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One has measured fo B(Q, — Q~J/¥) at the level of 107°, where the fragmentation faction fg, is to
evaluate the b quark to Q, production rate. Using the €, — Q transition form factors calculated in the
light-front quark model, we predict B(Q; — Q~J/¥) = (5.37375%) x 107*. In particular, we extract

-2.1-2.7

fa, = (0543937050 ) x 1072, demonstrating that the b to ©, productions are much more difficult
than the b to A,(E,) ones. Since fq, has not been determined experimentally, fq, added to theoretical

branching fractions can be compared to future measurements of the Q, decays.
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I. INTRODUCTION

The antitriplet b baryons (A, E), E;) and Q; all decay
weakly [1], where Q, belongs to the sextet b-baryon states.
Interestingly, only Q, is allowed to have a direct transition to
B* in the weak interaction, where B* stands for a spin-3/2
decuplet baryon. This is due to the fact that 2, and B* both
have totally symmetric quark orderings. By contrast, the
antitriplet baryon B, consisting of (¢;¢> — ¢>¢;)b mis-
matches B* with (¢,¢, + ¢.4,)g3 in the B, to B* transition.
Clearly, the Q,, decay into B* is worth an investigation.

One has barely measured the €, decays. Moreover,
the fragmentation fraction fg, (@, that evaluates the b quark
to B,(Q;,) production rate has not been determined yet.
Consequently, the charmful €, decay channel Q; —
Q~J/¥ can only be partially measured. In addition to
A, = AJ/y and E; — E7J/y, the partial branching
fractions are given by [1]

fo,B(Q; — QJ/¥) = (2.91)3) x 1075,
Ia,B(A, > AJ/y) = (5.8+£0.8) x 107,
f2,B(E; — 270 /p) = (1L025030) x 1075, (1)
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where fz = f_-0. Some theoretical attempts have been
b

given to extract fg,(q,) [2-4]. Using the calculations of
B(Ay, = AJ/w) and B(E, — E~J/y) [2,3], one extracts
fa, and fz, as some certain numbers. Without a careful
study of Q; — Q~J/W [2,3], it is roughly estimated that
fq, <0.108. Therefore, it can be an important task to
explore the charmful Q; — Q~J/¥ decay.

See Fig. 1; Q; — Q~J /¥ is depicted to proceed through
the Q; — Q7 transition, while J/¥ is produced from the
internal W-boson emission. To calculate the branching
fraction, the information of the €, — Q transition is
required. On the other hand, the light-front quark model
has provided its calculation on the . — € transition form
factors, such that one interprets the relative branching
fractions of Q2 — Q p* and QY — Q F*i, to that of
Q™ zt [5]. Therefore, we propose calculating the Q; — Q~
transition form factors in the light-front formalism, as
applied to the Q. decays as well as the other heavy hadron
decays [6-24]. We will be able to predict B(Q, — Q~J/¥)
and extract fq,. Besides, we will compare the branching
fractions of Q) = Q7 J/¥, A, = AJ/y,and 5, — E7J/y
and their fragmentation fractions.

II. FORMALISM

According to Fig. 1, the amplitude of Q, — Q~J/¥
combines the matrix elements of the , — Q~ transition
and J/¥ production, written as [2,3]
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FIG. 1. Feynman diagram for Q; — Q~J/¥.

where G is the Fermi constant and VE_’;)(S) is the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element. The factori-
zation derives that a, = 5" + ¢§"/N,, where % are
the effective Wilson coefficients and N, is the color
number [25,26]. For the J/¥ production, the matrix

elements read [27]

<J/I//|E'y”(1 - }/5)C|0> = m!/y/fl/y/‘g;’ (3)

where my,,, f;,,, and g, are the mass, decay constant,
and polarization 4-vector, respectively. The matrix ele-
ments of the €, (bss) - Q(sss) transition are parame-
trized as [21,28]

(T") = (Q(sss)[57*(1 = 15)b|82) (bss))
[P I
iy [ﬁ <7"FY +MF¥ +WF¥> + g“"FX} ysu

M A A " A U A
()

where M) and P") represent the mass and momentum of

Q,(Q), respectively, and F IV’A (i=1,2,...,4) are the form
|

B(P.S.S.) = / (& p P py}2(2)8 (P —

where p; and 4; stand for the momentum and helicity state,
respectively, and W55 (py, po, 4, 4,) is the momentum-
space wave function. In the light-front frame, one defines
P= (P ,P", P )withP* = P'+ P>and P, = (P!, P?),
and  p;=(p;.pf.pi) with pi=p)+£pl and
pir = (pl,p?), together with P=(P* P,) and
pi = (pi", pir), which result in P*P~ = M? + P2 and
pipy =mi+p; with  (my,my) = (mg ,mg, +mg,).
Moreover, P and p; are related as P = p/ + p; and

P, = pi, + pyi, where

factors. By substituting the matrix elements of Egs. (3)
and (4) for those of Eq. (2), we derive the amplitude in the
helicity basis [28],

