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The	sterile	neutrino	puzzle
• Accelerator	experiment	anomalies:	𝜈! 	excess	in	a	𝜈" 	beam

arXiv:hep-ex/0104049

arXiv:2006.16883

LSND MiniBooNE

New	sterile	𝜈	+lavor	
at	Δ𝑚8 ∼ 𝑒𝑉8	!
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LSND MiniBooNE
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• Reactor	 ;𝜈! 	disappearance	signal

Oscillation	signature	at	5.8𝜎	CL	
when	results	are	combined	with	

other	experiments

Neutrino-4
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The	sterile	neutrino	puzzle
JH
EP08	(2018)	010

Tension	 between	 appearance	 and	 disappearance	

results	in	global	constraint	plots

Measure	both	channels	with	the	same	experiment

The	 Short-Baseline	 Neutrino	 program	 is	 searching	

for	sterile	neutrinos	at	∼ 𝑒𝑉8	mass	scale

LAr	 Time	 Projection	 Chambers	 (LArTPC)	 @	 Fermilab	

sampling	the	same	𝜈	beam	at	different	distances
LArTPC
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https://link.springer.com/article/10.1007/JHEP08(2018)010


The	Short-Baseline	Neutrino	program

• Shared	detector	technology,	nuclear	target	and	beam	to	reduce	the	systematic	uncertainties	to	%	level

BNB

Flux	 and	 𝜈 −	 Ar	 cross	 section	
constraints	from	the	near	detector

Oscillated	 neutrino	 spectrum	
measurement	at	the	far	detector

Commissioning	phase Taking	data
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ICARUS	beams
• BNB	is	a	well	characterized	𝜈"-beam,	able	to	produce	𝜈	and	𝜈̅	beams	with	low	𝜈! 	contamination

arXiv:1903.04608700	MeV	
peak	energy
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https://arxiv.org/pdf/1903.04608


ICARUS	beams

700	MeV	
peak	energy

• BNB	is	a	well	characterized	𝜈"-beam,	able	to	produce	𝜈	and	𝜈̅	beams	with	low	𝜈! 	contamination

	 				Sensitive	search	in	the	𝜈"	disappearance	&	𝜈!	appearance	channels
SBN	𝜈!	appearance	sensitivity
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ICARUS	beams
• BNB	is	a	well	characterized	𝜈"-beam,	able	to	produce	𝜈	and	𝜈̅	beams	with	low	𝜈! 	contamination

• ICARUS	is	also	exposed	∼ 6∘	off-axis	to	the	NuMI	beam	and	can	access	the	𝜈! 	rich	component	of	the	spectrum

arXiv:1503.01520

ICARUS
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https://arxiv.org/pdf/1503.01520.pdf


Standalone	ICARUS	physics	program
• Before	the	start	of	near-far	joint	operation,	ICARUS	standalone	physics	program	includes

𝜈" 	disappearance	investigation	with	BNB	beam

	 𝜈! 	disappearance	studies	leveraging	the	NuMI	beam	will	follow

𝜈 −Ar	 cross	 section	 measurements	 and	 software	 optimization	 of	
reconstruction	&	identi[ication	tools	with	NuMI	beam

	 within	DUNE’s	interest	energy	range

Search	for	sub-GeV	Beyond	Standard	Model	(BSM)	signatures

	 Exploiting	off-axis	NuMI	beam
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ICARUS	LArTPC
• ICARUS	T600	is	the	[irst	large	scale	LArTPC

• 2	Identical	cryostats	with	4	TPCs

• Total	active	mass	476	ton

• 3	readout	wire	planes	per	anode	at	0	and	±60°

• 500	V/cm 𝐸	[ield,	with	1.5	m	drift	length

• Warm	front-end	electronics
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ICARUS	Detector	Subsystems
• Time	Projection	Chambers	(TPC)

- ∼	54k	channels	at	different	orientations	and	3	mm	pitch	

• 		Photon	Detection	System	(PDS)	

- 360	PMTs,	TPB	coated	to	detect	scintillation	light	

- Event	timing	and	triggering	purposes

• Cosmic	Ray	Tagger	(CRT)

- ∼ 4𝜋		scintillator	panels	with	SiPM	readout	for	cosmic	tagging	

- Protected	by	∼	2.85	m	thick	concrete	overburden	for	external	

𝛾/n	suppression

PMTs

Field	cage

Cathode

Wire	planes	(Anode)

1st	layer	
Overburden

CRT
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*ICARUS	operates	at	shallow	depth



