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The J-PARC MLF



J-PARC
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J-PARC is in Tokai on the 
eastern coast of Japan

J-PARC = Japan Proton Accelerator 
Research Complex
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The J-PARC MLF
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MLF = Material and Life Science Experimental Facility 23 Neutron 
Beamlines

MLF Basics: 
• Home of the Japan Spallation Neutron 

Source (JSNS) 
• 23 neutron beamlines 
• 3 GeV proton beam incident on a 

mercury target 
• Design power: 1 MW (latest: 535 kW) 
• In operation since May 2008



JSNS vs. Oak Ridge SNS
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Property JSNS SNS
Beam Power 1 MW (~500 kW) 1.4 MW

Proton Energy 3 GeV 1 GeV
Repetition Rate 25 Hz 60 Hz

Beam Timing Two 100 ns pulses 
separated by 540 ns 350 ns FWHM

Target Mercury Mercury
POT/day ~1.8 x 1020 (1 MW) ~5.0 x 1020

𝝿+/μ+ Decays/POT ~0.3 ~0.08
K+ Decays/POT ~0.006 ~0



MLF Target
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Figure 12: A schematic drawing of the mercury target in the J-PARC MLF.

• K+ ! e+ ⇡0 ⌫e decay at rest with an endpoint energy of 228 MeV

• Small components from ⇡ and K decay in flight

The other time structure is the ‘o↵-bunch’ component (during the muon lifetime), which
is produced by muon decay at rest:

• µ+ ! e+ ⌫e ⌫̄µ

• If µ� stops in a light material, µ� also decays by µ� ! e+ ⌫̄e ⌫µ

This ‘o↵-bunch’ component can be selected by gating out the first 1 µs from the start
of the proton beam. Figures 4 and 7 show the expected neutrino energy spectrum from
the MLF target with and without the timing cut (T > 1µs). Figure 3 shows the time
distributions from various sources.

Tables 4 and 5 are summary tables for the production of neutrinos from µ decays.The
µ decay at rest neutrino beam was simulated using the following steps.

1. Particle production by 3 GeV protons
The interaction of the 3 GeV proton beam with the mercury target and beam line
components has been simulated with FLUKA [46] and QGSP-BERT (in Geant4 [34])
hadron interaction simulation packages.

2. ⇡± interactions and decay
After production, both ⇡+ and ⇡� lose their energy mainly by ionization. In addi-
tion, they disappear by the charge exchange reaction ⇡±(n, p) ! ⇡0(p, n), ⇡0 ! ��.
The survived ⇡+ stop and decay with a 26 ns lifetime. On the other hand, the sur-
vived ⇡� are absorbed by forming a ⇡-mesic atoms and getting absorbed promptly.
Decay-in-flight takes place with very suppressed rate of about ⇠ 8 ⇥ 10�3 of pro-
duced ⇡±.

3. µ± absorption and decay
All µ+ decay by µ+ ! e+⌫e⌫̄µ. Because of the muon lifetime and energy loss
process, the decay-in-flight is negligible. µ� are captured by nuclei by forming a
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Mercury is circulated at 154 kg/s!

The neutron production target is a 
double-walled stainless steel vessel 

with circulating mercury. 

The heavy target material and 
shielding ensure an almost entirely 

DAR neutrino source. 
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Figure 1. Cutaway view of the target station of pulsed spallation neutron source of the Japan Proton
Accelerator Research Complex (J-PARC) with target trolley moved back to the service position.

2. Mercury Target System

2.1. Target Trolley

The target trolley is the carriage of the target vessel and the mercury circulation system as shown
in Figure 2. It has a dimension of 12.2 m in length, 2.6 m in width and 4 m in height, and total weight
of 315 tons and it installs the target vessel into the helium vessel for beam operation with enough
radiation shielding behind against secondary particles generated via spallation reactions in mercury.
For maintenance, it withdraws to the target maintenance area of hot cell (Maximum distance: 23 m).
Radiation shield blocks made of iron and concrete provides most of the weight, through which many
pipes such as mercury pipes and helium gas supply pipes penetrate. Behind the radiation shield,
further iron blocks cover two mercury drain tanks and two spilt mercury tanks for shielding �-rays
emitted from radioactive spallation products in mercury in the drain tanks during the maintenance [1],
and a trolley driving mechanism is mounted at the rear end. The mercury circulation system placed on
the mercury system trolley comprises mercury pipings, a mercury pump, a heat exchanger, a surge
tank, a gas supplying system and sensors.

In order to maximize the neutronic performance, the components are installed in the target station
with minimum spatial gap. For example, the design gap between the neutron reflector housing and
the target vessel was set to 8 mm considering the following assembling and positioning tolerances of
those components; (1) the tolerance of the neutron reflector housing is 3 mm, (2) the manufacturing
and assembling accuracy of the target vessel itself is 1 mm, (3) the positioning reproducibility of the
target trolley is 1 mm, (4) positioning tolerance of the target vessel on the target trolley is 2 mm, and
(5) an additional margin of 1 mm.
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Figure 3. Photographs of target vessel (a) and bubble generator assembly (b), and their schematic
views (c) and (d).

2.3. Microbubble Injection System

Currently, cavitation damage is considered to be the dominant factor to determine the service
lifetime of the target vessel rather than radiation damage. Non-condensable helium gas micro-bubbles
are effective to suppress the pressure waves in mercury which causes cavitation, because they absorb
thermal expansion of mercury at the proton beam injection, and change kinetic energy of the pressure
wave to thermal energy by their oscillation. Since pressure rising is very fast, e.g., the maximum
pressure reaches to 40 MPa at 1 µs after the 1 MW proton beam injection, it is necessary to inject gas
micro-bubbles less than 100 µm in diameter with a 0.1% volume fraction to mercury for effective
pressure waves mitigation [15,16].

We developed a gas microbubble generator [17] for generating bubbles to satisfy the design
condition mentioned above, and have installed it in the mercury target system with a closed-loop gas
supply system in October 2012. Figure 3b,d show the photograph and schematic of the microbubble
generator. Gas is injected from the center of the static swirler to make a gas column and brake down to
the microbubbles owing to the shear force induced by the vortex-breakdown at the outlet of bubble
generator. Multiple bubble generators with opposite swirl direction were placed alternately to prevent
the bubble coalescence due to the bulk swirl flow.

The gas supplying system circulates the helium gas enclosed in the mercury loop as follows:
helium gas flows from upper space of the surge tank to a compressor of gas supplying system and is
pressurized, so that it could flow towards the bubble generator in the target vessel according to the
differential pressure between those components. Double containment metal bellows compressor was
selected for the gas supplying system to detect the gas leakage from internal bellows and to assure the
containment of radioactive cover gas in it. The flow rate of helium gas was adjusted to be 1.5 L/min at
standard condition with a flow control valve. Resultant helium gas fraction at the beam window of the
target vessel was estimated to be about 1.5 ⇥ 10�4 under this flow condition.

2.4. Mercury Circulation System

As mentioned before, primary components of the mercury circulation system are the surge tank,
the mercury pump, and the heat exchanger. The most important and challenging issue for this system
design was that all the components should be maintained by remote handling. Though the system
seems very simple in the figure, it is actually more complicated because a lot of devices such as
valves, thin pipes, cables, flanges, connectors etc. are installed to the system, which are not shown in
Figure 2. Thus, each component was devised and arranged on the target trolley, and so that it could be
maintained easily by remote-handling. Table 1 summarizes primary specifications of each component.
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Precisely known 
neutrino spectrum

Unique for Material and Life Science 
Experimental Facility at J-PARC

High intensity 
neutrino flux

Spectrum for each flavor precisely know 
based on the time structure

Neutrino Production
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Beam Pulses

The MLF beam is delivered in two 
close bunches at 25 Hz producing 

prompt and delayed neutrinos.

The neutrino fluxes are well-
understood because they come 

predominantly from decay at rest.

μDAR, 𝝿DAR separation; 
Perfect for CEvNS

No timing cuts

x 25 Hz



MLF Status
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and then launched a 1-MW beam test in October 2014 right
after the injection beam current upgrade.
The most important issues in realizing such a MW-class

high-power beam operation are controlling and minimizing
beam loss to maintain machine activations within permis-
sible levels. In high-power machines such as RCS, there
exist many factors causing beam loss, such as lattice
imperfections, space charge, image charge, beam instabil-
ity, and foil scattering. Besides, beam loss generally occurs
through a complex mechanism involving several factors. To
clarify such a beam loss mechanism and realize its cure,
conducting numerical simulation as well as experiments are
essential. In RCS, numerical simulation well reproduces
empirical data, and now plays a vital role in solving beam
loss issues in combination with actual beam experiments;
various ideas for beam loss mitigation were proposed with
the help of the numerical simulations, and verified by
experiments. As a result of such continuous efforts includ-
ing several hardware improvements, we have recently
accomplished a 1-MW beam acceleration with consider-
ably low fractional beam loss of several 10−3.
This paper presents recent progresses of RCS beam

commissioning in chronological order with particular
emphasis on our approaches to beam loss issues that we
faced in a series of high-intensity beam tests of up to 1 MW,
and also explains how well the numerical simulation
functioned for realizing such a low-loss 1-MW beam
operation by way of example.

