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Abstract

It is shown thatU(3)L × U(3)R eight-quark interactions stabilize the asymmetric ground state of the well-known model with four
Nambu–Jona-Lasinio and six-quark ’t Hooft interactions. The result remains when the reducedSU(3) flavour symmetry is explicitly broken b
the general current quark mass term withm̂u �= m̂d �= m̂s .
 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Phenomenological parametrizations based on some si
ansatz with solid symmetry grounds are frequently used in l
energy QCD. One of the most common and important out
of this approach is to get a clue of how high-energy QCD m
influence low-energy observables. Unfortunately, in spite o
remarkable successes of the QCD sum rules method[1], or chi-
ral perturbation theory[2], this picture is still far away from
being completed.

Some features of the large distance hadron dynamics ca
understood in the framework of effective chiral Lagrangia
written in terms of quark degrees of freedom[3]. They are
efficient for the description of spontaneous chiral symme
breaking, or for the study of the quark structure of light meso
The parameters of such Lagrangians can be related to the
acteristics of the QCD vacuum given in form of the vacu
expectation values of the relevant quark bilinears or gluon
they are included). In many respects this approach corresp
to a Landau–Ginzburg-like description of the flavour dynam
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There are a number of instructive models that assume
existence of underlying multi-quark interactions and their
portance for physics of hadrons. Well-known examples incl
the Nambu and Jona-Lasinio (NJL) model[4], where the four-
fermion interactions have been used to study dynamical br
ing of chiral symmetry2; the instanton inspired models[8],
where 2Nf -quark interactions (Nf is the number of quark
flavours) offer a possible framework to discuss theUA(1) prob-
lem[9]; the potential-type quark models which are successf
applied to the evaluation of hadronic parameters[10].

In this Letter, we propose to extend the phenomenologic
interesting three-flavour quark model which combines the
ral U(3)L × U(3)R NJL-type Lagrangian with the ’t Hooft six
quark determinant (NJLH), by supplying it with flavour mixin
eight-quark interactions. The original NJLH Lagrangian gi
a good description of the pseudoscalar nonet, especially tη

andη′ masses and mixing[11], and in this form the model ha
been widely and successfully explored at the mean-field l
[12–14].

This approximation was refined by works of Reinha
and Alkofer [15], who used the functional integral method
bosonize the model. This approach hinges decisively on
stationary phase asymptotics of the generating functional

2 Later on a modified form of this interaction has been used to derive
QCD effective action at long distances[5–7].
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allows to calculate the contribution of the classical path alre
at lowest order. This lowest order result sums all tree diagr
in the perturbative series in powers of the coupling constan
the ’t Hooft interaction[16].

The functional treatment of the model reveals one esse
problem: the model has actually several classical trajecto
which belong to the interval of the functional integration, a
therefore contribute to the integral[16]. If one takes them into
account, the effective potential of the theory gets unboun
from below, i.e., the system does not have a ground state.

We argue here that this drawback of the NJLH model
be removed. The eight-quark interactions added to the o
nal Lagrangian reduce (under given conditions) the numbe
stationary phase trajectories to one and, as a result, the
ory has a stable global minimum, attributed to a spontane
symmetry breakdown. It should be remarked that the statio
phase equations which appear in this approach are of cub
der and have, in general, more than one admissible solu
We obtain inequalities for coupling constants to distingu
those solutions further and show that these constraints ca
finally understood as the stability criteria of the whole syste
We consider the most general eight-quark spin-zero interac
invariant underU(3)L × U(3)R chiral symmetry and assum
that current quarks have realistic masses:m̂u �= m̂d �= m̂s . It is
shown that our result is independent both of the specific f
of eight-quark interactions and values of current quark mas

Let us note that only one type of the eight-quark interacti
considered are flavour mixing (the first part of the eight-qu
Lagrangian studied here, i.e.,L1 in Eq. (4)) and have been
used previously[17] in a different context, namely, to intro
duce OZI-violating effects[18] in a NJL-type model with the
UA(1) anomaly term inspired by the works of Di Vecchia a
Veneziano[19], and independently by Rosenzweig, Schech
and Trahern[20]. Recently, by describing the properties of n
clear matter with two-flavour NJL models, eight-fermion int
actions of theL1-type have been also analyzed in[21].

