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Abstract

These proceedings will first explain why the fields of both particle and nuclear physics are demanding a better
understanding of neutrino interactions. Then they will list the ingredients that go into an effective neutrino
interaction program worldwide, and describe how the new and upcoming neutrino interaction experiments
and related efforts help to provide those ingredients. In particular, the MINERνA experiment is a dedicated
neutrino interaction experiment designed to study neutrino interactions on several different nuclear targets
using a fine-grained scintillator detector and is currently taking data at the NuMI beamline at Fermilab. The
T2K 280m Off Axis Near Detector at J-PARC, a fine-grained scintillator-based detector which is optimized
for studying neutrino interactions on water and scintillator, is also currently taking data. The status of the
upcoming NOνA Near Detector and MicroBooNE experiment will also be described. The proceedings will
conclude with a brief discussion of a few ingredients that are not yet in the mix but would make for an even
more complete program.
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1. Introduction

The field of neutrino interactions is seeing an in-
crease in activity, thanks in no small part to the
recent advances in our understanding of neutrino
mass and mixing. While the original discoveries
of neutrino oscillations came from atmospheric and
solar neutrinos, the precision measurements of the
mixing angles and mass splittings are most easily
achieved with a combination of accelerator-based
and reactor-based neutrino sources. In order to
provide statistics for rare processes at distant de-
tectors, todays neutrino beamlines are extremely
intense and allow dedicated neutrino interaction de-
tectors to be relatively modest in size. Further-
more, as the field progresses towards more statis-
tically precise oscillation measurements, the uncer-
tainties in experimental results become more and
more dominated by the uncertainties associated
with neutrino interactions.

However, the study of neutrino interactions is im-
portant even in the absence of neutrino oscillations.
There are currently several outstanding mysteries
in neutrino cross section measurements, and be-
cause of these outstanding mysteries the theoretical
picture of the way neutrinos interact in a nucleus is

far from complete. One outstanding mystery is the
discrepancy between low energy quasi-elastic cross
section, as measured by MiniBooNE [1] and Sci-
BooNE [2], and the higher energy quasi-elastic cross
section as measured by NOMAD [3].

The nuclear physics community has made a
wealth of measurements of charged lepton scat-
tering off of various nuclei in an effort to better
understand the nucleus itself [4]. However, these
charged lepton measurements are sensitive to the
charge weighted quark distributions. By doing sim-
ilar scattering measurements with neutrinos on a
variety of nuclei we can get a better understanding
of the valence and sea quark distributions inside the
nucleus, and how they are affected by the nuclear
environment.

2. Ingredients

The first step in achieving a new understanding
in the way neutrinos interact is to build much more
sensitive detectors than those currently used for os-
cillation experiments. The MINOS detector, for ex-
ample, consists of hundreds of 2.5cm thick plates of
steel each followed by 1 cm thick scintillator planes
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[5]. The transverse and longitudinal granularity of
that detector makes it difficult to characterize final
state particles and processes, apart from the pres-
ence of a final state muon. The Super-Kamiokande
detector uses the Cerenkov technique which places a
minimum momentum threshold on outgoing parti-
cles, which again makes proton and pion final state
identification challenging [6].

In order to study neutrino interactions it is also
important to have neutrino beams of several ener-
gies. As neutrino energies vary from one half to
several GeV even in one neutrino beam, there are
several processes that become kinematically possi-
ble [7]. Although the quasi-elastic interaction pro-
duces a relatively simple final state, even that pro-
cess seems to be providing mysteries between exper-
iments. Single pion production becomes important
at about one GeV and the deep inelastic scatter-
ing process become dominant by about 5 GeV. Al-
though a peak neutrino beam energy may be in the
quasi-elastic regime, there is always a high energy
tail at some level, which will provide feed-down to
the signal region through neutral current processes.

The next important ingredient in the study of
neutrino interactions is high statistics. The pre-
vious most sensitive detectors were bubble cham-
bers which had only handfuls of events. In order
to characterize completely a particular neutrino in-
teraction channel, it is not sufficient only to see the
final state, but an experiment must explore the full
kinematics of that state. For example, the charged
current coherent pion production process seemed
to be missing from inclusive distributions of pion
plus muon final states in MiniBooNE [8] and Sci-
BooNE [9]. However, at NuInt09 ScibooNE showed
that for certain angular regions there seemed to be
a coherent component, while for others it was ab-
sent [10]. The neutral analog of this process is a rare
but easily accepted background to electron neutrino
appearance analyses, so the process overall needs to
be well understood. Also, these coherent processes
are expected to have similar cross sections between
neutrinos and antineutrinos, and as such will have
an even more uncertain background contribution in
antineutrino mode.

