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In this paper, we studied the ργ� → π and ργ� → ρ transition processes and made the calculations for
the ρπ transition form factor Q4FρπðQ2Þ and the ρ-meson electromagnetic form factors, FLL;LT;TTðQ2Þ
and F1;2;3ðQ2Þ, by employing the perturbative QCD (PQCD) factorization approach. For the ργ� → π

transition, we found that the contribution to form factor Q4FρπðQ2Þ from the term proportional to the
distribution amplitude combination ϕT

ρ ðx1ÞϕP
π ðx2Þ is absolutely dominant, and the PQCD predictions

for both the size and the Q2-dependence of this form factor Q4FρπðQ2Þ agree well with those from the
extended anti-de Sitter/QCD models or the light-cone QCD sum rule. For the ργ� → ρ transition and in the
region of Q2 ≥ 3 GeV2, furthermore, we found that the PQCD predictions for the magnitude and their
Q2-dependence of the F1ðQ2Þ and F2ðQ2Þ form factors agree well with those from the QCD sum rule,
while the PQCD prediction for F3ðQ2Þ is much larger than the one from the QCD sum rule.
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I. INTRODUCTION

During the past years, due to its very important role in
understanding the hadron structure, the various hadron
form factors have been studied intensively for example in
Refs. [1–3]. The transition and the electromagnetic form
factors of the pseudoscalar mesons, especially the pion
meson as the lightest QCD bound state, attracted the most
attention theoretically [4–16] and experimentally [17–19].
The transition form factors between the pseudoscalar and
vector mesons are also investigated by employing rather
different approaches [20–25]; the resulted theoretical pre-
dictions, however, are self-consistent and comparable to
each other. The radiative form factors of the vector meson,
such as the ρ meson, also draw some interest [26,27].
The kT factorization theorem [28,29] is one of the major

factorization approaches based on the factorization hypoth-
esis [30–32] and the resummation image in the end point
region [33,34]. Due to its clear advantages, such as no end
point singularity and its ability to provide a large strongphase
to generate the sizableCP violation for B-meson decays, the
perturbative QCD (PQCD) factorization approach based
on the kT factorization theorem has been widely used to
study the two-body hadronic decays ofB=Bs=BC mesons for
example in Refs. [35–44]. Recently, the next-to-leading-
order (NLO) corrections to some important hadron form
factors have been calculated [15,45–47]. With the inclusion

of these NLO corrections, the PQCD predictions for the
heavy-to-light pseudoscalar form factors inB → π transition,
for example, become well consistent with those from the
standard light-meson light-cone QCD sum rule [48–51] and
the new B-meson light-cone sum rule [52]. In this paper, we
will study the ρπ transition from factor and the ρ-meson
electromagnetic form factor by employing the PQCD fac-
torization approach.
This paper is organized as follows. The relevant kinetics

and the meson wave functions are introduced in Sec. II.
In Sec. III, the pseudoscalar and vector transition form
factors corresponding to the process ργ⋆ → π are studied
with the use of the two-parton meson wave functions up to
a subleading twist. In Sec. IV, the ρ-meson electromagnetic
form factors in the ργ⋆ → ρ process are calculated.
Section V contains the summary of this paper.

II. KINETICS AND INPUT WAVE FUNCTIONS

In this section, we first consider the relevant kinetics
and the input meson wave functions to be used in our
calculation. The leading-order (LO) topological diagrams
for the meson transition or electromagnetic form factors are
presented in Fig. 1. Of course, the full diagrams should also
include the other two subdiagrams with the photon vertex
being on the lower antiquark lines. Because of the isospin
symmetry, these extra two subdiagrams have the same
structure as Figs. 1(a) and 1(b) with exchanging the quark
and antiquark in the initial and final mesons, and the only
difference that may appear is the quark charge.
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Under the light-cone (LC) coordinate, the momenta for
initial and final mesons in Fig. 1 are defined as

P1 ¼
Qffiffiffi
2

p ð1; γ2π=ρ; 0TÞ; P2 ¼
Qffiffiffi
2

p ðγ2π=ρ; 1; 0TÞ;

k1 ¼
�
x1

Qffiffiffi
2

p ; 0;k1T

�
; k2 ¼

�
0; x2

Qffiffiffi
2

p ;k2T

�
; ð1Þ

where ki; i ¼ 1, 2 is the momentum carried by the
antiquark for the initial or final meson with the momentum
fraction xi and kiT represent the corresponding transversal
momentum. The dimensionless parameter γ2π ≡M2

