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Motivated by the recent measurements of nonleptonic B decays by the CDF and LHCb collaborations,
especially the large B(BY — 7" 777), we revisit the hard spectator and annihilation corrections in B?
decays within a QCD factorization approach, with two schemes for the possible parameters for the known
end-point divergence appearing in the estimation of the hard spectator and annihilation diagrams. The first
one is to conservatively estimate the possible contributions by parametrization (scheme I); another one
uses an infrared finite gluon propagator (scheme II) to regulate the end-point singularity. In scheme I, with
the constraints from the measured BY — PP(VV) decays, two (four) restricted solutions of the parameter
spaces are found. In scheme II, we find that most of the theoretical predictions agree well with the
experimental data with a single parameter m, ~ 0.5 GeV. However, within both schemes, B(B? — ¢ ¢)
are always much larger than B(B? — K*°K*9), in contrast to the experimental results B(B? — ¢ ) =
B(B? — K*°K*0). It is noted that the pattern B(B? — ¢¢) > B(B? — K*K*0) also persists in other
theoretical frameworks; thus, the present experimental result B(BY — ¢ ¢) =~ B(B? — K*OK*) raises a
challenge to theoretical approaches for B nonleptonic decays. Further refined measurements and

theoretical studies are called for to resolve such a possible anomaly.
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L. INTRODUCTION

The pure annihilation nonleptonic B meson decays,
without the interference induced by spectator diagrams,
are very suitable for probing the strength of annihilation
contribution and exploiting the related mechanism.
Recently, the CDF and LHCb collaborations have reported
the evidence of the pure annihilation decay BY — 7" 7™,
with a significance of 3.7¢ and 5.30, respectively [1,2],

B(BY— 7t 77) = (0.57 = 0.15(stat) = 0.10(syst)) X 1076
CDF, (D)

B(B) — wtar) = (0.987533(stat) = 0.11(syst)) X 107°
LHCb, )

as well as the branching fraction of the pure annihilation
decay BY — K"K, [1,2]

B(BY— K"K ™) =(0.23 = 0.10(stat) = 0.10(syst)) X 10~°
CDF, 3)
B(B) — K*K~) = (0.137§0%(stat) = 0.07(syst)) X 1076
LHCb. “4)

Averaging the experimental data in Eqs. (1) and (2), the
heavy flavor averaging group (HFAG) gives [3]
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BB — 77 )=(0.73 £ 0.14) X 107®  HFAG.

&)

Roughly averaging the experimental data in Egs. (3) and (4),
we get

B(BY— K*K™) =(0.16 =0.08) X 10, (6)

Theoretically, the pure annihilation nonleptonic B
meson decays are expected to be much more rare with a
branching fraction at the level 1077 or less, due to the fact
that the annihilation corrections are formally Aqcp/my,
power suppressed. Together with the chirally enhanced
power corrections, they offer interesting probes for the
dynamical mechanism governing these decays and explo-
ration of (CP) violations, and therefore have attracted
much more attention recently [4—7]. Unfortunately, in the
collinear factorization approach, the calculation of annihi-
lation corrections always suffers from end-point diver-
gence. Within the perturbative QCD (pQCD) approach [8],
such divergence is regulated by introducing the parton
transverse momentum ky at the expense of modeling
additional kr dependence of meson distribution functions,
and presents large, complex annihilation corrections
[6,8]. The most recently renewed pQCD estimations of
B(B?— w*a~) and B(BY— K*K~) [7] are in good
agreement with the CDF and LHCb measurements;
however, a systematic examination combined with other
correlated decays in the same framework is not available
yet. In the soft-collinear effective theory (SCET) [9], the
annihilation diagrams are factorable and real [10] to the
leading power of O(a(m;)Aqcp/my).
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In the QCD factorization approach (QCDF) [11], there
are two main ways to deal with the end-point singularity
in a weak annihilation calculation: (i) scheme I, parame-
trization in a model-independent way [12] with at least two
phenomenological parameters introduced, for example,
X, = [idy/y =1n(m,/A,)(1 + pae’®s); (ii) scheme I,
using the infrared finite gluon propagator [13,14], for
example, 1/k* — 1/(k* — M, (k*) + ie).

As a popular method, scheme I is widely used in the
theoretical calculations [12,15-17]. Fitting to the data of
B, s— PP decays, a favored parameter value choice
“Scenario S4” is obtained in Ref. [12]: pl (PP) ~1
and d)/‘;d(PP) ~ —55°, which leads to the prediction

B(B) — K*K~) = 0.070 X 107, 7)

Assuming the default values of p,(PP) and ¢4(PP) in B,
decays are similar to that in B,, ; decays, Cheng et al. give
the prediction [17]

B(BY — ma) = (0.267557649) X 107° (8)

It has been noted that the above QCDF predictions are
significantly smaller than the measurements in Egs. (5) and
(6). In particular, the default value B(B? — 7t 7)) =
0.26 X 107 is about 3.40 lower than the experimental
data (0.73 = 0.14) X 107°, which implies much larger
possible annihilation contributions in B decays than pre-
viously expected. Using the CDF results in Eq. (1) solely, a
detailed study about this topic has been performed by Zhu
[4]. Assuming universal values of p,(PP) and ¢ 4(PP) for
B, and By decays, it is found that the results of QCDF are
hardly in agreement with all of the well-measured B — PP
decays. Then, if the recent measurement of LHCb in
Eq. (2) is considered, the tension would be further en-
larged, which may imply the parameters p, and ¢, are
nonuniversal in B; and B, decays. So, it is worthwhile to fit
their values with available data of B, and B, decays,
respectively, and update the QCDF predictions.