II. OUTLINE OF J-PARC 3-GeV RCS

The RCS design parameters are summarized in Table I.
As shown in Fig. 1, a 400-MeV H− beam from the linac
is delivered via the linac-to-3-GeV beam transport line
(L-3BT) to the RCS injection point, where it is multiturn
charge-exchange injected through a 340-μg=cm2-thick
hybrid-type boron-mixed carbon-stripping foil [4] over
a period of 0.5 ms. In order to avoid longitudinal beam
loss during injection, the H− linac beam is equipped with
a chopped bunch structure in synchronization with
the ring rf frequency at the time of injection, where
the chopper beam-on duty factor is typically set to
53%–60%. RCS accelerates the injected protons up to
3 GeV with a repetition rate of 25 Hz. Most of the 3-GeV
beam pulses from RCS are transported via the 3-GeV-to-
neutron-target beam transport line (3-NBT) to MLF, while
only four pulses every several seconds are transported via
the 3-GeV-to-50-GeV beam transport line (3-50BT)
to MR.
RCS has a three-fold symmetric lattice over its circum-

ference of 348.333 m. Each super-period consists of two
3-DOFO arc modules and one 3-DOFO long straight
insertion, where DOFO stands for a defocusing-focusing
periodic cell. Each arc module has a missing-bend cell,
where the horizontal dispersion has the maximum (6 m).
Such a lattice structure gives a high transition energy

FIG. 2. Beam power ramp-up history of RCS since the start-up
of user programs in December 2008, where the blue bars
correspond to the beam power in the routine user operation at
25 Hz, while the red ones show the equivalent beam power
achieved by the beam-on-demand single-shot mode in the beam
test.

TABLE I. RCS design parameters.

Circumference 348.333 m
Superperiodicity 3
Injected particles H−

Injection energy 400 MeV
Injection period 0.5 ms
Injection turns 307
Injection peak current 50 mA
Chopper beam-on duty factor of the
injection beam

53.3%

Unnormalized transverse emittance of the
injection beam

4π mmmrad

Momentum spread of the injection beam !0.1%
Extraction energy 3 GeV
Repetition rate 25 Hz
Acceleration time 20 ms
Ramping pattern Sinusoidal
Transition energy 9.2 GeV
Harmonic number 2
Number of bunches 2
Number of particles per pulse 8.33 × 1013

Output beam power 1 MW
Momentum acceptance !1%
Ring acceptance 486π mmmrad
Collimator aperture 324π mmmrad
Collimator capability 4 kW
Betatron tunes (6.45, 6.42) or its

neighbors

H. HOTCHI et al. PHYS. REV. ACCEL. BEAMS 20, 060402 (2017)

060402-2

 

http://j-parc.jp/ja/topics/2018/topics180705.html
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1MW Beam
• 2019/7/3 11:32- 22:00 (10h28min)1MW trial 

User time

1MW trial

H2 loop test

MPS
• 14:25 Li HVDC 11 5m35s
• 15:38 Li RFQ         0m56s
• 19:15 Li RFQ         0m56s

Single-shot testing
Routine operation

(1) (2)

(1) 2011 Earthquake 
(2) Hadron Hall Accident
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1 MW trial (1 hour) in July 2018 

1 MW trial (10.5 
hours) in July 2019 

H. Hotchi, et. al., Achievement of a low-loss 1-MW beam operation in the 3-GeV 
rapid cycling synchrotron of the Japan Proton Accelerator Research Complex, Phys. 
Rev. Accel. Beams 20, 060402 (June 2017)


http://inspirehep.net/record/1606159/files/10.1103_PhysRevAccelBeams.20.060402.pdf
http://j-parc.jp/ja/topics/2018/topics180705.html


MLF Status
• The MLF has been providing stable operation at a beam power 

of ~500 kW

• In fiscal year 2018, 94% availability was achieved corresponding to 4129 

hours of beam time for users


• Several trials at 1 MW beam power have been performed to 
iron out potential issues and do target studies

• 1 hour in July 2018


• 10.5 hours in July 2019


• Significant effort is going towards target improvements to 
achieve stable 1 MW operation


• The tentative plan is to gradually increase the beam power over 
the next year during normal user periods
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JSNS2

J-PARC Sterile Neutrino Search at the 
J-PARC Spallation Neutron Source



Short-Baseline Anomalies
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Experiment Source Oscillation 
Channel Significance

LSND Pion and muon 
decay-at-rest (DAR)

MiniBooNE Pion and kaon 
decay-in-flight (DIF)

MiniBooNE Pion and kaon 
decay-in-flight (DIF)

Reactors Beta Decay Varies

GALLEX/SAGE Radioactive Source 
(Electron Capture)
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⌫̄e ! ⌫̄e
<latexit sha1_base64="65PVBv8vS7wN1K2o9HNKrDAB1bc=">AAACBHicbVDLSgMxFL1TX7W+Rl12EyyCqzIjgi6LblxWsA/olCGT3rahmcyQZIQydOHGX3HjQhG3foQ7/8b0sdDWA4GTc+4lOSdKBdfG876dwtr6xuZWcbu0s7u3f+AeHjV1kimGDZaIRLUjqlFwiQ3DjcB2qpDGkcBWNLqZ+q0HVJon8t6MU+zGdCB5nzNqrBS65SCiKg9kNgmRBCYhv+6hW/Gq3gxklfgLUoEF6qH7FfQSlsUoDRNU647vpaabU2U4EzgpBZnGlLIRHWDHUklj1N18FmJCTq3SI/1E2SMNmam/N3Iaaz2OIzsZUzPUy95U/M/rZKZ/1c25TDODks0f6meC2LDTRkiPK2RGjC2hTHH7V8KGVFFmbG8lW4K/HHmVNM+rvuV3F5Xa9aKOIpThBM7Ah0uowS3UoQEMHuEZXuHNeXJenHfnYz5acBY7x/AHzucPAgmYUA==</latexit><latexit sha1_base64="65PVBv8vS7wN1K2o9HNKrDAB1bc=">AAACBHicbVDLSgMxFL1TX7W+Rl12EyyCqzIjgi6LblxWsA/olCGT3rahmcyQZIQydOHGX3HjQhG3foQ7/8b0sdDWA4GTc+4lOSdKBdfG876dwtr6xuZWcbu0s7u3f+AeHjV1kimGDZaIRLUjqlFwiQ3DjcB2qpDGkcBWNLqZ+q0HVJon8t6MU+zGdCB5nzNqrBS65SCiKg9kNgmRBCYhv+6hW/Gq3gxklfgLUoEF6qH7FfQSlsUoDRNU647vpaabU2U4EzgpBZnGlLIRHWDHUklj1N18FmJCTq3SI/1E2SMNmam/N3Iaaz2OIzsZUzPUy95U/M/rZKZ/1c25TDODks0f6meC2LDTRkiPK2RGjC2hTHH7V8KGVFFmbG8lW4K/HHmVNM+rvuV3F5Xa9aKOIpThBM7Ah0uowS3UoQEMHuEZXuHNeXJenHfnYz5acBY7x/AHzucPAgmYUA==</latexit><latexit sha1_base64="65PVBv8vS7wN1K2o9HNKrDAB1bc=">AAACBHicbVDLSgMxFL1TX7W+Rl12EyyCqzIjgi6LblxWsA/olCGT3rahmcyQZIQydOHGX3HjQhG3foQ7/8b0sdDWA4GTc+4lOSdKBdfG876dwtr6xuZWcbu0s7u3f+AeHjV1kimGDZaIRLUjqlFwiQ3DjcB2qpDGkcBWNLqZ+q0HVJon8t6MU+zGdCB5nzNqrBS65SCiKg9kNgmRBCYhv+6hW/Gq3gxklfgLUoEF6qH7FfQSlsUoDRNU647vpaabU2U4EzgpBZnGlLIRHWDHUklj1N18FmJCTq3SI/1E2SMNmam/N3Iaaz2OIzsZUzPUy95U/M/rZKZ/1c25TDODks0f6meC2LDTRkiPK2RGjC2hTHH7V8KGVFFmbG8lW4K/HHmVNM+rvuV3F5Xa9aKOIpThBM7Ah0uowS3UoQEMHuEZXuHNeXJenHfnYz5acBY7x/AHzucPAgmYUA==</latexit><latexit sha1_base64="65PVBv8vS7wN1K2o9HNKrDAB1bc=">AAACBHicbVDLSgMxFL1TX7W+Rl12EyyCqzIjgi6LblxWsA/olCGT3rahmcyQZIQydOHGX3HjQhG3foQ7/8b0sdDWA4GTc+4lOSdKBdfG876dwtr6xuZWcbu0s7u3f+AeHjV1kimGDZaIRLUjqlFwiQ3DjcB2qpDGkcBWNLqZ+q0HVJon8t6MU+zGdCB5nzNqrBS65SCiKg9kNgmRBCYhv+6hW/Gq3gxklfgLUoEF6qH7FfQSlsUoDRNU647vpaabU2U4EzgpBZnGlLIRHWDHUklj1N18FmJCTq3SI/1E2SMNmam/N3Iaaz2OIzsZUzPUy95U/M/rZKZ/1c25TDODks0f6meC2LDTRkiPK2RGjC2hTHH7V8KGVFFmbG8lW4K/HHmVNM+rvuV3F5Xa9aKOIpThBM7Ah0uowS3UoQEMHuEZXuHNeXJenHfnYz5acBY7x/AHzucPAgmYUA==</latexit>

