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1. Introduction

The discovery of the Higgs boson at the LHC has solved the problem of the origin of mass for
the quarks and charged leptons. This is a major accomplishment. There is however a feeling among
theorists that the same Higgs field cannot be the source of mass for neutrinos. The reasoning goes
as follows: In the standard model (SM), charged fermion masses arise from Yukawa interactions
of the Higgs field:

Ls = hyQHug + hyQHdg + hyLH (g (1.1)

where Q, L are quark and lepton doublets of SM gauge group and ug,dg, eg are SM singlets. When
the SM gauge symmetry is spontaneously broken by < H? >=£ 0, we get fermion masses, mp =
hy < H° >. Since < H° > also gives mass to the gauge bosons, we know that < H° >= 246 GeV.
Let us use similar argument for the neutrinos. First of all, the standard model has no right handed
neutrinos. So to be able to generate Higgs couplings that could give analogous mass terms for
neutrinos, we must add a right handed neutrino Vg to the standard model. The vg coupling to Higgs
field can be written as: h,LH Vg which after symmetry breaking would lead to m, = h, < H 0>,
However since the observed neutrino oscillation data as well as cosmological data tell us that
neutrino masses, m, < eV, one would have to set i, < 10712 to get such low values. Such small
parameters are always problematic from a conceptual point of view leading to the suspicion that
there is a new source for neutrino masses other than the standard model 125 GeV Higgs field.
In any case, if this was the model for neutrino masses, neutrinos would be Dirac fermions and
there would be no way to test the model and experiments searching for neutrino oscillations would
simply fix the parameters of the model.

A new possibility for neutrino mass was suggested by Weinberg in 1979. He noted that there
could be some new high scale physics that at low energies leads to an effective non-renormalizable
operator of the form l% [1], where M represents the scale of new physics responsible for this
operator. After the SM symmetry breakdown, this operator would lead lead to a Majorana mass
my =~ ’k%%z and choosing M appropriately, we can understand why neutrino masses are small. A
key question that then arises is: what is the physics behind M?. The simplest suggestion for this is
that M is simply the Majorana mass for the right handed neutrino i.e. MN”C~'N. N being an SM
singlet field, such terms can be added to the SM without breaking gauge invariance. There is then

a (v,N) mass matrix of the form:
0
( . mD) (12)
mp MN

where mp = h, < H° > is the Dirac mass term which mixes the v and N states, and My is the
Majorana mass term for N after diagonalizing this matrix, one gets the formula for light neutrinos
My ~ —mpM,, lmg which is similar to the one given by Weinberg operator. This is known as the
seesaw mechanism [2] and searching for the origin of seesaw mechanism can provide significant
clue to the nature of new physics beyond the standard model and that behind M.

We note that there are several ways to get the Weinberg operator . The above way is known
as type I seesaw in the literature. There are other kinds of seesaw mechanisms [3, 4, 5] with very
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different underlying physics. In the examples below, we will focus only on type I and type II
seesaws. In type II seesaw, the particle responsible for the Weinberg operator is a triplet Higgs
field with SM hypercharge Y = 2. A practical and experimental distinction between type I and type
II seesaw is that in the former case, there is not only a heavy right handed Majorana neutrino but
there is there is also a mixing between the heavy and heavr neutrino given from the seesaw formula
as ¢ ~ A’Z—f], thus causing a departure from the unitarity of the lepton mixing matrix whereas in the
type II case, there is no breakdown of unitarity. Searching for the effect of nonvanishing & can then
be a useful way to look for type I seesaw.

In order to unravel the beyond the standard model physics responsible for the seesaw mech-
anism, the first thing to note is that there are two key elements to this mechanism: (i) existence
of three heavy right handed Majorana neutrinos which means breakdown of the B-L symmetry of
standard model and (ii) the scale of their Majorana mass or the scale at which B — L symmetry
breaksfor independent reasons. Two classes of theories that naturally provide these two ingredients
simultaneously are:

1. Left-right symmetric extensions of the standard model based on the gauge group SU(2), x
SU(2)g x U(1)p—1 group where three right handed neutrinos are predicted to exist by the re-
quirement of gauge anomaly cancellation and are the parity partner of the familiar neutrinos.
Secondly, the seesaw scale turns out to be nothing other than the scale of SU (2)g x U (1)p_L
breaking to the standard model. Thus both the ingredients of seesaw mechanism emerge
naturally. The seesaw scale in this case could even be at the TeV, providing hope for testing
seesaw mechanism at the Large Hadron Collider (LHC), as we discuss below.

