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ABSTRACT: We examine in detail the neutrino masses and mixing patterns in an extension
of the minimal supersymmetric standard model with three gauge-singlet neutrinos and R-
parity violation. The Majorana masses for the gauge-singlet neutrinos as well as the usual
u-term for the Higgs superfields are generated at the electroweak scale through the vacuum
expectation values of the singlet sneutrinos. The resulting effective mass matrix for the
three light neutrinos have contributions from the seesaw mechanism involving the singlet
neutrinos as well as due to the mixing with the heavy neutralinos. This model is popularly
known in the literature as the “u from v supersymmetric standard model” (urSSM). We
show that even with flavour diagonal neutrino Yukawa couplings, the global data on three-
flavour neutrinos can be well accounted for in this scenario, at the tree level. We also
analyze the mixing in the chargino and the Higgs sector and calculate the decays of the
lightest supersymmetric particle in this model. The decay branching ratios show certain
correlations with the neutrino mixing angles, which can be tested at the LHC. Some other
phenomenological implications of such a model have been discussed.
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1 Introduction

The experimental results on neutrinos provide strong evidence in favour of non-zero neu-
trino masses and mixing angles. Various neutrino oscillation experiments suggest that the
mixing pattern of the three light neutrinos is bilarge, that is to say there are two large
mixing angles and one small mixing angle. The data can be explained very well with the
following set of mass squared differences and mixing angles [1, 2]

7.05 x 107°eV? <Am3; < 8.34 x 10~ °eV? (30), (1.1)
2.07 x 107%eV? <|Am3;| < 2.75 x 10 3eV? (30), (1.2)
30° <015 <37°, 35° < a3 <54°, 013<13°  (30), (1.3)
where Am?j = mf — m?

In order to explain the results in egs. (1.1)—(1.3), one needs to go to a theory beyond
the standard model (SM). A very interesting possibility to look for new physics is supersym-
metry (SUSY) which has the ability to provide a solution of the so-called ‘gauge hierarchy
problem’ connected with the mass of the Higgs boson. SUSY predicts new particles at the
TeV scale which can be tested at the forthcoming Large Hadron Collider (LHC). Naturally
it is tempting to see whether TeV scale SUSY is also one of the candidates which can
explain the observed pattern of neutrino mass squared differences and mixing. There have
been several proposals in recent times, which attempt to explain the experimental data on
neutrinos in the context of a supersymmetric theory. Perhaps the most well studied class
of models in this context is the one which includes R-parity violation [3, 4] in the Minimal
Supersymmetric Standard Model (MSSM). Neutrino mass squared differences and mixing
angles have been calculated under various assumptions and it has been found that the
neutrino data can be explained well when contributions to the neutrino mass matrix at the
tree and one-loop level are considered [5, 6].

On the other hand, though SUSY provides some elegant solutions to accommodate the
experimental data on neutrinos, it has been plagued by a few urgent questions which do not
have very satisfactory answers yet. One of them is the so-called “u-problem”[7] related to
the bilinear term ,ulfl 1 H, in the MSSM superpotential. The electroweak symmetry breaking
requires the value of u to be roughly of the order of a few hundreds of GeV. This requires,
in the absence of any fine cancellation, that p is roughly of the order of the soft scalar
masses and both of them should be somewhere around a TeV or a few hundreds of GeV.
Since p parameter respects SUSY, there is no obvious reason why it should be of the same
order as SUSY breaking soft scalar masses. This defines the “u-problem”. There have
been several attempts to address the solution to this problem and all of them requires the
vacuum expectation value(s) (VEVs) of some additional field(s) to generate the p-term
after the symmetry breaking.

One of the solutions is the next-to-minimal supersymmetric standard model (NMSSM),
which introduces a superfield S , singlet under the SM gauge group. The p term is absent
from the superpotential and it arises when the scalar component of S acquires a VEV.
This VEV is determined in terms of the soft supersymmetry breaking terms through the



minimization condition. If the SUSY breaking scale is close to the electroweak (EW) scale
then the effective p term is also of the order of the EW scale. However, as in the case
of MSSM, the NMSSM also cannot explain the observed pattern of neutrino masses and
mixing.

It is also important to note in this context, that another very well known mechanism
of generating small neutrino masses and bilarge mixing angles in a SUSY model, compat-
ible with the experimental data, is the seesaw mechanism which introduces gauge singlet
neutrino superfields. In such cases the MSSM superpotential contains additional terms
involving the Yukawa couplings for neutrinos as well as Majorana masses for the gauge sin-
glet neutrinos. In the conventional scenario, the neutrino Yukawa couplings are assumed
to be ~ O(1), whereas the Majorana masses for the gauge singlet neutrinos are taken
somewhere around 10 GeV or so. In this case light neutrino masses as small as 1072 eV
can be generated. One viable alternative to the usual seesaw mechanism is to consider the
TeV-scale seesaw. This possibility is very interesting since it may provide a direct way to
probe the gauge singlet neutrino mass scale at the LHC and does not need to introduce a
very high energy scale in the theory. However, in order to generate small active neutrino
masses one needs to consider neutrino Yukawa couplings to be of order 1076, This choice
is reasonable since we know that the electron Yukawa coupling should also be of the order
of 1075.

In this work we study in details, a model of neutrino masses and mixing which intro-
duces the gauge singlet neutrino superfields (7f) to solve the p problem in a way similar
to that of NMSSM. The terms in the superpotential involving the 7{ include the neutrino
Yukawa couplings, the trilinear interaction terms among the singlet neutrino superfields as
well as a term which couples the Higgs superfields to the ©{. In addition, there are corre-
sponding soft SUSY breaking terms in the scalar potential. When the scalar components
of U get VEVs through the minimization conditions of the scalar potential, an effective p
term with an EW scale magnitude is generated [8]. In addition, small Majorana masses of
the active neutrinos are generated due to the mixing with the neutralinos as well as due to
the seesaw mechanism involving the gauge singlet neutrinos. In such a scenario, we aim to
explain the experimental data on neutrinos discussed in the beginning. In particular, we
show that it is possible to provide a theory of neutrino masses and mixing explaining the
experimental data, even with a flavour diagonal neutrino Yukawa coupling matrix, without
resort to an arbitrary flavour structure in the neutrino sector. This essentially happens be-
cause of the mixing involved in the neutralino-neutrino (both doublet and singlet) system
mentioned above. We perform a detailed analytical and numerical work and show that
the three flavour neutrino data can be accommodated in such a scenario. In addition, we
observe that in this model different neutrino mass hierarchies can also be obtained with
correct mixing pattern, at the tree level.

In this model the neutral Higgs bosons mix with the sneutrinos and charged Higgs
bosons mix with the charged sleptons. The corresponding scalar, pseudoscalar and charged
scalar mass squared matrices are enlarged and we take into account the constraints on the
parameters coming from the positivity of the squared scalar masses. In the fermionic
sector, in addition to the neutralino-neutrino mixing there is mixing also between the



charginos and the charged leptons. This can also have implications for phenomenological
studies, particularly in the context of future colliders. Because of the mixing between the
neutralinos and the neutrinos, the lightest neutralino, which is the lightest superparticle
(LSP) for most of the parameter space, can have novel decay modes which can be correlated
with the neutrino mixing pattern. This can provide some unique signatures of such a
scenario which can be tested at the LHC.

As we have mentioned earlier, that in order to get the correct light neutrino mass
scales, the neutrino Yukawa couplings should be of the order of 1076 or so. This is because
the TeV scale VEVs of the singlet neutrinos induce Majorana mass terms of themselves
also at the TeV scale. Similarly, the neutralino-neutrino mixing provides correct light
neutrino mass scales only when the Yukawa couplings of the neutrinos are somewhere close
to that of the electron. This model has been named as the “urSSM” in ref. [8]. Thus in
this model, an interesting proposal has been given, where the generation of small neutrino
masses and the solution to the p problem can be accommodated with the same set of
gauge singlet neutrino superfields without introducing an extra singlet such as in the case
of NMSSM. The spectrum and parameter space of this model, with three gauge singlet
neutrino superfields, were discussed in [9]. However, a detailed discussion of the issue of
neutrino masses and bilarge neutrino mixing, in order to accommodate the three flavour
neutrino data, has been lacking and that is what we want to provide in the present work.
We would like to emphasize here that our analysis shows that even with flavour diagonal
neutrino Yukawa couplings, the resulting structure of the effective mass matrix of the light
neutrinos can explain the bilarge pattern of mixing. In addition, we explore the correlation
between neutrino mixing and the decay pattern of the LSP in this model and discuss some
other interesting phenomenological implications.

Other models which address the neutrino experimental data and the p problem are
essentially extensions of NMSSM. One of these proposals [10] include both the gauge singlet
neutrino superfields (2{) and the extra singlet (S) of the NMSSM. In this case the Majorana
masses of the singlet neutrinos are also generated at the EW scale through the VEV of
the scalar component of S. R-parity may be broken spontaneously and the light neutrino
masses are generated through the seesaw at the EW scale. Another possibility is discussed
in ref. [11], where the effective bilinear R-parity violating terms are generated through the
VEV of the singlet scalar S. Naturally, in this case only one neutrino mass is generated
at the tree level whereas the other two masses are generated at the loop level. In [12],
two neutrino masses are generated at the tree level by including explicit bilinear R-parity
violating terms in addition to the R-parity breaking term involving S.

The plan of the paper is the following. We start with the description of the model
in section II by writing down the superpotential and the soft supersymmetry breaking
interaction terms. We also derive the minimization equations of the scalar potential and
discuss some issues related to the vacuum expectation values of the left sneutrinos. In
section III we continue our discussion of the scalar sector with a more detailed look. Sec-
tion IV describes the fermionic sector of the model where neutralinos mix with both the
doublet and singlet neutrinos and the charginos mix with the charged leptons. In section
V we provide a detailed discussion of the effective mass matrix of the three light neutri-



nos, arising because of the neutralino-neutrino mixing. Analytical expressions of the mass
eigenvalues and eigenvectors are derived under certain conditions, using degenerate per-
turbation theory. We construct the neutrino mixing matrix and show that it is possible
to have two large and one small mixing angles in general. A detailed numerical analysis
has been performed and we compare our results with that obtained using the approximate
analytical formulae. We show that for realistic parameter choices, it is possible to fit the
three flavour global neutrino data in this scenario, even with a flavour diagonal neutrino
Yukawa coupling matrix. The decays of the lightest supersymmetric particle are discussed
in section VI and it has been observed that certain decay branching ratios are correlated
with the neutrino mixing angles. We make concluding remarks in section VII with possible
future directions of our work. The details of various scalar mass squared matrices and the
Feynman rules for the LSP decay calculations are relegated to the appendices.

2 The model and its minima

2.1 Superpotential

In this section we introduce the model along the lines of ref. [8], discuss its basic features and
set our notations. We introduce three gauge singlet neutrino superfields, ¢ (i = e, y, 7), in
addition to the fields of the minimal supersymmetric standard model. The superpotential
of the model is written as

W = eq(Yol HSQMUS + Y, HYQVdS + Y HY LY + Y HYLODS)
NN 1 ..
— e \NDFHTHS + gmlﬂ’fﬁfﬁ%}g, (2.1)

where H; and H, are the down-type and up-type Higgs superfields, respectively. The Ql
are doublet quark superfields, 4§ [cij] are singlet up-type [down-type] quark superfields. The
L; are the doublet lepton superfields, and the é? are the singlet charged lepton superfields.
Here a,b are SU(2) indices, and €19 = —eg; = 1. Note that the usual bilinear p-term
of the MSSM is absent from the superpotential whereas two additional trilinear terms
are introduced involving the Higgs superfields, H, and Hs, and the three gauge singlet
neutrino superfields, 7. This is done by imposing a Z3 symmetry which is also used in
the case of NMSSM. If the scalar potential of the model is such that non-zero vacuum
expectation values of the scalar components (7f) of the singlet superfields o{ are induced,
an effective bilinear term pH{HY is generated, where the coefficient u = A (5f). In the
presence of soft supersymmetry breaking, it is usually expected that the VEVs of 7§ are at
the electroweak scale. Hence the value of y is of the order of the electroweak scale as long
as the dimensionless couplings \; are ~ O(1). This gives us a solution to the so-called “pu-
problem”. The last term in the superpotential with the coefficient x“* is included in order
to avoid an unacceptable axion associated to the breaking of a global U(1) symmetry [13].
This term generates effective Majorana masses for the singlet neutrinos at the electroweak
scale.

