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I. INTRODUCTIONThe eletroweak penguin deay B ! K�`+`� is loop-suppressed in the StandardModel(SM). It may therefore provide a rigorous test of the SM and also put strong on-straints on the avor physis beyond the SM.Though the inlusive deay B ! Xs`+`� is better understood theoretially using theOperator Produt Expansion, and the �rst diret experimentalmeasurements of the dileptoninvariant mass spetrum and mX -distribution are already at hand [1, 2℄, being an inlusiveproess, it is extremely diÆult to be measured in a hadron mahine, suh as the LHC, whihis the only ollider, exept for a Super-B fatory, that ould provide enough luminosity for thepreise study of the deay distributions of suh a rare proess. In ontrast, for the exlusivedeay B ! K�`+`�, the diÆulty lies in the impreise knowledge of the underlying hadrondynamis. Experimentally, BaBar [3℄ and Belle [4℄ Collaborations have observed this raredeay with the branhing ratios:B(B ! K�`+`�) = 8<: (7:8+1:9�1:7 � 1:2)� 10�7 (BaBar) ;(16:5+2:3�2:2 � 0:9� 0:4) � 10�7 (Belle) : (1)We note that the Belle measurements are approximately a fator 2 higher than the orre-sponding BaBar measurements. In addition, Belle has published the measurements [4, 5℄ ofthe so-alled forward-bakward asymmetry (FBA) [6℄. In partiular, the best-�t results byBelle for the Wilson oeÆient ratios for negative value of A7,A9A7 = �15:3+3:4�4:8 � 1:1;A10A7 = 10:3+5:2�3:5 � 1:8 ; (2)are onsistent with the SM values A9=A7 ' �13:7 and A10=A7 ' +14:9, evaluated in theNLO approximation (see Table I). With more data aumulated at the urrent B fatories,and espeially the huge data that will be produed at the LHC, it is foreseeable that thedilepton invariant mass spetrum and the FBA in this hannel will be measured preiselyin several years from now, allowing a few % measurements of the Wilson oeÆient ratiosand the sign of A7.Theoretially, the exlusive deay B ! K�`+`� has been studied in a number of papers,see for example [7, 8, 9, 10, 11, 12℄. From the viewpoint of hadron dynamis, the applia-tion of the QCD fatorization approah [13℄ to this hannel [14℄ deserves speial mention,2



as we shall be omparing our phenomenologial analysis with the results obtained in thispaper. The emergene of an e�etive theory, alled soft-ollinear e�etive theory (SCET)[15, 16, 17, 18, 19℄, provides a systemati and rigorous way to deal with the perturbativestrong interation e�ets in B deays in the heavy-quark expansion. A lot of theoretialwork has been done in SCET related to the so-alled heavy-to-light transitions in B deays,in partiular, a demonstration of the soft-ollinear fatorization [20, 21, 22, 23℄, a ompleteatalogue of the various 2-body and 3-body urrent operators [19, 22, 24℄, and the extensionof SCET to two e�etive theories SCETI and SCETII , with the two-step mathing QCD!SCETI ! SCETII [25℄. Among various phenomenologial appliations reported in the liter-ature, SCET has been used to prove the fatorization of radiative B ! V  deays at leadingpower in 1=mb and to all orders in �s [26, 27℄. Likewise, SCET, in ombination with theheavy-hadron hiral perturbation theory, has also been used to study the forward-bakwardasymmetry in the non-resonant deay B ! K�`+`� in ertain kinemati region [28℄. In thispaper, our aim is to use SCET in the deay B ! K�`+`�. Due to the similarity betweenB ! K� and B ! K�`+`� deays, our approah is quite similar to the earlier SCET-basedstudies [26, 27℄, in partiular to Ref. [26℄. Moreover, an analysis of the exlusive radiativeand semileptoni deays B ! K� and B ! K�`+`� in SCET an be ombined with datato redue the unertainties in the input parameters. In partiular, as we show here, the lo-ation of the forward-bakward asymmetry in B ! K�`+`� an be predited more preiselythan is the ase in the existing literature.It is well known that, when q2, the momentum squared of the lepton pair, is omparableto M2J= , the resonant harmonium ontributions beome very important, for whih thereis no model-independent treatment yet. Likewise, for higher q2-values, higher  -resonanes( 0;  00; :::) have to be inluded. Thus, in the following we will restrit ourselves to theregion 1 GeV2 < q2 < 7 GeV2, whih is dominated by the short-distane ontribution. Notethat the lower ut-o� 1 GeV2 is taken here beause, as we shall see later, when q2 is verysmall, say q2 � O(�2QCD), the fatorization of the annihilation topology breaks down. Inthis kinemati region, a fatorization formula for the deay amplitude of B ! K�`+`�,whih holds to O(�s) at the leading power in 1=mb, has been derived in Ref. [14℄ usingthe QCD fatorization approah We shall derive the fatorization of the deay amplitude ofB ! K�`+`� in SCET, whih formally oinides with the formula obtained by Beneke et3



al. [14℄, but is valid to all orders of �s:hK�a`+`�jHeff jBi = T Ia (q2)�a(q2) +X� Z 10 d!! �B�(!)Z 10 du �aK�(u)T IIa;�(!; u; q2) ; (3)where a =k;? denotes the polarization of the K� meson. The funtions T I and T II are per-turbatively alulable. �a(q2) are the soft form fators de�ned in SCET while �B� and �aK�are the light-one distribution amplitudes (LCDAs) for the B and K� mesons, respetively.Compared to the earlier results of Ref. [14℄, obtained in the QCD fatorization approah,the main phenomenologial improvement is that for the hard sattering funtion T II, theperturbative logarithms are summed from the hard sale �b � O(mb) down to the interme-diate sale �` � p�b�h, where �h represents a typial hadroni sale. Note also that thede�nitions of the soft form fators �a(q2) for our SCET urrents, de�ned subsequently insetion 2, are di�erent from those of Ref. [14℄, a point to whih we will return later in setion3. Hene, the expliit expressions for T I, derived here and in Ref. [14℄ are also di�erent.This paper is organized as follows: In setion II, we briey review the basi ideas andnotations of SCET. We then list the relevant e�etive operators in SCET and do the expliitmathing alulations from QCD to SCETI (Se. II A) and from SCETI to SCETII (Se. IIB). The matrix elements of the e�etive SCET operators are given in Se. II C. At the end ofthis setion, the logarithmi resummation in SCETI is disussed. In setion III, we onsidersome phenomenologial aspets of the B ! K�`+`� deay. We �rst speify the inputparameters, espeially the soft form fators �?;k(q2) (Se. III A), whih are the ause of thelargest theoretial unertainty. We use the q2-dependene of the related QCD form fatorsin the LC-QCD sum rule approah, but �x the normalization of these soft form fatorsusing onstraints from data on the exlusive deays B ! K�. In Se. III B, we workout numerially the evolution of the B-type SCETI mathing oeÆients, de�ned earlierin Se. II. We then give the dilepton invariant mass spetrum and the forward-bakwardasymmetry in the deay B ! K�`+`�, and ompare the integrated branhing ratios withthe measurements from BaBar and Belle (Se. III C). We end with a summary of our resultsin setion IV and suggestions for future measurements to redue the model dependene dueto the form fators and other input parameters.4



