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Abstract

An analysis of radiative decays of the neutrinos v; — vy is discussed in MSSM extensions
with a vector like lepton generation. Specifically we compute neutrino decays arising from
the exchange of charginos and charged sleptons where the photon is emitted by the charged
particle in the loop. It is shown that while the lifetime of the neutrino decay in the Standard
Model is ~ 10*3 yrs for a neutrino mass of 50 meV, the current lower limit from experiment
from the analysis of the Cosmic Infrared Background is ~ 102 yrs and thus beyond the reach
of experiment in the foreseeable future. However, in the extensions with a vector like lepton
generation the lifetime for the decays can be as low as ~ 102 — 10'* yrs and thus within
reach of future improved experiments. The effect of CP phases on the neutrino lifetime is
also analyzed. It is shown that while both the magnetic and the electric transition dipole
moments contribute to the neutrino lifetime, often the electric dipole moment dominates

even for moderate size CP phases.
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1 Introduction

It is well known that a neutrino can decay radiatively to neutrinos with lower masses. Thus
for the neutrino mass eigenstates vy, o, v3, with m,, > m,, > m,, one can have radiative
decays so that v3 — v17,197. In the Standard Model this process can proceed by the
exchange of a charged lepton and a W boson so that v — "W (loop) — v 9y. However,
the lifetime for the neutrino decay in the Standard Model is rather large [1], i.e.,

7OM 10" yrs, (1)

V3

for a v3 with mass 50 meV. Now the current lower limit based on data from galaxy surveys
with infrared satellites AKARI [2], Spitzer [3] and Hershel [4] as well as the high precision
cosmic microwave background (CMB) data collected by the Far Infrared Absolute Spec-
trometer (FIRAS) on board the Cosmic Background explorer (COBE) [5] for the study of
radiative decays of the cosmic neutrinos[6] using the Cosmic Infrared Background (CIB)

gives [6]
T b > 102 yrs (2)

This lower limit is below the Standard Model prediction of Eq.(1) by over 30 orders of
magnitude and thus the study of cosmic neutrinos using the Cosmic Infrared Background
is unlikely to be fruitful in testing the radiative decays of the neutrinos in the Standard
Model. However, much lower lifetimes for the neutrino decays can be achieved when one
goes beyond the Standard Model. For example, radiative decays of the neutrinos have been
discussed in extensions of the standard model with a heavy mirror generation [7]. Using
their result one finds a neutrino lifetime ~ 10?° yrs which while much smaller than the one
given by the Standard Model is still eight orders of magnitude above the current level of sen-
sitivity. Similarly in the left-right symmetric models, calculations show that one can lower
the lifetime for the decay of the neutrino significantly so that [6] 7,27 ~ 1.5 x 10'" yrs. The
experimental measurement using radiative decays provides a way to measure the absolute
mass of the neutrino. Thus consider the decay v; — v;y. In the rest frame of the decay of
v; the photon energy is given by E, = (m} —mj)/(2m;). Since neutrino oscillations provide
us with the neutrino mass difference m? — m?, a measurement of the photon energy allows
a determination of m;. Thus the study of Cosmic Infrared Background provides us with an

alternative way to fix the absolute value of the neutrino mass aside from the neutrino less



double beta decay.

