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Revisiting the B’ — 77" decays in the perturbative QCD approach
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We recalculate the branching ratio and CP asymmetry for B°(B%) — 7°2° decays in the perturbative
QCD approach. In this approach, we consider all the possible diagrams including nonfactorizable
contributions and annihilation contributions. We obtain Br(B°(B°) — 2°2°) = (1.1750'};) x 107°. Our
result is in agreement with the latest measured branching ratio of B® — 7°2° by the Belle and HFAG

collaborations. We also predict large direct CP asymmetry and mixing CP asymmetry in B — 7%z

0.0

decays, which can be tested by the coming Belle-II experiments.
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I. INTRODUCTION

The detailed study of B meson decays is a key source of
testing the standard model (SM), exploring CP violation, and
in searching for possible new physics beyond the SM. The
theoretical studies of B meson decays have been explored
widely in the literature, especially the nonleptonic two-body
branching ratios and their CP asymmetries. Although we
have achieved great success in explaining many decay
branching ratios, there are still some puzzles remaining.
One of the challenges is that the measured branching ratio
[1-3] for the decay of the B meson to neutral pion pairs
B — 7°2° is significantly larger than the theoretical pre-
dictions obtained in the QCD factorization approach
(QCDF) [4-7] or a perturbative QCD approach (PQCD) [8].

For a long time, the factorization approach [9] was the
method we widely use to estimate the decays [10,11].
Although the way is an easy method at predictions of
branching ratios and in accord with experiments in most
cases, there are still some unclear theoretical points. In
order to study the nonleptonic B decays better, QCD
factorization [12] and perturbative QCD approach [13]
were invented. The basic idea of the PQCD method is that
the transverse momenta k; of valence quarks are consid-
ered in the calculations of hadronic matrix elements, and
then for B meson decays, nonfactorizable spectator and
annihilation contributions are all calculable in the frame-
work of k; factorization, where three energy scales myy,
mpg, and t & \/mpAqcp are involved [8,13,14].

The branching ratio of B® — 7z°2° has been measured,
whose data [15] are

(1.83 +£0.21 +0.13) x 107 (BABAR),
(0.90 +0.12 +0.10) x 1075; (Belle)  |. (1)
(1.17 £ 0.13) x 10-5, (HFAG)

fliyun 1990405@163.com
lyuxq@swu.edu.cn

2470-0010/2017/95(3)/034023(9)

034023-1

In the last ten or more years, many theoretical teams
have calculated this decay in different approaches.
Beneke and Neubert made the analysis of B® — 797°
decay based on QCD factorization in 2003 [5]. Recently,
Qin Chang [16], Xin Liu [17] and Cong-Feng Qiao et al.
[18] recalculated this decay model using a different
method. The next-leading-order (NLO) contributions
from the vertex corrections, the quark loops, and the
magnetic penguins have also been calculated in the
literature [19-22]. By comparing their results, we find
that the agreement between the theoretical predictions
and the experimental data is still not satisfactory, so we
revisit the decays of B’ — 7970 in this paper. We use the
PQCD approach to recalculate this decay directly; non-
factorizable contributions and annihilation contributions
are all taken into account. Our theoretical formulas about
the decay B? — 7°2° in the PQCD framework are given
in the next section. In Sec. III we give the numerical
results and discussions of the branching ratio and CP
asymmetries. In the end, we give a short summary
in Sec. IV.

II. THE FRAMEWORK AND PERTURBATIVE
CALCULATIONS

For the considered B° — 7°2° decays, the corre-
sponding weak effective Hamiltonian can be given
as [23].

