Neutrino Mass in B-LL Model and
Left-Right Symmetric Model

Love Grover

A dissertation submitted for the partial fulfilment
of BS-MS dual degree in Science

IN PURSUIT OF KNOWLEDGE

Indian Institute of Science Education and Research Mohali
April 2016






Certificate of Examination

This is to certify that the dissertation titled “Neutrino mass in B-L model, Left-
Right model” submitted by Mr. Love Grover (Registration Number: MS11011)
for the partial fulfillment of BS-MS dual degree program of the Institute, has been
examined by the thesis committee duly appointed by the Institute. The committee
finds the work done by the candidate satisfactory and recommends that the report be

accepted.

Prof J S Bagla Prof C S Aulakh Dr Manimala Mitra

(supervisor)

April 22, 2016






Declaration

The work presented in this dissertation has been carried out by me under the guidance
of Dr Manimala Mitra at the Indian Institute of Science Education and Research

Mohali.

This work has not been submitted in part or in full for a degree, a diploma, or a
fellowship to any other university or institute. Whenever contributions of others
are involved, every effort is made to indicate this clearly, with due acknowledge-
ment of collaborative research and discussions. This thesis is a bonafide record of
original work done by me and all sources listed within have been detailed in the

bibliography.

Mohali, April 22, 2016

Love Grover

In my capacity as the supervisor of the candidate’s project work, I certify that the

above statements by the candidate are true to the best of my knowledge.

Mohali, April 22, 2016

Dr Manimala Mitra






Abstract

Neutrino mass has been observed in some experiments. A Beyond Standard Model
theory is required to explain the masses of Neutrinos. There are many possibilities
out of which the present material is mainly focused on B-L. Model and Left-Right
Symmetric Model. Both models are introduced along with comparisons with Stan-
dard Model. An introduction to Neutrinoless Double Beta Decay is presented. Also

the Effective Neutrino Mass in the standard mechanism is calculated explicitly.

The Neutrinoless double beta decay can be mediated by many possible ways

[Cha+12]
1 with Wgs only with light neutrino exchange. (only e, as final particle)
2 with Wgs only with heavy neutrino exchange. (only eg as final particle)
3 with Wz s only with light neutrino exchange. (only ey, as final particle)
4 with Wi s only with heavy neutrino exchange. (only eg as final particle)
5 with Wg, W and with light neutrino exchange. (e, and eg as final particle)
6 with Wg, Wz and with heavy neutrino exchange. (e and eg as final particle)

Only two of the above have a significant contribution, which are shown in figure

5.1 and 5.9. We analyzed only these parts in different hierarchies. We calculated

vii



dependence of Dirac and Majorana phases on effective mass by plotting effective
mass (due to above mentioned both Feynman diagrams) vs lightest mass in the

normal hierarchy and inverted hierarchy.
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Notations and

Conventions

The references in present material is shown for figure as “fig. 2.1", for equation as

“2.9" and for some section as “§3"

Einstein summation convention is implied where index is repeated except where

defined otherwise.

The following notions are implied except where defined otherwise.

Xi



Xii

O

Kronecker-Delta function

Ox, Or 6(x—xp)

Dirac-Delta function

A

Atomic Mass Number

zZ Atomic Number
N Neutron Number
o, B,y,... index for mass Eigenstate
1,j,K,. .. index for flavor Eigenstate (i.e., e, l, T)
T Time Order Operator
Cij COS (9,‘ j)
Sij sin ( 9,' )
Chl'j COSh(Q,‘j)
Shl'j sinh(G,-j)
P Parity Operator
Charge Conjugation Operator
T Time Reversal Operator
Re Real Part extraction operator
Sm Imaginary Part extraction operator
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Introduction

The Standard Model is the most successful attempt of humankind to understand the
fundamental laws of nature. In standard model the particles obtain masses by the
Higgs mechanism i.e., Electroweak Symmetry Breaking by adding a scalar Higgs
Field. After the EWSB the SU(2); X U(1)y symmetry is broken down to U(1)gy.
The four generators break down to three gauge boson (W*and Z") and the fourth is
Standard model Higgs state 4. Fermion masses are generated by Yukawa interaction

with Higgs field.

Quantum gravity is not incorporated in Standard Model. To solve this we need to
work at Plank-scale and for now we can leave this problem. [GC+12] In Standard
Model we set up the neutrinos to be different from other fermions {charged leptons
(e,u,7) & quarks (u,s,t,d,c,b)}. We set up the system such that the neutrinos
remain massless. But after some predictions of neutrino mass theoretically, we
have observations of neutrino oscillations, as discussed below, suggesting massive

neutrinos.

We need some extension to the standard model and there are numerous possibilities
by the extension of Standard Model, and we will follow more than one option and

later stick to one of them to focus our work.



1.1

2

Motivation and Problem Statement

To extend the standard model, we can use two different approaches - top-down
approach and the bottom up approach. The top-down approach involves selecting a
gauge group which has the an embedding of the Standard model’s symmetry group.
After selecting the gauge group, the study of its phenomenological consequences
comprise the top-down approach.[Prul1] This can get us to the Standard model as
effective low energy scale theory. In the bottom-up approach one can add some
minimal extension to the Standard model. We know some extensions of model in
bottom-up approach and here we discuss the B-L. model. Then we also consider the
Left-Right symmetric model. These models lead us to the possibility of Neutrinoless

double beta decay.

We need to understand the phenomenological consequences regarding the Neutrino-
less double beta decay in left-right symmetric model. The dependence of Decay rate
of the 4 possible Feynman diagrams on Nuclear Mass Matrix, Phase Space Factor &
effective Neutrino mass is analyzed. The analysis of effective mass with different

hierarchy.

Chapter 1 Introduction



2.1

Neutrino Oscillations

The similar case of Kaons

The states K° and K° have well defined strangeness, but they are not the physical
states. There are two physical states (mass eigen states) K; and Kg are a superposi-
tion of K° and K° and vice-versa. If K© is produced at some event and we know it is
a superposition of K7 and Ky (and same for IfO). The evolution of physical states
(Kr, and Ky) are different where Kg decays quickly. Starting from K° or 160, after
short time leads to the state Ky i.e., equal mixture of K and KO. [RP91] There is

also some same oscillation character exists in Majorana Particle.

