
Minerba Betancourt (Fermilab) 20 September 2024

Short-Baseline Neutrino Experiments 

NuFact 2024 



Minerba Betancourt

• Three flavors νe, νμ and ν𝝉 have been observed

• The two mass differences and the three mixing angles have been measured by             
observing neutrino oscillation from solar, reactor, atmospheric and accelerator 
neutrino experiments 

Introduction
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O. Palamara  | Short baseline accelerator neutrino oscillations Tamura Symposium | May 9 2017

Atmospheric  

                       
Solar

๏ Three neutrino mixing is well established (data from solar, 
atmospheric, reactor and accelerator neutrino experiments)! 
๏ Picture consistent with  the mixing of  3 neutrino flavors                                           

with 3 mass eigenstates - with relatively small mass                                            
differences. 

๏ Forthcoming experiments will address many questions related to 
neutrino properties: 

Neutrino Oscillation - 3 neutrino mixing
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L/E = 500Km/GeV L/E = 15, 000Km/GeV

Atmospheric                                   Solar

�m2
32 ' 2.4 · 10�3eV 2 �m2

21 ' 7.5 · 10�5eV 2

๏ What are the masses of the neutrinos? 
๏ Are neutrinos their own antiparticles? 
๏ How are the masses ordered (referred as mass 

hierarchy)? 
๏ Do neutrinos and antineutrino oscillate differently? 
๏ Are there additional neutrino types or interactions?

β and 
ββ decay experiments

• Current and future experiments will address the                                                 
remaining questions 
• The mass hierarchy, CP violation in the lepton sector                                                  

precision measurements of three mixing angles 
• Anomalous neutrino measurements 
• Neutrino oscillation experiment published results                                                                 

inconsistent with the 3-flavor framework 
• A sterile neutrino with mass ~0.1-100 eV2 would explain the anomalous results 
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• Several anomalies have been observed in neutrino                                                  
experiments at short baseline in the last 20 years
• These anomalies provided hints to indicate there is a fourth                                              

and non-weakly interacting (sterile) type of neutrino

• Each possibly explained by non standard sterile neutrino                                                               
states driving oscillations at Δm2new ≈ 1 eV2  and small                                  
sin2(2θnew)
• Is there any additional physics beyond the 3- flavor mixing                                        

neutrino oscillation?

Is there a fourth neutrino?
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Short-Baseline Neutrino Anomalies 
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• Four anomalies have been observed in neutrino experiments at short baseline the 
last 20 years

• These anomalies provide hints to indicate there is a fourth and non-weakly 
interacting sterile type of neutrino

• Each possibly explained by non standard                                                               
sterile neutrino states driving oscillations                                                                         
at Δm2new ≈ 1 eV2  and small sin2(2θnew) 

Experiment Type Channel Significance
LSND anomaly DAR accelerator ν μ̅→  ν e̅ 3.8 s
MiniBooNE anomaly SBL accelerator νμ→  νe 4.5 s

ν μ̅→  ν e̅ 2.8 s
GALLEX/SAGE anomaly Source – e capture νe disappearance 2.8 s
Reactors anomaly b decay ν e̅ disappearance 3.0 s
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• Using neutrinos from 𝞹—>μ decay at rest 

• LSND collaboration observed 3.8 sigma excess over SM prediction
• Saw an excess of: 87.9 ± 22.4 ± 6 events 

Short Baseline Oscillation Search

4

WHY STERILE NEUTRINOS?

• Oscillation probability depends on mixing angle, mass 
splitting, and L/E

• Based on the already-measured oscillation parameters, we 
do not expect to see muon neutrino oscillation at small 
values of L/E

• i.e.: nµ survival probability should be ~1 and ne
appearance probability should be ~0 for order 1 GeV 
neutrinos with baselines < 100 km

• Any evidence for nµ disappearance or ne appearance at 
these L/E values would require a larger mass splitting, 
which would require at least 1 additional neutrino mass 
state

• Several experiments have observations consistent with ne
appearance at L/E ~ 1 (+other anomalies)

LSND Collaboration, Phys.Rev.D 64 (2001) 112007

STERILE NEUTRINO EXPERIMENTS AT FERMILAB (ETW) 6

3.8 sigma 
excess over 
SM 
prediction

Accelerator Anomalies

▪ LSND: 3.8𝜎 excess of 
electron neutrino events 

▪ MiniBooNE: 4.7𝜎 excess of 
electron neutrino events

8/23/2024 Slide 9 of 81

Outline  Neutrino Theory   Problem   Experiment Overview   Method   Results   Discussion
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LIGHT STERILE NEUTRINO - EXPERIMENTAL LANDSCAPE

