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DESY 09-081June 2009Anatomy of the pQCD Approa
h to the Baryoni
 De
ays �b ! p�; pKCai-Dian L�u, Yu-Ming Wang, Hao ZouInstitute of High Energy Physi
s andTheoreti
al Physi
s Center for S
ien
e Fa
ilities,CAS, P.O. Box 918(4), 100049,People's Republi
 of ChinaAhmed Alia and Gustav Kramerba Deuts
hes Elektronen-Syn
hrotron DESY, 22607 Hamburg, Germanyb II. Institut f�ur Theoretis
he Physik, Universit�at Hamburg, 22761 Hamburg, Germany(Dated: August 3, 2009)We 
al
ulate the CP-averaged bran
hing ratios and CP-violating asymmetries for the two-body 
harmless hadroni
 de
ays �b ! p�; pK in the perturbative QCD (pQCD) approa
hto lowest order in �s. The baryon distribution amplitudes involved in the fa
torizationformulae are 
onsidered to the leading twist a

ura
y and the distribution amplitudes of theproton are expanded to the next-to-leading 
onformal spin (i.e., \P" -waves), the momentsof whi
h are determined from QCD sum rules. Our work shows that the 
ontributions fromthe fa
torizable diagrams in �b ! p�; pK de
ays are mu
h smaller 
ompared to the non-fa
torizable diagrams in the 
onventional pQCD approa
h. We argue that this re
e
ts theestimates of the �b ! p transition form fa
tors in the kT fa
torization approa
h, whi
h arefound typi
ally an order of magnitude smaller than those estimated in the light-
one sumrules and in the non-relativisti
 quark model. As an alternative, we adopt a hybrid pQCDapproa
h, in whi
h we 
ompute the fa
torizable 
ontributions with the �b ! p form fa
torstaken from the light 
one QCD sum rules. The non-fa
torizable diagrams are evaluatedutilizing the 
onventional pQCD formalism whi
h is free from the endpoint singularities.The predi
tions worked out here are 
onfronted with the re
ently available data from theCDF 
ollaboration on the bran
hing ratios and the dire
t CP asymmetries for the de
ays�b ! p�, and �b ! pK. The asymmetry parameter � relevant for the anisotropi
 angulardistribution of the emitted proton in the polarized �b baryon de
ays is also 
al
ulated forthe two de
ay modes.PACS numbers: 14.20.Mr, 12.38.Bx, 12.39.St, 13.30.Eg
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2I. INTRODUCTIONThe motivation to investigate b quark de
ays is attributed to their sensitivity to the quark
avor stru
ture, whi
h leads to an extremely ri
h phenomenology, studied mostly in the 
ontext ofB-meson de
ays. However, heavy baryons 
ontaining a b-quark have been observed at the Tevatronand they will be even more 
opiously produ
ed at the large hadron 
ollider (LHC). Their weakde
ays may provide important 
lues on the 
avor-
hanging 
urrents beyond the standard model(SM) in a 
omplementary fashion to the B meson de
ays. A parti
ular advantage of the bottombaryons over B-mesons is their spin, whi
h provides a unique way to analyze the heli
ity stru
ture ofthe e�e
tive Hamiltonian for the weak transition in the SM and beyond. Also, su
h baryon de
aysare 
avor self-tagging pro
esses whi
h should make their experimental re
onstru
tions easier.Theoreti
al analysis of non-leptoni
 de
ays are based on fa
torization theorems, whi
h are thefundamental tools of the QCD perturbation theory enabling the separation of physi
s at di�erentenergy s
ales. The theoreti
al basis of the fa
torization theorem is a generalization of the Eu
lideanoperator produ
t expansion to the time-like domain. The proof of the fa
torization theorem hasbeen worked out using the perturbative QCD approa
h based on the analysis of Feynman diagramsin the so 
alled Collins-Soper-Sterman (CSS) formalism [1, 2, 3℄. Equally importantly, the largemass of the heavy quark makes the formidable strong intera
tions e�e
ts 
ontrollable and they 
anbe studied systemati
ally using methods based on heavy quark expansion.The basi
 formula for the 
al
ulation of the bran
hing ratios for the de
ays of the �b baryoninto two light hadrons is based on an operator realization of the diagrammati
 analysis whi
h 
anbe des
ribed most easily for the 
al
ulation of the hadroni
 matrix element of B mesons de
aysinto two light hadrons h1 and h2. With the insertion of a set of the weak intera
tion operator Oibetween the initial B meson and the �nal de
ay produ
ts h1 and h2, the de
ay matrix element isobtained from the following formula [4℄hh1h2jOijBi = �h2(u)
 �T I(u)FBh1(0) + CII(�; u)
 �Bh1(�; 0)� (1)involving the QCD form fa
tor FBh1(0) and an unknown, non-lo
al form fa
tor �Bh1(�; 0) at theleading power in the �=mb expansion. Di�erent treatments of the various parts in the fa
torizationformula (1) have led to three popular theoreti
al approa
hes to study the dynami
s of non-leptoni
two-body B meson de
ays, whi
h are known as the perturbative QCD (pQCD) [5℄, QCD fa
-torization (QCDF) [6℄ and SCET approa
hes [7, 8, 9℄. The fun
tion �Bh1(�; 0) is supposed to bedominated by perturbative hard-
ollinear intera
tions, and 
an be further fa
torized into light-
one



3distribution amplitudes �B(!), �h1(v) and a jet fun
tion J(� ;!; v)�Bh1(�; 0) = J(� ;!; v) 
 �B(!)
 �h1(v); (2)when the hard-
ollinear s
ale pmb�QCD is integrated out [10℄.In 
ontrast to these two latter approa
hes based on the 
ollinear fa
torization theorem, thepQCD approa
h, whi
h is developed in the framework of kT fa
torization, is free of the singularitiesfrom the end-point region of the parton momentum fra
tions. The pQCD approa
h has been widelyapplied for the 
al
ulation of the non-leptoni
 two-body B de
ays and it has proved itself to besu

essful in the des
ription of ex
lusive pro
esses with typi
al momentum-transfer of a few GeV.A hallmark of this approa
h is that the form fa
tor FBh1(0) is assumed to be dominated by short-distan
e 
ontributions and it is therefore 
al
ulable in the perturbative theory. Soft 
ontributions,though playing a role, are less important be
ause of the suppression from the Sudakov me
hanismembedded in the kT and threshold resummations [11℄. Current appli
ations of the kT fa
torizationtheorem to ex
lusive pro
esses are restri
ted to the leading order (LO) in the strong 
oupling
onstant �s. In this, the infrared divergen
es involved in the radiative 
orre
tions to the weaktransition vertex are absorbed in the hadroni
 distribution amplitudes in a gauge invariant manner.The fa
torizable, non-fa
torizable and power-suppressed annihilation 
ontributions are 
al
ulablein this framework free of the end-point singularities.In the 
ase of non-leptoni
 two-body B de
ays, the de
ay matrix elements, in most 
ases, aredominated by the fa
torizable term, i.e. the �rst term on the right-hand side of Eq. (1), whereasthe se
ond term, the non-fa
torizable one, produ
es a perturbative 
orre
tion. Sin
e the �rst termproportional to the form fa
tor FBh1(0) is in pQCD very similar to the other approa
hes, where theform fa
tors are input, the pQCD approa
h gives in most 
ases similar results for the non-leptoni
B de
ays as the other two approa
hes mentioned above, though there are di�eren
es in detail.In the appli
ation of pQCD to two-body non-leptoni
 heavy baryon de
ays, we do not expe
ta similar pattern as in the non-leptoni
 B meson de
ays on general grounds. In parti
ular, in theanalysis of the hadroni
 de
ays of baryons, a large number of Feynman diagrams 
ontribute to thehard amplitudes even in the lowest-order. Taking the �b ! p� de
ay as an example, some 200Feynman diagrams need to be 
al
ulated as 
an be seen in se
tion III. These diagrams involvethe ex
hange of two gluons, involving topologies where both gluons are atta
hed to one of thelight quarks emerging from the weak intera
tion vertex. As some of these diagrams build up thetransition form fa
tor, they re
eive 
ontributions in �2s, yielding small values for them. Another
hallenge for the baryoni
 transition is that the light-
one distribution amplitudes (LCDAs) of



4the baryons are less known in the literature. LCDAs are fundamental non-perturbative inputto regularize the infrared divergen
e appearing in the radiative 
orre
tions in the fa
torizationformalism of the pQCD approa
h. In view of this, appli
ations of the pQCD approa
h to non-leptoni
 two-body b-baryon de
ays are not worked out to a satisfa
tory level, and hen
e this areais essentially an un
harted territory.A �rst attempt to apply the pQCD approa
h to the baryoni
 transitions was made in [12℄,where the proton Dira
 form fa
tor is 
al
ulated taking into a

ount the Sudakov suppressionresulting from the resummation of the large double logarithms involved in the radiative 
orre
tions.Subsequently, the proton form fa
tor was re
al
ulated in [13℄ by re�ning the 
hoi
e of the evolutions
ale of the proton wave fun
tions and the infrared 
uto�s for the Sudakov resummation, whi
h leadto predi
tions for the Dira
 form fa
tors whi
h are 
onsistent with the experimental data. FollowingRefs. [12, 13℄, the semileptoni
 
harmless de
ays �b ! pl�� [14℄, the semileptoni
 
harming de
ay�b ! �
l�� [15, 16℄, the radiative de
ay �b ! �
 [17℄, and the nonleptoni
 
harming de
ay�b ! �J= [18℄ have been investigated in the framework of the kT fa
torization s
heme. However,a study of the 
harmless hadroni
 de
ays �b ! h1h2, whi
h has been undertaken in the generalizedfa
torization approa
h [19, 20℄, to the best of our knowledge, is still la
king in pQCD. Our aim is to�ll in this gap and provide further tests of the kT fa
torization formalism to gain insight on the QCDdynami
s of these de
ays. In doing this, we have in
luded the 
urrent information on the CKMmatrix elements, updated some input hadroni
 parameters, su
h as the distribution amplitudesof the proton, whi
h are systemati
ally studied in [21℄ making use of the 
onformal symmetry ofthe QCD Lagrangian, and have used data to �x some other input quantities. We �nd that thenon-fa
torizable 
ontributions to the hard amplitudes overwhelm the ones from the fa
torizablediagrams in the baryoni
 de
ays �b ! p�; pK. This feature of the b-baryoni
 de
ays is at varian
ewith what is found in the naive fa
torization approximation and in the 
orresponding two-bodyB meson de
ays. Large non-fa
torizable e�e
ts existing in the 
harmed baryon de
ays have beenpointed out in the literature [22℄, where it is observed that the non-fa
torizable diagrams es
apingfrom the heli
ity and 
olor suppression 
an be 
omparable to and sometimes even dominate overthe fa
torizable 
ontributions.The layout of the paper is as follows: In se
tion II, we brie
y review the pQCD approa
hand give the essential input quantities that enter this approa
h, in
luding the operator basis usedsubsequently and the LCDAs for the pseudos
alar mesons, the proton as well as the �b baryon.Input values of the various mesoni
 de
ay 
onstants and the baryoni
 wave fun
tion at the origin in
on�guration spa
e are also 
olle
ted there. Se
tion III 
ontains the 
al
ulation of the �b ! p�; pK



5de
ays, making expli
it the 
ontributions from the external W emission diagrams T , the internalW emission diagrams C, the W ex
hange diagram E, the bow-tie 
ontra
tion diagrams B andthe penguin diagrams P , as shown in Fig. 3. Details of the 
al
ulations are relegated to thetwo Appendi
es (Appendix A, where the Fourier integration to derive the hard amplitudes in theimpa
t parameter (or b) spa
e are displayed, and Appendix B, where the fa
torization formulae forthe Feynman diagrams 
orresponding to various toplogies are given). The de
ay amplitudes 
alledf1 and f2, de�ned in Eq. (44), resulting from the diagrams with di�erent topologies evaluatedin the 
onventional pQCD approa
h are given numeri
ally in Table III. We �nd that the Tdiagrams dominate the �b ! p�; pK de
ays, as expe
ted. Numeri
al values of the fa
torizableand non-fa
torizable 
ontributions from the T diagram amplitudes fi(�b ! p�; pK); i = 1; 2, inthe 
onventional pQCD approa
h are given in Table IV. From the entries in this table we observethat the fa
torizable amplitudes in these de
ays are essentially two orders of magnitude smallerthan the 
orresponding non-fa
torizable amplitudes. The form fa
tor g1 responsible for the �b ! ptransition evaluated in various theoreti
al approa
hes are 
olle
ted in Table V, and we �nd thatg1 
al
ulated in the pQCD approa
h is typi
ally an order of magnitude smaller than in otherapproa
hes [19, 23℄, where the form fa
tors are dominated by soft dynami
s. Subsequently, weemploy a hybrid pres
ription to deal with the hadroni
 �b ! p�; pK de
ays. In this approa
h,the fa
torizable 
ontributions are parametrized in the naive fa
torization approximation, and thevariation of the renormalization s
ale is assumed to re
e
t the e�e
t of the vertex 
orre
tions. Thenon-fa
torizable diagrams are evaluated, as in the 
onventional pQCD approa
h, in the frameworkof the kT fa
torization. Following this pro
edure and utilizing the from fa
tors 
al
ulated in thelight-
one sum rules (LCSR), we reanalyze these two 
hannels and give the numeri
al results forthe amplitudes fi(�b ! p�; pK); i = 1; 2, for the fa
torizable and non-fa
torizable 
ontributionsfrom the hybrid s
heme in Table VII. We note that the fa
torizable 
ontributions are mu
h largerin the hybrid s
heme and they 
onstitute a good fra
tion of the 
orresponding non-fa
toriazableamplitudes. Numeri
al results for the 
harge-
onjugated averages of the de
ay bran
hing ratios,dire
t CP-asymmetries and polarization asymmetry parameter � are tabulated in Table VIII. A
omparison of our predi
tions with the available experimental data [24℄ are also in
luded in thistable. Se
tion IV 
ontains our 
on
lusion and an outlook.



