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OUTLINE

O neutrino oscillations

O long baseline accelerator experiments

O measurements of 0,;
- accelerator experiments
- reactor experiments

O near and far future perspectives
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Standard Model

Three neutrino flavours: V.V, V.

Neutrino — partner of charged lepton: W — ev, W — pv, W — 1v,
Neutrinos — massless particles

Lepton numbers L, L, L  conservation
Neutrino oscillations forbidden
CP =1 in lepton sector

LEP:e'e’ —»2Z° 2

ALEPH
DELPHI
L3
OPAL

LEP experiments:
from the width of Z
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Neutrino oscillation hypothesis

B. Pontecorvo: the idea of massive neutrino and oscillations — 1957

@

- heutrino — antineutrino transitions
- non-zero mass and mixture of neutrinos
- oscillation probability depends of neutrino :

neutrino energy and path length

O @ © —

source detector

¢ 1’8 Mass eigenstates
®
oL

Weak interaction Q
eigenstates Q

Weak (active) eigenstates are not equal to mass eigenstates
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@5 2 types of oscillation experiments

Oscillation experiments: Baseline, L
Appearance and Disappearance Neutrino energy, Ev

AmcL
4F
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| — sin® 26 sin

Appearance Disappearance

fixed
measured
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K2K: first LBL experiment

HORNitarget) 12GeV-PS

w/0 oscillation

Am?2 =2.8 x 103 eV3
sin220 = 1.0

Null oscillation probability = 0.0050%(4.1c)
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Absorber Muon Monitors

Decay Pipe

Fermilab
Hadron Monitor

Proton beam: 120 GeV protons
v- beam: v - 92.9%, anti-v,- 5.8%, (v, + anti-

Ve)- 1.3%, peak energy ~(3-9) GeV

Far Detector

5.4 kton magnetized
Fe/Sci Tracker/Calorimeter

Near Detector
980tonat L~1km
the same technology in
both detectors

~1 kT Near Detector
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Events / GeV

Ratio to No Oscillations

almost final
result

MINOS

A%

anti-v

—+— MINOS Far Detector Data

—— Prediction, No Oscillations

—— Prediction, Am?=2.41x10" oV/?
Uncertainty (oscillated)

[ Backgrounds (oscillated)

Low Energy Beam, v,-mode

10.71x10%° POT
MINOS PRELIMINARY

10 15 20 30 50
Reconstructed v, Energy (GeV)

—+— MINOS Far Detector Data
Prediction, Am?=2.41x10° eV*

5 10 15 20 30 50
Reconstructed v, Energy (GeV)

- 226 events detected in MINOS Far Detector
312 events expected in the absence of oscillations

Events / GeV

Ratio to No Oscillations

2894 events detected in MINOS Far Detector
o gl 3564 event expected in the absence of oscillations

—4— MINOS Far Detector Data
Prediction, No Oscillations
Prediction, Best-Fit Parameters
Uncertainty (oscillated)

[ Backgrounds (oscillated)

Low Energy Beam, V,-mode

3.36 x10%° POT
MINOS PRELIMINARY

5 10 20 30 40 50
Reconstructed v, Energy (GeV)

Low Energy Beam, V -mode

3.36 x10* POT
MINOS PRELIMINARY

—+— MINOS Far Detector Data
—— Prediction, Best-Fit Parameters

5 10 20 30 40 50
Reconstructed v, Energy (GeV)

J.de Jong, NOW2012

|Am|2=(2.35+0.11-0.08) x 103
sin%(20)>0.91 (90% CL)

Am?2=(2.64+0.28-0.27) x 103
sin2(20)>0.78 (90% CL

no tension between
neutrinos and
antineutrinos
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MINOS: combined v + anti-v

All data sets (neutrino, anti-neutrino, atmospheric) combined for

final measurement of Vu disappearance parameters
arxXiv:1304.6335

— W INDS: 37 80 ki-y Afmospheric a0% C.L.
10,71 = 107 FOT v, Moda
3.38 x 10°" POT ¥ Mode
— MINGS: 10.71% 107 POT (v )
Super-K zenith angle®
— Supar-K L/E
— TIR"™