General Case of Neutrino Oscillations

Considering the v is stable state. Here we are also assuming the propagating beam
have different stable states with the same 3-momentum. Since the masses are differ-

ent, the energies associated with each mass eigenstate should be different.[RP91]

Vi) :ZUla’V(x> 2.1

whereas the time evolution is given by following:

vi(1)) =Y e Ujg |va) (2.2)



4

we start by calculating the value of (vy/|v;(¢)), which is the amplitude of conversing

from [ — !’ in t time.
(velvi(e)) =Y, <v5\U1l,e’E°‘tUla Vo)
a,B
= Z elEalUgl,Ula Vg ’Va>

= Z €lE“tUﬁl/Ula o

(Vilvi(t) Ze’E“tUp Ul (2.3)

The probability of finding in /' state on measurement after ‘¢’ time evolution, starting

from state [ it is denoted by P(I — I’ 1)

P(I = 1',1) = (v [vi(1)) [

=Y ‘Ul,ﬁUlﬁUl/ Ul | cos[(Eq — Ep)t —arg(U;gUspUpiUta)]
o.p

(2.4)

The following Approximations and Definitions is applied in further work unless

explicitly said otherwise.

Approximations

The neutrinos in practical situations have high velocities. Time spend, ¢, can be
approximated by beam traveled distance, x. Now P will become the function of x
instead of ¢ which is stipulated as per our practical knowledge. To get the oscillation

form we need to approximate E2 = p? +m? in relativistic limit as [Zub12]

2
2[lp H

~ ||p|l + 2.5)

We can put Neutrino energy, E ~ ||p|| in final expression for relativistic neutrinos as

2

Eq~E+ -2 2.
o +2E (2.6)

Chapter 2 Neutrino Oscillations



Definitions

Mass square difference, Am?x B

Oscillation lengths, Xo

Further calculations

Probability P(I — I’,x) with approximations become

Pl 1,x) = ¥ |UipUipUfaUle
op ap

We can write it in other form as

T op
a

B>a

Using B.4 and 2.10

P(l—>1',x) =Y |UiqUg* +2%Re Y UngUjsUsiqUsa
o

B>a

2 ¥ Sm (UnpUjUjUte ) S

+2 Y e (UppUjUsaUia )

B>«

B>a

Since U is a unitary matrix, using B.3, we can write

Pl—1x)=8,—4Y %e (U,/ﬁU;b Uj Ura

B>a

B>a

2.1 General Case of Neutrino Oscillations

>
=N

Q

el

=N

Q

el

_— ' Amfm
+4 Z Sm (UlfﬁUlﬁUl/aUla) sin | —-—x | cos

2.7

(2.8)

2 i i
cos KX_) x—arg(UpgUipUpUia) | (2.9)

(2.10)

(2.11)

(2.12)
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In CP-Conserving case (since U 1is real and real analogue of unitary matrix is

orthogonal matrix) it becomes

P(l — l/,x) = 511/ —4 Z Ul’ﬁUlﬁUl’aUla SiIl2 <

B>o

Am%2
AE x) (2.13)

A two flavor case

For two flavor case (CP-conserving) the U matrix can be written in following form

cos® sinf
U= (2.14)
—sin@ cos0

Where the definition of U is in 2.1. Without CP-violation phases, in two flavor case,
2.9 takes the form (No effect is on the Neutrino oscillation results due to Majorana

phases and can be seen from [GiulO])

2
P(1-2,%) = Y UppUy5UsqUi g cs (ﬂ) (2.15)
o.B Xap

Complex conjugate doesn’t change anything because U is real

27X
P(1 = 2,x) = Uxy1U1 U2 Uy 1 + U Uy UsaUy cos (X_lz)
27X
+UxnUipUz1Upg cos Xor +UxpU12Uxn Ui

from 2.14

P(1 —2,x)=(—sin0)(cosO)(—sinO)(cosO)+ (—sinO)(cos O)(cos O)(sin O) cos (

+ (cos 0)(sin0)(—sin0)(cos B) cos (?{—Zf) + (cos 0)(sin0)(cos B)(sin O)

2z
P(1 —2,x) =2sin’ 6@ cos> O (1 —Cos (_x))
Xo1

Chapter 2 Neutrino Oscillations
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Finally, we got the approximated form of conversing probability in two flavor case

in oscillating form

P(1 = 2,x) = sin®26 sin? (ﬂ) (2.16)
Xo1
) ) Am%z

P(1 — 2,x) = sin” 20 sin g~ (2.17)

Apparently, the survival probability is

P(1 = 1,x) = 1 —sin®26 sin? (ﬂ) (2.18)
X201
) ) Am%z

P(1 = 1,x) =1 —sin“20sin g~ (2.19)

Clearly from 2.17 and 2.19, we can see that the converting and surviving probabilities
are dependent on mass square difference and mixing angle. Probabilities oscillates
as the particle moves some distance. This was the case of two flavor oscillations, to
get a real world picture where 3 flavors are mixed we have done some calculations

in following part.

A three flavor case

The U matrix in three flavor case is

o)
C12€13 —512€13 s13€’
. , ‘ .
U= | spaco3 +c12503513€"  c1acas — s1o503813¢'0  —sp3c13 | diag(l, e’ »elﬁ>

i 5
§12823 — C€12023513€'C  C128523 + S12023513€"0 €23C13
(2.20)

Where 0 is CP violation phase and @ & B are Majorana phases

2.1 General Case of Neutrino Oscillations

7
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Whereas, the CP-conserving case with three flavor have U matrix that will take the

form [GiulO][Zub12]

C12€13 —812€13 S13
U= | s12c23+ 12523813 €12€23 — S12523513  —523C13 (2.21)

§12823 — €12€23513  C€128523 +512€23513  €23C13

Some more Approximations and their analysis in three flavor
Case 1
Approximation

Consider the case of one mass square difference to be very small compare to other.
Since we don’t know the sign of one mass difference, there are three possible mass
hierarchy with known values and approximation out of which two are shown in fig.
2.1

Amiy = Aml, < Amisz ~ Amsy = my,, (2.22)

The third can be shown as

Am?y = Amiy = Am>, (2.23)

In fig. 2.1 the m, mp and m3 are masses of mass Eigen-State of Neutrinos.

