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• Understanding neutrino interactions is challenging 
• Modeling the interactions and measuring them present different types of challenges

Introduction
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Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	
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• We need to reconstruct the neutrino energy precisely
• Nuclear effects modify the kinematics of the particles, the reconstruction of the 

neutrino energy and contribute to the systematics 
• Example of different models for multi-nucleon effects compared to NOvA Near 

Detector data

Detailed understanding of neutrino interactions is critical for Oscillation 
experiments 
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• Introduce custom tuning of GENIE 
"Empirical MEC" [T. Katori, AIP Conf. Proc. 
1663, 030001 (2015)] based on NOvA ND 
data to account for multinucleon knockout 
(2p2h). 

• This tuning procedure matches the added 
2p2h component to the NOvA data excess 
in two-dimensional four-momentum transfer  
(q0,|q|) space using closely-related related 
observables. 

• The MINERvA collaboration’s tuning to 
their data resulted in similar shape features 
to our assumed uncertainties.  
  

N E U T R I N O  I N T E R A C T I O N  T U N I N G
see poster #60

MINERvA MEC: Theoretical prediction from Valencia Model PRC 70, 055503 (2004) tuned with MINERvA data 
NOvA MEC: GENIE Empirical MEC tuned with NOvA ND data

Fermilab Wine and Cheese Seminar,
 June 15 2018, Alex Himmel
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Detailed understanding of neutrino interactions is critical for Oscillation 
experiments 
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• Introduce custom tuning of GENIE 
"Empirical MEC" [T. Katori, AIP Conf. Proc. 
1663, 030001 (2015)] based on NOvA ND 
data to account for multinucleon knockout 
(2p2h). 

• This tuning procedure matches the added 
2p2h component to the NOvA data excess 
in two-dimensional four-momentum transfer  
(q0,|q|) space using closely-related related 
observables. 

• The MINERvA collaboration’s tuning to 
their data resulted in similar shape features 
to our assumed uncertainties.  
  

N E U T R I N O  I N T E R A C T I O N  T U N I N G
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 June 15 2018, Alex Himmel

The most important systematics
• Neutrino cross sections 

• Particularly nuclear effects 
(RPA and MEC)

• Neutron uncertainty 

• We need to reconstruct the neutrino energy precisely
• Nuclear effects modify the kinematics of the particles, the reconstruction of the 

neutrino energy and contribute to the systematics 
• Example of different models for multi-nucleon effects compared to NOvA Near 

Detector data

MINERvA MEC: Theoretical prediction from Valencia Model PRC 70, 055503 (2004) tuned with MINERvA data 
NOvA MEC: GENIE Empirical MEC tuned with NOvA ND data
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Minerba Betancourt/Moriond QCD 2014

• Fine-grained scintillator tracker surrounded by calorimeters

The MINERvA Experiment
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17 mm


16.7 mm


3 different rotated plane views to 
resolve high multiplicity events 

MINOS ND magnetized
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Nuclear Inst. and Methods in Physics Research, A, Volume 743, 11 April 2014, Pages 130-159

• Fine-grained scintillator tracker surrounded by calorimeters 
• MINERvA has different nuclear targets: iron, lead, carbon, helium, and water

MINERvA Experiment

18

Three views of scintillator bars give 
unambiguous 3D track reconstruction

Thanks to MINOS

• Fine-grained scintillator tracker surrounded by calorimeters 
• We have different nuclear targets which allows us to study nuclear effects and see how 

the different processes are affected by the nucleus 

MINERvA Experiment
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• Different targets built with combinations of different materials

Nuclear Targets
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• Fine-grained scintillator tracker surrounded by calorimeters 
• MINERvA has different nuclear targets: iron, lead, carbon, helium, and water
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Three views of scintillator bars give 
unambiguous 3D track reconstruction
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• Fine-grained scintillator tracker surrounded by calorimeters 
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• 24 papers using the neutrino energy <Eν>=3.5 GeV, highlights: 
• Charged current π0

• Antineutrino low recoil analysis double differential cross section
• Neutrino and antineutrino CCQE double differential cross sections 
• Measurements of nuclear effects with CCQE

7

Low	Energy	Neutrino	Beam	 L! = P. J	GeV

July	7,	2017 Ozgur	Altinok	- Tufts	University 8

Phys. Rev. D 94, 092005 (2016)

• Data	Collection:	March	2010	- April	2012
• Protons	on	Target	(P.O.T)	Used:	3.33e20

Low Energy Neutrino Beam 

Thanks to the acceleration division
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FIG. 49. Compilation of measurements of the ⌫µ (top) and
⌫µ (bottom) CC coherent pion production cross sections as a
function of energy. Cross sections divided by neutrino energy
is shown for display convenience. All results are scaled to
A=12 (carbon) assuming � / A

1/3.

PCAC coherent models assume coherent scattering is
a purely axial vector process. PCAC coherent models
therefore predict equal cross sections for neutrinos and
antineutrinos. To test this prediction, the measured ⌫

µ

and ⌫

µ

cross sections were compared, where the ⌫

µ

dif-
ferential cross sections were weighted to the ⌫

µ

flux. No
significant di↵erences between the ⌫

µ

and ⌫

µ

cross sec-
tions were observed.

Since the MINERvA scintillator contains equal num-
bers of carbon and hydrogen atoms, di↵ractive pion pro-
duction on hydrogen is a possible contribution to the
measured cross sections. Di↵ractive pion production is
indistinguishable from coherent pion production when
the recoil proton is undetected. A search for di↵ractive
pion production within the coherent pion production can-
didate samples was performed by looking for ionization
from a recoil proton near the interaction vertex. Nei-
ther the ⌫

µ

nor ⌫

µ

coherent candidate samples exhibited
evidence for such a di↵ractive contribution.

The measurements reported in this paper are a signif-
icant addition to the world data set of neutrino-nucleus
coherent pion production. Cross sections as a function
of neutrino energy from the world data set are shown
in Fig. 49. This includes recent measurements from Ar-
goNEUT [33] and T2K [71] which are significantly less
precise than the MINERvA measurements and do not re-
port di↵erential cross sections. The T2K measurement,
however, plays a special role here in that it shows consis-
tency of the cross section at lower energies than accessi-
ble by MINERvA with the d�/dE

⇡

at low pion energies
below the prediction of the GENIE Rein-Sehgal model.

The MINERvA measurements presented in this pa-
per provide the most precise information about charged-
current coherent pion production below neutrino ener-
gies of 15 GeV. The measurements provide constraints
on not only the total rate, but also on the kinematics
of coherent pion production. These measurements can
be used to benchmark coherent pion production models
from production threshold up to neutrino energies of 20
GeV, which is the most important energy regime for cur-
rent and future neutrino oscillation experiments.
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FIG. 3: Reconstructed Eavail distributions compared to
(top) the base Monte Carlo simulation (GENIE with minor
modifications to pion production) for two ranges of recon-
structed three momentum transfer. In the improved simu-
lation MnvGENIE-v1 (bottom) the region between the pre-
dicted CCQE process (dashed) and the �(1232) resonance
(dotted) is filled by events generated from the Valencia 2p2h
process plus additional 2p2h events (dot-dashed) is a signifi-
cant improvement.

whose parameters are fit to the neutrino data version of
these distributions. This enhancement adds 50% to the
predicted 2p2h strength, but targets the event rate in the
kinematic region between the CCQE and � peaks where
the rate doubles. The collection of changes in this and the
preceding paragraphs are referred to as “MnvGENIE-v1”
and are the central, tuned model for many recent analy-
ses [48–50].

