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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 high statistics for νe

• Search for Beyond Standard Model physics, detector locations and technology will enable 
many searches
• 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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• The ICARUS detector is located on-axis from the Booster beam and 5.75° off-axis 
from the NuMI beam  
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ICARUS at FNALICARUS at FNAL

FAR DETECTOR - ICARUS 
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Completion of 
Cosmic Ray tagger 
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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

Great opportunity to probe interactions in DUNE’s neutrino energy range before DUNE turns on 
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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 Cryostats with 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
• 360 (8” PMTs): Scintillation light detected                                                               

to provide ns event time and trigger                                                         

ICARUS (Imaging Cosmic And Rare Underground Signals)
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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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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

TPC PMT

Top CRT

side CRT

Chris Marshall - SBN - NPB at HKUST24

Backup

3m concrete 
overburden 



Minerba Betancourt

• ICARUS began commissioning in 2020 with cosmic data
• First ICARUS physics runs collected last June - December 2022 and spring 2023 from 

NuMI and Booster neutrino beams 
• Commissioning and physics data have been                                                                                

used to perform the calibration, tune the                                                                
reconstruction and start the first analyses                                                                                  
with neutrino data
• The signal-to-noise ratio was extracted  from a                                               

sample of anode-to-cathode crossing cosmic muons
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ICARUS at FNAL

Status & Perspective of ICARUS | B. Howard

Performance/Initial Studies

13

• The different subsystems have 
undergone a set of commissioning 
& characterization studies to detail 
their performance


• Eur. Phys. Journal C 83, 467 (2023)
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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

Results of ionization drift velocity measurement using cosmic 
muon data 

P. Abratenko et al, Eur. Phys. Journal C 83, 467 (2023)

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. Abratenko et al, Eur. Phys. Journal C 83, 467 (2023)
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• Comparison of cosmic events reconstructed in data and simulation in TPC                                                                        

• Visual study of ~600 neutrino candidates from BNB

TPC Track Reconstruction 

8

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.

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 x position

Using Pandora reconstruction, https://github.com/PandoraPFA 

Chris Marshall - SBN - NPB at HKUST28

ICARUS reco performance
● For 1μ1p events, algorithmic 

reconstruction using Pandora 
toolkit is ~80% efficient

● Vertex reconstruction gives 
resolution of ~1cm compared 
to organic neural network 
(hand scanning)

● Cosmic backgrounds are 
largely mitigated by requiring 
two tracks

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

• Visual study of ~600 neutrino candidates from BNB

TPC Track Reconstruction 
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• The ICARUS detector is located 5.75° off-axis from the NuMI beam  

9

NuMI off Axis at ICARUS 

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 

 



• A detailed characterization of the NuMI flux at ICARUS has been made
• Using the NuMI flux files produced by NOvA, tuned to hadron production data using 

PPFX
• Error propagation using PPFX (HP) and alternate fluxes (Focusing) was studied extensively 

and validated at the 5.75° off-axis angle 

NuMI off axis at ICARUS

10

Fractional uncertainty 
for νµ flux

Fractional uncertainty 
for νe flux

Hadron Production Uncertainties 
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Physics with NuMI off-axis beam 
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• Excellent statistics to make cross section measurements for quasi-elastic and pion 
production scattering, for both electron and muon neutrinos

• Pretty good statistics to study resonance and deep inelastic scattering 
• Available data ~3E20POT for physics analysis now
12

Neutrino Interactions from NuMI off axis at ICARUS

Muon Neutrino Electron Neutrino

CC Events/6E20: νμ 332,000 and νe 17,000

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.

True Neutrino Energy (GeV)
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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
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• Electron neutrino spectrum from NuMI at ICARUS covers the first oscillation peak 
and good coverage of the relevant phase space for the DUNE experiment and 
where we expect to see model differences 

Relevance for DUNE 

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)
• Planning to understand and build properly uncertainties with ICARUS data for DUNE

Electron Neutrinos from NuMI

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 

C. Wilkinson

Ratios of True energy with different event 
generators for CC0pi
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Selecting CC0𝞹+Np Events



NuMI off axis Group 

• Requiring the reconstructed vertex to be in fiducial volume (25 cm on sides and top/
bottom, 30 cm upstream and 50 cm downstream)

• Events tagged as clear cosmics by Pandora rejected 
• At least two primary tracks 
• Muon track, using calorimetric PID scores based on dE/dx profiles 

• χ2μ<30 and χ2p>60, length > 50 cm and muon track-like from Pandora

16

CC 0𝞹 Event selection 

χ2μ<30 χ2p>60



NuMI off axis Group 

• Requiring the reconstructed vertex to be in fiducial volume (25 cm on sides and top/
bottom, 30 cm upstream and 50 cm downstream)

