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Abstract
The electroweak monopole in the standard model and it’s physical implications are discussed. It could
generate the hitherto unknown magnetic current which has unlimited practical applications. Moreover, in
cosmology it could generate the primordial magnetic black holes which might explain the dark matter,
become the seed of the large scale structures of the universe, and be the source of the intergalactic mag-
netic field. Most importantly, if detected, it becomes the first magnetically charged and stable topological
elementary particle in the history of physics.
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Ever since Dirac [1] has introduced the concept of the magnetic monopole in 1931, the monopole has become an obsession in
theoretical as well as experimental physics. The Dirac monopole has been generalized to the Wu-Yang monopole in QCD [2], ’t
Hooft-Polyakov monopole in Georgi-Glashow model [3], and the Dokos-Tomaras monopole in the grand unified theory [4].

In the interesting case of the electroweak theory of Weinberg and Salam, however, it has been asserted that there exists no
topological monopole of physical interest [5]. The basis for this “non-existence theorem” is that with the spontaneous symmetry
breaking the quotient space SU(2)× U(1)/U(1)em allows no non-trivial second homotopy. This has led people to conclude that
there is no topological structure in Weinberg-Salam model which can accommodate the monopole. However, in 1997 Cho and
Maison have established that Weinberg-Salam model has a different type of monopole topology, and demonstrated the existence
of a new type of monopole solution in the standard model [6, 7].

This was based on the observation that the Weinberg-Salam model, with the hypercharge U(1), could be viewed as a gauged
CP1 model in which the (normalized) Higgs doublet plays the role of the CP1 field. So the SU(2) part of Weinberg-Salam model
has exactly the same non-Abelian monopole topology π2(S2) as the Georgi-Glashow model. Moreover, in the standard model the
U(1)Y becomes non-trivial and thus has the Abelian monopole topology. So the standard model has the hybrid monopole topology
which allows the electroweak monopole, a hybrid of ’t Hooft-Polyakov and Dirac monopoles.

Originally the solution of Cho and Maison was obtained by a numerical integration [6]. But the mathematically rigorous exis-
tence proof has since been established, and the solutions are referred to as Cho-Maison monopole [7].

Although the electroweak monopole is the electroweak generalization of the Dirac monopole, it is different from the Dirac
monopole [8, 9, 10]. First, the Dirac monopole does not have to exist in electrodynamics. It exists only when the U(1) bundle
becomes non-trivial. But the electroweak monopole must exist if the standard model is correct, because the standard model has
the monopole topology. Second, the magnetic charge is twice that of the Dirac monopole. This is because the period of the U(1)
subgroup of SU(2) is 4π. This makes the period of the U(1)(em) of the electroweak theory to 4π, while the period of the U(1) in elec-
trodynamics is 2π. This doubles the magnetic charge of the electroweak monopole. So we can clearly distinguish the electroweak
monopole from the Dirac monopole.

As we have pointed out, the electroweak monopole should exist if the standard model is correct. So the final test of the standard
model should come from the discovery of the electroweak monopole, not the Higgs particle [6, 7]. In fact, the discovery of this
monopole must be viewed as the topological test of the standard model.

The experimental detection of Dirac monopole has been a blind search in the dark room because we could not predict the mass
[11]. Although the Cho-Maison monopole is singular and has an infinite energy, we can estimate the mass to be of the order of
4 to 10 TeV [8, 9, 10]. This is because the monopole acquires the mass from the same Higgs mechanism which gives the mass to
the W-boson, except that the monopole has the magnetic coupling which makes the mass roughly hundred times heavier than the
W-boson mass. Moreover, one can regularize the monopole and argue that the regularized monopole mass may not be larger than
5.5 TeV but has the BPS lower bound 2.98 TeV, more probably 3.75 TeV [12, 13, 14].

The experimental confirmation of the electroweak monopole has become one of the most urgent issues after the discovery of
the Higgs particle at LHC, so that ATLAS and MoEDAL detectors at LHC are actively searching for the monopole [15, 16, 17]. And
the recent MoEDAL result already excludes the monopole with mass below 3 TeV. On the other hand, they may have no chance
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FIGURE 1: The Feynman diagrams of the popular monopole production mechanism given by Drell-Yan process and two-photon
fusion process.
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FIGURE 2: The topological monopole production mechanism induced by the thermal fluctuation of the Higgs vacuum.

to detect it if the mass becomes larger than 7 TeV, because the present 14 TeV LHC can produce the monopole pair only when the
mass is smaller than 7 TeV. In this case we may have to search for the remnant monopoles in the present universe which have
been produced in the early universe, or else wait for the next LHC energy upgrading. So it is encouraging that IceCube and similar
detectors are aiming to detect the remnant monopoles [18, 19, 20].

