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By employing the perturbative QCD (pQCD) factorization approach, we calculate the branching ratios
and charge parity (CP)-violating asymmetries of the four B — Kz and KK decays, with the inclusion of
all known next-to-leading order (NLO) contributions. We find numerically that (a) the NLO contribution
can interfere with the leading order (LO) part constructively or destructively for different decay modes; (b)
the NLO contribution leads to a 22% decrease for the central values of the LO pQCD prediction for
Br(B? — K*z~), but ~50% enhancement to the other three considered B, decays, the agreement between
the central values of the pQCD predictions and the data are therefore improved effectively after the
inclusion of the NLO contributions; (c) for both BY — K*z~ and BY - K*K~ decays, the NLO pQCD
predictions for the direct and mixing induced CP-violating asymmetries agree well with the measured
values in both the sign and the magnitude; and (d) the theoretical errors of the pQCD predictions for decay

rates are about 35% of the cental values and larger than that of the relevant data.
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I. INTRODUCTION

The B and B, decays are very interesting phenomeno-
logically for the precision test of the standard model (SM)
and for the searches for the signal of the new physics
beyond the SM. But the B, decays are considerably less
studied than the well-known B, ; decays due to the rapid
oscillations of B; mesons and the shortage of B, events
collected. Since the start of the LHC running, a lot of BY
events have been collected by the LHCb collaboration, and
some B — PP decays are already observed [1,2], such as
the first observation of the direct charge parity (CP)
violation in B, decays [1]:

Acp(B? — K=nt) = (0.27 £ 0.04(stat) £ 0.01(syst)),

(M
and the first measurement of the time-dependent CP
violation in B? — K*K~ [2]:

Cxx = 0.14 £ 0.11(stat) = 0.03(syst),
Skx = 0.30 £ 0.12(stat) £ 0.04(syst). (2)
During the past decade, in fact, many charmless two-
body hadronic BY — M, M5 decays (here M; denotes the
light mesons such as 7z, K, p, etc.) have been studied by
employing the perturbative QCD (pQCD) factorization

approach at the leading order (LO) level [3-5] or the
partial next-to-leading order (NLO) level [6]. In this paper
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we calculate the branching ratios and CP-violating asym-
metries of the B — Kz and KK decays by employing the
pQCD factorization approach, with the inclusion of all
currently known NLO contributions. These decay modes
have also been studied, for example, by using the gener-
alized factorization in Ref. [7] or by using the QCD
factorization (QCDF) approach in Refs. [8—10].

In the pQCD factorization approach, almost all NLO
contributions to B, ; — M, M5 decays have been calculated
up to now. And it is straightforward to extend these
calculations to the cases for the similar B, - M,M;
decays. The NLO pQCD predictions for those considered
decay modes proved that the NLO contributions can
play an important role in understanding the very large
Br(B — K#n') [11,12] or the so-called “Kz-puzzle” [13].
Here, we focus on the studies for the possible effects of the
NLO contributions from various sources, such as the QCD
vertex corrections (VC), the quark loops (QL), and the
chromomagnetic penguins [8,14]. The newly known NLO
twist-2 contribution [15] and NLO twist-3 contribution to
the relevant form factors [16] will also be taken into
account here. This way one can improve the reliability
of the pQCD factorization approach effectively.

This paper is organized as follows. In Sec. II, we give a
brief review about the pQCD factorization approach and
present the LO decay amplitudes for the studied decay
modes. In Sec. III, the NLO contributions from different
sources are evaluated analytically. We calculate and show
the pQCD predictions for the averaged branching ratios and
CP-violating asymmetries of B - Kz and KK decays in
Sec. IV. The summary and some discussions are included in
the final section.

© 2014 American Physical Society
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II. THEORETICAL FRAMEWORK AND LO
DECAY AMPLITUDES

A. QOutlines of the pQCD approach

We consider the B meson at rest for simplicity. Using
the light-cone coordinates, we define the B meson with the
momentum P, the emitted meson M, with the momentum
P, moving along the direction of n = (1,0,0¢), and the
recoiled meson M5 with the momentum Pj in the direction
of v=(0,1,07). Here, we also use x; to denote the
momentum fraction of a light antiquark in each meson:

P, :mBzf(Ll,oT), PZ:T/lg(l—r%,r%,()T),

Py = "fi (3.1 = 13.00), 3)
kﬁ{%%ﬂkm,kf{%%ﬂ—@m%bﬁ
ks = %()@I’%,)@(l —r3). ksr), “4)

where r; = m;/mp_with m; = m, or mg here. When the
light pion and kaon are the final state mesons, r7 < 0.01
and can be neglected safely. The integration over the small
components k7, k5, and k3+ will lead conceptually to the
decay amplitudes,

