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l. The V, — Vaciive OScillation channel: Am?2 and 6, 3

Solar neutrinos

e Nuclear reactions in the core of the Sun pro-
. (Pp: 99.75%) (pep: 0.25%)
duce electron neutrinos; @
e some of these neutrinos are detected by a Frios o801 ‘QHMJ s eer.
(Pp-1: 86%) ‘ (HeP: 0.00002%)

number of underground experiments;

(TBE)
* itis f(l)u.nd that ALL the experiments observe
a deficit of about 30 — 60%; (PPt 14%)

%)

(pp-Ill: 0.02%)

e the deficit is NOT the same for different experiments,

indicating that the effect is energy dependent. ﬁ i j

e it is not possible to reconcile the data with the SSM : { {
by simply readjusting the parameter of the Sun; %5 s 'G:igx """ - jK{

— new physics is needed to explain the data. Fomestake 10
= Oscillation Hypothesis: | V. — Vacitive | o Epmt
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l. The V., — Vaeiive OScillation channel: Amgo1 and 0, 4

Solar Neutrino Oscillations
[See M.C. Gonzalez-Garcia talk at NOON2004]

e Equation of motion: 2 parameters (the sign +/— refers to neutrinos/antineutrinos):

dv | Am* [ —co0s26 sin26 Ne 0) | . o (v
e L VIRV Yol v, with v=["};
dt 4E, sin20 cos206 0 0 Vg
8
o Theoretical prediction: R = ) ¢, / dEy Ap(Ey) x Y [(Pex(Ev,1)) Ox f(Ev)];
le Xx=e,u,T
e the Standard Solar Model gives: R ——

— the fluxes ¢ and their uncertainties;

— the flux shapes Af (and its uncertainty for ®B);

Neutrino Flux

— the Sun matter density & composition profiles;

e also, the energy dependence of the cross-section

uncertainties are taken into account. ‘  Neutrino Energy (MeV)
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l. The V, — Vaciive OScillation channel: Am?2 and 6,

80 _l IIIIIIII T |2| W 1] IIIIII T IIIIIIII IIIIIIIII TT IIIIII T IIIIIII T IIIIIIII llllﬂ _l TT IIIII TT IIIIII TTTT III T IIIIIIII T TTTI
. . FJust-S il
Solar v oscillations plust-so " 1
60 - 4 F
= L 76 1E ]
e exp. data: 84 I r u 1F \ /\f
[ 56 21 SMA ( i
3rates +44sk + 37sno; 20 . VAC /—_ N \ /VAG:
2 0 L 1 IIIIIIII 1 IIIIIIII IIIIIIIII 1 IIIIIIII IIIIIIIII 1 IIIIIIII IIIIIM I\Lﬂ/l IIIIII- L L A u al
([ ] parameters: 2 (Am ; e); 10 12 10-11 10 10 109 10_8 10 10_6 105 10 10-3 E LA BRI L I;Illlllll T ||||E
2 Arniol 10'4 E— </ ‘l —E
5 tan“ Oy, € [0 20, 0. 88] '—'V'A\l I3
e 5C: s o =
AmZ, € [1.9, 36] x 107> TEN
10° [SMA] 3
e maximal mixing 6 ~ 45° excluded at 56. LE AN
[N g 10 3 Low \\ \\ E
g . E \\ \‘ E
Region | tan’6sol  AmZ; [eV?] x2, GOF 10_9 3 {l ‘2 3
LMA 0.42 6.0x107°  67.6 87% 10°F 222 3
LOW 050 1.0x1077 803 53% 10"k o]
VAC 025  79x10°'" 930 19% e st
E ust-o0 |3
SMA 1'4 >< 1073 7'6 >< ]‘076 102'0 7% 10‘12 : 1 IIIIIIII IIIIIIIII IIIIIIIII IIIIIIIII IIIIIII:
10% 10° 10% 10" 10° 10
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l. The V, — Vaciive OScillation channel: Am?2 and 6,

The KamLAND experiment

e First evidence of v, disappearance (average length: ~ 180 km);

e Events (Eis > 2.6 MeV): 86.8 £ 5.6 expected, 54 observed; also measured the energy

spectrum.

