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ABANDONING EXACT SU(3) IN COUPLED-CHANNELFINAL-STATE INTERACTIONS THROUGH REGGEONEXCHANGE FOR B ! ��;KKP. �a
hH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, Polande-mail: pla
h�alf.ifj.edu.pl(Re
eived November 4, 2002)For weak de
ays B0d ! �� and KK the e�e
ts of SU(3) breakingin 
oupled-
hannel �nal-state intera
tion e�e
ts are dis
ussed in a Reggeframework. It is shown that SU(3) breaking in the inelasti
 �nal-statetransitions dramati
ally a�e
ts the phases of the isospin I = 0; 1; 2 ampli-tudes in the B0d de
ays. The e�e
t of the singlet penguin diagram on thesephases is studied. Furthermore, on the example of the B0d ! �� de
ays,the dependen
e of CP asymmetries on the size of penguin amplitude isanalyzed.PACS numbers: 13.25.Hw, 11.30.Hv, 11.80.Gw, 12.15.Hh1. Introdu
tionFinal-state intera
tion (FSI) e�e
ts play important role in many physi-
al pro
esses, and in parti
ular in various weak de
ays. These e�e
ts maysigni�
antly a�e
t determination of fundamental CP-violating parameterssin
e extra
tion of the latter requires at least some knowledge of FSI. Therole of FSI in B de
ays was dis
ussed in [1�3℄. Unfortunately, understandingit 
onstitutes a di�
ult task for both theory and phenomenology.Our model of 
oupled-
hannel �nal-state intera
tion is based on a quasi-elasti
 approximation and Regge pole methods [4�6℄. The basi
 physi
al ideaof Regge model is that the high energy behavior of s-
hannel amplitudes isdetermined by �ex
hanges� in the 
rossed 
hannel. Our model 
onsidersres
atterings of the type: PiPj ! PkPl, where PiPj and PkPl denote pairsof pseudos
alar mesons: ��, KK, ��0, �� and �0�0. The dominant ex
hangesin the t-
hannel are the Pomeron (P) and the Regge traje
tories. In thatframework the 
oupled-
hannel FSI e�e
ts for B0d weak de
ays into �� and(2631)
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hKK were dis
ussed in Refs. [7℄. The 
al
ulations [7℄ were performed un-der the assumption of the ex
hange of the �, f2, !, a2 Regge traje
tories,the traje
tories of their SU(3) partners, and the exa
tly SU(3)-symmetri
Pomeron. In this paper we analyze in some details both the in�uen
e ofSU(3) breaking in the Pomeron, and the in�uen
e of singlet penguin ampli-tude on the predi
tions of the quasi-elasti
 
oupled-
hannel Regge approa
hof Ref. [7℄. If SU(3) in the Pomeron is broken and the singlet penguin is notnegle
ted, the 
on
lusions of Refs. [7℄ would have to be modi�ed.2. NotationWe use the following phase 
onventions for pseudos
alar mesons:�+ = �ud ; �0 = 1p2(uu� dd) ; �� = du ;� = 1p3(u�u+ d �d� s�s) ; �0 = 1p6(u�u+ d �d+ 2s�s) ;K+ = us ; K0 = ds ; K� = su ; K0 = �sd : (1)For Cabibbo-suppressed B0d de
ays there are nine possible �nal states
omposed of two pseudos
alar mesons. In the basis of de�nite isospin I thesymmetrized two-boson states j(PkPl)Ii are:j(��)2i = 1p6(�+�� + ���+ + 2�0�0);j(KK)1i = 12(K+K� +K�K+ +K0K0 +K0K0);j(�0�)1i = 1p2(�0� + ��0);j(�0�0)1i = 1p2(�0�0 + �0�0);j(��)0i = 1p3(�+�� + ���+ � �0�0);j(KK)0i = 12(K+K� +K�K+ �K0K0 �K0K0);j(��)0i = ��;j(��0)0i = 1p2(��0 + �0�);j(�0�0)0i = �0�0: (2)



Abandoning Exa
t SU(3) in Coupled-Channel Final-State Intera
tions . . . 26333. Quark diagram amplitudesThe de
ays of B0d mesons to two pseudos
alar mesons (PiPj) are de-s
ribed by 7 �avor-SU(3) invariant amplitudes [8℄, but only 4 of them (Fig. 1):�Tree� (T ), �Color-suppressed� (C), �Penguin� (P ) and additional penguininvolving �avor-SU(3)-singlet (S) diagrams, are important [9℄. We assumethat jCj = jT j=3jrj, with r � �3 [7℄, jP j � (0:2 � 0:5)jT j [10℄ and jSj �(0:6 � 0:2)jP j [10℄.
