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Study of B — PP decays in the modified perturbative QCD approach

Sheng Lii®," Ru-Xuan Wang®,” and Mao-Zhi Yang®"
School of Physics, Nankai University, Tianjin 300071, People’s Republic of China

® (Received 17 January 2024; accepted 8 August 2024; published 13 September 2024)

We study the nonleptonic decays of B — PP in the modified perturbative QCD approach, where
P stands for pseudoscalar mesons. Transverse momenta of partons and the Sudakov factor are included,
which help to suppress the contributions of soft interactions. The wave function of the B meson obtained
from the relativistic potential model is used, and then the contributions in the infrared region cannot be
suppressed completely. So a soft cutoff scale and soft form factors are introduced. The contributions with
the scale higher than the soft cutoff scale are calculated with perturbative QCD, while the contributions
lower than the cutoff scale are replaced by the soft form factors. To explain experimental data, we find that
contributions of color-octet operators for the quark-antiquarks in the mesons in the final state need to be
considered. The contributions of the color-octet operators are parametrized by a few parameters with the
help of SU(3) flavor symmetry and symmetry breaking. These parameters for color-octet contributions are
universal for all the nonleptonic decay modes of the B meson, where the mesons in the final state belong to
the same flavor SU(3) nonet. Both the branching ratios and CP violations are studied. We find that the

theoretical calculation can well explain the experimental data of B factories.

DOI: 10.1103/PhysRevD.110.056025

I. INTRODUCTION

B meson decays are important for studying the mecha-
nism of electroweak and strong interactions in particle
decays. More precision experimental data have been
collected by B factories and LHCb experiments for the
last two decades [1], which greatly helped the development
of the theoretical methods for calculating B decays. One of
the difficulties in this area is how to treat the QCD effects in
B decays. Several methods have been developed to calcu-
late the effect of strong interaction in QCD on the bases
of the factorization theorem, which are the perturbative
QCD (PQCD) approach [2—4], QCD factorization (QCDF)
approach [5-8], and the soft collinear effective theory [9—14].
By confronting theoretical predictions to experimental data,
it is found that the predictions for most decay modes of
the B meson are consistent with experimental measure-
ments, which illustrates the successful aspect of these
theoretical methods for treating B decays. But a few serious
problems emerged, such as the B — zz and Kz puzzles,
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which is when the branching ratio of B — 7°z° measured

by experiment is several times larger than theoretical
predictions, while the theoretical predictions for the other
modes of B — zz decays are approximately consistent with
experimental data. For the B — Kz decays, the measured
direct CP asymmetries of B* — z°K* and B® — zTK*
are dramatically different, which apparently deviate from
theoretical expectation; see Refs. [15-17]. The measured
branching ratios of B — Kz decays are also puzzling from
the theoretical point of view [18].

Many efforts have been made to solve the B — zz and
Kz puzzles within [15-26] and beyond [27-32] the
standard model. Progress has been made in understanding
the zz and Kz puzzles by these efforts. Tensions between
experimental data and theoretical calculations are dimin-
ished, but other ways investigating such problems are still
welcome.

In Refs. [33-35], the wave function of the B meson
solved from the QCD-inspired relativistic potential model
[36—40] is used in the PQCD approach. We find that the
long-distance contribution cannot be suppressed by the
Sudakov factor effectively with the new B wave function
being used. So a cutoff scale y,. that separates the soft and
hard contributions in QCD has been introduced. The
contribution with the scale higher than .. can be calculated
with PQCD method, while the contribution with scale
lower than y. should be replaced by soft form factors. By
confronting the theoretical calculations to the experimental
data on B — 7z and Kz decays, we find that the con-
tributions of the quark-antiquark pairs in color-octet states
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that form the final mesons in the long-distance region need
to be introduced to explain the experimental data. By taking
reasonable values for the parameters for the color-octet
contributions, the zz and Kz puzzles can be resolved with
the modified PQCD approach.

In this work, we extend our previous works in B — zzn
and Kn decays [34,35] to more decay modes for the B
meson, where two pseudoscalar mesons are included in
the final state. Compared with our previous works in
Refs. [34,35], further progress is made: (1) More decay
modes of B — PP decays are studied in the modified
PQCD approach. Both the branching ratios and CP
asymmetries are calculated and compared with experi-
mental data. (2) The parameters for the color-octet con-
tributions and production form factor are treated by
considering SU(3) flavor symmetry and the symmetry
breaking. Therefore, these parameters are no longer
directly final-state-dependent parameters. They are univer-
sal for the mesons in the same SU(3) flavor nonet,
which makes our method with prediction power. By
selecting reasonable values for these parameters, we find
that the theoretical results can be consistent with exper-
imental data.

The paper is organized as follows. The perturbative part
including the leading and next-to-leading-order (NLO)
contributions in QCD is presented in Sec. II. The soft
form factors are introduced and their contributions are
calculated in Sec. III. The color-octet contributions
are discussed in Sec. IV. Section V is devoted to the
analysis of the soft parameters under SU(3) flavor sym-
metry and its breaking. Section VI is for numerical
calculation and discussion. A brief summary is given in
the final section.

II. THE HARD AMPLITUDE
IN PERTURBATIVE QCD

A. The effective Hamiltonian

The effective Hamiltonian for charmless hadronic decays
of the B meson induced by the b — d(s) transition is [41]
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where Gy = 1.16638 x 107 GeV~? is the Fermi constant,
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where « and /3 are the color indices, and L = (1 —y5) and
R = (1 + y5), which are the left- and right-handed projec-
tion operators. The sum relevant to ¢’ runs over all quark
flavors being active at m,, scale, that is ¢’ € {u,d, s, ¢, b}.

B. The factorization formula for the decay amplitude
and the meson wave functions

The momentum transferred by gluons that are exchanged
between quarks is generally large in B decays because of
the large b quark mass. For the hard dominant region, the
decay amplitude of the B meson can be written in a
factorized form. The soft interactions can be absorbed into
the meson wave functions. The hard contribution can be
calculated perturbatively at quark level. Then the amplitude
can be written as

M = /d3k/d3k1/d3k2(1>3 (k. )

VH (k. ky, ko ) @M1 (K ) @M2(ky, 1), (3)

where H stands for the hard amplitude at quark level,
®BM-M> the meson wave functions, and C(u) the Wilson
coefficients in the decay.
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The spinor wave function of the B meson can be defined
by the matrix element (0|g(z),[z.0]6(0),|B) as

(012(2) . 016(0),|B) = / PR, (R)e s, (4)

where <I>5ﬂ in the right-hand side is the spinor wave
function of the B meson, and [z,0] the path-ordered
exponential [z, 0] = Pexp[—ig,T* [} daz*Ag(az)], which
is introduced to keep the gauge invariance of the nonlocal
quark-antiquark operator.

The spinor wave function @@(l?) in the B meson rest
frame has been derived in Ref. [39] by using the B meson
wave function obtained by solving the bound-state equation

in the QCD-inspired relativistic potential model in
Refs. [36-38], which is

@,(F) = 12" (k)
1 kT
e

where [ is the decay constant of the B meson, mp the B
meson mass, Ey and E, the energies of the heavy and
light quarks respectively, and v the four-speed of B
meson, i.e., ply = mpv*. n'y are two light-like vectors

n'y =(1,0,0,F 1), and

_E, R

=
V2

K = (0,k', k2,0). (6)

The function K (I;) is a quantity proportional to the B meson
wave function

o 2N W, (K)
KO = VB v m) B rmg

-

and Wy (k) is the B meson wave function in the rest frame
with

lPO(]_C)) = alga2\;\2+a3|]}.\+a4 (8)
where the parameters a; (i = 1,...,4) are [39]

a, = 4.557030 Gev—3/2,
as; = —1.55+0.20 GeV~',

a, = —0.397015 Gev~2,

a; =-1.107502.  (9)

The light-cone coordinate wave function for pion can be
defined by [42,43]

(x(pa)la(y), 4 (0)5]0) = / dxdk,, I

(10)
and @7, is the spinor wave function
T lfﬂ T
(D(Sp = T p;ﬂ’sfﬁﬂ(x’ qu_) — Hxls5 ¢P('x’ qu_)
¢ (x. kqt)
- /u/plilryl/ TqL (1 1)
op

with f, being the pion decay constant, u, the chiral
parameter, and ¢,, ¢%, and ¢} are twist-2 and twist-3
distribution functions, respectively. In the momentum space
<I>§p can be written as [44,45]

(I)gp = lfﬂ {pnySQ’)ﬂ(-xv kql) — Hxl5 <¢][T’(xv kqi)

4
Prpy P'5(xky1)
" Pz Dz 6
. ¢g(‘x7 qu_) 0 ) }
tio, prPolat) 9 12

where p, = (E,,—p,) with E, and p, being the energy
and momentum of pion, respectively, and ¢'Z(x,k,,) =
o (x, k,1)/ox.

The light-cone wave functions for the other light
pseudoscalar mesons can be defined similarly as that
of pion.

C. The scheme for -7 mixing

The mixing scheme for 5 and #' mesons suggested by
Feldmann, Kroll, and Stech in Refs. [46,47] is considered
in this work when calculating processes involving # and 7/
mesons. In this mixing scheme, the physical n and #
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mesons are written as

()=o) = (s s () 00

where 1, = (uit + dd)/\/2, n, = s5, and ¢ is the mixing
angle. We define the decay constants for the pseudoscalars
involving 7 and 7’ as follows:

01j Ing(p)) = ifep*, (Ol Ins(p)) = if,p* (14)
where j# = —‘7}’”75”\;’_23”75‘1 and j¥ = Sy'yss,
(Olgr*ysaln(p)) = ifip*, (01 [n(p)) = ifyp"
(Olgr'ysaln'(p)) = ifyr".  OLis'ln'(p)) = ify "
(15)

where ¢ = u and d. The relations between the decay
constants hold

f | |
fi= 7%cos¢, [y =~fssing,
f=Tiing.  p=gess  (16)

V2

where isospin symmetry is taken into account. The values
of these decay constants are [46,47]
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FIG. 1.

