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Obtaining a high-quality interaction model together with associated uncertainties is an essential
task for neutrino experiments studying oscillations, nuclear scattering processes, or both. As a
primary input to the MicroBooNE experiment’s next generation of neutrino cross-section measure-
ments and its flagship investigation of the MiniBooNE low-energy excess, we present a new tune of
the charged-current pionless (CCOm) interaction cross section via the two major contributing pro-
cesses — charged-current quasielastic and multi-nucleon interaction models — within version 3.0.6 of
the GENIE neutrino event generator. Parameters in these models are tuned to muon neutrino CCOm
cross-section data obtained by the T2K experiment, which provides an independent set of neutrino
interactions with a neutrino flux in a similar energy range to MicroBooNE’s neutrino beam. Al-
though the fit is to muon neutrino data, the information carries over to electron neutrino simulation
because the same underlying models are used in GENIE. A number of novel fit parameters were
developed for this work, and the optimal parameters were chosen from existing and new sets. We
choose to fit four parameters, that have not previously been constrained by theory or data. Thus,
this will be called a theory-driven tune. The result is an improved match to the T2K CCOn data

with more well-motivated uncertainties based on the fit.

I. INTRODUCTION

A fundamental challenge in a large variety of accel-
erator experiments is to have a Monte Carlo simula-
tion of the apparatus. For neutrino experiments, a key
aspect is the neutrino interaction modeling [1]. For
MicroBooNE [2], this is true both for the low-energy
excess (LEE) search (based on the findings of Mini-
Boone [3]) and neutrino-argon scattering cross-section
measurements. MicroBooNE uses a liquid argon target
exposed to Fermilab’s Booster Neutrino Beam (BNB),
which has a mean neutrino energy of 0.8 GeV [4]. This
makes the LEE search sensitive to nuclear effects such
as multi-nucleon correlations and medium corrections.
Cross-section measurements require a model that can
provide a reliable estimate of the contribution of back-
ground events in a selection. Although selection cuts
that decrease the number of background events and data-
driven estimations are highly desirable, problems with
background very often remain and the model-data corre-
spondence must be close enough to trust the efficiency es-
timation. MicroBooNE’s LEE search, on the other hand,
has the critical requirement of a model that provides a
baseline estimate for most non-LEE contributions to the
event yields and estimated uncertainties. The model also
correlates uncertainties between different samples of se-
lected events. Achieving significant improvement in the
understanding of both the central-value model and its
related uncertainties is the most important goal of this
work.

The MicroBooNE data set contains a significant num-
ber of charged-current quasielastic (CCQE) interactions,
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as well as charged-current 2 particle, 2 hole (CC2p2h)
interactions in which the neutrino interacts with a corre-
lated pair of nucleons. Resonant (RES) interactions, par-
ticularly resonant pion production, also form a consider-
able portion of the interactions collected by MicroBooNE
(although these interactions tend to be at higher energies
than CCQE or CC2p2h are therefore of less concern for
MicroBooNE’s electron-like LEE searches) and deep in-
elastic scattering (DIS) also occurs in smaller proportions
at even higher energies. MicroBooNE has adopted GE-
NIE [5] v3.0.6 G18_10a_02_11a as its core event generator
at this time. This version of GENIE uses new models
from the Valencia group [6-8] for CCQE and CC2p2h
processes. The introduction of new models presents the
problem of choosing features of the model to test. We de-
velop a theory-driven set of parameters for this purpose
where the parameters are chosen with respect to the lack
of understanding in the underlying theory.

The treatment of nuclear dependence (or A-
dependence) is important to this work because the ex-
isting data are largely for carbon targets and the Mi-
croBooNE detector is almost totally composed of argon.
Because GENIE is required to simulate interactions with
the wide variety of nuclei used in experiments, it needs a
simple nuclear model. The local Fermi gas (LFG) model
provides a reasonable description of the momentum den-
sity for many nuclei. Additional medium corrections are
applied to account for some of the dependence on nu-
cleus. Neutrinos interact weakly within nuclei; therefore,
interaction locations can be chosen according to spatial
density for which data from electron scattering are used.

In this article, we present a tune of the GENIE [5]
v3.0.6 G18.10a¢_02_11a CCQE and CC2p2h models to
T2K CCOr cross-section data [9]. The main purpose of
this work is to provide an important input to the ve-
focused MicroBooNE LEE analyses [10-13]. One of the



primary goals there is to use the v,, data to constrain the
v, model with robust uncertainties and covariances. The
goal is to propagate features properly across channels and
this fit is the basis for that exercise. With this method,
no additional fits to MicroBooNE data are needed or de-
sired.

Although we tune underlying model parameters of
these specific processes, the aim of this work is to im-
prove the prediction of the overall CCOm cross-section,
and thereby improve the model predictions and uncer-
tainties used in MicroBooNE analyses. The signal choice
of CCOm means no mesons in the final state; experiments
use this choice because it has less model dependence than
true CCQE (which cannot be directly measured in a neu-
trino experiment). It then includes CCQE, CC2p2h, and
some pion production (where the pion is absorbed in the
residual nucleus) events. The choice of the data set to
study here is an important decision that is particular to
the MicroBooNE experiment. Although choices of target
and beam energy must be considered, the emphasis is on
external data sets with similar beam energy because the
set of interactions required grows in complexity as beam
energy increases. T2K data are used for this tuning work
because the neutrino flux is in a very similar energy range
to MicroBooNE. T2K measurements use a CH target and
MicroBooNE uses an argon target. ArgoNeuT data [14]
uses an argon target, but is at a higher energy and has
significant statistical uncertainty. MINERvVA published
CCOr data [15, 16] for a CH target but has a high pro-
portion of RES and DIS interactions because the neu-
trino energies sampled are higher. Restricting the study
to neutrino energies below 2 GeV limits consideration to
the CCQE and CC2p2h models.

Tuning to external data allows us to avoid any poten-
tial biases from double-fitting to MicroBooNE data in
any subsequent analyses. MiniBooNE CCOm data [17]
has provided an important basis for understanding in-
teraction mechanisms in this energy range. Because it
uses the same BNB beamline as MicroBooNE, that data
is not used for the purpose of tuning models for Micro-
BooNE. The main issue is potential correlations between
the neutrino flux in the two measurements; accounting
for this possibility is beyond the scope of this work. How-
ever, comparisons of the nominal and tuned GENIE pre-
dictions with MiniBooNE data are a powerful tool to
evaluate the tuned models, and therefore are shown in
Secs. IT and IV B. Concerns about double-counting sys-
tematic uncertainties apply even more strongly to use
of MicroBooNE data. Comparisons of the final fit with
MicroBooNE data are presented in Sec. IV A.

This work was required because the default GENIE
v3.0.6 G18_10a_02_11a model configuration was found
to under-predict cross-section data from various exper-
iments for charged-current interactions that produce no
charged or neutral pions above detection threshold. This
is known as the CCO7m channel, and is dominated by
CCQE and CC2p2h interactions. This is discussed fur-
ther in Sec. II.

