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Introduction
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@ See-saw mechanism
We extend SM by adding ¢ = 1,2, ..., k heavy neutral leptons N;, I = (e, u, 7):

1—c
L, = -t (mp)ulNir — §NiR(mN)iijR + h.c.

where mp - mass matrix for light neutrinos and my - for heavy neutrinos. The
matrix equation for the physical masses of the observed neutrinos:

-1 T
my, = —mpmy Mp



Model with Dirac lepton sector

The transition from flavor states to mass states is described by the
Pontecorvo-Maki-Nakagawa-Sakata matrix:

_is 1 0 0
1 0 0 c13 0 syge”? c12  s12 O ;921
U=[0 co3 sa3| x 0 1 0 x| —s12 12 0)x|o T2 0
0 —s23  ca23 —s13e™ 0 c13 0 0 1 931

0 0 e

rotation matrices with ordinary phases Majorana phases

where s;; = sin6;; and ¢;; = cos0;5,4,5 = 1,2,3. Then

3
vi = Y, (Upmns)iivir. Weak charged current for neutrinos:
i=1
Lcoc = —il_n’YaVnLWa +he = —Ll_n’ya(UPMNs)mViLWa + h.c.

V2 V2

Here [,, - SM leptons e, u, 7. Writing the terms by analogy with the quark
sector, we get:

L1 =—Ymn L Hly +hee. Lo =Y UuLiHv; + h.c.

L}, - "rotated" lepton doublet with mixing, the masses of physical neutrinos
are obtained from eigenvalues of Yukawa matrix y,: m,; = y—\/%v, where v -
Higgs vacuum, j = 1,2, 3.

The result of CompHEP for the total decay width of the Z%-boson

I'Z, = 2,502 GeV. Electroweak radiation corrections are small. Experimental
value I'Z, = 2.4952 + 0.0023 GeV.



Model with a Majorana lepton sector

The complete mass matrix M, for neutrinos is obtained and diagonalized by
the see-saw mechanism. The mechanism requires a hierarchy of mp < my
and det my # 0, so an inverse matrix exists.

_ -1_T My =
m,,f—mDmN mp, N = MN

e Simplified model with a single heavy neutrino
Let's consider a light neutrino v, with real mass mp and heavy neutral lepton
- Majorana neutrino Nr with real mass my. Lagrangian:

L, =—mpvrNr — %N&NR + h.c.=

_ 1. <. 0 mp %3
S NR)(mD mN)(NR)+h.c.

Transition to massive states v, and N from SU(2) states v, u Ng have the

form:
VI, _ Sa  Ca v,
Nr |/~ \ —ca sa Np

Where sina = s, and cos « = c,. After substituting in the Lagrangian, we get
the following expressions for angles:

s2 = %(1:|:\/17a), 2 = %(1:|:\/17a)



Model with a Majorana lepton sector

Using the obtained form of angles, we can obtain relations for the masses of
physical states my. and muye:

MN = Mnpe + MNe, mp = vV —MnelMNe

By finding eigenvalues and eigenvectors, we can get the vectors of mass states:

1 m3 mp

/ - 2 / mN

— 2m = 2

v N N |- mh
my 2mN

The mixing parameter and the flavor state have the form:

— 2
U= M Vomeeme g Uy gy

mn Mne + MNe 2

We consider the process eTe™ — Z9 with decays 79 5 Nove, N. - Wte™
and W' — jets. Diagrams for et e™ — v.e”ud are shown on fig. 1. Contours
and surfaces for cross sections are shown on fig. 2 and 3.



Model with a Majorana lepton sector
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Figure 1 : Feynman diagrams for the process ete™ — vee~ud



Model with a Majorana lepton sector
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: Contour and surface: mixing parameter [U|? as a function my for mass

of light neutrino from 0.08 to 0.8 GeV and mass of heavy from 85 to 205 GeV. Levels
on contours are divided by characteristic luminosities for the number of events N = 10

from 0.1 to 1000 fb~1.

Figure 2



Model with a Majorana lepton sector

% Lidzzcl
10 20 30 40 50 60 70 80 90 100
my, GeV

Figure 3 : Contour and surface: mixing parameter |U|? as a function my for mass
of light neutrino from 5 x 107 to 0.05 GeV and mass of heavy from 0.5 to 100 GeV.
Levels on contours are made by characteristic luminosities for the number of events
N =10 from 0.1 to 1000 fb~ 1.



Model with a Majorana lepton sector

o Complete model with three heavy neutrinos

Generaly we can add k heavy right neutrino fields N;g, i =1, ..., k.

1—c
“Nir(mn)ijNjr + h.c.