23"#$%&&'&&()*+,-./&012&&'&&3.45.*6&!78&9:9;

M. Dentler et al., JHEP 08:010 (2018) 

Limits from disappearance and 
appearance allowed region 
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FIG. 17: The MiniBooNE neutrino mode EQE
⌫ distributions, corresponding to the total 18.75⇥1020

POT neutrino data in the 150 < EQE
⌫ < 1250 MeV energy range, for ⌫e CCQE data (points with

statistical errors) and predicted backgrounds (colored histograms). The dashed histogram shows

the best fit to the neutrino-mode data assuming two-neutrino oscillations.
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FIG. 18: The MiniBooNE neutrino mode cos ✓ distributions, corresponding to the total 18.75⇥1020

POT neutrino data in the 150 < EQE
⌫ < 1250 MeV energy range, for ⌫e CCQE data (points with

statistical errors) and predicted backgrounds (colored histograms). The dashed histogram shows

the best fit to the neutrino-mode data assuming two-neutrino oscillations.

edge of the 5 m radius fiducial volume. (NC ⇡0 events near the edge of the fiducial volume

have a greater chance of one photon leaving the detector with the remaining photon then mis-

reconstructing as an electron candidate.) Fig. 23 shows the excess event radial distributions,

where di↵erent processes are normalized to explain the event excess, while Table IV shows

the result of log-likelihood shape-only fits to the radial distribution and the multiplicative

18

Phys. Rev. D 103, 052002 (2021) 

MiniBooNE 
electron-like 

excess 

Alternative (Beyond Standard Model) explanations exist that could explain the MiniBooNE (and LSND) anomalies.

A 4.7 ! tension arises when combining "e  appearance and "# disappearance data sets.

MiniBooNE Experiment 

5

• Designed to test LSND signal: search for νµ—> νe appearance at L/E ~1
• MiniBooNE used neutrinos from Booster at Fermilab with a mineral oil Cherenkov 

detector

• 4.7 σ excess of electron neutrino events

MINIBOONE RESULTS

STERILE NEUTRINO EXPERIMENTS AT FERMILAB (ETW) 10

PRD 103, 052002 (2021) 
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• MiniBooNE observes an excess of 
events over SM expectation at low 
energies (LEE)

• The excess events could be due to 
electrons, single gammas, or low-
mass e+e- pairs

• The significance of the excess 
observed by LSND is 3.8s and by 
MiniBooNE is 4.8s, for a combined 
significance of 6.1s

• LSND & MiniBooNE prefer 
consistent region of parameter 
space for 3+1 sterile neutrino model 
assumption

excess 𝜈
e
 in a 𝜈𝜇 dominated beam, 4.8𝝈 

overlapping

e∓ from 𝜈
e
 interaction and

𝛾→e+e- are indistinguishable 
to MiniBooNE 

The community has just begun a 
comprehensive accelerator-based 
short-baseline program that is 
capable of directly testing MiniBooNE
(and LSND) Anomaly interpretations _ _

Beam from 𝜋±⟶𝜇± decay in flight

(      ) (      )

_(      )

MiniBooNE (2021)

MiniBooNE Anomaly (2000’s)

Georgia Karagiorgi, NuFact 2022     5



Minerba Betancourt

• Located at Materials and Life Science Facility at J-PARC
• A 1MW of 3 GeV protons incident on a spallation neutron target produces an 

intense and pulsed neutrino source from pion, muon and kaon at rest 
• Data taking began in spring 2020 with commissioning, first physics runs were 

collected in 2021 and 2022

Searches with JSNS2 
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Detector & Facility

100ns

600ns 40ms Time

Low beam duty factor means 
excellent signal-to-noise.

• Located at Materials & Life Sciences Facility (MLF) 
at J-PARC 

• Detector is 17tons Gd-LS w/ 10% DIN & 31tons LS 
outer region 

• Observed by 96 10-inch inner PMTs & 24 veto PMTs

1MW, 3GeV pulsed 
Proton beam

Liquid Mercury 
Target

Detector at 24m
from target
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• Looking for short baseline                 oscillations 
with neutrinos from muon decay  
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states driving oscillations at Δm2new ≈ 1 eV2  and small                                  
sin2(2θnew)
• Is there any additional physics beyond the 3- flavor mixing                                        

neutrino oscillation?
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Short-Baseline Neutrino Anomalies 
Detector is 17tons of 
gadolinium loaded liquid 
scintillator