Hyp = OF {v:;dvub[cl (1)01 (1) + Ca (1) 0 (1)

V2
ViV [Z G0t} + e, @)

where G is the Fermi constant, C;(u)(i =1,...,10)
are Wilson coefficients at the renormalization scale p,
and O;(i=1,...,10) are the following four-quark
operators:
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(1) current-current (tree) operators

0, = (ﬁaua)V—A(aﬂbﬂ)V—A’
0, = (ﬁaba>V—A(aﬂuﬂ)V—A; (3)

(2) QCD penguin operators

05 = (aaba)V—AZ(@ﬂQﬂ)V—A’

04 = —AZ dpda)v-a-

Os = (dyby) v—AZ(f_IﬂCI/i VA
q

O¢ = (aab/s)V—AZ(ZIﬁ%)WA? (4)

(3) electroweak penguin operators

3 - _
07=3 (daba)V—Azeq(QﬂQﬂ)V+A’
q
3 - _
Os = ) (dabﬂ)V—AZeq(QﬂQa)V+A’
q
3
0y = E _AZC’ dpdp)v-a-
3
010—5(61(1[9/} —Aze (@pda)yv-a- (5)

Here a and p are SU(3) color indices. Then the
calculation of the decay amplitude is made by comput-
ing the hadronic matrix elements of the local operators.
In the PQCD, the soft (®), hard (H), and harder (C)
dynamics characterized by different scales make up the
decay amplitude. It is conceptually written as follows:

Amplitude ~ / Ay Ay d* k3 Te[C(1) o (k)@ 0 (k)
X ¢ﬂ0(k3)H(kl’k2’k3th7 (6)

where k; are the momenta of light quarks included in each
meson, and Tr denotes the trace over Dirac and color
indices. The Wilson coefficient C(7) results from the
radiative corrections at short distance. The nonperturbative
part is absorbed into wave function ®,,;, which is universal
and channel independent. H describes the four-quark
operator and the quark pair produced by a gluon whose
scale is at the order of Mg, so this hard part H can be
perturbatively calculated.

We consider the B meson to be at rest for simplicity and
assume the light final state pion meson moving along the
direction of n = (1,0,07) and » = (0, 1, 07). It is conven-
ient to use the light-cone coordinate (P*,P~,P;) to
describe the meson’s momenta, where P+ :\/%(po +p?),
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FIG. 1. Typical Feynman diagrams contributing to the B® —
979 decays in the PQCD approach at leading order.

Py = (p', p?). Working at the rest frame of the B° meson,
the momenta of B, 7°, and z° can be written as follows:

Mg
P, =——=(1,1,0,),
1 \/5( T)
Mg
P, =——=(0,1,0,),
2 \/5( T)
Mpg
P;=——=(1,0,0,). 7
3 \/5( T) ()

Putting the light (anti) quark momenta in B°, z°, and #°
as ky, ko, k3, respectively, we can choose

k) = (x1P1+70,klr)’
ky = (0, x,p5 . kar),
ky = (X3P3+»0,k3r)- (8)

Then, integrating over ki, k5, k3 in Eq. (6) leads to
Amphtude ~ / d4x1d4x2d4x3b1db1b2db2b3db3

X Tr[C()®po(x1,by)P0(xp, by) P 0 (x5, b3)
X H(Xl', bi’ t)]e_s<t), (9)
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where b; is the conjugate space coordinate of k;7, and ¢ the largest energy scale in H. The exponential Sudakov factor ¢=5(*)
comes from higher order radiative corrections to wave functions and hard amplitudes; it suppresses the soft dynamics
effectively [24] and thus makes a reliable perturbative calculation of the hard part H.

