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• Many neutrino oscillation experiments 
have been built using neutrino beams 
produced by accelerators around the 
World: US (NuMI and Booster), Europe 
(CNGS) and Japan (JPARC).   

• The baseline of these experiments go from 
few hundreds of meters (short-baseline) to 
hundreds (300-1300) of km (long-baseline). 

Apologies short-baseline  
not in this talk!

M. Toups First Results From MicroBooNE

Short Baseline Neutrino (SBN) Program
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MicroBooNE
T600

ICARUS-T600 MicroBooNE Short Baseline Near Detector 
(SBND)

ν target
SBND

110 m470 m600 m

ν beam

Trio of 100-ton-scale LArTPCs 
on the Booster Neutrino Beam

Aerial view of Fermilab

See talk by D. Schmitz

NOνA
MINOS810 km
735 km
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T2K (Tokai to Kamioka)  experiment

� High intensity �� beam from J-PARC MR to Super-Kamiokande @ 
295km

� Discovery of �e appearance � Determine �13
� Last unknown mixing angle
� Open possibility to explore CPV in lepton sector

� Precise meas. of �� disappearance � �23, �m23
2

� Really maximum mixing? Any symmetry? Anytihng unexpected?

132312sin ssse 


	� ��� � prob.  in term odd CP sin�12~0.5, sin�23~0.7, 
sin���<0.2)

Opera

T2K SBN
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• The neutrino spectrum is measured at the ND (before 
oscillations), this is a combination of neutrino flux, cross section 
and efficiency.  

• The measured spectrum is used to make a prediction of the 
expectation at the FD before considering oscillations. 

NOνA Near Detector

• Precision is achieved by 
placing a detector close to the 
source (Near Detector) and one 
at or close to the oscillation 
maximum (Far Detector). 

U N D E R S TA N D I N G  T H E  F L U X ,  N E U T R I N O  I N T E R A C T I O N S  A N D  
D E T E C T O R  E F F I C I E N C I E S  I S  E S S E N T I A L  F O R  H I G H  P R E C I S I O N  

RFD(νμ) = Φ(Eν) × σ(Eν, A) × ϵFD × Posc

RND(νμ) = Φ(Eν) × σ(Eν, A) × ϵND
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Measuring oscillation params @T2K

•Tests CPT symmetry
•Leading order dependence on sin22θ23 

•Difficult to distinguish θ23>45° from θ23<45° 
•Leading order dependence on |Δm2

32| 
•Doesn’t depend on the sign of the mass 

splitting (hierarchy) 

•Tests CP symmetry
•Leading order dependence on sin22θ13, sin2θ23 

•Can separate θ23>45° from θ23<45° 
•Sub-leading dependence on sin(δcp) 

•Can detect CP violation 
•Sub-leading dependence on Δm2

32 through 
matter effect 

•Relatively small in T2K due to baseline 
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see poster by:
R.P. Litchfield,  #445, WedImperial College  

London
Morgan O. 
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see poster by:
R.P. Litchfield,  #445, Wed

M. Wascko (T2K) - Neutrino 2018

M E A S U R I N G  O S C I L L AT I O N  PA R A M E T E R S  R E Q U I R E S  P R E C I S I O N  I N  
E N E R G Y  R E C O N S T R U C T I O N

• In order to measure oscillation parameters we measure two 
channels: muon neutrinos disappearance and electron neutrino 
appearance.  

• These measurements allow us to probe CP violation, the mass 
ordering as well as the mass difference and mixing angles. 
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• Since the oscillation probability depends on 

neutrino energy, we must reconstruct energy 
precisely.  

• Neutrino energy reconstruction is obtained using 
the final state particles of neutrino-nucleus 
interactions.  

• Non fully active experiments, rely on the 
kinematics of the outgoing lepton to 
determine the energy.  

• Fully active experiments reconstruct the 
energy using the sum of the lepton and 
hadronic energies.  

• Nuclear effects modify the kinematics of the 
particles and therefore the reconstruction of the 
neutrino energy. 

