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The sterile neutrino puzzle

• Anomalies from accelerator experiments (LSND and MiniBooNE), reactors and
radioactive source have been reported in the last 20 years, unable to fit inside
the 3-flavor oscillation scheme

• Results point towards a new sterile 𝜈 flavor at 𝛥𝑚2	~	 𝑒𝑉2 and a small mixing
angle, thus driving short distance oscillations

• The Neutrino-4 collaboration reported a hint of oscillation signature at higher
mass splitting    [arXiv:2005.05301 ]
• Reactor ,𝜈𝑒 disappearance with 𝛥𝑚2	~	7	𝑒𝑉2 and 𝑠𝑖𝑛2 2𝜃	~	0.26

• A recent publication combining Neutrino-4 results with data from GALLEX,
SAGE, and BEST experiments has increased the confidence in previously
claimed results to 5.8𝜎 CL [arXiv:2302.09958]

(Anti-)	𝜈! 	→ 𝜈" appearance

(Anti-)	𝜈" Disappearance
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A clear tension between appearance and disappearance experiments, which are characterized 
by different neutrino energy range and detection technique, is evident..

Measuring	both	channels	with	the	same	experiment	will	help	clarify	the	physics	scenario

https://arxiv.org/abs/2005.05301
https://arxiv.org/abs/2302.09958
https://arxiv.org/pdf/2106.05913
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• Rates at SBND:
• From Booster: 0.22 Hz (ν) and 0.07 Hz cosmic

• Rates at ICARUS: 
• From Booster 0.03 Hz (ν) and 0.11 Hz cosmic
• From NuMI: 0.014 Hz (ν)  and 0.08 Hz cosmic
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LAr TPC facility on the Neutrino Beams at Fermilab 
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● ICARUS and SBND LAr-TPC’s are installed at 600 and 110 m  from  the Booster target, searching for sterile- 𝜈 

oscillations  both in appearance and disappearance channels.

● In addition will produce a high-statistics 𝜈 -Ar cross-section measurements and event identification & 

reconstruction studies in view of DUNE.  

● ICARUS is also exposed off-axis to the NuMI beam and can access the 𝜈! rich component of the spectrum 

(up to 3 GeV) which will grants access to a rich BSM (Beyond the SM ) search program .                               

Short Baseline Neutrino (SBN) at FNAL : a definite answer to the sterile neutrinos?
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Booster Neutrino Beam (BNB)
arxiv:1503.01520

60 off axis from Main Injector (NuMI)

SBND
110 m baseline
112t active volume 
Under completion

ICARUS
600m baseline
476t active volume 
In data taking
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ICARUS exclusive capability of testing Neutrino-4 claim
• Neutrino-4 Collab. at Dimitrovgrad SM-3 reactor gave evidence of neutrino oscillation into             

sterile- 𝜈 showing a disappearance signal   with a clear L/En ~ 1-3 m/MeV modulation.
      
• ICARUS at FNAL presents remarkable similarities to NEUTRINO-4 which should allow  to settle 

the NEUTRINO-4 sterile- 𝜈 claims in the initial ICARUS-only run with BNB and NuMI in the same 

L/E ~ 1-3 m/MeV but with events collected at ~100 times the energy

Dm2=7.25 eV2, sin22θ=0.26 

• Prediction for Neutrino-4 best fit (black) at BNB
• Expected measured nµ oscillation pattern           

with statistical errors (red)

nµ  survival oscillation probability at Booster:  
~8500 QE events with >50 cm contained µ track,             

ne survival oscillation probability at NuMI:   
~ 5200 QE events with contained E.M. shower,                                    

• Prediction for Neutrino-4 best fit (blue) at NuMI
• Expected measured ne oscillation pattern with 

statistical errors (red)
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Jetp Lett. 116, 669–682 (2022)
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https://link.springer.com/article/10.1134/S002136402260224X


• Uniform Liquid Argon Time-Projection Chamber detector (LArTPC)

• The largest LArTPC in operation and consists of 2 iden?cal modules
filled with 760t of LAr	, and 476t total ac?ve mass

• Self-triggering detector, with precise 3D imaging and calorimetric
capabilities

