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Effect of resonance for CP asymmetry of the decay process B, - Pn*n~
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In the framework of the perturbative QCD (PQCD) approach we study the direct CP asymmetry for the
decay channel B; — Pz" 7z~ around the resonance range via the p — @ mixing mechanism (where P refers
to pseudoscalar meson). We find that the CP asymmetry can be enhanced by p — @ mixing when the
masses of the zz~ pairs are at the area of p — w resonance, and the maximum CP asymmetry can reach

59% for the relevant decay channels.
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I. INTRODUCTION

The rich data from B meson factories make the study of
B physics a very hot topic. A lot of research has been made,
especially for CP asymmetry. CP asymmetry is an impor-
tant area in testing the standard model (SM) and searching
for new physics signals. The detection of Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements plays an
important role in the understanding of CP asymmetry.
The nonleptonic decay of B meson is expected to be ideal
decay process in searching CP asymmetry. Direct CP
asymmetry in B meson decay channel arises from weak
phase and strong phase differences. In SM, the weak phase
is responsible for the CP asymmetry by CKM matrix [1,2].
Meanwhile, the large strong phase is needed for producing
CP asymmetry which comes from QCD correction.
Recently, the large CP asymmetry was found by the
LHCb Collaboration in the three-body decay channels of
B* - gtztx~ and BT —» K*ztz~ [3]. Hence, more
attention about CP asymmetry has been focused on the
three body decay channels of B meson.

Direct CP asymmetry arises from the weak phase differ-
ence and the strong phase difference. The weak phase
difference is determined by the CKM matrix elements, while
the strong phase can be produced by the hadronic matrix and
interference between intermediate states. The vacuum polari-
zation of photons are described by coupling the vector meson
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in the vector meson dominance (VMD) model. The strength
of coupling of the @ meson to the photon is weak comparing
with the p meson [4]. However, the strong interaction
enhances the 7z~ pair production amplitudes in the p
and w resonance region. p — w interference presents the large
contribution for the process of ete™ — 27z~ due to the
isospin-breaking effects. Since the strong phase exists, the p
and o interference can affect the direct CP asymmetry and
present the sizeable contribution.

The direct CP asymmetry is discussed via p—
interference in B decays by the naive factorization approach
[5]. But the method bases on the assumption of no strong
rescattering, and cannot predict direct CP asymmetry
effectively. Recently, the CP asymmetry of charmless
three-body B-decay is presented in the leading term of
QCD factorization by model dependent approach, where
we focus on the local CP asymmetry [6]. The direct CP
asymmetry of the quasi-two-body decay of B— Pp— Prx
is calculated in perturbative QCD approach, where does
not taking into account the resonance effects [7]. In our
opinion, B — Pzx have effectively three contributions
around the p resonance: (a) B — Pp — Pzx, (b) B —
Pw — Pp — Pan, and (c) B — Pw — Prz. Roughly
speaking, the amplitudes of their contributions: a> b > c.
We have absorbed (c) into (b) effectively, which is just the
(effective) p — @ mixing parameter: l:I/,w.

The hadronic matrix elements can be calculated by the
factorization approach introducing the strong phase. Adding
the QCD corrections, the different dynamic methods are
given based on the leading power of 1/m,, (m, is b quark
mass). The non-leptonic weak decay amplitudes of B mesons
can be calculated by the perturbative QCD (PQCD) approach
taking into account transverse momenta [8—11]. In the PQCD
approach, the hard interaction consisting of six quark
operator dominants the decay amplitude from short distance.
The nonperturbative dynamics are included in the meson
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wave function which can be extracted from experiment.
Finally, we obtain new large strong phases by the phenom-
enological mechanism of p — @ mixing and the dynamics
of the PQCD approach. The large CP asymmetry may be
obtained by the resonant region due to the strong phase.

The remainder of this paper is organized as follows.
In Sec. II we present the form of the effective Hamiltonian.
In Sec. Il we give the calculating formalism of CP
asymmetry from p— @ mixing in B, — Pz"z~. Input
parameters are presented in Sec. V. We present the
numerical results in Sec. VI. Summary and discussion
are included in Sec. VII. The related function defined in the
text are given in the Appendix.

