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Open Questions in v Oscillations

CP phase: key to understand the origin
of matter-dominated Universe
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Neutrino Sources

Natural

lﬂl'l lﬂll 1[_']1.': E[E“.r]

Artificial
= "man made”

e\We will address both artificial (accelerators, reactors) and
natural (atmospheric, solar) sources



Outline

eMeasurements:
eV_appearance

oV C Isappearance

aVM disappearance

e Atmospheric Neutrinos
e Solar neutrinos

Caveat: this Is a not exaustive list of current
undergoing measurements. Sterile neutrinos,
Cross section measurements, hadron production,
etc. are not included.



Latest News on v_
Appearance Results




Leading Term in Oscillation Equat.
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Tokai-2- Kamloka (T2K)

Beam source and near detectors:
J-PARC accelerator complex
Iocated in Tokal-mura

Far detector:
Super-Kamiokande

located near Kamioka

J PARC

Oﬁaxis detector =~ Far Detector
o s i SR ﬁ - - g‘ (SK)
Target I 9 5 [
&Homs pecay pine L 5 .pn axis detector (INGRID)

Muon monltor Near D?tector
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eSuite of new detectors 2000 —
eFar detector is SuperKamiokande rece ’Jl
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T2Kv_Appearance 2013 Results

eThe background rejection cut is

Improved using a new SK _ _
reconstruction algorithm. The number More topological categories.
of expected background events is ePredicted number of events

reduced from 6.4 to 4.6.
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eThe near detector
measurement is improved using

error reductlon due to ND280:
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angle (degrees)

T2K Preliminary

Runl-4 data

(6.393e20 POT)
best-fit sin“20,, = 0.150
assuming 8_,=0,
normal hierarchy,

Am?2,|=2.4x107 eV?
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Results
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vents

Predicted # of events w/ 6.4x102° POT

Event category

sin°20,,=0.0 (0.1)

v, signal 0.38 (16.42)
v, background 3.17 (2.93)
v, background (mainly NCn°) .89 (0.89)
v, + v, background 0.20 (0.19)
Total 4.64 (20.44)
Total (w/ 2012 flux & 5.15 (21.77)

Cross section parameters)
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12
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8 f— ® o +data
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b
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Systematic uncertainties
Error source Sin?26,,=0.0 (0.1)

Beam flux + v int. o o
in T2K fit 4.9 % (3.0%)

v int. (from other exp.) 6.7 % (7.5 %)

Far detector 7.3 % (3.5 %)
(+FSI+SI+PN)

Total
Total (2012)

11.1 % (8.8 %)
13.0 % (9.9 %)
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T2Kv Appearance Fit Results
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MINOS v_Appearance Results

PRL 110, 171801(2013)

Reconstructed energy a. _ ranges.
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MINOS v_Appearance Results

Confidence intervals of aIIowed values for 23|n2(29 )S|n2(9 /) as a function of o.
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Appearance & Disappearance Results

e Combine the information from both fits
- Each provides a 4D likelihood surface in Am?_, sin’6_ sin“6 , and d_,

e Systematics assumed to be uncorrelated.
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Appearance & Disappearance Results

e Combine the information from both fits
- Each provides a 4D likelihood surface in Am®_, sin®8_ sin“0_, and 3_,

e Systematics assumed to be uncorrelated
e The four local best fit points:

Hierarchy Best fit parameters -2Alog(L)
A 10%V? | sinty, | sinftyy | ool
- Normal  Lower 237 041 00242 044 023

Am2,/10%eV2 | sin?8,; (90% C.L.)

e Prefer non-maximal mixing at 76%.
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significance of v, appearance (o)

14mrad

eCurrently taking data. ND will be

finished to be built next year. o

eMain physics goals: |
- Mass hierarchy s
- Observe V.oV, and first |
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Principle of Reactor 6., Measurement

e Reactors are powerful and
“free” sources of low-energy
(Isotropic) neutrinos.

e Electron antineutrinos emitted
through decays of fission
products of ***U, “*°U,***Pu, and
241PU.
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Reactor experiments for 6.,