L, =—-0iL(mp)iilNir — 5

The complete mass matrix is diagonalized in the block form:

T 0 mp _( UmUT 0
W )= (8 i)
Where W is (3 + k) x (3 + k) unitary matrix, m = diag(mi, mz, ms) -
diagonal mass matrix for light, M = diag(M1, M2, ..., M},) - for heavy massive

states. The diagonalizing matrix can be expressed as the exponent of the
anti-hermitian matrix:

0 R — 1RRt R
WZ“”(J%* 0)2( Rt 1—§RTR>+O(R3)

R is 3 x k complex matrix, second equation were obtained under the condition
that R is "small".



Model with a Majorana lepton sector

Charged and neutral currents for heavy Majorana fields N;:

—%Z_VQ(RV)Zk(l — 45) Nk W + h.c.

2V2
Lne = —%EZLWQ(RV)lkaLZ“ +he.

Lcc =

The mixing are characterized by matrix RV. Using the equation for
diagonalization of the block mass matrix and the explicit form for W, we can
obtain that R* ~ mpm}y' and express the mass of light and heavy neutrinos
by my and R:

my, =U"mU" = —R'myRY; VMV ~my + RTR*my + myR'R

Using unitary transformations by the W matrix, one can first make "block"
diagonalization, and then diagonalization of non-zero mass "blocks" using the
U and V matrices. Using the existing upper limits on the squares of neutrino
masses and mixing angles obtained from oscillation experiments, it is possible
to obtain possible ranges of m, values. We took a rough estimation
[(mu)in)] S1eV, 'l =e,pu, 7. Then we can express:

Z ‘(RV);/kM]@(RV)L” 5 1eV7 l/al =eu,T (1)
k



Model with a Majorana lepton sector

The main difficulty is to "adjust" all matrices in our model so that
diagonalization actually occurs and they satisfy the expression (1). A general
way to set the mp matrix is to parameterize it as follows:

mp = iU;MNs\/TTTLQ \% MVT

where € - an arbitrary complex orthogonal matrix. Hence, choosing a
convenient form of the 2 matrix, you can always construct a Dirac matrix for
neutrinos with the necessary orders of eigenvalues, from which the physical
parameters follow.

For example, we can consider the simplest case of an orthogonal complex
matrix Q = iJ and take my = M - the case of a diagonal matrix for heavy
neutrinos, i.e. V = 1.

For simplicity we write Pontecorvo-Maki-Nakagawa-Sakata matrix as:

Uel Ue2 Ue3
Upvns = | Uni Um2 Umns
Ua U Us



Model with a Majorana lepton sector

Then, substituting all matrices in the parametrization, we get the form of the

matrix R:
my ma ms3
Uel M Ue? Mo Ue3\ / Ms
_ _ mi ma m3
RV =R=-— Uml M Um2 Mo UmS Ms
my ma m3
Uny/in U35 Usy/if

One can test this model using the LanHEP package and plot contours and
surfaces for this test model in CompHEP. The structure of mixing is non-trivial,
since the non-zero widths of all three heavy leptons are taken into account at
the same time. For the lightest lepton, the contour and surface are shown in 4.
We took values My = 10 Kev, M> = 400 MeV, M3z = 420 MeV for example
calculation.

Since N is considered to play the role of dark matter, its contribution to the
see-saw matrix must be insignificant in order to play no role in the baryogenesis
of the Universe.



Model with a Majorana lepton sector
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Figure 4 : Contour and surface: mixing parameter |U|? as a function my, for mass
of light neutrino from 10~ to 10~3 KeV and mass of heavy from 0.01 to 1 MeV.

As it can be seen from fig. 4, width of N; relatively small and there is almost
no dependence on mixing.
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Figure 5 : Contour and surface: mixing parameter |U|? as a function my, for
mass of light neutrino from 10~7 to 0.1 MeV and mass of heavy from 85 to 205 GeV.
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Model with a Majorana lepton sector
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: Contour and surface: mixing parameter |U|? as a function mp, for

mass of light neutrino from 10~7 to 0.1 MeV and mass of heavy from 85 to 205 GeV.

Figure 6



Conclusions

@ The model using only the Dirac type of neutrino mass is hard to compare
the precision experimental data of the LEP2 Collider.

o Two models were considered for Majorana neutrinos: a simplified model
with one light neutrino and a heavy lepton, and a complete model with
three generations. Block diagonalization of the total neutrino mass matrix
was performed.

The results were presented as calculations of cross sections, cross section
contours and surfaces for simple and complete models for the

ete™ — vee ud process. The levels on the contours were divided
according to the characteristic luminosities for the number of events

N =10 from 0.1 to 1000 fb™*. Based on the characteristic luminosities, it
is possible to determine which experiments can use such parameters to
detect heavy leptons.

o For the complete model, contours were calculated for the specific case of
parametrization of the Dirac mass matrix.



Conclusions

Thank you for your attention!



