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\ Conclusions |

e Big experimental effort: flavor conversion proved

Solar v's : Verification of Flavour Conversion v, to v, or v, at5 o
Atmospheric v,,’s disappear (> 150) most likely to v/,

e Most likely explanation is neutrino oscillation
and soon this will be tested with “man-made”
neutrino beams from reactor and accelerators

e 1 masses imply physics beyond the standard model

e Further advance requires more and more precise data
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\ |. Introduction |

e If neutrinos have a mass the charged current interactions of leptons are not
flavour diagonal (same as quarks)

EWJ Z (ULppley*vi + Udkn Uiy D1) + hec.
©J

<l
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—W+ Z LEP L'Y “rg + UCKMU},/VMD%> + h.e

e To fully determine the lepton flavour sector we want to know:

* How many, NV, neutral states »; and their masses m;

1 for N =2

* Their mixings: # angles = N(]g_l) = 3for N =3

6 for N =4

* Their CP properties:

0 for N = 2
Dirac: v© # v 4 phases = W=DWV=2) — f g g v = 3
3for N =4
Majorana: v =nv 1 for N = 2
(n=phase) 4 extra phases = (N — 1) = ¢ 2for N =3
Uolt/;'aj _ U(l%ir w @ in; 3for N =4
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e We have learned: © ¥
+ Solar v, convertto v, or v, (> 50) %\$
+ Atmospheric v,, disappear (> 150) most likely to v

«x Most likely explanation is neutrino oscillation

+* LSND found evidence for v,, — 7,

¢ \We have important information (mostly constraints) from:
« The line shape of the Z: Nyeax = 3

+ Direct kinematic mass measurements: 3H —3 He+e™ + 1,
m,, < 2.2eV (95% CL) my,, = f(m;,UrLgp)

« v-less G decay (If Majorana v’s): (A, Z2) — (A, Z +2) + e~ + e~

N
[(Mee)| = |ZU§ZmZ\ < 0.35 eV + theor. uncert. < 1.05 eV
i=1

+ Limits from Oscillation Searches at Reactor and Accelerators

e From Astrophysics and Cosmology: BBN, CMBR, Dark matter ...
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e \We know for sure that:

oy
o
o

N
o
o

900

Thisisan exciting topic !

Papers on v per Year

o))
o
o

300

0
7980 1985 1990 1995 2000
Year
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Neutrino Oscillations

e If neutrinos have mass, a weak eigenstate |v.) producedini, + N —v, + N’

IS a linear combination of the mass eigenstates (|;)) : |v.)= ZUM Vi)

e After a distance L (or time ) it evolves |v/( ZUM e bt

Vi>

it can be detected with flavour 5 with probablllty P.s = |<1/5\V(t)>|2

- * * . Az * * .
Paﬁ = (5a5 — 4ZRe[UCMUBZUO¢JU63]Sln2 (TJ> —|— 2Z|m[UMU52Ua3U53]Sm (AU)
e JF#i

2z 2 = LT eV2 Km/GeV

e P, 5 depends on Theoretical Parameters and on Two Experimental Parameters:
e AmZ; = m; —m; The mass differences e £/ The neutrino energy

o U,; The mixing angles e [, Distance v source to detector
(and Dirac phases)

o NO information on mass scale nor Majorana phases
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cos 0 sin @

—sinf® cosf

e For 2-v: Convention Am? > 0, U = ( ) with0 <6 < 3

1_Posc
Pyse = sin®(26) sin” (1.27AW§L) Appear = ren /0127 8 S

P.,.=1-P,.. Disappear 5 /
ose sin’2

L (distance)

e In real experiments
. . 1—(sin’29) /2
neutrlnos are not monochromatic <1=P..>
= deV dE, occ(Ey)Pas(l)) <Po>
(sin*28) /2
e Maximal sensitivity for Am? ~ F/L L (distance)