II. THE EFFECTIVE HAMILTONIAN

Based on the expansion of the operator product, the
effective weak Hamiltonian can be written as [12]

G
HAB:] :7;; Vuqud(CIO +620 ,;,thZc 0:|
+ H.c., (1)
where G represents the Fermi constant, ¢; (i = 1, ..., 10)

are the Wilson coefficients, V,;,, V.4, V3, and V,, are the
CKM matrix elements. The operators O, have the following
forms:

Ot = doy(1 = v5)upitgy" (1 = y5)by.

03 = dy, (1 — ys)uiy"(1 - ys)b,

0; = (_17;4“ - 75)17251’7”(1 -7s5)q,

q/
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q/
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=5 dayu(1 =75 bﬂz e dpr'(

3- _
0y =3 dr(1 =rs)b) _eydr(1=75)d.
ql

—15)bsY_eq@pr'(1=v5)de  (2)

q/

3_
= Eda}/ﬂ(l

0o
where a and g are color indices, and ¢’ = u, d, or s quarks.
In Eq. (3) Of and O% are tree operators, O3—0¢ are QCD
penguin operators, and O;—0 are the operators associated
with electroweak penguin diagrams.

We can obtain numerical values of ¢;. When ¢;(m;,) [11],

¢, =-02703, ¢, = 1.1188,

c; = 00126, ¢, = —0.0270,

cs =0.0085, ¢ = —0.0326,

¢; =00011,  c¢g = 0.0004,

cg = —0.0090,  c¢;o = 0.0022. (3)

One can obtain numerical values of g; including Wilson
coefficients and the color index N [9]:

ay=Cy+Cy/N,,
a3 = C3 + Cy/N,,
as = Cs + Cg/N,,

= C; + Gg/N,.,
ag = Cy + Cyo/N.,

a; = C, + /N,
a; = C4+ G3/N,,
as = Cs + Cs/N,,
=Cs + C7/N,,
ajp=Cyo+Co/N.. (4)

III. CP ASYMMETRY IN B! — p°(@)P — n*n~P

A. Formalism

In the vector meson dominace model (VMD), photons
are dressed by coupling to the vector mesons. Based on the
same mechanism, p — @ mixing was proposed and later
gradually applied to B meson physics [5,13-20]. Due to the
effective Hamiltonian, the amplitude A (A) for the decay
process of BY — 7z~ P (B — ntn~P) can be written
as [13]:

A= <7z+7r_P|HT|B?> + (n*n—P|HP|B§?>, (5)

A= (zta P|H"|BY) + (z*x~ P|H?|BY), (6)
with HT and H? are the Hamiltonian of the tree and
penguin operators, respectively.

The relative amplitudes and phases of H” and H” can be
expressed as follows [13]:

A = (ztz=P|HT|B))[1 + relo+4)], (7)

A= (wtx~P|HT|BY)[1 + rei(‘s_‘f’)}, (8)

with ¢ and ¢ are strong and weak phases, respectively. ¢
is the weak phase in the CKM matrix that causes the CP
asymmetry, which is arg [V, V3, /(V,,V3i,)](q¢ = d.s). The
parameter r represents the absolute value of the ratio of
penguin and tree amplitudes:

(" z”P|H"|BY)
(w7~ P|HT|BS)|

\
Il

©)
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The CP violating asymmetry, Acp, can be written as

_ AP - AP
L TIAP + AP

—2rsin dsin ¢
14 2rcosdcos¢ + 2’

(10)

From Eq. (10), it can be seen that the CP asymmetry
depends on the weak phase difference and the strong phase
difference. The weak phase is determined for a particular
decay process. Hence, in order to obtain a large CP
asymmetry, we need some mechanism to increase o. It
has been found that p — @ mixing can lead to a large strong
phase difference [4,14-20]. Based on p — @ mixing and
working to the first order of isospin violation, we have the
following results [13]:

(wtaPIHT|BY) = 2111, +g” (11)
)80 s,

(rtaPIHP|BY) = 2211, p, + % p,  (12)
pSw Sp

where t,(p,) and t,,(p,,) are the tree (penguin) amplitudes
for BY —» p°P and B) — wP, respectively; g, is the

coupling constant of p° — 7t 7z~ decay process; IL,, is
the effective p — @ mixing amplitude which also effectively
absorbed into the direct coupling @ — ztz~. sy, my, and
I'y (V = p or w) represent the inverse propagator, mass and

decay rate of the vector meson V, respectively.

sy =5 —my +imyTy, (13)
where /s denotes the invariant mass of the ztz~
pairs [13].