=

fo=(1074002)f,  f,=(134+0.06)f,,

¢ =393°+£1.0° (17)
where f, = 0.130 GeV. The chiral masses for 7, and 7,
are m¢ and mj, respectively, which replace y, in Egs. (11)
and (12) when considering the light-cone wave functions
of n, and 7. The values of them are m{ = 1.07 GeV,
mg = 1.82 GeV, which can be obtained by [46,47]

1 V2f
q s
mO:—<U11— U12>7
2m, fq
1 fq
my = 2m (Uzz \/_fg 21) (18)
Uy = micos’p + mz,sinng
Upp=Uy = (mz, — m}) cos ¢ sing
U,y = misin’¢ + mn,cos2¢ (19)

where m, =0.548 GeV, m, =0.958 GeV. And the
quarks mass are m, = 0.0056 GeV, m, = 0.137 GeV,

which are consistent with the input parameters in the work
of Ref. [48].

D. The leading order contribution

The diagrams for the hard amplitude at leading order
(LO) in QCD are shown in Fig. 1. Transverse momenta of
quarks and gluons are kept in the calculation, and double

My M,

; \ / ; \ /
R —— ——R® ®
B M, B M,
(©)
M, M,
B:>® x«
M,

M,

(e

Diagrams contributing to the B — M| M, decays at leading order in QCD, where the diagrams can be classified into four types:

factorizable emission diagrams (a, b), nonfactorizable emission diagrams (c, d), factorizable annihilation diagrams (e, f), and

nonfactorizable annihilation diagrams (g, h).
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logarithms as a;(u)Inky/u appear in higher order radiative corrections in QCD, which can be resummed into the Sudakov
factor [49,50]. The double logarithms as a(u) In?x can be resummed into the threshold factor [51], where x is the
momentum fraction of gluons or quarks in the longitudinal direction.

Diagrams (a), (b), (g), and (h) in Fig. 1 are factorizable diagrams, and (c), (d), (e), and (f) are the nonfactorizable ones.
The amplitude contributed by (a) and (b) with the insertion of operators of the (V — A)(V — A) current is

1 ky|? -
Fe— szfM szmB/dkLkL/ dX/ dxl/ bdbb db < mB+2|an‘/l ) (k)(EQ+mQ)
B

. J0<klb>{as<uz> (sz[Equ ) R =), (512 b1) + 2 [, (1 = 20) = K (51.51)

;ﬂMl[ (1 2x1) = k3]¢/”M1()_Clabl))”’é(x’xlvb»bl)St(xl)eXp[_SB(/“’é)_SM,(/"L)]

+ (1) [, (Eq = )]y, (%1, b1)hz (x, x1, b, b1)S, (x) exp[=Sp(ug) — S, (ﬂ?)]} (20)

where X; = 1 — x;, for i = 1, 2. The integral with respect to the momentum fraction x for the light quark in the B meson

along the light-cone direction is limited from x¢ to x*, where x*¢ = 1/2 +1/1/4 — |k, |>/m3 [33].

The operators of the (S + P)(S — P) current which comes from the Fierz transformation of the operators of the
(V—A)(V + A) current contribute as

Ar? X 1 ) 1 k2N .-
Ff = —lN—%foleMzﬂMz/ko_kJ_ [d dX/) dxl/o bdbbldbl <§m3+2x2mB>K(k)(EQ +WlQ)

. Jo<kLb>{as<u;>(4mB<Eq ) ar (51 b1) + sy [Ey (1 +2) — Ko, (1. b1)

2
- g,MMl [k3(x1 -2) - qul]ff’/ﬁxz, (X1, bl))@(x’xl,b, bl)St(xl)eXp[_SB(ﬂ;) =S, (ﬂé)]

+ oy (1) 8par, (Ey = k)@, (%1, b1) kg (x, x1, b, b1)S,(x) exp[=Sp(p7) — Sur, ()] } (1)

The contributions of diagrams of Figs. 1(c) and 1(d) are

A2 X 1 w0 1 K PN~
Me = —lNingfM]szmB / dklkl L; d)CA dxldeA bdbbzdbz <2m3 + 2|x2ln|’LB> K(k)(EQ + mQ)
(ks B)n, (52,2 ) (<2 = 1) By 4 0 5. 6) = 0 (B, = )0y (51.0)
1 _
- §ﬂM1x1 (Eq - k3)¢/ﬁ4, (X4, b)) hclz(x, Xy, X2, b, bz)Sz(xl)eXP[—SB(ﬂtlz) — Su, (ﬂ;z) = Sm, (/’tzli)]
+ g (u3) <_2mB[Eq(xl +23) + k(x5 = x1) g, (%1, b) + 200, X1 (Ey + &) iy (%1, b)

1 -
B+ ) (5. 6) x5 b ) xS, 00) xpl-Su02) = S () = S )]} (22)
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for the operators of the (V — A)(V — A) current, and

M?P =

e

ko ?

472 1 1 >
_i% Fofa frms / dk k| / dx / dx,dx, / bdbbzdbz( Mty 5 )K(k)(EQ+mQ)
c 0 B

x Jo (ki b)py, (%2, bs) { /431)( 2mp(E (x) = xp + 1) = k2 (x; + x5 = 1)) by, (X1, b)

+ 2up, %1 (Eg + k3)¢M1 (X,b) -

3/4M1x1(E +k3) (X],b))hb(X,XhXZ,b,bz)

Si(x1) exp[=Sg(ug) = S, (ug) = S, ()] + s (1) <2mBXz(Eq + &)y, (%1. b)
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(23)

for the insertion of Fierz transformed operators of the (S + P)(S — P) current. The following is for the contribution of the
operators of the (V —A)(V + A) current

M¢

P .o . LR,
—lN—ngfleMz/ko_kJ_ Kd d)C/; dxlde/O bdbbzdb2 (Em3+2x2mB>K(k)(EQ+mQ)

s ok 0) {0 [ B+ 01D (5= D (5 2) = 6052 = 1, (5. 2)
+ %/‘MlﬂM#z’fa (%1, D) ([Eq(xy 420 = 1) + & (=x; 4 %, = ]Sy (X2, b2) + 6[E,(x) = x, + 1)
— Ky 52 = Dl (52, 52) = gt e 551 DY By =52+ 1) = Ry + 0= 1)
@'y, (%2, by) +6[E (x +x2 — 1) + k3 (=xy + x5 = 1)y (%o, bz))} hY(x,x1, x5, b, by)
5,00 €50l 1) = S, (1) = S )]+ ) | S By + ) e, (5. 2)
601 (2. 2, (51 0) 30w by, (B D) (B (1 = 32) = (31 +22))05, (52,

1
— ol P, @', (31, D) ([Eg (1 + x2) + kK (xy = xy)]

+6[E, (x1 + x3) + & (x2 — x1) |}y, (%2, b2)) 3

@5y, (X2, by) 4 6[E(x2 = x1) 4 K (x1 4 x3)] iy, (%2, bz))} h3(x, x1, %0, b, by) S, (x7)

< expl=S5(43) = S, (12) = Sy, (2] }
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The contributions of Fig. 1(e) and 1(f) are

A k .
Ma = — N2 foM fM7 /dkj_kj_/ dX/ dxlde/ bdbb db]( mp +2| 2J_| )K(k)(EQ +I’VlQ)
0

3/"M|/4M2¢§/11 (X1, by)

([FE (20 = 1) + B (xy = xp + D@5, (2, by) + 6[E, (x1 = x5 + 1) = K (x1 +x; = 1]y, (%2, b1))
L
18

+ 1 (=xy + x5 = D]y, (%2, bl))] hp(x, 1, X2, b, b1)S,(x1)S,(x2) exp[=Sg(uf) — Sar, (f) = Su, (y)]

X JO(kLb){as(ﬂ%) {—Zm%;(xz — 1)(E, + &) ppr, (X1, b1)u, (X2, by) +1

g o, @'y, (1, b1 ([Eg(x =2 + 1) = K (x) +x; — 1)]¢'5y, (X2, b1) = 6[E,(x1 + x, = 1)

1 _
— =t o, P, (X1, 1) ([Eg (3 + x5 = 1)

+ (1) | =2mpxi (Eq = I)ag, (X1, b1, (%2, by) 3

1
+ 13 (=xy 4 x4+ 1)]¢p'5, (o, by) + 6[E, (x1 — x5 + 3) = &2 (x) +x, = D]y, (%2, by)) + 3

([Egxy =xo = 1) =2 () + 25 = 1)]¢p'5y (F2, by) 4 6[E, (x1 + x5 = 1) + I (=x1 + x5 = 3)]bpy, (%2, by))

ot Mo, @'y, (X1, By)

X h3(x,x1. x5, b. by) exp[=Sp(uF) = Su, (u}) = Su, (u,?)]} (25)

for the (V — A)(V — A) current, and

472 1 o 1 kPPN~
Mg’_—iifoleMZ/dklkl/ dx/ dxldxz/ bdbb]dbl(5m3+ k. | >K(k)(EQ+mQ)
x4 0 0 B

N2 2x%m
1
X Jo(klb){as(ﬂjzr) [2’”3951( = 1), (X1, by)pag, (2, by) + gﬂMlﬂMZM}, (X1, D) ([Eg(x) +x = 1)

+ 1 (=xp + xp = D]y, (F2, b1) + O[E (x1 — x5 + 1) = K (xy +x = )iy, (%2, by))
1
18

+ K (=xy 4 x, = 1)]4711;12 (%2, bl)):| h}(x’xl’xb b, b1)S;(x1)S:(x2) CXP[—SB(/J}) —Sum, (ﬂ#) — Su, (ﬂ}”)]

o ban, @51, (F1 D) ([Eq(xy = X0 + 1) = I3 () + 25 = 1)]¢p'5, (R, by) 4 6[E (x1 + x5 — 1)

