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What is Neutrino Oscillation? \

Electron stays as electron while it travels in space.

€ €

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.
In order for N.O. to happen, something(X) has to change the

neutrino flavor. To know what is X is the important purpose

of N.O. study. X
v, vy "A" indicates the strength
.. of the transition (amplitude).
In this case A
* State equation: d v = _idv d v oAy |7
(flavor transition rate) | 7, "¢ o g e e

* Initial condition:
(if started as Vv e) e [ ] ) " [ ] ) -l

2
* Oscillation: ‘\/e [t]‘z =cos’ At, ‘VM [t]‘ =sin” At
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‘ General transition amplitudes & mass eigenstates \
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If there are self-transitions,
The mass eigenstate becomes

r\/1 [1] = (cos 6‘ ve> —sin 6‘ \/M>)exp :—imlt]

Vv, [1] = (sin@‘ ve> +COS 6‘ VM>)€Xp :—imzt]

"

The neutrino masses are

W, +u, W, +u,
1 -0, m,=
2 2

m +® Mixing triangleg



v oscillation

A Q.M. principle: Probability for something to happen is the
absolute square of the sum of amplitudes of all possible diagrams.

The probabilityof V, =V

Vi) Vi)
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2 ¢ . Oscillation in time

sin” 20sin




Relativistic Neutrino Oscillation

In experimental condition, neutrino is traveling relativistic

Lorentz Boost (y=E/m)

mt—=m—=—

tm2

y £k

m*L

f= L2

E

P(vu — ve) = sin” 20sin

2
» Am

4F

L

What we can measure,

, L(or

1/E)

—

b

A
A 4

Amplitude ==>sin” 20 = (1:/ 0))2

Frequency =>Am’" = ‘mj -m’ ‘ = 40w
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| Why we measure v oscillations? |

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

# K°<> K° oscillation, & CP violation
* |uit) <> |dd) oscillation in n°, p, etc. =» Hadron mass pattern
* Cabbibo angle, quark mass € d < s oscillation

* Weinberg angle, W, Z" mass € B < W, oscillation

€ We have learned a lot from these "Oscillations"

We can expect to learn more from < oscillations;

V, SV,

What 1s X?7?
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‘3 Flavor Neutrino Oscillation \

Y v, . vV, Vv, X V.
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=» The mixing matrix becomes 3x3 & there are 3 mass eigenstates




‘ Neutrino Oscillation Experiments \

—Mixing angles: 6129 6239 613

Parameters . c : i
to measure Square mass differences: Anm’,, Am;, ( Amn)
 CP violation phase: S,
4 v, )
e 2y

It is a long history with labors, efforts, brilliant ideas,
severe competitions and sometimes errors.
But allow me to make it short .....
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‘ E-L relation of N.O. experiments \
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0,,, Am:, Atmospheric (SK. etc.), T2K, MINOS, NOVA ....

2
.2 ) Am
P(vu — vu) ~1-sin"26,,sin" ——=L
arXiv:1502.01550v1
% T2K
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=» Discovery of N.O. : Nobel prize in 2015 (T.Kajita)
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0,,, Am;,

P(vu — vV ) 1-sin” 26, sin E L

&nﬁ%s
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|

*k Homestake
(615ton), (1968~)
e

: ". B

37Cl+v, = 37Ar + e

180227

a

37Ar production rate (Atoms/day)

0 A2 Solar Neutrino Experiments
12> > | (Homestake, SuperK, SAGE, GALLEX, BNO,

Borexino, SNO, etc.)
P(v, = v,;@Am;, ) ~1-sin’26,,sin

zAméL
4FE
deficit of V flux

(1 FWHM Results)

2 N }|
E;f,JW Ia M | Wl lu i jl i
> 4 Nobel prize in 2002 (R.Davis)



2 °
Am;,, mass hierarchy (m,>m, or m,<m,)

Genuine N.O. can not resolve it but

Matter Effect depends on M.H. and it can be used.

