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Neutrino	Oscillations	(I)
¡Neutrinos	interact	exclusively	via	the	
weak	interaction

¡ They are produced in a particular	flavor	
eigenstate
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Neutrino	Oscillations	(I)
¡Neutrinos	interact	exclusively	via	the	
weak	interaction

¡ They are produced in a particular	flavor	
eigenstate

¡Neutrinos	have	mass!
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Neutrino	Oscillations	(I)
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weak	interaction
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Pontecorvo-Maki-Nakagawa-Sakata	(PMNS)



Neutrino	Oscillations	(I)
¡Neutrinos	interact	exclusively	via	the	
weak	interaction

¡ They are produced in a particular	flavor	
eigenstate

¡Neutrinos	have	mass!
¡ Flavor	eigenstates	≠Mass	eigenstates
¡ They	propagate in	their	mass	
eigenstates
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Neutrino	Oscillations	(I)
¡Neutrinos	interact	exclusively	via	the	
weak	interaction

¡ They are produced in a particular	flavor	
eigenstate

¡Neutrinos	have	mass!
¡ Flavor	eigenstates	≠Mass	eigenstates
¡ They	propagate in	their	mass	
eigenstates

¡During	interactions	(detection)	they	
collapse into	a	(different?)	flavor	
eigenstate
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¡ The oscillation probability depends on:
¡ The neutrino energy

What	can	we	learn	from	neutrino	oscillations?
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𝜈, survival



¡ The oscillation probability depends on:
¡ The neutrino energy
¡ The	oscillation	path	length	(the	“baseline”)

What	can	we	learn	from	neutrino	oscillations?
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L=295 km (~T2K)

L=800 km (~NOvA)

L=1300 km (~DUNE)

𝜈, survival



¡ The oscillation probability depends on:
¡ The neutrino energy
¡ The	oscillation	path	length	(the	“baseline”)
¡ The neutrino mass difference

What	can	we	learn	from	neutrino	oscillations?
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L=295 km (~T2K)

L=800 km (~NOvA)𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟓𝟒×𝟏𝟎#𝟑𝒆𝑽

𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟐𝟒×𝟏𝟎#𝟑𝒆𝑽

Can	shed	light	on	the	neutrino	mass	ordering

Normal	Ordering Inverted	Ordering

One	of	the	main	unknowns	in	
neutrino	physics

𝜈, survival



¡ The oscillation probability depends on:
¡ The neutrino energy
¡ The	oscillation	path	length	(the	“baseline”)
¡ The neutrino mass difference
¡ The	PMNS	parameters

What	can	we	learn	from	neutrino	oscillations?
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L=295 km (~T2K)

L=800 km (~NOvA)𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟓𝟒×𝟏𝟎#𝟑𝒆𝑽𝒔𝒊𝒏𝟐 𝜽𝟐𝟑 = 𝟎. 𝟓 (max mixing)

𝒔𝒊𝒏𝟐 𝜽𝟐𝟑 = 𝟎. 42

“Solar” “Reactor/Accelerator” “Atmospheric”𝑠$% = sin𝜃$%
𝑐$% = cos𝜃$%

𝜈, survival



¡ The oscillation probability depends on:
¡ The neutrino energy
¡ The	oscillation	path	length	(the	“baseline”)
¡ The neutrino mass difference
¡ The	PMNS	parameters

What	can	we	learn	from	neutrino	oscillations?
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“Solar” “Reactor/Accelerator” “Atmospheric”𝑠$% = sin𝜃$%
𝑐$% = cos𝜃$%

Is	CP-symmetry	violated	in	neutrino	oscillations?

𝜈- appearance
NO
IO



¡ The oscillation probability depends on:
¡ The neutrino energy
¡ The	oscillation	path	length	(the	“baseline”)
¡ The neutrino mass difference
¡ The	PMNS	parameters

What	can	we	learn	from	neutrino	oscillations?
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“Solar” “Reactor/Accelerator” “Atmospheric”𝑠$% = sin𝜃$%
𝑐$% = cos𝜃$%

Precise values	of	oscillation	parameters	→	symmetries?



How	do	we	measure	
neutrino	oscillations?



Neutrino	beam
Long-baseline	oscillation	experiments
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Neutrino	BeamBaseline

• High purity	and	high	
intensity	𝜈!or	𝜈̅!
beam

• Produced by
impinging protons on
a target

• Neutrinos	produced
from meson decays



Long-baseline	oscillation	experiments
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Neutrino	BeamBaseline

Near	detector
• Measure	the	spectrum	

before	oscillations



Long-baseline	oscillation	experiments
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Neutrino	BeamBaseline

• The	baseline	and	the	neutrino	energy	
are	optimized	to	maximize	the	
oscillation	probability

• T2K	uses	the	“off-axis”	technique



Long-baseline	oscillation	experiments
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Neutrino	BeamBaseline

Far	detector
• Measure	the	oscillated	

spectrum

• Infer oscillation parameters



Long-baseline	oscillation	experiments
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Neutrino	BeamBaseline

Experiment Beam	Energy Baseline Near	detector Far	detector

600	MeV	
(Narrow) ~300	km Scintillator	

bars+water
Water	

Cherenkov

1.2	GeV	(Wide) ~800	km Plastic	
scintillator

Plastic	
scintillator

600	MeV
(Narrow) ~300	km Scintillator	

cubes	+	TBD
Water	

Cherenkov

2.5	GeV	(Wide) ~1200	km Argon	TPC	+	
C/H	STT

Liquid	Argon	
TPC	+	TBD

Cu
rr
en
t

Fu
tu
re



Long-baseline	oscillation	experiments
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Neutrino	BeamBaseline
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Example: the T2K	oscillation	analysis
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¡Oscillation	parameters	are	measured	by	comparing	the	observed	event	
rates	at	the	near	and	the	far	detectors

