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Neutrino masses are very small!

* Direct limits

* Cosmological limits (hot dark matter)
* v oscillation data

R— m, <1-2eV

or: m/mxz=10, m,/m <101

Most appealing explanation:
m, ~ m“/M

M: scale of L non conserv. ~Mq;-Mp,
m< m~v~ 200 GeV

Note:
m, ~ (.ﬂi.frrﬁmm)”2 ~0.05 eV
m ~v ~ 200 GeV

mm==e> M -~ 10" GeV
Neutrino masses are a probe of GUT physics!
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Vi 18 @ heavy "sterile" neutrino:
sterile: no gauge int's
Vehas: colour=t," =Q =10

v, 1s a light "active” neutrino:
LEP: N, = 3

Are there light sterile neutrinos?

====> [s LSND signal true?
LSND + Solar + Atm. Oscill's

=m==2> at lcast 4 light V's

LLSND not double checked (MiniBoone)
KARMEN did not confirm

Perhaps will fade away. But if right
LNSD + Solar + Atm ----- >24V's
or 2 | light sterile v's



4-V Models

Typiﬂ ﬂl Cﬂnﬂgurﬂ[lﬂn (Bulenikcy et al; Barger ¢t al; Gonzales-

Garcia ¢t al)
ok " ii, M €Y *Can be compatible
o with hot dark matter,
LAND m4_3_2 eV
;} Y ___> * Pure two-neutrino
1 Vv, <-->V, oscill's

disfavoured for solar

Viable alternatives:

* 6->4 mixing angles: V. <-->V_+V,
(a: active=|L,T) for solar conzsies-Garcia et al; Fogii. Lis

*» A K-K tower of sterile v, (extra-dim
models)

Since v, mixings better be small

(limits from weak processes, supernovae,
nucleosynthesis)

the preferred solar neutrino solution is

MSW-SA



Sterile v's from extra dimensions

Context:

Large extra dimensions

Gravity propagates in all dim (bulk)
SM particles on a 4-dim brane

d=n+4

(mR)"= (Mp/m,)*
m_~ TeV

Assume | very large dim: 1/R £ 0.01 eV
+ n-1 smaller (1/p= TeV)

(mR) (mp)"'= (Mp/m,)’
or
(TI'L;R:I = (Mijs)z

V.: SUSY partners of gravitational moduli
(string th.)

Also propagate in the bulk

(Arani-Hamed et al; Benakli and Smirnov, Dvali and Smumov, Faraggi and Pospelov,
Mohapatra et al, loannisian and Pilafus, loannisian and Valle, Barbieri et al. Lukas ct
al: Dienes and Sarcevic. Caldwell et al;



Gﬂﬂd FEﬂtlll‘ES Caldwell et al. Mohapatra 2t al. Lukas ¢t al
* A "physical” picture for v,.

* v_has KK recurrences:
v.(x.y) = AR 2.v. ™(x) cos(ny/R)
with: m,,= n/R

and mixes with L:

h(m/M;) Lv."" H

[the suppression factor (m/Mp) 1s automatic
from the bulk volume!]

e Interference among a few KK states make
spectrum compatible with solar data

P(v,->X) = 20 m* /(M + n¥/R?)

/R ~ 10* =107 eV
R ~ 10° - 10% cm: very close to limits!!



Problems

« GUT's? Connection with GUT's?

» What forbids (on the brane)
I/m,L"ALHH ??

