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In this study, we conduct an enhanced investigation of pure annihilation-type charmless hadronic B
decays within the framework of the perturbative QCD approach. Specifically, we account for the quark-
loop enhanced contribution to various decay processes at the next-to-leading order (NLO) in the strong
coupling constant ;. The NLO amplitudes possess large imaginary parts that have signs opposite to those
of the leading-order amplitudes. This cancellation effect implies that the NLO contribution does not
significantly influence the branching ratios of the processes under consideration. However, the NLO effect
explored in this work constitutes an important source of the strong phases in the weak-annihilation
nonleptonic B -meson decay amplitudes. As a result, it can have a substantial impact on CP-violating

observables such as the direct CP asymmetry A%, and mixing-induced CP asymmetry A®X. The

numerical result evidently revealed that NLO QCD correction significantly enhances both A%, and

the pure annihilation-type B decay processes.
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I. INTRODUCTION

Exclusive two-body charmless bottom-meson decays
hold fundamental significance. They are crucial for deter-
mining the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements and exploring CP violation in electroweak inter-
actions. Moreover, these decays offer an ideal context for
enhancing our understanding of the diverse aspects of
strong interaction dynamics that govern flavor-changing
heavy-quark decay processes. Approximately 40 years ago,
the factorization approach based on the color transparency
assumption was employed to study hadronic B-decay
processes. However, it failed to accurately predict exper-
imental observables such as CP violations. In the past two
decades, the development of QCD-inspired effective the-
ories has remarkably enhanced the accuracy of theoretical
predictions for the partial widths of these decays [1,2]. The
QCD factorization (QCDF) [3,4] approach, founded on
collinear factorization, has been extensively utilized to
study various two-body nonleptonic B-decay channels,
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and most of its predictions for decay rates are consistent
with experimental measurements. The QCD factorization
framework can be more gracefully reformulated using
the language of the soft-collinear effective theory [5-8].
The perturbative QCD (PQCD) [9-20] approach is estab-
lished on the basis of transverse-momentum-dependent
factorization. Significantly, within this framework, the
CP-violation observables of most nonleptonic B decay
processes have been successfully predicted.

The QCDF approach performs effectively at leading
power in the heavy-quark expansion. However, power
suppressed contributions, like those from the annihilation
topology, cannot be accurately computed. This is because
of the troublesome end point divergences present in the
convolution integrals of perturbation function and the light-
cone distribution amplitudes of initial and final states.
Although efforts have been made to address the end point
singularity within the framework of collinear factorization,
a universally accepted solution remains elusive [21-25]. In
the QCDF approach, the annihilation contribution is esti-
mated through process-independent parametrizations for
logarithmically and linearly divergent integrals [26—29]
(see also [30-38] and the references therein); unfortunately,
this method leads to substantial theoretical uncertainties.
In contrast, within the framework of the PQCD approach,
the end point singularity is regularized by taking into
account the transverse momentum of the partons within the
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initial- and final-state mesons. As a result, the annihilation
diagrams are considered factorizable in the PQCD
approach. It has been discovered that this contribution
can supply the strong phases necessary for direct CP
asymmetries in nonleptonic B-meson decays.

Pure annihilation-type nonleptonic B-meson decays can
only take place via annihilation diagrams within the Standard
Model. This is because none of the quarks (or antiquarks) in
the final states match those of the initial B meson. Studying
such processes offers a unique perspective on understanding
the QCD dynamics in heavy hadron decays. Within the
PQCD framework, various pure annihilation-type B decays
have been explored at the @, order [11,39-50]. The predicted
branching ratios are in agreement with experimental mea-
surements. With the continuous accumulation of experimen-
tal data, more observables, such as CP asymmetries in the
pure annihilation-type B decays, are expected to be measured
in the near future. For certain decay modes like B, — zx, the
predicted CP violation was very small in the previous
studies. This is because the direct CP violation is propor-
tional to the ratio of the magnitudes of the contributions from
the tree operators and the penguin operators, as well as the
sine of the strong phase difference between them. Moreover,
the contribution from the tree operators is suppressed by the
CKM mechanism compared with that of the penguin
operators, and the strong phase difference between them is
also very small. A recent study [51] has revealed that the
charm-quark-loop contribution can effectively modify the
ratio of the magnitudes and strong phase difference of the
contributions from the tree operators and the penguin
operators, despite an additional «; suppression. It has been
found that the quark-loop contribution has a significant
impact on CP asymmetries, while only slightly affecting
the branching ratios. In [51], to ensure the convergence of the
convolution integral, only the contributions from twist-2
light-cone distribution amplitudes (LCDAs) of light mesons
were considered. As a result, the predicted branching ratios
for pure annihilation charmless hadronic B decays are
considerably smaller than experimental measurements.

In this paper, within the framework of the PQCD
approach, we will conduct a more in-depth study of
the pure annihilation-type charmless hadronic B-meson
decays, which include processes such as B® — KTK~,
K*"K*~,¢p¢p, and B, — ar, pp,pw,ow. The main
improvement of this paper lies in taking into account the
quark-loop contributions in various decay channels, and
this contribution is expected to have a significant impact on
the CP-violation observables. Since the PQCD approach
can effectively eliminate the end point singularities, in our
calculations, we will incorporate the contributions from the
twist-2 and two-particle twist-3 light-cone distribution
amplitudes of the final-state light mesons. It is expected
that, compared with the leading-order contributions in
previous studies, the introduction of the quark loop does
not significantly change the branching ratios of the pure
annihilation decay processes, while the observables of the

direct CP violation and the mixing-induced CP violation
have both changed significantly. In this paper, we do not
consider the B — PV (P denotes a pseudoscalar meson and
V stands for a vector meson) decays, because the quark-loop
effect does not contribute to these processes. The structure of
this paper is arranged as follows. In the next section, we will
briefly review the theoretical framework of the PQCD
factorization approach and the calculation of the leading-
order decay amplitude. Then, in Sec. III, we will perform the
perturbative calculations for the enhanced quark-loop con-
tributions, while the numerical results and phenomenological
analysis will be presented in Sec. IV. In the last section, we
will provide a brief summary and discussion.