𝑁!" 𝐸! = 𝑃!#→!" 𝐸! Φ 𝐸! 𝜎 𝐸! 𝜖 𝐸! 𝛽 = 𝑒, 𝜇



Example: the T2K	oscillation	analysis
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¡Oscillation	parameters	are	measured	by	comparing	the	observed	event	
rates	at	the	near	and	the	far	detectors

Oscillation	parameters Neutrino	flux
Interaction	
cross-section

Detection	
efficiency

𝑁!" 𝐸! = 𝑃!#→!" 𝐸! Φ 𝐸! 𝜎 𝐸! 𝜖 𝐸! 𝛽 = 𝑒, 𝜇



Example: the T2K	oscillation	analysis
¡Oscillation	parameters	are	measured	by	comparing	the	observed	event	
rates	at	the	near	and	the	far	detectors
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Systematic/nuisance	parameters

Oscillation	parameters Neutrino	flux
Interaction	
cross-section

Detection	
efficiency

𝑁!" 𝐸! = 𝑃!#→!" 𝐸! Φ 𝐸! 𝜎 𝐸! 𝜖 𝐸! 𝛽 = 𝑒, 𝜇



Example: the T2K	oscillation	analysis
¡Oscillation	parameters	are	measured	by	comparing	the	observed	event	
rates	at	the	near	and	the	far	detectors

¡At the ND, oscillations are negligible	+	much	higher	event	rate
¡ Use	ND	data	to	constrain	systematic	parameters
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Oscillation	parameters Neutrino	flux
Interaction	
cross-section

Detection	
efficiency

𝑁!" 𝐸! = 𝑃!#→!" 𝐸! Φ 𝐸! 𝜎 𝐸! 𝜖 𝐸! 𝛽 = 𝑒, 𝜇



Example: the T2K	oscillation	analysis
¡Oscillation	parameters	are	measured	by	comparing	the	observed	event	
rates	at	the	near	and	the	far	detectors

¡At the ND, oscillations are negligible	+	much	higher	event	rate
¡ Use	ND	data	to	constrain	systematic	parameters

¡Not	a	simple	task!
¡ Rely	on a	ND-to-FD	flux+cross-section	extrapolation	model
¡ Relies	on	knowledge	of	true	to	reconstructed	neutrino	energy	mapping
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𝑁!" 𝐸!#$%& = 𝑃!#→!" 𝐸!'#($ Φ 𝐸!'#($ 𝜎 𝐸!'#($ 𝜖 𝐸!'#($ 𝑆 𝐸!'#($, 𝐸!#$%& 𝛽 = 𝑒, 𝜇

Energy	smearing	matrix



Neutrino interactions at T2K energies
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¡ Dominant	channel	is	charged-current	quasi-elastic	(CCQE)
¡ But	also	multinucleon	interactions	(2p2h)	resonant	
interactions	(CCRES)	and	deep	inelastic	scattering	(CCDIS)

CCQE 2p2h

CCRES CCDIS



Neutrino interactions at T2K energies
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¡ If	initial state nucleon is at rest:	two	body	
process	→	exact	energy	reconstruction

¡ Far detector can only detect charged	
leptons
¡ Optimize near detector to do the same!

CCQE



Aside	- Nuclear	effects
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CCQE
¡ In	reality,	the	true	process	is	not	a	simple	2-
body	scatter

¡Nucleons are bound inside complex	nuclei

Nuclear effects
¡ Fermi	motion



Aside	- Nuclear	effects
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CCQE
¡ In	reality,	the	true	process	is	not	a	simple	2-
body	scatter

¡Nucleons are bound inside complex	nuclei

Nuclear effects
¡ Fermi	motion
¡Nuclear/optical	potential



Aside	- Nuclear	effects
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CCQE
¡ In	reality,	the	true	process	is	not	a	simple	2-
body	scatter

¡Nucleons are bound inside complex	nuclei

Nuclear effects
¡ Fermi	motion
¡Nuclear/optical	potential
¡ Correlations between nucleons



Aside	- Nuclear	effects
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CCQE
¡ In	reality,	the	true	process	is	not	a	simple	2-
body	scatter

¡Nucleons are bound inside complex	nuclei

Nuclear effects
¡ Fermi	motion
¡Nuclear/optical	potential
¡ Correlations between nucleons
¡ Interactions with the nuclear medium (Final	
State	Interactions	or	FSI)𝜋



Aside	- Nuclear	effects
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CCQE
¡ In	reality,	the	true	process	is	not	a	simple	2-
body	scatter

¡Nucleons are bound inside complex	nuclei

Nuclear effects
¡ Fermi	motion
¡Nuclear/optical	potential
¡ Correlations between nucleons
¡ Interactions with the nuclear medium (Final	
State	Interactions	or	FSI)𝜋Impact	of	nuclear	effects	on	

reconstructed	neutrino	energy	
(oscillated	spectrum)



Neutrino	BeamBaseline

The	T2K	near	detector	at	280	m:	ND280
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𝜈 beam



The	T2K	near	detector	at	280	m:	ND280
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Magnetized	detector
(separation	by	charge)

𝜈 beam



The	T2K	near	detector	at	280	m:	ND280
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Magnetized	detector
(separation	by	charge)ECals	to	veto	

backgrounds

𝜈 beam



The	T2K	near	detector	at	280	m:	ND280
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Magnetized	detector
(separation	by	charge)ECals	to	veto	

backgrounds

Plastic	scintillator	
targets	(+water	
bags	in	FGD2)

