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Abstract In a perturbative QCD approach we study the
direct CP violation in the pure annihilation decay process
of B — n¥tn~n*n~ induced by the p and w dou-
ble resonance effect. Generally, the CP violation is small
in the pure annihilation type decay process. However, we
find that the CP violation can be enhanced by double p—w
interference when the invariant masses of the w77~ pairs
are in the vicinity of the @ resonance. For the decay pro-
cess of B — m*m~m*n~, the CP violation can reach

= _ _ +0.05+0.28+7.13
Acp(BY > nta—ntn™) =27.201 0 21051 o %.

1 Introduction

CP violation is an important area in searching new physics
signals beyond the standard model (SM). It is generally
believed that the B meson system provides rich informa-
tion as regards CP violation. Theoretical work has been done
in this direction in the past few years. CP violation arises
from the weak phase in the Cabibbo—Kobayasgi—-Maskawa
(CKM) matrix [1,2] in SM. Meanwhile, it is remarkable that
CP violation can still be produced by the interference effects
between the tree and penguin amplitudes. Since the kinematic
suppression, the strong phase associated with long distance
rescattering is generally neglected during the past decades.
The appearance of the p and w resonance is associated with
complex strong phase which is responsible for the CP vio-
lation except for the weak phase. The CP violation can be
enhanced in the decay process of B¥ — n¥mxtz~ via a
p—o mixing mechanism [3]. Recently, the LHCb Collabo-
ration found the large CP violation in the three-body decay
channels of B¥ — n¥zrtnr~ and B* - K*¥rtx~ [4-6].
Hence, the nonleptonic B meson decay from the three-body
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and four-body decay channels has been become an important
area in searching for CP violation via the p and w resonance.

A mixing between the u and d flavor leads to the breaking
of isospin symmetry for the p—w system. The chiral dynamics
has been shown to restore the isospin symmetry [7]. The p—
o mixing matrix element IT,,, gives rise to isospin violation
which refers to the contribution of the mixing of ® — p —
27 . The magnitude has been extracted by the pion form factor
through the cross section of eTe™ — 777~ from relatively
broad p resonance region [8—13]. The appearance of the p
and w resonance is associated with a complex strong phase.
Especially, there is perhaps larger strong phase from double
p and w interference. The CP violation origins from the weak
phase difference and the strong phase difference. Hence, the
decay process of BA? — ntr T~ is a great candidate
for studying the origin of the CP violation.

Meanwhile, it is well known that the CP violation is
extremely tiny from the pure annihilation decay process
in experiment. There is relatively large error in dealing
with the decay amplitudes from the QCD factorization
approach [14,15]. The perturbative QCD (PQCD) factor-
ization approach [16-24] is based on k7 factorization. The
amplitude can be divided into the convolution of the Wil-
son coefficients, the light-cone wave function, and hard ker-
nels by the low energy effective Hamiltonian. The endpoint
singularity can be eliminated by introducing the transverse
momentum. However, the transverse momentum integration
leads to the double logarithm term, which is resummed into
the Sudakov form factor. The nonperturbative dynamics is
included in the meson wave function which can be extracted
from experiment. The perturbative contribution can be cal-
culated by perturbation theory.

The remainder of this paper is organized as follows. In
Sect. 2 we present the form of the effective Hamiltonian. In
Sect. 3 we give the calculation formalism and details of CP
violation from p—w mixing in the BY — 0%()p®(w) —
ntw 7w~ decay. In Sect. 4 we show the input parame-
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ters. We present the numerical results in Sect. 5. A summary
and discussion are included in Sect. 6. The related functions
defined in the text are given in the appendix.

2 The effective hamiltonian

With the operator product expansion, the effective weak
Hamiltonian can be written as [25]

G
Heyr = TZ{VubVJq [l 0t + C20 050 |

10

~VaVis[>oci (u)Q,-(m]} +He. M
i=3

where ¢ = (d, s), G represents Fermi constant, C; (i =
1, ..., 10) are the Wilson coefficients, V4, (g1 and g, rep-
resent quarks) is the CKM matrix element, and O; is the four
quark operator. The operators O; have the following forms:

O = dyyu (1 — ys)ugiigy™ (1 — y5)bq,

04 = dy, (1 — ys)uiry" (1 — ys)b,

03 =dy, (1 —y)b Y q'v"(1 = y5)q’,
q/

Os = dyyu(1 = ys)bg Y apy" (1 = y5)ql,,
q/

Os =dy,(1—y)b > G'v"(1+ys)q’.
q/

O = duyu (1 — y5)bg Y _ qpy" (1 + y5)q),.

