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• Measure CP violation in the lepton sector
• Oscillation experiments use near and far detectors 

• To get the oscillation probability from event rates, we must reconstruct the 
neutrino energy precisely and must know flux, cross section and nuclear effects 

Motivation
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Neutrino Scattering 
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• Understanding neutrino interactions is challenging 
• Modeling the interactions and measuring them present different types of challenges

What Do We Need to Simulate?
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Nuclear 
long range
correlations (RPA)

Nucleon form factors
Nuclear short 
range correlations

Final State Interactions

Fermi motion
Pauli blocking

Removal Energy

νμ
μ

Meson Exchange Currents (MEC=2p2h)

Quasi-elastic Resonant pion Deep inelastic 

WHAT ARE WE MEASURING?
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• Neutrino-nucleon interactions are also impacted by many nuclear 
effects

• We need models of all of these too, but can only measure the 
superposition of many effects
• Need many measurements to disentangle

C. Wilkinson
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• A beam of protons interact with a target and produce pions and kaons 

• The target and second magnetic horn can be moved relative to the first horn to 
produce different energy spectra 

NuMI Neutrino Beam 
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Joel Mousseau 16

The NuMI Beamline

MINERvA

● MINERvA's neutrinos are produced by the NuMI 
beamline.

● Primary beam is 120 GeV protons from the Main 
Injector.

● Protons collide with a 2 λ graphite target. Decaying 
mesons produce a beam of 98% ν

μ
.

● Modeling expected flux is difficult. Typical strategy 
is to use external data to model hadron production 
in target.

● Other in situ measurements possible from muon 
monitors, geometry runs and neutrino electron 
scattering are possible.

MINOS

NuMI off axis NuMI on axis 
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• NOvA uses off-axis design:

• Detector Prototype 110 mrad off-axis

• NOvA Near Detector 14 mrad off-axis 
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Near Detector energy spectrum

E⌫ =
0.43E⇡

1 + �2✓2

Near Detector Prototype energy spectrum

MC MC

ICARUSICARUS is located 103mrad 
off axis from the NuMI 
beam

0 2 4 6
 [GeV]νE

10−10

9−10

8−10

7−10

6−10

5−10

4−10]
 -1

PO
T

-1
G

eV
-2

 [mν#
µν

µν
eν

eν



Minerba Betancourt
Minerba Betancourt/Moriond QCD 2014

• Fine-grained scintillator tracker surrounded by calorimeters

The MINERvA Experiment
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17 mm

16.7 mm

3 different rotated plane views to 
resolve high multiplicity events 

MINOS ND magnetized
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Nuclear Inst. and Methods in Physics Research, A, Volume 743, 11 April 2014, Pages 130-159

• Designed to make precision measurements of neutrino interaction cross sections
• Fine-grained scintillator tracker surrounded by calorimeters 
• MINERvA has different nuclear targets: iron, lead, carbon, helium, and water

MINERvA Experiment
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Three views of scintillator bars give 
unambiguous 3D track reconstruction

Thanks to MINOS
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• MINERvA has used inverse muon decay as a standard candle to measure the NuMI

• MINERvA used neutrino scattering on electrons to measure flux in both neutrino 
and antineutrino mode 
• Combining all flux constrains:
• 3.3% uncertainty in neutrino 
• 4.7% uncertainty in antineutrino 

Flux Measurements 
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FLUX MEASUREMENTS: MINERVA

• MINERvA used neutrino scattering on 
electrons to measure flux in both neutrino and 
antineutrino mode (new)

• Combining all flux constraints:
• 3.3% uncertainty in neutrino mode  
• 4.7% uncertainty in antineutrino mode

L. Zazueta 
APS April 

Meeting 2022

FL
UX
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FLUX MEASUREMENTS: MINERVA

• MINERvA used neutrino scattering on 
electrons to measure flux in both neutrino and 
antineutrino mode (new)

• Combining all flux constraints:
• 3.3% uncertainty in neutrino mode  
• 4.7% uncertainty in antineutrino mode

L. Zazueta 
APS April 

Meeting 2022
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UX

FLUX MEASUREMENTS: MINERVA
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Phys. Rev. D 104, 092010 (2021)

Neutrino 
Mode

Antineutrino 
Mode

127 events 56 events

• MINERvA has also used inverse 
muon decay as a standard candle 
to measure the NuMI 
• Constrains flux in high 

energy tail
FL

UX

FLUX MEASUREMENTS: MINERVA

14

Phys. Rev. D 104, 092010 (2021)

Neutrino 
Mode

Antineutrino 
Mode

127 events 56 events

• MINERvA has also used inverse 
muon decay as a standard candle 
to measure the NuMI 
• Constrains flux in high 

energy tail

FL
UX

• Constrains flux in high energy                                                                                                           
tail

Phys. Rev. D 104, 092010 (2021)
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• Inclusive charged current νμ cross section as a function of muon longitudinal and 
transverse momentum 
• Agreement with simulation is not perfect, underproduction around pt peak for 

values p||> 3GeV and overproduction for low values of pt
• Illustrates that MINERvA covers the full QE+RES+DIS range 

Neutrino Inclusive Cross section in CH
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33

Phys. Rev. D 101, 11 (2020)

• MINERvA νμ CC 
inclusive cross section
• muon longitudinal and 

transverse momentum
• Illustrates that MINERvA 

is able to cover the 
full QE+RES+DIS 
range

• But currently, our only 
way of assessing 
DIS/SIS region

Inc
lus

iveMINERVA: INCLUSIVE

Phys. Rev. D 101, 11 (2020)
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• Inclusive charged current double differential cross section as a function of available 
energy and three momentum transfer
•  We use available energy 

• Agreement with the different event                                                                           
generators varies, some disagreement                                                                          
in the QE-enriched regions and middle                                                                          
0.3<q3/GeV<0.6 and better agreement at                                                                         
q3/GeV>0.6

Low Recoil Measurements with the Medium Energy 
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• Inclusive CC double differential cross section in q0 and q3 

- q0: calorimetric hadronic energy 

- q3: is the three momentum transfer                

In neutrino scattering, we need to reconstruct the hadronic energy too

n µ

Nucleus

W(q
0
, q)

