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ABSTRACT: We discuss a scenario in which the supergravity induced soft terms, conventionally
used for breaking supersymmetry, also lead to non-zero Majorana neutrino masses. The
soft terms lead to the spontaneous violation of the lepton number at the gravitino mass
scale mg /o which in turn leads to (i) the Majorana masses of O(ms,) for the right-handed
neutrinos and (ii) the R-parity breaking at the same scale. The former contributes to light
neutrino masses through the type I seesaw mechanism, while the latter adds to it through
neutrino-neutralino mixing. Both contributions can scale inversely with respect to ms/ given
that gaugino and Higgsino masses are also of order my/5. Together, these two contributions
adequately explain observed neutrino masses and mixing. One realization of the scenario
also naturally leads to a p parameter of O(ms /2). Despite the lepton number symmetry
breaking close to the weak scale, the Majoron in the model exhibits very weak coupling to
leptons, satisfying existing constraints on Majoron-lepton interactions. The right-handed
neutrinos in the model have a large coupling to Higgsinos. This coupling and the relatively
large heavy-light neutrino mixing induced through the seesaw mechanism may lead to the
observable signals at colliders in terms of displaced vertices.
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1 Introduction

Violation of the lepton number, which otherwise is an automatic classical symmetry of the
standard model (SM), provides an appealing avenue to account for small but non-vanishing
neutrino masses [1]. It enables neutrinos to become Majorona particles and associates their
masses to a new scale in the theory. The exact relation between the neutrino mass scale and
a new scale depends on the nature of new physics introduced to violate the lepton number
(LN) [2]. For example, the most popular among these is the type I seesaw mechanism [3—6]
in which two or more right-handed (RH) neutrinos are introduced and coupled to the SM
neutrinos through Yukawa interactions. A Majorana mass My of RH neutrino N denotes the
scale of LN violation in this case. It can be put in by hand or may arise from the spontaneous
breaking of a gauge symmetry that includes the LN [7, 8]. From the perspective of the light
neutrino masses, the RH neutrino mass scale can be as high as 10'6 GeV if they strongly
couple to the SM. On the other hand, My can be as light as of the order of the electroweak
scale provided that their couplings with the SM leptons are small.

The other compelling reason to extend the SM comes from the gauge hierarchy problem.
The electroweak scale can be stabilised in the presence of some large scale in the theory when
the SM is supersymmetrised by replacing it with the minimal supersymmetric standard model
(MSSM), see [9] for a comprehensive review. An efficient implementation of this scheme
requires the mass scale of the MSSM fields not very different from the electroweak scale. The
existence of all [10-12] or at least some [13, 14] of the super-partners around the TeV scale
also improves the unification of gauge couplings. Theoretically, the mass scale of the MSSM



is set by the pu parameter and the soft supersymmetry (SUSY) breaking scale. The latter
is linked to the mass mj3/y of the gravitino in theories based on supergravity (see [15] for a
review). Like in the case of SM, the MSSM can also be extended to incorporate LN violation
as both are independent extensions of the SM. In this case, the scale of LN violation can
coexist in the theory independent of u and mg/s.

This paper aims to point out an interesting scenario in which the soft terms generated in
supergravity theory not only break the SUSY but also spontaneously break the LN thereby
linking the LN violation scale to the gravitino mass m3/,. The amalgamation of the otherwise
two distinct scales provides a compelling reason to expect a low-scale LN violation if the SUSY
is to resolve the gauge hierarchy problem or it is responsible for the precision unification of
the strong and electroweak forces. Soft SUSY breaking terms proportional to mg /5 exclusively
generate Majorana masses for both the RH and the light neutrinos. The masses of the
first are O(mg/,) while those of the latter are induced through the seesaw mechanism. We
propose a concrete and minimal realisation of the above scenario in this paper. This minimal
version is shown to be complete in the sense that it leads to a consistent and predictive
description of the neutrino masses and mixing.

It is noteworthy that connections between the mass of RH neutrino(s) and the SUSY
breaking scale can also be established through different mechanisms. In the model known
as uvMSSM [16-20], the RH neutrino masses arise through the most general trilinear terms
in the superpotential when their superpartners acquire non-vanishing vacuum. The later is
linked to the electroweak symmetry breaking scale which is indirectly related to the SUSY
breaking through its radiative induction [21]. The LN symmetry is explicitly violated in this
model and, therefore, the Dirac and RH neutrino mass terms take the most general form. In
another approach [22-27], LN is spontaneously broken but it’s scale is independent of the
SUSY breaking scale. However, one of the RH neutrinos is arranged to be a fermionic partner
of the Goldstone boson of the global LN symmetry and, therefore, this pair remains massless
at the scale of LN violation. Subsequently, the fermionic partner gets a mass of O(ms/s)
when SUSY is broken through supergravity. Even though there is no in-principle connection
between the LN breaking scale and mg /5 in this kind of setup, the viable neutrino masses in
the simplest versions of this framework force these two scales to stay close to each other [27].
In the framework we propose here, these two scales are inherently and directly interlinked.
This connection, along with the presence if LN symmetry in the full theory, is shown to lead to
a realistic and more predictive setup for the neutrino masses compared to previous approaches.

The remainder of the paper is organised as follows. We discuss the basic mechanism
leading to a connection between the SUSY breaking and LN violation in the next section. A
comprehensive analysis of the light neutrino masses and mixing is presented in section 3. We
compute the couplings of Majoron with the light neutrinos and charged leptons in sections 4
and 5, respectively, and discuss the phenomenological constraints. In section 6, we discuss the
RH neutrino mass spectrum and the possibility of probing them in direct search experiments.
The study is concluded in section 7.

2 Lepton number violation from soft SUSY breaking

In the following, we discuss two different types of frameworks. Both lead to violation of
the LN through soft SUSY breaking. However, they are characteristically different in their



implication for the neutrino masses. The first scenario assumes a conformal superpotential
without any mass scale and the other scenario allows for an explicit p parameter.

2.1 Conformal W

We consider the MSSM extended by three RH neutrino superfields Na, (a = e,u, 7). To
achieve the required scenario, we demand that the superpotential W is conformal, i.e. it does
not contain any mass scales. This can be done for example by imposing an R symmetry on
W under which all the chiral superfields carry charge 2/3. This leads to only cubic terms
in W. All the standard terms present in the MSSM superpotential, except for the uﬁ \Hy
term, are allowed in this case. The superpotential for the RH neutrinos is completely fixed
by imposing an additional global LN-like symmetry under which (]\76, N 1 NT) carry charges
(—=1,1,0). This leads to the following most general superpotential:

K

N3, 2.1
3 T ( )

Ws = AN N, N; +
Couplings between the MSSM sector and N, also get restricted by the LN symmetry under
which the leptonic doublets IA/ﬁl carry charge +1. These are given by

Win = Ao IA/;_FIQNG +)\/a IA//OZFAI{OA[C—I-WNTIA{{}AIQ, (2.2)

where a¢ are the weak singlet charged lepton superfields with lepton number —1. The
couplings between f/a and &¢ are chosen flavour diagonal without loss of generality.

Egs. (2.1), (2.2) admit a supersymmetric minimum in which scalar components of all
the superfields have a vanishing minimum. All fermions including vr,, N, are massless
in this limit. These masses are induced by the soft breaking of SUSY. We introduce the
following soft terms corresponding to Wig:

S 1 - -
Vioft = M) (A,\)\NSNHNT + gAme + c.c.) +m3n Y an, |Nal?, (2.3)
o

where S denotes a Lorentz scalar component of a superfield S. The neutrino mass generation
through these soft SUSY-breaking terms proceeds as follows. Minimization of the scalar
potential with these soft terms leads to non-zero vacuum expectation values (VEVs) for
N,. These generate the RH neutrino masses which in turn lead to the masses for the
left-handed neutrinos through the weak scale type I seesaw mechanism. The non-zero VEVs
also spontaneously break R-parity along with the LN, generating additional R-violating
contributions to the light neutrino masses. Both these contributions together describe the
observed neutrino masses and mixing. We discuss some of the salient features of this neutrino
mass generation here and differ the detailed discussion to the next section.