- Am? < I//L. = No time to oscillate
(sin® (1.27TAM?L/E)) ~ 0 — (P,s) ~ 0

- Am? > FE/L = Averaged oscillations
(sin® (1.27TAM2L/E)) ~ 1 — (P,s.) ~ 2sin®(20)
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e Invacuum (P)2°) = sin®(26)(sin® (1.27Am?L/E)) symmetric for 6 — Z — ¢

osc 2
e If  cross matter regions (Sun, Earth...) it interacts coherently

174 v v e

— But Different flavours
have different interactions :

€
B,N Ve, Vy,Vr B,N OnIyVe

= potential in the evolution equation V. # V,, =V, # Viterite

= Modlification of mixing angle and oscillation wavelength
Am? sin(20)

sin(260,,) =
(26m) v (Am2 cos(20) — A)2 + (Am2 sin(26))?2

A=2E(V, — Vj)

— When Am? cos(20) ~ A = Enhancement of Oscillation (MSW Effect)

— Pmat not symmetric for ¢ — Z — 6 = sin”(26) Not good
(also if more than 2- mixing)

= Use tan?(6) (or sin”(f)) to cover full space 0 < 6 < Z
(Fogli et al.; Friedland, de Gouvea, Murayama; M.C.G-G and Pefia-Garay)
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o If experiment does not see oscillations:
(P,s.) < Pr, — excluded region

< ,
e If the experiment detects oscillation = Excluded in VAC

£

<

— allowed region

e If data at fixed (1) and (F)
(like most laboratory searches) BTN
— region is open in large Am?

e If data at several (1) and/or (£)
— region may be closed

— If no matter effects:
(like Atmospheric v, — v;)

— region Is symmetric around 6 = 7

PP,
Fixed L and <E>

Allowed ]
L/E dependence
in VAC

Allowed
L/E dependence

| in Matter
— If matter effects |
_ TO
(like Solar v, — 1) 107 10 1 o 21(0;)
an
— region not symmetric around 6 = 7
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\ 1. Global Fits |

&I a.r N eLItr I nOS o IG.allium (Chlorine —————

Bahcall

10m |
L ) L1x

+10%

"Be “Be

Neutrino Flux

e The sun emits /. s.

104 /’
109

' 1
0.1 0.3 1 3 10

e Detected at

Neutrino Energy (MeV)

Experiment  Detection Flavour — By, (Mev) — pate
radio- Homestake 37Cl(v, e~ )37 Ar Ve E, > 0.81 0.3540.06
: Sage + "lGa(v,e~ )" Ge v E, > 0.23 0.55+0.05
chemical o iexsGNO ) Y
. Kam = SK ES vge~ —vge— , @ 07T E.>5 046+0.09 2
real time (M ~ l) S E
Oe 6 E =
SNO CC ved — ppe™ Ve T.>5 035+0.07" 2 ©
S5 &
NC v,.d — v.d Ve, Vy /7 Ty >5 1.01x£0.23" LBL g
Q0
ES vpoe™ — e e, Vy/r T.>5 0.46+0.23* &
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SSM Independent Tests

SK and SNO measure ®sp: Evidence for Flavour Conversion !
+ |f flavour conversion: <, 8
‘}'E 7
(I)CC — (I)e “95 6 $CO
=5 < S
HES — b, + %(I)lm_ S 4 é@\éo Q?QQ
3 ? &
(I)NC — (I)e + (I),un' 22_
1
O: — T T
0 1 2 3 4 5 6

: PES = L, = 3.20 out
+ No flavour conversion = @, =0 SK SNO

* Ve — Vgterile = (I)pm = 0= (I)SNO — (I)SNO ~ 90 out
Limited subdominant v, contribution in 4v mixing

Theory of » masses and mixing ICHEPO2 Concha Gonzalez-Garcia



Modé | ndependent Extracted Survival Probabilities

Barger, Marfatia, Whisnant; Berezinsky and Lissia

(Chlorine |_SuperK, SNO

\Gallium

i Dividing the v spectrum in three parts:

Low E: pp with survival (Pe.),
Intermediate E: "B, pep, CNO with (P..);
High E: 8B with survival (P..) i

