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We study the pion form factoF”W*(Qz) in the light-cone sum rule approach, accounting for radiative
corrections and higher twist effects. Comparing the results to the CLEO experimental d%\’t’é(’éﬁQz), 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&h¢uw)=0.12+-0.03 atu=2.4 GeV, in the model with one
nonasymptotic term. The ansatz with two nonasymptotic terms gives some reganaofd a,, which is
consistent with the asymptotic distribution amplitude, but does not agree with some old models.

PACS numbgs): 11.55.Hx, 12.38.Bx, 13.40.Gp, 14.40.Aq

I. INTRODUCTION LCSR method has been reported [it3]. The twist-2 and
twist-4 contributions were calculated to leading order with-
The production process of one neutral pion by two virtualout accounting for perturbative QCD effects. The radiative
photons,y* y* — =, plays a crucial role in the studies of QCD effects are usually larg@0%) and allow us to fix the
exclusive processes in quantum chromodynamics. Being orormalization scale dependence of involved parameters.
of the simplest exclusive processes, it involves only one had- In th'% paper we analyze the LCSR for the form factor
ron and relates directly to the pion distribution amplitige ~ ¥»*— 7 at next-to-leading order irs (NLO). We derive
At large photon virtualities, we can calculate the form factor@(as) radiative corrections to the spectral density of the
using perturbative QCD and obtain important information on{WiSt-2 operator. We combine the twist-2 contribution at
the shape of the pion distribution amplitude from the experi-NLO With higher twist contributions(twist-4) in order to
mental data. analyze the LCSR for the form factor of the procesg*

0 icall
In general, the pion distribution amplitudes serve as inpuf~ ™ humerically.
in the QCD sum rule method and allow the calculation of Using CLEO experimental data, we extract the parameters

many form factors(for example heavy-to-light form factors of the twist-2 distribution amplitude. The distribution ampli-
B—# andD— ) and hadronic coupling constarger ex- tude appears to be very close to the asymptotic distribution

ampleg andg ). We refer the reader to reviews amplitude. The deviation of the distribution amplitude from
B*Bw D*Da/ i i i i
[6,7] and recent studieks]. the asymptotic one is small and is estimated to be

Recently, the CLEO collaboration has measured the a,(1)=0.12+0.03 atu=2.4 GeV,
yy* — ° form factor. In this experiment, one of the photons
is nearly on-shell and the other one is highly off-shell, with ausing pion distribution amplitude with one non-asymptotic
virtuality in the range 1.5 Ge’-9.2 GeV [4]'. We study term. This result ora, agrees well with recent analysis on
the possibility of extracting the twist-2 pion distribution am- electromagnetic pion form fact¢i6].
plitude from the CLEO data. The pion distribution amplitude with two non-asymptotic
The pion-photon transition has been the subject of manyerms is also extracted, giving some region in the
studies in the framework of perturbative QQB], lattice  a,,a,-plane. Theoretical systematical uncertainties are
calculationg 10] and QCD sum rule methdd 1,12,9,13. dominant over experimental statistical ones and systematical
In the present paper, we use the light-cone sum ruleincertainties are strongly correlated, defining the allowed pa-
(LCSR) method for calculating the form factor of the processrameter space d,,a,. The extracted region for the distri-
yy*— % The method of LCSR has been suggested irbution amplitude is in qualitative agreement with results de-
[14,19 and consists of operator product expangioOfPE) on  rived in[17-19,16, where it has been claimed that the pion
the light-cong3,2,1] combined with the QCD sum rule tech- distribution amplitude is very close to the asymptotic form.
nique[11]. However, our region does not overlap with the pion distribu-
The first attempt to calculate this form factor by using thetion amplitudes suggested j&0] and|[3].
The paper is organized as follows. In the next section we
discuss the general framework of calculating thgy* form
*Email address: schmedding@physik.uni-wuerzburg.de factor with LCSR. In Sec. Il we calculate a spectral density
TEmail address: yakovlev@umich.edu at leading orde(LO) and next LO(NLO) and present the
There exist also older results by the CELLO Collaborafish final sum rule at NLO. In Sec. IV we perform a numerical
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analysis and discuss a procedure to extract the paranasters o
anda, including the estimation of the systematic and statis- f ds(any functionp”(s; ,s)
tical uncertainties.

