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Abstract: The perturbative quantum chromodynamics (PQCD) approach based on kr factorization has resulted in
great achievements in the QCD calculation of hadronic B decays. By regulating the endpoint divergence by the trans-
verse momentum of quarks in the propagators, one can perform the perturbation calculation for various diagrams, in-
cluding annihilation type diagrams. In this paper, we review the current status of the PQCD factorization calculation
of two-body charmless B — PP,PV,VVU decays up to next-to-leading order (NLO) QCD corrections. Two new
power suppressed terms in the decaying amplitudes are also considered. Using universal input (non-perturbative)
parameters, we collect the branching ratios and CP asymmetry parameters of all charmless two body B decays,
which are calculated in the PQCD approach up to NLO. The results are compared with those of the QCD factoriza-
tion approach, soft-collinear effective theory approach, and current experimental measurements. For most of the con-
sidered B meson decays, the PQCD results for branching ratios agree well with those of other approaches and experi-
mental data. The PQCD predictions for the CP asymmetry parameters of many of the decay channels do not agree
with those of other approaches but have better agreement with experimental data. The longstanding Kn puzzle re-
garding the pattern of the direct CP asymmetries of penguin-dominated B — Kn decays can be understood after the
inclusion of NLO contributions in PQCD. The NLO corrections and power suppressed terms play an important role
in color suppressed and pure annihilation type B decay modes. These rare decays are more sensitive to different
types of corrections, providing an opportunity to examine the factorization approach with more precise experimental
measurements.
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ments, such decays also provide a window to investigate
possible new physics beyond the SM [5-8].

Two-body non-leptonic B meson decays play an es- Since the Large Hadron Collider began operation at
sential role in particle physics to help us understand CERN, the LHCb Collaboration has provided a number
quantum chromodynamics (QCD) and CP violation in the of more precise B decay measurements than the B factor-
standard model (SM) [1-4]. With precision measure- ies. The High Luminosity phase of the Large Hadron Col-
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lider will improve the measurement of B decay channels
with the integrated luminosity increasing from 23fb~! in
Phase 1 to 300fb~! in Phase 2 [3]. After the successful
operation of the B factory, an upgrade of Super-KEKB is
expected to provide 50 times more data [4], which will
provide another independent precise measurement. Belle-
Il is expected to improve the measurement of most
charmless two-body B decays. For example, the measure-
ment of direct CP violation in the B— K*m,Kp, K*p
channels could be improved greatly to achieve the same
accuracy as that of Kx channels. Another type of preci-
sion measurement in Belle-II focuses on decays to two
vector meson final states. Besides the branching ratios,
more physical observables in these decays, such as the
perpendicular polarization fraction (f,), relative phase
(@1, ¢1,00), and helicity CP asymmetry parameters
(AL, ALp), are awaiting measurement.

On the theoretical side, high precision calculation of
two-body charmless B decays is moving forward on a
variety of fronts within different approaches. One ex-
ample is the light cone sum rules (LCSRs) approach,
which is a traditional method of calculating heavy-to-
light transition form factors [9—15]. Form factors are key
inputs for many factorization approaches on hadronic B
decays. The high order power corrections in this method
have been performed in recent years. A systematic power
correction study on the radiative leptonic decay B — ylv;
[16, 17] shed light on sub-leading twist B meson wave
function information [18], which includes key inputs for
the study of hadronic B meson decay. Besides the form
factors, the LCSRs approach is also applied to two-body
non-leptonic B — nir decays [19-22].

The QCD calculation of non-leptonic B decays has a
long history. The first attempt was the naive factorization
approach [23, 24], which assumed that the two body non-
leptonic decay amplitude is a production of transition
form factors and the meson decay constant. The so called
generalized factorization approach was the first to in-
clude the perturbative QCD (PQCD) corrections of ef-
fective operators and the chiral enhanced penguin contri-
bution in hadronic B decays [25, 26]. The factorization is
approved order by order later in the QCD factorization
approach (QCDF) [27, 28], allowing the calculation of
high order QCD corrections and leaving the non-perturb-
ative parameters to be determined by experiments [29].
The vertex corrections to the tree amplitudes [30, 31] and
penguin amplitudes [32, 33] were recently obtained at
next-to-next-to-leading-order (NNLO). These calcula-
tions, together with the next-to-leading-order (NLO) cal-
culations of spectator scattering (NNLO in «a;) [34—-36],
compose the full corrections to the hard kernels at
NNLO. By introducing different fields in different en-
ergy regions, an improved factorization approach known
as soft-collinear effective theory (SCET) is established by
two-step matching [37—-40]. SCET has simple kinematics

but complicated dynamics with several typical scales,
which results in a more apparent and efficient factoriza-
tion formalism.

Although the NNLO calculation has been performed
in the QCDF, the dominant contribution for hadronic B
decays originates from transition form factors, which are
not calculable in the QCDF. In the QCDF/SCET, the
transverse momentum of the valence quark is often neg-
lected to simplify the perturbative calculation; however,
this results in endpoint divergence in the Feynman dia-
gram of form factor calculation. This divergence also oc-
curs in annihilation type diagrams, which is not a physic-
al divergence. Recently, leading order (LO) weak annihil-
ation diagrams were shown to be calculable without en-
countering end-point divergence by considering the hard-
collinear gluon exchange effect [41]. In the PQCD factor-
ization approach [42, 43], the transverse momenta kr are
collected for each external light quark line to regularize
the end-point singularity. The additional scale kr will res-
ult in extra logarithms in the QCD calculation, which
may spoil the perturbative expansion. Resummation tech-
niques are performed for large logarithms, resulting in a
Sudakov exponent, which highly suppresses the dynam-
ics in small kr and small x, where x is the longitudinal
momentum fraction of partons in a meson. Two-body
charmless B decays were first calculated at LO with the
PQCD approach for PP, with P denoting a pseudo-scalar
meson [44—46], PV [47, 48], with V' denoting a vector
meson, and VV [49-51] final states, which provided a
correct prediction of the first direct CP asymmetry meas-
urement in B decays. A recent global analysis of all
B — PP, PV decays in the LO PQCD approach is also
available [52].

With the success of the LO PQCD results and increas-
ingly precise experimental measurements, NLO correc-
tions in PQCD are required to improve the accuracy of
the approach. There are two types of NLO corrections to
two-body charmless B decays in the framework of k7 fac-
torization: the first is associated with the four fermion ef-
fective operators, and the second is accompanied by the
transition matrix elements sandwiched between a B
meson and two light mesons. The first type includes ver-
tex correction, quark loop correction, and chromo-mag-
netic penguin correction to the operator Og,. These cor-
rections are first considered in PQCD to investigate
B — nK,¢K puzzles [53, 54]. One part of these NLO cor-
relations is included in the effective Wilson coefficients,
whereas the other parts provide the independent decay
amplitudes for certain channels. The second type of NLO
QCD corrections carries the dynamics from the mp scale
to the hadronic scale, which are manifested by means of
heavy-to-light transition form factors [55, 56], the time-
like form factors of final light mesons [57—61], Glauber
effects in the hard scattering spectator and annihilation
amplitudes [62—64], and other possible corrections that
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have not been studied in detail [65]. Besides the QCD
correction at NLO, the sub-leading power corrections
from high twist light cone distribution amplitudes (LC-
DAs) were recently studied for pion form factors and the
radiative leptonic decay B — ylv; in the PQCD approach
[66—68].

The effects of the NLO corrections mentioned above
have been partly examined case by case in several charm-
less two-body B decay channels [69—78]. The theoretical
precision was explicitly improved with a lower theoretic-
al uncertainty, and the agreement between PQCD predic-
tions and experimental measurements were effectively
improved for the branching ratios and other physical ob-
servables. In this review, we summarize all 78 channels
of charmless B — PP,PV,VV decaysin the PQCD ap-
proach using updated input parameters. With the inclu-
sion of all currently known NLO QCD and power correc-
tions, we discuss some longstanding "puzzle" channels,
particularly for B — Kr,Kp, K*n,K*p decays.

This paper is organized as follows. In the next sec-
tion, the three scale factorization approach is introduced
in terms of the effective Hamilton of b quark decay and
the definition of meson wave functions. In Section III, we
exhibit the PQCD calculation of charmless hadronic B
decay matrix elements at LO. We then discuss the NLO
corrections in Section IV. The phenomenological results
for all two-body charmless decays, B— PP, PV, and VV,
are discussed in Section V. The summary is given in the
final section.

II. THEORETICAL FRAMEWORK

All charmless B meson decays are weak decays in the
SM and are induced by charged current. Because the W
boson mass is significantly larger than the b quark mass,
the heavy W boson and top quark are typically integrated
out to obtain the effective Hamiltonian of four quark op-
erators with QCD corrections. The relevant effective
Hamiltonian of b— qUU decays with U €{u,c} and
qgeld,s}is

Gr

V2
10

= Vi Vi D Cilw) Oi(w)
i=3

Her(Ab = 1) = [VZ}q Vup (C1(p) O1(1) + C2(p) O2(w))

— Vi VinCag() Os (),
(1

where V;; are the CKM matrix elements. With the chiral
representation of the fermion fields (71¢2)y_a = g17.(1-

vs)q2 and (G1g2)via = 1Y*(1 +7s)q2, the local operators
involved in nonleptonic B decay processes are
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02 =(Go Ua)v_a (U,B bﬁ)va , (2)
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q

3. o
O10 = 2 (qa bﬁ)v—A Z €q (qﬁ qa)v—A ’ @)
-
Og, = %mbqaaﬂ"(l+y5)Tgﬁszbﬁ. (5)

These effective operators are grouped into current-
current (tree) operators, O;,, QCD (electroweak) pen-
guin operators, O3;_¢ (O7-19), and the chromomagnetic
operator Ogg.

The Wilson coefficients Ci_i9 and Cs, are obtained
by matching the effective Hamiltonian with the full the-
ory of weak decays [79—82], including the NLO QCD
corrections. The explicit renormalization scale depend-
ence of the Wilson coefficients should be canceled by the
matrix elements of the effective operators. For this reas-
on, in the LO calculation of the PQCD factorization ap-
proach, we usually use LO Wilson coefficients, although
NLO corrections are already on the market [45].

A. Three scale factorization frame

Because the masses of charmless mesons are all neg-
ligible compared with the large B meson mass, the two fi-
nal state mesons are in the collinear state with large mo-
menta in the rest frame of the B meson. It is convenient to
work in light cone coordinates. If we define one of the
outgoing light meson directions as "-," its momentum in
the light cone coordinates is

1
p3=—
V2

The valence quark (anti-quark) in this final state

(0,mp,07). (6)
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meson is also collinear and its momentum is x3p3
(x3p3 =(1—x3)p3). Here, x3 is the momentum fraction
carried by the quark, as defined in the parton model. All
charmless two body B decays are characterized by b
quark weak decay through the four quark operators
defined in Egs. (2)—(4). The large b quark mass ensures
that all three final state light quarks from the four-quark
operator are energetic (collinear); hence, a hard gluon is
required to kick the spectator quark, which is soft in the B
meson, to make it collinear and therefore form the final
light mesons.

The hard gluon connects the spectator quark to the
four quark operators, producing the four Feynman dia-
grams for nonleptonic two-body B decays in the frame-
work of the PQCD approach at LO, which is depicted in
Fig. 1(a)—(d). Fig. 1(a) and (b) are also the leading Feyn-
man diagrams in the QCDF and SCET framework in nu-
merical calculations. The main difference between these
approaches is the treatment of Fig. 1(a) and (b). For ex-
ample, in the calculation of the second diagram, the gluon
propagator along with the quark propagator are propor-
tional to x?x,, which appears in the denominator of the
decay amplitude. The range of a parton momentum frac-
tion x is not experimentally controllable and spans from 0
to 1. Hence, the endpoint region with x — 0 is unavoid-
able. The leading twist distribution amplitude is propor-
tional to x; therefore, the leading diagram in Fig. 1(a) and
(b) diverges in the endpoint region. In QCDF, research-
ers argue that these two diagrams can be treated as the
generalized factorization approach and are products of
transition form factors and the meson decay constant. As
a result, the most important diagrams in the numerical
calculation of the QCDF are not perturbatively calcul-
able.

In fact, at the endpoint region, when x — 0, the trans-

M2 \\/

M3

i@
|

(a) (b)

aipat

Fig. 1.
of the effective four quark operator.

verse momentum of the valence quark is no longer negli-
gible. In the PQCD approach, we keep the transverse mo-
mentum of quarks at the denominator of the decay amp-
litude to remove endpoint divergence [44, 45]. However,
in the numerator of the decay amplitude, we still neglect
the transverse momentum compared with the large longit-
udinal momentum. After this treatment, the gauge invari-
ance of the decay amplitude is maintained, and the end-
point singularity is avoided. The introduction of trans-
verse momentum enriches the study of hadron distribu-
tion amplitudes, where the light-cone aligned definition is
corrected to the transverse momentum dependent defini-
tion with a general Wilson link. The collinear factoriza-
tion breaks down, and kr factorization should be adopted.
It has been shown that infrared divergences appearing in
loop corrections to exclusive processes can be absorbed
into hadron LCDAs in kr factorization without breaking
the gauge invariance [83]. The transverse momentum of a
quark is an extra scale in the QCD calculation of the de-
cay amplitude, which results in extra logarithms to spoil
the perturbative expansion. These double logarithms
should be resummed using the renormalization group
equation to repair the perturbative expansion. The resum-
mation is performed to the leading logarithms or next-to-
leading logarithms to produce a ky Sudakov factor [84],
which exhibits high suppression for large distances (small
kr when x ~0). Integrating over the transverse mo-
mentum, the decay amplitude is still proportional to the
logarithm term In® x. To improve the perturbative expan-
sion in the PQCD approach, these logarithms are also re-
summed by the so called threshold resummation [85—88].
Remarkably, the two-stage application of resummation
repairs the self-consistency between the perturbative
strong coupling a,(r) and the hard logarithm In(x;x,Q/1%).
Here, ¢ is the factorization scale, which is typically

\V ;\/ﬁ’

(c) (d)

(g)

aasa sas

(h)

(color online) Leading order Feynman diagrams of two-body hadronic B°/B~ decays. The two black dots denote the vertices
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chosen at the largest virtuality in hard scattering, that is,
the characterized factorization scale in the B — nly decay
is t ~ 8Aqgcpmy. The typical infrared divergence, includ-
ing the soft divergence and collinear divergence, in the
PQCD approach is treated the same way as those in soft-
collinear effective theory [37], which we do not discuss
in detail.