⌫e ! ⌫e
<latexit sha1_base64="ScBuTYqOTXSO+oUOq1pJnDC/e54=">AAAB+HicbZDLSsNAFIZPvNZ6adSlm8EiuCqJCLosunFZwV6gCWEynbRDJ5MwF6GWPokbF4q49VHc+TZO0yy09YeBj/+cw5zzxzlnSnvet7O2vrG5tV3Zqe7u7R/U3MOjjsqMJLRNMp7JXowV5UzQtmaa014uKU5jTrvx+HZe7z5SqVgmHvQkp2GKh4IljGBtrcitBcJEFAU6QwVFbt1reIXQKvgl1KFUK3K/gkFGTEqFJhwr1fe9XIdTLDUjnM6qgVE0x2SMh7RvUeCUqnBaLD5DZ9YZoCST9gmNCvf3xBSnSk3S2HamWI/Ucm1u/lfrG51ch1MmcqOpIIuPEsORPXOeAhowSYnmEwuYSGZ3RWSEJSbaZlW1IfjLJ69C56LhW76/rDdvyjgqcAKncA4+XEET7qAFbSBg4Ble4c15cl6cd+dj0brmlDPH8EfO5w8yAZLG</latexit><latexit sha1_base64="ScBuTYqOTXSO+oUOq1pJnDC/e54=">AAAB+HicbZDLSsNAFIZPvNZ6adSlm8EiuCqJCLosunFZwV6gCWEynbRDJ5MwF6GWPokbF4q49VHc+TZO0yy09YeBj/+cw5zzxzlnSnvet7O2vrG5tV3Zqe7u7R/U3MOjjsqMJLRNMp7JXowV5UzQtmaa014uKU5jTrvx+HZe7z5SqVgmHvQkp2GKh4IljGBtrcitBcJEFAU6QwVFbt1reIXQKvgl1KFUK3K/gkFGTEqFJhwr1fe9XIdTLDUjnM6qgVE0x2SMh7RvUeCUqnBaLD5DZ9YZoCST9gmNCvf3xBSnSk3S2HamWI/Ucm1u/lfrG51ch1MmcqOpIIuPEsORPXOeAhowSYnmEwuYSGZ3RWSEJSbaZlW1IfjLJ69C56LhW76/rDdvyjgqcAKncA4+XEET7qAFbSBg4Ble4c15cl6cd+dj0brmlDPH8EfO5w8yAZLG</latexit><latexit sha1_base64="ScBuTYqOTXSO+oUOq1pJnDC/e54=">AAAB+HicbZDLSsNAFIZPvNZ6adSlm8EiuCqJCLosunFZwV6gCWEynbRDJ5MwF6GWPokbF4q49VHc+TZO0yy09YeBj/+cw5zzxzlnSnvet7O2vrG5tV3Zqe7u7R/U3MOjjsqMJLRNMp7JXowV5UzQtmaa014uKU5jTrvx+HZe7z5SqVgmHvQkp2GKh4IljGBtrcitBcJEFAU6QwVFbt1reIXQKvgl1KFUK3K/gkFGTEqFJhwr1fe9XIdTLDUjnM6qgVE0x2SMh7RvUeCUqnBaLD5DZ9YZoCST9gmNCvf3xBSnSk3S2HamWI/Ucm1u/lfrG51ch1MmcqOpIIuPEsORPXOeAhowSYnmEwuYSGZ3RWSEJSbaZlW1IfjLJ69C56LhW76/rDdvyjgqcAKncA4+XEET7qAFbSBg4Ble4c15cl6cd+dj0brmlDPH8EfO5w8yAZLG</latexit><latexit sha1_base64="ScBuTYqOTXSO+oUOq1pJnDC/e54=">AAAB+HicbZDLSsNAFIZPvNZ6adSlm8EiuCqJCLosunFZwV6gCWEynbRDJ5MwF6GWPokbF4q49VHc+TZO0yy09YeBj/+cw5zzxzlnSnvet7O2vrG5tV3Zqe7u7R/U3MOjjsqMJLRNMp7JXowV5UzQtmaa014uKU5jTrvx+HZe7z5SqVgmHvQkp2GKh4IljGBtrcitBcJEFAU6QwVFbt1reIXQKvgl1KFUK3K/gkFGTEqFJhwr1fe9XIdTLDUjnM6qgVE0x2SMh7RvUeCUqnBaLD5DZ9YZoCST9gmNCvf3xBSnSk3S2HamWI/Ucm1u/lfrG51ch1MmcqOpIIuPEsORPXOeAhowSYnmEwuYSGZ3RWSEJSbaZlW1IfjLJ69C56LhW76/rDdvyjgqcAKncA4+XEET7qAFbSBg4Ble4c15cl6cd+dj0brmlDPH8EfO5w8yAZLG</latexit>

3.8�
<latexit sha1_base64="oEOk7I2WwNIsB/I3IJL6J0vCjYs=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZFeyy6MZlBXuRdiiZNNOGJpkhyQhl6FO4caGIWx/HnW9j2s5CW38IfPznHHLOHyaCG+t536iwtr6xuVXcLu3s7u0flA+PWiZONWVNGotYd0JimOCKNS23gnUSzYgMBWuH49tZvf3EtOGxerCThAWSDBWPOCXWWY+X1VrP8KEk/XLFq3pz4VXwc6hArka//NUbxDSVTFkqiDFd30tskBFtORVsWuqlhiWEjsmQdR0qIpkJsvnCU3zmnAGOYu2esnju/p7IiDRmIkPXKYkdmeXazPyv1k1tVAsyrpLUMkUXH0WpwDbGs+vxgGtGrZg4IFRztyumI6IJtS6jkgvBXz55FVoXVd/x/VWlfpPHUYQTOIVz8OEa6nAHDWgCBQnP8ApvSKMX9I4+Fq0FlM8cwx+hzx/3To/a</latexit><latexit sha1_base64="oEOk7I2WwNIsB/I3IJL6J0vCjYs=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZFeyy6MZlBXuRdiiZNNOGJpkhyQhl6FO4caGIWx/HnW9j2s5CW38IfPznHHLOHyaCG+t536iwtr6xuVXcLu3s7u0flA+PWiZONWVNGotYd0JimOCKNS23gnUSzYgMBWuH49tZvf3EtOGxerCThAWSDBWPOCXWWY+X1VrP8KEk/XLFq3pz4VXwc6hArka//NUbxDSVTFkqiDFd30tskBFtORVsWuqlhiWEjsmQdR0qIpkJsvnCU3zmnAGOYu2esnju/p7IiDRmIkPXKYkdmeXazPyv1k1tVAsyrpLUMkUXH0WpwDbGs+vxgGtGrZg4IFRztyumI6IJtS6jkgvBXz55FVoXVd/x/VWlfpPHUYQTOIVz8OEa6nAHDWgCBQnP8ApvSKMX9I4+Fq0FlM8cwx+hzx/3To/a</latexit><latexit sha1_base64="oEOk7I2WwNIsB/I3IJL6J0vCjYs=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZFeyy6MZlBXuRdiiZNNOGJpkhyQhl6FO4caGIWx/HnW9j2s5CW38IfPznHHLOHyaCG+t536iwtr6xuVXcLu3s7u0flA+PWiZONWVNGotYd0JimOCKNS23gnUSzYgMBWuH49tZvf3EtOGxerCThAWSDBWPOCXWWY+X1VrP8KEk/XLFq3pz4VXwc6hArka//NUbxDSVTFkqiDFd30tskBFtORVsWuqlhiWEjsmQdR0qIpkJsvnCU3zmnAGOYu2esnju/p7IiDRmIkPXKYkdmeXazPyv1k1tVAsyrpLUMkUXH0WpwDbGs+vxgGtGrZg4IFRztyumI6IJtS6jkgvBXz55FVoXVd/x/VWlfpPHUYQTOIVz8OEa6nAHDWgCBQnP8ApvSKMX9I4+Fq0FlM8cwx+hzx/3To/a</latexit><latexit sha1_base64="oEOk7I2WwNIsB/I3IJL6J0vCjYs=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZFeyy6MZlBXuRdiiZNNOGJpkhyQhl6FO4caGIWx/HnW9j2s5CW38IfPznHHLOHyaCG+t536iwtr6xuVXcLu3s7u0flA+PWiZONWVNGotYd0JimOCKNS23gnUSzYgMBWuH49tZvf3EtOGxerCThAWSDBWPOCXWWY+X1VrP8KEk/XLFq3pz4VXwc6hArka//NUbxDSVTFkqiDFd30tskBFtORVsWuqlhiWEjsmQdR0qIpkJsvnCU3zmnAGOYu2esnju/p7IiDRmIkPXKYkdmeXazPyv1k1tVAsyrpLUMkUXH0WpwDbGs+vxgGtGrZg4IFRztyumI6IJtS6jkgvBXz55FVoXVd/x/VWlfpPHUYQTOIVz8OEa6nAHDWgCBQnP8ApvSKMX9I4+Fq0FlM8cwx+hzx/3To/a</latexit>