M = CWZ(H,‘{QA, - Hfg,l,)9 (5)

Aa.dy

where ¢y = (GF/\/E)VCbV’C‘SaZmJ/V,fJ/V,, and Ag =
(+£3/2,4+1/2) and 4; = (0, £1) denote the helicity states
of Q and J/W¥, respectively. Because of the helicity
conservation, dg, = Ag —4; should be respected, where
Ao, = +1/2. Subsequently, we obtain [28]

) _ 2% [ v QL M
342! 2MM’

M\ (|P'? .
T (FZW +FyW —) (' | ) T FX“’M/_},

<

H

e

M)\ M
2
v(A) Tl v 9% v(A)
Hy" == T[ ! <MM’> ~ }
HyY =503 FyY, (6)

and HJY, =% H}\), with M. =M+M, Q%=

ML=t MU =M M_+q)/M"), and |P|=
V010%/(2M).

In the light-front quark model, we can calculate the form
factors. To start with, we consider the baryon as a bound
state that consists of three quarks g, ¢,, and g3, where g, 3
are combined as a diquark, denoted by g, 3. Explicitly, the
baryon bound state can be written as [9]

- ?z)zwssz(?l s D2 A )i (prs g )61[2,3] (P2:42))s (7)

A2

pi =1 -x)P*,  py ==xP",

piL=0=x)P, =k, P =xP, +k;, (8)

with k, from k = (ki ,k.) the relative momentum. By

\/m?+ K , the energy of the (di)quark, and
My = e; + e,, the above parameters can be rewritten as

means of ¢; =

(x,1=x) = (ex =k, ey +k;)/(e] +e3),
_XMO m%‘l‘ki

k —=—
: 2 2XMO
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In addition, we obtain Mj = (m} “‘_ki)/ (1-x)4+  where F:FS(FX’)) represents the vertex function for
(m3 + k7 )/x. We also get (P,y* — Moy)u(P,S;) =0 with  the scalar (axial-vector) quantity of the diquark, given
P = p, + p,, where D12 describe the internal motions of by [19-22]

the internal quarks. Under the Melosh transformation [7],

we derive W55: as [19-22]

lPSSZ(i)l’ﬁ27/117/12) r 1 ¢*( 2 ) [ *a( 2 ) (11)
_ T = 9 5 =€ 5 .
C A \/575 P2, 42 A P2, 42
2(

a(py, A)lu(P, S, )p(x, k),

p1 - P+ miMy)

(10) Moreover, the parameter C for (I'g(4),I'}) is given by
|
_ < 3(m1M0 + P1- P) 3m%M(% ) (12)
3miMo + py - P +2(py - p2)(pa - P)/m3 2m5MG + (py - P)?)

In Eq. (10), ¢(x, k) is the wave function that illustrates the momentum distribution of the constituent quark-diquark states.
Here, we present ¢(x, k) in the Gaussian form [5,6,19-23]:

- T 3/4 e1éy _l_éz
Blx k) —4<ﬁ> mexp<z_ﬁ2>’ -

with f = S5 (Bs[ss]) to shape the momentum distribution of the b-[ss] (s-[ss]) system in the €, (€) bound state.
Using the bound states of [Q,(P, S, S.)) and |Q(P", 5, S.)) in Eq. (7) and the above identities, we derive the matrix
elements of the Q, — Q transition in the light-front frame, given by [21]

(Tr) = (Q(P'. 8" = 3/2,8)[5r"(1 = 75)b|Q,(P. S = 1/2,5.))

= /{d3pz}é_l/2¢'(x"kl)cb(% ki)Y (P SO, + m)r(1=ys)(py + my)Talu(P,S2), (14
s
where mi') = my(5), T =y'T7y", and C =4pipt(py - P+mMy)(p) - P+ m\My).
To determine F}*, the identities Jt = al*(ys)u; and Jisy=al*(ys)uy can be useful, where D' =

(5)
(y*PP,P*PP PrPP g#F) and TH = (y# PP, P"PP, P*PP, ¢"#). We can hence perform the following calculations [5,21]:

_[pe Pr P ) .
Js - (T) = Tr{uﬂua [M <y"FV +— i Fy +— SV ¥> —+ g‘”FX} ysuF,/,ys},
/{d3p YO (6 K ) p(x ZTF{Mﬁua[F”’(l/l +ml)p* () + my)Talulys ). (15)

By connecting Js - (T) to J5 - (T), thatis, J5 - (T) = Js - (T), F/ in Js - (T) can be extracted with J5 - (T') in the light-front
quark model, as the other extractions of the B, — B transition form factors [5,6,19-23]. Similarly, J - (T) =J-(T)
enables us to get F4. We will present our results in the next section.

