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• Motivation 

• What is there in Monte Carlo (MC) 
event generators? 

• A market of MC generators. 

• Electron scattering. 

• Final state interactions. 

• Systematic uncertainties. 

• Outlook.
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Motivation:  oscillation experiments  

• MCs - basic tools in short and long baseline 
oscillation experiments. 

• MCs used at all stages of experimental analysis: 

In this talk - neutrino interactions only. 

The quality of MC simulation tools will be of 
critical importance in the future. 

Precision of MC predictions cannot be better than knowledge of cross sections. 

Neutrino cross sections are known up to ∼ 10 − 20% (?). (T2K recent oscillation results)
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➡ flux,  

➡ detector response, 

➡ interactions.

-> Vishvas Pandey 



Motivation: oscillation experiments

• New generation of 
experiments -> small 
statistical errors.  

• Future long-baseline 
programe (DUNE, HK)   - 
systematic uncertainties 
should be reduced to be 
commensurate with the 
statistical uncertainties 

DUNE experiment

HyperKamiokande experiment
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Motivation: cross section measurements

• MCs - a tool in cross section 
measurements. 

• Neutrino experiments - always 
inclusive because beams are far 
from monoenergetic. 

• Need to identify individual 
components of experimental 
signal. 

• Analysis much harder compared 
to electron scattering. T2K off-axis flux.
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-> Federico Sanchez
->Afroditi Papadopoulou 



Motivation — other applications

Examples of potential applications 
(from Nina Coyle presentation at Fermilab workshop in March 2023).  

✓ Light (eV-scale) sterile neutrinos (arXiv:1710.06488) 

✓Neutrinophilic scalars (arXiv:1901.01259) 

✓Trident production (arXiv:1807.10973) 

✓ Light dark matter (arXiv:1107.4580)  

Signal of physics BSM must be isolated above uncertainties of implemented models.  

• In practice models have parameters tuned to the data; realistic studies need MC generators.  

• Example of analysis: Coyle, Li, Machado, arXiv:2210.03753 

High precision is needed in search for BSM
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Basic idea of Monte Carlo generator
Monte Carlo generator of neutrino interactions  is basically a code which calculates total cross 
section with the Monte Carlo algorithm. 

Neutrino events are treated as random variables and differential cross sections define probability 
distribution functions (PDF). 

Typically, we need equal weight events. 
Various tricks are invented in order to make rejection/acceptance more efficient, but the basic idea 
remains the same. 

In the real world there are equal weight events (up to efficiency corrections) 

In  oscillation experiments one compares what is seen in the detector with MC 
predictions.

ν
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Basic idea of Monte Carlo generator

• Experimental signal - a set 
of events. 

• Oscillation parameters 
measured with maximal 
likelihood estimator. 

• MCs provide PDF for events 
as random variable; PDF is 
parameterized by unknown 
oscillation parameters.
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Fig. 17: The events in the full data set for the five FD samples, shown in reconstructed lepton momentum and the angle
between the neutrino beam and the lepton in the lab frame. The coloured background in the two-dimensional plot shows
the expected number of events from the frequentist analysis, using the best-fit values for the oscillation and systematic
uncertainty parameters, applying the reactor constraint on sin2 q13. The insets show the events projected onto each single
dimension, and the red line is the expected number of events from the best-fit. The uncertainty represents the 1s statistical
uncertainty on the data.

Neutrino events in T2K experiment
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Bridge between theory and experiment

MC generators need expressions for all the 
differential cross sections for all degrees of freedom. 

• In practice impossible to achieve. 

• Not all models are implementable.  

• Often theoretical models provide cross sections in 
a form of multidimensional nested integrations 
making the computations very slow so that 
production of sucient amount of events becomes 
problematic.

