
cated contributions even at the tree level. These contribu-
tions can be divided into several topological diagrams which
are depicted in Fig. 1. T denotes color-favored W-external
emission diagram. Different from the weak decay of meson
which only receive one color-suppressed contribution and
one W-exchange contribution, the baryon decays have two
color-suppressed diagrams, denoted by C and C’ in Fig. 1,
and three W-exchange diagrams described by E, E> and B.
The difference between these topological diagrams is from
the source of the quarks of the final-state hadrons. For exam-
ple, the two quarks of the meson of the C diagram are both
from the weak vertex, while the meson in the C’ diagram is
formed by one spectator quark and one quark from the weak
vertex. With the analysis on the hierarchy, the topological
diagram in charmed baryon decays are almost at the same
order [66,67]. In the following, we will introduce our frame-
work how to calculate each topological diagrams, for the
short-distance and long-distance contributions, respectively.
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2.1 Short-distance contributions under the factorization
hypothesis

In the calculation of the short-distance contributions, 7 -
topological diagram is considered as the dominating con-
tribution which can be calculated under the factorization
hypothesis. The short-distance contributions of the C dia-
gram is negligible due to its smallness compared to 7 dia-
gram.

The amplitude of By, — Bp, P can be evaluated using the
hadronic transition matrix elements:

G
(By P[Hess 1By = TFV;;,VW, Y Ci(ByP10i|Bye). (3)
2 i=1,2

According to the factorization hypothesis, the matrix ele-
ments (B, P|O;|Bp.) can be factorized into a product of two
parts, the decay constants and the heavy-light transition form
factors. The color-favored short-distance topological ampli-
tude of the considered By, — Bp P weak decays can be
expressed as:

(BoM[Hesr|Bpe) s p
G a
= ZLVE Vagar () (Miiy" (1 — y5)10)

/2

X<Bb|q_/yp,(1 — ¥5)¢|Bpe). 4

Here, we also give the color-suppressed topology amplitude
for convenience:

(ByM|Herf|1Boe)Sp

Gr _
= —= Vi Vugaa () {M1q'y" (1 — y5)q10)

V2
X (Bpliy, (1 = ys5)c|Bpe). &)

where aj(ay) represents the effective Wilson coefficients,
and a;(u) = C1(u) + Ca(w)/3 for the color-favored and
az(pn) = Ca(u) 4+ C1(w)/3 for the color-suppressed tree W-
emission amplitudes, with the Wilson coefficients Ci(u) =
1.21 and C (1) = —0.42 at the typical scale of charm decays
u=m,=13GeV [10].

In Egs. (4) and (5), the last matrix elements can be param-
eterized into six form factors:

(B (P, sD1q" v (1 = y5)c|Bpe(p, 52))
v
q
MBbL'

= i(p'. 5D v f1(@?) + i~ — (@)

+

q" 2
s P Jupso ©

v

) . q
—u(p/, s;)[mgl(qz) +iow o 22(q%)
B

bc
n

Mp

bc

+ T3 |ysup. 50,
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Fig. 1 Tree level topological diagrams for two body nonleptonic decays By. — By P of the bottom-charm baryons By, = (E; be > Qgc)
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Fig. 2 The long-distance rescattering contributions to & b — ugﬂ+ at hadron level

with ¢ = p — p’ and Mp,_ as the mass of Bj.. The form  (V(p)luy*(1 — y5)q|0) = my fye™, 8)
factors f; and g; can be evaluated under different theoretical
models.

The first matrix elements in Egs. (4) and (5) are defined

as decay constants: )
where P is a pseudoscalar meson, and V a vector meson,

and €* represents the polarization vector of the vector meson.
(P(p)luy™ (1 — y5)q|0) = —ifpp", @) Combining Egs. (4-8), the short-distance factorizable ampli-
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tudes of By, — B P are:

Asp(Bpe — BpP) = iupg, (A + Bys)up,,, (&)
= (Bp)
Asp(Bpe = BpV) = €ip, |:A1Vu)/5 + AZP“B b Y5
be
B
+ By, + By 2 b):|u3bc, (10)
be

where the parameters A, B and A1 2, Bj > usually include the
whole information of strong interaction. In the factorization
hypothesis, these parameters are expressed as

A = Afp(Mg,, — Mp,) f1(m?),
B = Afp(Mp, + Mp,)g1(m?), (11)

Mpg — Mpg
Ay = —ifym (gl(m% + gz(mz)#> ,
MBbc

Ay = =22 fymga(m?), (12)
Mp, + Mp
By = ifym <f1 (m?) — fz<m2>#> ,
MBh(‘
By = 2Afymfa(m?), (13)
where A = % Vekmai,2(p), m is the mass of pseudoscalar

or vector meson. Vg stands for the product of the two
relevant CKM matrix elements.