The 2.22,2.12 and 5.15 lead us to the following oscillation results of three flavor

system
A 2
P(Ve = Vy,x) = sin®(20)3) sin(6y3) sin <%> (2.24)
We can see from 2.13
. 2 2 o ((Amg,x
P(V, — Vz,x) = sin“(2613) cos”(6,3) sin —aF (2.25)

Chapter 2 Neutrino Oscillations



ms3 mp
my
np
m ms3
Normal Hierarchy Inverted Hierarchy

Fig. 2.1.: Possible mass hierarchy with known mass differences

[GF96]

A 2
P(Ve = Ve,x) = 1 —sin®(26)3) sin® (%) (2.26)

2.1 General Case of Neutrino Oscillations






Mass

Majorana mass is differently defined from Dirac mass. The Majorana and Dirac

mass terms can appear in Lagrangian as follows:

Majorana mass term

1
—Em(vL)TC’le

whereas,

Dirac mass term
1 -
——m¥PY¥
2

¥
And in two component spinor with ¥ = ,

Yr

Dirac mass in two component spinor

— o) W+ (1) W)

3.1)

(3.2)

(3.3)

In the following section it can be found that the there is no difference in Particle

and Anti-Particle in case of Majorana Particle which in case of Dirac particle is

different.

11



3.1 Majorana vs Dirac Mass

Case of Dirac Particle

Consider a left handed massive spin half particle moving in positive-x direction. By
definition the x-component of the spin is +%. Particle is massive i.e., there can be a
frame in which particle moving in negative-x direction. Now particle have spin in

opposite direction to the velocity i.e., it is right-handed in this frame.

There are 2 right-handed particle but clearly one of them has opposite charge and
since charge is independent of frame therefore only one of them is possible, which

is shown in following example.

Initial frame e moving in positive-x direction and with spin
in same direction.
Changed frame particle moving in opposite direction and spin

and charge must be the same as in initial frame.

The particle in new frame

It’s either ég or eg. But ég has the opposite charge of e;. This means particle in new

frame is eg.

>
Spin Direction
Frame 1. > X
Vframe—1.

not possible — ég but eg <— possible
Frame 2. < X
Vnew-frame

>
Spin Direction

Fig. 3.1.: Observing particle from different frames

Weyl (Massless) particle

12 Chapter 3 Mass



3.2

Clearly for massless particle, which moves by speed of light, can have only one
handedness since you can never jump to a frame that can reverse the direction of
moving particle. The handedness cannot be changed. To define above feature there
is a defining feature Helicity. (which can’t be changed of a particle by moving to

some other frame)

Positive Helicity  Spin same in direction of velocity.

Negitive Helicity Spin opposite in direction of velocity.

New Possibility (Majorana Mass)

Consider a massive particle with no Right-handed particle moving along positive-
x direction, New boosted frame make the direction of particle opposite, and no
Right-handed conjugate particle in first place are in our consideration. There was
Vg which was not allowed in case of charged particle (in above discussion). Here if
the particle is chargeless and even if there is mass, the Vg can become the possible

solution.

The Neutrinos are chargeless, massive, with no Right-handed neutrino observed.
It is possible that there is a Majorana mass term in Lagrangian for Neutrinos and

Neutrinos are Majorana Particle.

Propagator of Majorana mass

The propagator for Dirac particle is same as the Majorana particle except the fact
that the propagator is defined as two point ‘Green’s Function’ and can be written
in other ways too, because of the fact that it is its own antiparticle. Consider the
following [RP91]

4
OT (@ B0)I0) = [ GEe =D liseipyy G

3.2 Propagator of Majorana mass

13



where,

ptm
Sp(p) =
F(p> pz—m2+i8

We can see that a two-point function in following that if it is Dirac type then leads

to zero

(017 (ya(x)ws(y))[0)

But not in case of Majorana particle because Majorana field operator can create
and annihilate a particle so matrix element of type (0| y4 yp|0) are non-zero, while

matrix element of this type are zero in Dirac case. We know that
v=Ay=AylCc! (3.5)
We can write the following using 3.4 & 3.5

(01T (ya (x)wB(y))[0) = A7 Cpp (0| T(wa (x) ¥p(y)) |0)

. d o (3.6)
[ 5B e sy )l

This implies
Syy(p) = A*Sr(p)C 3.7

3.3 Seesaw Mechanism

3.3.1 Introduction

We can start from a Weinberg d=5 operator having lepton number violation by 2 for

Neutrinoless double beta decay [Ble+10]

"B (L") (67Lp) + e (3.8)

14 Chapter 3 Mass



3.3.2

3.3.3

Where, ¢ is the SM Higgs field with ¢ = iTo¢*. A is the scale of new physics that
gives rise to the operator. This is the only d=5 operator can be made from SM
particle content respecting both Lorentz and gauge invariance [Ble+10]. Clearly,
after the Higgs mechanism this lead us to the Majorana mass term for neutrinos
(e (Evl/ L)) suppressed by scale A. There are three possible extension. All these
extra degree of freedom required to introduce the Majorana nature of neutrinos and

can also contribute to the "Neutrinoless double beta decay".

Type-I

We here introduce the Right handed neutrino, N; as fermion gauge singlet and some

of the terms comes out of extension are [RP91]
1 .
Loy = _ENZ(MN)IZ’NIC/ - (YN)lle(PTLm +h.c. 3.9

This lead us to a mass matrix

0

My=|_, V2 (3.10)
Y,v M
\ﬁ N

Diagonalization lead us to the light neutrino mass and heavy sterile neutrino mass.

[GC+12]

Type-ll

In Type-II seesaw model we introduce a scalar SU(2) triplet with hypercharge 2.
And using Q = T + 5 [RP91][Ble+10]

1§+ ST+
A= Vzo . (3.11)
V2

3.3 Seesaw Mechanism
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In this case the Yukawa terms are

Loy = — (YA)[]/FliTZALl’ +h.c. (3.12)

Scalar Triplet A is coupled to the Higgs field with u coupling constant. After
Electroweak Symmetry breaking, vy = £ i

TR Triplet VEV induces a Majorana
A
neutrino mass 7
2
mb = 2Wpvp = YAmAZ; (3.13)
A

3.3.4 Type-lll

We introduce a fermionic triplet in making of III type seesaw mechanism with zero
hypercharge [Ble+10]

0
L= V2

(3.14)
y- Pl
V2

Some of the Lagrangian terms on extending with triplets are as follows

Z+

1 v ~'_-
Lot = _§<MZ)II’TT<ZIZIC') — (Yz)im® 'XyitoLy + h.c. (3.15)

This setting is analogous to type-1 with the neutral component of the triplet playing

the role of the right handed neutrino. The situation then reduces to the one for the
type-II seesaw instead the old thing replaces with

mby — mv* =

V2
EYZTM)gIYX (3.16)

16 Chapter 3 Mass



3.3.5 Mixed seesaw mechanism

We can get heavy and light eigenstate from adding type-II or type-III with type-I

sterile neutrinos in light regime.

