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Pion structure function within the instanton model
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The leading-twist valence-quark distribution function in the pion is obtained at a low normalization scale of
an order of the inverse average size of an instanton The momentum dependent quark mass and the
quark-pion vertex are constructed in the framework of the instanton liquid model, using a gauge invariant
approach. The parameters of instanton vacuum, the effective instanton radius and quark mass, are related to the
vacuum expectation values of the lowest dimension quark-gluon operators and to the pion low energy observ-
ables. An analytic expression for the quark distribution function in the pion for a general vertex function is
derived. The results are QCD evolved to higher momentum-transfer values, and reasonable agreement with
phenomenological analyses of the data on parton distributions for the pion is found.

PACS numbgs): 12.38.Aw, 11.10.Hi, 12.38.Lg, 14.40.Aq

[. INTRODUCTION within the QCD inspired effective approaches, gives distri-
butions at a low momentum scale,<1 GeV, where such
Hadron structure functions, in terms of quark and gluoneffective theories make sense. The distributions obtained are
distributions specifying the fractionp of the initial hadron extrapolated to higher experimentally accessible momentum
momentump carried by the active parton, play an important scales using perturbative QCD, so that comparison with ex-
role in QCD inclusive processes. Although the evolution ofperimental data can be made. However, the problem of the
parton distributions at sufficiently large virtuali? is con- ~ NJL model is that it is nonrenormalizable and thus, to avoid
trolled by the renormalization scale dependence of twist-2his defect, differentad hocassumptions about momentum
quark and gluon operators within QCD perturbation theory cutoff parameters are introduced.
the derivation of the parton distributions themselves at an The instanton model of the QCD vacuuffor recent re-
initial Q2 value from first principles still remains a challenge. view see, e.g.[10,11]), which gives the dynamical mecha-
Hence, central predictions unknown in QCD are parton dishism of chiral symmetry breaking and provides the solution
tributions at relatively low virtuality determined in a nonper- of the U,(1) problem[12], describes well the properties of
turbative scheme. pion [13-15 and kaon[16]. Moreover, it dynamically gen-
There is some recent progress in the calculation of moerates the momentum-dependent effective quark nvbgs
ments of the pion ang meson parton distributionfl]  and quark-pion verteg,,q, and, as a consequence, provides
within lattice QCD (LQCD) using Wilson fermions in the inherently a natural ultraviolet cutoff parameter in the quark
quenched approximation, where internal quark loops are ndeop integrals through the effective instanton sjze On
glected. These LQCD predictions for the moments of thehese grounds, one may believe that the instanton vacuum
pion distribution function confirm the results of previous framework represents an important advance with respect to
analysed 2], being also in qualitative agreement with that NJL-type models. The first attempt to calculate the pion
extracted phenomenologically3,4] from experiment[5].  structure function within the instanton model has been made
However, the calculated moments are still of a relatively lowin [17]. More recently, important progress has been achieved
accuracy. In addition, only a few lowest-order moments ar¢18,19 in calculating quark distributions in the nucleon
available, while the reconstruction of tlkedependent distri-  within instanton inspired approaches.
butions needs, in principle, the knowledge of all moments. In the present paper, based on the quark-pion dynamics in
Furthermore, the QCD sum rules calculations of parton disthe framework of the instanton liquid model, we calculate
tributions in the pion are only moderately succes$fijj the  the leading-twist valence-quark distribution in the pion at a
results being justified in a limited region of the scaling vari- low normalization point of the order of the inverse average
ablex. Recently, in Ref[7], the quark distribution function instanton size.. The calculations are performed in a gauge-
of pion from lowest quark-antiquark Fock state has been obinvariant manner by taking into accouBt—exp factor ex-
tained within the hard scattering approach including transplicitly in the definition of nonlocal quantitief20,21] and
verse momentum effects and Sudakov corrections. It feedgauging the nonlocal quark-pion interacti¢82,23. The
phenomenological quark distribution at larnge momentum dependent quark mass and quark-pion vertex are
The quark distribution function in the pion was consid- constructed in terms of nonlocal quark conden$atd. The
ered[8] in the framework of the Nambu—Jona-LasiighJL) parameters of the instanton vacuum, effective instanton ra-
model [9]. These and similar studies are based on the agdius and quark mass, are related to the vacuum expectation
sumption that the calculation of the twist-2 matrix elementsyvalues(VEV) of the lowest dimension quark-gluon operators
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and to the pion low energy observables. We derive the quarton vacuum model are related to the vacuum expectation
distribution in the pion and all its moments for the generalvalues of the lowest dimension quark-gluon operators and to
form of the effective quark-pion vertex function. The validity the pion low energy observables. Then, we derive the expres-
of the isospin and total momentum parton sum rules is ensions for the moments of the pion distributi¢®ec. \j and
sured by the pion compositeness conditi@®], and it is  for the x-dependent distribution itse{Sec. V), followed by
consistent with the gauge invariant approach. As the effecthe QCD evolution to higher values of the momentum trans-
tive instanton model is valid for values of the quark relativefer. In the last section, the results are discussed.
momentum up tp~p. ~0.5-1 GeV, the parton distribu-
tions calculated here are defined at tti@v) normalization
point,uo~pc_1. The results are QCD evolved to higher mo-
mentum transfers, and we found reasonable agreement with
phenomenological analyses of the data on the pion distribu- We start with the instanton induced nonlocal, chirally in-
tion function. variant Lagrangian, which describes the soft quark fields

The paper is organized as follows. In Sec. II, we brieflywith the soft gluon fields being integrated out. The corre-
outline the instanton liquid model and introduce the quark-sponding action can be expressed in a form similar to that of
pion vertex. In Secs. Il and 1V, the parameters of the instanthe NJL model

II. THE INSTANTON LIQUID MODEL
AND THE QUARK-PION VERTEX

Smstzf d4xa(x)i87q(x)+GJ' d*xd*x’ d4yd*y' K(x,x":y,y")

.

4(NZ-1)

2N.—1 — _ 1 _
N, @r(x") 72qL(x))(@r(Y") TPaL(y))+ S—NC(qR(X’)raquL(X))(qR(y’)Taoqu(y))

+(R<—>L)].

