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In this paper, we firstly verify that the factorization hypothesis is valid for the exclusive process py* — @
at the next-to-leading order (NLO) with the collinear factorization approach, and then extend this proof to
the case of the k; factorization approach. We particularly show that at the NLO level, the soft divergences in
the full quark level calculation could be canceled completely as for the zy* — x process where only the
pseudoscalar 7 meson is involved, and the remaining collinear divergences can be absorbed into the NLO
hadron wave functions. The full amplitudes can be factorized as the convolution of the NLO wave functions
and the infrared-finite hard kernels with these factorization approaches. We also write out the NLO meson
distribution amplitudes in the form of nonlocal matrix elements.
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I. INTRODUCTION

As the fundamental tool of the perturbative quantum
chromodynamics (QCD) [1] with a large momentum
translation, the factorization theorem [2] assumes that
the hard part of the relevant processes is infrared finite
and can be calculated, while the nonperturbative dynamics
of these high-energy QCD processes can be canceled at the
quark level or absorbed into the input universal hadron
wave functions. The physical quantities can be written as
the convolutions of the hard part kernels and the universal
processes-independent wave functions, and then the per-
turbative QCD has the prediction power. The collinear
factorization [3,4] and the k; factorization [5-7], with the
distinction whether to keep the transversal momenta in the
propergators, are the two popular factorization approaches
applied on the kard QCD processes.

We know that the theoretical study for the exclusive
processes are in general more difficult than that for the
inclusive processes [8] because in the exclusive processes,
the pQCD factorization in its standard form may be valid
only for the large momentum transfer processes; while in
the inclusive processes, like the deep-inelastic scattering,
the leading twist factorization approximation is adequate
already at Q ~ 1 Gev. So the intensive investigation for the
factorization theorems or the factorization approaches for
the exclusive processes is unavoidable.

In recent years, based on the factorization hypothesis, the
collinear factorization and k factorization for the exclusive
processes 7y* — y(x) and B — y(x)ID have been testified
both at the leading order (LO) and the next-to-leading order
(NLO) level, and then these factorization proofs were
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developed into all orders with the induction approach
[9-11]. The NLO hard kernels for these exclusive processes
have also been calculated for example in Refs. [12-16].
These NLO evaluations showed that the positive correc-
tions from the leading twist would be canceled partly by the
negative corrections from the NLO twist, resulting in a
small net NLO correction to the leading order hard kernels,
which further verified the feasibility of the perturbative
QCD to those considered exclusive processes. But all these
proofs and calculations are only relevant for the pseudo-
scalar mesons; the exclusive processes with vector mesons
have not been included at present. The study of the
electromagnetic form factor processes between the vector
meson and the pseudoscalar meson is an important way to
understand the internal structure of hadrons. There are
many works on this subject: (a) p meson transition and
electromagnetic form factors are predicted at the NLO level
in the QCD sum rule analysis [17]; (b) spacelike and
timelike pion-rho transition form factors were investigated
in Ref. [18] in the light-cone formalism; (c) the meson
transition form factors were studied within a model of QCD
based on the Dyson-Schwinger equations in [19]; and
(d) the transition form factor of py* — z was also extracted
from the other processes in the extended hard-wall
AdS/QCD model [20] recently.

In this paper, we also consider the rho-pion transition
process. By inserting the Fierz identity into the relevant
expressions and employing the eikonal approximation, we
can factorize the fermion flow and the momentum flow
effectively. By summing over all the color factors, we can
express these irreducible convolutions into three parts: in
which the additional gluon momentum is flowing, not
flowing or partly flowing into the leading order hard kernel.
We will do the factorization proof for the exclusive process
py* — = at the NLO level, from the collinear factorization
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to the k; factorization approach. With the light-cone
kinetics, we will obtain the gauge invariant nonlocal matrix
element for the pion meson and rho meson wave functions
along the light-cone direction in the collinear factorization,
and lightly deviate from the light-cone direction in the kr
factorization. At the NLO level, we clearly verified that the
soft divergences will be canceled in the quark level
diagrams, and the collinear divergences can be absorbed
into the NLO wave functions; then we can obtain an
infrared-finite next-to-leading order hard kernel in
principle.

The paper is organized as follows. The leading order
dynamical analysis is presented in the second section. In
Sec. III we prove that the collinear factorization approach is
valid for the p — =z transition process at the next-to-leading
order. The collinear factorization approach is extended to
the kg factorization approach for this p — z transition
process in Sec. IV. The summary and some discussions will
appear at the final section.

II. COLLINEAR FACTORIZATION OF py* - n

In this section we will prove the collinear factorization of
the transition py* — z. We first consider the two sets of
leading order transition amplitudes, and then use the Fierz
identity and the eikonal approximation to factorize the
fermion currents and the momentum currents at the NLO
level, in order to obtain the NLO transition amplitudes for
each subdiagram in the convoluted forms of the LO hard
transition amplitudes and the gauge invariant nonlocal
NLO distribution amplitudes (DAs) along the light-core
direction. We finally sum up all the subdiagrams for each
set to collect all the color factors. The key point of the
factorization is to find and absorb the infrared divergences,
so we will not consider the self-energy corrections to the
internal quark lines because they do not generate infrared
divergences.

A. Leading order hard kernel

The LO quark diagrams for the py* — = transition are
shown in Fig. 1, where the virtual photon vertex repre-
sented by the dark spot has been placed at the four different
positions, respectively. In the light-cone coordinator sys-
tem, the incoming p meson carries the momenta

2= % (1,0,07), and the outgoing z carry the momenta
2= % (0,1,07). Besides the momenta, the initial p
would carry the longitudinal polarization vector €;,(L) =
\/_%}',, (1,-7,.0p) and the transversal polarization vector
€1,(T) = (0,0, 1y). The momenta carried by the antiquark
of the initial and final state meson are defined as k; =
%(xl,O, 0p) and k) = %(O,xz,OT) with x; and x, being

the momentum fraction carried by the antipartons inside p
and 7.
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FIG. 1 (color online). The four leading order quark diagrams
for the py* — z form factor with the closed circles representing
the virtual photon vertex.