~ @)
3 _ _
07 = 5dyu(1 = y5)b ) ey (1 +y5)d',
q/
3. -
Os = Sdayu (1 = v9)bp D eqdpy" (1 +75)4;,
q
3 _
Qg = sdy, (1 - J/s)bz:eq’qll/“(l - ¥4,
q

3. _
010 = Sdayu(1 = y5)bp Zeq/qu“<1 — ¥5)-
q

where a and B are color indices, and ¢’ = u,d,s,c or b
quarks. In Eq. (2) O} and O3 are tree operators, O3—0g
are QCD penguin operators and O7—01q are the operators
associated with electroweak penguin diagrams. C;(mp) can
be written [24],

Cy =-0.2703, C, =1.1188,
C3 =0.0126, C4 = —0.0270,
Cs =0.0085, Cg = —0.0326,
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C7 =0.0011,
Cy9 = —0.0090,

Cs = 0.0004,
C1o = 0.0022. 3)

So, we can obtain numerical values of a;. The combinations
a; of Wilson coefficients are defined as usual [19-21]:

ay =Cr+C1/3, ax=Ci1+Cy/3,
a3 =C3+Cq/3, a4 =Cs+ C3/3,
as = Cs+ Ce/3, ac = Ce+ Cs5/3, 4)
a7 =C7+Cg/3, ag=Cs+ C7/3,

ag = Co + C10/3, ajo = Cio+ Co/3.

3 CP violation in B! — p°(®)0%(w) > n¥tx~ntn~
3.1 Formalism

The amplitudes A° of the process Bs(p) — Vi(p1,€1) +
Va(p2, €2) can be written [26]

b
A7 = €1,(0)e3,(0) (ag“” +——plp" +

f“m’smamﬁ>
mim; mimy

(&)

where o is the helicity of the vector meson. €1(p1) and €2(p2)
are the polarization vectors (momenta) of V| and V5, respec-
tively. m and m, refer to the masses of the vector mesons V;
and V;. The invariant amplitudes a, b, ¢ are associated with
the amplitude A; (i refers to the three kind of polarizations,
longitudinal (L), normal (N) and transverse (T)). Then we
have

A% = Mp AL+ Mg Anel, (0 =T) - &,(c =T)
+iAre®PTPel (0)€5,(0) P1y P2p- (6)

The longitudinal Hy, transverse Hy of helicity amplitudes
can be expressed Hy = M%%AL, H, = MéyAN F
mimy~/r> — 1 Ar. The decay width is written

P P
M= —"ADTA® = —_|Ho® + |Hy* + |H-|.
SJTMBS SnMBS

(N

The interaction of the photon and the hadronic matter can
be described by the vector meson dominance model (VMD)
[27]. The photon can couple to the hadronic field through a
o meson. The mixing matrix element I, (mf)) is precisely
extracted by fitting to recent data from the cross section for
ete™ — w7, which does not include the non-resonant
contribution of direct  — 77~ [12,13]. We can express
pr(m%) = D‘iel'lpw(m%) + Jml'lpw(m%) for the real part of
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Rell (m%) and the imaginary part of JmIT pw(m%) atthe p
mass.

The p—w mixing parameters were recently determined
precisely by Wolfe and Maltman [12,13]:

Rell e, (M) = —4600 = 220model & 170gaia MeV?,
ImIpe(m7) = —6100 % 1800modet = 1110g4a Me V2.