2. SO(10) grand unified theories, where adding three right handed neutrinos gives 16-fermions
per generation which then fits right into the 16-dimensional spinor representation of the
SO(10) group. Also, this group contains the B — L symmetry as a subgroup ( as in the
left-right case) whose breaking leads to the Majorana mass for the right handed neutrinos.
Since in simple scenarios, the B — L group breaks at the GUT scale, the seesaw scale in these
models is ~ 10'® GeV as would be required by quark-lepton unification.

The above two scenarios focus on the origin of neutrino mass scale. However, there is also the
important issue of neutrino mixings which are so different from the quark mixings and a complete
theory of neutrino masses should address this issue as well. This is an active field of research
and one of the main tools of this research has been to use various discrete flavor symmetries to
address this problem. Rightly, there is a large body of literature in this field [6]. Currently the
symmetry approach is often discussed within operator framework without any specific gauge model
in mind. While a detailed discussion of this approach to neutrino flavor puzzle is beyond the scope
of this review, one point worth noting is that generic operator approach with symmetries may not
always be compatible with a particular underlying gauge model or in the least may have to respect
more constraints. Therefore, if experiments provide evidence for some particular underlying model
(either of the two discussed here or some other), the symmetry approach must be embedded within
this framework. It may also be that flavor mixing pattern for leptons is a consequence of dynamics
as the SO(10) example below illustrates. Thus it is important to keep an open mind at this stage.
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2. A “natural” TeV scale left-right model for neutrinos

Before discussing the details of our model, we review, for completeness, the basic features of
generic L-R seesaw models. In its minimal version, the fermions are assigned to the gauge group
SU(2)L x SU(2)g x U(1)p_g as follows: denoting Q = (u,d)" and y = (v;,£)T as the quark and
lepton doublets respectively, Oy and y (also denoted simply by L) are assigned to doublets under
the SU(2),, group, while Qg and yg (also denoted by R) as the doublets under the SU(2)g group.
Their B — L quantum numbers can easily be worked out from the definition of the electric charge:
Q=T+ T3r+ (B—L)/2, where Ts;, and Tsg are the third components of isospin under SU(2),
and SU (2)g respectively. The Higgs sector of the model consists of one or several of the following

B AJF/\/E AT B ¢0 ¢+
we (%7 ) o= (18)

The gauge symmetry SU(2)g x U(1)p_ is broken by the vev (A%) = vg to the group U(1)y of the

multiplets:

SM. There is also an left handed counterpart, Ay to Ag, which we do not consider here for the fol-
lowing reasons. There are versions of the model where parity and SU(2)g gauge symmetry scales
are decoupled so that the Ay fields become heavy when the discrete parity symmetry is broken,
and disappear from the low energy theory [7]. This version (i.e. LR model without parity) is also
necessary to suppress the type II contribution to neutrino mass in low scale left-right models [8],
which otherwise could be unacceptably large. The low energy Lagrangian in this case therefore
has invariance under the L-R gauge group but not parity. We will focus on this class of models in
this paper, which seem to be necessary in implementing our strategy.

In generic models, the vev of the ¢ field given by (¢) = diag(k, k') breaks the SM gauge
group to U(1)em. To see how the fermions pick up mass and how seesaw mechanism arises in the
L-R model, we write down the Yukawa Lagrangian of the model:

Ly = W OLiPaOr j+ 1" OLi0aOr j + hf}a£i¢aR j
+i~lf}ul_4i(]5aRj + fij(RiRjAR + LiL;Ar) +h.c.,
2.2)

where i, j stand for generations and a for labelling the Higgs bi-doublets, and ¢ = 7,¢* 7, (7, being
the second Pauli matrix). After symmetry breaking, the Dirac fermion masses are given by the
generic formula My = h'x 4+ hf &’ for up-type fermions, and for down-type quarks and charged
leptons, it is the same formula with k¥ and x’ interchanged. The Yukawa Lagrangian Eq. (2.2)
leads to the Dirac mass matrix for neutrinos Mp = h'k + h’x’ and the Majorana mass matrix for
the heavy RH neutrinos My = fvg which go into thenseesaw formula for calculating the neutrino
masses and the heavy-light neutrino mixing.

