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l. Present status of neutrino oscillations

2

The solar neutrino problem

e Nuclear reactions in the core of the Sun produce
electron neutrinos;

e during the last 40 years, a number of underground
experiments has measured their flux in different
energy windows;

e it is found that ALL the experiments observe a
deficit of about 30 — 60%;

e the deficitis NOT the same for all the experiments,
hence the effect is energy dependent.

e it is not possible to reconcile the data with the
Standard Solar Model (SSM) by simply readjust-
ing the parameters of the model,;

= New Physics is needed to explain the data;

= oscillation hypothesis: v, — vagiive-
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Solar neutrinos: anatomy of the oscillation solution
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|l. Present status of neutrino oscillations

The KamLAND experiment

e Nuclear fission reactions in nuclear power plants pro-
duce electron anti-neutrinos;

e neutrino flux from many plants in Japan measured by
KamLAND (average baseline: ~ 180 km);

e an energy-dependent deficit of v, is observed.

Combining solar & KamLAND data

e Hypothesis: v, — va.ive CcOnversion due to non-zero
neutrino masses and flavor mixing;

e CPT conservation = physics of solar (v) and Kam-
LAND (¥) neutrino conversion must be the same;

2

e only two parameters: Am_

and Qso| ,

¢ this model perfectly explains both effects.
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Atmospheric neutrinos

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

1 Acr+Aair_)7Ti,Ki,KO,... . p,He
2| > pt+vy, LN
+
3| uE - e +v. vy, s \T[_+
) l “_

e at the detector, some v \):1 k« . N+ N
interacts and produces a & —_Vu VIJ~2
charged lepton, which is ob- Hre NV:' Nve
served; \ﬁ A

e v, and v, fluxes have large (~
20%) uncertainties;

e however, the v, /v, ratio is predicted with quite good accuracy (= 5%).
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Atmospheric neutrino oscillations
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The K2K & Minos experiments T winos Farpetecor

E : * Far detector data
e v,'s are produced at accelerators through = decay, with > 100l ' -~ No oscillations )

mean energy ~ 1.3 GeV (K2K) and ~ 3 GeV (Minos); 2 — Bestoscllaton

% [ NC background
e flux measured at 250 km (K2K) and 735 km (Minos); i sol- i1 7
e both experiments found a deficit of v,,’s at low energy.

"% 16 15 203080

Combining ATM & accelerator data

Hypothesis: v, — v, mass-induced oscillations. Same
physics as solar v, — vacive CONversion, but in a different
channel;

CPT conservation = same behavior of v and v in atmo-
spheric data at Super-Kamiokande;

2

only two parameters: Am

model perfectly explains all the data.
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The Chooz & Palo Verde reactor experiments

e Reactor experiments (length: < 1 km). No v,
S
disappearance is observed. <

Solar channel

e Like KamLAND, this experiment is sensitive to 10

solar parameters Am__ and fs;

e from solar & KamLAND: 65, large but Amgol < al:

10~* eV? = no oscillations expected (OK). ~F
<

-4 L Co el P B | Coe el Lo
2 B
10 10 10 10 10

Atmospheric parameters tan’e,, tan’8

reac

2 .

e given it mean energy and baseline, this experiment is also sensitive to Am, ;

e however, the oscillation channel is different (involves v.) = the mixing angle is not 6,;

e new parameter | 6., | describes the mixing of v, with v, ;;

e from atmospheric data: Am?2,_ > 107> eV* = upper bound on 6.
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General three-neutrino framework

e Equation of motion: 6 parameters (including CP violating effects):

N
iQ:HV; H=0-H-O"+V;
dt
C12C13 $12 €13 s13 €0 Ve
O =|-spcn—crnsizsne®™  cpcn—snsizsne™ ciasy | V= Vuls
S12 8§23 — €12 513 €23 ¢'er —C12 823 — 812 513 €23 ¢'er C13C23 Vr

= 2]15Vdiag (0, Am3,, Am3,); V= diag(+ V2G#N.. 0, 0).

Connection with two-neutrino oscillations

Hj

2

e Solar parameters Am_

and 65, are identified with Am3, and 6;»;

2
atm

atmospheric parameters Am_,_ and 6., are identified with Am%l and 6»3;

reactor angle 6,., constrained by Chooz corresponds to 6;5;

CP-violating phase d.; is a genuine 3v feature, with no two-neutrino counterpart;

smallness of 65 and Am3, /Am3, implies that solar and atm sectors are decoupled.
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Neutrino oscillations: where we are

e Global six-parameter fit (including o.;):

— Solar: Cl + Ga + SK + SNO-I + SNO-II;
— Atmospheric: SK-I + SK-II;

— Reactor: Chooz + KamLAND;
— Accelerator: K2K + Minos (3.4 x 10%° p.o.t.);

e best-fit point and 10 (307) ranges:

0 =345+14 (7).