2.2 Long-distance contributions from the rescattering
mechanism

It is well known that the long-distance contributions are large
in the charm decays. The most important problem in charmed
hadron weak decays is to calculate the long-distance contri-
butions. The C diagram is dominated by the long-distance
contribution, since its short-distance contribution is negli-
gible. The C’, E|, E; and B diagrams are absolutely con-
tributed by the long-distance effects. We will calculate all
these topological diagrams. As stated in the Introduction, we
consider the rescattering mechanism of the FSI effects in this
work.

The final-state interactions can be modeled as the rescat-
tering of two intermediate particles at the hadronic level and
described by the single-particle-exchange rescattering dia-
grams under the hadron-level strong effective Lagrangian.
Taking the decay of Ef — E)7T as an example, the
long-distance contributions come from all the EZFC —
@Y/ ENnt - Ednt and B, — (E)/ED)pT — Ednt
processes, as shown in Fig. 2. At present consideration, the
intermediate states include the light pseudoscalar meson,
vector mesons, and the ground anti-triplet and sextet bottom
baryons.

The first weak transition vertex only involves the short-
distance contributions calculated in the factorization hypoth-

@ Springer

esis, avoiding the double-counting problem. The following
scattering process can be evaluated with hadronic strong
effective Lagrangian. The theoretical framework is explained

in detail in [8].
:\/0

Now we will take the diagram Fig. 2b, EZ)LC — (Eg/ g, ot —

Egn *+ with a 7 exchanged, as a concrete example to explain
calculation of this triangle diagrams. We adopt the opti-
cal theorem and Cutkosky cutting rule as in Ref. [68]. The

absorptive part of this decay amplitude is calculated as
AbS[M(PE; — Pn+P32)]
3
1 d3 d&"pgo, g0
— p/0+ / b/ b (27_[)454(177_{+
2J) @n)32E, ] (2n)32E,
+ P — Pp+ — Pgl/zp)

-M(Pg,, — (E)/EQ)pHT* (T E) — (EY/ED ™).
(14)

The amplitudes of the weak vertex 2, — (E)/E)p™
are taken from Eq. (10). The rescattering amplitudes of
(EY/8Npt — EYnT can be simply carried out from the
hadronic strong-interaction Lagrangian in Appendix A. Then

substituting the two parts into Eq. (14), the absorptive part is
written as:

Abs[M(p*, E): %))
|p1lsin6dode¢ . . _ .
= W(*lg,ﬁnoﬂ—)lgggnoEgM(P% s4)iys(pgr +m2)
“be
F2(1, my)
t— m,% +im Ty
2p3 - pip
: ((‘2173 + TH (Arys + Br)

1

" —2m2p3 - p2+2p3- pip1- p2

m%mﬁ
Bl

(A2ys + Bz)) u(pi,si), (15)

AbsIM(p™, B %)
|ﬁllsin0d8d¢ . . _ .
= W(—lgp+n07r)lgg'bonoggu(lh,54)13/5(172 + m2)
ab(
F2(t, mg)
t— m,% +imp Ty

21 -
. ((—2173 + ”3mfl”1> (Arys + B)

1

" —2m3p3 - p2+2p3- pip1- p2

m%mw
B

(A2ys + Bz)) u(pi,si), (16)

where t = pio. The subscript i denotes the initial state
El‘fc, while 1, 2 and k represent the intermediate states ,o“',
(Eg/ E;oo) and 70, and 3, 4 for the final states 7T and Eg,
respectively. In our calculation, the exchanged 7° is gener-
ally off-shell, which means the strong coupling constants in
the rescattering process are not exactly correct and need to
be modified. To account for the off-shell effect of 7, a form
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factor F(t, my) is introduced [68] as

2 2

_mj_[
—_—, 17
e 7

F(t,my) =
normalized to unity at the on-shell point ¢ = p,% = mjzr The
cutoff A has the form of

A =mz +nAqQcp, (18)

with Agcp = 330 MeV for charm decays. The phenomeno-
logical parameter 1 can not be calculated from the first-
principle methods, and usually needs to be determined by
the experimental data. The final results are usually sensitive
to the value of 1. More discussions about 1 can be found in
Sect. 3.

The dispersive part can be calculated by the dispersion
relation of

Dis[A(m?)] = l/ Mds’, (19)
T Js s/ — m%

which suffers from large ambiguities [68]. The integration in
Eq.(19) depends on the knowledge of Abs[A(s")] in a very
large region from s to infinity, which is unavailable currently.
Therefore, it is difficult to evaluate how large the dispersive
partis. In charm decays as discussed in [6,8,68], the hadronic
triangle diagrams would be dominated by the absorptive part,
since the total masses of final states are not far from, if not
close to, the initial charmed hadrons, especially for charmed
baryon decays. In phenomenology, the non-zero dispersive
part are absorbed into the only free parameter n. As n can
not be calculated from the first principles, it would be finally
determined by the experimental data. Then, such effects as
the dispersive parts are all involved in the determination of 7,
but expected not to affect 1 too much. Besides, the dispersive
part mainly affect the studies of CP violations which are
sensitive to the strong phases of amplitudes. In the studies of
branching fractions, it can be safely involved into the effects
of n.