As the spin-1 particle, the wave functions for the p
meson should contain both longitudinal and transverse
components [21].

i
(I)/)(plvelT) = \/W[M/)équs}j(xl) +5(1Tp/1¢/€(xl)

. ’
+ Mple;/z/paySY” el{Tn/)vﬁd)z (xl )] ’

‘I),)(Ph €i1L) = ﬁ [Mpe(lL¢p(xl) + 5‘1LP’1¢/§(X1)

+ M, (x1)]. (1)

in which ¢, and ¢pT are twist-2 (T2) DAs, ¢;,/ 5 f,/ 5 are
twist-3 (T3) DAs, and the unit vector n/v is defined as
(1,0,0)/(0,1,0). The pseudoscalar # meson wave func-
tion up to twist 3 is also given as in Refs. [22-24],

Q,(py) = \/%{Ysﬂzfﬁff(xz)

+ mgys[pz (x2) + (0 = D)@ (x2)]}, (2)

with the twist-2 DA ¢¢ and twist-3 DAs ¢ and ¢”. The
operator product expansion [25] states that amplitudes from
the twist-3 DAs are suppressed by the hierarchy M,/ Q and
m§/Q at the large momenta transition region, when
compared with the twist-2 DAs of the p and 7 meson
wave functions, respectively. We can classify the LO
transition amplitudes into four sets by the twists’ analysis
of the initial and final meson wave functions: T2&T2,
T2&T3, T3&T?2, and finally T3&T3. Fortunately, we just
need to consider Figs. 1(a)-1(b) directly, because the
amplitudes of Fig. 1(c) [Fig. 1(d)] can be obtained by
simple replacement x; — 1 — x;(i = 1,2) from the ampli-
tudes of Fig. 1(a) [Fig. 1(b)]. The standard calculations
show that only the T3&T?2 set (the twist-3 DAs of the rho
meson and the twist-2 DAs of the pion meson) contribute to
the LO transition amplitude of Fig. 1(a), which can be
written as the following form:
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Gﬁfgz(xl, Xp) = 3

(P1 = k) (ky — ky)? ’

(3)

where y* should be chosen as y~. Similarly, only the crossed sets of T2&T3 (set I) and T3&T?2 (set II) contribute to the LO
transition amplitudes of Fig. 1(b), which can be written as the form of

_ iegiCr [€170) D lrsmpLly (s — K1)y,

where the y* can be y~ or y9;

(0)
G , = , 4
b’23(XI x2) 2 (P2 — kl)z(kl - k2)2 “)
o leg%CF [E(ITM/)¢;§ + M/)ieﬂ’U/)ﬂySyﬂlelanﬂU6¢z]y(l[y5p/2¢17ﬂya(p/2 - kl)}/ﬂ (5)

Géogz(xl, Xp) =

2

where the y* = y9. The LO transition amplitudes as given
in Egs. (3)—(5) are all transversal due to the y5 from the final
pion meson wave function, the y, from the virtual photon
vertex, and the polarization vector ¢; of the initial p meson.

From the expressions of the LO transition amplitudes

G9(x,,x,) as given in Egs. (3)—(5), one can see that there
are clear qualitative differences between the py* — x
studied in this paper and the zy* — x investigated pre-
viously in Refs. [9,11,13,15]:

(i) In the my* — & transition, the initial and final
state meson are the same pion. Consequently,
only the contribution from Fig. 1(a) should be
calculated explicitly, while the contributions from
Figs. 1(b)-1(d) can be obtained from those of
Fig. 1(a) by direct kinetic transformations [13,15].
Furthermore, only the T2&T2 and T3&T3 terms
contribute to the LO transition amplitudes because
of the presence of matrix ys in both the initial and
final state pion meson.

(ii) For py* — x transition, however, the initial and final
state meson are the vector p and pseudoscalar pion.
The possible contributions from Figs. 1(a)-1(b) are
rather different and should be calculated explicitly.
For py* — x transition, in fact, only the transversal
component ®,(p;,e;7) of initial tho meson in
Eq. (1) contributes to the LO rho-pion transition
amplitude, and this LO transition amplitude receives
the contributions from ng (x1,x,) in Eq. 3) (i.e.,
the crossed-set T3&T2) from Fig. 1(a), and from
Gy (%1, x,) and Gy3y(x1,x,) in Egs. (4)~(5) (ie.,
the crossed sets T2&T3 and T3&T2) from Fig. 1(b).

B. O(a,) corrections to Fig. 1(a)

A complete amplitude for a physical process in QCD is
usually defined in three spaces: the spin space, the
momenta space, and the color space. So the factorization
theorems need to deal with all these three spaces in the
QCD processes. We can factorize the fermion currents in
the spin space by using the Fierz identity,

(P2 = k1) (ky — ky)? ’

1 1 1
Lijle = 7 udyj + (rs)i(vs), + 1 () a(r)y

1 1
+ 4 (757a)ik(7a75)1j + S (Ga/jYS)ik(Gaﬁyi)lj’ (6)

where I is the identity matrix and % is defined by &
i[y®,v”]/2; the different terms in Eq. (6) stand for different
twist contributions. The eikonal approximation is used to
factorize the momenta currents in the momentum space.
And at last we need to sum over all the color factors to
obtain the gauge-independent high order DAs. In this
section we will show the NLO factorization of the p — 7
transition process, according to the LO transition amplitudes
expressed in Egs. (3)-(5) for Figs. 1(a)-1(b). We try to
factorize these NLO transition amplitudes into the convolu-
tions of the LO hard amplitudes and the NLO meson DAs.

Here, we first testify that the collinear factorization is
valid at the NLO level for Fig. 1(a), where the LO transition
amplitude as given in Eq. (3) contains the T3&T2 con-
tribution only. So we just need to consider the twist-3 DAs
for the initial p meson and the twist-2 DA for the final state
z meson in this NLO factorization proof.

There are two types of infrared divergences from O(a;)
corrections to Fig. 1(a) induced by an additional gluon as
illustrated in Figs. 2 and 4, which are distinguished by the
direction of the additional gluon momentum. We first
identify these infrared divergences for the O(a;) correction
with the additional “blue” gluon emitted from the initial p
meson as shown in Fig. 2, where the gluon momenta may
be parallel to the rho meson momenta p;.

It is easy to find that the amplitudes in Eqs. (7)—(9) are
reducible for Figs. 2(a)-2(c) because we can factorize this
amplitude by simply inserting the Fierz identity. The
symmetry factor 1/2 in the self-energy diagrams Eq. (7)
and Eq. (9) represents the freedom to choose the most
outside vertex of the additional gluon. The soft divergences
from the / ~ (4, 1, 1) region are canceled in these reducible

af aff

. 1 1 1
amplitudes Gga)jz(xl;xz), Géb).32 (x13x2), G<2c‘),32 (x13x2),
which are determined by the QCD dynamics that the soft
gluon does not resolve the color structure of the tho meson.
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FIG. 2 (color online). O(ay) corrections to Fig. 1(a) with an additional gluon (blue curves) emitted from the initial p meson.

