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Abstract

In this work we describe the possible phenomenologies of right-
handed neutrinos in two simple extensions of Standard Model. In this
respect we briefly summarise the gauge theory and Standard Model
as SU3)c x SU(2)r, x U(1)y. In particular we describe the two-
body decay and Drell-Yan scattering for leptons via weak interaction.
Given this set up, we first discuss Type-I seesaw mechanism with the
Standard Model gauge singlet right-handed neutrinos. The prompt
and displaced decays are also scrutinized with respect to the param-
eter space. The production mechanism at the LHC are mentioned.
Secondly we focus on the Type-III extension of Standard Model and
derive the charged and neutral lepton mixings. The phenomenologies
at the LHC are also described in this context.



2 Introduction

In this article we attempt to extended Standard Model(SM) by a right -
handed neutrinos (RHNs). For this purpose we start with the basic tools of
abelian and non-abelian gauge theories. In the process we describe briefly
Quantum Electro Dynamics (QED). Next we describe SM as SU(3).x SU(2), x
U(1)y gauge theory. SM describes the interactions beautifully as we derive
the vertices with the gauge bosons and fermions. Nevertheless, SM leave all
the particle mass less. Giving ad hoc mass term would break the SM gauge
symmetry. Therefore, the symmetry cannot be broken in the Lagrangian
but can be broken by the ground state of a scalar field, which is known as
Higgs mechanism. This is achieved by the introduction of a SU(2), doublet
scalar with non-zero hyper-charge, which has four degrees of freedom (DOF).
After taking the vacuum expectation value (vev), only one DOF is shown as
physical state known as Higgs boson and discovered recently at the Large
Hadron Collider (LHC)[1, 2].

Prepared with the setup we the describe the two-body decay formula
and Drell-Yan cross-section formulas the charged leptonic sectors are derived
within SM. Though SM with Higgs mechanism is very beautiful theory but it
fails in many other aspect like it cannot explain the fermion mass hierarchy,
smallness of neutrino mass and does not have a cold dark matter candidate.
In this article we are going to address one of these aspect, namely neutrino
mass generation and its smallness.

This can be achieved by adding a right-handed neutrino which can be SM
gauge singlet via Type-I seesaw mechanism [3]. The smallness of neutrino
mass can be explained due to existence of heavy neutrinos. We discuss the
decay and collider phenomenolgies of such right-handed neutrinos.

Similar results can also be achieved by the introduction of a SU(2), triplet
fermion. In this case the charged leptons along with the neutrinos mix with
charged and neutral right-handed neutrinos [4].

We organise the report as follows. In section 3 we discuss the gauge
theory for both abelian and non-abelian cases, where we address the global
and local gauge invariance of Lagrangian. In abelian gauge theory as an ap-
plication of local gauge invariance we discussed Quantum Electrodynamics.
Vector current and axial vector current is also discussed in chiral basis in
this section. In non-abelian gauge theory portion we basically discuss the
transformation of co-variant derivative and the field strength tensor, finally
we reach to the Yang-Mills Lagrangian. In section 4 we discuss the Standard



model as SU(2);, x U(1)y gauge theory. In this section we also discuss the
electro-weak symmetry breaking and Higgs mechanism and mention how the
gauge bosons, quarks and charged leptons get mass. Done with the vertex
calculation we then move to the Drell-Yan cross-section in section 5 and two-
body decay widths (general case) in section 6. The issues of SM as discussed
above prompt us to go beyond the Standard Model scenario in section 7,
where we introduce the right-handed neutrino as Majorana fermion. In sec-
tion 8 we extend the Standard Model by a SM singlet RHN, which generates
neutrino mass via type-I seesaw mechanism, where we calculate its decay
to different modes. In that context we also discuss the production of right-
handed neutrino at collider. Followed by in section 9 we extend Standard
Model by a RHN that is a SU(2), triplet (type-III seesaw) and the corre-
sponding decay phenomenology is also discussed. In section 10 we discuss

and conclude. We attached some of the Mathematica codes in Appendix
A.

3 Gauge theory in a nutshell

A gauge theory is a theory where the action is invariant under a continuous
group symmetry. The continuous symmetry is called a gauge group and this
transformation is called a gauge transformation. The invariance of physical
system under symmetry transformation implies a set of conservation laws.
Invariance under translations, time displacements, rotations leads to the con-
servation of linear momentum, energy and angular momentum respectively.
Similarly in the field theory we consider some internal continuous symmetry
transformation which also leads us to some conserved quantity, they imply
conserved current. The 1% consequence of symmetry transformation is given
by Noether’s theorem, which states that for any invariance of the action un-
der a continuous global transformation of the fields there exists conserved
currents. But the kinetic part of Lagrangian of free field fails to maintain
the symmetry under local gauge transformation. To get back the symmetry
under local transformation we have to introduce the interaction of photon
with the free field.

Though the Dirac fermions describes the spin half particles nicely in most
of the cases but in the context of gauge theory it is more natural to use chiral
basis, i.e. left- and right-handed fermions. We will see that QED does not
distinguish between left- and right-handed fermions and gives rise to same



currents. However, for the transformation of /7" we get two different types
of currents. Unlike ¢?@® rotation, this is not a symmetry for massive fermions
and exists only in the massless case [5, 6, 7, 8.

In a nutshell, Gauge theory is the mathematical description of the system
which is followed by Nature. Apart from some internal symmetry, there are
many more other symmetries to explore, but the question is that whether
these symmetries are exact? Do Nature exactly follows symmetry? To ex-
plain some more fundamental concept like mass these symmetries must be
broken. Gauge theory is the theory of massless particles, and we know that
in Standard Model except for gluons and photons all other the particles are
massive so there should be some way out which solves this problem.

3.1 Abelian Gauge Theory

We consider an arbitrary complex field x(x) which transforms as,

X(@) — ¥(2) = () (1)

The result of doing one gauge transformation «; followed by another gauge
transformation as is always a third gauge transformation parameterised by
the function a; + ano,

Y — eiQa2 (eiQmX) _ eiQ(a1+a2)X (2)

Mathematically these gauge transformations are an example of a continuous
group which satisfies the commutative property. The group is represented on
a complex field by complex 1 x 1 matrices Ug(a) = €@, Hence it is Abelian
Lie Group U(1).

3.1.1 Global gauge invariance in complex spinor field

Let us consider an arbitrary complex spinor field ¢ (x) which transforms
under a constant phase transformation as,

Y(x) — ¥'(2) = C(x) (3)
V(@) — () = 9l (@)e (4)

Global symmetry is a symmetry which does not depend on space-time. So
here, the gauge parameter « is independent on space-time.



The Lagrangian density of ¢(z) has the form
L= ’“E”Yﬂauw — mapy (5)

Here we use v instead of ¢! to make the Lagrangian Lorentz invariant. 1)
transforms as

1/;/ — Q/}IT,YO
_ wTefiQa,yO
— ¢T70€—iQa
— 1/_}672‘@04
So, under global gauge transformation spinor Lagrangian density transforms
as,

El _ M/;efiQa,yuaueiQaw . m&efiQaeiQaw
— e, — iy
= Wy Oy — map (6)

so, Lagrangian density is invariant under global gauge transformation.

3.1.2 Local gauge transformation of complex spinor field

The global gauge invariance is not the most general invariance because the
gauge parameter does not depend on space-time. In case of local gauge
invariance we will make the transformation as

Y(x) — ¢/ (2) = X Dy(a) (7)
U(x) — ' (x) = P(x)e O (8)
Here the gauge parameter « is a function of space-time.
So,
0ub(x) = €909, () +iQ(a(x)) e Dy (x) (9)

So under local gauge transformation the spinor Lagrangian becomes:
L= igpeT @ 0,1 (1) +iQ(Opcr(w))e TN () —mip () U ()
= (107" 0 — min)) — QU (Oua(w))i(x) (10)

The term 0,a(x) breaks the invariance of Lagrangian.
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3.1.3 Quantum Electrodynamics (QED)

To make the Lagrangian locally gauge invariance we introduce a modified
derivative (covariant derivative), D, that transforms covariantly under gauge
transformation just like ).