%y the same approach mentioned in the above section, the

absorptive amplitude of the rest triangle diagrams in Fig. 2
can be carried out as:

0dod
Abs[M(n*’,Eg;pO)]:/% i (—ignt o)
Fz(t,m/,u) _
t— mio +imyl 0 &(p4 s4)
[ Aiagoozy (< = s
k-
n (pl;rps)k)
mp0
fzsgpos‘,]
ETo (=K + ) + k- (p1+ p3)
=p
S+ m2) (A + Bys)u(pi, i), (20)

sin6dod
|Pl‘ P . 2( lgﬂ

+ 0. 0y
AbsIM(x™, By p)] = 3on2 - +p0;r)
Fz(t,mpo)
x f—m2 timol .0
t— moo +impol 0
- (pa, s4) (flsg’poag (=m—m

mz

0

+k-(p1+p3)k)

%< kG +5)+k - (p1+p3))
me u+m
'(172+mz)(A+BV5)u(Pi,Si), 2D
v 0. oo [ 1Pilsin6dodg
Abs|M(m™, Bp; gy, )= ng +E,; :hg._‘buhﬂ

(p3,s3)ys (K +mp)ys(pr + ma)
(A + Bys)u(pi, si)

F2(1, mﬁf)
e (22)
t—m? ,+tm- I“,,,
S
|P11sin0dodée | _
a5 l8p+z 208505, U

+
AbsIM( ™, 32772"1':+ Sp By OBy Ey, T
Sbe

o]

0. =/—
},sC'A;, )=

(p3.83)ys (K +mp)ys(ps + ma)
- (A+ Bys)u(pi, si)
y F2(t, ms;’—) 23)
t—m2,_ +imgy-To’
g, Sp =
|p11sin0dode .

+ 20, 2=y —
Abs[M(z™, B, E)] = 327T2mE;r

i = g0 u
8x+E g, 8 gub B,

(p3.53)ys(k +m)ys(pa +ma)
(A + Bys)u(pi, si)

F2(t me=)
* t—m +zm~ FHE (24)

| p1 \szn@d@dqb .
aimn &

o]

+ 0. =/—\] — 0O T
AbSIM(™, By B )] 327 2m o+ gp8epey -l
She

(p3, 83)ys(Kk + my)ys(pa + m2)
(A + Bys)u(pi, si)

F2(z,m5;;) (25)
X ’
t— mzﬁ,, + imﬁ/fl"g;;

b

| P \sm@d@d(ﬁ 3

Abs[M(pT, E); B))] = rm 3i(p3, 53)

<f10+u[, a) 0 Yy — [,
(k+mk)

+ PPy )(172 +my)
m

<A1Va}’5 + AZTVS + Biya
Mpe

+ BZ >M(Pz i), (26)
mbc

|PilsinfdOd¢ 4

AbsIM(p™, EY; B = i’i(p3, 53)

3272 m“

fooer OV_M Ay
Jpte, gy v Ouv Py g,&, nt

my+ms3
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F2(t, ma-)

f+my))———————— — gV
¥ k)t mr Fimg Top Vs( g
S
pip
+ 1)(172+mz)
ml
2
: <A1)/a)/5 + Az pf s
be
B+ B2 Vs, 27)
mbc
T H,O |p1lsin0dOde 5
Abs|IM(p™, )= TZ u(p3, s3)
(f]er“b M?V\)
lf2p+
“b "‘I) Y2
my +m3 TP ) 8=pe; n+
F2(t,ma-)
ck+my) —mm _ v
(k k)t +zm_‘[1"fy5< g
“I) 4
PP
+ = 1)(@ +m3)
m
: (Al)/a}’s + Az f}’s
be
P2a 28
+ Biye + B2 u(pi, si), ( )
mbL
P |sinfdOd
AbsiMm(p*, B E) = [ PASIODOAD 15 e se)
32ﬂ2m5b
if2p+5f—so
(fler:,f = mg +bm3b a2 ) sepe;

F2(t,mom)
b s _gvct
t— m2_/, +ima- o
g gyt gy

+”1”1)(n+mz>

- (k4 my)

+V5

: (AlVaVS + Az P2
My

+B1Ya + B2

”Zf)up,,sn. (29)

Mpe

fCollecting all the amplitudes together, the total amplitude of
Epe — EYmT is expressed as:

A(ubc — ubﬂ+)

= TS‘D(Hb — ubﬂ+)
+idbs[M(x*, 2;

+ M(p*

p%) + M, 8 p°)
LEpi )+ MpT, B )

+ Mt BY; B)) + M(x T, Y B))
+ M@t 8L E)) + M ,:;?, E,)
+M(p", E): E)) + M(pt, E): E))
+ Mot E g+ Mt e ED] GO

where 7gp stands for the short-distance contributions of
topological diagram 7. The amplitudes of all the other
channels for bc baryons decaying have been collected into
Appendix 1.
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Table 1 Masses (in units of
GeV) and lifetime (in units of
fs) of the bottom-charmed
baryons considered in this
paper, as given in Refs. [69,70]

=+ =0 0
Baryons  Ej, g 2

Masses 694 694 7.02
Lifetime 240 220 180

3 Numerical results and discussions

For the calculation of the branching ratios, we need to
know all inputs used in this work. For lack of experimen-
tal data, we use the theoretical results of the masses and
lifetimes from Ref. [69,70] as shown in Table 1. For the
bottom-charm baryons, there are two sets of SU(3) triplets,
Epe, Qe and B b o }j .- Those two triplets have different J P
for the heavy di-quark system bc. Only the lighter ones can
weak decay with sizable branching fractions. The theoreti-
cal results obtained in Ref. [69] show that bc-baryons with
JP = 17 are the lighter ones.

