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Abstract By employing the perturbative QCD (pQCD) factorization approach, we calculate the full leading

and the partial next-to-leading order (NLO) contributions to the seven B — m](') and n(')n(') decays. For

BT — 7t+'r](’) decays, the pQCD predictions for their decay rates agree very well with the data after the

inclusion of the small NLO contributions. For neutral decays, the pQCD predictions are also consistent

with the experimental upper limits and can be tested by the LHC experiments. The measured value of
Adr, (ﬂin) =—19+7% can also be accommodated by the pQCD approach.
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1 Introduction

The two body charmless hadronic B meson decays
involving the ) mesons as the one or even two final
state mesons are very interesting phenomenologically,
because of the well-known Kn’ puzzle and the possible
gluonic component of the flavor singlet 1 and 1/t 2.

In this paper, we would like to calculate the
branching ratios and C'P asymmetries for the seven
B —m® and B —n"n" decays, by employing the
pQCD approach with the inclusion of the full leading
order (LO) and the partial NLO contributions. These
seven decay modes have been studied before in the
generalized factorization approach®, in the QCD fac-
torization (QCDF) approach!® % and in the pQCD
approach at the LO levell™®.
on the evaluation of the partial NLO contributions

Here we will focus

from the vertex corrections, the quark-loops and the
chromo-magnetic penguinsp’ o

The paper is organized as follows. In Sec. 2, we
firstly re-calculate the leading order Feynman dia-
grams, and then evaluate the partial NLO contribu-
tions. In Sec. 3, we calculate and show the pQCD

predictions for the branching ratios and C'P violat-
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ing asymmetries of the seven B — mm®,nn" de-
cays. The summary and some discussions are also
included in this section.

2 Calculations in the PQCD approach

2.1 Theoretical framework

In the light-cone coordinate, the B meson and the
two final state meson momenta can be written as

M,
Pl = 72]3(17170T)7
Mg
P, = —(1,0,07), 1
) ﬁ( T) (1)
M,
Py = —2(0,1,01),

vz
respectively. Here the light meson 71, masses have
been neglected. Putting the light anti-quark mo-
menta in B, and two mesons 7t (or n), n) as ky,
ko and ks, respectively, we can choose

kl = (x1P1+707k1T)7
k2 = (x2P2+707k2T)7 (2)
kg = (O,xSP?:,kST).
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Then, the decay amplitude is factorized into the
convolution of the mesons’ wave functions @ (x,,b,)
and Py, (x;,b;), the hard scattering kernel H (z;,b;,t),
the Wilson coefficients C;(t) and the Sudakov form
factor S;(z;),

A(B — MT](,)) ~ J’dl’ldl'gdl'gbldblbgdbgbgdbg X

Tr [C(t)@B(:vl ,b1) Py (22,b2) X

glY)T]U) (=T37 bs)H (:,b;,t) S (;) eis(t)} )
3)

where b; is the conjugate space coordinate of the
transverse momentum k;r, and t is the largest energy
scale in function H (z,,b;,t).

The B meson is as usual treated as a heavy-
light system. We use the same wave function as in
Refs. [10, 11]:

1

Pp=—
BT 2N,

(Ps+mz)vs08 (k). (4)
For the 7t meson, we use the same wave function

&, (), the twist-2 pion distribution amplitude (DA)
A, and the twist-3 ones ¢F and ¢F as in Ref. [7]. For
the n-n’ system, we also use the quark-flavor mixing
scheme, where the physical states 1 and n’ are related
to the flavor states n, = (ut+dd)/v/2 and 1, = s§
through a single mixing angle ¢. The explicit expres-
sions of the mixing matrix, the wave functions of &,
and @, the twist-2 and twist-3 DA’s ¢-"'"(;) and

PP (x;), can be found for example in Ref. [2].

2.2 Leading-order decay amplitudes

For B —m®, 1" decays, the related weak ef-
fective Hamiltonian H.g for the b — d transition can
be written as™?