Dyp — D) = e 9D,y

To form the covariant derivative we have to introduce a vector field A,, and
the transformation of this field will be such that, it will cancel the extra term
in equation (10) and will make the Lagrangian locally invariant.

e The construction of covariant derivative is: D, =, — iQA,

e Vector field transforms as: A, — A, = A, + %@a(aﬁ)

Now, if we replace J, in the Lagrangian by D,, then it takes the form:

L= Z@?’YHD/LQﬁ - ququ) B
_ iw:y“(ﬁu — iQAB)w — miy
= (i)Y Outp — mypp) + QU™ Ayt (11)

So, to make the Lagrangian locally gauge invariant we are introducing a gauge
field which interacts with Dirac fermions of charge —() and the interaction
term is QYy*A,1. This field interacts exactly the same way as the photon
field.

If we consider the new field as the physical photon field then we have to
add a term to the Lagrangian corresponding to it’s kinetic energy and this
term must be invariant under gauge transformation [5, 6, 7, 8.

So, we introduce the field strength tensor F,, = 9,4, — 0,4, in the
Lagrangian in the form —iFWF‘“’. ( The coefficient —}l is used to get the
correct form of Maxwell’s equation from here.)

Still here the mass term of photon field is missing. It would have the form

L,
L, = g™ ArA,
such a mass term would spoil the local gauge invariance. It can be seen that

1

G0ue) # A" A,

1
Ay — AV = (A 50" a) (A, +

10



Rather it gives an extra term in Lagrangian as
1
Q

The reason is that a photon field with finite mass does not have infinite range
and hence can not compensate local phase transformation in the entire space.
So, as a result Local Gauge Invariance requires a massless photon field.

So, the QED Lagrangian becomes:

| Loup = V("0 — m)Y + QU Ay — {F,, F™) (12)

6L = —A"9,a (upto 1°" order of o)

In covariant derivative notation the QED Lagrangian is

L= §(ir" Dy~ m) — {F*'F (13)

We already have noticed that the 1 term is invariant under local gauge
transformation because we defined the co-variant derivative accordingly.
Now we know, F),, = 0,A, — 0, A,

So,
, 1 1
F,, = 0.(A, + éaya) — 0, (A, + 68“04)
1 1
= 0,A, + éﬁu&,a - 0,A, — a&,ﬁua

= 0,A, —0,A, (Hence invariant)

So, it is verified that the QED Lagrangian is invariant under local gauge
transformation.

3.1.4 Vector Current

We have already seen that the Dirac Lagrangian is invariant under global
gauge transformation as (1) — ¢/@%)). This gives rise to the current j* =
—etpyHap. (if the charge is —e.) This current is called vector current.

If projection operator operates on spinor ¢ then we can write:

Y=1vp+¢r and ¢ =+ Yp

11



Now, ¢y, = 9170 = 111 —45)90 = 10 (1 + %) = L (1 + 1)

Similarly, 1z = z/_J%(l— %)

So, the vector current,

gt = —el(Yr + Y)Y (VL + ¢r)]
= —e[ry"dr + Yy bR + VrY YL + YRV UR] (14)

Now,

G = D51+ (14 77)
= Ul + (L + )]
= UL +") (1 =)
[1—(7")")] 7"

—_——
=0

»J;Ir—hulb—wkh—*

I
o

Similarly, we get Y"1, = 0 So, we can write,
g = (—edy"r) + (—ery"Yr)
= Joy, +Jog (15)
Hence it is seen that the vector current can be written in two types of currents
separately. (Same for the axial vector current also in massless condition. We
will see later.)

The fact is that the left and right-handed components ¢;, and ¥ g transform
in the same way under this symmetry as,

Y — €@ and  hp — € 9p

i — glem@  and gk — Phe @0

12



Now, we can write the Dirac Fermion v as: ¢ = {zb} (Appendix (?7)).
R
But, 1 = ¥ and in Weyl or Chiral basis 7= LO {)2] So,
2
7 0 [2
o=l |y ]
= [vh i]

Now if we put all the things in Dirac Lagrangian and try to write the Dirac
Lagrangian in two component form of ¢y and ¥ g then it becomes,

L = (it 8, — m)y
i o) ([, "0 [0 2]) ]

ot

[Where,fy“ = [a(_)ﬂ 0] and, 0" = (I, 0%) and, o# = (I, —0*)

B —-m  i0t0,| |¢
ol 7

—mapy, + ot
U phiiod

= ipho"0,0r — mlaby + il 64,0 — mabl g

= i8R + i} Db — m(bir + Vi)

e Under ¢?® rotation the mass term transforms as:

m( R + 0T ) = m{(Yhe TPy ) + (1] e TP p)]
= m(Yhr + vlvg)

Hence, the mass term is invariant.

13



e Under ¢'?” rotation the kinetic term transforms as:

W R 0 g + i GO = ke 01, (19 R) + i e TG0, (€ )
= i@bka“e‘iQaeiQaaul/zR - Ql/JEO'H(aHOZ)@Z)R
+ il ge %90 qhy, — Qubla* (D0,
= ipho" O + i} 6" DL
—Q(qﬂza“(({)ﬂa)@/)R + @/)25“(3#&)1#1;2

Hence, the kinetic term is not invariant due to existence of the extra
terms involving the derivative of phase a.

Using Noether’s theorem for this continuous symmetry we can get the
current as:

jl = —erotyy (16)
Jop = —€VRO" R (17)
Thus we get both the left and right-handed currents with the same coupling
(-e) for QED interaction and it does not distinguish between different chiral
vector currents, QED is blind about the handedness of the electrons [5, 6, 7,
8].
3.1.5 Axial Vector Current
If we consider a gauge transformation is like,
Y =y
then,)) — ¢/ = @Z)Te_iQa7570
= @EeiQ‘”s (y°anti-commutes with ~°)
Under this transformation Dirac Lagrangian becomes,
£ = iy’ — mi'y
— weiQavf’W#aﬂ(eiQavf’w _ mzzeiQavf’ eiQav5¢
— szue—iQaﬁ £iQay® A, — mIZe?iQaﬁw

= iy O — (Not invariant for mass term) (18)
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So,it is clear that for massless fermion Dirac Lagrangian is invariant under
this transformation and admits an extra internal symmetry.

As discussed in (section (3.1.4)) we have Dirac Lagrangian in two compo-
nent notation as

L = itpha" 9, — mplhpy, + il 540, — myl g

If we put this Lagrangian in Euler-Lagrangian equation then we get the
equation of motion for both ¢ and ¥g.

So,
oL oL
9un (8@%)) -

—map} — 0 ko =0
z'am;a“ = —mz/JjT:
Taking complex conjugate:
1ot r = miy,
Taking derivative with respect to v, we can reach at:
ioh 0, = mig

So, for massive fermions both right-handed and left-handed chiral states are
present in each equation of motion. To avoid these types of chirarility flipping
we will consider m = 0.
In that case we will get two separate Dirac equation,
ic"0,r = 0 (Corresponding Lagrangian L = i@/}%&“@udjlg) (19)
io"0,1, =0 (Corresponding Lagrangian £ = iwio“ﬁuw,;) (20)

. -, 0 -0, 0] |vY —
5_ 2 2 L _ L _
Since, v°= 0 [2] and [ 0 [2} { ij = [ vn } we get the transforma

tion of two component v, and ¥ as:

Yp — e Ry and Yl — Yl eiQ0h

Yp — @2 and @b}% — w}%e’“@o‘b

15



So, making the gauge parameter o temporarily space-time dependent we can
reach to the axial vector current.

e Chiral Current Associated with ¢g:

e = e 200, (9
= i@b;&“e_@ah (eiQO‘b@M@DR + iQ[g(@Ma)eiQo‘b@DR)
= Who" 00 — QURT" I2(8,0)r
So, from the invariance of the Lagrangian we can identify 0, as the

gauge filed A, as shown for the vector currents and get the the right-
chiral current as

. = —QUka" Lg. (21)

e Chiral Current Associated with ¢:

o = et gn, (¢ iy )
= inLo“eiQO‘IQ (e’iQo‘baqu — iQIQ(GM&)e’iQO‘bwL)
= i utbr + QUL (9uc)
Similar to the right-chiral current we can get the left-chiral current as

i, = Qulo" Ly, (22)

So, the two types of currents are different.
Now if we consider the 4-component representation of ¢y, and ¢g:

v 0 0 ot
v =10 and, ¢Yr= 10 and, M= [ v ]
0 . ot 0

Then the transformation will look like,

. 5 = — i 5
Y —re %Qal Y and Pp — @D_L@‘ZQQZ
Yr — €9 and  hr — e’

In massless condition the separate Dirac Lagrangian for ¢y and 1z can be
written as:

16



Lr =i*Onbr, and, Lr=iry"0, ¥R

Treating similarly as the two component notation and considering the anti-
commutation relation between v* and v° we can reach to the two types of
current as:

i, = —QUrY'Y R (23)
g4, = QUL Y Yy (24)

These are called axial vector current.