Minimisation of the scalar potential derived from Wg and V. is carried out and
discussed in appendix A. It leads to the following VEVs:

o : .. C
(Nr) =  s/2 (Ne) = (Ny) = N /2 (2.4)

where C; and C, are dimensionless parameters determined in general by x, A and the
soft parameters. The equality in the VEVs of N, and ]\7” follows from an assumption



ay, = a?\h which makes the full scalar potential invariant under the interchange of N,

and N,. In absence of such an assumption, one finds (N.) # (N,) but with a constraint,
(Ne)? + (N,)2 = C?m? /2 /A2, Tt is noteworthy that all three sneutrinos obtain VEV of the
order of the gravitino mass. In this way, the scale of the LN violation is linked to the
SUSY breaking scale.

Notably, the (N,) also generates the y parameter as in the NMSSM [28]. But unlike in
the NMSSM now the magnitude of u is also naturally tied to the gravitino mass:

i C.
p=—n(N7) = _77)\ ms/ . (2.5)

The VEV (N,) also breaks spontaneously the R-parity [29, 30] and generates the bilinear
R-violation from eq. (2.2), described by three parameters:

~ AaCe
€q = _>\04<Ne> = — b\ m3/2 . (26)
The RH neutrino mass matrix following from eqs. (2.1) and (2.4) is given, in the basis

(N&N;MNT)v by

0 C; C,
Mpr=m3;5 | C; 0 C¢ |, (2.7)
c, C. C;

where C, = %C’T. This leads to the three RH neutrino masses as

My, = Cfm3/2,
1 K K
Mn, = §CTm3/2 (1 + N ()\ — 1) sec2«9> ,
1 K K
My, = iCng/Q (1 + X + (/\ - 1) sec 29> ) (2.8)
where Y
—2v2C,
tan 20 = 2.
A oN (RSP (29)
One also finds
Det M = m3,, C: (203 - ic}.) . (2.10)
The geometrical mean of three RH neutrino masses is given by (DetM R)l/ 3. Typically,

DetMp ~ mg/2 when all the three RH neutrinos have masses of (’)(mg/g). DetMpr <« mg/Q
implies one or more RH neutrinos with a mass smaller than mg/s.

The above Mg together with the Dirac mass matrix following from eq. (2.2) leads to
the seesaw contribution to the light neutrino masses as

(M%) ap = 1720 AaAg (2.11)
where 5
mO — U% )‘C’e2 — U§Ce2 m3/2 (2 12)
m3/2 CT(Q)\C€2 — KJC%) m3/2 DetMR ' '



The neutrino masses are determined by the Dirac neutrino Yukawa couplings and the inverse
of m3/5. Small (high) values of the former (latter) can result in the required suppression in
the neutrino masses as it happens in the usual seesaw case. The neutrino mass thus would
be automatically suppressed in models with high-scale SUSY breaking.

Interestingly, egs. (2.11), (2.12) offer an alternative way of lowering the seesaw contribution
to neutrino masses even in low-scale SUSY models. This can be done if the parameter A\/k in
eq. (2.1) is taken very small.! This breaks LN at a scale higher than ms /9, see eq. (2.4), and
results in a small 7. This way of suppressing neutrino masses can be interpreted in terms of
the inverse seesaw mechanism often used for suppressing neutrino masses in the weak or TeV
scale seesaw models [31-33]. It follows from eq. (2.8) that one of the RH neutrinos, namely
My, becomes heavier compared to the other two if A\/rk < 1.

Integrating out N, results in a 5 X 5 mass matrix, written in the basis (), Ne, N,,),

0O3x3 mp 0
MS = | s Mp | (2.13)
0 Mp ps

where Mp = mg/,Cr and mp is 3 x 1 matrix of the Yukawa couplings A, multiplied by the
Higgs VEV v3. The matrix M!S has a form typically used in the inverse seesaw with

pg =~ B2 (2.14)

representing the small LN breaking parameter suppressed by A/k. For Mp > mp, eq. (2.13)
leads to the light neutrino mass matrix

2
5T\ s (2.15)

m§/20$

which coincides with the seesaw result, eq. (2.11), for \/k < 1.

It follows from eq. (2.2) that only one combination of the neutrino fields A2/, couples to
N, and obtains its mass through the canonical seesaw mechanism. An independent linear
combination of the neutrino fields obtains its mass from the R-parity violation induced by the
soft terms. The R-violation is characterised by €, given in eq. (2.6). They give rise to the VEV
for the left-handed sneutrino leading to the mixing of neutrinos with neutralinos. This mixing
generates mass for the other combination of neutrinos. The R-parity violating parameters
€q increase with the gravitino mass. So naively, one would expect that this contribution
to the neutrino masses would increase with mg/, in contrast to the seesaw contribution.
However, this does not happen and both contributions can be inversely proportional to mg s
in a typical situation as we show below.

The R-parity violating contribution is specified in the rotated basis in which bilinear
R-parity violation is rotated away from the superpotential [34]. These unprimed bases
are defined as

A A, €apr egx
H1:H1+;LQ+O 72 B

1
La=1,-“f +0 i% , (2.16)
p p

!This can be done in a technically natural way since the limit A — 0 increases the symmetry of Ws.



where L/, and H} are the original fields present in the superpotential eq. (2.2). The R-parity
violating light neutrino mass matrix is obtained as (see the next section for the derivation)

(M5>a5 = Apwawg , (2.17)
with

B p(g® My + g% Ma)
2(My Moy — viva(92 My + "2 My))

Ay = (2.18)

Here M are gaugino masses and v; 2 are the VEVs of the Higgs fields H 1,2-

In eq. (2.17), wa = (Vo) denote the VEVs of the scalar superpartners of the electrically
neutral component of La. They are determined in terms of the soft parameters by minimising
the relevant scalar potential. Writing

Wo = kaeou (219)
we find in this case
a3 —a? t A, — A
by = UL (900 Lo | | vt (A — Ao ) (2.20)
H ar,, m3/2 ar,

where tan 5 = vy /v1. The details of the derivation of the above can be found in appendix B.
If one assumes universal boundary conditions at a high scale then the differences in soft
parameters appearing in k. are generated at the low scale through renormalization effects
and are small. In particular, the first term which gives a dominant contribution to k, is
typically given by

2 2 2
H, — AL, 3y Mx _3
—L =2~ 2 Jog——~0O(10 . 2.21
a2 ar? % My (107) (2.21)
Here, y;, is the bottom quark Yukawa coupling and Mx is the scale where the universality
of the soft terms is imposed.
It is useful to eliminate Yukawa couplings and consider the ratio of the contributions
MPE and MSS. We find

gy = Mss _ Aokemss (DetMp (2.22)
= (M§S>33 )\ZU% mg/Q . .
Following egs. (2.20), (2.21), k; can be approximated as
g
ke 1073 2L (2.23)
I
This implies
6~ Aom3 s, (1076 [ DetMg (2.2
07~ 2tanZp | 22 mg/Q ' ’

Since & is related to the two non-zero neutrino masses, it cannot be too small or large.
The detailed fit to neutrino masses and mixing presented in the next section show that the
magnitude of § is of order unity. Requiring {y ~ 1 has implications for the allowed ms3,
and the SUSY spectrum. Considering My, ~ m3/;, we note that:



o If gaugino masses and the p parameter are similar to mg/, then £ is independent of
mg o since Ag is inversely proportional to the gaugino masses. This implies that like
the seesaw contribution, the R-parity violating contribution to the neutrino masses is
also inversely proportional to mj/,. Therefore, the neutrino masses can be suppressed
without requiring too small Yukawa couplings as in the high-scale seesaw models. This
scenario would conflict with the gauge coupling unification which requires gauginos at
the electroweak scale.

o If 14 is held fixed around electroweak scale by choosing n appropriately and the gaugino
masses are also assumed to be of the order of 1 (m3/2) then the §p is proportional to
mg/Q/u?’ (mg/z/;ﬂ). Then the requirement, § ~ 1, implies an upper bound on mg s/ 1.
We will explore this point more quantitatively in the next section.

