Chinese Physics C  Vol. 45, No. 11 (2021) 113103

Weak decays of Z0) — Z in the light-front quark model*
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Abstract: Without contamination from the final state interactions, the calculation of the branching ratios of
semileptonic decays E(C/) — E+e*v, may provide further information about the inner structure of charmed baryons.
Moreover, by studying such processes, one can better determine the form factors of Z, — = that can be further ap-
plied to relevant estimates. In this study, we used the light-front quark model to carry out computations where the
three-body vertex functions for Z. and = are employed. To fit the new data of the Belle II, we re-adjusted the model
parameters to obtain S5, = 1.07 GeV, which is 2.9 times larger than S5 = 0.366 GeV. This value may imply that
the ss pair in E constitutes a more compact subsystem. Furthermore, we investigated the non-leptonic decays of

Eg) — E, which will be experimentally measured soon. Thus, our model will be tested in terms of consistency with

the new data.
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I. INTRODUCTION

Recently, the Belle Collaboration measured the
branching fraction of the semi-leptonic decay of the
charmed baryon Z. as B(E’. — Z7e*v,) = (1.72+0.10+
0.12+0.50) [1], where the first and second uncertainties
are statistical and systematic whereas the third one arises
from the uncertainty of B(E’. — Z ") =(1.80+0.52)
measured also by the Belle collaboration [2]. In 1993, the
ARGUS Collaboration [3] first observed the
20, —» E7e*y, decay and in 1995 the CLEO Collabora-
tion [4] discovered the Z°. — Z~¢*v, events. In addition,
the ratio 82, =2 ¢*v,)/B(E’. — E~n*) was measured
to be 0.96+0.43+0.18 by ARGUS and 3.1+1.0*)3 by
CLEO. With the data B(E% — = z*) =(1.80+0.52), the
previous average of B(Z'. — Z-¢*v,) was calculated as
(2.34+1.59) [5]. Apparently, the measurement of the
Belle Collaboration on B(Z°. — Z-e*v,) is more precise
at present. Recently, a lattice calculation was performed
on BE’. —Ee'v,) [6], resulting in (2.29+0.29+
0.31). Some theoretical predictions based on different
phenomenological models have been given as (3.4+0.7)
[71, (3.49+0.95) [8], (7.26+2.54) [9], 1.35 [10],

(4.87+1.74) [11], (2.4+0.3) [12], and 2.38 [13]. There-
fore, the precision of theoretical evaluations should be
further improved.

In this study, we employed the light-front quark mod-
el to analyze the weak decays of Z) — =. The light-front
quark model (LFQM) is a relativistic quark model that
has been applied to study transitions among mesons. Rel-
evant theoretical predictions with this model agree with
the experimental data within reasonable error tolerance
[14-30]. Later, the model was extended to study the de-
cays of pentaquark within the diquark-diquark-antiquark
picture [31, 32] and the weak decay of baryons in the
quark-diquark picture [33-39]. With this model, we em-
ployed the three-body vertex function to explore the de-
cays of A, and X, [40], where three individual quarks are
concerned. The related picture is somewhat different
from the structure in which one-diquark and one-quark
are basic constituents. Geng et al. [8] also studied the de-
cay of baryons under the three-quark picture in a light
front quark model. They followed an approach different
from ours to address the flavor-spin wave function of ba-
ryons. Note that in the three-body structure, even though
two quarks might be loosely bound as a subsystem with
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definite spin and color, unlike the diquark, which is a rel-
atively stable subject, the subsystem may break and its
components would undergo a re-combination with other
quarks to constitute different sub-systems, especially after
a hadronic transition.

In the three-body vertex function of baryon, two
quarks join together into a subsystem that has a definite
spin. Then, the subsystem couples with the remaining
quark to form a baryon with the defined spin. To evalu-
ate the transition between two baryons, we first need to
know the inner spin structures of the concerned baryons.
For single charmed-baryons Z. and EZ., the two light
quarks sg, where g denotes u or d quark, can be re-
garded as a subsystem with definite spin (similar to a
diquark) [41, 42]. By contrast, there are three light quarks
in £, where two s quarks possess definite spin 1 owing to
the antisymmetry of the total wave function; thus, they
can be regarded as a subsystem. In the transition 20’ — =,
the ¢ quark in the initial state would transit into an s
quark by emitting a gauge boson, and the original sq pair
can be regarded as a spectator that does not undergo any
changes during the hadronic transition. However, in the
final state, the newly emerged s quark is a decay product
of the initial ¢ quark and couples to the original s quark
to form a physical ss subsystem with definite spin. Thus,
the sqg from the initial state is no longer a physical sub-
system. In other words, the old subsystem sq is broken
and a new subsystem ss emerges during the hadronic
transition. Definitely, we would account for the changes
of constituents in the subsystems as caused by a non-per-

turbative QCD effect. Nevertheless, the ss subsystem is
not a spectator because one of the s quarks originates
from weak decay of the initial ¢ quark. Therefore, the
simple quark-diquark picture does not apply to these pro-
cesses. To use the spectator approximation, the (ss)-(q)
structure must be rearranged into the s-(sg) structure
through a Racah transformation.