From here also we can conclude that in massless condition the chiral rotation
differs between two types of current corresponding to left and right-handed
Dirac fermions [5, 6, 7, 8].

3.2 Non-Abelian Gauge Theory

The field theory associated with a non-committing local symmetry is termed
as Non-abelian gauge theory [5, 6, 7, 8]. We extend our gauge theory calcu-
lations to non-abelian cases because we want to understand the dynamics of
strong and weak interactions.

Lets consider a fermionic field ¢ which transforms under abstract 3 — D
rotation as,

ot

p—— (25)

where, o are the Pauli-spin matrices.

This (25) can be promoted to a local symmetry by requiring that the
Lagrangian be invariant under this transformation for o' be an arbitrary
function of x.

Let 1) be a doublet of Dirac fields,

(s (x))
4 <¢2($)
and the transformation can be written as:

P'(z) =V(X)(x), where, V(z)=-exp (20/(:6)51)

To construct a Lagrangian that is invariant under this new group of trans-
formation, we must again define a covariant derivative. In local symmetry,

17



we can define the covariant derivative as:

Dy = lim = [u(x + en) — Uz + en, 2)(x)] (26)

e—0 €

where, U(y,z) = U(z + en,x) is a scalar quantity called the comparator,
that compares for the difference in phase transformations from one point to
other. It depends on two points and has the transformation law:

Here, since v is a two component object, U(y, z) is a 2 X 2 matrix.

Uly,y) = 1.

At points (z # y), U(y, x) can be restricted to be an unitary matrix.
Thus any such matrix can be expanded in terms of Hermitian generator

of SU(2), A
Uz +en,z) =1+ z'genm;% + O, (28)
where ¢ is a constant and A — pu’s are vector fields. Inserting this expan-

sion into the definition (26), we get the expression for covariant derivative
associated with local SU(2) symmetry.

1

Yy
D,=0,—- ZQAME (29)

Thus, 3 vector fields are required, one for each generator of the transformation
group. The transformation law for AL can be obtained by inserting the
expansion (28) into the transformation law (26),

% )

1+ igen“AZ% — V(z+en)(1+ igen“AZ%)VT(x), (30)
and from here we can get,
N N
A“(:E)E — V(z) (Au(x)E = ;8“) Viz)

For infinitesimal transformation, expanding V' (x) to 1** order of «, we
obtain
. NI not [ ot o

18



Here, the 3" term is new and is arising from the non-commutativity of the
local transformation.

Combining this relation with the infinitesimal form of the fermion trans-
formation,

Y — (1—|—2a—>w+

we can see that the infinitesimal transformation of the covariant derivative,

i 1)

Dytp — | 0, —igAl,— —i(9,0") = + a—A’Oi 1+mk“—k )
g Ty T HOE )y T A 2
— D) = <1+za "—) D,

To write a complete Lagrangian, we must also find a gauge invariant term
that depends only on Aj. The transformation law of covariant derivative
implies:

[Dy D] () — V(z) [Dy, Dy] () (32)
Using (29) in the expansion of the commutator, we find,

g

[Dl“ DV] = _ZgF/,lu/_

where, ' . ' ‘ '
ot ot ot ot o7
Fz =0, Al &’ALE —ig [A — A _]

This can be simphﬁed using

272 27
and we get, ' ' o
Fl, = 0,A, — 0,Al, + g Al A} (33)
The transformation law for the field strength tensor is,
;o ;o
Foy — V(:C)FWEVT(:L') (34)

and the infinitesimal form is

;o ;o ol o’
FFLV? — F/“’? + |:ZOC 5,ijz‘?:|

19



It is to be noticed that the field strength tensor is not a gauge invariant
quantity, since there are now 3 field strength, each associated with a given
direction of rotation in the abstract space.

But we can form gauge invariant combinations of the field strength, for

example, ,
i o Lo
(7.5) ] =30 (35)

To construct a theory of such vector fields, interacting with fermions
we add the gauge field Lagrangian (35) to the Dirac Lagrangian with the
ordinary derivatives replaced by covariant derivatives.

£ = iP) — §(F,,)" — myy) (36)

This is the famous Yang-Mill’s Lagrangian.

1
E = —§TT

4 The Standard Model

The Standard Model is a theory of fundamental particles and it discusses
about their interactions. This model is based on gauge theories which explain
the strong, weak and electromagnetic interactions. The strong interaction is
interactions described by SU(3) gauge group and to explain weak interaction
we need SU(2);, x U(l)y gauge groups. The electromagnetic interactions
can be explained by U(1)gy which is a sub-group of SU(2), x U(1)y [5,
6, 7, 8]. However, after electro-weak symmetry breaking only U(1)gys stays
as symmetry of the Lagrangian leaving the gauge boson viz, photon as a
massless gauge boson.

This symmetry breaking also introduces much required massive W and
Z bosons which were later discovered at LEP experiment. This symmetry
breaking requires as electro-weak scalar and in Standard Model it is in spin
half representation of SU(2),. After symmetry breaking only one spin zero
excitation is predicted as Higgs boson which was discovered in 2012 at CERN.

4.1 Standard Model as SU(2); xU(1)y gauge theory for
weak interaction

The electro-weak theory is an unified theory of electromagnetic and weak
interactions. Electromagnetic force occurs between two electrically charged

20



particles through the exchange of a massless spin—1 boson (photon). How-
ever, the weak interaction is mediated by three massive spin—1 vector bosons
namely, W*, Z bosons and and it is a short range force. Coupling strength
of electromagnetic interaction is ~ 102 times larger than that of weak inter-
action. The Standard Model unifies these two forces.

From observation we know that there are three generation of leptons
and three generations of quarks. The left- and right-handed fields behave
differently under SU(2);, x U(1)y gauge groups. The left-handed ones are in
spin-3 (doublet) and right-handed ones are singlet representation of SU(2)y.
Both of them carry different hypercharges.

The three generations of lepton fields in Standard Model are given below

=) () ()

R= €R, HUR, TR-

Similarly, we can write three generations of quark fields as given below:

o=() (&) ()

Ur = ug, CR, R,

Dp = dp, SR br.

4.1.1 SU(2), x U(1)y interactions

In this subsection we derive the interaction vertices of the leptonics fields
under SU(2);, x U(1)y gauge group. From SU(2);, x U(1)y we also derive
the rotation angle which give rise to photon and Z boson.

The SU(2);, is a non-abelian gauge group which has three generators
represented by Pauli spin matrices

a“_ o
T =2

21



The corresponding vector gauge bosons are written as real W, [where a=1, 2, 3].
On the other hand the weak hypercharge sub-group U(1)y has identity as
generator and the real component field is given by the vector boson B,,.