The p — @ mixing paraments were recently determined
precisely by Wolfe and Maltnan [21,22]

Rell,,(m

JmlIl,, (m

2) = —4470 + 25Omodel + 160data M6V2
) = —5800 = 2000,,4e1 = 11004, MeV?.
(14)

One can find that the mixing parameter is the momentum
dependence including the nonresonant contribution that
absorbs the direct decay w — n"z~. We introduce the
momentum dependence of the mixing parameter H[,u,( s)
for p — w mixing, which leads to the explicit s dependence.
It is reasonable to devote one’s energies to search the mixing
contribution at the region of @ mass where the two pions
can be produced. We write Hp(,,( §) = S{el'lp(,,( m2) +

Sm /,w( m2), and update the values as follows [23]:
Rell,, (m2) = —4760 £ 440 MeV?,
Smil,, (m2) = —6180 & 3300 MeV?. (15)

In fact, the contribution of the s dependence of
11,, is negligible. We can make the expansion I1,,(s) =

1,,(m2) + (s = m,)IT,,(m2). FromEgs. (5),(7),(11), and
(12) one has

reei® = —pa}p(u +SuPp (16)
H/Jwtw + sw[p
Defining
Po _ reiégte) ly = qe'%, Pr _ peios,  (17)
z, Z, Pw

with &,, 65, and §, are strong phases. It is available from
Egs. (16) and (17):

8 — i, l:[/)w +ﬁ€l§/jsm (18)
IL,,ae + s,

In order to obtain the CP violating asymmetry in Eq. (10),

sin ¢ and cos ¢ are necessary. The weak phase ¢ is fixed by

the CKM matrix elements. In the Wolfenstein parametriza-

tion [24], one has

ing = 1 ,
e VIp(L=p) =P+
cos¢p = p=p)—n : (19)

Vip(1=p)

where the same result has been found for b — d transition
from A, decay process [14].

— PP+

IV. CALCULATION

For the simplification, we take the decay process of
BY = p°(@)K°® — 7772~ K as example for the study of the
p — w interference. The other decay channels can be
obtained similarly. According to the Hamiltonian(1), based
on CKM matrix elements of V,, V7, V,V;, the decay
amplitude of BY — p°K® in perturbation QCD approach
can be written as

\/EM(BE“) - pOKO) = Vubvud 4 thV;‘kdpP (20)
where 7, and p, refer to the tree and penguin contributions
respectively. We write:

t/) = f/)Féf—»K[aZ] + MIL35—>K[C2] (21)

and
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2 2 2

3 1 3 1 1 3
Py = foFix [—a4 +5a7+5a0+ —09] + MER |:_C5 + —C7] + M5 g {—C3 +5Co + _C10:| - M?;i;k {— Cs}

1 1 1 1
+ fp F5E, [—04 +§a10:| + fp.Fatn [—06 +Ea8:| + MLL, {—C} +§C9} + MK [—Cs +—C7]~

The decay amplitude for BY — wK° can be written as

\/EM(B(X) - a)ﬂo) = VubVZdtm - Vlb dep{x)'

One can also present the contributions of ¢, and p,, as well.

lw = waéfeK[ClZ] + Méf—)K [CZ]

2 2 2

3

2 2 2 2

; (22)

2 2

:f FLL 2 2 l l _l LL _l l LR _l
Po=TJoFE k|2a3+as+2a5+5a;+5a9—5a10| + Mg g |C3+2C4—5Co+5Cho| + M5~ ¢ | Cs 2C7

1 1 1 1 1
—Mfaqu [2Cc +§C8] + 5, Fih [a4—§a10] + 5, Fam, {06—5618} +MLL {C3—5C9] +MLX, {C5—§C7]- (25)

The function F and M are given in Sec. IX. The index
LL, LR, and SP arise from the (V—-A)(V-A),
(V=A)(V+A), and (S—P)(S+ P) operators, respectively.

. t
aelde = 2 (26)
Iy
peitn = 2o, (27)
p(l)
Feivs =Ly ViV (28)
Ty VubVZd ’
where
ViVid|  VIp(L=p) =P+
* | 2 2 2 (29)
Vuqud (1_/1 /2)(,0 +77 )

From the above equations, the new strong phases &,, &g,
and 6, are introduced by the interference of p — @ mesons.
The strong phase 6 are obtained by the Eqgs. (17) and (18) in
the framework of PQCD.

