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Primary Science Goals:
• Neutrino Oscillation Measurements , search for CPV 
• Proton Decay Search 
• Detection and Measurement of  flux from supernova

(δCP, the sign of Δm2
31, θ23 and its octant)

νe

DUNE Far Detector Technical Design Report - Volume II: DUNE Physics

https://www.dunescience.org/
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Ancillary Science Goals:
• Beyond-the-Standard-Model Physics (NSIs, LIV, CPT-violation, sterile neutrinos, large extra 

dimensions, heavy neutral leptons, measurements of tau neutrino appearance) 
• Neutrino oscillations with atmospheric neutrinos 
• Dark matter searches, neutron-antineutron oscillations 
• Rich neutrino interaction program (cross sections, nuclear effects)

DUNE Far Detector Technical Design Report - Volume II: DUNE Physics

3
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PoS(ICHEP2022)998

The SAND detector at the DUNE near site G. Ingratta

(a) (b)

Figure 1: (a) DUNE ND complex components. (b) Simulation of the SAND inner volume, with an active
LAr target (GRAIN) upstream, followed by the tracking system (STT). The electromagnetic calorimeter
(ECAL) surrounds the STT and GRAIN offering a 4c coverage.

1. SAND components

The Magnet and the Lead/Scintillating-Fiber Calorimeter: SAND will exploit the super-
conducting magnet and calorimeter refurbished from the KLOE experiment. The magnet was
designed in conjunction with its iron yoke to produce 0.6 T over a 4.3 m long, 4.8 m diameter
volume. The ECAL is a lead-scintillating fiber sampling calorimeter of about 100 tons [4] with
radiation length -0 = 1.6 cm and density of 5.3 g/cm3. The overall calorimeter thickness is ⇠ 15
radiation lengths. The nearly-cylindrical calorimeter barrels consist of 24 modules each 4.3 m
long, 23 cm thick with trapezoidal cross-section of bases 52 and 59 cm respectively. Each end-cap
consists of 32 vertical modules from 0.7 m to 3.9 m length and 23 cm thick. Their cross-section
is rectangular, of variable width. All ECAL modules are stacks of approximately 200 grooved
0.5 mm thick lead foils alternating with 200 layers of cladded 1 mm diameter scintillating fibers.
Each ECAL module is read out on both ends by phototubes through a light guide for a total
of 4880 phototubes. The calorimeter performances are: (i) r � q or x � r space resolution of 1.3
cm, (ii) energy resolution off/E = 5.7%/

p
E(GeV) and (iii) time resolution of 54/

p
E(GeV) ps [5].

The Straw Tube Target Tracker (STT): The STT is a diffuse target tracker system [2] which
combines the need for a large mass (⇠5 tons) to collect enough statistics, still retaining high mo-
mentum (f(1/p)/(1/p) ⇠ 4% for 1 GeV `) and space (< 200 `m) resolutions. The straw tubes
have 5 mm diameter, 12 `m mylar walls plus 70 nm aluminum coating, 20 `m gold-plated tung-
sten wire, operated with Xe/CO2 70/30 gas at 1.9 atm. Figure 2(a) shows the design of one STT
module, equipped with three main components: (i) the neutrino target layers; (ii) a series of thin,
polypropylene foils (radiator) for 4/c separation via transition radiation; (iii) 4 planes of straw tubes
arranged in XXYY layers. The target and radiator can be dismounted/replaced so that the average
density of the detector can be tuned between a maximum of 0.18 g/cm3 and a minimum of 0.005
g/cm3. The current configuration foresees 8 carbon target modules, 70 CH2 target modules and 6

2

DUNE Near Detector Conceptual Design Report

DUNE Near Detector

Roles of Near Detector:

• Characterization of beam 
• Monitoring of beam 
• Tuning of interaction model 
• Constrain beam and cross-

section models using different 
off-axis beam positions

TMS

Beam (on-axis)
Image adapted from: The SAND detector at the DUNE near site

Beam (off-a
xis) direction
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• Neutrino flavour and mass eigenstates 
are related via the PNMS-matrix:

• What we measure:

Rα(preco) =

Emax

∫
Emin

Φα(Etrue) ⋅ ∑
i

σi
α(Etrue, preco) ⋅ ∑

j

Nj ⋅ εα(Etrue, preco)

RFD
α→β(Ereco

ν ) = ∫
Emax

Emin

Φα(Etrue
ν ) ⋅ σi

β(Etrue
ν , Ereco

ν ) ⋅ ∑
j

Nj ⋅ εβ(Etrue
ν , Ereco

ν ) ⋅ Pα→β(Etrue
ν )

Need to know neutrino energy

Plot from L. Pickering

Neutrino Oscillations
Need Neutrino Cross Sections

νe⟩
νμ⟩
ντ⟩

=
Ue1 Ue2 Ue3
Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

ν1⟩
ν2⟩
ν3⟩

Neutrino mixing angles: 
 

CP-violating phase:  

θ12, θ23, θ13

δCP

usually parametrized by:

Flux Cross Section # targets Detector Efficiency Osc Probability Event Rateν
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Charged-Current (CC) Interaction ModesNeutrino-Nucleus Cross Section

Plot from L. Pickering
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Nucleon-Nucleon (N-N) Binding by Meson Exchange Currents

Nuclear Effects

• Yukawa (1955): Proposed field 
between proton and neutron 

• Later determined to be a virtual 
pion mediating a color charge 
exchange between nucleons 

• Three N-N potential regions in 
dependence on inter-nucleon 
distance x   

Figure adapted from Prog.Theor.Phys.Suppl.170:161-184,2007 and Prog.Theor.Phys.Suppl.3:1-12,1956. 
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Meson Exchange Current Interaction Process

Nuclear Effects
4.2 Neutrino-Nucleus Interaction Processes

Dip Region

Figure 24: Inclusive QE electron-nucleus cross section as a function of the electron-energy loss
!. np-nh interactions arising from MECs account for the dip region marked by the red
arrow. Figure adapted from [64].

