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Abstract

Neutrinos are ubiquitous in Nature as they are elusive. The flavor oscillation phe-
nomenon detected in solar and atmospheric neutrinos provided conclusive evidence that
neutrinos are massive. However, the origin and absolute masses of neutrinos are still
unknown, since the neutrino oscillation parameters provide only the difference of the
squared masses and the mixing angle between the different eigenstates. All experimen-
tal data point towards a spectrum where the neutrino masses are less than or of the
order of 1 eV. This is an intriguing fact because the highly acclaimed and almost ir-
refutable framework of elementary particle interactions called the Standard Model fails
to accommodate massive neutrinos. It is also revolutionary in the sense that these are

the first particle interactions that point towards physics beyond the Standard Model.

In this thesis work, I briefly review one of the simplest and most elegant ways of explain-
ing the observed smallness of neutrino masses; the see-saw mechanism. The fundamental
idea is to augment the Standard Model particle content with new heavy particles. The
see-saw mechanism provides a natural explanation of the tininess of neutrino masses in
the sense that the masses are generated at a scale A which is higher than the electroweak
scale and whose low-energy manifestation is through a set of effective higher dimension
(d > 4) operators suppressed by appropriate powers of A. After an introduction to the
fundamental concepts of neutrino masses in chapter 1, I elucidate in detail the theoreti-
cal framework of the three possible realizations of the see-saw mechanism, namely Types
I, IT and III throughout the chapters 2,3 and 4. Chapter 5 is a review of the various
possible multi-lepton signatures of the see-saw mechanisms at the Large Hadron Collider
(LHC) obtained from simulation studies. The concluding part consists of constructing
a model having an extra SU(2) scalar doublet added to the particle content of the Type
III see-saw picture and working out the various kinds of interactions possible in such a

scenario.
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Chapter 1

Introduction

The introduction of the ‘neutrino’ into the particle-zoo by Wolfgang Pauli in the year
1930 [1] was a stroke of serendipity. Since then, decades of experimental and theoretical
work of consummate elegance elevated the status of neutrino to an inseparable con-
stituent of the accepted quantum description of fundamental particles and forces; the
Standard Model of particle physics. Unlike other elementary fermions, the Standard
Model predicts a zero mass for neutrinos, or equivalently only the left-chiral component
is incorporated by the symmetries of the Standard Model. However, the discovery of
neutrino oscillations [2,3] provided conclusive evidence of the existence of a small (but
non-zero) neutrino mass. The origin of this small neutrino mass is still a mystery. An
appealing mechanism for explaining this tininess of neutrino mass is the so-called see-saw
mechanism, which can be realized in three possible ways. I discuss them sequentially in
the coming chapters, but before that I introduce the concepts essential to understanding

and appreciating the mechanism.

1.1 Dirac and Majorana masses

1.1.1 Dirac mass

The Dirac Lagrangian is given by
Lpirac = J(aj)(za - m)@[)(fb) (11)

In terms of chiral components, ¥ = 1y, + ¥ where

_ 17

v =LY = —

(8
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The above equation becomes
Lpirac = Wrid¢r + YgidYr) — m(Y gL + rPr) (1.2)
where I have made use of the properties of the chiral projection operators L and R
LR=0=RL, L? =1L, R*=R
The Dirac mass-term given by

Lhiae = —mYr¥r + Yryr) (1.3)

couples left and right-handed components of the Dirac field. In the framework of the
Standard Model, there are no right-handed components of neutrino thereby giving it the

status of a massless lepton.

1.1.2 Majorana mass

In the above discussion, it was assumed that ¢y and ¢ g are independent components.
The field equations obtained from the Lagrangian given by eqn. (1.2) under such con-

ditions are

idpr, = myr (1.4)
iPYr = mapr (1.5)

In the year 1937, Ettore Majorana showed [4] that it is possible to represent a massive
fermion field as a two-component spinor, by assuming that the right and left-handed
components 17, and ¥g are not independent. In fact, the two equations above are just

two different ways of writing the same equation for one independent field, say vy,.

Taking the Hermitian conjugate of eqn. (1.5) and multiplying on the right by +°, obtain
_iauiR’Y“ = m%

Now, taking the transpose of this equation and multiplying on the left by the charge
conjugation matrix C, we get

i0,Cp = mChy, (1.6)
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This is identical with eqn. (1.4) if we set

vr = ECP;, (1.7)

where ¢ is an arbitrary phase factor (] ¢ |>= 1). It can be eliminated by rephasing the
field vy, as
v — €0

Eqn. (1.7) gives the Majorana relation between ¢g and ¢, which is totally valid
because C@f is right-handed (can be shown directly by operating L on it). The Majorana
condition for the field v is

b =1 + g = br +COr =yC =y (1.8)

A fermion that has the above property is its own charge conjugate, or in other words,
its own antiparticle. Such a fermion must by default be electrically neutral, which can

also be explicitly shown as is done below.

G =yt = Oyy©
= —yTctycp!
—T . _
= ¢ ("), (since C19#C = —(+")7) (1.9)
= —1py"1), (using anticommutation of fermion fields)

=—jt=3"=0

A neutrino therefore has the possibility of being a Majorana fermion.

The full Majorana Lagrangian can be written as
17— . . Yol —

Latajorana = 5 |Brids + 0Eidv§ — m@Tvs + vrvf)| (1.10)
where the overall factor of % is introduced to avoid double counting as wg and 1)1, are
not independent (¢¢ = C@)

Using the property of the charge-conjugation operator
clyrC = —(v")" (1.11)
The Majorana mass-term may be written as

1
Lrass = §m¢ch¢L + h.c (1.12)

Majorana
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In the coming sections, I discuss in brief the attempt to generate neutrino mass in the

Standard Model and some properties of the Majorana neutrino mass matrix.

1.2 Neutrino mass in a minimal extension of the Standard

Model

1.2.1 Dirac neutrinos

Neutrino masses can be explained in the Standard Model by merely extending the lep-
tonic sector to include three right-handed neutrinos vog (o = e, i, 7). The symmetries
of the Standard Model do not restrict the number of these neutrinos but empirically
addition of atleast two right-handed neutrinos can explain the observed data from neu-
trino oscillations. These right-handed neutrinos are called sterile because they do not
take part in weak interactions (as well as strong and electromagnetic interactions like
all neutrino fields). Their only interaction is gravitational. They are singlets of SU(3)¢
® SU(2)r, and have weak-hypercharge, Y = 0. The Higgs-Lepton Yukawa Lagrangian

now becomes
Lup=—{ > YiLar®lhp+ > YLar®vg | +he (1.13)
a’B:e?/’L?T a“B:ehLL?T

where Y”¢ and Y”” are matrices of Yukawa couplings and

/ + _
LoL = (V,QL> ;o 0= <¢0> ;P =ind” (1.14)
EozL ¢

are the left-handed lepton doublets (Y = —1), the standard Higgs doublet (Y = +1)
and the transformed Higgs doublet (Y = —1) respectively. In the unitary gauge, the

Lagrangian given by eqn. (1.13) can be written after diagonalization as

h _
Ly =— (”+ﬂ(“’)) [zLY%R —|—ﬁY"1/R} +he

’U—f—h(ZL‘) L Ve
- ("% [ > vhlantant Y iTaEven

a:€7u77— a:€7u77—

(1.15)
+ h.c

where h(x) is the physical Higgs-field.
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Therefore, the neutrino masses are given by

v
Yo

\/i (04:671%7')

Me = (1.16)
The neutrino masses obtained in this way are proportional to the Higgs Vacuum-
Expectation-Value (VEV) v, similar to masses of charged leptons and quarks. There is
however no explanation for the smallness of the parameters y% that should account for

the small neutrino masses, relative to other constituents.

1.2.2 Majorana neutrinos

The Majorana mass term in eqn. (1.12) involves only the left-chiral field vz, which is
present in the Standard Model. So, one might be tempted to think that a Majorana
mass for the neutrino might be generated through the standard Higgs mechanism. But
such a term cannot be incorporated in the Standard Model because the product I/ECTZ/L

transforms under SU(2), ® U(1)y as
vECTu ~ (2,-1)®(2,-1) = (1,-2) & (3, -2) (1.17)

Thus, V%CTVL has Y = —2. Now, the Standard Model does not contain any weak isospin
triplet with Y = 2 which can be combined with V{CTVL to produce a term invariant
under the symmetries. So, a Majorana mass term cannot be accommodated in the Stan-
dard Model.

Working in the one generation picture, the lowest dimensional term which can be con-
structed with the Standard Model fields (respecting its symmetries) to generate a Ma-
jorana mass term is

L5 = %(L%TQQ)CT(QTTLL) + he (1.18)

where g is a dimensionless coupling constant and M is a constant with dimensions of
mass. The subscript 5 in the Lagrangian is due to the fact that it contains a product of

fields of mass dimension five. As a consequence of electroweak symmetry breaking

¢+ Symmetry i 0
<¢0> Breaking \/§ (’U + h(x)> (119)

L5 generates the mass term

1902 T

Emass = §WVL

Clvp + h.c (1.20)
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By comparison with eqn. (11), it is clear that (1.20) corresponds to a Majorana mass

term with mass

2
m = % (1.21)

The Lagrangian L5 is not acceptable in the framework of the Standard Model since
it contains a product of terms of mass dimension five, which is not renormalizable.
However, the Standard Model does not qualify as the final theory of everything, but is
considered as an effective low-energy theory. Hence, it is likely that there are effective
low-energy Lagrangian terms which respect the symmetries of the Standard Model, but

are non-renormalizable.

The important thing to note here is that the Majorana mass generated is proportional
to the ratio gv?/M. Since v is the scale of electroweak symmetry breaking, it sets the

scale of the Dirac fermion masses generated through the Higgs mechanism. Hence,
mi,

o (1.22)

m X

I will return to this relation when I discuss type I see-saw mechanism in chapter 2.

1.3 Majorana mass matrix

The one generation Majorana mass term is written as

1
Ly = §mV%CTVL + h.c (1.23)

Majorana

In the three generation picture, this mass term appears as a 3 x 3 matrix. Defining the

array of left-handed flavor neutrino fields

v = | (1.24)

Lyfes = v/ CT M v, + h.c

Majorana

(1.25)
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In general, the mass matrix M’ is a complex symmetric matrix since

Z VQILCTMC%VZ%L = - Z V,ﬁjiMoeﬁ(CT)TV&L
C!,ﬁ @ B
= > Vi MaClviy (1.26)
a?ﬁ
= Z VQLCTMéJaV/BL
a?ﬂ

The Lagrangian being a number, we can always set each of the terms to be equal to
its transpose. The negative sign in the first line is due to anticommutation property of
fermion fields and I have used the C = —C” in the second line. It is evident from eqns.
(1.26) that
L _ asL
Mys = Mg, (1.27)

thereby showing that M’ is symmetric. Diagonalizing this matrix with a transformation,

(VYT MV = M, Myj = my0; (1.28)
where
VL
v, =Ving =V | var (1.29)
V3L

The three-generation Majorana mass term thus becomes

1
[mass — in%:CTMnL + h.c

Majorana
13 . (1.30)
=3 Z mkaLCTVkL + h.c
k=1



Chapter 2

Type 1 see-saw mechanism

It is evident from the arguments made in the previous chapter that we need a different
model to explain the smallness of the neutrino masses. Such a model was proposed in
1979 by Murray Gell-Mann, Pierre Ramond and Richard Slansky working in the U.S.,
and independently by Tsutomu Yanagida of Tokyo University. This is the Type I see-
saw mechanism [5], whose idea is to introduce Majorana-type right-handed neutrinos
in the Standard Model with very heavy mass, possibly at a scale where the three forces
of the Standard Model unify. The Heisenberg Uncertainty Principle, which allows en-
ergy conservation to be violated on small time-intervals, allows a left-handed neutrino
to spontaneously convert into a heavy right-handed neutrino for a very brief moment
before reverting back to being a left-handed neutrino. This results in a very small ob-
served Majorana mass for the left-handed neutrino, the smallness being attributed to

the heaviness of the right-handed neutrino.

2.1 One generation Dirac-Majorana mass term

It is clear that the chiral fields v, and vgi are the building blocks of the neutrino La-
grangian. The chiral field vy, exists, because it is present in the Standard Model and en-
ters the charged-current weak interaction Lagrangian. However, it is not known whether
vg exits, but it is allowed by the Standard Model symmetries. If only vy exists, then
the neutrino Lagrangian can contain only the Majorana mass-term

rL

mass

1
= imLVgCTVL + h.c (2.1)
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and the neutrino is a Majorana particle. If vg also exists, the neutrino Lagrangian can
contain the Dirac mass-term
;CD

mass —

—mpVrvL + h.c (2.2)

In addition, the neutrino Lagrangian can also contain the Majorana mass-term for vy,
and the Majorana mass-term for vp.
ER

mass ~

1
§mRu£CTuR + h.c (2.3)
Thus it is possible to have the Dirac-Majorana neutrino mass term

LOAM = L s+ Lh s+ LE

mass mass mass mass

1 . 1 . (2.4)
= —mp(Vrvr + h.c) + §mL(uLCTVL + h.c) + QmR(VRCTVR + h.c)

This is a unique feature of neutrinos that they can have both the left and right-handed
Majorana terms; owing to their zero electric charge unlike the other fermions of the Stan-
dard Model. As already discussed in subsection 1.2.2, the Majorana mass-term is not
allowed by the Standard Model symmetries but the mass-term for vz does not have any
such issues. So, the Dirac-Majorana mass term in eqn. (2.4) with my = 0 is allowed in

the framework of the Standard Model, with the only addition of the right-chiral field vg.

Let us introduce the following column matrix of left-handed chiral fields

YLy _ vy
v () o)

Eqn. (2.4) can now be re-written as
mass

1
Lo §N{ C'MNy, + h.c (2.6)

with the symmetric mass matrix

M — (mL mD) (2.7)
mp MRp

For getting definite masses, this matrix needs to be diagonalized. This is achieved

through the unitary matrix
U=0p
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where O is an orthogonal 2 x 2 matrix and p is a diagonal metrix of phases

0_ cosf  sind ’ p— p1 0 (2.8)
—sinf cosf 0 po

The matrix O is chosen so as to diagonalize the mass-matrix in eqn. (2.7).

OTMO = <m/1 0 > (2.9)

/
0 my

where m) and m/, are the eigenvalues of the mass-matrix (taking mz, = 0 now)

[mR — \/m%—i—l—élmQD] (2.10)
1
mlh = 3 [mR +y/m% +4m%] (2.11)

When m2D > 0, then m/ is negative. The role of the matrix p is to change the sign of

| =

mh =

the first mass eigenvalue if m)} < 0 through

2,/
m 0
UTMU = pTOTMOp = (p e /) (2.12)
0 pymy
The real and positive eigenvalues are given by my = pimﬁc with p3 = 1, whereas p3 = —1

if mj <0 and p? =1if m} > 0.

The massive neutrino fields obtained post-diagonalization

Ny =Unp=U|"* (2.13)
L

when replaced in eqn. (2.6) yields

1 1
Coid =5 D mwinClur +he=—2 ) mimiu, (2.14)
k=1,2 k=1,2

where v, = v, + VEL. This implies that the massive neutrinos are Majorana particles.

Now coming to the case of our interest,

mp < Mg, mr =0 (2.15)
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From eqns. (2.10) and (2.11), we get
/ m2D / (2 16)
mi ~ — mo ~m .
1 mR’ 2 R
m) being negative, p? = —1 and so
m2
my ~ —2 Mo ~ Mg (2.17)
mp

This means that v is as heavy as mpg and v, is very light; its mass being suppressed by

the small ratio mp/mpg. This is the so-called Type I see-saw mechanism; the nomen-

clature being due to the fact that the heavy mass of vy (going down of one side of a

see-saw) is responsible for the lightness of 141 (going up of the other end).

