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Flow of the talk

* What is neutrino oscillation (N.O.)?
* Why N.O. is important?

* History of N.O. measurements

* What we know now?

* Future N.O. measurements

* Summary
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‘ What is Neutrino Oscillation?

Electron stays as electron while it travels in space.

€ (5

However, neutrinos change their flavors periodically.
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This phenomenon is called neutrino oscillation
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‘ What causes the neutrino to oscillate? \

We do not know yet. But in order for N.O. to happen,
something(X) has to change v flavor.

X
V V
e & H}
—1A

"A" indicates the strength of the transition (amplitude).
In this case the equations of motion of v are

iv =—iAv,_, iv =—iAv,
dt o dt .
) X, X y e
o : % s — v, =-A’v
m==A dt’

=» If this transition exists, neutrinos obtain mass.
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General transition amplitudes & mass eigenstates
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If there are self-transitions,
the mass eigenstate become the
superposition of flavor eigenstate;

Vi |_| cos® —sin6 Ve
Vv, sin®  cosO v

w

The neutrino masses are

{m1=ﬁ_m — MM+M6
’ M= ’

A

m, =i+ 2 "~ sin26
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Comparison with quark case

For quark case, there are similar transitions which causes the quark
masses, Cabbibo angle and CP violation. The transition is caused
by the Yukawa Coupling to the Higgs field

H
d'-quark 1 S'-guark
1G4V,
tan 20 = 29, , My = Gds _.G¢, mg = (_;ds + .Gds
G. -G, sin20 sin20

For neutrino case, we do not know what X is.
X7
I V
e ‘ l~l>
-i1A
Study of N.O. = Study of X
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Plv, %VM]=|sinecosee
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v oscillation to measure transition amplitude
(non relativistic case)
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Determination of transition amplitudes

\4 X 4 VM X VM Ve X Ve
W@MH@H \>®\>
A4 -iu, —iu,

There are 3 unknown parameters (A, Uy w,)
while N.O. experiment can give only 2 (0, Am)

=» One more parameter is necessary to determine all the transition

amplitudes.
Neutrino mass!! # Of events _.c---__ _mass resolution
v, =V, cosO+Vv,sin0 - -
e 1 2 . Necos26 ,
If we measure, v, mass, we will Py Nsin 9 .
obtain weighted average of m,; and m,. ‘ SN

m

2 c 2
m, =m,cos"0+m,sm 0=,

Ve




relation between v oscillation parameters and transition amplitudes

X ‘vﬂ> ‘Ve> X ‘Ve>
& &
—iuy, i,
u,=m,
w, =m, +Amcos26
A= %AmsinZ@

Yl v
—iA
(6Y)
/20
u, —u,

170529

* v, mass directly correspond to w,.
* All the transition amplitude can be determined
from (6, Am, M, )
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‘I Relativistic Neutrino Oscillation H

=Phenomenon for v to Changes its Flavor Periodically

mt m°  m’L 2
mt——=—1= w |P(v, —v,)=sin’ 26sin> 2"
vy E E 4E
A » L(or 1/E)
- | =) Amplitude ==> sin?20
&> Frequency => Am?’ = ‘mg _ mlz‘
Am’
0 - = Information of transition amplitudes of neutrinos

170529
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| Why we mesure v oscillations? |

There are many oscillations (irrespective to it is observable or not).

¥ K'< K° oscillation. @ CP violation, mass difference
% |ui) <> |dd) oscillation in n°, 1 & Hadron mass
¥ J < g oscillation =2Cabbibo angle, quark mass.

* B < W, oscillation @ Weinberg angle, W, Z° mass

> We have learned a lot from these "Oscillations”

We can expect to learn more from v oscillations:
V, <V,
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‘ "X" in the Neutrino Oscillation \

What causes X? (origin)

Why X is so small? (v mass)
What is the ratio between off-diagonal to
the difference of diagonal amplitude? (mixing angle)
Is coupling to X complex number? (CP violation)
Can X change particle to antiparticle? (Majorana v?)

v,y X |y
M X
Can X connect our v and sterile v? (Sterile v )
vy X v
(\ ) 2 | s>> :

To answer these question, we need to measure X.



3 Flavor Neutrino Case

Ve o Ve Vi o Va Vi o Vi
i, i, Ty

Ve O VU Ve O VT VU O VT

-A,, A, A,

( Ve \ ( Uel Ue2 Ue3 \ ( Vl \
u = Uul Up,2 Uu3 V2 ml’ mz, m3 - ...
\ \& ) \ U'cl U'c2 U1:3 ) \ Vs )

A, can be complex number and U, can also be complex number
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A useful parametrization of the mixing matrix

\ ( y \
U, U, U,; 1 0 0 \ Ci3 0 s,e > Cp, S, 0
Uul Uu2 Uu3 =l 0 ¢y Sy 0. 1 0 -5, ¢, O
U, U, U, \O =Sy Cp _Slsel6 0 Ci3 \ 0 0 1
s; =sinb,,c, =cosb,
Vl Ve
. [0, |
2
) G
: 13 O t
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‘I 3 flavor oscillation probabilities H
|6} |B) |B)

P Y IU T 10
e lminy) Pl gmilma/n)o P82 gmilm fry 37

P = + |+
113 2. 3o
QU U 2 UrxS

(g

|at) |et) |at)

