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ABSTRACT: We discuss neutrino masses and mixing in the framework of a supersymmetric
model with an U(1)r symmetry, consisting of a single right handed neutrino superfield
with an appropriate R charge. The lepton number (L) of the standard model fermions are
identified with the negative of their R-charges. As a result, a subset of leptonic R-parity
violating operators can be present and are consistent with the U(1) g symmetry. This model
can produce one light Dirac neutrino mass at the tree level without the need of introducing
a very small neutrino Yukawa coupling. We analyze the scalar sector of this model in detail
paying special attention to the mass of the lightest Higgs boson. One of the sneutrinos might
acquire a substantial vacuum expectation value leading to interesting phenomenological
consequences. Different sum rules involving the physical scalar masses are obtained and we
show that the lightest Higgs boson mass receives a contribution proportional to the square
of the neutrino Yukawa coupling f. This allows for a 125 GeV Higgs boson at the tree
level for f ~ O(1) and still having a small tree level mass for the active neutrino. In order
to fit the experimental results involving neutrino masses and mixing angles we introduce
a small breaking of U(1)z symmetry, in the context of anomaly mediated supersymmetry
breaking. In the presence of this small R-symmetry breaking, light neutrino masses receive
contributions at the one-loop level involving the R-parity violating interactions. We also
identify the right handed neutrino as a warm dark matter candidate in our model. In the
case of R-symmetry breaking, the large f case is characterized by a few hundred MeV
lightest neutralino as an unstable lightest supersymmetric particle (LSP) and we briefly
discuss the cosmological implications of such a scenario.

KEYWORDS: Supersymmetry Phenomenology

ARX1v EPRINT: 1309.6538

OPEN AcCESs, (© The Authors.

Article funded by SCOAP®. doi:10.1007/JHEP01(2014)101


mailto:tpsc3@iacs.res.in
mailto:tpsr@iacs.res.in
http://arxiv.org/abs/1309.6538
http://dx.doi.org/10.1007/JHEP01(2014)101

Contents
1 Introduction

2 U(1)r model with a right handed neutrino
2.1 Soft supersymmetry breaking interactions

3 The scalar sector
3.1 Symmetry breaking and minimization conditions
3.2 CP-even neutral scalar sector
3.3 CP-odd neutral scalar sector
3.4 Charged scalar sector
3.5  Sum rules

4 Neutrino sector in R-symmetric case
4.1 Dirac mass of the neutrino

5 R-symmetry breaking
5.1 Neutralino-neutrino mass matrix in R-breaking scenario
51.1 Case — 1
5.1.2 Case — 2

6 eV scale sterile neutrino
6.1 Pseudo-Dirac case
6.2 Majorana case

7 Right handed neutrino as a keV warm dark matter

8 One loop effects to generate neutrino mass
8.1 Charged lepton-slepton loop
8.2 Squark-quark loop
8.3 Neutralino-Higgs boson loop

9 Numerical analysis
9.1 Neutrino masses and mixing: inverted hierarchy

9.2 Neutrino masses and mixing: normal hierarchy
10 Case with large neutrino Yukawa coupling

11 Conclusions and outlook

10
11
12
13
14

16
16

18
19
19
20

21
21
23

23

25
25
26
27

28
35
37

37

40




1 Introduction

The observation of a new neutral boson, widely believed to be the first elementary scalar
boson of nature, by the CMS and ATLAS experimental collaborations at the CERN LHC
is perhaps the most important discovery in high energy physics in recent times [1, 2]. The
mass of this particle is measured to be ~ 125 GeV. Obviously, more data and analysis can
confirm whether this is the Higgs boson of the standard model (SM) or not. On the other
hand, supersymmetric particle searches by ATLAS and CMS for pp collision at center-of-
mass energy, /s = 7 and 8 TeV, has observed no significant excess over the expected SM
background. This has set stringent limits on the superparticle masses (particularly on the
masses of squarks and gluinos) for a number of supersymmetric models/scenarios [3, 4].

At the same time, we have very strong experimental evidences in favor of neutrino
oscillation [5-7]. These results have firmly established the existence of massive neutrinos
and non-trivial mixing pattern in the neutrino sector (including the recent discovery [8, 9]
of a small but non-zero mixing angle 613). Non-vanishing neutrino masses and mixing
are very important indications of new physics. Naturally, the neutrino sector is a testing
ground for various models going beyond the SM.

There is also compelling evidence for the existence of dark matter (DM) and cosmo-
logical observations have measured the relic density of DM with a high degree of preci-
sion [10, 11]. Nevertheless, the identity of the DM remains unknown to date and the
potential candidates are, for example, the lightest neutralino in an R-parity conserving su-
persymmetric theory, the gravitino, the axino, the axion and the keV sterile neutrino [12].

On the theoretical side, supersymmetry (SUSY) is a very popular choice for new
physics. The minimal supersymmetric standard model (MSSM) with R-parity violation
(RPV) is an intrinsically supersymmetric way of generating observed neutrino masses and
mixing pattern. There are extensive studies involving MSSM with R-parity violation on
neutrino masses and mixing, under various assumptions, both at the tree and the loop
level [13].

It is, therefore, tempting to see whether there exist supersymmetric models which
can naturally explain the observed mass of the new scalar boson at ~ 125 GeV, relax the
strong constraints on SUSY particle masses coming from the LHC, provide a suitable dark
matter candidate and at the same time produce neutrino masses and mixing consistent
with current data. In this direction a class of very interesting models are those with a
global continuous U(1)z symmetry [14-18]. Models with R-symmetry have Dirac gauginos
instead of Majorana gauginos and the bounds on the first two generation squarks are
somewhat relaxed compared to MSSM because of the presence of a Dirac gluino [19-32].
Flavor and CP violating constraints are also suppressed in this class of models [33].

Let us mention at this stage that extensive studies have been performed with Dirac
gaugino masses in the R-symmetric limit. In order to have a Dirac gaugino mass [29],
one needs to incorporate a singlet superfield S in the adjoint representation of U(1)y,
an SU(2), triplet superfield T' (with zero hypercharge), and an SU(3)¢ octet superfield
O. The Dirac gaugino masses have also been motivated from “supersoft” supersymmetry
breaking [34]. Another notable feature of these models are, the absence of trilinear scalar



interactions (A terms) and also the p term, when the R-symmetry is preserved. However
one can reintroduce these terms by considering the breaking of R-symmetry [35].

Recently, there have been very interesting proposals where the U(1)r symmetry was
identified with the lepton number [14-18]. A classification of phenomenologically interest-
ing R-symmetric models has been performed in ref. [16] showing that leptonic or baryonic
RPYV operators are allowed by such R-symmetries. The role of the down type Higgs is played
by the sneutrino in these models, which can acquire a significant vacuum expectation value
(vev) and a light Higgs boson with a mass of ~ 125GeV can be produced [14-16, 18]. If
lepton number is identified with the U(1)z symmetry then even in the presence of leptonic
RPYV operators one cannot generate neutrino Majorana masses violating lepton number by
two units (AL = 2). One way to avoid such a problem is to introduce light Dirac neutrino
masses involving gauge singlet neutrino superfields with appropriate R-charges.

In this work we take a very interesting and minimalistic approach and introduce only
a single right handed neutrino superfield in the model. We shall discuss in detail at a
later stage that this model can produce one very light Dirac neutrino! at the tree level
with an Yukawa coupling as large as ~ 10~* and in some cases even with an Yukawa
coupling of O(1). In the presence of only a single right-handed neutrino the low energy
spectrum includes two massless neutrinos and one must think of some other mechanism to
generate non-zero mass to at least one of these massless neutrinos. This can be achieved by
introducing a small breaking of U(1) symmetry. We know that a non-zero gravitino mass
m3 /o implies breaking of U(1)g symmetry. In this work we shall consider a small gravitino
mass mz/y S 10GeV in the context of anomaly mediated supersymmetry breaking. This
ensures that the effects of U(1)r symmetry breaking are also not very large. In fact, the
small breaking of R-symmetry generates small Majorana masses for the gauginos as well as
trilinear scalar interactions or the A-terms [15]. We shall show in our subsequent analysis
that these small R-breaking parameters will induce non-zero Majorana mass terms for the
neutrinos at the tree level as well as at the one-loop level. Moreover, gravitino mass in
this ballpark is also consistent with primordial nucleosynthesis, thermal leptogenesis and
gravitino as a cold dark matter candidate [36].

Our analysis shows that in the case of a large neutrino Yukawa coupling f, an additional
tree level contribution to the lightest CP-even Higgs boson mass can be obtained, which
can be significant for a value of f ~ O(1). Note that even with such a large value of f
one can have a small active neutrino mass at the tree level. In the presence of this large f
the lightest neutralino with a large bino component and having a mass of a few hundred
MeV becomes the LSP. The long-lived gravitino (with a mass mg /2 ~10 GeV) is the next-
to-lightest supersymmetric particle (NLSP) and in order to be cosmologically consistent
this requires a reheating temperature T < 10° GeV.

One important thing to note is that in this model we can have a sterile neutrino with
mass of the order of a few keV. This can be identified as a warm dark matter candidate [37]
with appropriate relic density. We have checked that the active sterile mixing is small and

LAlthough the generic feature of this model would be to have a relatively heavy Dirac neutrino, by
appropriate tuning of some parameters one can have a Dirac neutrino mass less than 0.1eV or so.



consistent with the experimental observations of satellite based X-ray telescopes. Thus we
are able to have a situation, where appropriate values of light neutrino masses and mixing
angles are achieved along with a warm dark matter candidate in the form of sterile neutrino.

The plan of the paper is as follows. First in section 2, we give an introduction to the
U(1)r symmetric model with one right handed neutrino superfield. Section 3 describes
the scalar sector of this model along with the electroweak symmetry breaking conditions.
The generation of a ~ 125 GeV Higgs boson mass through one loop radiative corrections is
discussed in some detail. The neutrino sector in R-symmetric case is discussed in section
4. We introduce R-symmetry breaking in section 5 in the framework of anomaly medi-
ated supersymmetry breaking. Neutrino masses at the tree level are discussed in detail
accompanied by necessary analytical results. In section 6 we consider the possibility of
having a eV scale sterile neutrino in this model and discuss its incompatibility to explain
the LSND [38-40] anomaly. Next we present our discussion of a keV scale sterile neutrino
as a warm dark matter candidate in section 7. Section 8 describes the contribution to neu-
trino mass matrix at the one-loop level in the R-symmetry breaking scenario. We present
a comprehensive discussion on the results of our numerical analysis of neutrino masses and
mixing and keV dark matter in section 9, along with the constraints on RPV couplings as a
function of the gravitino mass. The case of large neutrino Yukawa coupling and its relation
to the tree level Higgs boson mass is discussed in section 10. We conclude in section 11
along with future outlook.

2 U(1)r model with a right handed neutrino

We consider a minimal extension of the model, introduced in [16], with the standard MSSM
superfields ﬁu, Ifld, Qi, ﬁf, ﬁf, f/i, Ef (i =1, 2, 3), along with one right handed neutrino
superfield N¢. In addition to this, vector like SU(2)r, doublet superfields R, and Ry,
with opposite hypercharge (Y = 1, —1 respectively) are considered. These doublets, with
appropriate R charge assignments, were originally introduced in order to have an anomaly
free framework [33] and they are inert in nature. The reason for this inertness is, if R,
and Ry acquires a vev, the R-symmetry will be broken spontaneously, which we would
like to avoid. Again, as mentioned earlier, the bino and wino do not possess Majorana
masses in the R-symmetry preserving scenario. However, they can acquire Dirac masses
and for that one has to consider superfields in the adjoint representation of the standard
model gauge group. These superfields are, a singlet S, a triplet 7', under SU(2)y, (with
zero hypercharge), and an octet O, under SU(3).. For example, by pairing the singlet S,
with the bino, one obtains a Dirac bino mass term and so on.

As discussed in ref. [15, 16], we identify the R-symmetry with lepton number symmetry
in such a way that the lepton numbers of the SM fermions are identified with the negative
of their R-charges whereas the superpartners of the SM fermions carry lepton numbers
same as their R-charges. Below we make a table of different superfields in this model with
their appropriate R-charges.



Table 1. U(1)p charge assignments to the superfields.