This paper is organized as follows: after the introduc-
tion, in Section II we deduce the transition amplitude for
=20 5 Z in the light-front quark model and provide the
expressions of the form factors. Then, we present numer-
ical results for =) — = in Section III. Section IV is de-

voted to the conclusion and discussions.
II. £, — E and E, — Z in the light-front quark model

A. Vertex functions of =, =, and =

Enlightened by Ref. [43], in our previous study [40],
we constructed the vertex functions of baryons under the
three-quark picture, in which two quarks constitute a sub-
system with definite spin, and then the subsystem couples
with the rest quark to form a baryon. We employed the
vertex functions to study the decays of A, and X, [40].
Later, we employed the three-quark vertex functions to
study the transition Z., — E, [44]. The success encour-
aged us to apply this procedure to further study relevant
processes.

Similar to Ref. [40], the vertex functions of E., =
and = with total spin § = 1/2 and momentum P are

’
c

EV(P.S,S.)) = f {d® i > paltd® p3) 2200383 (P - py — pa — p3)

XY W (B ANC™P Frsg| a1, A1) 5(p2, A2)gy (P, 43)), (1)

=
e

Ay, ds

|Z(P,S,S,)) = f {d* pi}{d® poHd? 3} 2(20)°6° (P - py — pa — p3)

X Y W (B ADCP Fasg| a1, 41)55(p2, )0y (P3, 43))- 2

Ay, ds

Let us repeat some details about the three-body func-
tion because it plays a key role in our calculations. To ob-

SS.

tain the expression of ¥2,° and ‘{’;S’, one needs to know

=)
their inner spin-flavor structure. In Ref. [42], the sq in B,
is considered as a scalar subsystem whereas in E/, it is a
vector. In the decay process of £ — =, the ¢ quark
transits into an s quark via weak interaction and the ori-
ginal sqg subsystem can be approximately regarded as a
spectator because it does not undergo any change during
the hadronic transition. However, the two strange quarks
in E compose a physical subsystem with a spin of 1. To

[
apply the spectator approximation for the transition, we
rearrange the quark structure of (ss)-¢ into a sum of ) s-
(sq); where i runs over all possible spin projections by a
Racah transformation. With the rearrangement of the
quark spin-flavor, the physical structure (ss)-¢ in E is re-
written into a sum over the effective structures of s-(sg).
The detailed transformations are [37]

3 1
[s's%11[q] = —TV_[SI][SZQ]O + z[s‘][SZq]l, 3)

and then
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SS., - B V3 S 1 ss. . spinors; and A, 15,15 are the helicities of the constituents.
Ve (i di) = _TTO (i Ai) + §\P1 Pi i), (4) Given that the spin of the sqg subsystem is 0 (1), the ex-

pressions of ‘P (‘PSS ) are the same as ¥ SS (‘PSS ) ex-
with [40, 43] cept for py, which is the momentum of the ¢ quark
The spatial wave function is denoted as

WS (pi, A1) =A0U(p3, A3)[(P+ Mo)ys1V (pa. o)

— —>
x U ,A UP,S ki), ejeze ko
(P ADUP, Sl kir) ki) = 228 o7 l,mo[ ,323], %
1 X1 x2x3 M)

AO = D)
4 \/P+M8(m1 +e1)(my +e)(m3 +e3)

. — x )\ o
(5  with o(k,B) = 4(ﬁ_2) exp(;Tzl).
leS:(i’i,/li) =A,U(p3, 3)[(P+ M)y 1a]V(p2, 12) B. Calculating the form factors of = _ ) > . in LFQM
X U(p1,01)y LaysU(P, S )p(xi ki1, First, we considered the weak decay =, — Z. The
1 leading order Feynman diagram is depicted in Fig. 1. Fol-
A= ) lowing the procedures given in Refs. [31-33], the trans-
4\/3P+M8(m1 +e1)(my +e2)(ms3 +e3) ition matrix element can be evaluated with the vertex

(6) functions of | E.(P,S,S,)) and | EP",S’,S’)). The sq sub-
system behaves as a spectator, i.e., its spin-flavor config-

where p; is the the momentum of the newly emerged s uration does not change during the transition; therefore,

quark in the transition; p»,ps; are the momenta of the only the first term in Eq. (4) can contribute to the trans-

d3~ kK kT ” ’ D/
E(P,S) | 5 (1 —ys)e | (P, SZ))——i & poHd® palgL (K )=, (x, k) TI[(P” = M{)ys(i#s+ m3)(P + Mo)ys(frms)]

