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Like a Brazilian buffet, there’s just too 
much to amazing stuff to consume in such 
a short time… we had 40+ “experimental” 
talks, so I apologize in advance if your 
presentation is not represented here!
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Like a Brazilian buffet, there’s just too 
much to amazing stuff to consume in such 
a short time… we had 40+ “experimental” 
talks, so I apologize in advance if your 
presentation is not represented here!

But there’s always have room 
for dessert…
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Measuring neutrino	oscillations	with T2K

15.04.2024 Laura	Munteanu	- NuInt	2024,	São	Paulo,	Brazil 7

%-like &-like

Oscillated neutrino	event rates	as	a	
function of	neutrino	energy measured with
SK	– water	Cherenkov detector

Infer neutrino	energy using
lepton	information	under
2-body	reaction assumption

Neutrino	energy bias

PWIA:	Plane	Wave Impulse	Approximation

Need to	control: (1st	order)
• Shape	of	Fermi	motion
• Proportion	of	QE	vs	
non-QE processes

• Physics beyond PWIA
• Energy dependence of
the cross-section (due	to	
oscillations)

• A-scaling (C	and O)

We Saw the Impact that Neutrinos Have on Neutrino 
Measurements…
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Laura Munteanu

Modeling the Nuclear Initial State

● Historical model: Relativistic Fermi Gas 
(RFG)

○ Non-interacting nucleons with momentum up to 
Fermi momentum kF

○ Non-zero momentum tail above kF to account for 
short-range nucleon-nucleon correlations

● Local Fermi Gas (LFG) model 
○ kF is a function of radius, derived from nucleon 

density distribution
○ Underpins Valencia CCQE and CCMEC 

modeling with shared use of density distribution

● Correlated Fermi Gas (CFG) model
○ Re-introduces non-zero momentum tail above kF
○ Included in GENIE 3.2

5

Eur. Phys. J. Spec. Top. 
230, 4449–4467 (2021)

Nuclear Initial State Modeling In GENIEUnderlined version is used in 
MicroBooNE model

Impact of Initial State Modeling in 
MicroBooNE 𝜈𝜇CC 1p0𝜋

PhysRevLett.131.101802

Modeling of Final State Interactions (FSI)

10

● Impact of FSI is well demonstrated in 
published measurements

○ FSI sensitivity varies greatly with interaction 
channel and across phase space

○ Large impact at high 𝛿pT
○ FSI impact increases with nuclear size A Impact of FSI in MicroBooNE 𝜈𝜇CC 1p0𝜋 

PhysRevLett.131.101802

Impact of FSI in MINER𝜈A (Eur. Phys. J. Spec. Top. 230, 4243–4257)

Impact of Cross Section Uncertainties
on Oscillation Measurements

13PhysRevD.105.112005

𝜈eCC Inclusive eLEE Search Uncertainty● Inclusive signal
○ Not concerned with final state composition 

(eg: particle multiplicity, charge exchange)

● Requires E𝜈 measurement
○ Transfer energy contains invisible portion 

in LArTPC (eg: neutrons)
○ Potential source of model dependence

● Cross section uncertainties 
dominant at low E𝜈 for both 𝜈e and 𝜈𝜇

○ MicroBooNE uses sideband constraints in 
place of 2-detector setup

London Cooper-Troendle

https://indico.fnal.gov/event/59963/contributions/284581/attachments/176776/240372/T2K_syst_impact.pdf
https://indico.fnal.gov/event/59963/contributions/286375/attachments/176767/240381/The%20Impact%20of%20Neutrino%20Interaction%20Uncertainties%20on%20MicroBooNE%20and%20SBN%20Physics%20Measurements.pdf
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25
M. Dolce NuInt 2024

‣ Impact of extrapolation on NOvA’s  and  predictions. 

‣ Extrapolation reduces impact of cross section uncertainties. 

‣ Interaction uncertainties are not the leading contributor to uncertainty budget.

