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Branching ratios of B, — AP decays in the perturbative QCD approach
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In this paper we calculate the branching ratios (BRs) of the 32 charmless hadronic B, — AP decays
(A=a,(1260), b,(1235), K;(1270), K,(1400), f(1285), f1(1420), h,(1170), h,(1380)) by employing the
perturbative QCD factorization approach. These considered decay channels can only occur via annihi-
lation type diagrams in the standard model. From the numerical calculations and phenomenological
analysis, we found the following results: (a) the perturbative QCD predictions for the BRs of the
considered B, decays are in the range of 107° to 10~%, while the CP-violating asymmetries are absent
because only one type tree operator is involved here; (b) the BRs of AS = 0 processes are generally much
larger than those of AS = 1 ones due to the large Cabibbo-Kobayashi-Maskawa factor of |V,;/V,|> ~
19; (c) since the behavior for the 1P1 meson is much different from that of the 3P1 meson, the BRs of
B, — A('P,)P decays are generally larger than those of B, — A(3P1)P decays; (d) the perturbative QCD
predictions for the BRs of B, — (K, (1270), K,(1400))n" and (K,(1270), K,(1400))K decays are rather

sensitive to the value of the mixing angle 6.
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L. INTRODUCTION

Unlike the ordinary light B, (¢ = u, d, s) mesons, the B,
meson is the only heavy meson consisting of two heavy
quarks b and ¢ and plays a special role in the precision test
of the standard model (SM) [1]. Moreover, a large number
of B, meson events will be collected with the running of
Large Hadron Collider (LHC) experiments and this will
provide great opportunities for both theorists and exper-
imentalists to study the perturbative and nonperturbative
QCD dynamics, final state interactions, etc.

In two recent works [2,3], the pure annihilation B, —
PP, PV/VP, VYV decays (here P and V stand for the light
pseudoscalar and vector mesons) have been studied by
employing the SU(3) flavor symmetry and the perturbative
QCD (pQCD) factorization approach [4—6], respectively.

In the present work, we will study the two body charm-
less hadronic B, — AP decays (here A denotes the light
axial-vector mesons), which can only occur via annihila-
tion type diagrams in the SM. First of all, the size of
annihilation contributions is an important issue in the B
meson physics, and has been studied extensively, for ex-
ample, in Refs. [4,5,7-10]. Second, the internal structure of
the axial-vector mesons has been one of the hot topics in
recent years [11-13]. Although many efforts on both theo-
retical and experimental sides have been made [14-20] to
explore it through the studies for the relevant decay rates,
the CP-violating asymmetries, polarization fractions, and
the form factors, etc., we currently still know little about
the nature of the axial-vector mesons.
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In the quark model, there are two different types of light
axial-vector mesons: *P; and ! P, which carry the quan-
tum numbers J*¢ = 1% and 17, respectively. The 177
nonet consists of a;(1260), f1(1285), f,(1420), and K, ,
while the 17~ nonet has b,(1235), h,(1170), h,(1380), and
K,." In the SU(3) limit, these mesons cannot mix with
each other. Because the s quark is heavier than u, d quarks,
the meson K(1270) and K, (1400) are not purely a 1P, or
1'P, state, but a mixture of K4 (P, state) and K (P,
state). Analogous to the -7’ system, the flavor-singlet and
flavor-octet axial-vector mesons can also mix with each
other. It is worth mentioning that the mixing angles can be
determined by the relevant data, but unfortunately, there is
not enough data now for these mesons, which leaves the
mixing angles basically free parameters.

In this paper, we will calculate the branching ratios of
the 32 nonleptonic charmless B, — AP decays by employ-
ing the low energy effective Hamiltonian [21] and the
pQCD factorization approach based on the framework of
the kr factorization theorem. By keeping the transverse
momentum k of the quarks, the pQCD approach is free of
end-point singularity and the Sudakov formalism makes it
more self-consistent. In the pQCD approach one can do the
quantitative calculations of the annihilation type diagrams
directly, which can be seen, for instance, in Refs. [3-5,7,9].

The pure annihilation B, — PP, PV/VP, VV decays
and B, — AP decays considered in Refs. [2,3] and in this
paper generally have very small branching ratios: at the

"For the sake of simplicity, we will adopt the forms a, and b,
to denote the nonstrange axial-vector mesons a;(1260) and
b(1235), respectively, in the following section. We will also
use K to denote K;(1270) and K,(1400) for convenience unless
otherwise stated.
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order of 107° to 107°. According to the discussions as
given in Ref. [2], the charmless hadronic B, decays with
decay rates at the level of 107 could be measured at LHC
experiments with the accuracy required for the phenome-
nological analysis, while it may be difficult to measure
those B, decays if their branching ratios are much less than
1076,

The paper is organized as follows. In Sec. II, we present
the formalism of the considered B,. meson decays. Then we
perform the analytic calculations for considered decay
channels by using the pQCD approach in Sec. III. The
numerical results and phenomenological analysis are given
in Sec. IV. Finally, Sec. V contains a short summary and
some discussions.

