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Abstract. In this paper, we calculate the branching ratios and C P-violating asymmetries for Bs — pi KT,
pOK 0 and wK? decays in the perturbative QCD factorization approach. The theoretical predictions for
the C'P-averaged branching ratios of the considered decays are Br(Bs — pinF) ~24.7x 1076, Br(Bs —
pOKO) ~12x10"" and Br(Bs — u)KO) ~1.7x 1077; and we also predict large C P-violating asymmetries

for the considered decay modes. Specifically, the large A

it (By — pT KT) at —12% level plus large branch-

ing ratio at 10~° level are measurable in the forthcoming LHC-b experiments.

PACS. 13.25.Hw; 12.38.Bx; 14.40.Nd

1 Introduction

Charmless B meson decay is a good place to test the stan-
dard model (SM), study C'P-violation and look for a signal
or evidence of possible new physics beyond the SM. Since
1999, many such decay modes have been observed in the
B factory experiments. In the forthcoming Large Hadron
Collider beauty (LHC-b) experiments, a large number of
heavier B, and B, mesons together with light B,, 4 mesons
will be produced [1]. The study of the charmless decays of
B, meson is therefore becoming more interesting than ever
before [2—4].

By employing the generalized factorization ap-
proach [5-10] or the QCD factorization (QCDF) ap-
proach [11,12], about 40 Bs — hyhs (h; stands for the light
pseudo-scalar or vector mesons) decay modes have been
studied in the framework of SM [13-16] or in some new
physics models beyond the SM [17]. In [18—22], the branch-
ing ratios and C'P-violating asymmetries of By — ntm—,
7p, 7K, p(w)K* and 7n"") decays have been calculated
by employing the perturbative QCD (pQCD) factoriza-
tion approach [23-30]. Motivated by the expected suc-
cess in LHC-b experiments and other hadronic B me-
son experiments, we here continue the investigation of
more charmless Bs decays in the pQCD factorization
approach.

In this paper, we will study the B, — p*K¥, p°K?°
and wK? decays in the pQCD approach. In principle, the
physics for the B two-body hadronic decays is very similar
to that for the By meson, except that the spectator d quark
is replaced by the s quark.

a e-mail: xiaozhenjun@njnu.edu.cn

For Bs; — p(w)K decays, the Bs; meson is heavy, set-
ting at rest and decaying into two light mesons (i.e. p(w)
and K) with large momenta. Therefore the light final
state mesons are moving very fast in the rest frame of
the Bs; meson. In this case, the short distance hard pro-
cess dominates the decay amplitude. We assume that the
soft final state interaction is not important for such de-
cays, since there is not enough time for light mesons to
exchange soft gluons. Therefore, it makes the pQCD re-
liable in calculating the By, — p(w)K decays. With the
Sudakov resummation, we can include the leading double
logarithms for all loop diagrams, in association with the
soft contribution.

This paper is organized as follows. In Sect. 2, we give
a brief review for the pQCD factorization approach. In
Sect. 3, we calculate analytically the related Feynman di-
agrams and present the decay amplitudes for the studied
decay modes. In Sect. 4, we show the numerical results for
the branching ratios and C P-asymmetries of B; — p(w)K
decays, comparing them with the results obtained in the
QCDF approach. The summary and some discussions are
included in the final section.

2 Theoretical framework

The three scale pQCD factorization approach has been
developed and applied in the non-leptonic B,) meson de-
cays since some time ago [25—30]. In this approach, the
decay amplitude is separated into soft (@), hard (H),
and harder (C') dynamics, characterized by different en-
ergy scales (t,my, My ). It is conceptually written as the
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convolution:
A(B(s) — M1 M)
~ / d*ky d*kod*ks
X Tr[C’(t)@B(S) (k1)@r, (k2) P, (k3)H (K1, ka2, ks, t)]
(1)

where the k; are the momenta of the light quarks included
in each of the mesons, and the term “Tr” denotes the
trace over Dirac and color indices. The harder dynamic in-
volves the four quark operators described by the Wilson
coefficient C'(¢). The function H (k1, k2, k3, t) describes the
four quark operator and the spectator quark connected by
a hard gluon whose scale is at the order of Mg, so that
this hard part H can be perturbatively calculated. The soft
dynamics is factorized into the meson wave function @y,
which describes hadronization of the quark and anti-quark
pair into the meson M. While the function H depends on
the processes considered, the wave function @), is inde-
pendent of the specific processes. Using the wave functions
determined from other well measured processes, one can
make quantitative predictions here.

