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Based on the Veneziano ghost theory of QCD, we predict the cosmological constant A, which is
related to energy density of cosmological vacuum by A = % pa. In the Veneziano ghost theory,
the vacuum energy density p, is expressed by absolute value of the product of quark vacuum

condensate and quark current mass: pg = =t Hc|mq<0| : qq : |0)]. We calculate the quark local

m,,/
vacuum condensates (0] : gg : |0) by solving Dyson—Schwinger Equations for a fully dressed confining
quark propagator Sy¢(p) with an effective gluon propagator G,‘ﬁ’,(q) The quark current mass my,
is predicted by use of chiral perturbation theory. Our theoretical result of A, with the resulting
(0] : qq : |0) = —(235 MeV)? and light quark current mass m, ~ 3.29-6.15 MeV, is in a good
agreement with the observable of the A ~ 10752 m~2 used widely in a great amount of literatures.
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1 The problem of cosmological constant /

The starting point of the cosmological study is Einstein
Equation which is a set of ten equations in Einstein’s
theory of general relativity. The original Einstein field
equations can be written in the form [1-3]

1
R, — §Rg,“, =87GT (1)

in units of h = ¢ = 1, where G is the gravitational con-
stant G = 6.7087(10) x 10739 GeV 2 (sometime one calls
Newton’s constant), R, (1, v =0, - - -, 3) is the Ricci ten-
sor, R is the trace of Ricci tensor (it is like the radius
of curvature of space-time), g, () represents the metric
tensor which is a function of position x in spacetime. TH"
is energy-momentum tensor, which describes the distri-
bution of matter and energy. Eq. (1) describes a non-
static universe. However, Einstein believed, in that time,
that our universe should be static. In order to get a static

universe, in 1917 Einstein introduced a new term of Ag,,,
in Eq. (1) to balance the attractive force of gravity, and
then he got his new modified equation

1
R, — §Rg,“, + Agu, = 87GT ), (2)

Ain Eq. (2) is the so-called cosmological constant which
is a dimensional parameter with units of (length)~2. In-
deed, Eq. (2) allows a static universe [4], called Einstein’s
universe, which is one of Friendmann’s solution [5] of
Einstein’s field equation for appearance of A term.
However, the recent cosmological observations have
strongly shown that our present universe is expanding,
and it is not a stationary Einstein universe [6-9]. For ex-
ample, the redshift—distance relation derived by Hubble
[10, 11] led to the static universe being abandoned in fa-
vor of the now familiar expanding universe cosmology.
Accordingly, there seems to be no point in introducing A
term into Eq. (2), namely, A might be vanishing. This led
Einstein to declare his static cosmological model, and es-
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pecially the introduction of the A term in to his original
field equation theory, his “biggest blunder”.

Whilst the original Einstein’s motivation for a cosmo-
logical constant evaporated, it was later appreciated that
there were other, more fundamental reasons for its pres-
ence [12-15]. There is nothing inconsistent with the pres-
ence of such a term in the equations, Eq. (2). Indeed, re-
cent improved astronomical techniques have found that
a positive value of A is needed to explain some obser-
vations [16-19]. The universe has an unknown form of
energy density, named the dark energy, about 74% of
the total energy density. The simplest possibility is the
existence of the vacuum energy or cosmological constant.
In the standard model of particle physics, we have Higgs
field that produces electroweak phase transition, which
changes the value of the vacuum energy. It has also been
known that the vacuum fluctuations in quantum field
theory naturally induce such a vacuum energy. In fact,
the cosmological constant A is related to vacuum energy
density pa, and turns out to be a measurement of the
energy density of the cosmological vacuum [20, 21] by

81G 3)

A= TPA
Therefore, the existence of A is an intrinsic property of
cosmological vacuum since p, = %A. In other words,
Eq. (3) shows that A is a potentially important contrib-
utor to the dynamical history of the universe evolution.
The reason is that in the general theory of relativity,
any form of energy affects the gravitational field. A suffi-
ciently large energy density will cause galaxies to appear
to accelerate away from us, in contrast to the tendency
of ordinary forms of energy to slow down the recession
of distant objects.

Although the existence of a non-zero vacuum en-
ergy would, in principle, have an effect on gravitational
physics on all scales, the value of A in our present uni-
verse is not known, and it is an empirical issue that will
ultimately be settled by observation. A precise determi-
nation of this number (A) will be one of the primary goals
of observational cosmology in the near future. Theoreti-
cal physicists would like to develop an understanding of
why energy density of the cosmological vacuum has the
value of py = £25 A.

