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Abstract. A recently proposed modified perturbative expansion for QCD incorporating gluon condensation
is employed to evaluate the quark and gluon self-energy corrections in first approximation. The results
predict mass values of 1/3 of the nucleon mass for the light quarks u, d, and s and a monotonously growing
variation with the current mass. The only phenomenological input is that 〈G2〉 is evaluated up to order
g2 as a function of the unique parameter C defining the modified propagator, and then C is fixed to give
a current estimate of 〈g2G2〉. The light quarks u and d as a result are found to be confined and the s,
c, b and t ones show damped propagation modes, suggesting a model for the large differences in stability
between the nucleons and the higher resonances. The above properties of quark modes diverge from the
fully confinement result following from the similar gluon propagator previously considered by Munczek
and Nemirovski. On the other hand, the condensate effects on the gluon self-energy furnish a tachyonic
mass shell as predicted by the Fukuda analysis of gluon condensation in QCD.

1 Introduction

One of the great achievements of theoretical high energy
physics in the last thirty years has been the discovery
and development of quantum chromodynamics (QCD).
The smallness of the coupling constant at high momenta
(asymptotic freedom) has allowed one to develop a per-
turbative framework applicable for very high energy pro-
cesses. That situation strongly simplifies the study of such
phenomena and the calculated quantities are in good
agreement with the experimental data. However, pertur-
bative QCD (PQCD) is far from being able to furnish even
a rough description for the relevant physics at low ener-
gies. The solution of this situation is currently one of the
main challenges of particle physics.
A relevant phenomenon related with QCD is color con-

finement. Today, there exist strong reasons to believe that
the relation between the basic quantities in QCD, like the
gluon and quarks fields, and the real world characterized
by a whole variety of interacting mesons and baryons, can
be understood by solving the confinement problem. The
basic picture which seems plausible, deriving from QCD,
is that the fundamental fields cannot be associated to the
asymptotic states of quark and gluons and the true phys-
ical states consist only of colorless composites of quarks
and gluons (mesons and baryons).
The above quoted limitations of PQCD mean in par-

ticular that the usual Fock space vacuum of the non-
interacting theory is unable to predict, even approxi-

mately, the real ground state properties of QCD [1–4].
This is in contrast with the case in QED, where the stan-
dard perturbation theory gives a better than good con-
cordance with the experimental data. The nature of the
structure of the vacuum is one of the main problems to be
clarified and naturally its solution is closely linked with
the color confinement effect. A short review of the vari-
ous models which have been employed to investigate the
confinement and the vacuum structure in QCD can be
found in [5], and one may consult [6,7] for a more detailed
analysis.
Another basic problem for QCD is the one related

with the quark masses, that is, the so-called current quark
masses which appear in the Lagrangian. As the quarks
are not observed in free states, the meaning of the quark
masses needs to be considered with care [8–10]. The nature
of these parameters has been an important subject of re-
search since a long time ago [11–13]. The relations among
these masses and their magnitudes have been determined
through the methods of current algebra in combination
with measurements of the light mesons masses.
In former works [14,15,5] an attempt aimed at the con-

struction of a modified perturbation expansion for QCD
able to predict at least some low energy properties of this
theory has been considered. First, in [14], the modified ex-
pansion conserving the color SU(3) and Lorentz symme-
tries was proposed, aiming at the solution of the symmetry
limitations of the earlier chromo-magnetic field models [1–
4], inspired the search. A similar lack of manifest Lorentz
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invariance had also the Feynman rules, intending to in-
clude gluon condensation, advanced later in [16–18], in
which a delta function for k < ΛQCD was summed over the
perturbative piece. The expansion proposed in [14] consid-
ers a change of the gluon propagator in a term associated
to condensation zero momentum gluons. This alteration of
the usual rules had the interesting property of producing a
non-vanishing value for the gluon condensation parameter
〈g2G2〉 already in the first approximation [19]. In addition,
in [14] a non-vanishing value for the effective self-energy of
the gluons was obtained at the loop level. Finally, a per-
turbative evaluation of the effective potential as a function
of the condensate parameter indicated that the condensa-
tion is spontaneously generated from a zero condensate
state.
The next work [15,5] had as a main objective the jus-

tification of the applicability of the Feynman expansion
introduced in [14]. This search was in need because after
modifying the propagator, it was unknown whether or not
the initial wave function generating the expansion was a
physical state of the free theory. In [15,5], by making use
of the operational formulation of QCD developed by Kugo
and Ojima [20], it was possible to find a physical state of
the non-interacting theory, thus enabling one to generate
through the Wick expansion the sort of propagators con-
sidered in [14]. The discussion allowed also a more precise
characterization of the class of changes admitted in the di-
agrammatic expansion by the physical state condition on
the initial state. Specifically, it was found that the C pa-
rameter, describing the gluon condensation, must be real
and positive.
The present work is an expanded version of a letter

sent for publication. Its main objective is to first evaluate
〈G2〉 in terms of the condensate parameter C up to order
g2, in order to further determine the quark masses after
fixing the parameter g2C to reproduce the accepted value
for 〈g2G2〉. The essential result is the evaluation of the
constituent masses for the light quarks. In order to per-
form this, we made use of the recent values reported for
the current masses [21]. The idea inspiring this work was
the possibility that the gluon condensation described by a
modified expansion could predict the appearance of large
masses for the light quarks (u, d and s) of the order of 1/3
of the nucleon mass (constituent quark mass), thus fur-
nishing an explanation for the successful constituent quark
models. Surprisingly, after fixing the condensate parame-
ter g2C to produce the most accepted value of the 〈g2G2〉
(through the evaluation here performed of this quantity
in terms of g2C), it followed that the light quarks u, d and
s got exactly the needed constituent-like values for the
masses in one of the propagation modes of the modified
mass shell. The free propagation modes, which are at dis-
crepancy with the absence of free quarks, are here only
arising within an approximation evaluating the main ef-
fects of the condensate. After the inclusion of all the terms
completing the one-loop approximation in the gluon self-
energy an interesting picture arises. It follows that the
previously free propagation modes of the u and d quarks
turn out to be confined. On the other hand, the s, c, b