νμ νe
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Extrapolation reduces our 

interaction uncertainties

We Saw the Impact that Neutrinos Have on Neutrino 
Measurements…
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Mike Dolce

M. Dolce NuInt 2024

Cross-Sections

30

 CC Low-νμ Ehad
Differential  and Tμ cos θμ

MeVTp ≤ 250
Tπ ≤ 175 MeV

select: 1 track Interaction model  
uncertainty (non 2p2h)

Interaction model  
uncertainty (2p2h)

2p2h  
model spread 
 uncertainty 

‣ Double differential cross 
section in muon 
kinematics: , . 

‣ MC uses NOvA 2p2h tune. 

‣ 2p2h model spread, ~2% 
difference: 

‣ MINERvA tune 
(Valencia) and SuSA-v2.

cos θμ Tμ

Two slices of θμ

Similar NOvA 
2p2h approach,  
different model: 
Empirical MEC. 

Model spread analyses
After extrapolation, xsec 
uncertainties are sub-
dominant in the NOvA 
oscillation analysis.

ND and other analyses are moving 
to using a model spread for the 
2p2h uncertainty…

https://indico.fnal.gov/event/59963/contributions/286374/attachments/176788/240402/2024-04-15-NuInt-NOvA-int-systs.pdf
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Ingredients to Cross Section Measurements: Flux
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• Different reaction mechanisms contribute to the cross section 

Some crucial points of the accelerator-based  experiment   

• The neutrino energy is reconstructed from the final states of the reaction 
     (typically from CC Quasielastic events) 

T2K 

3 12/12/2016 M.Martini - NuPhys2016 

•  Neutrino beams are not monochromatic (at difference with respect to electron beams)  

p+C@90 GeV/c

18

● Publication in preparation

● Charged and neutral multiplicities

● Fills in gaps between T2K and NuMI 

energies for e.g. secondary proton 

scattering inside NuMI target

NA61 Preliminary

NA61 Preliminary

π-

K0
S

p+C@90 GeV/c
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NA61 Preliminary

π-

K0
S

DUNE Target Plans

21

• DUNE prototype target coming to NA61 in 2024

• Same measurements as NuMI

– Particle multiplicity

– 120 GeV/c protons

Marco Martini, NuPhys2016

Flux improvements coming from new thin and 
thick target (and horn) HP measurements and 
nu+e measurements, nu-e constraints a la 
MINERvA

NA61 Replica of Planned DUNE Target

    04-16-2024                   Leo Aliaga                The EMPHATIC experiment             NuINT-202420

Phase 2: neutrino production target
Measurements by MIPP and NA61/SHINE of HP 
off real (or replica) targets significantly reduced 
the HP uncertainQes when compared to thin 
target-based

Thin-target data only Using MIPP NuMI-target data

We are going to put the EMPHATIC Phase1 spectrometer on a moQon 
table downstream of spare NuMI horn and target.

Power supply also available; hope to 
measure with pulsed horn in the future. 

Minimal goal: to measure charged-par-cle 
spectrum downstream of target+horn.

NuMI target + Horn 1

L. Aliaga thesis 

MIPP: Phys. Rev. D 90, 032001 (2014)
NA61: Phys. Rev. D 103, 012006 (2021) 

    04-16-2024                   Leo Aliaga                The EMPHATIC experiment             NuINT-20247

EMPHATIC

Small-scale experiment (detectors fit within 4 
meters) at the M(eson)Test beamline in the 
Fermilab Test Beam Facility.

Focus on low-momentum beam: pbeam < 15 GeV/c, but will also make measurements with beam 
from 20-120 GeV/c. Ul,mate design: 350 mrad acceptance

CollecQon of small detectors to track parQcles with high precision before and a^er a target, perform 
parQcle idenQficaQon, and measure calorimetric energy. Leo Aliaga, EMPHATIC

Andrew Olivier, NA61/SHINE

   A. Longhin                                                                                                         NUINT 2024 @ S ão Paulo                                                       ENUBET 5

Irradiation/detectorsIrradiation/detectors

Dose is sustainable by magnets even in the 
hottest regions (<300 kGy/1020 pot).