. i(m, /y)t . i{m,, /4 ¢ —i(my/y)t
UmUale—'( v Uﬂzuaze—‘( ¥ Uﬁ3Urx3e (ms/7)

P(va — VB) =0p — 42 Re:[Q;?B]sin2 O, F ZEIm[Q;B]sin 20,

>] 1>
AmZL
af _ rr* * _ ij 2 _ 2 2
Qij = UaiUﬁanjUﬁj CI)l.j =5 Amij =m; —m,
v

There are 6 independent oscillation parameters;
0125 0535 0135 dcps Am? 5, Ami,,




History of Neutrino Oscillation measurements

(Sorry this 1s not exhaustive list.)
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‘l How neutrino oscillations have been measured?
L-E relation of Neutrino Oscillation Experiments
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Atmospheric v anomaly (<1997)
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Evidence for oscillation of atmospheric neutrinos

1998
The Super-Kamiokande Collaboration 5 1 3 8 Ci ‘[es
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FIG. 4. The ratio of the number of FC data 2 _3 2
events to FC Monte Carlo events versus reconstructed Am ~2X 1 O eV
L/E,. The points show the ratio of observed data to
MC expectation in the absence of oscillations. The
dashed lines show the expected shape for v, < v, at
Am? = 2.2 x 107%eV? and sin?20 = 1. The slight
L/E, dependence for e-like events is due to contami-
nation (2-7%) of v, CC interactions.
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Recent Progresses

K.Okumura @ 2016.11 NNN16

Super-K Updated Data
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Errors have
become much
smaller
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‘ Solar v anomaly (<2002?) \

Production of solar v
0, = 150g/cc, T =1.6KeV

Ct'+2u+’v

‘He

prolun

4p+2e
— *He+2v,+26.73MeV - E,
(E,)~0.6MeV

v flux @ Earth

J =ﬂJ ~ 2V ><8.56><10”[M6V/cm2/s]=6.6x1010[\//cm2/s]

Y0 Y 26.1MeV

=» Total number of v can be precisely known.



Solar neutrino spectrum

However, energy spectrum is somewhat model dependent.

o 'T— 1012 F==Gallium — Chlorine == SuperK
J "\ﬂw | T
99.77% 0.23% =
PP de"V. e p-dv. S
(me)i bep lipgpin g 1010 pp +1%
=
dp_)SHey é . ] ""'_':‘_:,_,_.::".;‘.“_‘\
_— 10 <« Be- E -— pep
84.7% 4 13.8% ~2x 10 % | +10% 1| v +1.5%
' 3H 4H _>7B " % _________ ‘i--"‘-!
[t et 2 N
12.78% | l o02% b gy —16%
'Beg ="LiVe(Y) 3 D /"”rﬁ |
('Be) Bep Y £ 10 e
! ] = Ll
' < | ! +?
3|-|e3He—>“Hepp 7Lip—>‘He“He aB—>BBe*e+\_'e 3Hep—>4Hee+ Vi _ 9 : ’L_,,hep“_'
(*B) (hep) = 10 /,..L"‘" |
*He *He <] s et I |1 Lol ]
= 0.1 0.5 1 2 5 10 20

Neutrino energy (MeV)



Solar Neutrino Experiments

3 = = = ™ ™ = L = = =
wmiswan
it 7O
A E i S
i
20 |7
F{ADF &% e 335
ey F W)
e # S W
‘ il
4 i . ) by 5y
17N VAL e e ol
bid =k
- ok " ria—srzma A
ELY ¥
B -
- -
15 T
- snunm >
/ e i e
. 2423 T
o= - P Hyia b - FoaanE )
# - avirrma ) ovaem M T s e A
oy, ¥aen) FEiPEN 5
SLL FH FFeua
Tadum Ty aaxxs i
’ - waam S05e7 177 s
- 297 of
BOTRE
-raams = ToUR
o —— e wom
amosa
i -xr-m s
W

Kamiokande/ S
SuperK

oo nee T O R o

AEcascoiover e

" oReTs
U vzeadyen
PAEEL

— SNO

Ti-perRLEIRES

v target

rate/SSM

Homestake

Cl

0.31

GALLEX/GNO

Ga

PP

0.51

SAGE

Ga

pp

0.53

SK/Kamiokande

H20

B

0.465

SNO

D20

B

1 (neutral current)

Borexino

CH2

Be

~0.5




The 15t solar neutrino detection
& indication of solar v deficit

Pioneer of Solar Neutrino Science

2002 Nobel Prize Fer "

Raymond Davis Jr.

(1 FWHM Results)

1.4

: |
i Ma' | imihtd' [U* JI ”) i

1970 1975 1980 1985 1990 1995
ar

37Ar production rate (Atoms/day)

The data showed orily 1/3 of prediction. Cl+v, = 3Ar + e
=>» "solar neutrino problem"



| GNO/GALLEX/SAGE to detect pp-v |
v, + 'Ga—>e + 37Ge(Eth =233KeV)
GNO " TGe— Ga+e (Auger)+v, (131/2 ~ lldays)

Nzl- Ny+ GeCl, || HaC
4 an
B

t
GacCl 3 ®
+
HCI
—— —
(54 m3)
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Results of GNO/GALLEX/SAGE

| DATA/Prediction ~0.51
SAGE
}J | | | - DATA/Prediction ~0.53
[ _
1 ‘ il| [ L [! L H J]L.ST(J H* JM“
PR Ry
T 53 T3 T S 5 S S S S 3 pp-v also gone to

somewhere.



