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1. Introduction

Since the discovery cf instanton solutions i_c

(see also and references therein) and of gauge ambigu-

ities * it has Ъееп realized that the spectrum and

structure of eigenatates in QCD should be drastically differ-

ent from the customary perturbation theory pattern. la par—

ticular these peculiarities of the theory should result in

reconstruction of the vacuum state. At the level of present

understanding the exact vacuum of QCD should coataiz» large

scale fluctuations not describable in usual perturbation

theory. In ref. were discussed such vacuum fluctuations

caused by iostanton solutions of moderate scale siss so fcfe&r.

in a sense weak coupling theary тешвАned .justified. However

a conq:?.ete investigation of the problem at ail distances re-

quires overcoming the strong .1 с up ling barier and is inacce-

ssible at present.

On the othar hand it is widely believed (see e.g.

and ) that nonperturbative fluctuations of gluasaic

field result in an essential modification of interaction

between a heavy quark and an antiquark. Therefore such fluc-

tuations might play an important role in dynamics of a heavy

quark-antiquark bound system called quarkonium. In fact

the same is true for light quarks (u, d, s) as «ell. But

there is an important difference between heavy and light

quarks. The former cac be considered as external objects

/.laced into gluonic vacuum, while the fields of the latter

also undergo nonperturbative vacuum fluctuations themselves ^

and that is why for light quarks the situation is far aore

complicated.

Ja this paper it will be shown that for heavy



quarks tiie effect of rumperturbative fluctuations of gluc-

nic field on certain properties of heavy quarkoniua can be

calculated to some extent without a detailed knowledge of

the structure of the vacuum state елЛ of exited ones in

QCD» In the approach, to be developed below nonperturbative

effects in dynamics of heavy quarkonium ars expressed in

terms of vacuum mean values of local operators constructed

from gluonic field operators. In particular tiie leading

effects are proportional to the vacuum matrix e'.ement of

the fora

where Г
M
i/ С%/ is the gluonic field tensor.

In fact the procedure outlined below is very closa

to Wilson operator expansion ' but provides a somewhat

more general view on She properties of quarkoniua. In par-

ticular below in Sec.3 the nonrexativistic Greek's function

of relative motion in quarkoniun will be calculated up to

terms proportional to the value (1). The Green's function

calculated in Sec.3 generates, expressions for a set of

two-point vacuum amplitudes generated by currents of heavy

quarks including corrections due to the matrix element (1).

Sffects of the vacuum, mean value (1) in phenomenology

of charmonium and of light mesons were first considered in

Hefa. and ' in terms of Wilson operator expansion.

Prom comparison of зша rules for charm production in

the

eal estimate was found »

a e~ annihilation with the experimental data the nuaeri-



itith a possible (20-40)^ uncertainty*»

Alterratively one can try to estimate the numerical va-

lue of the vacuum matrix element (1) by considering instan-
Д

ton contribution. Such a calculation involves integra-

tion over scale size of instantons P and the correspon-

ding integral is badly divergent at large Q • In the other

words the value (1) recieves dominant contribution from ins-

tantons of large scale size which in turn fail to be good
2

approximations to actual field fluctuations . Thus one is

again led into the strong coupling region and the problem of

theoretical calculation of the numerical value of (1) remains

unsolved.

To avoid possible confusions two points should be nofced.

First is that the (ultraviolet divergent) perturbation theo-

ry part of the vacuum average (1) is implied as usually to

be subtracted by definition so that a nonzero value of the

matrix element (1) is a purely nonperturbative effect. In

the other words one can understand the operator product in

eq. (1) as /t -product l г г I Second point is that

the operator / ^ Cx) Fp
o
 Cx) has zero anomalous di-

7
' so that one need not specify the normaliza-

tion point for the gluonic operators. (In this зепэе the

value (1) Is a universal constant).

The major starting point of this paper is the simple

at) 'throughout this paper a somewhat non-standard but conve—

nient normalisation for г „ is used» It is fixed by

the convention that the Yfl̂ .ng-Mills Lagrangian is written

in the fora

with ^ = t/JTcl/ . f^j i
S
 related to the conventio-

(see p.4)



fact that for large mass m. of & quark one can consi-

ier a quark-antiquark pair localized at a relative distance

% such thac on one hand 2- » m~
i
\ so that the mo-

menta of quarks are nonrelativistic, p — 1. ~ ^< ?K. ,

while on the other hand 1/ is small in the scale of

strong interactions,so that methods of short distance QCD

are applicable. Surely, such я situation requires large rass

of $ quark; even charmed quark:- are not enough heavy in

Shis sense
3
 wnile for quarks aonposin,<; i -family

(m ni 4.5Gev) this situation seens to be conceivable.