A major outstanding problem is that most quantum
field theories predict a huge cosmological constant A
from the energy of the quantum vacuum. This conclu-
sion also follows from dimensional analysis and effec-
tive field theory down to the Planck scale, by which we
would expect a cosmological constant of the order of M3,
(Mpy is Planck mass with Mp) = G 1/2 =1.22 x 10"
GeV. The Planck energy is thought to be the energy
where conventional physical theories break down and a
new theory of quantum gravity is required). We know
that the measured value is in the order of 1073 s72,
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or 10747 GeV*, or 1072 g/cm?, or about 10~ in re-
duced planck units (Mp;). That is, there is a large differ-
ence between the magnitude of the vacuum energy ex-
pected from zero-point fluctuations and scalar potential,

ptAheory =2x 1009 erg/cm?, and the value we apparently
observe, poPserve = 2 x 10719 erg/cm?, a discrepancy as a

factor of 10'2°. This is largest discrepancy — the worst
theoretical prediction in the history of physics. At the
same time, some supersymmetric theories require a cos-
mological constant that is exactly zero. Therefore, we
face a big difficulty in understanding the observational
pSPserve. This problem has been referred to as the long-
standing cosmological constant problem.

Based on Veneziano ghost theory [20, 21] of QCD, we
calculate the vacuum energy density p, in this paper by
solving the Dyson-Schwinger equations (DSEs) [22, 23]
of quark propagator in QCD to predict quark local vac-
uum condensates (0| : gg : |0), and evaluate quark cur-
rent mass m, using Chiral Perturbation Theory [24-26]
of low energy QCD (xPT'). We then predict the numer-
ical value of the cosmological constant A in terms of our
calculating results of quark vacuum condensate in QCD
vacuum given by the solutions of DSEs and quark current
mass predicted by xyPT according to the formulations of
QCD Ghost theory [18, 27-29]. In Section 2, we briefly
introduce QCD Veneziano ghost theory and give its for-
mulism for calculating the cosmological constant A. We
calculate quark local vacuum condensate (0| : gg : |0) by
solving DSEs in Section 3. In Section 4 we evaluate quark
current mass m, from y P1" which is a very good approx-
imation to determine the quark masses. Our numerical
prediction of A and comparisons with empirical values
are presented in Section 5. Finally, we reserve summary
and concluding remarks for Section 6.

2 The QCD Veneziano ghost theory and
cosmological constant /

The recent cosmological observations have confirmed the
existence of the early inflationary epoch (it occurred in
the first 10732 seconds of the existence of our universe.
During this time the metric itself changed exponentially,
causing space to change from smaller than an atom to
around 100 million light years across.) and accelerated
expansion of the universe. Observational results tell us
that the universe is permeated with an unknown form
of energy density, now named the dark energy. The sim-
plest possibility for the origin of dark energy is the exis-
tence of the vacuum energy. Vacuum energy is an under-
lying background energy that exists in space even when
it is devoid of matter (known as free space), which is de-
duced from the concept of virtual particles created and
destroyed out of the vacuum, and are themselves derived
from the energy—time uncertainty principle, AE- At ~ h.
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This vacuum fluctuations naturally induce such a vac-
uum energy. These particles are always created out of
the vacuum in particle-antiparticle pairs, which shortly
annihilate each other and disappear. However, these par-
ticles and antiparticles interact with others before dis-
appearing. “Empty space” can possess its own energy
because this energy is a property of space itself, and it
would not be diluted as space expands. As more space
comes into existence, more of this energy of space would
appear.

An additional contribution to the vacuum energy
comes from spontaneous symmetry breaking in quantum
field theory. The effects of these vacuum energy can be
observed in various phenomena, and must have conse-
quences for the behavior of the universe on cosmological
scales. In other words, vacuum energy must exist and a
non-zero vacuum energy is expected to contribute to the
cosmological constant, and affects the expansion of the
universe.

Vacuum energy can be easily incorporated in the
quantum field theory. In the standard model of par-
ticle physics, we have Higgs field that produces elec-
troweak phase transition, masses of massive particles,
and changes the value of the vacuum energy.

Recently, a very interesting proposal on the origin of
a cosmological constant has been made [20, 21], with-
out an introduction of new degrees of freedom that are
already known, with the cosmological constant being of
just the right magnitude to describe the observed expan-
sion. In this proposal, it is claimed that the cosmological
constant arises from the contribution of the ghost field
that are supposed to be present in the low energy ef-
fective theory of QCD. The ghosts are required to exist
for the resolution of the U(1) problem [18, 27-29], but
are completely decoupled from the physical sector. The
above claim is that the ghosts are decoupled from phys-
ical states and make no contributions in flat Minkowski
space, but once they are in the curved space or time-
dependent background the cancelation of their contri-
bution to the vacuum energy is off-set, leaving a small
energy density p ~ HA%CD, where H is the Hubble pa-
rameter and Agcep is the QCD mass scale of order a few
hundred (~ 200 MeV). With H ~ 10733 eV, this gives
the right magnitude of pg>serve.