Neutrino Signals
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Figure 8: The energy spectra of neutrinos from pion and kaon decays which are
based on Geant4 [19] calculations (top). This tends to be at the low end of neutrino
yeild estimates of various particle production models. Time distribution of neutrinos
from pion, muon and kaon decays is shown in the bottom plot. Neutrino beams from
muon decay at rest only survive after 1 µs from the start of proton beam.
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Figure 7: The neutrino flux at the J-PARC MLF source without timing cuts. The
236 MeV muon neutrino from charged kaon decay-at-rest can easily be seen.

study nuclear structure and the axial vector component of the interaction using electron
scattering variables such as ! (! = E⌫ � Eµ). The importance of this unique access to
the nucleus is potentially far-reaching. For example, a double di↵erential cross section
measurement in terms of ! vs. Q

2 allows one to distinguish e↵ects of the form factors,
which depend only on Q

2, and of the nuclear model, which depends on both. Figure 8
(left) shows a number of model predictions for the di↵erential cross section in terms of
energy transfer for 300 MeV ⌫µ CC scattering on carbon. The disagreement between the
models, in terms of both shape and normalization, is striking. Notably, the JSNS2 muon
energy resolution may allow the nuclear resonances, easily seen in Fig. 8 (right), to be
measured via neutrino scattering. The KDAR neutrino is likely the only way to study
these excitations with neutrino scattering and, in general, to validate/refute these models
in the < 400 MeV neutrino energy range (see, e.g., Ref. [36]).

Along with studying nuclear physics relevant for future neutrino experiments, the
large sample of KDAR muon neutrinos collected with JSNS2 will provide a standard can-
dle for understanding the neutrino energy reconstruction and outgoing lepton kinematics
in the 100s-of-MeV neutrino energy region. While the KDAR neutrino is simply not
relevant for experiments featuring significantly higher neutrino energies, most notably
for MINOS, NOvA and DUNE [37, 38, 39], it is highly relevant for experiments with a
large or majority fraction of few-hundred-MeV neutrinos, for example, T2K [40], MO-
MENT [41], the European Spallation Source Neutrino Super Beam (ESS⌫SB) [42], and a
CERN-SPL-based neutrino beam CP search [43]. In particular, MOMENT and ESS⌫SB
both feature ⌫µ spectra which peak at about 200-250 MeV.

The KDAR neutrino can also be used to search for electron neutrino appearance
(⌫µ ! ⌫e) for providing a probe of the sterile neutrino that will be highly complementary
to the JSNS2 IBD search (⌫µ ! ⌫e). The advantage of the KDAR technique over other
sterile neutrino searches is that the signal energy (236 MeV) is known exactly. A back-

15

Expected Neutrino Flux Spectrum

 7

Decay Time

Look for short baseline 
  oscillations with 
neutrinos from muon decay
ν̄μ → ν̄e

Muon’s long 
lifetime separates its 
neutrinos from 
pion/kaon neutrinos

See more details in New Results and Status of 
JSNS2 by Dongha Lee
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First KDAR Missing Energy Measurement 
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• JSNS2 released the first measurement of the missing energy due to nuclear effects 
in mono energetic muon neutrino charged-current interactions on carbon
- Neutrinos from K+—>𝞵+𝞶𝞵 decay-at-rest (E𝞶𝞵=235.5 MeV)

• The missing energy is sensitive to nuclear effects (Fermi momenta, final-state 
interactions and nucleon separation energy) 
• Differential cross section measurement compared to several neutrino event 

generators/model predictions 6
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FIG. 4. The KDAR ⌫µ CC missing energy, Em, shape-only
di↵erential cross section measurement compared to several
neutrino event generator/model predictions. The top x-axis
provides the corresponding Evis for each Em value.

Figure 4 shows the observed di↵erential cross section
in terms of Em and Evis for the KDAR ⌫µ CC inter-
action on carbon with statistical and systematic error
bars compared to predictions from NuWro (with carbon
spectral function), GiBUU, and a relativistic mean field
(RMF) prediction [46, 47] using the ACHILLES event gen-
erator to simulate FSI [48, 49]. While statistical errors
dominate in most of the measurement bins, uncertainties
associated with the energy scale and resolution, proton
Birks’ constant, and generator uncertainty (a↵ecting the
unfolding matrix) contribute significantly in the peak re-
gion. The �2 =

P
i,j(di � pi)V

�1
ij (dj � pj) comparisons

between the data (d) and predictions (p), using the full
covariance matrix (Vij) are reported in the figure as well.
For simplicity, we consider the higher-statistics region of
Em = 5 to 85MeV across 16 bins (i/j) when forming
the �2. As can be seen, the generator and model predic-
tions disagree with each other substantially and none of
them is able to adequately match the data well. While
it is di�cult to isolate a single cause for this discrep-
ancy across all measurement bins considered, it is much
more likely that multiple uncertain nuclear e↵ects are
contributing, including FSI, the momentum and separa-
tion energy distributions of the nucleons, short-range cor-
relations among nucleons, and even aspects of the weak
interaction itself. Notably, however, the data do favor a
significant FSI contribution, with a large �2 improvement
after turning on this e↵ect within the NuWro event gen-
erator, which best matches the data overall. In general,
this measurement serves as a unique and first-of-its-kind
benchmark, simultaneously sensitive to multiple aspects
of the event, towards elucidating low energy neutrino-
nucleus interactions.

