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Neutrino oscillation

.
Neutrino mixing expressed by 3x3 PMNS matrix : (Ve’V;uVT)
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13-mixing angle (0,;) measurements

. . Am2 Amz
* Using reactor neutrino: 32 21

— Observe small disappearance of
anti electron nu. from reactor R
— <E,>~ 4 MeV, Am,,? oscillation "‘ il by 5
at L~ O(1km) *

- disappearance
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Am?,, term

e Using accelerator neutrino:
— Observe electron appearance via vy, —> v, oscillation

— Leading term 0,5, sub-leading term by CP, matter effect, solar term

2
P(v, —>ve)=sin2(2913)sin2923sin2(A;né2LJ + "sub-leading term"

14




v, appearance 1n accelerator exp.

* High purity and high power v, beam from pion decay
— Contamination of intrinsic electron neutrino: <~1 %
* Two detectors scheme (Near / Far)

— Measure neutrino flux, cross section, BG before oscillation
* L[andE  optimized to be osc. maximum: Z(Am,o?zLj
siInN"| ———— |~

, AE,
e Signal events

— Charged-current (CC) v, events .
— ldentified by EM shower V ——» V_-- _,(
« Background events P

— CCv, events --- rejected by PID
— NC hadronic events (nt°)

— Intrinsic beam v, =

0> 2y
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Delivered # of protons

T2K data update T. Nakaya @ NU2012 T2
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Selection cuts :
single-ring electron-like events,
7V rejection, and energy cut

10 v, events are observed
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T2K v, result

normal hierarchy
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— 80% C.L
— Best fit

[ Run1+2+3 data
. (2.556620 POT)

_ normal hierarchy
N |AMg,=2.4x107 eV*

* 10 (68%) allowed region (0-,=0):

sin® 26, =0.104 “yoee
sin® 20, =0.128 “yoe

—0.055

T T T
0.3
sin’20,,

(NH)

(IH)

0.4

T. Nakaya @ NU2012

inverted hierarchy

T2

Runi+2+3 data
(255620 POT)

\ inverted hierarchy
\\ |Amgl=2.4x107 eV®
Y

/ — 68% C.L.
I 0% C.L.
i — Best fit

(0y3=1t/4)

* Consistent with previous result in 2011

L
0.3

0.4

sin®20,,

T T T —

Run1+2+3 data ]
(2.556e20 POT) +

normal hierarchy —:
Am3,1=2.4x10" e V2]

68% C L.
P 90%C L.
Best fit B
T2K(2011) 90% C.L.—
------ T2K(2011) Best fit

06
sin°20

04

13



Protons per week (EI18)

Toral Protons (E20)
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Baseline length = 735 km
NuMI beam at FermilLab

120 GeV proton injection,
350 kW typical beam power

Peak energy ~ 4 GeV at LE mode
nu and anti-nu beam mode
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e Far detector: 5.4 kton magnetized
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MINOS v, selection
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MINOS V, result R. Nichol @ NU2012
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OPERA Ve (preliminary) M. Nakamura @ NU2012
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0.89, 0.06 %
21 %
Negligible

* CERN = LNGS , 17 GeV, L=735km E** Distribution

E™c < 20GeV

identified v,

e Emulsion + muon spectrometer

* 19 events observed. After eliminating
E>20 GeV, 4 v, candidates event

1.1 (3.7) evnts signal (BG) expected

140
E™ (GaV)
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Beyond 0,5: leptonic CP violation

* non-zero 13 mixing angle 0,; opened the
window to probe CP violation phase
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CP violation measurement

neutrino
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Mass hierarchy

* Sign of Am,,? is unknown

— only mass square difference can be
measured by nu oscillation

 Two possible scenarios:
— Normal hierarchy
— Inverted hierarchy

 Help in understanding origin of
neutrino mass beyond-SM

* Effective nu mass mgg > 10 meV
for IH ; reachable by DBD experiment
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Matter effect

* Mass hierarchy could be distinguished by matter effect
which arises when neutrino travels though matter

e Effective 13 mixing angle in matter:
sin® 20,
sin® 26,, + (cos 26,, —a)°

sin® 26, = a=22E,G.N, / Am?

