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Possible resolution of the B ! ��, �K puzzlesHsiang-nan Li1� and Satoshi Mishima2y1Institute of Physis, Aademia Sinia, Taipei, Taiwan 115, Republi of China,1Department of Physis, Tsing-Hua University, Hsinhu, Taiwan 300, Republi of China,1Department of Physis, National Cheng-Kung University, Tainan, Taiwan 701, Republi of China and2Theory Group, Deutshes Elektronen-Synhrotron DESY, 22607 Hamburg, GermanyWe show that there exist unaneled soft divergenes in the kT fatorization for nonfatorizableamplitudes of two-body nonleptoni B meson deays, similar to those identi�ed in hadron hadropro-dution. These divergenes an be grouped into a soft fator using the eikonal approximation, whihis then treated as an additional nonperturbative input in the perturbative QCD formalism. View-ing the speial role of the pion as a q�q bound state and as a pseudo Nambu-Goldstone boson, wepostulate that the soft e�et assoiated with it is signi�ant. This soft fator enhanes the non-fatorizable olor-suppressed tree amplitudes, suh that the branhing ratios B(�0�0) and B(�0�0)are inreased under the onstraint of the B(�0�0) data, the di�erene between the diret CP asym-metries ACP (��K�) and ACP (�0K�) is enlarged, and the mixing-indued CP asymmetry S�0KSis redued. Namely, the known �� and �K puzzles an be resolved simultaneously.PACS numbers: 13.25.Hw, 12.38.Bx, 12.39.StI. INTRODUCTIONThe more preise data of the B ! ��, �K deays have sharpened the disrepanies with the theoretialpreditions from the fatorization approahes, suh as the perturbative QCD (PQCD) approah based on thekT fatorization theorem [1, 2℄. The observed B0 ! �0�0 branhing ratio [3℄ remains several times larger thanthe naive expetation. The diret CP asymmetry of the B� ! �0K� deays di�ers dramatially from thatof the B0 ! ��K� deays. There is a deviation between the extrations of the standard model parametersin(2�1) from the penguin-dominated B0 ! �0KS modes and from the tree-dominated b ! �s modes. Allthese disrepanies are losely related to the olor-suppressed tree amplitudes C [4℄. The B0 ! �0�0 branhingratios from PQCD and QCD fatorization (QCDF), being sensitive to C, are also muh lower than the data[5, 6℄. However, the estimate of C from PQCD is well onsistent with the measured B0 ! �0�0 branhing ratio[7℄. Proposals resorting to new physis [8℄ mainly resolve the �K puzzle without addressing the peuliar featureof C in the �0�0, �0�0, and �0�0 modes, while those to QCD e�ets are usually strongly onstrained by the ��data [9℄. It indiates the diÆulty of resolving the �� and �K puzzles simultaneously.The olor-suppressed tree amplitude C seems to be an important but the least understood quantity in Bmeson deays. Viewing that all the puzzles appear in the C-sensitive quantities, we shall arefully investigateQCD e�ets on C, and their impat on the B ! ��, �K deays. One a mehanism identi�ed for C respetsthe onventional fatorization theorem, it is unlikely to be a resolution due to the B ! �� onstraint mentionedabove [7℄. That is the reason the higher-order orretions alulated in QCDF [10℄, whih obey the ollinearfatorization, annot resolve the �� puzzle. It has been pointed out by Collins and Qiu [11℄ that the kTfatorization breaks down in ompliated QCD proesses like high-pT hadron hadroprodution beause of theexistene of soft gluons in the Glauber region. To fatorize the ollinear gluons assoiated with, say, one of theinitial-state hadrons, one needs to eikonalize the valene quark lines to whih the ollinear gluons attah. Thoseeikonal lines, i.e., Wilson lines from another initial-state hadron and the �nal-state hadrons, should anel inorder to have the universality of the onsidered parton distribution funtion. However, the required anellationis not exat in the kT fatorization, though it is in the ollinear fatorization. The kT fatorization still holdsfor simple proesses like deeply inelasti sattering (DIS), whih does not involve the Wilson lines from theother hadrons. The Glauber gluons have been inluded as a mode in the soft-ollinear e�etive theory (SCET)�Eletroni address: hnli�phys.sinia.edu.twyEletroni address: satoshi.mishima�desy.de
