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which is important because the neutral-current analog is a background for v, appearance oscillation
experiments. The differential cross sections for 79 momentum and production angle, for events with
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a single observed 70 and no charged pions, are presented and compared to model predictions. These
results comprise the first measurement of the 7% kinematics for this process.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

Neutrino- and antineutrino-induced interactions at energies of
a few GeV are a proving ground for weak interaction phenomenol-
ogy in nuclei [1]. Measurements in this energy range are im-
portant because neutrino oscillation experiments [2,3] need de-
tailed understanding of the large variety of processes allowed.
As a result, there is a growing body of new high-quality mea-
surements for neutrino-nucleus interactions [4-7]. In particular,
neutrino charged-current neutral pion production has become an
important benchmark providing new challenges to theories de-
scribing this process [8-11].

Most of the published data for pion production in nuclei
uses neutrino beams. Neutral pion production in nuclei for anti-
neutrinos, however, is much less studied. Only one data point for
this channel in the few-GeV energy range exists in the literature:
a measurement of v,p — utnm® from SKAT in a heavy liquid
(CF3Br) bubble chamber based on 20 events at an average neutrino
energy of 7 GeV [12]. Measurements of 79 production by neutri-
nos have been made in deuterium bubble chambers [13-16] and
more recently on nuclear targets in the 0.1-1 GeV energy range
using the MiniBooNE detector [17] with a mineral oil (CH;) target,
and using the SciBar detector in K2K and SciBooNE experiments
[18,19] with plastic scintillator (CH). These recent measurements,
as well as data on charged pion production [7,20] and neutral
pion production [21] have been difficult for event generators and
theoretical calculations to describe accurately [8-11]. Every predic-
tion must have a model for 7° production from nucleons; all use
isospin decompositions within a helicity formalism that are tuned
to available data [22].

Charged-current single 7% (179) production in the few-GeV
region is modeled both as decays of nucleon resonances (most
strongly the A(1232)) and non-resonant processes. The produc-
tion in nuclei can be either direct, through the reaction v,p —
wtnm®, or indirect, for example, through charge exchange (CEX) of
a charged pion in the nucleus, pr~ — n7® or nwt — pz 0. New
data will provide useful tests of both neutrino-induced resonance
production and final state interaction (FSI) models.

Neutrino interaction measurements are also important to the
analysis of neutrino oscillation experiments [2,3,23,24|. These ex-
periments require the neutrino flavor be identified and the neu-
trino energy to be reconstructed on an event-by-event basis. An
accurate modeling of these particles requires knowledge of both
the underlying neutrino-nucleon interactions and of the final-state
modifications that arise within the target nuclei (such as car-
bon) of which the massive oscillation detectors are comprised.
Pion production is a source of backgrounds and systematic un-
certainties in neutrino oscillation experiments. Neutral-current 77°
production, for example, is a dominant background in v, (V) ap-
pearance experiments because the 7° can mimic a final state
electron (positron). In addition, experiments that reconstruct neu-
trino energy by identifying quasielastic events, v,N(n) — £~ p or
V¢N(p) — €*n, interactions in which a pion is produced but then
absorbed in the target nucleus can be mistaken for quasielastic sig-
nal and yield an incorrect estimate of the incident neutrino energy.

New measurements of 179 production by charged-current vy
interactions in plastic scintillator (CH) using the MINERVA detector
are presented. Flux-integrated single differential cross sections as
a function of 79 momentum and production angle for events with

a single observed 70 and no m* exiting the interaction nucleus
have been measured and are compared to predictions from the
GENIE [25], NuWro [26,27], and NEUT [28] event generators.