4.2.3 Resonance Excitation

Resonance Excitation (RES) also referred to resonant pion production or single pion production is
the dominant CC interaction mode for neutrinos with intermediate energies ranging from 1.5 GeV
to 5 GeV:

(�)

⌫` + N! `0
(+)� + N⇤ ! `0

(+)� + N0 + X⇡0

RES means the production of pions inside the nucleus before they can be produced due to FSIs
as it is diagramatically represented in fig. 25 and schematically shown in fig. 26. In single pion
production neutrino-nucleon scattering, there are three charged-current and four neutral-current
resonant pion production processes [65]:

CC RES NCRES

(a) ⌫` + p! `0� + �++ ! `0� + p + ⇡+ (d) ⌫` + p! ⌫` + �+ ! ⌫` + p + ⇡0

(b) ⌫` + n! `0� + �+ ! `0� + p + ⇡0 (e) ⌫` + p! ⌫` + �+ ! ⌫` + n + ⇡+

(c) ⌫` + n! `� + �+ ! `� + n + ⇡+ (f) ⌫` + n! ⌫` + �0 ! ⌫` + n + ⇡0

(g) ⌫` + n! ⌫` + �0 ! ⌫` + p + ⇡�

Hereby the centre-of-mass energy of a neutrino-nucleon scatter exceeds the mass of a delta
baryon �, so that the interaction will excite a virtual nucleonic resonance state N⇤ ⌘ �(1232). The
produced delta baryon excitation decays into one or multiple pion(s) ⇡0 and a nucleon N0 in the

43

Underestimation 
of inclusive 

cross sections 
(Dip Region)

Add MEC 
contributions 

to models

Successful 
reproduction 
of dip region

MEC 
responsible 

for dip region

Figure adapted from Rev.Mod.Phys.80:189-224,2008.
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18/4/2016 M. Martini,  ESNT 2p-2h workshop 41 

Approach Vector Axial  NN 
correlations MEC NN-MEC 

interference Relativistic 

Martini et al.  Yes Yes 
Yes 

(Only  
 MEC) 

Yes Some 
ingredients No 

Nieves et al.  Yes Yes Yes Yes 
Approximations 

in the WNN 
vertex 

No 

Amaro et al.  
Megias et al.  Yes Preliminary 

 
 

or 
already in 

Superscaling  
function 

Yes No Fully Relativistic Yes 

π,g’ 

π,,g’ 

π 

Different approximations for the 2p-2h calculations  

•Divergences in NN correlations, prescriptions:  
-nucleon propagator only off the mass shell (Alberico et al. Ann. Phys. 1984 )  

-kinematical constraints + nucleon self energy in the medium (Nieves et al PRC 83 )   

- regularization parameter taking into account the finite size of the nucleus 
  to be fitted to data (Amaro et al. PRC 82 044601 2010) 

• Major differences in NN correlations and NN correlation – MEC interference treatment?

SuSAv2

Valencia

Martini

Model

Slide adapted from M. Martini and M. Ericson: Inclusion of multi-nucleon effects in RPA-based calculations for -nucleus scattering. Talk given at ESNT 2p-2h workshop in April 2016.ν

Yes

Different Approximations for 2p-2h Calculations
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Parameter Central Value +1�

Muon - -

Proton Momentum 0.3 GeV
c

⇡+,⇡0, ⇡�, Neutron or other final state particles - -

Table 10: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Model element
GENIE Tune

G18 10a 00 000 G18 10s 00 000 G18 10e 00 000

Nuclear (Ground-State) Model Local Fermi Gas Local Fermi Gas Local Fermi Gas
Quasi-Elastic (QE) processes Nieves Nieves Nieves
2p-2h (MEC)-processes Nieves (Valencia) SuSAv2 Empirical
Resonance (RES) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Deep Inelastic Scattering (DIS) Bodek-Yang Bodek-Yang Bodek-Yang
Coherent (COH) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Final-State Interactions (FSI) INTRANUKE hA 2018 INTRANUKE hA 2018 INTRANUKE hA 2018

Table 11: Model elements of tunes used in the simulation of muon neutrino interactions on argon.

Model element
Set name

G18 10a 00 000 G18 10s 00 000 G18 10e 00 000

Nuclear (Ground-State) Model Local Fermi Gas Local Fermi Gas Local Fermi Gas
Quasi-Elastic (QE) processes Nieves Nieves Nieves
2p-2h (MEC)-processes Nieves (Valencia) SuSAv2 Empirical
Resonance (RES) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Deep Inelastic Scattering (DIS) Bodek-Yang Bodek-Yang Bodek-Yang
Coherent (COH) production Berger-Sehgal Berger-Sehgal Berger-Sehgal
Final-State Interactions (FSI) INTRANUKE hA 2018 INTRANUKE hA 2018 INTRANUKE hA 2018

Table 12: Model elements of tunes used in the simulation of muon neutrino interactions on argon.

Particle Momentum p [GeV/c] Angle ✓

e� 0.35� 30 < 46�

⇡+ < 1.5

Table 13: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Particle Momentum p [GeV/c] Angle ✓

⇡+ 0.2� 1.0 < 60�

p < 0.2

Table 14: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

Particle Momentum p [GeV/c] Angle ✓

µ� (in INGRID) < 0.35 < 60�

Table 15: Model elements of tunes used in the simulation of muon neutrino interactions on carbon.

3

GENIE Model Configurations

Reference: http://tunes.genie-mc.org/ 

Valencia CC 2p-2h SuSAv2 CC 2p-2h Empirical CC 2p-2h

• Revisited Valencia model in arXiv:2407.21587 to be implemented in GENIE! 
• Recently added Martini CC p- h model to GENIE!n n

• Collection of model elements used in the simulation of muon neutrino interactions on argon:

12
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CC p- h Martini Model in GENIEn n

Plots from L. Russo: Implementation of the npnh model of Martini et al in the GENIE event generator. Poster given at Neutrino2024 in June 2024.

