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B — KK* decays in the perturbative QCD approach
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We calculate the branching ratios and CP-violating asymmetries for B® — K°K*0, KOK*0, KT K*~,
K K**,and B* — K*K*, and K°K** decays by employing the low energy effective Hamiltonian and
the perturbative QCD (pQCD) factorization approach. The theoretical predictions for the branching ratios
are Br(B°/B*— K*K**)=~7.4x107%, Br(B°/B°— K°K*0(K°K*0)) =~ 19.6 X 1077, Br(B™ —
KTK*) =3 X 1077 and Br(B* — K**K%) =~ 18.3 X 1077, which are consistent with currently available
experimental upper limits. We also predict large CP-violating asymmetries in these decays:
AS(K=K*) =~ —20%, AJL(K*K°) =~ —49%, which can be tested by the forthcoming B meson

experiments.
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I. INTRODUCTION

The study of exclusive nonleptonic weak decays of B
mesons provides not only good opportunities for testing the
standard model (SM) but also powerful means for probing
different new physics scenarios beyond the SM. The
mechanism of two body B decay is still not quite clear,
although many scientists devote to this field. Starting from
factorization hypothesis [1], many approaches have been
built to explain the existing data and some progresses have
been made. For example the generalized factorization (GF)
[2], QCD factorization (QCDF) approach [3,4], the pertur-
bative QCD (pQCD) approach [5—8] and the soft-collinear
effective theory (SCET) [9]. The pQCD approach is based
on Ky factorization theorem [10] while others are mostly
based on collinear factorization [11].

In our opinion, the pQCD factorization approach has
three special features: (a) Sudakov factor and threshold
resummation [12] are included to regulate the end-point
singularities, so the arbitrary cutoff [13] is no longer nec-
essary; (b) the form factors for B — M transition can be
calculated perturbatively, although some controversies still
exist about this point; and (c) the annihilation diagrams are
calculable and play an important role in producing CP
violation [8,14]. Up to now, many B meson decay channels
have been studied by employing the pQCD approach, and
it has become one of the most popular methods to calculate
the hadronic matrix elements.

In this paper, we will study the branching ratios and CP
asymmetries of B — KK* decays in the pQCD factoriza-
tion approach. Theoretically, in the B — KK* decay
modes, the B meson is heavy and sitting at rest. It decays
into two light mesons with large momenta, so these two
energetic final state mesons may have no enough time to
get involved in soft final state interaction (FSI). In this
case, the short distance hard process dominates the decay
amplitude and the nonperturbative FSI effects may not be
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important, this makes the pQCD approach applicable. At
the same time, the B — KK decays have been studied
before in the GF approach [2] and the QCDF approach
[3,4]. The similar decays such as B — KK and K*K*
decays have been investigated in the pQCD approach
recently [15,16]. On the experimental side, the first mea-
surement of B® — (K°K*0 + K°K*0) decay has been re-
ported very recently by BABAR collaboration [17] in units
of 1076 (upper limits at 90% C.L.):

Br(B® — K°K™ + K°K*0) = 0.2799704(<1.9). (1)

For B — Kt K*? decay, only the experimental upper limit
is available now [18,19]

Br(B* — K*K*) <53 X 107°. 2)

This paper is organized as follows. In Sec. II, we give the
theoretical framework of the pQCD factorization ap-
proach. Next, we calculate the relevant Feynman diagrams
and present the various decay amplitudes for B — KK*
decays. In Sec. IV, we show the numerical results of the
CP-averaged branching ratios and CP asymmetries and
compare them with currently available experimental mea-
surements or the theoretical predictions in QCDF ap-
proach. The summary and some discussions are included
in the final section.

II. THEORETICAL FRAMEWORK

The three scales pQCD factorization approach [6,7] has
been developed and applied in the nonleptonic B meson
decays for some time. In this approach, the decay ampli-
tude is factorized into the convolution of the mesons’ light-
cone wave functions, the hard scattering kernel and the
Wilson coefficients, as illustrated schematically by Fig. 1,
which stands for the soft, hard and harder dynamics char-
acterized by three different energy scales (1~

O/ AMy), m,, My,) respectively. Then the decay ampli-
tude A(B — M, M,) is conceptually written as the con-
volution
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Factorization for B — KK* decays.

1 M,d

ﬂ(B — M]Mz) ~ [d4k1d4k2d4k3 TT[C(I)CDB(IC])

X ©yy (ko) Py, (k3)H(ky, ky, k3, )], (3)

where k;’s are momenta of light quarks included in each
mesons, and the term “Tr” denotes the trace over Dirac
and color indices. C(¢) is the Wilson coefficient which
results from the radiative corrections at short distance. In
the above convolution, C(¢) includes the harder dynamics
at scale larger than My and describes the evolution of local
4-Fermi operators from my, (the W boson mass) down to

t ~ O(/AMp) scale, where A = My — m,,. The function
H(ky, ky, k3, t) describes the four quark operator and the
spectator quark connected by a hard gluon whose ¢ is of

the order of AMp, and includes the O(/AMj) hard dy-
namics. Therefore, this hard part H can be evaluated as an
expansion in power of ag(r) and A /1, and depends on the
processes considered. The function ®,, (M = B, M|, M,)
is the wave function which describes hadronization of the
quark and antiquark into the meson M, and independent of
the specific processes. Using the wave functions deter-
mined from other well measured processes, one can
make quantitative predictions here.

Since the b quark is rather heavy we consider the B
meson at rest for simplicity. It is convenient to use light-
cone coordinate (p*, p~,pr) to describe the meson’s mo-
menta

(L. p?. @

Using the light-cone coordinates the B meson and the two
final state meson momenta can be written as

M M
Py = Tg(l, 1,07), P, = Ts(l, % 0r),

M
Py = 75(0, e 9
respectively, where rg» = mg+/mp; and the terms propor-
tional to m% /m?3 have been neglected.
For the B — KK* decays considered here, only the K*
meson’s longitudinal part contributes to the decays, its
. - ﬁ"ﬁﬁ , —r%., 07). Putting
the light (anti-) quark momenta in B, K* and K mesons
as ky, k,, and ks, respectively, we can choose

ky = (x; P}, 0,ky7), ky = (x,P3, 0, Ky7),
k3 = (Or x3P3_r kST)'

L
P_=\/—§(P0ip3) and pr =

&)

(6)
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Then the integration over k7, k5, and k3 in Eq. (3) will
lead to
JZL(B i KK*) ~ fdxlded)C3b1db1b2db2b3db3

X T C(t)Dg(xy, b)) Py (xy, b))
X @, (x3, b3)H(x;, b;, 1)S,(x;)e 5D, (7)

where b; is the conjugate space coordinate of k;r, and ¢ is
the largest energy scale in function H(x;, b;, t). The large
logarithms In(my /f) coming from QCD radiative correc-
tions to four quark operators are included in the Wilson
coefficients C(7). The large double logarithms (In%x;) on
the longitudinal direction are summed by the threshold
resummation [12], and they lead to S,(x;) which smears
the end-point singularities on x;. The last term, e 5, is the
Sudakov form factor resulting from overlap of soft and
collinear divergences, which suppresses the soft dynamics
effectively [20]. Thus it makes the perturbative calculation
of the hard part H applicable at intermediate scale, i.e., Mp
scale.

