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MINERνA (Main INjEctoR ν-A) is a few-GeV neutrino cross section experiment that began
taking data in the FNAL NuMI beam-line in the fall of 2009. MINERνA employs a fine-grained
detector capable of complete kinematic characterization of neutrino interactions. The detector
consists of an approximately 6.5 ton active target region composed of plastic scintillator with
additional carbon, iron, and lead targets upstream of the active region. The experiment will
provide important inputs for neutrino oscillation searches and a pure weak probe of nuclear
structure. Here we offer a set of initial kinematic distributions of interest and provide a general
status update.

1 Brief Introduction to the MINERνA Experiment

MINERνA is a dedicated on-axis neutrino-nucleus scattering experiment running at Fermilab in
the NuMI (Neutrinos at the Main Injector) beamline. The primary motivation of MINERνA is
to accurately measure scattering cross-sections and event kinematics in exclusive and inclusive
final states. By including a variety of high and low atomic number (A) targets in the same
detector and beam, MINERνA will contribute to untangling nuclear effects and determining
nuclear parton distribution functions (PDF’s).

1.1 The Era of Precision Neutrino Oscillation Experiments

MINERνA results will be important for present and future neutrino oscillation experiments,
where cross-sections, final state details, and nuclear effects are all important in calculating
incoming neutrino energy and in separating backgrounds from the oscillation signal. Recall that
oscillation probability depends on Eν , the neutrino energy. For example, in a νµ disappearance
experiment, the two-flavor disappearance relation is show in Eq. 1:

P (νµ → νµ) = 1− sin2 (2θ23) sin2

(
1.27∆m2

23(eV
2)L(km)

Eν(GeV )

)
(1)

aOn Behalf of the MINERνA Collaboration.
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Table 1: MINERνA Nuclear Target Masses in the Winter 2011 Run. Note the tracker mass includes the full
longitudinal span. For most analyses, the effective mass will be closer to five tons.

Target Fiducial Mass (90 cm radius cut)

Scintillator Tracker (CH) 6.43 tons

Carbon (Graphite) 0.17 tons

Iron 0.97 tons

Lead 0.98 tons

However, experiments measure the visible energy of the interaction. Visible energy is a
function of flux, cross-section, and detector response. Because the neutrino interacts in dense
nuclear matter, final state interactions (FSI) play a significant role in the observed final state
particles. Near to Far-Detector ratios cannot handle all of the associated uncertainties because
the Near / Far energy spectra are different due to beam, oscillation, matter, and possibly nuclear
effects.

1.2 Nuclear Effects

As weak force only probes of the nucleus, neutrinos are complementary to charged lepton scat-
tering measurements. There are many quantities of interest with large uncertainties: axial form
factors as a function A and momentum transfer (Q2), quark-hadron duality, x-dependent nu-
clear effects, etc. Additionally, MINERνA will study nuclear effects in order to understand
how interaction probabilities with heavy nuclei differ from those with free nucleons and how to
characterize FSI.

2 The MINERνA Detector

MINERνA is a horizontal stack of roughly identical modules weighing on average about two tons
each. Modules contain an inner detector (ID) region composed of triangular plastic scintillator
strips and an outer detector (OD) steel frame and support structure also instrumented with
plastic scintillator bars. Most modules feature an ID composed of two planes of scintillator,
but some in the targets and calorimetric regions of the detector give up one or both scintillator
planes for target or absorber materials. The total nuclear target masses installed as of the end
of Winter 2011 are listed in Table 1.

See Fig. 1 for an illustration of the triangular strips used in the ID. We utilize charge sharing
to improve position resolution and are able to achieve tracking residuals of just over 3 mm. Fig.
2 shows the arrangement of planes, along with a photograph from module construction.

Planes are composed of strips oriented along the X, U, or V axes. The typical arrangement
is a module containing two planes, one with strips in the U or V direction and one with strips
in the X direction. The stack alternates through the detector, UX, VX, UX, etc. Combination
of the X, U, and V views allows three-dimensional reconstruction. Figure 3 shows a schematic
of the detector layout.

