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B ! (�; !)
 De
ays and CKM PhenomenologyAhmed Alia�and Alexander Parkhomenkobya Deuts
hes Elektronen-Syn
hrotron DESY, Notkestrasse 85, 22603 Hamburg, Germanyb Yaroslavl State (Demidov) University, Sovietskaya 14, 150000 Yaroslavl, RussiaO
tober 12, 2006Abstra
tWe review and update the bran
hing ratios for the B ! (�; !)
 de
ays, 
al
ulated in theQCD fa
torization approa
h in the next-to-leading order (NLO) in the strong 
oupling �sand to leading power in �QCD=mb. The 
orre
tions take into a

ount the vertex, hard-spe
tator and annihilation 
ontributions and are found to be large. Theoreti
al expe
tationsfor the bran
hing ratios, CP-asymmetry, isospin- and SU (3)F-violating ratios in the B ! �
and B ! !
 de
ays are presented and 
ompared with the available data.1 Introdu
tionThere is 
onsiderable theoreti
al interest in radiative B ! V 
 de
ays, where V is a ve
tor meson(V = K�; �; !; �), as these pro
esses are 
urrently under intensive investigations in experimentsat the two B-fa
tories, BABAR and BELLE. The present measurements of the bran
hing ratiosfor B ! K�
 de
ays from the CLEO [1℄, BABAR [2℄, and BELLE [3℄ 
ollaborations as wellas their world averages [4℄ are presented in Table 1. In getting the isospin-averaged B ! K�
bran
hing fra
tion the following life-time weighted de�nition is adopted:�B(B ! K�
) � 12 �B(B+ ! K�+
) + �B+�B0 B(B0 ! K�0
)� ; (1)and the 
urrent world average [4℄ for the B-meson lifetime ratio:�B+=�B0 = 1:076� 0:008; (2)has been used in arriving at the numeri
al results.The de
ays B ! �
 and B ! !
 have been experimentally sear
hed sin
e a long time,as they are a measure of the underlying quark transition b ! d
. Hen
e, in the standardmodel (SM), they provide information on the Cabibbo-Kobayashi-Maskawa (CKM) matrix el-ement jVtdj. In parti
ular, the ratio of the bran
hing ratios B[B ! (�; !)
℄=B(B ! K�
)provides an independent measurement of the CKM matrix element ratio jVtd=Vtsj, to be 
om-pared with the 
orresponding ratio obtained through the ratio of the mixing-indu
ed massdi�eren
es �MBd=�MBs, yielding [5℄ jVtd=Vtsj = 0:2060+0:0081�0:0060(theory)� 0:0007(exp).The �rst observation of the B ! (�; !)
 de
ays was announ
ed by the BELLE 
ollaborationlast summer [6℄, and the results are presented in Table 1. Of these, the signal from the B0 !�0
 de
ay was established with a signi�
an
e of 5:2� while no eviden
e from the other twode
ay modes B+ ! �+
 and B0 ! !
 was found (their signi�
an
es are 1:6� and 2:3�,respe
tively). The bran
hing fra
tion of the 
harged mode B+ ! �+
 is 
urrently a fa
tor two�e-mail: ahmed.ali�desy.deye-mail: parkh�uniyar.a
.ru 1



Table 1: Status of B-meson radiative bran
hing fra
tions (in units of 10�6) after the ICHEP-2006 Conferen
e (Mos
ow).Mode BABAR BELLE CLEO HFAGB+ ! K�+
 38:7� 2:8� 2:6 42:5� 3:1� 2:4 37:6+8:9�8:3� 2:8 40:3� 2:6B0 ! K�0
 39:2� 2:0� 2:4 40:1� 2:1� 1:7 45:5+7:2�6:8� 3:4 40:1� 2:0B+ ! �+
 1:06+0:35�0:31 � 0:09 0:55+0:42+0:09�0:36�0:08 < 13 0:87+0:27�0:25B0 ! �0
 0:77+0:21�0:19 � 0:07 1:25+0:37+0:07�0:33�0:06 < 17 0:91+0:19�0:18B0 ! !
 0:39+0:24�0:20 � 0:03 0:56+0:34+0:05�0:27�0:10 < 9:2 0:45+0:20�0:17b! s
 327� 18+55�41 355� 32+30+11�31�7 321� 43+32�29 355� 24+9�10 � 3B ! K�
 40:4� 2:5 42:8� 2:4 43:3� 6:2 41:8� 1:7B ! (�; !) 
 1:01� 0:21� 0:08 1:32+0:34+0:10�0:31�0:09 < 14 1:11+0:19�0:18smaller than that of the neutral de
ay mode B0 ! �0
 { in obvious 
ontradi
tion with the SMpredi
tions [7, 8℄. However, one should not try to read too mu
h from the existing data whi
hare statisti
ally limited.At the ICHEP-2006 Conferen
e in Mos
ow this summer [9℄, the BABAR 
ollaboration havealso presented the measurements of the B ! �
 and B ! !
 bran
hing fra
tions, whi
h areshown in Table 1. Based on approximately the same statisti
s as the BELLE 
ollaboration,in the BABAR data both the 
harged and neutral B ! �
 de
ays were observed with thesigni�
an
es 4:1� and 5:2�, respe
tively. There is no eviden
e for the B0 ! !
 de
ay modeyet (the signal has a signi�
an
e of 2:3�). Thus, both the 
ollaborations have observed theB0 ! �0
 mode in good agreement with ea
h other within the experimental errors, while theother two de
ay modes require more statisti
s to be established. With limited statisti
s, onemay resort to the following weighted bran
hing fra
tion for the CKM phenomenology:B[B ! (�; !) 
℄� 12 �B(B+ ! �+
) + �B+�B0 �B(B0 ! �0
) + B(B0 ! !
)�� : (3)Both the BABAR and BELLE 
ollaborations have measured this fra
tion with 5:1� signi�
an
e(see Table 1) and within errors their measurements agree.The other potentially interesting radiative mode is the de
ay B0 ! �
. Dominated by theannihilation-type diagrams, its bran
hing fra
tion has been estimated at the level of 10�11 [10,11℄, too small to be measured at present B-meson fa
tories, but, possibly this mode 
an betargeted by the LHC-b experiment or at a future high-luminosity Super-B fa
tory. The 
urrentupper limit on this de
ay (at 90% C.L.) is reported by the BABAR 
ollaboration [12℄:Bexp(B0! �
) < 0:85� 10�6: (4)No information on this de
ay from the BELLE 
ollaboration is as yet available.What 
on
erns the CKM phenomenology, the ratios of the bran
hing fra
tions are morereliably 
al
ulable, as the various un
ertainties related to the theoreti
al input are 
onsiderablyredu
ed in these ratios thereby enhan
ing the pre
ision on the ratio jVtd=Vtsj. One su
h ratiois de�ned below together with its 
urrent experimental measurements:Rexp[(�; !)
=K�
℄ � Bexp[B ! (�; !)
℄Bexp(B ! K�
) = � 0:024� 0:005; [BABAR℄0:032� 0:008� 0:002: [BELLE℄ (5)The results presented are 
onsistent with ea
h other within errors.Ratios of neutral B-meson bran
hing fra
tions are more favorable for the CKM analysis asthey are less sensitive to the annihilation 
ontribution, whi
h is theoreti
ally less tra
table but2