There is also the possibility that the light quark of the
B meson is one of the quarks in the four quark operators,
with a light quark anti-quark pair generated by a hard
gluon. These types of Feynman diagrams are usually
called annihilation type diagrams, which are shown in
Fig. 1(e) —(h). Because the B meson is a pseudoscalar
meson, its decay into two massless quarks in a weak in-
teraction is helicity suppressed. These diagrams are neg-
lected in the generalized factorization approach [25].
Similar to Fig. 1(a) and (b), an endpoint singularity also
exists in the calculation of annihilation type diagrams.
Their contributions in the QCDF are parametrized as free
parameters to be fitted from experiments. Again, we can
perform the PQCD calculation of these diagrams in
PQCD by including the transverse momentum of valence
quarks in the meson.

For the topological emission diagrams in Fig. 1(a) and
(b), the decaying amplitudes are real functions because
this transition occurs in the space-like region, whereas in
the annihilation topology, the decaying amplitudes are
complex functions with internal propagators varying in
the shell, which can be re-expressed using the identity

1

2 _ .2
kT xmy

—1€

1 : 2 2
P(k% —xmé)+lﬂ6(kT — xmyp). 7

Here, P(f) is the Cauchy principal value obtained by
evenly approaching the singular point from both sides
such that the diverging pieces cancel each other out. This
isnot in conflict with the hard mechanism of the amp-
litudes, which implies a large off-shellness. In fact, on-
shell configuration indeed occurs for internal propagators,
even though the soft mechanism is highly suppressed by
the Sudakov exponents, that is, the factorizable annihila-
tion amplitudes in the B — nr decay are proportional to
the timelike pion form factor, where the energy depend-
ent imaginary part continues from the resonance region to
the O(m3%) energy region. The strong phase in Eq. (7) may
induce large CP violation in two-body hadronic B meson
decays, which is essential to explain the large direct CP
asymmetry of B — K*n~ [44] and B’ — n*n~ [45] de-
cays.

Besides the annihilation amplitudes, there are other
sources of strong phase in the PQCD approach. The first
candidate is the Sudakov exponent, which is related to the
center of mass scattering angle and the angular distribu-
tion of scattering hadrons. This contribution may be im-

portant in baryon decays owing to the angle distribution,
whereas in the B meson decays, it is negligible. The
second candidate originates from the NLO corrections to
the spectator emission amplitudes with the Glauber gluon
[62—64]. This effect only supplies a sizable phase to the
pion final state and modifies the interactions between dif-
ferent topological amplitudes. The strong phase from the
quark loop correction, with an on shell charm quark, is
the leading strong phase in the QCDF but a type of NLO
correction in @, expansion. Note that all these sources of
strong phases reflect either the soft or Glauber gluon cor-
rections to the wave function at high orders, whereas the
on shell configuration of the annihilation amplitudes is
mechanized by the hard gluon exchange at LO.

The ultraviolet divergence in high order calculations
is investigated using the standard renormalization meth-
od, which we do not discuss in detail. The large ultravi-
olet logarithms In(my /) and In(t/Aqcp) are summed us-
ing the standard renormalization-group method to give
two-stage evolutions, where the interaction that occurs in
the energy interval t ~ O[my,my] is described by the ef-
fective Wilson coefficients, and the interaction that oc-
curs below the energy scale ¢ is demonstrated by the had-
ronic transition matrix element. The renormalization scale
dependences cancel in these two evolutions, which res-
ults in a scale independent amplitude, producing a reli-
able prediction for charmed B decays [89-91]. The stand-
ard formula of the PQCD approach used to handle an ex-
clusive scattering/weak decay is expressed by a combina-
tion of the hard scattering mechanism and transverse mo-
mentum dependent wave functions, with the guidance of
the factorization theorem to detach the physical amp-
litude according to the acting intervals between interac-
tions.

By employing the resummation techniques to sum all
the double and single logarithms between the W boson
mass, b quark mass, and transverse momentum, the three
scale factorization schemes allow us to calculate the two-
body B decays perturbatively. The decay amplitude can
therefore be expressed in the convolution of hard kernels
and meson LCDAs.

M(B - M2M3) ZH,(Mw,t)®H(l‘,/J)®¢(X, P+,b,,U)
=" CiMy, 1) ® Hy(t,b)® ¢(x,b, 1/b)

! d—
~exp[—s(P+,b)—f Tﬂ%(as(ﬁ))]- (®
1/b M

Here, H, (C;) is the hard kernel (Wilson coefficients) car-
rying the first-stage evolution stretched from my down to
the ¢ scale, H(z,u) is the perturbative calculable hard part
shown in Fig. 1, H;®¢ is taken along the second-stage
evolution from the hard scale t down to Agcp, in which ¢
is the LCDAs defined with a certain twist in the meson
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wave functions. s(P*,b) in the exponent is the so called
Sudakov factor resulting from the resummation of double
logarithms, and 7y, is the anomalous dimension of the
wave function emerging from the resummation of the
single logarithms in quark self-energy correction.

B. Meson distribution amplitudes

1. Distribution amplitude of B mesons

B meson distribution amplitude is defined under
heavy quark effective theory by dynamical twist expan-
sion [92—-96]. The leading LCDA of a B meson in mo-
mentum space is

f d*21 5901, (21) bEO) B (p1))

= \ZCLNC{([M + mB))’S[d—\/%%(fl,bl)

_ 0
+ (’/—\5 —kT)’im)%(fChbl)}}
1T fod
-1

_ -
=N {(1/51 +mp)ys [QOB(xlsbl) N

@B(xl,bl)}}
Bo
9

Here, x; =k /p] denotes the momentum fraction of an
antiquark moving along the minus direction on the light
cong; the underlying integral wx(x1,b1) =
f dktd?kyrelkn x g, (ki) is implemented. To obtain the
approximate expression in the 2nd line, we omit the
transverse projection term. The following comments are
made to explain the definition:

(1) The definition of matrix elements in Eq. (9) is
only valid in factorizable scatterings in which the hard in-
teraction occurs locally, independent of nonlocal matrix
elements.

(2) By definition, it is easy to show that
1
wp(x1,b1) =3 [+ (x1,b1) +@-(x1,b1)] ,
1
@B(xl,bz):§[¢—(x1,b1)—90+(x1,b1)]- (10)

The contribution from the LCDA @g(x1) = @p(x1,0) is
argued to be suppressed by O(In m%), in contrast with
wp(x1) [97], by the relation ¢_(x) = fxm dx’ ¢y (x')/x’ and
the hadronic scale A =~ mp—m;,. In the symmetry limit of
¢+ and ¢_, we have pp = ¢, and @p = 0. This approxima-
tion is employed in our calculation with an accuracy of
up to O(A/my). We note that broken symmetry between

¢+ and ¢_ has been considered recently in two-body had-
ronic B decays, and the result is positive for the approx-
imation [98].

(3) The LCDA is usually parameterized in the expo-
nential model,

2.2

enton. ) = Ny = Pesp| -2 - 1

], (11

where the parameter N is determined by the distribution
amplitude normalization as

1
j; dx @p(x1,b1 =0) = 2\5%]\]6~ (12)

2. LCDAs of light pseudoscalar mesons

LCDAs are rigorously defined by the matrix element
sandwiched by quark bilinears with light-cone separation
and then switch to actual momenta and a lightlike dis-
tance x for the practice of phenomena.

In this paper, we do not consider the three-particle
LCDAs of light mesons, whose contributions can be ex-
pected to be power suppressed in B decays, although
three-particle LCDAs relate to high twist LCDAs with
two-particle assignment via the equation of motion [99].
The three-particle LCDA contributions are carefully ex-
amined in the # and K electromagnetic and transition
form factor [66, 68] and are at least one order of mag-
nitude smaller than the two-particle contribution in the
large energy region Q? > 10GeV?. In momentum space,
the vacuum to pion matrix element with possible currents
can be expressed in the twist expansion in the following
form up to twist-3 accuracy:

f d*2e 7% (ot ()35 (0) d (2)[0)

:_\/;1? {rs| Py +mihix.b)

~mi Ol = D (b)) (13)

fx is the decay constant, mj = m2/(m, +my) is the chiral
mass, and ¢? and @57 are the LCDAs at dynamical lead-
ing twist and twist-3, respectively. They both have the
normalization [ dxgi(x) = /2 V2N,

LCDAs are usually formulated using conformal par-
tial expansion and expressed in terms of the Gegenbauer
polynomials C',ﬁ/ % The leading twist LCDA of pseudo-
scalar mesons is
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) = 6xxza We*ex=1. (4

2\/_

Two-particle twist-3 LCDAs are related to the three-
particle LCDA and leading twist LCDA by the QCD
equation of motion. The parameter p” = (mg, +mg,)/m{ is
then introduced to reflect the quark mass terms in the
equation of motion. Up to the accuracy, with conformal
spin at NLO and the second Gegenbauer moment, the

LCDAs of pseudoscalar mesons are

p Jx P P P
X, ) = 1+3p"(1-3a’ +6a, )(1+1Inx
‘Pp( ) 2\/2_]\75 p( 1 2)( )
P
—%(3—27af+54a§)c}/2(2x—1)
+3(10m3p —p"(af = 5a)) C,*2x - 1)
9
+ (10;;3,013,0 - 5pf’ag’) Cy?@x-1)
—3mpwspC, > (2x— 1)}, (15)
‘7050()(:’#) == —QO(;(X’/J)’
el P P
7 (x, 6x(1-x){1+5(2-154"+30
ep(x,u) = 2\/_ x( x){ 2( a, + az)

+p (3al —gaz) 3/2(2 -1

1
+ E(;73;,(10 —wsp)+3p"d5) € 2x - 1)

+13pd3p C32(2x— 1)
+3p"(1-3a] +6d5) lnx}.
(16)

In the above expression, contributions from the three-
particle and two-particle configurations by the equation
of motion are clearly separated. The three-particle para-
meters f3p, A3p, and wsp are defined by the matrix ele-
ment of local twist-3 operators, and their evolutions have
mixing terms with the quark mass [100]. In our case, we
only consider the mass of the strange quark, neglecting
the u,d quark masses. Furthermore, we do not include the
terms proportional to the parameters f3p,A3p,ws3p Within
the present accuracy.

3. LCDAs of light vector mesons

The longitudinal and transverse decay constants of
vector mesons are defined as

(p* (p.€H|a(0)y-d(0)[0) = ~ifIm,el,
<p+(p,g/l)|u(0)0'7,7,d(0)|0> =— 1fp (eTpT/ - ef,pT) . @7

In the convenient momentum space used in practice,
the matrix elements of vacuum to vector mesons up to
twist-3 are arranged for longitudinal and transverse polar-
ization, respectively,

f a6 (" (p, D] 15(0)da (2)0)
i

5w

{m, &' b+ ¢ pepl oy —ml0) . (18)

f d*ze % (p* (p, €4)]35(0)da (2)]0)

_VW{¢ Pt () +m, ¢+ o ()

im
- —pg‘r‘r KK' YSYTE_LT pKnK ll’p J-(x)} . (19)
(P ‘n- ) ad

t,II(J-)}

The normalizations of the LCDAs ¢, = {goil,u),% are

W ||(J-)
dxph P (x) =
[ o=
J-(H) (L) M +md) . (20)
m

1
dx £lI(L) ¥) =
fo o W= ’

The LCDAs of light vector mesons are more complic-
ated than those of pseudoscalars owing to the polariza-
tions, which are quoted as [99, 101, 102]

x,) = 3% ”; ) €Y 2x-1), @
3 1
o) = J:/_(2x hic@ex-1)

+ab, 6PQx-D+ah, O ex-1). (@2)

L

3fL v
yilx ’”):sza {1+a3 Cx-1)+ %CS”W—D}-

(23)
i fPJ- = VL 3/2
o (x.p0) = %xean’ WP @x-1), (24)
n=0
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34l
o (x,10) =£{[1 +(Q2x—17]+24), 2x- 1)’

6
+ 8a”v2 C)P@x-1+ - dy,, C}*2x-1)},

(25)
) al‘l/l
Uyt () =4—j6xfc{l t—- Cc?2x-1)
al,,
V,
+ ?cg/Q(zx— 1)}. (26)

. s d | . .
Note the relation w‘v’“”)(x) = aw‘v’“”)(x). For isospin-

half light mesons (K and K*), the definition of LCDAs is
similar to that of isospin-vector mesons (x and p) if sub-

stituting  non-perturbative = parameters, such as

K“l K(*l K(*\
me,me,mO ,a, ,p° .

4. n-n’ mixing

For the isospin-singlet light mesons # and 7', mixing
[103—105] should be considered. We consider the 1, -7,
mixing scheme [106, 107], where the physical states are
expressed as a linear combination of the orthogonal
quark-flavor basis 7, = (au+dd)/ V2 and 5, = 5s via the
octet-singlet basis m = (au+dd +55)/ V3 and
ns = (iu +dd — 25s)/ V6 via

[in el )-vl )

:[ c?s¢ —sing )( |’7q> ] o7
sing  cos¢ |77x>

The decay constants of physical states,

(0| gyeysq Gy =if,, pr-
(0| 5y=yss|na)) =ifS, pe- (28)

are obtained from those of the quark flavor basis,

i

(0| gy=ysalng(p)) = 7 pefys 0| 5yeyss|n(p)) =ip: fs
(29)

by the same rotation, which are written in terms of mass
independent superpositions of f; and f;

5 f;) (fq 0]
=U . 30
(fi Iy Do fi (30)

Considering the well-known anomaly of axial vector cur-
rents,

o7 (Jq

- a ~
r,s) = \/i(muﬁ)gu +mgdysd + ZSTGG) s

T( 75 = @, ~
0" (/2 5) =2m,Syss+ Z;GG, (31)

1 _ - _ .
where JZS = —(yrysu+dyrysd), J%Y,s = 5yryss, m; is the

current quark mass, and G and G are the gluon field
strength tensor and its dual, respectively. Similar to those
defined in Eq. (28), the matrix elements of the axial vec-
tor current are given by the product of the decay con-
stants of mesons and the square of meson mass as fol-

lows:
Ja 0
oS )0 )
0 J 0 7
(mi 0 ][fr? 5

2 q S
0 my Tr Iy

fo O
= MU , (32
J-reve| 70 ) @
which resolves the mass matrix in the quark flavor basis,

M =U (OMPU(9)
V2 g -
. m§q+Tq<0|EGG|nq>
= G
Tq<0|EGG|nS>

e

1y -
7 (017 GGlny)
2+ Lol %ga
m?, + fs<0| 47TGG|775)
(33)

with the quark mass contributions

V2 _ .
mgq 517(0|muuy5u + mddysdinq>
q

:mz cosz¢+m,2], sin? ¢ — mg —mi)cosqﬁsin(ﬁ,

Var
Jq

2 - .
m?s = ]7 <0|ms SYs S|77s> = m% sin’ o+ m,zl cos? ¢
N

Ja (m2 mz) cos ¢ si

- = Psing.
Va2 s

g (34)

The chiral mass entered into the high twist LCDAs of
the quark flavour 7; state is mé) = mizi/(Zmi), with i=g,s.
The 7, and 7, components of 7,7’ mesons obey a similar
twist expansion to that in pion and kaon mesons.