Fig. 1. Graphs des
ribing invariant SU(3)-�avor amplitudes for the de
ays of Bmesons to a pair of light pseudos
alar mesons. (T ) �Tree�; (C) �Color-suppressed�;(P ) �Penguin�; (S) Additional penguin involving �avor-SU(3)-singlet.Short-distan
e amplitudes: T , C, P and S, have weak and strong phases.We 
an write: T = jT jei(
+ÆT );C = jCjei(�+
+ÆC ); for r < 0;P = jP jei(��+ÆP );S = jSjei(��+ÆS); (3)where �, 
, (Æ) are weak (strong) phases. It is possible that the short-distan
e weak amplitudes have large strong phases [11℄. However, sin
e wewant to study FSI we negle
t these phases (i.e. we set ÆT ; ÆC ; ÆP ; ÆS = 0).For the weak phases we assume [10℄
 = (60:0+5:4�6:8)Æ ;� = (22:2 � 2:0)Æ : (4)Furthermore, we negle
t the ele
troweak penguins diagrams [12℄. In termsof quark diagram amplitudes the weak de
ays of B0d to the states de�ned inEq. (2) are given by:h(��)2jwjB0di = � 1p6(T + C) ;
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hh(KK)1jwjB0di = �12P ;h(�0�)1jwjB0di = � 12p3(2P + S) ;h(�0�0)1jwjB0di = � 1p6(P + 2S) ;h(��)0jwjB0di = � 12p3(2T � C + 3P ) ;h(KK)0jwjB0di = 12P ;h(��)0jwjB0di = 13(C + P + S) ;h(��0)0jwjB0di = 16(2C + 2P + 5S) ;h(�0�0)0jwjB0di = 16(C + P + 4S) : (5)We assumed SU(3) symmetry in weak de
ays, i.e. equal amplitudes for theprodu
tion of strange (ss) and nonstrange quark pairs.4. Final state intera
tion4.1. General frameworkThe weak amplitude w is 
hanged by isospin-
onserving strong intera
-tion SFSI in the �nal state [7℄ into a FSI-
orre
ted weak amplitude W :(B0d w! (PiPj)I SFSI�! (PkPl)I) � B0d W=) (PkPl)I ; (6)where subs
ript I denotes isospin. We des
ribe SFSI in the Regge polemodel as used in [4�7℄. In the energy range s ' mBd2 = 27:88 GeV2 thePomeron (P) 
ontribution to the t-
hannel amplitude is phenomenologi
allywell des
ribed by the formula [6℄AP(PiPj) = i�PiP �PjP ei(bPiP +bPjP )ts ; (7)where the residue �PiP �PjP and slope bPiP +bPjP depend on the s
attering pro
ess
onsidered. Cal
ulations of the s-
hannel l = 0 waves aP(PiPj), give, forthe Pomeron [6℄: aP (PiPj) = iPPiPj = i �PiP �PjPbPiP + bPiP : (8)
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t SU(3) in Coupled-Channel Final-State Intera
tions . . . 2635From [14, 15℄ we obtain ��P = 3:48pmb ; (9)�KP = 2:74pmb (10)and b�P = 2:06GeV�2 ; (11)bKP = 0:8GeV�2 : (12)The simple relations between ��(�0)P , b�(�0)P and ��(K)P , b�(K)P for broken SU(3)are given by ��P = 13(��P + 2�KP ) ; (13)��0P = 13(���P + 4�KP ) ; (14)and b�P = 13(b�P + 2bKP ) ; (15)b�0P = 13(�b�P + 4bKP ) : (16)From Eqs. (8)�(16) we �nd:P�� = 2:9 mbGeV2 ;PKK = 4:9 mbGeV2 ;P�� = 3:2 mbGeV2 ;P��0 = 3:6 mbGeV2 ;P�� = 3:7 mbGeV2 ;P�0� = 4:8 mbGeV2 ;P�0�0 = 8:7 mbGeV2 : (17)In the SU(3) symmetri
 
ase we have PPiPj = P = 3:6 mbGeV2.Many authors restri