In this work we will discuss a new class of models where the neutrino lifetimes as low
as close to the current experimental lower limits can be obtained which makes the study of
the lifetimes of the cosmic neutrinos using CIB interesting. Specifically we consider neutrino
decay via a light vector like generation. Light vector like generations have been discussed
in a variety of works recently. Specifically these include the neutrino magnetic moments [8],
contribution to EDMs of leptons [9] and quarks EDMs [10, 11}, contribution to radiative
decay of charged leptons [12] and to variety of other phenomena [13, 14, 15, 16, 17]|. Like
the flavor changing radiative decay of the charged leptons (for a review see [18] ) the ra-
diative decays of the neutrinos provide a window to new physics. With the inclusion of
the vector generation we also expect the radiative decays of the neutrinos could be signifi-
cantly larger than in the Standard Model. The reason for this expectation is the following:
In the analysis of the decay 7 — p7v it is found [12] that the decay for this process is
much larger in models with vector like multiplets than in conventional models. We ex-
pect that a similar phenomenon will occur in the analysis of the radiative decay of the
neutrinos. This is so because the diagrams that enter in the neutrino radiative decay
are very similar to the diagrams that enter in the analysis of the radiative decay of the
7. Thus we expect that the analysis would yield a decay lifetime which would be orders
of magnitude closer to the current experimental limits than the result from the Standard
Model. In the analysis we will impose the most recent constraints from the Planck satellite
experiment [19], i.e., that” >, m,, < 0.85eV (95% CL) as well as the neutrino oscilla-
tion constraints [20] on the mass differences Am2, = m2 — m? = 2.47013 x 107%eV?2, and

Am}, = m} —m? = 7.657023 x 107%eV?.

We note in passing that the radiative decays of the cosmic neutrinos in a supersymemetric
framework was discussed in early work in [21]. However, in their work the radiative decay
of neutrinos with testable lifetimes make flavor changing processes in the charged lepton
sector exceed the experimental limits. Thus these authors had to consider broken R parity
models to circumvent these constraints. In our work there are no problems of this sort in the

analysis presented here. Indeed the flavor changing neutral currents in the charged sector

"The recent data from the Planck experiment [19], gives two upper limits on the sum of the neutrino
masses, i.e., 0.66 eV and 0.85 eV (both at 95% CL), where the latter limit includes the lensing likelihood.



were already discussed in this class of models in [12] and the results are consistent with
current limits with the possibility of detection of such processes in improved experiment.
The reason why the flavor changing neutral current processes in the charged sector do not
constrain the radiative decays of the neutrinos is because while the couplings fy, f1, f{ in
Eq.(6) enter the charged lepton sector, they do not enter the neutrino sector. Further, while
the couplings fs, fi, f enter the neutrino sector they do not enter the charged lepton sector.
This allows one to suppress the neutral current processes in the charged lepton sector with-
out a problem. In a similar fashion the muon g-2 experiment does not put any constraint
on the current analysis. This is so because the contribution of the vector-like multiplet to
g, — 2 would arise from couplings f4, f, f which as already indicated above do not enter
in the radiative decays of the neutrinos and these couplings can be adjusted so that the
contribution of the vector like multiplet to g, — 2 is consistent with the current g, — 2 lim-
its. We have not done an explicit analysis of it here since these couplings do not enter in

the radiative decays of the neutrinos and hence are not relevant for the analysis of this paper.

2 Extension of MSSM with a vector multiplet

Vector like multiplets arise in a variety of unified models [22] some of which could be low
lying. Here we simply assume the existence of one low lying leptonic vector multiplet which
is anomaly free in addition to the MSSM spectrum. Before proceeding further it is useful to
record the quantum numbers of the leptonic matter content of this extended MSSM spectrum
under SU(3)c x SU(2), x U(1)y. Thus under SU(3)c x SU(2);, x U(1)y the leptons of the
three generations transform as follows

b= (M) ~ (12~ LD, v~ (L 10) =123 (3)
where the last entry on the right hand side of each ~ is the value of the hypercharge Y
defined so that ) = T35 + Y. These leptons have V — A interactions. We can now add
a vector like multiplet where we have a fourth family of leptons with V' — A interactions
whose transformations can be gotten from Eq.(3) by letting i run from 1-4. A vector like
lepton multiplet also has mirrors and so we consider these mirror leptons which have V' + A
interactions. Their quantum numbers are as follows

