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Abstract

The typical instanton dimension gc ~ Q.3 fermi, discussed
in the first part of this work [1] , shows up in hadronic
gtructure in the form of "constituent quark" gubstructure
of ordinery hadrons, heving about the same dimensions. The
role of this parameter in the method of QCD sum rules is also
discusgsed, in particular gummetion of the power OFE corrections
as well as the calculation of nexponential® ones is made. The
1atter effects is shown to dominate in examples of pion and
acalar gluonium, for which reasonable values of parameters

are shown TO follow from relevant sum rules.




1 Introduction

Thig is the second part of our work devoted to discussion
of the instanton-induced effects in QCD. In the first one [1]
we have shown that some empiricel facts concerning the physical
QCD vacuum can be explained in the simple model in which it is
conaidered as some 4~dimensional “1iquid“, which is dilute enough.
g0 that it is meaningful to say that it is made of separate in-.
stantons, The central point of this consideration was that such
instantons have dimensions essentially smaller then assumed by
some previous works: the so called critical redius is about
_9¢—_: 1/600 Mev, This quantity pruvidga new acale of effects in
QCD, rather different from the confinement length Rconfz1f200
#ev, at which the coupling becomes really strong.

Iﬁ the preaent paper these ideas are applied to hadronic
gtructure., In this case the empirical'facts also suggest the
existence of the second scale in form of certain substructure
inside the ordinary hadrons, with the dimensions of the order
of Q@ . These facis are collected in the section 2 in brief
form, and they definitely indicate the existence of some quasi=-
particles called "conastituent quarks™ or "valone™ as the very
important ingrediemt of the hadronic structure., In section 3 ;

we summurize the preseni status of the theoretical ideas about

hadronic structure. The popular MIT bag model [}21 was qualita-

b |

tively comnected [13,74| with the suppression of vacuum fluce

tuations inside hadrons, resulting in the bag constant or the
"vacuum pressure”. Although physically sound, this interpreta-
tion is in conflict with the fact f!éﬂ that the empirical bag

congstant is much smaller then the total vacuum energy density.



We also do not see the place for the first order transition
found in [13] , see [1] . Alsc the new value for @  suggests
mmch smaller weavity" as a result of the instanton suppression
by quarks.

All these difficultes are naturslly resolved in the following
picture of the badronic structure. The two components of the
physical vacuum, the fluctuations with acales g; end qu’
are both suppressed by quarks. As a result, two types of “cavi=-
tiea" are formed with related dimensions and emergy scales, iden-
tified with valons and hadrons respectively.

This discussion, although interesting by its potential appli-
cations, is made at qualitetive level only and no more specific
models are attempted in the prEEEﬁ;“;frk. Instead, we come to
mich more strict theoretical method as the so called QCD sum
rules Suggested and successfully espplied by Shifman, Vainshtein
and Zakharov [2] ( and references therein ), This method is es-
pecially important because it bridges the gap betweén the had-
ronic and vacuum structure in most direct and transparent way.

Let us remind also its applications to heavy quarkoniums

[2,3], vector end axial currents made of ordinary light quarks
[2] , ordinary baryons [4] ( see also [5)), mesons [5,6] and
baryons [5] with one heavy quayrk etc., which all have produced
very reasonable results on the basis of the account of several
first terms of the operator product aipansiun ( OPE ) for the
correlators of relevant currents.

At the sewe time, in  channels with zero spin{ both for
currents made of quark and gluom fields)such calculatioms have
produced WIrong results, see[187) , This shows 'mtst
better control over higher corrections as well as of a:puniﬁtim
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perturbative

al ones, not given hyhOPE at all, is needed in order to under-

stand why this happens,

Based on the model of vacuum structure considered in [ﬁ]
we have attempted in some cases to sum up the OPE series as
well as to estimete the magnitude of the exponential terms,
After the introductory section 4, we come to the discuasion
of the B-type mesons made of one very heavy ( my- oo ) and
one very light (.mquo ) quarks in section 5. From the methodi-
cal point of view it is the most simple problem with nontrivi-
al dynamics, in some sense the "hydrogen atom" of the world
of hadrons, We have calculated the sum of the OPE series in the
one instanton approximatiaﬁ and h&vé shown that with this result
our knowledge of the current carrelﬁtur have increased to essen-
tially larger interval. Roughly speaking, we came from the
acale Q. to R, o+ where the approximation used becomes inap-
plicable because of many-instanton effects.

The section 6 is devoted to ordinary hadrons, bj which we
mean those made of light u,d,s quarks with the exception of
spin-zero particles., In this case the summation in the one-in-
stanton epproximation can also be done, &8s well as the estima~
tes for the exponential term. However, the conclusion here is
that they ere small due to some theoretical reasons and there-
fore the success of the original analyeis [2,4,5) is explained,
We alsc find some arguments in favor of wvalons, which help to
understand why such calculations, ignaring strong coupling
and qanfinamgnt problems, can still predict accurate messes
of ordinsry hadrons,. _

The next two sections are connected with two exceptional

cases mentiomed above: that of the pion and scalar gluonium,



Thelr particular physical nature has been discussed in multi-
pie theoretical papers, and the main empirical and theoretical
observations known so far arediscussed in recent paper bf Novi-
kov et al fTB;]. Just to remind several main facts we mention
that the pion, the lightest hadron, is in fact surprisingly
heavy, comnected with some parameter of the order of 2 Cev
(30 ). The ‘Q' meson is very hé%y by itself, which is known
as U(1) problggi%;&Weinherg, presumably due to mixing with
8%ill heavier gluoniums, In the latter case the low energy
theorems [ja] and other considerations point toward the con-
clusion that the asymptotical freedom is settled in gluonic
channels at Q° as large as 10-15 Geve, Nothing of the kind
is present in the domain of ordinary hadrons,

The explanation of these effects, suggested in 18] , is
connected with the instanton-induced "exponential® effects,

which are enhanced in these casges by some large factors,

Their origin is nontrivial., Fer gluonic currents the "classical"

parameter f/a(sfg,]waa suggested in [18] s which implies that the

fluctuations considered are surficiently'short-range. For pion
case ( as compared to, 8ay, § - meson one ) the parameter is
Mok G VYR 95 2
Y s
eff .ﬁ 5": ~ 10, which in turn can be traced t-:-(Rmnf{fc} .
Estimating these effects quantitatively with our parameters
of the vacuum structure we have found reasonable physical pre-
to pseudoscalar current
dictions for the piomic ccuplingnl or, in other terms, m + md),
the mass and the coupling oifthe scalar gluonium.
Thework is summarized and some open questions are briefly

mentioned in section 9.