The features of GENIE that are important for this fit-
ting exercise are presented in Sec. II. The data chosen
for tuning and selection of parameters needed to prop-
erly tune the model for MicroBooNE are described in
Sec. III. Fit results are presented in Sec. IV along with
comparisons to other relevant data. A full description
of MicroBooNE’s adopted set of neutrino cross-section
model uncertainties is given in Sec. V, and the conclu-
sions from this study are summarized in Sec. VI.

II. GENIE MODELS

The latest version of GENIE (v3) [18] has a variety of
model sets available to allow users to make the best choice
for their particular analysis. The GENIE v3.0.6 G18_10a
-02_11a model set includes the full Valencia model [6-8]
for the local Fermi gas nucleon momentum distribution,
CCQE, and CC2p2h interactions. This adds the RPA
correction (random phase approximation which is a de-
scription of long-range nucleon-nucleon correlations) and
the Coulomb interaction of the outgoing muon. It also in-
cludes improved agreement with a significantly expanded
data set for the A-dependence of final state interactions
(FSI) along with updated form factors [19] and diagrams
for the pion production process [20-22]. A new tune
to neutrino-proton and neutrino-deuterium cross-section
data [23] has been applied. These features represent sig-
nificant enhancements for neutrino energies sampled by
MicroBooNE over the historical default model from GE-
NIE v2.12.2 (used by previous MicroBooNE analyses [24—
27]).

It should be noted that the Valencia models as imple-
mented in GENIE v3 are somewhat different than those
in the original publications. The CC2p2h model had a re-
striction on the 3-momentum transfer [8] which has little
effect at lower neutrino energies. The CCQE model [7]
applied a simple binding energy correction by subtracting
it from the muon energy. GENIE used a more detailed
method of decreasing the effective mass of the struck nu-
cleon [18, 28]. This feature will have an important impact
on the analysis presented here.

The updated models have been validated against both
inclusive and exclusive bubble-chamber experiments, and
provide a significantly improved description of CCOm
cross-section data from MiniBooNE [17] compared to the
GENIE v2.12.2 models. The relativistic Fermi gas nu-
clear model and Llewellyn-Smith QE model used in GE-
NIE v2.12.2 are more appropriate for measurements at a
higher beam energy than the BNB energies. Fig. 1 shows
a comparison of MiniBooNE CCOx data [17] with simu-
lations from these two models. GENIE v3.0.6 G18_10a
_02_11a more closely matches the data and will be the
basis for the fit we describe in this document. How-
ever, it is also clear that GENIE v3.0.6 G18_.10a_02
_11a underpredicts the data in both angular bins shown
(—0.1 < cos(f,) < 0.0 and 0.9 < cos(d,) < 1.0) where
0, is the lab angle of the muon with respect to the best



estimate of the neutrino direction. A similar underpredic-
tion can be seen when comparing to CCOm cross-section
data from T2K [9] in Fig. 2, as well as in data selections
in MicroBooNE, such as that shown in Fig. 10(a). The
underproduction of MicroBooNE data is the primary mo-
tivation for this tuning work in the context of the LEE
search.
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FIG. 1. MiniBooNE flux-averaged CCOn-like differential
cross section [17] for muon kinetic energy 7, compared with
GENIE v2.12.2 and v3.0.6 G18.10a-02_11a simulations for
—0.1 < cos#, < 0.0 (top) and 0.9 < cosé, < 1.0 (bottom).
Uncertainties on the data points are the shape uncertainties
reported by the collaboration. These bins show the underpre-
diction of GENIE v3.0.6 G18_10a_02_11a compared to data
for forwards-going and backwards-going muons.

The choice to tune specifically the CCQE and CC2p2h
models in this work is motivated by several factors. The
largest difference between data and simulation in many
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FIG. 2. T2K flux-averaged CCO7 cross section [9] as a func-
tion of muon momentum for 0.80 < cosf, < 0.85 (top) and
0.94 < cosf, < 0.98 (bottom) for GENIE v2.12.2 and v3.0.6
G18_10a_02_11a simulations.

MicroBooNE analyses is seen at low visible energy (see,
for example, Fig. 10(a)) where these interactions domi-
nate. The lack of consensus about optimal choice of these
models in the theoretical community [1, 29-31] strongly
drives the parameter choices in this theory-driven fitting
exercise. Tuning other channels (e.g. resonant pion pro-
duction) has lower priority for MicroBooNE at this time,
mainly because the contribution of these channels is less
relevant for MicroBooNE’s electron-like LEE searches
due to the energy range and the effective 7% rejection
achieved by these analyses. However, the work presented
here may be extended to include tuning of other channels
in the future.



III. FITTING METHOD

Fits to T2K CCOm cross-section data [9] are per-
formed to tune parameters within the GENIE v3.0.6
G18.10a_02_11a CCQE and CC2p2h models using the
GENIE reweighting package v1.0.4. The main goal is
to mitigate the underprediction observed in both Micro-
BooNE and MiniBooNE data. The tuning was performed
using the NUISANCE software package [32].

A. T2K Data Set

The choice of the single data set to include in a fit
is important as the data set must be as close as possi-
ble to the MicroBooNE data and contain a high propor-
tion of CCQE and CC2p2h interactions. The inclusion
of more data sets would have complicated the fit because
of the incompatibilities that can be exposed [33]. It was
also important to limit the fit to data at neutrino ener-
gies compatible with MicroBooNE because of the growing
complexity of models needed to describe data properly as
the energy increases [34].

We perform fits to T2K CCO cross section data, pub-
lished in 2016 [9]. These results come from an analysis
that requires an inclusive muon measurement. A later
analysis of the same data includes results based on proton
multiplicity [35]; for these fits the 2016 inclusive muon-
based data are sufficient [9]. The paper includes two
analyses, which both use the same data events but ap-
ply different selection cuts and extract the cross section
using different methods:

e Analysis 1: Uses a binned likelihood fit performed
simultaneously in four signal and two control re-
gions to extract the cross section. A 2D double-
differential cross section as a function of muon mo-
mentum (p,) and angle (cos6,,) is provided in the
full phase space.

e Analysis 2: Uses d’Agostini unfolding to extract
the cross section. A 2D double-differential cross
section as a function of muon momentum (p,) and
angle (cosf,) is provided in the restricted phase
space where p, > 0.2 GeV and cosf,, > 0.6.

For the work presented in this article, we fit to “Analy-
sis 1”7 from the paper, both because of the broader phase
space of the “Analysis 1”7 result and because d’Agostini
unfolding is known to produce undercoverage of uncer-
tainties.

Figure 3 shows the complete T2K CCOr analysis 1 data
compared to GENIE v3.0.6 G18_10a_02_11a and GENIE
v2.12.2. The data are presented in a double-differential
cross section as a function of muon momentum (p,) and
angle (cosd,). We see the general pattern that the more
recent GENIE prediction is below the T2K data, as we
have also seen in MicroBooNE simulation.

The highest bin in muon momentum in each cos bin
is excluded in the fitting procedure because very high-
momentum muons are not significant in the MicroBooNE
analysis. In addition, the very small cross sections and
small absolute uncertainties on the data in these bins
can drive the fit in an undesirable way. This reduces the
number of bins in the data fit from 67 (including high-
muon momentum bins) to 58.

