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Summary




If neutrinos are massive

In general, the flavor eigenstates are
an admixture of the
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There are two possible mass orderings:

Am%l > () Amgl <0

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

absolute scale my: laboratory measurements + cosmology




Absolute scale of neutrino mass

9 9 9 273

Tritium B-decay experiments: Mg = [c]3¢19m5 + c13579m5 + s13m3

mpg < 2.3 (2.1) eV at 95%CL Mainz (Troitsk) Kraus et al, EPJ C40 (2005) 447
Troitsk Collaboration PRD 84 (2011) 112003
KATRIN sensitivity mg~0.2 eV

. 2 2 2 2 ) 2 )
Neutrinoless double B—decay: C13C12M1 + 013312777/26“]52 + ~‘51377743€Z¢3

907%CL upper limit from Heidelberg-Moscow < 0.35 eV

Klapdor-Kleingrothaus et al, EPT Al2 (2001) 147.
Cosmology: S mi=m;+ ma+ ms

Observables | Xmy, (eV) 95% Bound
owCDM + AN, +m, | CMB4+HO+SN+BAO 3
owCDM + AN, + m, | CMB+HO+SN+LSSPS WMA P-7yr + SDSSIII + HST:
ACDM + m,, CMB+H0+SN+BAO

ACDM + m,, CMB+H0+SN+LSSPS >m <0.26-0.36 (95% CL)

ACDM + m,, CMB (+SN)

ACDM + m,, CMB+BAO de Putter et al, arXiv: 1201.1909
ACDM + m,, CMB+LSSPS

ACDM + m,, CMB+HO0

Gonzalez-Garcia et al, JHEP 1008 (2010) 117.




Determination of oscillation

parameters from global v data




two-neutrino approximation:

Am221 <L Am231

solar + KamLAND Reactor atmospheric + LBL

three-neutrino analysis:

all data samples are connected — a IS required.




The solar neutrino sector:

(Am%,, sin%0;)




Solar neutrinos

PrOduced |n I’IUCleal" T'€ClC'|'|OI'IS |n fhe Reaction source Flux (em™2s71)
core of the Sun:

4 / He p — ‘Hee* 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
PO — BNet v 150 2.15(1 £ 318)x 108

1%1

LI B I B | T

BPS(GS98) 2008
Neutrino Spectrum (+10)

F - "0 et v 5.82(1 + J19)x10°

Vv fluxes

B / SSM predictions

hep >=+15.5%

V energy spectra

Neutrino Energy in MeV

Pena-Garay & Serenelli,arXiv:0811.2424



Solar neutrino detectors

- Homestake (Cl)

- Gallium experiments (GALLEX/GNO, SAGE)
-> total # Ve, no energy or time information
= of SSM prediction detected

- Super-Kamiokande (water Cherenkov): ES

- (heavy water): CC, NC, ES

- Borexino (liquid scintillator): ES

-> provide information about neutrino spectrum

time of interaction
-> sensitive to all v flavours:

[CC]~30%, [ES]~40%, [NC]~100%

all produced solar neutrinos are detected.

Super-Kamiokade detector

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

2 11200 PMT(Inner detector)
—1900 PMT(Outer detector)

6000 m.w.e. overburden

1000 tons D,0O

12 m Diameter Acrylic Vessel ~_
1700 tons Inner Shield H,O

Support Structure 9500 PMTs,
60% coverage

5300 tons Outer Shield H,O




Solar v oscillation parameters

=

Homestake (Ey > 0.814 MeV) 10
Ve + 37Cl = 3Ar + e

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

Super-Kamiokande (Ec = 5 MeV)
Vx+ € — Vx+ e

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

[NC] vx+d — Vx +n+p

[ES] Vx+ e = Vx+ e




Solar v oscillation parameters

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

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

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

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

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

[ES] Vx+ e = Vg+ e

only allowed at 30

max. mixing excluded at 50

10%

all solar

LI | [ 11IIFH
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Borexino: defection of low energy solar
neutrinos

Borexino DeS|gn ~ 2200 &' Thom EMIPMTs

Stainless Steel /] (1800 with light colls cters
Sphere 13.7m @ /) 400 withour light cones)
on nere uon .

