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Short Baseline Science Program 

• Search for Sterile Neutrinos
- νμ disappearance, νe appearance and νe disappearance
• Neutrino cross section measurements 
- Millions of neutrino interactions for νµ and hight statistics for νe, see Henry’s talk for 

SBND
• Search for Beyond Standard Model physics, detector locations and technology will enable 

many searches , see Jose and Jamie’s talks   
- Dark neutrinos, light dark matter, axion-like particles, heavy neutral leptons, higgs portal 

scalar, transition magnetic moment and millicharged particles 

Near detector (SBND) Far detector (ICARUS)
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ICARUS at FNALICARUS at FNAL
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The NuMI beam at ICARUS
• ICARUS sees NuMI 5.9° off axis

• 𝜈𝜇 flux comparable to Booster beam
• 𝜈𝑒 flux 6-7 times larger! 
• Totally different energy spectrum

FAR DETECTOR - ICARUS 
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(NuMI)

AB/B<=(;?;!
Completion of 
Cosmic Ray tagger 

DB$%(;?;;

Completion of 
concrete overburden

Detector components: INFN (Italy) 
Side/bottom CRT: FNAL (DOE) and US institutions 
Detector refurbishment infrastructure and shipping: 
CERN 
Cryostat and Cryogenics: CERN and FNAL (DOE) 
Building and Infrastructures: FNAL (DOE) 
Assembly and Installation: FNAL (DOE) and 
Collaboration Institutions

ICARUS receives two neutrino beams: it also sits 6° off-axis from the NuMI beam

6° off-axis from NuMI

Collecting data in final configuration since June 2022
• The ICARUS detector is located on-axis from the Booster beam and 6° off-axis from 

the NuMI beam  
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• Tracking device: precise 3D event topology with ~mm3 resolution for ionizing 
particle
• Charged particles from neutrino interactions ionize the LAr, production ionization 

electrons drifting in 1 ms toward readout sense wires 
• 2 TPCs per module with central cathode,                                                           

1.5 m drift, ED=0.5 kV/cm, Δt~1 ms
• 3 readout wire planes (2 induction+collection)                                                       

per TPC, ~54000 wires at 0, 60 degrees, 3 mm                                                       
pitch:  a continuous read-out 
• 360 (8” PMTs): Scintillation light detected                                                               

to provide ns event time and trigger                                                         

ICARUS (Imaging Cosmic And Rare Underground Signals)

4
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ICARUS at FNAL
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• Several technology improvements were introduced, aiming to further improve the 
achieved performance ICARUS previous runs: new cold vessels, improvement of the 
cathode planarity, higher performance read-out electronics and upgrade of the PMT 
system
• ICARUS is located on the surface, a cosmic tagger and overburden has been installed 

to reduce and tag the abundant cosmic background events 

11 11

Cosmic Ray Tagger (CRT)
• The CRT system is composed of plastic scintillator bars

readout by SiPMs.
• Side CRTs have been repurposed from MINOS modules.
• Top CRT modules were assembled at LNF (Italy) and 

installed by end of December 2021.
• The system provides spatial (~cm) and timing (~ns) 

coordinates of the track crossing point.

Excess CRT activity 
during the beam gate for 

the south wall

4 μs trigger gate 

1.6 μs
BNB beam spill 

Geometrical Top CRT Hits distribution Preliminary
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TPC PMT

Top CRT

side CRT

Chris Marshall - SBN - NPB at HKUST24

Backup

3m concrete 
overburden 
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• ICARUS began commissioning in 2020 with cosmic data
• First ICARUS physics runs collected last June 2022 and December 2022 (Run1) and 

2023 (Run 2)
• Collected two successful physics runs from NuMI (3e20POT) and Booster neutrino 

beams (2.4e20POT)

• Commissioning and physics data have been used to perform the calibration, tune the 
reconstruction and start the first analyses with neutrino data

6

Status 

Run 2 summary

Slide# : 2

l Run 2 officially began on December 20, 2022 and lasted until the beam summer 
shutdown at noon on July 16, 2023

l ICARUS operated in physics mode, running in stable conditions mainly with beam 
majority trigger whenever at least one beam (NuMI or BNB) was available

l Detector testing and development activities were only performed during beam 
shutdowns 

l Data acquisition was largely successful, with an average collection efficiency of >95% 
for both BNB and NuMI beams

l Total collected beam amounts to ~2.7 1020 POT for NuMI and ~2.0 1020 POT for BNB