CONCLUSION

We have presented the first measurement of missing
energy for monoenergetic ⌫µ CC interactions based on
a (77 ± 3)% pure sample of 621 total collected KDAR
candidate events. The shape-only di↵erential cross sec-
tion extracted disagrees significantly with the generator
and model predictions considered. This result serves as
a known-neutrino-energy, standard candle for improving
our understanding of di�cult to model low energy neu-
trino interactions at the transition between on-nucleon
and on-nucleus scattering. In the future, JSNS2 and
JSNS2-II [50] are poised to follow-up on this initial mea-
surement with vastly improved statistics, better control
over systematic uncertainties, in particular the proton’s
Birks’ constant and energy scale/resolution, and the abil-
ity to distinguish KDAR ⌫µ CC events with and without
neutrons.
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• New far detector, design identical to the near detector 
• Target volume 32-tonnes, baseline is 48 m
• A second baseline allows observation of oscillation                                                                          

signature
• Improves sensitivity across parameter space,                                                                                

especially at low Δm2 values 
• Construction began in 2021, expected to begin data taking                                                     

in 2025  

Searches with JSNS2-II 
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• Neutrino-4 experiment located close to SM-3 reactor in Dimitrovgrad (Russia)
- The SM-3 is a 90 MW research reactor with a compact core 35x42x42 cm3 using 

highly enriched U fuel 
• Neutrino-4 published results in 2020: 2.9σ tension with the three flavor oscillation 

model                                                                                                                                                                                                                        

Searches with Neutrino-4 
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Experiment Neutrino-4 search for sterile neutrino and results of measurements  

А.P. Serebrov1*, R.M. Samoilov1, V.G. Ivochkin1, А.K. Fomin1, V.G. Zinoviev1, P.V. Neustroev1,V.L. Golovtsov1, 
S. S. Volkov1, А.V. Chernyj1, О.M. Zherebtsov1, М.E. Chaikovskii1, А.L. Petelin2, А.L. Izhutov2, А.A.Тuzov2, S.A. 
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Abstract 
The experiment Neutrino-4 had started in 2014 with a detector model and then was continued with a full-scale detector in 

2016 - 2021. In this article we describe all steps of preparatory work on this experiment. We present all results of the Neutrino-
4 experiment with increased statistical accuracy provided to date. The experimental setup is constructed to measure the flux and 
spectrum of the reactor antineutrinos as a function of distance to the center of the active zone of the SM-3 reactor (Dimitrovgrad, 
Russia) in the range of 6 - 12 meters. Using all the collected data, we performed a model-independent analysis to determine the 
oscillation parameters ∆m14

2  and sin2 2𝜃14. The method of coherent summation of measurement results allows to directly 
demonstrate the oscillation effect. We present the analysis of possible systematic errors and the MC model of the experiment, 
which considers the possibility of the effect manifestation at the present precision level. As a result of the analysis, we can 
conclude that at currently available statistical accuracy we observe the oscillations at the 2.9𝜎 level with parameters Δ𝑚14

2 =
(7.3 ± 0.13𝑠𝑡 ± 1.16𝑠𝑦𝑠𝑡) eV2 = (7.3 ± 1.17) eV2   and sin2 2𝜃 = 0.36 ± 0.12𝑠𝑡𝑎𝑡(2.9𝜎). Monte Carlo based statistical 
analysis gave estimation of confidence level at 2.7σ. We plan to improve the currently working experimental setup and create a 
completely new setup in order to increase the accuracy of the experiment by 3 times. We also provide a brief analysis of the 
general experimental situation in the search for sterile neutrinos. 
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Reactor Anomalies (cont.)
▪ Neutrino-4 published results in 2020 on a 2.7𝜎 fit for a sterile neutrino:

o ∆𝑚2 = 7.3 ± 1.17𝑒𝑉2

o 𝑠𝑖𝑛2 2𝜃14 = 0.36 ± 0.12 ; 𝑠𝑖𝑛2 2𝜃14 ≡ 4 𝑈𝑒4 2(1 − 𝑈𝑒4 2)
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𝑠𝑖𝑛2 2𝜃14 ≡ 4 𝑈𝑒4 2(1 − 𝑈𝑒4 2)
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• Many reactor experiments at very short baselines!