The weak effective Hamiltonian Hg for B— KK* de-
cays can be written as [21]

H o — %[meummm+qwmmm
10

—m%Zawaw} (8)
i=3

where C;(u) are Wilson coefficients evaluated at the re-
normalization scale u and O; are the four-fermion opera-
tors for b — d transition:

O =d,y"Lug-iigy,Lb,,

O3 =d,y*Lu
03 = (ia‘yp“Lb

a IZB’}/IMLbB,
o« D dpYuldlp
q/

Oy=d,y"Lbg- Z%?’#Ll]'a,
q/

. =/ R /
Z‘Iﬁ?’,u qp
ql

06 = 6ioz’y'u'l‘bﬂ : ZQIBYMRL]Z(’

q/

05 = ga’yMLba

)
_3_ =/ !

O —Ed yﬂLba‘geq’qﬁ’y#quB’

3 _
Oy =§d y“LbB-Zeq/q’ﬁyﬂng,

q/

0y ~33 ELb, L

S day Ze 'G5 YuLl

3

2

0 = d_a’yMLbB : Zeq/QTB')/,U,Lanu
q/
where « and B are the SU(3) color indices; L and R are the
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left- and right-handed projection operators with L = (1 —
vs), R = (1 + vys). The sum over ¢’ runs over the quark
fields that are active at the scale w = O(m,), ie.,
(¢'€{u, d, s, c, b}). For the decays with b — s transition,
simply make a replacement of d by s in Egs. (8) and (9).

The pQCD approach works well for the leading twist
approximation and leading double logarithm summation.
For the Wilson coefficients C;(w) (i = 1, ..., 10), we will
also use the leading order (LO) expressions, although the
next-to-leading order calculations already exist in the lit-
erature [21]. This is the consistent way to cancel the
explicit p dependence in the theoretical formulae. For
the renormalization group evolution of the Wilson coeffi-
cients from higher scale to lower scale, we use the leading
logarithmic running equations as given in Appendix C and
D of Ref. [22].

In the resummation procedures, the B meson is treated as
a heavy-light system. In general, the B meson light-cone
matrix element can be decomposed as [23]

4
' (;’;)4efkrz<0|z5a(o>dﬁ<z>|B(pB>>

__ ﬁ{(ﬁ + m3)75|:¢8(k1)

- %%(kl)“m, (10)

where n, = (1,0,0;7), and n_ = (0, 1,0;) are the unit
vectors pointing to the plus and minus directions, respec-
tively. From the above equation, one can see that there are
two Lorentz structures in the B meson distribution ampli-
tudes. They obey to the following normalization conditions

d*k, _ Is dhy
W¢B(kl) = W’ W¢B(kl) = 0.

an

In general, one should consider these two Lorentz struc-
tures in calculations of B meson decays. However, it can be
argued that the contribution of ¢ is numerically small
[24], thus its contribution can be numerically neglected
safely. Using this approximation, we can reduce one input
parameter in our calculation. Therefore, we only consider
the contribution of Lorentz structure

1

¢B = NC

(P + mp)ysdpky). (12)

;

The K and K* mesons are treated as a light-light system.
Based on the SU(3) flavor symmetry, we assume that the
wave functions of K and K* mesons are the same in
structure as the wave functions of 7 and p, respectively,
then the K meson wave function is defined as [25,26]

PHYSICAL REVIEW D 75, 014019 (2007)
1

DOp(P, x, () = \/W%{Ifd’?}(x) + m& pL(x)
+ {mE(Wh — v - n) Pk (x)} (13)

where P and x are the momentum and the momentum
fraction of K, respectively. The parameter { is either +1
or —1 depending on the assignment of the momentum
fraction x. While in B — KK* decays, K* meson is longi-
tudinally polarized, only the longitudinal component ®%.
of the wave function should be considered [24,27],

1
dL, =
k= /2N,

{Apdy () + mg- b ()] + mg- p- ()}
(14)

The second term in above equation is the leading twist
wave function (twist-2), while the first and third terms are
subleading twist (twist-3) wave functions. The transverse
part of @k~ can be found, for example, in Ref. [16].

The explicit expressions of the distribution functions
¢B(k1)’ ¢?((x)’ (ZSZ(X)’ (7{)[7;()()9 ¢K*(x)s ¢§*(x)9 and

T..(x) will be given in next section. The initial conditions
of leading twist distribution functions ¢;(x), i = B, K*, K,
are of nonperturbative origin, satisfying the normalization
condition

jl ¢i(x,b = 0)dx = (15)
0

1
PN

where f; is the decay constant of the corresponding meson.

III. PERTURBATIVE CALCULATIONS

For the considered decay modes, the Feynman diagrams
are shown in Figs. 2—4. We firstly analyze the correspond-
ing decay modes topologically: (i) the eight diagrams can
be categorized into emission and annihilation diagrams;
(ii) each category contains four diagrams: two factorizable
and two nonfactorizable. In Fig. 2, for example, Figs. 2(a)—
2(d) are emission diagrams, while Figs. 2(e)—2(h) are
annihilation ones topologically; and Figs. 2(a), 2(b), 2(g),
and 2(h) are factorizable and Figs. 2(c)—2(f) are nonfac-
torizable diagrams.

For B® — K°K*0(K*°KP) decays, only the operators
05—y contribute via penguin topology with light quark
q = s (diagrams a,b,c,d) and via the annihilation topology
with the light quark ¢ = d (diagram 2(f) and 2(h)] or s
(diagram 2(e) and 2(g)]. It is a pure penguin mode with
only one kind of CKM elements, and consequently, there is
no CP violation for these decays.

For the BY(B%) — K" K*~(K*" K ™) decays (see Fig. 3),
the current-current operators 0(1“2) contribute via the anni-
hilation topology [Figs. 3(c), 3(d), 3(g), and 3(h)], while
the operators Oz_;( contribute via the annihilation topol-
ogy with the light quark ¢ = s [Figs. 3(a), 3(b), 3(e), and
3(f)] or ¢ = u [Figs. 3(c), 3(d), 3(g), and 3(h)].
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FIG. 2. Typical Feynman diagrams contributing to B® — K°K*0(K*°K°) decays. The diagram (a) and (b) contribute to the form
factor AF~K "or F g,TK for M, = K*° or K°, respectively. Other four Feynman diagrams obtained by connecting the gluon lines to the d
quark line inside the B® meson for (e) and (f), and to the lower s or d quark line for (g) and (h) are omitted.