3 Data Collection

MINERvA began taking neutrino data in March, 2010, with the NuMI beam line in the forward
horn current (FHC) mode, focusing π+ mesons (“neutrino mode”). Reverse horn current (RHC)
mode data, focusing π− mesons (“anti-neutrinos mode”), was taken prior to March, 2010. Table
2 shows raw MC event generator estimates for the event rates in these data samples. Our MC
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Figure 1: Shown here is an illustration of the triangular scintillator strip arrangement. Groups of 127 strips are
bundled into “planes.” Also shown are tracking residuals between a fitted position along a track the charge-

weighted hit in that plane for a sample of through-going muons.

Modules have an outer detector frame of steel 
and scintillator and an inner detector element 

of scintillator strips and absorbers/targets.

Planes are mounted  
stereoscopically in XU or XV 
orientations for 3D tracking.

MINERνA Modules

Extruded scintillator 
& wavelength 
shifting fibers.

17 mm

16.7 mm

Charge-sharing for improved 
position resolution (~3.5 mm).

Residual between a fitted 
position along a track and 
the charge-weighted hit in 
that plane for a sample of 

through-going muons.

Figure 2: Plane structure illustrated in a photograph from module construction and an engineering diagram. There
are three basic orientations for strips in scintillator planes: “U” , where the strips are oriented perpendicular to

−
(
600
)
, “X” (strips oriented vertically), and “V”, where the strips are oriented perpendicular to

(
600
)
.
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(~32 k channels) with multiple nuclear targets (C, CH, Fe, Pb, He, H2O).

Figure 3: Schematic of the MINERνA detector as of winter 2011. The figure is only roughly to scale.



Table 2: Charged-current inclusive event rates in the current data sample. (GENIE 2.6.2 Generator raw events,
not acceptance corrected.)

Material 1.2× 1020 P.O.T. LE ν Mode 1.2× 1020 P.O.T. LE ν̄ Mode

Carbon Target 10,800 3,400

Iron Target 64,500 19,200

Lead Target 68,400 10,800

Scintillator (CH) Tracker 409,000 134,000

DATA: Run 2395/17/30/4
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Figure 4: A charged-current interaction candidate event display from data.

event generator is GENIE 2.6.2 1. Figure 4 shows a typical charged-current (CC) neutrino event
candidate from our FHC data set.

4 Flux Estimate

MINERνA uses the FNAL NuMI beam-line. One of the key features of the beam-line is the
ability to move the target relative to the meson focusing horns and change the current in the
horns. This allows experiments to tune the energy spectra of the beam.

The largest uncertainty when estimating the neutrino flux is the hadron production spectra
at the target. By utilizing the variable spectra at the NuMI beam-line, it is possible to fit for
the various hadron production parameters in the MC. We do this by varying the focusing horn
current (to focus pions of different PT ) and by varying the position of the target (to focus pions
of different xF = PZ/PT ). See Fig. 5 for an illustration of the impact of changing the horn
current amplitude and position of the target on the pion focusing performance.

5 Antineutrino Analysis

The charged current (CC) signature is a muon from W exchange (ν̄ + p→ µ+ +X). We examine
only muon candidates originating in the fiducial tracker volume, and analyze momentum and
sign in the MINOS Near Detector (we do not yet consider muons that stop inside MINERνA).

5.1 Antineutrino Charged Current Quasi-elastic Events

The charged current quasi-elastic (CCQE) channel (ν̄ + p→ µ+ + n) is both clean and possesses
a relatively large cross-section at the energies of the NuMI Low Energy (LE) configuration. The
final state neutron is often invisible and the muon is relatively easy to identify and measure.