Within scheme II, the formula for annihilation correc-
tions for B— PP and PV decays have been given in
Ref. [14]. In this scheme, with the only one input parameter
effective gluon mass scale m, = 0.50 = 0.05 GeV, the
theoretical predictions of the observables for B, ; — 7K,
pK and 7K™ decays are consistent with the experimental
data [14]. So, it is a good idea to check if its predictions for
the pure annihilation decays are in agreement with the
same effective gluon mass scale parameter. Furthermore,
the pure annihilation B;; — VV decays, which involve
more observables, may play an important role in testing
the methods of the end-point singularity regulation. So,
in this paper, we calculate the annihilation corrections
related to B;; — V'V decays with the infrared finite gluon
propagator.

In Sec. II, we briefly review the annihilation contribu-
tions within QCDF. In Secs. III and IV, with schemes I and
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II for the end-point divergence regulation, we revisit B —
PP, PV, and VV decay modes, respectively. In our evalu-
ations, the pure annihilation B, nonleptonic decays and the
related well-measured ones are examined simultaneously.
Section V contains our conclusions. Some amplitudes of
BY decays and the theoretical input parameters are sum-
marized in Appendices A and B, respectively.

I1. BRIEF REVIEW OF THE ANNIHILATION
CORRECTIONS WITHIN QCDF

In the Standard Model (SM), the effective weak
Hamiltonian responsible for b — p transitions is given
as [18]

G . X
Hear= A |ViaVin(CL01 + C208) 4V V2, (€054 €:09)
10
—thV,*p(ZC,-O,-+C7y07y+C8g08g)i|+H.c.,
i=3
9)
where V,,Vy (¢ =u, c, and 1) are products of the

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements,
C,; the Wilson coefficients, and O; the relevant four-quark
operators.

With the effective weak Hamiltonian Eq. (9), the QCDF
has been fully developed and extensively employed to
calculate the hadronic B meson decays. The basic theoreti-
cal framework of B, ;; — PP, PV, and VV decays can be
found in Refs. [11,12,15-17]. In this paper, we adopt the
same convention and formula given in Refs. [12,15], except
for some corrections pointed out by Ref. [19]. It is noted that
the strength and associated strong-interaction phase of anni-
hilation corrections and hard spectator scattering contribu-
tions are numerically important to evaluate the branching
ratios, the CP asymmetry, and the polarization observables.
Unfortunately, such power correction terms always suffer
from the end-point divergences, which violate the factoriza-
tion. To probe their possible effects conservatively, the
end-point divergent integrals are treated as signs of infrared
sensitive contribution and usually parametrized by [12,15]:

1d 1 1d
[ [abcﬂ—»——(x/o2 [ =x
0o X 0 X

where

X, =(1+ pei‘ﬁ)ln%, =1+ p6’¢)— (1)

h
with A, being a typical scale of order 0.5 GeV, and p, d) being
unknown real parameters. X is treated in the same manner.
The different choices of the parameter spaces of p and ¢
correspond to various scenarios, which have been thoroughly
discussed in Refs. [12,15-17].

Fitting the fruitful experimental measurements of
B,,— PP, PV, and VP decays, the favored scenarios

054016-2



REVISITING THE ANNIHILATION CORRECTIONS IN ...

S4 are obtained in Ref. [12]. Furthermore, the fitted p and
¢ for B, ; — VYV decays are also given in Refs. [15,16].
Their results are summarized as

phP =1, bP — _55°; (12)
py’ =1 ¢y’ =-20°,  pyf=1 ¢y" =70
13)

phE KR =078, PKOKR — 430
pdKKe — 0,65, PR — 530, (14)

Assuming the default values of p, and ¢, in the B, decays
are similar to that in B,, ; decays, Ref. [17] takes the values

pif =1, prP = —55°; (15)

pPV = 0.85, dPY = —30°,
pYP = 0.9, dVP = —65°; (16)
pYV =0.70, VV — _55¢° (17)

as the inputs for the B, decays. In this paper, we denote the
above parameter space as “scenarios S4”” for convenience.
It is noted that some nonleptonic BY decays have been well
measured in recent years, such as BY — 777, KT,
K K*, K*K*, and ¢ ¢ decays. So, it is worthwhile to
check the above parameter values and refit them with
the updated data of B, decays. Furthermore, without the
interference induced by spectator diagrams, the pure
annihilation nonleptonic B, meson decays, such as BY —
7w, pm, and pp decays, are very suitable for probing the

TABLE 1.
7~ K", and K~ K% decays in each scenario.
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strength of the annihilation corrections and related mecha-
nism. So, in this paper, we mainly pay attention to these
two types of B, decays.

III. B — PP AND PV DECAY MODES
A. Within scheme I

With the annihilation parameters of scenarios S4 for
BY — PP and PV decays given by Egs. (15) and (16),
and the other input parameters listed in Appendix B,
the predictions for the observables of pure annihilation
decays B? — 77, pr and the well-measured decays BY —
7~ K, K~ K™ are given in the third column of Table I. The
theoretical uncertainties are mainly induced by the three
parts: quark masses, CKM elements and decay constants,
and form factors. We first scan randomly the points in the
allowed ranged of the input parameters of the three parts,
respectively, and then add errors in quadrature.

