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.· · < L .Here we present the calculation of the hadronic part of the photon structure , , 
/ ·function , (PhSF) by taking. into. account.the nonlocal· quark·. condensate. and. follow-

< irig the method.suggested by Gorsky ~t al.>[1] .. We also compare ourresuitswith ·. 
,,. experiments.and provide a brief discussici~:: · · . : · .. · . · · -~. • . . · 

.; .' The approach to calculat~ the hadronic part of the PliSFF2(.i;P2, Q2 ) in photon~ 
.. photon DIS ( Q2 »· P:) hi the region of moderate values of x.and Q~ has been proposed 
· in [1 ]. This approach, is ,b~sed on: the ~perator produc;t expansion (OPE). technique 

... for.a 4-c·urrent correl~t.or with a~~ourtt ofthe nort:z~ro:vacumri condensate (VC)·~f 
· · gluon fields ( (GG) ). · Theau,thors "of this paper have.managed ~o reproduce rathe~ well .. 
_ the existing experiment~j'data)n the region 0.3 <. i ,< O.,T for different values of_Q2 

, 

( Q~ = 4.3, 5.3, 9:2; 23.0. GeV2
.) without' introdu.dng new phenonie~~logicar pa­

ramet~rs. As toVC of quark fi_elds, it was ·asser:ted that their contribution ( through . 
- the operators of the lowest dimension; Le. : ijq : ) is proportional to the 8(1 '-: x) and · 

thus, could be dropp~~rout' onhe consideration ofthe region o:3 < x < 0.7: (The 
contributions of quark VCs to J:>hSF in this region are pos~ible also from diagrams 

·_ with· radiative corrections ,to tlie usual box diagrams, which]are ~£,order <ls1and for 
. this reason aren't considered.) , ··, .. _· ·· : _ · ·, _ · . .. -

However, the ~se of the nonlocal quark6ondensat~.[2], which is equiv~lent to the 
•• I ~ummation of 'an. infinite set of condensates of higher dimension3, lead~ to the resu!t 

with new properties. We show.that·nonlo_cal quark VCs ··give·rise _to a smooth (over 
._ x) ~ontribution to PhSF. It is interesting ~o.note, that.essential diagrams are new'.. 

The magnitude of the corresponding contributio~ to PhSF (D.(qq)F2 ) is·of the.same , 
: order: ll:s the one from gli:t~n::vc (D. (GG) F2 ) and _is determined by the,characteristic 

: _le!lgth 'of the quark vacuum_ correlations 1/Xg: . ·· .. ' 



J 

Th: l~tter esti:iate in (I) doe~n'fdepend 0~ 'the c~ncrete form o~-~ ~ond~risate·d;/ , 
-. tribution function [2] arid reflects, the 'essen:tially .. nonperturbative charac!er oLthis . 

contribution. Numerical values are: Ll{!fq)F2 ~ 0.35, whereas 'Ll(GG)F2 ~ -'0.15 in 
the c~ntral regi~ii of x for the standar~ values A; ~ OA GeV2 

_(,\; = (qD2 q)/{iJ.q) .';::j 
0.4-0.6 GeV2

) [3]. Careful analysis shows the substantial improvement of agreement 
with experiment in all the region- 0.2 < x < 0.8 jusdor these standard values of cor-

. relationl~ngth 1/,\9• For 1a:rger vah1es, ,\; ~- i'.2 GeV2, which are typical of iristanton 
liquid models [4], the quark VC's contribution is of no importance as compared with 
the gluon one, It's clear however,:thit the va:lue.of ,\~ couldn't be much less than the 
standard value because of the."explosion" of Ll(!fq)F2 .for ,\q---+ o.: One c~n conclude 
that the PhSE is rather sensitive to .the parameters of conden~ate structure, therefore 

· the extraction of F2 with high precision from experiments 'o"ii. photon'-photon inte;:ac­
tio.ns provides the possibility of independent evaluation·oT the lel).gth of correlatio~s 

~ in the n~npeiturbative QCff ;acuum." . ,,., ' . , " .. ><. - :'· . ~----

. We also_ establish the breakdown of factorization theorem [5] for the discontinuities .. 
. . (i.e ... imaginary _parts, Disc) of diagrams with nonlocal VC_-oh the cut line. __ This 

effect depends. on the decay rate:_o(v~cmim;correlations at large distances: e.g·.,. the 
.. · Gauss decay_of quark VC ({q(z)q(0)). ::-, exp(--1z2