1
=f ds(any function—Im Fgg*g*(sl,s>. (5
Il. THE METHOD OF CALCULATION m

We start with the correlator of two vector currents, We equate the dispersion relatiof) with the QCD ex-
=(5uy,u—3dy,,d): pression at larges,. Using the dispersion relation for the
QCD functioanyc*DV*(sl,sz), we obtain
dxe™"9(m0(0)| T{j ,(x)] ,(0)}|0) .
f H \/Efp FP7(s,) _ ifsodslm FS)C,:D)/ ($1,9)
=i €uepdiGSF ™7 (01,0, (1) m-s, 7o s—s;

(6

whereqq,q, are the momenta of the photons. If both virtu- The next step is to perform a Borel transformatiorsjn\We
alities sl=q§ and sz=q§ are large and Euclidean, finally get the LCSR for the form factdf’™(s,):
—S1,—$,>Aqcp, the correlator can be expanded near the

light-cone &?—0). The leading twist-2 contribution to the 1 (so . s ’ )
correlator(1) is [1] \/Efp FPW(Sl):;JO dsimFa¢y (s1,5)e(mp /M7

(7)

* ok
F77 7 (s1,8)=

2

0S2(U—1)=s3u’ whereM is a Borel parameter.
Substituting Eq(7) and the duality approximatiofb) into

where ¢_(u) is the pion distribution amplitude of twist-2 Eq. (4) and taking thes,— 0 limit we obtain the sum rule for

\/Efwfl due(u)

3

defined through the form factorF?”" 7(s,) [13]:
— . 1 i uax % 1 So * K 2 2
(m(@)|a(x) v, vs9(0)|0)=—iq,f, ,dues(uwe . FmrY*(s)) = zf dsImF 3%y (s1,8)eM~9M
am?Jo
3 s
n 1 desl FWV* ¥ 8
In principle, the higher twist contributions can be calculated 7)s S mFaco’ (51,9): ®)

using the OPE on the light cone.

However, in the CLEO experimental data, one of the vir-
tualities is small, i.e.s,—0. A straightforward operator
product expansiofOPE) calculation is not possible and we
have to use analyticity and duality arguments.

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

Since the form factorF Ty* ')’*(Sl’sz) is an ana'ytica' I1l. BORN TERM AND QCD RADIATIVE CORRECTION
function in both variables, we can write the form factor as a e next step is to calculate the spectral density at LO and
dispersion relation irs: NLO.

Calculating twist-2 contributions 67" 7*(51,52), only
one distribution amplitude enters, the pion distribution am-
plitude, ¢,(u), defined by (3). As a result, the

F7" 7" (s,,s,) can be written as the convolution of the hard
amplitudeT(s;,s,,u) and the distribution amplitude .(u):

. 2f FP7(s = pM(sy,s
ETY*y (Sl,sz)zw_kj dSLl)_ (4)
mp_SZ So S_SZ

The physical ground states gseand o vector mesons. We

use the zero-width approximation and define the matrix ele-

ments of electromagnetic currents, assuming isospin symme-

try:  my=my; S(mAp)]jl@(dz))=(T(P)]],lp (d2))

=(1/m,) €,,ap€" A7 A5 FP7(s1); 3 (wlj,|0)=(p"],|0)

B N . D

_(fp/‘_/i) m, €, . Heree, is the polarization vector of the  The hard amplitude—it plays the role of the Wilson coeffi-

meson;f, is its decay constant, _ cient in OPE—is calculable within perturbative theory, the
The spectral density of higher energy staeés;,s) is  pion distribution amplitudes .(u) contains the long-distance

derived from the QCD-calculated expression for gffacts.

Fgg*,;*(sl,s) by using usual semilocal quark-hadron duality = The theoretical spectral densitysgt>0 ands; <0 can be

for s>s; calculated from

* % 1
Fﬂ-y Y (Sl,SZ)Zfﬂ-deU@W(U)T(Sl,Sz,U). (9)
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! Yy
Pqaco(S1,S2) = ;ImSZF (S1,S2)

1 1
1, [ due S T(s,50.

(10)
The contribution of twist-2 at LO approximatid@) [1] is

J2 1

3 Sy,(U—1)—syu

Vaf,

LO _
Pgcp™ 3(52_ Sl) (P’IT(UO)Y

TQCD(sl S,,U) = and

11

whereug=s,/(s,— ;).