Implementation of the CC p- h Martini modeln n

13
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• NuSystematics 

• Custom systematic event reweighting as well as interface to GENIE Reweight 

• Initially developed for DUNE, also used in the SBN program 

• More information 

• GENIE Reweight 

• Framework for evaluating model uncertainties via event reweighting

Advertisement - NuSystematics and GENIE Reweight 

Tools to Propagate Systematic Modelling Uncertainties

15

https://github.com/LArSoft/nusystematics
https://indico.fnal.gov/event/59495/contributions/265494/attachments/167161/222962/230520__JaesungKim__ND_Prototypes_Analysis_Workshop__Implementing%20a%20dial%20in%20NuSystematics.pdf
https://github.com/GENIE-MC/Reweight
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between the Empirical 
and Valencia/SuSAv2 
CC 2p-2h models 

• Choose uncertainties 
such that the 
measurement of the 
oscillation parameters 
is not biased in case 
the wrong model is 
chosen
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16

Modify physical parameter  (propagate uncertainty):P

Event weight:

New systematic parameters*: 

• NormCCMEC 
• DecayAngMEC 

(two tweak dials)

•  FracPN_CCMEC 
• DeltaNotDelta_CCMEC 

(Valencia only)

P ⟶ P′ = P (1 + xP
δP
P )

wevt
σ =

dnσν

dKn / dnσ′ ν

dKn

*Implemented in GENIEReweight

Nominal differential cross section
Differential cross section using modified input physics parameters

 Kinematical phase space wrt  variables{Kn} : n

• XSecShape_CCMEC 
• XSecShape_CCMEC_Empirical 
• XSecShape_CCMEC_Martini 
• EnergyDependence_CCMEC

Input CC 2p-2h Models:

• Valencia • SuSAv2 (Central-Value tune in DUNE)

CC 2p-2h Uncertainty Parameters

https://github.com/GENIE-MC/Reweight
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Normalisation Parameter
NormCCMEC - changes absolute normalisation
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NormCCMEC = -1

on Ar, CCMECµνLeading proton momentum, 

G18_10a_00_000 (2p-2h default model: Valencia) G18_10s_00_000 (2p-2h default model: SuSAv2)
DecayAngMEC

GENIEv3.4.0 G18_10a_00_000 GENIEv3.4.0 G18_10s_00_000

weight = xP ⋅ σNorm

Valencia 2p-2h SuSAv2 2p-2h

weight = xP

2p-2h Uncertainties

DUNE PRELIMINARY DUNE PRELIMINARY 
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nucleon cluster

1)

Lorentz boost with −(p′ 
N1

+ p′ 
N2)

The two nucleons are now back-to-back.

2)

DecayAngMEC - What is this angle?

Nucleon Angular Distribution
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nucleon cluster

1)

Lorentz boost with −(p′ 
N1

+ p′ 
N2)

The two nucleons are now back-to-back.

2)

DecayAngMEC - What is this angle?

The DecayAngMEC is the 
outgoing nucleon angle 

wrt. to the lepton 3-
momentum transfer in the 

2-nucleon CM frame.

Nucleon Angular Distribution

3)

DecayAngMEC

DecayAngMEC
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xP1
∈ [−1,1]

xP2
≥ 0

2p-2h UncertaintiesNucleon Angular Distribution
GENIE v3.4.0,  on Ar, G18_10s_00_000 (SuSAv2 CC 2p-2h)νμ

DecayAngMEC

• Angular distribution of outgoing nucleons:

DecayAngMEC - changes angular dependence 
on struck nucleon pair

weight = 3 ⋅ xP1
⋅ cos2 (θ ) + 1 − xP1DecayAngMEC

DUNE PRELIMINARY 
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SuSAv2 (G18_10s_00_000)

xP1
∈ [−1,1]

xP2
≥ 0

2p-2h UncertaintiesNucleon Angular Distribution

isotropic

GENIE v3.4.0,  on Ar, G18_10s_00_000 (SuSAv2 CC 2p-2h)νμ

DecayAngMEC

cos2

• Angular distribution of outgoing nucleons:

DecayAngMEC - changes angular dependence 
on struck nucleon pair

weight = 3 ⋅ xP1
⋅ cos2 (θ ) + 1 − xP1DecayAngMEC

DUNE PRELIMINARY 
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2p-2h UncertaintiesNucleon Angular Distribution

• Angular distribution of outgoing nucleons:

GENIE v3.4.0,  on Ar, G18_10s_00_000 (SuSAv2 CC 2p-2h)νμ

DecayAngMEC - changes angular dependence 
on struck nucleon pair

weight = 3 ⋅ xP1
⋅ cos2 (θ ) + 1 − xP1DecayAngMECcos2

SuSAv2 (G18_10s_00_000)

isotropic

DUNE PRELIMINARY 
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2p-2h UncertaintiesNucleon Angular Distribution

• Angular distribution of outgoing nucleons:

GENIE v3.4.0,  on Ar, G18_10s_00_000 (SuSAv2 CC 2p-2h)νμ

DecayAngMEC - changes angular dependence 
on struck nucleon pair

weight = 3 ⋅ xP1
⋅ cos2 (θ ) + 1 − xP1DecayAngMEC

enhanced 
forward 

scattering

enhanced 
forward 

scattering

cos2

SuSAv2 (G18_10s_00_000)

isotropic
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• Angular distribution of outgoing nucleons:

GENIE v3.4.0,  on Ar, G18_10s_00_000 (SuSAv2 CC 2p-2h)νμ

DecayAngMEC - changes angular dependence 
on struck nucleon pair

reduced scattering 
at right angles

weight = 3 ⋅ xP1
⋅ cos2 (θ ) + 1 − xP1DecayAngMEC

enhanced 
forward 

scattering

Reduced 
scattering 

at right 
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enhanced 
forward 
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Reduced 
scattering 
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scattering 
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SuSAv2 (G18_10s_00_000)

isotropic
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DecayAngMEC - changes angular dependence 
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enhanced 
forward 

scattering

enhanced 
backward 
scattering

Reduced 
scattering 

at right 
angles

enhanced 
forward 

scattering

enhanced 
backward 
scattering

enhanced 
backward 
scattering

enhanced 
forward 

scattering

Reduced 
scattering 

at right 
angles

Reduced 
scattering 

at right 
angles

Reduced 
scattering 

at right 
angles

cos2

SuSAv2 (G18_10s_00_000)

isotropic

DUNE PRELIMINARY 

19



Lars Bathe-Peters     -     2p-2h Cross Section Systematics in DUNE     -     NuFact 2024  
Introduction         Cross Sections       2p-2h Models        Motivation and Goal       Systematic Parameters      Conclusion and Outlookν