II. SCET ANALYSIS OF B ! K�`+`�For the b! s transitions, the weak e�etive Hamiltonian an be written asHeff = �GFp2V �tsVtb 10Xi=1 Ci(�)Qi(�) ; (4)where we have negleted the ontribution proportional to V �usVub in the penguin (loop)amplitudes, whih is doubly Cabibbo-suppressed, and have used the unitarity of the CKMmatrix to fatorize the overall CKM-matrix element dependene. We use the operator basisintrodued in [14, 30℄:Q1 = (�sTA)V�A(�TAb)V�A ; Q2 = (�s)V�A(�b)V�A ;Q3 = 2 (�sb)V�AXq (�q�q) ; Q4 = 2 (�sTAb)V�AXq (�q�TAq) ;Q5 = 2 �s���(1� 5)b Xq (�q���q) ;Q6 = 2 �s���(1� 5)TAb Xq (�q���TAq) ;Q7 = �gemmb8�2 �s���(1 + 5)bF�� ; Q8 = �gsmb8�2 �s���(1 + 5)TAb GA�� ;Q9 = �em2� (�sb)V�A(�̀�`) ; Q10 = �em2� (�sb)V�A(�̀�5`) ; (5)where TA is the SU(3) olor matrix, �em = g2em=4� is the �ne-struture onstant, and mb(�)is the urrent mass of the b quark in the MS sheme at the sale �.Restriting ourselves to the kinemati region 1 GeV2 < q2 < 7 GeV2, the light K�meson moves fast with a large momentum of the order of mB=2, whih thus an be viewedapproximately as a ollinear partile. For onveniene, let us assume that the K� mesonis moving in the diretion of the light-like referene vetor n, then its momentum an bedeomposed as p� = �n �pn�=2+p�?+n �p�n�=2, where �n� is another light-like referene vetorsatisfying n � �n = 2. In this light-one frame, the ollinear momentum of K� is expressed asp = (n � p; �n � p; p?) � (�2; 1; �)mb ; (6)with � � �=mb � 1. In addition to this ollinear mode, the soft and hard-ollinear modes,with momenta saling as (�; �; �)mb and (�; 1;p�)mb, respetively, are also neessary toorretly reprodue the infrared behavior of full QCD.5



SCET introdues �elds for every momentum mode and we will enounter the followingquark and gluon �elds� � � ; A� � (�2; 1; �) ; �h; �h � �1=2 ; A�h � (�; 1; �1=2) ;qs � �3=2 ; A�s � (�; �; �) ; h � �3=2 : (7)In the above, the symbol A� stands for the gluon �eld, h represents a heavy-quark �eld,the symbols � and q stand for the light quark �elds, and the subsripts , s, h stand forollinear, soft and hard-ollinear modes, respetively. Note that the momentum q of thelepton pair is taken as a hard ollinear momentum, sine in this paper we only onsiderthe range 1 GeV2 < q2 < 7 GeV2. That is why an extra hard-ollinear �eld �h in the�n diretion is required later. As explained in detail in Ref. [26℄, to onstrut the gaugeinvariant operators in SCET, it is more onvenient to introdue the building bloks, givenbelow, whih are obtained by multiplying the �elds by the Wilson lines whih run along thelight-ray to in�nity:X ; A� ; Xh ; Xh ; A�h ; Qs ; A�s ; Hs ; Q�s ; H�s : (8)For example, the �eld Xh is de�ned asXh(x) = W yh(x)�h(x); with Wh(x) = P exp�ig Z 0�1 ds�n �Ah(x+ s�n)� ; (9)where Wh(x) is the hard ollinear Wilson line. The notations Q�s and H�s are used when theassoiated soft Wilson lines are in the �n-diretion. For the de�nitions of the other �elds andmore tehnial details about SCET, we refer the reader to Ref. [26℄ and referenes therein.Sine SCET ontains two kinds of ollinear �elds, i.e. hard-ollinear and ollinear �elds,normally an intermediate e�etive theory, alled SCETI , is introdued whih ontains onlysoft and hard-ollinear �elds. While the �nal e�etive theory, alled SCETII , ontains onlysoft and ollinear �elds. We will then do a two-step mathing from QCD ! SCETI !SCETII .A. QCD to SCETI mathingIn SCETI , the K� meson is taken as a hard-ollinear partile and the relevant buildingbloks are Xh, Xh, A�h and h. The veloity of the B meson is de�ned as v = PB=mB. The6



mathing from QCD to SCETI at leading power may be expressed asHeff ! �GFp2V �tsVtb 4Xi=1 Z ds eCAi (s)JAi (s) + 4Xj=1 Z dsZ dr eCBj (s; r)JBj (s; r)+Z dsZ dr Z dt eCC(s; r; t)JC(s; r; t)� ; (10)where eC(A;B)i and eCC are Wilson oeÆients in the position spae. The relevant SCETIoperators for the B ! K�`+`� deay are onstruted by using the building bloks mentionedabove [26℄:JA1 = �Xh(s�n)(1 + 5)�?h(0) �̀�` ; JA2 = �Xh(s�n)(1 + 5) n�n � vh(0) �̀�` ;JA3 = �Xh(s�n)(1 + 5)�?h(0) �̀�5` ; JA4 = �Xh(s�n)(1 + 5) n�n � vh(0) �̀�5` ;JB1 = �Xh(s�n)(1 + 5)�? /Ah?(r�n)h(0) �̀�` ;JB2 = �Xh(s�n)(1 + 5) /Ah?(r�n) n�n � vh(0) �̀�` ;JB3 = �Xh(s�n)(1 + 5)�? /Ah?(r�n)h(0) �̀�5` ;JB4 = �Xh(s�n)(1 + 5) /Ah?(r�n) n�n � vh(0) �̀�5` ;JC = �Xh(s�n)(1 + 5) /�n2Xh(r�n) �Xh(an)(1 + 5) /n2 h(0) ; (11)where the operators JAi and JBj represent the ases that the lepton pair is emitted fromthe b! s transition urrents, while JC represents the diagrams in whih the lepton pair isemitted from the spetator quark of the B meson. Exept the lepton pair, the operators JA;Bihave the same Dira strutures as those of the heavy-to-light transition urrents in SCET,whih were �rst derived in Ref. [16℄ for JAi and in Refs. [24, 25℄ for JBj (see, also Refs. [23,31℄). In this paper we take the operator basis of [26, 31℄ whih makes JBj multipliativelyrenormalized, but we have negleted the operators whih ontain the Dira struture /Ah?�?and whih do not ontribute to the exlusive B meson deays. It is also lear that thestruture �̀�5` arises solely from Q10 of the weak e�etive Hamiltonian.Sine in pratie the mathing alulations are done in the momentum spae, it is moreonvenient to de�ne the Wilson oeÆients in the momentum spae by the following Fourier-7



FIG. 1: O(�s) ontributions to the mathing of Qi to A-type SCET urrents. The rossed irlesdenote the possible loations from where the virtual photon is emitted and then splits into a leptonpair.transformations: CAi (E) = Z ds eis�n�P eCAi (s) ;CBj (E; u) = Z dsZ dr ei(us+�ur)�n�P eCBj (s; r) ;CC(E; u) = Z dsZ dr Z da ei(us+�ur)�n�P eian�q eCC(s; r; a) ; (12)with E � n �v�n �P=2 and �u = 1�u. To get the order �s orretions to the deay amplitude,we need to alulate the Wilson oeÆients CAi to one-loop level and CBj and CC to treelevel. In the following we will use �jC(A;B;C)i to denote the mathing results from the weake�etive operators Qj to the SCET urrents JA;B;Ci . With this, the mathing oeÆientsfrom QCD! SCETI an be written asC(A;B;C)i = 10Xj=1 �jC(A;B;C)i (�QCD; �) ; (13)where �QCD is the mathing sale and � is the renormalization sale in SCETI .Eah operator of the weak e�etive Hamiltonian, namely Q1�10, will ontribute to CAiat order �s level, as shown in Fig. 1. But due to the small Wilson oeÆients C3�6, it is8