The evolution of the universe is determined to a large
extent by the same microphysics laws that govern high
energy physics phenomena. Hence, any progress in par-
ticle physics has a large impact on the cosmological
model(s) and, conversely, any new step taken towards
the understanding of the past, present and future of our
universe might provide a hint of high energy physics be-
yond what we currently know.

We closely follow the work of Urban and Zhitnitsky
[20, 21] which thought that the gravitation cannot be
a truly fundamental interaction, but rather, it is a low
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energy effective quantum field theory. In such a case,
the corresponding gravitons should be treated as quasi-
particles that rather than feel all the microscopic degrees
of freedom, are sensitive only to the “relevant excita-
tion”.

It is customary to associate the “dark” energy den-
sity with vacuum fluctuations. Our crucial observation
is that while naively all QCD degrees of freedom can
propagate only to very short distances AééD, there is a
unique (unphysical) degree of freedom which is exactly
massless and propagates to arbitrary large distances [20,
21]. This is the justly celebrated Veneziano ghost degree
of freedom. Indeed, despite its being unphysical it leads
to physically observable consequences: It plays a crucial
role in explaining the value of the 1’ mass as a result of
the mixing between the “would be” Nambu-Goldstone
boson and the ghost itself. We note that this mechanism
does not violate unitarity. Nowadays, this mechanism has
been considered as the standard Witten—Veneziano res-
olution of the famous U(1)4 problem [18, 27-29].

If we accept this philosophy, the cosmological constant
A can be written down as being proportional to an ab-
solute value of a product of the local quark vacuum con-
densate (0] : §(0)g(0) : |0) and quark current mass m,.
In other words, the cosmological vacuum energy density
pa can be expressed in terms of QCD parameters for
Ny =2 light flavors as follows:

2HN;

mn/

pa=c [mq (0] : g(0)q(0) = [0)] (4)
where ¢ = cqcp X Cgrav. The first factor cgep is a dimen-
sionless coefficient with value of cqep ~ 1 20, 21], which
is entirely of QCD origin and is related to the definition
of QCD on a specific finite compact manifold such as a
torus, pa ~ CQCDW with L being the size of the
manifold and m,, the rrnlass of ' meson. A precise com-
putation of cqcp has been Conducted in a conventional
lattice QCD approach by studying corrections of order
1/s to the vacuum energy [20, 21]. It is obvious that
cqcp depends on the manifold where the theory is de-
fined. The second factor cgray has a purely gravitational
origin and is defined as the relation between the size L
of the manifold we live in and the Hubble constant H,
L= (cgravHo)’l. Practically, one can define this size of
the manifold as L ~ 17H; ' where Hy = 2.1 x 107*? x h
GeV and h = 0.71 (Hy, Hubble constant today). There-
fore, one can explicitly obtain an estimate for the linear
length L of the torus, and then obtain the value of cgray
with cgrav = 0.0588.

In the derivation of the energy density p, from the
Veneziano ghost theory, the key starting point is the
topological susceptibility x defined as

=1 / Az (0/T{Q(x), Q(0)}[0) (5)
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where Af, are the conventional QCD color gluon fields

_ 9

and @ is the topological charge density, and a5 = 7=. gs
is the strong coupling constant of QCD.

Therefore, we can calculate the cosmological constant
A according to Eq. (3) by use of Eq. (4). To this end, we
briefly discuss the QCD vacuum and evaluate vacuum
condensate in the following section.

ST AL (ONAG + B fe AL AY)

3 Quark vacuum condensates in
non-perturbative QCD vacuum state

Quantum mechanics dictates that even “empty” space
is not empty, but rather filled with quantum fluctua-
tions of all possible kinds. In many contexts, such as in
atomic physics, these vacuum fluctuations are subtle ef-
fects that can only be observed by precision experiments.
In other situations, especially when interactions of suffi-
cient strength are involved, the vacuum fluctuations can
be of substantial magnitude and can even “condense”
into a non-vanishing vacuum expectation value of some
quantum fields, called vacuum condensates. These vac-
uum condensates can act as a medium [30-32] that in-
fluences the properties of particles propagating through
it.

An important example of such a vacuum condensate
is the Higgs vacuum expectation value [33-36], which is
introduced in the Standard Model of particle physics to
generate the masses of quarks, leptons, and the gauge
bosons (W*, Z%) of the weak interaction. The vacuum
expectation value of the Higgs field, (¢) = 246 GeV, is
uniquely determined in the Standard Model. The quark
and lepton masses differ from one another only due to
the different strength of the coupling of each fermion
to the Higgs field. At the same time, the quark masses
also receive additional contributions from the quark and
gluon condensates in the QCD vacuum. In fact, the con-
tribution of the QCD vacuum condensates to the masses
for the three light quarks (u,d,s) considerably exceed the
mass believed to be generated by the Higgs field [33-36].