.5m — 200 ourward-
7 pointing PMTs
5
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* BX 2B (>3 MeV)
= BX %B(>5MeV)

SNO %8

100 ton
fiducial volume

© ©
wn o

it
W

g
a
>
—_
=
—
z
E
.ig 04
—
=5
e
z
=
=
e

et
.o'l\)
[

| 4 : 05 10 50 100
7 Holdirg Stnngs—_ Energy (MeV)

\___ Stainess Steol Water Tank ™ Swmel Shieldng Plates
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»300 ton. liquid scintillator
» first real-time measurement of 7Be neutrinos (< 5% error)
» first real-time measurement of 8B flux below 4 MeV

consistent with LMA parameters




The KamLAND reactor experiment

reactor experiment: [[7RSEE S LIy e

[ accidentals
#39535 %C(a,n)"°0
I spallation
best-fit oscillation + BG
—e— KamLAND data

CPT invariance: (Am?z , 012)

average distance ~ 180 km

sensitive to Am?,,~107° eV?2 (Am? ma)

nts / 0.425 MeV

2.6 MeV prompt g go1 AND data

analysis threshold best-fit oscillation

P best-fit decay
' best-fit decoherence

2002: First evidence V. disappearance
confirmation of solar LMA Vv oscillationsg . Data-BG - Geo¥,

— Expectation based on osci. parameters

KamLAND Coll, PRL 90 (2003) 021802 determined by KamLAND

2004: spectral distortions (L/E)
KamLAND Coll, PRL 94 (2005) 081801

Survival Probability

2008: 1-period oscillations observed

high precision determination Am?;

20 30 40 50 60 70 80 90
KamLAND Coll, PRL 100 (2008) 221803 LJE. (km/MeV)




Combined analysis solar + KamLAND
data

KamLAND
KamLAND confirms LMA

Best fit point:
sin20;, = 0.320 13>
Am?; = 7.62 + 0.19 x 10 eV?

[107eV?]

2
21

=
<

max. mixing excluded at more

1 02 03 04 05 than 70
sin°0
12 Forero, M.T., Valle, arXiv:1205.4018 [hep-ph]
Bound on 02 dominated by solar data.

Bound on Am?; dominated by KamLAND.




The atmospheric neutrino

sector:
(Am?31, sin®023)




Atmospheric neutfrinos

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

T = U+

po—e + vty

1998: Evidence v, oscillations at Super-K: v, -v:

2004: oscillatory L/E pattern

SK-1/1I

decoherence

w

§ = 1 §
S th = e w s
[T

Flux( 10'13cm'zs'lsr'1)

=

-1 -0.8 -06 -04 -02 0 -1 -0.8 -06 -04 -02 0
1 o cosO cosO

AmZ, L
L/E (km/Ge\ P, =1 —sin® 20,3 Sin2< ?”E—)

Super-K Coll, PRL93, 101801 (2004) Super-K Coll., PRL 8 (1998) 1562.




Long-baseline accelerator experiments
T —>;1._

o —e +U.+y,
Neutrino beam production: p+ X ort+Y = ¥
T —u @
=

M e+ Ve +Ty,

: test atmospheric oscillations and improve parameter determination.
-> the experimental setup must be adjusted to be sensitive to Am? ~ 103 eV2.

MINOS: Fermilab = Soudan
MINOS Far Detector
Fully reconstructed events

. Fermilab -m Soudan
—+— Data )\“‘

--------- No oscillations
——— Best oscillation fit
[ Neutral current background

Events / GeV

ikt d _ v, disappearance

spectral distortions

—+— DataMonte Carlo ratio . . o
—— Bestosclaonii — consistent with atmospheric data

Best decoherence fit

Ratio to no oscillations

015 20 30 50 ~— atm oscillations confirmed by lab. exps.

