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Electromagnetic properties of neutrinos in the left-right model
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Within the left-right model contributions to the neutrino dipole magnetic moments coming from the
charged gauge bosons Wﬁz and the singly charged Higgs bosons 5% are considered. Calculations show
that the Higgs sector contributions to the dipole magnetic moments could exceed the contributions caused
by the charged gauge bosons. The resonance transitions in the light left-handed neutrino beam moving in a
matter and a magnetic field are investigated in two flavor approximations. Analysis leads to the conclusion
that the structure of the heavy neutrino sector admits only three possibilities: (i) the light-heavy neutrino
mixing angles 6;; (i = 1,2) are arbitrary but equal each other whereas the heavy neutrino masses are
quasidegenerate; (ii) the heavy neutrino masses are hierarchical (my, < my,) while the angles 0;; are equal
to zero; (iii) the light-heavy mixing angles 6;; are equal to each other and the heavy-heavy neutrino mixing

is maximal.
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I. INTRODUCTION

At the end of 2002 as a consequence of a series of
experiments with solar, atmospheric, and reactor neutrinos
the existence of the neutrino oscillations has been estab-
lished. This, in turn, meant that the neutrino has a mass and
the partial lepton flavor violation takes place. At the same
time monitoring of the Galaxy by the net of neutrino
telescopes aimed to detect a neutrino signal from the
expected galactic supernova explosion has been started.
Neutrinos also find a use for a solution of applied problems
as evidenced by the application of antineutrino detectors for
nuclear reactor monitoring in the “on-line” regime and the
appearance of a neutrino geotomography (for review see
[1]). All this puts forward the neutrino physics in the
forefront of natural sciences. However, in spite of achieved
progress, there is a series of unsolved problems in the
neutrino physics. Among these are the following: (i) the
smallness of the neutrino mass m, =~ 10™%m, (m, is an
electron mass); (ii) electromagnetic neutrino properties;
(iii) the neutrino nature (Dirac or Majorana).

Models with the seesaw mechanism give successful
explanation of the first problem. In these models heavy
right-handed neutrinos being seesaw partners of light left-
handed neutrinos appear. The introduction of heavy neu-
trinos N; (i = 1,2,3) helps to solve some cosmological
problems as well. For example, these neutrinos are used for
explanation of the observed baryon asymmetry in the
Universe thanks to the leptogenesis [2].

The existence of nonzero neutrino multipole moments is
a theoretically interesting issue in neutrino physics.
Whether they are also experimentally relevant quantities
depends on their magnitudes. Our interest in electromag-
netic neutrino properties is primarily caused by the fact that
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there exist plenty of astrophysical systems with intensive
magnetic fields where neutrino physics plays an important
part. Large magnetic fields are present in supernovas,
neutron stars, and white dwarfs, and fields as large as
B, = m2/e =4.41 x 1013 G can arise in supernova explo-
sions or coalescing neutron stars. The remnants of such
astrophysical cataclysms are magnetars, young neutron
stars with magnetic fields 10'*-~10'® G. It has been sug-
gested that during the electroweak phase transition local
magnetic fields much stronger than those of a magnetar
could have existed, with field strength as high as
10%2-10** G [3]. Unveiling the interconnection between
the star magnetic field and its particle current flows could
shed new light on the question of the star evolution. Thus,
neutrinos drive supernova dynamics from beginning to end.
Neutrino emissions and interactions play a crucial role in
core collapse supernova. Their eventual emission from a
protoneutron star contains nearly all the energy released in
the star explosion. The neutrino behavior also explains the
tremendous pulsar velocity [4]. Therefore, investigation of
the neutrino electromagnetic properties will give very
important information for better understanding of particle
physics and cosmology.

In the SU(3), x SU(2), x U(1), standard model (SM)
neutrinos are massless particles and, as a result, the mixing
of neutrino states does not take place. Reconstruction of the
neutrino sector of the SM is usually achieved by introduc-
ing a right-handed neutrino singlet (minimally extended
SM) to make neutrinos massive Dirac particles. However,
as this takes place, the explanation of the neutrino mass
smallness is absent. Neutrino dipole magnetic moments
(DMMs) predicted by the SM are so small that they are not
of any physical interest. It also should be noted that in
the SM the satisfactory mechanism to produce a baryon
asymmetry in the universe is absent. All this taken together
provides strong evidence of physics beyond the SM.
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The purpose of this work is to investigate neutrino
electromagnetic properties in the context of the left-right
model. In the next section a short description of the model
is given. In Sec. II the motion of the high-energy beam of
the left-handed neutrinos in a matter and a twisting
magnetic field is examined. In Sec. III contributions to
the neutrino DMMs coming both from charged gauge
bosons and from singly charged Higgs bosons are consid-
ered. Finally in Sec. IV we summarize the results obtained.

II. THE LEFT-RIGHT MODEL

For the first time the model based on the SU(2); x
SU(2)g x U(1) 5_; gauge group (LRM) was proposed at the
beginning of the 1970s [5]. Then several versions of this
model, which are distinguished by the choice of the trans-
formation to the mass eigenstate basis in the space of neutral
gauge bosons [6—10], appeared. This choice is determined
both by the Higgs sector structure and by the gauge coupling
constant values of the SU(2),, SU(2)g, and U(1),_, gauge
groups. In Refs. [11,12] it was shown that all versions of the
LRMs can be unified into the so-called continuous LRM,
which is characterized by the orientation angle of the
SU(2)g generator in the group space.

