PHYSICAL REVIEW D 99, 016007 (2019)

Next-to-leading order corrections to B — p transition in the k; factorization

Jun Hua,"" Ya-Lan Zhang,>" and Zhen-Jun Xiao'~*
lDepartment of Physics and Institute of Theoretical Physics, Nanjing Normal University,
Nanjing, Jiangsu 210023, People’s Republic of China,
2Department of Faculty of Mathematics and Physics, Huaiyin Institute of Technology,
Huaian, Jiangsu 223001, People’s Republic of China,
3Jiangsu Key Laboratory for Numerical Simulation of Large Scale Complex Systems,
Nanjing Normal University, Nanjing 210023, People’s Republic of China

® (Received 31 October 2018; published 8 January 2019)

In this paper, we investigate the factorization hypothesis step by step for the exclusive process B — p at
next-to-leading order (NLO), and then we extend our results to the k; factorization frame. We show that
the soft divergence from the specific NLO diagrams will cancel each other at the quark level, while the
remaining collinear divergence can be absorbed into the NLO wave functions of the mesons involved. The
full NLO amplitudes can be factorized into two parts: the B meson and the p meson NLO wave functions
containing the collinear divergence and the finite leading order hard kernels. We give the general
expressions of the nonlocal hadron matrix for the NLO B meson and p meson wave functions and the

analytical results of factorization for the combinations of different twist parts.
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I. INTRODUCTION

As the foundation of the perturbative QCD formalism,
the factorization theorem [1-3] claims that the hard part of
the QCD interactions is finite and can be calculated
perturbatively, meanwhile the nonperturbative part can
be factorized into the universal wave functions defined
in an infinite momentum frame. The perturbative QCD
(PQCD) approach [4] based on the k; factorization theorem
is proposed to eliminate the endpoint singularity by picking
up the previously dropped transversal momentum of the
propagators and taking into account the further suppression
from the Sudakov resummation [5,6].

In recent years, several exclusive processes zy* — y(x),
py* = m and B — y(x)Iv have been investigated by many
authors for example in Refs. [5-9] at the leading order (LO)
and next-to-leading order (NLO). The calculations of the
space like and the time like form factors [10] play an
important role for high precision studies for B meson
decays.

In this paper, taking the p meson as one example for
those light vector mesons, we consider the B — p transition
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process, show explicitly the structure of the infrared
divergences at the NLO level for the combinations of
the leading twist parts of the wave functions. The Fierz
identity and the Eikonal approximation will be taken into
account to factorize the fermion flow and the momentum
flow respectively. The power counting for various gamma
matrices discussed in Ref. [11] are also considered in order
to give the right color factors with triple gluon vertex
diagrams. By summing up the contributions from all
subdiagrams, we can prove that the soft divergence will
be canceled each other between the quark diagrams, and the
remaining collinear divergence can also be absorbed into
the NLO meson wave functions. The convolutions of the
NLO wave function and hard kernel have two forms: the
one has additional gluon emitted from the external quarks
flowing into hard kernel; another has no additional gluon
flowing into the hard kernel. We will finally write down
the hadronic matrix elements for B and p meson wave
functions with its collinear parts in the k; factorization.

This paper is organized as follows. In Sec. II, we show
the dynamical analysis and the leading order amplitudes for
B — p transition. In Sec. III, we present the investigations
for B — p transition process at the NLO step by step, and
give the hadronic matrix elements for the wave functions
in k7 factorization. In Sec. 1V, finally, a brief summary and
some discussions are given.

II. LEADING ORDER HARD KERNEL

In this section, we calculate the leading order O(«,) hard
kernel for B — p transition, and the topological diagrams of
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FIG. 1. The leading-order quark diagrams for the B — p

transition form factors with the symbol ® representing the weak
vertex.

leading-order transitions are displayed in Fig. 1. The
definitions of the kinematics in light cone coordinate are
of the following form:

mp

Piy = %(1, 1,00), Ky = \/z(xl,O 0r);
eu(l) = J=(1.0.00. @, 1)= 0010 (1
Poy = ”g (0.1,0p),  ky = ”\’;’f (0, x5, 0p);
ex(L) = éyﬂ( 20D, ) = (0.0.19). (2)

— K7+ ma)rsls b () +

where mp is the mass of B-meson. The energy fraction #
of the p meson in large recoil region is of order 1, and
the polarization vector with the definition y, = m,/Q is
defined by condition €?(L/T) = —1. The momentum
transfer squared Q2 = —(p; — p,)*(Q* > 0) is taken to
describe the evolution behaviors of the form factors.

The leading twist (twist-2) wave functions of the B
meson and p meson are chosen in the same form as those
in Refs. [12,13]:

Dp(xy, pr) = 7(%1 + Mp) Lﬂ;—fﬁg (x1)

D, (P2, €21) = % [Mp¢2L¢p(x2>]’

(I)p(pZ’eQT) = % [Mpﬁlzrlf’ﬁ(xz)]’ (3)

where n, = (1,0,0) and n_ = (0, 1,0) are the unit vector
in the light cone coordinate. The wave functions of the
vector p meson contain both the longitudinal and the
transversal component ®,(p,,€,,) and ®,(p,€r7). To
insure the gauge invariance and the accuracy of the analytic
calculations, both contributions from ¢} and ¢ will be
taken into account in this work.

Because of the symmetry relations, the contributions
from Figs. 1(c) and 1(d) can be simply derived from those
of Figs. 1(a) and 1(b) by exchange of momentum fraction
for up (down) quarks. The LO transition amplitude of
Figs. 1(a) and 1(b) can be simplified to the following forms:

0 _ ieg*Cr Tr{ya[Mp¢2L¢p (x2)]7a(#2

= —ieqg?CpmpTr l(p
2

(P2 = k) (ky — ky)?

%mxo]}

HE,OL) =— iegchmBTr{

HEIOT> = —iegQCFmBTr[

) _

¢2Lk17’,ﬂ/5 %fﬁg()‘l) @)
— k)2 (ky —kp)* |
Mp¢2L¢p (xz)hkz /—fzqﬁ; (x1)ys + Mp¢2L¢p(x2)y/4mb¢}_3 (xl)ys] (5)
[(p1 = ka)? = mj|(ky — ky)? ’
(o1 oty (x2) 1,1 [ (x1) + @5 (x1)lys — [dor o) (x2)]y iy, %¢§(x1)75:| ©)
[(p1 = ky)* — m,%](k, —ky)? ’

(0) (0)

where Cr = 4/3 is the color factor. Since H,; = 0 for Fig. 1(a), we do not show H ,; explicitly in Eq. (4). For H,;, only
the ¥, in quark propagator and my; component in B wave function have contributions, which also requires y* and y,, should

bey, andy*. H E,OL) contains two components corresponding to the two parts of the B wave function ¢} and ¢ respectively,

HY

which leads to different restrictions on the vertex with y, and y,,. Similarly, H,; contains three components, two for ¢ and
one for ¢;. Every part of the combinations requires unique choice for Py momentum (Py /P{) and gamma matrix y, and y,.

We should consider each part independently.
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FIG. 2. The quark diagrams for NLO corrections to Fig. 1(a) with additional gluon emitted from the quark(antiquark) lines of initial

B meson.

ITII. FACTORIZATION OF B — p AT
NEXT-TO-LEADING ORDER

In this section, we will study the exclusive process
B — p at NLO level, consider both momentum space and
color space factorization but neglecting the transverse
momentum first. At the end of this section, we will pick
up again the transverse momentum and discuss how to deal
with the infrared contribution carrying by kr-related part.