NUISANCE allows use of the published bin-to-bin co-
variance matrix in the fitting process; this is generally
regarded as the correct way to fit the data. Unfortu-
nately, attempts to fit the T2K data with the full covari-
ance matrix proved problematic, resulting in a significant
and unphysical reduction of the cross section across all
of the bins. Multiple hypotheses have been considered to
explain this observation. We note that a recent publica-
tion in which NuWro models are fit to T2K and MIN-
ERvA data sees a similar effect when fitting the MIN-
ERvVA data [31] and attributes it to Peelle’s Pertinent
Puzzle [36].

To avoid these problems, we proceed with fits that do
not use the full covariance matrix, but instead use only
diagonal elements — corresponding to the error bars on
each data point drawn in Fig. 3 — and do not consider cor-
relations between bins. We find that this fitting method
gives satisfactory results.

B. Parameter Choice

When using the MINUIT fitting formalism, the choices
of parameters to fit are limited because of the difficulty
of finding a global minimum with reasonable uncertain-
ties, especially when parameters are highly correlated. In
addition, parameters should be chosen to reflect the un-
derlying physics. This means choosing parameters that
clearly show a particular physical effect that is not al-
ready constrained by data. For example, the CC2p2h
contribution is uncertain and makes its study very useful
to a variety of researchers.

The decision on parameters to avoid is also important.
Although many other fit exercises use the Fermi momen-
tum as a free parameter [37], we ignored it because it is
already well-known from electron scattering and any sig-
nificant differences between electron and neutrino probes
are unlikely. Although the MicroBooNE LEE analysis
is sensitive to protons in the final state, we do not use
any FSI parameters for protons because the T2K 2016
data [9] contains only information on the muon. This is
a limitation of this analysis; future work may find it ben-
eficial to add FSI parameters in a fit to measurements of
proton kinematics in the T2K data [35].

The reweighting package provided with GENIE allows
tuning of the CCQE model via the parameter MaCCQE
(which affects both shape and absolute normalization)
and tuning of the CC2p2h model via an absolute nor-
malization parameter. These are obvious choices to in-
clude in our tuning. We also consider a number of other
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parameters that we expect might have an effect on this
data set: some available in the GENIE reweighting pack-
age and some that were developed and added to GENIE
for this work. Sec. IITB1 lists the parameters that were
chosen to include in the fit to T2K data, and Sec. V A
details additional new parameters that were developed
for the MicroBooNE interaction uncertainty evaluation,
but ultimately not included in the fits presented here.

1. Fit Parameters

MaCCQE: Axial mass in the dipole form factor used
in the CCQE cross section calculation. Increasing this
parameter’s value has the effect of increasing the nor-
malization of CCQE interactions, as well as changing the
shape of the cross section as a function of Q?, where Q
is the four-momentum transfer to the nucleus.

CCQE RPA: GENIE v3.0.6 G18_10a_02_11a uses the

Valencia RPA (Random Phase Approximation) calcu-
lation to correct the CCQE cross section for nucleon-
nucleon long range correlations. This manifests itself
predominantly as a suppression of the CCQE cross sec-
tion at low Q2. There exists a large body of evidence in
support of such a suppression, but calculations differ on
its exact strength (including theoretical approximations
used in the Valencia prediction), which is not currently
well-constrained by data. A new GENIE reweighting pa-
rameter has been developed for this work that extrapo-
lates linearly from the nominal RPA model (Valencia) to
a model in which the RPA correction is turned off com-
pletely. Moving the parameter’s value in the opposite
direction strengthens the RPA suppression. Figure 4 il-
lustrates the effect of applying the parameter to a sample
of simulated v, CCQE events generated using a “°Ar tar-
get and the MicroBooNE flux. The low-Q? portion of the
event distribution shows the expected suppression in the
nominal model (black) relative to the “RPA correction
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FIG. 4. GENIE v3.0.6 prediction of the true Q2 distribution
for v, CCQE scattering on *°Ar in MicroBooNE. The black
histogram shows the untuned result for the G18_10a-02_11a
model set, which includes Valencia RPA corrections to the
CCQE cross section. The other histograms show alterations
to the strength of the untuned CCQE RPA correction calcu-
lated via reweighting.

off” model (green). The other histograms show further
reweighting-based variations of the RPA strength which
follow the expected trend.

Figure 5 and Table I show the impact of RPA correc-
tions on predictions for CCOm events at forward muon
scattering angles (low Q?) in T2K, changing between the
untuned prediction (100% of the nominal RPA strength)
and the “RPA correction off” prediction. The effect on
the T2K distribution is significant and consistent with
what we would expect; the overall effect of including RPA
corrections is to improve the fit in one angle bin and make
it worse in the other bin. Because of the large impact on
the CCQE cross section and thus on the T2K prediction,
we include this RPA parameter in the fits.

TABLE 1. x? for GENIE v3.0.6 G18_10a-02_11a with and
without the Valencia CCQE RPA corrections for T2K CCOx
data as shown in Fig. 5. Only the diagonal terms in the
covariance matrix are used in the x? calculation.

X’ 0.94<cos(0,,)<0.98]0.98<cos(8,,)<1.00
RPA Correction 23.0/11 bins 16.2/9 bins
No RPA Correction 14.8/11 bins 35.9/9 bins

CC2p2h Normalization: This parameter changes
the overall absolute normalization of the CC2p2h cross
section. A parameter value of 1 corresponds to the de-
fault normalization of CC2p2h interactions in GENIE
v3.0.6 G18_10a_02_11a. A larger value increases the av-
erage cross section with no change in shape.

CC2p2h Shape: At present, there are substantial
differences between alternative theoretical predictions of
lepton kinematics on CC2p2h scattering. To account
for this, a parameter developed for this work changes
the shape of the inclusive CC2p2h differential cross sec-

tion between the Valencia calculation [8] (the nominal
model in our version of GENIE v3.0.6 G18_.10a_02_11a,
dial value = 0) and the GENIE Empirical model [38] (an
alternative available in other GENIE configurations, dial
value = 1). A linear interpolation is performed which al-
lows for continuous variations of the dial on the interval
[0,1]. The overall normalization of the cross-section is
left unaltered. Fig. 6 illustrates the effect of the CC2p2h
shape dial variations on the distribution of the leptonic
energy and momentum transfer for simulated CC2p2h
events in MicroBooNE. The two distinct peaks seen for
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FIG. 5. T2K flux-averaged CCOn analysis 1 data as a func-
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NIE v3.0.6 G18_.10a_02_11a prediction and the prediction with
no CCQE RPA corrections. Both plots are zoomed in on a
lower range of muon momentum for readability, although all
bins are included in the x? calculations in Table I.



the Valencia calculation (top plot) are replaced by a sin-
gle peak (middle plot, dial value = 0.5) as the distribu-
tion is reshaped to resemble the GENIE Empirical model
prediction (bottom plot) more closely. A similar kine-
matic distribution with a single peak is predicted by other
CC2p2h models, e.g., SuSAv2-MEC [39].

Figure 7 shows the effect of changing the CC2p2h
Shape dial from 0 (nominal) to 1 on the predicted CCOm
cross section at T2K. Although the CC2p2h shape change
is subtle in some regions of phase space (top plot), in
others it is an important effect (bottom plot). The sen-
sitivity to shape of the muon angle-energy distribution
is further corroborated in the x? values reported in Ta-
ble II. The CC2p2h shape parameter has a significant
impact for MicroBooNE. Since the CC2p2h cross section
shape is very much unknown, we include this parameter
in our tuning.