𝜈 beam



The	T2K	near	detector	at	280	m:	ND280
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Magnetized	detector
(separation	by	charge)ECals	to	veto	

backgrounds

Plastic	scintillator	
targets	(+water	
bags	in	FGD2)

Time	projection	
chambers	for	

tracking	and	PID

𝜈 beam



Constraining systematics	with	ND280	data
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Constraining systematics	with	ND280	data
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Frequentist	fit

¡ Significant	improvement	in	data-MC	agreement

Varies	parameters	
related	to	flux,	

detector	and	cross-
section	model



Constraining systematics	with	ND280	data
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¡ Significant	improvement	in	data-MC	agreement
¡ Identifies	correlations between	parameter	categories

Flux

Cross-section
De
te
ct
or



Constraining systematics	with	ND280	data
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Frequentist	fit

¡ Significant	improvement	in	data-MC	agreement
¡ Identifies	correlations between	parameter	categories

Flux

Cross-section
De
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or



Constraining systematics	with	ND280	data
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Frequentist	fit

¡ Significant	improvement	in	data-MC	agreement
¡ Identifies	correlations between	parameter	categories

Flux

Cross-section
De
te
ct
or



Neutrino	BeamBaseline

The	Far	Detector:	Super-Kamiokande
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¡ 50 ktons of ultra-pure	water
¡ ~11,000	PMTs
¡ Detects charged leptons through	
Cherenkov	radiation



Impact	of	ND	constraint	on	FD	spectra	and	errors
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D	fi
t

T2K	preliminary

𝜈. 𝜈/

Systematic	errors

Laura	Munteanu	(CERN)	- Séminaire	LLR



Impact	of	ND	constraint	on	FD	spectra	and	errors
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Befo
re	N

D	fi
t

𝜈. 𝜈/

Systematic	errors

T2K	preliminary

Laura	Munteanu	(CERN)	- Séminaire	LLR



Impact	of	ND	constraint	on	FD	spectra	and	errors
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T2K	preliminary

Afte
r	ND

	fit

𝜈. 𝜈/

Systematic	errors



Impact	of	ND	constraint	on	FD	spectra	and	errors
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T2K	preliminary

Afte
r	ND

	fit

But	also	tuned	
spectrum	shape

𝜈. 𝜈/

Systematic	errors



𝜈. disappearance	results
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¡ Best-fit	value	for	sin!𝜃!" is	in the	upper	octant
¡ Though lower octant	still	allowed	at	68%	C.L.

¡Weak	preference	for	Normal	Ordering



𝜈. disappearance	results
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¡ Best-fit	value	for	sin!𝜃!" is	in the	upper	octant
¡ Though lower octant	still	allowed	at	68%	C.L.

¡Weak	preference	for	Normal	Ordering

23q2sin
0.35 0.4 0.45 0.5 0.55 0.6 0.65

]4
/c2

 [e
V
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m

D

2

2.2

2.4

2.6

2.8

3

3-10´

T2K run 1-10 Super-K 2020

A 2020nNO IceCube 2017
Best fits

90% C.L.
Normal ordering

T2K Preliminary

¡World	leading	constraint	on	
atmospheric	oscillation	
parameters!

*results	from	T2K	2020	analysis



𝜈/ appearance	results
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¡Difference	in the number of	observed	𝜈$ vs	𝜈̅$
candidates	indicates	a	preference	for	sinδ)* < 0



𝜈/ appearance	results
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¡Difference	in the number of	observed	𝜈$ vs	𝜈̅$
candidates	indicates	a	preference	for	sinδ)* < 0

CP-conserving	values	of	0	and	𝜋
outside	of	90%	C.L.



𝜈/ appearance	results
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¡Difference	in the number of	observed	𝜈$ vs	𝜈̅$
candidates	indicates	a	preference	for	sinδ)* < 0

¡NOvA results	prefer	sinδ)* > 0 (assuming	NO)
¡ But	no	statistically	significant	tension
¡ Both	in	good	agreement	assuming IO

23q2sin
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C
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T2K
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*results	from	T2K	2020	analysis
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How	can	we	do	better?
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¡ The obvious answer:more data!
¡ T2K	and	NOvA	are	both	statistically	limited
¡ But joint fits	(T2K+NOvA	&	T2K+SK	atmospherics)	
are	under	way!

Experiment Beam	Energy Baseline Near	detector Far	detector Enhanced	
sensitivity	to

600	MeV	
(Narrow) ~300	km Scintillator	bars Water	

Cherenkov 𝛿!"

1.2	GeV	(Wide) ~800	km Plastic	
scintillator

Plastic	
scintillator Mass	ordering

Complementary
experiments	with	

different	systematics
Increased combined

sensitivity



How	can	we	do	better?
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¡ The obvious answer:more data!
¡ T2K	and	NOvA	are	both	statistically	limited
¡ But joint fits	(T2K+NOvA	&	T2K+SK	atmospherics)	
are	under	way!

¡ T2K-II	phase:	increased	beam	intensity

Increase	beam	power	
from	500	kW	
to	700	kW	
to	1.3	MW!



How	can	we	do	better?
¡ The obvious answer:more data!
¡ T2K	and	NOvA	are	both	statistically	limited
¡ But joint fits	(T2K+NOvA	&	T2K+SK	atmospherics)	
are	under	way!

¡ T2K-II phase: increased beam intensity

¡Better	detectors
¡ To resolve the new data in finer detail
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Liquid	Argon	TPCs

Scintillator	cubes



How	can	we	do	better?
¡ The obvious answer:more data!
¡ T2K	and	NOvA	are	both	statistically	limited
¡ But joint fits	(T2K+NOvA	&	T2K+SK	atmospherics)	
are	under	way!