Stanisław Ulam, an inventor of the MC method 

Moreover…
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Basic interaction modes (NuWro example)
• Quasi-elastic (QEL) 

  

and its neutral current counterpart:  

 

• Resonance excitation (RES) defined (specific for NuWro!) by ; for example 

 

• Deep inelastic scattering'' (DIS) defined by  

• Quasi-elastic hyperon production  (HYP) 

,           

• Neutrino-electron scattering (LEP)      ,      ,     

νl n → l− p, ν̄l p → l+ n

νl n → l− p, ν̄l p → l+ n

W ≤ 1.6 GeV

νμ p → μ− Δ++ → μ− p π+

W > 1.6 GeV

ν̄l + p → l+ + Λ ν̄l + p → l+ + Σ0, ν̄l + n → l+ + Σ−

ν̄l e → ν̄l e ν̄l e → ν̄l e ν̄e e → ν̄l l10

-> Juan Nieves



In the case of nucleus target there are two other basic dynamics:  

• (COH) coherent pion production  
 
 

• (MEC/2p2h/two body current) 

MC generators differ significantly in their treatment of the above interaction mechanisms… 
… and still are able to agree with most of the data!

Basic interaction modes (NuWro example)
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Market of MC generators

There are several available and actively developed MC generators applicable for ~
 neutrinos.  

• NEUT  - the main MC in Japanese experiments T2K, HK.  

• GENIE  - the main MC in US experiments NOvA, MicroBooNE, MINERvA, DUNE. 

• GiBUU - developed by theoristis in Giessen with the most sophisticated FSI model; 
used in many comparisons and studies.  

• NuWro - developed by theorists in Wrocław; used in many comparisons and 
studies.  

• Achilles  - a new project under development.

1 GeV
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◼ GiBUU : Quantum-Kinetic Theory and Event Generator
based on a BM solution of Kadanoff-Baym equations

◼ GiBUU propagates phase-space distributions, not particles

◼ Physics content and details of implementation in:
Buss et al, Phys. Rept. 512 (2012) 1- 124

◼ Code from gibuu.hepforge.org, present version GiBUU 2017
Details in Gallmeister et al, Phys.Rev. C94 (2016) no.3, 035502

◼ Generator Review: U. Mosel, J. Phys. G46 (2019) no.11, 113001

GeneratorWS 01/20

There are also MCs for lower energies - MARLEY -> Steven Gardiner.



Nuclear effects (big picture)

In the 1 GeV region nuclear effects are typically treated in the impulse approximation (IA) 
scheme: neutrinos interact with individual bound nucleons or correlated pairs of nucleons. 

• Within IA one needs a joint probability distribution of 
momenta and binding energies of target nucleons.  

• Any neutrino—nucleus interaction is viewed as a two-
step process: a primary interaction is followed by nal 
state interactions (FSI): before leaving nucleus 
hadrons undergo reinteractions. 

In some models de Forest prescription for off-shell matrix elements is applied 

The most important differences between MCs is in the treatment of nuclear effects 13

-> Artur Ankowski



Final state interactions
• In the MC jargon FSI is a unitary transformation connecting hadronic state right after 

primary interaction and final configuration of hadrons which may be detected experimentally. 

Pions… 

• can be absorbed  

• can be scattered elastically  

• (if energetically enough) can produce new 
pions  

• can exchange electic charge with nucleons  

A similar picture can be drawn for other 
hadrons.

Probability to go through nucleus without 
reinteractions is called hadron transparency. Some MCs include models of nucleus de-excitation. 14

-> Alexis Nikolakopoulos



Monte Carlo performance

Example 1: T2K 
CC0π with no 
detected 
proton Phys.Rev. 
D98 (2018) 032003  

MC is a tool to analyze experimental cross section results
⇡
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Monte Carlo performance

Example 2.  

Proton inferred 
kinematics 
Phys.Rev. D98 
(2018) 032003 

MC is a tool to analyze experimental cross section results
• Assumption that interaction was CCQE and occured on a 

bound neutron at rest. 
• FSI are neglected. 

From energy and momentum conservation one can derive  
expected momentum of knocked-out proton . Proton is 
detected with momentum  . A useful observable (one of 
many) is 

It is an alternative to better known approach of transverse 
kinematics imbalance proposed by Xianguo Lu. 

⃗pinferred
⃗pobserved

| ⃗pobserved | − | ⃗pinferred |

16



Monte Carlo performance

Example 2.  

Proton inferred 
kinematics 
Phys.Rev. D98 (2018) 
032003 
Individual contributions from 
particular interaction modes 
are shown, as modeled by 
NuWro: CCQE with no FSI, 
CCQE with one FSI, CCQE 
with more FSI, RES, MEC, 
DIS. 