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2reently [12℄.The above observation provides a lue for resolving the �� and �K puzzles. It is easy to see that a fatorizableamplitude, involving only a B meson transition form fator, mimis simple DIS, and a nonfatorizable[40℄amplitude, involving dynamis of three hadrons, mimis the ompliated hadron hadroprodution. The kTfatorization for a fatorizable B meson deay amplitude has been proved [13℄. The kT fatorization for anonfatorizable amplitude has not, though it has been widely employed in the PQCD analysis. Below we shallidentify the residual infrared divergene in the kT fatorization for a nonfatorizable amplitude at one loop.Contrary to high-pT hadron hadroprodution, this residual infrared divergene an be fatorized into a softfator in two-body nonleptoni B meson deays, following the proedure in [14℄, suh that the universality ofa kT -dependent meson wave funtion is restored. A nonfatorizable amplitude then remains alulable in thePQCD approah after parameterizing the soft fator. The olor-suppressed tree amplitude C reeives a smallfatorizable ontribution, so the soft e�et on a nonfatorizable amplitude ould be signi�ant for C.In Se. II we show the existene of residual infrared divergenes aused by Glauber gluons in a nonfatorizableemission diagram. It is explained by means of ontour deformation why Glauber gluons, whih do not meet theriteria of eikonalization in usual QCD proesses, an be fatorized from two-body nonleptoni B meson deays.It is emphasized that the Glauber divergenes do not appear in the ollinear fatorization, suh as the QCDFapproah. In Se. III we prove the fatorization of the Glauber divergenes into a soft fator up to all orders,and derive its de�nition in terms of nonloal Wilson operators. We then investigate the numerial impat ofthe soft fator on two-body nonleptoni B meson deays in Se. IV, and demonstrate that the B ! �� and �Kpuzzles mentioned above an be resolved. Setion V ontains the onlusion.II. EIKONALIZATION OF GLAUBER GLUONSConsider the B(PB) ! M1(P1)M2(P2) deay, where PB;1;2 represent the momenta of the B, M1, and M2mesons, respetively. For onveniene, we hoose P1 (P2) in the plus (minus) diretion. Start with the leading-order (LO) nonfatorizable emission diagram in Fig. 1(a) resulting from the operator O2 [15℄, where the partonmomenta k, k1, and k2 have been labelled. We add a radiative gluon of momentum l ollinear to P2, whihis emitted by the valene quark in M2. The attahment of the radiative gluon to the b quark line shown inFig. 2(a) leads to a Wilson line from in�nity to the origin, i.e, the weak vertex. This piee is fatorized in olorow by itself with the olor fator CF . The attahment to the hard gluon in Fig. 2(b) generates two Wilsonlines, one of whih runs from the position z2 of the valene anti-quark in M2 to in�nity [16℄. The attahmentsto the virtual anti-quark in Fig. 2() and to the valene quark in the M1 meson in Fig. 2(d) also generate theWilson line running from z2 to in�nity. The ombination of these three piees with the same Wilson line isfatorized in olor ow. As to the next-to-leading-order (NLO) two-partile reduible diagrams, suh as theself-energy orretion to the valene quark in Fig. 3(a) and the gluon exhange between the valene quark andthe valene anti-quark in Fig. 3(b), their fatorization into the M2 meson wave funtion is straightforward [16℄.The detail of the above treatment is similar to that presented in [13, 16℄ for the pion form fator and the Bmeson transition form fator, whih leads to the kT -dependent M2 meson wave funtion�M2(x2; k2T ) = Z dz+2 d2z2T(2�)3 exp(�ix2P�2 z+2 + ik2T � z2T )�h0j�q(z2)5 6n+W+(z+2 ; z2T ;1)yW+(0;0T ;1)q(0)jM2(P2)i; (1)with the oordinate z2 = (z+2 ; 0; z2T ) of the valene anti-quark and the dimensionless vetor n+ = (1; 0;0T )being along the light one. The path-ordered exponential W+ ollets the Wilson lines mentioned aboveW+(z+; zT ;1) = P exp ��ig Z 10 d�n+ �A(z + �n+)� : (2)A vertial link to onnet the two Wilson lines W+(z+2 ; z2T ;1)y and W+(0;0T ;1) at in�nity is understood[17, 18℄.The other attahments shown in Figs. 2(e) and 2(f), and the seond piee from Fig. 2(b) should anel in orderto have the universality of the M2 meson wave funtion in Eq. (1). We shall point out that it is not the ase,and the sum of the above three piees gives a residual infrared divergene. First, we justify the eikonalization



3
(a) (b)FIG. 1: LO diagrams for a nonfatorizable amplitude.