¢ 1
XCE E% ~ (1a27_)>ELN (1717_1)>NLN (17170) (4)
N¢ 2



The MSSM Higgs doublets as usual have the quantum numbers

= (M) v b m= (1)~ 2l 5)
() ~ w2 = () ~ 125

As mentioned already we assume that the vector multiplet escapes acquiring mass at
the GUT scale and remains light down to the electroweak scale. As in the analysis of
Ref.[9] interesting new physics arises when we consider the mixing of the second and third
generations of leptons with the mirrors of the vector like multiplet. Actually we will extend
our model to include the mixing of the first generation as well, for the computation of the

decay v3 — v5317. Thus the superpotential of the model may be written in the form

W= M%H H + €ij [leﬁ/JL + f1H§¢Z U+ fQH C]NL + szgiczEL
+hy Hj MLPJCL + B H]@DML ur T h2HZ¢£LéE + I HJQ/’éL’QeCL]
+fae XL+ Frea X,
FAAEL S N+ Pt fsvuLNL
e, + e B + 0N (6)

where @/AJ 7, stands for @ZAJg L, Q/AJN 7, stands for 1[/2 7, and @ZAJE 7, stands for @21 1. Here we assume a mixing
between the mirror generation and the third lepton generation through the couplings f3, f4
and f5. We also assume mixing between the mirror generation and the second lepton genera-
tion through the couplings f3, fi and f.. The same is true for the mixing between the mirror
generation and the first lepton generation through the couplings f, f) and fY. The above
nine mass terms are responsible for generating lepton flavor changing process. We will focus
here on the supersymmetric sector. Then through the terms fs, fa, f5, f3, f1, fo, f4, fi, f
one can have a mixing between the third generation, the second and the first generation
leptons which allows the decay of v5 — 15 ;7 through loop corrections that include charginos
and scalar lepton exchanges with the photon being emitted by the chargino or by a charged
slepton. The mass terms for the leptons and mirrors arise from the term

1 W

L= 3pa04, it He (7)

where 1) and A stand for generic two-component fermion and scalar fields. After spontaneous

breaking of the electroweak symmetry, ((H}) = v;/v/2 and (H2) = vy/v/2), we have the



following set of mass terms written in the 4-component spinor notation

fiva/V/2 f5\/_ 0 0 VrrL

B _ (= N — — —f3 f2U1/ 2 —fé - é’ Ny
Em = (VTR NR VMR VeR) 0 fg h,1U2/\/§ 0 VuL -+ H.c. (8)

0 N 0 h’2v2/\/§ Vo,

Here the mass matrices are not Hermitian and one needs to use bi-unitary transformations

to diagonalize them. Thus we write the linear transformations

VTR 1/}13
NR v ¢2
=D S I
Vug r ¢3R
Vep 1/}43
I/TL ,éz)lL
NL w2
—pv| Y|, 9
VML L ng ( )
VBL ¢4L
such that
flva/V2 f5\/_ 0 0
vt —f3 f2111/ 2 —fé - ?,,, vo__ g
DR 0 fé hllvz/\/i 0 DL - dzag(mwl,m¢2,m¢3,mw4). (10)
1"

0 5 0 Rhva /\/2

In Eq.(10) 11,19, 13,14 are the mass eigenstates for the neutrinos, where in the limit of no
mixing we identify 1, as the light tau neutrino, ¢)» as the heavier mass eigen state, 13 as the
muon neutrino and 4 as the electron neutrino. To make contact with the normal neutrino

hierarchy we relabel the states so that

V1 = Yy, Vo = 13,3 = Yy, 1y = y. (11)

which we assume has the mass hierarchical pattern

My < My < My < My, (12)

We will carry out the analytical analysis in the ; notation but the numerical analysis will be

carried out in the v; notation to make direct contact with data. Next we consider the mixing



of the charged sleptons and the charged mirror sleptons. The mass squared matrix of the
slepton - mirror slepton comes from three sources, the F term, the D term of the potential
and the soft susy breaking terms. Using the superpotential of Eq.(6) the mass terms arising

from it after the breaking of the electroweak symmetry are given by the Lagrangian
L=Lr+Lp (13)
where Ly and Lp are given in the Appendix along with the matrix elements of the slepton

mass squared matrix.