= CPT conservation = same osc. channel as solar data = same parameters (Amz, 0).

20 d —— reactor neutrinos
F = geo neutrinos

15 E_ O accidentals
10
% s
= F
'é_} 0L L
S o250 2.6 MeV e KamLAND data
‘E C analysis threshold —— no oscillation
o 20 C ' — best-fit oscillation
m o sin?26 = 1.0

Am’=6.9 x 10°eV?

Prompt Energy (MeV)

3

10°¢

[T. Schwetz, PLB 577 (2003) 120]
|

PR RS R N L T R
0.25 0.5 0.75 1
.2 0
sin 6_,
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l. The V, — Vaetive OScillation channel: Am? , and 0, 7

sol

Combined analysis of Solar + KamLAND data

e KamLAND selects the LMA solution to the solar 253 ‘
neutrino problem; 20 '\‘
Y5 Solar + KamLAND
<7F \ 3 ———- Solar Only
e solar data break the degeneracy 6 — (1 —0) of re- "¢ \ 3
5 20
actor experiments; b Mo
10'3,‘“w‘”w”‘w””; MM
tan® B, € [0.20, 0.89], : il
e 50 ranges: ) _ i 1t
Amg, € [2'17 28] x 107 eV*; E& 10'E i E %;
e bound on 6, mostly unaffected, bound on Am? L i f
strongly improved; 0% s o s i s e e
e new SNO-salt data strongly improves upper bounds on Amgol and O;
tan’ 0.5 = 0.43 (dominated by solar data);

e best fit point position: ) 5 <2
Amg,; = 6.9 x 10~ eV (dominated by KamLAND data).
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Il. The v, — v, oscillation channel: Am?2,, and 0,, 8

The atmospheric neutrino problem

e Atmospheric neutrino are produced by the interaction of cosmic rays (p, He, ...) with the
Earth’s atmosphere. The reaction:

Acr +Aair — niaKiyKov XX

produces ©* and K* mesons, which then decay producing neutrinos:

T —u FVy T —ut vy,
U —e +Ve+Vvy, ,u+—>e+—|—ve—|—\7y
MC __A&u%_A&u

e therefore, theoretically we can roughly expect R ~2;

e N, +Ng,

e however, this prediction is in clear disagreement with the most of the experimental results,
which indicate instead R/, ~ 1.
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Il. The v, — v, oscillation channel: Am?2,, and 0,, 9

Present status of atmospheric neutrino data

4001

. . ‘ ‘ ‘ 1 500F ‘ ‘ ‘ 3]

e clear disagreement between the experimental 4t 4 400;—___‘*3—;
o 300 - F Su—

data (dots) and Monte-Carlo (red solid line); ‘gml $aw ?;$ e

. ® 1 200 ]

* V. data are in good agreement, v, data are not; 100f 1 100k ’

SK sub-GeV (u)]
0.5 1 -1 -6.5 b 0.‘5 1

o

SK sub-GeV (e)]

I
-1 -0.5

= the oscillations hypothesis| v, — v |succeeds 125

in explaining the data (blue dashed line). ’002 | 200
e SK @ EPS-2003: 3-dim ATM fluxes = lower Am?. E 50% | I ——