16 \/p PP P MA(my + e1)(my + €2)(ms + e3)(nn, + € Yt + €)1y + €

xUP, S +m)y" (1 =ys)(prt m)U(P,S ),

(®)
[
where is the mass of E, (E). Setting p; = p|+0, p» = p), and
p3 = p5, we get
my = me, m’1 = my, my = my, ms = my, x/1,2,3 = X123, kiJ_ =k, —(1-x1)0.,
Yie =Ya=PPLIM?,  yip=ys—PPg/M’ ©) Ky, =k +00., kK, =k +x0,. (10)
where P(P’) is the four-momentum of E.(Z) and M(M") The form factors for the weak transition, =, — Z, are

defined in the standard way as

EP,8".8) 1 5yu(1=y5)c| Ec(P,S,S2)

C S
Q" 0
¢ U=(P, S)[Vufl la';nfM fs Mf3 U= (P,S,)
S
7 / ’ 3 . QV 4 Q .
-U=z(P',S) [yﬂgi —10'/1\,Eg§ + —Zg% vsUz (P,S ).
‘ (11)
where Q = P—P’. Similarly, one can express the trans-

Fig. 1. (color online) Feynman diagram for . — Z trans- ition matrix of =, — E whose form factors are denoted as
ition, where e and ¢ denote V—A current vertex and u or d f! and g!.
quark respectively. The detailed expressions of the form factors are
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V3 fdxzdzk; dxsd?k2, Tr| (P = Mp)ys(ps+ma)(P+ Mo)ys(pa—m2)|
207 207 [V3m +e1)ma +ex)ms +e3) + €y + )+ €})
P (KD (k) Te[ (P + Moyy* (P + My) (B +m})y* (1 +my)|

16 \/x1 x] 3ptpr+
5 _ \/§ i f dxod?k3 | dxd?k3 ) Tr[(P’— M{yys(p3+m3)(P+ Mo)ys(pr— mz)]
M=

s

2007201 3 0my+e1)ma +e2)(ms + e3)m +¢,)om + ) + €})
K 0= (k) Te[(P+ Mo)o™ (P'+ M) +m, >y+<¢1+m1>]

16 /x1 8PP+
; \V3 f dxod?k3 | dxd?k3 ) Tr[(P’ — M{)ys(p3+m3)(P+ Mo)ys(pr— mz)]

2007201 a3 my + e1)ma + e2)(ms + e3) + ¢4y + ) + €})

| P2 K= (k) Tr|(P+ Moy ys(P'+ MO +m' )y ys(pr+m))|

16 \/x1x] 8PPt

g V3 -i (dnd’ky, dud’ks, e[ (P'— My)ys(ps+ma)(P+ MoYys(pa—mo)|

= 3 3
Mz 2q ) 20mT 20m [y m v er)my+ea)ms +es)om +))my + ) + )

k]

y P K=, (x, kL) Tr[(i’ + Mo)a ™ ys(P/+ M)(Pr +m))y ys(pr+m )]

16 \/x1x] 3ptpr+

o 1 f dxod?k3 | doxd?k3 ) TF[Y‘I(P" +M{)ys(p3+m3)(P + MoYysY, (- mz)]
1 =5
2

b}

22m* 202y \/M3(m1 +e1)(my + ex)(m3 + e3)(m] +e))(m), + e))(m)y + €5)

| P2 K= (k) Tr[(P+ Mo)y* (P + Mgy Lays(Bi +m\)y* (Br+m)y.pys]

48 \[x1x] gprpt

1 (dodk) dodil) TF[J’CI(P" +M{)ys(p3+m3)(P + Mo))’s)/'i(lﬁz— mz)]

s

M 2400 2007 2000 [ ey oy + ex)ms-+ ), +€) o+ e o + )

P K s (k) e[ (P = Mo)o™ (P'= M)y ays(B1 +m))y* (Br+m1)y.pys|
48 x1x 8p+pt

>

1 fdxgdzkgl dxad2i2, Ty S (P + Myys(ps+ma)(P + MoYysy, (B2 —m))|

81 =5
2 202ny 22y \/M3(m1 +e1)(my +ex)(mz +e3)(m +e))(m)y +e5)(m} + €5)

¢ukmﬂhﬂmPMm%W &mm%+%ﬁ@ﬁmeﬂ

48 \[x1x] 8PP

& 1-i (Ao, dod®,  TyI(P” +Myys(hs+ms)(P +Mo)ysy] (p2—mo)]

k)