The superpotential in the R-preserving case becomes,
W =yt H,QiUS + puHyRq + fiLi H,N° + A\sSH, Ry + 2\ H, TRy — MpN°S
tpaluHa + NsSRuHy + N Li L B + X LiQ; Df, + 2XNp R, T Hy
—l—yininDj + yindLiE]C- + )\NNCHqu. (2.1)

Here the triplet 7' under SU(2)y, is parametrised as [41, 42],

= Y 7,

a=1,2,3
Vor. -1y )’
where 7(@) = T, 2" 5, 0%’s are the Pauli matrices and we denote T3 = Ty, T} = %(Tl —1iTy)

and T =

renormalizable interactions in the Lagrangian includes other terms such as

ﬁ(Tl + iT5). Note that the most general superpotential contributing to the

W' = kN°SS +nNe. (2.3)

However, in this work for simplicity we will keep x and 1 to be equal to zero. It is also
important to note that a term of the type ,u"j:]%uﬁz can, in principle, be added to the
superpotential Nevertheless, one can rotate away this term using a redefinition of the
superﬁelds L; and H, such that only a linear combination of these superfields couples to
R, in the superpotential, which we identify as the new H,. One must remember that the
above superpotential (eq. (2.1)) is written in this rotated basis.

2.1 Soft supersymmetry breaking interactions

The R-symmetric model discussed above must contain supersymmetry breaking in order
to make a realistic phenomenological model. In order to do this we have to imagine
that supersymmetry breaking is not associated with R-symmetry breaking in the global
supersymmetry case. This can be achieved by including both D-term supersymmetry
breaking as well as F-term supersymmetry breaking [16, 43]. Introducing the spurion
superfields W/, = A, + 0,D’, the Dirac gaugino mass terms appear in the Lagrangian as

w! N . .
,CgD;f%?no = dQHTa |:\/§K,1 WiaS + 2\/5/&2 tr(WgaT) + 2\/5/63 tI‘(WgaO)} + h.c. (24)

The terms written in eq. (2.4) preserve a U(1)gr symmetry under which the W;, and W/,
have R-charge 1. Accordingly, R[\io] = R[A\,] = 1 and R[D'] = 0.



The integration over the Grassmann coordinates generates the Dirac gaugino mass
terms as

Lpree o =—MPMS — MP Xy T; — M3’ A3004 + . . ., (2.5)

where M jD = k;D’/A are the Dirac gaugino masses with j = 1, 2,3 corresponding to the
U(1)y, SU(2)1, and SU(3)¢c gauge groups respectively. Here A is the scale at which SUSY
breaking is mediated and S , T, and O are the chiral superfields in the adjoint representation
of the gauge groups as mentioned earlier, with

S=8+v205+...,
T=T+V20T + ...,
O=0+V200+... (2.6)

The U(1)g conserving soft supersymmetry breaking terms in the scalar sector are
generated by the spurion superfield X defined as X = = 4+ 02Fx, (with (z) = 0, (Fx) # 0,

R[X] = 2), and can be written as
Vot = quuH:fLHu + m%uRLRu + qudH;Hd + m%dRLRd + m%iij.fzi + m%ﬁﬁl}gi
+MZNNC + m%S8TS + 2mitr(TTT) + 2m3tr(0OT0) + (BuH,Hy + h.c.)
R 1
—(bpy HyL; + h.c.) + (tsS +h.c.) + 555(52 +h.c.) + bp(tr(TT) + h.c.)

+Bo(tr(00) + h.c.). (2.7)

We neglect the U(1) g symmetric scalar trilinear terms in the expression in eq. (2.7) because
they are assumed to be suppressed by the factor mgysy /A where mgysy ~ 1TeV and A is
typically much larger than mgygy [16]. It has been argued in ref. [44] that the dangerous tg
parameter in scenarios with Dirac gaugino masses are suppressed and that is what we shall
consider in the present work, so that this term does not introduce quadratic divergence
leading to phenomenological disaster. Note that the tadpole term (¢ NCN ¢+h.c.) is absent
from the scalar potential because of R-symmetry.

The presence of the bilinear term buiLHuf/ in the scalar potential can, in general, lead
to non-zero vevs? (v;, i = 1,2,3) for all the three left-handed sneutrinos. However, we can
still rotate to a basis in which only one of the left-handed sneutrinos acquires a non-zero
vev. The rotation can be defined as [13]

o Vi ~ ~
L; = —Ly+ epLy, (2.8)

Vq

where L, is the combination of the L; superfields whose neutral scalar component gets a
non-zero vev v,, a = 1(e) whereas the other sneutrino fields corresponding to Ly, b =

2In this model sneutrino vevs do not violate lepton number and hence they are not constrained from the
consideration of small Majorana neutrino masses of active neutrinos.



2, 3(u, 7) do not acquire any vacuum expectation value, that is to say v, = 0 for b =

2, 3(p, 7). Here v, = />, v? and the superfield Ly is defined as

= Ula Z’UZIA;Z (29)

The vectors {e;2} and {e;3} are orthogonal to each other and normalized to unity. In
addition, they are also orthogonal to the vector {v;}.

In this basis the term fzﬁlﬁuNc in the superpotential transforms into f;—giaﬁmc +
fieibﬁbI:IMN ¢. Using the freedom to choose f; such that f;e;; = 0, the modified neutrino
Yukawa coupling term in the superpotential looks like fﬁaI:IuN ¢, where f = f;—:l Therefore,
in this rotated basis the right handed neutrino superfield Ne¢ couples only with f)a, a =
1(e) with a coupling strength f. Note that in this single sneutrino vev basis the soft
supersymmetry breaking bilinear term in the scalar potential involving the doublet slepton
field and the H, field appears as eijbu“LHfofg + h.c. [a = 1(e)], where {i, j} are SU(2)
indices with €2 = —¢?! = 1. The model can be made even more minimal by integrating
out the fields R, and Hy, as discussed in [16]. This is the situation when the left-handed
sneutrino vev (77) is much greater? than the down-type Higgs vev (H?) and can be achieved
with u?l > m% where g4 is the coefficient of the bilinear term ,udl%uﬁd in the superpotential
and m% is the soft mass squared of the left-handed sleptons. In such a case the masses
of the charged lepton and down type quarks arise because of the non-zero vev of the left-
handed sneutrino.

Furthermore, the trilinear RPV interactions in the superpotential looks like

%)‘zjkﬁiﬁjﬁf + Ny LiQiDg = S S
b=2,3
1 F T T I T A D
+5 (emejeijn) Ly Le B + > enXijLoQ D5 (2.10)
b=2,3

)‘z]kL LbEk + )‘zﬂc GQ]Dk:

a

From eq. (2.10) we can identify the Yukawa couplings and the trilinear R-parity violating
couplings in the single sneutrino vev basis as,

Vi€ip v;
fop = Z %}J Nijks 4 = Z “ Nk (2.11)
. a
ij
Abek = Z €ibCicNijks bik = Z eibNijk- (2.12)
ij i
In the basis where the charged lepton (ﬁb, b= 2,3) and down type Yukawa couplings are
diagonal, the above superpotential given in eq. (2.10) can be re-written as

W = S BB+ Y fLQLDf

b=2,3 k=1,2,3
1o o o 4
+ ) s LHLL B + > ML D (2.13)
k=1,2,3 7,k=1,2,3;b=2,3

3The constraints on the sneutrino vev can be obtained from the precision electroweak measurements of
the vector and axial-vector coupling of the Z boson to charged leptons as well as from the measurements
of tau lepton Yukawa coupling [14, 16].



Here the prime on the lepton (I:g), b = 2,3) and quark superfields denotes that they are
in the mass-eigenstate basis* and A\, X are the trilinear R-parity violating couplings in
that basis. In our subsequent analysis we shall work in this mass eigenstate basis and
remove the prime from the fields along with A, X = X\, N. Remember that we are also
working in a basis where only one left-handed sneutrino (corresponding to flavor a) gets a
vev. To reiterate, we observe that these trilinear RPV operators are consistent with the
R-symmetric superpotential. Nevertheless, this superpotential conserves lepton number
because of the identification of lepton number with R-charges and hence the lepton number
violating processes do not constrain these trilinear couplings. The flavor structures of these
trilinear R-parity violating couplings in this model will have important implications in the
context of neutrino masses and other phenomenology as we shall discuss later.

In view of the above discussion it is easy to see that the superpotential and the soft
SUSY breaking scalar potential include the following terms

W =y Hu QiU+ Hy Ry+ f Lo Hy N+ Xg S Hy Rg+ 2\ H, T Rg— MpN S+ W28 | (2.14)
and

Viote = miy, H Hy +m% RiRa+m? LiLa+ Y m? LiLy+ MZNTN®
b=2,3

+m?, T lpi + +m3 88 + 2m3tx(TIT) + 2m3(010) — (bpp HuLa + bic.)

+(tsS +h.c.) + %bs(s2 +h.c.) + bp(tr(TT) + h.c.) + Bo(tr(OO) + h.c.) (2.15)

With the above superpotential and the soft SUSY breaking scalar potential, in the
R-symmetry conserving scenario, we would now like to analyze the scalar sector of this
model consisting of the CP-even neutral scalars, CP odd neutral scalars and the charged
scalars in detail. Here we assume that no CP violating phases exist in the scalar potential.
3 The scalar sector
The scalar potential comprises of four different terms.

V= VF + VD + Vvsoft + Vz)nefloop7 (31)

where Vg is the F'-term contribution to the scalar potential, Vp is the D-term contribution,
Viott is the soft supersymmetry breaking part and Vipe—100p is the one-loop contribution to

4Note, however, that the mass of the lepton of flavor a cannot be generated from the trilinear R-parity
violating operators and one must invoke R-symmetry preserving supersymmetry breaking operators to
generate a small mass.



the scalar potential. The relevant part of the F-term contribution is,

= (st + AsS + A\ To)RY — for N+ V2ArTy Ry |2
| (ptw + AsS + A To)HS — V2ArT-Hf | + [A\sHORY + MpN°® — \sH,f R; |?
A (H)R) + H R + | FHINP + | fHY NP + | f(op HY, — I HT) — MRSP?
| (ptu + AsS — A\rTo)Hf — V2 Ap HOT | + |[V2\r HF RYJ
HIV2APHORT P 4 | (1 + AsS — ArTo) Ry — fI; N© + vV2ArT-RY[? (3.2)

and the D-term contribution is given by
1 > DD+ Lpy Dy (3.3)
24 2 ' ’

where
D® = g(Hi7"H, + Li7°L; + TTAT) + V2(MPT® + MPT). (3.4)

The 7*’s are the SU(2) generators in the fundamental representation, whereas \%’s are
the three generators of the SU(2) group in adjoint representation. Again, the Dy is com-
puted as,

/
Dy = %(H;Hu — L7 L) + V2MP (S + ST). (3:5)

Here g and ¢’ are SU(2), and U(1)y gauge couplings respectively.
Therefore using eq. (3.4) and eq. (3.5), we expand eq. (3.3) and obtain the contribution
to the scalar potential from D-terms as

g/2 ~ -
Vp = f(|H+|2 + [HP = |17 = |17 )7+ (MP)*(S + ST + (M) (Th + T§)*

g\f -
SEMP(S+ SYH(HS P + [HYP? — |70 — I %)

g _ -
§(|H+| — [HG? + |57 = |I7 [? + 2| T |* = 2|T-*)?
g9’ 0 *~0 (M3)? 2
+§((H VHS + (I7) 5 + V2(T- — Ty)Ty +hc)? — ((Ty —T-) —h.c.)
9 0\* 77+ =0 * * 2 (MzD)2 2
—g ()" H] + (7)) 9 + V2T (T + T7) — hee.) + (T + 1) + hee)
M ~
+I22 (1 + T) + hee) (H ) HO + (I7)5° + V2(T- — T)Ty + hec.)
gMzD 0\* 77+ T #~0 * %
= (T4 =T-) = hee)((Hy) Hy + 17)"7 + V2To(T +T7) = hee.)
2gMP -
+fg22(To +hee)([HE [P = [Ho? + |51 = 1712+ 2| T | = 2|T-?). (3.6)



The Soft supersymmetry breaking part of the scalar potential is given by eq. (2.15) and
the dominant radiative corrections to the quartic potential are of the form A, (|H,|*)?,
200, (|7a|?)?, and $0A3|HY|?|7,|?. The coefficients of these quartic terms are [45]

3y} mg mt 5/\4 mi Xg mg
Sy = In (ot S (s
1672 ( ) T M2 ) T M
1 /\2 /\2 , m2
‘g () 2} {m () 1)) 0o
3% blmbg 5AT mi Xg mg
, = In (1 In (5
T < T M\ ) Tiee 2

1 )\2)\2 9 m%
T (m { ( >_1}_m5{1n <2> _1}>, (3.8)
and finally,

54 m2 1 m2
o3 = —L In(—L AbIn [ —2
3= 3oz M) g s Asin|

1 AZN2 m? m?
+327r2m25_f:ng<m%{ In (Q}g) — 1} —~ mg{ In <v§> - 1}) (3.9)
T S

These contributions to the Higgs quartic couplings can be very important for the lightest

CP-even Higgs boson to have a mass ~ 125 GeV for large stop masses and/or large values
of the couplings Ar and Ag.