C. Input parameters

The main uncertainty in the PQCD approach arises
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from higher order QCD corrections and the nonperturbat-
ive parameters of meson LCDAs. The high order QCD
corrections characterized by the variation in the factoriza-
tion scale are usually minimized by setting the factoriza-
tion scale as the largest virtuality in hard scattering pro-
cesses. We adopt a two-loop expression for the strong
coupling constant with the ), functions [108]

_ n B log(2log(u/A"))
2Bilog(u/AM) [T g2 2log(u/AT)

ag(u) » (35)

where the active flavor number is chosen as ny(u) = 3,4,5
when the involved scale u is located in [0,m,.), [m.,mp),
and [my,m;), respectively, by considering the quark
masses in the MS scheme [108]

me(me) = 1.28GeV, ip(y) = 4.18GeV,
,(,) = 165GeV. (36)

The QCD scale A®) is determined by the experimental
value of ay(mz) =0.1182.

The definition of B meson wave function in Egs. (9)
and (11) relies on three independent parameters, the mass
mp, decay constant fz, and first inverse moment wg. We
take mp =5.28GeV from the Particle Data Group (PDG)
[108] and adopt fp=190.0+1.3MeV from the lattice
QCD calculation [109]. Regarding the inverse moment
wg, there are numerous studies in literature [110, 111]. In
our PQCD evaluation, we take the conventional interval
wp(1GeV) =400+40MeV. The mean lifetimes of B
mesons entered into the observables are also taken from
the PDGas 75- = 1.638x 107"?sand tp = 1.520x 107'%5.In

DAs used in our evaluation. The default scale is indic-
ated at 1GeV.

IIl. BDECAY AMPLITUDES AT
LEADING ORDER

The eight LO Feynman diagrams in Fig. 1 are classed
into four groups: naive factorizable diagrams ((a) and
(b)), hard scattering emission diagrams ((c) and (d)), na-
ive factorizable annihilation type diagrams ((e) and (f)),
and hard scattering annihilation type diagrams ((g) and
(h)). The calculation is not trivial. We present the LO for-
mulas for the B — PP, PV, and VV decay amplitudes in
the subsequent sections.

A. B — PP decay modes

The decay amplitudes associated with Fig. 1(a) and
(b) are detached in the production of heavy-to-light form
factors and the decay constant of the emission meson
(fum,) based on the naive factorization hypothesis [44, 45].
The complete expressions for the naive factorizable emis-
sion amplitudes of different types of operators are

1
&y =— &R = 8nCrmi fu, f dox; doxs
' 0

1/A
Xf b1dby b3dbspp(x1,b1)
0
{neCer, x3,b1,b3) Eo ()| (215 — %) (x3)
— 13 (rp = 235) (¢ (x3) + ¢ (x3)) |
+ he(x3,%1,b3, b1 Eo (1) 213 (x3)}

Table 1, we present all the parameters of light meson LC- 37
Table 1. Inputs of parameters in light meson LCDAs.
Meson at /a0 K*/K° Mg s
m/GeV [108] 0.140/0.135 0.494/0.498 0.104 0.705
fIGeV 0.130 [108] 0.156 [108] 0.125 [114] 0.177 [114]
mo/GeV 1.400 1.892 [112] 1.087 1.990
a 0 0.076 +0.004 [113] 0 0
a 0.270+0.047[14] 0.221+0.082 [113] 0.250+0.150 [115] 0.250+0.150 [115]
Meson o= 100 K /K0 ® ¢
m/GeV [108] 0.775 0.892 0.783 1.019
Fl/GeVv [9] 0.210/0.213 0.204 0.197 0.233
fLiGev 0.144/0.146 [116] 0.159 [9] 0.162 [9] 0.191 [9]
d) 0 0.060+0.040 [117] 0 0
at 0 0.040+0.030 [117] 0 0
dl 0.180+0.037 [116] 0.160+0.090 [117] 0.150+0.120 [117] 0.230+0.080 [117]
at 0.137+0.030 [116] 0.100+0.080 [117] 0.140+0.120 [117] 0.140+0.070 [117]
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1 1/A
&y =16ﬂ72CFm%szf dx; dx3f b1dby b3dbspp(x1,b1) '{he(xl’XS’blsb3)Ee(,ue)
‘ 0 0

X[ (2= ) @h(xs) + 73 (4ry + X3 = 2) @ (x3) = r3 3 (63) |+ he(x3, 31,53, D) Eer(pe) (165 (x3) + 273 %165 (x3) ) |
(38)

We use r; = mg"' /mp to denote the ratio between the trast with previous PQCD calculations, we consider two

chiral mass and B meson mass. The transverse-mo- more power corrections proportional to x; and
mentum integrated hard functions h.(x;,b;) and Su- 71, =mp/mp, which reflect the high order corrections of
dakov factor involved function E,(u) are collected in Ap- heavy quark effective theory in B meson decays. We note
pendix A. The subscripts LL,LR, and SP indicate the de- that the r, corrections are only considered in the numerat-

cay amplitudes generated by the corresponding (V — A)® ors of invariant decaying amplitudes and not the denom-
(V=A), (V-A)®(V+A), and (S-P)®(S+P) types of inators (hard functions). The decay amplitudes of the hard
four-quark operators, as shown in Egs. (2)—(4). In con- scattering diagrams shown in Fig. 1(c) and (d) read as

LL 16 V6 4 ! A
8NF,M3:T7TCFmB ) dxjdxy dxs ; b1db bydbrpp(x1,b1) pr(x2)

: {hne(xh)?2,x3,bl,b2)Ene(/1ne)[(5€2 — x1) @ (x3) = raxs (¢ (x3) - ‘Pfr(xs))]

o ne(X1,X2, X3, b1, 52) Ene (ttne )| (1 = %2 = x3) @5 0x3) + 7363 (2 (x3) + 01, (x3)) |} (39)
16 V6 1 1/A
SIﬁl}’szT\/_ﬂCpmérz f dx; dxy dxs f bydby bydbrpp(x1,by)
0 0

A Ger, %2, %3, 51, 52) Eneane)| (%2 = x1) 9 (x3) (95 (x2) + @l (x02)) + 7303 (6 (2) = 01 (302) ) (0 (x3) + 91 (x3))

o+ 73(%2 = x1) (2 062) + 95 (02) ) (0 (3) = £ (63)) |+ P (51, %2, X3, b1, b2) Ene (tne )| = 5268 (x3) (2 (2) = 91 (32))
— 1362 (@5 (x2) = £ (12)) (2 (x3) = @ (x3)) = raxs (i (x2) + 6l (62)) (0 (x3) + 1 (x3))

+ x1 (¢ (2) = ¢ (x2)) (¢x3) + 3 (x3) = #l(x3))) |

(40)
16 V6 ! A
aﬁng;TncFmg f dx; dxy dxs f bydby bydbrpp(x1,b1) a(x2)
' 0 0
A Ger, %2, %3, 51, 52) Ene )| (51 = %2 = x3) @403 + 7363 (05 (x03) + ¢l (x03) ) |
o+ e (X1, X2, X3, 51, b2) Ene(ttne )| (%2 = x1) g2(x3) = rax3 (e (x03) — ¢ (x3)) | (41)

The Feynman diagrams in Fig. 1(e) and (f) can be na-
ively factorized as a product of the B meson decay con-
stant and light meson timelike form factor because the
quark and anti-quark in the B meson should form a color as [53, 54, 69-73]

singlet state. The factorizable amplitudes of these dia-

grams for two-body B — P,P; decays are then collected

1 1/A
A=Ay = 8nCrmiyfi f dx2dxs f badby bydbs{ha(x2, %5, b2,b3) Ea(ita)| = T3¢ (2) @ (x3) + 2rar35 (x2)
0 0

| = (e 03) + h(x3)) + %3 (6 (x3) = @ (x0)) ||+ halFs, 22, b3, b2) Eor ()| 22 0802 )3

+ 2730 (63| (PR (02) = @ (32) ) + 2 (R (x2) + 2 (x2)) ]}
(42)
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1 1/A
Ay =16nCpmiyfs f dxy ds f badbs badbs - {ha(x2, %5, b2, b3) Ea(tta)| r3 s g (62) (5 (x3) + 5 (x3)
’ 0 0

+ 2120 (2@ (x3) | + ha(Fs, X2, b3, 52) Ear ()| r2 2 g (x3) (95 (x2) = 6l (302)) + 23t (x)pl (x3) (43)

[

It is easy to see that the decay amplitudes of these especially in color suppressed channels, such as
types of Feynman diagrams are independent of the LCDA B — 1°2%,0%°. This contribution is generated by the
of the B meson. In the case of two identical particle final Fierz transformation of the weak decay operator from
states, only the scalar meson form factors contribute to (V=-A)®(V+A) to (S-P)®(S+P). In fact, the P term is
the factorizable annihilation amplitudes in two-body B forbidden because two pion states cannot be produced by
meson decays, whereas the contribution from the V—A  the pseudo-scalar density operator (P,P>|Jp|0) =0.
current is canceled between electromagnetic form factors However, in other final states, such as one pseudo-scalar

owing to the identical particle symmetry. The electro- and one vector meson final state, the P term gives the
magnetic form factor are carried by the (V—A) and leading contribution.
(V+A) currents of four fermion effective operators. The final piece of the decay amplitude is considered

Moreover, the scalar density Js =m,gq also gives the  for the hard scattering annihilation diagrams shown in
contribution for the factorizable annihilation amplitudes, Fig. 1(g) and (h),

LL 16 V6 e A
ﬂNF,M3=T7TCFmB S dxq dxp dix; S bldblbzdbzsoB(xl,bl)'{hna(xl,Xz,x3,b1,b2)Ena(/1na)

X[ Bt =y = 32) @62 )h(x63) = A1y arsiph (62) @l (x3)
— rars (x1 = 52) (@5 (x2) + 2 (2)) (i (x3) = @l (x3)) + a3 xa (05 (x2) — 1 (32) ) (e (x03) + 6l (x3) ) |
o+ Pinar (X1, X2, X3, 51, 52) Ena(ttn )| B30 ()05 (x3) + R37273 (05 (02) + 01 (32) ) (2 (x3) = e (x3))
+ rar3(6y = 1) (0 (02) = £ (02)) (£ (x3) + (1)) | (44)

16\/6 4 1 1/A
ﬂNpr 3 ﬂCFme dx dxzdx3f bldblbzdbzsoB(xl,b])'{hna(xl,xz,xs,bl,bz)Ena(ﬂna)
0 0

X3 (i + x3) 2x2) (e (x3) = @ (x3)) + 72 (y — X1 + %) 95 0x3) (8 (32) + 01 (12)) |
o B (X1, X2, %3, b1, b2) En () 3 %3 (02) (91 (63) = 9 (65) ) + 72 (2 = 1) i (3) (0 () + i (2) ) | (45)

SP 16 V6 4 ! A
A, =g onCrniy [ aridradns [ brdbibadbugni,b) a1 x5 b1 b i)
x| (63 = ) (02 )t (x3) — Arars @ (x2)gh (x3) + 1273 (% = x1) (25 (x2) — i (42)) (i (x3) + 0l (x03))

+ 121333 (0 (62) + 9 (62)) (95 (63) = 2 (2)) | + e (X1, X2, X3, 51, 52) Bt )| (2 = 1) ¢ (2) 5 (c3)
+ rar3 (0 — x1) (@5 (62) + 0 (x2)) (05 (x3) = @l (x3)) + rara s (2 (x2) — 9 (x2) ) (s (x3) + 1 (1)) |- (46)

B. B — PV decay modes one expects that the B — PV decaying amplitudes can be

Because of angular momentum conservation, only the obtained by a certain substitution from that of B — PP

longitudinal polarization of vector mesons contributes to ~ decays [48, 52, 74-78]. For channels with a spectator
B — PV decay modes. With similar spinor structures to vector meson and an emission pseudoscalar meson, we
those in the case of the B — PP transition matrix element, introduce the substitutions R1 and R2,

R1 = {@(x3) > gh(x3), @h(x3) = P (x3), @l (x3) = ¢ (x3)) 47)
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Therefore, the decay amplitudes in B — P,V3 channels
are obtained via

R2 = {p(x3) = gp(x3), @h(x3) = =P (x3), ¢h(x3) = =g ()} (48)
Skl;h 8%}1\4 ) S%I;"P s ‘SNFM )
ﬂLL ﬂLR ﬂLL , ﬂSP ﬂi}’ ,

l R1
LL LR LL SP SP
gil= _glR S gl g & g,
R1
LL LR . LR
8 F,Vs SNFM > 8 F\V, SNFM ’
SP SP
SNF,V SNFM >
R2
LL LR LL SP SP
AL = AR E AL AP A
R2
‘?[NFV; ‘ﬂNFM ’ ﬂNFV ﬂNFM >
e L _gse (49)
NF,V; NF,M, *

For channels with a spectator pseudoscalar meson and
an emission vector meson, we introduce the substitution
R,

R ={pi(x2) = ¢h(x2), ¢ (02) = U (x2) , h(2) = g (x2)).

LL : LL LR : LR
ﬂNF P ﬁNFP ’ ﬂNF,P; ﬂNF,P; ’

AL, & A (51)
NF,P; NF,M; *

C. B — VV decay modes

We now consider the decays to two vector meson fi-
nal states [49—51]. When both final vector mesons are po-
larized in the longitudinal direction, the decay amp-
litudes can be obtained again by taking a simple substitu-
tion from those of B — PP decays.