Our QCDF results of scenarios S4 listed in Table I
are consistent with the former predictions given in
Refs. [12,17], and the small difference is mainly induced
by the different input values and some corrections men-
tioned above. One may find most of the predictions agree
well with the experimental measurements. However, we
again find the theoretical prediction B(BY — 7 7~) ~
0.21 X 107°, which agrees well with the other theoretical
results such as ~0.26 X 107° in Ref. [17] and ~0.155 X
107% in Ref. [12], and is about 3.7 ¢ lower than the average
of experimental data (0.73 * 0.14) X 107,

Figure 1 shows the dependence of the measured
observables of BY — PP decays on the phase ¢F with
different pf” values. From Fig. 1(a), one may easily find
that the annihilation correction with the nominal annihilation

The numerical results for the branching fractions [ X107¢] and the direct CP violations [X107%] of B — 7, pr, pp,

Experiment Scheme I Scheme II
S4 SPPA SPPB m, = 0.48 GeV

BB — 7o) 0.73 + 0.14 0.21709 0.6970.1¢ 0.667017 0.50%518
B(B? — 7°n) . 0.10592 0.3475.08 0.3370.98 0.2510:03
BB — 7wtp7) 0.010+0.902 0.032+0.008 0.03610:000 0.028+9:007
BB — 7 p™) 0.011+0.903 0.04670.013 0.01979:90 0.02810.507
B(BY — 7p?) 0.010+9:902 0.03729:910 0.025+0:006 0.028*5:907
Acp(BY— wrm™) s 0 0 0 0
Acp(BY — 707%) e 0 0 0 0
Acp(BY — 7 p7) —12*1 —30*3 —15*1 0
Acp(BY — 7 p™) e 1171 2173 3043 0
Acp(B? — 70p?%) s 0 0 0 0
B(B?— 7 K™) 50+ 1.1 59199 54199 53409 6.2409
B(B)— K K") 25.4 + 3.7 21.9%33 23.8+¢1 271473 27.8432
Acp(BY— 1 K™) 39 +17 1973 5617 42433 3214
Acp(BY — K~KY) -8+ —22%2 —614, -11%2
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FIG. 1 (color online).

parameter value p©¥ ~ 1 can hardly account for the measured
large B(B? — 7" 7r~) within errors, and a larger p£” is re-
quired. For the other measured observables, as Figs. 1(b)-1(d)
show, the large annihilation correction is not essential and is
allowed. So, itis worthwhile to evaluate the exact values of the
annihilation parameters with the constraints from the avail-
able experimental information of BY — PP decays.

To keep the predictive power of the QCDF framework, we
assume the annihilation parameters are universal for all of the
BY — PP decay channels in this paper. Under the constraints
from BB — 7wt 7w, m K", KYK™),Acp(B — 7 K),
and their combination, the allowed regions for the annihila-
tion parameters ¢£* and pf? are shown by Figs. 2(a) and
2(c) respectively. From Fig. 2(a), we find that the traditional
treatment p©” < 1 is allowed by the experimental results of
B(B?— 7K', K"K ") and Acp(BY — 7~ K™), but obvi-
ously excluded by recent experimental measurements
B(BY — 7t 7~) = 0.73 = 0.14. Combining the constraints
from the four observables above, as Fig. 2(c) shows, the
annihilation parameters are tightly restricted, and two solu-
tions, named SPPA and B, respectively, are obtained as'

'Our fitting for the annihilation parameters is performed with
the experimental data allowed within their respective 1.680
(=90% C.L.) error bars, while the theoretical uncertainties are
also considered by varying the input parameters within their
respective regions specified in Appendix B.

The dependence of B(BY — 77—, KTK~,
pPP values. The dashed lines correspond to the error bars (1.680).
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7 K*)and Acp(BY — 7~ K™) on the phases ¢£7 with different

(SPPA),
(SPPB).
(18)

pPP =25+0.38,
pPP =35+0.3,

GFP = —84° +21°;
$FP = 116° + 9°,

Both of them imply a large annihilation correction is essential
to accommodate the measured B; — PP decays.

As a comparison, we also evaluate the values of the
annihilation parameters in Bg — PP decays with the con-
straints from the well-measured BY — 7" K~ and recently
measured BY — K*K~ decays. From Fig. 2(b), we find
¢hP and phF are bounded strongly by the precise experi-
mental data of the branching fraction and direct CP asym-
metry of the Bg — 77K~ decay. Meanwhile, the constraint
from B(BY — K*K~) is weak due to the rough measure-
ment. Corresponding to the allowed region for ¢4 and p5*
shown by Fig. 2(c), we get the numerical results

pfP =1.2%03, PP = —48° * 16°, (19)
which is similar to the result of scenario S4 given by
Eq. (12), while significantly different from those by B
decays ¢f” and pf” in Eq. (18).

For B? — PV decay modes, so far, no available experi-
mental measurement could be used to put a constraint on the
annihilation parameters therein. Thus, in our numerical evalu-
ations, we assume that the differences between p(¢)"V'VP
and p(¢p)PP in BY decays are the same as the ones in BY

decays of scenario S4 given by Eqgs. (12) and (13), i.e.,
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FIG. 2 (color online). The allowed regions for the annihilation parameters (bi P and p§ P under the constraints from the observables

labeled in (a) and (b), respectively, and their combination (c).

prV =l =l LY = It 3

=gt ise =

With the default values of pf P.PV.VP and qu P.PV.VP given
by Egs. (18) and (20) as inputs, we present our results of
the observables in the fourth and fifth columns of Table 1.
We find that B(BY — 7+ #7~) could be enhanced to
0.7 X 107° to match the experimental data with large
annihilation parameters within QCDF. Furthermore, all of
the other theoretical results are in good agreement with the
experimental data. The branching fractions of BY — PV
decays, which may play an important role to confirm or
refute the large annihilation corrections, are too small
~0O(1078) to be measured very soon at LHCb.