2, Hadronic structure;

empirical facts

The understanding of hadronic structure has begun with the

phenomenological su(a}flﬁvour symmetry leading to widely
known statement: "hadrons are made of quarks", Purther deve-
lopment of nonrelativistic ( and semirelativistic ) models

of hadronic siructure has shown that they explain qualitatively
the spectrum of hadrons and some their characteristics like
magnetic mﬂmenta.'MGreéver, gome results are in quantitative
agreement with experiment and presumably these models reflect
the reality of strong interactions.

At the same time it is not clear how these models can be
Justified in the QCD framework. In its Lagrangian one finds
nearly massless quarks and massless gluons and it is misterious
how the valence quarks can be separated as meaningful objects
from th;fgggud of gluonic and quark fields, Still we know from
experiment that it happens somehow and the quasiparticle with
quantum numbers of valencequarks exist, while the excitation
of the "cloud" (in form of exotic hadrons)are absent,

In order to distiguish quarks as objects of field theory
and such quasiparticle the latter are called "constituent"
quarks and the former "current"” quarks. In order to make this
terminology shorter we use new name, recently proposed for
constituent quark -"valony and use the word "quark" only in its
usual field theory meaning,

The differences between quark and valons are many. The former
are nearly massless ( we mean u,d,s quarks here ) and pointlike,

while valons have mass of the order of 300 Mev and nonzero di-



Bentions, which we briefly discuss now,

It was noted in f?] thet valons are approximately additive
in total hadronic cross sections, in particular this can explain
the ratio of NN and JTN cross sections G (NN )/E(nN)=>3/2.
if so, the valon-valon cross section is only about 1/9 G,y,as for

black disk with radius 0.3 fermi., Last years these ideas
of additive valons were used for collisions with heavy nuclei
in the works [8] ( see also revfew[9]) end they seem to ex-
plain existing data well , |

Another source of information is connected with verious
bard processes like Drell-Yan pairs, large Py hadrons etc,
in order to explain their disiribution over the transverse
momentum the so called "intrinsic" tranaverse momentum of par-
tons was introduced, It happens that it is rather large, of the
order of 1 Gev, and not of the order of 1/R where R are had-
ronic dimensions of the order of 1 fermi, The assumption that
partons are in fact confined in some smaller objects can exp-
iain the observed large intrinsic transverse momentum.

Last but not least point is the scaling violation in deep=-in-
elastic lepton=hadron scattering. In contraat with those mene
tioned above here one pan.uae powerful theoretical methods
and do not rely on model-dependent considerations, Recently
the method of operator expansion was applied to Q-E corrections
E}GJi], which are expressed in terms of certain well defined

averaged
operators,over the nuclecn state. Yhe four-fer-—
mion operators seem to be dominant and in principle their ave=
rege values can be extracted directly from data. The present
experimental data are rather uncertain, but still it is seen
that estimates ignoring valons Eﬂh]!] lead to effect with the

srong sign end magnitude. The eccount for valons [{¢] may im-
8

prove the situaition. This field of research is now rapidly
developing and it is probable that soon enough we would know
more about the properties of wvalons.

411 these considerations leed to conclusion that valon is
several itimes smaller than hadron itself, If so,the approxi=-
mate additivity of valons in hadronic structure and inferac=-
tions is understiood, Still the guestion on the physical natu-

re of valons remains open.

2, QCD and hadronic structure:
she gualitative picture
At present most of the applications of QCD are connected

with hard processes, and in the field of hadronic spectroscopy

one uses now only some QCD=inspired models., However there exist
indirect ways of estimation of hadronic properties, in particu-
~ar the so called QCD sum rules to be discussed below, Still

we would like to start with brief discussion of the qualitative
picture of hadronic structure as we understand it now,

: Ome of the most popular QCD-inspired models is the so called
MIT beg model [12] , which includes the effect of confinement
in very simple way. It is assumed in this model that in volume
occupied by coloured objecis some additional positive energy
density By,, is present. In other terms, the bag is under
sonstant "vecuum pressure” Bb&g , balanced by the pressure of
~ongtituents from the inside region. Due to iis attractive
simplicity, this model has been used for many calculations,
sometimes phenomenclogically successful,

The physicel pxplanatinn of the origin of Bhag was suggested
in the works [134%], where it was connected wiih some suppression
of vacuum fluctuations inside hadrons,

Hote first, that physical vacuum has lower emnergy than the
nerturbative ( or "empty" ) vacuum. Thie statement is evident
;cr instantons, because tumneling between ¢classical vacua sure-
1y makes the energy lower. Hore strict argument is based om the
relation {JSE , connecting the trace of the atress tenmsor




with the gluon condensate

- L UN- 2Ny & it
ivﬂc Sl ",M/H v W (@’}(gﬁﬁujfﬁf -

-j ,{5 "
=-410 6ev” > —~ 0,.5Gev/fm” (1)

If 8o, suppression of such fluctuation leads to positive (as
compared to physical vacuum ) energy density.

In ?he case of complete suppression one evidently has the
following prediction for the bag constant:

Bgag'_' fqufg 2]

such picture has been suggested by Callan, Dashen and Gross
[13] on the basis of their studies of instantons in exter=-
nal field, We have already n&%d 3g 1 ] that in our picture
there is no place for first order transition found in this
work, for the vacuum permeability is not so large.

Here we note another difficulty of such model, noted alre-

aéy in the author work [fq] : the relation ( 2 ) is badly
violated and in reality one has

1
Bﬁng iﬁ vaq.;’ L3

which was interpreted as partial or very inhomogeneous sup-
pression of vacuum fluctuations. This fact shows that although
the whole physical picture is sound, something important is
missing.