The transformation of left- and right-handed SU(2), x U(1)y transfor-
mations are given as:

L N Ll _ e’ngT OC(I)"FZQI B} ﬁ( )L (37)
R R — ei9175($)R, (38)

where Y, and Yy are the respective hypercharges for the left- and right-
handed leptons. According to Gell-Mann-Nishijima formula @ = T3 + %
we have Y, = —1 and Yz = —2. The weak hypercharge is different for
left-handed and right-handed fermions, but it is same for the doublets. The
covariant derivatives acting on the lepton fields are given below:

V. . Y, . arma \ [ Ve
Dll (GL) = <8M -+ ZngH? + ZQQWMT ) (€L>
— Ve YL Bu 0 g2 WS W/} — ZWE
= O (eL) t (91 2 ( 0 Bu) * 2 (W,} +iW; -w

, Y,
D#eR = (8“ + zng#7R>eR. (40)

and

The transformation laws for the left- and right-handed charged leptons and
neutrinos are obtained as:

D,v. = ayue—i-i(leB —i—gQW?’) (W —’LW2>€L, (41)

122

2
7Y,

DMGL = 8M€L+Z<917LBM—EW3>6L %

.Y,
D,er = ﬁﬂepb—zgl?RBMeR. (43)

(Wl + ZW2> Ve, (42)

In order to conserve charge, the covariant derivative of a field must carry
the same electric charge as the field itself. So, Wj — zWi must carry electric
charge +1 and W;} + sz carry electric charge —1. We define,

Wei=—W, FiW2) (44)

7
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The interaction part of the Lagrangian becomes

9257” (U

2
= B () Wi+ (e W+ () W — (eirtes) W)

Y; - Y;
) LW + 917L<L7“L>BH + glf(e‘}zv“eR)Bu

—l—%YL (I/_L’}/“VL)BH + %YL (e_m/“eL) B, + %YR (e}g’y“eR) B, (45)
The vector bosons B, and Wi are both electrically neutral. As a result of

spontaneous symmetry breaking <SU(2)L xU(l)y — U(l)EM> they will

mix. Here the well defined mass eigen state is not B, and W,f’ but their
orthogonal linear combination (one is massless photon field A, and other is
massive Z boson vector field Z,). Hence, the relation between gauge eigen
state and mass eigen states is obtained by the rotation matrix defined by the
Weinberg angle (fy) as given below:

A\ [ cosby  sinfy B,
Z,)  \—sinfy cosby Wi’

A, = B, cos Oy + Wj sin Oy, B, = A, cos by — Z,sin Oy
Z, = —B,sinOy + Wj cos Oy, Wj’ = A, sinby — Z, cos Oy

The electroweak neutral current becomes:

[(@ sin Oy — % coS 9W> (T v,) — (% sin Oy + 9 cos 0W> (exyuer) — (g1 cosby) (e’R%eR)] A

2 2
+ [(% cos Oy + % sin 9W> (v Y v,) — <% cos Oy — % sin 9W> (eryuer) + (gisinby) (e}g%eR)] Z

The 1% term is electromagnetic interaction. So, the coefficient of neutrino
current is zero and the coefficient of electric current is electric charge e.

So,
%sinﬁw—&cosﬂw:o and @singw—l—&cosQW:e
2 2 2 2
= gosinfy = gy cosby =e
= sin Oy = I and cosby = 92

Vi + 93 Vi + 93

So, the mixing angle is given by the ratio of the two independent group

coupling constant, tan 6y, = %

23



4.1.2 Electro-weak symmetry breaking and Higgs Mechanism in
SM

The central question of electroweak physics is : “Why are the W and Z boson
masses non-zero?” The measured values, My = 80GeV and My = 91GeV,
are far from zero and cannot be considered as small effects. The answer is
inside the electro-weak symmetry breaking and Higgs mechanism. In the case
of Higgs phenomenon, the vacuum expectation value (vev) of the Higgs field
plays the role of mass generator of weak force carriers. Quarks and leptons
gain mass through the Yukawa term after EWSB. By Higgs mechanism all
the fundamental particles get mass but photons and gluons remain massless
as U(1) and SU(3). remain as the symmetry of vacuum.

...
SL -
" =@

Figure 1:

The Lagrangian of the complex scalar field i.e. Higgs field is given by:
L= (D"¢) (Do) — 17|66 — A(l¢'9])? (46)

Jr
Here, ¢ is SU(2) doublet, ¢ = (2())
It couples to the gauge boson in a gauge invariant way, and the covariant
derivative involving the gauge-fields is given by:

: Y, . a_a
D, =0, - ZngugL —igaWo (47)

Here, Y is the hypercharge, 0 are the Pauli matrices (generators of SU(2) ),
Wi are the gauge field corresponding to SU(2)r) and B, is the gauge field
corresponding to U(1)y,
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Higgs field gets non-zero vev at the minimum of the potential,

1 2
gbzﬁ(vih), where, < v >= A

After EWSB the potential becomes a Mexican hat potential where the min-
ima of the field is given by a circle in the complex plane and acquire a non-zero
vev. If we choose a point in the minima and look around the potential is
no more symmetric. Now we look for fluctuation around the minima i.e.
we expand the potential around the minima. The field ¢ here is written in
Unitary gauge, where we remove the Goldstone bosons i.e the charged part
¢* gives the pair of charged Glodstones W* and the complex part of the
neutral component becomes the neutral Glodstone [5, 6, 7, 8].
From the kinetic part of the scalar Lagrangian we get,

(v+h)?

1 1
(D*¢)N(D,¢) = §aﬂhﬁh+— GW,WE + 5 (92W — g1 By.) (2W*" + g1 B*)

4
(48)
From here we can write the contribution of mass in the matrix form (in
the basis of Wy, W, W3 and B) as:

2 0 0 0
2 10 ¢ 0 0
M?2 = 22 — 2
¢ 4 0 0 g —qi9
0 0 —giga ¢

This 4 x 4 mixing matrix is already diagonalised in the above 2 x 2 block
and the lower 2x 2 block is non-diagonal, which tells there is a mixing between
Wl‘j’ and B,,. They are diagonalised by weak mixing angle (Weinberg angle)

as:
W23\ _ (cosby  sinby Z,
B, sinfy, —cosfy ) \ A,
Where, sinfyy = 22— and cosfy = —2— was discussed above.
97195 91195

This diagonalisation gives the Z boson and massless photon eigenstate.
In terms of W*, W~ and Z we can write the kinetic part as:

e |

1 1
(D) (Do) = S0vha + R+ 3+ ) 222, (19

2
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The masses of W* and Z boson are given as:

(95 + 91) v

M2 =
3= G (50
2,2
M = 2 (51)
Mg,
W 2
P= os? O M2 (52)

The electro-weak parameter p is precisely measured experimentally and
1s:
p = 1,0004 £ 0.00024
The potential part of the scalar field is

V(6'9) = 1?lo'¢| + A(|¢'¢])*  Before, EWSB (53)
V(¢'¢) = AR + Moh® + ghQ After, EWSB (54)

The 1% term is the mass term for the Higgs field, It is given by M7 = 2\v?.
This is the standard model Higgs boson discovered at the LHC around 125
GeV.

The Higgs potential and vacuum both respects the electromagnetic sym-
metry and after EWSB, the gauge group becomes :

The mass of fermions in the standard model is generated by Yukawa
term.The guiding principle for any term in Lagrangian is that it should be
real, gauge invariant and Lorentz invariant. The Yukawa term follows all
these principles and the minimal requirement for this term to be gauge in-
variant is a SU(2) Higgs doublet.

In the Standard Model, we have three families of fermions which are
shown as:

€Rr €L Ve
J _ J _ _
lR = | #r lL = | HL Vi= | Vu
TR L Vr
) dR ' dL ' ur, ) UR
&, =|s & =1s w=|c w, = | c
R — R L — L L — L R — R
br br, tr tr
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So, the most general Yukawa term is written as:

. + L.
Le,,u,‘r = - (]jei lLZ) (20) yizlg:i + h.c. (55)
— + .
Lasp=— (qu" dr, ) (20) yhdy + h.c. (56)
Lu,c,t = - (uiLi d_Ll> (_¢¢+*> inuJR + h.c. (57)

where the i, j indices run over the three families.
In general, the Yukawa couplings v’;, v, v, are complex 3 x 3 matrices
in gauge basis. After EWSB in unitary gauge the Yukawa term is written as:

A o I
L=— <1 + ;) (l’Lmiil;%j + d'ymiydp; + u’Lm{Liu%j) + h.c. (58)

where,
v

J J
My = /2
Now redefining the fields, we go in the mass basis where these matrices are
diagonalised as:

' 7] . 1j I . A & ] .