2. Experiment

The data presented here were taken using the MINERVA detec-
tor and the wideband antineutrino beam produced by the NuMI
beamline in the low-energy mode [29] with a mean energy of
3.6 GeV. The antineutrino flux is estimated from a simulation
of the neutrino beamline based on Geant4 [30,31|, with hadron
production in the simulation constrained by proton-carbon exter-
nal data [32-34]. The MINERVA detector consists of a fully active
region of scintillator strips surrounded on the sides and down-
stream end by electromagnetic and hadronic calorimeters, and is
described in detail in Ref. [35]. There are three orientations (views)
for the strips (X, U, V), offset by 60° from each other, which en-
able three-dimensional reconstruction of particle trajectories. The
X view is sampled twice as often as the other views. The down-
stream edge of the MINERVA detector is located 2 m upstream of
the MINOS Near Detector, a magnetized iron spectrometer [36]
used in this analysis to reconstruct the momentum and charge
of muons. The transport of particles from neutrino interactions in
the detector is simulated by a Geant4-based program. The readout
simulation is tuned so that both the photostatistics and the recon-
structed energy deposited by momentum-analyzed through-going
muons agree between data and the simulation. The detector simu-
lation of single particle responses is validated using testbeam data
taken with a scaled-down version of the MINERVA detector [37].

Neutrino interactions are simulated using the GENIE 2.6.2 neu-
trino event generator. Details concerning GENIE and its associated
parameters are described in Ref. [25]. For baryon resonance pro-
duction, the formalism of Rein-Sehgal [22] is used with modern
resonance properties [38]. Non-resonant pion production is simu-
lated using the Bodek-Yang model [39] and is constrained below
W =1.7 GeV by neutrino-deuterium bubble chamber data [40,41].
Pion and nucleon FSI are modeled in GENIE using a parameter-
ized intranuclear cascade model, with the full cascade being rep-
resented by a single interaction. For all models fitting data for light
nuclei such as carbon, the pion most often has one interaction as it
propagates through the nucleus. For each interaction, choice of the
channel (e.g. charge exchange) is based on total cross section data
and calculations [42,43] and the kinematics and multiplicity of the
final state are taken from fits to more detailed data. At the en-
ergies important for this measurement, the hadron-nucleus cross
sections have large uncertainties. For example, the cross section
of 7~ — 7% CEX on carbon has an uncertainty of about 50%. Re-
action cross sections for w0 are estimated from measured cross
sections for w* scattering using isospin symmetry or theoretical
models. The most significant advantages of the single interaction
used in GENIE’s FSI model are the ability to exactly reweight and
to characterize each event with a single final state channel. The un-
certainties in the FSI model are evaluated by varying its strength
within previously measured hadron-nucleus cross-section uncer-
tainties.

This analysis uses data taken between October 2009 and Febru-
ary 2012 with 2.01 x 10?° protons on target (POT) in the ¥, mode.
About half of the exposure (0.945 x 1020 POT) was taken dur-
ing construction with the downstream half of the detector. In this
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period the ArgoNeuT detector [44]| was situated between the MIN-
ERVA and MINOS Near detectors. Because the two sub-samples of
the data have different efficiencies, they were analyzed separately
and their results combined.

3. Event reconstruction and selection

The MINERVA detector records the charge and time of energy
depositions (hits) in each scintillator strip. Hits are first grouped in
time and then clusters of energy are formed by spatially grouping
adjacent hits in each scintillator plane. Clusters with energy more
than 1 MeV are then matched among the three views to create a
track. The per-plane position resolution is 2.7 mm and the angular
resolution of the muon track is better than 10 mrad [35] in each
view. The u* is identified by matching a track that exits the back
of MINERVA with a positively-charged track entering the front of
MINOS. The reconstruction of the muon in the MINOS spectrom-
eter gives a typical momentum resolution of 11%. Event pile-up
causes a decrease in the muon track reconstruction efficiency. This
effect is studied in both MINERVA and MINOS by projecting tracks
found in one of the detectors to the other and measuring the mis-
reconstruction rate. This results in a —4.4% (—1.1%) correction to
the simulated efficiency for muons below (above) 3 GeV/c.

The event verteX, defined as the most upstream cluster on the
muon track, is restricted to be within the central 108 planes of
the scintillator tracking region and no closer than 22 cm to any
edge of the planes. These requirements define a fiducial volume
with a mass of 5.47 metric tons. Due to the requirement that the
ut is tracked in MINOS for charge and momentum measurement,
the detection efficiency has a strong dependence on muon angle
6, and momentum |p, |, which drops to zero for events with 6,,
greater than 20 degrees or |p,| less than 1.0 GeV/c. The correc-
tions for the angle and momentum efficiency are estimated from
the event simulation. Only events with a single track at the ver-
tex, the u* matched to MINOS, are used in order to reject events
including charged pion production. Accepted events are passed to
the 70 reconstruction.

