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The 3 neutrino oscillation picture

• Almost all of our observed oscillation results fit nicely 
within the three neutrino picture (two mass splittings 
and three mixing angles). 

•  Neutrinos from different sources are oscillating 
according to the same rulebook!

Well established 
oscillations}Atmospheric neutrinos 

Solar neutrinos 
Accelerator neutrinos 

Reactor neutrinos
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What We Know We Don’t Know: Missing Oscillation Parameters
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• What is the ⌫e component of ⌫
3

?
(✓

13

6= 0!)

• Is CP-invariance violated in neutrino
oscillations? (� 6= 0, ⇡?)

• Is ⌫
3

mostly ⌫µ or ⌫⌧? (✓
23

> ⇡/4,
✓
23

< ⇡/4, or ✓
23

= ⇡/4?)

• What is the neutrino mass hierarchy?
(�m2

13

> 0?)

) All of the above can “only” be

addressed with new neutrino

oscillation experiments

Ultimate Goal: Not Measure Parameters but Test the Formalism (Over-Constrain Parameter Space)

August 30, 2012 ⌫ Pheno/Theory



How are the neutrino  
masses ordered?

neutrino=antineutrino?

3, 4, 5, 6 neutrinos?

Do neutrinos obey  
fundamental symmetries?

Big Bang  
cosmology Why is the universe  

made of matter?

How does the sun shine?
Supernova evolution

Dark matter?

How do reactors 
burn fuel?

A hidden sector?

Neutrino oscillation is a big deal

Heavy element formation
How does the neutrino get its mass?
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The time evolution of the neutrino state implies that is has mass!



The three neutrino oscillation picture works 
extraordinarily well.  

But, there are some anomalies that don’t fit.

4

A new neutrino?



Antineutrinos from an accelerator seem to appear!
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• LSND observed               at 3.8σ 
significance with a characteristic 
oscillation frequency of Δm2~1 eV2. 

• That’s odd. There are two 
characteristic oscillation frequencies 
in the three neutrino picture and 
they are precisely measured.  

⌫µ ! ⌫e

The Liquid Scintillator Neutrino Detector anomaly
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• LSND observed               at 3.8σ 
significance with a characteristic 
oscillation frequency of Δm2~1 eV2. 

• That’s odd. There are two 
characteristic oscillation frequencies 
in the three neutrino picture and 
they are precisely measured.  

⌫µ ! ⌫e

Antineutrinos from an accelerator seem to appear!
The Liquid Scintillator Neutrino Detector anomaly



The MiniBooNE anomalies

Neutrinos and antineutrinos from an 
accelerator seem to appear!

⌫µ ! ⌫e

⌫µ ! ⌫e
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A new neutrino?

Known oscillation  
frequency modes3ν

4ν

Anomalous data 
(new frequency mode?)

The oscillation modes associated with reactor neutrinos
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Figure 2: Spectral data for NEOS (left) and DANSS (right) compared to the flux-free no-oscillation

prediction (red) and the predictions in case of flux-fixed + sterile neutrino oscillations, where bfp1 (blue-

solid curve) and bfp2 (green-dashed curve) correspond to the best fit points from combined reactor data and

global
(–)

⌫ e disappearance data, respectively. Error bars correspond to statistical errors only. Details of the

observables and predictions for the two experiments can be found in the appendix.

analyses with fixed and free fluxes. Note that “free fluxes” now includes also oscillations in
addition to leaving fluxes free in the fit, whereas before, it meant just rescaling of fluxes,
but ✓14 = 0. In table 3, we summarize the best fit points, the corresponding �2/dof values,
and the ��2 between the best fit point and the no oscillation hypothesis. We observe that
the significance of the RAA slightly increases from a p-value for no-oscillations of 0.91%
(2.6�) for “old” data to 0.36% (2.9�) for combined reactor data. Clearly for the flux-free
analysis the significance for oscillations decreases, but for the combined reactor data a hint
for oscillations remains even for flux-free (p-value of 6.1%, 1.9�), mostly driven by NEOS,
cf. eq. (3.1). Note that in fig. 3 the preferred regions from the flux-fixed analysis are consistent
with the flux-free exclusion limits.

In fig. 4 (left panel) we show the marginalized ��2 as a function of �m2
41 for both the

fixed fluxes and free fluxes analyses of the combined reactor data. We observe the two
prominent minima around 1.7 and 3 eV2, both alowed at 1� for fixed fluxes. For free fluxes,
we find the best fit at 1.7 eV2, with several other local minima below the 2� threshold.
Note that the maximal values of these curves correspond to the ��2 for no oscillations as
given in table 3. The reason is that the no oscillation case can obtained for any �m2

41 when
minimizing �2 with respect to the mixing angle.

We can also perform the same test as in section 2, comparing the two hypotheses flux-
fixed + sterile neutrino versus flux-free without sterile neutrino. From the numbers in table 3
we obtain for the test statistic T defined in eq. (2.3):

Tobs = 2.9 (all reactors) . (3.2)

We observe that the preference for the flux-free fit found for Daya Bay flux alone of 6.3,
see eq. (2.4), decreased to 2.9 for all reactor data. The spectral distortions observed in
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A new neutrino?
Possible first shape indications from reactor neutrino experiments?

best fit global nuebar dis. 
best fit reactor data 

no oscillations

Dentler, Hernandez-Cabezudo, Kopp, Maltoni, Schwetz; arXiv:1709.04294
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Basically, the anomalies seem to indicate that there 
may be a new characteristic oscillation frequency 

mode (indicative of a new neutrino state). 
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Experiment name Type Oscillation 
channel Significance

LSND Low energy 
accelerator

muon to electron 
(antineutrino) 3.8σ

MiniBooNE High(er) energy 
accelerator

muon to electron 
(antineutrino) 2.8σ

MiniBooNE High(er) energy 
accelerator

muon to electron 
(neutrino) 3.4σ

Reactors Beta decay
electron 

disappearance 
(antineutrino)

1.4-3.0σ 
(varies)

GALLEX/SAGE Source 
(electron capture)

electron 
disappearance 

(neutrino)
2.8σ



If it exists, what is this new neutrino?