and t quark waves become damped. That is, the squared
rest masses get complex values. It should be stressed that
the peaked structure of the propagator for the u and d
at (p2)1/2 = m = 0.30915GeV signals the value of m as
the one expected to appear in the kinetic energy terms
p2/2m defining the free part of the bound state equa-
tions for the u and d constituted nucleons. Henceforth, a
possible mechanism contributing to a justification of the
drastic difference between the stability of nucleons and
the higher resonances is suggested. The absence of prop-
agating modes for the u and d might assure the absolute
stability shown by the nucleons’ bound states. Or other-
wise, the presence of damped modes in the rest masses of
the former quarks would contribute to the decaying chan-
nels observed for all the hadron resonances associated to
these short lived states.
Next, after considering the ground state within each

of the baryon resonance groups as classified in [21] and its
set of three constituent quarks, and adding the calculated
quark masses for each of them (which depends on the fla-
vor through the assumed values of the current masses),
a spectrum of baryon masses was estimated. The results
again reasonably well reproduce the experimentally de-
termined resonance energies [21]. This outcome suggests
a less relevant role for the interaction energy among the
quarks in determining the masses of these hadrons.
At this point it is important to make clear that earlier

works [22,23] introduced a pure delta function at zero mo-
mentum in the gluon propagator, searching for a model of
meson resonances. In these treatments the constants in-
troduced, multiplying the delta function, were different
from the one fixed in our previous work [15,5], leading
also to very different results. In particular, the singularity
structure of the quark propagator has no poles on the real
p2 axis [23] at variance with our results. This difference
is directly connected with the definite sign for the coef-
ficient of the δ-function which in our case was precisely
determined in [15,5]. Since our analysis in that paper was
based on the direct construction of the state incorporat-
ing the condensate, it follows that the difference with the
results of [22,23] is rooted in a corresponding difference
in the initial state determining the Wick expansion. It is
also possible that both procedures lead to the same exact
physical predictions, but the first approximations in each
approach could turn out to be more appropriate for the
discussion of specific physical issues. This question will be
addressed elsewhere. It should further also be noticed that
gluon condensate states reproducing the modified expan-
sion of [22,23] have also been discussed in [24,25]. How-
ever, all these references are related with states showing
confined quarks and massive gluons, at variance with our
proposed state determining massive quarks (in the sim-
plest approximation) and tachyonic gluons.
It also follows that another dispersion relation is ob-

tained which predicts a vanishing value of the mass as
mQ → 0. This mode could be connected with the family
of low mass mesons (e.g. Π and K mesons). Specifically,
the possibility is open that the bound states of quark ex-
citations in these light mass states of the quarks could
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describe such low lying mesons within the framework here
presented. A circumstance pointing in this direction is that
the spontaneous chirality breaking associated with this
mass generation should be expected to be associated with
some massless Goldstone modes. Therefore, it is possi-
ble that the bound states of such modes predicted by the
Bethe–Salpeter equations turn out to describe the light
mesons Π and K. This question however, will be deferred
to a further study.
The calculations of 〈G2〉 and the quark and gluon

masses will be performed up to order g2. It seems worth
anticipating that the approximation scheme will resem-
ble a sort of quasi-classical limit in which the condensate
seems to play the role of a macroscopic mean quantum
field. Such an interpretation is in concordance with the
initial motivation of our analysis as aimed to construct a
covariant version of the chromo-magnetic models [14].
Another conclusion which should be noticed is that the

evaluated gluon mass determined from the allowed values
of the condensate parameter g2C is tachyonic. The pos-
sibility for a tachyonic gluon mass has been recently dis-
cussed in the literature [26,27,18]. This result indicates
that the free propagator of the expansion is not repro-
ducing itself after the first approximation. This property,
however, does not mean a limitation of the approach. This
is because, at variance with [22,23], we are not assuming
that the exact propagator has the same delta function
structure. This form only arose for the free propagator as
determined by the Wick expansion around the considered
initial state.
This presentation is organized as follows: Sect. 2 is de-

voted to making precise the elements characterizing the
modified perturbation expansion. In Sect. 3 the calcula-
tion of 〈G2〉 up to order g2 for gluodynamics is presented,
and the result is used to estimate the condensation param-
eter g2C. Further, in Sect. 4 the effects of the condensate
on the quark masses are evaluated and the values obtained
are used to estimate the spectrum of the ground states in
each baryon group as classified in [21]. In Sect. 5 the cal-
culation of the effect of the condensate on the one-loop
self-energy for the gluons is evaluated. Finally, the results
are summarized and some open questions and a conjecture
are underlined in Sect. 6.

2 The modified Feynman rules

In this introductory section, the main elements and con-
ventions of the modified expansion introduced in [14,15,5]
will be reviewed. The generating functional of the Green
functions in the modified theory has the form

Z
[
J, η̄, η, ξ̄, ξ

]
=
1
N

∫
D
(
Ar, c̄r, cr, Ψ̄r, Ψr

)
× exp

{
i
∫
d4xLsources

}
, (1)

Lsources = L+ Jµ,aAra
µ + craηa + η̄acra

+Ψ̄riξi + ξ̄iΨri, (2)

N =
∫
D
(
Ar, c̄r, cr, Ψ̄r, Ψr

)
× exp

{
i
∫
d4xL

}
, (3)

where sources for all the renormalized fields (Ara
µ , cra, cra,

Ψ̄ri, Ψri) have been introduced in the usual manner, and
the effective Lagrangian for the bare fields was selected in
the Kugo–Ojima quantization procedure for gauge theory:

L = LG + LGh + LQ,

LG = −1
4
F a

µν (x)F
µν,a (x)− 1

2α
(
∂µAa

µ (x)
)2
,

LGh = −i∂µca (x)Dab
µ (x) cb (x) ,

LQ = Ψ̄ i (x)
(
iγµDij

µ −m∗
Qδ

ij
)
Ψ j (x) .

The sum over the six quark flavors will be omitted
everywhere in order to simplify the exposition. We think
that no confusion should arise for this. The gluon field
intensity has the usual form:

F a
µν (x) = ∂µA

a
ν (x)− ∂νA

a
µ (x) + g∗fabcAb

µ (x)A
c
ν (x) ,

where the Dab
µ , Dij

µ are the covariant derivatives in the ad-
joint and fundamental representations of the group SU(3),
respectively,

Dab
µ (x) = ∂µδ

ab − g∗fabcAc
µ (x) ,

Dij
µ (x) = ∂µδ

ij − ig∗T ij,aAa
µ.