3.1 Symmetry breaking and minimization conditions

In minimizing the scalar potential we assume that the neutral scalar fields H?, 7, (a = 1(e)),
S and T acquire real vacuum expectation values vy, vq, vs and vy, respectively. The scalar
fields Ry and N¢ carry R-charge 2 and they decouple from the scalar fields mentioned
above carrying R-charge 0. In order to write down the minimization conditions, first we
split the fields in terms of their real and imaginary parts: H? = hg + ih;, 7 = UE + iy,
S =Sr+1Sr and T = Tr + ¢I7. The resulting minimization equations with respect to hpg,
Ur, Tr, and Sk fields, are

(m3;, + p2) + (buf — fMpos)(tan 8) ™" + A5vg + MoF + 2u,\svs

2L ATV 4 2Ag A rvgur + 0% cos? B + \/i(g/Mles — gMZDvT)
(9" +9” +46N)

20\, + O

+%U2 cos? 3 — 1 2cos28 =0,

(3.10)
24 g% —6X3+ 200,
m% +(b/fi—fMRvS)tan,B-i-f%QsinQﬂ—i-g +9 1 3+ v?cos23
0A3 + 20\,

+<34>v2 + \/i(gMQDvT — g'MlDqu) =0,

(3.11)

,10,



2 2
m%R+uu)\TZ—Tsin2B+)\S)\TZ—Sv2 sin? B+ A2 sin2ﬁ+%MZDU—cos 28 = 0,

T V2 T ur
(3.12)

vs(m%R + )\%v2 sin? B) + <,uu)\5v2 sin? 8 + AgApurv? sin? B + tg

g fMRv2sin25> 0

2M1Dv2 cos 23 —

NG 2

(3.13)

where we identify m%R = mi+br+4(MP)?, m%R = m%+bs+4(MP)?+ M3, tan 8 = vy, /v,
and v? = v} + v3. The W- and the Z-boson masses can be written as

1
)

1
m3 = 5921}2/ cos” Oy (3.14)
The tree level p-parameter comes out to be

2 2

miy 4o,
—— =1+ —. 3.15
m?, cos? Oy * v2 (3.15)

p

Electroweak precision measurements of the p-parameter constrain the triplet vev vr to be
< 3GeV [46] and can be taken to be zero in the first approximation.

3.2 CP-even neutral scalar sector

With the help of these minimization equations, it is straightforward to write down the
neutral CP even scalar squared-mass matrix in the basis (hg, Vg, Sr,Tr). The CP even
scalar squared-mass matrix, thus, would be a symmetric 4 x 4 matrix. Note that we are
working in the R-symmetry conserving case.

The elements of the 4 x 4 CP-even scalar squared-mass matrix M g are given by

2 (> +9") 5. 5 a ~1 2 2
(M§)11 = —————v*sin” f + (fMprvs — bug )(tan 5) " + 25\, 0" sin” 3,

2
2 2 _
(Mg)lz = f2v2 sin 28 + bu$ — (9°+g . 263)

(M§)13 = 2)\%1151) sin 842y Agv sin 42 g Apvvp sin ﬁ+\/§g'M1Dv sin 85— fMpgv cos 3,

v?sin 23 — fMgug,

(M§)14 = 2)\2TvTv sin 8 4 2uy Apvsin 8+ 2AgApvgvsin § — \/EgMzDv sin 3,

2 (> +9%) 5 a 2 .2
(M3)a2 = Ty v cos B+ (fMprvs — bu%) tan 8 + 20\, v° cos® j3,

(M§)23 = —\/ﬁg’Mle cos B — fMpuvsin 3,
(M§)24 = \[QQMQDU cos f3,

v?sin? B AgApupv?sin? B tg n g MPv? cos 23 n FMpv?sin 23
Vg vg vs \/ivs 2vg ’

(M3)33 = —pu)s
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(Mgv)34 = /\g}\T’U2 sin2 ,3,

v? v? gMP 2
M2y = —pu Ay — sin? B — AgApvg— sin? f — Z—2- — cos 213. 3.16
(MG)4a prudr o sin B —As v —sin B 73 or cos 2f3 (3.16)

Since we want to have the lightest CP-even Higgs boson to be doublet-like and with a mass
around 125 GeV, we would require a small vev vg of the singlet S as well as large radiative
corrections to the Higgs boson mass. Because of the choices of R-charges of various fields
in this model, one cannot get tree level contributions to the lightest Higgs boson mass
proportional to A% and A% as obtained in [35, 45]. However, there can be an additional
contribution to the lightest Higgs boson mass at the tree level proportional to the square
of the neutrino Yukawa coupling f and that can be significant when f is O(1). We shall
discuss more on this scenario at a later stage. Note also that the smallness of vg and v
can be easily obtained by keeping the corresponding soft supersymmetry breaking mass
terms mg and mg somewhat larger (2 a TeV).

3.3 CP-odd neutral scalar sector

In the basis (hy, 7y, St,T7) the elements of the tree-level neutral CP-odd symmetric scalar
squared-mass matrix MI% are

11 = (fMpvs — bug)(tan B)

12 = —bug + fMpus,

13 = —fMpvcos f,

14 =0,

22 = (fMpuvs — bu7)tan 3,
23 = —fMpvsin 3,

24 = 0,

33 = A3 sm26+m5 — 2bg — 4(MP)?,
34 = AgArv?sin® B,

)
)
)
)
)
)
)
)33
)
Jaa = Mw?sin? B + mTR — 2bp — 4(MPH2. (3.17)

The eigenvalues of the CP-odd scalar squared-mass matrix consists of a massless Goldstone

boson and three physical CP-odd Higgs bosons. Out of these three physical Higgs bosons,

one is essentially the linear combination of hy and Uy whereas the other two eigenstates are

composed mainly of S7 and 77, the imaginary parts of the singlet .S and the triplet 7.
One can perform the following rotation to separate out the Goldstone mode

G —sinfBcosf 0 0 hr

A _ | cos G sing 0 0 Uy (3.18)
ST 0 0 1 0 Srl’ ’

17 0 0 0 1 Tr

where tan 8 = v, /v,. The 4 X 4 squared-mass matrix then reduces to a 3 x 3 matrix
structure from which one can find out the physical CP-odd Higgs bosons.
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3.4 Charged scalar sector
In this U(1)r symmetric case the elements of the tree-level charged scalar squared-mass
matrix in the basis (H;, L7*, T, (T~)*) are given by (a = 1(e))
1
Mljtl2 = 2\/§gM2DvT — dvgurAg AT — dvp A, — f20? cos? B + 5921)2 cos? 3
+(=buf + fMRrvs) cot 3,

1 1
M5t = —buf + fMpos — §f2U2 sin 23 + Zg%z sin 213,

2 .
. vuT sin .
Mljg2 = gM2Dv sin 3 — gT\/ﬁﬁ — \/iv)\T(Mu + vsAs — vpAr) sin S,
2 .
. VU7 sin '
Mff = gMQDU sin 3 + “\/56 — \/§'U>\T(Mu + vsAs + vpAp) sin 3,
1 .
M2j§2 = —2\/§gM2DvT — f2v2 sin? 6+ 59202 sin? B+ (=buf + fMpgvg)tan j3,
2
ME2 — gMPycos g S 00T 08
93 = gM; B 5
ME2 P 8+ g*vvur cos 3
= v COS -
24 givig NG

gMPv2cos2B v vghgArsin? 3

V2vur vr

1
M?? = —br — 2(M2D)2 + 921)% + 5921)2 cos 23 —

+02)2 sin? B — w7
v
Mz = by +2(M7)? — g7,
gMPv? cos 23 B v2ugAg Ay sin? 3

V2vr r

1
Mjg® = —br = 2(My’)* + g*v} — S g%v* cos 28 —

v? AT [y sin? 15}

—v2\2sin? § — (3.19)

vr

In the limit where the vev of the neutral component of the triplet is very small, the triplet
essentially decouples from the doublet fields. Considering that, the Goldstone mode can
be written as [25, 41],

Gt = (—sinBH, +cos BL,* + aT™ + b(T7)*), (3.20)

where a and b represents small admixtures of the triplet fields with the doublet Higgs-
sneutrino block. In order to evaluate the coefficients a and b, we note that the charged
scalar squared-mass matrix follows the eigenvalue equation,

—Mlil2 sin 8 + Mf;z cos 3 + Mf?a + Mljfb =0,
— M5 sin B+ M2 cos B+ ME2a + M2 = 0. (3.21)
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Solving for a and b in terms of the charged scalar squared-mass matrix elements, we find

V2vur
v

a=b= and finally the expression for the Goldstone mode becomes

1 ~
Gt = — < —sin BH,| + cos BL,* + (3.22)

2 2
\[vTT+ + \[UT (T_)* 7
VP v v

2
where p is the appropriate normalization factor and given by p =1+ 4:—}. The Goldstone
boson GV gives a mass to WT and G~ = (GT)* gives a mass to W~. The other states

orthogonal to G are

1 ~ 2 2
Ht = \/ﬁ<cosﬁH:{ +sin L, " + \CJUTT+ — \[UUT(T_)*)
1 (V2vr V2vp -, . %
TS = \/ﬁ(vHJ— ; L;* 4+ sin BT +cos B(T7)* ),

(Tp)" = \jﬁ (J%}THJ + \/iva/;* —cos BTT + sinﬂ(T‘)*). (3.23)

Once again we can separate out the Goldstone mode and write down the resulting 3 x 3

symmetric charged scalar squared-mass matrix in the basis of these orthogonal states (and
their charge conjugates) to find out the physical charged scalar states.

3.5 Sum rules

We will conclude the discussion on scalar sector by presenting various sum rules for this
model. Let us look at the CP-even neutral scalar squared-mass matrix once again and
assume that the singlet and triplet vevs are very small. In such a situation these two fields
are effectively decoupled from the theory and as a result the scalar squared-mass matrix
becomes, a 2 x 2 matrix. Under these assumptions, we can write down the elements of the
neutral CP-even squared-mass matrix (for the MSSM case see [47]) in a compact form as
(see eq. (3.16)),

M2 = M%sin? 8 + Ecot 3,

1
Mfy = —¢+ 5]\/—@(04 —1)sin28 = M3,

N
Il

Etan B+ M3 cos® B3, (3.24)

where we have defined a = 2{;;’2 and { = fMpgrvs — bug. Note that we have kept small
Z

terms proportional to vg in this (2x2) light CP-even squared-mass matrix. The eigenvalues

of this matrix represent the square of the masses of the two physical doublet-like Higgs
bosons (remember that in this model the sneutrino of flavor a plays the role of the down
type Higgs) and they are given by

A== [(MZ+¢) £A4], (3.25)

DO |
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where ¢ = si121£2,8 and

D=

A= [(M% —¢)?cos? 28 + (M2(1 — a) + ¢)? sin® 25] . (3.26)

Similarly, in the decoupling limit of the singlet and triplet fields, the CP odd scalar mass
matrix has two eigenvalues. One of which corresponds to the massless Goldstone boson,
whereas the other eigenvalue being

2(—[),11,% -+ fMR’US>

a2
“oh = M3. (3.27)

¢ =

The upper bound on the squared-mass of the lightest CP-even Higgs boson (A_ = m%)
will depend on the value of A. With the help of the inequality [41]

1
[a2 cos® 283 + b? sin? 26]% > [a cos? 23 + bsin® 26] (3.28)

we can write down the tree level upper bound on the lightest CP-even Higgs boson mass
depending on whether o < 1 or a > 1. However, as long as the quantity ¢ = M3 > Mz,
we find that the tree level upper bound on the lightest CP-even Higgs boson mass is

mi < [M% cos® 283 + f?v?sin? 28], (3.29)

irrespective of whether a < 1 or v > 1.