We know the Z boson decays into three neutrinos. 

A new, fourth neutrino would therefore have to be “sterile”. 
That is, it doesn’t feel Standard Model interactions. 

11



New neutrino mass state

Where does it fit?
• The observation of neutrino mass 

implies that there can be sterile, right-
handed neutrinos. So, this is not 
completely unexpected. 

• A light sterile neutrino would have 
profound effects on: 

• Radiation density in the early 
universe. 

• Supernova evolution. 

• Active neutrino oscillations and 
particle physics in general.  

12



Present status
A number of experiments hint at a new neutrino mass state. 

A number of other experiments don’t seem to see anything. 

(including new muon disappearance limits from IceCube and MINOS) 

A definitive probe of this new neutrino is necessary. 

13



A tour of future accelerator-
based probes

• JSNS2 

• SBN at Fermilab 

• IsoDAR 

• KPIPE 

• NuPRISM

14
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protons Target 
(dump)

(⌫)
(⌫)

(⌫)

(⌫)

(⌫)
(⌫)

(⌫)

Detector 

Pion and muon decay-at-rest

⇡+ ! µ+⌫µ

µ+ ! e+⌫e⌫µ

(negative pions/muons are usually  
captured in dense target material)
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Pion and muon decay-at-rest

Why are these neutrinos special?

⇡+ ! µ+⌫µ

µ+ ! e+⌫e⌫µ

• Known energy shape! 

• IBD xsec (for nuebar app) is well known. 

• IBD events (for nuebar app) are easy to reco/ID.  

• Background is low.



The JSNS2 strategy
• Primary goal: Test LSND in a cost effective and timely way, w/ an existing beam/building.

• LSND is THE experiment that drives the high-Δm2 anomalies. J-PARC’s MLF and ORNL’s 
SNS are the best (only) places to directly study the LSND anomaly. 

• Other physics:

• Collect a large sample (~50k) of monoenergetic 236 MeV muon neutrinos from KDAR;     
nuclear probe and xsec measurements.

• Highly relevant for current/future long baseline programs and all experiments that rely 
on a model of the neutrino-nucleus interaction. J-PARC MLF is the best place in the 
world to do this measurement. 

• Measure supernova neutrino xsec’s.

• Perform R&D for future liquid scintillator detectors.
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• Primary goal: Test LSND in a cost effective and timely way, w/ an existing beam/building.

• LSND is THE experiment that drives the high-Δm2 anomalies. J-PARC’s MLF and ORNL’s 
SNS are the best (only) places to directly study the LSND anomaly. 

• Other physics:

• Collect a large sample (>100k) of monoenergetic muon neutrinos for the first time; 
nuclear probe and xsec measurements.

• Highly relevant for current/future long baseline programs and all experiments that rely 
on a model of the neutrino-nucleus interaction. J-PARC MLF is the best place (by far) to 
do this measurement. 

• Measure supernova neutrino xsec’s.

• Perform R&D for future liquid scintillator detectors.

The JSNS2 strategy
18

JSNS2 status

Obtained Stage 1 (of 2) approval from PAC in 2015;  

Secured funding for first 17 ton detector module in 2016; 

Submitted TDR to J-PARC PAC (seeking Stage 2 approval) in 2017; 

Construction has begun! JSNS2 expects first data in late-2018.



JSNS2 collaboration
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JSNS2 collab. photo, 
5/2017 @ KEK

Technical Design Report (TDR):

Searching for a Sterile Neutrino at J-PARC MLF

(E56, JSNS

2
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21 institutions, 53 collaborators, Japan/US/Korea



J-PARC Facility 
(KEK/JAEA） 

Bird’s eye photo in January of 2008 

South to North 

Neutrino Beams 
(to Kamioka) 

  JFY2009 Beams 

Hadron hall 

Materials and Life 
Experimental Facility 

  JFY2008 Beams 

3 GeV  RCS 

 CY2007 Beams 

400MeV 

25Hz 500kW now & 
will be 1MW 

JSNS2: J-PARC E56 
Sterile ν search  
@MLF 
http://research.kek.jp/group/mlfnu/ 



No new beamline, no new buildings needed -> quick startup

J-PARC MLF：World best environment 

3GeV pulsed proton  
beam 

Detector @ 3rd floor 
(24m from target) Hg target = Neutron 

and Neutrino source  

50t Gd-loaded liquid  
scintillator detector 
(4.4m diameter x  
          4.4m height) 
                   150PMTs 

Searching for neutrino oscillation : νµ Æ νe  with baseline of 24m.   
no new beamline, no new buildings are needed Æ quick start-up   

MLF building (bird’s view) 

image 
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Detector design 
• The design of the tank was done 
• We calculated not only the static strength of the 

tank but also the endurance against the 
earthquake and movement of the detector. 

• Well established technology(100ton / detector) 
• E56 has Double Chooz / Daya-Bay collaborators   
 
• MLF 3rd floor is the maintenance area to manage 

the mercury target or beam equipment. 
• The interference between facility and 

experiment should be considered. Also the law 
to operate the LS is to be considered. 

