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ABSTRACT

This preprini contains discussion of the various
applications of sum rule method, based on the com-
parison ©of experimental dala with theoretical
expressions for the oorrelators. In section 5.1 we
discuss recent works on hadronic speciroscopy on the
laifice. While in sections 5.2—55 we consider sum
tules based on the operator prodici expansion. They
are devoled 1o mesons containing lighi quarks,
baryons, currenis with derivatives and the three-point
corvelators, respeclively. In section 56 we discuss
sum rules for heavy gquarkomiums, in this case it is
necessary 10 evaluaie the correlaior ai somewhat
larger distances becanse their inferaclion with
vacunm fields is sappressed. In sections 5.7 and 58
we discuss psendoscalar quark currenis and gluonic
carrents, for which interaction with vacoum is, on the
conirary, stronply enhanced.

© Hucruryr ndepmoii pasuryu, 1984

5. CORRELATORS AND SUM RULES. THE APPLICATIONS

Violating the historical order we start this chapter with
consideration of rather recent spectroscopic calculations on the
tattice, which had strong resonance in high energy physics
community. In some respects it is justified by .the fundamental
character of such an approach, attempting to calculate hadronic
masses directly from the first principles of QCD.

However, more deep investigations of this approach reveal many
open questions, connected with great difficulties met by this
ambitious programm. Because of this real accuracy of the results
obtained is not so far sufficient for quantitative analysis. Sceptics
make jokes, saying that it is hardly necessary to make about 10"
arithmetical operations (about 100 hours at best computers) in
order to learn that baryons are about 3/2 times heavier than
mesons and the proton magnetic moment is about 3 magnetons: all
these facts were explained by the quark model 20 years ago.
Optimists note that few years ago nobody could even dream that

-so straightforward approach to QCD is practically possible,

proposing to wait a little. The subject of the present paper is the
situation at the present moment, so I have tryed at least to explain
in section 5.1 the numbers involved, presumably understandable for
non-experts.

The situation with the sum rule method (in its more developed
OPE-based version) is discussed in sections 52-—55. It is
remarkable that it is completely different from that for lattice
calculations. It can not be argued on general grounds that the
OPE series (valid at small distances) and data about lowest states
(prescribing the large distance behaviour of the correlators) can be
connected at some intermediate region (the «window», or «fiducial
volume») in meaningful way. However, as it was noticed by
Shifman, Vainshtein and Zakharov [5.13], it happens to be the
case, providing very useful possibility to connect hadronic
phenomenology with that of the QCD vacuum. Among particular
applications of this method we discuss mesons containing light
quarks (section 5.2), the baryons (5.3), currents with derivatives
(9.4) and the three-point correlators (5.5).

In some cases this approach also was found to come into
troubles. The first such case connected with heavy quarkonia is
discussed in section 5.6. It is easy to understand why for heavy
enough quarks the OPE method becomes inapplicable: quark and
antiquark created by the current at the origin (x=0) never goes
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far from it at limited time { (say, f{<1 fm) for x< (¢/mass)'/
Thus at large mass interaction with vacuum fields becomes too
weak to be noticable. At large { they show up, but here the OPE is
inapplicable.

Quite opposite complications arise for the correlators of
spin-zero currents: in these cases interaction with vacuum fields is
too strong, limiting applicability region of the OPE by very small
distances. As a result, the «window» for fitting practically disap-
pears. These observations were first made by Novikov et al. [5.56],
who have suggested that such anomalously strong effects are
caused by instantons. Attempts to connect different phenomena of
this type in the framework of some semi-quantitative model were
made in my works [5.57], leading to «instanton liquid» model
considered in chapter 2. It turns out, that with some simplified
assumptions on the instanton parameters one may really connect a
lot of facts, in particular explicitly obtain the massless pion or very
heavy n’. Even such details as SU(3) violation effects (kaon mass,
n—mn’ mixing) are reproduced well, presumably indicated that the
underlying physics is correct.

Correlators of gluonic currents are so far understood much
worse than quark ones. In this case we have only very limited ex-
perimental information coming from ¥, Y decays, as well as some
general low-energy theorems [5.56]. However, it is sufficient to
conclude that in this sector we find much stronger effects. Their
physical nature is discussed in section 5.8. It is interesting, that
similar trend is found in lattice calculations for pure gauge the-
ories.

5.1. Hadronic spectroscopy on the lattice

It was already noted in the introduction to this chapter that
lattice methods come across rather severe problems. However they
are «only technical> ones, and presumably they will be overcomed
with future progress in programming and computer technology.

The first obvious difficulty is connected with rather limited spa-
ce-time volume of the QCD vacuum, for which the calculations can
be made. We have already explained in chapter 3 that the physical
correlation length should be much smaller than lattice dimensions
and much larger than its spacing. In practical calculations «much
larger» means only the factor 2—3, at best.

in order to have more quantitative feeling of the numbers
involved let us consider the «finite size effects» at somewhat
different angle. In chapter 3 il was explained that periodicity in
Euclidean time t corresponds to calculations for the nozero tem-
perature T=1/t. In calculations made by Hamber and Parisi [5.1]

(to be systematically used as the most detailed studies of the type)
the temperature T varies between 110 and 260 MeV, and even in so
far record (Crey) calculation [5.6] with 20 points along the time
axis T=110 MeV. Thus, the superdense matter (being the ex-
perimentalist’s dream) is in fact the best approximation to vacuum
state which is technically possible to investigate on the lattice!

Considering small spatial size of the «box» we may mention
that in [5.1] it varies between 0.5 and 1.1 fm. One may indeed
imagine that a hadron is contained in such box, but where is the
place for the surrounding vacuum? It is clear that we deal here
with some densely packed <«hadronic crystal» and, as always in
problems of such kind, the spectrum is given by some Brilloin
zones with widths proportional to tunneling probability between
neighbouring sites. Rather instructive calculation of such widths
was made by Haseniratz and Montvay [5.11] by numerical
solution of Schredinger equation in similar conditions. The
conclusion is rather disappointing: it is rather large for all
ordinary hadrons and reasonably small only for upsilons.
(Obviously, upsilons can not be studied because the lattice is not
only small but also too «coarse grained».) In real “calculation
hadronic masses are also found to fluctuate in computer time. At
Fig.] we show how such fluctuations depend on the lattice size ac-
cording to [5.12, 5.6].

Now a few words on how hadronic masses are extracted from
the measured correlators. In contrast to the sum rule method
where the external currents are assumed to be pointlike, the ones
traditionally used in lattice studies are assumed to be homogeneous
in space. The signal therefore depends only on (Euclidean) - time
variable and decreases as exp (—m-t) at large 1. However,
periodic boundary condition leads to the signal of the form

K (1) ~{ exp (—myt) +exp (m, (t—7) |} (9.1)
so that practically useful region of = is equal to half of the lattice
dimension 7t,/2. Obviously, the signal is averaged over discrete

«layers». The typical curve for the logarithmic derivative of thet.'
baryon current correlator taken from Ref. [5.6] is shown at Fig.2.
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(Very similar curves, but following from the analysis of ex-
perimental data for ¢ and & quarks production in e*e  annihilation
will be discussed in sect. 5.6.) Approach to the limit from above is
just the consequence of the contribution of heavier states at smaller
time values. As noted in section 4.1, there exist simple and well
justified parametrization of the spectral density (4.14), containing
apart from the resonance parameters the «continuum threshold» w
where asymptotic freedom predictions become wvalid. I think that
this important parameter can be (and therefore should be)
determined irom lattice data. In addition, with parametrization

(4.14) one obtains more accurate values for the masses (in usual

practice contribution of heavier states is just ignored).

