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JSNS2 / JSNS2-II Collaboration
(J-PARC Sterile Neutrino Search at J-PARC Spallation Neutron Source)

3

Collaboration meeting @ J-PARC (2020/Feb)
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Indication of a sterile neutrino ( )Δm2 ∼ 1eV2
(Direct test of the LSND)
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Experiments (Neutrino source, signal, significance, energy, baseline)


• LSND (  Decay-At-Rest,  , 3.8 , 40 MeV, 30 m)


• MiniBooNE (  Decay-In-Flight,  , 4.8  (combined), 800 MeV, 600 m)


• BEST (e capture,  , ~4 , < 3 MeV, 10 m)


• Reactors (Beta decay,  ,  significance varies, 1-8 MeV, 10 - 100 m)


JSNS2 uses the same neutrino source ( ), target (H), and detection principle (IBD) as the LSND 


• Even if the excess is not due to the oscillation, JSNS2 can catch this directly.


Two advantages: short-pulsed beam and use of the gadolinium(Gd)-loaded liquid scintillator

μ ν̄μ → ν̄e σ

π νμ → νe , ν̄μ → ν̄e σ

νe → νx σ

ν̄e → ν̄x

μ



J-PARC Facility
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0.6 MW (2021/Jan - Apr/5)

0.7 MW (2021/Apr/5 - June/22)

0.7 MW (2022/Jan/28 - Apr/6)

0.8 MW (2022/Apr/7 - )

Low duty factor beam 

(short-pulses + low repetition rate)

Gives an excellent signal to noise ratio

1 MW (design)



JSNS2 detector and data taking
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Short pulsed beam

With 3 GeV protons

Near detector

(24 m from Hg target)

17 tons target, Gd-LS + 10% DIN

120, 10-inch PMTs


Commissioning (2020) 
• Calibration

• Beam data with 25 us window

• Eur. Phys. J. C (2022) 82:331


First long physics run (2021) 
• Smooth data taking (0.5 years)

• Beam power: 0.6 - 0.7 MW

• Analyses: in progress


Second long physics run (2022) 
• Jan/28 - May/31

• Beam power: 0.7 - 0.8 MW



Operation
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1st long physics run 
• 0.6 MW (2021/Jan - Apr/5)

• 0.7 MW (2021/Apr/5 - June/22)


2nd long physics run 
• 0.7 MW (2022/Jan/28 - Apr/6)

• 0.8 MW (2022/Apr/7 - May/31)


There is an accelerator maintenance

period every year

Delivered POT
Acquired POT

0.6 MW
0.7 MW

0.8 MW

1st long physics run 2nd long physics run

(On-going)

 POT has been delivered by May/20

(23 % of the approved POT of JSNS2)
2.77 × 1022

Accelerator

Maintenance

Accelerator

Maintenance

Hourly Delivered POT

Integrated POT



Sterile neutrino 
(Production and detection)

Timing Energy

prompt 1.5	≤Tp≤10	μs 20≤E≤60	MeV

delayed ∆Tp-d<100	μs 7≤E≤12	MeV

Inside the detector

A double coincidence between

• The positron annihilation and

• Gammas from neutron captured on gadolinium (Gd)



Expected visible energy and sensitivity
(From JSNS2 TDR, arXiv:1705.08629)
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sin2 2θ = 3.0 × 10−3

Δm2 = 2.5eV2
1MW  3years×






(LSND best fit)

sin2 2θ = 3.0 × 10−3

Δm2 = 1.2eV2

•  follows decay-at-rest  energy distribution


• Prompt candidate: ~  per spill


• Delayed candidate: ~  per spill


• Spectral fit is sensitive to the difference of energy spectrum


ν̄e ν̄μ

3.9 × 10−4

4.4 × 10−3



Commissioning run
(Eur. Phys. J. C (2022) 82:331)
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Observed correlated event candidates

•  events / 8 M spills

• Cosmic-induced fast neutrons are the dominant background


• Correlated background:  
• Pulse shape discrimination (PSD) would reject them.

