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Nonleptonic two-body decays of A, — Az, A_K in the perturbative
QCD approach
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We study the color-allowed A, = A.z, A.K decays in the perturbative QCD approach (PQCD) to
lowest order in strong coupling constant a,. Both the factorizable and nonfactorizable contributions are

taken into account in our calculations. It is found that these processes are dominated by the factorizable

contributions, while the important nonfactorizable contributions can enhance the branching ratios by about
30%. The decay branching ratios are predicted to be B(A, — A.x) = 6.754 x 1073 and B(A, = AK) =
5.0730 x 1074, where the uncertainties arise from the baryon light-cone distribution amplitudes (LCDAs),
the heavy charm quark and charmed baryon masses, and the hard scales. It is shown that the asymmetry
parameters in the two decays are approximately equal to —1, which is expected as in the heavy quark limit
and the soft meson limit. Our predictions are consistent with the recent experimental data within errors.

The obtained numerical results are also compared to those in the other theoretical approaches when they are

available.

DOI: 10.1103/PhysRevD.105.073005

I. INTRODUCTION

Weak decays of beauty baryons offer a promising place
to extract the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements, test the heavy quark effective theory (HQET)
[1,2], and search for the effects of physics beyond the
Standard Model (SM) in a complementary field to the B
meson decays. A, is the ground state of beauty baryons so
it can only decay via weak interactions. Because of the high
b-quark mass, it has rich decay channels, and provides a
very good place to study the semileptonic and nonleptonic
weak decays of heavy hadrons. Among those, the decays
containing a singly charmed baryon A in the final state,
mediated by b — ¢ quark transitions, are expected to have
sizable decay rates due to the large color-allowed tree
operator contributions.

Up to now several semileptonic and nonleptonic decays of
A, — A, were measured [3—-6]. A measurement of the
branching ratio of decay Ag — Az~ was performed by
LHCb [5,6] following observation of this decay by the CDF
experiment [7] at the Tevatron collider. The current world
average of its branching ratio given by Particle Data Group
(PDG) [8] is (4.9 £ 0.4) x 1073, The most abundant control
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sample of A) > Az~ with A} decaying to pK~z" final
states, are usually used to optimize the event selection and
study systematic effects. Taking the decay A) — Az~
as the normalization mode, LHCb [9] measured the
relative branching ratio of the Cabibbo-suppressed partner
AY) - AJK~, whichhas been considered in various analyses
as a background component [10], with respect to the decay
A) — Afz~ with significances of greater than 10c.
Subsequently, their absolute branching ratios are measured
by LHCb [6] using another normalization channel of
BY > K%t 7. Very recently, the first observation of the
semitauonic decay Ag — Att7 D, is reported with a signifi-
cance of 6.1¢ by LHCb [11]. As beauty baryons are now
being observed in significant numbers in the LHCDb detector,
new and more precise data will be available in the near
future. It will be interesting and timely to study weak decays
of singly bottom baryons to final states involving singly
charmed baryons.

From the theoretical aspects, there exist many phenom-
enological methods based on the SM to explore the semi-
leptonic and nonleptonic decays of A, — A, [12-24]. The
possible contributions of new physics to the semitauonic
decay and the ratio of semileptonic branching fractions
R(A.) were analyzed in detail in Refs. [25-42]. A recent
first measurement of R (A, ) by the LHCb collaboration [11],
is still in agreement with the SM predictions. The charmful
decays of A) — Afz~, AfK~ deserve special attention
because they are uncontaminated by the contributions from
the penguin operators. These processes provide a good
probe to test the factorization hypothesis, which has been
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extensively explored in the heavy flavored meson case [43].
Theoretical studies of these decays have been performed
using the soft-collinear effective theory (SCET) [44], light-
front quark model (LFQM) [45,46], Bethe-Salpeter (BS)
model [47], the nonrelativistic quark model (NRQM) [13],
the light-front approach (LFA) [48], and QCD factorization
(QCDF) [49]. These calculations in the literature are
important to check if the results in the SM are consistent
with the experimental measurements.

The PQCD factorization theorem [50,51] have been
applied to deal with the exclusive heavy baryon decays
[52,53], in which the baryonic transition form factors or the
decay amplitudes are factorized into the convolution of
hard scattering kernels with the universal hadronic wave
functions. The former can be perturbatively calculated in a
systematic way, while the latter, absorbing nonperturbative
contributions, are not calculable but universal. Large
logarithmic corrections are organized to all orders by
Sudakov resummation to ensure a consistent perturbative
expansion. After determining the nonperturbative wave
functions, PQCD factorization theorem possesses predic-
tive power. Both factorizable and nonfactorizable contri-
butions can be evaluated in a self-consistent manner within
this approach. The application of the extension of the
PQCD approach to the baryon decays has achieved a
preliminary success. So far, the semileptonic heavy baryon
decays A, — plv [52] and A, — A v [53,54], the radia-
tive decay A, — Ay [55], and the nonleptonic decays A, —
AJJy [56], A, = pr, pK [57] have been studied system-
atically in the PQCD approach. Very recently, the A, — p
transition form factors has been reanalyzed in PQCD by
including higher-twist LCDAs of a A, baryon and a
proton [58].

The heavy-to-heavy decays are more complicated than
the heavy-to-light ones, because they involve an additional
heavy baryon mass scale, which provides a test of the
application of the PQCD formalism. The semileptonic
decay A, — A, have been studied by employing the
diquark picture in the so-called hybrid scheme [59], in
which the form factors in the small momentum transfer
region are calculated in PQCD, while large one in HQET. It
has been found that perturbative contributions to the A, —
A, decays become more important at the maximal recoil of
the A, baryon with the velocity transfer about 1.4. This
observation indicates that PQCD is an appropriate tool for
analysis of two-body nonleptonic A, baryon decays.
Furthermore, it was pointed out in Ref. [53] that PQCD
could be applicable to A, — A decays for velocity transfer
greater than 1.2. The determined A, and A, baryon wave
functions at the leading twist accuracy from the exper-
imental data on the semileptonic A, — AU decay, can be
employed to study nonleptonic A; baryon decays because
of their universality.