One can find the mixing parameters is the momen-
tum dependence absorbing the non-resonant contribution of
direct decay @ — mTmw~. We introduce the momentum
dependence of the p—w mixing parameters n pw(s) where
/s is the invariant mass of 777 ~. It is sensible to devote
one’s energies to search the mixing process at the w mass
where the two pions can be produced. We write 3l ow(s) =
Rell p, (m2) + JmIl 5, (m2) as follows:

Rell 5, (m2) = —4900 + 400 MeV?,

~ T 2 2 ©)
JmIl e, (my) = —6500 £ 3100 MeV~.
The formalism of the CP violation is presented for the
B? meson decay process in the following. The amplitude
A (A) for the decay process B — ntn~ntn~ (B —
atm =t 77) can be written as
A=t n ata |HT|BY) + (T n~nTn~|H?|BY),
(10)

A= @tn atn |HT|BY) + (wtn~ntn~|HP|BY),

(11)

where HT and H refer to the tree and penguin operators
in the Hamiltonian, respectively. We define the relative mag-
nitudes and phases between the tree and penguin operator
contributions as follows:

A= <rr+n T n_lHT|BO>[l+re’(5+¢)] (12)

A=(wta | HT|BO) (1 +rel G-, (13)

where § and ¢ are strong and weak phases, respectively. The
weak phase difference ¢ can be expressed as a combination
of the CKM matrix elements: ¢ = arg[(V;, V;5)/(Vup V)1
The parameter r is the absolute value of the ratio of tree and
penguin amplitudes:

(rtn—wtn~ |H?|BY)

Y 14
(rtm—mtx—|HT|BY) 14)

‘
1

The parameter of CP violating asymmetry, Ay, can be writ-
ten as

Acp = AL AP
|A|? + A2
—2(T¢rgsind + T2ry sindy + T2r_ sin8_) sin ¢
- icos_ TH(+712 + 2r; cos §; cos ¢)
(15)
where

AP =) ATAD = |H + |He P+ [H-P (16)

o

andthe 7; (i = 0, 4, —) are the tree-level helicity amplitudes.
The r;(j = 0, +, —) refer to the absolute value of the ratio
of tree and penguin amplitude for the three kinds of polar-
izations, respectively. The sin §; (k = 0, +, —) represent the
relative strong phases between the tree and penguin opera-
tor contributions from three kinds of helicity amplitudes. We
can see explicitly from Eq. (15) that both weak and strong
phase differences are responsible for CP violation. p—w mix-
ing introduces the strong phase difference and is well known
for the three-body decay processes of the bottom hadron [28—
34]. Due to p—w interference from u and d quark mixing, we
can write the formalism in an approximate form in terms of
the first order isospin violation:

2

I L T 8p
(n n ' |H |BS>=_prtpw+_2tppv (I7)
25w 55
- - _ 2g2 gZ
<71+7r atx |HP|B‘?>— _prppa)+ zppp, (18)
spsw

where 1, ( ppp) and tpw( ppw) are the tree (penguin) ampli-
tudes for By —> p%p% and B; — pw, respectively. g, is the
coupling for p* — 77, n oo Tefers to the effective p—w
mixing amplitude which also effectively includes the direct
coupling w — wtmw~. sy, my and I'y(V=p or w) is the
inverse propagator, mass and decay rate of the vector meson
V, respectively.

Sy =8 — m%, +imyTy, (19)

with /s being the invariant masses of the 77 77 ~ pairs. There
are double p—w interference in the decay process of B —
p2(0)p°(w) — wtrm~atm~. Hence, a factor of 2 appears
in Egs. (17) and (18) compared with the case of single p—w
interference [28—-36]. From Egs. (10), (12), (17) and (18) one
has

Q«prppw + swppp
2prtpw + Swlop

re'®el? =

(20)

Defining

Pro _ rpiGete)  Too i Poo _ gty oy

top Lpp Ppw
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where é, 65 and 8, are strong phases, one finds the following
expression from Eqgs. (20) and (21):

is
re'® = r'el% —Zpr +pes (22)
Zprae"Su + So

In order to obtain the CP violating asymmetry in Eq. (15),
sin¢ and cos ¢ are needed, where ¢ is determined by the
CKM matrix elements. In the Wolfenstein parametrization
[37,38], one has

sing = —%,
p=+n (23)
P
cos¢p = —
p* + 0’

3.2 Calculation details

We can decompose the decay amplitude for the decay pro-
cess B? — p%w)p%(w) in terms of tree-level and penguin-
level contributions depending on the CKM matrix elements
of V,, V.5, and V;, V5. Due to Egs. (15), (20) and (21), we
can calculate the amplitudes 7, )0, Ppp and p,, in a per-
turbative QCD approach. The F and M function associated
with the decay amplitudes can be found in the appendix from
the perturbative QCD approach.

