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Abstract We replace general relativity (GR) and the cos-
mological constant (�) in the standard cosmology (SM–GR–
�–CDM) with a Lorentz gauge theory of gravity (LGT) and
show that the standard model (SM) neutrinos can be the cold
dark matter (CDM) because (1.) the expansion of the universe
at early times is not as sensitive to the amount of radiation as
in the SM–GR–�–CDM and (2.) in LGT there exists a spin-
spin long-range force that is very stronger than the Newtonian
gravity and interacts with any fermion including neutrinos.
Assuming that neutrinos as heavy as 1 eV are the cold dark
matter, the lower bound on the dimensionless coupling con-
stant of LGT is derived to be 10−7 which is small enough
to be consistent with the upper bound that can be placed by
the electroweak precision tests. We also show that the vac-
uum energy does not gravitate in LGT and a decelerating
universe shifts spontaneously to an accelerating one right at
the moment that we expect. Therefore, current observations
can be explained in our cosmological model (SM–LGT) with
lesser assumptions than in the SM–GR–�–CDM.

1 Introduction

In 1937 Zwicky found the evidence for existence of dark
matter through measurement of the masses of large galaxy
clusters. The existence of such matter was later re-confirmed
through observation of rotation curves of galaxies and more
reliably through the CMB anisotropies. Despite 80 years of
appreciation of dark matter, it is still not known what particles
are constituting it. The experimental searches for them have
not been successful [1–6]. In 1980s neutrinos were thought
to be a plausible dark matter candidate. The idea was later
abandoned because a hot dark matter can not explain the
galaxy formations and neutrinos were hot according to the
standard cosmology. Nevertheless, hotness of neutrinos is
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only a prediction of the SM–GR–�–CDM model which has
not been confirmed through independent experiments.

Some cosmological observations are only an indication
of a certain expansion profile. For example an accelerating
expansion in the late times is needed in order to explain the
observations regarding the Supernova type Ia. Or, a certain
type of expansion is needed at early times to explain the
observations of the primordial light elements. These obser-
vations therefore can be used to draw a theory-independent
experimental expansion profile for the universe. Almost any
cosmological model can acquire this expansion profile by
tweaking the matter, the radiation and the vacuum energy in
the universe. A successful model therefore is not the one
that has the required expansion profile but instead is the
one whose assumptions – predictions – regarding the matter,
the radiation, and the vacuum energy are confirmed through
other independent observations. In the standard cosmology
this expansion profile can be reached only if neutrinos are
hot and the vacuum energy has a positive but nearly zero
value. Neither of which are confirmed by independent obser-
vations. In fact the latter is so fine-tuned that is seen as one
of the greatest challenges of the theoretical physics [7].

In this paper we replace GR and � of the standard cos-
mology by a single-parameter Yang–Mills theory of grav-
ity based on the Lorentz symmetry of spinors – LGT – and
show that the cold dark particles can be the neutrinos in the
standard model of particle physics. We show that first, the
early-times expansion of the universe is not very sensitive
to the amount of radiation, i.e. the model gets the required
early-times expansion without tweaking the amount of radi-
ation in the universe. Second, at late times, a decelerating
universe spontaneously shifts to an accelerating one, i.e. it is
not necessary to fine-tune the magnitude of the cosmologi-
cal constant in order to reach the needed expansion profile.
Therefore, this model only needs an input about the cold
matter – whose value is obtained through independent obser-
vations.
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In comparison with the standard cosmology, the model
needs one less assumption regarding the vacuum energy and
one less assumption regarding the radiation, in order to reach
the same expansion profile. Moreover, while in SM–GR–�-
CDM a new theory for the dark particles is needed, in SM–
LGT neutrinos are a serious dark matter candidate because
(i) there is no need to assume that they are hot and (ii) LGT
provides a long-range spin-spin force – that interacts with any
spin-half-integer particle – that can keep neutrinos in thermal
contact until they are non-relativistic. In this paper we show
that if neutrinos have a mass of 1eV and the dimensionless
coupling constant of LGT is 6 orders of magnitude smaller
than the electroweak couplings, cold neutrino dark matter is a
viable scenario and the spin-spin force has negligible effects
in the electroweak precision tests.