The bag model has slso another important defect, stressed
by Callan, Dashen and Grcss[ﬁa]. It is the explicit viola-
tion of chiral symmetry on the bag boundary. %Eaﬁi:yer? simple
to see this: the massless quark reflected by = mirror chan=
gea its chirality. The proposal of GDGle]to cure this defect
was the consideration of pions outside the bag in such a way
that the axial current becomes conserved at the boundary of
the bag. Such model was elso considered in paper [ [§ ]
where it was shown that in such case pions create so larg;
"pressure" on the bag that it compresses into the "little
bag", the proposed name for this model. We consider this phe=
nomenon as one more inconsistency of the beg model.
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In this work we propose new picture of the hedronic gtruc=-
ture, which is based on the same physical ideas but provides
also the explanation of these difficamltic '+ Its central point

igs that both types of wvacuum fluctuations are suppressed by

quarks, We mean here short-range instanton-type fluctuations
with radius 9521!600 Mev and long-range collective ones with
typical scale of the instanton geparation Re1/200 Mev.

As & result, two types of weavites" in vacuum are formed,

identified with velons and hadrons, respectively.

The correspondence of their dimensions is streightforwerd:

gc. 2~ Rialon R = Rpadron : (4)

and it is in agreement with phenomenology.

The mergy densities in these neavities" are different to0.
see Fig.1., Only inside valons it is strongly affected, SO since
they occupy only small fraction of the volume of hadrons the
small number in (3) becomes natural, It also shows, that the
energy associated with long-range fluctuations is comparably
emall., In such picture pions are coupled not to hadronic

surface, but mainly to valons, representing new version of the

"1ittle bag", in some sense.

The relative weakness of the confinement forces compared. to
that inside valons 8180 éxplains why "strings" slowly break
by two-valon production, resulting in relatively nerrow resonan=
ces with lerge apin.

Of course, this ﬁttractive‘picture_shduld be supported by
more strict analysis. Some of its aapects are discussed below
in the framework of QCD sum rules. The suppression of instan-

toms by quarks in the quark gas vili be
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discussed in the thiwa paper of this series.

Let us alsc emphasize one imporisnt Aifference between ous
point of view and thai of Callan,Dashen and Gross. It was very
important for them, that their "diluie phaze” inside hadrone .
is ciose to "empty" vacuum. Even the title of their work shows
tnet they hooed to separeaie the problems of hadronic and vecuur
gtructure,

On the contrary, we gstress thet it ig essentially the same
problem. The properties of hadrons Bnd valcns are jusi the ref.- Y
lection of the parameiers, intrinsic to physical wveouum. So,
the applications of the macroscopic language common to tha |
beg model { say, ‘vecuum pressure’} can be oniy qualitative,as
DeS%. i o

The most clear demonstration of the close relation hetween
these two problems is provided by the method of QCD sum rﬁlegf
to which we now proceed,

4. GCD sum rules: the introduction
This method was suggested and applied to several important
hﬂdr?nic channels by Shifmasn, Vainshiein and Zakharov, ser
[2] end references therein. It is based on two main ideas,
(i) The short distance behaviour of the two=current correls-

tor
. < ; By
K= T oo jape T ()
can be calculated by OPE, including the wvecuum averages ﬁf
the nontrivial operaiors.
(ii) Stendard dispersion relations can be used to connec’
the results with properties of paysical states with relevent
guantum numbers , '

Although both ingredients have been known previously. only
these authors were able to show that their combinstion iz very
practical method, connecting vacuum and hadronic structure. .
| The QCD sum rules were first applied to charmonium (2]
where the gluon condensate was first introduced. The sum rules
inecluding its effect turn out to be very successful from the
phenomenclogical point of veiw, see also later works f}mﬁ P
Then the vector and axial currents made of light quarke were
discussed [27] , and this time the quark condensate entered.

:“'s.

These studies were then generalized %o bargons [§] ( see

slso [5] ). The studies of mesoms [5,§] and baryons“containing

one heavy guark Qsc;base were slso done recently., In all
these cases very reasonable results are obiteined, and other
appiications of the method are now in progreses.

Sometimes ithe author come across the sceptical opinion that
QCD have produced no quantitative predicitiona so far, In order
to argue agsinst it, let us give here & couple of examples
provided by works mentioned above,

The { -meson coupling tc photon was found in LZJ to be

Th

4 (6 )

,iﬁ Leelre
i e 5
e geaa s

and the ratio of the isobar mess to thet of nucleon is [§]

(exp. 2.3¢t0.42)

m ] .
e, s et 380 ) 2y
hﬁ@

0f course, both expressions are approximate, but it is impore

sant that correetions cen be caiculated in the systematic way.
towever, some important guestions of this methed remain

open S0 far. Let us formulate them in parrslel with two main

woints mentioned above:

A} Omly first meveral texms of power OPE series are calcu-
.ated zo far, Better wnderstanding is needed of further terms
and of sihe vehaviour of their sum, There alsc exist
sffects not included into power UFE series, the exponential

sorrections. which elgo may be important. Such progress is

P . B . ] i s BT g ey - PR R . s s fry gy iy - —_ - -
oo3itle AL Tetier unde ETSNALIE O Vacuum Sviucvurs 13 SR CILedl
! T 2 fela - — e ' 5 ORGP s .

ii ) Lval b 28 0D COTYPelAaTi 1% LB DOLLYLividL TCo

- } i s A o s o, o]
= ol i ..‘.-I. B el el LEL ™ & e B ¢ L —.:'*r :....._‘ -Ih- i R T 2 b :r mlc.:--



in it. For example, one should be ablé to say at what distan—
ces the cnrrelﬂto: should Ee known in order to determine the
mass of the lowest state, For this we evidently need better
understanding of the hadronic structure.

The importance of these questions is seen from the fact, fhat
the sum rules including first power corrections, highly succes=~
s8ful in cases mentioned above,are wrong in other cases, for
the so called exceptional curreats, The first example of such
kind was the. pseudoscalar current made cf_light_qﬂarkszfﬁl in.
which the propexties of the pion can not be anderstood on the
seme level as in the axial current case. In further works by
Novikov, Shifman, ?ainshteiﬁ and zakharﬁv [jT] devoted to gluomic
channels sther examples are given, and their present understen=
ding is summarized in recent work "Are all hadrons alike 3" ﬁa}n
It ip:suggested in this work thet for spin-zero curreﬁﬁ# some
larger corrections to correlators exist, presumsbly connected
with 'instantons and not given by the ordinary OPE series.

