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Abstract
The MINERvVA collaboration reports a novel study of neutrino + nucleus charged-current deep
inelastic scattering (DIS) utilizing a neutrino beam incident on targets of hydrocarbon (scintillator),
graphite, iron, and lead. Results are presented as ratios of C, Fe and Pb to CH. The ratio of the
total cross sections as a function of neutrino energy and differential cross sections as a function of
Bjorken-x are presented in the energy range of 5 — 50 GeV. A smaller than predicted ratio of Pb /
CH is measured in the nuclear shadowing region. This deficit is reflected in the DIS cross section

ratio at high F,, and is consistent with our observations reported in a previous letter.
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Deep inelastic scattering (DIS) is an important interaction for studying precision and
discovery physics [1]. Starting with the confirmation of the quark parton model in the
1960s [2], high momentum transfer and high energy transfer probes have been essential in
describing partonic dynamics [3]. Traditionally, these probes have been charged leptons
(muons and electrons) due to the simplicity in measuring the initial and final states of the
lepton.

Charged lepton DIS has been used as a partonic level tool for exploring A dependent
nuclear effects on a variety of targets [4]. These effects are typically parameterized as a
function of four momentum transfer squared Q* = —¢? and the Bjorken scaling variable x

[5], the fraction of the nucleon’s momentum carried by the struck parton:

Q2

v 2MyEnaa’

(1)

where My is the average nucleon mass My = w, and F},q is the energy of the fi-
nal state hadrons.Four distinct effects, measured as the per nucleon ratios of absolute and
differential charged lepton DIS cross sections of heavy nuclei (Fe, Au, Ca, etc. [6]) to deu-
terium have been identified: shadowing (z < 0.1, a depletion of the bound cross section [7]),
anti-shadowing (0.1 < z < 0.3, an enhancement of the bound cross section compensating
shadowing [8]), the EMC effect (0.3 < 2 < 0.75, a depletion of the bound cross-section [9]
[10]) and finally Fermi motion (dominant at x 2 0.75, a sharp enhancement of the bound
cross section [I1]). While nuclear shadowing, anti-shadowing and Fermi motion are fairly
well understood theoretically and experimentally, the EMC effect currently has no widely
accepted theoretical origin [12].

Nuclear effects in neutrino induced DIS has been much less explored. To date no par-
tonic nuclear effects similar to those measured for charged lepton DIS have been accurately
measured due to the difficulty in combining data sets with different neutrino fluxes, accep-
tances, thresholds and resolutions. The analyses that do exist measure neutrino DIS off
heavy nuclei such as Pb [13], and Fe[14]. Comparing the heavy nuclei measurements to free
nucleon calculations in an attempt to construct neutrino nuclear effects has shown some
tension with charged-lepton nuclear effects [I5]. Due to these unresolved inconsistencies,

the typical approach for modern neutrino DIS models has been to adapt existing charged

lepton nuclear effects directly into neutrino DIS.
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This letter presents a first measurement of partonic nuclear effects in charged-current
DIS using the MINERvVA detector. While neutrino experiments present many challenges,
including knowledge of the neutrino flux and an unknown ensemble of final state interactions,
neutrinos provide a unique weak-only probe of the atomic nucleus. There is no a prior:
reason to assume neutrino and charged lepton DIS will behave identically, as neutrinos are
uniquely sensitive to both the axial vector and vector components of the weak nuclear force
[16].

The MINERvVA experiment, as well as many other current and future neutrino experi-
ments, use the GENIE [I7] event generator to simulate neutrino interactions in the detector.
This generator is used to simulate the signal DIS as well as the background quasielastic, res-
onance and the transition region from resonant to DIS events. GENIE’s simulation of DIS
and transition events is based on the 2003 Bodek-Yang model [I8]. The Bodek-Yang model
computes cross-sections at the partonic v, +¢ level using GRVISNLO PDFs [19] to calculate
the structure functions Fy, and xF3. 2z F) is related to F via the ratio of the transverse (o)
to longitudinal (o) cross-sections Ry = Z—; The Ry, value used by GENIE is the Whitlow

parameterization [38], and therefore:

1+ @Q*/Ehad
Ry
Bodek-Yang accounts for target mass modification and higher twist effects by calculating

2JIF1 = F2- (2)

the nucleon structure functions as a function of a modified scaling variable £ [I8]. The &
dependent modification made to the structure functions is currently applied identically to
all elements heavier than helium. The DIS analysis presented in this letter analyzes carbon,
polystyrene scintillator (CH), iron, and lead. Thus GENIE predicts identical differential
and absolute DIS cross sections for these materials once acceptance, target number, and
non-isoscalar effects are taken into account. We note that this treatment of the partonic
nuclear effects is incomplete based on knowledge from charged lepton scattering. There is
strong reason to believe shadowing must be stronger for larger nuclei [20], and the EMC
effect has long known to have a strong dependence on the local nuclear density [21].