R3
LL _ oLR LL SP _ LL LL
el=gf=é&y. &'=0, 8FV<=8NFM,
R3 R3
LR LR SP SP
8 NF,V, = SNFM ’ SNF,VJ — _SNF,M3 >

GO ok &L g & gse
The decay amplitudes of B — V,P3 channels are then AL NEV piad ﬂll;,lg M, ﬂ%,l}‘, i ~AR M,
obtained using sp sp '
ANry, L ANFM, - (52)
LL _ oLR R oLL SP _ LL
Ep =6p =&y’ &p =0, Eygp, ¢ 8NF M > Here, the new substitutions read as

R3 = {905;()62(3)) — @h(03), Phxa3) = B3 (0), @hinng) = 902”()62(3))}, (53)
R4 = {Qofi(xz(_%)) — @l (xa3), Phxaz) = (O (), @hlm) — (—)90;15”()62@))}- (54)

For B— VV decays in which both final vector
mesons are transversely polarized, each of the decay
amplitudes can be decomposed into two independent
components: polarization along the parallel and perpen-

dicular directions. Up to the power O(*) with
ry =my,/mp and r3 = my, /mg, the results of the factoriz-

able emission diagrams are

1 1/A
Ey-N =8aCrmiyfy, ra fo dx; dxs fo bydb b3dbspp(x1,b1) - {he(x1,x3,b1,b3) Ee(tte)| (2 = 1) @ (x3) = r3xaify* (x3)

+ 73 (47 + X3 = 2) @ (3) | + o3, %1, 53, b)) Eer (o) 3 (1 + D5 (x3) + radagly = (4)]

(55)

1 1/A
et <snComislr: [ andn [ bidb badbagn(.b) - fhCo s b bEL )
i 0 0

X[ 2= 1) g (x3) + 73 (A1 + x3 = 2) 5+ (x3) = r3x3@ls™ (x03) | + o3, x1, b3, b Ee (e )| raZa 57 (x3)

+r3(1+x)gs ()]

(56)
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LRN _  oLLN LRT _ oLLT SPN _ oSP.T _
= &y, &y =867, &, =8, =0. 57

The decay amplitudes of the hard scattering emission diagrams shown in Fig. 1(c) and (d) are

Enpy, =—5 nCrmpry | dxidxydxs b1dby bydbrpp(x1,b1) '{hne(xl,xz,x3,b1,b2)Ene(llne)
' 0 0

x| (F = 20) (B (x2) + 65 (12)) 0 (03) | + e (61, %2, X3, 51 52) Ene (e )| (22 = x0) (B35 (22) + 615 (12)) 0 (x3)

+2r3 001 =2 = x3) () () + @l )l (1)) |} (58)

e _16V6 4 ] A -
ENFv. =3 rCrmgry | dxpdxpdxs b1db bydbrpp(x1,b1) - {hne(xl,xz,xs,bhbz)Ene(ﬂne)
0 0

x| (B = 20) (B (x2) + 005 (02)) 0 (63) | + e (1, 2, %3, 51, 52) Ene e )| (2 = x0) (B3 (02) + 905 (32) ) 9 ()

+2r3 001 =2 = x3) (I () () + 9l ) () |} (59)

LRN _oLrT _ 16 V6 4 ! 1A Lo [7sL 6L
e =ElT = S5 nComrar, [ dnidind [ bidby badba-gntan bt [ ) o)

NF,V, NFE)V, — 3
. {hne(xl > )_527 X3, bl B b2)Ene(ﬂne) + hne(xl s X2, )C3,b1 5 bZ)Ene(ﬂne’)} > (60)
16 V6 1 1/A
Slsvl;}j/x =3 ﬂ'CFmi;er dxj dxp dxs f b1dby brdbrpp(x1,b1) - {hne(xl,fcz,X3,b1,b2)Ene(ﬂne)
: 0 0
x| (e = %) (5 (1) = B (02)) 0 (x3) + 213y + B + x3) (s (eadegly - (03) = 95 (o) (1)) |
o e (X152, X3, b1, b2) Ene (ttne ) (62 = x10) (57 (22) = 65 (x2)) 0 (x3) . (61)

spr _ 16 V6 4 ! A -
Syry, = 3 aCpmgry | dxydxydxs b1dby bodbrpp(x1,b1) - {hne(xl . %2, %3,b1,02) Epe(thne)
: 0 0

x| (o1 = %) (5 (02) = I (2)) 0 (v3) + 213 vy — B = x3) (5 (edegly ™ (x3) — g (o) (x3)) |

o e(X1,X2, X3, b1, b2) Ene(ttne ) (62 = x0) (857 (62) — 0 (3x2)) 5 (x3) ) (62)

The decay amplitudes of the naive factorizable annihilation diagrams shown in Fig. 1(e) and (f) are

1 1/A
AN AN = snComfarsrs [ dradrs [ badbabadba- e 5. bab B
0 0

X [(X3 =2) @y ()P (x3) + g () (x3)) = X3 (™ ()™ (x3) + QO,EL(X2)J'Z’L(X3))]
+ (%3, X2, b3, 52) Ear ()| (2 + 1) (05 (e)epls™ (x03) + 5 () (x03)

— % (@ )P (o) + 05 (gl (x3) | (63)

1 1/A
AT == AR = —8nCrmi fyrars f dxy dixs f bydb; b3dbs - {ha(x2. %3, b2, b3) Ea(ta)
: ! 0 0

X2 (5 Cod™ (es) + 85 (edegl ™ (33)) + 63 (0 () = B () (915 () = 9 (c3) ) |
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+ha(F3, 2,53, 52) Ear ()| %2 (85 (2@l (03) + B (e - (x3)) = (1 + x2) (@l (oo (es) + 5 (edegly () |

(64)

1 1/A
AN = AT = 167Crmi fy f dx dxs f badby b3dbs - {ha(x2, %3, b2, b3) Ea(ta) rapy (x3)| 05 - (x2) + - (x2) |
0 0

+ ha(%3,X2,b3,52) B () P30y (x2)| 0 (x3) = 0 (x3) |}

(65)

For the decay amplitudes corresponding to the hard scattering annihilation diagrams shown in Fig. 1(g) and (h), the

PQCD formulas are

16v6 ! A
k%:l‘i =— Tﬂ'Cpm%f dx1 dXZd)Cj, f b]db] bzdbzépg()q,bl)
) 0 0
: {hna(xth’x37blvbZ)Ena(ﬂna)2r273rb[¢zL(x2)(pzl + l/_/;’L(xz)ll_/Z’L(xﬁ]
+ hnaf(xl,X2,x3,b1,bz)Ena(llnaf)[¢$(X2)¢$(X3)[V§(X3 -D- rgxz]]}, (66)
16 \/6 1 1/A
Ay, = 3 7Crmiy f dx; dxp dxy f bidby bydbrgp(x1,b1)
0 0
A a1, 32, %3, 51, b2) Ena(tna) 227375 5 o) (x03) + 5 - (x2)gls™ (c3) |
o+ P (X1, %2, %3, 51, 52) Ena(ttna )| 6 (02) 5 (x3)[13 (x5 = 1) + 33211 (67)
16 \/5 1 1/A
Ay, =—3 —"Crmy f dxy dxy dxs f bidby bydbagp(x1,b1) - (na(x1,x2,%3,b1,52) Ena(tina)
! 0 0
x[ra(r = x1 + %) (x03) (9 (02) + 5 (02)) + 3y + X300 (02) (5 (x3) — g5 () |
o P (61,2, %3, 01, 52) Ena(ttna )| 3 s (202) (W57 (3) = 015 (43)) = a1 = x2)ep (x3) (- (x) + 05 () ) |
(68)
LRT _ LRN SPN _ LLN SP.T _ LLT
ﬂNF,V; - ‘ﬂNF,V; ’ ﬂNF,V; - ﬂNF,W ’ ﬂNF,V; - _ﬂNF,V;' (69)

IV. NEXT-TO-LEADING ORDER
CORRECTIONS

In the last twenty years, considerable effort has been
invested into improving the accuracy of PQCD calcula-
tion in non-leptonic B decays. The NLO QCD correc-
tions are supplemented in the PQCD approach to calcu-
late the factorizable emission amplitudes as depicted in
Fig. 2. These corrections include vertex corrections
((a)—(d)), quark-loop contributions ((e)—(f)), and chromo-
magnetic penguin Og, contributions ((g) —(h)) [53, 54].
The Feynman diagrams of NLO QCD corrections to
B — M3 transition form factors are shown in Fig. 3
(a) —(d), while QCD corrections to timelike M, — M;
form factors are shown in Fig. 3 (e)—(h) [55, 56]. The
NLO QCD corrections to the hard scattering amplitudes,
depicted in Fig. 4 (a) and (b), are the Glauber gluon (red

[
curves) contributions to the spectator amplitudes [62—64],
which are essential to explain the 77w and 7K puzzle. The
diagrams in Fig. 4(c) and (d) show the NLO contribu-
tions to the hard scattering annihilation amplitudes. These
types of NLO corrections are still under investigation.
Therefore, the current NLO QCD correction to charmless
B decays is not complete.

A. Vertex corrections

NLO vertex corrections play an important role in re-
ducing the dependence of Wilson coefficients on the
renormalization/factorization scale. Because this type of
correction does not involve the end-point singularity in
the collinear factorization theorem, the results of the
PQCD approach without kr dependence are the same as
the QCDF results for vertex corrections given in Ref.
[28]. The hard gluon in vertex corrections attaches two
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M2
b _ _
(a) (b) (c) (d)
_ > >—
d a3 3 Osg Osg J
i B — S — b IR —_
(e) () (g) (h)

Fig. 2. (color online) Typical Feynman diagrams of NLO corrections to the emission amplitudes via the vertex ((a)—(d)), quark-loop
((e)—(D)), and chromomagnetic dipole operator ((g)—(h)).
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Fig. 3. (color online) Typical Feynman diagrams of NLO corrections to the naive factorizable amplitudes for the B — M, transition
((a)—~(d)) and timelike M, — M3 ((e)—(h)) form factor corrections.
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Fig. 4. (color online) Typical Feynman diagrams of NLO corrections to the hard scattering amplitudes.
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different fermion lines among the four quark operators; Infrared divergence in the NLO QCD correction is
hence, the corrections can be absorbed into the effective factorized into the LCDAs of the emission meson. There-
Wilson coefficients according to the effective operators fore, the above NLO results are dependent on the meson
type. The functions V), in the naive dimensional regular-
as(u)Cr Cr2(1) ization scheme for the pseudoscalar meson are
a2(u) —a () + ('u) - IZ(M —— Vi2(M),
1
my . .
as(WCrF Cip1 Vi(P)=12In — — 18+f dx¢b(x) g(x) with i = 1-4,9,10,
i) —aizor )+ Sy o | AN T
1
: _ my _ a _ sy
withi=3.5.7.9. (70) Vi(P)=—12In p +6 I) dxgp(x)g(1—x) withi=5,7,
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1
Vi(P)= -6+ f dx@h(x)h(x) with i =6,8,  (71)
0

where ga(“) is the LCDAs of the pseudoscalar meson. The
hard kernel functions are

1-2

2(x) =3( 1_;1nx—in)+ 2Lis(x)—In?x
L 2Inx
lnx+(3+217r)lnx {x<—>1—x}},

h(x) =2Lir(x) —In®x— (1 +2im) Inx—{x & 1 —x}.  (72)

When the emission particle is a vector meson, the cor-
rection functions in Eq. (71) are modified slightly by the
simple substitutions of the LCDAs ¢f(x)— <pv(x)
) = 97 (0.

The vertex correction function contributes an imagin-
ary part, whose effect is mainly embodied in a,,as, and
ajp. The Wilson coefficients a; and ajo are suppressed
compared with a4 and ag for the QCD penguin and elec-
troweak penguins, respectively; hence, this correction
leads to a significant change in the color-suppressed amp-
litudes, rather than the penguin amplitudes. For example,
vertex corrections enhance the branching fraction of
B® — n%7° by a factor of ~ 1.5 and change the sign of its
direct CPviolation from minus to plus, which are shown
in the beginning of the next section.

Besides the naive factorizable emission amplitudes
shown in Figs. 2(a)—(d), the vertex correction to the hard
scattering emission amplitudes is also an important part
of the complete NLO results. This contribution is argued
to be small in contrast with the naive factorizable ones for
most charged channels. However, it is important in the
color-suppressed decay channels with neutral meson fi-
nal states because it may change the relative sign between
the naive factorizable and hard scattering emission amp-
litudes, especially the imaginary parts. Further imple-
mentation of vertex correction in the annihilation topolo-
gical amplitudes might provide significant changes for
CP violation with potential correction effects to the
strong phase. Although the difference may be as small as
estimated in Ref. [53], the direct calculation of the NLO
vertex corrections in the framework of the PQCD ap-
proach is still important work to be performed in the near
future.

B. Quark-loop corrections
Because the quark-loop correction depicted in Fig. 2
(e)—(f) does not involve the end-point singularity or cause
momentum redistribution in the hard kernel, the result of

this NLO correction has the same form as the QCDF cal-
culation [28].

C(u,c)('u,l2) — [g(u,c)(ﬂ’ﬂ) _ %] Cz(ll) , (73)

COu,P?) =

2
gwa%—§}3w>
u,d,s,c

+ D GVWPC+Cs], (74
<

where [ is the invariant mass of the gluon attached to the
quark loop. Here, we only include the quark-loop QCD
corrections from the tree and QCD penguin operators.
The quark-loop corrections from electroweak penguin op-
erators are neglected owing to their smallness. The cor-
rection to the operator Os is special, with a pure ultravi-
olet effect, which is absorbed into the effective Wilson
coefficient by the redefinition ng = Cgq + C5 of the chro-
momagnetic dipole operator shown later. In the case of a

massive charm quarkl), the function G reads as

1 2 (12
g<f>(y,12)=—4f dxx(l—x)ln[w}, (75)
0 H
with the real and imaginary parts
5 4m? m>\ 2 2m?
© ¢, 1 2 c
Relg ] 33+ )5 1+ )
VB-1 2 e (oo
VBIn N IR IF € (=00,0),
—2+/=Bcot™ V=B, 1 €[0,4m?),
1 -2+B. P = am?,
1- VB 2 2 o
\/Bln1+\/l_g, 7 € (4mZ, ),
(76)
: 2 2m?
Im |G, 1P| = ?ﬂ(1+ Z) VBOIsl, (77)

where O[B] is the Heaviside function. The phase space
factor of the quark loop invariant mass is defined by
B=p(?) =1-4m?/I2. We note that the above expressions
with the active quark flavour number ny =4 are slightly
different from the QCDF result with ny =5 because the
characteristic hard scale is O(y/Am;, ~ 1.5GeV) in PQCD.