numerially reasonable to neglet the ontributions from Q3�6. For the operators Q1;2 andQ8, the results an be easily derived from Eqs. (11) and (25) of Ref. [32℄:�1;2CA1 (�QCD) = ��em2� �s(�QCD)4� � 1̂s(2F (7)2 + ŝF (9)2 ) �C2 + 2(F (9)1 + F (9)2 =6) �C1� ;�1;2CA2 (�QCD) = ��em2� �s(�QCD)4� h(2F (7)2 + F (9)2 ) �C2 + 2(F (9)1 + F (9)2 =6) �C1i ;�8CA1 (�QCD) = ��em2� �s(�QCD)4� mb(�QCD)mb � 2̂sF (7)8 + F (9)8 �Ceff8 ;�8CA2 (�QCD) = ��em2� �s(�QCD)4� mb(�QCD)mb h2F (7)8 + F (9)8 iCeff8 ; (14)where ŝ � q2=m2b and mb is the pole mass of the b quark. The urrent mass mb is related tothe pole mass at next-to-leading order bymb(�) = mb �1 + �sCF4� �3 ln m2b�2 � 4�� ; (15)where CF = 4=3. The funtions F (7;9)1;2;8 are given in a mixed analyti and numerial formin Ref. [32℄. Following the onvention of Ref. [14℄, we also use the "barred" oeÆients�Ci(i=1,...,6) here whih are the linear ombinations of the Wilson oeÆients Ci of theweak e�etive Hamiltonian in Eq. (4). The e�etive Wilson oeÆient Ceff8 is de�ned asCeff8 = C8 + C3 � C4=6 + 20C5 � 10C6.For the operators Q7, Q9 and Q10, the mathings to the A-type urrents give�7CA1 = �em2� mb(�QCD)mb 2̂s eC9Ceff7 ; �7CA2 = �em2� mb(�QCD)mb 2 eC10Ceff7 ;�9CA1 = �em2� eC3Ceff9 ; �9CA2 = �em2� �eC4 + 1 � ŝ2 eC5�Ceff9 ;�10CA3 = �em2� eC3C10 ; �10CA4 = �em2� �eC4 + 1� ŝ2 eC5�C10 : (16)To avoid onfusion with the Wilson oeÆients in Eq. (4), we use the notations eCi for themathing oeÆients, instead of Ci used originally in Ref. [16℄. The expliit expressions of eCiup to one-loop order an be read from [16, 23℄. Note that although the operator basis of thetensor urrent in [23℄ looks slightly di�erent from that of [16℄, they are atually the same andit is easy to �nd the relations eC9 = C(A0)2T and eC10 = C(A0)1T . The e�etiveWilson oeÆientsare de�ned as Ceff7 = C7 � C3=3 � 4C4=9 � 20C5=3 � 80C6=9 and Ceff9 (q2) = C9 + Y (q2),where the funtion Y (q2) represents the ontributions of the fermion loops and the expliitformula an be found in [14℄. 9



FIG. 2: Tree-level mathing of Qi onto B-type SCET urrents. The rossed irles denote thepossible loations from where the virtual photon is emitted, while the rosses mark the possibleplaes where a gluon line may be attahed.To get the deay amplitude of B ! K�`+`� in order �s, the tree-level mathing ofthe e�etive weak Hamiltonian (4) onto B-type SCET urrents (11) is already enough, asillustrated in Fig. 2. If we use the notation �16CBi to stand for the mathings of Q1�6 ontoB-type SCET urrents JBi , namely �16CBi �P6j=1�jCBi , we get from Fig. 2a that�16CB1 = ��em2� 1mbŝ �23F?16(u; ŝ;m2=m2b)( �C2 + �C4 � �C6)� 13F?16(u; ŝ; 0) �C3�13F?16(u; ŝ; 1)( �C3 + �C4 � �C6 � 4 �C5)� ;�16CB2 = �em2� 2mb �23F k16(u; ŝ;m2=m2b)( �C2 + �C4 � �C6)� 13F k16(u; ŝ; 0) �C3�13F k16(u; ŝ; 1)( �C3 + �C4 � �C6)� ; (17)where u is the momentum fration arried by the strange quark in the K� meson. The
10



funtions F?;k16 are de�ned asF?16(u; ŝ; �) = 1 + 2(1� ŝ)(1 � u)  ŝ p�ŝ+ 4�pŝ artan pŝp�ŝ+ 4��p�1 + u� ŝu+ 4�p1 � (1� ŝ)u artan p1 � (1� ŝ)up�1 + u� ŝu+ 4�!+ � Li2 2pŝpŝ �pŝ� 4�!+� Li2 2pŝpŝ +pŝ� 4�!� � Li2 2p1� (1� ŝ)up1� (1 � ŝ)u+p1� (1 � ŝ)u� 4�!�� Li2 2p1 � (1 � ŝ)up1 � (1 � ŝ)u�p1 � (1 � ŝ)u� 4�!! ; (18)F k16(u; ŝ; �) = 2ŝ+ 4ŝ(1� ŝ)(1 � u)  (1� u+ uŝ) p�ŝ+ 4�pŝ artan pŝp�ŝ+ 4��p�1 + u� ŝu+ 4�p1 � (1� ŝ)u artan p1 � (1� ŝ)up�1 + u� ŝu+ 4�!+ � Li2 2pŝpŝ �pŝ� 4�!+� Li2 2pŝpŝ +pŝ� 4�!� � Li2 2p1� (1� ŝ)up1� (1 � ŝ)u+p1� (1 � ŝ)u� 4�!� � Li2 2p1� (1� ŝ)up1� (1� ŝ)u�p1 � (1� ŝ)u� 4�!! : (19)As a hek, it is not diÆult to �nd the following relationsF?16(u; ŝ; m2qm2b ) = t?(u;mq)� (1� u)E2MB ; F k16(u; ŝ; m2qm2b ) = tk(u;mq)� ŝ(1� u)EMB ;where the funtions t?;k(u;mq) are de�ned in Eqs. (27)-(28) in the paper by Beneke et al. [14℄.We also note that the funtions F?16(u; ŝ; �) and F k16(u; ŝ; �) are �nite as �u = 1 � u! 0, asopposed to the funtions t?;k(u;mq), whih are singular as �u! 0.Fig. 2d and the operator Q9 of Fig. 2f, ombined with Fig. 2b, will ontribute to themathing oeÆients �7;9CB1;2, while the operator Q10 of Fig. 2f will ontribute to �10CB3;4:�7CB1 = ��em2� mbm2b ŝ2Ceff7 ; �7CB2 = �em2� mbm2b(1� ŝ)2Ceff7 ;�9CB1 = 0 ; �9CB2 = ��em2� 1� 2ŝmb(1� ŝ)Ceff9 ;�10CB3 = 0 ; �10CB4 = ��em2� 1� 2ŝmb(1� ŝ)C10 : (20)Finally, Fig. 2e and Fig. 2 ontribute to the mathing oeÆients�8CB1 = ��em2� mbm2b 2(1� u)(1� ŝ)3ŝ(u+ ŝ� uŝ) Ceff8 ; �8CB2 = 0 : (21)11



