
Using kaons to unlock the 
secrets of the neutrino

Joshua Spitz, MIT 
UC Irvine Seminar, 2/20/2015



Outline
• The big picture in neutrino oscillation physics today 

• The holy grail: measuring a difference between neutrinos 
and antineutrinos called “CP violation”. 

• Problem 1: The sterile neutrino 

• Solutions (w/ kaons) 

• Problem 2: Neutrino cross sections 

• Solutions (w/ kaons)
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The neutrinos



Neutrinos come in three flavors

electron tau muon

When an X is produced an X neutrino comes with it: 

When an X neutrino interacts it produces an X: 

n �! p+ e� + ⌫e

⌫e + n �! p+ e�
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Neutrino oscillation
• We know that neutrinos oscillate. 

• A neutrino created as one flavor can change into 
another flavor. 

Born as a
muon neutrino!

Can be detected as an 
electron neutrino.
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Two neutrino oscillation

• Two neutrino case

να

νβ

Neutrino oscillations are due to a mismatch between 
the neutrino’s mass eigenstate and flavor eigenstate.

Flavor basis

Mass basis
Flavor basis
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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
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How does the neutrino get its mass?
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The time evolution of the neutrino state implies that is has mass!
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1. Make a lot of neutrinos.  
2. Count them. 
3. Compare to how many you expected.

How to probe neutrino oscillations?
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2. Count them. 
3. Compare to how many you expected.

How to probe neutrino oscillations?
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Accelerators (e.g. Fermilab)
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Neutrino beam
Antineutrino beam
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νμ
νμ

νμ

Creating a neutrino beam



4. The NuMI Neutrino Beam 49

horn

target

Figure 4.2: (Left) An early version of the T2K target inside a magnetic horn. (Right) Simulated
pions being created in the proton on target collision and their focusing by the horn. The ⇡+ mesons
are shown by the red lines and the beam is incident from the left. The drawings are taken from the
author’s undergraduate thesis [105].

horn #2 horn #2
horn #3horn #3

Figure 4.3: (Left) A simulation of ⇡+ focusing and (right) ⇡� defocusing by the horns in the T2K
experiment’s [59, 106] beamline in neutrino-mode. The ⇡+ mesons are shown by the red lines and the
beam is incident from the left. Note that the aspect ratio is incorrect–the image has been squeezed
horizontally for clarity. The drawings are taken from the author’s undergraduate thesis [105].

would naively be useless to a neutrino experiment with hundreds of bins of energy across

the same range. However, studying these muons in di↵erent beamline configurations has

provided kinematic constraints on the parent mesons that produce detectable neutrinos.

Each horn’s current, and therefore magnetic field, is adjustable. The target’s position

inside the horn is also adjustable. These two e↵ects by themselves or in combination
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would naively be useless to a neutrino experiment with hundreds of bins of energy across

the same range. However, studying these muons in di↵erent beamline configurations has

provided kinematic constraints on the parent mesons that produce detectable neutrinos.

Each horn’s current, and therefore magnetic field, is adjustable. The target’s position

inside the horn is also adjustable. These two e↵ects by themselves or in combination

proton beam

Creating a neutrino beam
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1. Make a lot of neutrinos.  
2. Count them. 
3. Compare to how many you expected.

How to probe neutrino oscillations?
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Studying neutrinos requires a big detector that is 
capable of measuring the flavor and energy of neutrinos. 

Joshua Spitz MIT

16



Wire planes

Liquid argon

Liquid Argon Time Projection Chamber
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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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Neutrino event

90 cm

47 cm

47 cm

Pixel size = 4.0x0.3 mm2

High chargeLow charge

time

time
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This picture is from my graduate  
thesis, with the “ArgoNeuT” experiment



1. Make a lot of neutrinos.  
2. Count them. 
3. Compare to how many you expected.

How to probe neutrino oscillations?
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near detector
~100s of m

far detector
~100s of km

�e : �µ ? �e : �µ ?

Oscillation?

P [�µ � �e] �= P [�µ � �e] ?

Compare these ratios 
as a function of energy
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What is                    ?

(with a small fraction of νe)
⌫µ

A conventional long baseline  
oscillation experiment



A conventional long baseline  
oscillation experiment

P [�µ � �e] �= P [�µ � �e] ?CP violation in neutrinos?
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near detector
~100s of m

far detector
~100s of km

�e : �µ ? �e : �µ ?

Oscillation?

Compare these ratios 
as a function of energy

(with a small fraction of νe)
⌫µ



• The US is pursuing a long baseline neutrino experiment 
(ELBNF), featuring an envisioned 40 kiloton Liquid Argon 
Time Projection Chamber (LArTPC) far detector in an 
accelerator-based neutrino beam. 

• Going from 0.3 tons to 40 kilotons is pretty hard…and    
it will take >10 years. 

• There are a lot of challenges along the way. 

• There is also a lot of physics along the way too!!
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The path to neutrino CP violation
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δCP

Sterile ν 

Detector 
 R&D

Lorentz violation

ν as a probe  
of the nucleus 

Non-standard 
ν interactions ν cross sections 

Mass hierarchy

MSW

Oscillation Land

ντ

Joshua Spitz MIT

Δm2’s

θ13,θ23,θ12



Sterile ν 

Detector 
 R&D

Lorentz violation

Non-standard 
ν interactions 
Non-standard 
ν interactions 

ν cross sections 

ντ
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Addressing LAr challenges 
(moving towards the kiloton-scale)

• Cryogenics and Purity 
• Insulation and cooling. 
• Achieving and maintaining purity. 
• How do detector materials affect purity? 

• Electronics 
• Signal/noise. 

• Detector components 
• Cryostat, field cage, high voltage, wires,…  

• Making the detector smarter 
• Light collection, doping for better calorimetry, etc. 

• Software 
• Simulated event generation, propagation through nucleus and LAr, 

and (automated) reconstruction.
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Look how far we’ve come!