Finally, there are uncertainties connected with putting the
results into physical unites. We have already explained in chapter 3
that the coupling g and lattice spacing a correspond (in scaling
region) to single parameter A, while hopping parameters K, are
connected with quark masses by the relation

exp (mga) =1+ (Ky '—Kg') /2 (5.2)

where K, is some critical value related to massless quarks. In
reality evaluation of the latter quantily is rather uncertain because
one uses as a signal the zero mass of the pseudoscalar meson.
Obviously, it is not possible to find exactly massless excitation in
finite (and rather restricted) volume, so it is made by some
extrapolation. Its quality can be explained by Fig.3, where typical
results of Ref. [5.1] are given.

Unfortunately, we do not know the fundamental parameters A,
m, good enough, so in real calculations some masses are used as
«input». With those of g, nt, 2% K, ¥ mesons used in [5.1], it was
found that "

Age=70 MeV
m,~4.5 MeV, mg>~ 8 MeV, (5.3)
m:~ 160 MeV, m.~ 1300 MeV

where the normalization point is about .3 fermi or 600 MeV. We remind
that renorminvariant combination is equal fo

m=as(n)] "’ m(p) (5.4)

These numbers are «reasonable» but not quite accurate, especially
lambda.

Now we come to the most serious defect of the calculations
under consideration, being the so-called «quenching» approximation
neglecting virtual quarks. This point is of particular importance be-
cause calculations with quarks are extremely time-consuming.
Unfortunately, as it was already mentioned in section 3.5 they are
indeed quantitatively important. (More convincing facts on this sta-
tement will be presented below in chapters 7 and 8.) As an
example we show at Fig.4 results of the calculations made in Ref.
[5.10] for the pseudoscalar (pion) current correlator including
virtual quarks by the pseudofermion method, to be compared to
previous calculations [5.1] made in quenching approximation. Apart
from completely different behaviour, it turns out that in this case
strong splitting between pion and rho meson [5.1] seen at Fig.3
have disappeared!

Note, that introduction of quark loops leads to new observable

effects, say to o—w splitting. It is interesting that in [5.10] it is

found to be of correct sign and magnitude, in contrast to the well
known wrong sign given by perturbative effects.

Another nontrivial effect connected with quark loops is the n’
mass. Although calculations [5.1] were made at zero quark
flavours, it was attempted to expand in this parameter and
evaluate the first derivative. The results obtained are rather disap-
pointing, for the effect obzerved is too weak and n" turns out to be
even lighter than «normal» ¢ meson. We return to this point in
section 5.7 where it is argued that large n' mass is the
instanton-induced effect. Thus, the result [5.1] mentioned is well
correlated with general failure to find instantons in lattice studies
discussed in section 3.4.

Concluding this section [ may only once more comment that
lattice calculations are at the moment at their initial stage and
technical limitations are rather severe. Appropriate situation with
conifinement on the lattice ensure reasonable gross features of
hadronic spectroscopy, but important phenomena connected with
chiral symmetry breaking are not reproduced so well.

5.2. Meson currents containing light quarks

As it was already mentioned in the introduction to this chapter,
nontrivial {and very fortunate) feature of the correlators is the
existence of some «window» in which both OPE formulae and
available data have reasonable accuracy, so that their comparison
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makes sense. In this section we discuss examples of analysis made
in the pioneer work [5.13].
Let us start with vector current with @” quantum numbers

ju= {IIT,.II-—EW{I[} /2 (5.9)

and calculate first OPE corrections to its correlator as explained in
section 4.2. Using Borel transformation (see section 4.1) of the
polarization operator one may obtain the following sum rule [5.13]
connecting the OPE series in lh.s. with the cross section of ete™
annihilation into /=1 channel

0 2
I+ “‘(ﬂ’") + 121"14 {(gG))— "‘T;} +o=gy Sds exp (— = )R(s)
R(s)=o(ete™ —hadrons, [=1)/o(eTe” —ptp7) (5.6)

We have ignored here operators mP¥ small due to small masses
of light quarks, therefore quark-induced effects appear starting
irom rather complicated four-fermion operator

Q =2r*afuyayst®u—dya.yst®d)’ +

a = e
+ 4—;-‘— ai(uvet'u+dvat'd) % (4vat"q) (5.7)

=3

Note that normalization is chosen so that free loop corresponds to
unity in Lhs. In principle, operator average values in (95.6) are
some unknown constants which can be found from the sum rules.
Such approach will be considered in section 8.1, but in [5.13] the
value of the gluon condensate was taken from charmonium sum
rules and that of the operator O, from factorization hypophesis
(see section 8.2):

7.2

(010,10> = —3

a, (P¥)* (5.8)

and the «standard» value of the quark condensate (¥W¥)=-—0.013

GeV?® With these numbers the [.h.s. is fixed, the corresponding line

is shown at Fig.5. In the r.h.s. R(s) was parametrized as follows:
28°mG oty 3 (14 243

REs) = —3 6(s—mq)+?(l+T)B(s-—W’} (5.9)

e

Fitting values of these three parameters in the «window» shown
by arrows at Fig.5 (marking places where uncertainty reach 30%)
it was found that

mi~0.6 GeV?, glf4n~23, W?~15 GeV? (5.10)

which is indeed very close to experimental data
(M) exp=.592 GeV?, (22/47) 0xp=2.36 £0.18 (5.11)

Note that operator O, contributes somewhat stronger than gluon
condensate, and recollecting (5.7) one may comment that, roughly
speaking, the rho meson mass value is fixed from that of the quark
condensate. This may appear strange for it is not clear why vector
mesons (and not only pseudoscalar ones) have anything to do with
chiral symmetry breaking. Similar fact will be shown below for B
and D type mesons (containing light and heavy quarks) and in the
next section for baryon masses. Thus, it is the general feature of
any problem involving light quarks! (Discussion of relevant physics
is postponed till section 6.1.)

in order to test the method and demonstrate that good results
(5.9) are not due to some coincidence the authors of [5.13] have
also considered the correlator of similar axial current

TEWN e s | |
fu = 5 (wppvsu—dvavsd) (5.12)

Its spectral density is connected not only with axial A, meson, but
also with the pion. Experimentally it is therefore completely
different from that in vector channel: instead of the resonance at
m?= .5 GeV? there are resonances at m=0 and m=1 GeV. Gluonic
corrections are the same, so in the approximation considered only
four-fermion operators may lead to such striking variations. Can
they really do the job?

Now let us present few formulae. Defining two invariant
structures (the axial current is not conserved)

£ § dx & (T{AE) A0 = — T+ TTaguge (5.13)

we obtain the following sum rules for 11,

D G s e () 0
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where

(05 = (Ao yapstd) (dvavsts) — 5 o aulivatu+
+ dy.t°d) d}j (Pyul*F)) ~5-10"2 GeV®

(the estimate is again made using factorization hypethesis).
The following parametrization of the spectral density is used

Im 11, =nf28(s) + %ﬁs—mﬁl)+ W(l +ag/n+...) (5.15)

where standard notations are as follows

(Oluy,ysdin) =ifxpy

(OluyuvsdA ) =eumy /8, (5.16)

and p,, e, are momentum and polarization vector of hadrons.
Again, parameters in (5.14) can be fitted and they are found to be
very reasonable, say the pion decay constant was found to be

fan 130 MeV (5.17)

with accuracy of the order of 209, to be compared to experimental
value

(fa) ep 22 133 MeV (5.18)

These results were so unexpectedly accurate, that many new
calculations for other channels where initiated, some of them to be
discussed below. Now let us make few remarks on applications
related to light mesons. Much more detailed analysis than that
given above for vector and axial channels (including mixing
phenomena etc.) is contained in the original papers [5.13]. Tensor
channel was successfully studied in Ref. [5.19]. Some other
references are collected in [5.15—5.20], but one should note that
for scalar and pseudoscalar channels specific phenomena (to be
discussed in section 5.7) are important, not always considered in
these papers. There are also first calculations for «exotic» currents
of the structure ¥GY¥ [5.21—5.23, 5.42, 5.52], but it is probably to
early to comment on this field of applications for even experimental
expectations are here too uncertain.
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Our next topic is connected with mesons made of light and

heavy quarks (antiquarks). It was used in section. 4.2 as the mosi
simple example of the OPE calculations. More important, in this
case main corrections are those connected directly with quark
condensate, so assumptions like (5.7) are not needed. Now there
are several independent analysis for the same quantities, which are
not experimentally known. Their variation may serve as a measure
of the method accuracy. (Similar situation is with baryon
couplings, see the next sections.)