The resulting description of the anti-neutrino data is
much improved, as illustrated in Fig. 3 and summarized
in Table I using a standard �2 test on the reconstructed
samples. These models also improve the description of
muon-only kinematic distributions of an overlapping sub-
set of the same dataset [50] selected with no pions in the
final state.

For this model comparison to reconstructed data, the
largest systematic uncertainties include flux, hadron en-
ergy scale, and GENIE resonance interaction and final-
state rescattering model uncertainties. The GENIE un-
certainty on the CCQE axial form factor is reduced to
±9% following the analysis of [51]. An uncertainty on

the RPA CCQE suppression [46, 52] is added, most sig-
nificantly from comparison to muon capture data. No
single uncertainty dominates the model prediction for the
reconstructed distributions.
The anti-neutrino sample retains a discrepancy just

beyond the error band in the second-lowest Eavail bins
within the range 0.3 < q3 < 0.8 GeV/c. These bins
are dominated by events with neutron-only final states,
including feed-down from higher energy transfer CCQE
and 2p2h reactions. Limited to the models available for
this analysis, both the CCQE RPA and the tuned 2p2h
component each have a 10% to 30% e↵ect on these bins.
Judged only by the aggregated �2 values (not shown),
the benefit of adding a RPA suppression is di�cult to
discern. It reduces some bins where the MC is already
underpredicting the data. Furthermore, the �2 accounts
for additional uncertainty from the RPA model. How-
ever, the RPA model produces better agreement in the
lowest Eavail for 0.0 < q3 < 0.3 GeV/c, which is also
where the predicted RPA e↵ect is more significant than
the predicted 2p2h e↵ect. These data appear sensitive
to subtle details of the CCQE vs. 2p2h processes not
yet exposed within the available models, such as those
[18, 19, 53] that go beyond the Fermi gas.
This 2p2h tune comes with three other variations that

treat the final state nucleon content as uncertain. Instead
of enhancing all 2p2h events, the first variation enhances
only those generated for pn initial state nucleon pairs,
which translates to pp final state for the neutrino case
in the fit and nn for the anti-neutrino case where we
apply the tuned parameters. The next variation enhances
reactions that are not on pn initial state pairs, which lead
to pn final states. Finally, the third variation enhances
CCQE events at these kinematics. In addition to testing
these variations against the reconstructed data, they are
used as an uncertainty applied later when producing a
double-di↵erential cross section.
This sample also includes a significant component at

and beyond the � resonance peak, which remains poorly
described by these model variations. The shortcoming of
the model for these low Q2 = q23 � q20 ⇡ 0 events shows
up on the far right of the distributions in Fig. 3. Similar
mismodeling of the resonance-region rate has been previ-
ously reported in measurements on mineral oil by Mini-
BooNE [54, 55], in MINERvA’s pion final state samples
[49, 56, 57], in the neutrino version of this analysis [6],
and in a resonance-rich neutrino+Fe sample fromMINOS
[58]. The latter used a calorimetric sample as a sideband
and tuned an ad-hoc, low Q2 suppression to the data
in order to improve the estimate of the resonance back-
ground in their CCQE analysis. At Q2 = 0 the rate is
40% of nominal and becomes no suppression by Q2 = 0.7
(GeV/c)2. Applying the MINOS parameterization im-
proves the description of these MINERvA data for some
of those bins at high q3, but the suppression goes too far
and produces a model deficit in the highest energy bins ofDaniel Ruterbories, University of Rochester June 4th, 2018
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5

for NuWro with 2p2h plus RPA compared to the data.
The Valencia 2p2h(-0pi) process includes one or two pro-
tons in the final state. Often one of them is trackable.
When the model is compared to both the reconstructed
data and the unfolded cross section, it adds 15 to 20% to
the first three data points, and a little to the fourth, and
is essential to describe the observed rate.
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FIG. 4: Di↵erential cross sections as a function of Q2 for C
(top-left), Fe (top-right) and Pb (bottom-left) compared to
predictions from GENIE and NuWro which include 2p2h and
RPA. The bottom right plot shows the fractional uncertain-
ties for d�

dQ

2
p

of Pb; the dashed curve is from statistical and

the solid curves show systematic uncertainties for each of the
contributions.

TABLE I: Calculated �2 between the data and various models
with M

A

= 0.99 GeV. The number of degrees of freedom is
5.

Model Carbon Iron Lead

GENIE RFG 10.2 64.4 40.6

GENIE RFG + 2p2h 5.3 17.3 11.3

GENIE RFG + 2p2h + RPA 5.2 17.1 11.4

NuWro RFG + 2p2h + RPA 5.5 13.7 7.5

Figure 5 shows the ratios of d�

dQ

2
p

on C, Fe and Pb

to the same quantity as measured in the high statistics
CH sample. The data ratios are helped by reduction of
systematics uncertainties including the flux. The data
ratios emphasize the increasingly strong e↵ect on C, Fe
and Pb. The model ratios show that a large e↵ect can
be attributed to FSI and is similar for both GENIE and
NuWro. In addition, NuWro better describes the lowest
Q

2
p

points with its A-dependent pion absorption model
and medium corrections. In the Q

2
p

< 0.6 GeV2 region,
GENIE predicts that 28% of CCQE-like signal events are
from the pion absorption process. The coplanarity angle
also shows an A dependence, which may partially be from
FSI.

In summary: Quasielastic-like scattering is measured
for the first time, in the same neutrino beam, on nu-
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p

di↵erential cross sections on C(top-
left), Fe (top-right) and Pb(bottom-left) to CH, compared to
predictions from GENIE and NuWro which include 2p2h and
RPA. The bottom right shows the fractional uncertainties for
the d�

dQ

2
p
ratio (Pb to CH), the dashed curve shows statistical

uncertainty, the solid curves (color online) show systematic
uncertainties each of the contributions for the systematics and
black is the total uncertainty.

clear targets ( C, Fe, and Pb) that span an A-range of
195 nucleons. The measurements of this work reveal an
A-dependence for the rate of quasielastic-like scattering
which is not well described by current models of neutrino
scattering within a nuclear medium. They will serve as
benchmarks for the continued refinement of neutrino gen-
erators as is required to achieve precise delineations of
mass hierarchy and CP nonconservation in the neutrino
sector.
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FIG. 11: (Left) Ratio of measured R
CC

to GENIE-Hybrid. Points are MINERvA data with

default GENIE-Hybrid (circles) and alternative NuWro model (squares) used to compute model-

based correction terms. GENIE-Hybrid data points are plotted with total error (sys. + stat). The
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systematic uncertainty. (Right) Comparison of R
CC

with world measurements( [7], [38] and [6]).

This measurement is the only precise determination of R
CC

in the E
⌫

< 6 GeV region. It

spans neutrino energies from 2 to 22 GeV, a range which is highly relevant to ongoing and

future oscillation experiments.

IX. CONCLUSION

We present the first precise measurement of the ratio of antineutrino to neutrino cross

sections, R
CC

, in the region below 6 GeV, which is important for future long baseline neu-

trino oscillation experiments. Our measurement, with precision in the range of 5.0-7.5%,

represents an improvement by nearly a factor of four over the previous measurements in this

region [7]. We measure neutrino and antineutrino cross sections that extend the reach for

antineutrino data to low energies and are among the most precise in the few GeV energy

range. Two leading neutrino generators, GENIE and NuWro, both overestimate the mea-

sured inclusive CC cross sections at the level of 4-10% as energy decreases from 9 GeV to

2 GeV. We also present measured total and low-⌫ fiducial rates that can be used to obtain

the cross sections and their ratio with other models. In the near future, this will allow our

25

Phys.Rev. D97 (2018) no.3, 032014 



Minerba Betancourt

• π0 production by neutrinos provides insight on νμ-NC(π0) background to νe 

appearance
• Knowledge of cc(pi) production constrains systematics for resonance and non 

resonance models  

• These disagreements identify areas that need of improvement
• Measurement of pπ0 invariant mass and decay angular distributions …

Measurement of νμ-CC(π0) 
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agreement with the data over the entire angular range
while NuWro falls below the data in the region of the
peak. The peak location and shape for d�/d✓

⇡

0 are sim-
ilar to those obtained previously for ⌫

µ

-CC(⇡+) and ⌫̄

µ

-
CC(⇡0) [13]; this outcome was anticipated by a GiBUU
simulation of MINERvA ’s low-energy exposure [11].