BNB

NuMI 
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Calibration 
• The full calibration has been developed, including: measurement of the drift velocity, 

equalization of electronic changes and detector response across the wire plane 
• The measured ionization density dQ/dx is studied in bins of residual range, track 

angle and drift time for cosmic muon stopping/decaying in the LAr

TPC wire signal calibration with stopping muons
l The measured ionization density dQ/dx is studied in bins of residual range, track angle 

and drift time for cosmic µs stopping/decaying in the LAr
l The full calibration has been developed, including: measurement of the drift velocity, 

equalization of electronic channels and detector response across the wire plane. 

FNAL PAC meeting 1/19/23

Stopping Muons
dE/dx vs. Residual Range 

Profile of dE/dx v Residual Range for µs
after equalization + gain calibration 

Comparison of calorimetric and range energy 
measurements for ms in the calibration dataset 

l The procedure includes a parameterization of the uncertainty on dE/dx measurement;
l Possibility to validate the PID algorithm based on dE/dx Vs range for stopping particles.

Slide# : 9

P. Abrateenko et al, Eur. Phys. Journal C 83, 467 (2023)
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TPC Commissioning 
cryostat, agree with the predicted
value of vdrift = 0.1576 cm/µs to
within 0.3% [31] [32].

Fig. 16 Results of the ionization drift
velocity measurement using ICARUS cos-
mic muon data. Shown are Crystal Ball fits
to the maximum ionization drift time dis-
tributions associated with anode-cathode-
crossing cosmic muons in the two TPCs in
the West cryostat.

Electric field distortions in near-
surface LAr-TPCs can arise due to
the accumulation of space charge, i.e.
slow-moving positively-charged argon
ions originating from cosmic muon
ionization within the detector [33].
These argon ions, which drift slowly
toward the cathode at a drift velocity
of several millimeters per second at
a drift electric field of 500V/cm [32],
linger around long enough to create
substantial electric field distortions
that pull ionization electrons toward
the middle of the TPC volume as they
drift toward the anode. These elec-
tric field distortions lead to biases in
reconstructing the point of origin of
ionization within the detector, a sec-
ondary effect referred to as “spatial
distortions” in LAr-TPC detectors;
collectively, these two related distor-
tions are referred to as space charge
effects (SCE).

Using anode-cathode-crossing
cosmic muon tracks, the magnitude
of SCE in the ICARUS detector is
estimated by utilizing methodology
developed to measure SCE in pre-
vious near-surface running of the
ICARUS detector [34]. The results of
measurements in the two TPC vol-
umes of the West cryostat are shown
in Fig. 17, where they are compared
to a calculation of SCE [32] used
in Monte Carlo simulations prior to
measuring the magnitude of SCE in
ICARUS data. The magnitude of
SCE is observed to be very similar
in the two TPC volumes, though
underestimated by roughly 30% in
simulation.
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Fig. 17 Measured spatial offsets in the
drift direction as a function of ionization
drift distance for the two TPCs in the West
cryostat, evaluated using anode-cathode-
crossing cosmic muon tracks in ICARUS
data. The results are compared with predic-
tions of spatial distortions from a calculation
of space charge effects (SCE) presently used
in ICARUS Monte Carlo simulations (to
be updated with data-driven SCE measure-
ment).

The energy scale of MIPs can be
probed with cosmic muons that stop
in the TPC, as done in similar calibra-
tions performed at other LAr-TPC
neutrino experiments [35]. The known
profile of muon energy loss per unit

22

P. Abrateenko et al, Eur. Phys. Journal C 83, 467 (2023)Figure 13. Peak signal-to-noise ratio (PSNR) of ion-
ization signals for each of the three TPC wire planes
using cosmic muons in ICARUS data. Coherent noise
is removed from the TPC waveforms prior to iden-
tification and measurement of the ionization signal
amplitude. See text for details on the cosmic muon
data selection.

the track) to the anode (other end of the track),
so the ratio should provide the drift velocity of
the ionization electrons in liquid argon at the
nominal drift electric field of roughly 500 V/cm
and temperature of roughly 87.5 K.