expe
ted to be small for the neutral modes. The BABAR 
ollaboration have presented themeasurement of su
h a ratio [9℄:Rexp(�0
=K�0
) � 2Bexp(B0 ! �0
)Bexp(B0 ! K�0
) = 0:038+0:011�0:010: (6)In 
omparison with Eq. (5), the 
entral value in Eq. (6) is substantially larger but due to the largeerrors the two measurements are 
ompatible with ea
h other. As emphasized by several authorsin the past, measurements of these ratios provide a robust determination of the ratio jVtd=Vtsjof the CKM matrix elements. However, to make an impa
t on the CKM phenomenology, inparti
ular in the post-�Ms observation era, the measurements in radiative B-meson de
ayshave to be
ome an order of magnitude more pre
ise than is 
urrently the 
ase. In view ofthis, we will 
onstrain the CKM parameters from the SM �ts of the unitarity triangle [13,14℄,in
luding the measurement of �Ms [5℄, and predi
t the various bran
hing ratios, their ratios,and asymmetries to be 
onfronted with data in radiative B-de
ays. This will serve as a stringenttest of the SM in this se
tor.Several 
ompeting theoreti
al frameworks have been used to study ex
lusive B-meson de-
ays. The QCD-Fa
torization approa
h [15℄ provides a satisfa
tory theoreti
al basis for 
al
u-lations of two-body radiative B-meson de
ays [16℄ and has been applied to the B ! K�
 [7,8, 17{21℄, B ! �
 [7, 8, 19{22℄ and B ! �
 [23℄ modes. There are several other theoreti
alapproa
hes whi
h have also been used to study two-body radiative B-meson de
ays. These in-
lude the Soft-Collinear E�e
tive Theory (SCET) [11,24,25℄ and the perturbative QCD (pQCD)approa
h [10,26,27℄. In addition, information on various input hadroni
 quantities is requiredwhi
h is usually taken from the Light-Cone Sum Rules (LCSRs) [28,29℄. All these approa
hesare in fair agreement with the measured bran
hing ratios of the B ! K�
 de
ays, and predi
tthe bran
hing ratios of the B ! �
 and B ! !
 de
ays typi
ally of O(10�6).In this paper, we dis
uss and review the predi
tions for the bran
hing ratio of the B ! �
and B ! !
 de
ays obtained in the QCD-Fa
torization framework. We shall 
on
entratemainly on the ratio of the bran
hing fra
tions de�ned below:Rth(�
=K�
) � Bth(B ! �
)S� Bth(B ! K�
); Rth(!
=K�
) � 2Bth(B ! !
)Bth(B ! K�
); (7)where S� = 1 for the B�-meson de
ay modes and S� = 1=2 for the B0-meson de
ays. Mea-surements of the B ! K�
 bran
hing ratios in 
ombination with the theoreti
al estimates ofthe ratios in (7) allow us to make predi
tions for the B ! �
 and B ! !
 bran
hing fra
tionswith redu
ed un
ertainties.In addition to the bran
hing ratios, there are several asymmetries involving isospin-, SU(3)F-and CP-violation in the B ! (�; !)
 de
ays. For example, �rst measurement of the isospin-violating ratio, de�ned below, has been presented by the BABAR 
ollaboration this summer [9℄:� � 12 �(B+ ! �+
)�(B0 ! �0
) � 1 = �B02 �B+ B(B+ ! �+
)B(B0 ! �0
) � 1 = �0:36� 0:27; (8)whi
h is 
onsistent with zero at 1:3�. As the isospin-violating ratio � depends on the unitarity-triangle angle � due to the interferen
e between the penguin- and annihilation-type 
ontribu-tions (see, Eq. (37) below), its experimental measurement, in prin
iple, will yield an indepen-dent determination of this angle. In the SM, 
onstraining the angle � from the unitarity �ts,� = (97:3+4:5�5:0)Æ [13℄, we estimate � = (2:9� 2:1)% in the QCD fa
torization approa
h. Esti-mates of � in the pQCD approa
h [10℄ are similar though they allow somewhat larger isospin-violation Thus, isospin-violation in the B ! �
 de
ays is parametri
ally small in the SM,being a 
onsequen
e of the experimentally measured value j 
os�jSM < 0:2 and the ratio of theannihilation-to-penguin amplitudes, typi
ally estimated as jA=P j � 0:3. The SU(3)F-violating3



