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FACTS
Solar v, — v, v, MYSTERIES

Atmospheric v, — v, Absolute Scale of Neutrino Masses?
Atmospheric and Long-Baseline Nature of Neutrinos (Dirac or Majorana)?
v. Oscillations are Suppressed LSND 7, — 7. ?

Suppressed Short-Baseline Active — Sterile Transitions?
ve and v, Oscillations Number of Massive Neutrinos?
Mlight neutrinos — few eV
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MAIN CHARACTERISTICS OF SOLAR v DATA

) ) Ey, Operating R®P
Experiment Reaction (MeV) Time TBP2000
SAGE 1990 — 2001 | 0.54 4+ 0.05
GALLEX | v, + "MGa— "Ge+e | 0.233 | 1991 — 1997 | 0.61 %+ 0.06
GNO 1998 — 2000 | 0.51 £ 0.08
Homestake | v, +3"Cl =37 Ar+e~ | 0.814 | 1970 — 1994 | 0.34 +0.03
Kamiokande 6.75 | 1987 = 19951 551 008
g g 2079 days
Vet+e — v, +e
€ € 1996 — 2001
Super-Kam. 4.75 1496 days 0.465 4+ 0.015
Ve+d—>p+p+e” 6.9 0.35 £ 0.02
B 1999 — 2002 | 1.27 £ 0.55
SNO vhd=optnte 22 | 3064 days | (1.01+0.13)
v+e —v+e 5.2 0.47 £+ 0.05

Bhep < 79BN (90% CL)

[Smy (SK), Neutrino 2002]

ARE = 0.021 4 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

_ C. Giunti, ICHEP 2002, Amsterdam, July 2002 — 2




THE TRIUMPH OF SNO
Sudbury Neutrino Observatory, 1 kton of D3O, Teg > 5MeV = sp

C vVet+td—p+p+e EP~69MeV

C v+d—>p+n+v ER ~ 2.2 MeV EVIDENCE OF ve — vy, vr = MIXING!

S v4e —vHe B ~ 59MeV d,. =P’ = (1.76 £ 0.11) x 10° ecm ™ ?s™*
assuming no spectral distortions &

REC = 02 /@5°M = 0.35 4 0.02
R° = o3P /@5°M = 1.01 4 0.13
RES© = ®35°/05°M = 0.47 4 0.05

[SNO, PRL 89 (2002) 011301]

SNO SNO
=Py — PG

Vyp Vr

=(3.334£0.65) x 10°cm™?s™"  (5.10)

APPEARANCE EXPERIMENT |

Super-Kamiokande
22.5 xsa of HoO, Et* ~ 4.75MeV = usp
mw_mwﬁmm = \@mmz — 0.465 += 0.015 [SK, PLB 539 (2002) 179]
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[SNO, PRL 89 (2002) 011301]

[SNO, PRL 89 (2002) 011302]

®,, =(1.76 £0.11) x 10°cm™2*s™' @ = (3.414£0.65) x 10°cm ™ s~

Vp,Vr

P = (5.09 £ 0.64) x 10°cm™?s™! @M = (5.05155;) x 10°cm™?s™!

Ve ,Vu Vr
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OKKAM'S RAZOR
O SOLVED SOLAR NEUTRINO PROBLEM

Y
. L
(if no f“t“rj surprises!) CONSIDER SIMPLEST HYPOTHESIS
NEUTRINO PHYSICS ¢ I
Ve — vy, vy oscillations
C\IE 3 (b) I I I I E
T LMA ]
= | Large Mixing Angle solution
6 - ]
SF o LOW ] LMA
8t - Am?® ~ 5.0 x 107> eV?
i — 90% CL E
-9 —— 95% CL s tan® ¥ ~ 0.34
i — 99% CL ]
-10 | —— 99.73% CL .
! ] [SNO, PRL 89 (2002) 011302]
a1 | ]

?og (tar? 6)l
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2v active oscillations: all data

-O-3§ T \HHH‘ T \HHH‘ T \HHH‘ T 17 T ‘HH%E T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \\HH::t 1073 ‘HH‘ T ‘HHH‘ T \HHH‘ T \\L_J.J_\l“ T T T 1117
0_4§ BPOO, Free °B 5 = BPOO, Free °B 0 E ; \/\

