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1 - Introductory remarks 
:- : . . . . · .. · . . . . ... : . . . • . . , . : .... ' . I . _, . 
Int.his papet we continue our ~tudy <?f the.form factor F"';ry;_;,, ( qf, qfffor the process,•;,,• _; · . 

, 71"
0 at:srnall virt~alities of one of the photOJ'\S lqn<< lq~I ~ 1 GeV2 within.the QCD sum rule ~ 

approa_ch[l]. lnour first paper [2] (hereafter referred to a:s (I});weformulated aQCD SUlll ' 
'rule approach to the problem and analyzed the structure of the operator product expansion · ·. 
for.the r~levantthree-point correlationfunction (L2.1} ., ·-. •' ... . - . 

,, .- :: ,j:aµv(qi,~i) ;_if e"t-•9•:•(0IT{J:~xiJ:(y),j!(~)} IO)~;-~t•. . (U) 
, with a particul~r ~~phasis on the infrared (mass) siJgularities specific for 'th~ qf ; 0 lixiiit. 
It was shown, that aUthe non-analytic dependence on CJi, the vii:tuality of the softer photon, 
which'ari;es in th~ formal qf-+ O]imit~f the standa;d OPE for .raJv(qi, q;), comesfrom the 

\ integiatiori regl~n whe~e the intervais x2, (x-: y) 2 are large. Furthermore; it ~as es'tablished 
·-.·,that these si~gularities are asso~iatedwith the two lo~est:twist ~orilposifo operators 'of qU:ark ; ,'' 

and gluonic fields'. For the re~der's convenience, we present hereonce in.ore thefigtire from . _ 
(I) mustra:tfog the schematic struct~re of the modified OPE for the three~poi~Uuncti~n 
(l;l). It gives a'graphical representatio11 of the theoreti~alpart or'the:~elevant QCD sum 
rnle (~ee Fig; 1); , -· - . .. • . • _. _ : \ ": . , ; , , .· ·. · · _ 

. Tnefii-s.t ro'Yin~Fig.1:corresponds to·the .. usual operator expansion:for•the three-point. 
correlation function/It was constructed _in (I) u'sing th~ standard, ~pproach [3; 4] ;alid in -

_ the 'ldnematics whe11ali the momentum inv~riari.ts a~eJarge. In the q(-+ OJimit, this 
OPE is-~ingula.r. In particular, the condensate terms explod~ like~inver~~ p~wers ofqf: 

_ The p~rtui-bative term (the triangle Joo{>) is iJrmally fi~itein t~e .~rriall-qr]imit: b~t it 
contains 'non:analytic c'ontributions like q;ln (...:..qi) andiztinT.:q;) (see-(J:4.1}}. Just,lik~ in' 

' • the pio~ .form factor case [5], because_-~£ these mas~ ~ingulatitie~, .one should perform ,an--.-
. _ additional factorization of short _a~d long distance ~ontributions_ (some details of the method 

are d~scribed ln Sec.2 of (I}; see also refs:[6]-"- [10]). · < · · : · '. . > · . : , 
'· S~hemitic'ally, the appropriate -factorization -pr~cedure .. adds·· some extra: terms' info the 

original OPE. These terms aie sh~w'n. i~ the next thre~ i:ows~of Fi.g.1.. The total contribution . 
'· .•... of terms stayi~g inside the same bracket defines t,he so:called SD(I)-regi~e for every :graph 

' of the first row. In' this r~gime;; an thr~e curr~nts 'are sep~~ated by. ~hort' distances ( cf, . , .. , . ' .·, / '' ' ' . . ' . ' ,·. ' 

, ; [5]}, i.e., all the intervals x2
, y2 and ( x '....:.., y)2 are small: When qf goesto z_ero; · they have .··• 

' the same slng~lar behavior' a~ the ~orresponding te~~s of the, first -r<>yr. Thu;, in the OPE ': 
> consfructed for the essentially noiHymmetric/small-qf klnem~tics (see Se'c.2 of(I)). ,,all the·•- . 

" noncaJialyticterms mentioned above can'b~ removed, and the fi~al expression is regular in· .. 
. · - the qf -+ 0 limiC The remaining terms in Fig:l r~present the SD(Il}~regim~, corresponding 

to; a -~itu~tion when the electromagnetic current Jµ ( X). is separated ,by loni distances from .. · 
~the t~o other·~urrents, i.e.; the interval y2 is small,while ix2 .i.nd (x--, y)2 are large .. ' ; 

. . _ The ;hort-di;tarice'~cmtributions ai:~ factorized into c6effident f~nctiori.s (CF), ~hicli, in 
~ ~ ··-~. ; ,. . - .. -- ' •. .. . "' :- . -- I-, C '.·.- .-

our _case (we donot consider radiative corrections), are given by a propagator or a product 
·of propagators .. In its·turn, the long-distance contribution is represented by 'a two-point 

. ' .• . \ ',, . >' ' ' .· ', ·. ' " .. ' ' 

correlator (see [7, s; 5]}_ofthe electromagnetic current Jµ(x) and a composite ope_rator_of 
qua~k ana. gluonic fields' d~noted by ® in Fig:L- . .· 'i . I. \ . : ; : . 

,,.-· .~ ~ 

----#,, .. .1"""___,..........,.....,~~•.v""'-'"""·'~~1i... 

1 e)~:~·;,.;·-;k;,r,.J'tr~-.~!~- i~~giy ... ~ f-
" ~-· · ~l"1_-,.:.: '"' i:lr'7<>"'.""~;tl!l"' • ! :,\ ·~•-•r-"»r¾_.n ":"f,...,.._.,~V»~&-->llj<,'J ') .. -
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' We emphasize' that it is' the twist i-ather than dime!lsi~n : of the ~omposite operators 
which d~tei-mines the power behaviou~ ~f the contribution ~soci~t~d ,with these tw~poin1i 
c~;relat~rs ("biloc~l;"; see Sec. 4.2 of(I)). This i~plies th1tt; for ~ fixed twist, one sho~ld 
i~clude th~ composite opeiators ·with an arbitrary numbe; i'i of derivatives in;ide them: In 
principle, multiplying theciriginal rnrrelator by ~he ddta-fun~tion 8(q1y),· oni can ,eliminate>' 

; all the ,terms containing deri~ativ.es. This. trick was proposed in ~ef. [9] to avoid su~mati~11 
over n in a similar situation. However,-an introduction of su~h-ii singular factor looks rather . 

, risky ~nd we do not use it. 'Instead; we de~elop~d in (I) a meth6d which enables ·us to su~ 
up the-whole{qiy)""..serie~. . . . , . . . 

. ,. By definition; th'e long~di~tance'factoi: (the bilocal object) aw1mulates nonperturbative· 
, information, One cann~t calculate it in•a straightfo;ward perturbation theory. The ide; is 
to'incorporate ag~in- the QCD SU~ rule method. Th~ st~~ti~{point is ~ dispersion relation . 
for the two-~oint correlator (~ith subtractions, in g~neral). A~ th~ ne~t step>one_ should_ 
construct the OPE'rodhis-·~or}elator in th; regi011- ~f large space:like qf and then ~nalyze 
,th~ resulting ("au~iliacy") QCDsum ni.le to determine the parameters of the relevant model 
. spectral density. In oJr cas~tthey inchc1d~ the moments ~(xn) p -of the p?~meson wave functions 
'cp;(x). To, obtain the rnrrelat~r'.at smaU q?;val1:,es, one sh~uldjust u~e this mo~el sp~cti-al 
densityjn the original dispersion relati.on (this procedme was used earlier in refs'. [5, 9, 10]). 

The paper' is ·organized asfollo~s. _In Sec.Z; we derive a spectrai expansio~ for .t~e bilocal · 
co~relators ~elated/ to,differe~t CFs. _ We• sho~ that the leading terms correspond to' the JJ:' 
..-,' ••• '. '. ' ''.. • .·.. _•_I ,· ,- •L ': -, ' " .,- • -· 

meson wave functions of twist 2 and twist 3: .The next-to-leading terrri due to the operators 
having t~ist,5 i~~alculated'as ~ell. In.this section; \Ve also'discuss the contribution ofhighei

'resonanc~s ( the contin~um). In Sec.3, w~ ~onsider 'a specifi~ typ;of power, c~rrecti~ns; SC)" 
' called contact terms; in a situation when they appeiii in the leading:twist biiodals with an 
~arbitrary number n of dedvati~~S- ~In Sec'.4, ~e.analyze th; final sum,rule.co~respondl~g. 
. to, smail-qfkin~mati~s. We argue that; to a-good 'acc~ra~y, one c~ii use the ~riiptotic ' 
·~expressions for the p~~~so~ wave fiinctf6ns which appear in the' bilocals. Finally, we obtain 

a:'QCD SU~ rule,estimateforJhe ,·,· -:-t'ir0 for~-fa~t~r and demonstrat~ thatour'r~sµlts 
~rein good agreeriient ~ith existing experimenta:1 data [12], , . ,., . 

J' ' ' • -- ' " # , 

2 . '~il~c~l ·correla.ttirs 

· 2.1 . ' ]3ilocals relate~· t~ ~ingle'..propagator coefficient function 

,'. foth; ;impl~t case (see F'1~:ld,i); th~ ~o~flicie~t r:~ction. ~f t~e SD(II) reii~ds' ~iv~~by . 
. a single q~ark propagato~ S(yf= f;/2ir2 (y2 ._ i0)2, a!ld the co;responding contribution·into'' 

the thre~-point amplitude faµv can b~ writt~n_as :,' :, ' ' ' .•· ' '-: ' ' ' . ; ;, 

. ' . , , 2 .· , , .. · , /3 _, oc; . ~ 
j:SD(II) ~· __ .e_.JcJ:'v~-iq,y ._Y_·<Lc!._ y"'. _;!yµ~ 
, . aµv . ·•• 3,/2 , ... ' . 2ir2y4:•n=O n! , • 

x[{:~;v/3~~}/c~~iq~-\gjf{!~~x)fi(Ol\8-:• :/;~,.:h~,s~(O)}IO)· ',"· ,, '. ' ' ' ' ' 

\'' 

, 

'•· 

--~: ·Iii 

', 

l 
I 

l. 

,, 

),, 

/. 

+ifv/3~.~I a'~ e,-iq,~ (~11'{\(x) ~(O){a,.,::;:a::)~u~(~)}IO')} ,' · · •, {2.2) · 
' •• ', • , , J • , t i • - r ... '· 

·,;+ { Sv{Jau I cI'x e-i~~~(0l!{J,.(x) u(o)(a,., .. _;a~nhu\su(O)}IO) 
J . , I : l I ', ' '· -- ' ( - • ~ ' 

( \ ' +frv{Ja~I~i e_;;~: ~OIT{Jix)fi(?Ha~ •... a,.n)1u;u,(od1?>J r, 
' • . i' . . . ,, ' •' 

, where sv;,:" = (gv; ;~;,~·;v~ ;~; + !lvu 9a/3V , , .. ·,.· ' .'. , -~•·-''. · ... ,· ,·•. 
•.. ' We will consider.' ill detail only the bilocal correlators' ~ith \he riglit-sid~d deriva'.tives 

'• I • ., •,• ~ • : ,- f ",, • . ' ~ 

R!(qi,i) ,;Jtl~x~-i~;; (~rr, { {~(~) fi.(0){118,)"1~~~u(~)}IO); I 

<,,}t,(;1;Y) ~] tx e-!?.! {OIT{J,.(i) u(~~(iar,uu(O)}IO): ;(2.3) 

'The bjlocal; L; ( q1 ,'y) an/Ln ( ~1, y) wit~ the l~ft-sid~d d~~i~ativ~ ~all be, t;e'~~~~ i~ the same 
V>fay. . ( .• .·, .• : . _, . , ,_ .··,, .. · . , ' , , ·, ... , ; ,. , •, , ' 

. As stressed before;: these correlators 'arti,responsibleifor. the long distance ('."' 1/lq1I) 
'/. ··. contribiitioJls and, for'. thi~ reas~ri, they are not dir~ctly calculable i~ perturbation theory. 