The neutral pion has a lifetime of 8.52 x 10~!7 s and decays
into two photons with a branching ratio of 98.8% [38], so the two
photons appear to come from the event vertex. Plastic scintillator
has a radiation length Xg ~ 40 cm, which allows the two photons
to convert by eTe~ pair production or Compton scattering far away
from the vertex, thus producing isolated energy deposits. The pho-
tons can also have significant energy leakage or escape the detec-
tor without conversion. Furthermore, energy deposits produced by
neutrons from the same neutrino interaction can be mistaken for
low-energy photon conversions, further complicating the pattern of
energy deposits. The 70 reconstruction must correctly group these
energy deposits into the two photons.

The reconstruction can be separated into two steps: pattern
recognition and kinematic reconstruction. The pattern recognition
builds upon the knowledge of the vertex location of the event. In
the X view, clusters that are close in polar angle with respect to
the vertex but can be separated in radial distance from the ver-
tex are grouped into photon candidates. Then, for each candidate,
clusters in the U and V views consistent with the stereo condition
are added. Photon candidates must have clusters from at least two
views for three-dimensional direction reconstruction.

In the second step, photon position, direction, and energy are
determined from the clusters that have been assigned to the
photons. The photon direction is reconstructed from the cluster
energy-weighted slopes in each view. The photon vertex is defined
by the closest cluster to the event vertex on the photon direction
axis. The photon energies are reconstructed by calorimetry using
calibration constants determined from the simulation. The overall

calibration constant that sets the absolute energy scale is deter-
mined by matching the peak in the yy invariant mass distribution
to the 7% nominal mass of 134.97 MeV/c? [38]. This procedure is
done separately for data and simulation which enables correction
for a difference in energy scales of 5% between the data and simu-
lation. Finally, the n(l momentum is calculated from momentum
conservation, p,o = ki + ka, where k; are reconstructed photon
momenta. The 70 is reconstructed with a 25% energy resolution
and 3.5 degrees angular resolution in each view. The incoming
neutrino energy is reconstructed from the ut and 70 4-momenta
using

EXf=E,+E0+Ts
11(Ep — pp) + (Exo — P )2 + (B + b,)?
n=5x5
2 my—(Eu—pl)— (Ego—ply)

: (1)

where pt, p!l are the transverse and longitudinal components of
momentum, respectively. It is assumed that the initial nucleon is
at rest and that the 79 is produced together with a nucleon. The
neutrino energy is reconstructed with 10% resolution. The yy in-
variant mass my, is reconstructed from the photon energies Eq;
and the separation angle 6, between the two photons using

m,, =2E1Ey(1 — cosby,). (2)

The two reconstructed photons are required to convert at least
15 cm (0.36Xp) away from the vertex to further reject charged-
pion backgrounds. In addition, it is required that E'f¢ is between
1.5 and 20 GeV. The lower energy cut is needed due to MI-
NOS acceptance while the upper cut is to reduce flux uncertain-
ties. Finally, it is required that m,, is between 75 MeV/c? and
195 MeV/c2. The selected sample has 1304 events. The total selec-
tion efficiency is 6% and purity 55%, according to the simulation.
The background is dominated (70% of the total background) by
events with at least one 7° in the detector. Half of this is due
to multi-pion production, 70 + 7%, where the w = is not tracked,
while the other half has a secondary 79 produced by 7~ — 70
CEX or nucleon scattering in the detector but outside the primary
interaction nucleus. The non-7° background is mostly due to en-
ergy deposits by 7~ and neutrons which are mistakenly identified
as photons, and accounts for the remaining 30% of the total back-
ground.