In this work, we will investigate the two-body baryonic
decays A, —» A.z, A.K in the PQCD approach to the

leading order in the strong coupling «,, for which large
momentum must be transferred to the two spectator quarks
through the hard gluons exchange so that they can form
collinear objects in the final state. The decay amplitudes are
calculated through Feynman diagrams involving W-emis-
sion, W-exchange, as well as three-gluons vertex diagrams.
Apart from the branching ratios, we also predict the parity-
violating asymmetry parameter, which is related to the
anisotropic angular distribution of the baryons produced in
polarized baryon decays. The obtained results may provide
valuable information to theoretical and experimental
studies.

This paper is organized as follows: after the Introduction,
in Sec. II we define the kinematic variables for the
concerned A, decays and the LCDAs for the associated
hadrons. Numerical results are presented and discussed in
Sec. III. Section IV is devoted to our conclusion and
outlook. The explicit PQCD factorization formulas for the
T-type decay amplitudes are collected in the Appendix.

II. FORMULATIONS

Because a baryon is composed of three constituent
quarks in the conventional quark model, the QCD dynam-
ics of baryon decay process are more complicated than
those of meson. There are more possibilities for exchanging
gluon, particularly in the case of the PQCD framework,
which requires at least two hard gluon exchanges in the
leading order approximation, as mentioned above. For the
nonleptonic two-body baryon decays, the hard amplitude
involves eight external on shell quarks, four of which
correspond to the four-fermion operators and four of which
are the spectator quarks in the initial and final states. One
must evaluate all possible Feynman diagrams for the eight-
quark amplitude straightforwardly, which include both
factorizable and nonfactorizable contributions. Taking
A, — A,z as an example, we can catalog these diagrams
into five types: the external W-emission diagrams (7'), the
internal W-emission diagrams (C), the W-exchange dia-
gram (E), the bow-tie contraction diagrams (B), and the
three-gluons vertex diagrams (G), as shown in Figs. 1-5,
respectively.

In the T type diagrams, indicated by T;; in Fig. 1, the two
spectator quarks in the initial state A, must be kicked by the
hard gluons in order to catch up the outgoing ¢ quark from
the weak vertex and form the color singlet, which further
hadronize to a A, baryon. The first subscript i = a, b, ¢, d
means one of the hard gluon connects the spectator u quark
to the four-quark operators, which can be treated as a six-
quark interaction like a meson decay in PQCD, and i = e, f
denotes the gluon connects the two spectator quarks. The
second subscript j represents possible ways of the other
hard gluon connects the spectator d quark with the six-
quark system. Excluding the case of two gluons are
simultaneously attached to one of the spectator quarks, a
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FIG. 1.

External W-emission (T') diagrams for the A, — A .z decay to the lowest order in the PQCD approach, where the solid black

blob represents the vertex of the effective weak interaction. The heavy quarks are shown in bold lines. The cross indicate the possible
connections of the gluon shown in red attached to the d quark. There are 36 diagrams in total, and we mark each one by T';; with

i=a—fand j=1-7.
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FIG. 2.

total of 367-type diagrams contribute to the decay ampli-
tude in the PQCD framework, as shown in Fig. 1.

By exchanging the two identical d quarks in the final
states baryon and meson from the 7-type diagrams, one can
obtain the 36C-type diagrams, denoted by C;; in Fig. 2.
When one of the gluons produces a pair of wuii, this
corresponds to the W-exchange diagrams, which are further
classified into the E-type with the spectator d quark
entering into the A, baryon, and the B-type with the
spectator d quark entering into the # meson. Each type

Internal W-emission (C) diagrams marked by C;; with i = a — f and j = 1-7.

have 36 diagrams, indicated by E;; and B, as illustrated in
Figs. 3 and 4, respectively. In addition, the concerned
decays are admitted by the three-gluon contributions,
which can also be divided into above four categories with
a total of 16 diagrams as shown in Fig. 5. Therefore, there
are 36 x 4 4+ 16 = 160 diagrams in total that need to be
evaluated to the leading order. For the A, — A.K mode,
the d quark from the weak vertex is replaced by the s quark,
thus there is no contributions from the C and B-type
diagrams.
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FIG. 3. W-exchange (E) diagrams marked by E;; with i = a — f and j = 1-7.
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FIG. 4. W-exchange (B) diagrams marked by B;; with i = a — f and j = 1-7.
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FIG. 5. Three-gluons vertex (G) diagrams marked by G;; with i =T, C, E, B and j = 1,2, 3,4. The cross indicate the possible
connections of the gluon shown in red attached to three-gluons vertex.

[0y

We work in the rest frame of the A, baryon with

— M I __ M 2
the A, moving off in the plus direction, and define p, p= ﬁ(l 1.07). P = ﬁ(r 1.07),
p’, and ¢ to be four momenta of the A,, A., and meson, M
respectively, which can be written in the light-cone coor- q= ﬁ (1-72,0,07), (1)

dinates as
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with the mass ratio r = m/M and m(M) is the mass of the A.(A,) baryon. The valence quark momenta inside the initial and

final state hadrons, as shown in Fig. 1, are parametrized as

M M
klz(xl_v_’le ’ k2: .X'z OkZT
M M
Ky = <0,7§xlz,k/2T>’ Ky = (O,ﬁxlyk/n)’
M
= 1— 1_r2 _707_ . 2
= ((1-9)01- ) 75 0.-ar ) @)

k= (57 k)
G = (y<1 —r2>%,o,qf),

Here, the b and ¢ quarks are considered to be massive and
carry momenta k; and k), respectively, while the masses of
all light quarks and meson are neglected. y, x;, x; are the
parton longitudinal momentum fractions constrained by
0 <y,x,x; <1 and q7,k;7,k}; are the corresponding
perpendicular components. They obey the conservation
laws

x1—|—x2—|—x3:1, k]T+k27+k3T:O, (3)
which for the primed quantities takes a similar form.