5

Minerba Betancourt�2

P (⌫↵ ! ⌫�) ⇡ 1� sin2 2✓ sin2(
�m2L

E⌫
)

Joel Mousseau 6

 Neutrinos in Nuclear Media

●One common theme of the experiments 
mentioned: they rely on large A 
materials (Fe, Ar, C, H

2
O etc.)

●Problem: nuclear effects caused by 
nucleons bound in a nucleus distort the 
measured kinematics of the neutrinos.

●Two detectors will not solve your 
problem: these effects modify the near 
and far energy spectra differently.

●Effects not well understood in neutrino 
physics. General strategy has been to 
adapt nuclear effects from electron 
scattering into neutrino scattering.

Neutrino scattering 
is 

straightforward...

...Until it's not!

E
had

Introduction
• Oscillation probability depends on neutrino energy Eν
• We need to reconstruct the neutrino energy precisely

• Neutrino energy reconstruction is obtained using the final state particles of 
neutrino-nucleus interactions
• Fully active experiments reconstruct the energy using:  Eν=Elepton+hadron

• Nuclear effects modify the kinematics of the particles and the reconstruction of 
the neutrino energy
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• Understanding neutrino nucleus interactions is 

challenging; interplay of many different effects. 

6Minerba Betancourt

Neutrino Scattering 

�3 Minerba Betancourt

• Understanding neutrino interactions is challenging 
• Modeling the interactions and measuring them present different types of challenges

What Do We Need to Simulate?

�5

Nuclear 
long range
correlations (RPA)

Nucleon form factors
Nuclear short 
range correlations

Final State Interactions

Fermi motion
Pauli blocking

Removal Energy

νμ
μ

Meson Exchange Currents (MEC=2p2h)

Quasi-elastic Resonant pion Deep inelastic 

2p2h describes MEC
M. Betancourt
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• Current neutrino experiments explore different energy regimes and are dominated by 
different cross sections channels.  

• Significant progress on the simplest of interactions CCQE (0π). Recent interest on the 
pion production channels both for NOvA and T2K. Next challenge is DIS which will be 
important for DUNE. 
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Neutrino Energies for Different Experiments 

�12

Minerba Betancourt

Neutrino Energies for Different Experiments

• MINERvA flux covers most of the DUNE flux Plot courtesy of Phil Rodrigues
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Overview Charged Current Interactions
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Neutrino Cross SectionsSam Zeller, Low Energy Neutrino Cross Sections, NuFact 06/10/03 8

Past �⌫ Measurements

• How well have we measured low energy ⌫ �’s?
Rely on past measurements for this knowledge

• Along the way, point out how good our current
theoretical understanding is

• Review the status of past
measurements of �⌫ at
E⌫ ⇠ 1 GeV:

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

,! Multi ⇡ production
(small � but can feed down)

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

14

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
6 

neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 

NOvA 
T2K 

LBNE 
CNGS 

atmospheric 

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)

9

T2K NOvA
DUNE MINERvA

• We have a lot of progress these past years for the simplest interactions CCQE (0π)
• Starting to focus on the pion production, mainly because NOvA has a good contribution 

from pion events and T2K is including pions events in their signal to get more statistics 
• Next crucial channel is the DIS scattering, the largest contribution for DUNE
• Showing results from the last few years 
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T2K NOvA
DUNE MINERvA

• We have a lot of progress these past years for the simplest interactions CCQE (0π)
• Starting to focus on the pion production, mainly because NOvA has a good contribution 

from pion events and T2K is including pions events in their signal to get more statistics 
• Next crucial channel is the DIS scattering, the largest contribution for DUNE
• Showing results from the last few years 
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• We have several event generators: GENIE, NEUT, NuWro and GiBUU

Neutrino Event Generators 

�14

21/37

Neutrino data Comparisons

GENIE Version 2.12.8

CCQE models
Llewellyn Smith
Nieves, Amaro and
Valverde

MEC models
Empirical
Nieves Simo Vacas

Nuclear Models
Relativistic Fermi Gas
Local Fermi Gas
Effective Spectral
Functions