. E = = 10k \\ E

0° = 3 0o ]
o 7 :

0 ? E? : E 10_6— .
7F T ; ~

0L . L H——

- . + . — 107 F Sgor, o E
0L Active L Active T T - 0% C
3.nicc:+C|+cc+sr<(Sp,Zenﬁth) “Ga+CI+SK(Sp,Zenith) - e E
1 Before April 20, 2002 L 4+CC+A(CC)+NC o'} |

10% 10° 102 10 1 10, 10® 10% 10' 1 10 e T R R R
2 10t 1073 107 10 1 10
tOﬂ /19' tonz'&u
[Bahcall, Gonzalez-Garcia, Pefia-Garay, hep-ph/0204314] [Fogli, Lisi, Marrone, Montanino, Palazzo, hep-ph/0206162]

LARGE MIXING BUT MAXIMAL MIXING IS DISFAVORED!
LMA 0.24 < tan® 9 < 0.89 23%x107° < Am? <3.7x 1074

LOW 0.43 < tan® 9 < 0.86 35x108 < Am? <1.2x107"

[Bahcall, Gonzalez-Garcia, Pefia-Garay, hep-ph/0204314]

99.73% CL

FUTURE: KamLAND (LMA), BOREXINO (LOW), ...
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-3 o 10 _35 R D T “*””r,“ T T T T T T T T
10 ® (a) O (b)
c 4 : !
o 10 (o @
5 . o
10
10 °F
10 7t
-8:
< 108}
310¢ | ]
e 10 7
< 3
10700
_11E all solar v data
10" r9506C L. | 95%C.L.
1 iZenith Spectrum+SK/SNO Rates Ve = VydVe = Ve (SB, hep free)
10- | Y] B R I R T TT] B R A R T T R R RTTTI RS AT RTRTI BRI Coocol ol sl oo IR
10* 10° 102 1200 1 10 10% 120° 10?7 10°
-5 . . . . . . . . N> 10 -37‘”
0.1 0.2 03 04 05 06 0.7 08 09 1 _;
t929 NE
3
2
0.2 < tan“ v < 0.84
-5 2 —4
2.3 x107° < Am”~ < 3.6 x 10 o
99.73% CL
[de Holanda, Smirnov, hep-ph/0205241]
see also 795%(: L
[Barger, Marfatia, Whisnant, Wood, PLB 537 (2002) 179] . Ve—»vu.,T.
[Bandyopadhyay et al., hep-ph/0204286] 10 7l b
[Aliani et al., hep-ph/0205053] 0 1020730 407507 60" 707 80 €

[Creminelli, Signorelli, Strumia, hep-ph/0102234]

[Maltoni, Schwetz, Tortdla, Valle, hep-ph/0207227] [SK, PLB 539 (2002) 179]
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worry: LOW is disfavored because LMA fit is too good!

dof = 72 = 17+17(SNO) + 19+19(SK) + 3(HOM+GAL+SAG) — 3(Am?+tan? 9+Psy)

LMA x2. =57.0 Am? =5.0 x 1075 eV?, tan® ¥ = 0.34
min [SNO, PRL 89 (2002) 011302
LOW  x2. =677 Am? =1.3 x 1077 eV?, tan? ¥ = 0.55
10‘3? T T o 10‘3§‘ 2 ‘
10 | 105 |
10°° 10°°
107 | o 107
t £
10_9 —_ 10_9 E
10—10 10—10
10—12; e e 1012 ¢ e ‘
101 1 10 101 1 10
tarf0 tarf0
Rgf = 70.8 £ 4.4 SNU (1990-2001) Rgf = 66.1 £ 5.3 SNU (1998-2001)
90%, 99%, 9973% CL [Strumia, Cattadori, Ferrari, Vissani, hep-ph/0205261]
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ATMOSPHERIC NEUTRINOS

ber-Kamiokande Up-Down asymmetry: A, = Am.ﬂ|mv = —0.311 £ 0.043 £ 0.01 (70)
.:

Atmospheric Allowed Region

Ma-2002  MNeuirne0E @ Munich

Disappearance o+ _ Combined allowed regions
of u-type,no 2 _
appearance of e- zw o VY,
type: V=V, ) .m ] ey oscillations
Uses all Super-K , 4 | g
data sets CN@O& : " Best fit{ Am?=2.5x10-, sin“26=1.0
" ; Zuin=163.2/170 d.o.f)
m, _,U X "main
ﬁw Omﬂﬁu.ﬁ A No oscillation
and multi-ring f{ (42 =456.5/72 d.o.f)
Very good x* wd ] il e
(175.0/190) - Am2= (1,6~3.9)x103eV2
Maximal mixing s £1- gl gl sin20 > 0.92 @ 90%CL
R it o L Lol PR
2 ) _ : _ _ : _ _ : @ @1 0E 63 o4 DA B AT A os 1
L] L8 ] oz aa o4 [ &-] an ¥ L1 0w 1
Smy, UC Irvine t-—uﬂ._.u'

[Shiozawa (SK), Neutrino 2002]
[Smy (SK), Moriond 2002]
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Nature of atmospheric | imitonv.oveadmixtwre o
° ° |
Oscillation

o |
de Best fit Ax2 | © e ]
v, 5in226=1.00; Am?=2.5x10%¢V2 | 0.0 | 0.0 g i O
Ve sin20=0.97; Am>=5.0x10%eV2 |79.3 | 8.9 mE E.s.
v, sin?26=0.96; Am?=3.6x10%e V2 |19.0 | 4.4 ]| )
E §in220=0.90; 0=5.3x10*  |67.1 8.2 il
Decay c0s20=0.47; a=3.0x10%eV2  |81.1|9.0 R i | S
Decay tov, | ¢0s26=0.33; o=1.1x102eV? |[14.1|3.8 e, ™ ,ﬁﬁhmiﬂ.. Y

[Shiozawa (SK), Neutrino 2002]
[Smy (SK), Moriond 2002]

FUTURE
K2K: v, — v,
MINOS: v, — v,, vy — Ve, Vy — Ve,u,» (NC)
CNGS: ICARUS: v, — ve, v, - v OPERA: v, — v,
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THREE-NEUTRINO MIXING

3
flavor fields v, a =€, u, 7 Vol = M Uask VL massive fields v, — my
k=1
AmZiy = Am2, ~ 5 x 107%eV? AmZap ~ |Am2,| ~ 2.5 x 1073 eV?
m m
Vs V9
—_— ) —_
Amgyy A
V1
1) M M 117" 1
normal Am3 Am3ing inverted
V3
—_—T 2
v?smcz
1741 V3
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1 Analysis A
< T
SUN Uel UeZ Ue3 N; . Ve = Vx
© ;‘ 90% CL Kamiokande (multi-GeV)
9 9 U UMI UMQ UN?’ B 90% CL Kamiokande (sub+multi-GeV)
Amy < [Amz, | ’
10 -
UTl UTQ U7'3 -
ATM
Am? = Am3, = Am5 0}
CHOOZ 31 ATM i
CHOOZ: , , ,
sin® 20cnooz = 4|Ue3|“(1 — |Ues|?)
Ues|? <4x 1072 for Amipy ~ 2.5 x 1073 eV?
confirmed by Palo Verde [PRD 64 (2001) 112001]
10 G e e e KN

SOLAR AND ATMOSPHERIC v OSCILLATIONS
[CHOOZ, PLB 466 (1999) 415]

ARE PRACTICALLY DECOUPLED!
TWO-NEUTRINO SOLAR and ATMOSPHERIC v OSCILLATIONS ARE OK!I

in2 9 _ |Ue2® .2 in2 9 Ul 2
S111 SUN — 1 Us2 — | 62| S1T1 ATM — 1—|U.3]2 — |U'u3| [Bilenky, Giunti, PLB 444 (1998) 379]
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May-2002  Meutrino 2002 @ Munich
Allowed region for active 3-flavor oscillations

