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Abstract. In a gauge-fixed language gluon-meson duality can be described as the Higgs mechanism for
“spontaneous symmetry breaking” of color. We present a mean field computation which suggests that this
phenomenon is plausible in QCD. One obtains realistic masses of the light mesons and baryons.

A dual description of QCD in the low momentum or strong
coupling region should contain the light meson and baryon
degrees of freedom as the relevant fields. This is opposed
to the quark-gluon description in the high momentum or
weak coupling regime. We have proposed recently [1], [2]
that for three light flavors such a dual description indeed
exists, with the light gluon fields associated to the light
vector meson octet and the nine quark fields to the light
baryon octet and a singlet. (For some related ideas! see [3],
[4].) This picture realizes gluon-meson duality and quark-
baryon duality in a straightforward way. Already a very
simple form of an effective action can account for realistic
masses of the light baryons and the light pseudoscalar and
vector meson octets. It also leads to realistic interactions
of the Goldstone bosons and predicts the couplings of the
vector mesons to pions and baryons in the observed range.

The key ingredient of this picture is a condensate of
a suitable quark-antiquark operator which is associated
to a color octet. Whereas in [1] we have mainly used a
gauge-invariant language in terms of nonlinear fields we
concentrate in this note on a (linear) gauge-fixed version
(preferably in Landau gauge). In this version the SU(3)-
color group is “spontaneously broken” by the expecta-
tion value of the color octet condensate?. The relevant
quark-antiquark condensate also transforms as an octet
under the vectorlike SU(3) flavor group. Its expectation
value conserves a diagonal global SU(3) symmetry of com-
bined color and flavor rotations. This is associated with
the physical flavor group of the “eightfold way”. Due to
this “color-flavor locking” [4] the quark fields transform
as an octet and a singlet under the physical flavor group.

# e-mail: C.Wetterich@thphys.uni-heidelberg.de

! In contrast to [3], we consider here the ground state of stan-
dard QCD, without additional “fundamental” light-colored
scalar fields and without additional gauge interactions. We dis-
cuss the vacuum and do not deal with the properties of QCD
at very high baryon density

2 We use the language of spontaneous symmetry breaking
similar to the electroweak theory, despite the fact that gauge
symmetries are never broken in a strict sense

They carry the appropriate integer electric charges and
can be associated with baryons®. The octet of gluons ac-
quires a mass through the Higgs mechanism and can be
identified with the light vector mesons?. Chiral symmetry
is spontaneously broken by the octet condensate, as well
as by the usual singlet condensate. In the absence of quark
masses this leads to eight Goldstone bosons.

In [1] we have mainly discussed the consequences of
an assumed expectation value of a color octet quark-an-
tiquark bilinear. Here we present a first investigation if
it is plausible that such a vacuum expectation value is
generated dynamically in QCD. In this first step we want
to identify the mechanisms which could lead to dynami-
cal spontaneous color symmetry breaking. We do not yet
intend quantitative estimates.

For this purpose we treat the quantum fluctuations of
the light baryons or quarks and the light mesons in the
mean field approximation. We consider the non-perturba-
tive region of momenta ¢?> < k2, with k an appropriate
cutoff (typically & = 850 MeV). The form of the effec-
tive one-particle irreducible multiquark interactions at the
scale k is largely dictated by chiral symmetry, color sym-
metry and the discrete symmetries P and C, as well as by
the known form of the axial anomaly. We include effective
interactions involving up to eight quarks or antiquarks.
The coefficients of the corresponding invariants in the ef-
fective action at the scale k are treated, however, as free
parameters. We demonstrate that a reasonable choice of
these couplings leads indeed to spontaneous color sym-
metry breaking and realistic masses for all light particles.
This is largely due to the fermion fluctuations with mo-

3 The gauge fixing is not compatible with the phase trans-
formations corresponding to baryon number. In the gauge-
invariant language with nonlinear fields it can be verified that
baryons carry indeed three times the baryon number of the
quarks [2]