Fig. 1 shows the my, distributions for both data and simula-
tion of the selected sample before the invariant mass cut. There is
a clear peak centered around the 7° nominal mass in both data
and simulation. The distribution from simulation is broken down
into signal and background components. The signal is defined as
antineutrino charged-current events with single 7% and no 7+ es-
caping the nucleus. The background is anything else that is not
signal. By this definition, it is possible for signal events to have
the 70 mis-reconstructed from non-7° energy deposits. The sig-
nal events at high m,,, outside the signal mass width, have one
or both candidate photons reconstructed from neutron energy de-
posits. The same mis-reconstruction happens to signal events in
the selected sample but at a smaller rate (14%). The 7% momen-
tum and angular shapes of these events are found to be similar to
the rest of the signal events. The enhancement in the background
distribution around the 7° mass is due to background events with
at least one 70 in the detector.

After event selection, the selected sample still has substantial
background to be subtracted statistically from the total distribu-
tion for each observable. The background distribution for each
observable is estimated from the simulation with the total back-
ground rate constrained by data. This significantly reduces the un-
certainties in the estimated background. The background rate is
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Fig. 1. Distribution of the invariant mass of the yy pair. Data are shown as solid
circles with statistical error bars. The shaded histograms show the Monte Carlo pre-
dictions for CC17° signal (top) and for background (bottom). The signal is defined
as antineutrino charged-current events with single 7° and no 7+ escaping the nu-
cleus. The background is anything else that is not signal. The vertical lines indicate
the invariant mass cut, 75 MeV/c? <m,,, <195 MeV/c2.

determined from a binned extended maximum likelihood fit of an
invariant mass model to the data [45]. The invariant mass model
M(my,) is a two-component model constructed from the my,
distributions of signal and background events,

M(myy ) = NgigMsig(my ) + NprgMprg (my,y ), (3)

where Mgig(my ), Mprg(my ) are the shapes of the signal and
background my,, distributions from the simulation, respectively.
The expected numbers of signal and background events Ngig, Npg
in the range 0-500 MeV/c? are the parameters determined from
the fit. After the fit, a background rate of 541 4+ 37 events is ob-
tained by integrating the curve NpggMpyg(my, ) over the mass peak
region from 75 MeV/c? to 195 MeV/c?, the same range as required
by the event selection. The fit reduces the background normaliza-
tion by a factor of 0.8 compared to the simulation prediction.

The estimated background is subtracted from the total distri-
bution. This background-subtracted data distribution is unfolded
to account for detector resolution effects using a Bayesian unfold-
ing method [46] with two iterations. The migration matrix used
in the unfolding is obtained from the simulation. The reconstruc-
tion efficiency and acceptance corrections are made by dividing by
an efficiency curve derived from the simulation. Dividing this cor-
rected distribution by the integrated flux (2.5 x 1078, /cm?/POT)
of antineutrinos with energies in the range 1.5-20 GeV, and the
number of nucleons in the fiducial volume (3.30 x 1039) gives the
differential cross section.

The total uncertainties on the measured cross sections are
20-25% with comparable contributions from statistical and sys-
tematic uncertainties. The largest systematic uncertainty is due to
the integrated flux uncertainty at 10%. A detailed discussion of the
flux systematic uncertainty is presented in Ref. [6]. The next largest
contribution to the systematic uncertainty is the 8% normalization
uncertainty from the background fit. The other smaller contribu-
tions include the neutrino cross-section models, FSI models, and
detector simulation systematics. These systematic uncertainties en-
ter the measured cross sections through background subtraction,
detector resolution, and efficiency corrections. The neutrino cross-
section model and FSI model uncertainties are evaluated by GENIE.
The systematic uncertainties on the estimated background are
small since the background rate is constrained by data. Systematic
errors in the detector response must be independently estimated.

40
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(4]
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Fig. 2. Differential cross section for 17° production as function of 7% momentum.
Data are shown as solid circles. The inner (outer) error bars correspond to statis-
tical (total) uncertainties. The solid (dashed) histograms are GENIE prediction with
(without) FSI, the long-dashed histogram is the prediction from the NuWro genera-
tor, and the dot-dashed histogram is the prediction from NEUT.