2 Lorentz gauge theory of gravity

The kinematics of LGT is the same as the version of gen-
eral relativity in which fermions are also accounted for and
is precisely described in [8]. In this kinematics the geome-
try is Riemannian and no torsion is added to the space-time.
Fermions are introduced on the tangent spaces defined by a
set of four orthonormal unit vectors called the tetrad. The
theory is invariant not only under any general coordinate
transformation but also under any local Lorentz transforma-
tion of spinors [8]. The two spaces are connected by the
tetrad postulate. If one of the spaces is determined through
the dynamics of a theory, the other can be determined by
solving the tetrad postualte. In GR the dynamics is given to
the space-time and the spin connections are found through
the tetrad postulate while in LGT the dynamics is given to
the tangent spaces and the space-time structure is determined
through solving the tetrad postulate. Both of the two theories
are possible since each of the two local symmetries intro-
duce a conserved current. The conserved current associated
with the space-time symmetry is the energy-momentum ten-
sor while the one associated with the Lorentz invariance of
spinors is called the Lorentz current and is derived in [9]. Any
of the two currents can be used to build a theory of gravity.
In general relativity the energy-momentum is the source of
gravity while in LGT the Lorentz current generates the grav-
itational fields. The source in a given theory determines the
dynamical variable of it. When the energy-momentum is the
source of gravity, the metric is the dynamical variable. When
the Lorentz current is the source of gravity, the spin connec-
tions are the dynamical variables. Therefore, with the same
kinematics and starting with the same Lagrangian, we can
derive two different theories – field equations – depending
on the chosen source.

Lorentz current and not the energy-momentum tensor
being the source of gravity has several advantages. First,

the coupling constant of the theory becomes dimensionless
which is the first renormalizability condition. Second, since
the vacuum energy couples to gravity through the determi-
nant of the metric and since the metric is not dynamic in
LGT, vacuum energy does not go into the source of LGT and
therefore does not gravitate [9]. This solves the conflict with
quantum field theory. Later in this paper we show how LGT
explains the accelerating expansion of the universe without
a dark energy. Third, when the metric is not dynamic, time
is also not discrete and therefore there is no conflict with
quantum mechanics anymore. It should also be mentioned
that predictions of LGT are not easily manipulable since it
only has one free parameter.

LGT is a constrained massless Yang–Mills theory with the
homogeneous Lorentz as the gauge group and the tetrad pos-
tulate as the constraint. It is defined by the following action
[10]

S =
∫

ed4x

(
−1

4
Fi jμνF

i jμν + LM + LC

)
, (1)

where Fi jμν is the strength tensor and can be converted
to the Riemann curvature tensor by multiplying with two
tetrads Rαβμν = eiαe

j
βFi jμν while LM is the standard

model Lagrangian of matter and LC = Sμνi Dμeiν = 0 is
a Lagrange multiplier coupled to the tetrad postulate. In a
Yang–Mills theory the dynamical variable is the gauge field
which in our case is the spin connection. Therefore, just like
any other Yang–Mills theory, the action of LGT contains
only 2 derivatives on its dynamical variable and should not
be considered as a higher derivative theory. If instead of the
Lorentz current the energy-momentum tensor was assumed
as the source of gravity, i.e. if the metric was the dynamical
variable, this action would define a higher derivative theory.
For the sake of comparison with general relativity, we are
interested in macroscopically effective field equations which
are reached after integrating a Planck length out of the full
theory [11]

∇νRμνρσ = 4πG
(∇σ Tμρ − ∇ρTμσ

)
, (2)

where ∇ refers to the covariant derivative in the Riemannian
geometry, R is the curvature tensor, and T is the fermionic
part of the energy-momentum tensor – bosons do not con-
tribute to the Lorentz current and hence do not gravitate in
LGT [9]. A contraction of the equation reads

∇νRνσ = 4πG∇σ T, (3)

which can be compared with the similar equation in general
relativity

∇νRνσ = −4πG∇σ T . (4)

Therefore, for highly symmetric space-times in which only
a few parameters are not determined by the symmetries –
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Schwarzschild and de Sitter for example – LGT and gen-
eral relativity both share the same exact solutions in vacuum
[10]. Also, inside matter in the linear regions the two theo-
ries are exactly Newtonian [11]. The minus sign difference
is needed for a correct boundary condition and is because the
dynamic variable in LGT is proportional to the derivative of
the daynamic variable in GR.

