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Abstract

The seesaw mechanism is the preferred method to obtain light neutrino masses by introducing a
Majorana mass matrix. Moreover, radiative corrections can be made to improve the predictions of
the model. However, when such a Majorana mass matrix has no inverse, radiative corrections are
the only mechanism to get massive neutrinos. Here, we show a non-universal abelian extension
U(1).X of the Standard Model in which neutrinos acquire masses completely by radiative corrections
through one-loop self-energies involving heavier right-handed neutrinos. Besides, the right-handed
neutrino v2R also gets mass through radiative corrections involving Majorana fermions. Finally,
some limit cases are formulated depending on the hierarchy among vacuum expectation values and
Majorana masses.

Keywords: Flavor problem; neutrino physics; extended scalar sectors; beyond Standard Model;
fermion masses; inverse seesaw mechanism.

Resumen

El mecanismo de balancin es el método preferido para obtener masas de neutrinos ligeros mediante
la introduccion de una matriz de masas de Majorana. También pueden hacerse correcciones
radiativas para mejorar las predicciones del modelo. Sin embargo, cuando la matriz de masas de
Majorana no tiene inversa, las correcciones radiativas resultan ser el unico mecanismo para obtener
neutrinos masivos. Aqui se muestra una extension abeliana no universal U(1).X del Modelo Estandar
en la cual los neutrinos adquieren masa completamente mediante correcciones radiativas a través
de autoenergias de un lazo que involucran neutrinos derechos mas pesados. Ademas, el neutrino
derecho v2R también obtiene masa mediante correcciones radiativas que involucran fermiones de
Majorana. Por ultimo, se esbozan algunos casos limite dependiendo de la jerarquia entre los valores
esperados del vacio y las masas de Majorana.

Palabras clave: Problema de sabor; fisica de neutrinos; sectores escalares extendidos; mas alla del
Modelo Estandar; masas de fermiones; mecanismo de balancin inverso.

Introduction

Since the very beginning of the search on particle physics, neutrinos have shown
really special behaviors in comparison with other fundamental particles such as
electrons, muons or quarks. Neutrino oscillations points one of their most important
features, which is that they have really small but finite masses with only a left-handed
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chirality Esteban et al., 2017; “NuFIT 3.0”, 2016, despite the Standard Model
(SM)Glashow, 1961; Salam, 1968; Weinberg, 1967 demands the existence of both

left and right to generate masses through the electroweak spontaneous symmetry
breaking (SSB).

In this way, the most preferred scheme to obtain small neutrino masses is the
well-known seesaw mechanism (SSM)Aristizabal Sierra and Yaguna, 2011; Das,
Okada, and Raut, 2017a, 2017b; Gell-Mann and Ramond, 1979; Grimus and
Lavoura, 2002; Minkowski, 1977; Mohapatra and Senjanovié, 1980; Schechter
and Valle, 1980; Yanagida, 1980 which proposes the existence of right-handed neu-
trinos as Majorana fermions. Since they are SM singlets, right-handed neutrinos are
able to present Majorana masses whose scale is fixed in order to get the suited
mass scales of neutrino masses according to neutrino oscillation data. However, the
simple SSM requires Majorana masses for the right-handed neutrinos at 104 GeV,
near to the usual grand unification scale and evidently out of any experimental
probe available today. In order to solve this unpleasant problem, the inverse see-
saw mechanism (ISS) introduces a two-folded spectrum of right-handed neutrinos
and consequently the Majorana mass scale can be lower by the addition of an addi-
tional scale at which right-handed neutrinos acquires massBhupal Dev and Pilaft-
sis, 2012; Carcamo Hernandez, Catano Mur, and Martinez, 2014; CArcamo
Hernandez and Martinez, 2016; Carcamo Hernadndez, Martinez, and Nis-
peruza, 2015; Carcamo Hernandez, Martinez, and Ochoa, 2013; Catano,
Martinez, and Ochoa, 2012; Das et al., 2017; Dias et al., 2012; Mohapatra,
1986; Mohapatra and Valle, 1986.

