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Next-to-leading-order power correction to photon-pion transition form factor
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We propose an approach to calculate the next-to-leading-order power corrections to the photon-pion transi-
tion form factorF,,y(Qz). The effects of the next-to-leading-order power corrections are analyzed.
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I. INTRODUCTION wheres,=8m2f2~0.68 Ge\’. This implies that the NLO
power corrections, i.e. th®(1/Q*) corrections, might be
The photon-pion transition procesg m— vy provides a important.

good example for tests of QCD. The amplitude for the tran- In this paper, we shall present a perturbative calculation
sition process can be expressed &(y*7T—y)= for the NLO power corrections to the photon-pion transition
—ie%€,.p P{P5€'F ,,(Q?), where P, denotes the pion form factorF . (Q?). The method of calculation is related to
momentum and®, and " represent the momentum and po- the terminology of the collinear expansifhl,12. The col-
larization of the real photon. All information on QCD for this linear expansion has the following featur¢$) it preserves
process is contained in the form factEgW(Qz), with Q2  individual gauge invariance of the soft function and the hard
= —(P,—P,)? being the virtuality of the virtual photon. In function; (2) it can systematically separate the leading-order
this paper, we would like to investigate the effects of the(LO) contributions from the next-to-leading-ord¢NLO)
next-to-leading-orde(NLO) power corrections for the tran- power corrections(3) it can simultaneously derive different
sition form factor. For sufficiently high energie®Q?  kinds of higher twist contributions from the sources: the non-

>A§cp, the transition form factor can be calculated in per-collinear partons, the wrong spin projection and the higher

turbative QCD(PQCD) to have the form Fock states(4) it is a twist-by-twist expansion and also free
from the twist mixing problem(5) it is a Feynman diagram
1 bo(X) approach such that the partonic picture for higher twist con-
Fwy(Q2)=4wa dxz—, (1)  tributions can be preserved.
0 Q%(1-x) Our main results are summarized as follows. We shall

employ collinear expansion to evaluate the NLO power cor-
whereC .= \[2/6 is the pion charge factor angh(x) repre-  rections for the process* m— y. The NLO power correc-
sents the leading twigtwist-2) pion distribution amplitude tjons to Fm(Qz) involve four twist-4 pion DAs. Two of
(DA). In the high energy limitQ?>—, the nonleading them are due to nonvanishing masses of the valence quarks
anomalous dimension contributions to the pion DA can beyf the pion. With the help of equations of motion, the number
ignored and the pion DA approaches its asymptotical formpf independent twist-4 DAs is reduced from four to two. The
bo(x)=3x(1—X)f./\2. It implies that the transition form remaining two twist-4 DAs are assumed to be asymptotic.

factor F ., also has an asymptotical linfit] The theoretical prediction for the scaled form factor
Q?F,.(Q?) is in good agreement with the CLEO data.
) _Zf,, The organization of the remaining text is as follows. We
Fay(Q ”Qz%ﬁg' 2) describe the collinear expansion for the procg$sr— vy in

Sec. Il. The NLO power corrections to the transition form
The factor FM(QZ) are calculated in Sec. Ill. Section IV is de-

where f_ =93 MeV is the pion decay constant. )
evoted to conclusions.

asymptotic of the form factor is about 15% larger than th
upper end of the CLEO daf&]. Many proposals, such as the
inclusion of O(«s) corrections into the transition form factor II. COLLINEAR EXPANSION

[3-7] and the introduction of the transverse structure for the \ve sketch the procedures of collinear expansion for
pion DA[8,9], have been suggested to solve this discrepancw T— 7.

between theory and experiment. It has also been sH&Wn Let M=o (k)® &(k) represent the lowest order ampli-
that t.he data can be described2 by the Brogsky—l_.epage intefyge fory*(qp) 7(P;)— v(P,) as depicted in Figs.(d and
DO'at'”g formula[10] for both Q°—< andQ“—0 limits of 1)) The op(K) denotes the amplitude for partonic subpro-
Fa(Q%): cess and the(k) represents the pion DA. The represents
the convolution integral over the loop momentlnand the
traces over the color indices and spin indices. The amplitude
M is expressed as

2f . 3
So+Q?’

