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Fermion(spin=1/2)
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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 i

2v PDG

v""’ 3v I"“v
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[, =nT +30+9T +6I

n,=3.00+/- 0.08

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

7' width = wider

However, if

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

(2) v, does not couple to Z',
it is OK such v, to exist.
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Our Current Understanding of Neutrino:

Neutrino Oscillation exists

P\,ﬁvﬁ=8aB—4Z%[A "] sin’ cbk,—zZS[A "] sin 2y

k> j k> j
Am®
AS=UUUU,, ®=—"-"L
T 4E
‘v.ou. v, \
el e2 e3 082 055 015

u. U, [~ 037 051 0.70
0.39 0.59 0.68/

\ t1 T2 U‘l?3 ) \
Am’, ~7.5x107eV?, Am: ~2.5x107eV’
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Our Current Understanding of Neutrino:

Neutrino Flavor Transitions

There is something X which transforms neutrino flavor.

An example case:
In case normal hierarchy m, = 8.7meY,
& minimum neutrino mass: 2, = () m; = 50meYV,

& if 8 p=-11/2,

Ve XV, v, X Vv, V., )5\ V.,

3.8meV ~25meV ~30meV
VC /X VM VC /X V’L’ VU X/\ VT
~(14-450)meV ~ ~(-4.4-5.1))meV ~21meV

This transition X might be acting also to sterile neutrino oscillation
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Nesting Structure of Interactions

/ Gravity \ The interactions form a nesting structure
/ Weak \ (For example, there is no neutral quark)

7 EM.
Strong We call:
u,c,t Strongly interacting fermion =» quark,
d,s,b Non-Strongly "" """ =P lepton,
\_ e,u,T ) E.M. interactive lepton =» charged lepton,
Non-EM. "" "" = pneutrino,

——
—___.— —---_~~
- —y

\( — Gravity-only area is vacant.

L _—’
————_——__
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Nesting Structure of Interactions

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

4 E.M. I to exists.

Strong

u,c,t We call them "Sterile Neutrino"

d,s,b /
\ €,u,T /

V,,V,,V.
AT,
/

N
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Nesting Structure of Interactions

-

Gravity

-~

Weak

~

Strong
u,c,t
d,s,b

N

€,u,T

7 EM. )

v

=

VoV Ve

~

v

=

V.7

\)
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If fermions exist here, they do not
affect the Z° width and it is OK
to exists.

We call them "Sterile Neutrino"

However, even if the sterile neutrino
exists, we can not detect it through
experiments because it does not
perform EM, Weak nor Strong
interactions.
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Nesting Structure of Interactions

(e

7OEM. ) However, if there is some kind of
Strong transition, between our neutrinos
.t (active neutrino) and sterile neutrinos,
ds,b effects of sterile neutrino may appear
in oscillation of our neutrinos.
\ €,u,T / X?

VeV Ve — V, —0—>» YV,

\ Ve, / v,: active neutrino (v,,v,,v,)

\)
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For m,>>m, , case, at E/L ~ m,*/47w

v v, y Appearance
u e
@ o—> P(vueve)~ sm —L
Uy U, AE
y Disappearance

V, 4 V, ( ) 2 m4

® o—> Plv —v |~1- Us4Ue4 sin“ —=L
AFE

U€4 US4
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Indications of Sterile Neutrino

Experiment v source Mode Significance

LSND Decay-At-Rest v, PV, 3.80
MiniBooNE  Decay-In-Flight «[ v, >V, 340
vV, 2V, 2.80

Ga-Solar e capture v, 2V, 270

Reactor b-decay vV, 2V, 3.00



‘ LSND experiment \

nt(stop) —pt + vy Decay At Rest

- V Oscillation

Liquid Scintillator

-

p+ (stop) — e

800MeV p

p — e (<53MeV) +n
Beam Stop

L’n +p — d+y2.2MeV).

Inverse [ decay

20002805
LSND Detector Water Plug Electronics

and Veto System Caboose
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LSND data: excess of v, signal

VM —> Ve A. Aguilar et al., Phys. Rev. D 64, 112007, (2001).
(b) |
175 ¢ Eoam Excoss
15 | el e
E AV, 0%
125 ¢ othor
a : ;
£ 75;'_;?.:;:__
8 st
25 || BT ,
, B
TR T S S g
LE, (meters/Me :
o v Am?>>0.03eV2=>» Contradict known

v oscillations = Sterile Neutrino

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




| MiniBooNE |

Fermilab Mineral o1l Cherenkov
8GeV p LMC =
Decay in flight e an
y g P ,’ )

Decay - .

