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In this paper we first demonstrate step by step that the factorization hypothesis is valid at the next-to-
leading order (NLO) for the exclusive process py* — p by employing the collinear factorization
approach, and then extend this proof to the case of the kr factorization by taking into account the
transversal momentum of the light external quark (antiquark) lines in the p meson. At the NLO level, we
then show that the soft divergences from different subdiagrams will cancel each other in the
quark level, while the remaining collinear divergences can be absorbed into the NLO meson wave
functions. The full NLO amplitudes can therefore be factorized as the convolution of the NLO wave

functions @él) and the infrared-finite leading order (LO) hard kernels G% ;, ,, in the ky factorization. We

also write down the polarized NLO p meson wave functions in the form of nonlocal hadron matrix
elements with the gauge factor integral path deviating from the light cone. These NLO p meson wave
functions can be used to calculate the NLO hard corrections to some relevant exclusive processes, such as

B — p transition.
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I. INTRODUCTION

The factorization theorem [1-3] is a fundamental
hypothesis to deal with the QCD involved exclusive
processes with various energy scales which may generate
infrared divergence [4]. The perturbative QCD (PQCD)
factorization approach is constructed based on the so-called
kt factorization theorem [5], where the parton transversal
momentum in the denominator of the propagators are
picked up in order to remove the endpoint singularity. In
the PQCD factorization approach, fortunately, the hard
contributions can be calculated perturbatively, while the
remaining infrared infinity part could be absorbed into the
nonperturbative universal inputs, such as the hadron wave
functions. The high-order QCD hard corrections can then
be extracted by making the difference of the full quark
amplitudes with the convoluted amplitudes of effective
wave functions and the hard amplitudes.

Over the past decade, the collinear factorization and the
ky factorization for the exclusive processes 7y* — y(7),
B — y(n)lv and py* — = have been demonstrated at the
leading order (LO) and the next-to-leading order (NLO)
order [6,7]. And the NLO hard corrections to these
processes have also been found in Refs. [8,9].
Particularly, the NLO corrections to the time-like pion
electromagnetic form factor are also calculated in the
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PQCD approach [10], which at the same time to improve
the parameterization precision of the timelike pion form
factor [11], also can help us in studies about the pion B
meson three-body hadronic decays [12-14].

In this paper, we will consider the p meson EM transition
process, demonstrate the factorization for the py* — p
transition at the NLO level, as an extension to the previous
work [7] where we verified explicitly that the factorization
hypothesis is valid for the py* — x process at the NLO
level. This work may help us to understand the exclusive
processes involving at least a vector hadron at the NLO
level [15-19].

With the standard steps to factorize the full quark level
amplitudes in the momentum, spin and color spaces, we
will find that the soft divergences will cancel in the quark
level diagrams and the remaining collinear divergences can
be absorbed into the NLO wave functions. And we finally
obtain the infrared safe NLO correction amplitudes to the
LO hard kernels as expected, and write down these
collinear parts in the form of nonlocal two quarks hadron
matrix element with the gauge factor Wilson line.

The paper is organized as following. In Sec. II we present
the leading order dynamical analysis and the hard ampli-
tudes of p — p transition process. In Sec. III we prove that
the factorization hypothesis is valid for py* — p transition
process at the next-to-leading order, and construct the NLO
p meson wave functions by means of the nonlocal hadron
matrix element with the gauge factor. A short summary will
appear in the final section.

© 2016 American Physical Society
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FIG. 1. The leading-order quark diagrams for the py* — p form

factor, with the virtual photon vertices, denoted by the symbol e,
setting at four different positions.

II. LEADING ORDER HARD KERNEL

The leading-order quark diagrams for the py* — p
transition are depicted in Fig. 1, with the following
kinematics defined in the light cone coordinate:

0 0
Py :ﬁ(l’}'Z’OT)’ klu:ﬁ(xlsO’OT);
1
e(L) = \/—?y(l,—y,znoT), €1,(T) = (0,0,17); (1)
P
0 0
Py = ﬁ(i’fn 1,0p), ko = NG (0, x5, 0p);
1
eu(L) = \/—?y(—ﬁn 1,0gp), €,(T) = (0,0,17), (2)
P

where the transverse momentum of the valance quarks in
the initial and final mesons have been neglected. The
momentum fraction x; represents the strength for the
corresponding valence quark to carry the longitudinal
momentum, and the polarization vectors €, (L/T) is
defined by the normalization conditions €?(L/T) = —1,
and the parameter y, = m,/Q. With the above kinematics
in hand, the evolution behaviors of the p meson radiation
form factor on the Lorentz invariant argument Q° can be
obtained.

¢ =(p1—-p)=-0>.  0*>0. (3)

The longitudinal and transverse p meson wave func-
tions are obtained from the light cone expansion around
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the small interval x> ~0 and expressed in series of
different twists [20]. By employing the kinematics as
shown in Egs. (1), (2) and the dimensionless unit vector
n=1(1,0,0) and » =(0,1,0) we can write the two-
particle initial and final p meson wave functions as in
Ref. [19],

i
2N,

. ’
+ Mple/,t’zzpayﬂ y5€lanpva¢/a) (xl )]’

,(p1.e1n) = — M €1.0,(x1) + €1.219)(x1)

V2N,
+ My (x1)]. (4)

®,(p1.eir) = (M ¢ 175 (x1) + €721, (x1)

T

i
2N,

. /
+ Mpleﬂ’upaySY” GZTUﬂngd)z (XZ)] ’

®,(par.e27) = (M €574, (x2) + €726 (x2)

5

®,(pr.€2r) = ﬁ (M ,€51.0,(x2) + €020, (x2)

+ M, (x2)], (5)

where N. =3 is the color number, the distribution
amplitudes (DAs) ¢, and ¢£ are the leading twist-2

(T2) terms, while ¢%'" and ¢/ are the subleading twist-3
(T3) terms.

It is very lucky that the four diagrams in Fig. 1, with the
different locations to radiate the virtual photon, have the
simple exchanging symmetry of the kinematics if we do not
distinguish the flavor “u” and “d” in p meson, as claimed in
[8,9,19]. For the sake of simplicity, we can just make
the calculation for one of these four diagrams in detail and
then extend the results to other three figures by simple
exchanging symmetry. We first concentrate on the study for
Fig. 1(a) in this paper.

In order to exactly show the factorization at NLO level
and to obtain the shapes of the NLO p meson wave
function term by term, we here classify the LO transition

amplitude G,(lo) according to the double expansions to the

different polarization components and the twists, for the
initial and the final p meson wave functions. Then
the LO amplitude with fixed polarization and twist is

expressed as GES; 71> Where the first subscript a denotes

the amplitude from Fig. 1(a), other subscripts I,J =
L,T(k,1 =2,3) represent the polarization (twist) of the
initial and the final meson wave functions in the relevant
calculation.

The independent LO amplitudes for py* — p transition
process can then be written in the following form,
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0
Gi,ZL,zz(xUXz) =- 3

ieg?CF Tr |:[E(1LM/)¢/,(X1)]YG[E(zLMp(ﬁp(Xz)]}’a(ﬁz - kl )}//4

(P2 = k1) (ky = ky)? ] ’ (6)

0
Gi.zms(xﬁxz) == )

ieg%CF Tr |:[M/J¢z(xl)]ya[M/)(ﬁ;)(xZ)]ya(p/Z - kl)yu

(P2 = k) (ky — ky)? ] ’ )

0
GI(I,ZT,ZS (x13x2) = >

(0)

_ leg%CF Tr [gZTMp()bZ ('XZ) + Mp ieﬂ’yp(fySyﬂleléTvpnaqsg (XZ)]
(p2— kl)z(kl - kz)z

s~ k)1, [elLMpgb,,(W} L ®

Gurro3 (x15%,) = )

B ieg?Cr Tr [[Mp¢fa(xz)]7a(ﬁ2 —k)yeirpd)f (x )]}’a} ’

(Pz - kl)z(kl - k2)2 (9)

0
Gi,)TL,,%z(xl X)) = 7

_ leg%CF Tr |:[£(1TM/)¢Z (X]) + M/)ieﬂ’u/myﬂ/YSeliTn/)vo—qﬁz ('xl )}
(P2 = k1)*(ky = kp)?

e M (52) s — klm} . (0)

0
GE;,;"T,B (X132) = = >

le.g%CF Tr |:[£(1TM[)¢/LJ (xl ) + M/,l.é‘”/wm}’ﬂ/j/5€l{]~l’lp U6¢/C§ (xl )]

(P2 = k1) (ky — ky)?

: ya [KZTM/)¢/€ ()Cz) + M/)ieu’y/m}/Syﬂ/elz/TUpnaqﬁz (XZ)]ya(p/Z - kl )7/;4:| B (1 1)

where C = 4/3 is a color factor. The standard analytical
calculations for the LO amplitudes in Egs. (6)—(11)
show that:

(1) For Giol)‘ 1.2 and G((fz 133> Where both the initial and
final p meson are longitudinal polarized, only the
wave functions with the same twist power (T2 & T2,
or T3 & T3) for initial and final states contribute to
the radiation amplitude, since there is no helicity flip
between outgoing and incoming quarks for such
combinations. In the light cone coordinate, the
matrix y, and y, in Eq. (6) are required to be y
and y* respectively. While in Eq. (7) with the T3
wave functions contribution, the matrix y, is arbi-
trary and y, is chosen to be y~ to collect the
dominate contribution from p;.

(2) For the amplitudes with different polarizations of
the initial and final p meson, the contributions only
arise from different twist power of the initial and

final wave functions(T2 & T3, or T3 & T2), say the
amplitude G((f)TL’B and Gi(,))TL.32’ because of the

helicity flip. For other possible such kind of combi-
nations, the amplitude GESZT’B can provide contri-

bution, but the amplitude Gﬂmz is forbidden due to
the zero result of the contraction y%érpry,. It is
clearly that the matrix y, is arbitrary in Eqgs. (8), (9),
while it should be y, in Eq. (10).