Here, the bare fields and bare coupling constant and
masses (g∗,m∗

Q), were expressed in terms of their renor-
malized counterparts following the same conventions as in
[28]. Below, the renormalized masses and coupling will be
denoted as mQ and g respectively.
It should be recalled that as argued in [15,5] the physi-

cal predictions for the value α = 1 of the gauge parameter
should have physical meaning whenever the adiabatic con-
nection of the interaction does not lead the evolving state
out of the physical space. Therefore we will here fix this
value of the parameter.
Then, after the standard procedure of extracting from

the functional integral the exponential of the terms of
higher than second order in the fields (vertices), the gen-
erating functional takes the form to be employed in the
evaluations below [29]:

Z
[
J, η̄, η, ξ̄, ξ

]
= N−1 exp

{
i

[
SG

abc

3!i3
δ3

δJaδJbδJc
+
SG

abcd

4!i4
δ4

δJaδJbδJcδJd

+
SGh

ras

2!i3
δ3

δη̄rδJaδ (−ηs)
+
SQ

iaj

i3
δ

δξ̄iδJaδ (−ξj)

]}

×Z0
[
J, η̄, η, ξ̄, ξ

]
, (4)

with the free functional given by

Z0
[
J, η̄, η, ξ̄, ξ

]
=exp

{
i
JaG

ab
G Jb

2
+ iη̄rG

rs
Ghηs + iξ̄iG

ij
Qξj

}
,
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and N normalizes Z to be one at vanishing sources. Use
will be made of the compact DeWitt notation [30], in
which a Latin letter, say a, b, · · ·, for a field symbolizes
the space-time coordinates of it as well as all its inter-
nal quantum numbers. The same index in a source or a
tensor symbolizes the same set of variables of the kind
of fields associated with this specific index. For example
Aa = Aa

µa
(xa), ca = ca(xa) and Ψ i = Ψ i(xi). Note that

a particular convention has been also employed in which
the same letter is employed for the global index (for all the
coordinated and internal indices) and the one indicating
the internal coordinates in the explicit form of the quan-
tities. Such a procedure was useful for the calculations,
and we also think this will not create confusion. As usual,
repeated indices represent the corresponding space-time
integrals and contracted, Lorentz, spinor or color compo-
nents.
The following definitions also have been used in (4):

Sα
ijk··· ≡

(
δ

δΦi

δ

δΦj

δ

δΦk
· · ·Sα (Φ)

)
Φ=0

,

for α = G,Gh,Q and Φ = A, c̄, c, Ψ̄ , Ψ ,

Gij
α ≡ −S−1

α,ij for α = G,Gh,Q,

where G, Gh and Q mean the gluon, ghost and quark
parts of the action respectively.
There is only one main element determining the dif-

ference of the usual perturbative QCD expansion and the
modified one considered in [14,15,5]. It is related with the
form of the gluon free propagator. As proposed in [14]
there is an additional term to the gluon free propagator
which is absent in the standard expansion. In [5,15], such
a term was shown to be a consequence of a Wick expan-
sion based in a state constructed by acting on the usual
vacuum with an exponential of pairs of zero momentum
gluon and ghost creation operators. The ghost propaga-
tor [15,5] could remain unmodified if the parameters left
after fixing the form of the wave function was taken real
and positive [15,5]. Such a selection will be employed here.
The quark propagator is not affected in any way by the
gluon condensation as introduced in [14,15,5]. However,
as will be commented on in the summary, the results of
the present work led to the idea of a possible physical rele-
vance of introducing quark condensates along similar lines
as was done for the gluons. We consider the exploration
of this possibility, which now is to be exposed, as one of
the most interesting extensions of this work.
A technical point can be noticed for precision. The

operator quantization employed in [15,5] takes the ghost
fields to be satisfying the conjugation properties proper of
the approach of Kugo and Ojima [20]. However, at the
level of the Feynman diagram expansion the difference
with the standard procedure is only a change of variables.
In accordance with the above remarks and the re-

sults of [14,15,5] the diagram technique defining the mod-
ified expansion has the following basic propagators for the
renormalized fields:

Gab
G = δabgµaµb

[
1

k2 + iε
− iCδ (k)

]
,

Grs
Gh = δrs (−i)

k2 + iε
,

Gij
Q = δij m+ pµγµ

(m− p2 − iε) ,

and the same normal and counterterm vertices as the usual
one as in the conventions of [28]. The dimensional regu-
larization and minimal subtraction (MS) is the renormal-
ization procedure employed here.
Having defined the Feynman rules and the conventions

to be used, below these will be applied to the calculation
of various quantities of interest.

3 The mean value of G2

The calculation of the mean value of the gluon field inten-
sity squared is considered in this section. It extends the
former evaluation done in [14] within a simpler approxi-
mation. The result will then be employed afterwards for
fixing the value of the condensation parameter g2C as the
one necessary for furnishing the currently estimated value
for 〈g2G2〉. The calculation will be performed up to order
g2 including the whole dependence on the condensate.
It is a helpful circumstance here that the one-loop

renormalization procedure of the modified expansion can
be performed identically as in the standard PQCD. This
is a direct consequence of the fact that the δ -function kills
the only existing integrals at one-loop level and therefore
all the corresponding counterterms in the dimensional reg-
ularization are identical. This fact will be helpful in reg-
ularizing and renormalizing the composite operator mean
value 〈G2〉.
For the evaluation of 〈G2〉 the following definition of

this quantity will be employed:

〈G2〉 = 〈0|Sg |0 〉∫
dxD

(5)

=

∫
D
(
Ar, c̄r, cr, Ψ̄r, Ψr

)
Sg [Ar] exp

{
i
∫
d4xLsources

}∫
dxD

∫
D
(
Ar, c̄r, cr, Ψ̄r, Ψr

)
exp
{
i
∫
d4xL} ,

where Sg [Ar] represents the gluon part of the action in
the absence of the gauge breaking term depending on the
gauge parameter α, evaluated at the renormalized gluon
fields Ar, that is

Sg [Ar] = −1
4

∫
d4xF ra

µν (x)F
rµν,a (x) .