3 Interactions of charginos, sleptons and neutrinos

The chargino exchange contribution to the decay of the tau neutrino into a muon neutrino
(electron neutrino) and a photon arises through the loop diagram in Fig.(1). The relevant

part of the Lagrangian that generates this contribution is given by
4 2 8
—,C,,,;-,XJr = Z Z Z j[OJLZkPL + O kPR] Tk + H.c. (14)

where

Cha = — VD, Dl — [V D,

jZ

+9Vi D, Dy — hy EDEZ — Vs D Dy,
Cﬁk =-h iQDZ* T hleQDZZ Dﬁk + gUilDﬁ DL
+gUi1Dzzjl~);k - thizDijng U DY, lea (15)

where D7 is the diagonalizing matrix of the scalar 8 x 8 mass squared matrix for the scalar
leptons as defined in the Appendix. In Eq.(15) U and V are the matrices that diagonalize

the chargino mass matrix M so that

U*McV ™t = diag(m? ,mb). (16)

Xl’ X

4 The analysis of {; — ¢, + v decay width

The decay v¢; — 1, + v is induced by one-loop electric and magnetic transition dipole

moments, which arise from the diagrams of Fig.(1). In the dipole moment loop, the incoming
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Figure 1: The diagrams that allow decay of the v; into 1; + v via supersymmetric loops
involving the charginos and the staus where the photon is either emitted by the chargino
(left) or by the stau (right) inside the loop.

1; is replaced by a 1);. For an incoming v; of momentum p and a resulting 1; of momentum

p’, we define the amplitude

<¢l(p,)|<]a|¢j(p>> = ﬂ% (p/>rcxu¢j (p) (17>
where | 5 X ;
J ; FJ
Fa(q) _ F2 (q>l(7a5q + 3 (Q)O-aﬁr}%q + . (18)
Mey; + My, May; + My,

with ¢ = p — p’ and where m; denotes the mass of the fermion f. The decay width of
Y — Yy + is given by

D =t +9) = o (1—m—) IR OF +IF©P  (9)

8 (1, + 1y, )? %

where the form factors Fle and Fgl arise from the left and the right loops of Fig. (1) as

follows

. | ;
F(0) = 'y + F

2 right

j jl jl
Fgl(o) = F?f left—{_Fg right (2())

The chargino contribution FQJ lle st 18 given by

il md}] + mw * M’T%
Fy e = ZZ { 6Arem : {Clzk i+ CCla ) Fs <m2 : )

i=1 k=1 xit
my, (my, + m¢l) L Lx R 1Rx Mz
1927r2]mf€_+ {CinClir + CrirClir Yy mii (21)
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where

F3(z) = {32% — 4z +1—22°Inx} (22)

1
(x—1)
and

Fy(x) = {22° 4 32° — 62 + 1 — 62 Inx} (23)

(e —1)!

The right contribution FZJ lm-ght is given by

il m1/’g + mw * * Mg
ES ighe = ZZ [ 642 : {Cﬁkcﬁk +CiCint B (mz : )

i=1 k=1 xit
My, (my, + mw) L L R R« M?2
1927r2]mi~_+ {Ca.Ciix + CipClin } Fa mii (24)
where .
Fi(x) = m{l—x2+2xlnx} (25)
and
1
Fy(x) = m{—x3+6x2—3x—2—6xlnx} (26)

The left contribution Fglleﬁ is given by

2
il m¢] + m¢ m T
Fg left — Z Z 327‘_2]\412 { lzk lzk:}FG ( M2 > (27>

i=1 k=1

where

1 2Inz
Fﬁ(x):m{—x+3+l_x} (28)

The right contribution Fglm.ght is given by

2
i (M, + My )My, + Mt
F?z right — ZZ 1327-(2]\412 = { lzk ]zk lzk}F5(M2 > (29>
1=1 k=1
where . 0l
rinx
F: = —=>1q1 30
() 2(95—1)2{ T 1—55} (30)