In momentum space, the Fermion flow can be factorized
by inserting the Fierz identity

1 1 1
Iijllk = Zlikllj + Z(VS)ik(yS)lj + Z(Ya)ik(y(z)lj
1

3Oty + 5 @ uloa) ()

into the proper place of the matrix elements, here
o™ = i[y*, y#]/2. The different terms on the right hand
side correspond to the contributions from different twists of
B(p) meson. The Eikonal approximation is taken before
inserting the Fierz identity to reformulate the singularity
propagator into a simplified form and reduce the gamma
matrix for convenience meanwhile. All the possible dia-
grams for a gluon radiation should be considered and
finally be resumed to collect the color factors and maintain
the gauge invariance.

A. The factorization of the NLO(O(a?))
corrections to H'"
aL

We will only show the factorization of the NLO correc-
tions for Figs. 1(a) and 1(b), for the reason that Figs. 1(c) and
1(d) can be derived from Figs. 1(a) and 1(b) by symmetry.
Taking into account the different twists’ combinations, there

exist six different structures from the decay amplitudes as
listed Eqgs. (4)—(6). Each structure has two terms corre-
sponding to the additional gluon lines emitted from the
initial B meson or from the finial p meson.

The topological diagrams for NLO corrections to
Fig. 1(a) with additional gluon emitted from initial B meson
are showed in Fig. 2. Generally, there exists two kinds
of infrared divergence: (a) the soft divergence when the
momentum of additional gluon is small at/ = (I, 17,1, ) ~
(4,4,4) for A~ Agcp: and (b) the collinear divergence
when the additional gluon is parallel with one longitudinal
direction [ = (I*,17,1,) ~ (A>/ Q% Q. 4?) [14,15]. The third
possible infrared divergence appeared in the Glauber region
of NLO spectator amplitudes of B meson two-body non-
leptonic decays [16,17] does not exist here. We rewrite the
Eq. (4) explicitly in the following form:

ieg?Cr.

Ht(loz = Tr

’

7 M b, (62— s s ()
X{ (pZ_kl)z(kl —k2)2 }
(8)

where we can see that only ¥, in internal quark propagator
and mp part in B meson wave function can contribute in
this case, and y,, and y* should be yTandy,.

We can write down the NLO amplitudes of Figs. 2(a)-2(c)
since no radiated gluon lines attached to internal line,
and therefore no momentum will flow into the structure of
LO hard kernel. So factorization can be derived simply by
inserting the Fierz identity, neatly cutting on the external
quark (antiquark) line.
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G(]) o 16946% Tr ya[MpﬁlZLd)/)(xZ)]ya(_kl)yu(ﬂl - kl + mb)yy(ﬂl - kl - l+ mb)yb(mB)YS [%¢§(xl)]
222 (P2 = k1)* (ki = kp)*[(p1 = K1)? = mg)[(p1 = ky = 1)> = m] 1P
=30 ® G, x) o
G _ eg“C%T vk = Dy Moo by (x2)lro (=K1 + Dyu(Py — ¥+ T+ mb)h(mB)Vs[%‘ﬁg(xl)]
S (p2 =k + 12 = ko = 1P (k = D2[(py = Ky + 17 = |

=), ® G\ (&1 x,), (10)

Gl leg'Ch Tr{)’”(kl = D1 (k) My tor., (x2) ]y o (=K1 )7, (m)1s [:’%ﬂbg(xl)]}

) (P2 = k1)*(ky = k) (ky = 1) (ky )P
1
=5 ¢ ® Gy (xn.32). (1)

with

() —ig* Crysy’v,rs(P — K +myp)y (B = ¥ = ] +my)y,

- , 12

L T (O e .

4 — iPCrysy” (P — ki + 1+ m)r*yvsy,r, (b =) (13)
Bh g (ki = D*[(p1 — ky + 1) —m3 ]2 ’

o - —i?Crysyr’ (b = Dr.(k)r’ys ‘ (14)

4 (ky = 1) (ky )12

The factor 1/2 appeared in Egs. (9) and (11) comes from the symmetry of Figs. 2(a) and 2(c). From the QCD diagrams and
dynamics, no independent soft divergences exist in reducible diagrams, then the collinear divergences can be absorbed into
NLO wave functions concisely. These infrared singularities from amplitudes of Figs. 2(a)-2(c) are absorbed into NLO wave

functions 4);{3 (i = a, b, ¢) and can be reexpressed as in Egs. (12)—(14). For the reason that the infrared divergence in reducible

diagrams without mixing can be simply matched one by one between QCD diagrams and effective diagrams [8], these results

are independent of those irreducible diagrams. So, we just pay more attention to irreducible diagrams.
For Figs. 2(d) and 2(e) we have

G _ ieg* Tr[TT T\ f upe T J’a[Mpfz(zL(ﬁp(xz)]Vﬁ(ﬂz =k + Dy (=K T+ my)y" (mg)ys [%‘ﬁg(xl)waﬁy
ak.2d = 2N, ' (ky — kz)z(kl —ky — 1)2(172 — ki + l>2[(l71 — ki + 1)2 - mi]lz

9
= gff)gZJ ® [GS)L)(fl,Xl,xz) - GS)L)(fl,xz)],

W ieg* Tr[TT T f upe {}’a(kl = DY M ydor by (x2) 1Y (P = K1)v,(mg)rs [%ng(xl)]Faﬂy}
GaL,2e = Tr

2N, (ky = k2)2(k1 —ky — l)z(Pz - kl)z(kl - 1)212
= S ® (61 (nm) = G (. 6 )] (15)
with
(155;121 _ —i?Crytys(p — M + l:‘ mb);’pzs)’_ v, ’
, 4 (py — kg + 1) —m)l vl
2 =P — +
¢E;1,)e _ lg4CF757 é’k](k_l 1)211)2}/ 75%' (16)
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For Fig. 2(d) where the triple gluon vertex appeared, as we
examined in Ref. [11], only the terms in GalL’2 4 proportional
0 Gop in Fop, = Gop(2ky = 2ky +1), + gp, (ky —ky = 21) ,+
Gyalki =k +1); give the right NLO corrections to the LO
hard kernel. The other terms are power suppressed by
power counting of matrix elements and also unphysical in
topological diagrams. For Fig. 2(e), similarly, only the
terms proportional to gg, in Fgp, = gup(k) —ko —21),+
|

9p,(2ky =2k +1), + gyo(ky —ky +1);  contribute  effec-
tively. Then the NLO B meson wave function containing
infrared divergence with “/”” emitted from quark (antiquark)
line can be represented as in Eq. (16). Because of the large
scale of m,, the (;51(91‘2, contains the m,; term in propagator
when “I” emits from the b quark.