• Events tagged as clear cosmics by Pandora rejected 
• At least two primary tracks 
• Muon track:

• χ2μ<30 and χ2p>60, length > 50 cm 
• Proton track: 
• Contained, χ2μ>30 and χ2p<90, proton momentum >0.4 GeV/c and < 1 GeV/c

17

Event selection 

χ2μ>30 χ2p<90
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• Developing the cross section with small set of the data (15%) 
• A selection targeting 1𝞵+Nproton + anything with some differences in cuts with data 

samples to highlight cosmic rejection and selected beam events 
• Using data taken outside of beam window to make the in time cosmic prediction 
• Data versus MC studies ongoing: shown here some relaxed cuts, 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 

Studies with Data

18

15% of data
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CC0𝞹+Np: Our first Cross-section Analysis
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• First analysis targets 1𝞵+Nproton+0𝞹
- 1𝞵+Nproton+0𝞹, N>0 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 in the final state 

• Events with contained and exiting muons  

CC 0𝞹 Selected Sample

20
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• Transverse kinematic imbalance observables 𝞭PT and 𝞭𝞪T for fully                              
contained events, using the leading proton 
• Observables sensitive to initial and final state effects                                                                             
• Events with contained muons and protons 
• Main background is events with pions 

21

CC 0𝞹 Event Selection for fully contained Events 

• Differential cross section in transverse boosting angle δαT

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

94

Advanced Topics: GENIE FSIs

No p-FSI acceleration                                        

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

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

Xianguo Lu, Oxford

QE peak not distorted, but much narrower

Transverse Kinematic Imbalances 
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3

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

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

′

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

′

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

′

T.
As p!

′

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

′

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

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

′

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

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

δφT ≡ arccos
−$p !

′

T · $pN′

T

p!
′

Tp
N′

T

, (6)

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

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

′

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

′

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

′

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

′

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

′

T.

IV. MODEL PREDICTIONS

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

δ$pT = $pN
T −∆$pT, (7)

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

2

II. NUCLEAR MEDIUM RESPONSE

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

ν +N → "′ +N′, (1)

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

ω =
Q2 +W 2 −m2

N + 2#q · #pN

2
√

m2
N + p2N

, (2)

∼
Q2 +W 2 −m2

N

2
√

m2
N + p2N

, (3)

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

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

to propagate through the nuclear medium [8]. Under the
assumption that the basic interaction (Eq. 1) and the
in-medium propagation are uncorrelated (i.e., are factor-
ized), the momentum of N′, which depends weakly on
the neutrino energy, completely determines the medium
response, including the in-medium interaction probabil-
ity τf [9] and the energy-momentum transfer (∆E,∆#p)
to the medium (if N′ decays inside the nucleus, the to-
tal effect of all decay products is considered). It is the
latter that leads to nuclear excitation [10] or break-up
and consequently nuclear emission. The nuclear emission
probability, P (∆E,∆#p), correlates the medium response
to the in-medium energy-momentum transfer [11]. The
factorization assumption suggests that P (∆E,∆#p) is in-
dependent of the neutrino energy Eν , which is consistent
with the implementation in the NuWro [12, 13] simula-
tion shown in Fig. 1. In addition, as the neutrino energy
increases, the predicted FSI strength saturates, as is in-
dicated by τf in the figure.

)c (MeV/p∆
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C(RFG), QEµνNuWro, 

=0.22fτ=0.6 GeV, νE

=0.25fτ=1 GeV, νE

=0.28fτ=3 GeV, νE

=0.28fτ=6 GeV, νE

FIG. 1. Nuclear emission probability as a function of the
in-medium momentum transfer, simulated by NuWro [12] for
νµ CC QE on carbon—nuclear state modeled as relativistic
Fermi gas (RFG) [14]—at neutrino energy of 0.6, 1, 3 and
6 GeV. Multinucleon correlations are ignored. The in-medium
interaction probability τf (extracted from the simulation out-
put throughout this work) is shown in the legend.