Single Kaon

⇤ production

RES
Rein-Sehgal
Berger-Sehgal
Kuzmin-Lyubushkin-
Naumov

COH
Rein-Sehgal
Berger-Sehgal
Alvarez Ruso

FSI - Intranuke
Full Intra-Nuclear
cascade
Schematic based on
Hadron-nucleus data

Only one Comprehensive Model Configuration (CMC)
Default tune has not changed

Initial state Interaction channel FSI

quantum mechanical

semi-classical

SF
hole
spectral
function

effective
spectral function

FG global
fermi gas

LFG local
fermi gas

effective momentum
dependent potential

Bodek-Ritchie
fermi gas

CC

NC

QE
quasi
elastic
scattering

RES
resonant
pion
production

DIS
deep
inelastic
scattering

MEC
meson
exchange
current

COH
coherent
pion
production

RPA

Cascade

energy transfer
modification
in the SF model

GENIE
NuWro

Marco Roda, Nuint 2018 Jan Sobczyk, Nuint 2018 
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• Several neutrino interaction simulations are used in the field: 
GENIE, NEUT, NuWro and GiBUU. Experiment choose their own, 
potentially choose a configuration and further adjust to match their 
data. 
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• The uncertainties arising from cross sections and final state interactions 
represent a significant source of uncertainty for oscillation experiments. 

9
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Source of uncertainty for oscillation experiment 

�6

TABLE XX: Relative uncertainty (1�) on the predicted rate of ⌫µ CC and ⌫e CC

candidate events.

Source of uncertainty ⌫µ CC ⌫e CC

Flux and common cross sections

(w/o ND280 constraint) 21.7% 26.0%

(w ND280 constraint) 2.7% 3.2%

Independent cross sections 5.0% 4.7%

SK 4.0% 2.7%

FSI+SI(+PN) 3.0% 2.5%

Total

(w/o ND280 constraint) 23.5% 26.8%

(w ND280 constraint) 7.7% 6.8%

FIG. 26: Total error envelopes for the reconstructed energy distributions of ⌫µ CC (left)

and ⌫e CC (right) candidate events, using typical oscillation parameter values, with and

without the ND280 constraint applied.

77

T2KNOvA

νμ, which constrains the νe beam background. We also use
the observed distributions of time-delayed electrons from
stopping μ decay in each analysis bin to constrain the ratio
of νμ CC and NC interactions. The resulting decomposition
of the selected νe candidate sample at the ND therefore
agrees with the data distribution by construction. The
nominal and constrained predictions are shown compared
to the data distribution in Fig. 5.
The corrections to the beam νe, NC, and νμ CC

components are extrapolated to the FD core sample using
the bin-by-bin ratios of the FD and ND reconstructed
energy spectra, for each of the three CVN ranges. The
predicted beam backgrounds in the FD peripheral sample
are corrected according to the results of the extrapolation
for the highest CVN bin in the core sample (see Fig. 5). The
sum of the final beam-induced background prediction and
the extrapolated signal for given oscillation parameters is
added to the measured cosmic-induced backgrounds to
compare to the observed FD data.

V. SYSTEMATIC UNCERTAINTIES

We evaluate the effect of potential systematic uncertain-
ties on our results by reweighting or generating new
simulated event samples for each source of uncertainty
and repeating the entire measurement, including the extrac-
tion of signal and background yields, the computation of
migration matrices, and the calculation of the ratios of FD
to ND expectations using each modified simulation sample
and applying our constraint procedures.
The effect of each of these uncertainties on the predicted

yields of selected νe CC candidate events is contained in

Table V. We estimate the effects on the extracted oscillation
parameters sin2 θ23, Δm2

32, and δCP in the joint fit to be as
given in Table VI. These are negligibly different from a νμ -
only fit.
The largest effects on this analysis stem from uncertainty

in our calibrations and energy scales, in the cross section
and final-state interaction (FSI) models in GENIE, and in the
impact of imperfectly simulated event pileup from the
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FIG. 5. The effect of the decomposition and constraint pro-
cedure on the predicted ND candidate νe spectrum; the stacked
histogram shows corrected backgrounds (from bottom, beam νe,
νμ CC, and NC). The three panels show the results for each of the
CVN classifier bins, ranging left to right from lower to higher
purity. Predictions for each background class prior to correction
are given by the dashed lines. The overall corrections to the
normalizations of the yields by category are beam νe CC,þ3.0%;
NC, þ17.0%; and νμ CC, þ18.9%.