2.8�
<latexit sha1_base64="D55xuyQx+nVtsU3bupjQY4vIpRc=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozRbDLohuXFexF2qFk0kwbmsuQZIQy9CncuFDErY/jzrcxbWehrT8EPv5zDjnnjxLOjPX9b6+wsbm1vVPcLe3tHxwelY9P2kalmtAWUVzpboQN5UzSlmWW026iKRYRp51ocjuvd56oNkzJBztNaCjwSLKYEWyd9Vir1vuGjQQelCt+1V8IrUOQQwVyNQflr/5QkVRQaQnHxvQCP7FhhrVlhNNZqZ8ammAywSPacyixoCbMFgvP0IVzhihW2j1p0cL9PZFhYcxURK5TYDs2q7W5+V+tl9q4HmZMJqmlkiw/ilOOrELz69GQaUosnzrARDO3KyJjrDGxLqOSCyFYPXkd2rVq4Pj+qtK4yeMowhmcwyUEcA0NuIMmtICAgGd4hTdPey/eu/exbC14+cwp/JH3+QP1wo/Z</latexit><latexit sha1_base64="D55xuyQx+nVtsU3bupjQY4vIpRc=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozRbDLohuXFexF2qFk0kwbmsuQZIQy9CncuFDErY/jzrcxbWehrT8EPv5zDjnnjxLOjPX9b6+wsbm1vVPcLe3tHxwelY9P2kalmtAWUVzpboQN5UzSlmWW026iKRYRp51ocjuvd56oNkzJBztNaCjwSLKYEWyd9Vir1vuGjQQelCt+1V8IrUOQQwVyNQflr/5QkVRQaQnHxvQCP7FhhrVlhNNZqZ8ammAywSPacyixoCbMFgvP0IVzhihW2j1p0cL9PZFhYcxURK5TYDs2q7W5+V+tl9q4HmZMJqmlkiw/ilOOrELz69GQaUosnzrARDO3KyJjrDGxLqOSCyFYPXkd2rVq4Pj+qtK4yeMowhmcwyUEcA0NuIMmtICAgGd4hTdPey/eu/exbC14+cwp/JH3+QP1wo/Z</latexit><latexit sha1_base64="D55xuyQx+nVtsU3bupjQY4vIpRc=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozRbDLohuXFexF2qFk0kwbmsuQZIQy9CncuFDErY/jzrcxbWehrT8EPv5zDjnnjxLOjPX9b6+wsbm1vVPcLe3tHxwelY9P2kalmtAWUVzpboQN5UzSlmWW026iKRYRp51ocjuvd56oNkzJBztNaCjwSLKYEWyd9Vir1vuGjQQelCt+1V8IrUOQQwVyNQflr/5QkVRQaQnHxvQCP7FhhrVlhNNZqZ8ammAywSPacyixoCbMFgvP0IVzhihW2j1p0cL9PZFhYcxURK5TYDs2q7W5+V+tl9q4HmZMJqmlkiw/ilOOrELz69GQaUosnzrARDO3KyJjrDGxLqOSCyFYPXkd2rVq4Pj+qtK4yeMowhmcwyUEcA0NuIMmtICAgGd4hTdPey/eu/exbC14+cwp/JH3+QP1wo/Z</latexit><latexit sha1_base64="D55xuyQx+nVtsU3bupjQY4vIpRc=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozRbDLohuXFexF2qFk0kwbmsuQZIQy9CncuFDErY/jzrcxbWehrT8EPv5zDjnnjxLOjPX9b6+wsbm1vVPcLe3tHxwelY9P2kalmtAWUVzpboQN5UzSlmWW026iKRYRp51ocjuvd56oNkzJBztNaCjwSLKYEWyd9Vir1vuGjQQelCt+1V8IrUOQQwVyNQflr/5QkVRQaQnHxvQCP7FhhrVlhNNZqZ8ammAywSPacyixoCbMFgvP0IVzhihW2j1p0cL9PZFhYcxURK5TYDs2q7W5+V+tl9q4HmZMJqmlkiw/ilOOrELz69GQaUosnzrARDO3KyJjrDGxLqOSCyFYPXkd2rVq4Pj+qtK4yeMowhmcwyUEcA0NuIMmtICAgGd4hTdPey/eu/exbC14+cwp/JH3+QP1wo/Z</latexit>

4.5�
<latexit sha1_base64="pXhH3E4dSYkFbh7JD+wd/mETsBQ=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZqeiy6MZlBXuRdiiZNNOGJpkhyQhl6FO4caGIWx/HnW9j2s5CW38IfPznHHLOHyaCG+t536iwtr6xuVXcLu3s7u0flA+PWiZONWVNGotYd0JimOCKNS23gnUSzYgMBWuH49tZvf3EtOGxerCThAWSDBWPOCXWWY+16mXP8KEk/XLFq3pz4VXwc6hArka//NUbxDSVTFkqiDFd30tskBFtORVsWuqlhiWEjsmQdR0qIpkJsvnCU3zmnAGOYu2esnju/p7IiDRmIkPXKYkdmeXazPyv1k1tdB1kXCWpZYouPopSgW2MZ9fjAdeMWjFxQKjmbldMR0QTal1GJReCv3zyKrQuqr7j+1qlfpPHUYQTOIVz8OEK6nAHDWgCBQnP8ApvSKMX9I4+Fq0FlM8cwx+hzx/0PI/Y</latexit><latexit sha1_base64="pXhH3E4dSYkFbh7JD+wd/mETsBQ=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZqeiy6MZlBXuRdiiZNNOGJpkhyQhl6FO4caGIWx/HnW9j2s5CW38IfPznHHLOHyaCG+t536iwtr6xuVXcLu3s7u0flA+PWiZONWVNGotYd0JimOCKNS23gnUSzYgMBWuH49tZvf3EtOGxerCThAWSDBWPOCXWWY+16mXP8KEk/XLFq3pz4VXwc6hArka//NUbxDSVTFkqiDFd30tskBFtORVsWuqlhiWEjsmQdR0qIpkJsvnCU3zmnAGOYu2esnju/p7IiDRmIkPXKYkdmeXazPyv1k1tdB1kXCWpZYouPopSgW2MZ9fjAdeMWjFxQKjmbldMR0QTal1GJReCv3zyKrQuqr7j+1qlfpPHUYQTOIVz8OEK6nAHDWgCBQnP8ApvSKMX9I4+Fq0FlM8cwx+hzx/0PI/Y</latexit><latexit sha1_base64="pXhH3E4dSYkFbh7JD+wd/mETsBQ=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZqeiy6MZlBXuRdiiZNNOGJpkhyQhl6FO4caGIWx/HnW9j2s5CW38IfPznHHLOHyaCG+t536iwtr6xuVXcLu3s7u0flA+PWiZONWVNGotYd0JimOCKNS23gnUSzYgMBWuH49tZvf3EtOGxerCThAWSDBWPOCXWWY+16mXP8KEk/XLFq3pz4VXwc6hArka//NUbxDSVTFkqiDFd30tskBFtORVsWuqlhiWEjsmQdR0qIpkJsvnCU3zmnAGOYu2esnju/p7IiDRmIkPXKYkdmeXazPyv1k1tdB1kXCWpZYouPopSgW2MZ9fjAdeMWjFxQKjmbldMR0QTal1GJReCv3zyKrQuqr7j+1qlfpPHUYQTOIVz8OEK6nAHDWgCBQnP8ApvSKMX9I4+Fq0FlM8cwx+hzx/0PI/Y</latexit><latexit sha1_base64="pXhH3E4dSYkFbh7JD+wd/mETsBQ=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZqeiy6MZlBXuRdiiZNNOGJpkhyQhl6FO4caGIWx/HnW9j2s5CW38IfPznHHLOHyaCG+t536iwtr6xuVXcLu3s7u0flA+PWiZONWVNGotYd0JimOCKNS23gnUSzYgMBWuH49tZvf3EtOGxerCThAWSDBWPOCXWWY+16mXP8KEk/XLFq3pz4VXwc6hArka//NUbxDSVTFkqiDFd30tskBFtORVsWuqlhiWEjsmQdR0qIpkJsvnCU3zmnAGOYu2esnju/p7IiDRmIkPXKYkdmeXazPyv1k1tdB1kXCWpZYouPopSgW2MZ9fjAdeMWjFxQKjmbldMR0QTal1GJReCv3zyKrQuqr7j+1qlfpPHUYQTOIVz8OEK6nAHDWgCBQnP8ApvSKMX9I4+Fq0FlM8cwx+hzx/0PI/Y</latexit>
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New experiments are required to address the 
anomalies at short baseline.
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Tension With Other Data
• There is tension between 
νµ→νe appearance and 
νµ/νe disappearance