 Resonance occurs whena ™ COS(2913)

sin® 265 ~01 > 1 if condition matches (nu. energy, electron density)
* Oscillation suppressed for anti-nu: a 2 -a

* Opposite situation for Inverted: Am?—> -Am?

v antiv

Normal H Enhance Suppress

Inverted H Suppress Enhance
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013, MH in SN nucleosynthesis Pro#5105023(2012)

14N
* Synthesis of 1B and ’Li via v-process
in Supernovae is sensitive to 110“”"'”’12 *He(v,v'p)*H
neutrino mass hierarchy o “% an) “He(v,v'n)’He
( 12 ’ 11
* 0,5 resonance should occur 7Be ng|v? Cv,v'p) B
in C/O layer (o) (&-ve) ~15% *He(v,,e”p)*He
{o,y)
(EVNO(loMeV)I p~103 g/cm3) 3He,_$ 7Li 01{85% 12 C(Ve,e_ p)11C
. : . m “He(v,,e"n)*H
* Incase of inverted, production of “Li vply /ey " (_e ) 31
and 1B are increased by anti- v, °H - C(v..e'n)"B
charged current reaction
12F =
 ’Li /!B ratio is expected to be 1E
affected :50.8; — E
%06_— Inverted
* See next talk by Prof. Kajino 204
0.22—
05 Ll | |
10° 10" 10° 10
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Matter effect in atmospheric v = *"owe@nuon

4 P(vu =2 ve)
nd

» Cosine of zenith angle

I \ cosmic-ray

p, He, ..
Ev (GeV)

© VLtV Ve tv Y211

1.2 C s2,=0.4, inverted hierarchy
. sgsfo.s, !nverted h!erarchy
* multi GeV neutrinos should be affected b S S P <220, mormal ierarehy
by 0,5 resonanci inside Earth E L MUt-GeV v like
(p ~ O(10) g/cm?3) LoosT |
« v, enhancement expected in upward s =
direction, depending on MH o.es
- Larger upward v, appearance
— ~10 (5) % effect for NH (lH) [ in normal hierarchy case |
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Atm V- Super-K I‘esult Y. ltow @ NU2012
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Future prospects



Nova

Near future experiment coming soon :

* Upgrade NuMI beam (350~700 kW)
* Baseline ~¥810 km, off-axis (14mrad) : e
* Sharp energy peak at ~ 2 GeV | R ;’ e

Far detector:

* Full active, fine grained A long-baseline neutrino
14 kton, 11 M liters of scintillator situated ‘14 mirad off

Extruded PVC cells filled with |

11M liters of scintillator
instrumented with
A-shifting fiber and APDs

R. Patterson @ NU2012

O Milwaukee

Fermilab

oscillation experiment, z

the NuMI beéam axis

1 mete ey mm mmer ym mmen g

. proton i E u + P

RO H i Michel e -

e+p

b
: il Signal
P

1560 cm

4dcm X 6cm

(simulated events with 2 GeV visible)
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Nova: sensitivity and plan

5 ¢ detection of v, = v by 1year

Measure P(v, = v,)and P(v, > v,) with

nu and anti-nu beam

Max. ~3 o MH sensitivity assuming
3 yr v+ 3 yr anti-v with 6e20 p.o.t./yr

Sensitivity depend on 6., and MH

Experiment start from next year with
partial detector

Far detector construction will be
completed in May 2014
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M. Yokoyama @ NU2012

Hyper-Kamiokande

 Upgrade T2K experiment
* Fiducial volume: x25 of Super-K
* J-PARC beam —> 750 kW

* LBL measurement:
good resolution for CP and MH

* > 30 MH discrimination
by atmospheric nu

CP and MH measurement by accelerator o MH by atm. nu
0.75MWX I rs — 45:_H(l'lllﬂl hierarchy Hyper-K 10 years
Oy - 5% systematics on signal, vy BG, ve BG, VIV s "
(3yrs v, 7yrs V) : 8 Sin20,3=0.6
. ) 35F- on
O vs.sin?203 Mass hierarchy z sin’825=0.5
1 1 C 30 sin2023=0.4
= DB Io o |E 1 “osf
Do, o = = e b
= —— | |E DBlo___— 15;—./- P
B - = .--""p____.——-——""’_———_: 10:_ _—
3 = <</" TXK |o :126 55_ Daya Bay 1o
:_ :_ < .’__G 0T||||||||||I||||||||||||||||
= @ 2 — 36 0.06 0.08 0.1.0,12 0.14 0.16 0.18
= mal Hier§irchy | £ —
1L 7= sSer===ostl] U | 0 9 P P >30 with 5-10 years
0 0.1 0.15 0 0.05 0.1 0.15
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Summary

* v, - v, oscillation measurement by accelerator experiment
— T2K achieved evidence of electron appearance
— MINOS: consistent with sin?(20,5) ~ 0.1

* Non-zero 0,5 opened the window to measure CPV and MH
by accelerator experiment

* 0,5 and MH give significant impact on astro-physics
— 0,5 resonance in SN nucleosynthesis and atmospheric neutrinos

* Future experiments are going to be undertaken
— Nova : CP and MH could be measurable depending on parameter
— Hyper-K: good sensitivity for CP and MH by LBL and atm. v
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