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
DecayAngMECθcos

0

2

4

6

8

10

12

14

16

18

20

22

24
3−10×

Ev
en

ts
/to

nn
e/

ye
ar

on Ar, CCMECµν, θcos(DecayAngMEC), polar angle 

DecayAngMEC dial at 1

DecayAngMEC dial at 0

on Ar, CCMECµν, θcos(DecayAngMEC), polar angle 

DecayAngMEC - changes angular dependence on struck nucleon pair

twk_diali = xPi

GENIEv3.4.0 G18_10s_00_000

weight = 3 ⋅ xP1
⋅ cos2 (1 ⋅ θ ) + 1 − xP1DecayAngMEC

2p-2h UncertaintiesNucleon Angular Distribution

• enhanced forward- and 
backward-scattering 

• reduced scattering at 
right angles

• Angular distribution of outgoing nucleons:

cos2

DecayAngMEC

xP1
∈ [−1,1]

Ad-hoc assumption on 
angular distribution!

SuSAv2 (G18_10s_00_000)

isotropic

DUNE PRELIMINARY 
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DecayAngMEC - changes angular dependence on struck nucleon pair

twk_diali = xPi

[xP1, xP2]
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GENIEv3.4.0 G18_10s_00_000

= [1, − 2]

SuSAv2 (G18_10s_00_000)

2p-2h UncertaintiesNucleon Angular Distribution

• Angular distribution of outgoing nucleons: isotropic 
(ad-hoc assumption)

DUNE PRELIMINARY 

DUNE PRELIMINARY 

xP1
∈ [−1,1]

DecayAngMEC

xP2
∈ ℛ

weight = 3 ⋅ xP1
⋅ cos2 (xP2

⋅ θ ) + 1 − xP1DecayAngMEC

Other angular dependence 
(Physics motivation?)
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weight =
( dσPN

dTl cos θl / dσtot
dTl cos θl ) ⋅ (1 + xP ⋅ σPN)

( dσPN
dTl cos θl / dσtot

dTl cos θl )
2p-2h UncertaintiesNucleon Pair Content

weight = 1 + xP ⋅ σPN

with σPN = 0.2
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Proton Multiplicity

Proton Multiplicity

FracPN_CCMEC - changes default prediction of initial pair content of nucleons
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Intranuclear Medium

n
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XSecShape_CCMEC parameter interpolates between 
CC 2p-2h models:

100 000 events generated

weight =
(1 − xP) ⋅ d2σdef

dTld cos(θl)
+ xP ⋅ d2σalt

dTld cos(θl)
d2σdef

dTld cos(θl)Energy vs Momentum Transfer 
GENIE v3.4.0,  on Ar, G18_10a_00_000 (Valencia CC 2p-2h)νμ

Energy vs Momentum Transfer 
GENIE v3.4.0,  on Ar, G18_10s_00_000 (SuSAv2 CC 2p-2h)νμ Energy vs Momentum Transfer 

GENIE v3.4.0,  on Ar, G18_10e_00_000 (Empirical CC 2p-2h)νμ

3-Momentum Transfer
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Energy Transfer
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2p-2h Model Shape Differences
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• XSecShape_CCMEC_Empirical parameter allows transition 
from (CC 2p-2h) Valencia or SuSAv2 to the Empirical model
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on Ar, CCMEC XSecShape_CCMEC_Empirical = 1µν, 3 - q0q
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on Ar, CCMEC XSecShape_CCMEC_Empirical = 0.5µν, 3 - q0q

2p-2h Model Shape Differences
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• XSecShape_CCMEC_Empirical parameter allows transition 
from (CC 2p-2h) Valencia or SuSAv2 to the Empirical model
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2p-2h Model Shape Differences
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on Ar, CCMEC XSecShape_CCMEC = 0 (default)µν, 3 - q0q
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• XSecShape_CCMEC parameter allows transition from (CC 
2p-2h) SuSAv2 to the Valencia or the Empirical model

• Note:  
• Long processing time to 

produce the 
XSecShape_CCMEC 
reweighted distributions 

• May boil down to GENIE 
generation of 2p-2h 
events using the 
Valencia model

SuSAv2                  ValenciaEnergy vs Momentum Transfer

Energy vs Momentum Transfer 
GENIE v3.4.0,  on Ar, G18_10a_00_000 ( Valencial CC 2p-2h)νμ

Energy vs Momentum Transfer 
GENIE v3.4.0,  on Ar,                                   G18_10s_00_000
XSecShape_CCMEC_Empirical CV Model (SuSAv2 CC 2p-2h)

νμ

XSecShape_CCMEC = 1

Energy vs Momentum Transfer 
GENIE v3.4.0,  on Ar,                       G18_10s_00_000    
tweaked  XSecShape_CCMEC from SuSAv2 CC 2p-2h

νμ

XSecShape_CCMEC = 0 DUNE PRELIMINARY
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GENIEv3.4.0 G18_10s_00_000Tweaked XSecShape_CCMEC

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
 (GeV)0q

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 (G
eV

)
3 q

0

200

400

600

800

1000

1200

Ev
en

ts
/to

nn
e/

ye
ar

on Ar, CCMEC XSecShape_CCMEC_Empirical = 1µν, 3 - q0q
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• However, XSecShape_CCMEC parameter works and allows to 
transition from SuSAv2 to both the Valencia and the Empirical model
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XSecShape_CCMEC Central-Value Model (SuSAv2 CC 2p-2h)
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Energy Transfer
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2p-2h Model Shape Differences
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XSecShape_CCMEC parameter interpolates between 
CC 2p-2h models:
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2p-2h Uncertainties