IX. �(E
⌫

), d�/dQ2, and d�/dW
exp

Figure 15 shows the channel (1) cross section as func-
tion of neutrino energy, �(E

⌫

), for events with hadronic
invariant mass restricted to W

exp

< 1.8 GeV. The cross
section rise from threshold and its value for E

⌫

� 6 GeV
are described on average by the reference simulation,
with NuWro predicting a cross section of similar shape
and slightly lower magnitude. According to GENIE, �
production is the dominant process for E

⌫

< 3GeV.
Above 4 GeV, the contributions from � production, N⇤

production, and nonresonant pion production become
nearly independent of E

⌫

with relative proportions that
are roughly 35:15:40 [64]. The cross section of Fig. 15 can
be readily compared to the pion production cross sec-
tions reported in Ref. [13]. The measured cross sections
become nearly independent of neutrino energy around
E

⌫

= 7GeV. At that point the relative strengths for
⌫

µ

-CC(⇡0):⌫
µ

-CC(⇡+):⌫̄
µ

-CC(⇡0) in units of 10�40 cm2

per nucleon, according to the measured cross sections,
approximately follow the ratios 22:80:19.
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FIG. 15. The cross section as a function of neutrino energy for
the signal channel (1) whose definition includes W
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GeV. Data (solid circles) are shown with inner (outer) error
bars correspond to statistical (total) uncertainties.

The squared four-momentum transfer from the lepton
system, Q2, is calculated using Eq. (6), which incorpo-
rates both lepton and hadron information (via Eq. (5)).
Figure 16 shows the di↵erential cross section versus Q

2

determined by this analysis. The data exhibits a rate
reduction at Q

2 below 0.2 GeV2 larger than that pre-
dicted by the GENIE-based MC. A similar data-MC dis-
agreement was observed at low Q

2 in the MINERvA ⌫̄

µ

-
CC(⇡0) sample [13], and data suppressions at low-Q2 for
�-enriched event samples have been reported by Mini-

BooNE [22, 75] and by MINOS [76]. On the other hand,
the reference simulation falls below the data in the region
Q

2

> 0.4 GeV2. From Eq. (6) it is clear that these data-
MC di↵erences are related to those in Fig. 10 for muons
produced at small and large muon polar angles. Note
that above 0.2 GeV2, NuWro predicts a flatter spectrum
than does GENIE and thereby trends more similarly to
the data; however the absolute scale for d�/dQ

2 pre-
dicted by NuWro is clearly too low.
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FIG. 16. Di↵erential cross section, d�/dQ2, for channel (1).
Data versus GENIE disagreements are evident for Q2 near
0.0GeV2 and for Q2 > 0.4GeV2. These are related to the
data-MC discrepancies observed at small and large muon po-
lar angles.

For neutrino quasielastic scattering in nuclei such as
carbon, it is well-known that Pauli blocking produces
a turnover of event rate at low-Q2 [77]. Additionally
it is estimated on the basis of RPA and 2p2h that
multinucleon-nucleon correlations give rise to low-Q2

suppression and high-Q2 enhancement of rate in the case
of CCQE-like scattering [60, 78, 79]. For µ

+�(1232)
channels produced in carbon-like nuclei modeled as a
Fermi gas, the e↵ect of Pauli blocking has been calculated
in Ref. [80]. Pauli suppression is shown to be confined
to Q

2

< 0.2 GeV2 and to W < 1.4 GeV. Thus Pauli
blocking of � and N

⇤ states, which is not included in
the reference simulation, plausibly accounts for a modest
portion of the low Q

2 suppression exhibited by the data
in Fig. 16. It is possible that NN-correlation e↵ects of the
kind targeted by RPA calculations may also be present in
neutrino-nucleus baryon resonance production, however
this has yet to be demonstrated with a calculation. If the
calculation of Ref. [60], which is for quasielastic scatter-
ing (and not baryon resonance production), is indicative
of the strength and Q

2 dependence of RPA distortion,
then RPA in the absence of 2p2h is conceivably capa-
ble, in conjunction with Pauli blocking, of generating
the data-MC disagreement shown in Fig. 16. Admit-
tedly, the latter scenario is speculative and it may be at
odds with a recent theoretical treatment that shows RPA
correlations to have reduced e↵ect in calculations based
on a realistic nuclear ground state [81]. Another possibil-
ity, recognized for many years [80], is that the normaliza-
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• Inclusive CC double differential cross section in q0 and q3 

- q0: calorimetric hadronic energy 

- q3: is the three momentum transfer                

In neutrino scattering, we need to reconstruct the hadronic energy too

n µ

Nucleus

W(q
0
, q)

Hadrons

Energy transfer:

q
0

⌘ ⌫ = Calorimetric hadronic energy

Neutrino energy:

E⌫ = Eµ + q
0

Four-momentum transfer squared:

Q2 = 2E⌫(Eµ � pµ cos ✓µ)�M2

µ

Three-momentum transfer:

q
3

⌘ |q| =
q

Q2 + q2

0

I Produce inclusive CC ⌫µ double-di�erential cross section in (q
0

, q
3

)

��•••�� 28

Identification of Multinucleon Effects In Antineutrinos

10

Inclusive Charge Current 
cross section

Inclusive Charge Current 
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Minerva can make 
a similar 
measurement using 
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and the output 
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From electron scattering
Similar measurement for antineutrinos 
using the hadronic system and the 
lepton
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FIG. 3: Reconstructed Eavail distributions compared to
(top) the base Monte Carlo simulation (GENIE with minor
modifications to pion production) for two ranges of recon-
structed three momentum transfer. In the improved simu-
lation MnvGENIE-v1 (bottom) the region between the pre-
dicted CCQE process (dashed) and the �(1232) resonance
(dotted) is filled by events generated from the Valencia 2p2h
process plus additional 2p2h events (dot-dashed) is a signifi-
cant improvement.

whose parameters are fit to the neutrino data version of
these distributions. This enhancement adds 50% to the
predicted 2p2h strength, but targets the event rate in the
kinematic region between the CCQE and � peaks where
the rate doubles. The collection of changes in this and the
preceding paragraphs are referred to as “MnvGENIE-v1”
and are the central, tuned model for many recent analy-
ses [48–50].

The resulting description of the anti-neutrino data is
much improved, as illustrated in Fig. 3 and summarized
in Table I using a standard �2 test on the reconstructed
samples. These models also improve the description of
muon-only kinematic distributions of an overlapping sub-
set of the same dataset [50] selected with no pions in the
final state.

