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Pure annihilation type B, — M, M; decays in the perturbative QCD approach
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In the standard model the two-body charmless hadronic B, meson decays can occur via annihilation
diagrams only. In this work, we studied the B, — PP, PV /VP, VV decays by employing the perturbative
QCD (pQCD) factorization approach. From our calculations, we find that (a) the pQCD predictions for the
branching ratios of the considered B, decays are in the range of 107¢ to 10~%; (b) for B, — PV/VP, VV
decays, the branching ratios of AS = 0 decays are much larger than those of AS = 1 because the different
Cabibbo-Kobayashi-Maskawa (CKM) factors are involved; (c) analogous to B — K75 decays, we find
Br(B, — K™ n') ~ 10 X Br(B, — K*7), which can be understood by the destructive and constructive
interference between the 7, and 7, contribution to the B.— K" n and B, — K* 7’ decay; (d) the
longitudinal polarization fractions of B, — V'V decays are in the range of 86%-95% and play the
dominant role; and (e) there is no CP-violating asymmetries for the considered B, decays because only

one type tree operator is involved.
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I. INTRODUCTION

In 1998, a new stage of B, physics began because of the
first observation of the meson B, at Tevatron [1]. For B,
meson, one can study the two heavy flavors b and ¢ in a
meson simultaneously. From an experimental point of
view, more detailed information about B, meson can be
obtained at the Large Hadron Collider (LHC) experiment.
The LHC is now running, where the B, meson could be
produced abundantly. The B. meson decays may provide
windows for testing the predictions of the standard model
(SM) and can shed light on new physics (NP) scenarios
beyond the SM.

From a theoretical point of view [2], the nonleptonic
decays of B, meson are the most complicated decays due
to its heavy-heavy nature and the participation of strong
interaction, which complicate the extraction of parameters
in SM, but they also provide great opportunities to study
the perturbative and nonperturbative QCD, final state in-
teractions, etc. The nonleptonic B,. weak decays have been
widely studied, for example, in Refs. [2-32] by employing
the naive factorization approach (NFA) [33], the QCD
factorization approach (QCDF) [34], the perturbative
QCD (pQCD) approach [35-37] and other approaches
and/or methods.

In this paper we focus on the two-body nonleptonic
charmless decays B, — PP, PV/VP, VV (here P and V
stand for the light pseudoscalar and vector mesons), which
can occur through the weak annihilation diagrams only.
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The size of annihilation contributions is an important issue
in B physics. Indeed, the two-body charmless B, decays
considered here are rather different from those B, —
J/yP(V) decays where the initial ¢ quark behaves as a
spectator.

Recently, the two-body nonleptonic charmless
B.— M2M31 decays have been studied by using the
SU(3) flavor symmetry or by employing the QCD factori-
zation approach [38]. The authors in Ref. [38] provided
two different estimates for nonleptonic charmless B, de-
cays. But their predictions for the branching ratios of B, —
K", K'°K" decays in the QCDF are much smaller (a
factor of 10) than those obtained by using the SU(3) flavor
symmetry. So large discrepancies among the theoretical
predictions for the branching ratios indicate clearly that it
is very necessary to make more studies for these kinds of
B, decays by employing different approaches, in order to
understand these decays better and provide the theoretical
support for the related experimental studies.

In this paper, we will calculate the branching ratios and
the polarization fractions of 30 B, — PP, PV/VP, VV
decays by employing the low energy effective
Hamiltonian [39] and the pQCD factorization approach.
By keeping the transverse momentum k7 of the quarks, the
pQCD approach is free of end-point singularity and the
Sudakov formalism makes it more self-consistent. It is
worth mentioning that one can do the quantitative calcu-
lations of the annihilation type diagrams in the pQCD
approach. The importance of annihilation contributions

"For the sake of simplicity, we will use M, and M5 to denote
the two final state light mesons, respectively, unless otherwise
stated.
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has already been tested in the previous predictions of
branching ratios of pure annihilation B — D K decays
[40], direct CP asymmetries of B — 7" 7™, K™ 7~ de-
cays [35,36,41], and in the explanation of B — ¢ K" po-
larization problem [42,43], which indicate that the pQCD
approach is a reliable method to deal with annihilation
diagrams.

The paper is organized as follows. In Sec. II, we present
the formalism and wave functions of the considered B,
meson decays. Then we perform the perturbative calcula-
tions for considered decay channels with pQCD approach
in Sec. IIl. The numerical results and phenomenological
analysis are given in Sec. I'V. Finally, Sec. V contains the
main conclusions and a short summary.

II. FORMALISM AND WAVE FUNCTIONS

A. Formalism

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-
tum Py = (my_/ V2)(1, 1, 0;) in the light-cone coordinates.
For the nonleptonic charmless B, — M,M; decays, as-
suming that the M, (M3) meson moves in the plus (minus)
z direction carrying the momentum P, (P5) and the polar-
ization vector €, (€3) (if M3) are the vector mesons). Then
the two final state meson momenta can be written as

mp.
- (1 - r%y r%) OT))

2

mp.
Py = —2‘(;’% 1 - r%, 07),

NG
ey

respectively, where r, = my,/mg, and ry = my, /mp.
When M,, M5 are the vector mesons, the longitudinal
polarization vectors, €5 and €%, can be given by

P2:

m
€k = P (1- r3, =13, 07),
\/EmMz (2)
m
el = Be (=13, 1 —13,0p).