SK multi-GeV (e) |

=] 2 90% C.L. allowed regions ot I L
< 18 < , : : 1 05 0 05 1 1 05 0 05 1
] o > 5
= 1.6 2 | — New analysis 4r ‘ ‘ ‘ ‘ 1 Tr ‘ ‘ ‘
» e : —~ I 1 [
5 1.4 - = £ | — Old analysis w_ f 1 t
E 1.2 T}\ V9+V v_(/) 3 : i 0.8 i
1 Premmmeert T e ‘o [ =] [
o L B Y
0.8 £, ] o6f
0.6 * © 1 04
0.4 Honda 1995(1D)/Honda 2001(3D) * P 1 E
0%, 1l MR | MR ;11i ] 0-2:’ ’:
1 - 1 1 1 2 3| 7Rrimn=4.6for 0% C.L. [ SK thru (l_,L): r SK stop (u):
0 0 0 1007 08 [ 71 12 0 . - - L 0 L L L L
E, (GeV) Tooes e T in20 -1 -08 -06 04 02 0 -1 -08 -06 -04 -02 0
cos 0 cos 6
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Il. The v, — v oscillation channel: Am;, and 6., 10
Atmospheric Neutrino Oscillations
[See also M.C. Gonzalez-Garcia talk at NOON2004]
e Equation of motion: 2 parameters (no matter effects = pure vacuum oscillations):
AV |Am* [—cos20 sin20\|_. . (v,
I— = , vV, with v= ;
dt 4E, sin20 cos20 Vi
55 /ptheo _ v Sig. _ pexPy 2
e pull-approach: x> =min | } ( L let:tgl ’ ) + Y &g+ Y &
i | n=0 On i,theory i,syst
. . 10-2_| TT T [T T T T[T T T T [TTT17T1]
e experimental data: S i
1 dlm\ ]
20sk-sub + 20sk-Multi + Ssk-stop + 10sk-thru = 55; i .
o’ 3.0
e we perform an accurate comparison between 1-dim and E
«a - 2.2
3-dim Honda fluxes; E
, ) 10° //1 =
e we confirm the down shift of Am?; C 3.dim :
_I | - I | I I | I I 111 I_
0

however, we find a slightly higher Am? range than SK.

025 0.5 0.75 1
.2
sin 0
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Il. The v, — v, oscillation channel: Am?2,, and 0,, 11
Atmospheric Neutrino Analysis: Comparison
e The main difference between Our and 10 r o
:1-d|m flux Full = Ours: :3-d|m flux
Bari/SK approach is in the treatment of [ &g i .
. o b . | 2.9 IR
cross-section errors: 3. 63 57 E 22
~ N : 2.0
E P N 7
— Our: since 6 = Gqe + Oz +Opis, We 51 JL s _
include a different uncertainty (of 15— | Hines = BariSK 1t ]
\\\\‘\\\\‘\\\\‘\\\\ \\\\‘\\\\‘\\\\‘\\\\
200/0) for eaCh term- 0 0.25 0.5 0.75 10 0.25 0.5 0.75 1
, sin’ 6 sin’ 6
— Bari/SK: 15% contribution to overall 70" T proT o T
- 1-dim flux :3—d|m flux
normalization uncertainty + errors in s L e
ratios of different data samples; E CD i
NE e
e in our approach Sub-GeV sample is less  ~ ok . o TF ruicous -
correlated with other samples; - Lines=Bari/SK p=0.95 - Lines=Bari/SK p=0.95
I R
sin° @ sin’ @

e modified Bari/SK approach (Psub/others:

1 — 0.95): the difference disappear. [Bari/SK: see hep-ph/030306

4 & Kameda PhD Thesis]
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Il. The v, — v, oscillation channel: Amatm and 0, 12

Impact of different data samples

e Different sets favor slightly different Am?; {3 Sub-GeV =
e energy dependence of uncertainties relevant in “!
combinations;

e high-statistics = careful treatment required. TR

10’2 1-dim: Multl G V = | 3-dim: Multl GeV .

e Present approach to flux uncertainties is vel ]

> i 2.0

purely phenomenological: overall normaliza- ‘“im‘sf 1L i
tion (20%), tilt (5%), and v,/ v, ratio (5%); D T

e improved experimental accuracy require a 10" FrEEEEEERERERRRERERR R

102E |_1-dim: Upgoing b |_3-dim: Upgoing -

more accurate treatment, like for Solar data: R o I o ]

S i 27

— identify relevant ATM flux parameters X;; 1oL 4k =

< (S ]

— characterize their uncertainty AX;; i i ]

4l b b IR | B Lo bvway [

— give (0d/0dX;)AX; as a function of E,.
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Il. The v, — v, oscillation channel: Am?2, and 0, 13

atm

The K2K accelerator experiment

e evidence of v, disappearance (length: ~ 250 km);
e single-ring u-like events: 44 expected, 29 observed; also measured the energy spectrum.

