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We present a measurement of η production from neutrino interactions on argon with the MicroBooNE
detector. The modeling of resonant neutrino interactions on argon is a critical aspect of the neutrino
oscillation physics program being carried out by the DUNE and Short Baseline Neutrino programs. η
production in neutrino interactions provides a powerful new probe of resonant interactions, complementary
to pion channels, and is particularly suited to the study of higher-order resonances beyond theΔð1232Þ. We
measure a flux-integrated cross section for neutrino-induced η production on argon of 3.22� 0.84ðstatÞ �
0.86ðsystÞ 10−41 cm2=nucleon. By demonstrating the successful reconstruction of the two photons
resulting from η production, this analysis enables a novel calibration technique for electromagnetic showers
in GeV accelerator neutrino experiments.
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Neutrino oscillation physics experiments have embarked
on an expansive program aimed at performing precision
measurements of neutrino oscillation parameters including
measurements of the charge-parity violating phase in the
lepton sector, δCP. These experiments additionally provide
a unique environment to search for new physics through
possible rare processes occurring along the beamline. This
research program is in part enabled by the accelerator-based
neutrino oscillation program which leverages GeV-scale
neutrino beams and liquid argon time projection chamber
(LArTPC) detectors through the short baseline neutrino
(SBN) [1] program and deep underground neutrino experi-
ment (DUNE) [2]. Uncertainties in modeling the neutrino
interaction rate on argon impact the precision to which
neutrino oscillation parameter measurements can be per-
formed. Similarly, neutrino interactions constitute a back-
ground for beyond the standard model (BSM) processes
[3]. In both cases, accurate modeling of the interaction rate
and final-state particles produced in neutrino interactions is

a crucial part of this experimental program. This has led to a
broad program focused on studying neutrino interactions to
support and enhance the upcoming neutrino oscillation and
BSM physics programs [4].
Neutrinos interact with atomic nuclei with a broad range

of interaction modes. An important process in the OðGeVÞ
energy range is resonant interactions (RES) where a
neutrino strikes a single nucleon (neutron or proton)
exciting a baryon resonance. Uncertainties on the modeling
of these processes contribute to the overall systematics on
neutrino event rates. RES interactions and their modeling
uncertainty play a particularly important role in both short-
and long-baseline experiments due to the production of
final states which mimic signatures of νμ → νe oscillation
and BSM observables. Constraints on resonant interactions,
particularly on argon, can contribute to validations and
improvements of such interaction models. Moreover, res-
onant interactions are one of the dominant interaction
modes for the long-baseline DUNE neutrino experiment.
A broad category of baryon resonances can be excited

when neutrinos strike a nucleon [5,6]. Most resonances
decay to a nucleon and a charged or neutral pion, and this
final state has been the most frequently studied to date in
RES neutrino-nucleus interactions. These interactions are
dominated by the excitation and decay of the Δð1232Þ
resonant state. However, higher order resonances, while
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subdominant, contribute at the ∼10% level to the total event
rate. If not properly accounted for, these resonances can
lead to mismodeled backgrounds in precision oscillation
measurements and BSM searches. Yet, testing their mod-
eling in neutrino interactions is made difficult by the lack of
experimental measurements.
Resonances such as theNð1535Þ,Nð1650Þ, andNð1710Þ

states have sizable (though with large uncertainties) branch-
ing fractions to η production of 30%–55%, 15%–35%,
and 10%–50%, respectively [7]. For context, roughly
1%–2% of all neutrino interactions in DUNE will lead to
η mesons in the final state. Measuring η production in
neutrino interactions is a promising way to study RES
interactions targeting resonant states that cannot be easily
probed through measurements of pion production. The
BEBC WA59 Collaboration reported a measurement of η
production on a Ne-H2 target [8], and 13 candidate η events
were seen by the ICARUS experiment operating at LNGS in
an unpublished study [9]. Both measurements were
performed in the multi-GeV neutrino beams of the SPS at
CERN. Theoretical calculations for the cross section for η
production in neutrino interactions are reported in
Refs. [10–12].
We present the first measurement of the cross section

for η production in neutrino interactions on argon. The
measurement uses 6.79 × 1020 protons on target (POT) of
neutrino data collected on axis on the booster neutrino
beamline (BNB) [13] by MicroBooNE during the first three
years of operation, 2016 to 2018. The analysis leads to the
largest sample of η meson candidates observed in neutrino-
argon interactions and is the first measurement of their
production on any target in a beam of sub-GeV mean
energy. Being the first quantitative measurement of η
production on argon, this measurement opens a completely
new area for probing neutrino interactions.
In addition to the important impact on cross section