28 

21



JSNS2 beam timing

25 Hz
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FIG. 3: Left: The muon neutrino and antineutrino flux with �0.25 < cos ✓z < �0.16, representative of the full detector length,
where ✓z is the neutrino angle with respect to the proton direction (+z). Right: The neutrino creation time relative to the two
beam pulses (dotted lines). This distribution includes neutrinos emitted over all solid angles and energies.
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FIG. 4: The ⌫µ charged current event rate, for neutrinos with
�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The ⌫µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [48–50]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [51] and the Martini et al. RPA model [50],
which includes multi-nucleon e↵ects. We find that the
di↵erence in the muon kinematic predictions among the
models is not large enough to significantly change the
detector simulation and oscillation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [52].
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FIG. 5: The muon and total kinetic energy (KE
tot

= KEµ +P
KE

p

) for the signal 236 MeV ⌫µ charged current events
compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events are distributed over a 5 m x 5 m x 140 m box
that fully contains the 120 m long, 3 m diameter cylin-
drical detector. The distribution of events in the box is
weighted to take into account the 1/R2 dependence of
the flux along with the density of the various materials
in the simulation. The small divergence in the neutrino
direction is also considered. The RAT package includes
a model for scintillator physics that derives from models
previously employed by other liquid scintillator experi-
ments such as KamLAND. The processes that are con-
sidered include scintillation, absorption, and reemission.
All three have wavelength dependence. The reflectivity
of surfaces in the detector is simulated using the models
built into Geant4.

Signal window
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proton Target 

(⌫)
(⌫)

(⌫)

(⌫)

(⌫)
(⌫)

(⌫)

Detector 

⇡+ ! µ+⌫µ

µ+ ! e+⌫e⌫µ

K+ ! µ+⌫µ
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Example of design 

• Target volume is Gd-loaded liquid scintillator 

•  Phase 0: 17 tons w/ 193 8’’ PMTs 

• Future phase: multi-detector (34 tons) 

• Energy resolution ~15%/sqrt[energy in MeV]

⌫µ ! ⌫e, ⌫e + p ! e+ + n

prompt signal delayed signal  
(n-capture)

Detector and Detection Principle (reminder) 

3 

Target volume => Gd-loaded LS 
(25tons x 2 detector ~ total 50tons) 
 
 

Delayed Coincidence (IBD) 

Detector 

Identify ν with detecting 
 e+ and γs from n capture on Gd. 
=>Can reduce accidental BKG 
    (Gd~8MeV γs, capture time ~ 30 μs). 

νμ => 
oscillation 

150 10” PMTs/detector 
E resolution ~ 15%/√MeV 

Selection criteria for IBD  

Time from beam Energy 

Prompt signal 1<Tp<10μs 20<E<60MeV 

Delayed signal Tp<Td<100μs 7<E<12MeV 

Prompt signal 

Delayed signal 

neutron 

proton 

positrons Anti 
neutrinos 

Gd 

gamma 

gamma 

gamma 

electrons 

IBD Signal in the detector 

JSNS2 detection principle
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JSNS2 sensitivity (3y , 1 MW, 17 tons) 

Case Δm2 = 2.5eV2, sin22𝜃 = 0.003 

Case Δm2 = 1.2eV2, sin22𝜃 = 0.003 

Expected spectrum 

21 (3 years of running)

⌫µ ! ⌫e ?

JSNS2 is highly sensitive to 
the smoking gun signature of 
oscillations: a wiggle in L/E

(dominant background: intrinsic nuebar)

24
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JSNS2 Phase-0 (now under construction)  
expected sensitivity
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(5 years of running)
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protons

Beamline 

Detector (⌫)

(⌫)
µ !(⌫)

e ?

Pion decay-in-flight



SBN Program at Fermilab

O. Palamara  | The SBN Oscillation Program in the Fermilab BNB Erice | Sept. 18 2017

Booster Beam

110 m, 112 t 
600 m,  470 t 

ICARUS-T600

470 m, 86 t 

SBN program - Phase 2 - By 2018/19, the MicroBooNE detector will be 
joined by two additional LAr-TPC detectors at different baselines  

• the SBND detector and  
• the ICARUS-T600 detector  

forming a LAr TPC trio (to sample the neutrino spectrum as a function 
distance) for the SBN neutrino oscillation program

 FNAL Short Baseline Neutrino program
arXiv:1503.01520, January 2014

MicroBooNE SBND

SBND (first data in 2019) 
MicroBooNE (first data in late-2015) 

ICARUS (first data in 2018) 

27

3 LArTPCs in the Booster Neutrino Beamline



SBN Program at Fermilab

O. Palamara  | The SBN Oscillation Program in the Fermilab BNB Erice | Sept. 18 201727

Booster Beam

110 m, 112 ton 

The Short-Baseline Near Detector (SBND), 
which will sit close to the source, plays a 

unique role in the chain of detectors, 
measuring the purity of the muon neutrino 

beam (it will characterize the beam before 
oscillations occur and address one of the 

dominant systematic uncertainties)
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Neutrino Energy:  700 MeV

SBND

M
icroBooNE

ICARUS

SBND - closest to the source

SBND

Erice Workshop on Nuclear Physics 
Erice (Italy)   

September 18, 2017 
Ornella Palamara 

Fermilab & Yale University (USA)* 
*on leave of absence from INFN, Laboratori Nazionali del Gran Sasso, Italy 

Booster'('8'GeV'protons'

Fermilab – Neutrino beams 

Booster'Neutrino'Beam'(BNB)'
Fermilab’s+low(energy+neutrino+beam:++

+<Eν>+≈+700+MeV+

23

Booster'Neutrino'Beam'(BNB)'
Fermilab’s+low2energy+neutrino+beam:++

+⟨Eν⟩+≈+700+MeV+

• Beam - mostly muon neutrinos
• BNB stably running for a decade 

(well characterized)
• Anomalies exist here (MiniBooNE) 