II. THE DECAY AMPLITUDES
AT LEADING ORDER

We start from the effective weak Hamiltonian of the
nonleptonic AB = 1 transitions in the Standard Model,

Hegr = Z VsV [ ()] () + C2 (1) 0 (v)

+ZC )Qi(v) + Cyy(v )ng(v)], (1)

where we adopt the effective operator basis presented
in [52]. The corresponding Wilson coefficients C;(v) with
v~ O(my) can be derived through renormalization group
evolution. The decay amplitude of B — M, M5 decays is, in
fact, the matrix elements of the effective Hamiltonian, i.e.,
A(B, = MaM;3) = (M5 (p2)M3(p3)[Hest|By(P5)).  (2)

In the PQCD approach, the decay amplitudes are free
from end point singularities. This is because the transverse
momenta of the partons within the initial- and final-state
hadrons are retained, and these amplitudes are considered
to be completely factorizable. The typical factorization
formula in the PQCD approach is given by

/ de /Hd bipg (x1, by, )¢M2(X2’b2» 1)

J=
X ¢M3 (.X3, b3? [)TH(X],Xz,.X3, bls sz b3’ t)
x exp[—Sp (1) — Sx(1) — S5(1))]. (3)

where I;_,- is the impact parameter conjugated to the parton’s

transverse momentum k 1j- The wave functions ¢ (x;, Ei, 1)
are related to the transverse-momentum-dependent (TMD)
wave functions ¢y (x;, k 1;» 1) via Fourier transformations.
The TMD wave functions defined on the light cone possess
light-cone singularity, which needs to be eliminated in a more
precise definition. It is convenient to sum up the large
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logarithms In?(k% /Q?) and In(k% /Q?) (Q? denotes a hard
scale) arising from the radiative corrections to the wave
functions in the impact parameter space. Resummation of the
large logarithms leads to the Sudakov form factors Sz(7),
S,(r), and S5(r), which are given in Appendix A. The

perturbative function TH(xl,xz,x3,bl,b2,b3, t) is calcu-
lated in the momentum space, and it is also required to be
transformed into the impact space.

The leading-order Feynman diagrams for the pure
annihilation-type nonleptonic B decays are depicted in
Fig. 1. As a tree-level calculation, the decay amplitudes can
be computed using the trace formalism. For final-state light
mesons, we disregard the parton’s transverse momentum in
the wave functions since it has negligible impact on the
phenomenological results. The factorization formulas of
the B - K*K~, K**K*~, ¢p¢p, and B, — nz, pp. pw, o®
decays have already been given in [12,53]. In the following,
we present the specific expressions. For the B — PP
decays, we have

|

_Gr
\/_

=Ao(B) - ntrn7);

Apo(BY = 7tn7) =

Vi Vi
tb ts{M D)

\/iALO(B? — 7°7°)

G
ALO( - K"K~ ) évtbvjd{MIL_(L)

where /\/lf(L)(

1] [ 1]
2C4+—C10 +Mi€ 2C6+—Cg }+

- e - e

M,
B,
(a) M,
M,
B,
(c) M,
FIG. 1.

M,

B,
(b) M,
M,

Bfl
(d) M,

The leading-order Feynman diagrams for annihilation

contribution, with possible four-quark operator insertions. Fig-
ures (a) and (b) denote the diagram with a gluon emission from
the initial state quarks, and Figs (c) and (d) the diagram with a
gluon emission from the final state quarks

2

Gr

\/z ub Vj;sM [ ]

Gr

\/2 ubV*dM [ ]

(4)

R) and Mfg are derived through calculating the Feynman diagrams in Figs. 1(c) and 1(d) by inserting four-

quark operators g,7*(1 —ys)b@,y,(1 = (+)rs)q, and §,(1 —ys5)bg,(1 + ys)q, (after Fierz transformation), respectively,

and they read

1 o0
./\/lf(L)[Cl] = 327TCFM%\/\/6/ dxldedX3 / bldbledb2¢Bs (.X'],b])
’ 0 0

X {[—x05 ¢4
+ ryryxs (¢4

+ rarsxy(@f

—4ryr3y @ + rars(1 = x2) (95 + #3) (45 —

= ) (@5 + @) ai(ta) Ea(ta)hua(x1. X2, X3, by by)
+ [(1 = x3)@5 5 4 rars(1 = x3) (5 + #7)(d5

= $2)(#5 + ¢3)]

- ¢3)

1 co
./\/lg,fn[C,»] = 327TCFMéJ/\/8/ d.xldX2dX3 / b]dblbzdbqugs (Xl, b1>
0 0

x {[(x3 = 1)y 9%
+ rar3(1 = xo) (¢4

+ [y 5 + rarsxa (95 + P3) (%
— 1) (5 + ¢1)]

+ ryr3(1 = x3) (44

—4ryrs S @ + rarsxs (9 + 3) (95 —
— $))( @5 + $3)]ai(ta) E(ta) hua(x1, X2, X3, by, by)

- ¢%)

Ci(ty)Eq(ty) ha (X1, X2, X3, by, by) },

Ci(t)) Eq(ty)ha(x1, X2, X3, b1, by) }.