The non-vanishing value of chiral quark vacuum con-
densates signals the spontaneous breaking of chiral sym-
metry in QCD, and quantitatively it is related to the
pseudo-Goldstone bosons mass spectrum [37-39]. Due to
non-perturbative effects of QCD, the vacuum of QCD has
a nontrivial structure. The vacuum condensates are very
important in the elucidation of the QCD structure and
in description of hadron properties. If the vacuum acts as
a medium and influences the properties of fundamental
particles and their interactions, its properties can con-
ceivably change. This idea has important implications in
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many aspects of physics, for example, production of mas-
sive particles in the early stage of the universe after Big
Bang.

3.1 Definition of vacuum condensates of
non-perturbative QCD

The non-perturbative vacuum of QCD is densely popu-
lated by long-wave fluctuations of quark and gluon fields.
The order parameters of this complicated state are char-
acterized by the vacuum matrix elements of various sin-
glet combinations of quark and gluon fields, such as

a

. LA
<0‘ : (I[IQSO—MVGMV_}(] : ‘0>

(0] : qq : 10), 5

AT\
<0 ’: Dn 5 1951 :‘ 0>
. (a a . . rabca b c .
<0‘ . G,LWG;LV . |0>7 <0‘ . f G,LwGl/pGp,u . ‘0>7 o (6)

which are called vacuum condensates of QCD, where
q(z) is the quark field, and Gf,, represents the gluon
field strength tensor with a being the color index (a =
1,2,---,8), and it can be expressed as

Gl (@) = 0, AL (x) = B, Aj () + g5 f 7 A, () A () (7)

A in Eq. (6) is the SUc(3) Gell-Mann matrix, £ in
Egs. (6), (7) represent the SUc(3) structure constants,
and gs is the coupling constant related to the so-called
QCD running coupling constant as by as(Q) = 934(—7?).
A, in Eq. (7) is the gluon field, and o, = %('y,ﬁ,,—%,vu)
in Euclidean space with 7, being Dirac matrix.

In QCD, by condensates we mean the vacuum mean
values (0]0;|0) of the local operators O;(x), which arise
due to non-perturbative effects. The latter point is very
important and needs clarification. When determining
vacuum condensates one implies the averaging only over
non-perturbative fluctuations. If for some operators O;
the non-zero vacuum mean value appears also in the per-
turbative theory, it should not be taken into account
in determination of the condensate. In other words, in
determination of condensates the perturbative vacuum
mean values should be subtracted in calculation of the
vacuum averages.

Separation of perturbative and non-perturbative con-
tributions to the quark propagator, S;(z), has some
arbitrariness. For the nonperturbative propagator, one
makes an expansion of vacuum expectation values in-
volving antiquark—quark fields that would vanish in a
perturbative vacuum. The nonzero local quark vacuum
condensate (0] : 7(0)g(0) : |0) is responsible for the spon-
taneous breakdown of chiral symmetry.

The quantities (0] : g(x)q(0) : |0) are non-local vac-
uum condensates, which describe the distribution of
quarks in the non-perturbative vacuum [37-39]. As is
seen from Section 2.2, the cosmological constant A is pro-
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portional to the QCD local (z = 0) vacuum condensate
[{0] : @(0)q(0) : |0)] in the QCD ghost theory. There-
fore, to predict A4 we have to calculate the quark local
vacuum condensate. We do this calculation by studying
the fully dressed confining quark propagator S¢(p) in the
following subsection.

3.2 DSEs for a fully dressed confining quark propagator
St(p)

Quark propagator Sy(p) is presented by DSEs [22, 23],
which are a tower of coupling integral equations that
relate the Green’s functions of QCD to one another,
and are non-perturbative in nature. Solving these equa-
tions provides the solution of quark propagator in non-
perturbatve QCD vacuum. This tower of the equations
includes the Bethe-Salpeter (BS) equations [40-44], the
solution of which is the quark—antiquark bound state am-
plitude. The mathematical expression of the DSEs can
be written as

i(57(0) " = (7))
4
+392 [ S 0 (ke p)Gu ) )

In Eq. (8), G, (q) denotes fully dressed gluon propagator
and has the form of

1 qu.9v 1 qudv
with ¢ being a gauge parameter ({( = 0 denotes the
Landau gauge and £ = 1 stands for Feynman gauge ).
0 = diag(1,1,1,1) is the Euclidean metric. II(g) can
be expressed by the following identity [45, 46)

I (q) =i («m - qg?”) £1(g)

— g / d4zei® (O[T(J (2).0* (0)]|0)py  (10)

where the subscript “pp” indicates the proper part, i.e.,
only one vector-meson-irreducible graphs contribute to
11, (q)-

