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INELASTIC RESCATTERRING IN B ! ��;KK�P. �en
zykowskiH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, Polande-mail: zen
zyko�iblis.ifj.edu.pl(Re
eived February 14, 2001)Inelasti
 res
atterring e�e
ts in B de
ays into a pair PP of pseudos
alarmesons (PP = �� or KK) are dis
ussed. It is assumed that B meson de-
ays through a short-distan
e tree-diagram pro
ess into two jet-like states
omposed of low-mass resonan
es M1M2 whi
h res
atter into PP . Theres
atterring of resonan
e pair M1M2 into the �nal PP state is assumedto pro
eed through a Regge �avour ex
hange. Sin
e su
h pro
esses 
on-stitute a fra
tion, diminishing with in
reasing energy, of total inelasti
PP s
attering, the inelasti
 res
attering 
ontribution should die out formB !1. At mB = 5:2GeV, however, expli
it estimates show that res
at-tering 
orre
tions 
ould be substantial, leading to long-distan
e 
orre
tionsto B0 ! KK, 
omparable to short-distan
e penguin 
ontributions.PACS numbers: 13.25.Hw, 11.80.Gw, 12.40.NnStudies of CP violation in B de
ays must involve Final State Intera
tion(FSI) e�e
ts. Unfortunately, a reliable estimate of su
h e�e
ts is very hard toa
hieve. In the analyses of B ! PP de
ays (P � pseudos
alar meson) onlysome intermediate states, believed to provide nonnegligible 
ontributions,are usually taken into a

ount. Most often studies are restri
ted to the 
aseof elasti
 or quasi-elasti
 res
attering.

� Presented at the Cra
ow Epiphany Conferen
e on b Physi
s and CP Violation,Cra
ow, Poland, January 5�7, 2001. (1847)



1848 P. �en
zykowski1. Quasi-elasti
 res
atteringConsider quasi-elasti
 res
attering in B0 de
ays into �+�� and �0�0.The Short-Distan
e (SD) amplitudes arew �B0 ! �+��� = � 1p2(T + P ) ;w �B0 ! �0�0� = 12P ; (1)when only the dominant T (tree) and P (penguin) amplitudes are taken intoa

ount (Fig. 1). Sin
e isospin is a good symmetry of strong intera
tions,res
attering is diagonal in the basis of a de�nite total isospin. Consequently,one expe
ts that the amplitudes W of de�nite �nal isospin I are modi�edby Watson phases ÆI only:W�B ! (��)0� = � 1p3�T + 32P� exp(iÆ0) ;W�B ! (��)2� = � 1p6 T exp(iÆ2) : (2)The physi
al assumption that goes into Eq. (2) is that the probabilities of SDde
ays are not 
hanged by su
h a Long-Distan
e (LD) e�e
t as res
attering.When de
ay amplitude into a (e.g. ) �+�� state is extra
ted from Eqs. (2)one obtainsW �B0!�+���=� 1p2 exp (iÆ2)�T+23T (exp (i�)�1)+P exp (i�)� ;(3)where � = Æ0 � Æ2. The appearan
e of the se
ond term on the r.h.s. ofEq. (3) indi
ates that in general �nal-state intera
tions 
annot be properlyFigure 1:
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(b)Fig. 1. Dominant diagrams for B de
ay: (a) tree T and (b) penguin P .



Inelasti
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atterring in B ! ��;KK 1849des
ribed if one multiplies short-distan
e tree and penguin amplitudes inEq. (1) by two di�erent phase parameters [1, 2℄. The only ex
eption iswhen the two phases Æ0 and Æ2 are equal, whi
h o