(3) For the amplitude with both transverse polarized
initial and final p meson, say GS,))TT,zz and GE{,TT,33’
only GS?)TT.33 provides nonzero contribution, while

0
GE; )TT », does not because of the same reasons as

mentioned above. And the matrix y, in Eq. (11) is
arbitrary and y, should to be y~.

III. FACTORIZATION OF py* — p AT
NEXT-TO-LEADING ORDER

In this section we will first make the demonstration
for the factorization of the exclusive electromagnetic
py* — p transition process at the NLO level in the collinear
and the soft approximations and with the omission of the
transverse momentum. At the end of this section, we will
discuss how to factorize the infrared contribution from the
light cone NLO meson wave functions safely in the ky
factorization frame, where we will pick up the transverse
momentum.

We again do not consider the infrared safe self-energy
corrections to the far off-shell internal quark line, as we
have done for the py* — 7z transition process [7]. In general,
the factorization of the long-distance and the short-distance
physics in an exclusive QCD process is not trivial. To this
end, we should divide the amplitudes simultaneously in the
current and momentum spaces based on their infrared
properties, and then sum up all the possible Feynman
diagrams to collect the color factors and to maintain the
gauge invariance. In more detail, we can deal with the
factorization process in three steps: (a) First, the eikonal
approximation is used to rearrange the singularity propa-
gator into a more clear formula without y matrix;
(b) Second, the Fierz identity in Eq. (12) is used to separate
the fermion currents, the different terms on the right-hand
side (RHS) of Eq. (12) can be treated as the contributions
with different twist, and then the infrared contribution
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FIG. 2. The Feynman diagrams which provide the NLO QCD corrections to Fig. 1(a) with an additional gluon (blue curves) emitted

from the quark (antiquark) lines of the initial p meson.

obtained in step-I can be absorbed into the newly defined
wave functions; and (c) we finally should consider all the
possible diagrams for a gluon radiation, which means that
to collect the Feynman-diagrams with all possibilities for
the end locations of the radiated gluon.

1 1

1
Ll = Zlikllj + 7 (rs)u(rs)y + 1 (r*) i (r®)y;

1 1
+ 1 (757“)ik(7a}’5)1j + g (daﬂ>ik(6aﬁ)lj' (12)

A. Collinear factorization for the NLO(O(a?))
corrections to Fig. 1(a)

We here will show the factorization of the NLO correc-
tions for the Fig. 1(a) only, The NLO corrections for the
other three relevant Feynman diagrams Figs. 1(b)-1(d) are
similar in nature with those from Fig. 1(a) and can be
obtained directly from the result of Fig. 1(a) by simple
kinematic replacements. The NLO corrections to Fig. 1(a),
in principle, can be divided into two parts:

(1) The first set contains the diagrams where the gluon
lines emitted from the valence quark lines of the
initial p meson and attached to any other possible
places, as depicted in Fig. 2.

(2) The second set has the diagrams where the gluon
lines emitted from the valence quark lines of the final
p meson, very similar with those as illustrated
in Fig. 2.

We therefore will first deal with Fig. 2, where the
emitted gluon may be parallel to the initial p meson
momentum p;. Even more, in a previous paper [7] the
transversely polarized NLO initial p meson wave func-
tions @7 (x;) (T2) and ®;“(x;) (T3) have been defined
in a form of nonlocal matrix elements and studied
systematically. So here we can consider only for the

longitudinally polarized initial p meson wave functions
®,(xy) (T2) and ®5(x;) (T3) which entered into Fig. 2
through Egs. (6), (7). Since the p meson wave function
®/,(x1) (T3) does not contribute through Fig. 1 at the
leading order, we cannot get much NLO knowledge
about this wave function &/ (x;).

In general, there exist two kinds of standard infrared
divergence1 for the Feynman diagrams in Fig. 2. When the
emitted gluon is exchanged between two on-shell external
lines, the soft divergence will appear when the momentum
I=(I*17,11)~ (A 4,4) (here A~ Agcp). And when the
collinear gluon I ~ (Q, 42/ Q, A?) is emitted from a massless
external quark line, this gluon will generate the collinear
divergence [23,24]. In the p meson electromagnetic tran-
sition process, both the external and internal quark lines are
light quarks and can be considered as massless, so the
collinear divergence cannot be regularized by the quark
mass and have to be absorbed into the meson wave
functions, which is one of the main purposes of this paper
as mentioned previously.

It is straightforward to write down the NLO amplitudes
of Figs. 2(a)-2(c) because the end location of the radiated
gluon lines does not attach to the internal lines. Then their
radiations do not pollute the LO hard kernel even for the
format of the corresponding amplitudes, so that such
amplitudes can be factorized by a simple insertion of the
Fierz identity as shown in Eq. (12) in the external quark
lines,

'A third kind of infrared divergence arose from the Glauber
region where [ ~ (42/Q,2%/Q.,4) [21], and this Glauber diver-
gence appeared in the NLO spectator amplitudes of B meson two-
body nonleptonic decays, can help us to resolve the long-standing
zr puzzle while still surviving the constraints in the standard
model [22].
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G LegiCho [ [EnMod, (<)l Moty (52)lra(p = 1)1
2a,LL22 ) (P2 — k1 )2 (ky — k)2 (py — k)2 (py = ky + 1212

(1 — k)Y (1 — Ky +l)7p']
1

= E(b,(fﬁ,(xl, £) ® Gyl (x5 12). (13)
42 o _
(1) _eg,Cy [ 1. M,,(x0)]y” (ks = Dyol€ar My, (x2)74 }
G = Tr . -k + -k + by,
e = G 5 P — ko= P — D2k, — o 2R Ol D
= CI);TI))(xlvél) ® GEz(?)LL,ZZ(‘}:I;XZ)’ (14)
) legiC% [K'ILMp(ﬁp(xl)]}’”/(kl =Dy k[ M,,(x2)]7 o (#2 = k1)1,
G2C LL22 — T 2 2 2 272
o 2 2 (P2 = k)" (ky = ky)?(ky = 1)*(Ky )°1
1
= 5@33()61, &) ® sz(.)ZL,ﬂ(xl;xZ)’ (15)

G _ 169? Frp [[ o &y (x )y M, (x2)lva (P2 = K1)7,u (21 — k)’ (7 — Ky +l)}/p'i|
2elb3 T2 (P2 = k)2 (ki = ky)*(py = ky)* (1 — Ky + 1?1

1 s
- Efbl(,l)l (x1.¢1) ® Gg.))LL,33(x1;x2)’ (16)
Gl — egiCy Ll M pd’Z(xl)]J’p/(kl = Dy M, ) (x)|yo(#2 — ki + Dy, (97 — ki + 197/)/
2.LL33 ) (P —ky + D2 (ky —ky — D*(py — ky + D)*(ky — 1)212

= (I)Q;){S(xlvsbl) ® GESZL,% (§15%2), (17)

G<1) _ C2 T |:[ pgb;(xl)]yp/(kl _l)yp’klya[Mp¢;)(x2)]ya(ﬂ2 - kl)}/ﬂ:|
) 2 (P2 = k1)?(ky = ky)* (ky = 1)* (ky )* P

(x1.61) ® Gi(.)iL.33(x1;x2>7 (18)

@),

O —

1
2

where the NLO wave functions <I>£-) and <I>( )‘Y with i = (a, b, ¢) will absorb all the infrared singularities from those
reducible subdiagrams Figs. 2(a)-2(c), and can be written in the form of

ol (xy, &) = ~igCr Tr [}/;7’;({71 — k)Y (g1 — Ky +l)yp’]
' 4 (p1—k)*(p1 —ky + 1)
2Cr - [vor” (ks = Dyy (= Ky + Dy
o igs Fope |72 P p
ob(X1,81) = 4 ' (pr— k1 + )2k, — )22 ’
—ig?Cr . [v;7" (ks = Dy kiy,y
(I)(lg i _ Lgs FT P p P ’ 19
p.e(x1,61) 4 r (k, —l)z(kl)zlz (19)
@f)la)'s(xl £) = lgsCFT [(ﬂl — k)" (71 — Ky HM/}
' 4 (p1— k)2 (p1 — ky + 12
(1).s ig2Cr . [r" (ks = 1) (g1 — Ky + Dy
Py (61 61) =75 Tr{ Sy Ty T
(P — ki +1)7(ky = 1)
(1),s _lgsCF },P'(kl _l)yp’kl
Dy , T 20
pe (x1,61) = 4 r[(k] _l)z(kl)zlz (20)

The QCD dynamics requires that the soft gluon could not resolve the color structure of the initial p meson, so it’s reasonable
to find that the soft divergences in these reducible amplitudes Gg? LLAI> Gg?. LLK Gglc) Lo With k = (1,2, 3), corresponding

to the Figs. 2(a)-2(c), will be canceled from each other. And the remaining collinear divergences can then be absorbed into
the NLO wave functions @'} and ®('* with j = (a.b,c).
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We then consider the NLO correction to the LO

amplitude Gg(?)L 122 in Eq. (6). The irreducible subdiagrams
Figs. 2(d)-2(g) will generate collinear divergences only,
since the soft contributions, generated when the end
locations of the radiated gluons are connected to one of

the internal propagators, are highly suppressing by the
|
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factor 1/Q° What is more, the infrared divergence in
Figs. 2(f) and 2(g) are suppressed also by the kinematics.

We therefore can set their amplitudes Gglf{LL,22 and

Gg]) 112 as zero safely in the factorization theorem.