There are two possibilities of defining the left-right (LR)
symmetry, namely, as a generalized parity P and as a
generalized charge conjugation C. In Ref. [13] these two
cases have been investigated in order to determine the
precise lower limit on the LR symmetry scale convention-
ally identified with the mass of the additional charged
gauge boson W3. It was found that my, > 2.5 TeV if
LR = C and my, > 4 TeV if LR = P. Recall, for gz ~ g,
there is the theoretical relation connecting the masses of the
additional charged and neutral gauge bosons

mzz ~ 17mW2 :
so that indirect limits via the bounds on the W5 boson mass
also yield more stringent constraints on the Z, boson mass.

In the LRM quarks and leptons enter into the left- and
right-handed doublets
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where i = 1, 2, 3, a = R, G, B, a = e, u, 7, in brackets the
values of S)V, S¥ and B — L are given, S} (SY) is the weak
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left (right) isospin while B and L are the baryon and lepton
numbers, respectively. The LRM has three gauge coupling
constants: g;, gg, and ¢ for the SU(2),, SU(2)z, and
U(1),_, groups, respectively. The Higgs sector structure of
the LRM determines the neutrino nature. The mandatory
element of the Higgs sector is the bidoublet ®(1/2,1/2,0)

@_((I)? <I>2+> (2)
oy DY

Its nonequal vacuum expectation values (VEVs) of the
electrically neutral components bring into existence
the masses of quarks and leptons. Then, to ensure that
the neutrino is a Majorana particle, the Higgs sector has to
contain two triplets A; (1,0,2), Agz(0,1,2)

(6-AL) = (52/\@ o )

8  —8L/V2
_(wNE e
o a0= ("0 ) 3)

For the neutrino to be a Dirac particle the Higgs
sector instead of A; and Ay must include two doublets
x(1/2,0,1),  xg(0,1/2,1) and one bidoublet
®(1/2,1/2,0). In what follows we shall consider the
LRM version with Majorana neutrinos.

The spontaneous symmetry breaking (SSB) according to
the chain

SUR2), xSUQR)g xU(1)p_,
- SU2), xU(1l)y = U<1)Q

is realized for the following choice of the VEVs:

(@) =k, (2}) =ky. (4)

To achieve agreement with experimental data, it is neces-
sary to ensure fulfillment of the conditions

vy < max(ky, ky) < vg. (5)

The structure of the Higgs potential V is the essential
element of the theory because it defines the physical states
basis of Higgs bosons, Higgs masses, and interactions
between Higgses. We shall use the most general form of V
proposed in Ref. [14]. After the SSB we are left with 14
physical Higgs bosons: four doubly charged scalars A(lizi),
four singly charged scalars 5% and @), four neutral
scalars S| 34 (S is an analog of the SM Higgs boson), and
two neutral pseudoscalars P ,. The detailed discussion of
the Higgs sector structure has been done in Ref. [15]. In the
third order of the perturbation theory contributions to the

025001-2



ELECTROMAGNETIC PROPERTIES OF NEUTRINOS IN ...

neutrino DMMs could give the singly-charged Higgs
bosons only. Let us concentrate our attention on them.
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These bosons are defined as follows
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k, =174 GeV, and f,, f5, a3, p1, p3 are the constants entering into the Higgs potential. The Lagrangians we need are as
follows (for details, see the book [1]):

ﬁ? + Lé = [ayahzbib(x)(l = ¥5)Va(x) = aNahlbib(x>(1 +75)No(x)]A(x

= [, 31,75 () (1 = 75)a(x) = ay 5, I () (1 + 75)No(x)]5" (x) + Hee., (8)
Lh+ E;:S = ie{[0,h" (x)h(x) — h*(x)0,h(x)]A¥ (x) + (h(x) — 5(x))} + Hec. 9)
Lly, + L3y, = iy, Wi, (x) siné + Wa, (x) cos €Jh* (x) + (h(x) — 5(x))}A*(x) + H.c., (10)
ce . 9L 5 9r 5
Li = 2—\;§la(x)7”(1 —75)Va(X) Wy, (x) + 2—\%1&()6)7”(1 +75)Na(x) Wy (). (11)
where
» _ hwka = hapk, o _ hapka = hpk, o - _Jaw ab—eur . — SanPrks
vl 2k, ’ Naltly 2k, 7 2 7 e Nel =2 (a4 py = p3/2) v
_ a3kt _emy (1 —tan’f)(a+py +1-p3/2)
Gy, = Prmw,.  a= 22 W = 1 + tan?p ’

Wi =W,cosé+ Wgsiné, Wy, =—=W,siné+ Wgcosé,

fap are triplet Yukawa coupling constants, the superscript ¢ means the charge conjugation operation, the symbols h.c.
describe Hermitian conjugate terms, tan § = k; /k,. In the expressions (8) and (11) the connection between the flavor and
mass eigenstate bases, U/ (x) and " (x), will look like

Ue(x) ’/l(x)
Uﬂ(x> U2<x)
e, )

U/ (x) = N | T U™ (x) =U Ny () (12)
Ny (x) Ny(x)
NT(X) N3(X)

or, in components

v, =U, vi+U, i 3N;, N, =Uy v;i +Uy iy3N;, (i=1,2,3),
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where

uN D 0 VN
U=mM 0o pw ) MY =
non i
Cplze™
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D= (51235 + CTp8535T3€"0n) e’

N non A is\ i
(572835 = €loC53873€"n) e

c;i = cosB;;, s; = sinf;;, 6;; is the mixing angle between
the light and heavy neutrinos in the i generation (light-
heavy neutrino mixing), ¢}, = cos @, s’ =sind’,, ¢, is
the mixing angle between the i and k generations in the
sector of the light » = v (heavy n = N) neutrinos, §, are the
CP violating Dirac phases, while the phases a,, and 3, are
known as Majorana phases. For the light neutrinos 6, varies
between 0 and 2z while @, and $, vary between 0O and z.
The Dirac phases can lead to observable effects in oscil-
lation experiments, whereas the Majorana phases have no
effect in those experiments [16]. In its turn the Majorana
phases, for example, influence: (i) neutrinoless double-beta
decay; (ii) neutrino <> antineutrino oscillation, (iii) rare
leptonic decays of K and B mesons, such as K= — zT[*[*
and similar modes for the B meson; (iv) leptogenesis in the
early universe, which may be responsible for the present
matter-antimatter asymmetry, and (v) values of neutrino
multipole moments.