\/zmM3

The transverse ones are parametrized as eg = (0,0, 1),
and €} = (0,0, 17). Putting the (light-) quark momenta in
B., M, and M5 mesons as k;, k,, and k3, respectively, we
can choose

ky = (x; P}, 0, ky7), ky = (x,P5,0, kyp),
k3 = (O, X3P3_, kST)'

Then, for B, — M,M; decays, the integration over k| , k; ,
and ki will conceptually lead to the decay amplitudes in
the pQCD approach,

3)

.ﬂ(BC - M2M3) ~ de]dX2dX3b1db1bzdb2b3db3
- TH{C() @ (xy, b)) Dy, (x2, )
X (DM3(x3r b3)H(xiJ bi) t)Sl(xi)
X e~ )
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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 [44], and they
lead to S,(x;) which smears the end-point singularities on
x;. The last term, ¢ 50 _is the Sudakov form factor which
suppresses the soft dynamics effectively [45]. Thus it
makes the perturbative calculation of the hard part H
applicable at intermediate scale, i.e., mg. scale. We will
calculate analytically the function H(x;, b;, ) for the con-
sidered decays at leading order (LO) in a;; expansion and
give the convoluted amplitudes in next section.

For these considered decays, the related weak effective
Hamiltonian Hg [39] can be written as

Hy — %[v:,,vww](mol(m + C(W0xw)] ()

with the single tree operators

0, = iigy*(1 — ys)D,Cgy*(1 — y5)b,, ©

0, = iigy*(1 — y5)DgCoy*(1 = y5)b,,
where V., V,p are the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements, D denotes the light down quark
d or s and C;(u) are Wilson coefficients at the renormal-
ization scale w. For the Wilson coefficients Cj,(u), we
will also use the LO expressions, although the next-to-
leading order calculations already exist in the literature
[39]. 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. [36] directly.

B. Wave functions

In order to calculate the decay amplitude, we should
choose the proper wave functions of the heavy B, and light
mesons. In principle there are two Lorentz structures in the
B, 4s or B, meson wave function. One should consider
both of them in calculations. However, since the contribu-
tion induced by one Lorentz structure is numerically small
[46,47] and can be neglected approximately, we only con-
sider the contribution from the first Lorentz structure

By (x) = =[P + My )ysdop (lap. (D)

V2N,
Since B. meson consists of two heavy quarks and mp =
my, + m,, the distribution amplitude ¢ would be close to
8(x — m./myg ) in the nonrelativistic limit. We therefore
adopt the nonrelativistic approximation form of ¢ as
[19,28]
/B

b, (x) = SN 8(x = m./mp), (®)
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where fp and N, are the decay constant of B. meson and
the color number, respectively.

For the pseudoscalar meson (P), the wave function can
generally be defined as

Bp() = ——ys(PdA) + mEBE)

V2N,
+m{ (kY — 1)pp ()} ap, 9)

where ¢%"" and m{ are the distribution amplitudes and
chiral scale parameter of the pseudoscalar mesons, respec-
tively, while x denotes the momentum fraction carried by
quark in the meson, and n = (1,0,0;) and v = (0, 1, 0;)
are dimensionless lightlike unit vectors.

For the wave functions of vector mesons, one longitudi-
nal (L) and two transverse (7') polarizations are involved,
and can be written as

Dh) = M AE By + AP

+ MV¢‘€/(X)}a,3, (10)

DY) = =My AT B30 + A7 P

+ MViE,u,Vpa"yS'y'uea’i‘vnpva(ﬁ?/(x)}aﬁ’ (11)
where el{,(T) denotes the longitudinal (transverse) polariza-
tion vector of vector mesons, satisfying P - € = 0 in each
polarization. We here adopt the convention €°'?* = 1 for
the Levi-Civita tensor €#”%#. For the distribution ampli-
tudes of pseudoscalar ¢j§'P "I and longitudinal and trans-
verse polarization, ¢1;* and ¢¥"“, which will be presented
in Appendix A.

III. PERTURBATIVE CALCULATIONS IN PQCD

From the effective Hamiltonian (5), there are four types
of diagrams contributing to the B.— M,M; decays as
illustrated in Fig. 1, which result in the Feynman decay
amplitudes F M;”’“ and MY2M5 | where the subscripts fa and
na are the abbreviations of factorizable and nonfactoriz-
able annihilation contributions, respectively. Operators
O, are (V — A)(V — A) currents, and we therefore can

o |
& ‘?n

<)

o |

FIG. 1.
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combine all contributions from these diagrams and obtain
the total decay amplitude as

A (B, — MyMs) = Vi, Voplfp Fre'ay + Myt Cy),
(12)

where a; = C;/3 + C,. In the next three subsections we
will give the explicit expressions of F}fW;M", MYEM and the
decay amplitude A(B, — M,M;) for B, — M,M; de-
cays: including eight B. — PP, fifteen B, — PV or B, —
VP, and seven B, — VV decay modes.

A. B, — PP decays

In this section, we will present the factorization formulas
for eight nonleptonic charmless B. — PP decays. From
the first two diagrams of Fig. 1, i.e., (a) and (b), by
perturbative QCD calculations, we obtain the decay am-
plitude for factorizable annihilation contributions as fol-
lows:

1 00
F}Jf = _SWCFm% [ d.)C2dX3 [ bzdb2b3db3
“Jo 0

X {hfa(l — X3, X2, b3, bz)Efa(fa)[Xzﬁbé (xz)(f)g\(xs)

+ 2153 % (03) (2 + 1)L (x2) + (x2 — 1) 7 (x2))]

+ hpa(x2, 1 — X3, by, b3)Ef, (1))

X [(x3 = )5 (x) 5 (x3)

+ 2151585 (1) (x5 — 2)@% (x3) — X385 (x3))]},
(13)

where ¢,3) corresponds to the distribution amplitudes of

mesons My3), g = m(A)h(M“)/mBC, and Cp =4/3 is a
color factor. In Eq. (13), the terms proportional to (r(z)(3))2

have been neglected because they are small indeed,
ma)<(r(2)(3))2 = 7%. The function hg,, the scales t; and
E/,(1) can be found in Appendix B.