Combined analysis
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OPERA

v, — v, direct search

P(v, — v,) = €05%0,35iN%0,5SiN*[1.27Am?,;| (km)/E=(GeV) ]

High energy, long baseline v beam

(E~17GeV  L~730km)

Target mass ~1300t

pure beam: 2% antiv,; <1% v,

Expectation after 5 years

data taking:

~22000 v interactions
VERellv IV 120 v_interactions

~10 v, reconstructed

<1 background event
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OPERA

For

|Am|[? =2.5 x 103 eV?
18.9x101° POT

2.7 tau events expected

0.3 events background

3 candidates observed

1st event

2nd event




Oscillation results
By June 2011

Solar + KamLAND
atm SK + K2K + INOS
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http://hitoshi.berkeley.edu/neutrino
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v oscillations and mixing

Standard Model: neutrinos are particles

cosd,, sing, O
cosé,, sind,, -sing,, cosd,, 0
0 -sinf,, cosé,, | 0 0 1

U parameterization: .
0,3~45° three mixing angles 0,,~34

CP violating phase 2 7 E5x10%e\/?

sol
|
2 2 2
Am;, +Am;, + Am;, =0

sin?20,5,<0.15 at 90% CL
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Before Summer 2011

T.Schwetz, M.Tortola,J.Valle, hep-ph:1103.0734v2

parameter best fit £1o
Amg, [1 ‘:'_E'{:?\-’_E]

Am2, [10~%eV?]

sin? 6,5 0.312 0.28-0.35 0.27-0.36

" ) 0.41-0.61 o

i‘ﬁl ‘il"_.'.-‘l-':r.' o - o H.'_’}H' “L
a3 ; 0.42-0.61 &
< 0.035

< 0.039

Normal
[ ]

only upper limiton 6,
0,, maximal?
mass hierarchy (sign of Am, ?)

no hint on CP violation

(Am) g

— -3 2 2
2.5x10%eV (Am )y,

. AN

o ?7?
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Importance of 04,

- Zero value of 0.5 would be ahint on
a new symmetry (tri-bi-maximal)

- Zero value ot 0., would eliminate a possibility
for the CKM mechanism in neutrino mixing

opens a door for
searching of leptonic

- gives good chances
for measurement of and
in neutrino oscillations using present
neutrino beams and detectors




LONG-BASELINE NEUTRINO
OSCIL LATION EXPERIMENT

12 countries Canada, France, Germany, ltaly,

- P Japan, Korea, Poland, Russia, Spain,
SR Switzerland, UK, USA.
e =~ 500 collaborators




T2K: - searchforv,— v,

- measurement of 0,
oo N g T 12 countries - CP - violation

o, : AR
Super-Kamiokande J-PARC

Near Detector 280 m

Neutrino
295 km

Off-axis beam conception:
neutrino detectors are
placed at a small angle 6
with respect to the
proton beam

Oscillation Prob.
@ Am2=3.0x103

With 2.5 degree off-axis
angle the neutrino
energy is tuned to the
oscillation maximum

v energy spectrum

(Flux x x-section)

e Decay Pipe Horns Target
o

5§ 2 25 3 35 4
GeVv
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SuperKamiokande -
T2K Far Detector
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6 v, events

—4— Data

w

Expected BG
1.5%0.3evts

Number of events /(250 MeV)
M

0 1000 2000 3000
Reconstructed v energy (MeV)

Double Chooz

N=\0)

First T2K T2
result

1.43x10%° POT
January 2010 —
March 2011

|2d Selected for a Viewpoint in Physics week endin
PHYSICAL REVIEW LETTERS 22][]'[__&’20%1

__Indication of Electron Neutrino Appearance from an Accelerator-Produced Off-Axis
Muon Neutrino Beam

K. Abe,* N. Abgrall, 6y, Ajmn 18+ H Aihara,*® J.B. Albert,"* ( Andreupoulos 7 B. Andrieu,?” S. Aoki,?’
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2 - Precise measurements by “““‘“‘““‘““”“’ e

far detector. ln a thr

nt 1o 250-

DOI: 10.1103/PhysRevLett.107.041801
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V. events

el Ne RNV 3.01x102° POT

—+— RUNI1-3 data
(3.010x10™POT)

I Osc. v, CC

1 v,+v, CC

[ v.+v.CC

[ NC

(MC w/ 5in’28, ~0.1)

Vertex Z (cm)

I | I L
2000 3000
x 10°

L1
1000

Vertex R” (cm?)