As discussed earlier, for generic forms of Mp and My, the heavy-light mixing parameter
& ~ /My(fvg)~! is a tiny number regardless of whether the seesaw scale is in the TeV range
or higher. This keeps all heavy-light mixing effects at an unobservable level. In the following
section, we present a model with special textures for Mp and My guaranteed by an appropriate
discrete symmetry which can lead to “large” heavy-light neutrino mixing with TeV-scale type I
seesaw, thereby enhancing the phenomenological richness of the model.
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2.1 Basic strategy

The basic strategy for implementing our program is to have the appropriate textures for Mp and
My which via type-I seesaw lead to ‘large’ heavy-light mixing and observed light neutrino masses.
There are several examples of this type discussed in the literature [9, 10]. In this section, we
discuss the embedding of one of them (from Ref. [9]) in the L-R model using an appropriate family
symmetry. The symmetry must not only guarantee the special leptonic textures but also must be free
of light scalar bosons which can result if the effect of the discrete symmetry is to automatically lead
to a U(1) symmetry of the full Lagrangian. Moreover in L-R symmetric models, the charged lepton
mass matrix can be related to Mp which puts additional constraints on phenomenological viability
of the model. We therefore find it remarkable that the model we present below remains a viable
TeV-scale L-R type I seesaw model for neutrinos, and as a result, has interesting phenomenological
implications.

The Dirac and Majorana mass matrices Mp and My considered here have the following form:

my 61 € 0 M O
Mp = my 52 & andMN: M; 0 O
ms 53 &3 0 0 M,

2.3)

with &, 6; < m; . In the limit of g;, §;, the neutrino masses vanish, although the heavy-light mixing
parameters given by &;; ~ m; /M (roughly speaking) can be quite large. The neutrino masses given
by the seesaw formula are dependent upon small parameters & and §;. If by some symmetry one
can guarantee the smallness of §; and €;, then we have an alternative TeV scale seesaw model but
with many testable consequences compared to e.g. SM extended with right handed neutrino and a
tiny Dirac Yukawa coupling.

The above mass textures were discussed in the context of SM [9]; but as we note below, their
embedding into the left-right model leads to very distinct collider as well as low energy signatures.
The first challenge is to show that, when these mass textures are embedded into L-R models, they
can reproduce the observed neutrino masses and mixing and that any small parameters used can
explained. Since in L-R models the charged lepton mass matrix and the Dirac neutrino mass matrix
are related, fitting neutrino oscillation data in a manner that also reproduces charged lepton masses
is specially nontrivial, in addition to the fact that the seesaw scale is in TeV range.

2.2 Naturalness of the special Dirac and Majorana textures

In order to obtain the special Dirac and Majorana textures given in Eq. (2.3), we use only
the L-R gauge group SU(2). x SU(2)g x U(1)p_, without the parity symmetry and supplement
it with a global discrete symmetry D = Z4 x Z4 x Z4. For the Higgs sector, we choose three bi-
doublets (¢ 23) with B—L = 0 and two RH triplets (Agj g2) with B— L = 2. The fermion and
Higgs multiplets are assigned the D quantum numbers as shown in Table I below.

The leptonic Yukawa Lagrangian invariant under this symmetry D is given by

L1y = ha1La®iRy +haoLa 2Ry + hasLa§3R3
f12R1R2AR 1 + f33R3R3AR 2 +h.c. (2.4)
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Field | Z4 X Z4 x Z4 transformation
Lg (1, 1, 1)

R, (=i, 1, 1)

R (1, =i, 1)

R; (1, 1, —i)

O (=i, 1, 1)

[0 (1,4, 1)

¢3 (17 17 i)

AR (i, i, 1

Ag2 (1, 1, —=1)

Table 1: The discrete symmetry assignments for the fermion and Higgs fields in our L-R model that lead
naturally to the special Dirac and Majorana textures given in Eq. (2.3). Here a = 1,2, 3 for different gener-
ations.