— same oscillation channel as atmospheric data = same parameters (Am?, ).

= fully consistent with atmospheric data if oscillations are assumed.

-1

2+ 10

Events

—_

0

10°

[eV]

2
Amatm

10°

10 0

5 0.25 0.5 0.75 1
E réc sin°e
v atm
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Il. The v, — v oscillation channel: Am

2
atm

a

Combined analysis of Atmospheric + K2K data

e no matter effects = both atmo-
spheric and K2K regions are sym-
metric for 8 — (T —0);

e bound on 0y, completely unaf-
fected by K2K; upper bound on

Am?

2 Strongly improved;

e 30 ranges:
{sm2 Oaim € [0.33, 0.67],

Am2 € [1.4,3.6] x 1073 eV?;

atm

e best fit position:
AmZ, =2.4x 1073 eV

atm

20

?]

[10° eV

2
Am
N

15}

= 10f

atmospheric only
atmospheric + K2K

e

T T T T T T T
| -</ ]
| _\\\k i
_%
N () __
a a
IIII IIIIIIII 1 II IIIIIIIIII
0.25 0.5 0.75 10 5 10 15 20
.2 2
sin 0 Ay
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lll. The three-neutrino scenario: 0,., and o 15
The Chooz & Palo Verde reactor experiments
e Bound from non-observation of v, disappear- _ £ e 5T
S ¥
ance (length: < 1 km). <
Solar parameters b3 E
e Like KamLAND, this experiment is sensitive to 10,2; -
solar parameters AmgOl and O.;; é
e from solar data: 0.20 < tan2 8, < 0.88 (at 50) F
= upper bound on Am? ; v
. A I
Atmospheric parameters tan%_ tan%,___

e given it short baseline, this experiment is also sensitive to Am2,;

e however, the osc. channel is different, so the corresponding mixing angle is not 0,y ;

* new parameter | 6,c, | describes the mixing of v, with v, 1.

e from atmospheric data: Am2.. > 1073 eV2 = upper bound on O,c;.

atm ~v
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lll. The three-neutrino scenario: 0,., and o 16

Combining Solar with Atmospheric data (1)

e Solar/KamLAND data and Atmospheric/K2K data require two different mass-squared dif-
ferences;

e a complete three-neutrino description is needed to accommodate all the experimental re-
sults;

e Equation of motion: 5 parameters (neglecting CP violating effects):

i—=Hv; H=0-Hi-0"+V,
dt
C12€13 $12€13 S13 Ve
O = | —s12023 —C12513523  C12€23 — 512513823 C€13523 | V=1Vu]|>
§12823 — C128513C23 —C12523 — §12513€23 (C13C23 Vi
a_ 1 o 2 P :
H = 5 —diag (—Am21 ,O,Am32) .V =diag (i\/iGFNe,o,o) .
A%
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lll. The three-neutrino scenario: 0,., and o 17

Combining Solar with Atmospheric data (2)

— Solar parameters (Am?,, 65,1 are identified with (Am3,, 612);
— atmospheric parameters (Am2,,,, Oam) are identified with (Am3,, 63);
— the reactor parameter 6,., is identified with 015.

= in the limit 6., — 0, solar and atmospheric data decouple.

The hierarchy approximation

e From SOL and ATM data, we have Am3, < Am3,;

Atmospheric analysis Solar analysis
e approximation: Am3, ~ 0; e approximation: Am3, ~ oo;
e 0, cancels out from equations; e 0,3 cancels out from P,,;
= only 3 parameters: Am%z, 0,3, 013. = only 3 parameters: Am%l, 012, 013.
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lll. The three-neutrino scenario: 0,., and o 18

Global analysis (SOL + ATM + Reactor + K2K)