Figure 5: Shown here are pion PT vs. PZ distributions from hadrons produced on the primary target for a
variety of horn currents and target positions. Events are weighted by neutrino events observed in the detector.
0kA, 170kA, etc. label the horn current. Higher currents focus higher PT s. LE010, LE100, etc. label the target

position. Moving the target back (LE100 > LE010) focuses higher energy pions.

Presented here is a preliminary analysis conducted with 4 × 1019 protons on target (POT)
in the RHC LE beam configuration during detector construction, before starting our official
physics run. The fiducial mass in the active tracker region used for this analysis was 2.86 tons
of plastic scintillator.

The selection criterion is a µ+ originating in the fiducial MINERνA tracker volume well-
reconstructed in the MINOS Near-Detector. In addition, very small “recoil energy,” or extra
energy is required; where that energy was defined as all the energy outside a 5 cm radial cylinder
around the track with a very tight (100 ns) time window. Figure 6 shows a candidate event
display and the extra energy distribution comparison between our data and MC (GENIE 2.6.2
with a GEANT4 detector simulation and custom optical model).

Under the QE hypothesis, we can reconstruct the neutrino energy and four-momentum
transfer with only the muon information. Equation 2 is for the neutrino energy; flip the nucleon
masses for the antineutrino formula:

Erecν =
m2
p − (mn − EB)2 −m2

µ + 2 (mn − EB)Eµ

2 (mn − EB − Eµ + pµ cos θµ)
, (2)

and with the neutrino energy in hand, we can calculate the four-momentum transfer, Q2, using
Eq. 3:

Q2
rec = 2Erecν (Eµ − pµ cos θµ)−m2

µ. (3)

By cutting on the extra-energy vs Q2, we can produce a purified sample of CCQE candidates
from our CC inclusive sample. Our cut is defined in Fig. 7.

Finally, in Fig. 8 we show the reconstructed neutrino energy and Q2 compared to our current
MC prediction, where absolute predictions are provided by our flux simulation. Note that the
event deficit is flat in Q2, but not neutrino energy.



Calorimetric Recoil Energy (GeV)
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Ev
en

ts
 / 

4 
M

eV

0

200

400

600

800

1000

1200

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.20

200

400

600

800

1000

1200

 CC QE!

 CC Resonant!

 CC DIS !

 CC Coherent Pi!

 NC!

!Non 

Preliminary

Area Normalized

2.5 GeV Anti-ν, Q2 = 0.3 GeV2

Energy Cylinder, 
r = 5 cm

30 MeV Hit: 
Neutron Candidate

νμ

p n

μ+

W-

Inclusive μ+ Data & MC: Low Energy Anti-ν Beam

Figure 6: ν̄ charged-current “extra-energy” (recoil energy) data / simulation.
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track angles can be measured, we do not have the capa-
bility to reconstruct the muon momentum for the tracks
which exit the MRD. However, this sample can provide
the normalization for the highest energy region. Hence,
this sample is also used for the neutrino interaction rate
measurement. According to the simulation, the purity
of !µ CC interaction in this sample is 97%. Impurities
mostly come from !µ CC interactions (! 2%). Figure 7
shows the distributions of the reconstructed muon angle
("µ) of the MRD-penetrated muons. The expected num-
ber of events in each interaction mode is summarized in
Table V.
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FIG. 7. (color online). Distribution of reconstructed angle
of the muon candidate in the MRD-penetrated sample. The
MC prediction is based on NEUT and absolutely normalized
by the number of POT. The total and flux systematic errors
on the MC predictions are separately shown.

TABLE V. The expected number and fraction of events in
each neutrino interaction type for the MRD-penetrated sam-
ple, as estimated by NEUT and NUANCE.

