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Abstract In this work, we study the weak decay between
two heavy baryons B,-(%+) — Bf(%*_) in the light-front
quark model where three-quark picture is employed for
baryon. We derive general form of transition amplitude of
B,-(%Jr) — B f(%Jr), and analyze two specific cases of tran-
sitions: the weak decays of single heavy baryon ¥, — X7}
and the decays of double-charmed baryon 8., — X} (E¥).
We compute the hadronic form factors for the transitions
and apply them to study the decay widths of the semi-
leptonic B; (%Jr) — Bf(%Jr)lf)l and non-leptonic 15; (%Jr) —
Bf(%Jr)M . Previously we studied the transition ¥, — X
with the quark—diquark picture of baryon in the light-front
quark model. Here we revisit this transition with three-quark
picture of baryon. At the quark level, the transition ¥, — X
is induced by the b — ¢ transition.The subsystem of the two
unchanged light quarks which possesses definite and same
spin in initial and final state can be viewed as a spectator,
so the spectator approximation can be applied directly. For
the weak decay of doubly charmed baryon E.., a ¢ quark
decays to a light quark ¢, so both the initial state cc and
final state g1¢2 (g1 and the original ¢; in initial state may be
the same flavor quarks) which possess definite spin are no
longer spectators. A rearrangement of quarks for initial and
final states is adopted to isolate the unchanged subsystem cg»
which can be viewed as the spectator approximately. Future
measurements on these channels will constrain the nonper-
turbative parameter in the wavefunctions and test the model
predictions.
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b e-mail: xiaohai.liu@tju.edu.cn
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1 Introduction

Over the last decade, a great interest has been aroused
in the field of hardon physics, especially heavy baryons.
Significant progresses have been achieved in both exper-
iment and theory. For example, the LHCb collaboration
observed the doubly charmed baryon EX" in the final state
A.K~mwtxt [1] and it has been confirmed in the decays
Eft - Efztand 5 — Zxt [2.3]. On the theory
side, multiple approaches have been developed to study the
physical properties of heavy baryons, such as decay width.
For example, in Refs. [4-6] the authors employed light-front
quark model (LFQM) to explore the weak decays of doubly
heavy baryons. In Ref. [7] the weak decays of doubly heavy
baryons were studied within light-cone sum rules. In retro-
spect, weak decays of the heavy baryons were also studied
under the heavy quark limit [8], the relativistic quark model
with quark—diquark picture [9], the relativistic three-quark
model [10] and the Bethe—Salpeter approach [11].

In Refs. [4-6, 12—15] the LFQM was extended to study the
weak decays of the heavy baryons with the quark—diquark
picture. However, although the quark—diquark picture is an
effective approximation when the diquark is a spectator in
the transition, it is not very suitable for studying the decay
where the diquark will be broken. Instead, three-quark picture
was employed to study the weak decays between two heavy
baryons with JP = %+ in Refs. [16-19]. In Ref. [12] the
transition between J© = %+ heavy baryon (Bi(%+)) and
JP = %Jr one (B (%+)) was studied with the quark—diquark
picture. In this work we employ the three-quark picture to
study the transition Bi({r) —- B f(%+) within the LFQM
framework. The LFQM is a relativistic quark model which
has been applied to study transitions among mesons [20—
36] and has been extended to the case of baryon decay [4—
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6,12—15]. We derive general forms of transition amplitude
B; (%Jr) — By (%Jr). Then we revisit the transition £ — X
and study the relative weak decays of the double charmed
baryon E..

For the weak decay of single heavy baryon, the b quark
in the initial state would transit into the ¢ quark in the final
state by emitting W bosons. The two light quarks do not take
part in the process of the weak decay and the subsystem of
the two light quarks can be regarded as a spectator. Under the
three-quark picture, the three quarks are regarded as indepen-
dent individuals. Although the two light quarks are no longer
point-like diquark, the subsystem where they reside still has
a definite spin, color, isospin and all the quantum numbers
of the subsystem keep unchanged so it is treated as the spec-
tator. For the weak decay of doubly charmed baryon (ccq>),
one ¢ quark in the initial state decays to a lighter quark g
by emitting W bosons via the weak interaction. The result-
ing new quark forms a subsystem (q1¢2) with the light quark
¢> which comes from the initial state. As a result, both cc
pair in the initial state and g1g> in the final state which have
definite spin cannot be treated as the spectators in the decay.
A rearrangement of quarks for the initial and final baryons
is necessary to isolate the unchanged subsystem cg, which
can be viewed as the spectator approximately.

In LFQM, we need to specify the vertex functions of the
initial state and the final state according to the total spin and
parity of the baryon. Here the quantum numbers of the initial
state and the final state are %Jr and %Jr, respectively. We adopt

the vertex function of {L baryon in Ref. [16] and construct

the three-body vertex function of %Jr in analog to Ref. [16].
Then we derive the transition matrix element, extract the form
factors and compute them numerically.

Using these form factors we calculate the associated non-
leptonic decays and semileptonic decays. The leptons are not
involved in the strong interaction which means the semilep-
tonic decay is less contaminated by the non-perturbative
QCD effect, hence the study on semileptonic decay can
be very helpful to constrain the model parameters and test
model predictions. For the non-leptonic two-body decays
p —> EXM, B, — XM and E.. — E]M,by neglecting
the interaction between the final states, the transition element
is factorized to a product of the meson decay constant and the
transition amplitude 13; (%Jr) — By (%+) under the factoriza-
tion assumption. Future measurement on these channels will
be necessary to further test model predictions and elucidate
the underlying mechanism of heavy hadron decay.