An important point to emphasize is that in the discrete symmetry limit, the vevs of ¢; > 3 will have

the following form:
0 0
= . 2.5
(9123) <0 Ki,z&) (2.5)

Note that there is a range of parameters where this minimum is stable. An easy way to see this is
to note that terms of the form Tr(qsaqbg ) which would change the ¢ vev to the form diag(x, k') are
forbidden by the discrete symmetry from appearing in the scalar potential. So we see that in the
symmetry limit, the Dirac mass matrix Mp has one column big and non-zero and the charged lepton
masses have one eigenvalue zero which we can identify as the electron flavor. The RH neutrino
Majorana mass matrix has the form in Eq. (2.3) consistent with this symmetry. To make the model
realistic, we add very tiny soft symmetry-breaking terms to the scalar potential as follows:

8V(9) = Y 1 Tr(@ugy) +hec. (2.6)
a,b
where a,b = 1,2,3. Note that ,ugb are only multiplicatively renormalized. As a result, we can
choose their magnitudes to be very small without worrying about radiative destabilization. This
will then cause the ¢, vevs to take the following form:

<¢’1,273>=<5K1’2’3 0 > (2.7)

/
0 Kia3

where 8k, o< 12, K}/ (Zg,bzl Aap K, K}, + lv%Q?i). Choosing 2, to be appropriately small, we can get
very small dx, that we use in the mass fits below. It is possible to generate these small numbers
from higher dimensional terms in the potential from a high scale theory that for instance may
involve supersymmetry or vector-like quarks etc.

e An important point to notice is that 8k, are responsible for the electron mass as well as
neutrino masses via type I seesaw. Thus getting a fit to the observed neutrino masses and
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mixing while at the same time keeping electron mass at its desired value is a nontrivial task
since in the lepton sector, the model has only 11 free parameters and out of this we must not
only get fits for the three charged lepton masses, the two neutrino mass-squared differences
and three mixing angles (total of 8 outputs), but we must also satisfy the unitarity constraints
on the new light neutrino mixing matrix as well as constraints from rare lepton decays which
involve only the RH mixing matrix for charged leptons. There are therefore a lot more
constraints than inputs and it is shown in [11] that our model does indeed provide a fit to all
lepton observables while satisfying all the necessary constraints.

e In typical fits in this kind of models, the dk, 3 are tiny numbers e.g. dKk, ~ 10~%x’ and
8Kk3 ~ 107°k’. These numbers may appear to suggest that there is fine tuning involved;
however, we point out that in this model, these are generated by one-loop graphs that induce

~ 2
the terms Su’Tr¢’ ¢ with Su? ~ ﬁam%n—w,;- Estimating Sm%VL_WR, the left-right handed
gauge boson mixing induced by the quark sector, predominantly by ¢ — b intermediate states
2
in the loop to be 5m%VrWR ~ qazmmy ~ 0.1 GeV?, we can expect 5k,/k’ ~ 1077 or so
making it naturally small. It is interesting to note that the small 0k, are generated by the
physics in the quark sector since that is the only sector that generates W, — Wx mixing.

e We also note that in the quark sector, we could have either another bi-doublet field ¢y or
some iso-singlet heavy vector-like fields which are singlets under the discrete group D that
generate masses for the quarks (which are also assumed to be singlets under D). In addition
to generating to small Dirac masses for neutrinos, the complex Yukawa couplings in this
sector can then generate the CKM mixing angles as well as the phase for CP violation in the
quark sector.

A second point is that a consequence of the (Z;)? family symmetry is that our model predicts
sub-TeV standard model like heavy Higgs bosons which are leptophilic. This is currently under
investigation but the general point worth making is that if LHC limits on SM-like Higgs bosons
exceed one TeV in the leptonic channels, our model will be under serious tension.

Clearly new textures could be generated by putting the column in the Dirac matrix in different
places and accordingly choosing the Majorana texture. The experimental signals for such choices
will be obviously different and we do not discuss them here.

2.3 Collider and charged lepton flavor violating signals

As has been widely discussed [12, 13, 14], the seesaw mechanism has a clear signal at the LHC
in the form of like sign dileptons plus jets (/¢ j j) arising from the production of RH neutrinos N
from its mixing (denoted here by V;y) with neutrino from the seesaw mechanism. It turns out that
while this is true for most generic textures for mp and My in the SM extensions to realize seesaw,
for the particular textures we have chosen, there is no like sign dilepton signals. However things
change drastically, once we choose to embed the textures in Eq. (2.3) into the left-right models.
For the specific LR model considered here, for Wi mass in the few TeV range, one can produce a
real Wg, which then can decay to uN,, final state. Depending on the model N, can decay in two
ways:
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e Via N.N, mixing, it can lead to like sign di-lepton states of type u*e* + jjif the dominant
decay of N, goes via Wg exchange;

e Similarly, if the light heavy neutrino mixing is sufficiently “large” due to the structure of mp,
decays of type uTe™ + W, final states also predominate [15] . A detailed discussion of this is
presented in [15]. The observation of this will probe the Dirac mass more directly.

