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ﬁ’ v oscillations and mixing

Standard Model: neutrinos are massless particles

(v (v U, U, U, by June 2011
3 families LV”J :ULVZJ U= Ltj“l 3”2 de solar
GTmOSpl’{er‘iC |4 7l 72 73 /

\ 1 O\ 0 cosé?lz,/sine12 0 v,

| 4

v, |=|0 €0s8,; sing,, -siné,, cosé, 0| v,
V. 0 -sind,, cosd,, 0 0 1)\,

l link between atmospheric and solar
e U parameterization: — 5
0,,~450 three mixing angles 0,, 0,5 6, 6., = (34 £1)
CP violating phase 6 2 2 5 1\ /2
2 |~ 2 1 _ Am;, =Am; =~ 7.5x107eV

| AmZ, | =] AmZ, | = AmE = mizp— m? m, = AmZ,, = 7.5x

AM? |~ 2.4x10%eV? 2 2 2 _
Lmic =210 00 ) 4, v, =0 e

sin?20,, <15% at 90% CL
?? 0,,, mass hierarchy, & ??|




@ Hunt for 0,5

Appearance:
P(v,—Ve) ® sin“20,55in%0,535in%(Am?3,L/4E) + CPV term + matter term + ...

Search for electron neutrinos in beam o W[ sin*20,3= 0.1
of muon neutrinos ‘ N +

at L/E tuned to the maximum

/A

Signal: (v+n—e+p)

%2 i

o  of “atm” oscillations 1L J[

< ; + Backgrounds:
GE) Egj | beam v,

o R i ! , " NC TCO

Z

Disappearance:
P(v.—Vv,) = 1 —sin?20,5;sin?(Am?;,L/4E) — c0s40,55in?260,,5in? (Am?2,,L/4E)

Am?
- . 1 _-'-\.\
Measurement of deficit of ok
reaCtor antlneut”nos ‘ R
atL~1_2 km ﬂ:ﬁ_ ----------- LH1
a4 b
o T o ' 100

Baseline (km) 5
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T2K layout

Far Detector
(SK)

Magnet
yoke

Magnet
coils

: —
v beam &L}
““““ L] ) | iy

Tracker

Pi-zero
Detector




6 v, events

g : —«4— Data

> | < Osc. v, CC

E 3 L vu"’;u. CC

= I EEE v, CC

Q I o

= e (MC w/

" L sin®2643 = 0.1)

.E 2 - AF%

o I

_g_; . Expected BG
. .5x0.3evts

N 1.5

3 e

=

-]

P o B\ s s
0 1000 2000 3000

Reconstructed v energy (MeV)

Then,
1 - Confirmation from MINOS
2 - Precise measurements by
Double Chooz
Daya Bay
RENO

First T2K result

changed neutrino physics landscape

1.43x10%° POT
January 2010 —
March 2011

In June 2011
T2K published first clear indication
of electron neutrino appearance (0,5 #0)

|84 Selected for a Viewpoint in Physies

ek endi
PRL 107, 041801 (2011) PHYSICAL REVIEW LETTERS 2 JULY 2011
__Indication of Electron Neutrino Appearance from an Accelerator-Produced Off-Axis

Muon Neutrino Beam

K. Abe,* N. Abgrall,'® Y. Ajima,'®" H. Aihara,*® J.B. Albert,'® C. Andreopoulos.*” B. Andrieu,>” S. Aoki,?’

O. Araoka,m"" 1. Argyriades,]6 A. Ariga,3 T. Ariga,3 S. Assylbekov,” D. Autiero,32 A. E‘;adertscher,]5 M. Barbi,40
G.J. E‘;arker,ﬁ‘S G. Barr,:“S M. Bass,” F. Bay,3 S. Bentham,29 V. Brsrardi,22 B.E. Berger,“ 1. Ber‘tram,29 M. Brasnier,“l
J. Beucher,g D. ]:‘ieznosko,34 S. Bhadra,59 F.dM. M. Blaszczyk,8 A. E‘-Iondel,]ﬁ C. Bojechko,53 J. Bouchez,s'* S.B. Boyd,56
A. Bravar,]ﬁ C. Bronner,]4 D.G. Brook—Roberge,5 N. Buchanan,” H. Budd,‘“ D. Calvet,8 S.L. Car[wright,44 A. Carver,56
R. Cas;tillo,]c’l M. G. Catanesi,22 A. Cazes,?’2 A. Cervera,zo C. Chavez,30 S. Choi,43 G. Christodoulou,30 J. Coleman,?’0