The factorization of amplitudes for remaining diagrams
Figs. 2(f)-2(k) can be expressed as follows:

G eg* Tr[TTTT¢] Tr VM, tard,(x2) 7o (P = K 7" (P = Ko + Dy (P — K + 1+ my)y,(mp)ys [5—%¢§()‘1)]
ak2f 2N, (P2 = k1)*(ky = ko)*(pa — ki + 1)*[(py = ky + )2 = m) 12
~0, (17)
G(l) - eg“Tr[T“T”T"T"] T r (k- f)?’a[Mpfl’zLQ{’p(xz)]Va(ﬁz K+ Dr.(p - kl)Yﬂ(mB)yS [\//—%‘f’g(xl)] 0 13
ak-2g 2N, ' (P2 = k)2 (ky = ky = 1)*(pa = ky + 1)*(ky = 1)*1 ~0. 8)
e Tr[TeTeTeT®
G = =
Y Tr VM ,dor. @, ()7 (o — o + DYa(Po = ¥ + Dyu(Py = ¥ + T+ my)y,(mp)ys [%4’;()51)]
(P2 — ki + D*(ky — k)2 (P2 — ky + 1D?[(p1 — ky + 1)* — m]I?
:_%471(};,21@(;202(51’)61’)“2)7 (19)
GV e Tr[TTTT¢] Tr v Ko + Dy M pdor b, (X))o (Pa = K+ Dyu(#1 — Ko 4T+ my )y, (mg)ys [5—%4’;@1)]
aL.2i ZNL (pZ_kl +l)2(k1 —kz—l)z(kz-f—l)z[(pl —k1 +l)2—mi]lz
~ 30 ® Gl e ) (20)
o _ _eg Trererers frith = Drtle = DM dody (0)lra(po =k )rums)rs [%ﬁ(xl)]
ab-2i 2N, (P2 — ki + 1)*(ky — kp)*(ky = 1)*(ky — 1)*1?
- g ® G (. m), e1)
G _ eg* T TTeTe] vk = D1 M ytord, (2)lr (P2 = Ko = Dre(P2 = K17, (mp)rs [5—%4&? (x1)]
al2k 2N, (P2 =k1)?(ky = ky = )*(py = ky = 1)*(ky = 1)*
— 5 ® Gl &) (22)

where the infrared divergence in Figs. 2(f) and 2(g) are suppressed by kinematics, and we briefly set them to zero for we
concentrate on infrared divergence only in factorization theorem here. All the diagrams Figs. 2(d) and 2(g) generate no soft
divergence, since the soft divergence only occurs when the additional gluon bridge the initial and final quarks as shown in
Figs. 2(h) and 2(k). Then these diagrams Figs. 2(h) and 2(k) will generate the soft divergence as well as the collinear
divergence. But fortunately, we know that these soft divergence will cancel between Figs. 2(h)-2(k) by a simple
deformation of propagators. This conclusion is also supported by analytic calculations for quark diagrams as shown in
Refs. [7-9].
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Y

(a)

FIG. 3.

We will sum up all the irreducible diagrams to correct the
color factors and ensure the gauge invariance. All the
diagrams Figs. 2(d) and 2(i) with the additional gluon
emitted from the up-quark lines of B meson together give
the result:

Gl(IL),aL (x1,x,) = 4’;;1,21(%, &1)
® (G (& x1.5) - GO Ex)].  (23)

The diagrams Figs. 2(e) and 2(k) with the additional gluon
emitted from the down-quark lines of B meson together
give the result:

() (d)

The effective diagrams for the NLO initial B meson.

Gili))wn,aL (xl ’ x2) = ¢1(31)e (Xl, 51)

® [GEPL)(X],xz) - GE;OL)(xl’él’XZ)]'
(24)

We take the similar representation as our previous

work [6], the function Gg(?(él,xl,xz), GE,OL)(xl,(fl,xz)

and GEIOL)(xl,‘fl,xz) in Egs. (23) and (24) represent the

different forms of LO hard kernel with gluon momentum.
The different location of &; in vertex represents tiny

difference of types as gluon momentum flowing into
hard kernel.

; a /+ +
) ieg?Cp o [T IMptarp()lra( P = o + Dru(mp)rsls dp (1))
Gup (&1, x1,x,) = — ) Tr{ (pa—ky + )2 (k; —ky)? ) (25)
; a ’/+ +
) _ ieg?Cr V' Mptard,(x2)]7a(P2 = K1)y, (mp)vsL s d (x1)]
GaL ('x17§17-x2) - - 2 Tr{ (p2 _ kl)Z(kl _ k2 _ l>2 ’ (26)
i a ’/+ +
0) __ieg’Cp Mo, (2)]7a(Po = K + DY (mp)ys [ ¢ (x1)]
Gt (1, 02) = 2 Tr{ (P2 =k + 1) (k) = ky = 1) ' @7)

After the cancellation of soft divergence, the remaining
collinear divergence will be absorbed into those effective
wave functions of the mesons involved in the transition
processes. The effective diagrams for the NLO initial B
meson are shown as Fig. 3, where the Figs. 3(a) and 3(c)
represent diagrams with no gluon momentum flows into
the LO hard kernel, while the Figs. 3(b) and 3(d) are the
subdiagrams with the gluon momentum flowing into the
LO hard kernel. The nonlocal hadronic matrix element for
the B meson wave function can be written as:

W _ L fay it o (v
¢ = — _— I7|} O F _—
B 6PT/ 2 € < |(’I(y ) ( lgs)

x / " deoA()q(0)[h,a(p))). (28)

where A(zv) and h, represent the gauge field and the
effective heavy-quark field respectively, and I" represents
the gamma matrix decided by specific twist parts, which
can be chosen as ysy~/2 here for this case.

Now we consider the NLO corrections to one of the
structures of Fig. 1(b). The first part of the LO amplitude

HEJOL) as given in Eq. (5) can be written in the form of

0 —ieq>Crmyg
G;)L),l = 2
V"M o1, (%2)7 KoY u¥ s —@ b (x1)

A G S = (k- k)2

(29)

We retain the y* matrix which should be y | in Eq. (29) for
convenience. The factorization about the NLO corrections to
this part of the LO hard kernel gives the results as follows.
The NLO B meson wave function containing infrared
divergence is of the form as defined in Eq. (33). Each
sub-diagram of this channel contributes without dynamical
forbidden. While, the change of the weak vertex’s location
in the diagrams leads to different color structure for
Figs. 4(f) and 4(g) comparing with those in Fig. 2.
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FIG. 4. The quark diagrams for NLO corrections to Fig. 1(b) with additional gluon emitted from the quark(antiquark) lines of the

initial B meson.

7“[Mp¢2L¢p(x2)]7yk27ﬂ(ﬁ1 — K + ]+ my)y" (mp)ys [%(ﬁ;(xl)]Faﬂy

1
GE;L>1,2d = eg4Tr{

9
= _g‘f’g,)d ® [GE;OL),I(XI’XZ) - Gg)L),l(xl’fl’xZH’

(ky = kZ)Z(kl —ky — 1)2[(191 - k2)2 - mi”(ﬁl -k + l)z - mi}ﬂ

y* (k= I)Vﬂ[Mp¢2L¢p(x2)h’yk27y(mB)Vs[é—%d)g(xl)]Faﬁy

(1) 4
G = —eg'T
iz = ¢ { (k1 = k22 (ky = ky = 2[(p1 = ko) = m3](ky = 2P }

9
= _gff’g,)e ® {Gl(aoL),](xleZ) - GEyOL),l(xlﬂgl’XZ)]’

}

bL12f :T

with
oV — —ig?Crytys(p — K + 1+ my)r'ysy” v,
B4 [(pr =k + 0> =m3)® w1
¢(1) _ i Crysy v’ (b — /)7+75V_p
Be ™ 4 (k=022 vl
and
G0 eq {7a[Mp¢2L¢p(x2)]7uk2}’”(1/1 — o 1+ mp)ya(p = K+ ]+ my)y, (mp)ys [%45]5(%)]

1

1 0 0
= 2P ® (G, (v1.02) = Gy 1 (&1.x1.:2)]

[(p1 = ka)? = m3(ky — ko)*[(p1 — ko + )2 = m3][(p1 — ky + 1)* — m3) 12

[(p1 — k) — mi](kl —ky — 1)2[(171 —ky—1)* — mi](kl — )P

) eg4 r (k= l)?’a[Mp¢2L¢p(x2)]7pk2}’u<ﬂ1 =]+ mb)Va(mB)}’s [%ng(xl)]
GbLl,Zg = —TT

