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We calculate the CP-averaged branching ratios and CP-violating asymmetries for the two-
body charmless hadronic decays A, — pm, pK in the perturbative QCD (pQCD) approach
to lowest order in «;. The baryon distribution amplitudes involved in the factorization
formulae are considered to the leading twist accuracy and the distribution amplitudes of the
proton are expanded to the next-to-leading conformal spin (i.e., “P” -waves), the moments
of which are determined from QCD sum rules. Our work shows that the contributions from
the factorizable diagrams in Ay — pm, pK decays are much smaller compared to the non-
factorizable diagrams in the conventional pQCD approach. We argue that this reflects the
estimates of the A, — p transition form factors in the kr factorization approach, which are

found typically an order of magnitude smaller than those estimated in the light-cone sum
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rules and in the non-relativistic quark model. As an alternative, we adopt a hybrid pQCD
approach, in which we compute the factorizable contributions with the A, — p form factors
taken from the light cone QCD sum rules. The non-factorizable diagrams are evaluated
utilizing the conventional pQCD formalism which is free from the endpoint singularities.
The predictions worked out here are confronted with the recently available data from the
CDF collaboration on the branching ratios and the direct CP asymmetries for the decays
Ay = pr, and Ay — pK. The asymmetry parameter a relevant for the anisotropic angular
distribution of the emitted proton in the polarized A, baryon decays is also calculated for

the two decay modes.

PACS numbers: 14.20.Mr, 12.38.Bx, 12.39.St, 13.30.Eg



http://arxiv.org/abs/0906.1479v2

I. INTRODUCTION

The motivation to investigate b quark decays is attributed to their sensitivity to the quark
flavor structure, which leads to an extremely rich phenomenology, studied mostly in the context of
B-meson decays. However, heavy baryons containing a b-quark have been observed at the Tevatron
and they will be even more copiously produced at the large hadron collider (LHC). Their weak
decays may provide important clues on the flavor-changing currents beyond the standard model
(SM) in a complementary fashion to the B meson decays. A particular advantage of the bottom
baryons over B-mesons is their spin, which provides a unique way to analyze the helicity structure of
the effective Hamiltonian for the weak transition in the SM and beyond. Also, such baryon decays
are flavor self-tagging processes which should make their experimental reconstructions easier.

Theoretical analysis of non-leptonic decays are based on factorization theorems, which are the
fundamental tools of the QCD perturbation theory enabling the separation of physics at different
energy scales. The theoretical basis of the factorization theorem is a generalization of the Euclidean
operator product expansion to the time-like domain. The proof of the factorization theorem has
been worked out using the perturbative QCD approach based on the analysis of Feynman diagrams
in the so called Collins-Soper-Sterman (CSS) formalism [1, 12, [3]. Equally importantly, the large
mass of the heavy quark makes the formidable strong interactions effects controllable and they can
be studied systematically using methods based on heavy quark expansion.

The basic formula for the calculation of the branching ratios for the decays of the A, baryon
into two light hadrons is based on an operator realization of the diagrammatic analysis which can
be described most easily for the calculation of the hadronic matrix element of B mesons decays
into two light hadrons h; and he. With the insertion of a set of the weak interaction operator O;
between the initial B meson and the final decay products h; and hg, the decay matrix element is

obtained from the following formula [4]
(h1ha| O3] B) = B, (u) © (T (u) FP* (0) + €' (7, u) © B (7,0)) (1)

involving the QCD form factor F2"1(0) and an unknown, non-local form factor 281 (7,0) at the
leading power in the A/my expansion. Different treatments of the various parts in the factorization
formula (I]) have led to three popular theoretical approaches to study the dynamics of non-leptonic
two-body B meson decays, which are known as the perturbative QCD (pQCD) [5], QCD fac-
torization (QCDF) [6] and SCET approaches [7, 8, 9]. The function ZP1(7,0) is supposed to be

dominated by perturbative hard-collinear interactions, and can be further factorized into light-cone



distribution amplitudes ®p(w), @5, (v) and a jet function J(7;w,v)
EPM(7,0) = J(150,0) © p(w) ® P, (v), (2)

when the hard-collinear scale \/myAgcp is integrated out [10)].

In contrast to these two latter approaches based on the collinear factorization theorem, the
pQCD approach, which is developed in the framework of k7 factorization, is free of the singularities
from the end-point region of the parton momentum fractions. The pQCD approach has been widely
applied for the calculation of the non-leptonic two-body B decays and it has proved itself to be
successful in the description of exclusive processes with typical momentum-transfer of a few GeV.
A hallmark of this approach is that the form factor F#"1(0) is assumed to be dominated by short-
distance contributions and it is therefore calculable in the perturbative theory. Soft contributions,
though playing a role, are less important because of the suppression from the Sudakov mechanism
embedded in the k7 and threshold resummations [11]. Current applications of the kr factorization
theorem to exclusive processes are restricted to the leading order (LO) in the strong coupling
constant ag. In this, the infrared divergences involved in the radiative corrections to the weak
transition vertex are absorbed in the hadronic distribution amplitudes in a gauge invariant manner.
The factorizable, non-factorizable and power-suppressed annihilation contributions are calculable
in this framework free of the end-point singularities.

In the case of non-leptonic two-body B decays, the decay matrix elements, in most cases, are
dominated by the factorizable term, i.e. the first term on the right-hand side of Eq. (Il), whereas
the second term, the non-factorizable one, produces a perturbative correction. Since the first term
proportional to the form factor 51 (0) is in pQCD very similar to the other approaches, where the
form factors are input, the pQCD approach gives in most cases similar results for the non-leptonic
B decays as the other two approaches mentioned above, though there are differences in detail.

In the application of pQCD to two-body non-leptonic heavy baryon decays, we do not expect
a similar pattern as in the non-leptonic B meson decays on general grounds. In particular, in the
analysis of the hadronic decays of baryons, a large number of Feynman diagrams contribute to the
hard amplitudes even in the lowest-order. Taking the A, — pm decay as an example, some 200
Feynman diagrams need to be calculated as can be seen in section [IIl These diagrams involve
the exchange of two gluons, involving topologies where both gluons are attached to one of the
light quarks emerging from the weak interaction vertex. As some of these diagrams build up the
transition form factor, they receive contributions in o2, yielding small values for them. Another

challenge for the baryonic transition is that the light-cone distribution amplitudes (LCDAs) of



the baryons are less known in the literature. LCDAs are fundamental non-perturbative input
to regularize the infrared divergence appearing in the radiative corrections in the factorization
formalism of the pQCD approach. In view of this, applications of the pQCD approach to non-
leptonic two-body b-baryon decays are not worked out to a satisfactory level, and hence this area
is essentially an uncharted territory.

A first attempt to apply the pQCD approach to the baryonic transitions was made in [12],
where the proton Dirac form factor is calculated taking into account the Sudakov suppression
resulting from the resummation of the large double logarithms involved in the radiative corrections.
Subsequently, the proton form factor was recalculated in [13] by refining the choice of the evolution
scale of the proton wave functions and the infrared cutoffs for the Sudakov resummation, which lead
to predictions for the Dirac form factors which are consistent with the experimental data. Following
Refs. |12, [13], the semileptonic charmless decays A, — plv [14], the semileptonic charming decay
Ay — Aldv |15, 16], the radiative decay A, — A~ [L7], and the nonleptonic charming decay
Ay — AJ/+ [18] have been investigated in the framework of the k7 factorization scheme. However,
a study of the charmless hadronic decays Ay, — hiho, which has been undertaken in the generalized
factorization approach [19, 20], to the best of our knowledge, is still lacking in pQCD. Our aim is to
fill in this gap and provide further tests of the k7 factorization formalism to gain insight on the QCD
dynamics of these decays. In doing this, we have included the current information on the CKM
matrix elements, updated some input hadronic parameters, such as the distribution amplitudes
of the proton, which are systematically studied in [21]] making use of the conformal symmetry of
the QCD Lagrangian, and have used data to fix some other input quantities. We find that the
non-factorizable contributions to the hard amplitudes overwhelm the ones from the factorizable
diagrams in the baryonic decays Ay, — pm, pK. This feature of the b-baryonic decays is at variance
with what is found in the naive factorization approximation and in the corresponding two-body
B meson decays. Large non-factorizable effects existing in the charmed baryon decays have been
pointed out in the literature [22], where it is observed that the non-factorizable diagrams escaping
from the helicity and color suppression can be comparable to and sometimes even dominate over
the factorizable contributions.

The layout of the paper is as follows: In section II, we briefly review the pQCD approach
and give the essential input quantities that enter this approach, including the operator basis used
subsequently and the LCDAs for the pseudoscalar mesons, the proton as well as the A, baryon.
Input values of the various mesonic decay constants and the baryonic wave function at the origin in

configuration space are also collected there. Section ITI contains the calculation of the A, — pm, pK



decays, making explicit the contributions from the external W emission diagrams 7', the internal
W emission diagrams C, the W exchange diagram FE, the bow-tie contraction diagrams B and
the penguin diagrams P, as shown in Fig. Bl Details of the calculations are relegated to the
two Appendices (Appendix A, where the Fourier integration to derive the hard amplitudes in the
impact parameter (or b) space are displayed, and Appendix B, where the factorization formulae for
the Feynman diagrams corresponding to various toplogies are given). The decay amplitudes called
f1 and fy, defined in Eq. ([@4), resulting from the diagrams with different topologies evaluated
in the conventional pQCD approach are given numerically in Table [IIl We find that the T
diagrams dominate the Ay — pm, pK decays, as expected. Numerical values of the factorizable
and non-factorizable contributions from the 7' diagram amplitudes f;(Ay, — pm, pK);i = 1,2, in
the conventional pQCD approach are given in Table [Vl From the entries in this table we observe
that the factorizable amplitudes in these decays are essentially two orders of magnitude smaller
than the corresponding non-factorizable amplitudes. The form factor g; responsible for the Ay, — p
transition evaluated in various theoretical approaches are collected in Table [V] and we find that
g1 calculated in the pQCD approach is typically an order of magnitude smaller than in other
approaches [19, [23], where the form factors are dominated by soft dynamics. Subsequently, we
employ a hybrid prescription to deal with the hadronic A, — pmw, pK decays. In this approach,
the factorizable contributions are parametrized in the naive factorization approximation, and the
variation of the renormalization scale is assumed to reflect the effect of the vertex corrections. The
non-factorizable diagrams are evaluated, as in the conventional pQCD approach, in the framework
of the kr factorization. Following this procedure and utilizing the from factors calculated in the
light-cone sum rules (LCSR), we reanalyze these two channels and give the numerical results for
the amplitudes f;(Ay, — pm, pK);i = 1,2, for the factorizable and non-factorizable contributions
from the hybrid scheme in Table [VIIL We note that the factorizable contributions are much larger
in the hybrid scheme and they constitute a good fraction of the corresponding non-factoriazable
amplitudes. Numerical results for the charge-conjugated averages of the decay branching ratios,
direct CP-asymmetries and polarization asymmetry parameter « are tabulated in Table [VIIIL A
comparison of our predictions with the available experimental data [24] are also included in this

table. Section IV contains our conclusion and an outlook.