III. SINGLE-TRANSVERSE KINEMATIC

IMBALANCE

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

δ#pT ≡ #p "
′

T + #pN′

T , (4)

δαT ≡ arccos
−#p "

′

T · δ#pT
p"

′

TδpT
, (5)

where #p "
′

T and #pN′

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

′

T = #qT, the transverse component of #q.
If the initial-state nucleon were static and free, δpT

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

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

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

arXiv:1805.05486  
Accepted for publication PRL
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• Efficiencies for both samples: contained plus exiting muons and fully contained muons 

Efficiencies 

22
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CC 0𝞹 Selected Sample

23

• The selected sample has ~12500 interactions with contained and exiting muons and 
~4000 with fully contained muons in hand right now

• More data with antineutrino mode (RHC) is being collected now
• Efficiency for the uncontained sample: 34%
• Efficiency for the fully contained: 11%
• This measurement fills a crucial gap in CC0𝞹+proton measurements: T2K: lower E CH, 

MINERvA: higher E CH, uBooNE: lower E Argon, ICARUS: higher E Argon 
• Having these wide range of measurements helps lift degeneracies between nuclear effects  

(e.g. FSI and 2p2h have different A scaling)



NuMI off axis Group 

The NuInt 2024 Plan

Reco vs. True

15

• Migration matrices for both samples as a function of cos𝞱𝞵 and 𝞭PT

Migration Matrices

24

Reconstructed versus True 

• Pretty good migration matrix to perform a cross measurement 

The NuInt 2024 Plan47

prelim analysis truth binning 

Note that for plots 
like this where 

there is no 
physical limit at 
the edge of axis: 

 
If event is in last true 

bin but would fall 
above axis in reco 

bin, it won't be 
counted here. We 
could make new 

version that has an 
overflow bin.

Copied without change 
from below



NuMI off axis Group 

Systematic Uncertainties 
• Several systematics uncertainties have been evaluated: Flux systematics, GENIE, 

Geant4 and detector systematics
• Systematics from nuclear effects NuSystematics (DUNE) and remaining detector 

systematics will be evaluated soon   
• Uncertainties on the reco-level distributions                                                                                                                                                

25



NuMI off axis Group 

• Major background for the selected sample is events with pions 
• Developed a control sample  with pion candidates (secondary muon-like track) 

• Using external data sets from MINERvA to constrain the pions at low pion momentum 
and evaluate systematic uncertainties 

26

Charged Current Pion Control Sample 15% of data



NuMI off axis Group 

• Using the open-source GUNDAM fitting tool first developed within T2K
• Fake data studies with the fitter (before the extraction step): 
• Asimov, fake data, pulled values, evaluating different GENIE models 
• Example: Fake data from picking ~30% of existing MC

• Evaluate the fits with different fake data studies, pulling the systematics
• Changing normalization and flux

Fitting 

27

The NuInt 2024 Plan

Fits (GUNDAM)

34

DeltaPT, Fake data (~30% of MC) 
with all available systematics

- Fake data studies with the fitter (before the extraction step) 
- Asimov 
- Fake data from picking ~30% of existing MC

Prefit Postfit
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Cross Section Extraction 
• Many components in place to extract the cross section, including control sample to 

constrain the main background (pion), several systematic uncertainties evaluated, 
fitting and cross section extraction with closure test using fake data sets
• Fake data extracted single differential cross section with expected data ~3E20POT 

28
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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.

True Neutrino Energy (GeV)
0 1 2 3 4 5 6

Ev
en

ts

0
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20000

25000

30000
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40000

45000 QE
MEC
RES
DIS

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 

MicroBooNE

Phys. Rev. D 108, 053002

The NuInt 2024 Plan

Fits (GUNDAM)

52

DeltaPT, Asimov no systs

These plots are very freshly made

Note that herein data cosmics are not used at moment

Adding in the MC contributions directly from the truth tree scaled by the flux sum and NTargets and bin width

Reweight included scaling to 2.4e20 so Asimov expected to have data-like statistical uncert.

New plot
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Other Ongoing Analyses: CC0𝞹>2p, CC 
Inclusive and CC Electron Neutrino 
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 Muon Neutrino 0𝞹 with 2 protons in Progress

30

• CC 0𝞹 with 2 protons, excellent sample to probe initial and final states effects  

• Event selection for CC 0𝞹 2p uses:

• Vertex in fiducial volume
• Hadronic system is fully contained 
• Muon candidate and at least two 

proton candidates
• No other primary tracks/showers 

longer than 10 cm  

https://arxiv.org/pdf/2211.03734.pdf

MicroBooNE
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• Analyses looking at muon information for different processes

 Muon Neutrino CC Inclusive in Progress

31
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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

Guadalupe Moreno (Cinvestav) 12NuMI �µ selection

Selection Criteria  
area normalized

w/o any cut

area normalized
All cuts

Considering all our selection cuts:
● remove everything that is a Pandora clear cosmic, 
● fiducial volume,
● flash score, 
● longest track Y direction (under cosmic ray 

hypothesis)
● µ track

NuMI beam direction (b)

Track dire
ctio

n (a
)

NuMI

Guadalupe Moreno (Cinvestav) 7NuMI �µ selection

w/o any cut

All cuts

Considering all our selection cuts:
● remove everything that is a Pandora clear 

cosmic, 
● fiducial volume,
● flash score, 
● longest track Y direction (under cosmic ray 

hypothesis)
● µ track

NuMI beam direction (b)

Track dire
ctio

n (a
)

NuMI

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

* For a little more about NuMI direction, go to backup slides.