¡ T2K-II phase: increased beam intensity

¡Better	detectors
¡ To resolve the new data in finer detail

¡ Improved	treatment	of	systematic	errors
¡ To build robust analyses
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Bias in	oscillation	
parameter	measurement	
due	to	nuclear	effects

Correct	result

Biased	result

arXiv:1704.07835

https://arxiv.org/abs/1704.07835


What	does	the	future	look	like?



Future	experiments	and	goals
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Future	experiments	and	goals
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Future	experiments	and	goals

¡ Ambitious	and	comprehensive	physics	programs
¡ Neutrino oscillations, BSM physics, SuperNova neutrinos

¡ First short-term	goals	include	determining	whether	CP	symmetry	is	violated	in	
neutrino	oscillations

¡ Mid- to	long-term	goals	include	precision	measurements	of	oscillation	parameters
¡ Complementary!
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Are	we	prepared	for	future	experiments?
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Experiment 𝝂𝝁 events $𝝂𝝁 events 𝝂𝒆 events $𝝂𝒆 events
Systematic	(cross-
section)	error

T2K 318 137 94 16 ~5%(~3%)

NOvA 211 105 82 33 ~10%(~7%)
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Experiment 𝝂𝝁 events $𝝂𝝁 events 𝝂𝒆 events $𝝂𝒆 events
Systematic	(cross-
section)	error

T2K 318 137 94 16 ~5%(~3%)

NOvA 211 105 82 33 ~10%(~7%)

Hyper-K ~10000 ~14000 ~2000 ~2000 ?

DUNE ~7000 ~3500 ~150 ~500 ?

Sensitivity	to	exclude	CP	
conserving	values	for	𝛿./

T2K-level	
systematics

Improved	
systematics

Can delay	physics	results	by	
several	years.

Or prevent them altogether!

*and	similar	
situation	for	DUNE



Are	we	prepared	for	future	experiments?
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Experiment 𝝂𝝁 events $𝝂𝝁 events 𝝂𝒆 events $𝝂𝒆 events
Systematic	(cross-
section)	error

T2K 318 137 94 16 ~5%(~3%)

NOvA 211 105 82 33 ~10%(~7%)

Hyper-K ~10000 ~14000 ~2000 ~2000 Need	~1%-3%!

DUNE ~7000 ~3500 ~150 ~500 Need	~1%-3%!

¡Woefully	unprepared at current level of systematics!
¡Need	dedicated,	focused	effort	in	order	for	future	experiments	not	to	be	
pre-maturely	limited	by	systematics



So	where	do	we	begin	improving	our	
systematic	uncertainties?
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Step-by-step:	the	generator	way
¡ Modern	neutrino-nucleus	event	generators (NEUT,	GENIE,	NuWro)	factorize	the	
steps	of	the	interaction

¡ This is an approximation but offers modularity in the improvements we can make
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Nuclear	ground	state
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cross-section



Step-by-step:	the	generator	way
¡ Modern	neutrino-nucleus	event	generators	(NEUT,	GENIE,	NuWro)	factorize	the	steps	
of	the	interaction

¡ This is an approximation but offers modularity in the improvements we can make

¡ And	in	our	comparisons
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Our	knowledge	of	neutrino-
nucleus	interactions	is	limited

Need to preserve flexibility
to explore	different	model	

predictions



Step-by-step:	the	generator	way
¡ Modern	neutrino-nucleus	event	generators	(NEUT,	GENIE,	NuWro)	factorize	the	steps	
of	the	interaction

¡ This is an approximation but offers modularity in the improvements we can make

¡ And	in	our	comparisons

13.03.2023 Laura	Munteanu	(CERN)	- Séminaire	LLR 72

𝑑%𝜎&ℓ
𝑑Ω '𝑘( 𝑑Ω 𝑝) dEℓ′

~𝑆 𝐸* , 𝒑* L+&W+&𝛿(𝜔 +𝑀 − 𝐸* − 𝐸,()

Our	knowledge	of	neutrino-
nucleus	interactions	is	limited

Need to preserve flexibility
to explore	different	model	

predictions



The	nuclear	ground	state
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Eur.Phys.J.ST 230 (2021) 24, 4469-4481
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¡ Multiple	ground	state	models	are	available	in	neutrino	
interaction	generators

¡ RFG	assumes	the	nucleus	is	a	“box”-like	potential	and	
nucleons	behave	like	a	Fermi	gas
¡ Simplistic,	widely	used	in	the	early	days	of	neutrino	
oscillations,	low	predictive	power

¡ LFG	includes	a	radial	dependence	to	the	potential,	but	
remains	a	Fermi	gas	approach
¡ Better	predictive	power	than	RFG,	allows	to	explore	other	
models

¡ Benhar	SF	is	a	more	sophisticated	model
¡ Accounts	for	nuclear	shell	structure
¡ Tuned	to	electron	scattering	data
¡ Good	predictive	power	for	final	state	particles	(but	not	
perfect!)