Therefore, 〈G2〉 will be considered as defined by the
mean value of the gluon action divided by the space-time
volume in dimensional regularization.
After substituting in (5) the perturbative expression

for the mean value in terms of the generating functional
(4) it follows that

〈0|Sg |0 〉 =
{[

Sg
ab

2i2
δ2

δJaδJb
+
Sg

abc

3!i3
δ3

δJaδJbδJc
+
Sg

abcd

4!i4

× δ4

δJaδJbδJcδJd

]
Z
[
J, η̄, η, ξ̄, ξ

]}
J,η̄,η,ξ̄,ξ=0

. (6)
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Fig. 1. Diagram contributing to G2 terms in the gluon con-
densate parameter

In the momentum representation the kernel Sg
ab has the

form

Sg
ab = (2π)

4
δ (ka + kb) δab

[− (gµaµb
k2

a − ka,µaka,µa

)]
,

and the Sg
abc and S

g
abcd ones are the usual three and four

leg gluon vertices [28].
Let us consider below the evaluation of G2 up to or-

der g2. As any Feynman diagram can be expressed as a
polynomial in the constant C, after associating a new dia-
grammatic line for this part of the free propagator, all the
Feynman diagrams can be divided in two groups. The first,
say G1 including the diagrams not showing the new prop-
agator line and another group, G2, having one or more,
we wil call “condensate” lines. Such lines have associated
to them a multiplicative Dirac delta function at zero mo-
mentum.
After writing out all the expressions of type G2 (up to

second order in the renormalized coupling g2) contributing
to (6), it follows that the only non-vanishing diagram is
the one appearing in Fig. 1 in which both gluon lines are
substituted by “condensate” lines. The remaining terms
vanish thanks to the zero momentum evaluation produced
by the Dirac delta functions introduced by the “conden-
sate” lines and also due to the vanishing of tadpoles in
dimensional regularization. Also, it should be underlined
that the retention of the iε factors defining the Feynman
propagator, up to the evaluation of the integrals, was also
important in receiving the zero result for some of the di-
agrams in G2. The contribution related with Fig. 1 had
been calculated before and the result is [14,15]

TG2 = −1
4
288g2C2

(2π)8
.

Next, the diagrams in G1 are the ones contributing to
G2 up to order g2 in standard perturbative QCD. They
are illustrated in Fig. 2. The terms T6 and T7 represent
the only non-vanishing and non-tadpole-like second order
contributions. It can be noticed that the appearance of
two tadpoles in the term T7 leads to the exact vanishing
of this contribution in dimensional regularization.
As for the diagram T6: it corresponds to the expression

ET6 =
1
3!i3

∫
dpD

(2π)Di
gµνδab

p2 + iε
Π(g)ab

µν (p),

where Π(g) is the gluonic contribution to the polarization
tensor in second order, which has been explicitly calcu-
lated. This expression, after substituting for the known
expression for Π and performing the Wick rotation, turns
out to be of the form

Fig. 2. Diagram contributing to G1 terms in the gluon con-
densate parameter

ET6 �
∫

dqD

(2π)D
(q2)(D/2)−2. (7)

After considering the formula [31]∫
dqD

(2π)D
1

(q2)α
1

(q − k)2β

=
i(−1)−α−β(−k2)−α−β+n/2

(16π2)n/4

Γ (α+ β − n/2)
Γ (α)Γ (β)

× B
(n
2

− β,
n

2
− α
)
,

B(n,m) =
Γ (m)Γ (n)
Γ (m+ n)

,

for the case α + β = 2 − (D/2) and fixing kµ = 0, fol-
lows the vanishing of diagram T6 within the dimensional
regularization for D > 2.
It remains now to discuss the contributions of the

tadpole-like diagrams. It is worth noticing at this point
that they are quite similar in form to the one correspond-
ing to the square of the electromagnetic field strength in
QED. In fact they differ from it only in some numeri-
cal color factors. An important quantitative difference be-
tween the expressions for both theories is related to the
magnitude of the coupling constant which is very much
higher in QCD. Let us consider the T1–T5 terms in Fig. 2
embodying the gluon, ghost and fermion contributions
with the inclusion of the one-loop counterterms render-
ing finite the polarization operator at one loop [28]. This
expression turns out to be of the form

ET1−T5 �
∫

dpD

(2π)D

(pµpν − p2gµν)
(
gµν − pµpν

p2 + iε

)
p2 + iε

× δaa(1−Π(p2)
)
, (8)

where Π as usual is defined through the polarization ten-
sor:

Πab
µν(p) = δab(pµpν − p2gµν)Π(p2),

and can be expressed as a superposition of the pure gluo-
dynamical contribution and the quark one as [28]

Π(p2) = ΠG(p2) +ΠQ(p2)
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=
g2µ4−D

4πD/2 (−p2)2−D/2Γ

(
2− D

2

)
B

(
D

2
,
D

2

)

×
(

− CG(3D − 2)
D

2
− 1

+
8TR

B

(
D

2
,
D

2

)∑
Q

∫ 1

0
dxx(1− x)

×
(
x(1− x)− m2

Q − iε
p2

)−(2−D/2))
+ (Z3 − 1), (9)

where CG = 3 and TR = 1/2 for SU(3) and µ is the mass
scale in the dimensional regularization.
Considering first the pure gluonic contributions asso-

ciated with (1−ΠG(p2)) in (8), it follows that they reduce
to a sum of dimensional regularized integrals of the same
form as (7). Thus, the second order gluodynamical contri-
bution of the tadpole-like contributions vanish. Let us an-
alyze now the quark contributions associated toΠQ. It can
be noticed that for massless quarks, that is mQ = 0, that
the ΠQ has the same analytical dependence of p2 as the
gluonic part ΠG, and all the quark contributions vanish
after the regularization is employed. However, for massive
quarks the result for the second order dimensionally regu-
larized contribution along the same lines employed for the
previous terms gives rise to a non-vanishing contribution
of the following form after the subtraction of the divergent
pole terms at D = 4. The expression for the regularized
term before subtraction is

g2µ4−DET6 =


∑

Q

(m2
Q)

D−2




× 64
√
πg4µ8−2DTR(D − 1)Γ (2−D)Γ (4−D)

27−2D(4π)DΓ
(
9
2

−D

) .

This expression has simple as well as double poles
which after being subtracted (in the D = 4 limit follow-
ing the rules of the MS scheme for composite operators
[32]) give a finite correction to 〈g2G2〉 for the gluon con-
densate parameter. It can be evaluated and the numerical
expression becomes

(
g2µ4−DET6

)fin

= 0.00064TRg
4


∑

Q

m4
Q

([
55.32− 37.4Log

(
µ2

m2
Q

)

+ 6.Log2
(
µ2

m2
Q

)



 .