Hadrons

Energy transfer:

q0 ⌘ ⌫ = Calorimetric hadronic energy

Neutrino energy:

E⌫ = Eµ + q0

Four-momentum transfer squared:

Q2 = 2E⌫(Eµ � pµ cos ✓µ)�M2
µ

Three-momentum transfer:

q3 ⌘ |q| =
q

Q2 + q2
0

I Produce inclusive CC ⌫µ double-di�erential cross section in (q0, q3)

��•••�� 28

Identification of Multinucleon Effects In Antineutrinos

10

Inclusive Charge Current 
cross section

Inclusive Charge Current 
cross section

12

Minerva can make 
a similar 
measurement using 
the hadronic system 
and the output 
going lepton

From electron scattering
Similar measurement for antineutrinos 
using the hadronic system and the 
lepton
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FIG. 3: Reconstructed Eavail distributions compared to
(top) the base Monte Carlo simulation (GENIE with minor
modifications to pion production) for two ranges of recon-
structed three momentum transfer. In the improved simu-
lation MnvGENIE-v1 (bottom) the region between the pre-
dicted CCQE process (dashed) and the �(1232) resonance
(dotted) is filled by events generated from the Valencia 2p2h
process plus additional 2p2h events (dot-dashed) is a signifi-
cant improvement.

whose parameters are fit to the neutrino data version of
these distributions. This enhancement adds 50% to the
predicted 2p2h strength, but targets the event rate in the
kinematic region between the CCQE and � peaks where
the rate doubles. The collection of changes in this and the
preceding paragraphs are referred to as “MnvGENIE-v1”
and are the central, tuned model for many recent analy-
ses [48–50].

The resulting description of the anti-neutrino data is
much improved, as illustrated in Fig. 3 and summarized
in Table I using a standard �2 test on the reconstructed
samples. These models also improve the description of
muon-only kinematic distributions of an overlapping sub-
set of the same dataset [50] selected with no pions in the
final state.

For this model comparison to reconstructed data, the
largest systematic uncertainties include flux, hadron en-
ergy scale, and GENIE resonance interaction and final-
state rescattering model uncertainties. The GENIE un-
certainty on the CCQE axial form factor is reduced to
±9% following the analysis of [51]. An uncertainty on

the RPA CCQE suppression [46, 52] is added, most sig-
nificantly from comparison to muon capture data. No
single uncertainty dominates the model prediction for the
reconstructed distributions.
The anti-neutrino sample retains a discrepancy just

beyond the error band in the second-lowest Eavail bins
within the range 0.3 < q3 < 0.8 GeV/c. These bins
are dominated by events with neutron-only final states,
including feed-down from higher energy transfer CCQE
and 2p2h reactions. Limited to the models available for
this analysis, both the CCQE RPA and the tuned 2p2h
component each have a 10% to 30% e↵ect on these bins.
Judged only by the aggregated �2 values (not shown),
the benefit of adding a RPA suppression is di�cult to
discern. It reduces some bins where the MC is already
underpredicting the data. Furthermore, the �2 accounts
for additional uncertainty from the RPA model. How-
ever, the RPA model produces better agreement in the
lowest Eavail for 0.0 < q3 < 0.3 GeV/c, which is also
where the predicted RPA e↵ect is more significant than
the predicted 2p2h e↵ect. These data appear sensitive
to subtle details of the CCQE vs. 2p2h processes not
yet exposed within the available models, such as those
[18, 19, 53] that go beyond the Fermi gas.
This 2p2h tune comes with three other variations that

treat the final state nucleon content as uncertain. Instead
of enhancing all 2p2h events, the first variation enhances
only those generated for pn initial state nucleon pairs,
which translates to pp final state for the neutrino case
in the fit and nn for the anti-neutrino case where we
apply the tuned parameters. The next variation enhances
reactions that are not on pn initial state pairs, which lead
to pn final states. Finally, the third variation enhances
CCQE events at these kinematics. In addition to testing
these variations against the reconstructed data, they are
used as an uncertainty applied later when producing a
double-di↵erential cross section.
This sample also includes a significant component at

and beyond the � resonance peak, which remains poorly
described by these model variations. The shortcoming of
the model for these low Q2 = q23 � q20 ⇡ 0 events shows
up on the far right of the distributions in Fig. 3. Similar
mismodeling of the resonance-region rate has been previ-
ously reported in measurements on mineral oil by Mini-
BooNE [54, 55], in MINERvA’s pion final state samples
[49, 56, 57], in the neutrino version of this analysis [6],
and in a resonance-rich neutrino+Fe sample fromMINOS
[58]. The latter used a calorimetric sample as a sideband
and tuned an ad-hoc, low Q2 suppression to the data
in order to improve the estimate of the resonance back-
ground in their CCQE analysis. At Q2 = 0 the rate is
40% of nominal and becomes no suppression by Q2 = 0.7
(GeV/c)2. Applying the MINOS parameterization im-
proves the description of these MINERvA data for some
of those bins at high q3, but the suppression goes too far
and produces a model deficit in the highest energy bins of

Phys.Rev.Lett. 120 (2018) no.22, 221805 

� Call 4-momentum transfer ݍఈ

� Low-ݍ processes are very sensitive to 
nuc. effects

� ����ǲ����������������ǳܧ�௩ ؔ σ ܶ  σܶగേ  σܧ୭୲୦ୣ୰ ୮ୟ୰୲୧ୡ୪ୣୱ
� ݍ is a proxy for ܧ௩
� ఔܧ ൌ ఓܧ  ݍ ֜ ଷݍ ൌ ܳଶ  ሺݍሻଶ

� Nuclear physics inspired variable that helps us separate processes!
� Test MINERɋA GENIE tunes (see backup for non-exhaustive list)

Low-recoil measurements 22

LLWI - J Plows - MINERɋA results

2110.13372 [hep-ex]

ఈݍ ൌ ǡݍ ଷݍ
ܳଶ ൌ െݍఈݍఈ

Build better tunes to our data!

(neutrons not included!)