Mz 24 202m° 227y’ \/MS(ml +e)(my +ex)(m3 +e3)(m +e))(m)y + €5)(m); + €5)
L K )z, (x, k) T (P = Mo)o™ ys(P= M)y Lays(By +m))y* (b1+m)y pvs
48 \/)Txl {P+prt :
1

These form factors are the same as those reported in our previous paper [40] except for an additional factor —— or 5,

(12)

which exists in the corresponding equations of the equation group (4).
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III. NUMERICAL RESULTS

A. Form factors for =. - Z and E, - =

—_—

To study the transitions E. - E and E.— Z, the
aforementioned form factors must be calculated numeric-
ally; the parameters in the model should be pre-determ-
ined. The lifetime of Z. and the masses of Z., E/, and =
were taken from the data book of particle data group [5].
The masses of quarks given in Ref. [45] are collected in
Table 1. We still know little about parameters 81, 523, 5,
and p; in the wave function for the initial and final bary-
ons. Generally, the reciprocal of 8 is related to the elec-
trical radius of meson with two constituents. Given that
the strong coupling between g and ¢ is half that
between ¢, for a Coulomb-like interaction, if the two
interactions are equal, one can expect the electrical separ-
ation of g and ¢’ to be 1/ V2 times that of ¢ and g, i.e.,
Bgq = \/Eﬁqqm. By considering the binding energy, the
authors of Ref. [46] obtained the same results. In our pre-
vious paper, for a compact gq) system, we found
Bgq» = 2.9B45». Given that the sg subsystem is easy to
break, we assumed it is not a compact system and estim-
ated Beisg)  V2Bes and By ~ V2Bs5, where Bes and By
were obtained for the meson case [45]. Concerning ss,
we do not know whether it is a compact system, and thus
we let By be a free parameter to fix the data of
20, — E e*y,. With these parameters, we calculated the
form factors and the transition rates theoretically.

Form factors f7, g7, f’, and g/(i=1,2), were evalu-
ated in the space-like region ( Q" =0 i.e. Q%> = -0Q? <0),
and therefore should be analytically extrapolated to the
time-like region. In Ref. [32], the authors employed a
three-parameter form

(2] o
M.

1.00 4 T

0.75-’_/'92//

0.50

f.f,¢° and g’,

0.25

0.00

(@ Q*

the numerical form factors evaluated in the space-like re-
gion, we may fix the parameters a, b and F(0) in the un-
physical region. When one uses Eq. (13) at the Q? >0 re-
gion, these form factors are extended into the physical re-
gion. Letting the model parameters (the quark masses and
all Bs) fluctuate up to +10%, we estimated the theoretic-
al uncertainties in our numerical results. The values of
a, b and F(0) for the form factors fi, fi, g1, and g, are
listed in Table 2. The dependence of the form factors
(central values) on Q? is depicted in Fig. 2. The values of
F(0) in several previous studies are listed in Table 3.
They deviate from each other as shown. The differences
in f¥, f7, and g} in Refs. [7, 8, 10, 13] are not very signi-
ficant but that of g5 is. The values of f}, £}, g}, and g} at
0? =0 can be found in Ref. [9]; they notably differ from
our calculated values.

B. Semi-leptonic decays of E. — ZE+1[y; and E, - E+ 1y

Using the central value of the data £ — Z7¢*v, from
the Belle measurements [5], we fixed the parameter B;;q;.
In particular, we first assigned S5 @ value and then cal-

Table 1. Quark mass and parameter 8 (in units of GeV).
Me s My Belsq) Bsisql Biew
1.5 0.5 0.25 0.699 1.07 0.546

Table 2. Form factors given in the three-parameter forms.

F F(0) a b

iy —0.640+0.045 0.711+0.152 0.0981+0.0386
5 —0.366+0.045 1.07+0.22 0.295 +£0.105
8 -0.515+0.032 0.471+0.116 0.0839 +0.0232
g —0.117 £0.0349 1.31+0.260 0.381+0.127

it 0.373+0.028 1.29+0.18 0.499+0.14
5 -0.259+0.025 1.26+0.19 0.425+0.12
8 —0.0990 + 0.0059 0.458£0.119 0.312+0.096
g 0.0214 +0.0045 0.989+0.242 0.938+0.372

°
>
!

2

v

o
o
h

f,.f,9" and g

0.00 0.25 0.50 0.75 1.00 125 1.50

(®) Q@

Fig. 2. (color online) Dependence of form factors (central values) f7, f5, ¢!, and g5 in a three-parameter form on Q? (a) and depend-

ence of the form factors (central values) £}, fJ, g, and g} on Q? (b).
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Table 3.
different studies.