'-How~;e~' VIC riiay write down a dispersion r;lation for them, assmning th~ standa~d spectral 
deiisity:a~satz: ·, "lowest re~onance" .+ ,"~~ntinuim;, contribution"' with the c~.ntin~um st~tin~ 

' at some effective th~eshold So. Qu'a'.ntum mmbers of the electromagn~ti~ cur.rent Jµ( X }, v,hjch 
•, appea;s' in all the biloca:ls, dict~te that th~ lowest r;sona:rice is represente,d by: the P°-rii~on: 

,,,,;• •, ,/J.,,,:. '':.'. oo-'-,"•i>~,, _'-',,: •, ', • '•,•••. •',/~.,:-:•', •-; .t:,,,·,,_11 '••'• ,,_, , , ,· , 1·1, -cR,;(s) .·' . · ,, ,, 
R,;(qi,y),= - . ~ds-.-.-2 .+(subtractions.)·.::· 
' ' 1r O ' ,' / s - 91 ' '' ' ,, ' ' 

. , ·c,. , '. , ;,, : · . , , .1100 8J1P1(s y) , ' . . , ' . 
= ~p~-~es~m ~ontribu~ion", ::+,; •• ,ds ./~ dr ."t { su~tract~ons) 

· ... -, - > . ;· ,; . ·,· :,· ' _·.:. ', ; '," ,• ,'.} .,, •· ,, -, - ' ' . . . .. '.:· .·. ·:' -·~" ·_-:' . :,':: .:_·, '. 

·where cR,;(s;y) is the discontinuit1/: 8Js(s;y) = (R,;(s + iO,y) ~.~(s ~ i0:y_))/2i. ,· 1 _ 

. Taking the p•~i-neson term in the completeness condition for 'a set of physical hadronic 
•• I, • ' : '~ ' ., • ' • • ' ' • - ' • ' 

' ' 1 " ' ', ' . . ·. ,· . d4p . . ::., " . - . • 
i5(+l(p2 

-. m, 
2

) - ,~_lp0
• P) (p0

• P_l·_cl 
, ' . ', , , p'.. (2ir)3 L.,, ~• . . ,l.1 •, ' , I 

· ,./ , .·· :'\•\''' ,. ·---~=71, . · 

· where ,\ is the helicity of the p0
, one can extractthe P° ~ontribution. . . . ' 

. A; a ~esult, w~ obtain ~ set of matrix ~lements, which' can be para~~terized as foliows: ~._:.~\ :,: .. ~< <:·, .. " .. ,·, , · . . :·:·~ .. ·-•-:".-~-= ~-:.-··~, , : .·:-·';.r.~.;-.:.:-._~ .. ·-· ~~ .-··'.\ 
{0li,&(0),utp{y)IPt=oi P).',,;, ipuf~ ,P~(yp;µ2) + · · · · '

1 
·'I.: , . ' {2.6) 

,/' . (2;5);< 

I. ' (Oli,&{O)'Yu,f,(y)IPf~i=ii P) ·=e:; t: ~p ,p~J. (yp, µ2)+ iav1Pu t: nip(e:J.11),p~~(;p,µ2) t '.. ,{2,7).' 
·' ·.:-~ · ... · . ·.· .. o - ·.·-:•.·'' .L . --~ ·.A. _:·2· , .. -~

1 
·, .. -\',_,,'. ·' · .• :) ,i- .·' • 1 • 

,, {0lt/J(0hu'Ys1P{Y)IP1>.l=li P} = lua/3~ ~a P/3 ¥PJP. ,Pp (yp, µ) + · · •; • · , . v {2 .. 8) , 

He~~ th~' dots stand fo; the highert;is( (t ~ 5) contributi~ns, eu'is the poia~iz~tion 'v~ct<>r' 
of the p°~rneson:, .{rid the helicity components.have an evident inte;pretatioh in ie~ms of the 

l~ng!tudin~r 'a~dtransve_rse p<>_lari~atiof;, Pi::~.~ Pi , Pf>.;=1 = Pi: / . 

✓ 

. ,·,/ 

i3 \ 

,\ 



.~- / 

I . . . . . . . . . . . . . ' . . . . . ·, , . ·,, . . . . ,· . . , 
. _ 1n:a 'standard ~ay, the fundions \b,;(yp, µ 2

,) can be relate,d to the usual wave.functions 
cpp(x,µ 2

). describing the'light-cone momentum distribution insidethe p: ,.· . , , . 
1 

(2.9) , ... •\b~:v1~A(yp,<) = tflx~-:(ypir1~,~~:~(;;,µ:): 

~ith\ µ2
, being, th~, ~e~~r~~lization p~rameter. for'the. releva_nt com~osite operntor~; / The . 

~<instant 'f:' fixing the normalizatio!J of the shnplest wave function' is known from prE1vio~~ 
QCDsum rule studies f[ ~_200MeV (1, 15), and the ·constants J: arid av1 in E1qs'. (2.7), ·. 

-. (2.8) can: be fixed by ~quations of motion ( cf. ,(13; 14)), which fo~m an infinite set of rel~tions', 
connecting the moments of different wave functions (se~' App~ndix A). ''.' . ' < · : · . 

,· For our purposes,' it is more convenient to use matrix eleriients for an; ~rbitrary polari~~-
~ion: of thef-meson:' . . , 

J 'f- ' ' .- :,- - ,·: ,, " 
(A). V [ V (' 2)', ' 2 vs(· . ' 2), . ] · · (Olf(O)~u~(Y)lpt; P} .- -e,,,.fpmP \bP,. yp,µ .+CvsY \bP,. yp,µ +··· +· : ' ; 

+ iav1Pd ,: mp(e(A>y) [ \6~1(Y;,µ~)+ Cvi;y~~~;5(yp,µ2
) + +] + 

+ f?5 '{y~(eP>~) - e!;'>u2/4}4,~f5(yp,µ2)\: .>. · , (2]0) 

(01~(0):iu-rl~(~)/pfrP):~ f;appe)/> p;i;: [ \bf(yp;µ2)'+ cls'y~;:5(yp,;~j +:: -':] X i, ,, 
·, : ,' :_·-...,.·•"". · .. ·, , .. ,/.," .. ·,.•,).··:. \,:·. ,,.; .··· ::··•'\.,,, '(2.11) 

Since ,the' C-pafity of th~ p0 -m~son is :ne~abe, it~ wa.ve,fonctfons have/ theJoljowing '. ' 
. properties (here and below,x = 1- x): . · , ' · · · , 
', \ . ' . '• . ,, 11,: .i 

·, ·;J.vs,v2s,A,AS(x) ~ cpV,VS,".'25,A,AS(h '·: ~Vl,VlS(:i:};;; ~~Vl!~lS(x) 
. PJ. 1:· l : , .. /~ .,: · .. ·· ·,. '~>..pt,'· .' .'/,:· P~,-... ,., ' 

. .,, .,i ,· · .·1· dx:cpfvs,v~s;A1A~(x)= 1 •:l; dx.x~~1;v1,s(x,)''~ L·• 
r. .. . . , o 1 , ' ,. . • • •. ·, ·Jo · ,.,. • , .. ·. , 
1n ,the relations abo\'.'e, w~ h~ve. explicitiy displ~y~d . .:ra.ve functions ;up to_ twist 5, which 1, •.. 

we will need in the' follo~ing. Note; that for a lo~gitudinally'p~l~rized p0 -~eson . ·. ,: ' . 
1' J' ~\•' ', •, '.,· .'., ,•f ;.•~~o:• :r•·•.,-' '"',.' .. , '••:('' '\', ,• '.· •:,•,:.• ',, .I ,'1 • 

··, e,,- ~ip"/mp+O(mp/p;) 

I 

' • • ·'. ' ' • ",' < ·,:. • ' : ;, .. :.-.'.";, :, ' , •• - • ,' :j ' ' r. ' . a , 

. asp. ~ oo;ind the leading-twist part in eq.(2.lO)coincides 'Yith the weU,known' defi~ition 
1 
(2.6). ·.• i ' > ... <'• , :· ·• : ,• . : . , · ' \ / i ·.. ,1 

'. ' !.' \ ( ·, , ' \ I' \ \ '. 

• Let us conside~ first the lea.dinitwist p0 -me~on contributicinin eq: (2.4): Applying.(2:5);: 
(2.10)and(2.11),~eobtain: · .. ·. · ' ' · - · · .( 

t '.. . ,, ~ ' • I "', ' ' '\ •. I •' ' ,t : ' 

·. n. '- · · · . • . • . . · m P -:- q1 ' 1 
(

00 

1 •' , ·)•·· '/ ·. i(-;i)(f{mp)2
.,.·· , L 1 R,;(q1;Y) p0 ~meson .= , 2 . 2 , X 

n=O · , , ontr1bution \ , ' , •· · ·,. , 
' :'. \·~-- :,: ,' · .. •· '~. -~.<·.:··' ::·-: ' ~· :::·-:: 11:.:·,,.' ',;,· .· ; •',·\:,· 

'x{ e e"•L dxe-i(;q,)r/i(x)~i~;1q1,,e (e*y)1 dxe.:i(yq,)~cp"'.1 (x)}'-(2.'13) 

'~--~.DIC'',' p~ •• :>·••·.·· ... ·µ:·' 0 l <. p~ •. ; "· 

'(' oo •, '. '. '.

1 
.j . ·· · · ; (•. '"),(fAf' V ·:) . . 1 · . , , . , . -i P P mp 

' I>-.1}t,.(q~,y) p•~meson .· = . ,· • 2 ...: 2 '. x,. · 
n=D ~. > :· , , ontrib.ution" ' ' l1l P . ql., ' 

· · · l ' ' •. , .. ,. · 1 . ( . . :,•,1·' 
p~IIJYP O d,, 

, .. ,;., 

, I 

,1 

_,.,.· 

I 

'Here~ h~v~ used the'sho'rthand nota.tion: 

*"-,'~ .\ .\. •,e,,e,, = b e,,c,, 
. A=D,±1 

= -,-g,,,;.,+ q1,,q1~ 
m2 

p 

(2:15) 

. -:----- ' - - . . /,: --,· 
Substituting eqs;, (2.13), (2:14) into e1: (2.2) and.extracting the proper tensor structure 

WC get:'. ..,._ 
..... ', .2 V . { ·: · , . ' .. · " 

biloc.:i,CF(I) e 2JP mp ·1,d 1 [ 1v ·v·1( ). · f. A A ·(· )(1 · 2:_)' ]. 
F1,P~".'eson = ay'2m~-:qf o. xp4 _ -av1 :m,cpPJ.,x ,-: P.cp:J. x _.+ x,, 

· w.h~r~. 
~ 2 _ . · ' '..J 2 · 2 - ·: 2< · :i· -
p = ( q2 + xqi) = -q1 XX + q2 X + p _X I 

I _ _,, 

(2,16) 

., is'the virtu~lity of the hard q~~rkwrittcn in'\he "parton" form (see{I)). The f~ctor'2 in' 
\ front of the formula emerges after.one adds the .·contrib~tion· of the'correlato;s 'Ln,L! ahd 

· , uses the symmetry propertiesof the wave fµuctions (2.12), Hshoulq be not~d that the wave 
fuhctions cp~,. 1, cp~; and cp~}5 do not ·contri~ute to the for~ factcii- we arc ccinside'ring. ·. 