II. CONVENTIONS, INPUTS AND SOME FORMULAE IN PQCD

A. Effective Hamiltonian

We specify the weak effective Hamiltonian [25]:

10
Hepr = %{mm[awwm+02<u)c23(u)] —vtbvt;[zci(u)czi(u)]}+h.c., (3)
=3

where g = d, s. The functions @Q; (i = 1,...,10) are the local four-quark operators:

e current—current (tree) operators
QY = (Uabp)v-a(Gsua)v-a, Q3 = (Taba)v-a(Tsup)v-a, (4)

e QCD penguin operators

Q3 = (Gaba)v—a Y _(q5a5)v—4, Qs = (qsba)v—n > _(Gnas)v—4, (5)
q q

Q5 = (Gaba)v—a Y _(T55)v+a, Qs = (Tpba)v—n > _(Tnds)v+a, (6)
q q

e clectro-weak penguin operators

R - 3 )
Q7 = E(qaba)vaZqu(QEQE)VM, Qs = E(qﬂba)V,AZeq/(q’aqg)VJrA’ (7)
q q
3 i 5 )
QQ = §(QO¢bo¢)VfA Z eql(q,ﬁqr@)V*Aa QIO = §(q6ba)V,A Z €y’ (q:xq,lé’)Van (8)

q q

where a and 3 are the color indices and ¢’ are the active quarks at the scale my, i.e. ¢' = (u,d, s, ¢, b).
The left handed current is defined as (¢, q3)v—a = @47 (1 — 75)qs and the right handed current

as (G0qp)v+4 = @uYw(1 + v5)g5. For later applications it will be convenient to use the following

combinations of the Wilson coefficients Q; [26]:

aq :CQ+01/3, a3203+04/3, a5:C5+Cﬁ/3, a7:C7+Cg/3, 09209+010/3,

a2 :Cl+02/3, a4:C4+03/3, a6:C(5+C5/3, 08:CB+C7/3, 0102010+09/3, (9)

where the scale dependence for the Wilson coefficients has been suppressed here. For convenience,

we have given the combinations a; of the Wilson coefficients at three different values of the energy

scale in Table. [l



TABLE I: Numerical values of the effective Wilson coefficients defined in the text at three different scales

u, where my is taken as 4.8 GeV.

u (GeV) 0.5my mp 1.5my
ay 1.06 1.03 1.02
as(x1072) 0.40 10.3 14.8
as(x10~?) 6.41 3.60 2.63
as(x1073) ~326 —228 ~18.3
as(x1073) —5.87 —2.29 ~1.20
ag(x1073) —48.2 —29.8 —225
ar(x10~4) 12.6 12.2 12.0
as(x10~4) 9.79 7.57 6.69
ag(x10~4) —84.5 ~82.2 —81.4
aio(x107%) —0.32 —8.20 ~11.9

B. Kinematics

The kinematic variables of the initial and final hadrons can be defined as follows. The A; baryon
is assumed to be at rest, and the proton recoils in the minus z direction. p, p’ and ¢ = p —p’ denote
the momentum of the A, baryon, the proton and the light meson, respectively. The momenta of

their valence quarks are parametrized as

_ My
p=(p",p ,0)= ﬁb(l,l,O),

ki = (z1p",p  kir), ko= (z2p™,0,kor), k3= (z3p,0,ksr) ,
p'=(0,p",0)=(0,p",0),

ki = (0,21p" K1), ky= (0,250 Kor), ki=(0,z30" ,Kk'37),
¢=(g",0,0)=(p",0,0),

q1 = (yq+,0,qT) ) q2 = ((1 - y)q—'_aoa _qT) ) (10)

1) are their longitudinal momentum fractions,

where k1 (k}) is the b (u) quark momentum, z; (z}

and kl(g are the corresponding transverse momenta, satisfying >, kgé,), = 0. y is the longitudinal
momentum fraction carried by the quark in the emitted light meson and qr is its transverse

momentum. The kinematics of the non-leptonic two body decays of Ay is described in Fig. 1.



Q1 q2
k1 b - u ki
M, M,
p:ﬁ(l 1,0) p’:ﬁ(o 1,0)
k2 u U ko
ks d d ks

FIG. 1: Kinematics of the non-leptonic two-body decays of Ay in the pQCD approach.

C. Distribution amplitudes of pseudoscalar mesons

The light-cone distribution amplitudes for the pseudoscalar meson are given by [27, 28]

(P(P)|325(2)q14(0)]0) = —% /Oldxeixp'z [75 P (x) + moysd” () — mOUW%PuquT(x)Lﬁ
i
- —%/0 dxeP = [75 PQSA(m) +75m0¢P($) + moys(#h ¥ — 1)¢T($)]aﬁ )
(11)
where
¢ (z) = %m(l — 2)[1 + 0.44C22 (1)), (12)
oF (1) = 2{%[1 +0.43C22 (1)), (13)
@) = —5=i01” 0 + 05503 0] (14
P (z) = ?’fTQz(l — 2)[1+0.17CY (1) + 0.115C5 % (1)], (15)
dele) = LeiivomcyP o) (16
File) = —l0l”(0) + 03503 (1), (17
and the Gegenbauer polynomials are defined as:
i) =+, C32(t) = 3t
Gy (1) = $(3¢2 ~ 1), Gy (1) = 3512 — 1), )
Cy/%(t) = Lu(5¢2 - 3),
C,%(t) = L3561 — 302 + 3), C3/°(t) = B(21#t — 1442 4 1),



and t = 2z —1. The decay constants of these mesons are fixed as fr = 130 MeV and fx = 160 MeV

in our numerical calculations.

D. Distribution amplitudes of baryons

1. Distribution amplitudes of the Ay baryon

The Lorentz structure of the Ay baryon wave function Y, can be simplified using the Bargmann-
Wigner equation [29] in the heavy quark limit, where the spin and orbital degrees of freedom of
the light quark system are decoupled. In the transverse momentum space, the wave function of

the Ay baryon is defined as [30, 131]

1 ’ dw; AW i, iik i j k
(Vo Jasa i) = 5 [ TT st e e OIT T8, (01 ) )| o)
c’ =2

- %QNC[(;& + M, )75C) 3 (Mo ())atp (i 1) (19)

where b, u, and d are the quark fields, ¢, j, and k are the color indices, «, § and  are the spinor
indices, C' is the charge conjugation matrix, Ay(p) is the Ay baryon spinor. The normalization
constant corresponds to the value of the wave function at the origin in the configuration space.
The numerical value f, = 4.28702% x 103 GeV? used by us is determined from the experimental
data on the semileptonic decay Ay — A ly; [32]. The quoted value (within the £1o0 range) is also
in agreement with the ones estimated in the QCD sum rule (QCDSR) approach [33, 34].
The phenomenological model for the distribution amplitude of the A, baryon employed in this
work is borrowed from [35]
MR, mp
232z, 2B%x9 2B32%x3

Y(x1, 2, 3) = Nx1Tox36XD (20)

with the shape parameter 8 = 1.0 + 0.2 GeV and the mass of the light degrees of freedom in the

Ay baryon being m; = 0.3 GeV. The normalization

/[dﬂflw(ﬂsl,m,zg) =1, (21)

leads to the constant N = 6.67 x 10'2. We point out that the complete set of three-quark distri-
butions amplitudes of the A baryon has been investigated in Ref. [36] in the heavy quark limit
and the renormalization-group equation governing the scale-dependence of the leading twist dis-
tribution amplitude is also derived there. It is shown that the evolution equation for the leading

twist distribution amplitude includes a piece associated with the Lange-Neubert kernel [37] which
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generates a radiative tail extending to high energies, and a piece relevant to the Brodsky-Lepage
kernel [38], which redistributes the momentum within the spectator diquark system. It is sufficient
to limit the accuracy of the current pQCD analysis to the leading twist approximation due to the
still large errors of the experimental data.

The model for the twist-2 distribution amplitude for the A, baryon proposed in [36] is:

1 _w 1 _w
PP (w, 1) = wu(l — u) ae + GQCS/Q(Z’U, - 1)6—46 €1 (22)
0 1

with g = 20015 MeV, e = 6501550 MeV and ay = 0.33310-333. In the above representation, w is
the total energy carried by the light quarks in the rest frame of A, baryon and the dimensionless
parameter u describes the momentum fraction carried by the u quark in the diquark system. The

normalization of ¥ QCP (w,u) is

00 1

/ wdw/ dutp P (w,u) = 1. (23)
0 0

For comparison, we translate Eq. (20]) in terms of the variables w and u of Ref. [36]:
1 w (1 —u)w
cQM w,u) = ——Nw?u(l —u {1— —
M? 2 2
| g gplim| Y
25(1—M—Ab—M—Ab) My, 207

The shapes of the LCDAs 9QCP (w,u) and °M(w, u), given in Eqs. 22) and (24), respectively,
are shown in Fig. 2 and the various curves show the dependence on the input parameters of the
models. The variations of as in 9 @°P(w,u) does not play a significant role in the behavior of
QP (w, u), since the second moment is suppressed by /e, and so we have fixed ay = 0.333.
At this stage, it is difficult to select one or the other of these LCDAs. The harder spectrum of
Y@M (w, 1) in w (the sum of the energy of the two light quarks in the rest frame of the Ay-baryon)
also reflects in the inverse moments, which are more important for the dynamics. Following Ref.
[36], we define the two inverse moments involving negative powers of the variables w and u, the

fractional quark momentum

(e o) = [ [ gaemiean ) = [T o [ g PO ),

(25)

where an additional energy cut w < Ayy is introduced to guarantee that the moments are finite
in the presence of a radiative tail. The values of {(wu) ') and (w™!) for Ay = 2.5 GeV and

p = 1 GeV are summarized in Table [l We note from this table that the moments of the two
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FIG. 2: The functions ?“P(w,u) and »“?M (w,u) plotted against w for the fixed value u = 0.5. The

solid, dashed-dotted, dashed-double-dotted, dashed-triple-dotted, and dashed-quartic-dotted curves, peaking
typically around w = 0.8 GeV, describe the distribution amplitude “@M (w,u) with the values of the
parameters (8 = 1.0 GeV, m; = 0.3 GeV), (8 = 0.8 GeV, m; = 0.30 GeV), (8 = 1.2 GeV, m; = 0.30
GeV), (8 = 1.0 GeV, m; = 0.24 GeV), (8 = 1.0 GeV, m; = 0.36 GeV), respectively. The curves peaking
around w = 0.4 GeV( red curves) correspond to the distribution amplitudes ¢)%“”(w,u), where the solid,
dashed-dotted, dashed-double-dotted, dashed-triple-dotted and dashed-quartic-dotted curves correspond to
the values of the model parameters (¢p = 0.20 GeV, ¢; = 0.65 GeV), (e = 0.14 GeV, ¢, = 0.65 GeV),
(0 = 0.33 GeV, €1 = 0.65 GeV), (g = 0.20 GeV, ¢; = 0.35 GeV), (g = 0.20 GeV, ¢; = 1.30 GeV),

respectively.

TABLE II: Typical inverse moments defined in Eq. ([Z3) at a fixed energy cut off Ayy = 2.5 GeV and
p=1GeV for the two LCDAs ¢?°P (w,u) and ¢“M (w,u) discussed in the text.

(w HiGeV 1] ((wu) ) GeV ]
¥ () L6655 5381353
YO (), u) 107753 2.5370 53

distribution amplitudes P (w,u) and M (w,u) are compatible with each other within the
errors on the model parameters (which are large), with the central values of these moments shifted
to lower values for the 9“?(w,u) LCDA. For the numerical calculations presented here we use

pCM(w, u) with the quoted errors on the model parameters.
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2. Distribution amplitudes of the proton

Similarly, the wave functions of the final state proton has in leading twist the following form

39]

(V)as (o) = 52 (9510 st (518 + (TG (C 5 ) K

N9 (€ " as T () (26)

Keeping next-to-leading conformal spin, one obtains the following twist-3 distribution amplitudes

21, 140]:

8V (wis 1) = 12012505 (1) + ¢ (1)(1 = 3w3)| |
¢ (i, 1) = 120z17023(22 — 71) B3 (1)

" o) = 120m 055 [#00) — 3 (63— 67) ()1 — 33)]

Here the moments of the distribution amplitudes for the proton are determined by

_ 21 7
908 =In. by = S INAY, ¢F = 5fv (1-3VY)), (27)
with all the parameters fixed at the scale 4 =1 GeV as

lfn] = (5.04£0.5) x 10 3GeV?,
AY = 0.3840.15,

Ve = 0.234+0.03. (28)

It is easy to see that the above proton distribution amplitudes satisfy the following relations

¢V($17$27$3) = ¢V($27$17$3) )
¢A($17$27$3) = _¢A(x27x17$3) )

o' (z1,22,23) = ¢" (22,71, 3) . (29)

E. A brief review of the conventional pQCD approach

Factorization of amplitudes is a fundamental tool of QCD perturbative theory to deal with
processes involving different energy scales. Based on the kr factorization, the pQCD approach

provides a framework which has been applied to hard exclusive processes. In this approach, hard
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gluon(s) exchange is essential to ensure the applicability of the twist expansion, and soft contribu-
tions are expected to be less important owing to the suppression by the Sudakov factor. This is
the case for the transition form factors involving mesons. We would like to take the A, — p transi-
tion form factors as an example, first to illustrate the pQCD factorization theorem, and then offer
quantitative estimates for this form factor to check if the soft contributions remain sub-dominant
or not in the baryonic transitions.