2. The model

The dynamics of the model considered is determined by
Lagrangian density

(1)Leff = q̄
(
iγ µ∂µ − m̂

)
q +LNJL +LH +L8q,

where it is assumed that quark fields have colour(Nc = 3)

and flavour(Nf = 3) indices. The current quark mass,m̂, is
a diagonal matrix with elements diag(m̂u, m̂d , m̂s), which ex-
plicitly breaks the global chiralSUL(3)× SUR(3) symmetry of
the Lagrangian. The flavour symmetry of the model beco
SU(3), if m̂u = m̂d = m̂s ; and one gets the reduced symmetr
of isospin and hypercharge conservation, ifm̂u = m̂d �= m̂s .
Putting m̂u �= m̂d �= m̂s , one obtains the most general patte
of the explicit symmetry breakdown in the model.

We suppose that quark vertices are effectively local, this
ing a frequently used approximation. Even in this essenti
simplified form the Lagrangian has all basic ingredients to
scribe the dynamical symmetry breaking of the hadronic v
uum and find its stability condition.
y
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The interaction Lagrangian of the NJLH model in the sca
and pseudoscalar channels is given by two terms

(2)LNJL = G

2

[
(q̄λaq)2 + (q̄iγ5λaq)2],

(3)LH = κ(detq̄PLq + detq̄PRq).

The first one is theUL(3) × UR(3) chiral symmetric interac
tion specifying the local part of the effective four-quark L
grangian in channels with quantum numbersJP = 0+,0−. The
Gell-Mann flavour matricesλa, a = 0,1, . . . ,8, are normal-
ized such that tr(λaλb) = 2δab. The second term represents t
’t Hooft determinantal interactions[9]. The matricesPL,R =
(1∓γ5)/2 are projectors and the determinant is over flavour
dices. The determinantal interaction breaks explicitly the a
UA(1) symmetry[22] and Zweig’s rule.

The new feature of the model is the inclusion ofU(3)L ×
U(3)R symmetric eight-quark forces, which we add to the st
dard NJLH Lagrangian to obtain the stable ground state. T
are described by the termL8q = L1 +L2, where

(4)L1 = 8g1
[
(q̄iPRqm)(q̄mPLqi)

]2
,

(5)L2 = 16g2(q̄iPRqm)(q̄mPLqj )(q̄jPRqk)(q̄kPLqi).

The flavour indicesi, j, . . . = 1,2,3 = u,d, s, andg1, g2 stand
for the various symmetric eight-quark coupling strengths.
first termL1 coincides with the OZI-violating eight-quark in
teractions considered in[17]. The second termL2 represents
interactions without violation of Zweig’s rule.L8q is the most
general Lagrangian which describes the spin zero eight-q
interactions without derivatives. It is the lowest order term
number of quark fields which is relevant to the case. We res
our consideration to these forces, because in the long w
length limit the higher-dimensional operators are suppress

LargeNc arguments can be also used to justify this ste
the dimensionful coupling constants[G] = M−2, [κ] = M−5,
[g1] = [g2] = M−8 count at largeNc as G ∼ 1/Nc, κ ∼
1/N

Nf
c , g1, g2 ∼ 1/N4

c . In this case the NJL interactions(2)
dominate overLH andL8q at largeNc, as it should be, becaus
Zweig’s rule is exact atNc = ∞. On the other hand, with thes
counting rules the LagrangiansLH andL8q contribute at the
sameNc order, thus the effects coming from them are com
rable and must be considered together.3