 Phys. Rev. D 106, 032001, Aug 2022
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• QE-like measurements on scintillator in 3D, as a function of total proton kinetic 
energy, transverse and longitudinal momentum 
• Excellent statistics, 3,390,718 events 
• Modeling p|| well: same trend across all Tp and pT bins 

Massive CCQE-Like Statistics 
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FIG. 1. The flux-averaged triple-differential cross section for quasielastic-like events, d3σ/dp||dptdΣTp, shown as points with
colored error bands for designated intervals of p|| in panels of pt. Note the use of scaling factors and log scale to elicit the
trends and consistency across all p||. The predictions of the reference model MINERvA tune v4.4.1 are shown as lines in each
panel.

tivistic Fermi gas model [48] with kF = 0.221 GeV/c and
with a Bodek-Ritchie high momentum tail [49]. Mult-
inucleon quasielastic-like interactions are simulated by
the “Valencia model” described in Refs. [10, 11, 50]. In-
tranuclear final-state interactions of produced hadrons
are modeled using the INTRANUKE-hA package [51].
To better describe MINERvA data, a number of mod-

ifications are made in the reference model which are col-
lectively denoted MINERvA tune v4.4.1. The quasielas-
tic cross section is modified as a function of energy and
three-momentum transfer based on the random phase ap-
proximation (RPA) of the Valencia model [52, 53] ap-
propriate for a Fermi gas [54, 55] to account for long
range correlations between nucleons. To account for an
observed excess in specific regions of three-momentum
transfer and ΣTp, the multinucleon cross section is in-
creased based on fits to MINERvA data [13] from a lower
energy beam configuration. Additionally, based on fits to
νµ-hydrogen data [56], the non-resonant CC pion produc-
tion is decreased by 43%, the overall baryon-resonance
pion production is increased by 15%, and MRES

A is set to
0.94 GeV.
Samples for measuring quasielastic-like interactions

and their backgrounds require a muon track that starts
in the fiducial volume and is identified in MINOS as
negatively charged. All other tracked particles originat-
ing from the interaction vertex at the beginning of the

muon track must have dE/dx consistent with a proton.
Signal and background samples are formed by count-
ing the number of Michel electron candidates within
600 mm long, 600 mm diameter cylinders centered on
the neutrino vertex and on endpoints of tracked parti-
cles, and by counting isolated clusters constructed from
two-dimensional clusters with at least 1 MeV visible en-
ergy. The former identify π+, and the latter identify pho-
tons from π0 decays. Clusters with an energy less than
10 MeV per hit are assumed to be caused by neutrons
producing low energy protons and are not used.

Events that contain either a π+ (67%), a π0 (19%), or
both (14%), comprise the dominate backgrounds to the
quasielastic-like signal. Four exclusive samples are as-
sembled using the criteria of 0 or ≥ 1 Michel electrons,
and ≤ 1 or ≥ 2 isolated clusters. Sample A with no
Michel electrons and ≤ 1 isolated cluster is the signal
sample. Sample B has a Michel electron but ≤ 1 iso-
lated cluster and is rich in single π+ events. Sample
C comprises events with ≥ 2 isolated clusters but no
Michel electrons, and is mostly single π0 events. Sample
D events have both Michel electrons and ≥ 2 isolated
clusters, and is mostly events with multiple pions. De-
tails of these four samples are given in Ref. [25]. Sample
A has 1.3M selected events with a predicted background
of 0.4M. Samples B-D contain 0.23M, 0.22M, and 57k
events.

Phys. Rev. Lett. 129, 021803, July 2022
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• Low muon pT, high proton kinetic energy
• Few events in data where simulation predicts 2p2h,                                                                 

resonant + pion absorption 

• Proton kinetic energy near 0.2 GeV
• Low pT: relatively good agreement with MINERvA                                                                      

tune
• High pT: Tune not sufficient at high pT

• High PT, low Tp:
• Over prediction in data in a region dominated                                                                      

by QE with FSI

Massive CCQE-Like Statistics 
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FIG. 3. Ratio of the differential quasielastic-like cross-section
to predictions in panels of pt for the peak bin 4.5 < p|| <
7.0 GeV/c. The predicted cross section in the reference model
is broken down into different contributions. Note that in the
highest pt panels, above 0.85 GeV/c, the ratio is shown scaled
by 0.5 relative to the other panels. The “2p2h without fit”
is the prediction without the 2p2h-enhancement. The QE
subsample is labeled by the identity of the highest energy
nucleon as “QE proton” and “QE neutron”. The “QELike-
Pions” category includes all events with primary pion produc-
tion followed by FSI absorption of pions.

the reference simulation. However this background arises
mostly from absorption of slow pions (pπ < 0.3GeV/c),
hence pion formation time is unlikely to account for the
entire effect.
Moderate pt and ΣTp just above the quasielastic peak:

For ΣTp of 0.2 GeV and 0.15 < pt < 0.55 GeV/c, where
the modifications of MINERvA tune v4.4.1 to multinu-
cleon processes are large, the data and reference model
would be in strong disagreement without these modifi-
cations. Figure 3 shows that the ratio of the data to
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0 panels.

the reference model dips near the peak of the tune, sug-
gesting that the shape of the MINERvA tune v4.4.1 en-
hancement may not be accurate, either in rate or in frac-
tion of events with a neutron in the final state. How-
ever, at pt > 0.55 GeV/c, where the model predicts a
smaller multinucleon contribution, the data mostly ex-
ceeds the reference prediction, suggesting that a signifi-
cant enhancement to multinucleon processes at higher pt
than in MINERvA tune v4.4.1 may be needed.
High pt and low ΣTp: At pt > 0.55 GeV/c and ΣTp < 50
MeV, there is a significant over-prediction relative to
data. This region is dominated by true quasielastic
events where the final-state proton undergoes FSI and
leaves the nucleus as one or more energetic neutrons; this
suggests that too much strength is given to FSI in this
kinematic region.
Figure 4 presents the flux-averaged triple-differential

cross section d3σ/dEµdq
(QE)
0 dΣTp. Here as well, signifi-

cant data versus reference model discrepancies are seen

at low q(QE)
0 for ΣTp beyond the peak of the quasielastic

contribution. The previously noted discrepancy at low
ΣTp and high pt corresponds to a predicted peak near

Phys. Rev. Lett. 129, 021803, July 2022
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...As A Function of Nucleus!