+10%

"Be

Neutrino Flux
S

Y | %0.9 d <Fee> =

Neutrino Energy (MeV) % 0.8 I
_r . 0.7 & R
e Fitting the observed rates: : 3
0.6 - - 3
Data R - 18
SSM th 0.5 |- <P >1%
C T H <
Cl 0.35 £ 0.06 0.76 fp <Pee>H + 0.24 <P€€>I 0.4 © ce B qé)_
Ga 0.554+0.05 | 0.1 fg (Pee)rg + 0.36 (Pee); 0.3 C *— | % E =
SK 046 £0.09 | f5 [(Pee)rr + § (1—(Peedr)] , © . B
SNO CC0.35+0.07 | fB (Pee)n . | SRe R

—1
NC1.01+0.23 | fg 10 1 10

Ev (MeV)
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Solar Oscillations: Impact of SNO

SNO coll., nucl-ex/0204009

Barger et al., hep-ph/0204253
Bandyopadhysy et al, hep-ph/0204286
Bahcall et al, hep-ph/0204314
Creminelli et al, hep-ph/0102234
Aliani et al hep-ph/0205053

de Holanda, Smirnov, hep-ph/0205241
Strumia et al, hep-ph/0205262

Fogli et al, hep-ph/0206162

Maltoni et al,hep-ph/0207227
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|CHEPOO

Solar Oscillations

Detailed SK E and t dependence

No upper Am? bound at 99% CL

CHOOZ = Am? < 8 x 10~ * eV?
Maximal mixing

e —————
New SNO day-night spectrum

103 N ‘Iowed aPQ%nCL
% . L MA Sterlle :
~10 1 Best T worsethan Active

.79 | But still large space |
SIS ™
10—6;SMA Nl
at 95% CL ]
U
10 ¢ LOW £
_gf at 90%CL ‘

10 ¢ 4 )

ol 3

10 3 QVO = E3 ';.E'

10_10, Active ~ ,, | Sterile |

sl Rotes-l—SK(SpM) Rotes—!—SK(SpD/N)

10 10 10 10 1 10 10 10 10 1
tan®(19)
Theory of » masses and mixing

ICHEPO2

| CHEPO2

At 3o
Am? <4 x 107 ev?

\\no alrrllcl))\(Ned
107 ‘ .

af BPOO Free °8 ]
107 LMALY -
10° Best = |
.- SMA .
10 at > 4o 4 "
1070 LOW ‘ 7 A0
of at 99%CL - 9
07 I
10°. VAC _ | 9
not robust —— °
10, Active -
10-11300+C|+SK(Sp,Zenith); ]
12§+cc+A.,N(cc)+r\JC
10- | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ Lo
10* 10° 102 10 1 10

tan?y Bahcall, M.C. G-G
and Pefna-Garay
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LMA/LOW Comparison

1 [P

<Pse>.

LMA

© .
o)
TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ T T T ‘ T T T ‘ T T T

<Re>,

<

1

Theory of » masses and mixing

10
Ev (MeV)

LOW gives worse fit to low energies rate

Also worse fit to SK zenith-spectrum

ICHEPO2
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How sure are we of solar oscillations?

e Other mechanisms of flavour conversion fit the data well

— Spin Flavour Precession: (Lim, Marciano; Akhmedov) Ve VX

Miranda et a hep-ph/0108145; Friedland and Gruzinov hep-ph/0202095;
Chauhan and Pulido, hep-ph/0206193

N/‘\ 10 -3§ UL B IR ““”‘ HERL DAL B B ,y
S0 oscLvay By
S0}
6
10 | ]
w0’ | Good Fit with different
10— NRSFP] ..
o = mass and mixing
107 f than oscillations
- : 0 8 -s4kc
0 fgd e 12} p,—10 /us
10 1 10 10 b e Tt el
E, (MeV) 10°10° 107107 1 10 10% 10° 10
tan’(6)
Ve Vx
— Flavour Changing v interactions (Wolfenstein) ><
Guzzo et a hep-ph/0112310; Gago et al hep-ph/0112060

e, N

Good Fit with massless v
¢ In general additional parameters: » magnetic moment,

magenetic field, FC couplings etc...are not very “natural”

