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Abstract

Standard Model has been very successfull theory in explaining subatomic phenom-
ena. The existence of building blocks of universe such as quarks, leptons (Fermions)
and bosons and laws they follow has been understood very well under the Standard
Model. But some major shortcomings is integral part of the Standard Model i.e.,
(a) It does not consider Gravity, it unifies only electromagnetic force, weak force and
includes also strong force, (b) It does not explain the existence of dark matter and
dark energy, (c) It does not explain the fact Neutrinos change Flavor which is best
explained by the fact that Neutrinos have non-zero mass. So we need Physics Beyond
the Standard Model to explain such facts of nature. With this motivation, in this final
year research thesis project I study B-L Model and Minimal Left-Right Symmetric
Model(MLRSM) which explain the fact that Neutrinos are massive through ‘See-saw
Mechanism’. T explore the gauge sector and Higgs sector of MLRSM. The main focus
of my project is on the Higgs Phenomenology of the MLRSM.

We study the production of Doubly Charged Higgs at 14 TeV at LHC using Mad-
Graphb and FeynRules-2.3.3. Further, We study different-2 decay channels of Doubly
Charged Higgs(dilepton Channel, double W-boson Channel etc.) and Singly Charged
Higgs decay channels using MadGraphb.

v
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Chapter 1

Introduction

Standard Model has been very successfull theory in explaining subatomic phenomena.
The existence of building blocks of universe such as quarks, leptons(Fermions) and
bosons and fundamental laws they follow has been understood very well under Stan-
dard Model. But there are some major shortcoming is integral part of the Standard

Model i.e.

e Standard Model(SM) does not consider gravity, it unifies electromagnetic force,
weak force and includes also strong force. The Guage symmetry group of SM is
SU(3)exSU(2)r, xU(1)y. Eletro-Weak theory is based on the gauge symmetry
group SU(2);, x U(1)y of left-handed isospin and hypercharge. The Quantum
Chromo-Dynamics (QCD) is based on the symmetry group SU(3)s. These two
theories combined construct Standard Model of Particle Physics which has been
consistent in explaining almost all experiments done at all the particle detectors

such as LHC, Fermilab etc.

e It does not explain the existence of dark matter and dark energy. From Cosmo-
logical observation, we know that universe is made of only 4 percent of visible
matter, 25 percent of DarK matter(No known interaction with visual matter,

only interact gravitationally) and 71 percent of Dark Energy.
e The SM Higgs is not stable under radiative corrections.

e There is no right handed neutrino in SM and no Dirac mass term for neutrinos

in SM. It can not explain flavor change of neutrinos (given by PMNS matrix),
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flavor change of neutrinos is best explained by the fact that neutrinos have non-
ZEero mass.

The probability that neutrino changes flavor is (considering only two generations):-

Vo) = EiU;ilyi>7 Vi) = BaUai|Va)

here |v,) are flavor states and |v;) are mass eigenstates (with «,i = 1,2).U is

the PMNS lepton mixing matrix given by :-

cosf  sinb

—sinf  cosb

Then, the probability,

Am?L
4F

Pospazps = sin®(20)sin® ( ) , (in natural units) (1.1)

Where Am? is the mass square difference of 1st and 2nd generation neutrinos
masses(in the mass eigenstates) and € is the mixing angle of lepton mixing ma-

trix.

Due to all these inconsitencies of Standard Model, we need Physics Beyond the
Standard Model to explain such facts of nature. There are two approaches to achieve
this goal, one is ‘Top to Bottom approaches’, for e.g. Grand Unified theories(GUTSs),
Qunatum Gravity etc. Other is ‘Bottom to Top approaches’. Good Candidates in the
second approaches are ‘B-LL Model’ and ‘Left-Right Symmetric models’” which explain
neutrino mass generation through ‘See-saw mechanism’ and consider the existence of

Right handed neutrinos.

1.0.1 B-L Model

The conservation of lepton number(L) and baryon number(B) in Standard Model is
global symmetry at tree level only, not at loop level or quantum level. As we know
that B — L is the global symmetry of Standard model both at classical and quantum
level. In B — L model, this global symmetry is gauged to become local symmetry and

thus gauge group of standard model is extended to get a new model, B — L model:-
SU(S)C X SU(2)L X U(]_)y — SU(3)C X SU(Q)L X U(l)y X U(l)B_L.

2



This model is minimal in gauge sector (adds one extra neutral gauge boson), fermion(adds
one new right-handed heavy neutrino per generation) and scalar sector(adds one new
neutral complex Higgs, singlet under SM gauge group, has only B-L charge to break
the B-L symmetry).

B-L symmetry breaking takes place at the TeV or even higher energy scale and gives
masses to new gauge boson and right handed neutrino.

The Quantum consistency(anomaly cancellation) of the theory is satisfied by extend-
ing the fermion content with the right handed neutrino (singlet under SM group) for
each generation.

This simple extention of SM satisfy the phenomenological requirement of having a
renormalisable theory that provides a mechanism for giving mass to light Neutrinos
as well as a good candidate for Dark matter in the form of heavy Right-handed Neu-
trinos. Apart from this, it is important to notice that B — L symmetry breaking
takes place at the TeV energy scale or even higher energy scale and leave the open
possibility of being part of the Grand Unified Theories and giving rise to new and

interesting TeV scale phenomenology.

1.0.2 Left-Right Symmetric Models

Left-right symmetric model(LRSM) provide an interesting extension of the standard
model(SM). Left-right symmetric models are extensions of the Standard Model (SM)
based on the gauge group SU(3)c x SU(2), x SU(2)gr x U(1)p_p. Parity is the
exact symmetry of this model and right-handed fermions are the SU(2)r doublets.
SU3)e x SU(2), x SU(2)r x U(1)p_1, x P is broken spontaneously to SM gauge
group SU(3)¢ x SU(2)r, x U(1)y by the non-zero VEV of vg.

This model consists the full quark-lepton symmetry of the weak interactions. LRSM
give the U(1) generator of the electroweak symmetry group a definite meaning in terms
of the B-L quantum number. Hypercharge Y, an assigned quantum number in the
SM model, is defined in LRSM with the combination Y = T3 g + (B — L)/2 , where
T3 g is the third component of the right-handed isospin. Finally, for appropriately
chosen Higgs fields (left and right Triplet Higgs fields and a Bidoublet Higgs field),
this model leads to a natural explanation of the smallness of neutrino masses, by

relating to the observed suppression of V + A currents. This model contains two W



bosons W;, and Wg and two neutral gauge bosons Z; and Z,. The W; and Z; are
those already discovered and contained in standard model. In the Fermion sector,
LRSM contains the usual SM quarks and charged leptons, along with three light
neutrino mass eigenstates v (k = 1,2,3) and three heavy neutrino mass eigenstates
Nk (k =1,2,3). Light neutrinos(v) mostly couple to the W (standard model’s gauge

boson), while the heavy neutrino(/Nx) mainly couple to Wg.



Chapter 2

B-L Model

2.1 Introduction

The conservation of lepton number and baryon number in Standard Model is acciden-
tal symmetry(global symmetry) at tree level only, not at loop level. Chiral anomalies
violate this conservation law such that the current associated with baryon and lepton

number has non-zero divergences:
Oud P = G, G 0. (2.1)

Here, G, is the electroweak field strength and J? = X¢y,q;,JF = Sliy,l; . We know
that B — L is the global symmetry of Standard model both at classical and quantum
level. In B — L model, this global symmetry is gauged to become local symmetry and

thus gauge group of the SM is extended to get a new model, B — L model.

2.2 Gauge Group and Representation
Gauge group of B — L model is:-
GB—L = SU(3>C X SU(Q)L X U(l)y X U(l)B_L (22)

The Lagrangian of B— L model is invariant under this gauge group. Some key features

of Minimal B — L’ model with respect to the standard model, are:-

e [t is minimal in gauge sector, adds one extra neutral gauge boson corresponding

to extra U(1)p_p part of the gauge group.
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e [t is minimal in fermion sector, adds one new right handed heavy neutrino
per generation, because the quantum consistency(anomaly cancellation) of the
theory is satisfied by extending the fermion content with the right handed neu-

trino(which is singlet under SM gauge group) for each generation.

e [t is also minimal in scalar sector, adds one new neutral complex higgs, which is
singlet under standard model gauge group and has only B — L charge to break
the B — L gauge symmetry.

e The B — L gauge symmetry breaking takes place the TeV scale or even higher

scale and gives masses to the new gauge boson and the right handed neutrinos.

2.3 Lagrangian
Total Lagrangian of this model is :-
Lp_=Lyym+Li+ Ly + Lg (2.3)

where Ly s is Yang-Mills part, Ly is fermionic part, Ly is Yukawa part and Lg is

scalar/Higgs part of the Lagrangian.