¢3)

¢3)

(6)

In the above equations, we have employed the shorthand notation ¢?’P T = ¢*PT(x;). Here ¢ represents twist-2 LCDA of
a pseudoscalar meson, and ¢ stand for two-particle twist-3 LCDAs of a pseudoscalar meson. The ratios r; = my;/ mp

where my, is the chiral scale. The contributions from Figs. 1(a) and 1(b) cancel each other out. This cancellation occurs due
to the conservation of the vector current and axial-vector current, which are constructed from massless quark fields.
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The B — V'V decays are more complicated than B — PP
modes since they contain three kinds of polarization states
of final-state vector mesons, namely, longitudinal (L),
normal (N), and transverse (T) polarization. The amplitudes
that are corresponding to the longitudinal, normal, and
transverse polarization amplitudes, respectively, A% can
be decomposed as follows:

.A(Bq - VV) = .AL + ANGET . €§T

+ ZA—QT €aﬂpg€§a€§ﬂp2pp3a' (7)
mg,

Similar to the B — PP decays, the amplitudes A; y 7 can

also be obtained by calculating the Feynman diagrams

depicted in Fig. 1. The specific expressions for the

longitudinal, normal, and transverse polarization ampli-

tudes at leading order are collected in Appendix B.

III. THE QUARK-LOOP ENHANCED
CONTRIBUTION

In this section, our objective is to compute the next-to-
leading-order (NLO) corrections to the decay amplitudes
of pure annihilation nonleptonic B decays. We will focus
on the contributions from quark-loop diagrams and the
chromomagnetic penguin operator. The corresponding
Feynman diagrams are shown in Figs. 2 and 3. It is true
that there are other NLO corrections, such as QCD
corrections to the diagrams in Fig. 1. However, these are
less significant compared to the contributions considered
in this work. This is because the quark-loop diagrams
may be enhanced by the CKM matrix elements or Wilson

(b)

M, M,

My M

(c) (d)

FIG. 2. The Feynman diagrams for next-to-leading-order cor-
rections to annihilation contribution. (a) and (d) describe the
quark-loop contribution, where the black square represents four-
quark operators; (c) and (d) illustrate the contribution from the
chromomagnetic operator, where the black dot denotes Og,.
There also exist four diagrams where the gluon propagators
attached to M, and M5 exchange with each other, and they are not
explicitly shown

coefficients. We take B, — n*z~ decay as an example.
At leading order, this process is penguin dominated
since the tree diagram contribution is suppressed by
Vs Vis/ Vi Vig| ~0.02; meanwhile, the charm-loop dia-
grams have both large Wilson coefficient C, and large
CKM matrix element V., V7, albeit with an additional
factor a,/4x, and it is expected to be comparable to the
leading-order penguin contribution. Upon careful exami-
nation [51], it has been determined that the contribution
from the triangle diagrams shown in Fig. 3 is significantly
more suppressed compared to that of the diagrams in Fig. 2.
As a result, these triangle-diagram contributions have been
omitted from the current study for the sake of computa-
tional efficiency and theoretical focus.

The final states of the pure annihilation-type charmless
nonleptonic B decays are particle-antiparticle pairs, and it is
obvious from Fig. 2 that NLO amplitude of B - MM,
decays can be expressed as

Axro = (Mz(Pz)M3(P3)|g*(Pg’ a)g*(f?g’ﬂ»
X <g*(pgf a)g*(ﬁg’ﬂ)|Heff|Bq>' (8)

At leading power, the internal gluons must be transversely
polarized since it attaches a collinear quark field and an
anticollinear quark field; then the B, — g*(p,. @)g*(P,. p)
transition matrix element can be parametrized as

(9" (g @)g* Py B) [ Hett| By)
= ieapp, 5, Fv(Pg P3) + GupF a(pg: 3)- 9)

According to the analysis presented in [51], the form fac-
tors Fy 4 satisfy the relations Fy(p?, p2) = —Fv(p;. p;)
and F,(p2. p3) = Fa(p2. p3). The antisymmetric pro-
perty of Fy(p2, p2) implies that the NLO contribution
considered in this paper will not contribute to B - PV
decays at leading power. However, if twist-3 LCDAs are
taken into account, the internal gluons may not be trans-
verse; this is because the Lorentz structure of a power
suppressed collinear quark field differs from that of a
leading power one, and the previous conclusion would no
longer be valid. Meanwhile, the twist-3 contribution to

My

[so]}

M

FIG. 3. The triangle diagrams for next-to-leading-order correc-
tions to annihilation contribution. The black square denotes four-
quark operators. The gluon propagator exchanged diagram is also
not explicitly shown.
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(P(p2)V(p3)lg*(pga)g* (P, P)) indeed vanishes, because
the number of y matrices of the LCDA pseudoscalar and
vector mesons is odd.