The MINERVA neutrino detector is deployed in the NuMI neutrino beam at the Fermi
National Accelerator Laboratory. It is located approximately 1 km away from the neutrino
production target. MINERVA uses the NuMI [22] facility as its source of neutrinos. The

energy spectrum of the neutrino beam peaks at approximately 3 GeV in the NuMI low-
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energy configuration, with a tail which extends above 100 GeV. The generation of mesons
produced from p 4+ C collisions inside a graphite target are simulated using the GEANT
[23] simulation package. External data from NA49 [24] is used to constrain and improve the
pion production simulation, while MIPP thin target data [25] are used for the K/m ratio.
However, the NA49 and MIPP data are only able to cover the simulation of neutrino events

with an energy below 30 GeV.

The core technology of the MINERvVA detector are hexagonal planes of triangular scin-
tillator strips. These planes are used for particle tracking as well as shower reconstruction.
The most upstream region of the MINERvVA detector contains passive nuclear targets of
solid graphite, iron, and lead each with upstream and downstream scintillator planes to
provide tracking, vertexing and shower reconstruction between the targets. A liquid water
target is located at the approximate midpoint of the nuclear target region, however data
from the water target are not used in this analysis. The nuclear target region is followed
downstream by a fully-active tracker region of scintillator planes and downstream electro-
magnetic and hadronic calorimeters. Each sub-detector of MINERVA is surrounded by an
outer electromagnetic calorimeter as well as an outer detector consisting of steel and alter-
nating scintillator bars used for side-exiting hadronic calorimetry. The MINERvA detector
is described in detail in Ref [26]. It is located 2m upstream of the magnetized MINOS detec-
tor [27], which we use as a muon spectrometer. We require our candidate DIS interactions

to contain a matched muon track in both detectors.

Charged current v, DIS is characterized by a final state consisting of an outgoing ;™
and a hadronic shower with invariant mass above the resonance region. The shower consists
of “hadronic energy,” and is broadly defined as all deposits of energy in the detector not
associated with the outgoing p~. All deposits of energy in the MINERvA detector are
sorted into spatially associated “clusters” within each plane. Collinear clusters are used to
reconstruct particle trajectories (tracks) through the passive nuclear targets, tracker, and
calorimeter regions. The longest track in the recorded interaction which is matched to a
track in MINOS is identified as the primary muon. MINOS-matching limits the angular
acceptance of events, and muons that are within 17° of the beam direction are not included.
The charge of the muon is measured via curvature in the MINOS magnetic field. The energy

and momentum are measured based on the range or curvature of the muon in MINOS.
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After reconstructing all available tracks, an event is assigned a vertex in the five nuclear
target modules using an iterative Kalman [28] fitter when multiple tracks are available.
Single track events are quite common due to reconstruction criteria and energy thresholds.
As a result, approximately 20% of DIS events contain only one track in which the vertex is
assigned the start point of the track. In order to fully capture single track events originating
from nuclear targets, the event selection allows vertices originating in two scintillator planes
downstream and one plane upstream to be included in the target sample. This leads to a
background of non-nuclear target events which must be subtracted as described below.

The DIS sample is isolated using kinematic selections based on the ()? and invariant mass
of the recoil system (/). Both quantities are calculated from the muon energy (£,) and

outgoing muon angle (6,,) using:

Q® = 4E,E,sin (%“) , (3)

W = \/va + 2My Epaa — Q3

where the neutrino energy is equal to the sum of the muon and hadronic energy, F, =
E, 4+ Epaq. DIS events are required to have a Q* > 1.0 (GeV/c)? and W > 2.0 GeV /2
The Q? of these events is large enough such that the composition of the nucleon may be
considered as discrete partons, and the WW cut serves to remove quasielastic interactions and
resonances from the sample.