This paper is organized as follows: in Sect. 2 we present
the vertex functions of the heavy flavor baryons, and derive
the form factors of the transition 5; (%Jr) — By( %+) in the
LFQM. In Sect. 3 we present numerical results for the tran-
sition Bi({r) — Bf(%+) along with all necessary input
parameters. We calculate the form factors and the decay
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widths of related semi-leptonic and non-leptonic decays. Sec-
tion 4 is devoted to our conclusions and discussions.

2 B;(1") - B;(37) in the light-front quark model

In this paper we study the transition B; % +) — By (%Jr) with
the three-quark picture of baryon in LFQM. We focus on the
weak decay of single heavy baryon X; to £ and the doubly
charmed baryon E. to single charmed baryon X} or E?.

2.1 The vertex functions

In Ref. [16], the vertex function of a baryon 5 with the total
spin § = 1/2 and total momentum P was discussed.! For a
single heavy baryon it could be expressed as

IB(P, S, S;))
= / (& piHd® poY(d® p3) 22)* 83 (P — By — P — p3)

SS. ~ ~ o~
x Z lI/Sql;z (pl’ pP2, p33)V17 )\2, )\‘3)Caﬂy
A1,A2,A3

xFo.q1.00 | Qa(p1, A)q18(p2, 22)q2y (3, A3)), (1)

where Q denotes heavy quark (b or ¢), g1(g2) denotes the
flavor of the light quark, A; and p; (i = 1, 2, 3) are helicities
and light-front momenta of the quarks, C** and F¢ 4, 4,
are the color and flavor factors. The total spin of g1 and g3 is
denoted to S;,4, which is 0 for Ap (A.) and 1 for Xy (Z¢),
respectively. In light-front approach, the on-mass-shell light-
front momentum p is defined as

2 2
- o oml4p
p= (p+’ pJ.)» pL = (pl, pz), p = —+J‘,
P
dp*td’p,
PBpr=EL 2L )
{d”p} 20m)3 )

The momentum-space wave functions \Ilg 5 and ‘-IJISSZ [16,37]
are

Wo % (Bis i) = Aoit(p3, A)(P+ Mo)yslv(pa, A2)
xit(pr, A)u(P, ) (xi. ki),
WS (Bi, i) = Avii(ps, AP+ Moy P Tu(pa, 12)
xii(p1, \)yLgysu(P, S)pp(xi, kiL).
3)

For a single heavy baryon B with total spin S = 3/2 the
vertex function is the same as that in Eq. (1) except \Dfsz is

replaced by \II;SSZ [38], which is given by

! Since the orbital angle momentum we study is 0, the total angle
momentum J is equal to the total spin S of the baryon.
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WSS (B ai) = Alii(ps. A3)[(P+ Mo)y?]
xv(p2, M) (p1, A)ug (P, S)p5(xi, ki1).
)

Notice that the expressions in Egs. (3) and (4) contain
anti-quark spinor v(paz, A2). This is because the identify
i = vTC~! has been applied to simplify the spin wave
function, where C~! is used to eliminate C in the bispinor
matrix of wave function [37,38] (C denotes charge conjuga-
tion operator).

With the normalization of the state B

(B(P', S, SHIB(P, S, S2))

=2027)’ P78 (P — P)Sgsdys.. (5)
and
3 2
dxid kiJ_ 3 ) 2 )
/ (]1 W) 20m% (1= %) 6 (D ki)
X (xi ki o (xi ki) =1, (6)

we can compute the factors Ap, A1 and A/I:

1
Ao = )
4\/P+M03(m1 +e1)(my + e2)(m3 + e3)
1
Al = ’
43P MG (my + e1)(ma + e2)(m3 + e3)
, 1
- (7

1 —_— K
4\/2P+M8(m1 + e1)(m2 + e2)(m3 + e3)

where p; P =e; My (i =1,2,3)isused, P = pP1+p2+p3
and ¢; is defined in Eq. (12).

For the weak decay of doubly charmed baryon, the vertex
function with total spin S = 1/2 and momentum P is

IB(P, S, S))
= / (& pIHd® poY(d® p3) 22)383(P — By — pa — p3)

SS. s -
Xy Wt (Br Pa B3 his ha, A3)CP
A1A2,23

XF0,0.q: | Qu(p1, A1) Qp(p2, A2)q2y (3, A3)).  (8)

In order to describe the momenta of the constituent quarks,
the intrinsic variables (x;, k;1) (i = 1, 2, 3) are introduced
through

pl=xPT, pil=xiPL4+ki xi+x+x3=1,
kit +kt + k3 =0, )

where x; is the momentum fraction with the constraint 0 <
X1, x2, x3 < 1. The variables (x;, k; | ) are Lorentz-invariant
since they are independent of the total momentum of the

hadron. The invariant mass square Mg is defined as a function
of the internal variables x; and k; | :

_ kg +mi +ki+m% +k§L+m§

M; (10)
X1 X2 X3
The internal momenta are defined as
ki = (ki k" ki) = (e — ki, ei + kiz, ki)
2 2
m; + ki
= ‘t—"=,xiMpy, ki1 |. 11
< M XiMo, Ki | (11)
It is easy to obtain
xi My ml2 + kﬁ
e = ,
' 2 2x; My
i M m? + k?
hip = 20 T T (12)
2 2xi My

where ¢; is the energy of the i-th constituent, and they obey
the condition ey + ey + e3 = Mj. The transverse k; | and
z direction k;, components constitute a momentum vector
ki = (ki1, kiz).