B. Within scheme 11

An alternative to the parametrization method, the end-
point divergency could be regulated by an infrared finite
dynamical gluon propagator, which has been successfully
applied to the B meson nonleptonic decays [13,14,20]. In
this paper we adopt Cornwall’s description for the gluon
propagator, which is given by [21]

1
D(q?) = , 21
with the dynamical gluon mass
P+am2\1 -
2.2 2 : ( Ao )
M3(q?) = my (22)

T (4m ’
ln< £ )
Agen

where g? is the gluon momentum square, which is space-

like in the hard spectator scattering contributions and

timelike in the annihilation corrections. The corresponding
strong coupling constant reads

dar

2+aM2(g?)\
BO ]n(q A2 - )
QCD

a,(q?) = (23)

where By = 11 — %nf is the first coefficient of the beta
function, and n; the number of active flavors.

With the description given above, the amplitudes of the
hard spectator scattering contributions and annihilation
corrections in the B— PP and PV decays have been
derived in Ref. [14]. Within this scheme, it is found that

054016-5



QIN CHANG et al.

0
=}

St [x107%]
5

—
W

|§ 0.5 -
Q
0.0 & . . , J
0.3 04 0.5 0.6 0.7
g
(a)
10F
&
& 8
X _——— T T —————
o
X
Ik 4 L
T" ________________________
ot
Q
0Ok X X X 4
0.3 0.4 0.5 0.6 0.7
ng

()

FIG. 3 (color online).
The dashed lines correspond to the error bars (1.680).

the hard spectator scattering contributions are real and the
annihilation corrections are complex with a large imagi-
nary part [14]. Moreover, the strength of the annihilation
correction is sensitive to the sole input parameter, the
effective gluon mass scale m,, whose typical value is 0.5 *
0.2 GeV, obtained by relating the gluon mass to the gluon
condensate [21]. Interestingly, in a B meson system, with
the constraints from B, ; — 7K, mK*, and pK decays, a
reasonable similar result m, = 0.5 = 0.05 GeV is found in
Ref. [14]. So, as a cross-check, it is worthwhile to evaluate
the value of the effective gluon mass scale m, in BY decays.

With m, = [0.3,0.7] GeV allowed, the dependences of
the measured observables B(B — 7t 7=, K" K™, w~K™)
and Acp(B) — mK*) on m, are shown in Fig. 3.
From Fig. 3(a), we find that a small m, ~ 0.43 GeV, which
would lead to large annihilation corrections, is required by
large experimental data B(B? — 7t 77) = 0.73 + 0.14.
Meanwhile, as Fig. 3(b) shows, a relatively large m, ~
0.52 GeV could result in a good agreement between
the theoretical prediction and experimental data for
B(BY — K* K~). With the experimental errors considered,
one also could find a common solution

m, = 0.48 = 0.02 GeV, (24)

where its upper limit is dominated by B(B? — 77 ),
and the lower one is dominated by B(BY — K*K™).
Moreover, since a larger annihilation strength is required
by B(BY — 7 77), such a solution is a bit smaller than

PHYSICAL REVIEW D 86, 054016 (2012)
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The dependence of the measured observables of the B — PP decays on the effective gluon mass scale.

the finding m, = 0.5 = 0.05 GeV in B, , decays [14],
although they are also in agreement. Due to the dominance
of the tree contribution «; in the amplitude of the BY —
7tK~ decay, the effect of the annihilation contributions
related to m, to B(BY — 7" K~) is negligible, which can
be seen from Fig. 3(c). Furthermore, as Fig. 3(d) shows,
because of the large experimental error, the constraint from
Acp(B) — 7" K™) on my is weak, too.

Taking m, = 0.48 GeV, our numerical results for the
observables are listed in the sixth column of Table 1. One
may find that all of the results are in good agreement with the
experimental data, and most of them are similar to the
scenarios SPA and SPPB in scheme 1. Within scheme I,
Acp(BY— 7w p7) and Acp(BY — 7~ p*) could be large
due to the assumption that ¢rV # ¢V?, which can be seen
from Eq. (20). However, within scheme II, we find that
Acp(B} = 7 p™) = Acp(B) = m~pT) =0 with any
value of m,. The significantly different predictions for such
two observables within two schemes will possibly be judged
by the running LHCb and upcoming super-B experiments.

IV. BY — VV DECAY MODES

Compared with B— PP and PV decays, the B— VV
decays involve more observables, which are sensitive probes
for testing the SM and various calculation approaches.
Recently, B — K*°K*0 and ¢ ¢ decays have been measured
by LHCb and CDF collaborations, respectively [22]:
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The numerical results for the branching fractions B[ X 107¢], the direct CP violations Ap[ X 1072], and longitudinal and

transverse polarization fractions f; | [X1072] for BY — pp, K*°K*°, and ¢ ¢ decays in each scenarios.