Form factors (central values) at Q% =0 reported in

F(0) thisstudy Ref. [7] Ref. [8] Ref.[9] Ref.[10] Ref. [13]

70  -0.640 071 077 0.194  -0.567  0.590
0 -0366 —046 096 0356  —0305  0.441
g0 —0515  -071 069 0311  —0491  0.582
g0 -0.117  —0.14 00068 0.151  —0.046  —0.184
0y 0373 - - 0.577 - -
£0) 0259 - - 0.501 - -
g,(0)  —0.0990 - - 0.451 - -
g5(0)  0.0214 - - 0.341 - -

culated form factors f7, f;, g}, and g to obtain the the-
oretical prediction on the rate for 2 — Z~¢*7,. Then, we
compared the theoretical estimates of BR(ZE! — E-¢*¥,)
with the data. A deviation would have required us to
modify the parameter, repeating the procedure until they
became equal to each other. Thus, we fixed B;[sq to 1.07
GeV, which is 2.9 times larger than B,; = 0.366 GeV.
This value may imply that the ss pair in Z is a more com-
pact subsystem. With the same parameters, the form
factors f7, f3, g}, and g can be obtained. We also evalu-

0

ated the rate of E/ — Ely;. The differential decay widths

of dI'/dw (w =

MM
to the central values of the form factors).

Our numerical results on the decay widths and the ra-
tio of the longitudinal versus transverse decay rates R
(see its expression in Appendix) of =) — Z7¢*¥, and
= — E%*y, are all presented in Table 4. Some predic-
tions on the same channels are also presented in Table 4.
One may notice that the prediction on T'(E) — Z-¢*7,)
given by the author of Ref. [10] is close to our results but
his prediction on the branching ratio is lower than the
central value of data because the measured lifetime of =0
[5, 47] significantly varied since the study [10] was re-
ported. The values of R given in Refs. [7, 10] are lower
than ours. Table 5 presents the predictions on E. — El,.
Given that form factors f}, f3, g, and g, in Ref. [9] de-
viate from ours significantly, the width of E. — Ely, that
they obtained is two orders of magnitude larger than ours.
This should also be tested through more precise measure-
ments in the future.

) are shown in Fig. 3 (corresponding

C. Non-leptonic decaysof Z, > E+M and E, - 2+ M

A theoretical exploration for the non-leptonic decays
is more complicated than for semi-leptonic processes.

_ 5] |[—drido
5o |[=edridol o S | dr,fdo
% E dET/dm
‘0 40 3.
‘Tc g 10
T 304
<}
] e}
T 4 E
= T 54
T
10
o T T T T T T
1.00 1.05 1.10 1.15 1.20 1.00 1.05 1.10 1.15 1.20
(a) ® (b) ©
Fig. 3. (color online) Differential decay rates dI'/dw for the decay =E. — Zi¥;(a) and E, — Ely; (b).
Table 4. Theoretical results of 22 — =71, (left) and =} — =04y, (right).
I/(10712GeV) 8 I/(10712GeV) B R
this work 0.0740+0.015 (1.72+0.35)% 2.85+0.14 0.0750+0.016 (5.20+1.02)% 2.85+0.15
Ref. [7] 0.145+0.031 (3.4£0.7) 1.90+0.39 0.147 £0.032 (10.2+2.2) 1.90+0.38
Ref. [8] - (3.49+£0.95) - (11.3+£3.35) -
Ref. [9] 0.4264+1.490 (7.26 £2.54) 0.4264+1.490 - -
Ref. [10] 0.0791 1.35 0.0803 5.39 1.98
Ref. [13] - 2.38 - 9.40 -
Table 5. Theoretical results of E, — Ziy;.
I'/(in unit 10712GeV) R
this work 0.0187+0.0035 10.39+1.00
Ref. [9] 1.109 -
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Based on the factorization assumption, which may be the
lowest order approximation by omitting possible final-
state-interaction effects, the hadronic transition matrix
element is factorized into a product of two independent
hadronic matrix elements,

(E(P,SHOM | H|EV(P,S.))

GF Vcs V;q, -, —_
=T<M I gy (1-ys)q| OXE(P,S)) |

x5y (1—ys)c | EV(P.S ), (14)

where the first hadronic matrix element (M |g'y*
(1-75)q|0) is determined by a well-fixed decay constant
and the second one (ZE(P',S))|5y*(1-7ys)c]| Ef,,)(P,SZ))
was evaluated in the previous sections. For the decay
59 — Z+ M, which is a color-favored channel, the fac-
torization should be a plausible approximation. The res-
ults on these non-leptonic decays can be checked in fu-
ture measurements and the validity degree of the ob-

tained form factors should be confirmed (within an error
range) or they should undergo serious modifications.

