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Perturbative effects in the form factor gg*\p0 and extraction
of the pion distribution amplitude from CLEO data
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We study the pion form factorFpgg* (Q2) in the light-cone sum rule approach, accounting for radiative

corrections and higher twist effects. Comparing the results to the CLEO experimental data onFpgg* (Q2), we
extract the pion distribution amplitude of twist 2. The deviation of the distribution amplitude from the
asymptotic one is small and is estimated to bea2(m)50.1260.03 atm52.4 GeV, in the model with one
nonasymptotic term. The ansatz with two nonasymptotic terms gives some region ofa2 and a4, which is
consistent with the asymptotic distribution amplitude, but does not agree with some old models.

PACS number~s!: 11.55.Hx, 12.38.Bx, 13.40.Gp, 14.40.Aq
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I. INTRODUCTION

The production process of one neutral pion by two virtu
photons,g* g* →p0, plays a crucial role in the studies o
exclusive processes in quantum chromodynamics. Being
of the simplest exclusive processes, it involves only one h
ron and relates directly to the pion distribution amplitude@1#.
At large photon virtualities, we can calculate the form fac
using perturbative QCD and obtain important information
the shape of the pion distribution amplitude from the expe
mental data.

In general, the pion distribution amplitudes serve as in
in the QCD sum rule method and allow the calculation
many form factors~for example heavy-to-light form factor
B→p andD→p) and hadronic coupling constants~for ex-
ample gB* Bp and gD* Dp). We refer the reader to review
@6,7# and recent studies@8#.

Recently, the CLEO collaboration has measured
gg* →p0 form factor. In this experiment, one of the photo
is nearly on-shell and the other one is highly off-shell, with
virtuality in the range 1.5 GeV2–9.2 GeV2 @4#1. We study
the possibility of extracting the twist-2 pion distribution am
plitude from the CLEO data.

The pion-photon transition has been the subject of m
studies in the framework of perturbative QCD@9#, lattice
calculations@10# and QCD sum rule method@11,12,9,13#.

In the present paper, we use the light-cone sum r
~LCSR! method for calculating the form factor of the proce
gg* →p0. The method of LCSR has been suggested
@14,15# and consists of operator product expansion~OPE! on
the light-cone@3,2,1# combined with the QCD sum rule tech
nique @11#.

The first attempt to calculate this form factor by using t

*Email address: schmedding@physik.uni-wuerzburg.de
†Email address: yakovlev@umich.edu
1There exist also older results by the CELLO Collaboration@5#.
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LCSR method has been reported in@13#. The twist-2 and
twist-4 contributions were calculated to leading order wi
out accounting for perturbative QCD effects. The radiat
QCD effects are usually large~20%! and allow us to fix the
normalization scale dependence of involved parameters.

In this paper we analyze the LCSR for the form fact
gg* →p0 at next-to-leading order inaS ~NLO!. We derive
O(aS) radiative corrections to the spectral density of t
twist-2 operator. We combine the twist-2 contribution
NLO with higher twist contributions~twist-4! in order to
analyze the LCSR for the form factor of the processgg*
→p0 numerically.

Using CLEO experimental data, we extract the parame
of the twist-2 distribution amplitude. The distribution amp
tude appears to be very close to the asymptotic distribu
amplitude. The deviation of the distribution amplitude fro
the asymptotic one is small and is estimated to be

a2~m!50.1260.03 at m52.4 GeV,

using pion distribution amplitude with one non-asympto
term. This result ona2 agrees well with recent analysis o
electromagnetic pion form factor@16#.

The pion distribution amplitude with two non-asymptot
terms is also extracted, giving some region in t
a2 ,a4-plane. Theoretical systematical uncertainties
dominant over experimental statistical ones and systema
uncertainties are strongly correlated, defining the allowed
rameter space ofa2 ,a4. The extracted region for the distri
bution amplitude is in qualitative agreement with results d
rived in @17–19,16#, where it has been claimed that the pio
distribution amplitude is very close to the asymptotic for
However, our region does not overlap with the pion distrib
tion amplitudes suggested in@20# and @3#.

The paper is organized as follows. In the next section
discuss the general framework of calculating thepgg* form
factor with LCSR. In Sec. III we calculate a spectral dens
at leading order~LO! and next LO~NLO! and present the
final sum rule at NLO. In Sec. IV we perform a numeric
©2000 The American Physical Society02-1
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analysis and discuss a procedure to extract the parametea2
anda4 including the estimation of the systematic and sta
tical uncertainties.