The Newtons gravitational constant in LGT is given in
terms of the coupling constant of LGT g via G = gδ2/ (40π)

after the Planckian length δ is integrated out of the full theory
[11]. An analogous case is when the W boson’s mass is inte-
grated out of the electroweak theory and the Fermi constant is
emerged in terms of the coupling constant of the underlying
theory GF = √

2g2
w/

(
8m2

W

)
. In both cases the dimension-

less coupling constant of the underlying theory is divided by
the square of a mass. This is the reason why Fermi constant
is extremely smaller than the coupling constant of the elec-
troweak theory. In the same way we can conclude that the
coupling constant of LGT is way stronger than the Newto-
nian constant something that is crucial to our cold neutrino
dark matter proposal that follows next.

Before moving forward it should be mentioned that when-
ever that it is possible, we use the ideas and the rich literature
of the Poincare gauge theories (PGT). Nevertheless, there
are differences that motivate LGT. Perhaps the most basic
difference is in the source of gravity in each theory. While in
PGT energy-momentum tensor is one of the sources of grav-
ity, in LGT the Lorentz current is the source. Consequently,
PGTs are not renormalizable – their coupling constant still
has -2 dimension – while LGT is power-counting renormal-
izable with a dimensionless coupling constant. Another dif-
ference is that in the 2-derivative versions of PGTs, the spin-
generated field does not propagate. Higher derivative terms
are needed to solve the issue. But, higher derivative theo-
ries usually propagate Ostrogradsky ghosts and violate uni-
tarity. See the description in for example [12]. Moreover,
higher derivative PGTs usually have a potential that linearly
increases with the distance form the source [13,14]. Also, it
remains to be answered why most of the theories in physics
have only 2 derivatives on their dynamical variable but a
gravitational theory should have 4 derivatives. LGT on the
other hand is a 2-derivative theory where both the mass- and
the spin-generated fields propagate. It also does not contain
any potential that linearly increases with the distance from
the source [11].

In LGT mass and spin of fermions both gravitate. The
mass-generated force is the well-known Newtonian grav-
ity whose strength is determined by Newtons gravitational
constant – the coupling constant of LGT multiplied by the
square of a very small length – as discussed above. The spin-
generated force has not been observed and its strength is
determined with the coupling constant of LGT alone. As
was discussed above, this latter force is very stronger than

the Newtonain gravity. It remains to mention that the force
is absent in classical systems since they do not have a net
intrinsic spin. Moreover, since any half-integer-spin particle
interacts with this force, and in order to pass the precision
tests of the electroweak theory, the coupling constant of LGT
should be smaller than those in the standard model. In the fol-
lowing we show that it can be 6 orders of magnitude smaller
than the coupling constants of the electroweak and yet keep
neutrinos in thermal contact until they are cold. The Feyn-
man rules for the theory after neglecting the curvature of the
space-time are derived in [9,10]. The graviton propagator is
given by

(5)

There are only two self-interaction vertices in LGT. How-
ever, in the tree level only one of them is important

which is equivalent to −gηi1i3η j1 j2ηi2 j3
(

2kμ2
3 ημ3μ1

− kμ1
3 ημ2μ3 − 2kμ3

2 ημ2μ1 + kμ1
2 ημ2μ3

)
/4 + permutations of

corresponding i and j. Finally assuming that the matter is
described by a Dirac Lagrangian, the only relevant diagram
at the tree level is a purely axial vector describing the inter-
action between a fermion and a spin-generated graviton

(6)

where epsilon is the Levi-Civita symbol.

3 Zero order cosmology in LGT

A Friedmann–Lemaitre–Robertson–Walker space-time in
LGT is studied in [15]. After substituting the metric into
Eq. (2) the following differential equation is reached for a
flat universe

...
a − 2

ȧ3

a2 + ȧä

a
= 4πG(1 − 3w)(1 + w)

ρ0

a3(1+w)
ȧ, (7)

where a is the scale factor, dot indicates the derivative with
respect to time, w is the ratio of the pressure to the energy
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density, and the conservation of the energy-momentum tensor
has been used to write the fermionic energy density as

ρ = ρ0

a3(1+w)
. (8)

Here it is assumed that no matter is being created or anni-
hilated, otherwise other sources which can be found in [15]
should be added to the righ hand side of Eq. (7). It also should
be noted that this equation can be converted to a second order
differential equation of ȧ with the scale factor as the param-
eter. To better realize the right hand side of the equation, it
should be noted that the Lagrangian of the standard model
that contains both bosons and fermions is the matter in the
action of LGT. However, bosonic terms and also constant
Lagrangians, the vacuum energy, fall out when varying this
action with respect to the spin connection, the dynamical
variable of the theory. Therefore, bosons and the vacuum
energy do not contribute to the Lorentz current in Eq. (2).
This means that the energy density ρ contains only fermions
like baryons, mesons, and leptons or any fermionic matter
with equation of state w = −1. From Eq. (7) it can be found
that, in the absence of matter creation or annihilation, the
source term is zero for relativistic fermions with w = 1