In a similar way, we can get the 7,, 7,,, p,, and p,, for the
processes of BY — p°(w)n and BY — p°(w)n', respectively.
The relevant CP asymmetry can also be produced in similar
approach. In the calculation, n and # mesons are intro-
duced. The  and 7' mixing depend on the quark flavor

basis [25]. The mesons are consisted of in = (iiu+dd)/ V2

and §s:
<C§S¢ —sinfﬁ)(lnn)) (30)
sing cosgp / \|ny)

() =2 ()

where the mixing angle ¢ = 39.3° £ 1.0°. Explicitly, only
two decay constants are needed is the advantage here:

i

(Olayysnin,P") = ﬁfnP”, (31)
(O[sp*yssingPt) = if PH. (32)

We use [26]
fa=139.142.6MeV, f,=17424+78MeV. (33)

For the pure annihilation type decay process, one
can also divides the amplitudes into 7,, 7,, p,, and p,
depending on V Vi, and V, V. The amplitudes can
be given as following for the channel B?— 7°p°(w):
M(B(s)ﬁpoﬂo):Vubvzktstp_vtbv:spp and M(B9—>0)7Z0>:
Vuh V;r ly— th V;kf Pow-

V. 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 [24]:

1-12 ! AR (p —in)
-1 1-12 AN? . (34)
AP (1 —p—in) —AN? 1

where O(A*) corrections are neglected. The latest values for
the parameters in the CKM matrix are [27]:
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A =0.22506 £ 0.00050, A = 0.811 £ 0.026,
p=0.1247002" 77 =0.356£0.011, (35)

ﬁ=p<1—§), ﬁ=n<1—§>- (36)

From Eqgs. (35) and (36) we have

where

0.109 < p < 0.147, 0354 <5 <0.377. (37)

The other parameters are given as following [24,28,29]:

fr=0.131 GeV,

my = 5.36677 GeV,

m o770, = 0.77526 GeV,
Moy72) = 0.78265 GeV,
m, =0.13957 GeV,
f,=209+2MeV,
fo=195.14+3MeV,

fx =0.160 GeV,

T =1.512% 1072

[ o770 = 0.1491 GeV,

[, (50 = 8:49 x 107 GeV,

my = 80.385 GeV,

fT=165+9 MeV,
fT=145+10MeV. (38)

VI. NUMERICAL RESULTS

In the numerical results, we find the CP asymmetry can
be enhanced when the masses of the z 7~ pairs are in the
area around the p — w resonance, and the maximum CP
asymmetry for our considering the decay channels can
reach 59%. We also discuss the numerical results from the
case of tree and penguin dominated type decay and the case
of pure annihilation type decay in the framework of
Perturbative QCD. The CP violation is associated with
the CKM matrix elements and /s. In our numerical
calculations, we find that the CP asymmetry depend
weakly on the variation of the CKM matrix elements.
Hence, we let (p,n) vary between the central values

(,0 central » Mcentral ) .

A. The case of tree and penguin
dominated type decay

We refer to the decay processes of B — p’(w)K? —
7K’ BY - p%(w)y = 27y, and BY — p’(w)y —
atn~n as the case of tree and penguin dominated type
decay. In Fig. 1, we show the plot of CP asymmetry as a
function of y/s. One can find the CP asymmetry varies
sharply when the masses of the z 'z~ pairs are in the area
around the p — w resonance range. For the decay process of
BY = p°(@)K° - 7t 2~ K", the maximum CP asymmetry
can reach 40%. For the decay channels of BY — p%(w)y’ —
atry' and BY — p°(w)yp — 2tn7n, we obtain the

06F — T ommil T T M
L ’o’-_ .'\. 4
* \h
X ~.
¢ S
,' \~\
04+ P Y "See 1
L K4 ~ ~,
4 S ~,
L s S~ ~ ]
L, Sso .
[ /,I ~~~-~- \~\. 4
q:g‘ 0.2 + "'[' ~— — :.-A
LAy ]
k Y3 I 4
| — ]
0.0 =74
s
'l
-0.2 Cu L L L L L L L L L L L L L L L L L L L |
0.76 0.77 0.78 0.79 0.80
v s (GeV)
FIG. 1. Plot of Agp as a function of /s corresponding to

central parameter values of CKM matrix elements. The
dashed line, dash-dotted, solid line refer to the decay channels
of BY - p%(@)K® = 2727 K°, BY — p%(w)y —» 277y, and
BY = p(w)n — nt 7 n, respectively.