A(BS—)MzM:;)N/dxld.de.X:;bldblbzdb2b3db3

- Tr[C(1)Pp (x1.b1) Py, (X2, by)
X Dy, (x3.b3)H (x;. b, 1)S,(x;)e=51],
5)

where b; is the conjugate space coordinate of k;7. In the
above equation, C(¢) is the Wilson coefficient evaluated
at scale 7. The functions ®p , @), and @), are the wave
functions of the initial B, meson and the ﬁnal state meson
M, and Mj;, respectlvely The hard kernel H(ky, ks, k3, t)
describes the four-quark operator and the spectator quark
connected by a hard gluon whose ¢ is in the order of Am B,
The jet function S,(x;) in Eq. (5) is one of the two kinds of
Sudakov form factors relevant for the B decays considered,
which come from the threshold resummation over the large
double logarithms (In?x;) in the end-point region. The
function e=5() is the second kind of the Sudakov form
factors. The Sudakov form factors effectively suppress the
soft dynamics at the end-point region [17,18].

For the studied BY — Kz, KK decays, the corresponding
weak effective Hamiltonian can be written as [19]

Gr
V2

~VuVi, [Z Ci(u

Har = {ww@meomo+qu%wn

]}+HC (6)
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where ¢ = d, s, Gy = 1.16639 x 107> GeV~? is the Fermi
constant, and V;; is the Cabbibo-Kobayashi-Maskawa
(CKM) matrix element, C;(u) are the Wilson coefficients
evaluated at the renormalization scale y, and O;(u) are the
four-fermion operators.

As usual, we treat the B meson as a very good heavy-
light system, and adopt the distribution amplitude ¢ _as in
Ref. [5]: ‘

M% X2
e IO Q)
b

?s, (x,0) = NBsz(l —x)%exp |-

where the shape parameter w,, is a free parameter and we
take w, = 0.5 £0.05 GeV for the B; meson based on
studies of lattice QCD and the light-cone sum rule [18], and
finally the normalization factor Ny depends on the values
of w;, and the decay constant f5 and is defined through the
normalization relation [} dx¢p (x,0) = f / (21/6).

For the light pseudoscalar mesons z and K, their wave
functions are the same in form and can be defined as [20]

@mxozﬂ%fwwm+mwm
+ Emo (b — 1)pp(x)], ®)

where P and x are the momentum of the light meson and the
momentum fraction of the quark (or antiquark) inside the
meson, respectively. When the momentum fraction of
the quark (antiquark) is set to be x, the parameter ¢ should
be chosen as +1 (—1). The distribution amplitudes (DAs) of
the light meson M = (x, K) are adopted from Ref. [20,21]:

3fm . 3/2 3/2
P (x) = N3 x(1=x)[1+a' ¢y (1) + &' ()], (9)
P Sm 5 1/2
#t) =1 <ww—5maC ). ao
T _fM(l - 2x) 1 7
m(x) = eV [1 + 6<5’13 — 5133 —2—0;0%4
gpMa2 )(1 —10x + 10x )] (11)

with the mass ratio py, = (m,/mg&,mg/m&) for M = (, K),

respectively [11,14]. The Gegenbauer moments a and
other input parameters are the same as in Ref. [5]:

af =0,  af=044700,

ak =017 £0.05, a¥ =0.20 £ 0.06,

nz = 0.015, w3 = —=3.0. (12)

The Gegenbauer polynomials C%(¢) in Egs. (9)—(11) can be
found easily in Refs. [5,12]. For more details about recent
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progress on the wave functions of heavy and light mesons,
one can see Ref. [22] and references therein.

B. Decay amplitudes at the leading order
The four BY - (K*z~,K°z% K*K~,K°K") decays
have been studied previously in Ref. [S5] by employing
the pQCD factorization approach at the leading order.

The decay amplitudes as presented in Ref. [5] are
|

PHYSICAL REVIEW D 89, 074046 (2014)

confirmed by our independent calculations. In this
paper, we focus on the calculations of the NLO
contributions to these decays. At the leading order, the
relevant Feynman diagrams that may contribute to
the B - Kz, KK decays are illustrated in Fig. 1. For
the sake of completeness, however, we first show the
relevant LO decay amplitudes in this section based on
our own analytical calculations.