G(21>32 — leg?C% [e(lTMp¢p + ZM € ’ypa}/S}/ €lTnpU(y¢p}
@ 2 2 (p1—k)?(ky —kp)*(py — ki) *(p1 — ky + 1?1
Y lystrdiply . (p1 — kz)}'a(ﬂl —ky)y” (ﬂl =k +yy

— " ®Ga32(xl?x2>+ ¢/)a ®G 5 (x13x2), (7)

NI*—*

_eg?C%“ [élTMpqsp + lM € /D/)GYS)/” €lTnpyg¢p]
2 (pr—k)*(ky —ky = D)*(py = ky + D) (ky = 1)* 12
-y (ky — Dy lystrdaly(p1 — ka)va (01 — ki + Dy
=" ® G (&%) + 4L ® G (&1, x2), (8)

(1
sz).32 =

leg‘fC% [élTMpd)/) + lM € ’u/mySYF €1Tn/) O—¢p]
2 2 (p1—k)*(ky — k)2 (p1 — ki) (py — ky + 1)* 1
: J’ﬂ/ (ky — l)Yp/kl}’(’[J’sﬁ2¢A]?’y(ﬁl - kz)i’a

*_¢ 16)‘D®Ga32(x17x2)+ ¢PC ®G <x17x2) (9)

1
Gécgz -

[\_)._

where the LO hard amplitudes Gflogf(f 1,X%;) and G((logza (€1, x,) in Eq. (8) with the gluon momenta flowing into the LO hard
kernel are of the following form:

leg\ CF [élTM/)(bp] [y5p/2¢17ﬂ}/u(p/1 _k2)ya

(0)
G ; . 10
a2 (Grim2) = 2 (P1 = ka)*(ky —ky = 1)? 10)
] 2 M Wupo # P T -k a
Gg;(fl;xz) _ ieq?Cr [M i€, pysy" €pn’ 0%y [?’sﬂzfﬁA]}’g(fﬂ 27 ' (11)
- 2 (P1 = ko) (ky = ky = 1)

The NLO DAs qﬁ,(gl) in Egs. (7)-(9), which absorbed all the infrared singularities from those reducible Figs. 2(a)-2(c),
can be written as the following form:
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¢(1).v _ —ig;Cr ?’lihb({fl —kl)Y”/(ﬂl -k +l)7p’
" 4 (pr—ki)*(pr—ky + D127
¢(1),a _ —ig;Cr 751”17&,/75 (7 - kl)}’pl (7 — ki + l)J’p’ .
" 4 (p1—ki)*(p1 — ki + 1)1 ,
s ig2Cryhy” (ki — Dy p(p1 — Ky + Dyy
b 4 (ky =01 (py —ky + 1?2
gl _ i Crysy' Ly (ke =Dy Lurs(y — ki + 1)y
P 4 (ky = D*(p1 — ky + 1)* 1 ’
H —ig2Cr iy (ks = Dyykiy s
X

4 (ky = 1) (ky)?2

(a _ —igiCr ysr'ir? (ki — Dyykiy s
¢ " =
4 (ky = 1) (ky 1P

(12)

The additional gluons in Figs. 2(d)-2(g) generate the
collinear divergences only, because one vertex of the gluon
is attached to the LO hard part and then the soft region is
strongly suppressed by 1/Q? For these amplitudes, we
choose the radiative gluon momenta to be parallel to the
initial tho meson momenta p; to evaluate the collinear
divergences. All the amplitudes for Figs. 2(d)-2(g) are listed
in Egs. (13), (15), (16), and (17). For Fig. 2(d) we find

G _ —iegi T T T fupe
2d,32 2]\[C

[5(1 TMpd)/L; + iMpe/A’u;wyS 7/”/ eliTnp v6¢2]

) (p1—ka)2(ky —ka)*(py — ki + 1)2(ky — ko — )12
Y rstadalr (1 — k)P (0 — Ky + 1)1 F o,

9 v \U v
16 /()131 ® [GEB%Z (v1302) = Gg,)%z (é1:x2)]

9 a ,a ,a
it ® G (viim) = Gl (G, (13)
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with
PV = —ig?Cr Yy 1p(#1 — Ky + 1)y" v,
rd 4 (pr=k+0D)Pw-1)

g _ —ig?C (rs¥')) (v Luvs) (1 — ko + D',
pd 4 (p1 —ky + D2 (v-1)

In Eq. (13), we have Fupy = g,5(2k; —2ky = 1)+
Gpp (ko — ki +20)y + gyalky — k; = 1), and we find that
only the terms proportional to g, and g, contribute to the
LO hard kernel with y, = y~. Then we can factorize the

amplitude G<2232 into the NLO twist-3 transversal tho DAs

¢\!;" and ¢} in Eq. (14), convoluted with the LO hard
amplitudes Gg)%; (x15x,) and Gg; (x13x,), to which the

gluon momenta flow or do not flow in.
For Fig. 2(e) we have

(14)

ol _ iegy Tr[T“TT"|f ape
2e,32 2NL

y [€17M b)) + iMpeu’ypaYSY”/elanﬂvaébg]
(1 = ko)*(ky = ky)? (ky = 1)* (ky = ky — 1)* 12

: J’y(kl - l)}’a[}’sﬂzfﬁ?]h(% - kZ)yﬁFaﬂy
~0, (15)

where  Fup, = gup(2k; — 2k, — l)y + 9/3y<k2 —ky =)+
Jyalky — ki +21);. The possible contributions from the
three terms in the tensor F,z, are either suppressed by
the kinetics or excluded by the requirement that the gamma
matrix in the NLO amplitudes should hold the LO content
7o, = v~ . Then we can assume that the infrared contribution
from Fig. 2(e) can be neglected safely. The kinetic sup-
pression also happens for the amplitudes of Figs. 2(f)-2(g);
theses two subdiagrams also do not provide infrared
correction to the LO hand kernel Ggg’;/ e,

[€17M ), + iMﬂeﬂ/ypaySyﬂlelan/)Uﬁ(ﬁg]

Gl — eg Tr[TeTTeT)
' 2N, (P1 = ka)*(ky = ko)*(p1 — ki 4+ 1)*(p1 — ko + 1)* 12
Yyt )y (00 — k)Y (0 — Ko+ Dyap) — ki + 1)y,

~0, (16)

Gglq)32 _ —e g Tr[TTT T [élrlzwpd)g + iMpegrl,pdygy”’e’l“Tnf’;f’gbg] _
v 2N, (P1 = ko) (ki —ky = D)*(p1 — ko = 1)?(ky = 1)71
104 (ky = 1)r* [75#245?]7,4 (71— kz)}””’ (V1 =k =1)yq
~0. (17)

For Figs. 2(h)-2(k), however, the additional gluon generates the collinear divergences as well as the soft divergences,
because both ends of the gluon are attached to the external quark lines. As the partner with the soft divergences, the collinear
divergences are also evaluated by setting the radiative gluon momenta as parallel to the initial rho meson momenta p;. The
amplitudes for all these four subdiagrams are given in Eqs. (18)—(21).
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For Figs. 2(h)-2(i) we have
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(€7 My} + iM €0, po7 57" € v ]

1
Ggh>,32 = N

v lystrdply” (0h — ko + Dy (p)

(k1 —ka)*(p1 = ky + 1)*(p1 — ki + 1)*(py — ky + )22
—ky + 1)y (1 =k + 1y,

1
G<2i.)32 =

1 1
~ <—8>¢ ®G 5 (x1, %) + <—8>¢ ®G 5 (x1,x2), (18)
—eg‘S‘Tr[TCT“TCT"] [Eﬂ TMP(ﬁZ + iMpeﬂ/Dp(,%y”,e'anpv"qbz]
2N, (ky = ky = 1)*(p1 — k)2 (p1 = ky + 1)*(ky 4+ 1)*12
v(ky + 1)y lrstrbsly (01 — k)vo (1 — Ky + Dy,
N , 1
~ (3)o © 6 i)+ (§) Ak @ 6% ) (19)

For Figs. 2(j)-2(k), we find that G55,

and sz 4, do not provide the NLO correction to the LO amplitude Ga 32, because

of the confine of the gamma matnces to extract the LO amplitude Ga ;2, then the infrared contribution of these two

amplitudes can also be neglected safely.