1 [
ng).LL,QZ = —eg‘s‘Tr{

E1LM g, (x))]y €2, M ., ()] (95 — ki + Dy, (1 — Ky + l)nyaﬂy:|
(P2 — ki + 1)2(ky — ko)?(ky — ko — 1)*(p1 — ky + 1)* 12

9
Ng‘bﬁf;(xl, &) ® [GﬂL,zz(xu &1ixy) — Gs,)zL,zz(fl;xz)L (21)
G<1) — eg4Tr |:[5(1LMp¢/J(xl)]7y(kl - l)y“[€2LM/,¢/,(x2)]yﬂ(ﬁ2 - kl)nya/iy:|
pelbh2 * (P2 = ki) (ky = ko) (ky — ky = 1)*(ky = 1)* 1
9
~ g@/(w?g(xp &) ® [Gg,)zL,zz(xﬁxz) - G;(,OL)L,ZZ(xl’ $13x)], (22)
4072 a _ 0 _
(1) _ —eg;Ck |:[£(1LMp¢p(x1) v €2 My, (x2)]Yo(#2 — K1 )Y” (2 — Ky + 1) ]
G = Tr vup1 =k +1Dyy| ~0, 23
A2 2 (P2 = k1)*(ky = ko)*(po = ky + D*P(py — ky + 1)? W=kt D @)
A~ v _ a _
(1) o egsCF |:[£(1LM/)¢/)(XI)]}, (kl l)]/ [€2LM/)¢/)(X2)M/(1({7/2 kl + l)]//)/ :|
G = Tr -(pr = ky,| ~0, 24
o2 =7 (p2— k1P lhs — ko= Dy — D (p— k7 P2 Y
The new LO hard amplitudes in Egs. (21), (22) with different variables x;, &;, and x, are collected as follows,
2 a
(0) . —legs CF [glLM/)gb/)(xl)]y [€2LM1)¢/)(X2)]7/(1(10/2 - kl + l)},ﬂ
G ; = T , 25
a,LL,22(§1 x2) B r|: (p2 _ kl + 1)2(k1 _ k2 _ 1)2 ( )
2 a
0) . —liegiCp |:[E(1LMp¢p(xl)]7 2. My, (x2)|7a(#2 — Ky + l)}’ﬂ]
G ’ ’ - Tr ) 26
a,LL,22(xl £13x2) ) (P2 —ky + D2k — ky)? (26)
s 2 a
0 —ieg;C (€10 M 0, (x0)]r* €2, M b, (X2) |1 e (P2 — K1)y
i rim) = =TSR T >

And it is easy to find the relation GS,)ZL,zz(xl?ShXZ) =
G;(,()L)L,Zz(xl;gl?XZ) in the collinear region I||p;. For the
tensor Fug, = gop(2ky — 2ky + 1), + gp, (k1 — ky = 21), +
Gya(ki — ky + 1) in Eq. (21), only the terms proportional
to g,s provide the corrections to the LO hard kernel
GEZ(,))LL,zz- After applying the eikonal approximation to
divide the collinear divergence out of the several LO hard
kernels G\°), the NLO twist-2 longitudinal p meson wave
’()2,, with the gluon radiated from the left-up
quark line, can be written as

function ®

—ig*Cr [rors )~k + 1)y vy
4 (p1—ki+1)*(v-1)

@,(;91()61 &)= (28)

|
Similarly, for the tensor Fp = gop(2k, — 2k +1), +
gy (ky —ky + 1) + gyo(ky — ky —21)5 in Eq. (22), only
the first term contributes to the LO hard kernel GS’)Z L2
And we can also write the NLO twist-2 longitudinal p
meson wave function @ffg), in which the additional gluon
is emitted from the left-down antiparton line, in the
following form,

) =10 (k. = DlvTlv .
(I)/()Q(xl’él) _ lgsCFTr [Yp]y ( | )[y/)]v/)

4 (ki = 12B(v- 1)

(29)

The remaining subdiagrams in Figs. 2(h)-2(k) may
include the collinear divergence as well as the soft
divergence. The corresponding NLO amplitudes can be
written in the following standard forms,
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e

(€)

O(ay) effective diagrams for the initial longitudinal p meson wave function. The vertical double line denotes the Wilson line

along the light cone, whose Feynman rule is vp/(v - 1) as described in Egs. (36), (50), (51), (52), (53).

egy (1. M, (x1)]r* €2, M, (x2)]y”

- kZ + l)ya

(1)
G = —T
2h,LL22 9 r[(pz — ki +1)*(ky —ky)*(p2 —

ky + 121 (py — ky + 1)

: (ﬁ2 _kl +l)J//4('pl _kl +l)7p’:|

1
~ =g Px1. &) ® Gl (1. &iia). (30)
4 a o
(1) —egs [EILM/1¢/)(x1)b/ (k2 +l)}’ [€2LM/)¢/)('X2)]7/(1
2i,LL22 9 r|:( —k + l>2(k1 —ky — 1)2(]71 — &+ 1)212(](2 i 1)2 (ﬂz 1 +l/)7;4(p/1 1+ )}’p
1
Ng‘pﬁ)i)i(xlfl) ® GE:?)LL,zz(stl;xz), (31)
(1) €M ¢p xl J’p (kg = D)y* (ks — Dy [, My, (x5)]
G . -k
2jLL22 = { V(K — k)2 (ks = PR (ky = )2 Yo#2 = K1)y,
1
~ =3 B(r.6) @ G 2L n(xiix2). (32)
4 P _ a
(1) —€gy [glLM/)¢/J(x1)b, (kl l)]/ [KZLM/)¢/)(X2)]7//)’
G = T . —ky =1 —k
2k,LL22 9 r{( k)2 (ks — kg = D2 (ky = 2P py — ky — )2 (72— ky = Dya(p2 — K1)y,
1
~§<I>§Q(x1,§1) ® G}y (X1 E1i02). (33)

To investigate the collinear factorization in the NLO level while keeping the gauge invariance, we should sum up all the
irreducible amplitudes with the same gluon radiation starting-point together. The summed amplitudes for the Feynman
diagrams with the gluon radiated from the left-up quark line can be written as

(1)
G2up LL, n(X3x) =

Z sz LL, 2 (X13%) =

m=d.f,h,i

@2131(351,51) ®

[GESZL,zz(xl’ &) — GEJO,ZL.zz(fﬁxz)]- (34)

While the summed amplitudes for the gluon radiated from the left-down antiquark line is written as

(1)
G2d0wn LL22 (x15%2)

Z G2n LL, 2 (X13%) =

n=e,g,j.k

There exist no soft divergences in these summed amplitudes.
With a simple deformation of the amplitudes in the soft
kinematic region, the soft singularities in Eqs. (30), (31) and
Eqgs. (32), (33) cancel by themselves. The remaining
collinear divergences, fortunately, can be absorbed into
the NLO T 2p meson Wave function <I>< ) by redefinition
of the nonlocal hadronic matrix element with the spin
structure y~ /2:

1 dy™ _. .-
3 _ /ﬂ__ —ixpty
»ToaNpr) 2 C

x A " dz0A(20)g(O)p(p)). (36)

(YIS

0lg(y™) 5 (=igs)

q’llz(thl)

0 0
GV} (x130) = Gy (xr. &3 ). (35)

The relevant effective diagrams for the NLO initial p
meson wave function are shown in Fig. 3, in which all the
collinear divergences from the rho meson radiation in
the irreducible NLO quark diagrams Figs. 2(d)-2(k) are
collected. Figures 3(a) and 3(c) describe the radiative
corrections with the gluon momentum not flow into the
LO hard kernel. Figures 3(b) and 3(d) [Figs. 3(e) and 3(f)]
lead to the radiative corrections with the gluon momentum
flow into the LO hard kernel completely (partially). For the
NLO vector wave functional <I>§1) discussed in this paper,
only the subdiagrams Figs. 3(b), 3(c), 3(e), and 3(f) give
contributions. This is because, as described in Eqgs. (34),
(35), the gluon momentum started at the up-line quark flow
into the LO hard kernel (no matter completely or partially),
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while the gluon momentum started at the down-line anti-
quark can flow into the LO hard kernel partially or does not
flow into the LO hard kernel. Then the collinear factorization
hypothesis is valid for the NLO corrections to the LO

amplitude GESZLQZ in Eq. (6) with the longitudinally

polarized and the leading twist initial and final states wave
functions ®,.
|

PHYSICAL REVIEW D 93, 036002 (2016)

For the NLO corrections to the LO amplitude Ggo)L £33 10
Eq. (7), the infrared divergences in the NLO amplitudes
corresponding to Figs. 2(d), 2(f), 2(h), and 2(i) are all
forbidden by kinematics. Then only the subdiagrams
Figs. 2(e), 2(g), 2(j), and 2(k) provide the infrared corrections

to the LO amplitude GEB% 133+ The relevant NLO amplitudes
are of the following form,

G~ egtTr {[ B )l M, 85 ()l (s = by + D (= K + ’W"”] ~0 (37)
2d,LL33 — (pr —ky + D2(ky — k)2 (py — k1 4+ 1)2(ky — ky — 1)212 )
G(l) = —egiTr {[Mpd’;)(xl)]}’y(kl —l)y“[M/)(]b‘;,(xz)]y/;(ﬁg _kl)yﬂF"ﬁy]
2eLL33 = —€Ys (P2 — k1 )2 (ky — ko)2(ky = )2 (ky — ko — [)212
9
“16 ‘P(l) (x1,61) ® [Gl(z(,)ZL,B(xl;xz) - GE:%L,33(XI’§1;XZ)]’ (38)
U |:[Mp¢p<xl)}ya[Mﬂ¢;(x2)]7a(p2 —Kk)y" (2 = ki + Dy (o1 —k + l)yp'] -0 (39)
2fLL33 9 (p2— kl)z(kl - kz)z(l’l -k + Z)Z(Pz -k + 1)212 ’
G e {[Mpcﬁi)(xl)]ypf (ki = Dy [M 5 (x2)]r0 (2 — ki + Dy (g2 — k1)7ﬂ}
20133 = g (P2 —k)* (ki =k = (P2 =k + 1 (ks = )P
Nq),()e' (x1,6) ® [G aL)L3z(x1,§1’x2) GEIOZL33(§1;'X2)]‘ (40)
G(l) — egs Tr [[ ,,¢,,(X1)] “M /)¢p(x2)]}’p (P2 =Ky + Draln = ki + Dy (p1 — K1 + l)y//] ~0 (41)
2mLL33 T g (ky —k2)?(pa — ki + D*(p1 = ky + D (py — ky + 1)?12
Gl e Tr[[Mpaﬁ;(xl)Wz 01 My (0)lraln — ks + Drulh = Ko + m ~0 (42)
2i,LL33 9 (ky —ky = D)*(py — ki + 1)*(py — ky + D?(ky + 1)?12 ’
G\ egs €95 1y (M, (x1)]y, (k1 = D)y* (ks — l)yp/ (M (x2)lra(#2 = K1 )1
2jLL33 = g (ki = k2)*(p2 = k1) (ky = 1) (ky = 1)
1 5
~ =3 @0 (0 6) ® Gyl (x5 ). (43)
G _med [[Mp(ﬁf,(xl)}yp/ (ki = Dy (M, (xa)lr” (92 — ko = Dyalp — klm]
ALLF = g (ky —ky — D)2(py — ky)2(ky — 1)2(py — ko — )22
gq)pe JETNSY ®GaLL33(x17§19x2) (44)
where the NLO p meson wave function (I>/(, "% is of the form
(1).s 195 CF (kl - l)}/pv/)’
q)p,e ()C1, 51) 4 r|:(k1 _ l)ZlZ(U . l) ’ (45)