6II. CONVENTIONS, INPUTS AND SOME FORMULAE IN PQCDA. E�e
tive HamiltonianWe spe
ify the weak e�e
tive Hamiltonian [25℄:Heff = GFp2(VubV �uqhC1(�)Qu1 (�) + C2(�)Qu2(�)i� VtbV �tqh 10Xi=3Ci(�)Qi(�)i)+ h.
.; (3)where q = d; s. The fun
tions Qi (i = 1; :::; 10) are the lo
al four-quark operators:� 
urrent{
urrent (tree) operatorsQu1 = (�u�b�)V�A(�q�u�)V�A; Qu2 = (�u�b�)V�A(�q�u�)V�A; (4)� QCD penguin operatorsQ3 = (�q�b�)V�AXq0 (�q0�q0�)V�A; Q4 = (�q�b�)V�AXq0 (�q0�q0�)V�A; (5)Q5 = (�q�b�)V�AXq0 (�q0�q0�)V+A; Q6 = (�q�b�)V�AXq0 (�q0�q0�)V+A; (6)� ele
tro-weak penguin operatorsQ7 = 32(�q�b�)V�AXq0 eq0(�q0�q0�)V +A; Q8 = 32(�q�b�)V�AXq0 eq0(�q0�q0�)V+A; (7)Q9 = 32(�q�b�)V �AXq0 eq0(�q0�q0�)V�A; Q10 = 32(�q�b�)V�AXq0 eq0(�q0�q0�)V�A; (8)where � and � are the 
olor indi
es and q0 are the a
tive quarks at the s
alemb, i.e. q0 = (u; d; s; 
; b).The left handed 
urrent is de�ned as (�q0�q0�)V�A = �q0�
�(1 � 
5)q0� and the right handed 
urrentas (�q0�q0�)V+A = �q0�
�(1 + 
5)q0�. For later appli
ations it will be 
onvenient to use the following
ombinations of the Wilson 
oeÆ
ients Qi [26℄:a1 = C2 + C1=3; a3 = C3 + C4=3; a5 = C5 + C6=3; a7 = C7 + C8=3; a9 = C9 + C10=3;a2 = C1 + C2=3; a4 = C4 + C3=3; a6 = C6 + C5=3; a8 = C8 + C7=3; a10 = C10 + C9=3; (9)where the s
ale dependen
e for the Wilson 
oeÆ
ients has been suppressed here. For 
onvenien
e,we have given the 
ombinations ai of the Wilson 
oeÆ
ients at three di�erent values of the energys
ale in Table. I.



7TABLE I: Numeri
al values of the e�e
tive Wilson 
oeÆ
ients de�ned in the text at three di�erent s
ales�, where mb is taken as 4:8 GeV.� (GeV) 0:5mb mb 1:5mba1 1:06 1:03 1:02a2(�10�2) 0:40 10:3 14:8a3(�10�3) 6:41 3:60 2:63a4(�10�3) �32:6 �22:8 �18:3a5(�10�3) �5:87 �2:29 �1:20a6(�10�3) �48:2 �29:8 �22:5a7(�10�4) 12:6 12:2 12:0a8(�10�4) 9:79 7:57 6:69a9(�10�4) �84:5 �82:2 �81:4a10(�10�4) �0:32 �8:20 �11:9B. Kinemati
sThe kinemati
 variables of the initial and �nal hadrons 
an be de�ned as follows. The �b baryonis assumed to be at rest, and the proton re
oils in the minus z dire
tion. p, p0 and q = p�p0 denotethe momentum of the �b baryon, the proton and the light meson, respe
tively. The momenta oftheir valen
e quarks are parametrized asp = (p+; p�;0) = M�bp2 (1; 1;0) ;k1 = (x1p+; p�;k1T ) ; k2 = (x2p+; 0;k2T ) ; k3 = (x3p+; 0;k3T ) ;p0 = (0; p0�;0) = (0; p�;0) ;k01 = (0; x01p0�;k01T ) ; k02 = (0; x02p0�;k02T ) ; k03 = (0; x03p0�;k03T ) ;q = (q+; 0;0) = (p+; 0;0) ;q1 = (yq+; 0;qT ) ; q2 = ((1 � y)q+; 0;�qT ) ; (10)where k1 (k01) is the b (u) quark momentum, xi (x0i) are their longitudinal momentum fra
tions,and k(0)iT are the 
orresponding transverse momenta, satisfying Pl k(0)lT = 0. y is the longitudinalmomentum fra
tion 
arried by the quark in the emitted light meson and qT is its transversemomentum. The kinemati
s of the non-leptoni
 two body de
ays of �b is des
ribed in Fig. 1.
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FIG. 1: Kinemati
s of the non-leptoni
 two-body de
ays of �b in the pQCD approa
h.C. Distribution amplitudes of pseudos
alar mesonsThe light-
one distribution amplitudes for the pseudos
alar meson are given by [27, 28℄hP (P )j�q2�(z)q1�(0)j0i = � ip6 Z 10 dxeixP �z �
5 6P�A(x) +m0
5�P (x)�m0���
5P�z� ��(x)6 ���= � ip6 Z 10 dxeixP �z h
5 6P�A(x) + 
5m0�P (x) +m0
5(6n 6v � 1)�T (x)i�� ;(11)where �A� (x) = 3f�p6 x(1� x)[1 + 0:44C3=22 (t)℄; (12)�P� (x) = f�2p6 [1 + 0:43C1=22 (t)℄; (13)�T� (x) = � f�2p6[C1=21 (t) + 0:55C1=23 (t)℄; (14)�AK(x) = 3fKp6 x(1� x)[1 + 0:17C3=21 (t) + 0:115C3=22 (t)℄; (15)�PK(x) = fK2p6 [1 + 0:24C1=22 (t)℄; (16)�TK(x) = � fK2p6[C1=21 (t) + 0:35C1=23 (t)℄; (17)and the Gegenbauer polynomials are de�ned as:C1=21 (t) = t; C3=21 (t) = 3tC1=22 (t) = 12(3t2 � 1); C3=22 (t) = 32(5t2 � 1);C1=23 (t) = 12 t(5t2 � 3);C1=24 (t) = 18(35t4 � 30t2 + 3); C3=24 (t) = 158 (21t4 � 14t2 + 1); (18)



9and t = 2x�1. The de
ay 
onstants of these mesons are �xed as f� = 130 MeV and fK = 160 MeVin our numeri
al 
al
ulations.D. Distribution amplitudes of baryons1. Distribution amplitudes of the �b baryonThe Lorentz stru
ture of the �b baryon wave fun
tion Y�b 
an be simpli�ed using the Bargmann-Wigner equation [29℄ in the heavy quark limit, where the spin and orbital degrees of freedom ofthe light quark system are de
oupled. In the transverse momentum spa
e, the wave fun
tion ofthe �b baryon is de�ned as [30, 31℄(Y�b)��
(ki; �) = 12p2N
 Z 3Yl=2 dw�l dwl(2�)3 eikl�wl�ijkh0jT [bi�(0)uj�(w2)dk
(w3)℄j�b(p)i ;= f�b8p2N
 [(p=+M�b)
5C℄�
 [�b(p)℄� (ki; �) ; (19)where b, u, and d are the quark �elds, i, j, and k are the 
olor indi
es, �, � and 
 are the spinorindi
es, C is the 
harge 
onjugation matrix, �b(p) is the �b baryon spinor. The normalization
onstant 
orresponds to the value of the wave fun
tion at the origin in the 
on�guration spa
e.The numeri
al value f�b = 4:28+0:75�0:64 � 10�3 GeV2 used by us is determined from the experimentaldata on the semileptoni
 de
ay �b ! �
l��l [32℄. The quoted value (within the �1� range) is alsoin agreement with the ones estimated in the QCD sum rule (QCDSR) approa
h [33, 34℄.The phenomenologi
al model for the distribution amplitude of the �b baryon employed in thiswork is borrowed from [35℄ (x1; x2; x3) = Nx1x2x3exp�� M2�b2�2x1 � m2l2�2x2 � m2l2�2x3 � (20)with the shape parameter � = 1:0 � 0:2 GeV and the mass of the light degrees of freedom in the�b baryon being ml = 0:3 GeV. The normalizationZ [dx℄ (x1; x2; x3) = 1 ; (21)leads to the 
onstant N = 6:67 � 1012. We point out that the 
omplete set of three-quark distri-butions amplitudes of the �b baryon has been investigated in Ref. [36℄ in the heavy quark limitand the renormalization-group equation governing the s
ale-dependen
e of the leading twist dis-tribution amplitude is also derived there. It is shown that the evolution equation for the leadingtwist distribution amplitude in
ludes a pie
e asso
iated with the Lange-Neubert kernel [37℄ whi
h



10generates a radiative tail extending to high energies, and a pie
e relevant to the Brodsky-Lepagekernel [38℄, whi
h redistributes the momentum within the spe
tator diquark system. It is suÆ
ientto limit the a

ura
y of the 
urrent pQCD analysis to the leading twist approximation due to thestill large errors of the experimental data.The model for the twist-2 distribution amplitude for the �b baryon proposed in [36℄ is: QCD(!; u) = !2u(1� u)� 1�40 e� !�0 + a2C3=22 (2u� 1) 1�41 e� !�1 � (22)with �0 = 200+130�60 MeV, �1 = 650+650�300MeV and a2 = 0:333+0:250�0:333. In the above representation, ! isthe total energy 
arried by the light quarks in the rest frame of �b baryon and the dimensionlessparameter u des
ribes the momentum fra
tion 
arried by the u quark in the diquark system. Thenormalization of  QCD(!; u) is Z 10 !d! Z 10 du QCD(!; u) = 1: (23)For 
omparison, we translate Eq. (20) in terms of the variables ! and u of Ref. [36℄: CQM(!; u) = 1M4�bN!2u(1� u)�1� u!M�b � (1� u)!M�b ��exp�� M2�b2�2(1� u!M�b � (1�u)!M�b ) � m2l2�2 u!M�b � m2l2�2 (1�u)!M�b �: (24)The shapes of the LCDAs  QCD(!; u) and  CQM(!; u), given in Eqs. (22) and (24), respe
tively,are shown in Fig. 2, and the various 
urves show the dependen
e on the input parameters of themodels. The variations of a2 in  QCD(!; u) does not play a signi�
ant role in the behavior of QCD(!; u), sin
e the se
ond moment is suppressed by �0=�1, and so we have �xed a2 = 0:333.At this stage, it is diÆ
ult to sele
t one or the other of these LCDAs. The harder spe
trum of CQM (!; u) in ! (the sum of the energy of the two light quarks in the rest frame of the �b-baryon)also re
e
ts in the inverse moments, whi
h are more important for the dynami
s. Following Ref.[36℄, we de�ne the two inverse moments involving negative powers of the variables ! and u, thefra
tional quark momentumh(!u)�1(�UV )i � Z �UV0 d! Z 10 duu  QCD=CQM (!; u); h!�1(�UV )i � Z �UV0 d! Z 10 du QCD=CQM (!; u);(25)where an additional energy 
ut ! < �UV is introdu
ed to guarantee that the moments are �nitein the presen
e of a radiative tail. The values of h(!u)�1i and h!�1i for �UV = 2:5 GeV and� = 1 GeV are summarized in Table II. We note from this table that the moments of the two
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FIG. 2: The fun
tions  QCD(!; u) and  CQM (!; u) plotted against ! for the �xed value u = 0:5. Thesolid, dashed-dotted, dashed-double-dotted, dashed-triple-dotted, and dashed-quarti
-dotted 
urves, peakingtypi
ally around ! = 0:8 GeV, des
ribe the distribution amplitude  CQM (!; u) with the values of theparameters (� = 1:0 GeV, ml = 0:3 GeV), (� = 0:8 GeV, ml = 0:30 GeV), (� = 1:2 GeV, ml = 0:30GeV), (� = 1:0 GeV, ml = 0:24 GeV), (� = 1:0 GeV, ml = 0:36 GeV), respe
tively. The 
urves peakingaround ! = 0:4 GeV( red 
urves) 
orrespond to the distribution amplitudes  QCD(!; u), where the solid,dashed-dotted, dashed-double-dotted, dashed-triple-dotted and dashed-quarti
-dotted 
urves 
orrespond tothe values of the model parameters (�0 = 0:20 GeV, �1 = 0:65 GeV), (�0 = 0:14 GeV, �1 = 0:65 GeV),(�0 = 0:33 GeV, �1 = 0:65 GeV), (�0 = 0:20 GeV, �1 = 0:35 GeV), (�0 = 0:20 GeV, �1 = 1:30 GeV),respe
tively.TABLE II: Typi
al inverse moments de�ned in Eq. (25) at a �xed energy 
ut o� �UV = 2:5 GeV and� = 1 GeV for the two LCDAs  QCD(!; u) and  CQM (!; u) dis
ussed in the text.h!�1i[GeV�1℄ h(!u)�1i[GeV�1℄ QCD(!; u) 1:66+0:72�0:67 5:38+2:22�2:07 CQM(!; u) 1:07+1:21�0:15 2:53+0:42�0:33distribution amplitudes  QCD(!; u) and  CQM(!; u) are 
ompatible with ea
h other within theerrors on the model parameters (whi
h are large), with the 
entral values of these moments shiftedto lower values for the  CQM(!; u) LCDA. For the numeri
al 
al
ulations presented here we use CQM(!; u) with the quoted errors on the model parameters.