The lifetimes are an important feature to calculate the
branching fractions and in the experimental measurements
[7]. They are also calculated in [49] that 409fs < T ( EZC) <607fs,
93fs< T(EY,) <118fs, 168fs< 7(QY.) <370fs. Compared
to those in [70], it can be found that the current status of
predictions on the lifetimes of bottom-charm baryons are of
large ambiguity, due to the special role of charm. It has to
keep in mind that the final results of branching fractions are
proportional to the lifetimes. Our following results could be
naively replaced by some other values of lifetimes.

The masses and the decay constants of the final-state parti-
cles are from [71-73]. The transition form factors in Eq. (6)
have been computed out by several methods. We will use
the results calculated by the light-front quark model [45] as
inputs, which have been successfully used in the prediction of
the discovery channel Eff — ATK 7wtz ™ and Efn™ in
[6]. Strong coupling constants can be found in the literatures
[74—79], 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 1.

The branching ratios of the decay modes By, — B, P are
listed in Tables 2, 3, 4 and 5. According to the characteris-
tic of the relevant CKM matrix elements for a given decay
mode, all decay modes can be classified into 4 classes: the
short-distance contribution dominated processes in Table 2,
and the long-distance contribution dominated processes of
the Cabibbo-favored (CF) decays induced by ¢ — sud in
Table 3, the singly Cabibbo-suppressed (SCS) ones induced
by ¢ — dud or ¢ — sus in Table 4, and the doubly Cabibbo-
suppressed (DCS) ones induced by ¢ — dus in Table 5.
In those tables, the topological amplitudes of each decay
mode are listed at the third column with Ay = ViV,
has = Vi Vs, ha = Vi Vg and Ay = V7 V. The tilde is
used to distinguish the channels with sextet bottom-baryons
in the final state, from the ones without tilde for the anti-
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triplet bottom baryons. The branching fractions that involve
the long-distance contributions corresponding to three dif-
ferent values of 7, i.e. n=1.0, 1.5 and 2.0, are listed at the
fifth, sixth and seventh column, respectively.

The sensitivity of branching ratios to the parameter n in
Eq. (17) has already been demonstrated in Refs. [6,40]. Tak-
ing the decay channels of B;rc - X K0 and B,?C — A,?IZ 0
as an example shown in Fig. 3a, we can find that the branching
fractions can be changed by almost one order of magnitude
for n varying from 1 to 2. As pointed out in [6,8], however,
the ratios of branching fractions are insensitive to 7, seen in
Fig. 3b. Apparently, the ratio is changed very slightly with
the variation of 1. The large uncertainty from the 7 is mostly
canceled in the ratio of branching fractions. This behavior
helps us to improve the prediction power.

One can see in Table 2 that the short-distance contributions
of the external W-emission 7 diagrams, Tsp, are the dom-
inant contributions to the modes including it. However, the
long-distance dynamics dominate the decay modes without
the T diagrams, which can be easily read out from Tables 3, 4
and 5. For comparison, we display the short-distance contri-
bution of the internal W-emission C diagram under the fac-
torization hypothesis, Csp, at the fourth column in Tables 3,
4 and 5. It is found that Cgp are much smaller than trian-
gle diagram contributions. The reason is that the effective
Wilson coefficient a> () at the charm mass scale is deeply
suppressed, a>(m.) = —0.017.

Considering the non-factorizable contributions in the
color-suppressed tree-emission diagram, C, it is convenient
to parameterize such effects in the effective Wilson coef-
ficients a§™h (1) = Cra(u) + C2.1()/NET [80]. The val-
ues of aeff 5(1) are actually process dependent. In charmed
meson decays it is found that |asz/aetf | ~ 0.6 —0.8 and
arg(aeff /aeff) ~ 110° — 170° which are obtained from the
global fits for the topological amplitudes [9,10], where the
uncertainties are well under control due to the precise mea-
surements of branching fractions. In this work, the non-
factorizable effects are modeled by the rescattering mecha-
nism whose uncertainties are characterized by the parameter
n. Since there are not available data currently, we could not
determine the value of 1 very well. Varying n from 1 to 2,
the results could be changed by one order of magnitude for
the processes dominated by the non-factorizable effects.