4 We note, however, that the ¢-meson and the appropriate
mixing of vector mesons is not yet contained in the simplest
version. See [2] for an extension with addition of the singlet
vector meson
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menta 0 < ¢?> < k2. They are cut off by mass terms in
case of chiral symmetry breaking, whereas their contribu-
tion disfavors a ground state with absence of octet and
singlet condensates. A second crucial ingredient are cubic
couplings which reflect the chiral U4 (1) anomaly. A future
QCD calculation will have to determine the values of the
multiquark couplings at the scale k. Only after this second
step one may draw a definite conclusion about the real-
ization of spontaneous color symmetry breaking in QCD.

It is convenient to introduce for the color singlet and
octet quark-antiquark bilinears the notation

(pab = _wR ib '(/)L ai
g'(z)L kb YR ak Oij

95,(1? =UL b YR ai -

~(1 -
XEJ )0 =L jb VR ai —

) : 1
Xz(f)ab = —YR jb VL ai + §¢R kb VL ak 04j

(1)

where i, j, k are color indices and a, b refer to flavor. With
respect to the chiral flavor group SU(3)r x SU(3)g, the
bilinears ") and () transform as (3, 3) whereas $(?) and
X? are in the (3,3) representation. Parity maps ¢(!) <
3@, ¥ & @) whereas under charge conjugation the
transformation is ¢ « @O, ng)ab > ng)ba At the
cutoff we consider an effective Lagrangian of the form®

ﬁk = i&ia'yuay,wai - f]k(@v )2) + 'C'MK + ﬁn (2)
with
=2Xop + 2\ Py + To P + TPy + Ty PPy
+¢ {dew(l) +detp® + B (¢<1>, >~<<1>) Vv E

(3)
(35(2), 5((2))}

Here the multiquark interactions Uj are expressed in
terms of the chirally invariant color singlets

=(1) ~(2) = (1) (2
P - <)Oab Qoba y  Px Xz] ab X]z ba

(4)
and the 't Hooft term for the chiral anomaly [5] (with
coefficient ¢) with

1
E(p,x) = § €a102a3 €b1baba Pasby Xij,azba Xjiasbs (5)
We assume that the quantum fluctuations with momenta
q®> > k? have already been integrated out, such that the
remaining functional integral has an effective ultraviolet
cutoff k.
In QCD perturbation theory the one-particle-irre-
ducible four-quark interactions ~ p, p, are generated by
box diagrams with

L0'7Xgi4 L §l4
32m2k2 7 779 ’

El‘l

X7yl

L (6)

Aoy =

® Gluons are incorporated by a covariant derivative of the
quarks and an appropriate kinetic term involving their field
strength
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Here k is the infrared cutoff for the loop momenta and
the constant I3 is about one, its value depending on the
precise implementation of the cutoff. The coefficients 7
would correspond to eight quark interactions generated by
diagrams with four gluons, 7, ~ ¢8/(327%k%). We will use,
however, a scale k£ ~ 850 MeV in the non-perturbative
domain and treat for the present work the couplings \;
and 7; as free parameters. For the 't Hooft interaction
we have used an appropriate Fierz transformation, and ¢
is again treated as a free parameter. The terms £, and
Lk contain sources for the quarks and quark-antiquark
bilinears

En = - —nY (7)
Lyk = —Mba@( ) - M, a(pz(zb) - K’LJ abxgl)ba - iy, abf&g]l)ab
The physical situation corresponds to n =7 = 0, K;j qp =
0, Mu(x) = diag(my,mg,ms) with m, the (current)
quark masses.