As mentioned before, the universal nonperturbative
hadronic wave functions, which determines how quark
momenta are distributed inside the hadron, serve as
fundamental inputs for the PQCD description of exclusive
two-body nonleptonic processes. The study of A, baryon
wave function has made great progress in the past decade
[60-65], since the complete classification of three-quark
LCDAs of the A, baryon in the heavy quark limit have been
constructed [61]. The A, baryon LCDAS up to twist-4 has
been available currently [62,65] and several asymptotic
models have been proposed in Refs. [60-62]. However, the
A, one still receive less attention to date, whose LCDAs
beyond the leading twist are not yet available. We thereby
only take into account the leading-twist LCDAs of baryons
in the following analysis.

As both A, and A, baryons are consist of a heavy quark
and two light quarks, the heavy quark can factorize from
the light degrees of freedom in the heavy quark mass limit.
Assuming that the two heavy baryons are in the ground
state and the orbital and spin degrees of freedom of the light
quark systems decouple, the leading-twist baryon LCDA
can be expressed as [66,67],

dyl dyl 1k1)1 ljk<

rdr =575 | 11 0

X T[Q&(O)Mﬁ(yz)d'y‘(ya)]|/\Q(P)>

g
= o [ mo)rsCly o], @, ki)

2N,
4)

M
ky = (X3ﬁ,0,k3r),

where Q denotes the heavy quark b or ¢, and Ay (p)(my) is
the corresponding heavy baryon spinor (mass). i, j, k and a,
B, v are the color and spinor indices, respectively. N, is the
number of colors. C'is the charge conjugation operator. f» , i
the normalization constant, which satisfies the approximate
relation f my, = fp my, [53] in the heavy quark limit.
Neglecting the transverse momentum dependent, the model
for the @, , employed in this work is taken from Ref. [68]

¢AQ(X1,X2,X3)

m%  m:  m2
:NAQXIXZX3CXP|: 2ﬂ2 (_Q+_q+_q>:|, (5)

X2 X3

with 3 being the shape parameter and m,, the mass of light
degrees of freedom in the baryon, their numbers were
determined to be f, = 1.0 GeV and m, = 0.3 GeV in
Ref. [53] by fitting from the experimental data on the
semileptonic decay A, — A_.lv; as mentioned before. The
normalization constants N, are determined by

/dxldX2dX35(X1+X2+X3—1)¢AQ()C1,X2,X3)_1. (6)

Here we assume that the two baryon LCDAs possess the
same functional form and parameters except for different
masses since we know very little about the LCDAs of A,
baryon. Itis easy to observe that the LCDAs of heavy baryons
are symmetric under permutation of two light quarks. Above
forms are supported by several phenomenological applica-
tions [52,53,56,69].

The light-cone distribution amplitudes for the pseudo-
scalar mesons are given by [57]

(P(9)|25(2)914(0)[0)
N \_/_%/ol dye%ys[gp () + mop” (y)
+ mo(fhf = )" ()] 55 (7)

where m is the chiral scale parameter of the pseudoscalar
meson. We use my = 1.4 GeV and my = 1.9 GeV for pion
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and kaon, respectively. The kaon and pion meson distri-
bution amplitudes up to twist-3 are determined using the
light-cone QCD sum rules [70,71]:

3fk

(ﬁ‘}}(x):%x(l —x)[1+akC*(2x=1)+ak C* (2x-1)),
PP (x) = 2{%[1+oz4cl/2(2x 1],

Ph(x)= 2f%(l —2x)[140.35(10x% = 10x+1)],
#4(0)=TEx(1 =) +a5C 2= 1)L

DL (x)= 2{%[1—!—0.43C;/2(2x—1)],

S () = 2{%@ 22)[140.55(10x2 = 10x+1)], (8)
with the Gegenbauer polynomials

CP(x)=3x, C(x)=15>5x2-1),

¢y (x) = (3x* - 1)/2. 9)

The Gegenbauer moments for the twist-2 LCDAs are
used with the following updated values at the scale
u=1GeV [72]

ak =006+003,  daf/"=025+0.15. (10)

The effective Hamiltonian describing the decays under
consideration is given by [73]

%Vt’bvuq[cl (/")01 (:u) + C2</t)02(ﬂ)]

+ H.c., (11)

Heff =

where the four-quark operators read as

0, (n) = (cO,u)(g0"b),
02(p) = (€0,b)(g0"u), (12)

with O, = y,(1 —ys). G is the Fermi coupling constant,
Veps Vg tepresent the CKM matrix elements with the
quark ¢ = d(s) corresponding to z(K) mode, and Cy ,(u)
are the Wilson coefficients at the renormalization scale p.
Since the four quarks in the tree operators are different from
each other, the direct CP asymmetries are absent naturally.

At the hadron level, the spin-dependent amplitude for
decays of A, into A. and a light pseudoscalar meson P is
obtained by sandwiching the effective Hamiltonian
between the initial and final hadron states,

M = (AP|Hes|Ay) = A (p')[Ms + Mpys|A,(p). (13)

where we split the amplitudes into the S-wave (M) and P-
wave (M p) pieces, corresponding to the parity violating and
conserving ones. Their generic factorization formula can be
written as

fA,,fA[ m Veb VZq Gr
144/3

<3 [ DDb 1l )0, (00, ()

Msp) =

x HRfj (0, 3)Qp, (b, B by)e S, (14)

where R =T, C, B, E, G labels the five type diagrams as
discussed above. The summation extends over all possible
diagrams. a is an appropriate combination of the Wilson
coefficients. Hg is the numerator of the hard amplitude
depending on the spin structure of final state, while Q R, is
the Fourier transformation of the denominator of the hard
amplitude from the k4 space to its conjugate b space. These
quantities associated with specific diagram are collected in
the Appendix. The integration measure of the momentum
fractions can be written as

[Dx] = [dx][dx']dy.
[dx] = dx dx,dx38(1 — x| — x5 — x3),
[dx'] = dx\dx,ydx6(1 — x| — x, — x5), (15)

and the measure of the transverse extents [Db] are also
given in the Appendix.