From eqn. (2.5), we get the mixing relations
vy = Univig + Uneiar

c
v = Ui, + Uxrog,

The mixing matrix obtained in this case is
i1cosf sinf
U = . .
—isinf cos6

vy, =icos vy, + sinfveg,

So

Vg = —isinfvyy, + cosOuyp,
The mixing angle 6 can be obtained from the eigen-value equations as

2
tan(20) = 22

mpr
In type I see-saw, the mixing angle is very small (since mg >> mp), so that

: C
mi = —wy, oy =2 Vg

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

Thus, v1(light) is composed mainly of active vz, and v,(heavy) is composed mainly of

sterile vg.
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Table 1: Masses generated by type I see-saw mechanism.

Miight mp mp

0.1eV |1 Mev 10* GeV

0.1eV |1GeV 1010 GeV

0.1 eV | 100 Gev | 10 GeV

0.01 eV | 1 Mev 10° GeV

0.0l eV | 1 GeV 101 GeV

0.01 eV | 100 GeV | 10'5 GeV

Thus, the scale of mp should be very high, close to the grand unification order of

10 — 106 GeV for explaining the small neutrino masses.

2.2 Integrating out the heavy field

The type I see-saw mechanism can be thought of as a particular case of the general ef-
fective dimension-5 operator L5 discussed at the end of subsection 1.2.2. Let us consider
the Dirac-Majorana mass term given by eqn. (2.4) with my = 0.
1
LM = —mp(WRvr, + 7Eve) + 5ma(vRC v + vCrR) (2.25)
Above the electroweak symmetry breaking scale, the symmetries of the Standard Model

require that £P+tM be written as
~ — = 1
LM — v (oR®TLy, 4+ Ly dvg) + §mR(V£CT1/R + vrCrg) (2.26)

Below the electroweak symmetry breaking scale, the Dirac part of LPTM generates the

Dirac neutrino mass
4

yv
V2

If the mass mp is very heavy at Standard Model energies, the right-handed chiral field

mp =

(2.27)

vg can be integrated away by considering it in the static limit whereby the kinetic term

in the Euler-Lagrange equations of motion for vg can be neglected.

D+M D+M
oL (OEPN (2.28)
aVR 8(8#1/3)

This is equivalent to
yl/
mpg

vh ~ 2L ®C (2.29)
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Y =p =T
~—-=—¢ CL 2.30
VR MR L ( )
Substituting this in eqn. (2.26), we get
o LW T gt @ L) — (Tmet)e(@tnT] 2.31
= T3 mm (Lp72®)C(®" 72Lp) — (LLma®)C(PT 2Ly (2.31)
This coincides with the Lagrangian given by eqn. (1.8) if
V)2
9= —(y2) ; M =mp (2.32)
Using the relations in (2.24),
prm 1 m% T ot T *
£5 >~ *7R |:V1LC Vi + V1LCV1L] (233)

2m

This is a correct Majorana mass term for vy, whose mass is given by the see-saw formula

(2.17)

2.3 Generalizations

We can generalize the above picture to three-generation Dirac-Majorana neutrino mix-

ing. In this picture, in addition to the three known active left-handed neutrino fields

v, V:L 1., V., there can be arbitrarily many, Ny sterile neutrinos vsg (unprimed because

they do not participate in weak interactions). So, the most general mass term is the

Dirac-Majorana mass term

D+M D L R
‘Cm;l:s = E’mass + ‘Cmass + E’mass
with
1 /
L E T L
[«mass = 5 VOCLCTMQ,BV;J’L + h.c
a7ﬁ:e7u7‘r

1
,CR = 5 Z VZRCTMSIE/VS/R + h.C
s,8'=1,2,...,Ns

and the Dirac mass-term by

D _ ——asD
L ss = — g g UVsrM v, + h.c
s,8'=12,..., Ns a,8=e,u,7

(2.34)

(2.35)

(2.36)

(2.37)
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Defining
’ I/l
N; = ( é) (2.38)
VR
where
VICR
C
, Var
VeL
vy = | v, and  vE =] (2.39)
Vi
C
VN.R

are the arrays of active and sterile neutrino fields. The total Lagrangian can now be
written as

1 ’ !/
Lot — N TOTMPHM NG 4 h.e (2.40)

mass 2

where the N x N, (N =3 + N;) symmetric mass matrix is given by

(2.41)

T
MD+M _ (ML MD )

MP MR

Since M* and MP® are symmetric Majorana mass matrices, so MP+M is symmetric. To

diagonalize, we use the unitary transformation
(VT MPHMYVY = M (2.42)

In the type I see-saw picture or when the eigenvalues of M% are much larger than all

the elements of M P with M’ = 0, the matrix can be diagonalized in blocks with the

ansatz [6]
A (V10
VY =y = |7 (2.43)
0 7
0 o . : : : : :
where H = g with S’ = St is a unitary matrix and V is a diagonal matrix of

phases that fix the sign of the light neutrino mass eigenvalues generated after diagonal-

ization. The justification that such an ansatz is valid is explained in Appendix A.

The unitary matrix V} upto corrections of the order O[(M )"t MP] is

~ME MP - AMB PP MR N0 Vs
(2.44)

o (b%(MD)*[MRMRTJ*MD (M7 MP)f ) <v1 o)
v _
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The resulting masses for the three active and N, sterile neutrinos are given by
My ~ VI [=MP" (M) TMPWVL, Mieawy ~ Vil MRV, (2.45)

Similar to the discussion in eqn. (2.12), the signs of the masses are adjusted by V1 and V5.

It is to be noted that atleast two sterile neutrinos are to be added to explain the observed
data from neutrino oscillations. From eqn. (2.37), it is clear that MP is an N, x 3
rectangular matrix for the general case of adding N sterile neutrinos. Hence, the mass
relations (2.45) tell us that even if we add one sterile neutrino, we get a 3 x 3 light
neutrino mass-matrix. Let us consider this simple scenario of adding a single right-

handed neutrino vg. The 1 x 3 mass-matrix M can in general be written as

MD = (m1 mao m3> (2.46)
so that
1 m% mimsg  Mi1imsg
Miight ~ ——— | mam1  m3  mamg (2.47)
mpr

msmy 13y m%

which is visibly symmetric and on diagonalization becomes

00 0
Mt =10 0 0 (2.48)
00

(m} +m3 +m3)/mpg

Hence, we get only one massive neutrino. Through a similar process, it can be shown
that by adding two right-handed neutrinos v1g and o, there are two massive light

neutrinos on diagonalizing the mass matrix My;gp;.

From neutrino oscillation data, two kinds of mass-splitting Am3, and | Am3; | are
observed which implies that atleast two neutrinos should have non-zero masses. Hence,
it is clear from the above demonstration that we require an addition of atleast two

right-handed neutrinos for consistency with observed experimental data.
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2.4 Weak Interactions

2.4.1 Coupling to W bosons

Let us begin by investigating the leptonic part of the charged-current weak interaction

Lagrangian. The leptonic charged-current is given by
v = 2viye (2.49)

In the three-generation Dirac-Majorana mixing picture, this can be written in terms of

mass eigenstates as

iy =2y, (2.50)
where
ViL
y VoL
el
vi=|v,|=FKi| = | =Kino (2.51)
Vi '
UNL

where EIL = Vfﬁ pand U = VL”K 7 is a rectangular 3 x N rectangular matrix with
components
£ v
U= Y (ViDap(EDse k=12, N (2.52)
/3:e7l'L7T
U is not unitary because although UUT = 1, UTU # 1. In terms of the left-handed flavor
neutrino fields defined by vy = Uny, the leptonic weak charged current can be written

as
=200, =2 > Tarylyy (2.53)

a=¢e,[1,T

The mixing of active and sterile neutrinos is given by

N
Val = Z%ML (a=e,u,T) (2.54)
k=1
N
vip =Y (V0)swer (s =1,2,..,N) (2.55)
k=1

Equations (2.54) and (2.55) show that the active and sterile neutrino states are superpo-
sitions of the same massive neutrino fields and hence there can be oscillations between
the two. This can also be seen by noticing that the non-unitarity of the mixing matrix

U implies that the total probability of the active flavors is not conserved.
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2.4.2 Coupling to Z bosons

The leptonic weak-neutral current is given by

jg,L = TLVMVL
1 . (2.56)
= §V’Y“(1 L

which is of the V-A form. However, if v represents a Majorana field, then the vector
part of this current given by, y#v , vanishes by virtue of the Majorana condition as

shown in eqn. (1.9). Hence, the current can be written as

. 1_

i =57 (2.57)
Thus, Majorana neutrinos have a pure axial neutral current interaction, unlike Dirac
neutrinos. This difference raises the hope [7] of distinguishing Dirac and Majorana
neutrinos in neutral current reactions. Unfortunately, the relevant quantities in such

processes like scattering cross-sections, differ only by a term proportional to the neu-

trino mass, thereby making it almost impossible to make such a distinction.

In the type I see-saw picture, this neutral current can be written as

J%L = VIL’YMVIL
= D varar (2.58)
a=e€,[,T
= AL (K} KE)yn,
From eqn. (2.52), we get UTU=KTKY.
Now,
N; =Vinp
(e (Ve o ([ wign (2.59)
Vg ‘/c Vd Vheavy
So

K"K} = (K{) (v ) (2.60)

b
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In the type I see-saw picture, we can use eqn. (2.44) to write the weak-neutral current

as
. =nrPy'ng (2.61)
where
P=K/'KY
(1= VI MP MY MR M P Vi MPT(MET) =1V, (2.62)
V‘QJ[]\4R’1]\4'DV'1 VQTMR’lMDMDT (]\41‘?{)71‘/2

The interesting thing to note from eqn. (2.61) is that the neutrino current is not di-
agonal in the massive fields. So, the Flavor-Changing-Neutral-Currents (FCNC’s) are
not suppressed in the general Dirac-Majorana case unlike the Standard Model scenario
where they are suppressed by the Glashow—Iliopoulos—-Maiani (GIM) mechanism. So, it

is possible to have neutral-current transitions among different massive neutrinos.



Chapter 3

Type 11 see-saw mechanism

In the type I see-saw mechanism, an attempt to explain the smallness of neutrino masses
is made by adding right-handed neutrinos to the particle content of the Standard Model.
However, it is seen that the usual realization of such a mechanism requires the mass scale
mp of the right-handed neutrinos vz to be of the order of the GUT scale (10 — 106
GeV) and hence the possibility of direct tests of the type I see-saw mechanism seems

remote.

Another mechanism that attempts to explain the smallness of neutrino masses is the
type II see-saw mechanism [8] whose basic idea is to augment the scalar sector of the
Standard Model by including a colorless scalar field A that transforms as a triplet under
the SU(2);, gauge group with weak-hypercharge Y = 2. A Majorana neutrino mass
is generated when the neutral component of the Higgs triplet acquires a VEV and the
smallness of this mass is explained by the heavy nature of the triplet Higgs as well as

its suppressed VEV. This will be elaborated in the sections that follow.

19



Chapter 3. Type II see-saw 20

3.1 Yukawa couplings and the enlarged scalar sector

In the electroweak sector, the lepton fields and Higgs scalars have the following trans-

formation properties under SU(2)r, x U(1)y

]//
Lar = ol ~ (27 _1) a=elT

lor = €Ro iR, TR ~ (1, -2) (3.1)

- (5) ~an

Terms bilinear in the leptonic fields are given by

Larlly ~ (2,41) ® (1,-2) = (2, 1)
L9LL ~ (2,-1)®(2,—1) = (1,-2) ® (3, -2) (3.2)
(Stp~(1,-2)® (1,-2) = (1,-4)

The first kind of term can be multiplied with a standard Higgs doublet, whose transfor-
mation is given in eqn. (3.1), to produce a SU(2);, ® U(1), gauge-invariant term. This

is the normal Yukawa term that appears in the Standard Model.

However, the Standard Model may be enlarged by introducing additional scalars which
can form Yukawa couplings that respect the symmetries of the Model. Three types of
possibilities arise:

(1)Triplet : € ~ (3,+2)

(2)Singly charged singlet : HT ~ (1, +2)

(3)Doubly charged singlet : H* ~ (1, +4)

The first scenario of adding a Higgs triplet is of relevance to us. This idea of adding a
scalar triplet to the Standard Model was first mentioned in a work [9] by W. Konetschny
and W. Kummer in 1977. In their work, they showed that additional scalar triplets
ST,8T+ and a scalar triplet A = (AT A% AY%) permit Yukawa couplings, thereby
allowing lepton-flavor violating transitions like ;1 — ey and p — 3e. In a later work [10]
by G. B Gelmini and M. Roncadelli in 1981, the same idea of an additional scalar triplet
was used but the triplet was assigned a lepton number. A triplet VEV would break
lepton number spontaneously thus leading to a massless, weakly interacting Goldstone
boson called the Majoron. Since it would contribute unacceptably to the invisible decay-
width of the Z-boson, such a ‘triplet Majoron’ model has been disfavored by Z-factory
data.
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3.2 The model

Besides the usual Standard Model particle content, this model requires the existence of
aY =2, SU(2)r triplet €.

Given a
&
E=|& with Y=+2 (3.3)
&3
the 2 x 2 matrix representation of £ is
A-TE_ L[ B b (3.4)
V2 V2 g +is  -&

a

which transforms under SU(2) 1, as A = U(z) AUT (z), where U (z) = €@ and 1* = T
(a=1,2,3) are the generators of the weak isospin group SU(2)r. Using the Gell-Mann-

Nishijima relation Q = Is+ %, we can write A in terms of the electric charge eigenstates

as N ( 5+ \/§5++> _ <5+/\/§ o+t > 55)
V2 \V250  —gt 0 —5t/V2
where the electric charge eigenstates are defined by
5 = (- i)
V2 1 (3.6)
0t =&, &= 5(51 + i)
The triplet € in terms of the electric charge eigenstates is
(50 + 5++)/\/§
e= |5 —ovyva (3.7

5+

The electric charge assignments for the upper and lower component fields as given in
eqns. (3.1) and (3.5) are conventions and can be interchanged by taking YA = —2 and
Ys = —1, thereby causing an exchange of the upper and lower components of the fermion

weak doublets, without affecting the physical content.

The renormalizable, gauge-invariant Lagrangian representing the scalar sector is given
by [11]
L = (D,®) (D'®) + Tr(D,A) (DHA) — V(®, A) + Ly ukawa (3.8)
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where

/
Dy = 9, @ +igl" A3 +i% B, (3.9)
DA = 9,A +ig[T*A%, A] + ig' B, A (3.10)

(A, g) and (B, g') are SU(2),, and U(1)y gauge fields and couplings respectively. The
potential V(®,A) is given by

V(®,A) = — m ol + %@Tq})z + METr(ATA) + [(@TirAl®) + hud] o)

+ M (PTR)Tr(ATA) + Ao (Tr(ATA))? + A\3Tr(ATA)? + M PTAATD

Here Tr denotes trace over 2 x 2 matrices. Lyygrawa contains the Yukawa sector of the
Standard Model alongwith an added term which after spontaneous symmetry breaking
will lead to the desired Majorana mass terms for the neutrinos, without the requirement

of right-handed neutrino states. The term of interest is

Lywkavas = Y (YELL Clir? ALgy + h.c) (3.12)
P —

which can be written in terms of the triplet components as

Y,
Lyurawan = Y Yasrl Ol — %3 <V§LCT5+eﬁL + [;:LCT(swﬁL)
a,ﬂ:e,/,t,’r (3-]—3)

— Yogll CT6% 0y, + hec

The potential given by eqn. (3.11) exhausts all possible renormalizable, gauge-invariant
operators. For. eg. a term of the type \s®TATA® is legitimate, but it can actu-
ally be projected on the operators with coefficients A1 and A4 by means of the identity
PTATAD + PTAAT® = &TOTr(ATA). This is valid because A is a traceless 2 x 2 matrix.
We need only to redefine A; and Ay as Ay + A5 — A1, Ay — A5 = A4. Thus, the potential
depends on five independent dimensionless couplings A and \;, (i = 1,...,4) and three
mass parameters m%, Mi and p. Throughout the discussion to follow, these parameters

are assumed to be real. V depends on five complex or equivalently ten real scalar fields.

