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Abstract. We study the final-state interactions in B — wK decays through B — V'V — wK processes
where the inelastic rescattering occurs via single pion exchange. The next-to-leading order low-energy
effective Hamiltonian and Bauer-Stech-Wirbel (BSW) model are used to evaluate the weak transition
matrix elements and final-state interactions. We found that the final-state interaction effects in B —
pK™ — wK processes are significant. The Fleischer-Mannel relation for the Cabibbo-Kobayashi-Maskawa

(CKM) angle v can be significantly modified.

PACS. 13.25.Hw Decays of bottom mesons — 13.75.Lb Meson-meson interaction — 11.30.Er Charge con-
jugation, parity, time reversal, and other discrete symmetries — 13.40.Hq Electromagnetic decays

1 Introduction

Final-state interactions (FSI) play an important role in
many physical processes, especially in the weak decays
which are in the focus of recent interests. Their effects
lie in two aspects. First, strong phases in the weak decay
amplitudes are generated by the final-state interactions,
they can contribute the strong phases for the direct CP
asymmetries. Second, FSI effects can significantly change
theoretical predictions for certain quantities. The study
of final-state interactions would definitely need an infor-
mation about the non-perturbative effects of low-energy
hadron interactions. Unless we can correctly evaluate the
FSI effects, it is impossible to extract reliable information
about the reaction mechanism or new physics from the
data. Not only the understanding of the final-state inter-
action effects in weak decays is crucially important, but it
is also a challenging and difficult task in both theory and
phenomenology. Up to now, definite quantitative analysis
has not been accessible yet. The estimate of the final-state
interactions is centred on some particular cases where the
symmetry relations can be applied, or one can use some
simplified models, for example, the Regge pole or single-
pion exchange model, etc. to do the job.

The origin of CP violation in the Standard Model
comes from the complex phase of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. In general, for three generation
quark families the CKM matrix elements form a unitar-
ity triangle. So, the reasonable extraction of each angle
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(a, B,7) is extremely important for testing the Standard
Model. Among the three angles, to extract v is most dif-
ficult. Some methods [1] have been put forward for this
purpose. But all the methods are either too complicated
or impractical from the experimental point of view. Last
year, the CLEO collaboration reported the combined ra-
tios for B — wK decays [2]:

BR(B* — nt*K) = (2311152 40.2) x 1072,
BR(B; — nFK*) = (1.5703101 £0.1) x 107°.

Fleischer and Mannel [3] gave a boundary relation for
the CKM angle v based on the above results: R > sin? 7,

where R = BBt I0) — 0,65+ 040, 7 = Arg(V).

In their work, final-state interactions were neglected. How-
ever, the final-state interactions in such channels may be
important and cannot be ignored. Some authors [4,5] have
studied the final-state interaction effects in B — 7w K de-
cays. Investigations of [4] are based on the Regge pole the-
ory. In [6], the authors study final-state interactions due
to single pion exchange in D — V P processes. Their re-
sults show that the single pion exchange can be significant.
It is believed that even though the two schemes describe
the process based on different physical considerations, in
practice, each of them works well, just because the un-
certainties are partly compensated by proper selection of
some phenomenological parameters in these schemes.

In this paper, we study the final-state interactions in
B — VV — 7K due to single pion exchange. In Stan-
dard Model calculations, the decay amplitude of the pro-
cess B — pK™ is of the same order as that of B — 7K.
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In fact, both K* — Km and p — 77w are the dominant
strong decay channels, so the single pion exchange mech-
anism may dominate the final state interactions. In our
processes, the exchanged pion is in the t-channel. There
are other two-vector-meson states which can rescatter into
the 7K final state by pion exchange. But these interme-
diate mesons have smaller couplings to 7K and nw than
K* — K and p — 7m; they are also heavier than p and
K™ and will result in larger t-values, that will reduce their
contribution even more. So, among the final-state interac-
tion processes B — VV — 7K, B — pK* — nK should
be the largest one.

We use the method which was presented in [6]. The
next-to-leading order low-energy effective Hamiltonian
and Bauer-Stech-Wirbel (BSW) model [7] are used to eval-
uate the weak transition matrix elements and final-state
interactions. We find that the final-state interaction effects
in B — pK* — 7K are significant.