For the nonfactorizable diagrams (c) and (d) in Fig. 1, all
three meson wave functions are involved. The integration
of b5 can be performed using & function §(b; — b,), leav-
ing only integration of b, and b,. The corresponding decay
amplitude is

Q
23]

(7,5 q q

o |

b,

u u

(c) (d)

Typical Feynman diagrams for two-body nonleptonic charmless B, decays.
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1 ]
Sy [ dvad [ bidbibadbalisa e xi b ) Bt — 3+ DA B ()

+ r5r0(D5 () (Bre + xp — x3 + Df(x3) — (re = x5 = x3 + Dpi(x3)) + 7 (x)((re — x5 = x3 + Db} (x3)
+(re = x + x3 = )5 (x3))] = Eo(t)(ry + 1o + x5 = 15 (x5) 5 (x3)

+ rgro( @5 () ((ry + re + x5 — x3 = 1)pF(x3) = (re + x5 + x5 — Db (x3))

+ T ) ((re + x5 + x5 = DPF(x3) = (re + x5 — x5 = 1) (x3)hita(xa, x3, by, by)}, (14)

where 1y, = my)/mp_.

For the n — 7' system, there exist two popular mixing
bases: the octet-singlet basis and the quark-flavor basis
[48,49]. Here we use the quark-flavor basis [48] and define

n, = (uii + dd)/\2, M, = 5. (15)

The physical states 7 and 7’ are related to 7, and 7,

through a single mixing angle ¢,
n n cos¢p —singd\/ n
=ve(5)=(S )J(5:) e

( 77’) N . sing cosp N\, ) 1O
We assume that the distribution amplitudes of 7, and 7,
are the same as the distribution amplitudes of 77, except for
the different decay constants and the chiral scale parame-
ters. The three input parameters f,, f,, and ¢ in the quark-

flavor basis have been extracted from various related ex-
periments [48,49]

fo=(1.072002)f,  f,=(134%006)f,

17)
= 39.3° = 1.0°.

The chiral enhancement factors are chosen as

2
Mg — Myq

my! =
0
2mq

1 .
= —I:m%coszqﬁ + m?,sin’ ¢
2m, n

_ %(m%}, — my) cos Sin‘f’]’ (18)
q
0o _ M
0 2my
_ 1 [m2 cos’¢p + m2sin’¢p
2 . 77/ n
_ fq ( 2 2) 1 19
- myeospsing ]

In the numerical calculations, we will use these mixing
parameters as inputs. It is worth mentioning that the effects
of a possible gluonic component of the 5’ meson will not
be considered here since it is small in size [50-52].

Based on Egs. (12)—(14), we can write down the total
decay amplitudes for eight B. — PP decays easily,

.0 40
AB, — 7t 7)) = ViV, llfpFf, ™a + My " Ci]
7Tq 7T+ 7Tq 7T+
- [fBL.Ff;d a, + Myi* C ]} =0,
(20)
AB,— 7' n) = ViVl fs Fi, "™ar + Mya "™ Ci]

+ 5 Fl™ ay + MU CyThcosd,
(21)

AB. — 7 ) = V2 VudllFp Fiy "™ ay + M7, "C,]
+ [f5 FJ7 ay + MJ™ CJ}sing,
22)

A (B, — RK*) = Vi, Volf5 FEX ay + MEK C},
(23)

A (B, — K™ 7%) = VoV, {fp FK ™ a, + MK ™ C},
(24)

A(B.— K'#7*)=2AB, — K* 7Y, (25)

y K+ Kt

AB.—K )=V, V,{fs[F;, T cosp — F}’aK sing Ja,
+ [M,Ifa+ " cosdh — M,:’o‘;K+ sing|C,},

(26)

K*n,
a

AB.—K )=V V {fs[Fp, "sing + FLX cosgla,

+ [M,’f; " sing + MK cosp]Ci}. (27)

B. B, — PV, VP decays

By following the same procedure as stated in the above
subsection, we can obtain the analytic decay amplitudes for
B.— PV, VP decays,
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FEY = 8aCpm3, fo ' dyds [0 " bydbybsdbylh (1 = x5 %3, by, by)E (1)l xs 82 (x) s (x3)
— 2r5r3 5 (x3)((xa + DL (x2) + (x — DT (x2))] + hpo(x2, 1 = x3, ba, b3)E,(1,)[(x5 — 1) 5 (x2) h3(x3)
—22r 5 () (s — Db (x3) — x3 B (xs)) T 28)

16\/6 1 ()
My = TWCFm%f'[o dxzdx3fo bydbybydby{hiya(xy, X3, by, D) E,o(1)[(re — x5+ 1)5 (x2) 3(x3)

= 15r3(F () (Bre + xp — x3 + 1)3(x3) — (re — x5 — x3 + Di(x3)) + T (02)((re — x5 — x3 + 1)p3(x3)

+ (re = xp + x3 = 1)94(x3))] = Epo(t)l(r, + re + x5 = 15 (x2) h3(x3)

= 153 () ((dry + ro + xp — x3 = D3(x3) — (re + x5 + x5 — Dp5(x3))

+ @7 () (re + 23 + x5 = 1)h3(x3) = (re + xp — x5 = D4(x3))]hita(x2, x3, by, by)}, (29)

1 00
F}/Lf = 87TCFm%3(,/;) dxzdﬁ%jO bydbybydbsihs,(1 — X3, X9, by, by) Ef,(1,)[X2605(x2) 5 (x3)