II. FORMALISM

In the pQCD approach, the decay amplitude of the two
body decay B. — MM, (M, M, stand for the two final
state mesons) can be written conceptually as the convolu-
tion,

A(B, — M,M,) ~ f &l d*lod* s TLC() Dy (k)
X @y (ky) Dy, (k3)H (ky, Ky, k3, 1)],
(D

where k;’s are momenta of light quarks included in each
meson, and 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(7) includes the harder dynamics at a larger
scale than the mp scale and describes the evolution of
local 4-Fermi operators from my (the W boson mass)

down to the 1t ~ O( /_XmB(_) scale, where A = mg — m,.
The function H(k,, k,, k3, t) describes the four quark op-
erator and the spectator quark connected by a hard gluon
whose ¢” is in the order of Amg , and includes the

O( /_\mB(_) hard dynamics. Therefore, this hard part H

can be perturbatively calculated. The function ®,, is the
wave function which describes hadronization of the quark
and antiquark to the meson M. In the present work, since
the B. meson is composed of two heavy quarks b and ¢, we
will take the nonrelativistic approximation form &(x —
m./mpg ) [22] for the distribution amplitude ¢y (x). For
light meson A and P, we adopt the light-cone distribution
amplitudes directly, which will be displayed in the
Appendix. While the function H depends on the processes
considered, the wave function ®,, is independent of the
specific processes. Using the wave functions determined
from other well measured processes, one can make quan-
titative predictions here.

Since the b quark is rather heavy, we work in the frame
with the B, meson at rest, i.e., with the B. meson momen-
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tum Py = (mg_/ V2)(1, 1, 07) in the light-cone coordinates.
For the charmless hadronic B. — AP decays, we assume
that the A (P) meson moves in the plus (minus) z direction
carrying the momentum P, (P3), and with the polarization
vector €, for the A meson. Then the two final state meson
momenta can be written as

m m
P, = %(1, 2,07,  Py= %(0, 1-12,07), (2
respectively, where ry = my/ mp_and the mass of light
pseudoscalar mesons (K, 7, and n(’)) has been neglected.
For the axial-vector meson A, its longitudinal polarization
vector, e%, can be defined as

mpg,
(1
\/EmA(

Putting the (light) quark momenta in B, A, and P mesons
as ky, k,, and k5, respectively, we can choose

ky = (x; P}, 0, Kky7), ky = (x,P3, 0, Ky7),
k3 == (O, X3P;, k3T)'

, _I’i, OT) (3)

L
€y =

“)

Then, for B. — AP decays, the integration over k|, k,,
and k7 will lead to the decay amplitudes in the pQCD
approach,

.ﬂ(BC - AP) -~ fdxldedX3b1dblb2db2b3db3

- Tr{ C()Pp, (xy, b)) Py(x,, b))
X (DP(X?,, bS)H(-xi’ bi: t)St(xi)e_S(t)]x (5)

where b; is the conjugate space coordinate of k;, and ¢ is
the largest energy scale in function H(x;, b;, t). The large
logarithms In(my,/t) are included in the Wilson coeffi-
cients C(t). The large double logarithms (In’x;) are
summed by the threshold resummation [23], and they
lead to S,(x;) which smears the end-point singularities on
x;. The last term, e 50 _is the Sudakov form factor which
suppresses the soft dynamics effectively [24]. Thus it
makes the perturbative calculation of the hard part H
applicable at the intermediate scale, i.e., mg. scale. We
will calculate analytically the function H(x;, b;, t) for the
considered decays at leading order in «, expansion and
give the convoluted amplitudes in next section.

For these considered decays, the related weak effective
Hamiltonian Hg [21] is given by

%[ijvw(clwol(m + C(wO0x(w)] (6)

with the current-current operators O ,,

He =

Oy = iigy"(1 = y5)DyCpy* (1 = y5)by, o
02 = ﬁﬁ'}/ﬂ(l - 'YS)DBEaYM(l - yS)ba’

where V., V,p are the Cabibbo-Kobayashi-Maskawa
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(CKM) matrix elements, D denotes the light down quark d
or s, and C;(u) are Wilson coefficients at the renormaliza-
tion scale w. For the Wilson coefficients Cj,(u), we will
also use the leading order expressions, although the next-
to-leading order calculations already exist in the literature
[21]. This is the consistent way to cancel the explicit u
dependence in the theoretical formulas. For the renormal-
ization group evolution of the Wilson coefficients from
higher scale to lower scale, we use the formulas as given
in Ref. [5] directly.
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III. ANALYTIC CALCULATIONS IN THE PQCD
APPROACH

In this section, we will calculate the decay amplitudes
for 32 charmless hadronic B, — AP/PA decays.
Analogous to B, — PV /VP decays in Ref. [3], there are
four kinds of annihilation Feynman diagrams contributing
to these considered decays, as illustrated in Fig. 1. By
analytical evaluation of the two factorizable annihilation
(fa) diagrams Figs. 1(a) and 1(b), we find the correspond-
ing decay amplitude