The spatial wave function ¢g(x;, ki 1) [39,40] is defined
as

o (x1, x2, x3, k11, koy, k31)

Kok
erexe3 - 2— k3
=————¢(k1,p1)¢ (— ﬂ23) (13)
xX1x2x3Mg 2
1212
with go(?, B) = 4(%)3/4exp( kzzﬂsz), where B is a non-

perturbative parameter that characterizes the shape of wave
function. We will discuss the parameter selection in Sect. 3.

This form of spatial wave function is inspired by the
ground-state eigenfunction of Hamiltonian of harmonic
oscillator [37]. For such three-body system in the center-
of-momentum frame (77) 1, 7))2, 77)3), the ground-state wave
function can be factorized as

Pl 72 22 P 202 ‘

2.2 The form factors of B;(1 ") — B;(3 ") in LFQM

(14)

The form factors for the transition from initial heavy baryon
Bi(A™) (ie. IB(P, 1/2, 8.)) to final heavy baryon B;(3 ")
(IB(P',3/2, 5)))) are defined as

5 (3))

fil@®) f2(6212) pe pie
Mp. MB,'

i

37\| -
<Bf (5 )’ Q2y"(1 —y5) 01
=ua(P', S.) |:y“P"‘

(g%

+
Mp, M3,

PP 4 f4(q2)g““] u(P, S;)
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L
) \

Fig. 1 The Feynman diagram for single heavy baryon weak decay,
where e denotes V — A current vertex

2 2
_ 81(q") | &(q°)
—ig(P', S mwpr2_~Z 2 P pH
Ug ( z) |:J/ Mg + M?g

i

g3(6]2) o pli 2\ O
+—————P"P" +g4(qg7)g"" | ysu(P, S;), (15)
MBiMBf

where momentum g = P — P’. Q; and Q; denote heavy
quark operators (see Fig.1). Mp, and Mp, represent the
masses of heavy baryon B; and B, respectively. For the
decay of doubly charmed baryon Q> should be replaced by

q1 (see Fig.2).
1+
()

o (5)

Ooy"(1 —y5) 01 |B

lowing equation where the spinors are off-shell:

(o5 )| ra-mels ()

@ fg>
- + )
Mp, MB,v

i

P*pH

= iig(P', S}) [V“P“

+—=———PP" + f4(q2)g““] u(P,S)

2 2
iy (P, )[ ag;‘;q)+gz(q)
B; MB

! i

PP

23(q%) P

+
Mp,Mpg;

«pr +g4(qz)g““} ysu(P, ;).  (16)

2.2.1 The transition ¥, — X}

The lowest order Feynman diagram responsible for the ¥, —
XX (Xp and X are B; (%+) and Bf'(%+), respectively) weak
decay is shown in Fig. 1. Following the approach given in
Refs. [13,14,39,40] the transition matrix element can be cal-
culated with the vertex functions of | 53; (%Jr)) and | Bf(%Jr)),

(3 p2Hd® 3}, (', Kb, (e, kOTEy S (P MY) (s m3) (P+ M)y (2= m2)]

/ 16\/6p1 pi PP TMIMEP (my + e1)(ma + €2)(m3 + e3)(m] + €}) (m)y + €b) (m)y + €5)
xiig (P, S (1 4+ m)y™ (1 = ys) (Pt m)yLpysu(P, S.), (17)

Here the momenta of initial and final baryons P and
obey the on-shell relations EO? pO2 4 pMO2,
However, in Egs. (3) and (4) the spinors are function of
P and P’, which are the sums of the momenta of the
involved constituent quarks and do not obey physical on-
shell relations. To reconcile the conflict, here we follow the
approach in the previous study [12] and assume form factors
(f1, f2, f3, fa, &1, &2, g3, g4) are the same in both physical
and unphysical form. Then Eq. (15) is re-written as the fol-

P/

T
) \

Fig. 2 The Feynman diagram for doubly charmed baryon weak decay,
where e denotes V — A current vertex

@ Springer

where for the weak decay of single heavy baryons,

/
mpy=mp, M;=me MmMy=Mmg, M3=Myg,.

p1 denotes the four-momentum of the heavy quark b, p|
denotes the four-momentum of the quark ¢, P (P’) stands as
the four-momentum of B; (By). Setting p2 = p), p3 = P,
we have
P+
xj=——xi, ki, =kiL—(1—-x)qL
i P/J,_ ’ 11 5

Ky, =kot +x2g1, k3 =k3i +x3q1. (18)

Multiplying the following expressions i (P, Sz)yﬂﬁsug
(P',S)), u(P, S;) P PEug(P', S]), i(P, S;) Py Psug(P’,
S)), (P, S;)ghuzs (P, S.) to the right sides of both Egs. (16)
and (17) and then summing over the polarizations of all states,
we can obtain four algebraic equations and each equation
contains the form factors fi, f>, f3 and f4. Solving these
equations, we can get the explicit expressions of these form
factors f; (i =1, 2, 3, 4) (see Appendix A for detail).