Reconstructed neutrino energy (GeV)

[MINOS Collaboration], PRL106, 181801 (2011)




MINOS neutrino and neutrino results

[MINOS Collaboration], PRL107, 021801 (2011)

(o))

— MINOS v, 90% — MINOS v, 90%

--- MINOS v, 68% --- MINOS v, 68%

® Besty, Fit ® Bestyv, Fit
1.71x 10 POT  7.24x 10 POT

(9]

inN

W

MINOS Preliminary

C\T\
>
()]
f'?
(@)
ot
IS
bl
©
-
©
—
&
<

N

0.5 06 0.7 0.8 0.9 1
sin“(20) and sin*(26)

Am? = [2.627)3%(stat) + 0.09(syst)] X 1073 e

sin?(26) = 0.9521%(stat) + 0.01(syst),
sin2(26) > 0.75(90%C.L.),

|Am?| = 235293 x 1076 V? Anr?| = 33635 x107eV?
sin’(26) > 0.91 (90% C.L) sin’(260)=0.86+0.11

20 inconsistency

[MINOS Collaboration], PRL108, 191801 (2012)

MINOS 90% C.L.
* —V, 2009-2011
® - -V, 2009-2010
0 ---V, 2010-2011
e [V, 2005-2010

IAm? or jAm?| (10° eV?)

0.7 0.8 0.9
sin?(26) or sin?(20)




Combined analysis atmospheric +
LBL data

Super-Kamiokande (I + II + III) + K2K and MINOS long-baseline data

global

Determination of
623 and Am231 IS
now dominated by
LBL data

Forero, M.T., Valle, arXiv:1205.4018 [hep-ph]

Best fit point:
sin%023 = 0.53%905

2 2 il +008 _0.07
sin¢0,3 = 0.49 o i

Am?y; = 2.53+008 x 103 eV? Am?3; = ~(2.40%019 x 107 ) eV?




The reactor mixing

angle 913




The CHOOZ reactor experiment

Chooz B
Nuclear Power Station
2 x 4200 MWth

disappearance reactor V.
L =1 km, E~-MeV

2V approx: Am?3;, B3

P.. =1 — 2sin® 26,5 sin® (—

non-observation of V. disappearance:

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

Exclusion plot
(Am?331, O13) plane
For Am231 — 2.5-10'3 €V2

-> sin2913 < 0.039 (90%CL)

CHOOZ Collaboration, EPT €27 (2003) 33l.




on 0;3 #0 from combined analysis

a mismatch between BFP
for Am? from atm and LBL
data results in a prefered
non-zero value for 0;3

For IH, sin®0:3=0.023 # 2915
0.012

Schwetz, MT, Valle, NJP 10 (2008) 113011

the interplay between solar and KamLAND
data leads to a non-trivial constraint on 0;s:

Sil’l2913 =0.035 + 8811%

with 0:3=0 disfavoured at 2.30

SK+MINOS

[10° eV?]

l
o
@
o
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2
31
2

Am
IAm3

Schwetz, MT, Valle, NJP 13 (2011) 063004




Searches for Ve
P(vu—ve) =sin2623 sin2(Am2s; L/AE) + ..

N[0k (8.2x10%° p.o.t.)

Far Detector Prediction (LEM > 0.7)
MINOS PRELIMINARY . Signal

—— Background

— FD Data
sin?(26,,)=0.040, AM2,>0, 5.,=0

Merged for Fit

=
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4 5 6
Reconstructed Energy (GeV)

62 electron events observed

49.5 + 7.0 (stat) + 2.8 (syst) expected

1.70 excess

[MINOS Collaboration], PRL107, 181802 (2011)

appearance

e

U---* Ve ---->/

724 (1.43x10% po.t.)