• Two independent groups are working on it.

59 ± 8

55.9 ± 4.3

Timing [ ]μs

prompt signal window

delayed signal window

Prompt candidate

Delayed candidate
nGd

• June/5-15, 2020


• Integrated POT:  


• Beam trigger with 25  width


8.9 × 1020

μs



Analysis using 2021 data set



Pulse Shape Discrimination (PSD)
(2-dimensional likelihood method)

• It has been developed based on the real data of JSNS2.


• 10% DIN (2000 L) has been added for improving the PSD power.


• Based on the charge ratio of each FADC bin (208 bins in total) divided by the peak of each waveform.


• Using control samples of Michel electrons (ME) and Fast neutrons (FN) 

• PSD evaluation score: 


    where 


• Note that there are two types of ME for considering afterpulse. 


∑
PMT

Qtotal
PMT[ln(LME − ln(LFN)]

L = ∏
bin

[Pbin(Qratio], Qratio = Qbin/Qpeak
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Pulse Shape Discrimination (PSD)
(2-dimensional likelihood method)
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ME efficiency: 91.4  0.5 %

FN rejection: 95.4  0.3 %

±
±



Pulse Shape Discrimination (PSD)
(Convolutional Neural Network, CNN)
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Stability of FN rejection

95.4 % on average

• Treated time-series data from a PMT with image data  

• Data: Training (37.5%), validation (12,5%) and evaluation (50 %)


• Two independent efforts show consistent FN-rejection result

Input image

96 PMTs


208 FADC bins

Area Under the

 ROC Curve : 0.979

Jan/24 Jun/23



Roadmap
(sterile neutrino search)
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Estimation of the 

background

• Reduction

• Event selection

• Compare single rate  
   with TDR 
• Coincidence 

• Energy and timing

• Delta vertex

• Fiducial 

• More sophisticated 

method

Blind analysis     Sensitivity    

• Uncertainties

• Flux

• Energy scale

• Others

• Energy side-bands

  (and timing side-band)

• Consistency check 
• self-trigger / beam trigger

• PSD

• More sophisticated 

method

• Toward a signal region

JSNS2 is here



Cosmic muon identification
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JSNS2 equips 24 Veto PMTs

• 12 PMTs on top / 12 PMTs on bottom

• 6 PMTs among 12 face radial direction

• Other half face vertical direction


• Muon candidate rate [Hz]:  

• Michel candidate rate [Hz]:  ( > 10 MeV)

1487.8 ± 0.6
110.1 ± 0.2

• Michel electron induced by cosmic muon and muon itself are one of the backgrounds.


• Tag muons passing through the detector & stopping at the detector using veto information.




Single rate of the sterile prompt
(Background estimation effort)
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component rate	[Hz]

cosmic	fast	neutron	(green) 3.9±0.7

michel	electron	(cyan) 13.3±0.3

cosmic	gamma	(violet) 9.3±0.6

stopping	muon	(gray) 0.01±0.02

total	(black) 26.8±0.1

rate	per	spill (2.144±0.010)x10-4

Prompt candidate after ME rejection

correlated, but

PSD would reject it

IBD pairing (coincidence)

would highly suppress them

• External particle rejection with Veto PMTs


• ME rejection: 10  vetoing after a stopping-muon 

• Fiducial cut 


• Decomposition have been performed


• To estimate each component


• correlated / accidental


• Spectrum is obtained  

        from each control sample. 

• Reference (JSNS2 TDR):  per spill

μs

3.8 × 10−4



Toward the sterile neutrino search
(For the blind analysis)

energy side-bands
•Side-bands are defined by energies 

• The rates in the side-band regions can be 

   predicted by other data

• self-trigger: cosmic-induced neutron

• beam-trigger: accidental


• After application of PSD, all of side-band

    regions will be accidental dominated.