AY v
m- YN—

M, = V2 (3.17)
YN% My

3.3 Seesaw Mechanism 17






4.1

Beyond Standard Model

Theories

Introduction to B-L model

In order to use bottom-up approach we start our analysis with B-L. model which
extend the minimal standard model by exploiting the accidental symmetries of
Standard model viz. conservation of Lepton number (L) and Baryon number (B) as
well as the difference of B and L. We can use the B — L symmetry in gauge form
as U(1)p_r with addition of right-handed neutrinos an one complex scalar field.

[Prull] We can add this symmetry minimally to form an extended gauge group as

SU(3)CXSU(2)LXU(1)YXU(])B,L 4.1)

We will specify the new charges and the changed charges, otherwise the charges are

same as in Minimal Standard model.
How it is minimal?

a. Minimal in gauge sector by only adding one U(1) symmetry to minimal

Standard Model. This will give rise to a new gauge boson.

b. We just have to add only one sector to the Standard Model Fermionic sector

which is right handed neutrino sector.

c. We only need to add only one more complex scalar Higgs field.



This will lead us to

a. an anomaly-free and gauge invariant model.

b. light mass neutrinos generated by seesaw mechanism and already discussed

in last Chapter.

We need to introduce two new things as follows

a. Right-handed neutrino, N (or vg) for each generation. (singlet under Standard

Model gauge group)

b. Complex scalar field, x. (singlet under whole gauge group except U(1)p_1)

The symmetry breaking is as follows in this model

SU(2)L X U(l)y X U(I)B,L
i} 4.2)
U(l)g

Q : Electromagnetic Charge

Y : Hypercharge

We can write the Lagrangian as sum of different parts as follows (We are not

considering the gluons and colour multiplets of quarks)

LpL= LSB—L + LYMst + LfB—L + LYB—L (4.3)

Lsm :LSSM+LYMSM +£fSM+'EYSM (4.4)

20 Chapter 4 Beyond Standard Model Theories



S : Scalar

YM : Yang-Mills
f : Fermionic
Y : Yukawa

Subsubscript B-L (Subscript B-L) : Part of Lagrangian of B-L. model
(Lagrangian of B-L model)

Subsubscript SM (Subscript SM) : Part of Lagrangian of Minimal Standard
Model (Lagrangian of Minimal Standard

model)

4.1.1 Yang-Mills Part

Lymp , = Lymg, — ~F™F, (4.5)

F'™™V: 9B, — dyB,,

B, : Gauge Field associated with group U (1)p_r.

4.1.2 Scalar Part.

We already mentioned that a new scalar complex Higgs Field needed to give mass

to our new contestant Z’. B-L. Charge

Yé{_L:O

Ygf 12
The most general gauge invariant scalar part of Lagrangian

Lsy , = (D"H)'DyH + (D" )"Dyyx — Potential (H, x)p—1, (4.6)

4.1 Introduction to B-L model 21



Dy : 0y +igsT*Gy” +igT W, “ +ig1YBy +i(3Y + 8, Ys-1)B),

We assume no mixing in two U (1) gauge parts (viz. U(1)y & U(1)p_r) and now

Dy, can be written as
Dy : 0y +igsT*G” +igT W, “ +ig1YBy +ig| Ys_1B),

Where,

Mm%\ (HH

Potential(H,x):mzHTH‘le’X‘Z‘F(HTH |%|2> i 2
3 A) \ |zl

“7)
=m*H H + 1 |x|> + 4 (HH)* + Ao x|* + L H H x|

= Potential (H) sy + 2| x> + Aa|x|* + AsH H| x|

and whole part can be rewritten as,

Loy, = Lsg, + (D) Duy — 1% —Malx|* - HH[x > (48)

4.1.3 Fermionic Part

Clearly, the B-L. Charges from the definition of Baryons and Leptons are as fol-

lows

quarks | 1. leptons |
Ypp 033 Ypor L

3
Lppr= Z (igieYyuD* gir + iR Yu D" wig + idig yu D" dig
P (4.9)

+iliL YuD* lip + ieirYuD* eir + iVir Yu D" Vig)

22 Chapter 4 Beyond Standard Model Theories



4.1.4 Yukawa part

Ly, = —y,djEdeH —y%@uijl—yijeRjH @10
—y,VjEijﬁ _y%(VR)fVRjX +h.c.

H:=inH*

Ly, = Ly, — YiliveiH =y (VR)S VRjX + h.c. (4.11)

Clearly, ¥ needed to have +2 (B — L) charge in order to have gauge invariant

Lagrangian.

Spontaneous Symmetry Breaking of SU(2);, X U(1)y X U(1)p_z The Vacuum

Expectation Values (VEVs) can be assigned to the two fields as follows

(H) = , (x) = 4.12)

<
Sl

v & x : real and non-negative

4.2 Left-Right Symmetric Model

4.2.1 Introduction

We had, in Standard Model, the gauge group that led to a difference in the character

of Left-handed particle and Right-handed particle. We will attempt to go beyond
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Standard model by the means of finding the general gauge group framework. The
reasons to extend this model is to restore the Parity at high energies that is broken
explicitly in Standard Model. This model explain the Neutrino mass existence and

predict the Majorana characters of Neutrinos. [Gri93]

The Two Ways to Allow P

First Method

We can keep the gauge group SU(2) X U(1) and then we can extend by adding a
multiplet with opposite chirality that transform same as our old fields. for example,

we can define Y, a multiplet of opposite chirality to y,. Here we can set,

Py — Py &y, — Yy (4.13)

Here, Bosonic sector remains same but as we see it needs to extend the Fermionic

sector. [Rod11]

If we set () as the two component partner (mirror) to ¥, then it will lead us to

A6&A7T
Second Method

Instead of using the above mirror method we can add another doublet made out
of standard model SU (2) singlet. The analysis of this type of extension is done in

below section.

Chapter 4 Beyond Standard Model Theories



4.2.3 Motivation

Motivation for choosing the 4.14 gauge group is
a. This is a very simple and elegant extension of Standard Model gauge Group.

B. The spontaneous symmetry breaking led to the Standard model. The Right-
handed part will be broken down and the Lagrangian is again asymmetric

between Left & Right handed Multiplets.

Y. The extra introduced fields will lead to Majorana Masses of Neutrino and

generate naturally light mass.