It is very interesting to note that the neutrino Yukawa coupling f provides a tree level
correction to the lightest Higgs boson mass. We shall discuss later that in our model f
can be as large as O(1) and in that case this large f would certainly provide a significant
correction to the tree level mass of the lightest Higgs boson, requiring very small radiative
corrections via the triplet and the singlet as well as from the stop loop.

In a similar way we can obtain a lower bound on the heavy Higgs boson mass irrespec-
tive of o for ¢ = Mi > M% and is given by

mi; > [Mzsin® 28 + M3 — f*v?sin? 28] . (3.30)

Finally we also obtain a relation between the trace of the CP-even scalar squared-mass
matrix and the trace of the CP-odd scalar squared-mass matrix, which differs from that of
the MSSM

Tr(MZ) = Tr(Mp) + Mz + 2(bs + by) + 4 [(MP)* + (M7)?] . (3.31)

Looking at the charged Higgs boson squared-mass matrix in the limit of very heavy
triplet, we can see that the charged Higgs boson mass (my+) can be written in terms of
the CP-odd scalar mass (M4) and the W boson mass as

mi. = M3+ M3, — f20? — dvpAr(py + Asvs). (3.32)

Let us also emphasize that we have checked that all the eigenvalues of the CP-even,
CP-odd and charged scalar squared-mass matrices (leaving aside the Goldstone bosons)
come as positive for a minimum.
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4 Neutrino sector in R-symmetric case

In the neutral fermion sector we have mixing between the neutralinos, the active neutrino
of flavor a, i.e. v, and the single right-handed neutrino N¢ after the electroweak symmetry
breaking.® In order to write down the neutral fermion mass matrix, we can separate out
the relevant part of the Lagrangian as £ = (¢°1)T My (4°7), where ¢*+ = (8%, @°, R}, N°),
with R-charges +1, and 9"~ = (S,To,ﬁg, ve), with R~ charges -1. The neutral fermion
mass matrix Mf is given by

/ /

D g Uy __ G Va
M OD 7 -
__ 9% 9Va
MP = 0 M, V2 V2 (4.1)
ASUy ATVUy iy + ASUS + Apvur 0
MR 0 _f Vq _f Uy
The mass matrix Mf can be diagonalized by a biunitary transformation involving two
~0

unitary matrices VY and UY. This will give rise to four Dirac mass eigenstates Y0 =

7
0+
<1£6>, with ¢ = 1,2,3,4 and 11};” = Véyqﬁ?+, @Z)?i = Ui]]\-f@D?*. The lightest mass eigen-
i
state )“(ffr is identified with the light Dirac neutrino eigenstate. The other two active

neutrinos remain massless at the tree level in the R-symmetric limit.

4.1 Dirac mass of the neutrino

As we have mentioned, the smallest eigenvalue of the mass matrix Mf) in eq. (4.1) corre-
sponds to the light Dirac neutrino mass. In order to obtain an analytical expression of this
small mass, we make a series expansion of Det(MXD — N\ ), with respect to Ay and then
use the characteristic equation to solve for small Ay [48]

Det(M? — X\I) = Det(MY) — A;Det(MP)Tr[(M]) ] = 0,

(4.2)
which implies,
As = 1 (4.3)
T T[(MP) '
From eq. (4.3) we obtain the light Dirac neutrino mass as
D [MQD'W + 03 fsin Bw]
my, = . . . )
¢ [7(7' +V2MP(MP — fvsinB)) + MP1 + (v3fsin B)(g'\s — ghr) — v2 sin® Bw]
(4.4)
where,
= (fy + Agvs + Apvr),
T = vcos B(gtan Oy Mg — V2 MP tan §),
w = g(MP\g tan Oy — MP\p). (4.5)

°In the charged fermion sector the charged lepton of flavor a (i.e. eT) mixes with the charginos. We
shall not discuss it in this work and refer the reader for a thorough discussion in ref. [16].
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The generic spectrum of this model would include a Dirac neutrino mass ranging from a
few hundred eV to few tens of MeV. However by suitably choosing certain relationships
involving different parameters, it is possible to have a Dirac neutrino mass within 0.1eV
or so. Therefore, to fit the small neutrino mass, the numerator of eq. (4.4) has to be very
small. This can be achieved by assuming w — 0 and 7 — 0. In this work we shall analyze
the case with 7 = 0 and w — 0. However, we shall not discuss the other case 7 — 0,
w = 0 in the present work, which can be analyzed in a straightforward way. The choice

T =0 gives
2fMP t
My = Y2IMP tan (4.6)
g tan Oy
Thus eq. (4.4) reduces to (neglecting the term containing w in the denominator)
D [vgfg sin B(MP \g tan Oy — MID)\T)] (47)

ml/e N . .
[’yﬂMQD(MlD — fVsinp) + (v3fsin 8)(g'\s — g)\T)]
The above expression in eq. (4.7) can be simplified further by assuming M >> fvsin 8 and
Ar = tan Oy Ag. (4.8)

With all these alterations in place, the neutrino Dirac mass can be expressed in a compact
form as

3 .

mb) = jﬁ%mw - MP). (4.9)
As mentioned earlier, that in order to have a small neutrino mass, the neutrino Yukawa
coupling f need not be very small. By considering a near degeneracy between the bino
and wino Dirac masses (M{ and MZP), it is possible to obtain a small neutrino mass. For
example, one can choose f ~ 107, Ay ~ 1, and (MQD —MlD) ~ 1072 GeV to accommodate
a Dirac neutrino mass around 0.1eV for M, ML and p, ~ a few hundred GeV. It is
pertinent to mention that the requirement of the degeneracy of the Dirac gaugino masses
is subject to the relations provided in egs. (4.6) and (4.8).

However, this near degeneracy between the Dirac gaugino masses can be avoided by
assuming Ay ~ 1074, f ~ 107*. As we have discussed previously, the triplet coupling
Ar plays a crucial role to enhance Higgs boson mass via radiative corrections. Therefore,
in this case of small A\p, we have to consider very heavy stops (with masses around a
few TeV) for having the lightest CP-even Higgs boson with a mass of 125GeV. In the
other case of A\p ~ 1, the stop masses can be around ~ 700 GeV and this makes a phe-
nomenologically interesting scenario. On the other hand, when f ~ 1, Ay ~ 1076 and
(MP — MP) ~ 1072 GeV, we can still have a light Dirac neutrino mass ~ 0.1eV and at
the same time the lightest Higgs boson mass can be ~ 125 GeV at the tree level without
requiring multi-TeV stops or large triplet coupling for substantial radiative corrections.
This is a phenomenologically interesting scenario and can be probed further.

Note that we still have two massless active neutrinos in this model and in order to
give non-zero masses to these neutrinos one must introduce either additional right-handed
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neutrino superfields with appropriate Yukawa interactions or look for R-symmetry breaking
effects leading to one-loop radiative corrections to neutrino masses. Although the first
approach is interesting and should be explored, in the remaining part of our work we shall
concentrate on the other approach and introduce a small R-symmetry breaking through a
non-zero gravitino mass.

5 R-symmetry breaking

So far we have constrained ourselves in the R-symmetry preserving case. Recent cosmolog-
ical observations imply a positive but very small vacuum energy or cosmological constant
associated with our universe [10]. In the context of a spontaneously broken supergravity
theory in a hidden sector [49], having a very small vacuum energy would require a non-
zero value of the superpotential in vacuum (< W >) and that will break R-symmetry
because superpotential carry non-zero R-charges. Since a non-zero gravitino mass also
requires a non-zero < W >, one can consider the gravitino as the order parameter of the
R-symmetry breaking.

The breaking of R-symmetry has to be communicated to the visible sector. In this
paper, we shall consider the case of anomaly mediated supersymmetry breaking playing
the role of the messenger of R-symmetry breaking as discussed in ref. [15] and coined as
anomaly mediated R-symmetry breaking (AMRB). In this situation, apart from the Majo-
rana gaugino masses and the scalar trilinear couplings, all the other R-breaking operators
are absent. Finally, since we started with an R-symmetry conserving model and afterwards
introduced the breaking of R-symmetry in order to fit neutrino oscillation parameters, it
is natural to assume that the R-breaking effects are small. This is the case with small
gravitino mass as we shall be discussing later in more detail.

In the AMRB scenario, the majorana gaugino masses, generated due to R-breaking,
are related to the gravitino mass in the following way

g?
M; = biF;_Qm?)/Qv (5.1)

where ¢ = 1,2, 3 for bino, wino and gluinos respectively. The coefficients are b; = ?})—3, by =
1,b5 = —3 and one has go = g, g1 = 1/5/3¢’. The third generation trilinear scalar couplings
are

5ht my/ 5hb My Bh msy2
my 1672 Vs b= my, 1672 va> T m, 1672 Y

(5.2)

.=
where the 3’s are written in terms of the usual beta functions as, 3 = 16% and are given
by [50, 51],

13 5 16
5ht hy ( 1591 - 392 ggg + Gh? + h%) )

7 16
B, = hy < =9 — 3¢5 — §g§ + h? + 6h] + h?) ,

A 9
Bh, = hr (—5g% — 395 + 3hj, +4hi) : (5.3)
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The trilinear scalar couplings for the first two generations can be obtained in a straight-
forward way by replacing the Yukawa couplings appropriately.
So, the Lagrangian containing R-breaking effects [15] in the AMRB scenario, can be

written as
L= MV + Mya@” + Msgg+ > AjLaLyB§ + Y AfL.QrDj (5.4)
b=2,3 k=1,2,3
+ > §A§3kL2L3E,§+ > ANLQ;Df + AYH LN + H,QA"U".
k=1,2,3 5.k=1,2,3:b=2,3

5.1 Neutralino-neutrino mass matrix in R-breaking scenario

Our next task is to incorporate the R-breaking effects in the neutral fermion mass matrix.
Because of the presence of Majorana gaugino masses the tree-level neutralino-neutrino mass
matrix, written in the basis (b%, S, 0%, T, R?l, HY N¢ v,), is given by

/

~

My MID 0 0 0 9\/”; 0 - g\/via
MP 0o 0 0 Asvy 0 Mr 0
D __9Vu 9Va
0 0 My M 0 T 0 %
M 0 0 MP o0 A1y, 0 0 0
X 0 Asvy, 0 Apuy 0 Ly + Asvs + Arvr 0 0
g\/%" 0 —% 0  py+ Asvg + Arvr 0 —fv, O
0 Mgp O 0 0 —fuq 0 —fou
_ 9" gVa _
e 0 20 0 0 fou O
(5.5)

In the absence of Majorana gaugino masses (M; = My = 0), the pure Dirac neutrino case

discussed in section 4 is recovered from eq. (5.5) and we have one light Dirac neutrino of

D

mass m,’?ﬁ . This is equivalent to saying that we have two Majorana neutrinos of mass —m,,

and ml’Z with opposite CP parities [52].

If the gaugino Majorana mass parameters M; and M, are non-zero but small compared
to the corresponding Dirac gaugino mass parameters M{ and M then the pair of light
Majorana neutrinos will be quasi-degenerate and sometimes called a pseudo-Dirac neutrino.
By increasing the gravitino mass (which means larger M; and Ms) one can generate a larger
splitting between these two light Majorana neutrino states. Let us discuss these two cases
in the context of our model, in detail. Note that in the absence of N€, the neutralino-
neutrino mass matrix cannot produce a non-zero mass of the light neutrino even if the
gaugino Majorana mass parameters M; and My are non-zero.

5.1.1 Case — 1

In this subsection, we consider a case, where R-breaking effects are very small. The two
light mass eigenstates of the neutralino-neutrino matrix in eq. (5.5) are almost degenerate,
maximally mixed and they combine to form a (pseudo)Dirac neutrino. We can evaluate
the product of these two mass eigenvalues by calculating the ratio of the determinants of
the full 8 x 8 matrix and that of the upper 6 x 6 block of M)](V[, without the (€ v,) sector.
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Assuming small mixing between this neutrino sector with other neutral fermions we end
up with

V2y(MP MP)
= _(mD)27 (56)

Ve

2
v3 sin 2
| et | g oo - )

where v is defined in eq. (4.5) and we have used the relations in eq. (4.6) and eq. (4.8).