urs if only elasti
 ��res
attering is allowed: the Pomeron does not distinguish between �+��and �0�0, or (��)0 and (��)2.2. Short-distan
e penguin and res
attering 
ontributionsThe short-distan
e penguin amplitude P is estimated at 20% of the tree
ontribution. It is of the order of �3, where � � sin �C is one of the fourparameters in the Wolfenstein's parametrization of the Cabibbo�Kobayashi�Maskawa (CKM) matrix. Due to the dominan
e by the intermediate topquark, P has the weak phase � from the Vtd element of the CKM matrix.Although � is not small enough to permit real distin
tion between termsdi�ering by one fa
tor of �, we observe that if Fig. 1(b) is understood asa diagram representing low-energy res
attering through 
harmed (q = 
)or non
harmed (q = u) intermediate states, these pro
esses are also of theorder of �3. For q = 
, the amplitude of this �
harming penguin� has weakphase 0. For q = u, the diagram represents quasi-elasti
 (�� ! ��) andinelasti
 (M1M2 ! ��) res
attering. The 
orresponding amplitude has weakphase �
 of the Vub element of the CKM matrix. With one of the goals ofthe present program of CP violation studies being the determination of CPviolating phases �; �; 
, it is 
learly very important to know whi
h of thepenguin-like admixtures to tree diagrams is in fa
t dominant (if any) and,
onsequently, whi
h weak phase will be probed by experiments.3. Simple two-
hannel modelSin
e a large part of the (time-reversal invariant) inelasti
 �� s
atteringat energy ps = mB = 5:2GeV (or larger) goes into multiparti
le �nalstates 
omposed of non
harmed mesons, one may 
onje
ture that inelasti
res
attering pro
esses shown in Fig. 1(b) (with q = u) will be important.A very simpli�ed two-
hannel model of what should be expe
ted of inelasti
res
attering was presented in [3, 4℄. In this model there are two states:jf1i = j��i, and jf2i representing �everything else� that �� might s
atterinto. The most general 2� 2 unitary S matrix isS = � 
os 2� i sin 2�i sin 2� 
os 2� � ; (4)with the top left element des
ribing �� ! �� s
attering.



1850 P. �en
zykowskiIf one a

epts that �nal state intera
tions 
annot modify the probabilityof the original SD weak de
ay, it follows that ve
tor W representing theFSI-
orre
ted amplitudes is related to ve
torw of the original SD amplitudesthrough [4℄ W = S1=2w � �1+ i2T� w ; (5)(where the last equality follows if S is 
lose to 1, i.e. if res
attering isassumed small). The appearan
e of the square root of the S matrix isrelated to Watson's theorem: in the basis of S-matrix eigenstates j�i, theabove equation redu
es to W� = eiÆ�w� , i.e. the 
ondition of un
hangedprobability (jW� j = jw� j) admits Watson phases only.With S1=2 = � 
os � i sin �i sin � 
os � � ; (6)one immediately obtainsW1 = w1 
os � + iw2 sin � � jW1j eiÆ1 : (7)Sin
e from �N data extrapolated to �� one gets 
os 2� � 0:6�0:7, one �ndstan Æ1 = w1w2 tan � � 0:45w1w2 : (8)If B meson de
ays with similar strengths into the j��i and jf2i states,one 
al
ulates Æ1 � 20Æ�25Æ. In prin
iple, therefore, the e�e
t of inelasti
res
attering may be large.4. Inelasti
 res
attering at high energyIn the previous example all states produ
ed in the �rst stage of thede
ay 
ould be res
attered into ��. This is an overpessimisti
 situation.Consider a little more general 
ase with three states jf1i � j��i, jf2i, andjf3i, into whi
h �� s
attering may go. It may happen that B meson does notde
ay into state jf3i. If �� inelasti
 s
attering is dominated by j��i ! jf3itransitions with j��i ! jf2i small or negligible, then the total inelasti
res
attering 
ontribution 
orresponds to jBi ! jf2i ! j��i and must befairly weak. In su
h a 
ase negle
ting �nal state intera
tion altogether mightbe a good approximation: elasti
 FSIs result in the multipli
ation of SDamplitudes by the same phase for all isospin (or SU(3) symmetry) related�nal states.