The DIS measurement contains two different types of backgrounds. The first type of
background stems from detector effects smearing low W and Q? events upward into the DIS
selection. These events are estimated by normalizing the Monte Carlo (MC) simulations of
the backgrounds in the passive and active targets. Two sidebands are drawn for data and
simulated events in the regions 1) @* > 1.0, 1.3 < W < 1.8 and 2) @Q* < 0.8, W > 2.0.
The data in these regions are used to tune two different background templates. The first
template contains all events the generator simulates with generated W < 2.0 (low W), and
the second consists of events with a generated W > 2.0 and Q* < 1.0 (low Q?%). The low W
template includes the quasielastic and resonant events. The normalization of each template
is fit to the data simultaneously in both sidebands for each nucleus over the energy range
5.0 < E, < 50 GeV. The fit results are summarized in Table[[] The data tend to prefer more

backgrounds, especially for the low Q? events.
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Target Material Low W Low Q2

CH 0.94 +0.01 1.57 £0.02
C 0.90 + 0.08 1.58 £0.11
Fe 0.99 +0.04 1.58 £ 0.05
Pb 0.95+0.03 1.36 £ 0.05

TABLE I. Scale factors applied to the two different background templates. Low W: true W < 2.0
GeV/c?. Low Q% true W > 2.0 GeV/c? and Q? < 1.0 (GeV/c)?. The quoted uncertainties are

statistical.

A second background arises from events mis-reconstructed in the passive nuclear target
modules that actually originated in the scintillator modules surrounding the targets. Fig-
ure (1} illustrates the simulation of the CH background as well as the passive target signal.
These events are subtracted by measuring the event rate of reconstructed DIS events in
the MINERvVA tracker modules in a manner similar to the one described in [30]. As this
procedure does not fully reproduce the simulated CH background, we take the difference
between the estimated and true CH background as an additional uncertainty. The nuclear
target region is further away from MINOS than the fully-active region and as a result the
muon acceptances are somewhat different. When using the DIS sample in the active region
to estimate the CH background around the nuclear targets, we use a GEANT simulation to

evaluate these acceptance corrections.

Figure [2] shows the distribution of events in data and simulation for the DIS events in
iron after subtracting backgrounds and unfolding to correct detector smearing [29]. A table
of such events in all nuclei may be found in the supplemental material. Our unfolding
is based on Bayesian unfolding with 1 iteration, which proved to reduces biases in the
unfolded distributions to the few percent level. Systematic uncertainties at the level of 20%
exist primarily due to the neutrino flux. To largely cancel flux uncertainties, and to directly
evaluate partonic nuclear effects, ratios of cross sections are taken between the passive targets
(C, Fe, Pb) and CH. As a function of z, these ratios of the differential cross section provide

direct evidence of partonic nuclear effects.

The a-differential ratios can be seen on the left of Figure [3] These ratios account for
detector efficiency as well as events smearing out of the W and Q? cuts via an acceptance

correction derived from the simulation. There is an x dependence to the ratios due to the
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FIG. 1. The number of DIS events in the passive nuclear targets (0 < z < 600 cm) and tracker
modules (z > 600 cm) as a function of longitudinal position. The orange area in the first five peaks
represents the scintillator background subtracted in each nuclear target. The events located in the

scintillator modules and water target between the solid targets are suppressed in this figure.
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FIG. 2. Deep inelastic scattering events in iron plotted as a function of x. The total systematic

error is drawn as a red band around the simulation

neutron excess in Fe and Pb. This manifests itself as an increased ratio in the valence quark
region (0.3 < z) where the intermediate vector boson is predominately interacting with d
quarks. Plots of the ratio corrected for these non-isoscalar effects may be found in Figure
included in the supplementary material. There is a possibility of a smaller than predicted
Pb/CH ratio at low x. This observation could be indicative of additional nuclear shadowing
in neutrino nuclear scattering. These data appear to have the same structure as in the
previously published MINERVA inclusive analysis [30]: a deficit relative to the simulation

at low z which increases as the size of the nucleus increases. The mean z and Q? of data
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events in that bin are approximately 0.07 and 2.0 (GeV/c)?, respectively. The amount of
shadowing observed at the average value of this bin contrasts with charged lepton scattering
fits, which predict a ratio of approximately 1.0 for lead.