region Absorber 4:?n Detecto

+ + Oscillation -

T+, >V, v,+p,C—e +X
_ L o . _ +
T — M + VM Oscillation S Ve Ve + p,C —> e + X
Phys. Rev. Lett. 110, 161801 (2013)
251 ' ' | | | | i ; | ' ' ' ' ' o
’o ++ Neutrino 12 + An‘tlr::t(r:;m g
! | 1.0f Excessza o, E
g 15 Excess ] > o =Pt |
g ] % C4 >Ny :
g ; & 06 — e .
: B 04 — COI\;II‘ Syst. Error ]
05
0.2

0.
%.2 04 0.6 0.8 1.0 12 14 15 3.0
E°E (GeW)

However, the electron signal might be mis-ID of N.C. y signal
from neutral current interactions. = Confirmation is necessary.




“ Reactor Neutrino Anomaly “

Observed reactor neutrino flux is ~ 6 % less than expected.
It can be explained if there is v, 2 v, oscillation at
Am?>0.1eV?, L<10m.

115

—h
-—h

- l {I&I&{

..g'

~ Mueller et al Huber

B

..........................

Nobs/ Nex_pected
B

=]
@

0.75 'l"""‘i" l '.. - ..l ........ .

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.




‘ Gallium anomaly \

The event rate for v.+Ga (solar v detector) from strong neutrino
sources (°'Cr, 3’Ar) is ~15% less than expected.

It can be explained if there is v, =2 v, oscillation before it is detected,
Cr: £, =0.82MeV

Ar: £ =0.90MeV

Sovinansovee s/

Gallex 0.94 +/-0.11
Cr2 0.80 +/- 0.10
Sage Cr 0.93 +/-0.12
Ar 0.77 +/- 0.08
Average 0.84 +/- 0.05

JHEP 1305, 50 (2013)

However, v-Ga cross section may contain unknown error.
= Need to check the oscillation pattern.




yearly # of papers with title "sterile neutrino"

° ° 2016

v — time line 2015
2014

2013

DayaBay, RENO — 7% "
Double Chooz / 010
T2K 2008

2007

. . 2006
MiniBooNE — 2003
2003

KamLAND —— 200
K2K,SNO ——>2

2000
1999
1998

SK(atmospheric) = 1997
S 1996

1994

1993

1992

1991

1990
1989

Kamiokande 1987 A=—> o4 |

=» Sterile Neutrino is becoming
very hot subject.

“ l?y Inslpire “
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There have been a lot of negative results.

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

S.Gariazzo et al. (arXiv:1703.00860v3)
10 T— 10 — 10 ————"
[ > PrGlo17 \ | PGIo17 i PrGlo17
- |G -— o -— 1o
<§) — 2 — D — Dy
3o 3 3a
N - &
H 3 a3
- 1 _ 1 _ 1
E NE* QE'
- < -
3¢ 3o
— App — vuDis
— Dis — Dis
10—1 aal s aaaal PR ‘0—1 " A a s aaaal 101 i dl i
10 10° 10°% 10°% 107 1 10° 107 1
T2 ) T2
sin“20,, sin-20,, sin-20,,,
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However, for 3v +3v_case

-

Gravity

~

-~

=

Weak

7 EM. )

Strong
u,c,t
d,s,b

-

€,u,T

v

Vs

VoV,

~

v

-

Vor Vo Vau /
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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 parameters and it is
impossible 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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Sterile Neutrino experiments
at J-PARC MLF

JSNS?
K-Pipe

AF

iR

Google
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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™
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Review of the points of the LSND experiment

N N v, from p* Decay at Rest
Tstop) >R+ Decay At Rest & Inverse B decay detection

L. N

ut(stop) — e Ve

800MeV p Liquid Scintillator

Ve - p — €7 (<53MeV) +n
Beam Stop :

Inverse 3 decay L., + p — d +7(2.2MeV).

Overburden

20002005
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 p* decay at rest),
the same v detection mechansm (inverse B-decay with p),
a similar baseline (24m vs 30m),
much better S/N (pulsed beam, Gd-Liquid Scinti. ),
better energy resolution. (oscillation pattern)
higher statistics.
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Facility : J-PARC
Material & Life Science Experimental Facility

3GeV Hadron Exptl
Synchrotron § !

- ~— -y )
__(Muon-Neutron)

Jur

b Materials & Life Science
Exptl Facility

L_l

Neutrino Exptl Facllity

50GeV Synchrotron

l 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

171120 GDR@LPNHE 26



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 A

C (stop) —u+v,

L (stop)—e" +v,
\_ @ /

171120 GDR@LPNHE
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Properties of DAR neutrino

Oscillation

>V

e

* The energy spectra of the neutrinos are perfectly known.
* The neutrino—nucleus cross section is known to a few %

* The time structure of the neutrino is perfectly known.