—+— Data
2z Osc. v, CC

Number of events /(250 MeV)

1000 ‘ .3
Reconstructed v energy (MeV)

1.5 events expected
6 candidate events
2.50 significance

[T2K Collaboration], PRL107, 041801 (2011).




Comparison of MINOS and T2K resulfs

T2K allowed

90% C.L.
.| minos 2011
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New generation reactor experiments

Well understood, 1sotropic source
of electron anti-neutrinos

g Oscillations observed
_"Ve (E<8MeV)

as a deficit of V,

Far O

detector 4

1227
sin ,_913

Unoscillsted flux First oscillation maximum
observed here

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

Distance ~1000 meters

more powerful reactors (multi-core)
larger detector volume

2-3 detectors at 100 m - 1 km.
sensitivity after 3 years (90% C.L.): sin®0:3~0.0025 — 0.008




The race FOT' 913

2 reactor cores + 1 FD (ND 2013)
livetime: 101 days
sin?(20,.) = 0.086+ 0.041 (stat) + 0.030 (syst)

Double Chooz Coll, PRL 108 (2012) 131801 0:3=0 excluded at 20

6 reactor cores + 6 neutrino detectors (3ND,3FD)
livetime: 55 days

Sin220,; = 0.092 + 0.016(stat) + 0.005(syst)

Daya Bay Coll., PRL 108 (2012) 171803 013=0 excluded at 5.20

6 reactor cores + 2 neutrino detectors (ND,FD)
livetime: 229 days

RENO Coll., PRL 108 (2012) 191802 613=O excluded at 4.90




013 determination from global analysis

excluded
at 80 for both
hierarchies

Forero, M.T., Valle, arXiv:1205.4018 [hep-ph]

Bound on 0;3 dominated by Daya Bay and RENO
weak sensitivity to CP phase 0




3-flavour oscillation parameters
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parameter

best fit 1o

Am3; [10~°eV?)

7.62 =0.19

. 2.53+0.08
Am§1 [10_3eV2] 99-0.10
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- No significant deviations from 2-3 maximal mixing
- Poor sensitivity to Ocp
- No indication for correct mass ordering
Forero, M.T., Valle, arXiv:1205.4018 [hep-ph]




Alternative global

Fogli et al, arXiv:1205.5254 [hep-ph]
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sme13

main difference: 0,3 determination

analysis

Gonzalez-Garcia et al., T. Schwetz @ NuTURN

001 002 003 004 005

. 2
sin 913

= Fogli et al. find 023 < 45°, with maximal mixing at ~20.
= Gonzalez-Garcia et al. find weak preference for 023 < 45° (623=45° allowed at 10)

differences in the analysis of
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New data released in

Neutrino 2012




New reactor data

DOUble ChOOZ M. Ishitsuka @ Neutrino 2012

Events/(0.5 MeV)

96.8 -> 2279 days livetime

rate only: sin®20;3 = 0.170 + 0.035 (stat) +0.040 (syst)

D. Dwyer @ Neutrino 2012

2.5 times more data

R = 0.944 t 0.007 (stat) +0.003 (syst)
EH1 EH2

sin20;3 = 0.089 * 0.010 (stat) +0.005 (syst)

sin®20;3 = O excluded at ~ 80 02 04 06 08 1 12 14 16 18 2
Weighted Baseline [km]




Final MINOS data on v, disappearance

- atmospheric data: 379 kton-years, 2072 events observed
- Vu beam data: 10.71x10%° pot, 2894 events observed vs 3564 expected

- Vu beam data: 3.36x10%° pot, 357 events observed vs 464 expected
R. Nichol @ Neutrino 2012

—v,-beam (7.2 x 102 POT) 90% C.L. 90% C.L. Pt S
— v -beam (10.7 x 10° POT) — MINOS Atmospheric v, e S