The O(ay) correlation function fory* y* — ° was con-
sidered in21] (see alsd22,23). Here we use this result and
present it in a form which is useful for our further calcula-

tions (c=[2f /3(s,~51) [ () C/2]):

Toco=Toep+ TOCD: (12)
QCD(sl S,,Uu)=c(agLot+a;Li+a,Ll,), with
log"(u—ug)
Ln—u_—uO. (13)

The coefficientsay are expanded in terms of 1&(g-uy):

aO:bolo+b1|l+b2|2 W|th |n=|Ogn(—uo) (14)

The coefficients are

1
Im TQCD(sl,sz u)= (P(u

+0O(ug—u)

ai

X | bo+1og(ug)(by+ay)+log?(ug) (b, +ay) — 772( b,+

R
a
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—siu+s,s(1+u)

2u(s;—51)° ’ 19

Sz

b1:—2b2(LM+l)—m,

S1

2 (s,

o “s)(u-1)

=Lab+L, —-2(L,+1)b

3
—5(3+L,),

1
a2:_

$28;
+ 1
2 2(s,—sy)%u(u—1)

a1: _2a2 LM
s (1—u)?+s2u?+s, s, (—3+2u—2u?)
+
2(s;—sp*(u—1)u

with
2

2 ed(le
Sz_sl), Ly=l0g(1-up);

Luzlog(

ST (1-u)+s; 5 (U=-2)
O 2(sms)Au-1)

Now we take the imaginary part of this expression in the
energy regions;<<0 ands,>0. The nontrivial imaginary
part comes from the functions, and|,. We collect all
useful formulas in Appendix A. The combined result is

1
U—ug (b1+2log(ug) by)— S(u—ug)

3%

2 logug—ul

u—ug (16

)

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

f duf(u)(g(u,uo))+=fdu(f(u)—f(uo))g(U.Uo)-

We have checked that the dispersion integral with the imaginary(p@rtreproduces the hard amplitud&3).
The expressiori16) is universal and could be used with any distribution amplitude. In the present paper we expand the
distribution amplitude in Gegenbauer polynomials, keeping the first three {spesalso next section for details

e2(u,pm)=6u(l-u)[1+ay(u)CIA2u—1)+as(u)CiA2u-1)+---1. (17)

The direct integration over variablegives the theoretical spectral density
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V2f, ag(m)C
Pg%:oo(sz /S1, M) =3 %[Ao(sz ,S1) Fan(p)Ax(Sy,S1, 1) +ag(u)As(s,81,1)], (18

with the coefficients

2
S, S S
Ag=—2 2 —15+772—3Iog<——2) : (19)
(S2—s1) S1
S
A2=——25(—2553—8(95+3w2)s§s1—36(25+2w2)s2s§—12(5+2772)s§
4 (sp—s1)
2 2
S
+1231(s§+3szsl+s§) —25Iog<'u— +6log(——2> D
S, S
S
A= ——27 (— 91s;— 2(5413+ 757%) sy 5, — 125541+ 127%) 5357 — 100( 901+ 3072)s5 S5
10(s,—s1)
—150(193+ 107?) 5,57 — 15(109+ 1072) 3+ 305, (S3+ 10s3s; + 205555+ 105,55+ S7)
2 s 2
x —91I0§<M— +15|oc<——2) } .
S, S

As a result the asymptotic contribution of twist-2 operators ato neglect higher terms in this expansion. We adopt here the
NLO has a very simple form ansatz which consists of three terms, assuming that the terms
a,~4 are small

Nﬁﬁﬁ@+%me

PQcp™ @ -(U,g) =Wo(u)+as(mg)Wo(u)+as(mg)Wa(u).
Q (52_51)3 127 Mo 0 2\ o) ¥ 2 a4l M) ¥ 4 21)
2
x| —15+ 72—3 Iog( — 2) ) (20) The asymptotic distribution amplitude,.(u) =6u(1—u) is
S1 unambiguously fixed1]. The termsn>0 describe non-

. . asymptotic corrections.
We note here that ”;e spectral density contains double 10ga- \ye may consider two different approaches to confront the
rithms a10g(~,/5,)". Nzumencally, th?/'zse are moderate in g,m ryle with the experimental data. The first possibility is to
ourszCSR with s;~M“~sp=0(1 GeV) and —s;<10 e the existing values far,, a, [20,3] in our sum rule and
GeV” (as in the case of CLEO dataFor higher virtualities, o compare the calculated form factor with the CLEO experi-
—5,>10 GeV?, the resummation of the double logarithms ental data. The second approach is to teeata, as un-
will be necessary. known parameters and to extract them from the CLEO data.