Similarly, multiplying these expressions (P, S)Vu
Péysug (P, S)), u(P, S;) P PSysug (P, S)), u(P, S;) Py
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PSysug(P', S, and ii(P, Sz)giy5ug(13/, S!) to the right
sides of both Eqgs. (16) and (17) and solving for four alge-
braic equations, we can obtain analytical expressions of
gi(i=1,2,3,4).

2.2.2 The transition Z.. — X} (E})

For the weak decay of doubly charmed baryon E. —
2¥(8¥), one ¢ quark in the initial state ([cc]lg2) decays to
a light quark ¢ in the final state (c[q192]) by weak inter-
action (Fig.2). This light quark g; combines with the light
quark g, from the initial state to form a physical subsystem
q1q2 which possesses definite spin i.e. the quark composi-
tion in the initial state is [cc]g2, and that in the final state is
clq1921 (q1 and g2 may be same or not), which means neither
the original [cc] nor the final [g] g2 ] are spectators. The phys-
ical subsystem (diquark) is not spectator in the transition, so
the quarks need to be rearranged. Therefore, the [cc] diquark
in the initial state needs to be destroyed and then rearranged
with another light quark using a Racah transformation. The
related transformation is [5]

V2 V3

' Plilga] = == (—7[62][61%]0

2

1 3 1
+§[62][leh]1 — %[Cl][czqz]o + E[cll[czqzh) ,

(19)

where the subscript after brackets 0 or 1 denotes the total
spin of two quarks in the brackets. The superscript for every
c quark is added to distinguish each other. After the rearrange-

ment \IJgjz (pi, Ai) can be expressed to —@lllgsz (pi, M) +

4 \IJIS 5 (pi, Ai) where the subscript 0 and 1 are the total spin
of cq, subsystem.

Since the final state baryon By (X} or EY) has spin of 3/2,
the Racah transformation leads to the following rearrange-
ment:

[cllg1g2]1 = [g1]lcg2]1 = [g2]lcqilis (20)

and the expression \Il;};s" (P}, A;) or \I/;L;ZS*’ (P}, A}) is just
/ -
WSS ().

After the rearrangement the spectators in the process are
isolated so the spectator approximation can be used in the
calculation. In terms of the rearrangement the expressions of
the form factors for the transition E.. — X}(E}) have an

V2

additional factor 5= relative to those for ¥, — 7.

Table 1 The masses of the involved quarks and baryons (in units of
GeV)

]
o]

,
me mp Mqy) Mg Zp E: Qp Q: (=T cc ?

1.3 44 025 0.5 5.811 2.517 6.065 2.768 5.937 3.621 2.646

3 Numerical results

3.1 The Bi(%+) — Bf(%+) form factors

In order to compute the relative transition rates of semi-
. . +
leptonic decays and non-leptonic decays of Bi(% ) —

By (%Jr), we need to calculate the aforementioned form fac-
tors numerically. First of all, we need to fix the free param-
eters of the model, including masses of quarks and baryons,
and wavefunction 8 parameters. The masses of quarks given
inRef. [25] and the masses of baryons taken from Refs. [1,41]
are listed in Table 1.

There is no precise measure of the parameters Bi, 823,
B} and ), in the wave functions of the initial and the final
baryons. Generally the reciprocal of S is related to the electri-
cal radium of the baryon. Since the strong coupling strength
between g and g is half of that between g1g>. Assuming a
Coulomb-like potential, one can expect the radius of ¢1¢> to
be 1/+/2 times that of ¢1G2 1. B4, ~ v/2Bg15,- In Ref. [42]
in terms of the binding energy the authors also obtained the
same results. Therefore in our work we use the § values in
the mesons case (B4,5,) [25] to estimate B, 4,. As for the
value of B we refer to the 8 values of the heavy mesons in
Ref. [43].

Since the form factors f;j(i = 1,2,3,4) and g;(i =
1,2,3,4) is calculated in the frame g+ = 0 i.e. q2 =
—qi < 0 (the space-like region) one needs to extend them
into the time-like region to evaluate the transition rates. In
Refs. [39,40] the form factors were parameterized using the
three-parameter form

F(0)

.
_ 2 g g2
(1 Mé,){l “(%)”(%”

2

However for the decay of doubly charmed baryon this
parametric form doesn’t work well, instead a polynomial
form was employed [17]. So here we also use the three-

@ Springer
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Table 2 The values of S parameters (in units of GeV)

Boigiaal Belaral Bdicgal Psiearl Bicel  Buuay Pisst Bisay  Preao

0.851 0.760 0.656 0.760 0.655 0.263 0.366 0.273 0.381

parameter polynomial form

q’ '\
F(¢%) = F(0) + arm+ b ) (22)
Bi Bi

where F(g?) represents the form factors f; and g;.

Using the form factors calculated numerically in the
space-like region we fit the parameters a, b and F(0) in the
un-physical region and then extrapolate to the physical region
with g% > 0 through Eq. (22).

3.1.1 The transition ¥, — X}

Based on the forementioned discussion, we set 81 = ﬁﬁbg
and B] = V/2f.;. However u and d quarks can be regarded
as a 17 diquark which means the distance between u and
d quarks should be smaller than normal case so B3 will
bigger than v28,;. In Ref. [16] we fixed fo3 = By =
2.98,5 and B,; = 0.263 GeV [25], since u and d quarks are
in the 35 state. The relevant values of 8 are presented in
Table 2. With these parameters we calculate the form factors
and make theoretical predictions on the transition rates. The
fitted values of a, b and F(0) in the form factors f; and g;
are presented in Table 3. The dependence of the form factors
on ¢ is depicted in Fig. 3.