For this model comparison to reconstructed data, the
largest systematic uncertainties include flux, hadron en-
ergy scale, and GENIE resonance interaction and final-
state rescattering model uncertainties. The GENIE un-
certainty on the CCQE axial form factor is reduced to
±9% following the analysis of [51]. An uncertainty on

the RPA CCQE suppression [46, 52] is added, most sig-
nificantly from comparison to muon capture data. No
single uncertainty dominates the model prediction for the
reconstructed distributions.
The anti-neutrino sample retains a discrepancy just

beyond the error band in the second-lowest Eavail bins
within the range 0.3 < q3 < 0.8 GeV/c. These bins
are dominated by events with neutron-only final states,
including feed-down from higher energy transfer CCQE
and 2p2h reactions. Limited to the models available for
this analysis, both the CCQE RPA and the tuned 2p2h
component each have a 10% to 30% e↵ect on these bins.
Judged only by the aggregated �2 values (not shown),
the benefit of adding a RPA suppression is di�cult to
discern. It reduces some bins where the MC is already
underpredicting the data. Furthermore, the �2 accounts
for additional uncertainty from the RPA model. How-
ever, the RPA model produces better agreement in the
lowest Eavail for 0.0 < q3 < 0.3 GeV/c, which is also
where the predicted RPA e↵ect is more significant than
the predicted 2p2h e↵ect. These data appear sensitive
to subtle details of the CCQE vs. 2p2h processes not
yet exposed within the available models, such as those
[18, 19, 53] that go beyond the Fermi gas.
This 2p2h tune comes with three other variations that

treat the final state nucleon content as uncertain. Instead
of enhancing all 2p2h events, the first variation enhances
only those generated for pn initial state nucleon pairs,
which translates to pp final state for the neutrino case
in the fit and nn for the anti-neutrino case where we
apply the tuned parameters. The next variation enhances
reactions that are not on pn initial state pairs, which lead
to pn final states. Finally, the third variation enhances
CCQE events at these kinematics. In addition to testing
these variations against the reconstructed data, they are
used as an uncertainty applied later when producing a
double-di↵erential cross section.
This sample also includes a significant component at

and beyond the � resonance peak, which remains poorly
described by these model variations. The shortcoming of
the model for these low Q2 = q23 � q20 ⇡ 0 events shows
up on the far right of the distributions in Fig. 3. Similar
mismodeling of the resonance-region rate has been previ-
ously reported in measurements on mineral oil by Mini-
BooNE [54, 55], in MINERvA’s pion final state samples
[49, 56, 57], in the neutrino version of this analysis [6],
and in a resonance-rich neutrino+Fe sample fromMINOS
[58]. The latter used a calorimetric sample as a sideband
and tuned an ad-hoc, low Q2 suppression to the data
in order to improve the estimate of the resonance back-
ground in their CCQE analysis. At Q2 = 0 the rate is
40% of nominal and becomes no suppression by Q2 = 0.7
(GeV/c)2. Applying the MINOS parameterization im-
proves the description of these MINERvA data for some
of those bins at high q3, but the suppression goes too far
and produces a model deficit in the highest energy bins of

Phys.Rev.Lett. 120 (2018) no.22, 221805 
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• Adding in models of RPA (a charge screening effect) and multi nucleon (2p2h) 
improves agreement in some regions, but not in others

• Fitting a 2D Gaussian in true (q0, q3) as a reweighting function to the 2p2h 
contribution to get the best agreement between data and MC

• The QE and RES interactions are unchanged

11

From the Inclusive Neutrino Low Recoil Measurements 

Phys.Rev.Lett. 116 (2016) 071802 

Tuning the 2p2h 
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Nuclear Effects at low Three Momentum Transfer (Antineutrino)

• Applying the extracted 2p2h weights from the neutrino sample to antineutrino

12

4

0.0 0.1 0.2 0.3

1000

2000

/GeV < 0.4
3

q0 < 

0.0 0.1 0.2 0.3

/GeV < 0.8
3

q0.4 < 

MC Total

MC QE

∆MC 

Data

Reconstructed available energy (GeV)

Ev
en

ts
 p

er
 0

.0
2 

G
eV

0.0 0.1 0.2 0.3

1000

2000

/GeV < 0.4
3

q0 < 

0.0 0.1 0.2 0.3

/GeV < 0.8
3

q0.4 < 

MC Total

MC QE+RPA

∆MC 

tuned 2p2h

Data

Reconstructed available energy (GeV)

Ev
en

ts
 p

er
 0

.0
2 

G
eV

FIG. 3: Reconstructed Eavail distributions compared to
(top) the base Monte Carlo simulation (GENIE with minor
modifications to pion production) for two ranges of recon-
structed three momentum transfer. In the improved simu-
lation MnvGENIE-v1 (bottom) the region between the pre-
dicted CCQE process (dashed) and the �(1232) resonance
(dotted) is filled by events generated from the Valencia 2p2h
process plus additional 2p2h events (dot-dashed) is a signifi-
cant improvement.

whose parameters are fit to the neutrino data version of
these distributions. This enhancement adds 50% to the
predicted 2p2h strength, but targets the event rate in the
kinematic region between the CCQE and � peaks where
the rate doubles. The collection of changes in this and the
preceding paragraphs are referred to as “MnvGENIE-v1”
and are the central, tuned model for many recent analy-
ses [48–50].

The resulting description of the anti-neutrino data is
much improved, as illustrated in Fig. 3 and summarized
in Table I using a standard �2 test on the reconstructed
samples. These models also improve the description of
muon-only kinematic distributions of an overlapping sub-
set of the same dataset [50] selected with no pions in the
final state.

For this model comparison to reconstructed data, the
largest systematic uncertainties include flux, hadron en-
ergy scale, and GENIE resonance interaction and final-
state rescattering model uncertainties. The GENIE un-
certainty on the CCQE axial form factor is reduced to
±9% following the analysis of [51]. An uncertainty on

the RPA CCQE suppression [46, 52] is added, most sig-
nificantly from comparison to muon capture data. No
single uncertainty dominates the model prediction for the
reconstructed distributions.
The anti-neutrino sample retains a discrepancy just

beyond the error band in the second-lowest Eavail bins
within the range 0.3 < q3 < 0.8 GeV/c. These bins
are dominated by events with neutron-only final states,
including feed-down from higher energy transfer CCQE
and 2p2h reactions. Limited to the models available for
this analysis, both the CCQE RPA and the tuned 2p2h
component each have a 10% to 30% e↵ect on these bins.
Judged only by the aggregated �2 values (not shown),
the benefit of adding a RPA suppression is di�cult to
discern. It reduces some bins where the MC is already
underpredicting the data. Furthermore, the �2 accounts
for additional uncertainty from the RPA model. How-
ever, the RPA model produces better agreement in the
lowest Eavail for 0.0 < q3 < 0.3 GeV/c, which is also
where the predicted RPA e↵ect is more significant than
the predicted 2p2h e↵ect. These data appear sensitive
to subtle details of the CCQE vs. 2p2h processes not
yet exposed within the available models, such as those
[18, 19, 53] that go beyond the Fermi gas.
This 2p2h tune comes with three other variations that

treat the final state nucleon content as uncertain. Instead
of enhancing all 2p2h events, the first variation enhances
only those generated for pn initial state nucleon pairs,
which translates to pp final state for the neutrino case
in the fit and nn for the anti-neutrino case where we
apply the tuned parameters. The next variation enhances
reactions that are not on pn initial state pairs, which lead
to pn final states. Finally, the third variation enhances
CCQE events at these kinematics. In addition to testing
these variations against the reconstructed data, they are
used as an uncertainty applied later when producing a
double-di↵erential cross section.
This sample also includes a significant component at

and beyond the � resonance peak, which remains poorly
described by these model variations. The shortcoming of
the model for these low Q2 = q23 � q20 ⇡ 0 events shows
up on the far right of the distributions in Fig. 3. Similar
mismodeling of the resonance-region rate has been previ-
ously reported in measurements on mineral oil by Mini-
BooNE [54, 55], in MINERvA’s pion final state samples
[49, 56, 57], in the neutrino version of this analysis [6],
and in a resonance-rich neutrino+Fe sample fromMINOS
[58]. The latter used a calorimetric sample as a sideband
and tuned an ad-hoc, low Q2 suppression to the data
in order to improve the estimate of the resonance back-
ground in their CCQE analysis. At Q2 = 0 the rate is
40% of nominal and becomes no suppression by Q2 = 0.7
(GeV/c)2. Applying the MINOS parameterization im-
proves the description of these MINERvA data for some
of those bins at high q3, but the suppression goes too far
and produces a model deficit in the highest energy bins of
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FIG. 3: Reconstructed Eavail distributions compared to
(top) the base Monte Carlo simulation (GENIE with minor
modifications to pion production) for two ranges of recon-
structed three momentum transfer. In the improved simu-
lation MnvGENIE-v1 (bottom) the region between the pre-
dicted CCQE process (dashed) and the �(1232) resonance
(dotted) is filled by events generated from the Valencia 2p2h
process plus additional 2p2h events (dot-dashed) is a signifi-
cant improvement.