08 NiswW
07

Borexino Detector 0 6

External water tank ——, tainless Steel Sphere O 5
Nylon Outer Vessel -

ylon Inner Vessel P
Fiducial volume —v, 0 4
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Inverted Hier
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V(
03

0.2

0.1

0 +———
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Flavor Transmutation: | SNO experiment

v +D —v +p+n  NCinteraction: possible to count all flavors
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Although ®(v,) < ®(SSM), D(v,)+ (I)(vu ) +D(v_)=D(SSM)

=> Total # of v does not change. v_changed to other neutrinos.
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0,, Amg

KamLAND Reactor Neutrino Oscillation
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2,
O A, - Our experiment: Double Chooz

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

——huffer

' —_stainless steel vessel
holding 390 PMTs

Tm

"~ gamma catcher

~_

acrylic vessels

\v—target (Gd-doped)

| .h'v'_‘] :id' }.'-‘:'A.f,:.:;‘;:".‘_ixtj

Tm
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Double Chooz Oscillation fit result

Far detector/Near detector concept to cancel most of the systematics.
Far/Near ratio

1.3 —+— FD-I/ND Data
.4/| - No oscillation
1.3 ND Best fit: sin 20,, = 0.119
‘ [ Systematic uncertainty
1.2F
5 1.1f
@ il &
=z g
o - . s
Small deficit—%. .
0.8¢
0.7F Double Chooz Preliminary
0.6 E Far + Near (362.974 and 257.959 days)
0 5 : | | ‘ | 1

i | 2 3 4 5 6 7 8
Visible Energy (MeV)

sin“2013 = 0.119 = 0.016 with ¥*/ndf = 236.2/114
(preliminary) 20



Daya Bay Result

Logan Lebanowski @ 2016.11 NNN16
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Hyunkwan Seo @ 2016.11 NNN16
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~mpeabrera, ERICEZ017
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CP violation

T2K and NOVA measure
(VM —> \/e), (VM %Ve)
v, | V.V, P ~0.5sin’20 _-0.043sin26 _sind
V/ _____ \-\:\v v, =V, P, ~0.5sin"26,, +0.043sin 26, sind
\_ M ‘c
P -P,
A, = 4 4 _(.3s1nd
P P
180227
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K.Iwamoto@ICHEP16

T2K Experiment

Super-Kamiokande

Mt.Noguchi-Goro Dake
2,924m

Mt.Ikenoyama

Near Detector ||
1,360m \

. 'l*

Neutrino Beam
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Nakaya @ 2017.9 Erice

Observation at Super-K
Atineutrino 1 wu-like ring
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Nakaya @ 2017.9 Erice

913 and 5cp

Fit without the reactor

constraint: closed contours in
Ocp at 90% CL

The T2K value for sin?613 is
consistent with the PDG 2016

T2K Best Fit:
sin”0,,=0.0277 5 0mr (NH)

ians)

PDG 2016:

sin’0,;=0.0210+0.0011 ~
Adding the reactor constraintg
improves the constraint on &

O cp average:

* Best fit :ﬁm_?% .
—— Inverted - 90CL ]
Reactor - ]
T2K Preliminary
1o band

----------- ---- Normal - 68CL ]

dcp (Rad

........

...........

L1 oIx107

With Reactor Constraint

~" Normal - 90CL ]
* Bestfit . Inverted - 68CL 7
— Inverted - 90CL

;

TR (N R WO T B | )(10_3

30 35




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) owa Ferppilaby
« Cooled APD readout (live)
« Appearance & disappearance
« Exotics, non-beam...

® Filip Jediny - NOvVA neutrino experiment 7
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Filip Jediny @ 2017.3 Moriond

» Observe 33 events on a background of 8.2 + 0.8

LS

Events / 0.5 GeV

20

15

10

V. appearance results

! ! ' ! |
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B e
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Our Current Knowledge of
Neutrino Transition Amplitude

For Example: If NH and 9, =-7/2

[ 0.82 0.55 ~0.09+0.13i)
U,, ~|-036+007i 0.65+0.05i 0.67
| 043+0.08; -0.53+0.05i 073

Assumption: m,~), =» m, =8.7meV, m;=50meV

v, X v, oV, ?),Q Vo Ve XV,
3.8meV ~25meV ~30meV
Ve )rg VM Ve }rg \/T VM )rg VT
~(1.4:l.5i)meV ~(—4.4t/5.1i)meV ~21meV

180227 What is X and how this pattern can be explained?? 29
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Future

More precise CP Asymmetry
Mass Hierarchy determination

seminar @ LPSC
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CP asymmetry by Future Long baseline experiments