Kajita Nufact04 SI

flux is
2.35 & 0.02(stat.)0.08(sys.) x 10° /cm* s
or 0.465 + 0.005(stat.) T} 01%(sys.) x SSM
s SK-1 1496day 5.0-20MeV 225kt
S (Preliminary) {
%
©0.2 i
S v
5 f ve—ve
z - P
D rd 22,400 events
sun ‘N,.m
Ll e e above 5MeV (°B v)
Solar image

-1 -0.5 0 0.5 1 ‘ by neutrinos
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‘I The solar neutrino deficit H

—

© o o o
N A OO 0

data/model

L

0)
Homestake GNO+GALLEX  SAGE  SuperKamioka

For all the experiments, the observed neutrino fluxes
are smaller than predicted value.

Is it due to neutrino oscillation

Solar model may be wrong.
= If neutral current interaction is used, it is possible

to measure the total (flavor independent) v flux.



Measure the Neutral Current

1000 tonnes D,O

2015 Nobel Pr

12€

McDonald

Arthur B

A. Mahmoud

Arthur B. McDonald

Photo:

Neutrino 2004

June 14, 2004



Evidence of Flavor Transmutation:

SNO experiment

Vv+D—v +p+n

(a) Ve,,u, T

Vet

NC interaction

0, (¢ 10°em2s7)
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=» Solar neutrino problem was solved.
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Am;, mass hierarchy was determined by using matter effect

After some lengthy calculation, solar v flux with matter effect is

P(Ve — Ve;@SOZar) ~ l 1+ 0082812 (COS 22612 - Vw)
J(cos20, -, )’ +sin* 20,

Weak potential 08 e
5 07 [MSW |
2N2E ' rerte lerarthy
|VW|= ?Fne~0.25E[MeV] 0.6ﬁln\uud ljl-tlil """ NoMSW
Am;, 05
. . P
Vv changes sign depending -~ g: Normal Hierarghy — g
on the mass hierarchy 0 /
0.1 //

0 - - —r - —_— — —_—
0.1 1 10 100
/ E (MeV)

170529 Vy >0=>m, >m, was determined here.




II Reactor Neutrino H

R
!

v, are produced in £
decays of fission products

E ~4MeV

Pressuriser
Control rods

Steam —>»

> t Steel
plalplalply || < pressue |y
vessel
Water
>
A . l l l . — Fuel elements
AAA

4
\)_y -
Reinforced concrete

< containment and shield —

~6v/fission & ~200MeV/fission

4

~6x10*V_/s/1GWe reactor



‘ KamLLAND and 6,,, Am?,, \

KamLAND: et
Kamioka Liquid scintillator itk
AntiNeutrino Detector { W'W"ﬂl

*1 kton liq. Scint. Detector
in the Kamiokande cavern

1325 17 fast PMTs

554 20" large area PMTs

*34% photocathode coverage

*H,O Cerenkov veto counter




KamILAND and Rectors
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Although there are many reactors,
RN N _~ the baselines are rather unique.
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Accelerator based experiments

The 15t one= K2K=KEK to Kamioka

Check the atmospheric v oscillation using man-made v.
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‘How v beam was generated \

front  gump decay pipe

HORN(target)  12GeV-PS

SK ,./
detector
( " 7

g*‘?q“

-t it -
250km 300m 200m

st . st
p+A—m .1 w+v,

(Helicity Suppression => Almost pure v,

P —y
o O

—
o
—

@ 5% [/ em? /0.1 GeV / 107 POT]
S I
™

Super-Kamiokande




K K2K result
P ( v n Vv w ) re Su Y
> 18 ¢ ' ' ' ' K2K full data V, >V
(0 -1 \ H
"_ ] 10 - T I T T T T I T T T T I
S 16 & 3 —_— ;
N X >
o
@14 r . =
E r H ] 'NE
212 | . =
o ] -2
10 | . 10 °F E
8 | ]
6 ; -
C ] -3
4 . 10 2 =
2 L ]
r 5 [ [ R PP 68°/°
0 - _ 90%
4 —=—---- 99%
GeV 104. | R R
0 0.25 0.5 0.75 1
FIG. 43: The reconstructed E, distribution for the 1-ring p- sin2(29)
like sample. Points with error bars are data. The solid line is
the best fit spectrum with neutrino oscillation and the dashed . .
. . . e . FIG. 44: Allowed regions of oscillation parameters. Three
Ll:lee ;ﬂ;?;;eﬁat:ﬁ: rﬁgll?;tcgszgii?:ﬂﬁvﬁ zggt)ograms contours correspond to the 68% (dotted line), 90% (solid line)
Y ’ and 99% (dashed line) CL. allowed regions, respectively.

sin?20 ~ 1

Am’ =(2.8105)x107[eV?*]|(90%CL)

= Consistent with
atmospheric v result

40



MINQOS Overview

* MINOS (Main Injector Neutrino
Oscillation Search)

Minnesota

* High intensity NuMI Vi beam produced at
Fermilab

WRsconsin

« Near Detector at Fermilab

lowa . Fermilab

+ Far Detector, 735 km away, in the Soudan » sihiriols Indian
mine, MN

* Magnetized detectors allow unique ability to
distinguish between v, and v, charged-
current interactions on an event-by-event
basis

