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The Seesaw Mechanism

The wealth of Experimental Data on Neutrino Masses and Mixing have
motivated the study of possible relevant mechanisms. These attempts
are more appedling if they are developed within the existing
frameworks of Unification and Supersymmetry.
Among existing proposals the most appealing is the so-called

Seesaw Mechanism
giving an elegant answer to the smaliness of the neutrino mass.
Simplest version of Seesaw (Type-I) is when N°€ is a SM-singlet.

muN°+MNCNC = [v, N°] = (M>>m)
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Supersymmetry

Supersymmetry is important:

The interaction of the Higgs doublet with heavy degrees of freedom
2

(namely, N©) gives corrections (5mf, = #M% from
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In the SUSY version of the seesaw, we have )
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Varieties of Seesaw

Type-l Seesaw — If N€ is a SM-singlet:
EN°H® + MRN°N® = yN°mp + MpN°N°® + ...

Type-ll Seesaw —> If a Charged Isotriplet is present :

AR

(TC+ HTH + MT> = () ~ (Hp)*/M
(Ho)?
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Note that there is no right-handed neutrino in type-Il seesaw.



Varieties of Seesaw Continued

Type-lll Seesaw —> If a Neutral (Matter) Isotriplet is present :

Vo W,
v =
v_ -V
(VHS + MTr (VW) = mpu Vo + MVZ + ...

Mixed Seesaw is possible :
For example 1 + Il in SO(10)

(16)r(16)r(10)1 + (16)(16)r(126) = v N° (10(2,12)) +

Nc NC <%(]70)> + vv <m(37])> + PR

A hierarchy of the vevs is required in order to achieve a small neutrino
mass.



Unification
In a unified framework, in general, N° participates in a GUT
representation and the matrices M and mp = vy(")y are constrained.
Nevertheless, the seesaw-GUT scenario does not lead by default o an
understanding of the neutrino mass, and extra ingredients are required
provided by the specific model.
The simplest case of Type-I in SU(5), is not appealing since the
right-handed neutrino is a gauge singlet

Y FeNHs + MNSNS = YW) (H®) UN® + MNCN® + ...

and the maitrix M is unconstrained. Nevertheless, Type I+l in SU(5) in
terms of a 24 + 1 is interesting:

Fs (v(”) Wy + v(”)'s) Hs + MTr(W2,) + M'S?

/
= UV (Y(V) w('|7370) + Y(V) \U('|7'|70) + Y(V) S) V+

M (Va0 +Viig) + MS + ..



sO(10)
In SO( 10), the right-handed neutrino is unified in the 16 representation
with the rest of matter fermions. The Dirac neutrino mass, arising from

YW WigHig = YUNC <H> =+ ...

is constrained with the rest of matter fermions. The right-handed
neutrino Majorana mass can arise either through the infroduction of 126

A Wi Wig /H@
or through non-renormalizable interactions of pairs 16 + 16
Wi Wi Hig Hig -

The lafter alternative is equivalent to infroducing heavy SO(]O)-singIe’rs
S as
fWisSH + MS°

and integrating them out.



More SO(10)
An acceptable neutrino Dirac mass Mp requires an extended Higgs
sector 10 + 16 + El + 45 with interactions (K.S. Babu, J.C. Pati, F.
Wilczek)

— n O

0 O
WaWsHig + VoWsHigHas + ... = Mp ~ 0 O
0 €

The overall neutrino mass matrix is

0 MD fu
| Cc 1 l/c
5(z/,N )| My 0 v N
S

flu v M
The singlet interaction terms arise from

C

fUSHys = (v + N° + ....) S ((H) + (Ng) + ....)

= furS -+ fVN°S + ....



Type-Il + lll Contributions

The resulting light neutrino mass is (S. Barr)
_ u
My = —MoMz' Mg — © (MD n Mé) :

where
Mg == —V2fM 'f-.

For Mp ~ O(my). the ratio of the two terms is

ms 2 14
— =,
u M
which indicates that for a singlet mass M >> My, the quadratic term
dominates. In the case of singlet masses comparable to My, the
second ferm could be dominant. Note that the linear term is highly

constrained, since it does not involve the arbitrary right-handed
neutrino mass.