Uy = L,LilLJ’ d,Lz‘ = DLidL]7 Wr; = ULjuLg;

R I N = R

Uri = Li;lrj; d'p; = Dpydry; U ri = Up;Ury;

After diagonalisation the matrices become :

me O 0

LLTmelR = 0 my 0
0 0 m,

mq 0 0

DLdeDR = 0 mg 0
0 0 my

m, 0 O

UL T muUR = 0 me 0
0 0 my
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and the Yukawa term becomes,

h _ _ _
Lyuarks = — (1 + ;) (upmuug + cLmecg + tymitg + dpmadg + spmssg + bymybg)
(59)

h
Lleptons = - (1 + ;) (e}/meeR + l[LmM:uR + 7:L’rnTTR) (60)

The first term in both the above expressions is the mass term for quarks
and leptons while the second term represents the interaction of Higgs with
fermions.

5 Drell-Yan cross-section
The production of a massive lepton pair via an intermediate Z— boson or

virtual photon +*, by the annihilation of a quark-anti quark pair (‘or, lepton-
anti-lepton pair), q¢ — Z/v* — I, is called Drell-Yan process [5, 6, 7, 8].

e Differential scattering cross-section of ete™ — pu~ (mediated by v*):

et v* (pa) v (DY)t

Figure 2: ete™ — putpu~ scattering via photon mediation.
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The amplitude is given by:

—1

iM = (5 () (= ierlis) (o)) ( qi“”) (5 05) (= ieni) s (va) )

— M = 6—(77(272)7““(171)) (@(p3)vuv(pa)) (61)

Considering, (9y*u)" = uy"v we have,

62

M = — (0(pa)yuu(ps)) (@(pr )y v(p2)) (62)

LS

64

MP =

((@2)y"u(pr)) (@lp)y v (p2))) (@(ps) a0 (pd)) (0(pa)1ulps)))
(63)
[ each terms are numbers, we can rearrange them.]

NOW’ I'/\;l2| = %Zs % Zs’ ZT Zr’ |M2|

Considering,

Zuﬁ p1)us(p1) Zuﬁ p1)us(p1) = (1 + mu)55 (64)
Z% p3)v ZU p3)v = (/b3 — Mp)ac (65)

we get,

Z Z (o o)t (on) ) (501005 (12))

- (/p2 - me)oa’)/aﬂ(pl + me)ﬂ6’7ga
= Tr[(fo = m)y" (o +me)y’|

= phpiTr [’yp ’y"’y“’y”] — miT r [’y“'y”} , (using trace identities)
=4 (pé‘p’f + Py — p‘fpgg“”) — 4mZg"” (66)
Similarly,
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Z Z ( (P3)Yapuvs (P4)> (175/ (P4)%sayug(p3)>

=Tr [(/p3 + )7 (s — mu)%/}

_ 4<p§pz + it — pnggW> _ 4mZgW, (using trace identities) (67)
So,
, 1 8 2 2 2,2
(M= 7 x ? (Paspra + Prapas + mipia + mZpss + 2mims)
1 8et
B Z e (P23p14 + P13paa + M p12) (my >>me ) (68)
From the Feynman diagram we can write,
¢* = (p1 + p2)* = 4B pi2 = 2E%;
P13 = pos = E* — E|p] cos b; Pia = pas = E° + E|p] cos §;

Which gives,

IM|? = e KH?E—z) + (1—%2) 60820} (69)

The differential cross-section is:

M|? d@Q

do =
4 i3

Where, F' = Incoming flux
= 2E1 2E2 |U_i — U_é|
1
=4 ((pl-p2)2 — mzmi) 2
= 4|pi|V/s, <Where, Mandelstam variable, s = (p; + p2)® = (p3 + ps)* = Efm>
(71)

d() = Differential phase space, for two particle in the final state
d’ps 1 d’py 1
(2m)3 2E5 (27)3 2E,

= (2m)"'0"(p1 + p2 — p3 — pa) (72)
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Using d—function, integrating over p, we have:

dQ = 0(Es + Ey — Een),  (where, pp = p3| = |pal)
B Py o
= 1671‘2 dQEcm@( Me — My,)
1 py
= ds) B
Tk (" Een >> me +my,) (73)
So,
do

_— 1+ L)+ (1— =L ) cos? 6] (74)
647T2ECM ‘p | E? E2
For ultra-high energy limit £ >> m,,, so m, ~ 0.

We know |pj| = /E? + m2 and, |p}| = VE? 4+ mi. So, % ~1

So,

dQ
CM

do

& (1 + cos? ) (75)

T 64m2 E2

CcM

6 Two body decays
(i) — (1) +(2)

The initial and final particle 4—momenta are p = (E, p) and ps—1 2 = (Ef, py)
respectively.
The decay width is given by:

[ise = (27r)4ﬁ J 8 (p1 +p2 — )|M|2(27§ 2p21E1 (2:)2}722@

If the initial particle is in rest frame then —-
pit+pr=0; p=(M0); p=/Ip?l+mi,p); p2= (/[P +m3 —p)
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Integrating over p; and considering the spherical polar co-ordinate, d3ﬁ =
p%dp'dQ) we have —

wdpl 5 (/IPP[+ ik + I+ md = M)
152 = 327T2M/ / p=IM]

VP2 +mi|p? + m3
(76)

Changing the integration variable p — E we have:

r —5E M) p'| M?
=g [ )M

4 .
et W/dQ’M2|, 1f, M >m1+m2

=0, Otherwise

If we assume that the initial particle is spin less, |M?| doesn’t depend on
solid angle. Then, [ dQ) = 47, and,

L1 = g M? (77)

8 M?

If some scalar particle decays to fermion-anti-fermion pair then, let m; =
mo = m and, |M?| = 4(p1.ps — m?) = 2(M? — 4m?), so,

1
8w M?

The lifetime is the inverse of I [5, 6, 7, §].

e

(M? — 4m?) (78)

Fl*)? =

7 Right-handed neutrinos as Majorana fermion:

Standard Model neutrinos are basically left-handed and massless also, but
the evidence of neutrino flavor changing implies neutrino mass. If we assume
that beside the usual left-handed neutrinos v, there are right-handed neu-
trinos vx (which is not compatible with SM), then one can write the Dirac
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mass term for neutrinos,

LY =mpvgy + h.c., (79)
where, h.c. denotes the hermitian conjugate [3, 9, 10].

We know that neutrinos have no electric charge. Hence, we can tell that
the neutrino mass terms are of two different kinds: Dirac and Majorana.
Dirac mass term turns a neutrino to a neutrino or an anti-neutrino into an
anti-neutrino, while a Majorana mass term converts a neutrino to an anti-
neutrino or vice-versa.

v v v v
———>— —— >
v v v Y
——— > —— >

Dirac mass term Majorana mass term

Figure 3: The effects of Dirac and Majorana mass terms. The action of the
mass terms is represented by the symbol X

Dirac mass term conserve lepton number L that distinguishes leptons
from anti-leptons, while the Majorana mass terms do not. The quantum
number L is also conserved by the Standard Model couplings of neutrinos to
other particles. Thus if we observe any L non conserve process, that would
arise from Majorana mass terms.

A Majorana mass term may be constructed out of v, alone, in which case
we have the Left-handed Majorana mass,

1
ck = —mpSup + hec., (80)

mass 2

or out of vy alone, in which case we have the Right-handed Majorana mass,

1
LR = —mpViVg + h.c. (81)

mass 2

Here, mp, my and mp are the mass parameters.
For any field 1, ¥¢ is the corresponding charge-conjugate field. In terms of
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Y, ¢ = CYT, where C is the charge conjugation matrix (One of the repre-
sentation of charge conjugation matrix is i7,yy) and T denotes transposition.

The electrically charged fermions can not have Majorana mass term, be-
cause such a term would convert it into an anti-quark, which will violate the
electric charge conservation. In this case the mass terms are of Dirac type
and arise from Yukawa coupling of the form,

—Y,qr9qr + h.c..

Here, ¢ is some quark, ¢ is the neutral Higgs field, Y, is Yukawa coupling
constant.

When ¢ develops a vacuum expectation value < v >, the coupling yields
a term,

v
V2
So, the Dirac mass term for the quark ¢ is Yy 5.

In Standard Model if we want to include a mass term for neutrino then
we have to extend the Standard Model by adding a Right-handed neutrino
vr and a Yukawa coupling —Y,v;¢vgr + h.c.

Similarly after developing the vacuum expectation value the Lagrangian of
Dirac mass term of neutrino would be

—Y,—=dqrqr + h.c..