Fo3(Q%)=
4

d?k
M= f ok ()], @
(2m)
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ond step is to substitute the leading partonic amplitgge
@ @fﬂm <7>'@WV into the convolution integral witl to extract the termsr,
® ¢y

(a) (b) © @

Tp® P=0p® ot T, @ Pyt -, (10
FIG. 1. The leading order Feynman diagrams$8rr— . The
cross symbol represents the vertex of the virtual photon. where ¢, and ¢, denote the leading and subleading pion
DAs, respectively. However, this is not the final answer. The
where the trace Tr is run over fermion and color indices, andp; contains both short distance and long distance contribu-
the pion DA ¢(K) takes the form tions. The short distance part @f; arises from the noncol-
linear components of the loop momentlknBYy the equa-
tions of motion, the noncollinear components lofwill
¢(k)=f d*y ek ¥(0[q(0)q(y)|m(Py)). (5  induce one quark-gluon interaction vertex, and one spe-
cial propagatoiiri/(2k-n) [11]. Because the special propa-
If we assign the momentum of the final state photon in theJator is not propagat?ng in the minus Iight-cone_ direction, the
minus light-cone directionP,=Q>2n/2, and the momentum quark-gluo_n mteracpon verte>_< and the_ spec@ propagator
of the initial pion in the plus light-cone directioR,=p, the ~ should be included in the leading partonic amplitudg, In
leading configuration for the process is then constructedhis way, we may factorizep, as¢>l~(¢[')awj,(¢>f)“ and
from the collinear momenturk=xp with x=k-n the frac-  absorb the short distance pieagt), into o, . Itleads to the
tion of the momentum of the pion carried by the partons. Thehird step
vectorsp and n represent lightlike vectors in the and —
directions, respectively, and satisfy conditiopd=n?=0

andn.-p=1. The first step of the collinear expansion is to 0@ 1= 0p@ (1) oW, (D))
make a Taylor expansion for the partonic amplituggk)
with respect tok=xp: =(opr ) @wWs, (4D, (11)
oK)= ap(K=K)+ (o) s(x )W K 4., (6)  Where (@} ' containing covariant derivativd® =i’
—gA“/ is implied. Notice that the light-cone gauge A
where we have assumed the low energy theorem =0 assuresw’,A® =A% It is useful to write the above
equation in a concise form
d _
— 0 p(K) k== (07p) a(X,X), ()
ok p( |k k ( p (

Ep®¢1=f dxdx T (e ) w(X,%7)
and have employed notatiorvsz,k“'z(k—xp)“ and w?,

=gz,—p“na/ . Since;p(x) is only dependent on the frac-
tional variablex, we can recast the convolutian,® ¢ into  with being the matrix product. The new soft function

Xw®, (D) (x,x1)], (12)

the form (6 (x,x1) has the expression
0p® = f dx Tl op(x) $(x)]. 8 s [ d% [ d%,
(d)l) (X,Xl)_J'(ZW)“f (277_)4
with

XJ d4yf 447 dk-Yailki—K)-2

d*k . _

¢(x)=f 4f d*ye Y s(x—k-n)(0|q(0)q(y)| ).

(2m) © X 8(x—k-n)S8(x;—ky-n)
_ x(0[q(0)D* (2)q(y)|m), (13
The leading termo,® ¢ contains leading, next-to-leading
and higher order power contributions. To separate the contrigng the hard functiongp-q&T)a(x,xl) is defined as
butions of different power order, we can investigate the spin
structures of the leading partonic amplitudg. The o, has — o —ih—
terms proportional ta and p. The terms proportional ta (0p* h1)a(X,X1) = (1 ¥a) 5 ~0p(X)
would project out a collineagq pair from the parent pion,
and those terms proportional # would not vanish only

— _ in
when theqa pair carries noncollinear momentum. The sec- +op()(iva) (14)

2(1—x)
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The contribution from the second term of E§) should DA and partonic amplitude and the boson ind&@xdenotes
be considered, too. Similar to the treatment for terms relatethe np power of momenta in previous collinear expansion
to oy, the terms related too,) ,(x, X)W k® are necessary and theng gluon lines asB=np+ng. Because we have
to be substituted into the convolution integral with, where ~ attributed the large scale factorQuinto the partonic ampli-
we have made the approximatigir ¢o+ - - -. The momen- tude, the pion DA can only contain small scales Acp.-
tum factork® will be absorbed byb, to become a coordinate Therefore, we may write
derivative acting on the quark field. That is we make the
transformatiork® ¢o= ¢7 , which has the expression PR ;a1~--aB:2 ATifleiﬂl"'#«F eyl (o)

I

= | d*ye*¥(0[q(0)is” : 15 _ :
2% J y (Ola(@ia"a(y)lm) (19 The spin polarizerg; are composed of vectogg“, n* and
_ o _ « aal y!, where ! has superscripte=1,2. The variabler; rep-

Consider another contributioM;~ (o) ,®W,, ¢1 from  resents the twist associated with. The restrictions over the

Figs. 1c) and 1d), where¢7 5 contains gauge fields polarizere/t" #F1*1" %8 gre
Pia= f d4yd*zekveilka—h)-z n, et T e=, (22)
><(0|a(0)(—gA“(z))q(y)|7r>. (16)  This is because the polarizees are always projected by