EnergyDependence_CCMEC - changes the energy dependence of 2p-2h cross sections

σν(Eν) = σMC
ν (Eν) ⋅ (1 +

1 − xP

rν(Eν) )• Parametrise 2p-2h cross section by
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rν(Eν) =
σmax

r (Eν)
σmin

r (Eν)

EnergyDependence_CCMEC - changes the energy dependence of 2p-2h cross sections
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GENIE v3.4.0, on Ar, SuSAv2 CC2p-2h

EnergyDependence_CCMEC - changes the energy dependence of 2p-2h cross sections
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2p-2h Model Uncertainty Parameters

*For central values and uncertainties in MicroBooNE, see Phys. Rev. D 105, 072001. Table adopted from Table VIII in there. GENIE-MC/Generator/config/GSystUncertaintyTable.xml

XSecShape_CCMEC_Empirical

EnergyDependence_CCMEC

XSecShape_CCMEC_Martini e

Summary of CC 2p-2h parameters in GENIEReweight. 

Parameter                              Central Value               +1                   -1                                            Commentσ σ

NormCCMEC 166% +50% -50% Adopted implementation for MicroBooNE*

DecayAngMEC Isotropic Alternative a Alternative a Adopted implementation for MicroBooNE*

a An angular distribution proportional to cos2( DecayAngMEC) with two tweak dials, one interpolating from an isotropic angular distribution to cos2( DecayAngMEC) and one to change its argument. 
b Nominal prediction of the GENIE Empirical CC 2p-2h model, here GENIE tune G18_10e_00_000. 
c Nominal prediction of the Valencia CC 2p-2h model, here GENIE tune G18_10a_00_000. 
d Nominal prediction of the SuSAv2 CC 2p-2h model, here GENIE tune G18_10s_00_000. 
e For future nominal prediction of the Martini CC 2p-2h model.

θ θ

FracPN_CCMEC Valencia or SuSAv2 +20% -20% Adopted implementation for MicroBooNE*

FracDelta_CCMEC Valencia +30% -30% Adopted implementation for MicroBooNE*

XSecShape_CCMEC Empirical b or Valencia c SuSAv2 dN/A

SuSAv2 or ValenciaN/AEmpirical

Adopted implementation for MicroBooNE*  
Changed default input model from Valencia to SuSAv2

Based on XSecShape_CCMEC implementation for reweighting to Empirical

Based on XSecShape_CCMEC implementation for reweighting to MartiniMartini N/A SuSAv2 or Valencia

Implementation inspired by  T2K’s approachN/ASuSAv2 or Valencia +100%

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001
https://github.com/GENIE-MC/Generator/blob/master/config/GSystUncertaintyTable.xml
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Outlook

• Nucleon decay angle:  
• Implement dependence of hadron kinematics on 4-momentum transfer (Phys. Rev. C 109, 015502) 
• Design weight mimicking Fourier modes for more freedom 
• Reweighting between imbalanced and back-to-back nucleons (arXiv:2201.04664) 

• Consider parameter to address uncertainty on removal energy 

• Implement reweighing for -CC2p-2h on Ar (especially XSecShape_CCMEC and 
EnergyDependence_CCMEC parameters) 

• Energy dependence: reweight strength of structure functions:

ν

What is missing?

LμνWμν

E2
ν

=
1

E2
ν [W1 (Q2 + m2

l ) −
W2

2 (m2
l + Q2) ∓

q0W3

2M (m2
l + Q2) +

W4

M2

Q2m2
l + m4

l

2 ] +
1
Eν [−2q0W2 ± W3Q2

M
−

W5m2
l

M ] + W2

Srivastava, Asit: FERMILAB-MASTERS-2023-01

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.109.015502
https://arxiv.org/pdf/2201.04664.pdf
https://www.osti.gov/biblio/1996929
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Outlook
What is missing?

• Tensions between generator predictions of hadron kinematics in 2p-2h and theory!
Reference: Phys. Rev. C 102, 024601

nppp

pp and np

SOBCZYK, NIEVES, AND SÁNCHEZ PHYSICAL REVIEW C 102, 024601 (2020)

FIG. 8. dσ/dq0 differential cross section on 12C for three different incoming neutrino energies: Eν = 0.5, 1, and 1.5 GeV, displayed in the
top, middle, and bottom rows, respectively. Results in the left column are summed over isospin, while the central (right) column corresponds
to two protons (one neutron and one proton) in the final state. In all cases, the cut | q⃗ |< 1.2 GeV in the momentum transfer is applied.

for the time being from further inquiries. Still, the approach
we follow is one of the very few existing and the most widely
used in the studies of neutrino-induced reactions.

All the curves in Fig. 7 have a similar energy depen-
dence, with a plateau above Eν ≈ 1.1 GeV. The reason for
this behavior is a cut we impose in the momentum transfer
|q⃗ | < 1.2 GeV, which affects largely the cross section for
Eν > 1 GeV. Thus, for instance, for Eν = 1.5 GeV this cut
is responsible for neglecting around 10% of the available
phase space. Our model cannot probe high-energy-momentum
transfers for various reasons. First, the nonresonant terms of
W ±πN vertex are obtained within the chiral perturbation the-
ory and can be safely used only for low- and moderate-energy-
momentum transfers. Besides, we do not include higher reso-
nances above $ exchange. Moreover, our model for effective
in-medium interactions was constructed to describe exchange
of moderate momenta between ph or $h excitations. This
momentum transfer sharp-cutoff corrects for the growth of
the 2p2h+3p3h cross section with the neutrino energy, for

Eν > 1.2 GeV, found in the previous results of Ref. [18] (see,
for instance, green squares in Fig. 5 of Ref. [2]). Below,
Eν < 1.2 GeV, we successfully reobtain the bulk of the results
already published. There exist minor differences that can be
ascribed to the new treatment of the $. We will see below
that this is also the case for the outgoing lepton differential
distributions.