(1)

In the local limit the four fermion term describes quarks metry in the instanton vacuum. We should emphasize that,
interacting through the 't Hooft vertex12]. Here, 7*  the momentum dependence of the quark mass is only due to
=(1,7) are the matrices for th8U(2) sector of the flavor the nonperturbative vacuum interaction and does not contain

spaceN.=3 is the number of colors, and the strong perturbative corrections at all. In the ladder ap-
proximation, the momentum dependent quark mass obeys
1+ ys the well-known gap equatiofi5[*
Ara)(X) = —5—A(X)
~ d*k - M 4(K)
are the quark fields with definite chirality. In E¢l), the 4NGT (p)f (277)4f ( )k2+M§(k) =Mq(p), 4

kernel of the four-quark interactiok(x,x";y,y’) character-
izes the region of the nonlocal quaf&ntiquark instanton
induced interaction. In the present model we assume the fol-
lowing separable form of it:

heref(k) is the Fourier transform of(x). The solution of
g. (4) has the form

1 Mq(p)=Mqf?(p). ©)
K(x,x";y,y")= Ej d*Xf(x—X)f(x" —X)
From another side, the nonperturbative part of the quark
Xf(y—X)f(y'—X). (2)  Ppropagator has been calculated in the effective single instan-

ton model[20,21], as

In order to define the form factdi(x) and coupling con- _
stant G, we consider the dressed quark propagator in the Mqy(P)=MyQ(p), (6)
instanton vacuum

-1 -1 .
SP)=S (P ~iM q(p), IHere and in the following, all Feynman diagrams are calculated

. . 3 in the Euclidean spacek:t’:—ké) where the instanton induced
Sp(p)=p—img, form factor is defined and rapidly decreases, so that no ultraviolet
divergences arise. At the very end we simply rotate back to the
wherem, is the current-quark mass. In E@), the momen-  Minkowski space. One can verify that the numerical dependence of
tum dependent quark mab,(p) is dynamically developed the results on the pion mass and the current quark mass is negligible
due to the effect of spontaneous breaking of the chiral symand can be dispensed with in the following considerations.
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where 2
B(m = ——— o[ dixexa—ip- Q)
2(2m)% p? ’
(2mpe)?n ~ (8)
Mg=——"— (7) Q0)=1 (p=|p).
In the above equationg,, denotes the effective size of in-
stantonsn, is the effective density of instantonl, is the
and effective quark mass, and
2 Py f A [ a Py
Q(x*)= :q(O)PeXD{ —ig 7fodZ“A,L(Z)JQ(X)Z (:9(0)q(0):), Q(0)=1 9

is the normalized instanton induced nonperturbative part ofict expansioiOPE), in Refs.[27], the perturbative and non-
the gauge invariant quark propagator in configuration spacperturbative contributions to the quark propagator were ob-

which describes the nonlocal properties of the quark condengined. The nonperturbative part, proportional(tm) has

sate[24,23. In Eq. (7) the parametem* is defined by the leading term with momentur(p) distribution and the
. 74 . . . .
m* =m.+ (W |S1(S— “1p ), 10 ag correction~p~*. The first term is gauge invariant and the
WIS (S80S W) (10 second one is not. The contribution considered in &.
where(W | ...|¥,) means independent averaging over thecorresponds to the first, gauge invariant, leadingrirterm,

instanton vacuum configuration. By substituting the quarkwhich (due to nonlocal properties of the instanton vaciium
propagator(3), with the quark mas$6), into Eq. (10), we  Smears the momentu@ function into a smooth form factor

obtain (in the chiral limi Q(p). This means that the quarks can scatter in the vacuum
with nonzero virtuality[compare withs(p=0) of OPH.
d*k Mﬁ(k) _ne Formally, it reduces to resummation of the infinite subset of
f (2m)* K2+ Mg(k) _4_Nc' 11 OPE terms. Thus, the nonperturbative mass in this order does

not depend on the gauge. In the next-to-leading order, the
which is equivalent to the self-consistency condition given ingauge dependence appears likg 2], but these terms are

Ref. [15]. Comparing Eqgs(4) and(11), we find that suppressed by the small coupling constéfibe soft part of
) the gluon field is effectively integrated out within the effec-
~ = M tive theory approach.
/ q
f(p)=vQ(p) and G= N (12) Using the explicit expressions for the instanton field and

quark zero mode, the nonlocal quark condensate in the effec-
We have to note that, by using the standard operator prodive single instanton approximation is given [38,20,2]

CO{ ' (arctarEH |X| arctaf{ ! )}
2 . " = ] —
Q(x?)= —SPCJ drrzf dt R R R

T Jo o [R2+t2]3/2[R2+(t+|X|)2]3/2

: (13

whereR2=p§+ r2,r:|2|,t:z4. In the derivation of these equations a reference frame is used, where the instanton is at the

origin andx* is parallel to one of the coordinate axes, say 4, serving as a “time” direction(i.e., >Z=O,x4=|x|). The
propagator has the following expansions at small and large Euclidean distances:

1x?
1-—-—+ as x?—0,
4,2
Q(x?) = ¢
2
p
2—C+ as X2—>OO.
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In the momentum representation, the normalized quark
propagatorgwithout P—exp factoj are proportional to the
square of the quark zero mode in the corresponding regular
and singular gauges:

(14)

y=x/2p.

Qreg(P) =EXP(—2pcp), (15)
- d 2
Qsing(p) = Zd_Z[I 1(Z)K1(Z) =1 O(Z)KO(Z)]|Z=pCp/2]
(16)

From Fig. 2, one can observe that in the momentum repre-
sentation the shape of the propagator is very sensitive to the
P—exp factor

So, our model is based on the gauge invariant expression
for the dressed quark propagator in the instanton vacuum,

FIG. 1. Euclidean configuration space representation of the norwith the instanton resummation effect given by e exp
malized instanton induced nonperturbative part of the gaugefactor included. The motivation for this choice is that the

invariant quark propagator, Eq13) (solid line); and the corre-
sponding propagators derived withd®it- exp factor in the singular

(short-dashedand regular, Eq(14), (long-dashefigauges.

physical quantities, like the quark condensate or quark virtu-
ality (see below, are defined in terms of the gauge invariant
objects. Another element of the model is the four-quark ker-
nel. In the separable approximation, its form, E), is com-

The gauge-invariant quark propagators in configuratiorPletely fixed by the dressed quark propagator through the gap
and momentum representation are plotted in Figs. 1 and £duation. The actual calculations, dominated by the contri-

respectively, along with the propagators derived in neglect*
ing P—exp factor in Eq.(9) and using the expressions for
the quark zero mode in the singular and regular gauges. |

the regular gauge, one has

1.50 —

G(p)

PP

bution of the zero mode quark wave functions in the field of
(anti-instanton, can be done in any gauge for the instanton
field, including singular oné.

The spin-flavor structure of the action, Ed), is invariant
under the global axialq(x)—exp(vysm6)q(x) and vector
transformationsq(x) —exp(7 6)q(x) and it anomalously
violates theU (1) symmetry:q(x)— exp(ys6)a(x). Within
the instanton liquid moddP8,14,19 it is argued that due to
the long range instanton—anti-instanton interaction, configu-
rations with large size instantons are strongly suppressed and
the instanton density is sharply peaked at some finite average
instanton sizep. in the formn(p)=n.6(p—p.). Since the
instanton liquid is assumed to be dilute, the mean separation
between instantons is much larger than the average instanton
size and the effective density, is a small parameter of the
approach. The values aof. and p. are estimated from the
phenomenology of the QCD vacuum and hadron spectros-
copy to ben,~1 fm *, andp. changes within an interval
(1.5-2 GeV !, where we put less restrictive limits on the
range of values. The dimensionless parameter, that charac-
terizes the diluteness of the instanton liquid vacuumpis
=(pch)2. The smallness ofy means that the dynamically
generated quark mass is not large enough to destroy the in-

2To avoid inconsistency with gauge invariance, one cannot use the
treatment of the quark propagator in theepresentation, in factor-

FIG. 2. Normalized momentum space representation for thdzable form, as done in Ref20].