With the theoretical width T(Z? — £~ ") and lifetime
of 20, one can obtain the branching ratio as (1.87+0.28),
which is consistent with the measured value of the Belle
collaboration [2], and the up-down asymmetry is consist-
ent with the present data [5]. From the results shown in
Table 6, we found that T'(E? — Z-7%) and T'(E? — = p*)
are very close to each other, but there exists an evident
gap between their up-down asymmetries. There is a simil-
ar situation for the decays of EZ?—E"K* and
=0 - =Z-K**. Note also that ['(E —» =~M") is three or
four times smaller than T'(E0 — Z~M*). The up-down
asymmetry for a different channel Z/° — Z~M* is close to
0.5. The decay rates and up-down asymmetry of
Ef - EOM* and Ef — E°M" are very close to those of
20 > E"M* and 20— =°M*, which we have omitted
here. We estimated the branching ratio of Ef — =" to
be (5.56£0.80).

Table 6. Our predictions on widths (in unit 1071*GeV) and up-down asymmetry of non-leptonic decays ) 5 EM.

mode width up-down asymmetry mode width up-down asymmetry
2> =t 8.03+1.15 —0.975+0.006 AR & 2.24+0.36 0.493+0.014
=) —» 2 p* 8.53+1.25 —0.397+0.013 =0 5 pt 1.93+0.35 0.557+0.158
=20 > =7kt 0.558+0.086 —0.951+0.009 =0 5 =K 0.174+0.030 0.476+0.014
B0 » = K 0.349+0.079 —0.252+0.014 E0 - =K 0.0774+0.0141 0.582+0.017

IV. CONCLUSIONS AND DISCUSSIONS

In this study, we calculated the transition rate of
20 5 = in the light front quark model. For the baryons
=0 and =, we employed the three-quark picture instead
of the quark-diquark one to carry out the calculation. For
E., the sg content constitutes a physical subsystem that
has a definite spin. Instead, in =, ss constitutes a physic-
al subsystem that also has a definite spin. In the trans-
ition 2 — =, the physical subsystem in the initial state is
different from that in the final state. Thus, the diquark
picture, which is considered as an unchanged spectator,
cannot be directly applied in this case. However, in this
process, the strange quark does not undergo any change,
and the g (u or d) quark is approximately a spectator as
long as higher order non-perturbative QCD effects are
neglected. Thus, the sqg pair is regarded as an effective
subsystem in the final state. Baryon is a three-body sys-
tem whose total spin can be obtained through different
combinations among those of all three constituents.
Through a Racah transformation, we can convert one
configuration into another. The Racah coefficients de-

termine the correlation between both configurations,
namely (ss)-g and s-(sq). However, note that the subsys-
tem of (sq) is not regarded as a diquark. Moreover, there
exists a relative momentum between the two constituents.
Thus, in the vertex function of the three-quark picture, an
inner degree of freedom exists for every quark, which just
manifests by the relative momentum. In the three-body
vertex function of the baryon, two quarks are bound to a
subsystem withs a definite spin, and then the subsystem
couples with the remaining quark to form a baryon with
the required spin.

Using the central value of the data 20 — Z¢*¥, from
the Belle, we fixed the parameter B[4 and calculated the
form factors f7', f;, g}, and g;. The differences in f/, f7,
and g} reported in Refs. [7, 8, 10, 13] are not significant
but those for g3 are. We calculated the ratios of the lon-
gitudinal to transverse decay rates R for the decay
E. — Eev,; the definition of R is given in the appendix.
Note that the width obtained by Zhao ef al. [10] is close
to the present data but their estimated value of R is smal-
ler than ours.

With the same parameters, the form factors f)', £}, g},

113103-7



Hong-Wei Ke, Qing-Qing Kang, Xiao-Hai Liu et al.

Chin. Phys. C 45, 113103 (2021)

and gJ can be obtained. They are notably different from
those in Ref. [9]. We evaluated the decay rate of
B! — Ely; and the ratios of the longitudinal to transverse
decay rates R. The width we obtained is two orders of
magnitude smaller than that in Ref. [9].

Under the factorization assumption, we also evalu-
ated the rates of several non- leptonic decays. Our numer-
ical results indicate that ['(E? — Z~7") and ['(E? — E7p*)
are close to each other but the up-down asymmetries are
significantly different. The situation for £ — Z-K* and
50— E7K** is very similar. [(E® — Z~M") is three or
four times smaller than T'(ZY — Z~M™*), but the up-down
asymmetry for a different channel Z/° — Z~M* is close to
0.5.

Given that there is a large uncertainty in data, none of
the different theoretical approaches for exploring the
semi-leptonic decay Z°. — Z~e*v, can be ruled out so
far. We suggest experimentalists make more accurate
measurements on this channel and other non-leptonic de-
cay modes. Thus, the data would tell us which approach
can work better. Definitely, the theoretical studies on the
baryons are helpful to understand the quark model and
the non-perturbative QCD effects.