In the calculation of quark-loop diagrams in Fig. 2, we
neglect the transverse momenta of the partons in initial-
and final-state mesons since no additional end point
divergence will be introduced, and a similar approach

|

Caf\Dy*(1 — y5)T*bgy, T%q + Ci, Dyl (1

has been adopted in [53]. To facilitate comparison
between the NLO results and the leading-order results,
we first integrate out the fields within the quark loop,
the gluon field connecting the quark loops in Figs. 2(a)
and 2(b), and the gluon field coupling to the Og, operator
in Figs. 2(b) and 2(c). This process yields two effective
operators

+vs)Tbgy,Tq. (10)

where D = d, s denoting a down-type quark. The effective Wilson coefficients are expressed as

Co'y = [VupVipG(0) + Vi, Vip G(m,)]Cy

= Vi ViplG(0) + G(m,)]Cs

—(Cs+ Co) Vi Vip[3G(0) + G(m,) + G(my) —20/3],
ot =~y e (st Cy). (11)
The function G(m) arising from the loop diagrams can be decomposed as
G(m) = Gy(m) + G (m), (12)

with

4 /1
Gq( ):—§< +1 2+

\ / — l arctan ———
/4m

/4
" — 1 arctan (13)
/4m

If m — 0, we have

A4

eff

Accordingly, the effective Wilson coefficient C)'; needs to be written as Cfi'; = C3)f; + C3,,,, where C3)f, and Cf,

have the following form:

C?)f,flq [ ubV G0+ 4 chDG ( c)]CZ
—(C4 + Co)V i Vip[3Gy + G, (m

C?)fflm = Vcb VfD Gm (m

Vi ViplGo + G4(my)]Cs
c) + Gq(mb)
)Cy =V VipG,,(my,)Cs —

~20/3).

(Cs+ Co)VipViplGru(me) + Gy (my)]. (15)

Taking advantage of the effective operators in Eq. (10), we obtain the factorization formulas for NLO amplitudes of

B, — PP decays as follows:

MY, = -3C2M* V6 / dxydxsdy / brdbybydbady(xy. by) {H, (x. B)CEE (1,)

X [()Cz — X3 + 1)¢'§3A + 2r2r3(x2
+ H, (x, b)Cetf (1,)(x, —

X3 + 1)[27"27‘3(@;{

= X3+ 3O + 2ryr3(—xy 4+ x5 + 1)@ E (1,,)

D7) — PE, (1)}, (16)
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MNLO = _3C%M5/\/-/ dX1dX2dX3 / b db bzdb2¢3(.xl, ){hnan(xl’xz’x3’ bl’ bz)CCff ( )

[(ZXZX'; — Xy — X3 + 1)@23 + 41’27";()62)63 — X + 1)(1) + 41’27";(—)62)(3 —|— X3)q)23
+ 2rr3(2y + x3 = 1)(@FF + @ )]EL (1) + Mpan (X1, X2, X3, b1, by) CF (1))
X [(2x0x3 = x5 = x3 + 1)(P95 + 4ror3@4F) + 21273 (xy + x5 — 1) (@3 + @T)]EL (1,,) }. (17)

Here @4% = ¢%(x,) " (x3) + ¢*(1 — x3)p?(1 — x3), where the second term stems from the crossing diagram which is not

depicted Fig. 2. The NLO Feynman diagrams involve three propagators In comparison with the leading-order scenario, a
new type of hard function emerges. We write H(/)( b) = (h,,a (x1,%x2,x3,b1,b,), hngn (x1, X2, x3, by, by)), and the effective
Wilson coefficients C$)', (1,) = (C5',, (2,). Ci,, (12))7

Appendix A. The NLO contribution to the B, — zx decay amplitude is then expressed by

. The specific expression for hggn(xl,xz,xybl,bz) is shown in

Axio(B) = nta™) = MNLO[Ceﬁ] MNLO[ e“]- (18)

f f

The relation v/2Ax; o(B? = 7°2°) = Ay o(BY — #tz~) still holds. Similarly, the B, — K*K~ decay amplitude reads

Anio(B) = KTK™) = MNLO[ eff] MNLO[ eff]' (19)

% %

For the B — V'V decays, the NLO contribution also depends significantly on the polarization states. If the final states are
longitudinally polarized, the decay amplitude is very similar to the case where the final states are pseudoscalar mesons. For
the transversely polarized amplitude, however, the matrix element (V,(p,. €5, )V3(p3. €5, )|9* (P4 @)g* (P, f)) should be
proportional to jf €, - &5, — ezfi,s;’i - szisgﬁ Contracting this matrix element with the B — g*g* transition matrix
element results in a zero contribution. Consequently, only the longitudinal polarization amplitude is affected by the NLO
contribution. Similar to the leading-order situation, the longitudinally polarized factorization function MK}, can be
obtained from those in the B, — PP decays with the replacement rule in Eq. (B4) and r; — m;/m B, The NLO contribution

to the longitudinal Bq — VV decay amplitude is then expressed as

Apno(BY = ptpT) = \/—

Arnio(BY = KK*™) =

\/_

The decay amplitude of B — ¢¢ has the same form as
A nio(BY = K*YK*™). For By — p°p°, ww decays, the
second equation in Eq. (B1) still holds.