« ) cannot be arbitrarily small and can be around 102 if ; parameter and the gaugino
masses are similar to m3/,. Thus, A can provide only a mild suppression in the neutrino
masses through inverse seesaw.

Some of the above features change when W is not conformal and contains an independent
scale as a bare pu term. We discuss this below.

2.2 W with a bare pu-term

An explicit p parameter can exist if R symmetry used to obtain cubic potential is not insisted
upon. This has a significant effect on neutrino masses which we now discuss. Consider the
same superpotential with an added bare p-term, namely

W:WS+WLN_MOE[{ﬁ2. (2.25)

The effective p parameter is now obtained as

p=—n(Nr) + po . (2.26)

We can altogether omit the n-dependent term. In this case, u = pg is not tied to the gravitino
mass and represents an independent scale. This can be technically done by imposing a
discrete Z3 symmetry under which ¢ — w?a¢, N, — w?N, and IA/& — wIA/g with w? = 1.

The pg term leads to an additional soft term B,,, poH {I:IQ in the scalar potential. The
ko of eq. (2.20) is now replaced by a more general expression

o vy <a%{1 ga%a> N vy tan 8 (An —Aa> +@v1tan,8 (Buo —Aa> . (2.27)
Lo

2 2
p at,, ms3 /o af,, oMy a

The above is obtained using eq. (B.8) derived explicitly in appendix B. Unlike in the previous
case, kq is non-zero even at a high scale since generally B and A parameters are not equal
in supergravity-induced soft terms. The last term, therefore, dominates in eq. (2.27). This
increases the R-parity violating contribution by a factor of around 10°. Since the last term
in k, dominates,

0 V2
b~ 1O

Homsgyo .

(2.28)



The ratio & defined in eq. (2.22) is now given by

2 Ve
Mo 1 Det R
§o =~ Aoms o () <> < ) . (2.29)
/ 1 A2 mg/Q

This suggests that A cannot be chosen small ruling out the possibility of an inverse seesaw

mechanism entirely in this case. Also since Ay is inversely proportional to the gaugino mass,
one requires this mass to be O(ms/,) and o ~ p to have &y of order one.

We have neglected in the above discussions one more contribution to the light neutrino
masses which arise from the mixing of the RH neutrinos with Higgsino originating from
eq. (2.2). This gives a much smaller contribution compared to the ones already discussed.
Inclusion of this requires consideration of the full mass matrix of neutral fermions in the
model which we discuss in the following section.

3 Light neutrino masses and mixing

The model has 10 neutral fermions denoted as g = (v, Na, —iA1, —iXg, Y, h9)T. The RH
VEVs generated through soft terms cause mixing among them as mentioned in the earlier
section. The full mixing generated by the superpotential in eq. (2.25) and gauge interactions
can be written as:

1
—Ly = §¢§ My ibo + hec., (3.1)
where M is a 10 x 10 matrix parametrized as

(0)3x3 (MuN)3x3 (Muy)3x4

My = | mly (Mg)sxs (mny)sxa | - (3.2)
mfx m%x (My)axa
Here,
Ae 00 — 59w 59w 0 —ee
myy=v2 | A, 00 |, My = —%g’wﬁl %gw& 0 —e, | . (3.3)
A 00 — 50wy 59w 0 —€r
The Mp is already given in eq. (2.7) while
M. 1 1
00 0 Aawl, 01 ]\32 ﬁggvfl vad gv;
myy=(000 0 |, M= |, , V2 V2 (3.4)
00 nua nup 7?‘? Ul 7519”1 0 —#
IV —pgva — 0

M, is the standard neutralino mass matrix of the MSSM [9]. R parity-violating couplings
mix the neutralinos with the SM neutrinos. This mixing is denoted as m,,. Specifically,
Higgsino-neutrino mixing is given by €, and gaugino mixing is determined by the sneutrino
VEVs w/, = (v),). mpyy denotes the mixing of the singlet states N, with neutralinos following
from eq. (2.25). m,n represents U(1) invariant Dirac mass term between neutrinos and
singlet states. The above M describes the general case with explicit pg term present. The

conformal case is obtained by putting po = 0 in p appearing in M.



3.1 Analytical form of effective neutrino mass matrix
The tree-level light neutrino mass matrix can be obtained from eq. (3.2) in the seesaw
approximation as

my, = —max7 Mitr (maxr)’ (3.5)

where mzyx7 = (myN, MyN, Myy) and Myy7 is the lower-right 7 x 7 block of the full matrix
given in eq. (3.2). Neglecting Aqw,, term in my, and performing some algebraic simpli-
fication, we get

my =m(aA+bB+cC) . (3.6)
Here,
. D4U%Cezm3/2
m = D, , (3.7)
with
Dy = Det M, = —pu(My Moy — (g* My + g Ma)vyva), (3.8)
and
2NC? — k(C? nQC’TC
Dy = D,Crm3 = T _ , 3.9
3/2 A m3/2 ( )
is determinant of 7 x 7 matrix M7y with
Yg® My + g% M) — 4 My M-
¢ = v (g° My + g Ma) — dvivauMy My _ (3.10)
2Dy
Substituting eq. (3.9) in eq. (3.7) and using eq. (2.12), we find
- mo
m = Ve T (3.11)

(2ACZ—KCZ) m3 o

Since (/mg s2 < 1 for v12 < mg/y, the denominator provides only a small correction to
the equality, m = my.
The matrices in eq. (3.6) are obtained as

)\g Aedy AeAr wg WeWy, Welr
A= [ Ay )\Z AuAr | B=| wewy wi wuwr | (3.12)

AeAr AuAs A2

el WeWr WyWr w?

T

2 eWe Aewy + Apwe Aewr + Arwe
C= | Aewy + Auwe 2wy, Auwr + Arwy, |- (3.13)
Aewr + Arwe Aywr + Arwy, 2wy

In the above,

Wo =W, — vy, (3.14)
1



denote the VEVs of sneutrino in the basis in which the bilinear term is rotated away from the
superpotential, see eq. (2.16). Finally, the dimensionless coefficients in eq. (3.6) are obtained as

C- 2 2
am (1-2Cmn) (5 )"
AR I

AyC2C, 2 2
_ AL Crmg o (1_2 Ce +2~77®1112>7

Cgvg CTCN’T CT)L’Lm3/2
e AonCy (v3 —v?) <1 B UCTm?,/z) _ Ao (v2 — vi/v9) (”0 _ 1) (2 _ MO) . (3.15)
Cevap A Cemg s H "

and Ap is defined in eq. (2.18).

The structures of the first two terms in eq. (3.6) coincide with the seesaw and R parity
violating terms obtained in the earlier section. The last term is generated by the mixing
among the RH neutrino N, and Higgsino coming from eq. (2.25). This mixing also modifies
the overall coefficients of the seesaw and R-violating interactions compared to the simplified
case considered earlier. Using w, = kq€q, the neutrino mass matrix can be further simplified
to the following form

72 (1+E&s2+25s) Tery (14084 5e (0+E€5,)) Te (1+6+(0+E)se)
my=m | rery, (14+05,+5e (6+E€s,)) Tﬁ(1+§si+25su) ru(1+0+(0+8)s,) |,

e (1464 (64E)se) Ty (14+0+(64+&)s,) 14+£+26
(3.16)
where we have define r,, = )‘;—’T", kr =k and s, = kz“. The parameters k, are given by

egs. (2.20) or eq. (2.27) depending on the choice of p-term in the model. Also,
e, ¢\
(2ACZ — KCZ) my)s ’
B 570 1 2An%v1v9C;
T\ T mganrCZ k) )
_ckCemg)s
a A '

m = mA\a = mo\a <1 —

3

(3.17)

Here, my and &y are defined in egs. (2.12), (2.22), respectively. amgy denotes the overall
scale of the seesaw contribution. The £ corresponds to the ratio of the R-parity violating
and seesaw terms. m and £ respectively reduce to mg and &y of the earalier section when
1n = 0. In the following, we shall only be working with the tree-level neutrino mass matrix
and will neglect the other sub-dominant radiative contributions. These include corrections
to the seesaw mass matrix [35] and corrections generated by the effective trilinear R parity
violating terms present in the rotated basis [30]. The tree-level mass matrix considered here
is by itself sufficient to reproduce the neutrino mass spectrum and the radiative corrections
are not expected to change the results significantly.