PMTs

Field	cage

Cathode

Wire	planes	(Anode)

1st	layer	
Overburden

CRT

• September	2020:	Start	of	TPC	and	PMT	operations	

• December	2021:	CRT	installation	

• June	2022:	Overburden	installation

∼	95%	tagging	ef[iciency

ICARUS	Detector	Subsystems
Installation	and	activation

Layer	
1

Layer	
2

Layer	
3
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factor ∼	 2	
reduction

Eur.	Phys.	J.	C 83,	467	(2023)	
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https://doi.org/10.1140/epjc/s10052-023-11610-y


Physics	runs
First	physics	data	taking	after	overburden	completion

Recording	events	whose	scintillation	light	is	detected	in	

coincidence	with	the	proton	beam	extraction

No	 beam	 periods	 allowed	 LAr	 re[illing	 and	 detector	

improvement	operations

At	least	5	+ired	PMT	pairs	inside	a	6	m	longitudinal	slice

>97%	data	

collection	ef[iciency

See	R.	Triozzi’s	talk!	

*+(-)	focusing	indicates	forward	(reverse)	Horn	Current

Run-2	DATA

ICARUS	Work	in	Progress
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https://indico.cern.ch/event/1307446/contributions/5979991/


ICARUS	Data	taking
• Free	electron	lifetime	stable	and	adequate	for	physics	runs	thanks	to	the	cryogenic	and	puri[ication	systems

*residual	impurities	in	LAr	at	∼	40	p.p.t.	of	[O2]	equivalent

Values	∼	7-8	ms	allowing	an	almost	full	track	detection	ef+iciency	in	the	whole	1.5	m	drift	(	∼	1	ms)

ICARUS	Work	
in	Progress
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ICARUS	Data	taking
• Free	electron	lifetime	stable	and	adequate	for	physics	runs	thanks	to	the	cryogenic	and	purification	systems
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Detector	calibration
• To	pursue	ICARUS’	standalone	physics	program	a	full	detector	calibration	is	mandatory	

• Accurate	characterization	and	modeling	of	TPC	wire	signals	in	MC	using	cosmic	muon	data

arXiv:2407.11925
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Preliminary
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https://arxiv.org/abs/2407.11925


Detector	calibration
• Detector	response	calibration	with	cosmic	muons	and	protons	from	neutrino	events,	essential	for	PID

*ℇ	being	the	electric	jield	and	𝜌	the	Ar	density

- Electronics	gain	factors

- New	angular	dependent	recombination	model	(EMB)

- Electron	lifetime	correction	
arXiv:2407.12969

DATA

Angle	𝜙	[°]	between	track	and	drift	electric	Rield

Preliminary

Preliminary
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https://arxiv.org/abs/2407.12969


Detector	validation
• Deposited	energy	was	used	to	validate	the	calibration	and	calorimetric	reconstruction

• stopping	protons	from	NuMI	𝜈"CC
• ∼	3%	resolution

• 𝜋l	from	BNB	𝜈"CC
• ∼	10%	resolution

arXiv:2407.12969 More	details	here

Preliminary

ICARUS	Work	
in	Progress
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https://arxiv.org/abs/2407.12969
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Detector	validation

• ∼	500	𝜈"CC	from	BNB	
• Automatic	–	visual	vertex	reconstruction
• few	mm	resolution	!!

• Visually	selected	events	exploited	to	evaluate	the	automatic	reconstruction	resolution

Vertex	vertical	offset	[cm]

ICARUS	Work	in	Progress

𝜈 !
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Detector	performance
• Effective	rejection	of	incoming	cosmics	using	their	time	of	[light

Leveraging	the	correlation	between	
CRT	and	PMT	signals	

Top	CRT	time	–	PMT	signal	time	[ns]	
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On-beam	Data

Off-beam	Data

𝜈	products
exiting	Top	CRT

Cosmics	entering	
Top	CRT

Excess	 due	
to	𝜈	beam

ICARUS	Work	in	Progress

Cosmic	entering	

TCRT	–	TPMT	<	0

Neutrino	exiting	

TCRT	–	TPMT	>	0

TCRT	

TPMT	
TPMT	

TCRT	

CRT	panels

PMTs
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Detector	performance
• Reconstruction	of	BNB	and	NuMI	beams	bunch	structures	

- Rejecting	incoming	cosmic	activity	(CRT	+ilter)	+	𝜈	time	of	+light	correction	

- Using	light	information	only

More	details	here

Charge	information	expected	to	improve	resolution

*Resistive	Wall	Monitors	(RWM)