• In the short-baseline 
limit:
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FIG. 7. Appearance versus disappearance data in the plane spanned by the e↵ective mixing angle
sin2 2✓µe ⌘ 4|Ue4Uµ4|2 and the mass squared di↵erence �m2

41

. The blue curves show limits from
the disappearance data sets using free reactor fluxes (solid) or fixed reactor fluxes (dashed), while
the shaded contours are based on the appearance data sets using LSND DaR+DiF (red) and LSND
DaR (pink hatched). All contours are at 99.73% CL for 2 dof.

two additional free parameters.
We would now like to quantify the tension between di↵erent subsets of the global data

that is evident from fig. 5. We first note that combining all data sets we find a goodness-of-fit
for the global best fit point around 65%, see table VI. This good p-value does not reflect the
tension we found because many data points entering the global fit have only little sensitivity
to sterile neutrino oscillations, thus diluting the power of a goodness-of-fit test based on
�2/dof.

A more reliable method for quantifying the compatibility of di↵erent data sets is the
parameter goodness-of-fit (PG) test [92], which measures the penalty in �2 that one has to
pay for combining data sets, see appendix A for a brief review of this test. If the global
neutrino oscillation data were consistent when interpreted in the framework of a 3 + 1
model, any slicing into two statistically independent data sets A and B should result in an
acceptable p-value from the PG test. To illustrate an inconsistency in the data, it is however
su�cient to demonstrate that at least one way of dividing it leads to a poor value. Here,
we choose to split the data into disappearance data encompassing the oscillation channels
(–)

⌫ e !
(–)

⌫ e and
(–)

⌫ µ !
(–)

⌫ µ, and appearance data covering the
(–)

⌫ µ !
(–)

⌫ e channel. Note that
it is important to chose data sets independent of their “result”. For instance, dividing data
into “evidence” and “no-evidence” samples would bias the PG test.

The tension between appearance and disappearance data is shown graphically in fig. 7.
The figure illustrates the lack of overlap between the parameter region favoured by ap-
pearance data (driven by LSND and MiniBooNE) and the strong exclusion limits from
disappearance data. The tension persists independently of whether reactor fluxes are fixed
or kept free, and whether the LSND DaR or DaR+DiF samples are used. The corresponding
results from the PG test are shown in the last two columns of table VI. To evaluate the
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This tension motivates new experiments 
to definitively address the anomalies.
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JSNS2
J-PARC Sterile Neutrino Search
at J-PARC Spallation Neutron Source
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• Direct test of LSND


• Same neutrino source (muon 
decay at rest)


• Same interaction mechanism 
(Inverse Beta Decay)


• Similar baseline (24 m vs. 30 m)


• Target volume filled with Gd-doped 
liquid scintillator


• Phase 0: 17 tons


• Future Phases: Multiple 
detectors/baselines


• First data in early 2020 (Phase 0)
JSNS2 TDR arXiv:1705.08629

J-PARC Sterile Neutrino 
Search at the J-PARC 

Spallation Neutron Source

Detector location on 
the MLF 3rd Floor 



JSNS2 Collaboration
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~50 members from Japan, Korea, the US, and the UK

July 2019 Collaboration Meeting 



JSNS2 Detector
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Figure 104: The Tail Q/Total Q distributions for the neutrino signals (red) and the
cosmic-induced fast neutrons (blue) after applying the usual neutrino selection criteria.

Cut condition E�ciency
1  �tprompt  10µs 74%

7  Edelayed  12MeV 71%
20  Eprompt  60MeV 92%

�tdelayed  100µs 93%
�V TXprompt�delayed  60cm 96%
�V TXOB�delayed � 110cm 98%

Life Time  11 91%
PSD cut ⇠ 99%

Total 38%

Table 16: Selection criteria for the neutrino signals and the corresponding signal e�-
ciencies.
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• JSNS2 uses a liquid scintillator detector

• 17 tons of Gd-loaded scintillator

• ~50 total tons of scintillator


• Oscillation candidates are identified using the 
standard IBD signature

• Prompt positron

• Delayed neutron capture on Gd


• Pulse shape discrimination (PSD) is used to 
reject fast neutron backgrounds

PSD performance
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Figure 108: The energy spectra of ⌫̄e from µ� (red),12C(⌫e, e�)N (blue), accidentals
(pink), and the oscillated signal with (�m2, sin2 2✓) = (2.5, 0.003) (brown shaded; best
�m2 for the MLF experiment) are shown. The black points with error bars correspond
to the sum of the all components. All spectra of the neutrino signals and all backgrounds,
except for the beam neutrons, include the e↵ect of the energy resolution shown in Fig.96.

3 years of operation with 5000 h exposure each year. The signal detection e�ciency is
assumed to be 38% in Table 16. The number of events in each energy bin is statistically
small, therefore we use maximum likelihood instead of the usual �2 method. The fit
estimates the oscillation parameters by varying the size and shape of the brown histogram
to best reproduce the energy distribution of the black points.

For this analysis, the following equation is used to compute the likelihoods:

L = ⇧iP (Nexp|Nobs)i (5)

P (Nexp|Nobs) =
e�N

exp · (Nexp)Nobs

Nobs!
(6)

where, i corresponds to ith energy bin, Nexp is expected number of events in i-th bin, Nobs

is number of observed events in i-th bin. The counter i starts from 20 MeV and ends
at 60 MeV, because the energy cut above 20 MeV is applied for the primary signal as
explained before. Note that Nexp = Nsig(�m2, sin2 2✓)+

X
Nbkg, and Nsig(�m2, sin2 2✓)

is calculated using the two flavor neutrino oscillation equation shown before,
P (⌫̄µ ! ⌫̄e) = sin2 2✓ sin2(1.27·�m2(eV 2)·L(m)

E
⌫

(MeV ) ).
The maximum likelihood point gives the best fit parameters, and 2� lnL provides

the uncertainty of the fit parameters. As shown in the PDG [28], we have to use the
2�lnL for two-parameter fits to determine the uncertainties.
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Figure 109: The energy spectra of ⌫̄e from µ� (red),12C(⌫e, e�)N (blue), accidentals
(pink), and the oscillated signal with (�m2, sin2 2✓) = (1.2, 0.003) (brown shaded; LSND
best �m2 for the MLF experiment) are shown.

5.2 Systematic Uncertainties

Equation 5 takes only the statistical uncertainty into account, therefore the systematic
uncertainties should be incorporated in the likelihood.

Fortunately, the energy spectrum of the oscillated signal and background components
are well known because the neutrino energy spectra from µDAR are quite well
understood, and the IBD cross section is understood to the 0.2% level [70].
Therefore, these systematic uncertainties are negligibly small compared to others and the
error (covariance) matrix of energy is not needed. The systematic uncertainties from the
detector energy scale are described later.

The uncertainty of the normalization and energy spectrum of the ac-
cidental background is negligiblly small because we can take data ”in-situ”
for the accidental background estimation with the no beam period (a mini-
shutdown takes place every week) and using the 20 ms delayed trigger from
beam on-bunch timing. Both methods were successful in 2014, when we
did background measurement [66] on-site. If the accidental background rate
for the prompt and delayed as shown in Table 17 is correct, we have about
1000 events per day to estimate the normalization and energy spectrum from
the 20 ms delayed trigger. Note that we have ⇠200 days/year for data taking,
so these statistics are good enough to estimate those. In this case, uncertainties
on the overall normalization of each component have to be taken into account, and this
assumption is in a good shape.

In order to incorporate the systematic uncertainties, nuisance parameters should be
added to Equation 5 and the equation is changed as follows

110

�m2 = 2.5 eV2, sin2 2✓ = 0.003
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3 years 

3 years 

JSNS2 TDR arXiv:1705.08629

J-PARC Sterile Neutrino 
Search at the J-PARC 

Spallation Neutron SourceOscillation Signatures

Search for electron antineutrino 
appearance using the IBD signature



JSNS2 Sensitivity
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Figure 110: Sensitivity of the JSNS2 experiment with the latest configuration (1 MW ⇥
3 y ⇥ 1 detector). The red line shows the 90% C.L.. The exclusion line of the OPERA
experiment is also shown [68]. The region to the right of the line is excluded with 90%
confidence.

nuisance term. The di↵erence between both results is small, which means that the lack
of the external information does not a↵ect on the sensitivity much and the ⌫̄e from µ�

will be estimated by the likelihood calculation in the real experiment using the fit.