Experiment Power Baseline (m) Detector (tf) Overburden Designed
(GW) Near/Far Near/Far (MWE) Sensitivity
Near/Far (90% CL)
Daya Bay 17.4  470/576/1650 40/40/80 250/265/860 ~0.008
Double 8.5 400/1050 8.2/8.2 120/300 ~0.03
Chooz
Reno 16.5 409/1444 16/16 120/450 ~0.02




Daya Bay Rate-Only Results

Entries / 0.25MeV
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Dataset for Spectrum Analysis

Daya Bay Near Hall
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Rate + Spectra Oscillation Results

arxiv:1310.6732

sin® 2013 = 0. 090+% %%89

AmZ.| = 25905 .10~ E

First Measurement
X /NDGF = 162.7/153

o = — Rate+Spectra 3
b 1 D:— ........................................................................................................................ B
D B D sl ~.Rate-Only =

E g . U .o O B g =
B | | 1 1

- Best Fit

B e RatetSpectra

3 m Rate-Only
':% i 99.7% C.L.

. - 955% C.L.

'O = ] 0/
© .5l 68.3% C.L.
el . ".\ """""""""""" \

o - -

E T MINOS [Am?,|
<] B . T
= 1

-1 5_ 1 | 1 1 1 1 | 1 1 1 1 | 1 __E
: 0.05 0.1 0.15
a2
sin“(26,,)

Strong confirmation of oscillation-interpretation of observed v_deficit

Normal MH Am§2 Inverted MH Am§2

[103eV?] [103eV?]
From Daya Bay Am?, 2. 54"'% 12% 2 64"'% 12%
From MINOS Amfm 2. 37+(,:)J %% —2.41t%'_%)%
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Rate + Spectra Oscillation Results

N N e
NH mE (5 — Rate+Spectra %
< ¢ o Rate-Only

arxiv:1310.6732

1 ________________________________________________________________________
- —— EH1 0.008
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— - | —e— EH3
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RENO: Improved °Li/°He Background

°Li/’He background estimation

has been improved.

e fit range: 8 MeV - 6.5 MeV

e Increased statistics of BG
sample

Fitted shape from bkg. sample matches well | +
within the °Li/°*He shape contained in IBD

sample.

200p—
——— °Li/®He in FAR IBD Sample

Fitted °Li/®He

100}—

Entries / 0.5 MeV

&

=
IIIIIIIII L L

—

Energy [MeV]

RENO Preliminary

e
R
s
Mt
107 f"+$+++% _____ + ++++

Entries/0.1s

| | 1 1 | | |
1.5 2
Time Since Last 1 [s]

Far
3.61+0.11(stat.)£0.59(sys.) /day
- 3.5520.11(stat.)+0.44(sys.) /day
Near
13.73+0.22(stat.)x2.12(sys.) /day
- 13.9710.22(stat.)+£1.52(sys.) /day
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RENO Results

N —+— Far Detector
2000 —
| —— Near Detector
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From y* fit:

sin°28 =0.100+0.010(stat.)+0.012(syst.) ,,

RENO Preliminary

e A clear deficit in rate (7.0% reduction)
e Consistent with neutrino oscillation In
the spectral distortion

Far

CI)observed
R= T =0.929+0.006 ( stat.)=0.007 ( syst.)
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~ , 40
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35 6.4c significant signal
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25
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Double Chooz Results (Rate+Shape)

gz 14008 —+— Background-subtracted data 2% —+— Background-subtracted data
EE I -=+====== No oscillatio E-n ah s======== No oscillatio
e 1200f -1 Combined best fit: 4l 1200 s ———— Combined best fit:
_ sin’26 , = 0.109 i ' sin’26 , = 0.109
1000 at Am* = 0.00231 eV? 1000~ at Am® = 0.00231 eV*
I Systematic error I Systematic error
800/ ] 800} ]
E Phys. Rev. D 86 (2012) | i
ol y (2012) anl  Phys. Lett. B 723 (2013)
| Gd data | H data
200 a 200
I i ) i I | : |
7 3
£ i
= ] L
: 3*
& ;:
2. Sk
EE : EE
0= -l
3 . h < ]
]il‘.::er (M‘:Tl) = 3 3 6 8 10 12
Fn2 — gy (e ] Energy (MeV)
sin°29,,=0.109+0.039 sin?28, =0.097+0.048

