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Quark-quark interaction with correction from nonperturbative QCD
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The leading nonperturbative correction to the gluon propagator is derived. The Breit-Fermi-type
one-gluon exchange potential with the above-mentioned nonperturbative correction is formulated in the
nonrelativistic scheme. The result shows that, except for the regular color Coulomb, color electric, and
color magnetic terms, both linear confinement and r' deconfinement terms can automatically be ob-
tained.
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I. INTRODUCTION

Since QCD was introduced by particle physicists, the
assumption that the baryon consists of quarks and gluons
has widely been accepted. It is obvious that the tradi-
tional baryon-baryon interaction based on the one-
boson-exchange theory, various form factors, and the
phenomenological repulsive core should be explained in
this more fundamental point of view. In the past 10
years, research into this aspect has extensively been car-
ried out. These investigations can roughly be cast into
two groups. One of them is based on the quark potential
model [1—5].

Although most of the research into the quark potential
model is in the nonrelativistic scheme, the results turn
out quite well, especially for the hadron spectrum [6] and
baryon-baryon scattering [4,5]. There are several
reasons. The effect of c.m. motion can be correctly treat-
ed. The Breit-Fermi term in the Hamiltonian contains
part of the relativistic treatment. Particularly, the
strong-coupling constant a„which is slightly greater
than 1, may include further relativistic and other nonper-
turbative effects.

However, something is still not clear. In the Hamil-
tonian of the hadron, one has to write the confinement
term phenomenologically. In the baryon-baryon scatter-
ing case, the situation is even complicated. It is common
knowledge that at long distances the interaction between
two hadrons is governed by the pion-exchange mecha-
nism. From the view point of field theory, the effective

Mailing address: Institute of High Energy Physics, Academia
Sinica, P.O. Box 918, Beijing 100080, People's Republic of Chi-
na.

pion field or Skyrme field [7—10] is an effective theory
where no quark and gluon degrees of freedom show up.
Because of the finite size of the hadron, at short or even
medium distance, two hadrons have more overlap, and
quarks and gluons should present their contributions. In
fact, there are lots of discussion about this subject in par-
ticle physics, the chiral bag model being just one of them
[11]. Therefore, one should derive an effective baryon-
baryon potential which is applicable not only for the
large but also medium and short separations between two
hadrons.

For the long- and medium-range baryon-baryon in-
teractions, Yu, Zhang, and Shen [12] used the mechanism
of quark-antiquark pair creation via one-gluon exchange
and obtained effective one-boson-exchange potentials,
which are very close to those obtained from meson-
exchange theory, and the effective two-pion-exchange po-
tential, which is weaker than the phenomenological o-
meson-exchange potential. For the short-range part, Oka
and Yazaki [1] and Faessler et al. [2] gave the repulsive
core from the one-gluon-exchange model. But all these
results are based on the operator derived in the perturba-
tive QCD scheme which is only applicable for the case of
asymptotic freedom. It is clear that there should be some
"medium- and long-distance QCD" effects. They may
play an important role, especially in the scattering pro-
cess. Unfortunately, these effects, at present, are not fully
understood. There is not any satisfactory way to solve
this problem. However, one still can put in some nonper-
turbative effects phenomenologically [13]. Many authors
have studied the full propagators of the gluon and quark
from QCD sum rules [14—16].

Our strategy is that beside the potential terms caused
by the perturbative QCD, we bring the nonperturbative
effect, namely, the nonzero quark and gluon condensates,
into the interaction between quarks; then we can obtain
an effective potential which contains not only the pertur-
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bative contribution, but also the nonperturbative effect.
As the first attempt, we just take the terms in the first

order next to the perturbative leading order; in other
words, just as in Ref. [16], there is only one condensate,
no matter whether it is a gluon condensate or a quark
condensate, in the full gluon propagator. In the next sec-
tion, a brief formulation is given, and the results are dis-
cussed in Sec. III.