One realization of the ISS is presented in Ref. Mantilla and Martinez, 2017. The
particle content includes the three lepton doublets of the SM ¢¢ (o = e, p1, T), three
right-handed Dirac neutrinos v§ and three right-handed Majorana fermions N (see
Tab. 1). After the SSB the neutral sector gets the mass matrix My in the flavor
basis N, = (v, 5, Ng9)

0o MY o0
0 Mt v
MN:< v): M, 0 ML |, (1)
M, My 0 My My

Performing the inverse SSM together with the assumptions My > M, > My, we
find that My can be diagonalized by blocks in the following way

; my 0 0
(Viss) MyVigs=| 0 my 0 2)
0 0 mg

spanned in the mass basis n;, = (¢4, Ni, Ni) (i = 1,2,3), where the resultant 3 x 3
blocks areCatano, Martinez, and Ochoa, 2012; Dias et al., 2012

my = MY (Mp) ™ My (ME) ™' M,,
My =~ Mpy — My, My~ My+ My

The left-handed or active neutrinos v§ received tiny contributions from the right-
handed or sterile species directly proportional to My and inversely to M, so as
they get into the light neutrinos v? at thousandths of éV. On the contrary, the sterile
species v% and N mixed them together into the heavy neutrinos N]i% and N}é at
units of TeV quasi-degenerated in My .

3)

Regarding one-loop corrections, the Ref. Aristizabal Sierra and Yaguna, 2011
shows that neutrino mass matrix can be expressed by

My = MR + My %P, (4)
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1-1 . . .
where M, °°" contains mass terms obtained from one-loop corrections

1—loop __ 5ML (sM%
My _(5MD SMp ) (5)

In this way, active neutrinos acquire masses through seesaw contributions at tree-
level as well as through one-loop corrections

my, = —Mjy MG M, + M. (6)

The one-loop mass M| is obtained from radiative corrections on self-energy of
left-handed neutrinos X7, (p? = 0). It has contributions from Z,, Gz and h,

—i%(0) = —i%%(0) — ix%%(0) — ix"(0), (7)

and after regularizing the integrals involved in loop diagrams the correction turns
out to be

SMp = MIMG (8)

2 2 2
g 2 My 2 My
Vi [ () #omin (T4) | -

in which the heavy modes have been integrated out. Compared with tree-level ex-

. L M2 . .
pression, such a correction is suppressed by ﬁ In (#), so as it could contribute
zZ

to the actual mass of light neutrinos.

The model presented in this article has received some modification to forbid seesaw
mechanisms at tree-level because one of the sterile neutrinos does not get mass and
the mass matrix M s does not have inverse. Consequently, it is mandatory to obtain
masses through radiative corrections, in contrast with Ref. Aristizabal Sierra and
Yaguna, 2011 for normal SSM and Bhupal Dev and Pilaftsis, 2012 for ISS, where
seesaw is allowed at tree level and one-loop corrections are done in order to improve
the predictability of the models. The section introduces the scalar and leptonic
content employed in the article as well as the neutral lepton Yukawa Lagrangian.
Then, section presents one-loop radiative corrections to get Majorana masses for
light v# and heavy v species. Finally, some conclusions are outlined in section .
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Scalar and leptonic content

Table 1. Bosonic and leptonic sector of the model with forbidden seesaw mechanism.
The notation X* means the value of the X charge and the Z, parity. The VEVs have
the hierarchy vy, < v1 > v2 > vsMantilla and Martinez, 2017.

Fermion X+ Bosons X+
Lepton doublets Scalar doublets

+
\h1+v1+”}1> +2/3

w_ (V" + +1/37
o = oh 0 h2+v2+mz /3
N L

h

|
—
(SN
o o
~—
H

=

+

||

v’ _ B
E = \6T> =1 = \h:z-‘rva-‘rlﬂs) +1/3
L V2
Lepton singlets Scalar singlet
+
vg +1/3 _ &tutit _ 1/3+
o +1/5% X V2 -
N +1/3 a /3
Majorana fermions Gauge bosons
NE 0" WE, Wy o+
vE 0* By 2

The Ref. Mantilla and Martinez, 2017 introduces a new nonuniversal abelian
extension to the SM where the fermion mass hierarchy is addressed. The major-
ity of fermions acquire masses without radiative corrections, even light and heavy
neutrinos through SSMs allowed by the Yukawa couplings of the model. However,
the model presented here differs from the previous one in the neutral sector. The
neutrinos v < Nz?é were interchanged so as the neutral lepton Yukawa Lagrangian
turns out to be