Another crucial ingredient for neutrino interac-
tion experiments is a well-understood flux. For
example, the current discrepancy between the low
energy and high energy quasi-elastic cross section
measurements described above might simply be a
few sigma shift in the flux uncertainties of one of
the experiments.

Finally, another important ingredient in future
interaction measurements is that they be done on a
broad range of nuclear targets. Although oscillation
experiments will naturally want to study neutrino
interactions on the target nuclei that are present in
the far detector, coming up with a consistent model
of how the nucleus affects neutrino interactions is
only possible when a broad range of nuclei is studied
(see reference [11] for a comparison of target nuclei
and energies of oscillation experiments and scatter-
ing experiments). The nuclear physics community
has a wealth of charged lepton scattering data on
elements as light as Hydrogen [12], so for neutrino
scattering experiments, the lower the atomic num-
ber of the target nuclei the better.

3. Ingredients in Current Generation of Ex-
periments

3.1. Detectors

All of the next generation neutrino interac-
tion experiments take advantage of extremely fine-
grained tracking volumes, using a variety of differ-
ent technologies.

The MINERνA detector is made of finely seg-
mented scintillator planes that are read out by
wavelength shifting fibers [13]. The planes them-
selves are comprised of nested triangular-shaped
scintillator bars, where the base of each triangle
is 3.3cm and the height is 1.7cm. By comparing
light from neighboring bars a position resolution
of better than 3.5mm can be achieved. The light
from the fibers is sent through clear fiber cables
to Hamamatsu multi-anode photo multiplier tubes,
which in turn are read out by front end electronics
that use Trip-t chips that were originally developed
by DZero. The scintillator planes have collars of
lead around their edges to provide side electromag-
netic calorimetry. The outer hadron calorimetry is
provided by steel hexagons that surround the inner
tracker region that are instrumented with scintil-
lator bars. The entire detector sits in front of the
MINOS Near Detector which serves as a muon spec-
trometer. The granularity allows high resolution
on individual neutrino interactions, and secondary
(detached) vertices are visible (as shown in the data
events shown in figure 1, as are multi-particle final
states, and particle identification using energy de-
position along tracks that range out in the detector.

The T2K near detector complex consists of sev-
eral detectors: there are two in particular that will
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Figure 1: Two different x views of event displays from the
MINERνA detector. These events came from a time when
over half of the detector was installed and reading out events
in an antineutrino beam

be used for neutrino interaction measurements [14].
The most upstream detector, the P0D, is optimized
to study electromagnetic final states in both water
and scintillator. The active material is scintillator,
using triangular-shaped bars with the same cross
section as those in the MINERνA inner detector.
The scintillator planes are interspersed with planes
containing water, so that a direct comparison can
be made between interactions on carbon and inter-
actions on water. There is also lead and brass as
part of the P0D. The fiducial mass of carbon (oxy-
gen) is 1.8 (0.9) tons. The scintillator is read out
with wavelength shifting fibers and silicon photo-
multipliers.

Downstream of the P0D are three time projection
chambers, the first two of which are followed by an
additional fine grained detector (FGD) that con-
tains both scintillator planes and space for water.
This detector suite is designed to measure exclusive
final states. The interactions on water will be de-
termined by subtraction (where the first FGD does
not contain water and the second one does). Each
fine grained tracker has a fiducial mass of 1.3 tons.
Figure 2 shows an event display from the T2K early
running with a neutrino interaction in the P0D that
has final state particles extending into the down-
stream fine grained detectors and TPC’s.

Finally, at the downstream end of the T2K 280m
detector there is an electromagnetic calorimeter to
ensure containment. There is also side calorimetry
around both the P0D and the TPC’s and FGD’s
to catch particles that are exiting the side of the

Figure 2: A neutrino interaction in T2K’s Near Detector
complex: the event originates in the P0D and the final state
particles cross to the TPC’s and the downstream electromag-
netic calorimeter.

tracking volume. The entire detector is in a mag-
netic field of about 0.188T. With the combination of
the TPCs and the magnetic field the detector has
good capability of complete particle identification
even for multi-track events.

The NOνA near detector consists of extrusions
filled with liquid scintillator, similar to the far de-
tector [15]. The extrusion cross-section is 3.87cm
by 6cm, and the horizontal (vertical) extrusions are
3m (4.5m) long. Each extrusion contains both the
liquid scintillator and a wavelength shifting fiber
which is read out using an avalanche photo-diode
(APD). Since the peak neutrino energy for NOνA
is 2GeV, there is a 1.7m long muon range stack
at the downstream end of the NOνA near detec-
tor. The stack is comprised of ten planes of steel
interspersed with 10 planes of extrusions identical
to the rest of the detector. The entire detector is
16m long so the electromagnetic component of the
events in the fiducial volume of the experiment will
be well-contained. The total mass of the NOνA
near detector is 209 (126) total (active) tons. The
expectation is that the fiducial mass of the detector
will be 23 tons.