20_ LB RRRLL TTTTTIT llllllll_ _lll [ | llll_ r LERELRRRLL BRI

15 1r 1r ]

sz

oL 1E 1c -

10 10 10 10-25I T T I I I T 17T IE E T T IIIIIII T T IIIIIII
(AmZ,, Am>.} [eV7] i 1k
21 31 i * 110 *
- € >
> 107 F H9 F E
L F
N
e 4l 41 C _
< 10k > T ——
NN
£ i 1L
ﬁ 10‘5 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 1 IIIIIIII 1 IIIIIIII 1 11111l
0 0252 05 20. 75 110'3 10'2 ) 10'1 100
{sin"6,,, sin"6,.} sin'6,,
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lll. The three-neutrino scenario: 0,., and o 19

Bound on 03

e recent KamLAND and SNO-salt data help improving the sensitivity to 03 of solar data;
e however, present bound is still dominated by Chooz, together with atmospheric data;

e 30 range: sin” 0,3 < 0.054.

10-1 T T T T T %\\\H‘ \\\\\H] 20 T T T TTrTTT T T T TTT

A

E

15 A

- _ I_

. [ /]
Q9 10_2:_ Nx 10 B ]

a& L < r -
= i L 4

< | L _

- 5 - —1

10° . ]
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lll. The three-neutrino scenario: 0,., and o 20
Beyond the one-mass scale approximation
e Two mass spectra: normal and inverted: ! Normal] | Inverted]

ms

AM?

A m?

m,

NORMAL

m —nm N

my ——————— m,;

INVERTED

present ATM data do not allow to discriminate

between normal and inverted hierarchy;

hierarchy parameter: o = Am?> /AM?;

effects of o mainly visible in v, samples;

0.9Ff

1.2F
1.1F

;

08t
131

1.2}

0.9F

0.8t

SK sub-GeV (e)]

0 0.5 1

Inverted ]

—H
+

w

|
jw)

SK multi-G

o < 1 = the one-mass scale approximation is reliable.

-1 -0.5 0 0.5 1

cos 0

No Oscillations
§2,=0.00, §2,=0.35, Am3,=0
52,=0.04, $3,=0.35, Am3,=0
52,=0.04, $2,=0.65, Am3,=0

2 2 2 -4 2
873=0.00, 553=0.35, Am3,=10"" eV’
§2,=0.00, §2,=0.65, Am2,=10"* eV?
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lll. The three-neutrino scenario: 0,., and o 21

Relevance of the mass hierarchy parameter o

e the parameter o is important for the exploration of genuine AN

_—

— — asin2e,,

three-flavor effects such as CP-violation; zof-

e the combination o.sin’26;, is relevant for long-baseline o oL

V. — V,, oscillation probability; A p o
L \ I/
- / 1
a € [0.018, 0.053], best = 0.026; sf \\ // 20 ]
e 30 ranges: _ . \ ]
asin20, € [0.016, 0.049]; best = 0.024. b N7
10 10
Relevance of o for ATM data 0 o ‘[l\‘/l.‘C‘.C‘ic‘)n‘z;;Ic‘ez‘—C‘i;\%ci%,‘ MM, ASmimov]
o effect of AmZ, in ATM oscillations is % [ 10 *
small but already visible; = | 1 |
10° aF =
e subdominant effects in ATM conver- - Am,, =72x107 eV* ][ amp =107 eV? .
I ‘ I ‘ I | ‘ I | I | ‘ 111 ‘ I ‘ I
sion are becoming relevant. 0 025 05 075 10 025 05 075 1

.2 .2
sin 623 sin 623
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IV. The LSND experiment: four-neutrino models and CPT violation 22

Beyond the “standard” three-neutrino oscillations

éj 1 The LSND result
i — ] . L .
e evidence of v, — V, conversion (length:
_ —
L < 100 m);
% ___—LSND global
Ng 10°F LSND DAR e neutrino oscillation interpretation: re-
<

quires Am? > 0.1 eV?;

= Incompatible with solar and atmospheric
data in a 3v scenario.