For the BT — K+ K*0(K** K%) decays (see Fig. 4), the
current-current operators 0(1‘,’2) contribute via the annihila-
tion topology [Figs. 4(e)—4(h)], while the penguin opera-
tors O;_jy contribute via the penguin topology with the
light quark g = s [Figs. 4(a)—4(d)] or via the annihilation
topology with ¢ = u [Figs. 4(e)—4(h)].

In the analytic calculations, the operators with (V —
A)(V — A) structure work directly, while the operators
with (V — A)(V + A) structure will work in two different
ways:

(i) In some decay channels, some of these operators
contribute directly to the decay amplitude in a fac-
torizable way.

(i) In some other cases, we need to do Fierz transforma-
tion for these operators to get right flavor and color
structure for factorization to work. In this case, we
get (S + P)(S — P) operators from (V — A)(V + A)
ones.

A. B" — K'K**(K*°K") decay

F_or the _sake of the reader, we take the B°—
K°K*9(K*9K®) decay channel as an example to show the

ways to derive the decay amplitude from individual dia-
gram. As shown explicitly in Fig. 2(a), the meson M,
which picks up the spectator quark can be K° or K*, the
emitted meson M, should be K** or K° at the same time.
The B meson therefore can decay into the final state f =
K°K*0 and f = K*K° simultaneously. The B° meson, on
the other hand, also decay into the same final state f =
K°K*0 and f = K*K° simultaneously.

Now we consider the usual factorizable diagram 2(a)
and 2(b) for the case of M; = K**. The (V — A)(V — A)
operators O34 and Og o contribute through diagram 2(a)
and 2(b), the sum of their contributions is given as

1
FeK* =4\/_2’—GF7TCFme%j dXIdX3
0

X ﬁmbldbledb3¢B(xl’bl)'{[(1 +x3) g+ (x3, b3)
+ (1 = 2x3)rg+ (¢ (x3, b3) + Dl (x3, b3))]
“a,(t)h,(xy, x3, by, by)exp[—S,(1})]

+ 2re e (03, b3) g (12) h, (x5, X1, b3, by)

X exp[—S, ()]}, (16)
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where Cr = 4/3 is a color factor. The functions k’, the
scales . and the Sudakov factors S,(!) and S,(¢2) will be
given explicitly in the appendix. In Eq. (16), we do not
include the Wilson coefficients of the corresponding op-
erators, which are process dependent. They will be shown
later in this section for different decay channels.

The form factor of B to K* transition, A5~X"(0), can also
be extracted from F,g- in Eq. (16), that is

2F g
AB=K' (42 = 0) = Q A7)

Grpfxmsg

The operators Os_g have a structure of (V — A)(V + A).
Some of these operators contribute to the decay amplitude
in a factorizable way. Since only the axial-vector part of
(V + A) current contribute to the pseudoscaler meson pro-
duction

(K*|V — A|BXK|V + A|0) = —(K*|V — AIBXK|V — Al0).
(18)

The contribution of these operators is opposite in sign with
F .k in Eq. (16):

G KTE™)

K*(K™)

PHYSICAL REVIEW D 75, 014019 (2007)
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Feynman diagrams for B — K™ K*~ (K** K ™) decays.

FPL = —F . (19)

In some other cases, one needs to do Fierz transforma-
tion for these operators first and then get right color struc-
ture for factorization to work. In this case, one gets
(S — P)(S + P) operators from (V — A)(V + A) ones. For
these (S — P)(S + P) operators, Figs. 2(a) and 2(b) gives

eK* = SJ—GFWCprerBf dxldx3

X jo " bydb,bydbybplxy, by) - [ (xa bs)

+ rie((x3 + 2) - (x3, b3) — X304 (x3, b3))] (20)
a(te)he(xy, X3, by, bs) exp[—S,(7e)]

+ (x1 Pk (x3, b3) + 2rg - (x3, b3))

X a (t)h(x3, x1, b3, by) exp[—S,(12) ]}

For the nonfactorizable diagram ]2(c) and 2(d), all three
meson wave functions are involved. The integration of b5
can be performed using & function 6(bs — b,), leaving
only integration of b; and b,. M,k denotes the contribu-
tion from the operators of type (V — A)(V — A), and Mf,;

014019-5



LIBO GUO, QIAN-GUI XU, AND ZHEN-JUN XIAO PHYSICAL REVIEW D 75, 014019 (2007)
K&

b 3 < s < 3 5
B* E K*(K™) g
u > u u - u
(a) (b)

!
QU
|\\n
=l
!
ij
%]
=Y

o
v
[
o
v
=

[yl
©»

(=1
=

) d d
b S
u > < K

() u (h) u

FIG. 4. Feynman diagrams for B — K+ K*%(K** K°) decays.

is the contribution from the operators of type (V — A)(V + A):

16 1 00
Mg = ﬁGFWCFm%ﬁ dxldxzdx3]0 bldblbzdb2¢3(x1» bl) ?}(Xzy bz) '{_[—x2¢K*(X3yb1) + "K*X3(¢§@(X3, bl)

— @l (x3, b)) - (1) (xy, x5, x3, by, by) expl =S ()] + [0 = x5 = 1)y (x3, by) + rgex3(die (x3, by)

+ Pl (x3, b1))] - @ (tp)h7(xy, x2, x3, by, by) exp[—S ()]}, 2D

16 1 00
Mf}(* = \/_gGFWCFm%ﬁ dxldxzdx3];) bydbbydbypp(xy, by)ri {[(x; — x)(ph(xa, by) — Pk (xa, b)) g (x3, by)

+ rge (0 (P g (52, by) — D (X2, D)) (D% (x3, by) — Pk (x3, 1)) — x0(D (X2, b)) — Pk (x2, b)) - (P (x5, by)

= ¢l (x3,b1)) — x3(P (3, b)) + Pk (xa, b)) (P (x3, b1) + Pl (3, b1))) e (1) (xy, x2, X3, by, by) exp[ —S.(1})]
= [(x1 + x5 = (i (x2, by) — P (xa, b2)) e (x3, by) + 1 (xy (P (x0, by) — D (X2, b)) (- (x3, by)

- ¢t;(*(x3; by)—(1— Xz)(¢112(x2, b,) — ¢2(x2, bz))(d’ﬁ(* (x3,by) — ¢IK*(X3’ by))

— x3(PR (2, by) + P E(x2, D)) (@ (x3,b1) + Pl (x3, b)) e (1) hF(x1, X3, X3, by, by) exp[— S (t1)]}. (22)

For the nonfactorizable annihilation diagram 2(e), we have three kinds of contributions: Mg~ for (V — A)(V — A)
operators, Mf,‘(* for (V — A)(V + A) operators and MZ)}(* for (S — P)(S + P) operators.
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1 00
Mg = 2 GpCpm /0 dox, dx,dxs fo bidbybydbyd (s, by) - {—[ra - (s, b2) (s, b)