25 - MINERVA
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Fig. 3. Differential cross section for 1% production as function of the mw° polar
angle. Data are shown as solid circles. The inner (outer) error bars correspond to
statistical (total) uncertainties. The solid (dashed) histograms are GENIE prediction
with (without) FSI, the long-dashed histogram is the prediction from the NuWro
generator, and the dot-dashed histogram is the prediction from NEUT.

The uncertainty in neutron response is evaluated by changing the
neutron inelastic cross section within experimental uncertainties
[47-54] through event reweighting. The reweighting is applied to
the leading neutron in the event. A large fraction of the secondary
70 in the background is estimated to arise from 7~ — 70 CEX,
for which the cross sections are poorly known. The effect of this
uncertainty on our measurement is evaluated by changing the CEX
cross section within its uncertainty of +50% [43,55,56], and then
re-measuring the cross sections. Finally, the electromagnetic en-
ergy scale uncertainty (2.2%) is taken from the fitted mean uncer-
tainty of the data m,, distribution. Flux-integrated single differ-
ential cross sections in 7% momentum and angle with statistical,
systematic, and total uncertainties are summarized in tables.’

4. Results and discussion
The measured differential cross sections as function of 7% mo-

mentum and angle with respect to the beam direction are shown
in Figs. 2 and 3, respectively. The data are compared to the

5 See Supplemental Material.
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Fig. 4. Same cross section data as in Fig. 2. The stacked histograms show a de-
composition of the 179 signal into different FSI channels as predicted by GENIE.
Description of the FSI channels follows (from top to bottom): 1) Multi-m — 70:
multi-pion produced by the primary interaction and all other pions are re-absorbed
inside the nucleus, except a %, 2) 7~ — 7%: a 7~ produced by the primary inter-
action, then charge exchanges inside the nucleus, 3) 7 produced by the primary
interaction and then undergoing inelastic scattering inside the nucleus, 4) 79 pro-
duced by the primary interaction and then undergoing elastic scattering inside the
nucleus, and 5) 79 produced by the primary interaction and exiting the nucleus
without interacting.

predictions from GENIE with and without FSI. Above 0.7 GeV/c,
FSI effects have little influence on the 7% momentum distribu-
tion, and both predictions are in good agreement with the data.
For momenta below 0.3 GeV/c, inclusion of FSI gives an increased
and shifted cross section relative to the no FSI case. This trend
is exhibited by the data; GENIE calculations with and without FSI
give a x2 of 25.4 and 50.0 for 11 degrees of freedom (dof), re-
spectively. For the distribution of 7 production angle in Fig. 3,
inclusion of FSI into the GENIE simulation results in a mild flat-
tening of the distribution with no significant improvement in the
X2 compared to the no FSI case, 16.7 versus 16.0 for 11 degrees of
freedom. Thus the effects of FSI are more pronounced with respect
to 79 momenta than with 70 production angle. This situation
likely reflects the influence of the A(1232) resonance, which gives
a particularly strong momentum dependence to the pion-nucleus
interaction for p, ~ 0.26 GeV/c where the pion-carbon cross sec-
tion is maximum.

Figs. 2 and 3 also show predictions including FSI from the
NuWro and NEUT event generators. Any prediction requires knowl-
edge of VN — utmON reactions. Because of the dearth of data
for these channels, the calculations use isospin relations to extrap-
olate from other pion production channels [22,57]. Both NuWro
and NEUT use full cascade models [58] for the FSI description. The
x2/dof values for the NuWro and NEUT comparisons are 25.0/11
and 24.9/11 for the 7° momentum and 11.8/11 and 14.0/11 for the
70 production angle, respectively. These x2 values indicate that a
common level of agreement is achieved by all three generators for
7% momentum, and that modest differences with predictions ver-
sus data are observed for 70 production angle.

There are uncertainties in the FSI used in all calculations. Each
assumes the pion FSI after production in the nuclear medium is
the same as for pion beams; this assumes no medium effects be-
yond Fermi momentum and a simple binding energy. Since m°
beams are not possible, isospin relations must be used for 79 FSI.
Experiments like these are valuable for testing these approxima-
tions. In spite of these uncertainties, the calculations give adequate
descriptions of these new data.