Deriving, in a similar way, tlie twist-5 contribi1tion and a~plyirtg the· Borel transformation· 
to the resulting aniplitu<le, we obtain: ·. ··· · · 

, . . I . . ' ,· . ·, .. ' 

<l>biloc.:.i,CF(I) ~ ./Za.:,,;.4,r · r:,mp. [1 d:e'·J , ,i'-Q2r/,M2r'ix/J\f 2 ·, (;.17) 
, l,p-rneson · 3 : m2 + q2':)0·.. x2 Jlf4 ./ _' . f •, ... • 

,~,•···:/,-" ~-.·;P•i ', 11_,:.::,.,··._.:,." ·~ _.'_, .. °\i,>-.,'.·.' ',,.-
·[· · v ' ( v1( · .. ,4Cvs1 vs1(··)·)·· A(,'. - (A'')' .-.4CAs. As· ) ] · 

,x -g~i/P mp cpP.1. x)-, ·xM2 cpP;: x' ""'• ~/2x) cp,,.,(x ":"' xM2 cp.,_(x) ; 

where q2 = ~qf ~nd Q2 = -q?. i/~xpect~d, ihe t~ist-5 contribution is suppressed,~y one 
power _of i /M2 , " · • . .- •' · · :· • · .. . ' · · ,'- ·. • · • . \ · ·. • ' · , 

·, \':, < ·., I 

2.2 Contin~um c'ontribution :, 

'T~ b:gin' ~1th, :w~ wo'u;d like to r~:nr~d ~hi~, iri ·;t;r :b~s,ic OP~ for the SI.~~11-~f kine~~tics 
, - . I ' ., ., . . 

(see Fig.l'and S~c: 2 of (I)), one always deals·,with .the difference behvcen an "exact" .bilocal. 
correbtor R (Fig.Id) and its perturbatiye, analog RP~•t: (Fig.Ii). An. i~portant observation 

·is that the subtraction term~ .in ,the dispersi'ori. rdation for w•d coincide witli 'those iri 
the dispersion rel.;_ti~n fo~ R, becaus~ the uitr~~iolct behaviciur or' these two' cori-~lators is 

< 
1 
,the ~ame.· Hence; there is no,ne~d to specify an cxpli~it subtraction pr~scription for the. 

'corrclat~r~;' 1 •• " '·•· ··• ,· •. ·.'., ('' .'' ', '•,, ,' ':' 

,Now, in~or~orating our ~ode! for the biloc~I co~~elators, in.whic·h th~ contribution due to. 
· highe; excited ~tates is approximated by thcperturbative specti:ai'd~nsity (see (2A)), i.e.,'by 
~ontin~um starting at s0 , we can easily write'down an expression for th/difference bctw~en 
the co~timiu~ 'co~trib~tion t,o R anithcperturbative bi local Rpert, Then, 'substituting the 

.. {~suit into the origin~! expansion (2.2) and performing some straightforward calculations, 
. we obtain: . . . . . . . . , . . 

•· ~bilocal,CF(I), <J>SD(II) _ 2v'2°e.m. ·1· 
1.d -~. '-q.~.d,/M2~- q2x/M•'.·. 

'Pt,continuum - 1,pt - 7r . ,_ /": 2JtJ2 _ ~ : . e · , , 

· • . · ," 2. . ·, 02 (... '.' 2. '-,' •, 2)'] · 2x, 2 S 0 + q ; ·. · X, .. 4 So+ q . '2 , .. S 0 . 

x [ M 2 ( q In~ - ~o) + Jlf~/ q In~-;- q s? + 2 · . · :(2.J8), 

l 
,. 

,5'-
,·;_,, 

I 

' ·' 



,, 

, y 

': 

1· "i 
,I 

. ' The termscollected in the(.) brackets c~rrespond to contributions du~ t.~ operators with 
a definite twist, twist'.3 and twist-5 in our case. _Note: th

0

at'these·t~r~s exactly cancel the 
" logarithmib non-ana.iytidties q2 lnq2, q4 I~ q2 prese~t in the term shown in Fig.lb; i.e. in the 

coefficient function ofthe unit operator for the usual OPE valid in symmetric kinematics (see 
(I.4.1)); As._a res~lt, the' non-analyti~ terms are replaced by the combinations

0

q2 ln (s·~ + q2) 

a~d q4 Jn (s0 + q2
), which ar~ "safe" in.the q2 ,-+ 0 !im'.it. fothe oppo~it~ limit of large q~,.each 

( ... ) term v,anishes like 1/q2• _This obse;vation should be confronted.with the requirement 
. that for large q2 the U:suaLOPE,without' additii>nal terms:rriust work, i.e., the differ~nce 

' • . • , ' , \ , · • . I , . ' • • ' , _ , t 

between "exad" _correlator and its perturbative version must.vanish faster than any power 
of l/q2 

•· To get. thJ addition~! terms within our model for the' spectr~l density, '6ne shoU:!d 
add th~ p-c~ntribution t~ the differencedispliiyed in ~q.(2;18). The p-t~rm alsbvanishes' like 
1/q2 for iarge q2, ;o if the p-contribution is made p~rfectly dual to the pe~turbative spectral 
density, then the additi,onal terms in this model woU:Jci va~ishHke l/q4: How~ver; if su~h a 
d~ality is only apprnximate, there ~ill -re~11;.in ~- smaU 1/ q2. term, I_n ~ny _case, using a rough. 
m~del,foi the c6rrel~tor\ o~e shcnild jllst be happy ~~~t the additional ,t~rm's' decrea:se as q~ .·· 
increases _without relying too heavily on their extrapolation. beyond the' region q2 ::; m;. . 

' ~ " ' . j < • • ': • • ,' • ' '~ ' 1 , , ' , " • ' \ • ,' ., .,. ,' ; • .. f / / ' 

. , ' • . . . . . , .... , . l , , . , . 
2.3 Twist-3 bH°-~al~ f?r two:.propagator <;~~fficie~t;fund,ions, '., 

Ne~t i~ complexity is the co~tributiiin related t~ the ~oefficient function fo;~ed by a: pr~dU:tt 
•i ~ftwoprnpagators (see ~ig:I,e) a~d (I.4.26) )< . , .. .. ,, · ,· , '' : ; ' 

. ~~iJ(II) ~--~··1', 'd4ye"';~,~ ~z' (; J. z)5 --~ E' 1 y~i_; .. yl'• zv;. ::zv/(2.19) 
aµv , 3\1'2· . . , , ,C- ' 21r~(y - z)4 21r7z4 n!m!_ .. '\ ·. ·• ·• . ,·.. ', , .. 

... • ;' ,,'_ , ,: :;.,,_, .. ·.··.:.;_! n,m=O '; ,, ·. ,, :~_•/· .. :; , 

xj d4x e-:t {OIT{Jµ(i) u(?)(8µ; .:_~ 8J.)1v161-r9:(a~, ... Bv.:~(o)t,.,s,~tt(O)}IO~ ·.· 
_' '-'·' ,,'.'I' .. , '' i,-.. ~J ,''·,',·'., !(-~:"'• .. 'I~:,.'·•,;'~ :·· ·:.'l_, .. 

Here we explicitly extracted the bilocal correlator ·containing a: composite operator composed 
of. t~o q~ark ~ and ~ne. gluonic ~eld. ' N otel:that_' the ghi~nic, fi~ld :A~ ( z) here may be treated 

·• as taken in the Fack-Schwinger gauge, i:e .. , it can be substituted by , . ' 
, .'"/ "

1'·i" ;.· '._ ,' "·; > <· . ,' _'·: ',1·' • ' • 

A~(z)~ z>L aG~(a..z)(~: ·•· · .. • .· . . :(2::w). 
A; a. r~sult;. the p~:meson, c~ntrib~ti~-~ i~ d~termi~~d- ~y. the following' ~~iri~ ~ie~ent~: 

. . . • ~ . . ' ' ' ' 'b 'b ... . 0 ._; • . • .. 'i . ' ' .! (>.) ''A ' A ·. 2 I . 
(0lu(z1),,t11sg,G<n(za)t,u(z2)IP,1,;P} =; PfJfne,,pet:,. f3P¢,3p(z;p,µ) · 
: r ' ' 

.+higher t'wis_t co_niribtitions' (2.21) . 

. , ,,,. '•·. • ' ' •: _, / , \ • -· ' I .. • ··(01-c )'. G6 ·c· '')b ( )!' 0 '·,-.) '.,;,.'•'(.(,I,)· ... (>.))·1V,1,V·c' ·· 2)'·. ,• 
U z, 'YfJ'9•. <n Z3 _t U z2 P,1,,P , - . PfJ p"'t:: -:P-re,p · 3p'f'3p z,p,µ ,,. 

· · \ ·. · · · ·' · · '._· thighert{vist•cont;ibuti~ns. ··. ' (2.22) 

. ' In a standard way, we can lntroducet~e niom~ntum 'distributi~n arpplitudesi_ <pr;A(x;/ 

' . ' . ¢,f;~c~:P, >) :=, [r~xh<pr;~c,x:)~e-f Z:>;!_•;.p)~. . ' ; I •. ' ' 

1[dz)a :i dz,dz2dr36(l - L; z;) 

r:;,' I , I 

'' 

j, 
I 
! 

:i 

1 

•-1 

J 

/. _ I 

They have .t_he following symmetry properti~s: . 
- ' . '"',,1 

,, 

. . A 'c · .A . v· ' ·, '' v· ·· · ' 
. <p3p(x1,x2;xa) = <p3p(x2,x,;x3), 'PJp(x1,x2;x3) =;= -<p3P(x2,x,;xa). '' (2.24) 

\ I , . . • , . , • . ' - . 

In our definition,'the normalization c~nstants ftp~ 0,6 '10-2 GeV2,JfP = 0.25 . m-i GeV2 
·, 

[15] ;;e f~ctorJd out, so that the distribution amplitudes are normalized to unity: 
* ' ·; .. : f - ' - ' •• ' •. ' ' • -. • ' ~ • ~ 

' · .. 1 ' . . ;' · I ' , '. .- · . 

··. 1 ' 1Ylxfo<p1p(;;) ~-1, L[~xh (x1_--:x2)<p";,,(x;)= 1 '. (2.25) 

Folio~ing ilie procedu~e de~cribed in Sec.2.1, we find the p0 -me~on contribution: 
,;.,. ' ' ' ' ' . . ' . 

'. q>bi!ocal,CF(II) = v'ia~;,.,si r:_mp '. r1 da ~\ r1 d_/3. rif d_xh e b/aH' ·. (2.26)' 
l,i>-meso~ . 3 m2·+q2 Jo , , . lo , lo··/ _ ✓• • ' • 

· '· x . {1t<pfp(x1,x2;x3) [ 2i4-·2 ~~6] :_ j;:~";,,(~::~2;x3) [ a2~4 _'2a=~6]}' • 
·~.--· ,: ,.·,. I: ;, a~,.·,:', a_·. ._ ,. , .i ·,_- _1 _· ,. , ••• "' , 

where .. 

a = af3x~+ x2,'., . 
, b = -q2 (~2/3x;_:t 2a/3x2x3 \- a/3x3 '+ Xi _\x2) + q2 (~/3x3 + x/--- I) 

· ,. •,and:, ',/' -- .. 

c, = (a/3x3)/(a/3x3 + x2), 

d, = C1 ( "'.'"q2 ( a 2 f3x; + 2ax;f~ + a,8~3 -t Xi + ~2) + Q2) 

c2 = ( af3x; + 2/3x2i/(a/3x3 + x2), , . , · '• · 
·d2 : == ·. C1 (l (a213;; +2t;t/3Xz~; + a/3x3 + 2/h:i - Xi + x2) + Q2 (1 :_ 2/3)) ; (2.28) 

. · _ · .. · · .. . . · · ; . L ... -·: . · -.• .. · ·. · · : ·.' . . . : · · 

'· 

The perturbative spectral density for all of.these correlators is suppressed'by O(a,/1r)- ~ 
factor, and for this reason ,we neglect here:the contribution'due to.higher states. 1 , . , \ 1 · 

> , ' -,, r ' I, • -: ' j • '' ' •; \ ,,:·r,' • ": • •, • .,: •• ' •_·• -_- ' ' 

.2A Twist-2 bilocals for 'threlprop~gator co~fficient functions' 

I:' 

, - : . , _:' ._. -~ : : ,· .. · ·_ - , - ,! :· I ,"' , . \ . ·.: ., • . , .. _· -,' • , . •·,. 