In: the present paper we make an attempi to put these consi-
deration on more guantitative level, but using Eame-mﬁdel Tor
the vﬁcuumuéiructure auggeated.in-[i] s Which was shown to
reproduce the average value of several operators known so far,
S0, in this model at Ieast first power corrections are éﬁr&ma
teed, Two types of calculations are made below, aiming to ine
cre&ée the Knowledge of the current correlators. The first is
the summation of the OPE series by the calculation of some
time~dependent correlator of fields in section 5. The second,
connected with the problem of the exceptional currents menticned
above, are connected with"exponential" corrections of the in-

stanton nature, The word "exponential" is conditional and cor-
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respond to the one-instanton level of the calculation, What
comes out after the averaging over the instantons { or in
other, more general approach ) is difficult to say and the
more strict way to indentify such effects.is to observe that
they are absent in the perturbative calculation of the OPE
coefficients.,

In contrast with [}B] , we emphasize not the difference bet=
geen hadrons and currents used, but the similaritvy of the phy=~
sical nature of all corrections, power and "exponential" ones.
Although they really produce rather different mass scales, they

all are counected with size- {  instantons,

5. Hadrons containing heavy guark

Jur discussion of the QCD sum rules do not follow the histo-
rical order, and we start with mesons of the type aq_, where
3 represent heavy ( c¢,b,...) aud g light ( u,d,s ) quarks. Some
atates of this type are known as D,¥,B... meaons, but the experi-
mental information is still rather limited here, However, the
thecoretical analysis of this case can be done in more simple
in transparent way than in other cases,

The reason 1s that one can put the large mass m to be arbit-
pary large, and small mass m, completely negligible, So, the
heavy quark becomes just & aéatic center, making the problem
similar to that of hydrogem atom., Still it is highly nontri-
rial one, for the light quark interacts not only with the sta-
tic Tield of the center but also with fluctuations in the phy-
aical vacuum, Wevetheless, it is much simpler than the case
-f ordinary mesons.

7e do mot atart with heavy quarkcnia-EQ. although make some



In the limit

remarks on them at the end of this section.
of very large m this problem becomes trivial and it reduces

to that of positronium., Pirst corrections are known nnw-[?,E}_

It is however likely that further corrections are needed for

charmonium, and this is an interesting open question.

The consideration of QCD sum rules starts with the choice \
of the relevant current, In the limit my-» 00 the pseudoscalar
and vector mesons are degenerate f;ﬁ} s 8lso the corresponding
sum rules are identical., The pseudoscalar current is gimpler

J=i@ g (8 )
Because infinitely heavy quark does not propegete, the corre=-
lator should be taken in the seame space point, but at diffe-

rent time moments

K(t) = ol T (j(t) jre)))oD (93

The Fourier trensform A (W) obeys ordinary dispersion rela-

tions:

4 A ’
Re K(w) = 'fjl:f(é“f"dmf (/o)

The spectral density Im K/w) contains the information on phy-
gical states with corresponding guanium numbers. The most in-
teresting astate is the lowest one, the B-type meson,

It was suggested in [2] that in order to increase sensi-
vity to lowest states it is convenient to perform the Borel
improvement of the sum rules., The corresponding operation is

defined as follows

(t): Bf@) = L w” "
t(r): 8fw) % rsifs fr’u_.?)f(‘d%)'ffm) (17)

C=N/e) = cousd

In particular, one has

ﬁ J = T exp(- w't)

W+

(i2)

and so the power weight is changed to exponentional one, which
convergzes much better.

In the nonreletivistic case considered the Borel transform
is just the original correletor ( 2 ) taken at imaginary ( Eu-
clidean ) time it multiplied 3; o

B Htw) =TK(T) = 3 (do Tm Kieo)expl-7w0)
B

Now, we want to calculate this correlator directly., At small
enough time 1 the asimptotic freedom tells us that quarks
propagate freely. It means that Kw can be found from (/3)
where the simple perturbative spectral density

Pert 3 z
ImK ) = 5 (14 )

is substituted, corresponding to direct production of the aq
peir by the current. Of course, the same result is given by
the direct calculation-of the loop diagram shown at Fig.2a .
The next step is the calculation of the nonperturbative
correctiona, caused by vacuum fluctuations. In order to se-

lect the main effect the following observation of SVZ [2:]

qrr



is useful: loop diagram are always connected with small geomet=
rical factors like 1/16 JT 2 and therefore largest corrections
are connected with Born diagre.ns without loops. It means in our
case that light quarks should be absorbed by physical vacuum,
see the diagram Fig.Eg « If the OPE is postponed, the whole

series of relevant corrections is included in the following

quantity

-

;
O(r) = ol 01 POrp(iSAdt) $lo0)fo>
where the integral is taken over the straight line in Euclide=~
an time, Evidently, it is geuge invariant quantity, and the

exponent can be droped in A'E}: 0 gauge.
The OPE series calculated in the work [§] is the expan-
sion of Lf(ﬂ in powers of - 3 s 8&nd it looks as follows:

Pr) = L¥¥> - 3—;""‘("3@..,6.:1‘*)?)-(“”
& f_’f<(ﬂ;t*+)?>+.,
1152

Other power corrections are strongly suppressed and the sum

rule can be written as

b

pert C *
TR A IR SOV S T

ol

Using the estimates of vacuum averages and the speciral density

in the form
Pert

L Kiw)= %I'F;% 0(w-€,)* OC-E)ImK 1) (18
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for T<1/%00mer
the peremeters f;,E, £, were fitted“with the result

2z
E. =040l 6 E.:p9t01 6 =02 8° (19)
? ﬂ EVJ £ fv,f‘ ‘!-Fa—'-

These parameters are very reasonable, The mass value for B
meson is then m, + £, = 5200 Mev, known to be right. The
value of the decay constant 'fﬂ can in principle be measured,
but it is rather difficult in practice. However, most of works
including potential models [lﬂ] s corrected MIT bag ]_'zo] ete.
give very close results, The larger value found in sum Tule
analysis [6] is probably due to improper consideration of the
continuum contribution ( the second term in (/g )). The value
of E, is closely related with fa by the duality relationm,
So, '-::;ne may conclude that the real values are not far from
those given in ( /§ ), sc the true correlator is approximately
known.