2.3.1 The Yang-mills sector

As in the Standard model, gauge fields are uniquely determined by the choice of the

gauge group and by the transformation in their adjoint representation.

1 AN 1 v 1 v 1 v
LYM == _Z(GMV)O((GM ) - ZWNVWM - ZFMVFM - ZFLVF,M (24)

where,
F,uu = auBV - azsz, F;“/ = auB,// — 8Z,BI:
GL, = 0,A; — 0, A, + gfaﬁwA5A37 (o, 8,7 =1,2...8)

Wi, = 0,A% — 0,A% + gf** AL A, (a,b,c=1.3)

pivs
here, B, and B, are gauge fields associated with U(1)y and U(1)p— . Aj are 8
gluons corresponding to SU(3) generators and A7 are 3 gauge bosons corresponding

to SU(2), generators.



2.3.2 Fermion Sector

Fermion sector is the same as in the standard model, except the addition of RH
neutrino vg (singlet under SM gauge group) for each generation of leptons. This
addition is essential for anomaly cancellation and preserving gauge invariance.The

covariant derivative is given by:-
Dy = 0, +ig, TGy, +igr® Wy +ig)Y B, +ig Y- 1B, (2.5)
And fermionic Lagrangian,
L = i@y Duqrr+itpy" Dyuer+idery" Duger+iler v Dol +i€kpy* Dyperr+ivipy" Duvir
(2.6)
Where charges of the fields are usual standard model ones plus the B — L charge,
such that, Yp_; = % for all quarks and Yp_;, = —1 for all leptons.

Representations of fermion fields:

11 21 11
ks : =(2,=-, = =(1.=. = dom = (1.—=. =
QUCLT’ S qkL (’673)’ UKR (73a3)7 kR (7 373)

1
Leptons :  lxp = (2, —5 —1), er=1(1,-1,-1), wgr=(1,0,-1)

2.3.3 Scalar Sector

The choice is essential to preserve the gauge invariance of the model. Here,the B — L

charge of the two scalar fields:-
YA, =0 ; YX,=+2
Then the most general and gauge invariant scalar Lagrangian is given by:-
Ls=D"H'D,H + D"\'D,x — V(H, ) (2.7)

With the scalar potential :-

PV HYH
V(H,X) = —m*HH = p?|x|* + (H'H |x]") | j P
5 A2 X
= —mPH'H — (x| + M(H H)? 4+ X x|* + \sHTH|x|? (2.8)

Here, all the parameters are taken positive and \’s are dimension-less and m and p

have mass dimension.



2.3.4 Yukawa Sector

In this model, we have two new types of Yukawa interactions involving right-handed

neutrinos. Yakawa part of the Lagrangian is given by:-

Ly = —yhaqriHdpe — yﬁ;CYngURk —y5lrjHepy — ?/;‘/kl_Ljf{VRk — yon (V°R)jVRRX + h.c.
(2.9)

Higgs particles Representation:
1
H:(2,§,O) o ox=(1,1,2)

One can check that every term in the Ly has zero charge under the whole gauge
group. In other words that Ly is constructed in a way that it is singlet under the
gauge group.

Here, notice that Yukawa interaction can generate both Dirac type and Majorana
type mass terms for the Right handed neutrinos, [Pruna 11], which is responsible
for the ‘see-saw mechanism’ for giving masses to the neutrinos such that 3 neutrinos
have light masses and other 3 neutrinos have heavy masses, will be discussed in next

section.

2.4 Spontaneous Symmetry Breaking SU(2);xU(1)y X
Ul)p_1

We generalise the SM discussion of spontaneous Electro-weak symmetry breaking(EWSB)
to the more complicated case represented by the potential of Eqn(2.8). To determine
the condition for V(H, x) to be bounded from below, the matrix in Eqn(2.8) has to

be positive-definite which gives the conditions :-
4N Ay — A3 >0, (2.10)
and,
)\17 Ao > 0. (211)

If the above conditions are satisfied, the choice of parameters is consistent with a
well- defined potential, hence we can proceed to the minimisation of V' as a function

of constant Vacuum Expectation Values (VEVs) for the two Higgs fields. Now, we

8



make the particular choice of gauge, since minimization is not affected by the gauge

choice :-
0 T

Where, v and = are real and non-negative. Now, when we put these VEVs in the
potential, Eqn(2.8), and take first derivative of V (v, z) with respect to v and z, we

get the set of differential equations :-

oV 22

%(v,x) = v(m2)\1v2 + 321; )=0 (2.13)
)\2 2

g—‘x/(v, r) = 2(pu?Xz® + STU) =0 (2.14)

The physically allowed solutions are for the case v, x > 0 :-

=2 T2 (2.15)
Aihg — 28
)\ 2 + A%mz
p= T e (2.16)
Mg — 25

4
The denominator is positive, Eqn(2.10), then numerator is forced to be positive or

non-negative too, since the VEVs(v, x) are real and non-negative.

2.5 See-saw Mechanism and Neutrino Masses

The minimal B — L model provides a nice solution to generate neutrino masses.The
presence of right-handed neutrinos and Majorana mass terms in the Yukawa La-
grangian (Eqn(2.9)) gives raise to the so-called ‘see-saw’ mechanism.

After the spontaneously broken of gauge Symmetry, we put the VEVs of the Higgs
fileds in Yukawa part of the Lagrangian, Eqn(2.9), we get the mass matrix for the

three Dirac and six Majorana mass eigenstates, [Pruna 11] :-

0 mp
M = (2.17)
m5 M,
Where mp and M, are respectively the Dirac and Majorana mass matrices, defined

by :-



v, M,, = V2yMz (2.18)

Once the hierarchy Ap << Ajp/(A is energy scale) is assumed to be true, the diago-
nalization of the mass matrix gives us the ‘see-saw’ results for the neutrinos masses.
After this diagonalization, we get three light Majorana neutrinos and three heavy
neutrinos, whose 3 x 3 mass matrces(M; and M}, respectively) are given by :-

U2

1
M, = mpM " "mL ~ —— (M) ()T — 2.19
1 =mpM~'myp, 2\/§y(y)(y)x (2.19)
My, ~ M, = V2yMz (2.20)

From these equation see the ‘See-saw’ effect in the sense that, the greater is M, the

smaller is M.

10



Chapter 3

Minimal Left-Right Symmetric
Model (MLRSM)

3.1 Introduction

Left-right symmetric model(LRSM) provide an interesting extension of the standard
model(SM). In this model, the parity is considered as exact symmetry of the La-
grangian and it is broken spontaneously when Higgs fields get non-zero VEV. This
model consists the full quark-lepton symmetry of the weak interactions and give the
U(1) generator of the electroweak symmetry group a definite meaning in terms of
the B-L quantum number. Finally, for appropriately chosen Higgs fields this model
leads to a natural explanation of the smallness of neutrino masses, by relating to the
observed suppression of V' + A currents.This model contains two W bosons W;, and
Wgr and two neutral gauge bosons Z; and Z,. The W and Z; are those already
discovered and contained in standard model. In the Fermion sector, LRSM contains
the usual quarks and charged leptons, along with the three light neutrino mass eigen-
states vi(k = 1,2,3) and three heavy neutrino mass eigenstates Ng(k = 1,2,3).
Light neutrinos(v,) mostly couple to the Wy (standard model’s gauge boson), while

the heavy neutrino(/Ng) mainly couple to Wg.
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3.2 (Gauge Group and Representation
The Lagrangian of LRSM is invariant under the gauge-group:-

G = SU(S)C X SU(2)L X SU(2)R X U(l)B_L

(3.1)

The representation of G is characterized by triplet(dc, dy, dg,Y"), where dy, dg denote

the dimension of SU(2), and SU(2)g, respectively and Y is the Hypercharge. Relation

between Electric charge and B — L hypercharge is given by:-

Y
Q:T3L+T3R+E

Here we have Y = B — L.

3.2.1 Fermion Doublet and Higgs Fields of MLRSM

1 1
Quarks :: Qr(3,2,1, 5)’ Qr(3,1,2, §>

Leptons :: ¥(1,2,1,—1),¥pg(1,1,2,—1)

) Y Y

And,

j Vj j Vj
J J g
wL— » YR T )= e uT
e.
(VAN 7/ R

Their antiparticles are given by:-
Ur=Cel  (1,2,1,1)

Ur, = yCetl : (1,1,2,1)

(3.2)

(3.5)

(3.6)

Where € = iy with 7’s are Pauli matrices and C' = i7?4° is the charge conjugation

matrix. Now we can obtain fermion bilinears which have net (B-L) quantum number

%EL@DAR or @Dgc_le ~ (27 L, 1) ®(27 1, 1) = (1’ L, 2) @(37 L, 2)
Yty or PRC'R ~ (1,2,1)Q)(1,2,1) = (1,1,2) D(1,3,2)

These bilinears will construct Majorana type mass terms in Yukawa part of the La-

grangian.

