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It is shown that for the effective Lagrangian with the factorization ansatz considered here, in the two-
body hadronic decay B,(3") — B(".3") + V, with B,(}") belonging to the representation 3, the only
allowed decay channel is B, (3") - B(3") + V, where B(3") belongs to the representation 8 of SU(3).
However, for Bb(”) belonging to the sextet representation 6, the allowed decay channels are
B,(3") = B(3".37) + V, where B(3") and B(3") belong to the octet representation 8’ and the decuplet
10 of SU(3), respectively. The decay channel B,,(3") — B(3") + V is analyzed in detail. The decay rate (I')
and the asymmetry parameters a, ', 8, 7, and y’ are expressed in terms of four amplitudes. In particular, for
the decay A, — A + J/y it is shown that within the factorization framework, using heavy quark spin
symmetry, the decay rate and the asymmetry parameters can be expressed in terms of two form factors F;
and F,/F;, which are to be evaluated in some model. By using the values of these form factors calculated
in a quark model, the branching ratio and the asymmetry parameters @ and o' are calculated numerically.
For other heavy quarks belonging to the triplet and sextet representations, the results can be easily obtained
by using SU(3) symmetry and a phase-space factor. Finally, the decay Q; — Q™ + J/y is analyzed within
the factorization framework. It is shown that the asymmetry parameter « in this particular decay is zero. The

branching ratio obtained in the first approximation is compared with the experimental value.
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I. INTRODUCTION

Heavy flavor physics is of topical interest. New data
for decays of b hadrons will be forthcoming from the
LHCb. In 2013 the LHCb Collaboration performed an
angular analysis of the decay A, —» A + J/¥, where the
A,’s are produced in proton-proton (pp) collisions at a
center of mass energy /s =7 TeV at the LHC [1]. By
fitting several asymmetry parameters in the cascade decay
distribution of A, = A(— pa~) +J/¥(— £T¢7), the
collaboration has reported the relative magnitude of
helicity amplitudes in A, - A+ J/¥ decay and also
the transverse polarization of A, relative to the produc-
tion plane.

Theoretically, the nonleptonic decay A, - A+ J/¥
is quite attractive because only the factorizable tree
diagram contributes to the decay and there is no
contribution due to W exchange diagrams [2]. In the
b baryon sector, the decay A, — A+ J/¥ has been
studied theoretically in the quark model by using the
factorization hypothesis [3—11] and the results of some
of these calculations have been compared to the new
experimental results by the LHCb Collaboration. The
results of the branching fraction of A, - A+ J/¥
decay given by the Particle Data Group, Br(A, — A +
J/¥) x Br(b - AY) = (5.8+0.8) x 107> [12], are
deduced from the measurements by the CDF [13] and
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DO collaborations [14]. The result for the branching
fraction from the LHCD is still missing for this decay. In
the present study, we give a general formalism for
B,(3T) = B(37) + V, especially with V =J/y. Using
this formalism, we analyze A, > A+ J/¥ decay in
detail.

Heavy baryons with J¥ = 1+ belong to either represen-
tation 3 or the sextet 6, whereas JP = 3+ belongs only to

the sextet representation of the SU(3) [15]:

W

DA q:)Ox ma-

1
j:ﬁ<Qin_qj
1
6:S;; Zﬁ@]i% +4;9:) QX ms

o
6: S5 =ﬁ(qiqj+qjqi)st, (1)

where g;, q; are u, d, s; Q = b or c; and the y’s are the spin
wave functions [15]. In Eq. (1) A;;

toJ =1"and J* =

baryons is

ij» Sij» and §j; correspond

3%, respectively. The tnplet of heavy

(A127A13,A22) (Aoj,:(b)j,E;?) (2)

whereas the sextet is
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(811,812, 82): (f2+ A 222’, \/EZ;”S),

(S13.823): (5;90.':’ E;,éo)’
S33: \/EQ;,’S' (3)

In the Standard Model (SM), two-body hadronic decays of
heavy flavor mesons and baryons are analyzed in terms of
the effective Lagrangian or Hamiltonian. Here, we take the
Hamiltonian

Her = Ve Vis[ai (5¢)y_a(€b)y_u + az(€c)y_s(5b)y_4].
(4)
where a; = C; + {C, and a, = C, + {C,, with { being
the parameter for the possible number of colors. In terms of
the diagrams, a; and a, correspond to the contribution from

tree and color-suppressed tree diagrams, respectively.