= == MINOS v, Antineutrino Beam
— MINOS v, All Data
=== Super-Kv,”

— All beam + atmospherics

4
3
4

o

- 1
- \‘
37.9 kiloton-years , ] 0 q
14.1x 10® POT (v, and¥,-beam) 3.36 x 107

POT,v,-mode
10.71x 10%° POT, v, -mode
MINOS PRELIMINARY 37.9 kt-yrs. Atmosf; eric Exp. "arXiv:1109.1621

0.6 0.7 0.8 0.9
sin®(20)

|Am?| = 2.39 *0:09 x 10-3 eV2 |Am?| = 2.48 022 x 103 eV?2

-0.10 -0.27
sin?(20) = 0.96 + 0.04 sinz(Zé) = 0.97 +0.03

-0.08

sin*(20) > 0.90 at 90%CL sin%(20) > 0.83 at 90%CL




New results on V. appearance at LBL

V beam: 152 events observed vs 128.6+32.5
V beam: 20 events observed vs 17.5+33.7

013 = O disfavoured at 96% CL (NH, dcp = O)

T. Nakaya @ Neutrino 2012

10 Ve events observed over a bg of 2.73+0.37

Ve appearance confirmed at 3.20

——68%C.L.
—90%C.L.
— Best fit

Run1+24+3 data
(2.556e20 POT)

normal hierarchy

1Am3;2=2.4x10-3eV2

0.3 0.4
sin’2,,

sin22013=0.104 082 @ dcp=0

Preliminary

——68% C.L.
——90% C.L.
— Best fit

Run1+2+3 data
(2.556020 POT)

inverted hierarchy
Am;;2=2.4x10-3eV?2

0.3 0.4
sin’26,,

sin22013=0.128 0872 @ dcp=0

R. Nichol @ Neutrino 2012

AM?>0

= MINOS Best Fit
[es%c.L.
Il o0%C.L.

AM? <0

10.6x10%° POT v-mode
3.3x10?° POT v-mode

MINOS
PRELIMINARY

In agreement with
previous LBL app and
reactor data




Updated SK atmospheric v analysis

SKI-IV (total 3903 days) Y. Itow @ Neutrino 2012

fixed 913
free 613

99% C.L.

90% C.L. 90% C.L.
68% C.L. \ / 68% C.L.

3 035 0.4 0.45 0.5 055 0.6 0.65 0.7 %.3 035 0.4 0.45 0.5 055 0.6 0.65 0.7
. 2 . 2
sin“6,, SIin"6,,

sin%0,3 = 0.425 sin%0,3 = 0.575
[0.391-0.619] at 90% C.L. [0.393-0.630] at 90% C.L.

correlation between octant preference and mass hierarchy.

no significative hint for mass hierarchy: PNz RN 0/; ) It W)




Open questions In

neutrino physics




Open questions in V physics

® 023 octant: is vy-v: mixing maximal?

Forero, MT, Valle, 2012

nearly maximal:
sin®023 = 0.49(0.53)
no siginificative
preference

Fogli et al, 2012

first octant
sin®023 = 0.40
max. mixing at 20
(NH)

[10° eV

2
am

Am

Gonzalez-Garcia et al, 2012

first octant
sin®0.3 = 0.46

max mixing
allowed at 1o




Open questions in V physics

® 023 octant: is vy-vr mixing maximal?

f————e—————] Forero et al, 2012 ——————e——{Forero et al,2012

—e—— Fogli et:al, 2012 —e—— Fogli et al,2012

Updated analysis with
5 ' new MINOS data will

MINOS v beam
MINOS beam + atm show larger
' departures from
maximality




Open questions in V physics

® 023 octant: is vy-v: mixing maximal?

= combination LBL accelerator + SBL reactor
Combined (incl. reactors, large #43)

o
o

P, = sin? o3 Sin2(2913) sin?