e Oscillation signal in KamLAND [would] rule them out

Theory of » masses and mixing ICHEPO2 Concha Gonzalez-Garcia



Atmospheric Neutrinos

V.., are produced by interaction of cosmic rays (p, He ...) with the atmosphere

. Angular Distribution at SK
\T[_
g + w450 :S.I.l.b;G.QLE:l.I.kE— w450 Sub;GelLu;llke_
T I % Edoo | Edoo | ’
p N NV+ N_ - 350 f + 5350 : N o
NS ’ = W g S s e b SN, e
e N\)+ NV = 2wm0f 2200 |+
N \7 e ‘e +— E150 [ 150 |-
‘\{l FAVA S 2wt Z100 |
30 ? | | | 30 7 | | |
TS % °-1‘”.‘o.s‘”c‘oosé”b.s‘”‘l 0-1”‘lo.s‘”c‘oosé‘”o.s””l
? 2100 gll.ulti;Ge!Le:like_ﬁg,so Mul.tl;GelLu;llke_-l-_EC
S | §3°°; Defi t
C 2F g — DJETICI
= =100 [
EVENT CLASSIFICATION o gl _
N 2| grows with L
2 40 F
CONTAINED UPGOING MUONS “ ol
N
/ M
eu
~ 4
535
< &3
Veu s — Decreases
K v kY B ".‘c
Y V, ¢ v, g 2 -
g L M Ho 1. h E
Full Partially g ofni P Z15 WIt
- pping Thru-going. =
Con¥a|ned Containéed Muon M Gon 0.;
E. 01-fewGeV few GeV few 10 Gev few 100 GeV 05‘”\‘”\”‘\”‘\‘” ob bt
Vv A 08 06 0402 0 -1 08 06 04 02 0

cos6O cos!
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Atmospheric Oscillation Solutions

o v, — v;. best channel

Best fit:
Y Am? = 2.6 x 1072 eV?
()
§= tan®6 = 1
= : o L
Confirmed within statistics by K2K
1073
01 B 0

o v, — V. EXcluded at more than 5o
Bad fit to observed SM like v, distributions

Ruled out by CHOOZ : ATM v,, — v, = 7, disappearance
Limited subdominant contribution in 3v mixing

® U, — Usterile. DISfavoured at more than 99% CL
Matter effects = Flatter upgoing-.: distribution
Limited subdominant contribution in 4» mixing
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Atmospheric Neutrinos

e Other exotic no-oscillation explanations:
Different L/E dependence:

Bounds on nonstandard dynamics

60 1 ‘ ‘
E * P,, = asin®*(BLE"™)
55t 1
[ f n = —1 oscillations
. 1 n = 1 Viol Equiv. Principle
X a5 | 1 n = 1 Viol Lorentz invariance
ol | Fit:n=—1.03 £0.31 90%CL
<5 n=—1.03+ 0.3 i
: 90 % C.L. (3 dof) |
{0 N R E

-2 :15 -1 :O5 | 0
energy exponent n
Fogli, Lisi and Marrone hep-ph/0105139
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Chooz

e Disappear ance Experiment

Negative search with 7. source: Nuclear Reactor

V detector detector
v source VY | Vq %

>

P

all

\ j
|
\ j
\ /

[
Compares @, , and ®,, tolook for loss

If CPT is conserved: ) tan?(8)
— Constraints solar oscillations for Am?2 > 8 x 10~* eV2.
— Constraints v, — v. component of atmospheric oscillations
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Solar + Atmospheric 3v Oscillations

Goal: to fit this with 3v mixing

Hope: to learn more than with separate
2v solar and 2v atm analysis

~ = VAC

02 10 1 10
tan®(9)
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Solar + Atmospheric 3v Oscillations

U: 3angles, 1 CP-phase (1 0 0 c13 0 size® co1  s12 O
+(2Majoranaphases) 0 co3 523 0 1 0 —s12 c12 0