Small electron neutrino 
contamination: <0.5% 

28

3 LArTPCs in the Booster Neutrino Beamline



Wire planes

Liquid argon

Liquid Argon Time Projection Chamber
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neutrino

E



Wire planes

Liquid argon

Liquid Argon Time Projection Chamber
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neutrino

E



ionization

ionization

Wire planes

Liquid Argon Time Projection Chamber

E
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Liquid argon
neutrino



neutrino

Wire planes

Liquid Argon Time Projection Chamber

Wire pulses in time give the drift  
coordinate of the track 

induction plane + collection plane + time = 3D image of event 

Wire #

Ti
m

e

Collection plane

Wire #

Ti
m

e

Induction plane

E
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Liquid argon

ionization

ionization



Neutrino event

90 cm

47 cm

47 cm

Pixel size = 4.0x0.3 mm2

High chargeLow charge

time

time

33

ArgoNeuT experiment at Fermilab



LArTPC technology

62

separation metric for a shower, all of the hits within a
rectangle of 4 cm along the direction of the shower and
1 cm perpendicular to the shower are collected, and the
median is computed. Details about this choice of dE=dx
calculation are found in Appendix B.
Results of the dE=dx measurement of electrons and

gammas are shown in Fig. 14. In contrast to Figs. 10 and
11, Fig. 14 represents the ability to discriminate between
electrons and photons on an event-by-event basis. This
figure represents the first demonstration of the calorimetric
separation of electrons and gammas in a LArTPC using
neutrino events. Despite the low statistics of the ArgoNeuT
experiment, the electron and gamma separation using
calorimetry is clearly validated. For example, when a cut
is made at 2.9 MeV=cm, we find a 76! 7% efficiency for
selecting electron candidate events in data with a 7! 2%
contamination from the gamma sample. Here, the uncer-
tainties on the efficiency are estimated with the Feldman-
Cousins method [40] and are statistical only. It must be
noted, however, that the sample of electron candidates in this
figure is not background subtracted. The efficiency to select
electrons with the same cut at 2.9 MeV=cm, estimated with
the Monte Carlo, is 91%. This is consistent with the above
measurement that 20! 15% of the electron candidate
sample, selected by topology only, is in fact gammas.
Lastly, the efficiency and purity of a dE=dx selection metric
will be impacted by the hit finding efficiency and wire
spacing, and will vary amongst LArTPCs.
The value of the cut used above, 2.9 MeV=cm, is also

somewhat arbitrary and must be determined uniquely for
each analysis. In this case, it is selected as the midpoint
between the two peaks of the distribution. However, in an
analysis targeting electron neutrinos, the absolute normali-
zation of the electron and gamma shower populations is
crucial. The desired purity of electrons must be balanced
with the need to keep sufficient electron statistics. An
aggressive dE=dx cut, at 2.5 MeV=cm, effectively rejects
gammas but can also remove a significant amount of

electrons (here it removes 30% of electron candidate events
in data, 13% of Monte Carlo electrons). Though this paper
represents a demonstration of the calorimetric separation of
electrons and gammas through dE=dx, it is strongly
recommended to evaluate the precise values of the
dE=dx cut for future analyses.

VIII. CONCLUSIONS

We have analyzed a sample of neutrino events acquired
by the ArgoNeuT detector and selected a sample of electron
neutrino candidate interactions and gammas originating
from neutral current and charged current muon-neutrino
interactions.
The high granularity of a LArTPC allows precision

topological discrimination of gammas and electrons.
A purely topological cut produced a sample of electron
neutrino events with an estimated 80! 15% purity. This is
the first analysis to identify and reconstruct a sample of low
energy electron neutrinos in a LArTPC. The detection and
characterization of these electron neutrino and antineutrino
events is an essential step towards the success of large scale
LArTPCs such as DUNE and the SBN Program.
Additionally, we have shown that a metric based on the

dE=dx deposition in the initial part of the shower is a valid
methodof separating electron neutrino charged current events
from gamma backgrounds, shown in Fig. 14. The full gamma
background rejection capability of liquid argon detectors
will be enhanced by adding a topological cut. Further, full
reconstruction of an event can improve gamma rejection. For
example, identification of two electromagnetic showers that
reconstructwith an invariantmass consistentwith the π0 mass
can remove both showers from the electron candidate sample,
even if there is not a gap present and the dE=dx cut fails. This
work represents the first experimental proof of applying a
calorimetric cut to separate electrons fromgammas in a liquid
argon detector using neutrino events.
One should note that the efficiency and misidentification

rates presented here do not represent the full capability of
liquid argon TPCs to discriminate gamma backgrounds
from electron signals. The final separation power of
LArTPCs leverages multiple identification techniques, of
which calorimetry is just one. Further, the exact efficiencies
and misidentification rates depend heavily on the energy
spectrum of the electromagnetic showers: The Compton
scattering gammas, a major source of impurity, appear
predominately at energies below 200 MeV.
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SBN status

MicroBooNE has been running since late-2015 
SBND expects first data in 2019 

ICARUS expects first data in 2018
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IsoDAR status

IsoDAR is working to secure funding and demonstrate the ion source and 
RFQ injection into the cyclotron 
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Experiment name Type Oscillation 
channel Significance

LSND Low energy 
accelerator

muon to electron 
(antineutrino) 3.8σ

MiniBooNE High(er) energy 
accelerator

muon to electron 
(antineutrino) 2.8σ

MiniBooNE High(er) energy 
accelerator

muon to electron 
(neutrino) 3.4σ

Reactors Beta decay
electron 

disappearance 
(antineutrino)

1.4-3.0σ 
(varies)

GALLEX/SAGE Source 
(electron capture)

electron 
disappearance 

(neutrino)
2.8σ

What about muon disappearance?