In Figs. 8 and 9 we show the dσ/dq0 and dσ/dθµ lepton
differential cross sections, respectively, for three incoming
neutrino energies, Eν = 0.5, 1, 1.5 GeV (rows) and for three
cases of the isospin state of final nucleons: summed over
isospin states (left), for two protons (middle), or for neutron-
proton final state (right). The dashed blue line corresponds
to the NEUT result, which follows the approach of Ref. [18]
(we note that in this case the 3p3h contribution is included).
For the dσ/dq0 distribution at Eν = 1 GeV (the middle
row in Fig. 8) we can clearly observe two peaks, at q0 ≃
0.15 GeV and q0 ≃ 0.45 GeV, for the NEUT and for the
2p2h distributions. They correspond to two distinct dynamical

024601-10

ΔΔ

NΔ
ΔΔ

NΔ

• Better agreement between theoretical predictions and implementations in MC event generators

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.024601
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.024601
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Summary and Outlook

Thank you!

p

CC MEC Interaction

Intranuclear Medium

n p

p

LB
P

• CC 2p-2h neutrino interactions are complex and necessitate dedicated study 

• Develop fit parameters to estimate systematic uncertainties 

• Choose uncertainties such that the measurement of the oscillation parameters is not biased 

• Development of novel CC 2p-2h systematic parameters in progress  

• Finish and make my GENIEReweight/larsbp_feature_2p2h branch publicly available 

• Understanding the effect of systematic parameters on chosen variable distributions will allow a 
robust estimate of systematic uncertainties in modern and future neutrino oscillation 
experiments such as DUNE

https://github.com/larsb-p/Reweight/tree/larsbp_feature_2p2h
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Backup
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Neutrinos in the Standard Model

• Three generations (I, II, III) of 
fermions 

• Gauge bosons mediate forces: 
• Photon           electromagnetic 
• Gluon             strong 
• W±, Z               weak

• Standard Model prediction: 
• 3 massless neutrinos (and 3 anti-

neutrinos) of 3 different flavors

35
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Theoretical Predictions by Neutrino Event Generators

Neutrino-Nucleus Interactions

Figure by C. Andreopoulos
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Neutrino-Nucleus Interactions

Quasi-Elastic (QE)

Multi-Nucleon Processes (np-nh)

Resonance Excitation (RES)

Deep Inelastic Scattering (DIS)

Figure by C. Andreopoulos
Lars Bathe-Peters: FERMILAB-MASTERS-2020-03

https://www.osti.gov/biblio/1661674
https://www.osti.gov/biblio/1661674
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Nuclear Effects

• FSIs inside the nucleus: 
• (In)elastic Scattering 
• Pion Production 
• Absorption 
• Charge Exchange 

• Hadron that escape the 
nucleus are measurable

Final State Interactions (FSIs)

Figure by C. Andreopoulos

n

p

n
p

p

n

p

n

Elastic
Scattering

p

p n CCQE Interaction

Intranuclear Medium

Pion Production

Elastic Scattering

Pion Absorption

n

LB
P

Charge Exchange

arXiv:2201.04664

https://arxiv.org/pdf/2201.04664.pdf
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 OtherµνCC 

BNL D2 Buuble Chamber (1982)
SKAT (1979)
BEBC (1979)
CDHS (1987)
GGM-SPS (1981)
CCFR (1996)
CRS BNL-E061.3 (1980)
ANL H2 D2 Buuble Chamber (1979)
IHEP-JINR (1996)
IHPE-ITEP (1979)
SciBooNE (2011)
MINOS (2010)
NOMAD (2008)
NuTeV (2006)
ArgoNeuT (2012)
MicroBooNE (2019)

CC QE

CC MEC

CC RES CC DIS

CC Total

GENIE 3.0.6

Interaction Modes

Neutrino-Nucleus Cross Section

Lars Bathe-Peters: FERMILAB-MASTERS-2020-03

https://www.osti.gov/biblio/1661674
https://www.osti.gov/biblio/1661674
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Diagrams for 2p-2h Responses

18/4/2016 M. Martini,  ESNT 2p-2h workshop 26 

Some diagrams for 2p-2h responses 

  NN correlation-MEC  
Interference (or N) 

MEC NN correlations 

16 diagrams 49 diagrams   56 diagrams 
Slide adapted from M. Martini and M. Ericson: Inclusion of multi-nucleon effects in RPA-based calculations for -nucleus scattering. Talk given at ESNT 2p-2h workshop in April 2016.ν

https://esnt.cea.fr/Phocea/Page/index.php?id=59
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18/4/2016 M. Martini,  ESNT 2p-2h workshop 59 

Where 2p-2h contributions enter in the different approaches 
Martini et al. Nieves et al.    Amaro  et al. (only vector MEC)  Lovato et al.   Bodek et al.   

Relative role of 2p-2h for neutrinos and antineutrinos is different due to the interference term  

[ Follow the color and the style of the lines: ] 

Different Approaches to 2p-2h Contributions

different 
notations

Slide adapted from M. Martini and M. Ericson: Inclusion of multi-nucleon effects in RPA-based calculations for -nucleus scattering. Talk given at ESNT 2p-2h workshop in April 2016.ν

https://esnt.cea.fr/Phocea/Page/index.php?id=59
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Theoretical calculations on np-nh contributions to -nucleus cross sections    
M. Martini, M. Ericson, G. Chanfray, J. Marteau  (Lyon, IPNL) 

Phys. Lett. B 696 151-155 (2011)  d2  
Phys. Rev. D 84 033004 (2011)  d2 , total 
Phys. Rev. Lett. 108 152501 (2012) anti d2 , total 
Phys. Rev. D 90 033012 (2014) 2p-2h phase space 
Phys. Rev. D 90 053010 (2014) angular distribution 
Phys. Rev. D 91 073004 (2015) parametrization of vector MEC 

J. Nieves, I. Ruiz Simo, M.J. Vicente Vacas, F. Sanchez, R. Gran  (Valencia, IFIC)     
Phys. Rev. C 83 045501 (2011)   , anti total 
Phys. Lett. B 707 72-75 (2012)    d2  
Phys. Rev. D 85 113008 (2012)  impact of np-nh on  energy reconstruction 
Phys. Lett. B 721 90-93 (2013)  anti d2  
Phys. Rev. D 88 113007 (2013)  extension of np-nh up to 10 GeV 

