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Abstract. Theoretical ideas on the origin of (a) neutrino masses (brim® mass hierarchies and (c) leptonic mixing angles
are reviewed. Topics discussed include (1) symmetries ofrim® mass matrix and their origin (2) ways to understarel th
observed patterns of leptonic mixing angles and (3)unifestdption of neutrino masses and mixing angles in granfieehi
theories.
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1. INTRODUCTION The first two scales result from the global fits to the
solar and atmospheric neutrino data. The last line is

Results from solar and atmospheric neutrino oscillationghe bound obtained by combining various cosmological
have revealed [1] that] there exists a sub-eV scale as- observation [3]. While&)\s is known to be positiveam
sociated with neutrino masses. Such a scale cannot kman have either sign. Physically this means that both
accommodated in the standard model (SM) characterizedormal (n,, < my, < my,) and invertedify, ~ my, >
by a scale of- 100 GeV. b) neutrinos mix among them- m,,) neutrino mass hierarchies are allowed by the present
selves and the mixing pattern is qualitatively differentresults. The third possibility would be all neutrinos being
from the observed pattern in mixing among quarks. Bothquasi degenerate with normal or inverted hierarchies.
these features suggest substantially different mechanisfhe last line of eq.(1) allows a common mangsin the
for neutrino mass generation which can be obtained by.1— 0.7 eV range.
postulating new particles and new interactions. Neutri- The unitary matriXJ relating neutrino mass to flavour
nos are therefore regarded as providing a window intceigenstates can be transformed into the standard form
physics beyond the standard electroweak model. This rewhich depends on three mixing angles and three phases.
view is aimed at summarizing both old and mainly recent8;, (6-3) dominantly control the amplitudes of solar (at-
attempts which are aimed at understandinginallness mospheric) neutrino oscillations and the reactor angle
of neutrino massesi} hierarchies among these masses6;3 dominantly controls the survival probability of the
and {ii) origin of neutrino mixing pattern and its recon- electron (anti) neutrinos in short baseline reactor experi
ciliation with the quark mixing patterns in unified frame- ments.U also contains three phasésa, 3. d measures
works. Differentideas leading to above features also leadhe amount of CP violation in neutrino oscillations and
to predictions of two of the unknowns in neutrino physics a, 8 are CP violating phases associated with the lepton
namely, the reactor mixing angk s and the CP vio- number violating processes such as the neutrinoless dou-
lating phased. We will summarize these predictions. ble beta decay.@ limits on mixing angles can be nicely
Rather than elaborating on any specific model, we woulcsummarized by [4]
emphasize the basic mechanisms and ideas behind them
using models only for illustrations. | sir? By — %| <0.04,

. 1
2. WHAT WE KNOW AND DO NOT |sir® 23— 5| < 0.12,

KNOW ABOUT NEUTRINOS? |Sin? B3] < 0.04. (2)
; ; ; C All three mixing angles are close to "magic values"
e mammarseg a5 (1 S~ L30T cas ofre sl imosphens
and reactoB;3 mixing angles respectively. Future solar,
A=l —ml ~7.6x10°° eV2 atmospheric and reactor experiments are aimed at im-
) vz v ’ proving the precision on these values. The magic val-
Batm| = MG, — M, [~ 2.4x 1073 eV?, ues of these angles can be used as a hint to look for
0.3 eV<Zi_123my <2¢eV. (1) the underlying theory of neutrino masses. They may be