Data set: April 2011- March 2012
e Correlations of systematic uncertainties are included in fit
e Reactor off-off data used to constrain BG

e Rate+Shape (Gd & H): sin“26 _ = 0.109 + 0.035 (preliminary)
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Reactor-off Background Measurement

Phys. Rev. D 87 (2013) 011102(R)

7.5 days of data with both

reactors off > 30 ' . — T

~ pure background data = [ sackaround mode
T 25— ------- p/fastn N
o — Accidentals

e Unique Double Chooz capability 2 ,, S Resauly,

e Same selection than for Gd

Expected events: 14.8+4.0 _|

an aIySIS " 1 J’ Observed events: 8
e Rate consistent with predictions  “[[T 7T B
J__,_r

Observed: 1.0+0.4 [/day] A g o2 2 e )
Predicted: 2.0+0.6 [/day] [imn s

ootk T RRTT] I T R |

e New constraint for oscillation fit. prompt Energy (MeV)
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Reactor Rate Modulation analysis

Rate-only background- S e data e
iIndependent analysis S | o nHdam &
7 go e Best fit (2/dof=9/11) ________________ _______
T |[_]90%cLinterval W/ 4 |
e Observed vs expected v_rate
S 6o Accidentals subtracted Y e e

using different reactor power N Y /4
e Fit provides sin22613 and the J A

|
total background rate .
A nGd background rate: 0.9:0.4 day™
@ NO baC kg round mOdel 20— i i‘ _________________ nH background rate; 7.6: 1.4 day”

. sin®(20, ) = 0.097+0.035 (stat+sys) |

assumed includes the RS e

i Double Chooz Preliminary

reactors-off background ok | e

0 20 40 60 80 100
Expected rate (day™)

e Measurement Gd+H combined o
result: sin22613:0.097io.035 In agreement (~same precision)

o with R+S results
(preliminary)

28



Summary of the Latest Reactor Results

e Daya Bay:

- Rate+Shape: sin“26 _=0.090+>*

e RENO:

-0.009

- Rate: sin°28 =0.100+0.010(stat.)+0.012(syst.)

e Double Chooz:

- Rate+Shape: sin°28 = 0.109 + 0.035
- RRM: sin“28__= 0.097+0.035

40
Measurements of sin’ 20 ,
ast f
fEID
25|
REMOD
U] f Daya Bay
Doubla Chooz
15 T2K
[} \ MINOS
10} f \ Average
i IR
Ly . 1
| RSN | N
800 0.05 010  0.15 0.20 0.25
/ sin® 28 ,

Working towards combined

- experimental results

2012 plot, not updated.
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Latest News on vV,
Disappearance Results




IAM|/(10° eV?)

MINOS v disappearance v vs. v

e Leading measurement of |Am2atm| w/ 4.1% precision using accelerator and

atmospheric v's and v’s.

® Consistent values for neutrinos and antineutrinos.

@ Best- fit parameter values:
|Identical v and v oscillations

sin“0,,=0.514+0.082
Am3,|=2.41"010 %10 eV?/¢?

3_5 T T T T I T T T T I T T T
- 37.88 kton-years Atmospheric
[ 3.36 x 10 POT v,-enhanced beam
10.71x 10*° POT v,-dominated beam |
o e -
."‘J ‘—".—-
- “ :"-
B "~ *
| —MINOS 90% e e
| —MINOS68% N\ e
== Super-K L/E 90%
2.0 —super-K Zenith 90%
i Go
[~ T2K90% * MINOS Best Fit
1 | L 1 I | | l 1 L J 1 | L 1
0.80 0.85 0.90 0.95 1.00
sin?(26)