(a) (b) ()
(d) (e) (f)FIG. 2: NLO diagrams for Fig. 1(a) that are relevant to the fatorization of the M2 meson wave funtion.of the soft spetator in Figs. 2(e), whih demands the inlusion of the NLO diagram in Fig. 4(a). Figure 4(a)ontains the four denominators[(P2 � k2 + l)2 + i�℄[(k � k1 + l)2 + i�℄[(k + l)2 + i�℄(l2 + i�); (3)with the loop momentum l, whih de�ne the following poles in the l� planel� = �(P�2 � k�2 ) + jlT � k2T j22l+ � i�(+i�); (4)l� = �k� + jlT � k1T + kT j22(l+ � k+1 + k+) + i�(+i�); (5)l� = �k� + jlT + kT j22(l+ + k+) � i�(�i�); (6)l� = l2T2l+ � i�(+i�); (7)for the range of 0 < l+ < k+1 � k+ (�k+ < l+ < 0). Here the inequality k+1 > k+ has been assumed foronveniene. The �rst pole, being the furthest one, does not pinh the ontour of l� atually. The two polesin Eqs. (5) and (6) demand that the ontour goes through the region of l� � �QCD for the soft spetatormomentum k� � �QCD and the small transverse loop momentum lT � �QCD, �QCD being the QCD sale. Thisobservation does not depend on the order of magnitude of the fourth pole. There is no pinhed singularity forl+ > (k+1 � k+) and for l+ < �k+, beause all the poles of l� are in the same half plane.Figure 2(e) ontains the �ve denominators[(k2 + l)2 + i�℄[(P2 � k2 � k + k1 � l)2 + i�℄[(k � k1 + l)2 + i�℄[(k + l)2 + i�℄(l2 + i�): (8)



4
(a) (b)FIG. 3: Two-partile redued NLO diagrams for the M2 meson wave funtion.Similarly, there is no pinhed singularity for l+ > (k+1 � k+) and for l+ < �k+. We onsider the polesl� = �k�2 + jlT + k2T j22l+ � i�(+i�); (9)l� = P�2 � k�2 � k� + jlT + k2T � k1T + kT j22(l+ � k+1 + k+) + i�(+i�); (10)l� = �k� + jlT � k1T + kT j22(l+ � k+1 + k+) + i�(+i�); (11)l� = �k� + jlT + kT j22(l+ + k+) � i�(�i�); (12)l� = l2T2l+ � i�(+i�); (13)for 0 < l+ < k+1 � k+ (�k+ < l+ < 0). The poles in Eqs. (9) and (10) are far from the origin by l� � O(mB)due to the large momenta k2 and P2 � k2, mB being the B meson mass, so they do not pinh the ontour ofl�. The other three poles in Eqs. (5), (6) and (7), idential to those in Eqs. (10), (11) and (13), respetively,for both ranges of 0 < l+ < k+1 � k+ and �k+ < l+ < 0, demand that the ontour goes through the region ofl� � �QCD.We fous on the soft divergene from l+ ! 0 and lT ! 0, sine the infrared �nite piee ontributes tothe NLO hard kernel. Piking up the poles of O(�QCD) in Eqs. (5) and (11) for 0 < l+ < k+1 � k+, the l�dependene in (P2�k2+ l)2, (k2+ l)2, and (P2�k2�k+k1� l)2 is negligible. Piking up the poles of O(�QCD)in Eqs. (6) and (12) for �k+ < l+ < 0, the l� dependene is also negligible. Ignoring k22T � O(�2QCD) in(P2 � k2 + l)2 and (k2 + l)2, Figs. 2(e) and 4(a) have the same amplitudes exept a sign di�erene, whih isattributed to the emissions of the radiative gluon by the valene quark and by the valene anti-quark in M2.Beause of this soft anellation in the pinhed on�guration, only the O(mB) poles in Eqs. (9) and (10) forthe range 0 < l+ < k+1 � k+ are relevant. It implies that the ontour of l� in Fig. 2(e) an be deformed arossthe O(�QCD) poles, and always remains at least of O(mB). That is, for a gluon radiated from the energetiM2 meson, we an onsider only a ollinear divergene, instead of a soft divergene, if infrared divergenes areonerned. We then have the hierarhyk+l� � O(�QCDmB)� jlT + kT j2 � O(�2QCD); (14)for the denominator (k+ l)2. Therefore, the eikonal approximation applies to the soft spetator on the B mesonside, giving the propagator 1=(n+ � l + i�).The loop integral assoiated with Fig. 2(e) is then written asIE = CF Z d4l(2�)4 tr�::: �i(6P2� 6k2� 6k+ 6k1� 6 l)(P2 � k2 � k + k1 � l)2 + i� (�ig�)5 6P2(�ig�) i(6k2+ 6 l)(k2 + l)2 + i��� �i(k � k1 + l)2 + i� �gn�+n+ � l+ i� �il2 + i� ; (15)where the ::: denotes the rest of the integrand, and 5 6P2 omes from the twist-2 struture of theM2 meson wavefuntion. Combining Fig. 2(f) and Fig. 4(b) with the anellation of the ordinary soft divergenes between them,