1
= 0L ® Gl (x1.£1.0) = Gy (&1.:).
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GbLl,zh = 7

1) eqgt Tr{Y(I[Mp¢2L¢p(x2)]Y”(ﬂz — o+ Dru(lo = Dro(#1 = o + 1+ my)y,(mg)ys [6%453()(1)]}

1
= g(lﬁg,)d ® Gg?,l(‘fl»xlaxﬁ,

[(p1 = ko + 1) = m3](ky — kp)*(p2 = ko + 1)*[(p1 — ky + 1)* — m| 2

1
= _§¢g,i1 ® G(bOL)J(xlfl,xz)a

bL12j — 9

bL12k — 9

(36)
G(]) 6‘g4 T }/(l(kZ + l)yy[M/)¢2L¢/)(x2)]7//4k27/(1(ﬂ1 - kl + l+ mh)?u(mB)yS [%4%(%)]
bLI2IT g [(p1 = ka)? = m3)(ky — ko + 1)*(ky + D)*[(p1 — ki + 1)* — m3]1?
(37)
G(l) _e_g4Tr }/y(kl - l)ya(k2 - l)}/u[M/J¢2L¢p(x2)]yuk2}/a(m3)y5 [’/ﬁd)g(xl)}
[(p1 = ka)? = my|(ky — ko) (ky — 1) (ky = 1)* 1
= 5 ® Gl (xi. ), (3)
et (7= DMl = o = D+ Dm0 ()
[(p1 —ky = 1) = m3](ky — ko = 1)*(py — ky = 1)*(ky = 1)*12
(39)

1
= —3 P ® Gy, (&1 :2).

We also sum up all the contributions from the diagrams
with additional gluon emitted from up-quark (down-quark)
lines of the initial B meson of this channel and the results
are of the following form:

Gfll)),bLl (x1.x7) = _4’1(91,31@1 1)
® [GEzOL) (x1,x) —GEZOL) (x1,€1.x2)],
Glmpr1 (¥1.%2) = =y (x1.61)
®[Gly) (x1.02) =Gy (x1.61.x2)].  (40)

The minus sign here is induced by the sign of the term —§,
in the gluon propagator at LO. Although the Figs. 4(f)
and 4(g) now give the different color structures, the sum-
mation of all the sub-diagrams still give the right color
factor in full agreement with those from the effective
diagrams directly. As we did for G!; or other terms, after
the cancellation of the soft divergence, the remaining
collinear divergence can be factorized into the NLO B meson
wave function without any other theoretical problems.

B. The ky; factorization of NLO corrections
to B — p transition

We pick up the transversal momentum “k;” in kp
factorization frame to remove the endpoint singularity
emerged in the small x region. The Sudakov factor e~S()
is introduced [18] in order to suppress the collinear diver-
gence by resummation of the large logarithmic terms which
kr is concerned.

In k; factorization frame, the k; works only in the x — 0
region, which indicates that we have the hierarchy
k? < k; - ky. Comparing with the expressions as shown in
Egs. (4) and (6), we can also keep the same forms of the LO
hard kernel in the k; factorization frame. After the inclusion
of the NLO corrections, the only difference we should pay
attention to is the transverse momentum ly in propagators
which can be understood as a small momentum shift.

The ratio term v,/v-1 in Eq. (16) represents the
Feynman rule related to Wilson line. Considering the
transversal momentum ly, we rewrite the hadronic matrix
element in Eq. (28) containing Wilson line through Fourier
transformation for the gauge field form from A(zv) to A([):

/oo dzv - A(zv) — /oo dz/dleiz("'l+ie)v -A(l)
0 0

Ny / dl%iv’(l), (41)

/y dzv-A(zv) — /y dz/dle[iz<”'l+i€)‘i'7"b]v-A(l)
0

[e5]

i / dl%e[f”f—“r-bJA/’(Z), (42)
U .

The factor e’"">” will generate a delta function (&, —x, —l—%)

which describes a momentum shift when the / flowing into
hard kernel. The second term e~/7"? in Eq. (42) represents a
small transversal part flowing into the hard kernel. The NLO
B and p meson wave functions can be finally written as a
general form:
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v

(a)

FIG. 5.
wave function.

(1) . o 1 dy_ dbl
o (sb) =5 [ 5 (e

x-(0lg(y7)r - (=igs)

x / " den - Azn)q(O)|n,B(p,)).  (43)

—ixp|y +ikyr-by

1

1 dy” db,
@) (02,&ribz) = 2N P-/E(zn)2
ct 2

-{0lg(y™)I" - (—igy)

« / “dan - A(zn)q(0)p(py)).  (44)

e—ixp;y’-&-ikz—r-bz

where I is the gamma matrix depending on the twist of the B
and p meson wave functions.

The whole process of the integration and modification in
Egs. (41) and (42) can be understood by graphs in Fig. 5.
Both the Wilson lines in Figs. 5(a) and 5(b) parallel to the
light cone coordinate will generate light cone singularity.
To avoid this singularity, we can slightly rotate the direction
of Wilson line as in Fig. 5(c), then such a singularity can be
regularized by n?(n®? # 0). The choice of number n? is
scheme dependent, which has been demonstrated to be
small [19] and we can simply set n> = 1 for convenience
in calculation. While this rotation and the choose of n?
will generate a pinched singularity during the integration
for Wilson lines. To solve this problem, the transverse-
momentum-dependent(TMD) wave function with soft
substraction factor with a square root is introduced to
the unsubtracted wave function [20], and a more elegant
TMD wave function involves two pieces of nonlightlike
Wilson links is proposed in Ref. [21]. We pay more
attention to the factorization of the collinear divergence
in this paper, more discussions on these TMD wave
functions will be given in future work.

IV. SUMMARY

In this paper, we investigate the B — p transition process
and give the proof of the factorization at the NLO level in
the k; factorization frame. Because of the different struc-
tures in the initial B meson and the final p meson state, all

©+b

b 00 b
Y+ y+b

v n

(©

The graph for the deviation of the integral (Wilson line) by a shift b in light cone coordinate for the two-parton meson

three amplitudes with six parts of twists’ forms for LO
diagrams as shown in Figs. 1(a) and 1(b) should be
considered. Also, both kinds of the corrections to the initial
state and the finial state meson should be considered. The
calculations of all these six channels will be very complex,
which suggests that we are better to make estimation first
for proportion of every channel in LO level before the
numerical calculations done at the NLO level.

We have verified that with the right power counting for
triple gluon vertex, the amplitudes of the NLO corrections
to the LO hard kernel with an additional gluon emitted from
the initial B meson or the final p meson can be separated
into a convolution of the NLO wave function with the LO
hard kernel. The LO hard kernel here can be distinguished
as two forms, with gluon momentum flowing into the hard
kernel, or with no gluon momentum flowing into the hard
kernel. We then extend these results to k; factorization
frame and the conclusion can still be stable by a momentum
shift. The form of nonlocal two quarks hadron matrices of
NLO B(p) meson are given in Sec. III. This work will also
play an essential role for future numerical calculations of
B — p transition form factors.
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APPENDIX: FACTORIZATION OF THE
NLO AMPLITUDES

In this Appendix, we present the explicit expressions for
NLO corrections to the remaining LO amplitude HY, and

HgT. The function GE,OL)Q corresponds to the second part of
HgL as given in Eq. (5). The function GEJOT)I, G(bOT)Z, and G(bOT)3
come from the three components of HY, as defined in
Eq. (6): two for ¢} and one for ¢z component. For the sake

of clearness, we write these four functions in their original
nonreduced form:
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FIG. 6. The Feynman diagrams for NLO corrections to Fig. 1(a) with the additional gluon emitted from the quark (antiquark) lines of
the finial p meson.