t their studies to elasti
 res
attering only. In Reggelanguage this is des
ribed in terms of a Pomeron ex
hange. But at s = m2B
ontributions from other inelasti
 nonleading Regge ex
hanges are not 
om-pletely negligible [7℄. There are two types of 
ontributions from ex
hange-degenerate Reggeons 
orresponding to two di�erent diagrams (
rossed Cand un
rossed U , see Fig. 2). The 
ontributions of diagrams U and C di�er
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Fig. 2. FSI diagrams (U ) Un
rossed Reggeon ex
hange, (C) Crossed Reggeonex
hange.in their phases [7℄. The 
al
ulations of the s-
hannel l = 0 partial wavesamplitudes aU for un
rossed Reggeon ex
hange and aC for 
rossed Reggeonex
hange give [6℄: aU = �R�0 i( ss0 )�1=2(ln ss0 + i�)ln2 ss0 + �2 (18)and aC = R�0 ( ss0 )�1=2ln ss0 ; (19)where R is the Regge residue �tted from experiment [7, 15℄ :R = �4g2(!;KK) = �49g2(!; pp) = �13:1 mb; (20)and �0 � 1 GeV�2: (21)The s
ale fa
tor s0 is taken as 1GeV2.Inelasti
 FSI means here the 
oupled-
hannel e�e
ts of the type: �� !KK, �8�8, �1�8, . . . , and KK ! ��, �8�8, �1�8, . . . et
 in the �nal state.In
lusion of su
h pro
esses was shown in [7℄ to be very important. Thereare three separate non-
ommuni
ating FSI se
tors of di�erent isospin (I =0; 1; 2).In the I = 2 se
tor one obtains only the 
ontribution from the 
rosseddiagram of Fig. 2: U2 = [h(��)2jU 2j(��)2i℄ = 0 ; (22)C2 = [h(��)2jC2j(��)2i℄ = 2 : (23)In the I = 1 se
tor there are three states, and 
onsequently we have
oupled-
hannel e�e
ts des
ribed together with quasi-elasti
 e�e
ts by two2� 2 matri
es. One obtains:U1 = [hijU 1jji℄ = 2664 "2 2p3" q23"2p3" 43 23p2q23" 23p2 23 3775 (24)



Abandoning Exa
t SU(3) in Coupled-Channel Final-State Intera
tions . . . 2637and C1 = [hijC1jji℄ = 2664 0 � 2p3 j"j 2q23 j"j� 2p3 j"j 43 23p22q 23 j"j 23p2 23 3775 : (25)The states in the rows and 
olumns are (from top to bottom and from leftto right): i; j = j(KK)1i, j(�0�)1i and j(�0�0)1i.In the I = 0 se
tor there are �ve states with rows and 
olumns 
orre-sponding to the states (from top to bottom and from left to right): i; j =j(��)0i, j(KK)0i, j(��)0i, j(��0)0i and j(�0�0)0i. One obtains:U0 = [hijU 0jji= 2666664 3 �p3" � 2p3 � 2p3 � 1p3�p3" "2 + 2 43" �23" 53"� 2p3 43" 29(2 + "2) 49(1� "2) 29 (1 + 2"2)� 2p3 �23" 49(1� "2) 49(1 + 2"2) 29 (1� 4"2)� 1p3 53" 29(1 + 2"2) 29(1� 4"2) 19 (1 + 8"2)
3777775 (26)andC0 = [hijC0jji℄= 2666664 �1 0 � 2p3 � 2p3 � 1p30 0 �43 j"j 23 j"j 43 j"j� 2p3 �43 j"j 29 (2 + 1j"j2) 49(1� j"j2) 29(1 + 2j"j2)� 2p3 23 j"j 49(1� j"j2) 49(1 + 2j"j2) 29(1� 4j"j2)� 1p3 43 j"j 29 (1 + 2j"j2) 29(1� 4j"j2) 19(1 + 8j"j2)
3777775:(27)The parameter " ("2) des
ribes suppression of propagation of one (two)strange quarks in the t-