Finally, we obtain LCSR by combining the general ex-\ye shall discuss both possibilities, starting with the first one.
pression(8) with the formulas for the twist-2 spectral density

2tor’:ltlr_igu?if)::vglj«|a?1 tfr;losn? ?ﬁg%?;}a(_tlf%é_%g) with the twist-4 A. The asymptotic, BF- and CZ-distribution amplitudes
Previous extractions of the parametess a, can be di-
IV. NUMERICAL RESULTS vided into three ClaSSEﬁj.) Chernyak and ZhltnltSKYCZ)
obtained the coefficienta,(ug)=2/3 anda,(ug) =0 [3] at
We use the following parameters from the Particle Datahe scaleu,=0.5 GeV; (2) Braun and FilyanouBF) ex-
Group [24] for the numerical analysist,=132MeV, f,  tracted the coefficients,(u)=0.44 anda,(uo) =0.25[20]
=216 MeV andm,=770 MeV [24]. For the running of the at the scaleu,=1 GeV; (3) some groups argued that the
QCD coupling constantg, we use the two-loop expression wave function is very close to the asymptotic one, the coef-
with N;=3 and A=380MeV which corresponds to ficients are very close ta,=0 anda,=0 (see for example
as(Mz)=0.118[24], after matching twice the QCD cou- [12,9,17-19.

pling constant at the quark-antiquark threshojds=2.4 The QCD evaluation of, anda, at different scalesu

GeV andu,p,=10 GeV. gives the values in Table I. Now we calculate the form factor
The distribution amplitudep,. can be expanded in terms using these values. We use the normalization pqint

of Gegenbauer polynomiaﬁfn(u)=6u(1—u)Cﬁ’2(2u—1). =2.4GeV, which corresponds to the virtuality of the pho-

Arguments based on conformal spin expang@i allow us  tons in the central region of the experimental data. This scale
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TABLE I. The pion wave function parameteas,a, at different

scalesu, for the Braun-Filyanov(BF) and Chernyak-Zhitnitsky §'
(CZ2) models. % 015 |-
0.7GeV  1.0GeV 1.5GeV 24Gev g o1 f
M a a4 A y a; ay a; ay E
o 005
BF[11] — — 044 025 033 017 028 013 *“
Cz[3] 213 O — — 0.33 -0.008 0.28 -0.009
is also used in manB— 7 calculationg8]. The lower scale

u=1.5 GeV is taken in order to check the sensitivity of the
results to the variation ofz.

The sum rule depends on the Borel maddsand the FIG. 2. The contributions of the asymptotic distribution ampli-
threshold energg,. The dependence on both parameters igude (solid line) and non-asymptotic terms of the first two Gegen-
small. The variation of, by 20% gives deviations in the bauer polynomials witia,= 1 in the wholeQ*-region(dashed ling
form factor of less than 2%. Figure 1 shows the Borel massnda,= 1 (dotted ling to the form factoiQ? F** "(Q?) as a func-
dependence of the form factor at varic[@% (QZ: —5;). We tion of Q? at the normalization point=2.4,1.5 GeMupper, lower
note that the dependence is very small for virtualities aroungurves from a bunch of two curves correspondinglhhe experi-
Q?~2-3 GeVf, where the experimental data is concen-mental data are taken fropa].
trated. For otheQ? the Borel dependence is still moderate ] . o )
(+2-49%), showing a good quality of the sum rule. We use Flrst_, we study the ansatz for_the pion d|_str|bu_t|on ampli-
in the calculations,=1.5 Ge\? andM?=0.7+0.2 GeV. tude with on!y one non-asymptotlc term. Using this ansatz