It is clear that our considerations are also relevant if
multi-quark interactions create a hierarchy[23] similar to the
hierarchy found within the gluon field correlators[24]. In this
case the lowest four-quark interaction forms a stable vac
corresponding to spontaneously broken chiral symmetry.
higher multi-quark interactions in the hierarchy must not
stroy this state, otherwise they would be as important as
lowest order terms. Since, however, the ’t Hooft interacti
which is the next term in the hierarchy, destroys the gro
state[16], one cannot truncate the tower of multi-quark inter
tions at this level. The next natural candidate is the eight-qu

3 Let us note that our counting forg1 differs from the prescription of pape

[17] whereg1 ∼ 1/N3
c .
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termL8q . We show that its inclusion is sufficient to stabilize t
ground state.

3. The eight-quark term at work

The many-fermion vertices of LagrangianLeff can be pre-
sented in the bilinear form by introducing the functional un
[15] in the vacuum-to-vacuum amplitude of the theory. T
specific details of this bosonization procedure are given in
recent work[16]. The new interaction termL8q , which we add
now to the effective quark Lagrangian, does not create a
tional problems, and the method can be simply extended to
present case. This is why we take as a starting point the c
sponding functional integral already in its bosonized form

Z =
∫

Dq Dq̄
∏
a

Dσa

∏
a

Dφa exp

(
i

∫
d4xLq(q̄, q, σ,φ)

)

(6)

×
+∞∫

−∞

∏
a

Dsa
∏
a

Dpa exp

(
i

∫
d4xLr (σ,φ,∆; s,p)

)
,

where

(7)Lq = q̄
(
iγ µ∂µ − m − σ − iγ5φ

)
q,

Lr = sa(σa + ∆a) + paφa + G

2

(
s2
a + p2

a

)
+ κ

32
Aabcsa(sbsc − 3pbpc) + g1

8

(
s2
a + p2

a

)2

+ g2

8

[
dabedcde(sasbscsd + 2sasbpcpd + papbpcpd)

(8)+ 4facefbdesasbpcpd

]
.

It is worth to observe that we did not use any approximation
obtain this result.

Let us explain our notations. The bosonic fieldsσa andφa

are the composite scalar and pseudoscalar nonets which
be identified later with the corresponding physical states.
auxiliary fieldssa andpa must be integrated out from the e
fective mesonic LagrangianLr . We assume thatσ = σaλa , and
so on for all bosonic fieldsσ,φ, s,p. The quarks obtain thei
constituent massesm = maλa = diag(mu,md,ms) due to dy-
namical chiral symmetry breaking in the physical vacuum st
∆a = ma − m̂a . The totally symmetric constantsAabc are re-
lated to the flavour determinant, and equal to

(9)Aabc = 1

3!εijkεmnl(λa)im(λb)jn(λc)kl .

The eight-quark interactions change drastically the se
classical asymptotics of the functional integral oversa,pa in
(6), as compared to the case, wheng1, g2 = 0. To see this
one should first find all real stationary phase trajectoriessst

a =
sa(σ,φ), pst

a = pa(σ,φ) given by the equations

(10)
∂Lr

∂sa
= 0,

∂Lr

∂pa

= 0.

We seek these solutions in form of expansions in the exte
mesonic fields,σa,φa ,

sst
a = ha + h

(1)
σb + h

(1)
σbσc + h

(2)
φbφc + · · · ,
ab abc abc
r

i-
e

e-

o

ill
e

,

i-

al

(11)pst
a = h

(2)
ab φb + h

(3)
abcφbσc + · · · .

The coefficientsh(i)
a... depend on the coupling constantsG, κ ,

g1, g2 and quark masses∆a . The higher index coefficientsh(i)
a...

are recurrently expressed in terms of the lower ones. The
index coefficientsha are the solutions of the following syste
of cubic equations

∆a + Gha + 3κ

32
Aabchbhc

(12)+ g1

2
hah

2
b + g2

2
dabedcdehbhchd = 0.