1
+ (1) [2mp(xa = 1)(Ey + k) ppg, (%1, by)pag, (X2, by) + 3

X ([Ey(x1 +x2 = 1) + I (=x1 + x5 = 3)]¢'5;, (%2, by = 6[E(x) — x5+ 3) = I (%) + x5 — 1)]pfy (%2, by))

/"M1/4M2¢11\)/11 (X1, by)

1 _ _
+1_8/4M1/"M2¢/7V11 (%1, b1)([Eg(xy =22 = 1) = I (xy 4+ %0 = D)]@'§y, (X2, b1) = 6[E4(x) +x, = 1)

+ I (=xy 42 + 1)]4’542(552, b)) hjzf(xvxlvxz, b.by) eXP[—SBW%) —Su, (/4}20) - SMZ(/@%)]} (26)

for the (S + P)(S — P) current,
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4

An’ o ! © 1 |I_€L|2 2
M§ = —1 N% foleMsz / dklkl [C'd dx‘/o dxlde/) bdbbzdbz (5 mpg + 2x2m3> K(k)(EQ + mQ)

< (ks 8) e 550 ) (S By =00, 51 0) 5 = 105, 500 + 600, 52, 1)

_ _ 1 _ _
— 211, (Ey + K)oy, (X2, b1)¢1€1| (X1,b1) + 3 Y1k, (E; + k), (%, b)), (xl’bl)>

X h}-(x, X1, %2, b,b;)8,(x1)S,(x2) eXP[—SB(M}-) = Su, (ﬂ}) = Sum, (H})] + as(/‘?‘) <_%/"M2 [E,(x, +1)
+ 1 (xy = 1)](¢'5y, (R2, b1) + 603y, (X2, b1))pag, (1, by) = 2pag, [Eg (%2 — 2) = Kx)]

1
X gy (X2, by) iy, (X1, by) + FHu, [Ey(x2 = 2) = xo)pag, (X2, b1) @', (X1, bl)) h%(x, x1, %2, b, by)

x expl-S (%) — Sy, (12) — Su, w%n} @7)

for the (V —A)(V + A) current.

For diagrams (g) and (h) in Fig. 1, the contributions of the operators of (V — A)(V — A) always cancel each other if the
wave functions of the light mesons are symmetric with respect to the momentum fractions x; and x,. If it is not the case,
there will be small residual contributions. The contributions of diagrams (g) and (h) with the operators (V — A)(V — A) are

8 1 o _ _
Fu =iy fofu /0 dx,dx; /0 bldblbzdbz{as(uw(—mé(xz—1)¢M1(x1,b1>¢Mz<xz,bz>

1

= 3K, (2 5r, (X2, b2) + 6(x, = 2)piy, (X2, b)) by, (%1 bl)) hi(x1, X0, by, by)S,(x2) exp[—Sy, (uh)

— Sy, (1a)] + oy (uz) <_m123x1¢M1 (X1, b1) b, (%2, b2) = 2ptpg, i, (X2 + 1)45111)/1[ (X, b1)¢11\)42 (X2.b,)

1

(5 = D (1D 5 b2) B B1, )8, 00 exp =S () = Su ) - 28)

The main contributions come from the operators of the (S + P)(S — P) currents. The result is

8 1 o0 _ -
P = =izt S, [ dsids [ bbb L) (<4 08, (51 0) (5. 2)

1

- g/"Mz[(XQ = 1)¢'5, (32, by) = 6(xz = 1)y, (X2, b2)lbuy, (%1, bl)) ha(x1, X3, b1, by)S,(x,) exp[—Syy, (ua)

1
S ()] + aswz)(—4uM2¢M1<x1,b1>¢f42<x2,b2> i 5 (1 by) + 61,0 (ir. by, <x2,bz>>

3
X B2 (51,53, by b)) €xpl=Sig, (42) = S, wzn}, (29)
where
¥ 1 |%L|2 z
aw=sfumy [k [ ax(Gma S KEE, 4 m) o+ mo) + (B -mi)]. (G0

In Egs. (20)—(29), the Sudakov factors exp[—Sg(u)], exp[—Sy, ()] and exp[—Sy,, (1)] are associated with each meson at the
relevant energy scale, which are given in the Appendix A. ¢y, (x, b), ¢t (x, b), and ¢, (x, b) are the wave functions of light

meson in b space, with b being the conjugate variable of the transverse momentum k ., which can be found in Appendix B.
The functions h;’s are Fourier transformations of the hard amplitudes, which are
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he(x,x1,b,by) = Ko(y/xx;mph)[0(b = by)Io(\/Ximghy)Ko(y/x1mpb) + 0(by = b)Io(\/ximpb)Ko(\/ximgby)],  (31)
hz(x.x1.b.by) = Ko(\/xximgh)[0(b — by)Io(v/xmpb,)K(v/xmgb) + 0(by — b)Io(/xmpb)Ko(v/xmghy)].  (32)

hy(x, X1, X, b, by) = Ko(=in/x (1 = x2)mph,)[0(by — b) 1o (\/xxX7mpb)Ko(\/xX1mpb,) + O(b — by)Io(/Xx{mpb,)

x Ko(y/xx;mpb)], (33)
h3(x, x1, %2, b, by) = Ko(=in/X1X3mphy)[0(by = b)Io(\/xx1mpb)Ko(\/xxX{mghy) + 0(b — by)Io(y/xx1mpb,)
x Ko(y/xximpb)], (34)
h}(xhxz’b,b ) = Ko(=iv/x1(1 = x2)mpb)[0(b = by)Io(—i/x1 (1 = x2)mpby)Ko(=ir/xi (1 = x5)mpb)
+0(by = b)Io(=iv/x1(1 = x2)mpb)Ko(—ir/x,(1 = xp)mpby)], (35)
h3(x1, %2, b,by) = Ko(\/1 = x5 + x100mpb)[0(b — by ) Io(—in/x; (1 = x3)mpby)Ko(=in/x1 (1 = x;)mpb)
+0(by = b)Iy(—i/x; (1 = x2)mpb)Ko(—=ir/x, (1 = x3)mgby )], (36)
hzlz(xl’xbbl’bZ) Ko(=iv/x (1 = xy)mpgb,)[0(by — by) o(—i i1 — xympgby) —iy/1 — xymgh,)
+0(by — by)Iy(—i/1 — xympby)Ko(—i\/1 — xymphy)], (37)
h2(xy, x5, by, by) = Ko(=in/x, (1 = x5)by) Io(—iy/xympby)Ko(—i\/x mpby) + 6(by — by)
0(—1\/x_1m3b2)K0(—z\/x_1me1)]. (38)

The hard scales for the amplitudes relevant to the diagrams in Fig. 1 are taken as the largest mass scales involved in each
diagram which help to suppress the largest logarithmic terms in the higher order corrections. They are

! (V/ximp, \/xx;mp,1/b,1/by),
. (\/)_CmB»\/mmB’ 1/b,1/by),
:1: (\/TlmB’mval/bl,l/bz),
pg = max(y/xXxmp, \/xX1Xymp, 1/b1,1/b,),
/ (
7 (
(
(

=

x1(1 = x2)mp, 1/b1,1/b,),
V(1 =xp)mpg. /1 =X, + x1x,mp, 1/by. 1/b,),
V1= xamp, \/x1 (1 = x3)mp, 1/by, 1/by),
VXimg, m’"& 1/by,1/b,). (39)

The decay amplitudes of the B — M| M, process can be expressed in terms of the matrix elements calculated based on the
diagrams shown in Fig. 1, namely, Egs. (20)—(29). The results are

3 3

1 l 2 1
+Me,mz[fud< ) fzd( C3+3C9)] +Ma,7m|:£ud< ) 5td< C3+3C4 6C9+6C10>]

1 1 1 1
+M§,nn|:_§td<3C5_6C7)] +M5,7m|: fzd< C6+6C8>} +F5.7m|: 5:d( Cs+Cs— 6C —2C8>]7
(40)

- 1 1 1 1
M(BO_)”+7T_):Fe,mr|:§ud<§cl+c2> frd( C3+Cy+5 C9+C10):|_Ff,fmétd[gc5+c6+_c7+c8:|
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- 1 3 1 5 1
\/EM(BO—’”O”O): ezm|: fud<C1+3C2) 5:4( C3+Cy+ 5 C7+ Cs 3C9_C10):|_F5Jm§td|:§c5+c6

1 1 1 1
_6C7_§C8] +Me,m[—§ud(3 ) fzd( (O 6C _§C10>:| +M£nn|:_§td(_ic8>:|

1 2 1 1 1
+Ma,7m|:§ud<3 > §Zd< C3 +3C4 6C9+6C10>:| a7m|: f[d( C5_6C7>:|

1
+M5,7m'|: f:d( Cs +6C8)] =+ Fg.zm|: ftd( Cs+Ce— 6C —§C8>], (41)
and
4 4 3 1 1 3
\/§M<B_ -2 1°) =F, [fud (5 Cy +§C2> =& <2C9 - §C7 - ECS + 2C10>} — FL b {5 ¢+ §C8:|
11 1 . 1
+ Me nn gud Cl + = 3 C2 gld C9 += 2 ClO + Me.;m _gtd ECS (42)

3
I 1 1 .
C5+C6_6C7__C8 Fl o+ §C3—6C9 M,k + §C5_6C7 M; .k

1 1 1

- 1 1 1 1 1
M(B™ = K°n7) = &4 [(— C+ C2> Foax+ _ClMa,er:| —&is Kg G +Cy— 6C9 - ECIO) Fo 1k

u
iy
G

1 1 1
+ 115G+ C9> akr T (g Cs+ §C7)M§,Kﬂ} (43)

W = W] =

1 1 1 1 1
\/EM(B_ - K_ﬂo) :gus |:<Cl +§C2) FE.KH+ (gcl +C2> Fe,ﬂK+ <§C2>M€,Kﬂ+ <§C1>Me,lrl(+ (Cl +§C2) Fa,Klr