In the factorization ansatz, for the tree diagram and color-
suppressed tree diagram, the relevant matrix elements are
(B.|(¢b)y_4|By,) and (B,|(5b)y_,|B,), respectively. First,
one can notice that ¢b is a SU(3) singlet, whereas 3b is a
SU(3) triplet. Now

3x3=8+1,
3x6=10+8. (5)

Hence the possible decay modes for B, (3") for the first
term in Eq. (4) are

3: (A}.B).5;) = (ALELE)(DS)
6: (Z,.55.5;) — (ZSF. 28 207Dy,
(B5.Ey) — (BB (D7)

QUQ°)(D3)* (6)

Some of the decays given in Eq. (6) have been studied in
Ref. [16]. The main focus of the present study is the heavy
to light decays of b baryons.

For the color-suppressed tree diagram, as noted in
Eq. (5), for B, (") belonging to the representation 3 the
possible decay mode is

B, <;> - BG+>J/‘P, (7)

where B(3") belongs to the octet representation 8 of SU(3).
However, for B, (1) belonging to the sextet representation,
we have two possible decay modes:
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B,(2) = B2 )syw
b\ 5 - B /Y,
B5,(2) = B(2")sw 8
b\ 73 - B /Y. (8)
For this case, B(3") and B(3") belong to the octet
representation 8 and decuplet representation 10 of
SU(3), respectively. For the decay B,(3") — B(37)J/Y,
the decay channels are

31 (A B).Ey) -
6: (20,57.55) — (30,57, 5H)J /¥,
_)

(55.55)

=0 —=—

where A, E”, 2~ are members of the octet representation 8
and X0, X7, =, 2% =~ are members of the octet represen-
tation 8'. This study focuses on the analysis of B (") —
B(31)V decays.
For the decay B,(")— B(37)J/¥, where B,(3")
belongs to the representation 6, the decay channels are
(20,35, 54) - (=0, 27, TH)J /¥,
(8).5,) - (. E7)J/¥,
Q- QJ/Y, (10)

where the last decay is the most interesting in this category.

II. HADRONIC WEAK DECAY OF THE BARYON
B,(1*) - B(1*)V: A GENERAL FORMALISM

For the decay

55 ) o)~ 5(3 )e+vika.

where p = p’ + k and k- e = 0, the Lorentz structure of
the 7 matrix is given by

1 mm'  _
~ (n) 2P0P6kou(p )l - e(A(s) + B(s)rs)

+ ieto,, k*(C(s) + D(s)rs)u(p). (12)

In Eq. (12) the amplitudes A, B, C, and D are functions of
the square of the momentum transfer, i.e., s = (p — p')%. In
the rest frame of baryon 5,

m = k(),

= |kl (13)

=/

/
Po
P =k

In this particular frame, one can write
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T = x[Myi. (14)
where
1 .., . . - - N
:Wﬁ[zﬂm(nx5)+gla-€+f2n'e
S AURICRDIE (15)

where & are the Pauli matrices. The amplitudes f,, g5,
and & can be written in terms of A, B, C, and D:

K]

fi=———
L 20 (py - )

[A(s) = C(s)(m +m)],  (16)

1
2po(po +m')
x [B(s)(po +m') + D(s)(ko(m + m')

g1 =-
—-my)], (17)

1 Ikl

vV 2P0 po+m') kO

1 \k|2

g _
2T \/Zpo po+m') ko

fa= [A(s)(m +m') = C(s)mi]. (18)

[=B(s) + D(s)(m +m')], (19)

