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1. Introduction

Due to the so-called Hierarchy problem [1] at the energy scale of about 1 Tev new physics
is expected to appear. Naturalness of the theory [1] leads to the requirement that the ultraviolet
cutoff Λ is of the order of 1 TeV. It is worth mentioning that this problem appears also in lattice
nonperturbative study (see, for example, [2]). Thus at the Tev scale some other theory should
appear, which incorporates Standard Model as a low energy approximation.

There are several patterns of unification of interactions, which were considered up to now.
Among them there are at least three examples, in which gauge group of the Standard Model is
extended already at the Tev scale. Namely, in the so - called Little Higgs models [3, 4] SU(2)×
U(1) subgroup is embedded into a larger group, which is gauged partially. The correspondent
symmetry is broken at a few Tev.

The second example is the Extended Technicolor Theory. The idea is to construct the new Tev
scale theory basing on the analogy with QCD [5, 6, 7, 8]. The new Nonabelian gauge interaction
is added with the scaleΛTC ∼ 1 Tev, whereΛTC is the analogue ofΛQCD. This new interaction
is called technicolor. The correspondent new fermions are called technifermions. Breaking of the
chiral symmetry in technicolor theory causes Electroweak symmetry breaking. In order to make
Standard Model fermions massive extra gauge interaction is added, which is called Extended tech-
nicolor (ETC) [5, 8]. In this new gauge theory the Standard Model fermions and technifermions
enter the same representation of Extended technicolor group. There is a great number of ETC mod-
els. In particular, there exist models such that the ETC gauge group unifies strong and Electroweak
interactions at Tev scale.

The third example is the so-called Petite Unification (see, for example, [9, 10] and references
therein). In the correspondent models the gauge symmetry of the Standard Model is extended to a
larger one at the Tev scale. The resulting models have two different coupling constants correspon-
dent to strong and Electroweak interactions unlike Grand Unified models, in which there is only
one coupling constant and the unification is achieved at the GUT scale 1015 Gev.

Long time ago it was recognized that the spontaneous breakdown ofSU(5) symmetry in the
Unified model actually leads to the gauge groupSU(3)×SU(2)×U(1)/Z6 instead of the con-
ventionalSU(3)×SU(2)×U(1) (see, for example, [11] and references therein). The appearance
of the additionalZ6 symmetry in the fermion and Higgs sectors of the Standard Model itself was
recovered later within the lattice field theory [12, 13, 14, 15]. IndependentlyZ6 symmetry in the
Higgs sector of the Standard Model was considered in [16]. The emergence ofZ6 symmetry in
technicolor models was considered in [17].

Due to theZ6 symmetry the gauge group of the Standard Model is eitherSU(3)×SU(2)×U(1)
or SU(3)×SU(2)×U(1)/Z , whereZ is equal toZ6, or to one of its subgroups:Z3 or Z2. It would
be important to know is there any difference between the correspondent models or not.

On the level of perturbation expansion those versions of the Standard Model are identical.
Here we take into account that the Standard Model describes nature only up to the energies of
about a few Tev. This can have an effect on the topology of the Standard Model. Namely, there
may appear small regions of sizes of the order of 1Tev−1, where the conventional fields of the
Standard Model are not defined. These regions may represent monopoles of the unified theory.
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Then different versions of the Standard Model lead to different monopole contents of the models
that describe Tev - scale physics.

At zero temperature unified gauge group is broken to the Standard Model gauge group. How-
ever, at the temperatures higher than the critical temperatureTc ∼ 1 Tev this symmetry should be
restored. Basing on the analogy with Nambu monopoles [15] we expect that the monopoles of the
models, which describe Tev - scale physics, may be condensed atT > Tc. In order to investigate
this phenomenon we suggest to consider the lattice toy model based on one of the Petite Unification
models.

2. Monopoles of the unified theory

Let us now fix the closed surfaceΣ in 4-dimensional spaceR4. For any closed loopC ,
which winds around this surface, we may calculate the Wilson loopsΓ = Pexp(i

∫
C Cµdxµ), U =

Pexp(i
∫
C Aµdxµ), and eiθ = exp(i

∫
C Bµdxµ), whereC, A, and B are correspondinglySU(3),

SU(2) andU(1) gauge fields of the Standard Model. In the usual realization of the Standard
Model with the gauge groupSU(3)×SU(2)×U(1) such Wilson loops should tend to unity, when
the length ofC tends to zero (|C | → 0). However, in theSU(3)×SU(2)×U(1)/Z gauge theory
the following values of the Wilson loops are allowed at|C | → 0:

Γ = Pexp(i
∫

C
Cµdxµ) = eN 2π i

3

U = Pexp(i
∫

C
Aµdxµ) = e−Nπ i

eiθ = exp(i
∫

C
Bµdxµ) = eNπ i , (2.1)

whereN = 0,1,2,3,4,5 for Z = Z6, N = 0,2,4 for Z = Z3, andN = 0,3 for Z = Z2. Then the
surfaceΣ may carryZ2 flux π[Nmod2] for Z = Z2,Z6. It also may carryZ3 flux 2π[Nmod3]

3 for
Z = Z3,Z6.