II. THE METHOD OF CALCULATION

We start with the correlator of two vector currentsj m/n

5( 2
3 ūgm/nu2 1

3 d̄gm/nd):

E d4xe2 iq1x^p0~0!uT$ j m~x! j n~0!%u0&

5 i emnabq1
aq2

bFpg* g* ~q1 ,q2!, ~1!

whereq1 ,q2 are the momenta of the photons. If both virt
alities s15q1

2 and s25q2
2 are large and Euclidean

2s1 ,2s2@LQCD , the correlator can be expanded near
light-cone (x2→0). The leading twist-2 contribution to th
correlator~1! is @1#

Fpg* g* ~s1 ,s2!5
A2 f p

3 E
0

1 duwp~u!

s2~u21!2s1u
, ~2!

where wp(u) is the pion distribution amplitude of twist-2
defined through

^p~q!uq̄~x! gm g5 q~0!u0&52 i qm f p E
0

1

du wp~u!ei uqx.

~3!

In principle, the higher twist contributions can be calculat
using the OPE on the light cone.

However, in the CLEO experimental data, one of the v
tualities is small, i.e.s2→0. A straightforward operato
product expansion~OPE! calculation is not possible and w
have to use analyticity and duality arguments.

Since the form factorFpg* g* (s1 ,s2) is an analytical
function in both variables, we can write the form factor a
dispersion relation ins2:

Fpg* g* ~s1 ,s2!5
A2 f r Frp~s1!

mr
22s2

1E
s0

`

ds
rh~s1 ,s!

s2s2
. ~4!

The physical ground states arer andv vector mesons. We
use the zero-width approximation and define the matrix e
ments of electromagnetic currents, assuming isospin sym
try: mr.mv ; 1

3 ^p0(p)u j muv(q2)&.^p0(p)u j mur0(q2)&
5(1/mr) emnab en q1

a q2
b Frp(s1); 3 ^vu j nu0&.^r0u j nu0&

5( f r /A2) mr en* . Hereen is the polarization vector of ther
meson;f r is its decay constant.

The spectral density of higher energy statesrh(s1 ,s) is
derived from the QCD-calculated expression f

FQCD
pg* g* (s1 ,s) by using usual semilocal quark-hadron dual

for s.s0
11600
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E ds~any function!rh~s1 ,s!

5E ds~any function!
1

p
Im FQCD

pg* g* ~s1 ,s!. ~5!

We equate the dispersion relation~4! with the QCD ex-
pression at larges2. Using the dispersion relation for th

QCD functionFQCD
pg* g* (s1 ,s2), we obtain

A2 f r Frp~s1!

mr
22s2

5
1

pE0

s0
ds

Im FQCD
pg* g* ~s1 ,s!

s2s2
. ~6!

The next step is to perform a Borel transformation ins2. We
finally get the LCSR for the form factorFrp(s1):

A2 f r Frp~s1!5
1

p E
0

s0
ds Im FQCD

pg* g* ~s1 ,s!e(mr
2
2s)/M2

,

~7!

whereM is a Borel parameter.
Substituting Eq.~7! and the duality approximation~5! into

Eq. ~4! and taking thes2→0 limit we obtain the sum rule for
the form factorFgg* p(s1) @13#:

Fpgg* ~s1!5
1

p mr
2 E0

s0
ds Im FQCD

pg* g* ~s1 ,s!e(mr
2
2s)/M2

1
1

p E
s0

`ds

s
Im FQCD

pg* g* ~s1 ,s!. ~8!

We will use this expression as our basic sum rule for
numerical analysis.

III. BORN TERM AND QCD RADIATIVE CORRECTION

The next step is to calculate the spectral density at LO
NLO.

Calculating twist-2 contributions toFpg* g* (s1 ,s2), only
one distribution amplitude enters, the pion distribution a
plitude, wp(u), defined by ~3!. As a result, the
Fpg* g* (s1 ,s2) can be written as the convolution of the ha
amplitudeT(s1 ,s2 ,u) and the distribution amplitudewp(u):

Fpg* g* ~s1 ,s2!5 f p E
0

1

du wp~u!T~s1 ,s2 ,u!. ~9!

The hard amplitude—it plays the role of the Wilson coef
cient in OPE—is calculable within perturbative theory, t
pion distribution amplitudewp(u) contains the long-distanc
effects.