The main unknown parameters evaluated in these works are the
decay constants for D and B mesons (containing ¢ and b quarks)
defined as

(01Qyyysqimeson(p)) =ifgPy (5.19)

Its dependence on large mass is determined by the nonrelativistic
limit [5.37]: the combination

fQMq s const (5.20)

remains fixed for it is proportional to density of the light quark at
the origin. We do not give the sum rules and just make few
remarks on the results contained in Table 1.

Reinders et al. [5.36] have obtained values much larger than
41l others because their «continuum threshold» W was taken to be
very large. In my paper [5.37] only the nonrelativistic limit is
considered, and numbers come from extrapolation of (5.20). In
Refs [5.38] calculations are made in relativistic formalism, with
results shifted to still smaller values.

Interest to such parameters was initiated by discussion of the
problem of D° and D% lifetime difference. A number of authors
have suggested that such particles are essentially more «compact»
that ordinary hadrons, but most results obtained from the sum
rules do not confirm it. (Similar conclusion was also drown from
first works using MIT bag model, but later works [6.13] have
shown that it was essentially due to incorrect account for centre
mass motion.) Finally, recent experimental data also point toward
more modest effect.

Of course, there are also other predictions not so far tested, in
particular relatively strong splitting between states of difierent
parity, say vector and axial ones predicted in - [5.36, 5.37]. Note
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that this effect is directly connected to quark condensate value,
thus it is of great interest.

Finally, due to particular simplicity of this problem it was
possible to go outside the OPE framework and relatively simply
compare it with some other approach, in particular the «instanton
liquid model» [5.57]. We remind that leading corrections come
from expansion of the following nonlocal object

K(x) = (P(x) Pexp (‘_Zg- § Ast* dx, ) W(0)) (5.21)

where the path is just the straight line (it is at this point where
large mass of heavy quark is used). With instanton potential for A
and zero modes for W one may find the correlator shown at Fig.6,
where effects of first terms of the OPE series are also demonstra-
ted. It is seen that as soon as corrections become noticeable such
expansion is practically useless, while the instanton model produces
much more reasonable curve. el -

5.3. Baryonic curreh't:é-'-

Generalization of the methods discussed in the preceeding
section to the baryonic case does not cantain anyiqualitatively new
moments. However, the corresponding currents are not so familiar
as the mesonic ones, so it is reasonable to comment on their
general classification.

It is usuful to start with «diquark» states fiist, using charge

L Lo 1

conjugation operator C and standard gamma matii hasis:
¥ Wy =W'CTW :
ri:l[_}? F‘I’E("_}: ?Il(_l_): ?F?E{-)! nl“'{-i_J' (522}

where signs given in brackets correspond to symmetry or
asymmetry of the matrix (CT:)*®. If the diquark is made out of u, d
quarks, this sign determins its isospin: /=1 for (+) and /=0 for
1.

Now let us add the third quark. The simplest possibility is that
three quarks are identical and there is complete symmetry of their
(noncolour) wave function: say it happens for isobar I=3/2. At
first sight, one may start from both symmetric diquarks u'Cy,u
and u'Co,u, but complete symmetry condition reduces them to
identical combinatiomn.

ja=(ul Cyuuj) use’™ (5.23)

mﬁ

However, for nucleons there are two possibilities indeed [5.24], it
:s convenient to write these two currents as follows

= £ [ (ul Cd;yyutte— (u Csddj) Vivstis]
Jan= e [(”? C{’u;\.df) G Vplle— (”?CUQL“I} UQ]_?de] (5.24)

Substituting here s instead of d quark we have two currents for 2
hyperon. In the case of A particle one should start with i=0
diquark, thus there are even three independent currents

jia= (4" Cysd)s
jon = (4" Cyuvsd) Vs (5.25)
jsan= [HTCd}?sﬂ

As it was noticed in Ref. [5.27], the number of currents
corresponds to general decomposition of flavour SU(3) group

30303=1008681 (5.26)

In more familiar nonrelativistic SU(6) nomenclature there is only
one octet and the decuplet, but working at small distances with
«current» quarks we have to apply relativistic notations. It may ef
course be so that certain current have larger coupling to nucleons
and other ones to «orbital excitations», but in principle all currents
mentioned can equally well be used for generation of the sum
cules. Their number is further enhanced by several independent
spin structures (2 for spin 1/2 and 4 for 3/2), as well as by the
possibility to consider «nondiagonal» correlators with different
currents. It is evident that it is not possible to consider many
details here, so we just present few examples and comment on the
results. . S
Our first example [5.24] considers diagonal correlator of the
first nucleon currents j;y '

i § dx exp (igx) (TUEAR) MO) ) =
= a{(vi) Fi(g")+8as Fo(q”) (5.27)

Making Borel transformion for both invariant structures we obtain
the following sum rules (in the form (4.15)):
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a: a’m; m3y
+ & L0 e (— 2 ) (5.28)
m? W2 w2 ab 17 a; a®
ml, _W\ (W ... 0 L.
4[ erp( m? ( *H)] 72 Bl x m

my
=(2n)*Aimy exp (— E’,i )
where the following notations are used
a=—2n)TY¥), b=((g6)%
mi=(ig¥o,.Gist"¥) / (F¥) (5.29)
AN o= (02N

Here N, is the nucleon spinor and all quantities are normalized at
w of the order of 1 GeV, and therefore we do not indicate known
anomalous dimensions of all operators.

The careful reader may notice that «continuum threshoids» W,,
W, are taken to be different in both cases. This is because only
first one has positively-defined spectral density while the second
one obtains negative contribution from negative parity states and
may well be quite different. We also note that (not very important
numerically) corrections due to gluonic condensate were calculated
in separate paper [5.26] in the fixed-point gauge formalism.

Now we come to the isobar current, using only two tensor

structures gu(g)ep and g..8.. The corresponding sum rules are
as follows [5.28]:

. P _W? Wi Wi 5 2 Wi\,
5 [1- e (-5 ) (g + b +1) o (1-em (- )

4 . T .
+ ﬂs—az-— 3 a’mg/ m* =(2n)*A; exp (—my /m*)

4 w2 w2 2 R )
?am‘[i—exp(—ﬁ)(;ﬁ+l) ]—a—amﬁmﬂ(l—exp(m—j)/ﬁ—-

— 2 S —(2n)Aimy exp (—m3/m?) (5.30)

AyAl = (O|j(A;
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Before we come to detailed analysis of these sum rules, let us
note the striking similarity between (5.28) and (5.30). With only
leading O(a) corrections left it is possible to connect them just
making simple rescaling of variables. In particular, for first sum
rules one find the following simple scaling law [5.27], valid for all
mass scales, including masses of the lowest resonances

(my/my) =5"°=1.308;  (my/my)esp=13l (5.31)

Of course, (5.31) is «too precise», for «primed» resonances it is
1.12 and the second pair of sum rules produces even worse ratio
(10/3)', but existence of such simple relations (with calculatable
corrections) is interesting (at least as an argument against the
popular opinion that <«QCD does not make quantitative
predictions»).