5.4.2 Energy scale uncertainty

An energy scale uncertainty does not a↵ect the sensitivity because the calibration
scheme of the JSNS2 provides a small uncertainty for this. To show this, the e↵ect
of energy scale uncertainty on the sensitivity is also checked here. Referring the three
reactor experiments of Daya Bay, RENO, and Double Chooz, a 1% absolute uncertainty
is assumed in this study. Usually, the uncertainty is caused by the remaining discrepancy
of the energy scale between data and MC samples after the correction for detector non-
uniformity, instability and non-linearity due to the quenching e↵ect. The JSNS2 detector
is similar to a reactor experiment, and especially the contribution of the non-linearity to
the uncertainty should be smaller than a reactor experiment because the quenching e↵ect
in the liquid scintillator does not a↵ect on the energy range above 20 MeV significantly. In
addition to the insignificant quenching e↵ect in the JSNS2, the stability and the position
dependence will be well understood by the Michel electron source and the 8 MeV �s

112

1 MW x 3 year exposure 
1 detector (17 tons)

JSNS2 will be able 
to directly test 

large parts of the 
LSND parameter 
space in Phase 0! 
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Other Physics with JSNS2

• Beyond the Standard Model 
physics searches

• Sensitive to hidden sector models (e.g. 

vector portal or Higgs portal models)


• Intermediate energy and high beam 
power give competitive sensitivity


• Neutrino cross section 
measurements

• Low energy neutrino cross sections 

relevant for supernova modeling


• Cross section measurements using 
monoenergetic neutrinos from KDAR

!18
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Figure 8: The energy spectra of neutrinos from pion and kaon decays which are
based on Geant4 [19] calculations (top). This tends to be at the low end of neutrino
yeild estimates of various particle production models. Time distribution of neutrinos
from pion, muon and kaon decays is shown in the bottom plot. Neutrino beams from
muon decay at rest only survive after 1 µs from the start of proton beam.
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Figure 7: The neutrino flux at the J-PARC MLF source without timing cuts. The
236 MeV muon neutrino from charged kaon decay-at-rest can easily be seen.

study nuclear structure and the axial vector component of the interaction using electron
scattering variables such as ! (! = E⌫ � Eµ). The importance of this unique access to
the nucleus is potentially far-reaching. For example, a double di↵erential cross section
measurement in terms of ! vs. Q2 allows one to distinguish e↵ects of the form factors,
which depend only on Q2, and of the nuclear model, which depends on both. Figure 8
(left) shows a number of model predictions for the di↵erential cross section in terms of
energy transfer for 300 MeV ⌫µ CC scattering on carbon. The disagreement between the
models, in terms of both shape and normalization, is striking. Notably, the JSNS2 muon
energy resolution may allow the nuclear resonances, easily seen in Fig. 8 (right), to be
measured via neutrino scattering. The KDAR neutrino is likely the only way to study
these excitations with neutrino scattering and, in general, to validate/refute these models
in the < 400 MeV neutrino energy range (see, e.g., Ref. [36]).

Along with studying nuclear physics relevant for future neutrino experiments, the
large sample of KDAR muon neutrinos collected with JSNS2 will provide a standard can-
dle for understanding the neutrino energy reconstruction and outgoing lepton kinematics
in the 100s-of-MeV neutrino energy region. While the KDAR neutrino is simply not
relevant for experiments featuring significantly higher neutrino energies, most notably
for MINOS, NOvA and DUNE [37, 38, 39], it is highly relevant for experiments with a
large or majority fraction of few-hundred-MeV neutrinos, for example, T2K [40], MO-
MENT [41], the European Spallation Source Neutrino Super Beam (ESS⌫SB) [42], and a
CERN-SPL-based neutrino beam CP search [43]. In particular, MOMENT and ESS⌫SB
both feature ⌫µ spectra which peak at about 200-250 MeV.

The KDAR neutrino can also be used to search for electron neutrino appearance
(⌫µ ! ⌫e) for providing a probe of the sterile neutrino that will be highly complementary
to the JSNS2 IBD search (⌫µ ! ⌫e). The advantage of the KDAR technique over other
sterile neutrino searches is that the signal energy (236 MeV) is known exactly. A back-

15

KDAR in JSNS2
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The MLF is the best place in the world to 
measure KDAR neutrinos

High statistics 

3 years of data will yield between 30,000 and 
60,000 KDAR interactions


Excellent energy resolution 
The energy resolution of JSNS2 will be a few 
percent at these energies


Low backgrounds 
The KDAR measurement in JSNS2 is essentially 
background free


Neutron counting 
JSNS2 can tag final state neutrons from the 
neutrino interactions

K+ ! µ+⌫µ [BR = 63.6%]
E⌫ = 236 MeV if K+ is at rest

ground measurement on either side of the signal energy window around 236 MeV can
allow an interpolated determination of the expected background in the signal region with
high precision. However, as compared to ⌫µ CC interactions, ⌫e events (⌫en ! e�p or
⌫e

12C ! e�X) are more challenging to identify over background, since they do not feature
a double coincidence signal. While the KDAR ⌫e events are expected to be distinct, in the
sense that their reconstructed energy will lie close to 236 MeV, beam-induced neutrons
can interact inside of the detector to produce an energetic single flash of light (e.g. a pro-
ton), mimicking a 236 MeV ⌫e event. Pulse shape discrimination can be used to mitigate
this background, but the background event rate expectation remains significant. This is
worrisome because the oscillated signal expectation is < 100 events in consideration of
the global best fit region at high-�m2. The possibility of probing ⌫e appearance using
KDAR neutrinos at the MLF remains an intriguing possibility, however, especially given
strong pulse shape discrimination.
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FIG. 8: (Color online) The longitudinal and transverse re-
sponse for 12C(e, e0), for di�erent values of q. Solid lines are
CRPA predictions and dashed-lines are MF predictions. Ex-
perimental data are from Ref. [57] (filled squares) and Ref. [49]
(open squares).
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as can be seen in panel (b) of Fig. 8. The comparison be-
tween our predictions on 12C with the experimental data
of Refs [49, 57] is quite satisfactory. The longitudinal re-
sponses are overestimated and the transverse responses
are usually underestimated. Our predictions are in-line
with the ones predicted in Ref. [57] and with the contin-
uum shell model predictions of Ref. [63]. It is long known,
that the inclusion of processes involving meson exchange
currents (MEC) are needed to account for the transverse
strength of the electromagnetic response [64, 65]. The
calculations carried out on light nuclei overwhelmingly
suggest that single-nucleon knockout processes, such as in
this work, are dominant in the longitudinal channel while
in the transverse channel two-nucleon processes provide
substantial contributions.

B. Neutrino scattering

The calculation of 12C(�l, l�) response functions in-
volve two vector form factors and one axial form fac-
tor. We use the BBBA05 parameterization of Ref. [66]
for the two vector form factors, and the standard dipole
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Figure 8: Left: The di↵erential cross section in terms of energy transfer (! = E⌫ � Eµ)
for 300 MeV ⌫µ CC scattering on carbon. Predictions from various models are shown.
This plot is adapted from Ref. [44]. Right: The di↵erential cross section in terms of
muon kinetic energy for various neutrino energies within the Continuum Random Phase
Approximation model; this plot is adapted from Ref. [45].

The KDAR neutrino opens up new avenues for research in neutrino oscillation, in-
teraction, and nuclear physics, and the importance of these measurements is clear. Per-
haps most intriguing, the nucleus has simply never been studied using a known energy,
weak-interaction-only probe and KDAR provides the exclusive technique to explore this
frontier. JSNS2 represents the world’s best hope to take advantage of the KDAR neu-
trino in the near future. Other existing facilities worldwide simply cannot match the
large expected KDAR signal and small expected decay-in-flight background rate at the
J-PARC MLF.

16

KDAR: KDAR

Can test nuclear models 



JSNS2 Construction
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Detector construction is 
nearing completion. 

Expect to be finished 
early next year with data 

soon after!

Acrylic vessel installation rehearsal (2019/Feb)

• Feb-18: the acrylic vessel arrived from Taiwan. 
• Immediately after the arrivals, we had rehearsal 

to install the acrylic tank. → succeeded.
• Currently, the acrylic tank was out of detector to 

install PMTs. 18

PMT Installation status
• Immediately after the pre-

calibration (and the results are 
OK), we can install the PMTs in 
parallel to the pre-calibration 
works.

• We already installed 67 PMTs to 
barrel and veto parts. (remaining 
PMTs will be installed soon)

• After the installation works, one 
by one checks of PMTs signal 
were and will be done.  → so far, 
installed PMTs have no problems 
to see the signal.

2019/9/17 International School of Nuclear Physics 41st course (Erice-Sicily) 21

Liquid Scintillator Production in Korea

35 tons of LS was produced at RENO site and delivered to Japan with two iso-tanks.

