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In this paper, we studied the py* — 7 and py* — p transition processes and made the calculations for
the pz transition form factor Q*F /,,,(Q2) and the p-meson electromagnetic form factors, Fy; 11r(Q?)
and F,,3(0Q?%), by employing the perturbative QCD (PQCD) factorization approach. For the py* — z
transition, we found that the contribution to form factor Q*F ,,,,(QZ) from the term proportional to the
distribution amplitude combination ¢ (x;)@% (x,) is absolutely dominant, and the PQCD predictions
for both the size and the Q-dependence of this form factor Q*F ,,,,(Qz) agree well with those from the
extended anti-de Sitter/QCD models or the light-cone QCD sum rule. For the py* — p transition and in the
region of Q% >3 GeV?, furthermore, we found that the PQCD predictions for the magnitude and their
Q?-dependence of the F;(Q?) and F,(Q?) form factors agree well with those from the QCD sum rule,

while the PQCD prediction for F5(Q?) 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 p meson, also draw some interest [26,27].

The ky 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 strong phase
to generate the sizable CP violation for B-meson decays, the
perturbative QCD (PQCD) factorization approach based
on the ky factorization theorem has been widely used to
study the two-body hadronic decays of B/ B/ B 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
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of these NLO corrections, the PQCD predictions for the
heavy-to-light pseudoscalar form factors in B — x 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 pz transition from factor and the p-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 py* — =z are studied
with the use of the two-parton meson wave functions up to
a subleading twist. In Sec. IV, the p-meson electromagnetic
form factors in the py* — p 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.

© 2015 American Physical Society
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FIG. 1 (color online).
the virtual photon vertex.

Under the light-cone (LC) coordinate, the momenta for
initial and final mesons in Fig. 1 are defined as

Q 0
Py = 75(1,72//1’%)’ Py = ﬁ(ﬁw’ 1.07);
kl = <X1%,0,k1T), k2 - (0,)62%,1(2]"), (1)

where k;,i =1, 2 is the momentum carried by the
antiquark for the initial or final meson with the momentum
fraction x; and k;; represent the corresponding transversal
momentum. The dimensionless parameter y2 = M2/Q?,
v3=M;/Q* Then the momentum transfer squared is
q* = (P, — P,)*> = —Q?. The polarization vectors of the
initial and final p mesons are also defined in the LC
coordinate,

61/4(L) (1,-}’%,07‘), €1ﬂ(T) = (0,0, lT),

|
V2,

€3, (L) (=75 1,07).  €,(T) =(0,0.17), (2)

1
= \/iyp

with the p-meson mass M, = 0.77 GeV. The LC defini-
tions in Eq. (1), (2) satisfy the relations
P € =0, Py e, =0; el =¢€3=-1. (3)
As elaborated in Ref. [37], the power-suppressed three-
parton contribution to the pion electromagnetic form factor
in the k; 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 — x transition form factor at a large recoil of the
pion in the k; factorization theorem. So in our calculation
for the pz transition form factor and p-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
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The LO diagrams for the pz transition and p-meson electromagnetic form factor, with the symbol ¢ representing

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

dmmﬂawzﬁgmmeAm+awwwmm
M), 4)
@@mﬂnwi%mwwwﬁm+awwm%m

+ iMpeuvpayﬂySdf(T)npUa(p/a) (X1>]. (5)

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

@#ﬂzﬁmmﬁmnwwﬁm>
— ysmi(bh = DT (x)]: (6)
@Nammwj%muwwwm+amm@m>
+ M, (x5)], (7)
@@wmw:%%mmﬂmwemmwm>

+ iMpe;wpaySy”GS(T) Uﬂ"”@f (XZ)]' (8)

Here ¢7, ¢}, and ¢, are the leading twist-2 (T2) distribu-
tion amplitudes (DAs), while i o, and ¢," are the
subleading twist-3 (T3) DAs which are power suppressed
by m§/Q and M,/ Q. And m§ 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,
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— 3f” —x a® % ar %
Pz (x) = \/gx(l 1+ a3C5(t) + afCi(1)],

” 5 s
) =5 |1+ (3o =302 ) Ao
9 2 4 %

— 3| 303 +%Pn(1 +6a5) | Ci(1)],
T e
7 (X 1 —2x

() =5 (1-29)
1 7 3
X [1 + 6<5’73 — 51303 = %Pzzz - g/’;zza’z[>
x (1 —10x + 1Ox2)], 9)

where the new Gegenbauer moments a7 and af, the

parameters 73, @3 and p, are the same ones as those defined
in Ref. [51]