FIG. 3: The diagrams where the virtual photon, as denoted by the rossed irle, is emitted fromthe spetator quark.We shall now onsider the diagrams where the virtual (o�-shell) photon is emitted fromthe spetator quark, as shown in Fig. 3. Due to the o�-shellness of the quark propagator, itis easy to hek that Fig. (3d-3f) are of order 1=mb suppressed ompared with Fig. (3a-3)where the photon is emitted from the spetator quark in the B meson. Therefore at leadingpower in 1=mb, only the �rst three diagrams in Fig. 3 are relevant for our analysis. As weshall see in the following, all of these three diagrams ontribute to the Wilson oeÆients ofthe C-type SCET urrent.The annihilation diagram, shown in Fig. 3a, ontributes to the mathing oeÆient CCat order �0s, for whih the alulation is trivial,�(0)16 CC = 23 ��V �usVubV �tsVtb ( �C1 + 3 �C2)Æqu + ( �C3 + 3 �C4)� : (22)Here q is the avor of the spetator quark in the B meson and the supersript (0) denotesthe mathing at order �0s. At order �s, the diagrams shown in Figs. (3b-3) also ontributeto the mathing onto the C-type SCET urrent with the oeÆients�8CC = CFN �s4� �4Ceff81 � u+ uŝ ;�(1)16 CC = 2CFN �s4� n ( �C2 + �C4 + �C6)G(u; ŝ;m2=m2b) + ( �C3 + 3 �C4 + 3 �C6)G(u; ŝ; 0)+( �C3 + �C4 + �C6)G(u; ŝ; 1) + 49( �C3 � �C5 � 15 �C6)� ; (23)12



where the funtion G(u; ŝ; �) is de�ned asG(u; ŝ; �) = 23 + 23 ln m2b�2 + 4Z 10 dx x(1� x) ln[�� x(1� x)(1� u+ uŝ)℄ : (24)B. SCETI ! SCETII mathingAs shown in Refs. [21, 25℄, whih analyzed the form fators in the framework of SCET, onemay simply de�ne the matrix elements of the A-type SCETI urrents as non-perturbativeinput sine the non-fatorizable parts of the form fators are all ontained in suh matrixelements. Therefore the expliit mathing of JAi to SCETII operators is not neessary here.For B-type SCETI operators, they are mathed onto the following SCETII operatorsOB1 = �X(s�n)(1 + 5)�? /�n2X(0) �Qs(tn)(1 � 5) /n2Hs(0) �̀�` ;OB2 = �X(s�n)(1 + 5) n�n � v /�n2X(0) �Qs(tn)(1 + 5) /n2Hs(0) �̀�` ;OB3 = �X(s�n)(1 + 5)�? /�n2X(0) �Qs(tn)(1 � 5) /n2Hs(0) �̀�5` ;OB4 = �X(s�n)(1 + 5) n�n � v /�n2X(0) �Qs(tn)(1 + 5) /n2Hs(0) �̀�5` ; (25)where we only inlude the olor-singlet operators that have non-zero matrix elements forthe B ! K�`+`� deay. Again, it is in pratie more onvenient to do the mathingalulations in the momentum spae, and the Wilson oeÆients DBi (!; u) an be de�nedby Fourier transforming the orresponding ones ~DBi (s; t) introdued in the position spae,just like the ase in SCETI ,DBi (!; u) = Z dsZ dt e�i!n�vteius�n�P ~DBi (s; t): (26)Following the notations of [26℄, the Wilson oeÆients DBi an be expressed asDBi (!; u; ŝ; �) = 1! Z 10 dv Ji�u; v; lnmb!(1 � ŝ)�2 ; ��CBi (v; �) ; (27)where the jet funtions Ji arise from the SCETI ! SCETII mathing and it is lear thatJ1 = J3 � J? and J2 = J4 � Jk. At tree level, using the Fierz transformation in theoperator basis,�XNHs �QsMX = �14 �X(1 + 5) /�n2X �QsM(1 � 5) /n2NHs � 14 �X(1 � 5) /�n2X� �QsM(1 + 5) /n2NHs � 18 �X(1 + 5) /�n2 ?�X �QsM(1 + 5)�? /n2NHs ;(28)13



one obtains J?(u; v) = Jk(u; v) = �4�CF�sN 1mb(1 � u)(1� ŝ)Æ(u� v) : (29)Finally, the C-type SCETI urrent is mathed onto the SCETII operatorOC = �X(s�n)(1 + 5) /�n2X(0) �Q�s(t�n)(1 + 5) /n2H�s(0) �n��n � v �̀�` : (30)We may similarly de�neDC(!; u) = Z dsZ dt e�i!�n�vteius�n�P ~DC(s; t): (31)with DC(!; u; ŝ; �) = �eeqŝ(! � q2=mb � i�)J C �ln mb!(1� ŝ)�2 ; ��CC(E; u; �) ; (32)where eq is the eletri harge of the spetator quark in the B meson. At tree level theorresponding jet funtion is trivial, J C = 1. For later onveniene, we will de�ne DC �bDC=(! � q2=mb � i�).C. Matrix elements of SCET operatorsThe last step before we an �nally get the deay amplitude for the B ! K�`+`� deay isto take the matrix elements of the relevant SCET operators. For the A-type SCET urrents(11), one may simply de�ne [26℄hM(p)j�Xh�hjB(v)i = �2E�M (E)tr[MM (n)�MB(v)℄ ; (33)where the projetion operators areMB(v) = �1 + /v2 5 ; MK�?(n) = /"�? /�n/n4 ; MK�k (n) = �/�n/n4 ; (34)with "�? being the polarization vetor of the K�? meson. It is then straightforward to get thematrix elements of the SCETI urrents JAi ashK�`+`�jJA1 jBi = �2E�?(g��? � i���? )"�?� �̀�` ; hK�`+`�jJA2 jBi = �2E�k n�n � v �̀�` ;hK�`+`�jJA3 jBi = �2E�?(g��? � i���? )"�?� �̀�5` ; hK�`+`�jJA4 jBi = �2E�k n�n � v �̀�5` ;(35)14



where g��? � g�� � (n��n� + �n�n�)=2 and ���? � �����v�n�=(n � v). Note that in the aboveequations, we use the onvention �0123 = +1, as adopted in the book by Peskin and Shroeder[33℄.For the B-type SCETII operators (25), although naively the soft and ollinear degreesof freedom seem to be deoupled, the fatorization may be invalidated unless no endpointdivergenes appear in the onvolution integrals [21, 22℄. The relevant meson LCDAs arede�ned as [13, 34℄h0j�Qs(tn)�Hs(0)jB(v)i =iF (�)2 pmB Z 10 d! e�i!n�vttr ���B+(!; �) � /n2n � v (�B�(!; �) � �B+(!; �))��MB(v)� ;hK�(p)j�X(s�n)�/�n2X(0)j0i =ifK�(�)4 �n � p tr[MK��℄Z 10 du eius�n�p�K�(u; �) ; (36)where two di�erent K�-distribution amplitudes (�kK�(u; �) for � = 1 and �?K�(u; �) for� = ?) with their orresponding deay onstants fkK� and f?K�(�), respetively, are involved;F (�) is related to the B meson deay onstant fB up to higher orders in 1=mb by [35℄fBpmB = F (�)�1 + CF�s(�)4� �3 ln mb� � 2�� : (37)With the above LCDAs, the matrix elements of the operators OBi an be written ashK�`+`�jCB1 OB1 jBi = �F (�)m3=2B4 (1� ŝ)(g��? � i���? )"�?� �̀�` Z 10 d!! �B+(!; �)� Z 10 du fK�?(�)�K�?(u; �)Z 10 dvJ?(u; v; lnmb!(1 � ŝ)�2 ; �)CB1 (v; �)� �F (�)m3=2B4 (1� ŝ)(g��? � i���? )"�?� �̀�` �B+ 
 fK�?�K�? 
 J? 
CB1 ;hK�`+`�jCB2 OB2 jBi = �F (�)m3=2B4 (1� ŝ) n�n � v �̀�` �B+ 
 fK�k�K�k 
 Jk 
 CB2 ; (38)while for the matrix element of CB3 OB3 (CB4 OB4 ), it an be obtained by simply replaing thelepton urrent �̀�` on the right hand side of the above equations by �̀�5` and also replaingCB1 ! CB3 (CB2 ! CB4 ).The matrix element of OC is obtained likewise, with the resulthK�`+`�jDCOC jBi = �F (�)m3=2B4 (1� ŝ) �n��n � v �̀�` !�B�! � q2=mb � i� 
 fK�k�K�k 
 bDC : (39)15



