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There are two possible mass orderings:

Am%l > () Am%l <0

Neutrino oscillations are sensitive only to Am?;
- Am231:
- Am?z : solar + KamLAND

absolute scale my 2?7




Absolute scale of neutrino mass

Tritium B-decay experiments:

_r2 2.2, 2 .2 2, 2 213
mp = |C13C19My + C13819M5 + S13M3

mp < 2.05-2.33 (95%CL) Troitsk, Mainz.
KATRIN sensitivity mg~0.2 eV

Neutrinoless double B-decay:

2

_ |2 2 2 i 2 13
C13C oM 1 C13819Moe " + S73M3e

claim in "°Ge mgp € [0.16, 0.52] eV (20)
20 upper limit from Cuoricino mgg < [0.23, 0.85] eV

CMB < 1.19 eV
Cosmology: 2 mj = m;+ mz + M3 CMB+LSS < 0.71 eV

95%CL bounds on 3 m: CMB+HST+SN-Ia < 0.75 eV
CMB+HST+SN-Ia+BAO < 0.60 eV
Fogli et al.,PRD78 (2008) 033010 CMB+HST+5N-Ia+BAO+Ly <0.19 eV




Determination of oscillation

parameters from global v data
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two-neutrino approximation:

Am221 <L Am231

solar + KamLAND CHOOZ atmospheric + LBL

three-neutrino analysis:

all data samples are connected — a IS required.




The solar neutrino sector:

(Am221, sin2612)




PrOduced |n FIUCIGGI" reaC'fIOI"IS |n fhe Reaction source Flux (cm™2s71)

Solar neutrinos

core of the Sun:

4 / He p — ‘He e* v || hep 7.90(1+ 0.15)x10?
4P—’ He + 2et + 2Ve + Y \ "Bee” — Livy | Be | 5.07(1 + 0.06)x10°

pp—det v pp 5.97(1 4+ 0.006) x 101°
pe p—dv pep 1.41(1 4+ 0.011)x 108

8B — 8Be* et v *B 5.94(1 &+ 0.11)x10°
BN — BCef v BN 2.88(1 £ 0.15)x 108
150 — BN et v 150 2.15(1 £ 318)x 108
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e Pefia-Garay & Serenelli,arXiv:0811.2424
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» Chlorine experiment:

- gold mine in Homestake (South Dakota)
- 615 tons of perchloro-ethylene (C2Cls4)
- detection process: Ve + >'Cl = 37Ar + e-
- only detected:

B2 = 8.12 4 1.25 SN

=2.56 + 0.16 (stat.) == 0.16 (syst.
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radiochemical experiments

» Chlorine experiment:

- gold mine in Homestake (South Dakota)
- 615 tons of perchloro-ethylene (C2Cls4)
- detection process: Ve + >'Cl = 37Ar + e-
- only detected:

B2 = 8.12 4 1.25 SN

=2.56 + 0.16 (stat.) == 0.16 (syst.

» Gallium experiments (GALLEX/GNO, SAGE):
RGALLEX GNO — 693 j: 41 (Stat) :‘: 36 (SYSt) SNU

Rsace =66.9 £ 3.9 (stat.) 4= 3.6 (syst.) SNU

R2M =126.2 + 8.5 SNU




Solar neutrinos in Super-Kamiokande

Super-Kamiokade detector

50,000 ton water Cherenkov detector water cherenkov detector
(22,500 ton fiducial volume)

sensitive to all neutrino flavors:
Vx € = Vy e”

threshold energy ~ 4-5 MeV

11200 PMT(Inner detector) real-time detector: (E, 1)
1900 PMT(Outer detector)

1000m underground
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Super-Kamiokande detects less neutrinos
than expected according to the SSM (40%)




The solar neutrino problem

All the experiments defect less

Chlorine Gallium Water neutrinos than expected (30-50%)
vVieg—sv+e

What is happening?

- experimental errors ?
-> different kinds of experiments.

- errors in the Standard Solar Model?
- something is happening with neutrinos

e | Gallex/GNO | (super) in their way from the Sun to the
S SAGE Kamiokande Earth?

l - new particle physics needed ?7?