The first step in a mean field discussion of the multi-
quark action, S = [ d*z L}, is partial bosonization. We
introduce a factor of unity (up to an irrelevant overall

constant) in the functional integral for the partition func-
tion

Z[M, K, n, 1]
= /quDqZ exp(—S)

= /DquﬁDng exp{ -85 - /d4${Uk (Uﬁy

~R I R ~R I -
“PabrTab — Pabs fz‘j,ab ~ Xij,ab> fij,ab - Xij,ab)

T ¢R “R I
JrEMK( —@N, ol — &l &ij.ab — Xij,abs Sij,ab

(8)

with

- 1 1
Papy 5( ()+<Pz(;a)> ;
Y e C )
Pap = 75 (‘Pab - Sﬁba>
_ 1) ~(2)
Xij,ab = 9 (XZJ ab T X]z ba) )
S 9 ¢ ~(2)
Xijab = —75 (Xij,ab X;i. ba) 9)
The functlon Uy 1s determined by the requlrement that

Ur(—@", =@, =X, —x') = Up(e%, ', 3" %) is given
by (3 ) expressed in the appropriate varlables
The effective Lagrangian of the bosonized theory

LB = L£(@, X)+Ur(0—, €~ X)+Lur (0—3,6~X) (10)

is next expanded in powers of ¢ and x. The terms in-
volving no fermion fields result in masses, sources, and
interactions for the scalars

Ls=Ug(o,&) — T?“(MTO' + MO’T)

— (K av€iziab + Kij,ab&j an) (11)
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The potential Uy obtains from (3) by the replacements

~(1) =(2) ~(1) ~(2) *
Pab — Oab; SDa - Uab’ ij ab - &J ab> Xzy ab - gﬂ ba’

p— Trolo, py — &j.avSij,abs Where we have combined
Oap = Uﬁ) + iaib, &ijab = fgab + iffj,ab. Furthermore,
the sign of the term ( is switched. The chiral and discrete
transformation properties carry over from @, x to o, and
Uy, is therefore invariant under the corresponding symme-
tries. The inclusion of the eight-quark interactions in (3)
guarantees that for positive 7; the functional integral (8) is
well defined and Uy, is bounded from below. On the other
hand, the terms in the expansion of Uy + Lj;x which in-
volve only fermion fields precisely cancel the multiquark
interactions —U, and the source Lj;x for the quark bi-
linears. Chiral symmetry breaking due to quark masses
appears now in the form of a linear source term for the
scalar fields (11). The terms linear in the quark bilinears
give rise to Yukawa-type interactions, involving a quark-
antiquark pair and one or several scalar fields. Finally, the
terms ~ ¢ and 7; also produce interactions between four
or six fermions and one or two scalars. In our mean field
approximation these residual interactions involving more
than two quark or antiquark fields are neglected.

We want to perform the remaining fermionic functional
integral for a scalar background field which preserves a
“diagonal” vector-like SU(3) symmetry and is invariant
under C' and P

1 - 1
Oab = 00ap , &ijab = %f <5m5jb - 35ij5ab> (12)

For this configuration® the effective Lagrangian (10) is
given by

»C(B) = Uy (U a + “buﬁ“a ql)az + Mg (U g) 111(8) (8)
+My (7€) 9Oyt (13)

with 4 the Euclidean analogue” of v°. The fermionic part
involves a mass term for the SU(3)-singlets and octets

1 1
PV = — 4oy, P = 4ﬁwmi

\/g 1Z)ai -

(14)

5 We take both & and € to be real such that P is conserved.
In principle, £ could have a relative phase as compared to &.
A purely imaginary £ is favored by the anomaly term in Uy
if (& is positive at the minimum. From this point of view one
may prefer a negative value of ¢. On the other hand, invariants
of the type ppy — i(glbgijbcaldgjida + c.c.) can also favor real
&. We have not included in the present discussion invariants
which vanish identically for the configuration (12) and real
7, & as the one above. Parity conservation remains an issue in
our approach. In order to settle this issue one needs to include
invariants which contribute to a background field (12) with an
arbitrary phase for €. Also the quantum fluctuations will have
to be treated in this more general setting. At the present stage
the positive mass term Mf,, for the n’-meson (see below) is a
strong hint that the ground state preserves parity

" For our conventions see [6]
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where the latter is identified with the light baryon octet.