5we justify the eikonal approximation for the spetator propagator 1=[(k1� l)2+ i�℄, whih gives 1=(�n+ � l+ i�).The seond piee from Fig. 2(b) ontains the Wilson line running from the position of the spetator in the M1meson to in�nity, i.e., the eikonal propagator 1=(�n+ � l + i�). This piee with the olor fator N=2, togetherwith Fig. 2(f) with the olor fator �1=(2N), leads to the loop integral the same as Eq. (15) with the olorfator CF , but with 1=(n+ � l+ i�) being replaed by 1=(�n+ � l+ i�). Employing the prinipal-value presription1n+ � l + i� + 1�n+ � l + i� = �2�iÆ(l�); (16)we identify a NLO residual soft divergene from the Glauber region with l� = 0, whih seems to violate theuniversality of the M2 meson wave funtion.The spetator propagators in Fig. 4 an also be replaed by the Wilson line in the diretion of n+ for olletingthe Glauber divergenes, if there are any. The eikonalization is ahieved by deforming the l� ontour under thesoft anellation observed above. We then examine the l+ poles from the denominators in Eq. (3) with l� = 0being demanded by Eq. (16): l+ = jlT � k2T j22(P�2 � k�2 ) � i�; (17)l+ = k+1 � k+ + jlT � k1T + kT j22k� � i�: (18)It is seen that both the l+ poles are loated in the lower half plane, namely, Fig. 4 does not ontribute tothe Glauber divergenes. Figure 4 generates only the ordinary soft divergenes from the region of the loopmomentum l� � (l+; l�; lT ) � (�QCD;�QCD;�QCD) [19℄. The e�et from these ordinary soft gluons has beenanalyzed and found to be negligible in two-body nonleptoni B meson deays, though it may be signi�ant inD meson deays [20℄.The l+ poles from Fig. 2(e) in Eq. (8) with l� = 0 are given byl+ = jlT + k2T j22k�2 � i�; (19)l+ = k+1 � k+ � jlT + k2T � k1T + kT j22(P�2 � k�2 � k�) + i�; (20)l+ = k+1 � k+ + jlT � k1T + kT j22k� � i�; (21)in whih only the �rst pole is of O(�2QCD=mB). As long as k+1 is of or greater than O(�QCD), we an deformthe ontour of l+, suh that l+ remains O(�QCD), and the hierarhyk�2 l+ � O(mB�QCD)� jlT + k2T j2 � O(�2QCD) (22)holds. The valene quark arrying the momentum k2+l in Eq. (15) an then be eikonalized into n��=(n� �l+i�)with the vetor n� = (0; 1;0T ). The Glauber divergene assoiated with Fig. 1(a) is olleted byI(1)a = g2CF Z d4l(2�)4 tr�::: �i(6P2� 6k2� 6k+ 6k1� 6 l)(P2 � k2 � k + k1 � l)2 + i� (�ig�)5 6P2�� �i(k � k1 + l)2 + i� 1l+ + i� �i�l2T + i�2�iÆ(l�); (23)where the gluon propagator proportional to 1=l2T expliitly indiates that the infrared divergene we haveidenti�ed arises from the Glauber region.It is stressed that Eq. (23), derived from Fig. 2(e), ontains the Glauber divergene assoiated with Fig. 1(b)as well: the left (right) gluon in Fig. 2(e) may beome hard (soft) in some region of the loop momentum l.We started with the eikonalization of the left gluon in Fig. 2(e), implying the attempt to isolate the Glauberdivergene assoiated with Fig. 1(a). For onsisteny and for avoiding double ounting, we lose the ontourin the lower half plane of l+, and pik up only the pole l+ = 0 � i� from the eikonal propagator 1=l+, whih



6orresponds to the O(�2QCD=mB) pole in Eq. (19). Another pole in Eq. (21), orresponding to the on-shell rightgluon, ontributes to the Glauber divergene assoiated with Fig. 1(b). Equation (23) is then simpli�ed intoI(1)a � i�s� CF Z d2lTl2T M(0)a (lT ); (24)where M(0)a denotes the LO amplitude from Fig. 1(a), and the imaginary logarithmi divergene is expliit.The Glauber divergene may not ause trouble, if the LO amplitudeM(0) is real. Expanding the deay widthup to NLO, we have jMj2 = jM(0)j2 + 2Re[M(0)M(1)�℄: (25)Aording to Eq. (24), the Glauber divergene will be purely imaginary, ifM(0) is real, so it does not survive inthe seond term Re[M(0)M(1)�℄. That is, the Glauber divergene does not exist in the ollinear fatorization.The absene of the Glauber divergene has been shown up to two loops in the ollinear fatorization for hadronhadroprodution [11℄. On the ontrary,M(0) is omplex in the kT fatorization, sine partons arry transversemomenta, and internal lines go on mass shell at �nite momentum frations [21℄. Thus the Glauber divergeneontributes to Re[M(0)M(1)�℄ in the PQCD approah to two-body nonleptoni B meson deays. In the QCDFalulation [10℄ based on SCET [22℄, the virtual anti-quark line in Fig. 2 has been shrunk to a point, beausethis line is believed to be more o�-shell than the hard gluon. The pole in Eq. (20) then disappears, and the othertwo in Eqs. (19) and (21) are loated in the lower half-plane of l+. As a onsequene, the Glauber divergeneseems not to exist in the QCDF approah even at the amplitude level.Below we disuss the absene of the Glauber divergene at the amplitude level in QCDF in more details. Thespin struture assoiated with the B meson wave funtion is written as [23, 24℄(6PB +mB)5 � 6n+p2�+B(k) + 6n�p2��B(k)� = �(6PB +mB)5 ��B(k)� 6n+� 6n�p2 ��B(k)� ; (26)with the funtions �B = 12(�+B + ��B) ; ��B = 12(�+B � ��B) : (27)It has been known that only the struture (6PB +mB)5 6n� ontributes to the B !M1 transition form fator,if hoosing the M1 meson momentum P1 in the plus