_ w¢,. The dimension ofgp#1#F:@1 " %8 is determined by
Note that we have employed the approximation thaf)(,  dimensional analysis
® @7 4 is the leading term oM ;. This comes to the fourth

step: d(¢)=3F+B—-1, (23

(;p)a®WZr¢f;+(;p)a®Wzr¢f,:\5(;p)1® #%, (17 and the maximum of the dimension ef can be found as

where ¢7 ,+ P = ¢3. We write the new quantities as 1 .
maxd(e)]=F - 5[1-(~1)°]. (24

(0p)10 $1= J dx J Ay Tl (7p)a(X,X0)

By equating the dimensions of both sides of E2{), we can

Xw®, () (x,x1)], (18  obtain the minimum value of;
with ¢3 as defined before. However, it will become clear : 1
¢1as _ _ o 7MN=2F+B+ -[1—(—1)B]. (25
later that @), vanishes as it convolutes with twist-4 Dﬁ{ 2
(see below definition Up to O(1/Q*), we may drop the
(o), term and arrive at the result It is obvious from Eq(25) that there are only finite numbers
P of fermion lines, gluon lines and derivatives for a given
— — 2
M+M;~0,® o+ (0p*d1) @ g, (190  power of 1Q°.
where ¢ representsﬁf. This involves only one subleading Ill. O(YQ* CONTRIBUTIONS OF 7* m—y

DA ¢, for the NLO power correction.

To proceed, we need to consider the factorizations of the The lowest order diagrams are displayed in Fig. 1. By
spin indices and the color indices. For factorization of spinapplying the collinear expansion, we can write the result as
indices, we expand the pion DAs into their spin components

by means of Fierz transformation M(y* m—y)=—ie%€,.mPiP5e'F,(Q%), (26)
bo 1:2 ST (20) where € denotes the polarization vector of the final state
e R photon. The leading-order power contributionRﬁy(Qz) is

_ _ calculated from Figs. (& and 1b) as
whereI" means Dirac matriX’'=1, v*, y*vs, o*". The

factorization of the color indices takes the convention that 1 b(X)
the color indices of the partonic amplitude are extracted from FES(QZ) :4wa dxz—, (27)
the partonic amplitude and attributed to the corresponding Q*(1-x)

pion DA. The choice of the lowest twist componezﬁél of

¢o,1is made by employing the power counting. Assume thawhere the charge fact@, = (eﬁ—eﬁ)/\/i with e, andegy the
the pion DA ¢#1 " #F:?1" @8 has the fermion inde¥ and  charges ofu andd quark in units of the elementary charge.
the boson inde®B. The fermion index= arises from the spin The NLO power correction part oIFM(QZ) is evaluated
index factorization for E fermion lines connecting the pion from Fig. 2 to take the form as
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(a) (b) © (@)

FIG. 2. The Feynman diagrams contribute to the next-to-
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Note thatH(x) and H(x) are related to the conventional
twist-3 pion DAs¢,(x) and ¢,(x) [13] by a factorm, the
average quark mass.

The four twist-4 DASG, G, H andH are not independent.
They are related to each other by equations of motion. After
employing equations of motion, we obtain the remaining in-

leading-order power corrections. The propagator with one bar is théependent twist-4 DA€’ andG':

special propagator.

x)+G(x)(1 2x)]
Q*x(1-x)

FNLO(Q?) = — 16C f
(28)

The relevant DAs are expressed explicitly as follows:

dx
ba(X) = f )
X e™(0]q(0) ysha(An)| m(Py)), (29)
— da d77 | X1—X) alAX
G00=—get* [ an [ 505 emame e
%(0]q(0)y,D g( 7n)q(AN)|7(Py)), (30
dn  dy :
—_ _deB el 7(x1—X) giAx
- 5 f f amame e

X(0[q(0) ysy.D g(p)a(An)|7(Py)). (31

The tensorg” andd?” are defined as{*= e*#"p,n, and
d*f=penf+nepf— g“ﬁ

dzy .
- | (X1 —X) @l AX
G’ 166if f am e e

X(0[q(0) y,D(7n) yza(An)|m(Py)), (35

and

é'(x)———d“ﬂf f

X(0]a(0) y5y,B(7n) y5q(An)|m(Py)).  (36)

As a result, we can recast E@8) as

dn  dpy
(2m) (2m)

|1;(xl—x)ei)\x

[G'(X)+G'(x)(1— 2X)]
Q*x(1—x)

Fl59(Q%)=—16C fld
Ty v 0
(37)

Because of the factor (22x) associated witlG’, G’ be-
comes dominant. The normalization ¢%(x) is fixed from

the pion weak decayr— uv such that¢sS(x)=3f x(1
—x)/\2 for the asymptotic(AS) model and ¢5%(x)
=15f_x(1—x)(1—2x)%\2 for the Chernyak-Zhitnitsky
(CZ2) model[14]. The normalization foiG’(x) is, in prin-
ciple, unknown. However, we can assume that it can be de-
termined from the axial anomaly— 27y to yield G'AS(x)