Independent v and v oscillations

AT —|AmY=0.12"2% %10 eV

Phys. Rev. Lett. 110, 2518011 (2013)

3.5 ) I I I I I I I ) I 1 1 T T | 1 T T 1 | 1 T 1 1
- 37.88 kton-years Atmospheric

— [ 3.36 x 10°° POT v,-enhanced beam

> | 10.71x 10°° POT v -dominated beam

@
0 30 B ]
=

—

=
E

< 2.5

S

& B

£ i

< —MINOS 90%

— 2.0 ..v, * MINOS Best Fit -

- v % Vv, BestFit
" v, Best Fit
1 1 ] 1 1 1 1 ] 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0.75 080 085 090 0.95 1.00

sin?(26) or sin*(28)
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Ewvents / (0.1 GeV)

Ratioto no

v =V 12K Result

e Best-fit oscillation paPameteI# values:

sin’0.,,=0.514 = 0.082 Am3,|=2.44"51x10%eV/
e Events: 58 (observed), 57.92 (predicted), 205 + 17(no oscillation)
e Data prefers 2nd 6, octant

® 10 confidence intervals are consistent with:
— Maximal mixing ( sin°@_, )

— The MINOS result (Am® )

1] 1 2 3 4 b 6
35__I T T T I T T T T I T T T T I T T T T I T T T T I T T T I_:
WE T2K data =
75E —— No oscillation hypothesis E
" - 3 f | TTThTT
20 T2ZK best fit = T2K 63% C.L.
56 3 3E T E
10E 3 4 | TK9%CL
5;_ I | | _; C% 2.8:
% Df l ke l o L
S 15f = e
_::f ]E I | | \—:\12.4:
o F o on L
z | E L
- < 2.2F
g S of
Reconstructed v energy (GeV)




Recent Atmospheric Neutrinos Results

Super-Kamiokande Preliminary
® , Fixed sin®®@ , =0.025

© , Free
20 20 | 560
18 Normal Hierarchy 18 Inverted Hierarchy Normal hierarchy
16 16 | 559 Inverted hierarchy
14|
1 | 558
12 12 |
o™ ()]
Qf 10 Qf 10 N, 557
8 8
6 6 556
a a
9| 555
2 AN / | A\ /
L N | L D —— 4 |
%.3 035 0.4 045 0_25 0.55 0.6 0.65 0.7 %.3 035 0.4 0.45. 0.25 0.55 0.6 0.65 0.7 L T e o T
sin 923 sSin 923 CPS

eNormal mass hierarchy: resonance happens for neutrinos
eInverted mass hierarchy: resonance happens for anti-neutrinos
eFitting the all Super-K data (~35k data):

- Both free and constrained fits mostly prefer 2nd octant

- 1.20 preference for inverted hierarchy sensitivity is 0.90
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Confirmation of vue V.

00 - :
' ] 3.80 v_appearance by Super-K atmospheric

20| 5 | data(Abeetal, PRL 110, 181802 (2013))

from a sample of enhanced t-like events.
e Atotal of 180.1+44.3(stat.)"'28(syst.) events

—15.2

observed, and 120.27%;(syst.) expected.

[ Tau Like 1 Phys. Rev. Lett. 110, 181802 (2013)

100

Event
L

~ Decay vertex Third T candidate taken
.F’nrﬁa!ry_w_erte:{ muon in March, 2013 w/ ~60%

B ———

hadron —

of data analyzed.

e 3 observed events in the t—h, T—3h and t—u channels out of 5272

events. Probability to be explained as background = 7 x 104.. 2



Solar Neutrinos Status




B O reX i n O Solar neutrino spectrum

predicted by the Standard Solar Model (SSM)

1012 . : . I(Blapcl:a}ll—Pena-CISara){—Sc?repellliI 2.0.0,8) : ’ l\
epep neutrinos are observed for the g:z/pp_\ —_ onganca
flrst tlme ) § 109§ —i0.5/0 » Be BOREXINO