diretion. Assuming that the same struture ontributesto the nonfatorizable B !M1M2 emission amplitude, the lower gluon vertex in Fig. 1(a) ontains the matrixT , sine it is sandwihed by 6n� / + from the B meson and 6P1 / � from the M1 meson. The upper gluonvertex must ontain the matrix T too. The Feynman rule involving the anti-quark propagator in Fig. 1(a)then redues to�i(6P2� 6k2� 6k+ 6k1)(P2 � k2 � k + k1)2 + i�(�igT )5 6P2 � �ik+1 �2(P�2 � k�2 � k�)k+1 + i� (�igT )5 6P2; (28)in the ollinear fatorization for 6P2 / +. Canelling k+1 in the numerator and in the denominator, this anti-quark propagator is of O(1=mB), and an be shrunk to a point in SCET. A similar argument applies to theNLO diagram Fig. 2(e), whih leads to the Feynman rule�i(6P2� 6k2� 6k+ 6k1� 6 l)(P2 � k2 � k + k1 � l)2 + i�(�igT )5 6P2 � �i(k+1 � l+)�2(P�2 � k�2 � k� � l�)(k+1 � l+)� l2T + i�(�igT )5 6P2: (29)The denominator beomes of O(�2QCD) as l+ ! k+1 and lT � O(�QCD). However, this infrared region issuppressed by the numerator, so the anti-quark propagator does not go on mass shell, and an be shrunk to apoint. This explains why the Glauber divergene does not appear in the QCDF alulation of the nonfatorizableB !M1M2 emission amplitudes.If onsidering another spin struture (6PB +mB)5 6 n+ of the B meson, the lower gluon vertex in Fig. 1(a)ontains the matrix +, and the upper one ontains �. The Feynman rule involving the anti-quark propagatorin Fig. 1(a) then beomes�i(6P2� 6k2� 6k+ 6k1)(P2 � k2 � k + k1)2 + i�(�ig�)5 6P2 � �i(P�2 � k�2 )+2(P�2 � k�2 )k+1 + i�(�ig�)5 6P2; (30)



7
(a) (b)FIG. 4: NLO diagrams that does not ontribute the Glauber divergene.whih may go on mass shell as k+1 ! 0. However, the virtual fermion propagators di�er by a minus sign inFigs. 1(a) and 1(b), sine the hard gluon attahes to the anti-quark in M2 in the former and to the quark inthe latter. Beause of the anellation, we an neglet the spin struture (6 PB +mB)5 6n+ at LO. At NLO, theFeynman rule for Fig. 2(e) with the struture (6PB +mB)5 6n+ is given by�i(6P2� 6k2� 6k+ 6k1� 6 l)(P2 � k2 � k + k1 � l)2 + i�(�ig�)5 6P2 � �i(P�2 � k�2 � l�)+2(P�2 � k�2 � l�)(k+1 � l+)� l2T + i�(�ig�)5 6P2: (31)It implies that the anti-quark propagator diverges like 1=�2QCD as l+ ! k+1 , whih orresponds to the pole inEq. (20). The orresponding NLO orretion to Fig. 1(b) is also Fig. 2(e), but with the hard gluon being onthe left. In this ase there is no anellation between the NLO orretion to Fig. 1(a) and the NLO orretionto Fig. 1(b), and the region of l+ ! k+1 ontributes to the Glauber divergene. We postulate that the spinstruture (6PB+mB)5 6n+ should be kept, and the Glauber divergene exists at the amplitude level in the QCDFalulation of the nonfatorizable emission diagrams. Note that the struture (6PB +mB)5 on the right-handside of Eq. (26) was adopted in the PQCD approah (the ontribution from the seond wave funtion ��B ispower-suppressed [24℄), and the virtual anti-quark line is not shrunk to a point.III. SOFT FACTOR FROM GLAUBER GLUONSIn this setion we onstrut a soft fator S(b), b being the impat parameter onjugate to the transverseloop momentum lT , whih ollets the Glauber gluons to all orders. The fatorization at LO in the b spae istrivial: I(0)a = Z d2bS(0)(b)M(0)a (b); (32)where the funtion I(0)a onsists of the diagrams in Fig. 1, and the LO soft fator is simply the identity,S(0)(b) = 1. TheM2 meson wave funtion and other subproesses are ontained in the nonfatorizable emissionamplitude M(0)a . The fatorization of the soft fator at NLO has been expliitly demonstrated in Se. II, andpresented in Eq. (24), whih is expressed in the b spae asI(1)a � Z d2bS(1)(b)M(0)a (b); (33)with the NLO soft fator S(1)(b) = i�s� CF Z d2lTl2T e�ilT �b: (34)Adding the seond radiative gluon emitted by the valene quark in the M2 meson, we haveI(2)a � 12 �i�s� CF�2 Z d2l1T d2l2Tl21T l22T M(0)a (l1T + l2T ); (35)