The ratios of carbon, iron, and lead to scintillator, display very good agreement with the
simulation in the largest x bin 0.4 < z < 0.75. This bin corresponds to the region where the
dominant nuclear effect is the EMC effect. As GENIE simulates the EMC effect for neutrinos
identically as charged leptons for all nuclei, the data imply the differences between the EMC
effect in charged leptons and neutrinos must be smaller than the current MINERvA data
can resolve (O(10%)). We note that this resolution is not sufficient to measure the EMC
effect between the different nuclei, which has been shown to be ~ 4% for Pb / C [0].

The ratios of absolute cross sections as a function of F, for C, Fe and Pb to CH are
plotted in the right side of Figure|3| Plots of the ratio corrected for the non-isoscalar effects
may be found in Figure [5|included in the supplementary material. A smaller than expected
ratio in the higher energy bins of the opy,/ocy is observed. This is consistent with the deficit
in the lower z bins, as the higher energy neutrino events will tend to have a higher hadronic
energy and a lower z. In contrast, the C to CH ratio at low energy is somewhat larger than
unity with a large uncertainty consistent with the MC ratio of about 1.1. This is observed
in the x ratios as well, where the data ratio is larger than the simulated ratios in all bins.

The data are compared with various alternative parameterizations of partonic nuclear
effects applied to GENIE in Figure [ The updated version of Bodek-Yang (BY13) [31]
updates the parton distribution functions (PDFs) used in Bodek-Yang 2003 to include an A
dependent parameterization of the x dependent effects based on charged lepton scattering
data. This parameterization uses updated data from various experiments listed in Refs. [32]
— [35]. The Cloet model consists of an independent calculation of F, and xFj3 based on a
convolution of the Nambu-Jona-Lasinio [36] nuclear wave function with free nucleon valence
PDFs [37]. The Cloet model does not include shadowing and anti-shadowing effects that
dominate the z < 0.3 kinematic region. Both BY13 and Cloet have been shown to predict
charged lepton DIS data in the EMC region. Our ratio calculation for the Cloet prediction
assumes the Callan-Gross relationship 2z F; = F5.

While the data do not currently have the sensitivity to distinguish between the different
models at higher x, we remark that the deficit in data observed in the smallest z bin cannot

be explained by the updated Bodek-Yang model, the only model in the figure applicable at
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FIG. 3. Left: Ratio of the z-differential DIS cross section on C (top), Fe (center) and Pb (bottom)
divided by CH. Right: Ratio of the absolute DIS cross section on C (top), Fe (center) and Pb
(bottom) divided by CH as a function of E,. Data are drawn as points with statistical uncertainty
and simulation as red lines in both cases. The total systematic error is drawn as a red band around

the simulation in each histogram.

this low x. The disagreement may be explained by the fact that BY13 is a calculation based
on assumptions true for charged lepton scattering, which only contains a vector current.
The axial vector component of the weak current present in neutrino DIS may have a longer
coherence length of the boson fluctuations responsible for nuclear shadowing [39]. This would
allow shadowing to occur for neutrino scattering in the lowest x bin where vector current
shadowing would be greatly suppressed. The predictions of Ref [I5], based on NuTeV v, -
Fe and CHORUS v,-Pb data are only somewhat more consistent with the data in this lowest
x bin than the charged lepton-based predictions of BY13.

Neutrino-nucleus DIS presents a novel method to measure partonic nuclear effects in the
weak sector. MINERvVA has measured this process using a variety of nuclear targets for the
first methodical measurement of neutrino nuclear effects by isolating a region of high—Q?
and high-W events (Q? > 1.0 (GeV/c)? and W > 2.0 GeV /c?). The measured cross section

ratios show a general trend of being larger than the simulation for the lightest nucleus (C).
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and systematic errors.

Conversely, the data is smaller than the simulation in the heaviest nucleus (Pb) at high
energy and low z, a trend observed in a previous MINERvVA analysis [30]. The data appear
to agree with GENIE’s treatment of the EMC effect between (0.3 < z < 0.75). The lower
than expected Pb / CH ratio at large neutrino energy (E, > 20 GeV) and low Bjorken-x
(x < 0.1) may point to additional nuclear shadowing in the neutrino sector. Future studies
with the MINERvVA will posses a higher neutrino energy, and will be able to further probe

this interesting shadowing region by reducing the average z of neutrino DIS events.
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Tpj I II IIT IV V VI VII Total
0.00-0.10 13.6 2.6 6.8 3.9 4.5 4.0 3.3 17.4
0.10-0.20 7.3 4.2 3.6 1.3 3.8 1.6 1.8 10.3
0.20-0.30 6.9 3.9 3.9 2.1 3.5 2.8 1.4 10.2
0.30-0.40 8.0 0.6 54 3.5 3314 1.4 11.0
0.40-0.75 11.5 5.6 8.0 3.1 3.5 1.2 1.6 15.9

TABLE II. Uncertainties as a percentage on the ratio of DIS differential cross sections gg—bc_ dgxi?
J J

with respect to xp; sorted by (I) data statistics, (II) CH background subtraction, (III) MC statistics,
(IV) etector response to muons and hadrons (V) neutrino interactions, (VI) final state interactions,
and (VII) flux and target number. The rightmost column shows the total uncertainty due to all

sources.

