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Introduction

SM can not solve

— the problem of neutrino masses
Three Generations
of Matter (Fermions) spin % — the DM problem

electron muon tau
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eV A A . ﬁ. The most economical and natural
e e e - way to solve them is to extend
e |TpET e the SM with three right-handed
8

- neutrinos (HNL, sterile neutrinos,
M. Shaposhnikov, J. Phys. Conf. Ser. 408 (2013) 012015
gauge-singlet fermions)

o the symmetry between right- and left-handed neutrinos is restored

no new physical principles and symmetries are needed
@ no new energy scales (in the ¥MSM)

o the smallness of m, by seesaw mechanism (type I) and neutrino oscillations
e BAU
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o Experimentally observed neutrino oscillations consequence on nonzero neutrino
masses

o the smallness of their masses
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The dynamical mechanism behind the neutrino masses are not known
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disfavoured by
BBN + CMB + osc. data

(if origin of neutrino mass)

neutrinoless double beta decay

I LFV lepton decays

lepton universality in meson decays

vMSM: O(eV) < M; < mu
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Lagrangian

Flavour basis
_ - Mu—
L=Lsm+ VRO 'vr — | YiLvrH + TI/CRVR +h.c), (1)

where

lLZ( Zi )1 H=cymH (2)

Spontaneous EW-symmetry breaking

g@m)( P )( /i ) @

where Mp = Y (H) — Dirac mass matrix

Mass basis

u*Mu*:< Tg 1\04 ) (4)

where 7 = diag(my, ma, m3), M = diag(My, Ma, M3),

_ U, 0 B 0 0 P
u—W~(0 U}kv), W—exp(fef 0), o' =—0 (%)

v\ _ v e
(uﬁ)‘m’(N) @
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Common approach

0 0 1— Logot 0
_ ~ 2
t 0 MD * my 0 — A
W(Mg MM>W*( 0 MN>_M (8)
(12) : 0 ~ MpM;,', (9)
(1) : m, ~ —MpMy  Mp, (10)
(22): My~ My + %(OTGMM + ML) ~ My (11)

Using Eq. (6)

v o~ (1 - %99*) Uyve +0UNNL, (12)

Upnns =~ (1 + 1)Uy, Om ~ 0UxN w
where n = 71/209T &
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Non-minimal approximation

1 16006 60— Loote )
W~ ( 2 6 . 0<I (14)
-0t + Lotoo"  1- 1070
y 1 t T n* T n*
(12): Mpfeﬂf]w*i(ee Mp + Mp6~ 0 )70MD9
+%0MM€T6* + %99*91\@ ~0, (15)
1) —(OME + Mp8™) + 0067 + (867 0ME + MpoT6767
6
%(aaTMDeT +OMBO*0") ~m,, (16)
* 1 *
(22) 1 M+ (0" Mp + MHO*) — 5(e*oMM + Mp676%)

7%(9*(91\42; + MpbT)o" — %(9*99*1\4[, + M6 0TO") ~ My,  (17)

where 6, Mp, My are unknown.
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The condition M2 = 0 [Eq.(15)]

My — %]\"JI\JQTQ* — éGTGAIM
~ ¢ 'Mp <1 - %0%*) - %NMD — Mpo", (18)
My ~ OO 'Mp), (19)
O0*Mu) ~ O(OMp), (20)

so in the following we will omitted terms ~ O(0"Mp), n > 1, in M1 and Mos.
Expressions for

R

—(OMB + MpbT) + 0Mp 67, (21)

my

Mn

R

* 1 *k
My + (0" Mp + ME6™) — 5((9*6'MM + Mp070%) (22)

are the same as in the common approach but with the relation (18) instead of

My = 0" Mp.
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—OMPp ~ —Mph”, (23)

my ~
. 1, 1 oo IR
My ~ 0 MD+69 MD—§MD9 ~ (6 —79 Mp, (24)
My =~ 6 'Mp-— %QTMD — Mbo* ~ (9*1 9*) Mp. (25)
Using Eq. (6)
1,4 1,4 .