The determinant of m, is vanishing. It predicts a massless neutrino. The eigenvector
corresponding to the massless state can be determined using »_; (my)ij uj = 0. This gives

(un, g, ig) = i\/lﬁ (ra(s — 1), —re(se — 1), rer(se — 5,)) - (3.18)

,10,



Parameters NH1 NH2 NH3 NH4

m [eV] 1.0 1.0 0.01 0.01
13 -0.9831 1.0216 -2.6937 -1.7155
) 0 -0.9983 0 -0.4891
Te 0.0782 -0.1196 1.387 -1.3511
Ty -0.5964 0.9562 -3.2619 3.1967
Se 1.1216 0.5015 0.5859 0.501
Sy 0.971 0.8866 0.6797 0.6163
Parameters NH5 NH6 NHT7 NHS
m [eV] 1.0 1.0 0.01 0.01
€| 0.9841 0.5857 2.704 1.8462
Arg[¢] -3.1349 -0.01 -3.096 -3.0176
0 0 -0.7847 0 -0.4372
Te -0.0814 0.1684 1.3628 -1.3123
Ty -0.6049 -0.4458 3.2386 -3.1601
Se 1.1158 1.3175 0.5813 0.5004
Sy 0.9714 0.7802 0.678 0.6197

Table 1. Example solutions of the parameters of the effective neutrino mass matrix which reproduces
the neutrino masses and mixing parameters within 1o assuming normal hierarchy. The first four
solutions correspond to the CP conserving case.

In the diagonal basis of the charged leptons, the above is identified with the first (third)
column of the leptonic mixing matrix for normal (inverted) hierarchy in the neutrino masses.
The observed neutrino mixing angles then necessarily require s, # 1, s, # 1 as well as s, # s,,.
This requires sizeable flavour violations in the soft terms, a feature which was noticed also
earlier in [34, 36, 37] in the context of different frameworks.

3.2 Example solutions

We now demonstrate that the effective neutrino mass matrix, m, as obtained in eq. (3.16), can
account for the realistic neutrino masses and mixing observables. As mentioned earlier, the
charged lepton Yukawa couplings can be chosen real and diagonal without loss of generality.
Moreover, the parameters A\, Ao, 7 and pg appearing in the superpotential can be made
real through redefinitions of various superfields. This along with an assumption for the
real VEVs of N, and v, lead to real ¢, sc, and J in eq. (3.16). The phase of m is also
unphysical. Altogether, these six real parameters and complex & are required to reproduce
the realistic values of six observables, namely the solar and atmospheric neutrino masses,
three mixing angles and the Dirac CP phase.

Following the usual x? optimization technique [27], we find several example solutions for
the parameters in m,, which lead to the viable neutrino spectrum. First, we consider real &
which leads to the vanishing CP phase, §gp. The latter is not directly observed and the present
fits to the neutrino oscillation data [38-40] allows dcp = 0 within £30. We find solutions for
two example values of m and also consider a possibility in which the parameter § can be zero.
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Parameters IH1 IH2 IH3 IH4

m [eV] 1.0 1.0 0.01 0.01
& -0.982 -0.5409 -0.4514 -0.347
) 0 -0.2272 0 -0.1066
Te -0.2517 -0.2393 -11.2255 14.6181
Ty -0.9077 0.8048 3.0287 3.7629
Se 1.1493 1.2026 1.5 1.4252
Sy 1.0082 0.9881 1.3626 1.3282
Parameters IH5 1H6 IH7 THS8
m [eV] 1.0 1.0 0.01 0.01
€] 0.9826 0.0836 3.0314 2.8087
Arg[¢] -3.1412 -0.0039 -3.1386 -3.1384
) 0 -0.5321 0 -0.0918
Te -0.5623 -0.6534 4.3557 4.4436
Ty -0.743 0.725 -1.7175 1.735
Se 1.0669 1.1278 0.5083 0.5
Sy 0.99 0.9772 0.7529 0.7463

Table 2. Four example solutions of the parameters of the effective neutrino mass matrix which
reproduces the neutrino masses and mixing parameters within 1o assuming inverted hierarchy. The
first four solutions correspond to the CP conserving case.

The solutions obtained in this way are displayed as the first four solutions in table 1 2 for
normal (inverted) hierarchy in the neutrino masses. Subsequently, we also consider complex
¢ to account for the Dirac CP phase. These solutions are listed as NH5 to NHS8 in the case of
normal and IH5 to IHS in the case of inverted hierarchy in the respective tables. All the NH (IH)
solutions give Am3; = 7.41 x 107°eV?, Am3; = 2.511 x 1073 eV? (Am3; = 2.498 x 1073 eV?),
sin? 012 = 0.303, sin? fa3 = 0.572 (sin? fp3 = 0.578) and sin? f13 = 0.02203 (sin? 13 = 0.02219).
Solutions with complex ¢ give sin dcp = —0.3 (sindcp = —0.96) for the NH (IH) case. All
these values correspond to the central values as obtained by the latest fit to the neutrino
oscillation data (see, NuFIT 5.2) in [40].

The noteworthy feature of these fits is that || ~ 1 implying that the scales associated
with both the R-violating contribution and the seesaw terms are similar in magnitudes. This
can be used to draw important conclusions on the basic parameters of the model. The exact
expression of £, using egs. (3.15), (2.10), can be rewritten as

2 -2 2 2
e Akp <2_ uo) (1 _ 2V (1 _ ﬂo) ) ‘ (3.19)
7

Avs

Scenarios in which the common gaugino mass scale, My ~ Ms ~ p ~ g = My, is arranged
to stay close to the electroweak scale and mg/, > v, then leads to

mgo 1 DetMpg
~ . 2
¢ 2M, N2 < mg/Q (3.20)
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While deriving the above, we have used the expression eq. (2.28) for the k parameter. The
fact that the value of |¢| cannot be arbitrarily large, as indicated by the fits, implies that
the gaugino mass scale cannot be much smaller than mj3/; if Det Mp ~ mg /2 In other words,

it is not possible to arrange gauginos at the electroweak scale and all the RH neutrinos

at an arbitrarily high scale. The ratio D;jg% is determined by the soft SUSY breaking

3/2
parameters and %, see eq. (2.10). In supergravity models, the soft parameters are naturally

of order unity and hence D;‘g% ~ O(1). However, it can be suppressed in other models
3/2
of supersymmetry breaking. For example, the parameters A and B vanish at a high scale

in the gauge mediated models [41] with the minimal messenger sector and get generated

purely radiatively. In such scenarios, D;t?,MR can be naturally small offering the possibility

3/2
of raising the value of m3/; compared to the gaugino masses.

One can also use the fitted value of m and ¢ to determine the Yukawa coupling A2. Using
eq. (3.17) and neglecting small ( dependent term, one finds

)\QNL)‘Q_&ZLQE (3.21)
T A0k203m§/2 S ud C2 Agud’ '

where the second equality is obtained using the value of k from eq. (2.28). It is to be noted
that A2 as given above is determined by the R parity violating contribution m¢ rather than
by the seesaw contribution m. For pu ~ pg, Ag = (2Mg)_1 and C, = A = 1, we get

100GeV\2 / M
A2~ 2 111<m5>< >< g). 22
P20 (e 2 1 TeV (3:22)

This is to be compared with the expectation based on the seesaw, A2 ~ m;)i% ~ 10711,
for a TeV scale Mg and m, ~ 0.1eV. The similarity of the magnitudes of A2 obtained
through these two different approaches is not a coincidence since the model requires both
these contributions to be of similar order for the realistic neutrino mass spectrum.

The above observations can also be summarized by comparing the overall scales of the
seesaw and R-parity contributions to the light neutrino masses. The first is proportional to
the parameter m given in eq. (3.17) which goes as A\2v3 /mg /2. The second is determined as
m¢ and it is independent of mg/, for the fixed gaugino mass scale M, as can be observed
from the expression of £ in eq. (3.20). The requirement that m and m¢ are of a similar order,
therefore, puts an upper bound on mg/ as it is shown in figure 1. Further, if one chooses
Mgy ~ mg/, both the contributions scale as 2032 /ms /2 leading to a situation similar to the
one obtained in the case of conformal W discussed in section 2.