TABLE IL. x* for GENIE v3.0.6 G18_10a-02_11a with the
Valencia CC2p2h shape and Empirical CC2p2h shape for T2K
CCOr data as shown in Fig. 7. Only the diagonal terms from
the data set covariance matrix are used for the x? calculation.

% 0.60<cos(f,,)<0.70]0.98<cos(6,.)<1.00
Valencia CC2p2h 21.9/7 bins 16.2/9 bins
Empirical CC2p2h 20.6/7 bins 12.8/9 bins

The final parameterization for this tuning work con-
sists of four parameters to be fit: MaCCQE, CC2p2h
Normalization, CCQE RPA strength, and CC2p2h
shape.

IV. FIT RESULTS

We fit four parameters (MaCCQE, CC2p2h Normal-
ization, CCQE RPA Strength, and CC2p2h Shape) to the
T2K CCOm cross, section data, neglecting off-diagonal
terms in the T2K data covariance matrix and the high-
est muon momentum bins (as described in Sec. IITA).
Table III shows the results of three fits, adding in a pa-
rameter each time, such that the final row on the table
shows the result of the full four-parameter fit (referred
to in this article as the “MicroBooNE Tune”). The fit-
ted parameter values in this line are one of the primary
results of this analysis. Post-fit correlations between the
parameters are shown in Fig. 8, and the tuned model is
compared to the T2K data in Fig. 9. Agreement between
data and simulation is measured as a x? value across the
whole data set. As a result of the fit, the total x? is re-
duced from 115.3 to 63.8 (almost a factor of two) for the
67 bins in the data set.

The fit results show increases in both MaCCQE (which
in large part increases the CCQE cross section) and the
CC2p2h cross-section normalization. It favors a slight
decrease in CCQE RPA strength (85% of nominal), albeit
with a value consistent within a 1o uncertainty of the
Valencia prediction (100%). Interestingly, the fit prefers
a CC2p2h shape in lepton kinematics that matches the

Empirical CC2p2h model over the Valencia prediction,
although the fit uncertainty is close to the entire range
of the parameter, indicating that the preference is not
strong.

In Fig. 8, we find fairly strong anti-correlations
between MaCCQE and CC2p2h normalization, be-
cause increasing MaCCQE increases the CCQE cross-
section normalization (with some additional changes in
shape). Strong anti-correlations are also seen between
the CC2p2h normalization and RPA strength parame-
ters, which is to be expected because both have impor-
tance at forward muon angles. These anti-correlations
suggest ambiguities in the tuning procedure, where differ-
ent fitted parameters can have similar effects on the pre-
diction. Therefore, one cannot assume that the central-
value result of this tune has the correct ratio of contribu-
tions from the CCQE and CC2p2h processes. However,
this tune does successfully adjust the overall rate and
shape of the prediction in lepton kinematics for CCOrm
interactions. Ambiguities between individual interaction
processes can be correctly accounted for if the correlation
matrix is taken into account in the treatment of uncer-
tainties. The correlations between the CC2p2h normal-
ization and shape parameters are small, consistent with
the design of these parameters to be orthogonal.

Tests of the robustness of the fit are important. The
variation of parameters in Table III gives some indica-
tion of how choices of parameters impact the fit results.
The variation of fit results as the number of parame-
ters increases is not significant. The best-fit values for
MaCCQE and CC2p2h normalization are fairly constant
within uncertainties, with and without the shape param-
eters. The fitted value of CC2p2h normalization changes
depending on the fitted value of RPA strength, which is
consistent with the large anti-correlations between these
parameters seen in the four-parameter fit covariance ma-
trix.

As another test of robustness, different parameters
were chosen (e.g. CCQE normalization vs. MaCCQE
and different formulations of the shape parameters) with
minimal change in the output. In addition, alternate fits
with different starting values, both small and random,
give almost identical fit values and uncertainties. This
gives confidence that the choice of fit parameters was ro-
bust.

The uncertainties shown in Table III are the post-fit
uncertainties given by MINUIT. MicroBooNE analyses
adopt uncertainties that cover the results of all three fits
presented in Table III and incorporate prior expectations
about the sensitivity of T2K to these parameters: an
uncertainty of 0.1 GeV on the parameter MaCCQE, 0.5
on the CC2p2h normalization, 40% on the CCQE RPA
strength, and an uncertainty that covers the full allowed
range of the parameter for CC2p2h Shape: lf?.



TABLE III. Tuned parameter values and uncertainties after fitting to T2K CCO7 data for the nominal simulation and three
tunes that build to the final four parameter tune. Note that post-fit x? values are quoted here only for the 58 bins included in
the fit (excluding the highest muon momentum bin in each cos € bin). In the text and figures, pre- and post-fit x? comparisons

are also quoted for the full T2K data set of 67 bins.

MaCCQE fitted |CC2p2h Norm. |CCQE RPA Strength |CC2p2h Shape ||T2K
value fitted value fitted value fitted value X2 /Npins
Nominal (untuned) 0.961242 GeV 1 100% 0 106.7/58
Fit MaCCQE + 1.1440.07 GeV  |1.61£0.19 100% (fixed) 0 (fixed) 71.8/58
CC2p2h Norm.
Fit MaCCQE + 1.1840.08 GeV  [1.12+0.38 (644+23)% 0 (fixed) 69.7/58
CC2p2h Norm. +
CCQE RPA Strength
Fit MaCCQE + 1.10+0.07 GeV  [1.66£0.19 (85+£20)% 179, 52.5/58
CC2p2h Norm. +
CCQE RPA Strength +
CC2p2h Shape

A. “MicroBooNE Tune” Comparison to
MicroBooNE Data

Because the aim of this tuning work is to support Mi-
croBooNE analyses, it is important to compare the “Mi-
croBooNE Tune” to MicroBooNE data. While the T2K
data are in a similar energy range to MicroBooNE, they
are on a different nuclear target. Therefore it is imper-
ative to check that the fitted result within uncertainties
can predict MicroBooNE’s measured argon-target inter-
actions. Comparisons of the tuned and untuned GE-
NIE v3 models to MicroBooNE data are provided in this
section for generic neutrino scattering, v, CC inclusive
events, and exclusive one-muon, one-proton (1ulp) final
states consistent with CCQE kinematics. No attempt
is made to be comprehensive. As is the case for any
neutrino interaction model, the suitability of the “Mi-
croBooNE Tune” (and its associated uncertainties) for
any specific analysis must be determined on a case-by-
case basis. Further data-driven model constraints will
often be essential for achieving sufficient precision. How-
ever, based on the overall improvement seen in the de-
scription of MicroBooNE data across many event selec-
tions and observables, the collaboration has adopted the
“MicroBooNE Tune” described herein as the base neu-
trino interaction model for all current analyses, including
those investigating the MiniBooNE LEE [10-13, 40] and
neutrino-argon cross sections [41, 42].