In Table 2 results of the analysis of baryonic sum rules are
collected. Considering them one should keep in mind that the main
problem here is reliable values for average values of certain
four-fermion operators, producing the mass scale, but in all works
mentioned the same estimates based on «factorization hypothesis»
was used. Therefore, difference in results are only due to differeni
fitting prescriptions and other details. Let us note in this connection
that in first works [5.24, 5.25] no fitting was used at all,
substituted by an assumption that at Borel parameter value equal
to the resonance masses we are inside the «window», and sum
rules where considered as some equation for crossing of their both
sides. Rather arbitrary assumptions were also made about
continuum threshold. However, with more advanced treatment we
now have more detailed results including convincing cross test by
nondiagonal correlators [5.28] etc.

Finally, nucleon coupling constants have some phenomenological
significance. A, is connected with proton lifetime problem while A,
determines the asymptotics of the formfactors, say [6.54]

427

meulre L i[}n lg("'} 2 U'S(Qz i
s\ e o' [470.4(Q )F[-_J{:,(p)] (5.32)

Calculations with strange baryons are sensitive to SU(3)
violating eifects in the QCD vacuum, see section 8.3. Strong
simplification of the sum rules is obtained in the case when one
quark is heavy [5.27]. Interesting feature of these sum rules is
‘hat states other than lowest resonance are strongly enhanced and
the «window» for fitting is much worse than that for examples
considered above. Still for spectral density in the form (4.14) there
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is well defined region of parameters, producing good fit and giving
reasonable parameters for charmed baryon masses etc.

5.4. Currents with derivatives

In this section we discuss some applications ol the sum rules
for currents containing derivatives. There are two extreme cases,
depending on whether we are interested in maximal or minimal
Lorentz spin of the intermediate states.

In the former case one may investigate properties of the orbital
excitations of hadrons, and the simplest case of the kind is the
tensor [ meson (one derivative), discussed by Shifman and Aliev
[5.19]. However, as it was discussed in details in subsequent paper
by Shifman [5.39], with increase in the number of derivatives n the
nonperturbative corrections to the correlators increase strongly. On
the other hand, dominance of lowest states is also weaker at larger
n. Therefore the «window» necessary for sum rule applications soon
disappears.

Another interesting applications are connected with lowest spin
states. In the correlator of axial current considered in section 5.2
its decay constant was evaluated, and now we are going to study
the following set of constants C.:

<0l ”_Tﬂ"l’ﬁ(iﬁul) rx (iﬁﬂﬂ)dln(lf’)} i _"_f'm PuPay --- PanfCr (5.33)

Each derivative here is assumed to act as follows

FiDfo==f (D) —(Df )i

and such matrix elements are sensitive to momentum distribution
inside the pion. Introduction of such quantities was made by
Chernyak and collaborators [6.49] in their formulation of exclusive
processes theory, see more in chapter 6. Ii contains the so-called
pion wave function @.(E)

(0ld(z)zvs exp ( %’i { dx, Aﬁ:ﬂ) u(—2)nt(p)) =
P ek - 1
=) - Oldens(izD) Ol =i(p)f § a8 €™ ) D

which is connected with (5.33) by the relation
:

Co=§ dEE" @ulB)=(E™ (5:35)
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Here E=x,—x, and x,, X, are momentum f{raction carried by
quarks. Evidently, evaluation of such parameters is of great
interest. Application of the sum rule method for this aim is
considered in Refs [5.40—5.44]. As an example let us consider the
nondiagonal correlator of the currents

ﬂ = uy.ysd
m-ﬂh”'-ﬂﬂ s ﬂ?ul’ﬁ(iﬁul) - ((Dan)d

Sum rules in notations analogous to those in section 5.2 are as follows

3 (gGYy = 16n e
PG E DT s T STre DA LR ot
. Eiif { dse=*/™" ImII(s) (5.36)
1 30(s—W?)

— Im TI(s) =fA<E"0(5)+ 3, 8 s —m3)+ ey 3y

The first term corresponds to free loop, in terms of the wave
function it corresponds to

frecquarksys o '3' 2
i e (5.37)

Nonperturbative corrections modify the Lhs. in (5.36), which
corresponds to modified wave function. Of course, considerations
made above concerning the absence of the «window» at sufficiently
large n is still valid, therefore only few first moments can in
practice be estimated [5.40]. Approximate behaviour consistent with
their values is provided by the following function

05 ()]t ev ?E’(l = ¥ {5.38)

which has typical two-maximum shape, demonstrating surprisingly
large fraction of cases when nearly all momentum of the pion is
carried by one of the quarks. Obviously, this fact strongly enhance
probability of various exclusive reactions with pions, providing an
explanation to a number of observations (see more in recent review
[5.44]).

Much more combersome analysis is necessary in the baryonic
case, although ideas are essentially the same. Defining three wave
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functions for the proton as a function of three quark momenta
Xfﬂﬂi/ﬂfur

|Pt> - S§S dx, dx, dxy 6(1 —11—1-'2_1-'3}{ E(“——*'x);‘q(x) X

X1 eyt ) ' x) + ZEEADD 1y () o)) —
T () ' (x2) (x5 | (5.39)

we may then use symmetry properties following from Fermi
statistics and find that only one of them is independent. Analysis of
its first moments was recently made in Ref. [5.43], and the
proposed «realistic» wave function looks as follows:

oy =V (x)—A(x) =
= (40A,/m) x, x5 (18x] + 4.6x7 +8.8x3—1.7x,—3.) (5.40)

where constant A, is given in Table 2. It is also very asymmetric
wave function: about 709% of momentum is at u quark with spin
parallel to that of the proton, see Fig.7. This wave function have
passed few nontrivial tests, say it generates correct signs and
magnitude for proton and neutron formfactors, reasonably
reproduce branchings of W—p p, x—p p decays etc.

Evidently, these results are rather recent and they should be
tested by other data, but they very clearly demonstrate how many
new interesting applications may be generated by the evaluation of
the correlators in the QCD vacuum, even in rather restricted
region.

5.5. The three-point correlators

In this section we consider correlators of three currents
Kapc (%, 4, 2) = (0 T{j (x)jg (@) jc (2)}I0) (0.41)

which are of course much more complicated objects than the
two-current ones considered above. At the moment their
investigations are at rather preliminary stage, but in principle they
may give a lot of useful information such as hadronic coupling
constants. This statement is most spectacular if distances between
all points are large, so one may consider the correlation as being

16

due to propagation of three lightest hadrons from the currents to
some intermediate point, where they interact. '

Historically such kind of applications was first used for
charmonium radiative transitions (see Refs [5.64—5.67]), but for
illustration we have selected another example, namely evaluation of
the pion formfactor at some intermediate momentum transfer made
recently in Refs [5.68, 5.69]. In this case two currents are the axial
ones, producing the pions, while the third electromagnetic current
interact with them.

In momentum representation our notations are as follows

Ko (p, p’, g)=— S ax dy ¢**= QOIT(jd(x) ji ™ () A (0)}I0) (5.42)

and there are three independent variables g% p? p?=(p+¢q)> Ii
they are all large and negative all distances involved are small, so
the correlator in question may be reasonably evaluated by simple
«triangular» diagrams containing free quarks. Nonperturbative
corrections are evaluated by standard OPE methods. Complications
arise at the phenomenological side: one should use more complica-
ted double dispersion relation

2
K\rp]_ (S., S;i Q2)= ﬂ% S(pz_fg!(c:;_ei_i_s,]ﬂvulws P"E_ QE) (5.43)

The contribution of two pion poles into spectral density ¢ is as
follows:

o3y = w2f2plp, (p+ /)1 F= (QY) 8(p2)8 (p'?) (5.44)

where F,(Q) is the pion formfactor under investigations.
Unfortunately, there are also contributions with single pion pole, so
it becomes much more difficult to suppress the somewhat weaker
singularity with unknown coefficient than to suppress nonresonance
contributions in ordinary sum rules. By the analogy to «continuum
threshold» parameter, the nonresonant part of g is written as

oo’ =t -0 (p + p ' — W) (549)

Borel transformation in this case is also nontrivial. It is not
evident that it is possible to put first p?=p’? and than work with
the correlator as with function of only one variable: «subtractive
polinomials» may appear. However, it does not take place, as it
was proved in recent paper [5.78].