One finds
1
Mg = 2)\,5 — - = “2 G
+67,5° + éT &5 — L’T 525— —8 & (15)
v 37 N 9v6 *

8
M172)\J+3\[ & - c<ag“2 gfaé)

64 3
S (10)

4 8
+67,5° + 7'7520 + —77_25 +

NG

The classical scalar potential reads

4¢

8
Uy = —2ma + 6\, 6% + AX?—zg + = —52

+97,5% + %Txf_4 +47,5%¢° (17)
with m = m, + mgq + ms. The sign of ( may be positive
or negative® and we discuss below acceptable scenarios for
both cases. For positive couplings A;,7; the classical po-
tential typically® has its minimum for £ = 0. Then spon-
taneous symmetry breaking of color symmetry can only
be induced by the low momentum fluctuations.

The fermionic functional integral is easily evaluated

and gives a contribution to the effective scalar potential

U(5,€) = Ua(a,€) + A,U(,€) (18)
For a sharp ultraviolet cutoff k this reads
1
AU =—c— drz[8In(z + M3) + In(z + M7)] (19)

and one observes that AU respects the (accidental?) sym-
metry'® of the classmal potential ¢ — —&. The quark
fluctuations tend to destabilize the minimum of U, at
G =& =0 for m = 0, since nonzero values of Mg, M;
are preferred. They give a negative contribution to the
quadratic term obtained by an expansion of A,U for small
o and &

k2
~53 (9)\2 2+ A252)

For \,k? > 4m2/3 | X\, k;2 > 47?2 they overwhelm the
classical mass terms 6/\ 52, (8/3)M\&2 for & and &, re-
spectively. We conclude that the quark fluctuations are

AU = (20)

8 Only the relative phase between ¢ and m is relevant. Con-
servation of C, P requires that the phases of ( and m are equal
up to a minus sign and we take both ¢ and m real. We choose
a phase convention such that the expectation value of & is pos-
itive and concentrate on the case mgq > 0

9 This clearly holds if ¢ is positive at the minimum. For
negative (& one may also envisage the possibility that already
the effective action (2) has its minimum for € # 0
10" This is not trivial since an invariant €a,asas €bybabs €iinis
€j142js Xi1ji.a1br Xinja,asby Xisjs,asbs T C-.C. is consistent with
color and chiral symmetries as well as P and C
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the main driving force for spontaneous chiral symmetry
breaking. Furthermore, the cubic “anomaly terms” favor
the condensates even in presence of small enough positive
quadratic terms at the origin. In mean field theory one
has to determine the minimum of U. We have done this
by numerically solving the field equations. In this context
we note the simple closed form of the contribution from
ALU, namely

) L OMg M,
R A
0 OMg oM,
=AU =84g—— + A1 —=
o€~ e o

Ag =

Mf)g k2 k2
—— (14— ] - — 21
am? | i M12,8 M12,8 @)

For a large range of couplings we find indeed a nonzero
expectation value for the octet condensate ¢!

As long as the effective couplings \;, 77, ¢ are not com-
puted from QCD, the predictive power of the present ap-
proach is limited. We will be satisfied here by presenting
a set of perhaps reasonable values for these couplings for
which a realistic phenomenology can be obtained. Some of
the parameters are tuned to fit with observed masses. We
choose k = 850 MeV equal to the average of the p-meson
or gluon mass. The renormalization scale for the quark
mass is taken at 4 =1 GeV in the vicinity of the baryon
masses, and we take for the quark mass sum m(u) = 220
MeV. Our selected parameters are

Aok? =53(63,57), A\ k? =0.47(0.9,5.8),

Ck® = 356(32,—73.5), T,k® =4700(185,8060),
k% = 87(44,314), 7,k® = 5200(350, 1570) (22)
Here the numbers in brackets refer to two sets with in-
clusion of fluctuations of the gauge bosons and the pseu-

doscalar octet, as discussed below. For these values the
minimum of U occurs for

(7) = %(235 MeV)? | (&) = %(400(470, 280) MeV)?

