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Context
¡We use	measurements of	Transverse	Kinematic Imbalance (TKI)	
observables	performed by	T2K,	MINERvA and	MicroBooNE
¡ Compare	with generator predictions (mostly NEUT)

¡ First	such study (combining MINERvA +	T2K	measurements)	done by	
Stephen	Dolan	in	~2017:	arXiv:1810.06043	

¡ This	analysis is a	successor of	this study
¡ Exploits	the	new	measurements performed by	MicroBooNE

¡Results uploaded as	pre-print at	arXiv:2407.10962
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Huge thanks for	technical support	and	discussions	to	Afroditi Papadopoulou,	Luke	Pickering,	
Kevin	McFarland,	Ulrich	Mosel	and	others

https://arxiv.org/abs/1810.06043
https://arxiv.org/abs/2407.10962


Context:	probing the	full	phase	space
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Neutrino	energy
• T2K	and	MINERvA actually also measure cross	
sections	on	other targets (O,	Fe,	Pb)
• Also possible	to	use	other probes

• Electron	scattering (CLAS+e4𝜈)
• Hadron	scattering (protoDUNEs)

Today

See S.	Dolan’s talk	on	Tuesday



TKI	variables
¡Quantify kinematic imbalance in	neutrino	
interactions

¡Broad	picture:
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Phys.	Rev.	C	94,	015503

No	FSI

With	FSI

ND280	Upgrade	TDR

Bulk	sensitive	to	Fermi	motion

Tails	sensitive	to	FSI+2p2h
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.015503
https://arxiv.org/abs/1901.03750


Measurements we consider
Measurement 𝜹𝒑𝑻 𝜹𝜶𝑻 𝒑𝒏 𝜹𝒑𝑻 in	bins of	𝜹𝜶𝑻

✓ ✓ × ×

✓ ✓ × ✓

✓ ✓ ✓ ×
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Phys.Rev.D	98	(2018)	3,	032003

Phys.Rev.D	108	(2023)	5,	053002

Phys.Rev.Lett.	121	(2018)	2,	022504

arXiv:2407.10962

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032003
https://inspirehep.net/literature/2621893
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.022504
https://arxiv.org/abs/2407.10962


Measurements we consider
Measurement 𝜹𝒑𝑻 𝜹𝜶𝑻 𝒑𝒏 𝜹𝒑𝑻 in	bins of	𝜹𝜶𝑻

✓ ✓ × ×

✓ ✓ × ✓

✓ ✓ ✓ ×
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T2K	&	MINERvA publish results unfolded into truth space MicroBooNE	use	Weiner-SVD	unfolding
Need to	apply 𝐴" smearing matrix	

correlation

correlation

correlation

𝐴" smearing matrix

arXiv:2407.10962

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032003
https://inspirehep.net/literature/2621893
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.022504
https://arxiv.org/abs/2407.10962


Signal	definitions

Experiment 𝒑𝝁 cuts 𝜽𝝁 cuts 𝒑𝒑 cuts 𝜽𝒑 cuts Comments

>0.250	GeV/c >-0.6 0.45-1.2	GeV/c >0.4 Only considers highest momentum proton

0.1-1.2	GeV/c - 0.3-1	GeV/c -
At	least	one	proton	falls in	phase	space

constraint (so possibly more	than one	proton)
Permits pions	with 𝑝%<0.07	GeV/c

1.5-10	GeV/c >0.94 0.45-1.2	GeV/c >0.34 Cuts apply to	1st and	2nd highest momentum
protons
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All	samples are	of	the	CC0𝜋1𝑝 topology (few	caveats detailed in	table)

arXiv:2407.10962

https://arxiv.org/abs/2407.10962


Models and	systematic variations
¡ Baseline	model	is NEUT	SF	+	Nieves 2p2h	+	NEUT	FSI

¡ NEUT	SF	not	implemented for	Ar	yet,	so for	MicroBooNE we used NuWro SF	&	FSI	for	nucleons +	2p2h	&	RES	from
NEUT	(called SF*	in	the	plots)

¡ We look	at	the	impact	of	Fermi	motion	by	testing NEUT	LFG	and	RFG	(+RPA)

¡ We use	NEUT	ReWeight tools or regenerate samples to	apply variations	of	systematic effects
¡ Comparisons made	with Nuisance
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Effect Variation

Fermi	motion NEUT	SF(*),	LFG,	RFG

2p2h +70%	increase in	2p2h	normalization

Nucleon FSI ±30%	of	the	proton mean free	path (MFP)