ratio �(�=!), de�ned in Eq. (48), is estimated to be likewise small in the SM. With a realisti
estimate of the SU(3)F-breaking in the form fa
tors, �!=� � �(!)? (0)=�(�)? (0) = 0:9� 0:1, we esti-mate �(�=!) = (11� 11)%, whi
h is 
onsistent with the 
urrent data within large experimentalerrors. These predi
tions 
an be tested in high statisti
s measurements in the B ! (�; !)
de
ays. Finally, we also present the CP-asymmetries (both dire
t and mixing-indu
ed) in theB ! �
 and B ! !
 de
ays, updating our results presented in Refs. [7,8℄. These asymmetriestest the underlying dynami
al model (the QCD fa
torization), as shown by 
omparison withthe 
orresponding existing 
al
ulations in the pQCD approa
h [27℄.2 B ! V 
 Bran
hing Fra
tions in NLOThe e�e
tive Hamiltonian for the B ! �
 (equivalently b! d
) de
ays at the s
ale � = O(mb),where mb is the b-quark mass, is as follows:He� = GFp2 nVubV �ud hC1(�)O(u)1 (�) + C2(�)O(u)2 (�)i+ V
bV �
d hC1(�)O(
)1 (�) + C2(�)O(
)2 (�)i (9)� VtbV �td hCe�7 (�)O7
(�) + Ce�8 (�)O8g(�)i+ : : :o ;where the set of operators is (q = u; 
):O(q)1 = ( �d�
�(1� 
5)q�) (�q�
�(1� 
5)b�); (10)O(q)2 = ( �d�
�(1� 
5)q�) (�q�
�(1� 
5)b�); (11)O7
(�) = emb(�)8�2 ( �d����(1 + 
5)b�)F�� ; (12)O8g(�) = gs(�)mb(�)8�2 ( �d����(1 + 
5)TA��b�)GA�� : (13)The strong and ele
troweak four-quark penguin operators are present in the e�e
tive Hamilto-nian (denoted by ellipses) but are not taken into a

ount due to their small Wilson 
oeÆ
ients.The e�e
tive Hamiltonian sandwi
hed between the B-meson and the ve
tor meson V states
an be expressed in terms of the matrix elements of bilinear quark 
urrents de�ning a heavy-to-light transition. The general de
omposition of the matrix elements on all possible Lorentz stru
-tures admits seven s
alar fun
tions (form fa
tors): V (V )(q2), A(V )i (q2) (i = 0; 1; 2), and T (V )i (q2)(i = 1; 2; 3) of the momentum squared q2 = (pB�p)2 transferred from the B-meson to the lightve
tor meson. To be de�nite, we study the B ! �
 de
ay in whi
h the transition matrixelements are de�ned as follows:
�(p; "�)j �d
� bj �B(pB)� = 2i V (�)(q2)mB +m� "���� "��p�pB�; (14)
�(p; "�)j �d
�
5 bj �B(pB)� = A(�)1 (q2) (mB +m�) �"�� � ("�q)q2 q�� (15)�A(�)2 (q2) ("�q)mB +m� "(pB + p)� � (m2B �m2�)q2 q�#+ 2m�A(�)0 (q2) ("�q)q2 q�;
�(p; "�)j �d���q� bj �B(pB)� = 2T (�)1 (q2) "����"��p�pB�; (16)
�(p; "�)j �d���
5q� bj �B(pB)� = �i T (�)2 (q2) [(m2B �m2�) "�� � ("�q) (pB + p)�℄ (17)�i T (�)3 (q2) ("�q) "q� � q2m2B �m2� (pB + p)�# :4



The heavy quark symmetry in the large energy limit of the ve
tor meson allows to redu
e thenumber of independent form fa
tors to two only: �(�)? (q2) and �(�)k (q2). Both of them enter inthe analysis of the B ! �`+`� de
ay. However, for the radiative B ! �
 de
ay amplitude, weneed only one of them, �(�)? (q2 = 0), whi
h is related to the form fa
tors introdu
ed above inthe full QCD as follows (terms of order m2�=m2B are negle
ted):mBmB +m� V (�)(0) = mB +m�mB A(�)1 (0) = T (�)1 (0) = T (�)2 (0) = �(�)? (0): (18)These relations among the form fa
tors in the symmetry limit are broken by perturbative QCDradiative 
orre
tions arising from the vertex renormalization and hard-spe
tator intera
tion.To in
orporate both types of QCD 
orre
tions, a fa
torization formula for the heavy-to-lighttransition form fa
tors at large re
oil and at leading order in the inverse heavy meson mass wasestablished in Ref. [16℄:F (�)k (q2 = 0) = C?k �(�)? (q2 = 0) + �B 
 Tk(q2 = 0)
 ��; (19)where F (�)k (q2 = 0) is any of the four form fa
tors in the B ! � transitions related by Eq. (18),C?k = C(0)?k [1+O(�s)℄ is the renormalization 
oeÆ
ient, Tk is a hard-s
attering kernel 
al
ulatedin O(�s), �B and �� are the light-
one distribution amplitudes (LCDAs) of the B- and �-mesons
onvoluted with the kernel Tk.In the leading order, the ele
tromagneti
 penguin operator O7
 