III. NUMERICAL ANALYSIS

For the numerical analysis, the CKM matrix elements and the mass (decay constant) of the J/¥ meson state are
given by [1]

(Vcba Vcs) = (A/lzy 1- /12/2),
(mypw. f1w) = (3.097,0.418) GeV, (16)
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FIG. 2. F/"vs g (i=1,2 3, 4).

with 1 = 0.2265 and A = 0.790 in the Wolfenstein para-
metrization. The effective Wilson coefficients (¢S, ¢Sif) =
(1.168,—-0.365) come from Refs. [25,26]. In the general-
ized version of the factorization approach, N, is taken as a
floating number, in order that the nonfactorizable effects
from QCD corrections can be estimated. By adopting
N.=2154+0.17 in Refs. [2,3], we obtain a,=
0.1870:3, which has been used to interpret B(A, — AJ /)
and B(E, - EJ /).

In terms of Js-(T)=Js-(T) and J-(T)=J -(T)
and the theoretical inputs in Egs. (13), (14), and (15),
given by [23]

(M Bojss)) = (5.00 £ 0.20,0.78 + 0.04) GeV,
(my. Byjss)) = (0.38,0.48) GeV, (17)

we derive F }/(A) as the functions of ¢2, depicted in Fig. 2.
It is common that one parametrizes the form factors in

TABLE 1. The Q, — Q transition form factors with
(F(0),a,b) in Eq. (18), where my = 6.05 GeV is from mg,.
The uncertainties come from m;, and S, in Eq. (17).

F(0) a b
Fg 0.371j§;02§ -2.22 2.37
sz —0.1043,);%isz -3.19 4.69
Fy 0.0407 0042 4.11 11.38
Fy 06929034 -2.05 1.91

F(0) a b
Fi‘ 0.329i§;£é -1.93 273
Fi -0.08 1t%_-?23% -3.31 4.36
F —0.0640-139 -3.16 0.77
Fy —0.4161052 -1.89 0.99

the dipole expressions [16,17,24], which reproduce the
momentum dependences derived in the quark model.
Subsequently, the form factors can have simple forms to
be used in the weak decays. In our case, we present [5,6]

_ F(0)
~ 1—a(q*/m}) + b(q*/m})’

F(q*) (18)

with mp, a, b, and F(0) at ¢*> = 0 given in Table I, in order
to describe the momentum behaviors of F;** in Fig. 2.

Thus, we calculate the branching fraction and fragmen-
tation fraction as

B(Q, — Q7J/¥) = (5.333{157) x 107,

fa, = (034203, 705005) x 1072, (19)

where fg, is extracted with B(Q; — Q~J/¥) and the data
in Eq. (1). Moreover, the first and second uncertainties
come from a, and F }/’A, respectively, and the third one for
fq, 1s from the measurement.

IV. DISCUSSIONS AND CONCLUSIONS

Because of the insufficient information on the Q, — B*
transition, the €, decays have not been richly explored.
In the light-front quark model, we calculate the Q;, — Q
transition form factors. We can hence predict B(Q, —
QJ/¥) = (5.373773%) x 1074, which is compatible with
those of the antitriplet b-baryon decays B(A, —»AJ/¥)=
(3.3+£2.0)x10™* and B(E; - E~J/¥)=(5.1£3.2) x107*
[2,3]. On the other hand, B(Q, — QJ/¥) = 8.1 x 107* is
given by the authors of Ref. [28]. In addition, the total
decay width I'(Q, — QJ/¥) =3.1543 x 10! s7! [29]
leads to B(Q, — QJ/¥) = 16.7 x 107*, where we have
used a, = 0.18 for the demonstration.
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In the helicity basis, the branching fraction is given by
B o< ([Hy[* + [Ha?). (20)

where  [Hyy[? = [Hy ™ P + [Hy VP + [Hy VR 1

found that (|Hy|?, |H4|?) give (19,81)% of B; besides,
(|HA 2, [HAZ, [HA )/ [Ha = (54.0,22.4,23.6)%, such
2 2 2

that F} gives the main contribution to B(Q;, — QJ/¥).

In Eq. (19), fq, = 0.54 X 1072 agrees with the previous
upper limit of 0.108 [2]. By comparing our extraction to
fa, =0.175 £0.106 and f=, = 0.019 + 0.013 [2], it dem-
onstrates that the b to €, productions are much more
difficult than the b to B, ones. Since the fragmentation
fraction has not been determined experimentally, the
branching fractions of the , decays should be partially
measured with the factor fq,. Therefore, our extraction for
fq, can be useful. With fo of Eq. (19) added to the
branching fractions, one can compare his theoretical results
to future measurements of the Q, decays.

In summary, we have investigated the charmful €, decay
channel Q; — Q7J/¥. In the light-front quark model,
we have studied the Q, — Q transition form factors
(FY,F%) (i=1,2,...,4). We have hence predicted
B(Q; — Q7 J/¥) = (5.37375%) x 107, which is com-
patible with those of the A, = AJ/¥ and B, — E7J/¥
decays. In addition, F Q has been found to give the main
contribution. Particularly, we have extracted fqo =
(0.541 0537 939102) x 1072 from the partial observation
fo,B(Q; » QJ/¥) = (2.9%)3) x 107°. Since fq, has
not been determined experimentally, by adding fq, to
the branching fractions, one is allowed to compare his
calculations to future observations of the €, decays.
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