- 𝜈	event	time	wrt	proton	beam	extraction	time	(RWM	counters)

ICARUS	Work	in	Progress

Cosmic	
bkg

All	81	BNB	bunches	identified

BNB	DATA

BNB

NuMI
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∼	1.6	𝜇s	BNB	spill

https://indico.fnal.gov/event/64626/contributions/294991/


Status	of	ICARUS	physics	program
• Before	the	start	of	near-far	joint	operation,	ICARUS	standalone	physics	program	includes

𝜈" 	disappearance	investigation	with	BNB	beam

	 𝜈! 	disappearance	studies	leveraging	the	NuMI	beam	will	follow

𝜈 −Ar	 cross	 section	 measurements	 and	 software	 optimization	 of	
reconstruction	&	identi[ication	tools	with	NuMI	beam

	 within	DUNE’s	interest	energy	range

Search	for	sub-GeV	Beyond	Standard	Model	(BSM)	signatures

	 Exploiting	off-axis	NuMI	beam

Selection	ready	and	sidebands	studied	for	a	subset	of	data

Event	selection	ready	and	validated

Signal	box	opened	for	the	𝜇𝜇	decay	channel
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𝜈!	CC	event	selection
• Fully	contained	𝜈" 	CC	events	with	1	muon	+	N	protons	are	studied

2.1	𝑚	𝑊𝑖𝑟𝑒𝑠
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𝑳𝝁 ∼
	2	m Overlapped	

cosmic	tracks

Collection	plane
- TPC	track	associated	with	PMT	light	and	no	CRT	signal	

inside	the	beam	spill	window

- A	muon	(𝐿"	>	50	cm)

- At	least	1	proton	𝐿c	>	2.3	cm	(𝐸o	>	50	MeV)

- Correctly	identi+ied	by	the	PID	tool	(based	on	dE/dx)

- Fully	contained	particles	

- no	additional	𝜋	or	𝛾’s	
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𝜈!	CC	event	selection
• Fully	contained	𝜈" 	CC	events	with	1	muon	+	N	protons	are	studied
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- At	least	1	proton	𝐿c	>	2.3	cm	(𝐸o	>	50	MeV)

- Correctly	identi+ied	by	the	PID	tool	(based	on	dE/dx)

- Fully	contained	particles	

- no	additional	𝜋	or	𝛾’s	

• Cosmic	backgrounds	below	1%

• Validation	through	visual	studied	𝜈

• Event	kinematic	by	range	measurements

• Two	independent	reconstruction	approaches:	

- Pandora	patter	recognition	algorithm

- Machine	learning	-	
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https://github.com/PandoraPFA
https://github.com/DeepLearnPhysics/spine


𝜈!	CC	event	selection	-	Systematics
• Systematics	are	evaluated	comparing	calibrated	vs	uncalibrated	MC	samples	

• Kinematic	 variables	 might	 help	 reducing	 cross	

section	systematics

• Cancellations	in	the	joint	SBN	analysis:	

- cross	section	and	+lux	uncertainties

- common	detector	systematics

• Simulation	 improvements	 ongoing	 to	 reduce	

Data-MC	discrepancies	Reconstructed	neutrino	energy	[GeV]
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ICARUS	Work	in	Progress

Flux	/	cross	section	/	detector	∼	10%	/	15%	/	15%
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1𝜇Np	selection	–	Iirst	results	BNB
• Data-MC	agreement	in	10%	of	Run-2	
unblinded	data

• Next	steps:

- Enlarge	control	sample	

- Unblind	full	dataset

- Single	detector	oscillation	[it

*Considering	Run	1-2-3	POT
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Total	transverse	momenta	[GeV/c]

Total	transverse	momenta	[GeV/c]

Pandora Pandora

ML ML

ICARUS	Work	in	ProgressICARUS	Work	in	Progress

ICARUS	Work	in	ProgressICARUS	Work	in	Progress
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Interactions	@	ICARUS
• Cross	section	measurements	thanks	to	NuMI	high	statistics

• Available	data	∼	3.42	⋅ 108l	POT

332	k	𝜈!CC	and	17	k	𝜈(CC	interactions	in	6	⋅ 10)*	POT	

More	details	here

𝜈! , 𝜈̅!	
Simulation

Neutrino	energy	[GeV]