• JSNS2 has been studying each side-band


• All side-bands should be understood

    thoroughly before opening the signal region



Kaon Decay-At-Rest (KDAR) Neutrino

(Toward first KDAR precise measurement)



Kaon Decay-At-Rest neutrino measurement
(KDAR neutrino: 236 MeV mono-energetic)
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KDAR neutrino

• Neutrino interaction models are a crucial part of neutrino physics, but poorly known at low energies.


• The JSNS2 detector has the unique ability to measure the mono-energetic KDAR neutrino.


• Note that horn focused beam can not make a decay-at-rest neutrino.




Probing the nucleus with KDAR neutrinos
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Figure 1: (Top) A BB interacting with a set of olives, one with no pit and one with a pit. The
angular distribution of the outgoing BB allows the olive’s internal structure to be studied. (Bottom)
A KDAR neutrino interacting with a nucleus, producing a muon and a proton. These interactions
occur right at the transition between on-nucleus and on-nucleon scattering, as depicted in the
drawing. Measuring the energy transferred to the nucleus with neutrinos, only possible with KDAR,
allows both the neutrino interaction and nuclear response pieces to be separated and studied in
detail.

matic measurements [3], and for both electron appearance and muon disappearance sterile neutrino
searches [2, 4]. There are other ideas for using KDAR neutrinos as well, most notably as a dark
matter annihilation signature [6, 7] and as a tool to measure the strange quark contribution to the
nucleus [3]. Despite its importance across many aspects of particle and astroparticle physics, the
KDAR neutrino has only just recently been observed [8]. The PI is primarily responsible for out-
lining and pointing out the importance of this kaon decay-at-rest (“KDAR”) concept for neutrino
physics through a set of publications [2–4] and also recently (April 2018) led the first measure-
ment of this neutrino, published in Physical Review Letters as an “Editors’ Suggestion” [8] and
“Featured in Physics” [9]. The proposed work will provide a high-precision follow-on to this initial
coarse measurement with higher statistics, better resolution, and more scattering observables.

Figure 1 shows a set of scattering experiment examples, one featuring BBs on olives and one
featuring KDAR neutrinos on nuclei. The known-energy KDAR neutrinos provide a tool, for the
first time, to study and separate the contributions from nuclear structure and the weak interaction
using observables historically only accessible with electron scattering. The importance of this
unique access to the nucleus is potentially far-reaching, especially given the complete lack of data
and disagreement among model predictions. The dearth of knowledge regarding the neutrino-
nucleus interaction in the 100s-of-MeV energy range is apparent in Figure 2 (left), which shows a
number of leading model predictions for energy transfer (!) for 300 MeV muon neutrino scattering.
The disagreement between the models, in both shape and normalization, is striking. Notably, these
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• KDAR neutrinos: a known-energy, weak-interaction-only probe of the nucleus, 
right at the transition between neutrino-nucleus and neutrino-nucleon 
scattering

 [BR = 63.6 %]

 if  is at rest

K+ → μ+νμ

Eν = 236 MeV K+
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FIG. 6. Comparison of the normalized (shape-only) KDAR
Tµ distributions for various nuclear models.

only prediction (in 1 MeV bins), folds it into the detector
observable, corrects for detector e�ciency, and then per-
forms a comparison to data to obtain the �2

prediction. This

is compared to the data best fit (�2
best�fit=72.6 with 64

degrees of freedom) to form a ��2 (�2
prediction��2

best�fit).
In the table the results obtained with the RFG model
with a binding energy of 25 MeV and 34 MeV are also
included and labeled RFG and RFG34 respectively. To
be complete, we also list the total cross sections for each
model, while it should be understood that the ��2 is
obtained in a shape-only comparison. Lastly, Figure 7
shows shape-only comparisons between the CRPA/RMF
predictions and the data.