which absorbs all the collinear divergences. The new LO hard amplitudes G((fz 133 appeared in Egs. (38), (40),(43), (44) are

of the following form,

5 b &, (P =k + 1
GE;?ZL.33(§1;X2) legz Tr [[ 2 p(xl)] ]E] i;})(zx(zk)l]?’_(k;_ 1)21 )yﬂ} (46)
eg; C M, ‘M, W=k + 1
Gt(z(,))LL,SB (x1,813x2) = — zeg; FT{[ s p(xl()l],}; £ k/i j(;;zz)(]]i/l (—112)2 : )7,4}’ (47)
1(0) _iegiCr - [[My (x0)lr*[M, ) (x2) ]y (#2 — K1)y
Ga LL, 33('x1’ §I,X2) 2 Tr|: 2y (p2 _ k1>/;(£1 _ k2 _ l)z ”:| . (48)
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15

e
% e

KN
TN

FIG. 4. Analogous to Fig. 2, but with the additional gluon (blue curves) emitted from the quark (antiquark) lines of the final

state p meson.

Because there is no NLO infrared corrections to LO hard amplitude Gfllz 133 from the gluon radiated from the up quark
line, so we can just sum up the infrared contribution generated from the gluon radiated from the down antiquark line:

1 1
Géd)own,LL,33(x];x2): Z ng).LL,33(x1;x2)

n=e.g.j.k

7

0

1 7
= (I>/()Ee)<x1,§1) ® [_G<LOL),33(XI;X2) _1_66(LL),33(XI7§1;X2) _gG/L(g),ﬁ(thuxz) . (49)

16

It is manifest that the soft divergences generated from
Figs. 2(j) and 2(k) only and will be canceled by each other,
while the collinear divergence can also be absorbed into the
NLO T3 longitudinal meson DA <I>§,1)"Y, just like what we
have done for the collinear divergences in the NLO

. 1 . .
corrections to Gi 1)4 1.2, above. The nonlocal hadronic matrix

element of <I>,(,l)'s with the scalar structure //2 can be written

as

(_igs)

| =

1 dy~ . .
(I)(l).s _ / —ixpTy ——
» W) 2m e Py (0lg(y)
"
x / dzv - A(z0)q(0)[p(p1)). (50)

Here only the three subdiagrams Figs. 3(c), 3(d), and 3(g),
where the gluon was radiated from the down antiquark line,
will contribute.

Following the similar procedures, we can also calculate
the NLO infrared corrections to the remaining four LO hard
amplitudes sz(,)ZT,B (x13%2), G<a(.)%“L,23 (x13%2), GS.)%Lsz (15 x2)
and G}, 11(x13x,) as listed Eqs. (8)~(11). The explicit
expressions for the NLO corrections to these four LO
amplitudes and their factorization are all given in detail in
the Appendix.

After absorbing the collinear divergences, the NLO
transverse p meson wave functions can also be written
in the nonlocal matrix element with the gluon momentum
along the light cone and flow in a finite interval (0, y™):

1 dy™ e vyt
o7 _ ixply —
"
x / dzv- A(z0)g(0)[o(p1). (51)
(1).w 1 dy” —ixpTy /0 = ey YL .
v — Zr ey ey
= s | S 0l B ia)
"
x / dzv- A(z0)q(0)|p(p1). (52)

a 1 7 SN AN 2
pa _ / Y (0 B

x / " dzv- A@n)g(O)p(p)). (53)

It is reasonable to assume that the NLO transverse p meson
wave functions in the above equations have the same forms
as those we got for the py* — z transition process [7],
which satisfies the universality requirement of the non-
perturbative infrared physics.

Now let us turn our attentions to the infrared contribu-
tions in O(a?)) radiative corrections to Fig. 1(a) with the
gluon emitted from the final p meson as shown explicitly in
Fig. 4, where the infrared divergences would appear when
the radiated (blue) gluon is parallel with the final p meson
momentum p,. Why we do this is to show that factorization

036002-9



ZHANG, CHENG, HUA, and XIAO

is still exactly work at the NLO for the gluon radiation from
the final state p meson, even though there exist asymmetry
for the initial and final p meson in Fig. 1(a) because of the
choice of the weak vector position. Right here, as an
example, we will simply present the detailed NLO correc-

tions for the LO amplitudes G((fz 122 only, extract the NLO
|

PHYSICAL REVIEW D 93, 036002 (2016)

final p meson wave function <I>§1> (&5, x,), but do not present
the NLO corrections for other LO amplitudes for the sake
of the concision of this paper because the calculations and
the factorization processes are very similar.

The NLO amplitudes of reducible
Figs. 4(a)—4(c) are listed as

subdiagrams

leg;C; |:[e(1LMp¢p(xl)b/a[e(ZLMp¢p(x2)}yp’<ﬂ2 —ky + D)y”
(P2 — k)2 (ky — ko)* (P2 — ka)? (P2 — ko + 1)*12

1
Gé(ta),LL.ZZ =72 2 ETr
1

(72 —k)yalpn — kl)yﬂ:|

) GﬂL,zz(xl ;%) ® ‘I)/(if)z(fza X2), (54)
42 a
(1) egs CF [KILMpqﬁp (xl)]y (kZ - l)}/p’ [E(ZLMpqﬁp(xZ)]yp’
G = T . -k +17 -k
e B (e ey ey e e CR R R
= G}y o (112,) ® @) (6. 02). (55)
G _ _leg‘S‘C% Tr l€1.M b, (x1) |y Koy v (ky — hy” (2. My, (x2)]7o (P2 — K1)V,
fo k22 2 2 (P2 — k)2 (ky — ky)* (ko — 1) (ko )12
1
= *GEJ(,)zL,zz(xl ;X) ® ‘1)22* (62.x2), (56)

2

with the NLO wave functions CD;%B ,i=a,b,c

@g%g(fz,xz) = 4

o igch

e it o Dy (7 - k)
(P2 = k)X (P2 =y + 1?1 [

o)) = EE T

q’l()}g(fz,xz) =

(P2

vy k= Dy vy vy (o —ky +1)
—ky+ 1) (ky =012

4

~ig;Cr . vokay” (ko = Dy vy
(o = ()P

J (57)

Amplitudes for the irreducible subdiagrams Figs. 4(d)—4(k) are collected with the similar treatments as for Fig. 2:

(1) [ M oy, (x )]y € My, (x2) 1y (P2 — Ky + Dy p(p2 = K1) 7 Foyp
Gugrrn = —egsIr — 2\ 21 _ 272
(P2 =k + 1)7(p2 — k1) (ky = ky + 1) (ky = ky)?1
9
~ G (01x2) = Gl (112 £)] @ @4(E2.32). (58)

1

Gfte),LL,ZZ = eg;‘Tr{

[EILMpr/J(xl)]ya(kZ - l)}/y[g(ZLMp(b/)(xZ)]yﬂ(p/Z - kl)nyay/)’:|
(P2 = k1)?(ky = ko) (ky = ky + 1) (ky = 1)1

9
~3 [Gf;(,)ZL,zz(xléxz) - GiO,ZL,zz(xlz £)] ® Bpl(&.x2), (59)
40 a o —
(1) egsCF [EILM/)d’p(xl)]y [gZLMpgbp(xZ)]y ({72 kZ +l>ya
G = T -k (g, =k
k2 2 {(Pz —ki)* (ki = k2)*(p2 = ky + 1) (py = ky +1)° (7o =Kot Dy (7 = Ko
1
~ =g Gate o (ni3) = Gty (0102 £)] @ B3(6. 32). (60)
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4 2 a _ o
(1) _ —eg;Ck [ .M\, (x1)]r*(ky = D)y” [€2.M b, (X2)]7 4 }
G = Tr (pr =k =Dy, (pr =k
49.LL22 2 (a1 )2 (ks = ko + 12(ky = )P pay —ky — 1) (P2 = ki =Dy (P2 = K1)y,
1
Ng [Giz(,)zL,zz(foz) - GZ,OL)L.22(xl;x2’§2)] ® ‘I’Sg(fz,xz), (61)
4 a v —
(1) egs l€1.M e, (x1) |7 *[€2.M ,p, (32)]y” (P2 — Ky + D)7 ]
G =—=Tr . -k +1 -k +1Dyy
W29 [(Pz —ky + 1 (ks = ko) (p2 = ko + 1) P (py = ky +1)° =kt Do =kt
1
_gGEz(,)ZL,zz(xsz, &) ® ‘I)/(jt)z(fz,xz), (62)
4 o a
(1) —€Js [E(ILM/)d)/)(xl)]y (kl +l)}’ ][5(2LM/)¢/)('X2)]7//)’ :|
G\ = Tr (pr =Ky + Dyalps — K
w2 g [(Pz —ky)*(ky = ky +1)*(p2 = ko + 1P (ky +1)? (P2 =k Dyale = k1
1
"gGEsz,m(xl;fz) ® @;%5)1(527)‘2)» (63)

G egs Tr |:[€1LMp¢/J<xl)b/p’ (ky = Dy (ky = Dy” (€2, M p, (%2) |70 (12 — kl)yﬂ:|
VL2 (P2 = k)2 (ky = ky)? (ky = 1)* 1P (ky = 1)*
1

