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glnaication of-a sterile neutrino
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Anomalies, which cannot be explained by standard neutrino oscillations
for a few tens years are shown.

2 o) 1.

LSND u Decay-At-Rest V., 2 Ve 40,30
MiniBooNE 1t Decay-In-Flight vV, 2 Ve 4.50 800,600
V., 2 Ve 2.80
combined 4.70
BEST (Ga) e capture Ve 2 Vg ~4.00 <3,10
Reactors Beta decay Vo 2 Vy 3.00 3,10-100
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MlcroBooNE results so far
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- They put 89t fiducial LAr detector Phys. Rev. Lett. 128. 241801

at the neighborhood site of MiniBooNE ®  MicroBooNE Observed
- Data taking 2015-2021 w - — Predicted, no eLEE (x =0.0)
— D - — - _
- eLEE search g Predicted, w/ eLEE (x =1.0)
=> NoO excess is observed (right plots) c . o SRE SR
- 3+1 Oscillation Analysis o %1 e T
_ - e fro 2
=> Exclude part of LSND allowed region (below plots) ——
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Cathode

- ~600m from BNB,
476ton LArTPC

- First detector operation :
2022 Summer~
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Eur.Phys.J.C 83 (2023) 6, 46
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SBN Preliminary  SBND (6.6¢20 POT) MicroBooNE (13.2¢20 POT) ICARUS (6.6¢20 POT)
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JSNS2/ JSNS2-I| Experiments
Direct test of LSND

‘,ISNéZ collaboration (~60 collaborators)
| -7 Japanese institutions (27 members)
5. - -10 Korean institutions (25 members)

- 1 UK institution (1 member)

- 3 US institutions (5 members)

- 1 China institution (3 members)

Spokesperson: T.Maruyama (KEK)
s AT A Co- spokesperson S.B.Kim (Sun Yat-sen)




___——glndication of-a sterile neutrino

Anomalies, which cannot be explained by standard neutrino oscillations
for a few tens years are shown.

Experiments Neutrino source signal significance| E(MeV),L(m)

LSND Decay-At-Rest V, 2 Ve 3.80 40,30
MiniBoONE n Decay-In-Flight ve > Ve N@O
V, 2 Ve 2.80 We aim to
have a direct
combined 4.70 test for this
BEST (Ga) e capture Vo 2  Vy ~4.00 <3,10
Reactors Beta decay Vo 2 Vy 3.00 3,10-100

JSNS2 uses the same neutron source(p), target(H) and the detection principle (IBD) as the LSND.
=> Even if the excess is not due to the oscillation, we can catch this directly.
=> Two advantages : short-pulsed beam / Gd-LS give excellent S/N ratio.
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JSNS2: L.PARC J-PARC Facility
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JSNS2 / JSNS2-|| : Sterile Neutrino Search

MLF building (bird’s view)

Stainless Steel Tank
Spill Tank

o
S

Liquid Level |
Stabilization Tank LA

' #

- JSNS2-1 : 1MW x 3years (near only)

MR T - commissioning (2020) :
101 (2021) 165742 Eur. Phys. J. C (2022) 82:331
- 1st/2nd/3rd long physics run
(2021,2022,2023)

-> Smooth data taking
- 4th long physics run

will be started from 2023 Dec

JSNS2-|l : 1MW x 5years
3GeV short (near + far)
pulsed beam - Proposal (2020) :
arXiv:2012.10807
- New far detector :

32tons, 48m baseline
- Two detectors with different

Acrylic Vessel AL
n

=1l PMT Support

Outside of MLF

(48m from Hg target) 208 Searching for neutrino oscillation : v, -2 V. With
&

" baseline of 24m (near), and 48m (far detector)
(SNSZ-II: JSNS2-II

-----------------------------------------------------------------

, Cu ot - | .
Far detector)§ | £ == s M=o oo |baselines -
32t GdLS 510' - OPERAEITY swcL S g = ’ oms(mm -> Good sen S|t|V|ty on low Am?2
(6.2mdiax [ 4% R S« o region (a solid conclusion on
6.2m (h) ~ Global ® ‘ cheré e LSND anomaly)

wl~228107 0 indicated ool " global ftindicated~Lw |- J-PARC/KEK granted
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trategy to search a sterile neutrino