2 Formulation of FSI in the effective
Hamiltonian

To evaluate the decays B — 7K, we use the next-
to-leading order low-energy effective Hamiltonian and
BSW model. The next-to-leading order low-energy effec-
tive Hamiltonian describing |AB| = 1 transitions is given
at the renormalization scale p = O(my) [8] as follows:

Horp(|AB| = 1) = %[ ) vq{Q‘fOl(u) QU0
T
+ZQ;€C;€(M)H +HC. (1)

k=3

The CKM factors v, are defined as vy = V Vg, where
q=u, c.

Ten operators Qf, QF, Q3, ...
following forms:

, Q10 are known as the

P = (QQuﬁ)VfA(aﬁba)VfA
Q% = (qu)y—a(ub)yv_a
Q3s) = (@b)v-a Z(q/q/)V—A(V-‘rA)

q
Qu6) = (Gabp)v-a Z(@’gq;)V—A(VJrA) (2)
q/
Qr(9) = 5(qb)v-a Z eq (T4 )viaw—a
q/
Qs(10) = 2(Gabp)v-a Z e (T5490)v+a(v-a)
q/

where QY and Q)Y are the current-current operators, and
the current-current operators @ and (§ can be ob-
tained from QY and Q% through the substitution u —
c. Qs,...,Qq are the QCD penguin operators, whereas
Q7,...,Q10 are the electroweak penguin operators. The
quark ¢ = s for b — s transition; (V £ A) refer to

V(1 £ 75).

The matrix elements are:

< Q' () - C(n) >=< Q" > -C'(p), (3)

where < Q > denotes the tree-level matrix elements of
these operators, and C’(u) are defined as follows:

Ci=C., =0y  C=0Ts P,
Cfl = C4+Ps,0é: C5—PS/3, Cé = Cg+ P,

Céz 67_+Pea CE/; = CS, CS/): 69+Pe’ (4)
Clo = Cho.
Here Ps . are given by
Qg —
PS = _02(,“) [% - G(mmqnu)] ’ (5)

aem -~ -~

Pe = o (301 + CZ(M)) [% - G(mq7Q7ﬂ)] 5

m? —z(1—x)¢?
112

where ¢ represents u, ¢, and ¢*> = m3 /2. Numerical values

of the scheme-independent renormalization Wilson Coef-

ficients C;(u) at p = O(my,) are [9]:

)

Glm, g, 1) = —4/01da: x(l—x)ln[

& = —0.313, & = 1.150, 5 = 0.017,
¢4 = —0.037, e = 0.010, G = —0.046, o)
& = —0.001 - Qerm, G = 0.049 - ern,

Cog = —1.321 - aepn, €10 = 0.267 - Qe

(1) Without final-state interaction

In B;; — n~ KO decay, only penguin diagrams contribute.
As is commonly agreed in the present literatures, the an-
nihilation diagram contributions are neglected because of
Vb and the form factor suppression. In BY(bd) — 77 K~
decay, both tree and penguin diagrams contribute. The
amplitudes of these two decays are:

A%T(BT - 7~ KO)

Adir(B_O —7tK™)
G M2
= ﬁ Z Vq [aléuq +as+ (ms +my)(mp — my)

q=u,c

x (a5 + ar) —ﬁ—ag}MKﬁ,

where “dir” means direct decay without final-state inter-
actions, and

ME™ = < K9|(5d)y_ 4|0 >< 7~ |(db)y_a|B; >
. B w
= —ifxFy " (M) (Mg, — M2-)
(8)
ME ™ = < K|(5u)y_al0 >< 7| (@b)y_4| B0 >

. 07‘-
= —ifk Py T (M- )(Mpo — My,),
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Fig. 1. Final-state interactions in B —
pK* — mK due to single pion exchange;
a, b the neutral pion exchange case; c, d
the charged pion exchange case

(d)

Table 1. The amplitude and branching ratios of the direct B — 7w K decays, where “Tree” means the tree diagram contribution
only; “penguin” means the penguin diagram contribution only. “Tree+penguin” means tree plus penguin diagram contributions