π=Q2,
γ2ρ ≡M2

ρ=Q2. Then the momentum transfer squared is
q2 ¼ ðP1 − P2Þ2 ¼ −Q2. The polarization vectors of the
initial and final ρ mesons are also defined in the LC
coordinate,

ϵ1μðLÞ ¼
1ffiffiffi
2

p
γρ

ð1;−γ2ρ; 0TÞ; ϵ1μðTÞ ¼ ð0; 0; 1TÞ;

ϵ2μðLÞ ¼
1ffiffiffi
2

p
γρ

ð−γ2ρ; 1; 0TÞ; ϵ2μðTÞ ¼ ð0; 0; 1TÞ; ð2Þ

with the ρ-meson mass Mρ ¼ 0.77 GeV. The LC defini-
tions in Eq. (1), (2) satisfy the relations

P1 · ϵ1 ¼ 0; P2 · ϵ2 ¼ 0; ϵ21 ¼ ϵ22 ¼ −1: ð3Þ

As elaborated in Ref. [37], the power-suppressed three-
parton contribution to the pion electromagnetic form factor
in the kT factorization theorem can only provide ∼5%
correction to the LO form factor in the whole range of the
experimentally accessible momentum transfer squared.
This subleading piece amounts only up to few percent
of the B → π transition form factor at a large recoil of the
pion in the kT factorization theorem. So in our calculation
for the ρπ transition form factor and ρ-meson electromag-
netic form factors, we can just consider the dominant
contributions from the two-parton meson wave functions
and neglect the very small three-parton part safely. The

initial wave functions for transversal and longitudinal
polarized ρ meson can be written as

ΦρðP1; ϵ1ðLÞÞ ¼
1ffiffiffi
6

p ½ϵ1ðLÞMρϕρðx1Þ þ ϵ1ðLÞP1ϕ
t
ρðx1Þ

þMρϕ
s
ρðx1Þ�; ð4Þ

ΦρðP1; ϵ1ðTÞÞ ¼
1ffiffiffi
6

p ½ϵ1ðTÞP1ϕ
T
ρ ðx1Þ þ ϵ1ðTÞMρϕ

v
ρðx1Þ

þ iMρϵμνρσγ
μγ5ϵ

ν
1ðTÞnρvσϕa

ρðx1Þ�: ð5Þ

The final pion or rho-meson wave functions are written as

ΦπðP1Þ ¼
1ffiffiffi
6

p ½γ5P2ϕ
A
π ðx2Þ þ γ5mπ

0ϕ
P
ϕðx2Þ

− γ5mπ
0ðvn − 1ÞϕT

π ðx2Þ�; ð6Þ

ΦρðP2; ϵ2ðLÞÞ ¼
1ffiffiffi
6

p ½ϵ2ðLÞMρϕρðx2Þ þ ϵ2ðLÞP2ϕ
t
ρðx2Þ

þMρϕ
s
ρðx2Þ�; ð7Þ

ΦρðP2; ϵ2ðTÞÞ ¼
1ffiffiffi
6

p ½ϵ2ðTÞP2ϕ
T
ρ ðx2Þ þ ϵ2ðTÞMρϕ

v
ρðx2Þ

þ iMρϵμνρσγ5γ
μϵν2ðTÞvρnσϕa

ρðx2Þ�: ð8Þ

Here ϕA
π , ϕT

ρ , and ϕρ are the leading twist-2 (T2) distribu-
tion amplitudes (DAs), while ϕP;T

π , ϕv;a
ρ , and ϕt;s

ρ are the
subleading twist-3 (T3) DAs which are power suppressed
by mπ

0=Q and Mρ=Q. And mπ
0 is the the chiral mass of the

pion meson.
The pion meson DAs with the inclusion of the high-order

effects as given in Ref. [53] are adopted in our numerical
calculation,

k2

(a)

k1

P1 − k1 P2 − k2

(b)

ρ π(ρ)

