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In this paper, we investigate the contributions of hard spectator scattering and annihilation in B → PV
decays within the QCD factorization framework. With available experimental data on B → π K ∗, ρK ,

πρ and Kφ decays, comprehensive χ2 analyses of the parameters Xi, f
A,H (ρ

i, f
A,H , φi, f

A,H ) are performed, 
where X f

A(Xi
A) and XH are used to parameterize the endpoint divergences of the (non)factorizable 

annihilation and hard spectator scattering amplitudes, respectively. Based on χ2 analyses, it is observed 
that (1) The topology-dependent parameterization scheme is feasible for B → PV decays; (2) At the 
current accuracy of experimental measurements and theoretical evaluations, XH = Xi

A is allowed by 
B → PV decays, but XH �= X f

A at 68% C.L.; (3) With the simplification XH = Xi
A , parameters X f

A and 
Xi

A should be treated individually. The above-described findings are very similar to those obtained from 
B → PP decays. Numerically, for B → PV decays, we obtain (ρ i

A,H , φi
A,H [◦]) = (2.87+0.66

−1.95, −145+14
−21) and 

(ρ
f
A , φ f

A [◦]) = (0.91+0.12
−0.13, −37+10

−9 ) at 68% C.L. With the best-fit values, most of the theoretical results 
are in good agreement with the experimental data within errors. However, significant corrections to the 
color-suppressed tree amplitude α2 related to a large ρH result in the wrong sign for Adir

CP (B− → π0 K ∗−)

compared with the most recent BABAR data, which presents a new obstacle in solving “ππ” and “π K ” 
puzzles through α2. A crosscheck with measurements at Belle (or Belle II) and LHCb, which offer higher 
precision, is urgently expected to confirm or refute such possible mismatch.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
Nonleptonic decays of hadrons containing a heavy quark play 
an important role in testing the Standard Model (SM) picture of 
the CP violation mechanism in flavor physics, improving our un-
derstanding of nonperturbative and perturbative QCD and explor-
ing new physics beyond the SM. For charmless B meson decays, 
experimental studies have been successfully carried out at B fac-
tories (BABAR and Belle) and Tevatron (CDF and D0) in the past 
and will be continued by running LHCb and upgrading Belle II 
experiments. These experiments provide highly fertile ground for 
theoretical studies and have yielded many exciting and important 
results, such as measurements of pure annihilation Bs → π+π−
and Bd → K +K − decays reported recently by CDF, LHCb and Belle 
[1–3], which may suggest the existence of unexpected large anni-
hilation contributions and have attracted much attention, for in-
stance, Refs. [4–10].
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Theoretically, to calculate the hadronic matrix elements of 
hadronic B weak decays, some approaches, including QCD fac-
torization (QCDF) [11], perturbative QCD (pQCD) [12] and soft-
collinear effective theory (SCET) [13], have been fully developed 
and extensively employed in recent years. Even though the an-
nihilation contributions are formally power suppressed in the 
heavy quark limit, they may be numerically important for realis-
tic hadronic B decays, particularly for pure annihilation processes 
and direct CP asymmetries. Unfortunately, in the collinear factor-
ization approximation, the calculation of annihilation corrections 
always suffers from end-point divergence. In the pQCD approach, 
such divergence is regulated by introducing the parton transverse 
momentum kT and the Sudakov factor at the expense of modeling 
the additional kT dependence of meson wave functions, and large 
complex annihilation corrections are presented [14]. In the SCET 
approach, such divergence is removed by separating the physics 
at different momentum scales and using zero-bin subtraction to 
avoid double counting the soft degrees of freedom [15,16]; thus, 
the annihilation diagrams are factorable but real to the leading 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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power term of O(αs(mb)�QCD/mb). The absence of strong phases 
from SCET’s annihilation amplitudes differs with the pQCD’s esti-
mation and the QCDF expectation [17].

Within the QCDF framework, to estimate the annihilation am-
plitudes and regulate the endpoint divergency, the logarithmically 
divergent integral is usually parameterized in a model-independent 
manner [17] and explicitly expressed as

1∫
0

dx

x
→ X A = (1 + ρAeiφA )ln

mb

�h
, (1)

with the typical scale �h = 0.5 GeV. Moreover, a similar endpoint 
singularity also appears in the hard spectator scattering (HSS) con-
tributions of higher twist distribution amplitudes that are also 
formally power suppressed but chirally enhanced; therefore, a sim-
ilar parameterization ansatz is used to cope with HSS endpoint 
divergency, and quantity XH (ρH , φH ), similar to the definition of 
Eq. (1), is introduced. As discussed in Ref. [17], XH,A ∼ ln(mb/�h)

is expected because the effects of the intrinsic transverse momen-
tum and off-shellness of partons would be to modify x → x + ε
with ε ∼ O(�QCD/mb) in the denominator of Eq. (1). The fac-
tor (1 + ρeiφ) summarizes the remaining unknown nonperturba-
tive contributions, where φ, which is related to the strong phase, 
is important for direct CP asymmetries. In such a parameteriza-
tion scheme, even though the predictive power of QCDF is partly 
weakened due to the incalculable parameters ρ and φ that are 
introduced, it also provides a feasible way to evaluate the effects 
and the behavior of annihilation and HSS corrections from a phe-
nomenological view point, which is helpful for understanding and 
exploring possible underlying mechanisms.

Although the magnitude of and constraints on parameter ρ
are utterly unknown based on the first principles of QCD dynam-
ics for now, an excessively large value of ρ would significantly 
enhance the subleading 1/mb contributions, and hence, a con-
servative choice of ρA ∼ 1 has typically been used in previous 
phenomenological studies [17–20]. In practice, different values of 
(ρA, φA) chosen according to various B meson decay types (PP, 
PV , VP and VV) have been used to fit experimental data [17,20]. 
However, with the favored “Scenario S4”, in which ρA � 1 and 
φA � −55◦ [17] for B → PP decay, the QCDF prediction B(Bs →
π+π−) = (0.26+0.00+0.10

−0.00−0.09)×10−6 [20] is about 3.4σ less than the 
experimental data (0.73±0.14)×10−6 [21].