1 1 1 3 1 1
+ <§C1>Ma,ﬂ[(:| =& |:Fe,7rK <§C3 +C, +§C9+C10) +§Fe,1<n (—C7 _§C8+C9 +§C10>

1 1 1 1
~CioM, g +§C8M£Kn- + <3C3 +C9>Me.7rl(

1
-C;+C
7+ 8)+2 3

1
—I—F”K<3C5+C6+3

3 3

1 1 1 1
+<§C3+§C9>Ma.l(n <3C5+3C7> aKzz:|’ (44)

1 1 1 1 1 1

1 1 1
C + Cz) Fo.x+ _ClMe.er:| =& [(g C3+Cy+5Cy + C10> Fo .k

- _ B 1
M(BO_)K ”+)_§us|:<_ 3 3

3

1 1 1 1 1
+ | 5Cs+Co+ C7+C8> e;rK+<_C3+_C9)Me,7zK+<_C5+_C7)M§,ﬂl(

3 3 3 3 3

6 2

1 1 1
C; - g & > akr T (gcs 5C7> axﬂ], (45)

+

1

€

1 [ 1 1
1

(g
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- - 1 3 1 1
—\/EM(BO - K%°%) =&, {— (C1 + —C2> Fogr— _CZMe,Kﬂ:| =& [—— (—C7 - gcs + Co + §C10> Fokx

D

I 1 . 1 .
—6C9 M,k + §C5_8C7 M.k — ECS M, k.
11 1 A
C3+C4—6C9—§C10 Fokr+ §C5+C6——C7——C8 Foykn

1 1 1 1
Cs - 8C9>Ma,Kﬂ + (g Cs — 6C7 M§,K7r:| ; (46)

— 1 1
2M (BO - ”0’74) = 5ud |:<C1 +§C2> (_Fe,zmq + Fe,nqn + Fa,;znq + Fa,nqﬂ) +§C2(_Me,m1q +Me.1147t +Ma,myq +Ma,;74ﬂ)

1 5 3

_ftd |:<_§C3 _C4 +§C9 +C10) (Fe.nqﬂ+Fa,nqﬂ+Fa,nnq> 2 (C7 +3C8>( e, +Fa,rmq +Fa,17qﬂ)
1 1 1 7 5 1 1

+<—§C5—C5+5C7+§C8>( bon, tFenat Fiian, +Fly )+ <—§C3—§C4—§C9+§C10

2 1 1 1 1 1
+2C5 +§C6 +§C7 +6C8>F€.ﬂﬂq + <—§C3 +6C9 +§C10) (Me.nqﬂ +Ma,r]qzr+Ma,myq)

1 1 1
+<_§C5+§C7>( e, +M§r1 7I+M§Hﬂ +M§ﬂ ﬂ) <_C8)( ”77[+M5’”7 +M5’I ”)

1 2 1 1 1
+ —§C3—§C4+§C9—5C10 Me,zmq 3C6_6C8 emyq (47)

3 2 6 3 6

1 1
+<_§C4+6C10>M6’ﬂ'7:+( 3C6+6C8> 6’7”7:| (48)

- 1 1 1 1 1 1
V2M(B® - %) = —fzd[<—c3 —5C+5C+—-Co+ Cs +5C ——C7 ——C8>Fe,nm

1 1
\/§M<B_ - 77_’7(]) gud |:< Cl + C2>( e, + Fa.nqq + Fa.n,ﬂr) + <C1 +§C2) Fe,zmq + (§C2>Me.myq

1 5 1 1
+ (gcl> (Me.r/q/r + Ma,/tr/q + Ma.n,,lr):| gld |:< C3 +3 3 C4 +3 3 C9 gcl() - 2C5
2

1 1 1 1 1 1
P
—§C6__C7 _6C8>F€v”’7q + <§C5+C6_8C7_§C8>Fe,m14 + <§C3 +C4 +§C9+C10>F6ﬂq”

1 2 1 1 1
+<§C5+C6+ C7+C8> ey <C3+3C4 6C9+6C10)Me.m] (3C5_6C7> e,
1
3

2 1 1
_C6+ C7> e, §C3+ C9> e, <3C5+ C7) e,

1 1 1
C3+Cy +§C9+C10> (Fa,;m,, +Fa,17qﬂ)+ <§C5 + G +§C7+C8>( amm, +F5r, )
M

1
3
11 1.1 .
§C3+_C9 (Ma,ﬂnq+ u,nqn)+ §C5+§C7 ( annq+Manﬂ) (49)
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1 1 1 1 1 1

M(B™ - n7n,) = —fzd{<C3§C4—§C9 _8C10+C5 +§C6 —§C7 _6C8>Fe,m15

1 1 1 1
+ (g Cy— 3 C10> M, L, + <3 Ce — 3 Cs) ¢ m’/‘:| (50)

- - 1 1
\/EM(BO - KO’?q éus |:(C1 +3 C2> e.Kn, + <§ C2> Me,an:| éts |:< C’% =+ C4 6C ClO) engK

1 2 1 1

2 1 1 1 1 1 1
—3Cs ——C7—8Cs> ean+(§C3_6C9>Mer/1 <3C5_6C7) en K

1 2 1 1 1
+( Cy+— C9> ean+<§C6+§C8)M£KWq+(§C3+C4_6C _ECI()) @K

i

[SSII )

6
1 1 1 1 1 1
T 3G+ C—cCr—5G)F s 3G —6C Mayx + (36 -6 M o K (51)

W =

1 1
\/EM(B_ - K_I’]q gus |:< Cl + C2> e,n,m + Fa,an) + (3 Cl + C2> Fe,an + (3 C2> Me,an

1
+( C) e, +Maan):| éts|:< C3+C4+3C9+C10) e K

W |

1 1 2 1 1
+<3 Cs+Co+ 3 C7+3C8> enK+<2C3+3C4+2C9+6C10

1
3 2 7 6 ) e,Kn, ( C3 =+ 3C9> e K
1 2 2 1
§C5+ C7 Mg, x + C4+ CIO M, ky, + §C6+6C8 M, g

C5+C6+3C7+C8>

_|_
/—\/T\/‘\
D
_|_
o
_|_
9
_|_
A
[=}
N
"11
A

1
CG+3 C9> o <§C5+ C7) aKn:| (52)

- - 4 2 2 1 1 1
M(B” = K%) = meK C%+3C4 3C9_§C]0_C5_§C6+§C7+6C8>Fe,l(m

1 1 1 1 1 1 1
+<§C5+C6_6C C8> e K1, <§C3 +§C4_8C9_6C10>M&K}’h

1.1 1 » 1 1,1
+ gC 6C7 eKr]A §C6_6C MeKq §C3+C4—6C 2C10 an,K

1 1 1 1 1 1 1
<3C5 +Cs _6C7 __C8> ank T <§C3 ——C9>Ma.m1<+ <3C5 _8C7> an, K:| (53)

@)
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1 1 4 4 2 2
M(B™ - K7n,) = 5u\|:<3cl +C2> Fopx+ <§C2>Ma,n\.1(:| 5m{< C3+3C4—§C9—§C10
1

1 1 1
- Gs _§C6+2C7+6C8> ekn, T <§C5+C6—6C7—2C8)kaq

1 1 1 1 1 1 1 1

+(3 37476 ° 6
I I 1 1 .
+ §C3+C4+§C9+C10 Fonx+ §C5+C6+§C7+CS Fonk
1 1 1 1
+ §C3 +§C9 M,k + 3C5 +3C7 MK (54)

1 1 1
M(B__)K_KO):fud|:<§C1+C2>Fa,KI_(+<§C1>Ma.KI_(:| (ftdK C3+C4——-Cy _ECIO) e.KK

6
1 1 1 1 1
1 1
1

;c5+ c& GKJ (55)
|-

- 2 1 1
M(BO—>K+K‘)=§M,KC1+ C2> akk+( ) a.KK 5td|:(2c3+§c4+ic9+gcl()
1
2

1 2 1 2 1
Cr+— CS) e.KK + <_ Cy+ ECIO)MILKI_( + <3 C6 + 6C8) aKK:| (56)

2
+2Cs54+=Co+ = .

3 3

- - 1 1 1 1 1 1
\/EM(BoeKUKU):—fld[( C3+Cy— Gy —5C10>F6’K,-(+<§C5+C6—6C 2C)FfKK

1 1 1 1 7 5 7 5
+<§C3—8C9)Me,1<1‘<+<§c5 5C7> e KK <§C3+§C4—8C9—8C10+2C5

2 1 1 1 1 .
+§C6—C7—§C8 Fa.](f(‘l‘ §C5+C6_8C7_§C8 Fa,KI_(

1 2 1 1 1 1 2 1
+<§C3+§C4—8C9—§C10>Ma,1<k+(3C5—8C7> 0Kk (3C6—§C8> aKK} (57)

where &, =V, V7 . Ea = Vi Vi Eus = Ve Vi, &g = Vi, Vi, the subscript of F, ¢ means the pion is M and the kaon is
the external emitted meson M, in Fig. 1(a). The decay width is expressed as

2.3
Gpmy

P8~ 1) = 28 | M(B = f. (55)

E. Next-to-leading-order corrections

Several very important NLO contributions to the B — PP decays are considered in this work. They are the vertex
corrections, the quark loops, and the magnetic penguins, which have been calculated in the PQCD approach in Ref. [15].
The NLO corrections can be included by modifying the combinations of the Wilson coefficients defined below
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) = Calp) +
) = () + 2,
a,(ﬂ)_c,-()+c’jv—‘@, i=3-10 (59)

where the plus (minus) sign is for the case when i is
odd (even).