The bilocals associ.ated with the coefficient functions given by a product of three'propagators l_.:_ 
can appear in the (~t/J)2 qu~rk-~ondensate' diagrams of the unmodifi~d OPE (Figs'.7a:r ~f 
(I)). Furthermore, it was pointed out there, that at lar~e and ~oderate q; o~ly some of th~b 

, , .. 'contribut~ to the invariant amplitude F1 w~ are int~rested in. The rele~t diagrams are 
' shown in Fig.2a-d. ·Iii fact, am~ng these diaiams; only2b an:d 2c produce bilocals with the. 
. three-propagator coefficient function (see also Fig.If). After ;o~e ~lgeb~a, .;;e obtai~ \,.' 
' ... ,·:··,, ,· ,· <.\ _.:_, ,:·· -:·',···;;,:' ,; ... ····< .. 

. .r!'.il~CF(III). = ~ 16,ra,(ilu) ,•1· d e-•q•Y .. (p"'.) .· .. YfJ. -.~ _l 1'1 >. µ .. ·~.· 

' ~µv , .· ' ' 3\1'2 9 ·. 'y '' p2 s:i-2y2 ~-ii! y ,:. ~-' 

~ J dx>;q,,: (OIT{z(;) ~(O)(tiµ, ·;;· aµj1v1fJ1~u'(o)}
1

I0) . 
, ' j L 

, ' ·_.,{ 

; 
,.7 
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· Addi~g the charge c~njuga.te ·co~tribution pr~d~ces ~n 'e~tra.' fac~~r of 2.; The P,:contribution 
iU:to' t'his ·cor~elato/is determined by the matri~ element i · ' · ' 

't . ' I ' ' I ~ ! ; , . . . . . 

('oii,&(O)uv131P(Y)l~t; P) = i ( e~>.)P/3 -et> p;) I; </>;(yp: µ2
) + higher t;ists (2.30) 

. . . . ' . ,, ·, .. 

- ·. ,. ; ·- - I 
·~heteuv13= 2-(:y,;, 113);:p,=q1+q2. · _ · · , , · , , , , · · _·. 

The pertui-bative spectral density for this correlator is zero, 'so the simplest approximation . 
···. is f~ model the c6~;elator by \he p•~~~sori contributi~n' only.', F~~ a more accurate estimate; 

one should use ;the two-resonancd repr~sentation (s_ee [5,· 91). This will ~cit. be attempted 
1 he;e. _.,_ .. :····>·:·~: _,•:_ ,' .. 1\ .·:.•(· •

1 
·~ ·,_ •. /, ':·>.,;:,.- ·_,._ •:_~.,_ ,"'·. 

Proceeding'as described above, we get'for the borelized structure function i1>1: 
·,·\ , __ ·_'.·:. · _.:: _···,.1, -. 1 • ._1,_ .. , ;, · ,, · _,:,,. ·. :.·: · ,;Y: ·· 'i; _', 

;il>~iloci.lPI"(III) _ '0o:.'.m.64ir2 o:,(uu) mpf{fJ•1·' /1 d d/3 ~(q2cz:x-Q'x)/((1-r/3)M2 ) 

,1,r,-m~•~n,.:, - ,' _27 .:_-\MB ym~-\-q2_ Jo ,_x ___ e ,_,,_'>_.' ', 
. f3'cp'{;(x) \ . . 

. X (1 -, xf3)3 , '. (2.31) · 

Bilocals and contact terms _ . _ . . 
I ' . ' ; '.,.. : ' ·:· ;_:, . i ' ' :.< _•.·-· I ' :• :· •'. ' ' ' '! '_·•- ' ., ,' ,,·. 

lA special care must be t~ken about the corrnbtors containing the Dirac operator Iµ Dµ ading 
-, __ on the quark field iJ,-: Since the correiatori; a T-prodlct o_f the' electromagnetic curr~nt and', 
· · ": composi~e 6p~ratori _applying: the e9uation ofrriotion one· gets t~~ .5<4>(x)-functi~n, i;e:, · ,, 

the __ extemal vertices -~f.the bilocal are contracted into ·a s1;..gle 'poirit and 'it. reduce~ ,to ·a_. 
q2-independent com;tanti ' . _·• · , , · ·, , · , , _ , : ·_ : : _ . _. 

, . Let us 'sketch~ simple d~:riv~tion for' such, te~~s (see; e:g:; [111)'. · Using thefunctionai 
representation for the correlator ... · ·, , . ·· '· ' · ·j ... 

:. ·:,· ·. ! ; ,•:,,: :· ,·,·.. "' ,\ ·,•.' -.'- .,-~· \ ,'. : '\' ' '· ,":. . : " ', 1 ,.:. ' ; - ' . ''i. ''/ \ ' 

(OIT(: .\&(~)\7~(op1f),; jv(\&] V[f)1'[A] _{. ::\&(x).ViJ,(~ne~p (iI~(z) d4f), I (~.l)) 

•.' :, ,.,•:'·:<,;:'~' '·~·<:.·t'···' ,_,:_.-, ,-,. ,' -~;,.·_. ·:.\:.·•,-,' -.·· ,_,··, -':"' .. ,' \ •', ' 
· where'C(z)~ip{z)iv'ip(z}+··· ,wecanwrite 

. a· •.. ·.. V~{o)L~( U'£;,rf )- ~ ,:c:r e,phf £<•) ,:,}' 
'-. '• : ' ; ,, ' '": ':·•.---·, ': y , . .-.:' ,_:,., . • ' ' 

Jritegrating by•parts_ in (3'.l) results in .\ 
,,) ' ., ·, '' ,,·. ' ·1. ', 

'\''/ ~'[i]v[iJ,] ;[Al{·. -'-!~~~~rexpll/ ~(z)_ir~)-
• ,. . • . ' •. , , 'J • I .••. ', . 

" • _ ,I _ . _.. j :·, , ' ' - j . , , .-• ' ' 

It is th~ derivative oip(x)/oip(O) that produces the o<4>(x) term, mentioned above'.. . ,I, -• 
. The contact terin.s play ari imp'ortant ~~le in all applications of the QCD surn ~ules t~ low-· 
in.oin.entum"beha~iour of hldro~icform factors. '1;.. partic~la~, without thein', it is irripossibl~ 

' to satisfy the Ward ide'ntitie~ fixing the pion f~rrn facto~ normalization at zero momentum 
:t~~nsfer [5, io]. · , · · ' · · '· · · ., "·· ' · · · · 
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3.1 -Separati~g ~hort'- a~_d long-distance c,ontributions 

In o'ur case, a nontrivial c~nt~ct-term co'nt~ibu;iori c~~ bJ ~bt~ined fo; the hard. glu~ii. :x
change' diagrams sh~wn in Fig.2e and· Fig'.2r .. In th~ SD(II):regime, they ·produce bilocals 
~s~ciated with the thre~-propagator coefficient functio'n .. Their contributions ~re ' 

. . } ' ' . '" 

32i -
2e ~,224 q1,; f,wq1q2 
' p qlq2 ' 

• 32i . 
.•.2J.~ 422 q1µfc,vq1q2i 

' ,· p, qi q2 , 
.(3.4) 

I ,, _.,~ -"; 

i.~., they donot cciritrib~te t~ the invariant forrn factor F1• However; as we \Vi!l.see below,' 
in the.SD(II)-regime (see :Fig;lg,h ), equations of inot,ion "~xfrac:C' the ~ppropriate tensor . 
~tructure, i,e., these diagrams must be taken. info accb;;_nt. ·_ _ · , !_ :: . • - \ • • • , , 

The _relevant _term_ froui tlie tliree-poini co;.relation furi~tio~ caii •fie .written ai 

_ _.'s:J'SD(Il),2ef(qi q2) 
oµv· ' 

(3:5) 
I 

i ' ' -- . ' ·., I 

16ire2 c'i,~(fiu) ; ·1· _a·· ;p, , 1 '2300

,·· l.· µ 1 ,_ µ._. 
- - Jo 2 fovq1q2 z e , 2 2. , . I z .. . z . 

· 9v 2 ; p2 q · · -·· 4ir z . n. . 
. ' .. \,. ' ~- . . . ', ' >-~=~ _;,,,_ : ~ ' ' '' 

'·; / du-iq,; (OIT{Jµ~x) u(0)(8-~·.: -B~.).u(O)}l~)-

Extracting the· bilocal 'term from (3.5), on~ should pick-out th~ tr~celess combi~ation o( 
• •, ' I '', • • • ( ' ~. • ' I ' • , 

·. indices µ1', ... µ;,., i:e., the'lowest twist term which gives tqe leading pow~r contribution with 
r_~sped to 1/p~,l/q?. Intro?u~ing then'otition , ' . · r~ . ' '\' , ·. 

)}~{µ1~;:~.}(qi) ~Idxe~'.q,r (OfT{Jµ(x)ii(0){8~1•;;:t~}u{?HIO);,. ; (3_.6) 
• • • • "" I • - ·I~- ' , , '. 

"\ . .'\Ve.can represent the c~rrelator (3.6),i~the followi~g formi: _. _ 
• • ' '! " • ·.' ' . '. ' :: '' (';: 2 ; ' • • '' .• ' • i ( ) .2 .• '\ . ', \ " . , • 

. / IIµ{~,: .. µ.}(qi)' "';' • A.n (q1)%~ {qi~;••• q1,,~J + B •n (~I) {<ii;,, %•1.: 0 ,'q
0

1µJ+ 
' ',• '' ( ) 2 , • , ' 

(3,7) , s .+c,:, (qi}gµ{µ,qiµ 2 .,.q1µ.},, .. · , .. I 

' where{ .. } d~nbt_es the traceless-symm~tric pa'rt ofa :e~~~r;/••Becau~~of th~ ~ie~t~o~ag~etk 
. ~urre11t conservation, we have theconstraint q,1µ IIµ{µ, ... ,;.}(q1) = 0 which pr.oduces a relation·_. 

betwee~ th~ invariant f~nctions A<~>, B(n), c'<nl _'. Using the formula f~oin [l 9r 1 
, . . 

' . . . " /. ', .• ' '· 

' / 

0 
, ~, • • <', ' /n + 1 . · • .· : ~ '. 

:qi {qiµ,••·• qlµn71' q,,.} ""'qi·-?--' { qlµ1 • •: ql/•n-1} 
, ,., :- , , · , , -11, , , · ,,·, 

we obtain \ '. . ; ' '/ ·. ' ' :,· . 

(
A(nl ;_· (n +_ 2) 3(nl) - 2 + c<n)= o_. 
• .. · 2(n+]) · qi ··_·· 

Contracting (3.6}' with gµµ, give~ 
" . • ~ . '/ :,i ' '~-' . - ': , : \ I , • •·, :- •' ·2 

,.i \ 

'.,J 

; , . (. )·, · ~ (; (nJ 2 (n+l) (nl (n+_l)) _, 
IIµ{~, ... µ.} 

1
q1 ~µ':' - _A q1 ~ + C , , " 71 \ . 

1 
{q1µ, · ··• q1µ.}, 

• i' 1 • 

2The charge conjugate contribution can be trivially _added. · 
.. , - ... ' ,; . ' ' ,, 

\ \ 

!i 

(3:8) 

(3.9). 

~l. 

(3.10), 

_·, 

\ 
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Furthermore, applying 'the technique symbolized by eqs., (3.1 )' ~ (3.3) (see Appendix C) we, . 
obtain, in the lea:ding~twist~pproxi~atiori: . , , -~ ·1 . ,• r: '· ,• · .. ,'. . : : ; \' 

' i . - , ' . ' 
.. - ' ' . . '. ' '1 . - ·' ' ·. . . J; 

IIµ{µ, ... µ.}(qi)g""' ~ (-;-i)"-: {qiµ, :,.q~,,.}x . , .. · . 

c:< l-2(uu) -'-,½ ~}1./ dxe-:iq,r (OIT{J;·(.;;) u(~){

1

8µ,. '.. 8µ.}~~;u(O)}IOd '' (3ill) ' 
' I :,. . • ' .· . •: . ' : . • ., , . " .· 

whei:e the' first contributioninside.the .brackets.is just the c~nta~t term (Fig.l;h ), ,while the 
second one cannot be reduced to'any o.ther c~nt~ct terms (Fig:1;g'). Since th~ rele~ant per
turbative spectral density vanishes, the bilocal can be approximated by th~ lowest re~onance, 

~ ' • I. . , , , . , " - " - , ' - , 

i.e., by the p~meson3 (see Sec. 2.4 and discussion below) .. As a result, we get 
,., ·,. ,· \I·.·,·: .. ,. . (·· '·.: .-.'. i:>• .· · · .· 
1 ' ' IIµ{µ; ... ~.}(qi)!Jµµ 1 = (--:zin-i {q1µ2· ••• qiµ.}x •,· :, 

' .· [. ·. . , •• '( V .<' • T,, : ,' ' / ' . ' . ] , : .. , 
: 1 .· · ' - •· fp,mp)fp 3 \. · · n-1 T '· .. ·• · r 
. ~ :-::2,(uu} + m2·:..... q2.' 2 ql j 4:J?,X }~P (=1;) ' : : (3.12). 