modeling, the ability to observe η decays in a LArTPC can
find broader application. We identify three additional ways
in which η particle measurements in LArTPCs can have a
significant impact on neutrino, nuclear, and BSM physics
searches: (1) The ability to observe η decays in a LArTPC
opens the door for searches of proton-decay in the
p → eþ þ η and p → μþ þ η channels with the DUNE
experiment. This is a channel that has already been used for
proton-decay searches by Super-K [14] with competitive
limits of ∼1034 years. This decay channel complements
the primary focus of DUNE on the Kþ þ ν̄ decay mode.
(2) Measurements of η particles through their decay to
photon pairs provide a novel tool for the calibration of the
electromagnetic (EM) energy scale, a critical component of
the νe lepton energy determination for the extraction of δCP
and other oscillation parameters. Decays to photon pairs
from η particles provide a sample of higher energy showers
which complement the Oð50–200 MeVÞ photons from π0

decay [15]. Photons from η decay, in particular, have

greater overlap with the energy of electrons expected from
the νe flux component of SBN and will allow for a data-
driven validation of shower energy-scale reconstruction
linearity up to GeV energies. (3) Finally, the large uncer-
tainty in current experimental measurements of baryon
resonance decays to the η [7] can be constrained through
precise measurements of η production in neutrino inter-
actions. These items indicate the large impact this and
future measurements of η production in a LArTPC can have
across different areas of particle physics.
The MicroBooNE detector [16] comprises a TPC with

85 ton of liquid argon active mass accompanied by a
photon detection system made up of 32 photomultiplier
tubes (PMTs). Neutrino interactions on the argon target are
recorded through the ionization and scintillation light
signatures produced by final-state charged particles tra-
versing the detector volume. Ionization charge is recorded
on three wire planes allowing the experiment to obtain
millimeter-resolution three-dimensional images of neutrino
interactions. Scintillation light collected on the PMT array
provides the timing resolution necessary to identify neu-
trino interactions in-time with the BNB and to reject
cosmic-ray backgrounds.
The simulation of neutrino interactions and particle

propagation through the MicroBooNE detector is carried
out within the LArSoft framework [17]. The BNB neutrino
flux at theMicroBooNE detector is simulated leveraging the
flux simulation developed by theMiniBooNECollaboration
[18] accounting for MicroBooNE’s position along the
beamline. Neutrino interactions in the detector are simulated
with the GENIE v3.0.6 (G18_10a_02_11a) event
generator [19] that was tuned to CC0π data from the T2K
Collaboration [20] as described in Ref. [21]. Resonances are
modeled according to the description of Rein and Sehgal [5]
and are allowed to decay based on tabulated branching ratios
from the Particle Data Group [7]. Decays of resonances
above the Δð1232Þ are treated as isotropic. While multiple
resonances can contribute to η production, only a few do so
at a meaningful rate. In particular, the Nð1535Þ is predicted
to contribute the dominant rate of η production (87%)
according to the GENIE generator simulation used in this
analysis. It is important to note however that the GENIE
simulation does not account for interference between the
different resonances, and is further subject to the large
uncertainty in the branching fractions of these resonant
states. While based on simulation, this observation suggests
that studies of η production in the BNB can serve as a unique
selector of a pure sample of events from a single non-Δ
resonant state. This provides new handles for detailed
studies and model constraints for RES interactions.
Particle propagation through the detector is carried out

via the GEANT4 simulation [22], and propagation of
ionization and scintillation signals is carried out through
dedicated algorithms that model the detector’s response.
Simulated neutrino interactions are overlayed with data
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events collected with an unbiased trigger in anticoincidence
with the beam which allows for data-driven cosmic-ray and
detector noise modeling. PMT signals from MicroBooNE’s
data are used to apply an online trigger that rejects events
with little visible light collected in coincidence with the
1.6 μs BNB neutrino spill. Offline, PMT signals from both
data and simulation are processed through reconstruction
algorithms that measure the photoelectrons (PE) on each
PMT associated to the interaction in-time with the BNB
spill. Both data and simulated events undergo the same
reconstruction workflow. Noise filtering [23] and signal-
processing [24,25] algorithms are applied to TPC wire
signals to measure energy deposits on each wire plane.
The Pandora multi-algorithm pattern recognition frame-
work [26] is used to reconstruct three-dimensional particle
trajectories and a particle flow hierarchy and to identify the
Oð10Þ interactions (mostly cosmic rays) occurring in
each recorded event. MicroBooNE’s TPC and PMT signals
are calibrated to account for position and time-dependent
variations in detector response. PMT gains are calibrated
for each PMT independently on a weekly basis, and the
overall light yield in the detector is calibrated through a
single time-dependent correction factor. MicroBooNE’s
TPC signal calibration accounts for position and time-
dependent variations in the detector’s ionization produc-
tion, transport, and signal formation. These calibrations
account for the variation in the detector’s position-
dependent electric field [27,28] and for the relative and
absolute charge-scale calibration [29]. Electromagnetic
shower energy calibration is performed through the meth-
ods described in Ref. [15] leading to a shower energy
correction of ×1.20 to account for energy deposited by the
shower not collected by the reconstruction. The calibration
of the detector’s calorimetric response is particularly
relevant to this analysis which relies on calorimetry to
measure the energy of EM showers.
The η meson has multiple decay modes with comparable