122. Distribution amplitudes of the protonSimilarly, the wave fun
tions of the �nal state proton has in leading twist the following form[39℄( �Y )��
(k0i; �) = � fN8p2N
�[ �N(p0)
5℄
(C�1p0=)���V (k0i; �) + [ �N(p0)℄
(C�1
5 6 p0)���A(k0i; �)�[ �N(p0)
5
�℄
(C�1���p0�)���T (k0i; �)� ; (26)Keeping next-to-leading 
onformal spin, one obtains the following twist-3 distribution amplitudes[21, 40℄: �V (xi; �) = 120x1x2x3 h�03(�) + �+3 (�)(1� 3x3)i ;�A(xi; �) = 120x1x2x3(x2 � x1)��3 (�) ;�T (xi; �) = 120x1x2x3h�03(�)� 12 ��+3 � ��3 � (�)(1� 3x3)i :Here the moments of the distribution amplitudes for the proton are determined by�03 = fN ; ��3 = 212 fN Au1 ; �+3 = 72fN (1� 3V d1 ); (27)with all the parameters �xed at the s
ale � = 1 GeV asjfN j = (5:0 � 0:5) � 10�3GeV2;Au1 = 0:38 � 0:15 ;V d1 = 0:23 � 0:03 : (28)It is easy to see that the above proton distribution amplitudes satisfy the following relations�V (x1; x2; x3) = �V (x2; x1; x3) ;�A(x1; x2; x3) = ��A(x2; x1; x3) ;�T (x1; x2; x3) = �T (x2; x1; x3) : (29)E. A brief review of the 
onventional pQCD approa
hFa
torization of amplitudes is a fundamental tool of QCD perturbative theory to deal withpro
esses involving di�erent energy s
ales. Based on the kT fa
torization, the pQCD approa
hprovides a framework whi
h has been applied to hard ex
lusive pro
esses. In this approa
h, hard



13gluon(s) ex
hange is essential to ensure the appli
ability of the twist expansion, and soft 
ontribu-tions are expe
ted to be less important owing to the suppression by the Sudakov fa
tor. This isthe 
ase for the transition form fa
tors involving mesons. We would like to take the �b ! p transi-tion form fa
tors as an example, �rst to illustrate the pQCD fa
torization theorem, and then o�erquantitative estimates for this form fa
tor to 
he
k if the soft 
ontributions remain sub-dominantor not in the baryoni
 transitions.The fa
torization theorem states that the transition form fa
tor 
an be expressed as the 
onvo-lution of hadroni
 wave fun
tions  �b ,  p and the hard s
attering amplitude THF = Z 10 [dx℄[dx0℄ Z [d2kT ℄ Z [d2k0T ℄ p(x0;k0T ; p0; �)TH(x; x0;M�b ;kT ;k0T ; �) �b(x;kT ; p; �); (30)whi
h is usually transformed to the impa
t parameter b spa
e to perform the Sudakov resummationof the double logarithms involved in the radiative 
orre
tions to the hadroni
 wave fun
tionsF = Z 10 [dx℄[dx0℄ Z [d2b℄ Z [d2b0℄Pp(x0;b0; p0; �)TH(x; x0;M�b ;b;b0; �)P�b(x;b; p; �): (31)Here P�b(x;b; p; �) and Pp(x0;b0; p0; �) are the Fourier transforms of the  �b(x;kT ; p; �) and� p(x0;k0T ; p0; �), respe
tively. Radiative 
orre
tions to the hadroni
 wave fun
tion 
an generatea soft logarithm �sln (Qb), whose overlap with the original 
ollinear logarithm leads to a doublelogarithm �sln2(Qb). This type of large logarithm must be organized in order to ensure the validityof the perturbative expansion. Resummation te
hniques have been developed to deal with su
hdouble logarithms. The result is a Sudakov exponential exp[�s(Q; b)℄, whi
h de
reases fast within
reasing b and vanishes at b = 1=�QCD.The expressions for the Sudakov evolution of the hadroni
 wave fun
tions P�b(x;b; p; �) andPp(x0;b0; p0; �) 
an be expressed as produ
ts of the Sudakov exponents s(b;Q) and redu
ed hadroni
wave fun
tions, denoted by ~P�b(x;b; p; �) and ~Pp(x0;b0; p0; �):P�b(x;b; p; �) = exp "� 3Xi=2 s(w; k+i )# ~P�b(x;b; p; �) ;Pp(x0;b0; p0; �) = exp "� 3Xi=1 s(w0; k0�i )# ~Pp(x0;b0; p0; �); (32)where s(b;Q) is de�ned ass(b;Q) = A(1)2�1 q̂ ln� q̂̂b�� A(1)2�1 �q̂ � b̂�+ A(2)4�21 � q̂̂b � 1�� "A(2)4�21 � A(1)4�1 ln e2
E�12 !# ln� q̂̂b�+A(1)�24�31 q̂ " ln(2q̂) + 1q̂ � ln(2b̂) + 1b̂ #+ A(1)�28�31 hln2(2q̂)� ln2(2b̂)i ; (33)



14with q̂ � ln[Q=(p2�)℄; b̂ � ln[1=(b�)℄; (34)and the 
oeÆ
ients A(i) and �i are �1 = 33� 2nf12 ; �2 = 153� 19nf24 ;A(1) = 43 ; A(2) = 679 � �23 � 1027nf + 83�1ln(12e
E ); (35)nf is the number of quark 
avors and 
E is the Euler 
onstant. We will use the one-loop running
oupling 
onstant, i.e. we pi
k up the �rst four terms in the expression for the fun
tion s(Q; b).Apart from the double logarithms due to the in
lusion of the transverse momentum, large singlelogarithms from ultraviolet divergen
es 
an also emerge in the radiative 
orre
tions to both thehadroni
 wave fun
tions and the hard kernels, whi
h are summed by the renormalization group(RG) method �� ��� + �(g) ��g � ~P�b(x;b; p; �) = �83
q ~P�b(x;b; p; �); (36)�� ��� + �(g) ��g � ~Pp(x0;b0; p0; �) = �3
q ~Pp(x0;b0; p0; �); (37)�� ��� + �(g) ��g �TH(x; x0;M�b ;b;b0; �) = 173 
qTH(x; x0;M�b ;b;b0; �): (38)Here the quark anomalous dimension in the axial gauge is 
q = ��s=�. In terms of the above equa-tions, we 
an get the RG evolution of the hadroni
 wave fun
tions and hard s
attering amplitudeas ~P�b(x;b; p; �) = exp ��83 Z ��w d���� 
q(�s(��))�� ~P�b(x;b; p; w);~Pp(x0;b0; p0; �) = exp ��3 Z ��w0 d���� 
q(�s(��))�� ~Pp(x0;b0; p0; w0);TH(x; x0;M�b ;b;b0; �) = exp ��173 Z t� d���� 
q(�s(��))�� TH(x; x0;M�b ;b;b0; t) ; (39)The fa
torization s
ales w and w0 represent the inverse of a typi
al transverse distan
e among thethree valen
e quarks of the initial and �nal states. The 
hoi
es of w and w0 arew = min( 1b1 ; 1b2 ; 1b3 ); w0 = min( 1b01 ; 1b02 ; 1b03 ); (40)with the variables b1 and b01 de�ned asb1 = jb2 � b3j; b01 = jb20 � b30j; (41)



15with the other bis and b0is de�ned by permutation. The introdu
tion of the parameter � is done fromthe viewpoint of the resummation, sin
e the s
ale �w(0), with � of order unity, is equivalent to w(0)within the a

ura
y of the next-to-leading logarithms [41℄. The variation of � represents di�erentpartitions of the radiative 
orre
tions to the perturbative Sudakov fa
tor and the non-perturbativewave fun
tion. The best �t to the experimental data of the proton form fa
tor determines theparameter as � = 1:14 [13℄.Furthermore, loop 
orre
tions for the weak vertex 
an also give rise to another type of doublelogarithms �sln2xi, whi
h are usually fa
torized from the hard amplitude and resummed into thejet fun
tion St(xi) to smear the end-point singularity. It should be pointed out that the Sudakovfa
tor from threshold resummation is pro
ess-independent, and hen
e universal [42℄. The followingapproximate parametrization is proposed in Ref. [43℄ for phenomenologi
al appli
ationsSt(x) = 21+2
�(3=2 + 
)p��(1 + 
) [x(1� x)℄
 ; (42)with the parameter 
 ' 0:3 determined from the best �t to the next-to-leading-logarithm thresh-old resummation in moment spa
e. The threshold fa
tor modi�es the end-point behavior of thehadroni
 distribution amplitudes and for
es them to vanish faster as x! 0. Colle
ting everythingtogether, we arrive at the typi
al expression for the fa
torization formula of the form fa
tor in thepQCD approa
hF = Z 10 [dx℄ Z [dx0℄ Z [d2b℄ Z [d2b0℄ �~Pp(x0;b0; p0; w0)TH(x; x0;M�b ;b;b0; t) ~P�b(x;b; p; w)St(x(0))� exp "� 3Xi=2 s(w; k+i )� 83 Z t�w d���� 
q(�s(��))� 3Xi=1 s(w0; k0�i )� 3 Z t�w0 d���� 
q(�s(��))# : (43)Apart from the hard perturbative kernel TH(x; x0; :::), the same expression holds for the mesoni
 andbaryoni
 transition form fa
tors. As we shall see quantitatively below, the hard perturbative kernelsentering the latter are parametri
ally suppressed 
ompared to the former. Physi
al interpretationof the Sudakov fa
tor is well known [44℄, namely it is a probability distribution fun
tion for emittingno soft gluons. When a quark is a

elerated in QCD, in�nitely many gluons are emitted. Hen
e,we may observe many hadrons (or jets) at the end if gluoni
 bremsstrahlung o

urs. Therefore,the amplitude for an ex
lusive de
ay �b to a light baryon and a light meson is proportional to theprobability that no bremsstrahlung gluon is emitted. This is just the role of the Sudakov fa
torin the kT fa
torization. It is known that the Sudakov fa
tor is large only for small transverseintervals between the quarks in the hadron. A large transverse interval implies that the quarks inthe hadron are separated and hen
e less 
olor shielded. Thus the Sudakov fa
tor suppresses thelong distan
e 
ontributions for the de
ay amplitude.



16III. CALCULATIONS OF BARYONIC DECAYS �b ! p�; pK IN THE PQCDAPPROACHTopologi
al diagrams responsible for the de
ay of �b to a light baryon and a light meson arepresented in Fig. 3. In terms of the hard-s
attering me
hanism, the ex
hange of two hard gluons isneeded to ensure that the light spe
tator quarks in the initial states turn out as 
ollinear obje
ts inthe �nal state. With this, the various diagrams for the �b ! p� de
ays in the pQCD approa
h inthe lowest order are displayed in Appendix B. Fig. 4 shows the externalW emission diagrams, Fig.5 the internalW emission diagrams, Fig. 6 the W ex
hange diagrams, Fig. 7 the bow-tie diagramsand Fig. 8 the penguin diagrams. We also in
lude diagrams 
ontaining the three-gluon-vertexdisplayed in Fig. 9. Their 
ontribution is, however, about an order of magnitude smaller than thatfrom the external W emission (T ) diagrams, but it 
an be 
omparable to that of the internal Wemission (C) diagrams. As for �b ! pK de
ay, only Figs. 4, 7, 8, and 9 
ontribute to the de
ayamplitude. A. General fa
torization formulae for �b ! p�; pK de
aysThe �b ! p�; pK de
ay amplitude M is de
omposed into two di�erent stru
tures with the
orresponding 
oeÆ
ients f1 and f2:M = �p(p0)[f1 + f2
5℄�b(p): (44)using the equation of motion for a free Dira
 parti
le. Similar to the fa
torization formula for theform fa
tors of the �b ! p transition, the 
oeÆ
ients fi(i = 1; 2) 
an be expressed asf ji = GF �2144p3f�bfp n=A;P;TXm=V;A;T Z [Dx℄ Z [Db℄j [�s(tj)℄2aj(tj) �b(x) mp (x0)�nM (y)Hmnji (x; x0; y)�
j(b; b0; bq) exp[�Sj ℄: (45)Here, f ji (i = 1; 2) denotes the 
ontribution to the 
oeÆ
ient fi by the \jth" diagram displayedin Fig. 4-9, and aj are the 
orresponding Wilson 
oeÆ
ients. The hard fun
tion 
j(b; b0; bq) arisesfrom the Fourier transformation of the denominators of the internal parti
le propagators in the jthdiagram. The hard amplitudes Hmnji (x; x0; y) depend on the spin stru
tures of the three valen
equarks in the proton and the form fa
tors f1;2. The integration measure involving the momentumfra
tions 
an be written as[Dx℄ = [dx℄[dx0℄dy; [dx℄ = dx1dx2dx3Æ(1 � 3Xi=1 xi); [dx0℄ = dx01dx02dx03Æ(1 � 3Xi=1 x0i); (46)
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ū

d

b

u

d

u

d

u

ū
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ū

d

b

u

d

ū
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(P )FIG. 3: Topologi
al diagrams responsible for the de
ay �b ! p�, where T denotes the external W emissiondiagram; C represents the internal W emission diagram; E labels W ex
hange diagram; B denotes thediagram that 
an be obtained from the E type diagram by ex
hanging the two identi
al down quarks in the�nal states; and P represents the diagram that 
an only be indu
ed by the penguin operators.and the expressions for the measure of the transverse extent [Db℄ will be shown in the fa
torizationformulae given in Appendix B.The exponents Sj in the Sudakov fa
tor are determined for the fa
torizable diagrams bySj(x; x0; b; b0) = 3Xi=2 s(w; k+i ) + 83 Z tj�w d���� 
q(�s(��)) + 3Xi=1 s(w0; k0�i ) + 3 Z tj�w0 d���� 
q(�s(��)) ; (47)and for the non-fa
torizable diagrams bySj(x; x0; y; b; b0; bq) = 3Xi=2 s(w; k+i ) + 83 Z tj�w d���� 
q(�s(��)) + 3Xi=1 s(w0; k0�i ) + 3 Z tj�w0 d���� 
q(�s(��))+ 2Xi=1 s(wq; q+i ) + 2 Z tjwq d���� 
q(�s(��)) ; (48)where tj is the typi
al energy s
ale of the \jth" diagram and is 
hosen astj = max(tj1; tj2; tj3; tj4; w;w0; wq); (49)



18TABLE III: The 
oeÆ
ients f1 and f2 
ontributed by the Feynman diagrams with de�nite topologies in the�b ! p� de
ay based on the 
onventional pQCD approa
h.f1 f2T �2:42� 10�9 � i2:07� 10�9 �1:74� 10�9 � i1:22� 10�9C 2:05� 10�10 � i4:60� 10�10 �2:35� 10�10 + i4:77� 10�10E 2:89� 10�11 � i8:95� 10�12 1:11� 10�11 � i4:36� 10�12B �7:00� 10�11 + i3:33� 10�10 2:21� 10�10 � i4:04� 10�11P �6:84� 10�12 + i4:85� 10�11 7:00� 10�12 � i4:75� 10�11G 1:37� 10�10 + i1:71� 10�11 �1:60� 10�10 + i2:01� 10�10where the hard s
ales tj1, tj2 are relevant to the two virtual quarks, and tj3, tj4 are asso
iated withthe two hard gluons. w and w0 have been given in Eq. (40) and wq = 1=bq. The maximum in theabove 
hoi
e simply indi
ates that the hard s
ales should be larger than the fa
torization s
ales.The fa
torization formulae for some typi
al diagrams 
orresponding to di�erent topologies in the�b ! p� de
ay are given in Appendix B. The 
orresponding fa
torization formulae for �b ! pKde
ay 
an be obtained dire
tly following the same rules.B. Numeri
al results for �b ! p�; pK de
aysFor the CKM matrix elements, we use as input the updated results from [45℄ and drop the(small) errors on Vud, Vus and Vtb:jVudj = 0:974; jVusj = 0:225; jVubj = (3:50+0:15�0:14)� 10�3;jVtdj = (8:59+0:27�0:29)� 10�3; jVtsj = (40:41+0:38�1:15)� 10�3; jVtbj = 0:999;� = (21:58+0:91�0:81)Æ; 
 = (67:8+4:2�3:9)Æ: (50)It will be shown that the CKM fa
tors mostly yield an overall fa
tor for the bran
hing ratiosand do not introdu
e large un
ertainties to the numeri
al results.We start by dis
ussing the numeri
al results in the 
onventional pQCD approa
h. To thatend, we list the 
oeÆ
ients f1 and f2 de�ned in Eq. (44) 
ontributed by the Feynman diagramswith di�erent topologies in the �b ! p� de
ay in Table III. From this table, we observe that theamplitudes satisfy the relations T � C � E.As mentioned earlier, the T type diagrams dominate the �b ! p� de
ays. For this 
ase wepresent the fa
torizable and non-fa
torizable 
ontributions in the �b ! p� de
ays in Table IV.