There are four types of Feynman diagrams contributing
to B, — MoM3(M>, M3 = p or w) annihilation decay
mode at leading order. The pure annihilation type process can
be classified into factorizable diagrams and non-factorizable
diagrams [39,40]. Through calculating these diagrams, we
can get the amplitudes A®), where i = L, N, T stand for the
longitudinal and two transverse polarizations. Because these
diagrams are the same as those of B — K*¢ and B — K*p
decays [39,40], the formulas of By — pp or By — pw
are similar to those of B — K*¢ and B — K*p. We just
need to replace some corresponding wave functions, Wilson
coefficients and corresponding parameters.

With the Hamiltonian (1) depending on CKM matrix ele-
ments of V,,;, V. and th . the decay amplitudes ADG =
L,N,T) for BO — p%p% in PQCD can be written as

V2AD(BY — p°0°) = Vi Vith, — Vi Viph,. (24
The tree-level amplitude 7, can written as
i —ﬁf FEL go] + MELT[Cy) (25)
po = NG By Uann 2 ann 217

where fp, refers to the decay constant of By meson.
The penguin-level amplitude are expressed as follows:

@ Springer

j GF LL 1 LR,i 1
P,lop = {fB Fannl 2“3"‘5“9 +foFann’l 2“5"‘5“7

W
+ MG [204 + %clo] M [206 + 2Cg] }
(26)
The decay amplitude for BY — poa) can be written as
240(BY) — p%w) = VipVith, — Vi Vi pl- (27)
We can give the tree-level contribution as follows:
tho = 5 LA o, FE taal + MEEIC1), ©8)

and the penguin-level contributions are given as follows:

i GF LLil3 LRi |3
p;w: ﬁth {vaFannl[§a9:|+fBrFannl 5‘17
3 3
+M§1ﬁl |:§C10i| + M{fnﬁ" |:§Cgi“ + [po <~ a)] .
(29)
Based on the definition of (21), we can get
, t
el = L2 (30)
Lop
peits = Ler. 31
Ppw
r/el'tgq — M th V;’;‘ (32)
tPP Vub Vu*s ’
where
Vi | | [oTE 5
Vi Vi | 2202 +n?)

4 Input parameters

The CKM matrix, which elements are determined from
experiments, can be expressed in terms of the Wolfenstein
parameters A, p, A and n [37,38,41]:

1— 322 A AN (p —in)
-\ 1— 322 A)? . (34)
AV (1 —p—in) —AN? 1

where O()\*) corrections are neglected. The latest values for
the parameters in the CKM matrix are [42]:
A = 0.22506 +0.00050, A = 0.811 4+0.026,

p=0.124T0010 7 =0.356 +0.011, (35)

where

22 22
ﬁ=p<1—7>, ﬁzn(l—y)- (36)
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Table 1 Input parameters used

; X Parameters
in this paper

Input data References

Fermi constant (in GeV~2)

Masses and decay widths (in GeV)

Decay constants (in MeV)

G = 1.16638 x 107> [42]
mpy = 536682, tgo = 1.510 x 10725

m 0770y = 0.77526, T j0(77) = 0.1491,

Mo 182y = 0.78265, Ty7s2) = 8.49 x 1073, [42]
my = 0.13957, my = 80.385,

my, = 0.0022, my = 0.0047,

mg = 0.096, m, = 1.27,

m; = 173.21, myp = 4.18,
fp=2156£59, fI =165+9,
fo=1965+48, fI' =145+10,

[43,44]

From Egs. (35) and (36) we have
0.109 < p < 0.147, 0.354 <n < 0.377. 37

The other parameters and the corresponding references are
listed in Table 1.