Number of events

1000 2000 3000
Reconstructed v energy (MeV)

Event Category sin?20,, =0 sin?20,,=0.1
Total 3.22+0.43 10.71 £1.10
v_Signal 0.18 7.79
Intrinsic v, Background 1.67 1.56

v, Background (mostly n°) 1.12 1.12

v, + v, Background 0.16 0.16

Vertex Y (cm)
=

0ol 0
-2000 -1000 0 1000 2000

Vertex X (cm)

Detected 11 evens 31 b : ¢
Expected 3.3 £0.4(syst) events 1o _observation of v,—v,

for ,,=0,NHand 6 =0 T2K Collaboration, arXiv:1304.0841

L
25 30
POT (x 10"%)
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Runl+2+3 data
(3.010e20 POT)

Lh Oy =~

B o

200 400 600 800 100012001400 ) 20 40 60 80 100 120 140
momentum (MeV/c) angle (degrees)

Run+2+3 data Normal Hierarchy
(3.010e20 POT) g o
withd =0

# of events
O~

> = b o

=]

200 400 600 800 100012001400
momentum (MeV/c)

—

Probability (p-value) to observe 11
events for 0,3=0 — 0.08%

Event Category sin*20 ,=0 sin?20 ,=0.1

Total 3.22+0.43 10.71 £ 1.10

v_Signal 0.18 7.79

Intrinsic v, Background 1.67 1.56

v, Background (mostly °) 1.12 1.12

v, + v, Background 0.16 0.16
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0,3 and o

Normal hierarchy

Am}, = 2.4x107eV?
sin”26,, = 1.0

— Best fit to T2K data
68% CL
90% CL

Inverted hierarchy

T2K Run 14243
3.01x10” p.o.t.

0.1 0.2 0.3 0.4 0.5 0.6
.2
sin“20,
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[MINOS Far Detector
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0,3: one year story

> has been well measured by 5 experiments

Solar + KamLAND
- —a— original flux
=== ===4 —0-- reeval. flux

P —#— normal hier.

KNGOS —~  inwverted hier.

== " == = = | -

Double Chooz

: : —a— original’ result
—0= re-analysis

(1]

t}uya Bay

REMND
'I; 2K Upd :atr_-
.

Double Chooz Update
I—!—i—l— rate-only
b=o-- I —0= rate+-shape

a Daya Eﬂy Update!

i 005 01 0.15 0.2 0.25 03
< 2y
sin .-.313

0,391 1deg
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MINOS
0,5 =0 disfavored at1.7 o

Double Chooz

0,570at3.10

Sin%26,, = 0.089 £ 0.010(stat) + 0.005(syst)
~ 80 significance

RENO.

Sin?26,,=0.113 + 0.013(stat) + 0.019(syst)
4.90 significance
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T2K:v, disappearance T2R\

3.1x10%° POT

Monte Carlo: events no oscillations
Monte Carlo: events with oscillations

o
T T TR e

—+— RUNI-3 data
(3.010x10"°POT)
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Vertex X (cm)
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Events per bin

Ratio to no oscillations

T2K: V,oV,

Maximum Likelihood fit

[ Best fit results:  sin® 203 = 1.00 Am3, = 2.45 x 10—3eV2J

s=ewe== T2K data
No oscillations
Likelihood ratio best fit

——— Max likelihood best fit

mllllIIII|IIII|IIII|IIII|IIII|IIIII

=2

0.0038
0.0036
0.0034
0.0032

0.003
0.0028
0.0026
0.0024
0.0022

0.002
0.0018h

I eV

2
32

IAm

III|III|III|III|III|III|III|III|III|III'_

T2K Likelihood ratio 3v 90% CL
—— T2K Max likelihood 3v 90% GL
MINOS 2012 2v 90% CL
Superk 2012 L/E 2v 90% CL
Superk 2012 zenith 3v 90% CL

v v by v v v by v by v b e by Ly

082 084 086 0.88 09 092 094 096 098 1

sin’(26,,)