same propagators given in Fig. 1, corresponding to E)s(solid
line), (15) (long-dashegand Eq.(16) (short-dashed

3In_[15], the q_uark propagator is used in the for@(x?)
=(:q(0)q(x):)/(:a(0)a(0):).
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stanton vacuum. It is important to note that the effectiveinduced by tensor interaction in El) since they do not
instanton sizep., which defines the range of nonlocality, contribute to the scalar channels. We also neglect in the fol-
serves as a natural cutoff parameter of the effective low enlowing the current quark mass and restrict ourselves only by
ergy model. Moreover, the coupling constants of the modelthe nonstrange quark sector.
Eqg. (2), are also expressed through the fundamental param- To ensure the gauge invariance of the bilocal quark op-
eters describing the QCD instanton vacuumnandp.. The  erators, which enters in Eq19), with respect to external
model incorporates all attractive features of the NJL modeklectromagnetié\,(z) gauge field, we include into E¢19),
and, at the same time, is free of arbitrariness in the choice dbllowing [22], the path-ordered Schwinger phase factors
the ultraviolet cutoff procedure and physically all parameters
are well understood. These peculiarities provide important y
advantages of the instanton model as compared to different E,(x;y)=P expl’ —ile dZ“AM(Z)], (20)
versions of the NJL modégB]. X

The instanton induced interaction of quarks is responsible
for strong spin-dependent forces in hadron multipléts a  where the charge matrix i®=(1/3+ TfS)/Z, and the partial
review, see[29)). In particular, this force is attractive for derivative 7, is replaced by the covariant one,=d,
quark-antiquark states with vacuum and pion quantum num—ieA, . We adopt here that the integral in the exponent is
bers, repulsive for the singlet part gf , and absentin the  evaluated along a straight line wikhbeing the path-ordering
zero mode approximationn the vectorlike channelg,w, operator. The incorporation of a gauge-invariant interaction
etc. If the attraction is sufficiently large, it can rearrange thewith gauge fields is of principal importance in order to treat
vacuum and bind a quark and an antiquark to form a lightorrectly the hadron characteristics probed by external
(Goldstoneé meson state. sources such as hadron form factors, structure functions, etc.

To study the formation of quark-antiquark bound states in The Fourier transformed gauge-invariant nonlocal vertex
the instanton liquid, it is convenient to rewrite the four- functionF(k,,k,;u2) describes the amplitude of soft transi-
fermion term in the action, Eq1), linearizing the bilocals  tjon of a pion with momentunp into a quark and an anti-
g(x)g(y) and q(x) yS;q(y) by introducing the auxiliary quark with momentak,;=p+k/2 and k,=p—k/2, respec-
composite mesdnfields ®(x) [30] (mean field approxima- tively. This function represents the full interaction vertex
tion) by virtue of the separability of the four-quark kernel. with all quark-gluon excitations harder than the scalg
Then, we arrive at the following form of the effective non- ~1/p., strongly (exponentially suppressed. It is defined

local action corresponding to E¢l): through the nonperturbative part of the quark propagator
S=So+ Sint 17 ——
F(kykz;18) = VQ(kp)Q(Ky). (21)

whereS; is the free action for quark and meson fields

L 1 One of the advantages of using the gauge-invariant for-

Sozf d4x[ q(x)iDqg(x)+ E[o(x)(A—mfr)o(x)] malism is that the parameters of the model, such as the size
of instantons and the effective quark mass, gain physical

1 . _ meaning. As a consequence, all other physical quantities ex-

+ E[Tr(x)(A—mf,)w(x)]], (18 pressed through these parameters become automatically
gauge-invariant ones. Moreover, they could be compared
with those calculated in the lattice QCD, QCD sum rules or

andS;,; is the quark-meson interaction part -V
Sint g P other QCD inspired approaches. In contrast, when one deals

_ with noninvariant-gauge objects there can be chosen any
Sint= —j d*X d*x; A% F (Xq X5 48) G (X +X4) convenient gauge. It is most correct to consider the instanton
vacuum field in the singular gauge and to construct the ef-

XE,(X+ X1 X)[Mg+gumgq(T- TP (X)] fective action in this specific gaud#0,11]. In the coordinate

space in the singular gauge the instantons fall off rapidly
enough to provide small overlaps of neighbor pseudopar-
Sticles and quasiclassical considerations are justified. But at
the end the action has to be independent on the choice of the
; 4 ) gauge, otherwise the form of the action and other observ-
9umqq IS the quark-meson coupling constant avd is the  4pies ook rather awkward. This explicitly gauge invariant
effective quark mass fixed in a gauge-invariant mar(see form was assumed by us in E(L9) by introducing path-
below by the compositeness condition, E82), and the gap  rqered SchwingeP exp factors in Eqs(9) and (20). The
equation(4) in terms of the instanton density. and the 5y E, will effectively take into account the radiation ef-
instanton sizep.. In Egs. (18),(19) we neglect the t€rmS  tocts of photon field when two quarks become separated.
Note also that the quark propagator, Ef), has a direct
physical interpretation in the heavy quark effective theory of
“4In this work we do not include explicitly the diquark part of the heavy-light mesons as it describes the propagation of a light
interaction generated by instantons. quark in the color field of an infinitely heavy qualR8].

XE(X;X=X2)q(X—Xy), (19

with Dirac and isospin matrices for different meson state
according to [-T),=I-1,(I'-T),=iys-7. In Eq. (19),
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It is important to emphasize that the meson fields entering . N-M 2
the action, Eq(17), are renormalized and the field renormal- (qq)=— °2 2 )\52—2. (25
ization constants of composite mesons are set equal to zero, 27 pe Pc
2 _
Zu= 1_93) ‘m‘—I’(Zp) =0, (22) Th_e f_irst relgtion, put in the for_n‘\/lqz_ —(272INg) p%(qq),
9 gp - coincides with the result obtained in R¢B5], where the
]

effective quark mass has been defined in a system of small
wherell(p?) is the meson field polarization operator. This Size instantons interacting with long wave vacuum fields.
condition[26] fixes the couplings of meson fields to quarks, The coefficient in this relation is equ_al to the normalization
aqq (See Sec. IV and is a consequence of the composite-factor of the momentum representation of the quark propa-
ness of hadron states manifesting themselves as poles in tB&tor. It tums out that this factor, which is equal ton(2, as
quark{antjquark scattering amplitude. As we will see be- S€en in Eq.(8), is the same that appears in the gauge-
low, it is precisely this condition supplemented by the gaugdnvariant propagator and also in the singular gauge propaga-
invariance of the effective action, given by E@7), that tor (without P—exp). Further, this relation resembles the
leads to the correct parton isospin and momentum sum ruldsnown result from the NJL model [9] (qq)

in the model. ~—NCMqAﬁJL/(4w2), where A ;. IS @ momentum cutoff
for the covariant regularization scheme in the two-flavor
[ll. EXPECTATION VALUES OF QUARK-GLUON model. Since the instanton induced nonlocality is analogous
OPERATORS to the covariant regularization, we can estimAt%JLw)\g.