I'Y(k,p) in Eq. (8) is Bethe-Salpeter (BS) ampli-
tude describing the dressed gluon—quark coupling ver-
tex. Gauge covariance requires that the BS amplitude,
I'?(k,p), must satisfy the Ward-Takahashi identity [47—
49]

(k= p)uilu(k,p) = S (k) — 55 (p)
In the quantum field theory, the BS amplitude for a two-
body quark—antiquark bound state is obtained as a so-
lution of the homogeneous BS equation:

rSs d4k/ rs,tu
Iy (k. p) Z/WKab,cd(klvk,p)

-|S k’—1 r k/—i-l "
f 210 M 2}? y

(11)
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where I'ys is the proper meson—quark vertex and K ;;zg
is the kernel. A commonly used approximation for the
kernel, K!>'  is the generalized ladder approximation,
in which

Koo (K k,p) = g2G" (k' — p)

Solving Eq. (12) for I'y; yields so-called dressed quark
core of the bound state.

As it is impossible to solve the complete set of DSEs
of Eq. (8), one has to truncate this infinite tower in a
physically acceptable way to reduce them to something
that is soluble. To begin with, we make a further simpli-
fication by replacing the full vertex I'V(k,p) in Eq. (8)
in terms of its bare one ",

(13)

v =~ (14)
Thus, Eq. (8) then becomes to
i[Sy ]~ =i(SFp) ™"
4 4 d*k M y
+§gs/(47r)47 Sy(k)y Gun(q)  (15)

This procedure is called as “Rainbow” approximation of
DSEs and used widely in literature.

3.3 Effective gluon propagator G\, and general form of
quark propagator S¢(p)

Since the fully dressed gluon propagator G, (¢q) in Eqgs.
(8) and (15) is completely unknown at non-perturbative
region, we must use a modeling gluon propagator to solve
the DSEs. The Feynman-like gauge (£ = 1) used in Eq.
(9) leads to the choice of the following empirical form of
the G, (q)

GZ?/(Q) = 6ab5;wG(Q) (16)

for the model gluon propagator, where the Greek let-
ters pv represent Lorentz indices and the letters a and b
stand for color indices. Using the results of Refs. [50-53]

for the propagator G(q) leads to
dra(s
$26(s) = 1)

where a(s) is formulated phenomenally in terms of pa-
rameters y and A as follows [54-57]:

(17)

2 wd
X —s/A +

as) =3rs—=e W (18)

4A2
which determines quark—quark interaction through a
strength y and a range parameter A. The first term in
Eq. (18) simulates the infrared enhancement and con-
finement, and the second term matches the leading log
renormalization group results. The QCD scale parameter
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Aqep = 0.20 GeV, and d = 12/(33 — 2Ny) = 12/27 for
flavor number Ny = 3. The € in the second term of Eq.
(18) varies in the range of 1.0 — 2.50 [56-61]. However,
we take € to be 2.0, in this work. The parameters A and
X are given by Refs. [56-61] as shown in Table 1.

Table 1 The values of the strength parameter x and range pa-
rameter A of the quark-quark interaction used in our present cal-
culations.

Set No. A b%
Set 1 0.40 1.84
Set 2 0.20 1.65
Set 3 0.02 1.50

An important observation is that the general form of
the inverse quark propagator Sf_l(p) can be rewritten in
momentum space [62—64] as

Syt(p) =ip- Ay (v*) + By (p?)

in a covariant gauge, and p = ~*p,. The propaga-
tor is renormalized at space-like point uf, according to
Ay(py) = 1 and By(pz) = my(up) with my(up) being
the current quark mass whose value is empirically about
My,q ~ 5.1 MeV for u, d quarks, and m, = 127.5 MeV
for s quark.

(19)

Except for the current quark mass and perturbative
corrections, the functions A¢(p?) and By (p?) are non-
perturbative quantities, and satisfy the new set of DSEs
in the Feynman gauge [55-62]

[Af(p?) — 1]p?

8, [ dYq Ar(q?)
_ 16 d*q Bi(¢?)
P10") = 59 | 523500 ~0 i
(21)

For practical calculations, we can go further to write the
DSEs, Egs. (20), (21), as follows:

1 o0
A -1 — = 2 /d/
A =1 = gz [ o0s

T Vss'A(s') cosx
./0 SmQxD(S’S/)s’AQ(s’)—|—BQ(S’)dx (22)

2 5 [
B(s) = 3?95/0 s'ds’

! sin? 2D (s, s B(s) x
'/0 i D(s, )S’Az(s’)—i-Bz(s/)d (23)

where s = p?, ¢2D(s,s') = ¢>D(s + s’ — 2v/ss' cosx).
Therefore, using the modeling gluon propagator G(p—q)
in Eq. (17) with a(s) in Eq. (18) we can solve these two
coupled integral equations, Eqgs. (22) and (23), and ob-
tain the self-energy functions Ay and By which will be
used in the following calculations of vacuum condensates.
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3.4  Quark vacuum condensate determined by solutions
of the DSEs, A (p?) and By (p?)