V3

+ reerg(dk(xa, by)(xy + x3 +2) - Pa(xz, by) + (xa — x3) P (x3, by))

+ ¢§(x2, bz)(—x3(¢§(*(x3, b,y) — ¢§<*(x3, b,)) — 2¢7§<* (x3, bp) + Xz(d’;(*(xy b,) + ¢§<*(x3, b,))))]

s (1)h3(xy, xp, X3, by, by) expl =S (11)] + [x3 - (x3, b2) PR (xp, by) = rierg(—xa (B (0, by) — P (x, b))
APy — D) = x3(Pk(xa, by) + P(x, b)) (- (3, by) + Pl (x3, by)))]

) as(t;t)h;'(xl’ X2, X3, by, by) eXp[—SC(tjl)]}, (23)
where ry = m&/mg with m& = m% /(m; + my).
16 1 00
Ml = 5 GemComi, [ dvidxadss [ ™ bidbibadbybatn, bi) (L= ri (= (i (52, b2) + D (12, b))
+ rg (0 = 2)p k- (x3, b2) (PR (xp, by) + P (xp, b))] - as(t})h;-(xl, X2, X3, by, by) CXP[_SC(I;)]
+ [—xarg P i (x3, Do) (DR (x2, by) + Pk(xp, b)) + x3rge (X0, Do) (% (x3, by) + Pl (x3, by))]
: as(t?)h;“(x]’ X2, X3, bl’ b2) CXP[_SC(Z‘;)]} (24)
16 1 00
Mf:[z(* = EGFWCFm%L dxldxzdx3]; bydb,bydbyg(xy, by) - {[x3¢K*(x3, bz)ﬁf’?((xz, b,)

+ rerg(((xg + x3 + 2) 5. (x5, by) — (xg = x3) Pl (x3, b2)) PR (X2, by) + (x3(PS (x5, b2) + DL (x3, by))

+ X3 (@-(x3, by) = - (x3, b2)) = 2k (x3, b2)) Pk (x2, b2))] - (1) R (xy, X, x3, by, by) expl—Sc(17)]

+ [— X0k (x3, b2) % (x2, by) + rierg(—x2(hpk(xp, by) + Pk (xy, b)) = (3 (x3, b)) + Pl(x3, by))

— x3(@pg(x2, by) = Pk(xa, b)) - (- (x3, b)) — Pl (x3, D)) e (1R (x, X3, x3, by, by) exp[—S.(17) ]} (25)

The factorizable annihilation diagram 2(g) involves only K* and K wave functions. The decay amplitude F -, F 5 ,1< and
FP2. represent the contributions from (V — A)(V — A) operators, (V — A)(V + A) operators and (S — P)(S + P) opera-

tors, respectively.

1 00
Fuxe = —432mG pCpf g fo dxsdx; ]0 bydbabsdbs - {[x3 - (xs, b3) (s, by)

+ 2rgerg i (xa, by)((1 + x3) (3, b3) — (1 — x3) Pl (x5, b)) ]erg (1), (x2, X3, by, bs) exp[—S4(77)]
— [xad (x5, b3) 5 (x2, ba) + 2rgerg e (x3, b3) (1 + X3) b (x2, br)

— (1 = x) @k (xp, b)) ] (tD) (x5, x5, b3, by) exp[—S4(22)]}, (26)
FZ(* = —Fx (27

1 00
F5]2( = _SﬁGFWCFm%fBﬁ) dxzdx3];) bydbybydby - {[2rg ¢ g+ (xs, b3)¢’>2(x2, b,) + x3r,(*(¢§<*(x3, bs)

— (x5, b2)) P (x2, b2)] * @ (£3)h,(x2, X3, by, b3) exp[ =S (£2)] + [2r- P (x3, b3) g (xa, by)
+ xz”k(ﬁbﬁ(xz, b,y) — ¢§(X2, by)) i+ (x3, b3)] - a(t2)h,(x3, X9, b3, by) exp[ —S,(12)]}. (28)
{

In the above equations, we have assumed that
X1 <K Xxp, x3. Since the light quark momentum fraction
x; in B meson is peaked at the small x; region, while
quark momentum fraction x, of K is peaked around 0.5,
this is not a bad approximation. The numerical results
also show that this approximation makes very little
difference in the final result. After using this approx-
imation, all the diagrams are functions of k| =
x;mp/+/2 of B meson only, independent of the variable
of k.

For the Feynman diagram 2(f) and 2(h), the correspond-
ing decay amplitude is the same in structure as those for
2(e) and 2(g). We get the decay amplitude easily by making
two replacements of x, — 1 — x, and x3 — 1 — x3 in the
relevant distribution amplitudes.

For the case of M, = K° and M, = K*°, by following
the same procedure, one can find all decay amplitudes:
FeK’ Ffll(’ and Fflz(’ MeK’ MSI](’ MaK’ Mfz’ll( and MZJIZ(’ FuK?
Ff,‘(, and Ff:}( The explicit expressions of these decay
amplitudes will be given in Appendix A.
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B. Total decay amplitudes amplitudes for B’ — K*K* (K**K~) and B' —
KT K*(K** K%) decays.

Combining all contributions, the total decay amplitude
for all considered decay modes can be written as

Based the isospin symmetry and the analytical results
obtained in last subsection, one can derive out all the decay

|

_ C Cy C C C Cy C
M(B® — KOK*0) = —g,{Fe,((i +Cy— =2 - —1°> - M€K<C3 — 79> - Mf’;(<c5 — 77> - M[,,(<C3 +Cy——=— ﬂ)

3 6 2
+MLZI]<<C5 _7> +Ma12((cﬁ _7> +MLZK*<C4 _T> + FIZK<§C3 +§C4 - C5 _?'i_?‘i‘?
(0. GCo)

32 6 2 6

Cy

- C
3 5

2 2 C
—§c9 — §C10> + Mf§*<C6 - 78> + Fa,(*<c3 +

C c;, C
+FR (D - - 22
FaK<3 G- =)t (29)

_ C C C C c; C C C
M(B® — KK = _fz{FeK*<—3+ Cy _—9_£> T FZZ(*(_5+ Ce _—7_—8> +Mek*<C3 _79> +M511<*<C5 _—7>