The last two terms in (2.1) explicitly break lepton number (L) and hence the R-parity,

which is defined by R = (—1)/+38+25_ Here B is the baryon number and s is the spin. Note



that R = +1 for particles and —1 for superpartners. Since lepton number is explicitely
broken, no unwanted massless Majoron appears in this model. One should also notice
that the term in the superpotential involving the neutrino Yukawa couplings Y, , generate
effective bilinear R-parity violating interactions ¢'H,L;. Here €' is determined in terms of
the VEVs of ¢ and is given by € = Y <17]C> R-parity breaking implies that the lightest
supersymmetric particle (LSP) is not stable and it cannot be a candidate for dark matter.
The decay of the LSP may produce some interesting signatures at the LHC, which can
have certain correlations with the neutrino oscillation data. In addition, one can measure
displaced vertices originating from the LSP decay.

It should be mentioned here that neutrino masses and bilarge neutrino mixing have also
been studied in an R-parity violating supersymmetric theory with gauge singlet neutrino
superfields [14]. However, in that analysis terms of the type 0°H1 Hy have been dropped
from the superpotential because of very small coefficient. Analysis has also been carried
out in the context of the observed baryon asymmetry of the Universe [15]. Finally, one
should note that the discrete Z3 symmetry of the superpotential is spontaneously broken
in the vacuum. This might lead to cosmological domain wall problem [16]. However, the
solutions to this problem exist [17] and will also work in this case.

2.2 Soft terms

Let us now specify the soft-supersymmetry-breaking terms of this model. We will con-
fine ourselves in the framework of supergravity mediated supersymmetry breaking. The
Lagrangian L, containing the soft-supersymmetry-breaking terms is given by

— Lot = (M) QY QF + (mige)Iaf a5 + (m3)7d5” d5 + (m3)VL§ L

2 P I 2 * 2 * 2 *
+ (mée)V e & + my, Hi Hi +mi, Hy Hy + (mpe)” 0] v5

o €an |(AuYa) T HYQEES + (AaYa) T HE QLS + (AY)V HELYES + Hec.|
L. . 1 .
+ [eab(A,,Yl,)”HQbL?ﬁ; — eap(AXN)'DEHEHS + g(AM)Ukﬂf;;;z;,g + H.c.]
1 I I I
— 5 <M3)\3)\3 + Mododg + M\ + HC) . (22)

In eq. (2.2), the first two lines consist of squared-mass terms of squarks, sleptons
(including the gauge singlet sneutrinos f) and Higgses. The next two lines contain the
trilinear scalar couplings. Finally, in the last line of eq. (2.2), M3, Ms, and M; are Majorana
masses corresponding to SU(3), SU(2) and U(1) gauginos A3, Az, and A, respectively. The
tree-level scalar potential receives the usual D and F term contributions, in addition to the
terms from Lgof.

2.3 The neutral scalar potential and the electroweak symmetry breaking con-
ditions

We assume that only the neutral scalar fields develop in general the following vacuum
expectation values while minimizing the scalar potential:

(HY) =v1, (H3)=wvy, ()=wi, (Ff)=0f. (2.3)

K3 K3



The tree level neutral scalar potential looks like

ZYUVZI/ — Z)\ZV vy
ZYVij’UQV;

+ mH2’U2‘2 + mH1’U1’2 + Z ZL VIV + Z(mgc)ijyf*uf
i,J i,J

2

neutral

V,vg—)\jvlvg—i— g KRy, v

2
2 2
+ (91 Jg%) [E vl o P - \02!2]

7

1,C
)\I/ivg

+ Z(A Y,) Jl/,l/ Uy — Z(A)‘)‘) vivivg + Z (Aur)F vy vivi + H.c.
1,5 i ,]k

(2.4)

One important thing is to notice that the potential is bounded from below because
the coefficient of the fourth power of all the eight superfields are positive. We shall further
assume that all the parameters present in the scalar potential are real. From eq. (2.4), the

minimization conditions with respect to v{ v;,v9, v1 are

QZWC“FZY'“T V3 + p'n + pAv3 +Z M) "5 + (Apx)' =0, (2.5)

ZYVU’UQC] + ygluli +rin + Z m% ‘v + Z A)Y,) ”1/]%2 =0, (2.6)
J J J
ZP]CJ + Zrﬁ vy + pvg — YgSoV2 + Z(Ayyy)zfyiyj‘? — (AN "V + m%{QUQ =0, (2.7)
=Y Nwald + ygbevr + pPor — Y rlv +mi (AxA 0, (2.8
2 Yobuv1 + o1 — Y rlvi+mi vr — (AA)vfve =0, (2.8)
J J
where

(Agz) = Z(AVYV)jiijg + Z(A,.in ”ky]cuc — (AN w109,

Jik
Cj = Z /gijkyicyg + Z Yykjvguk — Nujvg,
; k
i, i
=2 AV,
i
Yo = 7 91 +93),

gv:

R N

Zl/ +U1 —v2>

pi = Z YV]ZV]‘ - )\Zvl),
J



rl= ¢ = ZYVUV;,
j
rt = Zijuj,
J
u¥ = Zmijkug. (2.9)
k

In deriving the above equations, it has been assumed that x7*, (A,.k)7*, Y, (AY,)9,
2

VC

Note that the Dirac masses for neutrinos are given by m, 4 = Y7 py. From present day

(m2.)4, (mi)” are all symmetric in i, j, k.
experiments it is well known that neutrino masses are very small. This implies that the
neutrino Yukawa couplings must also be very small ~ O (1077), in order to get correct
neutrino mass scale using TeV scale seesaw mechanism. This immediately tells us that in
the limit Y, — 0, eq. (2.6) implies that v; — 0. So in order to get appropriate neutrino
mass scale both Y, 4 and v; have to be small.

Ignoring the terms of the second order in Y7 and assuming (v2 +v? —v3) ~ (v —v3),
(m2)9 = (m%)éij, we can easily solve eq. (2.6) as (using eq. (2.9))

L
Y, Ful vy — i Y7+ (A,Y,) v Y, N2
v R — c 2 2,u1 (2 v)v2 Vi + 5 212 57 (- (2.10)
Yg(vf = v3) + (m?) V(v — v3) + (m3)

Note from eq. (2.10), that the left handed sneutrinos can acquire, in general, non-vanishing,
non-degenerate VEVs even in the limit of zero vacuum expectation values of the gauge
singlet sneutrinos. However, zero VEVs of all the three gauge singlet sneutrinos is not an
acceptable solution since in that case no p-term will be generated. Moreover, one needs
to ensure that the extremum value of the potential corresponds to the minimum of the
potential, by studying the second derivatives.

3 The scalar sector

The scalar sector of this model enhances from that of MSSM, because of the choice of
the superpotential in eq. (2.1) (fourth, fifth and the sixth term). In this case, the neu-
tral Higgs bosons can mix with both the doublet and gauge-singlet sneutrinos. The CP-
odd(pseudoscalar) and CP-even(scalar) mass squared matrices are now 8 x 8, considering
all three generations of doublet and singlet sneutrinos. Similarly the charged Higgs can mix
with the charged sleptons and thus the charged scalar mass squared matrix is enhanced to
8 x 8. We have considered only the CP-preserving case and hence all the VEVs are chosen
to be real. The scalar sector of this model has been addressed also in a recent work [9].
The details of various scalar mass squared matrices are given in appendix A.

For our analytical and numerical calculations in the later part of the paper, we have
assumed that (m%)” = (m )6” (mZ.)4 = (m2.)0%, and Y7 =0, ifi # j. We have

further assumed that % are flavour-diagonal as well as flavour-blind, i.e., k% = k if

i = j = k and zero otherwise. Similarly, we have assumed a flavour-blind coupling \* = A
for « = 1,2,3. We will see that even with such simplifying assumptions, we can fit the



global three flavour neutrino data in this model. We will use the following procedure
for all our subsequent analysis. Using the minimization conditions, we will solve for the
vacuum expectation values v; and v{. We will choose the parameters in such a way that
the values of v{ will give an acceptable number for the p-parameter (u = X), vf). As
a cross check we confirm the existence of two Goldstone bosons in the pseudoscalar and
charged scalar mass-squared matrices. In addition, we check that all the eigenvalues of the
scalar, pseudoscalar, and charged scalar mass-squared matrices (apart from the Goldstone
bosons) should come as positive for a minima.

Additional constraints on the parameter space can come from the existence of false
minima. A detailed discussion on this issue has been presented in ref. [9] and the regions
excluded by the existence of false minima have been shown. One can check from these
figures that mostly the lower part of the region allowed by the absence of tachyons, are
excluded by the existence of false minima. In our analysis, we have chosen the parameter
points in such a way that they should be well above the regions disallowed by the existence
of false minima. Nevertheless, in the case of gauge-singlet neutrino (v) dominated lightest
neutralino (to be discussed later), the value of x that we have chosen is 0.07 with two
different values of A\, namely, 0.1 and 0.29. In this case, there is a possibility that these
points might fall into the regions disallowed by the existence of false minima. However, we
have checked that even if we take the value of k to be higher (0.2 or so), with appropriately
chosen A, our conclusions do not change much. For such a point in the parameter space, it
is likely that the existence of false minima can be avoided. A more detailed study on this
issue is beyond the scope of the present paper.

Let us also mention here that the sign of the u-term is controlled by the sign of the
VEV v¢ (assuming a positive A), which is cotrolled by the signs of A\ and A,k. If AyA
is negative and Ak is positive then the sign of the u parameter is negative whereas for
opposite signs of the above quantities, we get a positive sign for the u parameter.

The scalar mass-squared matrices (both CP odd and CP even) and the vacuum ex-
pectation values v{ are not very sensitive to the change in neutrino Yukawa couplings (Y,
~ O (1077)) and the corresponding soft parameter 4,Y; (~ O (10~%)GeV). On the other
hand, the values of tan § and the coefficients A and x are very important in order to satisfy
various constraints on the scalar sector mentioned earlier. In figure 1, we have plotted the
allowed regions in the (A—«) plane for tan 5 = 10.

The values of other parameters are chosen to be mj; = 400 GeV, mzc = 300 GeV,
VI =50x1077, Y2 =40x10"7, V3 =3.0x 1077, (A4,Y,)7 =1 TeV x Y;7 | (A\\) =
—1 TeV x A, and (Axk) = 1 TeV x k. The upper limit of the value of x is taken to be ~
0.7 because of the constraints coming from the existence of Landau pole [9]. With these
values of different parameters satisfying the constraints in the scalar sector, we will go on to
calculate the neutrino masses and the mixing patterns as well as the decays of the lightest
neutralino in this model as discussed in the next few sections.