) for lzl ..:....oo) does violate the'• 
factorization, but the exponential one ( ,.:"exp(-,lzl) )doesn't. Af th~ sa'me time, 
our conclusion about the' necessity to take. into· account, 8-function. distributions isn't,­
relat~d with the nonloc:1),lity of VCs: the distribution concentrated near the border of 

. some area could_n't be us~d properly for treating local probl~ms in the cent~r ~fthe 
area. In this case the'appearance of·a-border-ccmcentrated distribution lik~ the o­
function: from the OPE signals about the deficien~y of that expansion. Our method,: 
that u~es a:nother type of distributions; avoids this problem. ,. ' ·. . . ·, .. 

. . •· 2. Th~_iiorilocal VC seems to b~•introduced for the'first time in [6], and .the . 
exponential .decay iii. coordin:;te 'representation was obtained· in 'lattice calculations ' . 
[7]. The riorilocal vc was suw,ssf~lly employed t9 explain diffe~ent dynarnicai hadron · 
properties.in .exclusive processes [sr We·use a 8-shaped Ansatz for the distri~ution~ 
functions.f(a) of nonlocal scalar (M(z)) and vector (Mµ(z)) quarkVCs [9]:··. 

_ M (z) : (q( 0 )1':( 0, z)q;;)) ~ (q( 0 )q(O;) t ,0
'' NJ;( a) do; ~) 

:, 

' - : M~(~)-=:·{,ii.(~),µE,(O,z)qJ~)) ·i·--i,z!'A.1
00 

e0 z~f~Jv/~) f~; · ' (3) \ 

· f·mod(.) 't('· ~2)· -· ·fmod()··.,1
·(· A2)' ·. s-. .. a .= '! a~ u ; :.". y ·. a ~ u; a-:-- ui,:: , 

I. ': (4) 

where A = ~/8l7ra.(if.q)2, and scales Ll_2 = .,\~/2 arid~-Llt,. ~ ~v:..\;/2-aren't'•alway~ 
. - _ equal, {,J'asqq)113 ~ 0:23 GeV. We select the value aV= 0.7 , that is consistent 

.with the Taylor e:xpan'sion of the VC in the.lowest orders [2] .. \c . • .. · , ·. / 
L~t us ~onsider di~gnims offig; 1 (crossed graphs are _also u·nderstoe>d; t_he contribu: · 

tion of diagram IA IS marked by index s, and that of lB - byV) and take.into account_ 
' I - c • ,,-- •> .• ~ . ' " 
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the contributions of the lowest twist, i:~;. neglect ter~s like P 2 
/ Q2

, exp (-Q2 /(Ll2x)). 
Then, denoti~~ ... · .,, . , 

,! . ' . ·3;em :E. e4 \ 2xP2 . xP2 

,Cnorm = . q q 1S = L\2; _,v·= Ll2 ,· 

we obtairi 

_'. _l _Ll (!fq) F.T(x· p2) .. 
C s 2 , 

norm , . 

~-· fi(qq) F._ ~·(x· P2)-
C · . S .. . 2 . '· . 

_norm.-- ',· 

. _._1 __ .ci~;> F[ (x; p2) 
- Cnorm ', -,·'' · ·· · .. __ . 1. 

',' 1 .-
~.-. Ll~q) p,L:(x' p2,) -. 
Cnorm · · 

2 
' · ." 

7r . . . ', ·. : • V . _/. 

81r4 ~ . ' ' . . ' ' ·' . 

9
Ll6 {ijq) 2 ~xx)exp(~Js); 

·-98_~ A4_;{if~t(X2·)· ex; (~7S) j. 
u •'. ,s . . . 

,, . 32ir3 • . • . - -, . . . • 

·=-:,·8rLlt, a~(ijq) 2x exp (-,v) X 

(
·2 ~2• ( 2 .x+l)'. ·2'x)· 

X. X + X - 1V X + -.- + ,v- . 
. • ·., ~ .' . •. 2' . '• 2 : l C . 

.. 321r3 .. ' ':_ 2 ~: •• ( • 

- - 81 Ll 6 as(qq)tx e~p/-,f)x 
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•. Figu're 1; Diagrams with ~onlocal VCs, essential for Ph SF F'2( x ). To.theleft there is:­
the diagram with scalar VCs; in the middle,- the initial. diagra.m with vector VO, to 
the right, its factorized form. . . . . . _. . 