19TABLE IV: The 
oeÆ
ients f1 and f2 in the �b ! p�; pK de
ays from the fa
torizable and non-fa
torizableexternal W emission (T ) diagrams in the 
onventional pQCD approa
h.fa
torizable non-fa
torizablef1(�b ! p�) 1:47� 10�11 � i1:97� 10�11 �2:43� 10�9 � i2:05� 10�9f2(�b ! p�) 1:26� 10�11 � i1:94� 10�11 �1:75� 10�9 � i1:20� 10�9f1(�b ! pK) �1:52� 10�11 � i0:62� 10�11 �0:88� 10�9 + i0:54� 10�10f2(�b ! pK) 0:17� 10�11 � i0:60� 10�11 �1:06� 10�9 + i1:67� 10�9We observe that the fa
torizable 
ontribution is approximately two orders of magnitude smallerthan the non-fa
torizable 
ontribution. This is also the reason that the the 
onventional pQCDpredi
tions for the semileptoni
 de
ay �b ! pl�� [39℄ and the radiative de
ay �b ! �
 [17℄ aremu
h smaller than those evaluated in other theoreti
al frameworks (su
h as the 
onstituent quarkmodel or the QCD sum rules).The suppression of the fa
torizable 
ontributions in the 
onventional pQCD approa
h has beenobserved also in the analysis of the �b ! �J= de
ays [31℄, where the non-fa
torizable 
ontributionsare also found almost two orders of magnitude larger than those from the fa
torizable diagrams.In order to understand the large 
ontribution of the non-fa
torizable diagrams in �b de
ays, it isne
essary to re
all the role of the Sudakov fa
tor in the kT fa
torization approa
h. As stated inse
tion II, the Sudakov fa
tor 
an only suppress the region with large b's 
orresponding to smallkT 's, and has almost no e�e
t in the region where the transverse momentum kT is large. Takingthe non-fa
torizable diagram T25 as an example, the two virtual quarks 
an be on the mass shelleven in the region with large kT . Therefore, this diagram is not subje
ted to the suppression fromthe Sudakov fa
tor. It is then expe
ted that the amplitudes for the non-fa
torizable diagramsshould be mu
h larger than those from the fa
torizable diagrams, where the two virtual quarks
an be on the mass shell only in the small kT region. A
tually, a similar 
ase also o

urs in thehadroni
 B meson de
ays. There, the annihilation diagrams 
ontributing to the B !M1M2 de
aysin the pQCD approa
h is very important, whi
h is responsible for the large CP violation and theenhan
ement of the transverse polarization fra
tions predi
ted in the kT fa
torization. The large
ontribution from the annihilation diagrams in the pQCD approa
h is due to the fa
t that theinner quark 
an be on the mass shell in the region of large kT . The numeri
al analysis also showsthat the six non-fa
torizable diagrams T19; T20; T21; T25; T31; T32 play the most signi�
ant role inthe de
ay amplitude for the �b ! p� transition.



20TABLE V: The form fa
tor g1 responsible for the �b ! p transition at zero momentum transfer, 
al
ulatedby us (this work) and in the non-relativisti
 quark model (NRQM), LCSR, and in another pQCD approa
h.The un
ertainties from the variations of the hard s
ale, �QCD and the shape parameter � in the �b wavefun
tions have been 
ombined together in our work.NRQM [19℄ LCSR (full QCD)[23℄ pQCD [14℄ pQCD (this work)g1 0.043 0.018 2:3� 10�3 2:2+0:8�0:5 � 10�3We 
onsider the smallness of the fa
torizable 
ontributions in the 
onventional pQCD approa
has unrealisti
. Consequently, we argue that the �b ! p transition form fa
tors 
an not be reliably
al
ulated in the perturbative kT s
heme, i.e. these form fa
tors are dominated by non-perturbativesoft 
ontributions, whi
h 
an not be estimated in the pQCD approa
h. Of 
ourse, this 
ouldeasily be 
he
ked by measuring the semileptoni
 �b de
ays �b ! p`��`, whi
h depend only on thefa
trorizable diagrams. Pending this determination, we 
onsider it as a more reasonable approa
hto 
al
ulate the �b ! p transition form fa
tor by means of some non-perturbative method.The form fa
tors of �b ! p transition are de�ned ashp(p0)j�u
�bj�b(p)i = p(p0)(g1
� + g2i���q� + g3q�)�b(p); (51)where all the form fa
tors gi are fun
tions of the square of momentum transfer q2. We show inTable V numeri
al values for the ve
tor transition form fa
tor g1 for the �b ! p transition. Theseresults are obtained in the non-relativisti
 quark model (NRQM) [19℄, LCSR [23℄, an earlier pQCD
al
ulation [14℄, and this work (also a pQCD 
al
ulation) for 
omparison. From this Table wesee that the predi
tions for the transition form fa
tor g1 are s
attered, with the NRQM [19℄ andthe LCSR [23℄ values di�ering by a fa
tor 2, but the two 
onventional pQCD results shown, while
onsistent with ea
h other, are smaller from those obtained using the non-perturbative methodstypi
ally by an order of magnitude.To understand the marked di�eren
e of the form fa
tor g1 predi
ted in the pQCD approa
hand in the other frameworks, we re
all that the hard dynami
s is assumed to be dominant inthe heavy-to-light transition form fa
tors in the former and the soft 
ontribution, whi
h is not
al
ulable, is assumed to be less important due to the Sudakov resummation. Table V suggeststhat the soft dynami
s in the heavy-to-light transition form fa
tors is the dominant e�e
t, in alllikelihood overwhelming the me
hanism of the hard gluon ex
hange for the baryoni
 transitions.Similar large soft 
ontributions have been also observed in the nonleptoni
 
harmed meson de
ays



21[46℄ as well as in the semileptoni
 �b ! �
; �l+l� de
ays [17, 33℄. It is found in [33℄ that thehard 
ontributions to the �b ! � form fa
tors are almost an order of magnitude smaller than thatthose from the soft 
ontributions.In the modi�ed version of the pQCD approa
h, whi
h we 
all hybrid pQCD, the form fa
tors aretaken as external inputs. The perturbative 
orre
tion to the fa
torizable amplitude will then enterthrough the Wilson 
oeÆ
ients, whi
h are known in next-to-next-to-leading order (NNLO), andthe vertex 
orre
tions, whi
h have been re
ently 
al
ulated for the tree diagrams in the 
harmlesshadroni
 B de
ays in NNLO [47, 48℄. As the 
omplete NNLO 
orre
tions, in
luding the QCD pen-guin amplitudes, are still not yet at hand, we follow the approximate (and less pre
ise) approa
hproposed in Ref. [49℄ to negle
t the vertex 
orre
tions and vary the renormalization s
ale � of theWilson 
oeÆ
ients between 0:5mb and 1:5mb. Surely, this step of the 
al
ulation 
an be system-ati
ally improved on
e the 
omplete NNLO virtual 
orre
tions are available. The non-fa
torizable
ontributions will be evaluated as already dis
ussed in the 
onventional pQCD approa
h.Following the above pro
edure, we write the 
omplete de
ay amplitude for �b ! p�; pK asM(�b ! p�) = Mf (�b ! p�) +Mnf (�b ! p�)M(�b ! pK) = Mf (�b ! pK) +Mnf (�b ! pK); (52)where Mnf (�b ! p�) and Mnf (�b ! pK) denote the 
ontributions from the non-fa
torizablediagrams and have been 
omputed in the 
onventional pQCD approa
h. To 
al
ulate the fa
toriz-able amplitudesMf (�b ! p�) andMf (�b ! pK), we �rst need to deal with the hadroni
 matrixelements with the insertion of (V � A) 
 (V + A) operators, i.e.,the O5 � O8 penguin operators.Making use of the Fierz identity, the fa
torization assumption and the Dira
 equation, the matrixelement of the operator O6 
an be written ashpM jO6j�bi = [RM1 hpj�q0
�bj�bi+RM2 hpj�q0
�
5bj�bi℄hM j�q
�(1� 
5)q0j0i (53)with RM1 = 2m2M(mb �mu)(mu +mq) ; RM2 = 2m2M(mb +mu)(mu +mq) ; (54)where the quark masses are the 
urrent quark masses. In addition to the form fa
tors de�ned inEq. (51), we need the matrix element des
ribing the �b ! p transition indu
ed by the axial-ve
tor
urrent h�(P )j�s
�
5bj�b(P + q)i = �(P )(G1
� +G2i���q� +G3q�)
5�b(P + q): (55)



22TABLE VI: Numeri
al values of the form fa
tors g1 and m�bg2 at zero momentum transfer, responsible forthe �b ! p transition, estimated in the LCSR approa
h [23℄.form fa
tors g1 m�bg2�b ! p 0.018 �0:159It is then straightforward to write the fa
torizable amplitudes Mf (�b ! p�) and Mf (�b ! pK)asMf (�b ! p�)= GFp2 f��p(p0)��VubV �uda1 � VtbV �td(a4 + a10 +R�1 (a6 + a8))��g1(m2�)(M�b �Mp) + g3(m2�)m2��+�VubV �uda1 � VtbV �td(a4 + a10 �R�2 (a6 + a8))��G1(m2�)(M�b +Mp)�G3(m2�)m2��
5��b(p); (56)Mf (�b ! pK)= GFp2 fK �p(p0)��VubV �usa1 � VtbV �ts(a4 + a10 +RK1 (a6 + a8))��g1(m2K)(M�b �Mp) + g3(m2K)m2K�+�VubV �usa1 � VtbV �ts(a4 + a10 �RK2 (a6 + a8))��G1(m2K)(M�b +Mp)�G3(m2K)m2K�
5��b(p): (57)The masses of the pseudos
alar mesons of � and K 
an safely be negle
ted, therefore only the formfa
tors at the zero-momentum transfer will be involved in the numeri
al 
omputations.To evaluate the �b ! p�; pK de
ays numeri
ally, we need to spe
ify the form fa
tors responsiblefor the �b ! p transition. As 
an be seen from Eqs. (56-57), the form fa
tors g3 and G3, whose
ontributions are proportional to the mass of the 
orresponding meson, are inessential for the
al
ulation of the de
ay amplitudes. In view of the minor e�e
ts of these two form fa
tors, it isquite adequate to determine them in terms of the relations derived in the heavy quark limit. As iswell known, the form fa
tors gi and Gi satisfyg1 = G1 = �1 + m�m�b �2; (58)g2 = G2 = g3 = G3 = �2m�b : (59)in the heavy quark e�e
tive theory (HQET), where the two independent form fa
tors �1 and �2 arede�ned as h�(P )j�b�sj�b(P + q)i = �(P )[�1(q2)+ 6v�2(q2)℄��b(P + q); (60)with � being an arbitrary Lorentz stru
ture and v� being the four-velo
ity of the �b baryon. Ananalysis of the form fa
tors gi and Gi has been performed in the LCSR [23℄, whi
h we shall use



23TABLE VII: The 
oeÆ
ients f1 and f2 in the de
ays �b ! p�; pK 
ontributed by the fa
torizable andnon-fa
torizable external W emission (T ) diagrams in the hybrid pQCD s
heme.fa
torizable non-fa
torizablef1(�b ! p�) 2:43� 10�10 � i4:39� 10�10 �2:43� 10�9 � i2:05� 10�9f2(�b ! p�) 2:64� 10�10 � i6:54� 10�10 �1:75� 10�9 � i1:20� 10�9f1(�b ! pK) �3:17� 10�10 � i1:22� 10�10 �0:88� 10�9 + i0:54� 10�10f2(�b ! pK) 1:74� 10�10 � i1:96� 10�10 �1:06� 10�9 + i1:67� 10�9here. The numeri
al results for g1 and m�bg2 needed for our numeri
al 
al
ulations are grouped inTable VI, whi
h 
orrespond to �1 = 0:050 and �2 = �0:16.Utilizing the Wilson 
oeÆ
ients, the input form fa
tors just dis
ussed and the CKM fa
torsgiven earlier, we 
an now 
ompute the fa
torizable 
ontributions to f1 and f2 in the hybrid pQCDapproa
h and 
ompare them to the 
orresponding non-fa
torizable 
ontributions, whi
h have beengiven already earlier. The results are given in Table VII. From this table we see that the fa
torizable
ontributions are now mu
h larger than in the 
onventional pQCD approa
h, though they are stillsmaller than the 
orresponding non-fa
torizable 
ontributions.We are now in a position to present our �nal results 
on
erning the bran
hing ratios, dire
tCP asymmetries and the polarization asymmetry parameter � for the two de
ay 
hannels in the
onventional pQCD and in the hybrid pQCD approa
h. The CP-asymmetry ACP(�0b ! p��) isde�ned as follows: ACP(�0b ! p��) � B(��0b ! �p�+)� B(�0b ! p��)B(��0b ! �p�+) + B(�0b ! p��) ; (61)with ACP(�0b ! pK�) de�ned similarly. The asymmetry parameter � asso
iated with theanisotropi
 angular distribution of the proton emitted in the polarized �b baryon de
ays is de-�ned as follows: � = �0(1 + �p � s�b) (62)with p, s�b being the three-momentum and spin ve
tor of the proton in the rest frame of the �bbaryon. The expli
it expression of � 
an be written as [50℄� = � 2~�Re(f�1 f2)(jf1j2 + ~�2jf2j2) ; (63)with ~� = jpj=(Ep +mp) = q(Ep +mp)=(Ep �mp).