• The Neutrino-4 best fit is rejected by STEREO and PROSPECT with >5σ CL, 
strong tension remains with the Gallium results                                                                                                                                                                                                    

Several Experiments Searching for Sterile Oscillation

10

Disposition : Titre et contenu
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Joint analyses - Oscillation

A combination of complementary datasets offers new 
benefits for sterile oscillation searches:

Ø Increased statistical power

Ø Accurate treatment of all experimental effects using 
the detector response matrices and the covariance 
matrices of uncertainties.

Ø Additional sterile sensitivity unlocked by comparison 
of long (commercial reactors) and short (research 
reactors) baseline energy spectra

Joint analysis started late 2023 between 
DayaBay, Prospect and Stereo

The combination of all data provides neutrino fission 
spectra with unprecedented accuracy, challenging the 
predictions and associated nuclear data.

D. Lhuillier, Neutrino 2024

BEST combined with others 2109.14654

5σ            4σ      3σ     2σ    1σ

5.7-s combined evidence for ns

BEST b.f.p. is excluded by reactor neutrino experiments
Combined 2-s region is consistent with all reactor experiments
Combined 2-s region is excluded

from solar neutrinos (SSM)
and from cosmology (⇤CDM)

Sterile n : review of positive hints 21.06.2024, Neutrino 2024 33 / 45Dmitry Gorbunov

D. Gorbunov, Neutrino 2024

BEST combined with others 
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J. Nowak, Lancaster University
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Short Baseline Program at Fermilab

Neutrinos from Booster

Neutrinos from NuMI

• Three liquid argon Time Projection Chambers (TPC) detectors at different baselines 
from Booster Neutrino Beam searching for sterile neutrino oscillations 

Stephen Dolan ICARUS Collaboration Meeting, March 2023 10

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

• 𝜈𝜇 flux comparable to Booster beam
• 𝜈𝑒 flux 6-7 times larger! 
• Totally different energy spectrum
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Short Baseline Program (SBN)

12

• Three LArTPC detectors at different baselines from Booster Neutrino Beam 
searching for sterile neutrino oscillations 
- Measuring both appearance and disappearance channels 
• Measure neutrino cross sections on liquid argon
• Same detector technology and neutrino beamline: reducing systematic uncertainties 

to the % level
- A detection technique providing an excellent neutrino identification to reduce the 

backgrounds 

Program aimed at definitely solving the “sterile neutrino puzzle” 
by exploiting:

§ the well characterized FNAL Booster ν beamline;

§ three detectors based on the same liquid argon TPC technique.

7
J. Nowak, Lancaster University

SBNDMicroBooNEICARUS

2015-20202020-present Commissioning 
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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  

13

• Powerful particle identification by dE/dx 
vs range                                                                                                                               

• Remarkable e/𝛾 separation: calorimetric 
capabilities can distinguish e from 𝛾 at 
the shower start                                                                           

L. Yates︱SBND Cross Section Measurements︱NOW 2024

Y

U wire

Detecting Neutrino Interactions with a LArTPC
• LArTPC detectors are highly-capable, 

fully-active tracking calorimeters 

• Enables disentangling complex 
final states with low thresholds and 
excellent particle identification 

• Precise timing information also 
available via scintillation light

5

Ti
m

e

Wire

Eν = 4.36 GeV
pμ = 1.11 GeV/c
pp = 1.45 GeV/c 

μπ0 → γγ

p
π±

π± reinteraction

!(100 keV) 
“blips”

FAN GAO (UCSB)   NUFACT   SEP 19, 2024

• MicroBooNE’s LArTPC is powerful in electron-photon separation.  
- Millimeter spatial resolution and calorimetry.

LArTPC Detector

4

electrons - 1 MIP vs. photons - 2 MIP

Gap
No Gap
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3+1  Oscillationsνs
BNB + NuMI

PRL 130 (2023) 1, 01180
• Previously, 3+1  search based on BNB-only  analysis (inclusive )

• Able to reject some LSND allowed regions at 95% CL

• However, sensitivity limited by cancellation effect of -appearance and  disappearance @ BNB

νs νe νeCC

νe νe

νμ → νs → νe

νe → νs

12

FAN GAO (UCSB)   NUFACT   SEP 19, 2024

• Reinterpret LEE  analysis under 3+1 sterile neutrino 
oscillation framework 
- Simultaneously analyze  appearance and disappearance channels  

• MicroBooNE’s first 3+1 sterile neutrino search  
- Inclusive  selection using BNB data showed consistency with the 3  

hypothesis. 
- Partially excluded the allowed regions.