Flipped SU(5)

In the model based on the SU(5) x U(1) group, the so-called flipped
SU(5) GUT the right-handed neutrino is part of the (10, 1)
representation. Matter and Higgs content is

W(10,1) = [( ; > ,dC,Nc] ,We(B, —3) = K i > ,uc] ,1°(1,5) = &°

H(10, 1) +H(10, —1) = [( ZI: ) , df, Nﬁ} + [( g: > ,dp, N,
h(5, —2) + h°(5, 2) = (H1, Du) + (Mo, Du) -
(NS) = (N) = V = sU(5) x U(1) — SU(3) x SU(2) x U(1)

(dk, uy), (dy, Ty) and a combination of NS, N are higgsed away
while the triplets dS, dj;, Dy, Dy obtain large masses AV, A"V through
the couplings AHH h and N HH he. Thus, the triplets are split from the
(massless) doublets.



The Superpotential

W = Y@ uywh + y@wwepe + yOyeope
FAHHh+NHHRC +phh® = YO WWeh® = YN IH, + ...

A right-handed neutrino mass can arise through the non-renormalizable
term

ATAT —~—C\2
v . ladic \U_NC(N) N° + .
M M
In a renormalizable framework, such a term can arise if we infroduce a
set of superheavy singlets S with negative matter-parity. Thus, the most
general renormalizable superpotential that can be added to W is

YO SUH + %MSSS.

A singlet-left-handed neutrino interaction term can arise from a
non-renormalizable interaction

V(S) c c ! pC v 27
HhS <= VHN +MHH +SHHA+....




The Overall Neutrino Mass

0 MD \N/(s) u
% (v, N°, 5) Mg 0 e v Ne
Ny (YT v M

with ¥ # Yandu = v— ~ 102 (MX> GeV. The rotation

v=1v+ VHNC’, N¢ = N° — SHV' in terms of the matrix

. i
H = <Y(S) (Y(S)) ) , removes the v — S coupling.

—& (MpH+ H'MZ) Mp 0
— Mz L (HMp + MEH) YOV

0 (vO) v M,



A Type I+lll Seesaw
The light neutrino mass is
u
M, = —MpMz "My — v (MDH + HlM§> :
with

iR
Mp = Y v, My = —V3YE) M (Y(‘)) .

Can the linear term be non-negligible? In the case M; ~ V, we have

M(2) ms
VOREA A

which can be of O(1).

Depending on the scale of the singlet masses in relation to the GUT
scale, either of the two terms could dominate. In the quadratic term,
an extra source of hierarchical masses and mixing is provided by y(s)
beyond that of Mp. Similarly, in the linear term, since H 75 1, now there
is an exira source of mixing beyond the one present in Mp.



Hierarchical Masses from the Standard Seesaw
For M; ~ 10'® GeV and V ~ 10'° GeV, the quadratic term
dominates and the scale of the light neutrino mass is

212
M, ~ ((127]632 GeV ~ O(0.1eV).
1018
Defining dimensionless quantities, we write

~ -1
M, =V, (vj) MY Y
Next, we infroduce an Ansaiz for Y,
0 eX 0

Y, = e \é 0 eo\?

0 e \? e3
where ey, e, €3 parameters of O(1) in A and
A~ 0.22

is the Cabbibo mixing parameter.



Hierarchical Ansatz

At this point we must choose an Ansatz for the couplings Ys. A simple
choice is a diagonal matrix of the form d; f; A”. We choose (J. Rizos, K.T.)

f A8 0 0
Y, = 0 HA2 0
0 0 f3

For the singlet mass matrix M; we may chose a generic symmetric
matrix with O(1) elements. Thus, we obtain for M,

O(\8) O(\®) o(\*)
O(\®%) AN C\ + D)

O(M\) CX+ DX E



Hierarchical Ansatz Continued

The neutrino eigenvalues are
c? c?
M; ~ E + Az?, M, ~ )\2<A —E>, M; ~ O(\%).
in tferms of
A = &My, C = ereof; 'ty 'Mip + eresf; ' 'Mys
211 —2
D = 62f2 f3 M23 + 6263f3 M33
E = &3fy 2Myy + 2epe3fy 'y Mg + €2f; *Mis
If U, is the matrix that diagonalizes the neutrino mass

M, 0 O
1 0 0]
u, M, U,T, = 0 M O = U, = 0 cos¢p —sing
0 sing coso
0 0 M



Neutrino Mixing

Substituting M, and the eigenvalues, we obtain
C D
~ A= — N2
¢ E E

Nevertheless, the neutrino charged current involves the PVINS-mixing
matrix
Upnins = UL},

which depends on the charged left-handed lepton diagonalizing matrix
U, aswell.