= (1) = {

013 = 3.2 +4.5 (+9.6) ,

e neutrino mixing matrix:
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Neutrino oscillations: 2v versus 3v
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Bound on 6;; from solar data

® v, = v; = no sensitivity to 6,3 and e,

o Am?, ~ oo = specific Am3, value irrelevant;

= solar data only depend on Amgl, 01, and 6,3; 1b 7 sne,=000]
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e data:
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Hint for non-zero 6,5 in solar and KamLAND data

e Ford,; = 0, we have sin’ 9, = {

0.29 from solar data;
0.35 from KamLAND data;

[Schwetz et al, arXiv:0808.2016]

e hence there is a tension between solar and KamLAND.

e as we have just seen, when 6,5 increases:

— solar region slightly moves to larger 6,, (high-E data dominate over low-E ones);

— KamLAND region definitely shifts to smaller 6,,.

e hence, non-zero 0,5 reduces the
tension between solar and Kam-
LAND.

e new SNO-Ill data favor smaller
dcc/dnc = smaller 61, from so-
lar = tension with KamLAND is
increased = larger 6,5 favored.
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Subleading effects in the ATM sector | " o | o 55’25_ ‘”“{E
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— CP phase: impact on 6,5 bound; = 90;_ E
e with the present accuracy of atmospheric and long-baseline i’ i3 1
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data, the sensitivity to subleading effects in the ATM sector _1805‘[95%5:};”_MW(‘@E
(Am3,, 63) is completely dominated by atmospheric data.
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Beyond the one-mass scale approximation in ATM data
® EXCGSS Of €-|ike events for 913 =0: 1-3 Normal hlerarchy Inverted hlerarchy
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0,3 effects and impact of the mass hierarchy
P FOF 91% + O: Normal hlerarchy Inverted hlerarchy
2z 1.3
5, = (Fcos> O — 1) Pay(Am2,, 612)  [Am2, term] 12 HJH( + # HJH( + ﬁ -
+ (Fsin® 63 — 1) Py, (Am3,, 613) [615 term] JT JT j_;
1<
— Fsinf)3sin 20,3 Re(A, Au);  [dcp term] : i

similar but less evident effects also appear in u-
like events (not discussed here);

for sub-GeV effect of Am3, is diluted by 6;3;

for multi-GeV resonance in PZV(Amgl, 013) = en-
hancement of v () oscillations for normal (in-
verted) hierarchy;

more v than v events = 0,3 effects are more
prominent for normal hierarchy;

e sensitivity to 6,5 is larger for 6»3 in the dark side.
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SK+K2K+CHOOZ (Am? 18,5 free)
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Impact of Am3, on different data samples

e Pull-approach: y* = min

i

90 theo eXp
Z(Rn Z(;;atfl . ) - §?+Z&2‘;

i,theory i,syst

n=1

e main features of the data:
— no sensitivity of high-energy samples;
— marginal sensitivity of v, data alone;

— main effect in sub-GeV v, events;

e ...can be understood in terms of pulls:

— v, and high-energy events fix the overall
normalization and the tilt pulls;

— sub-GeV v, data fix the v, /v, ratio pulls;

— v, excess partially compensated by Am3, e, e,
oscillations = less tension in v, /v, ratio pulls = smaller y?.
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Determination of the atmospheric neutrino parameters

e Deviation of 6,5 from maximal mixing is a physical effect, which follows from the obser-
vation of an excess of events in low-energy e-like data;

SR P L L Frrrr . T T
af 813=0 - 0,5 free

e the effect is still not statistically signifi-
cant, but it is already clearly visible;
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e it is not washed-out by possible non-
zero 013 or o5, Which we consider in this
analysis;

[ sin? 6,3 = 0.47,
e best-fit: ) s n
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Conclusions 21

e We have presented a global analysis of solar, atmospheric, reactor and accelerator data
in the context of the standard three-neutrino oscillation scenario;

e all data sets agree among them and are perfectly compatible;

¢ at the leading order, the 3v allowed region tracks the partial 2v fits of solar + KamLAND
(612 & Am3,), atmospheric + MINOS (6,3 & Am3,) and atmospheric + Chooz (63) data;

e in addition, subleading 3v effects are visible:
— solar + KamLAND data slightly favor non-zero 6,3;

— atmospheric data (SK-1) also prefer a small non-zero 6,5. However, this effect disap-
pear once SK-Il data are also added;

— atmospheric data (both SK-I and SK-II) favor a small deviation of 6,3 from maximal;
e these effects are at the 10 level, and should not be taken more seriously than that.

= [Gonzalez-Garcia & MM, PREP 460 (2008) 1, arXiv:0704.1800]
[Schwetz, Tortola & Valle, arXiv:0808.2016]
[Fogli et al, hep-ph/0506083 & arXiv:0806.2649]
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