8whose derivation is similar to the two-loop analysis in [11℄. The above fatorization implies the next-to-next-to-leading-order (NNLO) soft fatorS(2)(b) = 12 �i�s� CF Z d2lTl2T e�ilT �b�2 : (36)Motivated by the above analysis up to NNLO, we postulate the all-order de�nition of the soft fator,S(b) = h0jW+(0;b;�1)W+(0;b;1)yW�(0;0T ;1)W�(0;0T ;�1)yj0i; (37)where b an be interpreted as the transverse separation between the weak deay vertex and the spetator. Thelink W� denotes another Wilson line operatorW�(z�; zT ;1) = P exp ��ig Z 10 d�n� �A(z + �n�)� ; (38)with the oordinate z = (0; z�; zT ). The net e�et of the two links W+(0;b;�1)W+(0;b;1)y demands thevanishing of the omponent l� of the loop momentum, and the o�-shellness of a Glauber gluon by l2T as indiatedin Eq. (23). We have inluded the additional linkW�(0;0;�1)y in the above de�nition to demand the vanishingof l+, whih plays a role similar to the anti-quark propagator in M2 for pinhing the l+ ontour. It an beshown, by expanding the Wilson line operators in the oupling onstant, that Eq. (37) reprodues the NLO andNNLO soft fators presented above.We then extend the derivation of the soft fator to all orders by means of indution [13, 16℄, and demonstratethat it leads to the operator de�nition in Eq. (37). Assume that the fatorization holds up to O(�Ns ),G(j) = jXi=0 S(i) 
M(j�i)a ; j = 1; � � � ; N ; (39)where 
 represents the onvolution in b,S(i) 
M(j�i)a � Z d2bS(i)(b)M(j�i)a (b): (40)In the above expression S(i)(b) is given by the O(�is) terms in the perturbative expansion of Eq. (37), andM(j�i)a (b) stands for the O(�j�is ) nonfatorizable emission amplitude. We shall show that the O(�N+1s ) dia-grams G(N+1) an be written as the onvolution of the O(�Ns ) diagrams G(N) with the O(�s) soft fator byemploying the Ward identity, l�G�(l; k; k1; k2; � � �) = 0 : (41)In the above expression G� represents a physial amplitude with an external gluon arrying the momentum land with n external quarks arrying the momenta k, k1, k2, � � �. All these external partiles are supposed to beon mass shell in the leading-power analysis here. It is known that fatorization of a QCD proess in momentum,spin and olor spaes requires summation of many diagrams. With the Ward identity in Eq. (41), the diagramsummation an be handled in an elegant way.Consider a omplete set of O(�N+1s ) diagrams G(N+1) that are relevant to the fatorization of the M2 mesonwave funtion. Look for the gluon, one of whose ends attahes the outer most vertex on the valene quark linein the M2 meson. Let � denote this outer most vertex, and � denote the attahments of the other end of theidenti�ed gluon. If � is loated on the valene quark line in M2, whih orresponds to a self-energy orretion,and at the outer end of the valene anti-quark line inM2, whih orresponds to a two-partile reduible diagram,we have Fig. 3 as the O(�s) subdiagrams of G(N+1). In these two ases the identi�ed gluon an be fatorizedsimply by inserting the Fierz transformation [16℄, and absorbed into the M2 meson wave funtion. If � attahesto the outer most vertex of the spetator line in the B meson, we eikonalize the anti-quark propagator adjaentto � into �n�+=(n+ � l+ i�), whih has appeared in Eq. (15). Further eikonalizing the propagator of the valenequark in M2, we fatorize a piee of ontribution to the NLO soft funtiong2CF Z d4l(2�)4 n��n� � l + i� �ig��l2 + i� �n�+n+ � l + i�G(N)(l): (42)



9This piee an be obtained by ontrating one gluon �eld in the Wilson line W�(0;0T ;1) and another fromW+(0;b;�1).For the other attahments of � to lines in G(N+1), we approximate the tensor g�� in the propagator of theidenti�ed gluon as [16℄ g�� � �n+�l��n+ � l + i� : (43)The above approximation extrats the ollinear enhanements assoiated with the energeti M2 meson, sinethe light-like vetor n+� selets the minus omponent of �, and the dominant omponent l�=+ in the ollinearregion selets the plus omponent of � . The omponents l�=�;T do not a�et the ollinear struture, beausethey are negligible ompared to the large momenta P+1 and P�2 of O(mB). Equation (43) is appliable to theattahment to the b quark, whih is free of ollinear divergenes. It is ertainly appropriate to adopt Eq. (43)for the attahments to the internal lines and to the outer ends of the valene quark and anti-quark lines in M1,sine it maintains the l� pole struture of the propagators adjaent to the attahments. The above observationan be heked by ontrating l� to Figs. 2(b), 2(), 2(d) and 2(f), from whih the onlusion in Se. II is drawn.The only attahment of �, to whih Eq. (43) does not apply, is the one to the outer end of the spetator linein the B meson, beause of the wrong loation of the l� pole. This attahment has been handled separately inEq. (42).We have the Ward identityl� �G(N+1)�partial + ��u(k2)� 16k2� 6 l � � ��+ �� � � 16 l� 6P2+ 6k2 �v(P2 � k2)�+ ��v(k1)� 1� 6k1� 6 l � � ��� = 0; (44)for it involves a full set of ontrations of l� to all lines in G(N+1). In the above expression the three diagramswith � being loated at the outer ends of the valene quark and anti-quark lines in M2, and at the outer endof