The factorization theorem states that the transition form factor can be expressed as the convo-

lution of hadronic wave functions 1,,, ¥, and the hard scattering amplitude Ty

1
F = [ tdsllds’) [1dke) [0 Yy ' Ky o' 1) Tir2,0', Mg e Ko ) (K g). - (30)

which is usually transformed to the impact parameter b space to perform the Sudakov resummation

of the double logarithms involved in the radiative corrections to the hadronic wave functions

F= /Ol[dx][dgg'] /[de] /[d2b']7)p($lab'ap'aM)TH(x,x',MAb,b,b’,,u)PAb (2. bup. ). (31)

Here Py, (z,b,p,p) and Py(z',b',p', u) are the Fourier transforms of the w4, (z,kr,p, ) and
ip(m’ K, ', 1), respectively. Radiative corrections to the hadronic wave function can generate
a soft logarithm a4ln (@b), whose overlap with the original collinear logarithm leads to a double
logarithm ar,In?(Qb). This type of large logarithm must be organized in order to ensure the validity
of the perturbative expansion. Resummation techniques have been developed to deal with such
double logarithms. The result is a Sudakov exponential exp[—s(Q,b)], which decreases fast with
increasing b and vanishes at b = 1/Agep.

The expressions for the Sudakov evolution of the hadronic wave functions Py, (z,b,p, ) and
Pp(z’,b’,p', ) can be expressed as products of the Sudakov exponents s(b, Q) and reduced hadronic
wave functions, denoted by Py, (z,b,p, ) and P, (z/, b, p, u):

3
PAb(xabapaﬂ') = €exp l_ ZS(QU,I{I;—)] PAb(x,b,p,M) )
1=2

3
Py’ b, p, 1) —exp[ > s(w' k) ]ﬁp(fﬂ’,b',p',u), (32)
i=1

where s(b, Q) is defined as
A g A A®? /g AR A e27E—1 g
h,Q) = ——gin(3) - (G-b)+>5 (F-1) - S | In (2
0.0 = gean(f) -3 -0+ 37 (-1 - | - ()| = ()

Mgy [In(2g) +1  In(2b) +1
48} b

) )
5 Bi’ﬁ 2 [n?(2g) — n?(26)] , (33)
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with

g = 33 —2n; 153 —19n;
! 12 2%
4 67 w2 10 8 1
= _2 ™ 1V ° Lo
A 3 A 9 3 27"f+ 3ﬁ11n(2e ), (35)

ny is the number of quark flavors and g is the Euler constant. We will use the one-loop running
coupling constant, i.e. we pick up the first four terms in the expression for the function s(Q,b).
Apart from the double logarithms due to the inclusion of the transverse momentum, large single
logarithms from ultraviolet divergences can also emerge in the radiative corrections to both the
hadronic wave functions and the hard kernels, which are summed by the renormalization group

(RG) method

g+ Bl ]PA,,(:L- bypyi) = —3%P, (5 by ) (36)

g+ B0 | Polal D) = —30, Pl ot ), (37)

[ B2 }TH(QU o My, b, b ) = ST, o!, Mo, b, b, ) (38)

Here the quark anomalous dimension in the axial gauge is 7, = —a,/m. In terms of the above equa-

tions, we can get the RG evolution of the hadronic wave functions and hard scattering amplitude

as

. (8 [k dp B .

,PAb(fL',b,p,/J) = €xp _g T’-Yq(as(:u)) X PAb(vaapaw)a
L kw M

™ AR _ [ H d/], — AN !

Pp(xabapalj') = €xp _3 ’E’Yq(as(/j')) X,Pp(x’bapaw)a
L KW

’ ! [ 17 tdﬁ = ’ !

1—11T‘I(3373j 7MAb7b7b 7“) = €xp _? ;’Yq(as(:u‘)) X TH(QS,HS 7MAb7b7b 7t) y (39)

L 1%

The factorization scales w and w' represent the inverse of a typical transverse distance among the

three valence quarks of the initial and final states. The choices of w and w' are

111 ., 1101

' = min(—, —, — 40

w = min(—

with the variables by and b} defined as

by = |b2 — bs], by = by’ — b3l (41)
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with the other b;s and bs defined by permutation. The introduction of the parameter & is done from
the viewpoint of the resummation, since the scale kw("), with x of order unity, is equivalent to w()
within the accuracy of the next-to-leading logarithms [41]. The variation of x represents different
partitions of the radiative corrections to the perturbative Sudakov factor and the non-perturbative
wave function. The best fit to the experimental data of the proton form factor determines the
parameter as xk = 1.14 |13].

Furthermore, loop corrections for the weak vertex can also give rise to another type of double
logarithms a,In?z;, which are usually factorized from the hard amplitude and resummed into the
jet function Sy(x;) to smear the end-point singularity. It should be pointed out that the Sudakov
factor from threshold resummation is process-independent, and hence universal [42]. The following
approximate parametrization is proposed in Ref. [43] for phenomenological applications

_2MED(3/2 4 ¢) .

with the parameter ¢ ~ 0.3 determined from the best fit to the next-to-leading-logarithm thresh-

(42)

old resummation in moment space. The threshold factor modifies the end-point behavior of the
hadronic distribution amplitudes and forces them to vanish faster as x — 0. Collecting everything
together, we arrive at the typical expression for the factorization formula of the form factor in the

pQCD approach

F = /0 'da] [1da) [1db] [1@201Py (@', b, p' ) T ', M b, B, )P, (0, b ) 1 (o)
3 _ ~

<exp [— S stwnkt) = [ Fales() = Lotk <3 [ %“vq(as(m)] @)
Apart from the hard perturbative kernel Ty (z, 2, ...), the same expression holds for the mesonic and
baryonic transition form factors. As we shall see quantitatively below, the hard perturbative kernels
entering the latter are parametrically suppressed compared to the former. Physical interpretation
of the Sudakov factor is well known [44], namely it is a probability distribution function for emitting
no soft gluons. When a quark is accelerated in QCD, infinitely many gluons are emitted. Hence,
we may observe many hadrons (or jets) at the end if gluonic bremsstrahlung occurs. Therefore,
the amplitude for an exclusive decay A to a light baryon and a light meson is proportional to the
probability that no bremsstrahlung gluon is emitted. This is just the role of the Sudakov factor
in the kr factorization. It is known that the Sudakov factor is large only for small transverse
intervals between the quarks in the hadron. A large transverse interval implies that the quarks in

the hadron are separated and hence less color shielded. Thus the Sudakov factor suppresses the

long distance contributions for the decay amplitude.
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ITI. CALCULATIONS OF BARYONIC DECAYS A, — pr, pK IN THE PQCD
APPROACH

Topological diagrams responsible for the decay of A to a light baryon and a light meson are
presented in Fig. Bl In terms of the hard-scattering mechanism, the exchange of two hard gluons is
needed to ensure that the light spectator quarks in the initial states turn out as collinear objects in
the final state. With this, the various diagrams for the A, — pm decays in the pQCD approach in
the lowest order are displayed in Appendix B. Fig. [ shows the external W emission diagrams, Fig.
the internal W emission diagrams, Fig. [6l the W exchange diagrams, Fig. [[lthe bow-tie diagrams
and Fig. [ the penguin diagrams. We also include diagrams containing the three-gluon-vertex
displayed in Fig. @ Their contribution is, however, about an order of magnitude smaller than that
from the external W emission (7') diagrams, but it can be comparable to that of the internal W
emission (C) diagrams. As for A, — pK decay, only Figs. @ [7l Bl and [ contribute to the decay

amplitude.

A. General factorization formulae for A, — pr, pK decays

The Ay — pm, pK decay amplitude M is decomposed into two different structures with the

corresponding coefficients f; and fo:

M =p(P)[f1 + fars)As(p). (44)

using the equation of motion for a free Dirac particle. Similar to the factorization formula for the

form factors of the Ay, — p transition, the coefficients f;(i = 1,2) can be expressed as

) n=A,P,T .
i = G ffAbfp 2 [ D3] [ s ()P (¢, (a5 0 8 () ™ (0,5 0)
XV (b, ', b,) exp[—S]. (45)

Here, fij (1 = 1,2) denotes the contribution to the coefficient f; by the “jy;” diagram displayed
in Fig. @] and o’ are the corresponding Wilson coefficients. The hard function Q7 (b, ¥, b,) arises

from the Fourier transformation of the denominators of the internal particle propagators in the jth

mn](

diagram. The hard amplitudes z,z',y) depend on the spin structures of the three valence

quarks in the proton and the form factors fi . The integration measure involving the momentum

fractions can be written as

3 3
[Dz] = [dx][dz"|dy, [dz] = dzidrodr36(1 — sz), [d2'] = da’dzhdxb§(1 — Zx'-), (46)
=1 =1
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FIG. 3: Topological diagrams responsible for the decay Ay — pm, where T' denotes the external W emission
diagram; C' represents the internal W emission diagram; E labels W exchange diagram; B denotes the
diagram that can be obtained from the E type diagram by exchanging the two identical down quarks in the

final states; and P represents the diagram that can only be induced by the penguin operators.

and the expressions for the measure of the transverse extent [Db] will be shown in the factorization
formulae given in Appendix B.

The exponents S7 in the Sudakov factor are determined for the factorizable diagrams by

3 3 . _
dap 4 d
S (5, ', b,0) = 3 s(w, k) + 3/J Eoalos) + Y s K) 3 [ Py . (47
i=2 i=1 kw

and for the non-factorizable diagrams by

. 3 t d 3 ts d_
§9(a 'y, b, by) = S s(w, k) + 3/] Loyglors () + 3 s w,k2)+3/J,7M7q(as(u))
=2 i=1 Kw
2 Y di
I ;
+>_ s(wg, qf) —7q(as(n)) (48)
i=1 Wq

where #/ is the typical energy scale of the “j;,” diagram and is chosen as

t = maz(t, £, 8,6, w, w',w,), (49)
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TABLE III: The coefficients f; and fy contributed by the Feynman diagrams with definite topologies in the
Ay — pr decay based on the conventional pQCD approach.

fi f2
T —242x107° —i2.07x 107 —1.74x 1077 —41.22 x 10~?
C 2.05x10710 —44.60x 1071° —2.35 x 10710 4 §4.77 x 10710
E 289x1071 —4895x 10712 1.11 x 10711 —44.36 x 1012
B —7.00x 107" +43.33 x 10719 2.21 x 10710 — 4.04 x 10~ !
P —6.84x 10712 +44.85x 10711 7.00 x 10712 —44.75 x 10!
G 137x10710 +41.71 x 107" —1.60 x 10719 4 §2.01 x 10710

where the hard scales t{, t% are relevant to the two virtual quarks, and té, ti are associated with
the two hard gluons. w and w' have been given in Eq. {#0]) and w, = 1/b;. The maximum in the
above choice simply indicates that the hard scales should be larger than the factorization scales.
The factorization formulae for some typical diagrams corresponding to different topologies in the
Ay — pm decay are given in Appendix B. The corresponding factorization formulae for Ay, — pK

decay can be obtained directly following the same rules.