It should be mentioned at this point that the radiative corrections to the light Higgs
mass, can be significant in some regions of the parameter space as discussed in ref. [9].
It has been shown that the light Higgs mass larger than the LEP lower limit of 114 GeV
can be obtained with the value of A; (trilinear coupling in the scalar sector for the stop)
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Figure 1. Allowed regions in (A-x) plane which satisfy various constraints on the scalar sector, for
tang = 10. X and s were allowed to vary from 0.005 to 0.50 and 0.005 to 0.70, respectively.

within 1-2.4 TeV and when the mixing of the light Higgs with the right-handed sneutrino
is small. The latter requirement is fulfilled in most of the cases that we have considered
and in some cases the mixing is slightly larger. However, there is always the freedom of
choosing the value of A; appropriately. Hence, it would be fair to say that the experimental
limits on the light Higgs boson mass can be satisfied in our analysis. The parameter points
we have chosen here are sample points with different dominant composition of the lightest
neutralino. Since we have a large parameter space, it is always possible to choose a differ-
ent parameter point with the same characteristic features satisfying all the experimental
constraints.

4 The fermionic sector

4.1 The neutral fermions

In this model, because of the breaking of R-parity, two neutral gauginos, BO(: —2'5\1) and
W9(= —iA}) and two neutral higgsinos (HY and HY) are now mixed with the neutrinos
(both v; and vf). As can be seen from the superpotential (fourth and fifth term in eq.
(2.1)), the fermionic partners of { and 7; mix with the neutral higgsinos [8, 9]. The neutral
gauginos are mixed with the left-handed neutrinos through the vacuum expectation values
of the doublet sneutrinos. Mass matrices for the neutral and charged fermion sectors,
involving all three generations of neutrinos (both doublet and singlet) and charged leptons,
have been addressed also in [9].
In the weak interaction basis defined by

vl — (BO,Wg,ﬁ?,fIg,Vg,uﬁ,uﬁ,ue,yu,w) , (4.1)
the neutral fermion mass term in the Lagrangian is of the form
1 o
nmeaftsral - _5\1[0 Mn\I/O +H.c., (42)

where M,, includes all three generations of doublet and gauge singlet neutrinos and thus
it is a 10 x 10 matrix. The massless neutrinos become massive due to this mixing with the

,10,



neutralinos and the gauge singlet neutrinos. The three lightest eigenvalues of this 10 x 10
neutralino mass matrix correspond to the three light physical neutrinos and their masses
have to be very small in order to satisfy the experimental data on massive neutrinos. The
matrix M,, can be written in the following manner

M ml.
Mn - T 3xT ) (43)
m3x7 03x3
where
M1 0 —%Ul %'UQ 0 0 0
0 MQ \5’/251)1 —%1}2 0 0 0
—%vl %vl 0 —p =A% =My —ATvy
M7><7— %Ug —%’02 — 0 pe p“ pT ’ (44)
0 0 —Xwy p° 20 2u 2T
0 0 —Alog  pt 20 20k 2ukT
0 0  —Xw p7  2uT® 2u 2ulT
and
—%l/e %1/6 0 r¢ Yy Y vg Y0y
maxr = _%Vu %Vu 0 Tg YVMGUQ YVMMUQ YVMTUQ . (45)

—g—IVT %I/T 0 TZ YVTeUQ YUTMUQ YVTTUQ

Note that the top-left 4 x 4 block of the matrix My7«7 is the usual neutralino mass
matrix of the MSSM. The bottom right 3 x 3 block is the Majorana mass matrix of gauge
singlet neutrinos, which will be taken as diagonal in our subsequent analysis. The entries
of Mr«7 are in general of the order of the electroweak scale and the entries of mgy7 are
much smaller (~ O(107° GeV)). Hence, the matrix (4.3) has a seesaw structure that will
give rise to three very light eigenvalues corresponding to three light neutrinos. The correct
neutrino mass scale of ~ 1072 eV can easily be obtained with such a structure of the 10 x 10
neutralino mass matrix. In this work our focus would be to see if one can obtain the correct
mass-squared differences and the mixing pattern for the light neutrinos even if we consider
flavour diagonal neutrino Yukawa couplings in eq. (4.5) (i.e. with a diagonal Dirac neutrino
mass matrix). This makes the analysis simpler with a reduced number of parameters and
makes the model more predictive. As we will show later, it is possible to find out the
correct mixing pattern and the mass hierarchies (both normal and inverted) among the
light neutrinos in such a situation, at the tree level.
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In order to obtain the physical neutralino states, one needs to diagonalize the 10 x 10
matrix M. As in the case of MSSM, the symmetric mass matrix M, can be diagonalized
with one unitary matrix N. The mass eigenstates are defined by

Xy =Ny, ij=1,...,10, (4.6)

where the 10 x 10 unitary matrix N satisfies
N*M,N1 = MY, (4.7)

with the diagonal neutralino mass matrix denoted as MOD. The matrix N may be chosen in
such a way that elements of MY are real and non-negative. In our analysis we will assume
that all the entries in the 10 x 10 neutralino mass matrix M, are real. Seven eigenstates
of this matrix are heavy, i.e. of the order of the electroweak scale. Out of these seven
states, there are four states which are usually very similar to the MSSM neutralinos. The
remaining three states are mostly dominated by vf. It is, in general, very difficult to predict
the nature of the lightest of these seven states since that depends on several unknown
parameters. In our analysis of the decays of the lightest supersymmetric particle (LSP),
we will concentrate on three different possibilities: (i) lightest state is dominated by the
bino component, (ii) higgsino dominated lightest state, and (iii) gauge singlet neutrinos v/{
form the lightest state. The last possibility is very interesting since in this case we have the
opportunity to produce the gauge singlet neutrinos at the LHC and study their properties
through the R-parity violating decay modes. This way one has a direct probe to the seesaw
scale at the LHC.

4.2 The charged fermions

In the charged fermion sector, the charged gauginos and charged higgsinos mix with the
charged leptons because of the presence of the effective bilinear RPV parameters € =
> ; Yyij u]‘? and the sneutrino VEVs v;. This is similar to the case of MSSM with bilinear
RPV with the parameter ;1 defined as ;1 = >, A'vf. Since we want to calculate the decays of
the lightest neutralino, we also need to know the mass eigenvalues and the mixing matrices
in the charged fermion sector. Because of this reason, we discuss the chargino mass matrix
in some details. In the weak interaction basis defined by

\II+T - (—Z‘S\;,ﬁ—;7€E,ME,T+)7
U = (=g, Hy e, 1,7y ) (4.8)

The charged fermion mass term in the Lagrangian is of the form

1 . . O5x5 msTx5 ot
fied = —5 (0 0T . (4.9)
msx5 O5x5 v

Here we have included all three generations of charged leptons and assumed that the
charged lepton Yukawa couplings are in the diagonal form. Also, —i\* are the two-
component charged Wino fields and H ; and I:IQ‘L are the two-component charged higgsino
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fields. The matrix msx5 is given by

My govg 0O 0 0

gov1 _Y'eeeye _Y'eﬂﬂyﬂ _Y'eTTVT

Msxs = | gale —T¢ YU 0 0 . (4.10)
g2V, —r¢ 0 Y v 0
govr =17 0 0 Yo

The charged fermion masses are obtained by applying a bi-unitary transformation such
that
U*m5><5v_1 == Mglt), (411)

where U* and V are two unitary matrices and /\/ll% is the diagonal matrix with non-negative
entries corresponding to the physical fermion masses. The two-component mass eigenstates

are defined by

Xi = Vi),
XZ_ :UZ‘]QJ_7 Z’] = 1,...,5. (4'12)

Nevertheless, we notice that the 13, 14, and 15 elements of the chargino mass matrix
(eq. (4.10)) are vanishing and given the orders of magnitude of various parameters, we also
see that the values of the other off-diagonal entries (except for 12 and 21 elements) are very
small. This indicates that the physical charged lepton eigenstates will have a very small
admixture of charged higgsino and charged gaugino states. So we can very well assume
(also verified numerically) that this mixing has very little effect on the mass eigenstates
of the charged leptons. Thus, while writing down the neutrino mixing matrix, it will be
justified to assume that one is working in the basis where the charged lepton mass matrix
is already in the diagonal form.

5 Neutrinos

5.1 Seesaw masses
When lepton-number violation is allowed, the effective light neutrino mass matrix arising
via the seesaw mechanism is in general given by

MY = —mgyer M7 Lmi ;. (5.1)

As discussed in the previous section, mgzyx7 is the so-called Dirac neutrino mass matrix
and M7z is the matrix for the heavy states and contains AL = 2 mass terms for right chiral
neutrinos. In order to find out the neutrino mass-squared differences and mixing angles,
one must diagonalize the matrix M" to find out the eigenvalues and the eigenvectors.
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Before discussing the detailed numerical results, let us try to understand the characteristic
features of this neutrino mass matrix analytically. Let us note that the neutrino mass-
squared differences indicate three possible scenarios for the light neutrino mass spectrum.
They are (i) Normal hierarchy corresponding to my & mg ~ \/Am3,, ms ~ \/|Am3,|, (ii)
Inverted hierarchy: mj & mg ~ \/|Am3,|, ms < /|Am3,| and (iii) Degenerate masses:
my &~ my & mg > /|Am3,|, where my, ma, and mg are the three light neutrino mass
eigenvalues.

5.1.1 Analytical results

Let us make a few simplifications in order to diagonalize the effective light neutrino mass
matrix. One should note that the neutrino mass matrix involves the vacuum expecta-
tion values for the doublet and the gauge singlet sneutrinos. Hence we also make some
simplifying assumptions for the parameters appearing in the scalar sector. Some of these
assumptions have already been mentioned in the scalar sector but here we repeat them for
the convenience of the reader. We have defined

kIR = g, ifi=j=k, and zero otherwise,
(Apr)7* = (Agk), ifi =j=k, and zero otherwise,
Y7 =0, if i # j,
(AY,)"7 =0, if i # j,
A= =N =)
(AN = (A7 = (AN) = (D),
(m3)" = (m})s",
(mze) = (m3e)8", (5.2)

where 7, j,k = e, i, 7 in the flavour basis.

With these assumptions one can solve for v{ from the minimization equations for the
gauge singlet sneutrinos (eq. (2.5)) and the result is v{ = v§ = v§ = v This can be
understood if we neglect the terms proportional to Y,?, Y,v, (A,Y,)v in the minimization
equations and assume that A, x are ~ O(1) couplings.

Now let us look at the effective left chiral neutrino mass matrix (eq. (5.1)) in a little
more details. Because of the smallness of Y, and v;, one can neglect terms containing
Y,2v? and Y, 2v. This way one obtains an approximate analytical expression for the 3 x 3
neutrino mass matrix.

bg beb,, bebr —2ag Ay Qelr
. 2AV° 1
MY = N beb,, bi b.br Py aedy, —Qaz ay,ar

bebr bubr b2

2 Qelr Qa7 —2a2

T
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02

S CeCy CeCr
2\ . 20\AB
_ 3—AIUZYVZZW <v2 — T) CeCp ci cuCr |
%
CeCr Cucr  C2
(5.3)
where
A = N2(v} +v2)? + 4 kv ooy — AMAAp, p= 3\°,
A = (kv + o),
1 2 2
S (5.4)
M My M,
B = v1(v? 4+ v3) — 2M pwy,

a; = YVM’U27 b; = (Yl,ii?)l + 3)\1/2‘), C; = U,

with 4,75,k = e, u, 7.
One can rewrite eq. (5.3) in a compact form as follows

L 2Av° 1 2\ ek 2\AB
My = =3 bibj + Waiaj(l — 3dij) — 3—Azk:yu Vi \v2 = —x ) GG (5.5)

Let us note that the smallness of the left chiral sneutrino VEVs (v; < v1,v9) allows
us to use m% ~ 3(g7 + ¢3) (v + v3) and tan 3 ~ 2.