The theoretical spectral density ats2.0 ands1,0 can be
calculated from
2-2
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rQCD~s1 ,s2!5
1

p
Ims2

Fpg* g* ~s1 ,s2!

5 f p E
0

1

du wp~u!
1

p
Ims2

T~s1 ,s2 ,u!.

~10!

The contribution of twist-2 at LO approximation~2! @1# is

TQCD
LO ~s1 ,s2 ,u!5

A2

3

1

s2~u21!2s1u
and

rQCD
LO 5

A2 f p

3~s22s1!
wp~u0!, ~11!

whereu05s2 /(s22s1).
The O(as) correlation function forg* g* →p0 was con-

sidered in@21# ~see also@22,23#!. Here we use this result an
present it in a form which is useful for our further calcul
tions „c5@A2 f p/3(s22s1)#@as(m)CF/2p#…:

TQCD5TQCD
LO 1TQCD

NLO ; ~12!

TQCD
NLO~s1 ,s2 ,u!5c~a0 L01a1 L11a2 L2!, with

Ln5
logn~u2u0!

u2u0
. ~13!

The coefficientsa0 are expanded in terms of logn(2u0):

a05b0 l 01b1 l 11b2 l 2 with l n5 logn~2u0!. ~14!

The coefficients are
11600
b25
2s2

2 u1s2 s1~11u!

2u~s22s1!2
, ~15!

b1522 b2 ~Lm11!2
s2

2 ~s22s1! u
,

b05Lu
2 b1LuS s1

2 ~s22s1!~u21!
22 ~Lm11! bD

2
3

2
~31Lm!,

a25
1

2
1

s2 s1

2~s22s1!2u~u21!
,

a1522 a2 Lm

1
s2

2 ~12u!21s1
2u21s2 s1 ~2312u22u2!

2 ~s22s1!2~u21! u
,

with

Lm5 logS m2

s22s1
D ; Lu5 log~12u0!;

b5
s1

2 ~12u!1s2 s1 ~u22!

2 ~s22s1!2~u21!
.

Now we take the imaginary part of this expression in t
energy regions1,0 and s2.0. The nontrivial imaginary
part comes from the functionsLn and l n . We collect all
useful formulas in Appendix A. The combined result is
nd the
1

p
Im TQCD

NLO~s1 ,s2 ,u!52cXPS 1

u2u0
D „b112 log~u0! b2…2d~u2u0!

3Fb01 log~u0!~b11a1!1 log2~u0!~b21a2!2p2S b21
1

3
a2D G

1Q~u02u!Fa1S 1

u2u0
D

1

1a2S 2 loguu02uu
u2u0

D
1
GC, ~16!

where we use the ()1 operation, which is defined inside the integral as

E du f~u!„g~u,u0!…15E du „f ~u!2 f ~u0!…g~u,u0!.

We have checked that the dispersion integral with the imaginary part~16! reproduces the hard amplitude~13!.
The expression~16! is universal and could be used with any distribution amplitude. In the present paper we expa

distribution amplitude in Gegenbauer polynomials, keeping the first three terms~see also next section for details!:

wp
tw2~u,m!56 u~12u!@11a2~m!C2

3/2~2 u21!1a4~m!C4
3/2~2 u21!1•••#. ~17!

The direct integration over variableu gives the theoretical spectral density
2-3
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rQCD
NLO~s2 ,s1 ,m!5

A2 f p

3

as~m!CF

2p
@A0~s2 ,s1!1a2~m!A2~s2 ,s1 ,m!1a4~m!A4~s2 ,s1 ,m!#, ~18!

with the coefficients

A05
s2 s1

~s22s1!3 F2151p223 logS 2
s2

s1
D 2G , ~19!

A252
s2

4 ~s22s1!5
X225s2

328~9513p2!s2
2 s1236~2512p2!s2 s1

2212~512p2!s1
3

112s1~s2
213s2s11s1

2!F225 logS m2

s2
D16 logS 2

s2

s1
D 2GC,

A452
s2

10~s22s1!7
X291s2

522~5413175p2!s2
4 s12125~541112p2!s2

3s1
22100~901130p2!s2

2 s1
3

2150~193110p2!s2s1
4215~109110p2!s1

5130s1 ~s2
4110s2

3s1120s2
2s1

2110s2s1
31s1

4!