From Fig. 3, one can find that the absolute values of the
form factors fi (qz) and gz(qz) are close to 0. The abso-
lute values of fz(qz) and f3 (qz) are almost close to each
other at the small value of ¢* (¢> < 6 Gev). Compared with
the results in Ref. [12], the values of the f; and g; here are
similar to those obtained in Scheme II of Ref. [12] where
the polarization of the [ud] diquark depends on the momen-
tum of the diquark itself. Considering 17 diquark is a so
called bad diquark [44], which means the distance of ud
here is bigger than that for a 07 diquark case, we estimate
B23 = Byy < 2.9, so we also set B3 = B3 = 2.08,; and
2.5, to do the same calculation and compare the results on
the semileptonic and nonleptonic decays later.

3.1.2 The transition .. — X} (E})

For the doubly baryon E.., two ¢ quarks consist of a 17
diquark so we set 81 = Be(cgr] = 2.9Bcc and oz = By =
V2B:5,. Since the rearrangement for ¥*(E¥) we choose
Bl = Baieqr) = V2Beq (B = Bsteqr) = v2Pcs). The rel-

evant parameters are collected in Table 2.

@ Springer

Table 3 The X, — X form factors given in the three-parameter form
with B3 = 2.9/314(;

F F(0) a b
fi —0.0140 0.0156 0.101
b 0.130 0.364 0.408
f ~0.137 ~0.310 —0.302
£ 0.420 0.778 0.679
gl ~0.309 —0.740 —0.758
o 0.00908 0.0291 0.0400
e 0.197 0.481 0.502
o —0.744 ~1.60 —1.55

The fitted values of a, b and F(0) in the form factors
fi» gi are presented in Table 4. The dependence of the form
factors on ¢ is depicted in Fig. 4. Compared with the curves
of the form factors in Fig.3, those in Fig.4 change more
significantly with g2, especially when g% > 2 GeV. Similarly
we also set B1 = Bc(cqr] = 2.0Bce and B = Bejeqy] = 2.5Bc¢
in the calculation.

3.2 Semi-leptonic decay of Bi({r) — Bf(%Jr) + Iy

3.2.1 Semi-leptonic decay of single heavy baryon:
p = Xy

Employing these form factors obtained in Sect.3.1.1, we
evaluate the rates of ¥, — XX[1;. At the same time we
also depict the differential decay rates of the X, — X% 411,
which depend on w (definition can be found in Appendix B) in
Fig. 5. We calculate the total decay widths, longitudinal decay
widths, transverse decay widths and the ratio of the longitu-
dinal to transverse decay rates R with B3 = B3, = 2.08,5,
2.58,4- and 2.98, 5, respectively. The results are listed in
Table 5.

As we can see in Table 5, the width increases slowly when
the value of B3 decreases and the decay width is a little
smaller than that in Ref. [12] where quark—diquark picture for
baryons within the LFQM was employed. The longitudinal
decay rate, transverse decay rate and their ratio R are also a
little difference under the two types of models of baryon. In
Ref. [10] the authors employed relativistic three-quark model
to calculate theses form factor and their predictions on the
decay width of ¥;, — X} + [v; are almost twice larger than
this work. In summary, our results on the decay width of
¥, — X + [y are less than the results in Refs. [9-12],
which means a small 53 (853) is more reasonable if we want
to make the prediction close to those in references.

We also use the same method to calculate the decay width
of Qp — QI B, — B with B3 = B3 = 2.0844,
and the results are shown in Table 6. From Table 6, we can
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0.8

(@)

Fig. 3 a The form factors f; (i =1, 2,3, 4) and b the form factors g; (i =1, 2, 3,4) with 3 =2.98,;

Table4 The E.. — X form factors given in the three-parameter form
with 81 = 2.98.¢

F F(0) a b

fi ~0.0179 —0.0348 —0.0226
pa 0.374 0.971 0.721
£ —0.381 —0.858 —0.603
fs 0.429 0.552 0.302
gl —0.453 ~0.933 —0.629
P 0 0 0

g3 0.320 0.683 0.468
% —1.14 ~1.90 ~1.18

see that the widths of ¥, — XXy, Q) — QX1v; and E; —

164 _
] fi P
1441 -6 -7
R -, .
< 1.2 fs e
L - f - .
he} 4 7 -
€ 1.0 Rt —
[+ ] ,/ _ -
081 _ 2" =T
“_al /./'.; - -
> 0.6 Pty
- e
04 =~
0.2
00 T T T T
0 2 4 6 8 10
2
(@

E¥lv; are close to each other. Similarly, they are lower than
those in the Ref. [9].