—S23 (23 —s13e7 9 0 c13

NORMAL INVERTED
m3 2 ¢ EN
o~ m1 <
Two mass schemes L
<
(\IE m2
< ¢ m]_ m

2v oscillation analysis = Am” = Am? < AM? ~ £Am2,,, ~ £Am3, ~ £Am3,
= Generic 3v effects in ATM+SOLAR+CHOQOZ oscillations :

Potential Dependence Am? <« AM?
O1a O01s Oz A2 AM2 & NI | 610 015 605 Am2 AM2 s N OP violation Unobservable
Solar | X X X X X | X X X 2 wavelengths Unobservable
Atmos | X X X X X X X X X X xo 10\2 ;f‘;ersus [ Below sensitivity
Chooz | X X X X X | XX X
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e In the Hierarchical approximation Am? < AM?

x For 613 = 0 solar and atmospheric oscillations decouple = Normal= Inverted

— Solar — Am?* = Am?2 012 = 05
— Atmospheric — AM? = Am?2, = 023 = Ogim

x For 613 # 0 solar and atmospheric couple throught 643

But all data prefers 6,3 small

N [ T 1T T T N \‘ II'\
>'<1 4 — OO I
< - < ‘A %
12 - o) 8
- * & £
i O *~
10 - S < E
R Lo 0 X~ o S U S Lo T
8 <) & :
f S
6 - s/ % ]
C S/ e
4 - ©/ &
R A
g O
2 - (/) _
O lemzzEtl ,—_. mpn "—‘ L
-2 1
10 10

2 -2
|U63| =sIn 1913
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sin? #13 < 0.06 (3¢ 1dof)

Aml%, tan? 01
AMQ : tan2 923
very similar to 2v analysis
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Solar + Atmospheric 3v Oscillations

0.73 —0.89 0.44 — 0.66 < 0.24

The emerging:|Upep| = | 0.23 — 0.66 0.24 —0.75 0.51 —0.87
0.06 —0.57 0.40 —0.82 0.48 —0.85
LA+00)  H(1-0W)

with structure

Urgp| =~ | —2(1 = O(\) +¢) %(1+(9(A) ) o5 |A~02
11-00) -9 -J1+0(N)-¢) g5/ <025

1 O(\)  O(N)
very different from quark’s  |Uqpn| ~ | O(N) 1 O(\?) A~ 0.2
O(N%)  O(N\?) 1

[ Is 63 # 07

Is there CP violation in the leptons (is 6 # 0, 7)?
Are neutrino masses:

Still open questions < hierarchical: m; — m; ~m; +m; ?

degenerated: m; —m; < m; +m; ?

\ Dirac or Majorana? what about the Majorana Phases?
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LSND: Sterile Neutrinosand 4 » mixing

ev, —» T, at L/E ~1m/MeV = Amioyp ~ 1 eV?

Amionp > Amiy, > Am?
e To fit solar, atmospheric and LSND = 3 Am? — 4th sterile v
e [/: 6 mixing angles and 3 CP Dirac phases

e 6 mass spectra of two type: 3+ 1 and 2 + 2

A A A A A A
+ my + My + My L My 4+ My + my
T M3 1 mg T M3 1 ms
mao mo
-+ m3 -+ m3
1l my T M2 T M2 4 Mo
- mp + My L my + My + my - my
A B N A B P
(3+1) (2+2)

e None of them gives satisfactory description of data (Talk by Giunti at NEU2)

Wait for MiniBooNE
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10— -
B — 95% CL bound ]
- — 99% CL bound -
i —— LSND alowed region i
' 1 sin” 20 = 4|Ue4|?|U 14]?
3 I | S 2ULSND = ed|” |V pa
S % U..4|? constrained by Bugey
— « | _ -
S S 1 |U,.4|? constrained
o L _
S l . by CDHSW+ATM
=
= i
'as L
s .l = only tiny regions at 99%CL
§ Grimus and Schwetz; Maltoni, Schwetz and
0.001 0.01 Valle; Maltoni, Schwetz, Tortola and Valle
A
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solar T: — atm
e [N 2+2 Schemes: L SND LSTND Dooling, Giunti, Kang and Kim;
i i Giunti, M.C. G-G and Pena-Garay;
am — oolar Fogli, Lisi and Marrone