1. Vertex correction

The contributions of vertex corrections to the Wilson
coefficients are [5-7,15]
|

ag(u) . Ci(w)
ar CF N,
as(1) . Co(u)
an TN,

Cis (M)
4z N,

ay(u) = a;(u) + Vi

ay(u) = ay(u) + Vs,

V.. i=3-10. (60)

In the naive dimensional regularization (NDR) scheme the
function V; is given by [5-7]

120" — 18 + [} dupy(x)glx).  for i = 149,10,
V= —121n%—|— 6 — Jo dxepp(x)g(1 —x), fori=35,7, (61)
-6+ [ dxgp¥ (x)h(1 —x), fori =6,8

where ¢, (x) and ¢%,(x) are the distribution amplitudes of twist 2 and 3 for the emitted meson, respectively. The hard

kernels g(x) and h(x) are

1-2 21
—_— x —_—
h(x) = 2Liy(x) —In’x — (1 + 2iz) Inx — (x < 1 —x). (63)
|
I I m? —x(1-x)I> —ie
2. The quark-loop contributions @ (u, P) = -4 / dxx(1 — x)In—2 5 ,
0 H

For the b — d(s) transition, the effective Hamiltonian
contributed by the virtual quark loops is [15]

Hetr = Z Z Vab Vi 2(5) Cl(u, )
X (d(3)r,(1 =y5)T*b)(@r"T*q), (64)

where the function C(%)(u, I?) is

c@mﬂ%{dmmm—ﬂqw> (65)

for ¢ = u, ¢, while for g = t, the function is

0 (, 12) = [G<d> (u. 1) = ﬂ Cs(p)

+ Y G, P)[Cylu) + Co(w)]. (66)

"=u,d,s,c

The function G in Egs. (65) and (66) is

(67)

where m,, is the quark mass for ¢ = u, d, s, c.

The topology of the quark-loop contribution to the
effective Hamiltonian is just the same as that of the penguin
diagram, so its contribution can be absorbed into the
Wilson coefficients a4, ag

A (/,l) qu V;d
O £ ViV

q=u.c.t

CO(u, (1))

ase(p) = ase(p) +
(68)

(I?) in Eq. (68) is the mean value of the momentum squared
of the virtual gluon connecting the virtual quark loop and
the final quark-antiquark pair. (/) = m? /4 can be taken in
the numerical analysis as a reasonable value in B decays.

3. Magnetic penguins

The effective Hamiltonian of the magnetic penguin for
the weak b — d(s)g transition is
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G
Hegr = — 7; VoV 1a(s)Cs903g> (69)

where the magnetic-penguin operator is

g I (= a (apy
Osg = ¢ 3 mpdi(51)o (1 +75)T;G*b;. (70)

The contribution of the Hamiltonian in Eq. (69) can be
absorbed into the relevant Wilson coefficients [15]

a () 2my
on i D

a4,6(ﬂ) = d4e (u) =

where the effective coefficient ngf = Cg,+ Cs [41].

4. Spectator hard-scattering mechanism
with g x gx — 3(1f)

There is the contribution of the spectator hard-scattering
mechanism (SHSM) for processes of #(n') production
through the transition of g* gx — (i) [52-56]. It may
significantly enhance the branching ratios of B decays
involving (') in the final states. In this work we
incorporate this mechanism in the calculation of the
amplitude for the processes with # or 7' in the final state.
The difference from the previous works is that the trans-
verse momenta of the quarks and gluons are included in the
calculations, both in the effective transition of g* gx —
n(n') and the spectator hard scattering. The diagrams for the
g * gx = n(n') transition are depicted in Fig. 2.

The SHSM includes two types of contributions. One is
induced by the magnetic-penguin operator, while the other
arises from the quark-loop process. The diagrams are
shown in Fig. 3.

Q1 Q1

7" 7"

(a) (b)

FIG. 2. The Feynman diagrams for the effective interaction of
g*g* — n(n') transition, where diagrams (a) and (b) represent two
distinct structures.

FIG.3. The Feynman diagrams for the spectator hard-scattering
contribution to B — My decays, with diagrams (a) and (b)
depicting contributions from the magnetic-penguin operator and
the quark-loop process, respectively. The solid dots stand for the
effective vertex of g*¢* — n(y') transition as shown in Fig. 2.

The amplitude for the contribution of the magnetic-
penguin operator [Fig. 3(a)] is
MOg!] = _V?qvtbcgg(ﬂxzf:(/) +f;(’))f03g’ (72)

where

m% o 1 0 2n 1 1 ‘]_{)J_|2
ng = _l_3.foM1 / ko_kJ_ / dX/ dxldxz / bdbbzdbz / dG/ du ~mpg + 5
0 N; xd 0 0 0 0 2 2x“mpg

-

< K(E) (B + moM0,5)] a2y, (5.0 (ol = s, (51,0

+ g, [Eq(xy = 1) = 12 (g + 1)]opiy (%1, b) +

i [E,(1Hx) + R (1 =310, (.0))

X hy(x,x1, X2, b, b5, 0,u)S,(x;) exp[=Sp(p;) — SM, (1) = SMZ (Ml)]} (73)

The contribution of the second type [Fig. 3(b)] is

M= Y Vi VyCD(n, 12)(2f;’(,> + £ Fa (74)

f=uc.t

where
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2mg a 1 o 1 ‘]_‘)ﬂz
fql = — FfoMl dklkl dx dxl de bdbbzdb2 ~hp +
¢ x? 0 0

_ 1
(ks B)a o, (5 ) 3

5 >K(7€)(EQ +myg)

2
2x°mp

1
k), (X1.b) — ﬂM1k3¢f4, (X1,b) +—pum E,

6

x ' ()_Cl,b)) hg(x, X1, X3, b, by) S, (x1) exp[=Sg(p1) — Sy, (1) = Saa, (1)) (75)

In Egs. (73) and (75), the function h;(x,x, x5, b, by, 0, u) and the scale u; are

/P2 +b242bb, cos(6
ﬁml (/B + b2 + 2bb, cos(0)\/(x — u)x,myp)
- Ko(—=iy/x1x,mgb,), for u < x,
hy(x,x1,%2,b,b5,0,u) = ol 1%2mgb2) (76)
./ b?+b3+2bb, cos(0 .
lzi\/u_——x)MK_l (—l\/b2 —+ b% —+ 2bb2 COS(Q) \/(M — X)leB)
- Ko(=iy/xixampb,), for u > x,
1 = max(\/x;mp, \/X 1 Xymg, 1/b,1/b,). (77)
III. THE CONTRIBUTION OF SOFT M > M =2if,C(u.)Verm - E8M
FORM FACTORS Y , - 9
—4i—fC'(u.)V . , 7
As studied in Refs. [33-35], large soft contributions still mp FuC kel e & 79)

exist in diagrams (a), (b), (g), and (h) in Fig. 1 as the B
meson wave function solved from the relativistic potential
model being used. To keep the perturbative calculation
reliable, a cutoff scale u,. needs to be introduced. For
contributions with scale y > u,, they can be calculated by
the perturbative QCD method, while the contributions with
scale u < u, are replaced by two kinds of soft form factors,
the soft BM transition form factor and the M; M, produc-
tion form factor, where M, M, and M, denote mesons in
the final state of B decays. In general, the critical cutoff
scale can be taken as y, = 1 GeV. As pu, slightly varied
around 1 GeV, the physical results of branching ratios and
CP violations are not changed much [34,35]. For Figs. 1(c)
and 1(d), contributions are still dominated by the pertur-
bative contribution with a,/z < 0.2. In general, the con-
tributions of nonfactorizable annihilation diagrams (e)
and (f) in Fig. 1 are very small. Therefore, for decay
modes where the contributions of nonfactorizable annihi-
lation diagrams are small, no soft contributions need to be
introduced for them.

The total BM transition form factor can be separated into
two parts

FBM = pM 4 £BM (78)

where h§M is the hard BM transition form factor, which is
contributed by hard interaction, and &8M the soft part of the
transition form factor. Including the contributions of the
soft transition form factor, the amplitude relevant to
diagrams (a) and (b) in Fig. 1 is changed as

where C(p,) and C'(u,) are the relevant Wilson coefficients
for the operators of (V — A)(V — A) and (S + P)(S — P) at
the critical cutoff scale y,., respectively.

The soft contributions stemming from the factorizable
annihilation diagrams (g) and (h) in Fig. 1 can be absorbed
into the soft production form factor of M;M,. The soft
M M, production form factor can be defined by the matrix
element of the scalar current as

1
(M M,|S]0) = _ix/ﬂMlﬂMzFAfle(qz)ﬂ (80)

where py = m3,/(m,, +m,) is the chiral parameter for
the charged meson, M = M, or M,, and q,, the quark-
antiquark in the meson M, or M,. The form factor F”" can
also be separated into two parts, the hard and soft parts

FT]Mz — pMM, +§M]M2’ (81)
where #”M1M> ig the hard production form factor for M, M,,

and EM1M2 the soft part of the form factor. The soft form
factor contributes to the amplitude as

2
M = M+ L (0] = PIB)C(1c) Ve .

(82)

where (0|S — P|B) = —iyp, and y 5 can be found in Eq. (30).
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IV. COLOR-OCTET CONTRIBUTION

The contributions of color-octet quark-antiquark pair in
the final state are usually dropped in the theoretical
calculation if the quark-antiquark pair finally forms one
meson in the decay process, because mesons should be in
color singlet. However, the contributions of the diagrams in
Fig. 1 with the quark-antiquark pair in the final state being
in color octet may not be zero. In principle, the quark-
antiquark pairs in the final state of Fig. 1 can be produced in
color-octet states after short-distance interaction. As the
color-octet quark pairs move away from each other to the
hadron scale, they can finally be changed into color-singlet
states by exchanging soft gluons. Therefore the color-octet
quark-antiquark pairs can contribute to the decay process of
the B meson. This mechanism has been introduced by us to
solve the zz and Kr puzzles in B decays recently [34,35].
In this work we extend this mechanism to more decay
modes with two pseudoscalar mesons in the final state.