Fermilab

Soudan

* Compare Far Detector observations with
extrapolation of Near Detector measurement ¥
to study neutrino oscillations

W&C Seniitiar, Fermilab, August 25, 2011 Aiex Sousa - Harvaid University




‘ MINOS V.V, oscillation measurement \

p+Z—=nw +mu +X

T *[. —> }/ — -
n VUV, Y AU+ X

7~

- nr _o_ Ny ° +
TV, +U .VM%VM.}T/M+A%M + X

MINOS Preliminary 1
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Reconstructed neutrino energy (GeV)

- —MINOS v, 2011 * v, Best Fit 2011
~ —MINOS v, * v, Best Fit

- == Super-K v, Super-K v, L/E*
-= T2K v, W/ Syst. Error Fitting”™

IIII]IIIIlIII

* Preliminary (EPS 2011)
** Preliminary (Neutrino 2010)
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OPERA Exp. @ Gran Sasso: Direct v_appearance

CNGS: CERN to Gran Sasso

V.tA—=>1T+X

T—3h" +v,




K.Iwamoto@ICHEP16

T2K Experiment

Super-Kamiokande

Mt.Noguchi-Goro Dake

2,.924m
Mt.Ikenoyama

Near Detector ||
1,360m

|

. II*

Neutrino Beam




T2K has been measuring

(VM%VM)’ (VM%VM)’ (Vueve)’ (Vuéve)

s V ™ S small
| Vi 77 Vy . 2
/ | _ _ ¢ Py~1-sm"20,,-P,
Vv V VM — VM
VTV J
vV, | V.V, P ~sin>20,-0043sin26,,sin20,,sind

V, =V, P, ~sin"20,,+0.043sin26,;sin20,,sind

- P,-P, 0.lcotf,,sind
P, +P, sin209,,

170529 GDR@APC 45
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T.Nakadaira @ 2017.3 Moriond

Observed SK neutrino event candidates

* Oscillation parameter is determined by fitting 5 event categories
simultaneously. New event sample

¢ " D I EED D GED GED GED SN GED GED GED GED SN SED S S -y
v,/v, CC-QE in v-beam v,/v, CC-QE in v-beam

v,/v, CC-1m in v-beam

2 "“'IE v — v z @ 5 ]
; ﬁ T2K Rlipll—'.’ preliminary — No oscillation ? 1 T2K Run 1-7 preliminary No oscillation f 45— T2K Run 1-7 preliminary No oscillation
- Iy + Data S « Data 2y « Data :
S _ Best-fit S s 32 events Best-fit : . 5events — Bestfit

; ! 135 events {Jf; « obseryed.. Z . observed
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. .

IE!'M:%

0 02 04 06 0.8 1 12
Reconstructed Neutrino Energy (GeV)
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I
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I
Y

1T i T r T T

Expected m
-;:, | T2K Run. 1-7 preliminary No oscillation é 13 l:l\ I-{u'n-l»>7 'p:-clvln'\n-m;‘_\' _ NO (;s'ci'llét;c;ng # of events ‘1.6 O
2 [' 1 « Data e - Data ! —
0 | ' Best-fit s | Best-fit | v/, CC-QE 135.8 1355
10 2 I 1
E 66 events | | ; -
P Z 1| 4 events - #v-beam v/v, CC-QE 28.7 24.2
T 1 observed | observed -
RN | v,/v,CC-1m 3.1 2.7
2 { T o.l;ih:.:n [T . ‘ [ | T . —
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2 v/v,CC-QE 6.0 6.9
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T.Nakadaira @ 2017.3 Moriond

Results on oscillation parameters

e T2K results consistent with the max.

oscillation (sin“@,;=0.5).

.\‘11\(1)54%
Supei-K

R o o e ST
-eeee 68%CL .
90%CL ]

* T2K best-fit]

d.p (Radians)
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=
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rr
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o (8] 9 ro

(ST (SR

T

ET2K Runl-7 preliminary
1.8 '
AAAAA | TSI SR S SRR | PR e L Lo 1l

1
035 04 045 05 055 06 065

Normal Hierarchy 3

Super-K: PoS ICRC2015 (2015) 1062

Minos+: Neutrino 2014

NOvVA : ICHEP2016

IceCube DeepCore: Phys.Rev. D91 (2015) 072004

170529 GDR@APC

---- Normal - 68CL. ]

* Best fit —— Normal - 90CL -
PDG 2015 ---- Inverted - 68CL —]
— Inverted - 90CL -

slightly disfavored

01
sin’(f,,)
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Nova Filip Jediny @ 2017.3 Moriond

NuMI Off-axis v, Appearance Experiment

* Long-baseline, two-detector
v oscillation experiment Ash River

* Looks for v, in v, NuMI beam
* 14 mrad off-axis

« 2 liquid scintillator detectors

 FD (14 kton), ND (0.3 kton)

« Cooled APD readout (live)

« Appearance & disappearance
» Exotics, non-beam...