Sine �B�(!) does not vanish as ! approahes zero, the integral R d! �B�(!)=(!�q2=mb) wouldbe divergent if q2 ! 0. This endpoint singularity will violate the SCETII fatorization, thatis why we should restrit our attention to the kinemati region where the invariant mass ofthe lepton pair is not too small, say q2 � 1 GeV2.D. Resummation of logarithms in SCETIn the above analysis a two-step mathing proedure QCD ! SCETI ! SCETII has beenimplemented. This introdues two mathing sales, �h � mb at whih QCD is mathed ontoSCETI and �l � pmb� at whih SCETI is mathed onto SCETII . Thus, with the SCETImathing oeÆients at sale �h, one may use the renormalization-group equations (RGE) ofSCETI to evolve them down to sale �l and then math onto SCETII . The large logarithmsdue to di�erent sales are resummed during this proedure. Note that the meson LCDAsmay be given at another sale �L, and, in priniple, one should also use the RGE of SCETIIto run the orresponding mathing oeÆients from �l down to �L. But sine in B deaysthe sale �l ' 1:5GeV is already quite low, we may just take the meson LCDAs at thesale �l in this paper for simpliity and thereby avoid the running of the SCETII mathingoeÆients.Furthermore, one should note that for the A-type SCET urrents, only the sale �h isinvolved sine it is not neessary to do the seond step mathing of SCETI ! SCETII .Similarly, we may hoose the nonperturbative form fators �?;k at the sale �h and avoidthe RGE running of the A-type SCETI mathing oeÆients. For the B-type urrents, theRGE of SCETI an be obtained by alulating the anomalous dimensions of the relevantSCET operators, whih has been done in [31℄, where the mathing oeÆients at any sale� an be obtained by an evolution from the mathing sale �h as followsCBj (E; u; �h; �) = �2E�h �a(�h;�) eS(�h;�) Z 10 dv U�(u; v; �h; �)CBj (E; v; �h)� �2E�h �a(�h;�) eS(�h;�) eU j�(E; u; �h; �) ; (40)with the subsript � =?; k and the funtions a(�h; �) and S(�h; �) are given in Eq. (66) ofRef. [31℄. Note that in the above equation one should use the subsript � =? for j = 1; 3,16



while � =k for j = 2; 4. The evolution kernel eU j�(E; u; �h; �) obeysdeU j�(E; u; �h; �)d ln � = Z 10 dy yV�(y; u)eU j�(E; y; �h; �) + !(u)eU j�(E; u; �h; �) ; (41)with the initial ondition eU j�(E; u; �h; �h) = CBj (E; u; �h). Again, the funtions V�(y; u) and!(u) are de�ned in [31℄. In the next setion on phenomenologial appliation, we will solvethe above integro-di�erential equation numerially.Finally, for the C-type SCET urrent JC, its anomalous dimension just equals the sumof the anomalous dimensions of the K� meson LCDA �K� and the B meson LCDA �B�.However, as the evolution equation of �B� is still unknown, we will not resum the pertur-bative logarithms for the JC urrent in this paper. Numerially the ontribution from theJC urrent to the deay amplitude is small. Furthermore, as we will see later, the JC ur-rent is ompletely irrelevant for the forward-bakward asymmetry of the harged leptons.Therefore, this treatment has only minor impat on our phenomenologial disussion.III. NUMERICAL ANALYSIS OF B ! K�`+`�We are now in the position to write the deay amplitude of B ! K�`+`�, using thesimilar notations adopted in [14℄,d2�dq2d os � = G2F jV �tsVtbj2128�3 ��em4� �2m3B�K�(1� q2m2B )2��2�2?(1 + os2 �) q2m2B (jC?9 j2 + (C?10)2)�8�2? os � q2m2BRe(C?9 )C?10 + �2k(1 � os2 �)(jCk9 j2 + (Ck10)2)� ; (42)with mB�K�=2 being the 3-momentum of the K� meson in the rest frame of the B meson,�K� = "�1� q2m2B�2 � 2m2K�m2B �1 + q2m2B�+ m4K�m4B #1=2 : (43)The angle � denotes the angle between the momenta of the positively harged lepton and theB meson in the rest frame of the lepton pair. Note that in the above equations the leptonsare taken in the massless limit and the K� meson mass is kept nonzero only for �K� , whih17



arises from the phase spae. The "e�etive" Wilson oeÆients C?;k9 and C?;k10 are given byC?9 = 2��em �CA1 + mB4 fB�B+ 
 f?K��?K� 
J? 
 CB1�? � ;Ck9 = 2��em  CA2 + mB4 fB�B+ 
 fkK��kK� 
 Jk 
 CB2�k� q24mB fB!�B�=(! � q2=mb � i�)
 fkK��kK� 
 bDC�k ! ;C?10 = 2��emCA3 ;Ck10 = 2��em  CA4 + mB4 fB�B+ 
 fkK��kK� 
 Jk 
 CB4�k ! ; (44)where CA;Bi and DC are de�ned in Eqs. (13) and (32), respetively. The above expressionsare valid at leading power in 1=mb and to all orders in �s. But in this paper we only alulateexpliitly the "e�etive Wilson oeÆients" at one-loop order. At this order our results arequite similar to those of [14℄ using the large-energy limit of QCD. The main phenomenologialimprovement is that for the hard sattering part, the mathing oeÆients CBi are evolvedfrom the sale �h � O(mb) down to �l � pmb�h, during whih the perturbative logarithmsare summed. Here, �h represents a typial hadroni sale. Note also that the de�nitions ofthe soft form fators �?;k in SCET are di�erent from those of Ref [14℄, therefore the expliitexpressions for CAi are also di�erent from the oeÆients C0;1a appearing in [14℄ whih arerelated to the form fator orretions.In terms of the heliity amplitudes for the deay B ! K�(! K + �)`+`�, the doubledi�erential distribution d2B=d os �+ds is given in Eq.(44) of Ref. [36℄. This requires theheliity amplitudes, jH0(s)j2 = jHL0 (s)j2 + jHR0 (s)j2, jHL;R� (s)j2 and jHL;R+ (s)j2. While theamplitudes HL;R+ (s) are both power suppressed in 1=mb and numerially small, the expres-sions for the others in SCET are given below:jH0j2 = m2B2 (1� q2m2B )2(jCk9j2 + (Ck10)2)�2k ;jHL;R� j2 = q2(1 � q2m2B )2jC?9 � C?10j2�2? : (45)Note that the dependene on the soft form fators fatorizes in �2k and �2? for the heliityomponents jH0j2 and jHL;R� j2, respetively. Sine a similar analysis in terms of the heliityamplitudes of the harged urrent deay B ! �(! ��)`+�` an be performed, the ratios18



R0(s) and R�(s) of the two di�erential distributions (in B ! K�(! K�)`+`� and B !�(! ��)`+�`) have lot less hadroni unertainties, as these ratios (see Eq. (76) in Ref. [36℄for their de�nition) involve estimates of the SU(3)-breaking in the soft form fators. Thepoint is that the ratios �K�k =��k and �K�? =��? are more reliably alulable than the form fatorsthemselves.A. Input parametersTo get the di�erential distributions numerially, some input parameters have to be spe-i�ed. For the alulation of the Wilson oeÆients, the relevant parameters are hosen as[37℄ MW = 80:425 GeV ; sin2 �W = 0:2312 ; �(5)MS = 217+25�23 MeV ; (46)and mpolet = (172:7 � 2:9) GeV, updated reently by the Tevatron eletroweak group [38℄.Numerial values of the Wilson oeÆients, evaluated at sale � = mb = 4:8 GeV, with thethree-loop running of �s and the input parameters �xed at their entral values given aboveare shown in Table I. Note that the NNLL formula for C9 an be found, for example, inthe appendix of [14℄, while the relevant elements of three-loop anomalous dimension matrixhave been alulated reently in [39, 40℄.TABLE I: The leading-logarithmi (LL) and next-to-leading-logarithmi (NLL) Wilson oeÆientsevaluated at the sale mb = 4:8 GeV. For C9;10, they are also given in the NNLL order.LL NLL LL NLL NNLL�C1 -0.2501 -0.1459 �C6 -0.0316 -0.0388�C2 1.1082 1.0561 Ceff7 -0.3145 -0.3054�C3 0.0112 0.0116 Ceff8 -0.1491 -0.1678�C4 -0.0257 -0.0337 C9 1.9919 4.1777 4.2120�C5 0.0075 0.0097 C10 0 -4.5415 -4.1958The CKM fator jVtsV �tbj ' (1 � �2=2)jVbj is estimated to be 0:0403 � 0:0020 by takingjVbj = 0:0413�0:0021 [41℄ and � = 0:2226. For the B meson lifetimes, we use �B+ = 1:643 psand �B0 = 1:528 ps [41℄. The pole mass mb is hosen to be 4:8 GeV. The ratio of the harm19