Interaction NEUT NUANCE

type Events Fraction(%) Events Fraction(%)

CC QE 2428 60.0 1943 57.0

CC res. 1! 1008 24.9 976 28.6

CC coh. 1! 140 3.5 130 3.8

CC other 356 8.8 255 7.4

NC 1.5 0.04 2.3 0.07

All non-"µ 89 2.2 75 2.2

External 27 0. 7 27 0.8

Total 4049 3407

3. E!ciency Summary

Figure 8 shows the e!ciency of CC events as a function
of true neutrino energy for each sub-sample, estimated
from the NEUT based MC simulation. By combining
these three samples, we can obtain fairly uniform accep-
tance for neutrinos above 0.4 GeV.
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FIG. 8. (color online). (Top) Number of CC events in the
SciBar FV as a function of true E! , predicted by the NEUT
based simulation. The number of selected events in each sub-
sample are also shown. (Bottom) Detection e!ciency as a
function of true neutrino energy for each sub-sample.

C. Data Comparison to the MC prediction

Table VI shows the number of events obtained from
data and the predictions from NEUT and NUANCE
based MC simulations. The contamination of cosmic-
ray backgrounds is estimated using the o"-beam data,
and have been subtracted from the data. For the total
number of events from the three sub-samples, we find
a data/MC normalization factor of 1.08 for the NEUT
prediction, and 1.23 for the NUANCE prediction.

To compare the MC predictions with data, the neu-
trino energy(E!) and the square of the four-momentum
transfer(Q2) are the key variables since a flux variation
is purely a function of E! while a variation of the cross
section model typically changes the Q2 distribution. We
reconstruct these variables assuming CC-QE interaction
kinematics. The reconstructed E! is calculated as

Erec
! =

m2
p " (mn " EB)2 " m2

µ + 2(mn " EB)Eµ

2(mn " EB " Eµ + pµ cos "µ)
, (2)

11

TABLE VI. The number of events in each sub-sample from the data and the predictions from NEUT/NUANCE-based MC.
The numbers in parentheses show the ratio between the data and the predictions. The cosmic-ray backgrounds are estimated
from o!-timing data and subtracted from the data.

Sample SciBar-stopped MRD-stopped MRD-penetrated Total

Data 13588.8 20236.4 3544.4 37369.6

NEUT 12278.3(1.11) 18426.3(1.10) 4049.0(0.88) 34753.6(1.08)

NUANCE 10841.9(1.25) 16036.2(1.26) 3407.5(1.04) 30285.6(1.23)

where mp, mn and mµ are the mass of proton, neutron
and muon, respectively, Eµ is the muon total energy, and
EB is the nuclear potential energy. The reconstructed Q2

is given by,

Q2
rec = 2Erec

! (Eµ ! pµ cos !µ) ! m2
µ. (3)

Figure 9 shows the distributions of Erec
! and Q2

rec for
the SciBar-stopped and MRD-stopped samples. In these
plots, data points are compared with the NEUT and NU-
ANCE based MC predictions. We find that the data are
consistent with the MC predictions within the systematic
uncertainties.

V. CC INTERACTION RATE ANALYSIS

A. Method

To calculate the CC inclusive interaction rate and cross
section versus energy, we re-weight the predictions of
NEUT or NUANCE based simulations in true energy
bins by factors that are found to give the best agreement
with the kinematic distributions for data versus MC pre-
diction.

The pµ vs. !µ (pµ-!µ) distributions from the SciBar-
stopped and the MRD-stopped samples, and !µ distri-
bution from the MRD-penetrated sample are simulta-
neously used for this measurement. Figure 10 shows
the pµ-!µ distributions of the SciBar-stopped and MRD-
stopped samples, while the !µ distribution for the MRD-
penetrated sample is shown in Fig. 7. Events in the same
pµ-!µ bins but in di!erent sub-samples are not summed
together, but treated as separate pµ-!µ bins in the anal-
ysis, and only bins with at least 5 entries are used for the
fit. The total number of pµ-!µ bins is 159; 71 from the
SciBar-stopped, 82 from the MRD-stopped and 6 from
the MRD-penetrated samples.