* w+-origin and hadron-origin v can be separately obtained

* Monochromatic v, can be obtained
171120 28



II Energy Spectra of v from u* decay at rest H

0 - —
ur—e+v,+v,

Since the parent p*
has no momentum,
the neutrino energy
spectra are well known.

0 10 20 30 40 50 % 60

This energy spectra are the same for LSND and JSNS2.
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MLF Pulsed beam can reduce

AT=40ms(25Hz)

beam BKG and accidental BKG drastically.

I
[80ns 80ns Ons
beam structure [e.}..2208. time ]
5102k -
210 :
E 4 1.
—10 Y
> i
& | V totai
y v from ;1
10°E +o-from-m-
20 | |\ 1. fmm Ix
107 ke
T s i st | i S ——
0 500 10p 1500 2000
| time[ns]
virom it & K decays ummm ) v from u decay.
monochromatlc)
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‘I Neutrino Spectrum after the beam gate cut H

#v2MeV/POT
3 5 3

—h
C
4]

—h
<
V)]

Original v spectra
DAR + Decay in Flight
+ absorption of &, K, u.

W
| l f f ' |
200 300
energy|[MeV] 1

t>1us t>lps
T =
:f/ ' .V
?’ — U,

— Ve
o~ “ v only from pu can be
I selected
?]5 T_r_rr"“\l[
G ]"100' ~200 = 300

energy|MeV]



Cosmic-ray and accidental BKG can also be
suppressed strongly by the pulsed beam

bear:il pulses 40ms \
I | I i | |
— A [ ,
| I | I
| | | |
lus 9us lus 9us
Beam mask Event gate

Open 9ms event gate for every 40ms of beam pulse
=» Cosmic-ray BKG is suppressed to 1/4.400.
= Background level can be measured precisely by off timing events
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JSNS2 Detector Structure

Gd-loaded Liquid Scintillator (17 ton)

[T
B5-4 W50

1

{1
|—“<T :

g | | ¥ anticounter —ye

’ g
4

stainless steel tank
200 PMTs

Much of the JSNS? design have been made
based on the Double Chooz experience



E ~E,..+0.8MeV (v energy can be measured)

- T~ N
’TLLJ; \
| o |

e
20~53MeV %

| ~30us
Y = V.+p=2et+n
u

\
n+Gd 2 Gd' + ys (ZE,=8MeV)

oscillation

Similar to the reactor neutrino experiments but
the neutrino energy is much higher (~53MeV)



Detection: Gd-Loaded Liquid Scintillator

' ~30us average |

/A
Delayed Signal(n+Gd)
(8MeV)

Prompt Signal(e*)
(20~53MeV)

Delayed coincidence: Free from environmental y BKG
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MLF mercury target and Intrinsic v, BKG

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%)

For beam pipe

PRC35,.2212(1987)

x 0.13=6.5x10+

X 1. =1.7x107

Target n-absorb u-capture suppression X n/n*
LSND H20 96% 88% 5x10°2
J-PARC Hg(+Fe+Be) 99% ~80% 1.7x10°3
171120 GDR@LPNHE
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Suppression of - v, Background

T (stop) -1~ + Vi background

v ~17%107
I—uu' (StOp) — € +v|-1 /

Can be separated by the spectrum analysis
Am O C\/" Am? = 2.5 eV?

1

—

- A W DN O~ DD
| | i |

- P W s N4 DO
| |
T

" - I _ ,—
it !l — U, from p

—

— M) W b D s D
] 4 1
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#v2MeV/POT

“ v flux normalization by v, +'°C “

t>1pus
0% — P 12 12
AJKW\ L v, +2C > e +2N,
10 N Ve PN 2 PCtet+v
10*E —Fe
o5k mfﬁ #ofv =#ofv, 00,~10%
10° f : |
o 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

171120

GDR@LPNHE
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171120

‘ JSNS?(1%t phase) vs LSND \

JSNS?(1st phase) LSND

Target Mass. 17t 167t

baseline 24m 30m
beam energy 3GeV 0.8GeV
beam power 1MW -

Duty Factor 1/8,800 1/14
Stopping u-/u+ 1.7x10 6.5x10
delayed signal 8MeV, At=30us 2.2MeV, At=200us

Liquid Scintillator Gd Loaded +CIl,1§$veglc(i(:1‘;i.
Cosmic fast n rejection Pulse Shape Discri. Cherenkov
V, signal events rate (Sinzg/y:(i 1603) 15/year
AE/E 3% @35MeV 7% @45MeV

GDR@LPNHE
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Sensitivity (1% phase)

M=17ton, L=24m, T=3yrs
— 2 —
1’10 - —— JSNS? 90%C.L
3 - [ ] LSND99%C.L
% i [ LSND 90%cC.L
DI T ) S == St N O e OPERA(2013) 90%C.L
1 =
107
—2 - lllllli [ lllllli L1l ||||||i Lot
P10 107 107 10"

GDR@LPNHE
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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

10!