14

 First ME nuclear targets 
result

 Rare process on small targets

 Coherent → A-scaling is 
prime model test
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• Coherent: neutrino interacts of whole nucleus 
• Models related to NC coherent pi0 production,                                                                  

important for electron neutrino background 
• A-scaling is prime model test 
• First ME energy nuclear targets result
• Fe/CH and Pb/CH neither model does a good                                                                                                        

job description   

Coherent Pion Production

 11

Coherent Pion Production...

13

 Rare process → leverage high 
statistics!

 Models related to NC 
coherent pi0 production 
which is an important 
electron neutrino background

 Coherent: neutrino 
interacts off of whole 
nucleus

 Signal: low momentum 
transfer → very forward

Alejandro Ramirez W&C Seminar: June 10, 2022

...As A Function of Nucleus!

14

 First ME nuclear targets 
result

 Rare process on small targets

 Coherent → A-scaling is 
prime model test
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• Many measurements in preparation using the medium energy on different targets 
• Neutrino QE-like measurements in the nuclear targets: Carbon, Water, Iron and 

Lead
• Cross section in initial struck neutron momentum, transverse kinematic 

imbalances observable and muon observables 

•  Neutrino 𝛑+ and 𝛑0 in the nuclear targets  

• Cross sections as a function of muon transverse momentum   
• Antineutrino CCQE on hydrogen 
• Differential cross section as a function of Q2                                                                  

Coming Soon

 12

CCQE-like CC 𝛑+ 
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9
J. Nowak, Lancaster University
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Short Baseline Program 
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Neutrinos from NuMI

• Three argon Time Projection chambers (TPC) detectors at different baselines from 
Booster neutrino beam searching for sterile neutrino oscillations 
- Measuring both appearance and disappearance channels 

More details at Biswaranjan Behera’s talk  
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• No high statistics measurements of electron neutrino cross section on liquid argon at 
DUNE  energies 

• Electron neutrino spectrum from NuMI at ICARUS covers the first oscillation peak and 
the tail covers the high statistics peak from DUNE

• Excellent statistics from muon neutrino to measure exclusive channels: quasi-elastic and 
pion production 

5
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FIG. 2. Unfolded di↵erential cross section as a function of electron or positron (a) energy and (b) angle. The data cross section
is compared to GENIE v3.0.6 (µB tune)(red), GENIE v3.0.6 (green), NuWro v19.02.2 (pink) and GiBUU 2019 (purple), and
is in agreement with all predictions.

TABLE I. Contributions to the total data cross section mea-
surement uncertainty.

Source of Uncertainty Relative Uncertainty [%]
Beam Flux 17.4
Detector 6.8
Cross Section 5.8
POT Counting 2.0
Out-of-Cryostat 1.8
Proton/Pion Reinteractions 1.2
Beam-o↵ Normalization 0.1
Total Systematic Uncertainty 19.8
MC Statistics 0.8
Data Statistics 10.0
Total Uncertainty 22.2

(<300 MeV) and range from (15-20)% near the peak of
the event distribution.

The second-largest source of uncertainty comes from
a combination of detector-based uncertainties in light
yield, ionization electron recombination model, space-
charge e↵ect [30], and waveform deconvolution. These
uncertainties are the most significant uncorrelated con-
tributions to the total covariance matrix but result in
subdominant contributions compared to the statistical
uncertainties per bin. Other sub-leading uncertainties
include uncertainties on the cross section modeling, the
modeling of proton and pion transportation in argon,
the total POT recorded by the NuMI beamline moni-
tors, out-of-cryostat modeling, and normalization of the
beam-o↵ to beam-on data.

The unfolded di↵erential cross section in electron or
positron energy and angle is presented in Fig. 2 and
is compared with GENIE v3.0.6 (µB tune), NuWro
v19.02.2, GiBUU 2019, and an untuned version of GE-
NIE v3.0.6. All generator predictions are smeared with
the matrix Ac. The models used in GENIE v3.0.6 [31]
include a Local Fermi Gas (LFG) nuclear [32] model and
a Nieves CC QE [33] model. Coulomb corrections for
the outgoing lepton [34] and Random Phase Approxima-
tion corrections (RPA) [35] are applied. A Nieves model
is used for MEC [36], a Kuzmin-Lubushkin-Naumov [37]
and Berger-Seghal [38, 39] model is used for RES, and
Berger-Seghal is used for Coherent (COH) [40] interac-
tions. Final State Interactions (FSI) are modeled us-
ing an empirical hA2018 model [41]. NuWro uses sim-
ilar models to GENIE which includes a LFG nuclear
model with a binding energy derived from a poten-
tial. A Llewellyn-Smith [42] QE model is used with
RPA corrections that are implemented with a di↵erent
treatment to the Nieves model used within GENIE. To
model multi-nucleon interactions, a transverse enhance-
ment model [43] is used. Resonant interactions use an
Adler-Rarita-Schwinger model which calculates �(1232)
resonance explicitly and includes a smooth transition to
DIS at 1.6 GeV [44]. DIS interactions use a Bodek-
Yang [45, 46] model and a Berger-Sehgal [40] model for
COH interactions. For FSI, a Salcedo-Oset model is used
for pions [47] and nucleon-medium corrections are used
for nucleons [48]. GiBUU 2019 [49] includes consistent
nuclear medium corrections throughout and uses a LFG

What could we do with ν from the NuMI off axis?
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2.4 Background

A rich set of new cross-section measurements from the MINERvA, T2K, MicroBooNE, and NOvA
are available, mainly for muon neutrino and antineutrino interactions [26]. For electron neutrinos,
the largest sample is from the MINERvA experiment. The electron-neutrino quasi-elastic-like
scattering measurement of hydrocarbons in the few-GeV region relevant to the DUNE energy
spectrum is shown in figure 2, which shows the ratio of the quasi-elastic di↵erential cross-section
⌫e to ⌫µ as a function of four momentum transfer (Q2). The data are found to be consistent
with lepton universality and are well described by the predictions of the neutrino event generator
GENIE; however, the uncertainties for this measurement are on the order of 20%.