+ 2y 5 (63 ((xa + 1D p3(xy) + (xa — Dh(xa))] + hyy(xa, 1 = X3, by, b3) Ef, (1) (x3 — 1) eho(x2) 4 (x3)
+ 23 3 () (x5 — 2) 5 (x3) — x37 (x3))1}, (30)
Mt = 1Y iy [! sy [ bbbl o by BN~ 32+ Db )
+ rarg(d5(xa)(Bre + xa — x3 + D)5 (x3) = (r. — x3 — x3 + Dl (x3)) + 5 (x2)((re — x2 — x5 + 1)pL(x3)
+ (re = x3 +x3 = Vi (x3))] — E(t)[(ry + re + x5 = Depa(x2) 4 (x3)
+ rary(@3(x)((4ry, + 1o +x — x3 — DL (x3) — (r, + x5 + x3 — 1)1 (x3))

+ @i (x)((re + xp + x5 — DL (x3) — (r. + x5 — x3 = 1)dL(x3)) e, (x5, x3, by, b))
(3D

|
The total decay amplitudes of the 15 B.— PV, VP

4.0 4.0
; AB,— pta®) = ViV F?,""ay + My, "™ C
decays can therefore be written as, (Be = p7m) o VaallFs.Fyq ! e 1

0 ,+

0 o+
+ .0 + 0 — T aP + T aaP
ﬂ(Bc — 7T+p0) — V:bvud{UBl.F}Ta P,q,,al + M:lTa Piu Cl] [chFfa ap Mna Cl]}’ (38)
— [f Fp%ﬂ'* + Mpgdw+c ]} 32 + +
Bt fa a na 145 ( ) ~52[(36 — p+n) — V:b Vud{[fB(.F;a "Lmal + Mr‘l?a "Ifmcl]
+ + ngapr” Naap ™
AB,— 7mtw) = V:qud{[fch}Ta Wiig, + M “wC, ] + [.fB(.Ffa ay + My Cy]}cosg,

s PO ay + M O T (33) 59

A (Bc — KOK*+) — V:hvud{fB(,FijHa] + MfaOKHCl}, ﬂ(BC — P+77/) — V:bvud{UB(F]ea "Im;al + Mrll)a "Imcl]
(34) + [f5, % ay + M3 C\Tsing,

N + 0 0 40
A (B, — K p®) = Vi, V,{f5. Fy," ay + Maa " Ci}, “0)

35 _ o0 o+ 0 o+
ON A B, — ROKY) = Ve Vil FEK ay + ME €},
A(B.— K°%*")=2A(B, — K*p°), (36) (41)
A (B.— K*w) = Vi, Vil f5 Ff, “ar + My, “Cy}, A (B, — K a®) = Vi, Vol FS, ™ ay + MiG ™ Cy},
37 42)
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A B, — KO7")=V2AB, — K+ 7%,  (43)

% K
= Vcqus{fB,[Ffa K COS¢

7].3‘
_ Ffa

A(B.— K" n)
K singla; + [M,If:m’ cos¢

— MK singlC), (44)

AB,— K q) = V4,V fs [Fr ™ sing

+ F}’;K*+ cosla; + [M,If;n" sing
+ MEK" cosgp]Cy), (45)

+ MK .
(46)

ﬂ (Bc - ¢K+) = hVus{fB(,F}z'saK ap

C. B, — VV decays

There are three kinds of polarizations of a vector meson,
namely, longitudinal (L), normal (N), and transverse (7).
The amplitudes for a B, meson decay to two vector mesons
are also characterized by the polarization states of these
vector mesons. The decay amplitudes M(?) in terms of
helicities, for B, — V(P,, €;)V(P;, €}) decays, can be gen-
erally described by

PHYSICAL REVIEW D 81, 014022 (2010)

M) = eiﬂ(a)eﬁy((r)[ag”” + P PY

My, My,

+1i

e,uvaﬂpzapw jl’
Mg, My

=my M, + my Mye;(0 =T) - €(a=T)
+ iMpe*PPe; (0)€35(0) Py P3, 47)

where the superscript o denotes the helicity states of the
two vector mesons with L(T) standing for the longitudinal
(transverse) component. And the definitions of the ampli-
tudes M; (i = L, N, T) in terms of the Lorentz-invariant
amplitudes a, b, and c are

my M, =a€s(L) €;5(L) +———€5(L) - P3e5(L) - Py,
¢ MMM,
&
my My=a, my Mp=—— (48)
‘ 72"%

We therefore will evaluate the helicity amplitudes M,
My, My based on the pQCD factorization approach,
respectively.

For every component of the polarization, the corre-
sponding Feynman amplitude can be written as the follow-
ing form:

1 00
F}a = 87Crmp L dxzdx3[0 bydbybsdbs{[xy o (x2) P3(x3) — 2rar3((x2 + 1)h5(x2)

+ (0 = 1)5(x2)) h3(x3) JE 1o (2) 170 (1
+ Epa(tp)hpq(xp, 1 = x3, by, b3)[(x3 —

. 166

— X3, Xy, b3, bz)

My =2 wCpm, [ dxdrs [ bidbibadbE, 1L — x5+ D))

— 1r3(h3(x)(Br, + xp — x5 + Dp5(x3) — (r, —
+ (r, 1) @4(x3)) 1h5,(x0, X3, by, by) —
= 1ror3(P5(x)((4ry, + o + xp — x5 — 1) pi(x3) —

+ @5 (x2)((re + xp + x5 = 1)p5(x3) —

_Xz+X3

(re + X — x3

Dpa(x2) p3(x3) — 2rpr3 s (x)((x3 — 2)p5(x3) — x305(x3))1}  (49)
Xy — x3 + Dp5(x3)) + 500 ((r, — xp — x5 + 1) p5(x3)
hi (X2, X3, by, Do) E(t)[(ry + 1o + x5 — 1) ehy(x2) 3(x3)
(re + x +x3 — 1)1 (x3))
— Dei(x:))1h (50)

1 00
FY, = 87Cpni, [O dx,dxs [0 badbabsdbsryrsth ol = x 30 b, b2)Ea(t)[(6 + D(G80r2) $x) + $3(r2) B2 (xa)