v =~ (1-500" Ui+ (06— 50670 ) UR N, (26)
Upnins & <1 - %om) U, Onm ~ (9 - feeTo) (27)
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Parametrization of the mixing matrix ©

Approximation My ~ O(0~ ! Mp)

I = MyMy'~—-MpUpynsi Ul yns MpUn MUY, (28)
—(VM-UEMBURns Vi) (Vin=1US  ns MpUNV M~1) = QL O, (29)
Mp = —iUpnns VinSm V MUY, (30)

known as the Casas-Ibarra parametrization [Casas J., Ibarra A., Nucl.Phys.B 618 (2001) 171].

So,
Om ~ Uy ~ —iUpnns Vim V M 1. (31)

Approximation My ~ O(0Mp)

—VM-1UY (e*l - %9*) U,nUl (0T 'UnV M- ~ 1, (32)

Qum = VUL (67) " Un VN @w
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1

Qm = Qo + BM‘I(Qné)*m, (34)
0 = _ZUV nm \ UN7 (35)
Owm ~ OUN ~ —iUV\/E(Q;m)Tv M1 (36)
Charged and neutral neutrino currents )
Ne = QCg 2% UPMNSUPMNSVLZW (37)
o = _EZL/Y#UPMNS\/LW;: + h.c., (38)
Lyc = e Niy'e'eN,z,
2cw

_ (2 CQW ViU yns V" ONLZ, + h.c.> , (39)

Y, = _%im”@mwg + hee.,

where © is the minimal ©,, or nonminimal Oy, mixing matrix
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Effective mass m,,

(My)ee <26V, (my)pp < 0.19 MeV, (my)-r < 18.2 MeV,

K. Olive, et al., Review of particle physics, Chin. Phys. C 38 (2014) 090001

DMy, <0.2—1.0 eV 1602.04816v2 [hep ph]

Approximation My ~ O(0~ 1 Mp)

my, ~ —Mpf" ~—0My6O"
—QUNMULOT = —OMO” ~ UpninsUpyins, (41)

12

where Eqgs. (9), (11), (31) and QmQL = T were used, correspondingly.

Approximation My ~ O(0Mp)
Using (23), (24), (35), (4), (34) and (36), correspondingly, one can find

my o~ —MpfT ~— {971(9*)*1} M 6" (42)
- iUV\/%{(Q;m)T % _1Qan}\/ “1UX My6o"
~  UpmnsUpyns
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Numerical estimations

For simplicity, we assume that

. 1m;
Qm =1, Qnm = diag(wr, w2, ws), w; = 17532,
which satisfy requirements (29) and (34) and
e mo [NO (I0)] = 0.03 eV (0.015 eV)
o(i)M1:7keV,M2:M3:M; (ii)M1:M2:M3:M

Phenomenologically convenient quantities:

Uiz: ‘ea1|2, UZQZZUEJ, UQ:ZUZQ

5 0
NO 7
= . — Mj=My=M3 = My=Mp=M;
i [}
S 1.5x10%, M=7 keV, Mp=M3 = 10%, My=7 keV, Mp=M3
~ 3 ~ 5
S =
) a S la
| | £4
2
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Prospects and conclusions

We proposed a modified seesaw type I expression for the mixing matrix

enm — GUN — _ZUV nm) v (46)

where the matrix .., satisfies

Qo = Qs + 3M N Q) i (47)

The contributions of the order of O(6Mp) coming from the expansion of rotation
matrix W up to 0(93) terms to the Majorana matrix representation Mpy; were
obtained. It was shown that these contributions are of the same order as for the
case W ~ O(6?) and, therofore, they should be included in relevant analysis.

It was shown that the effective mass m, has the same representation for both
approximations My ~ Q0" Mp) and My ~ O(OMp).

The absolute value of relative difference of |©|* in approximations
My ~ O(0 *Mp) and Myr ~ O(OMp) is negligible for phenomenology on
accelerators. However, it can be important for processes in the early Univer

Thank you for your attention
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