A correction is made to account for a small
bias in precisely reconstructing the drift times as-
sociated with the track end points, derived from
Monte Carlo simulation. A Crystal Ball func-
tion1 is then fit to the maximum ionization drift
time distribution associated with cosmic muon
tracks in each TPC volume (two per cryostat),
with the peak value of each fit used in the ion-
ization drift velocity calculation. The results of
the ionization drift velocity measurements in the
west cryostat are shown in Fig. 14. The results
of the measurements, roughly 0.1572 cm/µs for
both TPC volumes in the west cryostat, agree
with the predicted value of 0.1576 cm/µs to
within 0.3% [23, 24].

1The Crystal Ball function, named after the Crystal
Ball Collaboration, is a probability density function com-
monly used to model various lossy processes in high-energy
physics. It consists of a Gaussian core portion and a power-
law low-end tail, below a certain threshold.

Figure 14. Results of the ionization drift veloc-
ity measurement using ICARUS cosmic muon data.
Shown are Crystal Ball fits to the maximum ioniza-
tion drift time distributions associated with anode-
cathode-crossing cosmic muons in the two TPCs in
the west cryostat.

Electric field distortions in near-surface
LAr-TPCs can arise due to the accumulation
of space charge, i.e. slow-moving positively-
charged argon ions originating from cosmic
muon ionization within the detector [25]. These
argon ions, which drift slowly toward the cath-
ode at a drift velocity of several millimeters per
second at a drift electric field of 500 V/cm [24],
linger around long enough to create substantial
electric field distortions that pull ionization elec-
trons toward the middle of the TPC volume as
they drift toward the anode. These electric field
distortions lead to biases in reconstructing the
point of origin of ionization within the detector,
a secondary e�ect referred to as "spatial distor-
tions" in LAr-TPC detectors; collectively, these
two related distortions are referred to as space
charge e�ects (SCE).

Using anode-cathode-crossing cosmic
muon tracks, the magnitude of SCE in the
ICARUS detector is estimated by utilizing
methodology developed to measure SCE in
previous near-surface running of the ICARUS
detector [26]. The results of measurements in
the two TPC volumes of the west cryostat are
shown in Fig. 15, where they are compared

– 15 –

• The signal-to-noise ratio was extracted 
from a sample of anode-to-cathode 
crossing cosmic muons

• Results of ionization drift velocity 
measurement using cosmic muon data 
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TPC Track Reconstruction 

9

Track reconstruction: data/MC comparison

06/27/22 Angela Fava | SBND Collaboration meeting 19

o Comparison of cosmic events reconstructed in data and MC. Several reconstructed
quantities have been studied to understand the features of the reconstruction.

o Ongoing parallel study of shower reconstruction in cosmic rays for data and MC.
o Preliminary indications of good end to end processing chain for both data and

simulation.

See Alice Campani’s LArTPC track reconstruction talk  

reconstruction. In order to reduce the manual
e�ort, events to be visually studied are first se-
lected by requiring, o�ine, the absence of signals
in the CRT in coincidence with the trigger. In ad-
dition, full 3D reconstruction was performed for
the events and only reconstructed tracks longer
than 30 cm, fully contained in the detector, and
whose barycenter was in agreement within 1 m
with the barycenter of the light signal generating
the trigger, have been visually studied. For this
sample, the neutrino interaction vertex was iden-
tified and measured in 3D coordinates as well
as the final point associated with the muon can-
didate track. Out of the full selected sample,
476 neutrino events present in the analysis files
showed a reasonable match with a reconstructed
object based on vertex location and were adopted
as a benchmark for the validation of the recon-
struction tools. As an example, in ⇠ 90% of
these events the reconstruction reasonably iden-
tifies the neutrino interaction vertex along the
beam direction, meaning the di�erence between
the two estimates is within 3 cm, as shown in
Fig. 33.