3 and

any fermion with w = −1. On the other hand when the right
hand side is zero – like the two mentioned cases – two exact
solutions exist, ȧ ∼ a±1. One is the de Sitter space-time
and the other equals the solution of GR for radiation domi-
nated universe. Therefore, the solutions of general relativity
in the presence of dark energy or radiation are the vacuum
solutions of LGT and these are the boundary conditions that
uniquely determine which of the solutions hold in a given
problem. An interesting observation is that in this equation
the derivative of the acceleration of a decelerating universe
in the absence of matter – the conditions for the universe
at the late times – is positive. That means the acceleration
will eventually change sign with no need for a dark energy.
In order to see when this transition happens, the differen-
tial equation is numerically solved assuming that the cold
matter density in the universe is 0.3 of the critical density
and ȧ and ä at a = 1 have the same values as in the stan-
dard cosmology. We also have made no assumption regard-

ing the values of vacuum energy and radiation as they will
have no contribution to the equation. This numerical study
is presented in [15]. It shows that in LGT the universe spon-
taneously shifts its expansion mode at two points. And, the
two points coincide with when the standard cosmology shifts
from radiation-dominated to matter-dominated era and when
the decelerating universe jumps into an accelerating one. At
the former point, the standard cosmology puts a stringent
constraint on the neutrino radiation. While at the latter point,
it requires a fine-tuned cosmological constant. None of which
are confirmed through independent observations. Since LGT
puts no severe constraint on the neutrino radiation, one of the
conditions regarding a cold neutrino dark matter scenario is
satisfied.

4 Neutrino-graviton scattering

For the cold neutrino dark matter scenario, the most impor-
tant interaction that is allowed in LGT is the scattering of
spin-generated gravitons off the primordial neutrinos at low
energies. The amplitude can be inferred by the following
diagrams

(9)

The exact form of the amplitude depends very much on the
neutrino model which is still an active area of research. But,
since amplitudes are dimensionless, the results from differ-
ent neutrino models should stand within the same order of
magnitude and should not change the overall conclusion that
will be drawn in this paper. If neutrinos are simple Dirac
particles, at very low energies the amplitude square reads

∑
spin

|M|2 =
(g

4

)4
(

44 sin(θ) − 60 sin(2θ)

+28 sin(3θ) − 6 sin(4θ) − 76 cos(θ)

+60 cos(2θ) − 4 cos(3θ) − 8 cos(4θ)

+20 + O
(

1

mν

))
, (10)

where mν is the neutrino mass and θ is the angle between
graviton’s final and initial directions of motion. The total
cross-section in terms of the calculated amplitude is given
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by

σT =
∫ π

0
dθ sin (θ)

(
1 + O

(
1
mν

))

27πm2
ν

∑
spin

|M|2 � 10−3 g4

m2
ν

.

(11)

In the following this will be used in order to find the neutrino
freeze-out temperature.

5 Cold neutrino dark matter scenario

The upper bound on the neutrino mass comes from a com-
bination of different experiments and is ∼1 eV [16]. That
means the neutrino freeze-out has to be near or below this
value in order for them to be cold. If neutrinos were only
interacting through the weak and the classical gravitational
fields, they would freeze-out at temperatures around 1 MeV.
In LGT however there is a long-range spin-spin force that
interacts with any fermion so that the Lorentz symmetry is
locally preserved and as was discussed above is very stronger
than the classical gravitational force. The upper bound on the
force comes from the electroweak precision tests. Therefore,
the force can not be as strong as those in the standard model.
We now would like to find a lower bound on its strength
assuming that it keeps neutrinos in thermal contact until they
are cold. The cold neutrino dark matter will be a viable sce-
nario only if the lower and the upper bounds that are coming
from independent considerations leave any possible phase
space for the coupling constant of the force.