5 The numerical results of CP violation in

B = p'(@)p’ (@) - xtr—wta~
In the numerical results, we find that the CP violation can be
enhanced via double p—w mixing for the pure annihilation
type decay channel B — p%w)p%(w) — nfn - ntn~
when the invariant mass of 7 77~ is in the vicinity of the w
resonance within perturbative QCD scheme. The CP viola-
tion depends on the weak phase difference from CKM matrix
elements and the strong phase difference. The CKM matrix
elements, which relate to p, 1, A and A, are given in Eq. (35).
The uncertainties due to the CKM matrix elements come
from p, n, A and A. In our numerical calculations, we let
p, N, A and A vary among the limiting values. The numeri-
cal results are shown from Figs. 1, 2 and 3 with the different
parameter values of the CKM matrix elements. The dash line,
dot line and solid line corresponds to the maximum, middle,
and minimum CKM matrix element for the decay channel of
BY — p%w)p°(w) — ntr~mtm, respectively. We find
the results are not sensitive to the values of p, n, A and A. In
Fig. 1, we give the plot of the CP violating asymmetry as a
function of /s. From Fig. 1, one can see that the CP violation
parameter is dependent on +/s and changes rapidly due to p—
o mixing when the invariant mass of 7 ¥ ~ is in the vicinity
of the w resonance [see Eq. (15)]. From the numerical results,
itis found that the maximum CP violating parameter reaches
27.25% in the case of (Omini, Mmini)-

From Eqgs. (15) and (22), one can see that the CP violating
parameter depends on both sin § and r. The plots of sin 6 and
r as a function of /s are shown in Figs. 2, and 3, respectively.
It can be seen that sin 6p (sin 6 and sin §. ) vary sharply in the

" 1 " " " " " " " E|
0.80 0.85 0.90

Vs (GeV)

0.70 0.75

Fig. 1 The CP violating asymmetry, A, as a function of /s for dif-
ferent CKM matrix elements. The dash line, dot line and solid line
corresponds to the maximum, middle, and minimum CKM matrix ele-
ment for the decay channel of B — p%()p%(w) — n*n~ntn—,
respectively

range of the resonance in Fig. 2. One can see that r changes
largely in the vicinity of the o resonance.

6 Summary and conclusion

In this paper, we study the CP violation for the pure annihi-
lation type decay process of [29 — 7T w7~ in pertur-
bative QCD. It has been found that the CP violation can be
enhanced greatly in the neighborhood of the p—w resonance.
There is the double resonance effect via p—» mixing which
can produce large strong phase in this decay process. The
maximum CP violation value can reach 27.25% due to dou-
ble p and w resonance in Fig. 1. Hence, this decay process
may be a good channel to test the p—w mixing mechanism.
The LHC experiment may search the large CP violation by
reconstructing the 7 7~ pairs at the region of the p and
w mass. It is impossible to produce the decay process of

@ Springer
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Fig. 2 sin§ as a function of /s
corresponding to central
parameter values of the CKM
matrix elements for B? —
P2(@)p(w) > 7t nta—.
The dash line, dot line and solid
line corresponds to sin g, sin §+
and sin §_, respectively

T T T T T
06F ~~~_ , i
N /
L N , 1
R ,
N /
L N / 1
/
L 04 . ,
t \ / 1
\ /
\ !
L \ /
\ /
0.2} \ / -
N/
0.0 F —— .
S S S S S S|
0.70 0.75 0.80 0.85 0.90
Vs (GeV)

Fig. 3 Plot of r as a function of /s corresponding to central param-
eter values of the CKM matrix elements for B? — po(w)po(w) —
atan~nt . The dash line, dot line and solid line corresponds to o,
r+ and r_, respectively

By — p(w) — mTm~. So we could not obtain large CP
violation by this decay process via p—» mixing.

The theoretical errors are large, which follows from the
uncertainties of the results. Generally, power corrections
beyond the heavy quark limit give the major theoretical
uncertainties. This implies the necessity of introducing 1/m,
power corrections. Unfortunately, there are many possible
1/myp, power suppressed effects and they are generally non-
perturbative in nature and hence not calculable by the pertur-
bative method. There are more uncertainties in this scheme.
The first error refers to the variation of the CKM parame-
ters, which are given in Eq. (35). The second error comes
from the hadronic parameters: the shape parameters, form
factors, decay constants, and the wave function of the By
meson. The third error corresponds to the choice of the hard
scales, which vary from 0.75 to 1.25t, characterizing the
size of next-to-leading order QCD contributions. Therefore,
the results for CP violating asymmetry of the decay process
BY — ntr—mtw~ is given as follows:

Acp(BY = ntn~n ™) =27.20109 038 20, (38)

@ Springer
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sind

0.0/

1.0 Vi
0.70 0.75

" 1 " " " " " " " "
0.80 0.85 0.90

Vs (GeV)

When /s = 0.76 GeV, the CP violating asymmetry varies
from around 20.63% to around 34.64%. Here the first uncer-
tainty corresponds to the CKM parameters, the second comes
from the hadronic parameters, and the third is associated with
the hard scales.