LArTPC tracks,  
Yale (2007)

Physics w/ ArgoNeuT (2012)

time

time

First Measurements of Inclusive Muon Neutrino Charged Current
Differential Cross Sections on Argon
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The ArgoNeuT Collaboration presents the first measurements of inclusive muon neutrino charged

current differential cross sections on argon. Obtained in the NuMI neutrino beam line at Fermilab, the

flux-integrated results are reported in terms of outgoing muon angle and momentum. The data are

consistent with the Monte Carlo expectation across the full range of kinematics sampled, 0! < !" < 36!

and 0<P" < 25 GeV=c. Along with confirming the viability of liquid argon time projection chamber

technology for neutrino detection, the measurements allow tests of low-energy neutrino scattering models

important for interpreting results from long baseline neutrino oscillation experiments designed to

investigate CP violation and the orientation of the neutrino mass hierarchy.

DOI: 10.1103/PhysRevLett.108.161802 PACS numbers: 13.15.+g, 14.60.Lm, 14.60.Pq, 25.30.Pt

Precision neutrino cross section measurements are
required in order to fully characterize the properties of
the neutrino-nucleus interaction and are important for
the reduction of systematic uncertainties in long baseline
neutrino oscillation experiments sensitive to nonzero !13,
CP violation in the lepton sector, and the orientation of
the neutrino mass hierarchy. A collection of inclusive
muon neutrino charged current (#" CC) interactions can
be considered a ‘‘standard candle’’ for characterizing the
composition of a neutrino beam, as event identification
is insensitive to the complicating effects of intranuclear
effects and experiment-specific exclusive channel defini-
tions. As such, CC-inclusive samples remain free from
significant background contamination, regardless of the
experimental configuration. Despite the preponderance of
total cross section results, most recently in Refs. [1–3],
differential cross section measurements as a function of
outgoing particle properties are sparse. Such measure-
ments are necessary for obtaining a complete kinematic
description of neutrino-nucleus scattering. This Letter
presents #" CC differential cross sections as measured
with ArgoNeuT (Argon Neutrino Test) in a neutrino and
muon kinematic range relevant for MINOS [4], T2K [5],

NOvA [6], and LBNE [7]. The total #" CC cross section at
hE#i ¼ 4:3 GeV is also reported.
ArgoNeuT is the first liquid argon time projection cham-

ber (LArTPC) [8] to take data in a low-energy neutrino
beam and the second at any energy [9]. ArgoNeuT col-
lected neutrino and antineutrino events in Fermilab’s
NuMI beam line [10] at the MINOS near detector (hence-
forth referred to as ‘‘MINOS’’) hall from September 2009
to February 2010. Along with performing timely and
relevant physics, the ArgoNeuT experiment represents
an important development step towards the realization of
a kiloton-scale precision LArTPC-based detector to be
used for understanding accelerator- and atmospheric-based
neutrino oscillations, proton decay, and supernova burst
and diffuse neutrinos.
ArgoNeuT employs a set of two wire planes at the edge

of a 170 l TPC in order to detect neutrino-induced particle
tracks. A 500 V=cm electric field imposed in the liquid
argon volume of the TPC allows the ionization trails cre-
ated by charged particles to be drifted toward the sensing
wire planes. The ionization induces a current on the inner
‘‘induction’’ wire plane as it approaches and recedes and
is subsequently collected on the outer ‘‘collection’’ wire

PRL 108, 161802 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

20 APRIL 2012

0031-9007=12=108(16)=161802(5) 161802-1 ! 2012 American Physical Society
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Look where we’re going

MicroBooNE, starting at  
Fermilab in 2015 

(TPC is 2.6x2.3x10.4 m)
Kiloton-scale LArTPC

TPC)installed)in)Cryostat)

2/5/14) for)internal)MicroBooNE)use)only)) 5)
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05/22/14 F. Blaszczyk - NuInt 2014 4

Large US LArTPCs

MicroBooNE 

● Study MiniBooNE low-energy excess

● Cross-section measurements.

LBNE 

● CP-violating phase δ and θ13 

measurement (νe appearance)

● Mass hierarchy

● Supernova burst and atmospheric 
neutrinos, proton decay

170 ton 
70 fiducial

Far detector:     
34 kton fiducial

→ To maximize the reach of these experiments and to minimize systematics, 
calibration and a better understanding of LArTPCs are needed.

→ see S. Gollapinni talk



Aside from technical challenges associated with building 
an enormous liquid argon detector, there are a number of 

“problems” associated with the measurement itself.

Joshua Spitz MIT
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Outline
• The big picture in neutrino oscillation physics today 

• The holy grail: measuring a difference between neutrinos 
and antineutrinos called “CP violation”. 

• Problem 1: The sterile neutrino 

• Solutions (w/ kaons) 

• Problem 2: Neutrino cross sections 

• Solutions (w/ kaons)

32

Joshua Spitz MIT



Outline
• The big picture in neutrino oscillation physics today 

• The holy grail: measuring a difference between neutrinos 
and antineutrinos called “CP violation”. 

• Problem 1: The sterile neutrino 

• Solutions (w/ kaons) 

• Problem 2: Neutrino cross sections 

• Solutions (w/ kaons)

33

Joshua Spitz MIT

Opportunity 1



The three neutrino oscillation picture works 
extraordinarily well.  

But, there are some anomalies that don’t fit.
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A new neutrino?
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protons Target 
(dump)

(⌫)
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(⌫)

Detector 
⌫µ ! ⌫e ?
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The Liquid Scintillator Neutrino Detector anomaly



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
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The MiniBooNE anomalies
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The MiniBooNE anomalies

Neutrinos and antineutrinos from an 
accelerator seem to appear!

⌫µ ! ⌫e

⌫µ ! ⌫e
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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). 