B. Numerical results for A, — pr, pK decays

For the CKM matrix elements, we use as input the updated results from [45] and drop the

(small) errors on V4, Vs and Vi:

[Vual = 0.974, [Vus| = 0.225, V| = (3.50701%) x 1073,
Vil = (8.5970:35) x 1072, [Vis| = (40.41%3:35) x 1072, [Vip| = 0.999, (50)
B = (21.581051)", v = (67.82353)°.

It will be shown that the CKM factors mostly yield an overall factor for the branching ratios
and do not introduce large uncertainties to the numerical results.

We start by discussing the numerical results in the conventional pQCD approach. To that
end, we list the coefficients f; and f2 defined in Eq. (44]) contributed by the Feynman diagrams
with different topologies in the Ay, — pm decay in Table [Tl From this table, we observe that the
amplitudes satisfy the relations T > C > F.

As mentioned earlier, the T type diagrams dominate the Ay, — pm decays. For this case we

present the factorizable and non-factorizable contributions in the Ay — pr decays in Table [V1
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TABLE IV: The coefficients f; and fs in the Ay, — pm, pK decays from the factorizable and non-factorizable

external W emission (T') diagrams in the conventional pQCD approach.

factorizable non-factorizable
filAy = pr) 147 x 1071 —41.97 x 10711 —2.43 x 1072 —i2.05 x 107°
fo(Ay = pr) 1.26 x 1071 —41.94 x 10711 —1.75 x 1072 —i1.20 x 10~°
fi(Ay = pK) —1.52 x 107 —40.62 x 10711 —0.88 x 1072 +40.54 x 10710
fa(Ay = pK) 0.17 x 107 —40.60 x 1071 —1.06 x 1072 +41.67 x 10~?

We observe that the factorizable contribution is approximately two orders of magnitude smaller
than the non-factorizable contribution. This is also the reason that the the conventional pQCD
predictions for the semileptonic decay A, — plv [39] and the radiative decay A, — A~y [17] are
much smaller than those evaluated in other theoretical frameworks (such as the constituent quark
model or the QCD sum rules).

The suppression of the factorizable contributions in the conventional pQCD approach has been
observed also in the analysis of the A, — AJ /v decays [31], where the non-factorizable contributions
are also found almost two orders of magnitude larger than those from the factorizable diagrams.
In order to understand the large contribution of the non-factorizable diagrams in A, decays, it is
necessary to recall the role of the Sudakov factor in the kr factorization approach. As stated in
section II, the Sudakov factor can only suppress the region with large b’s corresponding to small
k7’s, and has almost no effect in the region where the transverse momentum kr is large. Taking
the non-factorizable diagram T55 as an example, the two virtual quarks can be on the mass shell
even in the region with large k7. Therefore, this diagram is not subjected to the suppression from
the Sudakov factor. It is then expected that the amplitudes for the non-factorizable diagrams
should be much larger than those from the factorizable diagrams, where the two virtual quarks
can be on the mass shell only in the small k7 region. Actually, a similar case also occurs in the
hadronic B meson decays. There, the annihilation diagrams contributing to the B — M, M> decays
in the pQCD approach is very important, which is responsible for the large CP violation and the
enhancement of the transverse polarization fractions predicted in the kp factorization. The large
contribution from the annihilation diagrams in the pQCD approach is due to the fact that the
inner quark can be on the mass shell in the region of large k7. The numerical analysis also shows
that the six non-factorizable diagrams Tig, T, 151, 155,131, T30 play the most significant role in

the decay amplitude for the A, — pr transition.
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TABLE V: The form factor g; responsible for the A, — p transition at zero momentum transfer, calculated
by us (this work) and in the non-relativistic quark model (NRQM), LCSR, and in another pQCD approach.
The uncertainties from the variations of the hard scale, Agcp and the shape parameter 3 in the A, wave

functions have been combined together in our work.

NRQM [19] LCSR (full QCD)[23] pQCD [14] pQCD (this work)
g1 0.043 0.018 23x107% 22708 x 103

We consider the smallness of the factorizable contributions in the conventional pQCD approach
as unrealistic. Consequently, we argue that the A, — p transition form factors can not be reliably
calculated in the perturbative k7 scheme, i.e. these form factors are dominated by non-perturbative
soft contributions, which can not be estimated in the pQCD approach. Of course, this could
easily be checked by measuring the semileptonic A, decays Ay — plv,y, which depend only on the
factrorizable diagrams. Pending this determination, we consider it as a more reasonable approach
to calculate the Ay, — p transition form factor by means of some non-perturbative method.

The form factors of A, — p transition are defined as

(p(P")|uyublAs(p)) = PP ) (9174 + 92i00” + 93q,) Ao (p), (51)

where all the form factors g; are functions of the square of momentum transfer ¢>. We show in
Table [V] numerical values for the vector transition form factor g; for the Ay, — p transition. These
results are obtained in the non-relativistic quark model (NRQM) [19], LCSR [23], an earlier pQCD
calculation [14], and this work (also a pQCD calculation) for comparison. From this Table we
see that the predictions for the transition form factor g; are scattered, with the NRQM [19] and
the LCSR [23] values differing by a factor 2, but the two conventional pQCD results shown, while
consistent with each other, are smaller from those obtained using the non-perturbative methods
typically by an order of magnitude.

To understand the marked difference of the form factor g; predicted in the pQCD approach
and in the other frameworks, we recall that the hard dynamics is assumed to be dominant in
the heavy-to-light transition form factors in the former and the soft contribution, which is not
calculable, is assumed to be less important due to the Sudakov resummation. Table [V] suggests
that the soft dynamics in the heavy-to-light transition form factors is the dominant effect, in all
likelihood overwhelming the mechanism of the hard gluon exchange for the baryonic transitions.

Similar large soft contributions have been also observed in the nonleptonic charmed meson decays
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[46] as well as in the semileptonic A, — Avy, AITI™ decays [17, 133]. It is found in [33] that the
hard contributions to the Ay — A form factors are almost an order of magnitude smaller than that
those from the soft contributions.

In the modified version of the pQCD approach, which we call hybrid pQCD, the form factors are
taken as external inputs. The perturbative correction to the factorizable amplitude will then enter
through the Wilson coefficients, which are known in next-to-next-to-leading order (NNLO), and
the vertex corrections, which have been recently calculated for the tree diagrams in the charmless
hadronic B decays in NNLO [47, 48]. As the complete NNLO corrections, including the QCD pen-
guin amplitudes, are still not yet at hand, we follow the approximate (and less precise) approach
proposed in Ref. [49] to neglect the vertex corrections and vary the renormalization scale p of the
Wilson coefficients between 0.5m; and 1.5my. Surely, this step of the calculation can be system-
atically improved once the complete NNLO virtual corrections are available. The non-factorizable
contributions will be evaluated as already discussed in the conventional pQCD approach.

Following the above procedure, we write the complete decay amplitude for A, — pm, pK as

M(Ay = prt) = Mp(Ap = pr) + My p(Ap — pr)

M(Ay = pK) = Mp(Ay = pK) + My p(Ay — pK), (52)

where M, r(Ay — pr) and M, (A, — pK) denote the contributions from the non-factorizable
diagrams and have been computed in the conventional pQCD approach. To calculate the factoriz-
able amplitudes M (A, — pr) and M (A — pK), we first need to deal with the hadronic matrix
elements with the insertion of (V — A) ® (V + A) operators, i.e.,the O5 — Og penguin operators.
Making use of the Fierz identity, the factorization assumption and the Dirac equation, the matrix

element of the operator Og can be written as

(pM|06|As) = [RY (pla"vub|Av) + R3" (pla" 7,y Ap)] (M@, (1 = 5)4'|0) (53)
with
2m3 2mj
(mp — my) (my, + myg) (mp + my) (my +my)

where the quark masses are the current quark masses. In addition to the form factors defined in
Eq. (5I), we need the matrix element describing the A, — p transition induced by the axial-vector

current

(A(P)syuy5blAe(P + q)) = A(P)(Gryu + Griowq” + Gaqu) 1588 (P + q). (55)
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TABLE VI: Numerical values of the form factors g; and my, g2 at zero momentum transfer, responsible for

the Ay — p transition, estimated in the LCSR approach [23].

form factors g1 MA, g2

Ay = p 0.018 —0.159

It is then straightforward to write the factorizable amplitudes M (A, — pm) and M (A, — pK)

as

M (Ay — pr)
G N % T
_ TQpr(p’){ [Vubvudal Vi Vias + aro + RY (ag + as))

+{VasVgas = ViVialan + a0 — B (a + )| | Ga(m2) (M, +My) = Galm2)m? s [ ato), (56

M (A — pK)

G % x
= O )] [VioViisar = VoV (o -+ a + R (as +as))| g1 ) O, = My) + gmoym |

V2
+{VaVisar = ViVi(an + oo = RE (as + 0))] | G1 0m5) O, + M) = Ga(moym |25 P ato). - (57)

91(m2) (M, = M) + a2 2|

The masses of the pseudoscalar mesons of 7 and K can safely be neglected, therefore only the form
factors at the zero-momentum transfer will be involved in the numerical computations.

To evaluate the A, — pm, pK decays numerically, we need to specify the form factors responsible
for the A, — p transition. As can be seen from Eqs. (BOH57), the form factors g3 and G3, whose
contributions are proportional to the mass of the corresponding meson, are inessential for the
calculation of the decay amplitudes. In view of the minor effects of these two form factors, it is
quite adequate to determine them in terms of the relations derived in the heavy quark limit. As is
well known, the form factors g; and G; satisfy

ma

g = G =&+ §2, (58)

ma,

g2 = Ga=g3=G3 = 52- (59)
ma,

in the heavy quark effective theory (HQET), where the two independent form factors &; and &, are
defined as

(A(P)|bDs|Ap(P +q)) = A(P)[€1(a)+ #&2(a*)ITAL(P + q), (60)

with I' being an arbitrary Lorentz structure and v, being the four-velocity of the Aj baryon. An

analysis of the form factors g; and G; has been performed in the LCSR [23], which we shall use
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TABLE VII: The coefficients f; and f2 in the decays Ay — pm, pK contributed by the factorizable and

non-factorizable external W emission (7") diagrams in the hybrid pQCD scheme.

factorizable non-factorizable
fi(Ay = pr) 243 x 10710 —44.39 x 10710 —2.43 x 107 —i2.05 x 107°
2 04 X 1077 —10.04 X 1077 —1.70 X 1077 —121.20 X 10~
2.64 x 1019 — §6.54 x 1010 1.75 x 1072 — 41.20 x 1077
fi —3.17x 10710 —41.22 x 10719 —0.88 x 1072 4+ 40.54 x 1010
f2 1.74 x 10719 —41.96 x 1071 —1.06 x 1072 +41.67 x 10~°

Ay — pm
Ay — pK

( )
(Ap = pK)

here. The numerical results for g; and ma,g> needed for our numerical calculations are grouped in
Table [VI, which correspond to & = 0.050 and & = —0.16.

Utilizing the Wilson coefficients, the input form factors just discussed and the CKM factors
given earlier, we can now compute the factorizable contributions to f; and fo in the hybrid pQCD
approach and compare them to the corresponding non-factorizable contributions, which have been
given already earlier. The results are given in Table[VIIl From this table we see that the factorizable
contributions are now much larger than in the conventional pQCD approach, though they are still
smaller than the corresponding non-factorizable contributions.