Lp= —YV%V_LVR + h.c. (82)

This term indicates the neutrino mass myv = Y, -5

75.
If we would like m,, to be order of 0.05¢V, (Suggested from neutrino os-
cillation experiment); \% = 174GeV | then the coupling must be of the order

10713, Such an infinitesimally small coupling constant is quiet unnatural.

In Standard Model the right-handed fermion fields are weak-isospin sin-
glet. Since, SM neutrinos are electrically charge neutral, we can add Ma-
jorana mass term here, which does not violet the weak-isospin and electric
charge. If in Standard Model Dirac mass term doesn’t exit then the source
of neutrino mass would be the Majorana mass term only.

If the neutrino has Dirac mass and as well as the Majorana mass, then
the Lagrangian of the total mass term will be,

v

1 _
L,, = —mpUrVy — §mRV}C%l/R + h.c. (83)
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(Left handed Majorana term is forbidden but the SM gauge symmetry be-
cause vy, possesses non-zero isospin and hypercharge).
If we use the identity v§ = vg, then vimpr§ = vgmpry. This implies,

Lo, ==
Y2

1 - _ 0 mp vy,
(VL VR) (mD mR) (V&) + h.c.

Here the neutrino mass matrix is given by:

My _ ( 0 TTLD)
mp Mg

The Dirac mass mp of neutrino can not be high, because, in SM all the Dirac
masses come from couplings to the same Higgs field (though the Yukawa
coupling is not same, but it will not affect much). But it is not required that
mpg should be small. We can take mg >> mp.

The mass matrix can be diagonalised by the transformation

my

where D, =
0 mo

ST™M,S =D,,

the positive-definite eigen value of M,. Those are —»

mi2

So,
1 2 2
my = —Mmpg D = @
2 mp mg
1 2m? m2
mgzémR(Q—l— QD):mR<1+—§)me
R R

35

is a diagonal matrix whose diagonal elements are
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So,

m2
D,=ms ©
0 mpg

So, we have a neutrino mass at a scale mg of new physics and a very light
2
. . . m
neutrino, the mass of which is m—g

8 Extension of Standard Model by a Right-
handed neutrino Type-I seesaw

We know that two doublets can be decomposed into a triplet and a singlet
(2®2 =3®1). Hence, the left-handed leptons and the Higgs (they both are
SU(2) doublet) of SM can couple to a triplet and a singlet [3, 9, 10].

The 1% type of the seesaw mechanism couples the lepton and the Higgs
fields via the exchange of a heavy virtual fermion Ny, which is a singlet under
all SM gauge group.

Figure 4: Type-1 Seesaw Model

After electro-weak symmetry breaking of Higgs field, the neutrinos will
get mass, The Lagrangian of the total system is given by:

_ 1 - _ o~
LY = iNg@dNp — ~NpMyNg — YyLéNr  +hec (87)
— 2 ——

kinetic term X v Yukawa interactions
Majorana mass term

The covariant derivative D,, can be replaced by d,, because the added
heavy right-handed neutrino is SM singlet and do not interact with the gauge
field.
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Due to the additional interactions, the Yukawa couplings of the leptons
will be,

Ly =Y.Loep + YnLoNg + h.c. (88)

The total weak hypercharge 'Y’ and the electric charge ')’ has to be zero for
the Lagrangian. Using the Gell-Mann-Nishijima formula QQ = T3 + % and
the definition of H as:

= HZN\ . (H\
H—(_H_>—ZO'2H = 102 (Ho) 3

we can get the following table:

SUB). | SUQ), | ULy

L 1 2 -1

er 1 1 2

H 1 2 +1

q 1 2 -1

Ngr 1 1 0
Table 1:

8.1 Decays of right-handed neutrinos:

There exits three type of predominant decay mode of SM singlet right-handed
neutrino, whose strength is dictated by the neutral Dirac Yukawa couplings,
as follow:

.NR—)]'LV

Here we consider, My is the mass of right-handed neutrino, my, is the
mass of Higgs, m,, is the mass of SM neutrino ~ 0
Since, the right-handed neutrino is in rest frame, p; = ps + p3 = 0, but

p2] = [p3| = [Pl

37



hlps)

o
Nr(p1) -

\ v(p2)

Figure 5: Decay of right handed neutrinos to Higgs boson and neutrino.

The interaction vertex between v, Ny and H is iYy. The matrix ele-
ment can be calculated as,

iM = a<p2>u<p1><z’YN>%
LMY = a(pulp) (—i¥w)

>

So,  |IM?| = %Yﬁ a(p2)u(p)a(p)ulps)
1

= 5Y]\?, u(p2)a (Dh + M)ap u(p2)s

- %Yﬁ, (7 + Mn)pa (B + M)ags

= SYRTr(p) (s + M)
1

Averaging over incoming particle gives us, |M2| = Y2(p1.ps)
The decay width is given by:

r—ﬂp\/ﬂ

8mM?
From energy-momentum four vector conservation relation we have,
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M =[5+ VP +

|
M?* —m?2

— g
1Pl i
So,
p1.p2 = M|p]
M? — m?
T2

M2—m,% 2 2 2
= Somap VM= ma)
Y2 M m2\ 2

P = S (1= ) (92)

Figure 6: Decay of right handed neutrinos to charged lepton and W-boson.

From (51) we get the mass of W —boson as M3, = @.

From neutrino mass mixing the mixing angle will be 6 = \/ELMU
N
Hence, in this case the coupling constant will be, A = ;‘%Y—ﬁ;
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The matrix element can be written as:

iM = —iXu(p)y"u(k)W,  (q) (93)
—iM" = ixa(k)y u(p)W, (g)* (94)

Hence,
IM|? = (NWWHQW, (9)") fulp)u(p)yu(k)a(k)y"] (95)

Taking average over initial state and trace over the spinor indices we
get:

3 S IME = T STWH@W @) T [(p+m) 9 (k+ M) ]

spin
(96)
Where,

. e
D W @WS (@) = g + 15 (97)

and,

Tr [(p+me) v (k+ My)y"] =Tr | py*ky" + Mapy'y” +mey"y” +meMy "
0
=0 =
=Tr [}/}’y“%’y”} + meMNTT [yH~"]
=4 (p"K" + "k — g (p.k) + meMy g™)

(98)
So,
1
M =2 IMP?
spin
- (g“” " %) (Pk" + p"R = g™ (p-k) + me My g*)
2 (a-p)(a-k)  ¢(p-k)
— 2\ (2(p.k) e
)(q. 2(p. My (q? — 4m?
_ )2 2(p.k)+2(qm(2q k) q (pzk‘) L e N(q2 M)

Vv
=0,because of very small value of me

(99)

40



Since, ¢* = m?2 we have:

IM|? = 2)\? ((p.k:) + 2%) (100)

2
Now, we have to determine the values of (p.k), (¢.p) and (q.k). For that

we have,

Fukt = My = (p+ @)u(p + )"
=(p+qolp+q)° [Since, |p] = —|ql, we only have the 0" component.]

= (Ew + Ee)2
So,
My =E, + E.
= VT
= (My —|p])? = [pI* +m2,  [Neglecting m?]
M3 —m?
= = ——u 101
A= (101)
Now,
p-k = pok, — ﬁE
— E.Eyx  [because in the rest frame of RHN, k = 0]
= My+/|p* + m?
1
=5 (M}, —m}) [Putting the value of |p]] (102)
Now,

p.q = /P12 +m2./|p1 +m2 + |pI®

Calculating, +/|p]? + m? = Mi\’]\;}zﬁ” and, \/[p]* +mg, = Mgvl\;;ni’

we get the final value of p.q as

1
p.q= §(M]2v —my) (103)
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Now,

k.q = Mn+/|p* + mg,
MR+ ml
2

So, putting the values in the (100) we get,

A= oyt [MA = M w2
2 2 2 m%}
NME m?2 2m?,

Now, we know the decay width of 2-body decay is:

Pl o2
r=_—2|m
87TMN| |

Putting the values of | M| and |p] we have,

2
Do e = 5 (1 )" (14 55k ) (105)

e Np — Zv (or, Zv)

Similarly, another decay mode is there, where the right-handed neu-
trino decays to one Z-boson and one light neutrino (v).