1 00
F?,f = _SWCFm%;,fO dxzdx3/0 b2db2b3db3{hfa(1 — X3, X3, b3, bz)Efa(fa)[xz¢A(Xz)¢?>(x3)

+ 2rar{ P p(x3)((xy + )3 (x2) + (xp = DY ()] + by (0, 1 = x3, by, b3)Ef,(1,)[ (x5 — 1) p4(x2) 3 (x3)
+ 2rAr5¢;‘,(xz)((x3 = 2)¢plx3) — x3¢5(x3)]} 3)
where ¢A, !, and d)f) PT denote the distribution amplitudes of the axial-vector and pseudoscalar mesons, rb=mf/ mg,

with mo standmg for the chiral scale of the pseudoscalar meson (P), and Crp = 4/3 is a color factor. In Eq. (8), the terms
proportional to (r4(r}))? have been neglected because they are small: less than 7% numerically. The function & fa» the
scales 7;, and E,(t) can be found in Appendix B of Ref. [3].

For the two nonfactorizable annihilation (na) diagrams Figs. 1(c) and 1(d), all three meson wave functions are involved.
The integration of b; can be performed using & function &(b; — b,), leaving only integration of b, and b,. The

corresponding decay amplitude is

1616

AP
Mna

+(re —x + x5 — Dpp(x3))] —
X ((4ry +ro+x — x3 — 1)ph(x3)
—(re +x, —x3 — 1)¢ (x3))]hd,(x2, X3, by, by)},

where r, = my/mp , r. =
B, meson.

By exchanging the position of the final state mesons A
and P, we can obtain the phenomenological topology for
B. — PA decays easily. The corresponding decay ampli-
tudes for this type of decay channels can be obtained

m./mpg_, and r, +r, =1 for

_ ds _ ds

b —] b Se—

00000 %

® \ ® )

2 00000 »
c u<:::::::>5' ¢ U<::::::::5
(a) (b)
FIG. 1.

—(re +xy +x3 —

—7TCFmB [ dxzdx3/ bydbybydby{ht,(xp, x3, by, b)) E,,(1)[(r, — X3 + 1) a(x2) dp(x3)

+ rarf (@50 ((Br. + xp — x5 + Dph(x3) — (re — x5

—x3 + Doph(x3)) + ¢ () (re — x5 — x3 + Deph(x3)
E,(t)[(ry, + 1o + X0 = ) a(x) d3(x3) + rarf (4 (x2)
Dph(x3)) + ¢! () ((re + x5 + x3 — 1) ph(x3)
)

[
directly by the following replacements in Egs. (8) and (9),
e Rk S R S R

(10)

Before we put the things together to write down the
decay amplitudes for the studied decay modes, we give a

E a,g q E d; q
A A
c q c S
u u
(c) (d)

Typical Feynman diagrams for the charmless hadronic B, — AP decays.

074017-3



XIN LIU AND ZHEN-JUN XIAO

brief discussion about the K4-Kp, fi-fs, and h-hg
mixing.

The physical states K;(1270) and K;(1400) are the
mixtures of the K4 and K. K4 and K,z are not mass
eigenstates, and can be mixed together due to the strange
and nonstrange light quark mass difference. The mixing of
K, and K, can be written as

|K,(1270)) = |K,4)sinfg + |K,p) cosb, (1D)

|K1(1400)> = |K1A>COSHK - |KlB> Sin@K. (]2)

If the SU(3) flavor symmetry between (u, d, s) quarks was
an exact symmetry, K, and Kz would not be mixed with
each other. As mentioned in the introduction, the mixing
angle g is still not well determined because of the poor
experimental data. In this paper, for simplicity, we will
adopt two reference values as used in Ref. [13]: Oy =
+45°.

Analogous to the 1-1' mixing in the pseudoscalar sec-
tor, £(1285) and f(1420) (the 13 P, states) will mix in the

(fl(1285)) B ( cosf;

form of
_ sin03 fl (13)
f1(1420) —sinf; cosfz J\ f3 )

Likewise, the /2;(1170) and /,(1380) (1' P, states) sys-
tem can be mixed in terms of the pure singlet |4, ) and octet

|hg),
|

7l
u
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h1(1170)) _ ( cosf,  sind,; )<hl) (14)
h,(1380) —sinf; cosf; J\ hg )
where the component of |f}), |h;) and |f3), |hg) can be

written as
1
[fi, 1hy) = \/—g(léq> + 155)),

b lig) = Jigucm — 205s))

(15)

where ¢ = (u, d). The values of the mixing angles for 13 P,
and 1'P1 states are chosen as [13]
0y =38° or 50° 0, =10° or 45°. (16)
By putting all things together, we can write down the
general expression of the total decay amplitude for the
considered decays:

A (B, — AP) = Vi, Vplfs Fit/"ay + Mg/ ™ c,),
(17)

where a; = C,/3 + C,. Now it is straightforward to
present the explicit expressions of the decay amplitudes
for all 32 considered B. — AP decays.