@ Filip Jediny - NOvVA neutrino experiment 7

170529 GDR@APC 48



Filip Jediny @ 2017.3 Moriond

v, disappearance results

Ratio to no

20 L L B L S B B S — L
~— Prediction NOVA 6.05x10% POT-equiv. ] ——
-1 1-0 syst. range . 3.2 Normal Hierarchy, 90% CL —
15 'g/':cxk;(')ﬁnig:d = E NOVA 6.05x10°" POT :
» | —4— Data . ] 30 00 eemesese T2K 2014 ]
- N : i e N MINOS 2014 ]
g 10— — > = N
& - ® 2.8 1 -
1 -1 m — —
- . S A U R I —— :
sl — Z 28 | ]
B [T i %9; - 1 ’
i [ wdl SRS S S s
SR ILN RS Lol .1+ < 24 : J': """"" -
0 - -~ | hlad RS I T gy o - : ............................ ' 0 :
0 1.5 — . e’ i
5 F 1 22 T, .. b - —
-(‘% 1;" ---------------------------------------------------- . : et 1' - :
S 0.5 = ool | | | i
2 F E : 0.4 05 0.6 0.7
o i Bl o DTS 2 NS R A A€ ;
00 ) 0 &8 —1— -l—l- :b S|n2693

1 2 3 4
Reconstructed neutrino energy (GeV)

[AmZ,| =2.67+0.11 x 10 3eV?

sin? 03 = 0.404+5:939(0.624 75022 disfavored at 2.6
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Filip Jediny @ 2017.3 Moriond

V. appearance results
« Observe 33 events on a background of 8.2 + 0.8

LS ———— L "
op| 075 <CVN<087 | 087 <CVN<0.95 095<CVN<1
| - NH .
" 6.05x10%° POT equiv.| == FD Data i
> i - Best Fit .
o 15 —
0] - . Background -
w [ -
O - -
» 10 ]
- - -
c
[} B -
> - -
L i -
5 -
0

2 3 1 3 1
Reconstructeg energy (GeV)

« 2 degenerate beW
- NH, 6CP - 1.48]'1'
sin20,,, = 0.404

— NH, 5. = 0.74n
sin20,, = 0.623

a2
sin0,,
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NOVA T2K
Filip Jediny @ 2017.3 Moriond T.Nakadaira @ 2017.3 Moriond

Summary Summary

6.05x1029 POT NOVA data analyzed, 3 flavor fit

* v, disappearance favors non-maximal mixing
— Exclude sin?6,, = 0.5 at 2.60

* Latest T2K results on neutrino oscillation by adding
new event sample (v, CC1n) is reported.

— CP conservation hypothesis (sind.p = 0) is disfavored with

— arXiv:1701.05891 90% CL

* Joint fit to v, disappearance and v, appearance — Neutrino oscillation via mixing angle 6,; is consistent with
— Novel CVN PID used Max. oscillation (sin’6,,=0.5).
— Excludes inverted hierarchy, lower octant at 93% C.L. * T2K propose to collect 2 X 1022 POT with aim to search

— Weak preference for the normal hierarchy overall for CPV with 30 sensitivity.
— arXiv:1703.03328 R — Scientific merit is recognized by J-PARC PAC (stage-1 status)
 Anti-neutrino mode beam from last month — Near detector upgrade has been started.

— First antineutrino few hours after launch — Effort to beam-power improvement is also on-going.
® New collaborators are very welcome!

Slight tension in sin®20,,= 1 or not.
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‘l Reactor-6,; KExperiment

0,; was a key parameter to proceed to CPV measurement.
But it was known small (sin?20,,<0.1)

=» Reactor measurement of 0,

P(V, = V,;L ~1.5km) ~1-sin" 26,

Reactors P (Ve —> Ve)
_ BBS———%0
Near Detector Far Detector
<500m ~1.5km

Two detector concept: Cancel uncertainty of neutrino flux and
detection efficiency by comparing near & far detector



3 reactor-0,, experiments in the world

- "f?p E

* Daya Bdy, China

S
(e




Our experiment: Double Chooz

Most of the ideas of the reactor 0,; experiment/detector
were proposed by the DC group members.

Snamcpemmn = 3 | @1 St J

m@outer veto (OV)

T ";[["' ) Y

43
v _ s
i

R - O ‘~Eyinncrvcto
’ 1 \%I—--———buﬂ"er
H |

R stainless steel vessel

) M holding 390 PMTs : :
~| - “ ~§
! " gamma catcher o

~_

acrylic vessels

\v-target (Gd-doped)

\:-I o &7 2 '._3""}, uﬁl
Yt e e S teel shielding

Tm
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Events/0.25 MeV

Observation / No-oscillation predictior

Double Chooz Oscillation fit result

Simultaneous ¥ fit with Data-to-MC
comparison for each data set

inter- iniets
FD-I(SD) ~ reactor . gp 1 (MD) <&&er. - ND (MD)

correlations

Far/Near ratio
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5 5 0.7F Double Chooz Preliminary
P T, o 40 - S 8 1.0 8 1 oM s
2 2 F  Far + Near (362.974 and 257.959 days)
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sin“2013 = 0.119 = 0.016 with y*ndf = 236.2/114
(preliminary)