Figure 7: Decay of right handed neutrinos to Z-boson and light neutrino.
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0.010

0.001

= 1074

If we do the similar calculation of partial decay width (I';), we get the

decay width as:

2
r = YaMy (1 mE )T (g 2y (106)
Nrp—wZ 167 M2 M%
ffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff
—————————————————————————————————————————————————————————
1.x10718
5.x10714
i
i
i
i
S kot i
i
i
,
——— 5.x10715 —hv )i
ew eW| i
i
Zv Zv ) |
| |
0.00 0.02 0.04 0.06 0.08 0.10 200 400 600 800 1000
Yy My in GeV
(a) (b)

Figure 8: Here we present the partial decay width of right-handed neutrino
N in GeV verses Yukawa coupling Yy for My = 200GeV (a) and verses

right-handed neutrino mass My for Yy = 1077 (b)

is greater than the mass of vector bosons, Z and W.

In the Figure 8 (a) we show the relation between the calculated partial
decay width and the Yukawa coupling (Yx) and in (b) there we plot the same
with neutrino mass. In both the plots we can see that the decay width of
the decay to hv is smaller than the others though the mass of Higgs boson
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0.010
0.010

0.001
0.001

J N

— My=100 H 105K
— My =500 i
1076 — My=1000
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Figure 9: Here we present the partial decay widths in GeV for three choices
of right-handed neutrino mass, i.e. My = 100,500,1000 GeV for(a) hv, (b)
el and (c) Zv modes respectively.

In Figure 9 we plot the graph between partial decay width and Yukawa
coupling for different masses (100 GeV, 500 GeV and 1000 GeV) and for three
different decay modes. In all the cases we get the same pattern. If masses
increases the variation between the decay widths becomes small. Hence, we
can conclude that if the right-handed neutrino mass is some order of TeV
(like 5 TeV or 20 TeV) there will not be any significant difference in partial
decay width or decay life-time between them.
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Figure 10: This represents the decay branching fraction the right-handed
neutrino N verses Yukawa coupling Yy for my = 200 GeV(a) and verses
right-handed neutrino mass my for Yy = 1077 (b).

The branching fraction or branching ratio for a decay is the ratio of a
fraction of particles decays in a particular mode to the total decay. For
example the branching fraction of right-handed neutrino decays to Higgs
and light neutrino can be calculated as:

['(N — hv)
(N — h) +O(N — eW) + I(N — Zv)

BR(N — hv) = (107)
It is basically an unit less quantity which indicates the preferable decay
modes. In Figure 10 we have shown different decay modes verses Yukawa
couplings and neutrino mass. The branching ratio of the decay to hv is
greater than others if the neutrino mass is around 100 GeV but it goes down
gradually beyond that and it is literally zero if the RHN mass is equal to the
Higgs mass.

On the other hand as we have seen in case of partial decay width the
branching ratio of the decay to eW is greater than the decay to Zv (almost
double from Figure 10 (a)) even if m, > my,.
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Figure 11: (a) represents the total decay width verses Yukawa coupling Yy
for My = 200 GeVand (b) represent Mass of the right-handed neutrino for
Yy = 1077.

In case of Figure 11 we have calculated the total decay width and have
plotted the graph with Yukawa coupling (Yy) and neutrino mass (My).

8.2 Displaced Decays of right-handed neutrinos:

The decays of a particle is known by its decay length and we classify such de-
cays into two categories; prompt decay and displaced decays. In the prompt
decays the secondary vertex matches with the primary decay vertex thus
the decay length is approximately zero. However, there are cases where the
secondary vertex reconstructed from the decay products are different from
that of the primary one. The separation between the two is known as decay
length. Such decay length can be used as standard candle in determining the
nature of the particle under consideration.

In Figure 12 we describe the decay length of the right-handed neutrinos
with masses of 200, 500 and 1000 GeV in the plane of Yukawa coupling
Yy and the decay length d in m. We describe the regions with displaced
decay length 1 cm - 10 m, as displaced decay region within the red dashed
lines. It is evident that coupling that Yukawa coupling should be < 1077 to
have displaced decay length for O(100) GeV of right-handed neutrino mass
3, 4, 11].
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Figure 12: This represents the decay length of the right-handed neutrino N
verses Yukawa coupling Yy for my = 100, 500, 1000 GeV.

8.3 Production of right-handed neutrinos:

We implemented the model Type-I seesaw in a Mathematica [12] based pro-
gram SARAH-4.14.1 [13] which generates the model files for CalcHEP-3.7.1
[14]. The RHN in type-I seesaw is SM gauge singlet thus does not have any
direct coupling with SM particles. However, due to electro-weak symmetry
breaking it gets mixed with left-handed neutrino which has gauge coupling.
Thus production of such RHN is always proportional to the mixing angle

square, i.e. the m2, = (%)2 For pair production it is even suppressed

by m}. Due to electro-weak nature and suppressed missing the production
cross-sections of such right-handed neutrino is pretty low. We will see such
cross-sections get an enhancement for the case of Type-III, as in that case
the RHNSs are triplet under SU(2);. We are still hopeful that LHC at high
luminosity we can expect some of their signatures.
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9 Extension of Standard Model by a Right-
handed neutrino Type-IlI seesaw

The type-III seesaw model has in addition to the SM fields, SU(2) triplets
of fermions with zero hypercharge . Basically we can get type-III seesaw
mechanism by replacing the fermion singlet of type-I with a triplet.

X\ H H /X
N 4
A Y s
Y Z s
\\ R //
Y. Y,
v v

Figure 13: Type-III Seesaw Model

In terms of 2 x 2 notation of triplet the Lagrangian becomes:

_ 1 _ _ _ o~
L= Lgy + Tr[SiPX] — ~Tr[EMgX¢ + MY — V2YsXoTL +h.c.
—_—— 2 —_———

>
kinetic term R ~ Yukawa interaction
Majorana mass term

(108)

Where My, is the mass matrix of the triplet and Yy is the Yukawa coupling
matrix.
The electromagnetic charged states are,

Z:I: — Y1Fido

N 20223

The fermion triplet ¥ and it’s conjugate ¢ = CXT are given by:

e X V25t wo_ [ 2 V22
BERRVZ) D 3 IARYZ) D5 e 5t

+

If we consider the Higgs doublet as H = (1;[[0

H* =0and H® = v + \% (with v=174 GeV), then we get the Yukawa

> and after giving vev
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term as:

Ly = V2Y5iHSL
_ (0 —i 0 YO V28 (v
— V/2Vyi (Z o) (H %) (\/52_ 50 ) <€L) +h.c.

Vv (04 )50 (0 2) va) (2) Fhe  (109)

So, without the mass term the Yukawa becomes,

- - h
Ll =2V (2% V25 e + h.c.) 2 (110)
V2
Here also the neutrinos get a get a seesaw mass m;; = %W This becomes

of the order of 0.1 eV for Y5, ~ 107% and my ~ 1TeV.
The neutrino Dirac mass indicates mixing between [ and 3.
The mixing angles for the neutral and charged part are —

0, = % and 0, = \/5% respectively.

Due to the [ — X mixing, we get the mixed gauge interaction. The gauge
interaction terms are like:
20§Z§MW;, uS Wi, eSO Wr, uS W, eSSy Z,, aX "2,
X7,

Note that, there is no gauge interaction term in type-I seesaw, which is
the difference between them.

9.1 Decays

Similar as the type-I seesaw model there are possible decay modes for type-I11
model also, where the right-handed neutrino is fermionic triplet.

The decay of 3° is same as the decay of singlet right-handed neutrino of
type-I, which are:

Y0 — hv (or, ho); X% — e W (or, e"W™); XY — Zv (or, ZD)
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Similar as type-I the decay width calculation of ¥* fermion gives us three
decay modes, and decay widths are:

1Y2My m? \’

[(N* — [*h) = --Z% — 111
( ) 4 8r M2, (111)
F(Ni—>liZ)—1Y§MN |- Mz 2 1+2M§ (112)

4 87 M} M}

1Y2My M2\ ? M3
(Nt — y W) = == — 1+2-% 113
( uW) = 3= M, HRTE) (113)

77777777777777777777777777777777777777777777777777777777777

05 /\
A
!

i )

Br(N-> X, Y)

°

S
—_—

"

(a)

Figure 14: This describes decay branching fractions (a) verses Yy for My =
200 GeV and (b) with respect to mass My for Yy = 1077 for type-III seesaw
model.