Figure 10 shows the events selected in the MicroBooNE
detector using the generic neutrino detection described
in Ref. [43], plotted as a function of visible energy. The
same selected data events are shown in both panels, but
the simulation uses untuned GENIE v3.0.6 G18_10a-02
_11a in Fig. 10(a) and the simulation computed with the
“MicroBooNE Tune” is applied in Fig. 10(b). The tune
increases the normalization of the simulation, decreasing
the data/simulation ratio from 1.12 (untuned) to 1.01
(“MicroBooNE Tune”).

Figure 11 shows GENIE v3.0.6 G18_10a_02_11a and
the “MicroBooNE Tune” central value (neglecting un-
certainties on the predictions) compared to the double-
differential cross section for CC inclusive interactions
measured in the MicroBooNE detector as a function of
lepton momentum and cos(#,) [44]. Table IV contains
a comparison of x? values for the complete data set and
binned in angle. As seen elsewhere, a major effect of
the tune is to increase the normalization of the predic-
tion. Overall we see in Table IV that x? /Npins increases
from 2.51 (untuned GENIE prediction) to 3.35 (*Micro-
BooNE Tune”). However, in both cases we find that the
large x2/npins value is driven by the highest muon mo-
mentum bins for cos(f,) approaching 1. In the highest
muon momentum bin in the 0.86 < cos(d,) < 0.94 angu-
lar bin, the measurement sits below both predictions and
has a very small uncertainty. Removing this bin from
the comparison gives an overall x? of 69.7 (GENIE v3)
or 90.2 ("MicroBooNE Tune”) for 41 bins. It also re-
duces the x? in the 0.86 < cos(f,) < 0.94 angular bin
to 6.2 (GENIE v3) or 8.3 ("MicroBooNE Tune”), noting
that the x? for individual cos(6,) shown in Table IV do
not include correlations with other angular bins. We find
that the tuning has provided a better description of the
data in some regions of phase space, notably at moderate
muon production angles and momenta. However, there
remains room for improvement in the description at high
muon momentum and at very forward-going scattering
angles.

Comparisons of the GENIE v2.12.10 default model,
untuned GENIE v3.0.6 G18_.10a_02_11a, and the “Micro-
BooNE Tune” to additional MicroBooNE v, CC inclu-
sive cross-section measurements from Ref. [42] are shown
in Fig. 12. When the theoretical uncertainties on each
model prediction are neglected, the overall agreement be-
tween the data and the “MicroBooNE Tune” is found in
plots (a) and (b) to be comparable to or better than the
two alternative GENIE models studied. For plot (c), the
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TABLE IV. x? for the results of this work in Fig. 11 relative to MicroBooNE CC inclusive double-differential data using the
full covariance matrix of the data set for x? calculations. Included are both x? values for the full data set and for each slice of
cos(6,). The per-slice x? values reported here do not include correlations between different slices.

x> GENIE v3.0.6 G18.10a-02_11a | MicroBooNE Tune
Full Data Set 105.41/42 bins 140.55/42 bins
-1.00< cos(6,) <-0.50 3.50/5 bins 3.47/5 bins
-0.50< cos(#,) <0.00 2.80/5 bins 3.07/5 bins
0.00< cos(8,) <0.27 4.54/5 bins 4.15/5 bins
0.27< cos(6,) <0.45 2.95/4 bins 2.61/4 bins
0.45< cos(6,,) <0.62 2.37/4 bins 2.09/4 bins
0.62< cos(6,.) <0.76 7.73/4 bins 8.36/4 bins
0.76< cos(6,,) <0.86 10.89/5 bins 7.92/5 bins
0.86< cos(6,,) <0.94 34.36/5 bins 43.90/5 bins
0.94< cos(6,,) <1.00 7.60/5 bins 12.41/5 bins

measurement, of the differential cross section as a func-
tion of energy transfer (do/dv), the x2/dof value for the
tune is slightly higher than untuned GENIE v3 and sub-
stantially higher than GENIE v2. Nevertheless, detailed
studies of the tuned model, reported in Refs. [11, 42],
demonstrate that it provides a reliable description of Mi-
croBooNE data in the low-v region when theoretical un-
certainties are taken into account.

As an example of the performance of the tuned model
when confronted with a MicroBooNE measurement of
a highly exclusive event topology, Fig. 13 compares the
untuned (top panel) and tuned (bottom panel) GENIE
model predictions to the reconstructed neutrino energy
distribution obtained for the 1u1p constraint sample used
in the quasielastic v, LEE search [13]. The selection used
here obtains a highly pure sample of v, CCQE events
by checking the kinematic consistency of the 1ulp final
state with a two-body CCQE hypothesis. Application
of the “MicroBooNE Tune” substantially improves the
level of GENIE model agreement with these data: a ra-
tio of 1.23 4 0.13 between the integrated data and the
untuned model is reduced to 1.08 & 0.13 with the tune,
and the combined Neyman-Pearson chi-square [45] met-
ric for goodness-of-fit improves from x&yp = 1.68/bin to
X&xp = 1.31/bin [13]. Similar levels of improvement are
seen for other kinematic distributions obtained using the
same data set.

B. “MicroBooNE Tune” Comparison to
MiniBooNE Data

We next compare the result of this tuning to data
from the MiniBooNE experiment. Because this article
presents a tune of the CCQE and CC2p2h parameters, we
compare to measured CCQE-like cross section data [17],
shown in Fig. 14. The “CCQE-like” signal definition used

by the MiniBooNE collaboration in [17] is consistent with
what has been termed “CCO7” in this article: any inter-
action in which one muon, any number of nucleons, and
no other particles are produced.

Figure 14 shows the comparison of tuned and untuned
GENIE to the extracted CCOm double-differential cross-
section measurement from MiniBooNE [17] as a func-
tion of lepton kinetic energy and cos(6,). Note that x?
goodness-of-fit metrics cannot be calculated between the
prediction and this data set because the measurement is
published without a bin-to-bin covariance matrix. Visu-
ally, we see overall improved agreement when using the
“MicroBooNE Tune”. More specifically, we see very good
agreement for high energy muons, but the tuned model
still underpredicts the data for low-energy muons. The
original Valencia publications [6] had very good visual
agreement with this data, although required a normal-
ization shift of ~10%. Using the GENIE version of the
Valencia model [8] and the “MicroBooNE Tune”, no nor-
malization shift is needed and thus the overall agreement
is better. However, the ability to describe these low en-
ergy features are not as good as the original Valencia
model [6] despite the use of an improved binding energy
technique in GENTIE. The application of a constant bind-
ing energy in GENIE (derived from (e,e’) data at higher
energies [46]) may still be a problem. A more realis-
tic treatment would have binding energy depending on
kinematics or the use of a spectral function, neither of
which is included yet in GENIE.