Tt s JEEY —:—E::f:_f:::::::::: ------ +5.8% Super-K, SNO
Ppep = 1.6 0.3 108 cm2 s Ve )
B07F [sg|ne| T PP x1.1%
eMost of the solar v_components have " s
been seen (except CNO): all in good sf
agreement with SSM and the MSW- "
LMA solution. °r Ben | bt

liS-BO/I l‘ﬁ/lll 1 Nl tl_l A | M 1
10-1 | Ga CI‘ eutrino energg( eV)

eSeasonal variation: an independent

i . . .
W confirmation of solar v_observation:

5 0.9 g €

T = - L

= 0.8E S [

a E = u

o E 54000

3 Be :

o pep - I

B 0.6 -

= = + 3900}— ~

0.5 C

Eo.af -

o THNE : 3800/

@ E L] FF = All solar i _! C

+ 0.3 ® 'Ba - Borexino E % L

il E & pep - Borexino B C

. 0.25 & "B - SND LETA + Borexino 3700

: E e "B - SND + SK - : X

oAl s B Results from Phase 2: Rate vs time
0= — 3600__.|..|..|..|..|..|..|
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Borexino

epep neutrinos are observed for the
first time )

$pep = 1.620.3 108 cm? s

eMost of the solar v. components have

been seen (except CNO): all in good
agreement with SSM and the MSW-

LMA solution.

1
N 0.9
= 0.8F
B b
e 0.7 ?
o eE. Be pep
= 3
= 0.3
e =
e E
boo.4f
& E " EF - All solaz e —&
+ 0.3 ® 'Ba - Borexino 8 .
il E & pep - Borexino B
. 0.2 =& "B - SND LETA + Borexino
3 E o "B - BND + SK
& g.aF MEW-IMA Prediction
cE. JJI.
10 1 10

2, [MeV]

PRL 108(2012) 051302

Q.07

0.0 — Eowidual signal snergy spectrus

- & recolls froam pep s

=0 . 01

Couwnts / (day = 100 tem x 0.01 Maw)

a.8 L.G 1.4 i-4 1.

Energy /[ HeW

eSeasonal variation: an independent
g:onfirmation of solar v observation:

1

&
u —
54000_— ‘
3900:— _/—
3800:—
3700_—
" Results from Phase 2: Rate vs time
3600~ e

1
11/11 01/12 03/12 05/12 07/12 /12
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Super-Kamiokande

—~ 20 —— ICRC 2013 1307.3686

—_.

-

-
]

eThanks to new electronics and tight
FvVceut, E - 3.5 MeV.

eA 2.7c Day-Night asymmetry is
observed: indication of the
regeneration of v_as they travel

— —=

IR R A E R

[
-
T I T

~ Day/Night Asymmetry (%

e
-

| -3.2+ 1.1 (stat.)£ 0.5 (syst)|%

L —

through Earth matter. e
e|n agreement with the expectation. Recoil Electron Kinetic Energy (MeV)
elmproved 612 & Amzlzmeasurements SK-LILIILIV Combine Day/Night Asymmetry
. . . ) £ L L o B B L LA B B BLALELES LN ILRLELEN BN N
In combination with other solar & e Esolal | HamLAND :
KamLAND results: Pk N
sin’0,,=0.304+0.013 A
Ams,=7.45"03x10"eV? ST
h "I.II.—'-....-I"'"F_
E...| T A T T TP P P P B
2 4 ] 8 10 2 14 16 18 1|_I_[.'-':I 1:;3:



Super-Kamiokande

eThanks to new electronics and tight
FvVceut, E - 3.5 MeV.

eA 2.7c Day-Night asymmetry is
observed: indication of the
regeneration of v_as they travel

through Earth matter.
e|n agreement with the expectation.

elmproved 6 & Am* measurements

In combination with other solar &
KamLAND results:

sin°0,,=0.304+0.013
Ams,=7.45"03x10"eV?

=

Day/Night Asymmetry (%
[
=

T —— ICRC 2013 1307.3686

—_.