The T2K experiment observes indications of », — v, appearance in data accumulated with 1.43 X
10 protons on target. Six events pass all selection criteria at the far detector. In a three-flavor neutrino
oscillation scenario with |Am3;| = 2.4 X 107% eV?,sin*26,; = 1 and sin?28,53 = 0, the expected number
of such events is 1.5 = 0.3(syst). Under this hypothesis, the probability to observe six or more candidate
events is 7 X 1073, equivalent to 2.5¢ significance. At 90% C.L., the data are consistent with
0.03(0.04) < sin?26,3 < 0.28(0.34) for §.p = 0 and a normal (inverted) hierarchy.

DOI: 10.1103/PhysRevLeit.107.041801 PACS numbers: 14.60.Pq, 13.15.+g, 25.30.Pt, 95.55.Vj
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MN { . Michigan
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MINOS

~3GeV v, beam from FNAL 120GeV MI

— ~350kW operation achieved
(magnetized)lron-scintillator tracker at 735km
(5.4kt) and near (980t)
Main physics goals

— (anti-)v, disappearance

— Vv, appearance
Integral luminosity

— 10.7x10%° POT for v,

—  3.4x10%° POT for anti-v,
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— ,
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MINOS: 0,

—_—
300 MIINOS Far Detector -
- B v-mode T
3 rMINOS PRELIMINARY h
i sin*(28,,)-0.053, AmZ,>0 |
* Neutrino beam %200 L —_— E;fd"—,’;{i‘;':,“" 8c5=0, ‘Zsin’(BnJ=1 0 |
x [ Best Fit Signal i
e b T et .
¢ Expect: 128.6(+32.5) events s | —» i
-~ L - Data Analysis i
D 00— Rogi _
=100 legion
* Observe: 152 Events S | 4
@] :
¢ Antineutrino beam L
I | I | I I
% 0.2 04 06 08 1
* Expect 17.5(+3.7) events I LEM S?Iect!on Variable |
9 "MINOS Far Detector B}
v-mode
* Observe 20 events E L MINOS PRELIMINARY l
% ___Background SiﬁH‘H'm Am20 1
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1; - Best Fit Signal i
o | = e > i
]
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-E 20 Rogion
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0 I I | I | I
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—
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= MINOS Best Fit
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Moo cL.
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o
4
-k
%
3
-
3

¢

3.3x10” POT v-mode ]|

MINOS
PRELIMINARY
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0,5 from reactor experiments

3 reactor experiments: Double Chooz, Daya Bay, RENO

N
0.95F
0.9F L [km]
I | | 1 |
0 0.5 1 1.5 2 2.5 3
Reactor [GW,]  Target [tons] Depth [m.w.e]
Double Chooz 8.6 16 (2 x 8) 300, 120 (far, near)
RENO 16.5 32(2x16) 450, 120
Daya Bay 17.4 160 (8 x 20) 860, 250

Large Signal Low Background

11



Double Chooz

~Standard” Gd analysis:

+ high cross section for capture of
thermal neutrons

+ capture time t=30 us

+ delayed energy: 8 MeV

Phys. Rev. D86 (2012) 052008

=% ——f— Badkgroundsubtracted sigasl 33
§§ s [ -m--m--- Mo ascillaion E
== 1200 [ — Bestfit-sn®(20,)=0.108 ﬂﬁ
: ﬂt:-;|=ﬂ'.00}31 W {Pldo.f =42 135
1000 Spotemace rvor
800 - 8249 I1BDs (with BG) |
. i _ Near Detector | ==  Far Detector 228day5
CDF L = 400m ® L=1050m 600 X2/dof =42.1/35 |1
R 5o Raactors & | | 10m’ target | | 10m’ target L
4.27GW,, x 2 cores 2 v.e. 300m.w.e. 400 ]
< | April 2011 ~
200 E E

Phys. Lett. B723 (2013) 66-70 E? 1 g
Mo pTTTT T —+— Background-subtracted signal E't: =
1200k .+ +"‘. ******* No oscillation %g ] ; 2
. Best fit: sin’(20,)) = 0,097 = eN-
H analysis: n+p —»d + vy (2.2 MeV) 1000} at Zim’ = 0.00231 €V 2 ] i 'E
Systematic error = = a2
+ Target + Gamma Catcher sool Eé 1B
i 36284 1BDs (with BG) | - =&
=> 3 x more volume (2 x statistics) ool | 240days £ sl ‘|‘ ] ée'
. - 3 i & 8 10 12
+ capture time: = 180 s a0l } X2/dof = 38.9/30 Energy (MeV)