3 g :
wh Wk
M = 3 K
S 5 -3 1 f
: .—ﬂ. [ e —t—e |I.\....__. o
— SK#CL F
—  BK9BCL
. CHOOZ 80% CL axcluda
-+ [ PALOVERDE 3% CL exclude —
0 ... e eyl o
0 01 02 03 04 05 0z o4 06 o8 1
W sin’0,, 4 aln’o,, &
Pure vy©w, Pure v v, Pure veorw,

getting close to CHOOZ s limit oh B4z

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

FUTURE
MINOS: sensitivity |Ues|* ~ 1072
JHF-Kamioka: sensitivity _qmw_M ~ 2 X 1073 (jU.312 ~ 10~4 with Hyper-Kamiokande) [hep-ex/0106019]
Neutrino Factory: sensitivity |Ues|* ~ 107°
[Ues| > 0 = sign of Am3; (Earth matter effects) and (maybe) CP violation
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ALMOST BIMAXIMAL MIXING (BILARGE)

y

Co 894 0 Ve = CysV1 + S92
2 ~ S
Ues|* <1 = U~ | —s9.c9, CosCon Soa | = 9 &) = — 891 + Cos V2
SYgSYa —CYgSY9,  CYa L = CY9pVp — SYAVr
CYg S 0

S
sin? 20, ~ 1 = Jp ~ m U | —s9./V2  co/V2 1/V2
m%m\/\m |Q%m\/\m H\/\M

Solar v, — 1) ~ w (v, —vr)

SNO
AHvOO

HSSM — W — mHvtm = @vtt = @vtﬁ for & N 6 MeV

V3 1 0

2 2
2.9 ~ ~ T ~ | 1 V3 1
_|_<_>HVdmL5\%m|©.w%Hv%m|®HVQ| >3 >3 NG
1 _ 3 1
2/2 22 V2
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DEPARTURE FROM BIMAXIMAL MIXING: EXAMPLE

T ¢
bmo M MU NQ\N\Q\ETQ\N\ &Q\h = M A\OM\W«&QH\ N\O\h =

o' =e,u’ 7! a=€,l,T

09, = wMUmo:uQm MUA\AS <A v vkr =2 Lar¥pUakVkL

a' o
o' o,k

S

N N

N[+ %|r—l
N

U=vOly®)  bimaximal v®) = | _

N =

1
2

Sk o

bilarge mixing with dgun < 7/4, Yarm ~ 7/4, Ues # 0

LMA = 1073 < |Ues|? <4 x 1072 measurable in JHF-Kamioka

0.80 0.58 0.15

hierarchical V¥ like Uckm

VO ~ Uckm = Ul ~ | 0.35 0.66 0.66 | = tan?dg ~ 0.45, sin? 295 ~ 0.99,

0.48 0.48 0.74

unfortunately small CP violation: J M 4 %1073 (Jmax = @,H\| — 9.6 x 102, sldauasi—

[Giunti, Tanimoto, hep-ph/0207096]
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ABSOLUTE SCALE OF NEUTRINO MASSES

m m
23 9
R ) —
Amgyy A
141
2 ,
Amiry DSWAK
1 1 |h 117" 1
normal v AmZyy inverted
REA vy
10" s 100 =
C ALMOST ] - ALMOST ]
L DEGENERATE ] i DEGENERATE ]
= . -1 .
LU E L E
~ L - N L -
o, v,
1072 F ma E 1072 F E
S : = :
-3 L - -3 L ]
U S m 0°E m
i 1 i INVERTED 1
L HIERARCHY 1 - HIERARCHY 1
HOl% ool vl ool TR H_VD|.\P Lol Lol vl AR
10~4 1073 1072 1071 10° 1074 1073 1072 107! 10°
my [eV] ms [eV]
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constraints on the main massive components of active flavor v, v, v,

Tritium [-decay: my,, <2 —3eV (95% CL)  (vaine, Troitsi]

Cosmology; Z my 5 2 —3eV (95% CL) [2dFGRS team, astro-ph/0204152]