νe

νe

νe ν

3+1 Sterile Neutrino Search: BNB-Only

13

 appearanceνe

 disappearanceνe

Phys. Rev. Lett. 130, 011801 (2023)

MicroBooNE
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Phys. Rev. Lett. 130, 011801 (2023)

Phys. Rev. Lett. 130, 011801 (2023) 

• 3+1 Sterile Neutrino Search: simultaneously analyze                                                                        
𝞶e appearance and disappearance channels 

• Low energy excess results rejecting  𝞶e -like                                                          
interpretation at >99% CL

• See more details in Recent Results from MicroBooNE                                                             
talks by Nitish Nayak, Erin Yandel’s and Fan Gao
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• Searches for both νe appearance and νμ disappearance 

• SBN covers much of the parameters allowed by past anomalies at >5σ significance 
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Sensitivity of SBN program 
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νe appearance νμ disappearance
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(2) M. Dentler et al., arXiv:1803.10661 [hep-ph]

 disappearanceµν

https://arxiv.org/pdf/1903.04608.pdf
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Far Detector (ICARUS)

16

• Several technology improvements were introduced, aiming to further improve the 
achieved performance of 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 ray tagger (CRT) 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

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

TPC PMT

Top CRT

Side CRT

Chris Marshall - SBN - NPB at HKUST24

Backup

3m concrete 
overburden 
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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 

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

17

ICARUS at FNAL

https://arxiv.org/pdf/2407.12969, submitted to JINST

Measurement of the angular dependence of the 
liquid argon recombination model 

Particle identification through calorimetric 
measurements 
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• ICARUS is pursuing single-detector neutrino oscillation measurement 
• Studying events from BNB with 1𝞵 Nproton and 0𝞹, two approaches: pattern 

recognition (Pandora) and machine learning based reconstruction 

Neutrino Oscillation Analysis 

18

First BNB Studies w/ DataFirst BNB Studies w/ Data

15

ICARUS Work in progress

Total Transverse Momentum pT [MeV/c]Reconstructed Neutrino Energy [MeV]
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Reconstructed Neutrino Energy [MeV] Total Transverse Momentum pT [MeV/c]
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(83.5%)

(15.1%)

( 3.8%)

( 0.6%)

(83.5%)

(15.1%)

( 3.8%)

( 0.6%)

♦ Excellent data/MC agreement seen in 10% unblinded Run 2 data

♦ Current systematics:  flux/xsec/detector ~ 10%/15%/15%

ML (SPINE)
1µNp0π Selection

Efficiency ~ 75%
Purity ~ 80%

Pandora
1µNp0π Selection

Efficiency ~ 50%
Purity ~ 80%

See more details in First Results from ICARUS 
by Jacob Zettlemoyer
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• First cross section measurement: 1𝞵+Nproton+0𝞹
• Observables 𝞭PT and 𝞭𝞪T, sensitive to initial and final state effects                                                                             

• Events with contained muons and protons 
• Main background is events with pions 

19

CC 0𝞹 Cross Section with Neutrinos from NuMI

• 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.
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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
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♦ First NuMI cross section measurement:  1µNp0π final state

• Enriched in quasi-elastic and 2p2h interactions

• Select events w/ one muon-like track and at least one proton-like track

♦ Study angles, transverse kinematic variables sensitive to FSI

♦ Use of charged pion control sample in fit (handle on π p mis-ID)→

• Instead require two muon-like (pion-like) tracks

Poster
by Jack

Smedley

11μμNp0Np0ππ NuMI Analysis NuMI Analysis

19
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♦ Study angles, transverse kinematic variables sensitive to FSI

♦ Use of charged pion control sample in fit (handle on π p mis-ID)→

• Instead require two muon-like (pion-like) tracks

Poster
by Jack
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See more details in Neutrino Interaction 
Measurement by Jack Smedley

Signal selection Pion Sideband



Minerba Betancourt

• Certain BSM searches benefit from sitting off-axis such as kaon coupled Higgs portal 
scalars 

• Topology: events with two muons, search: look for resonance at specific value

• Collaboration opened the box, and found no new physics signal 
• BSM models considered so far, both involving kaon decay and contained dimuon final 

states: Higgs Portal Scalar and Heavy QCD Axion 

20

BSM Searches with NuMI 
Higgs Portal Scalar at ICARUS

3

BSM PhysicsBSM Physics

♦ Rich BSM physics program at ICARUS w/ off-axis NuMI beam

♦ BSM models considered so far, both involving kaon decay and 
contained dimuon final states (for first analysis):