Gg’)zz _ ediTe[TTTT] (€17 M ) + iMpeﬂ/ypayﬂ”/e’anﬂv”gbz]
. 2N, (ki = ko) (p1 = ko) (ky = 1)* (ko = 1)°
yp (k= D)y (ka = Dy” [ysoa iy, (07 — k)Y 1a
~0, (20)
G(Z}{)n B —eg§Tr[TTT T [E‘ITszqﬁﬁ + iMp€#r,/2p5}/5}/ﬂ/€lsznpUU¢Z] _
- 2N, (ki —ky = 1)*(p1 —ka = 1) (kl_l) (P2 —ky = 1)°1
el (kl - l)}’al[}’s{f2¢?]7’p’ ({fz - )h(%ﬂ )ha
~0. (21)

For the irreducible infrared amplitudes as shown in Egs. (13) and (15)-(21), we have the following observations:
(i) We sum up the amplitudes for the irreducible Figs. 2(d), 2(f), and 2(h)-2(i) together, in which the additional gluon is

radiated from the initial up-line quark.

1
Géu)p,32 (x15%2)

= Gl (x130) + Gg})&(xl;xz) + Gl s (x1500) + Gollyy (x1:302)

v 7 N U
= ‘15,(;% ® <1_6> {ng (x15x2) — ng (fl;xz)]

1).a 7 0),a
oy o (1) o

(x13x) — Gg;(@;xz)]

(22)

I

The summation of the amplitudes for Figs. 2(e), 2(g),
and 2(j)-2(k), in which the additional gluon is
radiated from the initial down-line quark, would give
the zero infrared contribution. The infrared divergen-
ces only come from the gluon radiated from the up-
line quark of rho meson as shown in Fig. 2, while the
infrared contributions from the down-line quark are
excluded either by the dynamics or the kinetics.

By comparing the amplitudes Gg h> 1, With Ggl)gz, We
find that the soft divergences from the irreducible
Figs. 2(h)-2(i) will be canceled completely by the
simple replacement £, — x;. Combining with the

(iif)

(ii)

076001-6

cancellation of the soft divergences in Figs. 2(a)-2(c),
there is no soft divergence in the quark level for Fig. 2.
The NLO corrections to the LO subdiagram Fig. 1(a)
with the collinear gluon emitted from the initial state
do have the collinear divergences, but they can be
absorbed into the NLO rho meson DAs ¢ dL and
¢! From Egs. (13), (16), and (18)~(19), one can
wr1te out the Feynman rules for the perturbative
calculation of the NLO twist-3 transversal £ meson
wave functions 45 d and ¢ )4 as a nonlocal
hadronic matrix element W1th the structure y, /2
and (ysy,)/2 sandwiched respectively:
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R W

(®)

FIG. 3 (color online).

O(ay) effective diagrams for the initial transversal rho meson wave function, which collect all the collinear

divergences from the initial rho meson in the irreducible NLO quark diagrams. The vertical double line denotes the Wilson line along the
light cone, whose Feynman rule is v,/(v - [) as described in Egs. (25)-(26).

PV = 1 dy”
74" 2N.Pl ) 2z

L[ iy

2N P 2n

<061(y )=

The integral variable z runs from O to co for the
upper eikonal line as shown in Fig. 3(a), and runs
from oo back to y~ for the lower eikonal line as
shown in Fig. 3(b). The choice of the light-cone
coordinate y~ # O represents the fact that the col-
linear divergences from the subdiagrams of Fig. 2 do
not cancel exactly.

(iv) The factor v, /(v - 1)in Eq. (14) is the Feynman rule
associated with the Wilson line, which is required to
remain gauge invariant of the nonlocal matrix
element in the NLO rho wave functions and has
been included in Egs. (23)—(24) of the NLO wave
functions. We can retrieve this factor by Fourier
transformation of the gauge field from A(zv) to A(I)
in these NLO wave functions:

/m dzv - A(zv) — /dle"z(”"“e) /00 dzv - A(l)
0 0

/ 1 A1), (25)

/y dzv - A(zv) — /dleiz(mHe) /y dzv - A(l)
0 0
=i / dz%eﬂ*y‘ixp(l). (26)
/U-

The Fourier factor ¢/ in Eq. (26) will lead to the
function 6({; — x; +i"/p;), which means that the
gluon momentum / has flowed into the LO hard
kernel as described in Eqs. (10)—(11).
(v) The NLO irreducible amplitudes for Fig. 2 in the
collinear region can be written as the convolutions of
|

LegiCh éir

—ix 14
S (oab)

Mpgb; + iMpe,u’upaJ/Syﬂ/ elanp ””4’2]7’“ [75ﬂ2¢;\]}’p,

(-igy) [ dev -A(zv>q<o>|p<p1>>, (23)

(~ig,) [ dev-ater)g <o>|p<p1>>. (24)

the NLO DAs and the LO hard amplitudes. The
collinear factorization is valid for the NLO correc-
tions for Fig. 1(a) with the additional gluon emitted
from the initial rho meson.

(vi) Figures 3(a)-3(b) and 3(e) are the effective diagrams
for the additional gluon radiated from the left-up
quark line, Figs. 3(c)-3(d) and 3(f) represent the
effective diagrams for the additional gluon radiated
from the left-down antiquark line. We can also sort
these six effective diagrams in Fig. 3 into three sets
by the flowing of the gluon momenta: (a) the first set
contains the effective diagram 3(a) and 3(c) with
no gluon momenta flow into the LO hard ampli-
tudes; (b) the second set is made of the effective
diagram 3(b) and 3(d) with the gluon momenta flow
into the LO hard amplitudes; and (c) the third set
includes the effective diagram 3(e)-3(f) with the
gluon momenta flow partly into the LO hard
amplitudes.

Now we consider the infrared divergences from O(a;)
radiative corrections to Fig. 1(a) with the additional
collinear gluon emitted from the final 7 meson as shown
in Fig. 4, where the gluon momenta may be collinear with
the pion meson momenta p,.

Since Figs. 4(a)-4(c) are reducible diagrams, we can
factorize them directly by inserting the Firez identity into
proper places as was done for Figs. 2(a)-2(c) previously.
The symmetry factor 1/2 also exists in Gf‘la)’ 5, and Gilc)sz.
And the soft divergences in these reducible amplitudes
Gﬁi}sz, Gglbgz, Gglcgz as given in Egs. (27)—=(29) will also
cancel each other exactly.