3 6 2 3 6 2 2
Cy Cy P G, P Cg p, (Cs C; Gy
M (CitC— 20 mP (e -+ MmP2(c, - B+ FR (24, — =1 - =8
e (Cot €= =) (€= F )+ Mk (=) + Rk (F+ G- - F)
C, Co  C; C3g Cy Cy Cio 4 4
+F S S M k. Bt Bt L RV _E0N L F (e + 2, -
(O O PP =T ) M€= ) Fae (3G 56
Cs C; Cg 2 2 » Cy
S5 T4 8 ey -2y |+ Mg — =3\ 30
373 g 3%973 10) a1<< 6 2)} (30)
0 +opE—) C2 _ P, _CS C4_
M(B° — K"K*™) = &,| Mg Cy + F x| C "'? EqMk(Cy + Cyp) + M ;.| Co 5 + Fux C3+? Cs
C C C
—?6—C7—?8+C9+%>+M5}((C6+C8)
Cy Co  C;  Cg 1 Cio Co
NRY N (o S o S B ATt Y o U Y Y ot L | 31
aK <C3 3 Cs 3 2 6 2C9 6) ak <C4 2)} (31
C C Cs C, Cy Co C
MBY— K K7) = §,| MygCy + For [ Cr + 2 ) | — EJF [ Cs+ =2 —Cs — 0+ L+ 8 -2 =10
( ) §u|: aK*%“2 aK< 1 3>:| gt{ aK( 3 3 5 3 2 6 2 6
C C C C C
+FaK* C’3'|'—4_C‘5_—6_6‘7_—84_(:'9"_i +MaK*(C4+C10)+MaK C4_i
3 3 3 3 2
C
+ ij;((c6 - 78> + M2 (Co + cs)}, (32)
_ C c C, C c C
M(B+—»K+K*0)=§M<MHKC1+FaK<?‘+C2>>—gt{FeK(?HCL‘—f—%)JrFf,@(?SJrC6+?7+C8>
C C
+M6K<C3—79>+M5}((C5—77>+MHK(C3+C9)+M51‘((C5+C7)
C C
+FHK<33+C4+39+C10>}, (33)
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- C C C C C c;, C
M(B* — KK°) = §u<MaK*C1 + Fox ( 31 + Cz)) - fz{FeK*( 33 TG4~ ?9 21()) + Fh. <35 + Co — é - 78>
C C Cy C
~|—F§}<*<?5+ Ce +?7+ Cs> +MeK*<C3 2>~|—M511(*<C 27> + M- (Cs + Co)
P G G
+ M (C5+C7)+Fa,(<3 +C4+?+C10>}, (34)

where &, =V, V.4, &, = V,,V,,. The exact expressions of
individual transition amplitudes not given explicitly in this
section, such as F,x and Mg, etc., are collected in
Appendix A.

The decay amplitudes for those charge-conjugated de-
cay channels can be obtained from the results as given in
Eqgs. (29)—(34) by simple replacements of &, — & and
& — &

Analogous to Eq. (17), the form factor F57%(¢*> = 0)
can also be extracted from F,g via the followmg relation

ﬁFeK

F§T5 (g =0) = —.
Grfx-my

(35)
IV. NUMERICAL RESULTS AND DISCUSSIONS

A. Input parameters and wave functions

Before we calculate the branching ratios and CP violat-
ing asymmetries for the B decays under study, we firstly
present the input parameters to be used in the numerical
calculations.

AV =025GeV,  fp=0.19 GeV,

= 17GeV,  fg = 0217 GeV,
fr.=fx =016 GeV,  myg =0497 GeV, (36)
mg- = 0.89 GeV, My = 5.2792 GeV,

My, = 80.41 GeV.

The central values of the CKM matrix elements to be used
in numerical calculations are

[V,al = 0.9745,
[V,,] = 0.9990,

[V, = 0.0036,
(37)
|V,4l = 0.0075.

For the B meson wave function, we adopt the model
[15,22,24]

2.2
B, b) = Nyr(1 — 2)? exp[— Mor _ 1<wbb>2}
Zwb 2
(38)

where the shape parameter w;, = 0.4 = 0.04 GeV has
been constrained in other decay modes. The normalization
constant Ny = 91.745 is related to fz = 0.19 GeV and
Wy, = 04

The K* meson distribution amplitude up to twist-3 are
given by [27] with QCD sum rules.

[

by (x) = % Feex(1 = 0[1 + 0.57(1 — 2x)

+0.07C3(1 - 2x)], (39)
Pl-(x) = f\';*_{o 3(1 — 2x)(3(1 — 2x)2 + 10(1 — 2x) — 1)
+ 1.68CY*(1 — 2x)
+0.06(1 — 2x)2(5(1 — 2x)% — 3)
+0.36[1 — 2(1 — 2x) — 2(1 — 2x) In(1 — x)]},
(40)
&5 (x) = Tk {3(1 = 20)[1 + 0.2(1 — 2x)
K 216
+0.6(10x2 — 10x + 1)] — 0.12x(1 — x)
+0.36[1 — 6x — 2In(1 — )]}, 41)

where the Gegenbauer polynomials are defined by
G (=352 1), C/* (1) =435 —30~2 +3). (42)

For K meson, we use ¢4 of twist-2 wave function and
¢% and ¢ of the twist-3 wave functions from [26,27]

2(x) = %f,(x(l —x)[1 +0.51(1 — 2x)
+0.3(5(1 —2x)% = 1)], (43)
P (x) = f[l +0.123(1 —2x)2 = 1)
—0.12(3 —30(1 — 2x)> +35(1 — 2x)%)/8],  (44)
X — X . X2 - X .
k() = 2{ 20)[1 + 0.35(10x% — 10x + 1)]. (45)

Based on the definition of the form factor A5~ and
F§7% as given in Eqs. (17) and (35), we find the numerical
values of the corresponding form factors at zero momen-

tum transfer.
AB=K (g2 = 0) = 0467530 (w}),
0.06\@p 46)
FB*K(q =0) = 0.3570%(w).

where the errors are induced by the change of w,, for w;, =
0.40 = 0.04 GeV. These results are close to the light-cone
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QCD sum rule predictions [28]
AB=K (g% = 0) = 0.374 = 0.034,
Fg?K(q2 = 0) = 0.331 = 0.041.

B. Branching ratios

In order to calculate the branching ratios and CP asym-
metries in a more clear way, we rewrite the decay ampli-
tudes as given in Egs. (29)—(34) in a new form

M = Vi VT = Vi VP = Vi,V T[1 + zei@t9)],
(48)
where the term “7” and “P” denote the “tree” and
“penguin” part of a given decay amplitude M, which is

proportional to £, =V, V,, or & =V, V,,, respectively.
While the ratio

Y P
VoVua 1| T
is proportional to the ratio of penguin (P) to tree (7T)
contributions, the CKM angle a = arg[— ‘\,/’;’xfé’] is the
ud " yp

weak phase, and & is the relative strong phase between
the tree and penguin part.