The relevance of the approach ievelopea below improves with

^rowin^ mass cf quark ana it caa be helpful for description

of still heavier quarkonium systems '.vnich are widely belie/ej

Co be discovered in future.

The expansion parameters in the approach considered are

typically the "old" d^, /*<- tft) and the "new" one ( £•//£ )

.sonie power; w-aere £ is an intrinsic .;cale size of non-

perturbative vacuua fluctuations. The former parameter de-

scribes usual perturbation theory effects while the latter

one refers to nonperturbative corrections we are mainly in-

terested in. There is in fact no formal definition of K, .

In terms of refs. ' it is of order cf critical size of

instantons $>e . (According to estimates of ref.

2C — 0.17Gev.). In terms of the approach cf this pa-

per the scale of the expansion parameter is ^iven by the

ratio of vacuum matrix elements of different dimension,

nally normalized field tensor Q-M, as follows



eay

vrith J) being the covariant derivative.

For a colourless quark—antiquark pair separated ba &

distance t« Я the interaction with fluctuations of scale

size -v £. can be expanded into multipole series with dipole

term being the leading one. Furthermore, for nonrelativistic

quarks the interaction can also be expanded in powers of

u/c ' (Pit-) so that only the electric-like dipole

interaction survives in the leading approximation* Therefore,

if a guantim mechanical object is considered in which heavy

quarks are controlled to be nonrelatxvietic and separated by

a distance short in comparison with /C , a sort of perturba-

tion theory in powers of (y/fL) and (mr)~ emerges.

In Sec. 2 we shall consider'contribution of nonpertuz—

bative vacuum fluctuations to characteristics of lowest le-

vels of a superheavy quarkonium. By superheavy is meant

a quarkoniun: for which asymptotic freedom is valid for

lowest bound states which are dominantly determined by the

Coulomb-like gluonic exchang . Obviously, this requires the

following condition to be satisfied*

& 1. О)

This inequality sets in for quark mass equal to £ew tens of

jev. The wave function of n-th level i s proportional to

exp. I - /ff t /П, ) with £ = | tlbdffy beinc the

Bohr momentum. Hence, for (/\,/гь)~^ small in scale of /6

our approach becomes applicable since a contribution of

distances £ » /Zt/M J ±e exponentially small. Sore-

ly, th is si tuation does not seem to fee of a paramoimt



physical interest since first there is enough time to

wait for a discovery of auarkonium with tens of Gev mass

and second, the effects we calculate are only small correc-

tions to essentially Coulomb-iike characteristics of quarko-

nium levels comparable witn corrections of 3reit-Fermi

type and even with purely radiative correction^ having re-

.3
lative magnitude oi order ota » Nevertheless, it seems

reasonable to start vith a discussion of this somewhat idea-

lized example since in this case the basic assumptions and

the method are illustrated most transparently.

In Sec. 5 we consider the Groen's function of relative

motion of quarkf in luarkonium at nonpuysical energies far

enough below threshold. In this object the quarks are con-

trolled at short distances by the condition that the energy

is negative (i.e. below the threshold) and large: C-~ к/^,

Я

The latter condition asures validity of изиа1 perturbation

theory.

The physical interest of considering Green's function

is first, that through spectral representation it generates

sum rules for spectral densities of various operators con-

structed from the fields of heavy quarks in hand and se-

cond, that knowing the Green's function even unphysical

energies one can judge upon quark-antiquark interaction,

say in ten;is of potential picture.

The consideration presented below brings also an in-

teresting byproduct. Hamely our approach inevitably requi-

res an existence of states composed from quark-antiquark

pair in a colour octet state and an explicitly coloured gluo-



nic exitation, which will be discussed ixt Sec.4. Such states

should ô  located in narrow energy Ъа/nd around the quark-

antiquark threshold. However with our method we can шоке

no quantitative conclusions about such states since again

this problem requires overcoming the strong coupling barier.