24TABLE VIII: The CP-averaged bran
hing ratios, dire
t CP asymmetries and the polarization asymmetryparameter � for the �b ! p�; pK de
ays obtained in the 
onventional and the hybrid pQCD approa
hes. Theerrors for these entries 
orrespond to the un
ertainties in the input hadroni
 quantities, the s
ale-dependen
e,and the CKM matrix elements, respe
tively. Current experimental measurements at the Tevatron [24℄ arealso listed. pQCD (
onventional) pQCD (hybrid s
heme) Exp.B(�b ! p�) 4:66+2:08+0:70+0:35�1:74�0:35�0:35 � 10�6 5:21+2:42+0:30+0:42�1:89�0:10�0:37 � 10�6 3:5� 0:6� 0:9� 10�6B(�b ! pK) 1:82+0:74+0:62+0:07�0:71�0:80�0:05 � 10�6 2:02+0:78+0:55+0:10�0:86�0:90�0:05 � 10�6 5:6� 0:8� 1:5� 10�6ACP(�b ! p�) �0:32+0:27+0:41+0:01�0:00�0:00�0:01 �0:31+0:28+0:32+0:01�0:00�0:00�0:01 �0:03� 0:17� 0:05ACP(�b ! pK) �0:03+0:21+0:13+0:00�0:00�0:04�0:00 �0:05+0:26+0:03+0:01�0:00�0:05�0:00 �0:37� 0:17� 0:03�(�b ! p�) �0:83+0:03+0:03+0:01�0:01�0:07�0:01 �0:84+0:03+0:00+0:01�0:00�0:00�0:01 |�(�b ! pK) 0:03+0:00+0:00+0:03�0:36�0:07�0:05 0:08+0:00+0:05+0:04�0:38�0:42�0:04 |We present our results in the two pQCD approa
hes and 
ompare them with the 
urrent ex-perimental data from the Tevatron [24℄ in Table VIII. The �rst error in the pQCD-based entriesarises from the input hadroni
 parameters, whi
h is dominated by the errors on the normalization
onstant of the �b baryon (taken as f�b = 4:28+0:75�0:64�10�3GeV2) and the �b baryon wave fun
tionshape parameter (taken as � = 1:0 � 0:2 GeV). The se
ond error is the 
ombined error from thehard s
ale t, de�ned in Eq. (49), whi
h is varied from 0:75t to 1:25t, and the renormalization s
aleof the Wilson 
oeÆ
ients, given in Table I. The third error is the 
ombined un
ertainty due to theCKM matrix elements.We observe from Table VIII that the results for the 
onventional pQCD and the hybrid pQCDapproa
hes do not di�er very mu
h, although in the hybrid approa
h the fa
torizable 
ontributionshave in
reased by almost an order of magnitude as 
ompared to the 
onventional pQCD approa
h.The reason for this is that in the hybrid approa
h the fa
torizable amplitudes fi are still only afra
tion of the non-fa
torizable amplitudes, as is apparent by 
omparing the results in Table VII.Of 
ourse, it remains to be 
he
ked if the non-fa
torizable amplitude is 
orre
tly estimated in thepQCD approa
h for the b-baryoni
 de
ays due to the ex
hange of two gluons. This involves, amongother diagrams, those where both the gluons are atta
hed to the same outgoing quark line (see, forexample, the diagrams in the fourth row in Fig. 4). These 
ontributions are more sharply peaked,
ompared to the others en
ountered here or in the de
ays of B-mesons, whi
h involve single gluonatta
hments on a quark line.The ratio of the de
ay rates for the �b ! p� and �b ! pK de
ays, 
alled below R�K(�b), 
an



25be 
al
ulated from Table VIII, and is estimated by us asR�K(�b) � BR(�b ! p�)BR(�b ! pK) = 2:6+2:0�0:5 (64)in the hybrid pQCD approa
h. This 
an be understood from Eqs. (56-57), whi
h show that theQCD penguin operators 
ontribute to the 
oeÆ
ients f1 and f2 (de�ned in Eq. (44)) in the
ombination a4 + RK1 a6 and a4 � RK2 a6, respe
tively. This is quite di�erent from the two-bodyhadroni
 de
ays of the B mesons, B ! PP or B ! PV , where P (V ) is a light pseudos
alar(ve
tor) meson. The key point is that both the hadroni
 matrix elements h�(P )j�s
�bj�b(P+q)i andh�(P )j�s
�
5bj�b(P + q)i 
ontribute to the baryoni
 de
ays. Theoreti
al predi
tions presented heredeviate from the experimental data R�K(�b) = 0:66 � 0:14 � 0:08 [24℄. Whether this dis
repan
yre
e
ts the inadequa
y of the 
urrent theoreti
al formalism embedded in the standard model, orthe standard model itself, or requires improved data remains to be seen. We note en passant thatthe estimates of the bran
hing ratios for the de
ays �b ! p� and �b ! pK, and hen
e of thequantity R�K(�b), reported in [19℄ in the generalized fa
torization approximation, are in errordue to the in
orre
t relative sign of the two terms in Eq. (18) in that paper. We are 
onvin
edthat the 
orre
t relative sign in question is given in our Eq. (53).As for the dire
t CP asymmetries, theoreti
al predi
tions su�er from large un
ertainties due tothe hadroni
 distributions, the hard s
attering and the renormalization s
ales in the fa
torizableamplitudes. For the CP asymmetries, one needs the 
omplete NNLO vertex 
orre
tions, as onlywith this input will it be possible to make quantitative predi
tions. As 
an be seen from TableVIII, theoreti
al estimates for the parameter � for the de
ay �b ! p� have negative values in boththe pQCD approa
hes, re
e
ting the (V �A) stru
ture of the weak 
urrent [51℄. It is pointed out in[52℄ that the parameter � in Bi(12+)! Bf (12+)P (V ) de
ays approa
hes �1 in the soft pseudos
alarmeson or ve
tor meson limit, i.e., for mP ! 0 or mV ! 0. This argument, however, is only validfor the tree-dominated pro
esses. As for the �b ! pK de
ay, the 
ontributions from the QCDpenguin operators are 
omparable to that of the tree amplitude. The operator O6 
ontributes tothe �b ! p transition via the (V +A) 
urrent (see Eq. (53)) and the Wilson 
oeÆ
ient a6 is verysensitive to the energy s
ale as 
an be seen from Table I. Hen
e, the asymmetry parameter � 
an
ip its sign for the �b ! pK de
ay due to the large penguin 
ontributions. As a �nal remark,we �nd that the predi
tions for the parameter � in the �b ! p� de
ay are relatively stable withrespe
t to the variations of hadroni
 parameters, the CKM matrix elements and the hard s
ale,and therefore it serves as a good quantity to test the standard model [31℄.



26IV. DISCUSSIONS AND CONCLUSIONSThanks to the 
urrent and impending experimental programs at the Tevatron and the LHC,dedi
ated studies of the de
ays of the �b baryon (and other heavy baryons) will be 
arried out,following the �rst measurements of the de
ays �b ! p�; pK, performed at the Tevatron. Baryoni
de
ays are 
avor self-tagging pro
esses. Therefore, they should be easier to re
onstru
t experimen-tally. In parti
ular, the CP-asymmetry measurements amount to 
ounting these self-tagged de
aymodes and their CP-
onjugates. From the theoreti
al viewpoint, however, b-baryon de
ays are lesstra
table as the underlying QCD dynami
s is more involved. Hen
e, it is far from being obviousif the theoreti
al approa
hes developed for the quantitative studies of the two-body non-leptoni
de
ays of the B-mesons will work also for the 
orresponding b-baryon de
ays. We have 
arried outan exploratory study of the 
harmless hadroni
 de
ays �b ! p�; pK in the pQCD approa
h and�nd that the fa
torizable diagrams in the 
onventional pQCD approa
h 
ontribute very little to thebran
hing ratios, as the hard (perturbative) 
ontributions to the baryoni
 transition form fa
torsin this 
ase turn out to be quite small 
ompared to the estimates dominated by the soft dynami
s.As an alternative, we adopted a hybrid approa
h, in spirit similar to the one advo
ated in Ref. [49℄for the analysis of the 
olor-suppressed de
ays, su
h as B0 ! J= K0. An essential 
hara
teristi
of this hybrid s
heme is that the transition form fa
tors are treated as non-perturbative obje
ts,i.e., they are input in the theoreti
al analysis and are not 
omputed perturbatively, as in the 
on-ventional pQCD approa
h. Employing the form fa
tors estimated in the LCSR approa
h, we �ndthat the fa
torizable 
ontributions are no longer negligible, though for the two de
ays worked outhere, the amplitudes are still dominated by the non-fa
torizing 
ontributions.Our predi
tions for the bran
hing fra
tion for the de
ay �b ! p�, whi
h is dominated bythe tree diagrams, are essentially in agreement with the 
urrent data, whereas estimates of thebran
hing ratio for the �b ! pK de
ay, dominated by the penguin-amplitude, are found to besmaller typi
ally by a fa
tor 2. This deserves an improved theoreti
al analysis, as the data gets
onsolidated. The asymmetry parameter � asso
iated with the anisotropi
 angular distribution ofthe proton produ
ed in the polarized �b baryon de
ays is also derived and is found to be relativelystable with respe
t to variations of hadroni
 inputs and higher-order 
orre
tions in �b ! p� de
ay.The asymmetry parameter � in the �b ! pK de
ay, however, 
an 
ip its sign due to the largepenguin 
ontributions and the sensitive s
ale dependen
e of the e�e
tive Wilson 
oeÆ
ient a6(�).The Feynman diagrams (G) with the three-gluon-verti
es present in the perturbative amplitudesin
luded in this work are found to be less important 
ompared with the T diagrams. However,



27these three-gluon-vertex diagrams are 
omparable to the C diagrams, as 
an be seen from TableIII, and hen
e they may indu
e signi�
ant 
orre
tions to the 
olor suppressed modes, su
h as the�b ! �J= de
ay. Finally, quantitative estimates of the CP asymmetries presented here showlarge s
ale un
ertainties and require NNLO vertex 
orre
tions to be �rmed up, whi
h are not yetavailable 
ompletely. A
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ussions during his stay at DESY.APPENDIX A: FOURIER INTEGRATIONS AND b-SPACE MEASURESWe list below the Fourier integration formulae whi
h have been employed in the derivation ofthe hard amplitudes in the impa
t parameter (or b) spa
e. The symbols J1, N1, K0 and K1 arethe various Bessel fun
tions; zi are the Feynman parameters; and the relationKn(�iz) = �i2 e in�2 [Jn(z) + iNn(z)℄ (A1)has been used used in the derivation of the Fourier transformation. With this, we get:Z d2k eik�bk2 +A = 2�fK0(pAb)�(A) + �i2 [J0(qjAjb) + iN0(qjAjb)℄�(�A)g; (A2)Z d2k eik�b(k2 +A)(k2 +B) = � Z 10 dz bpjZ1jfK1(pZ1b)�(Z1) + �2 [N1(qjZ1jb)� iJ1(qjZ1jb)℄�(�Z1)g;(A3)Z d2k1d2k2 ei(k1�b1+k2�b2)(k21 +A)(k22 +B)[(k1 + k2)2 + C℄= �2 Z 10 dz1dz2z1(1� z1) pX2pjZ2j(K1(pX2Z2)�(Z2) + �2 �N1(qX2jZ2j)� iJ1(qX2jZ2j)� �(�Z2)) ;where A > 0 ; and B;C are arbitrary ; (A4)



28Z d2k1d2k2d2k3 ei(k1�b1+k2�b2+k3�b3)(k21 +A)(k22 +B)(k23 + C)[(k1 + k2 + k3)2 +D℄= �3 Z 10 dz1dz2dz3z1(1� z1)z2(1� z2) pX3pjZ3j(K1(pX3Z3)�(Z3) + �2 �N1(qX3jZ3j)� iJ1(qX3jZ3j)� �(�Z3)) ;A;B > 0 ; and C;D arbitrary ; (A5)with the variables,Z1 = A z +B (1� z) ; (A6)Z2 = A (1� z2) + z2z1(1� z1) [B (1� z1) + C z1℄ ;X2 = (b1 � z1b2)2 + z1(1� z1)z2 b22 ; (A7)Z3 = A (1� z3) + z3z2(1� z2) �B (1� z2) + z2z1(1� z1) [C (1� z1) +D z1℄� ;X3 = [b1 � b2z2 � b3z1(1� z2)℄2 + z2(1� z2)z3 (b2 � b3z1)2 + z1(1� z1)z2(1� z2)z2z3 b23 : (A8)APPENDIX B: FACTORIZATION FORMULAE FOR THE FEYNMAN DIAGRAMSWITH VARIOUS TOPOLOGIESIn this appendix, we would like to 
olle
t the fa
torizable formulae for typi
al diagrams 
orre-sponding to di�erent topologies in the �b ! p� de
ays. In doing so, we give the expressions onlyfor a 
ertain representative set of diagrams in ea
h 
lass, with the rest following from appropriatesubstitutions.1. Fa
torization formulae for the 
olor allowed emission diagramsFor the �rst diagram in Fig. 4 (labeled as �gure T1 ), whi
h is a fa
torizable diagram andin
luded only in the 
onventional pQCD approa
h, we have:fT11 = GF �218p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tT1)℄2 �b(x)� ��16M5�b [(13C1 + C2)VubV �ud + (13C3 + C4 + 13C9 + C10)VtbV �td℄(�2x2 + (1� 2x2)x01 � x03)�AM (y)�32m0M4�b(13C5 + C6 + 13C7 + C8)VtbV �td(4x1 + 4x3 � x03 � 3)�PM (y)� Vp (x0)+�16M5�b [(13C1 + C2)VubV �ud + (13C3 + C4 + 13C9 + C10)VtbV �td℄(1 + x02)�AM (y)�32m0M4�b(13C5 + C6 + 13C7 + C8)VtbV �td(x03 � 1)�PM (y)� Ap (x0)