• Higgs Portal Scalar (HPS):  Scalar dark sector particles that undergo 
mixing with Higgs boson

• Heavy QCD Axion or Axion-Like Particle (ALP):  Pseudoscalar 
particles that undergo mixing with pseudoscalar mesons

20

 

ICARUS Data
Preliminary

   A typical event in the
   signal box

HPS/ALP Search ResultsHPS/ALP Search Results

♦ HPS/ALP search:  look for resonance 
(“bump”) at specific value of M(µµ)

♦ Using ICARUS Run 2 NuMI data, no 
new physics signal observed

♦ Full results in forthcoming paper

21
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See more details in Search for a Long-Lived nu mu Resonance by Nathaniel Rowe 
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Near Detector (SBND) 

21

5

SBND detector: TPCs and Photon Detection Systems

7/10/24 Fermilab PAC Meeting  /  Status of the SBND Experiment 

6

SBND detector: Cosmic Ray Tagger

South (upstream) CRT wall installation

Panels made of
 scintillator strips

7/10/24 Fermilab PAC Meeting  /  Status of the SBND Experiment 

• Experiment Overview 

• Detector Commissioning

• Collaboration, Organization, Operations

• Physics and Beam Scenarios 

• Software and Computing 

Outline

7/10/24 Fermilab PAC Meeting  /  Status of the SBND Experiment 2

April 25, 2023:
 Detector Rigging Day

TPC + PDS SYSTEM ASSEMBLY - HIGHLIGHTS OF LAST YEAR 

9"#$%&&'&&()*+,-./&012&&'&&3.45.*6&!78&9:9;

Installation of the PDS boxes  completed.

")HA)+/)*&9:99

SBND detector completed!

See more details in the SBND talk by Tereza Kroupova



Minerba Betancourt

• Liquid argon fill was completed during February-March, 2024
• Observed drift electron lifetime meets design requirement of > 3ms
• PMTs commissioned and initial gain balancing completed 
• All CRT walls installed as of August 2024
• TPC high voltage system has been operating stably since July 
• Commissioning the different systems TPC, PMT and CRT is in progress
• 1.6 𝞵s wide per reflecting the duration of the BNB spill

31

Journey to Data Taking: Successful Commissioning 
❖ Successful demonstration of SBND commissioning using CRT and PMT data 

→ clear peaks in CRT and PMT data from the neutrino beam
➢ 1.6µs wide peak reflecting the duration of the BNB spill    

SBND Detector Commissioning 

22



Minerba Betancourt

SBND First Neutrino Data 

23

First neutrino interactions 

Some First Neutrino Candidate Events

15 7/10/24 Fermilab PAC Meeting  /  Status of the SBND Experiment 

Full TPC Collection View

Zoomed-in Collection View 

𝜈𝜇CC candidateBNB 
beam

muon

proton
PMT signals Some First Neutrino Candidate Events

16 7/10/24 Fermilab PAC Meeting  /  Status of the SBND Experiment 

𝜈𝜇CC candidate

muon

pion

𝜋0

Multi-proton

Zoomed-in Collection View Zoomed-in Collection View Zoomed-in Collection View 

𝜈𝜇CC candidate 𝜈𝜇CC candidate

BNB 
beam

Deep Inelastic 
scattering

muon

L. Yates︱SBND Cross Section Measurements︱NOW 2024

SBND Assembly, Installation, and Commissioning

• Post-LAr-fill detector commissioning proceeded this spring, culminating in the collection of 
an initial BNB neutrino dataset in early July 

• Currently working on installation and commissioning of the top CRT layers 

• Installation, integration, and commissioning of the X-ARAPUCA light detector readout is 
also in progress and is expected to finish before the end of this year

21

Top CRT Installation, Aug. 20241μ1p candidate
νμ CC 2π0 
candidate



Minerba Betancourt

• New data sets will reach the order of millions of neutrino interactions for single 
channels 

24

Neutrino Interactions at SBND

M.Nebot-Guinot

• Collect the largest sample of neutrino-argon interactions to date. 


• Discriminate between nuclear models to inform MC generators.


• Reduce systematic uncertainties for oscillation analysis.

12

Cross-section measurements
SBND physics goals

SBND will observe 
5000 ν-events/day! 

Marco Del Tutto 
Fermilab Users Meeting 202213

Cross-Section Measurements
SBND data will enable a generational advance in the study of neutrino-argon interactions in the GeV energy range, 

with low thresholds for particle tracking and calorimetry and enormous statistics.  

SBND will have the largest dataset of ν-Ar interactions and will do high-statistics measurements of many signatures and 

can observe rare channels. 

SBND will record 20-30x more neutrino-argon interactions than is currently available.  

