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OUTLINE
1. “Standard” three-neutrino oscillations [PRD 63 (2001) 033005]
— The solar neutrino problem [PRD 67 (2003) 013011]
— The atmospheric neutrino problem [EPJC 26 (2003) 417]
— Reactor and Accelerator experiments [PRD 67 (2003) 093003]
— Global analysis in a three-neutrino scenario [in preparation]
2. What about LSND? [PRD 64 (2001) 093001], [PLB 518 (2001) 252]
— Four-neutrino models [PRD 65 (2003) 093004]
— Problems of (2+2) and (3+1) models [NPB 643 (2002) 321]
— CPT and other alternative solutions [in preparation]

3. Bounding New Physics with neutrino data

— Non-standard neutrino-matter interactions [PRD 65 (2002) 013010]

— Matter density fluctuations in the Sun [APJ 588 (2003) L55]



Two-neutrino oscillations: SOLAR data

e Equation of motion: 2 parameters:

iz—\t’:Hv; H=0-H4.O" +V:
1 cosO sinB Y,
He = _~ diag(0,am?), O= , o ov=|[°]);
0™ 2E, g( ) (—sine cose> (Va)

V =+diag(Ve,0), Ve=V2GgNe;

e the sign + (—) in the expression of V refers to neutrinos (antineutrinos).
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Two-neutrino oscillations: ATMOSPHERIC data

Equation of motion: 2 parameters:

i‘i—‘t’:Hv; H=0-H§.-Of;

1 cosB sinB Y
HY = = diag(0,Am?), O= o= ")
07 2E, g( ) (—sine cose> (vT)

NO matter effects = pure vacuum oscillations;

exp. data: 20sk-sub + 20sk-mutti + Ssk-stop + 10sk-thru + 10macro = 65;

best fit: AmZ = 2.5 x 1073 eV2, sin®0 = 0.50, x2 = 40.2;

30 ranges: {

atm

AX

sin? B,y € [0.31, 0.69],
AmZ., € [1.3,5.1] x 1073 eV2.
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Other neutrino experiments

Chooz & Palo Verde (reactor) g

e Bound from non-observation of Ve dis- .
appearance (length: < 1 km); i

10°F

e from solar data: 0.26 < tan?Bs,, <
0.86 = upper bound on AmZ_;

e from atmospheric data: Am,zm,, 2> g
1073 eV? = upper bound on Bxe,. L U RO PN
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KamLAND (reactor)

e Firstevidence of V. disappearance (av-
erage length: ~ 180 km);

rea

E
e consistency with solar data: only LMA <
. 5
region; e
e sensitivity to Bz-,: weaker than Chooz.
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K2K (accelerator)

e evidence of v, disappearance (length:
~ 250 km);

e single-ring [-like events: 44 expected,
29 observed,;

= fully consistent with atmospheric data if
oscillations are assumed.
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Combined analysis of Solar + Chooz + KamLAND data

e KamLAND selects the LMA solution to the solar neutrino problem;

sol

AX

solar data break the degeneracy 8 — (11— 0) of reactor experiments;

30 ranges: {

tan® B, € [0.31, 0.90],
Am2,, €[5.5,9.4] x 1072 eV? U [1.3, 1.9] x 10~ eV?;

bound on 655, mostly unaffected, bound on AmgOL strongly improved;

best fit point position dominated by solar data.
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Combining Solar with Atmospheric data

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

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

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

.adv .,
i— =HV; H=0-HJ.-0'+v;
dt
C12C13 S12C13 S13 Ve
O = | —S12C23 —C12513523  C12C23 —S$12513523 C13523 | V=1|Vu|:
S12523 —C12513C23 —C12S23 —S12513C23 C13C23 V1
He = diag (—am2,0,am2,)
0= 5 lag| —amyq,U,4mMs3; ),
\Y)

V = diag (iﬁGFNe,o,o);

— solar parameters (AmEOL, Bs0.) are identified with (Am%l, 012);
— atmospheric parameters (Am2.,,, B,7v) are identified with (Am%z, 023);

— the reactor parameter 6z, is identified with 613.

The hierarchy approximation

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

Atmospheric analysis Solar analysis
e approximation: Am%1 ~ 0; e approximation: Am%2 RS 00;
e 01, cancels out from equations; e 0,3 cancels out from Pgg;

— only 3 parameters: Amgz, 0,3, O13. = only 3 parameters: Am%l, 012, 013.



Beyond the one-mass scale approximation

e Mass spectra: normal and inverted;
e hierarchy parameter: o0 = Amz/AMZ;

e present ATM data do not allow to discriminate 51
between normal and inverted hierarchy;

15—

e strongest constraint on o from Chooz;

e no visible effect of finite Am? values on the ATM

2
AXatm+CHOOZ

data analysis;

= the one-mass scale approximation is reliable. e
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Beyond the “standard’ three-neutrino oscillations

3 é/;‘ " ] TheLSND result
10t F = _ _
— ] e evidence of v, — Ve conversion
< — ] (length: < 100 m);
30 ___—LSND global 1
L B0 LSND DAR e neutrino oscillation interpretation: re-
IS
< quires Am? > 0.1 eV?;
= incompatible with solar and atmo-
10'F
spheric data in a 3V scenario.