If so, one may invert the arguments and try to compare
variogss approximations with this "true" behaviour, At Fig.3
the curve corresponding to (/8 /19) is given, as well as the
curves marked 0,1,2 correaponding to loop diagram, first
and two first terms in OPE, respectively., The parameters of
vacuum everage values are those found in [1] and they some-
how deviate from those used in [5] . It is seen, that the re-
gion where these corrections makes the agreement better exists
but is rather limited,

It is tempiing to {ry direct estimates of the quantity
$(t] without expansion in power series. For instanton zero

modes the corresponding estimate looks as follows

19 -



@O(T)z L¥¥>-f(T/¢)

f6): 2 J cos (™4t ) gy it
[(14 2% -z )1+ 2%+ (4+%)7 )] %2

The corresponding curve is also shown at Fig,3. It is seen that
the sum of these corrections look much smaller than one may
guess on the basis of first few terms., Moreover, the agreement
ig reasonable up to T  of the order of 1 fermi=5 Ge?'i, while
the original fit based on first terms was made for TZ£ 0,5 fm,

The interesting phenomenon is the turn in the correlator
at T~0.9 fm and then decrease with smaller slope. In terms
of physical spectrum it is caused by the gap between the first
resonance and "continuum" contribution, Another interpretation
directly in terms of the correlator is as follows: this turn
means that one came from one instanton tq the neighbuufing
one, Tﬁﬁ“ﬁﬁ?ﬂg“gf T is just the same as instanton separation 3¢,
see [1) . Evidently, that in this point the calculations based
on the account of one instanton becomes inapplicable, as it is
also seen at Fig.3. The estimates for correlator at T larger
than 1 fm need the serious knowlege of vacuum structure at such
scale, not available so far, Still it is interesting to see
that the correlation increases when one comes to next instan-
ton, as it should be.

Summarizing this discussion one may say, that power OPE se-
rie converge very inhomogeneously. Our estimates of their sum
with one-instanton approximation produce not so large effect

but increase the knowledge of the correlator up to T % 1 fm.

Two scales of vacuunm §,R,,8re reflected in different -
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Now, sor remar s concerning heavy quarkoniums are in order.

1% 18 kri.w

[3] that already ‘YF family is strongly connec-
ted with p rturbative Coulomb effects, which are not interesting
for us now. Therefore, wé*ggislder only chrmﬂnlum case, very
wel studied experimentally. Note here, that for vector currents
nc . only levels and their properties, but continuum is measured
a7 well., So, the empirical basis for similar analysis exists,
Theoretical progress may be reached on two different levels.,
The first one is the calculation of further OPE terms after the
now famous correction due to gluon condensate [2:]. We remind

in this connection that the average values for further opera-

tors as given by our model of the vacuum are rather large r11

ngz

af

6
> C.4 Gev
J ¥
P F (21)

Y
<(} GJM) b 1.8 Gev
However, the corresponding OPE coefficients are so far unknown.
The second, more ambitious approach is the calculation of
the loop diagram in the instanton field, which sum up the who=-

le series of corrections in our picture of the wvacuum,

When the present work was completed we were informed by
Yu.Pinelis that the problem of heavy quarkonium in the instan-
ton field is studied by him now,
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6. Ordinary hadrons

By ordinary hadrons we mean those consisting of light u,d,s
quarks. More definitely, we consider QCD sum rules related with
the correlatora of vector currents, relevant to g,ij mesons,

and also mention the baryonic currents, connected with ﬂ} N .

Our aim is similar to that of the preceeding section, name-
ly the understanding of higher power corrections and also the
exponential ones, not given by OPE. Our main tool, as before,
is the one-instanton approximation, We also discuss some indica-
tions in favor of real existence of valons as important ingredi-

ents of ordinary hedrona.

Let us start with the vector current with S?-mesmn quantum

numbers

' (9)
J?

A &
ﬂ:-z-(uyu-d{“d) (22)

Its correlator was calculated in the classical paper [2] with

z
the following power corrections ( @=- a’)

re) &)
e OIT(; %0 ) O ) (4,9, €900 s
nfg)(a?J - 2( + ’{j‘t"\&'g l‘:“l‘f"q") <(96:q) Nd{:
967% Q" @
Jagyte- dgyged s - (E{Ht*a+3;_ty)f{fa;f'g 3],
The phenomenologi ce'.l'- éucceas of related sum rules was grseat:
both the mass and the coupling ( & ) of the ?-mescm were

found correctly.

The subject of our discussion ia further corrections. Note
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here, that this current is unique because direct experimental

measurements of the correlator exist for

Ye"5 hadrons 121 )
L U Q") = g7 erees 270

( 2v)

"and, unlike the example of the preceeding section, all predic=-

tions can be checked directly.

The calculations of the correlator for vector currents in
the instanton field were performed in the works [21,] . DoOme
errors were present in them and the true result was first found

in [22), which looks as follows

ﬂmﬂ??) " 'r‘ b, ({; //,..

T8 (25)
R 2@:
- Zjdn(g) [ 1Y J"”‘M ﬁ)]
(inst+ autiinst )
Makiﬁg the averaging over the instantons with the account of
relations
v 327 Z J’ duls)
{ , {9 ) }ﬂ ) (tngisant;) (2¢)

o] m¥4 (0> == 2(duig)
one can see that Q'q corrections in (23 ) and ( 25) are
identical., But weré are other power correctons?
Ihé'-ﬁﬁ&ﬁer to this question was given in the paper by Du-
bovikov and Smilga [22] ; further power terms contain n.:-ﬁl:r.
operators which vanish in the selfdual ( or antiselfdual )

fields, Some exampleés, in ‘which the explicit calculations
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are done are discussed in the wc:rlc[??»] .

The discussion above reveale the following defect of such
naive calculations in the instanton field; effects proportional
to effective -(Meff} and mechanical (m) masses are mixed, in par-
ticular those due to (56;,)1 and (m¥¥) , So, before the app-
lications are attempted one should first separate them, e.gz. by
going to very small distances where only m can contribute. Sepa=
rating in this calculation the contributions of distances of the
order of 1/Q and § , one can then obtain instead of (25) the
power term .like

-T2 Z. 22" (3~ 7] e
Evidently, in real vacuum the second term is small.

This consideration suggests the extension of the Dubovikov-
Smilga theorem: further power terms are absent for effects pro-

portional to M — and m geparately, not in sum. For example, due

q
to this ‘the coefficients of the operators (rﬂ‘f’ﬂi‘;u@wt ﬁand

{ é{pé;ﬁd in the OPE should be zerp separately.
This absence of further power corrections in the instanton

field has real, not academic significance if our picture for the
vacuum is accepted, It suggests that they are of the order of
(1!QRmnf}n rﬁther than (1/Q ¢ Y fornyd .