maximum CP asymmetry is 59% and 21%, respectively.
From Eq. (10), one can find the CP asymmetry is affected
by the weak phase difference, the strong phase difference
and r. The weak phase depends on the CKM matrix
elements. Hence, the change of CP asymmetry is derived
from the variation of strong phase 6 and r except the CKM
matrix. We take the central values from the parameters of
(Peentrals Meentrat)- Taking into account of p — w mixing, we
can see that sin ¢ oscillate considerably at the area of p — w
resonance from Fig. 2 for the considering decay processes.
The plot of r as a function of /s is presented in Fig. 3. One
can see that the r change sharply for the process of BY —
PP =zt and B) - p®(0)y — z* 7.

LT T
-
L ~
~

sind

-
n

_1.0 I ) S SN S S N T T S SN S TN S S Y S S SN S N S SN TR S S S
0.74 0.75 0.76 0.77 0.78 0.79 0.80

Vs Gev)

FIG. 2. Plot of siné as a function of /s corresponding to
central parameter values of CKM matrix elements. The dashed
line, dash-dotted, solid line refer to the decay channels of
BY = pY(0)K* - 277K,  BY - p@)y —» atx7y, and
BY — p°(w)n — ntx7n, respectively.)
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L s S s S s S S S s S S S S S S L R R A N

FIG. 3. Plot of r as a function of /s corresponding to
central parameter values of CKM matrix elements. The
dashed line, dash-dotted, solid line refer to the decay channels
of B? - p%(w)K® —» zt77K°, BY = p°(w)y - ntx~y' and
BY = p%(w)n — n* 71, respectively.)

A

'AAxxlAAAALAAAAlxxxxlxxxxlxxxxlxxxxlj
0.73 0.74 0.75 0.76 0.77 0.78 0.79 0.80

Vs Gev)

FIG. 4. Plotof Acp as a function of /s corresponding to central
parameter values of CKM matrix elements for BY — p%(0)z° —

ataal.

B. The case of pure annihilation decay type

In Fig. 4, we present the plot of CP asymmetry
parameter as a function /s corresponding to central
parameter values of CKM matrix elements for the pure
annihilation decay type of B — p°(@)z° — 7t 7~ 2°. One
can find the maximum CP asymmetry reach 28% when the
masses of the 7z~ pairs are in the area around the p — @
resonance range. The plots of siné and r as a function of
\/s are given in Fig. 5 and Fig. 6, respectively. We can see
that sin ¢ and r oscillate sharply taking into account p — @
resonance. Generally, the CP asymmetry is tiny in the case
of pure annihilation decay. However, the maximum CP
asymmetry can reach 28% at the area of p — @ resonance,
which give us a chance to search CP asymmetry from the
pure annihilation decay type.

100 e e B B S S S LS S

—04 1} 4
e
R
172]
-0.6 - q
-0.8 q
) T S T TR N TR S ST S NS FETR R PR s PR - I ST S S |
073 074 075 076 077 078 079 0.0
1 s (GeV)
FIG. 5. Plot of siné as a function of /s corresponding to
central parameter values of CKM matrix elements for
B? = pY()n® — zt 770
[T T T T T T T ]
30F ]
25f ]
20f ]
sk ]
LOF ]
05F ]
0.0 ;l n USSR S T T T T SO S ' I - P - RN SR S N |
0.73 074 075 076 077 078 079 080

Vs Gev)

FIG. 6. Plot of r as a function of /s corresponding to
central parameter values of CKM matrix elements for B? —

P (0)n° - nta a0,

VII. SUMMARY AND CONCLUSION

In this paper, we study the CP asymmetry for the decay
process of B, — Pz z~ in perturbative QCD. It has been
found the CP asymmetry can be enhanced greatly at the
area of p — w resonance. The maximum CP asymmetry can
reach 40% for the process of B — p%(w)K® — ztz~K°.
However, the paper has also discussed the CP asymmetry
of the decay process of B, — p°(w)K® — ztz~K° from
b — d transition in QCD factorization. The maximum CP
asymmetry reach 46% when the invariant mass of the z 7~
pair is in the vicinity of the @ resonance from QCD
factorization [19]. The difference of CP asymmetry mainly
comes from the strong phase difference between QCD
factoriztion and perturbative QCD. The hadronic matrix
elements can be calculated from first principles in the
decays of B-meson. Due to the power expansion of 1/m,,
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(my, is b quark mass), all of the theories of factorization are
shown to deal with the hadronic matrix elements in the
leading power of 1/m,. But these methods are different
significantly due to the collinear degree or transverse
momenta. The power counting is different from the hard
kernels between QCDF and PQCD. It is important to
extract the strong phase difference for CP violation. The
more different feature of QCDF and PQCD is the strong
interaction scale at which of PQCD is low, typically of
order 1-2 GeV, the case of QCDF is order O(m,,) for the
Wilson coefficients.