TABLE V. Effect of 1σ variations of the systematic uncertain-
ties on the total νe signal and background predictions. Simulated
data were used and oscillated with Δm2

32 ¼ 2.445 × 10−3 eV2=c4

(NH), sin2 θ23 ¼ 0.558, δCP ¼ 1.21π.

Source of uncertainty νe signal (%)
Total beam

background (%)

Cross sections and FSI 7.7 8.6
Normalization 3.5 3.4
Calibration 3.2 4.3
Detector response 0.67 2.8
Neutrino flux 0.63 0.43
νe extrapolation 0.36 1.2

Total systematic uncertainty 9.2 11
Statistical uncertainty 15 22

Total uncertainty 18 25

TABLE VI. Sources of uncertainty and their estimated average
impact on the oscillation parameters in the joint fit. This impact is
quantified using the increase in the one-dimensional 68% C.L.
interval, relative to the size of the interval when only statistical
uncertainty is included in the fit. Simulated data were used and
oscillated with the same parameters as in Table V. Given the
asymmetry of the sin2 θ23 interval with respect to its best-fit
value, only the change in the upper edge is included. The total
systematic uncertainty is calculated by adding the individual
components in quadrature.

Source of
uncertainty

Uncertainty
in sin2 θ23
(×10−3)

Uncertainty
in Δm2

32

(×10−6 eV2=c4)
Uncertainty

in δCP

Calibration þ7.3 þ27= − 27 #0.05π
Cross sections
and FSI

þ6.9 þ14= − 19 #0.08π

Muon energy
scale

þ2.4 þ8.5= − 12 #0.01π

Normalization þ4.4 þ7.3= − 12 #0.05π
Detector
response

þ0.8 þ6.2= − 7.7 #0.01π

Neutrino flux þ1.1 þ4.0= − 4.4 #0.01π
νe extrapolation þ0.1 þ0.2= − 0.7 #0.01π

Total systematic
uncertainty

þ12 þ33= − 38 #0.12π

Statistical
uncertainty

þ38 þ75= − 84 #0.66π

Total uncertainty þ40 þ82= − 92 #0.67π

NEW CONSTRAINTS ON OSCILLATION PARAMETERS … PHYS. REV. D 98, 032012 (2018)

032012-9

Phys. Rev. D 91.072010 Phys. Rev. D 98.032012
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νμ, which constrains the νe beam background. We also use
the observed distributions of time-delayed electrons from
stopping μ decay in each analysis bin to constrain the ratio
of νμ CC and NC interactions. The resulting decomposition
of the selected νe candidate sample at the ND therefore
agrees with the data distribution by construction. The
nominal and constrained predictions are shown compared
to the data distribution in Fig. 5.
The corrections to the beam νe, NC, and νμ CC

components are extrapolated to the FD core sample using
the bin-by-bin ratios of the FD and ND reconstructed
energy spectra, for each of the three CVN ranges. The
predicted beam backgrounds in the FD peripheral sample
are corrected according to the results of the extrapolation
for the highest CVN bin in the core sample (see Fig. 5). The
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migration matrices, and the calculation of the ratios of FD
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and applying our constraint procedures.
The effect of each of these uncertainties on the predicted

yields of selected νe CC candidate events is contained in

Table V. We estimate the effects on the extracted oscillation
parameters sin2 θ23, Δm2