4.2.4 Gauge Group
We extend the gauge group minimally in this model as
G=SU3).xSUQ2)LXxSU22)p xU(1)p_ (4.14)
New charge system
(I,m,n) :: (SU(2)L, charge, SU (2)g charge,U(1)p_ charge) (4.15)

We have to add some fields and some new fields charge as follows

4.2.5 New Fields (and Charge discussion)

Minimal Standard model fields and some new fields with new charge system a The

N; is the [ generation right handed neutrino introduces to extend field for left-right

symmetric model.

4.2 Left-Right Symmetric Model
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Tab. 4.1.: Lepton Doublets, L and its Quantum Numbers in gauge group of Left-Right
Symmetric model

Lepton Doublets Quantum Numbers

(Z) (2,1,—1)
(Zl) (1,2,—1)

Tab. 4.2.: Quark Doublets, Q and its Quantum Numbers in gauge group of Left-Right
Symmetric model

Quark Doublets Quantum Numbers

() (215)

4.2.6 Higgs Sector

We start by making a Higgs triplet by using the form H”i7,7H, where H is the
Higgs SU(2) doublet.
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Tab. 4.3.: Scalar Bidoublet and its Quantum Numbers in gauge group of Left-Right
Symmetric model

Scalar Bidoublet Quantum Numbers
(¢101 ¢5+2> (2,2,0)
¢ 05

Tab. 4.4.: Scalar triplets and its Quantum Numbers in gauge group of Left-Right Symmet-

ric model
Scalar Triplets Quantum Numbers
(Agl,L A1+2:L ) (3,1,2)
A21,L —Ao 1

++,
Agl,R AlzL,R (3,1,2)
Mg —Ang
Sk
We can construct scalar triplet in 2 X 2 representation AZ./ R= 58 & | using
~1
5L,R
1 -
AL,R = —2T-AL7R (416)
1 57 5} o —i87
Mr=—5 e (4.17)
O, g T167 g —6; g
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Now we will calculate the charge of each elements of scalar parts (already assigned

in tables 4.3 & 4.4)

1

Q:T3L+T3R+E(B—L) (4.18)
1 1

OA = {E“’A} + EA(B—” (4.19)

Where, Az_p) is the B-L charge of A and we assigned it 2 for triplets, Az g and 0
for Bi-doublet, ¢.

1 0-A 2-A 1 A A
QAZE' 11 12 +§.2' 11 A2 (4.20)
—2-Ay1 0-Ap Axy Ap
We have Ay, = —Aj; from 4.17. We can write charge elements as
+1-Ajp +2-A Al ALY
A= a P 4.21)
0-Ay1  +1-Ax A, —A

Now we can go back to our A and write it as

§1 % (A++ —}-AO)
A=|82|= ﬁ (AT —A) (4.22)
53 At

Similar analysis can be done with Bi-Doublet, ¢ scalar part too and the analysis
will go as follows (with ¢z_;) B-L charge of ¢ and zero in Left-Right Symmetric

model)

1 1
Q¢ = {57374 + 5¢(37L) (4.23)
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This lead us to

0-11 +
06 = o011 +o12 4.24)
¢ 0-¢2

The charge distribution from above is

0 +
(pll ¢12

(4.25)
931 0%

Clearly, from 4.21 & 4.25 we can see the chargeless components of Higgs-sector
and name them as uy g of triplet and u, v of Bi-Doublet in in vacuum expectation

value as discussed below

Vacuum Expectation Values, VEVs

The vacuum expectation given to Higgs Triplets as

(ALR)0 = (4.26)
Ur.r 0

and the vacuum expectation values given to Bi-Doublet as

(D)o = (4.27)
0w

4.2 Left-Right Symmetric Model
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4.2.7 Symmetry Breaking

The symmetry breaking can be think in the following way

SU(2)L X SU(Z)R X U(l)B_L

uL,uRl

SU(2). x U(1)y (4.28)

v,wl

U(l)g

We will assume that the Higgs is Electromagnetism charge conserving. Then the
expectation values ug, u; & v and u used above is the values assigned to zero
charged of field parts only. We get back Electroweak gauge group after symmetry

breaking with vacuum expectation value of ug and u;y..

From here, we can see that the u & v are the expectation value given at low energy
scale and the U (1)( p—r) symmetry was already broken. This led to the reasoning of

“why ¢ has O B-L charge". and “why A; g has 2 B-L charge"
The ¢ used below can be defined as 70" 7,.

Transformations

g — B

ULRYLR (4.29)
¢ — ULoU} (4.30)

(4.31)
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4.3 Lagrangian Parts

The possible Lagrangian parts of Left-Right symmetric mo

del is as follows (We are

not considering the gluons and colour multiplets of quarks)

LLeft-Right = 'CSLeft-Right + Ly Mierighe T L feteright T Ly Left-Right (4.32)
4.3.1 Fermionic Part
The fermionic part of Lagrangian can be written as
. T = B
y=0,L B (4.33)
) . T = . /B - L
+Priy" | oy + igr Wy +ig By | Wr
4.3.2 Yukawa part
We can write the Lagrangian that give rise to fermion mass terms [Gri93]
Ly = gylf CitaALl + gy I CitaARIR + IR (yp +y1.9)11 (4.34)

I; & Ig are left & Right handed fermions doublet under SU (2); and SU (2)g.

4.3 Lagrangian Parts
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The above after putting the vacuum expectation value will give us

Ly = —I (M));jlg +h.c., (4.35)
Where,
1
M; = E(wyp +vyr) (4.36)

M; become hermitian and in neutrino sector the Lagrangian of this part will be-

come
1 : 1 Mp, M v
Chass = =5 My +h.c. = =3 (v N) LT Yhe  (437)
ME Mg | \N
The diagonalization will lead to the masses as
2 2
_ w|m+ v
my = My, — MpMp, lMg = gyVL— wgpg;gg (4.38)
Where,
1
gD = —z—vy DL (4.39)
VWl + [vf?
The neutrino mass matrix (6 x 6), W can be represented as
1% U, S
wi=|t]|=|" (4.40)
Vg T Ug
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We will get a diagonal mass matrix as

WMW* = diag(my,my,m3, My, My, M3) (4.41)

4.3 Lagrangian Parts 33






5.1

Neutrinoless Double Beta

Decay

Neutrinoless Double Beta Decay analysis has a lot of parts and we will first derive

& analyze the Leptonic matrix elements part of the decay rate.