The second relation in E¢25) has recently been obtained
Ref.[21], wherenonlocalproperties of the quark conden-
sate are studied within the instanton model. The same result
was also obtained in Rdf36] from direct calculations of the
local mixed quark-gluon condensate:

Let us consider the lowest dimensional vacuum expectag,
tion values within the instanton model. Given the dynamical
mass, Eq(6), the values of the quark condensate,

(@)= —an, | il 23
aa ‘) (2m)* KR+M2(k)' \a
q|i ,G2 —) :>
and the average quark virtuality in the vacu{i24], )\_SZ < a( 99wy )4 26
— 2 (:qq:) '
2=(:quq:):_ 4ch d*k . Mgk 24
T (aar) (qa)) (2m)* K+ Mé(k) It is clear, from the expressions for the average quark virtu-

can be found. The average quark virtuality defines the dea“ty’ that the range of the quark-antiquark interaction is

o characterized by the effective sige of the instanton fluc-
rivative of the quark condensate and thus nonlocal property ... <"in the QCD vacuum. The natural gauge-invariant

of it. One of the main suggestions of the QCD sum rUIedefinition for the average quark virtuality, E@®4) [and also
method[31] was that the local quark and gluon condensate§hat in £q.(23) for the%ugrk condensa])t/éwiﬁ l)\/l[q(k) de-

dpminatg in the light had'ron physics and introduction Offined in Egs.(8) and (5), is valid only if the zero mode
higher dimensional corrections or even nonlocal condensatessolu,[ion in Eq.(8) is Writfen in the gauge-invariant way. If
themselveg24] have not to change the standard results to e substituted its expression in the singular gatigene-

much. Thus, at least for consistency of local and nonloca

QCD sum rules, the derivativévirtuality) value has to be g_lzt/:tlzngzP ?t);p factofr? |.n E? (21‘4)’ Wti would Otbtam)\@rh
relatively small. Phenomenologically, there is rather fine (2p), with a coefficient far from the correct one. The

QCD sum rule analysis of this valu>e§~0.4i0.2 Ge\, reason for such inconsistency, in the calculationsaflocal

based on consideration of the light hadrg88] and heavy- duantities, is that the covariance of the derivative in the ma-
light quark meson systemESE].gThe L(%Cl% calculat\i/gn trix element of Eq.(24) is missing. This implies that one

; 2 . . needs to add extra terms in E@4) to take into account
ylelds)\q—o._SSt (.)'05 GeV [34]. Certainly, there is correc- effects of gluon field; terms which restore the correct result.
tions from direct instantons to the QCD sum rule result, bu

i tHowever by using the present invariant approach, with Eg.
they have not to change the result drastically. It would alsctg), such eﬁ}’ects zgre takpen into account ef]‘[)e%tively by Ehe g

be urgent if the LQCD estimation could be confirmed by—exp factor

nevlé/ calfr:ﬂatlons. it is instructive t ider E Inverting the relations, Eq25), we express the param-

@ ((2);) (22) ?gglq:cr:iﬁgl th:es telrr]r?wlrg((:lsl E::orgp::r%rés't dfzr i 95- eters of the instanton vacuum model in terms of the funda-
NES) AL, . at - =" U mental parameters of QCD vacuump?=2\2,M

the denominator of the integrands. This approximation is jus-~ ) — 2 B a4

tified in the dilute liquid regime wheré®)=A2>M2(x;). (47 /Ne)((qa)/Aq). If one expected “standard” values

The observed accuracy of such procedure is better@@n  for the quark condensatéqq)~—(230 MeV)’ (see, e.g.,

30)% if the diluteness parameter is sma<1. Then, from [11]), and for the average quark virtuality to take;~0.6

Egs.(23) and(24), by using the explicit forms given in Egs. GeV? [32,34], one would obtainp; *~0.55 GeV andM,

(13),(8),(5), we have ~0.27 GeV. As we will see in the next section, the joined
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analysis of the vacuum and pion properties confirms thidieavy and light mesons and also recent lattice re$G8$
estimation. The diluteness parameter expressed in terms pfovide values which are twice or even larger than the “stan-
physical parameters is dard” one.

2
2= 4\2m
N

Cc

13\ 3
(|<qCI>| ) . IV. PION LOW ENERGY OBSERVABLES

Aq

Let us now consider the low-energy observables of the

This expression is proportional to the parametrically smallPion- The pion-quark coupling constant is determined by the

factor 1N, and to the ratio of the value of quark condensatec®MPositeness condition, E@?2), with the pion mass opera-

to the size of its nonlocality in momentum space. However (" P€iNg

the smallness of N, is compensated by the large numeric

coefficient. Thus, the diluteness of the instanton vacuum ) 4K - )

comes from the second factor and means that quarks flow II.(p )=ch 5 2Pk k+piug)

through the vacuum with rather large average momentum (2)

Ng~ J(k?) in comparison with the quark condensate scale X TH ysS(k+p) ysS(K)}, (30)

[{(qq)|"2. The formal dilute liquid limit corresponds to the

small size instanton limit. By substituting the real numbers;nere the normalized nonlocal vertex is given in Ezj)

we get the estimatiom~0.24. . B ~ il
Within the dilute liquid approximation, the gap equation, gnd the quark Green function$k) =[MqQ(k)+k]™* with

Eq. (4), leads to Q(K) defined in Eq(8).
From the definition, Eq(22), we derive the expression for
N M2\ 2 " the pion-quark coupling constagt,qq
_c"a%a, ; _ Yo ~
—T n,  With |,= fo dUUQz(U/pC)~O.61,
T
(27) 2 2T
a4 Nclgw(_mi).

Ne

(31

where the constarit, is independent op.. There are other
different useful combinations relating vacuum parameter

with each other. For example, Tn the case of a massless pion, the intedggal reduces to

1 ng

— 1
=— — = =— —— N\~ 28
(9w ==7 v, o Nener (28)

 [=dkI*Q(k)?
142(0)= | =T

D?(k)

k@&)(k@wqj
1—=—— + ,
2 Q(k)

These relations have the same parametric dependence as in

the estimations obtained [128,11] but with different coeffi- where

cients. The first one expresses the quark condensate in terms

of the effective single instanton contribution times the den- _ d. _

sity of instantons. The reason for the difference in the coef- Q'(k=7;Qk), D(k)= MZQ3(k)+k% (33
ficients is that i{28], where it looks agqq)=—n./Mg, the
expressions were obtained from the instanton formula in th
gas approximation byad hocreplacing the current quark
mass by the effective quark mass. In contrast, in deriving E
(28) this replacing procedure is fixed by the gap equation
Eq. (4), with a definite coefficient mainly defined by the
slope of the form factoM(k). The second relation repre-
sents a self-consistent value of the quark condensate in t
instanton vacuum modétf. [11]). Further, since the instan-
ton contribution to the value of the gluon condensate is give
by ((as/7)G?)|insi=8n¢, it can be expressed through the
guark condensate and the average quark virtuality

%GZ
o
The “standard” value of the gluon condensate estimated in

the original work, in Ref.[31], was ((as/7)G?)=0.012 50One of us(A.E.D.) thanks M. C. Birse for discussion of the
GeV*. The latest reanalysig7] of the QCD sum rules for problem of current conservation in the nonlocal models.