~30% ~50% ~407%




The Sudbury Neutrino Observatory, SNO

The Sudbury Neutrino Observatory SNO is sensitive to all v flavors:

SNO interactions

6000 m.w.e. overburden
Elastic-scattering (ES): ..
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Support Structure 9500 PMTs,

60% coverage All flavors equally

v.+d—=>p+n+v, & ' Total neutrino flux

5300 tons Outer Shield H,0 =
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The Sudbury Neutrino Observatory SNO is sensitive to all v flavors:

SNO interactions
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total v flux (NC): S eea kG HOT




The solar neutrino problem

Electron neutrino detectors All flavors

The Sun produces V. that arrive to the Earth as 1/3 ve + 1/3 vy + 1/3 vy

flavor conversion: Ve — Vy Conversion mechanism ?
Neutrino oscillations ?7?




The solar neutrino problem

ALTREU oS

are there!!

The Sun produces V. that arrive to the Earth as 1/3 ve + 1/3 vy + 1/3 vy

flavor conversion: Ve — Vy Conversion mechanism ?
Neutrino oscillations ?7?




Solar v oscillation parameters

=

Homestake (Ev > 0.814 MeV) 10
Ve + 37Cl = 3'Ar + e-

SAGE/GALLEX-GNO (Ey >0.233 MeV)
Ve + ''Ga— "'Ge + e-

Super-Kamiokade (Eec = 5 MeV)
Vx+ € — Vx+ e

SNO (Ec = 5 MeV)
[CC] Ve+d = p+p+e

[NC] vx+d = Vx +n+p

[ES] Vx+e = Vx+ e




Solar v oscillation parameters

Homestake (Ev > 0.814 MeV)
Ve + 37Cl = 3"Ar + e

SAGE/GALLEX-GNO (Ey >0.233 MeV)
Ve + ''Ga— "'Ge + e-

Super-Kamiokade (Eec = 5 MeV)
Vx+ € — Vx+ e

SNO (Ec = 5 MeV)
[CC] Ve+d = p+p+e

[NC] vx+d = Vvx+n+p

[ES] Vvx+e = vx+ e

only allowed at 30

max. mixing excluded at 50

10%

all solar
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Borexino: defection of low energy solar
neutrinos

Hoaaking Bean 2200 & Thom EMIFMTs
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consistent with LMA parameters




The KamLAND reactor experiment

reactor experiment: [J7SEE SRR LI
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average distance ~ 180 km

sensitive to Am?;~few 107 eV2 (Am?Z ma)




Results from KamLAND

no-oscillation

2002: First evidence V. disappearance B ol ©
confirmation of solar LMA Vv oscillations

best-fit oscillation + BG
—e— KamLAND data

KamLAND Coll, PRL 90 (2003) 021802

Events / 0.425 MeV




Results from KamLAND

2002: First evidence Ve disappearance
confirmation of solar LMA Vv oscillations

KamLAND Coll, PRL 90 (2003) 021802

2004: spectral distortions (L/E)

KamLAND Coll, PRL 94 (2005) 081801
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—e— KamLAND data
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—— best-fit oscillation
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Results from KamLAND

no-oscillation

2002: First evidence Ve disappearance

confirmation of solar LMA Vv oscillations

best-fit oscillation + BG
—e— KamLAND data

1its / 0.425 MeV

KamLAND Coll, PRL 90 (2003) 021802

analysis threshold best-fit oscillation

2004: spectral distortions (L/E)

P best-fit decay
' best-fit decoherence

+ 2.6 MeV prompt o g1 AND data
T

e Data-BG-GeoV,
— Expectation based on osci. parameters
+ determined by KamLAND

KamLAND Coll, PRL 94 (2005) 081801

1

2008: 1-period oscillations observed 03

high precision determination Am?;; EEE

04

Survival Probability

KamLAND Coll, PRL 100 (2008) 221803 -

O20 30 40 50 60 70 80 90 100G
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Combined analysis solar + KamLAND

KamLAND confirms LMA

Best fit point:
sin20, = 0.312 397
Am?2; = 7.59 192 x 105 eV?

max. mixing excluded at more

%1 02 03 04 05 than 70
20
Sin 19

Bound on 02 dominated by solar data.