pointing either to some special leptonic symmetries and



small departures from the exact values may be result oT his represent second type of seesaw mechanism be-
the breaking of such symmetries. Conversely, the specifitween the scales of the vacuum expectation value (vev)
values of mixing angles close to these magic values magpf the left handed and right handed triplets.
be a dynamical accident of some underlying mechanism
which generates leptonic mixing. At present, both these
are open possibilities. In order to distinguish these pos- 3.2. Type-lIl mechanism
sibilities we need to know the predicted departures from
symmetry values in the first option and the nature of dy-  This mechanism requires extension of standard model
namical mechanism in the second. We will address thesgy a fermion triplet with zero hypercharge. Neutral com-
issues in section (6). Before doing this, we review basicyonent of this fermion mix with the left handed neutrino
mechanisms for neutrino mass generatlon. through a doublet H|ggs vev very much as in the type_
I mechanism. But unlike the RH neutrinos in the lat-
ter case, the preferred scale associated with the triplet
3. MECHANISMSFOR NEUTRINO fermion masses is argued to be close to the electroweak
MASS GENERATION scale rather than to the GUT scale. Such light triplets
are motivated in [5] from the requirement of successful
Different mechanisms for neutrino mass generations [1gauge coupling unification in a non-supersymmetric the-
aim at explaining (1) smallness of neutrino masses anaries. They are welcome from the point of view of ob-
(2) origin of lepton number violation if it is violated. servability at LHC but they require some amount of fine
If not then one has bigger problem of explaining very tuning in the Dirac mass in order to obtain very light neu-
small Dirac mass six orders of magnitude smaller thartrino. The most natural scenario of the type-lll seesaw
the mass of the lightest charged fermion -the electronin this regards is supersymmetric models with broken
These mechanisms are quite well-known and have beeparity. This theory naturally has light triplet-the gaugin
discussed [1]. We collect various information here for thewhich helps in achieving the gauge coupling unification.

sake completeness. The breaking oR parity through sneutrino vev generates
Since the direct coupling of a left-handed neutrinoa coupling
with itself violatesSU (2). gauge invariance, such a cou- VLA (V)

pling can be generated indirectly through coupling it with
either (1) a singlet fermion (2) triplet Higgs or (3) triplet
fermion. These are respectively known in the literature
as type-I, type-Il and type-Ill seesaw mechanisms.

between neutrine. and neutralino\. If R parity viola-

tion occurs through bilinear term then one avoids fine
tuning in Dirac mass required in non-supersymmetric
models with ad-hoc triplet. In supergravity theories with
universal boundary condition, sneutrino vev gets a con-
tribution only at low energy from thé and 1 Yukawa
couplings. This results in its suppression. It is indeed
possible to build successful models of neutrino masses
and this approach has been extensively studied in the lit-
erature [1].

3.1. Type-l+ll mechanism

This is obtained by coupling, with a right handed
(RH) neutrinovg. The combined mass matrix has the

form
_f ML Mp
o= ) o
m_ term transforms as a triplet &J (2), and arise from
coupling with the corresponding Higgsp denotes the
lepton number conserving Dirac coupling betwegn

andvg andMg correspond to the lepton number violating . The ?eﬁsaw mechanlslms named ash ab_ove are e_x_ten-
Majorana mass term for the latter. In the limitwf < s!onls 0 St e cgg_v_entlonah seesaw lmF\?li anisms reunrllrlng
Mp < Mg one obtains the seesaw formula singletsSin addition to the normal neutrinos. The

mass matrix in the basi@/ ,N§,S)T) has the following

3.3. Variants of seesaw, double
seesaw,inver se seesaw, linear seesaw

My ~ m. — mpMg'mj . (4)  form|[6]
The second term is the standard (type-I) term and de- OT ”83 I\C/)I
notes the seesaw relation between the physical neutrino i T ‘ ()
mass and the high scalér. The first term ( type-Il con- 0 M u

tribution) can be a priori an independent scale. Butin leftNote that introduction o8 with the above structure leads
right symmetric theories one has a relation [1] to lepton number conservation in the linit— 0. Hence
mMg ~ M2, neutrinos are massless in this limit and turning on a small



U generates the neutrino mass matrix
mpM~tuMTIml (6)

Z, symmetries each element corresponding to specific
mixing pattern. In the most generality, it cannot shed
light on the underlying dynamics. But special cases are

The structure of this mass matrix is quite different from of significance. We know that to a good approximation

the type-l seesaw model. In particularnip 0O M then
the mixing is solely determined by the structure jof
This versions of seesaw model allows the sddlé be