• , ; ', ,' . :' )''.' .: ~ '_ i, ,• ~,' ', .. ' - , ', • .' ,1 • \ ( -. , 

where <p;(~) is the twist~2 tensor,wavefonctio~.of the p_-,meso~.' . . , . . . 1 :, , .• : 

Using the formulas from Appendix.B/one can easily perform the necessary contractions:, 
. ' ' :: .. • .. · ',: ' .·• • ; ;_:: (n)., 

1

' ~ I (1) I .... .• •• • • • '.. • ,. •. 

, Zµ,. .. :zµ.IIµ{µ, ... µ.}•~A, q1µT cn,(TJ)+.;: .'.\ 
. ( ) . [. .:, '2 " Y·' . . '1

,.' •. ' ·,, ' ' ', ] 

+:+n 1 . ~z;~ :·n_:
1
.pl~1.<11):+.i1~:n c~2>,i11? ,. 

'c<n) [ \',.,I•• \ '. • •. •,:,,•,','z2,' •,,. ,;' •" ••1' i ' 

·• , , .; , +,-;;-::- ~~ '.~-:1 
ql~1 (11) 7 q1·~:2/,n~~/7~~2<?> ; i •.·. . , .. 

,. 1. '. ,\' l . '. ' - .'J .' '., I' ' ·, ' .' ',.; ···:· .'.,,:·/:-;::,:: ..... ,, :, t_'' ··: :"'.,'.' .,·, • ' ··"· .. , <.: ,·;,' 
. where CA.\)(77) are the Gegenbaue~ polynomials 'and the'notatiim 7/ = i(q1z)/✓-:--:z':q;, r,'=.;, 
-iJ-;-z2qf/2 is intr~du~ed:1 ' ' .. ' • : ) . . .· ' ' I '·. • . . . (/; 

. The tensor st;uct.ure ( ,:-, ~" 'tµvq,q;) we'r:i.re inte;ested' ii'i, ~an be p;oduced i11; (3.13) ~nly 
by the te~ri'is ',_,' Zµ, hcimce,' ~ther. terms ~an b~ ign~red/ Combining now eqs. (3.9) ~,(3.12), ,, 
w~ get; modulo tli~ next~iwist contributions: . I •• ' ' ; I . 

~ \ I \ •. \ ,. •, ,•• \' ' , ,' : : 

1 - (2) '·[ ' qfB(n) i :,, c<n)] I,.:,' " 
z,,rn-pn-1(11) --: 2( +l)+~ ~<' (:J:U),, 

'· ,. : .. • ,· ·,·,'·.:~<· · ·2' .,ii;,::.,.·.··;,:>' 'v · , T. · \. ·: : · ,;,. ,, ·. , 

) ( .··,· .. ·).n.-.·1 .. ,,2n •[., 2··(-.}·+· .. :(JPmp)fp3·2'J .. '.d' .. ·.·.n.-l'·T( )] ~ fµ -z q1z . . ·. . . , , --: uu 2 . 2 - q1 , , x fl . ''P P x . 
,,., .: • .(n+l)(n+2) ·: 

1 
,·_ mP-:-q1 Z. .. , .. ,:,.,,,· .,, · 

Note,'ih~t in the s~andard~xp~~siori, tak~n at ,the 'sa~e ~~c~r~cy, ;., ; 
' • ·., \ I,·, ; . ! •<.· \1 l' '., ,,·'/ " .. r , - '., j '. .; ) j ' ,-: ;_ s,•_., •, ,: ·\::, '" I 

Tn-l C!~1(7/) = (277+r~l ~ __: T.2 (277r)~-c3 (n ..:,_ l){n--, 2) f · · · 
' , ' \ . ••', ·\'. ',' 

; '. we are left with the first term ~nly. '.· ·. . ' . : ' I - ' • •• ' 

·, , Substituting· (3.14) into (3.5), integr~ting ov~rdz ada s~mrcing o~er n 'by -~sirig th;,; 
g~nJrnting function tech~ique we get for' th~ borelized contribution to (f>l : .,.· 1 ', ' ' :. .·· ' ' 

-;bilo,.cal,2e/ = __ v'2a •. ~.2~6ir
2 

a.{~u}
2 

.. ·1·'' r.ld.f3d. /3(P ~ /3)~ :ey/3. (.q.•p~q2.)/.((1-;/3)J; '(U6).\···· 
, 1,cont-typ•. ;' '•27 ''\ Q2Af6,, lo·, .,X(l-,-y/3)3.· '·'."..: ', . ,, .•.'. 

; • ' .. . ' ' . . ,:, < ,' .. : ... ) ·: ,:·' I ·, :, : • '·. l. '' ' •,_·,,:'· 
,3 Note, that .in the chiral limit mu = ind = O,'the p- arid w-contributions cannot be distinguished an.dare 

equal to each' other { cf. fl]). ' : ' '\ ' I \ ' • ; \ . . . . I: 

I' 

(: 
\'' 

l' 
',J, 
:/. I,:, 

I 

', •'•'i. I 

I 

, ~biloca1,2, 1 .;,; 

1

_ y2a,.,;._256ir2a,(uu)(/;mp)f; ~ ~:x; ·• .(
317

), 
1,,-~•:"'~ , , 27 . . Q2Af6 ,m; + q2 4 q :. .· . t 

. .. I ' 'x JJ'f1 dxdf3dy xf3(xiJ- xf3)y 'PT(x) e11x/3(~•;;,a~q')/(1_-~x/3)M' r 
lo ,' (1 - yx/3)3 ,P ' . 

. where x/3 =,l ~ x/3; ]3 ~ I -/3. , \ 
. , . . . , , I . 

I ' ' Analyzidg the rest of the bilocal cont;lbutions caiabie of prod~~in~ a c~~ffi~ient fo~ction ,· 
oft.he three-propaga~Jr type (se~ diagrams· of Fig.7b,~;i,l,o,p of (I)),' ~e found that ihe. 

,''contact type t~~rris ·. are I eithe~ abs~nt or do not: c~ntribute to. t.he desired. ten~or structure 
, ;; ~~ ~~vq,~2 F1, Conta~t'ter~s ;re also ab;e~t for th~ bi!ocals co;re~ponding.to the,coeffide:0.t 
'functions of orie~ and two~propagato~' type. ' ·, I • • • • ' • ,• , 

, ' .·> ' ,.,,. ,· / ' . I ' 

·11 

·,4 : QCD s~m ru,Ie•in the lqfr<<'lq~(>l G~V:2 kinematics 
' ••,, •'. ; ':, .',, •, •, ,.',. '., : •. ' l • \ •, '; .. ,: ' ,, .:, ' ·',,:'I,/•,,'. \ ,..,, .. , I ,' ,· '•I,•••,:.>: •: ',,, \ ;1 '. 

f,• 

.. Collecting now all the contributions; we obtain'the theoretical part (the'rriodified OPE) of. 

... the QCD sum rule for the.for~ fa~tor"F-r•-r•-.. :(,jf, qfr(see Fig. l): : . . . 
,''.; :, ' ,': '' i' ", ; ~ ,' i .' ' . '' .,, ' ,'':. ,· .' ':' ;/ ~ '" . _; -, ' .. ', 

'< 2 Q2 M2) .._. ( 2 'Q2 M2)'' . (GG) · · ,..(GG), ,.:(GG) • ·;. (f>l q. ,, . , , .=;: ""I,pt qi . , .+ (f>l,Sb· +."'1,Sc. 7 "'I,5/,g+'. . .' '\'· <' , T " '/ - , • , 

,· .· : ·,I,,:, ' , . ' ·, I 
' ·,· . .j..(f>(qq) ·,. + (f>(qq) .. · ''+_(f>(qq) + (f>(qq) +' 

, l,6g,h,1 . · .. l,6d,e,J,, ·,. 1,7a,b,c . 117d. 
• ,,' ; ,', ' , • •. • ;, , , /.' <,' .'. \ 

0
( 

1 
~. •,. , , .. - : • ,, ', ., s r' ,. , 

,· ~;bil~~a1,cf(I) + .. ( ~~'.i~c~&;(I) _ (f>biloda1,s~(/1j }~ ';sn~i1; ~'(f>~D(IIj 
1 

:..:.(f>SD(II) + 
, , , '. 1 1,P:meso~ . . ' 

1 
1,c•~lin~m'.',,•,. , . , l,pt · , , . , ; ~•;b, , '[:,, 1,Sc' , : 1,'6d,J , , 

. '+(f>bilcical,CF(II) _ ~SD(II) .2::'~SD(Il) ~ (f>SD(II) + . ' 
; 1,p-meson ~ , , , 1,5/'.g, ': '. , (. \6•: ,, :'•' _1,7a ',; . , , 

, I '[ I , ] • , +(f>bilocal,CF(III) _;_ (f>SD(II) + (f>bilocal,2e/ + (f>biloc~2•/ . (4 1) 
1,p-meson 1 " l 17b,c 1,c,ontact ,iypc 1,p-meson ' 

1 

• 

1 
,. '. • / ' • 

1 
: , ~ 1 ~. . • \ , • ., , l ,, . 

.,.where the ~rst two ro~sc~rrespo11d,.to the.o~1ginal .C>PE vaHd forsyrn~et~ic .ki!le~atics (see· 
,'the notations tn (I) and eqs. (L3.8),'{L3'.11), (I.3.12)). Ea.ch o,f the next rows repi:~sents the 
addition.ii., terms· corresponding. to , diffe~ent typ~s 'of the cci~fficient fun~tion:s. <As: explained, .. ·. 
in (I), all the terms' of the' stand~riOPE; \vhich ar~ non-~rialytkiri th~ q2 . ... ,/o limit, are. 
'cancelled' by th~ co;responding SD(II)-c~n'trib~tions.' As' a rnsult;. the. coefficient' functions 
,of "the sn'(IHegime are~n~lytic fonctions of q2 (co~rare with [6])\S~bstituting explicit' 
.expressions for. all the terms which appear in eq.(4.1) gives , ' 

• ' ' .' \ ' ' ". ' ' l;./ ' ' ,'; I,.'• ' ' 

',, /' .._ (\ .Q;M2), == J'ia,.m'. __!_•{· j'di ._:Q'x/M';·{·. (l.+, q
2
x \•.,t.M'." + 

"'I q ' , . . , Af2 lo , x e. •. ' . . Af2 e ,·' , J 

_:: ; . / ' /'Ir • > . • .oJ . : I : " < •,• > I \ _/ ' 

> ·. q•~tM' [.2x,'( 2J (so+q2)x._ •·.•):+'.~•.(· 41 '(so+q2)x_:: 2 .. · '~)-']-
+e .. ·. Af2 .q n, .Af2 ~o . Af4. q. n, •M2 , q,so+2 . ,',, 

,, • O •, .' ' ' q f , •' > .: ' ••- •, C,. ,,,• O i.' 

. ,··~ ··•(q2x ') n ip(nfrn . . , 
'. M2 



·,' 

I 

,1, 

" 
/· 

'\2 [' ,' . · 1 ;' 
1

' '., • :, oo ·(,, 2 ·)
1 

·n-1·]'' 
,, 11'' a. '. ·1 , . ,1 ·, ·c X. -Q'x/M',,' 1\ q X . 