It is interesting to note that we do not see a similar un-
derprediction when comparing to the T2K data. In fact,
attempts to tune to this MiniBooNE data has resulted
in a prediction that is in tension with the T2K data, so
we believe this represents an underlying tension between
the two data sets.
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FIG. 12. Comparison of the GENIE v2.12.2 default model (dashed blue) and both the untuned (solid blue) and tuned (dashed
green) GENIE v3.0.6 G18_10a_02_11a models to MicroBooNE measurements [42] of the v,-argon CC inclusive cross section as
a function of (a) neutrino energy, (b) muon energy, and (c) energy transfer. The data in plot (a) are divided by the bin-center
neutrino energy. Chi-squared values are calculated while neglecting uncertainties on the model predictions.
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FIG. 13. Reconstructed neutrino energy of 1ulp events se-
lected as input to a constraint for the MicroBooNE lelp LEE
analysis described in Ref. [13]. The bottom panel is taken
directly from that publication and uses the “MicroBooNE
Tune” of GENIE, while the top panel provides a similar com-
parison to the untuned GENIE v3.0.6 G18_.10a_02_11a predic-
tion. Significantly better agreement with the data is achieved
with the tuned GENIE model.
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V. INTERACTION MODEL UNCERTAINTIES

The analysis presented in the preceding sections ob-
tained refined values of four cross-section model param-
eters describing the CCOm channel, which is dominant
in MicroBooNE. A complete treatment of neutrino in-
teraction model uncertainties, however, requires a con-
sideration of many additional degrees of freedom. This
section documents the full set of neutrino cross-section
systematic uncertainties adopted in current MicroBooNE
analyses. With the exception of CCQE uncertainties re-
lated to second-class currents (see Sec. VB), these are
implemented by adding MicroBooNE-specific enhance-
ments to the Reweight package [47] distributed with GE-
NIE v3.0.6. These will be contributed by MicroBooNE
for inclusion in the upcoming v3.2.0 release of GENIE.

The GENIE Reweight code provides a standard
framework for evaluating model uncertainties via event
reweighting: the impact of a model parameter variation
on an existing sample of simulated events is approxi-
mated by assigning a numerical weight w to each event
equal to the likelihood ratio

w=1L'/L. (1)

Here L is the likelihood of generating the event under the
original GENIE configuration and L’ is the corresponding
likelihood calculated after one or more interaction model
parameters have been altered from their original values.
Uncertainties on distributions calculated using the events
may then be evaluated by comparing results obtained
with different sets of event weights.

A typical uncertainty quantification method used by
MicroBooNE is the multiple universe approach: a covari-
ance matrix V;; describing the uncertainty on a vector of
predicted event counts n; is constructed via the formula

N
1
Vij = 5 D (nf =nf")(nf = nf7). (2)
k=1

Here V;; is the covariance matrix element of interest, n{""

is the predicted number of events in the ith bin under
the nominal (or central-value) GENIE model configura-
tion, and nf is the corresponding event count calculated
under an alternate configuration labeled as the kth alter-
nate universe. The result is averaged over a total of N
alternate universes.

MicroBooNE analyses consider a wide variety of
cross-section model variations when preparing alternate-
universe predictions nf for use with this method. Sec-
tion VA describes new parameters (and their associ-
ated uncertainties) developed by MicroBooNE to address
missing degrees of freedom in the reweighting tools re-
leased with GENIE v3.0.6. These are supplemented with
an external calculation of CCQE model uncertainties re-
lated to second-class currents as described in Sec. VB. A
full inventory of systematic uncertainties on the GENIE-
based cross-section model is then documented in Sec. VD
and Appendix A.
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A. Additional Parameters Developed for
MicroBooNE Interaction Uncertainty Evaluation

While current MicroBooNE analyses adopt the rec-
ommended GENIE v3.0.6 parameter uncertainties in
most cases, several new parameters were developed
to assess additional uncertainties beyond the default
set. Three new parameters (RPA_CCQE, NormCCMEC, and
XSecShape_CCMEC) were already discussed in the context
of the tune to T2K CCOn data presented in the previ-
ous sections. The following paragraphs describe the re-
maining new parameters which are used for systematic
uncertainty evaluation but were excluded from the fit to
external data.

Coulomb_CCQE: The Valencia CCQE model ac-
counts for the Coulomb interaction between the residual
nucleus and the outgoing lepton using a procedure similar
to the modified effective momentum approzrimation pro-
posed by Engel [48]. This involves the use of an effective
value kg of the outgoing lepton momentum computed
via

Eeﬂ‘ =F - VC (7“) k‘eff = Egﬁ« — m2 (3)
where F is the lepton total energy, m is its mass, and
Ve (r) is the local nuclear Coulomb potential at the initial
radial position r of the struck nucleon. An approximate
uncertainty on this correction may be assessed by scaling
the value of the nuclear Coulomb potential Vi (r). The
Coulomb_CCQE parameter applies this scaling with a rec-
ommended fractional uncertainty of +30%. The impact
of the Coulomb corrections at neutrino energies relevant
for MicroBooNE is typically small.

DecayAngMEC: At present, all 2p2h models imple-
mented in GENIE are inclusive, i.e., they predict the
kinematics of the outgoing lepton only [8]. A two-nucleon
hadronic final state is obtained in the simulation by re-
course to a rough approximation called the nucleon clus-
ter model [38]. Under this approach, the leptonic four-
momentum transfer is imparted to a pair of two nucleons
sampled independently from the nuclear ground state dis-
tribution and treated as a single object. A decay of the
final-state pair is then simulated to produce two outgoing
nucleons. In the default GENIE treatment of this decay,
the angular distribution is isotropic in the rest frame of
the pair. The DecayAngMEC parameter adjusts this be-
havior. A parameter value of 0 corresponds to the default
isotropic distribution, while a value of 1 yields an angular
dependence proportional to cos? 6, where the polar angle
6 is measured with respect to the 3-momentum transfer
g. Due to the lack of theoretical guidance for the alter-
nate angular distribution, this specific form was chosen
as a significant deviation from isotropy which is invari-
ant under exchange of the two nucleons. Intermediate
parameter values on the interval [0,1] linearly interpo-
late between the two distributions. An uncertainty cor-
responding to the full difference between DecayAngMEC
values of 0 and 1 is adopted.



FracPN_CCMEC: Charged-current 2p2h interac-
tions may occur with an initial pair of nucleons that share
the same third component of isospin (nn for neutrinos, pp
for antineutrinos) or that differ (pn). The FracPN_CCMEC
parameter adjusts the fraction of these events involving
an initial pn pair relative to the default prediction of the
Valencia CC 2p2h model. A fractional uncertainty of
+20% is adopted subject to the constraint that the pn
fraction must lie on the interval [0, 1].

FracDelta CCMEC: In contrast to other theoretical
treatments of CC 2p2h interactions, the Valencia calcu-
lation predicts two distinct peaks in the joint distribution
of energy and momentum transfer (see the top panel of
Fig. 6). These arise from two classes of Feynman dia-
grams, one of which involves an internal A line while the
other does not. The FracDelta CCMEC parameter adjusts
the relative strength of these two contributions to the CC
2p2h cross section. An uncertainty of £30% on the nom-
inal fraction of CC 2p2h interactions that proceed via an
internal A is assessed, subject to the constraint that the
fraction remains within the interval [0, 1].

Although changes to this parameter were expected to
leave the total CC 2p2h event rate unchanged, numeri-
cal limitations were found that lead to missing strength
when a downward variation is applied. These limitations
involve occasional very large event weights and inconsis-
tencies in the GENIE implementation of the cross sec-
tions themselves, e.g., the internal A contribution some-
times exceeds the total cross section. The main impact
of these issues on MicroBooNE analyses is expected to
be a small overestimation of the systematic uncertainty
on the normalization of CC 2p2h events.