II. BRIEF FORMULATION

Years ago, Shifman, Vainstein, and Zakharov (SVZ)
[13] introduced the nonzero quark condensa-
tion m~ (O~qq ~0) and gluon condensation
(a, /n)(O~G. „'„G'" ~0), where (0~ ~0) denotes the
vacuum expectation value of the operator. In perturba-
tive field theory, these condensations are zero, whereas
because of a complicated QCD vacuum structure, SVZ
phenomenologically introduced the nonzero vacuum con-
densate as parameters. The vacuum expectation value

(qq ) means that a pair of quarks with zero energy and
momentum condenses into vacuum, whereas ( GG ) has
the same meaning for a pair of gluons. Since SVZ's work,
many possible applications of QCD sum rules have been
suggested [17].

Our opinion is that such condensations might give a
substantial contribution to the effective medium-range
potential.

First, we ignore loop calculations and assume that the
one-gluon exchange between two quarks can give general
properties; i.e., we do not consider ladder diagrams.
Moreover, as the gluon travels along a longer distance,

there may be more qq or GG pairs produced. We
presume that one-pair production is more important than
that with more condensating pairs, because it at least
reflects a first-order approximation. In fact, we consider
a correlator

Z"A„(Z)=0 .

Then

(2)

A„(Z)= ,'Z G „(—0)+,'Z ZPV —Gp„(0)

+—,'Z Z~Z)'V VpG „(0)

(3)

where J„'(x)=q;(x)y"(A, ,'J /2)qj(x). Graphically, we
show several diagrams in Fig. 1.

In this work we omit all one-loop calculations, such as
the quark self-energy and gluon vacuum polarization, as
well as other vertex corrections. It is easy to see that Fig.
1(a) is the contribution from perturbative QCD, i.e., a
Coulomb-type potential; Fig. 1(b) does not give a contri-
bution, because the momentum which flows into or out of
the vacuum must be zero; and Fig. 1(f) must contribute
nothing, because the vacuum cannot possess any quan-
tum number such as color. Then the remaining thing to
be done is to calculate contributions from Figs. 1(c)—1(e).
These calculations are straightforward, but very tedious.
We use the SVZ method throughout the calculation.

In our calculation we use the fixed-point gauge

J (0)

(0) (c)

J (0) J (0) J (0)

(4) (e )

FIG. 1. One-gluon-exchange diagrams with one-pair qq or GG production.
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In Eq. (3) we take the first term only; that is, we assume
that the distance ~Z ~

is sufficiently small (the momentum
transfer is large enough) so that we can cut the series at
the second term safely. The obtained gluon propagator
in momentum space which is directly related to the
correlator reads as

I d x e'~ (0~TA„'(x)A"„(0)~0)

2

F( )5 (4)
q

where the additional momentum-dependent factor F(q )

1s

F( 2) —1+ 2 g + 2(G2)
3 p=, d, q'(q' —m p2) 32' q4

(&)

where (P&g&) denotes the quark condensate with fiavor
P and (G ) represents the gluon condensate. This full
propagator of the gluon includes both perturbative and
nonperturbative contributions to first order. It is qualita-
tively consistent with Larsson's result [14], but with
different numerical coefficients as a result of the different
methods used.

Next, we use this full propagator of the gluon instead
of the normal perturbative one-gluon propagator to
derive the Breit-Fermi interaction.

The M matrix can be written as

2

Mf, = — (A,;A2) [u, (p', )y u, (p, ) F(q )uz(p2)y'u, (p2)]

l+ "&(pI)y u&(p&) 1J F(q )u~(p~)y u2(p2)
q

with

1/2
E(p)+m

2E(p) 0' 'p
E(p)+m

Considering all terms up to order I /c, Mf; can be rewritten as

(7)

Mf; = ——g (A, ;A,')F(q )gz gz
1 2 q2

0') 02

Sm
&

Sm2 4m&m2

p& p2 (~1 q)(~2 q) (pi q)(p~ q)
,+, +

m&m2q 4m&m2q m&mzq

1

, [
—o, (qxp, )+cr2 (qXp, )]2m 1 m2q

1

z zn& (qXp, ) —
2 2u2 (qXpz)