Pion	Absorption	FSI ±40%	of	pion	absorption	probability

arXiv:2407.10962

https://arxiv.org/abs/2407.10962


Results at	a	glance
¡We	evaluate the	agreement	between the	models and	the	measurements
by	calculating 𝜒! values	and	subsequent 𝑝-values
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Indicates	a	𝑝-value<0.05

arXiv:2407.10962
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Results at	a	glance
¡We	evaluate the	agreement	between the	models and	the	measurements
by	calculating 𝜒! values	and	subsequent 𝑝-values
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Indicates	a	𝑝-value<0.05

No	model/configuration	is
capable	of	describing all	

measurements at	the	same time

arXiv:2407.10962

https://arxiv.org/abs/2407.10962


Nuclear target dependence of	
nuclear effects:

T2K	&	MicroBooNE
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Breakdown	by	interaction	channel
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Nbins=8

Bulk is mostly QE
Tail is mostly 2p2h	+	RES	+	FSI

arXiv:2407.10962

https://arxiv.org/abs/2407.10962


Breakdown	by	interaction	channel
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Nbins=8

Higher	𝑨

Bulk is mostly QE
Tail is mostly 2p2h	+	RES	+	FSI

Larger contribution	of	nucleon
FSI	in	the	tail
2p2h	&	RES	roughly the	same

Nbins=13

arXiv:2407.10962

https://arxiv.org/abs/2407.10962
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Breakdown	by	interaction	channel
𝛿𝛼! < 45° 45° < 𝛿𝛼! < 90° 90° < 𝛿𝛼! < 135° 135° < 𝛿𝛼! < 180°

Nbins=11 Nbins=12
Nbins=13 Nbins=13

𝛿𝛼!45∘ 90∘ 135∘

arXiv:2407.10962

• Increasing proportion	of	QE	events which undergo FSI	and	non-QE	events
in	the	tail

• Measurement rises quicker than simulation

Almost pure	CCQE Tail	dominated by	
non-QE	and	FSI

https://arxiv.org/abs/2407.10962


Fermi	motion
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Nbins=8

Higher	𝑨

Nbins=13

• RFG	model	excluded by	both measurements (𝑝-value<0.05)
• Tail is higher for	MicroBooNE predictions but	still insufficient to	describe measurement
• LFG & SF similar in the bulk but LFG>SF for T2K and SF>LFG for MicroBooNE

arXiv:2407.10962

https://arxiv.org/abs/2407.10962


Fermi	motion
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MicroBooNE

 = 19.632SF*: 

 = 12.532LFG: 

 = 16.062RFG: 
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MicroBooNE

 = 22.812SF*: 

 = 16.292LFG: 

 = 25.322RFG: 
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MicroBooNE

 = 23.622SF*: 

 = 18.682LFG: 

 = 20.782RFG: 

𝛿𝛼! < 45° 45° < 𝛿𝛼! < 90° 90° < 𝛿𝛼! < 135° 135° < 𝛿𝛼! < 180°

Nbins=11 Nbins=12
Nbins=13 Nbins=13

• SF*	performs best	at	low 𝛿𝛼! ,	LFG	otherwise
• None of the models are capable of describing the tail at high	𝛿𝛼!

• Insufficient FSI strength on Ar or threshold effect?

https://arxiv.org/abs/2407.10962


Fermi	motion
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MicroBooNE

 = 19.632SF*: 

 = 12.532LFG: 

 = 16.062RFG: 
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MicroBooNE

 = 22.812SF*: 

 = 16.292LFG: 

 = 25.322RFG: 
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MicroBooNE

 = 23.622SF*: 

 = 18.682LFG: 

 = 20.782RFG: 

𝛿𝛼! < 45° 45° < 𝛿𝛼! < 90° 90° < 𝛿𝛼! < 135° 135° < 𝛿𝛼! < 180°

Nbins=11 Nbins=12
Nbins=13 Nbins=13

• SF*	performs best	at	low 𝛿𝛼! ,	LFG	otherwise
• None of the models are capable of describing the tail at high	𝛿𝛼!

• Insufficient FSI strength on Ar or threshold effect?
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Nbins=8
Higher	𝑨 Nbins=13

• T2K	disfavors increasing the 2p2h normalization
• MicroBooNE seems to	prefer an	increase

https://arxiv.org/abs/2407.10962


2p2h
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• Consistent	preference of	increase in	2p2h	normalization
• More pronounced trend at high 𝛿𝛼!

• Potential issue with 2p2h A-scaling

𝛿𝛼!45∘ 90∘ 135∘
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Nbins=8
Higher	𝑨 Nbins=13

• T2K	does not	prefer increasing proton	transparency in	NEUT	cascade	on	C
• MicroBooNE prefers increasing it on Ar	in	NuWro
• Common effect: increasing FSI	decreases the	bulk

More	protons moved below detection threshold

Final	State	Interactions	(on	protons)

https://arxiv.org/abs/2407.10962
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Nbins=8 Nbins=7

Final	State	Interactions	(on	protons)

Higher	𝑨

• MicroBooNE	indicates strong preference for	increased FSI	strength
• At low 𝛿𝛼! we see the	effect of	moving protons	below detection threshold

https://arxiv.org/abs/2407.10962


Final	State	Interactions	(on	protons)
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Consistent	trend	to	increase FSI	on	Ar,	most pronounced at	high	𝛿𝛼!
Is this due to the choice of NuWro vs NEUT FSI?

https://arxiv.org/abs/2407.10962


NEUT	vs	NuWro FSI?