The trivial solutionha = 0, corresponds to the perturbative va
uum ∆a = 0. There are also non-trivial ones. In accorda
with the pattern of explicit symmetry breaking the mean fi
∆a can have only three non-zero components at most with
dicesa = 0,3,8. It means that in general we have a system
only three equations to determinehaλa = diag(hu,hd,hs)

(13)




Ghu + ∆u + κ
16hdhs + g1

4 hu

(
h2

u + h2
d + h2

s

) + g2
2 h3

u = 0,

Ghd + ∆d + κ
16huhs + g1

4 hd

(
h2

u + h2
d + h2

s

) + g2
2 h3

d = 0,

Ghs + ∆s + κ
16huhd + g1

4 hs

(
h2

u + h2
d + h2

s

) + g2
2 h3

s = 0.

Our aim now is to show that parameters can be fixed in s
a way that this system will have only one real solution. We s
by summing the first two equations, which leads to the cu
equation

x3 + tx = b,

t = 1

g1 + g2

(
8G + κ

2
hs + y2(g1 + 3g2) + 2g1h

2
s

)
,

(14)b = −8(∆u + ∆d)

g1 + g2
,

wherex = hu + hd , y = hu − hd .
Note that deviations of the variabley from zero are a mea

sure of isospin breaking effects due to electromagnetic for
as the differencehu − hd does not vanish for̂mu �= m̂d . The
function t (y,hs) has a minimum (ifg1 > 0 andg1 + 3g2 > 0)
at y = 0 andhs = −κ/(8g1), thus the inequalityt > 0 always
holds for coupling constants fixed by

(15)G >
1

g1

(
κ

16

)2

.

In this case the cubic equation has for any given value ofb just
one real root

x(1) =
(

b

2
+ √

D

)1/3

+
(

b

2
− √

D

)1/3

,

(16)D =
(

t

3

)3

+
(

b

2

)2

.

Sinceb < 0 (provided that∆u +∆d > 0), this function is nega
tive. Its minimum is located at the pointy = 0, hs = −κ/(8g1),
and the surfacex = 0 is an asymptotic one tox(1).

Subtracting the second equation from the first one we ob
a quadratic equation with respect tox. Its solutions are given
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x(2) = ±
[ −1

g1 + 3g2

(
8G − κ

2
hs + 2g1h

2
s

(17)+ y2(g1 + g2) + 8(∆u − ∆d)

y

)]1/2

.

Since we only allow real solutions, the following inequal
must hold

(18)8G − κ

2
hs + 2g1h

2
s + y2(g1 + g2) <

8

y
(∆d − ∆u).

For definiteness, we suppose that∆d − ∆u > 0. This assump
tion represents one of two possible alternatives. Our final m
ematical conclusions do not depend on the choice made. H
ever, it is not obvious which of them should be required ph
ically. Next, the functionf (hs) = 8G − κhs/2 + 2g1h

2
s > 0,

since the minimum valuefmin = 8G−κ2/(32g1) > 0 in the pa-
rameter region of(15). Therefore,y ranges over the half-ope
interval 0< y � ymax(hs). The lower boundy = 0 is an asymp-
totic surface for the functionx(2). The upper boundymax(hs)

is the unique real solution of the equationy3(g1 + g2) +
yf (hs) + 8(∆u − ∆d) = 0. It follows thatymax ∝ (∆d − ∆u),
i.e., the electromagnetic forces which are responsible for
isospin symmetry breaking determine the length of the s
ment [0, ymax], which is relatively small as compared wi
intervals determined by the strong interaction. As a con
quence a negative branch of the functionx(2) grows rapidly
with y from −∞ at y = 0 up to 0 aty = ymax. On the con-
trary, functionsx(1)(y) and x(3)(y) (see Eq.(19) below) re-
main almost unchanged in the interval 0< y < ymax, because
here the strong driving forces totally cover electromagnetic
fects.