-1
V2po(po+m')

< BG) (g = )

+D(s)my(py + m')]. (20)

h=g +g =

Under space reflection, 6 — 6, 7 — —7i, and € — —¢,
and thus f; and f, are the parity-conserving, i.e., p-wave
amplitudes, whereas g; and g, are the parity-violating
s-wave amplitudes. We also note that for the transverse
polarization of the V meson, only f; and g; are relevant,
whereas for the longitudinal polarization the relevant
amplitudes are f, and h. The decay width of the above
mode is given by

dr = 2z)'8*(p - p' - k)[ Tr(MM?T )} & p'd’k, (21)

which gives

=W Fo 1) )+ 22 P )] @2
2zm m?

The first term on the left-hand side of Eq. (22) corresponds

to the transverse polarization and the second term to the

longitudinal one.
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Let S and § be the polarizations (spins) of B, and B,
respectively. The decay probability in terms of these
polarization vectors is given by

dW = (2z)'6*(p - p' = k)

1 -
XETI[O +6-M(1+c- )M p'd*k.  (23)

Hence, the transition rate is
dW  dQgdQ;
r  (4n)?

+ (- A)(S- M) (=147 +r5 (7 x

+ &5+ 5 (S x0)

(8 x )],
(24)

[1+aS-7

where

k|
— 2R 20 | 25
a e{ lgl+< ) ]Po2ﬂ 5 (29

a =2Re {Zf’fgl + < ) } 027zm1" (26)

B 7
p = 2imf3h]p) 5 o @)
ko 2 2 21,/ |]€|
= [ - — 2
, (m) VP~ IhPlphgi. (28)
ko )2 K]
I 2 hl21p! ) 2
, (m) ol + IPIph 5 (29)

A few comments are in order. For the transverse
polarization, the asymmetry parameters are

_ 4Re[f791]P6k0 )
‘= 2zmIl - (30)

whereas in the case of the longitudinal polarization

= <&>2 ZRG[ zh]l’f)ko —d. (31)
my 2zmI’

It is clear from Egs. (27)—(29), that f3, y, and y’ are nonzero
only for the longitudinal polarization. For the longitudinal
polarization, we get exactly the same result as that in the
nonleptonic decay of the B baryon, when V is replaced by
the pseudoscalar meson P [17].

III. FACTORIZATION: BARYON FORM FACTORS

In the factorization framework, the effective Hamiltonian
for the decay B,(1") —» B(3") + J/y is given by
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Gr
V2
x (Bl5y,(1 = v5)b|By).

Heff Vcbvcsa2<olcyﬂ(l _}/5) |_]/‘P>
(32)

The relevant matrix elements are

] 1\32 1
<0|07”(1—}’5)C|J/‘P>:(§) \/TTOFJ/‘I’mJ/lPeﬂa (33)

3
(Blsy, (1 - y5)b|By) = (),/M Nlgv (k)

- gA(kZ)ys)yM - l(fv(kz)
+ ha(kK)ys)ok = (hy (k)
— fa(k®)rs)k,u(p)],

where fy(k?), gy (K*), fa(k?), ga(K?), hy (K*), and hy (k)
are the form factors. Now, using Eqs. (33) and (34) in
Eq. (32), the T matrix can be written as

(34)

1 Gr ,
(277:)9/2 2k0p0p0k0 f

x [y e(gy (k) + ga(k)ys) —

T:

VepVesarFyppmy pgit(p')

ieﬂo-;wky (fV (k2>

+ ha(K)ys)|u(p). (35)
Hence, comparing Eq. (12) and Eq. (35), one gets
A= G/mJ/WFJ/ngV( 2)’
B =G'my), F,94(K*),
C=-G'my),Fy,fv(k?),
D= -G mJ/V,FJ/V,hA(k ) (36)

where
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Gr
G - Vcchs
\/_

The short-distance QCD effects are taken care of in the
Wilson coefficients C; and C,. The long-distance inter-
actions are shifted to the form factors gy, ga, fy, and Ay,
which need to be evaluated in some model. Using the heavy
quark spin symmetry, one can relate the different form
factors [18] for which there are two choices:

L, +¢c)). (37)

(i): gv (k) = ga(k?)
Jv(k?) = hy(k?)
(i) gy(K*) = —ga(k?)