The coefficients of the first term in eq. (5.3) (or in eq. (5.5)) is of the order of - whereas
the coefficient of the second term is < 10%, where m is the electroweak (or supersymmetry
breaking) scale and we have assumed that the relevant mass scales are at m and & is an
order one coupling. The value of the coupling A (determines the value of the p parameter),
which satisfies the neutrino data as well as the constraints in the scalar sector, is taken to
be of the order of 107!, On the other hand, the coefficient of the third term is ~ L (%).
Since = ~ 1076-1077, there is an extra suppression factor in the elements of third term
2

in eq. (5.3), compared to the first two terms. In addition, b? ~ a; ~ 022 with a slightly
larger value of a? and cg compared to b? in most cases. Hence, one can neglect the third
term of eq. (5.3) in comparison to the first two terms. However, in our numerical analysis
(discussed later) we have kept all the terms in eq. (5.3) and checked that the presence of
the third term changes the result in an insignificant manner.

Before going on to find out the expressions for the eigenvalues and the eigenvectors of
the effective neutrino mass matrix (eq. (5.3)), let us highlight a few limiting cases which
give us some insight regarding the behaviour of the neutrino mass matrix. Neglecting the

third term one can rewrite eq. (5.5) in the following manner

2 c(vit JJ 137,22
(% i . 1 mvyv (Y vi +Y) V') Y'Yy vty
M ~ WQVCYVMUJ@ —30ij) — o537 [Vﬂ/j—i- L ; = L " L

v? 2 . A2\
X [1 ~ oML <m/ sin 23 + 7)] . (5.6)
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Here we have used vo = vsin 3,v; = vcos 3, and p = 3Av°.
In the limit v — oo and v — 0, eq. (5.6) reduces to

Vl'ljj

2M’

M =~ — (5.7)
which is the first part of the second term of eq. (5.6). In this case the elements of the
neutrino mass matrix are bilinears in the left-handed sneutrino VEVs and they appear
due to a seesaw effect involving the gauginos. This is called the “gaugino seesaw” effect
and neutrino mass generation through this effect is a characteristic feature of the bilinear
R—parity violating model. This effect is present in this model because we have seen earlier
that the effective bilinear R-parity violating terms are generated in the scalar potential as
well as in the superpotential through the vacuum expectation values of the gauge singlet
sneutrinos. Note that the gaugino seesaw effect can generate mass for only one doublet
neutrino.
In the limit M — oo, eq. (5.6) reduces to

,02

M} ~ 6:”chle](1 — 35ij), (5.8)
which corresponds to the ordinary seesaw effect between the left handed and gauge singlet
neutrinos. Remember that the effective Majorana masses for the gauge singlet neutrinos are
given by Mr = 2kv°. The ordinary seesaw effect can generate, in general, masses for all the
three neutrinos. Thus depending on the magnitudes and the hierarchies of various diagonal
neutrino Yukawa couplings Y, one can generate normal or inverted hierarchy of neutrino
masses (combining with the “gaugino seesaw” effect) corresponding to atmospheric and
solar mass squared differences, as discussed earlier. In this model it is difficult to obtain
a degenerate neutrino spectrum and we do not consider this possibility in our subsequent
analysis.

Now let us try to find out the approximate analytical expressions for the eigenvalues
and eigenvectors of the effective light neutrino mass matrix using perturbation theory.
Neglecting the third term in eq. (5.3), the neutrino mass matrix looks like
62

2 beby bebr —2az Ay Qelr

MY = B | beb, b

2 bube | FA| aca, =247 auar |, (5.9)

bebr bubr b2

- (elr Q07 —2a2

T

where A4 = ﬁ and B = %% As we have argued above, the first matrix in eq. (5.9) can
be considered as the unperturbed one and the second matrix can be treated as a perturba-
tion over the first one because of the presence of the smaller coefficient A. The eigenvalues

of the unperturbed matrix are (0,0, B(b? + bi +b2)) and the corresponding eigenvectors

b T b T b T . ) )
are <—b—T 0 1) , (—b—“ 1 0) , (b—e = 1> . With the order of magnitudes of various
parameters discussed above, the only non-zero eigenvalue determines the atmospheric neu-

trino mass scale corresponding to the normal hierarchical mass pattern for neutrinos. In
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order to generate the solar neutrino mass scale one must turn on the perturbation. In this
case one should use the unperturbed eigenvectors to get the corrections to the eigenvalues
due to perturbation. However, since two of the eigenvalues are zero, one needs to apply
the degenerate perturbation theory to evaluate the correction to the eigenvalues. To do
this, first we construct a complete set of orthonormal eigenvectors using Gram-Schmidt
orthogonalization procedure. The set of orthonormal eigenvectors obtained in this case are

_be
be be
= - 0 s
Ny
1
 beby
/b2 + b2 bZ+b2
€ T
2T, ! ’
b bubr
R
be
by | o
vs=gq, | | (5.10)
1

where

Qp = /b2 + b2 + b2. (5.11)

Using degenerate perturbation theory for this set of orthonormal eigenvectors, the
modified eigenvalues m/. and m/ are obtained as

ml = —Q% {Hab + \/{—395(21117)2 + (Habﬂ } ;

mly = BOZ — % {(ZZ: aibi>2 - 3Aab} : (5.12)

where

Aab = Zaiajbibj,

1<j

Iy = Z(aibj + a;b;)? — Agp,
1<j

Eab = Z aiajbk. (5.13)
i#j#k

As one can see from eq. (5.12), the corrections to the eigenvalues are proportional to
the coefficient A appearing in eq. (5.9). This is the effect of the ordinary seesaw. Let
us note in passing that this effect is absent if only one generation of left chiral neutrino
is considered, whereas for two and three generations of left chiral neutrino the ordinary
seesaw effect exists. This can be understood from the most general calculation involving

n-generations of left chiral neutrinos, where the coefficients of A pick up an extra factor
(n—1).
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m, (eV) (x10%) Am3,(eV?) | Am3,(eV?)

mi mo ms (X105) (X103)
eq. (5.1) | 9.970 | 4.169 | 48.23 8.203 2.307
eq. (5.12) | 9.468 | 4.168 | 47.71 7.228 2.187

Table 1. Absolute values of the neutrino masses and the mass-squared differences for a sample point
of the parameter space discussed in the text. Results for full numerical analysis have been obtained
using eq. (5.1). Approximate analytical expressions of eq. (5.12) have been used for comparison.

5.1.2 Numerical results

In order to get some idea about the numbers of the mass eigenvalues and to make com-
parisons between the full numerical results and the results using approximate analytical
expression, we look at a sample point in the parameter space. As mentioned earlier, we are
considering only the normal hierarchical pattern of neutrino masses. The set of parameters
are My = 325 GeV, My = 650 GeV, A = 0.06, k = 0.65, A\\(— Axk) = —1TeV x A(k) and
tan 0 = 10.

The choices of diagonal neutrino Yukawa couplings (Y;**) and corresponding soft param-
eters (A,Y,)" are very crucial and we take, for this particular calculation, Y,¢ = 4.57x1077,
Vi = 6.37 x 1077, Y7 = 1.80 x 1077, (A,Y,)* = 1.57 x 107*GeV, (A,Y, ) =
4.70 x 1071 GeV, (A,Y,)™™ = 3.95 x 107 GeV. Soft masses of left handed and right
handed sleptons are chosen to be 400 GeV and 300 GeV, respectively. Later on we will
show the allowed regions in the Y, planes which satisfy the experimental data on neu-
trino masses and mixing. For these choices of various parameters, the derived left-handed
sneutrino VEVs are v, ~ 1075 GeV,v, = 1.515 x 107% GeV,v, = 2.133 x 107* GeV and
right-handed sneutrino VEVs are v¢ = —588.74 GeV. With this set of values the masses
of three neutrinos have been found out by direct diagonalization of the matrix obtained
using (5.1), and also from the approximate analytical expression using (5.12). It has been
observed that even with several simple assumptions (eq. (5.2)), all three generations of
left chiral neutrinos acquire non-vanishing, non-degenerate masses at the tree-level. The
comparison of the results as obtained from (5.1) and from (5.12) are given in table 1. One
can see that these values are within the 3¢ limits shown in egs. (1.1)—(1.2). However, it
should be mentioned that if A, x are much less than ~ O(1) and Y,s are much larger
than the ones we have considered above, the approximate analytical expression does not
produce the correct results for the eigenvalues and the eigenvectors. Obviously, when the
neutrino Yukawa couplings are larger one cannot consider the second term in eq. (5.3) as a
perturbation to the first term. In our numerical analysis for obtaining the allowed region
of parameter space which satisfy the neutrino data, we have done a full numerical analysis
without using the approximate formula.

The numerical values of the solar and atmospheric mass squared differences Am3,
and Amgl have also been shown in table 1 and the results show good agreement. The
numerical calculations have been performed with the help of a code developed by us using
Mathematica [18]. In our numerical calculations, we have taken for (i) normal hierarchy:
M3 |max < 1.0 x 1071 GeV and (ii) inverted hierarchy: ms3|max < 1.0 x 1071 GeV.
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5.2 Neutrino mixing

The left chiral light neutrinos form a 3 x 3 mass matrix in the flavour basis. The unitary
matrix which diagonalizes this mass matrix can be parameterized as follows [19], provided
that the charged lepton mass matrix is already in the diagonal form

c12€13 512€13 s13e”"
v o_ —is —i6
U” = | —s12c23 — c12523513€7 "0 c12c23 — S12523513€¢ 0 s23C13 | 5 (5.14)
_ —id _ —id
512823 — C12C23513¢€ C12523 — S12€23513€ "© C23C13

where ¢;; = cosf;;, s;j = sinf);;, and 4,7 runs from 1 to 3. Various neutrino oscillation
experiments indicate that 019 &~ 34°, 63 ~ 45°, and 613 < 13° [20, 21]. This pattern is
known as bilarge mixing. In order to understand the consequences of such mixing in the
zeroth order, one can approximately take fo3 = 45°, sin fy5 = % and 013 =~ 0°, something
known as tribimaximal structure [22]. Then the unitary matrix turns out to be

1
3 i 0
v 1 1 1
Ws=|-% 75 & (5.15)
4 1 1
V6 V3 V2

Given the three mass eigenvalues my, mo, ms, it is possible to use the matrix U* to obtain
the mass matrix in the flavour basis as follows,

U MUY = MY, (5.16)
where
mq 0 0
Mgiag = 0 my 0 |. (5.17)
0 0 ms

We will numerically diagonalize the neutrino mass matrix M, obtained in eq. (5.1) and
also use the approximate analytical method to find out the neutrino mixing matrix U”. We
will also compare the results obtained using these two methods. However, when we will
scan the parameter space to find out the allowed regions where the neutrino experimental
data are satisfied, we shall use the full numerical procedure. The advantage of having
the approximate analytical expression is that it can give us some insight regarding the
conditions on the model parameters for which the bilarge mixing is obtained. We can
verify these predictions numerically in some regions of the parameter space. We will try
to find out the regions in the models parameters where the numbers in egs. (1.1)—(1.3) are
reproduced.
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5.2.1 Analytical results

One can construct the neutrino mixing matrix analytically using the degenerate perturba-
tion theory. With the set of orthonormal eigenvectors in eq. (5.10) and the eigenvalues in
eq. (5.12), it is possible to write down the eigenvectors of (5.9) in the following form

(V1)3x1 = a1y1 + azys, (5.18)
(W2)3x1 = a'1y1 + o2y, (5.19)
(V3)3x1 = Y3, (5.20)

where aq, ag, o, o), are calculated using degenerate perturbation theory and their ana-

lytical expressions are given by

o =+ fuz , (5.21)

\/hfz + (h11 —m/,)?

h _ /!
as = F S , (5.22)
VP + (a1 — ) )2
h
o) =+ 2 , (5.23)
\/h%Q + (h11 — mL)Z
h _ !
oy = - (5.24)
\/h%Q + (h1r —m’ )?
Here m/_, m’_ are given by eq. (5.12) and hi1, hi2 are given by
2A (a2b? erbebr 2p2
g = — 2 Lrbe T acarbeby acly) (5.25)
b
+
and ) ) )
I — A [au(aTbe — aebr )by — bzu (2beb7a7 + aeabe)] 7 (5.26)
Qb2
where
bi = (b7 £b3),
a? = (a? — a?), (5.27)

and € has been defined in eq. (5.11).
The neutrino mixing matrix U” can be constructed using these eigenvectors in egs.