The MicroBooNE detector consists of a liquid ar-
gon time projection chamber, with 150 (89) tons to-
tal (active) of liquid argon [16]. Because argon also
scintillates, there will be 30 PMTs to collect that
scintillation light for use in event triggering. The
time projection chamber itself is 2.5mx2.5mx10.4m
long, and the wire pitch will be 3mm. Given the
small wire pitch and readout speed, the segmen-
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tation for MicroBooNE will be significantly higher
than that of other neutrino detectors. The purity
requirements of this detector mean however that
the cross section measurements will be strictly for
argon target nuclei. The granularity of this detec-
tor surpasses that of the other detectors described
here, though, so much more information per event
is able to be collected and available for use in re-
construction.

3.2. Beamlines

The next generation of neutrino interaction ex-
periments will span the interesting region of neu-
trino energies across the threshold of non-quasi-
elastic processes. The T2K 280m fine grained near
detector complex sits off axis, and has a peak neu-
trino energy of about 600MeV in the current beam-
line configuration. This peak is relatively narrow
and the high energy tail is extremely low [17]. The
MicroBooNE detector will sit in the Booster Neu-
trino Beam, and in that location will see a broad
band of neutrino energies that is centered on about
1GeV [18]. Because it is on axis and is made with
8GeV protons, there will be a small high energy tail
at the few per cent level.

The NOνA near detector will operate in two lo-
cations: the detector will be constructed and com-
missioned above ground in a special building that
is 107mrad off the NuMI beamline axis, and in that
location it will see a low intensity neutrino beam
which has a relatively high electron neutrino con-
tent, and also a 2GeV muon neutrino flux that
comes from kaon decays [15]. By the time the
NOνA far detector is operational at full mass, the
NOνA near detector will be located in a new alcove
underground, at a location very much closer to the
14mrad off the NuMI axis, similar to the off axis
angle of the far detector. In both NOνA locations,
since the detector is off axis there will be a very
small high energy tail.

The MINERνA detector sits on axis in the NuMI
beamline, and in that location can see a vari-
ety of neutrino fluxes, depending on the configu-
ration of the upstream beamline focusing system.
MINERνA will run in both a low energy configura-
tion where the peak neutrino event energy is about
3.5GeV [20], and after 2013 when the NOνA exper-
iment is running, MINERνA will run in a medium
energy configuration where the peak neutrino event
energy is around 7GeV. Since the detector is on the
main axis of the beamline, and because the incident
proton energy is 120GeV, there is a significant high

energy tail that will be present in all the MINERνA
running configurations [19].

3.3. Statistics

Since the MINERνA experiment is a dedicated
on axis cross section experiment with the highest
energy beam, it is slated to have the highest statis-
tics, thereby alllowing it to probe thoroughly the
details of neutrino interactions in the few GeV en-
ergy range. With an exposure of 4 × 1020 protons
on target in the standard low energy configuration,
and 12 × 1020 protons on target in the medium
energy configuration, there will be some 9 million
charged current neutrino events on the 3 ton fidu-
cial mass of plastic scintillator active target. Of
those, 4.3 million of them are deep inelastic scatter-
ing events, 1.7 million are in the resonance region,
and 0.8 million of them are quasi-elastic events.

The T2K 280m near detector complex will expect
some 300 (150) thousand quasi-elastic events in the
carbon (oxygen). Similarly, the POD should be able
to collect some 26 (14) thousand neutral pion events
in the carbon (oxygen). These statistics are for an
assumed exposure of 5×1021 protons on target [14].

The NOνA near detector is expected to collect
some ten thousand charged current events while it
is located on the surface at 107mrad from the NuMI
beamline, and then another 1.7 million charged cur-
rent events for a 20 ton fiducial mass and one year of
running (6 × 1020 protons on target). Of those 1.7
million events, 440 thousand will be quasi-elastic
events, and 578 thousand will be deep inelastic scat-
tering events [15].

MicroBooNE is expected to collect a total of 84
thousand charged current events for an exposure of
6 × 1020 protons on target in the Booster beam-
line. Of those events, some 53 thousand of them
are expected to be quasi-elastic events [16].

