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ABSTRACT

T+ ie shown that the non-perturbative local, static, fla-
vor-independent potential in QCD for heavy-quark systems of the
q} - and {)fj-families is reasonable only if the typical size
of vecuum fluctuations is rather sm&ll Thﬂ QCQ~parameters are
estimated, It is shown that the amnll aizo instantons lead to a

dynamicel freezing of C{ﬁ.in QCD.



1o A8 well known now, the QCD-vacuum has & complex non~
perturbative structure comnected, in particular, with instan-
tons (for the detailed consideration of instanton effects see
Ref./1/). Heavy-quark systems can serve very likely as one of
the best non-perturbative vacuum probes,

The interaction beiween heavy quark Q and heavy anti-
quark @ at short distances ‘7 is asymptotically free. With
the growth of C the &symptotic freedom breaks not only beca-
use of the perturbative increase of the coupling constant HKoe
but because of the non-perturbative effects giving rise to po-
wer corrections, &s was first shown in Ref,./2/. The mechanism
of asymptotic freedom breaking, which is connected with long-
wave non-perturbative fluctuations /2/ has been conaidered the-
re with use of the mder-thmahuli sum rules {see in additiom
Ref./3/, where also the heavy@@ -gystems have been examined
by means of the method of Ref./2/ for states with different gu-
antum numbers). s

Owing to the non-relativistic nature of the QQ ~states
a consideration of the nom-perturbative effects in these agys-
tems is substantially simplified, The effeciive potential of in
teraction V{ %), if its introduction is possible, is a power-
ful tool for the description of the non-relativistic systems.
However, if we make an attempt to inferpret ihe arising power
corrections by means of V(I‘Z)for large enough @2: Gt et
"C ), the real difficulties are immedistely emcountered. So,
the power correction to the total cross section e’e”—» (had-
rons)e ( 5 is the flavor of the produced Q’.QJ‘ turns out to
be negative /4,5/: A Rj (E) < (J,although the vacuum fluctus~-
tions(VF) are suppresed when ,\y move away ome from snother.
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Then one can expect that this suppression has to result in the
Q,a attraction and, therefore, in A R;C(E) > (). The explana~-
tion consists in that et fairly high energies when only the lo-
wer-dimension operator ?2 contributes to QRE(’E)( ? is
e chromoelectric field), the interaction generated by the VF 1is,
undoubtedly, non-potential.

This fact does not mean, however, the inconsistency of
very successful phenomenological potential models (see, .84,
Ref./6/ and the literature cited there) and QCD. The success of
the potential models not only in the description of the proper-
ties of resonances but in the prediction of a large number of

the facts,which are experimentally confirmed, should be expla=-
ined in QCD. But in the papers /7/ it has been claimed that if

1+
<%G )#:0, then a non-perturbative QQ ~interaction in
QCD cannot be describgd in terms of the potentiel in its usual

b

meaning.
In the present paper we analyse those conditions under
which the potential in QCD can be introduced in a conaistent
menner. Unlike the other existing attempts of consideration, it
is shown that the potential in QCD has a sense only because of

the smallness of the characteristic size ).PC of wvacuum fluctu-

ations: .’f/Q{‘ "*‘jCEV-»A

*) The idea of a second scale (unlike the scale of sz-i’f -
confinement redius) was introduced in QCD in the papers by Cel-
lan and Dashen and Gross and by Carlitz and Creamer /1/. The
breaking of the chiral symmetry caused by instantons has been
considered there to occur at the distances T <¥ R._._ .In the im-
portant papers of Carlitz and Creamer /1/ it has been shown for
the first time that the generation of dynamical masses of light
quarks and the breaking of chiral symmetry are due to the small
gize instantons with .Pc <’<’7‘%- .Later, it was also poinfed in a

number of papers /8,9,10,4,5/ to the existence of the second sca-

le in QCD.
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2. The principal point which makes it possible 1o see

the emergence of the potential in QCD is taking into account
EDLE ( :

the operators & ﬂﬁi) together with the operator ? .
These operators form the leading infinite aubsequenca of non-
perturbative corrections for the Q@-Eﬂ'ﬂt&mﬂ /5,4/. Owing to
these operators the difference of the Green's functinnC(%?Q
for Q@- from the perturbative Green's function