The Green's function calculated in Sec. 5 can be applied al-

ready for discussion of properties of the X -family,

say, if one take., * .2; 1.5 - 2Gev. In this case the sun

rules generated by the Green's function coincide with the

uonrelatxvxstic limit of the sum rules derived in refs. »'»
7
»

for the case of charmonium. Thus the approach developed here

can also be considered as a simple nonrelativistic method of

derivation of the sum rules.

2. Nonperturbative Effects in Superheavy ftuarkonxoa

In this section we consider a superheavy quark-anti-

quark pair so that the condirion (5) is satisfied and in

the lowest bound states the quark and the antiquark are lo-

cated at distances

which are small as compared to the scale of strong inter-

action.

At short distances a nonrelativistic quark end an anti-

quark interact with each other by th^ Coulomb-like potenti-

al

- j —j— & + 3 г ,

where JP
p
 and хГо are the projection operators for co-

lour singlet and colour octet states respectively. The low-



^st lev?!.-, oi uh<i suparheav; сиагкегшхл arc 'ieteratr-ea by

the colour sin^iet; attractive par; of the potential {£) •

.'.'e are xntscectei aere in corrections due to nonpertur-

bative ^luonic fluct'uitions in the exact vacuum of. QCD. To

account -chea for one must cunsidar the total Hilbert space

including states of heavy quarks as well аз of gluons. Ths

Hamiltonian acting in this space can be classified into

three terms:

Ж - TC^TC^T^ut (7)
y
. ike.

where J\/Q is Hamiltonian acting on oynamical variables of

quarks only, in^lud4ng tha gluonic exchange interaction

between them. In the leading nonrelativistic approximation it

can be written in the form

where V(r) is given by eq*(6) end the V operator is

acting on the relative coordinate *t- - ^CL~ ^-g (We

exclude the overall motion of qaarkonium by placing the

coordinate system origin into the centre of mass of the

I/
1

system). <fba is the нашltonian for gluonic degrees of

freedom, and finally, Jt^ is the Hamiltonian describing

interaction of quarkonium with.gluonic degrees of freedom.

The most unknown cerm hes.'e is ^Cq i and the only

property of it assumed for a while is that it enjoys fuli

rights of a Hamiltonian operator in the abscence of heavy

quarks.

I n c a s e
 <^lni

 t e r m i B
 ^eslected, the total Hilbert

space ot the problem splits into a d: -ect product of two

independent subspaces, ons for quarkonium states and the

10



other for gluonic states. Thus,in this approximation the

states of the whole system are factorized ir the form

= 1
!г
а>

 ln
^
>
 (9)

with / ^ & > being the eigenstates of the Hamilfconian

(8) and / ^ > are the same for the faa . In fact as it

has been already mentioned in the Introduction little is

known about the spectrua and properties of Ity^ and

there is enough room for assumptions» We make here two

assumptions about the spectrum of gluonic states. The first

one is that it has the lowest energy state |O> called

vacuum and that this state is invariant unaer Lorentz trans-

.fornations as well as under global colour rotations» The

Ha.miltonian Jiq is taken to be normalized in such a way

that

" "• (io)
d

The second asSUEDtion will be dejcribed later.

Thus, without the <f£ib,t ̂ 9 r m *
а в
 total spectrum of

the problem contains the pure quarkonium states //2-ta> ' ^

and states with explicit gluonic exitations / ^ ^ . Wow we

are going to switch on the intaraction,//-^ and by conside-

ring, it as a perturbation calculate the energy shifts of

quarkonium efcates, i.e. of }У1&> <&/> . To dc this we

need an explicit form of JC^ . The leadir;; nonrelativi3-

tic term is given by interaction with the time-like compo-
л *•

nenu of the gluonic If -potential Аи . As it лае been

discribed in the Introduction we also expand the interac~

tion in mu3tipoles. The first two terms of this expansion

are;



"charge"

= 2£*А /°J ai)

and the dipole

= - J t-Iz(°) (12)
.a, ,0, Д

where t ~ t-t * *г. ( Л-= 1, 2, ... 8) are the colour

SUO) generators for ihe quark-antiquark system ( z.f ^
J

/. refer to the quark and the antiquark respectively; for ь.

•£ • = Д ^ / г T*
 a r e

 °P
e r a t

°rs orthcjenal to t :.1!

and finally,

(13)

(Hote, that the coupling constant ij? is ircluded into

normalization of gluonic field).

We will consider the perturbation expansion in

"fttat
 U
P
 t o t h e 3 e c o n c i

 order, starting fren colourless

states I Ibo. У • Therefore the "charge" tern: (il) will

be not operative, since

and only t.he dipole (12) survives.

