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We study color allowed bottom baryon to s-wave and p-wave charmed baryon nonleptonic decays in this
work. The charmed baryons include spin-1,/2 and spin-3,/2 states. Explicitly, we consider A, — A" M-,
g, - EM-, and Q, - QU"M- decays with M =nr.K.p.K*,a,,D,D,,D*,D:, A" =
Ag An(2595), A (2625), A (2765), A.(2940), BV =B, B.(2790),2.(2815) and Q") =
Q.. Q.(2770),Q.(3050),2.(3090), Q.(3120). There are six types of transitions, namely,
() By(3¢,1/2%) to B.(3¢, 1/27), (i) By (64, 1/2%) to B.(6¢,1/27), (iii) B,(6¢,1/21) to B.(6¢,3/21),
(iv) By, (6¢,1/2%) to B.(6¢,3/27), (v) B, (3¢,1/2%) to B.(3¢,1/27), and (vi) By (3¢, 1/2%) to B.(3¢,3/27)
transitions. Types (i) to (iii) involve spin 1/2 and 3/2 s-wave charmed baryons, while types (iv) to
(vi) involve spin 1/2 and 3/2 p-wave charmed baryons. The light diquarks are spectating in these
transitions. The transition form factors are calculated in the light-front quark model approach. All of the
form factors in the 1/2 — 1/2 and 1/2 — 3/2 transitions are extracted, and they are found to reasonably
satisfy the relations obtained in the heavy quark limit, as we are using heavy but finite m, and m,. Using
naive factorization, decay rates and up-down asymmetries of the above modes are predicted and can be
checked experimentally. We compare our results to data and other theoretical predictions. The study on
these decay modes may shed light on the quantum numbers of A.(2765), A.(2940)Q.(3050), ©.(3090),

and Q,(3120).

DOI: 10.1103/PhysRevD.100.034025

I. INTRODUCTION

There are some experimental progresses in the
charmed baryon sector recently. In year 2017 LHCb
discovered A.(2864) and five Q. states, namely
Q.(3000)°, ©.(3050)°, Q.(3066)°, Q.(3090)° and
©Q.(3120)° [1,2]. The first four states among the five newly
discovered Q. were confirmed by Belle later [3]. In Table I
the mass spectra, decay widths and quantum numbers of
charmed baryons observed up to now are summarized.
Note that 16 out of 40 charmed baryons have unspecified
quantum numbers, while the quantum numbers of the rests
are determined with different levels of certainty [4,5].
Those with unspecified quantum numbers include
A.(2765)F, %.(2800)TT0 E.(2930)°, =.(2970)*0,
Z.(3055)", £.(3080)*°, Z.(3123)* and the above men-
tioned five Q. states. Various suggestions on the quantum
numbers of the newly discovered €. states were put
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forward after the discovery, see e.g., [6-13]. Note that
even for the one with specified quantum number in PDG, it
is still room for different assignments. For example, two
possible quantum numbers of A.(2940)" were proposed.
LHCb and PDG preferred the %‘ quantum number, but it is
not certain [1,4], while a 5~ state was advocated by the
authors of Ref. [6]. It is timely, of great interest and
importance to identify the quantum numbers of these states
and to study their properties.

The study of bottom baryon to charmed baryon weak
decays may shed light on the quantum numbers of some of
the charmed baryons. Up to now only several color allowed
A, — AP decay rates were measured. These include the
rates of A, - A.n~, AK™, A.D™ and A.D3 decays,
which were reported by LHCb several years ago [17—
19]. It is not unrealistic to expect that further progress on
the experimental side, either from LHCb, from Belle II or
from elsewhere, will occur soon. In [16] we studied the

color allowed A9 — APy g, - =00 and Q, —
QM decays with M = r.K,p.K*,a,,D,D,,D*, D",
and AU = AL, A.(2595), A,(2765), A, (2940), EX) =
E..Z,(2790) and Q) = Q. ©.(3090), which are spin-1/2
charm baryons. In this work we will extend the study to
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TABLE 1. Mass spectra, widths (in units of MeV) and quantum numbers of charmed baryons are summarized. Experimental values of
masses and widths and J? are taken from the Particle Data Group (PDG) [4,5]. Note that Siqq)» Lis Lk, and J; are the spin of the diquark
[gq], the orbital angular momentum between the light quarks, the orbital angular momentum of the Q — [g¢] system and the total angular
momentum of the light degree of freedom, respectively. See [14—16] for more details.

State JP n (Lg,Ly) Sf; d jI;f Mass Width Decay modes
Af L+ 1 (0,0) 0+ 0+ 2286.46 +0.14 Weak
A (2595)F s 1 (1,0) 0+ 1- 2592.25 +£0.28 26406 Ann Z.n
A (2625)F 3 1 (1,0) 0+ 1- 2628.11 £0.19 <0.97 Acnm, E.m
A (2765)F 2 ? ? ? ? 2766.6 +2.4 50 S, Acn
A (2860)" 3+ 1 (2,0) 0+ 2+ 2856.1723 6812 sz DOp. D*n
A (2880)F 5+ 1 (2,0) 0t 2+ 2881.63 +0.24 5.6108 sz, Az, DOp
A.(2940)* - 2 (1,0) 0t 1- 2939.6*3 2018 >z, Az, Dp
¥ (2455)"F 1+ 1 (0,0) I 1 2453.97 +£0.14 1.89701% Az
. (2455)* L+ 1 (0,0) 1t 1+ 2452.9+£0.4 <4.6 A
¥, (2455)° L+ 1 (0,0 1+ 1+ 2453.75 £0.14 1.83701 Aoz
.(2520)** 3t 1 (0.0) I I 2518.41707) 14781070 A
%.(2520)* 3+ 1 (0,0) 1 1+ 25175423 <17 A
%.(2520)° 3+ 1 (0,0) Iy 1* 2518.48 +0.20 153704 Am
Z(2800)"" 4 ? ? ? ? 2801%¢ 754 Aert, £ 7, Arn
Z(2800)" 14 ? ? ? ? 2792%5° 6215 At 57, A n
Z.(2800)° Y ? ? ? ? 28063 7213 A 20w Aoan
Chy L+ 1 (0,0) 0t 0+ 2467.87 +0.30 Weak
B M 1 (0,0) 0* 0* 2470.87195¢ Weak
Bt 1+ 1 (0,0) 1t 1" 25774 +12 By

c 2 > C
= 1+ 1 (0,0) 1t 1" 2578.8£0.5 By

c 2 C
E.(2645)* 3+ 1 (0,0) 1t 1+ 2645.53 £ 0.31 2.144+0.19 E.m
E.(2645)° 3+ 1 (0,0) 1+ 1+ 2646.32 + 0.31 2.354+0.22 E.m
E.(2790)* s 1 (1,0) 0t 1- 2792.0 £0.5 89+1.0 Ein
E.(2790)° 1- 1 (1,0) 0t 1- 2792.8 £ 1.2 100 £ 1.1 Ein
E.(2815)* 3= 1 (1,0) 0t 1- 2816.67 + 0.31 2.434+0.26 Bim, Eonn, Bn

C 2 C C C
E.(2815)° - 1 (1,0) 0t 1- 2820.22 +0.32 2.54+0.25 Bin B.an En
E.(2930)° ?” ? ? ? ? 2931 +6 36+ 13 AK
E.(2970)* 2 ? ? ? ? 2969.4 + 0.8 20.9434 5K A Kn E.nn
E.(2970)° ?” ? ? ? ? 2967.8 +0.8 28.1134 2K A Kn E.nn
E.(3055)* 2 ? ? ? ? 3055.9 +0.4 78 +1.9 > K. A Kn,DA
E.(3080)* 2 ? ? ? ? 3077.2+0.4 36+ 1.1 =K, A Kn,DA
E.(3080)° 7 ? ? ? ? 3079.9 £ 1.4 56422 %K, A Kn,DA
E.(3123)* ?” ? ? ? ? 31229+ 1.3 4+4 S:K, A Kn
Q 5 , . . wea

0 L+ 1 (0,0) 1+ 1" 2695.2+ 1.7 k
Q.(2770)° 3+ 1 (0,0) 1" 1" 2765.9 +2.0 Q.y
Q.(3000)° ?” ? ? ? ? 3000.4 + 0.4 45+0.7 E.K
Q.(3050)° ?” ? ? ? ? 3050.2 +0.33 <12 E.K
Q.(3065)° ?” ? ? ? ? 3065.6 + 0.4 35404 E.K
Q.(3090)° 7 ? ? ? ? 3090.2 +0.7 87+13 =20K

—c
Q.(3120)° ?” ? ? ? ? 3119.1 + 1.0 <2.6 =0k
—c

034025-2



COLOR-ALLOWED BOTTOM BARYON TO s-WAVE AND ... PHYS. REV. D 100, 034025 (2019)

TABLE II. Configurations of s-wave and p-wave singly charmed baryons are shown. The angular momenta are defined as §qq,

S laq] = L Tt S e J = S lgq] T L x and i=J |+ S - Which are the angular momenta of the light quark pair (without the relative orbital
angular momentum), the whole diquark system, the light-degree of freedom, and the whole baryon, respectively. The quantum number
assignments of these states are from Table I and [16], while those with () are taken from [6]. States with L = 0 and 1 correspond to s-
wave and p-wave states, respectively.

n Ly Ly flavor Syq St JP JE B,

1 0 0 3 0 0+ 0+ L+ AF, B0

2 0 0 3 0 0t 0t 1+ A (2765)7 (1)

1 0 0 6; 1 1+ 1+ 1+ T, (2455) 0, 20 Q0

2 0 0 6¢ 1 I+ It 1+ =(2970)70(1), ©.(3090)°(%)

1 0 0 6¢ 1 1+ 1+ 3+ ¥, (2520)F 0, 2,(2645)70, ©.(2770)°

2 0 0 6¢ 1 I+ 1+ 3+ Q. (3120)°(+)

1 1 0 3 0 0t 1- 1- A.(2595)F, E,(2790)70

2 1 0 3 0 0t 1- 1- A(2940)* ()

1 1 0 3 0 0* 1- 3- A.(2625)F, 2.(2815)*0

2 1 0 3 0 0t 1- 3 A.(2940)+

1 1 0 6¢ 1 I 2- 3- 2.(2800) T H0(4), EL(2930)70(1), ©.(3050)°(+)
1 1 0 6; 1 1+ 2- 3= Q.(3066)°()

s-wave and p-wave charmed baryons up to spin-3/2 states, In Table II configurations of s-wave and p-wave

these include A" = Ac A (2595),A.(2625),A.(2765),  charmed baryons are shown. We consider the color allowed

A,(2940)(spin-1/2),  A,(2940)(spin-3/2) EE**) = nonleptonic two body weak decays, where the light quarks
e 2790). B (2815 ’ dgcﬁ*’**)— 0.0 27’7 0).Q. (305 OC’ are spectating in the processes. These transitions are
E( ). Ee( ) and Q¢ =0, Q( )L ( ): straightforward and easier to study. There are six types

Q,(3090),€2,(3120). of B, — B, transitions to be studied in this work, namely,

TABLEIII.  Various bottom baryon to s-wave and p-wave charmed baryon transitions are shown. There are six transition types. Types
(i)-(iii) involve s-wave states, the corresponding transitions are (i) B, (3¢, 1/2%) — B. (3¢, 1/2%), (i) B, (6¢, 1/2+) — B, (64, 1/2%) and
(iil) By (6¢,1/27) — B,.(64,3/27) transitions. Types (iv)—(vi) involve p-wave baryons in the final states, the corresponding transitions
are (iv) B, (6¢,1/2) = B.(6¢.3/27), (v) B,(3¢.1/2%) = B.(3¢,1/27) and (vi) B,(3¢.1/2%) = B.(3;,3/27) transitions. Note that
types (i), (v) and (vi) transitions involve scalar diquarks, while type (ii), (iii) and (iv) transitions involve axial-vector diquarks. These
diquarks are spectating in the transitions. See Tables II for the quantum number assignments for charmed baryons. Note that the asterisks
denote the transitions where the final state charmed baryons are radial excited. The two possibilities of quantum numbers for A.(2940),
namely, a B.(3;,1/27) state [6] or a B,(3;,3/27) state [1], will be considered in this work.

Type (n, LK,S[ o PP, = (0, L) ,S{;q],J;P,J’P)C B, = B,

@ (1,0,0%,07,5) - (1,0,0%,0%.5) A = AF, B Lm0
(" (1,0,0*,0",1%) - (2,0,0*,0*,1%) AY = A (2765)* (%)

(ii) (1,0, 1+, 17, 45) > (1,0, 1%, 17, 1 +) Q, -

(ii)* (1,0, 1+, 1+,45) - (2,0, 1%, 17, 1 +) Q; — Q.(3090)°(+)

(iii) (1,0, 1+, 1%, 1F) > (1,0, 1, 1%,3%) Q; — Q.(2770)°

(iii) * (1,0,1%,17,47) = (2,0, 17, 1%,31) Q; — Q.(3120)°(1)

(iv) (1,0, 1%+, 1%, 1 )= (1,1,1+,27,%) Q; = Q.(3050)°(%)

V) (1,0,0%,0, ‘ ) = (1,1,07,17,57) A0 = A(2595)+, ) - 2,(2790)*(©
W* (1,0,07,07,47) = (2,1,07,17,17) A) = A.(2940)" (1)

(vi) (1,0,0%,0%, 1+) - (1,1,0",17,37) AY = A.(2625)F, 207 = (2815)*(©)
(vi)” (1,0,07,0%,17) - (2.1,07,17,3) A) = A.(2940)*
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(i) By(3¢,1/2%) to B.(3¢,1/2%), (i) B,(6¢,1/27) to
B.(6¢,1/27), (i) B,(6¢,1/2%7) to B.(6¢,3/27),
(iv) B,(6¢,1/2%) to B.(6;.3/27), (v) By(3.1/2") to
B.(3¢.1/27), and (vi) B, (3;.1/2%) to B,(3¢,3/27) tran-
sitions. They are summarized in Table III, where more
information of the decaying particles and the final states are
given. Types (i) to (iii) involve spin 1/2 and 3/2 s-wave
charmed baryons, while types (iv) to (vi) involve spin 1/2
and 3/2 p-wave charmed baryons. Since there are two
possible quantum number assignments for A.(2940),
namely a radial excited p-wave spin-1/2 or a spin-3/2
state, it will be useful to consider both possibilities and
compare the predictions on rates and so on. The transition
form factors are calculated in the light-front quark model
approach. For some other studies one is referred to [20-36].
We will compare our results to those obtained in other works.
The analysis and the scope of this work is improved and
enlarged compared to a previous study [16] in several
aspects. All of the form factors in the 1/2 — 1/2 and
1/2 - 3/2 transitions are extracted, while 1/2 — 3/2
transitions were not considered and only 2/3 of the 1/2 —
1/2 form factors were extracted in [16]. It is useful to note
that in the heavy quark (HQ) limit, the 5, — B, transition
matrix elements with s-wave and p-wave B, baryon form
factors have simple behavior [22,37—41]. Form factors are
usually related in the heavy quark limit. We will compare
the form factors obtained in this work with the relations in
HQ limit. Although some deviations are expected as we are
using heavy but finite m,;, and m_, it is still interesting to see
how well the form factors exhibiting the patterns required

by heavy quark symmetry (HQS).
The layout of this paper is as following. In Sec. II we
shall work out the formulas of form factors for various
|

(B.(P',J2)|ey,b|By(P.J)) = u(P', J7) {flv(qz)m +i

(B.(P', J%)

er,75b|By(P.1.)) = (P 1) [g{*(q% i

lqq]

FIG. 1. Feynman diagram for a typical BB, — B, transition,
where the scalar or axial-vector diquark [gg] is denoted by a
dashed line and the vertex corresponding to the ¢y#(1 —ys)b
current is denoted by X. The orbital angular momentum of the
O — [gq] system can be s-wave or p-wave.

bottom baryon to s-wave and p-wave charmed baryon
transitions in the light-front quark model approach. In
Sec. III the numerical results of B, — B, transition form
factors, decay rates and up-down asymmetries of 5, —
B.M decays will be presented. In Sec. IV we give our
conclusions. Appendixes A and B are prepared to give
some details of the light-front quark model and the
derivations of the vertex functions, while some formulas
involving kinematics are collected in Appendix C.