For the B; meson decays, 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 momenta. The B meson and the two
final state meson momenta can be written as

Mp Mp o
Pp. = °(1,1,07), Py = *(1,75.,),0T),
Bs V2 ( T) p(w) V2 ( p(w) T)

M
Pk = Bs (0, 1 _Ti(w),OT) s (2)

V2

respectively, where 7,y = m,w)/MBp,; the term propor-
tional to m% /M3_ has been neglected.

For the B; — p(w)K decays considered here, only the
p(w) meson’s longitudinal part contributes to the decays;

its polar vector is €1, = (1, =72, 0r). Putting the

Bs
\/QMP(W)
light (anti-) quark momenta in the Bj, p(w) and K meson
k1, k2, and ks, respectively, we can choose

ki = (z1P,0,kir), ko= (z2P5,0,kor),

kig = (0, 1’3P37, kgT) . (3)
In the pQCD approach, we keep the transverse momentum
kr in the above expressions, in order to avoid the endpoint
singularity. Then the integration over k, k5 , and k5 in (1)
will lead to

A(Bs — p(w)k)
N/d$1d$2d$3b1db1b2db2b3db3

x Tr [C(t)@BS (21, bl)ép(w) (22, be) Py (x3, bg)
X H(.’ﬂi, bi, t)St (.’ﬂi)e_s(t)] y (4)

where b; is the conjugate space coordinate of k;r, and ¢
is the largest energy scale in the function H(z;,b;,t). The
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large logarithms (Inmy/t) coming from QCD radiative
corrections to four quark operators are included in the Wil-
son coefficients C(t). The large double logarithms (In* z;)
on the longitudinal direction are summed by the thresh-
old resummation [31], and they lead to the function S¢(z;)
which smears the end-point singularities on x;. The last
term, e~ is the Sudakov form factor, resulting from
overlap of soft and collinear divergences, which suppresses
the soft dynamics effectively [32]. Thus, it makes the per-
turbative calculation of the hard part H applicable at an
intermediate scale, i.e., the Mp, scale. We will calculate
analytically the function H(z;,b;,t) for Bs — p(w)K de-
cays in the first order in an ag expansion and give the decay
amplitudes in the next section.

For Bs; — p(w)K decays, the weak effective Hamilto-
nian Heg can be written as [33]

Het = 3; Vi Viea (C1 (1) 0% (1) + Co (1) 0% ()
10
—VaVin Y G0 (5)
1=3

We specify below the operators in Hg for the b — d transi-
tion:

Of =doy"Lug - ugy,Lbs ,
Oy = lo 7" Lug -ugyuLbg,
O3 = doy" Lb, - Z TsuLlqp

q/

04 = Ja’YMLbﬁ : Z Q,/B’Y#Lq/a )
q/
O5 =doy"Lba - qyvuRaj
q/
O = da"Lbs- > QyvuRds
ql
a’y#Lba : Z eq’q/ﬁ’YﬂRq/ﬁ ’
ql

3 -
Or = 5
05 = > 1oy Lbs -y eq @ vuR.
2 - Q4B T o)
q
3 _
O9 =, da¥"Lba" Y e G1nLay,
3
2

!

q

O10 = do¥"Lbg- Y eqTsuld, (6)

q/

where a and § are the SU(3) color indices; L and R
are the left- and right-handed projection operators with
L=(1-75), R=(14"s5). The sum over ¢’ runs over the
quark fields that are active at the scale = O(m;). The
pQCD approach works well for the leading twist approxi-
mation and leading double logarithm summation. For the
Wilson coefficients C;(p) (i =1,...,10), we will also use
the leading order (LO) expressions, although the next-
to-leading order calculations already exists in the litera-
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ture [33]. This is a consistent way to cancel the explicit
1 dependence in the theoretical formulae.

For the renormalization group evolution of the Wilson
coefficients from higher scale to lower scale, we use the for-
mulae as given in [34] directly. At the high my scale, the
leading order Wilson coefficients C;(Mw ) are simple and
can be found easily in [33]. In the pQCD approach, the
scale t may be larger or smaller than the my scale. For the
case of my <t < mw, we evaluate the Wilson coefficients
at the ¢ scale using leading logarithm running equations,
as given in (C1) of [34]. For the case of ¢t < my, we then
evaluate the Wilson coefficients at the ¢ scale by using
Ci(mp) as input and the formulae given in Appendix D
of [34].