+g (-;-(;G) 2M2Q2 -t Af4 L dx x2 e . • --- ~ n! 'J\f2 . ' + 
1 

641r3 I_ . 
2 

q2 • ~ 64ir3 : , ~ ;' ) 1 • . . 
+ 243 ~.(qq) . Q4M2 + 127 cr,(qq) _2Q2Af4 + 

41r2 'J;' m. P :11 d,· •. 1 ~Q~xf~'~; q~;,:U, , \ +---- , x--e ,, ,e . 
3 m;+q2 

0 x2M~ , .. 

[ 
·, ' . V (' Vl'( ) ' 4Cvs1 vs1c· >') •, ,4( . _;>'( A,(·' ) 4C1s A5( '>)'' ]: ' ' \ 

x -av_1{P mp. 'Pp,. _x -:::xM2 ~PJ.. x -JP, 1+2x 'fP,. x, - xM2 'Pp_,. x_ , 
• l , . , 

'2 '. V ', • 1' · , '1 '., ·1. , . ·, 
I , +~ JP mp , r do: a r d/31' [dxh e b/oM' 

, '.I,, 3,m;+q2 Jo-.•·, Jo·. ·o ·.:1, ,, 
, , , . ,{, A , A'., . , . j [ ~l • . d1 · \] • V ; V , , I• ' .) [ C2 , .:.d2' ' ] }: \ 
. '>5,, J3Pcp~p(x1,x2;,x3); a2Af2 ~2a3Af4 -J3p'P3p(~1,3;2,x3, a2Af2.-2a3Af4 
. " • ':, 'i '.,, !, .'' ·. · .• _·, \ "•· ,·\, 

;'1 

,~ ,·_...,--·, 

~·. . .,/ '.; .,r·~· ' ', ·-1, ', -,', '-' 

~6.41r
3

cr., (uu)·m;J'/f;j:r1 dx_dP f3'cp;(x)3 e/l(q2x,r~Q 2 x)/(({-,.,'/l)A' 12) 

-27 ~~-- ,m;-l:9-2 ·}0 \ (1_-~/3) , , : : '. . ,' , , 

. , , , . . , I ; . , - . . •.,· _,,, . , / 
, •, ~ 2_ s_ 61r

3 
a, (uu)

2
. ·_· ·j' [1 df3d, '/3(/3 - /J)y eYfl,(q2P-'-Q2 )/((1.:.y/l)M'.> • · , · 

: ; . 27, Q2M~ Jo ' y (1 - y/3)~ J•. . . . . .·· ,\): 

';;-- . ~I' 

1·; , · 3' '· - ' V T • · 
· .. 2561r a,(uu) mp JP JP 3 '2• . 
~-~ Q2M4 m;:J-q2; 4_hx ~· 

1' 

', ~ ·11, if1·d~d~d; ;fJ(;Ji ,:..·xfJ)icpT(~) ~yx/J_(q2~~Q
2)/((i-:_vx/l)A!2) }·: '.• ;,(4:2) , · ·· · ' Jo · · (1 - xy/3)3 P , . , s, . • ·, , . . . .. , 

' i ,' ,. ,•• ", ,• ," < •, • •, > ,• < • • < • \ • , 1 , ' / ' ••• ~'' \.. I ,- ,:: , f 1•• ~• ,• ••, 

: We use the following ~umerical values for the consfants:p~esent in,<~q'.((~.2)):_'J;' ::= 
0.2 GeV,'mp = 0.7~ GeV; tlie constants J: ;,,; ~J;' mp/4;' avi ·~ 1/40, are_ obtained 

-froih the ~quations of m~tion (see Appendix A),,the values 'Jt' = 0.6 -10-2'GeV2,J:fP ::= 
: 0.25 . IQ-c2 GeV~ are taken,from· the QCD sum rule estimates given in ref. (15]. The quark 
and gluon condensate :~'alues are standard. · ~ . ' • . :· . . • ·, . 

. Finillly, we·. write, down. the sum rnle iri the non-sym~etric kinematics 
1 ·Gev2: ',. ,· .. , , . 

. \ I • l , 

F._ • ••. •.( 2 -~)· .· = _\fti.a .•. m.•·{:_21·, oo. ~<1e~"'M,, ·1·1_dx .. · xx(q2x + Q2x)2, '. 
.., .., -~ q_ '· • f · , .. · . I· -+ ( 2 + Q2-)J3 .• 1r"· ·1_,,.c·' .. ;.· o_• <?'xx. qx x 

. ,· .. , • ,. M2;'.} ·, 
·-~- ·2 M2 ·. -~· . 

'+: <l>1(q.'Q,' ,' ) y'2cr,.m'. · 

~i 

.J ' 

r· 

We,recall that th~';aiue of F$·1·•-~:(o,o) is fi~ed by curr~~t algebra· :nd ~xial an~~aly: 
.F$·1.--~.(0,0) = \/2cr,.,;../1rf.:(20],, · .:•· . . , : .·· · , 
. . . . " . ' ,• y i •• i.. ' , ,- ' 

; ' For the contiriuuni threshold in the p-chaimel we take the standard' value sO~, LS Ge V2 

obtained 'frorri the QCD sum r~l~ for the /,-d~~ay ~o~st~nt J;' (1]. Tliis value w~ also , 
e~t~acted fro~ the QCD sum';ule analysis of.the.first few niornents'oftht:p-riiesori ;;a~e. 

I ,-, • ' ' -., ' i . , ., , •• '·,. \'. ·-} 
functions (15]. However, when the moment number' increases, the size of power corrections 
~elative;fo the perturbative one also inc~eas~s; and.th~-thresh~Ids obt~i~edfro~ a-formal 
fitti~g of

1

the relevant s~m rules raise like stn>·~ n: 'As a~gued,ih [16, 17i,-'an 'n:independent 
th.resholdis more' ii°atural from the physical point of yiew. One sliould r~~lize that, 'ror ·. 
higlif? .mom~~ts, the power ;~ries in I/ M 2 ; in fact, ~explodes" and ~ne .should sum up_it in.' 

. \o,me way, e.f!., by; itsi~g nonlocal :v~cuum_averages (~nonl~~al 'co,nden~~tes") lik:e, (ij(~ }q(O)), 
etc:'(16]. The sum rule, derived within this approach for the pion wave function·, works for 
rather high mom:ents; an'd the i:ciriesponding thresholds ·~tn) are ess~ntially ind~peride~t of 
the rnon"ient 's number. Moieo~er, .the mo'de) _wave functi~n derived in this way is' rather ciose 

·\'t?thea.symptoticfo~ih/.·,-..:, '.,, :,- .••• · .: ·:: 1• : :. , • ·.: ••. 

.: Inspired by these·results, we· will take asymptoticformsfor the following P:rneson wave 
' '' .. ' '\ ' " .. ' ' ' " ' ' . . . '" ) " 

•'_, 'functions (see Appendix A): : I 
•· ' . r' , ;•,, 

'P;l ';' Cf'V1 = 60;i(2x- 1i; 
: . ',· - - ' . 

cp.4 =:= cp~• =.6xx, , . 
"· -. ·. : ·.', as, l · ' 2 
c,?3A = Cf'3A = 360X1X2X3, 
. i "1: ,. ' ,'' • '. /•. , ·2 
cp3y =:= ip;t, = 7!(x1-:- x2)X1X2X3, 

:- ·:,,=· ',. ,•'_ ;· '.'.;, . ·. •.,,':; '.i.j - :: ,·_:· ·'.• ,: \:, /•, ; ,-·/1: :, ::.' i ·,: ' ,,,.,-":, 1' j 

, ,· . Numei-ically·most important contributions in the theoretical part, of the sum rule ( 4.2) 
. ~Orne frpni: ~) SD(Ih~gim~ (first fivero~s of (4.2)) 1 and b) p0 -meson contribution with 
l~adi~g twist ~ave f~nctions (SD(II)'.regirne) in diagonal and nori.diagonalcorrel~tors .. '' ' . 

I 'The t~ri.sor ~~Ve function, how:;er, appears in a n~n'.diagonal c~;rel~tor. For this reason, 
• :/ :· ,' ' - • • 1 i . · ·' ,' . . ',"' · · ', .·.:. · l 1 ' ' ' :- . .. .:: , ·., ~ ,, . . , 

· mstead of 'Pr = 6xx,, we use,. , · . · · 
• ,\ f f ''., • ·, ., " . -' ~ ' \. ·. '.' : > ·' .. '·\ . . . ·•· . ,._,: '. ~ ; .) . \,: ;' '. . ' 

·,,,, ,,,, nondi~g~.,•.·c:rr:.· 1o~al cOn~rib. ~· 1 ( c( · ) +' <('. ~)) Cf'T I , I • , ;, - - o X o X 
·,· ' ' . ' . . . ' )' •. ' ' ,• :·. ·, ,,2 ' ' .·,::._ ' ') .. :·. . ' :' ''. 
and takef{ J;'~p ~ -2(uu), which correspond~ lo th~ lowest-dimension~! cdntribution to 

, .· the nondi~gonal correlator in (2.29). Th~ o'ne-resona~ce ·~,ode! with. the p-term • residue 
equal t~ :-~{uu) guarant~esthat at,,q2 ~ m~ the correspondingcontribufon in eq:(4.2) has 

. :·' the cor~e~t asyrnptoti~ behavio.ur, i.e.; it goes smoothly intp that, of diagrams Fig.2b,c. The 
: ,accuracy 'of: this' estimate can be improved by a) using a more ;,:dequate tnod~l for the spectr~l 

den;ity with two~-; m~re resonances·(5, 9] and b)by in~orporating t~e nonlocal 'conderis~tes;' 
e.g., iri a way outlined.in ref. [18]. 1 

': . ·• , •. , , ••.. ·, • , ' , , , • ·. ', 

The terms associ~ted ivith three-particle· twist-3 wave functions are small: their contribu
tion °int~the sum.nile is.of the order of a few;percent. We expect that ·terms corresponding. 
to the next~to-leadi~g two-particle wave functions (twist,5) are suppie~sed as well. Contact-
ty~e power 'corrections are al~o small. .. , ·.· . : .·, • i : ,. , · ' ; . • . < 

, , , ' ' , , ,' , • ' ,. '.• , I ,' ,, , • , ,• •\ 

• .. ' fo. Fig.3 we plot. the F-,•-,•-~•(0, Q2) forrri factor normalized by ,the value F-,•-,•-~~(0, O), .· 
. We calculate /tin the region Q2 2 ,IGevrand comp~rc_o~r results\vith ~~pe~imen\al ·data/' 



', 

- /. 

reported by CELLOCollaboration [12]. Thescale 0-0 ,'the continuum.threshold in the pion 
channel was obtained by an explicit fitting procedure. The_ resulting values lie in. the interval 
0.6 $ ~

0 
$ 0.85 GeV2, i.e.-, they agree with existing esii~~tes for the pion ,duality interv'aL • 

The sum 'rule-predictions are rather stable in' the Af(regioll 0.6 GeV2 ~ M 2 ~ L3 GeV2 for 
different Q2 : Our results agree with experi~ental data \Vithill an accuracy of 15% .:_ 20%, ' 
usual for the QCD sum rnles; ' ' ' ' ' ' ' I, 

Our sum rule' (4.3) can be'also.used to calculate the form factor,F-y,; • .:..,..(q2 ;·Q2
) at,, 

small (bu't nonzero) mom;~ium transf~r q2. ~ m~ and fixed Q2' ~ 1 Ge V2. However, there, 
. a're no experimental 'data for this region; A detailed analysis of the suin rule"induding a 

:'I d~tailed study. of the sensitivity, to various choices of the p-~esori wave· fun,ctions will be 
giveri ~lsewhere.; . . : , , , ,. · · · ' 

- The authors are giateful to, A.V.Efremov,, S._V.Mikhailov and _A.P.Bakulev for useful 
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Appendix 
'( 

I, 

. A· 
' • • . ' .'' ' '.:. '.·_;_ ', ,, : ' .! ·1 

Equations. ·of motion and p.:.meson wave functions 
\.;,, ' ',•:. ·,,' , I 

' '/. 