. '··' ·,, . . 
,· .• -, ' . . -

It ~hot:ild be noted that the methods· ~sed _ for calculating these contributions_ are 
·--different:· for the scalar VCs tli"e Cutko~ky's ·approach was applied (it is equivalent 
i to the aouble Borel transform method~ fordetails s,ee [IOi), and.for the vectorVC 

~e used t·he factorization of large-and srriaH 'distance_contributio~s directly - the · 
Disc of diagram is determined the by coefficient fun~tion ofthe process (i.e.,at short· 

, '_distances). This difference is explained by, the following. The exact calculation of the .... 
imaginary part of diagram 1B with the-nonlocal vector VC with the 8 - Ansat_z for~­
(3) gives the' exact zero. This is a simple ~onsequcnce of ti!~- more general .' ., . . 

' '"-' 

.' 3; 

. .,, 



• 
~roposition: · . . 
If the weight/(~) of some lin~' of a diagrdm i11 a:space· is concentrateil'on the b~undecfl 
support, then the c~ntributicin to Disc· of this diagram.from the cut through this line' is zero,-

, . :r' . . _,., _., ~· ' ' - . ' 

This can be proved by clir~ct,calculations in th~·case -of."box" diagrams. The distri~ 
butiorifv0 d(a) (4) we use satisfies .. conditi-0ns of this proposition. Meanwhile there is 
a whole class of Ansat~es h~( a), for .which the ~onlocal VCs: - · -. ~-" -....: . ' ,, 

- .. ,..... • I - , . . , •. 

• decay in the large lzl limit exponentially ( ,__; exp(-'-:rlzl)); 
. , ·, .. • ~ -~ '. ,v, ' . • . -

• ha~e the unbounded support in a-space, e.g. . . 

. · · · -~2 0 -n(m2t-l 
hn(a) =; exp(-n) · -~ ; --··--· 

· · · . · . a , T( n -: 1) · 

.. . '-' ·r , . , . . . . . . .. : .. . ··· ::-. 
· .- • imitate th_e8~shaped Ansatz for larg~ values of the parameter n; 

. The imaginary part of diagram IB-for these Ansat;es isn't zero. But this quantity is 
·. essentially Arisatz~dependenC For this reason we use _the factorization method, which 
is -w~ak sensitive to·the concret~ choice of An"satz ( we co~ld usdhe Ansatz h;,( ~). in 
all the calculations; but it wouid produce substantially complicated ·expressions and 
nu~erically not' rather different results), . . . . -. . . - -· 

We see, that the nonlocal quark'. VCs gives ·smooth ( over X) contributions iri all 
. the region. 0. < X < l · and theparll:~eter of 110nlocality_is: l_ocated l11 thy denominator_s . -
of a comrrion factors, which is a signal of rionperturbativness of these corredions .. We· 
also want to-emphasize that i~ the limit P:. ~ 0 only contributions ti Ff are singular. 
whereas th~se related to F[ ar~'.regular. ' i. . ·; ' - /-· _. - ·. · ,·_. '. . ' . 

3: )zor treating SF. ofa real photon it's necessary to ri::alize-in sopie ·way an 
' extrapolation of the result obtained· for P 2 » A~cv .'to the region. P 2

; :....+. 0. First 
of all, we·should remember-that.in this limit physical SFF[ and F2 coincide, and 
physical Ff ~ 0 '(for details see (1)).:-So, we'Ucons

0

ider further only 'the transverse 
· part ~f PhSF ,).e. Ff.; Then, we can extrapolate to P 2 == 0 -~ui.- r<esults for nonlocal 

quark VC co~tributions with~ut an.y'problem:_ Note that we don't prete~d to describe 
t1ie ~egion oflarge'P2 » .. Nin (5)-(8),.becauseJhis asympt~tic regime is determined · 
by the unknown details of distribution function f(a) in large a region. For treating.·· 

- _ singularities ·like 1/ P 4 · (from.the 'gluon-VC) andJog(Q2/ P 2 ). (frorri the.pei.-t'urb~tive 
_part) which:appearin· OPE,c~lculations.in QCD, we used themethpd and model 
of [1). By this ~ethod, the PhSF- is represented via disp~rsion relations in p2 in -
terms of the contributions. of phy¥:al states ( vect~r meson· (p) +. co11tinuum J. and the 
parameters ofthe model are chosen so that they correctly reproduce all the terms of. 
OPE calc~lations. ' · · -' · · · · · ·. · · · . 