hannel. For the SU(3) dis
ussion of 
oupled-
hannele�e
ts " = 1 [7℄. A more realisti
 assumption used in this paper is:" = (� ss0 )�0(K�)��0(�) � 0:5e�i36Æ ; (28)where �0(K�) � 0:3 and �0(�) � 0:5 are Reggeon's parameters.Let us now 
onne
t weak de
ays and strong intera
tions in the �nal state.We 
an obtain amplitudes h(PiPj); IjW jB0di of B0d de
ay to states (PiPj)Ifrom: h(PiPj); IjW jB0di = h(PiPj); IjS1=2FSIwjB0di= XV h(PiPj); IjV ; IihV ; IjS1=2FSIjV ; Iih(PiPj); IjwjB0di ; (29)
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hwith h(PiPj); IjV ; Ii are eigenve
tors for S1=2FSI(I) = iP + aUUI + aCCI ma-tri
es. We assume now that the FSI-
orre
ted weak de
ay amplitudes dif-fer from quark-level expressions (Eq. (5)) by hadroni
 phase fa
tors only(SFSI = e2iÆ) [6, 7℄. 4.2. Numeri
al resultsUsing Eq. (29) one obtains the numbers given in the right-hand sideof Tables I, II and in Table III. For the sake of 
omparison, in the left-hand side of Tables I, II we added amplitude phases with SU(3) symmetri
FSI (Table I), as well as amplitude phases 
al
ulated without FSI e�e
ts(Table II). In order to make 
omparison with [7℄ possible, we �rst put theTABLE IComparison of 
al
ulated values of amplitude phases for B0d de
ays with weakphases set to 0. No 
. 
. Coupled 
hannels (
. 
.)" = 1 " = 0:5e�i36ÆPhase ', Ref. [7℄, SU(3)broken P =' 2 (�180Æ; 180Æ) P = 3:6mbGeV2 in Pomerons 3:6 mbGeV2jP j=jT j =0:04 0:2 0:04 0:2 0:04 0:2 0:04 0:2'2�� 112Æ 112Æ 112Æ 117Æ 117Æ 117Æ 117Æ 112Æ 112Æ'0�� 94Æ 93Æ 94Æ 85Æ 89Æ 89Æ 91Æ 92Æ 94Æ'2�� � '0�� 18Æ 19Æ 18Æ 32Æ 28Æ 28Æ 26Æ 20Æ 18Æ'1K �K 95Æ 85Æ 85Æ 104Æ 103Æ 91Æ 91Æ 93Æ 93Æ'0K �K 103Æ 168Æ 137Æ 168Æ 123Æ 110Æ 98Æ 123Æ 113Æ'1KK � '0KK �8Æ �83Æ �52Æ �59Æ �20Æ �19Æ �7Æ �30Æ �20Æphases � and 
 to zero. For this 
ase, in Table I we present the dependen
eof amplitude phases on SU(3) breaking in the Pomeron 
oupling (PPiPj)and through the parameter ", and on the 
ombination of these two e�e
ts.It is interesting to see where SU(3) breaking is important for numeri
alresults. If we swit
h SU(3) breaking on in Pomerons only, and 
omparewith [7℄ (left-hand side of Table I) we obtain for jP j=jT j = 0:2: '2���'0�� =18Æ ! 28Æ and '1KK � '0KK = �52Æ ! �20Æ. The e�e
t is large. Ifwe swit
h SU(3) breaking on only in " (PPiPj = 3:6 mbGeV2), we obtain:'2�� � '0�� = 18Æ ! 18Æ and '1KK � '0KK = �52Æ ! �20Æ. We see thatin this 
ase we may negle
t the e�e
t of SU(3) breaking in (��)I phases,but in (KK)I phases the e�e
t is large. Now, we 
ombine both e�e
ts.Comparing appropriate 
olumns we see that: '2�� � '0�� = 18Æ ! 26Æ and'1KK � '0KK = �52Æ ! �7Æ for jP j=jT j = 0:2 . We see that in (KK)I bothe�e
ts are important, and neither of them 
an be negle
ted.