Introduction and Possibilities

The motivation of our work here as “search of Neutrinoless Double Beta Decay"
(OvB ) is that the discovery of “Neutrino oscillation phenomena" implies the
massive Neutrino existence where the Ovf3f3 discovery is a possible contestant
explaining mass of Neutrinos and this (Ov 3 discovery) can also end the quest of
the discovery of first kind of Majorana particle. This is not the only reason as there
is an unconfirmed claim on OvB in "®Ge which is not yet refute.[GC+12] These
reasons cause a paradigm shift in Neutrino research focus toward a quest of making
an OvB B understanding and creating an experimental quest across experimental

groups across the world.

There is a “standard mechanism" suggested that it can, in one possible parts,

involves light Neutrinos which is shown in figure 5.1.
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5.2

5.2.1
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Double Beta Decay

Double Beta decay observed and widely known with explanations in known theories
(Standard Model). The process is Z protons decays into Z + 2 protons conserving A.
This decay is only possible if the initial Nucleus state is less bound than final Nucleus
and both Nucleus state more bound that intermediate (prohibiting the possibility of

Beta-Decay).

The Nuclear Pairing force i.e., the even-even is more bound than odd-odd Z and N
with same A, make it possible for some elements to eligible for the Double-Beta

decay. The decay reaction (of 2v ) can be written in the following manner
(Z,A) —> (Z+2,A) +2¢~ +27, (5.1)

The decay rate range of Double-Beta decay is 10720 — 10718 year™!

OvpB B and other similar contestant

The Neutrinoless mode of Double beta decay, the reaction can be written as
(Z,A) — (Z+2,A)+2e” 5.2)

Clearly, this violates the lepton conservation by 2-units. According to §??, the decay
reaction imply the Majorana character of Neutrinos. We did not get any convincing

OvB B reaction existence results experimentally. We will focus our work on Ovf3 3

Chapter 5 Neutrinoless Double Beta Decay



5.3

5.3.1

but there are three more similar possibilities violating lepton number by two as

follows

BrBrov: (Z,A) — (Z—2,A) +2e"
BTECOV: (Z,A)+e — (Z—2,A)+e"

ECECOv: (Z,A)+2¢" — (Z—2,A)

The part a) is called double positron emission, part b) called single positron emission

plus single electron capture and c) is called double electron capture.

Standard Mechanism for Neutrinoless

Double Beta Decay

Leptonic Part Calculations Analysis

We can write the Leptonic part of fig. 5.1 (Standard Mechanism) as

MLZEL = [Syy(@)] sglEe(P1) VA PLI 4 [Te(P2) VuPL] y — (1 3 2) (5.3)

where ‘(1) indicates the leptonic part of Amplitude. The above can be written in

matrix form as

M) = lie(p1) VP [Syy (@)] [Ge(p2)yuPr) = (1 5 2) (5.4)
3.7 and 5.4 lead us to
Mffi = A* @ (p )P SE(p)C [ (p2)yuPr]” — (1 45 2) (5.5)

5.3 Standard Mechanism for Neutrinoless Double Beta Decay
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Expanding further results

+m
M(l; = l*ﬁe(m)?’uPL%mPRW(m) —(1e2)
q°—my, (5.6)

TP [ite(P1) YuPLYA Ve(p2) — (1 4 2)]

Clearly, because of B.8 the Leptonic matrix element is proportional to Neutrino
mass and so the amplitude of Standard Mechanism. But in the case of Neutrino
mixing consider the following analysis. Consider the neutrino ejected from point
A and absorbed as anti-neutrino (which is the same as its anti-particle, neutrino) at

point B. Now the ejected neutrino is |V,) which can be written as

|Ve) :ZUea’Voc> 5.7

We can write the matrix as (In following, the summation convention is not applied)

myy = (vi| My | vir) (5.8)

The mass term of Neutrinos in Lagrangian can be written in the following form

! Mee Mey  Meg |Ve>
~Conassy = 5 (el (Vi vel) | e e e | | |vi) (5.9)
Mge Mgy Meg \Vr)

Here, the diognalization leads to the following changes

| v
_Lmassv - 5 <<Ve| <Vu‘ <VT|) UJr Diagonal(m11,m22,m33)U ‘v”>
[Ve)
(5.10)
. V1)
— 5 <<V1| <V3| <V3‘> Diagonal(mn,mzz,m33) ’V2>

v3)
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In above equation the U is the famous ‘PMNS Matrix” and |V is the mass Eigen-

state and « can take the values 1,2, 3. The following is possible with above analysis

ee —

my = (Ve Mee | Ve)

= ((Vi|Ue1 + (V2| Upr + (V3] U,3) Diagonal(my1,map,m33) (|V1) Ut + | V2) Uez + | V3) Ue3)
5.11)

In 5.11, m$; is referred as effective Neutrino Mass and the standard definition is the

following (5.12). The following is result with my = mgq,
m =Y Uzymg (5.12)
o

So, the 5.6 can be written in new following form with m{’ in it (also, considering the
high value of momentum related to the average mass). Clearly, from above analysis

the my/ is the average mass.

ee
ny

Mﬂﬁ B3 [de(P) YuPLY2 Ve(p2) — (1 5 2)] (5.13)

Here a phase A* absorbed in m§¢ and the here it is different from 5.12 and take the

following form

m =Y AUzyme (5.14)
o
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Fig. 5.1.: Feynman Diagram: Neutrinoless double beta decay in standard mechanism

5.4 Analysis of effective mass, m¢’

The form of PMNS matrix (Neutrino mixing matrix) is already discussed in §2 is

i5
C12€13 —S12€13 s13€’

; . i i
0 612623—S12S23S13€’6 —823C13 dlag(l,e ,eﬁ)

5
c128523 +512¢23513€'°  ca3C13

U= | s12c23 + c12823513€'

5
512823 — C12¢23513¢€"

(5.15)
The above matrix takes above form when charged leptons mass matrix is diagonal.

Neutrino oscillation data is given in Table 5.1. The C.1 contains the 10 & 30 ranges
of mixing angles and mass square differences. C.1 is the data taken from Particle

data group website.