Tpj I II III IV V VI VII Total
0.00-0.10 6.3 1.7 3.6 3.4 3.3 4.1 1.9 10.0
0.10-0.20 3.6 1.2 1.9 1.4 29 1.4 1.7 5.8
0.20-0.30 3.4 0.1 1.9 1.1 28 1.1 1.8 5.4
0.30-0.40 3.7 1.0 2.6 1.6 28 1.2 1.9 6.0
0.40-0.75 5.0 1.9 3.6 2.3 2.7 0.7 1.8 7.7

doFe ;doCH
dﬁbj dCL‘bj

with respect to xy; sorted by (I) data statistics, (II) CH background subtraction, (III) MC statistics,

TABLE III. Uncertainties as a percentage on the ratio of DIS differential cross sections

(IV) etector response to muons and hadrons (V) neutrino interactions, (VI) final state interactions,
and (VII) flux and target number. The rightmost column shows the total uncertainty due to all

sources.

Ty I II III IV V VI VII Total
0.00-0.10 5.8 1.5 3.5 2.5 2.5 2.0 2.5 84
0.10-0.20 3.2 1.1 1.8 0.8 2.4 1.6 1.8 5.2
0.20-0.30 3.1 0.2 1.8 0.9 2.6 1.2 1.7 5.0
0.30-0.40 3.4 0.3 2.4 1.3 2509 1.5 54
0.40-0.75 4.8 1.5 3.4 19 33 1.8 1.5 7.6

doPb ;doCH
d:rbj dxbj

TABLE IV. Uncertainties as a percentage on the ratio of DIS differential cross sections
with respect to xp; sorted by (I) data statistics, (II) CH background subtraction, (III) MC statistics,
(IV) etector response to muons and hadrons (V) neutrino interactions, (VI) final state interactions,
and (VII) flux and target number. The rightmost column shows the total uncertainty due to all

sources.
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Isoscalar corrections are applied to the data and simulation to correct for the obvious
difference in the per nucleon cross section of two nuclei due to the difference in the way the
neutrino interacts with the bound protons and neutrons. The isoscalar correction factors
out this neutron excess. Because of the lack of free nucleon cross section data for neutrino
scattering, we rely on GENIE to predict the free nucleon cross sections. As MINERvA
measures the ratio of cross section of different nuclei (C, Fe, Pb) to that of CH, the isoscalar

correction becomes:

i (A) To(ps) + 60 (ny) ”

13) Zao(ps) + Nao(ny)’

where A is the atomic number, Z, is the number of protons and N, is the number of
neutrons.

Using the GENIE predicted free nucleon cross sections and corresponding neutron and
proton numbers for each nuclei in Eq. 4] we obtained the required isoscalar corrections. This
correction does not take x-dependent partonic effects into account. Isoscalar corrected ratios
as a function of E, and x may be found in Figre[5| Differences between the simulation and
1.0 in the ratios stem from under-predicted CH backgrounds which are covered by the added

uncertainty.
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FIG. 5. Left: Isoscalar corrected ratios of the xy;-differential DIS cross section on C (top), Fe
(center) and Pb (bottom) divided by CH. Right: Ratio of the total DIS cross section on C (top),
Fe (center) and Pb (bottom) divided by CH. Data are drawn as points with statistical uncertainty
and simulation as red lines in both cases. The total systematic error is drawn as a red band around

the simulation in each histogram. .

@p; C Fe Pb CH
0.00-0.10 91 314 311 4789
0.10-0.20 270 1197 1222 15531
0.20-0.30 243 1158 1225 13923
0.30-0.40 139 584 689 7711
0.40-0.75 101 388 455 5020
TOTAL 846 3641 3904 47003

TABLE V. Number of DIS events in each unfolded = bin per nuclei after subtracting bacgkrounds.
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