ACGETD= Nt V gk

(1)

can be considered as the effect of the potential operator

A

Pa E+H ()

where K ( P) is the Fourier transform of the gluon vacuum
correlator K(T)
R ORI
K (t)= -———J’Ed <?@Pe fﬂfeﬁ%gn § (3)

s,a Q=2
and H is the projections of the HamiltonianHa E *o—f‘;"t +:e

( ‘[‘; ‘t are color generators for Q Q ) onto the singlet and
octet states, respectively. In fact, KE(P’) is the energy dis-
tribution funi'l:ion of a non~perturbative gluon in the intermedi=-
ate atate QQC in which the intermction potential is formed
in the dipole approximation. The variation scale of K (R!):.H
| pol ~ i/‘pc » where (). is the characteristic size of the VF.
Therefore, one can neglect the operators ?& f (n ) only

for Qa -syatems and sizes "p such that ch O (wﬂi) -4

ag 2
( Q. = z— EM:) mOL'} This is fulfilled only for very long=-



wave VP (if the IJJ = and T-families are gstudied).
As is seen from Eq.(2), for the matrix elements of the
potential operator the non-locality due to the operator of kine-

tic energy takes place only at very short distances:

-1/2
[

]?wzj ~ fm-(PG—E)/ << Qg (4)
for not too high levels {CLB h'?ﬂi; R v1Gew). OQutside the nar-
row region of non=-locality, :Lf the combination —E -E

. m ;_JM:

in the octet propagator is neglected, we have the local, sta-

‘tic, flavor and energy independent potential

V(’Z) . ,.%5 : S"{TK@@ i O (5)

As was argued in /4/, by virtue of the smallness of (. , the

corresponding VF may be represented by instantons and

PO B D) SZeD@ ©

‘ C
where SC!'-F LP(Lf)z’I 28 /57, D(j{) iz the density of instantons.

3. The validity of formule (5) is limited from above,
formally, by the inequality 7 << fr . As will be seen below,
the dipole approximation works due to geometrical reasons with
an accuracy better than 15% even at ¢ = Jf- » Here, in order
to find the quantities (%Ca and J:)c from the comparison
with the phenomenological potentials, we use the known result
of Callan, Dashen and Gross /1,11/ for the_static (both in the
color octet and color singlet states) QQ =Qreen's function
in an approximation of the dilute gas of instantons (DGA).The

congideration beyond the static approximation will be publi=-

ghed elsgsewhere,

It should be emphasized an important point: the static

approximation is not applicable for the longwave mechanism /27

of the esymptotic freedom breaking.
In the DGA the instantons generate the attractive peoten=~

= VACE 2§d (o) P(E),

Py =3 Sz [1 - oprma s

(1)

o 2G5 g, ZIEL sin ﬂr/z—z-j 5

F- g2l T VIFE T (gt

Just ag in Ref./5/, of importance ia taking into account

the leading logerithmic corrections o(;n~ &% to the Coulomb
interaction, which lead to perturbative variation of OCS ac=-

cording to the renormalization group

it 2% 4
V (%)= =gy Bol/ra?d O
ﬁ ~ﬁ;’u" E,JV The theoretical curve w&(/?) VM{) V&)lg

presented on Fig,1 end corresponds to the parameters /| ,m , My M,
(_%j_;, C‘3> 5 ;Pﬁ , Which are close to those obtained in Ref./5/
( D(Lp)ie taken from Ref./4/):

(ﬁié‘é 0.12 Gev? f): 1.6Gev*
op (}24@%; (10)
=486 GeV me=14FGev

Pig.1 also presents the curves for the very successful single=-

tric Richard : tential
parametric Richardson's potentia Rwﬂ(?) 712/ and%ﬂ(?)
and % (2)= V (t)+fj~2 "j.e masses of quarks have been fitted

by means of the comparison between l } (‘?’.‘) and V (’2) by the
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same way a8 the other parameters ; mfihi.‘igaév,m:‘é‘;.MIﬂ’ﬂte
that these Ara close to the masses obtained in Ref,/5/. It is

worth noting first of all, that as has been expected, the devi=-
ations from the dipole approximation ( m( ) from %(z))ﬁlo not

exceed 15% even at 2=rﬁ’ .