Comparison of the visual study to auto-
mated reconstruction, along with studies of
Monte Carlo simulation, will enable further un-
derstanding of where to focus e�orts and im-
provements in the automatic reconstruction. For
example, in some cases ine�ciencies in a wire
plane for a given event reconstruction leading to
loss of hits may impact some 3D steps and lead to
a track broken into one or more smaller pieces;
or algorithms may lead to improper clustering
or determination of particle types, etc. Further
tuning of the reconstruction is progressing, as
well as the complete calibration of the detec-
tor. However the first results are quite promis-
ing, demonstrating that the basic tools for the
event reconstruction and the event selection are
operational and allow an initial identification and
measurement of neutrino interactions.
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Figure 33. Di�erence�/ between the automatic and
manual measured longitudinal (beam) coordinate of
the neutrino interaction vertex for a sample of 476
a`CC candidates from the BNB beam.

Conclusions

After the successful three-year physics run at
the underground LNGS laboratories studying
neutrino oscillations with the CERN Neutrino
to Gran Sasso beam, the ICARUS T600 LAr-
TPC detector underwent a significant overhaul
at CERN and was then installed at Fermilab.
Detector activation began in 2020 with the cryo-
genic commissioning and, despite serious chal-
lenges and delays caused by prolonged restric-
tions related to the COVID-19 pandemic, it
started operations in 2021 and successfully com-
pleted its commissioning phase in 2022. It col-
lected neutrino events from both the Booster
Neutrino Beam (BNB) and the Main Injector
(NuMI) beam o�-axis. Data taking started in
June 2021 with the beam data acquisition, with
the detector commissioning activities being con-
ducted in parallel. An event sample correspond-
ing to ⇠ 3 · 1020 and 5 · 1020 POT of the Booster
and NuMI beam respectively has been collected
with an e�ciency exceeding 91% during the
normal operations. This data set was used to
study the single detector subsystems calibration
and to test the ICARUS event selection and re-
construction procedure and analysis algorithms.

– 27 –

Figure 30. A visually selected a`CC candidate from the BNB beam.

Figure 31. Distribution of the measured dE/dx of the
muon candidate in the event shown in Fig. 30. dE/dx
is reconstructed on each wire applying a preliminary
calibration constant.

tify, measure and reconstruct tracks and show-
ers can be exploited for the event reconstruction
and analysis. These reconstruction tools repre-
sent a legacy from past e�orts and made avail-
able within the LArSoft framework [37], com-
plemented by new e�orts carried out within the
joint SBN e�ort for a common near and far detec-
tor analysis. This set of algorithms is applied to

Figure 32. A visually selected a4CC candidate from
the NuMI beam .

tracks and showers from any slice in the event to
perform particle identification and estimate the
momentum from range, calorimetry and multiple
Coulomb Scattering.

A dedicated visual study of events was per-
formed to select ⇠ 600 a`CC interactions from
BNB in the active liquid argon. These events
have been used for validation of the Pandora

– 26 –

Difference between the reconstructed and 
scanned z position

• Comparison of cosmic events reconstructed in data and simulation in TPC                                                                        

• Visual study of ~600 neutrino candidates from BNB
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• CRT hit time relative to the neutrino gate start time for the NuMI beam 

• Preliminary evaluation of Time-Of-flight of cosmic muons entering the detector 
from the top CRT and generating a flash in the active argon volume                                                                                                                                                                  

Reconstruction from PMT and CRT Systems 

10
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From PMT and CRT matching

4/13/23 Anna Heggestuen | April APS Meeting 2023, Minneapolis, MN 10

• Uses time information from CRT Hits and PMT signals to distinguish between 
tracks entering and exiting the ICARUS cryostat

CRT-PMT Matching

PMTs

CRT walls 

TCRT

Cosmic entering 

TPMT

!

!