Now for the numerical analysis below we switch from the v; notation to the v; notation.
Here 14,15, v3 are the three neutrino mass eigenstates and we assume the mass hierarchy

so that vs is heavier than vy and vy is heavier than ;. For the cosmic neutrinos we are



interested in the decay of the 3 to 15 and 4. Thus the total decay width of v is given by
Ciotar(v3) = T(vs = va + ) + T'(vs = 14 + ). The lifetime of the tau neutrino is calculated

from the equation

_h
Ftotal(l/?))

where the Ty (v3) is in GeV and i = 2.085 x 10732 GeV.Year.

(31)

T(v3) =

5 Estimates of 15 lifetime

In this section we give a numerical estimate of the neutrino lifetime for the heaviest neutrino
v3 and investigate its dependence on the input parameters. In the analysis we ensure that
the constraint of ¥;m,, < 0.85 eV from the Planck Satellite experiment [19] is satisfied and
that Am3, and AmZ, lie in the 30 range of the neutrino oscillation experiment [20], i.e., in
the range of (2.07 —2.75) x 1072 eV? and (7.05 —8.34) x 107° eV? respectively. In Table (1),
we give a benchmark point where the constraints mentioned above are satisfied. The form
factors and the lifetime of the v3 decay are calculated and given in Table (1).

We now begin by exhibiting the dependence of the vg lifetime on the SU(2) gaugino
mass mso. The chargino masses are sensitive to mso and increasing msy implies a larger av-
erage chargino mass which affects the v3 decay width and the lifetime. This is exhibited
in Fig. (2) for values of tan 5 = 30, 40, 50 while the values of the other input parameters
are shown in the caption of Fig. (2). It is found that both the magnetic and the electric
transition dipole moments enter in the analysis. The magnetic transition dipole moment
depends on FQJ " while the electric transition dipole moment depends on Fgl. Typically the
electric transition dipole moment dominates the decay even for moderate size CP phases

since FJ' turns out to be much larger than FJ'.

In Fig. (3) we investigate the effect of the variation of mgy on vs lifetime, where m2 =
M? = M} = M? = M2 = M?, = M? = M2 = M? (see Appendix). Three curves are
shown on the figure, corresponding to tan § = 30, 40, 50, starting from the upper curve
(tan 8 = 30) and going down. The analysis shows that the lifetime of v5 increases as my
increases. This is as expected since a larger my implies larger sfermion masses that enter in
the loop which gives a smaller decay width and a larger lifetime. It is seen that with values

of the input parameters in reasonable ranges the lifetime can be as low as few times 102 yrs



Neutrino Mass Eigenvalues (GeV) my,, = 5.232137 x 1071
m,, = 8.517946 x 1012
my, = 1.036377 x 10712

Process: Fglleﬁ (1.4036 x 10~20) exp(—2.731)
Fy' one (1.6163 x 10720) exp(+0.421)
Vs — Vs 47 Fi'(0) (2.1357 x 10~2") exp(+0.51 )
Fg’leﬁ (7.6091 x 1071) exp(+2.421)
Fy o (1.8846 x 107'8) exp(+2.421)
Fi'(0) (9.4946 x 107'%) exp(42.421)

Decay Width 1.2802755 x 10746 GeV
Process: Fglleﬂ (2.9501 x 10721) exp(+1.5714)
Fy' one (2.8460 x 1072%) exp(+0.37 1)
Vs — vy 4y F3'(0) (2.9655 x 10720) exp(+0.46 1)
Fglleﬂ (1.0064 x 10~'8) exp(—1.771)
P o (2.4903 x 10719) exp(—1.774)
Fi'(0) (1.2555 x 107'8) exp(—1.774)