Take M (Bt — K" K*°) in Eq. (33) as an example, its
“T” and ““P” parts can be written as in the form of

T =M C, + Fx(Cy + Cy), (50)

P = Fekl3Cs + C4 = 4Co = 3Cu0) + FyiGCs + C

+ _%C7 + Cg) + M, (C; — 1Co) + Mf,‘((C5 -1cy)

+ Mo (Cs + Co) + MLL(Cs + C7)

+ Fx(3C5 + C4 +1Cy + Cyp). (51)

In pQCD approach, the ratio z and the strong phase &

can be calculated perturbatively. For B¥ — K*K* and
K** K decays, for example, we find numerically that

(KTK*0) = 2.1, S(KTK*0) = —13°,

_ _ (52)
KR =27,  S(K*TK°) = —44°.

The major error of the ratio z and the strong phase 6 is
induced by the uncertainty of w, = 0.4 = 0.04 GeV but is
small in magnitude. The reason is that the errors induced
by the uncertainties of input parameters are largely can-
celed in the ratio.

From Eq. (48), it is easy to write the decay amplitude for
the corresponding charge-conjugated decay mode

M=V, Vi T =V, VEP =V, Vi T[1 + zel-atd],
(53)

Therefore the CP-averaged branching ratio for B — KK*
decay can be defined as

PHYSICAL REVIEW D 75, 014019 (2007)
Br = (|M[? + |M[?)/2
= |V, Vi, TI’[1 + 2z cosa cosd + z2], (54)

where the ratio z and the strong phase d have been defined
in Eqgs. (48) and (49).

It is a little complicate for us to calculate the branch
ratios of B®/B® — f(f), since both B® and B° can decay
into the final state f and f simultaneously. Because of
B — B® mixing, it is very difficult to distinguish B° from
B°. But it is easy to identify the final states. Therefore we
sum up B°/B° — K°K** as one channel, and B°/B° —
K°K*0 as another, although the summed up channels are
not charge conjugate states [29]. Similarly, we have
B°/B% — KTK* as one channel, and B’/B° — K~ K**
as another. We show the branching ratio of B°/B° —
K*K*, B"/B°—-> K K**, Bt - K"K** and B" —
K**K° decays as a function of « in Fig. 5.

Using the wave functions and the input parameters as
specified previously, it is straightforward to calculate the
branching ratios for the four considered decays. The pQCD
predictions for the branching ratios are the following:

Br(B* — KTK*) = 3.1%}2(w,) X 1077, (55)
Br(B* — K*"K%) = 18.37%3(w,) X 1077, (56)

Br(B’/B" — KK + K°K*) = 19.6"1(w;) X 1077,
(7)

Br(B/B®— K*K*~ + K K*") = 7.471%(w;) X 1078,

(58)
30 —-__§_I T T T T T T T T
~
~.
25 |- SQ |
'~
N
\.
— 20 ~ -
~
'\n N
o N
Z 151 S i
¥ el
= 10 —
om
s T |
0:_____—____—_______________"_."_'_--_-_
' | ' | ' | ' | ' | | | |
0 20 40 60 80 100 120 140 160 180
o(degree)

FIG. 5. Branching ratios (in units of 1077) of B* — K*"K°
(dash-dotted curve), BT — K+*K*0 (dotted curve), B°/B° —
K°K*0 + ROK* (solid curve), B°/B’— K*K*~ + K~ K**
(dashed curve) as a function of CKM angle «.
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where the major error is induced by the uncertainty of
wp, = 0.4+ 0.04 GeV.

As a comparison, we also list the theoretical predictions
in QCDF approach [4]:

Br(B~ — K K*) = 3.0 x 1077, (59)
Br(B~ — K* K% =3.0172 X 1077, (60)
Br(B° — K°K*) = 2.6748 x 1077, (61)
Br(B® — K°K*0) = 2.9773 X 1077, (62)

Br(B — K~ K**) = 1.471%7 x 1078, (63)
Br(B°— K*K*") = 144197 x 1078, (64)

where the individual errors as given in Refs. [4] have been
added in quadrature. For B~ — K~ K*° decay, the pQCD
and QCDF predictions agree very well. For remaining
decay modes, the pQCD predictions are larger than the
QCDF predictions by a factor of 2 to 5, although they are
still consistent with each other within errors because the
theoretical uncertainties are still very large. When com-
pared with the experimental upper limits, the theoretical
predictions in both approaches still agree with the data.
The large differences between the pQCD and QCDF pre-
dictions will be tested by the forthcoming precision
measurements.

C. CP-violating asymmetries

Now we turn to the evaluations of the CP-violating
asymmetries of B — KK* decays in the pQCD approach.
For B — KTK* and BT — K*"K° decays, the direct
CP-violating asymmetries A‘éi; can be defined as

M= M 2zsina sind
M2+ M2 1+ 2zcosacosd + 72

AL . (65)
where the ratio z and the strong phase 6 have been defined
in previous subsection and are calculable in PQCD
approach.

Using the definition in Eq. (65), it is easy to calculate the
direct CP-violating asymmetries for B — K*K*0(K*)
and B* — K**K°(K?) decays. The numerical results are

AdL(B* — K*K*O(K™)) = —0.20 = 0.05(a) * 0.02(w,),
AdL(B* — K**KO(K?) = —0.497007(a) * 0.07(w,).
(66)

for a« = 100° £ 20° and w, = 0.40 = 0.04 GeV. These
pQCD predictions are also consistent with those in QCDF
approach [4]:

AE(B* — K=KO(K™)) = —0.2410%8,

e (67)
AdL(B* — K**KO(K?)) = —0.1379%),

PHYSICAL REVIEW D 75, 014019 (2007)

where the individual errors as given in Ref. [4] have been
added in quadrature. In Fig. 6, we show the a-dependence
of the pQCD predictions of A, for B* — K= K*0(K*?)
(the solid curve) and B* — K**K°(K") decay (the dotted
curve), respectively.

For B°/B? — K°K*0(K°K*?) decays, they do not exhibit
CP violating asymmetry, since they involve only penguin
contributions at the leading order, as can be seen from the
decay amplitudes as given in Egs. (29) and (30).

We now study the CP-violating asymmetries for
B°/B° — K*K*~ (K~ K*') decays. Since both B° and B°
can decay to the final state K™ K*~ and K** K, there are
four decay modes. Here we use the formulae as given in
Ref. [29]. The four time-dependent decay widths for
B%(t) - K*K*~, B(t) —» K~ K**, B%(t) —» K~ K*", and
B(t) —» K" K*~ can be expressed by four basic matrix
elements [29]:

g = (K"K*"|H|B),
g = (K~ K**|H|B%),

h = (K" K*~|He|B°),
h = (K~ K*"|H|B°),

which determines the decay matrix elements of B® —
K*K*, B®—> K K**, B > K K*" and B — K*K*~
at t = 0. The matrix elements g and /& are given in
Egs. (31) and (32). The matrix elements 4 and g are
obtained from / and g by simple replacements of &, —
& and &, — £7: i.e., changing the sign of the weak phases
contained in the products of the CKM matrix elements £,
and ¢&,.