Neutrons simulations guided the design of the 
instrumentation  30 cm of Borated PE (5%) →
added to protect the Silicon Photomultipliers. 
Good lifetime (7e9 n/cm2/1020 pot). Accessible 
eventually.

Neutrons/cm2 for 1020 POT

Dose for 1020 POT [Gy]

2nd DIP

1st QUAD

FLUKA

https://arxiv.org/pdf/2308.09402.pdf

EPJ-C 83, 964, (2023)

   A. Longhin                                                                                                         NUINT 2024 @ S ão Paulo                                                       ENUBET 13

��µµ
CCCC spectra at detector spectra at detector

500t @ 50 m after the hadron dump
@ 400 GeV  → 0.7 Mνµ

CC  with 1e20 POT

 ⇥ parents

 K parents

 → 10000 ν
e

CC  with ~1e20 POT

6 m

6 
m

EPJ-C 83, 964, (2023)

The protoDUNE(s) 
could be such a detector  
(an evident asset for a 
possible siting at CERN)

EMPHATIC Phase 2: NuMI Target+Horn

Andrea Longhin, ENUBET

https://indico.ph.qmul.ac.uk/indico/getFile.py/access?contribId=41&resId=0&materialId=slides&confId=112
https://indico.fnal.gov/event/59963/contributions/286425/attachments/176857/240548/EMPHATIC_NuINT2024_LeoAliaga_v2.pdf
https://indico.fnal.gov/event/59963/contributions/286424/attachments/176779/240376/NuInt_NA61_v1.pdf
https://indico.fnal.gov/event/59963/contributions/286426/attachments/176854/240538/ENUBET_NUINT2024_v6.pdf
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Ingredients to Cross Section Measurements: Generators
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10 Clarence Wret

● All driven by simple commands, where a con@g @le with the 
measurement and systema3c parameters are provided

What can NUISANCE do?

Generate events

NUISANCE converts 
events to internal 

event format

Fit generators model 
parameters to speci@c data
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10 Clarence Wret

● All driven by simple commands, where a con@g @le with the 
measurement and systema3c parameters are provided

What can NUISANCE do?

Generate events

NUISANCE converts 
events to internal 

event format

Fit generators model 
parameters to speci@c data

• We heard updates from 
the main generators, 
many new models have 
been implemented!

• Many have implemented 
comparison tools for 
both electrons and 
neutrinos.  Some 
overlap with 
NUISANCE?

NUISANCE and global tuning

nuisance.hepforge.org

github.com/NUISANCEMC/nuisance/

JINST 12 P01016 (2017)

nuisance-xsec.slack.com

NuInt 2024, Sao Paolo
April 19 2024

github.com/NUISANCEMC/nuisance/

Clarence Wret Luke Pickering Callum Wilkinson Patrick StowellStephen Dolan

nuisance-xsec.slack.com
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• Moving to more precise and sensitive measurements
• We are probing nuclear effects better with TKI and GKI variables
• High stats!

Sao Paulo, Brazil – April 16th, 2024Sebastian Sanchez-Falero      −      Iowa State University      −      NuInt 202424

Released Analysis:

νμ Charged Current with Low Hadronic Energy

Results: Muon Kinematics

Comparison to 2p2h models:

 NOvA-tune overestimates 

most bins

 GiBUU overestimates most 

data

 Other models tend to predict 

lower values

-v1.2

0π Measurements

8

27NuInt 2024 Daniel Ruterbories (Rochester)

dpt,x vs dpt,y

Andrew Furmanski
University of Minnesota

13

Data!