• ICARUS moved to  FNAL in 2017 after extensive overhauling phase 
at CERN and INFN Labs in view of the shallow depth operations, that 
included major upgrades  in
• the cryogenics,

• the Lar purification system,

• the TPC readout  electronics,

• the light collection system.
ICARUS	installation	at	FNAL	FD

The ICARUS detector 
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• 2 TPCs per cryostat, with a common central cathode

• 1.5 𝑚 drift length and 𝐸BCDEF = 500 𝑉/𝑐𝑚

• Ionization charge continuously read (400 𝑛𝑠 sampling time)
by 3 readout wire planes per TPC, ≈ 54000 wires at 0°,
± 60° w.r.t. horizontal and 3𝑚𝑚 pitch

• 360 8” PMTs located behind the wires for timing and
triggering purposes:

• Precise identification of interaction time, ∼ 𝑛𝑠 time
resolution

• Localization of events with spatial resolution< 50 𝑐𝑚

PMTs

Field	cage

Cathode

Wire	planes	(Anode)

Internal	view	of	one	cryostat	during	the	upgrade	at	CERN		
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The ICARUS detector at Fermilab 

By 2022, ICARUS was filled, activated and successfully commissioned at Fermilab!
[see  Eur.Phys. J.C 83 (2023), 6.467) for initial detector operations ]

gives tGHIJK ∼ 1ms, vGHIJK ∼ 1.6mm/𝜇s 



The TPC read-out electronics

Minerba Betancourt

Status on ICARUS Installation
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Placement of ICARUS inside the warm vessel  
after the overhauling at CERN (August 2018)

All cryogenic equipment installed, 
welded and tested (May 2019)  

Feedthrough TPC/PMT/laser flanges installation ; 
DBBs boards installed/tested  (December 2018) 

Feedthrough TPC/PMT/laser flanges installation 
(December 2018) 

All TPC readout electronics 
installed and tested 

TPC mini-crate on a feed-through 
hosting 9 boards (576 wires)

Recorded cosmic muon track:   bipolar shape of e-signals traversing wire planes  
as seen in Induction-1 &  2 views. 

Higher performance TPC readout electronics compliant with higher data rates at shallow depths;

Front-end based on analogue low noise, charge sensitive pre-Amp;
Compact layout with both analog/digital electronics in a single board.  
Signal shaping ~1.3 μs to match e- transit time between Induction-1, 2 and Collection wire 
planes (3 mm apart) improving hits position resolution;

ICARUS Signal to Noise ratio

S/N > 10 in Collect./Ind-2 views for mip µ 

vertical tracks.Induction-1

Induction-2

Collection
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Continuous read-out, digitization, discrimination and waveform recording of 
PMTs signals (V1730 digitizers);

PMT signals sampled every 2 ns, recorded in 10 µs windows.

Consists of 360 Hamamatsu 8“ PMT (5% coverage, 15 phe/MeV) installed 
behind the wire planes, 90 PMTs per TPC chamber

PMT gain is equalized at ~ 0.45 107±1%  and measuring ~4 mV PMT response to 
single photoelectron

PMT signals timing w.r.t. the trigger is measured with 1 ns resolution by mean of a  
l ~ 405 nm laser pulses, to precisely  determine the time of collected events.

V1730 Digitizer

A3818
Optical
Link

Data
recording
(10 µs)

PMT
Trigger
Logic

LVDS

Global 
Trigger

Argon scintillation 
light 

The Light Collection system
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PMT signals in a 
limited TPC window 
are the foundation 
of the trigger logic
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See G.L. Raselli poster ” Time calibration and synchronization of the 

scintillation light detection system in ICARUS-T600” for more details.



• ICARUS is on the surface and hence exposed to a huge comic activity that can mimic neutrino interactions

• Without shielding, ICARUS would be overwhelmed by the hadronic and soft energy component of the cosmic background

• In order to mitigate as much as possible its contribution, ICARUS is instrumented with

• ~	3	𝑚 concrete overburden placed on top of the detector

• 4𝜋 Cosmic Ray Tagger (CRT): 3 subsystems with double layer scintillation bars (~1000 𝑚L) equipped with SiPMs
(2.4 𝑛𝑠 time resolution), tagging incoming cosmics with ~95% efficiency

• Coincidence of CRT signal with the light and charge signals in the TPC for background rejection

The Cosmic-Rays Tagger (CRT) system

Side	CRT Top	CRT Overburden
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The ICARUS trigger system exploits the coincidence of the BNB and NuMI beams spills, 1.6 µs and 9.5 µs respectively, 
with the prompt scintillation light detected by the PMTs. The beams’ Early Warning signals of proton beam extractions     
are distributed to the experiment via a  fully deployed White Rabbit (WR) network.