(23)
and we observe the direct relation of (5) with the (sin-
glet) quark-antiquark condensate'! and the parameters B
and f of chiral perturbation theory (f is the meson decay
constant)

(24)

The average mass of the lightest baryon octet and singlet
obtains by evaluating (15), (16) for the expectation value
(23). For our parameters they coincide with the observed
value of the average octet mass and an arbitrary fixed

1T our Euclidean conventions (1)) corresponds to the ex-
pectation value of ¥y
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singlet mass'2.

Mg =1.15GeV , M, = 1.4 GeV (25)

It is instructive to determine the masses of the most
important bosonic excitations for our parameter set. For
a computation of the scalar masses one needs the scalar
wave function renormalizations which have not been com-
puted so far. Altogether, the fields ¢ and £ contain 162
real scalars which transform under SU(3), P and C as

2x (1T 41t + 87 48t 4877 +877)
+1077 41077 + 107 + 107 4277 T + 277 (26)

One octet is absorbed by the Higgs mechanism into the
longitudinal component of the massive gluons. The rep-
resentations 10, 10, 27 contain scalars with electric charge
two. Many of these states may be too broad to be de-
tected experimentally as resonances. Of particular interest
are the lightest pseudoscalar octet 8T which corresponds
to massless Goldstone bosons for my — 0, and the light-
est pseudoscalar singlet 1~ associated with the n’-meson.
They are most easily described in a nonlinear representa-
tion [2]

Oab = <6> Uab P

1 = 1/2,.1/2 1
&ijab = %<§> (Uai/ Ujb/ - 36ijUab> ;

U = exp <—;9> exp <iﬂf)\z> ,

Ul =1

(27)

If we parametrize the effective scalar kinetic terms'® by

['s,k'm = Zoallo':bauo'ab + Zfa#é.;j,abaugij,ab (28)
the kinetic term for the pseudoscalar nonet reads
7 _
Ly kin = <Zcr<(_7>2 + 36Z§<€>2> TrorUto,U
1
= 2 Troruto, U (29)

An average meson decay constant f = 106 MeV corre-
sponds to

Zs + %25(5/5)2 = Z,(1 4 ) = (350 MeV) ™4,
T8 Z
R (30)

12 The baryon singlet is presumably very broad and it is not
obvious if it should be associated with an observed resonance.
The lowest mass resonance with the correct quantum numbers
occurs at 1.6 GeV

13 Presumably the dominant contribution to the kinetic terms
is induced by quantum fluctuations with ¢*> < k2. It can also
be computed in the mean field approximation. Integrating out
first the fermions will also induce an effective gauge coupling
between the gluons and the color octet &, replacing 9,§ by a
suitable covariant derivative
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If this is the case, chiral symmetry guarantees realistic
masses for the pions, kaons, and the n-meson. Neglecting
SU (3)-violating effects for the expectation values they are
given by

M3 = 2(0) (mu +ma)/ f?,

M3z = 2(5)(my + my)/f> (31)

independently of details of the potential [7]. For realistic
f and appropriate quark mass ratios m,,/ms, mq/ms the
expectation values (23) lead to the observed light pseu-
doscalar meson masses.

If we associate the n’-meson with 6 in (27), neglect its
mixing with other mesons with the same quantum num-
bers and assume that its kinetic term is dominated by (29)

we find
36C
2

where m, = 410 MeV is the contribution from explicit
chiral symmetry breaking due to the current quark masses
and

Ay =8Ag (07— =&+ ——= 2X;0
! 8( S 9\f )(
4 1 - 8 -

—&—67063—1—77 25 — —1.,6% — ——1 3)

" \/67 ‘ 9v6 o

77? 16 . -
(- 2 o) (s Mg

8 52 64
AR I
arises from the #-dependence of the fermionic fluctuation
determinant giving rise to A,U. As is should be, M, van-
ishes for zero quark masses and vanishing chiral anomaly
(¢ = 0). For our parameters (32) yields the observed value
M,y =960 MeV.