Now we are ready to compute the form factor using B,:’and comparing our results with CLEO results we obtain
CZ and asymptotic distribution amplitudes. In Fig. 2 we
show the contributions of the asymptotic and nonasymptotic

parts of the distribution amplitude at=1.5 and 2.4 GeV;  Thjs result shows that the pion distribution amplitude is very
the parametera, anda, are normalized to 1 in the whole cjose to the asymptotic form. This conclusion is in agree-
region of Q°. The twist-4 parametes”(u) is fixed aty ment with recent analysis on electromagnetic pion form fac-
=1 GeV to be 0.2 and scaled by the renormalization grougor [16] and also with results based on QCD sum rules pre-
equation with the one-loop anomalous dimension. We seggnted i17-19.
that the asymptotic contribution is too small in order to fit | gt ys comment on the normalization scale dependence of
experimental data. o _ our result, which enters through the QCD coupling constant
The results with BF- and CZ- distribution amplitudes areang ogarithms in the radiative correction. For the extraction
presented in Fig. 3 and are too large to describe CLEO datgy a,(u), we may choose any reasonable normalization
point in the interval X x<3 GeV. Different input values of
B. Extraction of the distribution amplitude from CLEO data w will give different pairs ofa,(u). We have checked that

We use a numerical nonlinear fit procedure to estimate

a,=0.12+0.03 at u=2.4 GeV. (22)

025

best values for Gegenbauer coefficients. )
o« 02 <4
e [ S0 [
%_ 018 | g o1
& ¥ £
& 0.16 |- g o r
g C
w 014 - C
§ L 0.05 -
€ o2 [
oL
01
.0.05 Lo by o by by o by o b o by by o Ty gy 1y
008 oo 1 2 3 4 5 6 7 8 9 10
Q? (GeV?)
0.06 - .
e '0'5' L '0'6' L '0'7' L '0'8' L '0'9' ——— FIG. 3. The form facto? F?¥" "(Q?) calculated with different
’ | ’ ’ ’ " M (Gev?) distribution amplitudes: the Braun-Filyanovdashed lines

. Chernyak-Zhitnitsky(dotted line$ and our results extracted from
FIG. 1. The form factorQ? F*”" "(Q?) as a function of the CLEO data afu=2.4 GeV(upper lines from bunches of two lines
Borel parameteM? for Q?=1,2,9 GeV (from lower to upper and u=1.5 GeV (lower lineg. The experimental data are taken
line). from [4].
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025 & -
o 0.05 [
s -
.%.02— ow
o
<) l L
i 0.05 -
Los [ 1 T L
b T 01 |-
£ L
5 o1 [ 015 |-
(5 -
r 02 |-
005 [ -
r 025 |-
o[ 03 |
[ 0.35 [~ .
005 Ll bl b b b e e N I T T S T D T
o 1 2 3 4 5 6 7 8 10 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

9
Q? (GeV?)
A4ZZA2

2 *T(O2) Wi istribiti
FIG. 4. The form factorQ”F”” "(Q%) with the distribution FIG. 6. The parameter space daf,( a,) pairs extracted from

_Ia_rt?plltudte_s xtt_ractefg fio(;n lgl‘dthdZt? ’;:: 2(‘14 G_e\i(golllf gnﬁga 3000 randomly chosen sets of data allowed by the experimental
 ne contribution 0ia,;=®. ashed linganda, = —5. (do e statistical uncertaintigf?l] as well as by the theoretical systematical
line) are the central values of our nonlinear fit. The eXpe“memaluncertainties(ZS). Countor lines show 68%solid line) and 95%
data are taken frorfd]. (dashed ling confidential regions. Bold dots show the parameter

) ) pairs for asymptotidcircle) and Chernyak-Zhitnitskysquare dis-
all extracted values o, are in agreement with the renor- tripution amplitudes.

malization group equation. The details about the running of
a,(u) with u are discussed in Appendix B.