3.4. Flux Determination

A challenge to all neutrino interaction measure-
ments is how to determine the flux. For high en-
ergy neutrino beams, there is a low hadron energy
method which relies on the fact that for deep inelas-
tic scattering process, the low y cross section as a
function of neutrino energy approaches a constant
as y, the inelasticity of the interaction, approaches
zero. So if the experiment is dominated by DIS
events, and iif one can cleanly separate events with
little or no hadron energy, the flux can be deter-
mined. However, for the current and future oscilla-
tion experiments, the beamline is operating where
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a large fraction of events are not deep inelastic scat-
tering, and so this technique cannot be applied for
a robust low energy flux measurement.

One way that neutrino experiments try to under-
stand their fluxes is by incorporating results from
hadron production experiments, and these are dis-
cussed elsewhere in these proceedings [21]. This
article will focus specifically on in situ techniques
to determine the flux.

The MINERνA experiment will make use of the
flexibility of the NuMI beamline to take special
runs in several different configurations to test its
flux model[22]. These different configurations are
achieved by moving the target relative to the focus-
ing horn system, and by changing the horn current.
By making these two sets of changes the experi-
ment can sweep through the transverse and lon-
gitudinal momentum spectrum respectively of the
produced pions. One technique involves taking neu-
trino data at each of these different configurations
for a limited amount of time, and another technique
involves measuring the muon rates after several dif-
ferent amounts of shielding, again for many differ-
ent horn currents and for several different target
positions. Finally, the MIPP experiment at Fer-
milab [23] took hadron production data on an ear-
lier NuMI target, and the forthcoming results can
also be used to help constrain the flux model for
MINERνA .

The T2K 280m Near Detector complex includes
not only the two detectors described above, but also
a large array of steel-scintillator modules that are
arranged in a cross to measure the neutrino beam
center and width. This is one way to constrain the
flux model, in addition to the muon flux measure-
ments that are planned with the T2K muon monitor
system [14]. Finally, there is also a hadron produc-
tion experiment, NA61 at CERN, that measured
hadron production using a T2K target replica [24].

3.5. Nuclear Targets

As a dedicated neutrino interaction experiment
with a large nuclear physics contingent on the col-
laboration, MINERνA is studying the largest range
of target nuclei. The experiment has already in-
stalled thin targets of lead, carbon, and steel (one
of which is shown in Figure 3) in addition to the
active scintillator target. The experiment also has
plans to install both a water target and a liquid he-
lium target. The T2K 280ND complex has brass,
lead, scintillator, and water in the neutrino detec-
tors, and the design is such that cross sections on

Figure 3: Photo of one of the MINERvA nuclear targets,
showing graphite, iron, and lead wedges which will be sur-
rounded by active scintillator planes

carbon and oxygen can be determined by subtrac-
tion techniques. NOνA and MicroBooNE will only
be producing measurements on single nuclei species
(carbon and argon, respectively) but combined with
the information that comes from the broad range
of nuclear targets in MINERνA the single-target
experiments may still be able to provide input on
nuclear effects.

4. Current Status of Data Taking

The MINERνA experiment started accumulat-
ing physics-quality antineutrino data with a par-
tially complete detector in November 2009, and fin-
ished the detector assembly and commissioning in
March 2010. By that point the experiment had
integrated about 0.84 × 1020 protons on target in
antineutrino mode. On March 22, 2010 the NuMI
beamline was configured to provide a Low Energy
neutrino beam, and MINERνA officially started its
run. At the time of the Neutrino 2010 conference
the MINERνA experiment had accumulated over
0.8 × 1020 protons on target in neutrino mode, or
about 20% of its nominal low energy running. The
detector livetimes quickly reached above 95% , and
have remained high since then. The detector track-
ing is already at the 3.2mm transverse coordinate
resolution at the current stage of data analysis. The
light yield of the scintillator is good enough that
particles can be identified based on the energy de-
posited at the end of a stopping particle track. Fig-
ure ?? shows one of three views from two different
event displays during the early antineutrino run.
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The T2K 280m Near Detector complex saw its
first neutrino events on January 23, 2010, and be-
tween that date and May 1 2010, the T2K beamline
has integrated 0.234× 1020 protons on target. This
is roughly about 2

The Time Project Chamber tracking perfor-
mance is already yielding a transverse position reso-
lution of 0.6mm. The ability to do particle identifi-
cation with the TPC has also been demonstrated by
comparisons of the reconstructed momentum ver-
sus the energy loss for both positive and negative
particle samples.