The nonvanishing valence quark mass can also contribute 2¢3 ,C7
to the NLO power corrections. We employ the scheme that 3‘/_ Z ;“1 x) for ‘h‘;’ AS model and G'*(x)
the partons involved in the partonic amplitude are massless. 152721 7x(1- %) (1~ 2x) Ifor the CZ model. We ex-
This does not affect the final result. By taking into accountP’€SS this normalization fo&" in more detail. It is known
the contributions from the quark mass operatmve get the ~ that the amplitude forr®— 21 is fixed by axial anomaly as

result

M(70—27y) = —ie2e, .5 Q) PIPEEN(PL)A, (39

where

H(x)+H 1-2
FNLO(Q Niso=— fdl\[ (x) (x)( X)]

Q*x(1-x)
(32) 1

- 472f

where two new twist-4 DA$ andH are expressed as

ande(q) ande(P,) represent the polarization vectors for the
final state photons. We first consider the AS model. Suppose
thatG’(x)szwa(l—x)/\/E with an unknown factoiN.
Substituting G’ (x) =3f _.Nx(1—x)/y2 into Egq. (37) and
completing the integration oves, we obtain

[ )N

_ _ __ _ap o
HO)== 16" |, Zm)

Xei)\X<0|a(0)mo'aﬁq()\n)|W(P1)>' (33

4N

1— — (39)
Q?

d\ 1
Rl = — fo o F ol Q) =6421,C

X e™(0|q(0)mysq(An)|7(Py)). (34 By extrapolating=.(Q?) to all orders inQ?, we then obtain
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FIG. 3. The prediction of the photon-pion transition form factor
QZFM(QZ) with NLO power corrections is compared with the ex-
perimental datd2]. The solid and dash lines correspond to the

transition form factor with the asymptotiédS) and the Chernyak-

Zhitnitsky (CZ) distribution amplitudes, respectively. The leading

twist transition form factor withO(e«) correction and asymptotic
distribution amplitude is also displayed as a point line.

_6y2f,C,

© Q%+4N 40

(Q? approaches a constant @— 0:

The form factorF?
3f.C

FA' Q9|2 0— ——. 41

7(Q9)]q2—0 2N (41

We then compare the amplituié( y* 77— ) under the limit
Q?—0 and the amplitudeM(7—2y) to find that N
=2772fi

tudeM (y* 77— ) and the amplitud® (7w—2+) are identi-

cal in the limit Q2—0 will be tested by comparing the the-

oretical prediction and the experimental data.

. The normalization for the CZ model can be dealt
with in the same way. The above assumption that the ampl

PHYSICAL REVIEW 66, 014002 (2002

for the CZ model. As shown in Fig. 3, the predictions of Egs.
(42) and (43) are compared with the CLEO dafa]. The
pion decay constarft.=93 MeV has been used. The predic-
tion from the AS model is in good agreement with the CLEO
data.

As mentioned in the Introduction, the leading twist tran-
sition form factor withO(«) correction can also explain the
CLEO data. TheD(«g) correction is available and the cor-
rected form factor is expressed @ee e.g[15])

(44)

5 aswé)>
3 7 )

2f
Fwy(Qz):_(l

where the Brodsky-Lepage-MackenZiBLM) scale setting
w2~Q?/9, the AS model for the leading twist pion DA, and
the usual one-loop formula for the QCD running coupling
constant:

Q¥ = — T (45)
Q2

Boln—
AQ(:D

have been used with 5cp=0.2 GeV andBy=11-2/3n;.
We compare Eq44) with Eq. (42) in Fig. 3. The difference
between Eqs(42) and (44) is very small forQ?=3 Ge\2.

IV. CONCLUSIONS

We have shown that the collinear expansion fgr
—y can be systematically performed. TREQ *) power

corrections forFm(Qz) have been evaluated in terms of
four twist-4 DAs. The effects of the NLO power corrections

have been estimated.
The other sources of power correction may also be impor-

. , e If thetant, such as the renormalon. The investigation of this kind of
comparison appears to be not good, this only implies that th

assumption should be modified, or wrong. But our approac

ower correction is beyond the scope of this paper.
We have also limited ourselves to tree amplitudes. The

for derivi?g the NLO power correction is still applicable. Up 5 1qrization theorem for the NLO power corrections should
to O(1/Q"), we write the photon-pion transition form factors pe proven in order to have a confident PQCD formalism. The

2f .|  8f2
FAS(Q%) = o 1- o (42)
for the AS model, and
10f 8f2
CZ/ A2\ — T, -7
F7T'y(Q )_ 3Q2 1 Q2‘| (43)

work for the proof of the factorization theorem is in prepa-
ration.
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