(1) For AS = 0 processes,

T 0 0 0
A B.— 7)) = Vi, Vidll f5 F iy ay + Mug " Ci1 =[5 Fi"ay + Muii" C1H/V2, (18)

A(B,—af %) =—-AB.— 7" a))

a 770 a 7T0 0 0
= Vi Vuallf F ay + Mit™Cy ] = [fp, Fri® ay + Mugd" € 11/V2, (19)
AB.— afn) = VyViacosd{lfp Fri"ay + Mui™ Ci1+ [f5 Fri" ay + Mg C\ /2, (20)
AB.—afn) =VyVia Sind){[fB‘.F;Ln”al + My Cy] + [fBL.F}Z;lalal + Mr?galcl]}/\/i (21

" 7Tb0 77_b() bO bO
A(Bc - 7T+b(1)) = VCqud{UBCFfa 1Nal + M 1ucl] - UB(Ff,IIdﬂal + Mmlzdwcl]}/\/z

(22)
A(B,— b1+7T0) =—-A(B.— 7T+b(1))
770 77'0
= V:bvud{[chFb]aﬁgﬁ + ML Cy] — UB(Ff;blal + Mt C\ /2,
(23)
AB,— bfn) = Vi Viacosd{lfp Fray + My C\ 1 + [fp F1i" a, + M C /N2, (24)
AB,— bf 1) = Vi, Vasing{[fg Fi™ay + My C,] + [f Fj<" ay + ME" C 1}/V2, (25)
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cosfl;

af dar wft dor
A(B, — 7 £,(1285)) = V:bvud{— s (FFLT + FliTay + (M + M7)C\]

5

. 0 " d u d
# SR (L FDa + 0+ e

a

— sinf;

U d U d
A(B, — 7 f,(1420)) = v:bvud{— s (FT 4+ FliMay + 7L+ mli7yey]

a a

NG}

cosf i d i d
U (FFF 4 Ff Dy + a7+ e )

+T

a

cost,

u d u d
A(B. — "y (1170) = v;,vud{— s (FTT + Fyiay + My + Mui")Cy ]

N&)

1 0 u d u d
+ Sl%[ fo. (Ft + FiMay + (Mg + M'Jz”)Cl]},

— sin#,

u d7T u 1177.
A(B, — 7+ h,(1380)) = ijvud{i[ch(F”jl + FiMay + (Myg' + Mu")C)]

V3

7] u d u d
O U FLE 4 Ff Ny + 017+ e

+W

a a

A(B, — KK, (1270)) = V7, V,{sindx[f5 Fly 1 ay + M35 C\ 1+ cosOyl f5 Fhy 7 ay + Mg €}
A(B, — KK, (1400)") = V2, V,alcosOxl fu Fry M ay + Mg C, 1 = sinbxl f5, Fi“"ay + M1, C, T,
A(B, = K, (1270)°K ) = V2, V, dsin0x[ £ Frr ay + M C,]+ costl 5 Fi*a, + My T,
A(B, — K, (1400)°K ™) = V2, V,alcostl 5 Fai ay + ME €]~ sinbl 5 Fr*a, + Mp T,

(2) For AS = 1 processes,

AB, — K%)= 2A(B. — K*a%
= ViVl fp Fla®ar + Mi“ C},

a

A(B. — K°}) = V2AB. — K*b))
= thvus{fB[F]If((:blal + M Cy,

A(B, — K,(1270)°7%) = V2 A (B, — K,(1270)* 7°)

. K KY K9 K
= Vi, Vi {sing[f5 Fpl*"ay + Mpd*" Ci 1+ cosOx[fp F " ay + Mu" Cy 1},

A(B. — K,(1400)°7%) = V2 A (B, — K,(1400)* 7°)

‘ 0 K9 . K9 K9
= V:hVuS{COSQKUBFFf;A#al + Mad"C] - Sln@K[fBCFﬁ;Bﬁ% + Mad*"C T},
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(27)

(28)

(29)

(30)

(31

(32)

(33)

(34)

(35)

(36)

(37)
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cosf;

‘A(B - K+f1(1285)) - V:b us{ \/—

sm03

e

AB.— K 1,0420) = Ve v |22 7

cos03

N

cosf,

N

AB, — K+h,(1170)) = v:bvm,{

sinfl

PHYSICAL REVIEW D 81, 074017 (2010)

[fs. (Fpat + Fp)ay + (Mo + MEC]

s (FLF — 2P a, + (AT —szi%,K)cl]}, (38)

K K Kf “K
s (Frl + Fliay + (M + M)y

s, (FF = 2F)a, + (M)} —2M£§f‘)c1]}, (39)

Kh" hs K Kh! hi K
[fBL.(F u] + Ffiz )al + (Mua' + My, )Cl]

0
S‘“fl U (Rt =2 a + 05— 208501} (40)
a o, . — sinf, Kh! 1 Kh!
(B — K 1(1380)) Vcb us \/— [fB (F a + F )al + (Mna + Mna )C ]
Cf;'_gl U (F1% = 2F 15 ay + (M — 2M,’§;%K)cl]}, (41)