Motivated by this possible mismatch, detailed analyses have 
been performed within the QCDF framework [7–10]. In Refs. [7,8], 
a “new treatment” for endpoint parameters is presented in which 
the flavor dependence of the annihilation parameter X A on the 
initial states should be carefully considered, and hence, X A is di-
vided into two independent parameters Xi

A and X f
A , which are 

responsible for parameterizing the endpoint divergences of non-
factorizable and factorizable annihilation topologies, respectively. 
Following the proposal of Refs. [7,8] and combining available ex-
perimental data for Bu,d,s → π K , ππ and K K̄ decays, the com-

prehensive χ2 analyses of Xi, f
A and XH in B → PP decays were 

performed in Refs. [9,22]. It was found that:

• Theoretically, there is neither a compulsory constraint nor 
a priori reason for both Xi

A = X f
A = X A and X A being universal 

for all hadronic B decays; Phenomenologically, it is required by 
available measurements regarding B → PP decays that Xi

A and 
X f

A should be treated individually; in addition, the simplifica-
tion XH = Xi

A is allowed by data, which effectively reduces the 
number of unknown variables, but XH �= X f

A (see scenario III 
in Ref. [9] for detail);
• The effect of flavor symmetry breaking on parameter Xi, f
A is 

tiny and negligible for the moment due to large experimental 
errors and theoretical uncertainties;

• A slightly large ρH ∼ 3 with φH ∼ −105◦ and a relatively small 
inverse moment parameter λB ∼ 200 MeV for B meson wave 
functions are required to enhance the color-suppressed coef-
ficients α2 with a large strong phase, which is important in 
accommodating all available observables of Bu,d,s → π K , ππ
and K K̄ decays simultaneously, even the so-called “π K ” and 
“ππ ” puzzles (see Refs. [9,22] for detail);

• Numerically, in the most simplified scenario in which XH = Xi
A

is assumed, combining the constraints from Bu,d,s → π K , ππ
and K K̄ decays, two solutions responsible for B → PP decays 
are obtained [22],

Solution A:

⎧⎪⎪⎨
⎪⎪⎩

(ρ i
A,H , φi

A,H [◦]) = (2.98+1.12
−0.86,−105+34

−24),

(ρ
f
A , φ

f
A [◦]) = (1.18+0.20

−0.23,−40+11
− 8 ),

λB = 0.19+0.09
−0.04 GeV;

(2)

Solution B:

⎧⎪⎪⎨
⎪⎪⎩

(ρ i
A,H , φi

A,H [◦]) = (2.97+1.19
−0.90,−105+32

−24),

(ρ
f
A , φ

f
A [◦]) = (2.80+0.25

−0.21,165+4
−3),

λB = 0.19+0.10
−0.04 GeV,

(3)

which yield similar HSS and annihilation contributions.

In recent years, many measurements of B → PV decays have 
been performed anew at higher precision [21]. Thus, with the 
available experimental data, it is worth reexamining the agreement 
between QCDF’s predictions and experimental data on B → PV
decays, investigating the effects of HSS and annihilation contri-
butions, and further testing whether the aforementioned findings 
regarding B → PP decays still persist in B → PV decays. In this 
paper, we would like to extend our previous studies on B → PP
decays [9,22] to B → PV decays with the same χ2 fit method and 
similar treatment of annihilation and HSS parameters; the details 
of the statistical χ2 approach can be found in the appendix of 
Refs. [9,23].

For B → PV decays, the decay amplitudes and relevant formu-
lae have been clearly listed in Ref. [17]. The parameters Xi, f

A under 
discussion appear in the basic building blocks of annihilation am-
plitudes, which can be explicitly written as follows [17]:

Ai
1 � − Ai

2 � 6παs

[
3
(

Xi
A − 4 + π2

3

)
+ rM1

χ rM2
χ

(
(Xi

A)2 − 2Xi
A

)]
, (4)

Ai
3 � 6παs

[
− 3rM1

χ

(
(Xi

A)2 − 2Xi
A − π2

3
− 4

)

+ rM2
χ

(
(Xi

A)2 − 2Xi
A − π2

3

)]
, (5)

A f
1 = A f

2 = 0, (6)

A f
3 � 6παs

[
3rM1

χ (2X f
A − 1)(2 − X f

A)

− rM2
χ

(
2(X f

A)2 − X f
A

)]
, (7)

for the VP final state, where the superscript f (i) in A f (i)
k corre-

sponds to (non)factorizable annihilation topologies. For the PV final 
state, one must simply exchange rM1

χ ↔ rM2
χ and change the sign 

of A f
3 . Further explanation and information on QCDF’s annihilation 

amplitudes can be found in Ref. [17].
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Table 1
The CP-averaged branching ratios (in units of 10−6) and direct CP asymmetries (in units of 10−2) of B → π K ∗, ρK , πρ and K K ∗ decays. For the theoretical results of Case III, 
the first and the second theoretical errors are caused by the CKM parameters and the other parameters (including the quark masses, decay constants, form factors and λB), 
respectively.