32, and δCP in the joint fit to be as
given in Table VI. These are negligibly different from a νμ -
only fit.
The largest effects on this analysis stem from uncertainty

in our calibrations and energy scales, in the cross section
and final-state interaction (FSI) models in GENIE, and in the
impact of imperfectly simulated event pileup from the
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FIG. 5. The effect of the decomposition and constraint pro-
cedure on the predicted ND candidate νe spectrum; the stacked
histogram shows corrected backgrounds (from bottom, beam νe,
νμ CC, and NC). The three panels show the results for each of the
CVN classifier bins, ranging left to right from lower to higher
purity. Predictions for each background class prior to correction
are given by the dashed lines. The overall corrections to the
normalizations of the yields by category are beam νe CC,þ3.0%;
NC, þ17.0%; and νμ CC, þ18.9%.

TABLE V. Effect of 1σ variations of the systematic uncertain-
ties on the total νe signal and background predictions. Simulated
data were used and oscillated with Δm2

32 ¼ 2.445 × 10−3 eV2=c4

(NH), sin2 θ23 ¼ 0.558, δCP ¼ 1.21π.

Source of uncertainty νe signal (%)
Total beam

background (%)

Cross sections and FSI 7.7 8.6
Normalization 3.5 3.4
Calibration 3.2 4.3
Detector response 0.67 2.8
Neutrino flux 0.63 0.43
νe extrapolation 0.36 1.2

Total systematic uncertainty 9.2 11
Statistical uncertainty 15 22

Total uncertainty 18 25

TABLE VI. Sources of uncertainty and their estimated average
impact on the oscillation parameters in the joint fit. This impact is
quantified using the increase in the one-dimensional 68% C.L.
interval, relative to the size of the interval when only statistical
uncertainty is included in the fit. Simulated data were used and
oscillated with the same parameters as in Table V. Given the
asymmetry of the sin2 θ23 interval with respect to its best-fit
value, only the change in the upper edge is included. The total
systematic uncertainty is calculated by adding the individual
components in quadrature.

Source of
uncertainty

Uncertainty
in sin2 θ23
(×10−3)

Uncertainty
in Δm2

32

(×10−6 eV2=c4)
Uncertainty

in δCP

Calibration þ7.3 þ27= − 27 #0.05π
Cross sections
and FSI

þ6.9 þ14= − 19 #0.08π

Muon energy
scale

þ2.4 þ8.5= − 12 #0.01π

Normalization þ4.4 þ7.3= − 12 #0.05π
Detector
response

þ0.8 þ6.2= − 7.7 #0.01π

Neutrino flux þ1.1 þ4.0= − 4.4 #0.01π
νe extrapolation þ0.1 þ0.2= − 0.7 #0.01π

Total systematic
uncertainty

þ12 þ33= − 38 #0.12π

Statistical
uncertainty

þ38 þ75= − 84 #0.66π

Total uncertainty þ40 þ82= − 92 #0.67π

NEW CONSTRAINTS ON OSCILLATION PARAMETERS … PHYS. REV. D 98, 032012 (2018)

032012-9

Phys. Rev. D 91.072010 Phys. Rev. D 98.032012
NOvA

T2K
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T H E  N O VA  E X P E R I M E N T  I N  A  N U T S H E L L

10

• High intensity NuMI beam of 
muon neutrinos at Fermilab 
with 700kW. 

• Highly active liquid scintillator 
(carbon target nucleus) 14-kton 
detector off the main axis of the 
beam. 

• Study the millions of neutrino 
interactions at a Near Detector 
location.  

• If neutrinos oscillate, muon 
neutrinos disappear as they 
travel and  electron neutrinos 
appear at the Far Detector in 
Ash River,  
810 km away.