MC is a tool to analyze experimental cross section results

17



MC development strategies

✓ Implementation of better (more realistic, wider applicability) theoretical models.  

✓ Thinking of MCs more like of effective black box by performing extensive fits to 
experimental data. 

➡ By selecting particular subsets of data one obtains GENIE tunes.  

✓ Neural network methods to find effective accurate description (model) of the data.  
➡ Inclusive electron-nucleus data 

O. Al Hammal, M. Martini, et al, Phys. Rev. C 107 (2023) 065501. 

18



GENIE
• A successor of NEUGEN 

• A large collaboration of both experimentalists and 
theorists. 

• Can be used for very low and very large energies. 

• GENIE is a leader in developing tools for global analysis of 
cross section data.    

➡   Global tune improves data/MC agreement. Data-driven 
uncertainties are estimated as well. 

➡   Recent emphasis on using Professor (known in the 
collider community)  

                         https://professor.hepforge.org
19

GENIE

-> Julia Tena Vidal 

https://professor.hepforge.org


NEUT
• Simulation library developed for SK and T2K. 

• Energy range from 100 MeV to 10 TeV. 

• Mainly light targets: C, O, but also Ar, Fe and heavier. 

• Secondary hadron interactions: nucleon, pion, kaon, eta, omega. 

• Pion cascade based on Oset et al model in the Delta region, experimental pion-
nucleon for larger energies. 

• CCQE: Fermi gas, local Fermi gas with RPA corrections (Juan Nieves), spectral 
function (Omar Benhar). 

• Three models of axial FF (including z-expansion). 

• Two alternative single pion production models (Rein Sehgal, DCC - Sato, Lee).
20



Achilles

Currently supports quasielastic scattering.
New developments: 
• general factorization of leptonic and 

hadronic tensors API for nuclear models. 
• important motivation is a search for BSN 

(beyond Standard Model) physics. 

A new project: https://arxiv.org/abs/2205.06378 
It evolved from a new approach to intranuclear cascade: 
J. Isaacson, W.I. Jay, A. Lovato, P. A. N. Machado, N. Rocco, Phys. Rev. C 103, 015502 (2021). 

21



GiBUU

• Color transparency: https://www.mdpi.com/2624-8174/4/2/29  
• Dilepton production in pion-induced reactions: https://journals.aps.org/prc/

abstract/10.1103/PhysRevC.106.064910  
• Close collaboration with an electron-experiment at JLAB that looked for 

Lambda production in nuclei, see: https://journals.aps.org/prl/abstract/10.1103/
PhysRevLett.130.142301  

A new version of GiBUU is coming soon. 

In the last year various applications of GiBUU to other types of reactions.  

22

◼ GiBUU : Quantum-Kinetic Theory and Event Generator
based on a BM solution of Kadanoff-Baym equations

◼ GiBUU propagates phase-space distributions, not particles

◼ Physics content and details of implementation in:
Buss et al, Phys. Rept. 512 (2012) 1- 124

◼ Code from gibuu.hepforge.org, present version GiBUU 2017
Details in Gallmeister et al, Phys.Rev. C94 (2016) no.3, 035502

◼ Generator Review: U. Mosel, J. Phys. G46 (2019) no.11, 113001

GeneratorWS 01/20

https://www.mdpi.com/2624-8174/4/2/29
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.106.064910
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.106.064910
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.142301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.142301


NuWro

• Basic motivation: investigation of an impact of alternative choices of nuclear 
models on observables. 

• Optimized for ∼ 1 GeV neutrinos. 
• Used by many experimental groups (T2K, MINERvA, MicroBooNE, …). 
• Written in C++. 
• Output files in ROOT format. 
• PYTHIA is used for hadronization in DIS. 
• Open source code, repository: https://github.com/NuWro/nuwro . 

The most recent release is 21.09.