T2K/HK
[L.~300km

180227

NOVA
Ash River
R
\\ (
\\ A\
v P
\ /%
\
DUNE Non D
® i, Thomas Patzak Nu2014 \\
"""""""""""""""" \
=]30N1. = @0 i, \
1300km ......... *
FERMILAB
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E. O'Sullivan, NuFACT 2017

Hyper Kamiokande:

516kt W.C. TOK=

*Larger target
*Larger acc. power

295 km
Hyper-K detector (Kamioka) o
J-PARC neutrino Beam (Tokai)
L=295km
; ‘”W\ ity IS Building off the successful T2K
e o program, Hyper-K also plans to
(S W oazr - measure neutrinos from the J-PARC

== 0A25°

neutrino beam

0.5 i

@ (AU

| Data taking expected in 2026




M.Sorel, NuFACT 2017

DUNE at LBNF

Deep Underground Neutrino Experiment at the Long Baseline Neutrino Facility

DUNE: detectors + science <:> LBNF: facilities + beam

Sanford
Underground
Research N .

i = g2= ~
Facility cxx

Fermilab

bt

« High intensity, wide-band, neutrino beam from Fermilab
« Highly capable neutrino near detector at Fermilab
« 40-kt fiducial mass far detector at SURF based on LAr-TPCs

3 2026, Neutrino Beam available | FIC =S




CP asymmetry with the matter effect

(v Ve\ /’Ve v, v .~ v "
>

& >

= o e - e u,d e u,d
\_ (a) AN (b) ) (c)

........
EAd ‘e

........... fake CP asymmetry
/
L[km] AFK=2(L/io)
T2K/HK 295 +0.11
NOVA 810 +0.30
DUNE 1,300 2 +0.48
7

180227

The sign depends on m,-m,; mass hierarchy



‘IBaseline Dependence of Matter etfect H

Aqp ~-0.29sin0+ Z(L)

LO
T2K/HK MINOS NOvVA DUNE
0.8 : — ;
0.7 : —— — ]
0.6 — NH
0.5 - '
04
A~ 0.3
¢ 02
< 01
0 ®sind=0
-0.1
8% e sind=+1
-0.4 : IH
-0.5 sin” 20, =0.09
-0.6 . 2
0.7 sin” 26, >0.98
-0.8 '

0 200 400 600 800 1000 1200 1400
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HK only case

N
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Il
I
[
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£
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o
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+
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SOSOSOSSSSs T 5SS SSSSS
RN NBEBWNN=O=NWEAEAUONAIR

1 sind=-1, sin*2q,;>0.98

200 400 600 800 1000 1200 1400

L(km)

18022[1‘ M_.H. is not known, there are two solutions.
=> M.H. is necessary.

=)
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ACP

SSooSoSS ooscosese
NS\ UM A WNEREROO=EINWE UM ID

‘DUNE only case \

T2K/HK MINOS NOVA DUNE

- NH

==

9
4.
=
o

—

1| sin?2g,;>0.98

0 200 400

} Unphysical

Region

— IH

600 800 1000 1200 1400

L(km)

This case, M.H. is determined to be N.H.

18022

But measurement is somewhat model dependent.
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T2K/HK MINOS NOvA DUNE

0.8
0.7
0.6
0.5
04
S 02

<< 01

sind=0 0
-0.1
02
03 ®sin0O=+14
0.4 :
-0.5
-3.6 . s
-0.7 | sin22q,;>0.98
08 92 i . i

0 200 400 600 800 1000 1200 1400

L(km)
* Matter effect independent measurement is possible.

> (good to have both experiments.
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J.P.O Ricoux, NuFact2017

Am;, mass hierarchy: JUNO

« The Jiangmen Underground Neutrino Observatory (JUNO) is a multipurpose
experiment under construction in China:

- Rich physics program: neutrino mass hierarchy, sub-% measurement of
ascillation parameters astrophysical neutrinos, geo-neutrinos,

atmospheric neutrinos, search for exotic physics... etc.