Bound on Am?; dominated by KamLAND.




The atmospheric neutrino

sector:
(Am?31, sin023)




The atmospheric neutrino anomaly

Cosmic rays interacting with the Earth atmosphere producing pions and
kaons, that decay generating neutrinos:

T = U+
B —e +v.+tuy

However, this prediction
is in disagreement with
the experimental results:
b

NUSEX SOUDANZ KAM KAM sk = SK
multi sub  multi sub




Atmospheric neutfrinos

1998: Evidence v, oscillations at Super-K
oscillation channel v, -V

2004: oscillatory L/E pattern

SK -1/11

decoherence

w

N
St = v W s
I

et

Flux(10 Pem s sr™)

=

-1 -08 -06 -04 -02 0 0-1 -0.8 -0.6 -04 -02 0
cosO cosO

Super-K Coll., PRL 8 (1998) 1562.




Determination of atmospheric
oscillation parameters

Three-neutrino analysis using
latest Super-Kamiokande data

90% C.L. and 30 regions.

Best fit point (IH):
sin%0,3 = 0.54
Am231 = 2.14 x 1073 eV?




Long-baseline accelerator experiments
g

Neutrino beams are generated in accelerators from the decay of pions produced
by the scattering of accelerated protons on a fixed target:

p+X 1t +Y

T =+, T =T+,
pr— et + v+ 7, uo e +v.4u,

the beam can be focalized to select only neutrinos or antineutrinos.

: to test the atmospheric oscillations and improve parameter determination.
-> the experimental setup must be adjusted to be sensitive to Am? ~ 1073 eV2.
L~ 250 km, E, = 1.3 GeV

L=735km, <E,>~ 3 GeV




K2K: KEK
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—Kamioka MINOS: Fermilab = Soudan

ear Detector

vy disappearance

* MINOS data
Best oscillation fit
Best decay fit

spectral distortions

Ratio to null hypothesis

Best decoherence fit

10 15 20 30 50
Reconstructed neutrino energy (GeV)

consistent with atmospheric data
atm Vv oscillations confirmed by laboratory exps



MINOS result
6
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MINQOS result

Vu + V, disappearance data

5
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MINOS result
6

2
P(v, — vy) = 1 —{sin”(2693) sin2 (1-27 >< eV x L/km)
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MINOS result
6

5
P(v, — v,) = 1 —{sin (26’23)81112 (1-27 x| Am3o|/eV x L/km)

E/GeV

)
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107 eV?
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W

|Am?| = 23555 x107eV* [l [Am?] = 33654 x 102V?
sin”(260) >0.91(90% C L)W sin>(26)=0.86+0.11

- MINOS Preliminary
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N
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20 inconsistency ==  More statistics -
ONSISTENEY ore 518 sin%(26) and sin(28)

Ve appedrance data BResleeetorly

1.27 x Am2,/eV? x L/km

(v — Ve) & sin2(923) Sil’l2( 2613

54 electron events observed
49.1 + 7.0 *+ 2.7 expected NH: sin?(20;3) < 0.12 (90%CL)
0.70 excess IH: sin3(26:3) < 0.20 (90%CL)




Combined analysis atmospheric +
LBL data

Combining atmospheric with accelerator K2K and MINOS data we
obtain a more precise determination of the oscillation parameters.

Bound on 023
dominated by
atmospheric data

Bound on Am?3;
improved by LBL

Best fit point:

Sin2623 = 0.51+0.06 Sin2923 = 0.521+0.06
Am?3; = 2.4520.09 x 10 eV?  Am2; = —(2.34+0.10 x 103 eV?)




OPERA: from CERN to Gran sasso

principle: Decay “kink”

v (17.4%)

A (17.8%) % Kink

v, Nxn° (49.5%)
n n~v, n° (14.5%) Multiprong

u-
e-
h-
n*

» L =732 km.
»<E >~ 17 GeV
» 2010: first observation of a vrin a v, beam




The bound on 093

.l.
indications for O3 #0




The CHOOZ reactor experiment

disappearance reactor V.

