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• Several anomalies have been observed in neutrino oscillation experiments, some of them can be explained by
introducing an additional sterile neutrino state (𝜈!)

• Short	Baseline	Neutrino	(SBN)	program	should	clarify	this	question	by	exploiting	the	BNB	beam	and	comparing	the	
neutrino	interactions	observed	at	different	distances	along	the	baseline	by	ICARUS	and	SBND	(LArTPC	detectors)
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Inside	ICARUS:	internal	view	of	one	cryostat

• Uniform Liquid Argon time-projection chamber
(LArTPC) detector

• First large LArTPC, still one of the largest in operation

• 2 Identical modules with 476 𝑡 total active mass

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

• Previous operation at LNGS, ICARUS moved to FNAL
after overhauling phase at CERN and INFN Labs

The	ICARUS	detector
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See	Filippo	Varanini’s	talk	tomorrow	

for	an	up-to-date	review	of	SBN	program!		



Short	Baseline	Neutrino	Program	at	FNAL

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

(	0.5 % 𝜈# 	content	)
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*Using	best	fit	values
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Short	Baseline	Neutrino	Program	at	FNAL

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

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

• Both	𝜈# 	appearance	and	𝜈" 	disappearance	channels	can	be	observed,	granting	access	to	study	the	nature	of	

the	observed	anomalies	and	shed	light	on	the	existence	of	sterile	neutrinos
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NEUTRINO-4	 experiment	 has	
claimed	 the	 observation	 of	
sterile	 neutrino	 oscillations	 at	
high	𝜟𝒎𝟐	⇢ ICARUS	has	started	
taking	data	alone	to	address	it

(up	to	3	GeV)	
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arXiv:1503.01520
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• A	first	step	towards	this	goal	is	to	focus	on	the	study	of	𝜈"CC	quasi	elastic	interactions	with	the	BNB

• These	are	selected	by	requiring:

• To further simplify, we can consider 1𝜇1𝑝 candidates

1. ν	vertex	should	be	 inside	the	fiducial	volume	i.e.,	25	
cm	 apart	 from	 the	 lateral	 TPC	 walls	 and	 30/50	 cm	
from	the	upstream/downstream	walls

2. 	Fully	contained	interactions	i.e.,	no	signal	in	the	last	
5	cm	of	the	LAr	active	volume

3. Stopping	muon	of	𝐿& > 50	cm
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Fiducial	Volume

𝑇𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒	𝑉𝑖𝑒𝑤	(𝑥, 𝑦)
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4. Only	 1	 proton	 𝐿' > 1	 cm	 produced	 at	 the	 primary	
vertex

Neutrino	event	selection
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Visually	selected	events	can	be	used	to	cross	
check	our	automatic	reconstruction	tools!
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𝜈!𝐶𝐶	events

𝜈!𝐶𝐶	events
• For	 each	 visually	 scanned	 event	 the	 3D	 positions	 of	 the	 vertex,	 end	
muon	and	end	proton	(when	present)	are	saved

2.7 𝑚	–	Wire	planes
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Run	4811,	event	21060	
	Collection	plane

End	𝝁	

𝒑

Event	reconstruction	with	visually	selected	events	

• Comparison	of	 scan	 interactions	with	 their	automatic	 reconstruction	
for	muon	tracks

• In ∼ 70%	of	the	cases	the	reconstructed	vertex	and	end	position	of	the	
muon	are	within	15	cm	from	the	scanned	information

8
24/10/2023

𝑳𝒑 ∼ 𝟏𝟏 𝒄𝒎

𝑳𝝁 ∼ 𝟐. 𝟖 𝒎

Eur.	Phys.	J.	C
83,	467	(2023)	

END	𝜇	

𝜈	VERTEX
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https://doi.org/10.1140/epjc/s10052-023-11610-y


• The identification of the 𝜈	interactions	requires	a	Particle	Identification	(PID)	tool	to	effectively	recognise	the	
particles	at	the	primary	vertex	

• The	current	algorithm	relies	on	the	comparison	between	the	measured	𝑑𝐸/𝑑𝑥	vs	residual	range	along	the	track	
with	the	theoretical	profiles	from	different	particles 𝜇, 𝑝, 𝐾, 𝜋

• The	𝜒A	fit	is	performed	considering	only	the	last	25	cm	of	the	track
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Particle	identification
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Neutrino	transverse	momenta

𝒑𝑻 𝝁

𝒑𝑻 𝒑
𝒑𝑻𝒎𝒊𝒔𝒔

Transverse	momenta	[𝑀𝑒𝑉/𝑐]

𝑃*𝑚𝑖𝑠𝑠 ∼ 218 𝑀𝑒𝑉/𝑐	

• Well	reconstructed	events	are	selected	and	the	𝜇	and	𝑝	momenta	computed	from	their	range

• Kinematic	event	reconstruction	is	obtained	through	the	total	transverse	momentum	

• The	transverse	momentum	of	genuine	𝜈"𝐶𝐶𝑄𝐸	events	⇢	dominated	by	the	Fermi	momentum	in	Ar	nuclei

1	event	
example
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𝝁

𝑳𝒑 ∼ 𝟕. 𝟕 𝒄𝒎

𝑳𝝁 ∼ 𝟐. 𝟑 𝒎
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1𝜇1𝑝	Scanned	events
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• Reproduce	same	analysis	with	true	1𝜇1𝑝	MC	events	(∼ 8%)