Let us consider now the third equation which yields

(19)x(3) = ±4

√
v(hs, y)

−(κ + 8g1hs)
,

where we have introduced the notation

v(hs, y) = (g1 + 2g2)h
3
s + hs

2

(
8G + g1y

2)
(20)− κ

16
y2 + 4∆s.

The expression under the square root is positive, if conditio

(21)v(hs, y) > 0, κ + 8g1hs < 0,

are fulfilled. The alternative case does not have solutions, s
we assume that∆s > 0 andκ < 0 (phenomenological require
ments). Inequalities(21) hold with hs belonging to the half-
open intervalhmin

s � hs < hmax
s . Herehmax

s = −κ/(8g1) > 0,
and hmin

s < 0. The lower bound is a solution of the equati
v(hs, y) = 0. This cubic equation has only one real root wh
is negative for

g1 + 2g2 > 0, 8G + g1y
2 > 0,

(22)4∆s − κ

16
y2 > 0.
-
-

-

e
-

-

-

e

Fig. 1. The labelx stands for the curvesx(i)(hs , y) plotted as function of

y at fixed hs = −0.03 GeV3. The bell-shaped curve corresponds to the t
branches ofx(2), its peak is located atymax(hs) = 8.8×10−4 GeV3. The thick
line indicates the negative branch of curvex(3) and also the curvex(1), which
are degenerate at this scale, the upper line is the positive branch ofx(3). The

two branches ofx(3) meet aty 	 0.14 GeV3, outside the indicated range
the plot. The real solution of the system(13) is indicated by the pointP . The
corresponding parameters areG = 6.1 GeV−2, g1 = g2 = 4 × 103 GeV−8,
κ = −705 GeV−5, ∆u = 313 MeV,∆d = 318 MeV,∆s = 345 MeV.

Fig. 2. The curvesx(1) of Eq. (16) (small dashed line) andx(3) of Eq. (19)
(solid line) are shown as functions ofhs for the parameter set ofFig. 1,
at fixed y = 4.2 × 10−4 GeV3. The solution P has hu = −0.02747,
hd = −0.02789,hs = −0.03 in units GeV3. The vertical dashed line corre
sponds tohs = −κ/(8g1).

Under the assumptions made above these inequalities are
ously fulfilled.

We illustrate the case in two figures. They-dependence i
shown inFig. 1. Sincex(2) is a monotonic function ofy in the
regionx < 0, 0< y < ymax at any fixed value ofhs , the ques-
tion whether the system(13) has one or more solutions is no
reduced to a careful check of the number of intersections
curvesx(1) and x(3) as functions ofhs at a fixed value ofy.
Actually, for this purpose one can choose any value ofy from
the interval 0< y < ymax, because functionsx(1) andx(3) are
almost insensitive to this value.

In Fig. 2we showx(1)(hs, y) andx(3)(hs, y) as functions of
hs , at fixedy given by the solutionP of Fig. 1. It is quite easy to
verify that the linehs = hmax

s , being the asymptote for the curv
given by Eq.(19), crosses the other curve(16) in its minimum,
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dividing it in two monotonic parts. Thus, both functions d
crease monotonically with increasinghs in the third quadrant o
the Cartesian coordinates system formed by the linehs = hmax

s

and the axis of abscissas. The curves have only one interse
which corresponds to an unique solution of the system(13).