—Ln = B3 05 Pavy, + hi 5 Sav + hSN I 8N,

+ hueﬁégvﬁ + h”“ﬁégllé + hggfﬁ(i)g./\/w

+ GSVIC NG + dhew v;‘foe + 9 NE NG (9)

+ QXVVR ovp + QX\ VR XV + QXNNTCXV}—%

M € e € T T T

+ T\}%NRCNR + %NRCI/R 2\[ Z/RCI/R + h.c.,
Whereﬁi = j09®™* are the scalar doublet conjugates and the Majorana mass is denoted
by Mj}. The neutral sector of the model involves Dirac and Majorana masses in its

Yukawa Lagrangian. They can be described in the flavor and mass bases which are,
respectively,

N; = ( z,u,‘r e,u,7C Ne TC)

c c (10)
nL—(123N123 le ).
After the SSB the mass terms of the neutral sector in the flavor basis are
17
—Ly = §NngNNL, (11)
where the mass matrix has the following block structure
0 MT
My = v 12
Al (12)
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where the block M, is

ee heﬂ O O eT
T U3 A i
Mz/ - ﬁ hBV h3u 0 0 th B (13)
0 0 010 0
while the block M s turns out to be
0 0 ¢ [gs 0
0 0 g~ |gy O
M _ Uix et MT N}?‘r ]\ZXe\'Ir TT 14
N = \/5 gx]\" gi(u;] v ~N ng ( )
xS My | My gi§
0 0 g% |es 0
where ]\Zf}\? = Mﬁ /vy. The determinant of My, is null. Moreover, the active

neutrino v is disconnected from the rest of the neutral fermion system, leaving it
massless and constraining the model to inverse ordering (I0)Esteban et al., 2017;
“NuFIT 3.07, 2016 with v] = v}. It is important to note that in the Yukawa
Lagrangian (9) the leptonic doublet ¢7 does not appear due to its X-charge which
was assigned in order to cancel chiral anomalies. Consequently, it cannot acquire
mass neither by see-saw nor radiative corrections.

V3 Vs V3 V3
.\ 7/ .\ 7/
\\ // \\ //
VA VA
L7 A3z O o7 A3z O
7 h h . Gy Gz~
/ \ 4 \
/ \ / \
; M ) / Mg \
I A I A
ic 1C Afl L kC ] ic 1C Al L RC
Ve vh NEE Ng o vie vl Ve vh NEC Ng vie vt
A
ik
My
i iC kC !
vi© vi© vk vES v v

Figure 1. Radiative corrections at one-loop in the self-energy of vz where i,] = e, 4 and
j? k = 67 I"L7 T.

Radiative masses

The impossibility to perform the SSM in the neutral sector of the model implies mass-
less active neutrinos at tree level. However, there exist one-loop diagrams which are
suitable to get Majorana masses for active neutrinos involving right-handed neutri-
nos and the lepton number violation Majorana mass terms Mpy. The next sections
show how the model accounts for v masses as well as right-handed neutrinos.
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*Radiative mass for active neutrinos vy Since there is one right-handed neutrino
massless at tree-level, the SSM is forbidden and the masses of light neutrinos have to
be obtained through radiative corrections at one-loop level. The main contributions
to the self-energy of v{ come from SM fields: the gauge boson Z,, its Goldstone
boson Gz and the Higgs boson h, so asAristizabal Sierra and Yaguna, 2011;
Bhupal Dev and Pilaftsis, 2012; Grimus and Lavoura, 2002

—i¥(p* = 0) = —ixZ(0) — %92 (0) — ix"(0). (15)

The contributions from non-SM fields are suppressed because of the hierarchy among
v, the electroweak VEV, and v, at TeV scale. For instance, in the scalar sector the
flavor basis h = (hq, he, hs, &) is connected with the mass basis H = (h, Hy, Ha, H)
through H = Reyenh (the Higgs potential as well as scalar masses and mixings are
explained in detail in Ref. Mantilla and Martinez, 2017). After the SSB, there
are four CP-even scalar bosons: the lightest corresponding with the SM Higgs v, two
intermediate scalars H; and Hy at TeV scale and the heaviest H associated with the
SSB of U(1) y. The mixing matrix Reven can be expressed as

h h h
1 S12 S13 S%LAL
Raw= |02 o 1 % (16)
even —
—5%3 Oh 1h 834
=Sy —Syy —S3y 1
where the mixing angles are given by
ho_ Ui ho U2 ho U3
Sig N s S12 7 S13 ~ — (17)
%% V1 V1

