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MAIN CHARACTERISTICS OF SOLAR v DATA

. . Ein v Flux Operating R%P
Experiment Reaction (MeV) Sensitivity Time RBP2000
SAGE 1990 — 2001 | 0.55 + 0.05
pp, "Be, B,
GALLEX | v.+"Ga— "Ge+e~ | 0.233 pep, hep, 1991 — 1997 | 0.61 £ 0.06
13N, 1501 17F
GNO 1998 — 2000 | 0.51 +0.08
"Be, 8B,
Homestake | v, +%7 Cl =37 Ar +e~ | 0.814 pep, hep, 1970 — 1994 | 0.34+0.03
13N, 150v 17F
Kamiokande 6.75 1987 = 19951 55 4 0.08
_ _ 2079 days
vre ovte 1996 — 2001
Super-Kam. 4.75 1496 days 0.465 + 0.015
vVe+d—=>p+pt+e” 6.9 8B 0.35 +0.02
1999 — 2002
SNO v+d—=p+n+vrv 2.2 306.4 days 1.01+0.13
v+e s uvte 5.2 0.47 £ 0.05

DPhep < 7.907°M (90% C.L.)

hep
[Smy (SK), Neutrino 2002]

ARE = 0.021 £ 0.024

[SK, PLB 539 (2002) 179]

ARRO = 0.070 £ 0.051

[SNO, PRL 89 (2002) 011302]

SK & SNO = no spectral distortion

SK == no seasonal variation

SK & SNO = very small night-day asymmetry
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THE TRIUMPH OF SNO

Sudbury Neutrino Observatory, 1 kton of DO, Te.g > 5MeV = usp

CC vet+d—op+p+e EP~69MeV

th
NC v+d—op+n+v E)" ~ 2.2MeV EVIDENCE OF v, — v, v, = MIXING!

ES v+e —sv+e Ef ~ 5.2MeV
d,, =P = (1.76 £0.11) x 10°cm™?s7!

assuming no spectral distortions SNO SNO
(I)I/'u,l/q- (I)NC (I)CC

SNO — SNO SSM
R&c [P = 0.35+0.02 —(3.33+£0.65) x 10°cm™ 25! (5.10)
RSNO — SNO/@SSM —1.01 +£0.13

APPEARANCE EXPERIMENT !
Rps© = ®ps° /@5 M = 0.47 £0.05

[SNO, PRL 89 (2002) 011301]

Super-Kamiokande

22.5 ktons of Hy,O, Et" ~ 475 MeV = vsp

R]SEIS< = (I)%IS{/(I)ESM = 0.465 = 0.015 [SK, PLB 539 (2002) 179]
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2v active oscillations. all data
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SNO SOLVED SOLAR NEUTRINO PROBLEM @
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NEUTRINO PHYSICS

sm? (eV?)

OKKAM'S RAZOR

\U’ ) 7 2d.OAf.9o% CL. M ]
CONSIDER SIMPLEST HYPOTHESIS A

I

12 | | Lol Lol Lol

. .
Ve — UV, V7 oscillations T T T
2
tan®1,,
(! 90%, 95%, 99%, 99.73% (30) C.L.

.. ] [Fogli, Lisi, Marrone, Montanino, Palazzo, PRD 66 (2002) 053010]
Large Mixing Angle solution
see also
[SNO, PRL 89 (2002) 011302]
I—MA [Barger, Marfatia, Whisnant, Wood, PLB 537 (2002) 179]
[Bahcall, Gonzalez-Garcia, Pefia-Garay, JHEP 07 (2002) 054]

2 _5 2 [SK, PLB 539 (2002) 179]
Am — 5 X 10 eV [de Holanda, Smirnov, PRD66 (2002) 113005]
[Aliani et al., PRD 67 (2003) 013006]
tan2 19 ~ 0 4 [Bandyopadhyay et al., PLB 540 (2002) 14]

[Creminelli, Signorelli, Strumia, hep-ph/0102234]
[Maltoni, Schwetz, Tortéla, Valle, PRD 67 (2003) 013011]
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KamLAND = spectacular confirmation of LMA

Kamioka Liquid scintillator Anti-Neutrino Detector, long-baseline reactor i, experiment
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D istance to Reactor (!