* Main keys to accomplishing the physics goals:

%10°

V

- Optimal baseline

2014 : v sp;:ctrum at JUNO, L = 52.5 km_
- High statistics 3 012 Bikaca
& --1-P,08C. ]
= = 0.10 —
- Superb energy resolution i - ~P. forNO
0.08 =

(3°/o @ 1 MeV) oce b P, for 10
- Excellent control of energy 004 | < ; e i
response systematics 002 [ an A
- Background reduction R Ed (8 ¢ oz oo
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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 174GW
| M by 2020: 26.6 GW

a Detector structure and layout
) i Flectronics Filling + Overflow

Calibration

Top Tracker P =

Kaiping,
Jiangmen city, !
Guangdong Province

Central detect
Acrylic sphere+
20kt Liquid Scint+
~18000 20" PMT+ T .a . ~ AS: ID35.4m :

~36000 3" small PMT e U aam

41— ssis: 1D40.1m
e 1l N
173 . ] ' ;
TR 7
Water Cherenkov -1
~2000 20" PMT i
S
Yangjiang : T
Npp AS: Acrylic sphere; SSLS: stainless steel lattice shell D43.5m KamLAND is

this size

Filling and data taking 2020



Summary. Part-I

* Thanks to the huge experimental efforts, 9 9 .0

122 7232 713
, |A;,| have been measured.

2 ~ 2
Am,, ‘Am32

* Decisive measurements of 0, M.H. are planned
* There are several tensions.
= Redundant experiments to check each other are important.

=» New physics might be behind them.
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Fermion(spin=1/2)

Standard Model Particles

Name | Charge ;esr:eration ge?iration ger:eration
Cooon | 1 - ) - In the stal?dard model,
# of neutrino flavor
0 [ Ve | Yy V-1 is 3, not more.
Quark +2/3 u C t
-1/3 d s b
Gauge boson(spin=1) Higgs boson(spin=0)
charge | EM % S
0 ¥ 70 G charge
+1 W= 0 H

180227

seminar @ LPSC
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30

Our Current Understanding of Neutrino:

# of V flavors

e*+e” — 7’ —qq — hadrons

- ALEPH
- DELPHI
- L3

- OPAL

| { average measurements, |/
error bars increased |/
by factor 10 iy

2v PDG

|""‘ 3v v‘}“l

180227

— 8 9 92 9%

FZ = nvl“V +3Fl +9FD +6FU

n, =3.00+0.08

If thereis Z°—v,v decay,
70 lifetime - shorter, &

7" width = wider

However, if

(1) m>m,/2 ~45GeV
or

(2)Vv, does not couple to Z',
it is OK such Vv, to exist.

seminar @ LPSC 44



An idea of sterile neutrino

Gravity

(-

Weak

7 EM. )

Strong
u,c,t
d,s,b

)

——
—___.— —--___~
- —y

180227

The interactions form a nesting structure

(For example, there is no neutral quark)

We call:
Strongly interacting fermion = quark,

Non-Strongly "" """ = lepton,
E.M. interacting lepton =» charged lepton
Non-EM. "" "" = pneutrino,

Gravity-only area is vacant.
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An idea of sterile neutrino

/ Gravity \ If fermions exist here, they do not
/" Weak | affect the ZO width and it is OK

7OREM. ) to exists.
Strong /

u,c,t We call them "Sterile Neutrino"
ds,b /

NI
vV .,V ,V
e? u’ =t

/

N /
Vs
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An idea of sterile neutrino

/ Gravity \ If fermions exist here, they do not
/" Weak | affect the ZO width and it is OK

a E.M. Y to exists.
Strong
u,ct We call them "Sterile Neutrino"
d,s,b
LT However, even if the sterile neutrino
ot exists, we can not detect it through

V_,V.,V_ particle experiments because it does
" / - not perform the three standard model

N
/ interactions.
NS

S (There is possibility to detect it through
gravity (= mass) by space observation)
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An idea of sterile neutrino

(e

a E.M. I However, if there is some kind of
Strong transition between our neutrinos
u,c,t (active neutrino) and sterile neutrinos,
ds,b effects of sterile neutrino may appear
in oscillation of active neutrinos.