Decay 
modes

Branching fractions Direct CP asymmetries

Exp. Case III S4 Exp. Case III S4

B− → π− K̄ ∗0 10.5 ± 0.8 8.7+0.4+1.3
−0.5−1.2 8.4 −4.2±4.1 0.47+0.02+0.11

−0.02−0.13 0.8

B−→π0 K ∗− 8.8±1.2 5.4+0.3+0.7
−0.3−0.7 6.5 −39±12 0.4+0.0+4.0

−0.0−4.7 −6.5

B̄0 → π+ K ∗− 8.4±0.8 7.5+0.4+1.1
−0.5−1.0 8.1 −23±6 −26+1+1

−1−1 −12.1

B̄0 → π0 K̄ ∗0 3.3±0.6 2.9+0.1+0.5
−0.2−0.5 2.5 −15±13 −21+1+6

−1−6 1.0

B− → K̄ 0ρ− 9.4+1.9
−3.2 7.9+0.4+1.3

−0.5−1.1 9.7 21+31
−28 1.3+0.1+0.1

−0.1−0.1 0.8

B− → K −ρ0 3.74+0.49
−0.45 3.41+0.19+0.63

−0.21−0.57 4.3 37±11 26+1+5
−1−5 31.7

B̄0 → K −ρ+ 7.0±0.9 9.0+0.5+1.4
−0.5−1.3 10.1 20±11 27+1+3

−1−3 20

B̄0 → K̄ 0ρ0 4.7±0.7 5.5+0.3+0.8
−0.3−0.7 6.2 6±20 15+1+3

−1−3 −2.8

B− → π−ρ0 8.3+1.2
−1.3 6.8+0.6+1.2

−0.6−1.1 12.3 18+9
−17 −6.7+0.2+3.2

−0.2−3.7 −11.0

B− → π0ρ− 10.9+1.4
−1.5 10.9+0.8+2.7

−0.8−2.4 10.3 2±11 8.2+0.2+1.6
−0.3−1.5 9.9

B̄0 → π+ρ− + c.c. 23.0±2.3 26.7+2.1+5.1
−2.2−4.5 23.6 – – –

B̄0 → π0ρ0 2.0±0.5 1.2+0.1+0.5
−0.1−0.5 1.1 −27±24 −3.9+0.1+5.0

−0.1−5.1 10.7

B− → K −φ 8.8±0.5 9.9+0.5+1.6
−0.6−1.5 11.6 4.1±2.0 0.72+0.02+0.14

−0.03−0.16 0.7

B̄0 → K̄ 0φ 7.3+0.7
−0.6 9.3+0.4+1.5

−0.5−1.4 10.5 −1±14 1.2+0.0+0.1
−0.0−0.1 0.8

B− → K − K ∗0 < 1.1 0.58+0.03+0.09
−0.04−0.09 0.66 – −10.6+0.3+3.0

−0.4−2.6 −9.6

B− → K ∗− K 0 – 0.46+0.02+0.08
−0.03−0.07 0.55 – −23.0+0.6+2.1

−0.8−2.2 −21.1

B̄0 → K + K ∗− + c.c. < 0.4 0.11+0.01+0.01
−0.01−0.01 0.15 – – –

B̄0 → K 0 K̄ ∗0 + c.c. < 1.9 0.96+0.05+0.13
−0.06−0.11 1.10 – – –

Note: Here we adopt the same definition of direct CP asymmetry as HFAG [21].
Before entering further discussion, we would like to note the 
following: (1) In previous studies, the annihilation parameters 
were assumed to be process-dependent [17–20] where (ρPV

A , φPV
A )

and (ρVP
A , φVP

A ) were introduced to describe nonleptonic B decay 
into the final states PV and VP decays, respectively; sometimes, ad-
ditional values of (ρA, φA) for B → Kφ decays [19] were required. 
In our analysis, parameters (ρ i

A, φi
A) and (ρ

f
A , φ f

A ) are topology-

dependent. (2) As discussed in Refs. [7–9], parameters X f
A(ρ

f
A , φ f

A )

are assumed to be universal for factorizable annihilation ampli-
tudes and free of flavor-symmetry-breaking effects because they 
are not associated with the wave function of initial B mesons, 
and the approximations of the asymptotic light cone distribution 
amplitudes of the final states are used. (3) The wave function 
of B mesons is involved in the calculation of nonfactorizable an-
nihilation amplitudes. Generally, the momentum fraction of light 
u, d quarks in Bu,d mesons should be different from that of the 
spectator s quark in Bs meson. The flavor-symmetry-breaking ef-
fects might be embodied in parameters Xi

A(ρ i
A, φi

A). In this paper, 
only Bu,d → PV decays are considered (most Bs → PV decays have 
not been measured), and the isospin symmetry is assumed to be 
held. (4) Unlike in the case of B → PP decays, in which both 
final states are pseudoscalar mesons, the wave functions of the 
vector mesons are also required to evaluate the hadronic matrix 
elements of B → PV decays. Therefore, following the treatment of 
annihilation parameters presented in Refs. [17–20], the parame-
ters Xi, f

A (ρ
i, f
A , φi, f

A ) for B → PV decays are generally different from 
those for B → PP decays.

As is well known, for the b → s transition, the tree contribu-
tions are strongly suppressed by the CKM factor |V ∗

us V ub| ∼O(λ4), 
whereas the penguin contributions are proportional to the CKM 
factor |V ∗

cs V cb| ∼ O(λ2) [24]. In addition, the nonfactorizable con-
tributions between vertex and HSS corrections largely cancel each 
other out [17]. Therefore, the weak annihilation amplitudes are im-
portant for the b → s nonleptonic B decays. Large annihilation 
contributions are derived from the coefficient b3, because b3 is 
Table 2
The mixing-induced CP asymmetries (in units of 10−2). The explanation for the 
uncertainties is the same as that indicated in Table 1.

Decay modes Exp. Case III S4

B̄0 → K̄ 0ρ0 54+18
−21 63+2+3

−2−2 –

B̄0 → π0ρ0 −23±34 −29+5+3
−7−5 –

B̄0 → K̄ 0φ 74+11
−13 72+2+0

−2−0 –

Note: Here we adopt the same definition of mixing-induced CP asymmetries as 
HFAG [21].

proportional to the CKM factor |V ∗
cs V cb| and sensitive to the anni-

hilation building block A f
3 , which is always accompanied by Nc C6. 