Phys. Rev. C 80 065501 (2009)  total 
Phys. Rev. C 81 045502 (2010)   vs anti (total) 
Phys. Rev. C 84 055502 (2011)   d2 , d/dQ2 
Phys. Rev. D 85 093012 (2012) impact of np-nh on  energy reconstruction 
Phys. Rev. D 87 013009 (2013) impact of np-nh on  energy reconstruction and  oscillation 
Phys. Rev. C 87 065501 (2013)  anti d2 , d/dQ2 

Phys. Rev. C 90 025501 (2014)  inclusive  d2  
Phys. Rev. C 91 035501 (2015)  combining  and anti d2 , d/dQ2 

J.E. Amaro, M.B. Barbaro, T.W. Donnelly, I. Ruiz Simo, G. Megias et al.   (Superscaling)  

18/4/2016 M. Martini,  ESNT 2p-2h workshop 70 

Theoretical Calculations on p- h  Contributions to -nucleus Cross Sectionsn n ν

Slide adapted from M. Martini and M. Ericson: Inclusion of multi-nucleon effects in RPA-based calculations for -nucleus scattering. Talk given at ESNT 2p-2h workshop in April 2016.ν

https://esnt.cea.fr/Phocea/Page/index.php?id=59
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MiniBooNE Puzzle
Neutrino-Nucleus Interactions

Reference: [6], [7]

• Data excess in the flux-unfolded 
MiniBooNE νµ		CCQE	cross	section	per	neutron	as	a	
function	of	the	neutrino	energy
• (Pure) CCQE Signal definition:

• CC 1µ0π

• Inclusion of np-nh and Random-
Phase-Approximation (RPA) 
explaines data excess
•       CCQE-like event: 

• Includes RES pion production 
events with subsequent pion 
absorption
• MEC events with subsequent 

hadron absorption

43

MiniBooNE PuzzleNeutrino-Nucleus Interactions

Figure adapted from Physical Review C 81 (2010) 045502.

Figure adapted from Phys.Rev.D81:092005,2010.

• Data excess in -CCQE cross section in 

MiniBooNE 
• Possible explanations: 

• Increasing the axial mass   

• Inclusion of p- h and Random-Phase 
Approximation (RPA) model

νμ

MA

n n

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.81.045502
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.092005
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Neutrino Event Generators

• Ambigous theoretical approach to cross-
section calculation 
• Different attempts in cross section 

predictions 
• Various neutrino event generators to 

simulate neutrino-nucleus scattering 

• Large gap between theory and experiment 
• Need data from experiment

1Patrick StowellThe NEUT Neutrino Interaction Simulation Program Library

NEUT - Neutrino Interaction 
Generator Software Tool 
P. Stowell, Y. Hayato, L. Pickering, for the NEUT Collabrators 

NuINT2024 

ν
ν

ν νν

ν

NEUT

Joshua Isaacson            Achilles: NuInt 2024             5

Achilles: A CHIcagoLand Lepton Event Simulator

Project Goals:

● Theory driven

● Leverage experiences from LHC event generators

● Develop modular neutrino event generator

● Provide automated BSM calculations for neutrino 
experiments

● Evaluate theory uncertainties

● Appropriately handle correlations within events

Isaacson, Jay, Lovato, Machado, Rocco [2007.15570],
Isaacson, Jay, Lovato, Machado, Rocco [2205.06378], 
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DecayAngMEC

rotation axis

rotation angle

3)

Rotate around rotation angle and axis

45

nucleon cluster

1)

Lorentz boost with −(p′ 
N1

+ p′ 
N2)

The two nucleons are now back-to-back.

2)

DecayAngMEC - What is this angle?

DecayAngMEC is 
outgoing nucleon 
angle wrt to lepton 
3-momentum 
transfer in 2-
nucleon CM frame

Nucleon Angular Distribution
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Nucleon Angular Distribution

Figure taken from S. L. Adler: Photo-, Electro-, and Weak Single-Pion Production in the (3,3) Resonance Region published in 1968.

194 ADLER 

LABORATORY FRAME 

ISOBARIC FRAME 

FIG. 1. Laboratory frame and isobaric frame angles between the initial neutrino and final 
lepton directions. 

definite and easily identifiable set of lepton mass corrections, and should be retained 
because they are large for small k2. When the lepton mass is neglected, we find 

W2 sin2(eL/2) 
sin2(8/2) = MN2 + (W2 - MN2)sin2(#./2)' 

sin2(OL/2) = MN2 sirP( O/2) 
W2 + (MN2 - W2) sin2(8/2) ’ 

k~ =A MN2 + 2Mi& - W2 
20 2 MN + 2kko sin2(OL/2) ’ 

(2A.6) 
k 

20 
= MN~ + 2Mi&o - W2 

2w 9 

k,o = 
MNkkoW . 

W2 + (MN2 + 2M,k,L, - W2) sin2(6/2> ’ 

k2 = 4kfokio sin2(eL/2) = 4k,,k,, sin2(%/2). 
In calculating k2 in the one-pion pole term l/(k2 + MT”), it is necessary to use the 
more accurate expression 

k2 m 4k,,k,, sin2(O/2) + m12(klo - k,,)/k,, . (2A.7) 

FIG. 2. Axes and angles which specify the final pion direction ij in the isobaric frame. k is 
the direction of the momentum transfer between the leptons. 

https://www.sciencedirect.com/science/article/pii/0003491668902789
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2p-2h Model Uncertainty Parameters
DecayAngMEC - changes angular dependence on struck nucleon pair

• Ad-hoc assumption on angular distribution 
of outgoing nucleons) away from isotropic 
distribution to a  dependencecos2(θ )

weight = 3 ⋅ xP1
⋅ cos2 (xP2

⋅ θN1) + 1 − xP1

twk_diali = xPi

[xP1, xP2]