Decay Width 3.1531459 x 1078 GeV

Life time 1.5899 x 10 Years

Table 1: Sample numerical values for the neutrino masses and the calculated form factors
and decay widths of the two processes v3 — v+ and v3 — v 4. The lifetime is also given.
The analysis corresponds to the parameter set: |mgo| = 150, |u| = 100, |f3] = 1.5 x 1077,
7] =210, L =8 0%, |1 = 7= L = 50 f5l = .01 1072, /2] = 9.8 x 102,
] | =4 x10- 2 = 212, ]A0| = 600, mg = 260, mo = 300, tan B = 50, X, = 1.27

= 0.8, x3 = 0 3 Xg =02, x5 =06, xa=14, x, =11, xf =17 x5 = 1.7, x5 = 0.5,
X/5/ = 0.7 and x4, = 2.4. All masses are in GeV and phases in rad.

just within the reach of improved CIB experiment.

In Fig. (4) we investigate the effect on v3 lifetime of the variation of x5 which is the phase
of the coupling term f5 in the neutrino mass matrix. The analysis is done for two values of
its magnitude |f5| (see the figure caption). The analysis shows that the v lifetime depends
sensitively on the phase x5 and also on its magnitude. Fig. (4) exhibits several oscillations

in the lifetime as a function of ys.

One possible origin of such oscillations could be constructive and destructive interference

Jl Jl Jl Jl : :
between Iy ., and Fy' .., and between F3 ., and F3 ... Such interference was noticed
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Figure 2: Variation of v3 lifetime versus |ms| for three values of tan 5. Starting with the upper
curve, tan 8 = 30, 40, 50. Other parameters have the values |u| = 100, |f3] = 1.5 x 1077,
= 2% 1075, |f7] = 8 x 1072, |fa] = [ fi] = |f2] = 35, [f5] = 101 x 101, |f2] = 5.3 x 1071,
|f2] =4 %1072, my = 200, |Ao| = 500, mg = 260, mg = 300, xmy, = 1.2, x,, = 0.8, x3 = 0.3,
X5=02,x5=06,xa=14x, =11 x] =17 x5 =17, x5 = 0.5, x = 0.7 and x4, = 0.4.
All masses are in GeV and phases in rad.

and extensively studied in the context of EDMs of the quarks and the leptons [23] (for
review see [24, 25]). Some numerical values are exhibited in Table (2). Since Fj is much
larger than F;, for this region of the parameter space, we focus on the F3 terms. Here one
finds that the Fj ;.5 is larger than Fj ;4 and further each of the terms have phases of the
same sign. Thus this possibility does not appear to be the reason for large oscillations in
vy lifetime. The above suggests that it is the interference in the Fj s terms themselves
that is the origin of such rapid variation. This can come about because there are sixteen
different contribution to Fj ;s each with their own phases and thus multiple constructive

and destructive interference can occur which is what Fig. (4) exhibits.

11
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Figure 3: Exhibition of the dependence of v3 lifetime on m for three values of tan 3. Starting
with the upper curve, tan 8 = 30, 40, 50. Other parameters have the values |u| = 100,
|f3s| =1.5x1077, |fg\—2><10_8 If7] =8x 1072 | ful = |fal = |f¥| = 35, | fs| = 1.01 x 1071,
|fi] =5.3x 1071, |f? |_4><10 2 mN—ZOO ]A0]—500 mE—26O |ms| = 100, Xm2—12
Xu = 0.8, x3 = 0.3, X5 =02, x5 =06, xa =14, xy =11, xj = 1.7, x5 = 1.7, x; = 0.5,
Xt = 0.7 and x4, = 0.4. All masses are in GeV and phases in rad.