3F291 logS m2

s2
D115 logS 2

s2

s1
D 2GC.
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As a result the asymptotic contribution of twist-2 operators
NLO has a very simple form

rQCD5
2A2 f ps2s1

~s22s1!3
X11

as~m!CF

12p

3F2151p223 logS 2
s2

s1
D 2GC. ~20!

We note here that the spectral density contains double lo
rithms as log(2s2 /s1)

2. Numerically, these are moderate
our LCSR with s2'M2's05O(1 GeV2) and 2s1,10
GeV2 ~as in the case of CLEO data!. For higher virtualities,
2s1@10 GeV2, the resummation of the double logarithm
will be necessary.

Finally, we obtain LCSR by combining the general e
pression~8! with the formulas for the twist-2 spectral densi
at NLO derived in this paper~16!, ~18!, ~19! with the twist-4
contribution taken from the literature@13#.

IV. NUMERICAL RESULTS

We use the following parameters from the Particle D
Group @24# for the numerical analysis:f p5132 MeV, f r

5216 MeV andmr5770 MeV @24#. For the running of the
QCD coupling constantaS , we use the two-loop expressio
with Nf53 and L (4)5380 MeV which corresponds to
aS(MZ)50.118 @24#, after matching twice the QCD cou
pling constant at the quark-antiquark thresholdsmcc̄52.4
GeV andmbb̄510 GeV.

The distribution amplitudewp can be expanded in term
of Gegenbauer polynomialsCn(u)56u(12u)Cn

3/2(2u21).
Arguments based on conformal spin expansion@20# allow us
11600
t

a-

a

to neglect higher terms in this expansion. We adopt here
ansatz which consists of three terms, assuming that the te
an.4 are small

wp~u,m0!5C0~u!1a2~m0!C2~u!1a4~m0!C4~u!.
~21!

The asymptotic distribution amplitudewp(u)56u(12u) is
unambiguously fixed@1#. The termsn.0 describe non-
asymptotic corrections.

We may consider two different approaches to confront
sum rule with the experimental data. The first possibility is
use the existing values fora2 , a4 @20,3# in our sum rule and
to compare the calculated form factor with the CLEO expe
mental data. The second approach is to treata2 , a4 as un-
known parameters and to extract them from the CLEO d
We shall discuss both possibilities, starting with the first o

A. The asymptotic, BF- and CZ-distribution amplitudes

Previous extractions of the parametersa2 , a4 can be di-
vided into three classes:~1! Chernyak and Zhitnitsky~CZ!
obtained the coefficientsa2(m0)52/3 anda4(m0)50 @3# at
the scalem050.5 GeV; ~2! Braun and Filyanov~BF! ex-
tracted the coefficientsa2(m0)50.44 anda4(m0)50.25@20#
at the scalem051 GeV; ~3! some groups argued that th
wave function is very close to the asymptotic one, the co
ficients are very close toa250 anda450 ~see for example
@12,9,17–19#!.

The QCD evaluation ofa2 and a4 at different scalesm
gives the values in Table I. Now we calculate the form fac
using these values. We use the normalization pointm
52.4 GeV, which corresponds to the virtuality of the ph
tons in the central region of the experimental data. This sc
2-4
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is also used in manyB→p calculations@8#. The lower scale
m51.5 GeV is taken in order to check the sensitivity of t
results to the variation ofm.

The sum rule depends on the Borel massM and the
threshold energys0. The dependence on both parameters
small. The variation ofs0 by 20% gives deviations in the
form factor of less than 2%. Figure 1 shows the Borel m
dependence of the form factor at variousQ2 (Q252s1). We
note that the dependence is very small for virtualities aro
Q2'2 –3 GeV2, where the experimental data is conce
trated. For otherQ2 the Borel dependence is still modera
(62 –4 %!, showing a good quality of the sum rule. We u
in the calculationss051.5 GeV2 andM250.760.2 GeV.

Now we are ready to compute the form factor using B
CZ and asymptotic distribution amplitudes. In Fig. 2 w
show the contributions of the asymptotic and nonasympt
parts of the distribution amplitude atm51.5 and 2.4 GeV;
the parametersa2 and a4 are normalized to 1 in the whol
region of Q2. The twist-4 parameterd2(m) is fixed at m
51 GeV to be 0.2 and scaled by the renormalization gro
equation with the one-loop anomalous dimension. We
that the asymptotic contribution is too small in order to
experimental data.

The results with BF- and CZ- distribution amplitudes a
presented in Fig. 3 and are too large to describe CLEO d

B. Extraction of the distribution amplitude from CLEO data

We use a numerical nonlinear fit procedure to estim
best values for Gegenbauer coefficients.