Figure 2: Ratio of CCQE di↵erential cross-
section ⌫e to ⌫µ as a function of Q2.

There are expected di↵erences in the cross-sections of
muon and electron neutrinos: one source is from radiative
corrections (estimates of these di↵erences in the quasi-
elastic region could be in the order of 10% [4]). Similar
di↵erences exist for the deep inelastic scattering (DIS)
region. In the DIS region, the e↵ect of quantum elec-
trodynamics (QED) corrections on the electron energy
spectrum is shown in figure 3. There is a considerable
e↵ect above 2 GeV, at the peak of the oscillated electron-
neutrino spectrum in the DUNE far detector. This
comparison was made by Stefan Prestel (Lund Univer-
sity) as part of the working group discussions at FNAL.

The calculation assumes a charged-current DIS ⌫eq !
eq0 process, in which the neutrino energy is selected from
the DUNE near detector spectrum, the quark momentum
is picked according to parton distribution functions within the proton, and the proton remnants are
handled at the Hadron-Electron Ring Accelerator (HERA). This is somewhat sophisticated when
it comes to additional radiation; quantum chromodynamics corrections on the partonic line include
the correct matrix elements, including interferences, for up to ⌫eq ! eq0 parton–parton states,
and similarly, QED corrections recover the correct matrix elements (including interferences) for up
to ⌫eq ! eq0 gamma-gamma or ⌫eq ! eq0 lepton-lepton states. These corrections are currently
completely neglected in neutrino event generators.

Pythia 8 ne + p ! e�+ hadrons (DIS) + QED
Pythia 8 ne + p ! e�+ hadrons (DIS)10�3

10�2
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1
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Figure 3: E↵ect of QED corrections on the
electron energy spectrum. Di↵erences are
in the order of 10% at DUNE energies.

The precise measurement of electron-neutrino scatter-
ing interactions prior to DUNE will be of vital importance
for the precision of the neutrino oscillation program. As
there are very few electron-neutrino cross-section mea-
surements, we currently simulate electron-neutrino inter-
actions by assuming lepton universality, applying muon-
neutrino measurements to electron-neutrino simulations,
and correcting for di↵erences in lepton mass. There are
additional unknown nuclear e↵ects that will couple the
di↵erences caused by mass, leading to currently unquan-
tified uncertainties in the electron-neutrino cross-section
relative to muon neutrinos. The best way to understand
this process is to directly measure the neutrino cross-
sections.

The neutrino community has di↵erent event gener-
ators, such as Generates Events for Neutrino Interac-

8

Phys.Rev.Lett. 116 (2016) no.8, 081802  243 events with 72% purity, https://arxiv.org/pdf/2109.06832.pdf 

New electron neutrino measurement from MicroBooNE Electron to muon neutrino quasi elastic from MINERvA
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• Main channels are quasi-elastic and resonance interactions 
• Excellent statistics to make cross section measurements for quasi-elastic and pion 

production scattering, for both electron and muon neutrinos
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Neutrino Interactions from NuMI off axis 

Muon Neutrino Electron Neutrino

The ICARUS detector is located on-axis from the Booster beam and 103 mrad o↵-axis from the NuMI
beam. The ICARUS detector serves as the far detector of the SBN; the main goal is to find or rule out
a fourth, so called ”sterile” neutrino, using the Booster neutrino beam. Also, ICARUS will collect a rich
data set for muon and electron neutrinos including quasi elastic, resonance, meson exchange current and
deep inelastic events from NuMI neutrino beam. Table 1 shows the expected events rates for one year
(6E20 POT) from NuMI, NuMI neutrino beam is scheduled to run for the coming three years. NuMI
has a higher electron neutrino content dominated by k+ and K0 decays. The majority of the neutrinos
reaching ICARUS are produced near the beam target.

ICARUS will make cross section measurements, including ratio ⌫e/⌫µ, inclusive and exclusive channels
(resonance (RES) and deep inelastic(DIS)), RES and DIS are the dominant processes for DUNE.

Muon neutrino CCQE CCMEC CCRES CCDIS COH
6E20 POT 186400 40262 142780 77060 77060

Electron neutrino CCQE CCMEC CCRES CCDIS COH
6E20 POT 8256 2000 7905 3678 61

Table 1: Expected event rates for muon and electron neutrinos. Predictions were obtained with GENIE
3 and do not make any assumptions about e�ciencies or detector acceptance

The DUNE technical design report outlines the impact of systematic uncertainties [1]. Many uncer-
tainties are constrained in the external data and DUNE near-detector data, but some uncertainties are
not reduced by the near detector. For example, the ⌫e/⌫µ ratio uncertainty is completely unconstrained
in the oscillation fits for the search for CP violation. This is shown in table 5.12 and figure 5.35 in [1].
The ⌫e/⌫µ ratio uncertainty is a leading source of the cross-section uncertainty in the DUNE far detector.
The ⌫e/⌫µ measurement from ICARUS will provide a constraint given its increased kinematic coverage
and higher electron neutrinos content.

References

[1] Deep Underground Neutrino Experiment (DUNE), Far Detector Technical Design Report, Volume
II: DUNE Physics, https://arxiv.org/pdf/2002.03005.pdf

1

Expected event rates for 1 year 
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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
• 2 TPCs per module with central cathode,  1.5 m drift, ED=0.5 kV/cm, 3 mm wire pitch
• 3 readout wire planes (2induction+collection)                                                       

per TPC, ~54000 wires at 0, 60 degrees
• 360 PMTs 8”
• Cosmic ray tagger: scintillator strips read out by SiPMs

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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• Tracking device: precise 3D event topology with ~mm3 resolution for ionizing 
particle
• Scintillation light detected by PMTs to provide event time and trigger
• Charged particles from neutrino interactions ionize the LAr, production ionization 

electrons drifting in 1 ms toward readout sense wires 

Liquid Argon TPC Detection Technique  

 17

• Powerful particle identification by dE/dx 
vs range                                                                                                                               

• Remarkable e/𝛾 separation: calorimetric 

capabilities can distinguish e from 𝛾 at 
the shower start                                                                           
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Commissioning 
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Investigating Short-Baseline Neutrino Anomalies with ICARUS
Justin Mueller for the ICARUS Collaboration

Colorado State University

Introduction

The Short-Baseline Neutrino program (SBN) is comprised of three liquid argon time-projection
chambers (LAr TPCs) located along the Booster Neutrino Beam (BNB) at Fermilab. The SBN
program seeks to definitively investigate the anomalous results reported by the LSND and Mini-
BooNE experiments. SBN also provides an opportunity to study neutrino-nucleus interactions
at the GeV scale and testing of various LAr TPC technologies ahead of the DUNE long-baseline
neutrino experiment.