+ (0 = D(@F(x2) 5 (x3) + ¢5(x2) D3 (x3)] + E (1) (32, 1 — X3, by, b3)[(x5 — 2)(h5(x2) 5 (x3)
+ dY(x2) Py (x3)) — x3(h5(x2) Py (x3) + dY(x2) D5 (x3))1}, (51
My, = ﬂwcFmB [ dxsds [ bidbibadbarardr 6300 #46r) + 30D Enalt i s, by, )
— rpld5(x2) P4(x3) + d3(x2) PY(x3) 1, (10)h, (x2, X3, by, b)), (52)
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1 00
F,Za = 167TCFm%30’[0 dxzdxsj; bydbybydbsryrs{he,(1 — X3, X9, by, b2) Er,(1,)[(xy + 1)(5(x2) d5 (x3)

+ ¢3(x2)P5(x3)) + (x2 = (PG (x2) 5 (x3) + D5 (x2) Y (x3)] + hpo(xa, 1 = x3, by, b3)E, (1,)[ (x5 — 2)

X (h5(x2) PY(x3) + DY (x2) PG (x3)) — x3(5(x2) P4 (x3) + DY (x2)PY(x3))]},

64/6

(53)

1 00
My, = TWCFm%"[o dxgdx3/() bydb bydbyryr{r[é5(x2) @3 (x3) + G5 (x2) P (x3)]E () o (2, X3, by, by)

- rb[¢§‘(Xz)¢§(x3) + ¢§'(Xz)d’g(%)]Ena(fd)hga(xz, x3, by, by)}.

For seven B, — VV decays, considering all the polar-
ization (H = L, N, T) contributions and the Feynman
decay amplitudes as shown in Egs. (49)—(54), the total
decay amplitude of these channels can be obtained directly,

_ P PG P PR
MH(B, — p*p®) = Vi Vudllf, Frap*ar + Mo Ci
p?l(lpJr

— };‘p?ldpJr + M C — O
[ch fa:H @1 na;H 1]} ;
(55)

MH(BC - P+w) = V:b Vud{[fBCF;a;zm{al + Mga;zﬂu]

+ [f5, Fray a1+ Mgy 1C1} (56)

MH(B,—KOK )=V, V,ulf s FRK ay + MEIK" €,
(57)

MH(BC . ¢K*+) — :qus{chF}be a; + MftfH Cl},
(58)

MH(B, — K™ p0) = Vi, Vil s Flot ay + Mio ' C1l,
(59)
MHB, — KOp+) = 2MH(B, — K**p°),  (60)

TABLE 1.

(54)

[
MHB, — Kt w) = ViV, {f5 Fiwa) + MK 0 C\}
(61)

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we will calculate the branching ratios
(and polarization fractions, relative phases) for those con-
sidered 30 B. — M,M; decay modes. The input parame-
ters and the wave functions to be used are given in
Appendix A. In numerical calculations, central values of
input parameters will be used implicitly unless otherwise
stated.

For B. — PP, PV, VP decays, the decay rate can be
written as

2.3
r =S A, — Mo,
32
where the corresponding decay amplitudes A have been
given explicitly in Egs. (20)—(27) and (32)—(46). Using the
decay amplitudes obtained in last section, it is straightfor-
ward to calculate the branching ratios with uncertainties as
presented in Tables I, II, and III.
For B, — VV decays, the decay rate can be written
explicitly as

r — GilPl

(62)

= M@t plo) (63)
1677'm%c U:ZLT
where |P,| = |P,,| = |Ps,| is the momentum of either of

the outgoing vector mesons.

The pQCD predictions of branching ratios (BRs) for B.— PP modes. The

dominant errors are induced from charm quark mass m. = 1.5 = 0.15 GeV, combined
Gegenbauer moments a; of related meson distribution amplitudes (see Appendix A explicitly),

and the chiral enhancement factors mJ = 1.4 £ 0.3 GeV and m; = 1.6 = 0.1 GeV, respec-
tively.

Decay modes Decay modes

(AS =0) BRs (107%) (AS=1) BRs (107%)

B.— 7t a° 0 B.— 7K 4.0f(1):2(m5)f%g(a,-)f8€(m())
Bo—w'y  228°93m) 73a) 4me)  Bo—K'm  0.6050m,) 0%(a;) 02 m,)
B, — 7y 15.375300m ) 56(a) 55(mo)  Bo— K*m'  5.7500(mo) 1 8(a;) 55 (mo)
B.— K*KY  24.07%4(m) ] 3(a) 88 (mg)  B.— K*@®  2.0703(m.)*{3(a) T (mg)
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TABLE II. Same as Table I but for B. — PV modes.
Decay modes Decay modes
(AS =0) BRs (1077) (AS =1) BRs (1079%)
B.— 7Z+p? L. 7+00(m )+0 2(az)t82(m0) B.— K+p0 3. 1t8§(mp)i%§(az)t8%(m0)
B.— K°K** 1.8207(me) 51 (a) T (mq) B.— K°p* 6.15130m ) 53(a;) 105 (mo)
B, —7mtw 8*5‘2‘(m )i a; )+()4(m0) B.— K'w 2.35 5 m ) T8 (a;) = 0.1(myg)
Based on the helicity amplitudes (48), we can define the f | A Ll l)|2
. . L(||, L = - ’

transversity amplitudes, L | A2+ |ﬂ”|2 +|A P

(66)

— II(L)
b1y = arg .
A, = —(fmé,c.’ML, A= §\/§m%[.’MN, I AL

(64)

Ay = émh 22 — )My,

for the longitudinal, parallel, and perpendicular polariza-
tions, respectively, with the normalization factor & =

JG3P/(167m3 T) and the ratio r = P, P3/(my, -
myy,). These amplitudes satisfy the relation

[ALP+ AP +IALP=1 (65)

following the summation in Eq. (63).