+ delayed energy: 2.2 MeV 200

= background! T R T . | hate:bs ha‘pe fit:
+ different systematics 110 WJHJFH; Jr—— ] Sin22913= 0.1 09 10-039

7 Combined:
W] sin220,,=0.109 +0.035

Energy (MeV)

5in226,,= 0.097 +0.048 12




Daya Bay

Reactor experiment in China

Among the top 5 most powerful reactor complexes in the world,
6 cores produce 17.4 GW= power, 35 x 102 neutrinos per second

m 17.4 GWy, power
m 8 operating detectors

m 160 t total target mass

3.5x102%! neutrinos per second

Overburden R, FE, D12 LI12 L34
EHI1 250 127 57 364 857 1307
EH2 265 095 58 1348 480 528
EH3 860 0.056 137 1912 1540 1548

TABLE 1. Overburden (m.w.e), muon rate £, (H#/m?), and average
muon energy £, (GeV) of the three EHs, and the distances (m) to
the reactor pairs.

Reactor power
6 x 2.9 GW,,,

13



¢ Daya Bay result (I)

March 2012, after 55 days of data taking

> C
= L
g 115 OF Ezmn'— —4— Farhall
% 60 s L had —}— Near halls (weighted)
z .t SO0f B1s00f
— 1.1 4 21500
3 f . -
5 C 30E . i3] L
¥ . 20F : -
Z 1.05 __ 10E i 1 1mu:
e L S -
] o— . e
i EH1 EH2 2 L o
0.95 — } E} 12k .
N EH3 |T__ LA
09— SRR N (O A SV s
_l - I 12 1 I 11 1 I 21 | I L2 | I ) - I 1 1l I Ll L I 11 & I L i1 E : ’
0 02 04 06 08 1 12 14 16 18 2 go8 0, N
Weighted Baseline [km 0 5 10
gh (e} Prompt energy (MeV)

Sin?20,,=0.089 £ 0.010 (stat) £ 0.005 (syst)
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Daya Bay result (II)

Rate and spectral analysis

15 ¥ =
2 105 N\ Y =
< sE RN 4 ===RateOnly =
E . .n%"‘m._._..—. i . ) . ' ) . . i =
_ e
; Rate+Spectra ; /
— 3 I
% C wmcL | 1/
@ 95.5% C.L. |f
2 25 . e |
ot MiINOS A2, | \
= T i \
X 0.1 R
sin’(28,,) Ay?
- —— Near site 1 (EH1)
1.05 —=— Near site 2 (EH2) . _
. [ — Farsie (EH3) 20, 0080
5 - — P(Vyo,)(best) Am2,=2.59x10° eV?
Zé 1
~
8
£0.95
pd
0.9"
1 . | 1 I | L ' 1 | I . . | I
0 0.2 0.4 0.6 0.8
Leecive / E [km/MeV]

217 days of data taking

Far Hall

Illlllll lIIIlll

— |
~

WU TEWE FEVE SV AWYE W
2 4 L] 8 10
Prarmot Fecomstricted Erergy [MeV]

Y

6 3 10 12
Prompt Reconstructed Energy [MeV]

sin? 26, = 0.09072°%
| Am, |= 2.59*72° x10°eV?
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@ RENO Reactor experiment in Korea

Reactor power
2.8 GW

Far Detector

100m <
» Target : 16.5 ton Gd-LS, R=1.4m, H=3.2m
» Gamma Catcher: 30ton LS, R=2.0m, H=4.4m

» Buffer : 65 ton mineral oil, R=2.7m, H=5.8m
= Veto : 350 ton water, R=4.2m, H=8.8m

Data taking since 18t August 2011
First result published in May 2012

16



Entries / 0.25MeV

Far / Near

RENO result (I)

E aorf == Fast neutron
z |  EZ23 Accidental
= ke 7 Lil*He
o q [
1000 PEna \
% . Far
10 exp ected

5 11}
500 Frompt energy [MeV]