X5 0.4 rad 1.6 rad
Fglleft (1.89 x 1072%) exp(+0.34 1) | (3.56 x 1072!) exp(+1.48 1)
Fzﬂmght (5.53 x 10721) exp(—3.087) | (1.39 x 1072!) exp(—1.591)
Fj'(0) (1.37 x 10720) exp(+0.464) | (2.17 x 1072") exp(+1.731)
fgﬁﬁf (2.49 x 10717) exp(+0.637) | (1.59 x 107'8) exp(—1.6014)
FJ' right (2.68 x 107'8) exp(+0.671) | (1.68 x 1079) exp(—1.351)
Fi'0) (2.76 x 107'7) exp(+0.64 1) | (1.75 x 107'8) exp(—1.581)
Decay width 1.18 x 107 GeV 7.58 x 10748 GeV

Table 2: A list of the right and left contributions, the form factors and the decay width of
the process v3 — 1o + 7y for two values of x5, with |f5| = 0.1 GeV.

In Fig. (5) we exhibit the variation of the lifetime as a function of the trilinear coupling
| Ap| for two values of |u|. In the analysis we make the simple approximation A, = Agp =
A, = A, = Ay,

Finally we discuss the effect of | f3| on the tau neutrino lifetime. This analysis is exhibited

12
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Figure 4: Exhibition of the dependence of vj lifetime on the phase ys5 for two values of
|f5]. Solid curve is for |fs| = 0.1 and dashed curve is for |f5] = 0.05. Other parameters
have the values |mo| = |u| = 100, |f3] = 1.5 x 1077, |fi| = 2 x 1078, |fY] = 8 x 1077,
Ul = [£5] = |f7] = 35, |fL| = 5.3 x 1071, [£7] = 4 x 1072, my = 200, |Ao| = 500, my = 260,
mo = 300, tan 5 = 40, Xm, = 1.2, x, = 0.8, x3 = 0.3, x5 = 0.2, x5 = 0.6, xa = 1.4, x4, = 1.1,
X5 =17 x5 =10, xf =0.7 and x4, = 0.4. All masses are in GeV and phases in rad.

in Fig. (6) for two values of tan § (see figure caption). While f3 appears both in the slepton
and the neutrino mass matrix, the major effect of f3 arises via the variations in the neutrino
mass matrix. In summary the analysis of Figs.(2) - (6) shows that the neutrino lifetime as
low as the current experimental lower limits can be obtained in models with a vector like
generation. These lifetimes are over 30 orders of magnitude smaller than in the Standard

Model and thus within the reach of improved experiment.
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Figure 5: Exhibition of the dependence of v; lifetime on |Ag| for two values of |u|. Solid
curve is for |u| = 150 and dashed curve is for || = 100. Other parameters have the values
ol = 100, |fs] = L5 x 10T, [f§l = 2 x 1075, 1] = 8 x 107, |fa] = |fi] = |f{] = 35,
fs| = 1.01 x 1071, [f2] = 5.3 x 1071, |f2] = 4 x 1072, my = 200, mp = 260, mg = 350,
tan 8 = 50, xm, = 1.2, x, = 0.8, x3 =03, x4 =02, x5 =06, xa = 1.4, x;, = 1.1, x| = 1.7,
x5 = 1.7, xt = 0.5, x¢ = 0.7 and x4, = 0.4. All masses are in GeV and phases in rad.
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Figure 6: Exhibition of the dependence of the vj lifetime on |f3| for two values of tan /.
Solid curve is for tan 8 = 30 and dashed curve is for tan 5 = 40. Other parameters have
the values |mq| = 100, |u| = 100, |f}| = 2 x 1078, | fY| = 8 x 1072, | fu| = |f1| = |f{| = 35,
Ifs| = 1.01 x 1071, [f2| = 5.3 x 1071, [f/] = 4 x 1072, my = 200, |Ao| = 500, mp = 260,
mo = 400, Xm, = 1.2, x, = 0.8, x3 =03, x5 =02, x§ =06, xa = 1.4, x, = 1.1, xf = 1.7,
X5 = 1.7, x5 = 0.5, x§ = 0.7 and x4, = 0.4. All masses are in GeV and phases in rad.
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6 Conclusion