IV. NUMERICAL ANALYSIS

LCDAs are essential nonperturbative entities within the
collinear factorization framework. They are characterized
by the fact that they contain only a single variable, namely,
the momentum fraction. TMD wave functions, in contrast,
are far more complex than a straightforward extension of
LCDAs. This complexity arises from the appearance of
light-cone singularities. These light-cone divergences can
be regularized through the rapidity of non-light-cone
Wilson lines. However, this regularization comes at the
cost of the emergence of enhanced large logarithms of
rapidity, which must be resummed to minimize the scheme

—= Mio[CS] +

MNLO [Cfif,fl]

\/— MNLO [Cig] ’

\/— MNLO[ ch 2l (20)

dependence. From a phenomenological perspective, one
approach is to utilize a wave function that has been fitted to
experimental data. In this study, we employ the model

M3 x>

b, (3. b) = Ny (1 = xPexp [ 25— (w,b)?
4 4 2wy, 2

(1)

with N B, the normalization factor. The parameter w, is

chosen as w;, = 0.40 £ 0.5 GeV for B meson and w, =
0.50 £ 0.5 GeV for B, meson, which has been fixed using
the rich experimental data. For the wave function of the
light meson, the previous studies have indicated that the
transverse-momentum-dependent part is not important
numerically; therefore, only the longitudinal momentum-
fraction-dependent part is employed. For the pseudoscalar
meson, we have
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TABLE 1. The inputs of parameters in the light meson LCDAs and CKM matrix elements.
fx (GeV) fx (GeV) £ (fl) (GeV) b (GeV) fi- (GeV) fy (GeV)
0.130 0.156 0.210(0.212) 0.197 0.204 0.233
Moz (GeV) mox (GeV) FE(Fh) (GeV) £ (Gev) fE (GeV) 5 (Gev)
1.400 1.892 0.144(0.146) 0.162 0.159 0.191
& & pa o o y
0.250 £ 0.150 0.180 £ 0.037 0.137 £0.030 0.150 £0.120 0.140 £0.120 0.230 £ 0.080
K K K| KL K| KL
aj a a; ap a, a,
0.076 + 0.004 0.221 £0.082 0.060 + 0.040 0.040 + 0.030 0.160 £ 0.090 0.100 + 0.080
¢ L mg (GCV) |Vud| ‘V,”| 103|th| IOS‘Vts|
0. 140 +0.070 0.130 £0.015 0.974 0.224 8.6 +£0.2 41.54+0.9
10V, Vil a Y Mn M3k
3.824+0.20 1.010 £ 0.027 (84.1f§'§)° (65.7 £3.0)° 0.025 £ 0.008 0.015 £ 0.005
A 3fp 3/2 p 3/2
p(x) :%x(l = )[L+af (W)Cy (1) + ah (u) G (1)),
Te [} 4 3pP(1 = 3al + 6al)(1 +1nx) = 2 (1 = 9al + 1847)C1/>
bp(x) = +3p"(1 = 3a7 4+ 6a5)(1 + Inx) — =~ (1 = 9ay + 18a5)C,'"(7)
26 2
1/2 1/2 1/2
=397 af = Sa)C0) + 30m3pCY2(0) - 2-at €40
TSP p’ P P P P PY]
P(x)fz—\/g —t 1+7(2—15a1+30a2)+3p (1 =3ay +6a5) Inx
15 3/2 3/2
w0t (30t - Bat ) 20+ 5 (1000 + 3908 00
15 P P\ 3/2
+x(1=x)|6p"( 3al —Eaz +5(10m3p + 3p"a; )Cy 7 (1)
+3(1—x)pP(1—3af—|—6a§)}, (22)

where t=2x—1, p* =0, and pX = m?/m%. For the longitudinally polarized vector meson, the corresponding
LCDAs read

3y
NG

Py (x) =

x(1=x)[1+a; (@) (1) + ab () G (1),

i ).

26
3 1 V.1 V.L
IV 1 - x) [1+“‘Tc;/2(r)+“27c;/2(t)].

BV

¢V(x) =
[ci”(r) aVCY2(0) +

Py (x) (23)

We do not list the LCDAs of the transversely polarized
vector meson here, since it does not participate in the NLO
amplitudes. In the numerical calculation of the leading-
order contribution, we take advantage of the same LCDAs
with [53]. The decay constants and Gegenbauer moments
of the light mesons, as well as the CKM matrix elements
and other parameters, are listed in Table . The CKM matrix
elements are taken from the Particle Data Group.

In order to develop a transparent understanding of the
numerical feature for the identified enhancement mecha-
nism, we present in Table II the obtained results of
Aro(B) = otz p*p7) and  Awio(BY = ztn.p"p7)
for the weak-annihilation decays B ~,pTpT. It is
obvious that the NLO amplitudes contain large imaginary
parts, which makes the NLO contribution comparable to
the leading-order one. The ratio of their moduli can reach

—satr
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TABLEII. Numerical predictions of the decay amplitudes A
and Ay;o and strong phase difference between tree amplitude
and penguin amplitude for B, — 7tz p*tp~ decays.

Ao Awo G Mg
BY —» gta= 49743970 1.26-2.07i 0.38 1.02
BY — pipr 706+ 1151 3.83-2.90i 0.36 1.02
A6|twist—2 A6|twisl—3 Aé‘tolal A6|LO
BY = nta~ 35.8° 33.6° 38.0° 7.2°
BY - pipp —166.0° —-112.7° 303 -8.9°