[Hannestad, astro-ph/0205223]

light v
neutrino HDM matter & energy
Q
A
Qyh°=Xm,/92eV L
Hubble Parameter h = 0.65 (65 km/s/Mpc) = dark energy
:: cold dark matter
Q, <0.25 my, <3 eV -
Future: KATRI N structure formation 01 ——
tritium experiments 04
-+ baryons
[hep-ex/0109033] ::
Q, <0.025 my <0.3 eV i
KATRIN 001 L
| stars & gas
Qv > 0.003 my, > 0.05 eV |
Super-Kamiokande —1
0.001 —1—
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MAJORANA NEUTRINOS? <= Bfo, decay

d N u
//S\
N(A,Z) > N(A,Z+2)+e +e ZP N
effective B
_/\_wudwﬂmmm:m isv_ - MU Q«mw\ag\a Uek —= =
\A 7 (&
W
d x u

complex Uer = possible cancellations among mi, m2, ms contributions

conserved CP
_AS@X = :QmH_MS\: -+ _Qmw_wms.oﬁugw + _Qmw_wms.gwpﬁ;wi 91 = Ouﬁ. Q31 — Ouﬁ.

nk; = €'“*i relative CP parity

m_n_m_Um«mu_/\_OmnOé Aﬂmﬁmv _Agvimxw < 0.35eV Aooﬁxv ﬁ_lv [EPJA 12 (2001) 147]
EX Aﬂaﬁmv _Agvioxw < 0.33 —1.35eV Aooﬁxv ﬁ_|v [PRD 65 (2002) 092007]

about factor 3 theoretical uncertainty on nuclear matrix element!
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NEUTRINO OSCILLATIONS <= 8., decay

_ASX — :QMLMSH + iQmwiwm&Qmpgw + _q@w_wms.o&w:ﬁ\w

ss hierarchy without fine-tuned cancellations among
[Giunti, PRD 61 (2000) 036002]

. M9, ms contributions

[(m)| ~ max [(m) | [(m) |k = |Uer|*ma
i
Uz |? ~ sin® Isun, ma =~ /Am2yy Ue3|? =~ sin® Icnooz, ms =~ /AmA

LMA (99.73% CL)
0.24 < tan? Ysun < 0.89
2.3 x107° < Amyy <3.7x 1074

[Bahcall, Gonzalez-Garcia, Pefia-Garay, hep-ph/0204314]

= 9x107* < [(m)|2 £9x 1073

_q@w_w M 4 % HOIM

= [{m)]s <2x 1073
Am3 g = 2.5 x 10732 AUDJERS

mo contribution |{m)|s may be dominant! (lower limit for [(m)|)
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™ |

FUTURE:

Log (|<m>| [eV])

Log (|<m>| [eV])

Log (I<xm>|[eV])

NEMO3, CAMEO, Majorana, CUORICINO, XMASS (|(m)| ~ 10~1 eV)
GENIUS, CUORE, EXO, MOON, GEM (|(m)| ~ 10~2eV)