(5.18)—(5.20) and it looks like

U= (013 0s) . (5.28)

3x3
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mixing angles in degree | Using (5.1) | Using (5.28)
012 36.438 37.287
013 9.424 6.428
023 38.217 42.675

Table 2. Neutrino mixing angles for a sample parameter point discussed in table 1. Results are
shown using eq. (5.1) and eq. (5.28).

Looking at the expressions for the eigenvectors, one can immediately draw a few conclusions
regarding the behaviours of the neutrino mixing angles with the model parameters. For
example, the (13) mixing angle ;3 is given by

b2

) 5.29
b2+ b2 + b2 (5:29)

sin2 913 =

If we want the (13) mixing angle to be small then one must have b? < (bi +b2). On the
other hand, the (23) mixing angle 63 is given by
62

29 _ _n
sin® fg3 = B2 (5.30)

So, if the (23) mixing is maximal then one would expect bi = b2. The solar mixing angle
012 is approximately given by

b 2
sin?fp ~ 1 — <o/1 + o/2b—8> , (5.31)

where o and o, are given by eqs. (5.23) and (5.24), respectively. In order to have 615 ~
35°, the square root of the second term on the right hand side of eq. (5.31) should be
approximately 0.8. In the next sub-section we discuss the patterns of neutrino mixing in
this model numerically, and show the allowed regions of the parameter space where the
neutrino experimental data are satisfied.

5.2.2 Numerical results

Let us first calculate the neutrino mixing angles for the parameter point discussed in
table 1. As we have discussed earlier, this parameter point generates the normal hierarchical
pattern of neutrino masses. In table 2, the three mixing angles are shown and they have
been evaluated using the direct numerical calculation in eq. (5.1) as well as using the
approximate analytical expressions in eq. (5.28). We want to emphasize once again that
the approximate formulae have been used just to get some idea about the behaviours of
the neutrino masses and mixing angles with various model parameters. This way we can
identify the relevant parameters which crucially control the neutrino masses and mixing
angles in different regions of the parameter space. However, these formulae are not valid
everywhere in the allowed parameter space and in all the plots shown in this paper we have
used full numerical calculation using eq. (5.1).
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Figure 2. Scatter plot of the neutrino mixing angle sin? fy3 as a function of the ratio %gi. Values of
other parameters are described in the text. The lightest neutralino (LN) is either bino or higgsino
dominated.

We have taken suitable values for A and s in such a way that they fall in the region
allowed by the constraints in the scalar sector (similar to the region shown in figure 1). We
can see that for this choice of the parameter space, numerical and approximate analytical
results give quite good agreement. Naturally, one would be interested to check the predic-
tions made in egs. (5.29), (5.30), and (5.31) over a wide region in the parameter space and
see the deviations from the full numerical calculations. This has been shown in figure 2,
where we have plotted the value of sin” o3 as a function of the ratio bi /b2.

We can see from this figure that for bi = b2, the value of sin? fy3 varies in the range
0.41-0.44, which corresponds to a3 between 40° and 42°. On the other hand, eq. (5.30)
tells that for bﬁ = b2, sin? 03 = 0.5. So we see that in this case the result from the numerical
calculation is reasonably close to the prediction from the approximate analytical formula.
The choices for various parameters are given below. For the gaugino mass parameters M
and Ms, we take two different sets of values which give us either a bino dominated lightest
neutralino or a higgsino dominated lightest neutralino. In order to have a bino dominated
lightest neutralino, our choices are M; = 110 GeV, My = 220 GeV, and for a higgsino
dominated lightest neutralino we take M; = 325 GeV, My = 650 GeV. The same choices
will be made for the gaugino mass parameters when we discuss the decays of the lightest
neutralino in section VI. Our choice of the ratio of the gaugino mass parameters at the
electroweak scale is motivated by the assumption of universal gaugino mass at the grand
unified theory scale. The value of x is taken as 0.65 which satisfies the constraints from
the scalar sector. We have taken two different values of A corresponding to a bino or a
higgsino dominated lightest neutralino. For the bino dominated case A = 0.13, and for the
higgsino dominated case A = 0.06. The corresponding values for AyA = —\ x 1TeV and
Axk = Kk x 1TeV. The three diagonal neutrino Yukawa couplings (Y,?*) vary randomly in
different ranges

3.55 x 1077 < Y1 <545 x 1077
555 x 1077 < Y22 <6.65 x 1077
145 x 1077 < V33 <335 x 107", (5.32)
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Figure 3. sin? 0,3 as a function of the ratio
b2
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same as in figure 2.

Values of other parameters are the

Figure 4. sin?6;5 as a function of (o) +

2

aéi—j)? One can see that as (o + aég—j) —

0.50, sin? 015 tends to 0.50, as predicted by

the analytical formula. Values of other pa-
rameters are the same as in figure 2.

The corresponding soft parameters (A%) also vary randomly in different ranges such that
the parameters (A,Y,)" effectively vary as follows

1.25 x 1074 < (A4,Y,)1 <1.95 x 1074
345 x 1074 < (A4,Y,)* <4.95 x 1074

2.35 x 107 < (4,7,)%3 <4.20 x 107, (5.33)

The allowed regions in the A — & plane are not very sensitive to the values of Y, and
A,Y, due to their smallness. Hence we choose them different for different cases, in order
to accommodate the three flavour global neutrino data.

Note that in some parts of these ranges we have considered a bino dominated lightest
neutralino and in some parts we have taken a higgsino dominated lightest neutralino with
some overlapping regions. The values of other parameters are chosen to be m; = 400 GeV,
mpe = 300 GeV and tan 3 = 10. We have assumed that the phase § appearing in the
mixing matrix (5.14) is zero. One important thing to notice is that even with a flavour
diagonal structure of the neutrino Yukawa couplings Y,,, one can obtain the required two
large mixing angles for the neutrinos. The variations of other two mixing angles with the
relevant parameters are shown in figures 3 and 4.

In figure 5, we have shown the regions in the various Y, planes satisfying the three
flavour global neutrino data. The values of other parameters are as in figure 2 for the case
where the lightest neutralino is bino dominated. We can see from these figures that the
allowed values of Y,s show a mild hierarchy such that Y,?? > Y,!! > V33,

Similar studies have been performed for the inverted hierarchical case and the allowed
region shows that the magnitudes of the neutrino Yukawa couplings are larger compared
to the case of normal hierarchical scheme of the neutrino masses with a different hierarchy
among the Y,s themselves (Y,!! > Y22 > V33). In this case sin? f12 shows an increasing
behaviour with the ratio b2/ bi, similar to the one shown by sin? 3 with bi /b2 in the normal
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Figure 5. Plots for normal hierarchical scheme of neutrino mass in Y!* — Y22 V1 — V33 and

Y22 — Y323 plane when the lightest neutralino (LN) is bino dominated.

hierarchical scenario. On the other hand, sin? 23 shows a decreasing behaviour with bi /b2.
In all these cases, the solar and atmospheric mass-squared differences are within the 3o
limits.

The case of v dominated lightest neutralino has also been studied and it shows a very
interesting and different behaviour compared to the bino and higgsino dominated cases. In
this case, the dominant contribution in the neutrino mass matrix (eq. (5.5)) comes from
the term proportional to a;aj. The terms proportional to b;b; should be considered as a
perturbation. Hence, in the normal hierarchical scenario of neutrino masses, one would
expect that sin® 6,3 is proportional to ai /a2. This is exactly what we see in figure 6.

Note that for aﬁ = a2, the mixing becomes maximal. On the other hand, the solar
mixing angle is controlled mostly by the quantity b2/ bi and shows an increasing behaviour
with this ratio. In the case of inverted hierarchical scenario of neutrino masses, sin? 63
shows a decreasing behaviour with the ratio bi /b2 whereas sin?f1, shows an increasing
pattern with b2/ bi. However, we do not show these plots here.
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6 Decays of the lightest neutralino

Let us now look at some decay processes which can be considered as the typical consequence
of this model. It is obvious that because of the R-parity violation there will be no stable
lightest supersymmetric particle (LSP) present in this model. Here we consider the case
where the lightest neutralino ({9 in our notation to be described below) is the LSP (or
NLSP in some cases) and study its decay pattern in the R-parity violating channels. In
particular, we will consider the case where Mgo > My, SO that the three-body decays
are less important compared to the two-body decays )29 — 2+ Ve 7, )29 — W* 4+ e,
9 — W+ + 4T, and W — W= + 7F. The required Feynman rules for the computation
of the decay of the lightest neutralino are given in the appendix B. Let us also remark
that the lightest neutralino LSP can also decay to h + v, if it is kinematically allowed,
where h is the MSSM-like lightest Higgs boson. However, for our illustration purposes
we have considered the mass of the lightest neutralino in such a way that this decay is
either kinematically forbidden or very much suppressed (assuming a lower bound on the
mass of h to be 114 GeV). Even if this decay branching ratio is slightly larger, it is usually
smaller than the branching ratios in the (¢; + W) channel. Hence, this will not affect our
conclusions regarding the ratios of branching ratios in the charged lepton channel (¢; + W),
to be discussed later. The lightest neutralino decay )Zg — v + U¢ where D¢ is the scalar
partner of the gauge singlet neutrino v¢, is always very suppressed. We will discuss more
on this when we consider a v“ dominated lightest neutralino.
Consider the following decay process

Xi — X;j +V, (6.1)

where X;(;) is either a neutralino or chargino, with mass m;;) and V' is the gauge boson
which is either W or Z, with mass m,. The masses m; and m; are positive.
The decay width for this process in eq. (6.1) is given by [23, 24]

2§c1/2
g — x {(GL+G%) F-GiGr G},

PG = V) = gy,
(2
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where F, G are functions of m;, m;, m, and given by
F(mi,mj,my) = K+ 3 m2 (m? —i—m? —m?),

G(mi, mj,my) = 12 e;ejmymm?, (6.2)

with €;(j) carrying the actual signs (£1) of the neutralino masses. The chargino masses
must be positive. The kinematical factor K is given by

2
K(m7,m3,m?) = (m7 + m? —m2)" —4 mim?

2 2 (6.3)

In order to derive eq. (6.2), we have used the relation m%, = m% cos? fy and since

() < v1,v9, some of the MSSM relations still hold good. The factors G, G are given
here for some possible decay modes

For )ZZQ — X?Z
Gp=0}, Gr=0f,
For ) — )sz_

GL = 0737 GR = Ozlja (64)
where OiLj(R) and O;’iL(R) are given by eq. (B.5) and eq. (B.8).
Now consider the following decays
X%N — Z+ v,
Oy — WE 07, (6.5)

where YU \ stands for lightest neutralino and ¢ = e, u, 7. At this stage let us discuss our
notation and convention for these decays. The neutralino mass matrix is a 10x10 mass
matrix which includes the left handed as well as the gauge-singlet neutrinos. If the mass
eigenvalues of this matrix are arranged in the descending order then the three lightest
eigenvalues of this 10x10 neutralino mass matrix would correspond to the three light
neutrinos. Out of the remaining seven heavy eigenvalues, the lightest one is denoted as
the lightest neutralino. Thus, in our notation )Zg is the lightest neutralino and )Z? 7, where
j =1,2,3 correspond to the three light neutrinos. Similarly, for the chargino masses, )Zlier
(I =1,2,3) corresponds to the charged leptons e, u, 7.