whose parameters are fit to the neutrino data version of
these distributions. This enhancement adds 50% to the
predicted 2p2h strength, but targets the event rate in the
kinematic region between the CCQE and � peaks where
the rate doubles. The collection of changes in this and the
preceding paragraphs are referred to as “MnvGENIE-v1”
and are the central, tuned model for many recent analy-
ses [48–50].

The resulting description of the anti-neutrino data is
much improved, as illustrated in Fig. 3 and summarized
in Table I using a standard �2 test on the reconstructed
samples. These models also improve the description of
muon-only kinematic distributions of an overlapping sub-
set of the same dataset [50] selected with no pions in the
final state.

For this model comparison to reconstructed data, the
largest systematic uncertainties include flux, hadron en-
ergy scale, and GENIE resonance interaction and final-
state rescattering model uncertainties. The GENIE un-
certainty on the CCQE axial form factor is reduced to
±9% following the analysis of [51]. An uncertainty on

the RPA CCQE suppression [46, 52] is added, most sig-
nificantly from comparison to muon capture data. No
single uncertainty dominates the model prediction for the
reconstructed distributions.
The anti-neutrino sample retains a discrepancy just

beyond the error band in the second-lowest Eavail bins
within the range 0.3 < q3 < 0.8 GeV/c. These bins
are dominated by events with neutron-only final states,
including feed-down from higher energy transfer CCQE
and 2p2h reactions. Limited to the models available for
this analysis, both the CCQE RPA and the tuned 2p2h
component each have a 10% to 30% e↵ect on these bins.
Judged only by the aggregated �2 values (not shown),
the benefit of adding a RPA suppression is di�cult to
discern. It reduces some bins where the MC is already
underpredicting the data. Furthermore, the �2 accounts
for additional uncertainty from the RPA model. How-
ever, the RPA model produces better agreement in the
lowest Eavail for 0.0 < q3 < 0.3 GeV/c, which is also
where the predicted RPA e↵ect is more significant than
the predicted 2p2h e↵ect. These data appear sensitive
to subtle details of the CCQE vs. 2p2h processes not
yet exposed within the available models, such as those
[18, 19, 53] that go beyond the Fermi gas.
This 2p2h tune comes with three other variations that

treat the final state nucleon content as uncertain. Instead
of enhancing all 2p2h events, the first variation enhances
only those generated for pn initial state nucleon pairs,
which translates to pp final state for the neutrino case
in the fit and nn for the anti-neutrino case where we
apply the tuned parameters. The next variation enhances
reactions that are not on pn initial state pairs, which lead
to pn final states. Finally, the third variation enhances
CCQE events at these kinematics. In addition to testing
these variations against the reconstructed data, they are
used as an uncertainty applied later when producing a
double-di↵erential cross section.
This sample also includes a significant component at

and beyond the � resonance peak, which remains poorly
described by these model variations. The shortcoming of
the model for these low Q2 = q23 � q20 ⇡ 0 events shows
up on the far right of the distributions in Fig. 3. Similar
mismodeling of the resonance-region rate has been previ-
ously reported in measurements on mineral oil by Mini-
BooNE [54, 55], in MINERvA’s pion final state samples
[49, 56, 57], in the neutrino version of this analysis [6],
and in a resonance-rich neutrino+Fe sample fromMINOS
[58]. The latter used a calorimetric sample as a sideband
and tuned an ad-hoc, low Q2 suppression to the data
in order to improve the estimate of the resonance back-
ground in their CCQE analysis. At Q2 = 0 the rate is
40% of nominal and becomes no suppression by Q2 = 0.7
(GeV/c)2. Applying the MINOS parameterization im-
proves the description of these MINERvA data for some
of those bins at high q3, but the suppression goes too far
and produces a model deficit in the highest energy bins of

Before

After

Phys.Rev.Lett. 120 (2018) no.22, 221805 



Minerba Betancourt

  42

neutron candidate
energy deposition

compared to  MINERvA tune v1

Excess in first bin
small energy deposits

Geant4 neutron scatter uncertainty
GENIE intranuclear rescattering “FSI”
plus hadronic energy scale feeddown

• Neutrons are important for the accurate reconstruction of neutrino energy and 
systematics 

• MINERvA has a new neutron detection algorithm in scintillator 

• Excess in the MC in the first bin small energy deposition

Neutron Candidate Energy Deposition

13

Neutron Candidate

Untracked activity
is spatially connected
to activity from vertex

in U and V views,
don't search for neutrons

(MC says it was a pi-)Paper in preparation

Rik Gran 
Fermilab Wine&Cheese, Nov 03-2017 

Efficiency for tagging neutrons 
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• Using the kinematics of the muon

• Double differential cross sections for antineutrinos

• Muon longitudinal  P||  and transverse momentum PT  are measurable quantities     

• PT and P|| are less model dependent than Q2 and neutrino energy        

Laura Fields I Recent Results from MINERvA 05/07/16

Muon Antineutrino Quasi-Elastic Scattering

18

proton

!+

ν̄!

recoiling 
neutron

Quasi-elastic (QE) 
scattering dominates 
charged-current (and 

therefore oscillation signals) 
at ~1 GeV.  

QE on nucleons is thought 
to be well understood.

But scattering on nuclei is 
complicated by final state interactions 
that introduce “quasielastic-like” zero-

pion final states

And by the possibility of 
interactions with multi-nucleon 

bound states (frequently 
called 2p2h interactions).