QEL@Z}R ~ (2v L, 1) ®(1’ 27 _1) = (27 27 0)

12



This bilinear will construct Dirac type mass terms in Yukawa part of the Lagrangian.
To make these fermionic bilinears singlet of our gauge group ‘G’, we introduce three

kind of Higgs Fields:-
$(2,2,0), Ar(3,1,2), Ag(1,3,2) (3.7)

with the representation as :-

+
L,R (5++ ¢0 ¢+
L,R . . 1 1
AL R — \0/5 6Z,R ) ¢ - _ 0
5L,R _W ¢2 gbﬂ

Electric Charges((Q) on the matrix components of the Higgs fields(Bidoublet, Left
and Right Triplet Higgs Fields) can found by:-

Y Y
Qs = [T3p + Tsr, @], Qna, = [T31+ ox Arl,  Qag = [Tsr+ ox Ap]
Under the gauge transformations, the Higgs Fields transformation is given as :-
¢ — UdUz', & — ULdUgz', Ap — UL ALUSY,  Ap — UgARUp' (3.8)
Where Uy g = e and UZ}; = gica’s"

So that ‘Covariant Derivatives’ are given by :-

L1 a 1 o

Du¢ = 8u¢ - Z(gLﬁTaWMLQS - 9R¢§TaWu,R) (39)
1 o1 1

D#AL = @LAL - ZéQIYAB,uAL - ZgL(iTaW#,LAL - ALﬁT&Wy,L) (310)
1 S S, 1 e

DNAR = aMAR — Z591YABMAR - ZgR(§TOAWN7RAR - AR§TaWM,R) (311)

Where Yy =0, YA = +2, and Yy = —1.

3.3 Largrangian Of MLRSM

We consider only the leptonic part of the Lagrangian(similart part will be for the
quarks), which will be necessary for the calculations for the Neutrino’s masses(’See-
saw Mechanism’) and calculations of Gauge Boson’s masses.

So, let’s consider only the SU(2). x SU(2)r x U(1)—_r, part of our gauge group 'G’:-
L=Lpr+ Ly + Lp (3.12)

13



With the kinetic part Fermions:-

1 R 1 T
L = W00 (Ou=i501Yr Bu—ign 5 7a (W) L) U 40" (0 =0 Ve Bu—ign s ma (W2 )
(3.13)

And Yukawa Part given as:-

Ly = =04 (fijd + fij0)Uh + hoc. = YT CimshE AL, + hee. — VR CimhE Aty + hec.
(3.14)

Bosonic and Scalar part:-

1 1
Lp = Tr|D AL *+Tr| Dy Ag|>+Tr|D,p > —~F F* —=

4 4(Guu)a(GW)a_v(¢a ALaAR)

(3.15)
Where « runs from 1 to 3, is a SU(2), g index and V' is the Higgs potential of ¢, Ay,

and Agr . Here, the notation is as follow:-

L R

And ¢ = m¢*m. We also have )¢ = (5529910 = ¢EC and ¢§ = ¢]C, where
C = 17*9° is the Charge Conjugation matrix(and here we have used the property of
this matric :- C7'y,C' = =) ).

3.3.1 Spontaneous symmetry breaking

Spontaneously broken gauge symmetry of the SU(2), x SU(2)g x U(1)p_y, is realized
by 'Vacuum Expectation values (VEVS)’ of the Higgs fields. SU(2), x SU(2)r %
U(1)p_r gauge group is broken to SU(2); x U(1)y due to non-zero vacuum expec-
tation value of Ag, and further, SU(2), x U(1)y is broken to U(1)g due to non-zero
VEVs of Ay and ¢ .

VEVs of Higgs fields are given by :-

1 0 0 1 ky 0
(Apgr) = —= ;{9 =—%
2 UL.R 0 \/§ 0 kﬁg
With the assumptions :-
lvg| << |k12] << |vg] (3.16)
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The minimization of Higgs potential leads to hierarchy between VEVs, vy and vy

, will be discussed explicitly in section(3.7) :-
v = y— (3.17)
VR

It is clear from this relation that If vg has very large value than V; will have very

small value same as above stated assumption in Eqn(3.16).

3.4 Yukawa Part of The Lagrangian And Neutrino
Masses

We put the VEVs of the Higgs Fields in the Yuawa part of the Lagrangian, Eqn(3.14),
then we will get the lepton masses in terms of Yukawa couplings and the VEVs of

Higgs fields :-

—Ly = U} (fi(0)+ fij (0)) kA h.c AU Cirahl (ALY +h.c A F Cimh N AR)Yh+h.c.

(3.18)
Now using the notation introduced in the section(3.2), we have:-
o 1 (ko0 -1 [k 0 Vh
—Ly =" er') | fij—= + fij—= | +he
’ \/§ 0 k2 ’ \/§ 0 ]{Zl 6‘171%
N | 1 {00 Vi
+(vg" eR") hi— | +he
1o )] “V2\u 0 el
P ~1 1 {00 vh
+(Vil ecLl) hﬁ— , + h.c.
1 0 V2 v, 0 e

After a little bit calculation, we get :-

—Ly = vi(mp)ijvh + %V_Ei(m[)ijyi + %V_]%Li(mR)ing% + & (m))ijeh +h.c.  (3.19)
Where, R

(mp)ij = W (mnr)ij = V20phf;

_ Jijha + f;jlﬁ

\/5 ) (mL)Z] = \/ilULhi[;‘

(m’p)ij

15



We need to take every parameter (f;;, ﬁj, h

L /
i hiz) real. We assume that mp and mp,

take values of the order of leptonic masses m;,

mp &= mp, & my

By the use of Eqn(3.16) we have:-
|(m)i;| << |(mp)i| << (M)l (3.20)
Furthermore, Considering Hermitian conjugate parts also, we get :-
Ly = ompN + Nmpv + vmpv + NmpN

In another form :-

_ myr Mmp 14

(Ly),n = (7 N) (3.21)

where
B VL+(VL)C B I/L—i-Vg. N — VR+<VR)C B VR—l—Vg

V2 v o V2 V2

After diagonalizing the mass matrix, we have the ‘See-saw’ result for each ij :-

2
MDij
] = |29 nd | = o (3.22)
MRij
With the eigenstates :-
Vaj ™~ Vj — 1iDij Nj,and Np; ~ N; + TDiy v, (3.23)

MRij MRij

Then the Eqn(3.20) can be re-written in these new mass-eigenstates as :-
Ly = V;ima,-jl/aj + ijmbiijj (324)

Here, each term is diagonal for the three generations; 7,7 = 1,2,3. Due to our
assumption in Eqn(3.16), vg is very heavy than vy, so the mass of RH neutrino(NV)
is heavy and LH neutrino(r) mass is small due to ‘See-saw’ suppression, as evident

from the Eqn(3.22), [Kokado 15].
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3.5 Masses of Charged Guage Boson

After the gauge symmetry is spontaneously broken due to VEVs of the Higgs fields
({(¢), (AR), (AR)), the trace part of the Bosonic Lagrangian(Lg) are as follow, [Kokado 15]

1
TrDALE = 5 (19 WP+ (915, — g WL)?) o2 (3.25)
1
Tr|D,Ag|* = 3 (lgaW,/%1> + (1B, — 9rW,ip)?) vi; (3.26)
1
Tr|D,g|* = 3 ((9LWip — grWir)?) (K + k3) + 2lkigi Wl — kagrW 5 |?
+ 2lkogL W, — klgRW:RF (3.27)
Where WiR = —(leFi/VgQ)L’R.
Calculation:

From the use of covariant derivatives as given in Eqns(3.9,3.10,3.11) and putting the

higgs VEVs, we get :-

P N P
LR) = = ) = =
\/5 UL,R 0 \/§ 0 k‘g

In the bosonic part of the Lagrangian we get,

(Lmass)AR = tT’D/LARP

W3 W+ Wd W+

1 0 0 Wi  Wa 0 0 0 0 Wi  Wa

= —tr |1 B, + gr 2 v _ 2 VI
2 ve 0 Wi Wi ve 0 ve 0 Wi Wi

R V2 2 R R V2 2

After doing the further calculation for the diagonal terms and leaving the off-diagonal

terms(as they are not needed in trace calculation), we get :-

g2 v2 |W+ ‘2
PRV R (-
mass)ArR T 9 () G203 |W 2401 Bu—grW? )03
-
1
= 5 (GrlW, sl + (91By — 9rWir)*) v (3.28)

By similar kind of calculations, for Ay and ¢ we get:-

(GLIW, LI + (1B — 9 Wi 1)?) vi (3.29)

N | —

(Lmass)a, = tr|DuAL* =

17



And,

(Lma88)¢ = tr’Du¢‘2

1
=1 [llﬁgLWm — k?2ng+R| + |kszWML — klgRW+ | }
1

(W — gn W R34 13) (330

Now, collecting the mass terms corresponding to the charged bosons(W; r and W: )

from equations(2.27,2.28,2.29) we get:-
1 2 2 1 + + 12
= §|9L L] UL+ |9R Rl UR+Z|klgLWuL_k29RW rl |k29LWuL_klgRW Rl

After squaring 3rd and 4th term and rearranging the all terms, we get :-

1 1 1
= gl (g2 + 303+ 052 ) + Wl (s + 50+ Rk

— éklengR[WILW;;R + W;RW/;L] (331)

In the matrix form (in W, — Wg basis ) this relation can be written nicely :-

2 4 L(k2 4+ K2 —1kk
M‘%Vi _% (vi + 5(ki 7)) 5R1R20L9R (3.32)

—skikagrgr  9E(vE 4 3(K] + K3))

Here, M7, is the squared mass matrix of the charged gauge bosons(flavor states). It

needs to be diagonalized to get mass eigenstates.

