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The most natural extension of the Ggg = SU(3). x SU(2) X
U(1) invariant standard model (SM) is to include left-right
symmetry.

Left-right symmetry means that we have to include right
handed gauge bosons Wg. The gauge symmetry then be-
comes Grr = SU(3). x SU(2)L, x SU(2)r x U(1)p_1,

Right handed symmetry spontaneously breaks to SM by the
following symmetry breaking chain.

GLr = SU(3)C X SU(Q)L X SU(Q)R X U(l)B_L
Gstg = SU(3)C X SU(Q)L X U(l)y

Gobs = SU(S)C X U(l)EM

Mp—>
M,—

Note that in low energy we can lebel all scalars and fermions
by their QCD quantum number and their electric charges.

Q=T; +Ts + Z5L | Charge and color must be conserved.

Therefore, the standard Higgs choice is the following,

Ar = (31,2
AR — (1733 _2)
¢ = (2,2,0)

Ag is color singlet and has a component with Q=0 namely
Q=0=0-1+1
This will break Grr, but keep Ggq as well as G, intact

Similarly ¢ has two components with Q=0, namely,
RQ=0=-1//24+1/240
This will break Gpgr straight to G,s. Note that ¢ has no color.

Therefore we must have < Ar > >> < ¢ > to recover
Mgr >> Myz. This will explain why the right handed gauge
bosons Wgr are not found by experiments.



. It is much more tight a situation when we work with the

fermions. This is because elementary scalars are still ‘hypo-
thetical’ particles yet to be observed. Therefore we have some
freedom in the choice of scalars. On the contrary all fermion-
s, which are to be included, have already been observed in
experiments.

Quarks and leptons transform under Grg = SU(3).x SU(2), X
SU(Q)R X U(l)B_L as

qL = (Z)L —(3,2,1,1/3)

<"§)R—>(3,1,2,1/3)

qr =
I, = (’;)L —(1,2,1,-1)
sz(]z)R—>(1,1,2,—1) (1)

Because Grgr C SO(10) we can embed all fermions in a simple
SO(10) spinor. This spinor is a 16-plet of SO(10).

16 D (3,2,1,1/3)4+(3,1,2,1/3)+(1,2,1,-1) + (1,1,2,-1)
a ar o In

Note that we have not normalized U(1)g_1 as a generator of
SO(10)

Similarly Ay, and Apr representations can be embedded in 126
and 126 representations of SO(10). And (2,2,0) scalar can
be embedded in a 10-plet of SO(10). Therefore in this case
where we include a 10-plet Higgs, the fermion masses are
generated from the Yukawa coupling

h' 16% x 167, x 10

This means that in the conventional left-right symmetric case
the fermions get Dirac masses at the tree level. Neutrino's
however, get both Dirac type as well as Majorana type masses.
The question is to what extent ¢ = (2,2,0) is necessary ?
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1. It was pointed out by Weinberg about 20 years ago that there
exists a unique dimension-5 operator in standard model which
can give a Majorana mass to the neutrino even if we do not
have a right handed neutrino.

L= %@iqso —eipT) (10° — e;¢™)

where the Majorana mass is generated by the VEV of the

neutral component of ¢. The mass is given by,
2

v
Mij = fz'jx (2)
This also means that whatever be the underlying mechanism
to generate the light Majorana neutrino mass, the mass has
to be see-saw in character. The usual see-saw formula for the
neutrino mass is well-known

m2

_mp
Miight = M (3)

The formula in Equation(3) is more model dependent than
that of Equation(2) in the sense that we have to have a
mechanism to generate Mg, which is the Majorana mass of a
right handed neutrino. In general it is obtained from a triplet
Higgs by a coupling like, ,
7 ? 3
MY — o1 U A3R
2 2
We have given the SU(2)g quantum numbers in underbrace.