¡ More	sophisticated	models	exist	but	are	not	yet	
implemented	in	generators	(ongoing	work)
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𝐸*"00
(~nucleon	removal	energy)

𝑝*"00
(~nucleon	momentum)

https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
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How	does	the	nuclear	ground	state	impact	experiments?
¡ Most	nuclear	models	predict	removal	energies	
which	vary	in	a	range	of	10-50	MeV

¡ Nucleon	momenta	span	ranges	of	up	to	
hundreds	of	MeV

¡ Mismodelling	the	removal	energy	causes	a	
direct	bias	in	reconstructed	neutrino	energy	
¡ Particularly	important	for	oscillation	
measurements	which	evolve	as	a	function	of	
neutrino	energy

¡ But	also	for	lower-energy	physics	(e.g.	BSM	physics)
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How	does	the	nuclear	ground	state	impact	experiments?
¡ Most	nuclear	models	predict	removal	energies	
which	vary	in	a	range	of	10-50	MeV

¡ Nucleon	momenta	span	ranges	of	up	to	
hundreds	of	MeV

¡ Mismodelling	the	removal	energy	causes	a	
direct	bias	in	reconstructed	neutrino	energy	
¡ Particularly	important	for	oscillation	
measurements	which	evolve	as	a	function	of	
neutrino	energy

¡ But	also	for	lower-energy	physics	(e.g.	BSM	physics)
¡ Mismodelling	the	nucleon	momentum	alters	
predictions	on	hadron	kinematics
¡ Will	be	crucial	for	experiments	sensitive	to	the	
hadronic	side	of	the	final	state
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arXiv:1810.0603
Phys. Rev. Lett. 121, 022504 (2018)

Initial state nucleon momentum

SRCs

Mean 
Field

SRCs	or	“correlated	tail”	effects	
become	important	at	nucleon	
momenta	of	O(200-700	MeV)

https://arxiv.org/abs/1810.06043
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.022504


Example	from	T2K 2018
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Nature volume 580, pages 339–344 (2020)

https://www.nature.com/


Example	from	T2K 2018
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Nature volume 580, pages 339–344 (2020)Change	in	
nuclear	model Now	incorporated	here

https://www.nature.com/


Ongoing	work	on	DUNE
¡ DUNE	is	preparing	oscillation	
sensitivity	studies	focused	on	its	near	
detectors

¡ At DUNE statistics, we will be sensitive
to some of the most	minute	
differences	in	nuclear	models

¡ DUNE doesn’t have data yet
¡ Need	a	flexible	model	which	allows	us	to	
cover	the	variations	suggested	by	other	
models	and	measurements

¡ Need a model	which	is	adapted	for	both	
oscillation	studies	and	BSM	physics
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ND	𝜈,

arXiv:2002.03005

https://arxiv.org/abs/2002.03005
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ND	𝜈,

DUNE	is	not	QE	dominated
But	QE	interactions	are	those	which	we	

can	measure	best
Remain	important	for	precision	

measurements
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ND	𝜈,

DUNE	is	not	QE	dominated
But	QE	interactions	are	those	which	we	

can	measure	best
Remain	important	for	precision	

measurements

The QE regime is where we know most about
what we don’t know

Perfect starting point for building DUNE-era
analyses



The	base	model
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¡ The	DUNE	production	framework	is	optimized	to	use	the	GENIE	event	generator
¡ GENIE does not have a 2D spectral function model yet
¡ But	want	to	take	inspiration	from	what	we’ve	learned	from	T2K

¡ Choose	an	LFG	model!

Can	be	reweighted	to	a	
spectral	function!



The	base	model
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¡ The	DUNE	production	framework	is	optimized	to	use	the	GENIE	event	generator
¡ GENIE does not have a 2D spectral function model yet
¡ But	want	to	take	inspiration	from	what	we’ve	learned	from	T2K

¡ Choose	an	LFG	model!

But…



Expanding	the	ground	state	phase	space
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¡ For	an	LFG	model,	the	dependence	between	the	removal	energy	and	the	
nucleon	momentum	is	well-understood	(Fermi	gas	approach)

Added	feature	to	compute	
and	store	a	momentum-
dependent	removal	energy	
for	the	LFG	model



Expanding	the	ground	state	phase	space
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¡ For	an	LFG	model,	the	dependence	between	the	removal	energy	and	the	
nucleon	momentum	is	well-understood	(Fermi	gas	approach)

arXiv:2203.01748

Covers	relevant	energies	
for	Argon	nuclear	shells!

https://arxiv.org/abs/2203.01748


Expanding	the	ground	state	phase	space
¡Will be used in conjunction with “correlated tail” feature
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Correlated	tail

https://arxiv.org/abs/2203.01748


Expanding	the	ground	state	phase	space
¡Will be used in conjunction with “correlated tail” feature
¡ Probes	nucleon	correlations	– high	model	disagreement
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Initial state nucleon momentum

SRC
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https://arxiv.org/abs/2203.01748


Expanding	the	ground	state	phase	space
¡Will be used in conjunction with “correlated tail” feature
¡ Probes	nucleon	correlations	– high	model	disagreement
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This	work	is	as	relevant	for	DUNE	as	it	is	for	
Hyper-K and	SBN experiments

High potential to increase	cross-experiment	
collaboration!

Example:	reached	an	agreement	with	ICARUS	and	
SBND	to	share	model	and	systematics	–

everybody	wins!

https://arxiv.org/abs/2203.01748


Beyond	the	nuclear	ground	state
¡ CCQE(-like)	interactions are	easiest	to	study	
experimentally
¡ Main	channel	for	Hyper-K	and	future	SBN	experiments	
(ICARUS,	SBND)

¡ And	provide a gateway towards understanding more
complex processes	relevant	at	DUNE	energies

¡ But	the	work	is	just	getting	started!	We	need	to	
understand:
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Beyond	the	nuclear	ground	state
¡ CCQE(-like)	interactions are	easiest	to	study	
experimentally
¡ Main	channel	for	Hyper-K	and	future	SBN	experiments	
(ICARUS,	SBND)

¡ And	provide a gateway towards understanding more
complex processes	relevant	at	DUNE	energies

¡ But	the	work	is	just	getting	started!	We	need	to	
understand:
¡ Final	state interactions (hadron	transport	inside	the	
nucleus)