= 0.16, aj = 0.04, Pr = m,/myg,

ns= 0015, @ =—3.0. (10)
with  f, =0.13 GeV, m, =0.13GeV, and md=

1.74 GeV.

For the rho meson, the following twist-2 DAs (¢, and
¢?) and twist-3 DAs (¢, ") will be used in our numerical
calculation,

,(5) = Z2+(1 =)+, &2 (1),
o s 3/2
by (x) = \@X(l =01+ a3, (1)), (11)
h(x) = I (0.75(1 + ) +0.24(3> = 1)
2v6
+0.12(3 = 3072 + 351%)],
, 4y 2 :
¢5(x) = 4\f( —2x)[1 +0.93(10x* — 10x + 1)];
Ph(x) = 2{—% [3£2 4 0.372(5¢* = 3)
+0.21(3 — 307> + 351t%)],
o)~ o )
¢p(x) = Wg(l —2x)[1 +0.76(10x* — 10x + 1)],  (12)
where t = 2x — 1, the Gegenbauer moments a =0.18,
az,) =0.2, and the decay constants f » = 0.209,

f,{ = 0.165. The Gegenbauer polynomials in Eqgs. (11)
and (12) are of the following form:
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cl () = 3B - 1),
;% (r) = [sﬂ - 1],
Cy* (1) = g [3 - 3072 4 3514,
(1) = [1 — 1422 + 2174, (13)

III. px TRANSITION FORM FACTOR Q*F ,,,,(Qz)

We first consider the py* — # transition; here the two
subdiagrams Figs. 1(a) and 1(b) will contribute to the pz
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 p meson with the
vector current J, ;—; contributes to the pz transition form
factor, which can be written as

(m(P)| (P, €1)) = (m(P2) [ jz=1|p(Py, €1(T)))
= Fu(Q%)eupo€t (T)nP v PP .
(14)

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

1 |41 =22 |4+2n=3
a2t 0110 ~ (i) - (s)
The pz transition amplitude is suppressed by 1/Q? because
of the helicity flipping at the vector vertex for the quark
lines (|4| = 1). In Eq. (15), 4; and 4, denote the helicity on
the z axis, and n is the parton number of the hadron: when
the hadron is a meson, n = 2.

From Egs. (14) and (15), one can see that the px
transition form factor F p,[(Qz) has the asymptotic behavior
[Q]~* at the limit of large transfer momenta, so one should
study the dimensionless form factor Q*F,,(Q?%) rather
than F,,(Q?) 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 pz transition hard kernel can
be written in the following form:

Q4Hpﬂ(Q;xlvx2;k1T7k2T)
_ l6ra, {Mpw(xl)—cbz(xl)]aﬁﬁ(xl)
3 (P1—ky)?(ky —ky)?

+X1Mp[¢ﬁ(x1) — ¢ (x))] 7 (x2) + 2m2¢/7;(x1)¢7€(x2)}
(Py=ky)?(ky —ky)? '

(16)

By integrating over the longitudinal momentum fractions
(x1,x,) and the transversal momentum in its conjugate
coordinate spaces (by, b,), we can obtain the pz transition
form factor,
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() - / drydr, / bydbybydby - expl=S s (x:. bi: O, )

X AM, [} (x1) = ¢ (x1)] - Pz (x1) - h(x2. X1, by by)

+X1 [¢p(x1)

¢p(x1 } ¢17?(x2

h(xy, x5, b1, by)

+ 2mGepy (x1) gy (x2) - S,(x1)S1(x2) - h(x1. X2, by, by) }, (17)

where the k; resummation Sudakov factor S,,(x;, b;; Q. u) and the threshold resummation function S, (x) are the same ones
as those being used in Refs. [15,38,47]. The explicit expression of the function S,,(x;, b;; Q. u) is of the form

Q

(L LU, mAE o
Spﬂ(xivbi’Qiﬂ)_s(xl\/i’bl) +S<xl\/§’bl> +21/b; ﬁ yq(g(ﬂ))’ (18)

where X; = 1 — x; with i = 1, 2 for the initial p and final =
meson, respectively. The expressions of the function
s(Q',b;) and the anomalous dimension y,(g(i)) can be
found in Ref. [54]. For the threshold resummation function
S,(x), it was adopted from Ref. [38]:

2142¢0(3/2 + ¢)
V(1 + ¢)

here we set the parameter ¢ = 0.4 in the numerical

calculations. The hard functions h(x;,x,,b;,b,) in

Eq. (17) come from the Fourier transform of the hard
kernel and can be written as [15]

= Ko(vx1%,0b,)
x [0(by — by)Io(/x10by)
x Ko(v/x10by) + (by<by)],  (20)

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

Si(x) = [e(1 = %) (19)

h(xla-xZ’b]’ b2)

1.2 Pop— T T T
----term
(@)

1.0H_

term2

prt

Q'F (@)

FIG. 2 (color online).