Now let’s introducing the mass eigenstates(W,, W)L r :-

Wi W= cosa  Sina
—U . U=

Wﬁ W'+ —sina  cosa

Putting this into equation(2.30), will turns out to be of the form :
= WM, + WP M, + (WIW' + W) (3.33)
Where,
My, = GLUY + GRrU3, — kikagrgrUnUsi, My = GLUL + GrUsy — kikagrgrUioUss
A =UnlUiGr + UnUnGr — %kleQLgR(UHUQI + UUny)
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Where U;;’s are the matrix components of U and G, = %g%vL 4gL(k:2 +k2) Gr =
1g3v + 19k (ki + k2). Now,due to fact that W and W' are the mass eigenstates, the

vanishing condition for the cross term is:-

1
A= UnUoGr 4+ Uy UG — §k1k2ngR(Ul2U21 + UggUn) =0.

1
= U11U12GL + UQlUQQGR = §]€1k2ngR(U12U21 + U22U11)

. . 1 .
= cosasinaGr, — sinacosaGr = §k1k2ngR(—szn2a + cos’a)

= tan(2a) = kikagrgr kikagrgr
GL—Gr  §(gfv] — ghvh) + (97 — gR) (k] + K3)

Because of the condition grv;, << grvgr and ki, ky << vg,

kika(91/9r) ~ _2/f1k’2€ ~ 2%

tan(2a) ~ — o~ o~
an( Oé) % I (k%Zkg) U%z
Where € = 2L we get :-
9R -
2= 122 << 1. (3.34)
€ vF,

So,we see that the mixing angle(W, — Wpg) is very small(In our MadGraph model file
J = 227.9 GeV ky = 92.5 GeV,and vy = 2543.2 GeV, so we get o ~ 3 x 1073 is
quite small). Finally, the charged gauge Boson masses(with approximation v, <<
ki, ko << vg , sina ~ o and cosa ~ 1 — 2 ) are from Eqn(3.33) :-

2
(K +ky) 1 o (R 4K

My, = gi =~ S9ikika(=) = 91— (3.35)
1 le) 1
Mgv, = §g2 ng‘le(z) 5912{1)]2{ (3.36)

So, the mass ratio of W and W’ :-

2 2 (1.2 2 2 2
M \" g (o) it k) g5 5 ith)
MW/ 9JRr 4UR 4UR

From this it is clear seen that mass of W boson is quite small with respect to W’

boson.

3.6 Masses of Neutral Gauge Bosons

Let’s collect the all the mass terms corresponding to neutral gauge bosons form
Eqns(3.28,3.29,3.30), we get :-
1

X'= - (B, — gLWE,L)%% + (918, — QRWE,L)%?% +

. (W2 = W78+ 1)

(3.37)
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Let us introduce mass eigenstates(A, Z, Z') :-

B A
wi | =T| z (3.38)
w3 7

Where T matrix,(a unitary matrix) is generally given by the three mixing angles :-

Clg —S12 0 C13 0 —S13 1 0 0
T=| s12 cp 0 0 1 0 0 co3 —Si3 (3.39)
0 0 1 S13 0 C13 0 513 Ca3

C12C13  —S12C23 — C12523513 S12523 — C12€23513
= S$12€13  C12C23 — S12523513  —C12523 — S12€23513
513 523C13 C23C13
From electromagnetic interaction term in fermionic part of the Lagrangian(Lpg), we
can get constraints, [Kokado 15] :-
tanbys = ﬂ, sinbis = @, gicost = 6—0, gr,sinf = 6—0, 0 =0, (3.40)
gr dr C13 C13

1 1 1 1

=t =t — (3.41)
2R 9 gk

e
By the use of equations(2.36) and (2.37), we get mass term(X’) in terms of the mass
eigenstates(A, Z, Z') -

1 1
X' = 5Z2M§ + 5Z’2M§, +pz7' (3.42)

Where,

k2 + k3

M3 = (1 Thag,15) %07 + (1 Tha — grTs2) 0% + (9T — grTs2)?,  (3.43)

ki + k3
: 2(grTos — grT33)%,  (3.44)

M%/ = (ngl?)fgLng)Z’U% + (1 T3 — gRT33)2012q +

And the cross term g is :-

1= (1T12—g,755) (1 T13— g, 135 )07 + (91112 — grT32) (01 T13 — grT33)v7,

k2 + k32

(9. T2 — grT32)(grTos — grTs3) 1
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Since the mass term must be diagonal in mass eigenstates, from this cross term should
be zero, p = 0. From this vanishing condition of the cross term one can get the solution

to a3, [Kokado 15],

tanfay = —$ +0(5) (3.45)
Where, § = kijgkg << 1and l = /g% + gic®. Then, the Z boson mass is given by
R
Eq.[3.43] :-
ki + k3

M% = v%(gls Co3 + 1823)2 + (gLC Co3 — l523)2, (346)

After substituting the solution in Eq.[3.45] into the first bracket of v% term, we get :-

1
U%(gls Co3 + 1 823)2 = U2Rc§3(gls + ltan923)2 = v%c§3l20(52) ~ oy
R

. And From the second bracket term gives,

(grccas —1s93) = caz(gre—1tanh23) = coz(gre+gis—O(ls)) = cazn/ 92 + g7 — O(lca30)

Neglecting the O(d) term one can get the final result,

ki 4 k3
4

M3 = (97 + 97)c3s- (3.47)

In the same way One can get,

2 k2 4 |2 2
Mz, = c35(1+ %)2’0% + 33— 1— 2 (l — %) (3.48)
g15° 1
— My ~ l023(l + l—2)UR = gRrVR . (349)
Co3 C13

3.7 Higgs Sector of MLRSM

The Higgs field of the LRSM are :-
$(2,2,0), AL(3,1,2), Ag(1,3,2)

Where SU(2)r, SU2)g and B — L dimensions are given in the parentheses. In the
case of the Agr,the B — L has been chosen so as to realize the ‘seesaw mechanism’ for
explaining small left-handed Neutrino masses. A proper representation of the fields

is given by 2 X 2 matrices :-

L.R 5++ ¢0 ¢+
L,R 1 1
AL,R = V2 st ;0=
50 _JL,R ¢— 0
L,R V2 2 2
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Where a neutral field ¢° is written in terms of correctly normalized real and imaginary
components as ¢° = \%(&” + 1p%).

Now let’s discuss the form of the scalar field potential. The most general scalar
potential, which is invariant under the left-right symmetry(d;, <> 6z and ¢ <> ¢') of

the Higgs multiplets is given by :-
V(6. Ar, AL) = i Tr(810) —3[Tr(60") + Tr(910)] — [T (ALAL) + Tr(ArAR)]

FMITr(66N) + X ([Tr(deh] + [Tr(sto))
Fa[Tr(GoNTr(616)] + A (Tr(oe)Tr(d6") + Tr(sto)))
o ([Tr(ALADE + [Tr(ARAR) 2 )+ Tr(AL A Tr (AL AD+Tr(ARAR) Tr(ARAR)]
[ Tr (AL AN Tr(ARAL)] + pa[Tr(AL AL Tr(ALAL) + Tr(AL AN Tr(ARAR))]
tar (Tr(eo)[Tr(ALAL) + Tr(ArAR)] ) +aslTr (6 + Tr(o! OTr(ArAR)+Tr(ALA])
+as[Tr(pp' ALAL) + Tr(¢'0ARAR)] + AI[TT(¢ARGTAL) + Tr(¢TALdAR)]
+0[Tr(GARTAL) + Tr(¢TALOAR)] + B[Tr(9ArgAL) + Tr(¢' ALAL)
Here \;’s , pi’s ,a;’s (B;’s are dimensionless couplings and p;’s are the mass parame-
ters. All the parameters in the above Higgs potential are real due to CP invariance
of the potential. Because of the fact that the potential has minimum, the mass
parameters(u;’s) can be expressed in terms of \;’s , p;’s ,a;’s ,3;’s and Higgs VEVs as
follow :-