4 Majoron-neutrino couplings

In the present framework, there exists a Goldstone boson of the spontaneously broken LN
symmetry, namely the Majoron [42]. It can be identified as
/

1 /- - Wy ~
J o~ G(NI“_NI‘J +Fl/la7 (4.1)

where U = 1/ (N.)2 4 (N,,)2 is the scale of the U(1), breaking and the subscript I denotes
the imaginary part of the corresponding scalar field. The Majoron is an SU(2) singlet and
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Figure 1. Contours of m = 0.01eV (red dashed), m = 1€V (red solid), m& = 0.01 eV (green dashed),
m = 1€V (green solid) for various values of mg/, and A? and for gaugino mass My = 10° GeV (left
panel) and M, = 10° GeV (right panel). Only in the overlapping region, a realistic light neutrino mass
spectrum can be reproduced.

does not directly couple to the SM neutrinos. However, this coupling is generated through
(a) light-heavy neutrino mixing and (b) neutrino-neutralino mixing. This coupling can be
parametrized as

]

‘CVJ = _2

9ij vi,C v J +hec., (4.2)

in the physical neutrino basis.

The strongest limits on g;; arise from the precision measurement of the acoustic peak
of the CMB spectrum which requires that neutrinos must be free streaming at the time
of photon decoupling and therefore cannot couple strongly to a nearly massless Majoron.
This requirement translates into [43-45]

lgii] <1077,

2
0.05 6V
¢ ) , (4.3)

l9i;] <0.61 x 10711 (
my,;

for i # j and my,; > my,. We now show that these limits are satisfied in the model in
spite of relatively low LN breaking scale ~ mj3/, without conflicting with constraints from
neutrino masses and mixing.

Contribution to g;; arising from the light-heavy neutrino mixing in the present model
can be estimated as follows. Eq. (2.25) gives rise to the following interaction between the
heavy neutrinos and the Majoron:

A _ ~ _ ~
£ = -7 (NZCTIN, Ny + NI CTIN Neg ) + he.. (4.4)
Subsequently, the couplings with light neutrinos can be estimated using the diagonalization
of the relevant blocks of M. The latter can be block diagonalized at the leading order
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by a unitary matrix,

1 PvN  Puvy
Uv=|-ry 1 pny |+ 007, (4.5)

such that U}\F/’M ~Uy is a block diagonal matrix. Here,
PvN = (mvNMEI)*7 Pvx = (m,,XMx_l)*, PNx = (meMx_l)*- (4.6)

The neutral fermions in the block-diagonal basis are given by Uj{/lbo. Writing the light
neutrinos in block diagonal basis as v/, and using eq. (4.6), one finds
Ne = _(piN)la Via s Ny, = _(PZN)M Vias N: = _(PZN)ZM Via - (4.7)

Substituting the above in eq. (4.4) and using the definition of J in eq. (4.1), we find the
light neutrino-Majoron interaction as

a v (a _
Ly = —591'(3') vi;C vy J +he., (4.8)
with
gz(]‘?’) =A <(prTJN)1a - (PIT/N)M) (PLN)Sﬁ UaiUg;j
AC,v3
= 3 Ces AaAs Uil
Crm3 ,(C-Cr —2C2)
Ay
= ——— XM UniUs; 4.9
Cemg o B Bj (4.9)
where we use eq. (2.12) to arrive at the last equality. In the above, we have used v}, = UqivLi

where vp; are the mass eigenstates which are identified as physical light neutrinos. The
(a)
ij
The second contribution arises from the Yukawa interaction in eq. (2.25) and through

couplings g, are suppressed by mg/ms /2 as a consequence of heavy-light mixing.

gauge interactions quantified by the following terms:

Ly = —%Aa Vi NerC™hS — %(g’BT — gWOTYC W iy + hc (4.10)

where —i\; = B and —iXy = WP, The Higgsino, Bino and Wino contain the light neutrinos
through mixing. From the block diagonalization, one finds

= v
hg = _(pix)lla V/La = ;1140 wa Uai VLi
- V2g' M,
B = _(Pix)la Vi = —m Agwa Uni Vi,
V29 My

WO = _(pT )2a V}/a =

VX AO Wa Uai Vi - (411)

g> My + g My
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Substituting the above in eq. (4.10) and using eq. (4.1), we find

L£y) = —%gg’) vi,C v J +hee., (4.12)

where .
0 __ A U Us. 13
gzg Cemg/Qwawﬁ atVY By s ( . )

where Ay is as defined in eq. (2.18).
Combining the two contributions and using the definition eq. (4.2), the 3 x 3 light
neutrino-Majoron coupling matrix can be written as

B A
C'67713/2

9= U (mo A+ AyB) U . (4.14)

Note that the quantity in the bracket above is the effective neutrino mass matrix m, in
the limit n — 0. Therefore, using the simplified expression of m, obtained in eq. (3.16)
with 7 = 0, we can express

r2(1+&s2)  rery (14 &osesp) e (1+ &ose)

g=90 UT | rery (14 &oses,) ri (1 + &]sz) ru(L+&osu) | U, (4.15)
e (14 &ose) T (14 &osu) 1+ &
with )
Mo
go=——=+, (4.16)
(Ne)

and & as defined in eq. (2.22). When n = 0, the matrix in the bracket in eq. (4.15) is
identified with m, and g becomes a diagonal matrix leading to only g¢;; nonzero. This case
is relatively poorly constrained as seen from the limits in eq. (4.3).

Numerically, all the dimensionless parameters appearing in the matrix shown in eq. (4.15)
are of order one as can be seen from the numbers in tables 1 and 2. The overall scale of
neutrino-majoron coupling, therefore, is given by gg. Also noting that the numerator in
eq. (4.16) is m in the limit n — 0, one can estimate an overall size of gy as

_.om g [ m 100 GeV
90l = Ty =10 (1ev)< (V) ) ' (1D

It is seen that |go| remains suppressed for a large range in the parameter space. The matrix
appearing in eq. (4.14) is also completely determined by the fits of the table since & ~ .
For example, for solution NHS8 listed in table 1, we get

0 0 0

100 GeV

lg| ~ 10713 <Ne> 0 1.79624 2.55013 | . (4.18)
()l 0 2.55013 1.52902

We find that all the solutions listed in tables 1 and 2 satisfy the constraints, eq. (4.3), for
|(N.)| = 100 GeV.

,16,



5 Majoron-charged lepton couplings

As in the case of the neutrinos, the charged leptons e, do not directly couple to Majoron but
these couplings arise from their mixing with the charginos. In general, the Majoron-charged
lepton couplings can be parametrized as

Lej =ihageacs] + hoc.. (5.1)

Majoron has both the diagonal and the off-diagonal couplings. The latter is constrained
from the flavour violating decays such as e, — egJ [46, 47]. Non-observation of these
implies [44, 45]:

|hep| < 1.9 % 1071 [hrel, [hrp| < 1.1 x 1077, (5.2)

The requirement that the red giant stars do not lose energy through Majoron emission from
electrons constrain |hee|, namely

|hee| < 2.57 x 10713, (5.3)

Despite such strong constraints, a Majoron with U(1), breaking scale as low as ~ 100 GeV
can satisfy the above limits as we discuss in detail below.
The three charged lepton and two chargino fields can be represented as

w=<€“>, w+=<€§> (5.4)
Xm m
Xm = (;T) B (;;) (5.5)

The charged fermion mass term is parametrized by

with

—Le =y M1p, + hee., (5.6)

where 5 x 5 matrix M, is defined as

mp Mmyc
= ) 5.7
‘ (mgc MC > ( )
Here, m; denotes the (diagonal) charged lepton mass matrix before mixing with charginos.
mye, mj, arise from the R-parity violation and are given by

/

gWwe €e

0 0 0

mye = gwlgeu , mEC:<,, N ,). (5.8)
y AeWe Aywy, Azwr

ng ET

M, is the usual chargino mass matrix in the MSSM,

M, = <M2 g“) . (5.9)
gua pu
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Next, we define a basis

v = ULy, (5.10)
such that M, assumes a block diagonal form in this basis. Explicitly,

m?ﬁ O3x2 )

5.11
O2><3 Mceﬁ ( )

UIMU, = (

The U4 can be parameterized as

Uy = ( Vi-B:BL _ Bs ) . (5.12)

It is always possible [48] to choose 3 x 2 matrices B1 which puts M, in the block diagonal
form of eq. (5.11).