APPENDIX A SEMI-LEPTONIC DECAYS
OF B, — By,

The helicity amplitudes are expressed with the form
factors for 8; — B,lv; through the following expressions
[48-50]:

T_ 2
H?O =£2 ((Mzs‘ +Ms,) fi— Q—fz),

Mg,
Mgl-i—MB2
2T_ ( h+ fz)
HY = T+(M Mg,) +Q2
0T B, 8,)81 Mg, 82>
Mg, — Ms,
H/;’l: 2T+(—81—T82)- (A1)

where T, =2(P-P'+ Mg Mg) and Mg (Mg,) represents
M=, (Mz). The amplitudes for the negative helicities are
obtained in terms of the relation,

HY)_ =+H" (A2)

where the upper (lower) index corresponds to V(A). The
helicity amplitudes are

Hya, =Hy, —H, . (A3)

Aw denotes the helicities of the W-boson, which can be

either 0 or 1, and corresponds to the longitudinal or trans-
verse polarizations, respectively. The longitudinally ( L)
and transversely (7') polarized rates are respectively [48-
50]

dr, _GQF|VC,7|2 0% p. Mg,
do =~ (2n)3 12Mg
dr_T _Gi"lvdvlz Q2 Pc MB:
do  (@2n}  12Mg,

[1H: o +1H_1 o]

[H P HIH- P (Ad)

where p. is the momentum of B, in the reset frame of
By.

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

I, flw dw Q2 p. [IH;,0|2+|H_%’0|2]

R=—= .
T, ﬁwn\nx dw 02 p. [|H%1|2 +|H—§,—1|2]

(AS5)

APPENDIX B B —» 8;M

In general, the transition amplitude of 8; — B, M can
be written as

M(B| — B,P) =lUA, (A +B)/5)uAb,
M(B1 — B,V) =iip €| Ary,ys +As(pelus

+ By + Ba(pelulua, (BI)

where €* is the polarization vector of the final vector or
axial-vector mesons. Including the effective Wilson coef-
ficient, a; = ¢1 +c¢»/N,, the form factors in the factoriza-
tion approximation are [41, 51]

A =Afp(Mg — Mg)fy(M?),
B=Afp(Mg, +Msg,)g1(M?),
- Mg,

Mg
M) + go(M?
g1(M7) + g2(M*) MB

Ay =-AfyM

1

g(M?)
5

B Ava[fl (M%) - f(M?)

fz(M2)

8,

Ar =—20fyM

Mg, + Mg,
Mg ’

1

=21fyM

(B2)

where A= a; and M is the meson mass. Re-

q.q
placing P, ‘y%y S and A in the above expressions, simil-
ar expressions for scalar and axial-vector mesons can eas-
ily be obtained.
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The decay rates of 8; — 8,P(S) and up-down asym- where e, (m) is the energy (mass) of the vector (axial
metries are [51] vector) meson, and
P (Mg, + Mg,)* — M? Al + (Mg, — Mg)* —m? B S =-Ay
“8r 2 2 ’ Mg, +M
87 My, My, py=-De(ZB 0 p, +Ms,Bz),
_ 2«Re(A*B) e, \ Eg, + Mg,
T AP+ IBE Py=— P _p,
(B3) Eg, + Mg,
P2
. . D=——F— (A1 —-MgA)). B5
where p. is the 8, momentum in the rest frame of B; e,(Eg, +MBZ)( ! 5,42) (BS)

and m is the mass of pseudoscalar (scalar). For
B — B,V(A) decays, the decay rate and up-down asym-

metries are
APPENDIX C THE DETAIL EXPRESSIONS OF

p(Eg, +Mg,) THE FORM FACTOR
r= 2 2

2
2(ISP+1Pa) + =25 (1S + DP + |P1|2)],

4nMs, In this appendix, we derive the full expressions of
e 4m2Re(S* Py) +2e,°Re(S + D) P, these form factors f'(i=1,2) by expanding the corres-
T2m2 (ISP +1P22) +£2(IS + D> + P12’ ponding traces.

(B4) It is simple to calculate the four traces:

1 _ _ _ _
3prp P+ Mo)y™ (P’ + My)(p1 +m)y* (Pr+mi)] =~ (p1 = x1P)- (p} = x| P') + (x1 Mo + my )(x Mg + m')

=k1J_-k'u+(x1M0+m1)(x;M6+m'l), (Cl)
1 D D, 4 / ! D ’ ! D/ ’ 4 ’
WTr[WJFMO)f%(P,JF My)(Pr +m)y ys(pr+m)] =(p1 = x1 P) - (p] = x| P') + (xy Mo + my )(x; Mgy +m))
=—kio -k} + o Mo +m)(xX] My +m)), (C2)