Hence, it is expected that precise observables of b → s nonlep-
tonic B decays could introduce stringent restrictions on parameters 
X f

A(ρ
f
A , φ f

A).
For the b → d transition, the tree contributions are dominant if 

they exist, whereas the penguin contributions are suppressed due 
to the cancellation between the CKM factors V ∗

ud V ub and V ∗
cd V cb

[24]. Large annihilation contributions are derived from the coef-
ficient b1,2, which is always accompanied by large Wilson coef-
ficients C1,2. For color-suppressed tree-dominated hadronic B de-
cays, the contributions of HSS and factorizable annihilation correc-
tions are particularly important, for example, the resolution of the 
so-called “ππ ” puzzle [9]. Therefore, severe restrictions on param-
eters Xi

A,H could be derived from many precise observables of the 
b → d nonleptonic B decays.

The decay modes considered in this paper include the penguin-
dominated B → π K ∗, ρK decays induced by the b → sq̄q (q = u, d) 
transition, the penguin-dominated B → φK decays induced by the 
b → ss̄s transition, the tree-dominated B → πρ decays induced 
by the b → dq̄q transition, and the penguin- and annihilation-
dominated B → K K ∗ decays induced by the b → ds̄s transition. For 
the observables of the above-mentioned decay modes, the avail-
able experimental data are summarized in the “Exp.” columns of 
Tables 1, 2 and 3, in which most of data are the averaged results
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Table 3
The CP asymmetry parameters (in units of 10−2). The explanation for the uncertainties is the same as that indicated in Table 1.

CP asymmetry 
parameters

B̄0 → π+ρ− + c.c. B̄0 → K + K ∗− + c.c. B̄0 → K 0 K̄ ∗0 + c.c.

Exp. Case III S4 Exp. Case III S4 Exp. Case III S4

C −3±6 4.6+0.2+0.8
−0.2−0.9 5 – 0+0+0

−0−0 – – 13.0+0.5+0.6
−0.4−0.7 –

S 6±7 −3.6+5.0+1.6
−6.8−1.6 9 – 12+5+0

−7−0 – – 4.2+0.2+0.7
−0.1−0.7 –

�C 27±6 33+1+14
−1−15 0 – 0+0+0

−0−0 – – −15.3+0.1+9.1
−0.1−8.7 –

�S 1±8 −1.8+0.2+0.9
−0.3−0.8 −3 – 0+0+0

−0−0 – – −25.0+0.3+6.4
−0.2−5.7 –

ACP −11±3 −11.8+0.4+1.5
−0.3−1.7 −8 – 0+0+0

−0−0 – – −10.7+0.3+2.2
−0.4−2.1 –

Note: Here we adopt the same definition for the parameters C f f̄ , S f f̄ , �C f f̄ , �S f f̄ and A f f̄
CP as HFAG [21] and choose the final states f = ρ+π− , K ∗+ K − and K ∗0 K̄ 0.

Fig. 1. The allowed regions of parameters (ρ i, f
A , φi, f

A ) and λB at 68% C.L. with the constraints from B → π K ∗, ρK decays (red), B → πρ decays (blue), and B → φK decays 
(green), respectively. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
given by HFAG [21], except for the branching fractions and direct 
CP asymmetries of B− → π− K̄ ∗0, π0 K ∗− and K̄ 0ρ− decays. Re-
cently, using the full dataset of 470.9 ± 2.8 million B B̄ events, the 
BABAR Collaboration reported the latest results from an analysis of 
B+ → K 0π+π0 (and the combined results from this and previous 
BABAR analyses) [25]

B−→π− K̄ ∗0 :

⎧⎪⎪⎨
⎪⎪⎩

B[×10−6] = 14.6 ± 2.4 ± 1.4+0.3
−0.4

(11.6 ± 0.5 ± 1.1),

Adir
CP [%] = −12 ± 21 ± 8+0

−11
(2.5 ± 5.0 ± 1.6);

(8)

B−→π0 K ∗− :

⎧⎪⎪⎨
⎪⎪⎩

B[×10−6] = 9.2 ± 1.3 ± 0.6+0.3
−0.5

(8.8 ± 1.1 ± 0.6),

Adir
CP [%] = −52 ± 14 ± 4+4

−2
(−39 ± 12 ± 3);

(9)

B−→K̄ 0ρ− :
{
B[×10−6] = 9.4 ± 1.6 ± 1.1+0.0

−2.6,

Adir
CP [%] = 21 ± 19 ± 7+23

−19,
(10)

in which, in particular, the first evidence of a CP asymmetry of 
B− → π0 K ∗− is observed at the 3.4σ significance level. In our 
following analysis, such (combined) results for B− → π0 K ∗− and 
K̄ 0ρ− decays in Eqs. (9) and (10) are used. For B− → π− K̄ ∗0 de-
cay, its branching fractions and direct CP asymmetry are also mea-
sured by Belle Collaboration [26]; therefore, we adopt the weighted 
averages of observables, which are presented in Table 1.

The data listed in Tables 1, 2 and 3 demonstrate that the first 
three sets of decay modes are well measured; therefore, experi-
mental data of these decay modes are used in our fitting. In ad-
dition, the theoretical inputs are summarized in Appendix A. Our 
following analyses and fitting are divided into three cases for dif-
ferent purposes.

(1) For Case I, five parameters, (ρ i, f
A , φi, f

A ) and λB , are treated 
as free parameters, and the simplification XH = Xi

A , which is al-
lowed in B → PP decays [9], is assumed. Moreover, the constraints 
from B → π K ∗, ρK decays, B → πρ decays, and B → φK decays 
are considered separately. The fitted results are shown in Fig. 1.