A(BY » Ktn™) =V, Vi, - [feFexar + Mg Ci] =V, Vi, - {aneK<a4 + ay)

1
+ faF i (ag + ag) + Mg (Cs + Co) + f Fug (614 - 5%0)

1 1 1
+fB‘F5}{ <a6 _§a8> +MaK <C3 —EC()) + M[I:I]( (CS —5C7> }9 (13)

- 1
\/EA(B.? - Koﬂo) =V Vg [faFexar + Mg Col =V Viy - {_fBXFaK <a4 - 26110)

1 3 1 3
— (fF% +fBJFff<) (‘16 _508) +Me1<<—c3 +5C+5C +—C10)

2

2 2 2

3 3 1 1 1
+fﬂFeK<_a4 5@ + a9 +§a10> _MaK<C3 —§C9> —M5k<C5 —§C7>}, (14)

A(BY = KTK™) =V, Vis - [fiFexar + Mg Cy + Mg Col = V. Vi - {koeK(a4 +ay)

1
+ fiF 3 (a6 + ag) + Mk (Cy + Co) + MLL(Cs + C7) +f3‘\FaP;< <a6 - Eaza)

1 1 1
+MaK<C3 tC—5G —§C10> +M511<<C5 —§C7>

1

My <C6 - 2C8) + Mk (Cy + Cro) + Moz (Co + C8)]K*<—>K‘}’ (15)

_ _ 1 1
A(BY - K°K°) = -V, V}; - {koeK <a4 _§a10> + (fxFl% +fB,\.F,I:;<) (as - §a8>

1 1 1 1
+Me1<<c3 —§C9> + (Mf,} +M§11()<C5 —§C7> + Mk <C3 + Gy —§C9 _ECIO)

1 1 _
+ M, <C4 ——clo) + [Mi} (06 ——C8> + [KO<—>K°]} } (16)
2 KO RO 2

where a; is the combination of the Wilson coefficients C;, the same as in Ref. [5]. The nine individual decay amplitudes,
such as F,x and FP2 that appeared in Egs. (13)—(16), are obtained by evaluating the corresponding Feynman diagrams in
Fig. 1 analytically. One can find the expressions for all these decay amplitudes easily in Ref. [5].

III. NEXT-TO-LEADING ORDER CONTRIBUTIONS

A. NLO contributions from different sources

For the considered decay modes, one should, first, use the NLO Wilson coefficients C;(My, ), the NLO RG evolution
matrix U(z,m,a) [19], and the a,(r) at the two-loop level in numerical calculations. Second, one should take all the
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FIG. 1 (color online). Typical Feynman diagrams that may
contribute at the leading order to BY — Kz, KK decays.

Feynman diagrams that lead to the decay amplitudes to be
proportional to @?(¢) in the analytical evaluations. Such
Feynman diagrams can be grouped into the following
classes:

(1) The vertex corrections, as illustrated in
Figs. 2(a)-2(d), the same set as in the QCDF
approach.

(2) The NLO contributions from quark loops [14] and
the chromomagnetic penguin operator Og, [23], as
illustrated in Figs. 2(e)-2(h).

(3) The NLO twist-2 and twist-3 contributions to
the form factors of B - P (P = x, K, the light
pseudoscalars) transitions [15,16], coming from the
Feynman diagrams in Fig. 3.

(4) The NLO corrections to the LO hard spectator
diagrams and annihilation diagrams, as illustrated
in Fig. 5 of Ref. [12].

At present, only the -calculations for the NLO
corrections to the LO hard spectator and annihilation
diagrams have not been completed yet. But from the
comparative studies of the LO and NLO contributions
from different sources in Refs. [12,13], we believe that
those still unknown NLO contributions in the frame-
work of the pQCD factorization approach, as the high
order corrections to small LO contributions, are most
possibly very small in size and could be neglected
safely.

DAL NG 2L A

S (a) (b) (c) (d)
M,
b —L l — —
E‘: Ms Oxg O8g
(o) (f) (@) (h)

FIG. 2 (color online). Feynman diagrams for NLO contri
butions: the vertex corrections (a)—(d); the quark-loop contribu-
tions (e)—(f); and the chromomagnetic penguin contributions

(g)—(h).
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FIG. 3 (color online). The four typical Feynman diagrams,
which contribute to the form factors of B — M3 transitions at the
NLO level.

The vertex corrections to the factorizable emission
diagrams, as illustrated by Figs. 2(a)-2(d), were calcu-
lated years ago in the QCD factorization approach
[8,24]. For BY - Kz, KK decays, the vertex corrections
can be calculated without considering the transverse
momentum effects of the quark at the end point [14],
one can use the vertex corrections as given in Ref. [§]
directly. The vertex corrections can then be absorbed
into the redefinition of the Wilson coefficients a;(u) by
adding a vertex function V;(M) to them. The expres-
sions of the vertex functions V;(M) can be found easily
in Refs. [8,14].