The gluons are coupled to the colored scalar fields &
and therefore acquire a mass through the Higgs mecha-
nism. We identify this mass with the average mass of the
light vector meson octet M, =850 MeV. Denoting the ef-
fective gauge coupling by g one obtains

2 _
5&52 - A,,/) +m (32)

2 _
BENGES

4
+67,5° + 57'7576 +

1/2
M, =g 2;/%(&) = ) af  (34)

3 (I
Vi\l+z
For our set of parameters one finds a large value of z
if Z,/Z¢ is not too large For Z,/Z, = 0.44(3,0.13) this
yields'#

x=10.9(4,4), ¢=7.4(7.9,7.9),

Ze = (530(690, 320) MeV)~* (35)

4 The relation to the parameters used in [1] is given by
m; = 2\o/Z, = (5.1(3.6,3.56) GeV)?, m] = 2\ /Z¢ =
(0.32(0.75,0.42) GeV)?, h = 2X,Z, /% = 62(48,46), h =
20 Z % = 0.36(1.2,1.8), & = m3/(h*k?) = (2A.k*) 7" =
0.009(0.008,0.009),&, = m2/(h%k?) (2A k)7t
1(0.55, 0.086), w1th o =2,"%0, x = 2%¢
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One may want to include the effects of gauge boson
and scalar fluctuations in the effective potential. In the
mean field approximation one finds

3 [

2
47 0

AU 3222/ dx z In(z + M?)
i

for the gauge bosons and scalars, respectively. Here s
counts the scalars or pseudocscalars with mass M, de-
pending on & and £. Additional uncertainties arise from
the possible (7, £)-dependence of the wave function renor-
malizations Z, ¢ and g. We take here Z, and Z; constant
and use dg/0¢ = 1,9,09/05 = 0. As long as £4, A > 0,
acts as an infrared cutoff for the gauge boson fluctua-
tions, the quantity 74g is related to the non-perturbative
B-function of g. From asymptotic freedom one expects 7,
to be negative. Typically |ny(g)| increases from small per-
turbative values ~ g2 for small g to large values in the
range of large g. The effective g—glependent gluon mass
obeys OM,(§)/0¢ = (1 + ng)M,(§) and therefore has a
minimum for 1y = —1. One concludes that A U is prob-
ably minimal for £ > 0, namely for 7,(g (5)) = —1. For
ng(€ — 0) < —1 also the gauge boson fluctuations favor
color symmetry breaking. For our numerical solution we
show the results for 74((¢)) = —1.9,—1.15. (We mention
that for 74((§)) = —1 the contribution from A,U drops
out in the solution of the field equations.)

For the scalar fluctuations we have only included the
light pseudoscalar octet. According to (31) and (29) one

finds M? ~ 5/(c% + & 55 €2). For given ¢ and Z¢/Z,

the pseudo-Goldstone boson fluctuations A U favor again
nonzero (£) since M,(§ — o0) — 0. Two parameter sets
for a numerical solution including the effects of the gauge
bosons and pseudo-Goldstone bosons are given in brackets
in (22), one with positive and one with negative ¢. (For the
last set we use k = 820 MeV.) We also have shown above
in brackets the corresponding values for various quantities
— the absence of brackets indicating that parameters are
tuned in order to obtain physical values.