FIG. 1 (color online). The LO diagrams for the ρπ transition and ρ-meson electromagnetic form factor, with the symbol • representing
the virtual photon vertex.
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ϕA
π ðxÞ ¼

3fπffiffiffi
6

p xð1 − xÞ½1þ aπ2C
3
2

2ðtÞ þ aπ4C
3
2

4ðtÞ�;

ϕP
π ðxÞ ¼

fπ
2

ffiffiffi
6

p
�
1þ

�
30η3 −

5

2
ρ2π

�
C

1
2

2ðtÞ

− 3

�
η3ω3 þ

9

20
ρ2πð1þ 6aπ2Þ

�
C

1
2

4ðtÞ
�
;

ϕT
π ðxÞ ¼

fπ
2

ffiffiffi
6

p ð1 − 2xÞ

×

�
1þ 6

�
5η3 −

1

2
η3ω3 −

7

20
ρ2π −

3

5
ρ2πaπ2

�

× ð1 − 10xþ 10x2Þ
�
; ð9Þ

where the new Gegenbauer moments aπ2 and aπ4 , the
parameters η3;ω3 and ρπ are the same ones as those defined
in Ref. [51]

aπ2 ¼ 0.16; aπ4 ¼ 0.04; ρπ ¼ mπ=m0;

η3 ¼ 0.015; ω3 ¼ −3.0; ð10Þ

with fπ ¼ 0.13 GeV, mπ ¼ 0.13 GeV, and m0
π ¼

1.74 GeV.
For the rho meson, the following twist-2 DAs (ϕρ and

ϕT
ρ ) and twist-3 DAs (ϕ

v;a;t;s
ρ ) will be used in our numerical

calculation,

ϕρðxÞ ¼
3fρffiffiffi
6

p xð1 − xÞ½1þ a∥2ρC
3=2
2 ðtÞ�;

ϕT
ρ ðxÞ ¼

3fTρffiffiffi
6

p xð1 − xÞ½1þ a⊥2ρC
3=2
2 ðtÞ�; ð11Þ

ϕv
ρðxÞ ¼

fρ
2

ffiffiffi
6

p ½0.75ð1þ t2Þ þ 0.24ð3t2 − 1Þ

þ 0.12ð3 − 30t2 þ 35t4Þ�;

ϕa
ρðxÞ ¼

4fρ
4

ffiffiffi
6

p ð1 − 2xÞ½1þ 0.93ð10x2 − 10xþ 1Þ�;

ϕt
ρðxÞ ¼

fTρ
2

ffiffiffi
6

p ½3t2 þ 0.3t2ð5t2 − 3Þ

þ 0.21ð3 − 30t2 þ 35t4Þ�;

ϕs
ρðxÞ ¼

3fTρ
2

ffiffiffi
6

p ð1 − 2xÞ½1þ 0.76ð10x2 − 10xþ 1Þ�; ð12Þ

where t ¼ 2x − 1, the Gegenbauer moments a∥2ρ ¼ 0.18,
a⊥2ρ ¼ 0.2, and the decay constants fρ ¼ 0.209,
fTρ ¼ 0.165. The Gegenbauer polynomials in Eqs. (11)
and (12) are of the following form:

C1=2
2 ðtÞ ¼ 1

2
½3t2 − 1�;

C3=2
2 ðtÞ ¼ 3

2
½5t2 − 1�;

C1=2
4 ðtÞ ¼ 1

8
½3 − 30t2 þ 35t4�;

C3=2
4 ðtÞ ¼ 15

8
½1 − 14t2 þ 21t4�: ð13Þ

III. ρπ TRANSITION FORM FACTOR Q4FρπðQ2Þ
We first consider the ργ� → π transition; here the two

subdiagrams Figs. 1(a) and 1(b) will contribute to the ρπ
transition form factor. The final state is a pseudoscalar pion
meson, which cannot be generated by a scalar current, so
only the transversal polarized initial ρ meson with the
vector current Jμ;jλj¼1 contributes to the ρπ transition form
factor, which can be written as