For the wave function of the heavy B; meson, we take

1
Bp, =

== JaN (¢ B, + MB,)v59B, (k1) -

(7)

Here only the contribution of the Lorentz structure ¢, (k1)
is taken into account, since the contribution of the second
Lorentz structure ¢p, is numerically small and has been
neglected.

The wave function for the pseudo-scalar meson K is
given by

45K<P7x7<): :

= \/2NC’Y5{25K¢?}($) +m{ ¢ (2)

+Cmg (P o —vn)dic(2)}, (8)

where P and x are the momentum and the momentum
fraction of the K meson, respectively. We assumed here
that the wave function of the K meson is the same as the
wave function of the m meson. The parameter ( is either
+1 or —1, depending on the assignment of the momentum
fraction x.

For B — pK decay, the vector meson p is longitudinally
polarized. The relevant longitudinal polarized component
of the wave function is given by [37-39]

1 . .
@y = V2N, {)é [mP¢P(x) +ﬁp¢p(1’)] +mp¢p(:r)} . (9)

where the first term is the leading twist wave function
(twist-2), while the second and third terms are sub-leading
twist (twist-3) wave functions. For B — wK decay, we have
an expression similar to (9).

3 Perturbative calculations

In this section, we will calculate the hard part H(¢) which
involves the four quark operators and the necessary hard
gluon connecting the four quark operator and the spectator
quark. Similar to the decay Bs — wK [20], the eight lowest
order Feynman diagrams contributing to the By — pK or
wK decays are illustrated in Fig. 1. We first calculate the
usual factorizable diagrams a and b. The operators O >
and Os 4,910 are (V — A)(V — A) currents; the sum of their
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pw) p(w)
B, K B K

p(w) p(w)
B, > < B,
K K
(8)

(h)

Fig. 1. Diagrams contributing to the Bs — pK and wK
decays (diagram a and b contribute to the Bs — K form

factor FOBa‘HK)

amplitudes is given by

1
F.x = —87TC’Fpré5 / dzidas
0

X / b1 db1b3dbzdp, (71,b1)
0

< {[(2—23)¢% (w3, b3)
+ (225 —1)rg (¢§(ac3, by) — & (3, bs))]
X as(t}i)he(:rl, 1—w3,b1,bs) exp [ — Sab(ti)]
+ 2r,pk (23, b3) g (tg)he(l —x3,21,b3,b1)

xexp [~ Sab(t2)]}, (10)

where Cy = 4/3 is a color factor. The function k%, the en-
ergy scales t and the Sudakov factors S, are displayed in
the appendix. In the above equation, we do not include the
Wilson coefficients of the corresponding operators, which
are process dependent. They will be shown later in this
section for different decay channels. The diagrams Fig. la
and b are also the diagrams for the B, — K form factor
FPs7 K Therefore we can extract FZ* ¥ from (10).
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The operators Os g 7,3 have the structure of (V — A)
(V4 A). In some decay channels, some of these opera-
tors contribute to the decay amplitude in a factorizable
way. Since only the axial-vector part of the (V + A) cur-
rent contributes to the pseudo-scalar meson production,
(p|V = A|IB)(K|V + A|0) = —(p|V — A|B)(K|V — A|0), we
find that

Fll=_F.

(11)

In some other cases, we need to do a Fierz transformation
for these operators to get the right flavor and color struc-
ture for factorization to work. In this case, we get (S+
P)(S — P) operators from (V — A)(V + A) ones. For the de-
cays considered here, we find

Fl2=o. (12)

For the non-factorizable diagram Fig. 1c and d, all three
meson wave functions are involved. The integration of b3
can be performed using the ¢ function 6(b3 —b1), leaving
only integration of by and by. For the (V — A)(V — A) oper-
ators, the result is

2 1
Mg = °2 nCe M3, / day das das
V6 0

X / b1dbibadbedp, (w1, b1)¢, (w2, b2)
0

X {(1 — 1‘3) [qﬁ%(l‘g, b1) + 27"k¢};($3, bl)]

X as(tf)hf(xl, x2,1—x3,b1,b2) exp[_SCd(tf)] }
(13)

For the (V — A)(V + A) and (S — P)(S + P) operators,
the results are

P 64
Mg =

V6
“ / by dbiba dbads, (21, by)
0

x { [20% (23, b1) (85 (w2, b2) — @', (2, b))
—|—7‘K((1—|—:L’2—xg)(¢£(x3,b1)¢§(w2,b2)
— ¢l (w3, b1) B (22, b2))
+ (1= 23— x3) (K (3, b1) P, (22, b2)
— ¢ (3,01) 95 (22, b2))) ]

X as(tf)he(z1, 22,1 —3,b1, b2) exp[—Scd(tf)]},
(14)

(15)

1
WCFGFMésrp/ dCL‘l dl‘2d.’£3
0

Py
M g =—Mcg.