Any configuration with the singularity of the type (2.1) could be eliminated via a singular
gauge transformation. Therefore the appearance of such configurations in the theory with the gauge
groupSU(3)×SU(2)×U(1)/Z does not influence the dynamics.

Now let us consider an open surfaceΣ. Let the small vicinity of its boundaryU(∂Σ) represent
a point - like soliton state of the unified theory. This means that the fields of the Standard Model
are defined now everywhere exceptU(∂Σ). Let us consider such a configuration, that for infinitely
small contoursC (winding aroundΣ) the mentioned above Wilson loops are expressed as in (2.1).
ForN 6= 0 it is not possible to expand the definition of such a configuration toU(∂Σ). However, this
could become possible within the unified model if the gauge group of the Standard ModelSU(3)×
SU(2)×U(1)/Z is embedded into the simply connected groupH . This follows immediately
from the fact that any closed loop in suchH can be deformed smoothly to a point and this point
could be moved to unity. Actually, for suchH we haveπ2(H /[SU(3)×SU(2)×U(1)/Z ]) =
π1(SU(3)×SU(2)×U(1)/Z ). This means that in such unified model the monopole-like soliton
states are allowed. The configurations with (2.1) andN 6= 0 represent fundamental monopoles of
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the unified model1. The other monopoles could be constructed of the fundamental monopoles as
of building blocks. In the unified model, which breaks down to the SM with the gauge group
SU(3)×SU(2)×U(1) such configurations forN 6= 0 are simply not allowed. This gives us the
way to distinguish between the two versions of the Standard Model.

The unified model, which breaks down to the SM with the gauge groupSU(3)×SU(2)×U(1)
also contains monopoles becauseπ2(H /[SU(3)×SU(2)×U(1)]) = π1(SU(3)×SU(2)×U(1)) =
Z. They correspond to the Dirac strings with

∫
C Bµdxµ = 6πK,K ∈ Z and should be distinguished

from the monopoles (forN = 1,2,3,4,5) of the SM with the additional discrete symmetry via
counting their magnetic fluxes.

Using an analogy with t’Hooft - Polyakov monopoles[19] we can estimate masses of the

mentioned monopoles to be of the order ofN
√

4π

α
Λ ∼ 40N Tev, whereΛ ∼ 1Tev is the scale

of the breakdown andα is the fine structure constant (α(MZ)∼ 1
128) (see, for example, [20], where

monopoles were considered for an arbitrary compact simple gauge group in the BPS limit). Here
N = 6 for monopoles of the conventional Standard Model.

3. Monopoles in Petite Unification models

In order to illustrate the emergence of the additionalZ3 andZ2 symmetries in the Standard
Model we consider Petite Unification of strong and Electroweak interactions discussed in [9, 10].
In the mentioned papers three possibilities to construct the unified theory at Tev were distinguished
among a number of various ones. Namely, let us consider the unified group to be the product of
SU(4)PS andSU(N)k, whereSU(4)PS unifies lepton number with color as in Pati-Salam models
[21]. In the theory there are two independent couplingsαs andαW correspondent to the two groups
mentioned above. Then if we require that the spontaneous breakdown ofSU(4)PS⊗SU(N)k hap-
pens at a Tev scale we are left with the three possibilities: PUT0(N = 2,k = 4); PUT1(N = 2,k =
3); PUT2(N = 3,k= 2). The other choices ofN andk cannot provide acceptable values of coupling
constants at the Electroweak scale. It should be mentioned here that PUT0 seems to be excluded
due to the extremely high value of branching ratio for the processKL → µe.

It will be useful to represent the breakdown pattern correspondent to the modelsPUT1,PUT2

in terms of the loop variablesΓ,U , andθ calculated along the arbitrary closed contourC .
In PUT2 at the Electroweak scaleSU(4)PS⊗SU(3)2 parallel transporterΩ along the contour

C is expressed throughΓ,U , andθ as follows:

Ω =

(
Γ+e

2iθ
3 0

0 e−2iθ

)
⊗

 e
−4iθ

3 0 0

0 e
2iθ
3 0

0 0 e
2iθ
3

⊗(Ue−
iθ
3 0

0 e
2iθ
3

)
(3.1)

From (3.1) it is straightforward that values (2.1) of the Wilson loopsΓ, U , andeiθ with N =
0,3 ∈ Z2 lead toΩ = 1. The field strength of theSU(4)PS⊗SU(3)2 gauge field is expressed

1Actually these configurations were already considered (see, for example [11], where they represent fundamental
monopoles of theSU(5) unified model). However, in [11] it was implied that such soliton states could appear with the
masses of the order of GUT scale (1015 Gev). In our case the appearance of such objects is expected already at the
energies compared to 1 Tev because we consider the unified model, in whichH is broken to the gauge group of the
Standard Model already at this scale.
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throughΩ calculated along the infinitely small contour. Then the pure gauge field action in the low
energy limit (at the Electroweak scale) is invariant under an additionalZ2 symmetry. This means
that in PUT2 actual breakdown pattern isSU(4)PS⊗SU(3)2→ SU(3)×SU(2)×U(1)/Z2 and not
SU(4)PS⊗SU(3)2 → SU(3)×SU(2)×U(1). Therefore, we expectSU(2)/Z2 monopoles to exist
in this unified model with the masses of the order of 120 Tev.