  

40

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
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Sterile neutrino limits 

μμ

Muon neutrino disappearance; arXiv:1106.5685  

• There do exist a number of strict limits on  
νμ/νe disappearance and νe appearance. 

• In particular, the lack of observed muon 
neutrino/antineutrino disappearance causes 
issues when trying to form a coherent 
picture of an extra neutrino mass eigenstate.
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Present status
A number of experiments hint at a new neutrino mass state. 
A number of other experiments don’t seem to see anything. 

A definitive probe of this new neutrino is necessary. 
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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. 
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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. 

• Possible warm dark matter candidate? 

• Active neutrino oscillations and 
particle physics in general.  
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• The holy grail: measuring a difference between neutrinos 
and antineutrinos called “CP violation”. 

• Problem 1: The sterile neutrino 

• Solutions (w/ kaons) 

• Problem 2: Neutrino cross sections 

• Solutions (w/ kaons)
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Opportunity 1
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A sterile neutrino search w/ kaon decay at rest

protons Target

Monoenergetic (236 MeV) neutrino!

Detector
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J. Spitz, Phys. Rev. D 85 093020 (2012) 



A sterile neutrino search w/ kaon decay at rest

Monoenergetic (236 MeV) neutrino!

Backgrounds {
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J. Spitz, Phys. Rev. D 85 093020 (2012) 

protons Target Detector



protons Target

A sterile neutrino search w/ kaon decay at rest
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J. Spitz, Phys. Rev. D 85 093020 (2012) 
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protons Target

A sterile neutrino search w/ kaon decay at rest
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J. Spitz, Phys. Rev. D 85 093020 (2012) 
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A sterile neutrino search w/ kaon decay at rest

• Look for an excess near the 
endpoint of a well understood 
and measured background 
distribution.
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J. Spitz, Phys. Rev. D 85 093020 (2012) 
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Outline
• The big picture in neutrino oscillation physics today 

• The holy grail: measuring a difference between neutrinos 
and antineutrinos called “CP violation”. 

• Opportunity 1: The sterile neutrino 

• Solutions (w/ kaons) 

• Problem 2: Neutrino cross sections 

• Solutions (w/ kaons)
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Outline
• The big picture in neutrino oscillation physics today 

• The holy grail: measuring a difference between neutrinos 
and antineutrinos called “CP violation”. 

• Opportunity 1: The sterile neutrino 

• Solutions (w/ kaons) 

• Problem 2: Neutrino cross sections 

• Solutions (w/ kaons)
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Opportunity 2



near detector
~100s of m

far detector
~100s of km

�e : �µ ? �e : �µ ?
Compare these ratios 

as a function of energy

Oscillation?

P [�µ � �e] �= P [�µ � �e] ?CP violation in the  
lepton sector?

Reminder
54
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⌫µ



The near and far fluxes 
are inherently different!  
So, we need to rely on 

cross section knowledge 
for a proper comparison.

The problem
55

Joshua Spitz MIT

near detector
~100s of m

far detector
~100s of km

�e : �µ ? �e : �µ ?
Compare these ratios 

as a function of energy

Oscillation?
⌫µ



The near and far fluxes 
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So, we need to rely on 

cross section knowledge 
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FIG. 2: (Color online) T2K νµ flux energy distributions in the near detector (ND) and far detector

(FD) for tho sets of oscillation parameters according to Ref. [11] and Ref. [16].

is :

ΦFD
νµ

(Eνµ) =

[

1− 4 cos2 θ13 sin
2 θ23(1− cos2 θ13 sin

2 θ23) sin
2

(

∆m2
32L

4Eνµ

)]

ΦND
νµ

(Eνµ). (5)

We use this expression as a definition of the far detector flux. We have kept in this expression

the influence of the angle θ13, which is now measured [15]: sin2 θ13 = 0.024 ± 0.004. Its

effect is not totally negligible and it partly fills the dip of the energy distribution in the

far detector. The oscillated νµ distribution is shown as well in Fig. 2 for the values of the

parameters of Ref. [16] and also for the best fit values of T2K [11] where the effect of θ13

is ignored. The products σ(Eνµ)Φνµ(Eνµ) which represent the distributions of muon events

before reconstruction in the close and far detector are shown in Fig. 3. We now apply

our smearing procedure to these distributions and we obtain the smeared curves also shown

in Fig. 3. The salient features are the broadening effects. In the close detector there is

clear low energy enhancement, an effect of the multinucleon component. In the far detector,

where the unsmeared distribution displays a pronounced dip, the smeared one acquires a

low energy tail and the middle hole is largely filled, an effect also largely due to the np-

nh cross section. All these smearing effects can be described as a tendency to escape the

regions of high fluxes when one goes from true to reconstructed energies. We remind that

9
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S. Zeller, INT Workshop, Dec 2013 

νµ QE Cross Section as a Function of Eν&
8 

(Review of Particle Properties, to appear in 2014 edition) 

•  reporting σ(Eν) has the advantage that can compare measurements 
  from different experiments  

•  but are we all really  
  measuring the same 
  thing? what is it that  
  we’re each calling QE? 

(Anne Schukraft) 

•  also, now recognized 
  that MA, σ(Eν) are  
  model-dependent 
  quantities, especially 
  when scattering 
  off nuclear targets;  
  diff’l σ in term s of  
  µ,p preferred    

ν&

ν&

Our cross section knowledge is quite weak!

Muon neutrino cross section
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The problem

near detector
~100s of m

far detector
~100s of km

�e : �µ ? �e : �µ ?
Compare these ratios 

as a function of energy

Oscillation?
⌫µ



The oscillation probability is a function of neutrino energy…. 
but it’s hard to reconstruct the energy of the neutrino!

The other problem
58
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P��⇥,� �=⇥ = sin2(2�) sin2

�
1.267

�m2L

E

GeV
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�

near detector
~100s of m

far detector
~100s of km

�e : �µ ? �e : �µ ?
Compare these ratios 

as a function of energy

Oscillation?
⌫µ
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E > 20% is typical
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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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Calculation and reconstruction issues

• Neutrino interactions with nuclei are complicated!  