quark mass over the b-quark mass is taken to be m=mb = 0:29 � 0:02. For the mathingsale from SCETI to SCETII , we use �l = pmb�h ' 1:5 GeV.The hadroni parameters for the deay B ! K�`+`� inlude deay onstants, light-onedistribution amplitudes (LCDAs) and the soft form fators. The B meson deay onstant anbe estimated by QCD sum rules or lattie alulations, here we take fB = (200� 30) MeV.For the K� meson, experimental measurements give [37℄ fkK� = (217 � 5) MeV while themost reent light-one sum rules (LCSRs) estimate [42℄ is f?K�(1 GeV) = (185 � 10) MeV.Note that f?K� obeys the sale evolution equation f?K�(�) = f?K�(�0)(�s(�)=�s(�0))4=23.The B meson LCDAs enter into the deay amplitudes only in terms of the integratedquantities ��1B;+ and ��1B;�(q2) de�ned as by the following integrals��1B;+ � Z 10 d!! �B+(!) ; ��1B;�(q2) � Z 10 d! �B�(!)! � q2=mb � i� : (47)Therefore, it is not neessary to know the details about the shape of �B+(!). The most reentestimate gives [43℄ ��1B;+ = (1:86�0:34) GeV�1 at the sale � = 1:5 GeV. However, ��1B;�(q2)does require the knowledge of �B�(!), about whih we know very little. Fortunately, ��1B;�(q2)only appears in the annihilation term whih plays numerially a minor role in the B !K�`+`� deay. To be de�nite, we adopt a simple model funtion [34℄ �B�(!) = !�10 e�!=!0with !�10 ' 3 GeV�1.The K� meson LCDAs may be expanded in terms of Gegenbauer polynomials:�?;kK� (u; �) = 6u(1 � u)"1 + 1Xn=1 a?;kn (�)C3=2n (2u� 1)# : (48)However, the oeÆients an are largely unknown. Following [44℄, we shall ignore the termsa?;kn (n > 2). For a1;2, we omit their sale dependene and estimate in a onservative manner:a?;k1 = 0:1 � 0:1, a?;k2 = 0:1 � 0:1. We note that reently the �rst Gegenbauer moment ofthe K� meson has been revisited in LCSRs [42℄ whih gives smaller unertainties.There are only two independentB ! K� form fators in SCET, namely �?(q2) and �k(q2).They are related to the full QCD form fators as disussed in [31℄. The urrent knowledgeof these form fators is fragmentary. For instane, �? may be extrated from V B!K� [26℄:�?(q2) = �?(0)rV1 + rV2  rV11 � q2=m2V + rV21 � q2=m2V fit! ; (49)with rV1 = 0:923, rV2 = �0:511, mV = 5:32 GeV and m2V fit = 49:40 GeV2. Note that theq2-dependene above is the same as that of V B!K�(q2), alulated in [44℄ using LCSRs.20



However, analyses of the radiative B deays B ! K� [14, 26, 45, 46℄, B ! � [45, 46℄ andthe semi-leptoni B deay B ! �`� [47℄ imply that the LCSRs overestimate the B ! Vform fators signi�antly. We use the radiative B ! K� deay, whih has been measuredquite preisely [41℄: B(B0 ! K�0) = (4:01�0:20)�10�5, to normalize the soft form fatorat q2 = 0. In SCET, it is straightforward to get the deay amplitude of B ! K� from theB ! K�?`+`� deay, by taking the limit q2 ! 0. Then, using the input parameters fromTable II, we obtain �?(0) = 0:32�0:02. Here the error is mainly from the CKM fator VtsV �tband the experimental unertainty of the branhing ratio B(B0 ! K�0). This estimate isonsistent with the result of Ref. [26℄, but signi�antly smaller than the number 0:40� 0:04we get from LCSRs. In our numerial analysis, we will hoose the value �?(0) = 0:32� 0:02determined from the radiative B deays, but assume that the q2-dependene of �?(q2) anbe reliably obtained from the LCSRs.For the longitudinal soft form fator �k, unfortunately there is no quantitative determina-tion from the existing experiments, though this may hange in the future with good qualitydata available on the deay B ! �`�`. Using heliity analysis, one an extrat ��k (q2); om-bined with estimates of the SU(3)-breaking one may determine �K�k (q2). Not having thisexperimental information at hand, one may extrat �k(q2) from the full QCD form fatorAB!K�0 (q2):AB!K�0 (q2) = �1� �s(mb)CF4� �2 ln2[1� s℄� 2s ln[1� s℄ + 2 Li2[s℄ + 4 + �212�� �k(q2)� 14(1 � s)fB�B+ 
 fkK��kK� 
 Jk 
�2E�h �a(�h;�l) eS(�h;�l) Z 10 dy Uk(v; y; �h; �l) (50)with s = q2=m2B. LCSRs estimate [44℄ AB!K�0 (0) = 0:374 � 0:043 with the q2-dependeneAB!K�0 (q2) = 1:3641� q2=m2B � 0:9901 � q2=36:78GeV2 : (51)From whih we get �k(0) = 0:40 � 0:05, using the input parameters disussed above and/orlisted in Table II. Its q2-dependene is drawn in Fig. 4.Alternatively, �k(q2) may also be determined from the following relation,EmB(V �A2)B!K�(q2)mK�(mB +mK�) = �1 � �s(mb)CF4� �2 ln2[1� s℄� 2 ln[1� s℄ + 2 Li2[s℄ + 6 + �212�� �k(q2)� 1 � 2s4(1 � s)fB�B+ 
 fkK��kK� 
Jk 
�2E�h �a(�h;�l) eS(�h;�l) Z 10 dy Uk(v; y; �h; �l) :(52)21