21 batches in total (37000 L) 
- 4 peoples per day
- 2 of ISO tanks

Date (2018) Job description
Sep. 12 - 18 Refurbishment and cleaning

Sep. 28 ISO tank arrived at RENO site

Oct. 1 - 22 LS production (6 shift periods)

pureLS

GdLS

LS and GdLS storage 
in Japan

-- Daya-Bay experiment kindly
donated 20 tons of GdLS. 

(We appreciate it!!)
-- arrived at Japan on 2019/8/1
-- Now both GdLS and LS are

stored at Kawasaki in Japan.
-- quality is OK. 22

Liquid Scintillator Production in Korea

35 tons of LS was produced at RENO site and delivered to Japan with two iso-tanks.

21 batches in total (37000 L) 
- 4 peoples per day
- 2 of ISO tanks

Date (2018) Job description
Sep. 12 - 18 Refurbishment and cleaning

Sep. 28 ISO tank arrived at RENO site

Oct. 1 - 22 LS production (6 shift periods)

pureLS

GdLS

LS and GdLS storage 
in Japan

-- Daya-Bay experiment kindly
donated 20 tons of GdLS. 

(We appreciate it!!)
-- arrived at Japan on 2019/8/1
-- Now both GdLS and LS are

stored at Kawasaki in Japan.
-- quality is OK. 22



Conclusion
• The J-PARC MLF is a world-class pulsed neutron/neutrino 

source

• Prompt neutrinos from pion and kaon decay can be separated from 

delayed neutrinos from muon decay


• The beam power continues to increase with target upgrades; working 
towards the design power of 1 MW


• JSNS2 will use the MLF neutrino source to test the LSND 
anomaly directly

• JSNS2 is sensitive to large portions of the LSND parameter space in 

Phase 0; additional detectors can improve the sensitivity


• In addition, JSNS2 will pursue various cross section measurements 
and new physics searches
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JSNS2 vs. LSND

!24
8/10/2017 Johnathon Jordan - University of Michigan 15

LSND Comparison

Detector Mass 167 Tons 17 Tons

Baseline 30 m 24 m

Beam Kinetic Energy 0.8 GeV 3.0 GeV Allows for KDAR measurements.

Beam Power 0.056 MW 1.0 MW Much more intense beam

Beam Pulse 600 μs, 120 Hz 80 ns (x2), 25 Hz 300 times less steady state 
background for IBD.

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

LSND JSNS2 Advantage of JSNS2
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Probing the Nucleus
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Q�

Neutrinos Interactions 
Neutrinos interactions are simple… until they aren’t. 

2 

ɋ l 

d u 
W± 

Leptonic current is perfectly predicted in SM… 
…as is the hadronic current for free quarks. 

For inclusive scattering from a 
nucleon, add PDFs for a robust 

high energy limit prediction 

For exclusive, e.g., quasi-
elastic scattering, hadron 
current requires empirical 
form factors. 

If the nucleon is part of a nucleus, it may be modified, off-
shell, bound, etc.  Also, exclusive states are affected by 

interactions of final state hadrons within the nucleus. 

(drawings courtesy G. Perdue) 

K. McFarland, Neutrino Interaction Experiments 30 January 2014 
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Adapted from K. McFarland

• Calculations are difficult: 

• Fermi motion


• Correlated nucleon pairs


• Final state interactions


• Measurements are difficult:

• Energy resolution


• Event classification issues


• Cherenkov threshold/invisible 
particles (neutrons)

Increasing C
om

plexity
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• Flux at Near and Far 
detector not the same

• Neutrino energy 
depends on angle w.r.t 
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Cross sections let us extrapolate 
from near to far detectors 
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

energy range for the total 12.84⇥ 1020 POT data. Each
bin of reconstructed E

QE
⌫ corresponds to a distribution

of “true” generated neutrino energies, which can overlap
adjacent bins. In neutrino mode, a total of 1959 data
events pass the ⌫e CCQE event selection requirements
with 200 < E

QE
⌫ < 1250 MeV, compared to a back-

ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e↵ect. Note that the 162.0 event excess in the
first 6.46 ⇥ 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 ⇥ 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < E

QE
⌫ < 1250 MeV en-

ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

⌫ in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
 (GeV)QE

νE

0

1

2

3

4

5

Ev
en

ts
/M

eV Data (stat err.)
+/-µ from eν +/- from Keν 0 from Keν

 misid0π
γ N→ ∆

dirt
other
Constr. Syst. Error
Best Fit

3.0

FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m

2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �

2
/ndf = 35.2/28, corresponding to a probability of

16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.

Especially important 
with no near detector 
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• KDAR neutrinos open up many 
other physics measurements:

• Oscillation search for sterile 

neutrinos at short baseline


• Measure Δs for nucleon spin


• Look for dark matter annihilation 
in the sun


• Measure the CC neutron yield

J. Spitz, Phys. Rev. D 85 093020 (2012).  
S. Axani, et. al., Phys. Rev. D 92 092010 (2015).  
C. Rott, et. al., J. of Cosmol. and Astropart. Phys. 11 039 (2015).  
C. Rott, et. al., arXiv:1710.03822 [hep-ph].
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FIG. 1: An aerial view from Google Maps (2015) of the Ma-
terials and Life Science Experimental Facility layout with a
superimposed schematic drawing [30] of the first floor, includ-
ing the target station. The proposed KPipe location (shown
with a dotted contour) is 32 m from the target station and
102� with respect to the incident proton beam direction. The
detector extends radially outward from the target station.

neutrinos is known, indications of ⌫µ disappearance may
be seen along the length of the KPipe detector as os-
cillating deviations from the expected 1/R2 dependence
in the rate of ⌫µ charged-current (CC) interactions. A
measurement of such a deviation over a large range of
L/E would not only be a clear indication for the exis-
tence of at least one light sterile neutrino, but also begin
to disambiguate among di↵erent sterile neutrino models.

II. THE KDAR SOURCE AND KPIPE
DETECTOR DESIGN

The Materials and Life Science Experimental Facility
(MLF) at the Japan Proton Accelerator Research Com-
plex (J-PARC) in Tokai, Japan houses a spallation neu-
tron source used for basic research on materials and life
science, as well as research and development in industrial
engineering. It is also an intense, yet completely unuti-
lized, source of neutrinos that emits the world’s most in-
tense flux of KDAR monoenergetic (236 MeV) ⌫µs. Neu-
tron beams, along with muon neutrinos produced from
kaons, pions, and muons, are generated when a mercury
target is hit by a pulsed, high intensity proton beam from
the J-PARC rapid-cycling synchrotron (RCS) [30]. The
RCS delivers a 3 GeV, 25 Hz pulsed proton beam, which
arrives in two 80 ns buckets spaced 540 ns apart. The fa-
cility provides users 500 kW of protons-on-target (POT)
but has demonstrated its eventual steady-state goal of
1 MW, albeit for short times [38]. The proton-on-target

FIG. 2: The KPipe detector design, featuring a 3 m inner
diameter high density polyethylene (HDPE) vessel filled with
liquid scintillator. Silicon photomultipliers (SiPMs) are seen
mounted on the interior panels in hoops spaced by 10 cm in
the longitudinal direction. The cosmic ray veto is a 10 cm
space between the panels and the outer HDPE wall.

interaction provides an intense source of light mesons, in-
cluding kaons and pions, which usually come to rest in
the high-A target and surrounding shielding.
KPipe will search for muon-flavor disappearance with

CC interactions of 236 MeV ⌫µs on carbon nuclei
(⌫µ12C ! µ�X) in liquid scintillator. This interaction
produces a visible muon and X, where X is some combi-
nation of an excited nucleus, de-excitation photons, and
one or more ejected nucleons after final state interactions.
The goal of the KPipe detector design is to e�ciently
identify these 236 MeV ⌫µ CC events, broadly character-
ized by two separated flashes of light in time coming from
the prompt µ�X followed by the muon’s decay electron.
The KPipe design calls for a relatively low cost, 3 m in-

ner diameter (ID) steel-reinforced, high-density polyethy-
lene (HDPE) pipe that is filled with liquid scintillator. As
shown in Fig. 1, the pipe is positioned so that it extends
radially outward from the target station. The upstream
location maximizes the sensitivity to oscillations by be-
ing the shortest possible distance from the source, given
spatial constraints. We have found that a long detector
(120 m, 684 tons) is most suitable for optimizing sensitiv-
ity to oscillations across a wide range of the most perti-
nent parameter space, in consideration of current global
fit results, the neutrino energy, 1/R2, and estimated cost.
The interior of the pipe contains a cylinder constructed

with an assembly of highly reflective panels that opti-
cally separate the active volume from the cosmic ray
(CR) veto. Hoops of inward-facing silicon photomulti-
pliers (SiPMs) are mounted on the interior of the panels.
There are 100 equally-spaced SiPMs per hoop, and each
hoop is separated longitudinally by 10 cm (see Fig. 2).
The space surrounding the inner target region on the

Detector'
• The'design'of'the'tank'was'considered,'and'it'is'

written'at'the'end'of'the'status'report.'