The details of the calculation of the color-octet contribu-
tion have been given in Ref. [35]. Here we briefly present the
main steps in this paper. To consider the color-octet con-
tributions, we need to consider the case that the quark-
antiquark pairs in Fig. 1 that finally form the mesons in the
final state are in nonsinglet state. Then one can separate the
contributions of the color-octet state from the color-singlet
state by analyzing the color factors appearing in each diagram
in Fig. 1. Figure 4 is an example for the treatment of the color
factors, where the insertion of the operator (Biq,»)(c']}q;.) is
considered. Operators with other color structures can be
considered similarly. The color factor for Fig. 4(a) becomes

ZTZIT?I = ZC}:‘(Slk = ZCFalkéjj!

ijkl Jkl Jklj'
1
- ZcF (V 8176 + ZT"j,T]“.k>, (83)
jklj' ¢
Q;" Cjz
035
J 7 b '
g 7

(b)

FIG. 4. Two nonfactorizable diagrams with an operator in-
sertion of (l_oiqi)(q}q;-), where the explicit type of the current is
omitted. The quark-antiquark pairs in the final state are in non-
singlet color states. The symbols i, j, j, k, and [ are color indices.
(a) is for the diagram where the gluon connecting the antiquark
line in the upper emitted meson and the light quark line between
B meson and the other light meson, and (b) for the gluon
connecting the light quark line in the upper emitted meson and the
light quark line between B and the lower emitted meson.

and the color factor for Fig. 4(b) is

P 1 1
ZleTki = Z [— Wc‘sljéki + 5511'51{,]

7l 7l
1 1 1
= Z [— N (N_ 01i0xj + 2TZ‘T21> + 5511‘5@‘]
7Kl e \WNVe
Cy |

where the first terms with two delta functions in Egs. (83)
and (84) correspond to the color-singlet contributions,
which give M, and M?% for the nonfactorizable diagrams
in Fig. 1, and the second terms with SU(3), generators give
the color-octet contributions. The parameters that describe
the nonperturbative effects where the color-octet quark-
antiquark pairs are changed to color-singlet states by
exchanging soft gluons need to be introduced. In numerical
analysis we find that two parameters Y% and Y3, are needed
to explain the experimental data. Y% and Y%, correspond to
factorizable and nonfactorizable diagrams in Fig. 1, respec-
tively. For diagrams (a) and (b) in Fig. 4, the result is

Y8, MRS (85)
where
¢ N
M(gP,R)S _ ZN%MgP.R) _ C_FMEP,R)d' (86)

The symbols with and without the superscript P denote the
results for (S + P)(S— P) and (V — A)(V — A) operators,
respectively.

The color-octet contributions for the other diagrams in
Fig. 1 with all kinds of operator insertions are

P8 PR)S P.R)8 P)8
YRSy PR s (PR s DS,
(87)
where
FP8 = o2 Ne g,
Cr
PRI N_%M(P,R) MPRIS _&M(P,R)
e CF e ) a CF a
N2
FP8 = _C_;Fg”. (88)

The quantities F' Pla FLOP MR PR MR and

F (aP) are the convolution functions corresponding to dia-

grams (a)—(h) in Fig. 1 by using the PQCD approach, where
the distribution functions of the quark-antiquarks in color-
octet states are assumed to be the same as the color-singlet
states.
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V. ANALYSIS OF THE SOFT PARAMETERS
UNDER SU@3) FLAVOR SYMMETRY
AND ITS BREAKING

A. The color-octet parameters Y3,/

The color-octet parameters Y% and Y3, are long-distance
parameters, which may depend on the different mesons in
the final state, such as zz, zK, and zn final states, etc.
These parameters for different final states can be related by
SU(3) flavor symmetry and the symmetry-breaking effect.

In the limit of SU(3) symmetry, light pseudoscalar
mesons can be composed into a nonet [57,58]

R ke
M= 'S R R S ¢
K- (0 -
”Ojiﬂq o~ Kt
= = ‘”;;”q KO (89)
K~ K° N

where the mixing of the flavor octet and singlet is
considered and included in the nonet.

The color-octet parameters Y% and Y%, describe the
effect of two color-octet quark-antiquark pairs M} and M3
scattering into color-singlet states M} and M? by long-
distance QCD interactions, where M é% denote the first and
second mesons in color-octet and singlet states which can
be one of the matrix elements in Eq. (89). For the scattering
of M{M?} — M| M3, the effective Hamiltonian under SU(3)
flavor symmetry can be written as

Ho = co(MYI(MR)E - (MM, (90)
where ¢ is the effective coupling describing the scattering.

The SU(3) symmetry-breaking effect is caused by the
large mass of s quark which is apparently different from

that of u and d quarks. A diagonal matrix W is used to
describe the SU(3) symmetry-breaking effect [57-59],

(1)

0 0
w=w)=|0 0
0 0

- O O

The leading order SU(3) symmetry-breaking terms are

HY = c} (Wi(Mym (M) (MR)F(MT)})

k
1
Hi = G (MY)Wh (M) (M)F(MT);) (92)

where all the nonequivalent possibilities of putting the
matrix W in the SU(3) symmetric effective Hamiltonian

should be Note  ((Mg)i(M LWy =
(W;(Mé){n(Mr)?’) and putting W in the term
((M3)5(M37)L) is finally the same as that putting W in
((My):(M 1"™7). So there are only two different ways for
putting W in the effective Hamiltonian at leading order of
SU(3) symmetry breaking given in Eq. (92). And ¢} and ¢}
are the parameters for the leading-order SU(3) breaking
effect.

Substitute the matrix M in Eq. (89) into M} and M}, one
can obtain

considered.

(WiMh(M1)m) = (K)F(KY) + (KT) K5 + n)ymgs.
(93)

((Mé)j-Wi;z(M}*)?’) - (K?)TKg + (KT)TKQ' + ’1:17738-
(94)

The above results show that Eqgs. (93) and (94) are CP
conjugate terms. CP symmetry in strong interaction
requires ¢! = ¢2.

The SU(3) symmetry-breaking terms at next-to-leading
order should be

5=de1MUxWWMMWL
H3 = G(Wi(MY)m (M) (MWLM,
H3 = 3 (M)W, M%M%)Mww,
H} = (WM W (M D (MDEMTE). (95)

Similarly, CP symmetry requires ¢} = ¢3.

Based on the analysis of SU(3) flavor symmetry, we can
express the color-octet parameters Y% and Y3, in terms of
the SU(3) symmetry and symmetry-breaking parameters
co, 1, ¢}, c3, and ¢3. An extra superscript a or b should be
added to these parameter c’s to sign the difference between
Y% and Y§,, where a is for Y%, and b for Y$,. The results for
different decay modes are given in Table I.

B. The production form factors defined
by the matrix element (MM, |S|0)

The production form factor is defined by the matrix
element induced by the scalar current in Eq. (80). The
effective Hamiltonian for the matrix element of the scalar
current in the limit of SU(3) symmetry can be written as

Hy, = cOM’MJS" (96)
where M j and M{; are the meson states given in the SU(3)

symmetric pseudoscalar nonet in Eq. (89), i, j, k =1, 2, 3,
and S¥ = 4,4 the scalar current composed of quark fields.
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TABLE I.  The coefficients of LO and NLO SU(3) symmetry-breaking parameters for different final states, where
Ria(b) o cia(b)/ca(b) ii=1.2.4

j - ,] 0 9 j - 9 £ .

Yi Yl

zx(n,) cl ch
Kn(n,) ch(1+3R)) co(1+3R,")
i, ch(1+ Rl + L R3) ch(1+ Rl + LRE)
&, ch(1+ 2RI + RY + 1R3* + 1R h(1+3RY + RY +1RY +1RY)
KK c§(1+Ri* +1R3) ch(1+RiP +3R3)

The quark fields are denoted as q,(¢}) = u, ¢»(¢5) = d,

and g5(q}) = .
The leading-order symmetry-breaking terms are

HY = clewimMmist,

H3 = 3 MiWIMLSE,

H{ = c}*MiM W], (97)
3¢

CP conservation of strong interaction leads to ¢}¢ = ¢i¢.
The second order symmetry-breaking terms are

HY = clewim]wl,my sk,

H3 = c3WiM| ML, WSk,

H3 = X MiWIM!, Wi sk, (98)
CP symmetry requires ci¢ = ¢3¢.

Substituting the SU(3) symmetry nonet and symmetry-
breaking matrices M and W into Egs. (96), (98), and (99),
one can get the expressions of the production form factors in
terms of the symmetry and symmetry-breaking parameters.
The results are collected in Table II. The soft part of the

production form factor can be obtained by using Eq. (81),
where the hard part can be calculated perturbatively.

VI. NUMERICAL ANALYSIS AND DISCUSSION

In numerical calculations, the input parameters involve
the nonperturbative parameters, including the soft BM

TABLE II. The coefficients of LO and NLO SU(3) symmetry-
breaking parameters for production form factors with different
final states, where R_’f = c_’f/cf), ij=1,2,3,4.

\//"M]ﬂMzFI-:—d]MZ
mr(nq) c§
Kx(n,) c§(1+R})
7, 0
Kn_s c§(1 + RI€ + R3 + RY)
KK c§(1 4 R3)

transition form factor &M, soft MM, production form
factor £41M> and the color-octet parameters Y5, Y8, except
for the parameters in B and light meson wave functions.
The color-octet parameters are expressed as the SU(3)
flavor symmetry and symmetry-breaking parameters.
Among these, the determination of the soft BM transition
form factor requires a combined analysis of perturbative
calculations and experimental data from B meson semi-
leptonic decays. The other parameters will be obtained
by fitting the branching ratios and direct CP violation of
B — MM, decays.

The hard part of the BM transition form factors can be
obtained by calculating diagrams (a) and (b) in Fig. 1 where
the contribution for the emitted meson M, is excluded. The
results we obtain are

hB* =0.23 £0.01,
hBX = 0.29 £ 0.02,

hM = 0.17 £ 0.01, (99)

where the cutoff scale ., = 1 GeV is used. The scale for
the hard contribution is y > u,.