Experiment Scheme I Scheme II
S4 S"VA SYYB svvc S"YD mg = 0.50 GeV
B(B)— p*p7) 0.367 043 0.247042 0.66+922 0.67+923 0.215949 1.307944
B(BY — p°p) 0.18120¢ 0.12+2% 0.335048 0.337048 0.10599 0.65%9%
Acp(BO— pTp7) e 0 0 0 0 0 0
Acp(BY — p°p) e 0 0 0 0 0 0
fL(BO— p*p7) 99+0 9610 98+0 98+0 97+ 98*9
fL(BY— p°p) 999 9619 989 980 97+ 989
B(B? — K*K*0) 28.1 6.5 110727 16.7+%3 153749 15.9534 15.9%%3 20.6183
B(B) — ¢¢) 23.2 x84 21.97)06 41.67158 39.77159 38.01137 41.97158 49.9733%
Acp(B) — K*OK*0) 0.8%21 —0.159% 0.6701 0.1792 0.5%01 0.5%%1
Acp(B) — ¢ ) 0.9%¢3 —0.133 0.6%57 —0.0%37 0.5%83 0.5*0F
fL(B? — K*OK*0) 31 +13 7147 414 42110 45110 38+33 6517
fL(BY— o) 34.8 £ 4.6 56141 3614 34+] 3218 3544 5743
f1(BY— K"K*) 38+ 12 13*4 2772 2613 24+ 29%2 1543
f1(BY— ¢¢) 36.5*5.2 21+ 3113 3142 3212 3212 212
B(B? — K*OK*0) = (28.1 * 4.6(stat) * 4.5(syst) * 3.4(f,/f4) X 107°
fL(B? — K*9K*0) = 0.31 = 0.12(stat) + 0.04(syst) LHCb; (25)
f1(BY — K*K*0) = 0.38 + 0.11(stat) = 0.04(syst)
and [23]
B(BY — ¢pp) = (23.2 = 1.8(stat) + 8.2(syst)) X 1076
fL(BY — @) = 0.348 = 0.041(stat) = 0.021(syst) CDF. (26)

FL(BY— $) = 0.365 = 0.044(stat) =+ 0.027(syst)

Because of the left-handedness of the weak interaction and
the fact that the high-energy QCD interactions conserve
helicity, the SM expects the dominance of the longitudinal
amplitude and the transverse amplitudes are suppressed by
the factor m 4 g /mg, which significantly conflicts with the
LHCb and CDF observation f;(BY— K*K*0 ¢¢p) ~
f1(BY — K*K*0, ¢ ). Therefore, it is worthy to perform
a detailed evaluation within QCDF, and check if the ten-
sion could be moderated by annihilation corrections.

A. Within scheme I

With the annihilation parameters given by Eq. (17), the
prediction of scenarios S4 for BY — pp, K*°K*°, and ¢ ¢
decays are listed in the third column of Table II and agree
with the former results of the QCDF [15,17]. One may find
that there are no significant direct CP asymmetries for
these decay modes, and the longitudinal polarization
fractions of BY — pp decays are close to unity. The
branching fraction of the BY — ¢ ¢ decay agrees well
with the experimental data. Meanwhile, the default result

B(BY — K*K*0) ~ 11.0 X 107 is significantly smaller
than the LHCb measurement ~28.1 X 107°. However,
one may notice that the uncertainties in the experimental
measurement are still very large. For their polarization frac-
tions, as expected above, the prediction of scenarios S4
implies  f;(B? — K*°K*°, ¢ ) ~ 0.71,0.56 > f | (BY —
K*K*0 ¢ ) ~ 0.13, 0.21, which conflict with the LHCb
and CDF observation f;(BY — K*°K*°, ¢ ) =~ f, (BY —
K*K*0, ¢ ¢). In the following, we perform a detailed evalu-
ation to check whether such a discrepancy could be moder-
ated by the annihilation corrections.

The dependence of B(B? — K*°K*°, ¢ ) and £, (B? —
K*K*, ¢ ¢) on the annihilation parameters is shown by
Fig. 4. Comparing Fig. 4(b) with 4(d), we find the con-
straint from f; (BY — K*°K*?) on the annihilation parame-
ters is weak due to its large experimental uncertainties.
From Fig. 4(d), one may find the phase ¢!V ~ —40° or
50° with any value of p!" could be helpful to moderate the
tension between the theoretical prediction and experimen-
tal result for f,(B? — ¢¢). With such a ¢V value, as
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FIG. 4 (color online).
values. The dashed lines correspond to the error bars (1.680).

shown in Figs. 4(a) and 4(c), a small p!V ~ 1 is required
by both B(B? — K*°K*°) and B(B? — ¢ ¢). Furthermore,
compared with such solutions, we find a larger p¥V ~ 2
with a larger phase ¢?V ~ —150° or 160° are also possible
solutions. A detailed numerical examination is performed
in the following.

