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1. Introduction

The qualitative lattice investigation of the propertied\Naimbu monopolef[1] in the Standard
Model has been performed both at zero and finite temperaiutée unphysical region of large
coupling constants if]2]. Nambu monopoles are found to melensed in the symmetric phase
of lattice theory (and above the Electroweak transitiorhim finite temperature theory). Here we
continue this investigation for realistic values of theammalized coupling constants (~ 1/128
and8y = 11/6) within the zero temperature theory.

Earlier we considered the appearance of an additionaledessymmetry in the fermion sector
of the Standard Moddl[4] 8] 4]. This additional symmetrpwab to define Standard Model with
the gauge groufJ (3) x SJ(2) xU(1)/ %, whereZ is equal taZs, or to one of its subgroup&s
or Z,. The emergence &g symmetry in technicolor models was considered jn [5].

Here we use two lattice realizations of the Electroweakjnewith the gauge group®J (2) x
U(1)/Z,, andSJ (2) x U (1), respectively.

2. Lattice models under investigation

We consider lattice Weinberg - Salam Model in quenched aqipration. The model contains
the gauge field” = (U,0), where U € U(2), €% cU(1) are realized as link variables. The
potential for the scalar field is considered in its simplestrf [3] in the London limit, i.e., in the
limit of infinite bare Higgs mass. From the very beginning wetfie unitary gauge.

For the case oBJ (2) x U (1)/Z, symmetric model we chose the action of the form

S=B8 Y ((1—3TrUpcosby)+3(1—cosPBy))+

plaquettes

+yS (1—Re(Ug'e®)), (2.1)
Xy

where the plaquette variables are definetd g@s- U Uy U Uy, and6p = By + 6y, — Bz — By for
the plaquette composed of the verticeg z, w.

For the case of the conventiordl (2) x U (1) symmetric model we use the action

S=B > ((1-3TrUp)+3(1—cosy)) +

plaquettes

+YY (1—Re(Uge®)). (2.2)
Xy

In both cases the bare Weinberg angléjs= 11/6, which is close to its experimental value. The
renormalized Weinberg angle is to be calculated throughdtie of the lattice masses: c@g =
Mw/Mz. The bare electromagnetic coupling constanis expressed througB asa = 1/4m[.
However, the renormalized coupling extracted from the mia€for infinitely heavy fermions dif-
fers from this simple expression, as will be shown in the sextions.
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Figure 1: The phase diagrams of the models in {fey)-plane.

3. Theresults
3.1 Phasediagram

The phase diagrams of the two models under consideratioprasented in figure 1. The
dashed vertical line represents the phase transition i8tH&) ® U (1)-symmetric model. This
is the confinement-deconfinement phase transition cometsipg to theU (1) constituents of the
model. The same transition for ti®) (2) @ U (1) /Z,-symmetric model is represented by the solid
vertical line. The dashed horizontal line corresponds tottAnsition between the broken and
symmetric phases of model A. The continuous horizontal te@esents the same transition in
model B. Interestingly, in th&J (2) @ U (1) /Z, model both transition lines meet, forming a triple
point. Much attention was paid to this fact {ih [2].

Real physics is commonly believed to be achieved within tlesps of the two models situated
in the right upper corner of Fig. 1. The double-dotted-ddskextical line on the right-hand side of
the diagram represents the line, where the renormatizisdconstant and equal tg/128.

All simulations were performed on lattices of sizesa®id 16. Several points were checked

using a lattice 24 In general we found no significant difference between thetioeed lattice
sizes.