The most suppressed mixings involve s because v; < vy, followed by sf; and sf,.
Moreover, since light neutrinos couple with hs (look at the two first rows in Eq. (9)),
which is expressed in the eigenstate basis as the superposition of h and the heavier
scalars Hy and H, then

hs ~ Ho + stah — s34H, (18)

the less suppressed contribution to light neutrinos self-energy comes from the lightest
scalar, h, with the mixing angle 3?3.

Now, regarding the diagrams in Fig. 1, the fermionic propagator inside the loop
is composed by four Yukawa coupling constants, two mass insertions between vg
and Ny and the Majorana mass M§F which violates lepton number conservation
and connects vy, with l/fAristizabal Sierra and Yaguna, 2011; Bhupal Dev and
Pilaftsis, 2012. It is possible to associate an effective mass Mg to the fermionic

propagator
2
Jjk ke _jex UX
MS - gXA‘e\"ng 21 [Kre . (19)

The algebraic expression of the first diagram in Fig. 1, the self-energy involving the
Higgs boson, is

hli o I sl
Pgri[X 'Pr = A33v; —~
ri[E(P)"]" Pr = As3v3 NG
/ dk g K+ MY L, sty
) (p— k)2 — (MF)2 (R —m2)2 "2
where As3 is the quartic coupling constant of ((I);g‘b:;)Q in the Higgs potential which
can be approximated by

Pr
(20)

mi,
AMZ,

)\33 ~ (21)
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On the other hand, from the expressions of the second and third diagrams in Fig.
1, the self-energy involving Gz and Z,, are given by

2 11k, h
. ; g~ hgyvs
Pri[S(p)?]" Pr = R

}j 40%;[/ \/i

de  p—k  p-k+ MY

w | Gty (b — )2 — (M2 (22)
%7 ]é g;w hlku*vh

R s E

Vg Vg Vg Vg
A 7/ N 7/
N , N ,
A 7 A 7
AY 7/ N 7/
VA BRIV
7 Axx \\\ /é, XX 0.
4 H \ / Z A
/ \ / \
1/ \ // \
! My \ ; MEe .
] ! ]
iC 1 1C j iC 1 1C j
VR NR NR Z/R I/R NR NR Z/R
VA
ee
My
iC iC 1 1C _j j
vy vy Np NE°% vl vl

Figure 2. Radiative corrections at one-loop in the self-energy of vgr where i,j = e, p, 7.

After integrating both contributions, the resulting mass for light neutrinos is

2,2

; aw w 2x 1 U3Ux . hy2
Mh:i(h?)g N X(s13)
v 2 VvIXNIxN'"3v ee \°13

G4 M2, Mg 28)
My o Ms g my Mg
M2 —m2  m? MZ—m2 " m2 |’
s 3 n 5 z z

The expression can be simplified by defining Mg = vi J/M5f and s, = vs/v, and by
replacing My = gv/2 so as

2 2

awvs 1 w3 1 . 9
64rMZ, ~ 64r2 v 6dn2 (24)

and the mass matrix is
2.k \2
,;  sin (s73)° ~ N
Mu - g47'('2 MS (h3l’gXNngh3u)

(25)

{“ﬁlnﬂ@%mémw}
2 2 2 2 (-
m my Mg —m3  my

Some interesting limits on M can be drafted depending on the hierarchy between
M ]{, and vy. The fist one assumes g, yv, < M}7, so the mass matrix turns out to
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be
Ml — 53(3?3)2 (h3u9x1\’gxw 31/)
Y 167(2 g;z]e\gie\*g;(e\’g)lz]e\* (26)
{m% +~3m22 In ]\Zg}
Mg m,

where Mg can be large as it is required to obtain light neutrinos. On the other
hand, when M§ < gywvy < mp

2(h \2 2
T (s15) PN PR m
MY = 787727 (havgxnginhis,) " MsIn M*S;

(27)

where, in this case, Mg gets small in consistency with light neutrinos.