– Cosmic tracks entering the TPCs will 
hit CRTs first
T!"# − T$%# < 0

CRT Hit timing 

4/13/23 Anna Heggestuen | April APS Meeting 2023, Minneapolis, MN 9

• We perform timing corrections to adjust the absolute CRT Hit time for light 
propagation, cable delays and time walk with amplitude

• Looking at the CRT timestamp with respect to the opening of the neutrino beam 
gates, we see excess hits associated with the BNB and NuMI beams 

NuMI gate: 9.6 µs 
BNB gate: 1.6 µs 

ICARUS Preliminary ICARUS Preliminary
~ 32k events~ 39k events

11 11

Cosmic Ray Tagger (CRT)
• The CRT system is composed of plastic scintillator bars

readout by SiPMs.
• Side CRTs have been repurposed from MINOS modules.
• Top CRT modules were assembled at LNF (Italy) and 

installed by end of December 2021.
• The system provides spatial (~cm) and timing (~ns) 

coordinates of the track crossing point.

Excess CRT activity 
during the beam gate for 

the south wall

4 μs trigger gate 

1.6 μs
BNB beam spill 

Geometrical Top CRT Hits distribution Preliminary
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From CRT
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• The ICARUS detector is located 6° off-axis from the NuMI beam  

11

NuMI off Axis at ICARUS 

Stephen Dolan ICARUS Collaboration Meeting, March 2023 10

The NuMI beam at ICARUS
• ICARUS sees NuMI 5.9° off axis

• 𝜈𝜇 flux comparable to Booster beam
• 𝜈𝑒 flux 6-7 times larger! 
• Totally different energy spectrum

Data events from NuMI off axis 

Electron neutrino candidate with electromagnetic shower  Edep=600 MeV

Muon neutrino candidate with muon candidate  p~1.3 GeV/c and 𝞹0 candidate with photons of 200 and 240 MeV 
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• Excellent statistics to make cross section measurements for quasi-elastic and pion 
production scattering, for both electron and muon neutrinos

12

Neutrino Interactions from NuMI off axis at ICARUS

Muon Neutrino Electron Neutrino

CC Events/year: νμ 366,000 and νe 17,000

The NuInt 2024 Plan

Interaction distributions

6

Updated nu CC in Active Volume plots: numu(bar) edition 
[left] re-weighted with the PPFX * G3Chase weights 
[right] re-weighted with the PPFX * G3Chase weights and the Single Pi Production weights 

The NuInt 2024 Plan

Interaction distributions

7

Updated nu CC in Active Volume plots: nue(bar) edition 
[left] re-weighted with the PPFX * G3Chase weights 
[right] re-weighted with the PPFX * G3Chase weights and the Single Pi Production weights 
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Relevance for DUNE 

• NuMI at ICARUS offers excellent coverage for νµ

13

3.2.1 Radiative Correction

Developing radiative corrections has been one of the main e↵orts of the working group at FNAL.
Doreen Wackeroth from the University at Bu↵alo will perform the radiative correction calculations
for the QE and DIS regions, which have never been done. Currently, we have a graduate student
(Daniel Crowe from the University at Bu↵alo) carrying out the radiative correction calculations.
The calculations will be validated with electron scattering data and the proposed measurements
will be used to benchmark the physics model. There are existing calculations for the DIS region in
Pythia; the PI will work with Stefan Prestel (Lund University) and Walter Giele(FNAL) to evaluate
these calculations. The new calculations from Doreen Wackeroth will remove some approximations
and provide a full calculation that will be combined with the calculations from Pythia. The PI and
the postdoctoral researcher will implement the radiative correction in the event generators.

3.2.2 General Interface

DUNE far detector will be exposed to a broad neutrino energy spectrum. The near detector
will collect a large fraction of di↵erent neutrino interactions, including quasi-elastic (QE), meson
exchange current (MEC), resonance (RES), and deep inelastic scattering (DIS). Figure 9 shows the
prediction for the near detector: approximately 25% QE, 35% RES, 35% DIS, and 5% MEC. The
predictions were obtained using the GENIE event generator on argon only. The current proposal for
the DUNE near detector includes di↵erent nuclei [16], which brings additional challenges because
the models need to scale the A dependence accurately. The modeling of all the neutrino interactions
on di↵erent nuclei is crucial because oscillation analyses rely on event generators to predict the signal
and the background, and to estimate systematic uncertainties.
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Figure 9: Event versus true neutrino energy
for the DUNE near detector.