Ei"he expression fog .44 given in Egs.(31) and (32) agrees
with that derived in15].
" To fix the parameters in the instanton model, we consider
the low energy decay constants of the pion. As it has recently
been shown 23], in the presence of nonlocal separable
'gteraction the axial current conserved in the chiral limit can
e constructed from the action, Ed,), by using a Noether-
Aike method® The full current is the sum of local,

1—
jg(alloc)(x): Eq(x) Y*ysma(X), (34

25721 (qq)?
_ ”<qq2> <0.019 GeV. (29
inst ¢ )\q

and nonlocal,
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TABLE I. The values of the low energy vacuum and pion ob- =(220-260) MeV,p.=(1.5-2.0) GeV . In the follow-
servables discussed in the text. ing we use the typical set of parameters:

Mg Pe fr IQa)l™® A2 ne My=230 MeV, p.=1.7 GeV . (38)
(GeV) (GeV') (MeV) g.qq (MeV) (GeVv?) (fm~%)

The diluteness conditiom<<1 is satisfied within the whole

0.16 1.0 93 1.7 283 2.2 1.36 “window.”

0.21 15 92 2.3 230 1.0 0.87 The momentum dependence of the vertices in the numera-
0.23 1.7 91 2.5 215 0.83 0.75 tors of the integrand&vhich are defining physical quantities
0.28 2.0 92 3.1 201 0.61 0.68 is important because it provides the ultraviolet regulariza-

tion. Also, due to momentum dependence of the vertices, the
measure in the integrals looks like product of some powers
A of k? and the functiorQ(k). This measure has maximum at
Jg(“')(x):j Xy X0 XgdXaK (X1, X2, X3, Xa) k? of order 1p2 and, at small momenta, the momentum de-
pendent quark mass in denominators can be substituted by an
x[ effective constant mass parameteg~M ,(k~p. 1. with
the form of momentum distribution shown in Fig. 2, it ap-
o o ‘s proximately equals to the mass at zekd,(0). This mass
X q(Xq)i VSTaQ(Xs)Q(Xz)Q(XD"’f dz,8(z—x) parametem, has to be identified with the standard constitu-
Xq ent quark mass. Corresponding to this substitution, we rede-
. o fine the functionD (k) given in Eq.(33) asD(k)=m§+ k2.
Xi3P%(xq) 7°q(X3) q(Xy)i 757°q(x4)], (35)  The choice of the mass parameter,

Xg X3
f dzﬂé(z—x)—f dz,8(z—x)
X1 X2

my=230 MeV, (39)

pieces, where the integrals withfunctions are the path in- ] o )
tegrals along straight lines. This expression is derived in Refwell reproduces the integrals defining the VEV given by Egs.
[23] and, in principle, depend on the gauge fixing procedure(4)—(24)- This constant-mass approximation is often used in
Fortunately, there is no path dependence for the longitudind?ractice with the quark mass in the region 250-350 MeV
components of the current, and thus, the decay constantgee, €.9.[19,39,40).
considered below are well defined. The model parameters and predictions for vacuum and

The axial and vector currents in different isospin stategPion observables are obtained within a set of approximations.
have a similar structurg23]. As a result, various Ward iden- We are working in the chiral limit of zero current quark
tities which follow from (partia) current conservation and mass. Further, within the zero mode approximation small
the low-energy theorems are satisfied. In particular, thé&ontributions coming from vector mesons are neglected.
Goldberger-Treiman relation for the quark-pion coupling/Also only the lowest two-quark Fock intermediate state in

constant has the usual form the pion is taken into account, which corresponds to the
quenched approximation. We regard that all these factors can

Mg change a little the numbers in Table I, but the qualitative

gﬂqqu— (36) results discussed are not greatly affected.
and them®—s yy decay constant V. MOMENTS OF THE QUARK DISTRIBUTION
FUNCTION

1 The standard QCD analysis based on the operator product

gww:m 37 expansior(OPE relates moments of parton distributions at a

g given scale to the hadronic matrix elements of local twist-2

operators. This formalism is employed to separate the hard

and soft parts of the forward scattering amplitude. Within the

BbPE, the hard part is calculable within perturbation theory in

the form of Wilson coefficients. The soft part is represented

the results. Fo_r t.he two model paramm% and Pc, W€ by a set of local operators classified by tﬁe twist. F')I'heir ma-

show the predlctlo_ns for the quark-pion coupliggqq. the trix elements accumulate information on the nonperturbative

quark condensat@q), the average vacuum quark virtuality strycture of the QCD vacuum.

\g and the instanton density; . The twist-2 gauge-invariant nonsinglet local qifaskera-
From Table | itis clear that with growth of the quark masstors with flavorj are defined by

the values of the quark and gluon condensates decrease. This

is an expected effect of suppression of condensates by fer-

mion. As shown in Table I, the values of the parametégs

and p. that reproduce the lowest dimension VEV with an ©As in Ref.[19], we will neglect gluon operators in the covariant

accuracy of an order of 30% are in the “windowM, derivatives, justified by the smallness of the diluteness parameter

is consistent with the requirement of axial anomaly.
We fix the model parameters to give the pion weak deca
constantf ., within 1% of accuracy. In Table I, we present

014016-8
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j —iNg. , ) 1
OM1M2---MN_I ql{yﬂlDMZ o 'DMN}SqJ ’ (40) AIN(M2)= Jl) dXXN_lq]-(X,,uz). (42

. ioaa . -
whereD ,=d,—igA} 7, is the covariant derivative and the

symbol{- - - }s means the traceless and symmetric part of th
tensor. The matrix element), of the local operator©}
between pion statdsr(p)) with momentump, renormalized
at the normalization scalg, are defined by

eI'he X variable is the fraction of the longitudinal pion mo-
mentum carried by a quark in the infinite-momentum frame.
The u? dependence ohl, is known exactly from the solu-
tion of the perturbative QCD evolution equations, while the
. iN _ nonperturbative dynamical model provides the initial input
Al (u?) = E(w(p)|an(nvD”)N‘1qj|7T(p))|M, (41)  for this evolution. These initial values of the moments are
calculated here in the instanton model, which specifies a low
wheren, is a lightlike vector, withn?=0 and ip)=1, in-  Momentum transfer value related to the sqafe: 1/p; .
troduced to select the symmetric traceless part of the opera- The contribution of the lowest Fock quark-antiquark va-
tor Ok, Eq. (40). Let us now define the quark distribution for lence state to thélth moment,A%u3), in the instanton
the jth flavor in terms of its moments, viz. model, is given by(see Fig. 3

4K

)

IF2(K,k+ p; u3)
d(k+p)?

— d ~
A (1) Pu,Pu, - - .pMN=2Nc9iqaf 2 [Fz(k,ker;MS)Tr[ YsS(K+P){ ¥, (K+DP) i, - - - (K+ D), bsS(K+P) ¥5S(K)]

Trl ysS(K+p){(K+p), (K+ D), - - (K+P)  }sy5S( k)]]- (43

In general the moments are defined in Minkowski space _ 1 gz — oIl (p?)
and can be expanded p), andg,,, . The terms proportional qu(ﬂg)zf dquﬁ(x,#g): ;qq ”—2
tog,, are of higher twist nature and have to be ignored. The 0 p 20
formal way to do this is to multiply the matrix elements by (44

lightlike vectorsn, and use the propertiggn=1 and n?