GF * q
Har = S { S vVl 0t +

q=u,c

10

CLO8W)] ~VaVis GO . )

=3

M(Tﬁﬂ) = F, { [guaz —& (2a3 +as—2as— %

2

a a a a
SO0V o (g T )

where Gy = 1.16639 x 107> GeV~2 is the Fermi
constant, V;;’s are the Cabbibo-Kobayashi-Maskawa
(CKM) mixing matrix elements, C;(u) are the Wil-
son coefficients and O,(u) are the 4-Fermi “current-
current” and penguin operators!'?.

The LO Wilson coefficients C; (M) are simple
and can be found easily in Ref. [12]. The LO renor-
malization group (RG) evolution matrix U(¢,m) from
the high scale m down to t(< m) can be found in
Eq. (3.94) in Ref. [12]. When the NLO contribu-
tions are taken into account, the NLO Wilson coef-
ficients C;(mw) and RG evolution matrix U (¢,m, )
are needed and can also be found in Ref. [12].

The important and difficult task is the calcula-
tion of the hard part H(t). This part involves the
four quark operators and the necessary hard gluon
connecting the four quark operators and the specta-
tor quark. For B — 7m() decays, for example, there
are 8 types of the Feynman diagrams contributing to
them, as illustrated in Fig. 1. The explicit amplitudes
For, EPY and FI? are coming from Fig. 1(a) and 1(b)
for the case of n)-emission, while M., and MF!F?
are coming from Fig. 1(c) and 1(d). The decay am-
plitudes F,,, F1*2 and M, ., MF1*? are obtained by

evaluating the four annihilation diagrams.

3,\%/, A Y

() (®) © (CY)
® (@ (h)

(e

0200

Fig. 1. The typical Feynman diagrams con-
tributing to the B — mm), nn, nn’ and n'n’
decays. Diagram (a) and (b) contribute to the

— —n®
form factors Fo';"™ and Fy; " .

For these decays, by combing the contributions
from different diagrams, it is easy to write out the
total decay amplitudes at the leading order.

r}-

2 2

1
Feizft <a6 - _a8> f:]l‘f'Fen [51102 _ft(a4 +a10)] wal (¢)+

M&me{F&z—a@x+mn—%aﬁécwﬂfaw>—a(afécm)ﬁx@}—

(sz]l +MPEPNE, (Cs+Cr) Fi(¢) — M,

& [(206+ %CS) Fi(¢)+ (06 — %Cg> F2(¢)] +

(Mar+ My + M) [£0C1 — & (C5 +Cy)] Fi (9) — (F;:f +F;12) & (ag+as) Fi(9), (6)
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\/5/\4(71011) = Fe |:§ua2_§t (—a4— §a7+§a9+1a10)] frl (¢)—

2 2 2

a7 Qg Qg

a a
el (o2 8 )] () )

F226, (a0 30 ) 13- B (0){ [61Ca=6 (Cot2Ci= 500+ 500 )| o) -
3 (04 - §C> F2(¢>>} +(ME £ MEYE, (05 - %C> Fi(6)+
MP2¢, [(20# %@) Fi(¢)+ (06 - %@) FM)] +

1 3
(Man+Men +Man) |:§UCQ _é-t <_CS+ §CQ+ 5010> Fl

LR
BOMEZ4 M4 MG CuF (6)+ FE26 (00— 0s ) Fi(0),

ar Qg9 Qo

Mmm') = (FenF1(¢)f1?/+Fen’F1/(¢)f1?) : |:§ua2_§t (2%4‘@4—2@5——4‘———)} -

2 2 2
(P FL(0)f3 + P F(0)3) & (5 — a5+ 5 = 2) =

(F2F0) o+ FIPF(0)7) & <a6 ) %%) :

(M4 M) FAGFL(0) [6:C =6, (G201~ 5Cot 3o )| -
Mo Fu(O)FY(0)+ Mo FLO) P (o 5Cn) -

(M2 +ME?) Fi (@) F{ ()& (206 + %Og) -

(MEFOF0)+ MEFROF(0) 6 (Co- 301 +

(Man+ Ma) F2(6)F(9) [acz—st (03+2c4— %cg%cw)] -

(M M) FsOF(0) (€= 500 -

(ME+ MEY) By (6)FL(6)6, (05 - %c) -

(M2 + ME2) Fi(@)FL(0)6, (e + 51 ) -

1
(MP2 4 MT2) Fy(0) Fi(0)E (06 - 5@) -

1

fur (FE24 FE) FOFIO6 (a0 5 ). )
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M(m) = \/E{Fanl((b) { [fuﬂz =& (2a3+a4—2a5— 2