Under the constraints from B(B? — K*°K*0, ¢ )
and f,(B? — K*K*0, ¢¢), the allowed regions for the

150 3 = e
B‘E _’K.ofno)
100 f| y 1
| #B-KKY)
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. of =
< >
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~ 100 [| B(B;~dh)
— 150} =
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FIG. 5 (color online).
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The dependence of B(BY — K*°K*0, ¢¢) and f, (B? — K*°K*0, ¢p) on the phases ¢)" with different p/"

annihilation parameters are shown in Fig. 5. As shown in
Fig. 5(a), the space of the annihilation parameters are
strictly restricted. The upper and the lower limits of pY"
are dominated by B(BY — ¢¢) and B(B? — K*°K*),
respectively. Meanwhile, the ranges of ¢}" are dominated
by f.(B?— ¢¢). Finally, under their combined con-
straints, we could find four solutions shown by Fig. 5(b).
The corresponding numerical results are

150¢F ' ' ' - gWp 1
100} ]
50¢F s SVVC E
0 L |
-50¢f g 1
~100¢ ]
—150F e, SYVA ]
00 05 10 15 20 25 30
oM
(b)

The allowed regions for the annihilation parameters ¢Y” and p!V under the constraints from

(a) B(BY — K*K*, ¢p¢p), f.(B® — K*OK*0, ¢ ), and (b) their combination, respectively.
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pYV =20=0.1, W= —154° = 4° (SYVA),
pVV'=10=*0.1, $VV = —36°*+9°  (SVVB),
pYV =11=%0.1, PV =50°+7°  (SWVO),
pYV'=20+0.1, Wo=164° +4°  (SVVD).
(27)

With the default values of the annihilation parameters
given by Eq. (27), our predictions of scheme I are summa-
rized in Table II. We find that f; (BY — K*°K*°, ¢ ¢) could
reduce to the experimental data by the annihilation con-
tributions. Meanwhile, f,(B? — K*°K*, ¢¢) are also
significantly enhanced, and agree well with the experimen-
tal data. However, similar to the case in scenarios S4, the
result of B(BY — ¢ ) is larger than the one of B(B? —
K*°K*0) by a factor of about 2. In the previous works, the
theoretical predictions within both QCDF and pQCD
frameworks, for example, [5,15,17]

B(BY — $p) = (21.8*117304) x 1076 CDF;
BB — KOR™) — 017037113 x 106 S0
0 0.4—6.8
(28)
’B(BO —¢¢) = 167301 x 1070
Y O 14-17
(29)
B(B) = ¢) = G531 <0
B(B) — KOR) = (7.8+1238+00) x 106 |
(30)

present a similar result that B(B? — ¢¢) > B(B? —
K*°K*0), which is obviously inconsistent with the LHCb
and CDF measurements Eqs. (25) and (26) that B(B? —
¢d) =~ B(B" — K*°K*?). Such a theoretical situation
could be easily understood from their amplitudes given
by Egs. (AS) and (A6) in Appendix A. The amplitudes of
both BY — K*°K*0 and BY — ¢ ¢ decays are dominated by
the effective coefficients aff , and annihilation contributions
to them are similar. However, an additional overall factor 2 is
included in the amplitude of BY — ¢ ¢. So, B(BY — ¢ ¢)
would always be larger than B(B? — K*0K*0).

For the BY — pp decays, their longitudinal polarization
fractions are always close to unity within the four solu-
tions. Meanwhile, the predictions of SVVB and SYVC for
B(BY — pp) are significantly larger than the ones of SYVA
and SYVD. So, the four solutions for the annihilation
parameters given by Eq. (27) could be tested by the up-
coming LHCb measurements of B(B? — pp).

B. Within scheme II

With the infrared finite gluon propagator to deal with
the endpoint divergences, the hard spectator and the
annihilation corrections for B — PP and PV decays have

PHYSICAL REVIEW D 86, 054016 (2012)

been evaluated in Ref. [14]. Meanwhile, the ones for B —
V'V decays have not been calculated until now. So, firstly,
we would recalculate these corrections within scheme II.
With the same convention and notation as Refs. [14,15], the
hard spectator scattering contributions can be expressed as

2fsfi 1
H =—-——""L dxdyd 2
i mmeFé_'Vl 0) L xay fas(q )

% (D31¢1l(x)¢b2()7)
(éx + 0*(¢*)xy’
fori=1,2,3,4,9, 10;

2f3fv 1
H =—"—"L dxdydéa (g>
i mmeFB_’VI 0) [0 xay é‘:as(q )

(I)Bl¢1 () 42(y)
(éx + 0*(¢?))E’

(31

(32)

I8l

% q)31¢a1(x)¢2 (J’)
(éx + 0*(gM))3y’
for i = 6, 8. In the equations above, w*(¢*) = M3(q*)/M3,
g*> = —Q? and Q? = —£xM3 is the spacelike gluon mo-
mentum square in the scattering kernels. The function
®p,(€) is the B meson light-cone distribution amplitude,
where ¢ is the light-cone momentum fraction of the light
antiquark in the B meson. In our following numerical
evaluation, ®(¢)=Ny&(1— )expl— () (€ — £p)°]
[24] is used.
The longitudinal part of the annihilation amplitudes are
given by

(33)

. 1
A = 7 ﬁ dxdyas(q%{cbm(x)@m(y)

y
% [(xi — w?(g?) +ie)(1 — xy)

" : ]
§(xy — w*(q®) + ie)

2
- r,\’ sz(bvl(x)q)uz(y)

— w*(g?) + ie

}, (34)

A = [ sy ()@ )040)

x [ x
(xy — 0*(¢?) + ie)(1 — xy)

. 1
x(xy — w*(g?) + ie)]

- r)( r)(z(bvl(x)cI)UQ(y)

2
— w*(g?) + is}’ (35)
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00 1 N7
Ay =m o dxdya(g°)1ry' @1 (x) Py, (v)

2x v,
oD F e =) X PP
2y
(xy — w*(g?) + ie)(1 — )_cy)}’ (56)

1
ALY = Wﬁ) dxdyas(qz){’";t‘ o1 (X) P2 ()

e RPN 0,0)

2(1 + x)
x(xy — w?(g?) + iS)}’