Figure 1 shows the lowest order diagrams to be calculated in the PQCD approach for B — 7°2° decay. The sum
contributions of the nonfactorizable diagrams (a) and (b) that come from the operator O, are

-1
V2N,
+ re(1 = 2x0) ®F (x2) @7 (x3)] et (1) ha (x1, X2, X3, by, by) exp[—Sg(ta)
— 2, D7 (22) P (3 )ty (12) 13 (X1, X3, X3, by, by) exp[=Sp(17) — S(13)

1 00
M, = 32”CFM%A dxldx2dx3A b1dbybydby®p(x1, by){[(xg = 2) @7 (x2) P7 (x3) + r(1 = 223) OF (x) P (x3)

= S (12)1C(12)} (10)

where C = 4/3 is the group factor of the SU(3), gauge group and r, = M,/Mp. The wave function ®,,, the functions
hi?(x1. Xy, X3, by, by), and the Sudakov factor Sy(r;)(X = B, z°, 2°) are given in the appendix.
The total contribution for the nonfactorizable diagrams (c) and (d) is

-1

1 0
M, = =32, [ s [ badbsbdbstyan by {02002 0)(1 — - 33

V2N, 0

+ 127 (2) @ (x3) (1 = x2) + 1, 7 (x2) @7 (x3) (1 = X)) e (12 ) e (x1, X2, X3, ba, b3)

x exp[=Sp(tl) = Sp(te) = Sp(1E)]C(8) + [~ (x2) P (x3) (1 + 23 — x1 — x) = 1z @7 (2) @7 (x3) (1 — x2)

+ 1 @7 (1) @7 (x3) (1 = x2)]at (12) 17 (x1, X, %3, b2, b3) exp[=Sp(17) = S,(17) — S,(1)]C(12)}. (11)
The factorizable annihilation diagrams (e) and (f) that come from the operators O, O3, O4, Os, Og, O, Og, Oy, O

involve only two light meson wave functions. M, is for (V — A)(V — A) and (V — A)(V + A)-type operators, and M? is for
(1 +75)(1 —ys)-type operators,

1 0
M, = 855Ce} [ duadrs [ badbsbdhy{ (-4 04 ey = 220 ()P (x)(1 4 32

+ 272 0L (x) ®F (x3) (x2 — 1))y (1) hi (X2, X3, by, b3) exp[—S,(13) — S, (2)]C(1})
+ [ (x2) P4 (x3)x3 + 2r2 L (x3) BL (x3) (1 4 x3) + 2r2PF (x3) T (x3) (1 — x3)]
X ag(12)h3 (xp, X3, by, by) exp[=S,(17) — S,(12)]C(23)}, (12)

1 )
M = 855CMy [ v [ badbsbsdb{ (-1, @8 ()04 = 1B (1) B 1)
0 0

= 21, @7 (x2) ®F (x3)] ety (1) he (x2, X3, by, b3 ) exp[=Sy(te) — Sa(2:)]C(2e) + [=27,DF (x2) P7 (x3)
— 1,08 () BF (x3)x3 = 1,7 (x2) O (x3)x3]a, (12) hZ (X2, X3, by, b3 ) exp[=S,(75) — S,(12)]C(73) }, (13)
where S = 2 comes from the requirement of the identity principle. The nonfactorizable annihilation diagrams (g) and (h)

come from the operators O, Og, Og, Oy9. M, is the contribution containing the operator of type (V — A)(V — A), and M} is
the contribution containing the operator of type (1 +y5)(1 —ys).

1 1 )
My = 2—N32SECFM%/) dxldxzdx3A bldblbzdb2q)3(xl, bl){[(xl +X3)(I)‘;;(JC2)<I)‘2(X3)
+ 12 (24 x1 + X0 + x3) F (x2) OF (x3) — 1z P (x2) PF (x3) (%0 — x1 — x3) + 172 ®L () 7 (x3) (X1 + x3 — X3)
— 17 ®L () OF (x3) (2 — x1 — xp — x3)]ay (1) hg (X1, X0, X3, by, by) exp[—Sg(t)) — S4(13) — S (13)]C(13)
+ [~ P2 (x2) 4 (x3)x2 + r2®F (x2) B (x3) (%1 — x5 — x3) — 2@ (x2) BT (x3) (1 — x3 + X7)
— r2®T () ®F (x3) (xy — x3 + x2) + r2®T (x2) DT (x3) (x1 — x5 — x3)]x (12)