Meanwhile, we find that the CP asymmetry associated
with the case of pure annihilation type decay process of
BY - p%(w)n® — 22~ 7° can be enhanced and the maxi-
mum value reach 28%. Hence, one can search for the large
CP asymmetry at the area of p — @ resonance from pure
annihilation type decay process of BY — p°(w)n’ —
atn .

In this work, we have take the perturbative QCD
approximation which add the QCD correction to the naive
factorization which is based on the power expansion of
1/my,. The final state interaction is also neglected in this
approximation which may give some uncertainties. There
are some uncertainties from the input parameters, the hard

(i) (V—-A)(V—A) operators:

[Se]

1
sz B—»M;( )_SHCFM4 fM7/ dxldx3 A

< {aj(ta) Ee(t2)[(1+ x3)5 (x3) + r3(1 = 2x3) ($5 (x3) + 5 (x3))]

(i) (V —A)(V + A) operators:

(iii) (S —P)(S + P) operators:

(iv) (V —A)(V —A) operators:

scattering scale and CKM matrix elements. The theoretical
results can be improved by high order correction from a;
and 1/m,,.
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APPENDIX: RELATED FUNCTIONS DEFINED
IN THE TEXT

The functions associated with the tree and penguin
contributions are presented for the factorization and non-
factorization amplitudes in PQCD approach [10,11,30].
The functions of the case of tree and penguin dominated
type decay are written as

bldbledb3¢Bx (xl’ bl)

he('xl’x37b]7b3>

+ 2r3% (x3)a; (1) E, () ho (x3. %1, b3, by) } (A1)
FEfo(a) = =F5 . (a;), (A2)
1 [+
sz BP—>M3( a;) = 16””2CFM fMZ/ dxldx3/) bldb1b3db3¢3.‘ (x1,by)
X {ai(1,)Eo(1,)[#5(x3) 4 13(2 4 x3)@% (x3) — r3x303 (x3)] e (x1, X3, by, b3)
+ 21305 (x3)a; (1) E (1) ho (x5, %1, b3, by) }, (A3)
1 [
M%f-»m(%) = 32”CFM%\./\/6A dxldxzdx3A bldb1b2db2¢33(x17b1)¢9(x2)
X {[(1 = x2)p5 (x3) = r3x3(h5 (x3) — 3 (x3))]a; (1) Ev (1)
X Ry (x1, 1 = x2, %3, by, by) + By (X1, X5, X3, by, by)
X [=(xy + x3)5 (x3) + r3xs3(@5 (x3) + B3 (x3))]a;(7,) Eo(7,) }, (A4)
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(v) (V—A)(V+A) operators:

MR\ (a;) = 322C My 1y /V6 / dx,dx,dx; / bydbybydbyg (xy, b))
0

X Ry (x1, 1= X, X3, b1, ba) [(1 = 2x2) 5 (x3) (85 (x2) + @3 (x2)) + r3x3(h5 (x2) — 3 (x2))

X (@5 (x3) + 3 (x3)) + (1 = x2)r3(5 (x2) + @1 (x2))(B5 (x3) — % (x3))]a (1) Ex (1)

— Ry (X1, X2, X3, by, b)) [Xap3 (x3) (45 (x2) = 5 (x2)) + r3xa (5 (x2) — B3 (x2))(#5 (x3) — B3 (x3))

+ r3x3(h (x2) + 3 (x02)) (95 (x3) + 5 (x3))]a; (1) EL (1))} (A5)

(vi) (§—P)(S+ P) operators:

MSP—»M (a;) = 327TCFMB /\/_/ dxldxzdx3A bydb, bzdb2¢3 (x,b )¢2 (x2)

X {[(x = x5 = )5 (x3) + r3x3(95 (x3) + % (x3))]ai (1) EL (1) hy (%1, 1 = X2, X3, by, by)
+ a;(t,) EL (1)) a5 (x3) + r3x3 (] (x3) = p5 (x3))]h, (%1, X2, X3, by, by) }. (A6)