So for X% 5y — Z + v, which is also X — Z+)29+7 (j =1, 2, 3), one gets from eq. (6.4)
and eq. (B.5)

1

* 1 * *
Gr = =5 Nj+13Ni5 + 5Nj+71aN7y = N es N7 g,

GR = *La (66)
where j, k=1, 2, 3 and this in turn modifies eq. (6.2) as

2§c1/2
A x{z G2F+ar g}, (6.7)

~0 ~0
P0G =24 X607) = gyt
Xy W
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with m; = m)zg, m; =my, = 0 and m, = my.
Let us now consider the other decay which is )2% N = W+ + 0% or equivalently )29 -
W* 4+ X7 (5 =3,4,5).

For the process Y2 — W~ + )Z;r
. B . g2K1/2 , )
PG —w 1) = 5 gy HGL+Gr) 7~ G56n G}
7
1
V2
Gr = NpUj + %NBUJQ + %N77k+7Ujvk+2’

(k=1, 2, 3), (6.8)

Gr = Np2Vji — —=NuVjs,

where eq. (6.4) and eq. (B.8) has been used. The process Y3 — W' + X; is obtained by
charge conjugation of the process in eq. (6.8).

6.1 Correlation between the lightest neutralino decays and neutrino mixing
angles

Correlations between the lightest neutralino decays and neutrino mixing angles will depend
on the nature of the lightest neutralino as well as on the mass hierarchies of the neutrinos,
i.e. whether we have a normal hierarchical pattern of neutrino masses or an inverted one. In
this section we look into these possibilities in details and consider three different cases for
the dominant component of the lightest neutralino. We consider that the lightest neutralino
is (1) bino dominated, (2) higgsino dominated, and (3) v dominated. For each of these
cases we consider both the normal and the inverted hierarchical pattern of neutrino masses.
We show that in these different cases, the ratio of branching ratios of certain decays of the
lightest neutralino correlates with the neutrino mixing angles. In some cases the correlation
is with the atmospheric and the reactor angle and in other cases the ratio of the branching
ratios correlates with the solar mixing angle and in some cases there is no correlations at all.
Let us now study these possibilities case by case. The interesting difference between this
study and similar studies with bilinear R-parity violating scenario [25] in the MSSM is the
presence of a gauge singlet neutrino dominated lightest neutralino. We will see later that
in this case the results can be very different from the bino or higgsino dominated lightest
neutralino. The lightest neutralino decays in neutrino mass models with spontaneous R-
parity violation have been studied in ref. [26].

6.1.1 Bino dominated lightest neutralino

We will assume that the gaugino masses are unified at the grand unified theory (GUT)
scale. At the EW scale the ratio of the U(1) and SU(2) gaugino masses are M; /My =1 : 2.
If in addition, M; < p and the value of k is large (so that the effective gauge singlet
neutrino mass 2kv° is large), the lightest neutralino is essentially bino dominated and it is
the LSP. First we consider the case when the composition of the lightest neutralino is such
that, the bino-component |N7;|? > 0.92 and neutrino masses follow the normal hierarchical
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Figure 7. Ratio m versus 75 plot for a bino like lightest neutralino (the LSP) with bino
7 J J
component, |N71|? > 0.92, where 4, j,k = e, u, 7. Neutrino mass pattern is taken to be normal hi-

erarchical. Choice of parameters are M; = 110GeV, A = 0.13,x = 0.65, mze = 300 GeV and m; =
400 GeV. Mass of the LSP is 106.9 GeV. The value of the y parameter comes out to be -228.9 GeV.

pattern. We have observed that for the bino dominated case, the lightest neutralino ()Z?)
couplings to £~ WT pair (where £ = e, or 7) depend on the quantities b; along with a
factor which is independent of various lepton generations. Naturally, we would expect that
the ratios of various decay branching ratios such as BR(Y2 — e + W), BR(XY — u + W),
and BR(xY — 7+ W) show nice correlations with the quantities b7/ b? with i,j being e, u or
7. This feature is evident from figure 7. Here we have scanned the parameter space of the
three neutrino Yukawa couplings with random values for a particular choice of the couplings
A, k and the associated soft SUSY breaking trilinear parameters, as well as other MSSM
parameters. The trilinear soft parameters A, corresponding to Y, s also vary randomly in
a certain range. In addition we have imposed the condition that the lightest neutralino

(which is the LSP) is bino dominated and neutrino mass pattern is normal hierarchical.

We have checked that the correlations between the ratios of the lightest neutralino
decay branching ratios and b? / b? is more prominent with increasing bino component of
the lightest neutralino. Note that when (b;/b;)®> — 1 the ratios of branching ratios shown
in figure 7 also tend to 1. We have seen earlier that the neutrino mixing angles 6235 and

013 also show nice correlation with the ratios bi /b2 and b2 /b2, respectively (see figures 2
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BR(X9—uW)

BR(XY—TW) and

and 3). Hence we would expect that the ratios of the branching ratios
BR(X§—e W)
VBR(X3—u W)2+BR(X3—1 W)?
lations are shown in figure 8. We have seen earlier (see eq. (5.12)) that with the normal
hierarchical pattern of the neutrino masses, the atmospheric mass scale is determined by
the quantity % = /b2 + b2 + b2, Naturally one would expect that the atmospheric and
the reactor angles are correlated with the ¢ + W final states of the lightest neutralino
decays and no correlation is expected for the solar angle. This is what we have observed

show correlations with tan? fss and tan® ;3. These corre-

numerically. Here we have considered the regions of the parameter space where the neu-
trino mass-squared differences and mixing angles are within the 3o allowed range shown in
egs. (1.1)-(1.3). Figure 8 also shows the model prediction for the ratios of branching ratios
where the neutrino experimental data are satisfied. For our sample choice of parameters in
figure 8, one would expect that the ratio % should be in the range 0.45 to 1.25.
BRGY—e W)
VBR(X§—n W)*+BR(§—7 W)?
than 0.07. We can also see from figure 8 that the ratio of branching ratios in the (u + W)
and (7 + W) channels becomes almost equal for the maximal value of the atmospheric

mixing angle (a3 = 45°). On the other hand, we do not observe any correlation with the

is expected in this case to be less

Similarly, the other ratio

solar mixing angle 015 since it is a complicated function of a? and b7 (see eq. (5.31)).
In the case of inverted hierarchical mass pattern of the light neutrinos, the )Zg%rW
coupling is still controlled by the quantities b?. Hence the ratios of the branching ratios

discussed earlier, show nice correlations with b7/ b? (see figure 9). However, in this case the
BR()Z?HG W)
V/BR(X3—n W)2+BR(X3—1 W)2’
This is shown in figure 10. The correlation is not very sharp and some dispersion occurs
due to the fact that the two heavier neutrino masses controlling the atmospheric mass scale

and solar mass-squared difference are not completely determined by the quantities b? and

solar mixing angle shows some correlation with the ratio

there is some contribution of the quantities a?, particularly for the second heavy neutrino

mass eigenstate.
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BR(Xy—pu W)
BR(XY—T W)
compared to what we have seen in the case of normal hierarchical scenario. This is because

The correlation of the ratio with tan? fs3 shows a different behaviour

in the case of inverted hierarchical mass pattern of the neutrinos, tan? 6,3 decreases with

increasing bﬁ /b2. One can observe from figures 8 and 10 that if the experimental value of
BREI—e W)

VBR(X§—n W)*+BR(X§—7 W)?

neutrino mass pattern for a bino-dominated lightest neutralino LSP whereas a higher value

the ratio

is <« 1 then that indicates a normal hierarchical

(~ 1) of this ratio measured in experiments might indicate that the neutrino mass pattern
BR(X)—p W)
an indication regarding the particular hierarchy of the neutrino mass pattern in the case

of a bino dominated LSP.

is inverted hierarchical. Similarly a measurement of the ratio can also give

6.1.2 Higgsino dominated lightest neutralino

When one considers higher values of the U(1) gaugino mass My, i.e. My > p and large
value of k (so that the effective gauge singlet neutrino mass 2k is large), the lightest
neutralino is essentially higgsino dominated and it is the LSP. Naturally one needs to
consider a small value of the coupling A so that the effective p parameter (u = 3Av°) is
smaller. In order to look at the lightest neutralino decay branching ratios in this case, we
consider a situation where the higgsino component in 9 is [N73|? + [N74|> > 0.90. As in
the case of a bino dominated LSP, the generation dependence of the )ng&fW couplings
comes through the quantities b?. However, because of the large value of the 7 Yukawa
coupling, the higgsino—7 mixing is larger and as a result the partial decay width of )29 into
(W +7) is larger than into (W + u) and (W +e€). This feature is shown in figure 11, where
the ratios of branching ratios are plotted against the quantities b? / b?. The domination of
BR()Z? — 7+ W) over the other two is clearly evident. Nevertheless, all the three ratios
of branching ratios show sharp correlations with the corresponding b? / b?. In this figure

the normal hierarchical pattern of the neutrino masses has been considered. As in the case
BR(x9—u W) and BR(XY—e W)

BR(X)—1 W) V/BR(3—u W)2+BR(X0—71 W)?
nice correlations with neutrino mixing angles f93 and 63, respectively. This is shown in

of a bino LSP, here also the ratios show

figure 12. However, in this case the predictions for these two ratios are very different from

BR(X9—n W) . :
BRGE—r W) 18 approximately between

0.05 and 0.10 in a region where one can accommodate the experimental neutrino data.

BR(X—e W) .
\/BR()ZQ_)“ W)2+BR()~(2%T W)2 is < 0.006. On

the other hand, there is no such correlations with the solar mixing angle 5.

the bino LSP case. The expected value of the ratio

Similarly, the predicted value of the ratio

Similar correlations of the ratios of branching ratios with 5?2/ b? are also obtained for
a higgsino dominated LSP in the case where the neutrino mass pattern is inverted hier-
archical. Once again it shows that the J decays to (7 + W) channel is dominant over
the channels (e + W) and (1 + W) for any values of b7/ b? because of the larger 7 Yukawa
coupling. On the other hand, the correlations with the neutrino mixing angles show a

behaviour similar to that of a bino LSP with inverted neutrino mass hierarchy though with
BR(X9—u W) and BR(x9—e W)

BR(X§—1 W) V/BR(2—u W)24Br(0—r W)?
shown in figure 13. Note that the correlations in this case are not very sharp, especially

. These are

much smaller values for the ratios
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with tan? 615. Thus we see that small values of these ratios (for both normal and inverted
hierarchy) are characteristic features of a higgsino dominated LSP in this model.
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6.1.3 v° dominated lightest neutralino

Because of our choice of parameters i.e., a generation independent coupling x of the gauge
singlet neutrinos and a common VEV v the three neutralino mass eigenstates which
are predominantly gauge singlet neutrinos are essentially mass degenerate. There is a very
small mass splitting due to mixing. However, unlike the case of a bino or higgsino dominated
lightest neutralino, these v dominated lightest neutralino states cannot be considered as
the LSP. This is because in this case the lightest scalar (which is predominantly a gauge
singlet sneutrino o) is the lightest supersymmetric particle. This is very interesting since
usually one does not get a ¢ as an LSP in a model where the gauge singlet neutrino
superfield has a large Majorana mass term in the superpotential. However, in this case the
effective Majorana mass term is at the EW scale and there is also a contribution from the
trilinear scalar coupling A,x which keeps the mass of the singlet scalar sneutrino smaller.
It is also very interesting to study the decay patterns of the lightest neutralino in this case
since here one can probe the gauge singlet neutrino mass scales at the colliders.