AB, — K,(1270)* ) = V2,V {sin0[ /5 (cosp Fy* ™ —

+ cosOx[f5, (cosqﬁF;-(aM"

A(B, — K,(1400)* n) =
— sinfg[fp (cosdpF, Kigtg _

smd>F"5K‘A)a + (cospM,a Kiatg _

smg{)F"‘ 'B)a, + (cosdpM 4 Kty _

sing M54, ]

s1n¢F7“ )a, + (cospMu?™ — singMLK5)C, 1), 42)

Vi, VisicosOk[ g (cos¢>FK'”" - sin¢F"‘K'A)a1 + (cospM Kty _ sing M5,

sing M5, 1), (43)

A(B,— K,(1270)" ) = V2, V,{sinbx[ f5 (sing F, Kamg 4 cosq’JF’“ Ma, + (singp M, Kiamg 4 cosp MKy, ]

+ cosHK[fBﬁ(smqufu'Bn" + cos¢F"‘K‘B)a1 + (singpM Kintlg 1 cospM Ky, 1), (44)

A(B, — K,(1400)" ') = V}, V, {cosb[f5 (sinngK‘An" + cosd)FmK‘A)al + (sinp Ma*™ + cosp MK ]

Cc

— sinfg[f3 (singpFy, Ky | cosqSF"‘K”*)a + (singd M, Kty 4 cosp M5 1#)C, 1 (45)

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we will calculate the branching ratios for
those considered 32 charmless hadronic B. — AP decay
modes. The input parameters and the wave functions to be
used are given in the Appendix. In numerical calculations,
central values of input parameters will be used implicitly
unless otherwise stated.

For B, — AP decays, the decay rate can be written as

G2 m3
F=— 0= r)IAB.—~ AP, (46)
where the corresponding decay amplitudes A have been
given explicitly in Egs. (18)—(45). With the complete decay
amplitudes as given in the last section, by employing

Eq. (46) and the input parameters and wave functions as
given in the Appendix, we calculate and present the pQCD
predictions for the CP-averaged branching ratios of the
considered decays with errors, as shown in Tables I, II, III,
and IV. The dominant errors come from the uncertainties of
charm quark mass m,. = 1.5 = 0.15 GeV, the combined
Gegenbauer moments a; of the relevant meson distribution
amplitudes, and the chiral enhancement factors m{ =
1.4 = 0.3 GeV and m; = 1.6 £ 0.1 GeV, respectively.

Based on the numerical results as given in Tables I, II,
111, and IV, we have the following remarks:

(i) The pQCD predictions for the CP-averaged branch-
ing ratios of considered B, decays vary in the range
of 1076 to 1078, There is no CP violation for all
these decays within the standard model, since there
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TABLE I

explained in the text.

PHYSICAL REVIEW D 81, 074017 (2010)

The pQCD predictions of branching ratios (BRs) for B. — (a;, b;)P decays. The source of the dominant errors is

AS=0 AS=0

Decay modes BRs(1077) Decay modes BRs(107°)

B, — 7"a 3.0 (m) 13 (a,) * 13 (mg) B.— 7' b) 4.3413(m ) 18 (a) T30 (my)
B.— af a° 2.9%03(m) 32(a;) 14 (mg) B.— b a° 3i%2(m ) 1 a, +8é(mo)
B.—afn 6.8733(m.)*37(a;)T85(my) B.— bin 0.6703(m.) 503 (a;) T35 (my)
B.— afﬂ’ 4~6t(1):g(mc)iLZ(ai)tg:g(m()) B.— bfr"?, 0. 4+8%(m )+() 1(a )+() ()(mo)
AS=1 AS=1

Decay modes BRs(lO’g) Decay modes BRs(1077)

B.— afK° 3.47 1 (m ) 53, )+()6(m0) B.— b{ K° 5.4703(m)*32(a; +02(m0)
B, — K"af 1-7i82(m,)f (a;) 3 (mg) B.— K*bY 2.7103(m) 13 (@) T (mo)

(ii)

is only one kind of tree operator involved in the
decay amplitude of all considered B, decays, which
can be seen from Eq. (17).

Among the considered B, — AP decays, the pQCD
predictions for the branching ratios of those AS = 0
processes are generally much larger than those of
AS = 1 channels (one of the two final state mesons
is a strange meson); the main reason is the enhance-
ment of the large CKM factor |V,;/V,|*> ~ 19 for
those AS = 0 decays as generally expected. For
B. — (af, b )(7° K°) decays, however, the differ-
ence is not so large, because the enhancement due to
the CKM factor is partially canceled by the differ-
ences between the magnitude of individual decay

amplitude IFf( i | and |Fa(b) K l.

and the pseudoscalar 770 meson at the quark level.
We therefore find the same branching ratios for
B.— 7*a? and B, — af 7°, and for B, — 7" b}
and B, — b+770, respectlvely.