- -

Sterile neutrino oscillation during 24m,48m baseline. Timing Energy
Prompt 2 ~1bOeuasn1:rom 20~60 MeV
Detection by coincidence of IBD (Inverse Beta Decay) Delayed | AToq<100us | 7~12 MeV
-> Prompt : e+ signal o + Spatial correlation cut
-> Delayed : gammas from neutron capture on gadolinium (Gd) AVTXp-q < 60cm
:, i / et \
: : o - ! p O__—-v gammas : Prompt signal
: : Vu E Vo : / Pair annihilation :
| sanbun Gd l
I |
: : oscillation : \ AT :
. . 28Ama8m i ouid | :
: | ' scintillator |
: N | 'is filled in the Thermalized \ |
| | , detector DL 2L L e
, ' \ | gammas Delayed signal
. Mercury target /' \ Inside the detector ,
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- Operation of-Near Detector
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- Beam Power is 950kW from 2023 Spring_ 1slt-lourly de""ered POT ?)Ldysics
at exit pOIﬂt of RCS (deS|gn .IMW) _ . , v 2% 084|\/|W ................. run... !é

delivered POT [x10'®/hour]

- Smooth data taking so far

- There Is an accelerator maintenance
IN summer every year

3; 350
D ISNS SR - S = E N
Web-monitoring ¢ =
£ 250 Delivered POT
JSNS2 web-server for the detector monltorlng IS perfo m ed 5 .
Froshed veryono minde. 1l £ 20 — Acquired POT
** Zoom in : Click the image ** as rea I tl m e 150
Physics Monitorin g
100 |—
Fast Neu = Michel electron
50 —

rates vs flme rates v§ tlme (28.7% of approved POT(3y) for JSNS2)

Dongha Lee

12



- 292Cf 3D, calibration : Study.of Energy/Vertex reconstruction

IINONENSP,
‘ S
AF-—-—v“\-,. T

O(0,0) = chimney entrance 0(0,0) = chimney entrance

Fixed-wire Fixed-wire

Free-wire . W C hOW mUCh

No-tension i lift up
Pivot f#(’\ = \\ =0 q Pivot . iy the free-wire

Free-wire

A g
/Acrylic rod
Vertex Y B
1500 <Insert/extract> <manipulate the rod>
1::: Data taking @ R~1.5m ] ]
| ( ergst Size s up-to ta T (NEW) 252Cf 3D calibration system
~1.0m & — \ ‘./_ 4 . m
e Yol -> Any of position (R&Z) can be covered!!!

-1000

) Reconstruction Parameters were studied based on this calibration
* Yyartex X => Reconstruction performances were checked using several data sample

-1500

—2099000 —1500 —1000 =500 0

13

Dongha Lee Calibration using 2°2Cf and Michel electrons are crucial!!!
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Blind analysis and Side-band study



oward the sterile neutrino search (Blind analysis)

-
A/’
| 4

* . PRIPRETY , | 4:._——-—-\,_,_ S o - s,
- We are doing the blind analysis to Other Main Bkgs
search a sterile neutrino. energy side-bands . from ;" :
PE ~60MeV
- All energy side-bands Side bandl | CNgs :
should be understood gsogzziszgta PE ~40MeV
before opening the signal region. BKG) s

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

(=Y
N

. . . Side band3 | Side banda

- Side-bands are defined by energies (dominated | . . | (dominated

like nght p|ot by neutron >16na by neutron
BKG) ; BKG)

~N

- The rates in the side-band regions will
be predicted by the
control samples driven by data

(dominated : Accidentals

by neutron | 516 main backgrounds

BKG) = near
'signal region

Energy of IBD delayed candidate (MeV)

- Now, side-band 4 (prompt 60-100MeV) Energy of IB?; prompt casgdidate (MeV)

data are opened!!!