The mass squared of the h(*)- and 5 -bosons are
defined by the relations

N non s\ i,
— (12835 + sThens815e n)e'hn
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0 C 0 0 sp»n O
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(cla€33 = $1a833515€ n)e'ln

i
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|
It is obvious that, depending on the values of the Higgs
potential parameters, the masses of the singly charged
Higgs bosons may lie on the electroweak scale (EWS) and
beyond it. In order for the 2(*)-boson to lie on the EWS the
parameter @ must be much less than 1. However, among the
physical Higgs bosons there is the neutral Higgs boson S,

S, = —®% sin 6, + PY cos 6y, (15)

g0 _ B+ kot
+ k ’
+
0, is the mixing angle in the sector of the neutral Higgs
bosons (6, < k% /v%) and the superscript  means the real
part of the corresponding quantity. The parameter a also
enters into the expression for mg,

k2 AK3[2(22) + A3)ki ko /K2 + A4)?
2 a4 ) +— PR 13 2 =ah+ 2o DI T (16
mj, = a(vg + kp) +a+p1 A (13) ms, = avg pom) (16)

ﬁ2k2 . . . . .

m2 = (p3/2 —p)vp ———2 . (14)  Since the Lagrangian describing the interaction between

o ) a+pr—p3/2 quarks and neutral Higgs bosons takes the form

|
1 2k k 2k k
L= ——0o ﬁi{[mu(ce -=! 2s9>S —mu_(s9 +=4 2c9>S —imd_yP}éik
! V2k, i,k;,2,3 e ) AN ) o
K

+k—2(’CMd’C*)ik(51590 + Szceo}uk + (u; = djymy,, < my.,ys = —ys), (17)
where M,, (M) is the diagonal matrix for the up (down) mg, > 10 TeV. (18)

quarks and K is the Cabibbo-Kobayashi-Maskawa matrix,
then in order to suppress large flavor changing neutral
currents caused by the S,-boson, we must demand [13]

Therefore, & must be a finite number and as a result the
scenario when the 4(*¥) boson lies on the EWS is excluded.
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So we see that only the scenario when the 5*) boson lies on
the EWS while the 2(*) boson occurs on Tev scale is

possible. It is realized under conditions

K%+ 367k

(19)
3v%

(p3/2=p1) &

a~x1,

We draw attention to the fact that in this case two physical
Higgs bosons S, and P,

S4_ — 6([)‘r’
J
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whose masses are as follows

m§4 = (p3/2 = p1)v3, m%’z = (p3/2=p1)vk (20

lie on the EWS too. In what follows we shall consider this
very scenario.

In the LRM the Higgs sector proves to be connected with
the neutrino sector. In the case of two generations a and b,
in order to define A, 5150y 515 Oy il and ay j;, one should
use the formulas

faaVr = 5%1[(072)2"%1 + (5?2)2’”:/2] + 5%1[((7]1\’2>2le + (511\]2)27”1\/2]7 } (21)
Fop0r = FaaVr(01) — 02,675 —> 043 +1/2),
1 + tan?p 2m, tanff ( a) (22)
a = ° _(m¢—-——, a =a, , (m < —mé),
valla =2k (1 —tan?) \" 1+ tan’p Nohly = vohla\ ™o D
where
m% = Caasaa[(cizvb)szl + (s]z;/b>2mN2 - (czb)Zle - (Slzjzb>2m1/2]’ } (23)
mly = m% (0,0 = Opp, 0 — 6 +1/2).

with vy to be estimated by the relation

by \/(m%a,2 — mjy, ) cos 25'

9t

(24)

III. NEUTRINO OSCILLATIONS IN MATTER
AND MAGNETIC FIELD

It is clear that some information about the neutrino sector
structure of the model under consideration could be
|

cos@y, sind, 0 0

2 —sin@, cosé, 0 0
B 0 0 cos@Y,  sin@,
0 0  —sing, cosol,

|

obtained under oscillation experiments. Let us examine
the motion of the high-energy beam of the left-handed
electron neutrinos in a matter and a twisting magnetic field

B, £ iB, = B, exp{%i®(z)}. (25)

In the two flavor approximation the object of our inves-
tigation represents the system with the wave function U7 =
(Ver»Vur» Nog. N ,g) and with the mixing matrix of the form

The corresponding Hamiltonian is determined by the expression

Hl/l/ HI./N
(i )
HDN 7—(N N

where

cos Oy, 0 sinf; 0
0 cos 6 0 sin 6
. 22 22 (26)
—sin6y; 0 cos 6, 0
0 —sin 6y, 0 cos 6,
(27)
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Co, Co, A% + 5g, 50, AY + 0,81 —Cf)zzA'é - ngzAlcv + 9, XV, —@/2
s
2 ( S (AY = AL =2%) +p, N Bi g, ConAY — g, S0, A% + ﬂpL,NMBL>
vN —

§ 22
Co, S0, AN — 59, Co, AY + HyN,B 1 =2 (AL - AY -23%) + Hyn,B1

T T . . . dd
Hyn = Hy (011 = 01 +§’922 - 0y +t3 Ver =2 Vg Ve = Vg, © — =), o= e
2 2 2 2
nmy, —m my. —m
Ay = %cos 20, (sin 26Y,), AICV(S) _N M os 26Y, (sin 261
2 2 2 2
m, +my, —my —m
Y= 21 123 N, Ny Cg, = COS gii’ Sg, = sin 0,-1-, Cg,, = COS 291.1.’ i=1, 2’