For tie same reasons in the approximation considered

we will have no proble^as with gau^e invariance since (12)

contains only gauge invariant operator £ . Therefore

we need not specify the gauge used.

Now we have everything to write down the energy shift

due toje-^ot a quarkonium level, which in the.zerotfc orJf 7

has the form /Ж с
>= /rl

s
>l0>

 # i t h tn
_
&
 >

 b e i n g c o l o u r l e a s #

To the first order we have

12



= о

Tnero are папу reasons for this expression to be equal to

zero. One is that <fO/E^ |0> = О because of the

vacuum state invariance under space and colour rotations.

The second-order expression is

where £>и& t ̂ » a a**® eaergy eigenvluee of

is the same for ^rfq . Note, that the operators

T link colour singlets to colour octets only. Therefore

the- states 1^цУ refer to the continuum spectrum of the

Eamiltonian (8), (6) in the colour octet sector, thus, 01

£ms > Oc Therefore, if /^а> is taken to be one of the

lowest bound colourless states, the energy difference

£%_fi- £f>*Q is negative and large for large enough mass

of the quark.

How we are in position to make the second assumption

about the spectrum -f gluonio states /"*?^ • Sanely we

assume that in the situation considered the r.h.s. of eg.

can be expanded in powers of tm^ /(£п.ь ~ ^т-
л
)

Then the first term of this expansion has the fom

K
d

13



Thus one sees that «1th the latter assumption the sum over

the unknown spectrum of gluonic states ^^J^ ^
Ал Ш

to the vacuum mean value <o / £i Вы. to*> . One can em-

ploy colour and Lorentz invariance of the vacuum state to

relate the latter to the manifestly Lorentz invariant

value (1). Indeed, one has

Bov it is convenient to introduce che 4-vector # « which

is riie total 4-momentum of the quark-antiqusvic system con-

sidered. Is the rest frame to which all the previous rela-

tions refer 4 has only a time-like component Л , so

that from eq. (13) one has

Due to the Lorentz invariance of the vacuum

and thus we have

effi> = ±

Note the negative sign of the last expression. It

shori that with positive value et the quantity (1) (see eq.

(2))' the fluctuations of the gluonic field correspond to

imaginary "electric" component, or in tba other words that

it is more adequate to treat the fluctuations in the Eucli-

dean space, which fits very well with the instanton philoso-

phy.

The assumption of the validity of the expejsion in

1«



powers of £/л*/(€л
л
~ ^я-е) refers in fact to the

structure of gluonic fluctuations. Indeed, the assumption

implies that the sum over the intermediate gluonic states

in eq. (15) is saturated by states /^J?^
 w i t b

 energies

low as compared to {£ц,
л
/ • I» *bi" eense the gluonic

system is assumed to be "soft" in comparison with the

quark-antiquark system. This conjecture can be analised

somehow by considering subsequent terns of the expansion.

The first of them is proportional to

which is zero because of kinematical reasons. Indeed, using

eq. (10) one has

and the vacuum mean value in the last expression in this

chain is vanishing since it should have an odd number of

Lorentz indices. The next term is proportional to

which is reduced to the vacuum mean value of the </= £

operator (o ID £*"£?*• } 0} . Thus our assumption its

valid in case

In the vein of ref.2 the ratio on the l.h.s» is of order

j>e , where J*c is the cutoff parameter for instanton

scale size.



Thus the perturbation theory xnj%. , and the expansion

in power'of С,уц (which is in a sense a perturbation expan-

sion in Jbq ) both result in a series in vacuun mei
r
 val-

of operators of increasing dimension. This expansion зее::з

со make sense as long as the vacuum matrix elements are cit-

Cermined by large distances, or in the other words as Ion,~

as the gluonic system can be considered as soft.

Certainly, 'Jhe proposed expansion, fails also wh&n ihc

quarkonium system becomes soft itself. This takes place fo.

che near threshold levels when the energy gap ^лг
а
 ~ *-«•<;

is comparable with the characteristic values of Z-HH^. • ~?e
d

:an argue cbat in this situation a laiTing of stetes of ths

я7 тат у
piiait gluonic erLtationa tecomss essential. In fact it

is quite obvious if ona considers the first correction to

she wave functian

JH>

О d

This expression also shows that as far as the dipole inter-

action (12) is concerned, the mixing occurs with states con-

taining a colour octet quark-antiquark pair and a colour

octet gluonic exited state.