Assuming that spontaneous electroweak symmetry breaking takes place at some electri-

cally neutral point in the field space and denoting the corresponding VEV’s by

0 0 0
(A) = <vt/\/§ 0) and (D) = (Ud/ ﬂ) (3.14)
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the following conditions are obtained after minimization of the potential

Mi _ 2/w3 —V2(M\1 + /\4)1)31115 —2v/2(Xg + A3)v}
2\/§’Ut

(3.15)

v AL+ A
my = % — V2 + (1—;4)213 (3.16)

Since we are interested in a heavy Higgs triplet, Mi > vﬁ /2 or vy < vg, so all terms

proportional to A1, Ao, A3 and A4 are neglected.

Thus,

2
HUg

M3 =

2 V2u,

After symmetry breaking, the term given by eqn. (3.12) becomes

Ly ukawa,A = Z Yayﬁ (VEL EZ:L) ct (Ut/\/5 0) (V,BL> + h.c

o merpi,r 0 0/ \lgs

(3.17)

(V
a?B:€7M7T

1
= 5 Z MgﬁygLCTVﬁL + h.c
a’ﬁ:e7u77—

where the Majorana neutrino mass-matrix is given by
Ys = V2V 0 (3.19)

The current upper bounds on neutrino masses (~ 1071Y GeV) obtained from cosmolog-
ical and oscillation data severely constrains the values of Y* and v;. A graph depicting
this is shown below for M”=0.1 eV and M*¥=0.01 eV.

Figure 1 Variation of Y” with v; for fixed neutrino mass (logarithmic scale)

0
- _5
——— [¥=0.1 eV

o T 4
k=) m—— \*=0.01 eV

_15

=20 \ .

215 =10 -5 0
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Using eqn. (3.17), an alternate expression for the neutrino masses can be obtained as

2

v v Mg
=Yyl (3.20)

af af A [i

This is the key relation for the type-II scenario. The smallness of the neutrino masses

can be explained by taking heavy Higgs triplets such that Ma is large.

Table 2: Order of magnitudes of Y, v; and u for different values of M* and MAa.

MV (eV) | Y?(GeV) | v(GeV) | u (for Mo ~ v4=246 GeV) | u (for Ma ~ 106 GeV)
~0.1 ~107% | ~107° ~107° ~ 102
~0.1 0(1) ~ 10710 ~ 10710 ~ 108
~0.1 ~ 1071 ~4.6 ~4.6 ~ 1028
~0.01 ~107% | ~ 107 ~ 1076 ~ 1022
~0.01 0(1) ~ 1071 ~ 1071 ~ 10%
~0.01 ~ 10712 ~ 4.6 ~ 4.6 ~ 1028

From the table, it is visible that for large values of the Yukawa couplings O(1), v; is of
the order of neutrino masses. On the other hand, if Y”’s are of the order of electron
couplings, then also v; = 1072 MeV. Even with v;=4.6 Gev or the upper bound set by
electroweak precision measurements (see section 3.4), Y” ~ 10~!'. Thus, the Yukawa
couplings have to be very small to account for small neutrino masses. However, there
are six such matrix elements (Y is symmetric) and hence such an adjustment makes
the scenario more fine-tuned than the one in which we can tune a single quantity v;. If
we consider light Higgs triplets (Ma ~ v4), which are within the reach of LHC, then
w is of the order of v;. On the other hand, for heavy Higgs triplets, u which has the

dimensions of energy is quite large.

3.3 Charged Lepton couplings with the triplet

The charged lepton couplings with the triplet are given by

Yop (1 ~ist T s+
azﬂ: = (vILCTo by + €1, CT6 vaL ) + hec (3.21)
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and

> Yapll Cl6t ey + hec (3.22)

o,
The second coupling is of particular interest. In the physical particle spectrum, the
doubly charged component 577 is also a mass eigenstate. Representing this mass eigen-
state by H™T, we can clearly see that decays of the doubly charged scalar to same-sign
dileptons are possible

H** €§€§ (a, B=e,u,T) (3.23)

The decay width is given by

Smp++ | Yog |?
8T

D(H™ — 305) = (3.24)

where

S =1, a=p
=2, a#f

So, it is governed by the Yukawa coupling matrix-elements Y,3 which also appear in
the Majorana neutrino mass matrix via eqn. (3.19). Hence, experimental signatures of
decays into same-sign dileptons can serve as a probe of the Yukawa coupling structure.
Moreover, if my++ lies in the TeV region (within the reach of the LHC) and vy is
sufficiently small (< 0.1 MeV), then the dominant decay mode of H*¥ is into like-sign
dileptons. Assuming that type II see-saw is the dominant contributor to neutrino mass
and only the above mentioned decays are taken into account, the branching ratio can

be written as
S| Yas |?
BR(H™ = (303) = 5
a”p Z | Yaﬁ |2
. , 2 3.25
S [V;MNSdiag(mlym2€w17m36w2)V11MNS 5 329
«

Dok m%

where the neutrino mass matrix M is diagonalized as

Mag = [V;MNSdiag(mlamTewlam36w2)VIiMNS 3 (3:26)
(0]

where Vppsnys is the Pontecorvo-Maki-Nakagawa-Sakata neutrino mixing matrix and
1, o are Majorana phases. From the above expression, it is evident that the BR is
dependent only on neutrino parameters. Thus, doubly charged Higgs decays can prove
useful in getting an idea of the absolute masses of neutrinos as well as Majorana phases

which are difficult to obtain through neutrino oscillation data [12-15].
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The coupling to the singly-charged scalar field given by eqn. (3.21) likewise shows that
one has the possibility of decays

H* — (i (o, B=e,u,T) (3.27)

The coupling being proportional to the Yukawa matrix elements, there is again the
scope for probing the Yukawa flavor structure through experimental observation of such

decays.

3.4 Constraints from electroweak precision measurements

In this extension of the Standard Model, the Z and W gauge boson masses as calculated
from the kinetic part of the Lagrangian, (given by eqn. (3.8)) Lyinetic = (D, ®)T(DH®) +
Tr(D,A) (DFA), are

o gA(vi +407)

Mz = 4 cos? Oy (3:28)

92 (v3 + 207)

Mgy, = 1

(3.29)

In the Standard Model, the custodial symmetry ensures that the p parameter given by

2
_ W
p M?Z cos? Oy

modified p parameter is given by

is equal to unity at tree level. However, with the added Higgs triplet, the

_ 123 + 207

At 2 3.30
vg + 41)t2 ( )

and actually p < 1 at the tree-level. Since we are interested in the limit v; < vq we can

rewrite p as
2

pr1—2°E =14 6p (3.31)
Ya

2
where dp = —22—5 < 0. Also, for the correct electroweak scale, v = 1/1)3 + 2vt2 = 246
d
GeV. This puts a further constraint on v;. Thus, the model with extended scalar sector
will remain viable as far as the experimentally driven values of dp are compatible with

a negative number.

Using the experimental value of the p-parameter, we can put an upper bound on the
triplet VEV. After subtracting the Standard Model contributions to the p-parameter,
the value of p obtained is pg = 1.0008J_r8:886; This is obtained from a global fit including

the direct search limits on the standard Higgs boson. The value seems incompatible with
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dp <0 (6p=0.0001 > 0) and thus seems to exclude the Higgs Triplet Model. However,

at the 20 level, one obtains py = 1.000470 053] [16] which satisfies 6p < 0. Relaxing the

direct Higgs limit leads to py = 1.0008f8:88}g again consistent with dp < 0.

From the last two py values stated above, the values of x = v;/vy obtained from eqns.
(3.30) or (3.31) are ~ 0.0187 and ~ 0.01 respectively giving the upper bounds on v; to
be of the range 2.5-4.6 GeV.
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Type 111 see-saw mechanism

From the last two chapters, it is evident that an augmentation of the usual Standard
Model particle content is essential to explain the observed smallness of neutrino masses.
In this chapter, the third type of realization of the see-saw mechanism is discussed, which
has some similarities with the type I see-saw. Here also, the fermionic sector is expanded
but by adding SU(2), fermion triplets with Y = 0. The resulting mass matrix has a form
similar to the one obtained in the type I see-saw. However, this model has a distinct
advantage that the SU(2)y triplets have gauge interactions and hence comparatively
larger cross-sections, which offer test possibilities in a more comprehensive manner upto
the TeV range. The testability of all the three kinds of see-saw mechanisms form the

subject matter of Chapter 5.

4.1 The model

In the type III scenario [17], the Standard Model is enlarged by adding atleast two
fermionic triplets, ¥; which transform under SU(2);, ® U(1)y as: (3,0). Each triplet
is composed of three Weyl spinors which are taken to be left-handed in the present
discussion. In terms of Cartesian components, ¥; = (Ejl‘LaE?LaZ?L) and the 2 x 2

matrix representation of X; is

ol 1 i i =i
Sin= 5ET= 5 (Z}L +]z' 52, " 55, J (4.1)

which transforms under SU(2), @ U(L)y as > ;;, = U .y Ut where U = @1 a5
defined in section 3.2. The electric charges can again be determined using the Gell-

Mann-Nishijima relation, which in this picture becomes ) = I3. Denoting the electric

28
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charge eigenstates by Z?, Zj and E;’, we can write the matrix representation of the
triplet as
20 V2 B
EjL = ( JL{\[ OJL ) (42)
%L _ZjL/\@
where
1 . _ 1 .
0, =33, oh= E(E}L —i%%), %= %(Z‘}L +i%?y) (4.3)

From here onwards, I will drop the generation index ‘j’ in the expressions for the triplet.

Using the property that

210 — 330
V2
—’yOC(ElL* — ZEQL*)
V2 (4.4)
—°C(Z} +ix3)*
V2
— _,YOCEZ*

+C _
X7 =

and likewise EZC = —’yOCEJLr*, the charge conjugate of the triplet can be written as
o [~rosyvE ey
_,.YOCZZ* ’)/OCE%*/\/i

(=2 e
A\ =0 -svE

(4.5)

This charge conjugate Eg represents right-handed fields which can be easily checked by
operating L = (1 —~°)/2 and using the following properties of the chirality projection

operators to see that it indeed vanishes.
I’ =+"R, RC=CR' and RL=0 (4.6)

The following two forms of the triplet are also written for convenience in writing the

interaction Lagrangian which will be discussed in the coming section.

- :<22/\/§ (zm—) — (ng/ﬁ =5 )

C _
e sl T s s o
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4.1.1 The Lagrangian

The renormalizable Lagrangian is given by [18]
L = Lsm + Linetic + Lm + Ly (4.8)

where Lg)s is the Standard Model Lagrangian and

Liinetic = Tr[SiPY ]
1 — _
Ly = —§Tr[2gMgEL + B MY (4.9)
Ly = —(fLﬁYETZE&) + é*fgﬂYgLL)

The term in the first line represents the kinetic term while that in the second line gives
the mass term for the triplet. The Yukawa interaction of the triplet with the modified
Higgs doublet, given by eqn. (1.14), is represented by the terms in the last line.

The covariant derivative is given by
DY = 0,51 +ig[l* A}, ¥y (4.10)

The term containing B, is absent because Y = 0 for the triplet 7. Now, I will write
the terms in the Lagrangian relevant for the charged lepton and neutrino mass matrices
in terms of the triplet components.
1 — _
Ly = —§TT[Z€MEZL + 3L MRS
1 —_ —_
= —5[(Z)° Mz + STOMyy; + 5, Myx)) (4.11)
+ (SO MERYC + 5, MES T + M)
The Yukawa interaction can be written as
Ly = —(LV2Yix¢d + dT50V2vs L)
— [ LYISC % — Vo VIS O 4 V2l YISO 4 0 VISICT) (4.12)
+(¢"200Yxw), — V2612V, + V2008 sk, + ¢t R0YsE) )]

The physical particles are charged Dirac fermions £’ and neutral Majorana fermions N’

(primes refer to weak interaction eigenstates throughout our discussion).
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Define £/ = ¥, + ZJLFC and N’ = %9 + 39 With our choice of left-handed triplets, the

following relations are easy to obtain

Ep,=%;, Ep=%x}¢ (4.13)
N =3%%  Np=x% (4.14)
From E}, = ZJLFC and using the relation C~'4#C = —4T for the charge conjugation op-

erator, we can write Ez = E}zc . A bunch of similar relations can now be easily written
which will come very handy when we express the expressions obtained in eqns. (4.13)

and (4.14) in terms of the physical fields.

For the charged Dirac fields E’

C -C C
Ef =%;% Ef=%f

Ep=%;, Fpr=xf¢ (4.15)

izcy L > lﬁg’ L

N/C — EO, N/C — E%C
Np,=%0 Np=x (4.16)

NP-5], WF-TF
Eqns. (4.11) and (4.12) in terms of physical fields can be written as

L o _
Ly = —5[(N’RM2N£ + E'rRMsE} + E/LCMEE}g) (4.17)
+ (N MEN, + BN M E + EE MEEL)

Using Ei}JCMgE}L.C = Eig%Min and Eif,%CM;E’LC = Ei’LMgE}%, the above equation can be

re-written as
1 — — N -
Ly = —i(Nj%MgNi + N} M3Ng) — (B, MsE} + B}, M3 E%) (4.18)

After spontaneous symmetry breaking,

0
@=(,7s)



Chapter 4. Type III see-saw 32

so that eqn. (4.12) in terms of physical fields becomes

[

V2

Using the Majorana nature of v/ and N’ and the properties of the charge conjugation
operator C, we can write Vi’LYETNI/% = N (Y and N ()€ = NpYsv) so that

the above equation can be re-written as

v

VYNG4 o, Y ER + 7

Ly = — [ NpYsv] + vE}%YgﬂlL] (4.19)

Ly = —0 [EYETE;% + E@yze;} - [,zygzvg + NE (Y e + NLYer) + Nngﬁuﬂ
(4.20)

Combining results from eqns. (4.18) and (4.19) with the Standard Model charged lepton-

v
2v/2

Higgs Yukawa interaction

Yi v

P DV v
[’SM,Yukawa = _(ELYVZJr \/EER +£R}/ZEEL) (421)

the terms can be arranged as charged leptonic and neutral leptonic (neutrino) mass

matrices
Lmass = EM + LY + ‘CSM,Yukawa (4 22)
= EC’Lepton + ['NLepton
where
— —[m¢ O ¢ — —\ [m) Yiv ¢
Lovepon =~ | (€ Ep) L (g B) (0 )R
Yov Ms) \E, 0 M) \E,
(4.23)
and
YT v
1 S 0 b i V’
ﬁNLepton = _5 |:(V£C N;%) Yeu V2 ( [;>
M (4.24)
S 0 5 ViC
+ (Vi N’L) Viu V2 ]
» M N/
NG b R