5.1.2 Case — 2

Here we are going to consider a relatively lager value of mg 5, which is the order parameter
for R-breaking. We observe that, with this choice, there is a splitting in masses of the two
light Majorana neutrinos with a relatively smaller mixing between the two states. The
light neutrinos are predominantly right handed or left handed and the mass eigenstate
N which is mostly a right handed neutrino is heavier than the mass eigenstate v/ with
a large left handed component. We shall explicitly show this in the section on numerical
analysis, but first let us evaluate the lightest Majorana neutrino mass, which corresponds
to the mass of /. This can be done by calculating the ratio of the determinant of the
8 x 8 neutralino-neutrino mass matrix Mi\/[ , to that of the 7 x 7 upper block of Mi‘/f . For
a very small neutrino mass we can assume that the eigenvalues of the 7 x 7 matrix remain
unchanged from the seven heavier elgenvalues of the 8 x 8 matrlx This approximation can
We shall choose the mass

2MD
of the gravitino in such a way that these conditions are satisfied. Therefore the light active

Majorana neutrino mass at the tree level, in the R-symmetry breaking scenario is

. 2
2 [gArv? (M — M) sin 5]

v)Tree = — ’ 57
(mu)m [Mya? + My6?] >0
where
2MP MP~t
_ 1y anﬁ_|_\f,UQ)\Stan/@(Mleinzﬂ+M2DCOSQ,3),
gtanf,
6 = V2MPv2\ptan . (5.8)

In order to obtain eq. (5.7) we have used once again the relations in eq. (4.6) and eq. (4.8)
and ~ has been defined previously. We can see from eq. (5.7) that m, = 0 (at the tree
level) when MP = MP and a small splitting of these Dirac gaugino mass parameters will
result in a value of m,, in the right ballpark provided MlD , MQD are of the order of a few
hundred GeV or 1TeV with the couplings Ay, As ~ 10~ or so. It is very interesting to
note that (my)Tree is independent of the neutrino Yukawa coupling f. This is an artifact
of the relation we have used in eq. (4.6) and thus even for a large f ~ O(1), the tree level
Majorana mass of the active neutrino can be kept very small with the above choices of
parameters. Our approximate analytical result matches very well with the full numerical
analysis as described later in this work.
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To derive an expression for the mass of the sterile neutrino, we work in the region
of parameter space, where the active neutrino becomes a pure left handed neutrino state.
Thus by excluding this left handed neutrino state, we are left with a 7 x 7 neutralino
mass matrix and the lightest eigenvalue then would correspond to the mass of the sterile
neutrino. In the limit of large M{’, together with small couplings® \g, A, f and considering
only the dominant contributions, we eventually obtain the sterile neutrino mass as

My Mpg
MLt~ () <> Mp. (5.9)
MP )\ MP

Substituting the expression of Mp, given in eq. (4.6), we reduce the sterile neutrino
mass in the form,

(5.10)
which is independent of MP.

6 eV scale sterile neutrino

The right handed sterile neutrino, introduced in our model can be at the eV scale or at the
keV scale depending on the relevant model parameters. In this section we shall analyze the
situation when the sterile neutrino is considered to have a mass around 1.2eV. A mass of
the sterile neutrino, in this range, could in principle explain the LSND anomaly. We have
discussed in the previous section that there are two different cases, one where the active
and sterile neutrinos mix maximally to form a (pseudo)Dirac neutrino, and in the other
case there is a relatively large mass splitting between the sterile neutrino and the active
neutrino with a very small mixing. In the latter situation there are two distinct Majorana
neutrinos in the spectrum. Let us now discuss these two cases separately in the light of
the LSND anomaly [38-40].

6.1 Pseudo-Dirac case

When the R-breaking effects are small, the light neutrinos are almost degenerate in mass
at the tree level and with near maximal mixing between the two states. In this case,
taking into account the possible loop contributions for the active neutrinos as well as
the sterile neutrino, the neutrino mass matrix has a two texture zero structure in the
basis (Np, V., v, v7), where the prime signifies that these two states combine to form a

(pseudo)Dirac neutrino

(6.1)

o O * X
X X X >

5This particular choice of the couplings matches with the benchmark points with heavy stops, consid-
ered later.
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The asterisks in the (12) and (21) elements symbolise the Dirac neutrino mass obtained at
tree level from the neutralino-neutrino mass matrix Mi\/l . The crosses in the mass matrix
signify the contributions to neutrino masses via loop corrections which we shall discuss
elaborately in the next section. The right handed sterile neutrino mixes maximally with
the active neutrino in the pseudo-Dirac case. As a result, we took into consideration a
small mass of the right handed neutrino, generated by loops. Finally we have a texture

two zero structure of the neutrino mass matrix, in the 341 scenario.”

In order to check whether such a texture of neutrino mass matrix is ruled out or not,
. . . . . / I
we consider a general neutrino mass matrix in the basis (Np, v, vy, vr)

MSS Mse MS/L MST
Mes Mee Mey Mer

MV — MBS Mee MG,LL Me ) (6,2)
ps Mpe Mpp Myr

MTS MTe MT/J, MTT

[

This mass matrix can be diagonalised by a 4 x 4 PMNS matrix U which can be constructed
with 6 orthogonal rotation matrices. For simplicity, let us consider the scenario with no
CP violating phases. The neutrino mass matrix can be obtained from

Usi Usa Usg Usy mp 0 0 0 Ust Uer U,ul Urn
M, — Uer Uez Ueg Uesy 0 mg O O Us2 Ue2 U,u2 Uro (6 3)
v U,ul UHQ ng UH4 0 0 ms3 0 Usg Ueg U#3 U7—3 ’ ’

Uri Uro Urs Upy 0 0 0 my Usqg Ueg Upg Ury

where mi, mo, ms3, my are the physical neutrino masses and my > mo, mg,my. We
compare this with the two texture zero structure given in eq. (6.1)and obtain two equations
corresponding to the zeros in the mass matrix. They are as follows

My, = miUsUpyr + maUsUps + m3Us3Uyz + maUggUpyy = 0,
My = m1UsqUr1 + moUsoUro + m3Us3Urg + maUgsUry = 0. (6.4)

These equations can be further simplified with the assumption that the lightest neutrino
mass my could be zero. This choice is justified as the oscillation experiments are sensitive
to the mass squared differences. With this simplification, eq. (6.4) reduces to

m1Ua Uyt + maUsU,2 +m3UgUyuz = 0,
m1UsUr + maUs2Ur2 + m3UgUrz = 0. (6.5)

We notice that eq. (6.5) contains mjUsy, which is much larger than all the other terms.
Thus no cancellation between this term and the rest can satisfy eq. (6.5) and we conclude
that this texture is not viable to explain LSND anomaly.

TA detailed study of two texture zero neutrino mass matrix structure has been performed in [53].
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6.2 Majorana case

In this section we shall consider a different texture of the light neutrino mass matrix, where
we have one Majorana neutrino with a tree level mass ~ 1.2eV, but is composed mainly
of the right handed sterile neutrino. The other Majorana neutrino has a very small mass
at the tree level and it is essentially an active neutrino. Again taking into account possible
loop contributions to the active neutrinos, the three texture zero structure® of the neutrino
mass matrix in the basis (Ny, v),v,,v7) is given by

*0 00

0

* X X (6.6)
0 x x X

0 x x X

The asterisks in the (11) and (22) elements represent the tree level Majorana masses of
N, and v, (with additional loop contribution in the (22) element) whereas all the other
masses are generated at the one-loop level. The state N}, is mostly a right handed sterile
neutrino and the active sterile mixing in this case is negligible.

Comparing the neutrino mass matrix obtained in eq. (6.3), with the three texture zero
structure of eq. (6.6), we find

m1Us1Ui1 + maUsUss + m3UggU;s + maUsyUis = 0 (i =e,p,T). (6.7)

Again with the assumption of the lightest neutrino mass, my = 0, this expression can
be simplified further. However, as argued in the previous section, eq. (6.7) cannot be
solved by taking into consideration the neutrino oscillation parameters which satisfy the
LSND anomaly.

Thus we see that this model as it is, cannot solve the LSND anomaly. Nevertheless, in
the next section we shall see that by appropriate choice of parameters we can fit the three
flavor global neutrino data in this model and at the same time the sterile neutrino can be
accommodated as a keV warm dark matter candidate.

7 Right handed neutrino as a keV warm dark matter

We are considering a situation where the Majorana sterile neutrino acquires a tree level
mass of the order of a few keV. We work in a specific region of parameter space, where
R-breaking effects are not so large implying that the gravitino mass is around a few GeV
(m3j2 ~ 10GeV). There has been a lot of work on model building aspects of keV sterile
neutrino dark matter. For example, keV sterile neutrino dark matter has been discussed
in gauge extensions of the SM [56, 57], models of composite Dirac neutrinos [58, 59], 331
models [60, 61], models involving Froggatt-Nielsen mechanism [62] and in several other
contexts. A review of different models/mass generation mechanisms can be found in [63].
Various other issues related to keV sterile neutrinos can be found in [64, 65].

8A detailed study of three texture zero neutrino mass matrix structure has been performed in [54, 55].
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Let us give an outline of the case we have considered. The neutrino mass matrix in
the basis (N, v, vy, vr) looks like

* 0
0 *
0 x
0 x

: (7.1)

X X X O
X X X O

where the stars and crosses have the same meaning as given in eq. (6.6). However, here we
have considered a set up in which the sterile neutrino has a mass around a few keV. We
also make sure that the active-sterile mixing is very small, and within the valid range given
by different X-ray experiments [66-71]. A very rough bound on the active-sterile mixing
angle can be written as [72]

1 keV>5’ (7.2)

03, <1.8x107° (

14 M ]]\.;L
where M ]}\? represents the Majorana mass of the right handed sterile neutrino. Therefore,
we can treat the right handed neutrino as a decoupled state and work with the effective
3 x 3 matrix of the active Majorana neutrinos. Note that the (11) element of this 3 x 3
neutrino mass matrix in the basis (v}, v, v;) receives tree level as well as one-loop level
contributions whereas the other entries in this mass matrix comes only through various
loop corrections. The size of this tree level contribution to (m, )11 is controlled by the
model parameters and for suitable choices of the parameters one can obtain a tree level
value (my)Tree S 0.1€V. Combining with the loop contributions one can then perform a fit
to the three flavor global neutrino data.

However, if we wish the keV sterile neutrino to be a candidate for dark matter then it
should have the correct relic density (Q2xh? ~ 0.1) and must satisfy the constraints coming
from X-ray experiments. An approximate formula for the relic density of sterile neutrinos
via the Dodelson-Widrow (DW) [73] mechanism is [66, 73]

.92 R 2
2 sin“ 26 My
Qnh? ~ 0.3 < 1010) <1oo v (7.3)

where Qu is the ratio of density of sterile neutrinos to the total density of the universe
and the present value of h is 0.673 [10]. Our numerical scan of the parameter space
shows that the correct relic density can be achieved only if (m,)Tree is extremely small
(~107*eV or so).

Sterile singlet neutrino dark matter can also be produced via the resonant pro-
duction mechanism [74]. Several other model dependent production mechanisms have
been discussed in the literature [63, 75-78]. However, in this work we assume that the
relic abundance of keV sterile neutrinos is determined solely by eq. (7.3) resulting from
DW mechanism.

There have been different experimental observations which put lower limits on the
mass of the keV warm dark matter. For fermionic dark matter particles, a very robust
lower bound on their mass comes from Pauli exclusion principle. By demanding that the
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maximal (Fermi) velocity of the degenerate fermionic gas in the dwarf spheroidal galaxies
is less than the escape velocity leads to a lower bound on the mass of the sterile neutrino
dark matter M > 0.41 keV [79]. This is the only model independent mass bound which
holds for any fermionic dark matter.

Model dependent bounds such as the ones coming from phase space density consider-
ations have put strong lower bounds on the mass of the sterile neutrino acting as a warm
dark matter candidate [79-81]. The authors of [82, 83| put a more stringent lower bound
on the warm dark matter mass (ML > 8-14 keV) by analyzing Lyman-a experimental
data. In the context of left-right symmetric model a lower bound of 1.6 keV on the mass
of the sterile neutrino warm dark matter has been discussed in [56]. In ref. [57], a lower
limit of 0.5 keV on the sterile neutrino dark matter mass has been advocated in low scale
left-right theory. In the present work we shall stick to the model independent lower bound
of 0.4 keV as discussed above. Moreover, our parameter choices are such that the active
sterile neutrino mixing is within the valid range of experimental observations.