The gluon momentum /> of the quark-loop correc-

1) For the cases with light quarks in the loop, the expressions are similar but with the replacements m, — my 4.
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tions is the sum of two quark momenta from two final decay amplitude of nonleptonic two-body B decays de-
state mesons. as shown in Fig. 2(e)—(f). which makes the pendent on three meson wave functions,
|

1 1/A
M, == %CFmeO dxldxzd)gj(; bydby b3dbs@p(x1,b1) {he(x1, x3,b1,53)Eq(itg)

x [ (2ry = %3) @h(x3) = 3 (ry — 283) (2R (x3) + @l (x3) )|
= 2R ()] (7 = 2) @ (x3) = 3 (4 + X3 = 2) @ (x3) + 13301 (43)|
+ he(x3, X1, b3, D) Eq (1) 2] r3 g (x2) gy (x3) + ragghy (x2)(x1 0 (x3) + 2r3 Fr gy (x3)) ]} (78)

1 1/A
ME?EP,V}—TCF'”B [ andadny [ bidbibadbagatrn b Aoy, b)Ey )

x|l (Fs = 2r) @ (aea) + 73 (1, = 253) (8 (x3) + 03 (x3) ) |

= 2r2@ ()| (1 = 2) @(x3) = 73 (47 + x3 = 2) 1 (x03) + 30368 ()]

+ he(x3,x1,b3, 51 Eq (1) 2] = ragt (o) (x3) + ra@h (o) Crn g () + 23 %1 (a1 (79)
Gl R G (b (b
My, = M pp My, Mzg—m v, (80)

8 1 1/A
MY, ==~ Chmigr [ andnadn [ bidb badbagntrn b o xn b b))

x| ra[(@ry + x5 = 2) (5 L(Xz)'ﬁf, H(x3) + @l ()l (x3)) = s (85 ()l (ea) + gl (o) (x3) )
= (ry = 2 (e3) (8- (x2) + - (e) ) 1|+ e (s, 30, b3, 1) Erg (g a7 (ea) (B (xe3) + (1 + 1) ()
+ @l () (1 + )05 (x3) + xlgo,;*(m)]}, @1

3 1 1/A
ML ==~ Chmigr [ andvadns [ bidbrbadbagatrn b et by )

x 3 (s (o) = 5 (o)) (5 (x3) — g (x3)) + 22 — ) (85 (gl (x3) + gl (o) (x3) )
= (ry = 2 (x3) (85 (x2) + - (x2)) | + e, 1. b3 1) Eg (g ) 3|05 e[ (1 + x0)B (x3) + B gy (x3)]

gt [Ty () + (L x)gs ()] ) (82)

The Sudakov factor functions E . in these amplitudes are also collected in Appendix A.

dipole operator Og, contributes another NLO correction.
Similar to the quark-loop corrections, it introduces anoth-
As depicted in Fig. 2(g) and (h), the chromomagnetic er independent amplitude to two body B decays.

|

C. Chromomagnetic-penguin corrections

8 1 1/A
M, 5, ==~ Coi fo dxidx s fo b1dbybadbs bsdbygn(xy,br)- @By Vs b b b3) Esg it

x| = B3t (x2) (20 = 20 (x3) + 13 [ P (63) (=27 + X3 + 1) = @ (x3) (67, — %) )
+ ralx2 (36 (x2) = 6 (x2) ) ($4(x3)(2r, — X3) = r3(ry = 253) (9 (x03) + 01 (1)) )
= r3(r = 2)%3 (3¢5 (x2) + ¢ (x2)) (¢ (x3) — ¢k (x3) ) ]

+he(ag By, Vg, b1,b2,03)Esgg (ug) [Xl%(X3)[90n(x2)+r2 (390 (X2)+90n(x2))]
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—2r3h (x3)[(x1 = 20 (x2) + 12 (6316 (x2) + x2 (25 (x2) = 3 () ) 1|} (83)
oy 8 s [ VA
My Zpv, —%Cpmg dxidx; dxs bldblbzdbzbsdeB(xl,bl){hg(ag,ﬁg,)’g,bl,bz,b3)E8g(llg)
’ 0 0

x |32 (02) (20 = 2y (x3) + 13 [ (63) (=2 + x5 + 1) = (2) (67, — %3) )]

+r2[x2 (3905;(162) - ‘Pfr(xz)) (902(963)(2% —33) = r3(rp = 233) () (x2) + 902“(363)))

+ r3(rp = 203 (3¢ 002) + ¢ (x2)) (0 (x3) = 3 () 1]

+ (@ By Ve b1 b2, b3) Esg ()] X160 (x3) 2 (35 (x2) + @l (x2)) = 9k (x2)]

+ 23 (a3  (r1 = 20 (x2) = 72 (63195 (02) + 32 (91 (2) = 3 () 1]} (84)

3 1 1/A
M, ==~ Cm [ andnadi [ bidbibadbabadbagntrn.b) B veobr o bo) B
o 0 0

[F2V3([2 (1+x2) X3 = rp (2 + %3) ][5 o)y (x3) + 05 ()l (x3)]

—[2%2%3 + 1, (x2 = %3) | [y (x2)e; ™ (x3) + %L(xz)lsz{l(&)])

+ (%3 = 2r) [r3 a0y (x2) (85 (x3) — @05 (x03)) = raxaggy () (0 () + 5 () ) ]

+he(ag.By Ve b1,b2,b3)Esg (1g) 13 [xwﬂ,f(m) (&Z’L(xs) - So,ﬁl(xs))

(T3 () + @15 (02)) (57 (ea) + 5™ (03) ) = 2o (57 )i (xs) + gl (e )egls™ (x9)) 1]} (85)
8

1 1/A
MY, ==~ Cim f dxdxy drs f b1dbybadb bsdbygn(xy,by) - (g BerYerbrba, bs) Esglt)
0 0

X [r2r3( —[2%2%3 + 1 (x2 = %3) ][ o)y (x3) + @5 ()l (x3)]

+[2(1+x2) X3 — 13 (r2 + 33) [ (x2)gp ™ (3) + SO;JL(Xz)l!_/;’L(%)])

+ (%3 = 2r) [r3 %30y (x2) (85 (x3) — @05 (x03)) = raxaggy () (5 () + 65 () )
+ h(arg B Ve b1.ba,b3)Esg (ig) 13| x103 (02) (05 (x3) — g (x3))

o rala (T () + 9l (02)) (B (ea) + 5™ (03) ) — 2o (57 ()il () + - (o) (x9) 1]} (86)
(mp) R (mp) (mp) R\ (mp)
Mijng MB—l?PzP;’ MB—I:VZV; = MB—P:PZV; . (87)

The hard functions in these decay amplitudes are also collected in Appendix A.

[
transition form factors. The typical Feynman diagrams
shown in the first row of Fig. 3 are calculated in the
The NLO QCD corrections to the naive factorizable  framework of kr factorization [55, 56]. The resulting
diagrams of hadronic B decays are the same as the B — « NLO correction kernels are of the following form:
|

D. B — n transition form factor at NLO

as(up)Cr21 . u? my
Fﬁ“(a@h*[ £ (1

2
13 -7 1 1
i Zlnﬁ_ n—lf+ ]lnm—%+ﬁln2(x1X3)+ §In2x1+zlnxllnx3

1]1 m_% 1ol , 219

n§12+487r +F, (88)

2 2
my 1 3 3.m
+(21n—f - —)lnxl —=Inxz —(— ln—é9 +
4 4 2 2 4
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a C 72 1 2 2
FraO(n ) = 2 F[41n“2—(§1n_§+3]1n_§+
4n nmy 1 B

To evade light-cone singularities in the above calcula-
tions, we introduce the dimensional parameters
{7 =4 -p1)*/Injl and £ = 4(n3 - p3)*/In3| by varying the
Wilson links in the transverse momentum dependent
definition of mesons away from the light-cone
(n?,n3 #0). These additional scales introduce another
scheme dependence known as rapidity singularities,
which, in principle, should be resummed to all orders by
resolving the evolution equation of B and = meson wave
functions on the dimensionless scales ¢?/m% and (3/m3,
respectively. The solutions demonstrate that the resum-
mation effect suppresses the shape of the B meson LCDA
¢+ (k*,b,u) near the endpoint k* — 0 [118], and the de-
pendence on the choice of &3 is not significant in pion
meson wave functions because the joint resummation-im-
proved pion wave function does not exhibit sizable cor-
rections [119]. This is not accidental because the k; and
threshold resummations have previously reshaped the
end-point behaviours of meson wave functions [65]. For
the sake of simplicity, we can take {7 =m3 to eliminate
the logarithm term In(Z3/m3) and take a large value of {7
at 25°m?2 to reduce the uncertainty on the constant terms
from the loop calculation in different momentum regions.

The factorization scale in NLO kernels is chosen on
the hard scale in the corresponding decay amplitudes, and
the choice of renormalization scale is purposed to elimin-
ate all single logarithms, with the same argument to re-
duce the uncertainties as much as possible.

2/21

e u(/lf)—{EXp[c1+[ln§—+ ]m—]] SNy
(90)

2
W= () = {Exp[c’1 +(%lnn§ilf _ 3] ﬂf ] }2/21#_/’-

o1

The parameters entered into Eqs. (90) and (91) are

3. mp m% 101 2219
C1 =(§ln—2+l)lng— 13 —F,

3 9
16 In X1 81[1 X3+SIHX] II’IX3
1. my 1), my 37, 91
— lnx3—[zlng—§]lng—2+3—n +§ . (89)
1. omy 1), my 37 , 91
c’lz[— n—f——)ln—f—— - —,
4 4 2) g 32 32
my 29 25
’ B ’
6‘2——(1114’—12—?), C3—+Es (92)

We note that the kernels Fr," and Fr;'" are the correc-
tions to the decay amplitude of naive factorizable emis-
sion diagrams in B — PP decays, as shown in Eq. (38),
which are attached to the terms proportional to the lead-
ing twist 7 meson LCDA ¢, and twist-3 LCDA ¢, re-
spectively. The NLO expression is modified to

1
8LL NLO _ 8LR NLO SnCme . fo diy dxs

1/A
Xf b1dby b3dbspp(x1,b1)
0

{reCer, x5, b1,b3)Ee(e)| (21, — %)
X [1 + FTz(l)(xi,§3)] Pr(x3)

— 13 (rp = 235) (¢ (x3) + ¢ (x3)) |
+he(-x37x1’b3vb1)E€’(l'l€’)2r3

x| 1+ FrsM (i, 55) | ()} (93)

The following comments are made:

(1) The ultraviolet divergence at NLO is treated by
the traditional renormalization group technique in the MS
scheme. It is regulated by the counter terms of quark
fields and the strong coupling constant.

(2) The infrared divergences are regulated by the
transverse momenta of light quarks and the soft gluon
mass, where the latter is introduced to protect the b quark
on shell required by the standard effective heavy field in
the kr factorization theorem. The cancelation of infrared
divergences occurs between the QCD quark diagrams and
the effective diagrams of meson wave functions, up to
sub-leading twist LCDAs of pions. The retaining infrared
finite NLO hard kernel still has large logarithms, in
which the double logarithms in terms of In?(x;) are re-
summed to the threshold Sudakov exponent, and the
single logarithm In(x;) can be diminished by the choice of
renormalization scale to the physical mass.
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(3) The infrared finite NLO hard kernel is k7 depend- ition are still absent. Further effort is clearly required.
ent because it is obtained by taking the difference of the

NLO quark amplitude and the convolution of NLO wave E. Timelike pion form factor at NLO
functions with the LO hard kernel. Meanwhile, the small Regarding color suppressed channels with the W-ex-
kr contribution is highly suppressed by the k7 resummed change diagram contribution, such as B® — 7%2%,7%,,n,n,,
wave functions. annihilation type amplitudes provide not only the main
source of large CP asymmetry, but also an indispensable
(4) From the phenomenological side, the ~30% en- contribution to the total decay amplitude. Annihilation

hancement from NLO correction with the leading twist  amplitudes are more important than emission amplitudes
distribution amplitude of pion mesons is partly canceled when the strong destructive interaction between the color
by the ~20% decrease in NLO correction with the sub- suppressed tree amplitude C and the penguin amplitude P

leading twist distribution amplitude. Therefore, this res- becomes true. The NLO QCD corrections to the naive
ults in an approximately 8% NLO correction to the LO factorizable annihilation amplitudes have been calculated
contributions of B — r transition form factors. to improve the PQCD precision for relevant B meson de-

In fact, only the NLO correction for the B — x trans- cays [57—-61]. The most important contribution of this
ition form factors induced by the vector current is com- type of NLO correction is the timelike form factors, as
plete. NLO calculations for the B — n transition induced depicted in the second row of Fig. 3, and the NLO hard
by the scalar quark current and those for the B — p trans- kernels are quoted as [57, 58]

s@Crp 3. w1 4xyx3 17 27 17 23 ¥ 4x)x3
g =2 ) —ZIn= —-1In’ ——In’x3+ —Inxlnxs+| —Inxz+ — +yg+i=|In
T2 An [ 4 mé 4 %bg 4 3778 20 8 16 VE 2 m%b%
13 17 17 31 2 In2 53 23 . (171
—(E+Z)/E—i§7r)lnx3+ﬁlnx2—%+(l—275)7r+n7+Z— gE _7%+IR(F+YE)]’ (94)
S@Crr9. 1> 53 (4xox3) 23 4x3 1 9 137 19 337 .
G :oz(u) -In—-—1 -—1 ——In’x,— =1 e —_— el B
= g B U BT R ) e e TR R T 3 D
sSQCr[9 . 12 4xyx3 1 4x3 ve 3. 4x3
O =g 2 [—ln——ZIn - —In? +|—=—+-in|ln
S e V750 B R V) M S A Ve
2 2
In2 11 15 3
+21n)€2—%—YTE+4’)/E+HT+?+17T(Z—§’}/E):|. (96)

The B — PP decay amplitudes with the (V- A)®(V £ A) current in the naive factorizable annihilation diagrams at
NLO accuracy are then modified to

1 1/A
AN = AL RNO = 8 Cpmi f f dix dis f bydb; bydbs
’ ’ 0 0

{ha(xa, %3,b2,53) Ea(pta)| - %5 (1+ G L, )¢t (x2)p(x3) + 2rar3 @ (x2)

L= (146G, ) (#h(x) + o)) + 53 (1+ Gl ) (¢hxn) — e (x9) 1]

+ (%3, %2, 03, 52) B ()| 52 (14 Gl ) 95 (02 )t (x3) + 223 gl ()

(1460 ) (5 2) = ghx)) +2x2 (1 + G, ) (52 + ) 1]} 97)

This correction does not bring the contribution to the decaying channels with two identical mesons in the final states.
However, its contribution to the channels B — 7%, 7%’ may be expected as approximately 30% with the general recog-
nition of SU(3) flavor breaking.

For the channel B? — 7%2% AW = A"R =0, and hence naive factorizable annihilation only stems from the
(S+P)®(S—P) current with the amplitude A%, as given in Eq. (43). Considering NLO correction, this part of the de-
cay amplitude is modified to
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! 1/A
A =16xCpmify [ dradn fo bad bydbs - oz, 53, b2, b3) Ea(a)] 3 i) (#) + 64,12)

+2r, (1+TD(QY) @b (x2)(x3) | + ha(Fs, X2, b3, b2) Ea ()| raxaglh(x3) (6 (x2) — ¢ (x2)

+2r3(1+T(Q%) plxa)h ()]}

with the correction kernel function [59]

2
F(l):CVSCFiél M _iln2(4x2(1_x3))+(

n —
8t 2 mé 16 m%b%

1 71
+ 511‘1)6211‘1(1 —-x3)— Zln(l -x3)—=Inx; - —

4

For the timelike scalar pion form factor, the positive real
part and negative imaginary part at LO play a dominant
role in producing large CP asymmetry in B® — 7%7° de-
cay. The numerical results show that the NLO contribu-
tion is small in both the magnitude and phase, which is
only slightly different from the LO PQCD predictions for
B — nrr decays.