the spetator line in the B meson have been exluded from the set of G(N+1)partial. u and v are the spinors ofa quark and an anti-quark, respetively, and � � � represents the rest of Feynman rules for G(N). Inserting theidentities �u(k2) 6 l 16k2� 6 l � � � = ��u(k2) � � � ;� � � 16 l� 6P2+ 6k2 6 l v(P2 � k2) = � � � v(P2 � k2);�v(k1) 6 l 1� 6k1� 6 l � � � = ��v(k1) � � � ; (45)into Eq. (44), we derive�n+�l��n+ � l + i�G(N+1)�partial = �n+��n+ � l + i� [�u(k2) � � � � � � � v(P2 � k2)℄ + �n+��n+ � l+ i� �v(k1) � � � : (46)The fator �n+�=(�n+ � l + i�) in the �rst term on the right-hand side of Eq. (46) ontributes to the Wilsonlines in Eq. (1), whih de�ne the wave funtion for an outgoing M2 meson.The seond term on the right-hand side of Eq. (46) ontributes to another piee of the NLO soft fator,g2CF Z d4l(2�)4 n��n� � l+ i� �il2 + i� �n+��n+ � l + i�G(N)(l): (47)Combining Eqs. (42) and (47), employing Eq. (16), working out the integrations over l� and l+, and Fouriertransforming the NLO soft fator into the b spae, we deriveG(N+1) = S(1) 
G(N) +M(N+1)a ; (48)



10where M(N+1)a ollets the O(�N+1s ) ontribution that is free of the Glauber divergene. Applying the sameproedure to the operator de�nition in Eq. (37), we obtain the similar relation for the soft fator,S(i+1) = S(1) 
 S(i); (49)for i = 0, 1, � � �. At last, Eqs. (39), (48), and (49) lead toG(N+1) = N+1Xi=1 S(i) 
M(N+1�i)a +M(N+1)a = N+1Xi=0 S(i) 
M(N+1�i)a ; (50)with S(0) = 1. The above expression onludes the proof for the fatorization of the soft fator from thenonfatorizable emission amplitude.IV. IMPACT ON B MESON DECAYSIn this setion we investigate the numerial e�et of the soft fator S(b). The soft fator has a dynamialorigin similar to that of a meson wave funtion: the former (latter) absorbs the Glauber (ollinear) gluons. Theb dependene of S(b) an be obtained by nonperturbative methods or from experimental data. For simpliity,we neglet this dependene, and parameterize the soft fator assoiated with M(0)a as exp(iSe),Ia � exp(iSe)M(0)a ; (51)where Se is treated as a real free parameter. Glauber gluons emitted by the valene anti-quark of M2 in theLO diagram Fig. 1(b) lead to Ib � exp(�iSe)M(0)b ; (52)where the minus sign is attributed to the radiation from the anti-quark. In this ase the right gluon in Fig. 2(e)is identi�ed as the Glauber gluon. The above modi�ed kT fatorization formalism with the additional softfator also applies to the nonfatorizable emission amplitudes from other tree and penguin operators. Thesoft fator for a nonfatorizable annihilation amplitude is di�erent, beause Wilson lines in di�erent diretionsare involved. The study of this subjet will be presented elsewhere. The olor-suppressed tree amplitude issmall at LO due to the small Wilson oeÆient a2 for the fatorizable ontribution and to the pair anellationbetween Figs. 1(a) and 1(b) for the nonfatorizable ontribution. The presene of the soft fator an onvertthe destrutive interferene in Fig. 1 into a onstrutive one, resulting in strong enhanement. The soft e�etis expeted to be minor in amplitudes other than the olor-suppressed tree, suh as the olor-allowed tree andpenguin (inluding annihilation), sine they reeive dominant fatorizable ontributions.We seek experimental onstraints on the soft parameter Se by omparing the data [3℄ (in units of 10�6)B(�0�0) = 1:55� 0:19; [(0:29+0:50�0:20)℄B(�0�0) = 2:0� 0:5; [� 0:7℄B(�0�0) = 0:74+0:30�0:27; [(0:92+1:10�0:56)℄; (53)with the NLO PQCD preditions in the square brakets, whih are quoted from [25℄, [26℄, and [7℄, respetively.The results from QCDF [6, 27℄ are similar. The above omparison motivates us to postulate that the soft e�etis signi�ant (negligible) in the deays with M2 being a pseudosalar (vetor) meson. That is, we assoiatea soft fator with M2 = �, K, but not with M2 = � (the soft e�et assoiated with the kaon is not ruialatually). A global �t to the data of the B ! V P deays based on avor SU(3) symmetry also supported thatthe olor-suppressed tree amplitude is large (small), when M2 is a pseudosalar (vetor) meson [28℄. Beausethe B0 ! �0�0 deay involves both types of amplitudes with the pion and the � meson as M2, it is natural thatthe disrepany is in between as indiated by Eq. (53). The larger soft e�et from the multi-parton states in thepion than in the � meson an be understood by means of the simultaneous role of the pion as a q�q bound stateand as a Nambu-Goldstone (NG) boson [29℄: the valene quark and anti-quark of the pion are separated by ashort distane, like those of the � meson, in order to redue the on�nement potential energy. The multi-parton