L =1 km, E~-MeV

2V approx: Am?3;, B3

AmZ, L
P., =1 — 2sin2 20,5 sin? ( M1 )

41F

non-observation of V. disappearance:

R = 1.01 + 2.8%(stat) + 2.7%(syst)
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The CHOOZ reactor experiment

disappearance reactor V.

L =1 km, E~-MeV

2V approx: Am?3;, B3

AmZ, L
P., =1 — 2sin2 20,5 sin? ( M1 )

41F

non-observation of V. disappearance:

R = 1.01 + 2.8%(stat) + 2.7%(syst)

Exclusion plot
(Am?3;, 613) plane
For Am?;; = 2.5.103 eV?
-> sin2913 < 0.039 (90%CL)




The reactor antineutrino anomaly

Mention et al, arXiv:1101.2755

increase of 3.5% in the reactor antineutrino fluxes
SBL reactor experiments show a deficit in the number of
detected over expected neufrinos:

possible explanations: sterile neutrino(s) with Am? ~ 1 eV?

SBL exps. should be included in a 3v fit, to account for normalization
of reactor exps. (CHOOZ, KamLAND) at short distances.




Reevaluation of the CHOOZ
bound after new flux predictions

Old flux predictions: For Am?3 = 2.5.1073 eV?

-> sin2913 < 0.039 (90%CL) (sin22613 < 0.15)

New flux predictions:

For Am231 = 2.5-10_3 eVe:

» sin?013 < 0.049 (90%CL)
(sin22913 < 019) CHOOZ + SBL (free norm)

sin2913 < 0.028 (90%CL)
(sin22613 < O.ll)

sin2913 < 0.023(90%CL)
(sin22913 < 0.09)




Global bound on 063

solar + KamLAND + SBL: sin%0;3 < 0.072 at 30

atmospheric + LBL : sin®0;3 < 0.057 (0.075) at 30 for NH (IH)
CHOOZ + SBL: sin%0;3 < 0.038 at 30

Global bound: sin%0;13 < 0.035 (0.039) at 30 for NH (IH)

weak indication (1.80) for 0,320:
sin2013 =0.010+3337  (0.013+8:33%) NH (IH)

GLOBAL
/
SK+KZK+MINOS

—— CH+PV+SBL
-—- sol+ KL+ SBL
-—-- atm+LBL

Schwetz, MT, Valle, New J. Phys. 13 (2011) 63004.




3-flavour oscillation parameters
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Schwetz, MT, Valle, New J. Phys. 13 (2011) 63004.




New results from T2K

[T2K Collaboration], arXiv:1106.2822 [hep-ex].

Search for V. appearance:

P(v,—ve) =sin2623 sin2(Am2s; L/AE) + ...

Expected number of events for sin20;3 =0

Beam ve NC Oscillated

Vu—Ve
background background (Soﬁ,rgerm)

The expected #
of events at SK
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New results from T2K

[T2K Collaboration], arXiv:1106.2822 [hep-ex].

Search for V. appearance:
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New results from T2K

[T2K Collaboration], arXiv:1106.2822 [hep-ex].

Search for V. appearance:

P(v,—ve) =sin2623 sin2(Am2s; L/AE) + ...

Expected number of events for sin20;3 =0

After all selection cuts:

7 Osc. Ve CC
\'H+V" CC
ve CC
. NC
(MC w/

sn20w=" & candidate
events remain

w

Number of events /(250 MeV)

0 """';’:;" e TR -
0 1000 2000 3000
Reconstructed v energy (MeV)

Oscillated
Vu —Ve
(solar term)

Beam ve NC
background background

The expected #
of events at SK

(assuming sin22623=1, 6¢cp=0)

2>
Am;5;<0

i More statisics
68% CL
needed!

0.03 (0.04) < sin?26813 < 0.28 (0.34) at 90% C.L.