• Fermi motion. 

• Pauli blocking. 

• Correlations between nucleons. 

• Final state interactions. 

• Detector limitations 

• Energy resolution. 

• Event classification issues.  

• Cerenkov threshold.

Joshua Spitz MIT
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Problem summary
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• The systematics associated with the interaction currently lead the 
uncertainties on the predicted number of electron neutrino appearance 
candidates in our long baseline experiments.  

• These systematics are expected to continue to dominate in future neutrino 
CP-violation measurements.

T2K Collaboration, PRL 112, 061802 (2014) 

uncertainty for both the FC and the FV selection is 1%. The
decay-electron rejection cut has errors of 0.2%–0.4%,
depending on neutrino flavor and interaction type. The
uncertainties for the single electronlike ring selection and
π0 rejection are estimated by using the SK atmospheric
neutrino data and SK cosmic-ray muons. Electron-neutrino
CC-enriched control samples based on these cuts were
prepared, and the differences between MC predictions and
data are used to extract the systematic uncertainty. The
uncertainty associated with the π0 background is deter-
mined by constructing a hybrid sample with either an
electronlike ring taken from the atmospheric data sample or
from decay-electrons selected in the stopping muon data
sample, and a MC-generated gamma ray assuming π0

kinematics. The selection cut systematic uncertainty is
calculated to be 1.6% for signal events and 7.3% for
background events. The total SK selection uncertainty is
2.1% for the νe candidate events assuming sin22θ13 ¼ 0.1.
Additional SK systematic uncertainties are due to final-

state interactions (FSI) of pions that occur inside the target
nucleus, as well as secondary interactions (SI) of pions and
photonuclear (PN) interactions of photons that occur out-
side of the target nucleus. The treatment of the FSI and SI
uncertainties is the same as in the previous analysis [28].
For this analysis, a new simulation of PN interactions has
been added to the SKMC. In the final νe event sample, 15%
of the remaining π0 background is due to events where
one of the π0 decay photons is absorbed in a PN interaction.
A systematic uncertainty of 100% is assumed for the
normalization of the PN cross section.

Oscillation analysis.—The neutrino oscillation parameters
are evaluated using a binned extended maximum-like-
lihood fit. The likelihood consists of four components: a
normalization term (Lnorm), a term for the spectrum shape
(Lshape), a systematics term (Lsyst), and a constraint term
(Lconst) from other measurements

LðNobs; x⃗; o⃗; f⃗Þ ¼ LnormðNobs; o⃗; f⃗Þ × Lshapeðx⃗; o⃗; f⃗Þ

× Lsystðf⃗Þ × Lconstðo⃗Þ; (3)

where Nobs is the number of observed events, x⃗ is a set of
kinematic variables, o⃗ represents oscillation parameters,
and f⃗ describes systematic uncertainties. In the fit, the
likelihood is integrated over the nuisance parameters to
obtain a marginalized likelihood for the parameters of
interest.
Lnorm is calculated from a Poisson distribution using the

mean value from the predicted number of MC events.
Lsystðf⃗Þ constrains the 27 systematic parameters from the
ND280 fit, the SK-only cross section parameters, and the
SK selection efficiencies. Table II shows the uncertainties
on the predicted number of signal νe events. TheLshape term
uses x ¼ ðpe; θeÞ to distinguish the νe signal from back-
grounds. An alternative analysis uses x ¼ Erec

ν , the recon-
structed neutrino energy. In order to combine the results

presented in this Letter with other measurements to
better constrain sin22θ13 and δCP, the Lconst term can also
be used to apply additional constraints on sin22θ13, sin2θ23,
and Δm2

32.
The following oscillation parameters are fixed in the

analysis: sin2θ12 ¼ 0.306, Δm2
21 ¼ 7.6 × 10−5 eV2 [29],

sin2θ23 ¼ 0.5, jΔm2
32j ¼ 2.4 × 10−3 eV2 [30], and

δCP ¼ 0. For the normal (inverted) hierarchy case, the
best-fit value with a 68% confidence level (C.L.) is
sin22θ13 ¼ 0.140þ0.038

−0.032 (0.170þ0.045
−0.037). Figure 3 shows the

best-fit result, with the 28 observed νe events. The alter-
native analysis using Erec

ν and a profile likelihood method
produces consistent best-fit values and nearly identical
confidence regions. Figure 4 shows the Erec

ν distribution
with the MC prediction for the best-fit θ13 value in the
alternative analysis.
The significance for a nonzero θ13 is calculated to be

7.3σ, using the difference of log likelihood values between
the best-fit θ13 value and θ13 ¼ 0. An alternative method of
calculating the significance, by generating a large number
of toy MC experiments assuming θ13 ¼ 0, also returns a

TABLE II. The uncertainty (rms/mean in %) on the predicted
number of signal νe events for each group of systematic
uncertainties for sin22θ13 ¼ 0.1 and 0. The uncorrelated ν
interaction uncertainties are those coming from parts of the
neutrino interaction model that cannot be constrained with
ND280.

Error source [%] sin22θ13 ¼ 0.1 sin22θ13 ¼ 0

Beam flux and near detector 2.9 4.8
(without ND280 constraint) (25.9) (21.7)
Uncorrelated ν interaction 7.5 6.8
Far detector and FSIþ SIþ PN 3.5 7.3

Total 8.8 11.1
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FIG. 3 (color online). The (pe, θe) distribution for νe candidate
events with the MC prediction using the primary method best-fit
value of sin22θ13 ¼ 0.140 (normal hierarchy).
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5. ArgoNeuT Hardware 59
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Figure 5.7: Neutrino events acquired during the ArgoNeuT neutrino-mode physics run.

Solutions to our problems
• Detector technology 

• Being able to see the low energy part of the interaction. 