We are now in a position to present our final results concerning the branching ratios, direct
CP asymmetries and the polarization asymmetry parameter « for the two decay channels in the
conventional pQCD and in the hybrid pQCD approach. The CP-asymmetry Acp(A) — pr™) is
defined as follows:

B(A) — prT) — B(A) — pr™)

_ 61
B(Ag — prt) + B(A[b] —pr~) (61)

Acp (Ag —pr) =

with Acp(A) — pK ™) defined similarly. The asymmetry parameter « associated with the
anisotropic angular distribution of the proton emitted in the polarized A, baryon decays is de-

fined as follows:
['=To(1+ap-sa,) (62)

with p, sp, being the three-momentum and spin vector of the proton in the rest frame of the A,

baryon. The explicit expression of « can be written as [50]

ZRRe(fi"fQ)
(AP + @2AP) (63)

with & = [p| /(B + my) = /(B + mp) /(B — my).
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TABLE VIII: The CP-averaged branching ratios, direct CP asymmetries and the polarization asymmetry
parameter « for the Ay, — pm, pK decays obtained in the conventional and the hybrid pQCD approaches. The
errors for these entries correspond to the uncertainties in the input hadronic quantities, the scale-dependence,
and the CKM matrix elements, respectively. Current experimental measurements at the Tevatron [24] are

also listed.

pQCD (conventional) pQCD (hybrid scheme) Exp.
B(Ap — pr)  4.6677 950701035 » 1076 5211753 T03010-22 % 1076 3.5+ 0.6 £0.9 x 10°

B(Ap = pK)  1.82F0 71083007 x 1076 2.0270- 1870007002 x 1076 5.6 £ 0.8 £ 1.5 x 106

Acp(Ap = pr)  —0.3270:214+0.41+0.01 —0.31F0 25088000 —0.03+£0.17£0.05
Acp(Ap = pK)  —0.03%5:3550537000 —0.052030 003000 ~ —0-37£0.17£0.03
a(hoopm)  —OSTRREEIGN —osetRr -
a(dy = pK)  0.035558700770.05 0.081558 035 5.04 —

We present our results in the two pQCD approaches and compare them with the current ex-
perimental data from the Tevatron [24] in Table [VITIl The first error in the pQCD-based entries
arises from the input hadronic parameters, which is dominated by the errors on the normalization
constant of the Aj baryon (taken as fj, = 4.281“8:22 x 1073GeV?) and the A, baryon wave function
shape parameter (taken as 8 = 1.0 £ 0.2 GeV). The second error is the combined error from the
hard scale ¢, defined in Eq. (49]), which is varied from 0.75¢ to 1.25¢, and the renormalization scale
of the Wilson coefficients, given in Table I. The third error is the combined uncertainty due to the
CKM matrix elements.

We observe from Table [VITIl that the results for the conventional pQCD and the hybrid pQCD
approaches do not differ very much, although in the hybrid approach the factorizable contributions
have increased by almost an order of magnitude as compared to the conventional pQCD approach.
The reason for this is that in the hybrid approach the factorizable amplitudes f; are still only a
fraction of the non-factorizable amplitudes, as is apparent by comparing the results in Table [VIIl
Of course, it remains to be checked if the non-factorizable amplitude is correctly estimated in the
pQCD approach for the b-baryonic decays due to the exchange of two gluons. This involves, among
other diagrams, those where both the gluons are attached to the same outgoing quark line (see, for
example, the diagrams in the fourth row in Fig. d). These contributions are more sharply peaked,
compared to the others encountered here or in the decays of B-mesons, which involve single gluon
attachments on a quark line.

The ratio of the decay rates for the A, — pm and Ay, — pK decays, called below R;x(Ap), can
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be calculated from Table [VIII, and is estimated by us as

BR(Ab — pﬂ')

— 0 7 96120 64
BR(A, — pK) —0.5 (64)

Ry (Ay)

in the hybrid pQCD approach. This can be understood from Eqs. (56H57), which show that the
QCD penguin operators contribute to the coefficients f; and fo (defined in Eq. (44])) in the
combination ay + Rfag and ay — R¥ag, respectively. This is quite different from the two-body
hadronic decays of the B mesons, B — PP or B — PV, where P(V) is a light pseudoscalar
(vector) meson. The key point is that both the hadronic matrix elements (A(P)|5v,,b|Ay(P+q)) and
(A(P)|57u75b|Ap (P + q)) contribute to the baryonic decays. Theoretical predictions presented here
deviate from the experimental data Rrx(Ap) = 0.66 £ 0.14 = 0.08 [24]. Whether this discrepancy
reflects the inadequacy of the current theoretical formalism embedded in the standard model, or
the standard model itself, or requires improved data remains to be seen. We note en passant that
the estimates of the branching ratios for the decays A, — pm and A, — pK, and hence of the
quantity R;x(Ap), reported in [19] in the generalized factorization approximation, are in error
due to the incorrect relative sign of the two terms in Eq. (18) in that paper. We are convinced
that the correct relative sign in question is given in our Eq. (G3)).

As for the direct CP asymmetries, theoretical predictions suffer from large uncertainties due to
the hadronic distributions, the hard scattering and the renormalization scales in the factorizable
amplitudes. For the CP asymmetries, one needs the complete NNLO vertex corrections, as only
with this input will it be possible to make quantitative predictions. As can be seen from Table
[VITT, theoretical estimates for the parameter « for the decay A, — pm have negative values in both
the pQCD approaches, reflecting the (V — A) structure of the weak current [51]. It is pointed out in
[52] that the parameter « in Bi(%+) — B f(%+)P(V) decays approaches —1 in the soft pseudoscalar
meson or vector meson limit, i.e., for mp — 0 or my — 0. This argument, however, is only valid
for the tree-dominated processes. As for the Ay, — pK decay, the contributions from the QCD
penguin operators are comparable to that of the tree amplitude. The operator Og contributes to
the A, — p transition via the (V' + A) current (see Eq. (B3)) and the Wilson coefficient ag is very
sensitive to the energy scale as can be seen from Table [l Hence, the asymmetry parameter « can
flip its sign for the Ay, — pK decay due to the large penguin contributions. As a final remark,
we find that the predictions for the parameter « in the A, — pm decay are relatively stable with
respect to the variations of hadronic parameters, the CKM matrix elements and the hard scale,

and therefore it serves as a good quantity to test the standard model [31].
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IV. DISCUSSIONS AND CONCLUSIONS

Thanks to the current and impending experimental programs at the Tevatron and the LHC,
dedicated studies of the decays of the A, baryon (and other heavy baryons) will be carried out,
following the first measurements of the decays Ay, — pm, pK, performed at the Tevatron. Baryonic
decays are flavor self-tagging processes. Therefore, they should be easier to reconstruct experimen-
tally. In particular, the CP-asymmetry measurements amount to counting these self-tagged decay
modes and their CP-conjugates. From the theoretical viewpoint, however, b-baryon decays are less
tractable as the underlying QCD dynamics is more involved. Hence, it is far from being obvious
if the theoretical approaches developed for the quantitative studies of the two-body non-leptonic
decays of the B-mesons will work also for the corresponding b-baryon decays. We have carried out
an exploratory study of the charmless hadronic decays Ay, — pm, pK in the pQCD approach and
find that the factorizable diagrams in the conventional pQCD approach contribute very little to the
branching ratios, as the hard (perturbative) contributions to the baryonic transition form factors
in this case turn out to be quite small compared to the estimates dominated by the soft dynamics.
As an alternative, we adopted a hybrid approach, in spirit similar to the one advocated in Ref. [49]
for the analysis of the color-suppressed decays, such as B® — J/1%K". An essential characteristic
of this hybrid scheme is that the transition form factors are treated as non-perturbative objects,
i.e., they are input in the theoretical analysis and are not computed perturbatively, as in the con-
ventional pQCD approach. Employing the form factors estimated in the LCSR. approach, we find
that the factorizable contributions are no longer negligible, though for the two decays worked out
here, the amplitudes are still dominated by the non-factorizing contributions.

Our predictions for the branching fraction for the decay Ay — pm, which is dominated by
the tree diagrams, are essentially in agreement with the current data, whereas estimates of the
branching ratio for the A, — pK decay, dominated by the penguin-amplitude, are found to be
smaller typically by a factor 2. This deserves an improved theoretical analysis, as the data gets
consolidated. The asymmetry parameter « associated with the anisotropic angular distribution of
the proton produced in the polarized A, baryon decays is also derived and is found to be relatively
stable with respect to variations of hadronic inputs and higher-order corrections in Ay — pm decay.
The asymmetry parameter « in the Ay — pK decay, however, can flip its sign due to the large
penguin contributions and the sensitive scale dependence of the effective Wilson coefficient ag(u).
The Feynman diagrams (G) with the three-gluon-vertices present in the perturbative amplitudes

included in this work are found to be less important compared with the 7' diagrams. However,
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these three-gluon-vertex diagrams are comparable to the C diagrams, as can be seen from Table
[IIl and hence they may induce significant corrections to the color suppressed modes, such as the
Ay — AJ/y decay. Finally, quantitative estimates of the CP asymmetries presented here show
large scale uncertainties and require NNLO vertex corrections to be firmed up, which are not yet

available completely.
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APPENDIX A: FOURIER INTEGRATIONS AND b-SPACE MEASURES

We list below the Fourier integration formulae which have been employed in the derivation of
the hard amplitudes in the impact parameter (or b) space. The symbols J;, Ny, Ky and K; are

the various Bessel functions; z; are the Feynman parameters; and the relation

7TZ inm

K (~iz) = e [Ju(2) +iNu(2)] (A1)

has been used used in the derivation of the Fourier transformation. With this, we get:

zkb
/ &k — 2 {Ko(VAB)I(A) + - o(y/141b) + iNo(y/14])6 (A2)
2 zkb )
[ P =, o W) + I —in iz -z0Ha
i(kl-b1+k2-b2)
&2k, d2k: ©
/ MR A) (K2 + B)[(ky + k2)? + C]

:WQ/Ol dz1dz \/)TQ|{K1(\/XQZ2)9(Z2)+g [Nl(\/X2|ZQ|)—iJl(\/X2|ZQ|)} 9(_22)},

21(1 — 21) |ZQ
where A > 0, and B, C are arbitrary ,

(A4)
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ei(kl-b1+k2-b2+k3'b3)

(k% + A)(k% + B)(k§ + C)[(kl + ko + k3)2 +D]

— 7{'3 /01 Zl( ledZQdZ?, \/E| {Kl(\/ X3Z3)9(Z3) + g |:N1(\/X3|Zg|) — iJl(\/X3|Zg|):| 9(—23)} ,

/ A2k dkod® ks

1—21)2,’2(1—22) |Z3
A,B > 0, and C, D arbitrary , (A5)

with the variables,

Zy = Az+B(1-2), (A6)
Zy = A(1—22)+ﬁ[B(1—z1)+Czl],

X, = (bl—zlb2)2+%;zl)b§, (A7)
Zy = A(l—zg)+ﬁ{B(l—zg)—i—ﬁ[C(l—zl)%—Dzl]} ,

X3 = [51—5222—b321(1—22)]24-%;'22)(1?2—6321)2%-'21(1_222(1_22)195. (A8)

APPENDIX B: FACTORIZATION FORMULAE FOR THE FEYNMAN DIAGRAMS
WITH VARIOUS TOPOLOGIES

In this appendix, we would like to collect the factorizable formulae for typical diagrams corre-
sponding to different topologies in the Ay, — pm decays. In doing so, we give the expressions only
for a certain representative set of diagrams in each class, with the rest following from appropriate

substitutions.