II. OBTAINING FORM FACTORS IN THE
LIGHT-FRONT APPROACH
A. B,(1/2) — B,(1/2) and B,(1/2) - B,(3/2)
weak transitions

The Feynman diagram for a typical B, — B, transition,
is shown in Fig. 1. For the B,(1/2") - B.(1/2") tran-
sition, the matrix elements of ¢y, b and ¢y, ysb currents can
be parametrized as

f3(@)
M+M
7 (q%)

M— M

f1(4%)
M+M

2
N T SR

q° + q,,] u(P,J,),

q" +

with ¢ = P — P'. We find that it is more convenient to use g,3/(M — M’) instead of g,3/(M + M') in the above matrix
element. Note that these parametrization are different from those used in [16]. Similarly, for the B,(1/2%) — B.(1/27)

transition, we have

(B.(P', J2)[er,b|By(P, J)) = u(P', J7) [glv(qz)m +i

(Be(P', J2)[er,rsb|By(P, J2))

QP 1) [fi‘(qz)y,, i

9 (4°)
M—m

A 2
5@ }u(fﬁm. @)

V.2
95 (q”) y
a4t
- f3(4%)
M+ M

]}’SM(Psz)v

v
q+M+M/ﬂ

For the B,(1/2%) — B.(3/2") transition, the V¥ and A# matrix elements can be parametrized as
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V(2 V(2 V(.2
(BAP L), bBu(P. 1)) = (P 1) 7Y 4 P Py L by ) o a0,
(BP0 errsbBo (o 12) = (P P+ B g+ By B g [y

while for the B,(1/2%) — B.(3/27) transition, we have

M MM U M?

Al o 4 FA( 2
f2]$1 ) p ¥ +fM(M)P P, +fﬁ(; )PUP,,} ysu(P.J;). (4)

=V(,.2 -V =V(,.2
(Bo(P'. 1))|2,b|By(P. 1)) = & (P'. J") [g¥ (@) + 2D p o, Ty Gil >pyp,,} u(P.J),

(Bo(P', J2)|ey,ysb|By(P.J.)) = u(P'.J7) [f/f(qz)ﬁw +

Using the light-front quark model, the general expression for a B,(1/2) — B.(1/2) [B,(1/2) = B.(3/2)] transition
matrix element is given by

T v AR D, () kL))
(BP0l =B (P} = [ dl?(;”mwp AT Eary T ey
1 1° myMo)\pPy - m

aW (P J)k (W)L J’(I/1 +m)y (1 —ys)(#1 + m1>rLKS U u(P.J,), (5)

where the diquark is spectating in the transition and the kinematics of the constituents are

2 2
pl(/>+ _ ng)P(/)Jr, pfﬂ _ xg')f’(i) + ,;'52 1 x§/> _ Z,‘C’I(z -0,
(P =p))" =q". (Pr=PY). =41,  pa=rhp =m,

In Eq. (5) I'* denotes y,["™y, with the vertex functions F(L”K)S[q,,] J, given by:

Cs00(p1. p2) = 1,
M0+m1 +m2 -
I P2, A , e )P,
11(171 P2 2) \/—(ﬁF(Pz A) = P. p2+m2M0 F(Pz 2) )
2 2
Vs my —my
Co(prp) =5 — oy — ’
po1(P1sP2) 2\@(1/1 2 M, )
1
FZm(PlaPz) = _E(pl - p2)s
P .
(1 pando) = <€LF<p2v/12) mgw([’z,ﬂz)'P)
1 * € (p27/12) m2_m2
r Ly P Ay) = — X (py, An) + - M_L— _ M 2
12(P1, D2 A2) 2m75[< Lr(P2:22) + (P1 = P2) P py+ Mym, ) A0l ) M,
& p(pa, 4
1= o (sl ) - 22220 B | )
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for baryon states with a S, =0 or S, =1 diquark. Note that the vertex functions [y, [y and T
are taken from [16], while I'*s are new and the derivations can be found in Appendixes A and B. For the wave function,
we have

dky,
= . 8
¢nLK d.X'2 ¢nLK ( )
We shall use a Gaussian-like wave function in this work: [16,42,43]
i k2 + k3
Pn=1.Ly= s(k ﬁ)_4< 2) exXp <— z2ﬂ2 )
- 2 -
(pn=1.LK=p(k7 ﬂ) ﬂz Pn= l(k ﬁ)
- 3/ 2k -
T =4/=[1 === _
¢n72,LK7A (kvﬂ) \/;( 3ﬂ2> (/7n,1(k7ﬁ)9
- 5 2k -
¢n:2.LK=p(k7ﬂ) = \/%(1 - 5?) §0n=1,LK=p(k’ﬁ)' (9)

One is referred to Appendix A for more details.
We shall extend the formulas in [16,44,45] to project out all the form factors from the
B,(1/27) - B.(1/2*) and Bb(1/2+) — B.(3/2%) transition matrix elements shown in Eq. (5). As in [16 42,44.45],

-

we consider the g™ =0, g, # 0 case. By applying the following identities to Eq. (1) for V*, A*, g, - V q. - A ny - V and
nl A

u(P,J,)y u(P,J.) Ju(P,J,)o"a u(PJ.)

— , - 3 ,
2 o R
u(P’Jz)}/erSu(P,’J;) — (63) , iit(P"]z)aﬂaJ_uySu(P/’Jg) _ (651_) , (10)
21/P+P/+ J I 2 /P+P/+ JJ

with a; = (0,0,d,), where @, is an arbitrary 2 — d vector, and the following identities to Eq. (5),

S P3P 1) = e (P Mol (P4 ).

A
;”(R J.)(G- 5L53)J.J;”_‘(p/’-’/z) = ﬁ(i) +My)ota, (P + M),
JZJ,” (P.J)(0%), pu(P'J.) = ZW(P+M0)}’+}’5(P’+M6),
> u(P,J.) G- dy), (P JL) = 2W(1”+Mo)0“au75(l_"'+M6% (11)

JJ,

we obtain
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) = /dp*dzpu ny (X3 AK D, {x} {kL})
2(22)° 16P* P/ pT (1) BT mi M) (py - P+ miMy)
X Tr[(P + Moyt (P + M)T 5,0 (P + m)y ™ (B + m)Tps, ),
i Cala _ i/dp;deu ,,L/ (X1 AR D, ({3} {kL})
M+ M 227)" 16PT PN/ pT (py - P i M) (py - P+ my M)
x Tr[(P + Mo)oq ., (P + MO)T s, (P +m)r T (B +m)T s, )
dp; d? wr X AR D, () {kL})
i) =il = / l;@”fu 8‘12\/P+Pl+\/1?/1+Pfr (P - P'+m\ My)(py - P+ m M)
X Tr[(P + Moyt (P + M)T s, (P +m)d (P +m)Trs )
—i /dp;dzpu o (HAK D, () {kL})
M-M ] 20) 8VPTPT/ppi(py- B+ miMy)(py - P+ miMo)
x Tr[(P + M0)6+Unlu(lb/ + M )FL’ s (7, +m)i (P + ml)FLKS[qq]Jl]’
AP) = /dpjdzpﬁ 'L/ ({x'}, {k Db {xt{kL})
2(2m)? 16P+P/+\/P/1+Pfr (P - P'+m\ My)(py - P+ m M)
X Tr[(P + Mo)y*rs(P' + MO)FL’ P Am)rtys(p+m)s, 0l
ACala _ _l/dp+d2p2¢ ’L’ ({xl} {K' D, ({x {ki})
M =M 2(27)° 16P P/ p{ (p) - P+ miMg) (py - P+ my Mo)
X Tr[(P + Mo)o™qu,rs(P' + My)Ty s, 0 (P + m)y rs(py + m)Tp,s,, ),
dp} d® v ({2} {k Do, {xh{ki})
g+ i) = _/ };2(2ﬂ§73u 8¢>VPT P/ pl(p} - P+ miMy)(py - P+ m M)
X Tr[(P + Mo)rtrs(P + Mo)Tpys,,0 (P +m)drs(#h +m)Crs,, )
—i /dp2 d*ps, A AK D@, ({5} {kL})
M+M' ] 2@2x) 8VPTPE/pipi (P P+ miMg) (py - P+ miM,)
X Tr[(P + Mo)o™ny,ys(P' + Mo)Crr s,/ (P + m)iys(#y +m)Cis,0) (12)

Y@ - fy(q*) =

9(¢*) + 9 (q*) =

with ¢, =(0,0,4G,), n, =(0,0,7,), n2 =—1and 71, - g, = 0. In Ref. [16,44,45] only f,, and g, , can be extracted.
Now we can extract all form factors. Note that the above equations are over constraining in determining f; and g;. There are
consistency relations needed to be satisfied. The equations involving f, f, and f; — f, need to be consistent and likewise
for those involving ¢;, ¢, and g; + g.

Similarly, for B,(1/2%) — B.(1/27) transition, we have

) _/dp;cﬂpu wr X AR i (£33, {kL})
N T2y 6P P () P M) (pr - Pt i)
X Te[(P + Mo)y* (P + M)T s, 0 (P +m)y T rs(#y +m)Tp,s,, ),
3% q? _ l./dp;dzpu nL' ({X'}AK D, {x} {ki})
M+ M 2(27)* 16P* P \/ P i (P P+ m M) (py - P+ m M)
X Tr[(}_b+M0)0+quu(}N+M )FL’ J’(ﬂll +m))ytys(# +ml)FLKS[,,q]J,]’
e [dpide, 1 (01 6 Dy (), (6, )
f3(q°) = filg) _/ 2(2n)? 8q2\/P+P’+\/p’]+pfr 1P +m\M))(p; - P+ miMg)
X Te[(P + Mo)yt (P + M)y s, 0 (P + my)dirs(#r +mi)Cis, 0
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—i Sd*py, ,L,(x’ K i ({x} {ki})
) = P4 = iy [T b (Do o)

M=M'] 202x) 8VPTPT/ P pi(ph - P+ miMy)(py - P+ miMy)
x Tr[(P +M0)0+Dnu(lb/ + Mo)Trys,, (P +m)hys(Pr +m)Cis,, )
' (¢) _/dp2 d*py, ’L’ ({x'} {k D ({xt{kL})
2(27)* 16P* P/ P\ pi (P P+ m\ M) (py - P+ mMy)
X Te[(P + Mo)ytys(P' + M)Crr s, o (P +m)rt (B +m)Tps, )
(@) _ _l/derdzpu WL ({x’} {K' Déprr, ({x} {ki})
M-M 2(22)° 16P P/ piTpi (pl - P+ miMy)(py - P+ m M)
X Tr[(P + Moo q,rs(P' +M0)Fy s (P M)y (B m)Cs, )]s
) i - [ 218 2 (h K, (i £6L)
2(2z)° 8q2\/P+P’+\/p”r T(py - P 4+ m\Mp)(py - P+ mM,)
X Te[(P + Mo)yr T ys(P' + Mo)Cys, 0 (P +m)diys(py +m)ps, o),
—i /dpz*a'zpZL WL ({x/} {K D, ({x}. {ki})
M+M ) 202 8/PTPF/pipl (P} P+ miMy)(py - P+ mM)
X Tt[(P + Mo)o™ny,ys(P' + M)y s, 0 (P + m)L (P +m)Trs,, 0] (13)

9y (¢*) + 95 (¢*) =

with q, = (0’0’§L>’ n|, = (0,0,ﬁl), I’li = —1 and ﬁl'al_ =0.
The following identities are useful in extracting 1/2 — 3/2 transition form factors,

5 _\/M' a(P, S )ytut(P,S,)
8.8, — 2 pl+ 2/ Pt P+ ’

e A (P ) auut (PS)
(6 g )S’.S - I+ l s
S \Vap N
(%) o = 3M u(P,S.)y ysut (P, S.)
STV 2PE T P
~ 3My a(P,S.)o" " ay,ysut (P, SL)

(O @5 =\ 2V/PTPT ’ (14)
and'
— \/§M/ _ i
u(P, S (P S = —— Y20 (B MYty PP,
57,521/2 (7 5:)te ) 5e% 4 ) 2\/§p/+\/ﬁiﬁ1(}o 07 7s (P)
p 3 (B V3Mi B} i
s 521/214(13’ S)(or-du)s.s #(P.S2) = W;w—pur(lb + My)ota,,ysPH(P),
_ B \/gM, . )
(P, S )65 (P 81) =~V (P M) PP,
SZ,S;Z:H/z U N TN 2
P.S.)(G, -d u( V3Myi _ )
1 it — , By |
w'(P.S;) (G, - d 0%)sq i (P'.S;) - (P + My)otva,, PHE) (15)