Here we demonstr.;_fe how one can use equations of motion 'to obta:fo ;elations -~~twe~n the 
mome~ts of,the {rmeson wave functions of differe11i twist. A similar analysis was _done in 
~efs. [13] and [14]. '· . ., • , 

' Consider tne id~ntity: 
- ' ' 

. (A;~) ' 

where ifl fJa,;, (i8. + gA(;))JJa•. Applying the, Fiertz tra~sfot~ation we re~rite' (A'.!) as 
\ '.' .·, '- ;,'l ':,, ,_l. ',! ' ·, •, ,· . , .. !,'•,. _:·--~~-- ,· ',' : '•,•·::' .. )'.~:·•I 

"', ,;;_ {lllefla(O)(iV - m)pp i/,Az)lp) = 0, , 

(iV _:: m)11a S(z) + [(iv'.:.. mbs] ', P(z),+ [(iv·~ ~)-r,.] :'y,.(;)~ 
· _ •- . , , · -,_ · .. '.·. ,. /J°! ·, __ -,. · ·, . . ~, , ., , Pat,.., ·'t · , ... , 

·.·[(i~-ni)-y~-ys]. A,.(z)+½[(i~,i~2)o-,.i]' Tµ 6(z)~o.· 
1.\ .- :, ~ l,I .i ·J: .. Pat!·~,·::.,,:. ·,",;:, ,··.' ~~>.:·.-...·11·:•:'·,,·, I~'.-',>.'., ' ' . 

To obtain arelation between wave functions, one should substitute in (A.2) the expres~ 
_· si~ns for the bilo~al matrix elements like (2.10),(2.11),(2:21)(2.2?),(2.30); diff~rentiaie with 
· ~espect to:z and put z~ = 0, By contracti~n· with [o-vp)ap, we·~xti-act a corribination of the 
' V-, A- and Tsprojectio~~- 'There ~re th~ee independent ten~or structures •.· ,, ; :, : • ' ' ',:' ' 

' / • ". ' , • . .7 ' . '• . . ' ' 

'\ 

., ' p·', ,'. 

Zvcp - Zpcv, (sz)(z;pp - ZpPv), Pvc;, "-'[)pc~ 
' ,· . ' - '·' 

J , ; ,•I 1 ' , , , 1, \ 

and, as a result, we get three systems of equations: 
' ' •~ ,' , , , • I ' ' '', 

fA~2{;f+1) ··= jA~2 '1· ;·d/3/3Tlfri: /3-t-:c ]~-:~)' ~:, 
PP . .. 1 . -3p-p;O!! '·_ ... ·. 3<,,·/ i~A:·:•·, 

+.,2J:cA5 n (xn-l)A~ --, ~;;5 t: ~p (xn)vs; ¾ (:25 {x~);L,c~.3), 

' A n • . - '\,~ : ,, '., : / 
1
' • 1: V2; '.;;I \ •., 1 

JP CAs (x }As = an JP mpCv1s {x)v1s + 2,fP {7 ' )v:is, 

.:.1 ( .. •2').fA(. n), _. fV , .(·. ~+I)-: ;, • fy,' .·._{ n).; .: . ,·· 
: n,+. P X A .= · - p mp X V - av1 p,mp X Vl :-. . . '\ ' ~ . . . , . 

'j 

·,. 1 .· I , .- ' '.' '.'' 

-ft L d/3 /3~ ~ (x~ti+x~r:-1
)~! .. 

. ' I .. , . ,, , 

'+JiL d~./3~([~~/J+·f~t~1)3V'+'4;~/{{~~h-

•. ~q.(A:5) ~as derived also in (13), but _th~ constant: a~1 'was Icisse:i" there.·' in the chiral 
limlt, we'cimn~glect the last term in (A.5); Taking th~ i~-fi~ite li~t for the r~norrrialization' 

' -_ - . '\, -.· ''' . . 
'· 
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I 

', 

I 

' 'pararrieter, µ2 -+ oo, we obtain t'he equation'relatini the moments of the asymptotic twist~3 
w~ve functions: . , -. ' ,, ' . 

. , -. (n + 2)J:. (xn} A·=' - 1;:n~ {xn+l },v - ~vi j; i-n,; (x~}~1·: ' / : (A.6). 

'. Takin1 into. account the\ia'rmalization, conditions. (2.12r, 'w~, conclude: that there, ex,ists 
' -the ~nlysolution: ' ' . ' .· .· . .. . ' . ·. - ' ' / 

, , 3 ., . - ,, , ' -
'f'v =--(1 - 2xx), 'f'vi = 60xx (2x - 1 ), · 'f'A = 6xx . 2 , , , , 

\ 
, 

· (A.7) 

with .. ' v' ,i· , . :JP mp . ' .1 
,. r '. JP_=.-:--~•- av1 =: 40· " (A.8) 

, . '; \ . __ ,,..- . '·. - . ',,. . 
Note, that 'f'v,'f'vi; given by eqs. (A'.7) and (A'.8), obey the condition that for a lortgi-

,. tudinally polaiized p0 -meson ((e:, when e;=0 ~ i Pu/mp + () (mp/p.)' as' Pz ~ oo), the ! 
I , . < " , . , , , , , , ,.?' 

1 ' . leading-twist part in eq.(2,10) provides the well known asymptotic twist~2 vector wave func-
. t,io~ ( cf, eq.(2.6)) .. Tl;ie ~alue of ff was also_ calculated in the SR ~ethqd [15), and the result'
, is in a good agreement with that dictated by equations of motion; 

S~bstituting eq.{A.8) into ~q.(A.6), w~ get - · 
• . I -

- (n + 2) (xn} = (,xn+l) ~ 2_ (xn) _ 
4., . . A V 40 , Vl • , 

;; (A._:9) 

B Some proper#es of_ tra:cel~ss c~_rnh!nations 
, , , , , ,, >- .) ' '· \ , , ' , 

To c~nstru~t the or~hogonal proj~ction ope~at,cm'P(:;: ~nto th~ ;ubspace of ~raceless ~y~
metri~ Lorentz tensors of rarik n; we use the techniques similar to those in [19). Here we list 
sonie usefuf formulas·. concerning thes~ project~r~ _as ,well~as ~som~ contractions that_ ~ppear . ' ' ' ' . ' . ' ,. i' -:- . ' . . ~ 
m_thepaper. . __ •· -- . 

,B7~definiti;on, for an,a_rbitra;.:y Lorentz tensor T ..,;e ha~e'.[19): 
. ,. ·" ,l : ':_, .(; \ .: . -· .. '·, : . '. . '·, \ :, 

. [R T.jµ, ... µ. = P, µ, ... µ. T"•·--"• 
(n) I • (n)v,, .. vn / • • 

' ,' '. . - ~ . . - ', . : . "; .. ',. . . / ' , .' ' 

fr i~' straightfo~ard to deriv~ the formula' 

,.· <! 

(B.1} 

' . - . , , . . . ;·. n : • .. • .· _. / ', 1 . ~ : , . \. . . . , . .•. , \' 
(R rt•·--µ• - - ·'-"' Tµ,,,.[µ;J--.µ.µ; - -'-- '-"' gµ;µ; Tµ,,,.[µ;J,,.[µ,J._.µ.""·· · (B 2) 
. (n) . ·· .. -~ n' ti' , . / ... , ... n2 fi; . • .. : : : . :_'· ·_. . ' . . 

0here T"'·--"•-1 "is n~~ traceless and sy;1:nrn~tric i; it; first n ,:_ 1 ind(ces ~nd [µd means that 
the corresponding index is 'abse~t. 'Choosing T{v;,,,v~C:,}a = '.s" {q?\. q~•-•) we'ha~e_:· 

' . ' i ' . - ' ' . . . 

{sµ'qf> • .'.qfn}• 
' r n " . • -- E ~µ•·{qµ' [qµ;1 qµ•} -

n-: ~=1 . 1 ~;~. ~-~ .... · ~ 

._l . 
'. _.- -1 ·:. -n ,~:.,/~·~-·:~,:·a µ1:.' '. · •-µ~i. _i µ; µn 

- ··2 LY' 's {q1q1•···[q1 J.,.[q1 ), .. qi}., 
n i<j. . . - , . . ' 

(B.3) 

,., 

16 ~ :. 

,., ~ 

j 

\:->,-

.• I 

,._ 
1' 

'• '. /';, 

_I 

M~king tise of t~e Nachtmann;s [21) contraction-': 

· ·:,· ~, .. < ·. / ,,' '2.,..,/ n/2 · ,-\. 

zµ' .,;zµ• {qf' ... qf"} ~ (q•~) 'c~•l(~) 
''.'. ' - - ' •, 4 , 

(BA) 
1 ,' . . ,. '·.. ', , . . , - ' 

'an_d some re~ursion 'rdati~ns for the Gegenbauer ~olyn'omials d-')(77) [22), cine ~an derive' 
,the formula: '· ' 

zµ' ·zµ•'-•-{q"q·µ, qµ•-•} - !_~~~,' ,~~~-{q~•-··:·.q'µ.}_!_ .. 
:·· ·\·, 11 ···_1 .· - n'{)za:'~,.;···.~,,j .1 ••• 1' -

:}, 
1 

= ·!.. [z: r~ (~2 c!~\(11))+qf i-1 c!~; M] ;. 
,, n z,. ,i, : _ : • _.· .... :. ·. , ... · : - .,,.,_. •. ,<, ·r. , .. , . . ;,. 

wherq'= i(q1z)/,/-,z2qf, T =,= -i✓-.z2qu2: '. · ,' 
'Using (B.3)- (B.5), 'one g~ts for an arbitrary 4'.i:-~ct~r s: ,' 

:, ' -,' :,_ -, _;_ '' 1 · .• ',·: . ' . i '. ,/ ~ , . ' -I- ' ; ''. ' ·1 '' ' ; '. ' •. ' . •, ' ~ 

'zµl, z':~{~l'tqµ2 qµ•}•= (zs);~~lc{2)i(I])-" (q1s) z2Tn,C2c{2) (77)\ 
1•,,J _;:;·. :· .. ' ',1::1--· •. l ':·· 'n . ,1:1-1\ ,, '';' :·n-,L 2 :.,•', ;_.n-2:'- • ' 

, .. i· _./ -, .. : . , , . -

n~ie, W~, derive eq.(3.11). ·-•Before consid~rfng 'tlie'rele~·ant ~ontraction, let us note 
'i~~orpmitting the r~lation 

',·, ·~ ' ' ', ,· _, \ .~."' < • '. ' : ·: • 1, ' .. , ' " ', "' ; ' . ":} '. ,, ,,: ' '..:. ' ,' 

/ 1.{z8}n ~-(ziJ){}af-•"...: 82=~ (ll :'-- 2) {z8}"~2, 
· · ·· · ' ' 4·',, ,n: · · · 

' ' ,, ' ,. 

,~nd\1egle-~ting higher twist contrih~ti~ns, one cansubstit~te the origirialcorrelator (3.6) by· 
·--: ",: .,,' , - , ', ,,,, .... , :, ' . , ",• •,"' ', ,',-,\/"· .·_ •' ,• , ,, 

· IIµ{µ 1,,,µ.}(q1) = IIµµ,{,;2---,,.J(q1) + 
, I ''I ' •' 
, 1,'\-__'<i,'-, '., f l 

\. 

II ., () .·'n'::,·(\ 
µ{µ,; .. µ.} q1 __ gµ~t ~-.:· 1,µ_{µ2:,,µr) ~I .. , , , ._, , , 

. · ~ Ydxi~.iq'.r (OIT{J,.(h;1(0)a;,{a,.~ ···•· a~'.}u(O)}IO} 

_~_}/dxe-i~,: (OIT{J~(~)fi(0,)~,,,{8µ2 ... ·aµ,: }u(_onio( 
:_:½ Idxt;~,r_ (OIT{j!:(~) fic'Oh,{8~2\: :. ~''.~ }~11,(0),}IO) .' . 

~~ q1,j d~~-:;~,;\(OjT{Jµ(x1 ~(0)7;,,,{8µ;. '. .t~ }u(O)}IO), i 

,·,., .: ... ·,.-,·.I ..• 
:where we h.ave made use o_f the identi_ty':'· 

· · 'f dxe:iqirj(°,l,T{J~(x,) u(O)~/i1(0)}[o) +(Olt{J!'(x) ~~o)f'~,,u(Onlri) t 'a:. 