Using the approximations needed for the DSEs, discussed
in detail by Roberts and Williams [50, 52, 60], the non-
local quark vacuum condensate (0] : g(x)g(0) : |0) is then
given by the scalar part of Fourier transformed inverse
quark propagator [63],

(0] = g(2)q(0) = |0)

o d'p  By(p*)er”

= 4N0)/(27T)4p2Afc(p2)+ch(p2)

_ 3 [T s Br) 2J;(V'sa?)
o 47r2/0 d SA?(S)‘FBJ%(S) sx2

(24)

where the color number N, = 3. Note that our work de-
pends on making a short-distance expansion. Using the
expansion of the .J; Bessel function, 2.J; (Vsa2)/Vsz2 =
1 — s2?/8 4+ - -+, and the definitions of the condensates
given in Eq. (24), one finds that the local quark conden-
sate is

e
4an? J, sA%(s) + B3(s)
(25)

Note that the upper limit of the integrals over s for the
DSEs, Eq. (24), is infinite, while for the condensates, Eq.
(25), there is a finite limit, s,. That is because the ef-
fective gluon propagator, Egs. (17) and (18), provides a
natural cutoff for the DSEs integrals, while the range for
the condensates is given by the renormalization point, p.
For light quarks perturbative QCD begins to dominate
non-perturbative QCD at about 3—4 GeV, so a renormal-
ization point of u? = 10 GeV? is expected. Therefore, we
use s, = 10 GeV?2. This has been explained in detail in
our previous publication of Ref. [62].

Using the solutions of DSEs of Egs. (22) and (23), Ay
and By, with three different sets of the quark—quark in-
teraction parameters (A, x) given in Table 1, leads to
our following theoretical predictions for the local quark
vacuum condensates (0] : g(0)g(0) : |0); from Eq. (25).
The corresponding theoretical results are listed in Table
2.

Table 2 Predictions of local quark vacuum condensates in QCD
vacuum, (0| : qq : \O)Zi with f standing for quark flavor and p
denotes renormalization point, u? = 10 GeV2.

Set No. of quark interactions (0| : @q : |0)y q for u and d quarks

Set 1 —0.0130 GeV?3 ~ —235 MeV3
Set 2 —0.0078 GeV?3 ~ —198 MeV3
Set 3 —0.0027 GeV?3 ~ —139 MeV3

These results are consistent with many other calcu-
lations, such as QCD sum rules [64-66], Lattice QCD
[67-69] and Instanton model predictions [70-72]. These
numerical results will be used to calculate A in Section
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5.

4 Dynamically running masses m, of light
quarks

As we have seen from formulae, Egs. (3) and (4) in Sec-
tion 2.2, to predict A, we need to know the quark cur-
rent mass m, except the local quark vacuum condensate
(0] = g(0)q(0) : |0). Together with the strong coupling
constant, quark masses are also fundamental QCD in-
put parameters of the standard model, and thus their
precise determination is of paramount importance for
present day particle phenomenology and for our deter-
mination of cosmological constant A. In the light quark
sector, the mass of the strange quark mg deserves par-
ticular interest, because its present uncertainty severely
limits the precision of current predictions of the CP — vi-
olating observable &’ /e. The ratios of light quark masses
are known quite precisely from the chiral perturbation
theory [73, 74], and thus once the absolute scale is set by
ms, the masses of the lighter up and down quarks can be
determined. We assess the values of light quark current
masses in this section.

4.1 Definition of quark mass in QCD

Non-perturbative definition of quark mass is provided by
the chiral Ward identities of QCD [75]. This definition
allows us to express the renormalized quark mass, in a
given scheme and at a given renormalization scale, in
terms of the renormalization constants and bare quanti-
ties. Three independent definitions for quark mass (vec-
tor Ward identity definition, axial Ward identity defi-
nition, and definition from the quark propagator) have
been proposed [46, 76], which are all equivalent in prin-
ciple, in the sense that they lead to the same value of the
renormalized mass.

As free quarks do not exist, the definition of their
masses is somewhat problematic and ambiguous. One
could, for example, take the quark mass as the aver-
age energy of the quark bound in a hadron in its ground
state, or as the probable mass it would have were it to
be free. This “free mass” is the mass that appears in the
expressions describing quark currents. All these mass val-
ues are indirectly determined in experiment in one way
or another. At present no one knows how to calculate
quark masses exactly from first principles QCD since
the quark mass is an input parameter of QCD. In the
following subsection, we predict quark current mass by
chiral perturbation theory (xPT'), which is a precise and
powerful tool [46] in predicting quark mass ratio, and
further, light quark masses: my, mq and ms.