The contribution from the so-called quark loops is a kind
of penguin correction with the four quark operators
insertion, as illustrated by Figs. 2(e) and 2(f). For the
b — s transition, the effective Hamiltonian Hgff, which
describes the contributions from the quark loops, can be
written as [14]

eff _ Z Z (M)

q=u,c,t ql
x C(p, 12)(3y,,(1 —15)Tb)(y’Tq),  (17)

where /2 is the invariant mass of the gluon, as illustrated by
Fig. 2(e). The expressions of the functions C'@)(u, I?) for
the loop of the ¢(¢ = u,d, s, ¢, t) quark can be found, for
example, in Ref. [14].

The magnetic penguin is another kind of penguin
correction induced by the insertion of the operator Oy,
as illustrated by Figs. 2(g) and 2(h). The corresponding
weak effective Hamiltonian containing the b — sg tran-
sition can be written as

G
HYP = - =LV, Vit oy, (18)

V2

where Oy, is the chromomagnetic penguin operator [19,23]
and Ceff is the corresponding effective Wilson coefficient:
G = Cyy + Cs [14]

In Refs. [15,16], the authors calculated the NLO
twist-2 and twist-3 contributions to the form factors
f%¢q*) of the B — z transition. The NLO pQCD
prediction for the form factor f*(g?), for example, is
of the form [16]
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) Ineo = 8”m%CF/dx1dx2/b1db1b2db2¢3(x1,b1)

X {”;:[455()62) — L (xa)] - ag(ty) - €758 - S, (x5) - h(x1. X0, by, by)

1O xam) (U4 EY (oot g ) (x2) + 21, (% _ ) BT (x2) = 2earagf? ()]

cag(ty) - €550 - S, (06y) - B(xp, %, by, by) 4 20 (52) (1 FLY (x5, 62))

: as(tZ) : e_SB”(tZ) . S[(Xz) : h()C2,X1, b27 bl)}’

where n =1—¢*/m} with ¢*> = (Pg—P,)*, u (us) is
the renormalization (factorization) scale, the hard scale
t1, is chosen as the largest scale of the propagators in the
hard b-quark decay diagrams [15,16], the function S,(x,)

(19)

|
h(x;,b;) can be found in Ref. [15,16], and, finally,

1A J
the factor F(le)(x,-,u,yf,qz) and F<Tl3)(x,»,/¢,/4f,q2) de-
scribe the NLO twist-2 and twist-3 contribution to

+.0(,2 . i
is the threshold resummation factor adopted from { 15 (1616]) of the B - transition, respectively
Ref. [25], the expressions of the hard function o

|
ag(up)Cr [21 p? N 1
FY (i oy g7) = # hlnm—%g —(=Z+mr ) % + g (i) + g I’y
1 1 7 3 7
+ Zlnxl Inx, + <_é_l +2Inr; + glnn) Inx; + <—§ + glﬂ?’]) In x,
15 7 3 1017> 219
+Ilnn—ﬁln2n+§ln2rl—lnrl—l—w-l-ﬁ}, (20)
2
(1) _ as(,uf)CF 21 ,Ltz 1 /’lf 7 3
FT3 (.)Ci,/,{,/lf, q2) = T Ilnm—% - E (6 + In rl) lnm—% + Bll’lle - glnz)Cz

9 29 15 25 9
—l-glnxllnxz—l— —§+lnr1—|—§ln;7 Inx; +|——+Inr,+=-Iny | Inx,

1 1 9 1
+=Inr, —=In’r, +1nr, —glnn —=In’p+——+

2 4

where r; = m%/& with the choice of & =25mp and
& = mp [15]. According to the analytical and numerical
evaluations in Ref. [16], we get to know that the NLO
twist-2 and NLO twist-3 contribution to the form factor
of the B — & transition are similar in size but have an
opposite sign, which leads to a strong cancellation
between them and consequently results in a small total
NLO contribution, ~7% variation to the full LO pQCD
prediction for the case of f*(g?) in the range of
0 < ¢*> <12 GeV?, as illustrated explicitly in Fig. 8 of
Ref. [16].

In this paper we adopt the above NLO factors
F<T12) (xipt. 1y, g*) and F<T]3>(x,»,/¢,/4f,q2) directly, and then

extend the expressions of F' (le) and F(T13) for the case of

16 8

372 91
8 32 ﬁ} @D

B - to the case for BY — K transition under the
assumption of SU(3) flavor symmetry, by making the
proper replacements, such as r,=m,/mp—ri=m;/mg,
mg — mp_ and APT 452’13 T for the expressions as

given in Egs. (20) and (21).