Double Differential Cross Sections (Antineutrinos and Neutrinos)

14

C. Patrick, Northwestern University

Double-differential cross section

✤ Requested by NuSTEC group for use in global fits
✤ Muon longitudinal and transverse momentum are measurable quantities
✤ Dual parameter space should give additional power to distinguish between models
✤ Updated reconstruction with improved systematics
✤ Alternative signal definitions
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Selecting ν̄ quasi-elastic events
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              Quasi-Elastic scattering using the muon kinematics (PT and P|| ) 

• We see agreement between data and a simulation that includes nuclear effects 
• Best chi2 indicates a preference for models with RPA and 2p2h

Double Differential Cross Sections for Antineutrinos

Phys.Rev. D 97 116 (2018) no. 5, 052002  
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FIG. 17: Double-di↵erential QE-like cross section vs. muon transverse momentum, in bins of muon longitudinal momentum
(black circles) compared to MINERvA-tuned GENIE (red curve, includes RPA and MINERvA-tuned 2p2h), GENIE without
any modifications except the single non-resonant pion correction discussed in section IV (blue), GENIE with the RPA weight but
no 2p2h component (green), GENIE with MINERvA-tuned 2p2h but no RPA (violet), and GENIE with RPA and untuned 2p2h
(orange). Inner error bars show statistical uncertainties; outer error bars show total (statistical and systematic) uncertainty.
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Double Differential Cross Section (Neutrinos)

16

PtP|| Cross Section

67

MINERvA Preliminary Data POT: 3.30e20
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Modified GENIE contains new nuclear models  Fermilab Wine and Cheese Seminar, March 3rd 2017
Daniel Ruterbories 

Paper in preparation

Quasi-Elastic scattering using the muon kinematics (PT and P||)  
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Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	

15

µ�

p

Quasi-Elastic Scattering using the Muon and Proton 
Kinematics
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• Differential cross section in initial struck neutron momentum pn

Initial Neutron Momentum

18

36

A. Furmanski, J. Sobczyk, Phys.Rev. C95 (2017) no.6, 065501

Assuming exclusive µ-p-A' final states

Use energy conservation to close the equations

p
n

: recoil momentum of the nuclear remnant

11

C*

n

For CCQE with elastic FSI, A' = 
11

C*

No more unknowns

p
n

: neutron Fermi motion *weakly smeared

recoil

Fermi 

motion

A more general analysis of kinematic imbalance

Transverse:

Longitudinal:

New variable:

Neutrino energy is unknown (in the first 

place), equations are not closed.

Xianguo Lu, Oxford 36
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Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	

15

µ�
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94

Advanced Topics: GENIE FSIs

No p-FSI acceleration                                        

● (pre2015) hA: effective model, include “elastic component” in intranuclear scattering, used in 
GENIE MINERvA Tune (v1)

● hA2015: removed “elastic component”, replacing hA in MnvGENIE-v1-hA2015

Xianguo Lu, Oxford

QE peak not distorted, but much narrower

Transverse

Longitudinal

New variable

arXiv:1805.05486  
Accepted for publication PRL
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• Differential cross section in transverse boosting angle δαT

- The transverse boosting angle δαT represents the direction of the 
transverse momentum imbalance

94

Advanced Topics: GENIE FSIs

No p-FSI acceleration                                        

● (pre2015) hA: effective model, include “elastic component” in intranuclear scattering, used in 
GENIE MINERvA Tune (v1)

● hA2015: removed “elastic component”, replacing hA in MnvGENIE-v1-hA2015

Xianguo Lu, Oxford

QE peak not distorted, but much narrower

Transverse Kinematic Imbalances 

19

3

FIG. 2. Schematic illustration of the single-transverse kine-
matic imbalance—δφT, δp⃗T and δαT—defined in the plane
transverse to the neutrino direction.

transverse projection. The combined effect determines
the evolution of the δαT distribution with pℓ

′

T. An exam-
ple predicted by NuWro is shown in Fig. 3. At pℓ

′

T ! pF,
the cross section for δαT at 180 degrees is suppressed
in QE interactions due to Pauli blocking, which leads to
a forward peak in the distribution of δαT at small pℓ

′

T.
As pℓ

′

T → Eν , the cross section for δαT at 0 degrees is
suppressed by the conservation of the longitudinal mo-
mentum. Even though the fractions of events in both
extremes of the pℓ

′

T spectrum change with the neutrino
energy, they are insignificant for the few GeV neutrino
interactions. As a result, the δpT and δαT distributions
are largely independent of Eν , as is shown in Fig. 4, where
the evolution of the distributions with the neutrino en-
ergy is dominated by variations in the strength of the
FSIs.
The transverse momentum imbalance δpT has been

used by the NOMAD experiment to enhance the purity of
the selected QE [15], while the “transverse boosting an-
gle” δαT is proposed here for the first time. Experimen-
tal data on δαT will reveal the accelerating/decelerating
nature of FSIs. Its dependence on pℓ

′

T, measured in a
detector that has a low momentum threshold, will addi-
tionally provide constraints on Pauli blocking.
Besides the transverse momentum imbalance and

boosting angle, another single-transverse variable can be
defined (Fig. 2):

δφT ≡ arccos
−p⃗ ℓ

′

T · p⃗N′

T

pℓ
′

Tp
N′

T

, (6)

which measures the deflection of N′ with respect to q⃗
in the transverse plane. If the initial-state nucleon were
static and free, δφT would be zero; with nuclear effects,
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FIG. 3. Conditional probability density function of δαT as
a function of the muon pT without FSIs (each slice of pµT is
normalized in such a way that the maximum is 1; the renor-
malized density is shown on the z-axis), predicted by NuWro
for νµ CC QE on carbon (RFG) at neutrino energy of 1 GeV
with FSIs switched off.

the deflection caused by ∆p⃗ adds in a smearing to the
initial distribution of δφT that is determined by p⃗N. Ex-
periments have measured the δφT distribution in QE-like
events [16] and used it to enhance the QE purity [15, 17].
However, the trigonometric relation illustrated by Fig. 2
shows that δφT scales with δpT/pℓ

′

T and therefore depends
on the lepton kinematics which are sensitive to the neu-
trino energy. The energy dependence of pℓ

′

T counteracts
the FSI deflection and the uncertainties from the nuclear
effects and neutrino flux become convolved. The distri-
bution of δφT by NuWro is shown in Fig. 5 for different
neutrino energies. In contrast to the expected evolution
with the FSI strength, the distribution becomes narrower
at higher energy because of the increase of pℓ

′

T. This
serves as an example of how the neutrino energy depen-
dence can bias a measurement of nuclear effects. Because
of the pℓ

′

T dependence, the single-transverse variables all
suffer to some extent from a dependence on the neutrino
energy even after kinematic saturation is reached. Nev-
ertheless, the study of nuclear effects can be performed
by restricting pℓ

′

T.

IV. MODEL PREDICTIONS

In the previous discussion, an equivalence is estab-
lished between the nuclear effects in neutrino-nucleus in-
teractions and the transverse kinematic imbalance. Ini-
tial and final-state effects can be directly observed via
δp⃗T, as can be seen by rewriting Eq. 4 into

δp⃗T = p⃗N
T −∆p⃗T, (7)

where p⃗N is the momentum of the initial nucleon. In this
section we present the latest predictions of the single-
transverse variables. Interactions of neutrinos from the

2

II. NUCLEAR MEDIUM RESPONSE

Consider a CC interaction on a nucleus. At the basic
level the neutrino ν interacts with a bound nucleon N
which then transits to another hadronic state N′:

ν +N → ℓ′ +N′, (1)

where ℓ′ is the charged lepton. In the rest frame of the nu-
cleus, the bound nucleon is subject to Fermi motion with
momentum p⃗N, and an energy-momentum (ω, q⃗) carried
by a virtual W -boson (W ∗) is transferred to it as the
neutrino scatters. In characterizing the interaction, the
virtuality Q2 ≡ q2 − ω2 and the invariant mass W of
N′ are used. Following energy-momentum conservation
(the binding energy is neglected compared to the initial
nucleon energy [6]), the energy transfer reads

ω =
Q2 +W 2 −m2

N + 2q⃗ · p⃗N

2
√

m2
N + p2N

, (2)