Uis = (0,1/v/2,1/+/2) ,i = 1,2,3 form an eigenvector
of U. Then corresponding§(3) is given from (9) by

accessible at collider energies and leads to various ob- -1 0 0
servable consequences, lepton flavour violation, sizable S(3) = 0 01 (10)
non-unitarity etc which have been explored, see [6] for 0 1 0

a review. The above formula for neutrino masses holds

even in the limitu >> M. In this case, one gets light neu- This is nothing but the very well-studigg-T symmetry.
trino masses through double seesaw. First the RH neutrin addition, if solar mixing angle is close to the magic
nos get masMg ~ Mu~—IMT. This then leads to eq.(6) value thenUj; = (1/v/3,1/v3,1/v3) ,i=1,23is

through the usual seesaw.

4. SYMMETRIES OF .+

The neutrino mass matrixz, ¢ in the flavour basis is the

another eigenvector and the correspondiig

S(2) = (11)

Wl
N
N
I
=

object of main interest since it can be constructed fromSiMmultaneous invariance undgf2), S(3) lead to the tri-

experiments:
My =UDUT, (7)
whereU is the leptonic mixing matrix an®, is a di-

agonal matrix with real and positive masses. Conversel
knowledge of #,  can be used to obtain neutrino masse

and leptonic mixing. Symmetries o#, s play impor-

tant role in determining this. These can be of two types
One arising due to some specific structure of the mixin
matrix alone. The other also related to the values of the
neutrino masses as well. The former "mass independeq
symmetries" are easy to identify. Recent studies [7] hav%
brought out the fact that any#,; is invariant under a

Zy x Zo symmetry independent of its detailed structure.

This is easy to demonstrate. One can write

(A y1)ij = (Dv)UiUj. - (8)
Now define three operato&l) ; | =1,2,3:
Si(l) = 2UjVji - &; . 9)

These operators define symmetries#f ¢ :
ST ).ttt S(1) = My

They satisfy
) =1

and each defines& symmetry. Moreover,
S(1)+8(2)+53) = I

and only two are independent. Thus a#; is invariant
under aZ, x Z, symmetry. S(1) represent a class @b x

1 This symmetry is a simple conseugnece of the fact that meuimiass
terms are invariant when sign of any of the neutrino masseta¢e is
reversed [8].

bimaximal pattern of the neutrino mixing. To the extent
that the observed mixing angles are close to the magic
values theZ, x Z, symmetry generated by eqs.(10,11)
must at least be an approximate symmetry.4f in

Zany successful description of the leptonic mixing. This

symmetry may be eitheg] result of some different sym-
metry imposed on Lagrangian dn)(may be an approx-

-

imately broken symmetry of the Lagrangian itself oy (

gmay be dynamical in origin and appear as an approxi-

ate accidental symmetry. Examples in categajyafe
eD4 andA, symmetries. The former after spontaneous
reaking leads to effectiva-t symmetry for.#,: and
the latter leads to the tri-bimaximal mixing pattern. Both
these are studied extensively and we refer to a recent re-
view [9] and references there. It is possible to start from
an approximateZ, symmetry itself at the Lagrangian
level and realizely). This is shown to be feasible in case
of the u-1 symmetry [10]. The corresponding analysis of
the full Z, x Z, symmetry in case possible does not ex-
ist. Finally there are well motivated models which lead to
approximateu-t symmetry or the fullZ, x Z, symmetry

as a dynamical symmetry o7, ;. We will discuss these
now.