29+�16M5�b [(13C1 + C2)VubV �ud + (13C3 + C4 + 13C9 + C10)VtbV �td℄(2(x1 + x3))�AM (y)+32m0M4�b(13C5 + C6 + 13C7 + C8)VtbV �td(2(x1 + x3))�TM (y)� Tp (x0)�� 116�2 Z b01db01 Z b2db2 Z b3db3 Z d�1 Z d�2 exp[�ST1(x; x0; b; b0)℄K0(pDT1 jb3j)Z 10 dz1dz2z1(1� z1)vuut XT12jZT12 j�K1(qXT12 ZT12 )�(ZT12 ) + �2 [J1(qXT12 jZT12 j) + iN1(qXT12 jZT12 j)℄�(�ZT12 )�;(B1)where the auxiliary fun
tions in the above expression are de�ned asAT1 = (1� x01)M2�b ; BT1 = (x2 + x03 � x2x03)M2�b ; CT1 = x2x02M2�b ; DT1 = x3x03M2�b ;ZT12 = AT1(1� z2) + z2z1(1� z1) [BT1(1� z1) + CT1z1℄;XT12 = (b01 � z1b2)2 + z1(1� z1)z2 b22:tT1 = max(qjAT1 j;qjBT1 j;qjCT1 j;qjDT1 j; !; !0): (B2)Similarly, the fa
torization formula for the form fa
tor f2 
ontributed by T1 
an be written asfT12 = GF �218p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tT1)℄2 �b(x)� ��16M5�b [(13C1 + C2)VubV �ud + (13C3 + C4 + 13C9 + C10)VtbV �td℄(1 + x02)�AM (y)+32m0M4�b(13C5 + C6 + 13C7 + C8)VtbV �td(x03 � 1)�PM (y)� Vp (x0)+�16M5�b [(13C1 + C2)VubV �ud + (13C3 + C4 + 13C9 + C10)VtbV �td℄(�2x2 + (1� 2x2)x01 � x03)�AM (y)�32m0M4�b(13C5 + C6 + 13C7 + C8)VtbV �td(4x1 + 4x3 � x03 � 3)�PM (y)� Ap (x0)+�16M5�b [(13C1 + C2)VubV �ud + (13C3 + C4 + 13C9 + C10)VtbV �td℄(2(x1 + x3))�AM (y)�32m0M4�b(13C5 + C6 + 13C7 + C8)VtbV �td(2(x1 + x3))�TM (y)� Tp (x0)�� 116�2 Z b01db01 Z b2db2 Z b3db3 Z d�1 Z d�2 exp[�ST1(x; x0; b; b0)℄K0(pDT1 jb3j)Z 10 dz1dz2z1(1� z1)vuut XT12jZT12 j�K1(qXT12 ZT12 )�(ZT12 ) + �2 [J1(qXT12 jZT12 j) + iN1(qXT12 jZT12 j)℄�(�ZT12 )�:(B3)For the 25th diagram in Fig. 4 (labeled as T25), whi
h is a non-fa
torizable diagram, we have:fT251 = GF �2144p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tT25)℄2 �b(x)
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FIG. 4: ExternalW emission (T ) diagrams for the �b ! p� de
ay to the lowest order in the pQCD approa
hwhere the dots denote the weak intera
tions verti
es. The two hard gluons are needed to transfer the largemomentum to the light quarks in the initial state so that these two light quarks are 
ollinear in the �nalstate. These diagrams are 
alled T1; T2; :::; T36 in the text.� ��16M5�b [(83C1 � 2C2)VubV �ud + (83C3 � 2C4 + 83C9 � 2C10)VtbV �td℄(x2 � y)(�x3 + x03 � y + 1)�AM (y)+16m0M4�b(83C5 � 2C6 + 83C7 � 2C8)VtbV �tdx02(1� x3 � y)(�PM (y)� �TM (y))� Vp (x0)+�16M5�b [(83C1 � 2C2)VubV �ud + (83C3 � 2C4 + 83C9 � 2C10)VtbV �td℄(x2 � y)(1� x3 � x03 � y)�AM (y)+16m0M4�b(83C5 � 2C6 + 83C7 � 2C8)VtbV �tdx02(1� x3 � y)(�PM (y)� �TM (y))� Ap (x0)+�32M5�b [(83C1 � 2C2)VubV �ud + (83C3 � 2C4 + 83C9 � 2C10)VtbV �td℄(x2 � y)(1� x3 � y)�AM (y)+32m0M4�b(83C5 � 2C6 + 83C7 � 2C8)VtbV �tdx03(y � x2)�TM (y)� Tp (x0)�� 132�2 Z b2db2 Z b3db3 Z bqdbq Z d�1 Z d�2 exp[�ST25(x; x0; y; b; b0; bq)℄ Z 10 dz1dz2dz3z1(1� z1)z2(1� z2)vuut XT253jZT253 j�K1(qXT253 ZT253 )�(ZT253 ) + �2 [J1(qXT253 jZT253 j) + iN1(qXT253 jZT253 j)℄�(�ZT253 )�; (B4)where the auxiliary fun
tions in the expressions above are de�ned asAT25 = x03(x3 + y � 1)M2�b ; BT25 = x02(x2 � y)M2�b ; CT25 = x2x02M2�b ; DT25 = x3x03M2�bXT253 = (b2 � (b3 � bq)z2 + bqz1(1� z2))2 + z2(1� z2)z3 (b3 � bq + bqz1)2 + z1(1� z1)z2(1� z2)z2z3 b2q ;



31ZT253 = C(1� z3) + z3z2(1� z2) [D(1� z2) + z2z1(1� z1) [A(1� z1) +Bz1℄℄;tT25 = max(qjAT25 j;qjBT25 j;qjCT25 j;qjDT25 j; !; !0; !q): (B5)Similarly, the fa
torization formula for the form fa
tor f2 
ontributed by T25 
an be written asfT252 = GF �2144p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tT25)℄2 �b(x)� ��16M5�b [(83C1 � 2C2)VubV �ud + (83C3 � 2C4 + 83C9 � 2C10)VtbV �td℄(x2 � y)(1� x3 � x03 � y)�AM (y)�16m0M4�b(83C5 � 2C6 + 83C7 � 2C8)VtbV �tdx02(1� x3 � y)(�PM (y)� �TM (y))� Vp (x0)+�16M5�b [(83C1 � 2C2)VubV �ud + (83C3 � 2C4 + 83C9 � 2C10)VtbV �td℄(x2 � y)(�x3 + x03 � y + 1)�AM (y)�16m0M4�b(83C5 � 2C6 + 83C7 � 2C8)VtbV �tdx02(1� x3 � y)(�PM (y)� �TM (y))� Ap (x0)+�32M5�b [(83C1 � 2C2)VubV �ud + (83C3 � 2C4 + 83C9 � 2C10)VtbV �td℄(x2 � y)(1� x3 � y)�AM (y)�32m0M4�b(83C5 � 2C6 + 83C7 � 2C8)VtbV �tdx03(y � x2)�TM (y)� Tp (x0)�� 132�2 Z b2db2 Z b3db3 Z bqdbq Z d�1 Z d�2 exp[�ST25(x; x0; y; b; b0; bq)℄ Z 10 dz1dz2dz3z1(1� z1)z2(1� z2)vuut XT253jZT253 j�K1(qXT253 ZT253 )�(ZT253 ) + �2 [J1(qXT253 jZT253 j) + iN1(qXT253 jZT253 j)℄�(�ZT253 )�: (B6)As 
an be seen from Eq. (B5), the 
olor stru
tures for the baryoni
 de
ays are quite di�erent fromthat in the mesoni
 de
ays. Only the operators with the 
olor indi
es the same as O1 
an 
ontributeto the non-fa
torizable emission diagrams in the two-body hadroni
 B meson de
ays. However,all the operators Oi(i = 1 � 10) 
ontribute to the non-fa
torizable emission diagrams in the non-leptoni
 two-body bottom baryon �b de
ays. In parti
ular, the (V �A)
 (V +A) type operatorshave no e�e
t on the non-fa
torizable emission diagrams for the hadroni
 B ! PP de
ays, if theemitted meson is a �; � or �0. In 
ontrast, both the (V � A) 
 (V � A) and (V � A) 
 (V + A)operators 
ontribute to the non-fa
torizable emission diagrams in their baryoni
 
ounterparts.2. Fa
torization formulae for the 
olor suppressed emission diagramsFor the �rst diagram in Fig. 5 (labeled as C1), a fa
torizable diagram, we have:fC11 = GF �254p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tC1)℄2 �b(x)� ��� 16M4�b(�(C5 +C7) + (C6 + C8))VtbV �td [m0(x2(y � 2) + (y � 1)y)(�PM (y) + �TM (y))



32�M�b(x2(y � 1) + (y � 2)y)�AM (y) ℄�( Vp (x0)�  Ap (x0))+�� 32M4�b(�(C5 + C7) + (C6 + C8))VtbV �td (y � 1) [m0(x2 + y � 1)(�PM (y) + �TM (y))�M�b�AM (y) ℄� Tp (x0)�� 116�2 Z b2db2 Z b02db02 Z bqdbq Z d�1 Z d�2 exp[�SC1(x; x0; b; b0)℄K0(pDC1 jb2 + b02 � bqj)Z 10 dz1dz2z1(1� z1)vuut XC12jZC12 j�K1(qXC12 ZC12 )�(ZC12 ) + �2 [J1(qXC12 jZC12 j) + iN1(qXC12 jZC12 j)℄�(�ZC12 )�;(B7)where the auxiliary fun
tions in the expressions above are de�ned asAT1 = (x02 + y � x02y)M2�b ; BT1 = (x2 + y)M2�b ; CT1 = x2x02M2�b ; DT1 = x3yM2�b ;ZT12 = AT1(1� z2) + z2z1(1� z1) [BT1(1� z1) + CT1z1℄;XT12 = (b01 + z1b2)2 + z1(1� z1)z2 b22;tC1 = max(qjAC1 j;qjBC1 j;qjCC1 j;qjDC1 j; !; !0): (B8)Similarly, the fa
torization formula for the form fa
tor f2 
ontributed by C1 
an be written asfC12 = GF �254p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tC1)℄2 �b(x)� ��� 16M4�b(�(C5 +C7) + (C6 + C8))VtbV �td [m0(x2(y � 2) + (y � 1)y)(�PM (y) + �TM (y))�M�b(x2(y � 1) + (y � 2)y)�AM (y) ℄�( Vp (x0)�  Ap (x0))+�32M4�b(�(C5 + C7) + (C6 + C8))VtbV �td (y � 1) [m0(x2 + y � 1)(�PM (y) + �TM (y))�M�b�AM (y) ℄� Tp (x0)�� 116�2 Z b2db2 Z b02db02 Z bqdbq Z d�1 Z d�2 exp[�SC1(x; x0; b; b0)℄K0(pDC1 jb2 + b02 � bqj)Z 10 dz1dz2z1(1� z1)vuut XC12jZC12 j�K1(qXC12 ZC12 )�(ZC12 ) + �2 [J1(qXC12 jZC12 j) + iN1(qXC12 jZC12 j)℄�(�ZC12 )�:(B9)For the 20th diagram in Fig. 5 (labeled C20 ), a non-fa
torizable diagram, we have:fC201 = GF �227p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tC20)℄2 �b(x)� �� 32M4�b((C5 + C7)� (C6 + C8))VtbV �td [M�bx3�AM (y)� 2m0(x3 � 1)�PM (y) ℄ Tp (x0)�
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FIG. 5: Internal W emission (C) diagrams for the �b ! p� de
ay to lowest order in the PQCD approa
hwhere the dots denote the weak intera
tions verti
es. As in the pre
eding �gure, the two hard gluons areessential to transfer the large momentum to the light quarks in the initial state. These diagrams are 
alledC1; C2; :::; C36.� 116�2 Z b1db1 Z b3db3 Z bqdbq Z d�1 Z d�2 exp[�SC20(x; x0; y; b; b0; bq)℄K0(pDC20 jb2 + b02 � bqj)Z 10 dz1dz2z1(1� z1)vuut XC202jZC202 j�K1(qXC202 ZC202 )�(ZC202 ) + �2 [J1(qXC202 jZC202 j) + iN1(qXC202 jZC202 j)℄�(�ZC202 )�;(B10)where the auxiliary fun
tions in the above expression are de�ned asAC20 = x3M2�b ; BC20 = �x02M2�b ; CC20 = x2x02M2�b ; DC20 = x3yM2�b ;ZC202 = AC20(1� z2) + z2z1(1� z1) [BC20(1� z1) +CC20z1℄;XC202 = [(b3 + bq)� z1b1℄2 + z1(1� z1)z2 b21;tC20 = max(qjAC20 j;qjBC20 j;qjCC20 j;qjDC20 j; !; !0; !q): (B11)Similarly, the fa
torization formula for the form fa
tor f2 
ontributed by C20 
an be written asfC201 = �fC202 : (B12)