Let us now outline the region of parameters in which the met-
hod works. Momentum transfer to electromagnetic current should
19



be sufficiently large in order to ensure small distances, while it can
not also be too large because here the formiactor in question is too
small, and the pion term (5.44) is not seen. As a result, we are
limited to Q wvalues of the order of few GeV, see Fig.8 where
results of the works [5.58, 5.59] are compared with data.

There is one more interesting case, in which Q=0 and one of
the currents is distributed homogeneously in space. In this case

-kinematics is as simple as for two-point correlators, but average

values of all operators should be taken not over puire vacuum sta-
te, but over that influenced by the current. In particular, not only
scalar operators contribute in this case.

Such type of analysis was recently performed in order to
evaluate baryon magnetic moments, made both on the lattice [5.70,
9.71] and by OPE sum rules [5.72]. In the former case external
weak magnetic field is applied to the system in rather
straightiorward way, while for the latter approach it makes

problems for new «vacuum polarization» parameters should be
introduced, say

(Yo, W) peeyeg Fuu (P¥ ) 5 o (5.46)

containing the quark electric charge e, and the so-called
«susceptibility of the quark condensate» . 1 have mentioned this in
order to demonstrate once more that different properties of hadrons
are connected with more fundamental but physically analogous
properties of the QCD vacuum. Unfortunately, direct evaluation of
the value of this parameter from sum rules [5.72] are rather
uncertain. (With the application of vector dominance it can be
evaluated phenomenologically, see paper by Balitsky et al. [5.72],
similar estimates were earlier made by V.L. Cernyak, unpublished.)

x=—1(6+8) GeV—?
x=—(2=3) GeV?

loffe and Smilga

Balitsky et al. (5.47)
Chernyak et al. :

All papers report good results for magnetic moments, but com-
paring the details one can see that Refs [5.70—5.72] have made
only first steps and left open a lot of questions.

5.6. Sum rules for heavy quarkoniums

_Histnricall}r first application of the QCD sum rules by Shifman,
Vainshtein and Zakharov [5.13] were connected with charmonium
states, in particular the so-called «standard» value of the gluon
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condensate was fixed in this analysis. There were some dramatic
moments connected with further development of this theory, in
particular evaluation of W—n,. splitting {[5.45] have produced the
result much smaller than suggested by experimental candidate for
M. at mass around 2.8 GeV. In contrast to potential models, it was
found impossible for sum rules to obtain so low mass, which was
ciearly stated. Later Crystall Ball experiment have found correct 7,
mass, being in agreement with sum rules expectations.

However, application of OPE methods to heavy quarkonia is
much more difficult, for in this case interaction with vacuum fields
is essentially suppressed by small dimensions of the system.
Charmonium case is intermediate between light and heavy quark
physics in many respects, so accuracy of the original analysis
[5.13] remains rather uncertain and was a subject for recent
polemics in literature.

[n particular, much attention was payed to details of the [litting
procedure and some examples of potential motion was used in
order to test them. We are not going into such details and refer to
recent review on this point [5.52] for critical discussion.

More important development was made in works [5.49],
addressing the question of further nonperturbative corrections in
the OPE series. With fixed-point gauge method considered in
section 4.2 and analytical computer calculations all coefficients for
d=6 and d=8 operators where calculated for vector and
pseudoscalar currents. It is probably not necessary to reproduce
here all these lengthy expressions and we only present some typical
example. For current cy.c polarization operator can be shown to
have the following OPE corrections -

1 ;
= St T & 3 5. T4 v 3 S Jj+

0

gy i+2
LYY ) ey, UOKE) (ﬁnLIEJ,_EIE—

18n°Q" 1327°0° | 12 >
301, . 871 3 2 3 Qf
= B Eh 14143015~ 21, % . ?%)+ oot =uligugy

1

.H-'( %)Eﬂ8[1+xﬂj;m§/mg]n m (?ﬁ:f]):' [( ﬂz:I )Nﬂ'ln( :ii )_+ :

i
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where perturbative correction is given by Schwinger interpolation

- formula and O(G? correction according to [5.45]. We have not

“included relatively small contribution of d=6 operators found in
'[5.49] and show only the coefficients for one typical operator of
déﬂ;_Complete set of such operators was defined as follows:

OL=g* ™ Gs, GG  O2=g'( 3 Py vy
3 . u.a.5

0= g!(d™° G5, Gl + = g*(G3. G’

L O =g (P GRGY OF =g (GGl )

O =g (A G GLY + 2 g4 (GRa G e
03=g"" Giu( 3 Py, 'W)( 3 Py t)
At u,ds u.d,5

I G GuaGapens O =g I Prut¥)( I Py, DH¥)

Evidently, it is' not reasonable to consider their average value
_as some independent parameters, for it is hopeless to fit them,
- ‘therefore some constructive model of the QCD vacuum is needed.
- One extreme was suggested by Shifman et al. [5.13], the so-called
factorization . hypophesis, providing in some sense minimal
corrections. Another alternative discussed in [5.49] is the instanton
model with parameters similar to those considered in chapter 2,
which suggests much larger corrections. Fixing all averages of
operators (5.49) and using their OPE coefficients evaluated
explicitely it is possible to confront theory with data. At Fig.9 they
are given as moment ratios (4.8), together with the SVZ curve
[5.13] and those including further corrections in both models. This
comparison have lead the authors of [5.49] to rather disappointing
conclusion that the original analysis was not justified, at least for
n>4—~6.

Let us look at this problem at somewhat different angle. It is
demonstrated that OPE series are not convergent fast enough for
certain vacuum models in the region of interest. It does not mean
that such models contradict to data, but simply demands that the
correlators be evaluated by some more reliable method. It is useful
to recollect here the correlator shown at Fig.6, where also OPE
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series become useless at some point, while no defects in the exact
correlator for the instanton model are seen and it nicely goes on in
agreement with data. In fact, similar behaviour is typical in all
cases when strongly decreasing function is expanded in power
series: the sum is much smaller than each term of the
sign-changing series.

As far as the question is quantitative it is desirable to make
acctirate numerical calculations without any assumptions involved,
other than vacuum models under consideration. Results of my
calculations [5.53] are demonstrated at Fig.10, given as the ratio
of the complete correlator to its «perturbative» version,
corresponding to free propagation of charmed quarks with mass 1.3
GeV times the O(a,) correction. Unit value of this ratio at small
Euclidean time 1 corresponds to asymptotic Ireedom, while
deviations at larger tv are due to vacuum fields. In short,
calculations where made by explicite averaging of Wilson loops in
external field

W =(Tr Pexp ( :‘lg- ( Aﬂf“dx,.)) (5.50)

over ensemble of free paths. Two models considered where the «ho-
mogeneous vacuums» model and the «instanton liquid» one,
approximately corresponding to two models considered in Ref.
[5.49] and at Fig.9. Both models where found able to fit data well
enough, although with different condensate values (being 1.7 and
1.0 in SVZ unites). However, O(G*®) terms are different by one
order and OPE terms considered above are completely different. In
conclusion, the condensate value found by Shifman et al. is
evidently correct (up to probably factor of two) for quite different
vacuum models, including those for which the OPE series
completely break down.

Unfortunately, calculations reported above are not also free
from simplifying approximations. In particular, relativistic effects
were ignored. It is also desirable that perturbative effects should
be taken into account not only in the first order and such work is
now in progress. However, they can not affect qualitative
conclusions made above, but only somewhat modify numbers
involved.