(37)

and A{’g = 0. The nonvanishing transverse amplitudes are

PHYSICAL REVIEW D 86, 054016 (2012)

2m1m2

A = fo ’ dxdyas<q2>{¢a]<x>¢az<y>

% [ 1+x
(1 — xy)(xy — 0?(g?) + ie)

x2y
(1 — xy)xy — w*(g?) + ie)?
_ xy
(1 — xy)*(xy — w?(q?) + ie)
y
* (xy — 0*(¢?) + is)z]}’ (39)

A= / dxdya, <q2){—1 b (L)
1
(xy — w?(g?) + ie)(1 — Xy)

2m
AT 2m1 f dxdya, (qz){¢b1( VD12 (y) N m—fr¥1¢1l(x)¢b2(y)
1+y ! 40
[(1 — )07 — 0P + is) % (xy — w*(g?) + ie)(1 — )"cy)}’ (40)
Xy
=50 — )+ ieT a = [ dxdya (@ (840
xy
- - - ; 1 2
(1- xy)ZE_ny - aﬂ(qﬁ +ie) e s e e R I G L )
T o ol 1 el (38) 1
(5 — () + is) T 1-8)}’ 1)
i+ 2mmy [l y xyy
e A R e e e e M e e e
B xyy 1 xy
(R PHE N A o PR A e | @2
i+ 2mmy 1 X XXy
e R e e e e e e ey

XXy 1

T -5 - WP Fie) |

where g* = xjM?2 is the timelike gluon momentum square.
As found in Ref. [14], the hard spectator scattering con-
tributions are real, but the annihilation contributions are
complex with a large imaginary part. Their contributions
are dominated by the value of the effective dynamical
gluon mass scale m,.

With the default values of the input parameters, the
dependence of B(B? — K*°K*°, ¢¢p) and f, (B —
K*K*, ¢¢) on the parameter m, is shown by Fig. 6.

x*(xy — w(g?) + ie)

Xy
5 — A + ,.8)2]}, “43)

From Figs. 6(b) and 6(c) we find that the QCDF predictions
for f11)(BY = K*K*, ¢ ) could be reduced (enhanced)
to the experimental measurements with a small effective
dynamical gluon mass m, < 0.4 GeV, which leads to a
large annihilation contribution. Meanwhile, as Fig. 6(a)
shows, a small m, is also allowed by the constraint from
B(B? — K*°K*?). However, such a small m, value would
induce too large B(BY — ¢ ¢), which is much larger than
the experimental data.
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FIG. 6 (color online). The dependence of B(B? — K*°K*, ¢¢p) and f | (B — K*'K™, p¢) on the effective dynamical gluon

mass scale. The dashed lines correspond to the error bars (1.680).

With a default mgy value 0.5 GeV, we present our
predictions for the observables in the last column of
Table II. We find that our prediction B(B? — K*0K*0) =
(20.67%3) X 1076 agrees well with the experimental data
(28.1 = 6.5) X 107°. However, unfortunately, B(B? —
¢ ¢p) is enhanced much by the annihilation corrections,
whose lower limit (49.9 — 13.3) X 107¢ is about 1.60
larger than the CDF measurement (23.2 + 8.4) X 1076,
In fact, with any m, value, as analyzed in the last section,
the theoretical prediction of B(B? — ¢ ¢) is always much
larger than B(B? — K*°K*°), which also can be seen from
Fig. 6(a). Because a small m,, which helps to accommo-
date the discrepancy of f; | (B? — K'K™, ¢ ) between
the theoretical predictions and experimental data as
Figs. 6(b) and 6(c) show, is excluded by the constraint
from B(BY — ¢¢), the predictions of scheme II for
fr)(BY = KK, ¢ ¢) are larger (smaller) than the ex-
perimental measurements, which is similar to the results of
scenarios S4. For the BY — pp decays, their branching
fractions in scheme II are significantly larger than the
ones in scheme I. So, the upcoming measurements on
B(BY — pp) could provide a judgment regarding the two
schemes.

V. CONCLUSION

Motivated by the most recently observed large branch-
ing fraction of the pure annihilation decay BY — 7% 7~
and large transverse polarization fractions in the

BY — K*K*0, ¢¢ decays, we have revisited the hard
spectator and annihilation corrections in nonleptonic B9
decays within a QCD factorization approach. In this paper,
two schemes (parametrization and using an infrared finite
gluon propagator) to model the effects of the end-point
singularity in hard spectator and annihilation corrections
have been evaluated. In our numerical evaluations, all of
the pure annihilation and well-measured B? decays have
been studied in detail simultaneously. Our main conclu-
sions are summarized as follows:

(i) For BY — PP decays, within scheme I, due to the
large B(BY— 7w"7~) measured by CDF and
LHCb collaborations, a large annihilation parameter
pPP is required. Under the constraints from B(B? —
atm , 7w KT, K K")and Acp(B? — 7 K™), two
solutions pf? ~2.5(3.5) and @FF ~ —84°(116°)
are found, which are significantly larger than the
values p” ~ 1 and ¢*F ~ —55° adapted in the lit-
erature. With the obtained two solutions of the anni-
hilation parameters given in Eq. (18), all of the QCDF
predictions for B — PP decays agree well with the
available experimental data.