343. Fa
torization formulae for the ex
hange diagramsFor the 18th diagram in Fig. 6 (labeled as E18), we have:fE181 = GF �254p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tE18)℄2 �b(x)� ��16m0M4�b [(C1 � C2)VubV �ud + ((C3 + C9)� (C4 + C10))VtbV �td℄(y � 1)(�PM (y) + �TM (y))+16m0M4�b((C5 + C7)� (C6 + C8))VtbV �td(y � 1)(�PM (y) + �TM (y))� Vp (x0)+�16m0M4�b [(C1 � C2)VubV �ud + ((C3 + C9)� (C4 +C10))VtbV �td℄(y � 1)(�PM (y) + �TM (y))�16m0M4�b((C5 + C7)� (C6 + C8))VtbV �td(y � 1)(�PM (y) + �TM (y))� Ap (x0)�� 116�2 Z b2db2 Z b3db3 Z bqdbq Z d�1 Z d�2 exp[�SE18(x; x0; y; b; b0; bq)℄fK0(pCE18 jb02j)�(CE18) + �i2 [J0(qjCE18 jjb02j) + iN0(qjCE18 jjb02j)℄�(�CE18)g Z 10 dz1dz2z1(1� z1)vuut XE182jZE182 j�K1(qXE182 ZE182 )�(ZE182 ) + �2 [J1(qXE182 jZE182 j) + iN1(qXE182 jZE182 j)℄�(�ZE182 )�;(B13)where the auxiliary fun
tions in the expression above are de�ned asAE18 = (x03 � 1)M2�b ; BE18 = (y � 1)(1 � x03)M2�b ; CE18 = x02(y � 1)M2�b ; DE18 = x3yM2�b ;ZE182 = AE18(1� z2) + z2z1(1� z1) [BE18(1 � z1) +DE18z1℄;XE182 = [b3 + z1(b02 + bq)℄2 + z1(1� z1)z2 (b02 + bq)2;tE18 = max(qjAE18 j;qjBE18 j;qjCE18 j;qjDE18 j; !; !0; !q): (B14)Similarly, the fa
torization formula for the form fa
tor f2 
ontributed from E18 
an be written asfE182 = fE181 : (B15)For the 26th diagram in Fig. 6 (labeled as E26), we have:fE261 = GF �254p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tE26)℄2 �b(x)� ��16m0M4�b [(C1 � C2)VubV �ud + ((C3 + C9)� (C4 + C10))VtbV �td℄(1 � y)(�PM (y) + �TM (y))� Vp (x0)+�16m0M4�b [(C1 � C2)VubV �ud + ((C3 + C9)� (C4 +C10))VtbV �td℄(1� y)(�PM (y) + �TM (y))� Ap (x0)+�32M4�b((C5 + C7)� (C6 + C8))VtbV �td(y � 1)[M�b(x01 � 1)�AM (y)
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FIG. 6: W ex
hange (E) diagrams for the �b ! p� de
ay to lowest order in the pQCD approa
h where thedots denote the weak intera
tions verti
es. As in the pre
eding �gure, the two hard gluons are needed totransfer the large momentum to the light quarks in the initial state. These diarams are 
alled E1; E2; :::; E36.�m0(x01 � 2)(�PM (y) + �TM (y))℄� Tp (x0)�� 116�2 Z b01db01 Z b02db02 Z bqdbq Z d�1 Z d�2 exp[�SE26(x; x0; y; b; b0; bq)℄fK0(pCE26 jb02j)�(CE26) + i�2 [J0(pCE26 jb02j) + iN0(pCE26 jb02j)℄�(�CE26)g Z 10 dz1dz2z1(1� z1)vuut XE262jZE262 j�K1(qXE262 ZE262 )�(ZE262 ) + �2 [J1(qXE262 jZE262 j) + iN1(qXE262 jZE262 j)℄�(�ZE262 )�;(B16)where the auxiliary fun
tions above are de�ned asAE26 = (y � 1)(1 � x01)M2�b ; BE26 = (x01 � 1)M2�b ; CE26 = x02(y � 1)M2�b ; DE26 = x3yM2�b ;ZE262 = AE18(1� z2) + z2z1(1� z1) [BE18(1 � z1) +DE18z1℄;XE262 = [(b02 + bq) + z1(b01 � b02 � bq)℄2 + z1(1� z1)z2 (b01 � b02 � bq)2;



36tE26 = max(qjAE26 j;qjBE26 j;qjCE26 j;qjDE26 j; !; !0; !q): (B17)Similarly, the fa
torization formula for the form fa
tor f2 
ontributed by E26 
an be written asfE262 = GF �254p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tE26)℄2 �b(x)� ��16m0M4�b [(C1 � C2)VubV �ud + ((C3 + C9)� (C4 + C10))VtbV �td℄(1 � y)(�PM (y) + �TM (y))� Vp (x0)+�16m0M4�b [(C1 � C2)VubV �ud + ((C3 + C9)� (C4 +C10))VtbV �td℄(1� y)(�PM (y) + �TM (y))� Ap (x0)+�� 32M4�b((C5 + C7)� (C6 + C8))VtbV �td(y � 1)[M�b(x01 � 1)�AM (y)�m0(x01 � 2)(�PM (y) + �TM (y))℄� Tp (x0)�� 116�2 Z b01db01 Z b02db02 Z bqdbq Z d�1 Z d�2 exp[�SE26(x; x0; y; b; b0; bq)℄fK0(pCE26 jb02j)�(CE26) + i�2 [J0(pCE26 jb02j) + iN0(pCE26 jb02j)℄�(�CE26)g Z 10 dz1dz2z1(1� z1)vuut XE262jZE262 j�K1(qXE262 ZE262 )�(ZE262 ) + �2 [J1(qXE262 jZE262 j) + iN1(qXE262 jZE262 j)℄�(�ZE262 )�:(B18)4. Fa
torization formulae for the Bow-tie diagramsFor the 17th diagram in Fig. 7 (labeled as B17), we have:fB171 = GF �2216p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tB17)℄2 �b(x)� ��� 16M5�b [(�(C5 + C7) + (C6 + C8))VtbV �td℄(x03 + x01(y � 1)� y + 1)�AM (y)� Vp (x0)+�� 32m0M4�b [(�C1 + C2)VubV �ud + (�(C3 + C9) + (C4 + C10))VtbV �td℄(y � 1)(�PM (y) + �TM (y))�16M5�b [(�(C5 + C7) + (C6 + C8))VtbV �td℄(x03 + x01(y � 1)� y + 1)�AM (y)� Ap (x0)+�32M5�b [(�C1 + C2)VubV �ud + (�(C3 +C9) + (C4 + C10))VtbV �td℄x03 AM (y)+32m0M4�b [(�(C5 + C7) + (C6 + C8))VtbV �td℄(y � 1)(�PM (y) + �TM (y))� Tp (x0)�� 132�2 Z b01db01 Z b3db3 Z bqdbq Z d�1 Z d�2 exp[�SB17(x; x0; y; b; b0; bq)℄ Z 10 dz1dz2dz3z1(1� z1)z2(1� z2)vuut XB173jZB173 j�K1(qXB173 ZB173 )�(ZB173 ) + �2 [J1(qXB173 jZB173 j) + iN1(qXB173 jZB173 j)℄�(�ZB173 )�:(B19)



37where the auxiliary fun
tions in the above expression are de�ned asAB17 = x03(y � 1)M2�b ; BB17 = (x01 � 1)M2�b ; CB17 = (y � 1)(1 � x01)M2�b ; DB17 = x3x03M2�bXB173 = ((�b01 + b3)� (�b3 + bq)z2 � (�b01 + b3 � bq)z1(1� z2))2+z2(1� z2)z3 ((�b3 + bq)� z1(�b01 + b3 � bq))2 + z1(1� z1)z2(1� z2)z2z3 (�b01 + b3 � bq)2;ZB173 = A(1 � z3) + z3z2(1� z2)�B(1� z2) + z2z1(1� z1) [C(1� z1) +Dz1℄�;tB17 = max(qjAB17 j;qjBB17 j;qjCB17 j;qjDB17 j; !; !0; !q): (B20)Similarly, the fa
torization formula for the form fa
tor f2 
ontributed by �g. B17 
an be writtenas:fB172 = GF �2216p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tB17)℄2 �b(x)� ��� 32m0M4�b [(�C1 + C2)VubV �ud + (�(C3 + C9) + (C4 + C10))VtbV �td℄(y � 1)(�PM (y) + �TM (y))+16M5�b [(�(C5 + C7) + (C6 + C8))VtbV �td℄(x03 + x01(y � 1)� y + 1)�AM (y)� Vp (x0)+�16M5�b [(�(C5 + C7) + (C6 + C8))VtbV �td℄(x03 + x01(y � 1)� y + 1)�AM (y)� Ap (x0)+�32M5�b [(�C1 + C2)VubV �ud + (�(C3 +C9) + (C4 + C10))VtbV �td℄x03 AM (y)�32m0M4�b [(�(C5 + C7) + (C6 + C8))VtbV �td℄(y � 1)(�PM (y) + �TM (y))� Tp (x0)�� 132�2 Z b01db01 Z b3db3 Z bqdbq Z d�1 Z d�2 exp[�SB17(x; x0; y; b; b0; bq)℄ Z 10 dz1dz2dz3z1(1� z1)z2(1� z2)vuut XB173jZB173 j�K1(qXB173 ZB173 )�(ZB173 ) + �2 [J1(qXB173 jZB173 j) + iN1(qXB173 jZB173 j)℄�(�ZB173 )�:(B21)For the 19th diagram in Fig. 7 (labeled as B19 ), we have:fB191 = GF �227p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tB19)℄2 �b(x)� ��� 16M5�b [(�(C5 + C7) + (C6 + C8))VtbV �td℄x02�AM (y)� Vp (x0)+�� 64m0M4�b [(�C1 + C2)VubV �ud + (�(C3 + C9) + (C4 + C10))VtbV �td℄�PM (y)�16M5�b [(�(C5 + C7) + (C6 + C8))VtbV �td℄x02�AM (y)� Ap (x0)+�32M5�b [(�C1 + C2)VubV �ud + (�(C3 +C9) + (C4 + C10))VtbV �td℄x02 AM (y)�64m0M4�b [(�(C5 + C7) + (C6 + C8))VtbV �td℄(x01 � 2)�PM (y)� Tp (x0)�
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FIG. 7: Bow-tie (B) diagrams for the �b ! p� de
ay to lowest order in the pQCD approa
h where thedots denote the weak intera
tions verti
es. As in the pre
eding �gures, the two hard gluons are needed totransfer the large momentum to the light quarks in the initial state.� 116�2 Z b01db01 Z b02db02 Z bqdbq Z d�1 Z d�2 exp[�SB19(x; x0; y; b; b0; bq)℄fK0(pCB19 jbqj)�(CB19) + i�2 [N0(pCB19 jbqj) + iK0(pCB19 jbqj)℄�(�CB19)g Z 10 dz1dz2z1(1� z1)vuut XB192jZB192 j�K1(qXB192 ZE262 )�(ZB192 ) + �2 [J1(qXB192 jZB192 j) + iN1(qXB192 jZB192 j)℄�(�ZB192 )�;(B22)where the auxiliary fun
tions in the above expression are de�ned as:AB19 = �x02M2�b ; BB19 = (x01 � 1)M2�b ; CB19 = x02(y � 1)M2�b ;DB19 = x3x03M2�bZB192 = AB19(1� z2) + z2z1(1� z1) [BB19(1� z1) +DB19z1℄;XB192 = [(b02 + bq)� z1b01℄2 + z1(1� z1)z2 b012tB19 = max(qjAB19 j;qjBB19 j;qjCB19 j;qjDB19 j; !; !0; !q): (B23)Similarly, the fa
torization formula for the form fa
tor f2 
ontributed by B19 
an be written as:fB192 = GF �227p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tB19)℄2 �b(x)� ��� 64m0M4�b [(�C1 + C2)VubV �ud + (�(C3 + C9) + (C4 + C10))VtbV �td℄�PM (y)



39+16M5�b [(�(C5 + C7) + (C6 + C8))VtbV �td℄x02�AM (y)� Vp (x0)+�16M5�b [(�(C5 + C7) + (C6 + C8))VtbV �td℄x02�AM (y)� Ap (x0)+�32M5�b [(�C1 + C2)VubV �ud + (�(C3 +C9) + (C4 + C10))VtbV �td℄x02 AM (y)+64m0M4�b [(�(C5 + C7) + (C6 + C8))VtbV �td℄(x01 � 2)�PM (y)� Tp (x0)�� 116�2 Z b01db01 Z b02db02 Z bqdbq Z d�1 Z d�2 exp[�SB19(x; x0; y; b; b0; bq)℄fK0(pCB19 jbqj)�(CB19) + i�2 [N0(pCB19 jbqj) + iK0(pCB19 jbqj)℄�(�CB19)g Z 10 dz1dz2z1(1� z1)vuut XB192jZB192 j�K1(qXB192 ZE262 )�(ZB192 ) + �2 [J1(qXB192 jZB192 j) + iN1(qXB192 jZB192 j)℄�(�ZB192 )�:(B24)5. Fa
torization formulae for the penguin annihilation diagramsFor the 14th diagram in Fig. 8 (labeled as P14), we have:fP141 = GF �254p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tP14)℄2 �b(x)� ��48M4�b [(C3 + C4)� 12(C9 + C10)℄VtbV �td(M�b(y � 1)�AM (y) +m0(�PM (y)� �TM (y)))�32M4�b [(C5 � 12C7) + 12(C6 � 12C8)℄VtbV �tdy(M�bx02�AM (y) +m0(�TM (y)� �PM (y)))�32M4�b [12(C5 � 12C7) + (C6 � 12C8)℄VtbV �td(M�bx02�AM (y) +m0(y � 2)�PM (y) +m0y�TM (y))� Vp (x0)+�48M4�b [(C3 + C4)� 12(C9 + C10)℄VtbV �td(M�b(y � 1)�AM (y)�m0(�PM (y)� �TM (y)))+32M4�b [(C5 � 12C7) + 12(C6 � 12C8)℄VtbV �tdy(M�bx02�AM (y)�m0(�TM (y)� �PM (y)))+32M4�b [12(C5 � 12C7) + (C6 � 12C8)℄VtbV �td(M�bx02�AM (y)�m0(y � 2)�PM (y)�m0y�TM (y))� Ap (x0)+�96m0M4�b [(C3 + C4)� 12(C9 + C10)℄VtbV �tdy(�PM (y)� �TM (y))+64M5�by[(C5 � 12C7) + 12(C6 � 12C8)℄VtbV �td(y � 1)�AM (y)�64M5�b [12(C5 � 12C7) + (C6 � 12C8)℄VtbV �td(x03 � 1)�AM (y)� Tp (x0)� 116�2 Z b2db2 Z bqdbq Z b02db02 Z d�1 Z d�2 exp[�SP14(x; x0; y; b; b0; bq)℄fK0(pCP14 jb2j)�(CP14) + i�2 [N0(qjCP14 jjb2j) + iK0(qjCP14 jjb2j)℄�(�CP14)g Z 10 dz1dz2z1(1� z1)