SZ~S;X=;:1/2 o A V6) VI 0

with (see, e.g., [46])

'Note that since we have ut(P',+3/2) = u(P', +1/2)e} (1) = 0, see Eq. (B3), we can easily promote the sum in S, =
-1/2,+1/2 to J, = =3/2,-1/2,1/2,3/2 and, consequently, the convenient full polarization sum formula, Eq. (16) can be used.
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3/2
PulP)= 3, w, (P 1)a,(PJ) = @ﬁ+M@(G wn—éGW<>GMwaw), (16)
J==3/2

where G, (P') is defined as

) PP,

G (P') Egﬂu—M—g- (17)

We apply Eq. (14) to Eq. (3) for V+,A*, G, -V, G, - A, 7, - V,and 7i, - A, and apply Eq. (15) to Eq. (5), and obtain, for the
B,(1/2%) - B.(3/2") transition,

FYg) = /azxzaﬂk2l 3M), v (X AK L Dz, (fxy {kL})
2(27)° P 8P+Pl+\/ [(my + x,Mo)* + ki J[(m + x,M{)* + k7]
X Tr[(P + Mo)y T ysP*Typys,,r (P +m)r (B +m)Tr,s,0]s
FY() = —i /dxzdzk2l 3M,, v (X AK L D1, (. {kL})
2(2z)° P 8P+P/+\/ [(my + x,Mo)* + ki J[(m) + x,M{)* + k7]
X Tr[(P + Mo)o™q1,rsP Ty s, 0 (P +m)rt (B + m)lis,, ),
FYg) = /dxzdzku 3M), v A AR D@, () kL))
2022 P aVPEPE/[(my + i Mo)* + K L[ + 1 M) + K2 ]
x Tr[(P + Mo)y* J/S,PﬂlFuL Sy, (2L +m)d L (P +m)Cs )
FY(g) = _i/a’xzd k. 3M), o (X AKL D1, () {k D)
2(2z)* P 4\/P+Pl+\/ [(my 4 x1Mo)* + ki |[(m] + x;M{)* + kP, ]
X Tr[(P +Mo)o™q1,rsP s s, n (P +m)fL (P +m)Ces, 0],
A(g?) = /dxzdzku 3M), WL ({x’} {K Do, ({x} {ki})
2(2z)* P 8PP \/[(my + x\Mo)* + k3, ][(m) + x;M{)? + kP ]
x Tr[(P + Mo)y PHT s, 0 (P +m)rtys(# + mi)Cis, ).
ik, M) 5 () R D, (b D)
26 = l/ 2(27)* P 8PP/ [(my + x\Mo)? + I3 J[(m] + x,M})2 + K72]
x Tr[(P + MO)UHC]MPWF ! (# +m))rtys(p + ml)rLKS J,]
() = /dxzcﬂk2l 3M), o ({x’} {K D, ({x} {ki})
222)* P a/PTPF/[(my + x,Mo)? + K [(m) + x,Mp)? + k7]
x Tr[(P + Mo)}’ﬂﬁ”fﬂu,(sm]ﬁ (P +m)dirs(pr +m)es, 0

g5

A(g?) = l_/dxzdlkZL 3M), wr (AR Db, (5 kL))
ST 220y P 8PP/l + 1Mo+ R[] + M) + KR
X Tr[(P + Mo)o™ny, P s 5,0 (P +m)hiys(Pr +m)Cs, 0] (18)

with ¢, =(0,0,g,), n, =(0,0,1,), ni:—l, n,-g, =0and
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MY () T |
-M MM M
1

o
FY) = P ) SR ) o —ane -y (L) il )}
f1(¢*)

M

Fi) =0 F@)+ (rep - ) B

gq‘(qz)zM/+M{g¢(q2)+<M—M'— 7 >9§‘(q )+1<M2 M,z_q22M’+M> <§§(q2)+§ﬁ(q2))},

M+M)) M 2 M+M )\ MM M?

) = ) -Sd(a) or—avr—ame ) (B0 ) |

Lt F - (e D 0

Fi(a*) E2{(2M—3M’)_‘{(q2)+(q2—(M—2M/)(M+M/)) +[(M—M’)Z(M+M’)—qz(M—2M’)]}¥(q2)},

MM

M 2 MM M?
2 V(.2 7 2
g3 (q%) EM{ M +3M") Y (¢*)+ (> - (M+2M’)(M—M'))%+ [-(M+M")*(M-M') +q2(M+2M’)]%}.
_ '\ 7 2
) =0+ [+ (~or -+ 2 p 20 ) B, (19)

Similarly, for B, (1/2") - B.(3/27) transition, we have

ol M) 50y (1 LK, (b L)
Fil) :/ 2(27)° P8Pt /[(my + x\Mo)? + K2 [(m) + x M) + K]
1 (my +x i
x Tr[(P + Mo)r* rsP*T s, (151 +m)yys(# +m)les,, -
PN = l/dxzd ky . 3M), v, (X H AR D, (b kL))
2(2z)° P 8P+P/+\/ [(my + x,Mo)* + ki J[(m) + x, Mp)* + k7]
X Tr[(P + Moot g, ysPH /4L S (PL MmO ys(Pr+m)Us, s
FA) = /dxzd ky, 3M), v, (X H AR D, (b {k L)
2(2z)° P 4\/P+P/+\/ [(my +x1Mo)* + k7 ][(m) + %, Mg)* + K7
X Tr[(P + Mo)y* 7573+”FuL Syl (P1 M) rs(Pr +m)Cs, )
P = _i/dxzd k. 3M), v (X AK L D1z, () £k })
2(2z)* Pt 4\/P+Pl+\/ [(my 4 x1Mo)* + k1 |[(m] + x;M{y)* + k]
X Tt[(P + Mo)o™q,rsP* FﬂL St (P M)k Lys(Pr+m)Trs, ol
v dx,d*ky, 3M), ({X’} {K D, ({x} {ki})
He) :/ 2(2z)* P 8P+P’+\/ [(my 4+ x,Mo)?> + k3 J[(m] + x M})* + k7]
X Te[(P + Mo)y PP T s, (P +my )y (B + m)Cs, 0]
6 (q?) = i/dxdeku 3M), v (AR Db, ({5 kL))
2(27)* P 8PP /[(my + x, Mo )2 + K| [(m) + xi M))? + k7]
x Tr[(P + M) q P s, (P +m)r (1 +m)Cps, ]

034025-10
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G () = / dx>d%ky, 3M), o X H AR D, () {kL})
2(2x)* P avPYPT/[(my + x Mo)? + K3 [(m, + x My)? + k7]
X Tr[(P + Mo)y " P Cupys, (P +m)d L (py +mi)Crs, ),
Gl ) = i / dx,d*ky, 3M), wr (AR D@1, ({5 {kL )
2(27)* P8Pt P/[(my + x1Mo)? + &2 ][(m] + x, M) + k2]
X Te[(P + Mo)o™ny, P s, 0 (P + m)iL (P + m)Tps,, ), (20)

PHYS. REV. D 100, 034025 (2019)

with ¢, =(0,0,4,),n, =(0,0,7,),n% = —landi, - g, = 0. The expressions of % and G! in terms of f% and g} are
similar to those of ) and G in Eq. (19), by with V and A exchanged.
One can solve for f; and §; once F; and G, are known. It should be noted that there are relations in the g> — 0 limit:

)
im {744 )~ 0+ 20072 + -0y (T o,
q—)
gA.V(qZ)
i 01" () + 01-230)68" () + 07 -0 2L o 21)
q —>

These are the consistency relations in the 1/2 — 3/2
case. In fact, they ensure the resulting form factors f;
and ; to be finite in the ¢* — 0 limit, i.e., lim »_oq*f,;(¢*) =
liqu_ﬂ)ngi(qz)zo.z Furthermore, we will expect

) d -
lim f;(¢%) = lim — [¢*f:(¢%)],

¢*—0 ] dq2

D) cd oy,

limg,(¢°) = lim —— [¢°;(¢*)], (23)
¢*=0 #-0dq

to hold.
Most of the traces in Egs. (12), (13), (18), and (20) are
rather complicated to work out. We find that it is convenient

*To see this we denote equations of F; in Eq. (19) as

Fi fi
) _
Falq A sz ’ (22)
Fi3/q* f3
Fa fa

where A is a 4 x4 matrix with elements correspond to the
coefficients of f; in Eq. (19). It is well known that f; can be
obtained by acting the inverse matrix A~! = adj(A)/|A| on
(F1. F2/q% F3/q* F4)T, where adj(A) is the adjugate matrix
of A. For ¢* approaches 0 the determinant of A, |A| = O(g?),
approaches 0, which seems to lead to diverging f;(0) as the
denominator of [adj(A) - (F\,F»/q* F3/q* F4)']/|A| is ap-
proaching 0O, but it can be shown that the numerator,
adj(A) - (Fi.F2/q* F3/q* Fi)', is proportional to the Lh.s.
of first equation in Eq. (21) for small ¢> and also approaches 0.
Hence, with the help of the first equation in Eq. (21) the limit of
fi(g*) for ¢* approaching 0 can be obtained by using the
L’Hopital’s rule and we find that finite f;(0) can be obtained
in this way. Similar argument holds for the G;, g; case.

|

to work in the P L= 0 frame and all of the traces can be
obtained with the help of the FEYNCALC program [47,48].
The final expressions of the form factors can be obtained
using the kinematics of light-front quantities collected in
Appendix A. We found that all of the P* and P'* factors in
these equations cancel out in the final expressions as they
should.

B. Form factors for B, (3;.1/2%) — B,(3;.1/2%)
transition [type (i)]

The B,(3¢,1/2%) = B.(3;,1/2F) transitions involve
initial states in (n,LK,Sf;q],Jf,JP)b =(1,0,0",0%,4")
configuration and final states in (n’, L, Sf; q],J;P P =
(n/,0,07,0",3%) configurations (with n’ = 1, 2). This type
of transition consists of A) — A, Eg(_) -2 and
A) — A.(2765)" transitions. In these transitions the spec-
tating diquarks are scalar diquarks [ud], [us] and [ds]. To
obtain form factors f! and ¢!, we use Eq. (12) with
Uy = Cso0(p1. P2), Ursnr = Fs00(P}. p2), which
are given in Eq. (7), and n' = 1, 2.

C. Form factors for B;(6;,1/2%) — B,(6;,1/2%)
transition [type (ii)]
The B, (6¢,1/2%) — B.(64,1/2") transitions involve
initial states in (n,LK,Sf;q],Jf,JP),, =(1,0,17,1%,47)

configuration and final states in (n’, LY, S{;q],J’P,J’P)C =

(n/,0,17, 17, %J’) configurations (with n’ = 1, 2). This type
of transition consists of Q; — Q2 and Q; — Q.(3090)°
transitions. In these transitions the spectating diquarks are
axial-vector diquarks [ss]. To obtain form factors f} and

gf, we use Eq. (12) with Ty g 5 =Ti(p1.paha),
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L1 5,0 = a1 (PY, P2, 42), which are given in Eq. (7), and
n’ = 1, 2. Note that one needs to sum over the axial-vector
diquark polarization (4,).

D. Form factors for B,(6;,1/2%) — B.(6¢,3/2%)
transition [type (iii)]
The B,(64,1/2%) — B.(6¢,3/2") transitions involve
initial states in (n,LK,S{;q],Jf,JP)b = (1,0,17,17,1%)
,J;P’J/P) —

=

configuration and final states in (n', L, Sf; d

(n',0,17, 1*,%*) configurations (with »n’ =1, 2). This
type of transition consists of Q; — Q.(2770)° and
Q; — Q.(3119)° transitions. In these transitions the spec-
tating diquarks are axial-vector diquarks [ss]. To obtain
form factors £} and g, we use Eq. (18) with Ut =

Cai(pi.pan ), T, ¢

K [fM]J?

given in Eq. (7), and n’ = 1, 2. Note that one needs to
sum over the axial-vector diquark polarization (4,).

:F?U(P/]’Pz,/lz), which are

E. Form factors for 1B, (6;,1/2%) — B,(6¢,3/27)
transition [type (iv)]

The B,(6¢,1/2"7) — B.(6¢,3/27) transitions involve
initial states in (n,LK,Sf;q],Jf,JP)b = (1,0,17,1%,1%)
configuration and final states in (', L, Sf; q],J;P P, =
(1,1,17,17,3) configurations. This type of transition
consists of Qj — Q.(3050)° transition. We follow
Ref. [6] to consider ,.(3050)° as a p-wave state. In these
transitions the spectating diquarks are axial-vector diquarks
[ss]. To obtain form factors f% and g)', we use Eq. (20) with
=Ta1(p1s P2 ), Fﬁks[qq]ﬂ = F’;u(P/ppz,ﬂz),
which are given in Eq. (7), and n’ = 1. Note that one

needs to sum over the axial-vector diquark polariza-
tion (4,).

FLK Sigq /1

F. Form factors for B,(3;,1/2%) — B,(3;,1/27)
transition [type (v)]

The B,(3¢,1/2%) = B.(3;,1/27) transitions involve
initial states in (n,LK,Sf;q],Jf,JP)b =(1,0,0",0%,1")
configuration and final states in (n’, L, Sf; q],JQP ). =
(n',1,07,17, %‘) configurations (with n’ = 1, 2). This type
of transition consists of A) — A.(2595), Eg(_) -
E.(2790)*® and A) — A.(2940)" transitions. In these

transitions the spectating diquarks are scalar diquarks [ud],

[us] and [ds]. To obtain form factors f% and g!, we use
Eq. (13) with Ty 5,=Two(P1.p2), Tus,,n=

I',10(p}.p2), which are given in Eq. (7), and n’ = 1, 2.

G. Form factors for B,(3;,1/2*) — B,(3;,3/27)
transition [type (vi)]

The B,(3¢,1/2%) — B.(3;,3/27) transitions involve
initial states in (n,LK,Sf;q],Jf,JP)b =(1,0,0%,0",1%)
configuration and final states in (n’, L, S[};q],J/P,J’P)C =
(n/,1,0%, 1‘,%‘) configurations with n’ = 1, 2. This type
of transition consists of A) — A.(2625)*, A.(2940)" and
20C) 5 2,(2815)*0 transitions. We follow LHCb and
PDG [1,4] to take A.(2940) as a spin-3/2 particle. To
obtain form factors f’l“ and g, we use Eq. (20) with
Ve C00(P1s P2)s F;Z’KS[(M]J; = 1:501(P'1»P2)7 which
are given in Eq. (7), and n’ =1, 2.