,u:yf:t:max(\/x_lQ, \/x—ZQvl/blvl/b2) (21)

Based on the formula in Eq. (17), we calculate and show
the PQCD predictions for the Q*-dependence of the px
transition form factor Q*F ,,(Q?) 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

¢! (x1)pL (xo) provides the absolutely dominant
contribution. The first term describes the contribu-
tion from Fig. 1(a) and is very small in size.

----ADS/QCD
16— pQCD

(b) 1

2 4 6 8 10

(a) the PQCD predictions for the Q2-dependence of the pz transition form factor Q*F p,,(QZ) 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 Q*-dependence of the pz transition form factor
Q*F,,(Q?) 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. p MESON ELECTROMAGNETIC
FORM FACTOR F;(0Q?)

In this section, we consider the py* — p process and
calculate the p-meson electromagnetic form factors by
employing the PQCD factorization approach. Because
the initial and final states are the same p 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 p electromagnetic form factors F;(Q?),i = 1,2, 3
in the py* — p process are defined as the following matrix
element [2,27]:

(p(Py,€3)J,2lp(Py,€1))
= _62/}€la{[(Pl +P2),49a/] — P3g - pfg(w] - F(0%)
— [9"P{ + ¢ Pg] - F2(Q?)

1
PP+ P2), F(0) . 22)
p

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

1/Q% or 1/0°,

W=Dy~ (23)

<p(P27/12 = 0)‘J/4,|/1|=1|p(P1’ Q2 ’

1
(p(Py. 2y = i1>|J,4.|,1\:0|ﬂ(1p17/11 = F1)) N@v (24)

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

(0(Py. Ay = O\, ol (Py. Ay = 0)) ~;. (25)
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The helicity of the vector current is defined as 1 = 4; + 4,,
and then the transition 4; = £1 - 1, = £1 is forbidden
because the helicity of the vector current is 1< 1.
The A; = £1 - 4, =0 transition in Eq. (23) requires
the helicity flipping for one quark line at the vector vertex,
which gives a suppression k;/Q, while the 4, = £1 —
Ay = F1 transition in Eq. (24) needs the helicity flipping
for both quark lines at the vector vertices, which leads to a
suppression k%./Q?.

From the radiative matrix element as defined in Eq. (22)
and the asymptotic behavior of the hadron form factors as
described in Egs. (23)—(25), we get to know that:

(i) Only the electric form factor F;(Q?) contributes

to the transversal from factor Frr(Q?) with
/11 - —)«2 - :|:1

(ii)) Both the electric form factor F,(Q?) and the
magnetic form factor F,(Q?) contribute to the
semitransversal form factor Fir with 4; = +£1
& A =0(i,j=1.2,i # j);

(iii) All F{(Q?), F5(Q?), and the quadruple form factor
F3(Q?) give the contribution to the longitudinal
radiation form factor Fy; with 1, =4, = 0.

These form factors do satisfy the following relations by
definition:

Frr(Q%) = F1(Q%).

Fin(0?) = 52 [F(0%) + F2(02)]
2 p 2 Q2 2
Fi(Q%) = F1(Q%) —2M/2)F2(Q )
2 2
+2 (1 +4QW)F3(Q2)- (26)

By introducing the transversal momentum k7 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 Q%-dependence of the p-meson electromagnetic
from factors,

) 321Gy 1 = 1,
Fi(0%) :TQ aS(ﬂ)A dx1dx2/0 bydbbydb, - exp[—S,(x;:b;; Qs )4 | X2 —57,:(1 +x2) |, (x1)h,(x2)
(e ) () + 272(1 x2>¢z<xl>¢;<x2>} (a1, b2, 1), @7)
32xC 1 o
Fu(Q) = 5 OMya, ) [ dxides [ bidsibadss -expl=S, s Qi)

{3 1050) + 500000 0) + ) 0F02) = 3ty () + B3] | o), (29
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1 &)
Frp(Q?) = ——Ma (M)A dxldxz/o bydb bydb, - exp[=S,(x;; b;; Qs )]

X {(1 = x2) (5 (x1) 5 (x2) — p (x1) by (x2)

]
+ (1 +x2) [ (x1)pp (x2) = @p (x1)s (x2)]} - A(x2, X1, by, by),

where Cp = 4/3 and the Sudakov factor S,(x;;b;; O p)
and the hard function h(x,, x, by, b3) are the same ones as
those in Egs. (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 Q*-dependence of
Lorentz-invariant electric, magnetic, and quadruple form
factors F,(Q?), F,(Q?), and F5(Q?).