Beam events are collected requiring at least 5 fired PMT pairs (Mj =5) 
inside one of the 6 m longitudinal slices (30 PMTs left + 30 PMTs right);

PMT and CRT signals also recorded in 2 ms   around the trigger  to 
recognize cosmic rays  crossing the LAr-TPCs during the  1 ms e-drift time

Additional trigger signals are generated in correspondence with beam 
spills w/o any request on the light (MinBias) and outside of the beam spills 
to the detect CR interactions for calibration and background studies 

TPC 
Left 

TPC 
Right

cathode

PMT

PMT

n beam 

30 PMTs 30 PMTs 30 PMTs

30 PMTs 30 PMTs 30 PMTs

. 
n beam
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The Trigger system

Triggered events in ICARUS configurations with and without beam, 
clearly showing an excess due to neutrino interactions. The spills 
durations of the two beams are well recognized.

The high peak is the tail of scintillation light from cosmic rays 
earlier in the beam gate opening. Its easily  removed by looking at 
the trigger time
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Trigger efficiency measured selecting vertical 
cosmic muons in TPC tracks matched to CRT signals 
without any requirement  on PMT light signals :

• ~ full efficiency is found for in-spill events 
with track length > 1 m (EDEP~ 200 MeV )  

• out-of–spill cosmic are instead recognized 
with 90% efficiency for L > 1.5 m when 
requiring  >= 8 fired PMT pairs

D.Torretta (Fermilab) - IPRD 

The Trigger system efficiency
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The Trigger system ongoing upgrade

To improve the trigger performance at low energy events 
EDEP < 150 MeV, an additional/independent trigger, based 
on the scintillation light signal amplitude instead of 
multiplicity of fired PMTs, is under study.

FIRST 3 m SECTOR SECOND 3 m SECTOR
PMTs

ADDER boards summing up 5% of signal from each group 
of 15 PMTs in a 3 m detector slice have been installed

enough light,          
enough firing PMTs

plenty of light,  not   
enough firing PMTs

event too close to PMTs event interaction

Commissioning !

Data collected with exploratory ADDER triggers is being analyzed  to evaluate  their efficiency in recovering events 
missed by the Mj trigger.
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Data taking and overall detector performance

Layer	
1

Layer	
2

Layer	
3

Rate of cosmic rays for Top CRT

Run 2

• The overburden installation resulted in a factor ~	2 reduction of cosmic rays
signal on Top CRT

• Steady data taking with DAQ uptime ∼93%, excellent stability on long runs at 
BNB rates > 4 Hz

• Liquid argon purity level is continuously monitored measuring signal 
attenuation along drift direction of 𝜇 tracks: the planned regeneration of the 
filters for the east cryostat will increase electron lifetime 𝜏"N" and improve 
uniformity.

Run 2 Data collected 

8.5 𝑚𝑠

4.5 𝑚s

Commissioning runs started in March 2021; physics quality data started in June 2022 - two physics runs since



• The Neutrino-4 analysis  is the major ongoing investigation by ICARUS with Booster and 
NuMI beams data.

• In total ~1500 nµCC candidates have been visually selected/measured and are exploited to 
qualify the automatic event selection (resolution, efficiency, purity,…) and address the major 
event reconstruction issues.

• Calibration of the whole data set and the tuning of the reconstruction of the wire signals are  
being pursued.  Run-1 and Run-2 are expected to be reprocessed in the fall, including the 
code improvements, supported by a production of ~1 Million MC events. 

• In parallel, the study of ne, nμ events from NuMI will also allow ICARUS to measure n-Ar
interaction cross sections and optimize n reconstruction/identification in an energy 
range of interest for DUNE. The NuMI beam will also allow a search for sub-GeV Dark 
Matter signals. 