(ii) For BY — VV decays, within scheme I, the
measured small f;(B? — K*°K*0, ¢ ) and large
f1(BY— KK ¢¢) could be accommodated

by the annihilation contributions. With the con-
straints from B(B? — K*°K*, ¢ ) and f; | (BY —
K*K*, ¢ ), we find four solutions of the annihi-
lation parameters p¥" and ¢!V given by Eq. (27).
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Some of these solutions will be confirmed or refuted
by the upcoming LHCb measurement on BY — pp
decays.

(iii) Within scheme II, using the effective gluon mass
m, = 0.48 GeV, QCDF predictions for BY— PP
decays are found to be in good agreement with the
available experimental results. Furthermore, some
of its predictions are different from the ones in
scheme I, such as the branching fractions and direct
CP asymmetries of BY — pm decays, which will
be judged by the upcoming LHCb and proposed
super-B experiments. For the BY — VV decays,
fr1(BY— KK, ¢¢) could be accommodated
by the annihilation contributions with a small
m, < 0.4 GeV, which unfortunately is excluded
by B(B) — ¢¢). i

(iv) Within both schemes I and II, B(B? — ¢ ¢) is al-
ways larger than B(B? — K*°K*?), which signifi-
cantly conflicts with the LHCb and CDF
observation B(B? — ¢¢) =~ B(B? — K*K*V). A
similar situation is also presented in the pQCD
approach, as summarized in Refs. [17,28-30].
Thus, the present experimental result B(B? —
b @) = B(BY — K*OK*0) raises a challenge to theo-
retical approaches for B nonleptonic decay. Further
refined measurements and theoretical studies are
required to resolve such a possible anomaly.
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APPENDIX A: DECAY AMPLITUDES WITH QCDF

For the self-consistency of this paper, the following
decay amplitudes are recapitulated from Refs. [12,15].
The amplitudes of B, — mp decays are

1
Ajmrtp = Bwp[bg - Ebzpt,Ew]
+ B, [6,.b1 + by + bipyw] (Al
_ po Loy
2.543\‘_,77.01)0 = Bﬂ,p 5pub1 + 2b4 + §b4,EW
1,
+ B,m[apub1 + b + gbfuaw]- (A2)

The amplitude of the B, — 7 p* decay is obtained
from the first expression by interchanging () < (p)
everywhere. The expressions for the B, — w7 and

PHYSICAL REVIEW D 86, 054016 (2012)

pp amplitudes are obtained by setting (p) — (r) and
(1) — (p), respectively.

The decay amplitudes of B, — 7 K*, K"K, and
K*OK*, ¢¢ decays are

_ — p p
ﬂBl\_’ﬂiK+ —AK7T|:5pual + CY4 + a4,EW

1
+ B} =5 Blew | (A3)

Ap—xk = Brx+[8,ub1 + by + b eyl

~|—AK+K7|:5Wa1 +al +alpy + B

1 1
+ Bt 5 Brew EBE,EW], (A4)

1
Ap gk = BK*OK*O[bf: - Ebg,EW]

1

+AK*0K*0[C¥£ — EaZEW + BL + By
1 p 1 p

- 5183,EW - 5:84,EW :I’ (A5)

1

1
Ap—pp = 2A¢¢[“§ +aj - EaZEW - EQZEW + B3

1 1
+ B = 3 Blow — 3 B | (46

The explicit expressions for the coefficients ! = a (M M,)
and B = BY(M;M,) can be found in Refs. [12,15].

APPENDIX B: THEORETICAL INPUT
PARAMETERS

For the CKM matrix elements, we adopt the CKMfitter
Group’s fitting results [25]:

p = 0.144 + 0.025,
A =081270013

7 = 0.34279018,
A = 0.22543 = 0.00077. (B1)
As for the quark mass, we take [28,26,27]
m. = 1.6170% GeV,

m, = 172.4 + 1.22 GeV, (B2)

m, = mg = mg; =0,
my, = 4.78*321 GeV,
for the pole masses and

g (u)
()
m.(m,.) = 1.277557 GeV,

m,(m,) = 164.8 = 1.2 GeV,

=274%x04, mg(2 GeV) = 87 £ 6 MeV,

(B3)

for the running masses, where m, = m, 4.
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The decay constants are [29,30,26]
fp, = (231 £15) MeV, fg, = (190 = 13) MeV,
f»=(130.4 = 0.2) MeV, fx = (156.1 = 0.8) MeV,
fp = (209 = 2) MeV. (B4)

As for the B-meson lifetimes, 75 L= 1.525 ps and
7p, = 1.472 ps are used. Furthermore, the form factor
FE~7(0) = 0.258 = 0.031 [30] is used to evaluate the

fr- = (218 = 4) MeV,
[3(2GeV) = (175 = 25) MeV,

FB=K =000+ 006  ABT? =0.38+010

f#(2 GeV) = (175 = 25) MeV,
AB=K = 0,38 + 0,03,

PHYSICAL REVIEW D 86, 054016 (2012)

amplitude of BY— 7*K~ decay. For B?— 7 K™,
K~ K™ decays, we shall use Fgf_'K(O) = (.24 obtained
by both lattice and pQCD calculations and suggested by
Ref. [17]. For the other decay constants and form factors
related to BY — K*°K*0 and BY — ¢ ¢, we choose the
similar inputs used in Ref. [15]. These values follow the
QCD sum rule calculation Ref. [30], but some modifica-
tions within theoretical errors are made to improve the
description of data. Their values are

fo = (221 = 3) MeV,
FB—K" = (.53 + (.05,
F57% = 0.00 = 0.06.

FB—¢ — 0,65+014 (BS)
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