35% ~ 40%, which is in line with our expectation. The
imaginary part of the NLO amplitudes have opposite sign
to that of the leading-order amplitude, thus there exists a
cancellation between them. As the result, the NLO con-
tribution does not cause a significant change in the modulus
of the total amplitudes much. Such as the B, — ztz~
process, the modulus of the total amplitude remains almost
unchanged after including the NLO contribution.
Therefore, the prediction of the branching ratio for this
process will not change significantly either, which is
consistent with the conclusion in Ref. [51], where only
the contributions of the leading-twist LCDAs of light
mesons were considered. In Table III, the branching ratios
of the pure annihilation-type B-decay modes including
NLO corrections are presented. For sake of comparison, the
leading-order predictions are given in the parentheses. As
expected, in almost all processes, the new results are very
close to the previous predictions. In Table II, we also list the
experimental results of the processes considered in this
paper. It can be seen that our predictions are in good
agreement with the experimental data. For the B, — VV
processes, we also give the predicted values of the longi-
tudinal fraction. It is found that the pure annihilation-
type B-meson decays are all dominated by longitudinal
polarization. This is because the transverse polarization

TABLE III.

amplitudes are severely suppressed. Although the NLO
corrections can only contribute to the longitudinal polari-
zation amplitude, they do not cause a significant change in
the longitudinal polarization fraction.

As mentioned before, the dominant NLO contribution
from the charm-loop diagrams generates the considerable
cancellation of the imaginary part of leading power con-
tribution; in consequence, the NLO effect considered in this
work provides an important source of the strong phases
of the weak-annihilation nonleptonic Eq-meson decay
amplitudes, which can lead to considerable impact on
the CP-violating observables. We first demonstrate the
influence of the high-order corrections on the strong
phase. The decay amplitudes can be decomposed as
A~V VELA, +VVipA(D =d,s), then the strong
phase of A,, is written by 0, respectively, and
A6 =6, — 5,. The direct CP violation is proportional to
the sine of the difference in the strong phases and the sine of
the difference in the weak phases of the two amplitudes,
i.e., A% ~ sin Adsin Ag; it is obviously very sensitive to
AS. We present the difference in the strong phases of BY —
ata~,pTp~ decays in Table II, where AS from twist-2
LCDAs and twist-3 LCDAs of the light meson are listed for
a comparison. It is found that both of them can generate
sizable strong phase difference, which significantly modi-
fies the leading-order result. As a result, the predicted
sin AS is over 0.5 for both BY — ztz~ and B? — ptp~
decays. Therefore, in these processes, objective direct CP
violation can be anticipated.

The time-dependent CP asymmetries for the neutral Bq
meson decaying into CP eigenstates are defined by

F(Bq - MIMZ) _F(Bq - MIMZ)
F(Bq - MIMZ) +F(Bq - M1M2)
AL cos(Am, 1) + AR sin(Am, 1)

- cosh(AT;1/2) + Aarsinh(AT2/2)" (24)

Acp(t) =

Theory predictions of the branching ratio 3 (in units of 107°) and the percentage of the longitudinal

polarizations f; for the weak-annihilation B q — PP,V V decay processes, where we have included in parentheses
the corresponding leading-order (LO) QCD results for a comparison.

1Oélg‘Theory 1068|Exp' fL
By —» ntn, 0397018 (0.36702) 0.72+0.10 -
By > n°n° 0.191079 (0.18010) <17 1.0 (1.0)
By — p°p° 0.897012 (0.827019) <320 ~1.0 (~1.0)
By —ptp7, 1715938 (1.587539) ~1.0 (~1.0)
B, ~> ow 0.624057 (0.55%053) ~1.0 (~1.0)
B, = pw ~0 (~0) ~1.0 (~1.0)
B, — K'K~ 0122395 (0.11499%) 0.078 £+ 0.015 e
By — K™K 0.147998 (0.125039) <0.4 ~1.0 (~1.0)
By = ¢ 0.029%9910 (0.015+0:97) <0.027 0.99 (0.97)
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TABLE IV. Theory predictions of the CP asymmetries A%L
and Am”‘ (in units of 107%) for the weak-annihilation B -
PP,V,V,; decay processes, where we have included in paren-
theses the corresponding LO QCD results for a comparison.

Adlr rg}}
L:?s - rtr, %" —6.00)1 (=3.653%) 4272 (359112
By = pipr.pipl —42555 (-1 9*‘”) 3”' > (35.9517%)
B, » o o, —4.6737 (=2.6139) 3.852}78 (35.97179)
B, - pLoy 0.0+0.0 (0.0 +0.0) -71.0%%3 (=71.0783
B, — K'K" 41.61129 (38.71132) —2.24 191 (—47.07137)
By— KI'K™  36.755" 254511 —1.4107 (—47.01139)
By = ¢y -39.781 (0.0)  27.873, (0.0 £0.0)

where the observables AL ARX and A, can be
found in [54-56], satisfying the exact algebra relation
|ALL|2 4 | AmX|2 4 | Aup|> = 1. The predictions for the
two independent CP asymmetries (A%, and ARY) are
displayed in Table IV. It is evidently revealed that NLO
QCD correction significantly enhances both A%, and AR
of the decay processes studied in this paper. The direct CP
asymmetry of B, — 7z, pp, ww is predicted to about —5%,
which needs to be tested in the future experiment. The
absolute value of our prediction is smaller than that in [51],
which shows the differences in the sources of strong phases
between the PQCD and QCDF approaches. Notably, the
predicted direct CP asymmetry in B — ¢; ¢; approaches
—40%, and strong phase difference is totally from the NLO
contribution. Compared to direct CP violation AL, the
observable AKX receives more significant corrections from
NLO contribution, since it is proportional to the imaginary
part of the decay amplitudes. An exception is the B, —
prw; decays, where AYL and APX are kept unchanged.
This is because, in this process, the final-state isospin is 1,
and the production through the two-gluon process violates
the conservation of isospin; i.e., the matrix element
(pL(P)oL(9)|g" (Pg. @)g"(Pg.B)) vanishes if the tiny
p —o mixing effect is neglected. The uncertainties of
the branching ratios and CP asymmetries are also present
in Tables III and I'V. The main sources of the uncertainty is
the Gegenbauer moments of the light mesons and the
parameter  in the B-meson wave functions. The uncer-
tainties from difference sources are added in quadrature.