Fig. 1 (a) clearly shows that parameters (ρ
f
A , φ f

A ) are strictly 
bound into two separate compact regions (red points) around 
(0.9, −40◦) and (2.2, −200◦) by the constraints from B → π K ∗,
ρK decays, which is similar to the case for B → PP decays (see 
Eq. (2) and Eq. (3)). Moreover, these two regions overlap with the 
blue and green dotted regions, which implies that the two solu-
tions of (ρ f

A , φ f
A ) are also allowed by B → πρ, φK decays.

As shown in Fig. 1 (b), under the constraints from B → πρ de-
cays, the parameters (ρ i

A, φi
A) are loosely restricted into two wide 

bands (blue points) around φi
A ∼ −130◦ and ∼ −300◦ because the 

experimental precision of the observables, especially the direct CP
asymmetries, on B → πρ decays is still very rough. Under the con-
straints from B → π K ∗ and ρK decays, (ρ i

A, φi
A) are restricted 

around φi
A ∼ −200◦ (red points) and overlap partly with the blue 

pointed region, which implies that the allowed spaces of (ρ i
A , φi

A)

would be seriously shrunken under the combined constraints.
From Fig. 1 (c), parameter λB cannot be determined exclusively, 

although an additional phenomenological condition 115 MeV ≤
λB ≤ 600 MeV is imposed during our fit based on the studies of 
Refs. [17,27–31]. In principle, parameter λB is only related to the 
B wave function and independent of any decay modes. Therefore, 
in our following analyses, the result λB = 0.19+0.09

−0.04 GeV fitted from 
B → PP decays [22] will be adopted.

(2) For Case II, to determine whether the simplification XH =
Xi

A is valid for B → PV decays, both (ρH , φH ) and (ρ
i, f
A , φi, f

A )

are treated as free parameters. Combining all available constraints 
from B → π K ∗, ρK , πρ, φK decays, the allowed parameter spaces 
at 68% C.L. are shown in Fig. 2.

Fig. 2 clearly shows that (i) Similarly to Case I, two solutions 
of (ρ

f
A , φ f

A ) with very small uncertainties (red points) are ob-

tained, which are denoted “solution A” for φ f
A ∼ −40◦ and “so-

lution B” for φ f
A ∼ −200◦ for convenience; Meanwhile, the spaces 

of (ρ i
A, φi

A) are still hardly well bounded (blue points) as in Case I; 
(ii) The allowed spaces of (ρ f

, φ f
) are small and tight, whereas 
A A
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Fig. 3. The allowed regions of parameters (ρ i, f
A , φi, f

A ) at 68% C.L. and 95% C.L. indicated by red and blue points, respectively. The best-fit points of solutions A and B 
correspond to χ2

min = 23 and 26, respectively. For comparison, the fitted results for B → PP decays [22] at 68% C.L. are also indicated by yellow points. (For interpretation of 
the references to color in this figure, the reader is referred to the web version of this article.)
Fig. 2. The allowed regions of parameters (ρ i, f
A,H , φi, f

A,H ) at 68% C.L. (For interpretation 
of the references to color in this figure, the reader is referred to the web version of 
this article.)

those of (ρ i
A, φi

A) are big and loose; thus, they generally differ 
from each other. This finding implies that X f

A and Xi
A may be 

treated individually, as in the case for B → PP decays discussed in 
Refs. [9,22], which provides further evidence to support the spec-
ulation regarding the topology-dependent annihilation parameters 
reported in Refs. [7,8]; (iii) Interestingly, the spaces of (ρH , φH )

(green points) are significantly separated from those of (ρ f
A , φ f

A )

but overlap partly with the regions of (ρ i
A, φi

A), which implies that 
the simplification XH � Xi

A is roughly allowed for B → PV decays 
as in the case of B → PP decays [22].

(3) For Case III, based on the above-described analysis, we will 
present the most simplified scenario with four free parameters, 
i.e., (ρ f

A , φ f
A) and (ρ i

A, φi
A) = (ρH , φH ). Combining the constraints 

from 35 independent observables of B → π K ∗, ρK , πρ, φK de-
cays, our fitted results are shown in Fig. 3, where “solutions A 
and B” correspond to the minimal values χ2

min = 23 and 26, re-
spectively. Strictly speaking, solution A should be favored over 
solution B because χ2

min,A < χ2
min,B. For solution A, the allowed 

spaces of (ρ i
A, φi

A) at 68% C.L. consist of two separate parts located 
on two sides of ρ i

A = −180◦ . Corresponding to the best-fit point of 
solution A, the numerical results of the end-point parameters are

(ρ i
A,H , φi

A,H [◦]) = (2.87+0.66
−1.95,−145+14

−21),

(ρ
f
A , φ

f
A [◦]) = (0.91+0.12

−0.13,−37+10
−9 ) . (11)

From Fig. 3, it is observed that (i) Similarly to Case II, the pa-
rameters (ρ f

A , φ f
A ) are severely restricted to two small and tight 

spaces. (ii) In contrast with Case II, the allowed regions of pa-
rameters (ρ i

A, φi
A) at 68% C.L. shrink notably due to the simplifi-

cation XH = Xi
A . (iii) The allowed regions of parameters (ρ f

A , φ f
A )

are completely separated from those of (ρ i
A, φi

A), which implies 
that the factorizable annihilation parameters X f should be differ-
A
ent from the nonfactorizable annihilation parameters Xi
A . (iv) The 

spaces of (ρ i, f
A , φi, f

A ) for B → PV decays are separated from the 
spaces of B → PP decays (yellow points in Fig. 3), which implies 
that parameters X A for B → PP and PV decays should be intro-
duced and treated individually.