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t SU(3) in Coupled-Channel Final-State Intera
tions . . . 2639TABLE IIComparison of 
al
ulated values of phase shifts for B0d de
ays in 
ase of nonzeroweak phases. No FSI Coupled 
hannels with SU(3) breakingPhase ', S = 0 jSj=jP j = 0:6' 2 (�180Æ; 180Æ) jP j=jT j =0:04 0:2 0:35 0:04 0:2 0:35 0:2 0:35 0:5'2�� �120Æ �120Æ �120Æ �3Æ �3Æ �3Æ �3Æ �3Æ �3Æ'0�� �123Æ �135Æ �145Æ �39Æ �49Æ �56Æ �47Æ �53Æ �58Æ'2�� � '0�� 3Æ 15Æ 25Æ 36Æ 46Æ 53Æ 44Æ 50Æ 55Æ'1K �K 158Æ 158Æ 158Æ �98Æ �98Æ �98Æ �84Æ �84Æ �84Æ'0K �K �22Æ �22Æ �22Æ 104Æ 81Æ 80Æ 94Æ 91Æ 90Æ'1KK � '0KK 180Æ 180Æ 180Æ 158Æ 179Æ 178Æ �178Æ �175Æ �174ÆThe numbers given in Table II are obtained with realisti
 weak phases ofEq. (4). Comparing appropriate 
olumns in Table II we see that in
lusionof weak phases and 
oupled-
hannel e�e
ts 
hange amplitude phases in the
onsidered model: '2�� �'0�� = 25Æ ! 53Æ and '1KK �'0KK = 180Æ ! 178Æfor jP j=jT j = 0:35. Amplitude phases strongly depend on the ratio jP j=jT j,for instan
e: '0KK(jP j=jT j = 0:35; S = 0) � '0KK(jP j=jT j = 0:04; S = 0) =�24Æ. However in the region jP j=jT j 2 (0:2; 0:5) the dependen
e is notstrong (no more than 7Æ). TABLE IIIIn�uen
e of the singlet penguin on phase shifts in B0d de
ays.S = 0 jSj = 0:6jP jPhase ', jP j=jT j =' 2 (�180Æ; 180Æ) 0:2 0:35 0:5 0:2 0:35 0:5'1�0� �95Æ �95Æ �95Æ �82Æ �90Æ �90Æ'1�0�0 �70Æ �70Æ �70Æ �86Æ �86Æ �86Æ'0�� �127Æ �160Æ 157Æ �140Æ 136Æ 109Æ'0��0 �133Æ �179Æ 148Æ 140Æ 105Æ 100Æ'0�0�0 160Æ 115Æ 114Æ 74Æ 79Æ 81ÆNow we dis
uss the in�uen
e of the singlet penguin. From Table II we seethat the phases for de
ays B0d ! ��;KK do not depend very strongly on thein
lusion of the singlet penguin, for instan
e: '0��(jP j=jT j = 0:35; jSj=jP j =0:6) � '0��(jP j=jT j = 0:35; S = 0) = �3Æ, '0KK(jP j=jT j = 0:35; jSj=jP j =0:6)�'0KK(jP j=jT j = 0:35; S = 0) = 11Æ. Thus, for B0d ! ��;KK the e�e
t
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hof the singlet penguin may be negle
ted. However, from Table III we seethat the in�uen
e of the singlet penguin for de
ays B0d ! ��; ��0; �0�0 is verylarge: '0��(jP j=jT j = 0:35; jSj=jP j = 0:6) � '0��(jP j=jT j = 0:35; S = 0) =�64Æ(+360Æ), '0��0(jP j=jT j = 0:35; jSj=jP j = 0:6)�'0��0 (jP j=jT j = 0:35; S =0) = �76Æ(+360Æ), '�0�0(jP j=jT j = 0:35; jSj=jP j = 0:6) � '�0�0(jP j=jT j =0:35; S = 0) = 35Æ. The singlet penguin is very important for 
hannelswhi
h 
ontain the � and �0 mesons.5. CP violationIt is interesting to 
al
ulate the CP-violation e�e
ts in our model.CP-violating asymmetries for the de
ays of a neutral Bd into �nal states�+�� and �0�0 are de�ned asA�+�� = jh�+��jW jB0dij2 � jh�+��jW jB0dij2jh�+��jW jB0dij2 + jh�+��jW jB0dij2 (30)and A�0�0 = jh�0�0jW jB0dij2 � jh�0�0jW jB0dij2jh�0�0jW jB0dij2 + jh�0�0jW jB0dij2 ; (31)with h�+��jW jB0di = r23 h(��)0jW jB0di+ 1p3 h(��)2jW jB0di ; (32)h�0�0jW jB0di = � 1p3h(��)0jW jB0di+r23h(��)2jW jB0di : (33)CP violation is still one of the least tested aspe
ts of the Standard Model.Current data exhibit CP violation in the Bd se
tor with large errors [16�18℄.In Fig. 3 we show the dependen
e of CP asymmetry on the size of penguin
ontribution. For small A�� the ratio jP j=jT j should be very small. CPviolation e�e