• Energy resolution. 

• Differential and total cross section measurements across all relevant nuclear 
targets and neutrino energies. 

• From-kaon neutrinos can be used as part of this program. 
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Outline
• The big picture in neutrino oscillation physics today 

• The holy grail: measuring a difference between neutrinos 
and antineutrinos called “CP violation”. 

• Opportunity 1: The sterile neutrino 

• Solutions (w/ kaons) 

• Problem 2: Neutrino cross sections 

• Solutions (w/ kaons)
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Cross section measurements with 
monoenergetic muon neutrinos

J. Spitz, Phys. Rev. D 89 073007 (2014)
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This unique neutrino can be used 
to provide a set of cross section 

measurements at a known-energy.

• Reducing systematics associated 
with near/far comparison. 

• Neutrino as a probe of the nucleus. 
• For the first time ever, we can 

probe the nucleus with a known-
energy (muon) neutrino.
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Neutrino flux from typical 
kaon decay-at-rest source (JPARC-MLF)



• The 236 MeV muon neutrino can provide a map of muon angle and kinetic energy 
for a known neutrino energy. This “standard candle” would be unprecedented. 

• This is especially relevant for those experiments which solely rely on muon 
kinematics for reconstructing the neutrino energy. 
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Cross section measurements
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FIG. 2: (Color online) T2K νµ flux energy distributions in the near detector (ND) and far detector

(FD) for tho sets of oscillation parameters according to Ref. [11] and Ref. [16].

is :

ΦFD
νµ

(Eνµ) =

[

1− 4 cos2 θ13 sin
2 θ23(1− cos2 θ13 sin

2 θ23) sin
2

(

∆m2
32L

4Eνµ

)]

ΦND
νµ

(Eνµ). (5)

We use this expression as a definition of the far detector flux. We have kept in this expression

the influence of the angle θ13, which is now measured [15]: sin2 θ13 = 0.024 ± 0.004. Its

effect is not totally negligible and it partly fills the dip of the energy distribution in the

far detector. The oscillated νµ distribution is shown as well in Fig. 2 for the values of the

parameters of Ref. [16] and also for the best fit values of T2K [11] where the effect of θ13

is ignored. The products σ(Eνµ)Φνµ(Eνµ) which represent the distributions of muon events

before reconstruction in the close and far detector are shown in Fig. 3. We now apply

our smearing procedure to these distributions and we obtain the smeared curves also shown

in Fig. 3. The salient features are the broadening effects. In the close detector there is

clear low energy enhancement, an effect of the multinucleon component. In the far detector,

where the unsmeared distribution displays a pronounced dip, the smeared one acquires a

low energy tail and the middle hole is largely filled, an effect also largely due to the np-

nh cross section. All these smearing effects can be described as a tendency to escape the

regions of high fluxes when one goes from true to reconstructed energies. We remind that

9
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Table 2. Number of neutrinos per m2 crossing a surface placed on–axis at a distance of 100 km
from the target station during 200 days for 2.0 GeV protons and positive and negative horn current
polarities.

positive negative

N⌫ (⇥1010)/m2 % N⌫ (⇥1010)/m2 %

⌫µ 396 97.9 11 1.6

⌫̄µ 6.6 1.6 206 94.5

⌫e 1.9 0.5 0.04 0.01

⌫̄e 0.02 0.005 1.1 0.5
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Figure 3. Neutrino fluence as a function of energy at a distance of 100 km on–axis from the
target station, for 2.0 GeV protons and positive (left) and negative (right) horn current polarities,
respectively.

are directed towards the detector). The horn focusing allows to enhance the number of

neutrinos directed towards the detector by a factor 7.4.

6 Underground Detector Site

In the search for a suitable site for the large underground Water Cherenkov detector some

preliminary investigations have been made of the Northern Garpenberg mine at 540 km

NNW of the ESS site in Lund. The construction of the ore hoist shaft of this mine and the

nearby decline (descending transport tunnel) started in the 1960s. The current shaft depth

of 830 m was reached in 1994 and the depth of the decline (of cross section 5⇥6 m2), which

was 1000 m in 1998, has later been extended to 1230 m. In 2012 300000 tons (=110000 m3)

of ore was transported with trucks on the decline up to the shaft hoist at 830 m depth and

hoisted up to the ground level. The hoist, shaft and head–frame (hoist surface tower) will

no longer be used as from end of 2014. To preserve them will require their maintenance.

– 10 –

ESSνSB: δCP search in Europe T2K: δCP search in Japan 

Direct relevance to future  
CP violation searches



Figure 4: Comparison of the fluxes from SPL and βB.

reconstruction. As ultimate goal suggested in Ref. [16] a 2% systematical error is used
as default both for signal and background, this would be achieved by a special care of the
design of the close position. However, we discuss also how a 5% systematical error affects the
sensitivities. Using neutrino cross-sections on water from Ref. [33], the number of expected
νµ charged current is about 98 per kt yr. In Fig. 4 we compare the fluxes from the SPL to
the one from the βB.

3.4 The atmospheric neutrino analysis

The simulation of atmospheric neutrino data in MEMPHYS is based on the analysis pre-
sented in Ref. [30], with the following differences:

• We replace the neutrino fluxes at Kamioka with those at Gran Sasso. We use the
Honda calculations [54], which unfortunately are not yet available for the Fréjus site.
However, since the fluxes increase with the geomagnetic latitude and Fréjus is northern
than Gran Sasso, our choice is conservative.

• We take into account the specific geometry of the MEMPHYS detector. This is partic-
ularly important to properly separate fully contained from partially contained events,
as well as stopping muon from through-going muon events.