B. NLO decay amplitudes

For the sake of comparison and convenience, we denote
all currently known NLO contributions except for those
NLO twist-2 and twist-3 contributions to the form factors
by the label “Set A,” as described in the previous sub-
section. For the four considered B — Kz, KK decays,
the Set-A NLO contributions will be included in a
simple way:

074046-5



WANG et al. PHYSICAL REVIEW D 89, 074046 (2014)

Ar = Age + > Vi Ve ME v, ve im0, 22)
g=u,c,t

Ak = Agx + Y VpVa MR + Va VML (23)
q=u.c.t

where the quark-loop and magnetic penguin amplitudes M;QYL) and M%P) are of the form

s Cr
5 e ),
X (1 + x3) g (x2) g (x3) + ri(1 = 2x3) g (x2) (9 (x3) + i (x3))

+ 2 f (02) g (x3)] - &5 (1) - B (61,33, b1, b3) - expl=S(1)] - €9 (1., 1)

+ 2rgpr (x2) Pk (x3) - @2 (1y) - he(x3. 1. b3, by) exp[—Sy, (1,)] - C'9 (1, %)}, (24)

M;{Qf) — —8m dx,dxzdx3 /oo bydbbydbygp (x,)
0

cz i1 o0
MU — _16m8 —L / dx, dxydxs / bydb,bydb,bydbsdy (x))
g V6 .Jo 0 '

AL = x3) % (x2) 2k (x3) + k(3 + x3) ¢k (x3) + rg (1 = x3) @ (x3)]
— 12X (1 4 x3) (3pE (x2) — @F (x2)) i (x3)]

: ag(la) : hg(xi’ ’ bi) : eXp[_Scd(ta)] ’ ngf(ta)
+dridp (x2)gi (x3) - o (1) (x;. by) - exp[=Sea(ty)] - C5) (1)} (25)
0 oL (MP
VMG = M vaml = MM (26)

MY = —8ml, T / dx,dx,dxs /0 bydbybydbsgs (x))
X (1 + x3) ¢ (x2) g (x3) + i (1 = 2x3) g (x2) (P (x3) + Pk (x3))
+ 2rk¢K(x2)¢?}(x3)] : a%(ta) : he(xleSv bl’ b3) : exp[_Sah(tu)] : C(q)(ta’ 12)
+ 2rg it (x2) e (x3) - a2 (1) - by (x5, %1, b3, by) - exp[—S,(1,)] - CO(1,, %)}, 27

M%?_ —16mB \/_/ dxldx2dx3A b db bzdb2b3db3¢3 (xl)

AL = x3) 2% (x3) + rx (3 (x3) + P (x3)) + rrxs (@i (x3) — P (x3)) ]k (x2)
— rgo (1 + x3) (3 (x2) = P (x2)) e (x3)]
: a?@a) : hg(xiv bz) : exp[_Scd(ta)] ’ C%g(%)

+ 4rg i (02) g (x3) - a5 (1) - iy (x;, by) - exp[=Sea()] - G (1)} (28)
(or) (oL) (MP) (MP)
MI_(OKO :MK+K_’ M[_(OKOZMK+K_’ (29)

where the terms proportional to 7,7 or r% are not shown for the sake of simplicity. The functions 7,, h, and hj, the hard
scales 7, and t,, as well as the Sudakov factors S,,(¢) and S.,(¢) in Egs. (24)—(28) will be given in Append1x A.

IV. NUMERICAL RESULTS

In the numerical calculations the following input parameters (here, the masses, decay constants, and QCD scales are in
units of GeV) will be used [26,27]:
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APl —0225, fp =0234002,  fxr=016,  f,=0.3,

MS
My =537,  mg=0494, mi=14,  mk=109,
T = 1497 ps,  m, =48, My =80.42. (30)

For the CKM matrix elements, we also take the same values as being used in Ref. [5], and neglect the small errors on
Vud’ Vus’ Vtw and vtb:

|V.a| = 0.974, |V.s| = 0.226, [Vip| = (3.6870:08) x 1073,
V4| = (8.207039) x 1073, |V, = 40.96 x 1073, |V,| = 1.0,
a=(99T3,°  y=(59.0037)°,  arg[-V,V]=1° (31)

[

= Grrp 1 _ _
Br(BY — f) = 55— SJA(BY = /)P + |A(BY = )P,
A. Branching ratios ( /) 32ﬂm32[| ( NI+ A( DIl

For the considered BY decays, the decay amplitude for a (35)
given decay mode with b — d, s transitions can be gen-

erally written as where 75 is the lifetime of the BY meson.