13.03.2023 Laura	Munteanu	(CERN)	- Séminaire	LLR 94

For	Carbon:	40% of protons
re-interact inside the nucleus

Phys.	Rev.	D	106,	032009

Bias	in	oscillation	parameters	if	
20%	of	proton	energy	were	
carried	away	by	neutrons

FSI-like effect
arXiv:2002.03005

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.032009
https://arxiv.org/abs/2002.03005


Beyond	the	nuclear	ground	state
¡ CCQE(-like)	interactions are	easiest	to	study	
experimentally
¡ Main	channel	for	Hyper-K	and	future	SBN	experiments	
(ICARUS,	SBND)

¡ And	provide a gateway towards understanding more
complex processes	relevant	at	DUNE	energies

¡ But	the	work	is	just	getting	started!	We	need	to	
understand:
¡ Final	state interactions (hadron	transport	inside	the	
nucleus)

¡ Cross-section	energy	dependence
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Beyond	the	nuclear	ground	state
¡ CCQE(-like)	interactions are	easiest	to	study	
experimentally
¡ Main	channel	for	Hyper-K	and	future	SBN	experiments	
(ICARUS,	SBND)

¡ And	provide a gateway towards understanding more
complex processes	relevant	at	DUNE	energies

¡ But	the	work	is	just	getting	started!	We	need	to	
understand:
¡ Final	state interactions (hadron	transport	inside	the	
nucleus)

¡ Cross-section	energy	dependence
¡ Resonant	interactions	and	the	deep	inelastic	regime
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Phys.	Rev.	D	101,	112007

DIS-enriched	measurement	from	MINERvA
Highmodel disagreement

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112007


Beyond	the	nuclear	ground	state
¡ CCQE(-like)	interactions are	easiest	to	study	
experimentally
¡ Main	channel	for	Hyper-K	and	future	SBN	experiments	
(ICARUS,	SBND)

¡ And	provide a gateway towards understanding more
complex processes	relevant	at	DUNE	energies

¡ But	the	work	is	just	getting	started!	We	need	to	
understand:
¡ Final	state interactions (hadron	transport	inside	the	
nucleus)

¡ Cross-section	energy	dependence
¡ Resonant	interactions	and	the	deep	inelastic	regime
¡ How	nuclear	effects	vary	with	atomic	number
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arXiv:2209.07852

https://arxiv.org/abs/2209.07852


Beyond	the	nuclear	ground	state
¡ CCQE(-like)	interactions are	easiest	to	study	
experimentally
¡ Main	channel	for	Hyper-K	and	future	SBN	experiments	
(ICARUS,	SBND)

¡ And	provide a gateway towards understanding more
complex processes	relevant	at	DUNE	energies

¡ But	the	work	is	just	getting	started!	We	need	to	
understand:
¡ Final	state interactions (hadron	transport	inside	the	
nucleus)

¡ Cross-section	energy	dependence
¡ Resonant	interactions	and	the	deep	inelastic	regime
¡ How	nuclear	effects	vary	with	atomic	number
¡ Differences	in	𝜈= vs	𝜈> cross-sections	(crucial	for	𝜹𝑪𝑷!)*
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Majority of the systematic
error contribution

*Leading	uncertainties	from	nuclear	
ground	state	model!



What	do	we	do	in	the	meantime?



What	do	we	do	in	the	meantime?
¡Hyper-K and DUNE will begin	taking	data	in	~2027	
and	~2030s

¡Wemust	use this time tomake the best possible
measurements of	neutrino	interactions	we	can

¡And reduce	model	uncertainties
¡ Plenty	of	opportunities:
¡ Dedicated	test-beam	facilities:	protoDUNEs	(Ar@CERN),	
ArgonCube (Ar@Fermilab),	WCTE (water@CERN)

¡ Fermilab	Short-Baseline	program:	ICARUS+SBND
¡ The T2K Near Detector Upgrade
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¡Hyper-K and DUNE will begin	taking	data	in	~2027	
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measurements of	neutrino	interactions	we	can

¡And reduce	model	uncertainties
¡ Plenty	of	opportunities:
¡ Dedicated	test-beam	facilities:	protoDUNEs	(Ar@CERN),	
ArgonCube (Ar@Fermilab),	WCTE (water@CERN)

¡ Fermilab	Short-Baseline	program:	ICARUS+SBND
¡ The T2K Near Detector Upgrade



The	T2K	ND280	Upgrade	project
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Replace	P0D	by	new	
suite	of	detectors

ND280	Upgrade	TDR

𝜈 beam

https://arxiv.org/abs/1901.03750


The	T2K	ND280	Upgrade	project

13.03.2023 Laura	Munteanu	(CERN)	- Séminaire	LLR 103

Replace	P0D	by	new	
suite	of	detectors

ND280	Upgrade	TDR

SuperF
GD

2M	1cm3 optically	isolated	
scintillator	cubes

2x fiducial	massof	current	FGDs

𝜈 beam

https://arxiv.org/abs/1901.03750


The	T2K	ND280	Upgrade	project
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Replace	P0D	by	new	
suite	of	detectors
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resistive	Micromegas

2M	1cm3 optically	isolated	
scintillator	cubes

2x fiducial	massof	current	FGDs
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https://arxiv.org/abs/1901.03750


The	T2K	ND280	Upgrade	project
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https://arxiv.org/abs/1901.03750


The	T2K	ND280	Upgrade	project
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>100	researchers	
22 institutes
7	countries
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The	T2K	ND280	Upgrade	project