In the same CKM mode, decays with Tsp contributions
tend to have largest branching fractions. Under our theoret-
ical framework, Tsp is absolutely the dominating contribu-
tion comparing to the non-factorizable contributions. As a
result, one can see from the Table 2 that branching ratios
receiving Tsp contributions are not sensitive to the variation
of n. However, the picture is totally different for the other
types of contributions which increase or decrease rapidly as
n changes, which indicates important FSI effects.

Our results can be compared to those in the previous lit-
eratures. Branching ratios of two non-leptonic decay modes
of Ejp. baryon are estimated under NRQCD sum rules in
Ref. [81], i.e. Br(Eb — ubﬂ+) = 7.7% and Br(ub
E;yﬁ‘) = 7.1%, which is almost twice as what we predicted.
This deviation is mainly caused by the weak transition form
factors. The form factors used in our work are f; = 0.627
and g1 = 0.167 for both decay modes, while f; ~ g; ~ 0.9
are employed in Ref. [81]. With the form factors calculated in
the light-front quark model, Ref. [45] estimates the branch-
ing ratios of the 7 -topological diagram involving processes
in the factorization approach. Their results are very close to
ours, since the form factors used in this work are taken from
Ref. [45]. Besides, the 7 -topological diagrams are the dom-
inant contributions in this kind of decay modes. Thus the
rescattering effects don’t affect the total branching fractions
very much.

In Ref. [6], the process of EXF — Efzx™ is recom-

See

mended as a discovery channel of "‘jf, which has been
confirmed by the LHCb experiment in Ref. [2]. Similarly
here, we suggest the LHCb collaboration to search for the
bottom-charm baryons by the modes of El‘fc — u2n+
Egc — &, 77" and Qgc — Q, 7, respectively, who have
the relatively larger branching ratios. The branching ratios of
those three decays are given as:

BR(E[, — E)r ™) = (3.50 ~ 3.95)%, (31)
BR(E), — E,n") = (3.15~3.32)%, (32)
BR(Q), — Q7 h) =2.54%. (33)

With the branching fractions of E) — ¥ KO and
:l—; — E;}On+ in Tables 2 and 3, we calculate the ratio
between long-distance contribution of topological diagram

C and short-distance contribution of 7' with n = 1.0 ~ 2.0,

JAE), > 57K Crp
A, — Q) Tsp

~ 0.2 ~0.44 (34)

In Table 3, there are three channels only include one kind
of topological diagrams, i.e. B, — = K0, ) — Q7 K+
and E)  — X, K. They are more convenient for the stud-
ies on the topological diagrams. Although, we can extract
the absolute value of the corresponding topological diagram
amplitude, the ratios between these amplitudes have a more
important sense. Our numerical results are

AEY - Tk~ E
A&, ~ = _ ) _ Bl 0.69 ~ 0.86, (35)
|A(ubc - TSKO (€]
A(E Q K™t E
@) =~ KD _ B2l _ (o) 5o, (36)

A, — =K% ICI

@ Springer
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Table 2 Branching ratios for the short-distance dominated modes. The “CF”, “SCS” and “DCS” represent CKM favored, singly CKM suppressed

and doubly CKM suppressed processes, respectively

Particles Decay modes Topology BRrg,, (%) BRy=1.0(%) BRy=15(%) BRy=2.0(%) CKM
Op — Bt Asa(T +C") 3.50 3.58 3.73 3.95 CF
— 8fn+ Fhsa(T +C7) 2.04 2.07 2.13 221 CF
— Bt j?AT+O) 0.11 0.12 0.12 0.13 SCS
— At ra(T +C") 0.21 0.22 0.23 0.25 SCs
— BPK+ Zm(T+C) 0.14 0.14 0.15 0.15 Ne
— BYK* A (T +C) 0.30 0.31 0.33 0.35 SCS
— AJK+ Aas(T +C") 0.019 0.020 0.020 0.021 DCS
— DK+ Fhas(T +C7) 0.0086 0.0087 0.0090 0.0094 DCS
o - gyt Asa(T — En) 3.15 3.15 3.23 3.32 CF
— Byt Fhsa(T + E2) 1.84 1.85 1.86 1.89 CF
-yt ra(T + E) 0.21 0.21 0.21 0.22 e
— B KT 7 0T + 2a ) 0.13 0.13 0.13 0.13 Ne
- 8, KT AT + haEa 0.27 0.27 0.28 0.28 e
— T, K+ AasT 0.016 DCS
Q). - @t AsaT 2.54 CF
— g7 T — AsEa 0.12 0.12 0.12 0.13 SCS
— gyt 75 (aT + 2 En) 0.071 0.072 0.072 0.073 e
- Q, Kt A (T + Er) 0.17 0.17 0.17 0.18 Ne
- 8, KT Aas(—=T + E) 0.011 0.011 0.011 0.011 DCS
— B K+ Fihas(T + E2) 0.0052 0.0052 0.0053 0.0054 DCS
We can see that the ratios |E1|/|C| and |E2|/|C| are all at  ratios between C’ and C are given by:
the order one, confirmed to the result in [66]. Similarly, the
ratios can also be obtained from Table 4, JAGE), — B T)pl  |C] 0.91 ~ 0.95 @1
A, — =, K9)] IC|
AEY - o) E AES — A7) p c’
A b 0'=| 1 _ 055~ 0.62, (37) | (gc+ b+)0 _ |=0.82~0.84, (42)
AES, — =, 70 IC] AE,. — Z, 7)) ICI
AQ), - KD |E A&} — B P)pl  |C
| = 5 L 1B =0.56 ~ 0.58, (38) A, - N L _1cl =0.99 ~ 1.03, (43)
AGEL - 5%~ ICl |A(ubc = X, 0] €]
AES — AYKH)p c’
A, L )0 | |:0.97~1.0 (44)
and from Table 5, |.A(ubc — X, K9] |C|
0 N From Eqs. (34—44), we get the similar conclusion as in Refs.
AR - T, a1 E
A, = 2 Tl _ 1Bl _ 45 .46, 39) (66671
|AE,. — Z, K0 IC]
- ICl _IC'| |Eil _ |Ea]
|A(9°»2+n ) E] o A EL 2 0(Agep/me) ~ O(D).
= =068 ~0.77. @) 11" qa e " ey T @@een/me) ~ 0
AE), — =, K0 IC]