The next is the exponential term in (25), containing the strong
cut=-off over large 9 . Can one calculate it without assumptions
concerning the "instanton liquid"? Unfortunately ( see [18] 3

it can be done only for too large Q to be used in applications.

*}For the first operator it was checked by the direct calculation
in [2] « The prove of this statement contained in [22}13 wrong,
for there two operator contributions are erronecusly identified

with two ( gauge dependent!) disgrams.
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As a result, the exponential term should be considered

at the same level ae power ones, nemely one has to use some

picture for the vacuum, e.g. that suggested in this work.
In this and two next section we atteﬂ% such calculation,
and the results are very reasonable,

The resulting contribution of this term into [T@%ﬁﬁ is
then |

i/ SV fJf_?ﬂc :) 209
L il fd“{zfv_‘) (28)

-4, .4

where n = 8:10 "Gev' and ¥ =1/600 Mev, see E‘I ] .

Note the small packing fraction {= 2R, g1/ entering
this relation: it is just the probability to happen so that _
our cprrents are inside the instanton. We see that at G":m;
this term is small relative to the first one in (2§ ), =so it
also can not affect the original SVZ analysis [2] .

Now we come to the four~fermion operator in ( 23 ), not
considered so far, Of course, the Dubovikov-Smilga theorem
has nothing to do with it for it is of next order in o(:
and, in some sense, it is the radiational correction. However,
it is enhanced because, unlike the leading loop diagram,
it does not contein small geometrical factor about 7//67°
Evidently further corrections ( say 6-quark ones ) do not
poseas further enhancement factors and are therefore ammsll.

There exists the serieg of power corrections to this four=
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fermion operator, cuntaini% some powers of the gauge field.
Encouraged by the example considered in the preceeding section
we think thet this series can spproximately be su@hd up by the
one-instanton approximation and that the result is not very
different from the leading term at @~ fj and is decreasing

at larger ) ., Since even the leading term is only about 20%
at Q% m;, these corrections also can hardly effect the sum
rules as analysed in [EJ].

Summarising this discussion we may say, that Dubovikov-Smile
ga theorem plus the vacuum made of instantons ensure the small-
ness of corrections connected with gluonic operators. The dilu-
teness of the instanton liquid also cause the amallness of the
exponential corrections. As a result, the enhanced radiative
correction of four-fermion type becomes the dominant{ correcti-
on, 411 this seems to explain the success of the analysis made
in [2] .

Let us make also some remarks concerning the baryonic cur=

rents, Here the Dubovikov-Smilga theorem can also be applied
and we have only corrections of the itypes

A i R olesp ey,

im the selfdual ( or antiselfdual ) field, but no other power
terms,

Again, these corrections ere not important because the
four~fermion corrections are enhanced now by the square of
- %he geometrical factors [6N? , for now two loops are absent.
It is evident that this phenomenon becgmes more prominant if

some case with larger number of the constituents is discussed,
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It is instructive to understand the physical meaning ef this
fact: the main effect is not the interaction between quarks,
but of quarks directly with vacuum, Moreover, as suggested in
[E:]( and discussed in fﬁj for our model for vacuum ) the ave-
rage values of relevant multi=-fermion operators are approximately
factorized into the product of quark condensatesa. It means that

such interaction with vacuum is approximately independent.

These observation we consider as some evidence in favor of
valon picture of ordinary hadrons, which suggests that they are
made of approximately additive (=weakly interacting ) wvelons,
being the result of the independent interaction of the quarks
with physical vacuum, O0f course, the interaction of valons is
cruciael for construction of hadrons as bound states ( the conm
finement effects ), but it can be of little importance as far
as the calculation of hadronic masses are concerned,

This consideration provides a key to another question, in
fact the most striking one for anybody who works with the sum
rule method, It can be understood that some correlators can be
calculated for distances £ 0,3 fermi, where the coupling con-
stant is still reasonably small and problems connected with con-
finement physica can be avoided, But the fact that rather accu=-
rate values for hadronic masses can be obtained from this corre-
lator looks completely misterious: we know that the dimensions
of these particles are essentially larger, of the order of Rcanf’
aﬁd at such scale the coupling is strong.

We suggest the following answer: the valons are formed alrea-

dy at such distances, and their mass is the main ingredient in

that of ardinary hadrons. Therefore, the success of the method

is the direct cé}Equence of existence of two scales in QCD.
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. The pion

In the classical paper [2] 1+ was shown, that the although
the account or first power corrections to the correlator of
pseudoscalar currents give unreasonable results, the proper-
ties of the pion can also be studied in the correlator of axi-
al current making use of the Goldstone nature of this particele.

In their later work [fSJ they have stressed that various
empirical and theoretical observations exist, which show that
the pseudoscalar channel is essentially different from the vec=-
tor and axial ones, and larger mass geale is present here.

So, we start with breif summary of these obgservations.

The pion is well known because it ig the lightest hadron.
Now we would like tc argue; that in some sense it is surpri-
gingly heavy.

Tn the chiral limit of exactly messless quark the pion is
the massless Goldstone mode. So iis mass igs the effect of the
nonzero guark masses, explicitely viclating the chiral symmet-
ry, and 111: is proportional to rﬂi i Let ua divide by this

Ig ] -
quentity in order %o have some quantity,nonzerc in the chiral

1imit. The result is

2
i RN e g (30)
mu'l‘md
which is unusually large number. [2¢]

Recently the second resonance was discovered in the pion
channel with the mass 1342%20 Mev, 80 the gap between these

states is about 1.2 Gev, OTr also unusually large.

Another empirical fact, discussed in[li',;z], is that in I-}Tuﬂ
doscalar channel 7 meson is nearly pure su(3) octet, while
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in vector and tensor channels

the mixing between strange and

nonstrange states is much smaller.

1t was suggested that instantons are somehow connected with
these facts., Indeed, definite cﬁir&l properties of the fermion
zero modes make it possible to contribute directly in the pseu-
doscalar channel, but not vector or tensor one, However, this
observation remained only qualitative and even the numerical
parameter, relevant to this consideration, was not specified.

In paper [2§] the consideration was made at ome~-instanton

level, at which there is no chiral symmetry breaking and the

relevent parameter was Imig , Where mq is the guark mass ,

In []3] it was correctly argued that in the physical chirelly

asymmetric vacuum the quark mass is not important at all and

gome effective mass ( see e.z. fT] ) takes its place. So, on
general grounds no small parameter separating "direct" and "ine

direct" instantons is seen.