058 ; T ' — ' ' : '
2
----F(Q)
2
P FAQ)
06} " 9]
D FLL(Q)
— \- ll‘
o~ \ .
S o4l v i
T \
[ \‘ .
AN
N Tl
02} B SR |
\.\‘ el
0.0 ERhhb i SEE L — o
0 2 8 10

QZ

FIG. 3 (color online). The PQCD predictions for Q> depend-
ence of the p-meson form factors F,, (Q*) with different
polarizations for initial and final states. The short dashed, dots,
and dot-dashed curves represent the form factors Frp(Q?),
Fi1(Q?), and Fy (Q?), respectively.

0.8 — T T T T T T T T
\ - . 2
[ Fi(@)
E S 2
- F (@)
0.6 - e o]
S F,(Q)
e
& v
S o4} Ve 4
w v
v
v
.
0.2 \ - ]
.
Sl Tl
00 e e - i Tl
0 2 4 6 8 10

FIG. 4 (color online). The PQCD predictions for Q2-depend-
ence of the Lorentz-invariant p-meson electromagnetic form
factors F » 3(Q?). The short dashed, dots, and dot-dashed curves
represent the electric [F;(Q?)], the magnetic [F,(Q?)], and the
quadruple [F5(Q?)] form factors, respectively.

(29)

|
The PQCD predictions for the Q*-dependence of the
p-meson electromagnetic form factors with different polar-
izations [i.e., Fi(Q?%), Fir(Q?), and Fy;(Q?)] are pre-
sented in Fig. 3, while the Q?-dependence of the p-meson
electric, magnetic, and quadruple form factors with different
Lorentz structures [i.e., F|,3(Q?)] 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: Fy1(Q%)2
F1(Q?) > Frr(Q?). The asymptotic behavior dis-
played in Eq. (15) is partially violated for Fy(Q?)
and Fyy(Q?). This violation arises because the
longitudinal form factor Fy; has an additional sup-
pression from x,, although its asymptotic behavior
has a Q/M, enhancement when compared to the
semitransversal form factor F} 1. And this violation is
consistent with the light-cone sum rule result [2].
(ii) The value of the electric form factor F,(Q?) is rather
small, because it is equal to the heavily suppressed
transversal form factor F-p(Q?) as defined in Eq. (26).
In the region of Q% > 3 GeV?, there exists also an
approximate relation for the values of F;,3(Q?):
F,(Q%) = F5(Q?%) = F,(Q?%). Our PQCD predictions
for F;(Q?) and F,(Q?) form factors agree well
with the QCD sum rule results [27] in the region
0? > 3 GeV?2. But the PQCD prediction for the quad-
ruple form factor F3(Q?) is much larger than the one
from the QCD sum rule, the hierarchy F;(Q?) >>
F5(Q?) between F(Q?) and F5(Q?) predicted in the
QCD sum rule [27] is therefore changed here.

V. SUMMARY

By employing the PQCD factorization approach,
we studied the py* — 7z and the py* — p transition proc-
esses and made the analytical and numerical evaluations
for the pz transition form factor Q*F,,(Q%) and the
p-meson electromagnetic form factors, Fyy jrrr(Q*) and
F1,3(0%). We found the following results:

(1) For the py* — x transition process, the contribution
to the pz transition form factor Q*F,,(Q?) from
the terms proportional to the DAs combination
@} (x1)pE(x,) is absolutely dominant, and the
PQCD predictions for both the magnitude and the
Q?%-dependence of this form factor agree well
with those from the extended AdS/QCD models
or from the light-cone QCD sum rule.
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(i) For the py* — p transition process and in the region
of 0% >3 GeV?, we found that the PQCD predic-
tions for the magnitude and their Q?-dependence of
the F,(Q?) and F,(Q?) form factors agree well with
those from the QCD sum rule, while the PQCD
prediction for the quadruple F53(Q?) is much larger
than the one from the QCD sum rule.
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