5. Results by Neutrino 2012

In the next two years, MINERνA plans to take up
to 4.9× 1020 protons on target worth of low energy
neutrinos. This beam is well-suited to study exclu-
sive channels because of the low event rate and the
low multiplicity in the events at the peak energy,
compared to the medium energy running that will
be concurrent with the NOνA experiment run. Of
the 4.9× 1020 protons on target, 0.9× 1020 of them
are slated for special runs in altered neutrino beam
configurations. These special runs are designed to
reduce the flux uncertainties on the low energy neu-
trino beam by testing the underlying hadron pro-
duction model for different focusing geometries. Fi-
nally, by comparing exclusive interactions off differ-
ent target nuclei, MINERνA will be able to probe
nuclear effects of neutrino interactions and look for
process-dependent effects.

The T2K 280m Near Detector complex plans to
take data at the level of approximately 1021 protons
on target per year by the year 2012. The main foci
of the T2K Near Detector analysis in these early
years are the quasi-elastic cross section, which com-
prises the signal process, and the neutral pion pro-
duction which is the most important background to
the electron neutrino appearance search at T2K.

By the year 2012 the NOνA near detector will
have been operating at about 110mrad from the
NuMI beamline. With an exposure of 2× 1020 pro-
tons on target in the neutrino configuration, NOνA
will be able to collect about ten thousand events to
benchmark the NOνA detector performance. 2012
is also the year that the current schedule calls for
the NOνA near detector underground excavation to
begin.

By the year 2012 the MicroBooNE experiment
should be assembling and installing their time pro-
jection chamber in the cryogenic vessel. The cur-

rent schedule calls for filling the vessel with Argon
by February 2013 [24].

6. Missing Ingredients

Much progress is being made in the field of neu-
trino interactions, and we will know a lot more in
the next two years than we have known in the past
few decades about neutrino interactions. However,
there are still a few ingredients that are not yet part
of the approved plan but which would significantly
extend the program.

One such ingredient is a fine-grained neutrino de-
tector sitting in a 2GeV neutrino beam, which is
the peak energy at the NOνA far detector location.
Although the NOνA detector itself is far more fine-
grained than for example the MINOS detector, it is
still about a factor of 10 more coarse grained than
the MINERνA detector. Although the MINERνA
experiment will see significant flux at 2GeV during
the low energy running, the majority of events are
from higher energies and the feed down to those en-
ergies in neutral current interactions, will be chal-
lenging to untangle. There is currently a proposal
to put a 10 ton detector that is made of SciBar-like
scintillator bars in front of the NOνA near detector.
This proposal is called SciNOνA and was presented
to the Fermilab Physics Advisory Committee in the
fall of 2010 [24]. SciNOνA would be able to collect
about a million events in a 1 year run during the
NOνA era when the NuMI beamline will be inte-
grating some 6 × 1020 protons on target per year.

Another ingredient which is technically more
challenging but would extend the field even fur-
ther is a high statistics suite of measurements of
neutrino interactions on hydrogen and deuterium.
Many anomalies in neutrino interaction measure-
ments are interpreted as a lack of understanding of
the nuclear environment. A survey of interactions
on these lightest nuclei would enable definitive mea-
surements of the proton and neutrons quasi-elastic
form factors. Furthermore, because of the follow-
ing definitions of the F2 structure function on the
proton,

F νp2 = 2x(d+ u+ s) (1)

F νp2 = 2x(d+ u+ s) (2)

a high statistics set of measurements of neutrino
and antineutrino scattering on protons would yield
a measurement of the ratio of down to up quarks
in the proton, for those quarks that have a high
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fraction of the protons momentum (in other words,
those at high x). This would have implications not
only for the structure of the nucleon, but for hadron
collider measurements as well.

7. Conclusions

A detailed study of neutrino interactions is in
higher demand than ever before because of the need
to measure neutrino interactions, and it is no coinci-
dence that the facilities to do those studies are also
available at an unprecedented level. The next few
years will see the commissioning and operations of
a series of fine-grained detectors that have the po-
tential to revolutionalize our understanding of both
the neutrino and the nucleon. There are several
neutrino energies that will be available worldwide,
offering a chance to study the entire span between
a quasi-elastic dominated regime all the way up to
where most interactions come from Deep Inelastic
Scatters. Between the planned hadron production
experiments and in situ measurements of neutrino
event rates for several different fluxes, the field can
develop techniques for new levels of precision in
flux predictions. The broad range of nuclear tar-
gets that are available at the MINERνA detector
will provide stringent tests of the models of nuclear
dynamics and will permit side by side comparisons
of how the nucleus affects the way we measure neu-
trinos. There is still a lot to be done as we figure
out a way to ultimately measure with high statistics
neutrino scattering on hydrogen and deuterium.
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