The timelike pr electromagnetic form factor is also
studied at NLO in the framework of kr factorization [61].
In B — pr decays, it is found that the contribution propor-
tional to the timelike electromagnetic form factor is
power suppressed even at LO, which can be neglected in
numerical calculations. The leading power contribution to
the annihilation amplitude originates from the timelike px

(98)
33 4xy(1 - 3
22 _YE In M —In%(1 = x3)— =1n’x,
4 mib2 8
105 , 41 y: 33y .5
TR s +17r2}. (99)

[
transition form factor induced by the axial-vector current
and pseudoscalar density operators, whose NLO correc-
tion is unknown at present.

F. Decay amplitudes for different channels at NLO

In previous sections, we present various NLO contri-
butions for two body B meson decays. These corrections
along with LO perturbation calculations are channel de-
pendent, which are shown as different effective four
quark operators involved in different B meson decay
channels. With the inclusion of the various types of NLO
corrections presented above, the total decay amplitudes
for different B — PP channels are presented as follows:
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The meson presented with the subscript of typical de-
caying amplitudes is the spectator meson, and the Wilson
coefficients ¢; and C; in the above decay amplitudes are
defined as

Cy G
=—+C, == +Ci,
a 3 2 az 3 1
C; :
i:T+l+Ci with i=3,5,7,9,
Ci-
l_:le C; with i=4,6,8,10. (121)

Note that the above Wilson coefficients are scale de-
pendent, which should be set the same as the scale in the
integration of LO or NLO decay amplitudes. In the above
formulas, we show only the flavor singlet final states 7,
and 7;. To compare with experimental data, one can eas-
ily derive the B — /5" decay amplitudes from the
above formulas using the mixing angle in Eq. (27).

For the decay channels with at least one vector meson

I
in the final states, the total decay amplitudes have the
same configuration of Wilson coefficients because vector
mesons have the same quark-antiquark components as
their partner pseudoscalar mesons. We summarize in
Table 2 the possible contributions as a general Wilson
coefficient decomposition to each of the four typical de-
cay amplitudes. The mode [g;,¢2,¢3] in the first column
indicates the light quarks of the four fermion operator at
the b quark weak decay vertex, with the configuration
that ¢; and ¢, are the component quark flavors in the
emission meson M;, and g3 is the quark flavor in the
spectator meson Ms.

V. NUMERICAL RESULTS AND DISCUSSIONS

All charmless two-body B meson decays have been
calculated using the LO PQCD approach by different au-
thors [45, 48, 51, 77, 120—123]. They were recently up-
dated by various authors at NLO [69-76, 78, 124]. To ex-
plicitly show the effects of NLO corrections from differ-

Table 2. General decomposition of Wilson coefficients for each certain effective weak vertex.

Weak vertex Typical amplitudes Wilson coefficients
[s,5,51,[d,d,d] gV AL, el ALL: ay+ag—OH0 . Cy+Cy - R
SR/ AR, ELR /AR as-%4, Cs-9
&%) AP, &P /AP a-%, Co—%
ld,s,s1, [s.d.d] glyatt, gl Akt ap-, -2
ER AR, ELR ) ALR as-%, Cs-F
[s.s.d]. [d.d,s] slbyatl, gl Ak -9, Cy-p
ER AR, ELR ) ALR as-%, Co-S
[w,u,s], [u,u,d] gL AL, 811(]1;/\?[%1; a, C
ELR AR EIR ) ALR az+as, Cs+Cio
&SP/ ASP &8F | AT as+az, Ce+Cy
Ls,u,u),  [d,u,ul gtljatt,  gld Akl a;, C
ELR /ALR 8}(,1}/3(%,1} as+ayg, Cz+Co
&SP/ ASP &8F | ASE. ag+ag, Cs5+Cq
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ent sources, we present the PQCD results for the branch-
ing ratios” and CP asymmetries of B— xr and B — Kn
decay modes at LO (second column) and with the inclu-
sion of each of the four types of NLO corrections iterat-
ively, that is, the vertex corrections, quark loop, magnet-
ic penguin, and heavy-to-light form factor (FN-°) correc-
tions (3rd-6th columns), in Table 3. For the definitions of
the CP asymmetry parameters Acp,Cy, and S s, we take
the same convention as adopted by the PDG in Ref.
[108]. As shown in Eq. (105), the quark loop and magnet-
ic penguin diagrams do not contribute in B* — n*x°® de-
cay. We see that

(1) For the seven B — nr, Knr decays, the corrections
from the quark loop and magnetic penguin associated
with higher dimension operators cancel each other out in
the prediction of branching ratios. The four-fermion ver-
tex corrections and B — n form factor NLO corrections
do not have a significant effect on the branching ratios.

(2) The four-fermion vertex correction flips the sign
of the direct CP asymmetry prediction in the B* — n*n°
and B° — 7°7° modes [72]. For the CP asymmetries of
the seven considered decay modes, the agreement
between the PQCD predictions and the measured values
becomes significantly better with the inclusion of NLO
corrections.

(3) There are more sizable NLO corrections to the
color suppressed decay modes, such as the B® — 7%2° and

B® — n°K? decays, than the color favored decay modes.

(4) The NLO corrections change the CP asymmetry
parameters more significantly than the branching ratios.
For example, the direct CP asymmetry of B* — 7’K* de-
cay is similar to that of B° —a K* decay at LO.
However, the former changes sign with the inclusion of
NLO corrections, which explicitly explains the so-called
K puzzle [53].

(5) For the largest direct CP asymmetries measured in
B —» n*n~ and B — K*n~ decays, the NLO corrections
reduce the size significantly compared with the LO res-
ults. This indicates that the strong phase from charm
quark loop correction gives a destructive contribution to
the annihilation type diagram at LO.

A. B — PP decay modes

In Table 4, we show the updated NLO PQCD predic-
tions for the branching ratios of B — PP decays along
with experiment data. As comparisons, the results from
SCET [125] and the QCDF approach [126, 127] are also
listed. The two dominant uncertainties shown in this ta-
ble and the following tables arise from the B meson dis-
tribution amplitude parameter wp and the Gegenbauer
moments in the LCDAs of light mesons. Other sources of

Table 3. Anatomy of NLO corrections to the branching ratios (8, in units of 10°) and CP asymmetry parameters (Acp,Cy,S f, in

units of 1072) of B — an, Kx decays in the PQCD approach.

Mode LO +VC +MP +FNLO PDG [108]
B(B* — nta¥) 3.58 3.89 4.187032 55+0.4
Acp -0.05 0.09 0.08+0:%0 3+4
BB > nt77) 6.97 6.82 6.92 6.76 7.3172-38 5.12£0.19
Crtn -23.4 -27.6 -13.8 -13.3 -12.8733 324
Srn- -31.1 -355 -46.4 -37.0 -36.4*13 —65+4
B(B® — n07%) 0.14 0.29 0.30 0.22 0.23+047 1.59+0.26
0.05
Cro0 -3.1 60.1 73.6 77.6 80.2%32 3322
B(B* - n*K?) 17.0 20.8 28.0 19.4 20.3+63 23.7+0.8
Acp -1.19 -0.95 -0.06 -0.08 -0.08%0.%8 -1.7£16
B(B* — n'K*) 10.0 12.75 16.76 11.92 12.3+38 12.9+0.5
Acp -10.9 -5.20 2.26 2.48 2.28716) 3.7+2.1
B(B® — 17 K*) 143 18.0 23.9 16.4 17.1432 19.6+0.5
Acp -152 -142 -4.16 -5.42 -5.4372% -83+04
B(B® — n°K0) 5.90 8.12 104 6.99 7.387%11 9.9+0.5
Crogo -2.62 -7.31 -6.57 -7.97 -7.70703 0£13
S oo 70.1 73.5 71.6 71.9 71.979¢ 5817

1) As the convention of experiments, the branching ratios shown in this review are averages of the B and B decays.
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Table 4. Updated PQCD results for the branching ratios of B— PP decays (in units of 107%).

Mode PQCD SCETI [125] SCET2 [125] QCDF [127] PDG [108]
B* — 1 K° 20.3743+04 2177334 237408
Bt — 19K+ 12.3+38+0 12.5+6% 12.9+0.5
B* - 'K* 52.07109+2) 69.5+28.4 69.3+27.7 74.5+636 70.4+2.5
B* —nK* 6.68" 180705 27448 2345 22129 24+04
B* - K*K° 15610434003 18701 1.31£0.17
B — O 4.187:30+0.22 5.9+26 55+04
B >y 20079374038 24413 28+13 38116 2709
B - 'y 2.62+0:18+045 49£2.0 5.0+2.1 50003 4.02+0.27
BY - K* 17.175:2+04 19.3*114 19.6+0.5
B® — n0K° 738411700 8.6%3¢ 9.9+0.5
B > 'K° 52.37143+21 63.2+26.3 62.2+25.4 70.930:4 66+4
B" - nk® 4637155707 2444 23444 15717 1234027
B® > KOKO 1.48*047+0.00 21743 1.21+0.16
B - K*K- 0.046*0 0350008 0.120.04 0.078£0.015
B > ntnm 7314505 7.0%08 5.12+0.19
B — n'x 023"565 001 LI%G3 159026
B — n%’ 0.20*305+0.02 23+2.8 13+0.6 0.42+028 12+0.6
B — % 0.2070:06+0.02 0.88+0.68 0.68+0.62 0.36*9:13 0.410.17
B =y 0.37+0.99+0.08 0.69+0.71 1.0£1.5 0.32*0%8 <1
B =iy 0.29+0:07+0.06 1.0+1.6 22+55 0.3670%7 <12
B > 'y 0.42+009+0.13 0.57+0.73 1237 0.22:016 <17

small theoretical errors, such as the combined uncer-
tainty on the CKM matrix elements, are not included. For
most B — PP decays, the PQCD predictions for the
branching ratios agree well with those of SCET and the
QCDF and measured values within errors. For B® — 7%7°
decay, however, the NLO enhancements listed in Table 3
are still not sufficiently large to interpret the measured
values. It is worth mentioning that the authors of Ref.
[63] studied the Glauber-gluon effect in B’ — 7°2° decay
and found that such an effect could provide a factor of 2.1
enhancement to the decay rate, reaching Br(B® — n°2°) =
(0.61*931)x 107°. The NLO corrections play an import-
ant role in explaining the data in penguin dominated
channels, particularly in B* — 2°K*,n*K°,’K* and
B® — 7°K°, 7~ K* .5 K° [71]. For the pure annihilation de-
cay B” - K*K~, the NLO effect is also found to be siz-
able compared with the previous PQCD prediction at LO
[69].

In Table 5, we show the updated CP asymmetry para-
meters of the B — PP decays that are measured by exper-
iments. As expected, the CP asymmetry is large com-
pared with the K and D meson decays because the weak
phases arising from tree and penguin amplitudes are com-
parable in size for B meson decays. For the neutral B

meson decays under consideration, the CP asymmetries
are not sensitive to the new power corrections being taken
into account in this study. For charged B meson decays,
however, the direct CP asymmetries are affected by the
inclusion of these corrections, especially for channels
with at least one # or " in the final states. For comparis-
on, we also include the results from SCET and the
QCDF. Despite the good agreement between the branch-
ing ratios of these approaches and the PQCD approach,
there is a large difference in the CP asymmetry paramet-
ers between these approaches, even a different sign for
some decay channels, such as B* — K* Kg, BY > ntn,
B" - %2, and B —y/K{. It is easy to see that the
PQCD results have better agreement with the current ex-
perimental data than the QCDF results. This verifies that
the dominant strong phase in two body charmless B de-
cays originates from penguin annihilation type diagrams
rather than NLO QCD corrections.

B. B — PV decay modes
In Tables 6 and 7, we list the NLO PQCD predictions
for the branching ratios of B — PV decays. There are
three special cases of decay modes B°/B° — K*K*~/
KK, B'/B® - K'K*0/K°K*°, and B°/B° — n*p~ /np*
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Table 5. Updated PQCD results for the CP asymmetries of B— PP decays (in units of 1072).

Mode PQCD SCETI [125] SCET2 [125] QCDF [127] PDG [108]
B* > K} -0.08+0.08+0.02 0.28*9% -1.7+1.6
Bt - 10K+ 228f}ggj8§(7) 4.9fg:§ 3.0+2.1
B* - i/K* ~1.83+04040.77 “1t1 7x1 0.45+14 0.4%1.1

B - nK* ~7.75*1.96+0381 3331 -33+40 -14.5+18¢ -37+8

B* — K*K? 18341 9018 ~6.4+2.0 2114
B* - nr* 00823067004 0117568 34
Bt >ty 68.924+10 2121 2+18 1.6719¢ 6+16

B >ty 24.8+3:6+08 5£29 37£29 -5.08, -14£7
B = K* —5.43+186+126 ~7.4+4¢ -83+04
B® - n°k} ~7.70%5 33+0-12 -10.6752 Croxo =013
71.9%03+0 79.072 S 0x0 =58=17
B —n'Kg ~265%5 100 1114 ~27%12 305 Cygo=—6x4
69.8701101 70.6 715 67.0+ 1.4 Syko =636
B® - nKY 7887014009 2121 ~18+232 -23.6°50
70.0702+02 69 79 79.0%89
B~ K9k ~17.378104 ~100733 Crgg =040
534710005 Kyxy = ~80£30
B St -12.8+33+11 17.0%%2 Crrn- =—32£4
—36.4705+14 -69+29¢ St =—65+4
B0 = 7070 -80.232+04 57.27337 Choq0 =—33£22
535%5430
Table 6. Updated PQCD results for the branching ratios of B* — PV decays (in units of 107%).
Mode PQCD SCETI [128] SCET2 [128] QCDF [127] PDG [108]

B = K" 552+ 534088 85439 9.913] 10.4%33 10.1+0.8
Bt =K 358205015 4215 65175 6733 6.8:+0.9
Bt =i K 154503 ok 45% 48737 L7 48718
Bt — Kt 6.08*040+1492 17.983 18.631 1574437 193+16
B' > K'w 6.17°5501% 51139 59113 48'30 65+04
B' > K'¢ 4617556 97133 8673 88733 88704
B* - K*p° 3.28+025+0.50 67429 46419 3.5+ 3.7+0.5
B* - K%* 6111553556 93135 10.1753 78733 7353

B* — K*K*0 0.47+013+002 0.49+028 0.51702, 0.80%038 0.59+£0.08

Bt — ROK* 031555509 0547533 051751 0467531
Bt — 0 4.9671:34+0.13 10.7+12 7.9+08 87432 8312
B* - n%* 10.9434+06 8.9%19 11.4+13 11.8423 10.9+ 1.4
B* —u'p* 406357077 037753, 044733 565535 97422
B' = np* 5591153 16 39119 3344 8319 70£2.9
B —rtw 54211107045 6.77% 85703 6713 69+0.5
Bt » it 0.042+0:914+0.002 ~0.003 ~0.003 ~0.043 0.032+£0.015
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in Table 7, each containing four individual decay chan-
nels. The experiments cannot distinguish between them
unless a time dependent analysis is conducted because of
B° - B® mixing [76]. Therefore, the branching ratios
shown in the table are the sum of the four corresponding
decay channels divided by 2. We note that the branching
ratios for channels decaying into the final states
nK*,Kp,KK* and nmp are comparable with previous
PQCD predictions [74—76], with little change in the para-
meters of these meson states, which also agree with the
experimental measurements within errors. For the
B* = n"p" n”K** and B’ —n”K*" decays, the NLO
PQCD results are smaller than the measured ones. The
contribution from the considered NLO corrections can
provide more enhancement to these modes than previous
PQCD predictions at LO [77], but it is still not suffi-
ciently large to explain the data. Further studies are re-
quired for these decays, especially the U(1) anomaly
problem and the mixing uncertainty of flavour SU(3)
singlet mesons 1. In the w and ¢ involved channels,
NLO corrections play an important role in explaining the
data. Note that the mixing between w and ¢ can also
change the results of the B— K¢ and B — Kw decay
channels.