13.03.2023 Laura	Munteanu	(CERN)	- Séminaire	LLR 107

Replace	P0D	by	new	
suite	of	detectors

ND280	Upgrade	TDR

SuperF
GD

HA-TP
C

HA-TP
C

Instrumented	with	
resistive	Micromegas

TOF

150	ps	timing	
resolution	for	PID

>100	researchers	
22 institutes
7	countries

2M	1cm3 optically	isolated	
scintillator	cubes

2x fiducial	massof	current	FGDs

https://arxiv.org/abs/1901.03750


The	T2K	ND280	Upgrade	project
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Replace	P0D	by	new	
suite	of	detectors

ND280	Upgrade	TDR

SuperF
GD

HA-TP
C

HA-TP
C

Instrumented	with	
resistive	Micromegas

TOF

150	ps	timing	
resolution	for	PID

>100	researchers	
22 institutes
7	countries

Installation	this	year	in	Japan

2M	1cm3 optically	isolated	
scintillator	cubes

2x fiducial	massof	current	FGDs

https://arxiv.org/abs/1901.03750


Capabilities	of	the	ND280	Upgrade
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¡ Full	4𝜋 angular	coverage	(same	as	SK)
¡ Lowmomentum	thresholds	for	detecting	protons

¡ Can realiably measure full final state in neutrino
interactions!

¡ Capability to measure (not	just	tag!)	neutrons
¡ Unmatched by Liquid Argon TPCs
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¡ Full	4𝜋 angular	coverage	(same	as	SK)
¡ Lowmomentum	thresholds	for	detecting	protons

¡ Can realiably measure full final state in neutrino
interactions!

¡ Capability to measure (not	just	tag!)	neutrons
¡ Unmatched by Liquid Argon TPCs

What	we	see
CC0π

?

Nuclear	effects

Can	measure	reliably	
with	ND280	Upgrade

Only measure
muons currently
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¡ Can realiably measure full final state in neutrino
interactions!

¡ Capability to measure (not	just	tag!)	neutrons
¡ Unmatched by Liquid Argon TPCs
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Phys.	Rev.	D	101,	092003

Neutron	kinetic	
energy	resolution

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092003


¡Access to exclusive variables
¡ E.g.	probe	nuclear	effects	by	looking	at	Transverse	
Kinematic	Imbalance	(TKI)
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Phys.	Rev.	D	105,	032010

What can the ND280 Upgrade do for us?

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032010


¡Access to exclusive variables
¡ E.g.	probe	nuclear	effects	by	looking	at	Transverse	
Kinematic	Imbalance	(TKI)
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No	FSI

With	FSI

Separate	2p2h	
and	FSI	effects!

ND280	Upgrade	TDR

What	can	the	ND280	Upgrade	do	for	us?

https://arxiv.org/abs/1901.03750
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¡Access to exclusive variables
¡ E.g.	probe	nuclear	effects	by	looking	at	Transverse	
Kinematic	Imbalance	(TKI)
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Antineutrinos:
Peak	from interactions	

on	hydrogen

No	nuclear	effects

Possible thanks to
neutron detection!

Phys.	Rev.	D	105,	032010

What	can	the	ND280	Upgrade	do	for	us?

Phys.	Rev.	D	101,	092003

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092003
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¡ E.g.	probe	nuclear	effects	by	looking	at	Transverse	
Kinematic	Imbalance	(TKI)
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Antineutrinos:
Peak	from interactions	

on	hydrogen

No	nuclear	effects

Possible thanks to
neutron detection!

Phys.	Rev.	D	105,	032010

What	can	the	ND280	Upgrade	do	for	us?

Phys.	Rev.	D	101,	092003

A	recent	measurement	from	the	MINERvA	
collaboration	using	a	method	inspired	by	the	
one	in	Phys.	Rev.	D	101,	092003 has	been	

published	in	Nature

Nature volume	614,	pages	48–53	(2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092003
https://www.nature.com/articles/s41586-022-05478-3


What	can	the	ND280	Upgrade	do	for	us?
¡Access to exclusive variables
¡ E.g.	probe	nuclear	effects	by	looking	at	Transverse	
Kinematic	Imbalance	(TKI)

¡ Using calorimetric estimators for neutrino energy
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Phys.	Rev.	D	105,	032010

Generator-level	
smearing

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032010


What	can	the	ND280	Upgrade	do	for	us?
¡Access to exclusive variables
¡ E.g.	probe	nuclear	effects	by	looking	at	Transverse	
Kinematic	Imbalance	(TKI)

¡ Using calorimetric estimators for neutrino energy

¡ Significantly improve	constraints	on	
systematic	error	parameters	for	oscillation	
analyses

¡Help build more robust analyses
¡Give	us	novel	measurements!
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What	can	the	ND280	Upgrade	do	for	us?
¡Access to exclusive variables
¡ E.g.	probe	nuclear	effects	by	looking	at	Transverse	
Kinematic	Imbalance	(TKI)

¡ Using calorimetric estimators for neutrino energy

¡ Significantly improve	constraints	on	
systematic	error	parameters	for	oscillation	
analyses

¡Help build more robust analyses
¡Give	us	novel	measurements!

13.03.2023 Laura	Munteanu	(CERN)	- Séminaire	LLR 118Accumulated	data	(POT)



Summary
¡ Neutrino	oscillation	experiments	are	entering	the	precision	measurement	era
¡ Dominant	source	of	systematic	uncertainties	related	to	neutrino-nucleus	cross-
sections

¡ Current results hint at CP-violation in the lepton sector,	but	more	data	is	needed
¡ Future	experiments	Hyper-K and DUNE have ambitious programs which will
determine the values of oscillation parameters	precisely

¡ But	will	rapidly	be	hindered	by	systematic	uncertainties	related	to	neutrino-
nucleus	interactions

¡ Dedicated effort needed to improve our	understanding	of	neutrino-nucleus	
interactions

¡ Exciting	new	measurements	ahead!
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Thank	you	for	your	attention!