17 Apr 2024 S. Gardiner | vμ CC0π interactions with one or more protons in MicroBooNE

Physics highlights: missing strength

13

• Data prefer higher cross 
section in certain phase-space 
regions

• Example: moderate to 
backward θμ, moderate pμ

• Similar trends seen in other 
recent MicroBooNE 
measurements

17 Apr 2024 S. Gardiner | vμ CC0π interactions with one or more protons in MicroBooNE

Physics highlights: θμp shape

15

• Hint from prior CC0πNp analysis

• Coarse binning, but models seem 
to be peaking to the left of data

• Distribution sensitive to QE / 
2p2h balance

• New analysis achieves much 
more detailed lookSteven Gardiner, MicroBooNE

Sebastian Sanchez-Falero, NOvA

Dan Ruterbories, MINERvA

Andy Furmanski, MicroBooNE

https://indico.fnal.gov/event/59963/contributions/286474/attachments/176927/240680/NuInt2024%20uB%20talk-1.pdf
https://indico.fnal.gov/event/59963/contributions/287336/attachments/176834/240625/NuINT2024_NOvA_ZeroMesonsQE2P2H-like_169.pdf
https://indico.fnal.gov/event/59963/contributions/287335/attachments/176861/240545/MINERvA_NuInt2024_Ruterbories.pdf
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• Moving to more precise and sensitive measurements
• We are probing nuclear effects better with TKI and GKI variables
• High stats!

-v1.2

0π Measurements

9

section in certain phase-space 

Coarse binning, but models seem 

Steven Gardiner, MicroBooNE

Sebastian Sanchez-Falero, NOvA

Dan Ruterbories, MINERvA

Andy Furmanski, MicroBooNE

Stephen Dolan NuInt 2024, São Paulo, 16/04/2024

Our latest result
Mature joint fit measurements 
• Correlated energy spectra (2024) Phys. Rev. D 108, 112009

ND280 INGRID

• Overestimation of models at forward 
angles for ND280 but not for INGRID

o Issue with energy dependence 
of low 4 suppression (RPA)?

o Or with non-QE contributions?

48

(70 bins)

Stephen Dolan, T2K

https://indico.fnal.gov/event/59963/contributions/286474/attachments/176927/240680/NuInt2024%20uB%20talk-1.pdf
https://indico.fnal.gov/event/59963/contributions/287336/attachments/176834/240625/NuINT2024_NOvA_ZeroMesonsQE2P2H-like_169.pdf
https://indico.fnal.gov/event/59963/contributions/287335/attachments/176861/240545/MINERvA_NuInt2024_Ruterbories.pdf
https://indico.fnal.gov/event/59963/contributions/287337/attachments/176896/240616/SDolanTalk_NuInt2024.pdf
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• Pion production results are all over 
the place, it’s like watching a capoeira 
group fight-dance.  In one moment 
two opponents almost hit each other, 
the next they’re far apart…

Pion-Production Measurements

10

23

Q2 > 1 GeV2

Q2 > 0 GeV2

Adrian Lozano Sánchez (Drexel University/CBPF)

Model Comparison (Neutrino)

x, ξ, high p∥μ are considerably better 
simulated by MINERvA Tune v2 
without the nonresonant pion 
reduction (Genie 2.12.6).

NEUT also fits x, ξ and high p∥μ quite 
well.

o None of the simulation programs describe the data across the full kinematic region for all considered variables.

GENIE 3.0.6 is a good match to the 
shape of the data at high Q2 and =cl.

NuWro also fits our data.

24

Q2 > 1 GeV2

Q2 > 0 GeV2

Adrian Lozano Sánchez (Drexel University/CBPF)

Model Comparison (Antineutrino)
o None of the simulation programs describe the data across the full kinematic region for all considered variables.

x, ξ, high p∥μ are considerably better 
simulated by MINERvA Tune v2 
without the nonresonant pion 
reduction (Genie 2.12.6).

NEUT also fits x, ξ, high p∥μ, high pTμ 
and high Q2 quite well.

GENIE 3.0.6 is a good match to the 
shape of the data at high Q2 and =cl.