Guadalupe Moreno (Cinvestav) 3NuMI �µ selection

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

PRELIMINARY

Selection Using NuMI Data

NuMI beam direction (b)

Track dire
ctio

n (a
)

NuMI

• Inclusive selection cuts 
• Vertex in fiducial volume
• Reject vertical tracks with track 

information 
• Requiring PMT-TPC matching 
• Muon candidate   

PRECISION STUDIES OF NEUTRINO-ARGON INTERACTIONS IN SBN 

15

ICARUS collects high statistics of 
neutrino-argon interactions in its 

off-axis location on NuMI.

"#$%&&'()'&'*'#' +,-()#./#'*(0((1%#*2&'3()4(5.6$(7'&&(0((8'#9:(;!<=>(;?;@

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!

NuMI νµ CC 
candidateEv

en
ts

Angle with respect the beam direction after 
cosmic background rejection cuts 

Beam on

Beam off

Normalization to 
livetime-on/livetime off

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.

Ev
en

ts
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.u
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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 

• Charged current inclusive analysis 
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 Electron Neutrino Analyses in Progress

32

• CC Electron neutrino event selection using Pandora reconstruction

•  CC 1e1p event selection using Machine Learning:
• Efficiency 63% 
• Purity 78%

Future Steps and Conclusion

20

• Able to achieve efficiency of 62.92% and 
purity of 78.26% for a 1e1p selection
• Future steps

• Develop analysis for !" CC inclusive selection
• Develop more refined containment

• ~50% of neutrino events are uncontained
• Add additional cuts to reduce backgrounds

• Energy cut to minimize Michel mis-reconstruction
• Improve electron and proton energy

reconstruction
• Run on larger samples and further trainings

!! 	Sample 

Output of Reconstruction: Particles

6

• Particles identified as showers or tracks
• Showers: Electrons, Gammas
• Tracks: Muon, Pion, Proton 

• Features of the particles are identified
• Start points and end points
• Depositions
• Semantic type (Showers, delta rays, Michels, track,

and Low energy)
• Primary identification

Particle ID

Electron

Proton

Secondary 
Protons

!! Sample
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Summary

33

• ICARUS at Fermilab underwent a period of commissioning and first operations as 
captured in recent paper: P. Abratenko et al, Eur. Phys. Journal C 83, 467 (2023)
• Rich physics program of neutrino-argon scattering measurements using NuMI 
• Actively developing cross section extraction with the data collected ~3E20 POT from 

NuMI
- Mature analysis to conduct 1𝞵+Nproton+0𝞹 cross section 

- Several analyses with event selection in place: 1𝞵+2proton+0𝞹, CC Inclusive, 1e1p 
and CC 𝞶e

• 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 results will be quantitatively useful when DUNE is building and tuning its 
interaction model for real data analysis 
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Back Slides 
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Detector Systematics 

35

• Main detector systematics 
- Gain
- Noise (signal to noise ratio)
- Signal shape
- Induction 2 transparency 
• Other detector systematics: 
- Space-charge effect
- Diffusion parameter variation
• Calibration systematics 
- Uncertainties on dE/dX is calculated by varying parameters in the recombination fit 
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Fractional Uncertainty in the Sideband

36
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Missing NuMI Geometry Components (X/Y cross section of case )

37

Missing NuMI geometry components (X/Y cross section of Chase)

1

Concrete-encased steel shielding blocks omitted from NuMI simulation for O(10 yrs)
Reduces chase ceiling height by ~60 cm

Shielding Excluded Shielding Included

𝜈 parent decay positions

Decay 
Pipe

Target 
Hall

Horns
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Missing Geometry Components 

38

Missing geometry components

2

I. Safa (MicroBooNE)

Shielding Excluded

Shielding Included

𝜈 parent decay positions (Y vs. Z)

NuMI Target

Horns
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Flux Attenuation from External Material 

39

3

Flux attenuation from extra material

● Additional material added resulted in ~20-30% 

(avg) attenuation of the flux

○ Less space for π/K to decay in flight

● Calculated weights based on the new 

geometry and applied to the PPFX-corrected 

flux

To ICARUS
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 Muon Neutrino 0𝞹 with 2 protons in Progress
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