\ e,u, T / X()

\ \/e,VM,V75 / | VS 4_._’. VA

V ,:Active neutrino (v _,v ,V_)
\ VS / Y e’ '
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For m,>>m, , case, at E/L~m42/4rc

v v Appearance
u 4 e
@ o—> P(vueve)'v e e Sln EL
Uu4 Ue4
Disappearance
Y v, Vv , M
‘o o——> P(ve eve)fvl Us4Ue4 sin“—+L
U€4 US4 4E

180227
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Indications of Sterile Neutrino

There are some indications of existence of sterile neutrino

Experiment v source Mode Significance

LSND Decay-At-Rest Vi o 3.80
MiniBooNE  Decay-In-Flight <[ v, Ve 340
Vo Ve 2.80

Ga-Solar e capture vV, =V, 270
Reactor beta-decay Vv,V 3.00
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vV —> Vv appearance mode
M e 1 III 1 Il 1
v E § l B LsnpowcLf
. 2 : - LS':II.J 899 % CL o
10 & e —09%CLE 10
3 & ! e - =
— . s AV - -.f_x?o/ C
3 Uy L
T 1 ! oy L
£ 3 =
< ] -
T 1cArus & i RENO 95
107 4 90 o1 5 — 1 | Daya Bay 9 (}o‘ INOS
3 99%CL 7
. { - all solar 95%
] . - C195% °
10.2 IIIIIII 1 IIIIIII I‘I IIIIIII T rrrem
10 102 10+ 1
sin?(26)

Vv, Dlsappearance mode

2 do' A/ comours

[A

10

180227

SNO.

Ga 95%

All limits are at 90%CL
. unless otherwise noted

Normal hierarchy assumed
whenC\Ilcr releva?t

KamLAND!
95%

confirmed

o oscillation

orexino

ﬁ5o'0 i

10750+ 192
tan®0

10°

102
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‘ LSND experiment \

nt(stop) —pt + vy Decay At Rest

- V Oscillation

Liquid Scintillator

ut(stop) - e*

800MeV p

p— e (<53MeV)+n
Beam Stop

Inverse [} decay Ly p — d +Y(2.2MeV).

20002805
LSND Detector Water Plug Electronics

and Veto System Caboose
- >
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LSND data: excess of v_signal

vV —=V A. Aguilar et al., Phys. Rev. D 64, 112007, (2001).
u e
(b) :
175 & EBoam Excoss ";\
: >
15 E- B PN, =V 0)n :E/ 0 |
: pvein S
125 F e
g 10F G
S . F | |
£ 75 F ErEs gl | |l LSND (99% CL)
o i L LSND (90% CL)
g 5 ‘ 10
25 || EEtet e
o B i o
g g g Pog - o g P.gig ug. QY- geg.g § gty B 10 10 10 ’ 10 1
04 06 08 1 1.2 14 sin’29
LE_ (meters/Me 2 2 .
v s Am~>0.03¢V” = Contradict to known

V oscillations = Sterile Neutrino

However, background were huge and analysis was complicate.
27 . . 53
= Confirmation is necessary




| MiniBooNE |

Fermilab Mineral oil Cherenkov
8GeV p e
Decay in flight pr- —_
y g P ’ )
Decay
segion Absorber 4:?"“1 Detector
+ + Oscillation -
T+, >V, v,+p,C—e +X
T — M_ + VM Oscillation >Ve Ve +p,C N €+ + X
Phys. Rev. Lett. 110, 161801 (2013)
25F T T ]
- :+—+ Neutrino 7 12 + A':tlr::t(:lunt‘:rr.) -
! | 1.0f Excessza o, E
> 1 L oo :
2 15 EXCGSS . % 08 =;.,:m‘ldx° -
2 : - A Ny -
g ; & 06 . ain .
‘ . i1} [ other
: 04 ~— Constr. Syst. Error
0.5
0.2
92 04 06 08 10 12 1415 30

E°E (GeW)

Howeyer, the electron signal might be mis-ID of N.C. bt signal
Confirmation is necessary.




“ Reactor Neutrino Anomaly “

Observed reactor neutrino flux is ~ 6 % less than expected.
It can be explained if there is v, = v, — v 7 oscillation at

Am* >0.1eV*, L <10m.

115

—h
.
-—h

- l {I&I&{

_é'

~ Mueller et al Huber

Nobs/ Nex_pected
B

B

=]
@

075 - I— ]

i |
P(7.~>,)~1-sin’ 20sin’ 22t ~1—%sin2 20

However, it is difficult to predict yields of fission products.
= need to check the oscillation pattern.




yearly # of papers with title "sterile neutrino"

2017 ; |

° ° ° 2016
neutrino — time line s
2014

2013

DayaBay, RENO —% 2}
Double Chooz / 2010

T2K 2008

2007
2006

MiniBooNE — 2
2003

KamLAND — 2
K2K,SNO > 2000

=» Sterile Neutrino is
becoming very hot subject.