Figs. 4 and 5 show decompositions of the 7 momentum and
angle spectra of Figs. 2 and 3 according to the FSI channels as

25
- MINERVA
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Fig. 5. Same cross section data as in Fig. 3 and same decomposition as with Fig. 4.
The stacked histograms show a decomposition of the 17° signal into different FSI
channels as predicted by GENIE.

predicted by the GENIE simulation, allowing for a more detailed
interpretation. This shows how each FSI process changes the spec-
trum and gives an indication of what refinements are needed for
better agreement with data. GENIE predicts that about 80% of the
events undergo some FSI. In the momentum spectrum, absorp-
tion events (not shown in the spectrum because the pion disap-
pears in the nucleus) preferentially deplete the region centered
at pr ~ 0.26 GeV/c, the momentum where the pion-carbon to-
tal reaction cross section is a maximum [42]. On the other hand,
pion inelastic scattering and CEX interactions shift the pion mo-
mentum from high values to lower values, therefore contributing
to the buildup of events at p; =~ 0.2 GeV/c seen in the data. The
contributions from multi-pion production followed by absorption,
elastic scattering, and the non-interacting component have no no-
ticeable effect on shape.

For the angle spectrum FSI decomposition (Fig. 5) the effects
are very different. The interactions displayed in the figure have
a small influence on shape and the angular distribution of the
A(1232) decay becomes important. The inelastic and CEX interac-
tions are largely responsible for the buildup of events at backward
angles.

Comparison of the observed spectral shape in Fig. 4 to the
GENIE prediction suggests that an increase in inelastic scattering
together with compensating reduction in elastic and/or multiple-
pion production with absorption, could improve the agreement
with data. On the other hand, Fig. 5 indicates such changes would
worsen the agreement with the data for pion production at back-
wards angles. Thus it appears that a refined description might
require separate, independent adjustments to the two spectra.

While the previously reported information on the reaction stud-
ied here is too limited to enable comparisons, it is useful to com-
pare with the recently reported MINERVA observations on v, in-
duced charged pion production [20]. The latter data was obtained
using a low-energy exposure in the same beamline, and the cross
section normalizations are carried out in a similar way for both
analyses. Existence of both results provides stronger constraints
on the calculations. The 7% momentum range in this analysis is
wider than the range shown for the charged pions of Ref. [20]
(0-1.5 GeV/c versus 0.1-0.5 GeV/c) because the 7+ data is limited
by tracking and particle identification requirements. Nevertheless,
both analyses show that GENIE predictions are significantly im-
proved when FSI are accounted for. Both results show a peak in
the momentum distribution at p;, ~ 0.2 GeV/c which is seen in
the GENIE calculations, but do not have the correct distribution
at energies near this peak. The GENIE predictions for the absolute
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rates for singly-produced pions exceed the observed rates in both
analyses, however the discrepancy is less severe for production by
vy, as reported here.

5. Conclusion

The single differential cross sections in w° momentum and
angle have been measured for 1% production by v, charged-
current interactions in plastic scintillator (CH). The measurements
are found to be in agreement with the predictions from GENIE,
NuWro, and NEUT event generators. This agreement is interest-
ing because of the approximations needed to make predictions
for this channel. The measured cross section in 7% momentum
disfavors the GENIE prediction without FSI effects at low 7% mo-
mentum, which is not surprising since FSI is expected for hadrons
inside nuclei. A decomposition of the FSI effects shows that in-
elastic scattering and CEX reactions are responsible for the peak
at pr ~ 0.2 GeV/c. These contributions could be adjusted within
external experimental errors to achieve even better agreement of
calculations with the 7% momentum data. However, these changes
would not be as effective for the 79 polar angle.

Charged-current single pion production in the few GeV region
of neutrino energy is an important class of interactions in long-
baseline neutrino oscillation experiments. This work presents the
first detailed measurements of the kinematic distributions for sin-
gle % produced in charged current v, interactions on carbon.
These distributions provide constraints on antineutrino-induced 7°
backgrounds as will occur in V. appearance experiments.
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