For the non-factorizable annihilation diagram in Fig. le
and f, again all three wave functions are involved. Here we
have two kinds of contributions. M,k is the contribution
containing the operator type (V — A)(V — A), while Mf}{ is
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the contribution containing operator type (V — A)(V + A):

32
V6

X / b1dbibadbagp, (z1,b1)
0

x {[w2¢p (2, b2)d (w3, b2)
+ 77k (2 — 3) (O% (w3, b2) B (22, ba)
+¢K($37b2)¢ (z2,b2))
(2—|—x2+x3)¢K(1’3,b2)¢ (22,b2)
+ (=242 +23)0% (ws,b2)¢ (z2,b2))]
><as(tf)hf(xl,xg,xg,bl,bg)exp[ Sef(t?)]
+ [~ 238, (w2, b2) P (w3, ba)
+ 77k (22 — 3) (97 (23, b2) B (22, ba)
+¢K($37b2)¢ (z2,b2))
— (w2 +23) (¢% (23, b2) 9 (w2, ba)
+ G (w3, b2) ), (22, b2)))

]
x as(tf) hf (21, 22, w3, b1, b2) exp [ — Ser ()]},
(16)

1
MaK: WCFMES/ d$1d$2dl‘3
0

2 1
M = P rop M, / dzydesdes
V6 0

X / b1dbibadbagp, (z1,b1)
0

X {[Tp($2 —2)ps (3, by) ((ﬁ’;(acg, ba) + ¢35 (22, bg))
+ 7K (2= 23)¢p (72, b2)
x (0 (x3,02) + G (23, b2)) ]
><as(tf)hf(:rl,:rz,xg,bl,bz)exp[ f(t )]
+[rp(= $2)¢K($3abz)(¢t($2,bz +¢5 (w2, b2))
+ RT3, (42, b2) (PR (€3, b2) + P (3, b2)) ]
)

Xab(tf)hf(x17x27x37b17b2)exp[ (t ]}7
(i7)

where rg =m{ /Mp, and r, =m,/Mg,.

The factorizable annihilation diagram Fig. 1g and h in-
volve only p and K wave functions. There are also two
kinds of decay amplitudes for these two diagrams. F,x is

for (V—A)(V — A) type operators, and Fff( is for (S —
P)(S + P) type operators,

1 [e%s}
Fa[( 287TCFfBSMéS / d:l?gdl’g/ b2db2b3db3
0 0

< { [3¢, (w2, b2)di (w3, b3) + 25Tk (22, b)
X ((143)¢K (w3, b3) (x5 — 1)k (w3, b3)) ]
X g (tz)ha($2, x3,ba, b3) exp [— Sgh (tg’)]
— [w28p (w2, b2) b (w3, b3) + 2r)ridie (w3, bs)
X ((1 +x2) 5 (22, b2) (72 — 1)(1)2(:1:2, bg))]

X Qg (té)ha(wi% x2, b37 b2) exp [_ Sgh(t;l)] } )
(18)
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1 e}
Fj2= —167TCFstM§S/ dzy dwg/ by dbobs dbs
0 0

x {[2r,05 (w2, b2) ¢ (w3, bs)
+Tr3Bp (T2, b2) (K (w3, b3) — Pl (23, b3))]
X Ol (ti’)ha(acg, x3, by, bs) exp [— Soh (t‘Z)]
+ [war, @i (3, b3) (05 (w2, ba) — ¢ (22, b2))
+ 21k @ (2, ba) P (3, b3)]
X as(ti)ha(acg, X2, b3, by) exp [— Soh (t‘é)] } .
(19)

In the above equations, we have assumed that z; <
To,x3. Since the light quark momentum fraction z; in
the B meson is peaked at the small x; region, this is not
a bad approximation. The numerical results also show that
this approximation makes very little difference in the final
result.