X hg(xlvx%xéb by, by) exp[—SB(té) - Sn(t_rz/) - Sﬂ(té)]C(tj)}, (14)
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V2N,
— r2(2 + X1 + x5 + x3) P (x5) DF (x5
+ 2@ (x2) PF(x3) (X1 + X2 +x3 =2

M=

)
)
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1 0
32S7[CFM%3A dxldedx3A bydbibydby ®p(x1, by){[—P7 (x2) P} (x3)x,

2 ®F () L (x3) (xp — X1 — x3) + 12 L (x2)PF (x3) (1 + x3 — X7)

}as(té)h};(xlvx% x3, by, bz) eXP[_SB(t}J) - Sn(fé) - Sﬂ(té)]C(té)

+ [—‘bﬁ(xz)q);‘(@)(xl —X3) — ”%‘I);f(xz)q)z};(%)(xl — Xy —X3) — ’”;21‘1)5()62)‘1);()63)()61 — X3+ x;)

+ ”%‘I);(xz)q)zf(x3)(xl + Xy —x3) — ”;zrq);(xz)q);(%)(xz + X3 —xl)]as(ffz)hg(xhxzaxy by, b,)

x exp[=Sp(15) = Sz(15) = S.(13)]C(15)}. (15)
The total decay amplitude of B® — 7z°2° is then
A<BO - ﬂoﬂo) = deVub[ClMefB + CZ(Ma + MC)]
. 5 N ISR IS B
1 1 1
+ <C6 - 2Cg)/\/lepfg + <2C4 + 2C10) M, + (2C6 + 2C8>Mg} (16)

and the decay width is expressed as

20 o oy GEME 2m0 . 0 o
I'(B° - 2'7") = 178 ABY - 22>, (17)
n

The decay amplitude of the charge conjugate channel for
B® — 7%2° can be obtained by replacing V:,V,, with
VuVi, and Vi,V with V,,V}, in Eq. (16). The decay

amplitude of B — 7°2° in Eq. (16) can be parametrized as

A=V V,T—ViV,P
= V5 VTl + ze'-o)], (18)

where z =|VI,V,,/V:.V.u||P/T|, and 6 = arg(P/T) is
the relative strong phase between tree diagrams 7" and
penguin diagrams P. z and 6 can be calculated from PQCD.

Similarly, the decay amplitude for B’ — z°2° can be

parametrized as

A=V Vil = Vi ViaP = Vi Vo T[L + ze )] (19)

III. NUMERICAL EVALUATION AND
DISCUSSIONS OF RESULTS

The parameters that have been used in numerical
calculation [1,2,25-27] are shown in Table I.

We leave the Cabibbo-Kobayashi-Maskawa (CKM)
phase angle « as a free parameter to explore the branching
ratio and CP asymmetry. From Egs. (18) and (19), we get
the averaged decay width for B(B°) — 7929,

2 A g3 2 A12
F(BO<BO) N ”O”O) — GFMB <|'A| + |-A| )

1287 2 2
GyMy
— * T 2
1287 ViaViT|

x [1 4 2z cos(a) cos(8) + z%].  (20)

Using the above parameters, we get z = 0.52 and § = 106°
in PQCD. Equation (20) is a function of the CKM angle a.
In Fig. 2, we plot the averaged branching ratio of the decay
B°(B®) — 72" with respect to the parameter a. Since the
CKM angle « is constrained as a around 85° [26],

a = (85.413%)° (21)
we can arrive from Fig. 2,

1.15 x 1070 < Br(B°(B") — 292°) < 1.18 x 1075,
for 80° < a < 90°. (22)

The number z = |V;,V,,/V:,V.p||P/T| = 0.52 means
that the amplitude of penguin diagrams is about 0.52 times

TABLE I. The values of parameters adopted in numerical evaluation.
Parameters A(f;;‘) My mpg [ s Moy Tgo Vi Vil 1V Vil
Values 0.25 GeV  80.41 GeV  5.280 GeV  0.13 GeV 021 GeV 1.4 GeV  1.55x 107125  0.00346  0.00885
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FIG. 2. The averaged branching ratio of B°(B°) — z%z° decay
as a function of CKM angle a.

that of tree diagrams, which shows that though the tree
contribution dominates this decay, the penguin contribution
cannot be ignored, i.e., there are large contributions from
both tree diagrams and penguin diagrams.