The functions are associated with the annihilation type process as following:
(i) (V—=A)(V —A) operators:

1 o0
J8,Flin(a;) =82CpMy f5, / dxzdx3/ bydb;ybydby{a;(t.)E,(t.)
S s B 0 0

x [(x3 = 1)4’?(362)47?(363) —4r2r3¢§(x2)¢§(x3) +2r2r3x3¢§(x2)(¢‘3°(x3) —¢3T(x3)>]ha(x2’ 1 =x3,b,,b3)
+ (02008 (x2) 5 (x3) + 27273 (% (x2) — 5 (x2) ) (x3)
+2rr30 (5 (x2) + 3 (x2)) b5 (x3)]a; (1) E4 (1) hy (1= x3.%2. b3, by) }. (A7)

(i) (V —A)(V + A) operators:
Fam(a;) = Fig(ap), (A8)

(iii) (S —P)(S + P) operators:

1 00
FaFSE(a;) = 162CM, £, /0 dsds /0 badbsbsdby

X {21205 (x2) 5 (x3) + (1 = x3) 395 (x2) (5 (x3) + 5 (x3))] (1) Eq () Ry (X2, 1 = x3, b3, b3)
+ (2135 (x2) 5 (x3) + raxa (@5 (x2) — P2 (x2)) b5 (x3)]a; (1) E (1) Ry (1 = X3, X3, b3, by) }. (A9)

(iv) (V—=A)(V —A) operators:

1 oo
Mﬁ,’,‘n(a,) = 32ﬂCFM%:/\/8/O dxldX2dX3A bldebZdb2¢Bs (Xl, bl)

X g (X1, X2, X3, by, Do) [=X205 (X2) 5 (x3) — Ararshh (x2) 5 (x3)
+ rar3(1 = x2) (85 (x2) + @5 (x2)) (85 (x3) — % (x3))

+ rar3x3(5 (x%2) — 43 (x2)) (@5 (x3) + 5 (x3))] @i () Efu ()

+ Mg (X1, %0, X3, b1, b2) [(1 = x3)¢h5 (22) 5 (x3) + (1 = x3)rar3 (@05 (x2) + 5 (x2)) (@5 (x3) — 5 (x3))

+ x21213(5 (%2) = 3 (%2)) (95 (x3) + % (x3))]ai (£ (1)} (A10)
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(v) (V—A)(V+A) operators:

1 0
MLR (Mo, M. a) = 322C M3, /v/6 / dxydxsdy / brdbybadbygy (x1. by)

X {Pa (X1, X2, X3, b1, 57) [12(2 = 22) (95 (32) + @7 (x2)) 5 (x3)

= r3(1 + x3)¢h5 (x2) (@5 (x3) — 3 (x3))] i (14) Ea(14)

+ (X1, %2, X3, by, by) [1225 (95 (x2) + 3 (x2)) b5 (x3)

+ 13 = 1)¢h5 (x2) (@5 (x3) — 3 (x3))]ai (1) Ea (1)} (A1)

(vi) (S—P)(S+ P) operators:

1 co
Mgf:n( l) _32HCFM%V/%A dxlded)@A bldb]bzdbzdhgl\(xl,bl)

X {ai(ta) Eu(ta)hna (X1, %2, X3, b1, ba) [(x3 = 1)¢h5 (x2) 5 (x3) — 4rarsdh’ (x2) 5 (x3)

+ rr3xs (5 (x2) + @5 (12)) (#5 (x3) = @5 (x3)) + 1273 (1 = x2) (5 (x2) — 3 (x2)) (@5 (x3) + @5 (x3))]

+ a; () E (1)) ha(x1, X2, X3, by, by) 2605 (x2) b3 (x3)

+ 231573 (h5 (x2) + 3 (x2)) (h5 (x3) = §F (x3))) + rars(1 = x3) (5 (x2) = 3 (x2)) (5 (x3) + 5 (x3))]}-