There is one serious problem сопсе.тд_
ь
- suuii states^

The problem emerges if опб invokes the idea of confiren-лs.

In this case there are no free states with эхе-licit colour

and one should avoid considering them. ?hi.E however seem •••



impossible at the present level of understanding as long as

olvioxiic operators like (= or л,^ are dealt wifth. Thssa

operators require colour octet states bince thoy далгб no

matr.i;; elements between colour sirujletd. IJS fact we dc not

know the language in which QC£ should be formulated to in-

clude both the i ioa of gauge colour an' the oorfinemeat.

In the approach considered there ie no sign of confinement

and rherefou we are forced to consider explicitly coloured

gluonic states and т-he зале fo? quarks. Obviously we can

and actually do restrict ourselves to consideration of states

with no'net colour, ftith the idea of confinement the colour-

less states aade froffl a coloured quaik pair an<i a coloured

t'luonic exitation shoula be bound thus adding a new type of

states to quarkonium spectroscopy.

On phenomenolorical gryunds such states were first coa-

aidered i.i ref. ' anA there are also calculations conside-

ring states with valence jjluona in tb.e fi-aiaawork of the MIT

bag model .

Now we «ill postpone a further discussion of quarkoaium

states witb. gluonio exitations till Sec.4.

Betuming to eq. (15) it is worth noting that it can

be applied in particular calculations of ene :-gy shifts of

supbrheavy quarkonium levela if this problem become/actual

some day. Wit.' eq. (16) after noting that 2L —£ -~j2-

is the Green's function for the repulsive potential

+ | clfffV/z denoted hero as ^W^f^e) (

are olour octets) and using the relation

^colourless state/ f J / colourless state^ - - О

on* can rewrite eq. (15) in the form

1?



where

(19)

and <r ^^v ^ ' ̂ */. is the above, mentioued Green's func-

tion in the coordinate representation obeying the equationj

In the s.sjae approxiiaation one can also find the correc-

tions to matrix elements of a colour singlet operator C/

acting only on quark variables (say, matrix elements for

radiative transitions) betw.en lowest states of a superheavy

quarkoniuni. ?or this one should calculate the corrections

to the wave functions up to the second oruer and then take

the matrix element. The final answer is

1
- (<ГЬ

а
 I Ъ •



т,лог'з fe)
 i S the

 derivative of (>
l (£) over

and Q(°}(e: is the Coulomb-

-like Green's function for •she colour sinolet state»

All the products in eq. (20) inside the ItLrac brackets should

be understood аз operator products.

Оде can readily verify that the relative magnitude of

the corrections discussed xs of order %1
Ц
fri /%.g • There-

fore, the formulae (15)» (IS) and (20) can be t-usted as

long as thi.s parameter is small.

3. Quarkonium Green's Function

In Lhis section we proceed to consideration of a more

realistic case of a auarkonium made from quarks of a mode—

rate though large enough masb, say, of the j. -family or

a somewhat heavier. In this case the quarks inside the bound

s-ates are no longer located at sufficiently shore relative

distances and to asure an applicability of our approach we

must consider the system at energies where there are no

bound states. An adequate object in this situation is the

Greek's function. Indeed, if one consider/the propagation

of quarks off a stationary local source producing the

quark-anfciquark pairs with an energy far below threshold,

£ = - К.г
//П' , then the wave function of the> pairs is

fading as exp(-kr) and only distances с £ Jt are

relevant.

For quarks interacting with gluons we must start

with the total Green's function which is an operator in the

total Hilbert space involving states of heavy quarks as



well as of gluons,

и it) - ^s ——-- ,
 (21)

with the sum running over the complete set of eigenstatas

/>V> of the total Hamiltonian,

The Green's function (21) is in. fact a resol/ent opera-

tor

1

7
^

 J
 -

C 2 5 )

and we are going to calculate it by considering the term

as a perturbation:

+ ...

The perturbation expansion in <y£f is justified in
a

case the relevant sums over intermediate gluonic states are

determined by those with energy much less than /£/ . We

suppose as previously that that is the case if one projects

yfeJ out on the gluonic vacuum state, thus leaving the

Green's function to be an operator acting only on quark

variables. It is also convenient to project it out on co-

lourless sector of heavy quark-antiquark states and define

- Po <o\ (f(c) It» (25)

20



Nets, that £/t) is still an operator acting on odour

singlet states of quarkoniam.