- M),
GO — leg {r" ¢2Tﬂz¢p X ];’;(flj}/:f(il _75k2 D5t (x1) } a2)
GO, leg {y" ¢2Tﬂ2(¢;)pl Xz)]?),;(fi:]izzl)ys fcbg x1) } a3)
GO, — ieg;CF Tr{ya[¢2rﬂ2[§(l’]€ l()cj)l](:/;z(’ihii’i((’]:%)?’j{ [2)7 sdh (xl)]}' (A4

The NLO corrections with additional gluon emitted from the final p meson are also supplied. In Figs. 6 and 7, we show
the Feynman diagrams for the NLO corrections to Figs. 1(a) and 1(b) respectively, where the second blue gluon are emitted
from the quark and antiquark lines of the finial p meson. Notice that the GiOL) and GE,% with the gluon emitted from the final
p meson have the similar structure with the ones for p — p decays as defined in Ref. [6], so we here do not present them

explicitly.

1. The NLO amplitudes for G,(:Bz

The amplitudes for the NLO contributions from the irreducible diagrams to GS)L)Z are the following:

G ya[Mp¢2L¢p(x2)]yﬂmbyﬁ<ﬂl_kl+l+mb)yy(ﬂl)yS[%(pg(xl)]Faﬁy
1220 = = k)2 = ko = 170y = o = [y = Ky + 1 = )

9
= gfﬁg,)d ® [GE,OL),Z(M,&) - Gi(?,z(xl,él,xz)], (AS)

r* (ki — I)Vﬁ[Mpf/zLﬁbp(%)]hmb?ﬂ(}?ﬁ)75[%455()51)]Faﬂy}

(1) 4
G =—eq* xT
bL22e 9 r{ (ky = ky)? (ky = ky = D?[(p1 = k2)* = mi) (ky = 1)1
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FIG.7. The Feynman diagrams for NLO corrections to Fig. 1(b) with the additional gluon emitted from the quark (antiquark) lines of
the finial p meson.

The contribution GEJIL)z,ze is suppressed by dynamics and we simply set it O here. For other contributions we have:

G e_g4 . YA Moo by (x2)lyumpy” (B — o + T+ my)vo (P — Ko+ 1+ my)y,(P1)rs [%4’5()61)] N (A7)
P29 [(p1 = ko)* = m3|(ky = ko )*[(py = ko + D) = mp)[(py — ky + 1)* = mp]I1? ’

Gl eg4T vk = Dy M pdord,(x2)yumpy, (P — Ko + ]+ mb)?a(ﬁl)l’s[%%_;(xl)] 0 AS
G I T N T 3 (SR S (e S 7 (TRt A SR
G _ e—g4T v M ,dor. @, ()17 (o — ko + Dyu(my + Dya(Py — ¥+ T+ my)y,(#1)7s [%¢E(xl)]
pazn =g T [(p1 — ko 4+ 1) = mj](ky = ko)*(p2 = ko + 1)*[(p1 — ki 4 1)* = m3] 12
= g ® Gl (xy ) (A9)
G(]) B €g4 T ya(kZ + l)yy[Mp¢2L¢/1(x2)]yumh7/a(pl - kl + l+ mb)yu(ﬂl)yS [%@3(%)]
P22 =T T T [y — k)2 = ml)(ky — ko + D2k + DP[(py — Ky + )2 = mi)2
= A ® G (x1. ), (A10)
v a ¢£ _
ay eg4 4 (kl =D <k2 - n}’u[Mp¢2L¢p(x2)h’ﬂmb}’a(ﬂ1)75[ﬁfﬁg(xl)] N
Grizas = 7“{ (o1 = ko) = ]y = k22 (ks = D2k, = P > A1
v a A
o _eg v = DM yor g, (x2)lr, (o = Ko = Dy (my = Dya(P1)1sl5 5 (x1)] N
Giaze = TT"{ (1 —ka = 07 = ml(ks = o = D2 = by = ks = P o AR
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with

—ig?Cry ysr (B =+ 1+ mp)r’r ysyt v,
8 [(p1 =k + 1) —m2)| 2 v-l

(n _
bpa=
The summation over above contributions gives the total result:

Gl(li)),bLZ(xl’)Q) = Py (x1.6) ® [GL) (x1.x2) = G (x1. &1.3%2)).

2. The NLO amplitudes for Gg%
(0)

The amplitudes for the NLO contributions from the irreducible diagrams to G, are the following:

GV Ty Ve ltar Patby )]rupiV? (B0 = o + 1+ my)y" (#1)rs [/—E(ﬁ;(xl)]Faﬁy
o124 =TT T = ko2 (ky — ko = D2[(p1 — ka)2 = m2)[(py — Ky + 1)2 — m2) 2
9
= gd’g,iz ® [Gyp, (x1.7%2) = Gy (x1. &1 32)],

O —— 7k —l))’ﬂ[¢2Tﬂ2¢;(x2>]7ﬂﬁ17y(ﬂ1)75[%ng(xl)]Faﬂy
pize = T T i)k — k= D2 [(p1 — ko) — m2](ky — )12

9
= g ¥ ® G2, (n1.32) = Gy (x1. 1. ).

G e—g4Tr v lar 2 ) () lyu v (B — o + T+ my)yo(Fy — b + 1+ mb)?’y(ﬂl)l’s[ﬁz¢g()‘1)]
Pl [(p1 = ko) = m3|(ky — ko )*[(p1y = ko + 1)* = m3][(p1 — ky + 1)* — mj] 1>
1
= g5 ® Gy, (x1.:2) = G (€131 :2))

bT129 ~ T g

G(l> B eg4 Tr{yy(kl - I)Y(l[¢2rﬂ2¢pr(x2)]7uﬂ1J’u(ﬂl -1+ mb)]’a(ﬂl))’s[\//%¢§(x1)]} ~0

[(p1 = ka)? = mj|(ky — ky = 1)*[(p1 = ky = 1)* = mp] (ky = 1)*12

G @T v\ tor ) ()7 (Hr = Ko + NP + Dra(#h = + 1+ mb)}’u(ﬂl)VS[%(ﬁg(xl)]
bion =g [(p1 — ko + )2 = mi](ky — ky)*(p2 — ko + 1)*[(p1 — ky + 1) — m3] 2

G = -
prL 9 [(p1 = ko)? = m|(ky = ky + 1)*(ky 4+ 1)*[(py — ky + 1)* — m) 12

o _ edt Tr{l’a(kz + D¢ artadh )y v (P — Ko + 1+ mb)]’u(ﬂl)%[égb;(xl)]} -0

G eg4T (k= Dr*(Ke = Dy ldor P29 (32717 a(P1)75 [\//—%fﬁg()‘l)]
ZAETRREF R [(p1 = k)% = m2) (ks — ko)2 (ky = )2 (ks — )22

1
= gfﬁgl ® G§70T).1(xl’x2)v
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1
GE;T) 12k —

eq* - (K = Dy tar oy (2)lr (P2 = b = Dru(# = Dra(P1)7s [%4%(&)]
o (71— ko = )7 = (ks — Ky = 1P (p2 — Ky — D2 (hky — 1)

1
= —gr/)g,)e ® GZOT)J (é1.x2), (A22)

with the wave functions ¢g; and ¢g,l are of the following form:

. ZC + - _ Pyt -
g, = T Crr vy (7 -k +ljmb)2727 ISy Yy (A23)
8 (p1 —ky +1)* —m;]l v-l
;2 + —yP - + -
) _ g Crytysr (b = Drivsr” v
= —. A24
X 8 (ky — )22 v-1 (A24)
The direct summation of above contributions gives the following result:
Gl(ly,b’r:;(xl’xz) = 45%1,)[1()61,51) ® [G;,()r) (x1,%) = Gé(;z(xl’gl’xz)]
! 0 0
+ §¢1(31,)d(x17'§1) ® [GE,T) (&1, X1, %) — GéT)(xl, &1.x0)], (A25)
Guounar (51:%2) = B2 (¥1.61) ® Gy (11, 3%2) = Gy (1. &1.32)], (A26)

where the 1/8 term seems abnormal here. Fortunately, as we demonstrated in Eqgs. (25)—(27), the difference between
G(bOT)(fl, X1, X,) and GEJOT) (x1, &1, x5) is the form of the propagator in denominator. The flow / here can be recognized as a

momentum shift for x| = x; — "/ p, and with the symmetry by choice of P, and k,, the infrared structure between the two
terms will be canceled each other.
3. The NLO amplitudes for Gl(,OT>2
(0)

The amplitudes for the NLO contributions from the irreducible diagrams to G,;, are the following:

G 1 ldartatby C)lr i’ (B = o + 1+ mb)Vy(ﬁl)J’s[%‘f’E(xl)]Faﬁy
61224 = €K (k1 = ko)*(ky = ky = 1)*[(p1 = ka)? = my][(py = Ky + 1)* = mj| 1P

9
= gff)g.gz ® [GgoT),z(xl,xz) - GEJOT),Z(xl’fl’x2>]v (A27)
a [y

oo r*(k —l))’ﬂVzTﬂz(ﬁ;(xz)]hﬂl}’y(ﬂl)75[3453(351)}1705/37 N

Cutaae = ‘394“{ CECE e D 429
G e_g“Tr vl or o) )yt v (B = Mo + 1+ mp)va (P = Ko + 1+ my)y, (#1)rs [%451_3()‘1)}
P9 [(p1 = ka)? = m3|(ky = ka)*[(p1 — ko + 1)* = m}][(py — ky + 1)* — m) 12

= O ® (G (51, 2) = Gl (631, (429)
G§717222 _ —e—g4Tr vk — l)?a[¢227ﬂ2¢€(x2)]}’ﬂﬂlJ’u(lf; —-b-]+ mzb)Ya(fl)}’S [5—542’52()51)] -0, (A30)

0 9 [(P1 = kp)? = my|(ky — ky = 1)*[(p1 — ko = 1)* — mj](ky = 1)1
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G _ e_g“Tr reldorah ()l (P = o + Dru(Py + Dy — o+ T+ mb)h(ﬂl)}’s[%fﬁé(xl)]
P9 [(p1 = ko + 1)* = mj|(ky = ky)*(p2 = ko + 1)[(p1 = ky 4 1) — mp] 1P
1
:—gfﬁg’zi@G(b(?,z(fhxhxz)’ (A31)
Gl _ _e_g“Tr v (Ko + Dy [ar a1t va(P1 — Ko+ T4+ m)y,(81)7s [%qﬁg(xl)]
9 [(p1 = ko) = mi] (ki = ko + 1) (ky + D*[(p1 = ki + 1) = mi] 2
1
= g‘ﬁg,Zi ® GEJOT),Z(XI’ &1, x2), (A32)
Gl egt T v (K = Dy (Ko = Drldor P2 (x2)]1 V7o (P1)75 [%455 (x1)] 0 (A33)
.= —=—Tr ~ 0,
b1 9 [(p1 = ko)? = m3](ky = ka)?(ky = 1)*(k, = 1)*12
W egt e [P =D p el (8~ b = Dra ~ D075l 45 (x0)
Gyroor = I 2_ 2 2 2 o7 ~0, (A34)
" 9 [(p1 = ko = 1)? = mp|(ky —ky = 1)*(py — ko — 1) (ky = 1)1
with the wave function (]ﬁg’)d as the form of
) - + _ Pny— +
y _ =i CryTysy (B — ki + ]+ mp)r’y syt v,
- . A35
¢B,d ) [(pl _ kl 4 l)z _ m%}”Z vl ( )
The summation of the contributions from these irreducible subdiagrams gives the following result:
GEIL),bT2<x1’x2) = 4’531,)[1(361751) ® (G (x1.72) = Gy (x1.&1.3%2)]- (A36)
4. The NLO amplitudes for G,(,OT>3
The amplitudes for the NLO contributions from the irreducible diagrams to GE,OT)3 are the following:
G ip v o o) (x2)lyumpy? (1 — K + 1+ mb)yy(m8>75[\//_%¢g(xl)]Faﬂy
= —eg"Tr
b1 J (ky = kp)? (ky = ky = D?[(py = ko) = m%“(l?l — ki +1)* = mi]lz
9
= gﬁbg,)d ® [Gg]r),g(x],Xz) - Gé(;).a(xl,fl,xz)], (A37)
G(l) Ty r* (ki _l)yﬂ[¢2Tﬁ2¢;(x2)]7/4mb7y(mB)75 [%d)g(xl)]Faﬂy
P (k1 = ko) (ky = ky = 1)*[(p1 = ko)* = mp) (ky = 1)*12
9
= gd’gl ® [Gypa(x1.x2) = Gy (x1. &1 1)), (A38)
G0 ed' ¢ Y\ bar Vo) (x2)lyumpr” (1 — Ko + 1+ mp)ya (1 — K + 1+ mb)}’u(mB)YS[%¢§(xl)]
=—Tr
P9 [(p1 = k2)* = mj)(ky = ko)*[(p1 = ky + 1)> = mp][(py = ky 4 1)* = mj|1?
1
=~ g P ® Gy 3(x1.32) = Gy 5 (61 x1.:2)) (39)
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1
G2723.2g - -

eg4 T 7”(%1 - l)}’a[¢2Tﬂ2¢/7;(x2)]7/4mb7u(ﬁ1 o Sl mb)7a(mB)75 [5—%¢§(x1)]
9 r [(p1 = k)? — mlzy](kl —ky — 1)2[(171 —ky—1)* - m%](kl — )P

¢Be [bOT)z(xl,fl,xz) Gi(;()r)_3<§1,xz)]’ (A40)

G eq T 1 ldar a2 (Pa = Mo + D (my, + Dya(py = o + ]+ mb)Vy(mB)}’s[%fﬁE(xl)]
S (P = ko + 07 = m3) (ki = ka)*(p2 =k + 12 [(py — Ky + 1) = mj] P

= 0 ® Gl (Enin). (a41)
G eg“T v (Ko + Dy [ar o) () yumpyo (P — Ko + 1+ mb)%("¢3)7’5[%¢§(3€1>]
PISATg r [(p1 = ka)? = mj|(ky = ko + 1) (ky + 1)*[(p1 = ky + 1) — m3]?
= S ® G (xn. ), (A42)
G(]) - eg4 T 7D<k1 - l)}’a(kz - l)yv[¢2Tﬁ2¢/];(x2)}yﬂmbya(mB)75 [’/7545;(351)}
32 =g T [(p1 = ko) = m2) (ks — k)2 (ky = D2 (ks — )22

1
= gébg,l ® Géor)s (x1,%2), (A43)

G eg4T (ke = Drldar tadh ()1, (Pa = Mo = Dru(my = Dya(mp)ys [%(pja_(xl)]
Pk = g 0E (1 = ko = 1 = m2)(ky — ky = 12(p2 — ky — D)2 (k; — 1)