Besides the phase angle «, the major theoretical errors
come from the uncertainties of w, = 0.4 +0.04 GeV,
fp=021+0.02 GeV, and the Gegenbauer moment
a5 = 0.25 £0.15. Taking into account the uncertainties
of these parameters, we find

Br(B°(B%) — n°7°)

= [L172000(@3) 093 (f5) 1002 (a%)] x 1070, (23)

When all important theoretical errors from different sources,
including those from the uncertainty of phase angle a,
are added in quadrature, we get Br(B°(B?) — 7°2°) =
(1.1755-1)) x 1076,

In the literature, there already exist a lot of studies on
BY — 7929 decay. We offer some recent works devoted to
the resolution of the challenge.

(a) In Ref. [16], Qin Chang et al. perform a global fit on
the spectator scattering and annihilation parameters
Xn(p- b Xa(phodh) and X} (o). ¢h) for the
available experimental data for B, , — nx, 7K and
KK decays in the QCDF framework. They obtained
large B’ — 7°2° branching ratios (1.677533) x 107
and (2.13f8_'§§) x 107¢ for different scenarios.

(b) In Ref. [17], Xin Liu et al. investigate the Glauber-
gluon effect on the B — zz and pp decays based on
the k7 factorization theorem; they observed significant
modification of the B® — 792 branching ratio
through a transverse-momentum-dependent wave
function for the pion with a weak falloff in parton
transverse momentum k7. They get the branching ratio
of B® - 792 0.61 x 107°,

(c) In Ref. [18], Cong-Feng Qiao et al. give a possible
solution to the B — zz puzzle using the principle of

PHYSICAL REVIEW D 95, 034023 (2017)

maximum conformality (PMC). They applied the

PMC procedure to the QCDF analysis with the goal

of eliminating the renormalization scale ambiguity

and achieving an accurate pQCD prediction that is

independent of theoretical conventions. They found

that the pQCD prediction is highly sensitive to the

choice of the renormalization scale that enters the

decay amplitude; they obtained Br(B; — 7°2%) =
(0.98f8§f) x 107® by applying the principle of maxi-
mum conformality. However, we find that the PQCD
prediction is not sensitive to the choice of the
renormalization scale for this decay based on our
calculation. In our approach, we set the renormaliza-
tion scale ¢ =1t (the largest energy scale in H) to
diminish the large logarithmic radiative corrections
and minimize the NLO contributions to the form
factors. By changing the hard scale ¢ from 0.9¢ to
1.3¢, we find that the branching ratio of B® — 7%7°
changes a little. The choice of the renormalization
scale is not a main reason for the B — 7z°7° puzzle,
even when the NLO contributions are taken into
account [28].

(d) In Ref. [28], Ya-Lan Zhang et al. performed a sys-
tematic study for the B — (z* 2=, 77 2°, z°2°) decays
in the PQCD factorization approach with the inclusion
of all currently known NLO contributions from various
sources. They got the NLO PQCD prediction for
the B — 7°2° branching ratio Br(B° — 7°2°) =
0237008 (,) 085 (£5) 904 (a)] x 1075 it s il
much smaller than the measured data.