FLKS[{M

H. Heavy quark limit

It is useful to note that in the heavy quark (HQ) limit,
baryon form factors have simple behavior [37-39]. The
B, — B, transition matrix elements with s-wave and p-
wave B, can be expressed as [22,37—40]3

(Be(37.1/27) (W) 7yl By (35, 1/27)(v)) = L(@)a(v' )y (1 = ys5)u(v).

(B3 1200 Bl 1/24)0) = 2L s+ 01 = o)
(B3 3/27) ()1l By 1/29)(0)) = —(@)i, () 07#(1 =75 )u(v).
(B8 1724 () f 1By (6. 1/20)(0)) = =1 (8 = 1717°83) (1), = )7 (1 = 15) 1 = ().
(Bl 3127 (W)l Bl 1/27) (1)) = = 1780 = &), () (1~ 15) 1 + (o)
(B8 3/ 2 Il 6. 1/2°)(0) = =l + (0= (0 = i (7, = ) + 3y~ )
X 741 = 75) (7, — 1 Ju(0). (24)

*Note that in the B, (1/2+) — B.(3/2%) transition matrix elements, we apply overall minus signs to match our sign convention,
which follow from the sign convention of the Clebsch-Gordon coefficients, see Eq. (A6).
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which imply, in the type (i) 5, (3f, 1/2%) - B, (3f, 1/27) transition,

N3 =glBp) =L@).  f333¢) =g55(3) =0 (25)
in the type (i) B,(6,,1/2") — B.(6;,1/2") transition,

716 = 2=+ (1 -ope] + M e (1w,
716 =M e ) 6 = M e (-
76 =L@ @ + (14 ope] + S 1y
6) =M e sl ) =M (1w (26)
in the type (iii) B,(6,.1/2") — B.(6,.3/2") transition,
FH6) = ~(6) ==t F¥(6) = —(6) = +—=b0). Y6 = 7(6) =0,
6 =-—le+ (1 -0)aw)]  B6) = - (1 + o)) 27)

V3

in the type (iv) B,(6;,1/2") — B.(6,,3/27) transition,

V3

- 2 - 2
fi(6y) = —\/—3—0(1 +w)s(w).  f2(67) = VT [(1+ @)&s(w) + (1 = ?)&s (o)),

- 2 - 4
f5(65) = ~ 3% &5(@) =2(1 + @)és(@)],  f1(65) = 730 £5(w) = (1 + w)és(w)],
2 1
91 (6) = _\/755(1 —w)és(w), 95 (6) = 730 [(1 = 2@)é5(w) = 2(1 — @?)&6(w)],
2 4
95 (67) = /30 £5(w) +2(1 — )6 ()], 95 (65) = \/7576[55(60) + (1 = w)é6(w)]; (28)
in the type (v) By,(37,1/2%) - B,.(37,1/27) transition,
fA(3 ) —_ V(j ) — (w_M>Lw)
1\Yf 9 f M \/g ’
- - M+ M - - M-M
PG =133 = =N g = g = -, 9
and in the type (vi) By,(37,1/2%) - B.(37,3/2") transition,
1235) =3 3y) = o(w), [543 =93 3p) =0. (30)
For low lying B, states, the following normalizations are applied,
(=1 &)=L (31)
and it has been shown that in the large N limit, one has [41]
() = (1 +w)é(w) = (w). (32)
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TABLE IV. The input parameters m

41 Mg and f#’s appearing in the Gaussian-type wave function (9) (in units of GeV). The

superscript S and A denote scalar ané ax1al vector dlquarks respectively.

M) M) a5 miy mp me B(2) B(E,7)

0.65 0.86 1.10 4.44 1.42 0.750 0.850

B() BA) BIA(2595)] BIA.(2625)] BIA.(2765)] BIA(2940,57)] BIA(2940,37)]

0.900 0.345 0.350 0.450 0.345 0.350 0.450

BESD) BIEFY(2790)] BIES(2815)] B(Q) Bl (2770)] B2 (3050)] B€2(3090)]

0.370 0.365 0.550 0.300 0.370 0.420 0.300

pQ.(3120)]

0.370

These imply very simple and specify relations of form = = = = M-M 1

factors atl;gz cgnax (Ofa) =1), ]ijlamgiy f? (3f) ZQY(3f') = _9¥(3f) =93 (3 )= < M >%
Aa e MAMo(1)

B =B =1 1LG) =G =0 (3 EIABI=TTIA G7)

in the type (i) Bb(gf, 1/2%) - Bc(f’;f, 1/27%) transition;

1 1M*+M? 1(M+M)?
f‘1/(6f>_§+§Wv f¥(6f):§%»
1 M2 — M2
f¥(6f) :—gw,
1
g1 (65) = ~3 95 (65) = g5(6;) =0, (34)

in the type (i) B(6,,1/2") — B.(6,,1/2") transition;
and

7 (6) = 7(6,) = 274 (6,) = 27 (6)
= —2(6) = =,
#(6) = 71(6,) = 7(6) = 0. (39)

in the type (i) B,(6,.1/2%) — B.(6,,3/2") transition.
Furthermore, for other transitions at g> = g2,,, we have

—f1(6) = —f5(6;) = —47y (67) = 235 (6;)
4
=gy (6;) = \/—3—055(1),
FA(6;) = —%[«:ﬂ) —4g,(1)).
74(6,) = \%[55(1) ~2(]. 36, =0. (36)

in the type (iv) B, (6,,1/2%) — B.(6,,3/27) transition;

in the type (v) B,(3;.1/2") - B.(3;,1/27) transition;
and

3 =9y3y)=0(1). fi5,3y)

in the type (vi) B,(3;.1/2") — B.(3;,3/27) transition.

Although obtaining these Isgur-Wise functions is beyond
the scope of this work, the above relations on form factors
can still be useful. Indeed, we expect our form factors to
roughly exhibit the above patterns, since we have large but
finite my, .

= §K34(3f) =0, (38)

III. NUMERICAL RESULTS

In this section we will present the numerical results of
all the relevant B, — B, transition form factors. We will
give predictions on the decay rates and up-down asymme-
2" M- and Q, —
o M- decays using naive factorization.

tries of various A, — AF - B

A. B, — B, form factors

In Table IV we summarize the input parameters m,,),
m, and f. Note that the constituent quark and diquark
masses are close to but smaller than those in Ref. [49]. For

for A, and AL, mS

the diquark masses, we use m; m
us]

[ud)
and m[d ] for £, and E ._.E , and m[ 5] for Q, and Q( . The ps

for states only differ in their radial quantum numbers
should be identical. For example, the fis of A. and of
the radial excited state A.(2765) are identical, and the fs of
the low-lying 3/2~ state A.(2625) and of the radial excited
3/27 state A.(2765) are identical. These input parameters
are chosen to satisfy the consistency constraints [see
discussions after Eqs. (12) and (21)] and to reproduce
the Br(A, — A.P) data. In practice it is more convenient to
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TABLE V. The transition form factors for various B),(3¢, 1/2%) — B,(3;,1/2") transitions [types (i) and (i) *]. We employ a three

parameter form for these form factors, see Eq. (39).

B, - B, F F(0) F(qmax) a b F F(0) F(qhas) a b
Ap = A, Y 04745055 0764101l 1426 0994 gt 04681057 0743509 1.394  0.966
Y 01535097 —0.26270%6 1753 1.623 g 0.030109% 0.05370009  1.921  1.963
FU 006970 0130708 2068 2100 g} —0.070°9%  -0.11470%8 165 1587
=, - 0 FU043T 0TIl 1676 1504 gl 0420%00% 06937010 1635 142
fy o -0075%50% 02041505 1968 2233 g8 0.034%050 0057555 2067 2503
f5 008IZGRES 0467558 2257 2760 gy —0078%g,  -0.123%5 1825 2119
Ap = A(2765)  fV 035410087 —0.49410%3%  1.079  -0.063 g  —034179%24  —0.4601992  0.985 —0.047
OIS 026l 184 0346 gl 0012080 001N 1874 5804
/30047705 005755 1838 4433 g8 0062707 0120557 2014 0551

enforce the consistency constraints by using floating M and
M’, and the input parameters are determined by requiring
M and M’ to reproduce the physical masses of 15, and 5.,
respectively, within 10%. In fact, in most cases the agree-
ments are better than 10%, but in the case of A.(2940) as a
radial excited 3/2~ state, the corresponding M’ is larger
than mAE(2940) by 25%.

Using the results in the previous section the form factors
of various 3, — B3, transitions can be obtained. The form
factors are calculated in spacelike region, as we are using
the g© =0 frame, we shall follow [16,42,50-54] to
analytically continue them to the timelike region. We
follow [42,50,51,53,54] and parametrize the form factors
in the three-parameter form:

_ £(0)
- 1-a(g’/M?) + b(q*/M?)?

F(q?) (39)
for B, — B, transitions with the parameters a, b expected
to be of order O(1), while for some cases, where the

corresponding a and b are much larger than 1, we shall use
the following form [16,42,44,54]

F(0)
(1=q*/M*)[1 —a(q*/M?) +b(q*/M?)?])’

F(q*)= (40)

to reduce the size of @ and b and gives better fits. As
we shall see that there are cases where some of the
parameters a, b are still larger than O(1), but usually
the corresponding form factors are small and, consequently,
they do not have much impact on the corresponding 5, —
B.M decay rates.

The B, (3¢, 1/2%) — B.(3¢,1/2*) transition form fac-
tors fY,5(¢%) and gi,5(g*) for Ay, = A., A.(2765) and
5, — E. transitions are given in Table V and they are
plotted in Fig. 2. The uncertainties in form factors F(0)
are obtained by varying m,,, m., my,, f(B,), and B(B,)
by 10% separately and combine the uncertainties

quadratically. Note that A, and 2. are low lying states,
while A.(2765) is a radial excited state. From the table and
the figures, we see that f| ~ g and they dominate over f7 ,
and g4 ;. These are close to the predicted relations of form
factors in the heavy quark limit, see Eq. (25). The values of
fV and g} at g2, in A, — A, and E, — E, transitions are
smaller than the ones predicted in heavy quark limit with
¢(1) =1, Eq. (33), by roughly 25%. The reduction can be
more or less traced to the mismatch of the overlapping of
the wave functions of B, and B., as p(B,) # B(B.).
Indeed, it is easy to see that, using #(A,) and S(A,) given
in Table 1V, the overlapping integral of wave functions of
Ay, and A, is 0.66, which is smaller than the one in the ideal
case with (A,) = B(A,). Things are similar in the &, —
E. transition. In the A, - A,(2765) transition the sizes of
the form factors are smaller than those in A, — A, and
H, — E. transitions. and the signs of form factors are
flipped. These changes are closely related to the fact that
A,(2765) is a radial excited state. In fact, in the heavy
quark limit, one expects f} = g} = 0 at g*> = g2, as the
wave functions of the low-lying B, state and the radial
excited 3. state are orthogonal [38]. This is not borne out as
B(B,) # p(B.), and instead the overlapping integral is
—0.53. As the overlapping integral has smaller size and
opposite sign compared to those in the low-lying 5, and 55,
states, the reduction in sizes and the flipping of signs in f
and ¢} in this transition are expected.

The B,(6¢,1/2") — B.(6¢,1/2") transition form fac-
tors f1,5(¢*) and ¢},5(¢*) for Q, - Q, and Q, —
Q.(3090) transitions are given in Table VI and are plotted
in Fig. 3. Note that Q. is a low lying state, while Q.(3090)
is a radial excite state. Heavy quark symmetry and
large N. QCD predict that in these transitions, we have
() = (1 +w)é(w), see Eq. (32), which implies
7 (q%) = g3(g*) = 0. We see from the table and the plots
that we indeed have g’é‘s(qz) ~0. In Q, — Q, transition,
Eq. (31) gives & (1) =2&,(1) =1, and, consequently,
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FIG. 2. Form factors f},3(q?) and g;,3(q?) for A, — A, A.(2765) and E, — E, transitions. The transitions are B,(3;, 1/2*) —
B.(3¢,1/2") transitions [types (i) and (i) *].

TABLE VI. The transition form factors for various B,,(6¢, 1/2") — B.(6¢, 1/2") transitions [types (ii) and (ii) *]. We employ a three
parameter form for these form factors, Eq. (39), while for those with asterisks we employ Eq. (40).

Bb - Bc F F(O) F(qrznax) a b F F(O) F(qrznax) a b

Q, = Q. U 020250882 0.6051058 2229 4051 g —0.09710%  —0.1947005 1421 1.723
04407001 0951703 2027 3082 g 00097002  -0.01870%% 1501 2114
Y0 —0125500  —0246700%) 1594 2387 g8t 00157005 0.0277900s 1230 1.895

Q, - Q.(3090)  f7 —0.2917055%  —0.48310071  2.573  3.826
Y —04335008 —0.7575011¢ 2467 2.836
Y 01597003 02597003 2278 2763

0.097:9013  0.15170%,  1.811 1319
0.001500 0.0070992  1.044  1.006
—0.01010003  —0.01740%05  1.977  0.932

KRS
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FIG. 3. Form factors f1,3(¢?) and g¢,,3(¢*) for Q, — Q. and Q.(3090) transitions. The transitions are B (6, 1/27) —

B.(6¢,1/27) transitions [types (ii) and (ii) *].

form factors at g2, take
(fV. 1Y, fY) = (123,156, -0.60) and (¢}, d5. q4) =
(=0.33,0,0), see Eq. (34). From Table VI and
Fig. 3(a), (b) we see that the form factors basically exhibit
a similar pattern in sizes and signs, but the values of |fV|
and |g}| are smaller by 40% to 60%, while the values of ¢ ;
are closer to the HQS predicted values. The reductions can
again be more or less traced to the smaller wave function
overlapping integral, which is 0.46 in this case. In the Q;, —
Q.(3090) transition, we obtain form factors with similar

the following values:

TABLE VII.

sizes and signs flipped compared to the previous ones.
These can also be more or less traced to the overlapping
integral of the low lying €, state and the radial excited
Q.(3090) state. Explicitly, the corresponding overlapping
integral is —0.46, which is nonvanishing (unlike the one in
the ideal case), but has an opposite sign and a similar size
compare to the one in the previous case.