However, it should be noticed that this finite expres-
sion has been obtained for the second order correction
of the polarization operator. The summation of the in-
finite ladder of the self-energy insertion leading to the
one-loop propagator can be suspected to produce a no-
ticeable modification of this result. After also considering
the high indefiniteness in the quark current masses, and

the technical difficulty we had in evaluating the dimen-
sionally regularized expression for the above mentioned
self-energy insertions, we decided to employ for the fur-
ther consideration here the purely gluodynamical contri-
bution. In support of this way of proceeding there is also
another circumstance. One needs to notice that a refined
version of the definition of the composite operator G2(x)
could be suspected to exist in such a way that the terms
associated to a tadpole diagram of the exact propagator
vanish. This property would assure the exact vanishing
of the 〈F 2〉 in QED, a property that to our knowledge is
expected. Because, at one loop, both QED and QCD tad-
pole expressions are basically the same, the above written
quark contribution would not really appear. The existence
of the mentioned definition, opens the possibility for the
second order gluodynamical contribution to be exact for
QCD in this approximation. However, we shift the discus-
sion of this question to a further analysis, to be considered
elsewhere, and simply adopt the gluodynamical result.
Therefore, the total second contribution to the mean

value of G2 in gluodynamics is defined by the only non-
vanishing term

〈G2〉 = 288g2C2

(2π)8
,

coming from the condensate contributions arising from the
diagram T6 which is defined by the four gluon interactions.
Finally, let us determine in a phenomenological way a

value for the constant g2C by making use of a currently
estimated value for 〈g2G2〉:

〈g2G2〉 ∼= 0.5 (GeV/c2)4 .
Therefore, the parameter g2C takes the value

g2C = 64.9394
(
GeV/c2

)2
. (10)

This fixing of the condensation parameter allows one
to investigate the physical predictions of the modified ex-
pansion in the next section.

4 Constituent quarks masses

Let us consider now the effect on the current quark masses
produced by the condensate. For the full inverse propa-
gator for the quarks in terms of the corresponding mass
operator we have the general expression:

G−1
Q (p) = (mQ − pµγµ −Σ (p)) , (11)

where the color index identity matrix has been omitted
and Σ (p) is the mass operator. Its expression is related
with the diagram in Fig. 3.
The form for Σ (p) up to order g2 within the modified

Feynman rules can be written

Σ (p) = g2CF

∫
d4k

(2π)4 i
γµ (mQ + (p− k)α γα) γνG

µν
0 (k)(

m2
Q − (p− k)2

) ,

(12)
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Fig. 3. Diagram for Σ (p) in one loop

in which the color factor CF for the SU (N) group is CF =
(N2 − 1)/(2N) which for the case of interest here SU (3),
reduces to CF = 4/3 [28].
Taking into account the modified gluon propagator

and the standard relations for the γ matrices (which here
are adopted in the same way as in [28]) the one-loop mass
operator expression is simplified to

Σ (p) = g2CF

×
∫

d4k

(2π)4 i
2 (2mQ − (p− k)α γα)(

m2
Q − (p− k)2

) (
1
k2 − iCδ (k)

)
.

Let us disregard for the moment the term not involving
the condensate parameter C in order to first study the sole
influence on the quark masses of the condensation effect.
Then the expression for Σ reduces to

Σ (p) = −g2CFC

(2π)4
2 (2mQ − pαγα)(

m2
Q − p2

) .

Therefore, the inverse propagator for the quark takes the
simple form

G−1
Q (p) = mQ


1 + 2 M2(

m2
Q − p2

)



− pµγµ


1 + M2(

m2
Q − p2

)

 , (13)

where the constant M is defined by

M2 =
2g2CFC

(2π)4
= 0.1111

(
GeV/c2

)2
,

in which the numerical value has been obtained by using
(10).
The zeros of the determinant associated to the inverse

propagator (13) then allows us to determine the effects
of the condensate (reflected by the parameter M) on the
effective mass of the quarks. Let us below use s, where
s = 1, · · · , 6 is an index indicating each kind of the quark
characterized by its particular current mass mQs .
In order to find the dependence of the effective quark

mass m2
qs,i

as a function of the current mass parameters
mQs an analysis was done of the zeros of the determinant
of the inverse Green function (13). It follows that there is
only one solution having a squared mass positive for ar-
bitrary values of the current quark masses. The existence
of this real and positive solution for the squared mass be-
comes possible thanks to the real and positive character of
C, as was shown previously [15,5]. There is another inter-
esting branch of the zeros of the determinant (dispersion

0

0.5

1

1.5

2

mq

0.5 1 1.5 2
mQ

Fig. 4. Real solution for the quark mass as a function of the
Lagrangian mass (masses in units of GeV/c2)

Table 1. Quark mass values in presence of the condensate in
units of MeV/c2

Quarks mExp
Low

a mExp
Up

b mTheo
Med

c

(u) 1.5 5 334.944
(d) 3 9 336.287
(s) 60 170 388.191
(c) 1100 1400 1315.241
(b) 4100 4400 4269.572
(t) 168600 179000 173800.48

a Reported lower bound value for the Lagrangian mass
b Reported upper bound value for the Lagrangian mass
c Calculated mean value of the constituent mass, for the lower
and upper bound of the Lagrangian masses as determined only
by the condensate contribution to the self-energy in the one-
loop approximation

relations) showing vanishing values for the effective mass
in the light current mass limit. For the purely real solution
the value of the effective quark mass mqs = f (mQs) as a
function of mQs is shown in Fig. 4. The graph is plotted
for the regionmQs < 2GeV/c

2 which contains the current
mass values of the u, d, s and c quarks.
As can be appreciated in the picture, the calculated

effective quark masses for the light flavors (u, d and s) are
clearly predicting the values of the quark masses in use in
the constituent quark models of the baryons. That is, the
light quarks get a weight of near one third of the nucleon
mass. In Table 1 the mass values obtained for each of the
quark flavors are shown [21]. From the global properties of
Table 1 it can be observed that the main effect of the gluon
condensate seems to be the dressing of the light quarks
with a cloud of gluons having a total mass of one third of
the nucleon mass. Then, the results point in the direction
of the mainly glue nature of the constituent quark masses
of the u, d and s quarks within many baryon resonances.
These results support the idea that a modified perturba-
tive expansion like the one considered, in which the effect
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of the gluon condensate has been incorporated, would be
able to predict with a reasonably good approximation the
properties of the low energy strong interactions. Similar
values for the constituent quarks masses have been ob-
tained by different methods in [33,34].
We will now investigate the influence on the mass spec-

trum produced by including the standard one-loop contri-
bution in the dispersion relations. After substituting the
known [31] quark one-loop self-energy expression, the one-
loop inverse quark propagator can be written