• We divide our total data sample into 420 different bins: fully contained single-ring
events, further subdivided according to flavor (e-like or µ-like), lepton momentum (8
bins: 0.1–0.3, 0.3–0.5, 0.5–1, 1–2, 2–3, 3–5, 5–8, 8–∞ GeV) and lepton direction (20
bins in zenith angle); fully contained multi-ring events, further subdivided according
to flavor (e-like or µ-like), reconstructed neutrino energy (3 bins: 0–1.33, 1.33–5, 5–
∞ GeV) and lepton direction (10 bins in zenith angle); partially contained µ-like events,
divided into 20 zenith bins; up-going muons, divided into stopping and through-going
events, and in 10 zenith bins each.

10

CERN Super Proton Linac 
and β-beam; δCP search in Europe 
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section by decreasing the solenoid field from 3.7 to 1.0 T is
to adiabatically convert partial transverse momentum to
longitudinal momentum, which is similar to the matching
section in the pion decay channel. The divergence angle

distributions of the muon beam before and after the
adiabatic section are shown in Fig. 16. This is very important
to reduce the transverse divergent angle for the muon beam
which is critical to obtain a required neutrino spectrum with
an average energy larger than 200 MeV at a far detector of
150 km in distance, because the high-energy neutrino is
emitted only within a very small solid angle with respect to
the muon’s direction. Figure 17 shows the neutrino energy
dependence on the divergent angle and momentum of a
muon. The Focusing-Drift-Focusing-Drift focusing channel
has a transverse acceptance of 65 πmm rad for the reference
momentum with a beam pipe of 800 mm in diameter.
The total muon beam intensity in the decay channel is
1.0 × 1015 μþ=s or 1.8 × 1022 μþ=y, and the neutrino yield
(in pair) is 5.4 × 1021 ν=y which is more than twice the one
at the Neutrino Factory. The neutrino spectra at the far
detectorwith simulated particles are shown in Fig. 18, which
does not take into account neutrino oscillations [56]. The
averaged energy for muon antineutrinos is about 240 MeV,
and the neutrino flux is 4.7 × 1011 ν=ðm2yÞ at the far
detector which is lower than at the NF due to smaller γ or
lower energy. The neutrino fluxes for different capture fields
are summarized in Table IV.
To limit the background by the decays of the pions which

survive into the muon channel below 1% in the neutrino
flux at the far detector, we can use methods either by the
combination of the momentum selection in the chicane and
the bending sections or by prolonging the pion decay
channel from 50 m to about 100 m or by both methods.
Similar to the muon beam discarded by the muon beam

selection section, the remaining undecayed muons at the
end of the muon decay channel can also be used for other
muon applications.

V. DETECTOR CONCEPT

Amuon decay produces two neutrinos of different lepton
charges and flavors, namely, a muon antineutrino and an
electron neutrino for a μþ decay, a muon neutrino and an
electron antineutrino for a μ− decay. Thus taking into
account that partial neutrinos will change their flavors
during the flight, all four neutrino flavors are present and
the detector should be able to distinguish the charge and the
flavor of neutrinos. It should also be able to distinguish
charge current interactions (CC) from neutral current
backgrounds, which could be very small in the case of
low energy neutrino beams.

FIG. 16. Divergence angle distributions before and after the
adiabatic matching section in the case of 14 T capture field.

FIG. 17. Neutrino energy dependence on the divergent angle
and momentum of a muon (this figure needs to be changed with
“divergent angle”).

FIG. 18. Muon antineutrino energy spectra at the far detector of
150 km.

TABLE IV. Neutrino fluxes at the far detector for different
capture fields at the target.

Field level Neutrino flux [ν=ðm2 yÞ]
7 T field 2.1 × 1011

10 T field 3.3 × 1011

14 T field 4.7 × 1011

MUON-DECAY MEDIUM-BASELINE NEUTRINO … Phys. Rev. ST Accel. Beams 17, 090101 (2014)
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Direct relevance to future  
CP violation searches
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I. INTRODUCTION

The energy spectrum of high-energy leptons !elec-
trons in particular" scattered from a nuclear target dis-
plays a number of features. At low energy loss !"",

peaks due to elastic scattering and inelastic excitation of
discrete nuclear states appear; a measurement of the
corresponding form factors as a function of momentum
transfer #q# gives access to the Fourier transform of
nuclear !transition" densities. At larger energy loss, a
broad peak due to quasielastic electron-nucleon scatter-
ing appears; this peak—very wide due to nuclear Fermi
motion—corresponds to processes by which the electron
scatters from an individual, moving nucleon, which, after
interaction with other nucleons, is ejected from the tar-
get. At even larger ", peaks that correspond to excita-
tion of the nucleon to distinct resonances are visible. At
very large ", a structureless continuum due to deep in-
elastic scattering !DIS" on quarks bound in nucleons ap-
pears. A schematic spectrum is shown in Fig. 1. At mo-
mentum transfers above approximately 500 MeV/c, the
dominant feature of the spectrum is the quasielastic
peak.

*benhar@roma1.infn.it
†dbd@virginia.edu
‡ingo.sick@unibas.ch

FIG. 1. Schematic representation of inclusive cross section as a
function of energy loss.
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plays a number of features. At low energy loss !"",
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nuclear !transition" densities. At larger energy loss, a
broad peak due to quasielastic electron-nucleon scatter-
ing appears; this peak—very wide due to nuclear Fermi
motion—corresponds to processes by which the electron
scatters from an individual, moving nucleon, which, after
interaction with other nucleons, is ejected from the tar-
get. At even larger ", peaks that correspond to excita-
tion of the nucleon to distinct resonances are visible. At
very large ", a structureless continuum due to deep in-
elastic scattering !DIS" on quarks bound in nucleons ap-
pears. A schematic spectrum is shown in Fig. 1. At mo-
mentum transfers above approximately 500 MeV/c, the
dominant feature of the spectrum is the quasielastic
peak.

*benhar@roma1.infn.it
†dbd@virginia.edu
‡ingo.sick@unibas.ch

FIG. 1. Schematic representation of inclusive cross section as a
function of energy loss.
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Probing the nucleus

Not possible with 
neutrinos…until now!
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• For the first time, we can make these measurements with neutrinos! 