Combining the contributions from different diagrams,
the total decay amplitude for By — pT K~ decay can be
written as

M(pTK™)=F.g [fu (;Cl +Cz)

1 1
—ft(SC?, +Cy+ 3094—010)]
+ Mg [£uC1 — &(C3 + Co)]

— M }2&(C5+Cr)
1 1
~ Max&: (Cs - 209> — Mg <C5 - 2c7>
1 1 1
—FaK§t<303+C4— 609 - 2010)
1 1 1
—Fféft(305+06—607—208>7 (20)

where &, = V5, Vud, & = Vi Via. _
Similarly, the decay amplitude for B, — p°K° can be
written as

M(p°K?)

_Fx [su (cl + §02>

1 3 1 5
—€t<— 303—C4+2C7+208+309+010>]f1

3 1 3
+ M.k |:§u02_£t<_03_ 208+ 209+ 2010>]f1

1 1
+ ML <05 - 2C7> Ji+Makét <03 - 209>f1
1
+ ML <c5 ~ 2c7> fi
L Fat( tosr -t tew)s
aK§t33 1= 40— 50w | fi
P, 1 1 1
+FaKft 3O5+06—607—208 fi, (21)

with f; = 1/+/2.
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For the decay amplitude of By — wK?° decay, one can
obtain its decay amplitude from (21) by replacing the vec-
tor meson p with w, i.e,

fp_>fw7 pr—>f$7 My —» My, . (22)

Note that we have considered the difference in the quark

components for the two scalar mesons K and K© in the

analytic expressions. We denote the correspondigg ampli-
T !

tudes for Bs — wK? decay by Flp, M., M52, M.,

M"L F! e and F/22 but we do not show explicit expres-

sions of these amplitudes here for the sake of simplicity.
The total amplitude finally can be written as

M(wK?)
1
=Flg |:§u (Ol + 302>
7 5 2
—§t<303+304+205+306
1 1 1 1
+2C7+608+309_3010>:|f1
+ My {fu(cﬂ =& (03 +2C4—2Cs
1 1 1
_208_209+2010)]f1
1Py 1 , 1
— My & C'5_207 fi—M & 03—209 fi
1

I CERE T

1 1 1
_F;K£t<303+c4_609_2010>f1
by, (1 1 1
+F & 305+06—6C7—2C8 fi, (23)

with f; =1/v/2.

4 Numerical results

In the numerical calculations we use the following input
parameters:

AU =250 MeV fo=205MeV,
f7 =160MeV, me =1.6GeV,
fB, =236 MeV frc =160 MeV
my, = 0.782 GeV , fo =200 MeV
fF=160MeV, m, =0.770 GeV ,

Mp, =537GeV, My =80.42GeV . (24)

The central values of the CKM matrix elements to be used
in numerical calculations are [40]

Via| = 0.9745,
|V;fb| =1 ’

V| = 0.0038

Vig| =0.0083.  (25)
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For the B, meson wave function, we adopt the model

Mg z* 1

= Np_2? —
Bs® 202 o

wbb)2
(26)

¢B, (2,b) (1—x)%exp

where wp is a free parameter, and we take wp = 0.5+
0.05 GeV in numerical calculations, and Np, = 65.332 is
the normalization factor for wy = 0.5. This is the same wave
function as used in [15, 18, 41].

For the light meson wave function, we neglect the b de-
pendent part, which is not important in our numerical an-
alysis. We use the distribution amplitude (DA) of the p and
w meson as given in [39]:

Do) () = \/6fp(w)x(1 z)[14+0.18C5 (22 - 1)], (27)
T
Py (2) = f\/ {3(2z — 1)+ 0.3(2x — 1)?[5(2z — 1)* — 3]
+0.21[3 - 30(2z — 1)2+35(22 — 1)*]},
(28)
D5y (@) = 2\3/6pr@)(1 —2x)[14+0.76(102% — 102 +1)]
(29)

where C3/%(t) = 3(5t2 —1)/2. For the K meson, we use
the same distribution amplitudes ¢4, ¢% and ¢% as used
in [20].

From (10), it is straightforward to find the numerical
value of the form factor at zero momentum transfer:

Fex

2

Fy (g =0)=
Bs

=0.28700% (30)
for wp = 0.50+0.05 GeV, which agrees well with the value
as given in [20,46,47].