hπðP2ÞjJμjρðP1; ϵ1Þi ¼ hπðP2ÞjJμ;jλj¼1jρðP1; ϵ1ðTÞÞi
¼ FρπðQ2Þϵμνρσϵν1ðTÞnρvσPþ

1 P
−
2 :

ð14Þ
For the case of the large momentum transfer, the asymptotic
behavior of the hadron form factors is the form of [31]

hP2; λ2jJλð0ÞjP1; λ1i ∼
�

1ffiffiffiffiffiffiffiffi
jq2j

p
�jλ1−λ2jþ2n−3

: ð15Þ

The ρπ transition amplitude is suppressed by 1=Q2 because
of the helicity flipping at the vector vertex for the quark
lines (jλj ¼ 1). In Eq. (15), λ1 and λ2 denote the helicity on
the z axis, and n is the parton number of the hadron: when
the hadron is a meson, n ¼ 2.
From Eqs. (14) and (15), one can see that the ρπ

transition form factor FρπðQ2Þ has the asymptotic behavior
½Q�−4 at the limit of large transfer momenta, so one should
study the dimensionless form factor Q4FρπðQ2Þ rather
than FρπðQ2Þ itself. After the inclusion of the contributions
from all subdiagrams, Figs. 1(a) and 1(b) and their partner
diagrams with the vertexes on the lower antiquark lines,
the vector and pseudoscalar ρπ transition hard kernel can
be written in the following form:

Q4HρπðQ;x1;x2;k1T;k2TÞ

¼ 16παs
3

�
Mρ½ϕv

ρðx1Þ−ϕa
ρðx1Þ�ϕA

π ðx1Þ
ðP1−k2Þ2ðk1−k2Þ2

þx1Mρ½ϕv
ρðx1Þ−ϕa

ρðx1Þ�ϕA
π ðx2Þþ2m0

πϕ
T
ρ ðx1ÞϕP

π ðx2Þ
ðP2−k1Þ2ðk1−k2Þ2

�
:

ð16Þ
By integrating over the longitudinal momentum fractions

ðx1; x2Þ and the transversal momentum in its conjugate
coordinate spaces ðb1; b2Þ, we can obtain the ρπ transition
form factor,
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Q4FρπðQ2Þ ¼ 16π

3
Q4 · αsðμÞ ·

Z
1

0

dx1dx2

Z
∞

0

b1db1b2db2 · exp½−Sρπðxi; bi;Q; μÞ�

× fMρ½ϕv
ρðx1Þ − ϕa

ρðx1Þ� · ϕA
π ðx1Þ · hðx2; x1; b2; b1Þ

þ x1Mρ½ϕv
ρðx1Þ − ϕa

ρðx1Þ� · ϕA
π ðx2Þ · hðx1; x2; b1; b2Þ

þ 2mπ
0ϕ

T
ρ ðx1ÞϕP

π ðx2Þ · Stðx1ÞStðx2Þ · hðx1; x2; b1; b2Þg; ð17Þ

where the kT resummation Sudakov factor Sρπðxi; bi;Q; μÞ and the threshold resummation function StðxÞ are the same ones
as those being used in Refs. [15,38,47]. The explicit expression of the function Sρπðxi; bi;Q; μÞ is of the form

Sρπðxi; bi; Q; μÞ ¼ s

�
xi

Qffiffiffi
2

p ; bi

�
þ s

�
x̄i

Qffiffiffi
2

p ; bi

�
þ 2

Z
μ

1=bi

dμ̄
μ̄
γqðgðμ̄ÞÞ; ð18Þ

where x̄i ¼ 1 − xi with i ¼ 1, 2 for the initial ρ and final π
meson, respectively. The expressions of the function
sðQ0; biÞ and the anomalous dimension γqðgðμ̄ÞÞ can be
found in Ref. [54]. For the threshold resummation function
StðxÞ, it was adopted from Ref. [38]:

StðxÞ ¼
21þ2cΓð3=2þ cÞffiffiffi

π
p

Γð1þ cÞ ½xð1 − xÞ�c; ð19Þ

here we set the parameter c ¼ 0.4 in the numerical
calculations. The hard functions hðx1; x2; b1; b2Þ in
Eq. (17) come from the Fourier transform of the hard
kernel and can be written as [15]

hðx1; x2; b1; b2Þ ¼ K0ð
ffiffiffiffiffiffiffiffiffi
x1x2

p
Qb2Þ

× ½θðb1 − b2ÞI0ð
ffiffiffiffiffi
x1

p
Qb1Þ

× K0ð
ffiffiffiffiffi
x1

p
Qb2Þ þ ðb1↔b2Þ�; ð20Þ

where the functions K0 and I0 are the modified Bessel
function. Following Refs. [15,38,47], we also choose
here μ and μf as the largest hard scale in the numerical
calculations:

μ ¼ μf ¼ t ¼ max ð ffiffiffiffiffi
x1

p
Q;

ffiffiffiffiffi
x2

p
Q; 1=b1; 1=b2Þ: ð21Þ

Based on the formula in Eq. (17), we calculate and show
the PQCD predictions for the Q2-dependence of the ρπ
transition form factor Q4FρπðQ2Þ in Fig. 2. In Fig. 2(a), the
dashed curve shows the contribution from the first term of
Eq. (17), corresponding to the T3 and T2 product term from
Fig. 1(a) and its partner with the virtual vertex being on the
lower antiquark line; while the dot-dashed and dots curves
show the contribution from the second and the third terms
of Eq. (17), coming from Fig. 1(b) and its partner. The solid
curve in Fig. 2(a) refers to the total contribution. In
Fig. 2(b), the dashed curve shows the theoretical prediction
based on the anti-de Sitter (AdS)/QCD theory [24], while
the dark region shows the theoretical predictions from the
light-cone QCD sum rules [9,20,22]. The PQCD prediction
[the solid curve in Fig. 2(b)] is drawn here as a comparison.
From the curves in Fig. 2, one can see the following points:
(1) The third term in Eq. (17) with the DAs combination

ϕT
ρ ðx1ÞϕP

π ðx2Þ provides the absolutely dominant
contribution. The first term describes the contribu-
tion from Fig. 1(a) and is very small in size.

FIG. 2 (color online). (a) the PQCD predictions for the Q2-dependence of the ρπ transition form factor Q4FρπðQ2Þ and (b) the
theoretical predictions from AdS/QCD (dashed curve) or the light-cone QCD sum rules (dark region) and from the PQCD factorization
approach (solid curve).
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(2) The PQCD predictions for both the magnitude and
the Q2-dependence of the ρπ transition form factor
Q4FρπðQ2Þ agree well with the theoretical predic-
tions obtained in the extended AdS/QCD models
[24] or in the classical light-cone QCD sum
rule [9,20,22].

IV. ρ MESON ELECTROMAGNETIC
FORM FACTOR FiðQ2Þ

In this section, we consider the ργ� → ρ process and
calculate the ρ-meson electromagnetic form factors by
employing the PQCD factorization approach. Because
the initial and final states are the same ρ meson, we only
investigate Fig. 1(a) in detail; the contributions from the
other three topological diagrams can be obtained from the
exchanging symmetry [15,47] from Fig. 1(a). The lorentz
invariant ρ electromagnetic form factors FiðQ2Þ, i ¼ 1, 2, 3
in the ργ� → ρ process are defined as the following matrix
element [2,27]:

hρðP2; ϵ⋆2ÞjJμ;λjρðP1; ϵ1Þi

¼ −ϵ2βϵ1α
�
½ðP1 þ P2Þμgαβ − Pα

2g
βμ − Pβ

1g
αμ� · F1ðQ2Þ

− ½gμαPβ
1 þ gμβPα

2� · F2ðQ2Þ

þ 1

M2
ρ
Pα
2P

β
1ðP1 þ P2Þμ · F3ðQ2Þ

�
: ð22Þ

From the asymptotic behavior as defined in Eq. (15), one
can see that the transversal form factors are suppressed by
1=Q2 or 1=Q3,

hρðP2; λ2 ¼ 0ÞjJμ;jλj¼1jρðP1; jλ1j ¼ 1Þi ∼ 1

Q2
; ð23Þ

hρðP2; λ2 ¼ �1ÞjJμ;jλj¼0jρðP1; λ1 ¼ ∓1Þi ∼ 1

Q3
; ð24Þ

while the asymptotic behavior of the longitudinal form
factor is the normal one:

hρðP2; λ2 ¼ 0ÞjJμ;jλj¼0jρðP1; λ1 ¼ 0Þi ∼ 1

Q
: ð25Þ

The helicity of the vector current is defined as λ ¼ λ1 þ λ2,
and then the transition λ1 ¼ �1 → λ2 ¼ �1 is forbidden
because the helicity of the vector current is λ ≤ 1.
The λ1 ¼ �1 → λ2 ¼ 0 transition in Eq. (23) requires
the helicity flipping for one quark line at the vector vertex,
which gives a suppression kT=Q, while the λ1 ¼ �1 →
λ2 ¼ ∓1 transition in Eq. (24) needs the helicity flipping
for both quark lines at the vector vertices, which leads to a
suppression k2T=Q

2.
From the radiative matrix element as defined in Eq. (22)

and the asymptotic behavior of the hadron form factors as
described in Eqs. (23)–(25), we get to know that:

(i) Only the electric form factor F1ðQ2Þ contributes
to the transversal from factor FTTðQ2Þ with
λ1 ¼ −λ2 ¼ �1.

(ii) Both the electric form factor F1ðQ2Þ and the
magnetic form factor F2ðQ2Þ contribute to the
semitransversal form factor FLT with λi ¼ �1
& λj ¼ 0ði; j ¼ 1; 2; i ≠ jÞ;

(iii) All F1ðQ2Þ, F2ðQ2Þ, and the quadruple form factor
F3ðQ2Þ give the contribution to the longitudinal
radiation form factor FLL with λ1 ¼ λ2 ¼ 0.

These form factors do satisfy the following relations by
definition:

FTTðQ2Þ ¼ F1ðQ2Þ;

FLTðQ2Þ ¼ Q
2Mρ

½F1ðQ2Þ þ F2ðQ2Þ�;

FLLðQ2Þ ¼ F1ðQ2Þ − Q2

2M2
ρ
F2ðQ2Þ

þ Q2

M2
ρ

�
1þ Q2

4M2
ρ

�
F3ðQ2Þ: ð26Þ

By introducing the transversal momentum kT to cancel
the end point singularity, integrating over the longitudinal
momentum fractions and transversal coordinate conjugated
to transversal momentum, one finds the PQCD predictions
for the Q2-dependence of the ρ-meson electromagnetic
from factors,

FLLðQ2Þ ¼ 32πCF

3
Q2αsðμÞ

Z
1

0

dx1dx2

Z
∞

0

b1db1b2db2 · exp½−Sρðxi; bi;Q; μÞ�
��

x2 −
1

2
γ2ρð1þ x2Þ

�
ϕρðx1Þϕρðx2Þ

þ γ2ρϕ
s
ρðx1Þϕt

ρðx2Þ þ 2γ2ρð1 − x2Þϕs
ρðx1Þϕs

ρðx2Þ
�
· hðx2; x1; b2; b1Þ; ð27Þ

FLTðQ2Þ ¼ 32πCF

3
QMραsðμÞ

Z
1

0

dx1dx2

Z
∞

0

b1db1b2db2 · exp½−Sρðxi; bi;Q; μÞ�

×

�
1

2
½ϕv

ρðx1Þ þ ϕa
ρðx1Þ�ϕρðx2Þ þ ϕs

ρðx1ÞϕT
ρ ðx2Þ −

1

2
x2ϕρðx1Þ½ϕv

ρðx2Þ þ ϕa
ρðx2Þ�

�
· hðx2; x1; b2; b1Þ; ð28Þ
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FTTðQ2Þ ¼ 32πCF

3
M2

ραsðμÞ
Z

1

0

dx1dx2

Z
∞

0

b1db1b2db2 · exp½−Sρðxi; bi;Q; μÞ�

× fð1 − x2Þ½ϕa
ρðx1Þϕa

ρðx2Þ − ϕv
ρðx1Þϕv

ρðx2Þ�
þ ð1þ x2Þ½ϕa

ρðx1Þϕv
ρðx2Þ − ϕv

ρðx1Þϕa
ρðx2Þ�g · hðx2; x1; b2; b1Þ; ð29Þ

where CF ¼ 4=3 and the Sudakov factor Sρðxi; bi;Q; μÞ
and the hard function hðx2; x1; b2; b3Þ are the same ones as
those in Eqs. (17), (18), and (20). With these form factors of
different polarized initial and final states and the relations
in Eq. (26), one can obtain easily the Q2-dependence of
Lorentz-invariant electric, magnetic, and quadruple form
factors F1ðQ2Þ, F2ðQ2Þ, and F3ðQ2Þ.