ontributes in the B ! �
de
ay amplitude at the tree level. Taking into a

ount the de�nitions of the B ! � transitionform fa
tors in the tensor (16) and the axial-tensor (17) 
urrents and the symmetry relationT (�)1 (0) = T (�)2 (0), the amplitude for the B ! �
 de
ay takes the form:M (0) = �GFp2 VtbV �td e �mb(�)4�2 C(0)e�7 (�)T (�)1 (0) (20)� [(Pq)(e�"�)� (e�P )("�q) + i eps(e�; "�; P; q)℄ ;where q = pB � p and e� are the photon four-momentum and polarization ve
tor, respe
tively,P = pB + p, and eps(e�; "�; P; q) = "���� e��"��P�q� . The 
orresponding bran
hing ratio 
an beeasily obtained and reads as follows:BLOth (B ! �
) = �B S� G2F�jVtbV �tdj2m3B32�4 "1� m2�m2B#3 �m2b(�) jC(0)e�7 (�)j2 jT (�)1 (0; �)j2; (21)where S� = 1 for the B�-meson de
ay and S� = 1=2 for the B0 de
ay. The s
ale (�)-dependen
eof the form fa
tor, T (�)1 (0; �), the b-quark mass, �mb(�), and the Wilson 
oeÆ
ient, C(0)e�7 (�),in the above expression for the bran
hing ratio are made expli
it.The bran
hing fra
tion for the B ! K�
 de
ays 
an be easily obtained from Eq. (21) byrepla
ing Vtd ! Vts, m� ! mK� , and T (�)1 (0; �) ! T (K�)1 (0; �), whi
h yields the followingexpression for the ratio of the bran
hing ratios de�ned in Eq. (7):R(0)th (�
=K�
) = S� ����VtdVts ����2 " m2B �m2�m2B �m2K� #3 " T (�)1 (0; �)T (K�)1 (0; �)#2 : (22)A similar ratio involving the B0 ! !
 and B0 ! K�0
 de
ay widths 
an be written as follows:R(0)th (!
=K�
) = 12 ����VtdVts ����2 � m2B �m2!m2B �m2K� �3 " T (!)1 (0; �)T (K�)1 (0; �)#2 : (23)5



Apart from the ele
tromagneti
 penguins, one also has 
ontributions from the annihilationdiagrams to the B ! �
 and B ! !
 de
ay widths whi
h modify the ratios (22) and (23):Rth(�
=K�
) = R(0)th (�
=K�
) [1 + �R(�=K�)℄ ; (24)Rth(!
=K�
) = R(0)th (!
=K�
) [1 + �R(!=K�)℄ : (25)In the annihilation amplitude, photon radiation from the quarks in the ve
tor meson is 
om-pensated by the diagram in whi
h the photon is emitted from the vertex [30{32℄. Hen
e, onlythe annihilation diagram with the photon emitted from the spe
tator quark in the B-meson isnumeri
ally important. The quantities �R(�=K�) and �R(!=K�) 
an be parameterized (apartfrom the CKM fa
tors) by dimensionless fa
tors �(�)A , �(0)A and �!A:�R(��=K��) = �u "(�)A ; �R(�0=K�0) = �u "(0)A ; �R(!=K�0) = �u "(!)A ; (26)�u = VubV �udVtbV �td = � ����VubV �udVtbV �td ���� ei� = F1 + iF2; (27)where F1 = �j�uj 
os�, F2 = �j�uj sin�, and � is one of the inner angles of the unitaritytriangle. In the neutral B-meson de
ays, the parameter "A is numeri
ally small due to the
olor suppression and the unfavorable ele
tri
 
harge of the d-quark, resulting in the estimate"(0)A = �"(!)A = 0:03� 0:01 [31℄, obtained with the help of the Light-Cone Sum Rules. For the
harged B-meson de
ays, LCSRs yield a larger value "(�)A = 0:30� 0:07 [31℄, whi
h is used inthe 
urrent analysis.Both the penguin and annihilation 
ontributions re
eive QCD 
orre
tions. The next-to-leading order (NLO) 
orre
tions to the B ! �
 and B ! !
 de
ay widths 
onsist of thefollowing 
ontributions [7℄:1. The NLO 
orre
tion to the MS b-quark mass �mb(�). We have related �mb(�) with the polemass, mb;pole, at the renormalization s
ale �.2. The NLO 
orre
tion to the Wilson 
oeÆ
ient Ce�7 (�).3. The fa
torizable NLO 
orre
tions to the T (�)1 (0; �) and T (!)1 (0; �) form fa
tors whi
h 
anbe further divided into the vertex and hard-spe
tator 
orre
tions. These two types of
orre
tions are estimated at di�erent s
ales: the vertex and hard-spe
tator 
orre
tionsshould be 
al
ulated at the hard �b � mb and intermediate �i � p�Hmb (�H ' 0:5 GeV)s
ales, respe
tively.4. The nonfa
torizable NLO 
orre
tions whi
h are also of two types: the vertex and the hard-spe
tator 
orre
tions. The nonfa
torizable vertex 
orre
tions 
an be taken from in
lusiveB ! Xd
 de
ay [33℄. The nonfa
torizable hard-spe
tator 
orre
tions were 
al
ulated byseveral groups [7, 17,19℄.In addition, the NLO 
orre
tions to the annihilation diagrams have also to be taken into a