The B,(6¢,1/27) — B.(6¢,3/2") transition form fac-
tors are related to the B3;,(6¢, 1/2%) — B.(6¢,1/2") ones in
the heavy quark limit, see Eqs. (26) and (27). They are

The transition form factors for various Bj,(6¢, 1/2%) — B, (6¢,3/2%) transitions [types (iii), (iii) *, and (iv)]. We employ

a three parameter form for these form factors, Eq. (39), while for those with asterisks we employ Eq. (40).

B, = B, F F(0) F(qrax) a b F F(0) F(qrax) a b
Q, - Q.(2770)  fY*  —0.7341012¢  —1.2707958 1138 1780  gi*  0.526105%3 102310155 1.217 1.010
FYT-0300108% 05700030 1633 2614 g 0.088X0%Y  0230°00% 2137 1960
FUto0340:0%  0STINT 1503 3256 gl 03610008 083810 1983 2245
fit 00331508 0.037igg 0108 3272 gt 0021555 003150 1233 3.716
Q, - Q.(3120) FV 0572992 07417900 1250 1184 g 03697008  —048710%] 1162 0.547
Y 02701999 040310058 1.851  1.884 g 00381008 00175993 4054 40.596
fy -0263100% 03301505 1445 2477 gy 0163155 01741007 0.639 1531
Y 001050018 00135097 1.011 1000 g —-0.1061003¢  —0.1517008 2565 5.564
Q, » Q:(3050)  ft -0.6671055 —1.1647070 2007 1.089 g 0.1637%s  0.12770g) —0463 2900
f5 o -03765060 0574155 2122 2913 g 01471508 -0.54110,7 3160 2.247
403001085 040558 2034 3976 gl 033SI 0255002 1021 0997
P 004TION  01STRN0 2785 1298 gt 042670l 077403 1813 2902
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FIG. 4. Form factors f/"(¢?) and 7'(¢?) for Q, — Q.(2770), ©.(3120), and Q.(3050) transitions. The transitions are
By, (6¢,1/27) — B.(6¢,3/2") transitions [types (iii) and (iii) ] and B, (6¢, 1/2%) — B.(6¢,3/27) transition [type (iv)].

governed by the same set of Isgur-Wise functions, namely
&1 2. In Table VII and Fig. 4, we show the form factors of
B (6¢,1/2%) — B.(6¢,3/2") transitions. These involve
Q, - Q.(2770) and €Q.(3120) transitions, where
Q.(2770) is a low lying state, while Q.(3120) a radial
excited state. In the Q, — Q.(2770) and Q, — Q.(3120)
transitions, as shown in the table and the figure, we have
(@) =-71(*). fi(¢*)~-7(q*) ~-f3(¢*). and
f4(¢*). 73 4(¢*) much smaller than other form factors, in
accordance with the HQS relations using large N. QCD, see
Egs. (27) and (32). The agreement is better in the Q;, —
Q.(2770) transition than in the Q, — Q.(3120) transition.
Heavy quark symmetry and large N. QCD predict the form
factors in the Q, — Q.(2770) transition have the following
values at g2, (f.f5.fy.f4)=(-1.15,-0.58,0.58,0) and
(7). 95,95, 9¢) = (1.15,0,-0.58,0), see Eq. (35). From
Table VII, we see that J_CY,2,3 agree with the above predictions

within 10%, g ; within 20% and 45% and f7 , g are close to
zero, the predicted values, while 7 is much smaller than |7 ;|
and closer to g. As the overlapping integral is 0.56, the
agreementsin f} and g are better than expected. In the Q;, —
Q,(3120) transition, most of the form factors are smaller in
sizes and opposite in signs compared to the corresponding
form factors in the previous transition. This is understandable
as Q.(3120) is a radial excited state, the corresponding
overlapping integral is —0.51, which has opposite sign
compare to the previous one.

In Table VII and Fig. 4 we also show the form factors of
the B,(6¢,1/2%) — B.(6¢,3/27) transition, namely the
Q;, — Q.(3050) transition, where Q.(3050) is a p-wave
state. The signs of f{, and g4 5, at g%, are in agreement
with the HQS predictions, Eq. (36). If we naively make use
of Eq. (36), we obtain &5(1) =~ 1.47 2 and & (1) ~ 0.7 from
these form factors, except from g we have & (1) =~ 3.0.

034025-18



COLOR-ALLOWED BOTTOM BARYON TO s-WAVE AND ...

PHYS. REV. D 100, 034025 (2019)

TABLE VIIL.  The transition form factors for various B, (3;,1/2%) = B.(3;,1/27) transitions [type (v) and (v) *].

By, = B. F F(0) F(q2a) a b F F(0) F(q%a) a b
Ap = A(2595)  f1 02861005 0.338700%  0.667 0483 g  0.238700: 023270047 0.120  0.722
F-0330hY 0430l 1312 LI0S oY 00807000 011200 1416 1510
f5 02995558 -0459TguE 1722 1791 g —0.167050%  -02281005 1286 1.234
B, - E2(2790)  f1 02691006 03301008 0.895 0755 g 0221700 02217004 0.254  0.959
f5 03191008 04471000 1487 1544 g7 —0.071100)  —0.099100%  1.619  2.187
f5 -0289%558  —0436%5,35 1944 2580 g -0.169%00  —02281p5% 1404 1.663
Ap = A(2940) 1 025570010 033310025 0.996  —0.156 g  —0.2127907  —0.241%991> 0.533  0.034
f3 033850000 0584101, 1997 0642 g7 0081100 013855 2.029  0.839
£ 03UET 059200 2176 1031 gY  01ST 03010008 2324 0954

The B, (3¢,1/2%) — B.(3¢,1/27) transition form fac-
tors f4,3(¢?) and gy , 5(¢%) for A, — A.(2595), A.(2940)
and E, — E.(2790) transitions are given in Table VIII and

they are plotted in Fig. 5. We consider A.(2940) as a
spin-1/2 p-wave radial excited state [6] in this case.

HQS requires f1(q*) = 9/ (¢*), f5(¢°) = f4(¢*) and

1.0 1.0
Np = N\e(2595) Np > N\(2595)
05 i 05 oy
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FIG. 5. Form factors f,3(g*) and g,,3(q?) for A, = A.(2595), A.(2940), and B, — E.(2790) transitions. The transitions are
By (3¢, 1/2%) = B,(3¢,1/27) transitions [types (v) and (v)*].
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TABLEIX. The transition form factors for various B,,(3¢, 1/2%) — B,(3¢,3/27) transitions [type (vi)]. Note that the a and b for form
factors denoted with asterisks are assumed, the corresponding form factors are small.

B, — B, F F(0) F(qrax) a b F F(0) F(qax) a b
Ap = A (2625)  F4 0 0.028%099  0.035709%2 1% 1% gy 00071087 —0.00970%  1* 1%
FAO0SaSI 07s6E 13100 LIS4 gy 050900 0737703 1388 1043
00220000 007N g 00880 odisig 2022 4221
fi  =0.0057056 —0.006%055 ¥ ¥ @ 00045558 0.005%5 1T 1
By, = E(2815)  F4 0049709 0033100 1327 1.830  gi*  0.01570%S  0.01870%7 1 1=
Fi 067550, 0987540 15260 1245 gy 069350710 1.0241550 1557 1249
fi 00207077 0024700 1 * 5 00ssTyms 0068755 1 1
00 o071t gl 0020008 004l 11
A= A2940)  FL0036%005 —0043HE 1F1FgPe —ooelfpi  —oo7afgle  1x 1
f3 o -0459%50  —1.049%05 2400 0326 gy —0820%5y53  —-1375555 1957 0.793
f3 0012155 —0.004100%  —8.054 18712 g 0.198%G  0.358I0)5; 2487 2307
019250053 01397906 —1.791 7419 gl 017070092 0.18301) 0924 2.713

9y (q%) = ¥ (¢%), see Eq. (29). From the table and the
figures, we see that the form factors roughly exhibit this
pattern. By naively compared to the HQ relations at g2,
Eq. (37), we obtain (1) ~0.7703 in the A, — A.(2595)
transition and (1) ~0.710% in the B, — E.(2790) tran-
sition, while for the transition involving radial excite state,
Ay = A.(2940) transition, we have o) (1) ~—0.8707.
The sign flip in A, - A.(2940) transition can again be
traced to the overlapping integral, whose value is —0.53,
while the one in the A, — A.(2595) transition is 0.67.
Roughly speaking these form factors exhibit the pattern
predicted by HQS.

We now turn to the last case, the B,(37,1/2") —
B.(3;,3/27) transition, which includes A, — A.(2625),
B, — E.(2815) and A, — A,(2940) transitions. We con-
sider A.(2940) as a spin-3/2 p-wave radial excited state [1]
in this case. The corresponding form factors for these
transitions are shown in Table IX and are plotted in Fig. 6.
Note that for the form factors denoted with asterisks, the
parameters a and b are assumed to be one, while the values
of the form factors at ¢g> = 0 are obtained by using Eq. (23).
These form factors are small and the assumptions on a and
b should not have much impact on decay rates. HQS
requires f4 = gy = o(w), while all other form factors are
vanishing, see Eq. (30). We see from the table and the plots
that these form factors roughly exhibit the pattern predicted
by HQS. By naively compared to the HQ relations at g2,
Eq. (38), we obtain (1) ~ 0.7, 0.8 in the A, — A,(2625)
transition and ¢(1) ~ 1 in the 5, — E.(2815) transition,
while for the transition involving radial excite state, A, —
A.(2940) transition, we have ¢(*)(1) ~ —1.0, —1.4. These
o(1) and ™) (1) are similar to those obtained in
B,(3¢,1/2%) = B.(3¢,1/27) transitions.

B. B, —» B,M decay rates and up-down asymmetries

We will present the results of B, — .M decay rates and
up-down asymmetries including 1/2 — 1/2 and 1/2 -
3/2 transitions in this subsection. The decay rates and
asymmetries for 1/2 — 1/2 transitions are updated from
those in [16], as we are using different input parameters and
more form factors.* Under the factorization approximation,
the decay amplitudes for color-allowed B, — B.M~
decays are given by
A(B b B cM _)

G _
:évcbvrjaMM_(Qin)'Vﬂ _A”|O> <BC|Vﬂ _Aﬂ|Bb>’
(41)

where V., and V;; are the Cabibbo-Kobayashi-Maskawa
matrix elements and a; is the color-allowed effective
Wilson coefficient. The effective Wilson coefficient a; in
the naive factorization approximation is given by c¢; +
¢y/N,. with N. =3, ¢; = 1.081 and ¢, = —0.190 at the
scale of y = 4.2 GeV [55]. The matrix element (B.|V, —
A,|By) is given by Egs. (1)-(4), while (M~(g,q;)|V* —
A*|0) are given by

(P|VF — AF|0) = ig"fp.
<A|V” _A”|O> = —myfa€,

(VIV¥ - A¥|0) = my fyey,
(42)
with fpy 4 the corresponding meson decay constants.
In type (i) and (ii) transitions [B,(3¢, 1/27) —

B.(3:.1/2%) and B,(6¢,1/2%) — B.(6¢,1/2%) transi-
tions], the decay amplitudes are given by [22]

*Note that errors in the code in [16] are also corrected.
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A[B, - B.(1/2)P| =ii'(A+ Bys)u,
A[B, — B.(1/2)V]
=" (Aryurs +ArPLys+ By, + BaP)u,
A[B), — B A]
=u'e"(Aly,ys+ALPys+ By, +ByP,)u, (43)

with

G
A= —fVcbVZ}lqzalfP(M - M)

V2
V(2 mp V(12
X <f1 (mp)+mf3 (mp)>,

Gf * /
B = 7Vcbvqlq2a1fP(M+M)

V2
() + 3 ) ).

G
A = —%Vcbvz}lqzalfvmv[g?(m%/) + g5 (m3)],

2
Gy : 9 (my)
Ay = _zﬁvcthqualfVmVM o
Gy .
B, = ﬁvcbvqlqﬂlfvmv[flv(mzv) = f3(m3)],
Gy \ f3 (m3)
By = zﬁvcbvqlqzalfVmVM_l_ M
G
Ay ==LV Vi aifamalgt (m3) + g4 (m3)],
V2
G g (m?
A/2 = 2\/—%VcbVZ]q2a|fAmA A;(— ]“/4)/ s
G
By = = VeV famalfY () = 1 ()]
3 (m})

G
B, = —2—2 v,V

f qlqzalfAmAM M (44)

For the type (v) transition [B,, (3¢, 1/2) — B.(3;,1/27)
transition], one simply replaces f) and ¢ in the above
equations by —f% and —g, respectively.

In  By(6¢,1/27) > B.(6¢,3/2") transitions [type
(iii) transitions], the B, - B.P and B, — B.V(A) decay
amplitudes are given by [22]

AlB, = B.(3/2)P] = iq,u"(P')(C + Dys)u(P),
= g*”ﬁ’”(P/)[gW(Cl + CZYS) + quﬂ(CZ + DZJ/S)
+ ql/P/l(C3 +D375)]M(P)’
AlBy, = B.(3/2)A] = e™u"(P')[g,,(C} + Cyys)
+ 4,1u(C + Diys) + q,P,(Cs + Diys)u(P). (45)

with
G g5 (m3
C= __fVcbV;kllfhalfP g?(m%—") + (M - M/) 2( P>
\/f M
1 g5(mp) | g4(mp)
+E(M2_M/2_m%>)< MM + M?
) 9?(’"%)
P M|
G . fV m2
D = 7%Vcbvqlq2a1fP |:f}/(m%’) - (M + M/) 25‘/[}))
1 f3(m3p)  fi(mp)
sy - - (Bl L
V(2
-m L))
0 Gry oy A (m2
G =% ﬁVcbVqlqzalmV(A)fV(A)g?(mV(A))’
G —
D\ = ij% VeoVigarmya fyva f1 (m3 ),
Gy i !79(’"%/@))
Cg) =F ﬁ VC,,VqlqzalmV(A)fV(A) 7M s
V(2
o _ Gy i /3 (mV(A))
Dy == 5 VeV amamvaf v =3
" Gry oy
Cy = ﬁ VeV g, @1myafvia)
Q?(m%/(A)) gﬁl(m%/(A))
X
MM/ M2 ’
0 _ %y e
DY = iﬁ Vo Vg @imyayfyva)
]?g(m%/(A)) fX(m%/(A))
o (v )y, (46)
MM M

For the B,,(6¢, 1/2%) — B,(6¢,3/27) and B, (3¢, 1/2%) -
B.(3¢,3/27) transitions [type (iv) and (vi) transitions], one
simply replaces f¥ and g in the above equations by —f%
and —g/, respectively. The formulas of decay rates and the
up-down asymmetries are collected in Appendix C.