8E '

My, BN N, Pu, N, and Hy,N, are transit dipole neutrino magnetic moments, V,; (V,.g) and V,; (V,g) are the matter
potentials (MPs) describing the matter interaction with the left(right)-handed electron neutrino and muon neutrino,
respectively. In what follows we shall assume that E, < m3,/2m,, that is, we are constrained by energies to be no higher
than 6 x 10* GeV. Then, when calculating the MP by means of the Feynman diagrams, one may neglect the momentum
terms in the denominators of the gauge boson propagators. The calculations result in

Vo =V2Gp(N,—N,/2)+VH  V, =—V2GiN,/2+ Vi,

2.2 "2
VR:g%ggle_ zgRCGMZ/N” . VR:_%
e . _ ’ . S )
4mW2 S(L"W S”W)mzz H 8<L9W “9W>mzz (28)

where N, (N,) is the density of electrons (neutrons), neutrinos. Since the description of the MSW-resonance
g, = €08 by, sg, = sinby, Oy is the Weinberg angle  within the SM is sufficiently successful, then corrections to
and we have neglected the mixing in the gauge boson  the SM predictions must be small in any SM extensions.
sector. As it follows from (27) the sectors of the light and ~ Then, from Eq. (31) it follows that only three versions of
heavy neutrinos prove to be connected. One may neglect  the heavy neutrino sector structure are possible: (i) the

this connection only in the situation when light-heavy neutrino mixing angles 6, and 6,, are arbitrary
but equal each other whereas the heavy neutrino masses are
[Hov| < [Hy,| and  |[Hoy| < [Hay!- (29)  quasidegenerate (quasidegenerate masses—QDM), that is,

the following must take place
It is evident that in the simplest case the inequalities (28)
take place provided m2, —m2
01 =0, and VI -V = M N o5 260,526,
011 =05 =0, luyn,BL| = 0. (30) (32)
Equalling the corresponding elements of the
Hamiltonian (27), we can find all the totality of the
resonance conversions in the case under consideration.
Under fulfillment of the condition

(ii) the heavy neutrino masses are hierarchical (my, < my,)
while the angles 0;; and 6,, are equal to zero (no masses
degeneration—NMD)); (iii) #;; = 6,, and the heavy-heavy
neutrino mixing is maximal, 8}, = /4, and as a result the

v, - VﬂL _ (cg n cf, )A heavy ne%uFrino masses are hierarchical (maximal heavy-
2 g heavy mixing—MHHM).
— (55, + 55, )AY + (20, —20,)Z (1) We are also interested whether heavy right-handed

neutrinos can be produced at the expense of oscillations
the v,;, — v, -resonance [Mikheyev-Smirnov-Wolfenstein  in the high-energy beam of the left-handed light neutrinos.
(MSW) resonance] occurs. Investigation of this resonance  To put this another way, whether the resonant conversions
with the solar and reactor neutrinos gives the information  from the light neutrino sector to the heavy one are possible.
concerning the mixing parameters of the electron and muon  With the help of the Hamiltonian (27) we conclude that the
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v,, — N,r resonance transition would take place under
fulfillment of the following condition

Voo =Ver =& = (3, — 3, ) (8¢ — AY)
It is clear that the QDM-, NMD-, and MHHM-schemes do
not allow the existence of this resonance transition.
Analogously, production of the heavy muon neutrino

N, due to the resonance transition v,;, — N,z proves to
be forbidden since the condition of its existence

- 2C29112' (33)

VeL - VeR - (I) = _(an + Sézz)AZ

- (Sén + C§22>A1cv — (c29,, + €20,,)Z

(34)

cannot be realized in all three schemes. So we can infer that,
in spite of nonzero values of y, y,, in oscillation experi-
ments with the light neutrinos beam we have no chance to
observe the heavy neutrinos production even at ener-
gies E, > my.

IV. NEUTRINO DIPOLE MAGNETIC MOMENTS

Since a neutrino is a neutral particle then its total
Lagrangian does not incorporate any multipole moments.
These moments arise due to vacuum effects. The vacuum
structure, in turn, is governed by the choice of model
describing the elementary particle interactions.
Electromagnetic properties of a massive Dirac neutrino
are determined by four form factors. In this case the most
general form of the matrix element for the conserved
neutrino electromagnetic current J;" is given by the
expression [17]:

W? (PR (p) = WP (P)iowd [Fu(q?)
+ Fr(q)rs)]
+ (4%, — 9.2)[Fv(q?)
+ Fa(q®)rslle? (), (35)

where ¢ = p’ — p, Fi(q*), Fe(q*), Fa(q?), and Fy(q?)
are the magnetic, electric, anapole and reduced Dirac form
factors, respectively. In the static limit (¢*> = 0) F,(¢*) and
Fr(q*) define (anomalous) dipole magnetic moment ;;
and dipole electric moment d;;, respectively. At i = j and
q* =0, F,(q*) represents the anapole neutrino moment.

As far as a Majorana neutrino |vM) is concerned, the
CPT invariance demands that all the form factors, except
the axial one F,, are identically equal to zero [18].
Regarding nondiagonal elements, the situation depends
on the fact whether CP-parity is conserved or not. For the
CP noninvariant case all the four form factors are nonzero.
When CP invariance takes place and the [v/)- and
|1/§” )-states have identical (opposite) CP-parities, then
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(Fg);j and (Fy);; [(Fu);;
zero [19].