T2K obtained
best sensitivity
to mixing angle 0,4




Sterile neutrinos

MiniBooNe/LSND, reactor, Ga anomalies

90%, 99%, 99.73% CL, 2 dof

..-::‘ﬂ"'i
-ZR *
= 'l..
"+ .
dl":ﬂp pearance
-.:-_-4,_,.‘1:1

™
e e

strong tension between
appearance and
disappearance data

Kopp, Machado, Maltoni, Schwetz, 1303.3011

IL.SND + reactors
+ Ga + MB app

null results
\disappearance

null results
combined

null results
appearance

999% CL, 2 dof

tension between
signals and
negative results
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=sin g,

v,—Ve in matter

2a .
1+ 1 — _’:f }
[ Amz, “ 13

s - Am3,L . Ami
|,4 12C2qC0OS0 — 51251359 |l. 20 S111

_Am3,L | / 1 » _\-r'r:."i".gL
81389 hllll'ﬁHlIl 1 ; sin Vol S111 —lE
A” 119 pJ[.
1F,

£ 512523513 C08( A IHlIl

c; = C0s0), aleV?]|=242G.n,E, =7.6x10°° p[%mg}Ev [GeV]

a—>-a o0—>>-0

013

CP-even
CP-odd
Solar

Matter

change sign for NH - IH /
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Jcp

The strength of CP violation in neutrino oscillations

Jarlskog invariant Jp
Jep = |m(Ue1Uu2U*e2U*u1) = |m(Ue2Uu3U*e3U*u2) =

= c0s0,,5in0,,c05%0,55IN0,,€050,,5IN0,,51NJ

neutrinos uarks
Quark sector Jp =~ 3x107° g

Vern ~ | 0.2 ]_ 0.01

Lepton sector Jep~0.02xsind | viws~| 0.4 0.6 0.7
0.4060.7 o 001 1

Real chance to test CP violation in neutrino oscillations
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CP measurements

measurement of
If 6,3 # O and not too small in LBL accelerator experiments

Plv,—>v,)-Pv,—>Vv,) _ AmlzzL.sin 20,

= ———— = : sino
P(v,>v.)+P(v,—>v,) 4E, sind;

Ace

P(v, >v,)~ sin’® 6, - heutrino and antineutrino beams
- massive far detector

P(v, — ve) for sin?26,,=0.1

o ©
% =
N b

: s o
o
]

[T [T [T T[T T T

&
b

Oscillation Probability

- wide energy muon neutrino beam
- measurements of two oscillation maxima

o

0.004 0.006
E(GeV)/ L(km)
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LBL experiments: near and far future




Matter effect in
LBL experiments
Ev~2GeV

600 800 1000 1200
L (km)
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Nova

Neutrino off-axis narrow-band beam from FNAL
L =810 km, E~2GeV, 700 kW beam power

NOVI-Y Far DetectorjAsh River, MN)

,-.‘ﬂ M),s Far Detégtoﬂ{Seugh\n, MN) ) NuMI off-axis event spectra

on axis

7 mrad

NOVA early reach

14 mrad
Exposure assumptions

Alon -basel e neutrino\ \
4 @ Fermilab

oscillation experiment, RN
situated 14 mrad off Chicagor

the NuMl b;é'am axis \
NOvVA Detectors %Ace"
o

Extruded PVC cells filled with
11M liters of scintillator
instrumented with
A-shifting fiber and APDs

Experiment
Hedaaeon will start data taking
ow-Z, highly-active n
'tracking c:I|orimeter I n I ate 2 O 1 3