0.5
0
0 Uer |2= 0
1 |U33|2: 005 _05 | 91‘ - '
2 -1
= / -1.5
~~~“\\ '/ "
3 { I -2
[H
-6 -4 -3 -2 -1 0 -5
0.5
0
0
1 -0.5
2 -1
-1.5 ,
3 9 7
-5 -5 -4 -3 -2 -1
0 0.5
-1 -0.5
-2 -1
-1.5
-3 5
4 I
-5 -4 -3 -2 -1 0 -5 -4 -3 -2 -1
Log (my [eV]) Log (my[eV])
[Pascoli, Petcov, hep-ph/0205022]
see also [Feruglio, Strumia, Vissani, hep-ph/0201291]
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LSND = N, >3

o 10—y '
= [ i
< | _
Am3 oy ~ 1072 —1072eV?
10 =
: : AmZyy <1074 eV?
Z ] Y
(I NI/ > 3
E [Giunti, he:-e:h/0012236]
I MiniBooNE
-1
10 & OKKAM'S RAZOR
-2
10 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 L1 1111
10~ 107 10 107" 1 _ ¢ _
sin20 light sterile v,

[Church, Eitel, Mills, Steidl, PRD66 (2002) 013001]
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FOUR-NEUTRINO MIXING

2 2 2 -3 2 2 —4 2

A A A A A A

4 4 T Sw T Sw 1 Sw i Sw

+ M3 + my
N 1 m
i Sw T mi T 774 1 mo
- My 4+ ms3 4+ My L+ My - ms3 - my
() (1I) (I11) (IV) (A) (B)
3+1 2+2

341 schemes disfavored by short-baseline v oscillation experiments

[Bilenky, Giunti, Grimus, EPJC 1 (1998) 247] [Bilenky, Giunti, Grimus, Schwetz, PRD 60 (1999) 073007]

242 schemes need v, in SUN or ATM  (n5UN 4 pATM ~ 1)

S

[Peres, Smirnov, NPB 599 (2001) 3]
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2+2 FOUR-NEUTRINO SCHEMES

pure v, — v is strongly disfavored in ATM (SK)
pure v, — v is practically excluded in SUN (SNO & SNO+SK)

partial v, — v in SUN and v, — vs in ATM is disfavored

40— LI IR s e i s s s
_ --- atm+SBL| ]
. -—-— solar
- —— global a _ : :
30 g Z ns = fraction of v, in solar osc.
- S - _ _6
5 - G.o.F. =1.3 x 10
PN A REEEEREET /~ .............. .
B \ ,’ . [Maltoni, Schwetz, Tortdla, Valle, hep-ph/0207157]
20 — \\ ya ]
B \ ,/. B see also
i Xz \\ e i [Dooling, Giunti, Kim, Kang, PRD 61 (2000) 073011]
A P Y, = [Giunti, Gonzalez-Garcia, Pefia-Garay, PRD 62 (2000) 013005]
10— /’/ \\ — [Yasuda, hep-ph/0006319]
- -, S . [Fogli, Lisi, Marrone, PRD 63 (2001) 053008]
- 7 N — [Gonzalez-Garcia, Maltoni, Pefia-Garay, PRD 64 (2001) 093001]
— 7 NN . [Bahcall, Gonzalez-Garcia, Pefia-Garay, hep-ph/0204194]
O B L =1— -I’ 'r T |\\| N |/7 [Maltoni, Schwetz, Tortdla, Valle, hep-ph/0207227]
0 0.2 0.4 0.6 0.8 1
{8
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3+1 FOUR-NEUTRINO SCHEMES

- t o, L £,

1 ms; T m
10" y
ms 1 my ]
wm NWW L+ My + My
) (II) (III) (IV) |
3+1 ]

B3

short-baseline experiments M or
AWe = ve) = 4|Uea|? (1 — |Ues]?) ”
»Att — N\tv — RP_Siw AH - _Qi_wv -
A(v, = ve) = 4|U,14)?%|Ueal? } »
[Bilenky, Giunti, Grimus, EPJC 1 (1998) 247] o 10°

Ape = RP_S»_M_Q@\LM
see also

[Barger, Weiler, Whisnant, PLB 427 (1998) 97] [Giunti, Laveder, JHEP 02 (2001) 001]

[Barger, Pakvasa, Weiler, Whisnant, PRD 58 (1998) 093016]

[Bilenky, Giunti, Grimus, PPNP 43 (1999) 1] see also

[Barger, Kayser, Learned, Weiler, Whisnant , PLB 489 (2000) 345]
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0 E | | | I T TTT | | | I T TTT | | | IE
=20 l .............................. ././..\ ..... l\ ................ =
| . \ ]

U parameter conss/t\ency A FERN ,\\ // e

0 F A PPN =

0_35_ 3

o'c40 ) oo 3

0°F E

L | LSND DAR -

0 E Jo T T T "|—— LSND global[Tz

0°E M E
20 b A
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CONCLUSIONS

SNO and SNO-+SK smoking gun evidence of solar flavor transitions
all solar v experiments = LMA v, — v,,, v, transitions

3v mixing (SUN+ATM) = almost bimaximal mixing with |U.3]* < 1
theory: why |U3|? is so small?
future exp.: measure |U.3| > 0 = sign of Am%, and CP violation

4v mixing is disfavored
SBL experiments disfavor 3+1 schemes
SUN+ATM experiments disfavor 2+2 schemes
adding more sterile neutrinos (e.g. extra-dim.) does not help!
if MiniBooNE will confirm LSND = real puzzle

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