3.2 Themasses

The following variables are considered as creating laoson and &V boson, respectively:
Zy =Z§ =sin[ArgUg! + By], Wy = W' = UgZe% . In order to evaluate the masses of fhe
boson and Higgs boson we use the zero - momentum correlgiQsy |, Zx Zy') ~ e~ Mzbo—yol 4
e Mz(L=bo=oD)| 5o {HyHy) ~ e Mibo=yol - g=Mu(L=Po—Yol) 1 congt. In lattice calculations we used
three different operators that create Higgs bosefis= 3, Miy|?, Hy =¥ Z3,, andHy = 5, Re(Ugle%).
In all casedHy is defined at the sitg, the sumy, is over its neighboring siteg

After fixing the unitary gauge, lattice Electroweak theoecbmes a latticel (1) gauge theory.
TheU (1) gauge field ishy = Al = [—ArgUg! + By] mod 2. The usual Electromagnetic field is
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Aem = A+Z' - 2sir? 8y Z', whereZ' = [ArgUg! + 6y]mod2r.

TheW boson field is charged with respect to tHél) symmetry. Therefore we fix the lat-
tice Landau gauge in order to investigate iWeboson propagator. The lattice Landau gauge
is fixed via minimizing (with respect to thd (1) gauge transformations) of the following func-
tional: F = ¥,,(1—cogAy)). Then we extract the mass of tN& boson from the correlator
TS W (WY T) ~ e Mwbo=Yol 4 g=Mw(L=Po=Yol) The renormalized Weinberg angle is to be cal-
culated through the ratio of the lattice masses:6ps- My /Mz.

In the regionf € (10,20), y € (1,2) we found no difference between the two versions of
lattice Electroweak theory. Therefore, we omit mentiortimgvhat particular model the considered
quantity belongs in this region of coupling constants.

W-boson andZ-boson masses are found to change very slowly with the i@miaf 3. The
dependence oy seems to be stronger. Both gauge boson masses grow withdreade ofy. We
evaluate both masses\W- andZ-bosons to be .@3+0.02 aty =1, 8 = 15. We cannot calculate
the renormalized Weinberg angle at this point with reastenatcuracy.

Unfortunately, the statistical errors do not allow us tccoddte the Higgs boson mass with a
reasonable accuracy. Our data only allow us to draw the asioel thatMy is larger than Riy.

3.3 Therenormalized coupling

The bare constart = €2 /41 (Wwheree is the electric charge) can be easily calculated in our
lattice model. It is found to be equal tg @nB). Therefore, its physical value(Mz) ~ 1/128
could be achieved at values ffin some vicinity of 10. This naive guess is, however, to be
corrected by the calculation of the renormalized coupliogstantar. We perform this calculation
using the potential for infinitely heavy external fermioige consider Wilson loops for the right-
handed external Iepton%./le%t(l) = (Rell (xy)€|e2i9XV>. Herel denotes a closed contour on the lattice.
We consider the following quantity constructed from thetmagular Wilson loop of size x t:

Y (r) = limi_e % At large enough distances we expect the appearance of thHerGlou
interaction”’(r) = — <& + congt.

The renormalized coupling constaatis found to be close to the realistic valegMz) =
1/128 along the line represented in Fig. 1. Actually, a lineepehdence of the potential for
infinitely heavy right-handed leptons orirlis observed already far= 1. Therefore we treat this

constant asir(1/a) = ar(100GeV ~ ar(Mz).

3.4 Nambu monopole density and percolation probability

According to [p] the worldlines of the quantum Nambu mon@gotould be extracted from
the field configurations as follows:

j; =065 = %T*d([dz’]modZH) (3.1)

(The notations of differential forms on the lattidg [7] areed here.) The monopole density is
defined ap — <Z'gfu'k‘> . whereL is the lattice size.

In order to investigate the condensation of monopoles wéhespercolation probabilitil (A).
It is the probability that two infinitely distant points arermected by a monopole cluster (for more
details of the definition see, for examplf] [8]). In Fig. 5 view Nambu monopole density and
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Figure2: Nambu monopole density and percolation probability as atfan of y along the line of constant
1/GR =128.
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Figure3: Plaguette action near monopole trajectories along thelimenstant Yagr = 128.

percolation probability as a function gfalong the line of constant renormalizegt = 1/128. It

is clear from Fig. 5 that the percolation probability is theler parameter of the transition from
the symmetric to the broken phase. In order to compare thidqosf the transition between the
symmetric and broken phases with the point where percaolatiobability vanishes, we investigate
the susceptibilityy = (H?) — (H)? extracted both fronz = 5,72 andHw = 5 [W|3, .