Daya Bay Result

Logan Lebanowski @ 2016.11 NNN16

o e z T Oscillation analysis result
~ 08 ‘ Vo]
é 1 ‘ tAx
> 06 R S b </ X¥/NDEF =234.7/263 = 0.89
[/] H
= EH3 £ SR> gif
g 04l : raizsc:s'::'luanons : ' / :
= W Fast neutrons ° 1
t : : : = C(a,n)'%0 “g“ (i
i 1230 days N 11230 days ‘
g 0 I # . . + + Data 005 006 007 (:i‘:]“zll;::’ 010 011 012
T O : :
Eég" ggz et T Eilf sin® 26, = 0.0841+0.0027(stat.) = 0.0019(syst.)
2\ (Jj‘J'J | ; 3 | Am’, |=[2.50 £0.06(stat.) £ 0.06(syst.)|x 10 eV?
& U-‘J%J :,_ ‘l (l) ; 10 19 Multiple analy?es yield consistent results.
Prompt energy (MeV) arXiv:1610.04802]
Hyunkwan Seo @ 2016.11 NNN16
2000 T T T T e e e T
21500 7= C
p= i [ e Ratet+Spectrum ]
N — 3—_ + Rate-only B
21000 — > I [199.7%C.L. ]
> o r C1955%C.L. 7 o
= = 2.5 B 68.3% C.L. {,&
L ~ f ] %
/500 ¢ Far Data ] w8 £
Prediction (best fit) i g 2r E
g Prediction (no oscillation) ﬁ [
§.. T 1.5F RENO 500 days ]
= I NI R T B WS NN R
g ,
g 1 ++ 1] 0 0.05 0.1 0.15 2 46
S r ' o ol - sin’26 Ay?
S0.90 R ] - 5
EN 81_ T e , ;; ) Rate+shape Sl 26,,=0.08210.009(stat.)£0.006(syst.)
A
Prompt Energy (MeV) DAPC new results ‘Amfe :2.62igj;(stat.)ﬁlé(syst.) ( 107%el?) 56




Current 013 in the world

Double Chooz
JHEP 1410, 086 (2014)

Preliminary
(CERN seminar 2016)

Daya Bay
PRL 115, 111802 (2015)

RENO

PRL 116 211801(2016)

T2K
PRD 91, 072010 (2015)

Ami,>0
Ami, <0

NOvA

Preliminary (private communication)

Ami,>0

Ami, <0

Arbitrary 5.,
. '

<

N
>
.
N N
.
Ll ° o ‘ A
LAAAl: AAAAAAAAA l‘AAAlAA

PR | al
0 005 0.1 015 0.2 0.2
sin’20,,

0.119 +/- 0.016

0.0841 +/- 0.0033

0.082 +/- 0.011

~20 tension Between DayaBay/RENO < DC



T2K result and Reactor 0,;.

72 3F
= u
'—g - T2K Runl-7c prglnﬂrgr]; 20%6
ot 2 =
= n q
S 68.27%CL .
< — 90%CL =
- *  Best-fit N
- PDG 2015 :
F r-----=--=-----4< NO CPV
I:— —— Normal Hierarchy _:
: —— Inverted Hierarchy -
-2:_ _:
- Fixed Mass Hierarchy -
-3; P T T RS S SR B SR _-
0 0.04 0.06 0.08 0 I
sin” 61 .

PDG20
If DC, No CPV is still allowed.

= DC+DB+RENO analysis experts meeting
will take place next week at APC (A.Cabrera)
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And ...
Hyunkwan Seo @ 2016.11 NNN16

(Data - MC) /MC

The 5 MeV Excess is there !

=l
© 2 ©

0.05"

-0.050

,,RENO, o Double Chooz Daya Bay

_ 12
- 11
++4 T
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* + 3 i |
H i Y
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F { + . ] 10
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1 2 3 4 5 & 7T 8 9 . Prompt Positren Enerqy (Me
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What 1s this??
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What we know now H

Global fit result (2016) Ivan Esteban et al. arXive: 1611.01514v2
Normal Ordering (best fit) Inverted Ordering (Ay” = 0.83) Any Ordering
bfp 1o 3o range bfp £lo 3o range 3o range
sin® 012 0.30615-013 0.271 — 0.345 0.30675:913 0.271 — 0.345 0.271 — 0.345
B12/° 33.56107% 31.38 — 35.99 33.5615 7% 31.38 — 35.99 31.38 — 35.99
sin® fa3 0.44119:927 0.385 — 0.635 0.587+5-93% 0.393 — 0.640 0.385 — 0.638
B2 /° 416113 38.4 — 52.8 50.071] 38.8 — 53.1 38.4 — 53.0
sin” f13 0.02166%) 000w 0.01934 — 0.02392 | 0.02179F) 0007 0.01953 — 0.02408 | 0.01934 — 0.02397
f13/° 8.4610-12 7.99 — 8.90 8.4970-1% 8.03 — 8.93 7.99 — 8.01
écp/° 261135 0 — 360 277+ 40 145 — 391 0 — 360
_Am, 7.50+0-12 7.03 — 8.09 7.5070-13 7.03 — 8.00 7.03 — 8.09
10-5 eV2 <V_0.17 : . V_0.17 . . : :
Am3, 4+0.039 +0.038 +2.407 — +2.643

s ovE | T2524T00w0 42407 42643 | 2514755 —2.635— —2.399 [_2_629 Ay 405]

Table 1. Three-flavor oscillation parameters from our fit to global data after the NOW 2016 and
ICHEP-2016 conference. The numbers in the 1st (2nd) column are obtained assuming NO (I0),
i.e., relative to the respective local minimum, whereas in the 3rd column we minimize also with
respect to the ordering. Note that Am3, = Am3, > 0 for NO and Am3, = Am3, < 0 for 10.
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Our Current Knowledge of
Neutrino Transition Amplitude
For Example: If NH and J=-m/2,
( 0.82 0.55 ~-0.09 +0.13i)

Uy, ~1-0.36+0.07: 0.65+0.05: 0.67

| 043+0.08i -053+005i 073 |
Assumption: m,~), =» m, =8.7meV, m,;=50meV

Vo XV, v, X v, VT}EVT

3.8meV ~25meV ~30meV
v X v, v X v, v, X v
~(14-45)meV  ~(-4.4-5.1)meV ~21meV

How this pattern and smallness can be explained??