It is clear that all the results are consistent within the theo-
retical uncertainties.

The C’ diagram can be indirectly extracted from the chan-
nel with the topological amplitudes of T + C’ in Table 2. The

@ Springer

(45)

In heavy quark decays, the flavor SU (3) symmetry is a
useful tool. A number of relations between decay widths are
found within the SU(3) symmetry [47]. To test the SU(3)
symmetry and its breaking, we show the ratios in our calcu-
lations in Egs. (46-54). All of these ratios should be unity in
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100

g5l — =t KO (a)

MK’

Branching ratio(x107™*)
>

—_

.0 1.2 1.4 1.6 1.8 2.0
n

Fig. 3 a The theoretical predictions for the branching ratios of E;“C —
fractions with 1 varying from 1.0 to 2.0

the SU (3) limit. The corresponding topological amplitudes
are given as well.

I'(g), — Ajn™)/T (8}, — E)K™)
= [ha(T + C* /s (T + CH*> = 0.70 ~ 0.71, (46)
r(g), — 2)K°)/T(Qf, — AJK")
= |AyC + AgE1[*/12aC + A E1)? = 2.94 ~ 3.08, (47)
rQ), — g,~")/r(e), - g,k")
== agT — AsE2|>/|AsT + AgE2|* = 0.58 ~ 0.59, (48)
1
r(g, - ofn 0)/*1“(:25 — 2, ns)
=|- CI /|- (Ad 245)C|* =5.89 ~ 6.57, (49)
r(gf, - = +)/F(~ — EPKT)
= r (T +CHI7/ As(T + CH|” = 0.80 ~ 0.81, (50)
-1 f112 §
r(g), — 5/77)/r(Q), - K7
= A E1?/ 1M E1)? = 0.89 ~ 1.02, (51)
I (8p - T, n*)/T(2), — Q, KT)
= [ha(T + E)[*/|As(T + E2)|* = 0.90 ~ 0.91, (52)

r(89, — EPK°)/1(Q), — Eofo)
|—(xsc/ +aaED[ /|—(Adc +isED[’ =060 ~0.77,
(53)
I (e = 8 ")/ T (8 — & k)
OsT' + 2 E2)|* = 0.38 ~ 0.72.

(54)

(T + M E
|f(d 2)|/|\/»

The above results indicate that the long-distance final-state
interactions can contribute to large SU (3) breaking effect. It
would be of great help to research the SU (3) symmetry in the
heavy baryon decays in case that the long-distance dynamics
can be calculated accurately.

@ Springer
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gc — ASK_ 0 in logarithmic coordinates. b ratio of branching

4 Summary

In this work, we investigate the two-body non-leptonic weak
decays of the bottom-charm baryons E;’C, Egc and Qgc with
the long-distance contributions included. This long-distance
contributions, which are non-perturbative and can not be
calculated under factorization hypothesis, are viewed as the
final-state-interactions in this paper. The rescattering mech-
anism has been adopted for the calculations.

This paper exhibit the calculated branching ratios that
include all the processes By, — Bj P. Based on our results
of all fifty-seven decay modes considered in this, we recom-
mend the three processes E;. — Edr T, E). — E, 7T and
Qgc — Qljyr+ as the potentials of the discovery channels.
The T topological diagrams are found to have the largest
contribution. Short-distance factorizable contribution Tsp is
dominating if one decay mode can receive T-topology con-
tribution and the branching ratio of this type of decay mode
is not sensitive to the variation of 1. However, branching
ratios with Csp or purely nonfactorizable contributions vary
rapidly as n changes while the ratio between any two branch-
ing fractions is almost independent of the variation of .