(e) InRef. [29], Hai-Yang Cheng et al. used flavor SU(3)
symmetry to analyze the data of charmless B meson
decays to two pseudoscalar mesons (PP) and one
vector and one pseudoscalar meson (VP). They found
that the color-suppressed tree amplitude is larger than
previously known and has a strong phase of —70°
relative to the color favored tree amplitude in the PP
sector; this large color-suppressed tree amplitude
results in the large B° — 7°2° branching ratios
1.43 £0.55 x 107 and 1.88 4 0.42 x 107 for a dif-
ferent scheme.

There were some works on B? — 792° decay in the
framework of the PQCD approach before [8,27,28]; we list
these numerical values in Table II. Reference [8] has the
earliest PQCD calculations for B — 7°z° decay at the
leading order (LO); Hsiang-nan Li et al. considered partial
NLO contributions in Ref. [27]. Based on the work of
Refs. [8,27], Ya-Lan Zhang et al. calculated all currently
known NLO contributions from various sources in
Ref. [28]. As shown in Table II, one can see that the
NLO contributions are much larger than LO contributions
for B — 7%2° decay in previous works. Despite this, it is
still much smaller than the experimental data. In this work,
we recalculate the B — 7°72° decay in the framework of
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TABLE II.  The pQCD predictions for the CP-averaged branching ratios (in unit of 107°).
Channel LO [8] NLO [27] NLO [28] LO (this work) QCDF [5] BABAR data [15] Belle data [15] HFAG data [15]
B - 2%2° 0.12 0.29 0.23 1.17f8']12l 1.83 £0.21 £0.13 0.90+0.12+0.10 1.17 +£0.13

the PQCD approach at LO. Our result is much larger
than that of previous predictions [8,27,28]; there are
two reasons for the difference. For the operator O; =
(igtty)y_s(dsbg)y_4. it can contribute not only to non-
factorizable diagrams (a) and (b), but to factorizable
annihilation diagrams (e) and (f) (see Fig. 1) as well.
We find the largest contributions come from the factoriz-
able annihilation diagrams (e) and (f), which come from
tree operator O; and penguin operators O, Oy, Os, O, O,
Og, Oy, O. In previous PQCD works [8,27,28], first, the
contributions of the factorizable annihilation diagrams (e)
and (f) coming from tree operator O; had not been taken
into account; the authors only considered the nonfactoriz-
able diagrams (a) and (b) (small contributions) for operator
O;; second, for O3, O4, Og, O;, operators, previous
calculations [8] showed that their contributions cancel
between diagrams (e) and (f); however, we recalculate it
and find that their contributions cannot be canceled
between diagrams (e) and (f), as shown in Egs. (12) and
(13). If we get rid of the contributions of M, and M? terms
in Eq. (16), our result is Br(B°(B%) — z°2°) ~0.26 x 1079,
which is consistent with previous PQCD predictions
[8,27,28]. The hard scale ¢ in Eq. (9) characterizes the
size of NLO contributions; by changing the hard scale ¢
from 0.9¢ to 1.3, we find the branching ratio of B® — 7°z°
changes about10%, which means although the NLO dia-
grams may make significant contributions to B® — 7%2°
decay [27,28], the LO contributions still dominate this
decay. Because there are identical particles in the final state
for this decay, one must consider the identical principle.
Usually the decay width receives a symmetry factor 1/2
due to the identical particles in the final state, but in our
calculations, we have calculated the symmetrized Feynman
diagrams and all these contributions have been included in
the total decay amplitude formula (16), and hence there is
no need to add an extra factor in decay width. In our
recalculations, we consider all the possible diagram con-
tributions, including nonfactorizable contributions and
annihilation contributions. We obtain the branching ratio
of B - 7%2° (1.1770'1]) x 107°, which is still smaller than
the BABAR result [15], but it is consistent with the Belle
and HFAG results [15]. More experimental and theoretical
efforts should be made to resolve the B — 7z°2° puzzle.