Due to the large uncertainty on the coarse MiniBooNE
measurement, the data do not provide significant prefer-
ences among the di↵erent approaches. Despite this, sev-
eral remarks can be made regarding the results. First,
the endpoint for Tµ is an important parameter in the
data, and di↵erent given endpoints provide a di↵erent
shape. This is because the location of the endpoint is
not held fixed in the analysis, it is allowed to vary in the
fit between 95-115 MeV, and the shape of the extracted
spectrum is then dependent on this endpoint. The high
Tµ limit for QE scattering is determined by the minimal
energy needed to eject a nucleon from the nucleus, which
is not necessarily equal to the average binding energy
of the nucleus as it is in e.g. a RFG approach. We see
that the Nuance and NuWro results are similar to the
RFG prediction with a binding energy of approximately
35 MeV. The GENIE result shown is similar in shape,
but with a lower threshold of around 25 MeV, and with

Model ��2 �2 Prob. � (10�39cm2)

Nuance 2.64 0.45 1.4
NuWro 2.07 0.56 1.3 + 0.4 (np-nh)
GENIE 0.95 0.81 1.75
Martini 2.15 0.54 1.3 + 0.2 (np-nh)
Singh 3.90 0.27 0.91
CRPA 3.20 0.36 1.58
RMF 3.49 0.27 1.56
RFG 1.69 0.64 1.66

RFG34 4.16 0.25 1.38
MB data - - 2.7± 1.2

TABLE I. The compatibility of various models/generator pre-
dictions and the MiniBooNE data in terms of the shape-only
KDAR Tµ (on carbon) spectrum. The comparisons are per-
formed via the data release website [34], and are reported in
terms of ��2 (�2

prediction��2
best�fit) for 3 parameters describ-

ing the shape and endpoint of the spectrum, and the associ-
ated probability. The data have a slight preference for some of
the predictions over others, but the coarseness of the measure-
ment doesn’t allow any conclusions to be drawn. Note that
the total cross sections of the various models listed in the last
column are included for reference and do not influence the
��2 comparison to data.

a sharp fall-o↵ around this threshold. The other models
have a lower threshold, and are rather similar in shape.
The data tends to prefer models with a larger threshold;
in reality, however, the CC cross section could extend
down to nearly zero energy transfer when discrete exci-
tations of the nucleus are taken into account.
The Martini and Singh models are similar in shape,

with the main di↵erence between them that the Martini
model provides more strength in the low-Tµ tail, while
the Singh model places this strength in the high-Tµ re-
gion. Note, however, that the latter predicts a signif-
icantly smaller total cross section than the other mod-
els because of a strong quenching due to RPA correc-
tions [39]. The CRPA and RMF models place even more
strength in the high Tµ peak compared to the tail due
to single particle resonances that arise in the mean field.
These e↵ects are more apparent for the CRPA results,
which include collective strength induced by long-range
e↵ects explicitly.
There are other approaches not included in this com-

parison which could provide a description of CC scat-
tering o↵ carbon in this kinematic region. These in-
clude the aforementioned RPA model of Nieves et al. [26],
and several spectral function approaches that include
FSI [41–43]. Recently, electroweak responses of carbon
for 100 MeV  q  700 MeV were computed ab initio
using quantum Monte Carlo methods with a consistent
treatment of one- and two-body currents [44].
Although there are significant micro- and macro-shape

di↵erences between the various models in terms of Tµ/!,
we note that the experimental ability to reconstruct
muon angle, in addition to Tµ, and therefore q and Q2,
would allow di↵erentiation between models more readily,
as demonstrated in Figs. 1 and 2. At q-values of 200 MeV

•The transition region between neutrino-nucleus and 

  neutrino-nucleon scattering is very hard to model

•Models and generators strongly disagree.

Why it is important
PRC 103 064603 (2021)

Relevant for:

• Long baseline exps and modeling of neutrino-nucleus interactions 

  in the 100s-of-MeV region.

•  Understanding MiniBooNE low-energy excess.

•Supernova neutrinos.

•Solar dark matter annihilation signatures.