4m&q m q

= —if' gx U(pl, p2, q)g

Therefore the potential between two quarks in momentum space can be obtained in the following form:

g' g' r (66)
U(p, ,p, q)= (A.;A.') 1+ g + g (G

1
X

q

1 1

Sm
&

Sm2

0 )' H2

4m, m2

p] p2 (~rl q)(o'2. q)+ +
m]m2q 4m]m2q m, m2q

0') 02+
4m& 2m&m2

qXp)

q

0'2 CT )
2+

4m 2 2m, m2

qXpz

q

Furthermore, by making a Fourier transformation, the q-q potential in the coordinate space can be read as



45 QUARK-QUARK INTERACTION WITH CORRECTION FROM. . . 1897

iq.r d q
U(pi p r}=f «pi pz q}e"'

(2m )

g klkc2

4m. 4
66

1 —g
p 3mp

Cps
6mp

Cps+g
p

1 1 1 ~2 1

8m 1 8m 2 6m lm2 m p
T

—m r
e1 1

'
1

8m
1

8m 2 4m imp m p
2+ 2+ 2

9
( 2) 1 1 ot'&2

64 8m 1 8m2 ™lm2

2' 1
-cr

+ + 5(r)
2m 1 2m 2

+g2 (g2) 33
256

r

(p, r)(p, r)
Pl P2+

m 1 mp p

4p4p
8m lm2m p

(p$ r)(pz r) 3(g2)
r —g

1536mlm2

3(pl r}(p2 r}
5(p, p, )—, r'

1 1 z (Cps) 1 2 9
4mlm2 "r'

p 72mlm2mp "r 1024mlm2
(g')S„r

CT1 CT2+
4m

1
2m

1 m2
(rXp, }— CT2

2+
4m,' 2m, m,

1(r Xpz)

+g2 ( g2)
256

CT1 CT)
2+

4m, 2m, m2

(gpss(, )
2+

p 6mp 4m 1
2m lm2

(rXp, )—

~ (rXp, )—

02 +
4m 2 ™1m2

Op CT 1+
4m 2 2m 1m 2

(rXp )
1

2

(r Xpz) r (9)

with

3(o, r)(o, r)
S

T
CT1'(TP . (10)

U(pi pz r}=f,e"'f(q}i.r
o (2~)

q
(2~)3

where 5 is a cutoff parameter and f (q) is another func-
tion related to the long-distance (large r) behavior. One
easy way to define f(q} is by extrapolating U(p„pz, p} to

2
this area and multiplying a weight factor such as e
~here the adjustable parameter A is also related to 5.
That makes the analytic integration of Eq. (11) different.
There could be some ways to solve it. For example,
Huang et aI. modified Richardson's potential by intro-
ducing a cutoff at a small value of q and giving an asymp-
totic behavior Kr as r~ao(q &e) [19]. Our way to han-
dle this problem is by introducing a factor in coordinate
space. We adopt this factor as that obtained from the

Before approaching the final expression U(p~, pz, r),
there are two points that should be mentioned.

First, our derivation is valid when the momentum
transfer q is large enough or the interacting distance is
small enough. Thus one can only take the first term in
Eq. (3) without breaking the feasibility of this approxima-
tion and ensure the integrand U(p„pz, q) in Eq. (9) is re-
liable. In order to obtain a reasonable U(p„pz, r), Eq. (9)
should be rewritten as

calculation of lattice gauge theory [20], with which a
better long-distance behavior of the potential can be
shown. Moreover, the authors of Ref. [19] also replaced
the linear term Kr by Kr[(1—e "")/pr ]. It is easy to see
that, as r ~0, this term becomes linear in r, but as r ~ ao,
it tends to constant K/p. Similar to their treatment, we

modify our long-distance term in the Fourier transforma-
tion by the same factor; then we have

1 —e "" dqf,U(pi. pz 'q},
p o (2~)'

(12)

where p is a parameter which replaces 5 or A mentioned
above and can be determined by fitting the data. Thus
the integrand U(p„pz, q) is extrapolated to the small-q
range, and the additional factor takes care of the caused
modification. In fact, we merely hope our result is valid
at short and medium distances and the resultant scalar
potential might play the role of the confinement. Since,
in our ansatz, the effect at long distance, where the effect
of the confinement is also ambiguous, is taken into ac-
count by the well-known effective pion field, it is not
necessary to worry about the confinement effect at a
range longer than few femtometers.