Coming to theory of bottonium sum rules pioneered by Voloshin
[5.56], we start with general comments on very heavy quark case.
Obviously this problem can be considered in the nonrelativistic
framework. Suppese a quark makes free propagation during the
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time {: in average its distance from the initial point becomes
proportional to (f/mass)'/? and at large mass it is negligible.
Therefore, quark-antiquark pair under such conditions have very
small dipole moment and respectively their interaction with vacuum
fields is suppressed.

This consideration was oversimplified, for close nonrelativistic
quarks interact by Coulomb forces, and the Coulomb factor a,/v
(where v stands for wvelocity) is not small. Therefore, this
interaction produces large effect and it should be nonperturbatively
taken into account. In particular, it makes the pair dipole moment
even smaller than considered above.

In order to demonstrate how important are Coulomb effects let
me mention Ref. [5.50] where they were ignored, with the
conclusion that the gluon condensate value following from
charmonium and bottonium sum rules are different by nearly two
orders of magnitude! In Ref. [5.54] Coulomb forces where included
in very crude approximation (the running coupling constant was
substituted by the constant one at the average distance), with the
conclusion that the condensate should be increased by one order.
So strong deviations are not striking because, say, at distance
To=2 fermi Coulomb effects change the correlator by the factor
20—50, while the nonperturbative correction is only about
20—307. Obviously, bottonium sum rules are not the best place to
fix the condensate!

Of course, great sensitivity to perturbative effects of bottonium
correlators has also its nice features, for it can be used in order to
evaluate the value of the fundamental lambda parameter. Such at-
tempt (although in very simplified approach, containing an
assumption aboul «freezing» of coupling constant at a, about 0.3)
was made in Ref. [5.46;.

In my paper [5.53] Coulobm effects were taken into account by

the averaging over ensemble of paths of the following time-ordered
exponent

Weoulomb _ ¢ Tr Texp { I—; § Antey) dxdo— "'_93; ) Al dxiP+

LY

+{ dr [%f][%%ﬂ} ) (5.51)

where R is the distance between quark and antiquark at the given
moment and &)if; are the product of «colour vectors» for quark
and antiquark. Note that three terms do not commute, for both ex-
ternal field and mutial interaction can affect the quark colour state.
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Apart from the nonrelativistic approximation used for quark motion
and the instantaneous interaction, we have ignored here direct
interaction between the external and Coulobm fields, which is
possible if quarks are sufficiently close.

Results of these calculations are shown at Fig.11, together with
experimental data for the logarithmic derivative of the correlator:

F(®) =% in OIT(j(x) /(0)}0)

F(t) —> m, - (5.52)

T — 00

The two models are the same as in charmonium case, and they

- both are consistent with data well enough. Among the conclusions

obtained in the course of this work are the following. First,
Coulomb efiects mainly contribute around the points of current
application, were quarks are most close. Second, main effect of ex-
ternal field is «colour rotation», and even small admixture of
colour octet state of the pair strongly affects the Coulomb effects.
No details of the field other than its general intensity are
important.

Concluding this section 1 may comment, that the QCD sum
rules for heavy quarkonia are still very actively developing field.
Impressive and still growing amount of phenomenological
information involved in it is potentially wuseful for the
understanding of vacuum parameters, in particular A and {(gG)*)
but a lot of work is still needed in order to extract their reliable
values. There is not much hope to obtain more detailed information
on the vacuum structure though, for which correlators considered
in two next sections are suited much better.

5.7. The pseudescalar currents and instantons

In the previous section we have considered the complications
arising if the interaction with vacuum fields is suppressed. In this
and the next sections we are going to discuss what happens if it is
too strong.

Beiore we come to correlators and sum rules let us recall some
phenomenological facts connected with pseudoscalar mesons. In
many respects they differ from other hadronic multiplets, say from
vector or tensor ones. First of all, in this case strange quarks are
not so much separated from the nonstrange ones as in latter cases.
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On the contrary, n meson is almost SU(3) octet particle, while n’
is close to SU(3) singlet. The second strange feature of v’, iis
large mass, is the famous U(l) problem already mentioned in the
Introduction.

Somewhat less widely known fact of similar kind is connected
with pion. We remind that it is the lightest hadron because of its
Goldstone nature and for massless w, d quarks it would be
massless too. Thus, in order to discuss whether pion is light or
heavy it is needed to single out quark masses as some parameters
external to QCD. Introducing the coeilicient

2

ey el 522 GeV (5.53)

one may indeed say that pion is surprisingly heavy particle.

Related fact noticed by Novikov et al. [5.56] is that for
pseudoscalar currents with pion quantum numbers the «continuum
threshold» parameter is relatively large as well. We remind that in
this case this parameter is defined by the following parametrization
of the spectral density:

Im I1(s) =afz K*8(s) +6(s—W?) Im TP (s) : (5.54)

and the so-called «duality» relation between the resonance and
[17¢"": the integrated cross section should correspond to free quark
behaviour, otherwize asymptotic freedom at small distances beco-
mes violated. Writing this condition as foliows

—B8/5

3 — k2 g2
WW*( lnm] ~J2K (5.55)

one obtains relatively large value W?=2--3 GeV? about twice
larger than that found in vector and axial channels.
Now we come to OPE evaluation of the relevant correlator

[5.13]

RGP gy @ Coloy, sond g
: { 8.11'.2 ]J-ﬂ 2@2 u i I
g, L - T s
+ g (GRF+(01+0) /Q*+ "}(I"E ; (5.56)

where two four-fermion operators are defined as follows

0, = —nas(uo,t*u)(do,1°d)
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Using the same estimates as in section 5.2 for their average values
it is easy to see that these effects are too weak to produce the
necessary value of parameter W. Respectively, pion coupling to
pseudoscalar current if fitted turns to be too small as well.

With such impressive list ol puzzles in mind let us consider
their possible resolution. Nearly all ideas suggested for it are
connected with instantons. In chapter 2 we have already mentioned
t’'Hooft’s comment that the instanton-induced interaction of light
quarks explicitely violates the U (1) syminetry. Possible role of this
interaction in mixing ol strange and nonstrange quark sectors was
firsi discussed by Geshkenbein and l[offe [5.58], and they even
made attempt to estimate n—n" mixing angle. More systematic
discussion of such anomalies was made by Novikov et al. [5.56],
who have presented convincing list of arguments that all zero-spin
channels are characterized by unexpectedly strong nonperturbative
effecis.

Attempts to connect all these phenomena by some simplified
model were made in my works [5.57]. It was already discussed in
chapter 2 and contains two parameters being the instanton density:
n and their typical dimension

du™
d*x dp

=n, §(e—e.) (5.57)

Fitting their values in one way it is interesting whether other
effects can really be reproduced. But beiore we come to their
discussion let me emphasize another important aspect of the
problem: we have also to understand why the instanton-induced
effects do not spoil good results- obtained in many other cases, say
in vector and axial channels discussed in section 5.2. To avoid
misunderstanding we may say here that power correction included
in this analysis may also be the instanton effect. Moreover, the
instanton density was in [5.57] [lixed from the condensate value

nia((gG)?) /64n’ (5.58)

By «instanton effects» we mean here corrections which are not
given by standard power terms of the OPE series. Examples of

27



such nonpower terms were discussed in section 4.3, they correspond
to part of the correlator regular at x—0 and they where not
considered in the preceeding sections.

In Refs [5.55, 5.56] it was emphasized that such contributions
are suppressed in vector and axial channels due to chiral properties
of t'Hooft zero modes. However, it is true only if quarks are
sufficiently light. In the presence of spontaneous chiral symmetry
breaking it is not at all evident that its remnants (such as
considered selection rule) are left. In order this to be the case one
needs that [5.57]

[Mes(ec)ec] <1 (5.59)

Important, that evaluation of quark effective mass made in chapter
2 indeed leads to its value about 0.1.