•Future oscillation searches with KDAR 

  (muon disappearance and electron appearance)
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FIG. 7. A comparison between the shape-only MiniBooNE KDAR Tµ data (1� allowed region) and the CRPA (left) and RMF
(right) predictions.

or less, for example, significant di↵erences in the shape
of the RFG and CRPA cross sections are seen, and the
cross section becomes quite sensitive to the treatment of
Pauli-blocking and binding energy. However, even with
Tµ only and although the single-MeV-scale width nuclear
resonances predicted by CRPA and RMF are likely dif-
ficult to resolve, the significant di↵erences between peak
position and binding energy, on the order of 20 MeV,
among the models should be readily resolvable by all the
experiments discussed in Sec. V, even those without the
ability to measure muon angle. Further, the ability to re-
construct the hadronic component of the interaction also
provides additional power for model comparisons as well.
Prospects for KDAR measurements in terms of a number
of experimental observables with various detector tech-
nologies are discussed below in Sec. V.

B. Coulomb e↵ects and A-dependence

First, we describe how the e↵ect of the Coulomb po-
tential of the nucleus on the charged lepton is taken into
account. In principle this problem can be solved by treat-
ing the outgoing lepton as an energy eigenstate in the
Coulomb potential of the nucleus. In general Coulomb
e↵ects are small for leptons with energies of a couple hun-
dred MeV and for nuclei lighter than iron. They can be
estimated quite adequately for integrated cross sections
by using the modified e↵ective momentum approxima-
tion (MEMA) [19].

In the MEMA approach the outgoing lepton plane
wave’s momentum and normalization is modified as

ei
~k·~r

!

r
Eeffkeff

Ek
ei

~keff ·~r (4)

with keff = k � V (0), and Eeff =
q
k2eff +m2

l , with

ml the charged leptons mass. In this work the potential
V (r) corresponds to the Coulomb potential of a spherical
nucleus with charge Z 0 = Z+1 and radius approximated
as R = 1.2A1/3 fm. This thus introduces a fixed shift in
the momentum transfer entering the matrix element by
an amount 3

2Z
0↵/R and an overall phase factor keffEeff

klEl

in the cross section.

For small outgoing energies the correction fromMEMA
becomes inappropriate and the e↵ect of the Coulomb dis-
tortion can be included by making use of the Fermi fac-
tor, which is the ratio of a plane wave and the Coulomb
wave function if only s-wave contributions are taken into
account [19]. In our calculations, we interpolate between
both approaches as detailed in Ref. [45], but for muon
cross sections in this work this procedure naturally leads
to the MEMA correction. The e↵ect of the MEMA for ⌫µ
scattering is shown explicitly in Fig. 8 where results for
CC scattering o↵ argon and carbon are computed with
and without the MEMA. The main increase stems from
larger energy transfers, i.e. smaller outgoing muon en-
ergies, as expected. We apply the appropriate Coulomb
corrections for all further results in this work unless men-
tioned otherwise.

Carbon, oxygen, and increasingly argon are the pre-
dominant targets in current and future neutrino scatter-
ing experiments. It is therefore important to study varia-
tions of the cross section across a range of nuclear masses.
Cross sections for neutrino interactions with di↵erent nu-
clei computed within the CRPA approach were presented
previously in Ref. [16]. Here we restrict ourselves to in-
teractions with carbon and argon as these are the targets
used in experiments that aim at measuring KDAR cross
sections. In Fig. 8 we first look at the single di↵erential
cross sections in terms of energy transfer and scattering

Only previous KDAR measurement (MiniBooNE)

[3.9  first observation of KDAR neutrinos]       σ

MiniBooNE, PRL 120 141802 (2018)



KDAR signal measurement in JSNS2
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A double coincidence between

• The initial neutrino interaction products and the subsequent muon decay.