3.2.2 Semi-leptonic decay of doubly charmed baryon:

—~

8ee = X}l and Eq — Bl

For the weak decay of doubly charmed baryon, we calculate
the decay rates of 8., — X}l and E.. — &Eflv;. The
curves of the differential decay widths depending on w for
Ece — X}y are depicted in Fig. 6 which is very similar to
that for ¥, — X} + [v;. The curves for B.. — Z}l; are
similar to those in Fig. 6 except their peak values are 20 times
bigger than those for E.. — X}V so we omit the figure.
The numerical results with 81 = 2.08.¢, 2.58¢¢, 2.9B8.¢ are
presented in Tables 7 and 8, respectively. One can find that
the differential decay rate of E.,. — XX(E)/1; increases

3.5
{9 p

___92 R

Fig. 4 a The form factors f; (i = 1,2, 3, 4) and b the form factors g; (i = 1, 2, 3,4) with 8; = 2.98.¢
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- dl/de ized into a product of two independent matrix elements of
- - - dI'y/do currents.
61 -- - - dl/de
- 3.3.1 Non-leptonic decays of single heavy baryon:
] o> SE+ M
.
E e mm e For b — c transition, the hadronic transition matrix element
'E 34 P - T~ ~ . is
= 4 ~
o % >
N 3+ 1+
24/ ~ Br(= MM |Bi(=
3 <f<2> ‘ "\2
R s GrVip V¥
: = =M@y ( = 9
O T T T T T T T =~
100 105 110 115 120 125 130 135 3T\ |_ 1t
o x | 0) <Bf (5 ) &y (L= ys)b |B; (5 >> (23)

Fig. 5 Differential decay rates dI"/dw for the decay %), — X1; with
B3 =2.98,;

with the decrease of the B value and the differential decay
rate with 81 = 2.08; is close to that in Refs. [5,45] where
the decay was explored with the quark—diquark picture in the
LFQM. When f; = 2.98., the result of E.. — X}y is
about half of the Refs. [5,45]. Our results here indicate S
prefers a small number, such as 2.08,¢ if the predictions in
references are accurate.

3.3 Non-leptonic decays of B; ({r) — Bf(%+) + M

Because of the strong interaction, the non-leptonic decays are
more complicated than the semi-leptonic processes. Here we
adopt the theoretical framework of factorization assumption,
where the hadronic transition matrix element can be factor-

where the term (M | gpy*(1 — y5)g, | 0) can be written
as the decay constant of meson M (where ¢, and g; denote
heavy or light quark flavors) and the second one (53 f(%+) |

cyP(1 — ys5)b | Bi({r)) is determined by the form factors
we obtained. The Fermi constant and CKM matrix elements
are selected from Ref. [41]

Gr =1.1664 x 107> GeV~2,
Vop = 0.0416, V,y = 0.9738,
Veq = 0230, V. = 0.957.

Vs = 0.2257,

In Table 9, we present the results of the main two-body
decay channels for X, with the different value of B3 (ﬁé3).
The decay constants are derived from the Ref. [25]. From
the Table 9 one also can notice that the widths increase with
the decrease of the value of 8>3 (/%3) and the results with
B23 = By3 = 2.08,; are close to those with the heavy quark
limit in Ref. [12].

Table 5 The widths and

polarization asymmetries of I (10" T I'r R
Zp = Tl This work(f23 = 2.08,7) 2.12 1.17 0.953 1.23

This work(B23 = 2.58,3) 2.01 1.11 0.898 1.24

This work(B23 = 2.98,3) 1.95 1.09 0.860 1.27

The results in Ref. [9] 3.23 1.61 1.62 0.99

The results in Ref. [10] 4.56 2.49 2.07 1.20

The results in Ref. [11] 3.75 - - -

The results in Ref. [12] 3.17 £0.30 1.58 £0.16 1.59 £0.13 0.994 £+ 0.024
polarsation ssymmetie of the raosh r rr R rashor r R
semileptonic decay between two 5, sy 91 117 0953 123 323 161 162 099
single heavy baryons ~
(B23 =2.0B,7) Qp — QY 1.99 1.08 0.913 1.18 3.09 1.52 1.57 0.97

E;; — By 2.08 1.13 0.947 1.19 3.03 1.48 1.55 0.95
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Fig. 6 Differential decay rates dT"/dw for the decay E.. — X}y
with 81 = 2.98.¢

Table 7 The widths and polarization asymmetries of the transition
Eee = Xkl

rao%s—h rg 'y R
This work(B; = 2.08.z)  0.181 0.100 0.0807 1.24
This work(B; = 2.56.:)  0.145 0.0802 0.0652 1.23
This work(81 = 2.98,z)  0.120 0.0658  0.0537 1.23
The results in [5] 0.191 - - -
The results in [45] 0.217 - - -

Table 8 The widths and polarization asymmetries of the transition

Eee = BElly

raoos—hy r, o R
This work(B1 = 2.08.z)  2.44 1.18 1.26 0.937
This work(B1 = 2.58.z)  2.02 0.991 1.03 0.962
This work(B81 = 2.98.z) 1.67 0.831  0.841  0.988
The results in [5] 2.39 - - -
The results in [45] 2.64 - - -

3.3.2 Non-leptonic decays of doubly charmed baryon:
Bee > ZXHEDHD+M

The non-leptonic decays results of the doubly charmed
baryon are listed in Table 10. As we can see from the table
that the non-leptonic decay widths increase significantly with
the decrease of the value of 81. A smaller value of 81 is more
consistent with results in previous studies, such as Ref. [5].
Future experiments are needed to constrain the B parameters
and test our model predictions.