In our numerical study masses and life-times of all
hadron are taken from PDG [4], while the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements are taken
from the latest fitting results of the CKM fitter group [56].
We use [57]

fe=1302, fx=1556, fp=2119, fp =249,

(47)

and [42]
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FIG. 6. Form factors f4(¢?) and g*(q?) for A, — A.(2625), A.(2940), and =, — E.(2815) transitions. The transitions are

By (3¢, 1/2%) — B,(3¢,3/2") transitions [type (vi)].

f, =216,
fD)\( - 230,

fx =210,  fp. =220,
fx = —203, (48)

for the values (in unit of MeV) of decay constants of
pseudoscalars, vectors, and the axial-vector mesons.

The decay rates are calculated using the naive factori-
zation approach. We assign 10% uncertainty in the effective
Wilson coefficient a; for estimations and uncertainties in
form factors shown in the previous subsection will be used.
Some studies using QCD factorization on B meson and
bottom baryon decays indicated that the effective Wilson
coefficients a; in those decays are close to the one in naive
factorization [33,58] The authors in Ref. [58] obtained the
|a;(DP)| agrees with the naive factorization value within
few % indicating that for color allowed modes naive

factorization is a good approximation.5 A recent study of
applying QCD factorization to A, decays also shows a
similar conclusion [33]. However, it has been shown that
nonfactorizable contributions to B, — B.P nonleptonic
decay amplitudes can be as large as 30% of the factorized
ones [23,24]. Since a precise estimation of nonfactorization
contributions is beyond the scope of the present work, we
should stick to the naive factorization approximation.
Note that in the cases of 5, — DE:)) B, decays, penguin
terms from b — d(s)cc decays can contribute to the
amplitudes. The most dominant penguin contributions to
rates are the so-called strong penguin contributions, with

>They obtained |a, (B — DP)| = 1.05573912 — (0.013001)a?

with o = 0 and |af| < 1. This is to be compared with the naive
factorization value, at© = 1.025.
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TABLE X. Branching ratios (in the unit of 107%) of B), — B,.P decays. Note that the asterisks denote the transitions where the final

state charmed baryons are radial excited.

Transition type Mode P=x P=K" P=D" P =D;
i " —1") Br(A, = A.P) 416179 031753 0.477057 11.921758
© =5 BrlA, — A(2595)F) L0951 008385 007258 L7254
o (¢ =) il = A(2625)7) 24014 0172330 0132533 2881477
0" G" =39 Br[A, — A(2765)P] 170209 0.1349%3 015498 3.5451 T
W G =77) BrA, — A(2940)P] 0.68793) 0.05%50; 0.04%50; 0.87755¢
vi)* (3" =37) Br[A, — A.(2940)P] 1.0072% 0.0710e 0.07042 1697239
(i G —=1h Br(E; — 2P) 3.881743 0.2910:18 0.45705) 11547738
i G —1") Br(E) —» E/ P) 3.661 %2 0.281017 0.43793 10.877 15!
W) G ->1) Br[E; — E%(2790)P] 1.035072 0.0810 09 0.07:38 170558
W) =1 Br[=) — E;(2790)P] 0977974 0.07-5:9% 0.07:301 1.6053 29
vi) 3 = %) Br[E; — 22(2815)P] 3.5375% 0.267050 0.201073 465598
vi) 3 = 3) Br[E) — £/ (2815)P] 3.3218% 0.24791% 0.19703 4.341754
(i) (37 —=43") Br(Q, — Q.P) 1.10085 0.08+997 0.15 004 403137
Gii) (5 = 3%) Br(®2, — Q.(2770)P] 13740 011793 028793 746728
@) (5" =) Br{Q, ~ ©,(3050)P) 3407443 0.2475! 0.09°43 178538
i)* (37 —3") Br(Q, — ©,(3090)P] 0.85+939 0.06°9% 0.107997 2437179
(i) * (3" —37) Br[Q, — Q.(3120)P] 0.9670% 0.07507 0.1070:%8 2.37H48

effective Wilson coefficients a4 = ¢4 + ¢3/3 = —0.03 and
ag=ce+cs5/3=—0.04 at u=4.2GeV [55]. The a,(M|(V —
A)|0) x (B.|(V—A)|B,) term in Eq. (41) needs the fol-
lowing additional terms: a,(M|(V —A)|0) x (B.|(V —
A)|By) and  ag(=2)(M|(S + P)|0) x (B|(S = P)|B,).”
Note that we have neglected the subleading V,,V* d(s)

*

terms in the above expression. For M = D<S), we have

(M|(S + P)|0) = 0 and the resulting a4 contributions are
vanishing, and the B, — BCDE*S) decay amplitudes can be

obtained with the following replacement
a, — a + Ay, (49)

in the corresponding amplitudes in Eqgs. (44) and (46). The
penguin contributions are destructively interfere with the
tree contributions in these modes. For B, — D) B, decays,
through equations of motion, we have

= 2(D(5)(q)I(S + P)[0){|B.[(S = P)[By)

= (D ()|V = Al0)(Bc|V|By)

(D) (q)|V = Al0)

X (Bc|(=A)|By), (50)

%See e.g., Eq. (4) in [55] for a similar expression.

where the quark masses are current quark masses with
m, =42GeV, m.=13GeV, m;=0.08GeV and m, =
0.003 at 4 =4.2 GeV. Therefore, the B, (1/27)—>B.(1/27,
3/27)D(s) decay amplitudes can be obtained with the
following replacements:

2m%m
O G )y, — mg)
Zm%)m
a, —ay+ag— aes (51)

(mc + mq(s))(mb + mc)

where the first (second) one is applicable for the A (B) term
in Eq. (44) and the D (C) term in Eq. (46), while for the
By(1/2%) = B.(1/27,3/27) D,y amplitudes, one needs to
switch the above replacements. We also apply 10%
uncertainties on a4 and ag.

In this work we do not consider the effects of final state
interactions (FSI). In fact, from the studies of final state
interactions in B decays, one will expect the effects of FSI
be more prominent in color suppressed modes, where
various subleading contributions including FSI can com-
pete with each other and be surfaced, see example [59].
Whereas, for color allowed modes, the leading contribu-
tions dominate over subleading contributions, and, con-
sequently, we expect that FSI has little effect on the decay
rates and asymmetries of color allowed modes.
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TABLE XI. Same as Table X but for B, — B.V and B, — B.A decays.

Type Mode M =p~ M = K*~ M = D*~ M = D~ M = ay
(i) Br(A, — AM) 12284717 0.631037 0.841 031 17.4917680 11917558
V) Br[A, — A.(2595)M] 2.9947% 0.15594 0.12497 2284735 2.57455
(vi) Br[A, — A.(2625)M] 438758 0.2279-33 0.137 004 241778 3.501 54
@ Br[A, — A.(2765)M] 4.8413% 0.25709 0.267 043 529174 445+
)" Br[A, — A.(2940)M] 1.85706 0.09709 0.06-9%; 1.167552 157593
(vi)* Br[A, — A.(2940)M] 193413 0.10° 08 0.06-0:0% L1159 1.58772¢
(i) Br(8; - EXM) 1156775 0.601057 0.827933 17.2613%2 11.371743
(@) Br(E) —» Ef M) 10.8879%3 0.561037 0.77-932 16.241)934 10.70782
V) Br[=;, — 22(2790)M] 2.861 73 0.145957 0.1249¢ 2254032 248470
) Br[E) — £/ (2790)M] 2.69173 0.131 504 0.115954 211479 2.3341%8
(vi) Br[E; — E%(2815)M] 6.497,%3% 0.327951 0.2070% 3.74153% 5247733
(i) Br[E) — = (2815)M] 6.1075:23 0.3019055 0.1970-% 3.515530 492778
(i) Br(Q, - Q.M) 3.07178 0.165052 0.161003 3.18778 2.761739
(iii) Br[Q, — ©.(2770)M] 2.371}88 0.135970 0.28797% 6.20°519 2787133
(iv) Br[Q, — Q.(3050)M] 40953 0.200% 0.0870,2 1434078 2.841388
(i) * Br[Q, - Q.(3090)M] 2.29%)3¢ 0.1+ 0.09*00¢ 1.69709 1927088
(iii) * Br[Q, — Q.(3120)M] 1505557 0.0819007 0.115907 237038 1555331
TABLE XII. Comparisons of data and theoretical results on the branching ratios (in the unit of 1073) of A, = A M, B, = E.M,
Q, > Q.M, and Q, — Q.(2770)M decays.

Mode Data [4] This work [21] [22] [2324] [25] [26] 271 331 351  [36]
Ay = A~ 49404 41628 46720 46 5.62 3.91 175 4.96 5.67
Ap = AK™ 0.359+£0.030 0317018 013 0.393 0.46
Ay = AD™ 0.46 + 0.06 0.474039 .. 030 0522 .. 0.76
Ay = AD; 1.0+ 1.0 1192776 2343 13.7 1291 223 770 124 1478 19.94
Ay = Aep™ 12287710 66124 129 10.82 491  8.65 16.71
Ay = A K~ 0.631037 027  0.441 0.87
Ay = A D" 0.84103! . 049 0520 .. 1.38
Ap = AD;” 1749508 17.3159 218 1983 326 1414 105 2516 30.86
Ay = Acay 11917858 5.32 16.53
By > Ein 3.66722 49 708

B, — Bin~ 3.887243 52 1013

E) - EED" 0.4310% 0.45

E) = B! Dy 10.87773)] 14.6

) > BEfD* 0.775932 0.95

E) - E/D;” 16.247034 23.1

Q, > Q.n~ 1107982 492 581 1.88

Q, = Q.Dy 4.03137? 17.9

Q = Qep~ 3.0734 12.8 543

Q, — Q.Di~ 318178 11.5

Q, - Qen” 137530 2.69 1.70

Q, - QD™ 0.287058 0.16

Q, - Q:Dy 746108 3.53

Q, - Qip~ 2371488 3.81 5.58

Q, —» Q:D*~ 0.28797% 0.58

Q, - QD™ 6.20"519 3.93
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TABLE XIII. The predicted up-down asymmetries (in the unit of %) of B, — B.P decays. Note that the asterisks denote the

transitions where the final state charmed baryons are radial excited.

Type Mode P=gx P=K" P=D" P =D;
) (3" =3 a(A, = A.P) —99.99*470 —99.97+5%2 —99.4517:24 —99.1978
V) (4 =1 a[A, = A.(2595)P) —98.331/2% -98.121133! —88.0512637 -86.491 7%
i) (3" = 37) a[A, = A(2625)P] ~97.76:3% —97.6473% —97.44737:86 —97.073%%
i (¢ =1 a[A, = A, (2765)P] -99.93* 163 -99.877, 8 -98.031707 -97.235370
WG =7) alA, = A(2940)P] -98.321 73 —98.10 74} —86.247) 51! ~84.0411202
(COMICHEED a[Ap = A(2940)P] ~99.41+8388 —99.061 5514 —89.25731%9 —86.8173072
O G =13 a(E, — E2P) —99.9815% —99.96* 550 —99.29709] —98.99107*
() (" =39 a(E) > EP) -99.987540 —99.9615 40 —99.2915%) —98.99+/ 47
W) G -1) a[E; — E2(2790)P] —98.131 43¢ -97.88115% —86.621 784 —84.851 7284
W G -1) a[E) — E2(2790)P] —98.131]43° -97.88115% —86.607 2847 —84.83 172283
vi) (3 = 37) a[E; — 22(2815)P] -97.6373%3° -97.48 %% —96.48 1383 —95.89135:10
vi) (3 = 3) a[E) — 27 (2815)P] -97.703%%7 -97.5615%% -96.7113%;! -96.1613%26
(i) (4 = 4%) o)y — Q.P) 59.947714 59,3971 56.04°%75 55,1675
Gii) (4 = 37) alQ, — Q. 2770)P) 2,607, L1750, 11024353 ~11.70: 2%
i) 3" =37 alQ, — Q.(3050)P] 18.072335 17735355 9.1617759 7.095760;
()" (3 - 1) a[Q, = Q.(3090)P] 59751113 59.15% 133 54.011%53 527358
(i) (3 - 3%) alQ, — Q.(3120)P] 4.5823 3.8174020 —3.747 218 —4.20129:39

The predicted branching ratios for B, — B.P and B, —
B.V,B.A decays, are summarized in Tables X and XI,
respectively In Tables XII, we compare our results on
Ay > AM,Ey—EM, Q,—>Q .M, and Q, - Q.(2770)M
decay rates to data [4] and the results of other theoretical
studies. Overall speaking, our results agree reasonably well
with data and with most of the results obtained in other
works [21-27,33,35,36]. It is interesting that the penguin
contributions slightly reduce the A, — A.D and AD; rates
resulting a better agreement with data. Indeed, when the
penguin contributions are included, the central values of the
A, = A.D and AD, branching ratios (in the unit of 10~3)
are reduced from 0.53 and 13.50 to 0.47 and 11.92,
respectively, which are closer to the experimental values,
0.46 £ 0.06 and 11.0 + 1.0, respectively.

In Tables XIII and XIV, we show the prediction of up-
down asymmetries for B, — B.M decays with M = P, V,
A. From the tables we see that most of the signs of « are
negative, except those in Q, - Q.M, Q, - Q.(3050)M
and Q, — Q,.(3090)M decays. In Tables XV, we compare
our results on the up-down asymmetries of A, - A.M,
E, - .M, Q, - Q.M and Q, — Q.(2770)M decays to

|

T[A, = A(2940.2)P]  2m3  [(my, + my (0a0))

’2

other results [21-24,26,27,33,35,36]. Our results agree well
within errors with almost all of the results obtained in
other works.