1. Factorization formulae for the color allowed emission diagrams

For the first diagram in Fig. [ (labeled as figure T} ), which is a factorizable diagram and

included only in the conventional pQCD approach, we have:

2
1= G fady [ldal [1ds) [ dylos(t) 4, (2)

18V/3
1 1 1
< { [16MR, (501 + Co)ViaVia + (5Ca + Ca + 50+ Cuo) Vs Vil (~2aa -+ (1 = 200)3 — 2oy (0
1 1
—32m0Mﬁb(§C5 +Cs + 507 + Cs) Vi Vig (41 + 43 — oy — 3)¢ﬂ(y)]¢1‘7/($,)

1 1 1
+[16M3, 101 + Co) VsV + (504 + C+ 3G+ Cuo)ViuVial1 + 230

1 1
—32mo M3, (505 + Cs + 2 C7 + Cs) Vi Vi (2} — 1) () | 47 (o)
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1 1 1 "
+ [16M/E{b[(§cl + C2)VusVia + (5303 + Ci + 500 + C10) Vs Vig) (2(21 + z3))$ar (y)

1 1
+32my M}, (3G + Gy + 507 + Ca) Vg V(2 + xg))quM(y)] ¢§(x')}

1
X Tom2 /blldbll/b2db2/b3dbs/d91/d92 exp[—ST (z,2',b,1')] Ko(V DTt |bs))

L dxndz xh T ,
[P |Z%1|{K1(\/X2TIZ§’1>®(Z§1)+§[J1<\/X§’1|z§’l|>+sz/X?Tl|z§’1|>1®(—z§1)},
2

(B1)

where the auxiliary functions in the above expression are defined as

T / 2 T / / 2 T I aAg2 T I ar2
A = (1 —z)M},, B™ = (z2 + 75 — maw3) My, ,C™" = 2229 My, D' = 325 M},

7zl = AT (1 - — 2 __[BT(1- Ti
2 ( 22)+ 21(1—21)[ ( Zl)+C zl]?
T iyt 2 21(1 — zl) 2
i1 = maz(\/|AT ], \/|BT1],/|CT2],/IDTi |, w, o). (B2)

Similarly, the factorization formula for the form factor fo contributed by 77 can be written as

71_2
I = Gogg bty [lda] [1a] [ dylon(™) P, @)
1 1 1
x { [mMgb[(gol + Co)VanViia + (5Cs + Ca + 3Cy + Cro) Vi Vil(L + 74) 9 (9)
1 1
+32m0 MY, (505 + Ci + 5Cn + Ca)VaaVislss — Doy ()] (@)

1 1 1
4 [16Mgb[(§01 OV Vo + (2 C + Ca + ~Cly + Cro)Vi Vil (=22 + (1 — 2m0) . — ah) ik (1)

3 3
1 1 ¥
—32moM§b(§C5 +0s+ 307+ Cs) Vi Vig(4xy + 4z — 5 — 3)¢ﬂ(y)]¢;‘($')
1 1 1
+ [16Mf{b[(§C1 + Co)Vip Vg + (503 + Cy + 509 + C10) Vi Vil (2(z1 + 23)) iy (1)

1 1
—32mo My, (5Cs + Cs + =Cr + Cs)Vip Vi (2(z1 + 23))diar () |1 (2)
3 3

1
X 1672 /blldbll/bZdb2/b3db3/d91/d92 exp[—ST! (z, 2, b,1')] Ko(V DT1|bs))

U odndz | X)) m .
[ 0o WXE A + S/ X + /X1 Dl |
2

(B3)

For the 25th diagram in Fig. @l (labeled as Tb5), which is a non-factorizable diagram, we have:

7['2
P = el gy [lde] (@) [yl o)
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FIG. 4: External W emission (T') diagrams for the A, — pm decay to the lowest order in the pQCD approach
where the dots denote the weak interactions vertices. The two hard gluons are needed to transfer the large
momentum to the light quarks in the initial state so that these two light quarks are collinear in the final

state. These diagrams are called 77,75, ..., T3¢ in the text.

8 . 8 8 .
X { [16M,§’b[(§CI = 2C5)VaupViia + (305 = 201 + 5Co = 2C10) Vip Vi) (w2 — y) (—3 + y — y+ 1) (y)

+16moMﬁ,,(§05 — 2G5 + 207 — 2C5) Vi Vg (1 — w3 — y) (P (y) — d%(y))} Wby (a")

+ {16M,5{b[(201 = 203)VipVya + (203 — 204 + 209 = 2C10) Vi Vigl (w2 — y) (1 — 23 — 5 — y) i (y)
+16moM§b(§C5 —2Cs + 207 — 208) Vi Vg (1 — w3 — y) (¢ (y) — QZ%(?/))} P, (z)

+ {32M,‘r{b[(§c’1 —209) ViV + (203 —2Cy + 209 —2C10) Vo Vil (w2 — y) (1 — 23 — y) pir (y)

8 8 .
+32mo My, (5C5 — 2Cs + 5C7 — 2C8)Vip Vi (y — xz>¢TM(y)} vy (w’)}

1 1 d21d22d23
—— | bodb bsdb b,db do do —§Ts "y, b, b b /
X 3or2 / 2 2/ 3 3/ 1 q/ 1/ 2exp[=57 (@, 27, b, U, by) 0 z1(1 = 21)z2(1 — 22)

XT25 - )
S X 20 ) + S (XA XA e A | Y
3

where the auxiliary functions in the expressions above are defined as

AT25 = :Eé(,’l}g, + Yy — 1)M/%b’BT25 = ',LJZ(:EQ - y)M/%b’ CT25 = $2$,2M[%b, DT25 = $3$%Mzb

1- 1- 1-—
X = (= (b = ) - byma(1 = 2+ 22y b eyt DR
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23 22
22(]_—22) zl(l—zl)

o5 — mam(\/|AT25|, \/|BT25|, \/|CT25|, \/|DT25|,w,w',wq). (B5)

Z3% = C(1 — z3) + [D(1 — z5) + [A(1 — 1) + Bz]],

Similarly, the factorization formula for the form factor fo contributed by 75 can be written as

2
B = Gty [lda) [as) [yl o)
{18 IGO — 20V + (05 =201+ 500 200VaVid(wa = 1)(1 - 23 2~ s o)

8 8 *
_16moM§b(§C5 —2Cs + 507 - 2C8)Vis Vigwh (1 — 3 — y) (dhr (y) — dar(v))

[ 8 . 8 8 .
+ 16M/E{b[(§c1 - QCQ)Vu(,Vud + (503 - 204 + 509 - 2010)thth](xg - y)(—l‘g + J?é —y+ 1)¢f\‘4(y)
8 8 |
—16mo M3, (505 = 2Cs + 3Cr = 20s) Vi Vi (1 — w3 = ) (17 (y) — S () | 0 (2')
I 8 . 8 8 *
+ 32M/5§,,[(§C1 — 2C2) Vo Vg + (503 — 204 + 509 — 2C10) Vi Vigl(m2 — y) (1 — 23 — y) s ()

8 8 ¥
_32moM}‘§b(§C5 — 205 + 507 - 2C3) Vip Vi (y — $2)¢§\F/1(y)} T/J;:;F(xl)}

1 1 d21d22d23
—— | bodb bsdb bydb do do — g7 "y, bbb /
X 32%2/ 2 2/ 3 3/ q q/ 1/ ZGXP[ (ﬁUaﬁUa?/, » 0y q)] 0 21(1 —z1)22(1—22)

%{K( X[RZfe(Z) + S0/ X 20 + i X e (-2 . (o)
As can be seen from Eq. (B3]), the color structures for the baryonic decays are quite different from
that in the mesonic decays. Only the operators with the color indices the same as O can contribute
to the non-factorizable emission diagrams in the two-body hadronic B meson decays. However,
all the operators O;(: = 1 — 10) contribute to the non-factorizable emission diagrams in the non-
leptonic two-body bottom baryon A, decays. In particular, the (V — A) ® (V 4+ A) type operators
have no effect on the non-factorizable emission diagrams for the hadronic B — PP decays, if the
emitted meson is a 7,7 or n’. In contrast, both the (V — A) ® (V — A) and (V — A) @ (V + A)

operators contribute to the non-factorizable emission diagrams in their baryonic counterparts.

2. Factorization formulae for the color suppressed emission diagrams

For the first diagram in Fig. [l (labeled as C1), a factorizable diagram, we have:

71_2

(' = Gropmindy [laa] [1ax] [ dylos ) Pn, (@)

754
x| - 160, (~(Cs + Cn) + (G Co) ViV bty = 2) + (= 1) (852 () + 65 0)
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Moty = 1) + (0~ 200 )| 0 @) — 1)
| = 320, (=(Cs + C) + (G Co) ViV (3 = 1) b2+ = (82 () + 65, »)
M i) ] o] ) }
x #/debQ/bgdbg/qubq/del/d% exp[— St (2, 2", b, b')] Ko (VDO by + by — by|)

U dzidz x5 o C c 7r e . e .
ey |z§1|{K1(VX21221)@(Z21)+§W X 251) + i (X525 Dle(-28) |,

(B7)

where the auxiliary functions in the expressions above are defined as

ATV = (2 +y — ahy) MR, B™ = (z2 +y)MR,,C"" = zoah MR, D" = 23y M},

7T — ATi(1 — 2 gTi(q — ch
2 ( 22) + 21(1 — Zl)[ ( zl) + zl]?
1 _
X' = (0] + 21b2)% + al —z) zl)b%,
29
101 = maa(y/| A%, /B, /|01, /IDC ] w, o). (BS)

Similarly, the factorization formula for the form factor fo contributed by C' can be written as

C1

0 = ar Tty [la0] ] [ dyfos(tP im0
x { — 16M}, (~(Cs + Cr) + (G + Ci) ViVt bmo(waly — 2) + (v — D) (61 (v) + #h(w)

+ [32M§b(—(05 +C7) + (Cs + Cs))Vis Vi (y — 1) [mo(z2 + y — 1) (dhr(y) + b1 (y))

My (a(y = 1)+ (7~ D) )] (0 @) 451 0)

M, i) ] ] ) }
X w%/debQ/bgdbg/qubq/del/d% exp[— ST (z, 2/, b, b')] Ko (VDO by + by — bg|)
™

b dzndz Xy e c ™ C1,C . C11 s C c
/Uzl(l_zl) |Z§1|{K1(\/X21221)@(Zzl)+§[J1( XS ZSH) + iy ( X21|221|)]@(_221)},

(B9)

For the 20th diagram in Fig. [l (labeled Cy ), a non-factorizable diagram, we have:

o = Grgziny [lda) [ [ aylon(t) 0, 0
< { = 32M,((Cs + C2) = (G + CuVisVia M,y (v) — 2ol — 1) () 105 (0}
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FIG. 5: Internal W emission (C) diagrams for the A, — pm decay to lowest order in the PQCD approach

where the dots denote the weak interactions vertices. As in the preceding figure, the two hard gluons are

essential to transfer the large momentum to the light quarks in the initial state. These diagrams are called

Cy,Cy, ...

, C36.