• A known-energy, purely weak interacting probe of the nucleus.

Neutrinos as a nuclear probe

Various ways to treat the nucleus

300 MeV muon neutrino  
charged current events

}

Plot from 
N. Jachowicz
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Which model of the nucleus, 
relevant for neutrinos, is correct?

J. Spitz, Phys. Rev. D 89 073007 (2014)
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Where to?
• There are basically two places in the world where one can 

currently do neutrino physics with kaon decay-at-rest. 

• NuMI beam dump at Fermilab

MicroBooNE

NuMI dump
NuMI neutrino beam line

Target station

120 GeV protons 
@600 kW

(102 m)

The target is  
2 interaction lengths (K+ ! µ+⌫µ)

⌫µ
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Where to?
• There are basically two places in the world where one can 

currently do neutrino physics with kaon decay-at-rest. 

• NuMI beam dump at Fermilab

MicroBooNE

NuMI dump
NuMI neutrino beam line

Target station

120 GeV protons 
@600 kW

(102 m)

The target is  
2 interaction lengths (K+ ! µ+⌫µ)

⌫µ

MicroBoonE: 
Coming online in 2015
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Figure 6: A schematic view of the MLF facility in J-PARC.

17

Figure 23: Detector location of the 3rd floor of the MLF building (side view). Color
shows the radiation level, and the red part corresponds to the mercury target.

Figure 24: Schematic drawing of the neutrino detector. (Note that the same two
detectors are put at the site, which have a total fiducial mass of 50 t consisting of
Gd-loaded liquid scintillator.)

33

x2 @ 17m

• There are basically two places in the world where one can 
currently do neutrino physics with kaon decay-at-rest. 

• JPARC 3 GeV spallation neutron source 

arXiv:1310.1437 [hep-ex]  
(nominally an LSND-like experiment)
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Figure 6: A schematic view of the MLF facility in J-PARC.

17

Figure 23: Detector location of the 3rd floor of the MLF building (side view). Color
shows the radiation level, and the red part corresponds to the mercury target.

Figure 24: Schematic drawing of the neutrino detector. (Note that the same two
detectors are put at the site, which have a total fiducial mass of 50 t consisting of
Gd-loaded liquid scintillator.)
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x2 @ 17m

• There are basically two places in the world where one can 
currently do neutrino physics with kaon decay-at-rest. 

• JPARC 3 GeV spallation neutron source 

arXiv:1310.1437 [hep-ex]  
(nominally an LSND-like experiment)

JPARC E56: 
Approved Feb. 2015
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5

Detector (source) Target (mass) Exposure Distance from source 236 MeV ⌫µ events
MicroBooNE (NuMI dump) LAr (90 ton) 1.2⇥ 1021 POT (2 years) 102 m 2300
Liq. scint. (JPARC-MLF) Gd-LS (50 ton) 1.2⇥ 1023 POT (4 years) 17 m 194000

TABLE I. The expected monoenergetic ⌫µ event rate at two experimental locations along with the beam exposure and detector
assumptions.

employed impulse approximation is known to simulate
neutrinos, especially ⌫µ, poorly at these relatively low
energies. NuWro is used because it contains a spectral-
function-based simulation for both nuclei [41]. The re-
sults of the neutrino-on-carbon simulation are shown in
Fig. 2. The kinetic energy of the muon is seen along
with a Gaussian smeared energy, given an arbitrary 10%
detection resolution. Also, the post-FSI reconstructed
neutrino energy E⌫ (=Eµ +

Pn
i Ti,proton + Sp, where n

is the number of protons and Sp = 16 MeV is the proton
separation energy for 12C) with a perfect detector, af-
ter considering neutron and de-excitation gammas non-
reconstructable, is shown. The separation energy for a
single proton only is used for simplicity. The apparent
bimodal shape of the distribution is due to the shell struc-
ture of the nucleus and the energy levels of the neutron
within the spectral function implementation. The recon-
structed energy with a perfect muon-only detector Ẽ⌫ ,
given the usual two-body kinematics CCQE formula, as-
suming target nucleon at rest and a binding energy of
34 MeV, is also shown for reference. The shape of the
expected 236 MeV ⌫µ CC event rate distribution in muon
angle and kinetic energy, as simulated with NuWro, is
shown in Fig. 3.
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FIG. 2. The NuWro simulation results of 236 MeV ⌫µ (from
K+ ! µ+⌫µ) CC interactions on carbon. The kinetic en-
ergy of the outgoing muon, given a set of detector resolution
assumptions, is shown. The reconstructed neutrino energy
available with a perfect detector is also shown, noting that
de-excitation gammas and neutrons are considered missing
energy here. The reconstructed neutrino energy with perfect
muon-only tracking is also shown for reference.
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FIG. 3. The kinematics of the muon from 236 MeV ⌫µ CC
interactions on carbon according to NuWro. The z-axis units
are arbitrary.

The main requirement for a valuable monoenergetic
⌫µ cross section measurement is that the signal inter-
action is properly identified as such. This determina-
tion relies on the ability to precisely reconstruct the en-
ergy of the neutrino, with the actual energy resolution
needed depending on the background non-monoenergetic
⌫µ flux in the energy region of interest. In the case of
the JPARC-MLF source, for example, the monoenergetic
cross-section-weighted flux, without regard for detector
location, will be a factor of ⇠30 times higher than the
integrated background in an arbitrary true energy win-
dow of 80 MeV around 236 MeV. The actual signal-to-
background at the detector location will likely be signif-
icantly higher than this, given the tentative backward
orientation of the detector relative to the primary proton
beam direction, according to Ref. [34], and resulting de-
crease in the decay-in-flight component at the detector.
For example, the ratio increases to ⇠180 in the case that
only neutrinos with cos ✓z < 0 (where +z is the primary
proton direction) are considered. Regardless, if a ⌫µ CC
event is identified from this source, with even modest
energy resolution, one can be fairly confident that it is
monoenergetic.

