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♦ TPC: ~54,000 channels across
two cryostats (four drift volumes) 
for imaging neutrino interactions

♦ PDS: 360 PMTs behind anode
wire planes (90 per anode) for
event triggering/timing w/ light

♦ CRT: top/side cosmic ray tagger 
panels (scintillator + SiPM 
readout) for tagging cosmics

♦ ICARUS:  far detector of SBN Program @ Fermilab, originally operating at 
LNGS underground lab at Gran Sasso in Italy (shipped to US in 2018)

♦ Primary physics goal is to study anomalous neutrino oscillations (e.g. sterile 
neutrinos) at short baselines (L ~ 600 m) and L/E ~ 1 m/MeV using BNB

♦ Uses liquid argon time projection chamber (LArTPC) technology

Primary Detector Subsystems
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♦ SBN Program:  two LArTPC detectors @ Fermilab on BNB
• SBND:  near detector; provides flux and ν-Ar xsec constraint

• ICARUS:  far detector; measures oscillated neutrino spectrum

♦ Measure ν
µ
 disappearance + ν

e
 appearance at same experiment

♦ ICARUS also sees NuMI neutrinos  extra handle on → ν-Ar xsec
• NuMI target, absorber:  sources for BSM physics searches

 

ICARUS
600 m baseline
470 t active mass
Taking data 

 

SBND
110 m baseline
112 t active mass
Commissioning 

               BNB (on axis)
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♦ Three wire planes per anode (two 
induction, one collection)  image in 3D→

♦ Front induction plane wires horizontal,
others @ 60° angles 

♦ 500 V/cm E field, 1.5 m max drift

♦ Warm front-end electronics (not in LAr
like MicroBooNE/SBND)

X (time)

Z

Y
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♦ Concrete 
overburden 
(~3 m) for 
cosmic γ/n 
suppression 

Detector in Pit Before CRT Installed

Cryo Plant

Top CRT Side CRT

♦ Detector installation: 2018-2020

♦ CRT installed in 2021-2022
• ~95% cosmic tagging efficiency

Layer 
1

Layer 
2

Layer 
3

factor ~2 
reduction
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♦ Cold commissioning in September 2020

♦ Started taking physics data in June 2022

♦ Electron lifetime high enough for quality
physics, now in 6-9 ms range (for Run 3)
• Max charge loss @ cathode: 10-15%

♦ Run 1/2/3 BNB POT (×1020):  0.4/2.1/1.4

♦ Run 1/2/3 NuMI POT (×1020):  0.7/2.7/2.8  (FHC/FHC/RHC)

West Cryostat

East Cryostat
Run 3
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West Cryostat

East Cryostat
Run 3

Run 3

NuMI

BNB

~95%
Collection
Efficiency

♦ Cold commissioning in September 2020

♦ Started taking physics data in June 2022

♦ Electron lifetime high enough for quality
physics, now in 6-9 ms range (for Run 3)
• Max charge loss @ cathode: 10-15%

♦ Run 1/2/3 BNB POT (×1020):  0.4/2.1/1.4

♦ Run 1/2/3 NuMI POT (×1020):  0.7/2.7/2.8  (FHC/FHC/RHC)

Run 2

R
u

n
 1

ICARUS Total
Projected POT
(Depending on 

Accelerator 
Operations)

 

BNB:
10-14×1020

  

NuMI:
11-18×1020
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♦ Tuned noise model and wire signal response in MC simulation 
using minimum bias data and cosmic muon data, respectively

♦ Extracted electronics gain factors, electron lifetime correction, 
and electron-ion recombination correction using cosmic data

♦ Two forthcoming ICARUS papers describing calibrations
• Other detector physics publications (e.g. diffusion) also forthcoming

TPC Noise FFTs – Data vs. MC Wire Signal Response (After Calibration) – Data vs. MC
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♦ Tuned noise model and wire signal response in MC simulation 
using minimum bias data and cosmic muon data, respectively

♦ Extracted electronics gain factors, electron lifetime correction, 
and electron-ion recombination correction using cosmic data

♦ Two forthcoming ICARUS papers describing calibrations
• Other detector physics publications (e.g. diffusion) also forthcoming

dE/dx vs. Residual Range (for PID)
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CRT Hit Time - PMT Signal Time [ns]

 Cosmics Entering
through Top CRT

Excess from ν Beam

Particles Exiting 
through Top CRT
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Work in Progress Data  On-beam
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Cosmic Rejection w/ CRT+PMTs (TOF)

Selected π0s from 
BNB ν
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 CC events

ICARUS
Work in Progress
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Selected π0s from 
BNB ν

µ
 CC events

ICARUS
Work in Progress
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♦ Ultimate goal for ICARUS is to provide oscillated neutrino 
spectrum as far detector of SBN Program
• Measure ν

µ
 disappearance + ν

e
 appearance w/ two detectors

• BNB ν
µ
/ν

e
 data for SBND/ICARUS, NuMI ν

µ
/ν

e
 data for ICARUS

♦ While SBND progresses through commissioning, ICARUS is 
pursuing single-detector neutrino oscillation physics with first 
focus on muon neutrinos – targeting end of calendar year
• Pathway for tool developments (e.g. fitter, systematics) in preparation 

for two-detector measurements of full SBN Program

• May consider electron neutrino modes if ready on this timescale

♦ Considering 1µ1p0π/1µNp0π BNB final states – two approaches:
• Pandora – traditional reconstruction approach (used at MicroBooNE)

• ML (SPINE) – machine-learning-based reconstruction chain

– GitHub:  https://github.com/DeepLearnPhysics/spine

https://github.com/DeepLearnPhysics/spine
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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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♦ 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%
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ICARUS Work in progress
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♦ Current systematics:  flux/xsec/detector ~ 10%/15%/15%

ML (SPINE)
1µNp0π Selection

Efficiency ~ 75%
Purity ~ 80%

Pandora
1µNp0π Selection

Efficiency ~ 50%
Purity ~ 80%
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NuMI MC   NuMI MC

Muon Neutrinos @ ICARUS
 

Electron Neutrinos @ ICARUS Oscillation Probability
at DUNE

Cross Section PhysicsCross Section Physics
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♦ High statistics w/ NuMI beam for cross section measurements
• Muon neutrinos:  ~330k for 6×1020 POT

• Electron neutrinos:  ~17k for 6×1020 POT

♦ Relevant for first oscillation maximum of DUNE (high neutrino 
energy, so low L/E)



11μμNp0Np0ππ NuMI Analysis NuMI Analysis
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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
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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
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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

90%
C.L.

90%
C.L.

Poster
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Putnam
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♦ ICARUS well on the way to first physics results, including:
• Single-detector neutrino oscillation physics w/ BNB (and NuMI) data

• Cross section measurements, BSM physics searches w/ NuMI data

• Detector physics results w/ cosmic muon data

♦ Goal is end of year for first ICARUS single-detector neutrino 
oscillation measurement – key step toward SBN-wide physics
• ICARUS data in hand:  ~4×1020 BNB POT, ~6×1020 NuMI POT

• Ultimate dataset:  10-14×1020 BNB POT, 11-18×1020 NuMI POT

♦ Near-term ICARUS priority is reducing detector systematics
• Achieving 5-7% should be straightforward with studies in hand

• SBN Program goal of 2-3% achievable on longer timescale

♦ Thanks to all the Fermilab support that got us here
• Fermilab cryogenic support, computing, accelerator division, human 

resources… we couldn’t do it without you!



Thanks!
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