Let us now return to sum rules for the pseudoscalar current. In
section 4.3 it was explained that in the leading order in (5.59) the
instanton contribution is simply given by the substitution of zero
modes instead of quark fields in the currents. This simple
calculation leads to somewhat lengthy formula (in order to make
contact with traditionally used sum rules one need to perform
Fourier and Borel transformations):

=3 (100, =5

—§ Im 1P (s) e ds+ “25L +1(0,+ 0,) + I™H(1)+ ... =

| 32n

=2 K2 exp (—mitd) (5.60)
w here

I1"s(r) = @%SSdadﬁchachﬁx
M
5 3 2 l —B/9 :
e 3 3 _ % 5 5.61
(#t-gt)ow (=) j( =) it
{=(ch a+ch @) /2

One should also note that instanton model leads also {o some
amplification of power four-fermion operators of the OPE series.
Note that in contrast to operator O, (and those met in section 5.2),
the operator O, obtains the nonzero average already at
one-instanton level:

- S04 (5.62
<O'>_5nM3ﬁu3 o
and therefore it is several times larger than (O,), estimated by

factorization hypothesis. ’
8

The correlator following from such calculation is shown at
Fig.12, it should be compared to the pion contribution. The
normalization is such that resonances contribution is proportional
to exp [—(mass-t)’], and in the approximation considered pion
mass should be equal to zero. And indeed, up to about t<1.5 (in
1/GeV) the correlator is nearly independent on t. It is evident
from that Figure that without large instanton effect -it is not
possible to obtain the massless pion.

Let us now continue this game and consider the correlator for
kaons. The instanton contribution in this case is suppressed by the
following factor:

Ee= e ~ 0.6 (5.63)

(which is also true for instanton-induced power correction).
Comparizon of the correlator with exp [—(M:-7)?] made at
Fig.13 really produces reasonable mass for the kaon. Note the
important difference with standard SU(3) breaking caused entirely
by additive effect of the strange quark mass. Now effect is not
additive and rather nontrivial: kaon is heavier because the
instanton-induced effects which make pion massless are suppressed!

Analogous results are obtained for the n, suppression factor is
now

_ Mey—ms/3
BT (5.64)

However, the most interesting channel is the famous n’ one, in this

case the instanton contribution differs with that for the pion one by
the factor

By =— el | 4 (5.65)

which is negative and therefore correlator fall down with t© even
faster than the perturbative one, see Fig.14. In some sense, this
effect is too strong for fit give mass value around 1.5 GeV.
However, it may well be the contribution of the meson i(1420)
discovered recently by Crystal Ball, its production rate in W—i+y
is comparable to that for W—n'+v.

Finally, in [5.57] was considered the nondiagonal correlator of
n—mn’ type, which is also the SU(3) violating effect caused by
strange quark mass. It also corresponds to phenomenology and
produce the mixing angle of correct magnitude.
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Note the general tendency of these calculations: the resonance
couplings -and continuum thresholds are about the same in all
cases (some phenomenological argument for it is that «primed»
resonances all are around 1400 MeV), but masses of lowest
resonances are completely different. This is because the latter
parameters are connected with «small distance physics», being
nearly completely perturbative, while the masses of lowest
resonances are completely determined by nonperturbative effects.
Interesting that the latter are completely SU(3)-asymmetric, for the
strange quark mass is not small compared to <«effective masss»
entering the factors above.

Of course, the model used is oversimplified, also it is not quite
clear whether all numbers included in these calculations are
sufficiently accurate. However, great success ol these simple
calculations presumably indicate that we are on the right way.

5.8. Correlators of gluonic currents

[n literature this topic is considered in two dilferent
frameworks, sometimes without their clear separation. The first one
is connected with pure gauge theories while the latter with gluonic
correlators in real world. Although these questions may indeed be
related, it is far from being clear what is the qualitative effect of
the virtual quarks.

We start with the former question, which was studied mainly on
the lattice. We have already discussed in chapter 3 some facts
connected with glueball spectroscopy and remind here that all sta-
tes are relatively heavy: the scalar one has the mass of about 1.3
GeV and all the rest at least two times larger (the numbers come
from the assumption that the string tension in this case is the same
as in real world, but if one would consider instead lambda parame-
ters to be fixed they become even larger}. Now we emphasize anot-
her aspect of these calculations: the coupling constants to currents
are very large as well, signalizing via the duality arguments that
asymptotic freedom is violated at very small distances, at Q? about
10 GeV? or so.

It is clear that if one «switch on» the quark degrees of freedom,
the glueballs become unstable, may be even very wide so that their
experimental observation becomes difficult. However, qualitative
features of the correlators such as sirong violation of asymptotic
freedom at small distances may in this case persist. '
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A set of arguments that it is indeed the case in QCD was
suggested by Novikov et al. [5.58]. We start their discussion with
the pseudoscalar gluonic current defined as follows

jp=ias G5 G2, (5.66)
P(Q?) =i § dx % (OI T[jp(x)jp(0)]I0) (5.67)

In this case argumentation is essentially the same as used for
the pion in the preceeding section. Coupling constants for
resonances n’ and i to this current can be estimated from decay
rate of W—n'+y, i+y. (The main assumption here is that they
proceed through ¥W-—>ggy at sufficiently small distances.) The next
step is based on duality argument: the resonance contribution
should be equal to the «eaten» part of the continuum. As a result,
one really finds surprisingly large value for continuum threshold

W2~10 GeV? (5.68)

For scalar current in [5.58] it was proven the following low
energy theorem:

it 4 '
where
S(Q* =i § dx &*(T[js(x)is(0)])
js=as(Gi)?
Its proof is rather simple and similar to that of relation (1.24).

With such important information at hand as (5.69) it is possible to
write down «improved» sum rules with one subtraction:

n_orm_ @ (Im S(s)ds '
S(@)-50)- % {10 (5.70)
which results after Borel transiorm in the following sum fule
2m* s '
5 a4 SO+ Z (@0 + . = % { Im S(s)e=*/"" ds (5.71)

Note that S(0) is much larger than ordinary power correction (the
third term in (5.71)), so it is this parameter which breakes down
the asymptotical freedom (the first term in (5.71)). Comparing two
first terms one again finds that they are comparable at m2~20

31



GeV2. This conclusion makes  a problem if one is interested in
further corrections: it is apparent that further OPE terms [5.58]

5”“””'(@”)* = {(8GY") + =53 (€1 G2pGRy Gla) —

Qz:
(@™ Gr Gy + 25 (@™ GRaGo) + .. (5.72)

QnQ*

are not large enough in order to continue this trend if, one estima-
tes the operator average values by factorization hypophesis.

Again, the explanation proposed is connected with suificiently
small instantons. Their effect are seen at two levels (as for pion
correlator considered above). First, the gluonic maitrix elemenis
entering (5.72) are enhanced, see [5.57]. Second, there appear
«nonpower effects», related to regular terms in the correlators. The
latter effect is evaluated by very simple calculation: gluonic field in
the current should be substituted by the instanton field. In the
correlator (5.72) the contribution is than equal to

BS™(QY)= {dn(o)-32n"/Xmg) exp(—m’e?);  (me>1) (5.73)

and using parameters of the instantons from the «instanton liquid»
model we indeed obtain effect of needed sign and magnitude,
supporting the trend started by S(0) term. Moreover, [itting of the
mass value from the correlator behaviour with m produces 1.4 GeV
[5.63], similar to that obtained from quite different considerations
by Shifman [5.59] and to lattice results for gauge systems. Note
also that experimentally there exists the suitable resonance £(1300).
It is not the lowest scalar one, being a close doublet S°, § with
" different isospins, but the latter are (according to common
wisdom) attributed to four-quark states.