Let us briefly discuss the experimental bounds on the
neutrino DMMs. The most sensitive and established
method for the experimental investigation of the diagonal
neutrino DMMs is provided by direct laboratory measure-
ments of (anti)neutrino-electron elastic scattering. A
detailed description of such experiments could be found
in Ref. [20]. At the moment the world best limit on y;_is
coming from the GEMMA experiment at the Kalinin
nuclear power plant [21]

and (Fy),;] are different from

My, £2.9 % 10~"ug  (90% C.L.). (36)
Several experiments at accelerators have searched for an
effect due to DMMs of v, in v, —e and 7, — e elastic
scattering. The current best limit has been obtained in the
LSND experiment [22]

Hy, < 6.8 107"%;  (90% C.L.) (37)
Investigating v, —e and 7, —e elastic scattering, the
DONUT collaboration has found the following bound [23]

My, 3.9 % 10"7ug  (90% C.L.). (38)
As for a Majorana neutrino, the global fit of the reactor

and solar neutrino data gives the following values for transit
DMMs [24]

(#)23 < 1.8 x 10795, (39)

(ﬂw)n’ (ﬂw)w

Transit DMMs for the Dirac as well as Majorana neutrinos
could be determined under observation of the processes

[#1
(40)

vt+e —suyp+e, Vte —>up+e,

which proceed with the partial lepton flavor violation.
The theoretical predictions of the minimally extended
SM (in what follows we shall keep in mind just this version
of the SM) are very far from upper experimental bounds. In
the third order of the perturbation theory the contributions
to the DMM of a Dirac neutrino are defined by the
diagrams represented in Fig. 1. In the leading order on ¢, =
m2/m3, the diagonal and nondiagonal matrix elements of
the neutrino DMMs are determined by the expressions [25]

3Gpm,m,, 1 N
Hy, = (™) = ﬁ [1 _EZU}aUaiea:| pg. (41
3Grpm,
(ﬂl/l/)if — ]6\/F§ 2( Vi + n’lz//c ZUTaUaiea,qu (42)
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v v
) ] N /N W
a a )/
AR
12 vy 12 / \ vy
wt la

FIG. 1. The Feynman diagrams contributing to the neutrino
DMM in the SM.

where U,; is the neutrino mixing matrix in the SM and
i,f=1,2,3. From Eq. (41) it follows

m,
Hy, =32 107 (m) (43)

while Eq. (42) gives
()ip 2 107, (44)

So, in the case under consideration the neutrino DMMs are
negligibly small.

For Majorana neutrinos the diagrams of Fig. 1 must be
supplemented with those associated with the transitions
Vi = vgr. Making use of the Majorana condition

Vi = Aplf, (45)

where A is the phase factor of the Majorana neutrino
production (|45 |*> = 1), the properties of y-matrices under
the charge conjugation

PHYSICAL REVIEW D 90, 025001 (2014)

as well as the Hermiticity condition, we obtain the
following relation between the magnetic form factor and
the neutrino DMM

()i = 2iIm[Fy(0)] (40)

(the relation (46) could be derived using only the diagrams
of Fig. 1 and taking into account the fact that the vector
current is equal to zero for a Majorana neutrino [19]).
Calculations fulfilled in the leading order on ¢, again lead
to the negligibly small value for the neutrino DMMs [17]

3iGFme

4\/§7r2

In the SM the smallness of ,, is caused by the fact that,
at the Feynman diagram describing the neutrino DMM
appearance, the W-boson interacts with left-handed cur-
rents only. Therefore, the chirality flip to be necessary for
nonzero values of y,, has to do on the external neutrino line
and, as a result, the DMM proves to be proportional to the
neutrino mass. It is obvious that a sizeable increase of the
DMM values would be expected in models with right-
handed currents and heavy neutrinos. The LRM possesses
the necessary properties.

Contributions to the neutrino DMMs coming from the
diagrams with the virtual charged gauge bosons W and W,
(Fig. 1, where W — W, W,) were found in Refs. [17,26].
The obtained expressions are divided into two groups. The
former describes the situation when in the initial and final
states are either only light or only heavy neutrinos,
that is, we are dealing with the vertices associated with
the v; — vsy- and N; — N y-transitions, respectively. The
latter is connected with the N; — vy-transitions. For the

()i = (my, +my, )y Im[U} Ugileaup. (47)

Cru = _7/; ’ DMMs of the first group the neutrino DMMs have the form
3igpm(m,, +m,, g cos?é (1) sin*é ()
(,Uw)i o i f ¢ € % Im[(Dw)TaDZI;]’ (48)
/ 6472 za: m%‘,l m%,z f
(IMNN)if = ”7;(9L = 9r> DZI; - DQIiN’ ml/,v - mN,-7§ - 5 + ”/2)7 (49)

while the neutrino DMMs belonging to the second group are defined by the expression

) 2 k
-1
(ﬂuN)if__%sing%%fzma{z( )

p)
=1 Mw,

where

J— 127
v, = D%y,

— PDNN
Na_Dai Ni? €q

[1+e£j‘> (m X +§)]} x Im[e= (D)}, (DY), (50)
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and CP violating phase ¢ has been introduced into the
charged gauge boson sector

W, = W, cosé+ Wye sin €,
Wr =-W,e @ siné + W, cos &.
In order to estimate the expressions (48)—(50) we need to
know the value of the W; — Wy mixing angle . The
current experimental limits on it are as follows [27]

6 x 107 < |£] < 5.6 x 1072

Now, supposing that

PHYSICAL REVIEW D 90, 025001 (2014)

and N;, Ny are on the electroweak scale, we get

|()ir] = 1072y, |(ﬂNN)if| =3 x 10" pup,

(V)] = 2.7 x 107 . (52)

So, the found contributions of the charged gauge boson
sector to (u**);; and (u"V),; prove to be very small and are
of no physical interest. However, one important point to
remember is that in the above-mentioned works the mixing
of the light and heavy neutrinos inside generation (light-
heavy mixing) was not taken into account. Therefore, these
results hold for the NMD case only.