For B; — p(w)K decays, the decay amplitudes as given
in (20), (21) and (23) can be rewritten as

M = Vi VdT — ViVeaP = Vi VT [1 + zei(‘”‘s)] ,

(31)

ViaVip

where a = arg [— VgV } is the weak phase (one of the
ua tyub

three CKM angles), and § is the relative strong phase be-
tween the tree (“I”) and penguin (“P”) amplitude, while
the term “2” describes the ratio of penguin to tree contri-
butions and is defined as

_ ‘ Vi Vid

= 32
Vi Vi )

4

The ratio z and the strong phase § can be calculated in the
pQCD approach. The C P-averaged branching ratio, conse-
quently, can be defined as

= (M +|M[*)/2

= |V V, dT| [1+22cosacosd+27]. (33)
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Using the wave functions and the input parameters as
specified in previous sections, it is straightforward to calcu-
late the C P-averaged branching ratios for the three decays
considered. The numerical results are

Br(Bs — pTKT) = [24.773%" (wy) 15 (a)] x 1076, (34)
Br(B, — p°K°) = [1.2705(wp) £0.1(a)] x 1077, (35)
Br(B, — wK°) = [L.7705(wp) £0.02()] x 1077, (36)

where the major errors are induced by the uncertainty of
wp = 0.54+0.05 GeV and a = 100° £ 20°, respectively.

For comparison, we list the corresponding QCDF pre-
dictions for the branching ratios as given in [16]:

Br(B, = pTKT) = [24.57}33] x 1076, (37)
Br(B, — p°K°) = [6.154%°] x 1077, (38)
Br(B, »wK®) = [5.1553] x 1077, (39)

where the individual errors as given in [16] have been added
in quadrature. One can see that (a) for By — pTKT de-
cay, the theoretical predictions in both QCDF and pQCD
approach agree very well; and (b) for B, — (p°,w)K° de-
cays, however, the central values of the pQCD predictions
are smaller than those in the QCDF approach by a factor
of 3 to 5, but they are still consistent within one standard
deviation, since the theoretical error of QCDF predictions
is very large.

Since the contributions from annihilation diagrams are
incalculable within the QCDF approach and so can only
be estimated using a simple model with the free complex
parameters p4 and ¢ 4 [16] one large theoretical error arises
inevitably. In the pQCD factorization approach, however,
besides the usual factorizable and non-factorizable dia-
grams, the annihilation diagrams can also be calculated
analytically, and this may provide a large contribution to
the branching ratios of the decay modes considered. Fur-
thermore, the non-factorizable and annihilation diagrams
also provide the large strong phase required to induce large
CP-violating asymmetries for the considered decays (see
next subsection for details). Finally, theoretical calcula-
tions based on different approaches also provide a means to
cross check. This is the reason why we calculate these de-
cays in the pQCD approach and compare our results with
those obtained in the QCDF approach. Of course, the dif-
ferences between the two approaches will be tested in the
forthcoming LHC experiments.

In Fig. 2, we show the a and wp dependence
of the pQCD predictions for the CP-averaged branch-
ing ratios of By — pTKT decay for a = [0° 180°]
and wp = 0.5+0.05 GeV.

It is worth stressing that the pQCD predictions for the
branching ratios have a weak dependence on the angle «,
but a strong dependence on the parameter wy. The wy de-
pendence could be fixed by the well measured B; — K
form factors from the semi-leptonic B, decays as expected
in LHCDb experiment. The remaining uncertainties in-
duced by the next-to-leading order as QCD corrections
and higher twist contributions are not considered here;
they need more complicated calculations. The parameter
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Fig. 2. The branching ratio (in unit of 107%) of Bs — pTKT
decay for wy, = 0.45 GeV (dotted curve), 0.50 GeV (solid curve)
and 0.55 GeV (dashed curve), as a function of the CKM angle «

m{ a2 1.6 GeV characterizes the relative size of the twist-
3 contribution to the twist-2 contribution. Because of the
chiral enhancement of m{, the twist-3 contribution be-
comes comparable in size with the twist-2 contribution.

Now we turn to the evaluations of the CP-violating
asymmetries of Bs — p(w)K decays in pQCD approach.
For By — p™ K~ decay, the direct C' P-violating asymme-
try Acp can be defined as

aie _ IMP=MP2_
P IMP M2

—2zsinasind

, 40
14+ 2zcosacosd + 22 (40)
where the ratio z and the strong phase § have been defined
in the previous subsection and are calculable in the pQCD
approach.