LSND —/™>2
1993

1992

1991

1089 “ by Inspire “

= |

1988

0 20 40 60 80 100 120 140 160 180

Kamiokande 1987A——>
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There are many sterile neutrino experiments

- //"‘:El

AV Al
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There have been a lot of negative results.

KARMEN, ICARUS, DayaBay, MINOS+, NEOS, IceCube etc. etc.
3v  +1v analysis

S.Gariazzo et al. (arXiv:1703.00860v3)
10 — —— T
[ > PrGlo17 10 N | PrGlo17 O PrGio17
-— 1o -— o
— Dy — 2y
3¢ 3a
N - &
H 3 a3
- 7 o 1
E NEQ ﬁb'
= < =
3¢ 3
— App — vuDis
— Dis — Dis
10—1 aal s aaaal PR ‘0-1 " A a s aaaal 10—1 i
10 10° 10°° 10°% 107 1 10° 210’ 1
° 2 . 2 °
sin 266pt sin” 20 Sin 26Mpt
180227

=» only small parameter regions remain. 8



However, for 3v,6+3v, case

-

Gravity

~

-~

Weak

7 EM. )

Strong
u,c,t
d,s,b

\_“t

~

————

180227

vo | [Va U, UgiU, U U
v, UMl UMz UMBEUM4 UMS UM6 v,
Ve lol Ya Ve Tai U Us U Vs
v, u, U, U,:U, Uy Ug ||V,
v, u, U, Ut3§ u, U, U, || v
V. Uy Uy Upgi U, Ug Uy Vs

my, My, My, My, Ms, M

There are many free parameters and it
is difficult to reject appearance results
by disappearance experiments.

= Direct test of the LSND result is
indispensable to solve the sterile

neutrino anomaly.
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JSNS? Sterile Neutrino experiments
at J-PARC MLF

JSNS?2
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Maruyama ERICE2017

JSNS%(J-PARC Sterile Neutrino Search at
J-PARC Spallation Neutron Source)

Technical Design Report (TDR):
Searching for a Sterile Neutrino at J-PARC MLF
(E56, JSNS?)

S, AJimurs' . M. K. Cheoun®, 1. H. Choi*, H. Furuts®, M. Harads®, S, Hasogaws®
Y. Hine®, T. Hi E. Iwai®, 8. lwata, ). S, Juny®, H. L Janp®?, K. K. Jaoo'®,
J. Jeedan®, S K. K . T. Kowasaki®, Y. Kasugol®, B, J. Kim*, 1. Y. Kim"®,
S. B. Kiml?, W. Kim™, K. Kuwata!, E. Kwon™, L T. Lim!®, T. Manaynma*!3,

T. Matsuburad, 8. Muigp?, S. Monjushira'®, D. H. Moon'?, T. Nakana!, M. Niiyamal®,
K. Nishikawa™, M. Noanmachi®, M. Y. Pac?, J. S, Park®®, H. Ray'?, C. Rou™, K. Sakaf®,
S. Sakamoto®, H. Swo™, 5. H. Seo'®, A, Shibata’, T na', J. Spitx®, 1. Stancu™
F. Sudaane', Y. Sugayad, K. Suzuva®, M. Taira'®, W, Toki®®, T. Torizawa’, M. Yeh?*,
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Review of the points of the LSND experiment

Tt (stop) >i* +Viu Decay At Rest Vv from u” Decay at Rest
|, & Inverse [P decay detection
@ L=30m

-

p+ (stop) — e Ve

800MeV p

Liquid Scintillator

Ve - p — e (<53MeV) +n
Beam Stop :

Inverse [} decay Ly p — d +Y(2.2MeV).

20002805
LSND Detector Water Plug Electronics

and Veto System Caboose
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Motivation of JSNS?
experiment

=» Direct test of the LSND result, using
the same neutrino (from M decay at rest),
the samey detection mechanism (inverse (3-decay with p),
a similar baseline (24m vs 30m),
much better S/N (pulsed beam, Gd-Liquid Scinti. ),
better energy resolution. (= scintillator vs Ch.-level light)
higher statistics. (Event rate: x2 in phase-1, x6 in phase-2)
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Facility : J-PARC
Material & Life Science Experimental Facility

3GeV Hadron Exptl
Synchrotron § !