We define 6 rate normalization factors (f0, · · · , f5)
which represent the CC interaction rate normalized to
the MC prediction for each true energy region defined in
Table VII. The events at E! < 0.25 GeV are not used
since these events are below our detection e"ciency as
shown in Fig. 8, and also the fraction of these low energy
interactions are negligibly small (< 1%) at the BNB flux.
We calculate these rate normalization factors by compar-
ing the MC predictions to the measured CC interaction

rate. For each energy region, we generate the MC tem-
plates for the pµ-!µ distributions in each event sample;

npred
ij is the predicted number of events in the j-th pµ-!µ

bin, corresponding to energy bin i. The expected number

of events in each pµ-!µ bin, Npred
j , is calculated as

Npred
j =

E!bins!

i

fin
pred
ij . (4)

Figures 11 and 12 are MC templates of the pµ-!µ

distributions for the SciBar-stopped and MRD-stopped
samples. We see that there is a large contribution
in the SciBar-stopped sample of events with E! below
0.75 GeV. Hence, this sample is essential to determine the
rate normalization factors in the low energy regions. The
pµ-!µ distributions of the MRD-stopped sample clearly
depends on E! , up to 1.75 GeV. However, most of the
events in the MRD-stopped sample with E! > 1.75 GeV
have small reconstructed pµ. These are events with en-
ergetic pion or proton tracks that are mis-reconstructed
as muons. Due to the weak constraint from the MRD-
stopped sample on events with E! > 1.75 GeV, the
MRD-penetrated sample is included in the fit since about
2/3 of the events in this sample have E! > 1.75 GeV as
shown in Fig. 13.

We find the rate normalization factors (f0, · · · , f5)
which minimize the "2 value defined as:

"2 =

Nbins!

j,k

(Nobs
j !Npred

j )(Vsys +Vstat)
!1
jk (Nobs

k !Npred
k ).

(5)

Here, Nobs
j(k) and Npred

j(k) are the observed and predicted

numbers of events in the j(k)-th pµ-!µ bin, and Npred
j(k)

is a function of the rate normalization factors as shown
in Eq. (4). Vsys is the covariance matrix for systematic
uncertainties in each pµ-!µ bin, and Vstat represents the
statistical error. We have a total of 159 bins, so Vsys and
Vstat are 159 " 159 dimensional matrices. The details of
evaluating Vsys are described in the following section.

B. Systematic Errors

The sources of systematic error are divided into four
categories: neutrino beam (i), neutrino interaction mod-

(Neutrino Energy; Flip nucleon masses for antineutrinos.)
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Figure 7: ν̄ charged-current “extra-energy” (recoil energy) versus Q2 in simulation.
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Figure 9: MINERνA Test Beam particle identification.

Table 3: MINERνA Sample sizes from the Test Beam Experiment

Configuration Total Events Passing All Beamline Selections

20 ECAL - 20 HCAL π− 79,562 24,988

20 ECAL - 20 HCAL π+ 77,639 32,935

20 Tracker - 20 ECAL π− 15,657 4,861

20 Tracker - 20 ECAL π+ 93,667 43,587

6 Calibration: The MINERνA Test Beam

In order to calibrate the detector response of MINERνA, we conducted a Test Beam Experiment
(TBE) at the FNAL Test Beam Facility (FTBF). The goal is to provide a hadronic response
calibration, normalized to muon response, in a small-sized replica of the MINERνA detector.
The TBE detector was composed of roughly quarter-sized MINERνA planes that in every other
aspect were as similar to the main MINERνA planes as possible. The TBE detector was read-
out with photomultiplier tubes from the same set used to instrument the main detector, and all
of the electronics and DAQ system were identical as well.

The TBE ran in two different detector configurations - one with 20 MINERνA Tracker planes
and 20 ECAL planes, and another with 20 ECAL planes and 20 HCAL planes. We took roughly
equal amounts of data in these two configurations, further dividing the data sets by magnet
polarity (focusing either negative or positive pions in the tertiary beamline). Figure 9 shows
some particle ID distributions from the entire TBE data set. See Table 3 for a table of the data
sample sizes.
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