The ongoing and future ICARUS research program
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Tuning of events reconstruction with visually selected nµCC events

Total transverse 
momentum, 1µ 1p events

data

MC expectation

Automatic procedures for selecting 1µ 1p nµCCQE interactions fully contained in LAr active volume are under 
tuning/validation:

• Reconstructed n interaction vertex and µ end-point 
(xreco) within ~2 cm from the measured one (xscan) ;

xreco-xscan  (cm) xreco-xscan  (cm)

dE/dx Vs Residual range dE/dx Vs Residual range

muons protons

Residual range (cm) Residual range (cm)

• Study P-ID for muons and protons;

• 1µ 1p fully contained n candidates: demonstrating 
particle identification and kinematic reconstruction 
capabilities in the transverse plane 
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• ICARUS installation and commissioning was completed by mid 2022. Run-2 has smoothly finished
collecting data from both Booster and NuMI beams with a total collected event statistics: 
~2.5 1020 BNB,  ~3.4 1020 NuMI.

• Neutrino candidates have been successfully collected and are being used to further develop and tune
automatic selection and reconstruction software tools

• ICARUS early phase’s primary focus is the study of the Neutrino-4 claims searching for 𝜈H
disappearance with BNB and 𝜈I disappearance in the NuMI off-axis beam ⟶ Data collected are being
actively analysed and first physics results expected by the end of this year

• After the ICARUS-only phase, the SBND detector will join soon as near detector from the BNB target
to perform a definitive 5𝜎 analysis of sterile neutrinos search

Conclusions and Perspectives
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ICARUS is well on its way to report exciting results 
in fundamental physics searches !



THANK YOU ! 

𝜈2 CC candidate
from NuMI 

𝜈3 CC candidate 
from BNB
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Backup slides
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• The combined analysis of near and far detector data will allow to cover the currently allowed parameter region with 5𝜎
sensitivity both in appearance and disappearance channels in 3 years of data taking (6.6	 R 10^_ POT)

SBN program expected sensitivities

• Using the same detector technology will greatly reduce systematic errors

• Near detector will provide the initial beam composition and spectrum 

• The clear electron neutrino identification capability will greatly reduce backgrounds
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Detector calibration

• TPC calibration is based on the study of the ionization energy loss per unit length (𝑑𝐸/𝑑𝑥)
versus residual range, i.e. distance from the end of the reconstructed TPC track, for cosmic muons 
(MIP) crossing the cathode and stopping/decaying in the active LAr volume

• Good agreement between calibrated data and predictions (<1% for 𝑑𝐸/𝑑𝑥< 4 MeV/cm) for all TPCs     

East TPC, West Cryostat - Collection Plane

• Ongoing effort to tune 
TPC signal response to 
improve data/Monte 
Carlo agreement and to 
include the spatial 
variations observed in 
detector response to 
CR muons  

Further details in Eur. Phys. J. C 83:467 (2023) 2
0



Physics searches with NuMI beam

𝝼e from NuMI at ICARUSOscillation probability at DUNE 𝝼μ from NuMI at ICARUS

Analysis of the NuMI Off-Axis beam (60 from ICARUS) data will allow:

High statistics measurements of n-Ar cross sections (~104 neCC events/year) and tests of interaction 
models in the few hundred MeV to few GeV energy range, of great importance for SBN oscillation 
studies and DUNE.

A rich Beyond Standard Model search program: Higgs portal scalar, n tridents, light dark matter, 
heavy neutral leptons …
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Status of event selection for oscillation analyses

• Initial studies focusing on a sample of events with 1 muon and 1 proton in the final states to perform an 

ICARUS-only 𝜈U disappearance measurement - similar selection in BNB and NuMI to discard clear 

cosmic rays events, include a FV + containment cut and the requirement to have two reconstructed 
tracks consistent with a muon and a proton (PID)

• The short term physics 
goals include also cross 
section measurements on 
argon in the few MeV to 
few GeV energy range 
significant for DUNE 
profiting of the off axis 

𝜈 flux from NuMI and 
BSM searches 

ICARUS MC
Preliminary

BNB