.2
sin ZGLSND

The simplest solution: adding a neutrino

e the new neutrino must be sterile (from LEP measure of Z width);
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IV. The LSND experiment: four-neutrino models and CPT violation 23

Four-neutrino schemes

e Approximation: Am? | < AmZ,,, < Amf o\, = 6 different mass schemes:

atm

X A X y A
T Ma T Ma T m? Tms I m‘li T m3
T M2 I %% T M2

ms T m ms

+ M2 1 m: im 1im 1+ m 1 My

T ms 2 4 4 2 T mi
a b c d A B

—_— —

(3+1) (2+2)

(4 )~ NE LSND
@é o
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IV. The LSND experiment: four-neutrino models and CPT violation 24

Bounds on sterile neutrino: solar data

. . . . 40 T T T T T T T T T T T T T T T

e fraction of vy in solar oscillations: 1 = i 1
\Uﬂ\2+ﬂl&@2; i
30~
e 3 parameters: Am? |, 051, M.
— Preferred value: n; = 0; szg 20
s < 0.51 (boron-fixed), f
= 30: 10l
Ns < 0.58 (boron-free); -
e determination of best-fit Am? | and 6 is 0:
0

unaffected.
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IV. The LSND experiment: four-neutrino models and CPT violation 25

Bounds on sterile neutrino: atmospheric data

e Fraction of v, in atmospheric oscillations: 1 —d,, = \Uyz\z + U3 2

2.

bl

e fraction of v, in atmospheric oscillations: 1 — d; = |Uy|* + |Us3

e 4 parameters: Am2,, Oam, ds, d,i-

= 30 bounds: d; > 0.61 and d,, < 0.15.

0.25 [T T TN [ e 40
: (@73t (OF
0.2 - 1l 14
0.15 1
= 130

0.05 | 1t 125

Axalmz

120
115

110

AX atm2

{5

h u\uu\uuhufo
0.05 0.1 0.15 0.2 0.25
dy
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IV. The LSND experiment: four-neutrino models and CPT violation 26

Status of four-neutrino oscillations (1)

(2+2): ruled out by solar and atmospheric data

40—

———————
Boron free |

~ Boron fixed

: 50\3“ I IR NN N ST R BN ST R \00( : : S\O\a\r PR N N WO S S R S T \6‘0(
00 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 1
1, n
Abc =123 (3.50) Ybc =104 (3.20)
Abe =237 (PG=1.1x1079) A =203 (PG=6.8x1079)

[For a rigorous definition of PG, see hep-ph/0304176]
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IV. The LSND experiment: four-neutrino models and CPT violation

27

Status of four-neutrino oscillations (2)

(3+1): strongly disfavored by SBL data

_I IIIII;l T T I|||| T T ||||||| T T IIIIII_ _Illcg | IIIO’b) | T T 1T || T || T || TT I_
| — (3+1) NEV+atm|
10 £ 4 F =
u . 1 ]
— [< = 1L / ]
c\% [ <7 .—LSND global ) ]
A < LSND DAR
£ - . =
>S C ] ]
10" =
C \ [From S. Hannestad] J
C I 111 III| 1 LN 1 III| | | I | | 111 | 111 | | | I_
10"3 10’2 10’1 10 10 15 20 25 30
.2 2
sin 26LSND AXcosmology
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IV. The LSND experiment: four-neutrino models and CPT violation 28

CPT violation

e CPT has been proposed as a possible solution of the
LSND problem [see, e.g., hep-ph/0212116]. But:

— experimental data clearly favor CPT conservation;
— All-but-LSND and LSND regions do not overlap at 3G.

= CPT-violating scenarios fail to explain LSND.

10" T T T T T T T T 17\ T
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Summary

e We have presented various analyses of solar (+ KamLAND), atmospheric (+ K2K), Chooz
and LSND data, in the context of 2v, 3v, 4v and CPT-violating models.

Results

e Solar, Atmospheric, Chooz data are perfectly compatible;
e the only solar solution after KamLAND data is LMA, with Am? | ~ 7 x 10> eV? and large
but non-maximal mixing;

2

e atmospheric & K2K data favor Am;,,

~ 2 x 1073 eV? and maximal mixing;
e all data sets indicate 0., ~ O;
e subleading effects in atmospheric oscillations start being visible;

e neither four-neutrino nor CPT-violating models succeed in reconciling LSND with other
neutrino experiments = need for MiniBOONE.
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