~ (05} Oégk?% N (6] Oégklk'g _
M%NU?z(?— Zk:E)’ M%NU%(EJFM . M3 R pivR (3.50)

As discussed in [Deshpande 91], the CP invariant potential and minimization condi-
tions on the potential impose a set of constraints on the model parameters. First
constraint is that the VEVs of Higgs bidoublet k; and ko must be real. Another
constraint emerge from two minimization conditions((,i—‘; = 0 and % = 0 ), which
leads to some very interesting relation between different VEVs. Insert in the Higgs
potential the VEVs of the Higgs Fields :-

1 0 0 1 ki 0

<AL7R> B ﬁ UL,R 0 | <¢> B E 0 kﬁg
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Which gives,
V(v vr, ki, ke) = —pd (K + k) — dpskiks — p3(0F + vg)
FA1 (k2 4 E3)? 4 (8Xg + 4Na) kK2 4 Aghr ko (KT + K3)
+p1(vL, + Ug) + pavivi;
+ [oa (k] + K3) + dooki ks + ask3] (v + v7)
+2 [Bikiks + Baki + B3k3) vivg
A kind of ‘See-saw relation’ between the VEVs can be found by simply computing
the UR% — UL% = 0, Which gives:-
Bok? 4 Bikiky + Bsks = (2p1 — p3)vLvg (3.51)

or,
k2 + k3
v = Y2 5 (3.52)
UR

Where,
_ Boki + Brkiks + B3k3

(201 — p3) (kT + k3)

First consider the case that §;’s and p;’s are order of unity(such that not too large

(3.53)

to preserve unitarity, and not too small to avoid fine tuning) implies that v ~ 1. As
we know the fact the light neutrinos masses (proportional to vy, via Yukawa coupling)
are bounded to be less than order of 1 eV, then using ‘VEVs Seesaw relation’ vg has to
be at least as large as order of 10® GeV. So, this case leads to the unobservably large
masses for the additional Gauge bosons and Higgs states(masses of the order of 108
GeV).Now, consider the second case,in which f;’s are fine-tuned to reduce 7 to about
10% and leads vy to be small enough, i.e, vz ~ order of 103> GeV. In this case, the ad-
ditional gauge bosons and new Higgs particles are become accessible at the LHC(see
the Mass Formulas in Appendix(B)). Now, The case in which, we want to avoid the
fine-tuning of the Higgs couplings by eliminating completely the 'Seesaw Relation Of
VEVs’ by setting ;’s parameters to zero.This may be a possible consequence of some
higher level exact symmetry(e.g. GUT or SUSY), which lies beyond the context of
the LRSM, [Deshpande 91]. The VEV seesaw relation with (5;’s=0) can be satisfied
by setting The VEV of the left-handed triplet, v, = 0. Now, Let’s summarize the

above discussion, the imposed constraints on the Higgs potential parameters and the
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Higgs VEVs are, [Roitgrund 14], [Deshpande 91]:-
1. The VEVs of Higgs bidoublet k; and ks are real.
2. The parameters (3;’s are set to zero.

3. The Left-triplet Higgs VEV vy, is set to zero.

The Higgs mass is then determined as follow :-

oV
06:00;

By using, first the minimization conditions of the potential and then the three above

bi=4;=0 = M} (3.54)

stated constraints, one can calculate the physical Higgs masses. The expressions for
the masses of Higgs in terms of free adjustable parameters, are given in the Ap-

pendix(B)(For the case of ki, ks << vg and vy, = 0).
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Chapter 4

Higgs Phenomenology Of MLRSM

4.1 Introduction

We will focus mainly to left handed and right handed triplet Higgs Fields because
their phenomenology is very interesting and amenable to the systematic study. They
have interesting experimental signatures for e.g. because they have B — L = 2, the
doubly charged triplet members can decay to two same sign leptons. It will be useful
at this point to review a few general features of their couplings to leptons and gauge
bosons. The fermion couplings of the triplet Higgs are given by the Yukawa part
Lagrangian(Eqn[3.14]) :-

Ly = iV} Crohl Apl + it Crah B Aph + hec.

Where the notation has same meaning as in Eqn(3.14). A discussion of the magnitude
and role of the Majorana Yukawa couplings h* is being discussed in section(3.4).
Mass spectrum of Higgs and dependence of masses of Higgs on the parameters of
the potential is also an essential part to figure out, before going towards the decays
of different Higgs via various channels. Production of the Doubly charged Higgs is
discussed in the next section at LHC(at 14 TeV E.O.M. energy).

4.2 Doubly Charged Higgs Phenomenology

Why First Doubly charged Higgs phenomenology? the reasons are as follow:-
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e We do not have any Doubly charge Higgs in other model such as SM, so it
phenomenological signature only for MLRSM.

e In decay processes such as, Doubly Charged Higgs decays to two like-sign lepton,

decay rates are as follow :-
L(0%F — lalr) ~ |hag|?
D(p* — Llp) ~ [ha, [* o< [my [
pp— 0410, —efeteme ~ ||t ~ (UmeUT)
Since we know the PMNS lepton mixing matrix(U), then we can estimate the

decay rates for such leptonic decay signatures from Doubly charged Higgs. This

is an interesting connection between collider physics and neutrino oscillations.

4.2.1 Production of 5?[ using Madgraph5/FeynRules2.3 at
14 TeV at LHC

There were 24 different processes/diagrams to generate 65" 4+ 0z~ out of the proton-

proton collision. Some sample Feynman Diagrams generated through MadGraphb are

as follow:-
q . q
A++ A++
q q Ak
q gt q AL+ q /A i+
) “""‘--r.___AE_ ) - ] A
q q q

Figure 4.1: Feynman Diagrams for Doubly Charged Higgs production
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Variation of Cross-section(In pb) with Doubly charged Higgs mass(In
GeV) :-

0.005 — . . . .
R
0.0045 } | Best fit with i T 7 + ST A i
0.004 | % ]
= 00035 | ‘, |
o
X 0.003 F . -
4+ ) L
f= 0.0025 t . |
T 0.002 | ]
o, .
2 0.0015 | |
b -n
0.001 | S |
0.0005 | |
0 | 1 1 | | 1
600 700 800 900 1000 1100 1200

Mg+ (GeV)

Figure 4.2: Cross-section(In Pb) Vs. Mass(In GeV) of Doubly Charged Higgs

Now let’s discuss the ‘Reaction Rate’ for this process (p + p — d57+d;).Reaction
rate is defined as number of scattering events per unit time(in collider experiments)

and given by the formula :-

(4.1)

Where ‘s’ stands for the square of center of mass energy(In our case /s = 14 TeV),
o(s) is the total scattering cross-section (in our case varying from 0.0005 pb to 0.005
pb, pb = picobarn = 10~2*cm?) and L is ‘Luminosity’ of the detector (LHC luminosity
in next run of LHC will be 100 fb=!/year).

Given all this information, For the process(p + p — 64" + 05~ ), the reaction rate

will be ‘50 to 500" event per year in the next run of the LHC at 14 TeV.
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4.2.2 Analytic Estimation of p + p — HY — 65,1 + 65~

Let us consider a process out of those 24 processes to generate 05" + 05~ from the

proton-proton collision.

q

: ﬂ++

Figure 4.3: A Feynman diagram for Doubly charged Higgs Production involing HY as

intermediate particle

4-momentum(q, ga) — (p1, p2) for this process.

Amplitude of this process :-

. _s/ gmg \ { .
M = - —2ipy — 4 4.2
v v (q2> ( Z2m ) u (ql) (Q1 + q2)2 _ m}%g( P01 LP2)UR ( )

w

Vertex(HY, 05% , 05~ ) can be simplified as follow :-

. . VR .gRM2
(—2ipy — 4ipy)vp— ~ i—
VR myy

(4.3)

Here we have used M;ii = 2(azk? + 4v}ps) and my ~ \/LingR to simplify the
R

vertex term. Now, the square of the amplitude can be written as :-

mamg 1 1
MP? ~ gt—4 0 ~tr{(v"qa, — mo) (Y q1, +m
| M| g m%/vm%(/' (g1 + )2 — ml212]24 (V" qop MICAH q)]
mamg 1 1
=g ~(q2.qn — m)

miymiy (¢ + q2)? — mi,)2 4
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In Center of Mass frame:- We have ¢ = (E,, ¢).q1 = (Ey, —¢) and p; = (E,, p),p2 =
(E,, —p). After putting these in the above expression, the square amplitude can be

written as :-
mzmd (B2 +|q)” — )
dmi,m3,,  (4EF —mi,)?