The fact that the cubic equations(13) have only one set o
real roots over a certain range of values of parametersG, κ , g1,
g2, ∆i is crucial for the ground state of the theory: it makes
vacuum globally stable.4

Unfortunately, we merely can find the solution(hu,hd,hs)

numerically, apart from the simplest case with the octet flav
symmetry, where current quarks have equal massesm̂u = m̂d =
m̂s , and the system(13)reduces to a cubic equation for only o
variablehu = hd = hs

(23)h3
u + κ

12λ
h2

u + 4G

3λ
hu + 4∆

3λ
= 0,

with λ = g1 + (2/3)g2. Making the replacementhu = h̄u −
κ/(36λ), one obtains from(23)

(24)h̄3
u + t ′h̄u = b′,

where

t ′ = 4

3

[
G

λ
−

(
κ

24λ

)2]
,

(25)b′ = 4

3

{
κ

36λ

[
G

λ
− 2

3

(
κ

24λ

)2]
− ∆

λ

}
.

It is clear now that this cubic equation has one real root, ift ′ >
0, i.e.,

(26)
G

λ
>

(
κ

24λ

)2

.

In this particular case the proof of existence and uniquene
the solution is straightforward. Let us also note that the solu
found above for the general case deviates not much from
case with octet symmetry, i.e., we have approximatelyhu 	
hd 	 hs .

4. Effective potential

Since the system of equations(10)can be solved, we are ab
to obtain the semi-classical asymptotics of the integral ovesa ,
pa in (6). One has the following result which is valid at lowe
order of the stationary phase approximation:

Z[σ,φ,∆]

=
+∞∫

−∞

∏
a

Dsa
∏
a

Dpa exp

(
i

∫
d4xLr (σ,φ,∆; s,p)

)

4 Let us recall that puttingg1 = g2 = 0, one obtains from(13) the system
of quadratic equations to findhu, hd , hs . It has been shown in[16,25] that
such equations have two real solutions (for a physical set of parameters)
SU(3) case and three real solutions in theSU(2) × U(1) case. This is exactly
the underlying reason for the vacuum instability.
n,

r

of
n
e

he

∼N
n∑

j=1

exp

(
i

∫
d4xLr

(
σ,φ,∆; s(j)

st ,p
(j)
st

))

(27)(h̄ → 0),

wheren is the number of real solutions(sst
a ,pst

a )(j) of Eq.(10).
The information about the vacuum state is contained in

effective potential of the theory. To obtain it let us consider
linear term in theσa field. The resulting contribution, as it fo
lows from Eq.(27), is

(28)Z ∼ exp

(
i

∫
d4x

n∑
j=1

h
(j)
a σa + · · ·

)
.

This part of the Lagrangian is responsible for the dynam
symmetry breaking in the multi-quark system and taken
gether with the corresponding part from the Gaussian inte
tion over quark fields in Eq.(6) leads us to the gap equatio
(for each of quark’s flavoursi = u,d, s),

(29)
n∑

j=1

h
(j)
i + Nc

2π2
miJ0

(
m2

i

) = 0,

where J0(m
2
i ) is the tadpole quark loop contribution with

high-momentum cutoffΛ

(30)J0
(
m2

i

) = Λ2 − m2
i ln

(
1+ Λ2

m2
i

)
.

Using standard techniques[25], we obtain from the gap
equations the effective potentialU(mi) as a function of the
constituent quark massesmi which corresponds, in general,
the case withn real roots. Here it is more convenient to u
(hu,hd,hs) as independent variables, with massesmi being de-
termined by Eqs.(13). In particular, if the parameters of th
model are fixed in such a way that Eqs.(13) have only one rea
solution, the effective potential (up to an unessential cons
which is omitted here) is

U(hu,hd,hs) = 1

16

(
4Gh2

i + κhuhdhs + 3g1

2

(
h2

i

)2 + 3g2h
4
i

)

(31)− 1

2

(
v
(
m2

u

) + v
(
m2

d

) + v
(
m2

s

))
,

whereh2
i = h2

u + h2
d + h2

s , h4
i = h4

u + h4
d + h4

s , and

(32)v
(
m2

i

) = Nc

8π2

[
m2

i J0
(
m2

i

) + Λ4 ln

(
1+ m2

i

Λ2

)]
.