TABLE II: Numerial values of the input parameters and their unertainties used in the phe-nomenologial study.MW 80:425 GeV sin2 �W 0:2312mpolet (172:7� 2:9) GeV �(5)MS (217+25�23) MeVjVtsV �tbj (40:3� 2:0)� 10�3 �em(mb) 1=133mB 5:279 GeV mpoleb 4:8 GeV�B+ 1:643 ps �B0 1:528 psm=mb 0:29� 0:02 �l 1:5 GeV��1B;+(1:5 GeV) (1:86� 0:34) GeV�1 fB (200� 30) MeV�?(0) 0:32� 0:02 �k(0) 0:40� 0:05f?K�(1 GeV) (185� 10) MeV fkK� (217� 5) MeVa?;k1 0:1� 0:1 a?;k2 0:1� 0:1With the input V B!K�(0)�AB!K�2 (0) = 0:152�0:057 from LCSRs, we obtain �k(0) = 0:42�0:16, whih agrees with the range extrated from AB!K�0 . We will use �k(0) = 0:40 � 0:05,obtained from its relation to the full form fator AB!K�0 and the LCSR, as disussed above.Fig. 4 shows the q2-dependene of both soft form fators �?;k(q2). However, sine the analysisof the semileptoni deay B ! �`� [47℄ suggests that both the transverse and longitudinalform fators might be overestimated by LCSRs, we will also onsider, as an illustration of thenon-perturbative unertainties, the value �k(0) = �?(0) = 0:32 with all the other parameterstaken at their entral values.B. Numerial solution of the SCETI evolution funtionsAs we disussed in Set. II.D, the B-type mathing oeÆients CBi should be run fromthe sale �h = 4:8 GeV down to �l = 1:5 GeV, with the evolution kernel eU�(E; u; �h; �)obeying the integro-di�erential equation (41). To solve this equation numerially, it is more22
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It is then straightforward to get the following evolution equationsdeU (a)� (E; u; �h; �)d ln� = Z 10 dy yV�(y; u)eU (a)� (E; y; �h; �) + !(u)eU (a)� (E; u; �h; �) ;deU (b)� (E; u; �h; �)d ln � = Z 10 dy yV�(y; u)(1� y)(u+ (1 � u)ŝ)(1� u)(y + (1 � y)ŝ) eU (b)� (E; y; �h; �)+!(u)eU (b)� (E; u; �h; �) ;deU ()� (E; u; �h; �)d ln � = Z 10 dy yV�(y; u)F �16(y; ŝ;m2=m2b)F �16(u; ŝ;m2=m2b) eU ()� (E; y; �h; �)+!(u)eU ()� (E; u; �h; �) : (55)To get the numerial solutions of the above integro-di�erential equations, we will performthe sale evolution in one hundred disrete steps. While from the sale �n to �n+1, theonvolution integral is evaluated for three hundred di�erent values and disrete ŝ values ofÆŝ = 0:01 in the interval ŝ 2 [0:04; 0:35℄. The funtion eU�(E; u; �h; �n+1) is obtained froma �t to these values. Taking �(5)MS = 217 MeV, the numerial results of these evolutionfuntions are shown in Fig. 5. Note that the funtion eU (a)� (E; u; �h; �) atually does notdepend on the energy E, as shown in Fig. (5a). In fat, it is just the same funtion asU�(u; �h; �) de�ned in Eq. (5.23) by Neubert et al. [31℄. The funtion eU (b)k is not shownin Fig. 5, sine it does not enter into the deay amplitude at the one-loop level, due to�8CB2 = 0. While for the omplex funtions eU ()� , only the absolute values of the funtionsare plotted.C. The dilepton invariant mass spetrum and the forward-bakward asymmetryExperimentally, the dilepton invariant mass spetrum and the forward-bakward (FB)asymmetry are the observables of prinipal interest. Their theoretial expressions in SCETan be easily derived from Eq. (42):dBrdq2 = �BG2F jV �tsVtbj2128�3 ��em4� �2m3Bj�K� j(1� q2m2B )2��163 �2? q2m2B (jC?9 j2 + (C?10)2) + 43�2k(jCk9 j2 + (Ck10)2)� ; (56)24
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7 GeV2, where the SCET method should work, we obtain7 GeV2Z1 GeV2 dq2dBr(B+ ! K�+`+`�)dq2 = (2:92+0:57�0:50j�k +0:30�0:28jCKM +0:18�0:20)� 10�7 : (58)Here we have isolated the unertainties from the soft form fator �k and the CKM fatorjV �tsVtbj. The last error reets the unertainty due to the variation of the other inputparameters and the residual sale dependene. If the smaller value for the longitudinal formfator �k(0) = 0:32 is used, as shown in Fig. (6b), the entral value of the branhing ratiois redued to 2:11 � 10�7. For B0 deay, the branhing ratio is about 7% lower due to thelifetime di�erene:7 GeV2Z1 GeV2 dq2dBr(B0 ! K�0`+`�)dq2 = (2:72+0:53�0:47j�k +0:28�0:26jCKM +0:17�0:19)� 10�7 : (59)To ompare with the urrent experimental observations, it was proposed in Ref. [14℄ toonsider the integrated branhing ratio over the range 4 GeV2 � q2 � 6 GeV2, for whih weget (0:92+0:21�0:19)� 10�7. This is smaller than the number (1:2 � 0:4)� 10�7 obtained in Ref.[14℄, whih is mainly due to the fat that the most reent LCSRs estimation [44℄ prefers theform fator AB!K�0 to be smaller. Experimentally one of the Belle observations [4℄ of ourinterest is8 GeV2Z4 GeV2 dq2dBr(B ! K�`+`�)dq2 = (4:8+1:4�1:2jstat. � 0:3jsyst. � 0:3jmodel)� 10�7 ; (60)for whih we predit (1:94+0:44�0:40) � 10�7. This is smaller than the published Belle data bya fator of about 2.5. But at this stage, it is still too early to onlude that one shouldhange some theoretial input signi�antly to be onsistent with the experimental data.For instane, the BaBar ollaboration measures the total branhing ratio of B ! K�`+`�to be [3℄ (7:8+1:9�1:7 � 1:2) � 10�7, whih is about twie smaller than the Belle observation[4℄ (16:5+2:3�2:2 � 0:9 � 0:4) � 10�7. This implies that, if �nally the total branhing ratio ofB ! K�`+`� is found to be loser to the BaBar result, the partially integrated branhingratio over the range 4 GeV2 � q2 � 8 GeV2 ould be lowered to around 2:3 � 10�7, whihis onsistent with our estimate (1:94+0:44�0:40)� 10�7 within the stated errors. We look forwardto experimental analyses from BaBar and Belle based on their high statisti data.27



One of the most interesting observables in the deay B ! K�`+`� is the loation, q20,where the FB asymmetry vanishes. It was �rst notied in the ontext of form fator modelsin [48℄ and later demonstrated in [12℄, using the symmetries of the e�etive theory in thelarge-energy limit, that the value of q20 is almost free of hadroni unertainties at leadingorder. From Eq. (57), it is easy to see that the loation of the vanishing FB asymmetry isdetermined by Re(C?9 ) = 0. At the leading order, this leads to the equation C9 + Ceff7 +Re(Y (q20)) = 0. Inluding the order �s orretions, our analysis estimates the zero-point ofthe FB asymmetry to be q20 = (4:07+0:16�0:13) GeV2 ; (61)of whih the sale-related unertainty is �(q20)sale =+0:08�0:05 GeV2 for the range mb=2 � �h �2mb together with the jet funtion sale �l = p�h � 0:5 GeV, as used in the paper by Benekeet al. [14℄. Sine no reliable estimates of the power orretions in 1=mb are available, weshould ompare our results with the one given in Eq. (74) of [14℄, also obtained in the abseneof 1=mb orretions: q20 = (4:39+0:38�0:35) GeV2. Of this the largest single unertainty (about�0:25 GeV2) is attributed to the sale dependene. While our entral value for q20 is similarto theirs, with the di�erenes reeting the di�erent input values, the sale dependene inour analysis is signi�antly smaller than that of [14℄. This improved theoretial preision onq20 requires a detailed disussion to whih we now onentrate in the rest of this setion.As already stated in the introdution, the expressions for the di�erential distributions inthe deay B ! K�`+`� derived here and in [14℄ are similar exept for the de�nitions of thesoft form fators and the additional step of the SCET logarithmi resummation inorporatedin our paper. This resummation has also been derived in the existing literature [26, 31, 49℄.However, its e�et on the sale-dependene of q20 has not been studied in suÆient detail.With the SCET form fators �?(q2; �) and �k(q2; �) de�ned in Eq. (33) here, whih are sale-dependent quantities, and negleting the resummation e�ets onsistently in both the deaysB ! K�`+`� and B ! K�, the sale unertainty is inreased, with q20 = 4:12+0:17�0:07 GeV2.We draw two inferenes from this numerial study: (i) Inorporating the SCET logarithmiresummation helps in the redution of sale dependene in q20, (ii) �(q20)sale = +0:17�0:07, obtainedby dropping the resummation e�ets is still signi�antly smaller (by a fator 2) omparedto the orresponding unertainty �(q20)sale = � 0:25 GeV2 alulated in Ref. [14℄. Thisdei�erene, as argued below, is to be traed bak to the di�erent de�nitions of the softform fators used by us for the SCET urrents and the orresponding quantities employed28