_ng(z(,J)LL,ZZ(xl;XZ) ® qﬁ(vfe}(fz,xz), (64)
4 a _ p’
(1) —egs (1. M, (x1)]y*(ka = D)y” [€2. M ,by (X2)]V
G =— T =k =1 —k =Dy,
B Te e e SRR RN
1
~ gG/a(.OZL.zz(xﬁxzufz) ® Dhie(&.72). (65)

(1

o> <I>,(,1,2 obtained from the NLO amplitudes Gig LL22s

where the NLO final state p meson longitudinal wave function ®

Ggle? 112 tespectively are of the following form:

1 _ ig2Cr [7;}’;]7’”/({72 —ky +Dny
Tald) == [ (P2 =ky + 1P (n 1) %)
() i Cr . [y 1k = Dy ny
(Dp,g(éz,xZ) - 4 T |: (k2 _ l)zlz(n . l) ’ (67)

and the modified LO hard kernels with the gluon momentum flow, partly flowing into the original LO hard kernel
GEBZ 1.22(X13x2), as in the case for the NLO correction from the initial meson radiations, are defined as,

(0) oy ieqiCr o Tlev My, (x0)lr[ea M,y (x2)]ro(p2 — kl)}’ﬂ]
Ga,LL,22(x19§2> - B TI'|: (p2 _ kl)z(kl _ k2 + l)2 ’ (68)
(0) _ o iegiCr . [le1.M,,(x1)]r*[€2.M ,b, (x2)]7o(#2 — kl)l’ﬂ]
Ga,LL,22(xl’x2’ 52) - 2 TI'|: (p2 _ kl + 1)2(k1 _ k2)2 ’ (69)
10) , . iegiCr . [le1. M, (x1)]y (€2, M, (x2) 70 (P2 = kl)}’ﬂ]
Ga.LL,ZZ(xth’ 52) - 2 TI‘|: (P2 _ kl _ l)z(kl _ k2 + 1)2 : (70)

Summing up the infrared amplitudes sorted by the gluon radiated either from the right-up [Figs. 4(d), 4(f), 4(h), and 4(i)]
or from the right-down [Figs. 4(e), 4(g), 4(j), and 4(k)] quark line, we obtain their total factorization formulation for the final

state gluon corrections to the LO amplitudes Gﬂ 122"
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(1) . _
G4up.LL.22(x1 sX) =
m=d.,f,h,i

1)

n=e.g,j.k

The NLO corrections to the LO amplitude Gf)L 133 from
the final state radiations can be treated in the same way. So
far the factorizations of Fig. 1(a) at the NLO for both the
initial- and the final state radiation are explicitly shown
above, and we can also write down the longitudinal NLO
final p meson wave function <I>,()1), <I>£l>‘5 in the similar
formula as the NLO initial meson wave function in
Egs. (36), (45).

B. k; factorization of the NLO corrections to py* — p

In order to eliminate the endpoint singularity which may
appear in the small x region under collinear factorization
framework, the kt factorization frame is developed by
picking up previously dropped transversal momentum kr
for the external quark lines. And a Sudakov factor eSS0,
which indicating the probability there is no gluon radiation
in the localized phase space for exclusive final products, is
emerged with the resummation of the large divergences
logarithms and furthermore, could suppress the soft-
dynamics effectively [25].

In the PQCD approach, because the Sudakov factor
increase transversal momentum k7 and longitudinal momen-
tum fraction x simultaneously, the transversal momentum ky
in the initial and final meson bound state remain far less than
the energy scales in the LO hard kernel, i.e., k% << k; - ks.
This argument apparently support our expectation that the
eikonal approximation used in the collinear factorization are
also valid for the k1 factorization. The collinear factorization
operating for py* — p in the previous subsection can be
extended into the k7 factorization directly. The only differ-
ence is that we should take care of the transverse momentum
17 in the denominator of the gluon propagators. Of course, we
can also retrieve the Feynman-rule of the Wilson line by
including 1; through the Fourier transformation for the gauge

field from A(zv) to A(l) for those NLO wave functions in
Egs. (36), (50), (51), (52), (53):

/00 dzv - A(zv) — /oo dz/dle"z“"l*"‘?v A(D)
0 0

vV, ~
=i [ dI—=A%(]), 73
i [t 73)
/y dzv - A(zv) — /y dz/dleVz(vHie)_"lTb]y-A(l)
0

[Se]

— i / dl%e[fﬁy’—f'erAﬂ(Z), (74)

V-

PHYSICAL REVIEW D 93, 036002 (2016)

1 T, 0 1
Gﬁ(lnz,LL,zz(xl;)Q) = g [sz,)LL,zz(x1§x2) - GE;,ZLzz(xl;é:Z)] ® (b;(;,()z(‘:z’xz)- (71)

0

1 7 0 1
Gliown 1120 (13 32) = > Gl L (X1502) = 3 (G 1 an(x13%2) = Gy 5 (x136)] @ Bpl(&r. x). (72)

[
where the factor exp[i/"y~] in the integration in Eq. (74) will
generate the delta function §(&; — x; + %), which imply

that the gluon momentum is flowing into the LO hard
kernel. The other factor exp[—il; - b] represents the trans-
versal momentum flowing into the LO hard kernel, accom-
panied with the function &(& —x; —|—%) And this

modification can be understood graphically as the deviation
of the second half integration for Wilson line by a transversal
interval b from the light cone direction, as illustrated by
Figs. 5(a) and 5(b).

It is clear to see that the Wilson lines, whether along the
light cone as shown in Fig. 5(a) or parallel to the light cone as
illustrated in Fig. 5(b), will generate light cone singularity.
The simple method to resolve this problem is to move the
Wilson line a little away from the light cone, as depicted in
Fig. 5(c), and regularize the nonphysical light cone singu-
larity by the logarithm of n?> with n> # 0. Even the scheme-
dependence induced by this variation has been resumed in
Ref. [26] and found that such effect is small in size. One
problem that resulted from such operation is the appearance
of the pinched infrared divergence in the self-energy
correction of the Wilson line. In order to avoid such kind
of infrared divergence, the transverse momentum dependent
distribution (TMD) with a soft substraction was proposed in
Ref. [27], and another new definition with the choice of two
orthogonal gauge vectors for off light cone Wilson links also
be discussed in Ref. [28]. But such topic is apparently
beyond the scope of this paper. In this paper, we are aim to
factorize the infrared NLO corrections to those LO ampli-
tudes, so we still use the variation method to avoid the light
cone singularity.

To finish this section, we write down the NLO p meson
functions obtained from py* — p at leading and subleading
twist level in k7 factorization as the following form,

oo +b

oo +b

y+b

(

n

()

FIG. 5. The deviation of the integral (Wilson link) from the
light corn by b in the coordinate space for the two-parton meson
wave function.
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1 dy~ db,

b
1),1 —ixpty +ikyp _o NV1Y
8 (. Eb) = st [ S e 0ja(p) )

(1) ey dy~ db,
Oy biiby) =55 P{/zn(zn)2

o\ (x,, &:by) =

1 dy~ db,
O (x & hy) = — / dy”
p (X1, €1:b1) 2N.P; | 2r (22)?

O (x1. &1 by) =

T 2N.PT ) 27 (2x)

With these gauge invariant NLO wave functions, we can
then calculate the NLO hard corrections to py* — p, B — p
transition processes with the factorization hypothesis.

IV. SUMMARY

In this paper we first investigated the p meson electro-
magnetic transition process and wrote down its hard
amplitudes according to the polarizations and the light
cone expansion power of the initial and final meson wave
functions. Next we made an explicit demonstration for the
collinear factorization of the NLO corrections to the LO
amplitudes for the Feynman diagrams with a gluon radiated
from the initial p meson. With the successful separation in
collinear factorization, we then extend these results to the
case of the kr factorization.

From our analytical evaluations we found the following
points:

(a) For the considered py* — p transition process, there
are six LO amplitudes with the fixed polarization
and the twist, say Gy, . with X = (a,b,c,d),
1,J = (L, T) (polarization) and k, [ = (2, 3) (twist),
for each sub-diagram “X” in Fig. 1. Between the
four subdiagrams in Fig. 1 there exists a simple
kinematic exchanging symmetry. Taking Fig. 1(a)
as an example, its LO hard amplitudes have been
sorted in terms of polarization and twist of the
meson wave functions and given in Egs. (6), (7), (8),
9), (10), (11).

(b) We show explicitly that the factorization hypothesis
is valid at the NLO level for py* — p transition
process, even if we include the transversal momen-
tum of the light external quark lines. At the NLO
level, the soft divergence from different subdiagrams
will cancel each other in the quark level and the

et Sk (0] (y")

PHYSICAL REVIEW D 93, 036002 (2016)

-+

(—igy) /0 " den - An)g(0)p(p1)). (75)

i s 0lg(y) 2 (-ig.) [ den- AGn)g@)lp(pr)). (76
0

1 dy~ dby _, Py +ikerby _ o \V5YL . /y
= | —/— 1 ! -(0 == (—ig, dzn - A 0 ;o (77
77 | o e ©0a07) 5 (-ig,) [ dzn- An)a@lp(p))i - (77)

|

(—igy) / “den- AGm)qO)p(py)  (78)

1 /dy‘ db12 e—ixpiy Hikirby | <0|z](y—)%(—igs) Ay dzn - A(zn)q(0)|p(p1)). (79)

remaining collinear divergences can be absorbed
into the NLO meson wave functions <I>;(,l>.