—a— Far Detector
—— Near Detector

(DFﬂ'r
R = —%eved _ () 920+ 0.009(stat) +0.014(syst)

oL Bt sin?26,, =0.113+0.013(stat.) + 0.019(syst.)
1.2~ I[
- {. ________________________________ { } ______________________________ significance 4.9c
- o5 ?
et |
8 : Prompt enerlgoy [MeV]
sin’ 20,
g 100 N e EECIoRN T T
o_ga_—\\t 1.2% reduction —
095 — =
B Far detector:
E 8.0% reduction
092 —
0.905—50~400 500800 1000 7200 1400" 1600 800" 2000

Weighted Baseline [m]
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f

O

S.-B.Kim
Erice/Sicily, Sep. 2013

Far

= —obseved — () 929 + 0.006(stat) + 0.007(syst)

Far
expected

= A clear deficit in rate
( ~ 7 % reduction)

= Consistent with neutrino
oscillation in the spectral

N —+— Far Detector
2000 __ —}— Near Detector

>
z |
& T R
2 1000
B .
=
83l L

] =
g 12F {'
Z L X
= 11 }é ------------------- oo * N R R
e F LT TLLACI LT ¢

o8~ | . . . T
o 1 2 3 4 5 6 7 8

Prompt energy [MeV]

distortion

= a new result on mixing angle 0,,.
sin® 26,, = 0.100+0.010(stat) +0.012(syst) (402 days

data taking)

(systematic error will be further reduced)

18



History of 0,; measurements

Only 2 years of measurements!

Best Fit +
68% C.L.

Accelerator
Experiments®

Mormal
Hierarchy

Inverted
Hierarchy

*All results assuming:
bep =0,

Reactor
Experiments

& Rate only

0 Rate+Spectral

— n-Gd
—— n-H

5in22813

2012

L & .
ol — + 1. P

rpevaluated: flux

2013

—_
e

. — rcacr.or':on data oply

g b
I;.I

ireactor of+off data

Lol
kA

Solar+KamlLand
MINOS

T2K 6 Events

DC 101 Days
Daya Bay 55 Days
RENO 229 Days
T2K 11 Events
DC 228 Days
Daya Bay 139 Days
DC n-H Analysis
RENO 416 Days
T2K 11 Events
DC RRM Analysis
T2K 28 Events

Daya Bay 217 Days

-0.05

|
0 0.05 01

0.1 02 0.25

0,3~ 9°

0.3

S. Jetter, Nufact2013

[1106.6028]
[1108.0015]
[1106.2822]
[1112.6353]
[1203.1660]
[1204.0626]
[ICHEP2012]
[1207.6632]
[1210.6327]
[1301.2048]

[NuTel2013]

[1304.0841]
[1305.2734]
[EPS2013]

[NuFact2013]
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@ T2K: observation of v, appearance

Summer 2013: integral luminosity 6.39x10° pot

28 v, candidates

151 €< —— RUNI-4 data e -
i (6.393x 10”°POT) f T R F e F
i B Osc.v, CC _looo 1000 o
2 - [ v,+v,CC § | § | |
= i [ v+v, CC % of N of |
L I NC 5 [\l g r
5> 10| (MC w/ sin226, =0.1) o\t o00f
S B [ P | R 820
5 | - s
L B Vertex R? (em?) 10°
O
E |
9
Expected background
+ (sin20,5=0.0)
0 = 4.64 x 0.52 events
0 1000 2000 3000

Reconstructed v energy (MeV)
20



-2AInL

Ay? =

Sig n ifi CaNCe@ significance is calculated as VAY?

# of toy MC experiments

60z Ay2=56.27 — P60
50 ﬁrsinzmmzo 28 v, events detected
40 Rt date expected background
30F e 4.64 % 0.52 events
20F Am2,i=2 4510° eV, sin’20,21.0
10 \-2AInL=V 56.27
o0 4 02 03 04 =7.5¢6
L sin*20
Best fit = 0.150 13 _
T e R e p-value is calculated as follows:
10 L X 1S “i ution ﬁor X oy : > 1. Generate 1el5 toy experiments
| | with sin?26,,=0.0.
f Ax?f--t ----- .-5627 2. Fit each toy experiment extract
' s -2AInL (=Ax?).
99/ (1X10 ) 3. p-value is the fraction of toy experiments
above AY? .
p-value = 9.9 X 1014