Substituting th expansion (24) i.ntc eq.(25) on« finds

that in terms written out explicitly in eq. (.?4') J£Q is .101

operative due to eq. (10) аса sirea it commutes with ̂ t̂ p .

Moreover, the vacuum mean value ^JC^n^ al-o vanishes, and

thus the linear in Д £ + Жс,с£ tjer™ i n "'2^ brings aero

contribution to b~C£) • Therefore, with the explicit form

lfj; given by eq- (12) one finds

(26)

Now ehis expression can be readily adapted for actual

calculations if one notes that [c%Q ~ £• J i-в the

Green's function for the Coulomb-like problem with the

potential (6):

'£•

Thus, using eq. (16) and simple properties of T opera-

tors we find in the coordinate representati on

(Henceforth the projector Pp will be omitted, but

implied).

A good piece of phyeLeal information can be derived from

eq. (2?). J?or instance this expression gives in the nonre-

21



lativistic limit the correctson due to the vacuum mean value

(1) to the whole set of amplitudes of the form

***<o / T{ j

J^CxJ = Q.C*) O
(IL)
Q(*-) being a set of local opera-

tors constructed from the field of the heavy quarks Q(*).

One can relate the Green's function to e.g. the elect-

romagnetic vacuum polarization function Jr(^-7 for К &

La пае case £ C* / is defined as follows

it is related to Q (£•) by the equation

where the faccor 3 cones from the summation over colour in

aha electromagnetic current, while the 2И* in the deno-

minator arise because of different normalization of the re-

iativistic and nonrelativiatic amplitudes. Note also, that

eq. (29) contains derivatives over ft .On the l.h.s. the

differentiation eliminates the unphysical additive constant

which depends on the renorealization convention, while OE

the r.h.s. the kxnematical singrlarity at ~Х=-7 also

dropps out after differentiation.

The integral in eq. (27) can be res illy done in the

energy region I£-1 » J*Lots (*- '>> Mai^) where the Coulomb-

-like interaction (6) can be also treated perturbatively so

that neglecting it one can write

22



Q (х,р.1)* С fx,J,€J*yf -£ (3D)

- fit £ ) , with £ = /*-$/ - Technically it i B

more convenient to perform calculations in the momentum

representation in which the operator Ъ is reduced to a

derivative, ~Z. - i ^/"a>^ , and tiien transforming back

into the coordinate representation we have

•у/
Now the calculation of the r.h.s. ©£ eq. (29) is tri-

vial and one finds

This expression precisely coinsides with the nonrelativistic

limit (i.eo at Jcz*.<fri ) of the results obtained in refs.

' by rather tedious calculations of Peynman diagramms.

One can readily find the analogs of relation (29) for

amplitudes of vacuum polarization by other currents J
to

jiving the quark-antiquark pair different angular momenta.

Say, for a P -wave current e.g. Q Q or Qas^,Q one

finds that the corresponding amplitude of the type (28) is

proportional to the expression

кк
which is immediately calculable with eq. (31).

The physical interest of considering amplitudes of

the type (28) is that through spectral representation



provide QCD sum rules for spectral densities of quarkonium

states with, different quantum numbers • • "' • For

instance, with the quantity x [к ) (see eq. (28a)) one

explores the vector states of quarkonium which are directly

observed in the e
+
e~ annihilation. Sq. (J2) generates the

following sum rules for Q_ -flavour production in e
+
e~-

annihilation

_ /Г

where fc
Q
 (S) - (Tie**- —* Q -flavour)

and 6?
fi
 is the electric charge of the quarks in hand. In

eq» (33) the obvious first Coulomb correction is also inclu-

ded.

H. Connection with the Potential Model Approach and

the Spectrum of Quarkonium States

tie start this section with a remark that eq. (27) can

be taken as the result of first ixtera^tion of the equation

where JJ is a nonlocal interaction potential

Note also that the expression (18) for the energy shift is

also a diagonal matrix element of U . Therefore the po-

tential \J might be inferred as a nonperturbative part



of intieraotic-: yet-„ntial эе'т&ееп qaarks in quarkonium. It

is interesting -fcat there is no sign of the local linear

potential usually employed in the nonrelativistic posen-

tia.l Eoaei (ззз •?. ".
 x
 )• This implies tiia*: at laasfc

at Che distances ir nsr.ri the linear potential is irrele-

vant.