1
X 672 /bldbl/b3db3/qubq/d91/d92 exp[—S°2 (z, z', y, b, b, by)] Ko(V DC20)by + by — byl)
T

Cao
X2

/1 dz1dzs
0o z1(1—21)

C!
|25

{Kl(‘/X202OZ2C2O)®(ZZCZO)+g[(]1( /X2020|Z2020|)—|—7:N1( /X2020|Z2020|)]@(—Z2020)},

(B10)

where the auxiliary functions in the above expression are defined as

AC = ngXb,BCQO = —xéM,%b,CCQO = QUQZEIQMK,,, D = 953?/M1%,,a
7C20 _ AC20(1 _ 2 BC20(1 — CC20
; (1= 22) + 2 B0 = ) + €],
z1(l—z
X = (b 4 by) — s+ 202
€20 — max(\/|A02° |7 \/|BC20|v \/|CCQO|7 \/|DC20|, w, w/’ WQ)' (Bll)

Similarly, the factorization formula for the form factor fy contributed by Coy can be written as

020 = 0, (B12)
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3. Factorization formulae for the exchange diagrams

For the 18th diagram in Fig. [l (labeled as Eig), we have:

P = Gr Ty [l [0 [ dylesB P, 0
x {[16m0 M, (€1 = CoVinViia + (s + Ca) = (Ca+ CLo)VauVilly = D6 w) + ¥ 1)

+16mo My, ((Cs + C7) — (Co + Cs)) Vi Vig(y — 1) (bl (y) + fl%(y))} Wy (')
+ [16m0M§,,[(01 — C2) VsV + ((C3 + Cy) — (Ca + Cro))Van Vil (y — 1) (¢hr (9) + Par(v)
~16mo M4, ((Cs + C7) — (o + Ca)VanVisly — D@ (v) + 65 ()] w5 (0"}
x T;Z/del@/bgdbg/b db /d@l/dﬁz exp[—S15 (2, ', y, b, b, by)]
{Ko(VCPis[ih)0(C™%) + T2 (/1CE5 1B]) + iNo (/|13 [B5))]O(—C 1) }/ dudn

z1( 1 —21)
XE18
|ZQE|18| {K (\/‘W)G(ZQEM) + g[h( X2Ew|Z2ElS|) + Ny ( X2Ew|Z2Els|)]@(_ZéElg)},
2
(B13)

where the auxiliary functions in the expression above are defined as

AP — (o, — )M, B = (y — 1)(1 — ah) M3, , O = ah(y — 1)MZ,, D = ayy M3,
Z2

Zl(l — Zl)
1 _

X218 = [by + 21 (b + bg)]? + all—=) . 21) (b + by)?,
2

ZZEH& _ AE18(1 _ 22) + [BE18(1 — 21) + DElszl],

t715 = maz(\/| AP |, \/|BE1s|, /|CF1s /| DP1s | w, o wy). (B14)
Similarly, the factorization formula for the form factor fo contributed from Eig can be written as
2= (B15)

For the 26th diagram in Fig. [0l (labeled as E9g), we have:

= Gro ffAbfp [1ds) [1ds'] [ dylar(t7) 2, (2)

A

+ [16moMﬁb[(Cl — Co)Vip Vil + ((Cs + Cy) — (Cy + C10)) Vi Vi) (1 — y) (¢ (y) + ¢§\F/1(y))]¢f($')

16mo My, [(C1 = C2) Vi Vg + ((Cs + C9) — (Ca + C10)) Vs Vi) (1 — ) (6 () + ¢3\F4(y))] Wy (')

+ (3201, ((Ca + C2) = (G + Ce)VanViily = DM (5 — D ()
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FIG. 6: W exchange (E) diagrams for the A, — pr decay to lowest order in the pQCD approach where the

dots denote the weak interactions vertices. As in the preceding figure, the two hard gluons are needed to

transfer the large momentum to the light quarks in the initial state. These diarams are called Fy, Es,

..,E36.

—mo(s' — 2)(#F ) + S| v o)

x F;Q/b’ldb’l/bgdbg/b db /dol/da2 exp[— S (z,2',y,b, b, by)]
{Ko(VCPby))0(CT) + [Jo(VCE%Ib’I) + iNo (VOF2s by )]0~ C ) }/ Tt

z1 ]_—Zl)

SLRG/XE|ZE ) i (X 2P e 25 |

Eae
X2

|ZE26| {K (\/ X2EQ6ZE26)®(ZQE%) +
2

bl

(B16)
where the auxiliary functions above are defined as

AP = (y — 1)(1 — 2)) MR, , B = (2} — 1) M3, ,C"™* = z)y(y
ZZE% — AE18(1 _ 22) + L[BElg(l — Zl) + DE1821],
z1(1 = 21)
z1(l—z
X = [0+ bg) + 210 — th b2+ 22

22

- 1)M/%ba DE% = QUSyM/%,,a

(bll - bIQ - bQ)Qa
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1720 = maz(yf| AP, [|BE, \|0F25], [ D] w, ). (B17)
Similarly, the factorization formula for the form factor fs contributed by Fog can be written as

o = GF5MfA,,fp/[dx J1ds') [yl B2, ()
< { [16m0d, (€1 = CoVinViia + (Ca+ Ca) = (Cu+ C)VuVia (L = )6y w) + #h )] (@)
+[16mo M3, [(C1 = Co)ViVia + (Ca + Co) = (Ca+ Cro)VuVil (L= ) (6 0) + 6 ) 7 (&)
+] = 320, (G5 + Cr) = (G + Co)VaaVisly — DM, (o] — Dy (v)
el 2)(¢5i >+¢ﬂ(y)>]}wz(x'>}

™
{KU( v CE26|bI2|)0(CE26) [JU(V E26|b, |) +ZN0(V E26|b’ |)]9 CE26 }/ M

Zl ]_ - Zl)
XEze ‘ T ‘ . ‘ ‘
KXz e+ SN XER 2+ im X e 2 |
2
(B18)

4. Factorization formulae for the Bow-tie diagrams

For the 17th diagram in Fig. [7 (labeled as B;7), we have:

71.2
P = Gt ity [lds] [1a) [ dyloneP P o)
x { [ —16M3, [(~(Cs + Cr) + (Co + Co) Vi Vil (ah + i (y — 1) —y + 1)¢f4(y>} ¥y (')

4| - 32mo My, [(—C1 + C2)Vip Vi + (—(Cs + Co) + (Cy + Cro)) Vi Vil (y — 1) (dhr (v) + d2r(y))

—16 M3, [(—(C5 + C7) + (Co + C3)) Vi Vil (ah + 2 (y — 1) —y + 1)¢$‘4(y)] ()

+[32M3, [(—C1 + Co) Vi Vg + (—(Cs + Co) + (Ca + Chro)) Vi Vialws o ()

4320 MY, [(~(Cs + C) + (Co + ColVanVially — D(#Fi) + 50| T )}

1 1 d21d22d23
— b’db’/b db /b db, /do /d9 —SB (g, !y, bbb /
% 3271’2 / e 3078 e ! Qexp[ ((L‘ Y q)] 0 21(1 — 21)22(1 — 22)

X Br
|Z%17| {K (\/W)G(Z??”) + g[Jl( X£17|ZBI7|) + 1Ny ( XB17|ZB17|)]@(—Z:§17)}.
3

(B19)
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where the auxiliary functions in the above expression are defined as

AP = al(y — )M, BPT = (2 — DMZ,,CP = (y — (1 - a}) MR, DPV7 = oy M3,

X = (=B +by) = (=bs + bg)za — (=B + by = by)z (1 = 29))°

1— 1-— 1-
+M((_b3 +by) — 21 (=b) + bs — by)) + all=z)zn(l = 2) (=B, + bs — by)?,
23 2223
ZBir — 41— 273[31— 2 _oan- D
3 ( 23) + 22(1 — 22) ( 22) + Zl(]. — 21) [O( zl) + zl] )
P = maa(y/|ABs], BB | \fICB] [ [DB |, ). (B20)

Similarly, the factorization formula for the form factor fo contributed by fig. Bi;7 can be written

as:

71'2
P = GrT ety [ldn) [10) [ dyfaneP 7))
y { [ — 32mo M3, [(—C1 + Co)VapVily + (=(Cs + Co) + (Ci + Cro) Vi Vil (y — 1)(¢hr(y) + dhr(v))

+16 M3 [(—(C5 + C7) + (Co + Cs)) Vi Vil (e + #1(y — 1) —y + I)ﬁ/[(?/)]%‘;/(m')
+ {16M15\’b[(—(05 +C7) + (Cs + Cs)) Vi Vigl (3 + 21 (y — 1) —y + 1)¢f\‘4(y)}¢;}4($')
+ {32Mib[(—01 + Co) VsV + (= (Cs + Co) + (Ca + Cro)) Vi Vil o (v)

—32m0 MY, [(~(Cs + Cr) + (Co + Co)VauVially — V(o) + 6 o) 95 01}
1 ! / Bir / ’ E d21d22d2,’3
X W/bldbl/bgdbg/qubq/dOI/dOZ exp[—S7Y (z, 2", y,b,0', by)] /0 (= 2)m(l— )

X B
S (WX 20z + X iz e -z
3

(B21)

For the 19th diagram in Fig. [7 (labeled as Big ), we have:

P = GrgT oty [0 [0 [ et P, 0
x {1603, 1(~(Cs + C) + (Co + CopVanVialshats ()} ()

+] = 64mo MY, [(~Cy + Co)ViaVia + (=(Ca + Co) + (G + Cro) Vil 9)
C16M3 [(—(Cs + Cr) + (Co + os>>vzbvtz]xg¢f4(y)] A ()
+ {32M15\)b[(—01 + Co) Vi Vg + (—(Cs + Cy) + (Cs + Cro)) Vi Vialwhoar ()

4o M, [(~(C5 + Cr) + (Cs + Ca) ViVl &' — 2080 7 1)
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FIG. 7: Bow-tie (B) diagrams for the A, — pr decay to lowest order in the pQCD approach where the

dots denote the weak interactions vertices. As in the preceding figures, the two hard gluons are needed to

transfer the large momentum to the light quarks in the initial state.

1
X o3 /b’ldb’l/bgdbg/b db /del/do2 exp[—SB (z, 2", , b, b, b,)]

{Ko(VCBu b, |\o(CPr) + [No(‘/ B19|b,|) + iKo(VC B9 |by|)]0(—C P }/ di1dz2 |
Zl — 21
X Bis .
|ZZBIQ|{K1(VXZBIQZZE%)@(Z?Q)+g[J1(\/W)+zN1( X2319|Z§19|)]®(_z§w)},
2
(B22)

where the auxiliary functions in the above expression are defined as:

ABw = —m'zM/%b,BB“’ = (2} — 1)M/%b’ CBv = gl (y — 1)M/%b,DBl9 = xgmgMKb

ZBIQ — ABI9 1— 2 BBIQ 1 — DB19
2 ( 22)+ 21(1—21)[ ( zl)+ z1]7
]_ _
X510 = [(by + bg) — 21b))* + %221)512
RN N Y WY ) 2

Similarly, the factorization formula for the form factor fo contributed by Bjg can be written as:

P = GosT gy [lda] [1661) [ dylaPo P, o)
y { [ — 64mo ML, [(~C) + Co)VisViig + (—(Cs + Co) + (Ca + Cro)) Vi Vil ()
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HI6MY, [(—(Cs + C1) + (Co + GVl iy )| v (=)
+ 160, [(~(C + Cr) + (G + Ca)VanVialohdis ()7 (&'
+[32MR,[(~C1 + Co)VaaVig + (= (Ch + Ca) + (G + Cuo) ViVt (1)
+64mo M4, [(~(C5 + C1) + (Cs + Co)Van Vil — 2% () |7 ')}
x TIQ/H dv, /b’ db, /b db /dol/do2 exp[—SP (z, 7', y, b, b, by)]

(Ko (VTP by )0(CP) + T [Ny (VEBIb|) + iKo(V TP oy J6(~0™0) }/ _dmdz

Zl ]_—Zl

X B1o
i {Kl(W)@(ZQB”Hg[Jl( X50125)) + iV ( X2319|Z£19|)]@(—z23w)}.

|25
(B24)

5. Factorization formulae for the penguin annihilation diagrams

For the 14th diagram in Fig. Bl (labeled as Py4), we have:

71_2
1 = Grezingy [lds) [a) [yl P o)

x { [48Mﬁb[(03 +Cy) - %(Cg + C10) Vs Vi (M, (y — D (y) + mo(dar(y) — 1))

5 (Cs — SCoViViay(Ma,absfs (o) + mo(¢(v) — 651 0)