• We'calculate'not'only'the'static'strength'of'the'

tank'but'also'the'endurance'against'the'

earthquake'and'movement'of'the'detector.'

• Well'established'detector� (100ton'/'detector)'
• P56'has'Double'Chooz'/'DayaOBay'collaborators'''

'

• MLF'3rd'floor'is'the'maintenance'area'to'manage'

the'Hg'target'or'beam'equipments.'

• The'interference'between'facility'and'
experiment'should'be'considered.'Also'the'law'
to'operate'the'LS'is'to'be'considered.'
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n-A interactions are important in
⚫ core-cooling by n-emission
⚫ n-heating on shock wave
⚫ n-process of nucleosynthesis
⚫ efficiency of neutrino detectors

Neutrino-nucleus interaction in Type-II SN

Reaction rates are to be known 
with accuracy better than ~10%!

Experiment s(12C(ne,e-)12Ng.s.) (10-42 cm2)
KARMEN (PLB332, 251 

(1994))
9.1±0.5±0.8 (10.4%)

LSND (PRC64, 065501 (2001)) 8.9±0.3±0.9 (10.7%)
JSNS2 (arXiv:1601.01046) (~3%(stat.) expected in 5yrs)2019/9/17 23



Production and Detection of 
Dark Matter

!30

2

10

Beam

p �!
Target Detector

�i

�

A�
�0, �

�1

�2

A�

�i �j

T T

�1�2

f�
f+A�and/or

Beam

e/p �!
Target/Dump Detector

�i

A�

Z

e/p

e/p

�1

�2

p

Z

�

A�
�0, � �1

�2

A�

�i �j

T T

and/or

�1�2

f�
f+A�

10

Beam

p �!
Target Detector

�i

�

A�
�0, �

�1

�2

A�

�i �j

T T

�1�2

f�
f+A�and/or

Beam

e/p �!
Target/Dump Detector

�i

A�

Z

e/p

e/p

�1

�2

p

Z

�

A�
�0, � �1

�2

A�

�i �j

T T

and/or

�1�2

f�
f+A�

e�

e+

10

Beam

p �!
Target Detector

�i

�

A�
�0, �

�1

�2

A�

�i �j

T T

�1�2

f�
f+A�and/or

Beam

e/p �!
Target/Dump Detector

�i

A�

Z

e/p

e/p

�1

�2

p

Z

�

A�
�0, � �1

�2

A�

�i �j

T T

and/or

�1�2

f�
f+A�

10

Beam

p �!
Target Detector

�i

�

A�
�0, �

�1

�2

A�

�i �j

T T

�1�2

f�
f+A�and/or

Beam

e/p �!
Target/Dump Detector

�i

A�

Z

e/p

e/p

�1

�2

p

Z

�

A�
�0, � �1

�2

A�

�i �j

T T

and/or

�1�2

f�
f+A�

�

10

Beam

p �!
Target Detector

�i

�

A�
�0, �

�1

�2

A�

�i �j

T T

�1�2

f�
f+A�and/or

Beam

p �!
Target/Dump Detector

�i

A�

Z

p

e/p

�1

�2

p

Z

�

A�
�0, � �1

�2

A�

�i �j

T T

and/or

�1�2

f�
f+A�

9

a)

FIG. 10: a) Scalar DM pair production in electron-nucleus
collisions. An on-shell A0 is radiated and decays o� diago-
nally to �h,� pairs. b) Inelastic up scattering of the lighter
�� into the heavier state via A0 exchange inside the detector.
For order-one (or larger) mass splittings, the metastable state
promptly de-excites inside the detector via �h ! ��e

+e�.
This process yields a target (nucleus, nucleon, or electron)
recoil ER and two charged tracks, which is a instinctive, zero
background signature, so nuclear recoil cuts need not be lim-
iting.
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FIG. 1. Schematic cartoon of the production and detection processes for the dark photon and dipole models described in Sec. II. A high energy
proton beam impinges on a fixed target (beam dump) and produces neutral mesons m0 = ⇡0, ⌘ which can decay to dark sector particles
�

1

�
2

. In the dark photon models this decay is two-step m0 ! �A0 ! ��
1

�
2

, whereas for the dipole interaction, the initial meson decay is
three-body m0 ! ��

1

�
2

through a virtual photon. For both representative models, the signal arises from �i depositing visible energy inside
the downstream detector either as a �ie ! �je scattering process or as a decay, �

2

! �
1

e+e� or �
2

! �
1

�. Note that for the dipole model,
the ��

1

�
2

interaction is labeled with a gray circle to reflect the fact that this coupling is nonrenormalizable.

work, we will consider DM which can be produced from
light neutral mesons m0 = ⇡0, ⌘ (m⇡0 = 134.98 MeV and
m⌘ = 547.86 MeV). We study two representative models:
a dark photon model, where mixing between the photon and
dark photon A0 leads to decay modes m0 ! �A0 ! ��

1

�
2

,
and a dipole model, where DM interacts directly with the
photon through a dimension-5 operator and is produced via
m0 ! ��⇤ ! ��

1

�
2

. To keep the discussion general, we
will allow �

1

and �
2

to form a pseudo-Dirac pair with ar-
bitrary mass splitting � = m

2

� m
1

, with the elastic case
m

1

= m
2

a particular realization of this scenario. We will find
that while a higher beam energy allows the production of DM
with m⇡ < m

1

+ m
2

< m⌘ through ⌘ decays (a mode inac-
cessible to LSND, which operated below ⌘ production thresh-
old), the additional neutrino backgrounds from mesons that
do not produce DM from rare decays (e.g. kaons, also not
produced significantly at LSND) tend to degrade the reach for
light DM at lower masses. However, a medium-energy exper-
iment like JSNS2 serves an important role in covering param-
eter space inaccessible to both LSND and the higher-energy
(8 GeV beam) MiniBooNE experiment [6].

The dark photon model has been well studied in multiple
scenarios [10, 11], and the dipole model has recently attracted
attention as a possible explanation for the excess of 3.5 keV
gamma rays from the Galactic Center and the Perseus Clus-
ter [27]. While it should be noted that UV completions of the
dipole model have already been strongly constrained by col-
lider experiments [28], beam dump experiments can test this
model directly as the operator that sources the 3.5 keV line
also enables DM production from meson decays and scatter-
ing with detector electrons. Re-evaluating the LSND data in
light of this model, we will show that LSND already rules out
large parts of the preferred parameter space, with JSNS2 able
to cover a similar region in the near future.

This paper is organized as follows. In Sec. II, we discuss the

representative DM models along with the production mech-
anisms and detection signals from proton beam dumps. In
Sec. III, we describe the JSNS2 experimental setup, including
the beam dump and neutrino detector. In Sec. IV, we describe
the backgrounds to a DM search at JSNS2, consisting primar-
ily of neutrinos produced in the target and cosmic rays. In
Sec. V, we present the projected reach of JSNS2 to the repre-
sentative DM models, and compare with previous results and
a new reanalysis of LSND data within the dipole DM model.
We conclude in Sec. VI. Further details of the matrix elements
used in our reach projections are given in Appendix A.

II. DM PRODUCTION AND DETECTION

A. Representative pseudo-Dirac models

We suppose the DM components of our model consist of
mass eigenstates �

1

and �
2

, with masses m
1

and m
2

, respec-
tively, and mass splitting � = m

2

�m
1

. Such a mass splitting
naturally arises for fermionic fields with both Dirac and Ma-
jorana masses. For instance, a Dirac spinor with  = (⇠, ⌘†)
built out of two Weyl spinors ⇠ and ⌘ can have the following
mass terms in the interaction basis:

�L
mass

= m⇠⌘ +
µ⇠

2
⇠⇠ +

µ⌘

2
⌘⌘ + h.c., (1)

where m is the Dirac mass and µi is the Majorana mass for
each component. In the µ⇠ = µ⌘ ⌘ µ limit, the mass eigen-
states for this system are

�
1

=
ip
2
(⌘ � ⇠) , �

2

=
1p
2
(⌘ + ⇠) , (2)

with corresponding eigenvalues m
1,2 = m ⌥ µ.

Large boosts mean there are no kinematic constraints on the 
scattering like in traditional direct dark matter searches.

High Luminosity Proton Beam 
(100’s of MeV to 10’s of GeV)
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Dark Photon Model, Δ = 0.4 m1 , mA' = 3 m1 , αD = 0.1
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Cast constraints/sensitivity in terms of y 
and m1 which govern the relic density.
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Dipole Model Constraints
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Dipole Model, m1 = 15 MeV , Δ = 3.5 keV• We present newly 
computed constraints 
on the preferred 
parameter space for 
this model


• Existing LSND data 
constrains the dipole 
model as an 
explanation for the 
3.5 keV GCE