It will be interesting to comparing A, — A.(2940)M
decays with two different assignments of the configurations
of A.(2940), a radial excite p-wave spin-1/2 or spin-3/2
particle. From Tables X and XI, we have Br[A,—
A.(2940,3/27)P]~(1.5~2) x Br[A;, = A.(2940,1/27)P],
Br[A, = A.(2940,3/27)V] ~Br[A, — A.(2940,1/27)V]
and  Br[A, — A.(2940,3/27)A] =~ Br[A, — A.(2940,
1/27)A]. The asymmetries in A, — A.(2940,1/27)M
and A, - A.(2940,3/27)M decays are similar in most
cases, but have larger deviations in the cases of heavy
vector mesons. In A, — A,(2940)D*~ and A.(2940)D%~
decays, the predictions based on the spin-1/2 configura-
tion, give —25% and —19%, respectively, while the ones
based on the spin-3/2 configurations are —48% and —45%,
respectively.

It will be useful to understand why the A, — A.(2940,
3/27)P is greater than the A, — A.(2940,1/27)P rate.
Using Egs. (C1) and (C4), we have

- mp]|p.CI* + [(my, — ’71/\(.(2940))2 — m3]|p.D|?

= X .
[[A, = A (2940, %)P] 3’713\0(2940) [(ma, + m/\c(2940))2 —m3]|AP* + [(my, — ””AC(2940))2 — mp|M?|BJ?

(52)
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TABLE XIV. Same as Table XIII but for B, — B.V and B, — B.A decays.

Type Mode M =p~ M = K*~ M = D*~ M = Di~ M = ay
(@) a(Ay = AM) —86.967 5 —82.961 0% -36.8517% -32.691852 ~70.007%
) alA, — A (2595)M] -85.61%! -81.657,%2! —33.471]376 —28.68" 1758 —68.661¢ 3
(vi) alAy, = A (2625)M] —91.481 429 —89.01+#4 —53.921 3418 —49.807 333 -80.5213%81
O alAy = A (2765)M] -86.151 7} -81.897724 ~31.54331 -26.8713% —67.991 489
)" alA, — A.(2940)M] —84.01 144 -79.561 48 —24.7713924 —19.041393 -64.971%2
(vi)* alAy, = A (2940)M] —87.2519615 —84.14183.22 —48.0217843 —4528153% —73.90+3¢57
(i) a(8;, - EIM) -86.617957 -82.5211% -36.005% -31.857778 —69.347 543
(i) a(E) - BIM) -86.611057 —82.521 7% —35.9818%% -31.841778 —69.331343
) alE; — E2%(2790)M] —85.141,37! —81.1115}350 -32.401164 —27.57+]6:39 -67.9211%18
V) alE) - BF(2790)M] —85.131,3 1! -81.091,3° -32.35/%43 —27.527/939 -67.901%)7
(vi) a[E; — 22(2815)M] —91.557,6% -89.0873%7 -55.0715328 -51.324573 —80.631¢33°
(vi) a[E) — 5/ (2815)M)] —91.48768 —89.00125% —54.831553 —51.0613; 08 -80.5215378
(ii) a(Q, — QM) 61.631 5% 62.2012222 72157221 73.531215¢ 64.272274
(i) ol - QQUI0M]  s220BE ISUER 224N 2R —Be
@iv) alQ, — Q.(3050)M] 249575039 24.7275088 13.221 5% 10.397 4006 23.53175748
(i) * alQ, — Q.(3090)M] 61.51°38) 62.1011392 7314153 74.6311495 64.311]363
@i o - Q.(120)M] LISTESS —031%565  —1106557  —1143079% —44455

TABLE XV. Various theoretical results on the up-down asymmetries (« in the unit of %) of A, - A.M,E, - E.M, Q;, — Q .M, and
Q) —> Q.(2770)M decays are compared.

Mode This work [21] [22] [23,24] [26] [27] [33] [35] [36]

Ay = A~ —99.991470 ~100 -99 -99 -99.9 -99.8 ~100
Ap = A K™ -99.9715:9 -100 -100 —100
Ay = A.D™ —99.45+7%4 —98.7 -99.9 -98.9 -98.3
Ay = A DY —99.198:% -99.1 -99 —-98 —-98.4 —-100 —-98.6 -97.8
Ay = Aep™ —86.9673:% -90.3 —88 -89.8 -88.8 -87.5
A, = A K —82.96707 —-86.5 -85.9 —-83.6
Ap = AD* ~36.857%8 —45.9 -47.8 -37.1
Ay = ADi™ ~32.697882 —43.7 -36 —40 —41.9 -439 -36.4 -327
Ap = Acay —70.001750 -75.8 -70.9
B) — Efn~ -99.98550% —100 —100

g, — 207 ~99.98%5:03 —100 =97

20 - B/ Dy ~98.991034 99

E) > E;D;” -31.841778 -36

Q, - Q.n~ 59.941 75 51 60

Q, - Q.Dy 55.161 7578 42

Q= Qep” 61.63 54 53

Q, = Q.D~ 735372154 64

Q, - Q.(2770)7~ 2.601 10, -38

Q, — Q.(2770)Dy ~11.7073243 22

Q;, — Q.(2770)p" —5.221 80 ~75

Q, = Q.2770)D;7  -22.6214553 -31
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The first factor in the right-hand side (r.h.s.) of the above
equation is an enhancement factor, while the second factor
is expected to be close to unity as the form factors shown in
Tables VII and IX for A, — A.(2940,1/27) and A,—
A.(2940,3/27) transitions are of similar sizes. For exam-
ple, in A, —>A.(2940,3/27 )z~ and A, —> A.(2940,1/27 )z~
decays, we have (A,B) = (-3.09,-8.20) x 107® and
pe(C,D) = (=2.33,-6.69) x 1078, and the ratio of the
decay rates are given by

T[A, = A.(2940,37)77]
T[A, = A.(2940,17)77]

=244%x061 =149, (53)

and, hence, the A, — A.(2940,3/27 )z~ rate is greater
than the A, — A.(2940, 1/27 )z~ rate by about 50%. The
enhancements in other A, — A.(2940,3/27)P decay rates
can be understood similarly.

The predictions on rates and asymmetries presented
in Tables X, XI, XIII, and XIV can be verified exper-
imentally. These information may shed light on the
quantum numbers of A.(2765), A.(2940)Q.(3050),
Q.(3090), and ©.(3120).

IV. CONCLUSIONS

In this work, we study color allowed B, — B.M decays
with Bb = Ab,Eb,Qb, M = T, I(,l[),I(*,(ll,D,DS,D*,D;<
and s-wave and p-wave charmed baryons, 5., including
AS = AL AL(2595), AL(2625), A(2765), A, (2940),
B0 =55, (2815),8,(2790), and QU =Q,.Q,(2770),
Q.(3050),2.(3090),Q2.(3120). There are six types of
transitions, namely (i) B, (3¢, 1/2%) to B.(3;,1/2") tran-
sition, (i) B,(6¢,1/2%) to B.(6¢,1/27) transition,
(iii) B, (6¢,1/2%) to B.(6¢,3/2") transition, (iv) B,(6y,
1/2%) to B.(6¢,3/27) transition, (v) B,(3¢ 1/2%) to
B.(3¢,1/27) transition, and (vi) B,(3¢1/27) to
B.(3;,3/27) transition. Types (i) to (iii) involve spin
1/2 and 3/2 s-wave charmed baryons, while types (iv) to
(vi) involve spin 1/2 and 3/2 p-wave charmed baryons. We
have scalar or axial vector light diquarks in the baryons.
The light diquarks are spectating in these transitions. The
bottom baryon to s-wave and p-wave charmed baryon form
factors are calculated in the light-front quark model
approach. The analysis and the scope of this work is
improved and enlarged compared to a previous study [16]
in several aspects. All of the form factors in the 1/2 — 1/2
and 1/2 — 3/2 transitions are extracted, while we only
have f|, and g, for 1/2 — 1/2 transition in [16]. Some
consistency constraints are found and are imposed. We find
that the form factors can reasonably satisfy the relations
obtained in the heavy quark limit. In fact, we do not expect
them to satisfy the relations exactly as we are using heavy
but finite m; and m,.

Using naive factorization decay rates and up-down

%k, Kk — —

asymmetries for various A, — A¢ , By > Be M

and Q, — QE-*’**>M ~ decays are predicted and can be
checked experimentally. We find that most of the signs
of a are negative, except those in Q, - Q.M, Q, —
Q.(3050)M and Q, — Q.(3090)M decays. We compare
our results of rates and up-down asymmetries of A, —
AM, E,-EM, Q,—> QM and Q, > Q.(2770)M
decays to existing data and other theoretical results. Our
predictions agree well with data and with most of the results
of other works.

The study on these decay modes may shed light on the
quantum numbers of A.(2765), A.(2940)Q.(3050),
Q.(3090), and Q.(3120), as the decays depend on bottom
baryon to charmed baryon form factors, which are sensitive
to the configurations of the final state charmed baryons. For
example, there are two possible quantum numbers for
A.(2940), it can either be a B.(3;,1/27) state [6] or a
B.(3¢,3/27) one [1]. Both possibilities are considered.
Comparing predictions on A, — A.(2940)M rates, we
have Br[A, = A.(2940,3/27)P]~(1.5~2) xBr[A, —
A.(2940,1/27)P], Br[A, > A.(2940,3/27)V]~Br[A, —
A.(2940,1/27)V]  and  Br[A, - A.(2940,3/27)A] ~
Br[A, = A.(2940,1/27)A]. The asymmetries in A, —
A.(2940,1/27)M and A, — A.(2940,3/27)M decays
have larger deviations in the cases of heavy vector mesons.
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APPENDIX A: WAVE FUNCTIONS

In the light-front quark model the baryon state, which
consists of a heavy quark Q = b, ¢ and a scalar diquark
[qq] or an axial-vector diquark [gq], can be expressed as
(see, [16,42,43])

Bo(P.J.J.))= / (& py Hd® p2}2(20)8 (P=pr ~ )

<D

Apdz.afiy.b.c

JJ, ~ o~ ¢
‘{‘YLLLKS[(M]JI (pl 7p29ﬁ’1 7/12)C(1/)’}/Fh

x|Q*(pr.aa)lahqt) (p2.42). (A1)
where S}, Lk, and J; denote the spin of the diquark, the
orbital angular momentum of the Q — [gq] system, and the
total angular momentum of the light degree of freedom,
respectively. In the above equation, n, (a,f,7), (b,c)4;,
and p,, are the quantum number of the wave function,
color indices, flavor indices, helicity and the on-mass-shell
light-front momenta, respectively. The following notations
are used
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p=p".p). PL=(p".p? P‘—m;m, (A2)
and
(@ }:dp+d2m
Py ="50x7
8(p) =06(p")&*(pL).
10(p1.41)[ap4.](p2- 22)) = b} (p1)a], (p2)]0).
[ay(p'). a)(p)] =2(27)°8* (' — P)y 1.
{by(p').b}(p)} =2(22)°8*(p' = p)8ys.  (A3)

with 4, = §, = 0 for a scalar diquark and 4, = 0, +£1 and
S, = 1 for an axial vector diquark. The coefficient C,4, is a

normalized color factor and F®¢ is a normalized flavor
coefficient, obeying the relation

Catpry FY Cap FP(Q% (P, 40 [ 410 (P 45)| Q% (P )

S AIYS)
= 2%(27)%6*(p', — p1)5° (Ph

P2>5A’ A Oy Lo (A4)

The momenta can be defined in terms of the light-front
internal momentum variables, (x;, k; i) fori=1,2,

2

Pf:xipﬂ in—l,
i=1
- 2 -
PiL =XP1 + ki, Zku = (AS)
i=1
The momentum-space wave-function ‘PZ g . can be
K®lqq]1

expressed as

JI. L
WL s,00, (P12 P2:A1,42)

= Z <11|R1T1/1(Pfraﬁu’m1)|sl>

S1 eSZsL:’J/:

X (M| Ry (P3 . Paroma)|sa)(SiTpis1d 1| S1 13T

X <LKS[qq];Lzs2|LkS[qq];JIJ11>¢nLKLZ (X1, X0, k1Kot ),
(A6)
where ¢,,LKLZ(x1,x2,k1 1,koy) is the momentum

distribution of the constituents in the bound state,
(J'J";m'm"|J'J"; Jm) the Clebsch-Gordan coefficients

and (4|R},(py. P11
element.

m;)|s;) the Melosh transform matrix

We normalize the state as

(Bo(P'.J'J.)|Bo(P,J.J,))=2(2n)*P*&*(P' = P)5y 5y,

(A7)

consequently, ¢,,; (x,p,) satisties the following ortho-
normal condition,

/ dxd’p |
2(2x)
The wave function is defined as

dky, (ki =k
Bun 00,000 =[S0 (M5 200). (49

with

,yyy (x, pl)¢nLLz (x.p1) = 5;1’,n5L’,L5LQ.LZ'

(A8)

-

¢n00(kvﬁ) (pnr(k ﬁ)’

(pnlm(kvﬁ) - km(/)np(k ﬁ) 8(kl + kam) : k(pnp(l_é’ﬂ)’

-

(anm(k’ ﬁ) (kk)m¢11d(k’ﬁ)
=g, (k + ks, m)k”k”%d(’;’ B), (A10)
where k,, = €(m) - k (or, explicitly ki, ;= F (k* £ik”")/

V2, kp.—o = k°), and ¢,,; and ¢,, are s-wave and p-wave
wave functions, respectively. The kinematics are given by

(/)2

i=1 Xi
2, 02
W0 _ (M ED 0,0 70
i (/) (/) [hdd MO s ™ML
X M0
= (e = k). el + kKD,

MO = o) 4 0,

= /m P

MY P P

2 2l
L,
iz 2 22l

/ / 12
2ME))(65) 2) —|—m§<)2)) (M() —|—m§<) )) mg()l)' (A11)

Under the constraint of "2, x; = 1 and .2, k; = 0, one

can easily obtain
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dicy, _ 4 _ dklz. (A12) (BRy(p3. Par.ma)|sy) = 1, (Al4)
d.X'2 xlszO dx1
whereas the Melosh transform for an axial-vector diquark is
For the heavy quark, the corresponding Melosh trans-  more complicated
form is [60,61],

</12|R1Tw(l’2+,ﬁ2¢7m2>|32> = —EZF(P27/12) '81(P2,S2),
(A13) (A15)

with &, p and ¢; the polarization vectors in light-front and
with u and up the Dirac spinors in the light-front and  instant forms, respectively.

u(pr. A )up(prssy)
2m1

<11\RL(PT,]31L,M1)|31> =

instant forms, respectively. The Melosh transform for a It is convenient to use the covariant form for ‘I’ZZK S
scalar diquark is a trivial one, i.e., We have
r11/LZJ§ 7, (P1. P2 A1 ) = : w(prs AT L5, 0, 4Py T ) ar, (X1, %0, Ky Koy ),
K9[qq)1 \/(MO 4 m1)2 _ m% 94
1 _
g2 (P1. D2, A1 Ap) = u(pr, )0y uy(PoJ ) br (X1, %2, k11, ka1 ), (Al6)
nLgSiq 1 \/(MO T ml)2 _ m% LgSigqdi " H z K
. (1) . .
with 'V 5,, &iven in Eq. (7). Note that we have
dks,
bury = dx, Ve (A17)

with @, given in Eq. (9). The vertex functions Iy, I'51;, and I, are taken from [16], while T* are new and the
derivations can be found in Appendix B.