19.09.2024 Wissal	Filali,	Laura	Munteanu,	Stephen	Dolan	-	NuFACT	2024	-	Argonne	National	Laboratory 23

0 20 40 60 80 100 120 140 160 180

 [deg.]T!"

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1]
de

g 
A

r
2

cm
-3

8
[1

0
T

!"d
#d

MicroBooNE

 = 17.032$SF*: 

 = 6.782$LFG: 

 = 5.332$RFG: 

Nbins=7 𝛿𝑝! is sensitive	to	both Fermi	motion	
and	FSI
But	𝛿𝛼! is largely insensitive to	Fermi	
motion

arXiv:2407.10962

https://arxiv.org/abs/2407.10962


0 20 40 60 80 100 120 140 160 180

 [deg.]T!"

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1]
de

g 
A

r
2

cm
-3

8
[1

0
T

!"d
#d

MicroBooNE

 = 17.032$SF*: 

 = 6.782$LFG: 

 = 5.332$RFG: 

NEUT	vs	NuWro FSI?

19.09.2024 Wissal	Filali,	Laura	Munteanu,	Stephen	Dolan	-	NuFACT	2024	-	Argonne	National	Laboratory 24

Nbins=7

LFG	&	RFG	from NEUT

SF	from NuWro

Mostly a	normalization difference
Shape	seems reasonable!

𝛿𝑝! is sensitive	to	both Fermi	motion	
and	FSI
But	𝛿𝛼! is largely insensitive to	Fermi	
motion

Seems to	point	out	that NuWro FSI	has	issues	for	Ar

arXiv:2407.10962
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FSI impact on nucleon kinematics
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T2K	𝒑𝒑 < 𝟒𝟓𝟎MeV

MicroBooNE 𝒑𝒑 < 𝟑𝟎𝟎MeV

• The	effect of	FSI	is to	migrate protons	below detection threshold
• Different shapes of effect, but broadly agree in the above threshold region

arXiv:2407.10962

https://arxiv.org/abs/2407.10962


MicroBooNE with NEUT	FSI
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We	see a	similar effect: NEUT FSI is also insufficient to	describe the	high	
𝛿𝛼! region for	Ar
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Energy	dependence of	
nuclear effects:
T2K	&	MINERvA
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*quantitatively,	all	MINERvA measurements but	one	exclude all	configurations	with
𝑝-values	<	0.05.	Here,	we only give qualitative	observations
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Breakdown by interaction channel

Nbins=8 Nbins=24

• MINERvA measurement is significantly enhanced in	2p2h	and	pion	absorption
processes
• Only considered measurement to have some sensitivity to	pion	absorption	FSI

Higher	𝑬𝝂
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Fermi	motion
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Nbins=8

Higher 𝑬𝝂
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Similar	trend:	SF	has	lowest 𝑝-value,	RFG	is excluded by	both measurements
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Nbins=24
Nbins=24

• MINERvA	𝑝$ measurement is more	sensitive	to	transition	region between bulk	
and	tail

• Best agreement achieved by SF model
Indicates the	need for	the	presence of SRCs(-like)	contributions

Fermi	motion	++
arXiv:2407.10962
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2p2h
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Higher 𝑬𝝂

MINERvA measurement is more	sensitive	to	2p2h
But does not	prefer an	enhancement of	2p2h	(consistent	with T2K	but	not	MicroBooNE)
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FSI on protons
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Nbins=8

Higher 𝑬𝝂

Nbins=24

MINERvA ! "#$%&"''(prefers more	FSI,	T2K	doesn’t favor a	change
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Pion	absorption	FSI
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Nbins=24

MINERvA measurements are	the	only ones
which show	sensitivity to	pion	absorption

Seem to disfavor an increase in the
probability of pion	absorption

arXiv:2407.10962
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Generator comparisons:
Towards DUNE and Hyper-K
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Model	configurations
¡ “NEUT	SF”	–	baseline	model	for	T2K	and	starting	point	for	Hyper-K	
sensitivity	studies	! !"#$%&'(%)	109	(2024)	7,	072006"

¡ “GENIE	AR23_20i_00_000”	–	baseline	model	for	DUNE	ND-focused	
sensitivity	studies	!$'' *+%*),-./0$*123*4.-5"