1 D i D, / / ’ / / ’ [ Dl i / pri
WTY[(P + M) (P + M)y +m))y* (p1+m)] =(x] M| +m})(p', —x1 P') — (xi Mo +my)(p'} — x| P)

=(x) My +mDk; | — (i Mo +mpk, |, (C3)
1 D | D ’ / ’ ’ / ’ i Di i ’ Dri
3prp DL+ Mo)ays(P+ Mo)(p1 +m)y ys(pr+m)] =(x] Mo +m))(p' = x1P') = (xi Mo +mi)(p', = x, P
=(x) My +m)K, | + o Mo +mk| (C4)

1L

Wherf: pt=pt, Pr=p", P"l_ =P, Pi_z Pi, Py =x1 P, p,]Jr =x P, p"u_ =x P +klﬂ’ p”ﬁ =x Pl +k'1"J_, p1-P=e My,
PP =e1Myand (p; —x1P)-(p| —x|P’') =~k - k|  have been used. The four traces are the same as those in Ref. [17]
Subsequently, it is also simple to deduce the others

Tr[(P'— M{)ys(p3+m3)(P+ Mo)ys(po—mo)) ={Mimsp, - P+ M{map3 - P+ py- P p3- P+ ps- Pp3- P+ mym3P- P’

+ Mo[M{(mam3 + ps - p3) +m3py - P’ +myp3 - Pl = py - p3P- P’}

=4{ MoM|\(€}e3 + erel + e3my + eymy + exm3 + eym3 +moms3)

MOM(’) (—ZelMO + M(% + m% - m% - m%) moms3 (MS + M(’)2 + qi)

+ +
2 2
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(2o = M e 3 ) (5 1)

+

where relations P-P'=(Mj+MP+q1)/2, p2-P=

py-P=exMy,p3-P=p,-P=e3sMy,py- P =p)-P =e, M),
p3- P =pi-P =M and p;-ps=(M;+m?—m}—m3—
|

; (C5)

4

2Myey)/2 are needed.

With the explicit expressions of the these traces, the
detailed forms of f°(i=1,2) and g/(i=1,2) canbe ob-
tained:

k1o k,IJ_ +(x1M0+m1)(x’lM(’)+m’1)

fo V3 f dxyd?ky, dxsd?ks,
) 2027)  2(2n)3
T

RCEADNCIN

16 /x|

3
+

(my +e1)(my +e2)(m3 + e3)(m + €})(m), + €})(m), +¢})
[M0M6(6’263 + 26} + e3my + eymy + exms + e5m3 + moms)

MoMy(~2e\ Mo+ M2 +m? —m2—m2)  moms (M2 + Mg +42 )
+

2 2
(e M i ) (3 0+
4 9’
5 =3 [ dod, dads, (x1Mo+myk| | — () My +m))k, |
My, 24

22n)  2(2n)3 \/ IvE
0

B (K )b, (x. kL)

16 /x1 X/

(my +e1)(my + ex)(m3z +e3)(m’, + e’ + el))(m’, + e?)
| T eIy T 6y T 6

[M0M6(6’263 + 26} + e3my + eymy + eom3 + e5m3 + moms)

MoM, (—ZelMo + Mg + m% - m% —mz) moms (Mg + M(’)2 + qi)
+

3

2 2
. (2€1M0 - MS —m% +m% +m§) (M(Z) +M(’)2 + qi)
4 9
o= V3 f dx,d%ks, dx3d®ks, —kyo -k | + ey Mo +my)(x] M{) +m))
s=— 2
2 22n)} 2(2nm)3 P Nl 1 o N L ot
@7 2@ M m + e0)ma + €2)(ms + e3)(m; + ¢4 )y + ey +4)
¢j\ (x”k1)¢Alz(x’kl)
X — T = 4 MoM((ese3 + erely + e3my + e5my + exmsz + eym3 + mom3)
xlxl
MOM(’) (—ZelMo + M(z) + m% - m% - m%) .\ moms (Mé + M(’)2 + qi)
2 2
.\ (ZelMo - MS —m% +m§ +m§)(M3 + M(’)2 + qi)
) ,
8 V3 [dnd*, dxads, (x1 Mo +mpk{ | + (X, MY +m)kS |
My, 24,

22n)3  2(2n)3 \/ e
0

LK (k)

16 \/xlx’l

+

(my +e1)(my + e2)(m3 + e3)(m + €})(m)y + €})(m; + %)
[M0M6(€’2€3 + el + e3my + eymy + eoms + eym3 + moms)

MoM(=2¢1 Mo + MG -+ =3 —n3) mams (MG + Mg’ +47)
+

2

2

+
4

(2e1Mo — M2 — 2 + 2+ mi2) (M2 + M2 + 42

(Co)
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Similarly, the traces in form factors f(i=1,2) and

g/ (i=1,2) can also be directly calculated. Given that they

are very long, we omited them in this paper to save
space.
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