16



The first comparison between the observation vs expectation

~S|de band4 (prompt 60- 1OOMeV) 1

ey ——

10°e 10°e

_ Observed Expectation
,0_ ................................ .................................... ........................... .e.|.a_ye‘ ...... E- Total 298 +- 387 | 15085 +. 59
= Neutrons 1421.7 +- 5.7
Accidental 106.8 +- 1.5

10E

1

—
—
—

- The observed events are compared

- with the background expectations
bt o L] (Cosmic fast Neutrons + Accidental)

// o 7 ” recommeed Eneryivievi => Wel| agreed.

T . => Cosmic fast neutrons background is
-y thx | dominated.

e R D _> Pulse Shape Discrimination(PSD)
-y would reject them. (Goal : 99% rejection)

=> Study is on-going.

10 'E

3

10

f S - | | => After applying PSD,

0 9T o o — 'k g ' the accidental will be dominated.

el ol L LS == Understanding of accidental is much

0 20 40 60 80 ﬁTpd[uL(]m 0 500 1000 1500 2000 2500 ?h%?xp_d[mﬁ?ﬂ improved recently. arXiv 2308.02722
Before applying

Dongha Lee Spatial correlation AVTXp-4 < 60cm
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idy.on the fast neutron background - PSD

- \
\
- e o

- Fast neutrons can mimic the IBD signals
from electron anti-neutrino.

- Those two will be separated by the PSD

method.
=> using the neutron-like/electron-like

templates (averaged waveforms from data).

Cosmic ray muons

Gd loaded LS

Captur
gamm

Recoil proton; 20-60MeV
(mimics 18D )

Dongha Lee

E waveforms

: N - Separationby 1 pE
LOTPeraliotl MYy S0 15 T | I
leehhood

0.06:
0.04—
0.02:-
x10°

| -%00 -400 =300 =200 -100 0 100 200 300 400 500
score

0 20 40 60 80 100 120 140 160 180 200 220 240

time tick

— Fast Neutron

© .

.qu) 0-30 = Michel Electrons

© =

S =l

3 i 1NN
0.20. P

[-DIE[III]
Separation by
05|l  Gonvolution

0.0 0.2 0.4 0.6

(Goal : 99% rejection of fast neutrons)

Input image

0.15 _ 96x1x208

Neural Network

0.8 1-.0
CNN score

- Both of Likelihood team /
Machine-learning(CNN)
team work independently.
=> progress Is on-going.
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>tudy on the accndental background 1

-
A/’
[ 4 \

125ps time wmdow triggered data - araiv 0
(specral callbratlon run)

}

Events / 1.0 MeV

Events / 0.2 MeV

125”8 fu”y covers ()““l()‘1“2()““3()““4()““5()““6()1“7()“8()119()/M\1/()() :u i 11 ,i.,.li(). ..i l|6 2i/1N.1V70
the timing structure for IBD = (2.20 = 0.09) x 1()—4/Sp111 (1 80 + (. 01) X 10‘ /spill

- The single rates of the prompt / delayed timing region were
understood using 125pus time window special calibration data

- The prediction of the accidental background rate | —
Is calculated with multiplying these single rates. RaCCl R X Rd X E

£timing likelihood = 40 7%

8AVTX=5'liO']‘% 19
Dongha Lee



>tudy on the accndental background 2

- L4 \

125us time wmdow trlggered data
(speC|aI callbratlon run)