(iv) From the numerical results as shown in Table I, one

can see that
Br (B, — bym) ~ 14 X Br(B, — a, ),
47
Br(B, — b,K) ~ 16 X Br(B,. — a,K).

This pattern agrees well with that as given in
Refs. [14,16].

(v) Unlike B, — (a;, b;)(r, K) decays, we find that

Br(B. — a,(n,n") ~ Br(B. — bi(n, 7). (48)

(iii) For B, — (a,, b;)7 decays, the same component of The main reason is that the suppressed factorizable
iu — dd is involved in both the axial-vector (a?, b9) annihilation amplitudes cancel each other for
TABLE II. Same as Table I but for B, — (K,(1270), K,(1400))(7, K, 5, ') decays.
AS=0 BRs(1077) BRs(1077)
Decay modes Oy = 45° O = —45°

B. — KK, (1270)*
B, — K°K,(1400)*
B, — K,(1270)°K*
B, — K,(1400)°K "

8.2%) ;(m )+162(a )+()4(m())
17. 3+32(m )+?2?(0 )*00(mq)
15.8733(m ) £ (a) T4 (mo)
31715 me) 890 “43(mo)

17.4233(m ) 2323 (a) 239 0mo)
1+11( )+161(a +00(m0)

32.0%554(m) 1303 (a;) 290 (mo)

15. 7+32(m )+152(a )Jr()()(mo)

AS=1
Decay modes

BRs(107%)
Ox = 45°

BRs(107%)
O = —45°

B, — K,(1270)07"
B, — K, (1400)°7"
B, — K,(1270)" #°
B, — K,(1400)* 7°

68tg%( +65( )+08(m0)

()6(m )+ (a)+ (mo)
34+%6(m +33( )+04(m0)
2.950 1 (m.) (a)+°3(mo)

59753 (m. +35(a )+06(m0)
6. 8*50(m )re 3(a;) 91 (me)
3.050 0 (m )t 7(0 )03 (mg)
3. 4f%_§(m,)f 33a;) 04 (my)

AS =1
Decay modes

BRs(107%)
O = 45°

BRs(1078)
O = —45°

BC i K1(1270)+77
B. — K,(1400)* 7
B, — K,(1270)* '
B, — K,(1400)" 7’

]6~8i§32(’”c)t%{(ai)tgig(mo)
26.97830m0) 1153 (@) 255 (my)

2,708 (m )53 (a,) * 0 (mp)
11.573 7 (m) 239(a;) 255 (my)

27.2754(m ) *135(a;) “5.0(mo)
16. 63 (S)(m )+12 2((1 )+88(m0)
11-6t£1§(mc)t4ﬁ2(ai)J—roﬁo(mo)

2-7f316‘(mc)f‘z‘i%(ai)fg:g(mo)
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TABLE III.

PHYSICAL REVIEW D 81, 074017 (2010)

Same as Table I but for B, — (f(1285), f,(1420))(7, K) decays.

AS=0
Decay modes

03 = 38°

BRs(107%)

BRs(107%)
0, = 50°

B, — 7 f,(1285)
B, — m f,(1420)

21.7

52.4%23(m.) 393 (a,) T3]

8.5293(m)8(a)) 25 (my)

(my)

44.879(m,)33%(a; >+{2§<m0>
16. 0*%8(!% )+115(a )+ (m())

AS=1
Decay modes

9, = 38°

BRs(107%)

BRs(107%)
65 = 50°

B, — K" f,(1285)
B, — K" f,(1420)

7.4255(m) 5

L. 6*3)‘7’(mc)*?§(a )03 (mo)
sla; )+°4(mo)

15*(')‘5’(mc)+ 3(a) X935 (mo)
7.5585(m) 3 (a; )+°4(mO)

(vi)

(vii)

B.— a,n"" decays, while the enhanced nonfactoriz-
able ones cancel each other for B, — b, 5" decays.
For B, — K°(K,(1270)", K,(1400)*) and B.—
(K,(1270)°, K,(1400)°)K*  decays, their BRs
strongly depend on the value of the mixing angle
Ok of the K{,-K;p system. From Table II, one can
see that

Br(B, — KK, (1400)") _ Br(B, — K*K,(1400)°)
Br(B, — K°K,(1270)") _ Br(B, — K* K,(1270)°)
~2 (49)

for 6 = 45°, while

Br(B. — K°K,(1400)*) _
Br(B, — K°K,(1270)")

Br(B, — K*K,(1400)°)
Br(B. — K*K,(1270)°)

1
~—, 50
3 (50)
for @ = —45°. This means that one can determine

the sign and size of Oy after enough B, events
become available at the LHC experiment.

For the AS = 1 B, — K, decays, their decay rates
have a very weak dependence on the value of mixing
angle O:

Br(B, — K,(1270)°7") ~ Br(B, — K,(1400)°7")
~6X 1078, (51)

Br(B, — K,(1270)* 7%) =~ Br(B, — K,(1400)* 7°)
~3X%X 1078, (52)

TABLE IV. Same as Table I but for B, — (h,(1170),

(viii)

(ix)

for both 6 = 45° and —45°. This point will also be
tested at LHC.