Figure 1. Left: The electron antineutrino excess observed at LSND [1] Right: Electron neutrino excess observed at
MiniBooNE [2]

The ICARUS T600 Detector

The ICARUS detector was originally designed, built, and operated in Italy as the world’s first
hundred-ton-scale LAr TPC. The ICARUS collaboration designed the detector as two separate
volumes comprising the single T600 detector. Each of the T300’s is further subdivided into iden-
tical drift volumes by a common central cathode.

The T600 was operated at Laboratori Nazionali del Gran Sasso (LNGS) located in L’Aquila, Italy
where it operated from 2010 to 2013 in the CERN Neutrinos to Gran Sasso (CNGS) high-energy
neutrino beam. During the LNGS run, ICARUS successfully demonstrated the maturity of the LAr
TPC technology and set limits on the sterile neutrino oscillation phase space.

Upgrades at CERN

After the successful LNGS run, ICARUS was transported to CERN where it underwent refurbish-
ment during the 2016-2017 time frame.

Figure 2. An inside view of one of the chambers during
upgrades at CERN

New TPC electronics

A front-end based on an analogue low
noise/charge sensitive pre-amplifier
More compact design - analogue and digital
electronics mounted in a single flange

Upgrades to light collection system including
360 8” PMTs

Allows for nanosecond resolution of ionizing
events in the TPCs
Events localized with <50 cm spatial
resolution
Sensitivity to low-energy events (≥ 100 MeV)

Commissioning at Fermilab

After extensive upgrades at CERN, ICARUSwas transported to Fermilab, arriving in 2018. In early
2019, the cold vessels were installed in the outerwarm vessel. Throughout the remainder of 2019
the supporting electronics and cryogenics were placed, allowing for the cold commissioning to
commence in February 2020. The detector was completely filled in late April 2020 after two
months of continuous LAr filling

By August 2020, the TPC was fully connected
for readout and the cathode high voltage was
raised to 75 kV for the first time. During this
commissioning phase of the experiment the
Side CRT was finalized, and the first cosmic
event and first BNB neutrino was observed. The
Top CRT installation began in December 2021
and was followed soon after by the installation
of the overburden in early 2022. Regular data
taking has continued since June 2021 and will
soon be transitioning to physics data taking. Figure 3. ICARUS as it appeared before cold

commissioning and Top CRT installation

Figure 4. A BNB ‹µ CC Candidate: ‹µ n æ µ p from first neutrino data

The past year of data taking has provided opportunities to validate and study detector perfor-
mance. A sample of cathode-crossing stopping muons was used for dE/dx validation and pro-
vided an initial detector gain calibration. The signal-to-noise ratio was extracted from a sample of
almost-vertical anode-to-cathode crossing cosmic tracks. Only hits near the anode wire planes
were selected to avoid electron lifetime effects.

Figure 5. Left: Stopping muon dE/dx vs. Residual Range and Right: Signal-to-Noise Ratio per plane.

Short-Baseline Neutrino Anomalies

The Neutrino-4 Anomaly
The Neutrino-4 collaboration reported a reactor neutrino disappearance signal with a clear mod-
ulation with an L/E ≥ 1-3 m/MeV.

Due to its location and size, ICARUS will be able
to perform a single-detector oscillation analysis
using data taken in the coming year with two
independent channels and different beams: ‹µ
disappearance using the BNB and ‹e
disappearance using the NuMI beam

Figure 6. Antineutrino disappearance as reported by Neutrino-4 [3]

The LSND and MiniBooNE Anomalies
Both LSND andMiniBooNE observed significant excesses of electron-like events (Figure 1), which
could be interpreted as originating from light sterile neutrinos. The design of SBN is intended to
leverage consistent detector technologies at different baselines along the same neutrino beam to
provide a definitive answer to the LSND and MiniBooNE anomalies.

Figure 7. Left: SBN sensitivity in the ‹µ æ ‹e appearance channel and Right: SBN sensitivity in the ‹µ

disappearance channel [4]

References

[1] LSND Collaboration. Evidence for neutrino oscillations from the observation of ‹̄e appearance in a ‹̄µ beam. Physical Review D, 64(11),
Nov 2001.

[2] MiniBooNE Collaboration. Updated MiniBooNE neutrino oscillation results with increased data and new background studies. Physical
Review D, 103(5), Mar 2021.

[3] A. P. Serebrov et al. First observation of the oscillation effect in the neutrino-4 experiment on the search for the sterile neutrino. JETP
Letters, 109(4):213–221, Feb 2019.

[4] Pedro A.N. Machado, Ornella Palamara, and David W. Schmitz. The short-baseline neutrino program at fermilab. Annual Review of
Nuclear and Particle Science, 69(1):363–387, Oct 2019.

Acknowledgements

This work is supported by the United States Department
of Energy under Grant No. DE-SC0017740.

Conference on Science at the Sanford Underground Research Facility justin.mueller@colostate.edu

Investigating Short-Baseline Neutrino Anomalies with ICARUS
Justin Mueller for the ICARUS Collaboration

Colorado State University

Introduction

The Short-Baseline Neutrino program (SBN) is comprised of three liquid argon time-projection
chambers (LAr TPCs) located along the Booster Neutrino Beam (BNB) at Fermilab. The SBN
program seeks to definitively investigate the anomalous results reported by the LSND and Mini-
BooNE experiments. SBN also provides an opportunity to study neutrino-nucleus interactions
at the GeV scale and testing of various LAr TPC technologies ahead of the DUNE long-baseline
neutrino experiment.