Coming now to charged lepton flavor violation (CLFV), in the generic TeV scale left-right
models, there are two sources of CLFV: one coming from Wi — Ni exchange and another coming
from “large” heavy-light neutrino mixing. In our particular model, the first effect is small but due
to the presence of larger &, B(i — e+ ) can be as large as 102, which about six times below the
current MEG upper limit and can be probed in the near future. For a detailed discussion, see [11].

3. A minimal SO(10) example

As noted in the introduction, SO(10) is the minimal GUT that embeds the seesaw paradigm for
neutrino masses and among many SO(10) models in the literature, a class [16] with renormalizable
Yukawa couplings appears to be quite predictive without need for extra symmetries. This model
uses the Higgs fields 10, 126 and possibly 120 or another 10. If it is a supersymmetric theory, one
needs to add an 126 to maintain SUSY down to the TeV scale. there are additional fields that break
the GUT symmetry e.g. 45 and/or 210 but do not contribute to fermion masses. We do not discuss
this here.Many of the attractive features of the model relating to fermion masses can be illustrated
using the model with one 10-Higgs and one 126-Higgs. Denoting the 10 Higgs fields ( by H) and
the 126 + 126 fields by A+ A, the SO(10) invariant Yukawa couplings of the model can be written
as:

Ly = howyH + foyyA (3.1)

where y’s denote the 16 dimensional spinors of SO(10). The Yukawa couplings, & and f are
3 x 3 matrices in generation space. This is the most general form of the Yukawa coupling if there
is supersymmetry. In the no-supersymmetric case that we focus on here, one can guarantee the
absence of other Yukawa couplings by imposing e.g. a Peccei-Quinn symmetry (in which case
A = A*. Both the 10 and 126 fields contain two standard model doublets each and once electroweak
symmetry is broken, they lead to masses for charged fermions and Dirac mass for the neutrinos as

follows:
M, =h + nf,
My = tarTlﬁ(;th), 3.2)
My = g (i=3)),
My = h — 3n.f. (3.3)

where we have absorbed some of the vev of Higgs doublets into &, f,#’ and r| , are the ratios of the
other vevs [16]. The neutrino mass formula is a combination of a type I and type II term:

1

My = fvp — Myp——
fvaL

Mo (3.4)
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This model was analysed with type I seesaw in [17]. It was subsequently pointed out that if the type
II term in the neutrino mass dominates, there is a relation between neutrino and charged fermion
mass matrices:

M, = c(My — M) 3.5)

and this formula combined with b — T mass equality at GUT scale from RGER extrapolation,
provides a natural explanation of large atmospheric neutrino mixing angle [18] for the case of
two generations. Soon afterwards, it was noted in [19] that once this idea is extended to three
generations, it not only explains the large solar angle but it also explains the relation % ~
Bcubinbo- Furthermore, it leads to a value for 813 ~ Bcapipre ~ 9 — 10° (for the case when /' = 0).
These results are extremely interesting since without any symmetries, the simple fact of b — 7
unification seems to qualitatively reproduce all observations. To see how this comes about, observe
that M; and M, are both hierarchical mass matrices- the former due to small CKM angles and latter

due to the constraint of SO(10) grand unification in 3.2. Thus one can write

My, = cmp(My) | ~ A3 ~ A% ~ A2 — em;(My) | ~A3 ~ A% ~ A2 (3.6)
~A A ~AI A

where A ~ 0.22, the Cabibbo angle. Note that at GUT scale if m;,(My) ~ m(My)(1+A?) , the
3x3 entries cancel out in the above difference and one naturally gets for the neutrino mass matrix:

~AT M ~A
My = cm:(My)A* | ~A 144 1 (3.7
~A 1

where we have omitted order one coefficients in the matrix elements. This mass matrix for neutri-
nos clearly implies that both the solar and the atmospheric mixing angles are large and % ~A
and also 0;3 ~ A [19]. Furthermore note that without CP violation, the model has only eleven
parameters and yet it fits quark and lepton masses and mixings as well as neutrino mixings and
masses so well. This model has been the subject of extensive analysis [20].