Here EIL and E’ are 3 x 1 column matrices and hence the mass matrices in eqns. (4.23)
and (4.24) are 6 x 6 matrices. Eqn. (4.23) shows that there is mixing between doublet
and triplet charged leptons in the type III scenario unlike the other two types of see-
saw. This mixing results in FCNC’s involving charged leptons at the tree level. Also,
as we will see in the next section, triplet leptons have gauge interactions which leads to

different phenomenology.
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4.2 Diagonalization of the mass matrices

For detailed investigations of the phenomenology of the type III see-saw mechanism,
one needs to understand the gauge interactions in the mass basis. This is achieved by
studying the mass matrices better and their diagonalization. The diagonalization is
achieved using unitary matrices UX% for charged lepton case and U° for the neutrino

case such that

My 0 mg. 0
URT UL — light ' (425)
Ysv My 0 Mpeavy
and
0 YETU v 0
v (L V2| Ut= <m“9ht ) (4.26)
% Ms; 0 mZeavy
where
vkt yLk v, uo
ULzR:< “ i Jana  pt=(m N (4.27)
Ugr Uggk Un, Unn

The weak and mass eigenstates are related as

£ R _ LR £ R ’ vy _poME (4.28)
E} r Err Ny, N

It should be noted that the individual 3 x 3 block matrices in the diagonalizing matrices
defined above are not unitary. In principle, the matrices Uy, g and U° can be expressed
in terms of Ys, my and My. For the see-saw mechanism to work, YsvMy, ! should be
small and hence one can expand UX® and U in powers of YsoMy, ! keeping track of
the leading order contributions. Since My is quite large, so it is reasonable to keep
expressions up to O(Y3v? Mg, %) in the basis where my and Ms, are already diagonalized.
Under this approximation, the following expressions [19] for the matrices are obtained

(worked out in Appendix B)

Ub=1—¢ Ul =YiMg'y, Uk =-Mg'Vsu, Ukp=1-F¢,
Uff =1, Uly=mY{Mg™, Uf=-Mg*Yomw, Ufp=1,
UVOV = (1 - 6/2)‘/YPMNS7 UBN = YETMilv/\/ia U]Q[V = _MXTlYEUBV,U/\/ia

Uy =1—€/2,  e=YIM2Ver?/2, ¢ = Mg 'YoY{Mg 0?/2

(4.29)

The light-neutrino mass matrix is given by

2
v _
Might ~ _EYXY;ME s, (4.30)
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whereas the heavy triplet neutrinos have masses of the order My. This expression is
similar to the one obtained in eqn. (2.45) for type I see-saw mechanism with Yyv play-
ing the role of M and My, mimicking the heavy M% of the type I picture. If we take
in general N heavy fermion triplets X;z, then in the final spectrum there are 3 light
neutrinos and N heavy neutrinos. This can be checked by looking at the dimensions of

the matrices constituting the light and heavy neutrino mass matrices respectively.

In the general formalism, My is an NV X N complex, symmetric matrix and Yy is an

N x 3 complex matrix, so that
mlight — _EYZT Mg'Ys,  mheewy ~ My (4.31)

are 3 x 3 and N x N matrices respectively.

Similar to the discussion that follows eqn. (2.45) in chapter 2, it can once again be
shown that for addition of only one fermion triplet, there is only one massive light neu-
trino which is insufficient to account for the two kinds of splittings Am3, and | Am%, |

observed in neutrino oscillations.

For the case of two added heavy fermion triplets, there are two non-zero eigenvalues for
the light neutrino mass matrix and thus atleast two heavy SU(2)y fermion triplets are

sufficient to explain the empirical data.

From eqn. (4.30), it is once again evident that for Y5, ~ O(1), the order of the triplet
mass, My should be 10 —10'6 GeV or the GUT scale. However, if the Yukawa couplings
are small, of the order of electron Yukawa couplings or smaller, then My can be of the

order of TeV and hence accessible to the LHC.



Chapter 4. Type III see-saw 35

4.3 Gauge Interactions

The kinetic term is given by eqn. (4.9). In terms of triplet components, it can be written

as
Liinctic = Tr(SpiDSy) = (X099 +isfgst +i5, %)
- g(fnggwj + NSO + g(f%yung; + XA
+ e(S 'S, Ay — STASTAL) 4 geosOw (S Zy — ST Z)
(4.32)

In terms of weak interaction eigenstates,

['kinetic = (ZWJNL + ZE*}?&-E}%’ + ZEflLaEi)
— g(NJELW + By NyWs ) + g(NpAES W, + ESA* Ny W)

+ e(BELA"E A, — ECAPES A,) + g cos by (BT AP EL 2, — BN ES Z,)
(4.33)

The above expression can be written in a neat fashion using the following relations which
follow from imposing the Majorana condition of N’ and general properties of the charge

conjugation operator C

Niy'Eif = —Epy"Np,  Efy"Nj, = —Ni7"E},
ECyES = —Ery"Ejy (4.34)
E'yME = Ei’L'y“E'L + Eig%'y“E}%

Eqn. (4.33) becomes

Ekinetic = (lNilLaNi + lE}zCaE;gC + ZET/&E&)
— g(E'Y"N'W, + NHE'WT) (4.35)
+ e(E'YWE'A,) + g cos bw (E'v*E' Z,,)

Apart from the kinds of gauge interactions that are visible from the above equation, we
need to incorporate the charged lepton gauge interactions of the Standard Model also,
because of the distinctive feature of doublet and triplet charged lepton mixing in this

model. The complete set of gauge interactions thus become

1. L, = e(FA"E +£41€)A,

2. Lz = [g cos Oy (E'y"E' +?’y“£l) — LAVt + %Z’y“EIL —i—E’y“E/R)] Z,

cos Oy

8. Lw = —g(E'y"N'W, + Ny E'W,F) — S (€, 4" Wy + vy e, W)
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4 Lingge = (VYN +VIGYLER) Bt (NpYew) + VIBRYsL, ) &

where h is the physical Higgs field.

In the mass eigenstate basis, the photon couplings to fermions are diagonal. This can
also be directly shown using the relations that arise from the unitarity of U%. The
couplings to the Z and W bosons are more complicated and explicit expressions of the

interaction terms can be found in [18].

To leading order in Ys;uMg ! (using the results in eqn. (4.29)), the interaction terms

involving heavy triplet leptons can be written in the mass eigen-state basis as

_9
2 cos Oy

(EViNA Pl + EViny' PLE) Z,,

Lz = gcosbw (EY'E)Z,, +
g

+ - < @

V2 cos Oy

Ly = —g(E’y“NW; -I—W’y”EWj)

g 7 - N
— E(WNE’)/“PLNWM + VZNN’Y‘“P[lWJ)

- Q(VZNV;MNSEVHPRVW; + VinViun sy PREW,)

v(VIiMNSVéN’YMPL — ViunsViny"Pr)N | Z,,

Litiggs = PV pnsVen My P + Vil s Vi PLMA )N

_9
2My
+ V2(ViNEMEI PR E + Vi EPLME"0) | h

(4.36)
_ YZTUME_I _ : diag diag
where Vy)y = — N Myw = gv/2 is the mass of the W-boson and M " My

are the eigen-mass matrices for N’ and E’ respectively. P, and Pg are the chirality
projection operators previously denoted by L and R respectively, written in a different
convention here to avoid confusion with the Standard Model lepton doublet which is

also denoted by L.

As already mentioned, the presence of these gauge interactions provides an advantage
over the other two realizations of see-saw, because of the strength of coupling being
governed by gauge couplings, contrary to Yukawa couplings in the type I and type II
scenario. From the above expressions, the allowed decay modes can also be figured out.

The electroweak production of the triplets at the LHC through proton-proton collisions

pp — EXN, EYE~
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will leave a bunch of multi-lepton final states followed by the triplet decays

E* vy, WEEZ 5
N —)gj:W:F/l/jZ/I/jh

Of these, decays into trilepton seem a promising channel [20] for the triplet lepton search.
In trilepton final states, one of the three leptons necessarily result from the decay of a

W or a Z boson, and hence its flavor is not related to the lepton triplet couplings.

In the study of these decays of E and N into Standard Model particles, the interaction
matrix Vyny plays an important role, as can be seen from the interaction Lagrangians
obtained in eqn. (4.36). So, knowledge about the structure and constraints on Vpy is
very crucial. These and many more essential points regarding the phenomenology of
the type III see-saw alongwith test possibilities at the LHC forms the subject matter of
Chapter 5.



Chapter 5

See-saw at the LHC: discovery
potential and model

discrimination

In the previous chapters, I discussed in detail about the theoretical framework of the
three realizations of the see-saw mechanisms. Although there are several features innate

to each of these mechanisms, the main ingredients can be summarized as

Type I see-saw: Singlet right-handed (RH) neutrinos, vr are introduced which trans-
form as (1,1, 0) under the SM gauge group SU(3)c ® SU(2)r, ® U(1)y. The vg’s do not

have SM gauge interactions. The light neutrino masses are given by m, ~ y2v?/Mg,

where v = 246 GeV, y, is the Yukawa coupling and Mp is the RH neutrino mass which
sets the scale, A of New-Physics (NP). For y, ~ O(1), Mg should be of the order
10™ — 106 GeV to reproduce the small neutrino masses of order eV or smaller. How-
ever, if the Yukawa couplings are of the order of electron Yukawa couplings or smaller,

then Mgk can be at the TeV scale.

Type II see-saw: Triplet Higgs representation A transforming under SU(3)c®SU(2)®

U(1)y as (1,3,2). Neutrino masses are given by m, ~ Y, vy, where v; is the VEV of the
neutral component of A. The doublet-triplet interaction term in the potential contains
a parameter u which after electro-weak symmetry breaking (EWSB) connects to vy as
Vg~ /“)(21 /Mi, where Ma is the mass of the triplet. Thus, the NP scale, A in this case
is M3 /u. Y, ~O(1) and g ~ Ma, then A ~ 10 —10% GeV. A TeV scale for M is

however possible for small Y, .

38
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Type III see-saw: Triplet lepton representations ¥y transforming under SU(3)c ®

SU2), ® U(1)y as (1,3,0) are introduced. The resulting mass matrix for neutrinos
has the same form as that in Type I see-saw, m, ~ v2Y22 /My, where Ys; is the triplet
Yukawa coupling and My, is the triplet mass. The NP scale in this case is replaced by

Ms,. A TeV scale for My, is once again possible.

In the absence of sufficient and credible experimental data, it is difficult to say which
if these mechanisms (if any) are correct. Hence, it is extremely essential to look for

positive signals in experiments that would validate these mechanisms.

5.1 Multi-lepton signals at the LHC

The Large Hadron Collider (LHC) at CERN has ushered in a new era of research in
physics by bringing to us the TeV energy scale. With the 2012 discovery of a possible
candidate for the Higgs boson by the ATLAS [21,22] and CMS [23,24] collaborations,
the LHC has stimulated hopes for discoveries of some fundamental new physics beyond

the Standard Model of elementary particle interactions.

However, the energy scale at which the LHC operates is much higher than the mass
scale of the neutrinos. So, it is not possible to directly test light neutrino masses. But
a feasible generic idea would be to produce the see-saw messengers (heavy degrees of
freedom) as predicted by the different models. If their masses are of the Terascale, then

they are accessible to the LHC and hence indirect signals of see-saw may be obtained.

In accelerator-based experiments, neutrinos in the final state are undetectable by the
detectors, leading to the so-called ‘missing-energy’ and thus missing lepton numbers
as well. It thus becomes essential to look for charged leptons in the final state. The
production of see-saw messengers and possible signals associated with them is a well-
researched subject. In the current discussion, I review the possibilities of discriminating
see-saw models by probing the multi-lepton signals obtained through detailed studies at

the level of fast simulations. This approach provides certain advantages

1. Multi-lepton signals may provide early discoveries at the LHC, which form the
logical point of interest because luminosities and energies of 300 fb~! and 15 TeV

will not be available in recent times (expected by 2023).
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2. Lepton signals are clean and most convenient for signal classification. Multi-lepton
signals have an advantage over dilepton signals (as will be obvious from the subse-
quent discussions) in the sense that dilepton signals serve as indicators for various
other processes like production of heavy singlet neutrinos N;, heavy N;’s with new

gauge interactions and so makes model-discrimination difficult.

It should be mentioned here that there are several other models like LR gauge-symmetric
theories that include new gauge bosons like Wx [25-28] and Z' [29,30], SO(10) SUSY
grand unification [31-33] and other SU(5) models, theories with extra dimensions etc.
which explain production of neutrino masses without the constraints that we will be
dealing with in the minimal see-saw models. In that way, they offer better opportunities
for discovery at the LHC. However, in the current review, a conservative approach is
taken in that we do not take into account such new interactions and rely on the minimal

see-saw mechanisms for positive signals.

5.2 Type I see-saw

The theory of the type I see-saw was discussed in Chapter 2. In this section, I will
focus on heavy neutrino interactions with the leptons of Standard Model, by taking into

consideration only the lightest of the heavy neutrinos, N.

5.3 Heavy neutrino interactions

The gauge interactions involving the heavy right-handed neutrino N are given by

Ly = —%(e’ﬂuugw,; + ULy, W) (5.1)
g - ’

Ly =——"—U~N"W' 7 5.2

d 2cos€WVLfY VLo (5:2)
1 — o —

Ly =——F—=W YN+ NYW])h (5.3)

V2

In terms of mass-eigenstates, these can be written (to leading order in Yv/my) as

g ") — * AT
Lw =~ (Vv By PLNW, + Viy N PLew ) (5.4)
Lr;=——F  (VinOYWPrN + Vi, Ny*P 7z 5.5
z 2cos0W( NV PLN + VyNAHPLv)Z, (5.5)
gmN _ *
Ly = (VenTPrN + Vi NPLv)h (5.6)

" 2My
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Vi represents the mixing between charged leptons ¢ and the heavy neutrino N.

Yinv

o (5.7)

Vin ~

Using the Majorana nature of N and v, we can write Ny*Prv = —vy*PrN so that the

neutral and scalar interactions can be rewritten as

9 G v
,CZ = 2COSQWV’Y (VgNPL V[NPR)NZM (58)
gmnN _ *
Lpg=— v(VenPr + V,NPrL)Nh 5.9
H \/§MW (ZN R {N L) ( )

The light neutrino masses m, are of the order Y2v2/2my and hence Vyn ~ \/g .
Even for my ~ 100 GeV, which is well within the reach of the LHC, V;y ~ 1075 to
reproduce m,, ~ 0.1 eV. It is quite evident from eqns. (5.4), (5.5) and (5.6) that the
gauge interactions are dependent on V5. In the cross-sections, the dependence appears
as | Von |>~ O(10712) which makes observation of heavy neutrino signals very difficult.
Apart from this model-dependent constraint, there are several other constraints imposed

on V;n by experiments. These can be categorized under

Electroweak precision measurements: These constraints are obtained from universality

tests, unitarity measurements of the CKM matrix and the invisible decay width of Z-

boson. The current experimental data [34] constrains the Vin (¢ = e, u, 7) values as
| Von [<0.0030, | Vv [2<0.0032, | Vin [2<0.0062 (5.10)

Non-observation of lepton-flavor violating (LFV) processes like i — ey, u — eete™ and
1 — e conversion in nuclei etc. also lead to certain constraints involving two charged

leptons. [35-37]
| VenViiy 1£0.0001, | VenVyiy [ 0.01, | VunViy [<0.01 (5.11)

Although these bounds are not as stringent as the earlier ones, the first one in the above
equation is important as it suggests that a heavy neutrino cannot have substantial mix-

ings with the electron and muon simultaneously.