g, = gr = esgvi, my, = 2.5 TeV, E=2x1072, Let us find the additions to the DMMs caused by the
light-heavy neutrino mixing. The inclusion of this effect
(51) results in
|
(ﬂw)if N (MW)if + (Mvu)?;id’ (ﬂNN)if N (”NN)if + (ﬂNN)?;ld, } (53)
(W™)ip = (N )ip + ()3,
where
3iggm,(my, + my )ug siné cos?¢&
vv\add __ ¢ i f (1) (2) T
(u )if =- 642 za:[m%v, p m%vz €a } xIm[Z/{f’NaUNU,i]
igL9RM M . 2 (—1)F w (1 w9 :
- Tsmécos (mea Zm—z 1 +e;’ |Ine;’ + 3 x Im{Uy U, ],
a k=1 Wi
3igym,(my,, +m, g cos?é sin?é
add _ e\ vy (1) @) i
(I-lNN)if == 6472 Z[m%)v € + m%V a :| X Im[uf+3,buubu,i+3]
a 1 2
IgLgRMeMp . : (_l)k (k) (k) 9 +
_ 4—”2s1n§cos thma Z s— |1+ €a | Ine,” + 3 X Im[Z/{fH’NuZ/{UmiH],
a k=1 "Wy
3iggm,(m,, +my )pp cos?¢ sin?&
vNYadd _ e\ i (1 2 T
Wi = = 64> Z[m%v o, ] Ao
3iggrm,(m,, + my, )up sin?é (1) cos*E () +
) 647° Ea: [m%v, Comy, } < ImUy 5 5 U, il-

When the mixing angles between the light and heavy
neutrinos are equal to zero then M*“Y becomes identity
matrix and, as a result, (u**)3¢4, (u"V)2%, and (pV)ip
vanish. To make an estimate of the derived additions it
is necessary to have information concerning the value of
the light-heavy neutrino mixing. Up to date there are a
lot of papers devoted to the determination of exper-
imental bounds on these quantities (see for review [28]).
One way to find such bounds is connected with searches
for the neutrinoless double beta decay (Ouff) and
disentangle the heavy neutrino effect. Within the

02500

LRM the analysis of the Ovff gave the upper bound
on 6, equal to 107 [29]. It should be stressed that this
result was obtained in the assumption my, > my,, my,,
that is, for the maximal heavy-heavy mixing case only.
However, there is the point of view that the Ouvff does
not give the reliable answer on the value of the light-
heavy mixing. Of course, the main uncertainties are
connected with the determination of nuclear matrix
elements. Furthermore, a number of approximations
has to be made. For example, in Ref. [29] it was
suggested that the Yukawa couplings of the triplets that

1-9
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define the Majorana mass terms for left-handed and
right-handed neutrinos are equal. It is clear that in
this case the Lagrangian, describing the 1nteract10n
between the doubly charged Higgs bosons (A1 5 )
and charged leptons, has very specific form and differs
dramatically from the Lagrangian derived from the most
general renormalizable Higgs potential proposed in
Ref. [14].

The other way is to directly look for the presence of the
light-heavy neutrino mixing, which can manifest in several
ways, for example, (i) via departures from unitarity of the
neutrino mixing matrix, which could be investigated in
neutrino oscillation experiments as well as in lepton flavor
violation searches, and (ii) via their signatures in collider
experiments. The bounds obtained in this case prove to be
less severe. As an illustration, in Ref. [30] the final states
with same-sign dileptons plus two jets without missing
energy (IFIFjj), arising from pp collisions were

|

m[Z/I;JF&NHU,,m,-] =Im
[uf+3 N, uuﬂ,i+3]
m[uf,zvauya,i+3]

= Im[u}r”,NuuNa.i+3] =1Im
=Im{Ud},,, Uy, =

PHYSICAL REVIEW D 90, 025001 (2014)

considered. This signal depends crucially on the light-
heavy mixing. Analysis of the channel

p+p—>Nl*li—>li+li+2j (54)

led to the upper limit on 6;; equal to 2.23 x 1072
(3.32x107%)  for my, =3TeV  (my, =4 TeV)
and my, = 100 GeV.

It is worth noting that, as was shown in Ref. [15], even at
the fulfillment of the seesaw relation

mv[mN[ ~ (m%)z’

the mixing angles between the light and heavy neutrinos
belonging to the same generation €;; may reach the values
3 x 1072 provided v; # 0 and the Higgs potential is chosen
in the form suggested in Ref. [14].

Further, for the sake of simplicity, we shall assume that

[u;+3,NnuNt!’i+3] = Im[u;’yaul/”'i} = 1’

U}, U, = sin ;. (55)

sin 6;; sin €.

Supposing that sin@;; = sinf; =2 x 1072 (it does not contradict the quasigenerate masses scheme), along with using

Egs. (51) and (55), we obtain

0 )38 5.7 5 107,

(N )29) 2 1.5 % 107 (56)

Decreasing €;; up to 10 as is admitted by the maximal heavy-heavy mixing scheme, results in

|5 = (V)3 % 2.85 X 10710,

| (N )49] & 0.75 x 106 (57)

However in the LRM we also have contributions coming from the singly-charged Higgs bosons. Let us calculate them in
the third order of the perturbation theory. In Fig. 2 the Feynman diagrams caused by the Lagrangian £9 are pictured.