40vuut XP142jZP142 j�K1(qXP142 ZE262 )�(ZP142 ) + �2 [J1(qXP142 jZP142 j) + iN1(qXP142 jZP142 j)℄�(�ZP142 )�; (B25)where the auxiliary fun
tions in the above expression are de�ned as:AP14 = x02M2�b ; BP14 = (1� x03y)M2�b ; CP14 = x2x02M2�b ; DP14 = x01(y � 1)M2�bZP142 = AP14(1� z2) + z2z1(1� z1) [BP14(1� z1) +DP14z1℄;XP142 = [(b2 + b02)� z1bq℄2 + z1(1� z1)z2 bq2;tP14 = max(qjAP14 j;qjBP14 j;qjCP14 j;qjDP14 j; !; !0; !q): (B26)Similarly, the fa
torization formula for the form fa
tor f2 
ontributed by P14 
an be written as:fP142 = GF �254p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tP14)℄2 �b(x)� ��48M4�b [(C3 + C4)� 12(C9 + C10)℄VtbV �td(M�b(y � 1)�AM (y) +m0(�PM (y)� �TM (y)))+32M4�b [(C5 � 12C7) + 12(C6 � 12C8)℄VtbV �tdy(M�bx02�AM (y) +m0(�TM (y)� �PM (y)))�32M4�b [12(C5 � 12C7) + (C6 � 12C8)℄VtbV �td(M�bx02�AM (y) +m0(y � 2)�PM (y) +m0y�TM (y))� Vp (x0)+�48M4�b [(C3 + C4)� 12(C9 + C10)℄VtbV �td(M�b(y � 1)�AM (y)�m0(�PM (y)� �TM (y)))�32M4�b [(C5 � 12C7) + 12(C6 � 12C8)℄VtbV �tdy(M�bx02�AM (y)�m0(�TM (y)� �PM (y)))+32M4�b [12(C5 � 12C7) + (C6 � 12C8)℄VtbV �td(M�bx02�AM (y)�m0(y � 2)�PM (y)�m0y�TM (y))� Ap (x0)+�96m0M4�b [(C3 + C4)� 12(C9 + C10)℄VtbV �tdy(�PM (y)� �TM (y))+64M5�by[(C5 � 12C7) + 12(C6 � 12C8)℄VtbV �td(y � 1)�AM (y)+64M5�b [12(C5 � 12C7) + (C6 � 12C8)℄VtbV �td(x03 � 1)�AM (y)� Tp (x0)� 116�2 Z b2db2 Z bqdbq Z b02db02 Z d�1 Z d�2 exp[�SP14(x; x0; y; b; b0; bq)℄fK0(pCP14 jb2j)�(CP14) + i�2 [N0(qjCP14 jjb2j) + iK0(qjCP14 jjb2j)℄�(�CP14)g Z 10 dz1dz2z1(1� z1)vuut XP142jZP142 j�K1(qXP142 ZE262 )�(ZP142 ) + �2 [J1(qXP142 jZP142 j) + iN1(qXP142 jZP142 j)℄�(�ZP142 )�: (B27)For the 26th diagram in Fig. 8 (labeled as P26), we have:fP261 = GF �227p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tP26)℄2 �b(x)
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FIG. 8: Penguin annihilation (P ) diagrams for the �b ! p� de
ay to lowest order in the pQCD approa
hwhere the dots denote the weak intera
tions verti
es. As before, the two hard gluons are essential to transferthe large momentum to the light quarks in the initial state. These diagrams are 
alled P1; P2; :::; P36.� ��16M4�b [(C5 � 12C7)� (C6 � 12C8)℄VtbV �td(M�bx01�AM (y)� 2m0(x03 � 2)�PM (y))�16M4�b [(C5 � 12C7)� (C6 � 12C8)℄VtbV �td(M�bx01�AM (y) + 2m0�PM (y))� Vp (x0)+�� 16M4�b [(C5 � 12C7)� (C6 � 12C8)℄VtbV �td(M�bx01�AM (y) + 2m0(x03 � 2)�PM (y))+16M4�b [(C5 � 12C7)� (C6 � 12C8)℄VtbV �td(M�bx01�AM (y)� 2m0�PM (y))� Ap (x0)�� 116�2 Z b01db01 Z b2db2 Z bqdbq Z d�1 Z d�2 exp[�SP26(x; x0; y; b; b0; bq)℄fK0(pDP26 jbqj)�(DP26) + i�2 [N0(qjDP26 jjbqj) + iK0(qjDP26 jjbqj)℄�(�DP26)g Z 10 dz1dz2z1(1� z1)vuut XP262jZP262 j�K1(qXP262 ZE262 )�(ZP262 ) + �2 [J1(qXP262 jZP262 j) + iN1(qXP262 jZP262 j)℄�(�ZP262 )�;(B28)where the auxiliary fun
tions in the above expression are de�ned as:AP26 = �x01M2�b ; BP26 = (x03 � 1)M2�b ; CP26 = x2x02M2�b ;DP26 = x01(y � 1)M2�bZP262 = AP26(1� z2) + z2z1(1� z1) [BP26(1� z1) + CP26z1℄;XP262 = [(b01 + bq)� z1b2℄2 + z1(1� z1)z2 b22;



42tP26 = max(qjAP26 j;qjBP26 j;qjCP26 j;qjDP26 j; !; !0; !q): (B29)Similarly, the fa
torization formula for the form fa
tor f2 
ontributed by P26 
an be written as:fP262 = GF �227p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tP26)℄2 �b(x)� ��� 16M4�b [(C5 � 12C7)� (C6 � 12C8)℄VtbV �td(M�bx01�AM (y)� 2m0(x03 � 2)�PM (y))�16M4�b [(C5 � 12C7)� (C6 � 12C8)℄VtbV �td(M�bx01�AM (y) + 2m0�PM (y))� Vp (x0)+�16M4�b [(C5 � 12C7)� (C6 � 12C8)℄VtbV �td(M�bx01�AM (y) + 2m0(x03 � 2)�PM (y))+16M4�b [(C5 � 12C7)� (C6 � 12C8)℄VtbV �td(M�bx01�AM (y)� 2m0�PM (y))� Ap (x0)�� 116�2 Z b01db01 Z b2db2 Z bqdbq Z d�1 Z d�2 exp[�SP26(x; x0; y; b; b0; bq)℄fK0(pDP26 jbqj)�(DP26) + i�2 [N0(qjDP26 jjbqj) + iK0(qjDP26 jjbqj)℄�(�DP26)g Z 10 dz1dz2z1(1� z1)vuut XP262jZP262 j�K1(qXP262 ZE262 )�(ZP262 ) + �2 [J1(qXP262 jZP262 j) + iN1(qXP262 jZP262 j)℄�(�ZP262 )�:(B30)6. Fa
torization formulae for the three-gluon-vertex diagramsNow, we 
an fo
us on the hard amplitudes 
ontributed by the topologi
al diagrams shown in Fig.3 with the insertion of the three-gluon-vertex, whi
h have been grouped in Fig. 9. It needs to bepointed out that the insertion of the three-gluon-vertex to the external and internalW emission di-agrams, namely the diagrams GTi and GCi (i = 1�4) in Fig. 9 have null e�e
t on the de
ay ampli-tude, sin
e the 
olor fa
tors in these diagrams are proportional to �ijk�i0j0k0fab
(T a)i0i(T b)j0j(T 
)k0k,whi
h equals zero taking into a

ount the symmetry property of the stru
ture 
onstant fab
. This isalso the reason why the Feynman diagrams with the three-gluon-vertex are negle
ted in 
omputingthe hard amplitudes for the semi-leptoni
 de
ays of the �b baryon [15, 17, 39℄.For the 1st diagram in Fig. 9 (labeled as GE1), we have:fGE11 = GF �224p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tGE1)℄2 �b(x)� ��16M4�b((C5 +C7)� (C6 + C8))VtbV �td(M�b(3x02 + x3)�AM (y)+m0((3 � 2x3)�PM (y)� (1� 2y � 2x02))�TM (y)� Tp (x0)� 116�2 Z b1db1 Z b02db02 Z bqdbq Z d�1 Z d�2 exp[�SGE1(x; x0; y; b; b0; bq)℄
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FIG. 9: Feynman diagrams responsible for the �b ! p� de
ay with three-gluon-vertex to the lowest orderin the pQCD approa
h where the dots denote the weak intera
tions verti
es.fK0(pAGE1jb1j)�(AGE1) + �i2 [J0(qjAGE1jjb1j) + iN0(qjAGE1jjb1j)℄�(�AGE1)g Z 10 dz1dz2z1(1� z1)s XGE12jZGE12 j�K1(qXGE12 ZGE12 )�(ZGE12 ) + �2 [J1(qXGE12 jZGE12 j) + iN1(qXGE12 jZGE12 j)℄�(�ZGE12 )�;(B31)where the auxiliary fun
tions in the expression above are de�ned asAGE1 = �x02M2�b ; BGE1 = �x02M2�b ; CGE1 = x02(y � 1)M2�b ; DGE1 = x3yM2�b ;ZGE12 = BGE1(1� z2) + z2z1(1� z1) [CGE1(1� z1) +DGE1z1℄;XGE12 = [(�b1 + b02 + bq)� z1bq℄2 + z1(1� z1)z2 b2q ;tGE1 = max(qjAGE1j;qjBGE1j;qjCGE1j;qjDGE1j; !; !0; !q): (B32)Similarly, the fa
torization formula for the form fa
tor f2 
ontributed by GE1 are written as:fGE11 = �fGE12 : (B33)



44For the 3rd diagram in Fig. 9 (labeled as GE3), we have:fGE31 = �GF �224p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tGE1)℄2 �b(x)� ��� 8M4�b [(C1 � C2)VubV �ud + ((C3 + C9)� (C4 +C10))VtbV �td℄�(2M�bx02�AM (y) +m0(3�PM (y) + (1� 2y)�TM (y))�8M4�b((C5 + C7)� (C6 + C8))VtbV �td(2M�bx02�AM (y) +m0(3�PM (y) + (1� 2y)�TM (y))� Vp (x0)+�� 8M4�b [(C1 �C2)VubV �ud + ((C3 + C9)� (C4 + C10))VtbV �td℄�(2M�bx02�AM (y) +m0(3�PM (y) + (1� 2y)�TM (y))+8M4�b((C5 + C7)� (C6 + C8))VtbV �td(2M�bx02�AM (y) +m0(3�PM (y) + (1� 2y)�TM (y))� Ap (x0)�+�16M4�b((C5 + C7)� (C6 + C8))VtbV �td(x03 � 1)(M�b(2y � 1)�AM (y)�m0(3(y � 1)�PM (y) + (1 + y)�TM (y))� Tp (x0)�� 116�2 Z b02db02 Z b3db3 Z bqdbq Z d�1 Z d�2 exp[�SGE3(x; x0; y; b; b0; bq)℄fK0(pAGE3jb02j)�(AGE3) + �i2 [J0(qjAGE3jjb02j) + iN0(qjAGE3jjb02j)℄�(�AGE3)g Z 10 dz1dz2z1(1� z1)s XGE32jZGE32 j�K1(qXGE32 ZGE32 )�(ZGE32 ) + �2 [J1(qXGE32 jZGE32 j) + iN1(qXGE32 jZGE32 j)℄�(�ZGE32 )�;(B34)where the auxiliary fun
tions in the above expression are de�ned as:AGE3 = (x03 � 1)M2�b ; BGE3 = �x02M2�b ; CGE3 = x02(y � 1)M2�b ;DGE3 = x3yM2�b ;ZGE32 = BGE3(1� z2) + z2z1(1� z1) [CGE3(1� z1) +DGE3z1℄;XGE32 = [(b20 + bq)� z1bq℄2 + z1(1� z1)z2 b2q ;tGE3 = max(qjAGE3j;qjBGE3j;qjCGE3j;qjDGE3j; !; !0; !q): (B35)Similarly, the fa
torization formula for the form fa
tor f2 
ontributed by GE3 
an be writtenasfGE32 = �GF �224p3f�bfp Z [dx℄ Z [dx0℄ Z dy [�s(tGE3)℄2 �b(x)� ��� 8M4�b [(C1 � C2)VubV �ud + ((C3 + C9)� (C4 +C10))VtbV �td℄�(2M�bx02�AM (y) +m0(3�PM (y) + (1� 2y)�TM (y))�8M4�b((C5 + C7)� (C6 + C8))VtbV �td(2M�bx02�AM (y) +m0(3�PM (y) + (1� 2y)�TM (y))� Vp (x0)



45+�� 8M4�b [(C1 �C2)VubV �ud + ((C3 + C9)� (C4 + C10))VtbV �td℄�(2M�bx02�AM (y) +m0(3�PM (y) + (1� 2y)�TM (y))+8M4�b((C5 + C7)� (C6 + C8))VtbV �td(2M�bx02�AM (y) +m0(3�PM (y) + (1� 2y)�TM (y))� Ap (x0)�+�� 16M4�b((C5 + C7)� (C6 + C8))VtbV �td(x03 � 1)(M�b(2y � 1)�AM (y)�m0(3(y � 1)�PM (y) + (1 + y)�TM (y))� Tp (x0)�� 116�2 Z b02db02 Z b3db3 Z bqdbq Z d�1 Z d�2 exp[�SGE3(x; x0; y; b; b0; bq)℄fK0(pAGE3jb02j)�(AGE3) + �i2 [J0(qjAGE3jjb02j) + iN0(qjAGE3jjb02j)℄�(�AGE3)g Z 10 dz1dz2z1(1� z1)s XGE32jZGE32 j�K1(qXGE32 ZGE32 )�(ZGE32 ) + �2 [J1(qXGE32 jZGE32 j) + iN1(qXGE32 jZGE32 j)℄�(�ZGE32 )�:(B36)
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