Neutrinoless double-beta decay OvB3: In the OvBp process, the contribution of the

heavy neutrino N to the decay amplitude is described by the standard Majorana ex-

change between two 3-decaying neutrons.
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The best experimental lower bound on Ov33-decay half-life was obtained [38] for "Ge.
TY("Ge) > 1.9 x 10%yrs (5.12)
For the light-heavy neutrino case that we are dealing with, this translates into
o 1 -8 -1
| Ven |© — <5 x 107°GeV (5.13)
mn

This is a highly stringent constraint and makes the observation of like-sign dielectrons

unlikely.

5.4 See-saw I signals

The following partonic process is considered
qq = W* = (N (5.14)

for single heavy neutrino production. The cross-section depends both on my and the

small mixing V5. Partial widths for the decays of heavy Majorana singlets are

2 M2 M2 M4
T(N = CWH) =T(N = W) = L | Vo mN(l—TT)(”*—Qm )

641 M2 N mN N
g° 2m§’v M% M% MZ
(N >vZ)=—2 |V, —( ——)(1 ~Z_ )
( vZ) 647 cos? Oy, | Vew | M2 m3; + m3; miy
2 3 2,9
g 2 mN( Mh)
I'(N — vh |V -
(5.15)

For my < My, these two-body decays are not possible and N decays into three fermions
mediated by off-shell bosons (W=, W+ h). As can be seen from the above equations, the
branching fractions for individual final states are in the ratios | Ven [%:] Vun %] Van |
On the other hand, the total branching ratios for each of the four channels is inde-
pendent of Vyny and is determined only by my, My, Mz and Mj. As already stated,
production cross-sections are highly suppressed by the small mixings V;5 even for TeV
scale my. The decay products of the heavy neutrino are thus not very energetic and the
SM backgrounds must be taken into consideration in any analysis regarding detection

of heavy neutrino signals.

Among the possible final states suggested by the decay eqns. (5.15), only charged

current decays give final states that may be observed in principle. Single heavy neutrino
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production processes like
qq — Z* —vN, gg—h"—vN (5.16)

give ¢+ and ¢*¢~ final states which are unobservable due to the huge backgrounds. Pair

production of heavy neutrinos in
qq —Z*— NN (5.17)

are suppressed by | Vo |* and hence negligible. In the following, final states of different
lepton multiplicity are examined for the observation of a positive signal with possible
means for distinguishing from the other types of see-saw. These are the results of
simulation studies [39] with the heavy neutrino mass, my assumed to be ~ 100 GeV for

which cross-section are relatively large.

1. £%¢* final state: They are produced from the Lepton-Number-Violating (LNV)

decay of the heavy neutrino and subsequent hadronic W decay
q@ — N = (50'W—, W — ¢’ (5.18)

or leptonic W decay when the lepton is missed. The observation of these signals
are severely limited by SM background processes. For eg. processes having b
and/or b quarks in the final state like tfnj (n is the number of jets) with semi-
leptonic decay of the tf pair and Wbbnj with leptonic decay of W. Additional
like-sign p-leptons result from the decay of a b or b quark. Only a tiny fraction
of such decays produce isolated muons with sufficiently high transverse momenta,
pr. Both ttnj and Whbnj cross-sections are large and hence these backgrounds
are larger than those with two weak gauge bosons. Even with imposition of large
cuts in transverse momentum, these SM backgrounds are non-negligible. Thus,

heavy neutrino signals are very difficult to observe in this channel.

2. ¢ ¢* ¢7F final state: These signals are produced in charged current decay chan-

nels of the heavy neutrino, with subsequent leptonic decay of the W boson

(PN = 0r oWt = et oto

(5.19)
(TN — ("W = 0y

7 leptonic decays also have small additional contributions. This final state is much

cleaner than the like-sign dilepton one. However, getting a signature of new physics
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is very difficult even with modifications which indicate that heavy neutrino singlets

require dedicated searches, optimized for their detection.

5.5 Viewpoint

e Heavy neutrino signals are limited by the stringent constraints imposed on the

mixing parameters Vyn by precision measurements.

e For the heavy neutrino mass range which is accessible at the LHC, the SM back-
grounds are large and heavy neutrino production cross-sections are very small

thereby making these singlets really difficult to observe.
e The trilepton channel is somewhat better than the like-sign dilepton one.

e Heavy neutrino signals are characterized by low transverse momenta and by a
broad like-sign invariant mass distribution which does not have any peaks or long

tails. This makes the distinction from type II and type 111 see-saw signals possible.

e Scalar triplets (type IT) and fermion triplets (type III) have a lot of other final states
that are not endemic to heavy neutrino singlets and hence the discrimination is

easier is the event of a positive signal.

5.6 Type II see-saw

In chaper 3, the theory of the type II see-saw mechanism was explained thoroughly.
The charged lepton couplings with the scalar triplet with possible phenomenological
consequences were also discussed. In this discussion, I follow the same approach as earlier
“finding possibility of detection of heavy Higgs triplets through multi-lepton signals”.
Before proceeding towards that attempt, I elaborate the physical scalar spectrum of
the type II see-saw which in turn will validate the general assumptions that are made

throughout this review.

5.7 The physical Higgs spectrum

The physical scalar spectrum consists of 7 Higgs bosons designated by H+* H* H° A0

and hY. The physical states and their masses are given by
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1. Doubly charged Higgs: These are purely triplet states H** = §**. The mass is

given by
. md

m =
== \/§Ut 2

It is evident from Table 2 and section 3.4 of Chapter 3 that v; is much smaller

— A307 (5.20)

than vy to account for the small neutrino masses and also dp < 0. So, neglecting

the terms proportional to vZ, we get

2 2
m2.. ~ Ay

HE: — -
\/E’Ut 2

(5.21)

Moreover, in our discussion, we are looking for heavy Higgs triplets so that terms
proportional to A;’s (i=1,2,3,4) are neglected. These are the two assumptions made

in the current analysis. Under these assumptions

2
’I?”L2 =~ Ko
HEttf —
ﬂ’l)t

= MZ  (eqn. (3.17)) (5.22)

2. Singly charged Higgs: These are a mixture of doublet and triplet states. The

physical states are given by

ﬁvt Ud 5t

\/ V3 + 207 \/v3 4 207 (5.23)

~ eﬁdi, for v << vy

Hi:—ﬁg (bi-i-Eﬁ

where €5 = £1 is an overall sign-factor. Thus, H * is mainly constituted by the

triplet Higgs component. The mass is given by

2 2

2 2
v v Aqv v
me . = \%d (1+2%) - 2424 (14 2%)
5 d d (5.24)
HUg
~ — for v << Vg, A =0

B \/ivt’

From eqns. (5.22) and (5.24), it can be seen that the doubly and singly charged
scalars are nearly degenerate in mass. However, if \;’s are not zero, then there is
a mass splitting between H**+ and H*.

A4v§

m%,ii — qui = — 4 (525)

The sign of \; determines the relative magnitudes of H** and H*. From [40],
|AM| =~ 540 MeV, which is much smaller and generally do not affect the production
processes of our concern. In case of transitions between two heavy triplet Higgs
bosons via SM gauge interactions like H*¥* — HTW** H* — HOW™* this
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mass-splitting may have sizable contributions. In the current analysis however,

this effect is neglected.

3. Neutral fields: These are classified under CP-even and CP-odd fields depending

on their transformation properties under CP. From
+ ot /2 o+t
P = ¢ ) A= é\[ (5.26)
vgth+iZy ’ ve+E° 122 _5+/\/§
V2 V2

it is clear that (h, &%) are CP-even and (71, Z3) are CP-odd fields. The physical
CP-even fields denoted by h° and HY are

4
h® = cos ah + sin ag’, tan 20 ~ — (5.27)
Vg
Thus, « is very small indicating that A ~ h is mostly SM doublet-like Higgs and

H° ~ ¢Y is mainly triplet-like. The masses are related as

\v? v?
m,zlo + m%{(} = Td + \/;id + 2()\2 + )\3)Ut2
) o (5.28)
2 V2u,
2
Since hY is doublet-like, so assuming mio = % we get m%o o~ /wg /N 2v;.

The physical CP-odd field is A°. It is given by

A Vg

7Z1 + €p/
\/ V3 + v}

~ 6B/Z2

AO = _66/ Z2

\va + df (5.29)

where €3 = £1 is once again an overall sign factor. AV is thus mainly of triplet

nature. Its mass is given by

9 ,u(v?l + 40?) N ;w?l

m = ~
A° V2u V2u,

(5.30)

To summarize, the six mass eigenstates H**, H* HC and A° are essentially composed

of triplet fields whereas h® is mainly of doublet Higgs. In our approximation

2
2 MY

o = M3 (5.31)
t

2 2 2
mHii :mHi ’:on ~m
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5.8 Heavy scalar triplet interactions
As mentioned in section 3.3, the charged lepton couplings with the triplet are given by

1. Singly charged scalar:

Y,
Lio= Z _%(VgLCT(SJ%ﬁL + echTaJrVﬁL) +hee (5.32)
a,B

2. Doubly charged scalar:

Loyo=) Yapbl C16TH 8, +hc (5.33)
a8

where Y, 53 = [V;MNSdiag(ml, mgei‘Pl,mgeim)VgMNS s /v/2v;. In our approximation,

6% and 61 in eqns. (5.32) and (5.33) can be replaced by H* and H** respectively.

The gauge interactions that mediate scalar triplet pair production processes are

Ly =— z‘g[(a“H")H+ - H”(aﬂfﬁ)} Wi

(5.34)

—ig [(8“H‘)H++ . H—(aﬂH++)} Wy

_ g .2 N\ — +o
7= (1 — 2sin GW)[(é)“H VH+ — H—(0"H )] Z,
cos Oy (5.35)
g s CHYHY — H(O*H™T .

et ew[(a HY)H* — H-(0"H )}Z#

c, :i2e[(6“H__)H++ - H“(@“H**)]AM
(5.36)

+ie [(auH—)m - H‘(&“H*)]AH

Constraints on the triplet parameters are much less important because these new scalars
can be produced at the LHC by unsuppressed gauge couplings, unlike heavy neutrino
singlets. As discussed in section 3.5, electroweak precision measurement data on the
p-parameter restricts vy < 2.5 GeV which is much less stringent than the ones obtained
from the smallness of neutrino masses (Table 2). As we will see in section 5.9, the rela-

tive values of Y,3 and v; govern the decays of the scalars.

Some constraints on Y,z arise from four-fermion processes like = — ete"e™, 7 — 3¢

and LFV processes. These constraints are of the order 10~2 or larger except [19]

| YeeY7, [< 24 % 107° (5.37)



Chapter 5. See-saw at the LHC 48

which is obtained from y~ — ete~e™. These are automatically satisfies for Y, ~
O(1073).

5.9 Heavy Higgs decays

1. Doubly charged Higgs decays: The possible decays of H** are the ones into like-sign

dileptons or dibosouns.

H** efej;, H** 5 WEW=*, l, y=ep,T (5.38)

The partial decay width for the like-sign dilepton decay is given by

Smp++ | Yag |?
++ + 1\ H af
D(H* = (565) = -

Smyp++ | MY,

1670}

|2 (5.39)

where § = 1(2) for o = 8 (a # f).

The decay widths for H¥+ — Wfo and H**+ — W%EW%, where L and T denote

longitudinal and transverse polarizations of the W gauge boson, are given by

2M v} AM32, \1/2
PO — WEWE) = W0 (1 - v ) (5.40)
TV Mp++ mHii
2,3 2 2
4Mz5, \1/2 2M5, \2
i gy < e (BB o
4oy Myt Mt
so that
VPN, 4MZ, \1/2 4M2,  12M;
e e (- (L
d HEx HEx HEE
The relative decay rate is
F(H:I:ig)fifg) N < my )2<E>4 (5 43)
D(H* - WEWw#) ~ vy '

Mpg++

where I have assumed that the basis we are working is the one in which neutrino mass

matrix is diagonal.

Myttt 1TeV —
Thus, for v; < 107* GeV, the dominant decay mode is the one into like-sign dileptons.

For ( fiv ) ~ £ — (10712), we have the decay rates comparable at v; ~ 107 GeV.
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As our point of interest is in multi-lepton final states, so v; lies in this range in our anal-

ysis. Also, the assumptions initially made in this chapter work well with this range of v;.

2. Singly charged Higgs decays: In case of singly charged Higgs boson, the possible

decays are
H* - 0tv/t7v, H* - W', H* - wW*Zz, H* - tb/tb (5.44)

The partial decay width for the first channel is

mpg+ | MY |2

T(H* — (*7/v) =
( v/v) 1670}

(5.45)

For the other three channels, the approximate decay widths are

D(H* = WEz) ~ S

4
8muy

2,3
(%n mHi

4
8muy

D(HE - W*h0) ~ (5.46)

2,2 2
3vtmthi< o my )2

4 2

D(H* — th/th) ~
4oy M+

For small values of vy, the first decay mode is the dominant one while the latter three

are suppressed.

We are not considering the decays of neutral scalar fields since they do not give rise to

the final states that we are interested in.

5.10 See-saw II signals

Three channels in which the members of the scalar triplet can be produced in hadron

colliders are
qq— Z* )y - H"TH ~
qq = W* — H**HT (5.47)
qq — Z* )y — HTH™

The cross-sections for these processes depend only on the masses of these scalars. The

second production channel is the largest source of doubly charged scalars [42] with a
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cross-section almost twice that for HTTH .

I now classify the signals based on lepton multiplicity of the final state and review the
potential of each such state in the detection of heavy Higgs triplets based on simulation

studies [39]. The common mass of the triplet is Ma ~ 300 GeV.

1. £7¢¢ ¢ final state: This is a good channel for the observation of H+*+H~—

production due to practical absence of the SM background. However, the triplet

signals are smaller than in other final states due to several reasons. Firstly, the pro-
duction channel H¥+H¥, which has a cross-section almost twice that of HTtH~—,
does not contribute to this final state. Secondly, the presence of more number of
charged leptons in the final state significantly reduces the branching ratio com-
pared to those having smaller number of leptons. Finally, since all four leptons
have to be isolated (with py above a certain threshold and within the detector
acceptance), the detection efficiency is lower than in channels having lower lepton

multiplicity.

2. £*¢T¢7 final state: This is a highly promising channel for scalar triplet discovery.

It has small SM backgrounds and receives contribution from H**HT production
and hence much larger signals are obtained. This in turn allows for an early dis-
covery of H** at the LHC which forms our principal target. The contribution
to this state from the HTTH~~ production channel is also larger because of the
smaller number of charged leptons. Once again, the doubly charged scalars can be
identified as a peak in the invariant dilepton mass distribution. Studies show that
the peak is more pronounced than in the four lepton final state thereby making

the H** signal much easier.

3. £X¢* final state: These states are produced when one doubly charged scalar de-

cays into two charged leptons while the accompanying scalar decays into neutrinos,
T jets or charged leptons that are missed by the detector. Although like-sign dilep-
tons are common to all the three types of see-saw, a distinctive feature of the type
IT see-saw is that the like-sign invariant mass spectrum exhibits a peak at Mp++
which is produced when the doubly charged scalars decay directly to light charged
leptons e,uu. SM backgrounds are larger compared to the previous modes but sig-
nal significance is comparable to the one achieved in four-lepton final state. A
disadvantage of this final state, however, is that a full event reconstruction with

two competing signal processes and several missing particles is much more involved.
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4. £Y¢j, final state: Opposite sign dilepton backgrounds are huge at the LHC

mainly coming from the ¢tnj and Z*/v*nj decays. Hence, observation of scalar
triplets in the £7¢~ channel is virtually impossible. However, using the transverse
momentum of the leading charged lepton as a discriminant instead of the dilep-
ton invariant mass, the contribution of the scalar triplets to the £1¢~j. final state

can be detected in the form of a long tail in the transverse momentum distribution.