The choice of the parameters in Uy for which we have
presented results is somewhat arbitrary — we also have
found acceptable solutions for rather different sets. The
phenomenologically acceptable couplings seem not unnat-
ural and we conclude that spontaneous color symmetry
breaking is a plausible phenomenon in QCD. Two features
seem characteristic for multiquark interactions that lead
to phenomenologically acceptable solutions with the ob-
served values of Mg, My, My, My, M,, M,, and M,. The
first is a large ratio A, /A, . This may be explained by the
different running of the effective couplings A, and A,. The
second is the large value of the effective gauge coupling g
between the gluons and color octet bilinear £ ~ x. At first
sight this seems somewhat surprising in view of the fact
that M, ~ 850 MeV is expected to act as an infrared cut-
off. Extrapolations of the two- or three-loop S-functions
in the M S-scheme into this domain would yield substan-
tially smaller values of as(M,). An understanding of this

AU = de z In (z+ g>Z:£%)

(36)
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issue needs, however, information about the relation of our
effective coupling g to the perturbative gauge coupling in
the M S scheme, and about the running of ¢ in the non-
perturbative domain. A first discussion of this issue can
be found in [2]. We find it reassuring that the gauge bo-
son fluctuations seem not to play a dominant role for the
dynamics of spontaneous color symmetry breaking.

In conclusion, we have presented a consistent mean
field picture for gluon-meson duality. The quantitative de-
tails are not yet all settled. They would need a computa-
tion of the multiquark interactions Uy. Without such a
computation in the framework of QCD no definite conclu-
sion on the issue of “spontaneous color symmetry break-
ing” can be drawn. Nevertheless, it is remarkable that for
reasonable multiquark couplings a simple scenario can suc-
cessfully describe all masses of the light pseudoscalar and
vector mesons and the baryons, as well as their interac-
tions.

We have identified three mechanisms by which fluctua-
tions operate in favor of a nonvanishing expectation value
(€) for the color octet quark-antiquark condensate (in a
fixed gauge). Perhaps the most important one arises from
the fermion fluctuations which favor large baryon masses
and therefore nonzero 7, ¢ due to the minus sign in (19).
They induce a negative contribution to the quadratic term
~ &2 in the effective potential. The second ingredient is
due to the fluctuations of the (pseudo-)Goldstone bosons.
Now A U favors small meson masses or a large decay con-
stant f, and therefore again large ,&. Finally, a third
mechanism is possible if the gluon mass is minimal for a
nonzero value of (€). This last issue depends on unknown
properties of the non-perturbative running of the gauge
coupling and is therefore less solid than the first two mech-
anisms. The combined effect of these mechanisms has to
compete with the “classical mass terms” ~ A, A, which
favor the absence of spontaneous chiral and color symme-
try breaking. The crucial dynamical question is whether
the fluctuation effects are strong enough. Finally, we also
mention a fourth mechanism which becomes possible for
¢ < 0. An increase in (7) due to fluctuations lowers the
mass term for £ if ( < —97,6 (17). We find it plausible
that spontaneous color symmetry breaking indeed occurs
in QCD.

The quantitative validity of mean field theory remains
questionable in the strongly non-perturbative domain dis-
cussed in this note. Mean field theory should, however, in-
dicate at least the qualitative tendencies of the fluctuation
effects. We have included here the most important fluctu-
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ations of the light baryons and mesons. Furthermore, we
find that the term 2),& accounts for 82(99,95) precent of
the octet mass Mg. This suggests that the neglected effects
of the residual multi-quark interactions after bosonization
are subleading. Finally, the existence of a local minimum
with (7) # 0, (€) # 0, as found in this note, only requires
the validity of mean field theory in a neighborhood around
this minimum. Statements of this type should be more ro-
bust than a mean field computation of global properties
of the effective potential for all 5,£. We recall that the
main shortcoming of mean field theory is that it neglects
the effective running of the couplings, as fluctuations with
different momenta are included. In the vicinity of the min-
imum at ((7), (€)) the only excitations with mass much
smaller than k are the pions.

It would be interesting if some qualitative results of
this investigation, namely that the color octet condensate
(€) dominates M, f and M; — Mg, whereas the singlet
condensate (7) essentially determines Mg and the combi-
nation M2 f? for the pseudoscalars, could be seen in future
lattice simulations. This may be possible indirectly by a
study of the quark mass dependence of the meson and
baryon masses.
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