The favorable signal-to-background ratio at the
JPARC-MLF may a↵ord the ability to perform these
cross section measurements with a water Cerenkov de-
tector, capable of providing lepton-only kinematic recon-
struction, for a cross section measurement applicable to
the Super-K and Hyper-K detectors [42] within the T2K

• The JPARC-E56 experiment will detect nearly 
200,000 monoenergetic muon neutrino charged 
current events in 4 years.  

• Sterile neutrino discovery-level sensitivity above ~4 eV2.
• xsec measurements and nuclear probe.
• 6,000 electron neutrino events (100-225 MeV) coming 

from a well known flux shape.

•  MicroBooNE will collect a much more modest 
sample but detect enough events to provide an 
important input for understanding the MiniBooNE 
low energy excess.
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MicroBoonE: 
Coming online in 2015

Detector 
 R&D

Sterile ν 

ν cross sections ν as a probe  
of the nucleus 

Kaon decay-at-rest  
measurements within 2 years
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Sterile ν ν cross sections ν as a probe  
of the nucleus 

Kaon decay-at-rest  
measurements within 3-4 years

JPARC E56: 
Approved Feb. 2015



Complementary experiments with di↵erent energies, baselines and detector technologies (e.g., Hyper-K
in Japan) are required in order to fully exploit conventional neutrino beams. The accompanying very-
large detectors, if placed underground, also allow for the study of atmospheric neutrinos, nucleon decay,
and precision measurements of neutrinos from a galactic supernova explosion. PINGU, an upgrade of
IceCube, provides a promising opportunity to measure the mass hierarchy using atmospheric neutrinos.

Next-next generation experiments will require better (both more intense, and better understood) neu-
trino beams. Promising possibilities include neutrinos from muon storage rings (e.g., NuMAX), and
neutrinos from very intense cyclotron-based sources of pion decay at rest (e.g., DAE�ALUS). Muon-
based neutrino beams in particular have strong synergies with Project X and provide a necessary step
in the R&D for a high-energy muon collider. While these large, ambitious projects are vigorously
developed, the following medium and small-scale neutrino activities need to be pursued.

– Precision measurements and theories of neutrino cross sections and a detailed understanding of
the neutrino flux from pion-decay-in-flight neutrino beams. These activities can be pursued in the
near- detectors associated with the large long-baseline projects or alongside R&D projects related
to next-next generation neutrino beams, as well as by small-scale dedicated experiments. A well-
considered program of precision scattering experiments in both low- and high-energy regimes,
combined with a renewed dedicated theoretical e↵ort to develop a reliable, nuclear-physics-based
description of neutrino interactions in nuclei is mandatory. Scattering measurements may also be
of intrinsic interest.

– Definite resolution of the current short-baseline anomalies. These will (probably) require neu-
trino sources other than pion-decay-in-flight and the pursuit of di↵erent flavor-changing channels,
including ⌫e,µ disappearance and ⌫µ ! ⌫e appearance, using a combination of reactor, radioac-
tive source and accelerator experiments. In addition to small-scale dedicated experiments, such
experiments can be carried out as part of R&D projects related to next-next generation neutrino
beams (e.g., nuSTORM, IsoDAR).

– Vigorous pursuit of R&D projects related to the development of next-next generation neutrino
experiments. As discussed above, these medium and small experiments will also address several
key issues in neutrino physics.

• Searches for neutrinoless double-beta decay: The current generation of experiments is pursuing di↵erent
detector technologies with di↵erent double-beta decaying isotopes. The goals of these experiments are
to (a) discover neutrinoless double-beta decay, which is guaranteed if the neutrinos are Majorana
fermions and their masses are quasi-degenerate, (b) provide information regarding the most promising
techniques for the next generation.

Next-generation experiments aim at discovering neutrinoless double-beta decay if neutrinos are Majo-
rana fermions and if the neutrino mass hierarchy is inverted. In the case of a negative result, assuming
oscillation experiments have revealed that the neutrino mass hierarchy is inverted, these experiments
will provide strong evidence that the neutrinos are Dirac fermions. As with precision measurements
of beta decay (see below), the information one can extract from the current and the next generation
of neutrinoless double-beta decay experiments increases significantly if indirect evidence for neutrino
masses is uncovered, e.g., with cosmological probes.

• Determination of the absolute values of the neutrino masses: Precision measurements of beta decay
remain the most promising model-independent probes. While the KATRIN experiment is taking data,
vigorous R&D e↵orts for next-generation probes (e.g., ECHo, Project 8, PTOLEMY) are required in
order to identify whether it is possible to reach sensitivities to the e↵ective “electron-neutrino mass”
below 0.05 eV. Nontrivial information is expected from di↵erent cosmological probes of the large-scale
structure of the Universe.

The relevance of neutrino science and technology extends well beyond the fundamental research commu-
nity. Neutrinos may be useful for monitoring reactors in the context of international nuclear nonproliferation
(e.g., WATCHMAN). The essential building blocks of neutrino science — detectors and accelerators — have
important spin-o↵ applications for medicine and in industry. Finally,

10

b
arXiv:1310.4340 [hep-ex]

From Snowmass 2013 Executive Summary on Neutrinos

ν cross sections Sterile ν Detector 
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• I hope I have convinced you that kaon decay-at-rest is 
an amazing and completely unique source of neutrinos 
that has been completely neglected until now.  

• With our new state-of-the-art detectors and intense 
sources, we are now able to take advantage of kaon-
induced neutrinos for performing a number of crucial 
measurements. 
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The journey and the destination
• We are well on our way toward a measurement of CP 

violation in neutrinos. This measurement may help us 
understand why the Universe is made out of matter.  

• There is a lot of physics on this path.
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Mass hierarchy
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Δm2’s

θ13,θ23,θ12