In order to get some idea about the numbers involved let us take two examples. With
a choice of MlD = 805 GeV, M2D = 800 GeV, the R-symmetry breaking order parameter
mgzsp = 5GeV, tan f = 5.5, Ag = 1074, f = 1.5 x 10~* one produces a tree level mass of
the active Majorana neutrino (m,)rree ~ 2.06 x 107% eV, and a sterile neutrino of mass
around 0.47 keV. The active-sterile mixing is close to 4.35 x 10~7, which is within the
acceptable limit as observed by different X-ray experiments and the relic density of the
sterile neutrinos comes out to be Qxh? = 0.117. Again with another set of parameters
such as M = 1200.001 GeV, My’ = 1200 GeV, my/, = 5GeV, tanf = 5, Ag = 1.2 and
f = 1.55 x 10~*, we obtain a sterile neutrino of 0.42 keV mass and the tree level active
Majorana neutrino mass (1, )Tree =~ 2.2 x 1074 eV with an active-sterile mixing 3.64 x 10~7
and Qnh? = 0.114.

To conclude this section, we observe that the keV sterile neutrino in this model fits
the requirements of a good candidate for warm dark matter. With this note we shall now
discuss different loop contributions to the neutrino mass matrix, which provide Majorana
masses for the light active neutrinos with appropriate mixing between them.

8 One loop effects to generate neutrino mass

In our model only the electron neutrino acquires a mass at the tree level. The other two
neutrinos obtain their masses via one loop diagrams. At one loop level, the neutrino masses
are generated from diagrams involving charged lepton-slepton loop, quark-squark loop and
neutralino-Higgs loop respectively. We note in passing that similar onle loop calculations
have also been performed in [15], which fits neutrino masses via radiative corrections only,
without introducing an extra right handed neutrino superfield.

8.1 Charged lepton-slepton loop

We first consider the charged lepton-slepton loop which will generate Majorana mass terms
for the neutrinos of all flavors [84]. We consider only the tau-stau loop as other charged
lepton-slepton loops have very mild effect as far as neutrino mass is concerned. The con-
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Figure 1. Charged lepton-slepton loop.

Figure 2. Quark-squark loop for d = b, s quarks and d = b, 5 squarks.

tribution of the stau-tau loop (see, figure 1) to the one loop neutrino mass matrix is

Mgz AizsAass 0

s 1 Mrm3/oVa | 4 m2
T 0 0 0

where we have used the expression of A, from eq. (5.2), which provide the necessary

lepton number violation of two units in the scalar propagator. Here m% > m%l represent

the physical squared-masses of the staus and m72~_ ~ m%. In the above mass matrix we

considered e = 1, and p, 7™ = 2, 3 respectively, keeping in mind that A is antisymmetric in

the first two indices. Because of this antisymmetry property of the coupling A, some of the
l—s

elements in m;,* are zero.

8.2 Squark-quark loop

The squark-quark loop will also contribute to the light neutrino Majorana mass matrix [84].
Here we have taken into account bottom and strange squark-quark loop as shown in figure 2.
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A 4

Figure 3. Neutralino-Higgs boson loop.

The contribution of quark-squark loop to the one loop neutrino mass matrix is

_ 3 m3/2Va |
" = |
b

N33 MizaAiss MaaNiss m% 0 0 0 mg

X [mp | Mashhss ANBs  AbgsMiss |In m21 +mg 0 AjogAh39 AdasA33s | In m21
= ! ! / ! =~

N333Ma3 AsazMazs A3 b2 0 Aza3A232 AzazAaae b

3 m3/2Ua |
e | e | P
(1672) ms
0o o0 0 m2 Ny MaaAaap MagNizo m2
X [y [ 0 Mas2Ai23 AazaAses | In mgl 4+ M | MaoMaas ARy Moo |In mgl .
/ ! ! / ~ -~
0 A332A223 A332A323 52 NyooNog Moo Nhos A 52
(8.2)
lg) P mgl 5, are the physical squared-masses of the sbottom squarks and strange squarks
1,02 ’
respectively with mlg) > mgl, m§2 > mgl and m% ~ mi, m% ~ m§2. Since [y > [s and

my > mg, the dominant contribution to the neutrino mass matrix arises from the first two
terms in eq. (8.2) as long as we assume m% > mg. The other terms have a sub dominant
contribution to the neutrino masses and therefore, it is safe to consider only the first two
terms for computing the neutrino mass eigenvalues.

8.3 Neutralino-Higgs boson loop

We now consider the loop consisting of neutralino and Higgs propagators to generate Ma-
jorana mass of neutrinos [85, 86]. This is shown in figure 3. The loop contribution is pro-
portional to the Majorana gaugino mass parameters M; and My, which are much smaller
than the mass of the corresponding physical neutralino states. Note that the bilinear term
bur, H27® in the scalar potential can be large in this model and this loop contribution can
be significant. In order to compute this loop we consider a simplified scenario where the
singlet and the triplet states are integrated out and we are therefore left only with the
H,, and 7° fields as considered earlier in the discussion of the scalar sector, generating the
CP-even physical states h, H and the CP-odd state A.
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Majorana mass term of a neutrino implies lepton number violation by two units. This
is provided by the Majorana mass insertion in the neutralino propagator. The contribution
to the neutrino mass matrix from this loop is given by

g 2 My
(mu)ll = 6472 Z [Z'YQ —tanHWZ,ﬂ] 7
v=1,2
|:COSQ By (0, m%;, m%o) + sin® aBy(0,m3, m%o) — sin? 8By (0, m4, m%o)}
2
g 9 Mo
+64772 Z [Z'YQ — tan OWZ»yl] 7
v=3,4
[cos2 aBy(0, m%{, m?{o) + sin® aBy(0, mi, mfzo) — sin? BBo(0, m124, m?{o)} ,
(8.3)
where tan 5 = v, /v, and we have used
ﬁ%:vl—l—L(Hcosa—hsina), (a=1(e))
V2
1
hr >~ v9s + —(H sina + hcos a) ,
1
v ~ —(Gcosf+ Asinp). (8.4)

V2

The summation in eq. (8.3) is taken over two pairs of nearly degenerate pseudo-Dirac
heavier neutralino states mg, , and mg,,, which are predominantly bino (50) and wino
(10°) respectively. Here we have assumed that |my, ,| ~ MP £ 20 and |mg,,| ~ MP £ 22
and for a given pair the neutralino mixing matrix elements Z,2 and Z,; does not change
for v = (1,2) and (3,4). By is a Passarino-Veltman function and follow its definition as
mentioned in [84-86]. It is important to note that this one loop contribution adds only
to the (11) element of the effective 3x3 neutrino mass matrix. The other neutrino flavors
do not get any contribution to their masses from this loop because the corresponding
sneutrinos do not mix with H,.

9 Numerical analysis

We now present the results of our detailed numerical investigations to fit the lightest Higgs
boson mass, neutrino masses and mixing angles as well as the keV sterile neutrino mass
and its mixing with the active neutrino. As mentioned earlier in the text, we analyze two
situations, one with small singlet and triplet couplings (Ag and Ap respectively), which
would imply heavy stops to fit the lightest Higgs boson mass whereas the other case with
light stop mass requires large A\g and Ay, which would provide significant radiative correc-
tions to the lightest Higgs boson mass. A set of benchmark points for the latter case is
provided below in table 2.

We chose a relatively larger value of the Dirac wino mass consistent with the allowed
range of tan 3 (2.7 < tan 8 < 17.4) obtained from the deviation in the couplings of the
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Parameters BP-1 BP-2 BP-3
MP 1200.001 GeV 1000.001 GeV 800.001 GeV
MP 1200 GeV 1000 GeV 800 GeV
tan 8 5 7 10

As 1.25 1.1 0.98
AT Ag tan Oy ~ 0.69 0.6 0.54
m 590 GeV 530 GeV 650 GeV
ts (200)3 (GeV)® | (200)® (GeV)® | (200)® (GeV)?
by, —(200)? (GeV)? | —(200)? (GeV)? | —(200)% (GeV)?
mg 7.6 TeV 10 TeV 18 TeV
mrp 5.46 TeV 5.8 TeV 1.9TeV
Vg -0.6 GeV -0.3GeV -0.1GeV
v 0.1 GeV 0.1 GeV 0.05 GeV
f 1.55 x 1074 1.1x10°* 1.0 x 1074
Mp 3.67 GeV 3GeV 3.16 GeV
my = mg, 600 GeV 900 GeV 1.2TeV
bs 1 TeV 1 TeV 1 TeV
br 1 TeV 1 TeV 1 TeV
ms3 /o 5 GeV 6 GeV 3GeV
mp, 125.15GeV 124.9 GeV 123.7GeV
ME 0.42 keV 0.51 keV 0.43 keV
(1)) Tree 2.17x107%eV | 1.86 x 107%eV | 24 x107%eV
02, 5.05x10~7 3.64x1077 5.53 x 1077
Qnh? 0.1121 0.114 0.122

Table 2. Benchmark points (with large Ag and Ar) to calculate the lightest Higgs boson mass,
light active neutrino mass, mass of the sterile neutrino as well as its mixing with active neutrino
and the relic density of sterile neutrino dark matter.

Z boson to charged leptons as well as from the 7 Yukawa couplings [16]. In order to
fit the neutrino data, we choose the Dirac bino mass very close to the Dirac wino mass.
Let us emphasize that in this model a large Dirac gaugino mass does not introduce any
logarithmically divergent contribution to scalar masses squared because it is cancelled by
the new scalar loop contributions [34].

In this
case, in order to fit the neutrino data, one does not require a strong degeneracy between

In table 3 we show benchmark points corresponding to small Ay ~ 1074

MP and MP. Tt is worth mentioning once again that we have reduced the number of
independent parameter of the model by assuming certain relations between some of them
as shown in egs. (4.6) and (4.8). One can observe from these two tables that the benchmark
points provide a lightest Higgs boson mass around 125 GeV, a sterile neutrino mass in the
keV range along with a very small active-sterile mixing and a very small tree level active
neutrino Majorana mass. The mass and mixing of the sterile neutrino are in the allowed
range of values coming from X-ray observations and it can be accommodated as a warm
dark matter candidate in our model.
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Parameters BP-4 BP-5 BP-6
MP 1018 GeV 805 GeV 604 GeV
MP 1000 GeV 800 GeV 600 GeV

tan g3 10 5.5 7
s 1074 1074 1074
A7 Ag tan @y ~ 5.5 x 1079 5.5 x 1075 5.5 x 107°
I 700 GeV 500 GeV 580 GeV
ts (200)3 (GeV)? (200)3 (GeV)® | (200)® (GeV)?
bur —(200)? (GeV)? —(200)? (GeV)? | —(200)2 (GeV)?
mg 12 TeV 11.6 TeV 11 TeV
mr 11 TeV 10.14 TeV 9TeV
vg -0.1 GeV -0.1 GeV -0.1 GeV
v 0.1 GeV 0.1 GeV 0.1 GeV
f 0.92 x 1074 1.5 x107* 1.2 x107*
Mp 3.69 GeV 2.62 GeV 2 GeV
my = mg, 6.5 TeV 6.5 TeV 6.5 TeV
bs 1TeV 1TeV 1 TeV
by 1TeV 1TeV 1 TeV
ms /o 3.5 GeV 5 GeV 6 GeV
mp, 126 GeV 123.1 GeV 124.9 GeV
ME 0.41 keV 0.47 keV 0.59 keV
(M) Tree 2.41 x 10~4eV 2.06 x 107%eV | 1.6 x 10~ %eV
02, 5.85x1077 4.35x1077 2.7 x 1077
Qnh? 0.119 0.117 0.114

Table 3. Benchmark points with small Ag and Ar.