4 Conclusions and discussions

In this paper, we study the weak decays between two heavy
baryons B; (%+) - B f(%+) with the three-quark picture of
baryon in the LFQM. We derive the general form of tran-
sition amplitude, and obtain analytical expression of form
factors for specific transition processes: ¥; — XX and
Eee = XLF(EY). For weak decay of ¥, — X7, the b quark
decays to ¢ quark and ud subsystem with definite spin can
be regarded as spectator in initial and final states. For the
transition E., — X} (E}), the cc system in initial state
and the ud (su or sd) system in final state possess definite
spins, but they are not spectators. In that case, quark rear-
rangement is adopted in our calculation of form factors. We
then compute numerical values of these form factors with
reasonable assumptions of model parameters. Last, we cal-
culate rate of semi-leptonic and non-leptonic decays of %
(Ep = Zflv, 2p = ZF+M)and E;c (Ece = Z)(EN)IY,
Bee = XX(EY) + M) based on numerical results of these
form factors.

The weak decays of X — X were studied in Ref. [12]
where the quark—diquark picture was employed in the
LFQM. Instead of quark—diquark picture, here we use the
three-quark picture to revisit the transition of X; — X}.
During the transition, the two light quarks serve as the spec-
tators and maintain their all quantum numbers (spin, color).
The associated momentum is also unchanged. The b quark
in initial state transits to ¢ quark by emitting two leptons
mediated by gauge bosons W¥.

We calculate the form factors for the transition £; — XJ.
The values of the f; and g; are similar to those obtained in
Scheme II of Ref. [12] where the polarization of the [ud]
diquark depends on the momentum of the diquark itself. Con-
sidering 17 diquark is a so-called bad diquark, i.e. the dis-
tance between the two quarks is larger than a good diquark
case, we estimate B3 = B5; < 2.9B,; so we also set
B2 = By = 2.08,; and 2.58,; to perform the same cal-
culation. With computed form factors we evaluate the decay
widths of the semi-leptonic X, — X}/V; and non-leptonic
Xp — X} + M with different values of B»3. Comparing the
results in other references, we find 8,3 and ﬂ£3 prefer a small
value if we want our predictions close to those in the ref-
erences. We also compute the semi-leptonic decay width of
Qp — QFIY and B, — B with B3 = B3 = 2.084,5,-

For the weak decay of the doubly charmed baryon E.., a
heavy quark c in the initial state decays to a light quark (s
or d) in the final state through the weak interaction. How-
ever the cc pair in initial state and ud (us or ds) in the
final state possess definite spin which can be regarded as
diquarks. In this way, neither the initial physical diquark cc
nor the final physical diquark ud (us or ds) are spectators.
Therefore, the three-quark picture is more suitable here. We

@ Springer
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Table 9 The widths (in unit

1010 51 of the non-leptonic Mode (B3 =2.08,5) (B3 =2.5B,3) (B3 =2.98,5) I [12]
decays i —> ¢ + M 20— S 0.136 0.127 0.123 0.132 £ 0.025
=) — Tip 0.405 0.378 0.366 0.411 £ 0.082
20> SKT 00107 0.00998 0.00968 0.0104 + 0.0019
20— NFK 00209 0.0195 0.0189 0.0217 + 0.0039
20 - Sray 0.403 0.376 0.365 0.437 +0.076
20 %D 00127 0.0121 0.0122 0.0139 + 0.0020
20— NED 0.0306 0.0288 0.0280 0.0431 +0.0058
0 $FD7 0313 0.299 0.302 0.351 4 0.0048
50> SEDF 0667 0.628 0.612 0.990 +0.13
oo i (i 1010 51 P =20 (=250  T(hi=29%0 TS
?}fe&;@n‘;‘l’;‘Zﬁfiig“g’iybg;y‘m © 5. ¥ 0.116 0.0924 0.0758 0.176
Bee > Tip 0.459 0.369 0.304 0.574
Bee — DK 7.34 x 1073 5.77 x 1073 470 x 1073 7.55 x 1073
Bee — ZIK* 222 x 1072 1.79 x 1072 1.47 x 1072 2.43 x 1072
Bee — Eim 2.39 1.91 1.55 3.39
Eee > EXp 9.03 7.33 5.98 7.07
Eee > BXK 0.135 0.106 0.0857 0.106
Eee — EXK* 0.355 0.288 0.235 0.190

have rearranged the quarks in the initial and final states using
the Racah transformation so the effective spectator can be
isolated from the baryon. We calculate the form factors in
the space-like region and then extend them to the time-like
region (the physical region) by using the three-parameter
form. Using these form factors we calculate the widths of
semi-leptonic decay E.. — X}(E})IV; and non-leptonic
decay B, — X} (EY)+ M, respectively. For the weak decay
of Ecc — ZX(EX)Iv;, the decay width increases when the
B1 value decreases. Our results on the semi-leptonic decay
Bee = ZX(EXIv)lv; with B = 2.08.¢ are close to the
Ref. [5]. Future experiments will be necessary to precisely
determine the parameters and test model predictions.
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Appendix A: The form factor of Bi(%+) — Bf(%+) _ Tr{ug(ﬁ’ S )ity (P’ S/)[y“l;“
9 9 Z

(P p& p/ '\ (P p/ p& P/ '\ (P
WP, SOy Plug(P', ). WP S By Peug (P, 50, P, PP ppu PG g
S P, Pfug(P’, S0),u(P, S;)gpug (P, S,) are multiplied to MBv Mp Mg,
the right side of Eq. (17), and then we have o _ o
xu(P, S)a(P, $.) P, ¢, (AT)

. / dod?3, dxsdl, 85,0 KOs (kDT IV (P My (Pt m3) (P Moy (2= m2)]
o

3 3
2@2m)7 2(2m) 16\/6x1x1M0M(’)3(m1+el)(m2+e2)(m3+e3)(m/l+e/l)(m’2+e’2)(m’3+eg)

x Y Trlug (P, SDitg (P, S+ my)y"ys(hrt m)yipysu(P, S (P, )y, PE1, (A1)
S.,S!