ount.We have mentioned them in the 
ontext of the B ! �
 de
ay. For the B� ! ��
 de
ay, they
an be modeled on the B� ! `��`
 de
ay, as based on the large-N
 argument, the non-fa
torizing 
ontribution is expe
ted to be small [34℄. We shall adopt here the annihilation
ontribution estimates obtained using the QCD LCSRs [31,32℄.The NLO 
orre
tions dis
ussed above modify the B ! �
 and B ! !
 bran
hing ratios.The result for the 
harged-
onjugate averaged B� ! ��
 bran
hing fra
tion 
an be written inthe form:�Bth(B� ! ��
) = �B+ G2F�jVtbV �tdj232�4 m2b;polem3B "1� m2�m2B #3 h�(�)? (0)i2 C(0)e�7 (28)�nC(0)e�7 + 2A(1)tR + �(�)A (F 21 + F 22 ) [�(�)A C(0)e�7 + 2AuR℄ + 2F1 [AuR + �(�)A (C(0)e�7 + A(1)tR )℄o ;6



where the subs
ript R denotes the real part of the 
orresponding quantity. The NLO ampli-tude A(1)t(�) of the de
ay presented here 
an be de
omposed in three 
ontributing parts [7℄:A(1)t(�) = A(1)C7 (�) +A(1)ver(�) + A(1)�sp (�sp); (29)where the 
orre
tion due to the b-quark mass, �mb(�), is in
luded in A(1)ver(�). The ampli-tude A(1)K�(�) for the B ! K�
 de
ay 
an be written in a similar form and di�ers from A(1)t(�)by the hard-spe
tator part A(1)K�sp (�) only [7℄. Note that the u-quark 
ontribution Au(�) fromthe penguin diagrams, whi
h also involves the 
ontribution of hard-spe
tator 
orre
tions, 
annot be ignored in the B ! �
 and B ! !
 de
ays.Using the formula (28) for the bran
hing ratio, the dynami
al fun
tion �R(�=K�), de�nedby Eq. (24), 
an be written as follows [7℄:�R(�=K�) = �2�A F1 + �2A(F 21 + F 22 )� 1� 2A(1)K�C(0)e�7 !� 2A(1)K�C(0)e�7 (30)+ 2C(0)e�7 Re hA(1)�sp �A(1)K�sp + F1(Au + �AA(1)t) + �A(F 21 + F 22 )Aui ;where the NLO 
orre
tions in the penguin amplitude and QCD LCSRs for the annihilationamplitude are taken into a

ount. A similar expression with the ex
hange �A ! �(!)A holdsfor �R(!=K�) de�ned in (25).3 Phenomenology of B ! �
 and B ! !
 De
aysBran
hing Ratios for B ! �
 and B ! !
 De
ays: For the numeri
al predi
tionsfor the B ! �
 and B ! !
 bran
hing ratios, we employ the ratios de�ned in Eq. (7) anduse the experimentally measured values of the B ! K�
 bran
hing fra
tions from Table 1. Anumber of input hadroni
 quantities has been 
hanged 
ompared to our earlier analysis [8℄ andthe 
hanges are desribed below.Let us start with the dis
ussion of the tensor B ! V transition form fa
tors. The SU(3)F-breaking e�e
ts in the QCD transition form fa
tors T (K�)1 (0), T (�)1 (0), and T (!)1 (0) have beenevaluated in a number of di�erent theoreti
al frameworks. We take the SU(3)F-breaking to holdalso for the ratio of the soft form fa
tors in the e�e
tive theory. De�ning � � �(�)? (0)=�(K�)? (0),and restri
ting ourselves to the QCD LCSRs, we note that the earlier result in this approa
h [36℄,yielding � = 0:76� 0:06, has been updated re
ently yielding � = 0:86� 0:07 [28℄, whi
h we usehere for the numeri
al analysis. In our paper [8℄, we had assumed the equality of the tensorform fa
tors in the de
ays B ! �
 and B ! !
, whi
h holds in the SU(3)F symmetry limit.Re
ent estimates within the QCD LSCRs result in modest SU(3)F-breaking e�e
t in the formfa
tors, illustrated by the values [35℄: T (�)1 (0) = 0:267�0:021 and T (!)1 (0) = 0:242�0:022. Thisgives for the ratio �!=� � �(!)? (0)=�(�)? (0) = 0:9 � 0:1, whi
h in turn yields �(!)? (0)=�(K�)? (0) =� ��=! = 0:78� 0:10. This is used in the analysis of the B ! !
 de
ay.We now dis
uss the 
hanges 
onne
ted with the B-, �- and K�-meson distribution ampli-tudes. In our earlier paper [8℄, the two-parameter model for the leading-twist B-meson LCDA byBraun, Ivanov and Kor
hemsky (BIK) [37℄ was used with the following ranges of the parameters:��1B (1 GeV) = (2:15� 0:50) GeV�1 and �B(1 GeV) = 1:4� 0:4, obtained from the sum-rulesanalysis. Re
ently, Lee and Neubert [38℄ have derived model-independent properties of theB-meson LCDA, obtaining expli
it expressions for the �rst two moments as a fun
tion of therenormalization s
ale �. Based on this analysis, these authors suggest a modi�ed leading-twistB-meson LCDA whi
h is 
onsistent with the moment relations. It was also shown that the BIKmodel obeys the same moment 
onstraints with the modi�ed values of the two input parameters7