If sterile neutrinos exist, there must be some amount of νμ disappearance!
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What about muon disappearance?

Accelerator-based experiments 
(e.g. MicroBooNE, SBN 

program at Fermilab, JSNS2,…)

Remeasuring reactor neutrinos 
up close, high intensity neutrino 
sources up close (e.g. Prospect, 

Chandler, NEOS, DANSS, 
SoLid, SOX, IsoDAR, …)

If sterile neutrinos exist, there must be some amount of νμ disappearance!



4

 (GeV)νE
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

/M
eV

/P
O

T
ν

-910

-810

-710

-610

-510

-410

-310

-210
 totalµν

π from µν

µ from µν

 from Kµν

 totalµν

<-0.16zθ-0.25<cos

Global time (ns)
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Fl
ux

 (a
rb

itr
ar

y 
un

its
)

1

10

210

310

410

510

610

 totalν

π from ν

µ from ν

 from Kν

FIG. 3: Left: The muon neutrino and antineutrino flux with �0.25 < cos ✓z < �0.16, representative of the full detector length,
where ✓z is the neutrino angle with respect to the proton direction (+z). Right: The neutrino creation time relative to the two
beam pulses (dotted lines). This distribution includes neutrinos emitted over all solid angles and energies.
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FIG. 4: The ⌫µ charged current event rate, for neutrinos with
�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

For each generated 236 MeV ⌫µ CC interaction on
carbon, NuWro provides the momentum of the outgo-
ing muon and any final state nucleons (typically a single
proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The ⌫µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [49–51]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [52] and the Martini et al. RPA model [51],
which includes multi-nucleon e↵ects. The KDAR muon
kinetic energy prediction with three di↵erent generators
is shown in Fig. 6. Although the di↵erences among the
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FIG. 5: The muon and total kinetic energy (KE
tot

= KEµ +P
KE

p

) for the signal 236 MeV ⌫µ charged current events
compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

generator predictions are fairly substantial, the impact
on the detection e�ciency, which is loosely tied to muon
energy and event containment, is small. Using a di↵er-
ent model, we would expect the muon containment to
decrease but the muon identification to slightly increase.
Both e↵ects are small, and the combined e↵ect is even
smaller. We find that the di↵erence in the muon kine-
matic predictions among the models is not large enough
to significantly change the detector simulation and oscil-
lation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [53].
The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events in the detector are generated by first com-
piling a list of interactions using the energy distribution
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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

2
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detector extends radially outward from the target station.
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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

The idea:  
Use a very long liquid scintillator detector to look for νμ 

disappearance (in L) using 236 MeV KDAR νμ CC events
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KPIPE

@ J-PARC MLF Long LS detector surrounded by SiPMs 

Axani, Collin, Conrad, Shaevitz, Spitz, Wongjirad, Phys. Rev. D 92 092010 (2015)
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The beauty of KPIPE
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FIG. 3: Left: The muon neutrino and antineutrino flux with �0.25 < cos ✓z < �0.16, representative of the full detector length,
where ✓z is the neutrino angle with respect to the proton direction (+z). Right: The neutrino creation time relative to the two
beam pulses (dotted lines). This distribution includes neutrinos emitted over all solid angles and energies.
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FIG. 4: The ⌫µ charged current event rate, for neutrinos with
�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

For each generated 236 MeV ⌫µ CC interaction on
carbon, NuWro provides the momentum of the outgo-
ing muon and any final state nucleons (typically a single
proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The ⌫µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [49–51]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [52] and the Martini et al. RPA model [51],
which includes multi-nucleon e↵ects. The KDAR muon
kinetic energy prediction with three di↵erent generators
is shown in Fig. 6. Although the di↵erences among the
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FIG. 5: The muon and total kinetic energy (KE
tot

= KEµ +P
KE

p

) for the signal 236 MeV ⌫µ charged current events
compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

generator predictions are fairly substantial, the impact
on the detection e�ciency, which is loosely tied to muon
energy and event containment, is small. Using a di↵er-
ent model, we would expect the muon containment to
decrease but the muon identification to slightly increase.
Both e↵ects are small, and the combined e↵ect is even
smaller. We find that the di↵erence in the muon kine-
matic predictions among the models is not large enough
to significantly change the detector simulation and oscil-
lation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [53].
The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events in the detector are generated by first com-
piling a list of interactions using the energy distribution

If you detect a numu CC event, you can be 98.5% sure that it  
was a 236 MeV muon neutrino!
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beam pulses (dotted lines). This distribution includes neutrinos emitted over all solid angles and energies.
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�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [47–49]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [50] and the Martini et al. RPA model [49],
which includes multi-nucleon e↵ects. We find that the
di↵erence in the muon kinematic predictions among the
models is not large enough to significantly change the
detector simulation and oscillation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [51].
The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events are distributed over a 5 m x 5 m x 140 m box
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p

) for the signal 236 MeV ⌫µ charged current events
compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

that fully contains the 120 m long, 3 m diameter cylin-
drical detector. The distribution of events in the box is
weighted to take into account the 1/R2 dependence of
the flux along with the density of the various materials
in the simulation. The small divergence in the neutrino
direction is also considered. The RAT package includes
a model for scintillator physics that derives from models
previously employed by other liquid scintillator experi-
ments such as KamLAND. The processes that are con-
sidered include scintillation, absorption, and reemission.
All three have wavelength dependence. The reflectivity
of surfaces in the detector is simulated using the models
built into Geant4.