Based on the experimental data of B meson semileptonic
decays and nonperturbative methods such as light-cone
sum rules and lattice QCD (LQCD) [60—62], we can extract
the total BM transition form factors

FB7 = 0.27 +0.02,
FBK — 033 +0.04,

F™ =023 +0.03. (100)

For the form factors of F& and Fi"", the values in the
above equations can be used to calculate the branching
ratios of the relevant semileptonic decays, and with which
the results consistent with experimental data in PDG [1] can
be obtained. The value of FZX is the averaged results of
LQCD calculations [60,61].

According to Eq. (78), the soft part of the BM transition
form factors are
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&7 = 0.04 £0.01,
EBK = 0.04 4+ 0.02,

&8y = 0.06 4+ 0.02. (101)

For the color-octet parameters and the meson pair
production form factors, they cannot be calculated pertur-
batively in QCD because of their nonperturbative property.
These parameters are treated as phenomenological param-
eters in this work, which can be constrained by exper-
imental data. There are plenty of experimental data on the
branching ratios and CP violations for B — PP decays up
to now [1], which can be used to determine these non-
perturbative parameters. The color-octet parameters and the
meson pair production form factors can be expressed in
terms of SU(3) symmetry and symmetry-breaking param-
eters, which are given in Tables I and II. We find the fitted
numerical results for these parameters that can well explain
the experimental data are

¢ = (0.182 = 0.015)Exp](—0.60 % 0.02) ],
R1a = (0.89 + 0.03)Exp[(—0.76 + 0.02)xi],
Rl = (0.33 = 0.03)Exp[(0.52 % 0.06) i,
R24 = (0.45 + 0.04)Exp[(0.14 + 0.08) i,
( JExp](

4a
Ry =

cb = (0.084 £ 0.008)Exp[(—0.57 + 0.02)xi],
RI® = (0.87 £ 0.02)Exp|[(0.34 £ 0.02)7i],

[
RIY = (0.37 + 0.04)Exp[(=0.57 + 0.11)i],
R2> = (0.26 + 0.03)Exp[(—0.36 + 0.08)i],
R4 = (0.37 = 0.03)Exp[(0.28 + 0.14)]. (103)
¢ = (0.56 = 0.04)Exp[(—0.68 + 0.02)xi],

RI¢ = (0.32 4 0.02)Exp[(0.72 + 0.07)xi].

R3 = (0.57 4 0.07)Exp[(0.92 + 0.08)i].

Rlc = (0.44 +0.03)Exp[(=0.43 £ 0.10)zi].  (104)

The comparison of the theoretical results about the
branching ratios and CP violations with experimental data
is presented in Tables III and IV, where the column
“LOnLowc” shows the leading-order contributions in
QCD but with NLO Wilson coefficients being used, the
column “NLO” shows the main NLO contribution in QCD
with the NLO Wilson coefficient used, “NLO + g¢”” shows
the NLO contribution in QCD plus the contribution of
g"g'n") effective coupling, and “NLO + soft” shows both
the contributions of NLO in QCD, the soft form factors and
the color-octet contributions included, where the first errors
are caused by the uncertainties of soft form factors and

0.29 £ 0.03)Exp|(~0.47 £ 0.08)]. (102) color-octet parameters, the second and third errors are

TABLE III.  Branching ratio (x 1079) and direct CP violation with NLO contributions for decay modes of zz, Kz, and K K final states.
LOnLowc NLO NLO + soft Data

Br(B’ - n'n7) 3.90 4.82 5.14 4 0.691 0161028 5.1240.19
Br(B* — n"2) 3.59 3.24 5.63 £0.5370231 00 55+04
Br(B° — z°2°) 0.36 0.12 141 £ 035505607 1.59 £0.26
Br(B* — K%zt) 134 13.8 24.4 £3.9106109 23.7+0.8
Br(B* - K*z9) 9.0 8.4 12.7 + 1.8103493 1294+0.5
Br(B" - K*7™) 13.7 13.2 21.6 £3.61 03107 19.6 +£0.5
Br(B° — K°z°) 4.9 5.2 10.1 £ 1.9503492 9.9+£0.5
Br(B* — K*K°) 0.92 0.66 1.26 4 0.441003°000 1.31+0.17
Br(B° — K°K?) 0.98 0.68 1.34 £0.481 055100 121 +0.16
Br(B” — K*K") 0.034 0.034 0.052 £ 001310 653 o0k 0.078 +0.015
Acp(B® = n*n7) 027 0.16 0.31 + 0.03709140.04 0.32+0.04
Acp(B — n*n) 0.00 0.00 0.0006 4 0.001099001+ 00001 0.03 +0.04
Acp(B® — n°2°) —0.60 0.30 0.45 4 0.067 001106 0.334+0.22
Acp(B* = K'z") —0.004 0.010 0.0106 = 0.0011+0.0002+0.0009 ~0.017 £ 0.016
Acp(B* = K*n?) -0.15 ~0.039 0.067 =+ 0.027-401+0013 0.037 + 0.021
Acp(B” — K*z7) —0.175 ~0.107 —0.080 + 0.02870:00210.018 —0.083 + 0.004
Acp(B” — K'x) 0.018 ~0.036 ~0.13 4 00479911001 0.00 £ 0.13
Acp(B" = K*K") 0.07 0.12 —0.02 £ 0.0479904003 0.04 +0.014
Acp(B® — K°K) 0.00 0.05 —0.04 + 0.047 3504201 —0.581073
Acp(B® - K¥K-) 0.001 0.26 —0.30 £ 0.11730340.10
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TABLE IV. Branching ratio (x107°) and direct CP violation with NLO contributions with decay modes involving # and # mesons.

LOxnLowce NLO NLO + gg NLO + soft Data
Br(B° — %) 0.09 0.18 0.19 0.42 + 0.071091402 0.4140.17
Br(Bt — ntn) 0.97 1.49 1.52 4.51 4 0.7110094010 4.02 +0.27
Br(B" - %) 0.04 0.14 0.16 0.85 + 0.1610014003 1.2+0.6
Br(B* — ) 0.50 0.60 0.74 3.25 4 0.481003+008 27409
Br(B® — K°) 3.29 3.76 3.69 1.29 £ 0.51 1908401 1231937
Br(B* — K*n) 3.68 451 4.45 2.06 + 0.857010 403 24£04
Br(B° — K%) 224 30.4 326 66.6 +21.811 2443 66 + 4
Br(B* — KT7) 24.8 33.6 36.0 70.0 £23.21-2400 704 +2.5
Acp(BY — 7%) 0.42 —-0.06 -0.07 —0.98 +0.03 0011042 e
Acp(BT = ') 0.40 0.08 0.06 —0.12 £ 0.1130914004 ~0.14 £ 0.07
Acp(B® = 2%) 0.43 0.02 —0.04 —0.42 £ 0.0710914006
Acp(BT = 7t 0.51 0.47 0.36 0.02 £ 011759100 0.06 £0.16
Acp(B® - K) —0.001 —-0.05 -0.05 —0.31 £ 0.167 021903
Acp(Bt — K*n) 0.05 -0.05 —0.06 —0.30 £ 0.201091 4004 —0.37 £0.08
Acp(B" = K%) —0.005 0.02 0.02 0.04 = 0.02 56000 0.06 + 0.04
Acp(BY = Ky —0.06 -0.03 -0.02 —0.003 = 0.016+0:001+0.003 0.004 +0.011

caused by the uncertainties of the parameters in the wave
functions of B and light mesons, respectively. The differ-
ence between NLO and LOy; owc shows the NLO correc-
tions. Tables III and IV show that the NLO corrections to
branching ratios are at most up to 10% to 20% for tree-level
non-color-suppressed decays. For most decay modes, the
NLO corrections are only at the order of a few percent.
Only for the few decay modes where the tree-level
contributions are suppressed, are the NLO contributions
relatively large. The contribution of the g*g*n") effective
coupling is generally small (see Table IV). Only after
including the contributions of the soft form factors and
color-octet contributions, can the theoretical results be
consistent with experimental data. Tables III and IV show
that our results are all in good agreement with the data for
both branching ratios and CP violations. Therefore, the 7z
and Kr puzzles are solved in a systematic way.

It is pointed out in Ref. [63] that the experimental data of
B — pp decays have seriously constrained the possibility of
resolving the B — zz puzzle in the theoretical approaches,
such as the PQCD and QCDF approaches, which are based
on the factorization theorem in QCD. The predictions of
NLO PQCD for the branching ratios of B® — p¥p* and
B* — p*p° are consistent with experimental data, and
the branching ratio of B — p%° has been close to the
experimental upper limit, while the prediction for the
branching ratio of B® — 7°2° is still much smaller than
experimental data. The QCDF with the inclusion of the
NLO jet function from the soft-collinear effective theory,

however, can enhance the branching of B’ — 7%2°

sufficiently. It exceeds the upper limit of the branching
ratio for B® — p%p° decay mode [63]. Then a question is
whether the present approach in this work can predict the
branching ratio of B® — p°p° in accord with the exper-
imental upper limit while resolving the puzzles of B — zz
and Kz decays simultaneously. In the approaches based on
the factorization theorem, the meson wave functions are
universal, and the short-distance contributions, such as the
vertex corrections, the quark loop, and the magnetic
penguin are similar for different final states in the decay
modes. Therefore, the constraint from the data of the
branching ratio of B® — p%p° decay is serious. In the
present approach, the introduction of the soft cutoff scale
and the inclusion of the contributions of the soft form
factors, and especially the color-octet contributions,
changed the contribution structure of PQCD in the earlier
stage. The color-octet contribution can be final-state
dependent, because it is essentially long-distance contri-
bution. In the present work for B — PP decays, we find a
set of universal parameters for the color-octet contributions
for the final mesons within one SU(3) nonet by considering
the SU(3) flavor symmetry and its symmetry breaking. For
B — PV and V'V decays, where V stands for vector meson,
the parameters for the color-octet contributions may be
slightly different from that for PP final states. It may
depend on the SU(3) flavor nonet of vector mesons. The
serious constraint from the experimental upper limit for the
branching ratio of the B — p°p° decay can be evaded by
different long-distance interactions. It is indeed interesting
to see if our present approach can predict if the branching
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TABLE V. Branching ratio (x107%) and direct CP violation
of B—pp decays with soft parameters F7 =
0.290Exp(—0.8267i), Y% = 0.196Exp(—0.4537i), and Y%, =
0.201Exp(—0.367xi).