A rich set of new cross-section measurements from
many experiments is available. There is a data-model
disagreement across many experiments; for example, sev-
eral measurements from the MINERvA, T2K, NOvA, and
MicroBooNE show disagreement with the current models
of the event generators [40]. Several theoretical devel-
opments have been achieved, particularly with the QE
interactions, MEC, and nuclear long-range correlations
[28, 29, 30], but more development is needed for pion pro-
duction (RES) and DIS, which are the dominant channels
for DUNE.

Understanding the nuclear e↵ects is key to recon-
structing the neutrino energy. Multi-nucleon interactions,
for example, a↵ect the energy reconstruction. Poor en-
ergy reconstruction propagates to large systematic uncertainties if the analysis cuts are not designed
properly. It is crucial that the development of event generators includes accurate modeling for the
proposed analyses, and for the precise measurements in the current and next generation of neu-
trino experiments. The nuclear e↵ects are significant; for example, the multi-nucleon interactions
are in the order of at least 20% [28]. The current models have di↵erent predictions with significant
uncertainty[41].

The sophisticated models will be implemented through a general interface. The interface will
take the exclusive cross-sections of any process using the lepton contribution Lµ⌫ and the hadronic
final state Wµ⌫ . The hadronic tensor contains all the information on target response Wµ⌫ =P

f < 0jJµ(q)|f >< f |J⌫(q)|0 > �(4)(p0 + q � pf ), and |0 >, |f > are the initial and final states,

14

Spectrum at DUNE Near DetectorMuon Neutrinos from NuMI

The NuInt 2024 Plan

Interaction distributions

6

Updated nu CC in Active Volume plots: numu(bar) edition 
[left] re-weighted with the PPFX * G3Chase weights 
[right] re-weighted with the PPFX * G3Chase weights and the Single Pi Production weights 
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Relevance for DUNE 

• Electron neutrino spectrum from NuMI at ICARUS covers the first oscillation peak 
and the tail covers the majority of the relevant phase space for the DUNE 
experiment

14

• νe flux is excellently distributed to probe regions of kinematic phase space in which we 
expect the largest νe/νµ differences (which is the dominant systematic for DUNE-CP 
violation measurements)

Electron Neutrinos from NuMI Electron Neutrino in ICARUS and DUNE

The NuInt 2024 Plan

Interaction distributions

7

Updated nu CC in Active Volume plots: nue(bar) edition 
[left] re-weighted with the PPFX * G3Chase weights 
[right] re-weighted with the PPFX * G3Chase weights and the Single Pi Production weights 
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• Neutrino cross section measurement with NuMI  
• Developing and optimizing muon neutrino event selection 
• Comparing different data sets after inclusive selection cuts

Muon Neutrino from NuMI beam at ICARUS

15
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• Comparing NuMI beam on and off after all selection cuts  

NuMI Neutrino Data and NuMI beam off Data

15

Guadalupe Moreno
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* For a little more about NuMI direction, go to backup slides.
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• Comparing NuMI beam on and off after all selection cuts  

NuMI Neutrino Data and NuMI beam off Data
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Considering the inclusive selection:
● The slice is not a Pandora clear cosmic, 

● Vertex in fiducial volume,

● Longest track's Y-direction (under Cosmic 

Ray hypothesis) > -0.7,

● Flash Match Score < 12 

● µ track (search for µ signals)

Inclusive Selection

NuMI beam ON   = 2438
NuMI beam OFF = 791

More details of this study can be found 
here: doc-29307 and doc-29535

(For Approval)

PRELIMINARY

w/o any cut

NuMI beam ON   = 416474 
NuMI beam OFF = 355950
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440k !μ CC events in 1 year 

Electron and muon neutrino spectra from NuMI at ICARUS includes a substantial event rate at the DUNE first oscillation peak

20k !e CC events in 1 year 

Neutrino cross sections measurements are crucial for understanding neutrino interaction with matter and 
informing oscillation measurements. Also, neutrinos are background for BSM searches!
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Normalization to 
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Neutrino cross section measurement with NuMI

FNAL PAC meeting 1/19/23 Slide# : 14

l Cross section analyses are performed within the SBN framework:
Ø Muon and electron neutrino event selections are being developed and optimized;
Ø The cross-section extraction tools are being developed together with the 

evaluation of systematic uncertainties; 
l Currently the collected NuMI neutrino and cosmic data are being analysed, focusing on 

nµCC event selection.
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Data

MC

Cosmic rejection using TPC-PMT matching

”flash matching score” based on TPC-PMT matching developed by 
the SBND collaborators and shared within the SBN framework 