Shade: 95% C.L. LMA

Curve: Am?2 | = 5.5 x 1075 eV? sin? 29, = 0.83

[KamLAND, PRL 90 (2003) 021802]
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Fits of reactor + solar neutrino data

10- T T T T T T T
10°

10

Am’® [eV2]

10° 5
10* 10°

2
tan” ©
90%, 95%, 99%, 99.73% (30) C.L.
[Maltoni, Schwetz, Valle, hep-ph/0212129]

see also
[Barger, Marfatia, hep-ph/0212126]
[Fogli et al., hep-ph/0212127] 10° L
[Bandyopadhyay et al., hep-ph/0212146] 01 02 03 04 05 06 07 08 09 1
[Bahcall, Gonzalez-Garcia, Pena-Garay, hep-ph/0212147] tgze
[Nunokawa, Teves, Zukanovich Funchal, hep-ph/0212202] 68.3% (1) 90%, 95%, 99% 99.73% (30) C.L.
[Aliani, Antonelli, Plca-mello, Torrente-Lujan, hep-ph/0212212] [de Holanda, Smirnov, hep-ph/0212270]
[Balantekin, Yuksel, hep-ph/0301072]
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6m’ (eV?)

10

10

10

10

LMA-1 or LMA-II?

2v Solar + CHOOZ + KamLAND
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sin®®,,
90%, 95%, 99%, 99.73% (30) C.L.
[Fogli et al., hep-ph/0212127]

KamLAND energy spectrum
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Super-Kamiokande Up-Down asymmetry: A,

Atmospheric Allowed Region

» Disappearance
of u-type, no
appearance of e-
type: V=V

 Uses all Super-K
data sets (1290d)
FC, PC,up u
and multi-ring

 Very good %2
(175.0/190)

* Maximal mixing

Michael Smy, UC Irvine

A
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ATMOSPHERIC NEUTRINOS

U+D

Am? (eV?)

10

10

V=V " g
| Combined allowed regions
I ) ] I I I I 1 1 4 I
] v, >V,
A
€1n :' T T T T o2 R T T T
O
2
aall :
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. 1k e
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68% C.L — FO+PC
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99% C.L ¥ = Upnolrnatop pﬂ.lpuolnu Ihmuull n
004 02 03 04 08 08 07 08 08 1
(EET0E PURWS Beu 0 FIPTUS PETUS PrUPS PrPre Py Polr einf
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10 i

sin®20

_ (M) — —0.311+0.043 £ 0.01 (70)
I

May-2002  Meutrino2002 @ Munich

vu©evoscillations

Best fit(AmZ=2.5x10-,sin?26=1.0
Pmin=163.2/170 d.o.f)

No oscillation
(x2 =456.5/172 d.o.f)

Am2= (1.6~3.9)x103e\2
sin220 > 0.92 @ 90%CL

[Shiozawa (SK), Neutrino 2002]

[Smy (SK), Moriond 2002]
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1.360m

[http://neutrino.kek.jp/news/2002.06.12]

107t - -
T T T T T N\
102 g -
< ~ MACRO,~~~~~
(¢D) \~\ \ SK
~ 103+ SOUDAN 2. TTe—-J 68%
£ N~ i 90%
< ~ _. 2 99%
10_4_ ] 10 v b b b b b b b b by
0 0.10.20.3040.50.60.70.8 O.g 1
sin“206
10 | | | | [Oyama, hep-ex/0210030]
0 0.2 0.4 0.6 0.8 1.0
sin2 (20) see also [K2K, PRL 90 (2003) 041801]