Keeping the upper bound on the strength of the spin-spin
force in mind, its effects at temperatures above 1 MeV can
be neglected. When temperature falls below this value, scat-
tering of spin-generated gravitons off the neutrinos will be
the dominant interaction and as far as its collision time is less
than the cosmic time, neutrinos remain in thermal contact.
The collision time can be calculated through

tc � 1/ (σTnνvrel) , (12)

where vrel is the relative speed between neutrinos and gravi-
tons and is equal to one, σT is the total cross-section given by
Eq. (11) and nν is the neutrino – dark matter in our scenario –
number density at the time of freeze-out and can be derived in
terms of the CMB temperature using the dark matter density
at the present time

nν = ρ0DMT3/
(
mνT3

0

)
, (13)

where naught refers to the present time. The collision time
therefore reads

tc � 103m3
νT3

0/
(
ρ0DMg

4T3
)

. (14)
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Fig. 1 The neutrino freeze-out temperature as a function of the neu-
trino mass and the coupling constant of LGT. Neutrinos can be a cold
dark matter candidate if their freeze-out temperature is lower than their
mass

The cosmic time is the inverse of the Hubble parameter
which itself is given by the observation-based expansion pro-
file of the universe, i.e. it has to be the same in every model
of cosmology at the cost of tweaking matter, radiation and
vacuum energy. In [15] it is shown that within the accuracy of
the analysis, LGT also reproduces the same expansion pro-
file. For temperatures below a few electron-volts the cosmic
time is given by

tH = √
3/ (8πGmνnν), (15)

assuming that neutrinos are the dark matter that constitute
the whole matter in the universe. Neutrinos remain in ther-
mal contact as far as their interaction rate is higher than the
expansion rate of the universe. Therefore, the freeze-out tem-
perature will be obtained by equating the two rates or equiv-
alently their inverses, i.e. the latter two times

Tfreeze = 0.1m2
ν(

106g
) 8

3

(
eV−1

)
. (16)

This is a function of the neutrino mass and the coupling con-
stant of LGT and is drawn in Fig. 1 where the x axis is the
mass and the y axis is the coupling constant multiplied by 106

and the z axis as the freeze-out temperature is shown with
different colors. The lower bound on the coupling constant of
the spin-spin force can be reached by inserting Tfreeze � mν

into the latter equation

g � 10−6
(

0.1mνeV−1
) 3

8
, (17)

123



639 Page 6 of 7 Eur. Phys. J. C (2018) 78 :639

which indicates that the lighter the neutrinos the lower the
bound on the strength of LGT. If neutrinos are as heavy as
1eV, the smallest value for the coupling constant is g ∼ 10−7.
This coupling constant is nearly six orders of magnitude
smaller than those of the electroweak – it is small enough
to be neglected in the precision tests of the electroweak –
but still extremely larger than that of the Newtonian force of
gravity.

6 Neutrino bound states

The similarity between the vertex diagram in Eq. (6) and
the only interaction in QED indicates that a gas of neutri-
nos behave in a very similar way as a gas made of elec-
trons, positrons, and protons. We are specially interested in
the non-relativistic behavior of such system and therefore
need to derive the spin-spin force of LGT in non-relativistic
limits. The corresponding potential energy in the momentum
space can be found through the following diagram for two
distinguishable fermions

which is equivalent to

M = −g2

16
ūs

(
p′) γ kγ 5us (p) ūr

(
k′) γkγ

5ur (k) /
(
p − p′)2

.

(18)

The leading term reads M = ± 4m2g2

16|p−p′|2 where the plus
and minus signs are for when the spin of the two inter-
acting particles are in opposite and same directions corre-
spondingly. The potential energy in the configuration space
is the Fourier transform of this latter amplitude and reads
V (r) = ∓ ( g

4

)2
/ (4πr). As expected, the spin-spin force

is the same as the electric force if the electric charge e is
replaced by g

4 and is attractive for spins in opposite direc-
tions and repulsive for same direction spins. It is now quite
easy to predict the possible phenomena in LGT by looking
at whatever that is possible in QED and make the e → g

4
replacement. Bound states – atoms – made of two neutri-
nos with opposite spins is the first to expect. The energy
spectra is the same as in positronium with the mass of
electron replaced by the mass of neutrino and the electric
charge replaced by the coupling constant of LGT and reads
En = −mν

( g
4

)4
/
(
4n2

)
. If energies are low enough that

neutrinos can not escape the ground state of the neutrino-
neutrino system, the bound state will be formed just like what
takes for a hydrogen atom to form. Since spins are opposite
in neutrino-neutrino atoms, the spin of the whole system is
zero. This is crucial to our cold neutrino dark matter proposal
as we will see below.