Using the best-fit (central) values of solution A in Eq. (11), 
we present the theoretical results for the branching fractions and 
CP asymmetries of B → PV decays in the “Case III” columns 
of Tables 1, 2 and 3. For comparison, the theoretical results of 
“Scenario S4” [17], with (ρPV

A , ρPV
A ) = (1, −20◦) and (ρVP

A , ρVP
A ) =

(1, −70◦), are also listed in the “S4” columns of the tables. It 
is observed that most of our theoretical results are consistent 
with the experimental data except for a few contradictions in the 
B−→π0 K ∗− decay, which will be discussed later, and are similar 
to the “S4” results.

For the well-measured observables, such as the branching ratios 
B(B→φK ), B(B−→π−ρ0), B(B0→Kρ) with a significance level 
≥ 6σ (see Table 1), the direct CP asymmetry for B̄0 → π+K ∗−
decay (see Table 1) and �C for B → π±ρ∓ decay (see Table 3) 
with a significance level ≥ 4σ , compared with the traditional “S4” 
results, our results are more in line with the experimental data. 
In particular, compared with the measurement �C = (27±6)% for 
B → π±ρ∓ decay, the difference between the “S4” results and 
ours is clear and notable, which may imply that a relatively large 
ρ i

A,H ∼ 3 rather than the conventionally used small ρ i
A ∼ 1 [17–20]

may be necessary for nonfactorizable annihilation corrections. In 
addition, evidence of a large ρA for B → Kρ, K ∗π decays is also 
presented in Fig. 3 of Ref. [6] using a similar χ2 fit approach, with 
the simplification that Xi

A = X f
A .

Unfortunately, with the central values presented in Eq. (11), 
from the results gathered in Table 1, one may find that our re-
sult Adir

CP (B−→π0 K ∗−) = (0.4+0.0+4.0
−0.0−4.7)% is significantly larger than 

the data (−39 ± 12)% reported by BABAR. To clarify the reason for 
this discrepancy, we present the dependence of Adir

CP (B−→π0 K ∗−)

on φH , φi
A and φ f

A in Fig. 4. It is easily observed that the best-fit 
result (ρ f

A , φ f
A) ∼ (0.91, −37◦) is favored by the BABAR data. How-

ever, the best-fit value (ρ i
A,H , φi

A,H ) ∼ (2.87, −145◦) results in the 
large mismatch for Adir

CP (B−→π0 K ∗−) (in Eq. (11), a small ρH is 
also allowed at 68% C.L., which would yield a better agreement 
but result in a relative larger χ2). One interesting and impor-
tant problem is that a relatively large ρH ∼ 3 in B → PP decays, 
which is similar to the best-fit value for B → PV decays in this 
work, is always required to enhance α2 contributions in resolv-
ing the “ππ ” and “π K ” puzzles [9,22] but clearly leads to a 
wrong sign for Adir

CP (B−→π0 K ∗−) when confronted with BABAR 
data, as indicated herein and in Ref. [32]. Therefore, if a large neg-
ative Adir

CP (B−→π0 K ∗−) is confirmed by Belle (or future Belle II) 
and LHCb Collaborations, resolving the “ππ ” and “π K ” puzzles 
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Fig. 4. The green, blue and red lines correspond to the dependence of Adir
CP (B− →

π0 K ∗−) on φH , φi
A and φ f

A , with ρH = 3 (ρ
i, f
A = 0), ρ i

A = 3 (ρ
f
A,H = 0) and ρ f

A = 1

(ρ i
A,H = 0), respectively. The shaded region corresponds to experimental data (1σ

error bar). (For interpretation of the references to color in this figure, the reader is 
referred to the web version of this article.)

through color-suppressed tree amplitude α2 will be challenging. 
If so, a large complex electroweak amplitude α3,EW is probably 
required [32], which may hint possible new physics effects. In 
addition, the measurements for observables of Bs → φπ0 decay, 
whose amplitude is related to α2 and α3,EW only, may provide a 
clue even though such decay mode is not easily to be measured 
soon.

For the color-suppressed tree-dominated B → π0ρ0 decay, the 
penguin-dominated B− → K K ∗ decays and the pure annihilation 
B̄0 → K ±K ∗∓ decay, the decay amplitudes are sensitive to the 
nonfactorizable HSS and annihilation corrections, and their mea-
surements could perform strong constraints on Xi

A,H (ρ i
A,H , φi

A,H ). 
Unfortunately, the experimental errors of the observables for B →
π0ρ0 decay are too large, and the B− → K K ∗ and B̄0 → K ±K ∗∓
decays have not yet been observed. Future refined measurements 
conducted at the LHCb and Belle II would be very helpful in care-
fully examining the HSS and annihilation corrections. Recently, 
the LHCb Collaboration has updated the upper limit of branch-
ing fractions for pure annihilation B̄0 → K ±K ∗∓ decay with <

0.4(0.5)×10−6 at 90 (95%) C.L. [33], and it is eagerly expected 
that these decays can be precisely measured, which should be use-
ful in probing the annihilation corrections and the corresponding 
mechanism. Of course, one can use different mechanisms for en-
hancing the nonfactorizable contributions in QCDF, for example, 
the final state rescattering effects advocated in Refs. [18–20], in 
which the allowed regions for parameters (ρ i

A,H , φi
A,H ) might be 

different.
In summary, we studied the contributions of HSS and an-

nihilation in B → PV decays within the QCDF framework. Un-
like the traditional treatment of annihilation endpoint divergence 
with process-dependent parameters (ρPV

A , φPV
A ) and (ρVP

A , φVP
A )

in previous studies [17–20], the topology-dependent parameters 
(ρ

i, f
A , φi, f

A ) based on a recent analysis of B → PP decays [7–9,
22] were used in this paper. Combining available experimental 
data, we performed comprehensive χ2 analyses of B → PV decays 
and obtained information and constraints regarding the parame-
ters (ρ i, f

A , φi, f
A ). It is observed that most of the measurements on 

observables of B → PV decays, except for some contradictions in 
B−→π0 K ∗− decay, could be properly interpreted with the best-fit 
values presented in Eq. (11), which suggests that the topology-
dependent parameterization of annihilation and HSS corrections 
may be suitable. The other findings of this study are summarized 
as follows:

• The relatively small value of the B wave function parameter 
λB ∼ 0.2 GeV, which is only related to the universal B wave 
functions and plays an important role in providing a possible 
solution to the so-called “ππ ” and “π K ” puzzles [9], is also 
allowed by the constraints from B → PV decays.