= anticorrelation 0,3-0;3

Fitvalue of sin’ by
o
(&)

o
'S

Am3, L

P.=1-— sin2(2613) sin? ( iE ) ~+correc
04 05 06

True value of sinz oy

= indep. measurement of O
P QL Huber et al, JHEP 0911 (2009) 044.




Open questions in V physics

® 023 octant: is vu-Vr mixing maximal?

® neutfrino mass hierarchy: NH or IH

= combined analysis of and atmospheric neutrinos in

",

" shaded: w/o INO

shaded: w/o INO

Wrong hierarchy o
bk

o)
=
=
=
£
O
=
=0
=
2
=

solid: o = 10%, oy = 10° solid: o = 10%, oy = 10°
dash:og = 15%, 09 = 15° dash:op = 15%, 09 = 15°

0
2016 2018 2020 2022 2024 2026 2016 2018 2020 2022 2024 2026
Year Year

Blennow and Schwetz, arXiv:1203.3388[hep-ph] 20 rejeci'ion ~ 2020




Open questions in V physics

® 023 octant: is vy-vr mixing maximal?

® neutfrino mass hierarchy: NH or IH
= reactor experiment with intermediate baseline (~60 km)

pNH(IH) (5, _, ,) Am2 L = 1—2sin?8 cos?d — cos® 0 sin® 260,

2‘ﬂ'EV
. Am?
(f) cos 26, 2 sin?@ cos? 6 cos 31

maximum of Amjz osc
Petcov and Piai, PLB 533 (2002) 94 (2002)

10 kton detector with very
good energy resolution ->
MH at 90%CL in 5 years.

o
W

Reactor Events

Zhan et al, PRD 79 (2009) 073007.

20000
L/E (Km/GeV)




Open questions in V physics

® 023 octant: is vy-v: mixing maximal?

® neutfrino mass hierarchy: NH or IH

e CP violation in the neutrino sector

T2K and NOVA have poor discovery potential for Ocp

= combination with reactors

= new generation of experi

will perform a more solid det

Huber et al, JHEP 0911 (2009) 044.




Open questions in V physics

023 octant: is vy-vr mixing maximal?

neutrino mass hierarchy: NH or IH

CP violation in the neutrino sector

absolute neutrino mass

= slight improvement on 2my expected from

(weak lensing of galaxies + Planck ~ 0.05 eV)

Hannestad et al, JCAP 0606 (2006) 025
= direct mass searches:




Open questions in V physics

023 octant: is vy-vr mixing maximal?

neutrino mass hierarchy: NH or IH

CP violation in the neutrino sector
absolute neutrino mass

Dirac or Majorana?

= positive signal in experiment




Open questions in V physics

023 octant: is vy-vr mixing maximal?

neutrino mass hierarchy: NH or IH

CP violation in the neutrino sector
absolute neutrino mass
Dirac or Majorana?

are there sterile neutrinos, NSI?

= new SBL experiments, cosmological data,




MINOS+ searches for new physics

MINOS+: running of MINOS during NovA era

= high statistics neufrino data collected in MINOS FD will test
the existence of NSI and sterile neutrinos

sin“9=1.0

7.1x10%° PoT FHC Am?=2.32x10%eV?, sin?(28)= 1.0
1.2x10°" PoT MINOS+ 7 1.71x10%° PoT RHC Am?=3 36x10°eV?, sin?(26)=0.86
Vy funning 7 . 1.71x10%° PoT RHC Am?=2.32x107eV?, sin?(20)= 1.0

P7777] MINGS+ 50% CL sensitivity

[ comseomce
[ ccrramc
I wrisooNE so% CL

= SciBooNE + MiniBooNE 80% CL 68% MC Sensitivity

90% MC Sensitivity
95% MC Sensitivity

MINOS+ proposal, Tzanankos et al, FERMILAB-PROPOSAL-1016.