To detect the remnant monopoles, we have to understand the production mechanism in the early universe to estimate the
monopole density at present universe. The monopole production mechanism in early universe is believed to depend on the type of
phase transition [21, 22]. However, what is important for the monopole production is the change of topology induced by thermal
fluctuation of the Higgs vacuum, which becomes insignificant when the temperature cools down below the Ginzburg temperature
[23]. This implies that the electroweak monopole production starts during the electroweak phase transition around 100 GeV and
stops after the universe cools down below the Ginzburg temperature around 60 GeV [10].

Although the electroweak monopoles are produced copiously around the Ginzburg temperature, they are annihilated as soon
as created. And this annihilation process continues very long time, till the universe cools down to around 30 MeV, when the
monopole-antimonopole capture radius becomes equal to the free streaming distance. This is basically because the attraction be-
tween monopole and anti-monopole is much bigger, 1/α-times bigger than the electromagnetic interaction. As a result the density
of the electroweak monopoles at present universe turns out to be very small, about 10−11 of the critical density. This assures that,
unlike the grand unification monopole, the electroweak monopole has no monopole problem in cosmology. Nevertheless there are
enough remaining monopoles in the present universe that we could detect without much difficulty [10].

As importantly, they play very important roles in cosmology. As the only magnetically charged heavy and stable particle in the
early universe, it becomes an ideal source of density perturbation in the radiation dominant era. So, it could easily become the seed
of the primordial black holes and the large scale structures of the universe.

There is experimental evidence which supports this. The recent observation of the strong radial magnetic field near the galactic
center strongly indicates that it could have been generated by the electroweak monopoles buried in the galactic center [24]. This
suggests that the monopoles could have been the seed of the large scale structure of the universe.

Moreover, the primordial black holes generated by the electroweak monopoles could explain the dark matter. Although the
electroweak monopoles by themselves cannot account for the dark matter, the primordial black holes created by the monopoles
could easily acquire huge mass and account for the dark matter. The primordial black hole has been proposed to be a candidate of
dark matter for a long time [25]. But there have been few compelling mechanism how the primordial black holes could be created.
Our analysis strongly indicates that the electroweak monopole could naturally create them.

The electroweak monopole has another important implication in cosmology. It could become the source of the intergalactic
magnetic field. There has been no good explanation of the origin of the intergalactic magnetic field. The magnetic field of the
remnant monopoles could explain this. Moreover, as the heaviest relativistic magnetically charged particles in the universe, they
become a natural source of ultra-high energy cosmic rays.
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Our result provides a useful tip for the remnant monopole detection experiments. Certainly there are enough remnant elec-
troweak monopoles to be detected. But when they pass through the earth atmospheric sphere, they loose most of the kinetic energy
and slow down quickly when they reach the earth surface. So most of them are expected to be trapped in the earth surface [10].

This tells the followings. First, it would be extremely difficult for the monopoles to arrive at detectors buried more than 2 km
under the iceberg at the south pole or under the Mediterranean sea. Second, a best way to detect the remnant monopole is to locate
the detector at high altitude. The remnant monopole detection experiments should keep these points in mind.

Moreover, our analysis provides an important information for the MoEDAL and ATLAS monopole detection experiments at
LHC [15, 16, 17]. Our result suggests that the monopole production mechanism at LHC should be the topological production after
the electroweak phase transition, which is induced by the thermal fluctuation of the Higgs vacuum. This suggests that the radius
of the fireball at LHC must be bigger than the correlation length of the Higgs vacuum, and must last long enough for the Higgs
vacuum to fluctuate.

More importantly, our result strongly implies that the popular monopole production mechanism at LHC that the monopoles
are produced in pairs by Drell-Yan process and/or two-photon fusion process in doubt [26]. To see this we compare the popular
Drell-Yan and two-photon processes shown in Fig. 1 and our topological monopole production mechanism shown in Fig. 2. The
contrast between the two figures is unmistakable. The photon plays the crucial role in Fig. 1, but Fig. 2 involves no photon and can
not be described by any Feynman diagram. So it is very important for us to determine which is the correct monopole production
mechanism.

In principle we can determine which is the correct production mechanism by experiment. The notable difference between the
two mechanisms is the coupling strength. In the Drell-Yan and two-photon production the coupling is uniquely fixed by the fine
structure constant, but in the topological production this is not so. Here the coupling is not given by any known fundamental
constant. This means that the monopole production probability in two mechanisms should be different. So, by measuring the
monopole production probability at LHC, we could tell which is correct.
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