G−1
Q (p) = (mQ − pµγµ −Σ (p))

= A(p2)mQ −B(p2)pµγµ

= mQ

[
1 +

4CF g
2C

(2π)4
1

m2
Q − p2 − CF g(µ)2

(4π)2

×
(

−6 + 4γ − Log(4π) + 4Log
(
m2

Q − p2

µ2

)

− 4
m2

Q

p2 Log

(
m2

Q − p2

m2
Q

))]

− pµγµ


1 + 2CF g

2C

(2π)4
1

m2
Q − p2 +

CF g(µ)2

(4π)2

×

1− γ + Log(4π) +

m2
Q

p2 − Log
(
m2

Q − p2

µ2

)

+

(
m2

Q

p2

)2

Log

(
m2

Q − p2

m2
Q

)

 , (14)

where the dimensionless coupling constant g2 has been
substituted by its running expression as a function of the
scale parameter µ so that

g(µ)2 =
4π0.12

1 +
7× 0.24
4π

Log
( µ

91.18

) .
That is, the value of α(µ)2 = g(µ)2/(4π) is fixed at 0.12
at the scale of the Z mass µ = mZ = 91.18GeV. In order
to automatically fix the scale µ to the one associated to
the magnitude of the obtained solution for the mass, the
value of µ was taken to satisfy µ2 = p2 to reproduce the
same value of the solution for the squared mass.
Before proceeding, it should be noticed that the in-

verse propagator, after the introduction of the one-loop
terms, gets a branch cut at the real axes for the consid-
ered complex variable p2 for Re(p2) > m2

Q. However, the
iε prescription selects one of the sides of the cut as giving
a well-defined value of the inverse propagator at real p2

values.
After multiplying (14) by A(p2)mQ − B(p2)pµγµ the

modified mass shells can be most easily found by solving

D(q2) = A(p2)2m2
Q −B(p2)2p2 = 0.

Concretely, we estimated the corrected values of the
masses in Table 1 by searching for the peaks of the inverse

Table 2. Quark mass values in presence of the condensate in
units of MeV/c2

Quarks mExp
Low

a mExp
Up

b mTheo
Med

c

(u) 1.5 5 309.15
(d) 3 9 309.15
(s) 60 170 354.00
(c) 1100 1400 1343-200i
(b) 4100 4400 4515-65i
(t) 168600 179000 190000-1450i

a Reported lower bound value for the Lagrangian mass
b Reported upper bound value for the Lagrangian mass
c Calculated mean value of the constituent mass, for the lower
and upper bound of the Lagrangian masses after the inclusion
of the standard one-loop correction for the self-energy

for the absolute value of D(q2) as a 2D-function of the real
and imaginary parts of p2. The new values are reported in
Table 2. As can be observed the masses were not drasti-
cally changed. They all show a relatively small reduction
in their magnitude, and indicate the consistency of the
predicted constituent masses for the light quarks at the
one-loop level.
An interesting outcome following from the inclusion of

the standard one-loop terms should be stressed. It consists
in the smallest mQ masses being associated to the lower
and higher bounds for the u and d quarks, 1/ | D(q2) |,
although showing a definite peak at 0.30915GeV does not
really diverge near this value. Therefore, the propagator
is not showing a definite pole associated to a propagat-
ing quark mode at this p2 value. However, at the level of
the Bethe–Salpeter equation for bound states of quarks,
it should be expected that p2 at this peak should behave
as the non-relativistic value for the square of the mass en-
tering the kinetic energy expression p2/2mQ. Henceforth,
in spite of the presence of free propagating modes in the
simplest approximation, the inclusion of the quantum one-
loop correction makes the u and d modes non-propagating
(confined) in the same way as occurs in the approach of
Munczek and Nemirovsky [22,23].
For greater values of mQ in the range presently es-

timated for the s quark current mass (0.60–0.170GeV)
in the neighborhood of the non-diverging peak of 1/ |
D(q2) |, this quantity starts showing divergence points at
complex values of p2 which represent damped but propa-
gating quark modes. The structure of the spectrum just
described suggests a possible explanation for the dras-
tic difference of stability between the u and d composed
hadrons and the resonances including s, c, b and t quarks.
The point is that the presence of poles at complex p2 for
the heavier quarks could lead to the existence of disinte-
gration channels for the higher mass resonances in which
the s, c, b and t quarks can escape in a damped propagat-
ing mode to be hadronized by some separate mechanism.
On the other hand, as the u and d quarks do not show
propagating states, those could remain in perennial con-
finement within an undisturbed nucleon. A further study
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Table 3. Experimental and theoretical baryonic resonance
masses in units of MeV/c2

Baryon Exp.Val. Th.Mean.Val. Rel.Err.

p(uud) 938.27231 1006.175 7.24
n(udd) 939.56563 1007.519 7.23
Λ(uds) 1115.683 1059.422 5.04
Σ+(uus) 1189.37 1058.078 11.04
Σ0(uds) 1192.642 1059.422 11.17
Σ−(dds) 1197.449 1060.766 11.41
Ξ0(uss) 1314.9 1111.325 15.48
Ξ−(dss) 1321.32 1112.669 15.79
Ω−(sss) 1642.45 1164.572 29.10
Λ+

c (udc) 2284.9 1986.472 13.07
Ξ+

c (usc) 2465.6 2038.375 17.33
Ξ0

c (dsc) 2470.3 2039.719 17.43
Ω0

c (ssc) 2704 2091.622 22.65
Λ0

b(udb) 5624 4940.803 12.15

Table 4. Experimental and theoretical masses for a group of
vector mesons in units of MeV/c2

Meson Exp.Val. Th.Mean.Val. Rel.Err.