The explicit form of the Sudakov factors appearing in the
above equations are given by [57]

Sg,= D sk )+ > s(w. ki) + §LW ”i—”rq(ax(#))

=23 =123

+3 [ By, (i) (16)

Sn, = 2SOk + B SO0 K) 3 sl 47)
; 2

= =123

3

8/“":‘/ dp _ / u dp _
+5 —7rqlas(p)) +3 —rqlas(p

3Kwﬂq(()) Kw,ﬂq(())

12 ﬁ"%qus(m), (17)

for the factorizable and nonfactorizable diagrams, respec-
tively. The explicit expression of the function s can be
found in Ref. [74]. Another threshold Sudakov factor S,(x),
collected the double logarithms a;, In?(x) to all orders, is set
to 1 similar to the case of the heavy-to-light A, decays [58].
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The hard scale ¢ for each diagram should be chosen as
the maximal virtuality of internal particles in a hard
amplitude,

tr,, = max(v/|tal, V/|tgls vV ltcl, Vtpl wow s wg), - (18)

where the hard scales #4 ¢ p associated with the two hard
gluons and two virtual quark, whose expressions will be
listed in Appendix. The factorization scales w, w', and w,
are taken to be

with the variables
50 = 8 - o), 20)

with the other bgl) defined by permutation. The phenom-
enological factor k = 1.14 is adopted according to Ref. [75].

III. NUMERICAL RESULTS

In this section, we first present the input parameters
entering our numerical analysis. The SM parameters such
as baryon and heavy quark masses (GeV), lifetimes (ps),
and the Wolfenstein parameters for the CKM matrix are
taken from PDG [8],

M=56196 m=2286 m,=48, m, =1275,
r=1464, 1=022650, A =0.790,
p=0.141, 7=0.357. (21)

Other parameters appearing in the baryon and meson DAs
have been specified before.

We first examine the baryonic transition form factors at
maximal recoil, to which the factorizable emission dia-
grams from Fig. 1 are related. The A, — A, transition
matrix elements induced by the vector and axial-vector
currents can each be decomposed into three dimensionless
invariant form factors [19,20]

TABLE L

2
£

r 2
= A0 | (@) - fit)

(Ac(p)|er'ysb|Ay(p))

qﬂ} AP,

2
=50 (@) =D g,

%qz)q”} s (P)s

(22)

where o = i(y*y* — y*y*)/2 and all y matrices are defined
as in Bjorken-Drell. ¢ = p — p’ is the four-momentum
transfer constrained by the physical kinematic region
0 < ¢> < (M — m)?. Contracting Eq. (22) with q,» we have

(Ac(p")|eq(1 = v5)b|Ay(p))
= A(P)f1(@%) g = 91(4*)ays) A (p)
AP 1(g*) (M = m) + g1(¢*) (M + m)ys] A, (p),
(23)

in which the free Dirac equation has been used. Here, f,
and ¢, terms vanish due to the antisymmetric structure of
", while the contributions from f; and g5 are neglected in
the massless limit g> — 0. We shall concentrate on f; and
gp in the present work. It can be seen the right-hand side of
above equation has a structure similar to the corresponding
one for the decay amplitude in Eq. (13). Thus the baryonic
transition form factors f; and g, at the zero momentum
transfer can be extracted from the decay amplitudes
through the relations,

G 1
M = ngCijq(M —m)fp <C2 + 3C1)f1(0)’

G 1
M%‘C = \/—%VcbV::q(M +m)fp <Cz + §C1>91(0)v (24)

where M%< and M denotes the factorizable contributions
to the corresponding amplitudes Mg and M p, respectively.
fp is the decay constant of the pseudoscalar meson. The
diagrams that contribute to the form factors from 7 ,;_s,
Tyi—pss Tere2> and Ty 4, in Fig. 1, whereas those from the
triple-gluon vertex, such as Gr;r, in Fig. 5, do not
contribute since their color factors are zero in the present
case.

The numerical results of the form factors are presented in
Table I, where those from various theoretical calculations in

Theoretical predictions for the form factors f; and g, at g> = 0 of A, — A, transition using different approaches.

Form factors This work [76] [20] [77]

[45] [78] [48] [79] [80] [81] [82]

f0(0)
90(0)

—0.082-0.149—-0.035
—0.085-0.156—0.035

0.44010,113+0014+0.074 (0 526 0.549 0.418 £ 0.161 0.506 0.50072:92% 0.670 0.474709%9 0.488 0.50 £ 0.05 0.50 + 0.00

—-0.031 -0.072

0.44370.120+0.013+0.076 () 505 (0.542 0.378 £ 0.102 0.501 0,509j8-029 0.656 0_468j8_-8% 0.470 0.49 £+ 0.05 0.50 +0.00

.031
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the literature are also shown for comparison. The main
theoretical uncertainties stem from the shape parameters
in the baryon LCDAs, the charm quark and charmed
baryon masses, and the hard scales ¢, respectively. In the
evaluation, we vary the values of Sy, m. and m within a
10% range and the hard scale from 0.75¢ to 1.25¢ for the
error estimation. It is found that the main uncertainties in
our calculations come from the baryon LCDAs, which can
reach 25% in magnitude. It is necessary to stress that the
higher-twists contributions of the baryon LCDAs are
neglected because that of the A, one has not been available
currently, which may give significant uncertainties. So we
choose a relatively wide range of 3, to estimate the effects
of the higher-twist contributions. The large uncertainties
imply that the nonperturbative parameters in the DAs of
baryons need to be further constrained for improving the
precision of theoretical predictions. The uncertainties
stemming from the baryon decay constant f, are not
shown explicitly in the Table, whose effect on the form
factors via the relation of f(gy) o f?\b. The uncertainties

related to the light pseudoscalar mesons, such as the
Gegenbauer moments shown in Eq. (10), are only several
percent, so that they can be safely neglected in our analysis.
One can see that the two form factors are nearly equal as
expected in the heavy quark limit. Our results are compa-
rable with those calculated from other approaches. Most of
the theoretical model calculations predict comparable
values for the form factors ranging from 0.4 to 0.7. The
main difference in various predictions from the LFQM are
in the treatment of the light quarks inside baryons. The
baryon quark-diquark picture is widespread adopted in
Refs. [45,48,78,79], in which the two light spectator quarks
in baryon is considered as a scalar of color antitriplet.
Instead, the authors of Ref. [80] treat each of the three
constituent quarks in baryon as separate dynamic entities. It
was shown that the quark-diquark picture works well for
heavy baryons. Reference [81] worked in the triquark
scheme, in which the three-body wave functions are based
on the baryon spectroscopy. In addition, the relativistic
quark model (RQM) [76], the covariant confined quark
model (CCQM) [20], and the lattice QCD (LQCD) [77]
also give similar predictions. In Ref. [59], the so-called
hybrid scheme is employed, in which the form factor in the
region with large ¢* is derived in the framework of the
HQET, while the small region is evaluated utilizing
the conventional PQCD formalism, which is free from
the endpoint singularity. Their form factor f; (or g; " was
parametrized in the so-called “Isgur-Wise function,”

f1lp)=lg:1(p)l
=1-3.61(p—1)+7.24(p—1)2=5.83(p—1)3, (25)