branching fractions. The dominant channels are η → 2γ,
η → 3π0, and η → π0 þ πþ þ π−, with branching ratios of
40%, 33%, and 23%, respectively [7]. This analysis targets
the decay to two photons given that it is the dominant decay
mode, and it leads to the cleanest final-state signature. The
very low rate expected for η production in MicroBooNE
(< 1% of all ν interactions) makes the 2γ signature
particularly attractive due to the powerful background
rejection that can be achieved by selecting for a 2γ invariant
mass consistent with 548 MeV=c2, the mass of the η
meson. The signal for this analysis is defined as events
in which an η particle is produced as a result of the
neutrino-argon interaction and where there are two photons
and no π0 present in the final state. No other activity from
charged particles at the vertex is required to identify the
candidate event. While muon neutrinos make up ∼95% of
the BNB flux, neutrinos, and anti-neutrinos of all flavors
are included in the signal definition. Finally, this analysis

does not apply selection cuts on the presence of an
outgoing lepton in the interaction and, therefore, targets
η production from both charged current (CC) and neutral
current (NC) processes. The interaction process being
sought can therefore be described as νCCþNC → ηþ 0π0 þ
X → 2γ þ 0π0 þ X with X denoting any additional par-
ticles of any multiplicity.
Neutrino interactions are identified using both scintilla-

tion light and TPC signals. Interactions which are out-of-
time with respect to the in-time TPC drift window are
rejected. Remaining TPC interactions which are inconsis-
tent with the in-time scintillation light signal collected by
the PMTs are discarded. At this stage, a comparable rate of
selected neutrino to cosmic-ray interactions is achieved
with partially contained in-time cosmic-ray interactions
comprising the bulk of selected backgrounds. This yields
an 83% efficiency for identifying neutrino interactions.
After isolating neutrino interactions, cuts are applied to

isolate the 2γ topology being sought. The selection is
implemented leveraging the tools developed in Ref. [30].
Neutrino candidates are required to have an interaction
vertex in the TPC fiducial volume and a Pandora
topological neutrino score greater than 0.1 [31]. Diphoton
events are selected by requiring exactly two reconstructed
showers with greater than 50 MeVof reconstructed energy
in each shower. The requirement that exactly two showers
are reconstructed serves to reject events with an η and
additional π0 as well as events where the η decays via the
three π0 mode. Two quality cuts are further applied to
reconstructed showers: a minimum distance from the
reconstructed neutrino interaction vertex of 2 cm is required
and showers must have a reconstructed direction that is
aligned with the direction connecting the shower to the
interaction vertex (cos θshower > 0.9). At this stage the
selection efficiency is 19.5% and the purity 3.5% with
backgrounds dominated by π0 events.
To reject π0 events and select η candidates, events with a

diphoton mass smaller than 250 MeV=c2 and larger than
750 MeV=c2 are rejected. This requirement brings the
efficiency to 18.2% with a one order of magnitude increase
in purity (30.2%). Diphoton pairs from π0 candidates are
used to validate and refine the energy scale calibration for
EM showers leading to an additional energy scale correc-
tion of 5.2% [32].
Residual backgrounds consist of misreconstructed π0

events and interactions with two or more π0s in the final
state. These residual backgrounds are rejected by relying on
the kinematics of the η → 2γ decay. Given two neutral
particles of different mass but equivalent total energy
decaying to two photons, the lighter particle will produce
a more highly boosted diphoton pair. To leverage this
kinematic constraint, we require that selected diphoton
pairs have an opening angle such that cos θγγ < 0.5. The 2γ
decay allows us to define a kinematically minimal mass for
a diphoton pair with minimum opening angle θγγ ,
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Mmax ¼ Eγγ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