=0. The remaining loop integral has to be analytically con-

tinued in Euclidean spadd 2], where the instanton induced And, to establish thénormalization isospin and momentum

vertex is well defined. sum rules for the valence-quark distribution function, the
In order to obtain the above equation we have consideregompositeness condition, E@®2), has to be used

the Compton scattering amplitude in deep inelastic kinemat-

ics at leading order in perturbative QCD, and took its imagi- OPE

nary part. During the Compton process, both incoming and — q

q .
outgoing virtual photons have momentug?=—Q? and q Disc _ 4 E Disc r‘_j c.@Q)
NS

the initial and final pions have momentymp?=0. And the
|
1O g

Bjorken limit corresponds to largeQ? at fixed x
=Q?/2(pq). The gauge invariant set of diagrams, induced
by the nonlocal actioril7) and (19) include, in addition to
the one-loop box diagrams, the processeg— m— 77y, Xp
7yy— . It can be showrnisee Appendix A and Ref41])
that only the second type of the process survives in the
Bjorken limit of the corresponding amplitudes and leads to
the vertex correctioriterm with derivative in Eq. (43).

The term with a derivative, which comes from FIG. 3. Graphical representation of the operator product expan-
P exp-factor in Eq.(20), ensures gauge invariance of the sion: The left hand side of this difagram is'the imagin.ary (ﬂ'r$.- .
approach41] and enables us to satisfy the isospin and mo_contlnuny) of the forward scattering amplitude. Within OPE it is

: represented by the convolution of the Wilson coefficient function
mher}t.um conservation sum gulgs. Indeed, from &) for C,\F,)S(Qz) of a ‘)‘/hard” parton subproces&pper block of the right
the first two moments we obtain

diagram) and the “soft” parton distribution functiong(x,Q?)
(lower block of the right diagraim The constituent quark and pion

7 2 1 2 P oIl .(p?) are depicted by solid and double lines, respectively. The wavy line
A%q(ﬂo)zf dXQqE(X'Mo): gﬂqq 2 ) denotes the virtual photon€, is the local operator and the slash
0 ap p2=0 on the quark line corresponds &§x— (kn)).
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VI. QUARK DISTRIBUTION FUNCTION

qq; ,,2)— qa ,,2y 4 AG9( 2y —
AT(mg)=1 and Az¥(po) + Az (mo) =1, (49 AND ITS QCD EVOLUTION

Let us now turn our attention to the quark distribution
itself. This distribution for the pion with 4-momentumis
given by (see a graphical representation in Fig. 3

where A, is the valence antiquark contribution to the pion

momentum. The fact that, at the low momentum sqaje

the whole momentum in the pion is carried off by the va-

lence quarks is due to the quenched approximation used,

when only valence quark-antiquark intermediate states are 4K

included and all intrinsic quark-gluon sea states are ne- B NS 2 _

glected. e qqa(x,,uo)p“—ZNcgﬂqu (2m)* Pbimtien]
Thus, in the quenched approximation the dynamical infor-

mation contained in the first two moments is strongly re-

stricted by the symmetries and kinematics, and as a result, it ><Tr| vsS(k+p)

is model independent. The nontrivial dynamics is contained

in the moments witiN>2. The general structure of the mo-

ments of the structure functiof8F), from Eg. (43), can be X S(k+ p)—Z(

F2(k,k+p; 3) 7,

IF2(K,k+p; u3)

written in the form d(k+p)?
[(N=1)/2] B X(k+p), |y S(k)}, (48
ARF(ud) = > LN I (ud) “17
NITOTToN- & 2i41) 20 )T TR

(46)
where ggq(X) = U(X) ,a1=d(X) a1 for 7. The subscripgq
means that there is taken into account only lowest quark-
antiquark component of the pion wave function. In EB),
with the coefficients.]iSF given by we arrive at the quark distribution defined in a similar man-
ner as that used i¥2,43. The §[x—1—(k-n)] function
(43R appearing in Eq(48) represents the effective vertex related
fwdkk“ Q(k) to the composite operat@®}, given by Eq.(40). The mo-
0 (K2+mj)a+3 ments of the distribution functiof43) are reproduced by
making the Mellin transformation of the above Hg8), if
5 . 2 the light-cone vecton is normalized by pn)=1. The light-
X[2k*+ (21 +3)mg]+ -1, (47)  cone vectom serves to project out in Eq€43) and (48)
symmetric traceless tensors. It can be easily shown that the
first moments ofjy4(x) will reproduce the parton sum rules
where the vertex terms with derivatives, like that appearing=q. (44).
in Eq. (32) for 14,(0), aredenoted by dots. In Eq46), the To calculate thék integral in Eq.(48), we usea represen-
square brackets: - - ] mean the integer part of the number, tation for the propagators,
and @) are the binomial coefficients.

It is instructive to consider two extreme cases, depending
on the physics under consideration. If the QCD vacuum were
a very dense mediumy>1, thenJ> =0 for all i excepti
=0. As a result, it leads to the set of momemg
=1/2N"1 for all n and to a quark distribution which has the
form of a delta function:q(x)=&(x—1/2). This extreme d for th texs functi
case corresponds to the heavy quark limit, and the coeffiand for the vertex function,
cients.]isF represent consequent corrections in inverse pow-
ers of the heavy quark mass:((k2>/m§)i. In the opposite 1 (=
extreme case of a very dilute vacuum<1 one getsJ®" 6[x—(k-n)]=—f daexgia(x—k-n)]. (50
=1 for all i and Ay=1/N for the moments. This extreme 2m)
case corresponds to the momentum independent quark mass
and provides flat quark distributiog(x) =1. Moreover, the ] ] i
first term in Eq.(47) dominates over the terms indicated by Then, a direct calculation from E¢48) provides the result
dotS, since the latter are small of an ordempcmq) A for the quar:k dIStl‘IbutIOl’l, which in the massless CaSér(
realistic situation seems to be somewhere in-between these —P°=0) is reduced to
two extremes. Note that the role of pion mass is negligible,
but the interplay of the effective quark mass and the slope of

the nonlocality inQ(k) has an important effect. For details, see Ref43].