НкЛ ,'Уег even with the nonlocal interaction (55) i* is

impossible to j/o furcher suppressing the glawxiic decrees of

freedom. This is clreaoy seen from eq. (20) only a part of

which can be derived from the first interaction of the in-

teraction (55). In fact эп. (20) с?л be obtained in no appro-

ach dealing only wiih quark decrees of freedom. Therefore it

seems entiigly inadeqLite to discuss tbe properties of quar-

konium in isolation from gluonic stares.

The incompleteness o^ the description dealing with on-

ly quart-anti quark: a^rnaEical variables becomes evident if oae

tries to write dov/n a spectral representation for х,Ь.в Green's

function (27) of the foric

with a conplate set of orthogonal functions /^ • Tt is

rather trivial to show a<j absu.*-duin that such a representa-

tion is impossible for the function given by (2?). laaeec,

from (J6) aud the orthogonality ansatz one findis that a

function represented by eq. ',.56) should ofeey the necessary

condition

Л o C57)

On ihe oth(=r hand calculat.uis *be same expression for the

function (2?) or even for that given by e^. (Jl) CUP finds

that for their the condition (37) its violated by a teza
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to £

Thus, once the relevance of the results (27) aad (3D

to the approximation considered is trusted, one is led i

evitably to the conclusion that the description of

•̂fn» -tn terms of quark variable^ is incomplete and the glue-

nic degrees of freedom should be explicitly accounted for.

Suroly, after inclusion of the latter variables the Sreen's

function (>C£j has e. perfect spectral representation as

given by eq. (25). In th& otiier words, once the nonperturca-

tive fluctuations of the gluoaic field are taken into con-

sideration they can never be ê hscrbed into a sort of inter-

action potential between quarks»

She physical interpretation of the situation described

is that in the rein of the confinemsnt idea there should be

states oado of both heavy quarks and SIUOES and these .states

as it has been argueu in Sec. 2 should be located in a na>

xow ensrfy band near the Q -flavour threshold where ths

quarkoniua system and gluonic spectrum are equally "soft".

Botet that without assuming such states to exit it is inpo-

ssible to reconcile the spectral representation (25) for

&•&) with the absence of representation (36).

5» C o n c l u s i o n s

In this paper an approa h is developed to considera-

tion of the effects of nonperturbative gluonic fluctuations

in the exact vacuum state on the rumrelativisttic dynamics of

heavy quarkonium. The approach is applicable in case the

quark and the antiquark are controlled to be separated by

distances small compared to the characteristic scale of va-

cuum fluctuations,so that the interaction of the quarkenium
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g corrections consx-erer. are pr:/3rtional т.е. i-h#

m tta;riz element <0i F^^FSl-
(0> /<r>

.

Рог the case of superheavy с;иаг>:ол̂ ид in which th*

lowest boiiti states are determined by t:iie short die-a^~o-

Coulomb-like exchange potential rhe energ? slufte au« to

nonperturbattve fluctuations ate calculated (see eq. (IS))

as well as corrections to matrbc elements of a colourlese

operator acting or quark variables between lowest levels

(eq. (20))-

In. tuse cJ ио4вга«в1у tipav

of relatiive motjion. In qviarboaivmi is founu 45 to tentB pro-

portional to <Colf\jv F»s (
c
) at eaersiee ЪвЮчг thxesb.old.

An investigation of spectral representation foe Ш ©

Green's function led us to the conclusion that tbo

of cbe nonperturbative fluctuations of the giuonic field

can not by expressed in teime of an interaction potential

betv/een quarks and that one should consider states which

contain both the quark-antiquark pair and a giuonic xita-

tion including those in which each of them is a colour oc-

tet.

There is nothing seen to prevent fros extending the

approach proposed on the terms of order tf*/:
1
*. &}$? as veil

as on contributions of vacuum mean values ot operators of

higher dimension than /• . For this one needs to con-

sider!

i) higher multipoles in quarkonium interaction with

giuonic field, as well as terms of orders v/c
 n
"

H
 v'Vc^ in

•she interaction,

ii) porfora further i^tera^ions cf <& *%*£,*•

It can foe believed that a consideration of this sort



be telpful in studying properties of the 2* -family

and of analogoas systems madeAstill heavier quarks.

I am indebted to Prof. L»B.Okun' for valuable

discussions and consents.
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