Acknowledgements This work was supported by National Natu-
ral Science Foundation of China (Project Numbers 11605041), Plan
For Scientific Innovation Talent of Henan University of Technology
(Project Number 2012CXRC17), the Key Project (Project Number
14A140001) for Science and Technology of the Education Department
Henan Province, the Fundamental Research Funds (Project Number
2014YWQNO06) for the Henan Provincial Colleges and Universities,
and the Research Foundation of the young core teacher from Henan
province.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP?.

Appendix: Related functions defined in the text

In this appendix we present explicit expressions of the fac-
torizable and non-factorizable amplitudes with perturbative
QCD in Eqgs. (24) and (27) [22-24,45,46]. The factorizable
amplitudes F55(a;), and Fo'(a;) (i = L, N, T) are writ-
ten as

I8, FEEN @) = fp, FERY (a), (39)

1
I, FaLnﬁ‘N(a,') = —87TCFM§SfBSr2r3/ dxodxs
0

o
[ badbabadb| Eutoa 0o (ea, 1 = 33,52, b2)

X [(2 — x3) (65 (x2) 93 (x3) + @3 (x2)95 (x3))
+x3(¢5 (x2) 95 (x3) + @5 (x2) 93 (X3))]
—ha(1 — x3,x2, b3, b2)[(1 + x2) (3 (x2) P53 (x3)
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+ @5 ()¢5 (x3)) — (1 — x2) (95 (x2) 95 (x3)
+ 65 () ()1 Ea (a1 .

f Fanw " (ai) = = f5, Fogn" (@),

1
fB, FaLnﬁ‘T(ai) = —167TCFM§XfBSr2r3/0 dxpdxs
00
X/ brdbyb3dbs
0

{3 (@3 02193 (x3) + 9 (x2)5 (x2))

+ (2 = x3) (93 (k205 (¥3) + ¢ (12)} (x3))]

X Eq(tc)ai(te)ha(x2, 1 — x3, b2, b3)

+ha(l = x3,x2, b3, b2)[(1 — x2)($3 (x2)$3 (x3)
+ 85 (x2)¢5 (x3))

— (14 x2) (@3 ()5 ()

+ 5 ()93 () EatDai 1)) .

MEET (a)) = —M3ET (@), (47)
(40)
1
MELT (@) = —1287C M3, rors /6 / dridiadys
1) N g
% /0 bidbabydbads, (x1. b)Y () (x3)
+ @5 (x2)P3 (x3)1E, (14)a; (ta) hna (x1, X2, X3, b1, b2), (48)

1
MELL gy = 32nCFM§V/\/8v/ dx1dxpdxs
N 0

o0
X/(‘) b1dbabydbrpp, (x1, D1)

X {hna (x1, x2, x3, by, bz)[ — x2¢2(x2)$3(x3)

—4rar3¢; (x0)$3(x3)

+rar3(1 — x2) (95 (x2) + B (x2)) (@5 (x3) — P5(x3))

+ror3x3($5 (x2) — 5 (x2)) (43 (x3)
42 e e By

g (61, %2, 33, b1, b2) [ (1 = 13)82(2)3 (x3)

1 00
fB, o™ (ai) = 8 Cp My, [, / dxrdx3 f badbab3dbs
0 0

x| a1 Ea 0

+ (1= x3)r2r3 (93 (r2) + 9 (12) @5 (3) — $5(x3))
32127393 (x2) — 95 (12)) (63 (13) + $5(¥3)) s (D EL 1) .
(49)

x[ (3 = D2(x2)pa(x3) — drara3 (x2) 3 (x3)

+2r2r3 338362 @5 (53) = 95063 a2, 1 = x3, b, b)

+ [X2¢2(X2)¢3 (x3) + 2r2r3(5 (x2) — P4 (x2)) 95 (x3)

+2rarsx2 (@ (x2) + 95 (125 () |

Xa; (1)) Eat)ha(l = 33,52, b3, b2) |,

LR,L _ pLL,L
Fann (ai) - Fann (ai)v

with the color factor Cr = 3/4 and fp, refer to the decay
constant of the B; meson and a; represents the corresponding
Wilson coefficients for annihilation decay channels. In the
above functions, r»(r3) = my/mp, and ¢2(¢3) = ¢y (V =

p or w), where my is the chiral scale parameter.