In Table 8, we list the PQCD predictions for the CP
asymmetry parameters of B — PV decays. We do not ex-

plicitly show the results of channels that are not meas-
ured. The NLO PQCD predictions agree with the avail-
able measured values, although there are still large exper-
imental uncertainties. For comparison, we also show the
results of SCET and the QCDF. It is easy to see that there
are large differences between these approaches for many
of the decay channels owing to the different sources of
strong phases in these approaches, which require further
precision experimental data to resolve. By comparing this
table with Table 5, we can see that the measured direct
CP asymmetry of the B — PV decays is significantly lar-
ger than that of B — PP decays.

e For the direct CP asymmetry of the B* — K*p° and
B® — K*p~ decays, the PQCD predictions are larger than
the measurements by 50%, and the new LHCb measure-
ment (15+2.2)% [129] agrees more with the SCET res-
ult. Similar results are also found for B* - K*w decay
with a 30% CP asymmetry from PQCD calculation.

® These large direct CP asymmetry predictions from
theories agree with the current experimental data within
uncertainties. Unfortunately, it is difficult to measure
these types of decays precisely in experiments because
the vector meson (immediately decayed two pseudoscal-
ar mesons) in the final state is not directly measurable via

Table 7. Updated PQCD results for the branching ratios of B® — PV decays (in units of 1079).

Mode PQCD SCET1 [128] SCET2 [128] QCDF [127] PDG [108]
B~ K0 16073487604 41183 40748 15448 28206
B - 7k 53710518 16639 1654 15,63 159210
B - K% 5.607025133 4.1732 4.9120 4.1%3 4.8+0.4
B - K% 425130 9.0143 8033 8.1%! 73207
B> K*p~ 6.05%030+081 9.8740 10.25) 8.6123 7.0+0.9
B - KO0 36470804 357! 5833 5433 34x11
B® > K 4.677150+021 8.4%57 9.5734! 9.238 75404
B9 s 20K0 1.5740.35+0.14 4.6%23 37013 3548 33+0.6

BO S KYK + KK 0 39+80§+88§ 0 10+8(ng 0 15+0.05 <04

*27-0.03-0.02 Y04 Y-0.04 -
B® - KOR*0 4 ROKO 0.797017+018 0.9670:38 0.95+0:3 1377945 <0.96
BY — %" 03275, 9+0.04 25703 15704 13724 20+£0.5
B > ntp~ +77p* 252437414 13.4%13 16.8417 25.1724 23.0+2.3
BO — n;po 0 12+80%+88§ 0 43+2.51 1 0+3A5 0 09+0A12 <13
19-0.02-0. T0-0.13 V=09 7-0.05 .
BY — np° 0.137002+0-03 0.0470.20 0.14+033 0.1070:93 <L5
B - % 0.02+001+0.00 ~0.001 ~0.001 0.01+503 <0.15
J: —— 0.022+0-003+0.009 ~0.0001 ~0.0007 ~0.004 <05
BY — ¢ 0.006*0002+0-008 ~0.0004 ~0.0008 ~0.005 <05
B - 2% 0.1070:-02+001 0.0003+0:02 0.01570023 0.0170:0¢ <05
BO N n/w 0 53+8,1(3)+8A13 0 18+(1),3(1) 3 1+4A9 0 59+0.6O
77=0.10-0.1 =01 =26 T7-0.27
B~ e 0732515514 091758 1456 085753
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Table 8. Updated PQCD results for the CP asymmetries of B — PV decays (in units of 1072).

Mode PQCD SCETI [128] SCET2 [128] QCDF [127] PDG [108]
B - Kt L5408 27334 2638 655%%] 26121
B* — nK** —34.525+02 -2.6734 -1.9734 -9.7+73 2+6
B' > K'w 3151703 1165503 1237198 221053 244
Bt - n* K 09470387003 0 0 04433 49
B - 0K 001740112 ~17.8:334 ~129+12 L6y 3921
B = K 587700755 9215 16.07593 454755 3710
B - K%' 0.99°9810 13 0 0 03163 3215
B* - K+*E*0 21.3762+12 -3.67%1 -4.4%4! -8.9%3¢ 12+10
B* > K*¢ ~1.93+066+0.66 0 0 0.6 24+£238
Bt > n*¢ 0.0 0.0 1£5
B' »rtw —298'03"08 05156 23153 ~132739 45
B —ntp° 14.9*04+0 -10.8%134 -19.2713¢ -9.8%143 09+1.9
B* — x'p* ~7.316:001 15,5717 12,37 9.7 2211
B o 29.0734:31 ~19.8°55¢ 217 14l 2217
B* —> ot -13.00:1+9.1 -6.67313 -9.1+187 -8.5%%3 =11
BY — ' K* 124701403 9.67970 9.9%63 6.8+310 ~7+18
B i 2103 13 0743 3573 193
B > K*p~ 54.3704+08 7.17112 9.67139 31.9+227 2011
BY - nK** -14.1760+2.9 -11.2%129 -12.2+114 12.1+]2¢ -27+4
B — 0K —148701113 5.0%53 5473 -10875 1513
B > p* -0.59%0.18+0.12 11.8+173 10.8*74, 4.4+38 136
B > ntp” 30970115 994143 -124738 -22775 88
B - Ko —5.20°083002) 52153 3832 4738 Crg =040
792?&283 S Ko = 70+21
B > K% 2.677005+028 0 0 0.9703 CKg =114
70.6+03+08 711 Sgge =914
B~ K" 896341000 ~6.6:}L0 35443 87788 Crgpo = ~4220
5790300 502¢” S kg0 = 505]
B® — 7% 661737439 -0.6131¢ -3.57214 Cropo =—27+24
—46.870 4131 2442 Sa0.0 =—23+34

experiments. The measured three body B meson decays
contain direct three-body B decays along with intermedi-
ate B — PV decays, which are difficult to resolve. Re-
cently, researchers obtained large direct CP asymmetry in
three-body B decays in some regions of the Dalitz plot,
which provides strong evidence of large CP asymmetry
in B— PV decays.

e There is large direct CP asymmetry for rare decay
channels with branching ratios one order magnitude smal-
ler than other channels, such as the B* — K*K*? and
B — %" decays, in which many of these suppressed
contributions also play an important role. The theoretical

calculation of CP asymmetry is significantly affected by
NLO corrections and newly added power corrections
(O(x1) and O(myp/mp)) in this study. Note that they may
change significantly again if a complete NLO correction
is included [75, 76].

e The decays B°/B° — n*p~/n p*, as discussed at the
beginning of this subsection, require experimental meas-
urement of the time dependence of all four decay chan-
nels. The CP asymmetry analysis is complicated, as dis-
cussed in Ref. [76]. We show only two of the six CP
asymmetry parameters of these decays.
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C. B — VV decay modes

Two body B decays with two vector mesons in the fi-
nal states are more complicated than B — PP and
B — PV decays. As shown in the last section, only the
vertex correction, quark loop, and magnetic penguin con-
tributions for B — VV decays are available [124]. Al-
though all other NLO corrections are still missing, we in-
clude the results of all B— VV decays with currently
known NLO corrections.

In Table 9, we list the updated PQCD predictions for
the branching ratios, along with the SCET and QCDF res-
ults and experiment data. For most B — VV decays, the
NLO PQCD predictions agree well with the measured
values within errors. Because the vector meson is not dir-
ectly measurable by experiments, B— VV decays are
measured as four or five-body decays in experiments.
Again, there is a significantly larger systematic uncer-
tainty on these decays than the corresponding B — PP de-
cays for experiments owing to the interference between
different resonances and between the resonance and con-
tinuum. Theoretically, it is expected that the branching
ratios of B — VV decays should be significantly larger
than those of B — PP decays because the decay constant
of the vector meson is larger than that of the pseudoscal-
ar meson, and the transverse polarization provides an ad-

ditional contribution. This argument stands for most of B
meson decays, except for the B — nwr and B — pp decays.
It is easy to see from Tables 4 and 9 that the PQCD
branching ratio of B” — p%0° decay is two times larger
than that of B’ — 7%2° decay, whereas experimentally, it
is the inverse case. This is the long-standing sz puzzle. In
fact, the experimental data for the B® — p%0° decay are
not consistent between the two B factories [51]. Because
of the isospin symmetry between the decay amplitudes of
B—p%°, p%* ,and p*p~, and the smallness of the
B® — p°° decay branching ratio, one generally expects a
relation of B(B® — p*p~) =~ 2B(B* — p’p*). From Table
9, we can easily see that, theoretically, the isospin tri-
angle holds with very good precision, whereas the experi-
mental data shows B(B” - p*p )~ 1.58(B* — p'p).
There must be a serious problem in these experimental
measurements because no one expects new physics to vi-
olate QCD isospin symmetry. The considered power cor-
rections of O(x|) and O(my/mp) in this study do not intro-
duce measurable change to the previous PQCD predic-
tions of branching ratios at LO [51]. For most B— VV
decays, the variations induced by the inclusion of the
known partial NLO contributions are small or moderate.
For the rare decays B* — p*¢, B® — p°0°,p%w, 0%, ww,
w¢, however, the enhancements can be as large as 100%.

Table 9. Updated PQCD results for the branching ratios of B — VV decays (in units of 1076).

Mode PQCD SCET [130] QCDF [127,131] PDG [108]
Bt — ptK*0 9.40+143+1.03 8.93+3.18 9.2+38 9.2+1.5
B* — pOK* 6.25* 14205 4.64+1.37 55704 4.6+1.1
Bt - wK* 5.48+1:92+081 5.56+1.60 3.0723 <74
B* - ¢K** 12.3+17+12 9.86+3.39 10.071%4 102+2.0
Bt — K* 0 0.66+013+0.09 0.52+0.18 0.6703 0.91+0.29
B+ — plp* 14.074:1+04 22.1£3.7 20.06*53 24.0£19
B* 5 ptw 10.9+28+10 19.243.1 16.97¢ 15.9£2.1
B* - p*¢ 0.0420 0080 008 0.005+0.001 = <3.0
B = p~K** 872+ 21037 10.6+3.2 8.9+49 10.3+2.6
BY — pk*0 3.37+038+043 5.87+1.87 4.6+38 39x13
BY = wK*0 5.93+089+1 74 3.82+1.39 2,533 2.0+0.5
B — ¢K*0 11.8*716+13 9.14+3.14 10.0£0.5
B — KO0 0.38"008*0.01 0.48+0.16 0.6+02 0.83+0.24
B~ KK 0T o162} <20
B - p*p 22.774:3+0¢ 27.7+4.1 255738 277+1.9
BY — p00 0.5470-16+004 1.00£0.29 0.9%2 0.96£0.15
B’ - plw 0.76013+0-14 0.59+0.19 0.08+9:3¢ <1.6
B~ % 001955035601 ~0.002 <33
BY 5 ww 1.21#324+0.31 0.39+0.13 0.7+0} 12+0.4
B = wo 0.018%5503"5.005 ~0.002 <07
B - ¢¢ 0.029"665"0 006 <0.027
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In Table 10, we list the updated PQCD predictions for
the CP asymmetry parameters Acp, C, and S of two-body
charmless B— VV decays. Although some of the
B — VV decays are predicted with large CP asymmetry,
there is no experimental measurement with a signal signi-
ficance of more than 3. The reason for this difficulty in
experiments is that there are at least four mesons in the fi-
nal states to measure in these decays [132, 133], and
hence, the interference between different resonances and
between the resonance and continuum is more complic-
ated than that of B — PV decays. Therefore, more experi-
mental data and precision measurements of angular distri-
butions are required for B — VV decays. On the theoret-
ical side, the inclusion of the known NLO contribution
can change the CP asymmetry parameters more signific-
antly than the branching ratios. For example, the sign of
Acp(p*K*), Acp(K**K*0) and S0 is changed by NLO
corrections in the PQCD approach. In fact, as discussed
in the previous section, fewer NLO corrections are com-
pleted for vector meson final states than pseudo-scalar
meson final states. More investigative effort is required
for B— VV decays in the theoretical improvement of
NLO corrections.

Besides the decay width, the fraction of a given polar-
ization state of hadronic B — VV decays is also an inter-
esting observable because studies on these physical
quantities offer more opportunities for understanding the
mechanism behind hadronic weak decays and CP asym-
metry. In Table 11, we list the updated PQCD predic-
tions for the longitudinal polarization fractions f; of two-
body charmless B — VV decays, along with results calcu-

lated in SCET and the QCDF and experiment data. The
systematic uncertainties in these experimental studies
cancel in the ratios; thus, the experimental measurements
are more reliable than the branching ratios and CP asym-
metry parameter in B — VV decays, which can be seen
from the comparison of the experimental data in Tables 9,
10, and 11. From the tables, we see that the NLO QCD
corrections and newly added two power suppressed terms
can help us to explain the longitudinal polarization frac-
tion as well as the branching fraction of the color sup-
pressed B® — p%0° decay. For penguin dominant decays,
we note that the LO PQCD results of the polarization
fractions have better agreement with the current experi-
mental data than the partly NLO corrected PQCD results.
The reason for this is very simple; the included NLO cor-
rections only enhance the longitudinal polarization in
B — VV decays, making the branching ratios larger than
the LO ones, which can be seen explicitly in Table 11 and
Ref. [51]. A more complete NLO result together with an
update of the LCDAs of vector mesons are required.

It is expected that the size of transverse polarization is
suppressed by my/mp in naive power counting compared
with that of longitudinal polarization in B — VV decays
[135]. The large transverse polarization fractions ob-
served in the penguin-dominated B — VV modes, such as
B — pK*,wK*,¢K* decays, are therefore challenging for
the QCDF [135]. In the framework of PQCD, the large
transverse polarization fraction is interpreted on the basis
of the chirality enhanced annihilation diagrams, particu-
larly on the (S—P)x (S +P) QCD penguin operator, where
light quarks in the final states are not produced through

Table 10. Updated PQCD results for the CP asymmetries of B— VV decays (in units of 1072).