CC≥1p+ Cross Section vs. Tp and ptµ

18 April 2024 D. Harris for M. Sultana, Pions at MINERvA 18

Notice excess at low pt and high pt, intermediate pt shows better agreement with base model (MnvTunev4.3.1)

• Can look 
at 
transition 
from 
resonance 
to SIS to 
DIS 

NC Diffractive p0 Signal Result
• After fitting for the signal+backgrounds, subtract 

backgrounds, unfold, correct for efficiency…
find that GENIE underestimates Diffractive p0
production by factor of 4 but gets kinematics right

18 April 2024 D. Harris for M. Sultana, Pions at MINERvA 32

See Expected 
ratio between 
Diffractive and 
Coherent p0  

processes in 
data

New 1p+ Results in Scintillator
• Cross Sections versus Q2 and versus Pion Angle (qp)

18 April 2024 D. Harris for M. Sultana, Pions at MINERvA 25

MINERvA
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• Pion production results are all over 
the place, it’s like watching a capoeira 
group fight-dance.  In one moment 
two opponents almost hit each other, 
the next they’re far apart…

Pion-Production Measurements

11

César Jesús-Valls                                                                           NuInt 2024 14

PRELIMINARY

Data vs FSI models in GENIE

Among all FSI models under comparison data shows a mild preference for GENIE G18 
10d (Bertini Cascade). 

NC1π  in CH with ND280+

T2K

NUINT 2024, April 2024Ma1 Wetstein, Iowa State University

1

0.50 < cos θμ < 0.74 0.74 < cos θμ < 0.80 0.80 < cos θμ < 0.85 0.85 < cos θμ < 0.88

0.88 < cos θμ < 0.91 0.91 < cos θμ < 0.94 0.94 < cos θμ < 0.96 0.96 < cos θμ < 0.98

0.98 < cos θμ < 0.99 0.99 < cos θμ < 1.00

35

300 MeV < Eavail < 600 MeV
 Charge Current Inclusive Measurementν̄μ

QE

(%)

MEC

(%)

RES

(%)

DIS

(%)

Others

(%)

3.9 1.2 68.0 22.0 4.9

Events: 14%
Table from NOvA-tuned GENIE

MC/Data Ratios Various Generators

• In the RES dominated region, 
there is wide variation among 
the generators. 


• Note that, in earlier slides, 
even the NOvA-tuned GENIE 
over-predicts the data in this 
region


• GiBUU under-predicts


• NEUT generally seems 
closer.

Results: NCπ0 and CCπ0 Comparison
● Both measurements are relatively consistent in the hierarchy of generators when it 

comes to the π0 momentum:
○ NEUT offers the best description of the data, follow closely by GENIEv3.

13
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• Pion-nucleus interactions
• Electron-nucleus interactions
• Scattering at MeV and lower energies
• Cross sections for colliders
• Electron-neutrino scattering

So much more that I did not cover…

12
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Summary and Path Forward

Lots of data is here and more is expected in the next few years, need to think how to constructively 
improve the underlying physics.  

We need to leverage high-statics to perform clean and precise measurements, make them 
accessible to theorists, in order to truly constrain underlying neutrino-nucleus cross section physics. 

Need guidance from theorists on uncertainty quantification.   

Need to make data preservation plans which allow re-analysis. 

We need to make sure that we make high-statistics era into high-precision era! This NuInt is a great 
place to discuss constructively!

18/18 Vishvas Pandey          Impact of Interaction Uncertainties on Neutrino-Nucleus Cross Section Measurements            NuInt 2024

An opinion…

13

Vishvas Pandey

We have been reminded throughout the week that we should not report results on model-
dependent variables.  I completely agree with this, and I feel we should only do 
quantitative comparisons to generator predictions using direct observables.  However, I do 
think that looking at some model-dependent variables provides qualitative insight, and we 
should not completely abandon them.

https://indico.fnal.gov/event/59963/contributions/284573/attachments/176777/240374/NuInt2024_VPandey.pdf
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• A plausible explanation of the MINERvA and NOvA observed excess 
at low Evis

• More anti-neutrino measurements
• Results from DUNE 2x2 and ICARUS
• Implementation of, and comparisons to, new-ish models between 

data and generators

14

What I hope to see at the next NuInt…

Data 
collection + 

analysis

Model 
development / 
improvement /
implementation

Many Years

Many Years
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In Conclusion…

15

Relax!  Have 
some food and 

drink, it’ll all be ok.
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• A few examples of data-simulation differences
• Some thoughts (only a few rants, I promise)
• Discussion!

16

Obrigado!