(A12)
The hard scales are chosen as

ty = max{\/x3Mp ,1/b;,1/bs}, (A13)
t, = max{\/x;Mg ,1/b;,1/b3}, (A14)
ty, = max{\/X5Mp , /|1 = x| = X2[x3Mp,, 1/by,1/by}, (A15)
A :max{\/m;MstWMB\»]/bhl/bz}’ (Al6)
te = max{/1—x3Mp, 1/by, 1/b3}, (A17)
te = max{\/x;Mp ,1/b;,1/bs}, (A18)
lqa = max{\/mMBS, \/1 = (1 =x; = x3)x3Mp , 1/by,1/by}, (A19)
1y = max{/5alT = 5 Miy /T =l (T = )Ms,. 1/, 1/ (a20

The functions 4 in the decay amplitudes consist of two parts: one is the jet function S,(x;) derived by the threshold
resummation [31], the other is the propagator of virtual quark and gluon. They are defined by

he(x1,x3,by,b3) = [0(by — b3)Io(v/x3Mp b3)Ko(v/x3Mp by) + 0(by — b)) 1y (v/x3Mp by )Ko(\/x3Mp b3)]
X Ko(\/xX1x3Mp by1)S,(x3), (A21)

By (X1, X2, X3, by, by) = [0(by — by)Ko(\/X1X3M g by)1o(\/X1X3M g by) + 0(by — by) Ko (/X1 X3M g by )Io(\/X1xX3M b))
« {%Hé”(\/()@—Xl)x:;MBsbz), X1 —Xo <0
Ko(\/(x1 = x2)x3M p b,), Xp—x>0

(A22)
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in

h (x2ax3ab2,b3) (2
XH(()I)(\/X2X3MBxb2)v

)25 (63)[0(b2 — by HL (/55Mi,b3) o (/T b) 03 — ba) B (/M b)o(y/F5Mi b))
(A23)

Hol) (mMBxbl)Jo (mMB.‘bz)
HY (VU =5 )Mp b2 Jo(V5a (1= 35) M 1 )|

174
By (X1, X2, X3, by, by) = 5 [9(1?1 -
+0(b,

X K0<\/1 “=x —xz)x3MBXb,>, (A24)

i—ﬂ[e by — by)H <\/le—_x3MB )Jo<\/x2(1 —x3)MBsb2)
b)H (mMB bz)J()(\/xz 1= x3)My b )}

Ra (X1, X, X3, by, by) = >
Hél)<\/()C2 —Xl)(l —x3)MBSb1), X — X < 0 (A25)

+0(b,
0(\/(x1 —x)(1 _XS)MBl‘bl)’ ’

Sl

XI—X2>O

>

where Hi'(z) = Iy(z) + iYo(2).
The S, resums the threshold logarithms In? x appearing in the hard kernels to all orders and it has been parameterized as
21+2L‘1"(3/2 + C)
S =—F——x(1 =x)|, A26
) =iy ey e =) (426)

with ¢ = 0.4. In the nonfactorizable contributions, S,(x) gives a very small numerical effect to the amplitude [32]

Therefore, we drop S,(x) in &, and h,,,,.
The evolution factors E,’ and Eg) entering in the expressions for the matrix elements (see Sec. 3) are given by

EL(1) = a,()expl=Sp() = S50, EL(1) = (1) expl=85(1) — S5(0) — Ss(1]l s, (a27)
Eu(t) = a, () expl=5,(0) = S50 EL(1) = ay(1) expl=S5(1) = $2(0) = S50, (A28)
in which the Sudakov exponents are defined as
su) = s(n 2.0 ) 3 [ Lyt (A29)
(A30)

—a, /. Replacing the kinematic variables of M, to M5 in S,, we can get the

with the quark anomalous dimension y, =
expression for S3. The explicit form for the function s(Q, b) is
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A g A . A /g
By =2 am(L) - g-hy+ A (1o
5(2.5) 2ﬂlq“<b> 25, =0 g <b >

AQ A e2re—1 g
- [_2__1n( )}1 7)
4py 4B 2 b

Ap, [m(ze;) +1 In(2b) + 1]

A
+ A;T)?ﬁz [In2(24) — In?(2b)), (A31)
where the variables are defined by
g=h[Q/(VIN].  b=mh[1/(BA).  (A32)

and the coefficients A®) and g, are

3B3-2y 153 - 19n;

ﬂli 12 ) 2 — 24 )
4 67 210 8

AN = AQ =L _ 2~ 2B, Inl = ere
3 o ~3 a7 T3hin{ze" )

ng is the number of the quark flavors and y is the Euler
constant. We will use the one-loop running coupling
constant, i.e., we pick up the four terms in the first line
of the expression for the function s(Q, b).
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