Mixed active-sterile oscillations
Naively: Solar: v, — v vy ~sinnvs + cosnu,

Atm: v, — v_ v_ ~cosnvs —sinnv;

— From atmospheric neutrinos: v, — v, disfavoured 2 99% CL
sterile mixing allowed if all U angles are included in fit

— From solar neutrinos: v, — v, ruled out ~ 5 o Difficult compromise

SNO measures flux
of active neutrino
o - = N:
Larger sterile mixing g
(6]

Maltoni et al hep-ph/0207157
Bahcall et al hep-ph/0204194

If (I)SB > (I)SB,SSM 0-4 7 E

Barger, Marfatia and Wistnant; 02 | LMA $‘ZE
Bahcall, M.C.G-G, Pefia-Garay - 2 dof L 0T 04 06 o081
sin’n
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Alternative Explanations for L SND

e Lepton Number violation . decay: u*t — e v.m;

Pakvasa; Bergman, Klapdor and Paes; Babu and Pakvasa

Talk by Babu at NEU2 A v,

B>

5
e CPT Violation: (Am?2,0,) # (Am?2,0;) For example S &<
2 O M
Murayama and Yanagida PLB (2001); A v v T =
Pakvasa hep-ph/0110175; m H ;_% §
Barenboim etal hep-ph/0108199, hep-ph/0201134 = S
. Skadghauge hep-ph/0112189 < ¢
ohauge hep-p Vi L 553
5 7 8
g O R E
g 5 2
— Imminent tests of CPT In neutrinos: 3 2 &

g Vi
x KamLAND 7, versus solar v, disappearance =
‘B v, ) A

* MiniBooNE v, — v, versus LSND v,, — 7
x a signal at KamLAND or MiniBooNE will put serious
constraints on CPT for v/’s

— Further precision test at future facilities such as v factories
Talk by T. Ohlsson at NEU3
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I11. Some | mplications

In the SM:;

— There are no right-handed neutrinos
= No renormalizable (ie dim< 4) gauge-invariant operator for tree level » mass

— SM gauge invariance also implies an accidental symmetry
GEXY =U()p x U(1)p, x U(1)p, x U1z,
= neutrinos are strictly massless to all orders

Thus the most striking implication of ~ masses:

There is New Physics Beyond the SM

And it is also the only solid evidence.

To go further one has to be cautious. ..
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Remember what was “implied” 10 years ago:

— Solar neutrino solution had to be “naturally” SMA
— Leptonic mixing should be of the order of quark mixing
= Atmospheric ~ anomaly was an experimental problem

— Scale of m,, should be around 10-100 eV for Dark Matter

Still let’srisk it. ..
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The scale of New Physics: Ayxp

If SM is an effective low energy theory, for £ < Axp
— The same particle content as the SM and same pattern of symmetry breaking

— ; i 1
But there can be no_n renormalizable r— LSMJrZ —_0,
(dim> 4) operators o Axp
First NP effect = dim=5 operator A
: P Os5 = —L¢pdL;L;
There is only one! Anp
which after symmetry breaking g v?

Induces a ¥ Majorana mass
Q5 breaks total lepton and lepton flavour numbers

Implications:

— It is natural that  mass is the first evidence of NP

— Naturally m,, < other fermions masses ~ A/ v

—my, > \/Am2, ~0.05eV = Ayp < 1015 Gev New Physics Scale
-IfZ}, 2 107* = 10" < Axp < 10'° GeV closeto GUT scale

— Lepton flavour violation and CP violation expected
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T he See-Saw ramond, Gell-Mann, Slansky, Yanagida

Simplest NP: add right-handed vz (=SM singlet) neutrinos -

Well above the electroweak (EW) scale

1 S .
—LNp = §MRz‘jVR§VRj O )\z‘UjLLigbVRj + h.c..

vr 1S a EW singlet = Mpg,,;, >> EW scale

Below EW symmetry breaking scale (£ < Mpg):
a) mp = AYv ~ mass of other fermions is generated

b) vr are so heavy that can be “integrated out” cg§
J E< Mg &
v 1 ,‘&{\Q’
L — > O — Y LZL R = — T - . ‘\c‘>
NP 5= A ¢pLiLj = my, =mp " ®