In Table I, we list the pQCD predictions for the averaged

ABY = f)lyd = Vi Vi T = Vi, VE,P branching ratios of the four BY — Kz, KK decays. The

y o labels LO and NLO means the pQCD predictions at the

=V Vi T + 2o, (32) leading order only, or with the iFr)lclusiolr)l of all currently

known NLO contributions. The label Set A means the

_ pQCD predictions without the inclusion of the newly

A(BY = flpes = Vi Vis T = Vi Vi P! known NLO twist-2 and twist-3 contributions to the form

=V, VET[1 + 2 ei(y+6’)]’ (33) factors of B — K transitions. qu t.he sake Qf cqmparison,

we also show the LO pQCD predictions as given in Ref. [5]

in the fourth column, and list the NLO theoretical pre-

where a and y are the weak phase (the CKM angles),  dictions obtained by employing the QCD factorization

6 = arg, &' = arg[P'/T'] are the relative strong phases  approach as given in Ref. [8] in the seventh column. The

between the tree (T) and penguin (P) diagrams, and the  corresponding errors of the previous LO pQCD predictions

parameter “z” and “z"”’ are the ratios of penguin to tree  [5] and the QCDF predictions [8] are the combined total

contributions with the definition errors. The currently available experimental measurements
[26,27] are also shown in the eighth column of Table I.

The main theoretical errors of the NLO pQCD predic-

. (34)  tions as shown in the sixth column of Table I are induced

by the uncertainties of the input parameters. The first

dominant error comes from @, = 0.50 +0.05 and fp =

The ratios (z,7z') and the strong phases (5,8) can be  0.23 +£0.02 GeV, added in quadrature. The second error

calculated in the pQCD approach. The CP-averaged  arises from the uncertainties of the CKM matrix elements

branching ratio, consequently, can be defined as |V.p| and |V |, as well as the CKM angles a and y as given

P/
T

)

| VeV
Vb V;d

5' /:' ViVis

Vub V;s

TABLE I. The pQCD predictions for the branching ratios ( in units of 107°) of the four BY — Kz, KK decays. The label “LO” and
“NLO” means the leading order and the full next-to-leading order pQCD predictions, while “Set-A” means only NLO twist-2 and twist-
3 contributions to form factors are not taken into account. The values listed in the fourth, seventh and eighth column are the LO pQCD
predictions [5], the QCDF predictions [8], and currently available data [26,27].

Mode Class LO pQCD [5] Set A NLO QCDF [8] Data
B - K*z~ T 7.30 76133 6.4 5.7 3295102 10.27%9 54406
BY - K20 C 0.19 0.161012 0.30 0.2810, 21051002 0.491042
B - KTK~ p 13.1 13.618¢ 203 19.71833 02 22,78 245+ 1.8
BY - K°K° P 13.3 15.67¢¢ 21.2 20.2595 15509 24775
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in Eq. (31). The third error comes from the uncertainties of
relevant  Gegenbauer moments: af = 0.17 £ 0.05,
aX = 0.20 £ 0.06, and af = 0.447010, added in quadrature
again. Here, we assigned roughly a 30% uncertainty for
Gegenbauer moments to estimate the resultant errors for the
pQCD predictions of the branching ratios.

From the numerical results of the branching ratios, we

have the following observations:

(1) The LO pQCD predictions for the branching ratios as
given in Ref. [5] are confirmed by our independent
calculations. The small differences between the LO
pQCD predictions in column three and four are
mainly induced by the different choices of the scales

Ag():D and Ag&D: we take AgéD = 0.225 GeV and
AS%D = 0.287 GeV, instead of the values of Ag():D =

0.193 GeV and Agén = 0.25 GeV as being used
in Ref. [5].

(2) The NLO contributions can interfere with the LO
part constructively or destructively for different
decay modes. The inclusion of NLO contributions
can lead to a better agreement between the central
values of the pQCD predictions and currently
available measured values.

(3) The B? — KTz~ decay is a “tree” dominated decay
mode; the NLO contribution leads to a 22% decrease
in the central value of the LO pQCD prediction only.
For the other three “color-suppressed” and “QCD-
penguin” decay modes, however, the NLO contribu-
tion leads to ~50% enhancement to the central values
of the LO ones, which in turn play an important role
in interpreting the observed large branching ratio
Br(BY -» K*K~) = (24.5 £ 1.8) x 107 [26,27].