We have also studied the ansatz for the pion distributiorﬁ
amplitude with two non-asymptotic ternas anda,. Using

and w. The uncertainty induced by this assumption is
mall, a few percerft,since the form factoF?™ does not

. . . appear in the final sum rule. The duality assumption intro-
this ansatz and comparing our results with CLEQ results W&uces another source of uncertainties which is difficult to

obtain: a,=0.19 anda,=—0.14 atu=2.4 GeV as the fit o0 We assume that the variatiott ands, gives us
parameters. The form factor calculated with the central val-

. a rough idea about the size.
iLileIS:igo;f Te extracted parameterg2.4) anda,(2.4) is shown To fix statistical uncertainties we apply the fit procedure

on a statistical set of data tables, where the experimental

Now let us discuss systematic uncertainties. _There arﬁoints are randomly displaced within the given errgtp
many sources of systematic uncertainties. One is the hig Our results are presented in Fig. 6, where we show a

order QCD perturbative corrections. Taking into account theparameter space of the twist-2 distribution amplitude, which
. . 0 . 7

ls,lze of %nﬁ_ Iohop QSD correc:[[_lorffogo), V\;e e(jtlm;t;ot\go is obtained by comparing CLEO results with our sum rule.
E%po(azty 'gAg(;.t‘.)r elrl cotrrr]ec iprto be of order .t' ‘ f Besides of statistical uncertainties, we account for the pos-
=0.044%). itionally, there are power COrreclions ol g, thepretical uncertainties. We combine theoretical uncer-

twist higher than 4. We assume them to be 20% of thq e ; ; ;
. L S ) ainties together and write the theoretical form factofveith
twist-4 contribution, which itself contributes about 20—30%95% cL) g (v

to the twist-2 term. The effect of the twist-4 contribution is
shown in Fig. 5. We also adopt zero width approximation for

F777" (51)=FY"2(s51)(1+5%) + FY. " 4(s;)(1+ 20%)

B

Zoas | +a5'Fa,(s1)+ay ' Fa,(Sy). (23
>l

goms | The FY~2* denote the asymptotic contribution of twist-2/
§ 015 twist-4 distribution amplitudesl,:az,Fa4 are the normalized
8015 | contributions of the higher Gegenbauer polynomials.

o1 | The width of the allowed regior(Fig. 6) is due to
0075 | experimental-statistical uncertainties, whereas the length is
005 | due to theoretical-systematical ones.

0.025 :—
o Bl by b e e
0 1 2 3 4 5 6 7 8 10

ozg(eevz) 2In fact, at the— s;>4 Ge\ the resonance part in E() (dual to
the form factorF*™) contributes less then 20-30%. The finite
FIG. 5. The form factoiQ? FW*”(Qz) as a function ofQ? at width of p meson gives a deviation of order 10043, therefore,
best extracted values af, anda, at u=2.4 GeV with(solid line we are left with 2—3 % uncertainty in the regiers,>4 Ge\~. ltis
and without(dashed ling twist-4 contribution. The experimental worth to note that this energy region gives the same valuea,fpr
data are taken frory]. a, as the overall sample of data.
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<
©
0.05

0 -
-0.05
-0.1
-0.15
-0.2
-0.25

-0.3

-0.35

0 0.05 0.1 0.15 0.2 0.25

A4ZA2

FIG. 7. The parameter space &,( a,) pairs extracted from

3000 randomly chosen sets of data allowed by the experiment% a

statistical uncertaintiglgt] as well as by the theoretical systematical
uncertainties estimateith a very conservative wayCountor lines
show 68%(solid line) and 95%(dashed ling confidential regions.
Bold dots show the parameter pairs for asymptdtizcle) and
Chernyak-Zhitnitsky(square distribution amplitudes.
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V. CONCLUSIONS

We have studied the pion form factﬁl‘”’/*(Qz) in the
light-cone sum rule approach, including radiative corrections
and higher twist effects. Comparing the results to the CLEO

experimental data oR7™77" (Q?), we have extracted the pion
distribution amplitude of twist-2. The deviation of the distri-
bution amplitude from the asymptotic one is small and is
estimated to be,(1)=0.12+0.03 atu=2.4 GeV, in the
model with one nonasymptotic term. This result anis in
agreement with very recent analysis on electromagnetic pion
form factor[16]. The ansatz with two non-asymptotic terms
gives some region of, and a,, which is in qualitative
agreement with results derived|[ib8,17,19,1§ but does not
agree with CZ and BF model8,20].

Since the theoretical systematical uncertainties are domi-
nt over experimental statistical ones it will be very useful
to estimate the power corrections and the higher order radia-
tive corrections to the correlator in future. Also, it would be
very useful to calculate LCSR for some observable, which is
sensitive toa,—a,, for example, the coupling constant
9,07, a@nd to confront LCSR results with experiment.

