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o Dirac/Majorana mass beyond SM.

o Neutrino oscillations: updated data,
neutrino mass patterns.

o Limits on absolute mass scales:
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Neutrino beyond Standard Model

o Dirac neutrino
L=y, LHLL ke )12
o Majorana neutrino
=Ly t+yLHLH/2M vy, ~ 1, M~10“GeV

(Seesaw)
=Sty LHS + 1£05/2M
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Neutrino mass

Weak eigenstates: v,

o Majorana Mass eigenstates: v,
1 ) 1
“2" Z m(_xﬁ ValVp = § Z m;V;V;

o )

- 1 ‘ 1 .
(o DI raC 9 Z mZﬁ Vana = 5 Z m;V;V;

a3 )

Three mass eigen values : m 23

Two mass differences measured in oscillation experiments:

Am3, = m3 —m7 : atmospheric

Am3, = m3 — m7 : solar
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Neutrino Mixing

‘I/€> — UTel |V1> + UT82|V2> + UTeBly3>
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vr) = Uqlvr) +Ussra) + Usslus)
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U=| 0 co,, o, 0 1 0 %, Co, O[O0 €92 0

0 —H23  Cag _'96’136_2"(S 0 CHy3 0 0 1 0 0 €3

atmoshperic reactor solar Majorana

Three mixing anlges . 923, 913, 912
One Dirac & two Majorana phases : 0 & ¢9 3




Recent oscillation data
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Neutrino mass hierarchy

Vel Vi Vel
2
Am3, >0 Amzy <0
sin’ s sin® 0}
3 I ‘. ]
sin® 03 —\““.E-:-I
_Rmirm | I I
sin” f12 )
Cr] 2 — — A,
Amg ‘.-Cil'lz”g_;
' e | I
sin” f13 S
NORMAL INVERTED

Quasi Degenerate
m1 ~ M2 <~ ms3

~ 0.05 — 0.3eV
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Bounds on absolute masses

o Am,2>2.27 x 1073 eV?

Am,%2 > 7.38 x 10~ eV?
o Normal Hierarchy:

m;>0.0476, m,>0.0086, > m >0.056
o Inverted Hierarchy:

m,>0.0484, m,>0.0476, >m >0.096
o Qausi-Degeneracy:

m,,,>0.0476, >m >0.14
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Absolute mass & 3 decays

o Oscillation experiments cannot tell.
o Tritium beta decay:

mz = Z -m,?‘[,-"e.i‘g = r-.%:gr-%g,ﬂn% + “%3'“’%2”“‘% + .'-1-%3-;;;% Mainz & Troitsz
: il 2.2 eV
o Neutrinoless double beta decay:
mgp = ’ZszezZ’ ~ |micia + masi2€'®? + mgsize’® |

CUORICINO (Feb. 08) NEMO3 (2008)

3 . ‘ Nucleus Tﬂfz (90%CL) Im 5] (eV)
TV, (F9Te) = 3.0 x 10 yr. 00\ [ 58-10%y | < (0.6 —1.3)
' | 2Se ; 21-10% y | <(1.2-22)
Mg < 0.19-0.68 eV %7y | >86-10%y | < (7.4 _201)

BCa | >13-102y < (29.7
"INd | >1.8-10%y | <(4.0—-6.3)
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Nuclear matrix elements

Nuclear Shell Model

Quasi—particle Random
Phase Approximation

Nuclel transition
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B30T,

2.27 - 3.38

2.92 - 5.04

136 Xe

1.17 - 2.22

1.57 - 3.24
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|
Nuclear matrix elements

Cremonesi, 1002.1437
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.
Future limits

20 sensitivities including

10° 3 CMB lensing / cosmic shear surveys
Inverted
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Absolute mass & cosmology

o For a light neutrino,

3
th2:3x§x L nm, /p, = M,
4 \T,) 7 30e

o A generous limit on the relic density,
Qh?< 0.1, gives

m <3eV
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lmpact on structure formation

o Neutrinos are hot dark matter.

o They freely stream away to disturb the
formation of small scale structures.

d.s ~1Gpe my;

o Scales smaller than d- damped out—>
suppressed power spectrum.

KRISS, 2010-10-08 Neutrino mass/EJChun@KIAS 14



KRISS, 2010-10-08

Structure formation
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Power spectrum
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Current power spectrum P(k) [{h-! Mpc)?]
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.
Combined analysis

Gonzalez—Garcia, Maltoni, Salvado, 1006.3795

Model Observables ¥, (€V) 95% Bound
owCDM + AN,q +m, | CMB+HO+SN+BAO < 1.5
0wCDM + AN..; + 1, | CMB-+HO+SN+LSSPS < 0.76

ACDM + m,, CMB+HO+SN+BAO < 0.61
ACDM + my, CMB+HO4+SN+LSSPS < 0.36
ACDM + m,, CMB (+5SN) < 1.2
ACDM + my, CMB+BAO < 0.75
ACDM + my, CMB+LSSPS < 0.55
ACDM + my, CMB+HO < 0.45
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Confirming Majorana vs. Dirac

o Oscillation data tell us:

mgp(eV) | > my,(eV)

NH, Dirac 0 0.05
NH, Majorana | 0 — 1073 0.05
IH, Dirac 0 0.1
IH, Majorana 0.01 0.1

What we will see or not see:

mgg > 10~23eV Zm,, > 0.07eV
NH, Dirac X X
NH, Majorana, X, (0) X
IH, Dirac X @,
[H, Majorana O O

KRISS, 2010-10-08 Neutrino mass/EJChun@KIAS 20



.
Majorana and Dirac seesaw

** Majorana and Dirac seesaw operator at low energy

wM — L LH,LH D Y
eff = pp 2l wh. = L LHwW"S
ot =y D s

© M A

** Renormalizable high energy theory can be

| 1
WM = hLHyN + §MNN

WP =\ SH{Hy + hLHy®° + h'v¢SP + MOPC

’ : Murayama—Pierce, 02
(nb) Viable leptogenesis ey 06



Conclusion

o Neutrino oscillation experiments have been a
great success.

o Future progress in non-oscillation experiments
would be crucial in revealing the origin of
neutrino mass.

o We discussed some theoretical aspects, and the
Importance of Ovp experiments and

cosmological observations in the future of
neutrino physics.
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