TABLE I. The pion wave function parametersa2,a4 at different
scalesm, for the Braun-Filyanov~BF! and Chernyak-Zhitnitsky
~CZ! models.

0.7 GeV 1.0 GeV 1.5 GeV 2.4 GeV
m a2 a4 a2 a4 a2 a4 a2 a4

BF @11# — — 0.44 0.25 0.33 0.17 0.28 0.13
CZ @3# 2/3 0 — — 0.33 -0.008 0.28 -0.009

FIG. 1. The form factorQ2 Fgg* p(Q2) as a function of the
Borel parameterM2 for Q251,2,9 GeV2 ~from lower to upper
line!.
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First, we study the ansatz for the pion distribution amp
tude with only one non-asymptotic terma2. Using this ansatz
and comparing our results with CLEO results we obtain

a250.1260.03 at m52.4 GeV. ~22!

This result shows that the pion distribution amplitude is ve
close to the asymptotic form. This conclusion is in agre
ment with recent analysis on electromagnetic pion form f
tor @16# and also with results based on QCD sum rules p
sented in@17–19#.

Let us comment on the normalization scale dependenc
our result, which enters through the QCD coupling const
and logarithms in the radiative correction. For the extract
of a2(m), we may choose any reasonable normalizat
point in the interval 1,m,3 GeV. Different input values of
m will give different pairs ofa2(m). We have checked tha

FIG. 2. The contributions of the asymptotic distribution amp
tude ~solid line! and non-asymptotic terms of the first two Gege
bauer polynomials witha251 in the wholeQ2-region~dashed line!

anda451 ~dotted line! to the form factorQ2 Fgg* p(Q2) as a func-
tion of Q2 at the normalization pointm52.4,1.5 GeV~upper, lower
curves from a bunch of two curves correspondingly!. The experi-
mental data are taken from@4#.

FIG. 3. The form factorQ2 Fgg* p(Q2) calculated with different
distribution amplitudes: the Braun-Filyanov~dashed lines!,
Chernyak-Zhitnitsky~dotted lines! and our results extracted from
CLEO data atm52.4 GeV~upper lines from bunches of two lines!
and m51.5 GeV ~lower lines!. The experimental data are take
from @4#.
2-5
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all extracted values ofa2 are in agreement with the reno
malization group equation. The details about the running
an(m) with m are discussed in Appendix B.

We have also studied the ansatz for the pion distribut
amplitude with two non-asymptotic termsa2 anda4. Using
this ansatz and comparing our results with CLEO results
obtain: a250.19 anda4520.14 atm52.4 GeV as the fit
parameters. The form factor calculated with the central v
ues of the extracted parametersa2(2.4) anda4(2.4) is shown
in Fig. 4.

Now let us discuss systematic uncertainties. There
many sources of systematic uncertainties. One is the h
order QCD perturbative corrections. Taking into account
size of one loop QCD correction~20%!, we estimate two
loop ~and higher order correction! to be of order 0.230.2
50.04(4%). Additionally, there are power corrections o
twist higher than 4. We assume them to be 20% of
twist-4 contribution, which itself contributes about 20–30
to the twist-2 term. The effect of the twist-4 contribution
shown in Fig. 5. We also adopt zero width approximation

FIG. 4. The form factorQ2 Fgg* p(Q2) with the distribution
amplitude extracted from CLEO data atm52.4 GeV ~solid lines!.
The contribution ofa250.19 ~dashed line! anda4520.14 ~dotted
line! are the central values of our nonlinear fit. The experimen
data are taken from@4#.

FIG. 5. The form factorQ2 Fgg* p(Q2) as a function ofQ2 at
best extracted values ofa2 anda4 at m52.4 GeV with~solid line!
and without ~dashed line! twist-4 contribution. The experimenta
data are taken from@4#.
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r and v. The uncertainty induced by this assumption
small, a few percent,2 since the form factorFrp does not
appear in the final sum rule. The duality assumption int
duces another source of uncertainties which is difficult
estimate. We assume that the variation ofM2 ands0 gives us
a rough idea about the size.

To fix statistical uncertainties we apply the fit procedu
on a statistical set of data tables, where the experime
points are randomly displaced within the given errors@4#.