In SM, the CKM phase angle is the origin of CP
violation. Using Eqgs. (18) and (19), the direct CP violating
parameter is

dir _ JAP - AP - 2z sin(a) sin(J)
AR+ AP 1+ 2zcos(a) cos(S) + 22

(24)

It is approximately proportional to CKM angle sin(a),
strong phase sin(§), and the relative size z between the
penguin contribution and tree contribution. We show the
direct CP asymmetry AL in Fig. 3. One can see from
this figure that the direct CP asymmetry parameter of
B°(B°) - 7°2° can be as large as —83% to —82% when
80° < a < 90°. The large direct CP asymmetry is also a
result of large contributions from both tree diagrams and
penguin diagrams in these decays.

For the neutral B® decays, the B°— B° mixing is
very complex. Following notations in the previous liter-
ature [30], we define the mixing induced CP violation
parameter as

—2Im(Acp)
e = 2Amldcr) )
1+ |Acpl

where

i V;(bvtd<”0”0|Heff|BO>

Acp = » . (26)
@V, Vi (17| He | B)
Using Egs. (18) and (19), we can derive this as
1 i(6—a)
dcp = X - (27)

1+ 2l

If z is a very small number, i.e., the penguin diagram
contribution is suppressed comparing with the tree diagram
contribution, the mixing induced CP asymmetry parameter
a..¢ is proportional to —sin 2a, which is a good place for
the CKM angle a measurement. However as we have
already mentioned, z is not very small. We give the mixing

0.0F — T T T T T 1]

-0.2

-0.6

-0.8

1 s s s s 1 s s n L 1 s s s s 1

0 50 100 150

a(degree)

FIG. 3. Direct CP violation parameter of B°(B°) — 7°2° decay
as a function of CKM angle a.
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FIG. 4. Mixing of the CP violation parameter of B°(B%) —
070 decay as a function of CKM angle a.

CP asymmetry in Fig. 4; one can see that a.,. is not a
simple — sin 2a behavior because of the so-called penguin
pollution. It is close to 6% when the angle is near 85°. At
present, there are no CP asymmetry measurements in
experiment but the possible large CP violation we predict
for B°(BY) — 7°2° decays might be observed in the
coming Belle-II experiments.

IV. SUMMARY

In this work, we recalculate the branching ratio and CP
asymmetries of the decays B°(B?) — z°2° in the PQCD
approach at LO. From our calculations, we find the
branching ratio of B® — z%2° (1.1711}) x 107, much
larger than that of previous predictions [8], and there are
large CP violations in this process, which may be measured
in the coming Belle-II experiments. The branching ratio we
get is still smaller than the BABAR result [15], but it is
consistent with the latest Belle and HFAG results [15].
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APPENDIX: FORMULAS FOR THE
CALCULATIONS USED IN THE TEXT

We present the explicit expressions of the formulas used
in Sec. II in the appendix. The expressions of the meson
distribution amplitudes ®,, are given at first. For the B°
meson wave function, we use the function [8,14,31]

xm3>2 wrb?

¢p(x,b)=Ngx*(1—x)*exp {—%( ~ T] (A1)

PHYSICAL REVIEW D 95, 034023 (2017)

The parameter w, = 0.4 GeV is constrained by other
charmless B decays [8,14,31]. For the = meson’s wave
function, the distribution amplitude ®4 for the twist-2 wave
function and the distribution amplitude ®£ and ®I of the
twist-3 wave functions are taken from [27,32-34]

DA (x) = j%x(l —x)x [l +aCl(2x—1)
@z (2x — 1) + aZCh(2x — 1)),
B (x) = 2\;2”76 {1 + (30113 —; )cg@x_ 1
- 3fmos + o201+ sap bhar- )|
OL(x) = Jx (1-2x) [1 + 6<5173 —11730)3
22N, 2
270,0,, —%pﬂ%) (1-10x + IOxZ)], (A2)

where a? are the Gegenbauer moments, and the mass
ratio p, = m,/mgy,. The Gegenbauer polynomials are
defined by [27].