.The turn-down of M(?,) O m(a 4@\5115 connected with

the closeness of the infrared pole. It is evident that in the ab-

sense of the nonperturbative effects the perturbative growth of
0(_5 according to the renormalization group cannot to bind
Q@- and even cannot lead to the formation of Coulomb bound
states (for m-m,. or m=mMy ). The role of small size instan-
tons in our consideration reduces to smoothing the influence of
the infrared pole.

A rather small exeeeding of M(?:) over VM(E) in the
region of small 77 is connected, in our opinion, with a num-
ber of reasons. First, the static approximation leads to the ov-
erestimation of the nonperturbative effects for lower levels:

< : > (PG+,’§Z’+£-£L. d5> (11)

R:F 2ME
Second, as is seen from Fig.1, inclusion of the nonperturbative

effects results, already at the distances 7 24 Ge_s?}'T, in
that the potential becomes substantially steeper compared with
VM(’Z) at AQQ:QQ‘FCGU. This can be imitated by substan-
tially larger A such as, for example, in Refs./6,12/. In ad=-
dition, the behaviour of V(’z) at short distances, 7 < (2 Ge?}-l
has little influence on the spectrum of the g/ - and f)/‘-re-
sonances,

The agreement of the potential M(‘t),which takes into

account the small size instantons, with the phenomenclogical po-

tential (Ref,/12/) in the region of (?CEV)-iq’ : <((7.4G"e‘[,a‘£

B

i

distances is very promising and confirms the analysis of the

gum rules made in Ref./5/.

4, Of much interest is the fact that such a considerati-
on allows one not only to determine the various QCD parameters
(see Eq,.(10)) but to demonstrate clearly in the frameworks of
QCD (in accordence with the empirical observation of Ref./9/)

the dynamical freezing of the coupling constant D\{s . That the

ols is indeed frosen dynemically in the region of distances,

(2§e@n£< @& (jd‘ebﬂd s has been shown from the under-thres-—

hold sum rules for the I)/q-:famil},r (see Ref./5/). Note that the
determining role in this phenomena is played by small size in-
stantons,

Pig.2 demonstrates the curve corresponding to the Cou-

lomb potential sz(ﬁ) with 9(3 = O{:ﬁz const ( Q{;ﬁ 027 )

z_j' cxﬁsﬁ
M(‘E‘):"%‘T +AM (12)

- . it
( A= —Of ?CEVJ- At (O’.Q'Gri’V) : e P&+ZCEL9 there is
a good agreement of %(’2} and| / [z) R‘:fjl(?} o

Let us introduce now ithe "frozen" coupling constant

o(f(‘t)( ol ()= T at (0.9Ce) > ?}(22’6?9194} so that

£ ﬂéz"é, g”;’f*ﬁ)
Vs Sg 5omam (13)

v
The corresponding curve of D[f (%) is depicted in Fig.3. The phy-

gical reason of the phenomenon of "freezing" of coupling cons=-
tant O(fs consists, likely, in that the small size instantons le-
ad to a strong modification of the Green's funciion of gluon
already at fairly short distances £ A (2 GeV)™' ., And this mo-



dification manifests itself as the appearance of the effective
zluon mass at such virtualities (in case of very large virtuali=-
ties "the gluon mass" decreases in the power manner ( Ref./4/ ):

#X4§(@i)fv<%%%:2/éF; recall that the phenomenological gluon
mass in Ref./9/ is }imftﬂ.s GeV) .