<m§> =U, Fml U, m + U m~-

‘Relation to the v, mass \

Impact to absolute v, mass measurement

mean v.-mass

rm12+(10meV)2 for NH
m +(48meV)"  for IH

sinf,,=0.2

— 10.05eV |

> "\()I 3 3 —1 - -

5 = / o e e E
§ = [T TTTTT] [ NH || 1

S Vool _______,-.f/ —

V - : - -

- 0.0045+0.05sin°6,,eV_—
0.001

There 1s minimum neutrino mass.
If IH, the mass will be definitely

observed at > 0.048eV.
(KATRIN Sensitivity ~0.2eV)

0001

minimum neutrino mass [eV]

170529

0.01

mieV

0.1

(I hope it 1s IH.)
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‘Relation to v, v. masses \

<m§u > = ‘Um‘sz +‘UM2‘2m§ +‘UM3‘2m§ = <m§>i (30meV)’
2

<m > - ‘Uﬂ‘z m12 + ‘U'c2‘2 ’/’122 + ‘Ur3‘2 m§ - <m26 > + (36mev)2

v

Since ,/<m3> <2.2eV, ,/<m3u>, 1/<m3> <2.3eV

No practical way to measure 7%, and "%, with this precision ....

only m,6 measurement has hope .....
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‘Relation to the Majorana mass \

Double Beta Decay mass: 77

2 . . 2
12 2 2 2 2ia | 2 ~2i(p+9)

lE LR LU | LU | T T T T T 11T

| If IH, there is lower limit of

| mgg~15meV.

| => Either v is Dirac or Majorana
i can be definitely determined with
1 experiment with sensitivity

. v ond 15mevV.

111 1 11
0.001 0.01 01 1
m . [eV]

minimum neutrino mass [eV]

L1l L1
le-05 0.0001
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Measurement of CPV 6

In order to realize the matter dominance of the current universe,

The Sakharov conditions for Baryogenesis

(1) Baryon number non-conservation.
(2) C and CP violation
(3) Thermal non-equilibrium.

However, CPV effect of quark interactions is very small.

CPV effectoc J = lcq sin 20% sin 2602, sin20% sind. ~3x10°
q 8 13 12 23 13 q

It quarks can not explain it, leptons should be responsible for it.

CPV effect of v can be x1,000 times larger: J,~0.04sino,,
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‘ Present and Future long baseline experiments \

NOVA

ASLI River

\

\
NN
\oox
\ D

DUNE Mo

",
..............
il

T2K/HK
[L.~300km

-"-”-u

FERMILAB
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* Difference between P(va — v,g) and P (Va — ‘7/5)

¥ Experimentally:

<

Ao (@D, =7/2) =

P(v,—v,)-P(V,—7,)
P(vu %ve)+P( p %176)
Amy,

2
Am31

rsin20,,

A —

sind ~-0.29sind

tan6,,sin 20,

* However, the matter effect introduces a fake Ao



Earth Matter Effect

SANFORD LAB
Lead, South Dakota

FERMILAB
Batavia, lllinois

-t \/
‘ (T 7\ e
i< | e
&
= o e - e u, d e'udi
\_ (a) Y, \_ (b) J (c)

v, and v, feel different weak potential

changes the coupling sign
depending on vor v

Effective Weak PotentiV
n eGF

Vi, = 2\2E, —F
/7‘ my —my | T—

changes sign depending on
the mass hierarchy

Energy dependent




‘ Weak Potential & Oscillation Probability\

After lengthy calculation, main effect of the weak potential on

the oscillation:
sin((1-V,, )P 2
SiIl(I)31 — (( W) 31) : (I)31 — %L
1-V, 4 F

Then, the appearance probability with the matter effect is,

2 Lia2 2 . . .
Sy SIn” 20,5 7w Amy, SIn26,, sin20,;sin 20,

+ sinod
(1-v,)) 2 Amj (1-Vy)

P(vu %ve;@cl)31)~

Llkm] | V,, (=L/L,)
T2K/HK 295 +0.055
NOVA 810 +0.15
DUNE 1,300 +0.24




CP asymmetry with the matter effect

) .
| sin0y 5 oo L
Am;,|t,,s1n20,, L,
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~=0.29sin0., £ Apg i« fake CP asymmetry
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P-P
ACP(@(I)B): P+ P ~ =7

Lkm] Vi A =2(L/Ly)
T2K/HK 295 | =+0.055 +0.11
Nova 810 +0.15 +0.30
DUNE 1,300 +0.24 +0.48

Error of the sind measurement

S(sind,, ) = 3.4\/(6ACP)2 +( A (7, /r_ze))z




‘Baseline Dependence of CP asymmetry \
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NOVA + T2K

Acp ~-029sind+2(L/L,)
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If sind=0 & N.H. and HK measured the expected value.

cSececcesE coccccocos
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If ML.H. is known, Isindl<0.33(30) can be obtained.
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HK only case
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If M.H. is not known, there are two solutions.
sind=0 can not be confirmed. = M.H. is necessary.
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‘DUN K only case \
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DUNE only case
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HK+DUNE case

Improvement of sind accuracy

0.8
0.7
0.6
0.5
04
S 02

< 01

sing=0 0
-0.2
-03 ® sind=+1
-04
-0.5
-0.6 5
-0.7 1 sin?26,;,>0.98
-0.8 .