Mode PQCD SCET [130] QCDF [127,131] PDG [108]
B* = p*K*0 0.58+013+0.16 -0.56+0.61 -0.32 ~-1+16
Bt — pOK*+ 30.6+05+01 29.3+31.0 43+13 31+13
B - wK* 43.0t17438 243+27.1 29435
B* — ¢K** 24070144043 -0.39+0.44 0.05 -1+38
Bt — K* K0 -26.8*23410 95+10.6
B - pp* 0.03+0:00+0.00 0.0 0.06 -5+5
BY - ptw —25.9*18+13 -13.6+16.1 -8%3 -20+9
Bt —pte 0.0 0.0
B — pK*+ 324704401 20.6+23.3 322, 21+15
B — p0k*0 ~14.4*12+00 -3.30+3.91 -15+16 -6+9
BY - wK* 9.89*025+19 3.66+4.05 23+10 45425
B — ¢K*0 0.8670.96+0.07 -0.39+0.44 0.8+0¢ 0+4
B = ptp ~1.85+920+0.01 ~7.68+9.19 1ty Corpm =09
—12.7701+04 -197% Sprp-=—14£13
BY — p0p0 746713409 19.5+23.5 -5372¢ Cho0 =20+90
1384003353 1643 S 0,0 =30£70
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Table 11. Updated PQCD results for the longitudinal polarization fractions f;, of B — VV decays (in units of percentage).
Mode PQCDy0 [51] PQCD SCET [130] QCDF [127,131] HFLAV [134]
Bt — ptK* 70.0+5.0 76.611-> 450+18.0 48.0735 48+8
B* — oK™ 75.0749 80.0*13 42.0+14.0 67.0734 7812
B* - wK** 64.0+7.0 774103 53.0+14.0 67.07359 41£19
B* — pK** 57.073 68.77]3 51.0+16.4 49,0731 50+5
B o KR 74.0+7.0 82.4+11 50.0+16.0 45.01339 82137
Bt — pp* 98.0+1.0 96.90-1 ~ 100 96.0+2.0 95+ 1.6
B* > ptw 97.0+1.0 96.3103 97.0+1.0 96.020 90+6
B >p¢ 95.0+1.0 81.3+19 ~ 100
B = pK*+ 68.03:9 75.7412 55+ 14 53.0743:9 38+13
BY — pOK*0 65.0+20 71.0+13 61.0+13.0 39.075% 17.3+2.6
BY - wk*0 65.0+5.0 77.7+0:4 40.0+20.0 58.0744:0 6911
B — ¢K*0 56.538 69.5%12 51.0+16.4 50.07349 49.7+1.7
BY — K00 58.0+8.0 68.8733 50.0+16.0 52.0*48:9 7445
B® — K™ K*~ ~100.0 ~100.0 ~100.0
B = p*p~ 95.0£1.0 93.8*91 99.1+0.3 92.0*19 99.07%
B — p°p" 12,013 80.9*1 87.0£5.0 92.0179, 7148
B 5w 67.0*89 742401 58.0+14.0 52.00550
BY - 0 95.0£ 1.0 81.3%]9 ~ 100
B 5 ww 66.0+100 88.4*09 64.0+15.0 94.0749
2.0 0.8
BY - w¢ 94.0*50 80.8%)% ~ 100
0.0
B’ > ¢¢ 97.0+1.0 99.9+00

chiral currents, and hence the transversal polarization
state is not suppressed by the helicity flip [51]. In con-
trast with the PQCD approach, where the annihilation
amplitudes can be perturbatively calculated, later QCDF
calculation introduces plural annihilation parameters to
mitigate the troublesome endpoint divergence and fits to
the existing data of branching ratios [127]. More mechan-
isms, such as possible larger electroweak penguin contri-
butions, are added to the QCDF to make the transverse
polarizations larger and hence match the experimental
data [131].

Additional physical observables, such as the perpen-
dicular polarization fraction (f.), relative phase
(@1, ¢1,00), and helicity CP asymmetry parameters
(ﬂgp, Alp), in B— VV decays have been discussed in
Ref. [51]. Because complete NLO corrections for these
types of decays are not available, we do not upgrade these
variables in this review.

VI. CONCLUSION

Encouraged by the upgrade of LHCD and the physic-
al operation of Belle-II, which will greatly improve the
accuracy of the experimental measurement of most B
meson decay modes, higher precision theoretical investig-

ations of high order QCD corrections are in progress. By
regulating the endpoint divergence by the transverse mo-
mentum of quarks in the propagators, one can perform
perturbation calculations for different types of diagrams
in the PQCD factorization approach based on ky factoriz-
ation, including annihilation type diagrams. We summar-
ize the comprehensive study of two-body charmless
B — PP,PV,VV decays in the PQCD factorization ap-
proach up to NLO. The vertex corrections, quark loop
diagrams, and chromo-magnetic operator contributions
are considered in all of these decays. NLO QCD correc-
tions to the naive factorization type diagrams of the
B — P transition and corrections to the timelike pion
form factors are also included. In short, most of the NLO
QCD corrections for the naive factorization diagrams are
complete for B— PP decays, leaving only NLO correc-
tions for hard scattering diagrams. However, NLO correc-
tions for B— VV decay channels are the least known,
resulting in low precision.

Because of the complication in NLO calculations, dif-
ferent B decay channels have been calculated by differ-
ent authors at different times. Unavoidably, slightly dif-
ferent non-perturbative parameters were used in different
studies for different decay channels. In this review, we
consider the latest determination of nonperturbative para-
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meters in hadron distribution amplitudes, the currently
known NLO QCD corrections, and the new two power
suppressed terms in the decaying amplitude, which are
proportional to the momentum fraction of light (anti-)
quarks in the B meson and to the ratio m,/mg. We also
use the most recent values of the relevant CKM matrix
elements and weak phases in the numerical calculations.
As a result, the branching ratios and CP asymmetry para-
meters of all considered B — PP,PV,VV decays summar-
ized in this review are slightly different from the existing
NLO PQCD predictions. For B— VV decays, the PQCD
predictions for the longitudinal polarization fractions f;.
are also shown. The main theoretical errors arise from the
input hadronic parameters, such as the uncertainties on
wp and Gegenbauer moments. Other sources of small
theoretical errors, such as the combined uncertainty on
the CKM matrix elements, are not included.

For most of the considered B meson decay channels,
the PQCD results for branching ratios agree well with
those of other approaches and experimental measure-
ments within errors after the inclusion of all currently
known NLO contributions and power suppressed terms.
The PQCD predictions for the CP asymmetry parameters
disagree with the SCET and QCDF predictions for many
of the decay channels, but have a better agreement with
the measured values. The longstanding Kz puzzle on the
pattern of the direct CP asymmetries of penguin-domin-
ated B — Kr decays can be understood directly after the
inclusion of NLO contributions. The newly added two
power suppressed terms play an important role in the
B — nP decay modes and also significantly affect the
PQCD predictions for CP asymmetries in rare decay
channels, such as B — K*K*? and B® — 7%°. Neverthe-
less, their contributions to other decays are negligible.

0(by — b)lo(ab)Ko(aby) + (by < by),

hay(a,b1,br) =

Here, Jy is the Bessel function, Ky and I are the modi-
fied Bessel functions, Ny is the Neumann function, and
H, is the Hankel function of the first type, with the rela-
tion H((Jl)(x) = Jo(x) +1Np(x). In different types of decay
amplitudes, the x; dependent integrated variables «;,p;
are different, which are arranged as

2 2 2 2 2
(ae) = Xjmg, Be)” = (Be) = X1X3mpg,

2 2 2
(@ne)” = (pe)” = X1 x3m3,

2 2
(@) = X3mgpg,
2 - 2
(Bre)™ = x3(x1 — X2) my,

Bue)* = x3(x1 —x2)my, ()" = —F3m3,

%9(1’2 —b1)Jo(N=a2b)Hy (V=a?by) + (by © by),

In the PQCD factorization approach, NLO contribu-
tions are only partially known at present. For B — VV de-
cays, the least number of NLO QCD corrections are cal-
culated, resulting in many of the longitudinal polariza-
tion fractions of these decays not agreeing well with ex-
perimental data. Missing NLO contributions, such as
those related to B — V transition form factors, hard scat-
tering diagrams, and annihilation diagrams, should be cal-
culated as soon as possible to meet the requirement for
precision testing of the SM and to find a possible signal
or evidence of new physics. Meson LCDAs, as the main
nonperturbative parameters in this approach, absorb in-
frared divergences in the factorization of QCD correc-
tions order by order. They should be changed after each
NLO correction is included. Precise parameters should be
determined using a global fit of the experimental data
after a complete NLO result is available.

APPENDIX A: HARD FUNCTIONS AND
SUDAKOV FACTORS

At LO, the hard functions %; in decay amplitudes are

hi(x1,x2,(x3),b1,b2) = h1(B;, b2) X ha(a;, b1, b)),

i€le,a,ne,na,na’} (A1)
with the multiplicative functions
Ko(Bb), B>>0
m@B.b) =1 ir (A2)
SHY (NP, <0
a*>0
(A3)
a? <0

(@) = —xamy, (Ba)* = (Bu)* = —Xzxamy,
(@na)* = (U ) = —Faxamy,  (Bua)® = [1+x3 (x2 — X1)Im3%,
Buar)* = X3 (x1 — x2) 113

(A4)

The hard function in the decay amplitude of the chro-
momagnetic penguin correction is

hg(a'g"’ ,Bg"’ »Yg"s bl s b2, b3) = _KO(Bg“’bl )KO(Yg*” bZ)

/2
f dé tan @ Jo(agn by tan6)Jo(agn by tan 0)Jo(agw b3 tan )
0
(AS5)

123103-34



Charmless two-body B meson decays in the perturbative QCD factorization approach

Chin. Phys. C 46, 123103 (2022)

with the inner virtualities

2 2 2 2 z_ . 2
(a/q) = X3mp, (q) = X1X3mp, (’yq) = X3Xxpmpg,

(aq’)2 = xlm%;a ( q’)2 = ( g)Z» ()’qr)z =(x2 —xl)m%.
(A6)

The Sudakov factors and strong coupling in the F
functions within the integration of various decay amp-
litudes are

Eo(u) =a,(exp[—S p(u) — S 318 1(x3),
Eo () =a()exp[—S p(1) — S 318 1(x1),
Epe(u) =as(uexp[=S p(u) =S 2(1) = S3)]lp,=b, »

E, (1) =a(wexp[-S2(1) - S 3(1)1S 1(x3),

Eq () =a(u)exp[=S2(u) — S 3()1S (x2),
Epa(p) =5 (1)exp[=S 5(10) = S 2(0) = S 3(t)]lp, =, -

Eq(1) =as(u)*C9 (. ")exp[—S p(u) — S 3(1)1S 1(x3),

Eq (1) =a(u)*C' P (u, P)expl—S p(1) = S 3()1S 1(x1).
Exgg(u) =a(1)*Cgh ()expl—S () = S 2 (1) = S 3(w)18 1(x3),

Egg (1) =a,(1)*Cga (w)expl=S 5(1t) =S 2(1) = S 3(u)1S 1(x1)..
(AT)

The renormalization scale u in the above functions are
taken at the largest virtualities in each decay amplitude to
suppress the high order contributions, which are chosen
as

He =Max{lael, |Bel, 1/b1,1/b3},

He =Max{lae |, |Bel,1/b3,1/b1},
ne =Max{|@nel, |Bnel, 1/b1,1/b2},

Hne =Max{|ane |, |Bne |, 1/b1,1/b2},

=Max{|aal,|Bal, 1/b2,1/b3},

—Max{l |, 1Bal, 1/b3,1/b3},
na =Max{|@nal, |Bral> 1/b1,1/b2}
o =Max{|@pa |, |Bnals 1/b1,1/b2},

Hq —Max{laql Bgls1vqls 1/b1,1/b3}

¢ =Max{lag|,|B¢1.lygl,1/b3,1/b1}

Hg —Max{lafgl Bsls1yvgl, 1/b1,1/b2,1/b3},

Mg =Max{lag|,|Bg |, lyg 1, 1/b1,1/b2,1/b3}. (A8)

The Sudakov factor associated in B and light meson
wave functions read, respectively, as

S p(x1,b1,1) = S(Xl )+Sq(bl,,u) (A9)

V2

- mp
SM,(-xis-xisbisu) =S(-xi_3bi)
V2

+ s(x, nj/j )+ sq(bi, ).

The factor s(Q,b) is the gauge invariant with gauge
cancelation between the reducible and irreducible soft
gluon corrections [86, 136, 137], which collects the re-
summation of double logarithms in kr factorization [84],

A 5\ AD (g AD )
()4 (1) 5 )
2B b] 4p 281
AV, G [ln(2b)+ 1 Ing)+1
43 b q

A® A e2ve1 g

i Sl )
{4.32 4B 2 b

ADB,

In2(2b)-1n*(29)

] 1

_ADB, ln(e275‘1)[ln(213)+1 _In@2g)+1

83 2 b q
_APB [2In29)+3  2In(2b)+3
1644 g b
_APB, q b ]

1631
- R
= [91n%(25) + 6 In(2b) + 2

(A10)

5(£0.b) =

AP g
4np
AP B2 118 1n%(25) +30 In(2b) + 19
- 1728,86[ b2
_18I0°(24)+301n(29) + 19|
b2

(All)

The abbreviated variables are

=) #= (i)

and the coefficients A”) and ; are

(A12)

AW =

7 (A13)

The factor s,(b,u) in Eqs. (130) and (131) originates
from the resummation of single logarithms in the quark
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self-energy correction
5 (* da
=3 [ B,
1/b, M

yes d_
5g(bispt) =2 fl 2 (@), (A14)

/b, H

with the quark anomaly dimension y, = —a,(u)/x.

In addition to the end-point singularity introduced by
the external quark lines, the longitudinal momentum frac-
tion generates a large logarithm when the momentum dis-
tribution of the internal quark line is shrined on shell,
which is resummed into a universal jet function regarded
as part of the hard kernel in the decay amplitudes. Under

the covariant gauge 9-A =0 [87, 138], the solution is

Cry (“d
J(x):—Exp(ﬂaZ F) f ;t(l—x)E"p(t)

00

sCrt K
><sin(“ F )Exp(—“—cpzz). (A15)
2 A

This threshold Sudakov factor [139] is usually para-
meterized in the form

242 (3/2+¢) [x(l ~ x)]c

S = e e

(A16)

and in our evaluation, the parameter c is chosen as 0.3.
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