Following the general procedure, the B — B° mixing
can be defined as

By = plB®) + q|B°), B, = p|B%) —qlB%), (69)
with |p|?> + |g|> = 1. Following the notation of Ref. [29],
the four time-dependent decay widths of the considered

O.'I'I'I'I'I'I'I'I

20 R

30 R -

ARE(%)

40 - N -

50 -

| L | L | L | L | L | L | L |
0 20 40 60 80 100 120 140 160 180

o(degree)

FIG. 6. The direct CP asymmetry AL (in percentage) of
Bt — KTK*0 (the solid curve) and B* — K**K° (the dotted
curve) as a function of CKM angle «.
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decay modes can be written as

PHYSICAL REVIEW D 75, 014019 (2007)

T(BY(r) — K*K*~) = e’r’%(l ol + 1h?) X {1 + au cos(Ami) + a, o sin(Ami)},

IF'B°(1) —» KTK*") = e_r’%(lgl2 + %) X {1 — a cos(Amt) — a. . sin(Amt)},

(70)

_ 1 _
I'B(t) » K" K*") = e*r’E(Igl2 + |h|?) X {1 — az cos(Amt) — a 4z sin(Amt)},

I'B(t) = K~ K*") = e_F’%(IgI2 + |Al?) X {1 + az cos(Amt) + a.,z sin(Ami)},

where the four CP violating parameters are defined as

a,. — M a ) = M
N PIEER T T T+ /gl o
IR —2Im(% £

a; = —=——-, et — ————=7>

© AP+ 1gl T 1+ 1g/hP
where g/p = €?#. Using the decay amplitudes as given in
Egs. (31) and (32), it is straightforward to calculate the
above four CP-violation parameters. The central values of
the pQCD predictions are

ag = 0.74,
ag = 0.25,

deso = 0.68,
oo = —0.88,

(72)

for a = 100°. The a-dependence of these four CP violat-
ing parameters are shown in Fig. 7. It is difficult to measure
these physical observables in current and forthcoming B
meson experiments because of its tiny branching ratio ( ~
1079).

At last, we will say a little more about the possible FSI
effects. As mentioned in the introduction, we here do not
consider the possible FSI effects on the branching ratios
and CP-violating asymmetries of the B — KK* decays.
The FSI effect is in nature a subtle and complicated sub-

7T T T T T T 1
80-
60-
40

20

g of
3 L
-40
-60 -
-80 I
2100 L L L A L - 1> o
0 20 40 60 80 100 120 140 160 180
o(degree)
FIG.7. CP violating parameters of B%/B%—

KT*K* (K~ K**) decays: ao (dash-dotted line), az (dotted
line), a.; (dashed line) and a., o (solid line) as a function of
CKM angle a.

{
ject. The smallness of FSI effects has been put forward by
Bjorken [30] based on the color transparency argument [5],
and also supported by further renormalization group analy-
sis of soft gluon exchanges among initial and final state
mesons [20]. At present, the excellent agreement between
the pQCD predictions for the branching ratios and CP
violating asymmetries and the precision measurements
strongly support the assumption that the FSI effects for
B — K decays are not important [7]. For B — KK de-
cays, fortunately, good agreement between the pQCD pre-
dictions for the branching ratios of BT — KK,
BY — K"K~ and K°K? decays [15,16] and currently avail-
able experimental measurements [19] indicates that the FSI
effects are most possibly not important also [16]. Of
course, more studies are needed about this issue, while
further consistency check between the pQCD predictions
and the precision data will reveal whether FSI effects are
important or not.

V. SUMMARY

In this paper, we calculate the branching ratios and
CP-violating asymmetries of B°/B° — K°K*0(K°K*7),
B°/B" - K*K* (K" K*"), B* - K'K*, and B" —
K*tK® decays, together with their charge-conjugated
modes, by employing the pQCD factorization approach.

From our calculations and phenomenological analysis,
we found the following results:

(1) The pQCD predictions for the form factors of B — K

and K™ transitions are
FETK(0) = 0357008, AF~K = 04670,
(73)
for w;, = 0.40 £ 0.04 GeV, close to the light-cone
QCD sum rule results [28].
(i1) the pQCD predictions for the CP-averaged branch-
ing ratios are

Br(B™ — KTK*0) = 3.1 X 1077,
Br(B™ — K**K%) =~ 183 X 1077,
Br(B°/B° — K°K*0 + K°K*0) =~ 19.6 X 1077,
Br(B°/B° — K*K*~ + K~ K**) = 7.4 X 1078,
(74)
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The above pQCD predictions agree with the QCDF
predictions within still large theoretical errors and
close to currently available experimental upper
limits.

(iii) For the CP-violating asymmetries of the considered
decay modes, the pQCD predictions are generally
large in magnitude.
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APPENDIX A: NON-ZERO TRANSITION
AMPLITUDES

The factorizable amplitudes F,x-, F¥l., and FF2., F -,
FPL. and F2. have been given in Sec. III. The remaining
factorizable transition amplitudes in B — KK* decays are

written as

1 00
Fox = 4\/§7TGFCFfK*m‘l‘;]O dxldx3f0 bydbibydbydp(xy, by) - {{(1 + x3) (x5, b3) + ri(1 — 2x3) (% (x3, b3)

+ pk(xs, b3)] - a,(t)h,(xy, x3, by, by) exp[—S,(12)] + 2rx % (x3, b3)a (2)h,(x3, x4, b3, by) exp[—S,(22)]},

(AD

Fly = F, (A2)

1 00
Fox = 4\/§WGFCFme4B];) dxzdx3j(; bydbybydby - {[x3¢ g+ (x3, b3) P (X2, ba) + 2T i (x0, b)) (1 + x3) Pl (x3, b3)

—(1- x3)d>j<* (x3, bz))]as(ti)ha(xz, x3, by, b3)€XP[_Sd(t2)] — X2 (x5, b3)¢?}(X2, b,)

+ 2rg- ”K‘f’ﬁg* (x3, b3)((1 + xz)d’ﬁ(xz, by) — (1 — Xz)d’ﬁ(xzy b2))]as(tée‘)hu(x3’ X3, b3, b) eXP[_Sd(f‘e‘)]},

P _
FaK_ Fth’

(A3)

(A4)

1 00
P — 823G mCrmtyfiy ﬁ dxydix; [O bydbybadbs - {[2rg b (e b3) B (2, b) + x3r (5 (x5, b)

— Pl (x3, b)) P (x2, b)) - (D), (X2, X3, by, b3) expl— S ()] + [2rg- - (x3, b3) b (xs, by)

+ xzr,((d)ﬁ(xb b,y) — ¢§(X2, b,)) g+ (x3, b3)] - as(fe})ha(x'j’ X3, b3, by) GXP[_Sd(fe})]}-