50GeV Synchrotron
Neutrino Exptl Faclllty

l V to T2K
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JSNS? Detector:
3rd floor (L=24m)

17ton detector
(1%t phase)

3GeV

Hg target (neutron &neutrino source) proton beam

* World-class high intensity neutron source driven by high power
proton beam

— beam energy: 3GeV
— design beam power: 1MW
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Neutrino source: Hg target

w” water Mercury pipe
connection system

Target vessel Material : SS 316LN
(Triple-walled structure)

Safety hull
(Double-walled)

Mercury container wall

Proton beam «* Beam window

(Wall thickness: 2.5mm)

/p+Hg+Jf+X

C (stop) —u+v,
Ly (stop) —e'+v, +@
NS

180227 seminar @ LPSC
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Properties of DAR neutrino with pulsed beam

AV, V. —V_ Oscillation

* The energy spectra of the neutrinos are perfectly known.

* The neutrino—proton IBD cross section is known to a few %
* The time structure of the neutrino is perfectly known.

* 71°& W are absorbed by nucleus before they decay.

+ o [ o [ J
* 7 & K* -origin 'V can be removed by timing
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|| Energy Spectra of v from U decay at rest H

u—e +v,+v,

This energy spectra are the same for LSND and JSNS2.

180227 seminar @ LPSC
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MLF Pulsed beam can reduce beam BKG and
physics BKG ( V from 7T, K decay) drastically.

AT :ilOms(ZSHz)

—
Q
(&)}

o IIIII I IIIllIIl I lIIIIIll I IIIIII|I

v from
- pefromy e

500 1000 1500 2000

time[ns]|
v from T & K decays < )  from | decay.
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Cosmic-ray and accidental BKG can also be
suppressed strongly by the pulsed beam

beam pulses
e 40ms .
Ii | I : | I

e :
i cosmic-ray/ B
[ — accidentals L
lus Jus lus Ous

Beam mask Event gate

Open 9us event gate for every 40ms of beam interval
=» beam-uncorrelated BKGs are suppressed to 1/4,400.
= Background level can be measured precisely by off timing events
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http://research.kek.jp/group/mlfnu/talks/KPS_2017_JSNS2_jspark_ver3.pdf

Concept of the JSNS? Detector

Veto (LS)
| | oil level
| | —H_ Catcher (LS)
Optical | |
separator + i p
p Target ! o 5
(Gd-LS) &  25m(m) .
Q V~19m®
Anti Oil-Leak -
Tank .
1 46m
L. T 6 6m ”
Jungsic Park, KEK KPS Fall 2017 R
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| E~E,+0.8MeV ('V energy can be measured)

ol B N
/ ')/L—L : \
{ o ]

Ve
20~53MeV

t ~30us B

5 +
V., V_+p>et+n

Y

oscillation

n+Gd > Gd' +Ys (D, E, =8MeV)

Similar to the reactor neutrino experiments but
the neutrino energy is much hjgher (up to S3MeV)
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I ~30 average
le— s )?g

JSNS signal IV >
Prompt Signal(e*) I;‘f\l/ily‘(;d Signal(n+Gd)
(20~53MeV) (8MeV)

Delayed coincidence: Free from environmental ¥ BKG

/- ~200us average \

i« >
7>t
|
|

LSND

Case n+H (2.2MeV)
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‘Energy Reference \

Signal: VQ(D@R)+p% e’ +n

Cosmic ray Michel e: w (Stop ) — e +V YV,

*These positrons have the same energy distribution
after corrected by the IBD cross section.
* The position dependence of the energy responses are the same.

=» Michel ¢* from stopping cosmic ray can be used as
very good energy reference spectrum.
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MLF mercury target and Intrinsic v, BKG

Target
LSND H20
J-PARC

180227

estimation
Material | Lifetime, ns
(experiment)
Be Be | 2162.1 £ 2.0
S Fe 206.0 £ 1.0
B = =20 Hg | 762+15
‘\’-"\ T.Suzuki et al.