'Note that the definition of ¢, in [59] differs from ours in sign.

with p = ’;Tﬁ; One can obtain the value of f, at ¢*> =0,
corresponding to p = "4221.}”;”2 1s 0.32, which is somewhat
small. We note that the magnitude of the slope in Eq. (25) is
obviously greater than the LHCb measurement of 1.63 +
0.07 £ 0.08 [83]. As stated in Ref. [59], the slope of the
Isgur-Wise function is model dependent, the high power
terms would compensate for the deviation of the linear
terms. For more widely discussed about the slope, see the
recent analysis in Ref. [84] and references therein. In an
earlier work [53], the authors have developed a PQCD
factorization theorem for the semileptonic heavy baryon
decay A, — A_lv, where the form factors are parametrized
by fi(p) = /% and g,(p) = —%. This allows us to

evaluate the form factors to be f; =0.20 and |g,| =
0.18 at q2 = 0, which are half of ours. The reason is that
they neglected the transverse momentum dependence of the
internal quark propagators, and assumed that charm quark
and A, baryon have the equal mass, namely m, = m.
However, the mass difference, m — m,, can reach as larger
as 1 GeV, which is really important numerically. As we will
see later, keeping the nonzero mass difference makes the
branching ratios of the corresponding two-body decay
more coincides with the data.

The decay branching ratio and up-down asymmetry of
the concerned decays for the initial baryon in the rest frame
are given as [13,85]

|P‘TA,,

B—
8r

[(1+ )2 Mg + (1= r)? M|,

2(1 — r*)Re[MsMp]

(5 7P+ (1= 20

a=-

where |P| is the magnitude of the three momentum of the
A, baryon in the rest frame of the A, baryon.

We first investigate the relative importance of the differ-
ent topologies contributions to the decay amplitudes,
whose results are displayed separately in Table II. It is
found that both the S-wave and P-wave decay amplitudes

TABLE II. The values of decay amplitudes from different type
Feynman diagrams for A, - A.z(K) decays.

Type My Mp

Ab g ALJT

T —20x108+i85x10% —4.6x 1078+ i2.0x 1077
C —20x107°+i44x107° —63x102+i1.2x10°8
E —-6.5%x 10710 +14x107° —-1.1x1072 —il.6 x 10710
B 1.8x 10719 - 9.1 x 10710 5.7x 10710 — 2.0 x 10~
G 1.6 x 1072 — 1.7 x 10~° 3.7x107° —i3.6 x 107°
Ab g ALK

T —56x107° +i24x 108 —-13x107%+i5.6x 1078
E  —14x107104+32x 10710 —2.7x 10710 - j8.4 x 107!
G —72x107"—i40x 107" =21 x 10710 - 6.2 x 107!
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are governed by the T-type diagrams as it should be, while
others are at least one order smaller. Our numerical results
show the contributions of the T-type diagrams accounts for
more than 90% of the total branching ratio, even reaching
98% for the kaon mode due to the vanishing C-and B-types
amplitudes as mentioned above. The contribution from the
three-gluons vertex diagrams is found to be less important
compared with the W-emission diagrams but greater than
the W-exchange ones. The observed hierarchy pattern for
their relative contribution satisfy 7> C > G > E > B,
which seems compatible with the previous predictions in
Ref. [44], although the contributions from the three-gluons
vertex are not yet considered in Ref. [44].

As noticed before, the factorizable diagrams contain 14
diagrams of T-type and 2 diagrams of G-type, while the
remaining ones are all classified as nonfactorizable con-
tributions. In Table III, we present the factorizable and
nonfactorizable contributions in the decay amplitudes. It is
observed that the factorizable contributions dominate over
the nonfactorizable ones. This situation differs from the
PQCD predictions on the decays of A, — pz [57], where
the nonfactorizable contributions are found almost 2 orders
of magnitude larger than those from the factorizable ones.
As stated in Ref. [57], in the k; factorization approach, the
Sudakov factor can only suppress the small transverse
momentum region, and has almost no effect in the large
region. In some nonfactorizable diagrams, the two virtual
quarks can be on the mass shell in the large transverse
momentum region, so that their contributions are not
subjected to the suppression from the Sudakov factor.
We find a similar situation also exist in some of the
factorizable diagrams of the heavy-to-heavy baryonic
decays, in which the heavy charm quark and charmed
baryon mass can not be negligible. Taking the factorizable
diagram T, in Fig. 1 for example, as can be seen in

Table V, the masses of charm quark and charmed baryon
enters into the denominator of the propagators of the virtual
quarks, and makes the two virtual quarks are on the mass
shell in the large transverse momentum region. It can
numerically change the real and imaginary parts of the
corresponding amplitude and enhance its module. The
numerical analysis shows that the two factorizable dia-
grams T4 and 7,5 play the most significant role in the
decays under study. The authors in Ref. [56] also found that
the dominant nonfactorizable contributions in A, — AJ/y
decay. It is understandable that this channel is a color-
suppressed type as the B — J/wK decay, where the
factorizable contributions are suppressed by the small
Wilson coefficient.