(A5)

For B — KK* decays, the nonfactorizable transition amplitudes not shown explicitly in Sec. III are written as

16

1 00
My = — 2 GpaCpnth jo dox, dxydxs jo bydbibadbyp(xr, by) by (xz bo)

V3

Al=x29% (x5, by) + rxx3(di (a3, by) — Pi(xs, )] as(t})h}(xl, X2, X3, by, b2)eXP[—Sb(f})]

=[x — x5 — 1)¢?<(X3’ b,) + er3(¢§(x3r b,y) + ¢£(x3, by))]- as(t]%)h]%(xl, Xy, X3, by, by) exp[—Sb(t})]},

s 16

(A6)

1 00
My = = 2 GpaCpryemd ]0 dox, dxydxs ]0 bydbybadbrp(xr, by) - Lt b (s, b2)(B5 (12, by) — Bl (3, b))

NG

— rg(x (P (x3, by) — Pk (x3, b)) (P (x, by) — Pl(x2, b)) — x2(Pk(x3, by) — Pk (x5, b)) (% (x2, b)

= - (x2, b2) = x3(Pk(x3, by) + by (x3, b3)) - (P (. by) + P (0, b)) (1) (xy, X2, X3, by, )

X exp[—Sb(t})] +[(1 = x) (x5, b)) (5 (x2, b2) — Pl (xa, b)) — r(xy (DL (x3, by) — Pk (x3, b2)) (% (x2, b))
— @l (X2, by)) — (1 — x2)(PR(x3, by) — Pk (x3, b)) (D% (X2, by) — Pl (X2, b2)) — X3(PR(x3, by) + Pk (x3, b))

(- (g, by) + bl (g, b)) ] (F)RF(xy, X, X3, by, by) expl =S, (1)},

(AT)

014019-13
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16
MaK =

V3
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1 00
— 22 G Comt fo dox, dx,dxs [0 bydbybadbap(xy, by) - Lt - (X2, b2) k(. b)

+ rgerg (g + x3 + 2) % (x0, b)) + (x5 — x3) Pl (X2, by)) PR (x3, by) + Pk (x3, by)(—x3(%-(x, b2)
— (X2, b)) = 25 (X0, by) + (- (X, b)) + D2, b))))] - as(l‘;‘)h}(xl’ X2, X3, by, by) exp[—Sc(;;.)]
— [x3 k- (x2, by) (x5, by) + rgerg(xo (i (x3, by) — k(x3, by)) + (D (X, b)) — Pl (X2, by)) + x3(Pf (x5, by)

+ ¢2(X3, b2)) : (¢}(* (-XZ: bz) + ¢t](* (XZJ bZ)))]aY(flf)h;‘f(le X2, X3, bl) b2) exp[_Sc(t;)]}y (AS)
M = My, (A9)
M =M, (A10)
where rgy = m&/mg with m& = m% /(m; + my).
APPENDIX B: RELATED FUNCTIONS
We show here the function #;’s, coming from the Fourier transformations of H©,
he(x1, x3, by, b3) = Ko(/x1x3mpb)[0(b) — b3)Ko(Jx3mpb)1y(\/x3mpbs3)
+ 0(b; — by)Ko(\Jx3mpb3)Io(\/x3mpb)]S,(x3), (B1)
ha(x, X3, by, b3) = Ko(iy/x2x3mpb))[0(b3 — by)Ko(iy/x3mpb3)Iy(i/x3mpbs) B2)
+ 0(by — b3)Ko(i/x3smpby)1o(i/x3mpb3)]S,(x3),
h‘(/)(xly X2, X3, by, by) ={0(by — b1)Io(Mp/x133b1)Ko(Mp/x1x3D3)

KO(MBD(j)bZ)’ for D(zj) >0
+(by b))t | ) 5 ) (B3)

2 Hy (M3, /ID{;)1by),  for D) <0

h3(x1, X3, x3, by, by) = {0(by — by) Ko (in/x3x301 M)y (in/X5 %30, M)
i
+(by < by)}- TH(()I)(\/XI +xy + X3 — X153 — Xox30, M), (B4)
W (xy, xg, X3, by, by) ={0(by — by)Ko(iy/x2X3b1 M) lo(i /Xy x30,M )

KO(MBF(I)bl)’ for F(Zl) >0

+ (b = by} (B5)

where j = 1 and 2, J,, is the Bessel function and K, I, are
modified Bessel functions Ky(—ix) = —(7/2)Y,(x) +
i(m/2)Jy(x), and F(ZI), Dy;)’s are defined by

F(21) = (xl - XZ)X3, D(Zl) = (x1 - .X2)X3,
(BO)

D(22) = —(1 —x; — xp)x3.

i 1
ZLHY (Mg, [|F2, b)), for F2, <0

{
The threshold resummation form factor S,(x;) is adopted
from Ref. [24]

21T (3/2 + ¢)

S0 = gy L =

(B7)

where the parameter ¢ = 0.3. This function is normalized
to unity.

014019-14



B — KK* DECAYS IN THE ...

The Sudakov factors used in the text are defined as

Sa(t) = s(xymg/N2, by) + s(x3mp/~2, b3)

i) -
S,(1) = s(xymp/N2, b)) + s(xamp/~2, by)

+ 5((1 = xo)mp /N2, by) + sCesmp/ 2, by)

i) -

|

(1]

(2]
(31
(4]
(5]
(6]

(71
(8]
(91

1, = max(\/x3mpg, 1/by, 1/b3),

4 = max(yBomp, 1/by, 1/b3),

PHYSICAL REVIEW D 75, 014019 (2007)

S.(t) = s(xymp/2, b)) + s(x,mp/V2, by)

+ 5((1 — x))mp /N2, by) + s(xsmp/V2, by)

1 In(z/A)
5l = xm VB by = o [n TR
In(z/A)
+2 lnm} (B 10)

Sat) = s(eymp /N2, by) + s(x3mp/~2, b3)

+ 5((1 — x)mp /N2, by) + s((1 = x3)mp//2, bs)

1 In(t/A) In(z/A)
B [1“— n(boA) "= ln(bgAJ’

(B11)

where the function s(g, b) are defined in the Appendix A of
Ref. [22]. The scale ¢;’s in the above equations are chosen

as

tz = max(‘\/x_lmB) 1/blx 1/b3)y
f]lr = max(y/xx3mg, V(xl — X)x3mp, 1/by, 1/by),

17 = max(y/xx3mp, /(1 = x; = x)x3mp, 1/by, 1/by),

tg = max(‘\/gmB’ 1/b2y 1/b3)’

(B12)

13 = max(y/x; + x; + X3 — X1x3 = Xpx3mp, \JXyX3mp, 1/by1, 1/by),

13 = max(y/(x; — x3)x3mp, \JXyx3mp, 1/by, 1/by).
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