The PQCD predictions for the Q2-dependence of the
ρ-meson electromagnetic form factors with different polar-
izations [i.e., FLLðQ2Þ, FLTðQ2Þ, and FLLðQ2Þ] are pre-
sented in Fig. 3, while the Q2-dependence of the ρ-meson
electric, magnetic, and quadruple form factors with different
Lorentz structures [i.e., F1;2;3ðQ2Þ] are presented in Fig. 4.
From these two figures, one can find the following points:

(i) For the form factors with different polarizations,
there exists an approximate relation: FLTðQ2Þ≳
FLLðQ2Þ ≫ FTTðQ2Þ. The asymptotic behavior dis-
played in Eq. (15) is partially violated for FLTðQ2Þ
and FLLðQ2Þ. This violation arises because the
longitudinal form factor FLL has an additional sup-
pression from x2, although its asymptotic behavior
has a Q=Mρ enhancement when compared to the
semitransversal form factor FLT. And this violation is
consistent with the light-cone sum rule result [2].

(ii) The value of the electric form factor F1ðQ2Þ is rather
small, because it is equal to the heavily suppressed
transversal formfactorFTTðQ2Þ asdefined inEq. (26).
In the region of Q2 ≥ 3 GeV2, there exists also an
approximate relation for the values of F1;2;3ðQ2Þ:
F2ðQ2Þ ≳ F3ðQ2Þ ≳ F1ðQ2Þ. Our PQCDpredictions
for F1ðQ2Þ and F2ðQ2Þ form factors agree well
with the QCD sum rule results [27] in the region
Q2 ≥ 3 GeV2. But the PQCDprediction for the quad-
ruple form factor F3ðQ2Þ is much larger than the one
from the QCD sum rule, the hierarchy F1ðQ2Þ >>
F3ðQ2Þ betweenF1ðQ2Þ andF3ðQ2Þ predicted in the
QCD sum rule [27] is therefore changed here.

V. SUMMARY

By employing the PQCD factorization approach,
we studied the ργ� → π and the ργ� → ρ transition proc-
esses and made the analytical and numerical evaluations
for the ρπ transition form factor Q4FρπðQ2Þ and the
ρ-meson electromagnetic form factors, FLL;LT;TTðQ2Þ and
F1;2;3ðQ2Þ. We found the following results:

(i) For the ργ� → π transition process, the contribution
to the ρπ transition form factor Q4FρπðQ2Þ from
the terms proportional to the DAs combination
ϕT
ρ ðx1ÞϕP

π ðx2Þ is absolutely dominant, and the
PQCD predictions for both the magnitude and the
Q2-dependence of this form factor agree well
with those from the extended AdS/QCD models
or from the light-cone QCD sum rule.

FIG. 4 (color online). The PQCD predictions for Q2-depend-
ence of the Lorentz-invariant ρ-meson electromagnetic form
factors F1;2;3ðQ2Þ. The short dashed, dots, and dot-dashed curves
represent the electric [F1ðQ2Þ], the magnetic [F2ðQ2Þ], and the
quadruple [F3ðQ2Þ] form factors, respectively.

FIG. 3 (color online). The PQCD predictions for Q2 depend-
ence of the ρ-meson form factors Fλ1λ2ðQ2Þ with different
polarizations for initial and final states. The short dashed, dots,
and dot-dashed curves represent the form factors FTTðQ2Þ,
FLTðQ2Þ, and FLLðQ2Þ, respectively.
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(ii) For the ργ� → ρ transition process and in the region
of Q2 ≥ 3 GeV2, we found that the PQCD predic-
tions for the magnitude and their Q2-dependence of
the F1ðQ2Þ and F2ðQ2Þ form factors agree well with
those from the QCD sum rule, while the PQCD
prediction for the quadruple F3ðQ2Þ is much larger
than the one from the QCD sum rule.
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