As we see from Fig. 6, theoretical-systematical uncertain-

ties are dominant over experimental statistical ones, giving a

correlation between the parametersa,.

Figure 7 shows a more conservative scenario where we,

assume an uncertainty af8% in the twist-2 term and again
+20% for the twist-4 contribution.
It is worth mentioning that the allowed spaceagfanda,

does not overlap with Braun-Filyanov and Chernyak-

Zhitnitsky distribution amplitude$3,20]. These distribution
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amplitudes are beyond the 95% C.L. level region of the al-

lowed parameter space fer,, a,. At the same time our
region fora,,a, is consistent with results presented iy —

19,16, where it has been claimed that the pion distribution

amplitude is very close to the asymptotic form.

APPENDIX A

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

The region presented in Fig. 7 does not favor any central

value. But in order to quantify the region, we may roughly

identify the following values fola, anda,:
a,=0.19+0.04 stah = 0.09 sysb;
a,= —0.14+0.03 stah = 0.09 sys}.

We also observe theEt"W*(QZ) form factor is more sen-
sitive to the sum o&, anda,, than to thea, —a,. Really, we
found that only one linear combination af anda, is de-
termined well, it isa,+0.6a,=0.11+0.03 atu=2.4 GeV.

;Im Lo=d(u—up);

1
ReLy=P——;,
u—u

0

+ 8(u—ug)log|ug|;
+

1 1
;Im Li=—0(up—u) T

It would be very useful to study some observable, which

is sensitive toa,—a,, for example, the coupling constant
d,0x- LCSR for this coupling is related tp(1/2), which is
sensitive to the combinatioa, — a,.

In general, the result for the model with one non-

asymptotic term(22) is very reliable. At the same time, we

have very useful constraint on the model with two nonas-

ymptotic terms. However, an additional constraint aj
—a, would be extremely useful.

1 2 logug—u
—1Im L2: _®(u0_u)(M)
T U_UO +
71_2
—5(u—u0)(?—logz|u0|>;

ll [,=—0 ;
;ml__ (Uo)i

Rel,=log|ug|;
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1
;Iml2:—2®(u0)log(uo);
Rel,=log?|ug| — 20 (ug).

APPENDIX B

The distribution amplitudep, can be expanded in terms
of Gegenbauer polynomial ,(u)=6u(1—u)C¥(2u—1).
In NLO, the evolution of the distribution amplitude is given
by [23]

e (Up)= 2 an( ,U«o)exp( f

ag(mo)

as(ﬂ)

”(a))
“Bla)

s(:“

¥ (u) 2 d (u)%(u))

(B1)

with ap=1. The coefficientsdﬁ(,u) are due to mixing ef-
fects, induced by the fact that the polynomidtg(u) are the
eigenfunctions of the LO, but not of the NLO evolution ker-
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The anomalous dimensioh5] are

2
n_ % n, [ %| n
b4 47770+(477) Y1 (B3)
with

y8=0, y2=0.
, 100 , 34450 830
%="g %=2a3 g1\
°" g 243 81
, 728, 662846 31132N o
Yo~ 450 V1773375 2025 F° (B4)

Ng is a number of active flavors. The beta-function coeffi-
cients are defined in a standard w&g#]. The NLO mixing
coefficients arg¢ 23,26

Mk ( ( ag(pm)
1—
Yo~ Yo~ 280 as(po)

di(w)

) (75— y8—2ﬁo>/z,80)

(B5)

nel. The QCD beta-functio [24] and the anomalous di- \yhere the numerical values of the first few elements of the

mensiony" of the nth momenta, () of the distribution
amplitude have to be taken in NLO. Explicitly at NLO, the
exponent in Eq(B1) is

ag(um)
as( o)

¥6/2B0
U, p0) = ( )

ag(w) \ (M0 BL= 7B

4
S(MO)

Bot B1

Bot B1

(B2)

matrix M, are

M02:_112+ 173\||:, M04:_141+0565\||:,

M,,=—22.0+ 1.6 . (B6)
The QCD evaluation ad,,a, to the scaleu=2.4 GeV gives
a,(2.4=0.28, a,(2.4=0.13
for the Braun-Filyanov distribution amplitude and
a,(2.4=0.28, a,(2.4)=—0.009

for the Chernyak-Zhitnitsky distribution amplitude.
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