Extensions of this model by the addition of a 120 Higgs multiplet was then considered and
shown to considerably broaden the parameter space while still preserving the “large” 0,3 prediction.
Recall that 10, 126 and 120 are the only three irreducible representations that appear in the product
of two spinors of SO(10); so in some sense it was a natural thing to consider. A particularly
interesting version of the 10+126+120 model is one that assumes that CP is a good symmetry
prior to spontaneous breaking by the vev of the 120 field [21], which is assumed to be odd under
under CP. Since 120 gives anti-symmetric Yukawa couplings, its CP odd property after symmetry
breaking hermitian fermion mass matrices, responsible for CP violation both in the quark and
lepton sectors. As a result, CKM phase and the Dirac phase of the neutrinos get connected. The
model has a total of 16 parameters in the fermion mass sector (12 from Yukawa couplings and four
from the vevs) keeping the model still predictive. Three inputs from the neutrino sector e.g. solar
and atmospheric mass differences and the atmospheric mixing angle in addition to thirteen from
the charged fermion sector allow one to predict 815, 813 and the neutrino CP phases.
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4. Testing SO(10) grand unification of seesaw via B-violating operators

Testing seesaw idea is often difficult in GUT theories without supersymmetry due to the fact
that seesaw scale is very high (close to the GUT scale). In the presence of supersymmetry, there
are observable CLFV effects e.g. B(it — e+ ¥) etc. The only way to test non-susy seesaw models
appears to be in the area of baryon number violation. Here howeyver, it is worth pointing out that the

canonical B-L conserving modes e.g. p — et 7°

are not directly connected to seesaw physics. So
there observation, while very important to test minimal GUT models e.g. SO(10) do not directly
make any statement about seesaw mechanism. It was recently pointed out [22] that in minimal non-
susy as well susy SO(10) models with 126 Higgs fields, there exist B-L violating nucleon decay
models directly connected to the seesaw mechanism. We discuss this below.

It was shown in [22] that there are d = 7 baryon number violating operators that arise naturally
in the context of SO(10) unified theories after the spontaneous breaking of (B — L) needed for
seesaw mechanism. A variety of scenarios can emerge. For instance, (B — L) symmetry may break
at the GUT scale so that SO(10) breaks directly to the Standard Model gauge symmetry, or it may
break at an intermediate scale M; below the GUT scale. In the latter case the intermediate symmetry
could be one among several possibilities: SU(4)c x SU(2). X SU(2)g; SU(4)c x SU(2) x U(1)g;
SUB)exSUQR)LxSUR)rxU(1)p—r; SUB3)c xSUR2)L xU(1)g xU(1)p_r; or SU(5) xU(1),
with or without left-right parity symmetry. In the non—supersymmetric version an intermediate
scale is necessary to be compatible with gauge coupling unification[8], while with supersymmetry
the direct breaking of SO(10) down to the MSSM is preferable. Even in the latter case, there is
room for intermediate scale particles, provided that they form complete multiplets of the SU(5)
subgroup, since such particles do not spoil the unification of gauge couplings observed with the
MSSM spectrum.

To give an example of how new nucleon decay modes connected to neutrino mass arise within
SO(10), we write down the Yukawa couplings in the most general setup [22]. The Higgs fields
which can couple to the fermion bi-linears 16,16, are 104, 126y and 1204, with the couplings of
the 10y and 126 being symmetric in flavor indices (i, j) and those of the 120y being antisymmet-
ric. The terms in these Yukawa couplings that are relevant for our discussion are:

. . . . — E . e
f(l6,'16j10H) = hl'j [(M;Qj+ViLLj)h— (dej—Fe,‘-Lj)h—l- (EQin-FMlC-e; —d;V;-) w
+ (SMfdj + QiLj) (Dc] s 4.1)

L(16:16;126y) = f;j [(ufQj—3V{L;)h— (dfQ; —3€{L;)h
+V3i <§Qin — U5+ VEdS) @1+ V3i(OIL — €uds) o
HV6(dS VS +uSeS) wp +2V/3idf Lip —2V/3ivf QP +2v3uf vin
—2V3iuf Ly +2V3ief Q; % —2V3df 58 +V6iQiL; @+ ..., (4.2)
L(16:16,1205) = gij |(diQ7 + L) hy — (ufQ;j + VEL;) hy — V2QiL; @6f

i

— i
\/g(dlcQJ — 3€ij) hy + 7(Ml-CQj — 3ViCLj) hy

—V2(u e — div§) 5

10
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—26;Q; X +2viQjp —2diLjp +2uiL; Y
—ied{dST +2iuf VSN + V2iediuS of + V2i (dE VS — eu) o
€