Our results are presented in Fig. 6, where we show
parameter space of the twist-2 distribution amplitude, wh
is obtained by comparing CLEO results with our sum ru
Besides of statistical uncertainties, we account for the p
sible theoretical uncertainties. We combine theoretical unc
tainties together and write the theoretical form factor as~with
95% CL!

Fpgg* ~s1!5FAs
tw22~s1!~165%!1FAs

tw24~s1!~1620%!

1a2
f i tFa2

~s1!1a4
f i tFa4

~s1!. ~23!

The FAs
tw22/4 denote the asymptotic contribution of twist-2

twist-4 distribution amplitudes,Fa2
,Fa4

are the normalized
contributions of the higher Gegenbauer polynomials.

The width of the allowed region~Fig. 6! is due to
experimental-statistical uncertainties, whereas the lengt
due to theoretical-systematical ones.

2In fact, at the2s1.4 GeV2 the resonance part in Eq.~8! ~dual to
the form factorFrp) contributes less then 20–30 %. The fini
width of r meson gives a deviation of order 10%@13#, therefore,
we are left with 2–3 % uncertainty in the region2s1.4 GeV2. It is
worth to note that this energy region gives the same values fora2 ,
a4 as the overall sample of data.

l

FIG. 6. The parameter space of (a2 , a4) pairs extracted from
3000 randomly chosen sets of data allowed by the experime
statistical uncertainties@4# as well as by the theoretical systematic
uncertainties~23!. Countor lines show 68%~solid line! and 95%
~dashed line! confidential regions. Bold dots show the parame
pairs for asymptotic~circle! and Chernyak-Zhitnitsky~square! dis-
tribution amplitudes.
2-6
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PERTURBATIVE EFFECTS IN THE FORM FACTOR . . . PHYSICAL REVIEW D 62 116002
As we see from Fig. 6, theoretical-systematical uncerta
ties are dominant over experimental statistical ones, givin
correlation between the parametersa2 ,a4.

Figure 7 shows a more conservative scenario where
assume an uncertainty of68% in the twist-2 term and agai
620% for the twist-4 contribution.

It is worth mentioning that the allowed space ofa2 anda4
does not overlap with Braun-Filyanov and Chernya
Zhitnitsky distribution amplitudes@3,20#. These distribution
amplitudes are beyond the 95% C.L. level region of the
lowed parameter space fora2 , a4. At the same time our
region fora2 ,a4 is consistent with results presented in@17–
19,16#, where it has been claimed that the pion distributi
amplitude is very close to the asymptotic form.

The region presented in Fig. 7 does not favor any cen
value. But in order to quantify the region, we may rough
identify the following values fora2 anda4 :

a250.1960.04~stat!60.09~syst!;

a4520.1460.03~stat!70.09~syst!.

We also observe thatFpgg* (Q2) form factor is more sen-
sitive to the sum ofa2 anda4, than to thea22a4. Really, we
found that only one linear combination ofa2 and a4 is de-
termined well, it isa210.6a450.1160.03 atm52.4 GeV.

It would be very useful to study some observable, wh
is sensitive toa22a4, for example, the coupling constan
grvp . LCSR for this coupling is related tow(1/2), which is
sensitive to the combinationa22a4.

In general, the result for the model with one no
asymptotic term~22! is very reliable. At the same time, w
have very useful constraint on the model with two non
ymptotic terms. However, an additional constraint ona2
2a4 would be extremely useful.

FIG. 7. The parameter space of (a2 , a4) pairs extracted from
3000 randomly chosen sets of data allowed by the experime
statistical uncertainties@4# as well as by the theoretical systematic
uncertainties estimatedin a very conservative way. Countor lines
show 68%~solid line! and 95%~dashed line! confidential regions.
Bold dots show the parameter pairs for asymptotic~circle! and
Chernyak-Zhitnitsky~square! distribution amplitudes.
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V. CONCLUSIONS

We have studied the pion form factorFpgg* (Q2) in the
light-cone sum rule approach, including radiative correctio
and higher twist effects. Comparing the results to the CL
experimental data onFpgg* (Q2), we have extracted the pio
distribution amplitude of twist-2. The deviation of the distr
bution amplitude from the asymptotic one is small and
estimated to bea2(m)50.1260.03 atm52.4 GeV, in the
model with one nonasymptotic term. This result ona2 is in
agreement with very recent analysis on electromagnetic p
form factor @16#. The ansatz with two non-asymptotic term
gives some region ofa2 and a4, which is in qualitative
agreement with results derived in@18,17,19,16#, but does not
agree with CZ and BF models@3,20#.