Gg Q10 a7 Qg s
+5 =56 (wmar T -F) £}

il
2

FcﬁzFl((b)ft (as— l“s) fﬁ"’Manl(d’){ {gucz—ft <03+204— %CQ+%CIO>:| Fi(¢)—

2

6 (04 _ %cm) F2(¢)} _MPF ()6 [(206+ %Cg> Fi(6)+ (06 - %cg) F2(¢)] +

M {6026 (G 20i= 5004 500 ) | (R0 -6 (1= 50 ) (al)? -

M6 (Cs - %C7> (F1(0))? = M2%& [(206 + %Cg> Fi(¢)*+ (06 — %CS) F2(¢>)2] -

P26 (0o 301 ) (0P

where &, = Vi, Vua, & = ViiVia, and F{(¢), F(9)
are the mixing factors.

Fi(¢) = %cosqﬁ7 F{(¢):%sin¢,
Fo¢) = —sing, F}(¢)=cosé. (10)

The complete decay amplitudes M(nt™n’), M(n’n’),
M(n'n’) can be obtained easily from Egs. (6), (7) and
(9) respectively, by the following replacements: (f;,
F2) = (£, £2,), and (F1(9), Fa(6)) — (FL(), Fi(9)).
The Wilson coefficients a; which appeared in the
above equations are the combinations of the Wilson
coefficients C;:

C C
a; = Cz‘i‘?l, (122014'?27
_ Cita .
a; = C;+ 3 for +=3,5,7,9 (11)
Ciy

a; = C;+ 3 for i=4,6,8,10.

The explicit expressions of individual decay am-
plitude F,, and F2YF2 M, and MEVF2) F,. and
FPLP2 and M,, and MFHF2 as well as those for
B —n" transitions, such as F.,,
in Refs. [7, 8].

etc., can be found

2.3 Next-to-leading-order contributions

In the following, we will consider the NLO contri-
butions from the vertex corrections, the quark loops
and the magnetic penguins!”.

The vertex corrections have been obtained by
evaluating the four Feynman diagrams Figs. 2(a)—
2(d)!, which can be included easily by the modifica-
tion of the Wilson coefficients a; when we calculate
the two factorizable emission diagrams Fig. 1(a) and

1(b).

as(p) ., Cip)
ai(p) — ai(p)+ = Cr N Vi(M),
for i=1,2, (12)
o) — ay(p)+ S 0, Enly ),
for j=3-10, (13)

where M is the meson emitted from the weak vertex.
The explicit expressions of the vertex function V;(M)
can be found for example in Refs. [2, 9].

BN M. & NA

wé“L «6‘11 O{;L o,

()

Fig. 2. The typical Feynman diagrams which
provide the NLO corrections: the vertex cor-
rections (diagrams a, b, ¢, d), the quark loops
(e, f) and the chromo-magnetic penguins (g,
h).

The NLO contribution from the quark loops is
a kind of penguin correction with the four quark
operators insertion, as illustrated in Figs. 2(e) and
2(f). Here quark-loop contributions from the oper-
ators Os_g are included, while those from O,_,, are
neglected due to their smallness.

For the b — d transition, the contributions from
the various quark loops are given by:

HY =~ 3 Z\/— Vi as )C(cn( 1)

q=u,c,t q’

[dy, (1=75) T*0) (77°T*¢), (14)
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where [? is the invariant mass of the gluon, which at-
taches to the quark loops in Figs. 2(e) and 2(f). The
functions C'9 (u,1%) with q= (u,c,t) can be found in
Refs. [2, 9].