Since the transverse-helicity contributions manifest
themselves in polarization observables, we therefore define
two kinds of polarization observables, i.e., polarization
fractions (f, f|, f1) and relative phases (¢, ¢ 1) as [53]

It should be noted that a phase of 7 should be added to the
relative phase ¢ 1) as defined in Eq. (66), in order to
cancel the additional minus sign in the definition of ‘A
in Eq. (64).

We also define another two quantities reflecting the
effects of CP-violating asymmetries indirectly [53,54],

Ady :M’ Ad, zw, (67)
where qﬁu and ¢ are the CP-conjugated relative phases
corresponding to ¢ and ¢ |, respectively.

With the complete decay amplitudes, by employing
Eq. (63) and the input parameters and wave functions as
given in Appendix A, we will present the pQCD predic-
tions for CP-averaged branching ratios, longitudinal po-
larization fractions, and relative phases of the considered
decays with errors as shown in Tables IV and V.

TABLE III. Same as Table I but for B, — VP modes.

Decay modes Decay modes
(AS =0) BRs (1077) (AS=1) BRs (1079%)
B.—pa 0.550:1(me) =03 (ar) X553 (myg) B.— K" 33507 0m )03 (a;) =03 (mo)
B.—pty 5472 (m.)*99(a;) = 0.0(mp) B. — K*l+ 0 1 6*04(m )53 (a;) T (mg)
B.—p'n 3.6%53(m)05(a;) = 0.00m) B.— K""n 9+ 00(m) g (a ) = 0.0(my)
B.— KK+ 10.0702(m.) " 17 (a;) =39 (mg) B.— K 7/ 3 8 = 1.1(m, )+ %a;) = 0.0(mg)

B.— ¢K* 5.6558m)EL (a )03 (mo)

TABLE IV. The pQCD predictions of branching ratios (BRs) and longitudinal polarization

fractions (LPFs) for B, — VV modes.

Decay modes BRs (1077) LPFs (%)
B.— p*p° 0 -

B.— p_*w 10.6°32(m.) 21 (a;) 92.9718(m )t 13(a;)
B, — K*OK** 10.0758(m.) "8 (a;) 92.0%53(m.)"3%(a;)
B.— K*p* 0. 6*88(m )*0 3(a;) 94.9f8:%(m )+ (a )
B(r — K*+p0 0. 3+0()(m )-H) l(a ) 9494—8%( +1 3((1 )
BC—>K*+.w 03i88(m,)f 59(a;) 94.8+82(m +11(a)
B, — ¢pK** 0. ng'?(mc)igjé(a,-) 86.47%%(m ) 80(ay)
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TABLE V. The pQCD predictions of relative phases for B, — V'V modes.

PHYSICAL REVIEW D 81, 014022 (2010)

Decay modes ¢ (rad) ¢ (rad) Agy Ad )
Bc N p+p()

B.—p'w A 3.86703L(m.) 0% (a;) 4.43%015(m ) 233 (a;) 0 —/2
B, — K*K** 3.687018(m.) 053 (a)) 3.763018(m.) 058 (a;) 0 —7/2
B, — K*p™" 4117330 (m ) *535(a;) 4.2070 4 (m)*030(a;) 0 —7/2
B, — K**p 4115350 (m ) 530 (a;) 4.20%504(m.)*23%a;) 0 —7/2
B, — K*+.w 4157013 (m,) 033 (a;) 4.23%000(m.)*238(a;) 0 —1/2
B.— ¢K** 3.80%0% (m,)F044(a;) 3.897023(m.)* 043 (a;) 0 —7/2

Based on the pQCD predictions as given in Tables I, II,
III, TV, and V, we have the following remarks:

)

(ii)

(iii)

(iv)

Among considered pure annihilation B, — PV /VP,
VV decays, the pQCD predictions for the
CP-averaged branching ratios for those AS = 0 pro-
cesses are much larger than those of AS = 1 chan-
nels (one of the two final state mesons is the K
meson), which are mainly due to the large CKM
factor |V,;/V,s|*> ~ 19. For B, — 7t 7%, p* p° de-
cays, the contributions from #iu and dd components
cancel each other exactly and result in the zero
branching ratios. In fact, these two channels are
forbidden, even with final state interactions.
Simply, two pions cannot form an s wave isospin 1
state, because of Bose-Einstein statics. Any other
nonzero data for these two channels may indicate
the effects of exotic new physics.

There is no CP violation for all these decays within
the standard model, since there is only one kind of
tree operator involved in the decay amplitude of all
considered B, decays, which can be seen from
Eq. (12).

The pQCD predictions for the branching ratios of
considered B, decays vary in the range of 1076 (for
B, — K*K", K*°K**, and p* @ decays) to 1078
(for most AS = 1 B, decays). The B, decays with
the branching ratio of 107® can be measured at the
LHC experiment [38].

As mentioned in the introduction, the authors of
Ref. [38] studied many pure annihilation B, decays
by employing the SU(3) flavor symmetry and the
one-gluon exchange (OGE) model, respectively, and

)

(vi)

(vii)

presented their numerical estimates for the branch-
ing ratios of B.— ¢K", K°K*, K*K*, and
K*K** decays. As a comparison, we show in
Table VI the pQCD predictions and the results as
given in Ref. [38] for relevant channels. From
Table VI, one can see easily that the pQCD predic-
tions basically agree with the results obtained based
on the SU(3) flavor symmetry.

For B, — (7", p™)(n, ') decays, the relevant final
state mesons contain the same component iiu + dd,
they therefore have the similar branching ratios. The
small differences among their branching ratios
mainly come from the different mixing coefficients,
i.e., cos¢ and sing.