/ dxd?2| dxd*2, 95, o, K, (kD) Try (P4 M) (st m3) (P+ Mo)y ! (= m2)]
2= 3 3
2@2m)” 2(2m) 16\/6x1x{ MM (my + e1)(ma + €2)(m3 + €3)(m) + €})(mh + &) (m + €})

x Y Trlug (P, S)iag (P', S (p1 + m)y ys(prt m)yipysu(P, S)ia(P, So) P PE], (A2)
S, S,

- / dxyd?k3 | dxsd*2,  Pp, (¥ K )es (%, kOTrIy$ (P MY) (st m3) (P+ Mo)y ! (o= m2)]
L
2Qm)7 20T 16 for x MM m + en)ma + e2)(m3 + e3)(m] + € my + &)}y + €})

X ) Trlug (P, SDitg (P!, S (i + m)y ys(it m)yipysu(P, S)i(P, So) Py PE], (A3)
S.,S!

/ dxod®k2 | dxsd®k2| ¢}§f ' kDb, (e, kD) Trly & (P+ M) (st m3) (P+ Mo)yf(lfz— ms)]
4= 3 3
2Qm)7 2GS 46, Joxy x| MM (1 + e1)(ma + e2)(m3 -+ e3) () + € (my + €5) (s + ¢})

X Y Trlug (P, S)itg (P, S (i +m))y ys(prt m)yLpysu(P, S)i(P, S:)g5 1. (A4)
S..S8.

Simultaneously, i (P, S;)y, PSuz(P', S.), (P, S;)P,,

2
Poug(P', S0), u(P,S;)PyPius (P, S)), u(P, S.)g5ue Fy = Tr{ug(ﬁ’, Syt (P, S;)[VMP“M
(P', S,) are multiplied to the right side of Eq. (16), one can ; Bi
obtain fz(q ) pa i + VEIC) PUP 4 fygeH
e o Mis, M,
_ 5/ o/N= D o i ‘ai _ o
= Tr{ué(P S (P Sz)|:)/ P Mg, xu(P, S)u(P, Sz)gi]. (AB)
OS] 5@ 505
MB TS POPH Mp Mg, PEPT 4 fag®t After solving the Eqs. (A5)—(A8), f1, f2, f3, fa can be
B i B B expressed by Fi, Fp, F3 and F4 which can be numerically
xu(P, S;))u(P, SZ)yMPs}, (AS) evaluated through Eqs. (A1)—(A4). The polarization sum for-
) ) A mula for a particle with § = 3/2 is
P = Tr{ug(P’, St (P, S;)[y“P“M— B B B B
. - B; > ue(P, Siia(P, S;) = —(P+ Mo) |:Tsa(P)
L2 papu B papm gw} 5.
MB,- MB,- MBf 1 _ _
B B o —g)/prg(P)Taa(P))/ )
xu(P, S)i(P, S;) P, P* } (A6)
(A9)
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with

P: Py
M

Teo(P) = gea — (A10)

Appendix B: Semi-leptonic decay of 3; (%+) - By (%+)l V]

The helicity amplitudes are expressed in terms of the form
factors for B; (37 — By (37") [46,47]

V.A
Hyj'o

1 2 V,A
=+ \/?ﬁ MB,.MB]-(U) + 1)[(M8iw_MBf )N4 (w)

F(Ms, F Mg,)(w £ DN )+ M, (w? = DAY ()
+Mp, (w? — DN (w)],

2
H)jt = \g Mg, Mg, (wF 1)

XN A (w) — 2w £ DAY A w)],
HY5Y = F2Mp, M, (w F DN, (w),

where again the upper (lower) sign corresponds to V(A),
NY =g, NA = f; (i =1,2,3,4) and the ¢ is the lepton
pair invariant mass. The remaining helicity amplitudes can
be obtained using the relation

(BI)

HV,A

V,A
S oy = FH

Partial differential decay rates can be represented in the
following form

202 /
drr  Gj W |2q Mg, wz—l[lH 2
dw _ (n)3 91 12Mp, /2.1
HH_1p0, 1P+ 1 H3po, 11> + [Ho3 0, 111,
2702 /
o Gy o2 T
dw ~ (@m) 21 12Mp, /2.0
+H_12,01°1, (B2)

where p. = Mp waz — 1 is the momentum of B in the
reset frame of B;.

The differential decay width of the B; (1) — B (3 ")1wy
can be written as
ardr'y dr'p
dw  dw = dw’

Integrating over the parameter w, we can obtain the total
decay width

®Wmax dr
= / do—,
1

where w = v - v' and the upper bound of the integration
1 MBi MBf . . .
Wmax = E(M_Bf + M—B-_) is the maximal recoil.

(B3)

(B4)

@ Springer

The ratio of the longitudinal to transverse decay rates R
is defined by

e Tt
r'r
Jim do g? pe[IHy oP+H_y o]
B S dw g2 pe [|Hijo 1 1P+ Ho1y2, <1 P+ H3 o 1 P+ H-32, <117]
(BS)
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