Calculations lead to the results

lmeﬂB

( W)tf -

a

u,u/ N;N
Z{ v, 51 x Im[u u" ’] + aN ) Ql

I./Nf

xIm[quuN A+a,s, aN(Sl‘Q' xIm[L{ xZomie

(58)

im ,uB oMV i
("N )if = . Z{ Ay, 51 " x Im[u;'+3,NauNa,i+3] + afag,aﬁzgf x Im[uj"+3,vauua,i+3]

Ny o

ta, 5 0y,5 QZ 5 Im[u;+3,Naul/a,i+3]}’ (59)

lmeﬂB

(:u lf -

+ aN 5, Q? (SNf x Im[U

f+3,NaZ/INa,i] }’

UN 1272
Z{ A, 51,0y, 5,5 X AU 5y Uy, )+l 5 @ X ImU s, U, )

(60)
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where

. 1 xdx M s M, »

Q= / [m wol 4 ln‘ o } Q1 = (b = Nowy = Np),
o o (my,—m,) M, ; M, “ ‘ ‘
_ 1 M, 1 M,

QI;ISNf — ma / dx|: 5 X 3 ln‘ l/,la — —zln' 1115 :| )
u 0 me(l —-X) +myx My, my, MNf;;

Mo, = (2= w2 s+ 2 +m2(1=2), Mg, = Moy (v ),

M, 5= (m?s —ml)x +mlx* +mi(1—x), Mys=M, 5 = N;).

In the NMD case the second and third terms in the expressions (58)—(60) turn into zero.
Expanding the expression for Ql;‘gf as a power series in m;/m2, we get

m, +m
vivg i vy
= T (61)

. NN . .
Analogously, the expansion of Qs /" as a power series in m; /my. , results in
’ :

2 2 2 2 2 2 2
NN, 1 my, ms ms my —ms | my —ms
Ql’sfzi{Zln Y
a mNi - me me N; mNi mNI_ mNi
2 2 2 2 2 2
ms ms | my —mZ | my — m:
-—2In|—2| - ——CIn|—L5 5}. (62)
my, |my, my, my,
In the QDM case the expression (62) takes the simple form
202 2
NN, 4m(§(mN,- - me)
Ql 50T T3 (o3 o2y (63)
‘ mN,»(m{‘g —my,)
. . . . N
Taking into account the smallness of m; compared with my and mg, we could rewrite the expression for Qj’ 5 ' as follows
2 4 2\ 2 2 2 2
N m m ms 1 m my — ms m
Qj‘;s’:——za{ln'%lnz—ﬁ—f——(ln 12“) +1In| ———2|In| — o 51 (64)
“ my. N; mlaml/mei 2 mS my, my, — m;ﬁ
[
It is clear that in the QDM case the main contriblllvtions in  (note, that is the best model-independent limit). Regarding
(58)—(60) are caused by the terms containing Ql;isf . the coupling constants, they should be estimated for the

Let us give the numerical estimation of the expressions QDM case and the NMD one separately. From Eq. (21) it
(58)—(60) in the QDM and NMD cases. In doing so for the follows that in the former case we can obtain the reasonably
singly charged Higgs boson mass we shall use the low  definite information about the f,, value. Setting
bound 78.6 GeV obtained in the LEP-experiments [31]

my, =my_==100 GeV, my, =4 TeV, (65)

v Y we get
R foe=fr=16x1072
la la 5<+)/ \5(+)
to form
vi, Nj vy, Ny vi, Nj // | vy, Ny
50 L, a5 =0,5=12x102,  ay; =ay; =46x10™.
FIG. 2. The Feynman diagrams induced by the Lagrangian E?. (66)
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Then, using (65), (66) we find

1072ug, for §; =2 x 1072,
602 = 101 = { 0 ‘.
10 HB, for gii =10 s
(67)
and
|(ﬂDN)if| =4 x 107 . (68)

It should be stressed that the value of (4*"), is 1ndependent
of the light-heavy neutrino mixing (recall that 2/’ v,
does not hold sin 8;;).

In the NMD case the relations (21) lose their predictive
force. We must set the mixing angles in the heavy neutrino
sector and make additional assumptions about the heavy
neutrino mass differences. However, in any event the triplet
Yukawa coupling constants f,, may not exceed their upper
bound obtained under investigating the direct and inverse
7-lepton decays [32]

feefn

6

=33x%x 107 GeV2.

Using this bound we obtain

a, 5, =033, ay 5, =13 % 1072,
to give
()| = 10", ()] =3 % 1078,
(™)l = 107" (69)

Attention is drawn to the fact that both in the QDM case
and in the NMD one the expression for (4*"), displays the
weak logarithmic growth on the s —boson mass. For
example, the enhancement of mj from 78 GeV to 200 GeV
leads to the increase of (u*"),, of seven percent.

In the LRM there are contributions to the neutrino
DMMs caused by the Lagrangian £‘€W as well. The
corresponding Feynman diagrams are presented in
Fig. 3. Let us work in the unitary gauge. When in the
initial and final states the light neutrinos v; and v, present,

|

PHYSICAL REVIEW D 90, 025001 (2014)

Wi, N5 SR I A
/N P

i, Ni ! \ vy, Ny vi, Ni ! \
Iy la

FIG. 3. The Feynman diagrams induced by ﬁévr

the matrix element corresponding to the first diagram of
Fig. 3 with the virtual W -boson has the form

My(p1, p2)
_ legLic/ufs cosfsmfz f,, yalap . (1= 75)
x/ kr®[g:6 — (p1 = k), (p1 = k), /mw,]d4k
(kK = m3)[(p2 = k)* = m2][(py = k)* — myy, ]
(70)