The predicted branching ratios and up-down asymme-
tries are summarized in Table 1V, together with the results
of other theoretical studies and the experimental data. The
sources of theoretical errors are the same as in Table I. A
variety of predictions derived from the quark models based
on factorization assumption have been conducted, with
wide-ranging predictions for B(A, — A.x) ~ (1.75 -
5.6)x 1073 and B(A, - AK)~(1.3-3.93) x 107*.
Overall speaking, our results are slightly larger than other
theoretical predictions due to the involved important non-
factorizable effects. In the absence of the nonfactorizable
contributions, our branching ratios for the pion and kaon
modes will be reduced to 4.9 x 10~ and 3.5 x 1074,
respectively, which seem to be more consistent with those
predictions based on the factorization assumption as shown
in Table IV. It is understandable because the naive factori-
zation suffices to describe the color-allowed type decays.
From Table III, one can see that a constructive interference
between the factorizable contributions and the nonfactor-
izable ones enhance the branching ratios by about 30%,
indicate they are indeed numerically significant in the

TABLEIIL. The values of decay amplitudes from the factorizable and nonfactorizable diagrams for A;, — A.z(K)
decays.
Amplitude Factorizable Nonfactorizable

Mg(Ay, = Acr)
MP(Ab - Ac”)
MS(A/? g AL.K)
Mp(A, > A K)

—1.7x 1078 + 7.4 x 1078
—4.1x107% +i1.8 x 1077
—4.6x 107 +i2.0x 1078
—1.1x107% +i4.8 x 1078

—-39%x 1072 +il4x 1078
—8.1x107° +i2.6 x 1078
—12x107° +i43 x107°
—25%x1072 +i7.9x 107

TABLE IV. Various theoretical results on the branching ratios (107%) and the up-down asymmetries (%) of A, — A.z(K) decays.

[80]* [79] [82] [25] [49]

PDG2020 [8]

Mode This work ~ [88] [13]* [86,87]" [89] [16] [78]
B(Ay—Acm) 6753703425 46120 45 56 391 1.75 496
B(Ay— A K) 0.5 99102 0.13 0.393 0.31
a(Ay=A) =992  —100 =99 —99

a(A,—AK) -98.2

38 4638

45402 3.6+03 2.85+0.54
0.34+0.01

4.9+0.4

0.3170% 0.22140.040 0.35940.030

- =99.9 =99.8 =99.9 —99.99+470 —100.0+0.0

-0.00

- =100 —100 —99.9 —99.97+302 —100.0+0.0

—-0.01

‘We estimate the branching ratio by multiplying the given width by the lifetime 7,, = 1.464 ps.
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considered processes. The important nonfactorizable con-
tributions were also found in previous studies based on the
relativistic three-quark model [86,87], but with the destruc-
tive interference pattern. Previous measurements performed
by the LHCb collaboration [6] yield B(A, > A.z)~
(5.9740.86) x 1073 and B(A, = A.K) ~ (3.55 & 0.66)x
107*, respectively, where the statistical and systematic
uncertainties are combined in quadrature. Our prediction
on the pion mode is consistent with its value, while that of
kaon mode is larger. Although the inclusion of the non-
factorizable contribution makes our results larger, for a
consistent and complete analysis of the leading-order
PQCD calculation, it is necessary to include the non-
factorizable contribution in the current work.

In the heavy quark limit and the soft meson limit, one
expect that Mg ~ Mp(1 —r)/(1 + r), resulting in a ~ —1.
As given in the Table IV, almost all the predicted asym-
metry parameters are nearly 100% and negative, which
indicate the V — A nature of the weak current and maxi-
mum parity violation. The values of « are insensitive to the
variation of these parameters, indicates it can serve as an
ideal quantity to test the PQCD approach.

The ratio of kaon to pion decay rates is defined by

B(Ab - ACK)

R= B, = Ar)°

(27)

for which the uncertainty due to hadronic effects cancels to
a large extent. The ratio can be used to test factorization of
amplitudes. Since the two decays have similar topology and
kinematic properties, in the limit of U-spin symmetry, the
ratio R is dominated by the ratio of the relevant CKM
matrix elements |V,,/V,4|> ~0.054. After including the
decay constants f, and f, the ratio increases to about
0.081, which is approach to our prediction 0.071 without
the nonfactorization contributions. When the nonfactoriza-
tion effects are considered, the ratio changes slightly
because the decay rates of the two modes increase to be
a comparable proportion. The LHCb collaboration has
previously measured this ratio to be 0.0731 £0.0016 £
0.0016 [9], where the first uncertainty is statistical and the
second is systematic, which is compatible with our PQCD
prediction.

IV. CONCLUSION

In this study, we have performed a systematic analysis of
the color-allowed baryonic decays A, - A.P with P
denotes either kaon or pion in the framework of PQCD.
With the previous well determined leading-twist LCDAs of
baryons, we calculated the branching ratios and up-down
asymmetry parameters including both the factorizable and
nonfactorizable contributions. At the PQCD leading order
in a,, a nonleptonic two-body baryon decay process
requires at least two hard gluon exchanges. All the possible

Feynman diagrams can be classified into five topological
types, namely 7, C, E, B, and G. 14 diagrams of T-type and
2 diagrams of G-type contribute to the factorizable ampli-
tude, while others enter into the nonfactorizable one. It is
observed that T-type diagrams dominates and the contri-
butions from other four type diagrams are small, totaling
less than 10%. The three-gluon contributions are between
those of W-emission and W-exchange diagrams. The
concerned processes are dominated by the factorizable
contribution, but the nonfactorizable contributions are also
important and cannot be ignored. Their constructive inter-
ference enhances the decay branching ratios.

The predicted two baryonic transition form factors f
and ¢g; at maximum recoil are close to those in other
theoretical methods within errors, but larger than the
previous PQCD calculation due to the different treatment
of the charm quark and charmed baryon masses. It is found
that the nonzero mass difference could numerically
enhance the branching ratios of the two-body decay and
improve comparison with experiments. The predicted
branching ratios of A, — A.zand A, - A K are 6.7f§.'§ X
1073 and 5.0730 x 107%, respectively, which are generally
larger than other theoretical results due to the involved
important nonfactorizable effects. The obtained ratio of
kaon to pion decay rates is accessible to the experiments by
LHCb. As expected in the heavy quark limit and the soft
meson limit, the asymmetry parameter is predicted to be
—1, which indicate the V — A nature of the weak current
and maximum parity violation. Since only the tree operator
contributes to the decays, the direct CP asymmetries are
absent naturally.