Here we used the values of Electroweak charges calculated in [9] in order to represent the
breakdown pattern in a form useful for our purposes. One can check directly that the gauge group
element of the form (3.1) acts appropriately on the Standard Model fermions arranged in the rep-
resentations listed in [9]. The same check could be performed also for the model PUT1 considered
below.

In PUT1 at the Electroweak scaleSU(4)PS⊗SU(2)3 parallel transporterΩ along the contour
C is expressed as follows:

Ω =

(
Γ+e

2iθ
3 0

0 e−2iθ

)
⊗U⊗

(
e−iθ 0

0 eiθ

)
⊗

(
eiθ 0
0 e−iθ

)
(3.2)

It is straightforward that values (2.1) of the Wilson loopsΓ, U , andeiθ with N = 0,2,4 ∈
Z3 lead toΩ = 1. This means that in PUT1 actual breakdown pattern isSU(4)PS⊗SU(2)3 →
SU(3)×SU(2)×U(1)/Z3 and notSU(4)PS⊗SU(2)3→ SU(3)×SU(2)×U(1). Thus,SU(3)/Z3

monopoles should exist in this unified model with the masses of the order of 80 Tev.

4. Lattice model for qualitative investigation of the monopoles

Basing on the analogy with Nambu monopoles [15] we expect that the monopoles of the
models, which describe Tev - scale physics, may be condensed atT > Tc. In order to investigate
this phenomenon we construct the lattice toy model based on PUT2.

We simplify PUT2 in such a way that the resulting model has the gauge groupSU(3). At low
energies parallel transporterΩ ∈ SU(3) along the contourC is expressed throughU ∈ SU(2), and
θ ∈U(1) as follows:

Ω =

(
Ue−

iθ
3 0

0 e
2iθ
3

)
(4.1)

In this theory the breakdown pattern isSU(3)→ SU(2)×U(1)/Z2. Therefore,Z2 monopoles
exist. The lattice model contains linkSU(3) field Ω and the adjoint scalarΦ ∈ su(3) defined on
sites. The potential for the scalar field may be considered in its simplest form in the London limit.
In this case the action has the form

Sg = β ∑
plaquettes

((1− 1
3 ReTrΩp)+

+γ ∑
xy

(1− 1
2

ReTr(Ωxyλ8Ω+
λ8)), (4.2)

where the plaquette variables are defined asΩp = ΩxyΩyzΩ∗
wzΩ∗

xw for the plaquette composed of the
verticesx,y,z,w. β is usualSU(3) coupling whileγ is proportional to squared vacuum expectation
value of the scalar field.
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The hyperchargeU(1) gauge field in the theory can be expressed throughΩ as follows:θ =
3
2ArgΩ33. In lattice theory monopole classical solution should be formed around the Dirac string,
which is represented by the integer-valued field defined on the dual lattice

Σ =
1

2π

∗
([dφ ]mod2π −dφ), (4.3)

whereφ = ArgΩ33. Here we used notations of differential forms on the lattice. For a definition of
those notations see, for example, [22]. Then, worldlines of quantumZ2 monopoles appear as the
boundary of the string worldsheet:

j = δΣ (4.4)

We expect, that the monopole currents should percolate above the transition temperatureTc in
the finite temperature model. We expect that theseZ2 monopoles resemble bothZ3 monopoles of
realistic PUT1 andZ2 monopoles of PUT2.

5. Conclusions

To conclude, we considered the Standard Model embedded into a unified model, the symmetry
of which breaks down to the gauge group of the SM at a few Tev. During the breakdown monopoles
may appear, which have masses of the order of 40 Tev. Those objects could become the lightest
topologically stable magnetic monopoles. In principle, they could be detected in future during high
energy collisions.

We expect that in the early Universe at the temperatures close to the temperatureTc of the cor-
respondent transition monopoles considered in this paper could appear in the elementary processes
with a high probability. Those monopoles may even be condensed atT > Tc as Nambu monopoles
at the temperatures above the Electroweak transition temperature [15]. We present the lattice toy
model for the qualitative consideration of this phenomenon.

It is worth mentioning that the presence of monopoles considered here may be excluded in the
wide class of modern cosmological scenarios. In particular, inflation theory implies reheating after
inflation [23]. Inflation itself washes out relic magnetic monopoles created at the temperatures of
the order of GUT temperature 1015 Gev. In certain models the reheating temperature is thought of
to be between 106 and 1010 Gev (see, for example, [24] and references therein). After reheating
standard scenario of hot Universe works. The concentration of relic magnetic monopoles in the Hot
Big Bang scenario was estimated in [25]. According to this estimate the concentration of magnetic
monopoles created atT ∼ 1 Tev appears to be essentially larger than the experimentally allowed
one.

I kindly acknowledge private communication with M.Yu. Khlopov. This work was partly
supported by RFBR grants 06-02-16309, 05-02-16306, and 07-02-00237.
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