For B, — pT K~ decay, the C P-violating asymmetry is

AEL(By = pFKF) = (= 125135 (wy) 195 (a)) x 1072
(41)

Here two major errors are induced by wy, = 0.504+0.05 GeV
and a = 100°+20°. Although the central values of the
pQCD and QCDF prediction, A% (Bs — piKﬂ =
(—1.5+£12.2) x 10~2 as given in [16] are very different, they
are still consistent within one standard deviation, because
of the very large error of the QCDF prediction.

In Fig. 3, we show the a and wy, dependence of the dir-
ect C'P-violating asymmetries A% for By — p* KT de-
cay. The possible theoretical errors induced by the uncer-
tainties of other input parameters are usually not large,
since both z and § are stable against their variations.
Uncertainties not included here are the next-to-leading
order contributions, which may affect the C P-asymmetry
strongly [48].

For B, — p* KT decay, fortunately, a large C' P-asym-
metry at the —12% level plus large branching ratios at the
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Fig. 3. The o dependence of the direct CP-asymmetries of
Bs — pt KT decay for wy, = 0.45 GeV (dotted curve), 0.50 GeV
(solid curve) and 0.55 GeV (dashed curve)

1075 level are measurable in the forthcoming LHC-b ex-
periment. This is indeed good news!

For the pure neutral decays B, — p°K° and wK?°,
there is both direct and mixing-induced CP-violation.
Using (40), we find that

Agp(Bs = p"K®) = (= 9195 55(wn) 153(er) x 1072,
AT (Bs = wK°) = (+8L.27 5 {(wp) 53(e) x 1072,
(42)

for wp = 0.50+0.05GeV and o = 100° £=20°. The above
pQCD predictions are quite different from those obtained
by using the QCDF approach as given in [16]:

AL (B — p°K°) = (24.7735:3) x 1072,
AYL (Bs = wK®) = (—43.97857) x 1072 (43)
The reason is the great difference in the source of the
strong phases in the two factorization approaches. In the
QCDF approach, the strong phase mainly comes from the
perturbative charm quark loop diagram, which is ag sup-
pressed [16]. But the strong phase in the pQCD approach
comes mainly from non-factorizable and annihilation type
diagrams. It may be difficult to test such differences in
the forthcoming LHC experiments because of their small
branching ratios at 10~7 level.

Following [20], the mixing-induced C'P-asymmetry for
B, — p°K° and wK?° decays can be defined as
mix _ —2Im(Acp)  sin2y+2Re(x)sinvy
CP — 1+ |)\ 2 = 2 ) (44)

cpl 1+|z|?>+2Re(x) cosvy

VoV .
chzanc*Z | Tf_’ p» and the angle v is one of the three
ub "y

CKM angles. Numerically, the pQCD predictions for the

where x =
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mixing-induced C P-asymmetry are

le (B N pOKO)
mis(B, - wk®) =

(=37 %5 (wn)135(7)) x 1072,
(—40+11(wp)T12(7)) x 1072,
(45)

for wp = 0.5040.05 GeV and vy = 60° £+ 20° ( is one of the
three CKM angles).

5 Conclusion

In this paper, we calculate the branching ratios and C'P-
violating asymmetries of By — p* KT, p° K® and wK?° de-
cays in the pQCD factorization approach.

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

e From analytical calculations, the form factor FZs—~%(0
can be extracted. The pQCD prediction is FBs7(0) =
0.2870:0% for wy, = 0.50 £ 0.05 GeV.

e For the C'P-averaged branching ratios, the pQCD pre-
dictions are

Br(B, — pTKT) ~24.7x 1075,
Br(B; — p’K°) ~1.2x 1077,
Br(B, - wK®) ~1.7x107". (46)
The theoretical uncertainties are around thirty to fifty
percent.
e For the CP-violating asymmetries, the pQCD predic-
tions are generally large in size. For By — p* KT decay,
a large C' P-asymmetry around —12% plus large branch-
ing ratios at 10~° level are measurable in the forthcom-
ing LHC-b experiments.
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Appendix: Related functions

We show here the functions h; appearing in the expressions
of the decay amplitudes in Sect. 3, coming from the Fourier
transformations of the function H(©),

he(x1,x3,b1,b3)
= Ko(y/z1z3mp,b1)
X [0(by — b3) Ko(v/x3mp,b1)Io(y/23mp,bs)