Before discussing the decay patterns of the lightest neutralino which is ¢ dominated,
let us say a few words regarding their production at the LHC. The direct production of v¢
(by v¢ we mean the v dominated lightest neutralino in this section) is negligible because
of the very small mixing with the MSSM neutralinos. Nevertheless, they can be produced
at the end of the cascade decay chains of the squarks and gluinos at the LHC. For example,
if the next-to-next-to-lightest SUSY particle (NNLSP) is higgsino dominated (this is the
state above the three almost degenerate lightest neutralinos) and it has a non-negligible
mixing with ¢ (remember that the higgsino—¢ mixing occurs mainly because of the term
\o¢Hy Hy in the superpotential), then the branching ratio of the decay H — Z +v° can be
larger than the branching ratios in the /W and vZ channels. This way one can produce
¢ dominated lightest neutralino. Similarly, a higgsino dominated lighter chargino can also
produce gauge singlet neutrinos. Another way of producing v¢ is through the decay of an
NNLSP 71, such as 7y — 7+ v°. A detailed discussion of these issues is beyond the scope

of the present paper and we hope to come back to this in a future publication [27].
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neutralino (%) with v component (|N75|? + |Nzg|> + |N77[?) > 0.99 (left), and >0.97 (right).
Neutrino mass pattern is normal hierarchical. Choice of parameters are for (left) M; = 405 GeV,
A=0.29,k =0.07, (A\\) = =82 TeV x A, (Axk) = 165 GeV x K, mye = 50 GeV and m; = 825 GeV
and for (right) My = 405GeV, A = 0.10,x = 0.07, (AxA) = —2 TeV x A, (Axk) = 165 GeV x
K, mpe = 50 GeV and m; = 825 GeV. Mass of the lightest neutralino is 129.4 GeV (left) and
119.8 GeV (right) respectively. The values of the p parameter are -803.9 GeV and -258.8 GeV,

respectively.

When one considers higher value of the gaugino mass, i.e. M} > p and a small value
of the coupling k (so that the effective Majorana mass of v¢ is small, i.e. 260 < pu), the
lightest neutralino is essentially ¢ dominated. As we have mentioned earlier, in this case
the LSP is the scalar partner of v¢, i.e. . However, the decay of v¢ into v+7¢ is suppressed
compared to the decays v¢ — ¢; + W and v¢ — v; + Z that we have considered so far.
Because of this in this section we will neglect the decay v® — v 4 ¢ while discussing the
correlation of the lightest neutralino (¥%) decays with the neutrino mixing angles.

In this case the coupling of the lightest neutralino ()29) with £;~W pair depends on
the v¢ content of )29. Note that the v© has a very small mixing with the MSSM neutralino
states. However, in some cases the v¢ dominated lightest neutralino can have a non-
negligible higgsino component. In such cases the coupling )ngérW depends mainly on
the quantities b;. On the other hand, if )29 is very highly dominated by ¢, then the
coupling x%- £;~W has a nice correlation with the quantities a;. So in order to study the
decay correlations of the v¢ dominated lightest neutralino, we consider two cases (i) v°
component is > 0.99, and (ii) ¥ component is > 0.97 with some non-negligible higgsino
admixture.

The correlations of the decay branching ratio % are shown in figure 14 for
the cases (i) and (ii) mentioned above. As we have exlglained already, this figure demon-
strates that in case (i) the ratio of the branching ratio is dependent on the quantity ai /a2
whereas in case (ii) this ratio is correlated with bi /b2 though there is some suppression due
to large 7 Yukawa coupling.

Similar calculations were performed also for the other ratios discussed earlier. For
BR(x9—e W)

—2r —— L a5 functions
BR(X§—p W)

example, in figure 15 we have shown the variations of the ratio

2 2 2
of 2 and Z—g for the cases (i) and (ii), respectively. The variation with 2 is not sharp and
w n i

,34,



Z 008 ‘ ‘ S 012 ‘ ‘ -
- NORMAL HIERARCHY - NORMAL HIERARCHY .
N 0.07F . 4 N
| |
' 006 g .
oz ©,2 0.10F 4
5 0.05- 4 =
S oo04r 4 S
- ‘o 0.08F g
< 0.03F 4 Q
| |
I I
o ~0.02F 4 o~
> LN RIGHT HANDED NEUTRINO DOMINATED > LN RIGHT HANDED NEUTRINO DOMINATED
@ %8106 0.010 0.014 0.018 0.022 @ 09%06 0.08 0.10 0.12
*la’ b’/b°
a,la, e /b,

2

~0 2
Figure 15. Ratio % versus =% (left) and versus g—g (right) plot for a v like lightest
7 m I

neutralino (%) with v component (|N75|? + |Nzg|> + |[N77[?) > 0.99 (left), and >0.97 (right).
Neutrino mass pattern is normal hierarchical. Choice of parameters are same as that of figure 14.
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|N77|?) > 0.99 (left) and > 0.97 (right). Neutrino mass pattern is normal hierarchical. Choice of
parameters are same as that of figure 14.

2
dispersive in nature whereas the variation with 2—5 is very sharp and shows that in this case
the relevant couplings are proportional to be and b,, respectively.

On the other hand, in case (i) only tan®#3 shows a nice correlation with the ratio
BR(Xy—p W)
BR($9—1 W)
the other ratio. The non-linear behaviour of the ratios of branching ratios in case(i) is due

to the fact that the parameters Y, s (which control the a;) appear both in the neutralino
and chargino mass matrices. The charged lepton Yukawa couplings also play a role in
determining the ratios. One can also see that the prediction for this ratio of branching
ratio for case (i), as shown in figure 16, is in the range 0.5-3.5, which is larger compared to
the bino dominated or higgsino dominated cases for both normal and inverted hierarchical
pattern of neutrino masses. Also, the nature of this variation is similar to what we see with

the inverted hierarchical pattern of neutrino masses in the bino or higgsino dominated cases.

(see figure 16) and tan? 615 or tan® 63 does not show any correlation with
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Figure 17. Ratio % versus -4 (left) and versus % (right) plot for a v¢ like lightest
7 T T

neutralino (%) with v¢ component (|N75|> + |N7zg|? + [N77[?) > 0.99 (left), and >0.97 (right).
Neutrino mass pattern is inverted hierarchical. Choice of parameters are for (left) M; = 445 GeV,
A=10.29,k=0.07,(A\\) = —8.2 TeV x \, (Axk) = 165 GeV x K, mpe = 50 GeV and mj; = 835GeV
and for (right) My = 445GeV, A = 0.10,k = 0.07, (Ax\\) = =2 TeV x A, (Axk) = 165 GeV x
K, mge = 50 GeV and m; = 835 GeV. Mass of the lightest neutralino is 129.4 GeV (left) and
119.8 GeV (right) respectively.

In case (ii) none of the neutrino mixing angles show very good correlations with the

ratios of branching ratios that we have been discussing. However, one can still observe

BR(X9—e W) . 2
th tan“ 612. Th
VBRE—u Wt BRGD—r W) w1 an~ tig e

prediction for this ratio from the neutrino data is on the smaller side (~ 0.07).

some kind of a correlation of the ratio

With the inverted hierarchical neutrino mass pattern, in case (i) one observes a

70— . 2

% with g% (see figure 17). The other two ra-
T T

BR(3—e W) and BR(X3—e W)

BR()Z?*’,UI W) BR()Z?HT W) m

respectively and we do not plot them here. However, in case (ii) all the three ratios show

nice correlations with the corresponding b?/ b?. We have shown this in figure 17 only for
bi /b2. In this case the variations of the ratios of branching ratios with neutrino mixing

sharp correlation of the ratio

az

2

. . . Q,
tios do not show very sharp correlations with ¢ and -5,

2

angles are shown in figure 18.

For the case (i), only tan? ;3 shows certain correlation with the ratio of branching
ratio shown in figure 18 (right), but we do not show it here.

Finally, we would like to mention that in all these different cases discussed above, the
lightest neutralino can have a finite decay length which can produce displaced vertices in
the vertex detectors. Depending on the composition of the lightest neutralino, one can have
different decay lengths. For example, a bino-dominated lightest neutralino can produce a
displaced vertex ~ a few mm. Similarly, for a higgsino dominated lightest neutralino,
decay vertices of the order of a few cms can be observed. On the other hand, if the lightest
neutralino is v dominated, then the decay lengths can be of the order of a few meters.
These are very unique predictions of this model which can, in principle, be tested at the

LHC.

,36,



_.0.87 T N.m
S INVERTED HIERARCHY = ‘ ‘
. [ INVERTED HIERARCHY
A N
! 0.83 - N .
~ = o
= g \? R
& ol ¥
S 0.79 - Ml I 4
'3 o>: ,g
A = =
| 0.75 : o
@ 07 LN RIGHT HANDED NEUTRINO DOMINATED Poa} o|LN RIGHT HANDED NEUTRINO DOMINATED
B9 0.52 ) 0.55 0.58 > &B5 0.37 ) 0.39 0.41
tan’e,, tan'®,,
~0 VN .
Figure 18. Ratio 22—t W) ergus tan? 6  (left), BRGGg—c W) with

BR(x7—1 W) VBR(X3—n W)2+BR(X3—T W)?
tan? 612 (right) plot for a v¢ dominated lightest neutralino with ¢ component (|N75|* + |N7g|? +
|N77|?) > 0.97. Neutrino mass pattern is inverted hierarchical. Choice of parameters are same as
that of figure 17.

7 Summary and conclusion

In this work we have studied a supersymmetric model in detail where the observed pat-
tern of neutrino mass-squared differences and mixing angles are obtained with the help of
three standard model gauge-singlet neutrino superfields, which simultaneously solve the
1 problem of MSSM. The additional terms in the superpotential and the scalar potential
include R-parity violating interactions involving these gauge-singlet neutrino superfields.
The vacuum expectation values of the singlet sneutrinos give rise to effective Majorana
mass terms for the singlet neutrinos, as well as a pu-term, both at the electroweak scale.
This model was introduced in ref. [8] and some phenomenology was discussed for a single
gauge-singlet neutrino superfield. The spectrum and parameter space of this model, with
three gauge singlet neutrino superfields, were discussed in [9]. We have performed a de-
tailed and extensive analysis of this model in the neutrino and neutralino sector with the
inclusion of three generation of gauge singlet neutrino superfields along with the associ-
ated interaction terms. The neutrino mass matrix is obtained because of the electroweak
scale seesaw mechanism involving the gauge-singlet neutrinos and the mixing between the
MSSM neutralinos and the neutrinos. We have done a thorough and systematic study of
the neutrino mass matrix both analytically and numerically and tried to identify the rele-
vant parameters which crucially control the bilarge pattern of neutrino mixing angles. We
show that even with a flavour diagonal structure of the neutrino Yukawa coupling matrix,
two large and one small mixing angles can be generated in this case. Both the normal and
inverted hierarchical pattern of neutrino masses can be obtained with different hierarchies
of the neutrino Yukawa couplings. Because of the presence of the neutrino-neutralino mix-
ing, it is in general difficult to obtain a degenerate mass spectrum of the neutrinos and we
do not consider this possibility in this paper.

We have also looked at the scalar sector of this model and wrote down the neutral

scalar, pseudoscalar and charged scalar mass-squared matrices of this model. The allowed
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regions in the model parameters are obtained which satisfy certain constraints in the scalar
sector. For example, absence of tachyons in the scalar squared-mass eigenvalues puts severe
constraints in the relevant parameter space. With these choices of parameters, satisfying
the scalar sector constraints, we have tried to fit the global three flavour neutrino data with
both normal and inverted hierarchical mass spectrum of the neutrinos. Since this model
involves several free parameters, we have made a few simplifying assumptions which makes
this model more predictive.