��1B (1 GeV) = (1:79� 0:06) GeV�1 and �B(1 GeV) = 1:57� 0:27 [38℄. Though the fun
tionalforms of the two B-meson LCDAs are di�erent, with the indi
ated values of ��1B and �B, boththe BIK and the Lee-Neubert fun
tions are nearly indistinguishable. Following this work, we usethe BIK model with the improved parameters in our analysis. For the B-meson de
ay 
onstant,the value fB = (205� 25) MeV [28℄ is taken. The �-meson leading-twist LCDA was taken fromRef. [28℄ with f (�)? (1 GeV) = (165� 9) MeV and a(�)?2(1 GeV) = 0:15� 0:07. The models for theleading-twist LCDAs of the K- and K�-meson have been updated during the last several years.In the present analysis we use the set of parameters for the K�-meson LCDA from Ref. [28℄:f (K�)? (1 GeV) = (185� 10) MeV, a(K�)?1 (1 GeV) = 0:04� 0:03, and a(K�)?2 (1 GeV) = 0:11� 0:09.While f (K�)? and a(K�)?2 remain approximately the same, the �rst Gegenbauer moment a(K�)?1 has
hanged signi�
antly from its previously used value, a(K�)?1 (1 GeV) = �0:34� 0:18. Note thatthe soft part, �(K�)? , of the QCD form fa
tor TK�1 (0), is pra
ti
ally insensitive to the 
hanges inthe K�-meson LCDA, and the updated value now is ��(K�)? (0) = 0:26� 0:02.The other sizable 
hanges 
ompared to our previous analysis [8℄ are in the values of theCKM parameters, whi
h are now input. Taking into a

ount the re
ent measurement of theratio jVtd=Vtsj from the ratio �Md=�Ms of the B0d- and B0s -meson mass di�eren
es by theCDF 
ollaboration [5℄, yields jVtd=Vtsj = 0:2060+0:0081�0:0060(theory)� 0:0007(exp), whi
h we take asjVtd=Vtsj = 0:206� 0:008. In addition, the numeri
al value of the unitarity-triangle angle � =(97:3+4:5�5:0)Æ is taken from the global CKM �ts [13℄. We also modify the top quark mass, re
e
tingthe smaller value of the t-quark mass reported re
ently by the Fermilab 
ollider experimentsmt = (171:4� 2:1) GeV [39℄.The main un
ertainties in the dynami
al fun
tions �R(�=K�) and �R(!=K�) 
ome fromthe CKM angle � and the soft form fa
tors �(K�)? (0), �(�)? (0), and �(!)? (0). Taking into a

ountvarious parametri
 un
ertainties, it is found that the dynami
al fun
tions are 
onstrained inthe ranges:�R(��=K��) = 0:057+0:057�0:055; �R(�0=K�0) = 0:006+0:046�0:043; �R(!=K�0) = �0:002+0:046�0:043:(31)Thus, these 
orre
tions turn out to be below 5% in the radiative de
ays of the neutral B-meson,and may rea
h as high as 11% for the 
harged mode. This expli
itly quanti�es the statement thatthe ratios Rth(�
=K�
) and Rth(!
=K�
) (7) are stable against O(�s) and 1=mb-
orre
tions,in parti
ular for the neutral B-meson de
ays. Comparison with the 
orresponding estimatesobtained by us in Ref. [8℄ shows that the 
entral values are now smaller and the errors havede
reased due to the various improvements sin
e then. Note that the redu
ed 
entral valuesre
e
t mainly the substantial 
hange in the value of the input parameter a(K�)?1 .With the modi�ed input values spe
i�ed above, the bran
hing ratios for the radiative B-de
ays are estimated as follows:�Bth(B� ! ��
) = (1:37� 0:26[th℄� 0:09[exp℄)� 10�6;�Bth(B0! �0
) = (0:65� 0:12[th℄� 0:03[exp℄)� 10�6; (32)�Bth(B0! !
) = (0:53� 0:12[th℄� 0:02[exp℄)� 10�6 :In the above estimates, the �rst error is due to the un
ertainties of the theory and the se
onderror is from the experimental data on the B ! K�
 bran
hing fra
tions. The re
ent datafrom the BABAR and BELLE experiments are in the right ball-park 
ompared to the aboveSM-based predi
tions. However, the 
omparison of theory and experiment is not yet 
ompletelyquantitative due to the pau
ity of data.Combining all the above bran
hing fra
tions (32) together into the isospin- and SU(3)F-averaged bran
hing fra
tion (3), one has the following predi
tion:�Bth[B ! (�=!)
℄ = (1:32� 0:26)� 10�6; (33)8
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t CP-asymmetry in the de
ays B� ! ��
 (solid 
urve), B0 ! �0
(dashed 
urve) andB0 ! !
 (dotted 
urve) as a fun
tion of the unitarity-triangle angle �. Right�gure: Mixing-indu
ed CP-asymmetry in the de
ays B0 ! �0
 (solid 
urves) and B0 ! !
(dotted 
urves) in the leading (LO) and next-to-leading (NLO) orders as a fun
tion of theunitarity-triangle angle �. The �1� allowed band of � from the SM unitarity �ts [13℄ is alsoindi
ated on both plots.in agreement with the 
urrent world average (see Table 1).The results (32) 
an be 
ompared with the predi
tions obtained within the pQCD ap-proa
h [27℄: �Bth(B� ! ��
) = (2:5� 1:5)� 10�6;�Bth(B0 ! �0
) = (1:2� 0:7)� 10�6; (34)�Bth(B0 ! !
) = (1:1� 0:6)� 10�6:The 
entral values and the errors in the pQCD approa
h are typi
ally a fa
tor of two larger thanthe improved QCDF-based predi
tions given earlier. An updated analysis of these bran
hingratios in the pQCD approa
h will shed light on the 
urrent numeri
al di�eren
es.Dire
t CP-Asymmetry: The dire
t CP-asymmetry in the B� ! ��
 de
ays is de�ned asfollows: ACP(��
) = B(B� ! ��
)� B(B+ ! �+
)B(B� ! ��
) + B(B+ ! �+
) : (35)In NLO, the dire
t CP-asymmetry 
an be written in the form [7,40℄:ACP(��
) = 2j�uj sin�C(0)e�7 (1 + �LO) Im hAu � �A A(1)ti ; (36)where �u has been de�ned in Eq. (27) and �LO is the isospin-violating ratio in the leadingorder [7, 40℄: �LO = �2�A j�uj 
os�+ �2A j�uj2: (37)Similar de�nitions and expressions 
an also be used for the two neutral de
ay modes B0 !�0
 and B0 ! !
. The dependen
e of the CP-asymmetry on the angle � for the three de
aymodes is presented in the left plot in Fig. 1. In the QCDF approa
h, the SM yields the dire
tCP-asymmetry to be negative, and the results in the interval 0:21 � pz = m
=mb � 0:33 areas follows:ACP(��
) = ��11:8+2:8�2:9�%; ACP(�0
) = ��9:9+3:8�3:4�%; ACP(!
) = ��9:5+4:0�3:6�%: (38)9