2. We will refer to Equation(2) as a SINGLE SEE-SAW.

3. Now suppose that the Dirac type masses are also generated
via higher dimensional operators, then we can write a see-saw
formula for the Dirac mass in a left-right symmetric model
as,

ij ij VLVR
ml% ~ fDJ A (4)
D
This type of Dirac mass leads to | DOUBLE SEE-SAW | We

will explain all relevant operators in a left-right symmetric model
next. Note that we will exclude the usual bi-doublet scalar.
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1.

2.

The following higher dimensional operators exist if we exclude
the bidoublet from a left-right symmetric model.

]
Majorana left — ﬁ (lir#r) (lror)
Ir
AV
ij
Dirac — i (liL¢2) (ljRCbR)

(lirpr) (ljroR)

Majorana right —

In this case we get left and right handed Majorana masses as,
2

..V
M, = fij—/\]l\*/[
2

..V

Mg = f;g—/\z

Therefore after diagonalizing the 6 x 6 mass matrix of the
neutrinos, the light neutrino mass matrix of neutrinos is

1
— T
M = ML + mD_MRmD (5)
Using the expressions of My, Mr, mp matrices,
2 2,2
v VIUs A\ 1
My gy = fr+ + [-52—1 fb—1/p (6)
lzght /\M ,UIQ% /\% DfR

Setting aside the Yukawa matrices, the order of magnitude of

the neutrino mass is
2

v - vL
Mlzght /\M + /\% (7)
Note that even-if here we are ignoring the Yukawa matrices,
they will in general give very interesting Physics of the neu-
trino mixing angles.

2
UL /\M

Taking vy, &= 100 GeV, Ay =~ Mp, Ap &~ Mgyr ~ 101° GeV, we
get My ~ 1071% GeV ~ 107% eV. So we drop the first term in
Equation(5).



1. Let us first get some order of magnitude estimates of the
neutrino mass predicted in this scenario where,

v2 Ay
My, ~ L
light /\%
v,/GeV | Ay/GeV | Ap/GeV | m,/eV
100 101° 10716 1
100 1018 1016 0.1
100 1018 2 x 101 | 0.025
91 1018 2 x 101 | 0.0207

2. Quark masses are given by (See: Eqgn. (1)) the higher dimen-
sional operator,

2

Quark mass = & @E 61) (i én)
D
ij ~ ij VLVR
quark ~ q /\D (8)

Therefore because v; =~ 100 GeV, vg ~ Ap ~ 1016 GeV. This
means that SU(2)g x U(1)p_y, is broken at a very high scale.
At low energy we have just the standard model.

3. We do however have a right handed singlet neutrino whose

mass is

,02

£ ~ 1013 GeV (9)
AvY;

This mass scale is very useful from the point of view of lep-
togenesis. This is because leptogenesis must occur after the
inflation stops and the universe starts to re-heat.

MN%

4. Because mip ~ 174 GeV, we must have vg ~ Ap one may

]
wonder whether one can write /{—‘ID (@iz ¢;) (gir ¢r) as an

effective operator? The answer is yes. We are giving an
example.



1. Consider extra singlets Ur and Ugr with an invariant mass
My UrUg near the GUT scale. The quantum numbers are,

Uy, Up — (3,1,1,4/3) (10)

T_hen_we can write a 2x2 mass matrix of the top quark linking
(tL,UL) with (tR, UR) as

( 0 fr UL)
frRvrR My
This matrix has an eigenvalue
fr fr vL vR 1+ (fR'UR)Q]—l/Q
My M2
fr fr vr vr
V2 My
fr fr v vgr

V2 Ap

Mtop =

%

%

2. | GAUGE COUPLING UNIFICATION

Let us have supersymmetry and also add two new superfields,
¢¢ = (1,2,1,-1) ¢% — (1,1,2,-1). SU(2)r breaking happens
at 10'® GeV, and at low energy we have simply MSSM with
two HIggs doublets. Therefore it has a well known property
that gauge couplings unify at 2 x 101 GeV.




