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The Paradigm: Mixing Among Three Light Neutrinos

A Fairly Exotic Effect ...
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The Paradigm: Mixing Among Three Light Neutrinos

Several Evidences that Nature Likes Exotic!

Reactor v Accelerator v
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The Paradigm: Mixing Among Three Light Neutrinos

The Standard Framework: masses, mixings and
phases

Ve, ,, V- (flavor eigenstates) # 11,v2,v3 (Mass eigenstates)

Ve 1
v, | =0 | U =V diag(1, e'°2/2 gi(*s+29)/2)
Vr V3 Majorana CP violating Phases
C12C13 S12C13 Sq3e "
_ is is
V = | —S12C23 — C12523513€"°  C12C23 — S12823513€"°  S23Cq3

S12S23 — C12C23513€"0  —C12823 — S12C23S13€"’  C23Cq3

Cij = COSQij Sjj = sin Qi] 9ij S [0,71’/2] o€ [0.27T] Qj € [0,27‘(]
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Status of the Oscillation Parameters

Oscillation in Vacuum and Matter

In the flavor basis the ultrarelativistic neutrino propagation
is described by

. 0 © 0
H=__UM’U'+V,, M=|0 AamZ 0

2E 0 O Am2,

Viae = diag(v/2 Gr ne(x),0,0) Am2 m? — m?
vr:U— U*,Vmat - _Vmat
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Status of the Oscillation Parameters

Mass Scales and Hierarchies

Current experimental results imply:

2 2 2 2 2
Ami; =Amg <<Amg,, =[Am3,| ~ |Am3,|

Two possible hierarchies:
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Fractional Flavor Content varying cos §

[H. Nunokawa, S. Parke, J.W.F. Valle, Prog. Part. Nucl. Phys. 60, 338 (2008)] sin? 2043 = 0.1
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Status of the Oscillation Parameters

General Features From Experimental Data

e Am?/Am2, ~ 0.03

@ sin?#y3 < 0.04 (CHOOZ2)

@ 2-generation analysis is a very good description!
but unfortunatelly no sensitivity to J§ or hierarchy...

@ Atmospheric and Accelerator Experiments (v, — v;):
Am2,, and sin® 6,3
@ Solar and Reactor Experiments (v — vy): Amg and
sin2 012
however 3-generation analysis performed since 2001
Let’s see what we have learned from them ...
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Status of the Oscillation Parameters

Sub-Leading Effect in Atmospheric

Effects of: Am%, sin® 65, 013 hierarchy and §
For atmospheric the e-excess at sub or multi-GeV energies
is given by (r =, /¢,,)

Ng
NO ~ 14081+ 02+ 03
~ cin2 09 22 2 sin2043 L
91 ~ sin“ 2043 sin (Am?lsmza 45) (rss;—1)
£ 2070 ain2 26
8o ~ sin® 2015 sin (Am?\::&em&) (resg —1)
~ ain2 o) ia2 2 sin201s L 2 sin26s3
dg ~ 8iN“ 2601o sin (Amos|n29124E> rsi3 cosécwtianze~12
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Status of the Oscillation Parameters

Sub-Leading Effect in LBL

cos 20 cos 20
3 o2 23 2 23 2 2
Pl/ﬁl/p, =~ 513 2 +(1- S13 > PV;’:V;I,(AmSZ’ 923)
23 23

SK+K2K+CHOOZ (Am?, 8, free)
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cosd = —1 coss = +1
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03 -02 =041 0 0.1 0.2 a3
cosd sind,;

Fogli et al., Prog. Part. Nucl. Phys. 57, 742 (2006)
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Status of the Oscillation Parameters

Sub-Leading Effect in Solar+KamLAND

Effet of 013

Ps, = ci3 Py, +87; (KamLAND)

~ 04 p/ 4 o
P3, ~ci3 Py, + 573 2, = Pavly_c2y  (Solar)

s
P

Fogli et al., Prog. Part. Nucl. Phys. 57, 742 (2006)
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Status of the Oscillation Parameters

Sub-leading Effects in Global Analysis (3 v

B 5 e T
S
a5 i
') 1y
B e
o o 3 . 12
2 ¥ |
R 7EE E \
A 5 \
= A
Z 3 \
7 Lol d 2
03 e O e b A a0e
tan” 0, ain® D,
T LA R R LA | 8y
sf 4 4 \
3
4
5 O > ot
w 2 3 4 N 3
2 5 i
H - \
\
\
s 4 \
e ..l Bl T o Lo plley
03 007 0.02 003 004 005 005 E]
un’n,I

2
Amy 167 V]
T I,,‘ T

Inverted
Lol

Global Overview of Mixings

and Masses



Status of the Oscillation Parameters

Determination of sin? 6.3

Increase in Precision
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Status of the Oscillation Parameters

Determination of |[Am3,| x 1073 /eV?
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Status of the Oscillation Parameters

Determination of sin26;,

Increase in Precision
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Status of the Oscillation Parameters

Determination of |Am3,| x 10°/eV?