And the two-body Lorentz invariant phase space(LIPS) for our process is :-

|M]* =g (4.4)

LIPS = 71

8/ + m2

Then the Total Cross-section is:-

L Mp(Lips) ~ - (4.5)

UZS_E(? mgs

Similarly we get for o(pp — h — §5T057) ~ =.

ms
Further, if we can calculate all the 24 diagrams cross-sections then the sum-up effect

or the results will probably match the computational result which we got from curve

fitting of Cross-section Vs. Mass curve for Right-handed Doubly Charged Higgs :-

0.5782  2502.8 n 2.66781 x 10°

ms m32 m3

(4.6)

o(TotalCross — section) =

4.3 Mass Spectrum of Higgs Sector Of MLRSM

There are total 20 degree of freedom(6 degrees of freedom from each Higgs Triplet
and 8 degrees of freedom from Higgs Bi-doublet) of Higgs particle states in minimal
left-right symmetric model, Out of these 20 degrees of freedom 6 are absorbed in giving
masses to the 6 left and right handed gauge bosons, so there remains only 14 physical
degrees of freedom. The expressions are given in Appendix(B) for the masses of all
the physical states of Higgs. Here, we study the dependence of the Higgs masses on
the parameters of the Higgs potential(As given in section(3.7)).

Standard values of the parameters of Higgs potential as used in MadGraph5 model
file to create all the processes of MLRSM :-

M =0.118, A\ =02 A\3=-0234, M\ =0

P1 = 05, P2 = 005, pP3 = 1257p4 =0.125
p = 05, Qg = 05, g = 0.5
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LRSM symbols Symbols in Madgraph model files

Wi, W 2y, Z, w—+, w24, z, z2
h(SMHiggs), 67,05 h, hl++, hr++
07, 0% (HY,HY), 07, 04() h03,h2,h02, h+, hp2

P14, 1.3, Pdiff. = P3 — 2p1 rhol..4, alphal..3, rhodifference

Couplings e, 8,8, s

Table 4.1: The MLRSM parameters and their corresponding symbols in MadGraph
model file.

v =246 GeV, ky =227.91 GeV, ky =927 GeV, wvp=2543.2 GeV, v, =0

By varying these parameters, we study the variation of the Higgs masses and the
variation of the difference in different-2 Higgs Masses. The motivation of this analysis
is phenomenological for e.g. the decay mode 6; % — 67 W, is forbidden for the
standard values of the parameters as stated above, But this decay mode is possible
for the some range of the parameters(pgirr. = (p3s — 2p1) < 0.01) if we vary them,
[Gunion 89].

MadGraphb Notation and notation used in plotting these curves are given in

Table(4.1).
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Mass of Higgs Particles (GeV)

Mass of Higgs Particles (GeV)

i ' ' ' ' " Mass vs. ag for 69 -eeeieee- i

940 Mass vs. a3 for Jj —_—
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Figure 4.4: Dependence of Left-handed Triplet Higgs masses on asg
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Figure 4.6: Dependence of Leftt-handed triplet Higgs masses on p;
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Figure 4.8: Dependence of Rightt-handed triplet Higgs masses on py and ag

4.4 Decays Modes of Doubly and Singly Charged
Higgs Using Madgraph5

Here we have divided this section into two parts Discussions and Results.

4.4.1 Discussion

Coupling of the Ay, triplet Higgs bosons to W, are of phenomenological significance.
Let’s first consider vertices involving one A; member and two gauge bosons, these

are all proportional to vy (without of i factor):-

2
g-vr

6E+WEWE : —\/égzv,;, 52TWE_WE : g2UL, 5Z+WL_Zl : —m
w

(4.7)
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As discussed in [Gunion 89], we know that the potential couplings involving the pho-

ton are absent at the tree level, which is a common feature of extended Higgs sector.
SWoy=0, VZy=0. (4.8)

The second type of coupling in which we are interested are those in which one

Higgs couples with other higgs and a gauge boson :-

e trr— r _ g i - . g
STT6, Wy tg, 8YoTW, :E, SYSTW; :—ZE (4.9)

Furthermore, there are couplings involving three Higgs bosons. The §; 16,6,
coupling is proportional to (p; + p2)vr, and vanishes when v, = 0 is considered, still
6776, 6; two body on-shell mode is not possible at because of the fact that mass of
two 47 is more than mass of the 47, in our case and couplings of the 69 to 6} 47 or
6776, are not relevant for §2 decays due to mass argument. Now there remains just
couplings of the type, 52r’ih0h0, 52T’ih0H O etc., which are all proportional to vy, thus
are suppressed or zero in case of vy, = 0.

Now, let’s discuss about a straightforward estimation of vg , and k3 = ki + k3. By
this estimation a value is found for Dirac and Majorana type Yukawa couplings(f
and h respectively). The hierarchy between VEVs plays an important role in this

argument as given by :-

2 kﬁ2 2 /{52
UL=7k1+ 2 with _ Boki + Bikiks + B3k;

VR 7T 2 — ) (K + kD)

Where v will be the free parameters on which the quantities of our interest will depend.
We will use the mass formulas for Neutrinos and electron :-

(fiky + foko)?

, = 2hvy, —
mn v QhUR

(4.10)

Me = flkg + fgkl (411)

Due to the motivation that leptons(electron and LH neutrinos) masses are order of
dirac mass,m; ~ mp, we made assumptions - 1. ko/k; << 1; 2. f:=fi = fo;
3. the two terms in m, are more or less equal to m,. As we know from Eqn(3.35)
that my =~ %gl@ and experimental value of W boson mass ~ 80 GeV, this gives
us k ~ k, ~ 246 GeV. Another experimental input is m, = 0.5 MeV and lastly we

estimate m, ~ 1 eV(experimental), so in the following calculation both terms in m,,
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Y vr(In GeV) vr(In eV) h

1 1 x 108 4 x 10° 1x107¢
1071 3 x 107 1 x10° 4 %1076
1072 1 x 107 4 % 10* 1x107°
1074 1 x 106 4 % 10° 1x10*
106 1 x 10° 4 x 10? 1x1073
1078 1 x 10* 4 x 10! 1x 1072

Table 4.2: The values of some key parameters depending on ~y

expression can be taken of the order of 1 eV.

Now, Using the assumptions 1st and 2nd we get: fiky + foke = fiks + fok1 = fki(~
m.), which gives, f = m./k; ~ 3 x 107%. Furthermore, when we set the two terms
in m, ~ 1 eV, then the 3rd assumption makes possible to express all the unknowns

in terms of ky,m.,m, and y :-

vk
v, = mm +\/§%4\/§X 1074 GeV

e

mMe k+

V7 R Ay x 10° GeV

f=2hyA~ e A3 %1070
e

VR =
my

2
my = 2hog = 1€~ 3 % 102 GeV

v

The following table shows the values of vy,ug and h for some values of gamma :-
From the right handed gauge boson formula(my, ~ %ng), that vp set the mass
sale of RH gauge bosons. Direct experimental searches for these heavy extra gauge
bosons has resulted in lower bound of my, > 720 GeV, [Eidelman 04]. A second
lower bound was obtained by considering the K; — Kgr mass splitting, resulting
in My, > 1.6 TeV. These lower bound has been satisfied with the value of vy in
our above discussion.The value of v is small enough not to disturb the value of
Pew = Miy, [(Mgcosby)? = (k3 + 2v})/(k% + 4vf). It should be within one per-
cent of the unity, implying vy, < 14 GeV(this is our roughly estimated bound on vy ’s
value, its value is bounded from above from electroweak precision tests v, < 10 GeV),

[Deshpande 91], [Duka 00] and [Gunion 89].
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The limits listed in the Table(4.2) are important in examining the decays of the dif-

hM’s are as small as given by A" < 1 x 1074,

ferent Ay, scalar Higgs bosons. If all the
then widths for 67+ — ete™ and §7 — e*v,. and for many others are very small, and
any other open channel (e.g. 677 — WTWT if v, # 0) would dominate over these in-
teresting leptonic signatures, although we can check that the lifetimes(I" ~ 107 —107°
GeV) are short enough that these decays will be contained in the typical detectors.
Now, let’s consider these alternative possibilities for vy # 0 scenario. For e.g. con-
sider whether the following decays are kinematically allowed and if so which one will
dominate :-

1 6H S W

2. §H s W6

3. 5% = 6557

4 S o WIS

bt

R Fa e

e It is clear that 3rd and 4th are not possible due to fact that the total of masses
of the final states are more than mass of the initial state. The 2nd and 4th

modes are possible or not that depends on the value chosen for m 5F -

e In the range mg+ < 200 GeV allowed by pg;fs. limits (as shown in Figure 4.7),
Mgt — Mt < 80 GeV, the 2nd decay mode is not possible. Although, 1st
and 4th modes are possible once Met+ = \/§m§zr is larger than 2myy,. For
the 6,7 — W,/ W, mode, the coupling is of the order of g?v;, (as in Eqn[4.7]).
we if vy, # 0 and large(order of a few GeV) but less than maximum allowed
bound,then the W, TW;" mode will dominate the dilepton decay mode(d;+ —

etel).

e 4th decay mode 6; % — W W; 69 will be less significant compared to two body
mode due to the three body phase space. but it could be important if vy, is small
and its signature will be quite similar to two body mode when §? is appeared

approximately massless and invisible(coupling, 6,7 — W/ W §? : —2¢?).

e Notice though, in W W, decay mode the leptons need not to be of the same

generation, whereas, to the extent that h™ is almost diagonal in generation
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space, the directly produced leptons would tends to be from the same generation.