1
Gz(m)sz =

2 2 (p1— k2)2(kl - kz)z(Pz - kz)z(Pz
I 0 1.4
= EGi,gz(M?xz) ® i,

—ky + 1)’

(W =k Dy (o = K)r (P — K2) Y

(27)
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42 v : W U a0 ha
(1) _egsCF [élTMprp + lMp€’u/,,p,;}’5]/ €ty ¢p} ) A
G — . yP / - k l - k l
4b.32 2 (g1 —ka + 12k =+ D2(ps =y + D2 (ks = )21 Y lystabrlyy (Ba — ko + D)y, (01 — ko + 1)y,
=G (x:80) ® (28)
402 v ; WU opae 4aly,al 0 _
(1) 1 egs CF [E(ITM/)qs/) + lM/)ey'v/mySY €rnv /)]7/ k27/ (kZ l)
Gier =5 Yplrst202)y (1 = K2)ra
2202 (P1 = ko)? (k1 = kp)?(ky = 1)* (kp)* pSTRTR L
1
= EGEz(,)gz(xl ) ® PR, (29)
|
where ¢ 4 with i = (a.b,c) are the NLO DAs, which 0) ie?Cp €\ M, @8 + M i€, 557" € e’ 7]
absorbed all the infrared singularities from these reducible G n(x36) = _ 2, _ 2
2 (P1—ka + )% (ky —ky + 1)

Figs. 2(a)-2(c) and can be written in the following forms:

¢(1),A _ —ig;Cr lysr™ ]7’)/ (V=K + l)?’p’({fz = k)rvs) .

' 4 (P2 — k) (P2 — ky + 1) 12 ,
404 _ igiCr (ko = D)y lysy™ vy (2 — ko + D)y 7vs] |
mb 4 (pa—ky + )% (ky = 1)*12 ’

)4 _ —ig?Cr [y yslkar” (ky = lgyp rsrt] (30)

4 (ky = 12 (ky)? P2

The infrared singularity analysis for Fig. 2 is also valid
for Fig. 4. The subdiagrams in the second row of Fig. 4 also
contain the collinear singularity only, while the third row
sub-diagrams may contain both collinear and soft diver-
gences. Before discussing the infrared behavior of these
irreducible subdiagrams in Figs. 4(d)—4(k), we here first
define those LO hard amplitudes that either appeared in
Eq. (28) or will appear in the NLO irreducible amplitudes,

Y lysta )y (B — ko + 17, (31)

ieg? [élTMpqﬁg—l—iMpeMeraySy”/e’anp 7S]

G (x1:80.0,) =
) = G D2k~

e [75ﬂ2¢2‘]7ﬂ (ﬂ1 —kz)%n (32)

G;(g)z(xﬁfzﬂcz)
. ieg? [€\M ) + iMp€ﬂ'yp6757”’€7T”p”U¢g]
2 (P1 = ko)*(ky = ky + 1)
re [75P’2¢?]7,4(P’1 - kz)?’a- (33)

In the collinear region [||p,, we can find the equal
relation ng(xl;fz,xz) = G;(g)z(xl;fz,xz) for the newly
defined LO hard amplitudes as shown in Egs. (32)-(33).

The transition amplitude for Fig. 4(d) can be written in

the form of

Y

0000Q00Q
000000Q

000QQ00Q

T

—~
i
=

(b)

()

' §>>; |
()] (e) () (€3]
(h) @ () )

FIG. 4 (color online). O(

a;) corrections to Fig. 1(a) with an additional gluon (blue curves) emitted from the final 7 meson.
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G _ Zieg T T T fape (37 M5 + iM €yuporsr” €t v )
3 2N, (P1 =k + 1 (ky = k) (ky = ko 4+ 1)*(p2 = ky + 1)* 1
Y rstadp )y’ (0 — ko + 1)y, (P — kz + 1)y Fop,
= [Gz(z(22(xl;§27x2) - Gt(z(_)%z(xﬁiz)] ® 16 4/)7”1 ; (34)
|

with the tensor Fg, = gop(ki —ky = 1), + g, (ky ko +-21) ,+ q:)(lc)lA _ —ig;Cr lrsy 'y’ (0o — ko + D)y ys|ny . (35)
Gya(2ky =2k, 1) s in which only terms proportional i 4 (P2 = ko + 1)*PP(n - 1)
to gz, and g,, contribute to the LO hard kernel G' %2 Here, the eikonal approximation has been employed to obtain
The NLO twist-2 pion DA gb * is defined in the following  the convolution forms for these irreducible amplitudes.
form: For Fig. 4(e), similarly, we have

leg\Tr[TchTa]fahc [élTMp(bp + lM € ’p/)(r}/Sy €1Tn/} ﬂ¢[)]

(1) a Y A
G = Y% (ky =1 —ky)y'F
4e,32 ZNC ( P - k2)2<k1 kz) (kl _ k2 I l) ( l)zlz 4 ( 2 )7/ [}/517/2¢n]}/u(p/1 2)7 apy
9
=[G (rx:) = oo (11:62.1,)] ® 1—6¢§1,2‘A, (36)
where F oy, = gop(ki — ko +21), + gg, (ky = ky = 1) + 9,a(2ky — 2k — l) /3, and only the terms proportional to g4, and g,

contribute to the LO hard kernel G( )2 The NLO twist-2 pion DA ¢,,e is defined in the form of

Da i Crlrsy Iy (ky = Dlrrslngy
Pre” ==, = 1P Bn D r (37)

where the additional gluon is emitted from the right-down antiparton line. Then the amplitudes for the remaining irreducible
subdiagrams in Fig. 4 can be written with the definitions in Egs. (31)—(33), (35), and (37):

42 vy W v pao ha
(1) egsCpN, (€10 M ) + iM y€,00p5Y 57" €117V P P AT.0
Gypzn= . 2 (Pr—ky+1 =k + 1)y, (P —k2)74
4132 2N, (pr—ko)2 (ks —ka)(po—ka + 1) (p1 —ky +1)7 rlrstadalr” (P2—ka )Yﬂ(ﬂl 2 )}’p (1 =Ky
=[G (x1:%2) — Gy (%138, %2) | @i (38)
4072 v : W U pa0ha
(1) —egsCEN, (€17 M, + iM y€ 057 sYH €51 17 ] , B
Guyo = o (ky=1)y" —k)y (P =Ky + 1
49,32 IN,  (p1—k) (ks —ky + 12 (ky = D212 (py — by + 1) v (ky = D)y [rstrzlr (P01 —k2)vy (01 — Ky + D)yg
= [G;(g)z(xl;fzvxz) - ng(xmfz)} ® ¢, (39)
G _ e T[T T TT] [€47 M, + iM 6,0, po7 57 €5 1" ]
3z 2N, (P1 = ko + 1)*(ky = ky)*(p2 = ko + 1)*P(py — ky +1)?
Y lystaddly” (s — Ky + Dyt =k +Dyo(py =k + 1y y
1
= ng(xﬁfz,)fz) ® <— g) ¢£,{21'A, (40)
G _ —e g3 Tr[TTTT ) (€M ) + iM €, 07 57" elTnpv"qﬁp]
2 2N, (p1 =y + 1) (ki = ky + 1)*(p2 = ko + D*P(ky + 1)
vy (K + Drlystrdaly” (v, — ko + Dy (ph =k + 1)y,
=0, (41)
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: (k2 _l)ypl [y5ﬂ2¢2‘]yu (p/l _k2)ya =0, (42)

o _ CGHTTTTT) [y M+ M ot sr et vl (ks = L)y
432 2N, (P1—ka)?(ky = ko) (ko = )21 (ky = 1)?
G _ T T M,y + iMyeypetst” v )

v (ky = D)y" [ystadaly, (#1 — ka)va (£

1
= G;(g)2<x1§52,x2) ® <§>¢;(zl,e’A.