In addition to the simulation of KDAR neutrino inter-
actions with the detector and surrounding material, we
simulate the propagation of CR throughout the volume.
We use the simulation package CRY [52] to study the
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For each generated 236 MeV ⌫µ CC interaction on
carbon, NuWro provides the momentum of the outgo-
ing muon and any final state nucleons (typically a single
proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The ⌫µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [49–51]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [52] and the Martini et al. RPA model [51],
which includes multi-nucleon e↵ects. The KDAR muon
kinetic energy prediction with three di↵erent generators
is shown in Fig. 6. Although the di↵erences among the
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) for the signal 236 MeV ⌫µ charged current events
compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

generator predictions are fairly substantial, the impact
on the detection e�ciency, which is loosely tied to muon
energy and event containment, is small. Using a di↵er-
ent model, we would expect the muon containment to
decrease but the muon identification to slightly increase.
Both e↵ects are small, and the combined e↵ect is even
smaller. We find that the di↵erence in the muon kine-
matic predictions among the models is not large enough
to significantly change the detector simulation and oscil-
lation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [53].
The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events in the detector are generated by first com-
piling a list of interactions using the energy distribution

Since you know the energy of the neutrino, you don’t need to worry about 
energy resolution. KPIPE calls for 0.4% photocoverage. 

Estimated cost of experiment: $4.5M
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http://hdl.handle.net/1721.1/98388


KPIPE; what would a signal 
look like?
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a ⇡+. The latter can then stop and decay to a muon fol-
lowed by a Michel electron. We assume that this back-
ground is negligible for this study. All in-time beam-
related backgrounds will be measured before deploying
KPipe, and adequate shielding will be installed in order
to mitigate them.

Overall, our studies indicate that the dominant back-
ground is from CR shower events that are not removed
by the above cuts. Of the 27 Hz rate that passes, the
simulations show that 70% of the rate is due to stopping
muons. The remaining 30% is due to showers involving
photons, electrons, and neutrons. In the simulation, we
do not include any additional passive shielding, for ex-
ample coming from overburden. If the detector is buried
or shielded, we expect these non-muon backgrounds to
be further reduced. The CR background should be dis-
tributed uniformly throughout the detector and can be
measured precisely using identified out-of-time stopped
muons. As a result, only the statistical error from the
total number of background events expected to pass the
cuts is included in the sensitivity analysis, described later
in Section V.

B. Detection e�ciency

The cuts introduce ine�ciency in the signal. We as-
sume that the neutrino events are distributed evenly in
radius and fall as 1/R2 throughout the detector. Signal
events near the lateral edge of the target region can exit
the detector before the muon can decay. This leads to
an acceptance that is a function of radius. Based on an
active detector radius of 1.45 m, we find an acceptance
of 87% with respect to KDAR ⌫µ CC interactions whose
true vertex is in the target region. The selection cuts
described above are 89% e�cient according to the simu-
lation. This includes events where the muon is captured
by the nucleus, which occurs in the target region 6% of
the time. For a subset of these events, there is also an
additional 0.75% dead-time loss due to the rate of CR
events in the veto.

In summary, the total e�ciency for all signal events
is 77%, leading to an expected total KDAR ⌫µ CC rate
of 7.8 ⇥ 104 events distributed along the pipe’s active
volume per year of running. This is on average 4.9 ⇥
10�5 KDAR events per proton beam window without
oscillations. This compares with 3.4⇥10�6 CR events per
proton beam window. In the most upstream 1 m of the
detector, the unoscillated signal to background ratio is
about 60:1; in the most downstream 1 m of the detector,
the unoscillated signal to background ratio is about 3:1.

V. SENSITIVITY

The expected number of ⌫µ events as a function of dis-
tance is determined numerically for a no-oscillation hy-
pothesis using the CC cross-section, ⌫µ production rate,
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FIG. 9: Three sample oscillation probability measurements as
a function of L for 3 years of running. The error bars incor-
porate statistical uncertainties of both the ⌫µ signal and the
cosmic ray background. The equivalent range of observable
L/E corresponds to 0.14 to 0.64 m/MeV.

detector up-time, and total e�ciency (values shown in
Table I). First events are generated in the detector with
a given energy and position. Each event is then oscil-
lated according to Equation 3 and smeared to incorpo-
rate the baseline uncertainties coming from the neutrino
creation point and the position reconstruction resolution.
The oscillation probabilities for three di↵erent �m2 val-
ues (1, 5, 10 eV2) can be seen in Fig 9. The error bars
correspond to the statistical uncertainty associated with
a 3 year ⌫µ measurement with a CR rate of 27 Hz. This
background rate corresponds to 132 CR events that pass
our selection cuts for each 1 m slice of the detector.
The sensitivity of the experiment is evaluated using

a shape-only �2 statistic similar to that described in

Parameter Value
Detector length 120 m

Active detector radius 1.45 m
Closest distance to source 32 m
Liquid scintillator density 0.863 g/cm3

Active detector mass 684 tons
Proton rate (1 MW) 3.75 ⇥1022 POT/year

KDAR ⌫µ yield (MARS15) 0.0072 ⌫µ/POT
⌫µ CC � @ 236 MeV (NuWro) 1.3⇥ 10�39 cm2/neutron
Raw KDAR CC event rate 1.02⇥ 105 events/year
KDAR signal e�ciency 77%

Vertex resolution 80 cm
Light yield 4500 photons/MeV

⌫µ creation point uncertainty 25 cm
Cosmic ray background rate 27 Hz

TABLE I: Summary of the relevant experimental parameters.
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FIG. 11: The 90% CL sensitivity of KPipe with 6 years of
running, compared to the sensitivity from 6 years of the SBN
program. The KPipe sensitivity estimate includes the cosmic
ray background, signal e�ciencies, and reconstruction uncer-
tainties described in the text.