In the case of the §; we should consider the competing modes
§t— W, §F = Z2wFs, §F = Sw (4.12)

We can ignore the first mode of Eqn(4.12), since the third has a much larger cou-
pling(Eqn[4.7]), the same cubic dependence on my;+ and is always allowed when the
first is allowed. The second mode has the three body phase space, hence it is sup-
pressed compared to third mode. Note also that, the 7 — §W;" decay mode can
produce a final state same as to the mode §; — [*v;, since the 69 decays invisibly

and the W, can decay to [Tvp, [Gunion 89].

4.4.2 Results

0-04 1 T I ] |
oft wetet  ptpt and 77T

0.035 F .
%
@,
= 0.03 F .
T
+.
T ..
N 0.025 F .
+3
=
~

0.02 + .

0()15 1 1 1 | | 1 1
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Mji+ (GeV)
I.

Figure 4.9: Decay Width dependence on the mass of Higgs for the process ;7 + — [T T
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Figure no. | Process Value of adjusted parameters

4.2 pp— 0T 0 vp is adjusted to give the relevant My..
vy = 0,My,, . =100GeV

4.9 G =1t (l=ep,7) p1 is adjusted to give the relevant Mg+
vp = 2543.2GeV vy = 0,My, , . = 100 GeV/

4.10 Gt =1t (I=eu,1) pr is adjusted to give the relevant Mg+
vg = 2543.2GeV vy = 0,My, , = 100 GeV My, =
1600 GeV

4.11 ot = wihw/t pr is adjusted to give the relevant My+.
vp = 25432 GeV, My,,, = 100GeV
vy = (2GeV,5GeV,8GeV)If v, = 0 then,
D (ATT = WiW;i) =0

4.12 T =Mt (=6 p,7) p> is adjusted to give the relevant Mg+
vr = 2543.2GeV vy = 0,My, , . = 100GeV

4.13 T =TIt (I=e,u,1) p2 is adjusted to give the relevant My+.
vp = 2543.2GeV vy, = 0,My, , = 100GeV My, =
1600 GeV

4.14 o =1ty (l=eu,1) p1 is adjusted to give the relevant M(;zr.
vp = 2543.2GeV vy = 0,My, , . = 100 GeV

4.15 o =1y (l=epurT) pr is adjusted to give the relevant M.
vr = 2543.2GeV vy = 0,My, , = 100GeV My, =
1600 GeV

4.16 o =1y (l=epuT) ag s adjusted to give the relevant Mgy
vg = 2543.2GeV v = 0,My, . = 100 GeV

4.17 o =1ty (l=eu,1) p1 is adjusted to give the relevant M5E'
vp = 2543.2GeV vy = 0,My, , = 100GeV My, =
1600 GeV

Table 4.3: Adjusted values of parameters which were used in the validation processes

in MadGraph5-aMC@QNLO.
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Here, for the three decay modes(6; " — [T ;I = e, u, T) we consider same masses(100
GeV) of the three heavy Neutrinos(N, N, N;) corresponding to three lepton gener-

ations, that is why we get same decay width due to decay width formula:-

P63 o ) = M, (4.13)
L 87T 6z+ .

Where the Yukawa couplings are given in terms of the Neutrino’s mass by the expres-
R

sion, (hg)i; = \Z_UJR (as discussed in section 3.4). So if the mass of the right handed

neutrinos is same for all generations than the Yukawa couplings h™ are also same for

all the three generations.

| | S ofT s etet and pt pt —
10 ¢ R e
2
(O
.
T
+
+3
= 01t
s i
/
0.01 ! | ] | | | |

500 600 700 800 900 1000 1100 1200
My+s (GeV)

Figure 4.10: Decay Width dependence on the mass of Higgs for the process 67" —

[T [T with different Neutrino masses.

Here, for the decay modes(d; " — [T [T ; [ = e, u, ) we consider same masses(100

GeV) of the two heavy neutrinos(N,, N,,) corresponding to e*, 4" generation and 1600
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GeV mass of the third generation Neutrino(N,). Due to this fact we get same decay
width for the two modes(d;* — [T [T ;l = e, u) and large decay width(compared to
former two modes) for the mode(6;" — 7+ 7% ) since My, = 1600 GeV, is quite

large than My, = My, = 100 GeV.

| STF S5 WHWH for v, =8 GeV  ———
3 F 5; — WTWT for vp, =5 GV weemeeeees :
(5L+ — WHTWT for v, =2 GeV  —roeee-
= 25 ]
&
o2 :
=
T
= 1.5 } .
/]\
iq IS -
<
—
0.5 ]
0

400 500 600 700 800 900 1000 1100 1200 1300
A’fé‘f"f’ (Ge\'T)

Figure 4.11: Decay Width dependence on the mass of Higgs for the process Aft —
W+ W,

Here, We take three scenarios of non-zero VEV of left-handed triplet, v, =
(2 GeV,5 GeV,8 GeV') and get results as shown in Figure[4.11], for the decay width
of the mode(6;" — W, W; ). In the case of v, = 0, the direct couplings to two
gauge bosons vanish(because the Coupling is proportional to vy), therefore, we get

zero decay width for this mode. The analytic formula of decay rate for this decay
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mode is given by, [Melfo 12] :-

4,2 2\ 3 2
L+ > wrw+) = 2L (1 - 4mW> {2 (ot 1)2} (4.14)

0.027 | ﬁ§+—ﬁﬁe+,wﬂﬁﬁmdr+f*

0.026 | -
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Figure 4.12: Decay Width dependence on the mass of Higgs for the process AL" —

[T I with same Right-handed Neutrino masses.

Here also, for the three decay modes(d;" — [T I™; I = e, u, 7) we consider same
masses(100 GeV) of the three heavy Neutrinos(N, N,, N;) corresponding to three
lepton generations, that is why we get same decay width because the coupling depends

on Neutrinos masses.
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Figure 4.13: Decay Width dependence on the mass of Higgs for the process 647 —
[T ™ with different Right-handed Neutrino masses.

Here also, for the decay modes(dht — T IT ; | = e,pu,7) we consider same
masses(100 GeV) of the two heavy neutrinos(N,, N,) corresponding to e*, u™ gen-
eration and 1600 GeV mass of the third generation Neutrino(/N,;). Due to this fact
we get same decay width for the two modes(d5;" — 1T 1T ;1 = e, ) and large decay
width(compared to former two modes) for the mode(6" — 77 77 ) since My, = 1600

GeV, is quite large than My, = My, = 100 GeV.
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Figure 4.14: Decay Width dependence on the mass of Higgs for the process 6; — T

v; with same Right-handed Neutrino masses.

Here, for the three decay modes(6; — 1T v; | = e,u,7) we consider same
masses(100 GeV) of the three heavy Neutrinos(Ne, N,, N;) corresponding to three
lepton generations, that is why we get same decay width due to decay width formula

because the coupling depends on Neutrinos masses.
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Figure 4.15: Decay Width dependence on the mass of Higgs for the process 6; — T

v, with different Right-handed Neutrino masses.

Here, for the decay modes(d; — I ;I = e, p) we consider same masses(100 GeV)
of the two heavy neutrinos(N, N,) corresponding to e*, u* generation and 1600 GeV
mass of the third generation Neutrino(/N;). Due to this fact we get same decay width
for the two modes(d; — I v; | = e, ) and large decay width(compared to former
two modes) for the mode(Af" — 7+ 77 ) since My, = 1600 GeV, is quite large than

]\4]\[6 = MNH = 100 GeV.
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Figure 4.16: Decay Width dependence on the mass of Higgs for the process 65 — [T

v; with same Right-handed Neutrino masses.

Here, for the three decay modes(df, — [T v; | =

e, i, 7) we consider same

masses(100 GeV) of the three heavy Neutrinos(Ne, N,, N;) corresponding to three

lepton generations and we get different-2 decay rates for different-2 generations.
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Figure 4.17: Decay Width dependence on the mass of Higgs for the process 65 — [T

v, with different Right-handed Neutrino masses.