3 We are grateful to 0. Teryaev for'stimulating discu'ssii:m oii this point .. 
-- : - ,- , ' - -- \ ~ - . . . ·-
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]ig~re 2: ,Comparis~il of the theoretical ~od~l predictions with_ experimental data 
for Q2-~ 4.3 Gev2 ·, Q2 ~ 5.3 GeV2 arid Q2·= 9.2 GeV2 from (11] and.for Q2 '= 23.0 
GeY:2 from (12);,Solid line _-,our.results; dash~d - re~ults of (1] and the lowest dMµed·~. 
(long dash~s) - hadronic p~rt ,contrib'ution. · · · ·· · · ·· · · 
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- . 
Tlien for the real PhSF we obtain: 

C 
1 

·-F:(x) = x {-:i,+.6x~ +;[x2 +x2J log(•Q.2 \)+ : . 
[8

4,· 3n2on; .·.]. 4·[•'.·.· .. ,82•·Xpo]·}·· 
·, 7r - 2- · 2 -2 7r - · 2 Po 2 · .:.2 . 7r ets . . 

9~s(~q) x-: [x +xl81~so.s(~q)_ .:- :2m4 x +x +27pgx2(-;-GG) .·· . (9)· 
' ' ' ' ,. . ·• p . . ·, ' 

where pf:::,i l.5GeV is the standard valu~ of continuum thr~~hold in the QCD sum 
rule calculations o(the f}"meso!l prope~ties and mp is the p-meson mass. The quark 
contribution:to hadr<Jnic part,is shown•in the first term of the secoqd line in,(9). To 
compare the new result (9twith experimental data [11];-[12], we'shouldinclude the.' 
evolution of the quark VC with Q2 

:· (ijq)2(µ2 ~. GeV2) ~ (ijq)2(Q2), (ijg(aG)q)(µ 2
) ..'...+, 

(ijg(uG)q}(Q 2
) following usual one loop evolution formulae (e.g._ [13]} . The quark 

terms lead to_' the growth of the. hadronic part in the. central region of :i: and h~ppily 
.. works to the better agreeni~nt :with the expedment, as represented iii Fig. _2. More~ , 
over, in the ~egion of x ~ ,0.8:there is a.weak tendency, due to quark vc corrections, . 

. to the lower ·growth of the curve. The best agreement with data is achieved for the 
, . , . I. 2 .. t' ., •. • . , , . ' ; . ' 

. valueof,\~=.0.5-0.6GeV 1.' ·• "'· -· - .. ·., _···.•.· ... ·· .• •• ·•· 

. . Nevertheless, the experimental errors should be reduced few times for comparing 
~xperiment with theory cu.rve carefully. Fu'rther th~oretical progress may: be reach~d' 

· in.the three ways: •. ' . , . . . , . 

f To improvethe hadronic model of PhSF. (see· [l]} by;introducing new vector 
._ .resonances. This step can improve the behavior of the theoreticarcurve· ~t · 

"l ., " . : . ·. .' ., ... ·. ~. ". - . . .. . . : ~-. . .,·. •._: , ~ . \ -. . , /. . 
arge; x ~ 0.1. , .. ~ . • .. .. ,· . , · ; 

' ., . ' . . . ,, '. ' ' ' 
2: To revise the expression for. gluon corrections ·by taking into account:the corre- . _, 

l~tion length of_gluon condensate [14], [15]. It vv,ill correct the theo~etical curve 
/ in the region 'x ~ 0.2.· 

3. At x,·'":' 0, i.e.J near the singularity in t-char:mel, the OPE series diverges [1]. 
But it may be·corrected by reformation 4 of OPE ii the way of cancellation of 

. th~ "long dis,tance" contribution following theappr6ach in [16] ,- '. 
.:. ,' ' . . ··- ·- . 
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