Inelasti
 Res
atterring in B ! ��;KK 1851In order to know whether negle
ting inelasti
 res
attering is or is notjusti�ed, we have to estimate the 
ontribution from states of type jf2i(i.e. those into whi
h B de
ays) in the unitarity relation for the l = 0partial wave in �� s
atteringjh��jSj��ij2 +Xk jh��jSjfkij2 = 1 : (9)Inelasti
 produ
tion of parti
les in high energy �� s
attering is expe
tedto pro
eed after the proje
tiles have ex
hanged a gluon. Colour separationis prevented by the produ
tion of many q�q pairs whose number in
reaseswith energy. Colour singlet quark-antiquark pairs materialize later as reso-nan
es whose momenta are approximately parallel to the axis of �� 
ollisionin 
.m.s. Thus, a typi
al inelasti
 pro
ess may be represented by the dia-gram shown in Fig. 2(a), in whi
h the ordering of quark lines from top tobottom may be roughly 
orrelated with the ordering in rapidity of produ
edresonan
es. Any transfer of �avour quantum numbers over large distan
es inrapidity is suppressed. This 
orresponds to suppression of �avour-ex
hangein quasi-two-body produ
tion pro
esses �� ! M1M2 at high energies (thetime-reversed pro
ess of this type is shown on the r.h.s. of the diagramin Fig. 1(b) with q = u). It is through the presen
e of many free quark-antiquark pairs of un
onstrained �avour that the 
ombinatorial fa
tors beatsuppressions of �avour transfer and, through the produ
tion of more andmore resonan
es with in
reasing energy, they maintain approximately 
on-stant inelasti
 
ross se
tion.Figure 2:
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Fig. 2. (a) Multiparti
le produ
tion at high energy. (b) Suppression me
hanism forB ! jf4i ! PP .



1852 P. �en
zykowskiAs a parti
ular realisation of these ideas we may 
onsider the multi-Regge model of resonan
e produ
tion dis
ussed over twenty years ago [5℄.In this model inelasti
 �� 
ollisions produ
e a variable number of resonan
esordered along the rapidity axis with Regge ex
hanges in between the reso-nan
es. As energy (mB in our 
ase) in
reases, the average number of Reggeex
hanges in question and the average number of resonan
es produ
ed mustin
rease, so that no �avour ex
hange over a large distan
e in rapidity spa
eo

urs. Thus, at high energy one expe
ts the produ
tion of two-resonan
estates jf2i to die out. The same will happen to the produ
tion of three-resonan
e states, and so on, while the majority of the inelasti
 
ross se
tionwill shift to the produ
tion of k resonan
e states with average k in
reasingwith energy. This situation might be des
ribed by repla
ing jf3i with a setof k resonan
e states jfki. (In fa
t, ea
h of states jfki should be labelledwith an additional index to distinguish between states 
onsisting of di�erentk resonan
es.) A �rst thought is that states jfki for k � 3 
annot 
ontributeto res
attering in B de
ays. However, sin
e resonan
es may de
ay to lighterones, interferen
e terms may o

ur. We will argue, however, that su
h termsshould be small and vanishing at high energy.As an example, let us 
onsider the 
ase when mB is large and the heavyresonan
e M1 from state jf2i de
ays into three lighter resonan
es, whi
hlater res
atter through jf4i ! j��i (the argument is better when the num-ber of resonan
es into whi
h resonan
e M1 de
ays is larger, i.e. when mM1and mB are larger). The res
attering part of the pro
ess (the diagram onthe r.h.s. of Fig. 2(b)) 
annot 
ontain quark lines 
onne
ting outgoing pi-ons: su
h pro
esses are suppressed at high energies. Thus, there must bequark�antiquark pairs produ
ed out of the va
uum (e.g. the line 
onne
tingthe �rst and the third topmost resonan
es). When one takes the squareof the amplitude 
orresponding to the diagram on the r.h.s. of Fig. 2(b)to evaluate its 
ontribution to inelasti
 �� s
attering, one obtains amplituderepresented by a diagram with free quark loops of un
onstrained �avour.These loops lead to a large 
ombinatorial fa
tor mentioned earlier. How-ever, when the left- and right-hand sides of the diagram of Fig. 2(b) are
ombined to represent the de
ay followed by res
attering, the 
ombinatorialfa
tor is dramati
ally redu
ed: there are no quark lines of un
onstrained�avour. Within the language of ref. [5℄, the resulting 
ombined diagramsare even more suppressed: namely those parts of a diagram in whi
h quarklines of an intermediate resonan
e �
ross� (the se
ond resonan
e from thetop in Fig. 2(b)) represent 
an
ellations between resonan
es of oppositeC-parities. Thus, only low-mass resonan
es M1 and M2 will 
ontribute tothe res
attering. Sin
e with in
reasing energy inelasti
 �� s
attering is dom-inated by 
hannels with an ever-in
reasing number of produ
ed resonan
es,