Here, for the decay modes(d}; — [T vy; | = e, ) we consider same masses(100 GeV)
of the two heavy neutrinos(N, N,) corresponding to e*, u* generation and 1600 GeV

mass of the third generation Neutrino(N;).
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Mp++ (In | Cross-section(In | Branching Ratios (B.R.) oxB.R.(In pb)
GeV) pb),o
1043.5 0.00003079 (a) 0.007753 (for | (2)2.387149 x 1077 (for
eet+utpt modes) efet 4+ ptpt  modes)
(b) 0.992247 (for 7+77) (b) 3.055129 x 10~ (for
)
911.13 0.0002871 (a) 0.007741 (for | (a)  2.222441 x 1076
etet+utut modes) (for etet4+uTu™ modes)
(b)0.992259 (for 77 771) (b)  2.2669396 x10~*(for
)
664.9 0.002287 (a) 0.007753 (for | (a) 1.773111 x 1075 (for
etet+utut modes) etet+utut modes)
(b) 0.992247 (for 7+77) (b)  2.260269  x10(for
)
428.23 0.00711 (a) 0.007754 (for | (a)5.513094 x 1075 (for
etet+utut  modes) etet+utut modes)
(b) 0.992246 (for 7771) (b)  7.054869  x10~3(for
)

Table 4.4: Cross — sectionx Brancing Ratios for 677 — eTe™

My, = My, = 100 GeV and My, = 1600 GeV.
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Chapter 5

Conclusion

We have seen through the study of the B — L model and Left-Right Symmetric Mod-
els(LRSM), that these models resovle the neutrino mass problem and smallness of the
left-handed neutrinos because of the ‘See-saw Mechanism* as discussed in section(2.4
and 3.4). Both of these models gives rise to interesting TeV scale Phenomenology
which includes extra gauge bosons(Z’, W’) and other Higgs fields searches at next
generation colliders and upgraded LHC(at 14 TeV). In LRSM, there are 14 physical
Higgs, these give rise to rich and interesting higgs phenomenology. In this project, we
study mainly the higgs phenomenology of LRSM. First, we studied the production of
the Right-handed Doubly charged Higgs at LHC at 14 TeV, which gave quite inter-
esting results about the dependence of the cross-section on the mass of the Doubly

Charged Higgs:-

__ 0.5782 2502.8 2.66781 x 106
olpp = 657057) = . - + o= (5.1)

Later, I studied the decays of Doubly charged Higgs into interesting decay modes of
two like-sign leptons(I* {*) and two charged gauge bosons(W* W) using MadGraph.
Further, we studied the singly charged Higgs decay into a lepton plus neutrino(l v;)
mode.The results have been plotted in section(4.4), which shows the dependence of
the decay width on the masses of Higgs. We have also studied the dependence of the
Higgs masses on the parameters of the Higgs potential in the section(4.3), which is a
important thing to explore before studying the decays of Higgs.

At last, I want to make some concluding remarks on the importance of Higgs Triplet

Fields phenomenology of MLRSM, [Melfo 12] :-
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e Probing the Flavor Structure : The Doubly Charged Higgs decaying to two
like-sign charged leptons probe the neutrino masses and mixings. The decay

rate is given by :-

me++

| (U*m, Uy 2

F (5++ lll ==
( - ]) 871'(1 +6m) vy,

(5.2)

This makes an interesting connection between the collider physics and the low
energy processes. If this were the only mode, then one could probe the Yukawa
flavor structure through the branching ratios to the different flavor modes. In
addition, the deacy modes of Singly Charged Higgs,0™ — [;; may also be

important to probe Yukawa flavor structure.

e Probing the Neutrino Mass Scale : The probing of flavor structure as
above gives the information about ratios of the neutrino masses and by using the
neutrino oscillations data one might get the absolute neutrino mass scale. There
is also a chance of directly measuring the scale at LHC. The other decay mode,

0Tt — WTW™ open up for non-zero vy,.

D=

i) = L (1 )

- 2
87Tm5++ m5++

{2 + (gi*?; - 1)2] (5.3)

If this channel is large enough, it would determine the vy. The critical value is
obtained for T'(6T+ — [;1;) = T(6™ — WHIWT), which give us v, = 107 to
1073.
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Appendix A

Notation and Adjustable
Parameters as used in FeynRules

and Madgraph

The input parameters of MLRSM and their symbols in the model file are collected in
Table A.1. The list of adjustable parameters in the model file is given in Table A.1.

We can also adjust other dependent parameters in the file,but the consistency must be
kept, e.g., we can set numerical value of My, instead of vg, but then the consistency
of the model require that vp = A]éVVVV? \/W The model file of FeynRules uses

the unitary gauge, so that all the Goldstone modes are omitted in the Feynman rules

calculations, [Duka 00].
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Category

LRSM symbols

FeynRules model symbols

Fermion
doublet(rotated-
unphysical)
Gauge boson
fields(rotated-
unphysical)

Particle

names(physical

states)

Particle masses

Decay widths

Mixing matrices
Quasi manifest ma-
trices

Mixing angles
Higgs VEVs

Higgs multiplets
Higgs  multiplets

field components

Qir, Qir, Lir, Lir, (L%)in, (L%)ir
(i=1,2,3)

Wir, Wir,B (i=1,2,3)

W.Z,A,g (SM Gauge bosons)
Wy, Zy (Extra SM gauge bosons)
u, ¢ t (Up type quarks)
d, s, b (Down type quarks)
e, i, 7T (Charged leptons)
Ve, Vu, V- (Light neutrinos)
N, N,, N, (Heavy neutrinos)

HY, HY HY HY(Neutral higgs scalars
A9 AY(Neutral higgs pseudoscalars
Hi" Hy (Singly

)

)

charged )

61%,65*(Doubly  charged Higgs)
)

)

Higgs
G9,GY(Neutral Goldstone bosons
G7,G%(Charged Goldstone bosons

MRelevantParticle

FRelevantParticle

CKM 771CKM
UL 7UR 7KL7KR

wtwv wb

stnbBy ,cosByy ,sin,cos&,sing,coso
k1,ka,vr,0R
60,81, AR

(1],27¢f2’5%,R’5iR752:i 751j%:i

o1

QL, QR, LL, LR, LCL, LCR

Wi, WRi, B

name:  uq)

dq)

ta (class name: 1)

u, ¢, t (class

d, s, b (class name:
e, mu,
NeL,NmL,NtL
NeH,NmH,NtH
(class N1)
H,HO1,H02,H03

A01,A02

HP1,HP2

HPPL,HPPR

G01,G02

GPL,GPR

name:

the letter M + Particle name

Either zero or the letter W 4 Par-
ticle name

CKML, CKMR, KL, KR

W1, WU, WD

sw,cw,sxi,cxi,sphi,cphi
k1,k2,nul.,nuR
BD,BDtilde,LT,RT
Phi01,Phi02,PhiP1,PhiP2,
HOL,HOR,HPL,HPR,HDPL . HDPR

Table A.1: The MLRSM parameters and their corresponding symbols in the Feyn-



Appendix B

Parameters,Masses and Mixing

Angles of MLRSM

The non-adjustable parameters of the model file(FeynRules/Madgraph model file) are
defined by the expressions given in this appendix. These expressions consist both ad-
justable and non-adjustable parameters which are listed in Table A.1, Here, for these
expressions, we considered the phenomenological motivated constraints and approxi-

mations ki, ks << vg and v, = 0, Expressions are as follow,[Duka 00], [Roitgrund 14]:-

27.2 2,2 2 2 3
9 gk 5 gURcos Oy . , k3 (cos20y )2
N ——— ~N———— M Angl 20 = —————
27 4eos20y, 22 cos20y iwing - Angle, sin2¢ 20%,c08* 0w
2k2 2,,2 2]{? k’
]\4V2V1 ~ 7 4+, M&VQ ~ 7 ;R, Mixing Angle,tan2é = — 12 2
VR
4]{?2]{72 2K1K2 0431)2 ]{32
M2y =2k (A + ot 2 20— M2, ~ — B
Hg + ( 1 kL (20 + \s) oM K2 )0 TTHET gp2

1
M?{g ~ 2,01?1122: Még ~ 5”}22(,03 —2p1)

1
Mio = ) Mio = évé(p:i - 201) )
1 1 1 k2
2 2 2 2 2 +,.2
MHli = ZO&gk’_ + §UR(p3 —2p1), MHli = ZO&g (k_ + QEUR) )
2 1 2 2 2 1 2 2
Mss = 5(043]L +vgr(ps — 201)), Mss = 5(043& + 4vppa),
2. .2 aq Oégl{?% 2, .2 (65) Oégk?lkg 2 2
MlN’UR(g—%%), NZNUR(7+M v M3~ P1UR

Where ki = \/k? £ k3 and \;,p; and «; are the couplings in the Higgs potential.
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