1

— —=

IR R A E R

ol 32%L1(stat) 0.5 (syst)%

L —

10 15
Recoil Electron Kinetic Energy (MeV)

All Combined

01 0.2 0.3 0.4 05 246 Eﬁ:
s (8, Ay
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Conclusions

elots of progress in the last two years in addressing the
measurement of the mixing angles.

eFirst ever observation (>50) of an explicit v appearance
channel

eFirst ever overvation of antineutrino-electron
disappearance in a reactor experiment.

e|mproved measurement of the atmospheric neutrino mixing
angle.

eObserved tau neutrino appearance from a muon neutrino
beam.

eObserved the solar pep flux for the first time.

eEvidence of day/night asymmetry in solar neutrinos.

eStay tuned, lot's of more measurements ahead of us in
the next years!
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New Cherenkov Ring Reconstruction

e Based on MiniBooNE Likelihood M
odel [NIM A608, 206 (2009)]

o TR L e

: : i T2K ve Single-ringg

e For given even.t hypOtheSIS generat 300;— ~ New | CHME_ alectron —;
e charge and time PDF 2505 | ol

200

e Event hypothesis then distinguishe _:
d by best fit likelihoods. o

0
Q
>
=
o
Q
~
)
o b b b b W9

® New method uses mass ofthe mOh " :h. s 12 | &
ypothesis and best-fit likelihood rati ~ * * * * " ™ U aeviey.
o of e- and 0

=
i_

|

0.8—

® Cut removes 70% more 110 backgr

gjection @"ﬁciency

und than previous§ method for a 06|~ g
2% added loss of signal efficiency o MC N

) _ I Single-ring - ]

§ Previous approach forced the reconstruction [ electron o ]
- candidates |— .

to find two rings and then formed a 0 mass

under the two-photon hypothesis % 10 20 30 40 50 60 70 80 90 100
True Energy of the Less Energetic y4#eV)




v“—>ve Predicted Number of Events

Predicted # of events w/ 6.393x1020 POT

ve signal 0.38 16.42 £ ]
ve background 3.17 2.93 g :ﬁzig?:(i :
v background (mainly 0.89 0.89 < ploma it h
NCm0) F

VU + ve background 0.20 0.19 — R =
Total (2013) 4.64 20.44 2mo-sin20,, = 0.1 B NDaso i
Total (2012) 5.15 21.77 3 v e ‘f
Systematic Uncertainties ; fm—l(:gmp -
Beam flux + v int. 4.9 % 3.0 % Expected number of signal-+background events
T2K fit

v int. (other exp.) 6.7 % 7.5 % Reduction in errors 2012-
Far detector 7.3 % 3.5% 2013 mainly due to near
Total (2013) 11.1 % 8.8 % detector analysis

improvement.
Total (2012) 13.0 % 9.9 % P 43



\)u—>\)e Event Selection

Event selection:

2000
= —4#— RUNI1-4 data

< (6.393%10™'POT)
I Osc. v, CC

/ vp+v}l cC

[ v +¥. CC

L [ NC R
601 (MC w/ sin"26,,=0.1)

-single ring | multi-ring

e Fully contained in fiducial volume

80

« Only one reconstructed rings 10

* Ringis electron like

e Visible energy > 100MeV

Vertex Y (cm)
<
Number of events

-1000

e No Michel Electrons

volume

_2000_ L 1 1 1
« Reconstructed energy < 1.25 GeV 2000 1000 0 1000 2000 yH 0 "
Vertex X (cm)

Ring-counting likelihood

 (2013)2D 1O invariant mass : fiTQun likeli

hood cut 200 F
i —+— RUNI1-4 data
(6.393x10°"POT)
: B Osc. v, CC
- : 2 300 [ L v, CC
[e-like p-like "e-like  mO-Tike = 1 v.+7, CC
| —— RUNI-4 dat —— RUNI1-4 data =~ B B NC o
3017 (6. 393xml“soaT) L (6.393x10™°POT) L = (MC w/ sin 2913—0.1)
@ [ Osc.v,CC a [ Osc.v, CC 4 |
E | 3 Vp'*'VpLCC S 10~ /| V!A"fu cc o
2 [ mvavcc > - [ v+, CC — 200
O | mENC o B NC 5}
S 201 (MCw/sin20,,-0.1) B (MC w/ sin’20,,=0.1) <
5 | 5 =
: : >
= r = Z
Z 10 Z. 100
-10 0 10 -100 0 100 200 300 0
PID parameter Distance from ni° cut line |FCFV||: “Iip Ilﬂ},}el E Vis