We discussed theoretical uncertainties arising from the
hadronic parameters in baryon LCDAs, the heavy charm
quark and charmed baryon masses, and the hard scales. The
branching ratios suffer a large theoretical uncertainties,
whereas the up-down asymmetries are less sensitive to
these parameters. It should be emphasized that here only
the leading-twist baryon LCDA are considered, while other
higher-twist contributions are negligible within the accu-
racy of the current work, which may give significant
uncertainties. The higher-twist contributions should be
included to improve the precision of theoretical predictions
in the future. As a case study with rough estimation, our
results may provide useful and reference information for
the future application of the PQCD approach to the heavy
baryon decays.

It would be interesting to extend our analysis to another
two charmful nonleptonic decays A, — AfD~ and
A, = A D7, in which it would involve also contributions
from penguin diagrams. The interference between tree and
penguin amplitudes will produce the CP asymmetry. In
particular, the Cabibbo-favored mode A, — Al Dy was
observed with a large decay branching ratio of the order
1072. The CP asymmetries in such processes are worthy to
be explored in the future.
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APPENDIX: FACTORIZATION FORMULAS
FOR THE T-TYPE DIAGRAMS

In this Appendix we provide some details about the
calculations of the 7-type diagrams, while those for the other
|

T, = Tfl’ Ty ="T,., T3 =T,
Ty =Tp, Ty, =Te, Tyy = Thps,
TCZ = Te37 TCS = Tc6’ Tc7 = Td57

type ones can be derived in a similar way. It is interesting to
note that some diagrams in Fig. 1 are connected by an
interchange of two light quarks. We give one example for
T, asanillustration. By interchanging u <> d, itturnto 7sy,
and thereby the amplitude of the T'; can be obtained from
that of T,;; by exchanging the momenta indices 2 and 3, and
the spinor indices f and y simultaneously. As can be seen in
Eq. (4), the baryon LCDA is symmetric in exchanging x,
and x3, while the structure [- - -], are antisymmetric under
the permutation of the spinor indices. When including two
baryons in the initial and final states, their amplitudes remain
the same. Now, we collect all the diagrams that satisfy the
above relation as below

Tys = T3, Ty =T, Ty =Tgag,
Tpe = T4 Ty =T, Ty =Tps,
Ty =Ty, Tpp =T, Ti6 =T (A1)

In the following we only present the results for diagrams on the left of the above equation.

The Wilson coefficients a, the virtualities of the internal gluon 7, 5 and quark 7 p for each diagram T'; in Fig. 1 are
collected in Table V. The b-space measures [Db] and the expressions of Q are presented in Table VI, where the auxiliary

functions h; are defined as

TABLE V. The Wilson coefficients a and the virtualities of the internal gluon 7, 5 and quark 7¢ ;, for each diagram T;; in Fig. 1.

Ta G +5Cy X35 (I=x)(1=x}) (1 —xp)x 1—x|

T Cz—i—%Cl X35 (I=x)(1—x}) (1 —x})x; 1—x)

T C, + %Cl X3x5 Xpxh Xy + x5 — xpx} 1-x

Tas G, +5Cy x3X5 X2X) Xy X3 — XpX3 r2 4 (1 —x5)(x3 — r?)
Tas 3C X35 XX xXh +x3 — xbxs X (x5 = (1= r2)y)

T4 e X35 XX xh + x3 — xhx3 Xy —1+x342(1—-y))
Ty C,+1C X34 (1=x))(1=x)) (1= x;)x 142 -2 —x

Th Cy +3C X33 (I =x)(1 = xp) (1= x})xs 1+7r2-7r*—x

Tyy G+ %Cl X35 X)X L+r2-r—x 124 x4 2 (xy = 1) — xpx,
Ty 1€ X33 XX X5 (x3 + (2 = 1)y) re 4+ xp + 12y = 1) = x4
Ty, iy X34 Xpxh X3 —1=r*(y—1)+y) rE 4 xy 4 rH(xy = 1) — xx}
T 3C X33 (I=x)(1—xp) (1 —xp)x3 (1=x)(1=x; =y +r’y)
T 1C x3x% (I=x)(1=x}) (1=x))x; (1=%)(1=x, =y + )
A ¥+ (7 = 1) (1)1 =2, —y+ 1)
Ter 7€ 3G X35 XXy (s =1=r(y=1)+y) x5 (xy + (7 = 1)y)

Ta 1€ X33 (I=x)(1=x}) (I =xp)x; (X =D+ (y-1)-y)
Ta 3Ci X323 (I=x)(1—x}) (I =x)x; (=D +r2y=1)—-y)
Tas 3C -G x3X3 XX) (X =D+ (y-1)-vy) Xy —1=r>(y—1)+y)
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TABLE VL. The expressions of [Db] and Q  for the T-type diagrams.