Like any theory with the SSB, the LRM represents a
renormalizable theory. Therefore, the matrix element (70)
must be finite. However, a naive counting of moment
degrees into the integrand indicates that M (p,, p,) has a
linear divergency (in fact the divergency is logarithmic).
Now, unlike the diagrams of Fig. 2, contributions to the
neutrino DMMs also give divergent parts of the matrix
element M, (p;, p»). Obviously, infinities appearing in
M, (p1, p>) cancel out when we take into consideration all
divergent diagrams. In so doing one should keep in mind
that the finite part of a divergent diagram is also trans-
formed in the renormalization process, that is, one cannot
simply throw away the divergent part in the expression in
question. So, for the finite part of M;(p;, p,) to be found,
we should choose a specific procedure for removing
infinities. In what follows we take advantage of Dyson’s
procedure [33], in which the expansion of the integrand in a
power series in external momenta is followed by the
substraction of divergent terms. Having done all the
necessary calculations, we get the following additions to
the neutrino DMMs

im,u : NN,
W) =~ BzzaWﬁ}'{gLau 3, wf X Im[uT ol + gray 5, Ay
8v2n
X Im[uf,NauNa.i] + (gLaNufszaA + gra Va3l A ) X Im[u}N Uy,il}s (71)
imypp
(ﬂ/NN)if = 8\/%”2 Ea:awsy{gRaNuslaA Im[Z/{/H N, UN”JH]

+ gL“uaZszaA;{}%f X Im[u;+3.uaul/a,i+3] + (gLaNu;Sl, AUY

We T+ gra, 5 Ay, e ) X Im[U}-H.NQU,,m,-H}}, (72)
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) im,up N i i
(4" N)if =——" ZawSyma“gLaNaSzaszgf +9ra, 5, A % ) x Im[uf-HN u, }

8 \/§ﬂ2

NN , .
+ 9ray 5, A W3 /X Im[uf+3N Uy, il + gLa, 5. A [ X Im[uf+3,yuuvu.i}}’ (73)
where
Auiuf _ 1 2 Al/ vy + 1 AI./ v
ws —Esm g m2 was
W W2
AL = /1 dx ! In M3 (x*m3, +2(2x = 3x)M, w, + (x> —x)
wis 0 vaS - M”iwl M”iwl i v

x (mg, +mg ) 4 x* (mg, 4 m, m, ))+2(3x2—2x)<ln

Ly, = (miy, —m;)x 4+ mj (1 —x), =

Vi 2 _
L= (mS—m x —|—ml (1=x), ls’ —ls‘(yl-—>N,~),
7 2.2 —
Ml/,-ﬁ = ZS' + m,/[_x s MNiWk = M’/iwk<yi g N,’),
2 2
ANNr {COS § AN, _sin gANﬂY/} AN
w5 2 Wad 2 wWs W6
my, 2 my, 1 k

v;N 1 . 1 u:N 1 v:N
A7 =—sin28|— A +—ANT |,
ws 2 i{m%vl Wi m%‘/z Wyo
. 1 dx My 5
ADLN;/ = / In ! [)CB(WLN +m ) - x2
Wi 0 MN.fs - M”in Ml/iwl ! "

The approximate expressions for A and A ! f have
the form
2 2
vy Mw, ns
W= 5—In| —>|, (74)
mz —my, | my,
AN AN
W W,5
2
myy,
R )
ms I’I’l‘,V2
2 6 2 4
ms m m m
14 14 W
X[ln 2'5‘+4 621' ——|—4 42].
myy, my My, — My my
(75)

The expansion (74) is valid both for all three schemes while
the expansion (75) holds for the QDM scheme only. As far

. VilVg . .
as the expression for Au’/ 518 concerned, there is no way to
k

produce it in the form similar to (74) or (75) because the
integral entering into it admits exclusively the numerical
integration.

— Al/l/f

Wo

5 + hiy I 3 )] +( )}
U W e Vi<by) (s
Ml I =ty T,

W, = IW(V - N;),

vi 2.2

My, =ly, +myx
I 2 .2
MN,@ lS + my x

(v; - N vy —>Nf)

(3m,, +my, )+ 2xm, .

The numerical estimations of the obtained expressions
demonstrate, that at the chosen values of the LRM
parameters the contributions to the neutrino DMMs coming
from the diagrams pictured in Fig. 3 are less than those
shown in Fig. 2.

V. CONCLUSION

In the context of the LRM electromagnetic properties of
Majorana neutrinos are studied. Investigation of the light
left-handed neutrino beam moving in a condensed matter
and a magnetic field has led to the conclusion that the
structure of the heavy neutrino sector admits only three
possibilities: (i) quasidegenerate masses case—the light-
heavy neutrino mixing angles 6;; and 6,, are arbitrary but
equal each other whereas the heavy neutrino masses are
quasidegenerate; (ii) no mass degeneration case—the heavy
neutrino masses are hierarchical (my, < my,) while the
angles 6;; and 0,, are equal to zero; (iii) maximal heavy-
heavy mixing case—mixing angles 6;; and 6,, are equal
and the heavy-heavy neutrino mixing is maximal to give
the hierarchy of the heavy neutrino masses. Investigation
has also revealed that the resonance transitions between the
sectors of the light and heavy neutrinos are forbidden.
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Contributions to the neutrino dipole magnetic moments
(DMMs) coming from the charged gauge bosons sz
and the singly charged Higgs bosons 5% have been
considered. In so doing we have assumed that one of
three heavy right-handed neutrinos and the 5%)-boson are
on the electroweak scale. The expressions for the DMMs
are divided into two groups. The former is connected
with the v; — vyy- and N; — N ;y-transitions, (,u"”)if and
(u"N),, while the latter is associated with the N; — vy-
transitions, (u*");;. It was shown that contributions to

PHYSICAL REVIEW D 90, 025001 (2014)

(u**);¢ and (u"V),; caused by the charged gauge bosons
are maximal in the quasidegenerate masses case. As for
the Higgs boson contributions to the DMMs, then, as the
estimations have demonstrated, they are maximal in the
no mass degeneration case and could exceed those caused
by the charged gauge bosons. For example, at the definite
values of the LRM parameters which are not contrary to
experiments the upper limits on the magnetic moments
(uN);; and (u™V),; may reach the values of few x
1078u; and 107"y, respectively.
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