← long baseline →
2nd generation

L/E ~ 500 km  
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N E U T R I N O  I N T E R A C T I O N S  S I M U L AT I O N  
I N  N O VA

• Neutrino interactions are simulated using GENIE v3.0.6

11
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 - free nucleon interactionsν
Interactions with the 
nuclear environment 

Multinucleon 
interactions

1 Cross sections for oscillations
The global neutrino physics program is currently focused on studying the open ques-
tions about neutrino oscillations such as precision measurements of neutrino mixing
parameters, �CP measurement, neutrino mass ordering and sterile neutrinos. Neu-
trino oscillations can be studied by observing the energy and flavor spectra of a beam
of neutrinos (e.g., from an accelerator) at the beam source (usually with a near detec-
tor), before oscillations have started, and at the far detector, after oscillations have
occurred. In addition to understanding the beam precisely, oscillation measurements
also require a thorough understanding of neutrino-nucleus interactions to accurately
reconstruct the incoming neutrino energy and compare the near and far fluxes. When
neutrinos interact with the target material in a detector, they interact with nucle-
ons that are bound within nuclei; the heavier the nuclei, the larger the impact of
the nuclear environment. The universal scheme of using near detector (ND) data to

Figure 1: (left) Illustration of how various processes get triggered when a neutrino
interacts with a nucleus. (right) Neutrino energy landscape of current and future
oscillation experiments.

constrain oscillation measurements in the far detector (FD) is not perfect due to os-
cillated flux and differences in E⌫ ; usage of different detector technologies and nuclear
targets can further complicate this scheme. Furthermore, the physics of neutrino os-
cillations depends on the initial neutrino state, and cross sections measured in the ND
do not necessarily represent this due to flux uncertainties and detector effects. Also,
to attain high statistics, modern neutrino experiments use heavier targets, where nu-
clear effects such as nucleon correlations and final state interactions (FSI) introduce
significant complications and hadron kinematics come into play (see Fig. 1, left). For
these reasons, experiments rely on nuclear models to convert the neutrino energy
and flavor spectra detected at ND to initial interaction energy and spectra. Much
of our understanding of neutrino scattering comes from data from light nuclei such

1

µνµ

• Neutrino interactions are simulated using the GENIE v3.0.6

M. Martinez-Casales (NOvA)

• In addition to free nucleon interactions; multinuclear interactions 
and nuclear effects complete the picture of neutrino interactions. 
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N E U T R I N O  I N T E R A C T I O N S  I N  N O VA

• The Default GENIE prediction is 
insufficient to describe the muon 
neutrino selection of NOvA ND data, 
e.g. the hadronic energy in  
νμ CC interactions  show disagreement 
with the default simulation.  

• This is a rich data set with extremely 
high statistics.  

• Discrepancies thought to be due 
largely to complications of interactions 
in complex nuclear environment.  

• Adjustments of final state interactions 
and 2p2h are required to obtain better 
agreement. 

12

W E  U S E  N O VA  A N D  E X T E R N A L  
I N F O R M AT I O N  T O  T U N E   

T H E  M O D E L  T O  O B TA I N  B E T T E R  
C E N T R A L  VA L U E S   

A N D  A P P R O P R I AT E  U N C E R TA I N T I E S    
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F I N A L  S TAT E  I N T E R A C T I O N S

• Due to final state interactions, 
nucleons and pions re-
interact when propagated 
through the nuclear medium 
before are observed: charge 
exchange, pion absorption, 
pion production, etc.  

• Genie hN model agreement 
with π+ 12C scattering data is 
poor. 
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• Nucleons and pions reinteract when 
propagated through the nucleus. 

• For 2020 oscillation results, we used the 
hN2018 semi-classical cascade FSI model in 
GENIE 3.0.6.
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F I N A L  S TAT E  I N T E R A C T I O N S

• Total “reactive” cross section 
is the sum of these 
processes.  

• NOvA adjusts: 

• The “fate fractions” for 
these 3 channels.  

• Mean Free Path (MFP) 
which scales inversely 
with cross section.  

• The MFP is tuned with a 40% 
reduction and the 
“absorption” prediction is 
increased by 40%. 

14
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• Total “reactive” cross 
section  

• REAC = ABS + CX + QE + 
other processes 

• Adjustments: 

• “fate fractions” for these 
3 channels  

• Mean Free Path (MFP), 
which scales inversely 
with cross section.
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• Pion scattering data can be categorized 
into the topological channels based on 
the outgoing particles.
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Adjusted FSI and uncertainties

• After the tuning, four 
uncorrelated uncertainties 
are constructed.  