• As used extensively in phenomenological studies on hadronic 
B decays [17–20], generally, parameters Xi, f

A,H for B → PP and 
PV decays should be independent of each other and be treated 
individually.

• The allowed regions of parameters (ρ f
A , φ f

A) are strictly con-
strained by available experimental data, whereas the accessible 
spaces of parameters (ρ i

A, φi
A) are relatively large. Generally, 

there is no common space between (ρ
f
A , φ f

A) and (ρ i
A, φi

A)

with the approximation of Xi
A = XH , which implies that fac-

torizable annihilation parameters X f
A should be different from 

nonfactorizable annihilation parameters Xi
A . Moreover, a rela-

tively large ρ i
A ∼ 3 is required by the considerable fine-tuning 

of Xi, f
A to reproduce most of the measurements on hadronic B

decays. The above-described evidence and features have been 
clearly observed in both B → PP decays [7–9,22] and B → PV
decays.

• Unfortunately, a relatively large ρH ∼ 3 with φH ∼ −145◦ re-
lated to significant HSS corrections to color-suppressed tree 
amplitude α2, which is helpful for resolving the “ππ ” and 
“π K ” puzzles and allowed by most B → PP and PV decays, 
result in a wrong sign for Adir

CP (B−→π0 K ∗−) when confronted 
with recent BABAR data (−39±12)%. This finding suggests a 
large, complex electroweak amplitude attributed to possibly 
new physics or an undiscovered mechanism [32], which de-
serves much attention. Before we know for sure, the cross-
check based on refined measurements conducted at Belle 
(Belle II) and LHCb is urgently awaited.

Overall, the annihilation and HSS contributions in nonleptonic 
B decays should be and have been attracting much attention and 
careful study. For B → PV decays, a comparative advantage is that 
there are more decay modes and more observables than those for 
B → PP decays, and hence more information and more stringent 
constraints on parameters X A,H can be obtained, which represents 
an opportunity as well as a challenge in the rapid accumulation 
of data on B events at running LHCb and forthcoming Belle II/Su-
perKEKB. Theoretically, these results will surely help us to further 
understand the underlying mechanism of annihilation and HSS 
contributions and develop more efficient approaches to calculate 
hadronic matrix elements.
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Appendix A. Theoretical input parameters

For the CKM matrix elements using the Wolfenstein param-
eterization, we adopt the fitting results given by the CKMfitter 
group [34]

ρ̄ = 0.1453+0.0133
−0.0073, η̄ = 0.343+0.011

−0.012,

A = 0.810+0.018, λ = 0.22548+0.00068.
−0.024 −0.00034
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The pole and running masses of quarks used in our analysis 
are [24]

mu,d,s = 0, mc = 1.67±0.07 GeV, mb = 4.78±0.06 GeV,

m̄s(μ)

m̄q(μ)
= 27.5±1.0, m̄s(2 GeV) = 95±5 MeV,

m̄b(m̄b) = 4.18±0.03 GeV,

where mq = mu = md = (mu + md)/2.
The decay constants of pseudoscalar and vector mesons are [24,

35,36]

f B = (190.6±4.7) MeV, fπ = (130.41±0.20) MeV,

f K = (156.2±0.7) MeV,

fρ = (216±3) MeV, f ⊥
ρ (1 GeV) = (165±9) MeV,

f K ∗ = (220±5) MeV, f ⊥
K ∗(1 GeV) = (185±10) MeV.

The heavy-to-light transition form factors are [37]

F B→π
1 = 0.258±0.031, F B→K

1 = 0.331±0.041,

AB→ρ
0 = 0.303±0.029, AB→K ∗

0 = 0.374±0.034.

The Gegenbauer moments are [38]

aπ
1 = 0, aπ

2 (1 GeV) = 0.25,

aK
1 (1 GeV) = 0.06, aK

2 (1 GeV) = 0.25,

a||
1,ρ = 0, a||

2,ρ(1 GeV) = 0.15,

a||
1,K ∗(1 GeV) = 0.03, a||

2,K ∗(1 GeV) = 0.11.

For other inputs, such as the masses and lifetimes of mesons, 
we adopt the values given by PDG [24].

References

[1] T. Aaltonen, et al., CDF Collaboration, Phys. Rev. Lett. 108 (2012) 211803.
[2] R. Aaij, et al., LHCb Collaboration, J. High Energy Phys. 1210 (2012) 037.
[3] Y. Duh, et al., Belle Collaboration, Phys. Rev. D 87 (2013) 031103.
[4] Z. Xiao, W. Wang, Y. Fan, Phys. Rev. D 85 (2012) 094003.
[5] M. Gronau, D. London, J. Rosner, Phys. Rev. D 87 (2013) 036008.
[6] C. Bobeth, M. Gorbahn, S. Vickers, arXiv:1409.3252.
[7] G. Zhu, Phys. Lett. B 702 (2011) 408.
[8] K. Wang, G. Zhu, Phys. Rev. D 88 (2013) 014043.
[9] Q. Chang, J. Sun, Y. Yang, X. Li, Phys. Rev. D 90 (2014) 054019.

[10] Q. Chang, X. Cui, L. Han, Y. Yang, Phys. Rev. D 86 (2012) 054016.
[11] M. Beneke, G. Buchalla, M. Neubert, C. Sachrajda, Phys. Rev. Lett. 83 (1999) 

1914;
M. Beneke, G. Buchalla, M. Neubert, C. Sachrajda, Nucl. Phys. B 591 (2000) 313.