Now we turn to comparizon between scalar and pseudoscalar
gluonic correlators, which is extremely instructive. Novikov et al.
[5.58] have made very radical assumption that vacuum fields are
«locally selfdual> Gi,= +iGi, with plus or minus sign depending
on the place.. (This assumptmn is of course motivated by the
picture of separated instantons). If so, the correlators considered
are -identical

S@)=—P@)" . . | ki 8

(Up to the general sign: to avoid misunderstanding we remind
here that all correlators and sum rules in this chapter are written
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in Minkowsky notations, therefore the imaginary unit in selfduality
condition. Note also that both S(Q) and P(Q) have positive
spectral density.)

I (5.74) is assumed, it is naturally to find the low energy the-
orem for P(0) similar to (5.69). Unfortunately, it can not take
place because due to «anomaly relation» the pseudoscalar gluonic
current is complete divergence of the quark axial current

3a
8 o
»(dE UyuysY) =

Gs Gy (5.75)

and therefore in chiral limit P(0) should be zero!

In order to reconcile seliduality condition (5.74) with this fact
Novikov et al. have suggested the following interesting assumption:
by «switching on» the quarks one modifies only the low-energy be-
haviour of the correlator P(Q), in particular large constant P(0)
turns to large coupling to low-lying n” meson. Following this idea
one may apply data for ' coupling mentioned above and evaluate
P(0) in the absence of quarks:

2

e 1 (dS 4 ‘
— pmssrmyg)s, L ST“I“ p{g))q;(?"‘;ﬂ, mﬂ.) ~.4 GeV* . (5.76)

We remind that P(0) is proportional to «topological susceptibility»
discussed in chapter 3, and that its value was earlier estimated in
other ways in Refs [5.60—5.62] with the results of the same order
as (5.76). In any case, there are good reasons to believe that
«local selfduality» condition is fulfilled in the QCD ‘vacuum, and
absolute numbers like  (5.76) suggest about one instanton or
antiinstanton per (fermi)®. As we have already mentioned, this
feature is not observed so far on the lattice, producing much
smaller P(0).

Concluding this section we may say that there are many
intriguing questions concerning gluonic correlators which are left
open, partly because phenomenological information is so far very
limited. More efforts are needed, including those by ex-
perimentalists, in order to obtain it.
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Tablel !

Decay constants for D and B mesons (in MeV) & /!
Euy
fo fa Reference
< 250 — Novikov et al. [5.35]
220 140 Skuryak [5.37] 1.5}
276 Reinders et al. [5.36]
160—170 | 90—100 | Chernyak and Zhitnitsky [5.38] o \
170 130 Aliev and Eletsky [ 5.38] e 1 ;’\ b
~fa = Hamber [5.4] 3 E 10F \
‘ \j \
H‘ ]
Table 2. _ 0.97T
Coupling constanis A,, A, of the two nucleon currents
and the continuum threshold parameter W,
ot | 1 I i -
GeV?* GeV GeV® Reference
Sx .07 2. 5 — lolfe [5.24] Fig.l. Fluctuations of the hadronic mass values as a function of iteration number.
3607 | 1.4%.15 | e Shuryak [5??] Closed and open poinis are given acccording to Refs [5.1, 5.6], suppression
66+ .11 = 1.£.3 | Belyaev and loffe [5.28] of the fiuctuations with larger number of the lattice sites is clearly seen.
— 3 -— Reinders et al. [6.30]
- — 66+ .06 | Zhitnitsky [6.33]
J1%.27 | no cont. - Hamber and Parisi [5.1]
i
T
|
| 'fg_
\
s 25 € \
> 5 \
e N
e p
j - 2
0.9

-...“.“.,ﬁr M

Fig.2. Logarithmic derivative of the correlator of nuclieon curreni versus
Euclidean time according to Ref. [56]. Approach tc asymptotic value at
large time (the nucleon mass) is made from above due to the coniribution
of higher states
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Fig.3. Some set of results obtained in Ref. [5.1] for hadronic spectroscopy in g
qﬂf"‘:he‘i appr?xlmatlm,hgn:ren g iun}:ton of the hopping parameter K Fig.4. Dependence of the correlator of pseudoscalar current with pion quantum
i Eksgp]fr sca;] andg physical quark mass (the lower scale). The curves numbers on the Euclidean time t. The dashed curve corresponds to results
mal; gl' A, d‘ A, SV, P cnrre&p{md' to the isobar, the nucleon, scalar, _ obtained in quenched approximation [5.1], while the points and the dotted
vector and pseudoscalar mesons, respectively. line (drown just lo guide the eye) correspond to the calculation [5.10] ac-

counting for virtual quarks by the pseudoiermion method.
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Fig.5.

- -
.3 M

Comparison of both sides of the sum rules for /=1 vector current (5.6) as
a lunction of Borel transiorm parameter m according to Ref. [5.13]. The
curve Theory corresponds to the lLhs., while in that marked by Th.-coni.
subtraction of the continuum contribution was made so that it should be
compared directly to ¢ meson coniribution. Arrows marked A and B
correspends to «window» boundaries, at which power correction and
continuum contribution respectively reach the level of 309.

Fig.6.

Correlator of pseudoscalar current consisting of light and heavy quark
fields versus Euclidean time 1. The solid line marked «exp» substitute for
experimental data, it corresponds to spectral density with parameters
defined by fitting of the sum rules in [5.37]. The dashed curves marked 0,
I, 2 include respectively no power corrections to the free correlator, the
leading O((¥PW¥)) one, and two corrections. The curve marked SUM refers
to direct evaluation of the correlator in the <instanton liquid» model [6.57].
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Fig.7.

(8) i

Comparison of the-asy'fnptﬂtic nucleon wave function (at log (p/A) going

to infinity) (a) with the «<realistic» one, (b) at p about | GeV with
parameters defined in Ref. [5.43].
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Fig 8.

The pion formiactor versus momentum transier Q. Points are (somewhat
averaged) experimental data, two curves marked /S and NR refers to

results of Refs [5.68] and [5.69], respectively, based on OPE sum rules for
the three-point correlators.
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Fig.9.
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Moments ratios r.=M,, /M, (M. defined in (4.8)) versus n for vector
current of charmed quarks. The dashed region corresponds to experimental
uncertainties, at large n it disappears since the ratios limit is connected
only with psion mass. The points v refer to account for 0(G?) corrections
in the pioneer work [5.13], and x, x to account for further corrections
0(G*) and O(G*) [5.49] for «homogeneous» and <«instanton liquid» models
of the QCD vacuum, respectively.
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-

Fig.10. Ratio of the correlator for the vector currents of charmed quarks to its
perturbative analog (propagation of free quarks with mass 1.3 GeV times
the O(a;) correction) as a function of Euclidean time t. The shaded region
correspond to experimental data with their uncertainty, while points Vv, O

refer to «homogeneous» and cinstanton liquid» models [5.53] .
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Fig.11.

The logarithmic derivative of the correlator of veclor current made of &
quarks depending on Euclidean time t (in fermi). The closed and open
points correspond to free quark propagation with mass 4.8 GeV and that
corrected for O(a;) eifects. Other notations as at Fig.10. In the lower part
of the figure we show separately contributions of Coulomb and
nonperturbative effects.
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05

Correlator of the pseudoscalar currents made of light quarks with pion
quantum numbers versus the Borel parameter t=1/m. The curves marked
(G*), (0,+0,), CONT and INST correspond to main power corrections,
perturbative contribution with subtracted continuum and the nonpower
effect due to instantons. Their sum shown by the curve SUM weakly
depends on t, in agreement with zero pion mass in the approximation
considered.
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.

Fig.13. The same as at Fig.12 but for K meson. The curve marked by K is Fig.14. The same as at Fig.12 but for v’ channel. The instanton contribution is in

proportional to exp [—(My-1)?], it agrees reasonably with the theoretical this case negalive and it is shown at the upper part of the figure.
curve marked SUM.
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