Recall that m_is small ~ TeV

* Ve, ViV 77

« Only 1 large extra dim has problems
(linear evolution of couplings from 0.01 eV to
TEV} Antoniadis, Bachas: Arkani Hamed et al

But more large extra dim

P(v.->X) = 25, m* /(M2 + n/R%)
= | m?, n*'dn /(M? + n°/R?)
High KK states do not decouple fast enough,

mixing large.
Compromise d=27



3-V Models

Possible configurations
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Degenerate V 's

* Compatible with hot dark matter
(m~2eV)

* Limits on m,, from Ov[p imply double
maximal mixing (bimixing) for
atmospheric and solar oscill's:

Vissan: Georgi,Glashow.
m,, = m,cos’0,, + m,sin’0,,

m,<0.3-0.5 eV (exp) needs

* For naturalness Am/m cannot be too small
(e.g. vacuum sol. Am/m ~ 107"

MSW-LA would be preferred in this
respect. But is 0,, sufficiently maximal?
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For degenerate V's see-saw dominance 1s
unlikely:

\ T ag-!
See-saw: m,=m M 'm,,

We expect mp to be hierarchical as forq & |
(conspiracy between mgand M unplausible)

More likely:

Degenerate v's from dim-5 operators
I/M L'ALHH

unrelated to mpand q & 1.

eForm~2eV,v~200GeV, A~ I:

M ~ 10" GeV Somewhat low?
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[Il\’El‘tﬂd hiEl'ﬂ{‘,h)’ Joshipura et al: Mohapatma et al; Jarlskog et al;
Frampton and Glashow: Barbien ct al . . .. : fec

Provides interesting models for bimixing.

IN2-1N2 0 L
U={12 12 -IN2| o — 1 metgey
1212 N2 It
[,
' A 5
m;. = M -1
ag O-i
0 M M
Umy, U=1~42|M 0 0|Gn flavour basis)
M 0 0

* From dim-5 L'LHH

* Approximate L.-L,-L. symmetry.

*» |-2 degeneracy stable under rad. correct's.
* Prefers VO,for solar, but could be comp.
with MSW-[]‘A (is mixing large enough?)

|
i
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Hierarchical neutrinos

*Assume 3 widely split light neutrinos

eSO(10)--->V,, + assume see-saw dominant:
m, ~ mp' M 'mg,

Maximally constraining: Gut's relate q, 1, v
masses!!

*For u, d, 1 Dirac mass matrices:
the 3" generation eigenv. dominant.

o[t is natural to assume this is also true for
mg' : diag my* ~ (0.0,m;)

«After see-saw, m, ~ my'M 'mg, in general
will be even more hierarchical:

fine tuned compensation between mp and M
unlikely.



*A possible problem:

We need both large m,-m, splitting and
large mixing in 2-3 sector.

m; ~ (Am’,,)"* ~ 5 107 eV
m, ~ (Am?_)"?~ 2 107 eV - 107 eV
(MSW) (VO)

*The "theorem” that large Am,, implies
small mixing (pert. th.: 8;~1/IE-EJ) is
not true in general:

All we need is (sub)det[23]~0

NOTE: for MSW-LA the splitting could be
by a factor of ~10 only: a factor of 3 in m;,
easily becomes a factor of 10 in

m, ~ mp'M'mj,



X2 x|

Det[m,;] ~ 0

Eigenvalues: 0, 14X’

Mixing: sin*(20) = 4x(1+ x%)*

For x ~ | large splitting and large mixing!

So we need mechanisms for Det[m,,] ~ 0
automatic
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» Hierarchical neutrinos and see-saw
dominance |
m, ~ m, M 'my,

allow to relate g, I, v masses and mixings-->
--> GUT's models

*The correct pattern of masses and mixings,
also including V's, is obtained in simple
models based on

SU(S) X U{ I )hm-irnnml

*SO(10) models are often more predictive,
but are based on specific textures from a set
of special operators
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Baou e oL
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Conclusion

* Many crucial questions to be answered by
experiments, e.g.

[LNSD: true or false
Which solar v solution?
How maximal is maximal mixing?.....

* Pending these questions many inventive
models and elegant speculative solutions
have been proposed.

*But the simplest and most constraining
possibility is

3 hierarchical Vv's
Dominance of see-saw

m, ~ my, M 'my,
(relation with g,I Dirac masses)
GUT models [SU(5), SO(10)...]

*Viable models in SU(S5) using my=m,"