Being at the level of 10%, the dire
t CP asymmetry in these de
ays 
an be measured at the
urrent B-fa
tories in several years.The results (38) 
an be 
ompared with the predi
tions obtained within the pQCD ap-proa
h [27℄:ACP(��
) = (17:7� 15:0)%; ACP(�0
) = (17:6� 15:0)%; ACP(!
) = (17:9� 15:2)%:(39)They are at varian
e with the results (38) based on the QCD fa
torization dis
ussed here. Inparti
ular, the dire
t CP-asymmetry is predi
ted to be positive in the pQCD approa
h in allde
ay modes and the 
entral values are typi
ally a fa
tor of two larger while errors are ratherlarge. Measurements of these asymmetries will allow to distinguish the detailed dynami
almodels illustrated here by the di�ering predi
tions of the QCDF and pQCD approa
hes.Mixing-Indu
ed CP-Asymmetry: For the time-dependent CP-asymmetries in the neutralB-meson de
ay modes, the interferen
e of the B0 � �B0-mixing and de
ay amplitudes has to betaken into a

ount, yielding the following 
hara
teristi
 time-dependen
e of su
h asymmetries:a�
CP(t) = �C�
 
os(�Md t) + S�
 sin(�Md t); (40)a!
CP(t) = �C!
 
os(�Md t) + S!
 sin(�Md t); (41)where �Md is the B0d � �B0d mass di�eren
e. The 
oeÆ
ients C�
 and C!
 a

ompanying
os(�Md t) in Eqs. (40) and (41), up to a sign, 
oin
ide with the dire
t CP-asymmetry dis
ussedabove. The se
ond 
oeÆ
ients S�
 and S!
 , 
alled the mixing-indu
ed CP-asymmetries, arede�ned as follows: S�
 = 2 Im(��
)1 + j��
j2 ; ��
 � qp A( �B0 ! �0
)A(B0 ! �0
) ; (42)S!
 = 2 Im(�!
)1 + j�!
j2 ; �!
 � qp A( �B0 ! !
)A(B0 ! !
) ; (43)where the ratio q=p = e�2i� is a pure phase fa
tor to a good a