L essons:

— Lnp contains 18 parameters which we want to know
— (05 contains 9 parameters which we can measure

= Same Os can give very different Lnp

= It is difficult to “imply” bottom-up (model independently)
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Going Top-Down:

(1) Choose your model of NP: particle content and symmetry
(2) Compute the neutrino mass matrix:
(3) Diagonalize it, make predictions and compare to data

(4) Back to (1)...

So many models so little time . ..
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Reconstructing Neutrino Mass Matrix Babeen Hal, Smin

Strumia, Weiner; Altarelli,
Feruglio...

Alternatively (in between):

— Classify the predicted neutrino mass matrix (textures)
— Identify differentiating predictions, and when data comes ...
— Constraint/rule out the texture & accept/rule out the models

Still several neutrino mass matrix (textures) fit the data:

Degenerate 1 Degenerate 2 Normal Inverted

1 (1—¢)

0 ~ s 7z 11 1 5 e . 5 —1 1
—% (1;") (1+727_6) m13><3—|—r<1 1 1> + dm, m(e 147 1—|—77> m(—l n 77)
(1\;_6) (1~|—?27—6) (1+772—2€) 1 1 e 1417 1417 1 n n

2
0. 25+ LMA
. (@]
They Predict : = 0 — LOW S
- = O
Different v-less 3.3 rate B 015 m— h €S
Different between masses and mixing 0.1l 02 5
| S a
Need more data -———— <=
i ]
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Other Side Effects

Side Effect 1. Lepton Flavour Violation

— v oscillation = Lepton Family Number is not conserved

— Can be seen in charged leptons?

If only m,, ~ /Am?2,,, = Br(t — py) ~ 10~*! too small!

But if there is an intermediate scale (for example SUSY)
= Br(t — uy) or Br(u — ey) could be observable
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Other Side Effects

Side Effect 2: We are herel (Leptogenesis)
— Majorana m, = L. = Baryon asymmetry can be generated
— How? In the Early Universe via decay of heavy vg

Fukugita and Yanagida

IfCP:T'(vg — ¢lr) # (v — ¢l1)
And decay is out of equilibrium: A L is generated
(I',, < Universe expansion rate)

At the electroweak transition sphaleron processes

= A L is transformed in AB ~ —%

Buchmiuiler, Plimacher...
Talk by Zing ) but
Mg ~ 10'% GeV = OK to explain observed nz /1,

— Details are model dependent (
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\ V. Future |
KamLAND

First terrestrial experiment to test solar problem
— Search v, from L~ 200 km (17 reactors), £, ~ few MeV
— Defnite test of LMA: It will verify/exclude it SOON

Dip in spectrum if Am? > 2 x 107° ev?

[ SISl AnELal Reconstruction of oscillation parameters
0.8 H ’\10: | = '
0.6 tt +
0.4 H s
0.2

AmM? (eV2

Visible Energy [MeV]
10 |

R  sin?20=1, Am2=3x107°

0.8/
v EEETY

0.2 Pyyaed
o A 5

-0.4 10 - ‘ ‘ ‘ | -
10 10
Visible Energy [MeV] de Gouvea and PerTéL-Garay tan26

Murayama and Pierce; Barger, Marfatia and Wood
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— If LMA is confirmed:

CP violation is observable at SuperBeams/v-factory

Solar v experiments will be able to test solar physics

— If LMA is excluded: = Borexino

Sensitive to the LOW region: D/N, Zenith dependence

Sensitive to the VAC region: Seasonal dependence
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FutureLBL: MINOS and CNGS

— K2K : confirms so far Atmospheric Oscillations

— MINOS:

Precision measurement
of Am§3, tan? 093

Some sensitivity to 643
If close to upper bound

— CNGS: 7 appearance searches

Theory of » masses and mixing

0.006

Am? (eV?)