40 45 50 55 60 . 65 70

21
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&

Result: 0,5 vs &

allowed region of sin?20,,

for each value of 0op | o

Best fit for 06,p=0
NH

sin’260.5=0.150 c0u
IH

Sin“20.,=0.182 oo

PDG(2012): sin220,,: 0.098+0.013

2 NH
68% C.L.
\ ——90% C.L.
- — Best fit
S
i Run1-4 data (6.393e20 POT)
! ! !  norma | hierarc hy
20 |AmZ,|=2.4x10"° eV?
| sin’26,,=1.0
C | 1 1 | I 1 1
0 0.2 04 , 0.6
sin“20,,
o
a \
S
2- IH
68% C.L.
0 —80% C.L.
+ — Best fit
Run1-4 data (6.393e20 POT)
- inverted hierarc hy
2 |AmZ,|=2.4x10" eV?
N sin26,,=1.0
C 1 | 1 | 1 1 1
0 0.2 04 0.6
sin?20

13
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ﬁ!' 0,3 iIssue

0,; uncertainties T
dominate in N
d - sin%26,, plot )

O 0

_____ 2 7 ®

(. . . Am L
P, . ~ sinfy31sin?26,3 sin’ 32

\ ]

______ 4F, -T/2 :

« Oscillation probability is P S

dependent on sin“6,, (octant)

— PDG2012: 5in?(20,;) > 0.95 /2t

« 5in20,,= 0.50=0.11
. 0,,=45+6.5°

— Reduction of sin?0,, error is critical
for further improvements

PDG(2012)

68% C.L.
- sin’0,, = 0.4
s sinze23 =0.5
- sin’0,, = 0.6

Normal hierarchy

PDG2012 (o) -

6.39 x10% p.o.t.

TN
M|

||||||| o L L L L
Sor *

" Inverted hierarchy

T2K Run 14+2+3+4 —

)
sin 2913

L B B B
0.2 0.3 04 0.5

0.6
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MINOS

N) 3.5 —MIh.It.‘.‘»S\rL dusappearmoe o P - —_—
[+¥] [ 10.71x107 POTv, mode 30 MINOS v, disappearance  _ gaer | . o
@ [ 536102 POTY, mode | 107140 POT v, mode g0 o\

o | 37.88 kt-yr Atmaspheric & 336 A0 POTT, modo 20 B -

: 3.0 > [ 37.88 kt-yr Atmospheric ® Best 'l_,‘-'

— | 90%CL [F) L

~— —Vu Lyl |
e 5 =] 25 i
2 e =

= Bestfit —_—

3 ooV E | s

o A

£ 20 . vp*v - I

% . .u. .u.l.- Lol A B B 2.0 — =AM = AR |

0.75 080 0.85 090 095 1.00 : N

20 3.0

sin?(26) or sin’(26) A / ?1%3 ev?)
V oscillation parameters
sin?(26) = 0.9510-03%
|Am?2| = 2.4179% x 10312

51112(26) > 0.89 (90%C'.L.)

'V oscillation parameters
sin’(20) = D9t pes
A2 = 2. 5U+g ég x 107 3eV?
sin’ (20) > 0.83 (90%C.L.)

MINOS Preferences:
Low octant, 0,; < 45°
Non-max mixing
Inverted Mass hierarchy

28  MINOS PRELIMINARY -
v, disappeararce +v. appearance
[ 10.71x10% POT v -mode, 336 x10™ POT ¥, -mode, |
26 37.88 KI-yr atmospheric neutinos .
. 2.4 N
2 22 R
(=] [ Mormal hisr:ardw N
= L' Inverled hierarchy ']
221 .
< L
-2.4 N
. 6 -— -
3 ., —68%C.L
2 a'_ * Bestfil —80% C.L. ]
0.3 0.4 05 0.6 0.7

SiN“6,,

= MINOS PRELIMINARY

v, dnsappouancso + V appearance
10.71310% POTv, mada, 238 %107 POT 9 -made,
37.88 ki~ vr atmospherc reulrninos

Profie of Ikelihcod surface
= Normal hierarchy
=~ Inverted hie:archy

........................................
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OPERA

Neutrino beam from CERN to Gran Sasso

Data

=]  2008-2009

Expected bkg
0.226 v_events

<Ev> (GeV) 17

(T\ f) v, 08%,005% 3 v, €ve nts:
voprompt ___ Neglighl significance
V, Ve 3.2c0

%’D;E E LmDM:L

JE (S =

it R = et p-value of

o=t background

1 If CPEFi#mClLlaxynam 7-3)(10_3

[ T lllllﬂ':l’L
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Next targets ?