(1) Gonzalez-Garcia et al., Phys. Rev. D 63, 033005 (2001)

(2) Fogli et al., Phys. Rev. D 66, 053010 (2002)

(3) Fogli et al., Phys. Rev. D 67, 073002 (2003)

(4) Maltoni et al., New. J. Phys. 6, 122 (2004)

(5) Fogli et al., Prog. Part. Nucl. Phys. 57, 742 (2006)

(6) Fogli et al., Phys. Rev. D 75, 053001 (2007) 10
(7) Fogli et al., arXiv:0805.2517 (2008)

(

Increase in Precision
T T T T

=]
8) Gonzalez-Garcia and Maltoni, Phys. Rep. 460, 1 (2008) % — 20
ol § — 30 1
Am3, = (7.66 +0.35) x 1075 eV? ‘ ‘
8| N
L
(~ 5%) L N
7k ® ® @11

AmZ, =7.67708 x 105 ev?

—0.61 of ]
(~ 9%)

@ @

4 L L L L L L
2000 2001 2002 2003 2004 2005 2006 2007 2008

Global Overview of Mixings and Masses



Status of the Oscillation Parameters

Determination of sin26;5

Increase in Precision
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Status of the Oscillation Parameters

Mixing Matrix Elements

Evaluation of the Mixing Matrix Entries

0.76 — 0.86 0.50 —0.62 0.00 —0.22
V)=

0.42-051 0.34-0.71 0.57-0.79
029-042 049-0.71 0.58-0.82

Do a more sofisticated evaluation [Gonzalez-Garcia and Maltoni, Phys. Rep. 460, 1 (2008)]

V|3, = | 0.22-0.56 0.44—0.73 0.57 —0.80

0.77-0.86 0.50-0.63 0.00-0.22
0.21-055 0.40-0.71 0.59-0.82

Tri-bimaximal Mixing Very Good Approximation

’ (2 V2 0)
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Status of the Non-Oscillation Parameters

Masses and Hierarchies

Current experimental results imply:

2 2 2 2 2
Amy; =Amg <<Amy, =[Am3,| ~ |Amg,|

Two possible hierarchies: mg, Am?., Am?,,

NORMAL INVERTED
m; = mg my = \/mg — Am2 + Am2
_/m2
my = /mg + Am? my = \/mZ + Am2,
m; = \/mg +Am2 + Am2 m3 = Mo

Renata Zukanovich Funchal utrino 2008 Global Overview of Mixings and Masses



Status of the Non-Oscillation Parameters

Effective v, mass (m;)

Single 5-decay probes

2012 — /o2 62 m2 4 62 e2 m2 1 &2 m2
Z m|Ueil = \/013°12m1 1 C13S12M3 + S73M3
i
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Status of the Non-Oscillation Parameters

Absolute Mass Scale: Single 5 Decay

Most stringent limits today are quite weak
mg < 1.8 (2.2) eV from Mainz+Troitsk (Mainz)

unfortunatelly these bounds have little impact at the
present moment
In the future Katrin may lower this down to 0.25 eV
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Status of the Non-Oscillation Parameters

Effective Majorana Mass (m

Neutrinoless j5-decay — (Z,A) — (Z+ 2,A) + 2e~ — probes

(if only Majorana mass term contributes)

2 2 2 2 2 i 2 i
Mgg = | E Ugim;| = [mqC35C7, + M2S7,C73€'"2 + M3syze'”?|
i

if occurs through exchange
of light v

2
v Mss
Tl = 6o, 2 (1

Mo, = nuclear matrix elements
G% = phase space integral

‘‘‘‘‘
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Status of the Non-Oscillation Parameters

Absolute Mass Scale: Neutrinoless 53 Decay

@ part of Heidelberg-Moscow group has reported a
signal in "6Ge — T/, = 2.23704% x 10?° yrs claiming
60 CL (controversial)

@ Cuoricino group reported Tf’/”2 > 2.5 x 10%* yrs for '30Te

half life at 95% CL

using nuclear matrix elements and uncertainties estimated

by Rodin, Faessler, Simkovic and Vogel, Nucl. Phys. A 766, 107 (2006)

Currently Available Limits (20)