0.005

0.004

0.003

0.002
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Statistical and systematic errors

. Super—K, 1144 days

O 1 1
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Am® [eV?

10 |

1¢

FutureMiniBooNE

Hu}!: R

MiniBooNE single hor | _
LSND 199398 e .
rtape(id}-2.3/4.6 Il uni \
107 10° w1

sin” 26
ICHEPO2
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It will settle the i1ssue
of LSND/Karmen

It will boost the case
for sterile neutrino
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Future: Mass scheme, 6,5, CP violation

e Normal/Inverted: Need of matter effects = very long L [(xx)]

e 013 Very intense v, beam with low background [(x), ()]

e ¢CP: Am3, and tan® 0, (LMA) and 6,3 not too small
Intense beams with exchangeable initial state (v/7) [(x), (**)]

Possible with:

x Conventional (=from 7 decay)
Superbeams: JHF ...
x* v-factory:

clean v beam from p decay

Cervera, Burguet-Castell, Gavela, Gomez-
Cadenas, Hernandez, Mena

Barger Geer, Marfatia, Raja, Whisnant
Huber, Lindner, Winter
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Am,,2(x107) ev®

-
I

Parameters needed for sensitivity to CP

Nufact, 10" pdecays, L=2810+7332

. SuperBeam Cnly , L=130, 2+10 years
Beta Beam Only, 347 yrs, v=75

SB (248 yrs) + BB (347 yrs)

— 1 Search, SB[vH} 10 yrs + BB(Ne18), 10yrs
Best LMA, Bahcall after SNO

A\

lcarus, 732 km, 10 kton, 30%CL

£ e B =
4
Lowest LMA
,u IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 1 2 3 4 5 6 T 8
H,a[degree}

M. Mezzetto, CERN/NuFact v Oscillation Working Group

ICHEPO2
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Future: Neutrino Mass Scale

e Oscillation data only gives lower bound on heaviest ~ mass
e At present only upper limits from:

SH —3 He + e + v, : for both Dirac or Majorana v’s

B 2
my, =m. .. = mi|Uqi1” < 2.2eV (at95%CL
Ve eft Z J ‘ 6‘7 ‘ ainz & Tr0|)sk experiments)

— Katrin proposed to improve present sensitivity to mff F~0.3eV
v-less Double-( decay: only for Majorana v’s (A, Z) — (A, Z +2) + e~ + e~

7 - .
[(mee)| = | U@ijj| < 035¢cy  (7°Ge Heidelberg-Moscow experiment)

+theor. uncert. < 1.05 eV (at 90% CL)
Dependence on 3 CP violating phases (unlike mfff)
— Several proposed experiments to improve sensitivity to |(m...)| ~ 102 eV

e If a signal is observed in principle comparison of |(m..)| and mfff may allow to

discriminate between mass schemes and give information on Majorana CP phases
Bilenky, Farzan, Giunti, Grimmus, Kayser, Klapdorm, Pas, Peres, Pascoli, Petcov, Smirnov ...

But expected experimental and theoretical precision may not be enough
Barger, Glashow, Langacker and Marfatia, hep-ph/0205290
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\ V. Conclusions |

e Big experimental effort: flavor conversion proved; oscillation being probed

Solar v’'s : Verification of Flavour Conversion at 5 o
Atmospheric v’s: high confidence of L /E dependence

e Soon these signals will be confirmed with “man-made”
neutrino beams from reactor and accelerators.

Solar v's : Imminently KamLAND and soon BOREXINO
should be able to approach us to the final answer
Atmospheric v’s: K2K confirms and MINOS should
measure parameters with precision.

e 1 masses suggest new physics scale close to GUT scale.

e Determining the parameters of the neutrino mass matrix will provide
fundamental information to understand the dynamics at this new physics scale

e This is a challenging task which requires a new generation of neutrino experiments
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's may help us to answer some philosophical question:

Why are we here?

Special thanks to:
J.N. Bahcdll, J.J. Gomez-Cadenas, P Hernandez, M. Maltoni, A. Marrone
and C. Pena-Garay
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