(4) When the theoretical errors are taken into account,
the NLO pQCD predictions for the branching ratios
(in units of 107°) of the four considered decays are

Br(BY - K*n™) = 5773,
Br(BY — K°z%) = 0.28103,
Br(BY - KTK~) = 19.71%],
Br(B? — K°Kk?) = 20.2187, (36)

where the individual errors as shown in the sixth
column of Table I have been added in quadrature. One
can see that the theoretical errors of the NLO pQCD
predictions are a little smaller than those of the LO
ones, but still similar with them. Such a small change
of the size of the theoretical error is consistent with the
general expectation. Of course, we know that although
the agreement between the central values of the pQCD
predictions and the data are improved effectively due
to the inclusion of NLO contributions; the theoretical
errors of the pQCD predictions are roughly 35% of the

PHYSICAL REVIEW D 89, 074046 (2014)

central values, and still large when compared with the
less than 10% uncertainty of the measured values.

B. CP-violating asymmetries

Now we turn to the evaluations of the CP-violating
asymmetries of the considered four BY decays in the pQCD
approach. For BY — K¥z% decays, the definition for its
direct CP-violating asymmetry is very simple [1]. For
neutral BY decays into a CP eigenstate f = ncpf with
nep = £1 for the CP-even and CP-odd final states, the
time-dependent CP asymmetry can be defined as [2,28]

Doy (1) =Tgo_ (1)

Tgo_ () + Tpo_ (1)

_ Ajcos(Amyt) + S Sin(Am )
~ cosh (& 1) + Hsinh (3321)

where Am, and AT’y are the mass and width differences
of the BY—BY system mass eigenstates. The direct
CP-violating asymmetry A, and the mixing-induced
CP-violating asymmetry S; and H, are defined as in
Refs. [2,28]:

A(r) =

. @D

g2 =1 21m/;

A =, = 7, =
f 1+|/1f2 f 2 f

2Rel;

(38)

where the three factors satisfy the normalization relation:
|As* +|Sf|* + |Hs[* = 1, and the CP-violating param-
eter A is defined as

qu_ . zigA(BS_)f)’ (39)
A(B, ~ /)

where ¢ = arg[-V, V},] is very small in size and can be
neglected safely. It is worth mentioning that the parameters
Af and H defined in Eqgs. (37) and (38) have an opposite
sign as the parameter Cyand .A as defined in Ref. [2], i.e.,
Ay =—Cp and H; = AAF

In Tables I and 1, we list the pQCD predictions (in
units of 1072) for the direct CP-violating asymmetry Ay
and the mixing-induced CP-violating asymmetry S, and
Hy of the considered BY decays, respectively. As a
comparison, the LO pQCD predictions as given in
Ref. [5], the QCDF predictions as given in Ref. [8], and
the measured values [1,2] are listed in Table II and Table III.
The errors of our NLO pQCD predictions for CP-violating
asymmetries are defined in the same way as those for the
branching ratios.

From the pQCD predictions and currently available data
for the CP-violating asymmetries of the considered B?
decays, we find that (a) the LO pQCD predictions obtained
in this paper agree well with those as given in Ref. [5]; (b)

074046-8



BY - Kz, KK DECAYS AND EFFECTS ... PHYSICAL REVIEW D 89, 074046 (2014)

TABLE II. The same format as in Table I, but for the pQCD predictions (in unit of 10=2 ) for the direct CP asymmetries Ay. The
previous LO pQCD predictions [5], the QCDF predictions [8], and the measured values [1,2] are also listed.

Mode Class LO pQCD [5] Set A NLO QCDF [8] Data

B —» Kt~ T 27.6 241778 36.2 387130 A -6.7112% 27 +4[1]
BY - K92 c 62.9 59.41% 84.8 83.013 834123 92

BY - KtK~ P -13.7 -23.3739 -17.1 —16.4103106106 4.01]06 —14 £ 12[2]
BY — K°K° P 0 0 -0.7 -0.7+0.1 0.3+0.1

TABLEIII. The same format as in Table I, but for the pQCD predictions (in units of 102 ) for the mixing-induced CP asymmetries S )
and H (the second row). The previous LO pQCD predictions [5], the QCDF predictions [9], and the measured values [1,2] are also

listed.

Mode Class LO pQCD [5] Set A NLO QCDF [9] Data [2]
BY — K9 C ~56.2 -61133 ~50.0 —52.91 80 42 45
537 —521% ~17.8 —17 A5 -
B > KK~ P 37.1 283 220 206115513707 27 30+13
- 92.0 93+3 96.0 96.51 9301401 -
BY - KOK° P - 4 —0.2 0.2 -35
100 ~100 ~100 ~100 -

for the CP-violating asymmetries of the considered B?
decays, the effects of the NLO contributions are small or
moderate in size; and (c) for BY - K*zF and BY - K*K~
decays, the pQCD predictions for both A, and S, agree
well with those measured values in both the sign and the
magnitude when still large theoretical and experimental
errors are taken into account.