Decay Mode N, AT (107°GeV) Br
Tree Penguin Tree4+Penguin Tree Tree4+Penguin
B, -7 K° N.=o0 0 6.53 +i36.1  6.53 +1436.1 0 1.18 x 107°
B 5 7tK~ N.=oc0 -7.88+i2.78 6.51+i34.8 —1.36+1437.6 593x10°7 1.20x107°
B, -n K% N.=3 0 5.78 +431.2  5.78 +1431.2 0 8.79 x 1076
B0 - atK~ N.=3 -7.16+i2.53 582+i32.0 —1.34+4+1345 4.9x107" 1.01 x 1076
B, -7 K% N.=2 0 4.8741427.8  4.87+41i27.8 0 6.94 x 1076
BY - ntK~ N.=2 -6.8+i2.4  5.014i29.7 —1.79+4132.1 443 x107" 8.81 x 107°
and The amplitude for B, — p~ K*0 decay is the follow-

azi—1 = Cy;_1/Nc.+ Cyy,

9
ag; = Ch; 1+ Ch,/Ne. 9)

Because |vc|/|v,| >> 1, the tree-diagram contribu-
tions to the decay amplitude are small compared to the
penguin diagrams. The factorization approximation and
BSW model [7] are used to evaluate the matrix elements
in (8). Table 1 shows the calculation results in the stan-
dard method for the above two direct decays. The non-
factorization effects have been considered with the choice
N, = 0, 3,2.

(2) With final-state interaction
In B — pK* — 7K processes, the exchanged pions can be
neutral or charged as is shown in Fig. 1. For charged-pion
exchange the decay B — 7T K can get the tree diagram
contribution in the intermediate state B — pK* — 7K.
We take the decay B, — p~ K*0 — 77 K as an ex-
ample to show how to calculate the final-state interaction
effects.

ing:
Gr

ABy = K0 =

1 50—
> Uq(ag—iag)MK 7 (10)

q=u,c
where
MEP" =< K*0|(5d)y— 4]0 >< p~|(db)y—a| By >
QMK*O B, 2 v o
S Te Tt G U T SR s

+ZMK*0 (MBu + Mpf)fK*AlBup(MIQ(*o)(EK*O . 6{77)

2 Mo .
_szK*AQ P(MZo)(exco - pB)(€,- - PB)-
(11)

Following [6], the single pion exchange in the t-channel
provides a significant contribution to FSI and would dom-
inate. To get the absorptive part of the loop as is shown
in Fig. la, the way to make cuts is: let p~ and K% be
on-shell, and leave the exchanged pion to be off-shell.

In the B, rest frame, where p, = (Mp,,0), the ma-
trix element written in (11) is recast into the following
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Table 2. The amplitue for the final-state interactions B — pK* — 7K

Decay Mode N, AFSI107°GeV) AFST ) pdi
Tree Penguin Tree+Penguin

By —p K -7 K° N.=o00 0 9.86—i1.86  9.86—i1.86  —0.27¢"¢
BY - p"K*™ —atK~ N.=oo 1.22+i3.47  9.35-i1.86 10.6 +i1.60  —0.28¢"5"
By - p°K*~ — 7 K° N.=oo 057+il.6  7.34—i283  7.9-il22  —0.22°"
B — p°K*0 — x*K~ N.=o0 —025-1i0.72 —506+il.39 —532+i0.67  0.14¢"50%
By —p K =71 K° N.=3 0 8.2 — i1.65 82-il.65  —0.26¢%%""
BY— ptK*~ > atK~ N.=3 111+i3.15 861 —dil.67T  9.72+il.49  —0.28¢65"
By —»p°K*~ — 7 K9 N,=3 081+i231 686—i2.74  7.68—i0.44  —0.24¢"72’
B0 — p°K*0 - xtK~  N,=3  0064i0.16 —3.82+il.11 —3.774i1.27  0.12¢"°2°
By —»p K -7 K° Ne.=2 0 7.1—i1.38 71-i1.38  —0.26¢%%""
BY - pT"K*™ —atK~ N.=2 1.06+i2.99  8.01—il.43 9.06+1i1.56  —0.29¢966°
By — p°K*~ — 7 KO N,=2 09444266 658—i248  7.52+i0.18  —0.27¢"%%¢
B = p°K*0 —xtK~  N.=2 0214060 —3.014i0.86 —28+il46  0.10¢"°%%

form for the process B, — p~ K*0 — 7~ KO:

L @y dp

2 (27T)32E1 (27T)32E2

x < KOS|p” K*0 > MK

7| iF (p2)

— | 7 dlcosh) ——— TS
/ [ PR Ve
X [iMceo (Mp, + M, ) fre- AV (Mo) - H
. 2Mieo

MBu + Mpf

MFI?sOf = (277)454(171 +p2 —pB)

(12)

M} fre AD*?(MZo) - Hy),

where S is the S-matrix of strong interaction, 6 is the angle
between ];{and p_;:,, and

(P2 - p3)(p2 'P4)

Hy = —49prngx+Kk=[(P3 - Da) — Y
_(Pl -p3)(p1 - pa) + (p1 - p2)(p2 - p3)(p2 'p4)]
M MM 13
13
0,0
PapP3)\P2 - P4
H2 = _4gp7r7rgK*K7r[(pgp2) - (2%\(4—2)
2
_(P?Pg)(Pl “P3) + (P2PS) (p2 - p3) (2 'P4)]
M MM
We set P1 =Py« P2 = Pp, P3 = Pk, P4 = Pn, Ml = MK*)
My =M,, M3 = Mg, My =M. B
So, the amplitude of B, — p~ K*0 — 7~ KO is:
_ GF
APSIBL = K= T8 Y wlas— 3o MEST - (14)
q=u,c

The factor F(p?,) in (12) is an off-shell form factor for
2_ 2
the vertices K* K7 and prm. We take F(p2,) = (/;WT;O),
=0
as is done in [6], where A =1.2 — 2.0 GeV.

3 Numerical results

The parameters such as meson decay constants, form fac-
tors and quark masses needed for our calculations are
taken as follows.

Meson decay constant [11,10]:

fr = 0.13 GeV, fx = 0.16 GeV, f% = 0.156 GeV,
Free = 0.221 GeV.

Form factor [10]:

57(0) = 0.333, FP7(0) = 0.333,
VBK*(O) =0.369, APE"(0) = 0.328,
ABK™(0) = 0.331, VEP(0) = 0.329,
APP(0)=0.283, AP”(0) = 0.283.

Effective strong coupling constants [6]:
gKk*Kn = 5.8, Gprm = 6.1.
A in the off-shell form factor F(p2,): A = 1.5 GeV.
Quark mass [11]:
= 0.005 GeV, mg = 0.01 GeV, my; = 0.2 GeV,
me = 1.5 GeV, my = 4.5 GeV.
The Wolfenstein CKM parameters [12]:
A=022, A=08, =034, p=—0.12.

Due to non-factorization effects, it is hard to choose
the value of N, so all three cases are taken into account:
N, =00,3,2.

Corresponding numerical results are presented in Ta-
ble 1 and Table 2



Dong-Sheng Du et al.: Inelastic final-state interactions in B — V'V — wK processes 95

dir

4 Constraints on v and A7

(1) Without final-state interaction
For direct decays of B — wK, the amplitudes are:

Adir(B+ N 7T+K0 ;Ls _ A:Lrsei'yei&r’
dir ( p— -0 + + =iy 06
AY"(B™ -1 K I — Al emetot,

)=A
( )=A

A4 (BY — mm ) = AY — A9 el
( )=A

(15)
A% (BY — rt K~ 0. — A% e~eito
where 6y and 64 are CP-conserving strong phases.
The ratio R is defined by:
R BR(B® — 7~ K*)+ BR(B" — ntK"~)
" BR(B* — 1tK% 4 BR(B~ — n~KY) 16)
16
_ (Ags)2 1 — 2rg cosycos by + 12
Aly” 1—2rycosycosbdy +r2

where 79 = A% /A%, r. = Al /AL. Neglecting the
electro-weak penguin diagram contributions, we have
Af, =0, ie ry = 0. According to SU(2) isospin sym-

metry of strong interaction, A% /A, ~ 1. So,

R=1—2rgcosycosd +rg. (17)

Following Fleischer and Mannel [3], we can obtain the in-
equality

R > sin? 7. (18)

This is the Fleischer-Mannel relation.
Direct CP violation in B* — 7% K is defined through
the CP asymmetry:

g _ BR(BY = 7tK") = BR(B~ — =~ K")