N=1,2,...,

SF, 2y _ 1
‘]i (IU’O)_ Igﬂ_(o)[

— * _ 2 2
k2+m2—f0 da ex] — a(k>+m?)], (49)
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1.6 — bution is quite stable with respect to changes of the instanton
model parameters, if they are fixed to reproduce the pion low
.- ~< energy properties. Also, we should mention that the ne-
. N glected effect§momentum dependence of the quark mass in
1.2 . . the denominators and gluon fields in the covariant deriva-
’ > tives) are of the ordeO(#) and do not change our results
' \ qualitatively. The main effect considered in the paper, when
calculating the quark distribution in the pion, is related to the
nonlocality of quark-pion vertex induced by instanton inter-
action. The role of such effect is to modify the leading twist
parton model resulf(x) =1, leading to a smoothed distribu-
tion with zeros at the edges of the kinematical region. We
remind that we are computing only the leading-twist distri-
butions at a low normalization poinpto~ p, * rather than the
full structure functions which contain also higher-twist cor-
rections. The latter may be large at l@f. We have also to
note that these results differ strongly from those obtained in
calculations with the NJL moddl8] which yield distribu-
] . ] tions that are rather consistent with the strict chiral limit
x a(x,up)=1.
The computed distributions are then used as initial condi-
FIG. 4. The valence quark distribution functiéBF) a(x;x§)  tions for the perturbative evolution to higher valuesQ@f,
(dashed lingand the quark momentum distribution functioDF) where the power corrections are expected to be suppr@ssed,
Xq(x; s2g) (solid line) for the pion as a function of the longitudinal 5, that one can compare them with the available experimen-
momentum fractionx at the low momentum scalgg=03 GeV' 3| ata. Actually, we compare our theoretical predictions
and density parametet;mg=0.39. with the phenomenological analysis by Suttenal. [3] of
the data taken from Drell-Yan and prompt photon experi-
2 NeQrqq ments performed by the groups NAICERN) and E615
Oqq(X: 40) = J f dvdwoF(v)F(v2) (Fermilab [5]. Still some limitations are underlying the
analysis, considering the experimental data. The data cover

a(x,1e2), Xq(X,1,?)

m2 m? m2 m2 the region ofx=0.2, and an extrapolation of the proton
q q q q ) . )
X ex V—+V—2 E; o +xexp — . structure function, fox=0.75, has been used as input in the
1 1 1

analysis. Also such phenomenological data analysis does not
_ _ take into account uncertainties induced by theoretical as-
XO(Xvp=Xvy) +(XX) [ (51)  sumptions underlying the analygis.g., K factoy.
The form of the evolved distributiom)qg(X, Qo) at the
In the above equatiorx=1—x,E,(2) is the integral expo- Mmomentum scal@®?%=4 Ge\? is reconstructed from its mo-
nential, andF(») is the correlation function related to the Mments evolved to this scale in the leading or@e®) and
vertex functionQ(k) by the Laplace transformation. The next-to-leading orde(NLO) perturbative QCD in the modi-

~ . . . . fied minimal subtractionNIS) scheme by using the first six
vertex Q(p), in the essential region gb (O=p=4ip;) is Jacobi polynomials. To this goal we use the well-known ex-
approximated by

pressiong[45] for the perturbatively calculable coefficient
= function of the proces€N=CN +[ ay(Q?)/47]CY and the
=45 -1 —-3.5 -3 , (b2 . X i 0i s 1i
Qp) exp %cP) exp bocp), (52 anomalous dimensiong, calculated up to LO and NLO.
which leads to the Laplace transform, Thus, the final result for the moments obtained from the
factorization procedure is

F(v)=

[8.55 exf— 0.9p2v) — 12.6 exif— 3.2402v)].
(53

1
f f ANQ*) =2 CM(Q u)ON(w?) = fo dxx¥g(x,Q?).

(54)
Let us stress that the expressions Ef) for the moments
and Eq.(51) for the valence-quark distribution in the pion In performing the evolution analysis we choose a low mo-
are universal ones and valid for any shape of the functiongnentum scalepgzo,s: 0.03 Ge\t, and a set for the QCD
Q(k) and F(v), which in turn are determined by the con-
crete model of the quark-pion dynamics
The quark distributionyq(X, p3) and the momentum dis-  8a careful analysis about the effect of power corrections, in par-

tribution (structure functiop xdgq(X, w?) are shown graphi- ticular, the effect of the © term that imitate the short-string effect
cally in Fig. 4. We have to note that the shape of the distriin QCD as in Ref[44], will be considered elsewhere.
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1.0 — Table Il, the difference of the LO and NLO results is in the
range of 30%. It turns out that the use of a larger initial
. \ evolution scale, sam%> 0.3 GeV, gives a rather good con-
0.8 - ‘ ' vergence with deviations less than 10%, whereas in the op-
% ! posite case, i.e., for scales smaller than about 0.1°Gle¥
’ . deviations increase and perturbative evolution loses any
; ' sense. This behavior has also been observed in analyses
0.6 — )/ \ within the NJL mode[8].
— ! The comparison shows that our calculations, in particular
7 ~ \ in NLO, are consistent with the phenomenological analysis
04 - , X of [3] and fairly close to the LQCD results. Both theoretical
/o \ 1 approachefLQCD and the instanton modgiredict moment
e == \ ! values systematically larger than the phenomenological one.
o \ ' One of the reasons for this disagreement may be traced to the
0.2 |- / ) AN ! guenched approximation which does not take into account
S N \ any sea quark-gluon and higher Fock state contributions at
YAt S N "\ the initial scale, attributing in this way the whole pion mo-
00 g [ I I | RN mentum to the valence quark-antiquark pair. Indeed, the ori-
0.0 0.2 0.4 0.6 0.8 1.0 gin of the A, moment at the initial scalén the quenched
X approximation and its subsequent evolution is purely kine-
matic and does not depend on the details of the model. In
principle, one could match the valence momentum fraction

Xqy n(X,Q%)

FIG. 5. The valence quark momentum distribution function

xq(x;Q5) (long dashed lingfor the pion as a function of the vari-  orived in our calculation with that determined i8] by

ablex evolved to the momentum scal@ =4 GeV* (LO approxi- shifting the initial valueu2 down to 0.01 Ge¥ (see, for
mation), usingp.m,=0.39 for the density parameter. The solid line instance [8(a)]). However, to start a perturbative evolution
denotes the phenomenological cuf@ on the same scal@é, ex- ’ ) ’ P

tracted from the data. The short-dashed line shows the same dist?cir-om this very low scale is formally incorrect and technically
bution on the low momentum scalg=0.3 Ge\f. The dash-dotted amounts to a rathgr _unstable pro_cgdure. .
line corresponds to the dashed line, multiplied by a factor 0.65, [N Our opinion, it is more realistic to expect that by in-
which represents an estimation of the probabilitg5% of  cluding in our analysis contributions from the quark-gluon
quenched configuration in the pion wave function. sea and higher Fock states the agreement between the theo-
retical predictions and the phenomenological analysis can be
scale parameteA(QS%D= 0.3 GeV in order to be consistent considerably improved. The contribution from sea reduces
with [3]. The resulting distributiorqqa(x,QS) is shown in fthe momentum fractlon_carrled by valence ququs contained
Fig. 5 together with the phenomenological curve derived” e moment;. The higher Fock states contribute to both
from the data inf3]. The initial distribution function at the A1 @ndA. It means that the overall normalization of the
low-momentum scale,Lg is also shown for comparison. distribution functlon and momentum fraction, carried by t'he
The values of the first moments of the pion quark distri-Valence quark-antiquark component of the wave f“”"“‘?fﬁ-
bution atQ§=4 Ge\2 calculated in LO and NLO are shown has to be reduced by factors which represent the probability

in Table Il. The error bars quoted in Table Il for our calcu- of the missing configurations in the pion wave function. In

lations are due to accepted uncertainty in the choice of theF'g' 5 we are also presenting the result of our LO calculation,

initial scale of evolutionuy. These values should be com- Mmultiplied by a fgqtor 0.65, corresponding to a crude esti-
pared with those obtained from the phenomenological anal mate of a_probablllty .Of 35% for h!ghe_r Fock valence_state
sis[3] and from LQCD simulation§1]. In Table Il we also conﬂguraﬁuons(neglectmg the C(_)ntr|but|_on of the sedhis
include the moments of quark distribution in the pion Ob_esnmate Is found by using the inequality

tained from the parametrizatidd]. % O2)= % 02 55
Let us finally discuss the uncertainties of the QCD evolu- A%, Q5)=daq(*.Q0) ®9

tion from the low momentum scalgy. As we see from and saturating it ags— 1. This inequality considered in Ref.