• Available NuMI data: Run1=2.4E20 POT and Run2=0.5E19 POT

Data from NuMI  
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Selection Criteria
Distributions with the beam OFF, 
we are scaling as slide 4

* For a little more about NuMI direction, go to backup slides.
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• First analysis targets 1𝞵+Nproton+0𝞹
- 1𝞵+Nproton+0𝞹 enhanced in quasi-elastic and 2p2h interactions

• Building up cross-section analysis to conduct model investigations 
• Angle between the muon candidate and leading proton candidate populates the phase 

space somewhat broadly and would be expected to encode information about FSI for 
all events 
• Signal definition: One muon with momentum > 226 MeV/c, any proton with 

momentum between 400 MeV/c and 1 GeV/c, no charged or neutral pions
• Events with contained and exiting muons  

CC 0𝞹 Event Selection 

17

The NuInt 2024 Plan

Selection distributions

11

contained + exiting
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• Transverse kinematic imbalances observables 𝞭PT and 𝞭𝞪T for fully contained events                                                                             

• Signal definition: One muon with momentum > 226 MeV/c, any proton with 
momentum between 400 MeV/c and 1 GeV/c, no charged or neutral pions
• Events with contained muons and protons 

18The NuInt 2024 Plan

True distributions

9

Without error bands

Normalized to 2.4E20 POT

The NuInt 2024 Plan

True distributions

9

Without error bands

Normalized to 2.4E20 POT

CC 0𝞹 Event Selection for fully contained Events 

OOPS: Out of phase space; signal but fails 𝞵/p momentum thresholds  
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Systematic Uncertainties 

19

The NuInt 2024 Plan

True distributions

10

• Excellent progress with the systematic uncertainties evaluation: Detector, flux, cross-section, 
FSI and GEANT4 systematics           

• Developing sideband and using external data sets from MINERvA to constrain the main 
background CC pion                                                          
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• Developing the cross section extraction with small set of the data 
• A selection targeting 1𝞵+Nproton + 0𝞹 anything with some differences in cuts with 

data samples to highlight cosmic rejection and selected beam events 
• Data versus MC studies ongoing: shown here some relaxed cuts area normalized, 

fairly reasonable comparisons 
• Measuring backgrounds/sidebands for analysis (e.g. charged pions) 
• Developing and evaluating systematic uncertainties, using GENIE v3.04.00 with the 

latest development shared from DUNE 

NuMI Cross Section 

20 Status & Perspective of ICARUS | B. Howard
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NuMI Cross-Sections
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• Have also taken looks at some samples of data:

• A selection targeting 1μNp+anything with some differences in cuts investigated w/ data samples to 

highlight cosmic rejection power and that selected beam events do peak with muon in forward direction

• data/MC studies ongoing: shown here some relaxed cuts area normalized, fairly reasonable comparisons

• Working towards systematics studies needed to address and adjust detector uncertainties/reco


• Measuring backgrounds/sidebands for analysis (e.g. charged pions, neutral pions by inverting cuts)

Some differences in cuts w.r.t. to  
0π analysis but some similarities

Looser selections Looser selections
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Summary

21

• Rich physics program of neutrino-argon scattering measurements and BSM physics 
using NuMI 
- Conducting neutrino cross-section and interaction measurements using neutrinos 

from NuMI beam in a similar kinematic regime as DUNE
• Opportunity to test and constrains models for use in DUNE 

• ICARUS at Fermilab underwent a period of commissioning and first operations as 
captured in recent paper: P. Abrateenko et al, Eur. Phys. Journal C 83, 467 (2023)
• Actively using forward analyses with the data collected 3E20 POT from NuMI
- Ongoing work to conduct 1𝞵+Nproton+0𝞹 cross section analysis 

• ICARUS results will be quantitatively useful when DUNE is building and tuning its 
interaction model for real data analysis 
• We would love to use the latest models development discussed in this workshop and 

work together to benchmark the models and uncertainties with new data 