Significance (o)

T2K 50%v/50%v + NOVA

eOngoing work to estimate the | ”ﬁ“ﬂﬁ%ﬂﬁifiﬂﬂlgg —
potential of T2K in the future 12 rue Value
years, including combinations & 1 T S
= . ,:q—" : ]
with other experiments. s .. Nee |/
0.8
0.7
0.6
0 0.2 0.4 0.6 0.8 1
S 27)
23 NOVA Official — [ - .
NOVA GLOBES ——— HCw A Oificial
a L MH e NOVA GLOBES
=
1.5 | P NS { @
ﬂ_ 2
1 N 18
g
0.5 4@
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Strategy for 6. . measurement

Survival Probability

o P e ’d
T 1 /’ g N\ A
> 0.8 / \ \/ ]
£ I \ \/\ J ]
= N\ A
= 0.6 R :
= | \ V\,‘ |
= i N\ j .
E 0. 4/ N v i
A - o o
0 Al \\\ Y
0__1 N\ ]
10 1 10
Length (km) [at E~M
Measure reactor Meqsure
N v flux & spectrum Far oscillated
ceal ‘At detector v flux &
detector before oscillation
(reduce systematic spectrum

WA / (measure e13)

Same detector type
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Atmospheric Neutrinos

v_appearance and v, distortion are v, flux ratio @__ 1 d,

1¢ 1.4
expected due to the MSW effect in the "M : oscillation H
Earth's matter. - _ Ef:’_?mjf;s]: o 1.3
Thanks to the huge statistics and large u'd AmZ;,= 7.76-5 |12
6 _, we can look for: =g 5in‘0,3=0.50 |||
13 _ _ 0.2 | sin20,,= 0.30 =
e Mass hierarchy: enhanced high %«0 : 5in20,,= 0.04 .
energy upward going v_due tothe 87§ Bea=tll
matter effect o4 Interference i
e Octant of oscillation: enhanced low | " Solar 0.8
energy v_ due to the solar term s . term tter o7
e CP phase o: interference between 4 E:_,i;; Eil N .. 0.6
10 1 10 10
these two . (GeV)
(I)<Ve) _1 P ( 2 .
——~—1~P,(rcos 6,,—1) Solar Term
(I)O(Ve)

~/

. A 2 . .
—rsin®,;c0s°0,35in20,;(cos SR, —sin 81,) | Interference

~/

+25in° 0, (rsin’0,,— 1) Matter Effect

P,=P(v,?v,.) R, and /, are the oscillation amplitudes for CP even and odd terms 47



Atmospheric Neutrinos

v_appearance and v, distortion are
expected due to the MSW effect in the

Earth's matter.

Thanks to the huge statistics and large _ 3

613, we can look for:

e Mass hierarchy: enhanced high
energy upward going v_due to the

matter effect

e Octant of oscillation: enhanced low
energy v_ due to the solar term

e CP phase o: interference between

these two
D(v,)

—1~P ‘0,.—1
(I)O(Ve) 2(I”COS 23 )

~/

—rsinB,5c0s°0,55in20,5(cos OR,—sin 81 ,)

~/

+25in”0,,(rsin’0,,— 1)

P2:P<Ve_)vu,r>

3.5

2.5

AM?|/(107 eV?