200 400 600 800 1000 1200 1400
L(km)

* MSW independent analysis is possible.
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M.H. by medium baseline reactor experiment

Reactor Neutrino Oscillation

DC, DB, RENO KamLAND
\% \
1.2
N
2 08 Y\
N\ 0.6 — Normal Hierarchy W\ \
1 * “
s RRE I
gz 04 — Inverted Hierarchy
0.2 w A \J
0 I
1 1 O 1 OO Reactor Neutrino Spectrum
L k m o~ L=50km
(km) b 7N
S
M a\ \\\\
2 4 6
Evis MeV)
GDR@APC

170529

79



Reactor Neutrino Oscillation @I.~50km

Principle

Petcov et al., Phys. Lett. B 533, 94 (2002)

N
S.Choubey et al., Phys. Rev. D 68,113006 (2003) ’\

J. Learned et al., hep-ex/062022
L.Zhan et al., hep-ex/0807.3203
M Batygov et al., hep-ex/0810.2508

/ N\

2 4 6

Ripple o sin* 2(913(sin2 A, +tan’0,, sin’ A32)

It is essential that 6,, is not maximum (tan’6,,~0.4)

Fourier Trans. => peaks at @ = \Amil
Smaller peak corresponds to \Amiz‘ larger peak corresponds to \Amil

A

3

2
; ‘Am”‘

Power

170529
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» : Normal Hierarchy
A o : Inverted Hierarchy
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Yee Bob Hsiung @ 2016.11 NNN16

Location of JUNO

NPP Daya Bay Huizhou Lufeng Yangjiang Taishan
Status Operational Planned Planned Under construction Under construction

Power 17.4GW 174GW 174GW  17.4GW
B by 2020: 26.6 GW
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Yee Bob Hsiung @ 2016.11 NNN16

- Detector structure and layout
. g 1SCTTOnicS  Filling + Overflow

Calibration

Top Tracker

Central detectos
Acrylic sphere+
20kt Liquid Scint+
~18000 20" PMT+

~36000 3” small PMT 44m

KamlLLAND
ss tank size

Water Cherenkov
~2000 20” PMT

[ .
-
"""""""""""""

M A -_..:f i) A KL l.l‘

|

AS: Acrylic sphere; SSLS: stainless steel lattice shell D43.5m
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Yee Bob Hsiung @ 2016.11 NNN16

@ Summary

JUNO will measure mass hierarchy (3-4 o by 2026) and 3
oscillation parameters to <1% level.

JUNO also has a rich physics potential in supernova neutrinos,
geo-neutrinos, solar neutrinos, and other oscillation physics
such as searches for sterile neutrinos, among others.

*Curent Schedule as following:
* Civil preparation: 2013-2014
* Civil construction: 2014-2018
* Detector component production: 2016-2017
* Detector assembly & installation: 2018-2019
* Filling & data taking: 2020

LT 799947 TLJVINTS 71 O OJ



KM3Net-ORCA
MH by atmospheric v
using matter effect

etector sizes

ANTARES | ORCA ARCA
(denser) | (larger)

Eff. Mass 10 Mt 5.7 Mt 1Gt

Line length 350 m 200 m 650 m

Interline distance 70 m 20 m 90 m

12 lines
25 sectors/line

ANTARES
depth 2.5 km

115 lines in each block
18 DOMs/line

L

170529

M.Circella @ 2016.11 NNN

P(vs — vy) for 8=130°
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JUNO/ORCA will kill one line.

T2K/HK MINOS NOVA DUNE
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Hyper-K+DUNE+JUNO+OCA =
Redundant analysis of CPV & Mass Hierarchy.
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“ A Golden Scenario “

The nature has been amazingly kind to us. ©

Precise meas. Identification of
of sin’26,; by || vu = ve Osci.
Reactor (done) || by Accelerator

l (done)

/

MH by DUNE/JUNO/

ORCA

sino by HK / DUNE

Neutrino Oscillation Industry

170529

GDR@APC

_________A____

Determination of All
transition amplitudes

—

Definite m 8 measurement
@ >50meV

Definite determination
of Dirac or Majorana
with 15meV sensitivity

Absolute Mass Industry
86



| Summary |

* Thanks to the huge experimental efforts, 6,,, 6,5, 6,5,

2 ~ 2
Amg,, ‘Am32

, ‘Aﬁz;‘ have been measured.
* Measurements of 6, M.H. have become realistic.
* There are several tensions.

= Redundant experiments to check each other are important.

* A strategy on how to make the most of synergy effect
between different experiments is important.
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