It is conceivable that the large atmospheric and solar neutrino mixing
angles arise in the charged lepton sector. This can come about
naturally in the so-called lopsided models (S. Barr, A. Khan) in which the
lepton mass terms have the following structure

vOweeh + vOwsich + vOwsigh.



Left-handed Lepton Mixing

0 0 Vs
— MO = v 0 0 Vg
0 0 Vi

The zeros correspond to elements much smaller that Y,(f)v. This matrix is

diagonalized by two successive finite rotations of left-handed leptons

0 0 O
MO — — — _up(p) > ————Un(ne)— | 0 0 0
0O 0 VY
with
ns = arctan(Yi3/Yas), na = arctan(y/ Y24 + Y2/ Ys3)
and

Y = \/V123+Y223+Y323-

The small 12 element is eliminated with a small additional rotation of the
left-hnanded charged leptons, while all small elements below the main
diagonal are eliminated with small rotations of the right-handed leptons.



Neutrino Mixing Hierarchy
The charged left-handed lepton matrix is

COS 1)s sin 7 0
U = U12(775) U23(77cl) = — COSs 7)q SiN 7)s COS 7)g COS 7]s $in 7q
sin 7)q sin 7 —siN7qCOS7)s COST)qg

Comparing the total mixing matrix Uewns = Ui2(7)s) U2s (1) U2s(— @)
with the general form Upyns = U(05)U(613) U(6;). we conclude that

sinfs ~ cos ¢ sinns & sinms
sinfgq & sin7)gq + COs7)qcosbssing cosg ~ sinng + ¢ cosng cosbs
sinfh3 ~ sinnssing =~ sinfssin g ~ ¢ sin b,
= Oq > 05 >> bhs

This hierarchy is controlled by the Cabbibo parameter, since

6~ 1S 1002 = A iy Miz + T Mhs
E

2 2
€. eqe. e
7 M2z + 25752 Mas + 2 Mss
2 3

+ 0()\?).




Type-Illl Neutrino Mass Term

What if the linear neutrino mass term is dominant?
M, ~ YyH + H- v,
Infroducing the same Ansdize for Y, and Y;s as before, we obtain

My, =Y, V'V + Vv,

0 erfy '\ 0

— -1 -1y | L

= | eff A 0 efy A Y. + h.c.
0 egf{] esfg]

At this point we may adopt a lopsided Ansatz for \75

0 0 0
Y, = 0 O 0
Y1 Y Va3

resulting from the couplings

(V31W§S1 + V32W§SQ + V33 \Ug 83)7'[/')0



Linear Mass Term Continued

All that gives a neutrino mass MU

0 0] 0

0 0 (=31 f]_1 931 A+ ezfe’_] V33)\2

0 eafi Val+efy VX 268, ' Vay + 2esfy  Vag
with eigenvalues

2,202
eff " Vg

My = 0, M ~ N —= —=
(262f2 Y32 + 2esfy Y33)

Ms = 2exfy 'Vap + 2e3f; ' Va3 + O(N?).

+0(\)



Mixing Angle Hierarchy

The neutrino mass matrix is diagonalized by

U, = Uxp(—9)

¢ - e]f]i]\h'/3])\+e2f37]V33A2 - % i O()\z)
260ty ' Vi + 263f5 ' Va3 V My

Note that, here, the Cabbibo mixing is directly related only to the
neutrino mass ratios.

Assuming, that the lepton mixing proceeds as before, the total mixing
will be again

with

sinfs = sin s
sinfq & sinngq + ¢ cosng cos b
sinfhs ~ ¢ sinfs,

= O > 05 >> O3
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HIERARCHICAL NEUTRINO MIXING

923 > 912 >> 013 ~ O(/\)