Radiative mass for the massless vy

An analogous calculation is done on right-handed sector by doing some replacements
on radiative correction and similar expressions are obtained, where the SM scalar
and gauge fields h, Gz and Z, have been replaced by the new H, G, and Z/lw
respectively. The contributions from the SM Higgs boson h get suppressed because
of the small mixing angles v;/v, with H, which receives major contributions from

&

3

H:gx—zvi—hi. (28)

v
i=1 X

Similarly, Z,, does not contribute importantly to the self-energy of vr because of
the mixing v?/ U>2< with Z;/w so SM bosons can be neglected in first approximation.

Since the diagrams of Figs. 1 and 2 are similar under the replacements (h, Gz, Z,,) —
(H,G';, Z},) with the suited coupling constants, the resulting mass matrix for right-
handed neutrinos is

2
ki 9X gk gl YUx
R — 2 YxNIxN

64m2 My, Mg

(29)

2 2 2 M2
{ th 21n7§+3 sz 5~ In 2S}
MZ—MZ U MZ T CMZ—MZ UM,

Similarly with the left-handed neutrino sector, some limits can be drafted. When
MH,Z/ Uy K M]eve

L3 i e ML (Mge)?
k k 3% A N
My = T 9 (e ln( M3, 30)

where the mass of the non-SM gauge boson Z},, given by Mz ~ gxv, /3, has been
replacedMantilla and Martinez, 2017. This case yields the massless uf% as a light
right-handed sterile neutrino. On the other hand, when My 7z > M§F

. 3 hi e M2 M?
ki k Q% A zZ'
M = et () o

and the former massless v% would get mass near to the TeV scale.
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of the Standard Model.

2
One interesting feature in one-loop mass expressions is the presence of terms (11&2 y or
2

(ﬁ—%‘ﬁ), suggesting the existence of a seesaw-like mechanism inside self-energy loops.
N

Actually, those factors determine the mass scale of neutrinos which have acquired
masses through radiative corrections.

Discussion and Conclusions

The evidence of neutrino oscillations, as well as the upper limits on absolute neu-
trino masses have yielded stringent constraints in models which address neutrino
physics. The most preferred framework to understand neutrino masses is the seesaw
mechanism, whose main hypothesis is the existence of sterile right-handed neutri-
nos as Majorana fermions, which have lepton number violating masses at a higher
scale so as left-handed neutrinos turns out to be Majorana fermions with masses at
eV scale. Moreover, the introduction of a second set of right-handed neutrinos, to-
gether with the existence of a second VEV at TeV allows lower Majorana mass scale
to accessible experiment energies. However, there exist the scenario in which the
Majorana mass matrix does not have inverse matrix, yielding massless right-handed
neutrinos as well as the impossibility to obtain neutrino masses at tree level. In this
way, radiative corrections comprise the principal mechanism to get light massive
neutrinos.

The model presented here implies such a scenario where radiative corrections are
the main mechanism to get masses. There are two kinds of loops, the self-energies
of v, involving the SM bosons Z,,, Gz and h together with right-handed neutrinos
vr and N, and the self-energy of v% involving the non-SM bosons Z,, Gz and H
with the Majorana fermions N'g. Furthermore, depending on the hierarchy between
the VEV v, at TEV scale and the Majorana mass My which would be at a higher
or lower scale. Such limits were obtained in section and are outlined in Tab. 2.

Consequently, the model shows how a scenario in which Majorana mass matrix does
not have inverse implies massless neutrinos at tree level and massive at one-loop
level through radiative corrections involving heavy modes and bosons, in contrast
with the majority of models where neutrinos get masses at tree level by seesaw
mechanisms.

Table 2. Special cases given by the hierarchy between vy, and M57. The left column re-
sembles ISS while the right one the double SSM.

v > My oy < My
vy, L(S%)Q ni In %“% 783(8}{3)2 MsIn n}’%
1672 Mg m3 1672 . M3
v
Nllf Ux — Mﬁfe M)]%e
N2 3 M2, I (M];Ve) 3 Mé,[ I (Mg)
1672 Mge Mz, 1672 (Mf\,‘i)d2 Mg?
v
N]?% UX = M]‘I\}T M):-‘r
. v2
Nio Mg M+ g
Y
v
N}?é vX + M]‘I\—TT M]‘(TT + M)‘ic'r
N
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