2
ð1 − cos θγγÞ

r

; ð1Þ

where Eγγ is given by the sum of the energy of the two
photons. This quantity provides a powerful discriminant for
particles of different mass and relies only on the opening
angle between the two photons and the sum of the shower
energies. Therefore, the dependence on the accuracy of the
reconstructed energy for each individual shower is reduced.
A cut requiring that events have a value of Mmax >
400 MeV=c2 is applied bringing the final selection purity
and efficiency to 49.9% and 13.6%, respectively.
Importantly, while relying on event kinematics, this cut
is tailored to cause minimal bias in selecting signal events
leading to a flat efficiency for η particles with energies in
the 0.5–1.0 GeV range. Distributions for cos θγγ and Mmax

which show the separation between signal and background
achieved through the use of these variables are provided in
the Supplemental Material [32]. A total of 93 events are
selected in the dataset used in this analysis. A candidate η
event from this dataset is shown in Fig. 1. While the
analysis is inclusive of CC and NC processes, the selection
is dominated by CC interactions according to the simulated
prediction. This is a consequence of the larger relative
content of 3∶1 for CC:NC events in the simulation as well
as a larger selection efficiency for CC η production (15.4%,
compared to 8.9% for NC). Dedicated measurements
of NC and CC η production will be pursued in future work.
This analysis measures a single-bin, flux-integrated cross

section for η production. The measurement is carried out by
calculating the expression

σ ¼ N − B
ϵ × Ntarget ×Φν

; ð2Þ

with N and B the selected number of data events
and expected number of background events, respectively,
ϵ the efficiency for signal events (13.6%), Ntarget the
number of target nucleons (4.057 × 1031), and Φν the
integrated neutrino flux (5.01 × 1011 ν=cm2). Backgrounds
from 1π0 and multi-π0 events are constrained in a data-
driven way to improve the accuracy and to reduce the
overall uncertainty on the extracted η production cross
section. The Supplemental Material describes how this
constraint is carried out [32]. A fake-data study is per-
formed using events generated via the NuWro event
generator treated as data. The fake-data study included
the full sideband constraint procedure and led to an
extracted cross section within 1σ of the NuWro truth value.
Figure 2 shows the distribution of Mγγ for η candidates

after applying the full event selection. The simulated
prediction (stacked histogram in Fig. 2) shows a peak
for the signal sample in the 450–550 MeV=c2 bin con-
sistent with the η mass of 548 MeV=c2.
Systematic uncertainties for the measurement are

assessed by studying the impact of model variations on
the extracted cross section. The constrained uncertainty due
to modeling of the neutrino flux, cross section model, and
particle reinteractions in the detector leads to an uncertainty
of 14.2% for 1π0 and multi-π0 events. This uncertainty to
the cross section contributed by non-π0 backgrounds is
found to be 10.4% and is left unconstrained. As detailed
in Ref. [33], detector systematic uncertainties account for
discrepancies between data and simulation in charge
and light response. Detector modeling leads to a 17.7%
systematic uncertainty on the extracted cross section.
Additional uncertainties on the extracted cross section
are due to simulation sample statistics (7.6%), uncertainty

FIG. 1. Event display of candidate η event.

FIG. 2. Distribution of Mγγ for selected η candidates showing
data (data points with statistical uncertainties denoted by the error
bar) and the predicted event rate (stacked histogram). Different
colors denote different topologies, as described in the legend. The
gray error band denotes the systematic uncertainty on the
predicted event rate.
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on the number of argon targets (1.0%), POT exposure
(2.0%), and the impact of sample statistics on the selection
efficiency (2.0%). The total systematic uncertainty is
calculated to be 26.3%. The data statistical uncertainty is
25.6%. While this analysis reports a cross section inclusive
of CC and NC interactions, we highlight the differences in
efficiency for these two channels and the magnitude of
systematic uncertainties on their modeled ratio and effi-
ciency. The efficiencies for CC and NC interactions are
14.3� 2.8% and 8.9� 0.4%, respectively, where uncer-
tainties denote the uncertainty due to cross section model
variations. The selection efficiency, including all systematic
uncertainties, is 13.6� 2.4%. Finally, the cross section
modeling uncertainty on the predicted CC to NC ratio is
20%. The impact of these uncertainties will be meaningful
in future high statistics measurements.
The measured cross section per nucleon for a final state