Adin = -
P~ BR(B+ — ntK%) + BR(B- — n—K9) 19)

2r4 sinvysind4

~ 1—2ricosycosdy +712°

where “dir” means direct CP asymmetry. In direct decays,
it is small, as it follows from (19):

Adin < O()\?). (20)

(2) With final-state interaction
When final-state interactions are considered, the am-
plitude of B — wK process is changed to:
A(BT - 7TK")
= AYT(BF L ptKOY 4 APSI(BY L pt 0 L KO
+AFS(BT — pPK*T — 7T K0)
= (AL, — ALee® ) (1+ Ay 4 Age™e™™)
(21)
AB° - 77 K™)
— A4 (BY  pm K 4 AFSI(BO L pm Kt T K
FAPSI(BO _, 0RO, K
= (Ags — Agse”ei‘so)(l + Agei‘sl),

where Aq, Ao, A3 are final-state interaction amplitudes,
and 61, 69, 63 are the strong phases caused by the final-
state interactions, i.e. the phase shifts of the inelastic
rescattering. The term Aze? e’ is the contribution from
the tree diagram describing the process BT — pOK**t —
7T K°. Our numerical calculations give A; = 0.5, Ay =
0.15, A3 = 0.05, 6; ~ 90°, 63 ~ 90°. The strong phases
are equal to 90°, because we calculate only the absorptive
part of the hadron loop caused by the final-state interac-
tions. We will come back to this point in the last section.
The value A; = 0.5 is greater than Ay = 0.15, that is en-
couraging for our mechanism, because it can explain that
the experimental branching ratio for B¥ — 7+ K is larger
than for B — 7T K*,
The ratio R in (16) is changed into

B 1+ A2 + 245 cos 62

R =
1+ A% +2A; cos by

(1 —2rgcosycosdy +72). (22)

If R’ is defined as

R =1—2rgcosycoséy+ 13, (23)
then it follows from (22), (23):
R,:1+A§+2A100561 . (24)
1+ A5 +2A5c0862
So, the Fleischer-Mannel relation is changed to
R’ >sin?7y. (25)

At A1 = 05, AQ = 015, 61 = 900, 62 = 900 we get R/ =
1.25R. The boundary relation (18) is modified in as much
as 25%, when only the absorptive part of the hadron loop
is under consideration. No doubt, the dispersive part of
the loop will also contribute to the modification. Consider
an example, when the dispersive part of the amplitude is
equal to the absorptive one, A; = 0.5v/2, Ay = 0.15v/2,
6, = 459, 6, = 45°, then R’ = 1.58R. So, the boundary
relation is modified significantly, in about 58%.
For direct CP asymmetry,

AL ~ 2 A3 sinysiné . (26)
The final-state interaction can provide about 5% — 10%
direct CP asymmetry. But since the relative sign cannot
be fixed by the theory, we are unable to determine whether
the correction is constructive or destructive.

5 Conclusion and discussion

Numerical results presented in Table 1 and Table 2 show
that final-state interactions due to the single pion ex-
change in B — pK* — 7K processes comprise 10% — 30%
in respect to the direct decay amplitude. This result is
based only on the consideration of the absorptive part
of the hadron loop caused by the final-state interactions.
The dispersive part of the loop is difficult to calculate be-
cause of the ultraviolet divergence. The elastic and inelas-
tic rescattering caused by vector trajectory( p,w,and K*)
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exchange can give additional contributions, and there are
many multiparticle intermediate states which cannot be
neglected [4]. Because of these uncertainties, the simple
Fleischer-Mannel relation R > sin? v is strongly modified
by the final-state interactions. We think it is difficult to
get reliable information on the weak angle v in B — 7K
processes. The 5% — 10% direct CP asymmetry can be
generated by final-state interactions. Moreover, as is dis-
cussed above, we only consider the absorptive part of the
hadron loop in this work; there are still many uncertain-
ties of theoretical predictions on the constraint of v and
Adir, At present stage, there is no reliable renormaliza-
tion scheme for obtaining correct dispersive part of the
hadron loop, and it is a well-known fact for evaluating the
loops in the chiral Lagrangian theories. We will try some
phenomenological ways to carry out the renormalization
elsewhere[13].
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