0.16 < mgg/eV < 0.52 (HM)
0 <mgg/eV < 0.23 (Cuoricino A)
0 <mgg/eV < 0.85 (Cuoricino B)

[Fogli et al., arXiv:0805.2517]

Renata Zukanovich Funchal Neutrino 2008 Global Overview of Mixings and Masses

‘‘‘‘‘




Status of the Non-Oscillation Parameters

Neutrino Masses and Cosmology

Neutrinos contribute to energy density of our Universe +
influence large scale structure formation

Q,h?2=5/(94eV) — Y=my;+my+m;

bounds depend on data set included (CMB, LSS, BAO, Lymann-«
etc.), priors and statistical treatment

r'<17.55, d>2', 6’slice Angular Scale
o5

10+1)C/2x (1K?)
g

4

[N
- Wi \‘/\EJ

1000 F B8 g o,

"
; o e of - | j§
redshift space W o w0 o0 l@
62295 galaxi Multipole moment ()
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Status of the Non-Oscillation Parameters

Absolute Mass Scale: Cosmological Limits

Very Strong Limits (but depend on data sets, priors and
statistical treatment) (20)

(1) T < 1.3 eV (WMAPS5)

(2) T < 1.19 eV (WMAP5+ACBAR+VSA+CBI+BOOMERANG)
(3) £ < 0.75 eV (CMB+HST+SN-la)

(4) T < 0.60 eV (CMB+HST+SN-la+BAO)

(5) £ < 0.19 eV (CMB+HST+SN-la+BAO+Ly0)

[Fogli et al., arXiv:0805.2517]

Renata Zukanovich Funchal Neutrino 2008 Global Overview of Mixings and Masses



Status of the Non-Oscillation Parameters

Regions Allowed by Neutrino Oscillation Data

20 bounds (2008) from :
L
e v oscillation dato
0L 4
Mg
(ev) .
w2l 4 normal hierarchy
inverted hierarchy
162 o I
107! 1
T T
s L J
w0t 4 F 4
M g
(V) 452 A J
163 I I ! ! !

[Fogli et al., arXiv:0805.2517]
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Status of the Non-Oscillation Parameters

Only CMB - Case (2)

v oscill. + 8+ O0v2B claim + CMB

0v28 claim /D

95 % C.L. (1 do.f)

Y (V)

10
[Fogli et al., arXiv:0805.2517] 10
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Status of the Non-Oscillation Parameters

All Cosmological Data - Case (5)

v osc. + cosmo vs O0v28 claim

Ov28 claim
Y
10 B
M gg 1H.
(eV)
1072 N.H |
95 % C.L. (1 d.of)
10’3 I ] I
[Fogli et al., arXiv:0805.2517] 107 1

T (eV)
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Status of the Non-Oscillation Parameters

as and ¢

. .2 _
Normal Hierarchy - sin“8,, =0

. .2 _
Normal Hierarchy - sin“8,, = 0.03

m, (eV)
m, (eV)

ag =102

I I
08 09 1

a,/2m
[Nunokawa, Teves, RZF, Phys. Rev. D. 66, 093010 (2002) ] - updated
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Conclusions

General Conclusions

@ We have started the precision era of OE
e Amz, know to better than 10% at 3¢

@ |AmZ,| know to better than 20% at 30

@ sin? 6, know to better than 25% at 3¢

@ sin? 6.3 know to better than 45% at 3¢

@ sin?63 < 0.05 at 3¢
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Conclusions

General Conclusions

@ We have started the precision era of OE

e Amz, know to better than 10% at 3¢

@ |AmZ,| know to better than 20% at 30

@ sin? 6, know to better than 25% at 3¢

@ sin? 6.3 know to better than 45% at 3¢

@ sin?63 < 0.05 at 3¢

@ mass hierarchy and CP-violating phases still unknown
(see talk by H. Minakata)
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Conclusions

General Conclusions

@ We have started the precision era of OE

Ama, know to better than 10% at 3¢

|Am3,| know to better than 20% at 3

sin® 01, know to better than 25% at 3¢

sin® 63 know to better than 45% at 3¢

sin® f15 < 0.05 at 3¢

mass hierarchy and CP-violating phases still unknown

(see talk by H. Minakata)

Results from NOE already provide important

constraints. There combination with OE constraints

can be very powerfull in the future

@ Majorana phases seem out of reach

@ It may be the case we will need more agressive @
(-decay experiments in the future to acess my @
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(-decay experiments in the future to acess my @
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Conclusions

General Conclusions

@ As precision increases, it is important to check for
sub-leading effects as we may encounter new
surprises (see talk by M. Maltoni)
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