Summary

Neutrino oscillations are well stablished with observations in

several experiments, with natural and artificial sources.

Oscillation parameters are measured accurately (s 10%) by the

combination of different experiments.

The mixing angle 0:3 has been measured at 3 reactor experiments

with good level of statistical significance.

The relatively large value of 0:3 makes easier the determination of
the mass hierarchy and opens the possibility of measure CP

violation.

Questions to be answered by the next generation of neutrino

experiments: dcp, mass hierarchy, new physics...
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Constraints on my from neutrino oscillations

95% CL regions

most of the bounds
out of reach for

NCOMAm, CMBAHOESNABAC.
ACDM+m, CMB

fo
I
Y
Eml
=
PO
-
s
P
-
ey
PO
i<

. will fest
allowed ranges

Gonzalez-Garcia et al, JHEP 1008 (2010) 117.




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 neutrinos:

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 (2011)

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

-> sin2913 < 0.039 (90%CL) (sin22913 < 0.15)

New flux predictions:

For Am231 = 2.5-10'3 eVe:

» sin2013 < 0.049 (90%CL)
(sin22613 < 0.19) CHOOZ + SBL (free norm)

sin2913 < 0.028 (90%CL)
(sin22913 < O.ll)

sin2913 < 0.023(90%CL)
(sin22613 < 0.09)




Low energy solar experiments

Vacuwum - Maitter

fransiiion

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(Syr,
90%CL)
M. Nakahata




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, ...




LBL off-axis experiments: T2K, NovA

_Under
discussion

u mon

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 vy, beam.
potentially sensitive to CP violation.

B-beams (2015-20202?):

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

* sensitivity on 03, dcp, mass hierarchy.




Solar neufrinos 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:
N dom — V), e

threshold energy ~ 4-5 MeV

R
2
2 %

11200 PMT(Inner detector) real-time detector: (E, t)

| t

:}++F++++++++++Jr+_[_{_

stat. uncertainty only

Dashed line: SK-Ill average

l L L L L 1

10 15
Total electron energy (MeV)

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




The Sudbury Neutrino Observatory, SNO

B Ry R e S LS E SNO is sensitive fo all v flavors:

SNO interactions

6000 m.w.e. overburden
Elastic-scattering (ES): .

1000 tons D,0O 3 “ (N, ~ ~ v, mainly
A X Bv— ‘ v.+e —=v _+e¢e ? strong directional

sensitivity

12 m Diameter Acrylic Vessel
Charged-currents (CC):

Ve e

D p

S , v, only
4 ¢4l \ 7 \ = : _ w p Ee Well correlated
1700 tons Inner Shield H,0 Ao el v,+d—=p+p+e WithiE

Neutral-currents (NC): ..

Support Structure 9500 PMTs, — A\ &z J
60% coverage ' , All flavors equally
s } i\ 7 v.+d—p @ ™ Total neutrino flux

5300 tons Outer Shield H,O —— | D,ophase: | phase:
2
n+d-—>t+y+6.25MeV

SNO Salt phase (D,0 + 2 tons of NaCl):

SNO = O 301 s O 033 3O/° n + 3C| — 3C| +4’s + 8.6 MeV

NC NCD phase (*He proportional counters):

Ve flux (CC):

n+3He —p+t+0.76 MeV

R T (ol Oxc. = 5.542031 (stat) 533 (syst)

100% !!




The solar neutrino problem

All the experiments detect less

Chlorine Gallium Water neutrinos than expected (30-50%)
vie—v+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
OMESLAKE SAGE Kamiokande Earth?

l - new particle physics needed ?7?

~30% ~50% ~40%




The solar neutrino problem

e

1
Chlorine N _|| Heavy water Heavy water are there!!
Vet € — v t+e ve+d—»p+p+e' V"'d—'p*n*-v

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

flavor conversion: Ve — Vy Conversion mechanism ?
Neutrino oscillations ?27?