Figure 1. Left: The electron antineutrino excess observed at LSND [1] Right: Electron neutrino excess observed at
MiniBooNE [2]

The ICARUS T600 Detector

The ICARUS detector was originally designed, built, and operated in Italy as the world’s first
hundred-ton-scale LAr TPC. The ICARUS collaboration designed the detector as two separate
volumes comprising the single T600 detector. Each of the T300’s is further subdivided into iden-
tical drift volumes by a common central cathode.

The T600 was operated at Laboratori Nazionali del Gran Sasso (LNGS) located in L’Aquila, Italy
where it operated from 2010 to 2013 in the CERN Neutrinos to Gran Sasso (CNGS) high-energy
neutrino beam. During the LNGS run, ICARUS successfully demonstrated the maturity of the LAr
TPC technology and set limits on the sterile neutrino oscillation phase space.

Upgrades at CERN

After the successful LNGS run, ICARUS was transported to CERN where it underwent refurbish-
ment during the 2016-2017 time frame.

Figure 2. An inside view of one of the chambers during
upgrades at CERN

New TPC electronics

A front-end based on an analogue low
noise/charge sensitive pre-amplifier
More compact design - analogue and digital
electronics mounted in a single flange

Upgrades to light collection system including
360 8” PMTs

Allows for nanosecond resolution of ionizing
events in the TPCs
Events localized with <50 cm spatial
resolution
Sensitivity to low-energy events (≥ 100 MeV)

Commissioning at Fermilab

After extensive upgrades at CERN, ICARUSwas transported to Fermilab, arriving in 2018. In early
2019, the cold vessels were installed in the outerwarm vessel. Throughout the remainder of 2019
the supporting electronics and cryogenics were placed, allowing for the cold commissioning to
commence in February 2020. The detector was completely filled in late April 2020 after two
months of continuous LAr filling

By August 2020, the TPC was fully connected
for readout and the cathode high voltage was
raised to 75 kV for the first time. During this
commissioning phase of the experiment the
Side CRT was finalized, and the first cosmic
event and first BNB neutrino was observed. The
Top CRT installation began in December 2021
and was followed soon after by the installation
of the overburden in early 2022. Regular data
taking has continued since June 2021 and will
soon be transitioning to physics data taking. Figure 3. ICARUS as it appeared before cold

commissioning and Top CRT installation

Figure 4. A BNB ‹µ CC Candidate: ‹µ n æ µ p from first neutrino data

The past year of data taking has provided opportunities to validate and study detector perfor-
mance. A sample of cathode-crossing stopping muons was used for dE/dx validation and pro-
vided an initial detector gain calibration. The signal-to-noise ratio was extracted from a sample of
almost-vertical anode-to-cathode crossing cosmic tracks. Only hits near the anode wire planes
were selected to avoid electron lifetime effects.

Figure 5. Left: Stopping muon dE/dx vs. Residual Range and Right: Signal-to-Noise Ratio per plane.

Short-Baseline Neutrino Anomalies

The Neutrino-4 Anomaly
The Neutrino-4 collaboration reported a reactor neutrino disappearance signal with a clear mod-
ulation with an L/E ≥ 1-3 m/MeV.

Due to its location and size, ICARUS will be able
to perform a single-detector oscillation analysis
using data taken in the coming year with two
independent channels and different beams: ‹µ
disappearance using the BNB and ‹e
disappearance using the NuMI beam

Figure 6. Antineutrino disappearance as reported by Neutrino-4 [3]

The LSND and MiniBooNE Anomalies
Both LSND andMiniBooNE observed significant excesses of electron-like events (Figure 1), which
could be interpreted as originating from light sterile neutrinos. The design of SBN is intended to
leverage consistent detector technologies at different baselines along the same neutrino beam to
provide a definitive answer to the LSND and MiniBooNE anomalies.

Figure 7. Left: SBN sensitivity in the ‹µ æ ‹e appearance channel and Right: SBN sensitivity in the ‹µ

disappearance channel [4]

References

[1] LSND Collaboration. Evidence for neutrino oscillations from the observation of ‹̄e appearance in a ‹̄µ beam. Physical Review D, 64(11),
Nov 2001.

[2] MiniBooNE Collaboration. Updated MiniBooNE neutrino oscillation results with increased data and new background studies. Physical
Review D, 103(5), Mar 2021.

[3] A. P. Serebrov et al. First observation of the oscillation effect in the neutrino-4 experiment on the search for the sterile neutrino. JETP
Letters, 109(4):213–221, Feb 2019.

[4] Pedro A.N. Machado, Ornella Palamara, and David W. Schmitz. The short-baseline neutrino program at fermilab. Annual Review of
Nuclear and Particle Science, 69(1):363–387, Oct 2019.

Acknowledgements

This work is supported by the United States Department
of Energy under Grant No. DE-SC0017740.

Conference on Science at the Sanford Underground Research Facility justin.mueller@colostate.edu

• ICARUS has been collecting cosmic data since summer 2020
• Studying detector performance with a sample of cathode-crossing stopping cosmic 

muon, dE/dx versus residual range
• The signal-to-noise ratio was extracted from a sample of almost-vertical anode-to-

cathode crossing cosmic muons

More details about calibration at Gray Putnam’s talk  
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• Comparison of cosmic events reconstructed in data and simulation

• Neutrino events found from hand scanning useful to investigate and test the 
automated software tools and compare performance between data and MC

Track Reconstruction 
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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.

25 20 April 2022 || B. Howard || The ICARUS experiment at Fermilab

PRELIMINARY

ICARUS at FNAL: Activation & Commissioning
• Neutrino events found from hand scanning 

process useful to investigate and test the 
automated software tools on a small set of data 
and compare performance between MC & data.

• Additionally, we are in the process of digging 
into reconstruction performance and studying 
things like data/MC agreement with cosmics
(beam-off data, cosmic simulation e.g.)