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FIG. 5: Se dependene of (a) B(�0�0) and B(�0�0) in units of 10�6, of (b) ACP (�0K�) and ACP (��K�), and of ()�S�0KS and �S�0KS . The data (horizontal bands) for �S are not shown due to their large errors.states of the pion spread over a huge spae-time in order to meet the role of a massless NG boson, whih resultin a strong Glauber e�et.The fatorization formulas for the B ! ��, ��, �K, and �K deays an be found in [25, 30℄. Aording toour derivation, we multiply the b quark nonfatorizable emission amplitudes, both tree and penguin, by eiSe(e�iSe) with the hard gluon being emitted by the valene anti-quark (quark) in M2. The dependene on Seof those C-sensitive quantities is displayed in Fig. 5. The branhing ratios B(�0�0) and B(�0�0) grow quiklywith dereasing Se from the NLO PQCD values in Eq. (53), and beome lose to the data when Se reahes��=2. Note that the Belle and BaBar data for B(�0�0) have di�erent entral values, (1:1�0:3�0:1)�10�6 and(1:83� 0:21� 0:13)� 10�6, respetively, and that our predition is onsistent with the Belle's. The diret CPasymmetry ACP (�0K�) inreases from the NLO PQCD result around �0:01 [25℄ to above 0:05 for Se < ��=4,whose agreement with the data ACP (�0K�) = 0:050 � 0:025 [3℄ is satisfatory. The deviation of the mixingindued CP asymmetry �S�0KS � S�0KS � S�s desends from the NLO PQCD value +0:07 to �0:04 forSe = ��=2. Compared to the data S�0KS = 0:57� 0:17 and S�s = 0:672� 0:024 [3℄, the onsisteny has beenimproved. A measurement of suÆient auray with an error of better than �0:04 will be able to verify thepredited shift in S�0KS at the 3� level. The ratio C=T = 0:53e�2:2i with Se � ��=2 for the B ! �� deaysis lose to the extration in [4℄, T being the olor-allowed tree amplitude. An equivalent viewpoint is that theB(�0�0) data onstrain Se � ��=2, whih then leads to the preditions for other quantities in Fig. 5.We have on�rmed that B(����), B(�0��) and all B(�K) hange slightly from those in [25℄, sine theyare less sensitive to C. ACP (��K�) remains around �0:1 [1℄ for arbitrary Se, and in agreement with thedata ACP (��K�) = �0:098+0:012�0:011 [3℄. The small variation of the urve is attributed to the soft e�et on thenonfatorizable olor-allowed tree and penguin ontributions. S�0KS does not hange muh, beause M2 = � inthis ase, and the involved C is not modi�ed. The NLO PQCD predition �S�0KS � �0:15 [30℄ is onsistentwith the data S�0KS = 0:63+0:17�0:21 [3℄. For those penguin-dominated two-body modes without involving C, likeB ! �K, their mixing-indued CP asymmetries are not a�eted either.To see the uniqueness of the pion, we investigate whether the B ! �0�0, �0�0 branhing ratios exhibit apattern similar to that of the B ! �0�0, �0�0 ones. The �(0) meson is unlikely to be a massless pseudoNG boson beause of the axial anomaly. As to B(��0) and B(��), there are only upper bounds for theirdata so far. The value B(�0�0) = (1:2 � 0:4) � 10�6 [3℄ has been measured, but the B ! �0�0 mode withB(�0�0) = [1:0+0:8�0:6� 0:1(< 2:4)℄� 10�6 [31℄ has not yet been seen. Both B(�0�0) and B(�0�0) were predited tobe small in LO PQCD, roughly 0:2�10�6 and 0:1�10�6 [32℄, respetively. Namely, the PQCD predition for theformer is lower than the data, but that for the latter might be reasonable, a situation similar to the B ! �0�0,�0�0 ase. We also ompare the patterns of the diret CP asymmetries in the B ! �(0)K deays and in theB ! �0K deays for the same motivation. The data ACP (�0K�) = 0:016�0:019 and ACP (�K�) = �0:27�0:09[3℄ are more or less in agreement with the NLO PQCD results, �0:06� 0:03 and �0:12+0:14�0:19 [33℄, respetively.The latter value su�ers from huge theoretial unertainty, for the B ! �K� deays involve anellation oftwo amplitudes. It seems that the B ! �(0)K modes behave normally, i.e., their branhing ratios and CPasymmetries oinide with the PQCD preditions without the soft fator.Our resolution di�ers from those based on new physis models, suh as the fourth-generation model [34, 35℄,where it is the eletroweak penguin amplitude that is enhaned. These proposals, with new weak phases beingintrodued, hange S�0KS and S�KS . Our proposal di�ers from the elasti resattering models for �nal-stateinteration, whih involve multiple intermediate states [36℄. A large C has been generated through the harge
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