• Three uncorrelated 
uncertainties of the “fate 
fractions”. 

• The MFP uncertainty is 
constructed with the 
values of this parameter 
that bracket the external 
data.
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F I N A L  S TAT E  I N T E R A C T I O N S

• After tuning, four 
uncorrelated 
uncertainties are 
constructed:  

• 3 uncorrelated 
uncertainties of the 
“fate fractions”. 

• MFP uncertainty is 
constructed with the 
values of this 
parameter that 
bracket the external 
data. 

15

• The pion observables compared to the neutrino 
prediction, with a single error band, from the 4 
uncorrelated error variations added in quadrature. 



Mayly Sanchez - FSU  QNP2022 - Sep 2022

M U LT I - N U C L E O N  I N T E R A C T I O N S  ( 2 P 2 H )

• Introduce custom tuning of GENIE 
"Valencia MEC" based on NOvA 
ND data.  

• Adjustment reshapes MEC 
kinematics to match data, 
effectively adding missing 
processes (like short range 
correlations between nucleons)  

• This tuning procedure matches the 
2p2h component to the NOvA 
data excess in two-dimensional 
four-momentum transfer (q0,|q|) 
space using closely-related related 
observables.

16

13

Adjustment of 2p2h 
interactions

• Projections on the 
reconstructed q0 and |q| axes 
before MEC adjustment. 

• Colors represent the 
interaction types.
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M U LT I - N U C L E O N  I N T E R A C T I O N S  ( 2 P 2 H )

• Model is parameterized as two 2d gaussians 
and normalization  resulting in 13 parameters.  

• Same weights are used for neutrino and anti-
neutrino resulting in good agreement for 
both data sets. 
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Adjustment of 2p2h interactions
• Weights are parametrized as two 2D gaussians and normalization of 

the base model. 

• 13 parameters fitted by minimizing of neutrino data and 
simulation. 

• The same weights are used for neutrino and antineutrino beam 
simulation resulting in good agreement with data for both.
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M U LT I - N U C L E O N  I N T E R A C T I O N S  ( 2 P 2 H )

• Introduce custom tuning of GENIE 
"Valencia MEC" based on NOvA 
ND data.  

• Adjustment reshapes MEC 
kinematics to match data, 
effectively adding missing 
processes (like short range 
correlations between nucleons)  

• This tuning procedure matches the 
added 2p2h component to the 
NOvA data excess in two-
dimensional four-momentum 
transfer (q0,|q|) space using closely-
related related observables.
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13

Adjustment of 2p2h 
interactions

• Projections on the 
reconstructed q0 and |q| axes 
before MEC adjustment. 

• Colors represent the 
interaction types.
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• Projections on the 
reconstructed q0 and |q| 
axes after  MEC adjustment. 

• Agreement considerably 
better, but this tuning is 
unable to correct all of the 
phase space. 
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• The NOvA 2p2h or multi-

nucleon interaction tune 
absorbs any other 
possible cross section 
model disagreement.  

• We design an uncertainty 
that considers two 
alternate versions of 
2p2h weights obtained 
from a QE-enhanced or 
RES-enhanced 
simulation.
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• The NOvA 2p2h tune 
assumes that this is the only 
piece of the model that is 
deficient. 

• It is absorbing the 
possibility that other cross 
section parameters in the 
model need adjustment. 

• The uncertainties take this 
into account by performing 
two alternate versions of the 
2p2h weights.
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2p2h tune systematics
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piece of the model that is 
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• It is absorbing the 
possibility that other cross 
section parameters in the 
model need adjustment. 

• The uncertainties take this 
into account by performing 
two alternate versions of the 
2p2h weights.
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• A few additional 
uncertainties are considered.  

• A neutrino energy 
dependent normalization 
uncertainty parameterized as 
two functions that 
encapsulate the difference 
between Valencia MEC and 
alternate models.  