The second problem is caused by the approximation,
where all loop contributions are ignored because of loop
suppression. In fact, a new term (1/Qz)lnQ2 in momen-
turn space can be given by the gluon vacuum polariza-
tion. As a consequence, the Coulomb potential can be
slightly changed. We omit it at the present stage.

Now we reach the final form of the effective potential
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between quarks:

1 —eV(r)= U(p], p, , r)

III. DISCUSSION

In Eq. (9) the summation is taken over all light quarks
u, d, and s, and the masses of constituent quarks are tak-
en as m„=md =350 MeV and m, =550 MeV. The phe-
nomenological vacuum expectation values of (1(tg) and

(G„„)are given as

&Oluu lo& = &Oldd lo&

=1.3(O~ss ~0& =(0.25 GeV)

and (0~(a, /~)G„, ~O& =0.012 GeV . The effective cou-
pling constant a, =g /4n. in Eq. (9) is adopted as

a, =0.5.
There are lots of interesting features in the resultant

potential V(r). First of all, there is a linear term which
can play a role of the regular confinement potential;
meanwhile, a r term with a sign opposite that of the
coefficient to the linear term would give the
deconfinement effect. Moreover, a Yukawa-type term au-
tomatically appears. It may somewhat provide an in-
teraction at longer distance, such as part of the effects
brought about by the pseudoscalar meson exchange. This
is easy to understand. In our framework, since the un-

derlying mechanism is the current-current correlator, one
may obtain an effective potential, which governs the
scattering process, in the medium and short ranges.

Similarly, the spin-orbital and tensor interactions are
also modified by the additional terms generated by the
quark and gluon condensates. With these modifications
the theoretical baryon spectrum and scattering phase
shifts would be varied.

Here we continue our discussion on confinement-
related terms. The r term comes from the gluon propa-
gator, where a gluon pair is produced. This indicates
that the condensate can modify the potential via the full

gluon propagator. Because of the appearance of the r
term, which provides the deconfinement effect, the behav-

ior of the confinement potential is somewhat different

from the commonly used linear confinement potential.
This deviation will definitely cause some changes in the
spectrum and scattering phase shifts. Does the r term

agree with our hypothesis, or does it mean that the quark
can be defined through tunneling the potential barrier?
The answer is negative. It just looks like the picture in
the old string theory. Two quarks (or quark-antiquark)
antiquark) are linked by a string. When they are pulled
away from each other, the tension on the string becomes
greater and greater until the string is broken. Then, at
each broken end, a quark (or antiquark) is generated to
keep the color-singlet feature of the system. Thus, at
large r, the ~ term oecomes very important, and at the
very large r, our hypothesis may fail. However, an
equivalent to the ladder approximation in field theory, if
we consider higher-order nonperturbative corrections,
i.e., take into account more quark and gluon condensates,
the r, r, . . . terms may appear with different signs, and
the shape of the confinement potential may converge to
that given phenomenologically by the lattice gauge calcu-
lation [20]. It is noteworthy that by using the
confinement potential in Ref. [20] or a confinement po-
tential in the error function form, Yang, Deng, and
Zhang [6] calculated the hadron spectrum and greatly
improved the energy level for %=2. This indicates that
the deconfinement term does exist, and the value of the
total confinement potential, at least, should not be in-

creased with increased r. Thus the above-mentioned tun-

neling problem might be solved.
It is natural to have higher-order terms of r or to con-

sider more condensates. Because all (qq) and (GG) con-
densates mix and some overlap, where q (or q) or G lines
cross each other adding contributions, the calculation be-
comes more complicated. For example, in the ladder ap-
proximation, both horizontal and vertical ladders in the
same order must be taken into account at the same time.
In our opinion, first, one should find out how the lowest
order of nonperturbative QCD offers its contribution to
the potential. If the result is encouraging, one should
work further on higher-order corrections.

Finally, we mention that all parameters in V(r) should
be fixed in the spectrum and scattering calculations.
These results will appear in a future paper where the had-
ron spectrum and NN scattering phase-shift calculations
are performed.
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