+6(bs — b1)Ko(v/z3mp,b3)Io(v/x3mp,b1)]Se(23)
(A1)
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ha(x27 X3, b27 b3)
= K()(i\/.’ljg.’ljgmBsbg)
X [9(b3 — bg)K()(i\/xgmgsbg)lo(i\/.’llgm]gsbz)

+ 0(()2 — bg)K()(i\/irgmBsbQ)Io(i\/JigmBsbg)]St(1’3) y
(A.2)

hf($1,$2,£133,b1,b2)

= {9(b2 — bl)IO(MBS \/xl.’ljgbl)K()(MBs \/xl.’llgbg)
+ (b1 > bg)}
( KO(MBS )bz) for

FG) >0 (A.3)
D ( MBS\/|F |b), for FZ <o)’

hf(xl,:rz,xg,bl,bz)
={0(b1 — ba) Ko(iy/x2x3b1 Mp,)Io(iy/x223b2 M pB,)
+ (b < ba)}
Ko(Mp,Fgyb1),  for F(22) >0
(gi HY (MBS\/ |F2)[b1), for F3 < o) (A-4)
h?(xl,xz,xg,bl,bz)
={0(b1 — b2) Ko(i/z2x3b1 Mp, ) Io(iy/z223b2 MpB,)
+ (b1 <> b2)}
Ko(Mp,Figyb1),  for F3 >0 N
(“‘H(l MBS\/|F |b1), for F(23)<0>7 (A-5)

where Jj is the Bessel function, Ky and Iy are the modified
Bessel functions Ko(—iz) = —(7/2)Yo(z) +i(7/2)Jo(x);
Hél)(z) is the Hankel function, Hél)(z) = Jo(z) +1Yy(2),
and the F{;) are defined by

F(21) = ( X1 —$2)$Sa
F(Q) (1’1 — 1152)1123,
F(g) =Z1+2X2+T3 — X103 —T2x3 .

(A.6)

The threshold resummation form factor Si(z;) is
adopted from [37, 38]

21+2¢1(3/2 + ¢)

S@) =" rrate)

[z(1 —2)], (A7)

where the parameter ¢ = 0.3.
The Sudakov factors appearing in (10)—(19) are defined
as

Sap(t) = s(xlmgs/\/2,b1) +8(x3m35/\/2,b3)
+s((1 —z3)mp, /V2, bs)

1 [1 In(t/A) In(t/A) ]
G~ d) T —n(bs4) |

Sea(t) = s(:rlmBS/\/Q,bl) —|—s(x2m35/\/2,b2)
+5((1—a2)mp, /V2,b2) + s(z3mp, /V2,b1)
+s((1—a3)mp,/V2,b1)

1 0 In(t/A) N In(t/A)
8 {21 (o) ! _1n(b2/1)} ’

(A.8)

(A.9)
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Ser(t) = s(xlmBs/\/2, b1) +s(ac2mBs/\/2, b2)
—|—5((1 —xg)mBs/\/Q,bg) —|—3(x3m35/\/2,b2)
+s((1 —xg)mBs/\/Q,bg)

1 In(t/A) In(t/A)
T 6 [m ~In(by A) - ln(bg/l)] » (410)

Sgn(t) = s(achBs/\/27 ba) + s(ac?,mBs/\/27 bs)
+s((1— z)mp, /V?2, b2)
+s((1— z3)mp, /V?2, bs)

+21In

1 In(t/A) In(t/A)
5 [ln —In(b3A) n —ln(bz/l)] , (A.11)
where the function s(@Q, b) is given by [49, 50]
Q du Q ) N
e 1 A s , (A
with
as  [67 _=* 10 2 ENT /a2
A=Cr' +[9 ~ —27nf+3501n< ) ) (W) ’
2 oy e27e-1

where yg = 0.57722. .. is the Euler constant, n; is the ac-
tive quark flavor number.
The hard scales ¢; in the above equations are chosen as

t! = max(y/z3mp,,1/b1,1/b3),
t2 = max(y/z1mp,, 1/b1,1/b3),
t3 = max(y/z3mp,, 1/ba, 1/b3),
t4 = max(\/meBS, 1/bg,1/b3),
max(y/T1xsmp,, /T2xsmp,,1/b1,1/bs2),
tf = max(\/xgxgmgs, 1/b1,1/bs),
tf = max(y/x1 + T3 + T3 — T1T3 — ToT3MB,,
Vxaxsmp,,1/b1,1/bs).
They are given as the maximum energy scale appearing

in each diagram to kill the large logarithmic radiative
corrections.

(A.14)
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