Inelasti
 Res
atterring in B ! ��;KK 1853it follows that inelasti
 res
attering in B de
ays should die out at mB !1.It is interesting to note that the dissappearing of res
attering e�e
ts atmB !1 was found also in a di�erent framework [6℄.The mismat
h between the left- and right-hand sides of the diagram inFig. 2(b) should be attributed to the di�eren
e in the original separation of
olour: re
eding quarks of the de
aying M1 resonan
e stret
h a 3��3 
olourstring, while in the inelasti
 res
attering the dominant part 
omes from o
tetseparation. The latter requires an ex
hange (diminishing with in
reasing en-ergy) of a quark to redu
e it to 3��3. Sin
e vanishing of inelasti
 res
atteringat mB !1 is related to 
olour mismat
h, this vanishing should be presentin all models. 5. Inelasti
 res
attering at mB = 5:2GeVAlthough inelasti
 res
attering is expe
ted to die out at high energy,one may ask if the value of mB = 5:2GeV is su�
iently high to negle
tit. In order to make some estimates, we turn to multi-Regge models ofmultiparti
le produ
tion pro
esses [5℄. In these models the distribution ofthe number of produ
ed resonan
es was evaluated as a fun
tion of energy. Itturns out [7℄ that in the �� s
attering atps = 5:2GeV, �nal states 
omposedof just two resonan
es o

ur in 50% of 
ases, while three-resonan
e statesshow up in 35% 
ases, and so on. Only at mu
h higher ps of the order of20�30GeV and more, the produ
tion of three and more resonan
es be
omesdominant. Thus, inelasti
 res
attering is not negligible at mB = 5:2GeV,and one has to estimate it expli
itly.In order to do that, we assume that the average amplitude for thePP !M1M2 pro
ess is approximately equal to the �avour-ex
hange Reggeamplitude in PP ! PP . From �N data extrapolated to �� s
attering one
an estimate that at ps = 5:2GeV, the l = 0 partial wave proje
tion of thelatter leads to jhPP jSReggeonjPP ij2 = 0:025 ; (10)for a typi
al state jPP i averaged over di�erent SU(3)-�avour representationsof the PP system [8, 9℄. On the other hand, Pomeron ex
hange yieldshPP jSPomeronjPP i = h��jSPomeronj��i = 
os 2� � 0:65 : (11)If one assumes further that all hPP jSjfki amplitudes are approximatelyequal to hPP jSReggeonjPP i (for average state of jf2i type this assumptionis in agreement with phenomenologi
al analyses [8, 10℄), one obtains fromEq. (9): jhPP jSPomeronjPP ij2 + ntotjhPP jSReggeonjPP ij2 = 1 ; (12)
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zykowskiwhere ntot denotes the number of average 
hannels. Using Eqs. (11), (10)one estimates that ntot � 25 ; (13)or more [8℄. With 50% of the total 
ross se
tion at ps = 5:2GeV beingestimated as due to the produ
tion of two-resonan
e states, one �nds thatthe number of two-resonan
e states is of the order ofn2 � 12 : (14)One may also try to dire
tly estimate the number of M1M2 states pro-du
ed by the short-distan
e de
ay me
hanism. The SD de
ay amplitude isdominated by the tree-diagram 
ontribution. The M1M2 states produ
edthrough this pro
ess in
lude both states 
omposed of light pseudos
alarmesons (�� in the simplest 
ase) as well as various resonan
es. From theknown b-quark SD de
ay probabilityv �q2� = 2�1� q2m2b�2�1 + 2q2m2b � ; (15)one 
an see that for mB � 5:2GeV even quite massive resonan
es M1(3�4GeV) 
ould be formed. The M2 spe
trum extends to m2 � 2:0or 2.5GeV. The average m1 mass is of the order of 2:5GeV, while m2 isa little smaller, around 1.4GeV. The number of M1M2 states produ
ed inthe above range of masses may be estimated on the basis of the ISGW2approa
h [11℄. One obtains [8℄ around 10�20 di�erentM1M2 states, in agree-ment with Eq. (14).In order to perform more realisti
 estimates of res
attering e�e
ts and theway they might a�e
t CP violation phenomena, it is important to know thephases of M1M2 ! PP amplitudes. These may be estimated by analysingRegge behaviour of su
h amplitudes in dual models [5℄. One �nds that forthe FSI amplitudes of the r.h.s. of Fig. 1(b) the phase fa
tor arises from�� sm21m22��(t); (16)where �(t) is the Regge traje
tory. If the ex
hanged Reggeon just inter-
hanges two quarks in the s-
hannel, the phase is real. After proje
tingRegge amplitudes onto the l = 0 partial wave, the dependen
e on reso-nan
e masses seen in Eq. (16) gives rise to a phase fa
tor depending on theprodu
t (m1m2)2. For low M1;M2 masses, wherefrom the dominant part ofres
attering is expe
ted to 
ome, this phase turns out to range from about
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atterring in B ! ��;KK 1855�40Æ at (m1m2)2 = 1GeV4 to +20Æ at (m1m2) � 7GeV4, where Reggeapproximation starts to be
ome questionable (approximation of Eq. (16)requires values of s=(m1m2)2 larger than 4GeV�2 or so).Contributions from res
attering through di�erent M1M2 states add upa