2011-2013

Great milestones >

B 913 = (9 i 06)0
- v, appearance observed at 7.5¢

Mass Hierarchy

Normal

Inverted

(Amz}a.tm
{Amz]za

Jep = IM(Ug U U U ) = Im(Ug,U 3U% U o)
= c0s6,,5in0,,c05%0,5,5iN0,5,C050,55IN0,;5INd

all mixing angles#0 —> J#0 if 6#0
CKM PMNS

0.008 0.04 1

1 0.2 0.004 0.8 0.5 0.2
m; E—— ( 0.2 1 0.04 ) 04 06 0.7

precision measurement of
oscillation parameters
0,5: 245° or < 45°

0.4 06 0.7

Quark sector Jgp =~ 3x10°

Lepton sector J-p ~0.02xsind
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&

Physics reach oscillation mode for accelerator LBL experiments is v ,—V,

v,—>Ve IiNn matter

P(

‘)
a2l . q_\mlgﬂ 2a 9 R
V;.I — VE!?J = '—1{:1351 bnglu __j:E 1 + ‘A |l(]. — 2&:13} - 913
v 13
L8 ( 5 ] Am3,L . Ami,L . Ami,L _| s CP-even
Ciq812513823 C12CCO80 — 819513893 |COS S111 Sl
1 4E, 1FE, 4E,
/ 2 / 2 / 2
9 . . A'ﬂlsz . &'JTH-IEL'_, ‘AﬂllﬂL S CP_Odd
— 8¢ Clﬂ823512513523511155111 =111 S1I1 -
1 —  4E, 4E, 4E,
5 Ami, L
2 9 : 12
+ 4512641?3[6%36%3 + ngsigsfg 2(‘12-‘_23512H03513E0H5}b111 1L > SOIar
e
/ 2
5 o o  AmsL al ; _\mlgﬂ :
—  807872585,C08 (1 — 2s74), =+—>  Matter
13-13-23~ 1L ) ==13, ey 2
1E, 4E, 4R,

change sign for NH —» IH

P(v, —>V.) ‘ a—>-a o0—>-0

27



@ CP measurements

for 295km baseline,

P(vu—ve): ve appearance probability normal hierarchy

0.1 0.1

Neutrino' "2 Anti-neutrino sn°28==01

0.08

0
° XXX CK)
0

1> 0.06

=
1> 004
0&0.0

0.02

Ey (GeV)
Comparison of P(vy—ve) and P(vy—ve)
Max. ~x25% (L=295 km) change from &=0 case
Measure 1st and 2" oscillation maxima in P(vy—ve)
Comparison of accelerator P(vp—ve) and reactor P(anti-ve — anti-ve)

Matter effect —» fake CP violation, BUT sensitive instrument to
determine mass hierachy
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Measurement of MH

Matter effect. appearance — accelerator experiments NOVA, LBNE, LBNO
disappearance — PINGU,ORCA, INO, HyperK

Interference effect between

solar and atmospheric oscillations: reactor experiments JUNO, RENOS50

accelerator experiments

MSW effect at ~6.5 GeV
only neutrino beam

Band: CP phase [0,2n]
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0,; measurement
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Perspectives: 0,
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T2K: senS|t|V|ty to CP
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| Nova
\ LBL experiment using neutrino off-axis

narrow-band beam from FNAL
810 km long baseline.

700 kW NuMI beam.
2 GeV peak energy.

Ash River, M)

Minnr.sota _ Far detector in Ash River, MN.

T\

Near detector 1 km from target.

U\ \ ALY

14 mrad off-axis beam.
Michigan

Wisconsin _

Main Injector

lowa

Detector

W\W\ | Fermil

Missouril @&

‘ Near
Detector
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@ Beam schedule

NOVA: first run in September 2013 with beam operating at ~300 kW

OONuMI turn-on timeline

NuMI off-axis event spectra
[T T T T T T[T T T

-
= 600
<

= 400
)

0.2 GeV

i1 pant,

z
S 200
e

v, CC events  kton

Beam intensity will be increased up to 500 kW next year and to 700 kW in 2 years.