- 360,000 channels
32-pixel APD — 77% active by mass

Fiber pairs Near detector:
from 32 cells 0.3-kton version of
the same
- 18,000 channels

wj 09st
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Nova: early sensitivity

sin“28,,=0.095, sin“26,,,=1.00, =0 Mar 2013 version

0
Jan 13 Jul 13 Jan 14 Jul 14 Jan 15 Jul '15
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T2K and Nova

P(v,) vs. P(v,) for NOVA P(v,) vs. P(v,) for T2K

NOvA _ L T2K

14my,2l = 2,32 107 eV? lam 2l = 2.32 107 eV*
sin;l:E‘Hw} = 0.095 . sin‘{24,,) = 0.095
sin’(26,;) = 1.00 8in’(26,,) = 1.00

mumnn
WAago

g
L

]
)

For sin22013=0.1, approximately (at
90%C.L.):

e MH: =50% coverage
e CPV:=30-40% coverage
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LBNE

The US based LBL project

Neutrino beam from FNAL to Homestake
L = 1300 km, Ep=120 GeV, 700 kW NuMI beam
E,=0.5-5GeV

[ =N
I Imm\ ‘-‘
\ ¥ |

L RS rile r S Lo !

LENE

Mass Hierarchy Slgznlﬁcance VS dcp CPYV Significance vs dg,
Normal Hierarchy, sin“(26,5)=0.07 to 0.12 NH(IH considered), sln*{ze,g:u.m to 0.12

7 ) Mat: B LI
Ash River 30ki mm— Ash River 30kt m——

Homestake 10kt i Homestake 10kt m—
Soudan 15kt ~ Soudan 15kt i

CPV Significance vs d¢p
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Homestake
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LBNE: Far Detector concept

Later phase: 34 kt LAr TPC underground

* Two detectors in a
common cavern at 4850
ft. depth

 Active volume of each
detector:

224 x14 x45.6 m3

* 34 kt fiducial mass

* TPC design:
03.7 m drift length
o5 mm wire spacing
othree stereo views
02X108 anode chambers

PC design
Innovations:

industrial cryostat, 02 X 275K channels
cold electronics 0S/N~ 10

XXIX-th International Workshop on HEP, Protvino 26-28 June, 2013 37



LBNE: Near Detector options

Liquid Argon TPC Tracker Fine-Grained Tracker
(~18 ton LAr) (~0.14 ton Ar@140atm)
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LBNE: sensitivity to 6

arxiv:1110.6249

Several options for LBNE far detector

LBNE (LAr-TPC)

/35 kton
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10 kton
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arXiv:1109.3262 [hep-ex

The LBL project in Japan

Accelerator v:
J-PARC to HK

Example: case of Hyper-K
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T2HK: CPV discovery potential

5% all syst /2% all syst sin22013=0.1

normal MH

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

05 true & (11

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

Wide-band neutrino beam from CERN to Pyhasalmi (Finland)

14 countries,
47 institutions
Present assumption 300 members
on optics .
Russia:
P cetont INR
& Lawia PNPI

Donmark QQ -.B"”ﬁ}i. Sefn Moscow
3e)

DESY / B
Netherlands 9%'" W )} iDelatus o
4 ! v oland .,. —

Belgiiim Gerrpﬁny b "K‘)»W

Prague
o oY

3

E, = 400 GeV

3
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ﬂ“l\
4
/Finland ",
/

v, 100m*/year at 100 km

:(‘l /
Helsnkl 6t Petersburg
o h

& 8 8

Protvino

1

Kharkly
Q i

ek Rag Ukraine

i~—\"r%ra Slmkiljk

AL o 5
Moldoyva S Zapornziwe

2100 km from RAL, 1500 km from
DESY, and 1160 km from Protvino.
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2"d maximum

P (v,—Ve)

matter effect
- easy to measure MH
- more difficult CP violation

L=2300 km

*|nverted mass hierarchy L=2300 km

1St maximum
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Sensitivity

MH: 100% at >5c

MH determination
50% nu+50% anu

FE, — spectrum
1Mi88

and Pr

Fraction of ., coverage (%)

CPV: ~60% at 3o

LBNO - CERN-Pyhasalmi
CPV discovery

8_ . = 0,x exclusion
stitistical only

LA -
or HP-PS

CERN SPS 400 GeV POT(x 1029)
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Conclusion

- 3 neutrino mixing angles are measured
and non-zero

- Large 0,; opens door for searching of

CP-violation in lepton sector

- Time to start MH and 0 measurements
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