by Beneke et al. [14℄ in the QCD fatorization approah. The results in Ref. [14℄ are,however, formally equivalent to the so-alled "physial form fator" (PFF) sheme in SCET,as disussed subsequently by Beneke and Yang [49℄. Thus, the sale dependene of thedistributions in B ! K�`+`�, in partiular of q20, is related also to the de�nitions (orsheme dependene) of the form fators in e�etive theories. The PFF-sheme is one suhhoie, but this hoie is by no means unique.Conentrating on the transverse form fator, relevant for q20 of the FB asymmetry, in thePFF sheme, the orresponding SCETI form fator �P? (where we have now added a suÆxP for this sheme) is de�ned as �P? � mBmB +mK� V ; (62)where V is one of the physial form fators in the deay B ! K�`+`� in full QCD. Inontrast, in our paper, the soft SCET form fators are de�ned in Eq. (33). These two de�-nitions an be related to eah other by �P? = eC3�?, where the expression for the perturbativeQCD oeÆient eC3 is given below ( eC3 is alled C(A0)1V in [23℄). Sine the deay amplitudeshould be independent on how one de�nes the soft form fators, one must haveC?P9 �P? � C?9 �? =) C?P9 = C?9 = eC3 ; (63)Sine eC3 = 1 +O(�s), by expanding C?9 = eC3 to order �s, one obtainsC?P9 = C?91� (1 � eC3)' 2��em �CA1 + �em2� (1 � eC3)( 2̂sCeff7 + Ceff9 ) + mB4 fB�B+ 
 f?K��?K� 
 J? 
CB1�P? �= Ceff9 + 2̂sCeff7 �1 + CF�s4� �4 ln m2b�2 � 4 + 1� ŝŝ ln(1� ŝ)��+ ::: ; (64)whih agrees with the expression for C?P9 in Eq.(40) of [14℄ (alled C9;?(q2) there). We reallthat to determine q20, we solve the equation Re C?9 = 0, where now the quantity C?9 is de�nedas follows C?9 = eC3(�)Ceff9 + 2̂sCeff7 mbmb eC9(�) + ::: ; (65)29



with the QCD oeÆients [16℄ ( eC9 is alled C(A0)2T in [23℄)eC3 = 1� �sCF4� �2 ln2� �mb�� (4 ln(1� ŝ)� 5) ln� �mb�+2 ln2(1� ŝ) + 2Li2(ŝ) + �212 +� 1̂s � 3� ln(1 � ŝ) + 6� ;eC9 = 1� �sCF4� �2 ln2� �mb�� (4 ln(1� ŝ)� 7) ln� �mb�+2 ln2(1� ŝ)� 2 ln(1� ŝ) + 2Li2(ŝ) + �212 + 6� : (66)The ellipses above denote the terms whih are the same for C?P9 and C?9 . The funtionsmultiplying the e�etive Wilson oeÆients Ceff9 and Ceff7 appearing in C?P9 and C?9 inEqs. (64) and (65), respetively, lead to di�erent sale-dependene for q20.Our result for q20 using the SCET form fators has been given above in Eq. (61) withthe sale-dependent unertainty �(q20)sale =+0:08�0:05 GeV2 . Note that we have onsidered ina orrelated way the sale-dependene of �?(�; q2) in our analysis. To illustrate this, weuse the experimental data on the branhing ratio of B ! K� and the entral values ofthe other input parameters given in Table II, whih yields the following sale-dependeneof the relevant form fator: �?(0; � = 2mb) = 0:34 and �?(0; � = mb=2) = 0:30. In solvingthe equation Re[C?9 ℄ = 0, relevant for the zero-point of the FB asymmetry in the deayB ! K�`+`�, we have fatored in the sale-dependene of �?(�; q2). We do a similarnumerial analysis of q20 in the PFF-sheme, where the orresponding form fator �P? (q2)is sale-independent, and inorporate the e�et of the logarithmi resummation in boththe B ! K� and B ! K�`+`� deays. Solving now the equation Re[C?P9 ℄ = 0, usingthe entral value of the soft form fator �P? (0) obtained from the analysis of the B ! K�branhing ratio: �P? (0) = 0:28, and with all the other parameters �xed at their entral valuesgiven in Table II, we �nd that in the PFF-sheme q20 = 3:98� 0:18 GeV2. Had we droppedthe resummation e�et, we would get q20 = 4:03 � 0:22 GeV2, where the sale unertainty�(q20)sale = �0:22 GeV2, derived here in the PFF-sheme, is onsistent with the number�(q20)sale = �0:25 GeV2 obtained in [14℄. Therefore, we onlude that the di�erene in theestimates of the sale dependene of q20 here and in Ref. [14℄ is both due to the inorporationof the SCET logarithmi resummation and the di�erent (sheme-dependent) de�nitions ofthe e�etive form fators for the SCET urrents and the ones used by Beneke et al. [14℄.Using the SCET form fators de�ned in Eq. (33) in this paper, we �nd that the sale-related30



unertainty �(q20)sale is redued than in the PFF-sheme of Beneke et al. [14℄. One expetsthat suh sheme-dependent di�erenes will beome less marked after inorporating theO(�2s) e�ets in the deay distributions for B ! K�`+`�. Our omparative analysis hintsat rather large O(�2s) orretions to q20 in the PFF-sheme and a moderate orretion in theSCET analysis arried out by us in this paper. Sine the value of q20 o�ers a preision test ofthe SM, and by that token provides a window on the possible beyond-the-SM physis e�ets,it is mandatory to undertake an O(�2s) improvement of the urrent theory of B ! K�`+`�deay. As power orretions in 1=mb have not been onsidered here, although they areprobably omparable to the O(�s) orretions as argued in a model-dependent estimateof the 1=mb orretions by Beneke et al. [14℄, it also remains to be seen how a model-independent alulation of the same e�et the numerial value of q20.IV. SUMMARYIn this paper, we have examined the rare B deay hannel B ! K�`+`� in the frameworkof SCET, where the fatorization formula holds to all orders in �s and leading order in 1=mb.Making use of the existing literature, we work with the relevant e�etive operators in SCETand the orresponding mathing proedures are disussed in detail. The logarithms relatedto the di�erent sales �h = mb and �l = pmb�h are resummed by solving numeriallythe renormalization group equation in SCET. We then give expliit expressions for thedi�erential distributions in q2 for the deay B ! K�`+`� inluding the O(�s) orretions.In the phenomenologial analysis, we �rst disuss the input parameters, espeially how toextrat the soft form fators �?;k(q2) from the full QCD form fators and also the onstraintson �?(0) from the experimental data on the B ! K� deay. Using the q2-dependene of theform fators from the LCSRs and the normalization �?(0) = 0:32� 0:02 and �k(0) = 0:40�0:05, we work out the di�erential branhing ratio and the forward-bakward asymmetry asa funtion of the dilepton invariant mass. In the region 1 GeV2 � q2 � 7 GeV2, where theperturbative method should be reliable, our analysis yields7 GeV2Z1 GeV2 dq2dBr(B+ ! K�+`+`�)dq2 = (2:92+0:67�0:61)� 10�7 ; (67)whih an be ompared with the B fatory measurements in the near future. The largestunertainty in the branhing ratio is due to the impreise knowledge of �k(q2). We have31
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