ts are more pronoun
ed in the �0�0 
hannel, for example forjP j=jT j = 0:35 we have A�+�� = �0:19 , and A�0�0 = �0:99. Large valuesof these CP asymmetries were obtained in other papers as well [20, 21℄. Inour 
ase, for jP j 
omparable to jT j the large size of predi
ted CP asymmetryis permitted by fairly large FSI-indu
ed phase shifts.CP asymmetries depend on strong phases (ÆT ; ÆC ; ÆP , and ÆS) of short-distan
e amplitudes (3). We know nothing about the size of these parame-ters. In [19℄ it is shown that for the 
urrent data these phases may be in theregion (�90Æ; 90Æ) [16�18℄. In order to show how these phases may a�e
tthe 
al
ulations a few arbitrary phases where 
hosen. The results are given
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Fig. 3. In�uen
e of penguin 
ontribution on CP asymmetry in de
ays B0d ! �+��(solid line), and B0d ! �0�0 (dashed line).in Table IV. We assume that ÆT = ÆC = ÆTC and ÆP = ÆS = ÆPS . FromTable IV we see that CP asymmetries (for jP j=jT j = 0:35) depend verystrongly on these phases, for example: A�0�0 � �1 when we negle
t short-distan
e amplitude phases, but A�0�0=�0:58 for ÆTC=30Æ and ÆPS=�20Æ.As shown in Table IV the CP asymmetries do not depend signi�
antly on "(Eq. (28)), so we may keep SU(3) symmetry in matri
es U and C when an-alyzing CP violation. The origin of big CP asymmetry lies in the joint e�e
tof weak phases 
 and � and strong phases from inelasti
 res
attering, andshort distan
e amplitudes. E�e
ts from FSI and short-distan
e amplitudemix. Both e�e
ts give important 
ontributions to CP asymmetry.TABLE IVIn�uen
e of strong phases ÆTC and ÆPS of T;C; P , and S amplitudes on CP asym-metries in de
ays B0d ! ��, for jP j=jT j = 0:35.A�� " Strong phases ÆTC , ÆPS =Eq. (28) 0Æ; 0Æ 30Æ;�20Æ �20Æ; 30ÆA�+�� 0:5e�i36Æ �0.19 0.33 �0.601 �0.19 0.30 �0.57A�0�0 0:5e�i36Æ �0.99 �0.58 �0.701 �1 �0.63 �0.65One has to realize, that for l = 0 partial wave amplitudes the Regge polemethods need not be reliable [12℄ and, 
onsequently, the obtained numbersshould be 
onsidered as rough estimates only. In addition to FSI e�e
ts andhadroni
 phases of 'bare' weak diagrams, CP violation e�e
ts may stronglydepend on ele
troweak diagrams [12℄, but there is not enough data to deter-mine the 
orresponding parameters.
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h6. Con
lusionsIn summary, we have dis
ussed the e�e
t of abandoning exa
t SU(3)in 
oupled-
hannel �nal-state intera
tions through Reggeon ex
hange forB0d ! ��;KK. SU(3) was broken by admitting lower lying traje
toriesfor strange Reggeons j"j < 1 (Eq. (28)) and in the Pomeron (Eq. (17))
ouplings. As expe
ted in [7℄ the singlet penguin diagram may be negle
tedin intermediate states of B0d ! ��;KK de
ays. However, it 
annot benegle
ted in de
ays to ��, ��0, and �0�0. We have shown that strong FSIplay an important role in the analysis of CP-violating e�e
ts in B de
ays.The size of CP asymmetry in B0d ! �� de
ays has been shown to dependstrongly on the ratio of penguin to tree amplitude and on the strong phasesof short-distan
e quark diagrams.I would like to thank P. �en
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