The coupling between the Majoron and charged lepton can be directly obtained from the
basic Lagrangian as done in the case of neutrinos. Alternatively, one can use the effective
Lagrangian describing the coupling of Majoron to the divergence of the broken U(1) current j#,

i
Loy =~ T O (5.13)

Here,
gt = —eqot'eq + € 0e;, (5.14)

is the leptonic current in the flavour basis. U denotes the U(1);, symmetry breaking scale as
already defined in the previous section. The mixing terms m;. and m;, violate U(1)z and
hence contribute to d,7#. This contribution is given by

Oujt =i (qMe + Meg®) ¥4 + hec., (5.15)

1 -1
g = 3x3 032 ’ = 3x3 0O3x2 (5.16)
02x3 O2x2 02x3 0O2x2

are the diagonal charge matrices representing U(1)z charges of the underlying charged leptons

where

and charginos. Eq. (5.15) can be rewritten in the block diagonal basis as
gt = UL (M. + ¢° M) Uy, + hec.. (5.17)

Using egs. (5.11), (5.12), the Majoron charged lepton coupling can be written in the block
diagonal basis as

i
Lof=——o (m B, Bl — B*BTmef)  e.e¢J + hec.. 5.18
eJ \/§<Ne> ( l ++ - = l )Oéﬁ o B ( )

Comparing with the definition eq. (5.1), we get

_ eff T px pT, eff
hap = = (mi" By B - B2 BT mj )aﬁ. (5.19)
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This equation is valid to all orders in the seesaw expansion. mfﬁ is the effective charged
lepton mass matrix whose eigenvalues correspond to the masses of the charged leptons.

By can be iteratively determined using eq. (5.11) in the seesaw approximation m; <
mie, m),, < Mc. At the leading order, one finds [48]

By~ (MI'mi)t,  B_~(meMY, m§T xmg — m M), (5.20)

Substitution of the above in eq. (5.19) indicates that the charged lepton-Majoron couplings,
at the leading order, are suppressed by two powers of seesaw expansion parameter my.M;
or my M, 1. This is different from neutrino-Majoron coupling which goes as ~ m, M I Lat
the leading order. The model, therefore, predicts additionally suppressed coupling between
the Majoron and the charged leptouns.

Explicit computation of h,g using the leading order expressions of B4 and neglecting
the terms of O(v12/p), we get

1 €afp  oWalWp AaAgWas
hog = ——F—=——— —Myg——5—— | . 0.21
" <m5< g ) T e 21

Using eq. (2.16) and noting that k, of egs. (2.20), (2.27) are smaller than one, the dominant

contribution to h,g comes from the term proportional to e,eg. This gives, for example,

(Ne)
hee ™~ Tg)\zme MS ,
A2 (Ne) 500 GeV \ 2
=4x1071 . g ( ) 5.22
% (10—10> (100 GeV " ’ (5.22)
where we take r. = f\‘—j = 4.44 which is the largest value among all the solutions listed in

tables 1 and 2. The obtained value of he. is far below the constraint (5.3). Similarly, the
off-diagonal elements are also found much below the existing constraint, eq. (5.2).

6 Right-handed neutrinos and direct search prospects

The three RH neutrinos in the model have masses close to the electroweak scale and they
can be produced at colliders if their mixing with the other particles is favourable. In this
section, we discuss such possibilities in detail and point out ranges of parameters of the model
where the direct detection of RH neutrinos is possible. There are two standard methods
of detecting the RH neutrinos, see [49] for a review. The RH neutrinos can couple to the
standard W and Z through their mixing with the active neutrinos. The same mixing also
causes the decay of the N; into charged leptons. This leads to dilepton + 2 jet signals which
are free from the SM background. Such signals however depend on the fourth power of
the RH mixing |V,n,| and are therefore sensitive to relatively large mixing only. It is also
possible to probe slightly smaller |V,y,| through a technique involving displaced vertices
at the LHC, see for example [50-59].

In the R-parity violating supersymmetric models, the RH neutrinos can also mix with
the neutralinos and this mixing could be much larger than |V, |. In such a situation, the RH
neutrinos are produced in the decays of neutralinos and further decay through their mixing
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with the active neutrinos. Relatively small mixing with active neutrinos can result in the

delayed decays of the RH neutrinos which lead to the distinctive displaced vertex signatures

as discussed in [26]. We focus on this possibility and discuss it at length in this section.
The RH neutrino mass eigenstates N; are related to the flavour states N, as

No = (UR)aiNi s (6.1)

where Ug diagonalizes the mas matrix Mg given in eq. (2.7). Explicitly, Ug is given by

e cos 0 sin 6
~ | i cos sin
Ur ~ 7 2 . (6.2)
0 —sind cost

Mixing of N; with the charged leptons follows from egs. (4.5), (6.1). Specifically, one can write

Vo = (pvD)apNp = (puD)ap(Ur)aiNi = Van, N; (6.3)
Using the above relation, we find

—iAa U2 —iT o AU

Vons == V2My, B V2My,

Vi, — CHAQV2 _ COT AV ’
V2My, V2My,

Vin, — SeAQ U2 _ ST oAV '
V2My, V2My,

(6.4)

The predicted RH mixing, VN, ~ %g}?)‘” is in agreement with a typical seesaw
scenario. For A, ~ 107° and My, ~ 100 GeV, orie gets Von, ~ 1o 10~7. This is much smaller
than the current limit from the direct searches, |V,n|? < 107° [60, 61], see for example,
the left panel in figure 3. One can raise V,y, for a smaller My, and a larger A\;. For
example, u/pg ~ 5 and My, = 100GeV in eq. (3.21) gives A, ~ 2 x 1073 and leads to
Veng ~ 3 X 1073 sin . While this is much larger than the typical TeV scale seesaw prediction,
this still falls short of the existing limits from the collider searches. Nevertheless, it is possible
to probe such or even smaller mixing through the specific displaced vertex signature as
suggested in [26] provided that RH neutrinos are produced through neutralinos.

The mixing between heavy neutrinos N; and neutralinos, relevant for displaced vertex
signatures at the colliders, can be estimated using

Na = (ANx) am (P0)m - (6.5)

Using egs. (4.6), (3.2) and ignoring the term Aow/, in my,, we find that only the state N
has mixing with Higgsinos and gauginos at the leading order. It is given by

/
cos BR0 +sin BRI+ gy cos28 B— gv
(cost-+sin 578 A cos2i -

-~ 277AOUM1M2
" (g Mi+gMo)

cos2f3 W0> . (6.6)
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Figure 2. Regions in 6 and /X leading to My, < My, ,. The black contours indicate the correlation,
eq. (6.8), resulting from a specific choice of soft parameters.

Overall, the couplings with Higgsinos are suppressed by v/u only while the ones with Bino
(Wino) are suppressed by additional power of v/M; (v/Ms). Replacing N, by physical states
through eq. (6.2), we find the heavy neutrino-Higgsino mixing as

2nonM1M2 . QT]onMlMQ
To o — 0, V.o~
Vieig {20, 10 cosfFsinf,  Vy,jo 1(g2 My + g M)

cos Bcosb. (6.7)

As it can be seen, N7 does not mix with Higgssinos at the leading order.

The states No and N3 can be efficiently produced in the decays of Higgsinos provided
that My, , are smaller than the Higgsino masses. Motivated by this, we look for the values of
parameters for which N3 is the lightest among all three RH neutrinos.? As can be seen from
eq. (2.8), the ratios My, /My, and My, /My, depend only on § and x/\. By varying the values
of these parameters in reasonable ranges, we look for the region in which My, is the lightest
RH neutrino. The results are displayed in figure 2 in which the regions shaded in orange
correspond to My, < My, ,. In the same figure, we also show the contours corresponding to

8
1—

tan? 20 =

(6.8)

>|x

The above arises from a relation between C. and C; obtained as eq. (A.22) as a result of
a specific choice of the soft parameters.