∼
Q2 +W 2 −m2

N

2
√

m2
N + p2N

, (3)

where mN is the mass of N, and the last line follows from
averaging out the direction of p⃗N in Eq. 2, which is a first
order approximation because the polarization term ∼

q⃗·p⃗N with opposite orientations of p⃗N for a give q⃗ does not
exactly cancel as the W ∗-N cross section is slightly dif-
ferent with the varying center-of-mass energy [7]. Below
the deeply inelastic scattering (DIS) region—especially
in QE and RES where W equals the nucleon and dom-
inantly the ∆(1232) resonance mass, respectively—the
cross section is suppressed when Q is larger than the nu-
cleon mass. The hadron momentum in these channels,
as indicated by Eq. 3, “saturates” if the neutrino energy
is above the scale Q2/2mN ∼ O(0.5 GeV) beyond which
the charged lepton retains most of the increase of the
neutrino energy.
Once the final state hadron N′ is produced, it starts

to propagate through the nuclear medium [8]. Under the
assumption that the basic interaction (Eq. 1) and the
in-medium propagation are uncorrelated (i.e., are factor-
ized), the momentum of N′, which depends weakly on
the neutrino energy, completely determines the medium
response, including the in-medium interaction probabil-
ity τf [9] and the energy-momentum transfer (∆E,∆p⃗)
to the medium (if N′ decays inside the nucleus, the to-
tal effect of all decay products is considered). It is the
latter that leads to nuclear excitation [10] or break-up
and consequently nuclear emission. The nuclear emission
probability, P (∆E,∆p⃗), correlates the medium response
to the in-medium energy-momentum transfer [11]. The
factorization assumption suggests that P (∆E,∆p⃗) is in-
dependent of the neutrino energy Eν , which is consistent
with the implementation in the NuWro [12, 13] simula-
tion shown in Fig. 1. In addition, as the neutrino energy
increases, the predicted FSI strength saturates, as is in-
dicated by τf in the figure.
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FIG. 1. Nuclear emission probability as a function of the
in-medium momentum transfer, simulated by NuWro [12] for
νµ CC QE on carbon—nuclear state modeled as relativistic
Fermi gas (RFG) [14]—at neutrino energy of 0.6, 1, 3 and
6 GeV. Multinucleon correlations are ignored. The in-medium
interaction probability τf (extracted from the simulation out-
put throughout this work) is shown in the legend.

III. SINGLE-TRANSVERSE KINEMATIC

IMBALANCE

To make a neutrino energy-independent measurement
of nuclear effects, the in-medium energy-momentum
transfer (∆E, ∆p⃗) would be the ideal observable; this
however is not experimentally accessible because of the
unknown initial nucleon momentum and the initially un-
known neutrino energy. Instead, ∆p⃗ can be directly in-
ferred from the following single-transverse kinematic im-
balance (Fig. 2):

δp⃗T ≡ p⃗ ℓ
′

T + p⃗N′

T , (4)

δαT ≡ arccos
−p⃗ ℓ

′

T · δp⃗T
pℓ

′

TδpT
, (5)

where p⃗ ℓ
′

T and p⃗N′

T are the projections of the extra-nucleus
final-state momenta transverse to the neutrino direction.
In particular, −p⃗ ℓ

′

T = q⃗T, the transverse component of q⃗.
If the initial-state nucleon were static and free, δpT

would be zero—a feature that is not possessed by other
experimentally accessible variables such as the final-state
momenta. If FSIs could be switched off, δp⃗T and δαT

would be the transverse projection of p⃗N and of the an-
gle between p⃗N and q⃗, respectively. Accordingly, to first
approximation, the distribution of δp⃗T would be inde-
pendent of the neutrino energy, and that of δαT would
be flat due to the isotropy of Fermi motion. The FSI
acceleration (deceleration) of the propagating N′ adds in
a smearing to δpT and pushes δp⃗T forward (backward)
to (−)q⃗T, making δαT → 0 (180) degrees.
Second order effects that lead to the dependence on

the neutrino energy include the previously discussed po-
larization (see text after Eq. 2), Pauli blocking, and the

arXiv:1805.05486  
Accepted for publication PRL
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Medium Energy Data set

20

• NuMI medium energy beam yielding high statistics
• Ongoing analyses of quasi-elastic, pion production, DIS and inclusive off nuclear 

targets
• New measurements with high statistics 

Neutrinos 

Antineutrinos

Thanks to the acceleration division
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• Constrain flux with in-situ measurement: ν+e scattering 
• Low energy results (121 ν+e events)

• Preliminary medium energy results 

Neutrino Electron Scattering

21

15
Neutrino Scattering on Nucleon

• Let’s use well-known reaction to measure the flux
• Standard electroweak theory predicts it precisely

– Point-like scattering
• Very small cross section (~1/2000 of ν-nucleon scattering)

– Low center of mass energy due to light electron
• Very forward electron final state (Experimental signature)
• Good angular resolution is important to isolate the signal

−− +→+ ee µµ νν

−− +→+ ee µµ νν

µν µν

e e

0Z

ν ν
−e

Very forward single electron final state

νe→ νe candidate event

ElectronElectron

20 December 2013 Jaewon Park, U. of Rochester  FNAL JETP

Neutrino-Electron Elastic Scattering in MINERvA
Deepika Jena, FERMILAB, djena@fnal.gov
On behalf of MINERvA Collaboration 

Constrain Flux with in-situ measurement: n-e scattering 
• Theory well predicted by the standard model of particle physics. 
• Caveat: Tiny cross section (~1/2000 compare to νN scattering) .
• Signal in MINERvA is a single electron moving in the beam direction

MINERvA Detector

• Perform precision studies of neutrino-nucleus scattering using muon neutrinos and 
anti-neutrinos incident at 1-50 GeV in the NuMI beam at Fermilab. .

• Finely segmented scintillator
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Methodology :
Bayesian Method:  P(H|x) ∝ *(H) P(x|H)  
Probability of a hypothesis (H) given a data sample (x) to the product of the 
probability of the hypothesis prior to the measurement (*(H)) and the 
probability of the data given the hypothesis (P(x|H)).    
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K :  no: of bins in the electron energy spectrum; N(M) : vector representing the 
bin content of that spectrum in data (predicted by model M); =N : total data 
covariance matrix describing all uncertainties on N except those due to the 
flux model. 

The probability distribution (red) of the predicted neutrino flux and the 
modified probability distribution (black) given the observed electron energy 

spectrum.

The probability distribution (black) of the predicted total number 
of neutrino-electron scattering events in the simulation and the 

modified probability distribution (blue) given the observed 
electron energy spectrum

Conclusion

References:
https://arxiv.org/abs/1512.07699

NuMI Beamline:
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Previous Results:

Medium Energy:

• More statistics for ME 
~ 800  events  

• In the process of 
finalizing systematics. 
Good control over 
energy scale 
uncertainties.

• Flux constraint 
ongoing, changes flux 
uncertainty from 
about 8% to 6% in the 
focusing peak

• Proof of principle for 
future experiments

• Stay tuned for final 
results soon 
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'

Neutrino-Electron Elastic Scattering in MINERvA
Deepika Jena, FERMILAB, djena@fnal.gov
On behalf of MINERvA Collaboration 

Constrain Flux with in-situ measurement: n-e scattering 
• Theory well predicted by the standard model of particle physics. 
• Caveat: Tiny cross section (~1/2000 compare to νN scattering) .
• Signal in MINERvA is a single electron moving in the beam direction

MINERvA Detector

• Perform precision studies of neutrino-nucleus scattering using muon neutrinos and 
anti-neutrinos incident at 1-50 GeV in the NuMI beam at Fermilab. .

• Finely segmented scintillator

MINERvA
! = #

$ %&
Flux uncertainty goes into 

the cross-section uncertainty

Beam Focusing Uncertainties: 

Hadron production uncertainties

Electron Energy (GeV)
0 5 10 15 20

N 
Ev

en
ts

 / 
2.