236 MeV muon neutrinos coming from the decay-at-rest
of positively charged kaons. The KPipe experiment seeks
to take advantage of this source for a decisive ⌫µ dis-
appearance search at high-�m2 in order to address the
existing anomalies in this parameter space. The 120 m
long, 3 m diameter liquid scintillator based active volume
(684 ton) will feature 0.4% photo-coverage for detecting

these ⌫µ CC events in an attempt to discern an oscillation
wave along the length of the detector.
In contrast to other neutrino sources, the KPipe neutri-

nos are dominantly monoenergetic. This provides a great
advantage in searching for neutrino oscillations. A neu-
trino (or antineutrino) induced double-coincidence muon
signal detected with KPipe has a 98.5% chance of being
from a 236 MeV ⌫µ CC event. This simple fact allows
the active detector requirements to be extremely modest,
the systematic uncertainties to be practically eliminated,
and the detector’s energy resolution to be only a weak
consideration.
Within three years of running, KPipe will be able to

cover the current global fit allowed region to 5�. The
sensitivity for a 6 year run at the J-PARC facility will
enhance existing single experiment limits on ⌫µ disap-
pearance by an order of magnitude in �m2. Such a mea-
surement, when considered alone, or in combination with
existing and proposed electron flavor disappearance and
appearance measurements, can severely constrain mod-
els associated with oscillations involving one or more light
sterile neutrinos.
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these ⌫µ CC events in an attempt to discern an oscillation
wave along the length of the detector.
In contrast to other neutrino sources, the KPipe neutri-

nos are dominantly monoenergetic. This provides a great
advantage in searching for neutrino oscillations. A neu-
trino (or antineutrino) induced double-coincidence muon
signal detected with KPipe has a 98.5% chance of being
from a 236 MeV ⌫µ CC event. This simple fact allows
the active detector requirements to be extremely modest,
the systematic uncertainties to be practically eliminated,
and the detector’s energy resolution to be only a weak
consideration.
Within three years of running, KPipe will be able to

cover the current global fit allowed region to 5�. The
sensitivity for a 6 year run at the J-PARC facility will
enhance existing single experiment limits on ⌫µ disap-
pearance by an order of magnitude in �m2. Such a mea-
surement, when considered alone, or in combination with
existing and proposed electron flavor disappearance and
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els associated with oscillations involving one or more light
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• 6 years of running 

• Extends limit at high-Δm2 by 
an order of magnitude. 

• Highly complementary to 
SBN program. 

• 6 years of MicroBooNE 

• 3 years of T600 and SBND.

KPIPE status

KPIPE is working towards a conceptual design. 



JSNS2 SBN IsoDAR KPIPE NuPRISM

Detector 
technology Liquid scintillator 3 LArTPCs Liquid scintillator 

(KamLAND)
Liquid 

scintillator Water

Neutrino source pi/mu/K-DAR pi-DIF 8Li DAR K-DAR pi-DIF

Primary osc. 
channel

Energy and 
baseline

0-53 MeV; 
24 m

~700 MeV; 
110, 470,  

600 m 
0-16 MeV; 

16 m
236 MeV; 
32-152 m

500-1500 MeV; 
~1-2 km

Fiducial mass 17 tons in 
Phase 0

112, 87, 476 
tons

KamLAND 
897 tons 684 tons ~1000 tons

Additional physics supernova nu 
KDAR xsec, R&D weak mixing angle xsec

flux/xsec 
determination is 

primary goal

First data late-2018 2019,2015, 
2018 ~2021 ? ?

⌫µ ! ⌫e ⌫µ ! ⌫e ⌫µ ! ⌫µ ⌫µ ! ⌫e⌫e ! ⌫e
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Conclusions
• The discovery of a light sterile neutrino would be a 

monumental result for particle physics and cosmology.

• The light sterile neutrino issue needs to be resolved. 

• A truly definitive resolution is difficult to achieve and will likely 
require multiple detectors/experiments. 

• We can look forward to multiple experimental searches for a 
new neutrino in the next ~5 years! 
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Backup
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LSND JSNS2 Advantage of JSNS2?

Detector mass 167 ton  
(liquid scintillator)

17 ton in Phase-0 
(liquid scintillator) -

Baseline 30 m 24 m -

Beam kinetic energy 0.8 GeV 3 GeV Higher energy enables KDAR 
measurements

Beam power 0.056 MW 1.0 MW (eventually) Higher

Beam pulse 600 μs,120Hz 80 ns (x2), 25 Hz A factor of 300 less steady 
state background for IBD

Capture nucleus H (2.2 MeV) Gd (~8 MeV) Higher S:N and a factor of 6 
shorter neutron capture time

LSND and JSNS2 comparison
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Theoretical annoyance
• Where do sterile neutrinos come in? 

• Warm dark matter, probe of hidden sector, impacts supernova explosion, may aid in 
synthesis of heavy elements and explaining pulsar kicks, cosmology. They certainly 
affect oscillation measurements in the 3 neutrino picture. 

• Why are they light? You expect them to be heavy. 

• The need to describe oscillations of the 3 active neutrinos means that at least 3 
eigenvalues in the 6x6 mass matrix have to be less that 1 eV. But, there can be 0-3 
eigenvalues corresponding to light sterile neutrinos. 

• Can we say anything about their properties? 

• We can measure their mass and mixing parameters with the active neutrinos. 

• Steriles may be part of a hidden sector. Is there evidence for a hidden sector? 