KDAR event selection 
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Used data:  spill

• 11.9% of the approved POT


• Identify muon and remove proceeding 10  events

• Beam-timing cut (150 ns each)

• Prompt candidate: 20 - 140 MeV (  )

• Delayed candidate: 20 - 60 MeV (  )

• Delta T: < 10 

• Delta vertex: < 300 mm 

• Applied the Fiducial cut


• Background template: timing side-band

• Magnitude: area normalization b/w 140 - 250 MeV

2.256 × 108

μs

μ−

e−

μs

Template of background energy

Visible energy spectrum w/ backgrounds

correlated accidental

140 - 250 MeV



First clear KDAR signal
(Toward first precise KDAR measurement)
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• KDAR peak is clearly seen 
• High purity (95%) KDAR signal 

• Background: 5.2 %


• Note that the systematics on the energy scale 
    are not included yet.

BKG	ID Correlated/

Accidental

BKG 
(#	of	events)

1 Correlated 36.6	±	34.8 5.0	±	5.1%

2 Accidental 1.5	±	0.1 0.2	±	0.01%

KDAR	Signal	: 730	events 38.1	±	38.4 5.2	±	5.3%



Toward the second phase 

(JSNS2-II)



JSNS2-II
(arXiv:2012.10807)
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• Second phase of the JSNS2 experiment with two detectors 


• near (17 tons, 120 10-inch PMTs, 24 m), 


• far (32 tons, 220 10-inch PMTs, 48 m) detector


• Improve the sensitivity especially in the low  region


• J-PARC/KEK grants the stage 2 (2/2) approval


• The stainless steel tank has been constructed


• Other works are on-going


Δm2

near
far

MLF     

catcher + veto + spill tank   
demonstration of the 


PMT attachment

conceptual design     

(arXiv:2012.10807)



Sensitivity for the JSNS2-II
(Based on the simulation)
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JSNS2 3 years +

JSNS2-II 5 years

Simulation of the far detector






(LSND best fit)

sin2 2θ = 3.0 × 10−3

Δm2 = 1.2eV2

• Each background simulation was done based on the JSNS2 data


• Covering LSND by 3 sigma




JSNS2-II: Schedule 
(Even under the COVID-19, the overall schedule was well followed from 2021’s plan)
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Delivery will be delayed to the end of June,

 but it does not affect the overall schedule



Summary

• JSNS2 is working toward first precise KDAR measurement 

• Clearly see the high purity KDAR signal 

• There have been 1st (2021) and 2nd (2022, ongoing) long physics runs in JSNS2.


• Analyses are ongoing with the data. 


• Has been developing two separate PSD tools


• Sterile neutrino search is on-going according to the roadmap


• Based on the JSNS2 data, JSNS2-II has been granted. 


• Even under the COVID-19, the overall schedule was well followed from 2021’s plan.


• JSNS2-II expects to start data taking at around the end of 2023. 
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Thank you for your attention
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KDAR summary slide

• JSNS2 clearly observes a high purity (95%)


    KDAR signal!


• This signal will provide the first precision 


    measurement of KDAR neutrinos!


• Working towards finalizing visible energy 


   ( ) spectrum measurement and detailed model comparison.


• Will elucidate the difficult to model neutrino-nucleon to neutrino-nucleus transition region, 
highly relevant across many aspects of neutrino physics

Tμ + ∑ Tp
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Backup
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Dedicated sterile trigger
(Conditional and sequential of beam and self trigger)
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Prompt (> 20 MeV)

~99% efficiency

Delayed (> 7 MeV)

~98% efficiency

Analog sum vs Energy



Electronics upgrade
(Under developing)
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• The goal is to provide excellent efficiency


    and resolution over a wide energy range


• FPGA based trigger


• Hosted by an ATCA shelf


• A combined test has been done




JSNS2 vs. LSND
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LSND JSNS2 Advantage of JSNS2

Detector Mass 167 Tons 17 Tons

Baseline 30 m 24 m

Beam Kinetic Energy 0.8 GeV 3.0 GeV

Allows for KDAR 
measurement /  

10 times higher pion 
production

Beam Power 0.8 MW 1.0 MW (designed) More intense beam

Beam Pulse 600 us, 120 Hz 100 ns (x2), 25 Hz 300 times less steady-
state background for BID

Capture Nucleus H (2.2 MeV) Gd (~8 MeV) Shorter capture time, 
higher signal to ratio