Since the theoretical systematical uncertainties are do
nant over experimental statistical ones it will be very use
to estimate the power corrections and the higher order ra
tive corrections to the correlator in future. Also, it would b
very useful to calculate LCSR for some observable, which
sensitive to a22a4, for example, the coupling constan
grvp , and to confront LCSR results with experiment.

ACKNOWLEDGMENTS

We are grateful to A. Khodjamirian, R. Ru¨ckl, N. Harsh-
man, and F. von der Pahlen for useful discussions and
gestions. We thank V. Savinov for providing us with deta
on the CLEO experimental data. This work is supported
the German Federal Ministry for Research and Technol
~BMBF! under contract number 05 7WZ91P~0!.

APPENDIX A

To calculate the imaginary part, we use the followin
identities:

1

p
Im L05d~u2u0!;

ReL05P
1

u2u0
;

1

p
Im L152Q~u02u!S 1

u2u0
D

1

1d~u2u0!loguu0u;

1

p
Im L252Q~u02u!S 2 loguu02uu

u2u0
D

1

2d~u2u0!S p2

3
2 log2uu0u D ;

1

p
Im l 152Q~u0!;

Rel 15 loguu0u;

tal
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1

p
Im l 2522Q~u0!log~u0!;

Rel 25 log2uu0u2p2Q~u0!.

APPENDIX B

The distribution amplitudewp can be expanded in term
of Gegenbauer polynomialsCn(u)56u(12u)Cn

3/2(2u21).
In NLO, the evolution of the distribution amplitude is give
by @23#

wp~u,m!5(
n

an~m0!expS 2E
as(m0)

as(m)

da
gn~a!

b~a! D
3S Cn~u!1

as~m!

4p (
k.n

dn
k~m!Ck~u! D

~B1!

with a051. The coefficientsdn
k(m) are due to mixing ef-

fects, induced by the fact that the polynomialsCn(u) are the
eigenfunctions of the LO, but not of the NLO evolution ke
nel. The QCD beta-functionb @24# and the anomalous di
mensiongn of the nth momentan(m) of the distribution
amplitude have to be taken in NLO. Explicitly at NLO, th
exponent in Eq.~B1! is

U~m,m0!5S as~m!

as~m0! D
g0

n/2b0

3S b01b1

as~m!

4p

b01b1

as~m0!

4p

D(1/2)(g1
n/b12g0

n/b0)

.

~B2!
a-
n
rg

,

11600
The anomalous dimensions@25# are

gn5
as

4p
g0

n1S as

4p D 2

g1
n ~B3!

with

g0
050, g1

050,

g0
25

100

9
, g1

25
34450

243
2

830

81
NF ,

g0
45

728

45
, g1

45
662846

3375
2

31132

2025
NF . ~B4!

NF is a number of active flavors. The beta-function coe
cients are defined in a standard way@24#. The NLO mixing
coefficients are@23,26#

dn
k~m!5

Mnk

g0
k2g0

n22b0

X12S as~m!

as~m0! D
(g0

k
2g0

n
22b0)/2b0C,

~B5!

where the numerical values of the first few elements of
matrix Mnk are

M025211.211.73NF , M04521.4110.565NF ,

M245222.011.65NF . ~B6!

The QCD evaluation ofa2 ,a4 to the scalem52.4 GeV gives

a2~2.4!50.28, a4~2.4!50.13

for the Braun-Filyanov distribution amplitude and

a2~2.4!50.28, a4~2.4!520.009

for the Chernyak-Zhitnitsky distribution amplitude.
y
A.
-
.
,

l.

R.
st.,
,

@1# G.P. Lepage and S.J. Brodsky, Phys. Lett.87B, 359 ~1979!;
Phys. Rev. D22, 2157~1980!.

@2# A.V. Efremov and A.V. Radyushkin, Phys. Lett.94B, 245
~1980!; Teor. Mat. Fiz.42, 147 ~1980!.

@3# V.L. Chernyak and A.R. Zhitnitsky, Pis’ma Zh. E´ksp. Teor.
Fiz. 25, 544 ~1977! @JETP Lett.25, 510 ~1977!#; Yad. Fiz.31,
1053 ~1980! @Sov. J. Nucl. Phys.31, 544 ~1980!#; Phys. Rep.
112, 173 ~1984!.