—
T TTTTT T TTTTHT LA IHI T TTTTT
i
4
-
LINLILILILLLL T ||||||||
[

(MW x 50 t | S

- 2 5 years »
3 years x MW x 17 tons - y
10-2-‘ 1 llllllli—‘ lll|||i.2 1 "ll'“-‘ L 11111 10-. 1 L1 1 L i 1 L 1 L L i
10 10 10 10 oin’26’ 10 10° 107 10" 2 1
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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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Maruyama, Erice2017

it |

_MEF (top view) '
2013 Sep; A proposal was submitted to the J- ' \ - /
PARC PAC | i =
2014 Apr-Jul; We measured the BKG rate on
3rd floor. -> manageable beam /cosmic BKGs
to perform JSNS?
PTEP 2015 6, 063C01 / arXiv:1502.02255
2014-Dec; The result was reported to J-PARC
PAC. = the stage-1 status was obtained from

J-PARC /KEK ""p}qton oo |

The performance check of detector and S R LLCL LS LLT LTI ST
safety discussions are being performed. — R tgrarregon e
2016-June: The grant-in-aid was approved i~~~ 1BD prompt signal—

for one detector construction FEnta—— I
2017-May: Technical Design Report was R i e
submitted to J-PARC PAC and arXiv —
(arXiv:1705.08629 [physics.ins-det] ) - e !
We aim to start JSNSZ in JEY2018 Energy (MeV, vertical) vs timing (ns, horizontal)
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Sterile Neutrino experiments
at J-PARC MLF

JSNS?

vy - vy is also
important

AF

iR

Google
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“ Monochromatic Neutrino from K* decay at rest “

p beam
< <=~
Oscillati
Sciilation 236M€V .
l \
Vi Y
A 1_/M

-0.25<c0s6,<-0.16
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A Decisive Disappearance Search at High-Am? with Monoenergetic Muon Neutrinos

S. Axani!, G. Collin', J.M. Conrad', M.H. Shaevitz?, J. Spitz!, T. Wongjirad®
! Massachusetts Institute of Technology, Cambridge, MA 02139, USA and
2 Columbia University, New York, NY 10027, USA

arxXive:1506.0581vl

L dependence of monochromatic v, disappearance
120m long liquid scintillator tank (pipe) (684 tons)
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v from K*:
Possible only at J-PARC MLF

v, — v, (Deficit)
v detection principle

v, + 'C—u +X

Sensitivity (3years)

~10
5 [ —AnP=1eV3ic*, sin°26,,=0.05 <§1 0%
I.-.1 04F — AmP=5 eV/c’, sin’26,,=0.05 2 r
& [ —AmP=20 eV/c*, sin®26,,=0.05 E T
1.02- i <10
1%_& S 1T T :
o9 T 'L+ T[T U3
0 963—#: T LTl 1L T F — KPipe 90% CL sensitivity
B H:-__+_._——__ AT e ; [ —— KPipe 5¢ CL sensitivity
0.94F 107'E ___ collin er al. 99% CL allowed region
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Our rival: Fermilab. SBN program
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SBN project

v-beam penetrates 3 LAr TPCs

Distance from  Active
Detector BNB Target LAr Mass

SBND 110m 112 ton
MicroBooNE - 470m 87ton
ICARUS 600m 476 ton
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Palamara, ERICE2017

Physics reach of the SBN Program

Vu—Ve Appearance sensitivity
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@ The sensgitivity of the SBN program is highest near the most favored
values of Am?

@SBN will cover the LSND 99% C.L. allowed region with 2 So significance
(conclusive experiment w.r.t. LSND anomaly)

32 O. Palamara | The SBN Oscillation Program in the Fermilab BNB Erice | Sept. 18 2017
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‘ Difference from LSND/JSNS2; \

Protons

i

*vis wt & K* decay in flight

* v energy is much higher

* v detection mechanism is
different

/50MeV/m%10°POT

MicroBooNE

Different Systematics

Anyway, direct test of
LSND is still important.

Energy (GeV)

D@R v energy
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Summary

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

* JSNS? experiment performs direct test for LSND anomaly.

* The first phase (1 of 2 detectors) of JSNS2 is funded and
aiming to tart data taking in 2018.

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