For B, — K™ n(') decays, however, one finds that
Br(B, — K*7') ~ 10 X Br(B, — K" n), which is
rather different from the pattern of Br(B, —
7 ) ~Br(B, — m" ') and Br(B.—p'n)~
Br(B, — p* n’). This large difference can be under-
stood as follows: For the AS = 1 processes, both 7,
and 7, will contribute to B, — K*n and K* %'
decays but with an opposite sign for 5, and n;
term, as well as different coefficients. This results
in a destructive interference between n, and 7,
component for B, — K* 1, but a constructive inter-
ference for B, — K™ n’. This situation is very simi-
lar to that for the B — K7 and K7’ decays [55-57].
Unlike B, — K* ") decays, Br(B, — K**7/) =
4Br(B, — K*" 1) ~ 3.8 X 1078. The reason is that
both of them are mainly determined by the factoriz-
able contributions of 7, term.

TABLE VI. The pQCD predictions of branching ratios for B, — ¢K* and B, — KtOK®)+
modes. As a comparison, the numerical results as given in Ref. [38] are also listed in the last two

columns.

Channels pQCD predictions SU(3) symmetry OGE model
Br(B. — ¢K™) 5.6%50(m) 3 (a;) X 1078 01077 ~ 107%) 5%x107°
Br(B, — I§0K+) 2.4%53(m,) 07 (a;) X 1077 0(1079) 6.3 %X 1078
Br(B, — ISOK*J’) 1.8%07(m) 51 (a;) X 1077

Br(B. — K*K™) 1.0 = 0.1(m.)*33(a;) X 107° 0(107°) 9.0 1078
Br(B, — K*K*T) 10500 (m ) 2%(a;) X 107° 0(1079) 9.1 X 1078
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(viii)

(ix)

x)

(xi)

(xi1)

For B, — VV decays, we can find that (a) the
branching ratios are in order of @(107% ~ 1077)
except for Br(B, — K**K*") and Br(B, — p* w) ~
107%; and (b) the longitudinal polarization fractions
are around 95% within the theoretical errors except
for B. — ¢K** (~ 86%) and play the dominant
role.

According to the discussions in Ref. [38], there are
some simple relations among some decay channels
in the limit of exact SU(3) flavor symmetry. For
B. — PP decays, such relations are

AB, — K°7*) = V2A(B, — K 7")
= M(B, — K*K"), (68)

where A = V,/V,;, = 0.2. For B, — VP/PV and
B. — VYV decays, the relations read

A(B, — K*7*) = V2A(B, — K** %)

= M(B,. — K*K™), (69)
A(B.— p*K°) = V2A(B. — p°k™)
= M(B, — K*"KY), (70)

(—DfAB! — p* k) = (—1)'V2A(BF — p°K**)
= M(B, — K**K%), (71)

where € = 0, 1, 2.2 From our pQCD calculations, we
notice that the first equality of each of the above
relations (68)—(71) is valid in isospin symmetry.
They hold exactly in our numerical calculations.
The second equality of each relation is only valid
at exact SU(3) symmetry thus they are violated at the
order of SU(3) breaking effect in our calculations.
Since the LHC experiment can measure the B, de-
cays with a branching ratio at 1076 level, our pQCD
predictions for the branching ratios of B, — K*'K*,
K*K*", and p*w decays could be tested in the
forthcoming LHC experiments.

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 contribution or
a signal for new physics beyond the SM.

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. Any progress in reducing the error of
input parameters, such as the Gegenbauer moments

*Here, since the longitudinal contributions dominate the B, —
K*p* decay, we use its longitudinal part (ie., £ =0) to
compare with the decay amplitude of B, — K** K decay.

PHYSICAL REVIEW D 81, 014022 (2010)

a; and the charm quark mass m,, will help us to
improve the precision of the pQCD predictions.

V. SUMMARY

In short, we studied the two-body charmless hadronic
B.— PP, PV/VP, VV decays by employing the pQCD
factorization approach based on the k7 factorization theo-
rem. These considered decay channels can occur only via
the annihilation diagram and they will provide an impor-
tant testing ground for the magnitude of the annihilation
contribution.

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

(i)

(i)

(iii)

(iv)

)

(vi)

(vii)

The pQCD predictions for the branching ratios vary
in the range of 107° to 10~® and basically agree with
the predictions obtained by using the exact SU(3)
flavor symmetry. The B, — K**K™ and other decays
with a decay rate at 10~ or larger could be measured
at the LHC experiment.

For B, — PV /VP, VV decays, the branching ratios
of AS = 0 processes are basically larger than those
of AS =1 ones. Such differences are mainly in-
duced by the CKM factors involved: V,;, ~ 1 for
the former decays while V,, ~ 0.22 for the latter
ones.

Analogous to B — K1) decays, we find Br(B, —
K*n') ~10 X Br(B, — K" n). This large differ-
ence can be understood by the destructive and con-
structive interference between the n, and 7
contribution to the B,— K'n and B, — K*' 7’
decay.

For B, — V'V decays, the longitudinal polarization
fractions are around 95% except for B, — ¢pK**
(fL ~ 86%) and play the dominant role.

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

The pQCD predictions still have large theoretical
uncertainties, induced by the uncertainties of input
parameters.

We here calculated the branching ratios and other
physical observables of the pure annihilation B,
decays by employing the pQCD approach. We do
not consider the possible long-distance contribu-
tions, such as the rescattering effects, although they
may be large and affect the theoretical predictions. It
is beyond the scope of this work.
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APPENDIX A: INPUT PARAMETERS AND
DISTRIBUTION AMPLITUDES

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

AVY =0250,  my =80.41,  mp, = 6286,
fp, =048, my; =102,  f4=0231,
£ =0200,  mg =0892,  fr =0217,
fF.=0.185  m,=0770,  f,=0.209,
fr=0165  m,=0782,  f,=0.195,
fT=0145 m7=14, mKk=16

my’ =108, ml =192, m, =438,

fr=0.131,  fxr=016, 75 =0.46ps. (Al)

For the CKM matrix elements, here we adopt the
Wolfenstein parametrization for the CKM matrix, and
take A =0.814 and A =0.2257, p =0.135 and 7 =
0.349 [55].