It should be emphasized that in case of a longwave VF of
Ref./2/ the interaction operator is not local, Therefore, 1ts in-
terpretation in the form of & simple redefinition of the Jlocal
coupling comstant o(; (Ref./13/) hes little sense,

Moreover, one can say that the empirically observed free-
zing of (. in the infrared region also indicetes in favour of a
small characteristic size ch of the VF. The very concept of a
coupling constant in the infrared.region may be reasonable if on-

ly ch is small enough.

5, It is very interesting that Fig.2 clearly demonstates
also the reason for which the small value of the gluon vacuum
condensate <%%5Gi> =0.018 GeV"* was obtained in Ref./7/. It
haes been supposed in this paper that fj¢5= const, what means the
unjustified neglection of the corrections d:-gltm? . The curve
for %(’z) in Fig.2 is close to %é) and Vq C‘g(z)m the region
of "freezing"., Its deviation from E/Eidgtjin the range of small

/> corresponds to not taking into account of the other levels,
except for the ryﬂ-rescnance, in the fitting of Ref./7/. More-
over, deviations in the region 7 2 (1 Gev)~! were erroneously
connected there with the contribution of the operator g?i : the-
se are approximately one order of magnitude less than the devi-
ations of %ﬂ(’?)(md M(’t}aa well) from Vw(t) (with the cor-
rections c{;‘gnmt taken into account). A1l this is in full accor-
dance with the argumentation in Ref./5/ in the analysis of the

o —————————————————————

sum rules for the Fyq ~family. The nontrivial test of these asg-
gertions is to fit the curve _Kélfhjhy means of the potential

%(@) of the form (12) in the region 2 ~ (1 GeV)™! with

5{5 = 0.30%0.03 from /7/, and, with the calculated constant A/,
to determine the "b-quark masa" H4; . In this case, the mass
turns out to be equal to ?}2;:4_-?¢?Ge'if(if o{s = 0.27 }; note
that m‘b = 4.80%0,05 GeV in Ref./7/.

It is worth noting that in Ref./2/ both the variation

of 5{5.according to the renormalization group in the perturbati-
ve corrections and the very Coulomb "corrections" have not been

taken intoe account, despite the fact that in the sum rules in the

moments representation considered there for the Qb*family the

(¥)
Efszr % V?Eﬁ- £{5 (iié%}i) g :f

' 2
at the same values of |l at which the value of (—%—56) WaS eX=

trﬁﬁt'dr

Coulomb parameter

6. It is possible to show that the potential Xﬁéfﬁjgives
rigse to the formation, at least, one bound sfate unlike-lé;ﬂfﬁj
with running o4 (for the LP - and f]/’ -femilies), i.e. small
gize instantons can form the observed resonances, In conclusion,
we would like to note that in case of the shortwave mechanism of
the asymptotic freedom breaking it has turned out to be possible
to introduce, for the (/ - and r]/)-families, the approximately
local interaction potential., This potential is in accordance with
the phenomenological potentials at the parameters <%%i[:E}?J% of
the nonperturbative QCD wacuum, close to those obtained in Ref.
/5/. In addition, this potential clearly demonstrates the dynami-
cal frewzing of O(, in QCD.
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FIGURE CAPTIONS

Fig,1 Curve 1 - 'Gpl(t)l curve 2 -%(ﬁ), curve 3 _VM((Z)'

curve 4 = uﬁ(ﬁ). The corresponding perameters are indi-

cated in Bq. (10).

Fig,2 Curve 1 -m(ﬁ?) y curve 2 —\é&@); curve 3 -M‘E{/—g),
Agg =025 Gev.

Fig,3 The coupling constant Cﬁs as a function of the distance
‘?f : curve 1 -5i§%ﬁﬂ, curve 2 is the dependence oftiﬁﬁj
according tc the renormalization group (AHE 9 24@1!'},
the straight line o/ = s(:ﬂ: 0.27 is denoted by the num-
bex 3.,
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