The NLO quark-loop contribution to the total de-
cay amplitude of the seven considered decays can be
generally written as

M, = (Mo My HE|B). (15)

Finally, the chromo-magnetic penguin operator
Os,, contributes to the considered decays at the NLO
level, as shown in Figs. 2(g) and 2(h). In fact, except
for these two diagrams, there are also eight other simi-
lar diagrams!*®, but their contributions are small and
have been neglected here. The corresponding weak
effective Hamiltonian for the b — dg transition takes
the form of

cmp  __ GF
eff - \/—

with the magnetic-penguin operator Os,

‘/tb‘/tdCSgOSg ) (16)

g a apv
Ogg = med Uuy(1+’y5)j—1jG o bj, (17)
where i,j are the color indices. The corresponding
effective Wilson coefficient ng = Csy + cs' At
last, the magnetic-penguin corrections to the B —
™M MM decays can be generally written as:

M, = (MM HE"|B). (18)

The decay amplitudes ME\(}QM3 and /\/15\2’33 are sim-
ilar in form as those which appeared in Ref. [2].

Following Refs. [2, 14], we here also take p, =
1.0 GeV as the lower limit of the hard scale ¢ in the
evaluation of C;(t) in the numerical integrations, in
order to guarantee the reliability of the perturbative
QCD calculations. For more details about this point,
one can see the analysis given in Ref. [2].

3 Numerical results and discussions

For the B meson wave function, we adopt the
model
Mz 2?1
— Z(wib)?
2wz 3@
(19)

where wy, is a free parameter and we take wy, =0.4+
0.05 GeV in numerical calculations, and Ng =101.445
is the normalization factor for wy, =0.4 GeV.

For the 7t and ) mesons, we use the same wave
functions and DA’s as in Refs. [2, 7, 8]. Other rele-

¢s(z,b) = Ngz*(1—x)%exp | —

vant parameters are the following:

af =0, af=0.115+0.115, aT=—0.015;

ns = 0015, w=-3.0, f,=(1.07%0.02)fx

fo = (1.34£0.06) fr, ¢=39.3°+1.0°, (20)

with fr, =130 MeV. For the n, and n,, we use af =0
and aj =0.444+0.22.

The following input parameters!
the numerical calculations

151 will be used in

fs = 0.21 GeV, m,=0.14 GeV, m, =547.5 MeV,
my = 957.8 MeV, mg, =1.3 GeV, my, =4.8 GeV,
My = 5.279 GeV, My =80.41 GeV, 750 = 1.527 ps,

g+ = 1.643 ps. (21)

For the relevant CKM matrix elements we use the

following values™®

[Vaa| = 0.974, |Vip|=4.31x 1072,

Vo] = 1.0, [Via| =7.4% 107, (22)

with the CKM angle ao=100° £ 20°.

For a general charmless two-body decays B —
Mn, the branching ratio can be written in general
as

Br(B—Mn") = 74

IMP. o (23)

167‘[m

For the considered decay channels the total decay am-
plitude M can be written as:

Miinr = MEO)+ M+ METR L (24)
Mg = MEND)+ M)+ MG, (25)

M o = M(n(')n(’))+/\/l(?3 (/)"‘Mﬁlf;i)(o- (26)

The contributions from vertex corrections have been
absorbed into the re-definition of the Wilson coeffi-
cients.

Using the wave functions and the input parame-
ters as specified in previous subsection, it is straight-
forward to calculate the C' P-averaged branching ra-
tios for these seven considered decays, which are
listed in Table 2. For comparison, we also list the
corresponding experimental results™ and numeri-
cal results evaluated in the framework of the QCDF
approach!®. The error of the pQCD predictions for
the branching ratios is the combination of the uncer-
tainties of parameter wy, = 0.4+0.04 GeV, the CKM
angle a=100°4+20° and the Gegenbauer coefficients

=0.115+0.115 and a; =0.44+0.22.
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Table 1. The pQCD predictions for the branching ratios (in units of 1075). The label +VC, +QL, +MP
and NLO means the inclusion of the vertex corrections, the quark loops, the magnetic penguin, and all the
considered NLO corrections, respectively.
mode LO +VC +QL +MP NLO datal®! QCDF®!
Bt —ntn 4.3 4.1 4.5 4.2 41713 44404 4.7127
B+ —mty’ 2.6 2.8 2.5 2.7 2.8709 271908 3.0
+0.04 +0.48
BY — nn 0.14 0.20 0.13 0.13 0.1970 g6 <15 0.2813%
B — 70y 0.05 0.15 0.08 0.07 0.1579-02 1.2+0.4 0.17
+0.06 +0.45
B —mn 0.17 0.09 0.11 0.07 0.0973:96 <14 0.16+9-45
+0.39 +0.61
B® —n/ 0.22 0.60 0.11 0.09 0.5979-39 <12 0.16+9-
BY -1/ 0.04 0.08 0.03 0.02 0.0879-%5 <21 0.0619:2
g b
----- 5
s [ O
& 6 F o 4
X g X 7/
: LR
< 2 - /
+Iﬁ -7 - +|;' AAAAAA * =
E 3 _ /”,,f E 2 —““”,
: B I s .
- 1B
1B
| | | | | | | | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
o/(°) al(®)