The twist-2 pseudoscalar meson distribution amplitude
¢ (P = , K), and the twist-3 ones ¢5 and ¢} have been
parametrized as [58—-60]

4(x) = 2m6x (1= [1 +aPC?2x - 1)
+alC?2x — 1) + aPCY*2x — 1)), (A2)
fP 5 1/2
p(x) = 2\/2Tc|:1 + (30773 —Ep%)Cz/ 2x—1)
- 3{773a)3 + Z%p%(l + 6a§)}ci/2(2x - 1)],
(A3)

Pp(x) =

1 7
(1-20|1+6(5 -
2\/W x)[ ( 3758 o P

3
- gp%ag)(l — 10x + 10x2):|, (A4)

with the Gegenbauer moments ai = 0, aj = 0.17 £ 0.17,
al =0.115 0. 115 al = —0.015, the mass ratio

Pr(K) = ,T(K)/mo and Prgy = 2mq(x)/m and the
Gegenbauer polynomials C%(z),

qq(ss)>

PHYSICAL REVIEW D 81, 014022 (2010)

1 1
=362 -1, €0 =2(3-307 +351)
3
=3, 0= 5(St2 - 1),
15
3 (r) = o (1= 147 5217, (AS)

In the above distribution amplitudes for kaon, the momen-
tum fraction x is carried by the s quark. For both the pion
and kaon, we choose 13 = 0.015 and w; = —3 [58,59].

The twist-2 distribution amplitudes for the longitudi-
nally and tranversely polarized vector meson can be pa-
rametrized as

dy(x) = j_qu -0 +dl,cPx - 1)
+dll,c2x - 1)], (A6)
S0 =TV 1 = o1+ ak C2ax — 1)
% \/6 1V¥1
+a,C3(2x - 1)), (A7)

Here fy and f7, are the decay constants of the vector meson
with longitudinal and transverse polarization, respectively.
The Gegenbauer moments have been studied extensively in
the literature [61,62]; here we adopt the following values
from the recent updates [63—-65]:

aly. =003+002,  dl =al, =015+007,

ab. =0.11%0.09,  a, =0.18=0.08 (A8)
afy- =0.04+0.03, a3, =ay, = 0.14 * 0.06,
azge- =0.10 £ 0.08,  ay, =0.14 +0.07. (A9)

The asymptotic forms of the twist-3 distribution ampli-

tudes ¢}’ and ¢} are [42]
3f7 37T
Byl = L= IR ) = —ﬁv@(zx _
(A10)
oy = Lea v e
y (A11)
i) =~ J_(z ).

APPENDIX B: RELATED HARD FUNCTIONS

In this appendix, we group the functions which appear in
the factorization formulas.

The functions 4 in the decay amplitudes consist of two
parts: one is the jet function S,(x;) derived by the threshold
resummation [44], the other is the propagator of virtual
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quark and gluon. They are defined by

PHYSICAL REVIEW D 81, 014022 (2010)

im\?2
hatrs, 3o bs ba) = (5 ) S )[0(bs — bHS (M, bi)o(VEoM s, b2

+ 6(b, — b3)H§)I)(\/x_2MB(b2)J0(\/EMBCh3)]H(()1)(\/x2x3MBCb3), (B1)
o (x5, x3, by, by) = —[9(171 - bz)H(l)(sz(l — x3)Mp b1)Jo(yx2(1 — x3)Mp by)
i (1)
Hy' GJIF2 )M by),  Foq <0
+60(by — b )H(l)(\/xz(l — x3)Mp bz)Jo(sz(l — x3)Mpg by)] g @
Ko(JFeaMg by), Feay>0
(B2)
where
Fo=(re = x)(1 —x3) + 12, Fy=ri—(1—r,— x)x3 (B3)
and H{"(z) = Jy(z) + i¥,(2).
The hard scales are chosen as
ta = max{\/EMB() l/bZ) 1/b3}’ (B4)
Iy = max{vl - x3MB(,J 1/b2> 1/b3}: (BS)
te = maxiyxa(1 = x)Mg, y/1(re = x2)(1 = x3) + 2Mys,, 1/by, 1/b5}, (B6)
g = max{\/xz(l - X3)MB(»\/|V% — (1= r. = x)x3|Mp, 1/by, 1/by}. (B7)

They are given as the maximum energy scale appearing in
each diagram to kill the large logarithmic radiative
corrections.

The S, resums the threshold logarithms In?x appearing in
the hard kernels to all orders and it has been parametrized
as

2172¢1(3/2 + ¢)

J7l(1 + ¢)
with ¢ = 0.4 £ 0.1. In the nonfactorizable contributions,
S,(x) gives a very small numerical effect to the amplitude
[66]. Therefore, we drop S,(x) in A,,,,.

The evolution factors Ey, and E,, entering in the ex-
pressions for the matrix elements (see Sec. I1I) are given by

E; (1) = a (1) exp[—S,(1) — S5(1)], (B9)

S,(x) = [x(1 =), (B8)

|
Eo(1) = ay(t) exp[=Sp(1) = S5(1) = S5(0)]l5,,, (B10)

in which the Sudakov exponents are defined as

$u) = (e bn) +3 [ Loy e, @i

S,(1) = s(xzﬂ\/l/z bz) + s((l - xz) \/5 2)

t
e2 By aa (B12)
/by M
with the quark anomalous dimension vy, = —a,/.
Replacing the kinematic variables of M, to M3 in S,, we
can get the expression for S3. The explicit forms for the
function s(Q, b) are defined in Appendix A in Ref. [36].
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