From 5.16 we get
ms =Y A Uggme (5.16)
o
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5.5

and putting the value of matrix give,
|m$f| = |my 0%20%3 + mzs%zc%ez"xz + I’I’L3S%3€21a3 (5.17)
Normal Hierarchy i.e., m; < my < mj3

my = \Jm Ay my = fmd o And, A2, (5.18)

Putting back the 5.18 in equation 5.17 give

2 2 2 2 2 i
my <612C13 + o/ my A Amgysioctze” 4 \/m%—i_Amgtm—'—Am?olsl?)e la3> ‘

(5.19)

my ~my ~m3 >\ Am,, (5.20)

|| =

Quasi Degenerated

Analysis

The figure 5.2 represents the effective mass that governs Ov3 3 function of lightest
mass in 3-neutrino picture for normal hierarchy while figure 5.5 represents the same
for inverted hierarchy. The figure 5.3 & figure 5.6 represents the effective mass as a
function of all neutrino mass X. The former is for normal hierarchy and latter is for
inverted hierarchy. Similarly, we generated the effective mass as a function of ms,
(figure 5.4 & figure 5.7). The all above analysis is done with 36 range of parameter

given in Table 5.1. The phases, o and oz we varied in the range [0,27].

Inverted Hierarchy i.e., m3 < m; ~m;

mp = 4 /m% + Amg,y, my = \/m% +Am§tm +Am?ol (5.21)

5.5 Analysis
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This shows the Normal Hierarchy points of possible values where m,, & m, can lie. The graph is ‘log,qm$’ vs.logqm,’, where m, =Y Uyqmy, .
a
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Fig. 5.6.: This shows the Inverted Hierarchy points of possible values where m,, & X can lie. The graph is ‘log;,m;’ vs.log,,X’, where X is the
Neutrino masses.
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Fig. 5.8.: This shows the log;,m$’ vs.log;,m; graph. (With maxima of trigonometric functions, With minima of trigonometric functions): (Yellow, Purple):

(+,+), (Blue,Green): (+,-), (Red, Sky Blue): (-,-), (Black, Mustard): (-,+)
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The figure 5.8 represents effective mass as a function of light mass with colour
yellow & purple showing the 4+ i.e., for the value of majorana phases, a and 3,
0. The colour blue & green showing the +- i.e., for the value of &z and  as 0 & %
respectively. The colour red & sky blue showing the —i.e., for the value of & and
B as 5 & % respectively. The colour black & mustard showing the -+ i.e., for the

value of o and B as 5 & O respectively.

There were two colors in the each of above parts. First color mentioned in above
is showing the graph with 30 added to the best fitted values (from table 5.1) of
trigonometric function appeared m$’. The second color is 3¢ subtracted from above

explained trigonometric function.

The m¢¢ limits depends on the relative value of my, Am2,, and Am,,;. We can define

a mass ratio, t as

sol

(5.22)

‘ Am?

Am%,m
We calculated some useful values in Table 5.1.
Normal Hierarchy

Strictly normal hierarchy can be shown as

(5.23)

my <K my ~ @/Amfol <L m3 =\ Am2,,

And we can calculate the effective mass in terms of ¢ defined in 5.22 [Cha+12]

Tab. 5.1.: Using the definition of # from 5.22 and the table C.1 the following shows the
maximum and minimum values required in further sections

Vit V1sin?(012) | Vicos?(612)| tan® 63 Vitan?(6;3)
Maximum 0.2 0.072 0.096 0.046 0.009
Minimum 0.16 0.042 0.046 0.001 0.0001
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m |y =/ Amg,m|\/fs%2c%3e2"°‘2 +S%36’2ia3‘ (5.24)

To find the minimum and maximum value we can see that the 5.24 takes the form

I [y = \) A | VisTycT3e % + 57367
a2 (Vistyclycos2a + 525 sin200) +

. 2
+ (V153,025 sin20 + 53, cos2a,)

2 2
= \/Amg,m\/(\/fsfzc%) + (s35) 42535 - Visheizcos(2a; +20)
(5.25)

We can see from above that the maximum value of the system will occur at 201 +

20 = 0 and minimum at 20 +20p =7
Inverted Hierarchy

For smaller value of m3 the hierarchy is m3 < my ~ m| = \/Am2,,, . The effective

mass will take form.

_ 2 2 2 2 2 2ia
mf |1 =\ A, clacts + sTpcize” (5.26)

Clearly, the maximum value of the functionisat2-o =0
[m " = 30/ Amd,,, (5.27)

and the minimum value at 2a = © with the form

™" = cdy\ [ Am,, (5.28)
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5.6 Non-Standard Mechanism

d u
Wr
er
N
My;
Ne
er
Wr
d u
Fig. 5.9.: Feynman Diagram: Neutrinoless double beta decay with heavy neutrino ex-
change
The half-life of the Feynman Diagram, 5.9, is
ry Mo |2
0vpB _ UL e (5.29)

In2 m2

Here, we can clearly compute

4
2 My, (Ur)%;

(5.30)
My, M;

My =)

1

(p)

We know that the mass light neutrino comes out to be the inversely proportional to

the heavy neutrino mass i.e.,

m; o< — (5.31)
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we know from 4.2 that the mass of My, ~ vg and we will analyze the following

with My, ~ TeV

We, forcefully, set My, to be 3.5TeV and since the heaviest right handed neutrino
to be 500GeV then we chose the momentum value to (180MeV) the My, = 81GeV
4
and Ry = p2 <£I47W) ~ 10'9¢V2 (These values are taken from analysis in [Cha+12])
R

Normal Hierarchy

From 5.31, we can easily see that the

M _my
My m
My m (5.32)
M1 N ms

Like, light neutrino we can write the effective mass contribution term to the decay

rate, FOV BB

2 2 2 2 2
CiHC s9,C . s .

|M]((’]€‘ — CN 12~13 + 12 13621(12 + £621a3 (533)

M, M, M3

But we can use 5.32 an get

m3

My | = M C%2013+—S%2C%3€2m2+ 5137 % (5.34)
1 my

But again we can set the strictly hierarchical setting in our 5.34 (m; < my =~

Am? , < m3 ~ \/Am2,,) to get the following
a2
2 2 Ay diey | V Amgtms2 Q23 (5.35)
mi

Cy
ee|
My | = M, 012C13+—m1 S12C13€ 13
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Here, clearly, to increase the |M§,€| we need to decrease my. This is different than

the calculations of |m$’

As we increase m; we will get the (m| ~ m; ~ AmY o K m3 =/ Am2,,,) and we

can write the approximated |M5/|. The form is

2 2iog

1
My | = 613(C12 Jr312621052)4‘$513€ (5.36)

M1

Inverted Hierarchy

In the case of inverted hierarchy the m3 is the lightest and M3 will be the heaviest

neutrino and we get

My  m3
M;  my
Mi mi (5.37)
Ms— my
Again the M5 can be written in the form of
Mee CN mp o 2 2 2im io
| = M3 m3C12C13 + 3S12C13€ +S e h (538)