ρ
(

uu−dd√
2

)
770.0 671.231 12.83

�
(

uu+dd√
2

)
781.94 671.231 14.16

φ (ss) 1019.413 776.381 23.84
J/ψ (1S) (cc) 3096.88 2630.482 15.06
Y (1S)

(
bb

)
9460.37 8539.144 9.74

of the consistency of this explanation is expected to done
be within the planned extension of this work to investigate
bound state equations for hadrons.
It can be concluded that the constituent quark masses

evaluated from the simplest approximation for the dis-
persion relation considered above are stable under the in-
clusion of the standard one-loop corrections to the self-
energy.
Next, in Table 3, the masses of the ground state res-

onances, each of them selected from one of the groups
of baryons as classified in [21], are shown in comparison
with the values obtained for them by a theoretical esti-
mate consisting in adding the masses calculated here for
each of their known quark constituents. The quark masses
of Table 1 were employed for this evaluation. Also, in Ta-
ble 4, the masses for some vector mesons reported also in
[21] are shown in conjunction with the result of the sum
of the calculated masses for their constituent quarks (Ta-
ble 1).
As can be appreciated, the results obtained for the

vector mesons and baryon resonances are only estimates.
However, the values obtained are in reasonable correspon-
dence with the reported experimental values. It can also
be noticed that the validity of the present calculations im-
plies that the binding energy contribution to the baryon
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Fig. 5. A solution for the quark mass as a function of the La-
grangian mass, that satisfies mqs → 0 when mQs → 0 (masses
in units of GeV/c2)

rest masses should be small. This property then could jus-
tify a non-relativistic description of such resonances.
As was remarked before, another form of the depen-

dence of the effective quark mass with mQs also follows
from the dispersion relations. It by contrast shows a van-
ishing effective mass when mQs

→ 0. The existence of this
branch opens the possibility of an appropriate descrip-
tion of the light mesons (Π and K) within the proposed
scheme. They could be associated to bound states of light
quarks propagating in such modes. The analysis of this
question deserves a separate treatment and will be exam-
ined elsewhere. The graphic for the mentioned branch is
represented in Fig. 5, for the region of mQs < 0.1GeV/c

2,
by a point at which the change in the analytic dependence
signals where the solution gets an imaginary part when the
current mass value mQ grows.

5 Tachyonic gluon self-energy

Let us consider now the evaluation of the gluon self-energy.
As is known the exact gluon propagator can be written in
the form

Gab
G (p) =

δab

p2


gµaµb

− pµapµb

p2

1 +Π (p2)
+ α

pµapµb

p2


 , (15)

where the function Π is defined at the one-loop level, by
the expression

Πab
(
p2) = Πab

G +Πab
T +Πab

Gh +Πab
Q

= δab
(
pµapµb

− gµaµb
p2)Π (p2) ,

which is diagrammatically represented in Fig. 6. Again,
expanding in powers of the condensate parameter C, the
total contribution can be decomposed in the standard one
(associated to the ghost and the quark loop integrals) and
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Fig. 6. Diagrams for Πab
(
p2)

the C dependent ones Πab
G and Πab

T which can be readily
calculated to be

Πab
G =

g2CN

(2π)4
δab

(
−5gµaµb

+ 2
pµa

pµb

p2

)
,

Πab
T =

3g2CN

(2π)4
δabgµaµb

.

Summing these particular two terms leads to

Πab
C

(
p2) = δab

(
pµapµb

− gµaµb
p2) 2g2CN

(2π)4 p2
.

Considering again our case, the SU (3) group, that is N =
3, and disregarding in a first consideration the standard
one-loop contribution, the function Π reduces to

Π
(
p2) = 6g2C

(2π)4
1
p2 , (16)

which in turns leads to the following condition for the
poles of (15):

p2 −m2
G = 0,

where

m2
G = − 6g

2C

(2π)4
= −0.25 (GeV/c2)2 .

Therefore, as the parameter C has been defined before
as real and positive [15,5], it follows that the transverse
gluon mass correction becomes tachyonic. The ability of a
tachyonic mass in producing improvements in models for
the inter-quark potential has recently been argued in the
literature [26,27]. The effect is linked with the introduc-
tion of a linearly increasing term as a first correction to the
Coulomb potential in the massless case [27]. Therefore, the
tachyonic result arising here for the gluon mass appears to
be of interest for a derivation, within the present frame-
work, of former successful phenomenological bound state
models for mesons [35–37].
We are grateful to J.P. Vary and J. Qiu for the sug-

gestion of this possibility.
It should also be underlined that the tachyonic char-

acter of the gluon self-energy arising here is fully compat-
ible with the more general result of Fukuda for the nor-
mal Green functions in QCD, when gluon condensation
is present [38]. This circumstance then suggests that the
modified expansion under discussion could be a sort of per-
turbative representation of the Fukuda non-perturbative
treatment of the gluon condensation in QCD. In a differ-
ent manner, the approach of Celenza and Shakin and other

authors can be expected to be related with a different ini-
tial state also incorporating gluon condensation. It could
be the point that, in the end, both pictures can appear to
be equivalent at the level of exact results. This could be
the case because the physical degrees of freedom are not
the gluons and quarks ones, but their colorless composite
combinations the physics of which is determined by the
bound state dispersion relations.
Finally in this section it is to be stressed that if a mod-

ification of the ghost propagator is present, then a mass
terms for the longitudinal propagator could also appear
and the polarization operator (gluon self-energy) becomes
non-transverse. This result means a violation of a Ward
identity representing the gauge invariance by the presence
of ghost (and fermion) condensates. Thus, it follows that
the selection of the parameter of the initial state in [15,5]
was the appropriate one for the satisfaction of a gauge in-
variance condition at this stage. The physical meaning of
the alternative procedures of constructing the initial state
needs however clarification.

6 Summary

The following results can be enumerated.

(1) A calculation of the mean value of G2 up to order g2

in gluodynamics was performed. The result coincided
with a previous one obtained in a simpler approxima-
tion [14,15], which signals that the quartic gluon self-
interaction is relevant in fixing a non-vanishing gluon
condensation parameter already in the first order of
the perturbation theory [19].

(2) The one-loop corrections for the quark masses under
the influence of the condensate were evaluated. When
only the terms reflecting the effect of the condensate
are considered, the results for the constituent masses
showed a branch which is real as a function of all the
values of the quark current mass. Another solution
which is real up to a critical value of the Lagrangian
masses, and having a vanishing proper mass in the
limit of small current masses is also obtained. The
former branch predicts values of one third of the nu-
cleon mass for the masses of the light quarks. The
effective quark masses for all the quark flavors were
evaluated as determined by their known current mass
in the mentioned approximation.