• Below is a sample data event picked by hand scanning
with reconstruction overlaid: 2 tracks identified by Pandora

PRELIMINARY
Track Y direction
in cosmic sample

Using Pandora reconstruction, https://github.com/PandoraPFA 
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• Collecting neutrino data from Booster and NuMI neutrino beams  
• ICARUS started to take neutrino data from Booster and NuMI last year June 2021

• Final stages of the trigger system and installation of the overburden was completed 
last May 2022

• Finalized the commissioning and started the data physics taken in June 2022

ICARUS Commissioning Status 
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Muon Neutrino candidate from data Electron Neutrino candidate 
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Starting with Event selections 
• Selection uses reconstructed output from TPC, PMT and CRT 

systems and looks for neutrino-like interactions with a muon-like 
track or electron-like shower 
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Minerba Betancourt1), Bruce Howard1), Ryan Howell2), Jaesung Kim2), Chris Marshall2), Kevin McFarland2), 
Guadalupe Moreno3), Jack Smedley2)

ICARUS is a LArTPC situated off-axis of the NuMI 
neutrino beam. Interactions of NuMI neutrinos in 
ICARUS provide the basis for important neutrino-LAr 
cross-section measurements and tests of models in an 
energy range overlapping both SBN’s oscillation search 
and part of DUNE’s spectrum, giving important context 
for the coming decades of LArTPC experiments.
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DUNE [1]

TPC, PMT, and CRT reconstruction are performed on the 
interactions (ν, cosmic, etc.) present in each event. The default 
high-level TPC reco is performed with Pandora [3] (vertex, 
particle breakdown, hierarchy, track/shower ID, etc.).

Selection considers the reconstructed output and looks for 
neutrino-like interactions with a muon-like track (ν

μ
) or 

electron-like shower (ν
e
), etc.

The LArTPC detector technology  
is depicted on the left [2]. PMTs 
detect LAr scintillation, and 
cosmic ray trackers (CRTs) around 
the detector act as an external 
veto for cosmic activity.

NuMI 
ν

μ
, ν

e
studies
w/ MC
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ICARUS is currently in preparation for physics data 
and analysis. Detector systems see the NuMI 
beam, as evidenced by the upstream CRT seeing 
activity attributable to muons from neutrino 
interactions in the dirt upstream of ICARUS.

Below are the event displays showing a ν
e
 and ν

μ
 

candidate found by hand scanning NuMI beam 
spills. Additional work is validating and improving 
reconstruction: an early data/MC comparison of a 
quantity for cosmics is shown.
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Event selection and analysis

Current Status and Progress

NuMI ν energy spectra

Introduction and Motivations 

ν-Ar Cross-Section Measurements Using NuMI Neutrino Beam @ ICARUS

1) Fermilab 2) University of Rochester 3) CINVESTAV – On behalf of the ICARUS Collaboration

ICARUS sees ν
μ
 and importantly also ν

e
  interactions 

from NuMI. This allows for a wealth of statistics in 
various interaction modes in the few hundred MeV to 
few GeV range, of use to 
SBN osc studies and DUNE
(first osc. max. ~few GeV, 
second osc. max. ~1 GeV).
ν-Ar measurements help 
constrain cross-section 
systematics and nuclear 
effects for the oscillation 
analysis via event selection 
and energy estimates.

Selection for Muon Neutrino Selection for Electron Neutrino
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Summary
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• Oscillation experiments depend on modeling nuclear effects correctly and knowledge 
of cross sections to a few percent for precision oscillation measurements

• MINERvA is building a rich data set of results for the oscillation experiments 

• More observables with a rich statistics 

• More nuclear dependence (Carbon, Iron, Lead, Water and Helium) 

• ICARUS will collect good statistics of neutrino interactions from NuMI of axis to 
perform cross section measurements
- Muon neutrinos, electron neutrinos and ratio muon to electrons 
- Excellent statistics to measure similar observables from MINERvA to constrain 

initial and final state interactions for DUNE
• ICARUS operated steadily since summer 2020, data collected with cosmics and 

neutrinos are used for calibration and tuning of the simulation and reconstruction 
• ICARUS has begun first physics run in June 2022
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Back Up Slides
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Light Collection System Upgrade (PMT)
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• ICARUS at SBN has 360 PMTs 8” (5% photocathode coverage of TPC wire area, 15 
phe/MeV) that provides:
- Precisely identify the time of occurrence of any                                                                 

ionizing event in TPC with ns resolution
- Localize events with <50 cm spatial resolution 
- Give event topology for selection purposes 
• Sensitivity to low energy events (~100 MeV)

Screening
CageHV

Signal
Cable

PMT
Base

Optical Fiber

Optical
Fiber
Exit

P
M
T

• The system was completed in 2019
• Commissioning of the system started in 2020
• Time of PMT light flashes 

ICARUS FIRST NEUTRINO DATA

STERILE NEUTRINO EXPERIMENTS AT FERMILAB (ETW) 23

Time of PMT light flashes shows excess over the cosmic background 
rate at the expected neutrino arrival time for both BNB and NuMI beams
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TPC Readout Electronics Upgrade 
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• New TPC readout electronics
- A front-end based on analogue low noise/charge sensitive                                                                                  

pre-amplifier
- More compact layout:  both analog+digital electronics                                                                    

in a single flange
- Lower noise ~1200 e- equivalent (~20% S/N improvement                                                      

w.r.t LNGS)
- Shorter shaping time ~1.5 μs matching e- transit time between                                                                     

wire planes providing a better hit position separation
•

Reside outside the cryostat

ICARUS COMMISSIONING STATUS

¡ ICARUS has been commissioning since 2020 and collecting 
neutrino data from the BNB and NuMI beams since March 2021

¡ Improvements in progress during summer shutdown: install top 
cosmic ray tagger, upgrade PMT HV, upgrade TPC readout 
electronics, upgrade cryogenic filters, continued development of 
analysis infrastructure, data processing, etc.

¡ First physics data collection will begin in October 2021!

STERILE NEUTRINO EXPERIMENTS AT FERMILAB (ETW) 22

TPC Noise (coherent noise removed) Electron LifetimeTPC Noise (coherent noise removed)
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• CRT surrounds the cryostat with two layers of plastic scintillators (~1100 m2)
• Provides spatial and timing coordinates of the track entry point
• Few ns time resolution allows measuring direction of incoming/                                                                      

outgoing particle propagation via time of flight
• Three subsystems providing ~95% tagging efficiency:
• Bottom, side and top CRT

New Cosmic Ray Tagging System (CRT)
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Side CRT: installed

Top CRT: installed