V. CONCLUSIONS

Nonleptonic B-meson decays provide an ideal place for
unraveling the fundamental nature of CP violation. In this
context, weak-annihilation contributions are not merely
significant but absolutely crucial, and they play an indis-
pensable role in driving the CP-violation processes
observed in nonleptonic B-meson decays. In this paper,
we endeavored to perform an improved study on the pure

annihilation-type charmless hadronic B decays, including
B - K*K~,K**K*~,¢p¢p, and B, = zr,pp, pw, oo,
within the framework of the PQCD approach. Compared
to the previous studies, we included a type of enhanced
contribution to the various decay processes at next-
to-leading order in the strong coupling constant a,. The
enhanced contribution arises from the quark-loop con-
tractions of the four-quark operators, which might be
accompanied by large Wilson coefficients and/or the
multiplication CKM factors. We only considered the
B — PP,VV decay processes and do not pay attention
to B — PV modes since the quark-loop diagram will not
contribute to these processes. In the PQCD approach, there
is no end point singularity in the convolution of the hard
kernel and the wave functions of initial- and final-state
mesons, and we have employed both twist-2 and two-
particle twist-3 distribution amplitudes in our calculation.
The NLO amplitudes contain large imaginary parts with
opposite sign to that of leading-order amplitude, and the
cancellation effect leads to the fact that the NLO contri-
bution cannot have a significant impact on the branching
ratios as well as longitudinal polarization fractions (for
B — VV modes) of the considered processes. Meanwhile,
the NLO effect considered in this work provides an
important source of the strong phases of the weak-annihi-
lation nonleptonic E’q-meson decay amplitudes, which can
lead to considerable impact on the CP-violating observ-
ables such as the CP asymmetry Ad” and mixing-induced
CP asymmetry APX. The numerical result evidently
revealed that NLO QCD correction significantly enhances
both A% and AT of the decay processes studied in this
paper, and the observable m”‘ receives more significant
corrections from NLO contnbutlon since it is proportional
to the imaginary part of the decay amplitudes.

ACKNOWLEDGMENTS

This work is partly supported by the National Natural
Science Foundation of China with Grants No. 12175218
and No. 12435004 and the Natural Science Foundation
of Shandong with Grants No. ZR2024 MAOQ76,
No. ZR20227ZD26, and No. ZR2022 MAO035.

DATA AVAILABILITY

The data supporting this study’s findings are available
within the article.

APPENDIX A: PQCD FUNCTIONS

The evolution factors EE{) and Eg,) entering in the
expressions for the factorization formulas are given by
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where we have not included the threshold resummation factor since it cannot bring about significant impact on the
contribution from annihilation diagrams. The hard scales are chosen as

te = max{y/%:Mpg ,1/by, 1/b3}, (A2)
te = max{\/x;Mp . 1/by,1/b3}, (A3)
tg = max{y/x,53Mp ,\/1 = (¥ = x)xsMp , 1/by, 1/b,}, (A4)
t;:max{\/ﬁMBq,\/}EMBq,WMBS,I/IHJ/Z&}’ (A5)
t, = max{y/05Mp /0 XsMp /1= (5 = x1)x3Mp, . 1/by. 1/}, (A6)
ty = max{v0,5Mp , V/X35,Mp , \/mMBq, 1/by,1/by}. (A7)

The Sudakov factor associated in B, and light meson wave functions read, respectively, as
SB(xl’blv/"):S<xl@’bl) +54(b1. 1), (A8)

\/§ q

Si(xi, X, byp) = S(M%vbz) + S(’@'%»bi) + 54(bi ), (A9)

where &; = 1 — x;. The factor s(Q,b) collects the resummation of the double logarithms containing the transverse
momentum of partons inside the initial- and final-state mesons,

A g\ A® /g AD ARG [In(2b) 41 1n(2€1)+1
steon =5 in(f) + 4 (1) 55, -0 =" [ b ]

AQ2) A e2re—1 g A(l)ﬁ2 . 271 +1 In(24) +1
-[rﬂz-rmln(—z )] m(§) -5 et - w4552 ( 1S

@4, 2In(24) +3 2In(2b)+3] A@p,5-b AR b—g
- = - = 2b 9In?(2b) + 61In(2b) 4 2
T : o 37 2B+ 1) = S O (2B) + 61n(25) + 2
_ APBZ [18In*(2b) +301In(26) + 19 18In*(2§) +301In(29) + 19 (A10)
17283 b? b? '
The abbreviated variables are
. §Y 5 1
= b=In(—], All
v=n() =) )
and the coefficients A) and g, are
4 67 x> 10 8 ere
Al == A = _° _ —B,In(— ),
3 9 =3 7" T35
33 —2ny 152 —19n,
- == 77, Al2
ﬁl 12 s ﬂ2 24 ( )
The factor s,(b, u) arises from the resummation of the single logarithms in the quark self-energy correction
5 (v di _ Hodpi
b =3 [* Frio@) sabew =2 [* Ly (gt (A13)
1/b; H 1/b; M
with the quark anomaly dimension y, = —a,(u)/7.
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The hard functions /; in decay amplitudes are given by