In figure 4(a) the contours of the tree level mass (my)Tree Of the light active neutrino
in the (MlD —MQD ) plane exhibits the degeneracy required for these two parameters in order
to have a small neutrino mass. Figure 4(b) shows that the active-sterile mixing is also
dependent on the degeneracy of M and MZP. Since the X-ray experiments provide very
stringent constraints on the mixing, one is compelled to choose the Dirac gaugino masses
close to each other. For these two plots, all the other parameters are fixed at the values
of BP-4. In figure 4(c) we show the variation of the sterile neutrino mass in the (f-mss)
plane. The figure shows that for a fixed f, a larger gravitino mass produces a larger
mass of the sterile neutrino. Again we expect this to happen because the gravitino is the
order parameter of R-breaking and therefore, a larger gravitino mass creates a larger mass
splitting between the sterile and the active neutrino, which would be zero in the absence of
gravitino mass. This way the sterile neutrino mass gets more enhanced whereas the active
neutrino mass becomes smaller. On the contrary the active-sterile mixing decreases with
mg/y for a fixed f as shown in figure 4(d). This is also expected, as a larger gravitino
mass increases the mass of the sterile neutrino and thus reduces its mixing with the active

neutrino. In figures 4 (c) and 4(d), we have fixed M2 at 1TeV and MP at 1.018 TeV,
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Figure 4. Figure (a) represents contours of tree level light neutrino mass (1, )1yee in the (ML
MJP) plane. The black thick line represents (m,)1vee = 0.1eV. The blue dotted line and the red
dashed line represent (m,)rrec = 5 x 1072V and 5 x 107% eV, respectively. Figure (b) represents
active-sterile mixing (6%,) in the same (M{~MJ) plane. The black thick line represents the contour
of 5 x 1075 and the blue dotted line and the red dashed line represent contours of 5 x 10~7 and
1078, respectively. Figures (c) and (d) show the contours of sterile neutrino mass (ME) and 6%,
in the (f-ms/2) plane. In figure (c) the black thick line corresponds to M#E = 10 keV whereas the
blue dotted line and the red dashed line show contours of M# = 5 keV and 1 keV, respectively. In

figure (d) the black thick line shows a mixing of 6 x 10~% and the blue and the red line show 6%, =
3 x 1078 and 1078, respectively.

corresponding to BP-4 in table 3. In figure 5 the contours of (a) M¥, (b) 62, and (c)
(1) Tree are shown in the (MP-mg /2) plane and in (d) contours of 63, are presented in the
(f~MP) plane for other parameter choices shown in BP-4. One can see from figure 5(a)
that for large values of MP, the sterile neutrino mass M is almost insensitive to M{ as
expected from eq. (5.10). However, the mixing 62, increases with MP for a fixed ms /2 and
this is because of the fact that the light neutrino mass m, also increases with M} for a
fixed M3’ and mg /s (see figure 5(c)) and thus leads to an increase in 63,. The variation of
62, in the (f-MJP) plane can also be explained in a similar way by looking at eq. (5.7).
We have also presented two scatter plots in the (M ]}\?—9%4) plane in figures 6 and 7 show-
ing the allowed region after taking into account the constraints from the X-ray experiments
as well as the lower bound of 0.4keV on the sterile neutrino mass, discussed earlier. On

— 31 —



40F T T T T 30F

() (b)

25t
30—( 1

20

- ~
= S
] -5
T S .
[ ! =
' S~
T g
:\
ol -- MR=1.6keV 1
! - ME=2.5keV sk
11 —MF=4keV

L L L | L
0 500 1000 1500 2000 800

D
My (GeV)
30F ] . 0.0005 [T
) / (d)
\ 1
\ 1
25F \ !
\ ! 0.0004 -
v
; 20+ ! !
! L
D ! “ 0.0003
\
C s L =
[ ! )
S~ I
é’l | 0.0002 -
i
10
j ©
! —_p 2_10-8
P s 0.0001 9142_10_7
St L = (my)Tree=5%10"" eV ] "'9142=10 o
s (M) Tree=5%10"* eV —014°=10"
ok, ‘ i O )me=107eV 0.0000 s ‘ : :
900 950 1000 1050 1100 1150 1200 800 900 1000 1100 1200
D D
MP(GeV) MP(GeV)

Figure 5. Figure (a) represents contours of M¥ in the (M{P~mj3/5) plane. The red dashed line
shows a sterile neutrino of mass 1.6 keV whereas the blue dotted and the thick black line shows
a sterile neutrino mass of 2.5 keV and 4 keV, respectively. In figure (b) 6%, contours are shown
in the same plane. The contours are 5 x 10~7 (black-thick), 8 x 1078 (blue-dotted) and 3 x 1078
(red-dashed), respectively. In figure (¢) we show the variation of tree level active neutrino mass m,,
in the (M{’—~ms,2). The outermost contours represent (m, )wee = 1072 V. Finally in figure (d) we
plot the contours of 67, in the (M{—f) plane.

top of that we have also shown the points satisfying the correct dark matter relic density
at 30 (Qpmh? = 0.1199 + 0.0027 at 10) as obtained from the recent observations of the
PLANCK experiment [10].

Note that in this model the gravitino is the LSP for the parameter region discussed
so far and can, in principle, be a candidate for dark matter. So, in general, one can have
two component dark matter in this model. However, in figures 6 and 7 we have assumed
that the dark matter relic density is entirely due to the sterile neutrino. A more detailed
analysis of this two component dark matter scenario is beyond the scope of the present
work. In order to generate these two plots we have varied all the parameters, which play
an important role in sterile neutrino mass and active sterile mixing. This plot has been
generated by varying the model parameters in the following range: 800 GeV < MY, MP <
850 GeV, 1 GeV < mgz/y < 40 GeV, 107° < f <8 x 1074 and 2.7 < tan 8 < 17. We have
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Figure 6. Scatter plot in sterile neutrino mass and active-sterile mixing plane showing the allowed
regions, in the heavy stop scenario. The grey region shows the part of the parameter space excluded
by the X-ray experiments. Lower bound on sterile neutrino mass excludes the blue region to the
left of the vertical line and the thick red band represents the parameter points which satisfy correct
dark matter relic density, at 3o.

kept Ag ~ 10~ and so obviously these points represent the heavy stop scenario. The grey
region is disallowed by the constraints from X-ray observations whereas the red line at 0.4
keV and the blue region to its left is ruled out by the lower bound on sterile neutrino mass.
Finally, note that by varying the stop mass we ensured that all the scattered points in this
plot produced the lightest Higgs boson mass in the range (123 — 127) GeV. In figure 7, we
show the results of our parameter space scan in the light stop scenario. In this plot we
have used Ag ~ 1.1 and 1GeV < my/ < 40 GeV whereas f and tan 3 are varied in the
same range as before.

We discussed earlier that for large Ag, the Dirac gaugino masses M{’ and ML need to
be almost degenerate in order to fit a small tree level mass of the active neutrino. Therefore
in this plot we fixed M = 1000.001 GeV and MJP = 1000 GeV. The grey and the blue
regions again represent the parameter points ruled out by X-ray experiments and lower
limit on the sterile neutrino mass respectively. We have also ensured that each and every
point in this scattered plot produce a Higgs boson mass in the range (123 — 127) GeV. In
figure 8 we showed the variation of the relic density of the sterile neutrino with its mass.
The blue scattered points respect the X-ray constraints and the Higgs boson mass within
the range (123 — 127) GeV. The grey region shows the parameter space disfavored by the
Pauli exclusion principle discussed earlier. The red-circle, green-triangle and orange-square
points represent tree level neutrino mass greater than 1072, 10~% and 1073 eV respectively.
We observe that in order to have a sterile neutrino as a warm dark matter candidate in
our model, the neutrino mass at the tree level has to be very small.
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Figure 7. Scatter plot in the (M%-62,) plane showing the allowed regions, in the light stop
scenario. The colored(shaded) regions are the same as described in figure 6.
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Figure 8. Scatter plot in the (M£-Qyh?) plane showing the allowed regions, in the heavy stop
scenario. The grey region describes the lower bound of the sterile neutrino mass, for it to become
a warm dark matter candidate. All the scattered points satisfy the X-ray constraints. The red-
circle scattered points show (m,,)1ree > 107°eV. The green(triangle) and the orange(square) points
represent (m, )rree > 1074, 1073 respectively. The horizontal band is the 30 allowed region for the
dark matter relic abundance.
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9.1 Neutrino masses and mixing: inverted hierarchy

For inverted hierarchy the best-fit values of solar and the atmospheric neutrino mass
squared differences and the three mixing angles are as follows [5] Am32; = 7.62 x 10~%eV?2,
|Am3; | =243 x107%eV?, 019 = 34.4°, O3 = 50.8° and 13 = 9.1°, where Am;; = mj —m3.
The neutrino mass matrix can be obtained using

ma 0 0
my =Upuns | 0 ma 0 | Ubyns (9.1)
0 0 mg

where the standard PMNS matrix Upyng, with vanishing CP violating phases is of the form

c12€13 $12€13 513
Upnmns = | —s12023 — €12523513  C12€23 — $12523513  S23€13 | » (9.2)
$12823 — €12€23513 —C12523 — S12C23513 C23C13

and mq, me and msg are the neutrino mass eigenvalues. Since the oscillation experiments
are sensitive only to the mass squared differences, therefore for simplicity, we can assume
the lightest neutrino mass ms to be zero in this case. Thus we have m? = |Am3;| and
m3 = Am3; + m3. For example, using the central values of the oscillation parameters
mentioned above, the three flavor neutrino mass matrix in the inverted hierarchy case

comes out to be

0.049  —0.0059 —0.0052
mlH = —0.0059 0.0211 —0.024 |. (9.3)
—0.0052 —0.024 0.0311

The three flavor active neutrino mass matrix in our model is composed mainly of the
one-loop radiative corrections as discussed above because the tree level contribution to
(my )11 is very small in order to have the correct relic density of the keV sterile neutrino
dark matter. We shall now present the results of our numerical analysis in order to fit
the three-flavor global neutrino data in our model in the inverted hierarchy scenario. We
shall confine ourselves in the parameter region which will produce the correct value for
the lightest Higgs boson mass and where the sterile right handed neutrino can be a good
candidate for keV warm dark matter.

Note that there are contributions from the tau-stau, quark-sqaurk and neutralino-Higgs
loop to the (11) element of the neutrino mass matrix (neglecting the tree level contribution).
The trilinear R-parity violating couplings involved in these loop contributions are ;33 and
N33, which are identified with the tau and the bottom Yukawa couplings. The other
parameters which play a crucial role in order to fit the (11) element of the neutrino mass
matrix are tan 3, mg /o and mg (assuming that the stau-tau loop contribution is smaller than
the other loop contributions). However, for a fixed value of tan  the trilinear couplings
A133 and \j33 are fixed and thus this leaves us with only two parameters (13, and m%)
in terms of which (m, )11 can be fitted. Figure 9 presents the contour plots of (m,)11
in the (mg/o-m;) plane. Here the blue-dotted line corresponds to the maximum value of
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Figure 9. Contours of (m, )11 in the (mgz/5-mj) plane for inverted hierarchy and tan 3 = 10. See
text for details.

(my)11 whereas the red-dashed line corresponds to the minimum value of (m,)1;. These
maximum and minimum values are obtained by varying the oscillation parameters within
the 30 range. Moreover, we also draw a third contour (the black-bold line) which represents

the upper bound on (m, )11 as obtained by the neutrinoless double beta decay experiments
kamLAND-Zen and EXO-200 [87, 88].

In order to produce this figure we fixed all the other parameters at values corresponding
to BP-4. The grey line represents a gravitino mass of 3.5 GeV. On the right hand side of
this grey vertical line the mass of the sterile neutrino is > 0.41 keV. Moreover, this plot
shows the allowed range of sbottom mass, required to fit (m,);; for fixed values of tan /3
and mg/;. For example, we see that for tan 8 = 10, mg/; = 3.5 GeV, the sbottom mass
is allowed in the range (1228-1242) GeV. For larger values of tan 3 the allowed range of
mj, increases.