4.2 Light quark current masses mg in the x PT

The sum of light quarks « and d current mass, m, + mq,
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can be obtained from the Gell-Mann—Oakes—Renner re-
lationship [77]

q(0)q(0) : 10) = f7Mx(1 — 6x)

where M, = 139 MeV is the mass of pion meson having
been determined by experimental measurements, 6, =
0.05 £ 0.05 [77] and f is the pion decay constant given
[78, 79] theoretically by

3
2
fﬂ' 47T2/Sd

(M + ma){0] : (26)

Bj%(s

A0 + By | A1)

5 (5) 4 ()2 (45 (5)2 + 5(B) 5))
By (6)By ()5 (B 5))* + Be(5) BY(s)
. ST T ) 0

As we mentioned before (0| : (0)g(0) : |0) is the local
quark vacuum condensate determined by Eq. (25) and
shown in Table 2. The functions A’(s) and B} (s) in Eq.
(27) are the first derivatives of Af(s) and Bjf(s) with
respect to s. Our calculations from Eq. (27) at the cut-
off parameter z2 = 10 GeV? show that fr = 93 MeV,
which perfectly mathes its experimental measurement of
93 MeV.

Evidently, putting our predictions of the quark vac-
uum condensates given in Table 2, the pion decay con-
stant fr = 93 MeV predicted by Eq. (27), and the mea-
sured pion mass of M, = 139 MeV into Gell-Mann—
Oakes—Renner relation, Eq. (26) leads to

My 4+ ma = 9.437 MeV (28)

According to the yPT, the ratios of two light quark
masses can be given in an excellent approximation by
the following two identities [80-82]:

Mg m2 —m?

S —2444 15,

= (22.7+£0.8)*
m m

(29)

QAN|® N

_m?2
my

with m = (my +ma)/2. From Egs. (28, 29) we further
arrive at
M _ ().535 + 0.049,
mq
Comparing Eq. (28) with Eq. (30) leads the current

masses of the light quarks, u, d and s to

My = 3.29 MeV, mgq = 6.15 MeV
mg = 117.96 MeV

s 19180+ 1.30 (30)
mq

(31)

These resulting values of the light quark current masses
are consistent with those given by QCD sum rules pre-
dictions and many other theoretical calculations [82-85].

5 Prediction of cosmological constant /A in the
QCD Veneziano theory

Combining Eq. (3) with Eq. (4) we have get the following
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Table 3 Cosmological constant A with 3 sets of different quark interactions at renormalization point, ;2 = 10 GeVZ2.

Quark interact. (0] : @q : 10)y.a pA A/(1073%572) A/(10752m—2)

Set 1 —0.0130 GeV3 (2.20 x 1073 eV)* 0.31 0.35

Set 2 —0.0078 GeV3 (1.94 x 1073 eV)* 0.18 0.20

Set 3 —0.0027 GeV?3 (1.49 x 1073 eV)* 0.06 0.07

identity: vacuum, and is an intrinsic property of the vacuum.

87G 2HN; B Our underlying philosophy here is that gravitation can
A= TC o [mq(0] = ¢(0)g(0) = |0)] (32)  not be a truly fundamental interaction, instead it is a low
K energy effective interaction. In such a case, the corre-
where Ny = 2 for two flavors u and d system, ¢ = gponding gravitons can be treated as quasiparticles that

cQCDCgray ~ 1 X 1= = 0.0588, m,y = 958 MeV, H =
2.1x107%2h GeV with h = 0.71 and #£€ = 1.11 x 10738
fm - GeV~! as we previously discussed. Using these num-
bers we obtain the value of cosmological constant A for
three different quark—quark interactions. The results are
shown in Table 3.

Our predicted results are in a good agreement with
experimental observable A = (1.26 4 0.05) x 1075 cm 2
in Refs. [86, 87]. This matches strongly indicates that
the Veneziano ghost theory of QCD can solve the big
discrepancy between theoretical predictions and observ-
ables without introducing any new degrees of freedom. It
can also be seen from Table 3 that the prediction for A is
not affected by different sets of the parameters of quark—
quark interaction in Eq. (18) and shown in table 1, at
least the order of magnitude of the predicted A remains
the same.

6 Summary and concluding remarks

The cosmological constant A is an important physical
quantity with the dimensions of an inverse area intro-
duced for the first time by Einstein, who modified the
field equations of his general theory of relativity to ob-
tain a stationary universe. The constant has recently
been used to explain the observed accelerated expan-
sion of the universe. But its observational value is about
120 orders of magnitude smaller than the one theoret-
ically computed in the framework of the currently ac-
cepted quantum field theories. Namely, quantum field
theory predicted that the vacuum energy density is on
the order of Mf;l.l, where Mp; is the reduced Planck
mass (Mp; = 1.22 x 101 GeV), which is about 120
orders of magnitude larger than the measured value of
pa = (2.3 x 1073 eV)%. This difference is so called cos-
mological constant problem, the worst problem of fine-
tuning in physics.