TABLE II. The values of the first moments &5=4 Ge\~.

LO NLO LQCD [1] Expt. fit [3] Expt. fit [4]
(this calculation
AZ(Q(Z)) 0.318+0.01 0.275-0.017 0.2790.083 0.236:0.01 0.193-0.01
A3(QS) 0.147+-0.008 0.126:0.012 0.10%0.035 0.1010.005 0.083%0.005

A4(Q3) 0.081+0.006 0.064:0.008 0.048:0.020 0.057%0.005 0.046:0.005

014016-12



PION STRUCTURE FUNCTION WITHIN THE ... PHYSICAL REVIEW 2 014016

[7] (and references thergiis valid for any partial contribu- for fruitful discussions of the results. One of (&.E.D.
tion to the distribution function. With this assumption, onethanks the members of the particle physics groups of the
can see from Fig. 5 that the lowest quark-antiquark valenc&uppertal University and Instituto de "dica Teaica,
contribution to the distribution function is able to saturate theUNESP,(Sa Paulo for their hospitality and interest in the
phenomenologically found distribution in the region »f work. A.E.D. was partially supported by the Russian Foun-
=0.4. The difference in distributions for lower valuesyf dation for Fundamental ReseardRFFR 96-02-18096 and
may be attributed to higher Fock states which become domi96-02-18097, St. Petersburg center for fundamental research
nant asx—0. Such a picture is also in agreement with thegrant 95-0-6.3-20 and the Heisenberg-Landau program. L.T.
conclusions made in Ref7]. In addition to other sources thanks partial support from Conselho Nacional de Desen-
that can change the normalization of our result, the effect ofolvimento Cientiico e Tecnolgico do Brasil(CNPg and,
nonperturbative evolutiof#6] from an initial scaleu? up to  in particular, to the “Fundg de Amparo aPesquisa do
Q?~1 GeV? may be important. Estado de Sa Paulo (FAPESP” to provide the essential
support for this collaboration.

VIl. RESULTS AND DISCUSSIONS
APPENDIX: FEYNMAN RULES FOR NONLOCAL

In summary, we have presented theoretical predictions for VERTICES
the valence-quark distribution function, E§1), and its mo- ) )
ments, Eq(46), for the pion. The calculations are based on Here we briefly show how to derive Feynman rules for
the instanton model of the QCD vacuum as a candidate treafluark-hadron-photon verticefor more details, see Ref.
ment of nonperturbative dynamics, expressing the observablé1))- Rewriting Eq.(19) for the action, we have
hadron properties in terms of fundamental characteristics of
the vacuum state. We found that the instanton model de-Sm:_f d4X A%, 0%, (Xq) F(X2) QX+ X1) E(X+ X1 X)
scribes well the vacuum expectation values of the lowest-
dimension quark-gluon operators and the pion low-energy — (T N _
observables. To obtain these results, we have used gauge X[Mg+ Guiga(T"- P OO JEXX =) q(X=X2).
invariant forms for the dynamically generated quark masses (A1)
and quark pion vertex, by using path-ordered Schwinger
P exp factors. Such factors enter in the definition of nonlocalPefining
guantities (like nonlocal quark condensatewhich effec-
tively take into account radiation effects of gluon and photon Q(x.y)=E(x.y)a(y)
fields when two quarks are separated. Thus, we are led to . . : .
express the form of the pion quark distribution function in @nd Performing the Fourier transform in the variabigsand

terms of the effective instanton sipge, and the quark-mass X, We obtain

(A2)

parameteim,, .

The pion quark distribution function extracted corre- Sin= _J d4x( J dkleikle(kl)a(klax)>
sponds to a low normalization scale, where the effective in-
stanton approach is justified. It is shown that the validity of X[Mq+ Gugg(T- TP (X)]

parton sum rules for the isospin and total momentum distri-

bution is a consequence of the compositeness condition and Ko —

the strict implementation of gauge invariance. We have used X f dkoe™27f (kz)Q(kz,X) |, (A3)
techniques to derive these results which constitute a comple-

mentary approach to lattice simulations and to phenomenawvhere we have used the same symbols for the functions and
logical fits to experimental data. Using this distribution func-their Fourier transforms. Let us make the Taylor expansion
tion as an input, we obtained the quark distribution functionsf the nonlocal form-factof (k) in k2, and again doing the

in the pion via standard perturbative evolution to higher moqyrier transform back to coordinate representation, we have
mentum values, accessible by experiment. A reasonable

agreement with the data was found. In fact, the calculations
are performed in the quenched approximation, where the ef- Sni= —f d*Xd*x,d%%, 8(X—X7) 8(X—X5)
fect of intrinsic quark-gluon sea is neglected. We expect that

the effects of the intrinsic quark-gluon component of the f(M(0) 2 nl=
pion wave function and the nonperturbative evolution at in- X{; o (9" QX1 X)
termediate energy scale provide a better agreement between
theoretical predictions and phenomenological analysis. X[Mg+Imgg(T-T)P(X)]
f(m(0) )
ACKNOWLEDGMENTS X % i (0)" QX x2). (A4)

The authors are grateful to I. V. Anikin, M. Birse, S. B.
Gerasimov, P. Kroll, A. E. Maximov, S. V. Mikhailov, R. This expression can be considered as the generation function
Ruskov, I. L. Solovtsov, N. G. Stefanis, and M. K. Volkov for the quark-hadron-photon matrix elements. For example,
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the quark-pion-photon matrix elements can be derived from (2k,+0q)

this expression, which is given by

4
<q|s|wA,§>=f .Hl dzexplik,z,—ikyz,+ipzz+iqzy)

s
X — . (A5)
60(21) 60(22) 6m(23) 6A . (24) |

For the quark-photon-pion vertex we have

PHYSICAL REVIEW D62 014016

m[f(kﬁ‘cﬂ—f(kz)]
2

(—2k;+q),
_2k1q+q2
X[ (k=)= f(ky)1f(kz).

In similar way, the vertices with two photon lines can be
derived. They have more complicated structure, but in the
deep inelastic limit only the term with derivative, as given in
Egs.(43) and (48), survives.

I ,(ki,ka,p,q)=—Ql'y

Xf(ky)+I'nQ

(A6)
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