[12] Y. Keum, H. Li, A. Sanda, Phys. Lett. B 504 (2001) 6;
Y. Keum, H. Li, A. Sanda, Phys. Rev. D 63 (2001) 054008.

[13] C. Bauer, S. Fleming, M. Luke, Phys. Rev. D 63 (2000) 014006;
C. Bauer, S. Fleming, D. Pirjol, I. Stewart, Phys. Rev. D 63 (2001) 114020;
C. Bauer, I. Stewart, Phys. Lett. B 516 (2001) 134;
C. Bauer, D. Pirjol, I. Stewart, Phys. Rev. D 65 (2002) 054022.

[14] C.D. Lu, K. Ukai, M.Z. Yang, Phys. Rev. D 63 (2001) 074009.
[15] A.V. Manohar, I.W. Stewart, Phys. Rev. D 76 (2007) 074002.
[16] C.M. Arnesen, Z. Ligeti, I.Z. Rothstein, I.W. Stewart, Phys. Rev. D 77 (2008) 

054006.
[17] M. Beneke, G. Buchalla, M. Neubert, C. Sachrajda, Nucl. Phys. B 606 (2001) 245;

M. Beneke, M. Neubert, Nucl. Phys. B 651 (2003) 225;
M. Beneke, M. Neubert, Nucl. Phys. B 675 (2003) 333.

[18] H. Cheng, C. Chua, Phys. Rev. D 80 (2009) 074031.
[19] H. Cheng, C. Chua, Phys. Rev. D 80 (2009) 114008.
[20] H. Cheng, C. Chua, Phys. Rev. D 80 (2009) 114026.
[21] Y. Amhis, et al., HFAG Collaboration, arXiv:1207.1158; online update at: http://

www.slac.stanford.edu/xorg/hfag.
[22] Q. Chang, J. Sun, Y. Yang, X. Li, Phys. Lett. B 740 (2015) 56.
[23] L. Hofer, D. Scherer, L. Vernazza, J. High Energy Phys. 1102 (2011) 080.
[24] K. Olive, et al., Particle Data Group, Chin. Phys. C 38 (2014) 090001.
[25] J.P. Lees, et al., BABAR Collaboration, arXiv:1501.00705.
[26] A. Garmash, et al., Belle Collaboration, Phys. Rev. Lett. 96 (2006) 251803.
[27] G. Bell, V. Pilipp, Phys. Rev. D 80 (2009) 054024.
[28] B. Aubert, et al., BABAR Collaboration, Phys. Rev. D 80 (2009) 111105.
[29] M. Beneke, S. Jäger, Nucl. Phys. B 751 (2006) 160;

M. Beneke, T. Huber, X. Li, Nucl. Phys. B 832 (2010) 109.
[30] M. Beneke, J. Rohrwild, Eur. Phys. J. C 71 (2011) 1818.
[31] V. Braun, A. Khodjamirian, Phys. Lett. B 718 (2014) 1014.
[32] H. Cheng, C. Chiang, A. Kuo, Phys. Rev. D 91 (1) (2015) 014011.
[33] R. Aaij, et al., LHCb Collaboration, arXiv:1407.7704.
[34] J. Charles, et al., CKMfitter Group, Eur. Phys. J. C 41 (2005) 1; online update at: 

http://ckmfitter.in2p3.fr.
[35] J. Laiho, E. Lunghi, R. Water, Phys. Rev. D 81 (2010) 034503; online update at: 

http://www.latticeaverages.org.
[36] P. Ball, G. Jones, R. Zwicky, Phys. Rev. D 75 (2007) 054004.
[37] P. Ball, R. Zwicky, Phys. Rev. D 71 (2005) 014015;

P. Ball, R. Zwicky, Phys. Rev. D 71 (2005) 014029.
[38] P. Ball, V. Braun, A. Lenz, J. High Energy Phys. 0605 (2006) 004;

P. Ball, G. Jones, J. High Energy Phys. 0703 (2007) 069.

http://refhub.elsevier.com/S0370-2693(15)00164-1/bib434446616E6E69s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib4C484362616E6E69s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib50524438372E303331313033s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib7869616F31s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib47726F6E6175s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib426F62657468s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib7A687531s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib7A687532s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib6368616E6732s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib6368616E6731s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib42656E656B6531s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib42656E656B6531s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib42656E656B6531s2
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib4B4C53s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib4B4C53s2
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib73636574s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib73636574s2
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib73636574s3
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib73636574s4
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib4C764344s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib6D7366s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib73636574416E6E69s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib73636574416E6E69s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib42656E656B6532s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib42656E656B6532s2
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib42656E656B6532s3
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib4368656E6733s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib4368656E6731s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib4368656E6732s1
http://www.slac.stanford.edu/xorg/hfag
http://www.slac.stanford.edu/xorg/hfag
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib6368616E6733s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib5665726E617A7A61s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib5044473134s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib626162617270696Bs1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib62656C6C6570696Bs1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib5052442E38302E303534303234s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib5052442E38302E313131313035s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib4E50422E3833322E313039s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib4E50422E3833322E313039s2
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib42656E656B6535s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib504C422E3731382E31303134s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib4368656E6734s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib4C4843624B4B56s1
http://ckmfitter.in2p3.fr
http://www.latticeaverages.org
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib5042616C6C32303037s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib42616C6C5A7769636B79s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib42616C6C5A7769636B79s2
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib42616C6C47s1
http://refhub.elsevier.com/S0370-2693(15)00164-1/bib42616C6C47s2

	Constraints on hard spectator scattering and annihilation corrections in Bu,d ->PV decays within QCD factorization
	Acknowledgements
	Appendix A Theoretical input parameters
	References