5. £%j,jj- final state : The huge cross-section for Wn;j production makes the sig-

nals in eqn. (5.47) unobservable in final states with only one charged lepton.

5.11 Viewpoint

e H**HT production channel is the dominant one for production of doubly charged

scalars.

e The trilepton channel is the best for finding evidence of doubly-charged scalars at

a lower luminosity this promising early discoveries.

e The like-sign dilepton channel has comparable sensitivity but requires a much more

involved event reconstruction.

e Channels with oppositely charged dileptons or single leptons are very difficult to

observe because of the large SM backgrounds.

5.12 Type III see-saw

Chapter 4 dealt with the type III see-saw mechanism in detail. In this section, I will
rewrite the gauge interactions by taking into consideration the lightest heavy neutrino,
N and then move on to analyze the plenitude of signals possible in this realization of

neutrino mass generation.

5.13 Gauge interactions of heavy fermion triplets

The gauge interactions in the mass-eigen basis are given by
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L, =eEy'EA,
Lw = —g(EY'NW, + Ny*EW,F) — g(VanEv' ProW,, + ViNur" PREW,T)  (5.48)
— L (VinBy"PLNW,, + Vi NA*PLeW))

V2
Ly =gcosOy BV EZ, + —I— [(w NTYHPLN + VZ}VW’WPLV)ZH]
2 cos Oy (5.49)
g - . = :
+ —=  (Vynb~*PrE + VN EYFPr )7
\/icosﬂw( ENEYVEL eNEY L ) "
gmy — % T gmy - * o
Lyg= VinvPrN + V,\ NPrv)h + VinbPrE + V) \EPr€)h 5.50
H 2MW(£N R iNnNPrv) \/iMW(eN R iNnEPLE) (5.50)
where v
INU
Von ~ — 5.51
IN o (5.51)

and my, = mg = my is the common triplet mass.

The Majorana nature of ¥ and N can be exploited to rewrite the neutral and scalar

interactions as
g

N = AP (Vin Py, — ViyPR)NZ 52

Lavn 2c056’WV7 (VenPL = VinPr)N Z), (5.52)
m *

Ly = 2MVEVP(VeNPR + Vi Pr)Nh (5.53)

From electroweak precision measurement data [34], the constraints on Vyn’s are
| Ven [*<0.00036 | Vv [°< 0.00029 | Vyn |*< 0.00073 (5.54)

Additional constraints appear from the non-observation of LE'V processes like p — e,

T — ey, T — . The bounds obtained [19,41] at 90 % CL are
| VenViy [ 11X 1075, | VinViy |< 0.0012, | VunViy |< 0.0012 (5.55)

As can be seen from the first terms of eqns. (5.48) and (5.49), the production of triplets
at LHC can take place through gauge interactions of order unity and hence the above

constraints are not very relevant.
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5.14 See-saw III signals

The main production channels of heavy triplet leptons at the LHC are the partonic
processes

qq — Z* /v - ETE™

(5.56)

q@ — W* — EEN
These production processes are dominated by gauge couplings. Since N has I3 = 0 and
Y =0, so it does not couple to Z. Thus, neutral lepton pairs are bot produced. In the
coming discussions, the small triplet mass splittings are neglected and a common mass

my = mg = mpy ~ 300 GeV is assumed.

The partial decay widths for N are already mentioned in eqns. (5.15). The decay widths

for E decays are

2 3 M2 M2 2M4
F(E+—>VW+) 7|‘/£N |2 mg (1_ W)(1+ w W)

321 MI%V m% m% m‘}E
2 M2 M2 2M}
NEt S rtzy=—39 |y QmE(l——)(l Yz _ Z) 5.57
( ) 647 cos? Oy | Vew | M2 m2, + m%  mi (5:57)

2 M2
T(EY S eth) =9V, 2mE(1——)
(BT = &7h) = o | Ve | M2\ T m,

and similarly for the charge conjugate E~. The total branching ratios for decays into
W, Z and h do not depend on the values of Vyx but only on mpg/my. The partial widths
to different flavors are in the ratio

L(ET =y W) T(Et—¢,2) T(EY—=4h) | Vi

D(ET v, WT)  T(ET = 6,2) T(ET = 6h) | Vi 2 (5.58)

Several final states are possible even for the triplet coupling to a particular lepton flavor.

Table 3: Final states for ETE~ production in type III see-saw picture.

Et oWt | EYt = (TZ | EY = (Th

E-—vW™ | voWTW~— (rvZW— CrvhW

E- =077 oWtz - zZz (0= Zh

E=—/("h AW 0= Zh (T0~hh

Table 4: Final states for E+N production in type III see-saw picture.
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Et oWt | Et = (TZ | EY = (Th
N =W | CoWTWT | (- ZW | 4T hW T
N = (W= | LYoWTW = | 4t ZW= | 4w
N —»vZ voWtZz ARV AVA (TvhZ
N —vh vhW+ (tvhZ (Tvhh

and similarly for £~ N production.

Thus, it is fairly clear that a large number of final state signatures are possible from
the decays channels. The final states considered in this review are classified in terms of

lepton multiplicity.

1. Six lepton final states: These final states are only produced in the channel

ETE- = tZ0 7, Z =0t (5.59)
Although these states have practically no SM background, the signal cross-sections
are very small. For mg ~ 300 GeV, the overall branching ratio is calculated to be
very small (=3.5 x 107%). This state is relevant only for high integrated luminosi-
ties (> 300fb1).

2. Five lepton final states: These final states can be produced in several decay

channels

ETN = (Y Z0°WT, Z =00, W

(5.60)

ETN = (T 2ZvZ, Z =00

and likewise for £~ N. Small additional contributions from W, Z decay to 7 leptons
are also present. Also, if a lepton in the previous channel is missed by the detector,
then a five lepton final state is produced. This is a general feature and may be

quoted as

“A final state with a given number of charged leptons will contribute to final
states with a lower lepton multiplicity when one of more of the leptons are

missed by the detector.”
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Five lepton signals have larger branching ratios than six lepton signals and also
have small backgrounds. However, like the previous case, this mode can signal

fermion triplet production only for large integrated luminosities.

3. €T ¢ 0T 0T final state: The ETN production process with decay

EXN (Y Z0"W~,  EN — (" Z0TW™ (5.61)

and similarly for £~ N gives rise to this interesting state with three like-sign lep-
tons and one of opposite sign. Since this cannot be produced in type I and II
see-saw mechanisms, so it constitutes a characteristic signature for fermion triplet
production. A small but additional contribution arises from N — ¢~ W™ when £~
is missed by the detector and W™ decays leptonically. Also, one or two missed

leptons from the previous two channels can also contribute to this final state.

4. £T¢T¢ ¢~ final state: This is a common channel to both scalar and fermion

triplet production. In this case, four leptons can result from many decay channels

ETE- = (0TZ072, ZZ =100 qq 0 0 vo
EYE™ =t Z0 h/tthe~Z, Z =0, h—qq (5.62)
EYE~ S oW 2/t oW =, Z 0, W '

E*N 0¥ Z20W+, Z 00—, W —qq

Additional contributions come from channels with 7 leptons or more charged lep-
tons that are missed. This final state is crucial in establishing the production of
the heavy charged lepton E, which appears as a sharp peak in a trilepton invari-
ant mass distribution. Due to the common existence in scalar and fermion triplet
production, it is essential to distinguish between the two. Simulation studies [39]
show that the like-sign dilepton invariant mass distribution in this case is much
broader and has completely different peaks than the one found for scalar triplet
case, even for the same pre-selection and selection criteria. Hence, it is possible to

distinguish between the two.

5. £X¢T¢* final state: This is a noticeably distinct final state intrinsic to fermion

triplet production channels. It is produced when one or several charged leptons
are missed by the detector, or from Z — 777~ decay when one of the 7 leptons

decay hadronically and the other one leptonically. The signal is however small like
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its SM backgrounds.

6. £X¢*¢T final state: This is once again an excellent final state for the discovery

of fermion triplets. Despite having lower lepton multiplicity, the signal is quite
clean and has a much larger cross-section compared to channels with larger lepton
multiplicity. An added advantage of this channel is that it establishes the pro-
duction of the heavy neutrino N, which appears as a peak in the invariant mass
distribution of two oppositely charged leptons plus the missing momentum. As

expected, several decay channels have contributions towards this final state.

EYN = Y Z0°W7,  Z = qq/vv, WT — (*v
ETN S (*he*WTF, h—qq, W — v (5.63)
ETN - oWHrEw™, W —

Like every other channel, this also receives contributions from the previously men-
tioned channels with one or several missing charged leptons. To distinguish be-
tween scalar and fermion triplet signals, the discriminant is once again the like-sign
dilepton invariant mass distribution. At the level of fast simulations, it is seen that
the fermion triplet distribution is broader and has a longer tail relative to the distri-
bution for scalar triplet production. These features indicating an excess of ¢ ¢ ¢F

events can be used to identify E*FE~ and/or EXN production.

7. £%4* final state: Decay channels giving like-sign dileptons are

ETN =0T Z0"W—, Z —qq/vo, W —qq
EtTN - 0"htW—, h—qq, W —qq (5.64)
ETN - vWTerrw—, Wt s, W~ = q7

and similarly for E~N decays. There are obviously contributions from previous
channels with missing charged leptons. It was mentioned in the discussion on like-
sign dilepton signals for scalar triplets that the invariant mass distribution shows
a characteristic sharp peak at My++. In contrast, the distribution in this case
is broader and has a long tail once again indicating an excess of events. Thus, a

distinction can be made between the two scenarios.
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charged lepton pairs are

ETN w0t Z0-W*, Z = qq/vv, W —qq
ETN = (The~W™*, h—qq, W —qq
ETN oWt Ww—, WW — lvqq
EYE™ = (TZ07Z, Z — qq/vy
EYE™ =Y Z0 h/tTh~Z, Z — qq/ve, h—qq
ETE™ = (the"h, h—qq

(5.65)

Due to presence of large SM backgrounds, these states are observationally diffi-
cult. An inclusive search for these signals is hopeless since they are produced at an
invariant mass which is much lower than to separate them from the background.
In case of some specific models like those involving Z’ bosons, however, the decay
Z' — 070~ produces these dileptons at an invariant mass My o, ~ Mz with an
enhancement in cross-section from the on-shell Z’ propagator (resonant produc-
tion). But, the approach in this entire analysis is conservative and hence no such
enhancement is taken into account. Thus, we concentrate on final states with four

jets.

. £%jjjj final state: Decays leading to the production of only one charged lepton

are

EYN S oWHeTw*, W = ¢¢’

ETYN = 0t Zvh/tTvhh/tTvZZ, 7 — qf JvD, h— qq (5.66)
EYE™ =0t ZvW~ JtTvh W=, Z — qq/ve, h—qq, W —qq
EYE- oW~ Z/oW*lh, Z—qq/vv, h—qq, W —qq

Although they have a high branching ratio, they suffer from very large SM back-
grounds of which the dominant ones are Wnj and ttnj in the dilepton decay
channel, with one W boson decaying into a 7 which subsequently decays hadron-
ically, or maybe an electron/muon which are missed by the detector. As such,

observation of these signals are very difficult.

5.15 Viewpoint

e Fermion triplet production at the LHC can lead to a large number of possible final

state signatures involving charged leptons.
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e Some of these final states are unique to the type I1I scenario while rest are common
to types I and/or II see-saw. Unique to the heavy fermion triplet picture are the

final states involving three like-sign leptons, five and six charged leptons.

e The six lepton final state has a very small branching ratio and requires very high

luminosities and hence not promising for early discoveries at the LHC.

e Final states with three like-sign leptons and five leptons offer possibilities of obser-
vation at much lower luminosities. The four lepton signals is further interesting as
it exhibits observation potential at almost half the luminosity of the former final

states.

e The (*¢*¢T final state is however, the best possible channel showing discovery
potential for mg ~ 300 GeV and at less than 3 fb~!. It also provides evidence for

heavy neutrino, N production.

e The like-sign dilepton channel shows almost similar discovery potential as the
(007 channel. The fermion triplet signal can be distinguished from the scalar

triplet signal by examining the invariant mass distribution patterns.

e The final states £Y¢7jjjj and £¥jjjj are very difficult to observe due to large SM
backgrounds.

5.16 Final hope

The see-saw mechanism is a simple, yet very elegant way of explaining the puzzling ob-
servation of the huge mass disparity of neutrinos compared to other SM leptons. In this
chapter, I reviewed the possibility of observation of see-saw signals at the LHC through
multi-lepton signatures, which is convenient in terms of experimental searches. In the

words of Richard Feynman

“It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you are; if

it doesn’t agree with experiment, it’s wrong”

This statement is in a way highly applicable as well as motivating in the current premise
of validating the theory of see-saw through experimental data. Although everything that
is discussed in this review are based on optimistic speculations and results of fast simu-
lation studies, it is this optimism that drives physicists, both in theory and experiment

to go beyond the limits and search for any truth that might be lying yet undiscovered
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around us. The LHC at CERN has certainly provided further boost to this optimism
by providing evidence for the Higgs boson earlier in 2012. In the coming years, it is
anticipated and would be indeed beneficial to neutrino physics and the entire physics
community as a whole if the LHC can detect indirect but positive signals for either of
the see-saw mechanisms. Till then, we can only keep our ambitions high and move ahead

undeterred in this quest for truth.



Chapter 6

The type 111 see-saw mechanism

with two Higgs doublets

In this chapter, I delineate the theoretical framework of the type III see-saw mechanism
with two Higgs-doublets . Such a model offers a richer phenomenology than the ordinary
type III picture. An extra discrete Z symmetry is imposed and the complete theory
is worked out in the CP-conserving case. Section 6.2 describes the triplet interactions
with the scalars. Similar to the case mentioned in section 5.14 of chapter 5, the possible

final states for ETE~ and E*N production channels are tabulated in Tables 6 and 7.

6.1 The 2HDM

The 2HDM [43] is the simplest extension of the Standard Model in which the scalar
sector is augmented by an SU(2); doublet having identical quantum numbers as the
Standard Model Higgs doublet (I=1/2, Y=+1). In this section, I begin with the most
general, renormalizable and gauge-invariant Lagrangian. Then I discuss the motivation
for simplifying the picture by imposing a Zo symmetry and find the subsequent con-
ditions on the 2HDM parameters. The physical spectrum is worked out alongwith the

gauge interactions of the scalars.

6.1.1 The Lagrangian

The most general Higgs Lagrangian for the 2HDM with two Higgs doublets &1 and @9
having I=1/2 and Y=+1 is given by [44]

L=T-V (6.1)
60
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T = (D"®1)!(Du®1) + (D" @2)!(Du®2) + £(D®1) (D, ®2) + (D" @2) (Du1)

1
V= = o {miy (2]@1) + my (2)02) + [miy(2]®2) + hc]}
M X2
2 2
1
+ 5 s(@]82) + hc) + {Ao(@] 1) + Ar(5))(@]D2) + hc}

+ (@1 @1)? + Z2(0]02)% + A3 (@] 1) (B2) + Ma(@]D2) (2] 01)

(6.2)

By hermiticity of the potential, the parameters m3,, m3,, A\j_4 are real whereas m?,,
As—7 and £ can in general be complex. So, in this general framework, there are 14

independent parameters in the Higgs potential and 16 in total for the entire Lagrangian.