Events / 1.0 MeV

B e e v = ¢ ................ ener,g|y\ ................ e im
125”8 fu”y covers 0 10 20 30 40 50 60 70 80 9()/M \l/()() — ‘li()‘ — i ' 1'6 2 im'i‘\_,,_
the timing structure for IBD R, = (2.20 = 0.09) X 1()—4/Sp111 R, = (1 80 + O 01) X 10‘ /spill
- The single rates of the prompt / delayed timing region were p—
understood using 125us time window special calibration data
i =(9.29+£0.42) x 1078
- The prediction of the accidental background rate
Is calculated with multiplying these single rates. /Splll /0.75SMW
Ryeei = Ry XKy X € g0 =51£0.1% Expacted IBD signal s 4.59 x 10:2/spll/MW

Dongha Lee (AVTX cut will be explained in next page) 20



Study on the acciaental background 3

o arXiv -0

Prompt candidates Delayed candidates

|
,_ eventh_ _ '

A L Ve

event*1g eventt1y event't1s event'tls

Time /us

- Mimic IBD pair using prompt / delayed events
at the different spills [Spill-shift method]

=> 1, 2, 3 ... 10000th shifted spills
=> Accidental background control sample

- This method will be used for signals/side-bands
Dongha Lee

- =

h_dvix

Entries 96955
Mean 1585
Std Dev 590.8

AN N N T T N N T T T NN N T W N WY WO WY A WO O |
1000 1500 2000 2500 300(} 3500 4000 4500 5000
A Vertex [mm)]

To reject accidental backgrounds,
AVTXp-4 < 60cm Is applied.
=> Side-band 4 is checked again.

21



The first comparison between the observation vs expectation

BTRicto . ~S|de band4 (prompt 60- 1OOMeV) 2

4:_--v—-

Before applying After applylng
Spatlal Correlatlon AVTXp d < 60cm Spatial correlation AVTXp-a < 60cm

1600

1580 : 1040 E._ ............................................. ............................................ ............................................

1560
1540
15201

1500

14801

14601
1440

14202_ ............................................. ............................................ ............................................ 920;— --------------------------------------------- -------------------------------------------- -------------------------------------------- - The number Of events
ST e e for the observed &
the expectations

have good consistency,
No AVTXp-4 Cut 1498 +- 38.7 1528.5 +- 5.9 for both of

Observed events Expectation events

AVTXp-q < 60cm 983 +- 31.4 088.4 +- 3.2 the spatial correlation
/ condition cases.

Neutrons 982.8 + Accidental 5.6
If PSD is applied, Neutrons ~10 events 22
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. JSNS2-|1-(2nd phase)

‘ -

- New Far detector
=> Fiducial volume 32ton(37ms3) and 48m baseline.
=> 150m? for veto & Gamma-catcher.

=> 172(inner)+48(veto) PMTs.

=> QOutside of MLF building.

- Two detectors (Near + Far) with two different baselines

=> The sensitivity at low Am? region is much improved £
compared with only single 24m detector. . =
=> A sold conclusion on LSND anomaly. e

- The construction work is being progressed rapidly.

10—1 E_ .................................................................................... e . 7"‘ 77‘*,_ ........

JSNS2 3years +

e ] L 11111

107"

102
10 10°

Dongha Lee



N82 Il (2nd phase) - construction

1 ‘1"" " B

@KEK (IPNS)

%

o ERicTr e e %5,
b Hiﬂﬁf 3 -
T sy -
\\ :
. ;,;)
accepte .
- . | - 190 PMT: r nated from Double-Chooz.
- The construction of the - The acrylic tank was made by | 90t ) t.S We fe1d7<; SI\?I(':' f . 9 f .
stainless steal tanks was  Tajwan company. = is?:i :is?'n;zlﬂ'o S Tor inner detector
finished (2023 Mar) - The transmittance of the acrylic

- The calibration system was installed.

—_~ ~ 0 ~
=>~93% @ 400~600nm. -> LED / Temperature sensors

24
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Schedule of JSNS2 ||

‘

.