In the specific and limited case where one deals with
octetSU(3) symmetric model and̂mi = 0 the effective poten
tial U(m) is an even function ofm for κ = 0 and its plot has
the standard form of the double well (“Mexican hat”) with tw
symmetric minima, atm = ±mmin, and one local maximum, a
m = 0. The ’t Hooft interaction (κ �= 0) makes this curve asym
metric: if κ < 0, the minimum located at positive values ofm

gets deeper as compared with the other minimum at negativm,
becoming therefore the global minimum for the whole effec
potential. It corresponds to the stable ground state of the sy
with spontaneously broken chiral symmetry.
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To appreciate the correlation found between the numbe
critical points and stability let us consider the sameSU(3) sym-
metric model in the range with three real roots. In this case

(33)
3∑

j=1

h
(j)
u = − κ

12λ
,

and we find

(34)V (m) = κ

8λ
m − 3Nc

16π2

[
m2J0

(
m2) + Λ4 ln

(
1+ m2

Λ2

)]
.

As opposed toU(m) the potential with three real roots, d
scribed by the functionV (m) has at most a metastable vacuu
for κ/λ > 0. If κ/λ < 0, the effective potential does not ha
extrema in the regionm > 0. In both cases the theory relat
with V (m) is unbounded from below and is physically nons
sical.

Several special properties of the eight-quark interactions
expressed in these results.

Firstly, the couplings of the considered model can alway
chosen to fulfill the inequalities required, i.e.,

(35)g1 > 0, g1 + 3g2 > 0, Gg1 > (κ/16)2,

and therefore the model can be simply driven to its sta
regime where only one critical point determines the asymp
cal dynamics of the system. The NJLH model does not ha
proper mechanism for that.

Secondly, the eight-quark terms dominate at large value
hi , makingU(hi) positive in all directionshi → ±∞. As a
result, the functionU(hi) is bounded from below, and exhibi
a global ground state.

Thirdly, the effective potential(31) coincides atg1, g2 = 0
with the potential obtained in the framework of the NJLH mo
by the mean-field method[13]. This is probably at the heart o
the success of NJHL: although the limitg1, g2 → 0 in U(hi) is
formally not allowed as soon as inequality(15) does not hold
(instead the system is then described by the unstable pote
V (hi)), the eight-quark terms in Eq.(31) are not likely to de-
stroy the results of the mean field approach. Nevertheless
should expect some new noticeable effects from it.

We must conclude that the eight-quark interactions pla
fundamental role in the formation of the stable ground s
for the unstable system described by the NJLH Lagrangian
consider this finding as the main result of our study.

5. Summary and discussion

Let us summarize what we have found.
(1) An eight-quark extension of the conventional thr

flavour NJL model with the explicitUA(1) breaking by the
’t Hooft determinant has been suggested. We have taken
eight-quark interactions in its most general form for spin z
states. Eight-quark interactions prove to be essential in s
lizing the vacuum of the theory: the quark model conside
follows the general trend of spontaneous breakdown of ch
symmetry, and possesses a globally stable ground state,
relevant inequalities in terms of the coupling constants hold
f
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e
-
a
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a
e
e

e

i-

l
en

(2) The so ensured stability of the ground state is crucia
applications of the model to the study of cases in which c
rections (radiative, temperature, density, and so on effects)
qualitatively change the structure of the theory, e.g., by tu
ing minima in the effective potential into maxima. Presently
U(3)L ×U(3)R chiral symmetric NJL model with the six-qua
’t Hooft interactions is frequently used for that. The eight-qu
extension of the model considered here is needed for w
founded calculations in this field.

(3) The eight-quark interactions are an additional (to
’t Hooft determinant) source of OZI-violating effects. Th
are of the same order, forg1 ∼ 1/N4

c . It is important to take
them into account from the phenomenological point of vie
the details of OZI-violation are still a puzzle of nonperturbat
QCD[26].
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