GENIEv3.4.0 G18_10s_00_000 GENIEv3.4.0 G18_10s_00_000
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DUNE PRELIMINARY
DUNE PRELIMINARY DUNE PRELIMINARY
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2p-2h Model Uncertainty Parameters
DecayAngMEC - changes angular dependence on struck nucleon pair

DUNE work in progress 

• Ad-hoc assumption on angular 
distribution of outgoing nucleons) 
away from isotropic distribution to 
a  dependencecos2(θ )DecayAngMEC

weight = 3 ⋅ xP1
⋅ cos2 (xP2

⋅ θN1) + 1 − xP1

twk_diali = xPi
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49

DUNE work in progress 
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DecayAngMEC - changes angular dependence on struck nucleon pair

Valencia (G18_10a_00_000)

xP1
∈ [−1,1] xP2

≥ 0

2p-2h UncertaintiesNucleon Angular Distribution

• Angular distribution of outgoing nucleons: isotropic 
(ad-hoc assumption)

weight = 3 ⋅ xP1
⋅ cos2 (xP2

⋅ θ ) + 1 − xP1DecayAngMEC

Other angular dependence 
(Physics motivation?)
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    Proton Multiplicity

GENIE v3.4.0, Valencia CC2p-2h, DeltaNotDelta
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Delta Resonances
FracPN_CCMEC vs. DeltaNotDelta_CCMEC - the effect of -resonancesΔ
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on Ar, CCMECµνMultiplicity, PDG 2212, E > 30 MeV, 

 = 1661.36 MeV)µFracPN_CCMEC_nominal_-1 (

 = 1732.71 MeV)µFracPN_CCMEC_nominal_0 (

 = 1804.5 MeV)µFracPN_CCMEC_nominal_1 (

on Ar, CCMECµνMultiplicity, PDG 2212, E > 30 MeV,     Proton Multiplicity

GENIE v3.4.0, Valencia CC2p-2h, FracPN

Proton Multiplicity Proton Multiplicity

• DeltaNotDelta_CCMEC dial: 
adjusts relative strength of  
-resonance contributions to 2p-2h 
cross sections 

• Distinguish four cases 
• !is_pn_event & !

is_delta_event 
• !is_pn_event & is_delta_event 
• is_pn_event & !is_delta_event 
• is_pn_event & is_delta_event 

• Implemented flagispnevent and 
flagisdeltaevent variables in 
NUISANCE

Δ
 dial at -1                         

 dial at 1                         

 dial at 0                         

 dial at -1                         

 dial at -1                         

 dial at 0                         

2p-2h Uncertainties
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GENIE CC2p-2h Valencia Model Event Generation

G18_10e_00_000

• Generated 9950 events using each of the G18_10*_00_000 tunes 

• Compared processing time  

• Generation of events using the tune G18_10a_00_000 using CC 2p-2h Valencia 

model to simulate CC 2p-2h neutrino interactions on argon take significantly longer 

compared to the other tunes G18_10s_00_000 with the CC 2p-2h SuSAv2 or 

G18_10e_00_000 with the CC 2p-2h Empirical model implemented

G18_10s_00_000G18_10a_00_000

Valencia SuSAv2 Empirical



Lars Bathe-Peters - 2p-2h Cross Section Systematics in DUNE  

10th March 2023

Introduction         Cross Sections       2p-2h Models        Motivation and Goal       Systematic Parameters      Conclusion and Outlookν

0 0.5 1 1.5 2 2.5 3
 (GeV)3 q

0

2

4

6

8

10

12

14

16

310×

 E
ve

nt
s/

to
nn

e/
ye

ar

on Ar, CCMEC µνq3, 

XSecShape_CCMEC_Empirical = 1

XSecShape_CCMEC_Empirical = 0.5

XSecShape_CCMEC_Empirical = 0 (default)

on Ar, CCMEC µνq3, 

0 0.5 1 1.5 2 2.5 3
 (GeV)3 q

0

2

4

6

8

10

12

310×

 E
ve

nt
s/

to
nn

e/
ye

ar

on Ar, CCMEC µνq3, 

G18_10s_00_000 (SuSAv2)

G18_10a_00_000 (Valencia)

G18_10e_00_000 (Empirical)

on Ar, CCMEC µνq3, 

53

2p-2h Model 
Shape 
Differences

• XSecShape_CC
MEC_Empirical 
parameter 
allows transition 
from (CC 2p-2h) 
Valencia or 
SuSAv2 to the 
Empirical model 

• Reweighted 
distributions 
overshoot the 
nominal 
distributions
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GENIE v3.4.0, on Ar, SuSAv2 CC2p-2h

EnergyDependence_CCMEC - changes the energy dependence of 2p-2h cross sections

• Using the SuSAv2 
and Valencia models 

• Normalised cross-
sections such that 

  σ (1.2GeV) = 1

GENIEv3.4.0

σ
[10

−
38

cm
2 ]

r,n
uc

le
ar

Eν [GeV ]10 000 events generated

Energy Dependence 2p-2h Uncertainties
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GENIE v3.4.0, on Ar, Valencia CC2p-2h

EnergyDependence_CCMEC - changes the energy dependence of 2p-2h cross sections

• Using the SuSAv2 
and Valencia models 

• Normalised cross-
sections such that 

  σ (1.2GeV) = 1
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GENIE v3.4.0, on Ar, SuSAv2 CC2p-2h

EnergyDependence_CCMEC - changes the energy dependence of 2p-2h cross sections

• Using the SuSAv2 
and Valencia models 

• Normalised cross-
sections such that 
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Tests and Validations
GENIEReweight XSecShapeCCMEC_Empicial parameter

Taken from: Goals of Tuning/Systematics Working Group slides and final presentation at PittPACC Neutrino Generator Workshop from 8th-11th July 2024.

using the reweighting from SuSAv2 to Empirical (thanks to Lars!) 

https://indico.fnal.gov/event/64511/attachments/179449/245493/Pitts_workshop_introduction.pptx
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2p-2h Model Uncertainty Parameters

Reference: Phys. Rev. D 105, 072001

MicroBooNE

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001
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