(c) The NLO p meson wave functions, which absorb the
collinear divergences, can be written in a nonlocal
two quarks hadron matrix elements as given in
Egs. (36), (50)—(53), (56)—(60), in which the inte-
gration path of the gauge factor represent the
direction of the collinear gluon momentum.
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APPENDIX: FACTORIZATION OF THE NLO
AMPLITUDES

In this Appendix we supply the explicit expressions for
the NLO corrections to the four LO amplitudes Gs,)zr,zy

GES)TL.B, Gg?)rmz and Gz(z(,);"T,33 and the relevant factoriza-

tion. The infrared divergences are absorbed into the NLO

(1)

wave functions ® i -

1. The NLO amplitudes for Gt(l(‘)z]‘yzg,

For all the eleven subdiagrams in Fig. 2, the correspond-

ing NLO amplitudes for G<OZT’23 are the following

a,
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4
(1) B leg;C
Gorurros = ) SZ ETr

[J’a(ﬁz —k)y,(p1 — kD) (1 — Ky + D)y, [€1.M,,(x1)]r”
(P2 — k1)*(ky = ky)*(p1 — ki)*(p1 — ki + 1)* 12

: [K(ZTMpqﬁg (XZ) + Mpieu’quJ/S},ﬂ/egTvpn6¢2(x2)]:|

I _a 0
= Eq)é)l ® G((J,ZT,B(XI;XZ)» (Al)

egiCk Tr Yal#r = ki + Dy, (p1 = Ky +Dy” [glLMp¢p(xl)]7p’(kl = Dy*

(1) _ {
G =
2bLT.23 2 (P2 = ki + 1) (ky —ky = 1)*(py = ky + 1)* (ky = 1)* P

’ [E(ZTM/)¢,Z (xZ) + M/J ieﬂ’u/myS 7”,6571}[) n0¢g (x2)]:|

= q)/(f; ® GE;?)LT,23(§1,X2), (A2)

G\ —__ egiCy [}la(ﬂz —k)ruleiM, 9, (xl)]y/’/ (ky — Dyykir”
2¢,LT 23 2 2 (p2 — kl)z(kl - k2>2(k1 - l)z(kl)zlz
1

1 0
= ) CID,(,.g ® GEJ.%T,ZS (xl;xz), (A3)

: [gZTMp¢Z(x2) + Mpieﬂ’vpa}/Syﬂ/eléTUpngqsg (x2>]:|

vp(po — ki + Dy (p1 — ki + Dy'Fop, €10 My, (x1)]r*
(P2 — ki + D*(ky — k)2 (py — ki 4 1)2(ky — ky = 1)212

1 . /
ng).LT,B = eg!Tr { . [EZTMpqﬁZ (x2) + M i€, p57s7" €570° 0 P (xz)]}

9

1 0 0
~ E@,(,_Z ® [G&,Zm (x15&13x0) — G((LZT!B(@ 1x)]. (A4

vp(Po — K1V Fop [€1.M 0, (x1) ]y (ki — 1)y®
<p2 - kl)z(kl - k2)2(kl - l)2<kl —ky — l>212

1 . /
Gge)'LT’B = —egiTr { learM b5 (x2) + M ji€y,,67s7" e’éTv”n"gbZ(xz)]}

9

| 0 0
~ 1_6(1)’()’2 ® [Gi,znm (x1327) = G;(,L)T,ZS (x1:&13x2)], (A5)

(1) _egy - [ralpn— k)y” (72 — ki + Dy (21— Ky + Dy g lennM b, (x0))r”
Gofrros =— Ir 2 2 2 272
o 9 (P2 — k1) (ki = ko)*(py — kg + 1) (po — by +1)71

M Bh(x2) + M yic,s,porsy" €1 no e <x2>]] ~ 0 @ [GV) y(x1ix) = GV (ki Eim)]. (A6)

G\ — —egs Tr [ya(ﬂz — ki + D)y (2 - k)yuleiMyd, (x1)]ry (K — Dy”
29.LT 23 9 (p2 - kl)z(kl - k2 - l)z(pz - kl + Z)Z(kl - 1)212

v . I v o ha 0 L. 0 .
M, (x2) + Myie,porsr v ¢p<xz>@ ~ B ® [GL s (113 E130) = GO s ()] (AT)

G\ _ @Tr {7’”/({72 —ky + D)y (2 = Ky + Dy (o1 = Ky + Dy €1.M ¢, (x1) 7
LB g (ky = k2)*(p2 = ky + D2 (py = ki + 1) (pa = ko + D21

) ; ! v o pa 1
[earMy b} (x2) + Myieyputsr* €5y n (xzﬂ ~ =58 ® Gullrs(36152) (A8)

G egh o [ralp = ki + Dy — ki + Dy len My, (30l (ke + Dy
2LT.23 9 (ky —ky = D)*(pa —ky + D*(p1 — ki + D)% (ky + 1)1

) ; ! v o pha 1
learM by (52) + Myicypotsr* s n (Xz)]] ~ g ®0a ® Goras(6i33a). (9)
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G edt [ralpe = K)rlen My, (s)lyy (s = Dr“(ks = D7
2jLT23 ~ g (ky — ko) (pa = k1 )2 (ky = 1)*(ky = 1)? 12

. [E(erpd’; (XZ) + Mp ieu’vpaYSyﬂ/ elz/T U/)nﬁd); (XZ)]:|

1
~3 (I);(o%e? ® GE;,))LT,B (x13x2), (A10)

G\ = —egﬁTr [W (P2 —ky=D)va(pa = K)y,le1. M, (x )]y (ki =1)r*
ULT23 T g (ky=koy=0)*(pyr—k1)? (k1 =1)*(pr—ky = 1)1
1
~§(I>Sg®Gg?2¢.23(x1§§1§x2>, (All)
(1)

where the NLO p meson wave function @, has the same expressions as those for the NLO corrections to the amplitude

’ [€2TMp¢,/L; (xZ) +Mpi€ﬂ’ypay5yﬂ/612/TUpno—¢z (X2)]:|

GEZOZ .22 In Egs. (19), (28), (29), and the new LO hard kernels that appeared in the above equations are collected as follows,

s 2 v - ! U 2P O A
0 ieg;C 20 M, ) (x2) + M i€, p5757" €570 0 G (x5)] “
k(i) =~ <GS e SR B L B, = b+ Dl |
(A12)
: 2 r v : ! v 6 pa
0 ieg;C (€20 M,y (x2) + M i€, 657" €570 0P (x2)] “
GE;,ZT,23(X1,§1;XQ) i Err Ly (ps = k1p+ﬂl)§(kl - kzzT)z . Ya#2 =Ky + Dy, le1.M e, (x1)]r* |
(A13)
.2 r v . ' U PO
ieg:C (€7 M 5 (x2) + M i€ 5757 €507 % e (x,)] .
Gg.OL)T,23(x1,§1;x2) =- Eopy |22 Sy 2 2T2 A Ya#2 = Ky)y, €10 M 0, (x1)]y* |
2 I (P2 —k)* (ki —ky = 1)
(A14)
2. The NLO amplitudes for fo)TL’B
The first three NLO amplitudes Gg(],>TL.23 for subdiagrams Figs. 2(a)-2(c) are the following
G(l) _ l—eg?C% Tr [(Fl - kl)yp,(ﬂl -k + 1%’,/ [ngﬂ1¢£(xl)]ya[M/)¢;;(x2)b/{l(ﬁ2 - kl)?ﬂ:|
alb2 3 2 (P2 = k)2 (ki = ky)*(py = ky)* (1 — Ky + 12
1
= ECI)%T ® GEI(,)>TL.23 (x1322), (A15)
G\ _ egsCh Tr [[ngMp(f’g(Xl)}Vp’(kl =y [M 5 (x2) ]y o(#2 = Ky + Dy (7 = Ky + l))’p/]
2IE23 2 (P2 = ki + 1) (ky = ky = )*(p1 = ky + 1)*(ky = 1)*1?
- (I)/()TZ‘T ® G(a(,))TL,zs(fl;xz), (A16)
G(zl)TL 5= l—egg‘C% Tr [[ngﬁl¢;(xl)}y/)/(kl - l))’p’le"[MpqﬁZ(xz)]}’a(ﬂz - kl)yy:|
o 2 2 (P2 = k)2 (ky = ky)? (ky )? (ky = 1)*12
1
= ECDEC)I ® G<a(,))TL,23 (x15%2), (A17)

with the NLO twist-2 transverse wave functions
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o7 _ ~i5Cr {r‘ir‘r’if (7 — k)y” (o — ko + lmf]
p.a r 2 272 ’
8 (p1=ki)*(p1 =k +1)71

)T ig;Cr Vaﬁ’_Yp/ (ke =Drrart (g =k + l)yp’
b= Tr 3 o7 ,
8 (ki =1)*(p1 — ki + 1)%1

) a ., — p’ _ a.—
. —igiCr [rirr" (ky = Dy kirly
b, = T Al8
= e R (A18)
The NLO infrared amplitudes Gg(l,)TL,ZS for the other eight subdiagrams Figs. 2(d)-2(k) are of the form of
G\ — e T [(?l — ki + D)y F o, [0 (X)) (M5 (x2)]y 5 (22 — Ky + 1)7”]
2ATL23 ’ (P2 — ki + D) (ky — k)2 (py — ky 4 12 (ky — ky = 1)212
9
~ e BT () ® Gy o (x1:61500) = Gy s (i), (A19)
GV —egT { P2 - V”Fa/iy[l«ﬁTﬁl(ﬁ,) (x)ly" (ky = Dy* M ,)¢‘;}(x2)]7//5}
erh2s (P2 = k)2 (ky = ky)* (ky = 1) (ky — ko = 1)* 1
9
~ e e () ® [Gi )TL 2s(01302) = Gy o3 (e i), (A20)
G _ e_gitTr [(1’2 -k + l)}’ﬂ(ﬁl ki + l)}’p [51Tﬂ1¢p (x)]y* M p¢p(x2)]7a(172 ky)y p}
AL g (P2 = k1)*(ky = ka)*(py — ki + 1)*(po = ky + 1)* 12
~ 0T (1) ® (G s (x1332) = Gy o (a3 £33, (A21)
G(l) — _egfv1 Tr |:<ﬂ2 - kl + l’)yp/ (ﬁ2 - kl )yu[ngﬁl ¢;('xl )]7/7’ (kl - l)ya[Mpgb;(xZ)]ya]
20123 9 (P2 = k)2 (ky = ky = 1)*(pa = ky + 1)*(ky = 1)* 17
~ q)(l)I G/(O) £ _ G(O) . A22
e (x1) ® [ a,TL,23(xl’§l’x2) a,TL,23(§l’x2)}' ( )
G\ _ e_gilTr [(Fz =k + Dyt =k 4+ Dyy [ﬁﬂﬁd’ﬂxl)]Ya[Mpfﬁf;(xz)]}’p’(ﬂz -k + l)7a:|
A2 g (ky = ky)*(pa — ki + 1)*(p1 = ky + 1)*(p2 = ko + 1)* 12
1
~ _gq’;{g’r(xl) ® G<a(.))TL,23 (x1,615x2), (A23)
G\ _ —eg! Tr {(ﬁz —ky + Dy (w1 =k + Dy léirpd) (x0)]y* (k, + hHy” [Mp¢;7(x2)]ya:|
2i,TL,23 9 (kl - k2 — l)z(pz — kl + l)z(pl - kl + 1)2(](2 + 1)212
1
~ gq)f;i)ij(xl) ® Gr(/z(,))TL,23<§l;x2)' (A24)
4 _ T _ a _ o s
(1) €gs ya(ﬂZ kl)yﬂ[ngp/1¢/) (xl)]y/)’(kl l))/ (kZ l)y [M/)d)p(xZ)] 1 (1,1 (0) X
G, =—T ~—=0,, G 1Xs),
R r[ (ki = ko) (P2 = Ky )* (ky = 1) (ko = 1)° g " (1) ® G5 %)
(A25)
G _ —eg Tr {(ﬁz — ko = Dyo(po — k)yleirpi @l (x0)ly (ki — Dy (M5 (x2)]y”
w7123 T Ty (ky —ky — D)2(py — k)2 (ky = D)2(py — ky — 1)212
1
~§<I>§32‘T<x1) ® G;(.()T>L,23(xl;§l;x2)v (A26)