SBND will observe 5000 ν-events/day!

1.5M νμ CC events in 1 year 12k νe CC events in 1 year

M.Nebot-Guinot
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• Discriminate between nuclear models to inform MC generators.


• Reduce systematic uncertainties for oscillation analysis.

12

Cross-section measurements
SBND physics goals

SBND will observe 
5000 ν-events/day! 

Marco Del Tutto 
Fermilab Users Meeting 202213

Cross-Section Measurements
SBND data will enable a generational advance in the study of neutrino-argon interactions in the GeV energy range, 

with low thresholds for particle tracking and calorimetry and enormous statistics.  

SBND will have the largest dataset of ν-Ar interactions and will do high-statistics measurements of many signatures and 

can observe rare channels. 

SBND will record 20-30x more neutrino-argon interactions than is currently available.  

SBND will observe 5000 ν-events/day!

1.5M νμ CC events in 1 year 12k νe CC events in 1 year
A Slightly Off-Axis Detector: SBND-PRISM

25

*Similar to the nu-PRISM and DUNE-PRISM concepts, but with a fixed detector

SBND-PRISM provides unique constraints of systematic 
uncertainties, helps mitigate backgrounds, and expands the 

SBN(D) physics potentials.

This “PRISM“* feature 
of SBND allows 
sampling multiple 
neutrino fluxes in the 
detector. 

SBND sees neutrinos from a range of off-axis 
angles, up to ~1.5°.

Divide in bins to reduce systematics⟹need high statistics [also 
in the more off-axis regions]. 

7/10/24 Fermilab PAC Meeting  /  Status of the SBND Experiment 
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7/10/24 Fermilab PAC Meeting  /  Status of the SBND Experiment 

See more details in the SBND Cross-Section Program  talk by Leo Aliaga



Minerba Betancourt

• Precision neutrino-nucleus interaction measurements
• Beyond standard model physics searches 

SBND Science Program Beyond the Oscillation Search

25

BSM Searches 

Neutrino 

L. Yates︱SBND Cross Section Measurements︱NOW 2024

Highlights: νμ Charged-Current Inclusive
• The νμ CC inclusive analysis can be used to study muon kinematics, and to make detailed 

comparisons to neutrino–argon interaction models leveraging SBND’s high statistics 

• In SBND, this selection can also be used to help us benchmark detector performance and 
understand BNB flux effects 

• Current selection achieves 50% efficiency for νμ CC interactions in the fiducial volume

16

1e5

SBND Simulation, 10e20 POT 
Work in Progress

νμ CC Inclusive 
Selection

SBND Simulation, 
10e20 POT 
Work in Progress

1e5

νμ CC Inclusive 
Selection

L. Yates︱SBND Cross Section Measurements︱NOW 2024

Highlights: νμ Charged-Current, Pionless Final States
• The νμ CC 0π final state targets quasielastic and 2p2h (MEC) interaction modes that are 

dominant in the 1p and 2p final states, respectively 

• The 1p0π final state is particularly good for studying transverse kinematic quantities, and 
more generally for studying nuclear effects 

• Selection for 1p0π events is in place on SBND simulation, achieves 38% efficiency 

‣ Translates to an expectation of ~300,000 events per year of BNB data
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νμ CC 1p0π 
Selection νμ CC 1p0π SelectionTruth-level

See more details at 
SBND cross section 
program talk by Leo 
Aliaga and poster by 
Moon Jung 

CC Inclusive 

CC 1proton0𝞹 



Summary 
• Several measurements provided hints to indicate there is a fourth and non-weakly interacting 

(sterile) type of neutrino
• LSND, MiniBooNE, reactor experiments, Neutrino-4
• New short baselines experiments with near and far detectors to search for sterile neutrinos
•  JSNS2-II and SBN at Fermilab
• The SBN detectors will perform a world-leading search for eV-scale sterile neutrino by looking at 

both appearance and disappearance channels 
• Rich physics program of neutrino-argon scattering measurements and BSM physics 
• SBND completed the construction of the detector and commissioning is in progress
• ICARUS is collecting physics quality data with NuMI and Booster neutrino beams 
• Exciting times for the community with commissioning and data analysis with short baseline 

experiments 
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• Target volume 32-tonnes, baseline is 48m 

• Construction began in 2021, expected to begin data taking in the 
2024-2025 run period 

• A second baseline allows observation of “smoking gun” oscillation 
signature 

• Improves sensitivity across parameter space, especially at low   valuesΔm2

Hg 
Target

Near 
Detector

Far  
Detector

MLF
Google Earth, Image date Nov-24-2022

(arXiv:2012.10807)

JSNS   3 years  +
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