It is very nontrivial ingredient of our picture of QCD va-

cuum that in it such parameter is in fact present:
Mleg ()-8 = 2/3 (3/)

As explained in [T] s+ 1t reflects the fact that the effective
mass and quark condensate appears due to collective interaction
of instantons and antiinstantonas, so it is connected with inter-=
instenton separation rather than their dimensions Qe . This

very parameter is relevant to the pion problem.
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This statement becomes evident 1f one compares the contri-

bution of the instantons into the correlator of currents

. —(ﬂ. ﬂpdﬂ;—ﬂ’) (32)

which is equal to

qur T;

with the corresponding exponential term in the sum rules for
vector mesons discussed above, Numerically, this contribution
becomes nearly one order of magnitude larger and now it can
not be neglected as compared to power terms. This explains
@hy their account without direct instantons give unreasonable
results.

Ag far aé in our picture of "instanton liquid" all parame-
ters are fixed, one may attempt to calculate the pion coniri=-

bution from the sum rules, Writing the speciral density as

St Y (Peri)

F = 0 +@s-)\Imll es)
i ET {’5} ) {*T {Hﬂq- rﬂ}) u‘(j Mr} @{ 59 )i 39
ye have fitted the Borel-improved sum rules in the Torm

, FoM 4 (En 02
3 (e sds+-—— a*ﬁc) exp(- M ) <
=Ty 2 (Map(8) 9c )’

,c’.r}
i & a’h‘: £ 3 oa r )
" ] :r_ﬂ_‘_ ? “'XP ( My / Mi.-} ’ 'ﬁ.?f »1 -3

for M> 2 Gev and have found the following values of the

parameters

2
{rm 02?*'003 &Ev
(nﬁ-mdj A0

. § 25403 6ev® (36)

The pion mass was found to be much smaller than S, , but of

course there is mo sufficient accuracy to détermine it directly.
These reaults are reasﬂnable from the phenomenclogical

S Mev,

not so far from other estimates, As for- the "8 < value, ‘it'is

point of veiw, The first - number implies- {mu +md)*aha
slightly higher than the posi‘tiun of the second resonance
for rﬂ§,-1.7 Gev®, Such situation is typical, as noted i:i[S]
it happens also for other channels where the aecond resonance
is known: ﬂ N’ and g meson, .
Su.rmnﬂ.r:r.z::.ng this section we may say, that instantons with
the parametera sug,gesteﬂ in 1] are sufficient to produce
larger scale of masses, in the pﬂeuﬁcac&l&r channel without

any ‘additional as smap*:.mna,,

8, Scalar gluonium

The pioh case is' an example that more strong interaction
with vacuum Tluctustionsd leéeads 10 larger masa scale, 'Since
the main fields in vacuum are the gluon ones; it 'is natural
to look for similar eff a¢ts in the gluonic channela. This
problm‘i was discussed in the works f«? 2,5] for scalar gluoni~

uns, where the OPE expansion for the correlator of the current
8] q &
v - a{é {gﬂ v ) (3#)
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wa3z found to be

Fetie o R
}‘7?9] s - EE.;*; & _Q‘f’ . %S (§6pv) >
FEV T e

T ; (38 )

ds 5%&‘«:3 _ s 2%, 4 . &
" Te: T176,6:6:° £ﬁ"¢?*<(§{ é‘“’%ﬁ*

aéc
%v COE BB )+
It is seen that no large scale larger than, say, i Gev can
he present here.
The imporitent point of the work Ei?] ig that it can not
be the true result, for it is in contradiction with the low

energy theorem derived in this work

i€} 2% & & :
; - {o {39)
T 7o) e, ”@(;ﬁ"] fo §

With this information one may write down "improved" sum rules

;j ffm J’T{Q} dﬁ

:-T '\ﬂ" ‘f Q*}

{5}

n{e) - '7({’ o) -

(%0)

and it becomes evident that i fr 2} is mmeh larger then other
power terms s¢ $that the { Borel tramsforemed ) sum rules as
ziven in f' !%i are

P £l-.-'-

/g2 e
= ‘I#‘i ﬁf,’i g ﬁ;_t_,fj o fﬂﬁ m‘sf-}}‘?ﬁl L2 J?fff?) “‘i"‘.i_ 5”’“,

g

R e e T L . T,

This sum rule fitied literally gives ridiculous value for the
mags of the lowest state; sbout 20 Mev, It is evident, that
something important is missing.

hgain, direct inferaction with instantons are suggesied
in ‘3‘ . The parsmeter which makeg their effect larger ie

in thiz case the "classical" parameier
1/

/ ;:wiw“ I% is no% & problem to caleulate the relevint effect
for onme inetanton , but, as emphasized in [/g] , one can not
averege over the instentone without additional assumptions,
Again, we may try to do this with our parameiers of the
"ingtanton liouid”, Then the following contribution should

%

be added to sum rule (4) )} { MS > 7 )¢

me 323" Hﬂ,is“ff.;jexp{-!‘-f o) (42)

Irepoves
Kote that "'.:]:1&:rih sume rule becomes similar tc that for pion,

The standard fit with the spectral demsity

T (1(s) = T feol ds 6°16)[8ts- i )+ 0-5)Im M1 '75) (43,

- wagp made with the results:

Me = 19202 6ev , 5,z 15208 et
| (4%)

(ol ds & ‘16> > 14t oy et

It is very gratifying to see that the mess of the scalar
gluonium is reasonable, Moreover, it is close to that sugges-

ted by Shifmen [26 ] om the bases of other comsiderstions.



' ! i corres—
Experimentally, there exists the reannagce £ (1300) w?th
ponding quanium numbers, and it can be that it is the state
revieled by our sum rules.

Note that in [1?] it was suggested to check the coupling

of the Eluonlum'\/in the decay Y ¥+ o 11 the ¢ quark be

infinitely heavy, such decay is the polnt-llke goursg of glu-

ons and the fnllaw1ng relation holds

[(¢¥+6) . lolelel (B)
!' (y->¥+7') z "’ Lolds C6AMD |- (41)

2

which with our numbers imply f-(‘{-’-: J*‘ & ) ~ 2004400 ev.

gy I
i o

: o
However, the accuracy of such cstimate 1is no

We do not conaider 1n this section multiple ques
conserning mixing hetween scalar gluonic and quark Bl
We only comment that in pseudoscalar channels it has been
shown in [18] that ’?f meson, considered usually &as the
quark st&te, is in fact very 1mpnrtant if the correlator of
gluonic currents &s well and therefore can be named gluonium
with equally good re&aona. It may be thﬂt similar phencmena
happen in the scalar channel., We hﬂpe tn conslder all such
questions in separate publications.