The infrared contributions from the NLO amplitudes Gg 1)32

and Gé(1 >32 are zero, since the gamma matrices in these two
amphtudes are y* =y instead of the y* = y~ for the LO
amplitudes.

In order to investigate the NLO collinear factorization of
Fig. 4 and to extract the NLO twist-2 pion meson DA, we
make the summation over all the irreducible amplitudes in
Fig. 4 into two sets: the first set includes the subdiagrams

|

I
Gé(l-u)p,SZ(xl $x) =

~ |6t%stwisx) -

9
EGi,gz(xl;é:z)

2N, (P1 = ka)*(ky = ky + 1)* (ko = 1)*I*(py — ky = 1)?
- kl - l)}’/)/

(43)

|
with the gluon radiated from the right-up quark line of the
final pion meson, while the second set contains the
subdiagrams with the gluon radiated from the right-down
quark line.

We first sum up the infrared amplitudes for the irreduc-
ible subdiagrams in Figs. 4(d), 4(f), and 4(h)—4(i) with the
gluon radiated from the right-up quark line:

Gflld),32(xl ;X2) + Gz(xlf),sz(xl;xz) + Gfllh)ﬁz(xl ;X2) + Gé(ll',)32(xl;x2)

9
16 aO%2(xl’x2 52):| ® ¢(ﬂlgl’A (44)

For the second set of the irreducible subdiagrams in Figs. 4(e), 4(g), and 4(j)—4(k) (where the gluon radiated from the
right-down antiquark line), similarly, we make the summation and then find the infrared amplitude:

1
Gé(td)own,32 (x15x2)

16

Because the infrared singularities in Eqs. (41)—(42) are
suppressed, the soft divergences in Egs. (40) and (43) from
the collinear region cannot be canceled by their counter-
parts described in Eqgs. (41) and (42), respectively. But
these remaining soft divergences in Egs. (40) and (43)
could cancel each other exactly, because the NLO DA
¢£[ [)l’ in Eq. (35) is equivalent to the DA 45;: e *in Eq. (37).
At the quark level, finally, no soft divergences are left after

|
S04 — 1 / dy"
i 2N.P; | 2z

et (o) fat) -

1 1 1 1
= Gz(xe),32(x1§x2) + Gé(lh),32(xl;x2) + Gé(tj?SZ(xl;XZ) + Gik)sz(xl?Xz)

9 9
:[ G( p(x1 &) +— Gi%z(xl,xzﬂ‘ Gi%z(xl,xz,fz)} ®¢£rl.2'A- (45)

16

I
summation of the NLO contributions from all the subdia-
grams as shown in Fig. 4.

All the remaining collinear dlvergences can be absorbed
into the NLO twist-2 pion meson DA qﬁ,, . From the ex-
pressions given in Egs. (34), (36), (38)—(40), and (43), we can
define the Feynman rules for the perturbatlve calculation
of the twist-2 pion wave function q,’;,, “ as a nonlocal hadronic
matrix element with the structure (y~ys)/2 sandwiched:

igy) Aﬁ dzn -A(zn)y;jq(O)’0>, (46)

which has the same form as that in the zy* — 7 [9]. The relevant effective diagrams for the pion meson wave function are
also shown in Fig. 5, and here only the first four diagrams in Fig. 5 are useful to the sort of NLO corrections described in
Fig. 4 because the corrections with the gluon momentum partly flowing into LO hard kernel are canceled in Eqgs. (44)—(45).
We can also derive the Feynman rule (1, /(n - 1)) for the Wilson line in Fig. 5 from the O(a,) component of the pion wave
function by the similar Fourier transformation as for Fig. 3. Then collinear factorization is therefore valid for the NLO
corrections for Fig. 1(a) when the additional gluon is emitted from the final pion meson.
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Vo ey b e e

(b) (c) (e) ()

FIG. 5 (color online).  O(ay) effective diagrams for the final pion meson wave function, with vertical double lines denoting the Wilson
line along the light cone, whose Feynman rule is n,/(n - [).

C. O(ay) correction to Fig. 1(b) Egs. (4)—(5) in the NLO factorization proof, we will consider
both the T2&T3 and T3&T2 sets for the DAs of the initial
and final state meson in the NLO transition process as
illustrated in Figs. 6-7. We try to use the collinear factori-
zation approach to separate the infrared divergences of the

In this subsection, we study the feasibility of the
collinear factorization for the NLO corrections to
Fig. 1(b) with the same approach as we had for Fig. 1(a).
With the requirement to hold the LO contents as shown in

o ¢ ¢

™
(a) (b) (©)

Ki“;

® (®

£

)
)

S

a

Py
A 4
(&

Repys

() (9]

FIG. 6 (color online). O(a;) correction to Fig. 1(b) with the additional gluon (blue curves) emitted from the initial p meson.
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FIG. 7 (color online). O(ay) corrections to Fig. 1(b) with the additional gluon (blue curves) emitted from the final # meson.
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amplitudes for Figs. 67 with the additional blue gluons
radiated from the initial tho meson and final pion meson,
respectively.

First, the reducible Figs. 6(a)-6(c) and Figs. 7(a)-7(c)
are factorized easily by simple insertion of the Fierz
identity defied in Eq. (6). And the soft divergences will
be canceled exactly in these reducible amplitudes similarly
as we verified for Figs. 2(a)-2(c) and Figs. 4(a)—4(c). We
can then extract out the NLO twist-2 transversal rho meson
DAs and the NLO twist-3 pion meson DAs in the following
forms:

—k)y” (P — Ky +1),

¢(1),T _ —igs CF [h)’ ][Ma}’ﬂ (ﬂl
" 8 (pl_kl)z(pl —k1+l)212 ’
ST ig;Crlr iy vy (ki =Dy ar (1 =K+ )"
P 8 (ky =01)*(py =k +1)*1 ’
ST —ig?Cr [yl Iy’ (ks =Dy ki ly Lar™] (47)
- 8 (ky)?(ky = 1)*P ’
PP —ig?Crysr” (P — ko + 1)y (P2 — ko)
e 4 (P2 =k)* (P2 = by + 1)*P
S — ig2Cr (k= 1)yvsy” (¥ — ko 4+ D)ys
b 4 (ky =D)*(py—ky + 1?12
P —ig2Cryskyy” (ky = 1)y 175 ' (48)

4 (k)k -0

Second, the transversal NLO twist-2 rho meson DA
gb( 21’ and the NLO twist-3 pion meson DAs qb P can be
extracted from the irreducible Figs. 6(d)- 6(g) and
Figs. 7(d)-7(g), respectively, and are of the following form:
|

ieg?Cr €171} Yo lysmadtlya(vn — ki + 1)y,

PHYSICAL REVIEW D 90, 076001 (2014)

¢(l).T lngF [yL}/ }[}/Lay+](p/1 - kl + l)}/p’Up (49)
rd 8 (p1 =k + 1P (v-1)
p =g Crysy’(#r—ky +1)ysv
i =——+ TR (50)
4 (2—k2+l)l(v-l)
Third, the NLO transversal NLO rho meson] DA 45 1).T/v/a
and the NLO twist-3 pion meson DAs ¢,,e can also be

extracted from the irreducible Figs. 6(h)-6(k) and
Figs. 7(h)-7(k), respectively, and can be written in the
following form:

ST i Crlrir I =Dlriar v, [, (ki=ky)?
e 8 (ki =1)21(v-1) (ky—kp—1)?