9.2 Production:

Unlike Type-I seesaw, in this case the RHNs are triplet under SU(2), so
can be produced via W+ exchange. However, production cross-section of two
neutral pair is zero, as they are both T3 =Y = 0. We have to reply on the
production of the neutral one in association with the charged ones, i.e. X0
[4].
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10 Discussion and conclusions

In this work we started with the abelian gauge theory and went on to study
non-abelian gauge theory. In the process we studies the weak sector of Stan-
dard Model as SU(2), x U(U)y gauge theory. Standard Model is a very suc-
cessful theory with the Higgs mechanism giving mass to the W*, Z bosons,
quarks and the charged leptons. However, Standard Model fails to generate
mass to neutrinos, which are recently observed to be massive.

A simple extension of SM with a SM gauge singlet can be achieved by
the addition of a right-handed neutrino. It not only generates mass for
the neutrinos but all explains why one of the neutrino will be very light
keeping the other one heavy. This mechanism is known as Type-I seesaw
mechanism. in the process the left- and right-handed get mixed and the
right handed neutrino couplings to gauge bosons are proportional to this
mixing angle. We calculated the decay widths and decay branching fractions
for such right-handed neutrinos. Though their decay phenomenology is very
interesting, producing such inert particles are rather challenging due to no
direct gauge coupling. The production mechanism always depends on the
mixing angle with the left-handed neutrinos and thus such cross-sections are
very low. This results into large required luminosity to probe such right-
handed neutrinos in colliders, viz. LHC.

Next, we studied the extension of SM with a SU(2) triplet and Y =
0 fermion, which results into pair of charged fermion and a neutral right-
handed neutrino. Similar to type-I, type-III also decays to the gauge bosons
and other leptons via the mixing angles. The phenomenology in this case
enriched due to the mixings of the charged leptons. The production cross-
sections in this case are larger than type-I right-handed neutrinos due to
SU(2) gauge coupling. Both the models are implemented in SARAH [13]
and corresponding CalcHEP model files are generated [14].
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Appendix A

Figure 15: Displaced vertex calculation:

inf]- Mw = 80.38;
Mh = 125.5;
Mz = 91.2;

fix_1 = (((x*2%Mn) / (64%x)) % ((1- (Mh/Mn)r2)"2)) ;
fl[x_] = (((x“Z*Mn;§(32*7r); * 2(1- (Mw /Mn) A2) A2) « (1+2% (Mw/Mn)A2));
1

f2[x_1 = (((x"2+Mn) /(64 xn) (1- (Mz/Mn)A2) A2) % (142 (Mz/Mn) A2))

TD[x_] = f[x] + f1[x] + f2[x] ; (» Total decay width x)

*

Brhv[x_] = f[x] /TD[x] H (* Branching of hv x)
BreW[x_] = fl[x]/TD[x] H (* Branching of eW x)
BrZv[x_] = f2[x]/TD[x] H (* Branching of Zv «x)

In[8

(» Decay Length vs Yukawa Coupling =x)

fly_1=(1/TD[x]) *0.2 %107 -15;
LogLogPlot[{f[y] /. {Mw > 80.38, Mh » 125.5, Mz » 91.2, Mn » 100},
flyl /. {Mw-> 80.38, Mh > 125.5, Mz » 91.2, Mn » 500},
fly] /. {Mw-> 80.38, Mh » 125.5, Mz » 91.2, Mn > 1000}},
{x, 107-8, 0.1}, PlotRange » {107-13, 100}, GridLines -» {{}, {10, 0.01}},
GridLinesStyle » {Red, Dashed}, Frame » True,
FrameStyle » {{Thick, Dashed}, {Thick, Dashed}},
FrameLabel -» {"Yukawa coupling", "Decay Length"}, LabelStyle -» Black,
PlotLabel - "Decay Length vs Yukawa coupling Graph for Different Mass"]

Decay Length vs Yukawa coupling Graph for Different Mass

Fm == ————- === —————= ————— == ———== ER|
|

10-}

10-5 |
out[9}

Decay Length

109}

1043 " " n
108 1076 107 1072

Yukawa coupling

In[10]
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Figure 16: Partial decay width verses mass calculation Type I see-

sSaw:

In[#].

Inf Mw = 80.38;
Mh = 125.5;
Mz = 91.2;

fix_1 = (((x*2%Mn) / (64%x)) % ((1- (Mh/Mn)A2)A2));
LogPlot[{f[x] /. {Mw > 80.38, Mh » 125.5, Mz » 91.2, Mn > 100},
fIx] /. {Mw-> 80.38, Mh > 125.5, Mz » 91.2, Mn » 500},
f[x] /. {Mw-> 80.38, Mh » 125.5, Mz » 91.2, Mn > 1000}},
{x, 10~-8, 0.1}, PlotRange » {{10~-8, 0.1}, Automatic},
PlotStyle -» ColorData[l, "ColorList"], PlotLegends -
Placed[LineLegend[{"My=100", "My =500", "My=1000"}, LegendFunction - Frame],
{06.80, 0.20}], Frame » True, FrameStyle »
{{Thick, Dashed}, {Thick, Dashed}}, FrameLabel - {"Yy\", "I'; in GeV'"}]
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o

Figure 17: Partial decay width verses Yukawa in Type I seesaw:

(+ Partial Decay Width; Branching Ratio; Total Decay Width vs Yukawa Coupling =x)

Mw = 80.38;
Mh = 125.5;
Mz = 91.2;
Mn = 200;

(* Here, x=Yn; Yukawa Coupling =)

frx_1 = (((x*2*Mn) / (64%x))  ((1- (Mh/Mn)~2)~2))

(» Decay to hv x)

firx_1 = (((x"2%Mn) /(32%7)) » ((1- (Mw/Mn)~2)A2) & (1+2% (Mw/Mn)~2))
(» Decay to We =)

f2[x_1 = (((x"2%Mn) /(64*x))  ((1- (Mz/Mn)~2)A2) « (1+2x (Mz/Mn)~2))
(» Decay to Zv x)

0.36559 x?

1.85049 x?

0.883578 x?

LogPlot[{f[x], f1[x], f2[x]}, {x, 16”~-8, 0.1},
Frame » True, FrameStyle -» {{Thick, Dashed}, {Thick, Dashed}},
FrameLabel » {"Y\", "I'; in GeV"}, LabelStyle -» Black, PlotLegends -

Placed[LineLegend[{"hv", "eW", "Zv"}, LegendFunction -» Frame], {0.80, 0.20}]]
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Figure 18: Decay branching fraction verses Mass in Type I seesaw:

ni= (* Partial Decay Width; Branching Ratio vs Neutrino Mass x)

2= Yn =107 -7;

Mw = 80.38;
Mh = 125.5;
Mz = 91.2;

(* Here, x=Mnj; Neutrino mass x)

FIx_1 = (((Yn*2%x)/(64%7x)) « ((1- (Mh/x)"2)"2)) ;

(» Decay to hv x)

firx_1 = (((Yn*2xx) /(32%7)) » ((1- (Mw/x)22)"2) » (1+2% (Mw/x)"2)) 3
(» Decay to We )

f2[x_1= (((Yn*2xx)/(64x7)) « ((1- (Mz/x)"2)"2) » (1+2% (Mz/x)"2))
(» Decay to Zv x)

TD[x_] = f[x] + f1[x] + f2[x] ; (% Total decay width )

Brhv[x_] = f[x] /TD[x] ; (* Branching of hv x)
BreW[x_] = f1[x] /TD[x] ; (* Branching of eW )
Brzv[x_] = f2[x] /TD[x] ; (* Branching of Zv )

g~ LogPlot[{Brhv[x], BreW[x], BrZv[x]}, {x, 0, 1000},
Frame » True, FrameStyle -» {{Thick, Dashed}, {Thick, Dashed}},
FrameLabel » {"My in GeV", "Br (N-> X, Y)"},
(xPlotLabel-"Branching Ratio vs Neutrino Mass Graph",x)
LabelStyle - Black, PlotLegends -»
Placed[LineLegend[{"hv", "eW", "Zv"}, LegendFunction - Frame], {0.90, 0.20}]]
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