But again we can set the strictly hierarchical setting in our 5.34 (m3 < my ~ m; ~

\/Am2,,,) to get the following

M| = (5.39)

Cn
YA 12€13 T

/ 2 /
Amatm 2 2 Amatm 2 2 21062 2 21'053
———C]»C ——————87»C + 573
3 m3 m3

The Normal Hierarchy graphs of |M{/| is shown in figure 5.10
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Fig. 5.10.: This shows the log;,M;¢ vs.log,,m; graph. (With maxima of trigonometric functions, With minima of trigonometric functions): (Yellow, Purple):
(+,+), (Blue,Green): (+,-), (Red, Sky Blue): (-,-), (Black, Mustard): (-,+)
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With Dirac mass dominance (type-1I)

Considering the dominating (Ag)o value in compare to the elements of (¢)o will

lead us to the m; o< M; and the ratios we needed in further analysis are as follows

M, _my
M;  m
M, m (5.40)
M;  m3

We will fix again the M3 = 500GeV, we again fix the p, My, & My, as we did in
the last analysis. We also will be using the Uy, = Ur Now we can from 5.33 write

the equation

Cm32 2 2

2i0n 2i(X3
— ¢ 13Jr 5120136 + 513
mi my

(5.41)

Again in the limit of strict hierarchy i.e., (m; < mp = /Amfol <my~\/Am2,,)

Cn |/ Am? 1 .
| | = 1‘41;’ —mlatm C%ZC%3 + \/;S%Zc%:;ezzaz +S%3€21a3 (542)
From 5.41 & my ~ my & /Am? ; < m3 ~ \/Am2,,,, will lead to
CN 1 I 5 o g Q2ict
\My'| = TycTs + —=5TpcT3e7 % + 5737 (5.43)
Ms| Vi NG
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5.7 Remarks
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As discussed, Neutrino Oscillations already shows the rigid evidence of massive
Neutrino existence. The B-L model and Left-Right Symmetric model explains
the mass of light neutrinos . The left-right symmetric model needs ad-hoc heavy
neutrino fields. The left-right symmetric model allow mass of neutrino with type-I
and II seesaw mechanism. We extend the gauge field and show that the symmetry
breaking leads to the standard model gauge group. The left-right symmetric model
allows the Neutrinoless double beta decay process. The Neutrinoless double beta
decay will evidently shows the neutrino massive character and majorana nature.
That is why, from a long time people are interested in search of neutrinoless double

beta decay.

The neutrinoless double beta decay is a lepton number violation process. We studied

the effective mass contribution of Neutrinos in two processes.

* where Wy, are the Bosons mediating the left handed electrons and light neutrino

exchange occur.

* where Wg are the Bosons mediating the right handed electrons and heavy

neutrino exchange occur.

While there are other diagrams too but the above analyzed diagrams contribute most

(because there is low Wy — Wr mixing) for effective mass.

We plotted and calculated the effective mass as a function of light mass, as a function

of sum of all neutrino masses, as a function of |m¢|.

We analyzed the two different possibilities with major Majorana mass term contri-

bution and with major Dirac mass term contribution.

For the above two possibilities we plotted the graphs of |[My| vs. njign.

Chapter 5 Neutrinoless Double Beta Decay



Appendices

57






A.1

Discrete Symmetries

QED Analysis

Consider y to be electron field then

P yx) —Yy(®)

0
where, X = (A.1)
—X
CP : y(x) — —Cy*(X)
The definition of ‘C matrix’ can be shown mathematically as
ClpC=-v (A.2)
We can define the two chiral projection as
1
VLr=5(1F%)y (A.3)

The possible two independent left-handed fields can be written in the following

form
VL=V WL =C% W= (W) (A4)
The parity operator action on individual handedness particle

P:yL— %Wk, Vr— YVL (A.5)

59



In the y;,, and yg, form the transformation will be

0 —1
P: Vi — C v (A.6)
II/LZ 1 0 WL2
10
ce [V c| ¥ (A7)
YL, 0 1 YL,
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Mathematical ldentities

used in Dissertation

B.1 Unitary Matrices

The definition of Unitary group is

U(N) = {U|U is an NxN complex matrix with UTU = I} (B.1)

where 1’ sign is used to show the transpose of complex conjugate of the matrix.

In component form the definition of transpose) we can see
T
(Uap) = Ujq (B.2)
From the definition of unitary matrix (B.1)

Y. (Uap) Ups = Y. UpuUps = Sas (B.3)
B B

B.2 Complex Numbers

Re(A-B) = Re(A) Re(B) —Im(A) Im(B) (B.4)
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B.3 Parity Operator

PrYu = YuPr (B.5)
PLPe =0 (B.6)
PP=P; P=Fg (B.7)

PL(p—mv)P :pPLPR+Png PLmV

— (B.8)
g% +m} q> —m} g —m3
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C.1

Particle Data Tables

Neutrino Oscillation Data

Fig. C.1.: Neutrino oscillation data

Neutrino Mixing

The following values are obtained through data analyses based on
the 3-neutrino mixing scheme described in the review “"Neutrino
Mass, Mixing, and Oscillations” by K. Nakamura and 5.T. Petcov
in this Review.

sin2(2017) = 0.846 + 0.021
Am3; = (7.53 £ 0.18) x 107> eV?
sin?(2623) = D.Qggfg:gil% (normal mass hierarchy)
sinZ(2023) = l.DUU+g:g{1}? (inverted mass hierarchy)
ﬂmgz — (2.44 + 0.06) x 1073 eV2 [7 (normal mass hierarchy)
ﬂm%Q = (2.52+0.07)x 1073 eV2 [1  (inverted mass hierarchy)
sin(2013) = (9.3 + 0.8) x 10~2
Stable Neutral Heavy Lepton Mass Limits
Mass m > 45.0 GeV, CL = 95%  (Dirac)
Mass m > 39.5 GeV, CL = 95%  (Majorana)
Neutral Heavy Lepton Mass Limits
Mass m = 90.3 GeV, CL = 95%

(Dirac 17; coupling to e, p, T; conservative case(7))
Mass m > 80.5 GeV, CL = 095%

(Majorana v coupling to e, p, T; conservative case(T))
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