@4# CLEO Collaboration, V. Savinov, contribution to the Intern
tional Conference Photon 97, Edmond aan Zee, Netherla
~1997!, hep-ex/9707028; CLEO Collaboration, J. Gronbe
et al., Phys. Rev. D57, 33 ~1998!.

@5# CELLO Collaboration, H.-J. Behrendet al., Z. Phys. C49,
401 ~1991!.

@6# V. Braun, Report No. NORDITA-98-1P~hep-ph/9801222!.
@7# A. Khodjamirian and R. Ru¨ckl, in Heavy Flavours II, edited by

A.J. Buras and M. Lindner~World Scientific, Singapore
1998!, p. 345, hep-ph/9801443.
ds

@8# A. Khodjamirian, R. Ru¨ckl, S. Weinzierl, and O. Yakovlev,
Phys. Lett. B410, 275~1997!; E. Bagan, P. Ball, V.M. Braun,
ibid. 417, 154 ~1998!; P. Ball, J. High Energy Phys.09, 005
~1998!; S. Weinzierl and O. Yakovlev, in ‘‘Progress in Heav
Quark Physics,’’ edited by T. Mannel, hep-ph/9712399;
Khodjamirian, R. Ru¨ckl, S. Weinzierl, C. Winhart, and O. Ya
kovlev, hep-ph/0001297; R. Ru¨ckl, A. Schmedding, and O
Yakovlev ~in preparation!; A. Schmedding, diploma thesis
1999.

@9# I.V. Musatov and A.V. Radyushkin, Phys. Rev. D56, 2713
~1997!.

@10# D. Danielet al., Phys. Rev. D43, 3715~1991!.
@11# M.A. Shifman, A.I. Vainshtein, and V.I. Zakharov, Nuc

Phys.B147, 385 ~1979!; B147, 448 ~1979!.
@12# A.V. Radyushkin, hep-ph/9707335; A.V. Radyushkin and

Ruskov, hep-ph/9706518; A.V. Radyushkin, Few-Body Sy
Suppl. 11, 57 ~1999!; A.V. Radyushkin and R.T. Ruskov
Nucl. Phys.B481, 625 ~1996!.
2-8



l.

d.

ys.

PERTURBATIVE EFFECTS IN THE FORM FACTOR . . . PHYSICAL REVIEW D 62 116002
@13# A. Khodjamirian, Eur. Phys. J. C6, 477 ~1999!.
@14# I.I. Balitsky, V.M. Braun, and A.V. Kolesnichenko, Nuc

Phys.B312, 509 ~1989!.
@15# V.L. Chernyak and A.R. Zhitnitsky, Nucl. Phys.B345, 137

~1990!.
@16# V.M. Braun, A. Khodjamirian, and M. Maul, Phys. Rev. D61,

073004~2000!.
@17# S.V. Mikhailov, A.V. Radyushkin, Yad. Fiz.49, 794 ~1989!

@Sov. J. Nucl. Phys.49, 494~1989!#; 52, 1095~1990! @52, 697
~1990!#; Phys. Rev. D45, 1754~1992!.

@18# A. Bakulev and S. Mikhailov, Z. Phys. C44, 831~1995!; Mod.
Phys. Lett. A11, 1611~1995!; Phys. Lett. B436, 351 ~1998!.

@19# V.M. Belyaev and Mikkel B. Johnson, Mod. Phys. Lett. A13,
2909 ~1998!.
11600
@20# V.M. Braun and I.E. Filyanov, Z. Phys. C44, 157 ~1989!; 48,
239 ~1990!.

@21# E. Braaten, Phys. Rev. D28, 524 ~1983!.
@22# F. del Aguila and M.K. Chase, Nucl. Phys.B193, 517 ~1981!.
@23# E.P. Kadantseva, S.V. Mikhailov, and A.V. Radyushkin, Ya

Fiz. 44, 507 ~1986! @Sov. J. Nucl. Phys.44, 326 ~1986!#.
@24# Particle Data Group, C. Casoet al., Eur. Phys. J. C3, 1

~1998!.
@25# A. Gonzales-Arroyo, C. Lopez, and F.J. Yndurain, Nucl. Ph

B153, 161 ~1979!.
@26# F.M. Dittes and A.V. Radyushkin, Phys. Lett.134B, 359

~1984!; M.H. Sarmadi,ibid. 143B, 471~1984!; S.V. Mikhailov
and A.V. Radyushkin, Nucl. Phys.B254, 89 ~1985!.
2-9