The non-factorizable amplitudes MaLnﬁ’i (a;),and anfl’i (a;)

(i =L, N,T) are written as

LL,N SP,N
Mann (Cl[) = Mann (al')v

ann

1
MEEN (a7) = —64m Cp M}, rar3 /N6 / dx;dxodxs
0

X/O bidbybydbrgp, (x1, b1)[h5 (x2)93 (x3)

+ @5 (x2)P§ (x)NE,, (ta)ai (1g) hna (x1, X2, X3, by, b2),

1
szn}r)l,L(ai) = 327TCFM§S /\/6/ dxidxpdxs
0

oo
X/ bidb1bydbygp (x1, by)
0
x| as () EL () hna (o1, 32, %3, b1, bo)

@) x| Dhat)gs)
— 4rar3s (x2)3(x3) + rar3x3(¢y(x2)
G el @5) - )

+rars(1 = 22) ($3(x2) = () (93 () + $4(x2)) ]
+ai (1) Eq (t)hy, (x1, X2, x3, b1, bz)[X2¢2(X2)¢3 (x3)
+x0r273(3 (x2) + 5(x2)) (¢3(x3) — $5(x3)))
+rars(l = ¥3) (@3(x2) — () @5 (x) + 532D | |

(50)

(45) The hard scale ¢ is chosen as the maximum of the virtuality
of the internal momentum transition in the hard amplitudes,

including 1/b;:

ta = max{y/x3Mp,, 1/b1, 1/b3}, (51)
tg = max{y/x1Mp, /b1, 1/b3}, (52)
ty = max{xX1x3Mp,. /[l — x1 — xa|x3Mp_ . 1/by. 1/b2}, (53)
(46) 1, = max{yxX1X3Mp,, V/Ix| — x2lx3Mp,, 1/b1, 1/b2}, (54)
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te = max{y/1 — x3Mp,, 1/b3, 1/b3), (55)
il = max{/x2Mp,, 1/ba, 1/b3}, (56)
tg = max{y/xa(1 —x3)Mp_, /1 — (1 —x; —x2)x3Mp_, 1/b1, 1/bs},
(57)
tg =max{yx(I —x3)Mp,.v/lx1 = x2|(1 = x3)Mp,. 1/b1. 1/ba}.
(58)

The hard functions % are written as [47]

he(x1, x3, b1, b3) = [0(b1 — b3)Io(v/x3Mp,b3)
Ko(v/x3Mp by) + 6(b3 — b1)Io(v/x3Mp by)
x Ko(v/x3Mp b3)] Ko(/x1x3Mp b1)Si (x3),
hu(x1, x2, x3, b1, b2)
= [6(b2 — b1)Ko(/x1X3Mp b2) Io(\/X1X3Mp b1)
+6(b1 — by) Ko(/x1x3Mp,b1) o (/x1X3Mp b)) |

0(by
% { %’HSI)(\/ (x2 —x1)x3Mp,b2), x1 —x2 <0 (59)
Ko(y/(x1 — x2)x3Mp b)), xi—x2>0"