ThetaDelta2NRad: An enhanced rate of neutrino-
induced production of single photons is a proposed ex-
planation for the anomalous excess of electron-like low-
energy events seen by MiniBooNE [49]. Radiative de-
cays of A baryons (A — N + ) are a major source of
single photons at MicroBooNE energies and are thus of
particular interest. In addition to the existing GENIE
uncertainty on the branching ratio for radiative A decay,
the new ThetaDelta2NRad parameter is used to assess an
uncertainty on the angular distribution for this process.
The implementation is similar to the one for the param-
eter (DecayAngMEC) describing the two-nucleon angular
distribution in 2p2h events: a ThetaDelta2NRad value
of 0 corresponds to isotropic decays, while a value of 1
yields an angular distribution proportional to cos?§. An
uncertainty calculated by taking the full difference be-
tween these two extremes is adopted.

NormCCCOH and NormNCCOH: The event
reweighting tools distributed with GENIE v3.0.6 allow
for variations of two parameters in the coherent pion pro-
duction (COH) cross section: the axial mass (MaCOHpi)
and the effective nuclear radius (ROCOHpi). However,
technical limitations in the implementation of the Berger-
Sehgal COH model used in G18_10a_02_11a lead to in-
compatibility with those weight calculators. New pa-
rameters which apply a constant scale factor to the CC
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(NormCCCOH) and NC (NormNCCOH) coherent pion produc-
tion cross section are adopted instead, each with a +100%
uncertainty.

NormNCMEC: A similar normalization-only uncer-
tainty of £100% is assessed on the GENIE Empirical
model of the NC 2p2h cross section.

B. Second-class current form factors

Violations of charge conjugation or time reversal sym-
metry in quasielastic neutrino-nucleon scattering can give
rise to new terms in the differential cross section pro-
portional to the second-class current (SCC) form factors
F2 and F3. While the size of the SCC component of
the CCQE cross section is limited by measurements of
beta decay and related processes, a nonvanishing con-
tribution can lead to noticeable differences in the pre-
dicted cross sections for v, and v, [50]. Separate system-
atic uncertainties on the possible contributions of the F}
and F3 terms in the CCQE cross section are assessed
for MicroBooNE analyses via a dedicated weight calcula-
tor implemented within the LArSoft software framework
[51]. Event weights are evaluated based on the ratio of
a CCQE differential cross section calculated using the
NEUT [52] neutrino event generator (which includes the
SCC form factors) and a similar one calculated with GE-
NIE (which does not). Possible SCC effects for interac-
tion modes other than CCQE are neglected.

C. Final-state interaction reweighting

The empirical model wused in GENIE v3.0.6
G18.10a_-02_11a for hadronic final-state interactions
is called hA2018 and represents an updated version
of the historical default treatment hA4 used in GENIE
v2 [18, 53]. An effective cascade approach is employed:
each hadron emerging from the primary neutrino in-
teraction vertex may rescatter a maximum of one time
inside the nucleus, and the specific reinteraction mode
(charge exchange, inelastic, etc.) is sampled using ratios
of energy- and A-dependent cross sections. The hA FSI
models are specifically designed to allow for straight-
forward uncertainty quantification via reweighting. A
key feature of the reweighting strategy is the unitarity
constraint. Each change is balanced by changes in
other channels to make the overall fraction of events
affected by FSI constant. Thus, all inclusive event
distributions (i.e., those that are not sensitive to final
hadron multiplicities and kinematics) are expected to be
invariant under FSI model variations [54].

Internal validations of the “MicroBooNE Tune” re-
vealed some minor inconsistencies in the hA2018
reweighting tools included with GENIE v3.0.6. These
lead to violations of the aforementioned unitarity con-
straint and thus to potentially inaccurate model uncer-
tainties. The specific issues identified in the weight cal-



culators are (1) the elastic scattering reinteraction mode
was removed from the FSI model in the hA — hA2018
update, but this change is not fully applied in GENIE
Reweight; (2) the model parameters and hadron starting
positions used to calculate mean free paths in Reweight
are not completely identical to those used during event
generation; and (3) the mass number (A) and proton
number (Z) of the nucleus are not updated to account
for prior knockout when reweighting events with multiple
primary hadrons. Studies performed by all current Mi-
croBooNE low-energy excess analyses indicate that these
problems have a negligible impact on the final results.

D. Systematics budget

Table V summarizes the ways in which the neu-
trino interaction model and uncertainties used by Mi-
croBooNE analyses differ from the default GENIE v3.0.6
G18_10a_02_11a configuration. These differences fall into
two categories: CCQE and CC2p2h parameters that were
tuned as described in this article (and therefore have dif-
ferent central values and uncertainties from the default
recommendation), and new parameters developed by Mi-
croBooNE for the evaluation of additional model uncer-
tainties. For completeness, a full list of parameters for
which MicroBooNE analyses adopt the GENIE recom-
mendations unaltered is given in Appendix A.

E. “MicroBooNE Tune” Total Cross Sections with
Uncertainties

The electron-like LEE searches in MicroBooNE will
search specifically for electron neutrino interactions.
Therefore it is important to also examine the impact of
the “MicroBooNE Tune” on the v, CC cross section. The
modeling of electron and muon neutrinos in GENIE uses
the same underlying model parameters, such that the
tune — while derived from fitting to muon-neutrino cross-
section data — is also applied to the electron neutrino pre-
diction, with uncertainties as previously described. The
top (bottom) panel of Fig. 15 shows predictions for the
total charged-current cross section for electron (muon)
neutrino-argon scattering obtained using the results of
our tuning procedure and full treatment of systematic
uncertainties. This is plotted as a black line as a function
of neutrino energy in the region below 1 GeV where our
tune has the largest impact. The gray band indicates the
full one-sigma uncertainty for the MicroBooNE standard
analysis on the cross-section prediction. A comparison is
made to the GENIE v3.0.6 G18_10a_02_11a model used
as the basis for the tune (dashed blue) and the historical
default model from GENIE v2.12.2 (dot-dashed pink).
The most significant changes from GENIE v3.0.6 to the
new fit come at neutrino energies below 600 MeV.
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“MicroBooNE Tune”

Parameter Central value +1o -lo
MaCCQE® 1.10 GeV  40.1 GeV -0.1 GeV
RPA_CCQEP 85% +40% -40%
NormCCMEC 166% +50% -50%
XSecShape_ CCMEC  Empirical® N/A Valenciad
Coulomb_CCQE Nominal +30% -30%
DecayAngMEC Isotropic ~ Alternative® N/A
FracPN_CCMEC Valencia +20% -20%
FracDelta_.CCMEC Valencia +30% -30%
NormNCMEC Nominal +100% -100%
ThetaDelta2NRad Isotropic ~ Alternative® N/A
NormCCCOH Nominal +100% -100%
NormNCCOH Nominal +100% -100%

2 The GENIE default value for this parameter is 0.961242 + 0.03 GeV

b Variations are not capped at 100%
¢ Nominal prediction of the GENIE Empirical CC 2p2h model

d Nominal prediction of the Valencia CC 2p2h model
¢ An angular distribution proportional to cos? 6. See the description of
this parameter in Sec. VA

TABLE V. Summary of parameters for which MicroBooNE anal-
yses adopt a different central value and/or uncertainty than rec-
ommended in the GENIE v3.0.6 G18_10a_02_11a model set.