ording to the distribution of (m1m2)2 produ
ed in SD de
ay. UsingEq. (5) and an appropriately 
hosen (m1m2)2 distribution, the 
ombined ef-fe
t of res
attering through all intermediate inelasti
 states 
an be estimatedfrom:hPP jW jBi = hPP j1� 12 ImT jPP ihPP jwjBi + i2 n2Xj=1hPP jT jf2;jihf2;jjwjBi;(17)where the sum over j from 1 to n2 in the se
ond term 
orresponds to thesummation over di�erent values of (m1m2)2 starting from its smallest valueand a

ording to its distribution. The �rst term in Eq. (17) des
ribes SD de-
ay amplitude with 
orre
tions due to elasti
 res
attering. Sin
e the phasesof amplitudes hPP jT jf2;ji are not far from zero one expe
ts that the phase ofthe total 
ontribution from inelasti
 res
attering in B de
ays is around 90Æ.Numeri
al estimates of res
attering in B ! ��;KK de
ays, based onEq. (17), lead to signi�
ant 
orre
tions to SD estimates (see [8℄). As an ex-ample, in Fig. 3 the dependen
e on the number n of inelasti
 two-resonan
e
hannels in
luded (i.e. when n2 in Eq. (17) is repla
ed by variable n) is shownfor the absolute size of the (zero isospin) W ((KK)0) amplitude. The ampli-tude is given in the units of the initial input tree amplitude T . In pure short-distan
e approa
h, this amplitude is equal to W ((KK)0) = PSD=2 � 0:1 Tsin
e the relevant penguin amplitude is usually estimated at PSD � 0:2 T .As shown in Fig. 3, the res
attering-indu
ed 
ontribution to W ((KK)0)be
omes equal to the SD 
ontribution already at n � 5.Figure 3:
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Fig. 3. Dependen
e of FSI-indu
ed e�e
ts on the number of intermediate 
hannelsin
luded for B ! (KK)I=0 de
ays.



1856 P. �en
zykowskiOne has to 
on
lude that although for mB ! 1 one may expe
t thatthe e�e
ts of inelasti
 res
attering in B de
ays vanish, for the physi
al valueof mB = 5:2GeV these e�e
ts should be still important. Consequently,unless some unknown reasons justifying the negle
t of res
attering exist,the extra
tion of CP violating parameters from nonleptoni
 B de
ays willbe most probably very di�
ult. One may still hope, however, that whenenough data on many di�erent B de
ay 
hannels are a

umulated, one willbe able to remove the e�e
ts of FSIs, thus rea
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