LOnrowe NLO NLO + soft Data
Br(B* — p*p?) 6.9 6.2 222 24.0+1.9
Br(B® — pp7) 9.8 11.1 27.7 27.7+1.9
Br(BY = p°p?) 0.31 0.07 1.08 0.96 +0.15
Acp(BY = ptp%)  0.00 0.00 0.00 —0.05 +0.05
Acp(B = ptp7) —0.03 -0.08 —0.09 0.00 + 0.09
Acp(B® = p2p%) 0.21 0.79 0.60 -02+09

TABLE VI. The soft parameters of different decay modes of
B — PP decays.

Y% YISVI Fﬁ_/I'MZ
n(ng) 0.182¢0-60x 0.085¢=057ii () 319,=0.68xi
Kz(n,)  0.135¢7074 0.108¢ 0487 0.265¢0-587i
s 0.154¢70967 0.151 040 0
Kn; 0.124¢%997 0.162¢~0-437i 0.107¢-071xi
KK 0.139¢ 084 0.137¢~044 0.149¢—0-587i

ratios and CP violations are consistent with experimental
data with the nonperturbative inputs in the reasonable
parameter space. As a preliminary investigation, we tried
some values for soft parameters for B — pp decays to
check what the output for the branching ratios and CP
violations are for these decays. Table V is for the results of
the branching ratios and CP violations for B — pp decays
with the color-octet parameters Y3 = 0.196Exp(—0.45371)
and Y%, = 0.201Exp(—0.367xi), and the production form
factor F?” = 0.290Exp(—0.8267i). It shows that both the
branching ratios and CP violations for B — pp decays are
consistent with experimental data. The soft parameters
used here can be compared with that used for B — PP
decays. Table VI is for the soft parameters for each decay
mode of B — PP decays, which are obtained by using
Egs. (102)—(104) and Tables I and II. From Table VI,
we can see that the soft parameters Y%, and F used for
B — pp decays are within the range of the relevant
parameters for B — PP decays. Therefore, it is convincing
that the present approach can explain the experimental data
of B — pp simultaneously. The detailed study for these
decays will be given elsewhere in the near future.

VII. SUMMARY

We study B — PP decays in the modified PQCD
approach, where the wave function of B meson obtained

by solving the wave equation in the QCD inspired
relativistic potential model is used. A critical soft momen-
tum cutoff scale .. is introduced. For the contributions with
the scale u > u,, the decay amplitudes are calculated with
the PQCD approach. For the contributions in the region of
lower scale p < ., soft form factors are introduced. The
soft contributions are absorbed into these soft form factors.
In addition, the color-octet states for the final mesons are
considered. The color-octet contributions are included,
which are essentially of long-distance property. With these
soft contributions included, the branching ratios and CP
violations are calculated. By selecting reasonable values for
the input parameters, the results of our theoretical calcu-
lation for all the B — PP decay modes are consistent with
experimental data.
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APPENDIX A: SUDAKOV FACTOR AND
ULTRAVIOLET LOGARITHMS IN QCD

The threshold factor S,(x) can be parametrized as [51]

2HXT(3/2 4 ¢)

St(x) \/I_TF(I + C)

(I=x)ls, (Al)

with ¢ = 0.3.

The exponentials exp[—Sp(u)], exp[—Sy, ()], and
exp[—Sy,(u)] are the Sudakov factor and the relevant
single ultraviolet logarithms associated with the heavy
and light mesons. The exponents are

1 In(u/ AQCD)

Sp(u) = s(x.b,mp) =5 "1 (bAgen)) (A2)
Sw, (1) = s(x1.01,mp) + 5(1 = x1, by, mp)
Su, (1) = $(x2. 05, mp) + 5(1 = x2, by, mpp)
!, In(#/Aqgcp) (Ad)

- /3_1 nln(l/(bzAQCD)) '

The exponent S(x, b, Q) up to next-to-leading order in
QCD is [64]
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A g A ~ A@ rg AQ@) A e2re—1 g
s(x, b, Z am(i)-—@g-h+=(L-1)- |~ -"In In( 2
&b, 0) = 2ﬁ1 (b) 25, 00 g <b ) {4/32 1, ( 2 )] (b)
Mg, Mn(2)+1 In(2b) +1 g ) R
AV, m2) + 1 1n2h) % (1 (24) - 102 (26)]
4ﬂ q b 8,6
LA ﬂ2 <e2rrl> []n(ZE])—i—l In(2b) + } Ap, {21n(2€1)+3 21n(2b) +3}
In - = - - =
8ﬂ3 2 g b 1641 q b
AUB G- b A ADBG=b 5o )
- " 2n(2b) + 1 — 2 [9In?(2h) + 61n(2b) + 2
16%1 7 [2In( )+]+432ﬂ? 73 [9In*(2b) + 6In(2b) + 2]
()83 T18In*(2§) +301n(23) +19  18In?(2b) +301n(2b) + 19 (A3)
17283 i b*
[
where ¢ and b are defined by P (x) =14 + aL.C* (1) + adh.CY (1)
12 1/2
R +afpCy/ (1) + afpC, 7 (1)
=In(xQ/(V2Aoep)).  b=In(1/bAgcp).  (A6)
Q Q + b, In(x) + b, In(1 — x), (B3)
The coefficients #; and A) are 32
¢e' (x) = 6x(1 = x)[1 + agy, + a{LC{" (1)
B2 13- ) 4 +a 0 (1) + adt Gy (1))
! 12 2 24 3’ Y Mn(] —
, +9x(1 — x)[p{L In(x) + b3 In(1 — x)], (B4)
67 =2 10 8 e
AP = — _— _— ng+=pIn <—> A7
9 3 277 3'61 2 (A7) where 7 is defined as t = 2x — 1. These C functions are

and yg is the Euler constant.

APPENDIX B: LIGHT MESON DISTRIBUTION
AMPLITUDES

The transverse-momentum-dependent light meson dis-
tribution amplitudes are ¢y (x.k, ), @Y (x.k, ), and
M (x, kg ), where M represents pion, kaon, or 7, ; mesons.
The transverse-momentum dependence is assumed to be a
Gaussian form and appears as a factorized part from the
longitudinal wave functions. Transformed into b space, the
distribution amplitudes can be written as [45]

4”—;2>. (B1)

5.8) = pla)exp -
Here, we denote the b-space distribution amplitudes as
du(x,b), p¥(x,b), and ¢ (x, b). As discussed previously
in Ref. [35] (see also Refs. [45,65]), we adopt f =
4.0 GeV~! for the wave functions of pion, kaon, and
114.s mesons. The expressions for the twist-2 and twist-3
distribution amplitudes are given by [48]

du(x) = 6x(1 = x)[1 +a¥C* (1) + a Cy*(1)],  (B2)

Gegenbauer polynomials. The coefficients appean'ng in
Egs. (B2)-(B4), Wltha( )forz =1,2,3, 4andb

Jj =1, 2, have the following values:

ar =0, —0.25+0.15,

af, =0.048 £0.017,  a%, =0.62+021,
afp =0.089 £0.071,  a%p =a%, =0,
b7, = b, = 0.024 + 0.009,

ar, = 003440014,  a% =0.12+0.05,

at, =aj, =0, b7, = b5 = 0.016 = 0.006, (BS5)
for the pion,

af =0.06 £+ 0.03, a¥ =025+0.15,

ak, =0.59 +£0.24, ak, = -0.52 +£0.32,

ak, =0.79 £ 0.36, ak, =0.18 £0.20,

ak, = 0.06 +0.05,

bk, =0.54 +0.23, bX, =0.05+0.02,

ak =0.41+0.20, af =-0.12 £ 0.09,

ak =0.12 £0.06, af¥ =0.03 +£0.02,

b =0.36+0.15, bX =0.03 +£0.01, (B6)
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for the kaon,

d' =0,  dy =025=+0.15,

agh = 0.079 £0.028, a5, = 0.95+0.33,
ay, =0.144+0.11, a4 =dy, =0,

bt = by, = 0.039 +0.014,

agt =0.055+0.024,  ay =0.18 +0.07,

dlt =dy =0,  b|®=by =0026+0.009, (B7)
for the 1, meson, and

al =0, a¥ =0.25+0.15,

alp = 1.13 £ 041, al, =0.99 £0.48,

al, = 0.06 +0.05, ap, =ak, =0,

b, = b, = 0.56 £ 0.20, (B8)

al =0.79 £0.34, ak =0.14 £0.07,

al =a% =0, bl =b% =038+0.14, (B9)

for the 5, meson. The parameters listed above are all
determined at the renormalization scale of ¢ = 1.0 GeV.

It is worth noting that, considering the similarity in quark
composition between 7, ; meson and pion, we employ the
same expressions for 7, ; meson parameters as for the pion,
with appropriate substitutions made only for parts involv-
ing meson masses, quark masses, and decay constants. The
Gegenbauer polynomials are given by

Cl*(t) =1,

CYP () =332~ 1),

Cy2(1) =3 (57 - 3),

Ci* (1) = %(35# 302 + 3), (B10)

and

(1) = 31,

Py =368 -1)

Py =278 -3),

(1) = %(ﬂt“ — 142 4+ 1). (B11)
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