The question to be asked at this point is when these bound
states form. When neutrinos get cold, their temperature is
near 1eV and this is much higher than the energy of the
ground state of the neutrino-neutrino system. On the other
hand, the expansion rate of the universe freezes them out
before their temperature is low enough to form the bound
states. Nevertheless, since neutrinos are cold at the freeze-
out, their masses contribute into the generation of the mass-
generated – Newtonian – gravity in the same way that we
expect from any cold dark matter candidate, i.e. our dark
matter has formed at temperatures above 1eV.

According to the structure formation theory, as time
passes, the perturbations in the matter content of the uni-
verse – mostly cold dark matter in the form of neutrinos in
our model – grow under attractive gravitational forces. At
around the time of galaxy formation when enough visible
and invisible matter is trapped under their own gravitational
attractions, the system is not expanding anymore. It is a gas
of mostly neutrinos as the invisible matter and other visible
particles. This is when the neutrino-neutrino bound states
start to form. The reason is that the spin-spin force is tens of
orders of magnitude stronger than the Newtonian force and
is long-range and the system is not expanding to effectively
switch off the intractions. At this point, due to the interac-
tions that are governed by the vertex diagram in Eq. (6), the
system starts to cool off by radiating away spin-generated
gravitons. This is just similiar to when a gas of electrons
and protons are trapped in a non-expanding box and cool off
through photon radiation. The reason our confined neutrino
gas can radiate energy away is that the vertex in Eq. (6) allows
to draw a Feynman diagram like the Bremsstrahlung radia-
tion in QED. In other words, a decelerating or accelerating
neutrino radiates a spin-generated graviton and cools down.
When neutrinos in our pre-galaxy system are cooled enough,
they will trap in the bound states and make spin 0 systems.
Note that a composite spin 0 system like the hydrogen atom
is boson as far as the energies of the particles that are inter-
acting with it are low. As we discussed above, our system
will eventually radiate most of its energy away and therefore
the system is low energy enough that the bound state can be
treated as a spin 0 particle. At this point the spin-spin force
switches off because the two neutrinos in each bound state
cancel each other.

In the standard cosmology, there is one more reason to take
the neutrinos off the list of the candidates for dark matter. In
this model neutrinos in a galaxy form a free fermionic gas
that obeys the Fermi-Dirac distribution. Since the particles
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are assumed non-interacting, the phase space is conserved.
On the other hand the coarse grained phase space of dark mat-
ter in a galaxy is expected to decrease over time. Therefore,
the maximum of the coarse grained distribution is expected to
be less than the maximum of Fermi-Dirac distribution. This
puts a lower bound on the mass of dark matter which is higher
than the upper bound on the mass of neutrinos [17]. In LGT
however neutrinos are interacting. As a result, first, the neu-
trino gas radiates its energy away – and this is faster for lighter
particles – as far as the potential energy between neutrinos
due to LGT is comparable with their kinetic energy. Second,
the phase space is not conserved in an interacting fermionic
gas, i.e. the simple form of the Fermi-Dirac distribution is not
valid for them. For example a hydrogen gas whose particles
are made of fermions obeys the Bose-Einstein statistics with
unlimited phase space.

7 Conclusions

We have presented a cosmological model – SM-LGT – that
makes lesser assumptions than the SM–GR–�–CDM and
yet can explain the same observations. First, neutrinos as
massive as 1eV can be the cold dark matter while in the SM–
GR–�–CDM one needs to go beyond the standard model of
particle physics to include the dark particles. Second, no dark
energy is needed to explain the accelerating expansion of the
universe in the late times and a decelerating universe spon-
taneously shifts to an accelerating one while in the SM-GR-
�-CDM one needs to assume an extremely fine-tuned cos-
mological constant. Third, in our model the vacuum energy
does not gravitate while SM-GR-�-CDM can not explain
any of the current observations if one inserts the predicted
value of the vacuum energy into the �. Fourth, LGT in the
SM-LGT model has a much better UV behavior than GR in
the SM-GR-�-CDM because the coupling constant in the
latter has -2 dimensions in the units of mass but in the former
it is dimensionless.

In the presented cosmological model, the expansion of the
universe is not very sensitive to the amount of radiation and
therefore in order to explain observations of the primordial

light elements and the spectrum of the CMB, neutrinos are
not needed to be hot. On the other hand, besides the mass-
generated gravitational force, there exists a long-range spin-
generated force in our cosmological model that can keep neu-
trinos in thermal contact until they are cold. Assuming that
neutrinos are the cold dark matter, we place a lower bound of
10−7 on the dimensionless coupling constant of LGT. This
is small enough to pass the upper bound on the constant that
comes from the precision tests of the electroweak theory.
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