The monopole worldline lives on the dual lattice. Each pointhe worldline is surrounded
by a three - dimensional hypercube of the original latticee Measure the plaquette part of the
action §7°" on the plaquettes that belong to those 3-dimensional hypegc(normalized by the
number of such plaquettes). The excess of the plaquet@nawtiar monopole worldlines over the
mean plaquette part of the acti®g is denoted by\S, = %(%‘0”— Sp). Very roughlyAS;, can be
considered as measuring the magnetic energy @dtl2) andU (1)), which is carried by Nambu
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monopoles.

We also measur§™°", which is the part of the actio§"°" on the links of the original lattice
that connect vertices of the two incident 3-dimensionalengpbes mentioned above. The excess
of this link action near monopole worldlines over the meauk fpart of the actior§ is denoted
by AS = é(g“"”— S). For the simplicity of the calculations we get only one of thén&s that
connect incident hypercubes. The magnetic en&@ycarried by Nambu monopole is presented
in Fig. 7. The behavior of botAS, andAS shows that a quantum Nambu monopole may indeed
be considered as a physical object.

3.5 Evaluation of thelattice spacing

The physical scale is given in our lattice theory by the valligheW-boson mas!;/l\,@':,hyS ~ 80
GeV. Therefore the lattice spacing is evaluated ta be[80GeV ~*My, whereMyy is theW boson
mass in lattice units.

The real continuum physics should be approached along thénh of constantir = %,

i.e. along the line of constant physics (at this point we aroitsideration oy as according to
our estimates it does not vary crucially along this line). Miestigated the dependence of the
ultraviolet cutoffA = a~! = (80 GeV)/My on y along the line of constant physics. It occurs that
N\ is increasing slowly along this line with decreasipgnd achieves the value 3310 GeV at
the transition point between the physical Higgs phase am@ymmetric phase. According to our
results this value does not depend on the lattice size. Thamthat the largest achievable value
of the ultraviolet cutoff is equal to 35030 GeV if the potential for the Higgs field is considered
in the London limit.

Our lattice study also demonstrates another peculiar featfuElectroweak theory. If we are
moving along the line of constamt = 1/128, then the Nambu-monopole density decreases with
increasingy (for y > 1). Its behavior is approximated with a nice accuracy by thmpke formula:

D ~ g208-46y.

Naively one may think that the density should decrease witieiasing ultraviolet cutoff.
However, it occurs that the situation is inverse. This meéhasthe density of Nambu-monopoles
is not fixed by the initial values of the coupling constantd ahould be considered as additional
parameter of Electroweak theory.

4. Conclusions

We investigated lattice Electroweak theory numericallyealistic values of the coupling con-
stants and for Higgs mass larger thaviy. We found that the two definitions of the theory (with
the gauge groupSU (2) ® U (1)/Z, andJ (2) @ U (1), rescpectively) do not lead to different pre-
dictions at these values of the couplings.

Our investigation of the line of constant physics for thenité bare self coupling of the
Higgs field allows us to draw the conclusion that the valudattite spacings smaller thg850+
30GeV) 1 cannot be achieved in principle for this choice of the pagdor the Higgs field.

The action density near the Nambu monopole worldlines iadao exceed the density aver-
aged over the lattice in the physical region of the phasedmgThis shows that Nambu monopoles
can indeed be considered as physical objects. Their pdarojarobability is found to be an order
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parameter for the transition between the symmetric anddorpkases. According to our numerical
data the density of Nambu monopoles in the continuum theampat be predicted by the choice
of the usual parameters of the Electroweak theory and shmeildonsidered as a new external
parameter of the theory.
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