37.88 kton-years Atmospheric
3.36 x 10” POT v,-enhanced beam

p ._.-i-""".
---
-
-
-
‘li'
#
#
¥

—MINOS 90%
MINOS 68%
--- Super-K L/E 90%

— Super-K Zenith 90%

e ke
-
-

-

-
-
-

il B = —;

arXiv:1304.6335

-- T2K 90% * MINOS Best Fit .
080 085 090 095
sSin“(20)
Solar Term
Interference

Matter Effect

1.00

R, and /, are the oscillation amplitudes for CP even and odd tergs



S O I a r N e U t ri n O S Solar neutrino spectrum

predicted by the Standard Solar Model (SSM) e ?é
1012 : . . .(B.ahc':a}ll-Pena—garay—Sgre'nelllil 2,0,(),8) . ) Vj
%10" m (J.N.Bahcall)
. . . F PP | R
eSolar neutrino oscillation T sosw . BOREXINO
. 9r —
eStab I ISh ed (OO’S) : N; :: 8 i_—__ilifi:g‘%z‘:_:':__::----“""’ i‘f‘?‘.B% Super-K, SNO
— SUperK: Indication of LMA-MSW 5107;%&% ___________ _~_\'—tl.1%

~SNO : missing v, appeared as v, L 1

-

o
(-]

|

2 o gl 7
—KamLAND : 6 & Am
12 12 10 r

— Standard Solar Model established "’
eCurrent experiments: '

— Borexino Y

— SuperKamiokande o7

eMain issues: e

— Solar related ﬁ

eFuture experiment: 10

— SNO+, XMASS, LENA, JUNO... E
5 i
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Prospects
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Prospects from Daya Bay

Increase the precision in oscillation parameters:

@ constrains non-standard oscillation models

@ improves the reach of next-generation experiments

@ absolute reactor neutrino spectrum flux and shape measurement
- probe reactor models and explore reactor antineutrino anomaly.

Error of sin 22913

002 [ T T T | T | T | L _ 01'"\ 025 | T | T 1 1 | 1 1

0.018 = - = : ;
018 = —— Rate Only = D _ .- Rate+Spectra .
0.016 [~ =+ Rate+Spectra — S 02 o O This Analysis —
0.014 Installation ® PRL 108 171803 | NE$ N 3 ]
0012 F of AD 7+8 O CPC37011001 | A <4 o015 " N
. O This Analysi . e - ]
001E l is Analysis E E : - :
0.008 | ) = o X o N
008 | ; G ONTRINGS T am Ama, | p
0.006 — —] B i
0.004 - - 005 -
0.002 |~ — i Now ]
- v e by o ey s | | I | 111 | 11 1 . 0 B T BT B | B B T R T B R R BT N

0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
Time [days] Time [days]
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Prospects from Double Chooz

Currently finishing new improved analysis including...
e Statistics (> 2x)

@ Optimized selection to enhance S/B

@ Reduced systematics

e Near + Far detector analysis (mid. 2014)

@ Reactor flux uncertainty almost cancels

@ Projected final precision: ~10%
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Prospects from Reno

o Sl REL L ERRS LAY LR RALES LR LAREN LELLY RELLY REALE by H. Seo @ WIN2013
& - RENO Uncertainty Projection ’
t?% 0 2012. 4 _~:
- F PRL (2012) .
0.025 |- Ogyst = 0.019 ) _
S » 5 years of data: ~0.007 (7% precision)
nozof- 2013. 3 - statistical error : £0.010 > +0.005
E = - systematic error : £0.012 — +0.005
0'015__ . 2013 9 3
0.0105_ &7 % precision)
0.0052'—
0'00%.;' B B T TR YT R Y 1

Years

Already collected ~700 live days of reactor neutrino data

e hew 613

result with improved energy calibration and bkg. estimation

e direct measurement of Am®_
® precise measurement of reactor neutrino flux and spectrum.
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Reactor Anomaly

Reevaluation of reactor ve spectra and flux

* Th. A. Mueller et al., Phys. Rev. C83 (2011) 054615
Reanalysis of past reactor experiments

e G. Mention et al., Phys. Rev. D83 (2011) 073006

* Reactor anomaly 30 (new physics??)

Revisited with known 013

e C. Zhang et al., arXiv:1303.0900 [nucl-eX]

 New world average ~1.4c0 lower than unity.
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