Fo(R) = ~ha() = - Fy(0),

= F() + 22 Fy (1),

1
= %Fz(kz),

= F1(2) + L P 12),
(38)

where m = m,, and m, is the mass of the b quark, which in
this work is taken to be 4.65 GeV. Thus, in terms of the
form factors F,(k*) and F,(k?), we can write

my, F5(K*)
A =G'my, Fy,Fi(k?) (1 + W E ) " +B,

1 Fz(k )
Fi(k?)

where the + sign in Eq. (39) corresponds to the choices (i)

==£D,

C = ~G'my, Fyp F1(K) (39)

and (ii), respectively. We need the form factors at
k2 _ m2 .
- Ty
Fz(m‘%/ ) F2
F(m2 )EF,il’/E— (40)
R : Fl(mi/w) Fy

From Egs. (16)—(19) and by using Egs. (39) and (40), we
can express the amplitudes f, g, f>, and & in terms of the
form factors F; and F,/F; as

k| [ IFZ]
=R—— " _F |14 (my+ (m+m 41
f1= R [y (4 ) ) 1)
mn B[ (F ) ko)) 11 )
VAT (P +m) mF |
il m4+m my(m+m') +m35,y 1 F
fo= R|k|—F1[1+ — —F—z] (43)
0 \/2py(py +m') m -t m e
_ (m—i—m’)ko—m%/.l, { 1+(:Fmb(ko(m—l-m’—mg/\y)im%/\?(l’é)“‘ml))) l&] (44)
2po(py+m') (ko(m—l—m’)—m%/\y) mF ]

with R = G'm, )y F,;py which is a dimensionless parameter.
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TABLE 1. Numerical values of the amplitudes for A, —

A+J/y for F,/F, ~0.169. Here R2:(VL.be.S%(C2+

EC)myppFppp)? = 18.97 x 10714(C, + ¢Cy)%. The values of
the masses are from Ref. [12]. Here, the — and + signs are
for the choices (i) and (ii), respectively.

Amplitudes Numerical Values
fi RF(0.644)

g1 RF,(F0.880)
I RF(1.075)

h RF,(F1.197)

We now consider the decay A, - A + J/y which is of
experimental interest. In order to calculate this decay,
various models to evaluate the form factors have been
considered in the literature [9-11]. In Ref. [6], form factors
were evaluated in a quark model, and their values were
F,~-0219 and F,/F| = 0.169. We put F,/F; ~ 0.169
and other input parameters into Eqs. (41)—(44), and the
numerical values of the amplitudes are given in Table I.
These results can be extended for other baryons by using
physical masses for the relevant parameters and SU(3)
symmetry.

Making use of the values of the amplitudes outlined in
Table I, the value of the branching ratio for A, - A + J/y
decay is [cf. Eq. (22)]

B, ~ 1.18 x 1072(C, + {C,)?, (45)

where { = NL, where N, is the effective number of colors.

As noted in Ref. [6], there are two regimes, viz. N, < 1/3
[Eq. (46)] and the large-N . limit. In Table II, we show the
values for the branching ratio using the Wilson coefficients
C, = —0.257 and C; = 1.009 [19] and for different values
of { that correspond to the large-N . limit. One can see that
for { = 0, our results for the branching ratio are comparable
with the value 8.9 x 10~* that was obtained in Ref. [11].

Similarly, for the values of { that correspond to the small-
N, limit, the values of the branching ratios are given in
Table III. The experimental value of the branching ratio
[12] is

PHYSICAL REVIEW D 95, 113002 (2017)
B.(Ay = AN /y) x B.(b — A)) = (5.8 £0.8) x 107,

Using B(b — baryon) ~ 9.29 x 10=%, the experimental
value of the branching ratio for A, - AJ/y is
B, = (6.2 £ 0.8) x 107, which is comparable to our value
6.1 x 10™* when ¢ = 0.48 as well as for { = 0.01.