Perhaps the most interesting part of this whole analysis is the study of the phenomenol-
ogy of the lightest neutralino which can be the LSP in some cases or it can be the NLSP.
The decay patterns of the lightest neutralino may provide additional information to find
out more about the neutrino mass patterns and mixing angles. We have considered three
different scenarios where the lightest neutralino can be either a bino-dominated one or a
higgsino-dominated one or it can be mostly a gauge-singlet neutrino with very little mix-
ing with the other states. We have also discussed briefly the production mechanism of the
gauge-singlet neutrino dominated lightest neutralino at the LHC. The study of the decay
pattern and the production mechanism of the lightest neutralino in this last mentioned
scenario is extremely important because it will help in probing the mass scale and the
properties of the gauge-singlet neutrinos at the LHC. The presence of the gauge-singlet
neutrino dominated lightest neutralino can also distinguish this model from the usual bi-
linear R-parity violating model of generating neutrino masses and mixing. An important
test of this model, as a supersymmetric solution to the observed neutrino mass patterns
and mixing, can be performed by measuring the ratios of the decay branching ratios of the
lightest neutralino in the final states involving a charged lepton and a W-boson. We have
shown explicitly that these ratios of branching ratios have certain correlations with the
neutrino mixing angles which depend on the nature of the LSP as well as on the pattern of
the neutrino mass hierarchies considered. The study of the higgsino dominated LSP case is
also very important because it can provide information about the p parameter which is de-
termined in terms of the vacuum expectation values of the gauge-singlet sneutrinos. Thus
one may have information about the gauge-singlet neutrino mass scale and its coupling,
from the decay pattern of the higgsino dominated LSP. Collider phenomenology of this
model at the LHC is very rich both in the fermionic and the scalar sector. For example,
pair produced lightest neutralino at the LHC give rise to the final states uygWW, r7WW
and pu7WW with a certain ratio for their production rates nicely correlated with tan? f3.
These production rates also depend on the dominant component of the lightest neutralino
as well as on the different hierarchical patterns of the three light neutrino masses. Another
important testable prediction of this model is the measurement of displaced vertices in the
decay of the lightest neutralino. This decay length can vary in the range of a few mm to
~ 1 meter depending on the nature of the lightest neutralino. We hope to come back to
these issues in a future publication [27].
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A Scalar mass squared matrices

In this appendix we present the details of various scalar mass squared matrices. For
the convenience of the reader let us repeat that the scalar mass squared matrices are now
8 x 8, considering all three generations of sneutrinos (both doublet and singlet) and charged
sleptons. These enhancements are essentially due to the mixing of neutral Higgs bosons
with both the doublet and singlet sneutrinos and the mixing of charged Higgs with the
charged sleptons.

A.1 Neutral scalar mass squared matrices
The decomposition of various neutral scalar fields in real(R) and imaginary(Z) parts are
as follows

HY = Hyg +iH\z,

Hy = Hyp + iHyy,

Ve = Ve + Wi,

Up = VkR + k7. (A1)

Only the real components get VEVs as indicated in eq. (2.3).
The entries of the scalar and pseudoscalar mass-squared matrices are defined as

1 82 Vneutral

M})*F = :
(i = (5 o)
2
M2 af — la Vneutral ’ A9
(3)°7 = (G e (A2

where

(b% = H?Iv HSI? ’;]217 VKT,
0 0 =~ ~
¢r = Hip, Hyr, Vig, UkR- (A.3)
Note that the Greek indices a, 3 are used to refer various scalar and pseudoscalar Higgs and
both doublet and singlet sneutrinos, that is HY, HY, U, U, whereas k is used as a subscript

to specify various flavours of doublet and singlet sneutrinos i.e., kK = e, u, 7 in the flavour
(weak interaction) basis.
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A.1.1 CP-odd neutral mass squared matrix
The basis for CP-odd or pseudoscalar mass-squared matrix is
©p = (Hiz, Hyr, Vg, Unz)- (A.4)
The pseudoscalar mass term in the Lagrangian is of the form
T oscalar = PPMPPp, (A.5)

where M?% is an 8 x 8 symmetric matrix. Using eq. (2.7), (2.8), and eq. (2.9), the indepen-
dent elements are given by

1 ,
(Mp) Tzt — o > "X <Zﬁwk C ) +ZMJ”2 +M§ rivj + § (AN V|
1 ~ .
7J ik

(MB)Mier = "N 9w+ (AN
1,5,k i

(M3)ertor = ij ZHW vp | =D (ALY s > (AN v |
— -

(MZ) 7z = —22)\] m]vg ur'™ —i—)\er vi + (Ax\) Mg,

(ME)Tzomr — —Z)\]Y’”Jv

(M2)H3r7mr = 2Zum3p’ — Z AY) My + (AN ™oy,

(M2)H3PnT — _Zymﬂ KRy — Z(Auyv)mj’/f’

i,5,k J

(MIQD)DfLIDnt _ _QZﬂjnij +4Zu£njugj +pmpn +hnm1)§ 22 A, KZ znm c
J J

(Moo = 25 Y Py = Yk 4 Y = NPy = (A,

7 7
(MIQD)f/nIf/mI — ZYVMjYanU% + T (m%)nm + YgEobmn, (A.6)

J
where
WP = AT 4 YT (A.7)

We have checked that one eigenvalue of this 8 x 8 matrix is zero corresponding to the
neutral Goldstone boson.

A.1.2 CP-even neutral mass squared matrix

The basis for the CP-even or scalar mass-squared matrix is
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The scalar mass term in the Lagrangian is of the form

mese — BT M2, (A.9)

scalar

where M% is an 8 x 8 symmetric matrix. The independent entries using eq. (2.7), (2.8),
and eq. (2.9) are given by

(MQ) rHR — vi Z)\jUQ (ZK”k c C> +Z)\]r]v —{—,qu]y] —|—Z (AxN)* l/ V9
L5 ik

+ 2792}%’
B = 23N S s~ 3
0,5,k i
(Mg)HSRHgR = Zp] Zliljk c c Z(A Y) l/ll/ —|—Z A)\)\ l/ U1 —{—2’yg1)2,

7_]

(MQ) IR7mR = _QZ)\J m]v2 +2,uv1)\m )\mZT vi — pr'™ — (AxA)" vy,
(MQ) PRPmR _Z)\Jymjv it 4 29U,
(M2)Hir7r = QZuZn]p] + 2A™ v + QZYVimrﬁvg + Z(Auyu)imyi — (A\A) ™1,

(M32)H oRImR — 2ZYme7@2 + ZYm]n”kufyg — 274Vmv2 + Z AY, m]y

J 1,5,k j
(Mg,)’;fm”fnR _ 2Z,€jnm<j +4Zugbju2j + ™" + hnmvg ymn 4 22 oK) zmn Ve,
J J

(MS) RVmR — ZZY"%L””UQ + Y"er vi +rir™ — po YU — A"l + (A7)
J
(MZ)7nRImR = ZYVWYVWUZ + 1077+ Yg€uOnm + 2YgVnVm + (m%)mn’ (A.10)
J

where eq. (A.7) has been used.

A.2 Charged scalar mass squared matrix

The charged scalar mass squared matrix considering all three generations of both left
handed and right handed charged sleptons is also an 8 x 8 matrix. For the sake of complete-
ness, here we give the expressions for various elements of the charged scalar mass-squared
matrix. The elements of the charged scalar mass-squared matrix are defined as

1 82‘/charged

2yaB _ /=
(ME)™ = (5 997 90" ) (A.11)

where
¢ = H{" Hy é}y. 61, (A.12)
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The basis for charged scalar mass-squared matrix is
T ~ ~
of = (Hf, Hy el ef,), (A.13)
and the charged scalar mass term in the Lagrangian is of the form

mass — &y MEBL, (A.14)

charged scalar

where M% is an 8 x 8 symmetric matrix. The independent elements of MZC using
egs. (2.7), (2.8), and eq. (2.9) are given by

(M2 = - S Nvp+pd rlvi + > (AN vive | + Y VIV v,
J J i

i7j7k
2
g2 2 2
- 2 <Zy’l - /UQ)?

7

2
(ME)HH — —Z)\JQ’Ul’UQ + Z)\Jrjvg + ZA]u?Vf + %0102 + Z(AAA)ZWC’
j j j i

1 o . ) 2
(MCZJ)H2H2 = vy —ZP]CJ - Z(AVYV)”VWf + Z(AA)‘)ZVZ‘CW + % <ZVZZ + v%>,
J i.J i i
(ME) R = S Yy — 3 (ALY ™,
i

(]
2\Hé i rij 92
(MC) 16Im = _lurgb - ZYem]YeZ]Vivl + ;vala
i7j
(B = S Y~ SN
) )

(2

2
(M%)HQGLm — _ZYVmJCJ + %Vm’l)Q - Z(Auyu)mzyica
J

~ ~ . . . . 2
(Mé)eRneRm — Zyelmy'ejnyiyj + ZYeszemv% + (mgc)mn . 92_15’0577’”7,7
@] )
(MEYeim = Yy + (A0,
L ) ) 2 2
(MZ)ernrm — pmyn Zyemjyenﬂv% + Yg&uOmn — 95251)5,%” + %men + (m%)mn (A.15)

J

As mentioned earlier, we have computed the eigenvalues of the charged scalar mass-
squared matrix numerically and ensured that seven of its eigenvalues are positive and there
is a charged Goldstone boson.
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B Feynman rules

In this appendix we will study the relevant Feynman rules for the LSP decay calcula-

tions [28, 29]. The required Feynman rules are

1. Neutralino-neutralino - Z°,

2. Chargino-neutralino - W=.

B.1 Neutralino-neutralino-Z° and chargino-chargino-2°,y

For neutralinos the following relations between mass and weak eigenstates are very useful

PLB0 = PLN;DZ?,
PrB" = PrNa XY,
PLW3 = PLNjXS,
PrWy = PrNpyy,
PLﬁj = PLNifj+2>~(?a
PrHj = PRNi 12X},
Ppvf = PN} 7X5
Prvf = PrNj 7%y,
PLVJ%; = PLN;HM?,
where

k ~0
Prviy = PrN; pyaXs

with 1 varies from 1 to 10 and

1_,7/5 1_{_,}/5
P: P: .
= (). =V

where j =1,2,

k=1,2,3, (B.1)

(B.2)

In terms of the four component spinors y; for charginos, the following relations between

mass and weak eigenstates are very useful
PLW = PLV;ixi,
PrW = PrUaXi,
PLH = PLVj5%,
PrH = PrUn %,
Pl = PLV 0%

PRl = PRU; j12Xi

where 7 = 1,2, 3, and i varies from 1 to 5.

(B.3)

So in terms of physical or mass eigenstates of charginos and neutralinos the required

interaction terms are as follows

g = L R -

9
* (20086’;4;

Loz = —eAXi"Y
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Figure 19. Feynman rules for interaction of neutral and charged gauge boson with charginos and

neutralinos.

where

1 .
O;JL ==V j*l - 5‘/@2‘/;2 + 0;; sin? Ow,

. . 1 1 .
Ogj = —UnUj1 — B i2Uj2 — §Ufk+2Uj,k+27+5z‘j sin” O,

L 1 . 1 « 1
Ol = —5NisNjs + 5 NiaNjy — §Ni,k+7N;‘ik+7a
ol = —0!" k=1,2,3. (B.5)

In deriving eq. (B.5) unitary properties of U and V matrices has been used.

B.2 Chargino-neutralino — W¥*

Now in terms of physical chargino and neutralino states the relevant interaction term is
ﬁwq:)*(i)z() — EW—)ZJf}ZO + EW‘F)Z*)ZO? (BG)
where Ly 150 is the hermitian conjugate of Ly —+50 and

EW_)Z‘W(O = QWM_):(?’YM [OiLjPL + OZ'}]%‘PR] )2;, (B.7)
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with

1
L * *
O@'j - Niz Ni4 729

T
R * 1 * 1 *
O;; = NipUj1 + 7 3Uj2 + ﬁNi,k+7Uj7k+2v

(B.8)

where k =1, 2, 3.

The Feynman rules are shown in figure 19. The matrices O'%, O'F, O'F O%R and OF

i iy g o 157

05 are defined by eq. (B.5) and eq. (B.8), respectively.
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