0 
G

eV

20

40

60

80

100
Data

 e   106.0ν

 CC   16.3eν

NC   9.8

 cc   4.3µν

POT-Normalized
3.43e+20 POT

 (GeV)νE
0 2 4 6 8 10 12 14 16 18 20

 / P
OT

 / G
eV

2
 / mν

0.02

0.04

0.06

0.08

0.1

0.12
-310×

Unconstrained

Constrained

 (GeV)νE
0 2 4 6 8 10 12 14 16 18 20

Un
co

ns
tra

ine
d

Co
ns

tra
ine

d /

0.88
0.9
0.92
0.94
0.96

 (GeV)νE
0 2 4 6 8 10 12 14 16 18 20

Fra
ctio

nal
 Flu

x U
nce

rta
inty

0.05

0.1

0.15

0.2

0.25

0.3

Unconstrained

Constrained

 (GeV)νE
0 2 4 6 8 10 12 14 16 18 20

Un
con

str
ain

ed
Co

nst
rain

ed 
/

0.4
0.5
0.6
0.7
0.8
0.9

The '( flux prediction for the NuMI beamline, before (gray) and after 
(black) the neutrino-electron scattering flux constraint 

The uncertainty on the '( flux prediction for the NuMI beamline, 
before (gray) and after (black) the neutrino-electron scattering flux 
constraint 

Methodology :
Bayesian Method:  P(H|x) ∝ *(H) P(x|H)  
Probability of a hypothesis (H) given a data sample (x) to the product of the 
probability of the hypothesis prior to the measurement (*(H)) and the 
probability of the data given the hypothesis (P(x|H)).    
P(M|N'e → 'e ) ∝ *(M) P(N|M'e → 'e )

P(N'e → 'e |M) = +
(-.)0/-

+
|3|4

+/- 56
+
- 768 9:4;+(76<)

K :  no: of bins in the electron energy spectrum; N(M) : vector representing the 
bin content of that spectrum in data (predicted by model M); =N : total data 
covariance matrix describing all uncertainties on N except those due to the 
flux model. 

The probability distribution (red) of the predicted neutrino flux and the 
modified probability distribution (black) given the observed electron energy 

spectrum.

The probability distribution (black) of the predicted total number 
of neutrino-electron scattering events in the simulation and the 

modified probability distribution (blue) given the observed 
electron energy spectrum

Conclusion

References:
https://arxiv.org/abs/1512.07699

NuMI Beamline:

'(+ e → '( + e
'e + e → 'e + e
'̅ ( + e → '̅ ( + e 
'̅ e+ e → '̅ e + e

Previous Results:
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~ 800  events  
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Good control over 
energy scale 
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• Flux constraint 
ongoing, changes flux 
uncertainty from 
about 8% to 6% in the 
focusing peak

• Proof of principle for 
future experiments

• Stay tuned for final 
results soon 

n e-
'

• Selected sample in medium energy 
800 ν+e events 

• In the process of finalizing systematics
• Flux constraint on going: changes flux 

uncertainty from 8% to 6% in the 
focusing peak

• Proof of principle for DUNE  

See Deepika Jena’s Poster

• Neutrons are important for the accurate reconstruction of neutrino energy 
• MINERvA has a new neutron detection algorithm in scintillator 

• Excess in the MC late in time slow neutrons an in the first bin small energy 
deposition

Neutron Candidate Energy Deposition

12

  42

neutron candidate
energy deposition

compared to  MINERvA tune v1

Excess in first bin
small energy deposits

Geant4 neutron scatter uncertainty
GENIE intranuclear rescattering “FSI”
plus hadronic energy scale feeddown

Neutron Candidate

Untracked activity
is spatially connected
to activity from vertex

in U and V views,
don't search for neutrons

(MC says it was a pi-)

Paper in preparation
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• New improvements to the reconstruction
• Using a Deep Neural Network Machine Learning                                                                      

algorithm to identify the event vertex in the nuclear                                                
target, the efficiency was significantly improved, paper                                          
in preparation  

• Stay tune for Deep Inelastic results!

22

Charged Current Deep Inelastic Scattering off Nuclear Targets 

Plane number for the 
Default Reconstruction

Plane number for the
 Deep Neural Network  

10 Nov 201736 Laura Fields | MINERvA Status Report and Request for Antineutrino Running

• Machine learning yields big increases in signal and decreases in 
background for neutrino deep inelastic scattering:

Machine Learning for ME

Track Based Machine Learning
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  35/52

Iron Coplanarity Angle

For Approval

23

Charged Current Quasi Elastic Scattering off Nuclear Targets 
• Ongoing analysis of quasi-elastic like interactions, events with both 1 and 2 track are  

measured
• High statistics sample to study QE on carbon,                                                                                                                                                                       

iron, lead and water

• Rich sample to study nuclear effects

• Example: final state interactions

See Jeffrey Kleykamp’s Poster

 

5/18Jeffrey Kleykamp

Reconstructed Interaction Vertex Position In Nuclear Target Region

Tracker Region

Using GENIE Simulation

  23/52

Water Proton KE

For Approval

Proton kinetic energy in the water target

Coplanarity angle in the Iron target

3

For Approval

This is the full QE-like sample with all applied 
analysis cuts.

The backgrounds are tuned to the data.

The message: the data prefers the simulation 
with FSI. 

φ = cosିଵ
ෝ𝐩஝ × ෝ𝐩ஜ ȉ ෝ𝐩஝ × ෝ𝐩୮
ෝ𝐩஝ × ෝ𝐩ஜ ෝ𝐩஝ × ෝ𝐩୮
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Summary

24

• MINERvA has made excellent progress this past year, reported new measurements 
• Charged current pion production
• Double differential cross section for Quasi-elastic interactions for neutrinos and 

antineutrino
• Double differential cross section for charged current antineutrinos
• New CCQE measurements to probe initial and final state nuclear effects

• MINERvA is preparing many new analyses with the medium energy data set 
• We are grateful to Fermilab’s Accelerator Division for getting us 3/4 of the way done 

with Antineutrino Run!
• Oscillation experiments depend on modeling nuclear effects correctly for precision 

oscillation measurements! 

10 Nov 2017

MINERvA Low Energy Analysis Program

6

• MINERvA is building a large bank of data for model tuning:

Laura Fields | MINERvA Status Report and Request for Antineutrino Running
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Thank you
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Backup Slides
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Selected Events

27

• Inclusive charged current selected events
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• Inclusive charged current selected events

• Includes pion weights, RPA and MEC

Selected Events

• Adding in models of RPA (a charge screening effect) and multi nucleon (2p2h) 
improves agreement in some regions, but not in others
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Selected Events
• Inclusive charged current selected events

Will refer to this as the low recoil fit.
Minerva Tune (MnvGENIE)  is composed of 

RPA+2p2h+Low recoil fit+(non-resonant pion reduction) Application of arXiv 1601.01888 

Fitting the 2p2h component
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Vertex Energy in QE-Like results

30

Phys. Rev. D 97, 052002 (2018)
Publication in preparation

• The tune seems to enhance the events in the regions of 
vertex energy the data prefer!
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July	7,	2017

Event	Selections:	Kinematics	Selection
5. Estimate	Neutrino	Energy using	all	final	state	particles	+	vertex &	extra energy

ECAL HCAL

2m

M
IN
O
S	
De

te
ct
or

Ozgur	Altinok	- Tufts	University 25

L! = L" + L# +`a=
�

�
+ Lvertex + Lextra

Lvertex Lextra

Measurement of νμ-CC(π0) 
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• Some disagreements between the data and MC 

• Fitting the low ν MC against the data with focusing parameters as fit parameters. The 
weight function produced by the fit is used to solve the data/mc discrepancy 

Flux in the Medium Energy 

32
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For Approval

Nominal After the fits