Based on the Veneziano ghost theory of QCD, we pre-
dict, in this paper, the cosmological constant A, which
is closely related to the energy density of cosmological
vacuum py by A = %p A- Thus, 4 is a measurement of
the cosmological vacuum energy density. In other words,
A fully represents the energy density in the cosmological

do not feel all the microscopic degrees of freedom, but are
sensitive only to the “relevant excitation”. We claim that
this new quasiparticle should be celebrated Veneziano
ghost of QCD, which is exactly massless and can prop-
agate to arbitrary large distance. This Veneziano ghost
theory plays a crucial role in explaining the value of the
7’ mass as a result of the mixing between the “would be”
Nambu—-Goldstone boson and the ghost itself. It should
be also emphasized that this theory does not violate uni-
tarity, and nowadays it has been considered as the stan-
dard Witten—Veneziano resolution of the famous Ua(1)
problem.

The vacuum energy density p, is expressed by the
absolute value of the product of quark vacuum con-

. _ 2NsH .
densate and quark current mass: p, = ¢ o |mg(0] :

dq : |0)|. We calculate the local quark vacuum conden-
sates (0| : gg : |0) in this paper by solving DSEs of
a fully dressed confining quark propagator S¢(p) with
an effective gluon propagator Gz,bj(q) The quark cur-
rent mass m, is predicted by use of chiral perturbation
theory. Our theoretical result of A, with our predicted
(0] : g@q : |0) = —(235 MeV)? and light quark current
mass mMy,q =~ 3.29 MeV, is in a good agreement with the
empirical value of the A4 ~ 107°2 m~2 used widely in a
great amount of literatures.

The cosmological constant A is a potentially important
contributor to the dynamical history of the universe. Un-
like an ordinary matter, which can clump together or dis-
perse as it evolves, the energy density in a cosmological
constant is a property of spacetime itself, and is the same
everywhere under ordinary circumstances. A sufficiently
large cosmological constant will cause galaxies to appear
to accelerate away from us, in contrast to the tendency
of ordinary forms of energy to slow down the recession
of distant objects. The value of A in our present universe
is not known as we mentioned before, and may be zero,
although there are some evidences for a nonzero value.
A precise determination of this constant will be one of
the primary goals of both theoretical and observational
cosmology in the near future.

As we have emphasized, the existence of the cosmolog-
ical constant A is a property of spacetime itself, which
measures the energy density of cosmological vacuum.
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There are now considerable evidences that the universe
began as a fireball in cosmological vacuum, in the form of
the so-called “Big Bang”, with extremely high tempera-
ture and high energy density. We may claim that before
the Big Bang the universe could be a physical vacuum
densely populated with long-wave fluctuations of quark
and gluon fields. The order parameters of this compli-
cated physical vacuum state are characterized by the
vacuum matrix elements of various singlet combinations
of quark and gluon fields, called vacuum condensate, as
we discussed in Section 3. These condensates are conven-
tionally considered to be properties of the QCD vacuum,
and hence to be constant throughout the spacetime. A
consequence of the existence of such QCD vacuum con-
densates is a contribution to the cosmological constant.
Therefore, we believe Eq. (32), equivalently Eq. (4), is of
validity. Its meaning in physis is also evident.

One might doubt the correctness of the Veneziano
QCD ghost theory that we used in this work, since it
is an analogue of two-dimensional theory based on the
Schwinger model [88, 89], replacing the vector gauge field
by two scalar fields. These scalar fields have positive and
negative norms and cancel with each other, leaving no
trace in the physical subspace. They have small contri-
butions to the vacuum energy in the curved space. It is
known that the QCD ghost must be intrinsically vector
field in order for the U(1) problem to be consistently
resolved within the framework of QCD. It seems to be
necessary to examine if the Veneziano mechanism works
in terms of the vector ghost fields instead of the scalar
fields used here. However, Ohta et al. in Refs. [27, 90—
92] has discussed the same problem in a more realistic
four dimensional model, and shows that, indeed, QCD
ghost produces vacuum energy density p, proportional
to the Hubble parameter which has the right magnitude
~(3x 1073 eV)h

Probably, A is dependent upon the temperature 7'
and momentum p of virtual particles that produce vac-
uum condensates. Therefore, based on Eq. (32) we can
also predict the A dependence on temperature T and
momentum p by solving the temperature dependent
Dyson—Schwinger Equations. In this case, A is a func-
tion of 7" and p. The new study could show the behavior
of A during the evolution of the universe. This work is
under its way to come up soon.
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