The values of the asymmetry parameters for A, — A +
J/y decay are obtained from Egs. (30) and (31):

a~ F 0.19, ar ~ +0.39,

&y~ F 039,

a; ~ F 0.58,

a ~ F 098, a, ~ F0.58. (46)
The experimental value of the asymmetry parameter
a = 0.18 + 0.13. With our choice (i) of the form factors
given in Eq. (38), the value of the asymmetry parameter
a=—0.19 is comparable to the values obtained in
Refs. [3-9]. However, for choice (ii) of the form factors,
the value of the asymmetry parameter a = 0.19 is compa-
rable to the experimental value @ = 0.18 4 0.13.

We have discussed A, —» A + J/¥ decay in detail and
with this in hand, for a heavy baryon belonging to
representations 3 and 6, the branching ratio can be easily
obtained by using SU(3) symmetry, taking into account the
phase space for each baryon decay. For the decays
By(3T) — B(3")J /¥, SU(3) gives the relation
3: (B, B0 A,) = (B, B0 A)I/W:(1,1,4/2/3)  (47)
for B, (4+) belong to representation 3 and B(}") belonging
to the octet representation. In the case of B, (3) belonging
to the sextet representation and B(3") belonging to the
representation 8', SU(3) gives

(Z/,2057) - (=5, 20, 27)J/¥: V2(-1,1,1),
(B, ,ED) - E7,B0)J/¥: (1,1). (48)

IV. THE DECAY Q, — Q- +J/¥

In the factorization ansatz corresponding to the effective
Hamiltonian given in Eq. (4), the matrix element for
Q, - Q™ + J/¥ decay is

o o ieren suoes ot ot o e g i, M = ZEVeb Vi (€ + EC) Ol (1 = )l )
Ay = A+ Ty £=0 =001 =005 x (1 =y°)b|Q;). (49)
Br 7.8 x 107 6.1 x 107* 5.0x 107 We can write

TABLE III.  The values of the branching ratio for A, — A + J/y for different values of { that correspond to the small-N,. limit.
Ny > A+ Ty {=1/3 =040 =045 =048 ¢ =0.50
Br 0.74 x 107 2.6 x 107 4.6 x 107 6.1 x 10 7.2 x 107
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(Q[57,(1-7°)b|;)

:<z;1r>3 Z:ZE)“FY‘75F?><ﬁﬂ<p'>u<p>>+~--}, (50)

where the dots denote the contribution from other form
factors which are suppressed by a factor of ﬁ compared to
b

FY and F{ and hence will be neglected. From Egs. (49) and
(50) along with Eq. (38), we get

IM|> = GlF%/leg/‘I’e”ey

x [u, (P, (p")(FY = v’ F{)u(p)a(p)

x (F{V +rF)). (51)
where G' = % V., Vi(Cy 4+ £Cy). Now
kH k¥
> ket (k) = (—nﬂv +— )
Polarization mJ/‘I’
~ }/ . p/ + m/
;MD<P')”;4(P') ST o
pin
i
X |:’7W —Vu¥u + ﬁ (}/l/p;l - P'ﬂ’ﬂ)
2
- WPLP,/,] )
= _ ly-p+m
= - 52
D oupie) =55 (52)

Using the above equations, the decay rate is given by

1 - 1m? |k
I'=—Ik|(G'F 2(14-—=
2ﬂm| (G Fapemye) ( +3m’2m§/.},
X [|FY[*(po +m') + [FL1?) (py — m)](Cy + £Cy ).
(53)

In particular, for ; — Q~ + J/¥, we have m = mq, and
m' = mg. Now

1
1Q7) = —=(sTstst + sTsbst + stsTst),
V3

1
1Q;) = —%|s7s¢bT + stsThl —25TsThd).