¢(1)L_l9sCF7/J_7/p(kl l)yav/) _ (kl_k2)2
e 4 (ky=1)*P(v-1) (ky—ky—=1)?
¢(1)a_lg;Cp[75h]7’”(k1 Dy iprslv, 1— (ki—k2)* 7.
e 4 (ki =1)21(v-1) (ky—ky=1)?]’
(51)
¢7(T{Z,P _ ig;Crys(ky — l)J’pJ’s”p (52)

4 (k=0*(n-1)"

The hard LO amplitudes Gy, (&1, x2), Gyga' (&1, x2),

and Gg)z(g ) (x1, &1, x5), with the gluon momenta flowing or
partly flowing into the original LO hard amplitudes, are
defined in the collinear region [||p; for Fig. 6 in the
following form:

Gy (Erim) = =3 e e (53)

cl e = e 5
GO (E1: ) = leg;CF M, zeﬂ/yp,,ysézelzrz’l +} l‘; [y(;flfz_gbk ]zyi(lp)zz —ki+ 1)y, 7 (55)
GO (1, 43 2) = leg;CF lesrp1 )y [Yls:ﬁqﬁlﬁr;]zy&(lﬂj ;21)621 + 1)y, (56)

G (11, £15r) ieg;Cr [€sr 1)) [rsmadilva(#2 = K1)1, (57)

2

(Pz kl)Z(kl —k2—1)2 '

where the y* in Egs. (56)-(57) could be y* or y¢. When we set y* =y*, the amplitude GEJ% (x1,&1,x,) becomes

G(b(géL<x1,§1,x2), while G;,(,Oz)3<x1,§1,x2) becomes G;(g)éL(xl’él’x2)'

(0)

When we choose y*=y9, the amplitude
/(0)

Gg23(x1,§1,x2) becomes Gb’QgT(xl,fl,xz), while G;@S (x1,&1,x,) becomes Gb’QéT(xl,él,xz). And we can find that in
the collinear region || p;, these two newly defined LO amplitudes in Eq. (56) should be equal.
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From the irreducible subdiagrams of Fig. 7 in the collinear region /|| p,, the LO hard amplitudes Gg’);3 /32 (x15&,) and

G(b”,)3(§ ) (x15 &5, x,) with the gluon momentum flowing or partly flowing into the original LO hard amplitudes can be defined
in the following form:

ieq?Cr 617210, 17 [rsmadk]yo(#2 — K1)y,

e R P ey ()
Gg);z(xmfz) zeg;CF [z‘]TMp(detl}i\:I)pze(ﬂlr{,,lp,i/SIj;”/_e’flT)Z/’v"q')ﬂ 7 lrspadilra(pa - K1)V (59)
Gl o) = = M Tt L st (@)
G;,(g)z(xpfz,xz) ieg?Cr €17 M, + iM €055V 57" €1Tl’l/’1)‘7¢p} A stV alitr = K17 61)

2 (P2 =k + (k) = ky +1)?

By summing up the amplitudes from those irreducible Figs. 6(d)-6(k), the total NLO amplitudes with the crossed-twist
DAs T2&T3 (i.e., the NLO set-I amplitude) can be written in a convolution of the NLO rho wave function and the LO hard
amplitudes, with the gluon momentum not flowing, flowing, or partly flowing into the LO hard kernels:

9 9
Gégs(xl;xz) = (/),,d ® { h23L(x1ax2) _EGbZS (&15x2) —%Gég (x1,€15%2)

1
Gy (4052) = Gy (G133) + 5 Gyas (3, :m)}

9
Gé?%éL(xl;xz) +— G[i%?, (x1,¢15x)

9
+ ¢/()12‘T ® {_GIEO;'J'L (gl §X2) + = 16

16

(0).T

1
+Gpoj (x15%2) = Ggf(fﬁxz) - gG(b(géT(xh 51;)52)}‘ (62)

It is easy to find that the soft divergences from the collinear region for these irreducible amplitudes are canceling each other.
At the quark level, consequently, there is no soft divergence left after the summation for the contributions from all
subdiagrams in Fig. 6 with the case of the T2&T3 DAs. The collinear divergences, generated from the gluon radiated from
the up-line quark and the down-line antiquark of the initial rho meson in Fig. 6, can be absorbed into the NLO twist-2 rho
meson DA (j)( ; /];, which is written in the following nonlocal hadronic matrix element in b space with the structure (% Tyt /4

sandwiched:

UK
g 2N.P{ ) 2z

We then give a short summary for the NLO set-II
amplitudes with the crossed-twist DAs T3&T2 for
Figs. 6(d)-6(k). After the summation, the total infrared
divergences from the NLO corrections to the LO hard
amplitude Gé %z(xl ;X) in the /|| p; region can be written in
the following form:

Gégz()ﬁ;xz) = 4’)1 ' ® {2Gb2% (x1520) + 2sz (&13x2) )

(64)

We find that the infrared divergences from the set-II
amplitudes for Figs. 6(d) and 6(g)-6(i), with the additional

e <Oq(y )

1 Cigy) | e -A<zv>q<o>|p<p1>>. (63)

|

gluon radiated from the right-up quark line, are suppressed
by the kinetic constraints; then only Figs. 6(e), 6(g), and
6(j)—6(k) generate infrared divergent corrections to the
set-Il LO amplitudes Gy}, (x;;.x,) with T3&T2 DAs. The
soft divergences from the subdiagrams with the gluon
radiated from the left-down antiquark line were canceled
exactly. Only the collinear divergences, generated from the
gluon radiated from the left-down antiquark of the initial
rho meson in Fig. 6 w1ll be absorbed into the NLO twist-3
rho meson DA qﬁp . Then we can factorize the set-II
irreducible amphtudes for Fig. 6 in the collinear region as
the convolutions of the NLO twist-3 DA and LO hard
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amplitudes. The collinear factorization is therefore valid for
the NLO set-II corrections for the Fig. 1(b) with the
additional gluon emitted from the initial rho meson.

Now we elaborate the factorization for the infrared
divergences in the irreducible Figs. 7(d)-7(k), in which
the additional blue gluons are radiated from the final pion
meson. The total NLO corrections for the set-1 amplitudes
of Figs. 7(d)-7(k) with the T2&T3 DAs from the [||p,
region are also summed over and can be written in the
following convolution form:

7
G%3 (x13%2) = ¢£,%31’P ® {[GE,O;; (x15x2) —

9 0.7 0).1
~TElOMH (ri) =G (s

25 (o)1

+¢7(11,2’P 16 —[Gpa5 (x13%2) = GEB%ST(M :86)].