V2

These terms are written in terms of the Standard Model decomposition of the sub-multiplets. &

0iQ;® —V2QiL;® —2idf &8 +icuSusS+ .| . (4.3)

stands for the SU (3)¢ tensor &,,. Here we have not displayed terms that are irrelevant for inducing
the d = 7 baryon number violating operators. (Specifically, we have omitted color singlet, color
octet, and color sextet couplings.) The Yukawa couplings obey h;; = hj;, fi; = fji and g;j = —gji.
The SU (3)¢c x SU(2), x U(1)y quantum numbers of the various sub-multiplets are given as follows.

h(1,2,+1/2), h(1,2,-1/2), ©(3,1,—-1/3), ©°(3,1,1/3),
p(37271/6)7 ﬁ(§727_1/6)7 Tl(37172/3)7 ﬁ(§717_2/3)7
®(3,3,-1/3), ®(3,3,1/3), x(3,2,7/6), %(3,2,—7/6),

8(3,1,—4/3), 5(3,1,4/3). (4.4)

Different fields with the same SM quantum numbers appear in some couplings, they are distin-
guished by subscripts 1,2 etc. We have used the same notation for fields with the same SM quan-
tum numbers in 10y, 1265 and 1204, but it should be understood that these are distinct fields.
After GUT symmetry breaking various subfields with the same SM quantum number would mix.
Some of these mixings would involve the vacuum expectation value of the SM singlet field from
the 126y, denoted by A° carrying (B — L) = —2. It is this field that supplies large Majorana mass
for the right-handed neutrino through the coupling f; j\@vf ViA“. With (A°) # 0, trilinear scalar
couplings of the type p*wH, n*pH, p*®H and y*nH, will develop. This issue has been discussed
in more detail in [22], but we note that such couplings are invariant under the unbroken SM gauge
symmetry. When combined with the Yukawa couplings of Eqs. (4.1)-(4.3), they would induce
baryon number violating decays e.g. n — e~ " via the diagram in Fig. 1.

4.1 Scenario with observable neutron-anti-neutron oscillation

In an alternative minimal SO(10) scenario, we break the SO(10) group down to the standard
model at GUT scale. However, in this case to retain coupling unification, one can have color sextet
fields A,cqe along with two SU(2); triplets with Y = 0 at the TeV scale. This model leads to n — 7z
oscillation via the diagram in Fig. 2 [24]. Due to the TeV scale diquark intermediate state in Fig 2,
this diagram leads to an n — 71 transition rate near 10'° sec.

5. Conclusion

While the observation of neutrino masses and mixings clearly require new physics beyond the
standard model, the specific direction of this new physics is certainly very far from clear. If one
accepts the seesaw mechanism as then way to understand small neutrino masses, at two natural
candidates present themselves. The first one is the left-right symmetric theory whose scale can be
in the TeV range leading to plethora of collider and low energy tests. We have presented an example
of such a scenario which has the attractive feature that small parameters used to understand small
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Q L u® L
p p
* ‘*\

Q H dc dc H dc
Q L u® L
w w
----- > S

< <
Q H {c c 0 dc

Figure 1: Effective baryon number violating process n — e~ 7" induced by the symmetric Yukawa
couplings of 105 and 126y of SO(10). Here the SM quantum numbers of the various fields are
®(3,1,—-1/3),p(3,2,1/6), and H(1,2,1/2).

u(' UC
RN S

d° v QL d°
Au(d( soA LS Au(:dc

dc dc

Figure 2: Effective AB = 2 baryon number violating operator that leads to n — 71 oscillation, induced by the
symmetric Yukawa couplings of 10z and 1265 of SO(10). Here the SM quantum numbers of the various
fields are 0(3,1,—1/3), p(3,2,1/6), and H(1,2,1/2).

neutrino masses have a symmetry protection as well as radiative origin. This model treats quarks
and leptons necessarily separately with quark sector physics explaining the small parameters in
neutrino sector. On the other hand if we want to consider a quark-lepton unified framework, the
natural and minimal framework is an SO(10) model where then seesaw scale generally is at the
GUT scale. In particular, if one uses only renormalizable couplings for fermion masses, the model
remains predictive and is testable by searches for B— L violating nucleon decays as well as neutron-
anti-neutron oscillation, both of which can occur at observable rates consistent with the requirement
of grand unification. Some salient features of these two theories are outlined in this talk.
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