V. SUMMARY

In this paper, we calculated the branching ratios and
CP-violating asymmetries of the four BY — Kz, KK
decays, with the inclusion of all known NLO contributions,
especially the NLO twist-2 and twist-3 contributions to
the form factors to the By — K transition. From our
calculations and phenomenological analysis, we found
the following results:

BY - K*7~ and BY - KTK~ decays, the pQCD
predictions for the direct and mixing-induced CP-
violating asymmetries agree well with the measured
values in both the sign and the magnitude.

(4) For the branching ratios of the four considered
decays, the agreement between the central values
of the pQCD predictions and the data are improved
effectively due to the inclusion of the NLO
contributions, but the theoretical errors of the
pQCD predictions are still relatively large, say
about 35% of the central values, when compared
with ~10% uncertainty of the measured values.
The main sources of the theoretical errors come
from the uncertainties of the input parameters,
such as wy, fp, a3, etc. More works should be
done to improve the accuracy of the theoretical

(1) For the considered four decays, the NLO contribu- predictions.
tion can interfere with the LO part constructively or
destructively for different decay modes. The cur- ACKNOWLEDGMENTS

rently available data can be interpreted by the
inclusion of the NLO contribution.

(2) For Br(BY - K*z~), the NLO contribution leads to
a 22% decrease to the central value of the LO pQCD
prediction. For the other three decay modes, how-
ever, the NLO contributions can provide ~50%
enhancements to the central values of the LO ones
and therefore play an important role in interpreting
the observed large branching ratio Br(BY —
K*K™) = (24.5+1.8) x 1075.

(3) For the CP-violating asymmetries, the effects of the
NLO contributions are small or moderate in size. For

This work is partly supported by the National Natural
Science Foundation of China under Grant No. 11235005.

APPENDIX: RELATED HARD FUNCTIONS AND
SUDAKOV FACTOR

We list here the hard function /; and the Sudakov factors
S.(t) and S.,(7) appeared in the expressions of the decay
amplitudes in Egs. (24)—(28). The hard functions %;(x;, b;)
are obtained by making the Fourier transformations of the
hard kernel H(©):
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he(xlvx37b1’b3) = [9(b1 - b3)10(\/x_3m35b3)K0(\/x_3mBJb1) + 9(53 - bl)IO(\/x—3mebl) ‘Ko(\/x_3mB:b3)]
-KO(\/x1x3mBSb1)S,(x3), (A1)
in
hy(x;, b;) = -3 —~ S,(x3)[Jo(Vx2X3mp by) + iNo (VX X3mp by)] - Ko(\/X[X3Mp b))
/2
. / dOtan 0 - Jo(y/x3mp by tan0)Jo(\/x3mp by tan ) - Jo(\/X3mp b3 tan ), (A2)
o ! A .
/2
h;(x,-, bl) = —St(xl)KO(\/x1x3mBAb3) . [; dftan g - JO(\/x_]mB\_bl tan 0) . J()(\/ﬂme‘_bz tan 9)]0(\/.x_1m3>\_b3 tan 9)
y {’5’ [Jo(\/X2 =Ximp by) +iNo(y/X3 = Ximp by)], x| < xp, (A3)
Ko(y/% —xsz,.bz)» X1 > Xa,

with K, Iy, and J, as the Bessel functions [29]. And the threshold resummation form factor S,(x;) can be found in

Ref. [25].

The Sudakov factors that appeared in Eqgs. (24)—(28) are defined as

m m 5 [t ag
Sab(f)—S<X1%ab)+S<x3\/— b3> (563%7173)4'5/% dﬂ +2[/b dﬂ (ﬂ), (A4)
1 3
mpg mp _ Mmp mpg,
Seat)=slx1—=,b1 | +s|x—=.,by | +s(X : + 5| x +s —= b
=5 (o) () o5 ) s em ) s ()
11 [t s 4 s
Lu dﬂyq(a (ﬂ))+2/ d/q(“ ) (AS)
3 Jim, % 1/b,

where X; =1 —
Egs. (24)—(28) take the form of

x;; the function s(Q,b) can be found in Refs. [30,31]. The hard scales 7, and ¢, that appeared in

t, = max{\/xlx3m3s’ \/x_3mB:v V x2(1 —X3)m3:, l/blv 1/b3}’
t, = max {\/x|x3mp , \/Ximg, \/|x; = Xp|mp_, 1/by,1/b3}, (A6)

where the energy scale \/x,(1 — x3)mp_and \/|x; — x,|mp_come from the invariant mass of the gluon /* = x,(1 — x3)mlz3

and 1”7 = (x; —x,)mj .
logarithmic radiative corrections.

They are chosen as the maximum energy scale appearing in each diagram to kill the large
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