6.1.2 Motivation for Z, symmetry

The 2HDM, although offering the possibility of a richer phenomenology, has a severe
problem of having FCNC’s, mediated by neutral scalars. As an example, the general
form of the Yukawa interaction term involving d-type quarks (Q=-1/3) and 2HDM
scalars will be

LY ukawa = —(QLYTP @147 + QY37 ®aqd) + hec (6.3)

The mass matrix is given by

M = Y{D% + }ZD% (6.4)
In the Standard Model, diagonalizing the mass matrix automatically diagonalizes the
Yukawa interactions thus eliminating the FCNC’s. In this case, however, Y{¥ and Y;”
cannot in general be diagonalized simultaneously and hence the Yukawa interactions are
not flavor diagonal. Neutral scalars will mediate FCNC’s. These “dangerous” FCNC’s
have the potential of bringing about several changes in the phenomenology. By imposing

a discrete/continuous symmetry, these tree-level FCNC’s can be prevented.

In the present scenario, we impose a Zo symmetry to naturally suppress the FCNC’s.

Under this symmetry operation, the Lagrangian is invariant under the interchange
@1 — <I)1, (I)Q <~ —CI)Q or @1 <~ —(I)l, (I)Q — (I)Q (65)

In short, &1 +» ®, transitions are forbidden.
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With the Zs-charge assignments of +1 and —1 to ®; and ®» respectively, there arises four
types of models depending on four independent Zs-charge assignments to the Standard

Model leptons and quarks.

| D2 | qf | 4R | lr | Qu, Lt
Typel | + | — | — | — | - +
Typell | + | — | — | + | + +
TypeX | + | — | — | — | + +
TypeY | + | — | — | + | — +

Table 5: Charge assignments of the Zs symmetry.

I will work with the type II 2HDM and assign Zs charge of —1 to the heavy fermion
triplet Xy so that it couples only to the ®5 scalar doublet. In the type II 2HDM, the
Standard Model leptons, u-type and d-type quarks have Yukawa interactions with @1,
®y and P4 respectively.

It is evident from the general form of the Lagrangian given by (6.1) and (6.2) that it vio-
lates Zo symmetry thus allowing ®; <+ ®9 transitions. The dim-2 operators proportional
to m?2, lead to a soft violation of Zs symmetry and the dim-4 operators proportional to

6.7, € lead to a hard violation of Z3 symmetry.

An exact Zo symmetry is ensured by imposing A\¢ = A\7 = m?, = £ = 0, thus allowing
only one parameter A5 to be complex. In case of soft violation, m?3, and A5 can be
complex. I consider the latter case in the coming discussion. The advantage of work-
ing in the soft Z; violating picture will be discussed after I derive the physical particle
spectrum in subsection 6.1.4. Moreover, the CP conserved picture is taken and hence

all the parameters in the potential are assumed to be real.

The final form of the Lagrangian which I will be working with this becomes

L=T-V
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where
T = (D'9,)f (D, ®1) + (D' ) (D, %)
1
V == o {mi (2] @1) +my(2102) + miy (2] P + BJ1)}
\ \ (6.6)
+ 5 (@] @1)7 4 T2 (DL2)? 4+ Ag(B]81)(@1D2) + Ay (] P2)(B] 1)
As
+ S{(@]82)* + (2f1)?}
The exact Z symmetry situation is realized for m?%, = 0.
6.1.3 Vacuum expectation values
The most general vacuum state can be described by
1 (0 1 U
< 1> \/5 <1}1> < 2> \/5 (UQ@ZX> )

with v1,v9,x € R. For vacuum with u # 0, the electric charge is not conserved and

photon becomes massive. Under u = 0, neutral vacua are possible. To preserve CP

symmetry, I work with vacua having real VEV’s.

@ - <0> e = <0>

The minimization conditions are

o
0P

ov

o=(29), OBy | 21=(29),
Dp=(29) Dp=(29)

which reduce to

v
Alv% + A3+ Mg+ )\5)1)% = m%2v—2 + m%l
1

U1
Aav3 4+ (A3 + Mg+ As)vi = m%z; +miy
2
For exact Z5 symmetry, these further reduce to

)\11)% + ()\3 + M+ /\5)7)% = m%l

)\2’1)% + ()\3 + Ay + /\5)’[)% = mgg

(6.8)

(6.9)

(6.10)

(6.11)

(6.12)

(6.13)
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6.1.4 The physical Higgs sector

Writing the scalar doublets in terms of field components

o, = (bi’— oy = (ﬁ; 6.14
L=\ vitpitim | 27\ vatpoting ( : )
V2 V2

the following particle spectrum is obtained by decomposing the potential given by eqn.

(6.6) and extracting mass terms.

1. Charged scalars: The mass term for the charged scalars is given by

U2 /U — +
Lonass+ = %[m?a — (A1 + As)vrvg] (¢>1— ¢>2—) ( 2for > (¢1> (6.15)

-1 '1}1/1)2 (ﬁ;

The squared mass matrix is given by

1 va /v -1
Mgb = *[m%Q - ()\4 + )\5)’011)2] 2/ ! (616)
2 -1 1)1/2)2
The mass eigenvalues are given by
2 2 L. 9 2y [ Ml
mee =0, mys = -(v] +v3) — (Aa+ As) (6.17)
2 V1V

The physical fields G* and H* are given by

G* = cos BT + sin foy (Goldstone boson)
H* = —sin ﬁqﬁf + cos Bcb;t (physical Higgs boson)

(COSB sinﬁ) M?t (cosﬁ —sinﬁ) _ (O 0 ) (6.19)
—sinf cospf sinff  cospf 0 m%i

The diagonalization conditions lead to

(6.18)

where

. V102
sin B cos 8 = o 1 02
2 v3
sin“ 8 = 6.20
v? + v} (6.20)
2
2 U1
cos” 8 =
v% + v%

Since v; and vg are taken to be non-negative, hence sin /3 cos 3 is positive. However,

sin 8 or cos 8 individually have a sign ambiguity. A better parameter is tan g =
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vg/v1 which is positive. § can be assumed to be in the first quadrant without loss

of generality [45]. With this convention

U2

\/U% —i—vg7

U1

2. CP-even neutral Higgs: The mass term is given by

even  __ 1 A C P1
mass,0 — 5 (/01 p2> (C B) <p2> (622)

with the squared mass matrix as

sin § = cos ff = (6.21)

A C
M%Pe'uen = (C B) (623)
where
A=y
N 2 V1 e
2
B= %% + Aov? (6.24)
2

2

C = —% (A3 4 M+ As)vorve

The mass eigenvalues are given by

[(A +B) - (A_B2+ 402] (6.25)

1
m}%o:i

m2e = % [(A +B)+(A- B2+ 402} (6.26)

Here h? and H? are the light and heavy neutral Higgses respectively. These phys-

ical fields are written as

h? = cos apy + sin apy
(6.27)
HY = —sin apy + cos aps

cosa  sina A C cosa —sina mio 0
= (6.28)
—sina  cos« C B sina  cosa 0 m%,o

where
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The diagonalization conditions in this case lead to

A= mio cos® a + m?qo sin® o

B = mio sin? o + m30 cos? a (6.29)

C = sinacosa(mio — mipo)

so that
2C
tan 2a = 6.30
anZa = —— (6.30)
3. CP odd neutral Higgs: The mass term is given by

1 m
Loo= B (771 772> Mip,., <77 ) (6.31)

2

where

-1 Ul/’UQ

2 v /v -1
M%’Pgdd = (QO — )\5v1v2> < 2/v1 ) (6.32)

is the squared mass matrix. The eigenvalues are given by

m2
mgo =0, mio = (v] + v3) <201152 - )\5> (6.33)

The physical fields are given by

G = cosymy + sinym

(6.34)
A" = —sinyn; + cosyne
The diagonalization conditions lead to
. v1U2
sin~y cosy =

v? + v3 (6.35)
V1 . 9 V2 2 ‘
— sin“y = —= cos” vy
V2 U1

Thus, with the chosen convention and comparing relations (6.20) and (6.35), we

have v = .

To summarize, there are five physical Higgs bosons h® and H? (neutral scalars), H* and
H~ (singly charged scalars), A? (neutral pseudoscalar). The three would-be Goldstone
bosons GY, G and G~ would be ‘eaten’ by the three gauge bosons W+, W~ and Z

thereby becoming massive.
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6.1.5 The kinetic term and gauge interactions

The kinetic term is given by
Liinetic = (D*®1)1(D,®1) + (D" ®2) (D, ®2) (6.36)

The interactions of the physical Higgses with the gauge bosons can be obtained by
simplifying the above equation using the expressions obtained in subsection 6.1.4. It is
obvious that the range of interactions are much larger in this picture due to the wider
spectrum of particles. For simplicity in comprehending the interactions, I divide them
into three categories

e Interactions with W bosons

e Interactions with Z bosons

e Interactions with the electromagnetic field (photons).

1. Interactions with W= bosons: The interaction term is given by

g*v
2cos 8

_ 92111
W "9 cos I5]

cos(a — BYW W Fh — sin(o — B)WHW,F H°

+ ‘(J;W_“WJH’LH_ + ffw—“wj(ho)? + £fvv—ﬂvvj(ﬂo)2 + ng‘“Wj(AO)Q

+ % [{OuA H™ = (0, H ) A YW 4+ {(9,A° H — (9, HF) Ay

— sin(a = B) [{(0,h)H = (@, H W YW ™ — {(@uh°)H — (9, H ROy W ]

- % cos(a — B) [{(9,HO)H™ — (8, H ) H YW+ — {(8, HO)H — (9, H*)H }W ]
(6.37)

The terms in the second line show that the interactions are Standard Model-like.
As will be observed, the mixing angle parameters sin(a — /3), cos(a — ) and tan 3
are the important ones as they discern the interactions of this model from the

Standard Model ones.
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2. Interactions with Z bosons: The interaction term is given by

:L cos(av — B)ZH Z,h° — % sin(ae — )24 2, H°
4 cos? Oy cos 3 K 4 cos? Oy cos 3 K
Lzuz (h0)2 + Lzuz (HO)Z + Lzuz (AO)Q
8 cos? Oy " 8 cos? Oy " 8 cos? Oy "
e
4 cos? Oy

o Sin(a = ) [(0,1°)4° - (2,4°)1] 2

Lz

(1 —2sin?0y)*2"Z,H H*

3o g (@ + B) [(0,ANH — (9, H°)4%) 2"

g

2C089W(1 2sin” Ow) [(0,H )H" — (0,H")H™] Z

(6.38)

3. Interactions with photons: The interaction term is given by

L, =ie [(0,H )H" — (0,H")H | A" + A" A, H H*

€g . 2 nw — 7+
cos@w(l 2sin” 0w )A'Z,H™ H

(6.39)

The masses of the W and Z bosons are given by

9% (vi +v3)
4
g*(vf +v3)
4 cos? Oy

M, =
(6.40)
M =

Thus, for the correct electroweak scale \/vi +v3 = v = 246 GeV. The p parameter
is equal to unity which is expected because of the basic construction of the doublet

structure which preserves custodial symmetry at the tree level.

6.1.6 Decoupling of heavy Higgs bosons

In several analyses of 2HDM, a Standard Model-like picture is assumed with the light
CP-even neutral Higgs h° being similar to the Higgs boson of the Standard Model,
whereas the other Higgs bosons are heavier and hence escape observation. Often, these
heavy masses are assumed to be of the order of A or the scale of New Physics and a

decoupling [44,46-48] property is assigned which means that

“the correct description of the observable phenomenon must be valid for the (unphysi-

cal) limit M — oo”
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Quite interestingly, the 2HDM offers the possibility of a different kind of realization
of the above mentioned scenario. If we take a look at the formulae for the masses of
physical particles obtained in subsection 6.1.4, it is evident that large masses of Higgs
particles are viable for large values of the parameters v = m?2,/2vjvy and/or \;’s. The
quartic terms A;’s of Higgs couplings are transformed to the quartic self-couplings of the
physical Higgses. For perturbative calculations to be trustworthy, the magnitudes of
these couplings must not be too large. However, there is no such restriction on v. The
theoretical constraints on the parameters in the potential are mentioned in Appendix

C.

In 2HDM, the decoupling limit translates to
v>>| A | (1=1,2,3,4,5) (6.41)

The effect on the particle spectrum is as follows

1. CP-even Higgses: A little bit of algebra shows that the terms A, B and C arising

in the mass formulae for h° and H° can be written in terms of v and 3 as

A = vv?sin? B 4 A\ov? cos® 8

B = vv? cos? B+ Agv?sin? B (6.42)
2 .
oo W 521n2ﬂ - A3+ A1+ Xs5)
v

so that to leading order in | \; | /v, the squared masses are

m2

Tgo ~ A cos? B+ Agsin B + 2sin? B cos® (A3 + A + As)

2 (6.43)

% ~ v+ sin? Bcos? B [A + Aa — 23 + g + As)]

Thus, in the decoupling limit, we have quo ~ vv? and a light h° due to small

values of \;’s.

2. CP-odd Higgs: In terms of v, the squared mass of A? is

mo = vv? (1 - A5) (6.44)

so that in the decoupling limit, m?40 ~ pu©.
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3. Charged Higgses: The squared masses of the charged Higgses are given by

(6.45)

m%{i = vo? [1 — 7()\4 + )\5)]

2v

which in the decoupling limit reduces to m%ﬁ ~ 2,

Also, the mixing angles @ and § are nearly equal in this limit. From eqns. (6.42), we
get
2 Al o, A2 g
A — B =vv° |—cos2f + (— cos” f — — sin“ ) (6.46)
v v

and using eqn. (6.30), we get in the decoupling limit tan 2« = tan 2. In our discussion,

a € (0,%) and f is in the first quadrant which means o = . Moreover, from eqns.
(6.37) and (6.38) it can be seen that only the light Higgs h° couple to the Standard

Model gauge bosons W and Z and the interactions are also Standard Model-like.

To summarize, in the decoupling limit the light CP-even Higgs h® behave like the Stan-
dard Model Higgs and the other Higgses are very heavy and almost degenerate in mass.
This is a significant advantage of working with the soft Z; violating picture rather than

an exact Zo symmetry since decoupling limit is not possible in the latter case.

6.2 Triplet interactions with type II 2HDM

Assigning a Z5 charge of —1 to the heavy fermionic triplet Xy, its Yukawa interactions

are restricted only with the scalar doublet ®,.

The triplet Lagrangian is given by

_ 1 — _

LA =Tr[EpiP¥r) — §TT[E€MZEL + S MsX¢
(6.47)

— — ~t—=

— (Tov2v s o, + 8, S7VaYas Ly )

where Yoy denotes the Yukawa coupling with the scalar doublet ®5. The Yukawa inter-

action of the Standard Model lepton doublets is given by

Lysu == (LY @ity + L@ Vi Ly ) (6.48)
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The charged and neutral lepton mass terms in this case are given by

SR T S AN
L Lepton = —[(eR E}%) (}fsz Mz> (ELL ) +h.c}

1 o 0 Y2§“2 v
o= 3 %) (o ) (%) o0
V2 ) L

(6.49)

These matrices are diagonalized in a manner similar to the one mentioned in Appendix
B. The only replacements that need to be done in the results presented in eqn. (4.29)
are Yy, — Yoy, v — v9 and my = Yipv1/V/2.

The mixing between the heavy and light neutrinos is determined by

VANV
Viy o — 22228 (6.50)

and the light neutrino masses are given by

2
v _
m;ight ~ _§2Y2:§M21Y22 (6.51)

6.2.1 Gauge Interactions

The gauge interactions involving the heavy charged and neutral leptons with the W and
Z bosons are identical to those presented in section 4.3 of chapter 4. I merely rewrite

them here for quick reference.