[Giacomelli, Giorgini, Spurio, hep-ex/0201032]
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THREE-NEUTRINO MIXING

3
flavor fields v, a = e, u, T Vol = Uak Vi massive fields v, — myg
7ILL7
k=1
m m
V3 V)
—_— ) —_
Amgyy <
V1
"normal” 2 2 "Inverted”
orma Am3 AmZig erted
P
S — 2
>AmSUN
141 V3

C. Giunti, XXXVIIIth Rencontres de Moriond, March 2003 — 10




A nalysis A

&> 1r
(]
/. \ (\l; Ve—>V><
SUN (]e1 U'(32 Ue3 ¥ ]90% CL Kamiokande (multi-G e
Bl 90% CL Kamiokande (sub+m ult
2 2 U — Ulu/]_ U/‘l’2 UM3 ot
Am21 < |Am31| i
UTl UT2 U7'3
ATM

2 2 2

Mm&uooz = Amsy = Amary 95% C L
CHOOZ:

sin” 20cuo00z = 4|Ues|*(1 — |Ues|?)

U 10 T

Ues|® < 5 x 1072 (99.73% C.L.) |

[Fogli et al., PRD 66 (2002) 093008] (global analysis)

e L b Ly
0.6 0.7 0.8 0,9 1
sif( B)

04 05

O R S I I
0 0.1 0.2 0.3

[CHOOZ, PLB 466 (1999) 415]
see also [Palo Verde, PRD 64 (2001) 112001]

SOLAR AND ATMOSPHERIC v OSCILLATIONS
ARE PRACTICALLY DECOUPLED!

TWO-NEUTRINO SOLAR and ATMOSPHERIC v OSCILLATIONS ARE OK!
[Bilenky, Giunti, PLB 444 (1998) 379]

) . 2
S111 T9ATM — |U,Lb3| [Guo, Xing, hep-ph/0212142]

SiIl2 r19SUN ~ |Uez|2
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May-2002 Meurino2002 @ Munich
‘ Allowed region for active 3-flavor oscillations

A
1ﬂ:—||||||—:
4 = s
E !“T -_ 'l:\
5 ] 1 /
10 | e 2
[ CHOOZ 90% CL axcluda
4 [ PALOVERDE 90% CL exclude [
40 bk ! | | | J =
o 01 02 03 04 05 e T BN Y S Y MY R |
f{ sin’e,, $ aln®0,, ¢
Pure vy©ow, Pure v.©v, Pure v.ew,

getting close to CHOOZ s limit oh B4z

consistent with CHOOZ’s excluded region
[Shiozawa (SK), Neutrino 2002]

FUTURE
MINOS: sensitivity |Ucz|? ~ 1072
JHF-Kamioka: sensitivity ‘U63|2 ~ 2 X 1072 (jU.312 ~ 104 with Hyper-Kamiokande) [hep-ex/0106019]
Neutrino Factory: sensitivity |Ues|* ~ 107°
|Ucs| > 0 = normal or inverted scheme (Earth matter effects) and (maybe) CP violation
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BILARGE MIXING

Coq S 0 Ve = CygV1 + S9sl2
2 ~ S
‘Ue3‘ <1l = U=x~ —S9gCY, CYsCYp SYa = X VC(L ) = —Syql1 + Cys V2

SY9gSIa —CYPg S CY L — CY AV — S9AVr

CYg SYg 0
. A
Sln2219A21:>19AEZ:>U2 _8195/\/§ C{}S/\/ﬁ 1/\/§

8198/\/5 _C’ﬁs/\/? 1/\/§

Solar v, — 1) ~ % (v, — vr)

SNO
CI)CC

Y

% — ¢, ~P,, ~ P, for E 2 6MeV

V3 1 0

2 2
2,0 ~ ~ T ~ | _ 1 v3 1
LMA:>tan195_0.4:>195_6:>U_ o5 35 O
1 /3 1
2+/2 24/2 /2
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CONSTRAINTS ON THE MIXING MATRIX

sin® 205 = 4|Uec1]?|Uea|?