Next, for My, < My, ,, we estimate the values of mixing parameters Ve, and VN3,~l?
given in eq. (6.4) and (6.7), respectively. This requires the specification of several parameters.
Using egs. (2.26), (2.8), we set

”:AMXL_VM :A’;‘MNM (1+§+ (;—1) sec20> . (6.9)
1 3

For A;, we use the expression obtained in eq. (3.21) and replace C, using eq. (2.9). Also,
A can be determined from eq. (3.19) and using the leading order expression of £ and also

2The role of No and N3 can be interchanged by changing the sign of cos 26, see eq. (2.8).
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Figure 3. Variations of |V, |? (|VN3E‘1)|2) with My, in the left (right) panel, for example, values
of various parameters as described in the text. The darker points correspond to cases in which
|VN3E(1’|2 /|Ven,|? > 108, The solid black line in the left panel depicts the values of |Van|? expected

from a typical seesaw relation, |V,n|? = %. The grey region covered by dashed contour is excluded
at 95% C.L. by the direct searches of heavy neutral leptons [60, 61].

using eqs. (2.8), (2.10). It leads to

Ao( po/ i )2 202 - 5C7

A2~ oMy, — .
Ns7¢ 2—po/p) 1+5+(5—1)sec26

For the MSSM parameters, we take My = 1TeV, My = ug = 2TeV, u = 500GeV, tan 5 = 2
and choose C; = 0.1 as a specific example. The pair of the lightest neutralinos are dominantly
Higgssinos with mass around 500 GeV in this case. With these, V,n, and VNSE? are obtained
as functions of r., m¢§, k/A, 6 and Mp,. The first two can be extracted directly from the

(6.10)

neutrino mass fits while the next two can be appropriately chosen from figure 2 such that N
is the lightest RH neutrino. We chose r. and m¢ from solution NH8 and randomly vary «/\
(0) in range 0.1-5 (1.0-2.0) and compute Vn, and VNgﬁ(l) as function of Mpy,.

The results are displayed in figure 3. We also show the typical value of |V, y|? expected
naively from a seesaw relation, |V |? = %, as a solid line in the left panel of figure 3. The
predicted values of |Ven,| can be larger than the typical expectation from seesaw estimates
by several orders of magnitude. Also, a number of points for My, < 100 GeV fall either in
the already excluded region or are quite close to it.

For the Higgssinos with mass around 500 GeV that we have considered in the present
analysis, their production cross section at a center-of-mass energy of /s = 13 TeV at the LHC
is typically of O( fb) [62]. This is notably smaller, by six to seven orders of magnitude, than the
cross section for W-boson production. Nevertheless, the production of RH neutrinos resulting
from the latter process is directly proportional to |V, n|?. Consequently, RH neutrinos can be
2

predominantly generated through Higgsinos when the ratio |VN3;L(1J|2/ |Vens|® exceeds 107. In

figure 3, we depict points satisfying ]VNBB?P /IVen,|? > 10® in a darker shade. These points
stand out as particularly conducive to the production of RH neutrinos through Higgsinos. A
dedicated analysis of the expected number of events would be needed to firmly establish the
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observability or otherwise of the RH neutrinos through the search of the displaced vertices at
the LHC. We note however that a similar analysis for two specific benchmark points is already
done in [26] where ]VNX?P ~ 107 and |V.n,|? ~ 10712 are shown to lead to observable
displaced vertices at the LHC for My ~ 100 GeV and for the similar values of M; 2 and p. The
magnitudes of ]VN3,~1(1)| and |Ven,| obtained for My, ~ 100 GeV in figure 3 are comparable and
may even lean towards being somewhat larger. Hence, the parameter range within the current
model presents an opportunity to investigate RH neutrinos in the direct search experiments,
particularly when their signatures through conventional processes are suppressed.

7 Discussions

Extension of the SM to include the LN as an explicit global or local symmetry is primarily
aimed at providing tiny but non-vanishing masses for the light neutrinos through the seesaw
mechanisms. On the other hand, extension with enlarged space-time symmetries such as
supersymmetry is aimed to ameliorate some structural issues pertaining to the SM. In
general, these are two separate classes of new physics and they may be operating at two
different scales. They are often combined to play complementary roles. A more intriguing
possibility is that both these frameworks arise from a common mechanism and, therefore,
their scales are closely related. We have put forward one such mechanism and discussed its
most relevant phenomenological aspects in detail.

The mechanism uses a global LN symmetry and three SM singlet superfields, two of which
are charged under the U(1);. The Lorentz scalar components of these superfields acquire
non-zero vacuum expectation values and break U(1); spontaneously only when the soft
terms in supergravity are switched on. This relates the U(1)y breaking scale with the SUSY
breaking scale which is proportional to the gravitino mass mg,,. The fermionic components
of the SM singlet superfields which play the role of RH neutrinos also get masses of order
mg/9. The same scale also governs the neutrino-neutralino mixing through R-parity violation
effectively induced by the VEVs of the SM singlet scalars. It is also possible to link the MSSM
p-parameter with the common scale mg/, utilising the vacuum structure of the RH sneutrinos.

The identification of various scales with a common scale m3 5 in the underlying framework
leads to the following interesting and noteworthy observations:

e The light neutrinos acquire masses through the usual seesaw mechanism as well as
from R-parity violation. The realistic neutrino mass spectrum requires that both
these contributions are of similar magnitude. In the case of u ~ mg/, (i.e. conformal
superpotential), both these contributions are proportional to m /12. Therefore, the usual
scale of the seesaw would also imply high-scale SUSY. On the other hand, keeping
the SUSY scale close to the electroweak scale necessarily leads to low scale seesaw
mechanism with RH neutrino masses of the order of a few hundred GeV.

o If pu is kept independent of mg /5 and held fixed close to the electroweak scale, the viable
light neutrino masses do not allow a large hierarchy between p and mg/;. This again
implies a low-scale seesaw mechanism and a SUSY breaking scale not very far from the
electroweak scale. In particular, the gauginos and RH neutrinos are not allowed to be
arbitrarily heavy in this case.
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o The spontaneous breaking of U(1);, at the scale ~ mg /2 leads to a Majoron with
coupling to the light neutrinos of O(m, /mg/;). This turns out to be small enough to
satisfy all the present constraints even for massless Majoron.

e The framework offers an interesting possibility of probing the existence of near weak-
scale RH neutrinos through their displaced vertex signature in which they are produced
dominantly from Higgssinos at the colliders and subsequently decay into the SM particles.
It is seen that for a range of parameters, the model predicts sizeable mixings between
Higgssino and RH neutrino and between the heavy and light neutrinos enhancing the
possibility for direct detection.

All along, we have assumed that supergravity is responsible for the generation of the soft
SUSY breaking. However, the underlying mechanism is applicable even if the SUSY breaking
arises from some other sources.