• As well as a function to take 
into account the ratio of 
struck nucleon pairs. 
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Additional MEC uncertainties
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Figure 21: Reconstructed kinematic variables for the alternate shifted QE-like non-MEC components for
FHC (top) and RHC (bottom)

4.6.3 Composition of initial state - struck nucleon pair

Similar to the other systematic uncertainties constructed for MEC, we followed a similar method as the 2018
procedure to establish the uncertainty band. Based on the fraction of nn(pp) and np pairs for neutrinos
(antineutrinos) in the tuned numu selection, we use the following for neutrinos:

np

np+ nn
= 0.69

(
+0.15�

�0.05�
, (3)

and
np

np+ pp
= 0.66

(
+0.15�

�0.05�
(4)

for antineutrinos. The uncertainty is asymmetric as the intrinsic ratios in the Valencia model (0.69 and 0.66)
are much smaller than the assumed ratio in empirical MEC (0.8), and is at the lower end of the range of
model assumptions. Figure 27 shows the size of the uncertainty band for MEC interactions only.
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• Neutrino energy dependent normalization 
uncertainty. 

• Parametrized as two functions that 
encapsulate the di!erence between 
Valencia MEC and alternate models. • A function to take into account the 
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Figure 21: Reconstructed kinematic variables for the alternate shifted QE-like non-MEC components for
FHC (top) and RHC (bottom)
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• Central value agreement 
is excellent after FSI and 
2p2h adjustments.  

• The uncertainty shown 
include GENIE 
uncertainties, FSI and 
custom 2p2h.  

• The uncertainties 
account for the 
remaining differences 
with respect to the data. 
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• Central value agreement is 
good after FSI and MEC 
adjustments. 

• Cross section uncertainties 
include custom MEC, FSI in 
addition GENIE uncertainties.  

• These are adequate to take 
into account remaining 
di!erences. 
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W H AT  I S  N E X T ?

• Near Detector neutrino data 
sets are high in statistics and 
rich in information which could 
constrain interaction model 
uncertainties, specifically from 
nuclear effects.  

• Work is underway to subdivide 
it into topological categories 
that separate 2p2h/MEC from 
other channels.
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Future plans

Inclusive selection

Topology 1 
QE/MEC 

enhanced 
1 track

Topology 2 
QE/MEC 

enhanced 
2 tracks

Topology 3 
RES enhanced 
π in final state

Topology 4 
RES/DIS 

enhanced  
No vis. π

Topology 5 
Remaining

• The ND high statistics dataset is rich in 
information potentially useful to 
constrain interaction model 
uncertainties: 

• subdivide into topological categories 
that separate MEC from other pieces 
of the model to expose deficiencies,  

• simultaneously fit of MEC and other 
neutrino interaction parameters using 
5 samples to obtain a more robust 
tuning to our data, 

• fitting framework in progress with both 
frequentist and Bayesian methods. 
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Topology samples for ND fit
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• µ and µ+P samples 
contain mostly 
interactions without 
pions.

• µ+π+X sample has 
a high purity of 
interactions with 
one charged pion.

• µ+P+X contains a large 
fraction of interactions 
with multiple pions 
that are not visible.

• The samples are e!ective at separating di!erent amounts of true final states and in separating 
di!erent interaction types

  μ

μ + 1π± + nX

μ + P

μ + P + nX
X ≠ π
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contain mostly 
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pions.
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a high purity of 
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one charged pion.

• µ+P+X contains a large 
fraction of interactions 
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S U M M A R Y

• Understanding of nuclear effects in neutrino oscillation experiments is crucial to 
the precision of these measurements.  

• Neutrino oscillation experiments such as NOvA tackle nuclear effects by 
adjusting the models empirically masking some of the individual nuclear effects.  

• Neutrino data sets at Near Detectors are close to infinite statistics and rich in 
information. Future work in sub-dividing these data sets could be interesting to 
distinguish more of the details of nuclear effects.   

• Next generation of oscillation experiments will require modeling nuclear effects 
more accurately and knowledge of cross sections to a few percent for precision 
oscillation measurements. 
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Stay tuned!
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