with the NLO twist-2 transverse p meson wave functions,
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$M7 () = —igiCr o [rirrir o —k + 01’y
pd 8 (py—ky + D2 B(v-1) |

. 9 a =P _ a.—
(.7 igiCr . [rir v’k = Dyir v,
® e - T s A27

Ps (xl) ] I'|: (kl _ l)2l2(1} . l) ( )

which could be written as a nonlocal matrix element with the Wilson lines.
The newly defined LO hard amplitudes Gy, 55, G''y; 23, and G.7), 53, as shown in Egs. (A15)~(A17), (A19)~(A22),
(A24)—(A25), are of the following form

2 T a s
0) ) —ieg;Cp |:[€1Tﬁ1¢p ()M, 5 (x2) 7o (22 — Ky +l)7ﬂ}
G X)) = Tr , A28
(i) =5 (p2 =1 10k — by — 1 429
.9 T a N
(0) e —legs CF [ngp/l ¢/} (xl)]y [M/)¢/J(x2)h,a(ﬂ2 - kl + ’l/)y[l:|
G X5E1x) = Tr s A29
a,TL.23< 1 51 2) 2 |: (p2 _ kl + l)z(kl _ k2)2 ( )
—ieg;C [€iroid) ()] M5 (x2) 7o (72 — K1)y,
Gl (v 613 0) = 2 FTr{ ’ oty 2) Ve "]. A30
,TL,23( 1 1542 D) (p2 _ k1)2<k] _ kz _ l)z ( )
3. The NLO amplitudes for G.y, 5,
The eleven NLO amplitudes Ggfl,)TL,SZ for subdiagrams Figs. 2(a)-2(k) are the following
G _ _legiCh Tr[ [e17M 5 (x1) + M i€, v vs€5 P vl (x,)]
2aTt32 2 2 (P2 = k1)*(ky = ky)*(p1 = k0 )*(p1 — ko + 1)1
Pl My () 72 = R = R =K+
1 v WU 1 ,a .a
= 5(1),()12 (x1) ® GS,))TL,32(XI;X2) + 5(1)2121 ® GE:?)TL,32(x1;x2)7 (A31)
G 1) _ egivlc%" TI'|: [EITM/)q&;;(xl) + Mﬂl-€”/bl)6]/”/y5€lanﬂ1}”¢;j (xl )]
2T 2 (2= ky + 1) (ky —ky = 1)*(py = ky + 1)*(ky = 1)*1
P (ky = Dy” (€20 My, (x2)]7a(#2 — ki + Dy, (1 — K1 + DY//]
= 0" (1)) ® Gy a(Ei5 ) + BN ® GUpt 1 (&1312). (A32)
1 LegtCh,_ [levrM,dh(x1) + M i€ v vseton® vl (x1)] a
ch),TL,BZ = _5 2 FTr (;2/_ kl)z(kl /J_ ]52>/2(k1 _ l)z(kl)zllz _},p (kl _l)yp’kl}/ [K(ZLMpqﬁp(xZ)]ya(fﬁ _kl)yﬂ
1 1),v 0),v 1 1),a 0),a
= E(I)/(LC) (x1) ® Gl(;,)u,az(xl;xz) + 5‘1)22 ® GEL%’L,,%Z()CI;XZ)’ (A33)

[ngMqu};(xl) + Mpiey’vpayM,J/SelllTnpvaqbg (xl)]
P2 — ki + D (k) — ko) (p1 — ky + 1) (ky — ky = 1)* 1

1
G(Zd).TL,32 = egiTr {(
7Ol My, (x2)]yp(#2 — ki + DY (91 — ki + D)y Fopy | ~O0, (A34)

[e1rM ) (x1) + M/Jieu’v/wyﬂ/?’SelfT”p”ad’z (x1)] .
(P2 = ki)*(ky = ky)* (ky = 1)* (ky = ky — 1)1

GEL),TL,sz = —egsTr v’ (ky = Dyelea My, (x2) ]y p(#2 — K1)V Fap,

9 1),v 0),v 0),v 9 1),a 0).a 0),a
~ g B ® G (i m) = Gulpp (113 & 3)] + g B2 () @ (G o (11302) = Gy (v &30,

(A35)
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(1) o 69? [ngMp¢Z(X1) + Mpieﬂ’vpo'yﬂ/ySSIanpvgqsz(xl)]
Gofrrzp = Ir 2 2 2 272
o 9 (P2 = k) (ki = k)" (p1 =k + 1)*(p2 = kg + 1)%1

r[€2.M b, (x2)] Va2 — k)y” (p — ki + Dy, (py =k + Dy,

1), 0),v 0),v 1),a 0),a 0),a
~ q)/(),c)i ® [Gt(l,;"L,B»Z(xl;xZ) - GE;,)TL,32(XI§51§X2)] + (I),(),g)z (x1) ® [Gﬁ,)rmz(xl;xz) - G((z,;"L.32(x1;§1;x2)]’

(A36)
G(l) — _eg? TI'|: [ngMpqu(xl) + M ie ’vpo-yﬂ y5€l’l‘npva¢p (xl>]
W29 T (P = k) (ki = ky = 12 (pa = ky + 1) (ky = 1)1
Uk = Dy lean M,y (32) 1o (72 — Ky + Dy (2 — kl)}/ﬂ:| ~0. (A37)
G(l) — @Tr|: [ngMp(ﬁ/L; (xl) + Mpieﬂ’v/myﬂlySEIanpvafﬁg (xl)]
AIL32 g (ki — k)2 (p2 — ki + 1)*(p1 — k1 + 1)*(pa — ky + 1)* 12
Ve M, () )y (2 — Ko + Dya(pa — Ky + D" (51 — Ky + l)?p/] ~0, (A38)
G(l) — _egﬁ Tr [K(ITMpd)/L; (xl) + Mpieﬂ’upayﬂ/ySGLI/Tnp U0¢z (xl)]
2T 9 (ky = ko = 1)*(po = ky + D*(p1 = ky + 1) (ky + )1
(ko + 1)y (2. M, 0, (x2)7o(#2 — Ky + D)y, (71 — Ky + l)J’p’} ~ 0. (A39)

G — e_g‘s‘ r [ 7M by (1) + M iy vseian” vy (1))
2jTL32 T g (ky = k)2 (py = ky )2 (ky — l)z(kz - 1)%P

1),v 1),a 0).a
3.1 (01) © G ap i) = g L (10) © G (i ), (A40)

(ke = 0y (k= Dy” e, M, (%) 72 (P2 — K1 )7,

~ —

0| =

o gt [l Mydh(xn) + Myie o ysetn v (x)
ATLI2 T g (ki —ky = 1)2(py —ky)*(ky = D) (py — ko = 1?12

Ytk = Dr® [szMpd)p(xz)h’p/ (P2 = ko = Dyo (P — K )7,4}

v v 1 ,a a
(I);% (xl) ® G;(OT)L 32(x1,§1,x2) + §q>glg (xl) ® G/a(OT>L 32(x1,§1,x2) (A41)

~

where the NLO twist-3 transverse p meson wave functions are the following

@(1),v(x ) = —igchT [y 1,77 )P — k)Y’ (71 — Ky + Dy,
e 4 (p1 —ki)*(p1 — ki + 1)1 ’
(I)(lg,a(xl —lgs [hpifs lrsr 1(p1 = kl)yp/(ﬂl -k +lm1 (Ad2)
" (p1 —ki)*(p1 — ki + 1)* 1
(I>(1),v(x lgs th =Dy,(p =k +Dyy
po (1) k1 + 02k, =022 |
(1).a lgs Y175 7” (ky = DlysyL(p1 — ki + D)y,
P Fr , A43
i (5 r{ —ky + 12 (ky — 1) (A43)
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(I)(l),v(x ) . _ig%CFT {th’p/(kl _l)yp’kl}/j_:|
o \(X1) = ,
’ 4 (ky = 1) (ky) 2

—ig?Cr [y 1,7slr” (ki = Dy s kyysy’,
(I)()lg,a _ lgsCF 1p p 1
P (xl) 4 Tr (kl _ Z)Z(kl)ZZZ (A44)
_ 2 1 — ¥ Py,
(I><]0>l’y(x1) _ lgsCF Tr|:[7/J_p}//J](p1 12—;—1/)7 Up:|’
P 4 (pl—kl—i-l)l(v-l)
+ 2 Y _ P
(1),a _lgsCF [YJ_pJ/S][ySYJ_](ﬁl kl +l)}/ Uy
P = T A45
e = e T s (A43)
P 2 P _
(1) lgsCF [7J_p]y (kl l)[yﬁ’_}vﬂ/
<D)e - T s
pe (¥1) == r{ (ky = )22(v-1)
a igsC [y orsly” ky = Dlysy' Loy
) () = BCrp [lrie LI\ A46
pe () = T TR (o ) (A46)

0)

The new LO hard amplitudes GS,))TLsz and G 7132 that appeared in Eqs. (A31)-(A41) are the following

a,

_ leg%CF Tr [E(ITM/)qs/b; (.X] ) + M/)ieﬂ’p/)o'},ﬂ/YSel]/Tnp vﬂgbz (xl )]

2 (P2 — ki + 1)*(ky — ky = 1)?