¡ “NEUT	LFG”	–	point	of	comparison,	should	be	very	similar	to	GENIE	
model	(different	FSI	model,	no	SRCs,	different	2p2h	model	and	different	nucleon	form	factors)
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Comparison to	all measurements
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Not	too bad…
But still some work to do

GENIE	model	has	overall best	𝒑-values
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Global	generator comparisons
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needs work on	

beyond-PWIA	effects
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SF overestimates cross section:	
needs work on	

beyond-PWIA	effects

GENIE	model	has	SRC-like	
contribution,	favored by	

measurement
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All	3	FSI	models struggle	
to	describe the	tail

SF overestimates cross section:	
needs work on	

beyond-PWIA	effects

GENIE	model	has	SRC-like	
contribution,	favored by	

measurement
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We need to	start	thinking about	
how	to	train	our dragons!
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T2K	vs	MicroBooNE signal	defintion
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w	PS	cuts no	PS	cuts w/no	PS	cuts

Argon,	MicroBooNE
NuWro	SF	no	OP 0.356312 0.376622 0.9460732512 ~5%	decrease
NuWro	SF	w	OP 0.320672 0.355487 0.9020639292 ~10%	decrease
NEUT	LFG 0.327612 0.344701 0.9504237005 ~5%	decrease

MicroBooNE:	𝑝%>300	MeV

Phase	space cuts induce a	
5-10%	decrease in	cross	
section	for	MicroBooNE

All	numbers are	QE	only cross	sections	in	10!"# cm$/nucleon
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w	PS	cuts no	PS	cuts w/no	PS	cuts

Argon,	MicroBooNE
NuWro	SF	no	OP 0.356312 0.376622 0.9460732512 ~5%	decrease
NuWro	SF	w	OP 0.320672 0.355487 0.9020639292 ~10%	decrease
NEUT	LFG 0.327612 0.344701 0.9504237005 ~5%	decrease

Carbon,	T2K
NEUT	SF 0.194257 0.298315 0.6511807988 ~35%	decrease
NEUT	LFG 0.20864 0.284694 0.7328570325 ~27%	decrease

MicroBooNE:	𝑝%>300	MeV

T2K:	𝑝%>450	MeV

Phase	space cuts induce a	
5-10%	decrease in	cross	
section	for	MicroBooNE

All	numbers are	QE	only cross	sections	in	10!"# cm$/nucleon

Before PS	cuts,	LFG>SF
After PS cuts, SF>LFG
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w	PS	cuts no	PS	cuts w/no	PS	cuts

Argon,	MicroBooNE
NuWro	SF	no	OP 0.356312 0.376622 0.9460732512 ~5%	decrease
NuWro	SF	w	OP 0.320672 0.355487 0.9020639292 ~10%	decrease
NEUT	LFG 0.327612 0.344701 0.9504237005 ~5%	decrease

Carbon,	T2K
NEUT	SF 0.194257 0.298315 0.6511807988 ~35%	decrease
NEUT	LFG 0.20864 0.284694 0.7328570325 ~27%	decrease

MicroBooNE:	𝑝%>300	MeV

T2K:	𝑝%>450	MeV

Phase	space cuts induce a	
5-10%	decrease in	cross	
section	for	MicroBooNE

All	numbers are	QE	only cross	sections	in	10!"# cm$/nucleon

Before PS	cuts,	LFG>SF
After PS cuts, SF>LFG

Size	of	decrease is ~3-5x	larger than for	
MicroBooNE

Mainly driven by high proton	
momentum threshold
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w	PS	cuts no	PS	cuts w/no	PS	cuts

Argon,	MicroBooNE
NuWro	SF	no	OP 0.356312 0.376622 0.9460732512 ~5%	decrease
NuWro	SF	w	OP 0.320672 0.355487 0.9020639292 ~10%	decrease
NEUT	LFG 0.327612 0.344701 0.9504237005 ~5%	decrease

Carbon,	T2K
NEUT	SF 0.194257 0.298315 0.6511807988 ~35%	decrease
NEUT	LFG 0.20864 0.284694 0.7328570325 ~27%	decrease

Carbon	T2K	PS	<300
NEUT	SF 0.266142 0.298315 0.8921509143 ~10%
NEUT	LFG 0.265317 0.284694 0.9319374486 ~7%

MicroBooNE:	𝑝%>300	MeV

T2K:	𝑝%>450	MeV

T2K	with	“MicroBooNE”	threshold:	𝑝%>300	MeV

Phase	space cuts induce a	
5-10%	decrease in	cross	
section	for	MicroBooNE

All	numbers are	QE	only cross	sections	in	10!"# cm$/nucleon

Before PS	cuts,	LFG>SF
After PS cuts, SF>LFG

Similar size of effect to
MicroBooNE