—32M}, [(C5 — 507) +

—32M [5 (G5 — 50r) + (G = 5COIVaaVia M, () + moly — 295 (0) + maydy ()| ] (@)
+4M[(Cy +C1) = 3(Co+ Cuo)lVanVia(Ma, (y = Dy 9) = mol6:v) = 4 )

FBIMA, [(O5 — 501) + 2(Co — SOV Vi (Ma,ahsfs(v) — mo 6 () — 85 (»))

+32MY [5(Cs — 5C) + (Cs — SRV VM, b () = moly — 2%i(y) — moydhy ()] v (0

+[96ma ML [(Cy + C0) = 3(Co+ CrlVaViaw(#hily) — #h1»)

640,y & 500+ %(%——osnv;bv;d( i)
—6AME, [5(Cs — 5Cr) + (Co = 5 CalVasViata' — Dedely)| 970"

1
X W/bgdbg/b db, /b’ db, /d91/d02exp —SP(z, 2’ y, b,V by)]
dzlsz

1
Ko(V P4b P14 N P4 b K P4 b 9 P14 /
{Ko(VCH|ba])0(C [No(y/|C14][ba]) + iKo (1/|CT14[|b2])]O(—C =)
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XP14 ‘ T .
S WXz e 4 S/ ) i XA e -2 |
2

(B25)
where the auxiliary functions in the above expression are defined as:
AP = x'QM?\b,BP“ =(1- xéy)M?\b, chu = :ng'QMf\b, DP1 = g (y
7P = APu(1 = 29) + ﬁwmu —21) + DPiz,
X = [0+ — mabgl? + 202,
t71t = maw(\/| AP ], \[|BP1],\/|CPu], /| D | w, o wp). (B26)
Similarly, the factorization formula for the form factor fs contributed by Pj4 can be written as:
P = Gr oty [ / @0') [ dyla(t74) 2, (o)
< {[18M4,(Ca + C0) = 5 (Co + Cuo)VanViaM, y — D) + mo(8Fsty) -
B, (s — 5C) + 5(Co = 5o Vis Vi (M 255 () + o (81 0) — 651 )
~32M, [5 (G5 — 5Cr) + (G = 5CIVaaVii My b ) + moly — 205 (») + mayd Ty ()| ] (@)
+ 40 [(Cy +C1) = 5(Co+ Cuo)lVanVia(Ma, (y = D) = mol6f () = 41 )
~39M, [(C5 — 507) + 5(Cs — OB VinViw(Ma, ahsfs (4) — mol6hi(w) — 51 ()
FBIMA, [ (Cs — 507) + (o — ORIV Vit Ma, b5 () — moly — 20651 (v) — moyhy ()| 5 (a)
+[96m0 M, (G5 + C1) = 5(Co + Co Vi (i) — #hr(v)
FEAMEy{(Cs — 207) + 5(Cs — L Co)lVaVialy — Ve (v)
M, [(C5 - ; 1)+ (Co = 3COIVanVislah — D) ] &)
x F17r2/b2db2/qub /b’ dv, /d91/d02 exp[— ST (z, 2"y, b, b, by)]
[Ko(VEPba)0(C™) + TNy (ICP|[bo]) + iKo(\/|CP1]ba])]B(—CT14)} / zld?fz;
e (X o) + S XA + ity K2 ot 7).
(B27)

For the 26th diagram in Fig. Bl (labeled as Psg), we have:

71_2
P = Groingy [lds) [) [yl P o)
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FIG. 8: Penguin annihilation (P) diagrams for the A, — pr decay to lowest order in the pQCD approach

where the dots denote the weak interactions vertices. As before, the two hard gluons are essential to transfer

the large momentum to the light quarks in the initial state. These diagrams are called Py, Ps, ..., Psg.

< { [16M4,(C5 = 507) = (G = SCOIVaVis(Mial s v) — 2mo(a) ~ 21 (v)
~16M4,[(C5 — 5C7) — (o = 3CoVanVia(Ma, 6 (0) + 2modf ) |4} ()
+] = 1M (G5 = 5C) — (Cs — 3OO VasVia(Ma, s ) + 2ol — 2)8F:(1)
HI6MA (s — 50r) = (Co = 5 C0VaVia(May s (0) — 2madfy ()| 50"}
X F;Z/b'ldb'l/bgde/qubq/dﬁl/d@gexp[—SP%(x,w',y, b,b',by)]
(Ko (VDT l0,)O(D") + 5 [No(y/IDPl )+ Ky IDPel o~ D7)y [ 102

Zl ]_ —Zl
x P26 : - ‘ ‘ | ‘ ‘
|Z§326|{K1( X526Z§26)®(Z§26)+§[J1( X§26|Z§26|)+1N1( X§36|Z;26|)]®(_Zé)26)}’
2
(B28)

where the auxiliary functions in the above expression are defined as:

APz = —:I:'lM[%b,BP26 = (zf — I)Ml%b, CcPee = xgx'ZM/%b,DP% =z (y — 1)M/%b
29

Zl(l — Zl)
1-—
XI5 = (8 4 by) — zabo? + 220

ZP2 = AP (1 — ) + [BP2(1 = 2)) + CPo ),

)b22a

22
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N v = e ) )

Similarly, the factorization formula for the form factor fs contributed by Psg can be written as:

£ = ety [1d0] flaa) [yl 7 P, )
< {| - 160, 1G5 — 50n) = (Co = ZCIVinVia M, () — 2ol ~ 265 ()
~16M4,[(C5 — 5C7) — (o = 3CoVanVia(Ma, ' (0) + 2modfs ) |4} ()
+ 1ML [(Cs = 57) = (Co = 3CoVaVis My, ely) + 2mo (s — 2)51(y)
HI6MA (s — 50r) = (Co = 5 CViaVia(May s (0) — 2oty ()| 5o}

1
— / b, db!, / bodbs / bdb, / a6, / d0s exp[— ST (2,2, y, b, b, b,)]
(Ko (VDT [0,)O(D") + 5 [No(y/|DPl )+ Ky IDPel Do~ D7)y [ 102

Zl ]_ — Zl
x P26 : . ‘ ‘ | ‘ ‘
S WX 20 ) 4 S/ ) i X2 e )
2
(B30)

6. Factorization formulae for the three-gluon-vertex diagrams

Now, we can focus on the hard amplitudes contributed by the topological diagrams shown in Fig.
[8l with the insertion of the three-gluon-vertex, which have been grouped in Fig. @ It needs to be
pointed out that the insertion of the three-gluon-vertex to the external and internal W emission di-
agrams, namely the diagrams GT'i and GC'% (i = 1—4) in Fig. @ have null effect on the decay ampli-
tude, since the color factors in these diagrams are proportional to €;;x€; /g f abe (e, (T?) i1 (T) ks
which equals zero taking into account the symmetry property of the structure constant f°¢. This is
also the reason why the Feynman diagrams with the three-gluon-vertex are neglected in computing
the hard amplitudes for the semi-leptonic decays of the A, baryon |15, 17, 139].

For the 1st diagram in Fig. [l (labeled as GE1), we have:

2
7 = Gty ][] [ ayfon (57 Pn, (o)
x { [16M§b((05 +Cy) = (Cs + C8)) Vi Vil M, (3 + 23) 2 (9)
+ma((3 = 200)#f1{y) — (L= 2y - 205))T, ()| ] &

1
= / bydby / bl by / bydb, / do, / By exp[—SE (z, 'y, b, b, b,)]

X
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FIG. 9: Feynman diagrams responsible for the A, — pm decay with three-gluon-vertex to the lowest order

in the pQCD approach where the dots denote the weak interactions vertices.

{KO(\/AGE1|(,1|)9(AGE1)+%i[J0(,/|AGE1||b1|)+7;NO( /|AGE1||b1|)] _AGP) }/ _dzidzy

Z1 1—21

XGE'I T .
o { K WXFEZEENO(ZY) + T (XFENZFE) 4 i (/XS 5 e - 2
2

(B31)

where the auxiliary functions in the expression above are defined as

ASPY = _gh M2 BSP' = _gh M2 COF) = ofy(y — 1)MZ,, DEF! = gy M2,
Z2GE1 _ BGEl(l )+ L[CGEI(I — ) +DGE1ZI],
Zl(]_ - Zl)
1—
X2GE1 _ [(—bl + b/2 + bq) - Zlbq]2 + Zl( - zl)bg,
(GE1 _ max(\/|AGE1|, \/|BGE1|, \/|CG’E1|’ \/|DGE1|,w,wl,wq)_ (B32)

Similarly, the factorization formula for the form factor fo contributed by GE1 are written as:

R (B33)
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For the 3rd diagram in Fig. [@ (labeled as GE3), we have:

050 = oy [ 1001 [ dy ot P, )
x { [ — ML [(C1 — Co)Vi Vg + ((Cs + Co) — (Ca + Cro))Vis Vi)

X (2M, zhdir (1) + mo(3dhr(y) + (1 — 2y) 17 (1))
—8M3, ((Cs + C7) — (Co + Cs))Vis Vi (2Mn, zh iy () + mo(3dhr (y) + (1 — 2y)¢ﬂ(y))] by ()

+ [ — 8M,[(C1 — Co)VipViy + ((Cs + Co) — (Cy + C10)) Vi Vil
X (2M, zhr (y) +mo(3dhr(y) + (1 — 2u)$i,(y))
+8M3, ((Cs + C7) — (Co + Cs)) Vi Vg (2Ma, zy by (y) + mo (3¢ (y) + (1 — 2y)¢ﬂ(y))]¢;‘(az')}

+ 1M, ((Cs + C) = (Co + Co)VisVia(ss = D(Ma, (29 — 1 ()
—mo(3(y — Do) + (1 + )T )T )}
= / vy dbl, / bsdbs / bydb, / db, / B exp[—S“E3 (z, 2", y, 0,1, by)]
(Ko (VAT O(AE) + T [P ) + iy TATPR o - 429 [ 12

XGE‘3 T .
o {10/ XTBZT0ZE) + JI(XFPIZEP) + iy XE 25l Z5)
2

(B34)

where the auxiliary functions in the above expression are defined as:

257 = BGE3(1 — )+ — 2 [C(1 — z1) + DO,
Zl(l — Zl)
1 _
XG5 = (b +b) -z + 22
178 = maz(\/|AGEY|, /| BEE3,\ [|COB3|, \ | DEF3|, w, ! w,). (B35)

Similarly, the factorization formula for the form factor fo contributed by GE3 can be written

2
£ = ~Gror gy [l [1a] [ ay[on (57, (o)
X { [ — 8M,[(C1 — Co)VipViag + ((C5 + Co) — (Cy + C10)) Vi Vil
X (2Mp, zhdiy (y) + mo(Bear(y) + (1 — 2y)dir(y))

—8M}, ((Cs + O7) = (Cs + Cs)) Vs Vi 2Ma, iy (y) + mo (3031 (y) + (1 = 2) b () |y (2)
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+ [ - 8M§b[(01 — CQ)VubVJd + ((Cg + Cg) — (04 + Clg))thV;l]

X (2M, whar () + mo (35 () + (1 — 2y)dhr(y))

HSMY,((Cs + C7) — (Co + Ca)VaaVis(2Ma, s (0) + mo (365, 0) + (1 = 20)F )| 50"}

+| = 16, (G + Or) = (G + o)) VinVisla — 1) (M, (20— Dy v)
Smo(3(y — Do) + (1 + )T )] )}

1
X 153 / bydbl / bsdbs / bydbg / df / dfs exp[—S“73 (z, 2, y, b,/ by)]

Ko(VACGE3|B,NO(ACE3) + T1 10 (/| AGE3 ! ) + iNo (/| AGE3| b, )]6(— ACT?) _dzdzy

Zl 1—21

XGE‘3 B3 ams
o { I XFP Z§E0 (265 + Ty XFP 25 +zN1(\/X§E3|Z§E3|>]®(—Z2 )}
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