1
= —gfﬁg,)e ® GE;OT),3<51’ X3), (Ad4)

with the wave functions ¢§31,21 and gbgi in the form of

o) — —ig?Crytys(h = + l;" mb)ZVPZSY_i,
: 4 (py — kg + 1) —m)l vl
;2 —P (Y, — DNyt
) zg4CF7/57 é/k](li l)zll)zy vs % . (Ad5)
The summation of above terms from the irreducible subdiagrams gives the following result:
Glg::)),bT?&(xl’xz) ¢B d(x19§1) G b]?(xleZ) Gg;z(xl’fl’XZ)]v (A46)
Gfi}))wn.aL(xl’XZ) ¢B e(xl»fl) [ )(xlvxz) G(aOL) (xl,il,xz)}- (A47)

5. The NLO amplitudes for G,

The amplitudes for the NLO contributions from the irreducible diagrams to G(bOL/)2 with the additional gluon emitted from
the final p meson are the following:

0 [P )l (= o = D ()75 i (1) o
pL22a = =8 (ky = ko) (ky = ky = )*[(p1 = ko = 1)* = mj](p2 = kp = 1)*1P

9
= 2001 ® [G}s(01.6. ) = Gy 5 (1.&)]. (A48)
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7 + DY M gos by () rum (9751 50| F
(ki — k22 (k1 — ko — 1P[(p1 — ka)? = m2)(ky + 1P

1/
Gl — T{

= gff’;(vlg ® [—GEJOL).z(xhxz) + G§70L),2(xl’x2’ &)l (A49)
, M gor ()7 (B = b = D (B = b = 1+ mo)rumyra sl 05 ()]
) :_eg“C%T 7| p p U VoA ~0. (A0
T R (P m,,1<k SV — ko = 17 = m3)(ps — ka — 1P (430)
(1) eg“C2 kz + /)V p¢2L¢p(x2)]}’;4mb7y( 1=K =1+ mp)va(P))7s [%451_9()%)]
b2 = —mj)(ky = ky = D)*[(p1 = ko = 1)* = m}] (ko + 1)*1?
GbLz(xl’XZ 52)+G2L)2(x1,§2)} (AS1)
G e_g4Tr v M, ta1.8, (x2)]r" (Pa = Mo = Dyu(my = Dya (P — ¥ = T+ m)7,(P1)7s [%(ﬁg(xl)]
P2l [(p1 —ky = 1)? - m%](kl —k)*(p2 —ky — 1)2[(171 —ky—1)? - mi]lz
= - g ® Gl &), (A52)
v a A

v _e_g4 (K = Dy M odor @, (2|1 (P2 — Ko = Dy u(my, = Dya(P1)7s [ﬁqu(xl)} N

Goiz2i =~ Tr{ [(p1 = ko = 1) =m3](ky — ky = 1)*(p2 — ko — 1)? (ky — )12 0. (453
v a 0
o _edt )7 (K + DK + Dro My tor., () lymura(91)75 [ 95 (x1)] N
Griza) = T"{ (o1 = ka)? = ] (ks = ko) kr + D20k + P > A%
I —e—g4Tr v + DY M, dor @, () yumpye(Py — ¥+ 1+ mb)h(l’l)]’s[%¢§(x1>]
a2k = (pr — ka? = milks — ks = 0%y — Ky + 17 = ik + D
= —éd’f)}g ® GgyoL),z(xl’XZv &), (A55)
with the wave functions gbl()fg), and ¢f£3 in the form of
oV = —ig*Cry y’(Ph = oo - Dy~ n,
pd 4 (pr—ky =02 n-I

¢/()12 _ i?Cry (o + 'y 1, (A56)

4 (+ DB n-l

Analogous to the ones in Eq. (A25), the 1/8 terms also appear in this channel. After the summation of the contributions
from these irreducible subdiagrams, one finds the following result:

Gl(li),)hLZ(xl’xz) = 4”,()2 ® [Gé(?,z(xl,fz,xz) - GE)OL),z(xl’§2)]a (A57)
Glomnpra(X1.02) = B2 ® [~G) 5 (x1.32) + G5 (1,32 )], (A58)
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6. The NLO amplitudes for G|
()

The amplitudes for the NLO contributions from the irreducible diagrams to G, ;, with the additional gluon emitted from
the final p meson are the following:

W) eg4Tr{é’(l[ﬁlzrﬂz(ﬁf(xz)]Vﬂ(ﬂz — ko = Dy v (P1)1s [%(bg(xl)]Faﬂy }

Ghrhog = —
ki = ko (ki = ky = 7[(pr = ko = 1) = m3](pa — ky = 2P
9
— S ® (Gl (1. 62.12) = G (1, &) (A59)

) _ i v* (Ko + DY o ot () ]ru v (#1)1s [ﬂ b (x1)|F op,
bT12e — €9 (ki — ko)?(ky — ko — 1)?[(py — k2)? — m3](ky + 1)1

9
= grﬁﬂﬁ ® [_G(bOT)J(xl’xZ) + G1<70T>,1(X1’x2, &)l (A60)
G _ eg*C% Tr Y lor 2} (x2) 17" (P2 =Nr.(# -J+ mb)}’yﬂlya(ﬂl)yS[\//'(bB (x1)]
priaf 2 [(p1 = kz) - mb](k - kz) [(p1 = kz - l) - mb](Pz —ky — l) I
= ¢ ® Gy} (x1.3:) = G (x1, &, )], (A61)

(1 eg“C2 { (o + Dr*[bar o) )]y l17 (P — Ko = ] + mb))/a(p’l)lfs[/+ b (x1)]}

bT129 = - kz - mb](kl —ky — l) [( P — kz - 1)2 - mi](kz + 1)212
Ghm(xlvxzufz) + Gg;T)l(thz)] (A62)
" e_g4T vl or oty ()7 (Ha = Ko + D7 (P + Dra(#r = o + 1+ mb)}’y(lfl)?’s[%¢§(x1>] ~0. (A63)
brian =g 1F [(p1 = ky + 1) = m3](ky = k2)*(p2 — ko + D*[(p1 = ky + 1)* — mp] 2 ’
G eg4T vk = Dreltar oy (2)lr. (o = Ko = Dru(#1 — l)}’a(%)?’s[%ﬁbg(xl)]
prizi = T T (1 = k2 = 17 = ) (ky — k= D2(pz = kp = 12 (ky — )22
= S ® Gl (1.8). (A64)
G eg4T i+ Dy + D}’u[fi/lefzfﬁ;()C2>]7’;¢171}’0((I/1)}’5[/+ b (x1)]
o2 =g (1 — ka)2 = m)(ky — ko) (ky + 1)2(ky + 1212
= %@92 ® Gl (x1.12). (A65)
G —e—g4T v“(la + N1 lar 2} )y utrva (P — o + 1+ mb)?’y(ﬂl)]’S[\//_%(pg(xl)] N (AG6)
prioe = "o T [(p1 = ka)* = mj|(ky — ky = 1)*[(py = ky + 1)* = mj](ky + 1)*1 ’

with the wave functions qbfig, and q{)ﬁ in the form of
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s — —ig?Cryirr" (o=t =NrrL n,
p.d 4 (p2—k2—l)212 n-l
) _ +
n _igCryr o+ Drvirt ny, A6
p.e — —_—. 7
Pre="74 o + 122 n-i (A67)

The summation of the contributions from above irreducible subdiagrams gives the following result:

1 1 0 0
Gl (x1.32) = 81 ® G, (1. &2, 30) = GIy (3. &)1, (A68)
G () = ) @ [~GO (31, x0) + GO (x1, %2, E)). (A69)
down,bT1\1> A2 /’6‘ bT,1\7M1> A2 bT, 1\ 242562

7. The NLO amplitudes for G;OTI;
The NLO amplitudes for Ggpz with the additional gluon emitted from the final state p meson are the following:

G iTe 1V ltar 2ty ()l (o = o — I)Vﬂlfﬂy(ﬂl)ys[%fﬁé(xl)]Faﬁy
o224 = €9 (k1 = k)*(ky = by = 1)*[(p1 = ko = 1) = mp](py = ky = 1)

9
= §¢,§ch)1 ® [G<bOT),2(xl ’ 52’ x2) - G(bOT),2(xl ’ 62)} s (A70)

R 7"(%2+l)}’ﬂ[¢2T%2¢Z(x2)]7yl/17y(ﬂ1)75[%¢E(M)]Faﬂy
br22e = TN T T2k — ko — DP(p1 — ko) — m3)(ky + 1)

9
= g9 ® =G (n.x) + Gy (x1.x2. &)]. (A71)

G _ eg*C Tr 1 lar Padby )l (Pa = ba = DB = o = 1+ my )1 i va(P1)1s [%451}()61)}
AL 2 [(p1 = ka)* = m3] (ki = k2)*[(p1 — ko = 1)* = m})(pa — ko = D)2

/(:t)i ® [GE;OT>,2(XI7XZ) - GéOT),z(thz,xz)], (A72)

(1) eg“C2 7 kz + l)}’ [ar a0} () ]ruti v (1 — o = 1+ m)ya(P1)7s [%fﬁé(xl)]
bT229 = — ky)2 = m2)(ky = ky = 1)2[(py =k = 1) = m3](ky + 1)212

Gyt P10, 6) + Gy (1. &), (A73)

{ ¢2Tﬁz¢p )y (#a = = Dr(P + Dy — ¥ =T+ mh)h(ﬁl)}’s[%fﬁé(xl)]}

m 2= [(p1 = ky +1)* = mj)(ky = k2)*(p2 = ky + D?[(py = ki = 1)* = mj]I?
= ; ) ® Gl (x1. 8.1, (A74)

v a /_ —_

aegt )7 (K = Drldor 20} )11 (P = Ko = Dvu(P1 = Dra(P1)1s 15 #5(x1)]
Giraai = ‘TT"{ (1~ 02—l — o= D(pa— ko= 7 -2 [~ (A7)
v a /_ —_
(1" N €g4 4 (kl + l)y (kZ + I)YV[¢2Tﬂ2¢;('x2)]yuﬂl}/a(ﬂl)YS[T(ISB(XI)]

i 7“{ P CE e i A (A70)
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G eg’ T v (k2 + D1 o Padby () Prra(Pr — o + 1 + mh)%(ﬂl)]’s[%ﬁbl_;(xl)]
br22k = "9 T [(p1 = k2)? = mj|(ky = ky = 1)*[(p1 = Ky + 1) = mj](ky + 1)*1P

1
= —§¢§33 ® Gg;or),z(xh)fz, &), (A77)

with the wave functions ¢Q()1 and ¢5,}2 in the form of

40 —i?Cry iy (B = o =Drre n,
P

4 4 (pr—ky =D n-l
) — 4 +
W _igCrryvi(l+Drrir’ ny
e = . A78
P 4 (ky + 1)1 n-l (A78)
The summation over the contributions from above irreducible subdiagrams gives the following result:
Gl(l:x)bTZ(xl’ Xp) = ¢§2 ® [Gypa(x1. &2 12) — Gigy (x1. &), (A79)
G((il)\?vn,le (x1,%2) = ¢/(7le) ® [_G(bOT),Z (x1,x2) + G(bOT),Z(xl’XZv &)l (A80)
8. The NLO amplitudes for G\,
The NLO amplitudes for Gg)/)s with the additional gluon emitted from the final p meson are the following:
o) . Ve ltar oty ()17’ (P2 = o = Dy umuy” (mp)ys [\//—%45;(751)”:0@
= —eg'Tr
vr32d = = kP (ki = ko = P[P = Ko = 17 = mi](ps = ko = PP
9
= g‘ﬁ;fa)i ® [GE,OT)j(xl,éz,xz) - GE;OT).3(X1,§2)]7 (A81)
(1) 4 ya(k2 + l)yﬁ[¢2Tﬂ2¢;(x2)]7/ﬂmbyy(mB)yS [\//_%qﬁg(xl )]F(Jt[)’y
Gyrane = €g Tr 2 2 1_ 2 22
’ (ki = ko)*(ky = ky = 1)*[(p1 — k) = mp](ky + 1)°1
9
= g0 ® =Gy (n.x) + Gl (x1. 2. &), (A82)
) eg*C2 T v lor a ) )y (B = Ko = Dyu(P1 = Ko = T4 mp )y mpy o (mg)ys [%45;@1)]
=- r
S 2 [(p1 = ka)? = m](ky = ko)*[(py = ko = 1)* = m](py = ky = 1)* 1P
= /()lc)i ® [GEaOT),s (1, x2) = Ggaor)s(xh &2, %)), (A83)
o) eg*C T v + D* s oy (X2 mpy, (# = Ko = |+ my)ya(mp)ys [5—%¢§(X1)] 0. (A84)
= T ~Y,
P12 2 [(p1 = k2)* = mi}(kl —ky = D?[(py = ky = 1)* = mi} (ky + 1)1
) eg* T veltar o) ()17 (P = Ko = D7u(my = Dyo (P = o = 1+ my)y, (mg)ys [\//—%‘f’g(xl)]
=—Tr
P19 [(p1 = ko = 1)* = m3](ky = k2)*(p2 = ko = 1)*[(py = ky = 1)* = mp] 1P
=~y ® Gy 3 (31, 62.32). (A8S)
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(1) egt [ = Dreldar oty (2)]r(Pa = o = DYu(my = Dya(mp)rs [%45; (x1)]
Gyrani = —— I

9 [(p1 =k = 1)* = m%](kl —ky =D (py—ky = 1)*(ky = 1)*
1

= gqb(f; ® G(b(;zj(xl’ 52)5 (A86)

G eg* T vk + Dy (ke + Drldar Padby (32)lrmpya(mp)ys [%(bg(xl)}

. =—Tr
P9 [(p1 = k2)* = mj)(ky — k) (ky + 1)*(ky + 1)1
1
= g ¥he ® Gy (v, 32). (A87)
o) eq’ T (Ko + D" [or Pa) (x2) 1 mpyo (P — Ko + 1+ myp)y,(mp)ys [%45};(?61)}
=—-——Tr
P12k 9 [(p1 = ka)> = mp](ky = ky = D?*[(p1 = ky +1)* = mj)(ky + 1)* 12
1
= —§¢§2 ® Gg;or)s(xhxz, &), (A88)
with the wave functions ¢} and ¢\ in the form of
40— —ig?Cry iy Y (B — ko= Drve
pd 4 (pz—kz—l)zl2 Vl'l’
P2 - +
y_ g Crrril+Nrrirt
n,e — — . A89
. 4 (ky + 12> n-l (A89)
The summation of the contributions from above irreducible subdiagrams gives the following result:

Gup s (11.:%2) = B0 ® Gy 3 (11, &2.22) = G (x1. &) (A90)
Gaounpr3(51:72) = 30 ® [=Giip3 (x1.32) + G (41,32 &) (A91)
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