= é

- 4 Mercurytarget 7 —uv, (~ 1%)

PRC35,.2212(1987)

Hg(+Fe+Be) 99%

For beam pipe

n-absorb u-capture suppression X n/n*

96% 88% 5x103 x  0.13=6.5x10"
~80% 1.7x102% x 1. =1.7x10"
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Suppression of W —V, Physics Background

T (stop) —U~ +Vyu background

L’u‘ (stop) — € —I—vu 176/17“~1.7X10_3

Can be separated by the spectrum analysis

BG 1gna]
" Am?=0.5eV? s Am’=2.5eV? .
t — g — 1V, from v, oscillation
3 — ve from p- sE-
i — U from p~
°t; 26 E—) (AMeV)w °o§ i
12?— Am?=3.§év2 | | :E:Am2=£l.5ev2
10 3
: OF
: 6
o 3§ E
% 0 a6 (MeVv)® % 20 B MeVv) 80
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Y [ [ d ].2 [ d
| V. flux normalization by v_+ "C reaction |

t>1us
Swzém g Ve+12C%e_+12NgS
= / | g
2 10° G —— (t=11ms,0=173MeV )\ *C+¢" +v
= 1 I\ -~ :
:;\i 10* 3 N - I/Q
el N # of v =#ofv, 00, ~10%
j]d I o
I vC
10° |
o 00 200 300
energy[MeV]
primary | primary delayed delayed
timing energy timing energy
Uy — Ve 1-10 ps | 0-53 MeV | 10-100 pus 8 MeV
v,C' — €Ny, Ngs — Ce™ v, | 1-10 ps | 0-37 MeV | 100 ps-10 ms | 0-16 MeV
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‘ JSNS?(15t phase) vs LSND \

JSNS?(1st phase) LSND
Target Mass. 17t 167t
Baseline 24m 30m
Beam energy 3GeV 0.8GeV
Beam power 1MW -
Beam Duty Factor 1/8,800 1/14
Stopping W /u’ 1.7x10 6.5x10
Delayed signal 8MeV, Af ~ 30us [2.2MeV, Az~ 200us
Liquid Scintillator Gd Loaded + L((:)l\}fll.?(%ksoc‘inti.
Cosmic fast n rejection Pulse Shape Discri. Cherenkov
Ve signal events rate 29/year 15/year
AE/E 3% @35MeV 7% @45MeV
Cost $ $$$




JSNS? 2nd Detector

Maruyama, Erice2017

* To have a good_international competijtion capability, we start the experiment with
one detector (17tons fiducial volumes

- Even with one detector, we have a good 90% C.L constraints for the best fit point of
global fit (of sterile neutrino searches) for 3 years. Left plot

* Meanwhile, we are m kinﬁ effort to obtain the budget to build the 2nd detector. (and
enlarged acrylic tan,ksg. This upgrade can make 5c significance test for the best fit
point of the global fit.

24m, 3years (TDR)
10°c .
o1 TR | —wwRer 3 S—T TR
a | o S || = LsNDeenCL N 0= (B A — JSNS? 30
2 i [ LSND 90%C.L B ——— JSNS'So
S OPERA(2013) 90%C.L. -
'E' SBL+iceCube(2016) 90%C.L. [ LSND 90%C.L
410 & > SBLelceCube(2016) 99%C.L. < 10 ] LSND 99%CL
= SBLelceCube(201®bestt || pF  TTUouemipagmssy 0 | o...e.. OPERA(2013) 90%C.L
“ IceCube+SBL allowed (90%)
® 99% from arXiv 1607.00011v2

R, 2
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—
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i
4
-
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(MW x 50 t | S

- 2 5 years »
3 years x MW x 17 tons - y
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Maruyama, Erice2017

Overall schedule

cf.:SBN possible starting time

Now JFY 2018

79 1012 |13 16 79 1012 | 1-3
S Al )
Tanks

PMT —
Installation
LS production — >

Dry run -
Filling —>

Start
experiment | l
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Summary

* There are indications of sterile neutrinos at m~0O(eV)

* Disappearance experiments can not rule out the LSND
appearance indication if >1 sterile neutrino exist.

* JSNS? experiment performs direct test for LSND anomaly.

* The first phase (1 of 2 detectors) of JSNS? is funded and
aiming to start data taking in 2019.

* In the 1% phase, the best fit point can be tested with 90 % CL

and in the 2" phase, with 50 CL.

* The funding for second phase (2 detectors ) is being requested.
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