Supplementary	material

13.03.2023 Laura	Munteanu	(CERN)	- Séminaire	LLR 120



Precision measurements of 𝛿9:
¡Measuring	CP	violation	(CPV)	≠
measuring	𝛿:;

¡ If no	CPV	in	neutrino	oscillations:	exclude	
matter-antimatter	asymmetry	
explanation	through	lepton	sector	CPV

¡ If CPV is observed:	we	can	constrain	
leptogenesis	models
¡ But need precisemeasurement of 𝛿-.!

¡Model	separation	power	vs	
𝛿:; resolution:
¡ Satisfactory:	𝜎 𝛿-. < 30∘

¡ Good:	𝜎 𝛿-. < 23∘

¡ Excellent:	𝜎 𝛿-. < 5∘
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Eur.	Phys.	J.	C	78 (2018)	no.9,	709

𝛿./ = ±𝜋/2
Hyper-K	and	
DUNE	target

https://link.springer.com/article/10.1140/epjc/s10052-018-6158-5


Collected	T2K	data
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Data	used	for	
analysis	in	this	talk



Samples:	CC0𝜋0𝑝
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𝜇

1𝜇, 0𝜋, 0𝑝
Enriched	in	CCQE	interactions



Samples:	CC0𝜋𝑁𝑝
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𝜇

𝑝
𝑝

1𝜇, 0𝜋, 𝑁𝑝
Constrains	FSI-related	

background



Samples:	CC1𝜋
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𝜇

𝜋

1𝜇, 1𝜋
Enriched	in	resonant	

interactions



Samples:	CCOther
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𝜇

1𝜇 +	any	other	tracks
Enriched	in	DIS	interactions



Samples:	CC𝛾
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𝜇

𝜇

𝑝 𝑒6

𝑒&

𝛾

1𝜇 +	photon	
Enriched	in	DIS	interactions



Samples:	CC𝛾
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𝜇

𝜇

𝑝 𝑒6

𝑒&

𝛾

1𝜇 +	photon	
Enriched	in	DIS	interactions

+All	samples	for both targets
+For	neutrinos,	antineutrinos,	and	
antineutrino	background	in	neutrino	

beam



Analysis strategy
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SK Data SK Prediction

SK detector 
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ND Data ND prediction
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Analysis strategy
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Oscillation 
Parameters

SK Data SK Prediction

SK detector 
uncertainties

ND Flux+xsec
constraint

ND Data ND prediction

Flux model Xsec model Detector 
modelNA61/SHINE	constraint

Well	understood	
detector+control	samples



Analysis strategy

13.03.2023 Laura	Munteanu	(CERN)	- Séminaire	LLR 131

Oscillation 
Parameters

SK Data SK Prediction

SK detector 
uncertainties

ND Flux+xsec
constraint

ND Data ND prediction

Flux model Xsec model Detector 
modelNA61/SHINE	constraint

Well	understood	
detector+control	samples

Large uncertainties related
to neutrino-nucleus

interactions!

Ti
m
e



T2K	Bi-probability	plot
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T2K-NOvA	joint	fit
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T2K+SK	Atospherics	Joint	Fit
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Ongoing	work	on	DUNE
¡ DUNE	is	preparing	a	new	set	of	sensitivity	studies	
focused	on	the	role	of	its	near	detectors
¡ Complete	overhaul	of	systematics	model	used	in	
Physics	TDR	(arXiv:2002.03005)

¡ At	DUNE	statistics,	we	will	be	able	to	resolve	some	
of	the	most	minute	details	in	the	way	we	model	
neutrino-nucleus	interactions

¡ But	no	model	is	capable	of	comprehensively	
describing	neutrino	cross-section	data
¡ For	DUNE,	we	need	a	flexible	model	which	can	cover	
the	variations	suggested	by	relevant	neutrino	cross-
section	measurements

¡ We	also	will	need	to	pay	particular	attention	to	FSI
¡ Beyond	oscillation	measurements:	we	need	a	
model	that	can	be	used	for	BSM	physics	and	can	
model	well	the	backgrounds	that	can	affect	these	
processes
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DUNE	is	not	QE	dominated
But	QE	interactions	are	those	which	we	

can	measure	best
Remain	important	for	precision	

measurements

https://arxiv.org/abs/2002.03005
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model	that	can	be	used	for	BSM	physics	and	can	
model	well	the	backgrounds	that	can	affect	these	
processes
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DUNE	is	not	QE	dominated
But	QE	interactions	are	those	which	we	

can	measure	best
Remain	important	for	precision	

measurements

The QE regime is where we know most about
what we don’t know

Perfect starting point for building DUNE-era
analyses

https://arxiv.org/abs/2002.03005


DUNE interaction	model
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¡ The	expansion	of	the	ground	state	model	is	part	of	a	
broader	effort	to	increase	the	flexibility	of	our	
analyses

¡ Interaction	model	choices:
¡ Valencia	1p1h	model	for	CCQE	interactions
¡ Z-expansion	form	factor
¡ SuSAv2	2p2h
¡ Berger-Sehgal	for	Resonant	interactions
¡ Bodek-Yang	DIS
¡ hA2018	for	hadronization

¡ Each	of	these	parts	of	the	model	requires	the	development	
of	systematic	uncertainties	tailored	to	DUNE-era	statistics	

SuSAv2 2p2h

Nieves 2p2h

Phys. Rev. D 101, 033003 (2020)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.033003