We also calculate the ratios between different topolog-
ical diagram, and find that in charm decay, the relations
1%' ||%|| ||EC“‘ ~ ||lézll O(AQCD) ~ O(1) are hold as
declared in literatures [66,67]. The SU(3) breaking effects
between decay modes are calculated and some larger SU(3)
breaking decay modes have been found which have signifi-
cant guidance for the following researches of bottom-charm
baryon decays.
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Appendix A: Effective Lagrangians

The effective Lagrangians used in the rescattering mecha-
nism are those as given in Refs. [74-78]:

igvpP
Lypp = Tr[V*[P,d,P]l, (A1)
V2 g
igyvy
EVVV = ﬁ Tr[(BVV#V” - V"aUVM)V”],
(A2)
Lppeps = &rBes Tr[Beiys P Bel, (A3)
Lpp;s; = gpB;8; Tr[Bsiys PB3l, (A4)
Lppes; = 8pBen; Tr[BsiysPB3l+ h.c.,  (A5)
LvBeBs =f1vBess TT[Beyu V" Be]
+ﬁ2”TB‘;BGTr[1§GoWa“V”36], (A6)
Lyp;s; = f1pB;5; Tr[ By, V" B3]
+ﬁ;TBZB3Tr[B§aWa“V”Bg], (A7)
Ly sy = {f1v3633TF[1§6VMVMBg]
S2VBBs g sty Bl 4
me + m3 60y 3 Coy
(A8)
70 | g + +
f2+ c T K
P _ 0\ — - _7T_ UL
PJ" " =07) = T ﬁ e
K~ K° —fns
1 nt 00
+—=1 0m 0|, (A9)
V3l o 0
2Ly o + *+
) aitwa 7K
v =17) = ST w0 |
( ) 0 «/5_+ NG K
K* K*O ¢
(A10)

(A11)

0 =0
Pl 0 'y o
33<J = ): ~AY) 0 g,

Strong coupling constants are collected in Tables 6, 7
and 8.

Appendix B: Expressions of amplitudes

The expressions of amplitudes for all the By, — Bj, P decays
are collected in this Appendix.

AL — AJKT) = T(Ef, - AJKT) + MK T, A 0) + MK T, 59: p0)
+ ME*, A ng) + MK, 5070

+ MEKF AD ED+HMEY A B+ MK T 201 8))
+MEH E) B+ MK AY E))
+MEF A g+ MK B E))
+FME* s) g,

AES, - A)nt) =T (&

(BI)

F o A+ Mt E); 00 + Mt 9 70)

+ MK T ) k0 + Mk, 80 k*0)

+ M E) KO + Mt gD k0

F M@t A S )AME )0 + Mt AY E,)

+ Mt E) S+ ME T, ED B )+ MK T ED E))

+ MK 8L g+ MK T, 8P E))

+ME*T, 8 8+ MK 8D 8))

+ME g0 g + MK gD g, (B2)

— 9K + MK F, ) 00 + MK, ED: )

+M(K+ ~/0‘p0)+M(K+ ':/O‘a))

+ MK, E) 2O+ Mk ED: ng)+ Mk, 80 70)

+ MET,ED: ng) + M, A k0)

+ M@t 20 K0+ M, AY &)

+ Mt =) KO+ ME T E) ) + MK T, ER: )

+ MK 8)ing) + M(K*T . E "’° i18)

+MEH B Q)+ ME T ED @)+ ME T ED @)
A0, -

A Ny — ubKJr)—T(

“bc

=~

+ ME* ED Q)+ M@ A g )+ M@t A E))
+ M@ 2 E)) + M@ 5 8))
+ M AY B+ Mt A E))
+M(p+,2b'ab)+./\/l(p ,Eb;.:b ), (B3)

AES, - &) = T(Ef, - E)n )+ M@ ™, &) pO)
+ M@t E
+ M@t E
+ M@t Ep: g
+ Mt E) g )+ Mt ER E))

+ Mt gD E)), (B4)

A(EY, — Adng) = Cop(E). — Adng) + M(KT, &) K*T)

7%+ Mt g0 )
,:2, g+ M@t g E))

'ﬂ)+/\/l(P
.ub)+M(ﬂ
)+M(P ) '.:b)
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Table 6 Strong coupling constants of VPP and VVV vertices