Rij [Db] QR”
T [ d*b,d*b3d*b,d*b); 2,, o Ko(\/mbz = b3|)Ko(y/75|b3 + b5 — by[) Ko (\/Tc|[by — bs + by — b5 |) Ko (\/7p|b3 + bS|)
T [ dbyd®b3d*b)d> b 2,, a7 Ko(Vialby = b3|) Ko (v/2|b2|) Ko (V/c|bs = b5 + by — b3|)Ko(y/7p|bs + bj|)
Ty J d*b3d®bhd*b) Ko(y/T4|bs])ha (=D, =b3 — b’z, tg.teitp)
Tes [ d*byd*bld*b); Ko(\/14|b5) Ko (/T5|b2| )1 (=by = by, tc, 1)
T J &b, d*b,d*byd*b) (2,1,)4 Ko(/alby — b§|)Ko(\/f§|bz|)Ko(\/Q|bz +b5[)Ko(v/7p|byl)
Tar J &b, d*b,d*byd*b} ! 777 Ko (/4 |bg + b3 Ko (/75[b2[) Ko (/7c|by + b3 |) Ko (v/7p[by )
Ty [ &@byd’b3d*bdby G Ko(\/mbz = b3[)Ko(/75b3 ) Ko(v/7c by — b3 4 b5 — b3[) Ko (1/Ip|bs + bs])
Ty [ &byd*b;d?b)db; K (MIb’ = b3|)Ko(y/7g[by — b3y = b3|) Ko (v/7c[by — b3 + b5 — b5 [) Ko (y/7p[bs + b5|)
Ty | &byd*bdb, Ko(V/g|b3|)ho(=b5, =bs = b3, 14, 1¢. 1p)
Ty J d®b,d*b3d*b,d*b); ﬁKo(\/mb + b)) Ko (/5|05 ) Ko (v/Ic|by|) Ko (v/Tp|b3 + b5])
Ty J &b, d*b3d’byd*b) (1—>4K0(\/§|b3 b, ) Ko (/5[5 ) Ko (/ic|by|) Ko(/Tp|bs + b3))
Te J &b, d*b,d*byd*b) 2,, 7 Ko(V/Talby + b5|) Ko (y/75]b, — b5 |) Ko (/ic|by + by|) Ko (/Tp[by )
Te J &b, d*b,d*byd*b} (2,,4Ko(\/a|b' b3 ) Ko(v/78by + ba|)Ko(/7cby + b5|) Ko (1/7p|b, )
T.s fdzqu2b2d2b3 Ko(/Talbs +b |)h2(b2 +bq,bq,t3,tD,tc)
T, [ &b, d*byd?b), hs(b, +b’,b2,bq,tA,tB,tC,tD)
Ta J &b, d*byd*bdbs ﬁ o(VTalba + b5 [) Ko (v/T5]b, + b5 ) Ko (/Ic|by + by|) Ko (V/1p[byl)
Ta J &b, d*byd’byd*b) @’ L Ko (/7405 = b5 |) Ko (y/75|by — bq|)Ko(\/“|bz + b5 ) Ko (v/7p|by )
Tus [ db, d2bhdh, Ko(/Tabh + by )a(=b,. b, — Wy, 1. 1. 1p)
1 V& T
hi(b,A,B) = = dZ\/—n— Kl(VCl"]l)e(”/l)+§[N1(V_Cl’71)_lJl<V_Cl’71)}9(_’71) )
i
Cl( )_
n1(A,B) = Az + Bz, (A2)
1 ldz dzy \/C—z L
hy(bs.bg,A,B,C) = = Ki(V/Eomp)0(n2) + = N1 (v =Cama) — i1 (v =Cam2)|0(—112) ¢
3271' 2121 \/E 2
Z Zl
Ca(ba.bp) = by — z1bgl? + 0 |bB ,
m(A,B,C) = Az, +; [BZ + Czﬂ’ (A3)
121

h3(bA’bB7bC9A’Ba C’D) -

Al dzl_dchf@ VG {Kl(\/g;;)e(%) + g N1 (V/=Eams) =

ulw——g;a;)]e(—ng},

6471'3 2132132222 /M3
22 2121222
C3(ba by be) = [by — bpzy — beziZ> + 2 2|bB bez | + 222 bl
_ 23 _ Ve) _
n3(A,B,C.D) = AZ3 + —— < BZ, + ——[Cz, + Dz)] ¢, (Ad)
VoYs) 7121

with the Bessel functions K ;, Ny, and J; and the Feynman parameters z; and Z; = 1 — z;. We do not repeat some useful
Fourier integration formulas for the derivation of the above functions, which could be found in Refs. [56,57]. The hard
amplitudes H R, are gathered in the Table VII.
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TABLE VII. The expressions of H,Se‘: for the T-type diagrams.

R.. HS HP
Y 16(1=r)¢" ()M° 16(1+ )¢ ()M

Tai =2((r = 2)r(x; = )xy + (1 -2r)x3) =2((r=2)r(x; = 1)xy + (1= 2r)x3)

T 2(r=2)r=2((1 =2r)x3 + (r = 2)r)x} 2(r=2)r=2((1 =2r)xs + (r =2)r)x}

Ta X521 + (r=1)%) +x((r = 1)%x] +2) X527 + (r=1)%) + x((r = 1)) +2)
“2(r+1)(rxy + 1) =2(r+1)(rx}, +1)

Tus (= +r)xh +r(r(r+re +2) +2r.+3) = r.) X(r(r(=r+3r.4+6) =2r.+ 1)+ r((r—4)r+ )x5 +r.)
=2r(r+ 1)(r.+1) =2r(r+ 1)(r.+1)

T .6 =2((r? = D)y +x3)(rxh —r = 1) = r(r — 1)2x5, (r—1)2rxhxy = 2((r* = 1)y + x3) (rxy —r = 1)

Tar (r= 12305 =2((r* = )y = 1) = x3)(ry = r = 1) (r=1)2xx5 = 2((FP = ) (y = 1) = x3) (rxy = r = 1)

Ty =2r((ro = 2rr)xy + (r—2)x; — r+2) =2r((ro = 2rr)xy + (r—2)x; — r +2)

Ty, 2(r = 2)rr (xh + x5) + (4r — 2)x3 2(r = 2)rr.(xh + x5) + (4r — 2)x3

Ty =2(r+ D)rtre=((r=2)r+3)r +((r=4)r+1)r2 2r+ D)rtre = ((r=2)r+3)r + ((r=4)r+1)r2

+r((r=1)%re 4+ 2r)xy + x,(2rr, + (r—1)?)

The (r =D ((r = Dr(r=re) = (r = 1xy = 2r(r + 1)y)

+2r(r+ 1)(re + 1)y) + 2rx3(ro — x4 + 1)

Ty =Qrxs(re =23 +1) = (r = D5 (r(2(r + Dy + 7+ 1. +3)

F(r =Dy —re) +2r(r + 1)(re + 1)(y = 1)))

T =2Q2r=1D)x5((rF =1)y—x; + 1)

Tep 2(r =2)r(x¥, = D((* = Dy —x; + 1)

Tes  —((P =Dy +x+x3) 207 = 1)y + (r = 1)*(=x}) + 2x3)
T (r=1)7rxoxy = 2((r* = Dy +2)((r* = 1)(y = 1) = x3)
Ta =2(2r = )x5((rP = )(y = 1) = x, — x3)

T 2(r =2)r(¥, = (P (y = 1) +x, =)

Tas (P =D -D=-x-x)20F -1y -1)

+(r = 1)%x5 = 2x,)

+r((r=1)%r. 4+ 2r)xy + x2(2rr, + (r=1)%)
(r=D)x5((r=Dr(r—r.) = (r=xy = 2r(r + 1)y)
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