1 1
) =362 -1,
Lo
1) = § (351 =307 + 3)
3 3
=362,
3 15 4 2
Ci(1) = §(21t—14t 1),
C (1) =3, (A3)

and the Gegenbauer moments and other parameters are
adopted from Refs. [27,35],

at=0, af=025  af=-0015,

Pr = My /Moy, nz = 0.015, w3 = —=3.0, (A4)

with m, being the chiral mass of the pion.
Sgo0, S0, S0 used in the decay amplitudes are defined as

Syl1) = s(x,PF.by) +2 / "Z‘ﬂaxﬁ)), (A3)
Sw(t) = s(xaP5,by) + s((1 —x,) P35, by)
”/fd”y( (@), (A6)

[N}
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S”U<t) = S<X3P+,b3) + S((l —X3)P§L,b3)

(A7)

where the so-called Sudakov factor s(Q, b) resulting from
the resummation of double logarithms is given as [36,37]

§(0.h) = / "W (2)atam) + Bam)| 09

with

(A9)

(A10)

here yp = 0.57722 - -
quark flavor number.

The functions h;(i = a, c, e, g) come from the Fourier
transformation of propagators of the virtual quark and
gluon in the hard part calculations. They are given as
follows:

- is the Euler constant; ng is the active

(X1, X2, %3, by, by)

={0(by = by)Io(Mp~/x,(1 = x2)b,)

x Ko(Mp\/xi(1 = x3)by) + (by <> by)}
(Ko(MgF o)1), for F2, >0
(’”HO (M [IF2 |br). for 2, <0>
(Al1)
where F,;’s are defined by
Fi(l) =1-1x,,
F2o =x;. (A12)
h{‘(xl’x%x%bZ’bS)
= {9(192 = b3)lo(Mp\/x1(1 = x,)b3)
x Ko(Mg\/x1(1 = x3)by) + (b <> b3)}
(Ko(MpFjbs), for F7 ;) >0
(%HOI (MB\/mbg, for F2 ;) < o)’
(A13)
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where F.(;)’s are defined by

2 —
FC(]) —xl +.X2 +.X'3 —X1X2 —.X'2.X3 —_ 1,

F%(Z) =X — X3 — XX + XpX3. (A14)

hl(xy. x3. by, b3)
= 8,(x2) Ko(Mp/x2x3b3)
x {0(by — b3)Iy(Mg+\/x,b,)Ko(Mp+/x;b3)

by by)}, (AlS)

h2(xy. X3, by, b3)
= 8,(x3)Ko(Mp/x3x3b5)
X {g(bz - b3)]0(MB\/)C—3b3)K0(MB\/Eb2)

+ (by <> b3)}. (A16)

h.{;(xl’x27x37b17b2>
= {0(by = by)Io(Mp\/x3x3b1 ) Ko (M g+/X2x3b5)
+ (b < by)}

(K()(MBF ()bl), for F2 > 0
B¢/ |Fyj)|b1).  for F2 ;<0
(A17)
where F(;)’s are defined by
F;(l) = X1 + X +X3 — X1 Xy — XpX3,
F;(z) = X1Xp — XpX3. (AIS)

We adopt the parametrization for S,(x) contributing to
the factorizable diagrams [38]

21+2€1"(§+ C)
Si(x) = :

= i to) [x(1 =x)],

(A19)

where the parameter ¢ = 0.3. The hard scale ¢ in the
amplitudes is taken as the largest energy scale in H to
kill the large logarithmic radiative corrections,

034023-8
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2
|FC(1)

PHYSICAL REVIEW D 95, 034023 (2017)

I 1
by’ by)’

1 1
Vall-x).p by’ b3>

_maX<MB | MB X](I—XQ)

2 = max | Mg MB xi(1

(
- maX<M Vi bi)
(

1
_l’naX MB |F2 |MB\/X2X3,b ,b—2>
1
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