Far Detector mass will be added at a rate of about 1 kton/3 weeks.
Full installation of NOVA detectors will be completed in 2014.
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Mass Hierarchy

Significance of the MH determination

NOvVA hierarchy resolution, 3+3 yr NOvVA hierarchy resolution, 3+3 yr
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@ CP violation
Significance with which NOvVA (+T2K) can establish CP violation.

NOvA CPV determination, 3+3 yr NOvA CPV determination, 3+3 yr
, Ssin22613=0.095, $in°26,,=1.00 , Ssin22813=0.095, sinf20,,=1.00  + T2K at 5.5x10%' POT
. TAm<0 | |
.......é.............;.é_;..Am;,250.....é...............é,..............‘..........................

e

significance of CP violation (o)
LI I L I L | UL I L
i~
L4
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b"
¥ 3
r
]
[ ]
1
¥
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The significance goes to zero at § = 0 and & = m since there is no CP violation at those points.
The dips in the peaks occur because the mass ordering has not been resolved.

Best case: CP violation at 1.6c (Nova only) and 2.0c (Nova + T2K)
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Far Future Prospects
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JUNO and RENO50

Two reactor experiments

Eoef L it .
c f o seitiation with L~ 50 km proposed
= 05 —— Normal hierarchy ; ;
E C —— Inverted hierarchy In Chlna and Korea
0.4
: RENO50
03 10 Kton liquid scintillator
0.3 r L~47 km (very close to optimal)
: RENO used as near detector
0.1 3 Data taking expected to start in
0' I P T TP 2019
10 15 20 25 30
L/E {(km/MeV)
JUNO
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6000 | ‘ NH - L=50krn,,,."“- S— on Iql“ >cintifiator .
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5000 | BestFitto NHdata — i Rgoimmnsniiioisin N
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g 3000 -.,v”.%...,ﬂ.;,‘\ e _ : PV]-B GW
=TT M . SO SO So— Data taking expected to start in
g ol 2020
4000 . .
- JUNO can determine the mass hierarchy
T E, [MeV] after 6 years of data taking
res

38



@ LBNE

The US based LBL project
LBNE

Neutrino beam from FNAL to Homestake o gl TR
L = 1300 km, Ep= 80-120 GeV, 0.7-2.3 kW NuMI| S5
E,=05-5GeV

15t stage: far detector 10 kt LAr TPC, on surface
2nd stage: far detector 34 kt Lar TPC, underground

Sensitivity to MH and CP phase

M.Diwan, NeuTel 2013
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The LBL project in Japan

- JPARC 1.66MW

i —xs f;;igato; \(( o - off-axis v beam
¢ - o

- L =296 km
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@ T2HK: cPV discovery potential

MH is known !

5% all syst

7.5MW)’EHF|
sin22013=0.1
normal MH

/2% all syst

74% region §f d covered at 30 W/ 5% sys. error

05 true & (1) !

High sensitivity to CP phase for systematics < 5%
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LAGUNA/LBNO

European LBL project

Wide band neutrino beam

from CERN to Pyhasalmi (Finland)
L =2300 km

S Fre T e—
\ g f

CN2PY (Pyhasalmi)
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= Long term: LP-SPL + HP-PS - >2ZMW
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Far detector

20 Kton double phase LAr TPC

35 kton magnetized muon detector (MIND) LNG tank technology

LBNO detectorg tentative layout

Far liquid Argon detector
it el vcibiae sic $Double phase LAr LEM
TPC [GLACIER,2003)
i (hep-pi/0402110,
y  LPhysConfSer. 171 (2009)
012020, NIM A 6461 (2011)
A4B-57,JINST 7 |2042) POB026)

Todd coge

fhaukd orgon
Tolme hedgte

Design based on
extensive exparience
with sma¥er scale
devices

biotom of fark A bght

+ near detector at CERN

Giant LAr TPC detectors:
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Measurement in 1stand 2" oscillation maxima

LAGUNA/LBNO sensitivity

More than 50 determlnatlon of MH for all & values
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True 8.,
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@ Conclusion

«2011-2013
- 0,5 is measured and large
Open very exiting perspectives Iin neutrino oscillations

- Observation of v —v, appearance at 7.5 o significance
A new type of transformation among neutrinos has
firmly established

e Near future:
- precision measurements of neutrino mixing parameters
- an initial search for CP violation in lepton sector

e Far future:
- measurement of CP violation in lepton sector

- determination of neutrino mass hierarchy
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