(3) After the inclusion of the rest of the terms completing
the full one-loop contribution to the quark self-energy,
an interesting outcome arises. The u and d quarks,
although showing high peak values of the propaga-
tor components near the former values of the squared
proper masses, become confined. That is, their propa-
gators do not show pole structures. On the other hand
the s, c, b and t quarks acquire poles but now not
at real values of p2. Therefore, these free modes are
damped. These properties suggest the possibility of
the explanation for the disparity of the stability prop-
erties of the nucleons and higher resonances. It would
work as follows: the absence of propagation solutions
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for the u and d quarks could assure the unlimited life
time of nucleons. Moreover, the damped oscillations
present for the rest of the quarks can create decay
modes for the bound states composed of them.

(4) By means of the obtained mass values, the ground
state energies selected within each of the groups of
hadron resonances reported in [21] were estimated
through the simple addition of the masses of their
known quark constituents. It could be remarked that
the obtained values are reasonable in comparison with
the data, after taking into account the high errors
in the experimentally determined Lagrangian masses.
This fact supports the hypothesis about the main glue
nature of the constituent mass values of the light
quarks. The small contribution of the binding poten-
tial energy of such resonances to their total mass is
also indicated and thus suggests the applicability of
non-relativistic approximations in studying them.

(5) The contribution of the condensate to the gluon self-
energy of order g2 was calculated. A tachyonic result
for the gluon mass arises for the parameter values em-
ployed in the construction of the initial state defined
in [15,5]. This conclusion is in concordance with the
analysis of Fukuda for gluon condensation [38]. As was
remarked before, there are recent arguments claiming
the possibility of a tachyonic gluon mass [26,27,18]
and its role in improving the quark–antiquark poten-
tial in bound state models of mesons [27].

It seems useful to comment here on some basic issues
related with the modified expansion being considered.

(a) The Feynman expansion depending on the condensate
parameter and taken for the gauge parameter α = 1
corresponds with the Wick expansion around a physi-
cal state of the interaction free QCD. In this somewhat
limited way the arbitrariness of the gauge parameter
in the result for the gluon mass in [14] was solved in
[15,5]. However, in order to furnish a fully consistent
picture including renormalization, a physically equiv-
alent version of the expansion for arbitrary values of α
should be developed. This question will be addressed
in future works.

(b) In [15,5] the condensation parameter C was defined
as a real and positive one. This result determined the
tachyonic character for the gluon mass found here.
Further, the sign of C also fixes the real values of
the order of the one third of the nucleon mass for
the constituent quark masses also calculated in the
present work. The opposite sign produces confined
quark modes.

(c) An aspect which is important to underline is that the
selection of the parameters defining the initial state
in [15,5] was designed also in order to impose the ab-
sence of a modification for the free ghost propaga-
tor. However, as followed from the present analysis,
this property in turn is related with the fact that a
condensate modification of the ghost propagator can
produce a longitudinal contribution to the self-energy.
But such a term should not exist for the transver-
sality condition of the polarization operator (a Ward

identity) to be obeyed. Thus, its appearance could
manifestly break the gauge invariance. Therefore, the
present work has also given a foundation to the non-
modified ghost propagator choice considered in [14,
15,5].
At the present stage we identify some important ques-

tions to be addressed in a further extension of this work.
(1) To explore the possibility of showing the exact gauge

parameter independence of the physical results within
the modified expansion.

(2) To address the general proof of the renormalizability
in the expansion.

(3) To search for a derivation of existing successful bound
state models for the heavy quark mesons [35–37], as
realized by the ladder approximation for the Bethe–
Salpeter equation within the proposed modified ex-
pansion. The presence of a tachyonic gluon propaga-
tor in the approach (which is argued to have the ef-
fect of introducing a linearly increasing component in
the inter-quark potential [27]) and the obtained con-
stituent values for the light quark masses already sup-
port such a possibility.

(4) To improve the study of the effective action as a func-
tional of the condensate parameter as done in [14] by
also including the gauge field in order to search for
a variant of the leading logarithm model useful for
the investigation of field configurations associated to
inter-quark strings, nucleon–nucleon potentials, etc.

(5) It can be underlined that the considered expansion
seems to be able to furnish a general way for the
perturbative description of pair condensates in many
body theory. An important example coming to mind
is the BCS state of the usual superconductivity. Pair
states being more closely connected with QCD were
discussed in [39,40]. In addition, in [40] it was ad-
vanced before the idea of using diquark condensates
as generating an alternative for the Higgs mechanism.
Finally, we would like to make a conjecture about a

possibility suggested by the results of this work. It is re-
lated with the question of whether the mass spectrum
of the whole three generations of fundamental fermions
could be predicted by a slight generalization of the mod-
ified perturbation expansion under consideration. In this
sense, the given arguments led us to the idea that (af-
ter the introduction of quark condensates along the same
lines as was done for gluon ones in [14,15,5]) the per-
turbation expansion obtained can have a chance in pre-
dicting both the Lagrangian mass and the constituent
quark mass spectra of the three families of fundamen-
tal fermions. The fermion condensates as described in the
proposed perturbative way would have the role of pro-
ducing the Lagrangian quark masses, through the chiral
symmetry breaking. The gluonic condensates, on the one
hand, and as illustrated here, could be responsible of gen-
erating states of large constituent mass for the low mass
quarks states. On the other hand, it seems feasible that
the higher order radiative corrections (including color in-
teractions with the condensate as well as chiral symme-
try corrections) could also determine the mass spectra for
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leptons and neutrinos. The smaller scale for the masses
of these particles could be produced by the lack of either
color or electric-weak lower order interaction terms in their
self-energy. Therefore, the possibility that the Lagrangian
mass spectrum of the three generations of the fundamen-
tal fermions could be predicted by a modified perturbation
expansion of the sort being proposed is suggested. Work
directed to investigate this possibility will be considered
elsewhere. The modified expansion under study could be
a useful technique for implementing this idea.
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7. T. Schäfer, E.V. Shuryak, Rev. Mod. Phys. 70, 323 (1998)
8. H. Fritzsch, M. Gell-Mann, H. Leutwyler, Phys. Lett. B

47, 365 (1973)
9. D.J. Gross, F. Wilczec, Phys. Rev. D 8, 3497 (1973)
10. S. Weinberg, Phys. Rev. Lett. 31, 494 (1973)
11. S. Weinberg, The Problem of Mass, Trans. New York Acad.

Sci. 38, 185 (1977), HUTP-77/A057, (1977)
12. S. Weinberg, Phys. Rev. Lett. 64, 1181 (1990)
13. S. Weinberg, Phys. Rev. Lett. 67, 3473 (1991)
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