sin? 2094 = 4|U,3|? (1 — |Uu3|2)
sin® 20¢ = 4|Ues|? (1- |Ue3|2> )

[Guo, Xing, hep-ph/0212142]

’

(x

\

Ue 1
Ue2

Ue 3

21 [cos2 Ye + v/ cost ¢ — sin? 2195}

2
2 — % [0082 Yo — \/cos4 Yo — sin? 2193}
2 — sin? Yo

UM3|2 — sin? YA

U73|2 — cos? Yo — sin? Ya

0.25 < sin®¥g < 0.40 (90% C.L.) (Fogt et ol hep-ph/o212127)
Sin2 219A > (.92 (90% CL) [Shiozawa (SK), Neutrino 2002]
Sil’l2 29¢c < 0.1 (90% CL) [CHOOZ, PLB 466 (1999) 415]

U] =~

0.70 — 0.87 0.50 —0.69 0.00 —0.16
0.20 —0.61 0.34—-0.73 0.60 — 0.80
0.21 —0.63 0.36 —0.74 0.58 — 0.80
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ABSOLUTE SCALE OF NEUTRINO MASSES
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laboratory constraint on the main massive component of v,

Tritium B—decay: my, < 2.2eV (95% C.L.) [Mainz, Troitsk, hep-ex/0210050]

neutrino HDM matter & energy
Q
A
Qyh*=2my/92eV P
Hubble Parameter h = 0.65 (65 km/s/Mpc) —I— dark energy
:: cold dark matter
2, <025 my <3 eV I
Future: KATRIN structure formation 01 ——
tritium experiments -
—— baryons
[KATRIN, hep-ex/0109033] 1
Q, <0.025 my < 0.3 eV 1
KATRIN o071 |
| stars & gas
QV > 0003 my, > (0.05eV 1
Super-Kamiokande —+
0.001 ——
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COSMOLOGICAL LIMIT ON NEUTRINO MASSES
CMB (WMAP, CB|, ACBAR) -+ LSS (2dFGRS) [WMAP, astro-ph /0302207, astro-ph/0302209]
ACDM: h = 0.717003, Qor = 1.02 4 0.02, Q5% = 0.0224 + 0.0009, 2,k = 0.13510 505

2, h? < 0.00076 (95% confidence limit) = » my, < 0.71eV = my < 0.23eV
k

10° 10°
| CMB + LSS | | CMB + LSS |
DMk
1071 E dopMk E wltg— R E
c -7 ; ] - my ; ]
— ms . mq
o S
L, L,
1072 " E 1072 F E
g g
107 F E 107 F E
mq ms
10_4 Ll Ll Lol 10_4 Ll Ll Lol
10~* 1073 102 107! 109 10~* 1073 102 107! 109
mi [eV] mg  [eV]
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OPEN QUESTIONS

Absolute Scale of Neutrino Masses?

Nature of Neutrinos (Dirac or Majorana)?

Short-Baseline v, — 7. (LSND)?

Active — Sterile Transitions?

Number of Massive Neutrinos?

Am%UN ~5x 107°%eV? )

Ami3py =25 x107%eV? » = N, >3

/

no contradiction with

invisible width of Z boson (Z — Z l/gﬂg) = ]Vlight flavor neutrinos = 2.994 £+ 0.012
14

[PDG, PRD 66 (2002) 010001, http://pdg.lbl.gov]
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Sterile Neutrinos in Atmospheric Neutrino Flux?