Monte	Carlo	comparison

Black dots: Neutrino transverse momenta for well
reconstructedMC events
Red line: true values scaled to number of black entries

1𝜇1𝑝	Scanned	events

Black dots: Neutrino transverse momenta for well
reconstructed data events

24/10/2023

MC	well	reconstructed

MC	expectation

Data
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• It	is	clear	from	the	transverse	momenta	plot	that	we	are	missing	something…	

• The	visual	scanning	is	really	helpful	tool	to	evaluate	the	performance	of	the	selection	and	reconstruction	

algorithms,	but	it	also	has	some	limitations		

• All	particles	are	 identified	based	on	 their	 ionization.	Hence,	 it	 is	possible	 that	different	hadrons	are	

wrongly	classified	as	protons	

• Very	short	protons	are	not	visible	⇢	mis	identified	as	1𝜇1𝑝	candidates	

• Neutrons	and	∼	MeV	photons	produced	at	primary	vertex	are	very	difficult	to	recognize,	unless	they	

do	some	interaction

13

Monte	Carlo	comparison
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Monte	Carlo	comparison

Need	to	establish	a	visibility	condition	for	protons,	neutrons	and	photons	
to	have	a	more	accurate	comparison	between	MC	and	real	data
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• Run 7926 event 1660 with 𝑝C = 638.8 𝑀𝑒𝑉/𝑐

15

The	black	dots	might	suggest	the	interaction	of	a	
neutral	particle	produced	in	the	primary	vertex

Wire	direction
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High	transverse	momentum	event
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• Sample	of	“Visible	𝟏𝝁𝟏𝒑”	events	are	defined	as

• 𝜈"𝐶𝐶	events	with	the	interaction	vertex	inside	the	fiducial	volume	

• Only	2	visible	particles	coming	out	from	the	primary	vertex

• Primary	proton	is	visible	if	ED > 25𝑀𝑒𝑉 (∼ 	6𝑚𝑚)

• Primary	neutron	is	visible	if	EEFG > 25𝑀𝑒𝑉

• Primary	photon	is	visible	EEFG > 10𝑀𝑒𝑉

• The	2	“visible”	tracks	need	to	be	1	muon	and	1	proton	

• Visible	particles	both	fully	contained	within	5cm	from	the	active	borders	

• Muon	and	proton	lengths	of	at	least	50	cm	and	1	cm	respectively	

True	𝟏𝝁𝟏𝒑

𝟏𝝁𝟏𝒑	+	low	
energy	𝒑, 𝒏, 𝜸

Visible	1𝜇1𝑝	sample	

+

Signal	definition	of	1𝜇1𝑝

24/10/2023 Maria Artero Pons
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• With the new definition	⇢ better agreement between neutrino transverse momentum (MC) and data

Visible	1𝜇1𝑝	events

Data

MC	expectation

MC	well	reconstructed

MC	expectation

Monte	Carlo	cross	check

Data	1𝜇1𝑝	events
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18

• We can distinguish both sets to see its
contribution to the reconstructed transverse
momentum

• Visible 1𝜇1𝑝 = truth 1𝜇1𝑝 + 1𝜇1𝑝	with	low	
energy	𝑝, 𝑛, 𝛾

MC	Visible	1𝜇1𝑝	events

24/10/2023

truth	𝟏𝝁𝟏𝒑

1𝜇1𝑝	with	low	energy	𝑝, 𝑛, 𝛾
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Reconstructed	Energy	[MeV]
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These	are	the	selected	QE	events	
which	are	1𝜇1𝑝

All	1𝜇1𝑝 events	automatically	selected

Automatic	selection

• Due to the large number of
collected events an automatic
procedure to select 1𝜇1𝑝 	 is	
mandatory	

• A	 lot	 of	 effort	 is	 ongoing	 to	
maximize	 its	 efficiency	 and	
purity

Simulation

PRELIMINARY
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Conclusions	and	perspectives

• Preliminary	 results	 were	 obtained	 proving	 ICARUS’	 capability	 to	 perform	 calorimetric	 studies	 and	

particle	identification	⇢	essential	for	oscillation	studies

• Detailed	study	on	MC	events	were	performed	and	work	is	ongoing	to	improve	the	signal	definition

• Collected	 neutrino	 candidates	 are	 being	 used	 to	 further	 develop	 and	 tune	 an	 automatic	 selection	 +	

reconstruction	software	tools	to	analyse	𝜈"𝐶𝐶	events	

• Efforts	are	underway	to	measure	the	energy	of	neutrinos	and	its	resolution

THANK	YOU!
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• Energy distributions for neutrons and photons exiting the primary vertex

• Deposited energy of neutrons is defined as the sum of all deposited energy of its daughter particles

Energy	threshold	= 25 𝑀𝑒𝑉 Energy	threshold	= 10 𝑀𝑒𝑉
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• Well	reconstructed	event	means:	

• Reconstructed	vertex	in	agreement	with	the	information	from	the	scanning/MC	within	2	cm	

• The	muon	track	should	be	recognized	as	primary	particle	in	the	interaction

• The	muon	track	should	start	within	2	cm	from	the	reconstructed	vertex

• The	muon	track	should	end	within	2	cm	from	the	scanning/MC	position

• The	particle	identification	(PID)	algorithm	should	correctly	classify	the	muon	track	

• The	start/end	point	of	the	proton	should	be	well	recognized,	similarly	to	the	muon	

• The	PID	algorithm	should	correctly	identify	the	proton	track	as	a	proton	candidate
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