For B, — K, 7" decays, the pQCD predictions have
a strong fx dependence:

Br(B, — K,(1400)" )

= 1.6,
Br(B, — K,(1270)* ) 53)
Br(B, — K,(1400)" n') ~43
Br(B, — K,(1270)* n') -
for 6 = 45°, while
Br(B, — K,(1400)* 7) _ 1
Br(B, — K(1270)* 1.6°
(B, 1(1270) " ) (54)

Br(B, — K,(1400)' ) _ 1.
Br(B, — K,(1270)*n/) 4.3’

for O = —45°. It is easy to see that these B. —
K, n") decays are sensitive to the mixing angle 6.
Analogous to the B, — K*(n, ') decays [3], the
above four decays are dominated by the factorizable
annihilation diagrams.

The theoretical predictions for the branching ratios
of B, — K;(1270)P and B, — K,(1400)P for 65 =
45°, as listed in column two of Table II, are roughly
exchanged with respect to those of the third column
for the choice of #x = —45°. Such simple relation
comes from the fact that the two states K;(1270) and
K, (1400) can go one into another as a mixture of K 4
and K states when one sets the mixing angle 8y =
45° or —45°, respectively, as can be seen from
Egs. (11) and (12),

h(1380))(r, K) decays.

AS=0 BRs(1078) BRs(107%)

Decay modes 0, = 10° 6, = 45°

B.— 7t h(1170) 60.55 280 (m ) 324 (a;) T35 (my) 49.17388(m,) 133 0(a;) 2% (my)
Bc — 7T+h1(1380) 1. 2+24(m )+37(a +()5(m0) 12. 44:8(9)( +3 3( +5 S(mo)
AS =1 BRs(lO 8) BRs(107%)

Decay modes =10° 0, =45°

B, — K*h,(1170)
B, — K" h,(1380)

14. 9+%(8)(m )+126(a )+ (mO)
222855 m0) 138(a) 33(mo)

16. 8+57(m )+69(a )+ (mo)
20. Z*L%ﬁ(m )“”(a )+ g (mo)
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x)

(xi)

(xii)

|K,(1270))lg, —a5°
|K,(1400))|g, —a5°

= |K;(1400))| g, = —45°»

(55
= — K (1270))] g, = a5°-
This relation further leads to the following relations
between the decay amplitudes of B, — K, P,

A(B. — K (1270)P)|,—ss°
= A(B, — K,(1400)P)lg, —_45-,
A (B, — K,(1400)P)| g, —45
= —A(B. — K (1270)P)lg, = 45, (56)

and finally we obtain the special pattern of branching
ratios as listed in Table II. The small differences in
corresponding decay rates are due to the difference
in the masses of K;(1270) and K;(1400) mesons.
The numerical relations as shown in Egs. (49), (50),
(53), and (54) are also induced by the same
mechanism.

For the four B, — f,(K, 7) decays, one can see from
Table III that

Br(B, — m" f1(1285)) _ {6.2 for 65 = 38°
Br(B, — 7 f,(1420)) 2.8 for §; = 50°
57

and

Br(B. — K* f,(1285)) _

Br(B, — K f,(1420)) 02 (>8)

for 83 = 38° and 50°. The relations in Eqs. (57) and
(58) can be understood as follows: (a) Since
f1(1285) and f,(1420) are the mixed states of f
and fg [see Eq. (13)] and both sinf; and cosf; are
positive for #; = 38° and 50°, the contribution from
the common component (Gg) of f, and fg will
interfere constructively (destructively) for B, —
7t £,(1285) (B, — 7 f,(1420)) decay. This results
in the large difference for the decay rate of the two
decays. (b) For the two AS = 1 decays, however, the
new component (5s) will provide additional contri-
butions to the considered decays. Furthermore, the
contributions from (5s) and Gg interfere construc-
tively for B, — K™ f,(1420), but destructively for
B, — K" f,(1285) decay.

The pQCD predictions for B.—
(h;(1170), h;(1380))(K, 7r) decays, as given in
Table IV, can be explained in a similar way as for
B. — (f,(1285), f,(1400))(K, ) decays.

Since the LHC experiment can measure the B, de-
cays with a branching ratio at the 107° level [2], our
pQCD predictions for the branching ratios of B, —
K(K,(1270), K;(1400)) and b, decays could be
tested in the forthcoming LHC experiments.

PHYSICAL REVIEW D 81, 074017 (2010)

It is worth stressing that the theoretical predictions in the
pQCD approach still have large theoretical errors induced
by the still large uncertainties of many input parameters,
e.g., Gegenbauer moments a;. For most considered pure
annihilation B, decays, it is hard to observe them even in
LHC due to their tiny decay rate. Their observation at
LHC, however, would mean a large nonperturbative con-
tribution or a signal for new physics beyond the SM.

We here calculated the branching ratios of the pure
annihilation B, — AP decays by employing the pQCD
approach. We do not consider the possible long-distance
contributions, such as the rescattering effects, although
they may be large and affect the theoretical predictions.
They are beyond the scope of this work.