ura
y (experimentally, jq=pj =1:0013� 0:0034 [4℄).The mixing-indu
ed CP-violating asymmetry S�
 in NLO 
an be presented in the form [8℄:SLO�
 = �2j�uj "(0)A sin� (1� j�uj "(0)A 
os�)1� 2j�uj "(0)A 
os�+ j�uj2("(0)A )2 ; (44)SNLO�
 = SLO�
 � 2j�uj sin� [1� 2j�uj "(0)A 
os�+ j�uj2("(0)A )2 
os(2�)℄[1� 2j�uj "(0)A 
os�+ j�uj2("(0)A )2℄2 AuR � "(0)A A(1)tRC(0)e�7 ; (45)where A(1)tR and AuR are the real parts of the NLO 
ontributions to the de
ay amplitudes. Thisexpression 
an be easily rewritten for S!
 . It is seen that, negle
ting the weak-annihilation
ontribution ("(0)A = 0), the mixing-indu
ed CP-asymmetry vanishes in the leading order. How-ever, in
luding the O(�s) 
ontribution, this CP-asymmetry is non-zero even in the absen
e ofthe annihilation 
ontribution. The dependen
e of the mixing-indu
ed CP-asymmetry on theangle � is presented in the right plot in Fig. 1.The QCDF-based estimates of the mixing-indu
ed CP-asymmetry in the leading and next-to-leading order in �s in the SM are:SLO�
 = (�2:7� 0:9)%; SNLO�
 = (1:9+3:8�3:2)%; (46)SLO!
 = (+2:7� 0:9)%; SNLO!
 = (5:9+4:1�3:5)%;showing the tenden
y of the NLO 
orre
tions to 
ompensate the leading order 
ontributionin S�
 and enhan
ing it in S!
 . Theoreti
al un
ertainties are rather large and both the valuesare 
onsistent with being small. 10
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Figure 2: Left �gure: The 
harged-
onjugate averaged ratio � for B ! �
 de
ays (green/dark-shaded region) as a fun
tion of the unitarity-triangle angle �. The blue/shaded area is theexperimentally measured region by the BABAR 
ollaboration [9℄: �exp = �0:36� 0:27. Right�gure: The SU(3)F-violating ratio �(�=!) as a fun
tion of the ratio �!=� = �(!)? (0)=�(�)? (0). Theblue/shaded area is the experimental region: �(�=!)exp = 0:34� 0:20, determined from the HFAGaverages [4℄.Isospin-Violating Ratio: The 
harge-
onjugate averaged quantity � for the B ! �
 de
aysde�ned as: � = 14 ��(B� ! ��
)�( �B0 ! �0
) + �(B+ ! �+
)�(B0 ! �0
) �� 1; (47)is found to be stable against the NLO and 1=mb-
orre
tions [7℄. In the leading-order, this ratiohas been de�ned in Eq. (37). The NLO 
orre
tions do not 
hange the LO result signi�
antlyand preserve the main feature { the small value in the vi
inity of � = 90Æ, the region favoredby the CKM �ts [13, 14℄. The dependen
e of the isospin-violating ratio on the angle � ispresented in the left plot in Fig. 2. In the expe
ted ranges of the CKM parameters [13℄, thisratio is estimated as � = (2:9 � 2:1)%. A 
omparison with the result obtained within thepQCD approa
h [27℄: � = (�5:4 � 5:4)%, shows that, apart from being somewhat larger inmagnitude, � has the opposite sign. Thus, while �A is model-dependent, expli
it 
al
ulationsshow that the SM predi
ts a small isospin-violation in the B ! �
 de
ays, as its measure, �,is parametri
ally suppressed (being proportional to 
os�, with � 
lose to 90Æ). A 
omparisonof � with the re
ent BABAR measurement (8) of the same is shown in Fig. 2. As the 
urrentexperimental errors are rather large, one will have to wait for higher statisti
s data from theB-fa
tories to draw any quantitative 
on
lusion.SU(3)F-Violating Ratio: The ratio based on the bran
hing fra
tions of the neutral B0 !�0
 and B0 ! !
 de
ay modes may be de�ned as follows:�(�=!) � 12 h�(�=!)B + �(�=!)�B i ; (48)�(�=!)B � (m2B �m2!)3 B(B0 ! �0
)� (m2B �m2�)3 B(B0 ! !
)(m2B �m2!)3 B(B0 ! �0
) + (m2B �m2�)3 B(B0 ! !
) :The NLO expression obtained in the SU(3)F symmetry limit, �(�)? (0) = �(!)? (0), 
an be writtenin a simple form [8℄:�(�=!)SU(3) = �j�uj ("(0)A � "(!)A )C(0)e�7 h(C(0)e�7 � A(1)tR ) 
os� + j�ujAuR 
os(2�)i : (49)11
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Figure 3: The ratio �R[(�; !)
=K�
℄ as a fun
tion of the ratio jVtd=Vtsj of the CKM matrixelements. The plots based on the BABAR (left �gure) and BELLE (right �gure) measurementsof the isospin-averaged B ! (�; !)
 bran
hing fra
tions show their good agreement both withthe theoreti
al estimations of this ratio (green region) and with the re
ent CDFmeasurement [5℄(the verti
al band labeled as \SM") within the 1� intervals.The theoreti
al expression (49) for the ratio �(�=!) 
an be improved by in
luding the SU(3)F-breaking in the ratio �!=�:�(�=!) = 1� �2!=�1 + �2!=� + 4�2!=�(1 + �2!=�)2 �(�=!)SU(3) +O(�2s ; "(0)A "(!)A ): (50)The dependen
e of �(�=!) on the parameter �!=� is presented in the right plot in Fig. 2. Basedon the re
ent averages from Table 1, one obtains the following experimental estimate: �(�=!)exp =(34� 20)%, whi
h is also shown in Fig. 2. Within the range �!=� = 0:9� 0:1, derived from theresults of Ref. [35℄, we estimate: �(�=!) = (11�11)%, whi
h is 
onsistent with the experimentalvalue within large errors. We remark that �(�=!) is dominated by the �rst term in Eq. (50), asits SU(3)F- symmetri
 value �(�=!)SU(3) is estimated to be small, �(�=!)SU(3) = (2:0� 1:9)� 10�3.4 SummaryPhysi
s of the radiative B ! �
 and B ! !
 de
ays will impa
t on the CKM phenomenology.A good measure of this is the value of the CKM ratio jVtd=Vtsj, whi
h 
an be extra
ted fromthese de
ays in 
onjun
tion with the B ! K�
 de
ays. First results along these lines havebeen obtained by the BABAR and BELLE 
ollaborations, whi
h will be
ome quantitativein due 
ourse of time. In addition to the bran
hing fra
tions resulting in the estimates ofthe ratio jVtd=Vtsj (see Fig. 3), the analysis of di�erent asymmetries in these modes will giveadditional information on the CKM parameters, in parti
ular on the unitarity-triangle angle �,apart from shedding light on the underlying QCD dynami
s. In this review, we have takenthe attitude that the CKM parameters are well known by now and we use this input to makede�nite predi
tions for the bran
hing ratios and various related asymmetries in the B ! (�; !)
de
ays. The SM-based predi
tions are in fair agreement with data and this 
omparison willbe
ome more pre
ise in the 
oming years. 12
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