Another comment 1is connected with the tensol #luonium.
As shown in [ﬁB] , there are no direct iqstantons in thiq case

and its mass is connected with power OFE corrections., However,

i 3 : g isi
this chennel is exceptional. in other way'fzgj : .the arising

correctlons vanish in the selfdual field, Therefore, in our

channel . 'y Ve essen~
plcture of the vacuum we aaaume thla to have

tially smaller DRSS scale., This can also be checked by the

+
e in 27 state.
decays *4,5 in which hadrons ar

2o Summary and discussgion

The central conclusion of the present paper is that the new
scale in QCD suggested in [ﬁg s the ecritical instanton radius
&FWKGDD Mev, is very important for hadronic structure as well,
Multiple empirical observations together with some theoretical
arguments discussed above point toward the existence of some
substructure inside the ordinary hadrons with dimensions of the
order of_Sk in form of quasiparticle with quark guantum number
called valon.

The qualitative arguments of works[13,14] thet the quark sup-
press instantons have led to the picture of some "cavity" in
physical vacuum, in which the nonperturbative fluctuations are
somehow moderated and some poaitive energy is therefore connec=
ted with it. Now we argue that such cavity is more naturally
identified with the valon and not with hadrons themselves, as
suggested previously [ﬁ3,14]. It is still possible that simi-
lar picture holds for hadrons as well, but connected not with
instantons but with some more Jlong-wave collective fluctuati-
ons, relevant to confinement.

We have also shown that some indications to valons can also
be found in the framework of the QCD sum rule method, which
suggests that the main effect for ordinary hadrons like P me-
son and baryons AN is the direct and approximately indepen-
dent interaction of constituents with the quark condensate,
Moreover, the fact that this method works without account for
8trong coupling and confinement f£an be explained only if the

existence of the second scale 5% in QCD is recognized, which

is the dominant one for these aum rules and hadronic masses,

3
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However, hadronic structure is more complicated than the
gsimple model of additive valons, This was noticed in the appli-
cation of "exceptional" currents with zero spin. In this case
the asymptotic freedom 12 violated at essentially smaller dis-
tances due to direct interaction of such currents with instan-
ton-type fluctuations in vacuum. The corresponding effect is not
seen if one calculates the OPE coefficients perturbatively.

Roughly speaking it means, that the component of the hadronic
wave function in which constituents are close enough is quite
different for ordinary hadrons ( say,g'meann ) and "exceptiomal®
onea ( say, Ji meson ). In the former case the main interaction
is with the gquark condensaie, being rather homogeneous in space,
go in first approximation the interaction between valons is
small even if they are at disiances comparable to their dimen-
aions. in.the latter case the situation is different: the inter-
action with instanton is very strong and it iz commected with
rather large energy. As a result, such nflucton” configurations
( occuring rather rarely in all hadrons because their dimensgi=
on essentially exceeds that of the instantons ) can still be
very esseniial for determination of some parameters of such
"exceptional®” hadroms, including their masses, For example,
the pion coupling to pseudoscalar current is in some sense
lerge, while that to axial current is "mormal®, for if does
not probe the relevant "flucton® configuration,

Tnteresting that for scalar and pseudoscalar gluoniums their
nagses are detrmined entirely by such "fluctons™, but at the

same time their masses are in 3ome ScnsEe small compared ©To
typical energies at which the asymptotic freedom breakes

down. This observation supports their interpretation as “quark"®

By
-

states, mixed a little with gluonic world and obtaining their
mass due to it. If so, their gluonic component is only virtual,
as six-quark state of the deuteron, producing some core~type
short-range interaction. The question can be asked whether the
"true" gluonium states exist in these channels, The answer deyenﬁ!
on whether some barrier can separate them from lower-energy quark
states, and we see no place for such barrier in the instanton-
induced mechenism of the mixing., Of course, higher spin gluoni-
ums may have such barrier, e.g. due to centrifugal forces.
Interesting, that the sum rule method is even more adequate
for discussion of the properties of such "fluctons" than of
"normal" state of hadrona, in which their constituents are ra=-
ther distant and interact with different instantons, producing
approximately separate valons. And indeed, we have found the
quantitative description of these phencmena in our picture
of QCD vacuum without any new parameters and assumptions.
Refurning to ordinary valon-type configurations, we may
say that our consideration of B-type mesons shed some 1ighf
to it. We have summed up the OPE series, correcting the inter=
action with quark condensate, and, roughly speaking, were
able to come from the T < @c regionto T LR . It is

Comf

tempting to make similar analysie for ordinary mesons, where

the direct experimental data are present.

The so far unexplored region is the studies of multi-instan=
ton t i ' i
effects at distances of the order of Rconr' Obviously, the

sum rule method also can provide rich empirical basis for it.

The author is much indepted to V.L.Chernymk, V.I.Zakharov

and especially to A,I.Vainshtein for valuable discussions.
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Figure captions

1. Qualitative picture of the structure of ordinary bargons,

consisting of three valons with the dimensions about 1/3 of

that of the baryon itself, The lower part of the picture is

the hypothetical energy distribution along the diameter shown

&%t upper picture by the dashed line, The energy density is
s8lightly different from that in physical vacuum, with the ex~
ception uf valon regions, where it is strongly affected by quarks.
2.The diagrams giving the perturbative (a) and nonperturbative

(b) correctiona to sum rules for B-type mesons,

3. The correlator of currente K( T'J versus { , the Euc)idesm y
time, The solid curve marked "exp” is dué to imeginary part of

the correlator as given by formulae (18,/9), The curves marke:i

~041,2 correapond to calculations containing the perturbetive

Math,

vacuurm

loop, and 1 or 2 first power OPE corrections, respectivel:.

The curve marked "sum" is the sum of the OPE series estimited
in one~instanton approximation. The related function ﬁ.’)(é‘#}
is plotted in the upper incertion of th.e same Figure.
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