7-9 10-12 1-3 7-9 1012 1-3 4-6 7-9 101f 4-6 10-12
) B
s.s.tank bid = construction I
Acrylic EIEN) EEEEEE—
vessel bid construction  Transp. | ?stallation
!
PMTs Installation (inner) | Installation (veto)

DC dismantle/ shipping (190PM is) | shipping (30PMTs)
Gd)LS H—
(Gd) onation Storage / keep

electronics

batvery”
Filling I —
Data taking | I
Final step of the construction
-> Close to data taking!!! 25
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Summary

a
- > X P'S - - X
/,/ " . 4
- »” \ H ;
T8 ' ' » e Py

- There have been 1st (2021), 2nd (2022) and 3rd (2023) Iong physms run.
(JSNS2 single 24m detector)

- Analyses are on-going with the data.
=> 252Cf 3D calibration is developed.
-> (Good reconstruction performances in fiducial volume.
=> One side-band (prompt 60-100MeV) data are opened !!!
-> Has been studying fast neutron background (with PSD).

-> Study on the accidental I?jaclkggound (using single rates).
ccidental study

arXiv 2308.02722 / submitted to EPJC

- JSNS2-1l (2nd phase) with new far detector (48m, 32tons of GALS)

-> Construction works are on-going rapidly. Asylictank:

-> Plan to data taking in next year. accepted by JINST

26
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BACKUP

27
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First comparison of the observed vs expected events

~S|de band4 (prompt 60- 1OOMeV) 1

L ey ——

4
10 ] 10

10 _Pr‘m t E _______________ H - Observed Expectation
P R - . Delayed ....... E Total 983 +- 314 985 4 +. 3.2

Neutrons 982.8 +- 3.2
Accidental 5.6 +- 0.1

- The observed events are compared

with the background expectations

LI ol it il (Cosmic fast Neutrons + Accidental)

Reconstructed Enerzy MM [ ¢ e/} o ’ " reeommed Eneryivevi. => Well agreed.

=> Cosmic fast neutrons background is

dominated.
=> Pulse Shape Discrimination(PSD)
would reject them. (Goal : 99% rejection)
=> Study is on-going.

10° £ 5 ; ; ; 10

10%E

10E

T | | | => After applying PSD,

0L R | the accidental will be dominated.

L _2 Joo L s ] => Understanding of accidental is much

AT, [us] P Wk jmproved recently. arXiv 2308.02722
After applylng

Dongha Lee Spatial correlation AVTXp-4 < 60cm

1 0—2 L L L | 1 L L | 1 L L
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:ted visible energy-and Sensitivity (1st phase)

~-
\ | o
» — >
\ - a
:
2 - LY el - . ’ " =

Py %, T

1

e

sin?26 = 3.0 x 1073 87 - Expected signals/bkgs for only single 24m
2 __ 2 .
| Am? = 2.5¢V detector (JSNS2 TDR, arXiv:1705.08629)
Signal (Best fit values of MLF)
sin“26 = 3.0 x 107° o o
Am? = 1.2¢V? 62 - Spectral fit is sensitive
(Best fit values of LSND) to the difference of energy spectrum
v, from p~ 43 —102E — .
I'ZC (Ve, e )1'2 Ng.s. 3 Ng - —— JSNS? 90%C.L
background | beam-associated fast n <2 NE E ] tz:g szgt
Cosmic-induced fast n negligible g B |- OPERA(2013) 90%C.L
Total accidental events 20 10§ -
; 1 , , : - 1M x 3years
3 T s 20=3.0X10 3 O — o — sin?20 = 3.0 x 107 .
P 2= ::zzi s [NAMES2SeVET 5 o5 = ::gmv oscilaion | Am? = 1.2V i3 .
25 [  —— : : { R P e o fit |nd|cated reglon .
20F l ............ E— £ - M. Dentler etal., JHEP0BO10: (2018)
- { ....................... e 10~" = : :
Energy (MeV sonergy 621 -2 I lllllli - lllllli [ lllllli [ I I
(MeV) Energy (MeV) 10104 103 102 10- 29 1

Dongha Lee sin“26