with two photons and no π0 in the final state tagged by the
selection is found to be σν→1ηþX→2γþ0π0þX ¼ 1.27�
0.33ðstatÞ � 0.34ðsystÞ 10−41 cm2=nucleon. Because of
its > 10−19 second lifetime, the η decays almost always
outside of the struck nucleus, and while final-state inter-
actions can affect the propagation of the η particle as it exits
the nucleus, they do not impact the particular decay mode
chosen. The measured cross section can then be corrected
for the well measured η branching ratio to two photons of
39.41%� 0.20% [7]. This leads to a total cross section for
η production (σν→1ηþX) of 3.22� 0.84ðstatÞ � 0.86ðsystÞ
10−41 cm2=nucleon. The reported cross section is inte-
grated over all contributions to the MicroBooNE flux from
νμ (93.7%), ν̄μ (5.8%), νe (0.5%), and ν̄e (0.05%). In
simulation, 98.6% of selected signal events originate from
νμ interactions, 0.9% from ν̄μ, and 0.5% from νe.
The extracted cross section (σν→1ηþX) can be compared

to that for different neutrino interaction generators.
For the GENIE generator, a cross section of 4.63 and
4.61 × 10−41 cm2=nucleon is calculated for this signal
definition for the GENIE v2_12_10 and GENIE
v3_00_06 G18_10a_02_11a models, respectively.
The NuWro 19.02.1 [34] generator gives a cross section
of 5.45 × 10−41 cm2=nucleon, and NEUT v5.4.0 [35]
gives a cross section of 11.9 × 10−41 cm2=nucleon. Both
versions of GENIE, as well as NuWro, give a cross section
which is larger than observed but still within 1 − 2σ of the
measured value accounting for uncertainties. The NEUT
cross section is found to be significantly larger than
what is observed in data. The Supplemental Material shows
a figure comparing the data result to various generator
predictions [32].
The sample of η candidate events is additionally

employed to reconstruct the invariant mass of the hadronic
system to probe the excited resonance. This is calculated
using additional information from the hadronic system
produced in the interaction. If protons are identified as
exiting the neutrino vertex, then the leading proton is

combined with the 4-vector of the η to calculate the massW
of the hadronic system. Protons are identified through the
particle identification methods presented in Ref. [36]. The
reconstructed W is shown in Fig. 3 for the events selected
by the analysis.
The data and simulation show good agreement, and the

distribution peaks at ∼1.5 GeV in agreement with the
expectation that most η particles are produced though an
excitation of the Nð1535Þ resonance. In absolute terms,
there are over 1 order of magnitude more π0 candidates than
selected η candidate events. The π0 dominated distribution
shows a clear separation from that for η candidates, peaking
at ∼1.2 GeV as expected for events produced through an
excitation of the Δð1232Þ resonance. Isolating η production
events allows us to suppress the large rate of Δð1232Þ
events which would otherwise swamp higher resonances
making their study challenging. This represents the first
demonstration of the ability to identify higher-order reso-
nances other than the Δð1232Þ in neutrino-nucleus inter-
actions and provides a new powerful tool for the study of
RES interactions.
In summary, this Letter presents the first cross section

measurement of ν-Ar η production. Future measurements
of η production in MicroBooNE will benefit from addi-
tional data for higher statistics measurements. The meas-
urement of η production in LArTPCs launched through
this work will further flourish with the SBND [37] and
DUNE-ND [38] detectors which will leverage significantly
larger neutrino flux in order to report results with ≳103

candidate events. These will have a significant impact on
measurements of resonant interaction processes and, in
particular, a unique ability to constrain higher-order

FIG. 3. Reconstructed invariant mass of the hadronic system
utilizing the four-momenta of the reconstructed η and leading
proton (if identified) in the event. The black solid line and data
points show the distribution for η candidate events predicted and
observed, respectively. The distributions in red show the same
reconstructed quantity for events from the MicroBooNE data
compared to prediction from the π0 sideband, normalized to the
same number of events from the prediction for the η selection.
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resonances above the Δð1232Þ up to uncertainties in their
branching ratios. Future high statistics cross section mea-
surements of η production will nonetheless have to confront
challenges in constraining the sizable single- and multi-π0

background processes which are subject to large modeling
uncertainties, with particular attention needed in how
sideband constraints are used to extrapolate background
predictions into the signal region. In addition, these
samples will provide a new tool for the calibration of
EM showers that are of particular importance to the
oscillation and BSM physics programs that are being
carried out with these detectors.
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