For the NLO set-I amplitudes in Eq. (65), the soft
divergences from Figs. 7(h)-7(i) can be canceled by their
|

G%z (x15x2)

+ it

For the infrared singularities in the set-Il amplitudes in
Eq. (67), the soft divergences from Figs. 7(i)-7(j) cannot be
canceled by their counterparts in Figs. 7(h) and 7(k), but
these soft divergences are also diminished because
gb,,e = d)fllc)iA. The remaining collinear smgularltles in
Eq. (67) can be absorbed into the NLO DAs q,’)ﬂ e All
these irreducible NLO amplitudes can be written as the
convolution of the LO hard kernel and the NLO 7 meson
DAs [Ggg3 ® ¢§,{£*A and ng ® ¢£,1,2~A], and the collinear
factorization approach is valid for Fig. 7.

M. k; FACTORIZATION OF py* — n

In this section, the NLO proof of the factorization
theorem is demonstrated with the inclusion of the trans-
versal momentum kr. The k; factorization approach is
qualified to deal with the small-x physics [2,6,9], because
of its advantage to avoid the end point singularity without
introducing other nonphysics methods.

The hierarchy k% < k; - k, is holding in the bound wave
functions, so the transversal contributions on the numer-
ators can be dropped safely and the transversal momentum
kr in the LO hard kernels can also be dropped; then
factorization proofs made in the above section with the
collinear factorization approach are valid here with the
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counterparts from Figs. 7(j)-7(k); then only the collinear
divergences are left for the infrared absorbtion. The
collinear divergences can all be absorbed into the NLO
pion meson DAs of (,bﬂ d/ e, which can be written as the
nonlocal hadronic matrix element with the structure as that
in Ref. [11]:

¢(1)-P: ! /dy e~ixpyy’
i 2N.P; ) 2x

x (w(pn)la(t)(—ig,) [ den-An)Zq(0))0 ).
( / Fa0)

0

(66)

As shown in Eq. (65), all set-I infrared-relevant NLO
amplitudes can be written as the convolution of the LO hard

kernel and the NLO 7 meson DAs [Ggg3 ® 45221’}’ and

GE;(23 ® ¢§,{,Z'P], with the integral momenta flowing or not
flowing into the LO hard amplitudes.

By making the summation for the set-II amplitudes for
Figs. 7(d)-7(k) with the T3&T2 DAs, we find

1
= 4’5:1.()1’/4 ® {Gﬁgz(xl;&) - Gggz(xl;@z) + gng(xl;fz’xz)}

1
® {G(b(.)gz(xl;xz) - G(b(gz(xﬁfz) 3 GZ(gﬁ(xl,éfz,xz)} (67)

|

inclusion of the transversal momentum [10,13]. When we
extend the proofs for the NLO p — z transition from
collinear factorization approach to k; factorization
approach, the only modification required is to include
the transversal integral [ with the NLO wave functions in
Egs. (23)-(24), (46), (63), and (66), besides the longi-
tudinal integral along the light cone. This modification can
also be understood as the integral deviated from the light-
cone direction by b in the coordinate space, as illustrated
by Fig. 8.

(a) (b)

FIG. 8 (color online). 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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The O(a;,) wave functions at twist-2 and twist-3 as defined in Egs. (23)—(24), (46), (63), and (66) can be reproduced by

the following nonlocal matrix element in the b space.

(1)1 oy L dy” db,
P (1, 8b1) = 2NCP1+/ 2n (2m)?

(. . 1 dy‘ db1
b)) =——— [ 2
o (1 Cisby) 2NCPT/ 2z (27)?

1

dy~ db,

b+

ey kb <0|zz<y->“j (-ig) [ dzo -A(zv>q<o>|p<p1>>, (68)

2

Py ks <0|6'1(y‘)yL (—igs)/oy dZU’A(Zv)Q(O)|p(pl)>7 (69)

(1.a : = = —ixp|y*+ikyrby | _o VsV /Y A .
¢y " (x1,&13by) 2NcP1*/ 27 (2np <0lq(y )—2 (—igy) | dzv - A(zv)q(0)lp(p1) );  (70)

1 dy* db,

W o) = 5o [ G o e s (a(p)la(r ) (-ig) [ dan- A L 0)0). ()

¢21)'P(§2,X2;b2) =

0

1 dyt dby, . ... _ . Y s
—ixpy vy +ikyrby | ) (— dzn - A 0)]0 ). 72
2NCP§/ 2 (2”)26 : <7T(p2)|q(y )( lgs)A n (Zn) 2 CI( >| ( )

All these NLO wave functions would reproduce the Feynman rules of Wilson lines.

IV. SUMMARY

In this paper we first verified that the factorization
hypothesis is valid for the p — # transition process at
NLO level in the collinear factorization approach, and then
we extended this proof to the case of the k; factorization
approach. Because of the difference of the initial vector
meson p and the final pseudoscalar meson 7z, we considered
both Figs. 1(a)-1(b), with the virtual photon vertex posi-
tioned on the initial state quark line and on the final state
quark line, respectively.

For each LO subdiagram, Fig. 1(a) or 1(b), we first
evaluated the NLO corrections from the additional gluon
radiated from the initial rho meson as well as from the final
pion meson, and then we verified that all the infrared
singularities in those four NLO quark level diagrams
[Figs. 1(a)-1(d)] could be absorbed into the NLO meson
wave functions. Certainly, we made this proof both in the
collinear factorization approach and in the k7 factorization
approach. And we showed explicitly that every NLO quark
level amplitude can be expressed as the convolution of the
NLO wave functions and the LO hard kernel, with the
gluon momenta, which would generate the infrared singu-
larities, flowing, not flowing, or partly flowing into the LO
hard amplitudes.

Particularly, we find that (a) only the T3&T2 set with the
twist-3 p meson DAs and twist-2 pion DAs contribute to the
LO amplitude of Fig. 1(a), as defined in Eq. (3); and
(b) only the collinear singularities would appear in the NLO
diagrams for the LO Fig. 1(a), because the soft singularities

in these NLO diagrams are either suppressed by the kinetics
or cancel each other.

For the NLO corrections to the LO Fig. 1(b), however,
there exist two kinds of the LO amplitudes as described in
Egs. (4)—(5) with the T2&T3 and T3&T2 combinations of
the initial and final state meson wave functions and we
called them set I and set II, respectively. We further find that
the NLO corrections to the set-I and set-II LO amplitude
generate the collinear singularities only, since the soft
singularities in these two cases are either suppressed by
the kinetics or cancel each other. The underlying reason is
the fact that the soft gluon will not change the color
structure of the rho and pion mesons. All the remaining
infrared singularities from the collinear regions should be
absorbed into the NLO wave functions, and we have also
defined the NLO wave functions with different twists in the
nonlocal matrix elements, which would help us to under-
stand the fundamental meson wave functions and push us
to calculate the NLO hard kernels for this p — 7 transition
process.
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