L, =e(EV'E + €4'€) A,

Lz = gcos GWE’Y“EZM + m f(‘/]iMNSVZN’Y“PL = VPTMNSVZ;V’Y“PR)N Zy
g =t =
+—~2 (EV) AP+ VN " PLE)Z
\/iCOSGW( NV L INY L ) 7
Lw = —g(Eﬁ“NW#_ + WV“EWJ) — g(Ev“Vg\,PRuW; + vW;W#PREWj)

_ 9

7 - LN
ﬂ(EW“PLVgNNWu + NyMV) PLvW,)

(6.52)
The only difference lies in the Yukawa interactions. Both the Standard Model lepton-

Yukawa interactions and those with the heavy fermionic triplet are modified with respect

to the type III see-saw scenario with one Higgs doublet.
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1. The Standard Model lepton-Yukawa interactions: In terms of non-eigen compo-

nents, this is given by
Lysu = — | (¢ € Yiov) + ¢80 €L Yiel,) + h.c] (6.53)

In terms of mass eigenstates, this is given by

COS

Ly sy = |(—sin BEY1,VpynsPLvH™ + sin B€Y1,Vyy PLN + WZYMPLULO
— cosalYyVin PLER® — Si;;emPLeHO + sin alYi,Voy PLEH®
+ isj\/r%ﬁEYMPLEAO — isin B€Y 1, VinPLEA®)| + h.c
(6.54)
Using my = Y1pv1/v/2, this can also be written as
Ly sy = (—f sin fmyVpynsPLvH ™ + \f sin f€m,Vyn PN + C(zjslangPLEhO

5 n o 5

_ V2 almgVin PLER — 22 8m, PLeHO + E almlVyy P, EH°
U1 U1 U1
1sin 8-

2 _
. my P oA — z\vf sin ﬂfmngNPLEAO)} + h.c
1 1

+
(6.55)

Comparing this with the case of only a single Higgs doublet, the number of possible
decays is much larger. In the Type III see-saw+1HDM, only possible decay is
E — ¢h whereas the following possibilities are opened up in the type III+2HDM
picture

N — HY (%, E — (h°/HY/A° (6.56)

2. Triplet-Yukawa interaction: The Yukawa interaction with the heavy fermion triplet

in the weak eigenbasis is given by

Lya == [(450Vasv] — V261 S Yorv], + VIS Yask, + 65 S Voxt) ) + hc|
(6.57)
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In terms of mass eigenstates, this becomes

1 _ . o .
Lya=— (Sin OéNVpMNsM]C\l;agVZVPLVhO + cos aNVpMNsMJ(f;agVZTNPLVHO
V2

+icos ANVpunsME™V Py A — 2 cos BoVEns VinME“Y PLEHT
+V2sinaEME“V, Pren’ + V2 cos aEM V) PLer®
+ v/2i cos BEM%”QVJNPLEAO + V2 cos ﬁWMf\l,mgV?NPLEHJF) + h.c

(6.58)

Once again, the possible decays are much larger compared to the £ — ¢h and
N — vh decays that are possible in Type III see-saw+1HDM. The possibilities are

E — (h°/H"/A°
Et -vH", E- —vH™ (6.59)
N — (*HT Juh® /JvH® /v A°

I now continue with the simplified picture adopted in chapter 5 with only the lightest
of the heavy entities, E/; and N; and my = mg = my being the common triplet mass.
I will write the parameters of this theory in terms of 2HDM parameters and those of
the previous picture (Type III see-saw+1HDM). Distinguishing the Vyn’s of these two

pictures as Vyn,1 and Vyn.2 so as to indicate the number of scalar doublets present, we

Vina Y Y
2 B (228 ) pan (6.60)
Ving Y, w1 Vs

can write

Using the value of My from eqn. (6.40) to write ve = 2Myy sin /g, the triplet-Yukawa

interaction can be written as

: T T
_ [gms {sm o Y5 0, COSQ—_ 4 Yo, 0
= ——N —== | Prvh N —== | PrvH
Lya [QM cos B Vina (YT ) Lvh’ + cos B Vina ( ; in%

1y 1=
_ Y
+iNVi, <22> PyA°}
) YT
1
: U T
gmy [sina—_ + Y5 0, COSQ—_ + Y5 0
+ {Z2Evj, () Pren’ + —CFV ( PLeH
V2Myy Lcos Ysz cos 3 Ysz

_ Y
+iBV]y, (22> Prea’}
b YT
13

i i
gms, {7 . Yo, +} gmy. {7 4 Yo, "
_ImE oy (222 ) poEET 4 Nvio 222 ) poeH }—i—h.c]
My \7 7V (Y&) V2My, Uy
(6.61)
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The constraints on Vyy.; are already mentioned in eqns. (5.54) and (5.55).

However,

as mentioned in the same section, these constraints are not so relevant for heavy triplet

production at the LHC since they take place through gauge interactions of order unity.

6.3 Yukawa couplings of quarks

The Yukawa Lagrangian of u-type quarks in the present model is given by
£ = (@Yol + gF YU 240}

and those of d-type quarks is given by
Ly = —(CTLY'% g1 + gPY'P <1>TQ’L>

The interactions of the physical Higgses with the quarks are presented below

Charts = = (=M + =2V Pd)
V9 U1
Eé{;rks =— (COS YaMVuy — sin adMDd> H°
V2 U1
0 1cos 3 _ 1sin 8-
£;14uarkzs = ( & MUVS“ B dMD75d> AP
V2 U1
+ V2cosB_ V2sinp_
‘qu—{mrks = (TUVCKMMUPLCZ + TUVCKMMDPRd> HT
- \@COS \/§sm
Eiarks = (JdVéKMMUPR + UleVCKMMDPLu) H~
where
U d
u = C d = S
t b
represent the arrays of u and d-type quarks and
YV, Y Py,

MY =

Ve Y

are the diagonalized mass matrices for the same.

(6.62)

(6.63)

(6.64)

(6.65)

(6.66)
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‘INAHE 11 2dAT+mes-00s ] odAT, ur uorponpoid _z7 , 5 10J s03e)s [RUL] :9 S[qRL,
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Chapter 7

Summary and Conclusion

In this thesis work, I have addressed the fascinating issue of the observed smallness
of neutrino masses by means of the see-saw mechanisms viz. Types I, II and III. The

content of the work can be summarized in the following paragraphs

e In the introductory part of Chapter 1, I explain why the Standard Model fails
to accommodate massive neutrinos. Then I present the important concept of
Majorana neutrino mass and how the neutrino can qualify as a Majorana fermion.
The consequences of incorporating right-handed neutrinos in the Standard Model
are next dealt with and the chapter concludes with some properties of Majorana

Inasses.

e The theory of the Type I see-saw mechanism is explained in detail in chapter 2.
Beginning with a simple one generation Dirac-Majorana neutrino mixing picture,
I show explicitly how heavy fields can be integrated out to arrive at an effective
theory with the dim-5 operator L5 which generates small Majorana masses for
left-handed neutrinos. The generalized picture with N right-handed neutrinos is
then worked out and the interactions with the Standard Model gauge bosons W

and Z are shown.

e Chapter 3 deals with extending the scalar sector of the Standard Model by adding
an SU(2)p scalar triplet A, or the so-called Type II see-saw mechanism. Special
care is devoted to the charged lepton couplings with the scalar triplet and inter-
esting possibilities to probe the flavor Yukawa structure through like-sign dilepton
decays are explained. Electroweak precision data on the p-parameter is used to
constrain the triplet VEV, v; and order of magnitudes of various parameters in

the neutrino mass matrix are tabulated.

"
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e Chapter 4 is an exposition on the Type III see-saw mechanism in which atleast two
heavy SU(2)r, fermion triplets are added. The structure of the light neutrino mass
matrix is quite similar to that in the Type I see-saw picture with the added feature
of mixing between light and heavy charged leptons. A comprehensive analysis of
the various interactions of the fermion triplets and possible decays of the heavy

fermions are also discussed.

e In chapter 5, I make a brief transition from theory to phenomenology in that
I review the test possibilities of see-saw mechanisms at the CERN LHC based
on simulation studies. The signal types for each of the see-saw mechanisms are
systematically classified depending on the lepton multiplicity of the final state.
Potential advantages and drawbacks of each of them are also discussed in detail.
The trilepton final state seems promising for early discoveries and can act as the
‘golden channel’ for indirect searches of the heavy mediators involved in the see-saw

mechanisms.

e In the concluding chapter, I use the tools developed in the previous chapters to con-
struct a model which is an admixture of Type III see-saw mechanism and 2HDM.
I motivate the imposition of a discrete Z symmetry and then softly break it with
appropriate justifications towards such a predilection. The gauge interactions of
the Higgs doublets as well as the heavy fermion triplets are worked out in detail
with charge assignments in accordance with the Type II 2HDM. A correlation
with the Yukawa interactions in the pure Type III see-saw and important 2HDM
parameters is also made. The discussion concludes with the Yukawa interactions

of u and d-type quarks with the scalar doublets.

The field of neutrino physics is increasingly becoming a popular field of research
with overlaps in many other regimes of physics like cosmology, astro(particle)physics
and Supersymmetry (SUSY) phenomenology. The discovery of positive signatures
of the see-saw mechanisms at high energy accelerators in the coming future will
lead to a concrete footing of the theory of neutrino masses. In the world of particle
physics which delights us every time with more and more surprising discoveries, it
would not be skeptical to say that such possibilities are only separated by time.
The LHC at CERN is reawakening for its second run at 13 TeV even as I am
writing this. Hopefully, it would surprise us with many unforeseen discoveries,

sort out existing possibilities and bring us one step closer to the realm of truth.



Appendix A

Diagonalization of a general mass

matrix

A symmetric complex N x N matrix MM can be diagonalized by the transformation
VOTMMVY =M, My =mdr;  (kj=1,2,....,N) (A1)

where V/ is a unitary matrix and m;, are real and postive masses. To justify that the
matrix M™ can be diagonalized, let us look at the number of available parameters for
diagonalization. The N x N symmetric complex matrix M is determined by N(N +1)
independent real parameters, which is equal to the N? independent real parameters of
the N x N unitary matrix V7 plus the N independent real elements of the diagonal
N x N matrix M. So, the number of available parameters is sufficient.

To prove the diagonalization, we use the fact that an arbitrary complex matrix can be

diagonalized by the biunitary transformation
VIiMMwW = M, with My = midg;  (k,j=1,2,....,N) (A.2)
where V' and W are unitary matrices. Therefore
MM = v MWT (A.3)
from which we have

MMMt =V MWTWMITVT = vV M2VT (A.4)
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from which we have
@O = whHT v vhH MW = whTaPw? (A.5)
Since MM is symmetric, the two expressions are equivalent.
VMVt = whHTamtwT (A.6)
Multiplying on the left by W7 and on the right by V, we see that
Wiv,M* =0 (A7)

Now, WT'V being unitary and commutating with a diagonal matrix, it must itself be a

diagonal matrix of phases.
wTv =D, Dy = €'F 8y, (A.8)
So,

MM =vMwT = WHT DMwT

(A.9)
_ (D1/2WT)TM(D1/2WT)

So, VZT = DY2Wwt or Vi = WD~1/2 Thus, the diagonalizing matrix is the product of

a unitary matrix and a diagonal matrix of phases.



Appendix B

Diagonalization of charged lepton
and neutrino mass matrices in the

type III see-saw model

The diagonalization of the charged lepton and neutrino mass matrices are carried out

using unitary matrices U*® and U° as

ri[™me 0 L mf‘ ht 0
U gt = Mt (B.1)
Yz’l) ME 0 mhmvy
Y
0 > m}; 0
UOT Voo NG UU _ < light ) > (B.Q)
V2 Ms; 0 Mpeavy

In the see-saw approximation whereby My, is large, we can diagonalize the mass matrices

by following the ansatz mentioned in eqn. (2.43).

Let U? = 'V, where

0 S Vi 0
H = and V = (B.3)
Sy 0 0 W

are unitary matrices with Sy 9 of O(YsvMy') and Vj 2 of O(1) respectively.
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Writing the leading order expressions up to Y22U2M%, the form of U° becomes

1-15,8 S
vo~ (T2 ™ (B.4)
ZSQ — 55251

Then from the condition that the off-diagonal elements in the left hand side of eqn.

(B.1) must vanish, we can write

g} :)/>USQS;[ Q%SZTSlTYg%—;}WSQTSlTYgSz&—%SQTYZSlJriSzTME—%SQTMgstl:0
(B.5)
and
—0STYT Syt~ Ve — V581 8y —iMsSo— ——STST Vst —— ST ST V581 8o+ = ST ST My, Sy = 0
1 1~2
V2 \f 2v/2 4f 2

(B.6)
Since we are interested only in terms to leading order in YsvMy, ! so the condition in

eqn. (B.5) simplifies to

YE\[—HSQTMZ—O or Sp= \/%MZ_IYE (B.7)

From the unitarity of H, we obtain S; = S; = —iUYgME_ ! /+/2 and hence the diagonal-
izing matrix becomes

Uy, = (1—€/2)Vpuns, Upy = YZTMz_lv/\/i

(B.8)
0%, = ~MZYsUu/Ve, Uy =1-¢/2

where € = 5159 = Y£M£2Y202/2 and € = S99 = MEJIYEYZTMEJLUQ/Q. The Vpyns
arises because we are working in the basis where the light neutrino mass matrix is diag-

onal.

For the charged lepton case, there are two different diagonalizing matrices UX and U™,

Let U has the same form as UY but replace the matrices by their primed ones in case

of UE.
1-1ig'9 S
Ul (T2 (B.9)
iS, 1- 18,8

The vanishing of the off-diagonal elements in this case becomes

imeSy — %SQSQTW& + S YeuS) — i8Sy My + %S;TMZSQ& =0 (B.10)
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and

. T ) . T
—iS'my + 5Slegsls2 + Yoo — S Y5818y + M Sy - §SJS2TYE -~
+ %sﬁs;*ygslsQ — %S;TS;TMESQ =0

Again, since we are interested in terms of leading order in Ys;u My, so the above con-

ditions reduce to
Sy =mpSiMg! and Sy = iMg Yy (B.12)

so that S = —ingMil, S; = —ivng£M£2 and Sé = —’L'UM£2Yng.

The diagonalizing matrices U* and U” can now be written in terms of the block matrices

as

Ujp=1—¢, Ulp=YaMg'v, Up=—My'Ysv, Ufp=1-¢,
(B.13)
Ufi =1, Uly=mYiMg%, Uf=-Mg*Yomp, Ufp=1

where € and € are already defined.



Appendix C

Theoretical constraints on the

2HDM parameters

The parameters of Higgs potential in 2HDM are constrained by

e Vacuum stability: This condition implies that the potential remains positive at

large quasi-classical values of fields | ¢y |. For soft Zs violation, this translates to
[49]

A >0, A>0, A3+ AA2 >0, A3+ Aq— ‘ A5 ’ +4/A1Ag >0 (Cl)

e Minimum constraints: This requires that the minimum of the potential with v =

v} +v3 = 246 GeV is the global minimum which leads to [50]

miy(md; —miy/ A /A2)(tan B — (A1/A2)/*) > 0 (C.2)

e Perturbativity constraints: For perturbative calculations to be trustworthy, the

Ai’s should not be too large. A simple approach is requiring | A; |< Apar and
some Apqz > 0 [44]. The effective parameters of perturbation theory for Yukawa
interactions is g?/(4m)? which implies that a necessary condition for the smallness

of radiative corrections is | g |<< 47. Hence, a conservative choice is Apq0 = 47.
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