The basic framework presented in this work utilizes an exact global LN symmetry which
is spontaneously broken through soft SUSY breaking terms. The considered superpotential
and the soft terms in the conformal case also possess a discrete Z3 symmetry. It is known that
the spontaneous breaking of these exact symmetries lead to formation of topological defects
like comic strings and domain walls. However, small explicit breaking of such symmetries,
possibly induced through gravity effects (see for example, [63-65]), can make these structures
unstable. For example, spontaneous breaking of an approximate global U(1) is shown to
lead to strings connected by domain walls which decay quickly and do not dominate the
universe [66]. Similarly, the domain walls produced due to Zs breaking can be made to
disappear effectively before nucleosynthesis if Planck scale suppressed explicit Z3 breaking
terms are introduced [67]. From a phenomenological standpoint, explicitly breaking LN
results in a small mass for the Majoron the exact magnitude of which depends on the nature
of the Z3 breaking. While it could also contribute to light and heavy neutrino masses, the
impact remains negligibly small with Planck scale suppressed LN symmetry breaking. Thus,
small explicit breaking of the underlying global symmetries can address cosmological concerns
without significantly altering the primary mechanism for neutrino mass generation presented
in this study. The non-conformal case considered here does not have a discrete Z3 symmetry
and is thus free from the domain wall problem.
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A Potential minimization and VEVs of RH sneutrinos

In this appendix, we provide a derivation of the vacuum expectation values given in eq. (2.4).
The relevant scalar potential of the model derived from Wg in eq. (2.1) along with the
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soft terms is obtained as
V = PRINA (1N + [Nu2) + ANN, + kN2 + Vi (A.1)

where Vo, is given in eq. (2.3).
We parametrize the VEVs of the three scalar fields as

(N;) =q, (Ne) =pcos¢, (N,) =psing. (A.2)

oV

The parameters p,

AN
at the minimum for N, = N,, N, N For simplicity, we assume all the parameters in V

real and also require real solutions for the VEVs. Using a linear combination of two of
the minimization conditions

cos ¢ 8‘~/ —sincba—Y =0, (A.3)
ON, ON,,
we obtain
a2 — a2 ) m2
cos2¢ = (@, N T (A4)

(@ + B+ 2P

at the minimum of the potential. Using the orthogonal linear combination

sin ¢ — 8Y =0, (A.5)
ON, ON,
we solve for p? and obtain
2 2 1 2 2 2 24,2 2gA
p“ =0 or p* = 32 (ay, +an,)m3), +2¢°A° + W(mg/QA,\ +qK) | . (A.6)
2 2

Next, we assume ay_ = a N for simplification which leads to cos 2q§ = 0 and degenerate

= 0, and substituting

’ 8N
the non-vanishing solution for p? given in eq. (A.6) along with cos2¢ = 0, we find the

following equation:
@ +bi®+cq+d=0, (A.7)

with
BA K+ A) — Akk -
2X(26 + \) 3/2
_ (A3 —ad )N+ 203, (A + k) 2
IN2(2K + ) 3/2
__ Aag, 3
T2N2(2k 4 A) B2

b=

(A.8)

The other solution, p? = 0, leads to ¢ = 0. Eq. (A.7) needs to be solved to determine ¢ which
then can be used to find the VEVs in terms of the parameters of the scalar potential.
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It is convenient to convert eq. (A.7) into the so-called “Depressed cubic” equation [68]
by the following change of variable:

b
g=u-g3. (A.9)

In the new variable, the equation has no quadratic term and it is given by

w+ Pu+Q=0, (A.10)
where
p_ 30—62’
3
203 — 2
Q- b 92b7c+ 7d' (A1)

The discriminant of the Depressed cubic equation is given by
A= —(4P% +27Q%). (A.12)
The following possibilities exist for the solutions [68] of eq. (A.10):

e If A > 0, then the underlying polynomial has three distinct real roots. They are
explicitly given by

—-P 1 — 27k
up = 2\/7 cos l3 cos™! (21% ;) - g} , k=0,1,2. (A.13)

e For A = 0 and P # 0, the polynomial has three real roots out of which two are
degenerate. These are

_ 3@ 3Q

U1 P ) u2,3:_2P'

(A.14)

e If A <0 then the polynomial has one real and two complex roots. The real root can be
represented, for P < 0, as

ug = —2|g —g cosh B cosh™! <—32’g —;)] , (A.15)

| P 1
up = —2 3 sinh lg sinh ™! (22 ;)1 . (A.16)

Substituting b, ¢ and d from eq. (A.8) in eq. (A.11), one can determine A which turns out to

and, for P > 0, as

be proportional to (1m3/5/ A)%. With an appropriate choice of the values of the soft parameters,
A > 0 can be obtained leading to the real solutions for g;.
As an explicit example, consider

A, =A\=A, ay, =aj = A*/8. (A.17)
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This leads to A = 0 for which the roots can be estimated from eq. (A.14). Substituting
this choice of the soft parameters in eq. (A.8) and using eq. (A.14) and (A.9), we find the
real solutions ¢; as

Amg o Amg o
- _ d =g = ——1= Al
¢ oy d =g o (A.18)
Substitution of the above in p? expression eq. (A.6) leads to
A%m2 (X — 2k)? A?m2 (N — k)
3/2 3/2
pr=— / and p3=pi= BT (A.19)

AN2(N + 25)2 83

The first solution leads to an imaginary p while the second corresponds to real p if A > k.
Moreover, the solution corresponding to (g2, p2) is a global minimum.

In summary, for ay, = an,, the scalar potential given in eq. (A.1) can lead to the
following VEV configuration:

o) O

() = T, (R =W =S

b\ m3/2 y (AQO)
where C; and C, are dimensionless parameters determined by A, & and the soft parameters.
The non-trivial relation between the VEVs obtained in eq. (A.6) implies the following
correlation between C, and C;:

C? Kooay, Ay

For the specific choice of the soft terms used in eq. (A.17) and the resulting ¢2 in eq. (A.18),
the above becomes
C?

oz

K
-, A.22

. (4.22)
which is completely determined in terms of the ratio x/A. However, the desired value of C- and
C. can be obtained by the appropriate choice of ay, and Ay in general. Therefore, the VEVs
in eq. (A.20) are parametrized in a general way and considered for phenomenological analysis.

B Calculation of k,

We derive expressions for k, displayed in eqs. (2.20), (2.27) in this appendix following a
similar calculation carried out earlier in [34, 69] for a different framework. When the scalar
components of Neﬁ take VEVs, the bilinear terms in W are given by

W D —eo L' Hy — pu H| H, (B.1)
Here, €, = —)\a<Ne> and we consider a general case in which p contains both the contributions

such as shown in eq. (2.26). The scalar potential evaluated from the above is then given by
- ~ 2 - o
Vi = |ull] + el | + (|l + leal®) | Haf? + [nf*|H} |2 Hal?

1 ~ ~ ~ 2
+ 567+ g?) (1P — |l + L) (B.2)
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where the last term in the first line arises from the F-term of N;. Further, the relevant
soft terms can be written as

Vot = ms /o (Aaeaf/aﬁg + BMMFI{FIQ + C.C.)
+m3, (a3, [H{? + by, | Hol + af, |LL[2) | (B.3)
where we have defined
Bup = Bygpo — An77<NT> . (B.4)

In egs. (B.2), (B.3), the index « is summed over.
Rotating away the term proportional to €, form eq. (B.1) using the redefinitions:

pHY +eall, = pHy,  —eoH| + pLl, = plLa, (B.5)
one finds that Ve p and Vi get modified to

2
Vep = |ul® (|Hal? + | Hal?) + Inf? o

Hy— L,
7

1 . - - 2
+ 567+ ) (1P~ Bl + L),

Veott = m3 o ((Aa — BH)EaEaﬁQ + Buufflﬁg + C.C.)
~ ~ ~ € S
2, (ﬁh L2+ d, [l + a3, |Eal? - {:(ai,l @} ) HiLa+ c.c.}) .
(B.6)

In the new basis, the VEV of the electrically neutral components of the L, are denoted by
wq. It is related to the VEV W/, in the original basis by eq. (B.5). Using the defining relation,
wq = kq€q, and minimizing the potential f/p, D+ V'Soft, we obtain

mg/2

2
vt (al%h - a%a + ‘77|2m%2/2) + L (B, — A,) tan 8
ko >~ — )

(B.7)

M2
H aj, + %me cos 23
3/2

Neglecting the contributions of O(v?/m3 /2), the above can be further simplified to

2 2
— B, — A.
ko =~ o (aHl aL“) + A ( £ ) tan 3. (B.8)

2
2 ar,. mg/2 ar,.

The first term in k, is suppressed for the universal soft masses. Depending on the presence
or absence of bare pg in the model, the nature of the second term in k, can be decided.

For example, when 1o = By, = 0, using eq. (B.4) and the fact that p = —n(N;), eq. (B.8)

can be reduced to

2 2

— A, — Ay

ko =~ o (aHl 5 aL”‘) 4 < L ) tan (3. (B.9)
H ar. ms/2 ar,,

Both terms in k, can then be suppressed for the universal soft terms.
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