Bounds on the trilinear RPV couplings for inverted hierarchy. By varying the
neutrino oscillation parameters within their 30 allowed ranges we can get maximum and
minimum values for different neutrino mass matrix elements. These allowed ranges of neu-
trino mass matrix elements can be translated into a lower and an upper bound on different
trilinear R-parity violating couplings involved. With the choice of other parameters as pre-
sented in BP-4, we present in table 4 the bounds on A and )\ type couplings as functions
my and mg /9 for a particular value of tan 8 = 10. Note that these bounds are independent
of the choices of other parameters shown in different benchmark points because they are
calculated from the neutrino mass matrix elements which get contributions only from the
one loop corrections.
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Couplings Bounds for BP-4 Existing bounds
-7 10 GeV -3
Nass| | (2.37 x 1077 = 1.03 x 10~ (100 Gev) ( b Gev) 6.8 x 1073 cos 8
333 84 x 107" —1.04 x . CcOoS
Y 2.84 x 1077 — 1.04 x 107°) (1g0-d=v 1;;? 1.305 cos 8
[ Nago Moo | (211 -4.3) x 10°° (q77dy) (2582 (2 x 107%) cos? B (ILyiiL, )
/ / 2 10 GeV
P\223)\332| (2 82 —3. 34) 100 ch ( m3/a ) T
2 e
Moazsdsaal | (238 = 4.64) x 107° (o) (1082 ) —

Table 4. Bounds on A;j;, and )\;jk couplings for tan 8 = 10 and for inverted hierarchy.

9.2 Neutrino masses and mixing: normal hierarchy

In the case of normal hierarchy best-fit values of the neutrino oscillation parameters are
given as [5] Am3, = 7.62x 107°eV?2, |[Am3;| = 2.55 x 1073 eV? and the three mixing angles
are 0o = 34.4°, 3 = 51.5° and 013 = 9.1°. With these values and assuming that m; = 0,
m3 = Am3, and m3 = |Am%,| the neutrino mass matrix in the case of normal hierarchy
turns out to be

0.0039 0.0082 0.0014
0.0082 0.0318 0.021
0.0014 0.021 0.023

NH

my, " = (9.4)

Figure 10 presents the contour of (1m, )11 in the (ms/,-m;) plane in the case of normal hier-
archy. Here the blue-dotted line corresponds to the maximum value of (m, )11 = 0.005eV
whereas the red-dashed line corresponds to the minimum value of (m,);; = 0.003eV. Once
again these maximum and minimum values are obtained by varying the oscillation param-
eters within their 3o range.

The right side of the 3.5 GeV gravitino mass line can produce a keV sterile neutrino
warm dark matter with a mass greater than 0.41 keV. The values of other parameters
correspond to BP-4. Here we have chosen a small Ag = 10™%, which requires heavy stops
to produce a ~ 125 GeV Higgs boson. Looking at this figure one can also see the range of
sbottom mass required to fit the value of (m, )11 for a fixed value of tan # and mg /2- If we
take a large value of \g, then the mj; mass range changes slightly but the essential feature
remains the same.

Bounds on the trilinear RPV couplings for normal hierarchy. One can also con-
strain the trilinear R-parity violating couplings in the case of normal hierarchy after ana-
lyzing the other elements of the neutrino mass matrix in the light of neutrino data. The
resulting bounds are shown in table 5. Bounds on trilinear R-parity violating couplings
from various other studies can be found in [89-100].

10 Case with large neutrino Yukawa coupling

While discussing the sum rules in the scalar sector, we observed that the lightest Higgs bo-
son mass receives an additional tree level contribution due to the presence of the neutrino
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Figure 10. Contours of (m, )11 in the (m3/2-mj) plane for normal hierarchy case and tan 8 = 10.

Couplings Bounds for BP-4 Existing Constraints
Moss| | (807 x 1077 = 1.2 107°) (5557dey)” (15.82Y) 6.8 x 10-2 cos 3
| A\333] (3.74 x 107% = 6.11 x 1077) (15l ) (%) 1.305 cos 3
| Aosa Ao | (2.5 —4.7) x 107 (15md ) (%) (2 x 10-%) cos? B (71, iin, )’
| A223 \332 | (24 —3.0) x 107° (1502w Gev) (%) -
| A323\332] (2.5 —4.69) x 10~° (1502=v) (1(:”5/52\/) o

Table 5. Bounds on A;j, and )\;jk couplings for tan 8 = 10 and for normal hierarchy.

Yukawa term fquf}aN ¢ in the superpotential. In the minimal supersymmetric standard
model (MSSM) one requires a very large loop correction in order to fit the Higgs boson
mass in the range of (123-127) GeV [101]. In the next-to-minimal supersymmetric model
(NMSSM), the p term is dynamically generated through a AgSH, Hy term in the superpo-
tential and the tree level Higgs boson mass receives a correction proportional to )\% [101].
Similarly in the singlet-triplet extension of the MSSM, a tree level correction to the Higgs
boson mass proportional to A% and A% is obtained [42]. However, in this model these tree
level contributions to the lightest Higgs boson mass are absent but because of the presence
of the neutrino Yukawa coupling f an additional contribution (Am%)tree = f2v?sin? 28
is obtained. In figure 11 we show the variation of the lightest Higgs boson mass in this
model as a function of tan 8. We can observe from this figure that for a low value of tan
the Higgs boson mass of ~ 125 GeV can be achieved with f = 0.9, even at the tree level.
Moreover, we find that m; = mj, = 500 GeV is sufficient enough to provide the correct
Higgs boson mass through radiative corrections for a slightly larger value of tan 5.

In this case the parameter Mpg, included in the superpotential as MrN€S, is very
large and thus the sterile neutrino becomes very heavy (see eq. (4.6)). In such a situation
the lightest neutralino with a large bino component becomes the LSP with a very small
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Figure 11. The variation of the lightest Higgs boson mass with tan 3. The dashed lines represent
the Higgs boson mass at the tree level and the continuous lines represent the Higgs boson mass
after radiative correction is added for a stop mass of 500 GeV. Here red corresponds to f = 0.9
whereas blue corresponds to f = 0.8.

mass of a few hundred MeV. The mass of the LSP is essentially controlled by the R-
symmetry violating Majorana gaugino mass parameter M;. We show the benchmark points
corresponding to the large f scenario in table 6, where a tree level neutrino mass of 0.049 eV
and a lightest neutralino mass of 167 MeV are obtained. Several studies can be found in
the literature [102-106] concerning very light neutralinos. These include non universal
gaugino mass models and R-parity violation. In the context of NMSSM with R-parity
conservation, a few hundred MeV bino-like lightest neutralino has been studied as a dark
matter candidate and it has been shown that one can avoid the overproduction of such a
light neutralino in the early universe through efficient annihilations [107].

However, in our case the MeV neutralino LSP can decay through R-parity violating
channels. Note, that in this case the gravitino with a mass of ~ 10 GeV decays mainly to the
lightest neutralino + photon final state and has a lifetime of ~ 10'? sec. Such a gravitino
will decay after the big-bang nucleosynthesis (BBN) producing an unacceptable amount of
entropy. This conflicts with the predictions of BBN if one assumes the standard big-bang
cosmology and results in a constraint on the gravitino mass to be mg,, > 10 TeV [108].
However, this constraint on the gravitino mass can be avoided if one assumes that the
universe had gone through an inflationary phase and in order to avoid the strong constraints
obtained from the photo-dissociation of the light elements because of the radiative decay of
the gravitino, one arrives at the upper bound on the reheating temperature of the universe
Tr < 109GeV [105, 109]. In this case the gravitino is a stable particle in the collider
time scale. However, it cannot be a candidate for dark matter because of its small lifetime
in the cosmological time scale. Implications of such a scenario in the context of collider
studies and dark matter requires further investigations and we shall postpone this for a
future work.
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Parameters BP-7
MP 800 GeV
MP 580 GeV

tan 3 2.6
As 107°
A1 Mg tan @y ~ 5.5 x 1076
I 200 GeV
ts (200)3
bur, —(200)? (GeV)?
mg 7.39 TeV
my 7.7 TeV
Vg 0.5 GeV
v 0.1 GeV
f 0.9
Mg 7.4 TeV
mgl = mt~2 500 GeV
bs 1TeV
bT 1TeV
ms/o 20 GeV
mp, 125.5 GeV
(M) Tree 0.049eV
mY 167 MeV

Table 6. A benchmark point with large f and small Ag and Ar.

11 Conclusions and outlook

We have studied a supersymmetric model of neutrino masses and mixing with an U(1)g
symmetry and a single right handed neutrino superfield. In this model the R-symmetry is
identified with lepton number in such a way that the lepton numbers of the standard model
fermions are the same as their R-charges but with a negative sign. The neutral gauginos
are Dirac fermions in this model and one needs to introduce additional chiral superfields
in the adjoint representations of the gauge groups. The right-handed neutrino with an
appropriate R-charge allows one to write down neutrino Yukawa interactions respecting
the U(1)r symmetry. After the electroweak symmetry breaking one of the sneutrinos (we
choose it to be the electron sneutrino) develops a non-zero vacuum expectation value, which
can be significant because it is not constrained by small neutrino masses. In the neutral
fermion sector we have mixing among the neutralinos, the electron-neutrino and the right
handed neutrino consistent with the R-symmetry and that results in a small Dirac neutrino
mass at the tree level. The scalar sector of this model can accommodate a Higgs boson
with ~ 125 GeV mass. This can be achieved even at the tree level with the help of a large
Dirac neutrino Yukawa coupling (f ~ 1) or including the one loop radiative corrections to
the tree level mass of the Higgs boson. A very important property of this R-symmetric
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model is the existence of a subset of R-parity violating interactions in the superpotential
parametrized by A and )\ in the literature.

There are two massless active neutrinos at the tree level, which acquire non-zero masses
through one-loop radiative corrections when small R-symmetry breaking effects are turned
on through a small gravitino mass. In this work we confine ourselves in a situation where the
breaking of R-symmetry is communicated to the visible sector through anomaly mediated
supersymmetry breaking. This results in small Majorana gaugino masses as well as trilinear
scalar couplings, which were zero in the R-conserving limit. Depending on the size of the
R-symmetry breaking order parameter (gravitino mass ms/, in this case), one can either
generate a pair of almost degenerate neutrinos forming a pseudo-Dirac neutrino or two
distinct light Majorana neutrinos from the neutralino-neutrino mass matrix at the tree
level. Our analysis shows that none of these situations can accommodate the results from
LSND experiments with a possible neutrino mass eigenstate at ~ 1.2eV. On the other
hand, there exists a possibility of having a Majorana sterile neutrino with a mass of the
order of a few keV, which can be a good candidate for warm dark matter. A detail scan of
our parameter space shows that there are allowed regions where the constraints on this keV
dark matter coming from X-ray observations can be satisfied and this keV sterile neutrino
can account for the dark matter relic density measured at the PLANCK and WMAP
experiments. At the same time there exists an active neutrino acquiring a very small mass
at the tree level. All these allowed points in the parameter space are consistent with a ~
125 GeV light Higgs boson. We have also identified two distinct cases of heavy and light
stop masses consistent with the Higgs boson mass, dark matter relic density constraint and
a small tree level mass of the neutrino. The collider signatures of these two cases should be
explored further which can possibly provide some testable predictions at the LHC. Because
of the mixing in the neutralino, chargino and the scalar mass matrices the sparticles can
have novel decay modes leading to interesting final states in pp collision and can be studied
in a similar way as presented in ref. [17].

We investigate the light active neutrino sector and try to fit the three flavor global
neutrino data by incorporating one loop radiative corrections to the (3 x 3) light neutrino
mass matrix. We choose certain benchmark points for our numerical analysis and show that
one can obtain bounds on the trilinear R-parity violating couplings in the superpotential
from neutrino data as a function of the R-symmetry breaking order parameter (mg/s).
We further pay a special attention to the situation with a large Dirac neutrino Yukawa
coupling f and demonstrate that a large f can induce additional tree level contribution to
the lightest Higgs boson mass to be consistent with the Higgs boson mass measurement at
the LHC experiments. Even with such a large value of f, a small Majorana mass for the
light active neutrino can be generated at the tree level. A very interesting feature of this
scenario is the existence of a few hundred MeV lightest neutralino LSP with a substantial
bino component. In this R-parity violating scenario, this MeV lightest neutralino LSP can
decay into final states involving standard model fermions and can avoid the constraints on
such a light MeV neutralino from its overproduction in the early universe. The gravitino
is the NLSP in this case with a mass mg/, ~ 10GeV and it is a stable particle in the
collider time scale with a lifetime of ~ 10'? sec. This is cosmologically consistent as long
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as the reheating temperature Tr < 10°GeV. It would be really interesting to see the
phenomenological and cosmological implications of this MeV neutralino scenario in detail,
and in particular, at the LHC. However, such a dedicated analysis is beyond the scope of

this paper.
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