7l

hna(xl’xbx& by, bz) = B [9(172 - bl)Jo(vx2f3Mbl )H(()U(sz)@sz)

+9< bZ)JO(VXZXZSMbZ)HO (\/XzX';Mb KO \/ 1 - —Xl X3Mb (A14)

i

Hha (1. 32,33, b1, b2) = 5 [0(b2 = bi) o (V5T Mby ) HY (Vs TsMba) + 0(by = by)Jo(V/x25sMba) Hy (v/x2%Mb )]
5 {%"Hé”[\/mml] X —x, <0
Ko/ (

(A15)
X — X)X3Mb,] x; —xy >0,
i 1 _ _
Poan (X1, X2, X3, by, by) = im Ko(\/1 = (% = x1)x3Mby ){[0(b; — bl)JO(Vx2x3Mb1)Hél)(vx2x3Mb2)
2~ X3
+0(b; - bz)Jo(vf2x3sz)Hél)(vf2x3Mb1)] — (X < x3)}, (Al6)
7l 1 _ —
Moan (X1, X2, X3, by, by) = —————{[0(bs — b1)Jo(vx2x3Mb1)H(()l)(\/xzx3Mb2)
2 ()Cz - X3)M
+6(b, — bz)Jo(vf2x3Mb2)H(()l>(vf2x3Mb1)] = (X < x3)}
i (1) =
ZLH, — Mb —x, <0
« { 2 1o [V (X2 = x1)GMby]  x; — X, (A17)
Ko[/(x1 = x3)%3Mb, | xp— x> 0.
APPENDIX B: PURE ANNIHILATION-TYPE B — VV DECAY AMPLITUDES
The specific expression for the LO amplitudes of each pure annihilation decay process can be written by
0 - GF * LL,i LLL
Ai,LO(Bs =P P ):ﬁvubvus{fB:FLO [a,] + + Mg [C,]}
_Gr Vi Vid f8.Fi5" |2a3 + 1a9 + f5,Fr8" | 2as + 1a7
\/— s LO 2 LO 2
1 1
+ MELS {204 +5 cw] + MG [ch +§Cg} }
\/E-ALLO(E? - POPO) = \/EAi,LO(E? - 0w) = Ai.LO(B? - P+P_) (B1)
2A;10(BY = p'w) = Gr Vuhv;b'{fB Ff(L)’i[C’Z] + Mf(L)l[Cz]} or Vi Vis {fB FLEI F a9]
» \/i s \/§ 2
LR.i 3 LLi|3 SP.i 3 0
+ /8. Fro 54 + Mg CIO + Mio +[p" < w], (B2)
Airo(By = K K*) = &V“bv {fB Fi§'las) + M{g'[C ]} _&Vsz?d{fB Fig' {M% +1a9]
s \/E d \/i d e 2
) 1 . 1 . 1
+ fB,,Ff(IgJ |:2615 + 5617:| -+ Mfé’l |:2C4 + §C10:| + Mig”a |:2C6 + §C8:| },
=0 Gr X LL.i 1 LR.i 1
Airo(By = ¢p) = _ﬁvtbvzd f8,F1o"|2a3 —|—§a9 + fp,Fio"|2as + 54
1 1
+ MEE! {2C4 + = Cm] + MR [206 +5 Cg} } (B3)
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where i = L, N, T. The longitudinal polarization amplitudes .4, can be obtained from those in the B, — PP decays with

the following replacement in the distribution amplitudes:

¢§(3) (x) - ¢2<3)(x),¢§(3)(x) - (_)45;(3)(75)’45;(3) (x) - (_>¢;(3) (x) (B4)

In addition, the ratios r; — m;/ mg, with m; being vector meson mass. On the contrary, to longitudinal polarization,
Figs. 1(a) and 1(b) can contribute to normal polarization and transverse polarization amplitudes, and the results are collected

as follows:

1 o
Fi6 O™ (a;) = —87zCFm‘l§qr2r3A dxzdx3A bydbybydbi{E,(1:)a;(t:)ha(x2, 1 = x5, by, b3)

X [(2 = x3)(h30h5 + d33) + x3 (305 + 9563)] = Ealte)ai(te)ha(l = x3,23, b3, by)
X [(1 4 x2)(#595 + ¢55) — (1 — x2) (395 + 53]}

1 o
FIE @) = £165Com rars [ dvads |7 badbsbidbiEu(t)ailthy (e = b by

X [x3(Py5 + p305) + (2 -

x3) (P35 + d5h3)] + Eq(1:)ai(t:)ha(1 = x3, x5, b3, b))

X [(1 = x2) (305 + d5¢5) — (1 + x2) (395 + P53)] - (B5)

For the nonfactorizable annihilation diagrams shown in Figs. 1(c) and 1(d), we have

1 00
MG (@) = —64rCrmy rars/ V6 A dxydxydxs /) bydb,bydbygpy, (x1.b)
X [¢§¢§x + ¢g¢g]E;<td)ai<td)hna(xlvx2v x3,b1.by),
1 )
MEESPIT (4 = £12872Cpm? ror3/V/6 / dx,dx,dxs / bydbybydbsy (x1. b))
q 0 O q

X [¢5¢§1 + ¢g¢§}E;(td)ai(td)hna(-xl » X2, X3, bl B b2) (B6)
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