5. DYNAMICAL MECHANISMSFOR
LARGE MIXING

Large leptonic mixing angles may arise due to underly-
ing structure/dynamics and may not be linked to flavour
symmetries likeD4, A4 etc. Several scenarios and their
explicit realizations are known in this category. Seesaw
mechanism by itself may be the cause of large mixing
[11]. This happens if contribution of one RH neutrino



dominates or iMg is nearly singular [12]. Grand unified limit are:
theories in some versions automatically lead to large so-

lar and atmospheric mixing angles for leptons and small 0 % 0 0 s c
mixing for quarks. The old known exampleSs (5) the- ¢ ; c 00
ory with "lopsided " structure. Because of t8é (5) rela- 0 cs ¢ c 00
tion Mg = M" between the down quark and charged lep- (12)

ton mass matrices, the mixing among the RH quarks gel N first correspond to the normal hierarchy and the
linked to the mixing among the left handed charged |ep_second tQ the mver_ted hierarchy. Consider now a small
tons. This mixing could be large and can simultaneoushPerturbation to the first:

exist with small mixing among the left handed quarks.

This becomes possible My has lopsided structure. Im- 8 C% ;\c 13
plications of these have been studied in the context of A o 2 ' (13

SO(10) models [1].
An attractive possibility of understanding large mixing This perturbation generates (a) solar scale and(b)

angles occurs in the context of t89(10) models based g1 are related to each other by

on the type-ll seesaw mechanism [13]. The neutrino

mass matrix in this model get linked tdy — M, and tan 2o A 1

almost equality of tha andb-quark Yukawa couplings |613| &~ © < © > ~0.13 (14)

automatically lead to a large atmospheric mixing angle. 21anfa \ Axcos s

The same model also leads to large solar mixing angl%

[14]. This model and its variations have been studied in

detail in a number of papers [15] for a summary.

g.(13) is realized in specific model based $0(10)

[14]. The above relation is more general than its deriva-

One mare realization of dynamical generation of Iargetion presented here. Itis a simple consequence of texture
zeros at at "11" and "12" entries. As long as these ele-

Ieptqmc mixing ?‘“g'es is provided in a recent study 0fments are sub-dominant compered to others, one would
fermion masses in non-supersymmetric model [16]. De-

tailed fits to fermion masses lead to a unified descriptiorﬁﬂgtune Ohdagllsngnad lzrl?sétlg% I:;i)bsstﬁégglitcgﬂﬁg?guiﬁ in

of all fermion mass matrices with a form [17]
cA? coA® cpan? The models which lead to vanishirfgs would posses
M~ [ A3 CooA2  Cos) : some underlying symmetry,e.@4. Such symmetries

may be broken and theoretically it is important to dis-
tinguish two cases broken symmetries versus dynamical

wheregj (1) andA ~ Cabibbo angle. This structure real- models without any symmetry. This can be done by
ized dynamically here in detailed fits to fermion massesSystematically investigating effects of perturbation on
and mixing in arSO(10) theory has been argued to lead the structure implied by symmetry. This has been done

to correct descriptions of fermion mass hierarchies andn case ofu-t symmetry in [18] and in case of tri-
mixing angles [12]. bimaximal mixing for example in [19]. It turns out that

the induced value o3 in a broken symmetry scenario
depends on neutrino mass hierarchies. In case of the

6. EXPECTATIONSON 6,3 SYMMETRY  brokenu-t symmetry one finds
VERSUSDYNAMICAL Normal Hierarchy:

MECHANISM S
As.m / ~ /!
The values off;3 and CP violating phasé are still C12512¢/ A—A(s+s /2)~0.1(e+¢€/2),

unknown and much experimental efforts are geared a{:oszezg ~ ¢ (15)
determining them. At the semi-quantitative level one can '
argue that preferred "theoretical value"tig is large not  |nverted hierarchy:

far away from the present limit and is also expected

to be large. Let us start with the zeroth order result

of vanishing6;3 and the solar scale. Typical and well sinBiz ~ =sin20;,

CaiA? C3A Ca3

Q

sinBy3

Agin
motivated structures of neutrino mass matrices in this T4 A
cosPz ~ €. (16)

(e—¢€/2)~0.01(e—¢€/2),

where €,¢' are symmetry breaking parameters intro-
duced in [18]. Special case,= ¢'/2 is realized when
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