VI. SUMMARY AND CONCLUSIONS

This paper introduces a new tune of the GENIE event
generator [5] that is suitable for MicroBooNE LEE and
cross section analyses. New parameters designed to focus
on the most uncertain parts of existing models within
GENIE were developed for this purpose.

The T2K inclusive CCOmr data [9] was the basis for
this fit for a variety of reasons. Since there was a strong
desire to make this underlying model independent of Mi-
croBooNE data, no internal data was used in the fit.
In addition, MiniBooNE data was excluded from the fit
to avoid use of a data set that used the same neutrino
beam as MicroBooNE. However, the MiniBooNE CCOx
data [17] was used as a consistency check.

The GENIE G18_10a model set was chosen as the basis
for the fit because it provides the best description of data
in this kinematic region among available GENIE config-
urations. It includes the local Fermi gas momentum dis-
tribution and the Valencia CCQE [7] and CC2p2h [§]
models as implemented in GENIE v3.0.6. As discussed
in the text, the implementation in GENIE was somewhat
different than what was used in comparisons [6] to Mini-
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FIG. 15. Predictions from the “MicroBooNE Tune” for the
CC inclusive total cross section for electron (top) and muon
(bottom) neutrino-argon scattering.

BooNE data [17].

Parameters for fitting were chosen according to rele-
vance to the MicroBooNE data and the level of theoreti-
cal understanding: the CCQE axial mass, the strength of
RPA corrections, the normalization of the CC2p2h cross
section, and the shape of the CC2p2h cross section. In
particular, CC2p2h and RPA modeling show significant
variation among theoretical calculations [1].

When these parameters were fit to T2K CCOr data,
both the CCQE normalization and the CC2p2h normal-
ization was increased. The CC2p2h shape parameter had
a weak preference for the one-peak (Empirical) shape
which is traditional in electron scattering modeling. This
sensitivity to CC2p2h shape was not apparent in previous
calculations [6]. Although there is a preference for a large
RPA contribution as in the Valencia CCQE model [7], the
constraint is not strong. The final fit is shown in Fig. 9
with the parameter correlations in Fig. 8.

The interpretation of these fit results should be care-
fully considered. The fit parameter values only make
sense in the context of the modelling parameters and
data set used. Given the small number of parameters
used, the results indicate directions rather than an ac-
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tual measurement.

The result of the “MicroBooNE Tune” is a reduction in
the T2K data-simulation x? agreement by a factor of 2,
with better agreement in both normalization and shape.
Although the final fit parameters also produce a better
fit to the MiniBooNE data than GENIE v3.0.6, it is not
a good match to those results. The biggest discrepancies
come at the lowest muon momenta. Within the confines
of the model used, we find that the T2K and MiniBooNE
data sets are incompatible.

Nevertheless, the primary goal of producing a param-
eterization of relevant muon neutrino cross section data
has been achieved. This results in an overall improve-
ment for the description of MicroBooNE data as dis-
cussed in Sec. IV A. Since the same models are used
for muon and electron neutrino CCQE and CC2p2h in-
teractions, this information applies to both flavors and
will provide a solid basis for MicroBooNE’s searches for
physics beyond the Standard Model using electron neu-
trinos. In addition, the accuracy of the dependence on
nucleus (A-dependence) within GENIE has been demon-
strated. This work will also provide the basis for further
studies of MicroBooNE cross sections [25, 26, 44] and
other [14] data for heavier targets in the future.

The uncertainty band derived from this work is as
important as, perhaps even more-so than, the central-
value prediction. The cross-section model can be further
constrained experimentally through use of background-
enriched and sideband samples, but those procedures
rely on a well-motivated quantification of systematic un-
certainties in order to work effectively. In particular,
this work motivates new uncertainties on parameters for
which we previously had no or extremely weak prior un-
certainties such as the strength of RPA corrections and
the modeling of CC 2p2h interactions.
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of the MicroBooNE detector as well as the contributions NonRESBGvnCClpi 0.127858 +50%  -50%
of past collaborators to the development of MicroBooNE

analyses, without whom this work would not have been NonRESBGvnCC2pi 211523 +50%  -50%
possible. NonRESBGvbarpCClpi  0.127858 +50%  -50%
NonRESBGvbarpCC2pi 2.11523 +50%  -50%

NonRESBGvbarnCClpi  0.007713 +50% -50%

Appendix A: List of Parameters and Uncertainties NonRESBGvbarnCO2pi  0.787999 150%  -50%
NonRESBGvpNClpi 0.1 +50% -50%

Table VI lists all model parameters from GENIE v3.0.6
G18_10a_02_11a for which the central value and uncer- NonRESBGvpNC2pi 1 +50%  -50%
tainty are adopted unaltered as part of the “MicroBooNE
Tune” described in this paper. Parameters which have

- A NonRESBGvnNCl1pi 0.3 +50% -50%
been added or altered by MicroBooNE are listed sepa- ’ ’
rately ln Table V. NOHRESBGVHNC2P1 1 +50% -50%

NonRESBGvbarpNCl1pi 0.3 +50% -50%

NonRESBGvbarpNC2pi 1 +50% -50%
Parameter Central value +1lo -lo

NonRESBGvbarnNC1pi 0.1 +50% -50%
CCQE form factor parameterization NonRESBGvbarnNC2pi 1 +50% _50%
AxFFCCQEshape Dipole Z-expansion N/A Bodek-Yang structure functions
VecFFCCQEshape BBAO7 Dipole N/A AhtBY 0.538 GeV2 +25% _95%
NC elastic form factors BhtBY 0.305 GeV2 +25% -95%,
MaNCEL 0.961242 GeV +25% -25% CV1uBY 0.291 GeV2 +30% -30%
FtaNCEL 0.12 +30%  -30% CV2uBY 0.189 GeVZ  +40%  -40%

RES form factors and decays Final-state interactions

MaCCRES 1.065047 GeV +20% -20% MFP_pi hA2018 +20% -20%
MvCCRES 0.840 GeV +10% -10% MFP.N hA2018 +20% _20%
MaNCRES 1.120 GeV +20% -20% FrCEx_pi hA2018 +50% _50%
MvNCRES 0.840 GeV +10% -10% FrInel_pi hA2018 +40% _40%
RDecBR1gamma Nominal +50% -50% FrAbs_pi hA2018 130% -30%
RDecBRleta Nominal +50%  -50% FrPiProd_pi hA2018 190%  -20%
Theta_Delta2Npi Nominal Isotropic N/A FrCEx N hA2018 150% -50%
AGKY hadronization model FrInel N hA2018 140% -40%
AGKYxF1pi -0.385 +20%  -20% FrAbs.N hA2018 120%  -20%
AGKYpTlpi 1/6.625 GeVZ  +3%  -3% FrPiProd N hA2018 120%  -20%

Normalization of non-RES final states . . .
TABLE VI: GENIE model parameters used with default settings in the

NonRESBGvpCClpi 0.007713 +50%  -50% “MicroBooNE Tune.”
NonRESBGvpCC2pi 0.787999 +50% -50%
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