ICARUS	Work	in	Progress

𝜈( , 𝜈̅( 	
Simulation

Neutrino	energy	[GeV]

ICARUS	Work	in	Progress
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https://indico.fnal.gov/event/59963/contributions/286476/


Interactions	@	ICARUS
• Cross	section	measurements	thanks	to	NuMI	high	statistics

• Available	data	∼	3.42	⋅ 108l	POT

• Relevant	overlap	between	ICARUS	and	DUNE	energy	spectrum

332	k	𝜈!CC	and	17	k	𝜈(CC	interactions	in	6	⋅ 10)*	POT	

More	details	here

𝜈! , 𝜈̅!	
Simulation

Neutrino	energy	[GeV]

ICARUS	Work	in	Progress

DUNE	Near	
detector

Neutrino	energy	[MeV]
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https://indico.fnal.gov/event/59963/contributions/286476/


	1𝜇Np0𝜋	selection	-	NuMI	
• Targeting	1𝜇Np0𝜋	topology

• Signal	de[inition

- One	𝜇	with	𝑝">	0.226	GeV/c

- At	 least	 one	 proton	 with	
𝑝" ∈	[0.4,	1]	GeV/c

- no	additional	𝜋±	or	𝜋l

• Using	15%	of	Data

Enriched	in	quasi-elastic
and	2p2h	interactions	

Angles	and	transverse	

kinematic	variables	as	a	proxy	

for	initial	and	final	state	

information

ICARUS	Work	in	Progress

Flux,	cross	section	and	

detector	systematics	

included

ICARUS	Work	in	Progress
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	𝜋±	control	sample
• Major	background:	undetected	or	misidenti[ied	pions

• Control	sample	studied	requiring	two	muon-like	tracks	

• Good	agreement	between	15%	data-MC	

ICARUS	Work	in	Progress ICARUS	Work	in	Progress
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	𝜋±	control	sample
• Major	background:	undetected	or	misidenti[ied	pions

• Control	sample	studied	requiring	two	muon-like	tracks	

• Good	agreement	between	15%	data-MC	

ICARUS	Work	in	Progress ICARUS	Work	in	Progress

Ready	to	study	100%	
data	sideband
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BSM	Physics	-	NuMI
• Rich	BSM	research	program	within	the	off-axis	NuMI	beam

• Explored	models	involving	dark	particles	coupling	to	SM	particles	through	Scalar	Portal	Interactions

Phenomenology	diagram	of	HPS	at	ICARUS

- Higgs	Portal	Scalar	(HPS)	 Scalar	dark	sector	particles,	undergo	mixing	with	Higgs	boson

- Heavy	QCD	axion		(ALP)	 Pseudoscalar	particles,	undergo	mixing	with	pseudoscalar	mesons

First	analysis	completed!

Signal:	contained	di-muon	
+inal	state	topology
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HPS	and	ALP	search	results
• The	Scalar	mass	(𝑀"")	peak	is	reconstructed	using	the	two	stopping	muons

• Signal	is	expected	at	small	angle	to	the	beam	direction	𝜃qrst < 5°

• 8	candidate	events	were	found	in	all	ICARUS	Run-2	NuMI	data	

ICARUS	Data	-	Preliminary

𝑴𝝁𝝁	:	277	MeV	

ICARUS	Data	-	Preliminary

𝑴𝝁𝝁	:	311	MeV	
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HPS	and	ALP	search	results
• The	result	is	compatible	with	no	new	physics	signal	(0.19	𝜎)

- Background:	8	events	from	𝜈"	CC	coherent	pion	production

• Exclusion	contour	plots	(90%	C.L.)	and	paper	in	progress

*Full	systematic	treatment	included

Preliminary

Preliminary

Preliminary

More	details	here
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https://agenda.infn.it/event/37867/contributions/228284/


Conclusions
• ICARUS	is	smoothly	running	in	physics	mode	since	June	2022

• Detector	performance	evaluated	with	cosmic	muons	and	protons	from	𝜈

- 	Huge	effort	to	calibrate	and	model	detector	response	 												Papers	available	in	

• ICARUS	well	on	the	way	to	[irst	physics	results

- Single	detector	𝜈"	disappearance	with	BNB	beam

- 𝜈" −	Ar	cross-section	measurements	with	NuMI	beam	

- Sub-GeV	dark	matter	candidates	with	NuMI	beam	 						Completed	contained	di-muon	search

	 	 Looking	forward	for	the	SBN	joint	analysis!	

Ready	to	enlarge	control	samples	
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