. --.. , ' : ='~i qi, /~~e-i~•~(0[7';{Jµ(~) ii(~)f'u(O)}I~): 
. ' ' ' . .- ·' 



,,_::-

• 

,,< 

., 
I 1". 

Applying (3.3) to (C.3) and (CA), and integrati~g by parts in (C.3) we get ; 
• • ; • • ' • • • q• ,, '. • • -· ":1 .,,,, 

.(C.3) ~--'.r(.::.ir-1 {q1µ 2 ••• qi,.,j (iiu), 

. ' ... -, . ,. - . ..:. (_ , . : ' "/' 

Now, taking into account that {0lu(0){ & µ 2 •• •. & µ. }u(0)}I0) == 0 for all n, we obtain: 
, ' ~ - ·' ' ' - -

\•. 

I _(C.4) = o ·:, 

~ ~ 

' 
' ' - ,, .. 
' ' . ' ' ~ 0 

.

. 
-~-·[E2·• 

, + '.___ --, 
. ql . P, 

y, 

2 ' 'l , 
q, , . , p' , q, .• , , .p' 

'.:ar. 

.. ql -~/ I 

' ' 

·-.+ ... 

b) 

-~,. 
• q·.1.. ·. · .. 

'. 
' X 

'I : 
\. ·. ·':. 

~

:· .. 
"f' - < ,. 

• .. -. X. ·_ .• _. :-:· .. '\ 

+., ·, ) . . 

. ~) 

·~·@ q, ·' ~-1-------'<,.-• 0 
~: 

t ,,. ,:-}-~----~-, 
q~l.o·-· 2' . 

q~ <_y,_ -·-~--~-~--: '. 
: . -'-:z ,. - :- -, : 0 

;'~-----~Sb(II) 

. ._ 

\ 

Y .SD(H) 
d) 

k--~~--SD(-ih: 
. 'e) . . > .- .£) ... 

-

··•.q~--·:·· .. _ ... ·• . < x 
i. . ' 

~

--~\. 
ql .,.2: o. 
. . y, · ----. soci1) 

. g) 

+ j +: ·~ qr·_ r r--1--:::.-:.-:.:\-1 

~:--~~·o 
. ;: . hL. s~_(II) 

,. 
\ 

... :-: 

! ( q·b···· __ ··_ 

-/ ·1\, \ 
·., 

- . . -1:· 

qo .. · 
1 _. ' 

. -, 

•.. i,' ' 

\ 2 , ·. . ; ·:. 

q~· 
.· .. .:--~~-~~--~:J p2 

i) SJ?(II} , . ', 

,~, 
-----.~---:1.; 'j,2 

j) · SD(II) • 

.- .,,: ,,'' 

Fig. I. 

l8 

-~ 

+·.··.) ' . ~' 
' \ . 

( 

\ 
. i·' 

(C:7) . 

(C.8) .. 

\ 

+···· 

... 

--.; 

·,1·' 

'Y ... ~ ·.·~---·:· ' --~ •. , ,· '1} ... -·· .. ·.·1+•' .· .. · 
····•·'.SJ-ji· ~·\.•··b-t•····.•·.•··.·.·. ·.•i~0 
-~ > ,~- ·. . ......... ·: .. -r:-:;· . 

a)' • . , b)- · . · , c) · . d) 

~

·····ifa.·.·• .. ··.· ) . . \ . . . ~ - . 
·,• ' . - ~ 

- . - :.,_ .. , -__ : .. · . 

-:..J_ .. ~ .<··:· -t 
e) f). 

Fig.2 .. 



., 

. References 
/ - .· 

[l] M:A.Shifman, A'.I.V~inshtein a~d V.I.Zakharov, Nu~LP~ys. 'Bi 47, 385,448 {1~79): 
,{.· i ,_ '. •• ' . ¥ .,. • •• 

.·[2] A.V.R~d;u~hkin ~~d. RRu~kov, Yad,Fiz. 56,103 (1993} [Phys'.At.Nud. 56, ~30 (1993)] . 

[3j B.L.Ioffe and A.V.Smiiga, Phys.Lett; Bll4, 353 p982), . .. .. 
. ( . '., ·. . - . ,'_ . , 

[4] V . .A.Nesterenk~ and. A.V.Ra_,dyushkin, Phys.Lett. Bll5, 410 (1?82). \< 

.. . • [5] .V.A.Nesterenkci and A.V.Radyiishkin, Pis'ma Zh.Eksp.'fe~r.Fiz. 39, 576 (1984) [JETP. 
> Lett. 39, 707 (1984)]. .· ' .. . . ·· ·•· , •. . .··_ ' . . . ·. · 

. r _,,, . , - , ✓ - • , .'/ , • ,. 

. [6] KG.Chetyrkin, S.G.Goryshny 'and F.V.Tkachov, Phys:Let~.Bll9: 407 (1982). · . . - ,· . , . -• 

[7] U.B~litsky and A.V.Yu~g! Phys.Lett. B129, 328 (1983i. , . 
, -, ./ -.,,,,·· . , . , .. / '--..,_: .- . ,_ ·'• ./,. 

[SJ B .. L.loffe a!1d A:\T;Smilga,I'is'ma Zh.Eksp.Teor;Fiz. 37, 250 (19~):' . 

[9] V.M.Bely;ev and Ya.I.K;gan; Preprint iTEP-29, (1984), '. . 
1 • . •·, :· . ... ··--:-

fot.J. of Mod .. Phys. AB; 153)1993): . 
.. I 

l 

.. · [10] V.A.Beilin, V.A.Nesterenki> and A.V.Radyuslilctn, Inu:·~r Mod. Phys. A3, 1183 (1988); 
Mcid.Phys'.,LetL'Aa;y67(198~); . . . '•. - . ,C . 

·[11] I.I.B<!,litsky, D.L.Djako~ov ~nd, A.V.Yun~, Yad.'.Fiz. 35 1300. (1982),: 

•,• [1:fcELLO ~oll:iboration itiBehrend
0

~t aL;z. Phys: 6 49; 4o'I (1991). ,· 
C / • 0 • :•,~-•• • ' '~ • ••', .•,,I • •,_,,/ <, '. ( < •, ,- • •, ·_,• ..... , •• " ••~••~ 

1 [13] A.S.Gorsky, Preprints ITEP-71, (1985}; ITEP'.85,86 (1987) .. • 

. ·· (14]V.M.~raun ~~d LE.Filyan~v; Yad.Fiz'. 52, 199(1~90);' Z·.Phys: C4t~39 (1990). : 

(15] A.R'.Zhitnitsky, LR.Zhii~itsky an~ V.L.Cherriyak, Yad.Fiz. 3s)o74\i983); 
Yad.Fiz. 41445 {1985); Phys.Rep.H2 l 75 (1984): , .· · · ; ' · · 

. ' ~\"· . . \ ,•' ./,'' - ~,- ,.._ \ .. :' ·: ·<,·:,. '· ' ''. .. ;,: -: ' . - ' . . -

(16] S.V.Mikhailov and A.V.Radyushkin,·Pis'ma Zh.Eksp.Teor.Fiz. 43, 551 (1986) [JETP 
· . L~tt. 43, '712 (1986)]; Yad.Fiz. 49, 794 (1988) [Sov.J.Nuci.Phys. 49, 494 {1989)]. 

;/ - • . .- . • , ,,. ~· . •., ,' .. . •• ·' I " . ~. ' . , ,. , 

(17] A.V.Radyu;hkin; N~cl.Phy~. A527153c (1991):, 

[1~] A.V~R~dy~shkin,preprint C~BAF-TH-94:1§ (1994) ., - .. . ~ --~- .. ~ . 

[i?] A.II.Guth a~d D .. E.Soper;
0

Phy~.Rev: D12 1143 (1975). 

{20] S.L.Adler, PhysJle;. 177, 2426 (196;); .• ., .. · 
- J.S.Bel(R'.Jac½i~, Nuovo Ci~.A60, 47 {1967), 

-[21] 0.Nachtmann, Nucl.Phys: B63 237 (1973); Nu~l.Phys. 1378 455 (1974). 

[;2) A.P.;;udn;imv,Yu.:i.Brychkov and O.I.Mari~~ev, "Integraly,i•Ryady,Spec. :i<'unkcii" 
· .. (R~ssian ~dit.ion, i 983) p.739: . 1 ' • ·· · ·· ; · - · ' .· • · • .·· 

• I ., 

Received by Publishing D~partment. 
on July l, 1994. · 

' 20 -

;/· 

\,. 

.\ 

Pa.z:1roruKHH A.B., PycKoB P. E2-94-248 

<Dopl\iqJaKTop rrpou,ecca y*y* ➔ :rr:D rrptt Marron BHPTYaJihHOCTH 
OJ:IHOro H3 cpoToHOB II rrpaBima cyMM KX.U (II): rrpaBHJio cyMM 

ITpaBHJia cyMM KX,U .tjn.sr cpopMcpaKTopa Fy'y' ➔ :n:o(qf, q~) 0606m;aroTC.1I B 

cnyqae, KOr):la O):IHa II3 BHPTYaJihHOCTe:U: qJOTOHOB Marra: 

I qf I < < I q~ l ~ 1 r3B2• B 3TOH 06nacn1 rrepe.z:1aq tteo6xo):IHMO rrpo.r:1enaTh .r:10-

rronHnTeJihHOe OPE ):IJI5I cpaKTOpH3au,nn 6onhIIIHX H MaJihlx paccT05IHHH. BKJia):I 
6oJihIIIHX paccT05IHHH B TpexToqeqttyIO aMrrJIHTYJ:IY cpaKToptt3yeTrn B J:IBYXT0-
qeqHhle KoppeJI.IITOphl (6HJIOKaJihl) 3JieKTpOMarHHTHOI'O TOKa H COCTaBHhIX orre
paTOPOB J:IBYX HIDKaHIIIHX TBHCTOB. HH3K03HepreTHqecKa51 3aBHCHMOCTh Koppe
JI5ITOpOB orrpe.r:1en5IeTC5I n3 BcrroMoraTeJihHhIX rrpaBHJI cyMM KX,U. ITonyqeHHoe 

rrpaBHJIO CYMM ):IJI5I cpopMcpaKTopa peryJI5IpHO B rrpe.z:1ene qf ➔ 0. HaIIIH ou,eHKH 

.z:1;rn Fyy ➔ :n:o(qf = 0, q~) H~XOJ:15ITC.II B xoporueM comacnH c cym;ecTByrom;ttMH 

3KcrrepnMeHTaJlhHhIMH ):laHHhIMH. 
Pa6oTa BhlrrOJIHeHa B Jia6opaTopnu TeopeTnqecKoiI cpn3HKH HM. H.H.Boro-. 

nro6oBa OI151J1. 
Ilpenp11HT Om,e):111HeHHOro 11HCTl1T)'Ta !l):lepHbIX 11CCJJe):IOBaHl111. JJ:y6Ha, 1994 

Radyushkin A.V., Ruskov R. 

Form Factor of the Process y*y* ➔ .n° for Small Virtuality 
of One of the Photons and QCD Sum Rules (ID: Sum Rule 

E2-94-248 

We extend the QCD sum rule analysis of the Fy' y• ➔ :n:o( qf, q~) form factor 

into the region where one of the photons has small virtuality: 

I qf I < < I q~ I ~ 1 GeV2• In this kinematics, one should perform an additional 

factorization of short- and long-distance contributions. The extra long-distance 
sensitivity of the three-point amplitude is described by two-point correlators 
(bilocals), and the low-momentum dependence of the correlators involving 
composite operators of two lowest twists is extracted from auxiliary QCD sum 

rules. The sum rule obtained is regular in the limit qf ➔ 0. Our estimates for 

Fr•r• ➔ :n:o(qf = 0, q~) are in good agreement with existing experimental data. 

The investigation has been performed at the Bogoliubov Laboratory of 
Theoretical Physics, JINR. 
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