N t f t h ° May-2002
a ure 0 a mosp erlc ‘ limit on v, © vs admixture
° °
Oscillation s
Mode Best fit Ax2 | o i
W $in?20=1.00; Am?=2.5x10-3e V2 | 0.0 | 0.0 L
{g, G004 -
VyVe sin?20=0.97; Am?=5.0x103eV? |79.3 | 8.9 .:; 003 |
V-V sin?26=0.96; Am?>=3.6x103eV? |19.0 | 4.4 e |
LxE sin?26=0.90; 0=5.3x104 67.1 8.2
v, Decay c0s26=0.47; 0=3.0x103¢V? [81.1 9.0 - _ | | — |
v, Decay tov, | co0s?6=0.33; a=1.1x10%eV? |14.1|3.8 T - R
[Shiozawa (SK), Neutrino 2002]
[Smy (SK), Moriond 2002]
FUTURE

MINOS: v, — v, v, — Ve, V), = Ve ur (NC)
CNGS: ICARUS: v, = v, v, — v, OPERA: v, — v,
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Sterile Neutrinos in Solar Neutrino Flux?

0.6 | T T T T T T T T T T T T T T T T l
3 i )
10 r ] 0.5 j i
i ] 04 - |
I | oy i )
[ - C\]g | |
. 03 —
> 7 - ]
() i ]
~—~ -4 02 .
~_ 10 & - )
& i B )
[ . 7 i ‘ T ‘ T ‘ ]
Active 0 075 1 125 15 175
Solar + KamLAND fB,total
10 L . ‘ :
10 1 Ve —r COSNVy + SIN Ny
tat® .
90%, 95%, 99%, 99.73% (3o C.L. siIn-n < 0.52 (30)
[Bahcall, Gonzalez-Garcia, Pena-Garay, JHEP 0302 (2003) 009] P
8
fB,total — cIDS—S]IBVI — 100 + 006
B
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MAJORANA NEUTRINOS? <= B8, decay

d - u
W
N(A, Z) 5> N(A, Z+2)+e +e U e
effective B
Maj =) Uz
2jorana - [{m) oIk - _
k // (&
W
d o u

complex U.r = possible cancellations among m1, ma, ms contributions

conserved CP
[(m)| = [|Ue1|*mq + [Ue2[?€*** mg + |Ues|?€'** mz| | o1 =0,m1 g =0,

nk; = €'**3 relative CP parity

Heidelberg—l\/loscow (76Ge) |<m>\exp < 0.35eV (90% CL) [EPJA 12 (2001) 147]
|IGEX (76Ge) |<m>\exp <0.33 —-1.35eV (90% CL) [PRD 65 (2002) 092007]

about factor 3 theoretical uncertainty on nuclear matrix element!
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Neutrino Oscillations implications for 53, decay

=
L,
N
S
5
o
-
m
—
/
/
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g
-_2 /
Amimy | %
\\ o
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| — 2
\ AmSUN
| — 0 5
171 0
~ 0
% -1 -0.5
A
E .2 -1
8 -1.5
©.3
- -2

-5 -4 -3 -2 -1 0
L o(gule W)

[Pascoli, Petcov, PLB 544 (2002) 239], see also [Feruglio, Strumia, Vissani, NPB 637 (2002) 345]

L o@ule\)

FUTURE: GENIUS, CUORE, EXO, MOON, GEM (|{m)| ~ 1072 eV)
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Amgyy <

NEMO3, CAMEO, Majorana, CUORICINO, XMASS (|(m)| ~ 10~1 eV)

2
Amiry



§os

CONCLUSIONS

v, — vy with AmZpy ~ 2.5 x 1073 eV? (Super-K, K2K)
Ve — vy, vy with AmZyy ~ 5 x 107°eV? (SNO, KamLAND)
Cosmology (CMB+LSS) = > miight neutrinos < 1€V (WMAP, 2dFGRS)

%

3v mixing = bilarge mixing with |U.3|? < 1
theory: why |U3|? is so small?
future exp.: measure |Ug3| > 0 = normal or inverted scheme and CP violation

data disfavor Active — Sterile transitions

Short-Baseline 7, — 7. (LSND)? <= MiniBooNE

Neutrino Unbound
http://www.to.infn.it/“giunti/NU
Carlo Giunti & Marco Laveder
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