Lepton flavor changing processes provide an important window to new physics beyond the
Standard Model. In this work we have analyzed the radiative decay of the neutrinos v; — v;7
in an extension of the MSSM with a vector like leptonic multiplet. Specifically we consider
mixing between the Standard Model generations of leptons with the mirror leptons in the
vector multiplet. It is because of these mixing which are parametrized by fs, fa, f5, f3, f1, fs,

4, f1 and fY as defined in Eq.(6) that the neutrino can have a radiative decay. The com-
putation of the neutrino decay is done in the supersymmetric sector where we compute the
contributions to the neutrino decay arising from diagrams with exchange of charginos and
staus in the loop with the chargino or the stau emitting the photon. The effects of CP
violation were also included in the analysis. In the presence of CP phases both the magnetic
and the electric transition dipole moments contribute to the neutrino lifetime. However, it
is found that the electric transition dipole moment often dominates for moderate size CP
phases in the region of the parameter space investigated. A numerical analysis shows that
the neutrino lifetime can be smaller than the one predicted in the Standard Model by sev-
eral orders of magnitude. Thus the Standard Model gives a lifetime for the decay of the

S

heaviest neutrino vz so that 75 ~ 10% yrs for a v3 with mass 50 meV. However, in the

3
class of models where the three generations of sleptons can mix with the vector like slepton

generation one finds that the decay lifetime of 13 can be as low as 10'? years and thus much
smaller than the Standard Model prediction. Thus improved experiments in the future give

the possibility of observation of such effects.

7 Appendix: Further details of the interactions of the
vector like multiplet

In this Appendix we give further details of the interactions of the vector like multiplet. The

total lagrangian is constituted of Lz and Lp where
Lr=Lr+Ly. (32)

Here
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Similarly the mass terms arising from the D term are given by

—Lp = §m22 cos? Oy cos 2B8{0, 1, — T 75 + UuLVyr — BLi,
Do) — E1E% + EREl — NpNi}
1
+§m22 sin? Oy cos 26{0, 177,
LT + Uurly, + Brfiy, + VerLVp, + €Ler,
—FERrEy — NeNi + 2B Ef — 2775 — 2fipilly — 26re5}. (35)
In addition we have the following set of soft breaking terms

Vsoft _ MEL@ZX—* " + M? ~cix ~ci
+M2L¢ L@Ei MZLT;” LT M3 g7
+ M, D P+ M0G0, + MTEF
FMEAG G 4+ M2ESTe; + MEELEL + M2N;N,
+€ij{f1ArH iL T — f1AuTH§ TLﬂTL
+h A, Hy @bfw[fL hi A, HZ iLD;L
+ho A, H’wZLéCL h! AyesziLﬁgL
+hANHIX N, — fobApHyX Er, + H.c.} (36)

From Lgp and by giving the neutral Higgs their vacuum expectation values in Vs we can
produce the mass squared matrix M2 in the basis (71, B, 7r, Er, fiL, fig, €1, €r). We label

the matrix elements of these as (MZ);; = M;; where

U%\f1|2
2

2 2
M, = MTL

2!le2

1
+ |fg|2 — m2Z cos 23 (5 — sin? GW) ,
M3, = Mp + + 1 fal? + 1 falP + [ f7]? + mZ, cos 28 sin® Oy,
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Here the terms M3, MZ, M2, M2 arise from soft breaking in the sector 71, 7, the terms
MZ, M2, M, MZ; arise from soft breaking in the sector fir,, fig, the terms M2, M2, M2, Mz
arise from soft breaking in the sector ér, €z and the terms M23,, M2,, MZ,, M2, arise from soft

breaking in the sector Ey, Ex.

* * * h*
M()?s M826 = f4 y M728 = M827 = 725
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The other terms arise from mixing between the staus, smuons



and the mirrors. We assume that all the masses are of the electroweak size so all the terms
enter in the mass squared matrix. We diagonalize this hermitian mass squared matrix by
the unitary transformation D™TM2D™ = diag(M2 , M2, M2, M2, M2, M? M2, M2). For a

T1? T2 T3 T4 757 T6 )

further clarification of the notation see [12]).
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