• A hidden sector is a collection of unobserved fields and their associated particles that 
does not interact with the SM. The sector may be relevant for dark matter and 
supersymmetry. We don’t know what it is…but we’re looking!
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Global, non-reactor
nuebar searches from Kopp paper

Experiment Ref. # Data Comments New?
Solar neutrino experiments
Chlorine [49] 1 rate –
GALLEX/GNO [50] 2 rates –
SAGE [51] 1 rate –
Super-K phases 1–3 [52–54] 119 energy and zenith spectra –
Super-K phase 4 [55] 46 energy and day/night spectrum X
SNO phases I–III [56–58] 75 energy and day/night spectra –
Borexino phase I [59, 60] 39 low-energy and high-energy spectra –
Borexino phase II [61] 42 low-energy spectrum X

Radioactive source experiments (gallium)
GALLEX [50,62] 2 –
SAGE [63,64] 2 –

⌫e scattering on C-12 (⌫e + 12C ! e� + 12N)
KARMEN [65–67] 26 –
LSND [67,68] 6 –

Table 4: Experimental data which we combine with the reactor data from table 2 in our global ⌫e/⌫̄e

disappearance analysis. In the last column we indicate updates with respect to ref. [16]. The total number

of data points of non-reactor data is 361.

GT500 (see [16] for details), whose contribution to the solar neutrino interaction rate is only
at the percent level. Therefore, a proper treatment of the correlations between the Gallium
anomaly and solar neutrino data, despite introducing a non-trival complication, would add
very little to the results of our study.

4.2 Results

The results of our global analysis of all
(–)

⌫ e disappearance experiments are shown in fig. 5
for the “fixed fluxes” and “free fluxes” analyses. ��2 profiles as a function of �m2

41 are
shown in the right panel of fig. 4. Best-fit points and �2 values are reported in the last two
rows of table 3. We observe that, both for free fluxes and for fixed fluxes, the combined
fit is largely dominated by reactor neutrino data. The total number of data points in this
analysis is 600, and the oscillation fit includes the six parameters �m2

41 and the mixing
angles ✓12, ✓13, ✓14, ✓24, ✓34; the other mass-squared di↵erences and ✓23 are fixed to their 3-
flavour best fit points. Although we do take into account the two complex phases on which
solar oscillation probabilities formally depend, their impact on the �2 is negligible and we
do not count them as degree of freedom in the fit, see appendices of ref. [16] for a discussion
of complex phases.

For what concerns solar neutrino data, the mass-squared di↵erence �m2
41 implied by the

reactor anomaly is virtually infinite in the calculation of the Pee survival probability, hence
its specific value is not constrained by solar experiments. The bound on ✓14 is mainly driven
by the good agreement between the theoretical expectation of the 8B neutrino flux, which is

14
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Experiment Ref. # Data Comments New?

Bugey-4 [37] 1 rate –

ILL [38] 1 rate –

Gösgen [39] 3 rates –

Krasnoyarsk [34,40,41] 4 rates –

Rovno88 [42] 4 rates –

Rovno91 [43] 1 rate –

SRP [44] 2 rates –

RENO [35,36] 2 rate at near detector + near-far rate ratio –

Double Chooz [30] 1 rate at near detector –

Daya Bay flux [29] 8 individual fluxes for each isotope (EH1, EH2) X
Bugey-3 [45] 35 spectra at 3 dist. with free bin-by-bin norm. –

NEOS [21,26] 60 spectral ratio of NEOS and DayaBay X
DANSS [28] 30 spectral ratio at two distances X
Daya Bay spect. [46] 70 spectral ratios EH3/EH1 and EH2/EH1 X
KamLAND [47] 17 spectrum at very long distance –

Table 2: Data from reactor neutrino experiments used in our analysis. Data are separated into integrated

rate measurements, data on the neutrino energy spectrum, and the very-long baseline experiment Kam-

LAND. The column “# Data” gives the number of data points entering the corresponding �2 function. The

total number of data points is 239. The acronym “EH” stands for “experimental hall” in Daya Bay, with

EH1, EH2 being the two near detectors halls and EH3 the far detector hall. The last column highlights the

most recent data sets (since summer 2016). In the text, we refer to these data sets as “new”, to the previous

ones as “old”.

from a reactor core [28]. We include these measurements by fitting the bin-by-bin ratio of
the two spectra, see appendix A.3 for details. In all cases we have verified that we can
reproduce to good accuracy the results of the respective experimental collaborations, when
data are analysed under the same assumptions.

As in section 2, we will in the following present two di↵erent global fits: one with fixed
fluxes, in which we take the predicted anti-neutrino fluxes and their uncertainties at face
value; and one with free fluxes, in which the flux from each fissible isotope is allowed to float
independently. In the case of fixed fluxes, the predictions from ref. [2] are used for the isotopes
235U, 239Pu, 241Pu, and those from ref. [1] are used for 238U. In this analysis we always take
into account the quoted systematic uncertainties on the fluxes [2], including correlations
between isotopes and energy bins. These uncertainties are of order few %. In the fit with
free fluxes, the normalizations of the 235U and 239Pu fluxes are left completely unconstrained,
whereas for the subleading fluxes from 238U and 241Pu we impose a weak constraint of ±20%
(1�) in order to avoid unphysical values. (Note that this is more conservative than the ±10%
uncertainty we used in section 2 to match Daya Bay’s analysis.) Thanks to the Day Bay
flux measurement [29] as well as the slightly di↵erent isotopic compositions of the di↵erent
reactor cores at which experiments have been conducted, the data itself provides su�cient
information on the flux normalizations, see e.g., refs. [30–32].
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