Fig. 3. The o dependence of the branching ratios (in units of 107%) of BT — 7t decays for wy, =0.36 GeV
(dotted curve), 0.40 GeV (solid curve) and 0.44 GeV (dashed curve).

From the numerical results as listed in Table 1 and
shown in Fig. 3, one can see that:

1) For the two charged channels, the NLO contri-
butions are small in size. The NLO pQCD predictions
agree very well with the data and the QCDF predic-
tions.

2) For B — nt’n’ decay, the NLO pQCD prediction
agrees well with the QCDF one, but it is rather dif-
ferent from the measured value. Of course, the error
of the measured value is still large. This difference
will be tested by the forthcoming LHC experiments.

3) For the remaining four neutral decays, the NLO
pQCD predictions are generally consistent with the
QCDF predictions and the data with one standard

deviation.

4) For B —nn’ decay, the NLO contributions are
large. The central value of the NLO pQCD predic-
tion is also rather different from the QCDF one, also
to be tested by the LHC experiments.

Now we turn to the evaluations of the CP-
violating asymmetries of B — mm® nn" decays
in pQCD approach. The direct and mixing induced
CP violating asymmetries for the considered decays
are defined in the same way as in Refs. [2, 7, §].
The numerical results for the direct CP-violating
asymmetries are listed in Table 2. For comparison,
we also show the available data™ and the QCDF

predictions!® .

Table 2. The pQCD predictions for the direct C'P violating asymmetries (in units of percent). The errors for
the NLO results correspond to the uncertainties of wy,, CKM angle () and Gegenbauer coefficients (a3, a3),
respectively.

mode LO +VC +QL +MP NLO data QCDF

F3.2+4.3+1.4

Bt — 7ty —23.4 —21.6 —19.4 —22.8 —18.473 2413414 1947 —14.9
Bt -ty 34.2 474 —29.7 —33.2 —46.013 515 T+2-4 15415 -8.6

B — 10 —65.1 —57.9 —58.1 —58.5 —62.4F5 545210 - -17.9
B0 — nlr’ —~79.6 —38.0 ~59.0 —65.2 —35.112:213-8+3.9 - -19.2
B? —mn 85.8 74.0 71.2 71.2 61,75 ot 1L2H8T - 63752
B? —n'n 52.3 44.9 13.4 —-13.1 33.810.0H15.544.7 - 56732,
B? —n'n/ 62.8 48.1 31.5 15.3 41.8T20H10-5+42 - 46793,




728 Chinese Physics C (HEP & NP)

Vol. 33

From the pQCD predictions and currently avail-
able experimental measurements for the C'P violating
asymmetries of the B — mm® ,n " decays, one can
see the following points:

1) The pQCD prediction for AJL(BTY — mn)
agrees perfectly with both the data and the QCDF
prediction. The agreement between the pQCD result
and the measured value is improved effectively by the
inclusion of the NLO contributions.

2) For AZL(BT — mttn’), however, the pQCD pre-
diction has the same sign as the QCDF one, but it is
much larger than the latter in magnitude. The corre-
sponding experimental measurement is currently still
poor.

3) For the remaining five neutral decays, experi-
mental measurements are still absent. The size of the
pQCD predictions for the direct C'P-violating asym-
metries becomes small effectively when the NLO con-
tributions are included, and approaches the QCDF
predictions for the three B® —n(n" decays.

4) For Acp(B® — '), unfortunately, the differ-
ences between the pQCD predictions and the QCDF
ones are still large.

5) It is worth mentioning that the theoretical un-
certainties of pQCD and QCDF predictions for CP-
violating asymmetries are still large at present.
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