APPENDIX B: VERTEX FUNCTIONS

1. Some useful identities

We collect some useful identities for the derivation of vertex functions. Relations involving Melosh transform for
spin-1/2 and spin-1 particles are given by

uD(kl»Sl)uD(klysl)
2m1

(MR (x2.kay my)|52)€} (ka. 52) = =€ (K, do) - €1(ka 82)€5 (Ko, 52) = €} p (ko o), (B2)

MRy (er kg pomy)|s))ap (ky.sy) = @k, Ay) = i(ky, 4y), (B1)

where the polarization vector in the light-front form &;  has the following expression,
2 - - - /2
ng(:l:l): FSJ_(Z*Z])'PJ_,O,SJ_(Z‘Z]) . 8J_(:l:1) =F (1,j:l)/ 2,

1 (-M§+ P3
ehrl0) = (B Py ). (83)

Note that in the particle rest frame, the polarization vectors in the instant and light-front forms, ¢; and ¢ ¢, are identical, and
likewise the spinors in the two different forms, u; and u, are identical.

It is useful to expressed the relevant Clebsch-Gordan coefficients occurring in Eq. (A6) in compact forms:

1
<§1;S1S2

11 LI -
5I’EJZ> :%)(110-8 (k] +k2,52))(JZ
1

~ BlMo + my)? -] tp (ki s1)rsg" (ky + kyy sp)ulks + ko, J2), (B4)
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1 1.3
<§1;S1]zz 51;—JZ> = b et (ky + ky J )X,

2

1
= — \/(M T m )2 m2 Ij‘D(kl,Sl)e*ﬂ<k1 + kz"]lz)uﬂ(kl + kZ’Jz),
0 1 —m5

1
<§2§51le

1.3 2 1 -
20T ) = /2 * (P J)ap(ky, “ut (ky + kay J2),
279 z> \/;\/(1 r() 1)2 — %) 8;w( lz)uD( 1 Sl)757/ u ( 1 2 z)

<11; S2S4| 11; 2le> = 8D(Pv 52)'9”(;)’ 54)8;11(;)’ le>’
where u#* is the Rarita-Schwinger spinor in the light-front form with

1
5 1;S3S4

1.3
= 1;2JZ>8lZF(kl + k2, 54)ulky + ko, 53),

M”(k]+k2,JZ):< 2

and ¢,,(P,m) is the spin-2 polarization vector defined as

gﬂl/(P’ S) = (11;m’m”|11;2s)eﬂ(13, m/)SV(P, m//).

Note the Rarita-Schwinger spinor satisfies the following relations: (see, e.g., [46])

Pru,(P,J,) =0, r*u,(P,J,) =0, Pu,(P) = Mou,(P.J ).
It is useful to note that we have

e 2 . - 2 Pt
ut(P,J.) = géJZSZSLF(P’O)M(vaz) = §5jzszm“(Psz)v

which can be easily proved by using Egs. (B3) and (BS8), in particular, u™ (P, +3/2) = 0.
The following relations of the polarization vectors will be proved to be useful,

Mokg + mzpﬂ g(P, S2) . kz

& (ky.55) = €(P.5) A ———

- - 1 1 1
gﬂl/(P’ m)gpa(P’ m) = EGMOGIIG + EG;sz/p - gGﬂl/Gp07
where G, is defined as
, P,P
_ ulv
G;w(P) = G M(Q) .
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The relations in Eqgs. (B4), (B5), and (B7) can be easily proved by using Eq. (B9) and Eq. (A11). Explicitly, we use

uD(kl,s):wC(-‘):;<(el+ml)ﬂh>’

\/€1+ml 0 \/el—i—ml Eﬁ;(s
(ky +ky) -y + M, ()(A) <)(/1>
ulk; +ky, A) = +y0 =./2M ,
( 1 2 ) oM, vy 0 0 0
(ki + k) -y + My (%ﬁ‘) <x’1>
w(ky + ky, 1) = +y0 =./2M ,
( 1 2 ) oM, vy 0 0 0
H — 1 el ! 1 .3 M "
X = El,mm 51,5,/1 et (ky + ko, m" )y,

(B16)

the standard Dirac representation of y*, ys, e(k; + k,, s) = (0,2(s)) with &(£1) == (1, 4i,0)/v/2, €0) = (0,0, 1). One
can see [16] for the derivation of Egs. (B4) and (B12). Equation (B5) can be easily proved using the above equation and the

usual normalization of the polarization vector: & (P, m)e*(P,m') = =6, .
To prove Eq. (B6), we need to use the following identity on Clebsch-Gordan coefficient:

1 1.3 6/1 1.1 1 1.3
<§2;S1le 52,5J1> = §<§1;S1S2 E1;§S3><11;S2S4|11;2JIZ><§1;S3S4 51,5J1>,
and use Eqgs. (B4), (B7), (BS8), and (B13),
1 1.3 6/1 1 1 1 1 3
<§2;S]J[Z 52’§JZ> = §<§1;S|S2 E1;§S3><11;5254|11;2111><§1;S3S4 51,§Jz>

2 1 ) )
= _\/;\/(Mo g g & (Ji)up (ki sy)ysy ut (ky + ky, J ;).

Using Eq. (B9) and the following identity of the Clebsch-Gordan coefficients,

1 1 1
<1 1 ,a, b| 11 5 2m> <1 1 ,C, d| 1 1, 2m> = E(Sa,cé,,,d -+ 55(1746/,,6 - g (—)a+c5a._h5c’_d,

and noting that ¢*(P,m) = (—)"&(P, —m), we have

1 _
(P, m)e,,(P,m) = ESZ(P, m)e,(P,m)e;(P,m')e,(P,m") + Ee,*,(P, m)e (P, m)e;(P,m')e,(P,m’)
1 - _ _
- §£;(P, m)e,(P,m)e, (P, m')e; (P, m'),

which leads to Eq. (B14) after performing the polarization sum, Eq. (B13).
Note that using Eqgs. (B12), (B2) and (B13), we have

(M| Ry (x2. by my) 520 (P, 57) = =€ pka. da) - €k, 7)™ (P, 55)
Mok + myP? €} p(ky, 2p) - P
(P ky + myM,) M, ’

= 82’%("2’ /12) -

which will be useful in obtaining vertex functions.
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2. T* for states with configuration (LK,S‘[‘; d JEJP)=(1.0%1737)

From Eq. (A6) the corresponding momentum-space wave-function ‘Pﬁk Sl is given by
9q.

1.3

5 1§§Jz> (10; L.0[10; 1le>¢nle (1,20, ki, koy ). (B22)

2

37 - - N 1
Y01 (P, P2, A1 Ay) = </11|RL(P1+,P1L,m1)|sl><—1;5111z >

It can be expressed as

3

1

. - - _ -
‘1’3,501(1?171727/11»/12) = \/(M ) = u(phll)FzOIMﬂ(P’Jz)qﬁnp(xlst,lekaL)v (B23)
0 1) =y
with
W 1 H
Dot = =5 (P1=pa2)" (B24)

where Egs. (B1), (BS), (A10), (B13), and (B10) have been used.
3. I'* for states with configuration (LK,S‘[; d JPIP) =(0,1* 1% %*)
From Eq. (A6) the corresponding momentum-space wave-function ‘Pﬂk S is given by
o ; R R 1
lpiﬁ{‘w(l?lypz»/hﬂlz) = </11|RJ14(P1+,Pu,m1)|S1></12|R1Tv1(P2+,P2¢7m2)|52><§1251flz

X o0 (X1, X, ki 1s ko). (B25)

1.3
51,5‘]2><0170s2|017 1le>

It can be expressed as

Tiﬁ{z(i’l’p%’ll”b) = 1 ﬁ(pl’ﬂ“l)r{:lluﬂ(;)’ J ) s (X1, X2, k11 ko), (B26)
V(Mo +my)? —m3
with
H *H p’é . =
iy = _<€LF(p27/12) B o - M Dy + MMy €1 (P2, A2) 'P), (B27)

where Egs. (B1), (BS), (B21), and (B10) have been used.

4. T* for states with configuration (LK,S‘[‘; d JPIP) =11+ 2 %‘)

From Eq. (A6) the corresponding momentum-space wave function ‘I’ZK Sl is given by

320, 0~ - > - 1 1.3
Tnfvljz”(l?hpz,ﬂu/{z) = </11|RL(PTL,Pu,M1)|51></12|RL<P;P2L7m2)|52><§2§s1fzz 52251z><11;LzS211§2J&>
X L. (x1, %2, k11, ko). (B28)
It can be expressed as
BBy Py d) = ! i(p1. A ity (P T )y (X1, X0, ky 1 Ko ) (B29)
npl2 Pi1s D241, 42 \/<M0+m1)2_m% Pi1-M pl2¥%u sV )Pnp\ A1 A2, K11 R21 )

with
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1 e (P2, dy) - P m? —m3
", =——— (Do, Ay) + ( — o SLE\P2:72) T _ . m 2
A WiT L [(8 (P2.42) + | P1— P2) P py + Moty AR ) M,
& )P
+(p1 = p2)* (ﬁF(Pz,ﬂz) - %)} . (B30)

The above result can be obtained by using Egs. (B1), (B2), (B6), (A10), (B12), (BY), and (B14). In fact, from Eqgs. (B2),
(B12), and (B9), we have

<11;Lzs2|11;2le>€0(P7Lz)<lZ|R;rVI(x2vkZLsm2)|52>
—(11; L 55| 11520, )5 p(ky 2n) - €(kp, 52)€,(P, L)

*p ng(k%jQ) P(kl _kZ)/} P B31
<8LF(’<2,/12)+ Mo(es + m>) 5 €ps(P,J12) (B31)

Putting them together we obtain
. 2(ki—k\° [ . erp(kady) - P (ky =k \7\ (1 1 1
Ffmz”y - _\/;< > > 1614 <8LpF(k2’/12)+ Mo(e, + my) 2 2G#PG +2G/mG gG/wGpa ut
1 * ki —ky\° &r (kz,/lz)‘P kl—kz o kl_k2 P
= ———s &3 (ko o) [ = 2> +-LE
1075( LF( 2 2)( ) Mo (e, + my) ) 2

P, p
X |:g/4p (}/a - m) + Yuo (7;7 - ﬁz>:| ut. (B32)

It can be further simplified into the following expression:

* . P 2 .2
F’;lzu” = _2_\}5},5 {(8*”(1(2,12) + (k1 - kz)ﬂ W) <k1 — ¥ - nmy m2>
+ (k) = k! (¢2F<k2v’12) - M)} . (B33)

Boosting k; — p; in the LF boost we obtain Eqgs. (B29) and (B30).

APPENDIX C: KINEMATICS

The decay rates and asymmetries read [22]

pe [(M+M')? —mj (M - M')? — m}
r(6, = B.(1/2p] = e [WER0 = o (I IO = g
Pc E+M V2 Ez V2
LBy = B.(1/2)V(A)] = = |2(Is"| +|P§ |)+ 2 (15O +DOR + [PYP)]. (C1)
z V(A)
2kRe(A*B)
By = B,(1/2)P] = =~ =0
a[ b c( /) ] |A|2+K2|B|2
4m2, Re(SV*P,) + 2E3Re(S) + D) P!

(4)
alB, = B.(1/2)V(4)] = |
201} 4) (IS +1P5') + B ) (157 + DOP + 1P F)

(€2)

with k = p./(E'+ M’) and p, is the momentum in the center of mass frame
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Al

The B, — B.(3/2)P decay rates and asymmetries are given by

(B, — B.(3/2)P] = L=

and

alB, - B.(3/2)P] = —

pe [(M+M')
M/2

M+ M
E+M B+ MB(ZO) ’
2
Pe () )
-—— (A} — MA,’). C3
EV(A)(E, +M!)( 1 2 ) ( )
— m? (M —M")?* —m3
2jcp 4 LR p] (4
2cRe(A*B)
—_— C5
AP+ <7[BP )

respectively. The decay rates and asymmetries of B, — B.(3/2)V decays read [20,22,62]

16;:M22 [y 1200217 + 1oy 172021 2)

32ﬂM22 AV+1/2/1V 1/2|2+|hzv+1/2xv 1/2| )

o Yol pagael? = 1h_y1/2) a2l _ 2. 2hzv+1/2zv 1/2h(/1v+1/2),/1v;1/2 (C6)
Zﬂv|hﬂv+1/2viv§1/2|2 + |h—(/1v+1/2).—/1v:—1/2|2 Zﬂv| zv+1/2,av;1/2| + |hfvc+1/2./1v;1/2|2
where hy ., = (B.(A)V(4y)|Hw|B,(4)) is the helicity amplitudes and
hP Va2 = = hy Ay.1/2 th_y, —Ay.—1/2> (C7)
with
PV(PC) PV(PC)
hsppian = 20.E) .
PV (PO) \/— PV pc) Q% EPV(PC)
~1/2.- 11/2 Oy Y2
e VO M2 — M2 — m2VE™YFO 100 (M + MNEPYFO 4 EPV (PC) cs8
1/2.0:1/2 42\/§M’mv[ ( V)E| O=( )E, 0.0 s (C8)

EPV =C,, EPC =D; and Q. = (M + M')?

— m}. The formulas for the decay rates and asymmetries of B, — B.(3/2)V

decays can be obtained by using the above formulas, but with Ay, my, C; and D; and replaced by A4, m,, C; and D/,

respectively.
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