New MINOS appearance

exposure: 8.2x10%° pot
30% improved selection sensitivity

Far Detector Prediction (LEM > 0.7)
MINOS PRELIMINARY oo Signal
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New MINOS appearance

exposure: 8.2x10%° pot
30% improved selection sensitivity

Far Detector Prediction (LEM > 0.7)
MINOS PRELIMINARY s Signal
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— FD Data
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62 electron events observed
49.5 + 7.0 (stat) + 2.8 (syst) expected
1.70 excess
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Next generation of

neutrino oscillation
experiments




Low energy solar experiments

Fererererm - Meatter

Freomsiiion

real time measurements pp, pep, "Be fluxes
KamLAND, CLEAN, SNO+
LENS, MOON, XMASS

constrain SSM

transition low to high energies
012 precision measurements

signatures of new physics \

XMASS(5yr,
80%CL)
M. Nakahata




Next generation of reactor
experiments

* = beam based,

fe—. )
\u Ve

+ = reactor based,

v, disappearance




Chasing 913

Well understood, 1sotropic source

of electron anti-neutrinos .
Oscillations observed

a7 Ve (E<8MeV) as a deficit of V,

Unoscillated flux
observed here

Probability

Survival Probability
P =1 - sin’20,; sin*(1.27 Am? L/E)

|
P
Distance ~1000 meters




Chasing 613

Well understood, 1sotropic source

of electron anti-neutrinos .
Oscillations observed

a7 Ve (E<8MeV) as a deficit of V,

; Far

detector

\

First oscillation maximum

Survival Probability
P =1 - sin’20,; sin*(1.27 Am? L/E)

Unoscillated flux
observed here

Probability

|
P
Distance ~1000 meters




3 proposals...

J0m high

f
f,/ s *
ﬂ 150m

D, =100-200 m D,=1,050 m Near Detector

more powerful reactors (multi-core)
larger detector volume

2-3 detectors at 100 m - 1 km.
sensitivity after 3 years (90% C.L.):

Double-CHOOZ: 5sin%0;3~0.005 — 0.008

RENO: sin2913~O.OOS — 0.008
Daya Bay: sin%0,3~0.0025




Next generation of accelerator
experiments

* = beam based,

Y
\,u Ve

Double Chagz -~ .
g N[RENO,

R L . 23 7 l,g X
& et Y >
Y . Qe

Ei_aya 'Bay

Eiw
Lo i
o

+ = reactor based,
v, disappearance




LBL off-axis experiments: T2K, NovA

_Under
discussion

b H-mon
B
-
120m 280m

long-baseline experiments (300 - 800 km)
technology-> monoenergetic neutrino beam.
precision measurements of atmospheric oscillation parameters (1%).
optimized to search for v. appearance in a v, beam.
potentially sensitive tfo CP violation.
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LBL off-axis experiments: T2K, NovA

_Under
discussion

I u-mon
h\_

120m 280m

long-baseline experiments (300 - 800 km)
technology-> monoenergetic neutrino beam.
precision measurements of atmospheric oscillation parameters (1%).
optimized to search for v. appearance in a v, beam.
potentially sensitive to CP violation.

B-beams (2015-20202?):

LA * improved sensitivity: sin?20;3s 1073
X * discovery potential for dcp and hierarchy if 0,3 = 12
Neutrino Factory (> 2020):

* sensitivity on 03, dcp, mass hierarchy.




Large underground detectors

~1 Mton water Cherenkov detector at Kamioka Present Tunnel

Future
Safety Tunnel

Present Laboratory

Future Laboratory
with Water Cerenkov Detectors
|

Hyper-Kamiokande MEMPHYS

proposals in USA (DUSEL), Europe (LAGUNA) and Japan (Hyper-K).
detector technology:

* Mton water Cerenkov: Hyper-Kamiokande, MEMPHYS, UNO

* liquid scintillator: LENA

* liquid Argon: GLACIER
multi-purpose: p decay, supernova, LBL, solar, atmospheric, ...




Summary

confirmation of neutrino oscillations at different experiments.
(Am?32, 023), (Am?;, 012) measured accurately (s 10%) by the
combination of different experiments.

upper bound on 6;3 coming mainly from reactor experiments.

recent indications for 013#0  to be confirmed.

good level of precision: neutrino oscillations can be used to

investigate the presence of non-standard physics.

next generation of neutrino oscillation experiments:
precision measurements of atm and solar parameters.

new discoveries: 013, Ocp, mass hierarchy, new physics...