Gg,))TL,,%z(fl;xz) = 7l My, (x2)]7 o (P2 — Ky + l)}’ﬂ] ,

(A47)

[learM,ph(x1) + Myi€ypor" v5€irn’ v (x1)]
Sialidhut £k 17 Pl ‘Ya[gzLMp%(xz)]?’a(ﬁz—kl+l)7ﬂ’

(A48)

0

o
ieg;C
GE,,)TL,32(X1’51;x2) = F oy

2 L (P2 — ki + 1)*(ky — ka)?

_ieqiCr o [lesrM, ) (x1) + M€y yseirn” vy (x1)]
2 L (p2— kl)z(kl —ky — 1)2

7€ My, (x2)]7a(#2 — Ky )7’4 -

(A49)

0
Gg.T)L,sz(xué’l;xz) =

4. The NLO amplitudes for G:(z(,);‘T,ZB
The eleven NLO amplitudes Gg}m for subdiagrams Figs. 2(a)-2(k) are the following

G\ __legiCt Tr (21 = ki + Dy lesr Moy (x1) + Myie,pr ysetrn v (x)]r
2a,TT 33 ) (p2 — k)2 (ky = k)2 (py = k1 )2 (py = ky + 1)212

: [E(ZTM/)qs/L; ()C2) + M/,ieﬂ/wm}/s}/”/€’§va’n”¢7,’ (XZ)]ya(’p/Z - kl )yu (ﬂl - kl )y[J/

v 0),v
Bh’ (x1) ® Glyyy i (x1:32) + by

(l,a ® G((f;:;33 ()C] s x2)7 (ASO)

N[ =

G(l) — €g?C%" Tr Yu (7 =k + l)},p’ [ngM/)fb;(xl) + Mpieﬂ’u/m?’”,ySeIan/)U”(bg (x1)]
26,1733 5 (pa — ki + D2 (k; — ky — D2(py = ky + )2 (ky — D)2

' y/)/ (kl - l)ya [KZTM/)qs}j ('XZ) + M/)ieﬂ’y/)ﬁyS},ﬂ/egTUpn{;¢z (XZ)]ya(’p/Z - kl + l)

1),v 0),v 1),a 0),a
= 0" (x1) ® Gy s(E1 ) + 010 @ GOt (61 x), (A51)
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G = 1 eg;Cr Tr Ya(#2 = K1)y, €17 M 5 (x1) + Mﬂieﬂ’quVMIVSdanpvagbg (x1)]
2¢,TT 33 27 2 (p2— kl)z(kl - kz)z(kl - l)z(kl)zlz

: },p/ (kl - l)Yp’kl}/a [5(2TM/)¢,Z (XZ) + Mpieﬂ’vp0y57ﬂ/€STUpnd¢Z <x2)]

1 v v 1 .a .a
=S80 (1) ® Giry 33 (i) + 582 (x1) @ Gy (xiix2). (A52)
G(l) — —eg‘!TI‘ (’p/l - kl + l)},yFa[)’y [K(ITM/)¢;; (xl) + M/)ieﬂ’y/)ayﬂ/},Selan/1vﬁ¢;f (xl )]
2T ’ (P2 = ki + D2 (ky = ko)*(p1 = ky + 1) (ky = ky = 1)*
: },a [EZTM/)¢/1; (.Xz) + M/,iE‘”/WmYﬂ/”/GZTU/)n”Q');j (XZ)]J/[)’ (ﬁZ - kl + l)]/”:| ~0, (A53)

(pZ - kl)yﬂFaﬂy[ngMpd)g(xl) + Mpieu’upayﬂ/ySGLI/TnpUo-(rbz(-xl)]
(Pz - k1)2(k1 - kz)z(kl - 1)2(k1 —ky — 1)212

1
G<26),TT.33 = —eg_‘Y‘Tr {

. }/7<k1 - l)ya [6(2TMp¢g (X2> + Mpieﬂ’upaySyﬂ/elZ/Tvpno-qsg (XZ)]yﬂ]

9 1) 0),v 0),v
~1_6(I)§’2 (x1) ® [sz,%"T,33(xl;x2) - G;(,T>T,33(xl;fl;x2)]
9 a a 0).a
16 20 (1) @ (Gt s (x1:02) = Gas (e i33a)], (A54)
G(l) — @Tr |:<ﬂ2 - kl + l)yﬂ(ﬂl - kl + l)?p/ [ngMqu;;('xl) + Mpieﬂ'vpayM/YSelanpvogbg (xl )]
ALIT3 g (P2 = k1)*(ky = ko)*(p1 = ky + 1> (p2 = ky + 1?1
: 7a[£(2TMp¢};(x2) + Mpieﬂ'vpaySYIlegTUpnaqbg (x2)]7a(ﬂ2 - kl )yp’:| ~ Ov (ASS)

G 1 _ —69? Tr |:(ﬂ2 - kl + l)yp/ (p/Z - kl)yﬂ [EITMPQSE (xl) + Mpieﬂ’ypayﬂ/}/Sell/Tnp”gqﬁg (xl)}
201133 9 (P2 = k)2 (ky —ky = 1)*(pa — ky + 1)*(ky = 1)*12

e (kl - l)ya[géTMp ;(XZ) + Mpieu’ypf;?’s?’”re'irﬂp””# (x2)]7a:|

~ @é?g’”(xl) ® [G:;(,()T)’TL:33(X1§§1§X2) - GE;(,))T';,33(51;X2)] + (I);()B’a(xl) ® [Gla(.or)ifl.33(x1;§1;xz) - G(a(.))r’;l",33(f1;x2)]~
(AS56)

G ey [7” (21 = ki + Dy lesr Moy (x1) + Myiey,por" el n’ v (x))]
21TT33 = g (ki —ko)* (P2 — k1 + D*(py — ki + D)2 (py — ko + 1)1

: 7a[g2TMp¢Z(x2) + Mpiey’up675yﬂlel2/TUpna¢z (XZ)]ypl (ﬁZ - k2 + l>7a(ﬂ2 - kl + D:| ~ O’ (A57)

G\ —egs Tr Va1 = ki + Dy [rModp (x0) + Myiey o1 1€t n” v’ i (x:)]
2i.TT.33 9 (ky —ky = D)2(py — ky + D2(py = ky + D)2 (ky + 1)212

: ya(k2 + l)},p' [8(2TM/)¢,Z (XZ) + Mpieﬂ’vaYSyﬂ/eléTUpna¢g (XZ)]ya(p/Z - kl + l):| ~ 0. (A58)
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1
ng?TT,33 =9

o egfv‘ Tr |:ya(p2 - k])yﬂ[z(lTMpd)Z(xl) + Mpie;t’upayM/ySGLanpvgd);Jl(-xl)]
(k1 = k)*(pa = k1 )* (ky = 1) (ky = 1)° P

e (kl - l/)},a (kZ - l)yp/ [€2TMp¢;J} (X2> + Mpiey’upa}/Syﬂ/eéT”pnacﬁz (x2)]:|

~ g B () © G i) ~ () @ G alims), (A59)
G\ _ —eg] T [(ﬁz —ky = Dya(pr = K)yule1 oM, p(x1) + Mpieu’bpayﬂ/YSelanpvg¢g (x1)]
2RIT33 9 (ky — ko = D)*(pa — ky )2 (ky = 1)2(p2 — ko — 1)* 12
1 = D Tesr My 52) + Mgt st it ()|
"%q)/gg'v(xl) ® G/cff)r)’rﬁs3(x1;§1;xz) + é@ég'“(xl) ® Gif,or);w(xl;fﬁxz)» (A60)

where the NLO twist-3 transverse p meson wave functions (@2

17 @Y with i = (a. b, c, e) are the same ones as those in

) PJ.

Eqgs. (A42)—(A46). The new LO hard amplitudes that appeared in Eqgs. (A50)—(A54) are also defined in a similar way as

those in a previous subsection:

0
GEz,)TT,33(§1;x2) = - 5

: ya[g(ZTMp(ﬁg (Xz) + Mpieﬂ’ypaySYﬂ/egTv/)n”(ﬁg ('XZ)]}/a(ﬁZ - kl + 1/)7/;4:| s

iegiCr Tr [[@UM,)#Q(M) + M i€, o v5€5 7 V7% (x1)]
(P2 — ki + 1)*(ky — ky = 1)?

(A61)

X1 ) + M/) ie}llb/)ﬁy”/},sel{Tnp 1}0—4);; ()C] )]

Gg,))TT,33(x1,§1;x2) )

: J/a[E(QTMpQ’);;(Xz) + MPiG”IDPU}/SY”/GETUpI’ZUQIJg (XZ)]}/a(ﬁZ - kl + l)yy:| s

leg% CF Tr |:[£(1TM/)¢;)(

(P2 — ki + D)* (kg — ky)?

(A62)

G;(,()T)T,33(X1,§1;Xz) = >

_ leg?CF Tr |:[£(1TMp¢;J; (xl) + Mpieﬂ’upayﬂ/75€ll/Tnp U6¢Z (xl)]
(P2 — kl)z(kl —ky — 1)2

: 7a [@2TMp¢;)) (x2> + Mpie;t’upo'}/Syﬂ/elZ/TUpngqu (XZ)]Ya ({12 - kl )7//4:| .
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