The simplest solution: adding a neutrino

e the new neutrino must be sterile (from LEP measure of Z width);

e Approximation: AmsoL < Am,zm,, < Am? [snp = 6 different mass schemes:
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e different set of experimental data partially decouple:
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Bounds on sterile neutrino

Solar analysis

e fraction of Vs in solar oscillations: Ns = 40

|Usl|27L |U5®|2;

30
e 3 parameters: AméOL, BsoL, Ns-

= Preferred value: nNs = 0;

Ns < 0.51 (boron-fixed),
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= 30: 10 4 30
Ns < 0.58 (boron-free); e ]
e determination of best-fit Am2,, and 0 = A ]
_ 0 0.2 0.4 0.6 0.8
Bs0, is unaffected. Ng
Atmospheric analysis
e Fraction of v, in atmospheric oscillations: 1 — dy, = [Uyp|? + [Uy3/?;
e fraction of Vs in atmospheric oscillations: 1 — ds = [Usp|? + [Usa|?;
e 4 parameters: AmZ,,, Oy, ds, d,;.
= 30 bounds: ds > 0.61 and dy < 0.15.
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Status of four-neutrino oscillations

(2+2): ruled out by solar and atmospheric data
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X3c = 12.3 (3.50)
Xse =237 (PG=1.1x107°)

{

X3c = 10.4 (3.20)
Xsc =203 (PG=6.8x107°)

[For a rigorous definition of PG, see hep-ph/0304176]

(3+1): strongly disfavored by SBL data
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Interpretation of the LSND result

Status of the sterile neutrino solutions

e Both solar and atm data reject oscillations into a sterile neutrino;
e (2+2) models fail to reconcile solar and atmospheric data;

e (3+1) models fail to reconcile LSND with other SBL experiments;
e the oscillation hypothesis does NOT provide a good solution;

= if MiniBooNE confirms LSND, then different mechanisms have to be investigated.

Possible alternatives

e It was noted [Pas, Song, Weiler, hep-ph/0209373] that some of the approximations
used in the calculations of (2+2) models may be too restrictive. However, so far an
extensive fit has not been performed.

e Also, in arecent paper [Sorel, Conrad, Shaevitz, hep-ph/0305255] a model with two
sterile neutrinos was considered, and found to fit the data considerably better than
(3+1) models.
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Non-standard neutrino-matter interactions
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Analysis of atmospheric data

Equation of motion: 4 parameters:

Simplifying assumption: Ve decoupled = 2v oscillations (v, <+ V1);

"Z_\t’:HV; H=0-H§-0"+V; V=2 V2GeNi(r) (2 :’)
1 cos® sinB vV

Hd:—dia 0 Amz ) 0= ’ V= u ,

0 2E, g(, ) (—sine cose> (VT)

the sign + (=) in the expression of V refers to neutrinos (antineutrinos).

Atmospheric data: zenith distribution

S50
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Pure oscillations provide a good explanation of ATM data;
Pure NSI fail to reconcile contained and upgoing-| events;

in an hybrid NSI+OSC scenario, ATM data bound the NSI component.
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Bound on NSI from atmospheric data

e Am? and 6 are not affected by the presence of a NSI component;

e general result (99.73% CL): —0.03 < € < 0.02 and |¢’| < 0.05.
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Solar density fluctuations and neutrino oscillations

3
e Helioseismology severely constrains 10
. . . 10%
matter density fluctuations in the Sun — " ¢
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Solar neutrino data and density fluctuations

e Precise measurements of the neutrino flux coming from the Sun can provide impor-

tant informations on the presence of matter density fluctuations on scales ~ 100 km;

e a detailed knowledge of neutrino oscillation parameters is required = future Kam-

LAND data will be essential.
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Conclusions

e We have presented analyses of neutrino data in the context:

— of 2v oscillations;
— of 3v oscillations, combining solar, atmospheric, reactor, K2K data;
— of 4v oscillations, including also the LSND result;

— of models involving non-standard phenomena.

Three-neutrino results

Solar, Atmospheric, reactor data are perfectly compatible;

the only solar solution after KamLAND data is LMA, with Am2,, ~ 7 x 107> eV? and
large but non-maximal mixing;

atmospheric & K2K data favor Am2_ . ~ 3 x 10~2 eV? and maximal mixing;

reactor data (Chooz) indicate B¢, ~ O.

Four-neutrino results

Both (3+1) and (2+2) oscillation models fail to explain the LSND result;

CPT violation is also not a viable solution;

= if MiniBooNE confirms LSND, more exotic mechanisms have to be investigated.

Other non-standard mechanisms

e Non-standard neutrino-matter interactions are severely bounded by atmospheric data;

e Neutrino data will be a powerful tool to study matter density fluctuations in the Sun,
once the oscillation parameters have been measured.