(i M
ha(xa. 23, b2, by) = (5 ) Sixa)| 062 = by) Hg
X (/x3Mp,b2) Jo(/x3Mp, b3)
+0(bs — by)HS" (/x3Mp,b3)
X Jo(y/53 M, bo) | HY (/a3 M, bo),
i
hna(x1, X2, X3, by, b)) = > [9(171 - bz)Hél)
X (vx2(1 = x3)Mp,b1)Jo(v/x2(1 — x3)Mp b2)
+0(by — b)) H" (Vx2(1 — x3)Mp,b2)
x o/ 52 (1 = x3) M, by) |
xKo(v/1 — (1 —x1 — x2)x3Mp by),
i
ha (X1, X2, x3, b1, bp) = > [9(171 - bz)Hél)
X (vx2(1 = x3)Mp,b1)Jo(v/x2(1 — x3)Mp b2)
+0(by — b)) H" (Vx2(1 — x3)Mp,b2)
x Jo(y/x2(1 = x3)Ma,by) |

y { Z H" (0o = x) (L = x3)Mp,b1), x1 = x2 <0,
Ko(/(x1 —x2)(1 —x3)Mpb1),  x1—x2 >0,
(60)

where Jj and Y are Bessel functions with Hél) () =Jo()+
1 Yo(2).

The threshold re-sums factor S; follows the parameterized
(48]

21+20F(3/2 +¢)

Si(x) = ﬁr(l to

[x(1 —x)], (61)

@ Springer

where the parameter ¢ = 0.4. In the non-factorizable con-
tributions, S;(x) has a very small numerical effect on the
amplitude [49]. Therefore, we drop S;(x) in h, and h,,.

The evolution factors Eé/) and E,(l/) entering in the expres-
sions for the matrix elements are given by

Ec(1) = ay(t) exp[—Sp(t) — S3(1)],
E, (1) = as(1) exp[=Sp(t) — S2(t) — S3()]1lpy=ps,  (62)
Eq(t) = a(r) exp[—=$2() — S3(0)],
E, (1) = as(1) exp[—=Sp(t) — S2(1) — S3(D1lpy=ps,  (63)

in which the Sudakov exponents are defined as

M 5 " dni
Sp(t) =s (xli,bl) + —/ s (). (64)
1/by K

V2 3

SH(t) < Ms, b>+ ((1 \Ms, b)

20) = s | x2 b2 s — X2 b2
V2 V2
t d/,_L _
+2 / — vy (s (1)), (65)

/by M

where v, = —a, /7 is the anomalous dimension of the quark.

The explicit form for the function s(Q, b) is
A g A N A /g
$(Q.b) = —Aln(7> — o (a-b)+ o (T - 1)
260 7"\5) 28 42 \ b

AQ A | 2vE] g
—| =5 —51n In( =
4p? 4B 2 b

ADB, [m(zé;) +1 In@b)+ 1}

A

483 b
AD .
f 2 [m%zg) — ln2(2b)], (66)
86;
where the variables are defined by
G =MW[Q/(V2M)]1. b=n[1/(BbA)], (67)
and the coefficients A?) and f; are
8 _ 33-2ny 153 —19n;
V=T T T
4 67 w2 10 8 1
AD 2 AL —BiIn(=eVE
3’ o ~ 3 7 T RAInGE).

(68)

with n ¢ is the number of the quark flavors and yg the Euler
constant. We will use the one-loop expression of the running
coupling constant.

In this study, we use the model function

M2 x2 1
¢p,(x,b) = Npx*(1 — x)*exp [— B ——(wbb)z]

2w? 2
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where the share parameter w;, = 0.5 £ 0.05 GeV, and the
normalization constant Np, = 63.5688 GeV is related to the
B, decay constant fp, = 0.23 £0.03 GeV.
1 —
7 (uu — da

For p and w vector mesons, we use p¥ =
and w = \/LE (uit + dd). The distribution amplitudes of a
vector meson (V=p or @), ¢p, Pu, ¢}/, O3, ¢}, and ¢, are
calculated using the light-cone QCD sum rule [50,51]:

by (x) = j_px(l — %) [1 +o. 1503/2(r)], (70)
bo(x) = %x(l —x) [1 +0. 15C3/2(t)], (71)
¢y (x) = %V;ﬂ, (72)
¢y (x) = %‘z(—t), (73)
¢y (x) = %(1 +1%), (74)
Py (x) = 43;‘1( 1), (75)

where t = 2x — 1. Here fy is the decay constant of the
vector meson with longitudinal polarization, whose values
are shown in Table 1.

The Gegenbauer polynomials C)) () read

APy =162 -1, @) = L35t - 302+ 3),
) = 2(5t2— D, €)= 50— 142 4216,
3/2(l)
(76)
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