V. SUMMARY

In short, we studied the charmless hadronic B, — AP
decays by employing the pQCD factorization approach
based on the k; factorization theorem. These considered
decay channels can occur only via the annihilation diagram
in the SM and they will provide an important platform for
testing the magnitude of the annihilation contribution and
understanding the content of the axial-vector mesons.

The pQCD predictions for CP-averaged branching ra-
tios are displayed in Tables I, II, III, and IV. From our
numerical evaluations and phenomenological analysis, we
found the following results:

(i) The pQCD predictions for the branching ratios vary
in the range of 107® to 107%. The B, —
K°(K,(1270)*, K,(1400)") and other decays with a
decay rate at 10~ or larger could be measured at the
LHC experiment.

For B, — AP decays, the branching ratios of AS =
0 processes are generally much larger than those of
AS =1 ones. Such differences are mainly induced
by the CKM factors involved: V,; ~ 1 for the former
decays, while V,; ~ 0.22 for the latter ones.

Since the behavior for the ! P, meson is much differ-
ent from that for the *P| meson, the branching ratios
of pure annihilation B. — A('P,)P are basically
larger than those of B. — A(*P,)P, which can be
tested in the LHC and Super-B experiments.

The pQCD predictions about the branching ratios of
B, — K;n" and K,K decays are rather sensitive to
the value of the mixing angle 6. One can determine
Ok through the measurement of these decays if
enough B, events become available at the LHC
experiment.

The pQCD predictions still have large theoretical
uncertainties, mainly induced by the uncertainties
of the Gegenbauer moments a; in the meson distri-
bution amplitudes.

Because only tree operators are involved, the
CP-violating asymmetries for these considered B,
decays are absent naturally.

(ii)

(iii)

(iv)

)

(vi)

074017-9



XIN LIU AND ZHEN-JUN XIAO
ACKNOWLEDGMENTS

X. Liu would like to thank Hai-Yang Cheng, Wei Wang,
You-Chang Yang, and Run-Hui Li for valuable discussions.
This work is supported by the National Natural Science
Foundation of China under Grants No. 10975074 and
No. 10735080, by the Project on Graduate Students’
Education and Innovation of Jiangsu Province under
Grant No. CX09B_297Z, and by the Project on Excellent
|

PHYSICAL REVIEW D 81, 074017 (2010)
Ph.D Thesis of Nanjing Normal University under Grant
No. 181200000251.
APPENDIX: INPUT PARAMETERS AND
DISTRIBUTION AMPLITUDES

The masses (GeV), decay constants (GeV), QCD scale
(GeV), and B, meson lifetime (ps) are

ASSY =0250,  my =8041,  mp =6286,  fz =048, m, =123  f, =0238
my, =121,  f, =0.180,  mg, =132 fx, =0250 myg, =134  fg, =0.190,
fr,=0245 m; =128  f, =0239,  my, =128  f, =0.180,  my, =123 (A1)
fa, =0.190,  my =137, mf=14  mf=16  m" =108  m =192
m, =48 fr=0131,  fir=016 75 =0.46.
[
Wolfenstein parametrization for e CKM matrin, and B = g el =D et (A

take A =0.814 and A =0.2257, p =0.135 and 7 =
0.349 [19].

For the distribution amplitudes of pseudoscalar mesons,
we adopt the same forms as used in the literature (see
Ref. [3] and references therein).

The twist-2 distribution amplitudes for the longitudi-
nally polarized axial-vector P, and 'P, mesons can be
parametrized as [13,18]

halx) =

6x(1 — x) ag + 3a|1|t+ agé(St2 -1 |t
2
(A2)

As for twist-3 light-cone distribution amplitudes, we use
the following form:

/
22N,

1
P (x) = 5 TN {a £+ = 5 4i L1372 — 1)} (A3)
|
Al =—-002+002;  a" = —1.04+0.34;

atl = -1.06£036;  al™ = —-2.00 = 0.35;
al’ = 195+ 035, &l =0.00 + 0.26;
af_,KlA = —1.08 = 048’ ag’KlB =0.14 = 015,

ap®m =017 +0.22,

all’ = —1.95 + 0.35;

where f is the decay constant and = 2x — 1. It should be
noted that for the distribution amplitudes of strange axial-
vector mesons K4 and K, x stands for the momentum
fraction carrying by the s quark.

Here, the definition of these distribution amplitudes
¢ 4(x) satisfies the following relation:

f d1p,(x) = aol b ZJJZCTC’

(A5)

1 o
fo b, () = 5 e

p
where we have used ag’ f=1
The Gegenbauer moments have been studied extensively
in the literature (see Ref. [13] and references therein). Here

we adopt the following values:

allt = —0.04 = 0.03;

ay = =007 004 o =-1.11=031;
alin = —0.05+0.03;  alf1 =008+009; (A6
al i = —1.95 + 045, a1 = 0.02 = 0.10;
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