Vertex g Vertex g Vertex g Vertex g Vertex g
ot — 70xt 605 o> xtn 6.05 ot — K+KO 4.60 0% — KOKO ~325 p0 = KtK~ 3.25
¢ — K K+ 460 K*— pgKO 563 K* > K=zt 4.60 K*0 > K070 325 K*t - K*z0 3.25
K*t - gkt 563 K> atK0 460 K* > 7-Kt 460 K*0 — KO 563 K- 70k0 325
w— KTK~ 325 ¢ — KOKO 4.60 w— KOKO 3.25
pt — plpt 738  p%— ppt 7.38 pt — K*FK* 522 p¥ — K*HK*= 3.69 w— K*TK*™ 3.69
K*0 > ¢K*0 5220 K*0 K00 360 K0 5 g0y 3.69 K* = ptk*® 522 K* — Kt 5.22
K*t > wKk** 369 K* - p0k*0 369 K*0 5 Kk 3.69 K*0 - K*0¢ 522 ¢ — K*K*t 5.22
©— KK 369 ¢ — KK 522 00— KK 360  g*F o K0 369 K*0  KFTpt 5022
Table 7 Strong coupling constants of PB35B3, PB3Bs and PBsBg vertex
Vertex g Vertex g Vertex g Vertex g Vertex g
E9 — AJKO 1.5 A) > BIKO° 1.5 &) — E9ns —05  AY— Ang 10 8 — A~ —15
E, — E,ns -041 8 - 8~ 1.0 &8 - g xt 1.0 a; - g7 -071 EY— &) 1.0
20— 8)k%  —115 g8 —>3fk- -170 3If - 8)kt —170 E) - E0ns 160  EQ— EIng 16.0
) — A)r° 185  A)—Zfrm —-150 Tf > Alrt 150 A)— zZyxt 150 %, > A~ 15.0
g - AJKO 115 A)— g K* 115 B, — AYK~ 115 B, >3k~ -—115 =Yg Kkt —115
T, —> B, KV  —170 B, > E, ms 160 B, — 8, m 160 &, — Q, K° 170 @, — g, KO 17.0
g - gynt 106 g —E&;x" -75 &g —>gx" -75 EY-> QKT 170 Q) — BYK~ 17.0
:;,0 — B0 7.5 g8) > gyt 106 E, — 8~ 106 g — Z)KO 134 x) - gQk° 13.4
= — BPKT 190 80— EPns -53 =) — =g 125 =) 5fx 170 = - 2xt 17.0
DIREEED IE & 18.0 g, — ZVK~ 134 20— 8Kt 134 & - %, KO 190 %, - g, K° 19.0
Q, —> Qns  —260 Q — EPK- 210 EP—>Q Kt 210 @, > &, K° 190 B, - Q,K° 19.0
) — = at 170, — ;s 12.5 zb - 3,7 —180 :;; — &0~ 120 EY— g nt 12.0
g — EPn° 9.0  AY— E KT —15 E) - EKO 115 9> 20 185  AY— EPK* 115
E, > £, kK0 —170 &, — Eln 10.6 :g — gQn° 7.5 z;,O — XK 190 Tf - s 12.5
B, — &, mg —5.5 z, = 20n 170 gy —» &g, 7 -9.0

+ MET 8 K+ MK g KT AE), - A0 = Csp(E), - A0 + M@t 5, 0T)

+FMET BT KD+ MK B E)) + M s+ MK T ) K

+MEY. B )+ MK B E) +MET B K MK B KT

+ MKt 8 :’b )+ MK 8, 8)) + MK BT KT + M@t 58

+ MK B E) + MK BT E)) F Mt T+ MK B E))

+FME BT B+ MET R +MEY S ED + MK BT E)

+ M. T ). (BS) + MK B E)) (B8)
AED, — A)RO=Csp(E), — AR+ M=t 55 k*H) AEY). » 8 kN =T@E). » g, kH+ M@t 5, 89 + Mt 5, K9

+ M@t e K + MK B )+ M(KT, B 5 ¢)

+ Mt g KN+ Mt g K + MK 8 ng)

F M@t B )+ MEt e E) + MK*T 87 g), (B9)

+ MBS ) + Mt B R, (B6) AE), — Eynt) =T (E), — gy h) + M@t 5,1 0% + Mt 871 0%
AED, - MK =Csp(E), — ADKO) + MK T, 21 0T) + Mt B %+ Mt E) 20 (B10)

+MET, 5 1) + MK+ 5, 8)) AEY, — Eng) = M@t E5: 85) + M, €55 E))

+MEKT D ED) + MK, 2 E)) F M ETED) + Mt B E) + Mt )5 E))

+ MK 5,78, (B7) + Mt By B + Mt E) 8y
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Table 8 Strong coupling constants of V B3B3, VB3B8 and V B¢ B¢ vertex

Vertex Nil N Vertex N b2 Vertex N f Vertex S f
AY - Ao 52 80 AY - EJK* 50 70 E)— AJKH 50 70 ub — 8% 40 57
g8, — A)K*™ =50 -70 E, > E,¢ 4.0 57 g, — B~ 44 7.1 ub — g, pt 4.4 7.1
g —> g0 -31 =50 E)- o 2.8 40 &) g9p° 3.1 5.0 — x)p° 2.8 400
A) > Tfpm  —28 —400 T > Alpt  —28 —400 A EPK® 26 -320 "’0 — AYKH 26 —32.0
) — 8k —26 -320 EY—Efk* -37 -453 3 > Bkt -37 -453 u,, — B¢ -2.6 —30.0
A) - 3, ot 28 400 X, —> App~ 28 400 A)—>E K*T 26 320 B, - A)K* 26 320
20 B K*T —26 —320 &, - ,K® 37 —453 I, > E K -37 —453 E, - E ¢ —26 —300
g, - QK 35 500 9 - EK® 35 500 &, — u;?p— 20 283 EQ— g p" 20 283
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