PHYSICAL REVIEW D 95, 113002 (2017)

In nonrelativistic quark model, the relevant operators for
O(v?/c?) are (for details, see Ref. [20]) B and fo; with
i = z. Using p|b) = |s), we have

1 1
Q) = ——|(sTstst + stslst —2sTsTst
pl 2) \/EK )
and
ﬂaZ|Q;,l> b |(sTsbst + ststst 4+ 25TsTsh)),
2 V6

This gives F} = 0 and F2(0) = —2/2 [21]. Thus,

[(Q) Q" +7/%) & 176X 1074 F{X(C, +C,)? GeV.

(54)
Hence, the branching ratio
Br(Q; — @ +J/¥) = %r(gg - Q +J/¥)
=294 x 1072|F{>(C, + ¢C))?,
(55)

where F' = F{(mj ) and 7g, is the decay time of Q.
Now, using

A 1 my,m my
1=

= F(0) ~
My gy My, + My

Ff(O) ~ 0.152, (56)
mj,y

the form factor F4' at m, /w18 expected to be smaller than

F4(0). For this purpose, we have introduced a dimension-
. 1 mymg

less phenomenological factor (m) (mbhﬁ> where the

second factor is the reduced mass of the constituents of

Q;. Using F{ ~ 0.152, the branching ratio is

Br ~ 6.8 x 10_4(C2 + CC])Z.

The values of the branching ratio corresponding to different
values of { are given in Table IV.

The experimental Br(Q, - Q™ +J/¥) xBr(b—»Q,) =
(2.9704) x 107° with B(b — baryon) ~ 9.29 x 1073 [12]
gives

Br(Q; — Q7 J/¥) = (3.12%)3) x 1075, (57)

TABLE IV. The values of the branching ratio for €, — Q + J/y for different values of .

Q, - Q+J/y £=0 ¢=0.01

=005

{=1/3 ¢ =0.40 =044

Br 45x 107 4.1 %107

2.9 x 107

0.8 x 107 1.8 x 107 3.0 x 107

113002-6
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Finally, in this model, the asymmetry parameter is
a(Q, - QJ/¥) =0. (58)

To conclude: using the effective Lagrangian together with
the factorization ansatz, the two-body hadronic decay
B,(3") = B(3".37) + V was calculated. In the case of
B, (A7) belonging to the representation 3, the only allowed
decay channel is B,(3") - B(AT) +V, where B(i")
belongs to the representation 8 of SU(3). However, if
B, (5") belongs to the sextet representation 6, the allowed
decay channels are B,(37) - B(}".3%) + V, where B(}")
and B(3") belong to the octet representation 8 and the
decuplet 10 of SU(3), respectively. We have analyzed
the decay channel B, (37) — B(37) + V in detail, where
the decay rate I" and the asymmetry parameters a, ', 3, y, and
Yy’ were expressed in terms of four amplitudes. These
amplitudes were written in terms of the transverse and
longitudinal polarizations of V. This general formalism

PHYSICAL REVIEW D 95, 113002 (2017)

was then applied to the decay A, — AJ/y. It was shown
that within the factorization framework, using heavy quark
spin symmetry, the decay rate and asymmetry parameters can
be expressed in terms of two form factors F; and F,/F,,
which nonperturbative quantities that need to be evaluated in
some model. Here, by taking the values of these form factors
calculated in the quark model [6], the branching ratio and
asymmetry parameters @ and o' were obtained numerically.
By taking the color factor { =0.01 or {=0.48, the
branching ratio for the decay A, — A + J/w was matched
to the corresponding experimental value. Having worked out
A, = A+ J/y decay, this formalism can be easily applied
to other heavy quarks belonging to the triplet and sextet
representations by using SU(3) symmetry and the phase-
space factor. Finally, the decay Q, — Q™+ J/y was
analyzed within the factorization framework. It was shown
that the asymmetry parameter a in this particular decay is
zero. The branching ratio obtained in the first approximation
was compared with the experimental value.
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