General information
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NuWro - current activities and plans

New single pion production model  
R. Gonzalez-Jimenez, K. Niewczas, N. Jachowicz, Phys.Rev.D 97 (2018) 1, 013004; K. Niewczas, A. 
Nikolakopoulos, J.T. Sobczyk, N. Jachowicz, R. Gonzalez-Jimenez, Phys.Rev.D 103 (2021) 5, 053003  

MEC Ghent model 
K. Niewczas, PhD thesis 

Nuclear de-excitation model 
KamLAND Collaboration, S. Abe, et al., e-Print: 2211.13911 [hep-ex]. 
A. Ershova, S. Bolognesi, et al., Phys.Rev.D 106 (2022) 3, 032009  

24



MC - treatment of low energy neutrinos

25

• GENIE has a model of CEvNS. 

➡  GENIE also has a model of CRPA but not 
fully incorporated. 

• NEUT sometimes need to be runned in 10-100 
MeV region for estimation of BKGR from 
atmospheric neutrinos.
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FIG. 2. Inclusive cross section for scattering of electrons on
carbon at 240 MeV and 36 Deg (Q2 = 0.02 GeV2 at the QE
peak). In this case the total cross section equals that of the
QE-scattering process alone; other contributions are negligi-
ble. The data were obtained from the Quasielastic Electron
Nucleus Scattering Archive [56].
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FIG. 3. Inclusive cross section for scattering of electrons on
carbon at 560 MeV and 60 Deg (Q2 = 0.24 GeV2 at the QE
peak), obtained with a free ∆ spectral function. The leftmost
dashed curve gives the contribution from true QE scattering,
the dash-dotted curve that from 2p-2h processes, the dashed-
dotted-dotted curve that from ∆ excitation and the dotted
curve that from pion background terms. Data from [56].

tion of the background terms for pion production at this
larger Q2. At very large ω now also a small contribu-
tion from higher nucleon resonances shows up, but the
region beyond the QE peak is still dominated by the ∆
and the background terms. Interesting here is the behav-
ior of the total cross section above ω ≈ 0.5 GeV. Here
the total cross section (black solid line) is smaller than
the ∆ contribution (red dash-dot-dot line) reflecting a
negative interference between resonance and background
amplitudes.
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FIG. 4. Inclusive cross section for scattering of electrons on
carbon at 560 MeV and 145 Deg (Q2 = 0.55 GeV2 at the QE
peak), obtained with a free ∆ spectral function. The various
contributions are indicated in the figure; they are the same as
in Figure 3. Data from [56].

IV. INCLUSIVE NEUTRINO CROSS SECTIONS

The results for electrons discussed in the last section
constitute a consistency check for the numerical imple-
mentation in GiBUU. We now discuss neutrino inclusive
cross sections calculated using the nuclear structure func-
tions W ν

1 of Eqs. (7) and W ν
3 of Eq. (9). All of these

results were obtained with the isospin factor T = 1 in
Eq. (7).

A. MiniBooNE results

We start with a discussion of the MiniBooNE results
[57, 58] for neutrinos and antineutrinos because these are
still the only double-differential data available for a wide
range of muon angles and energies.

1. Neutrinos

Figure 5 shows the neutrino results for the QE cross
section as obtained by MiniBooNE by subtracting the
so-called stuck-pion events4 from their inclusive ’0 pion’
data. The agreement is excellent over the full range
of energies and angles and of the same quality as the
results obtained by Martini et al. [39]. There has been
no readjustment of the published flux whereas in the work
of Nieves et al., who obtained a similar agreement, the
experimental cross sections were scaled down by about
10% [40].

4 Stuck pion events are those in which initially a pion or ∆ reso-
nance were produced and then, later on, reabsorbed.

MC generators - developed for atmospheric neutrinos and long baseline experiments. 

• The range of applicability is usually described as starting from ~100/200 MeV. 

• Region of lower energy transfer needs e.g. CRPA model of Natalie Jachowicz.

• GiBUU: 

➡  Nuclear excitations described in average; 

➡ A limit of applicability is energy transfer < 50MeV

GIBUU performance 
E=240 MeV, 36 Deg

-> Natalie Jachowicz
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FIG. 12. MINERvA CCQE-like cross-section measurement on hydrocarbon compared to various models in
regions of p|| [GeV].

FIG. 13. E�ciency for the T2K CC0⇡ measurement (dotted line using the right vertical scale) and cross-
section predictions (solid line using the left vertical scale) for the di↵erent generators employed in this paper
as function of true muon momentum (left) and cosine of the muon scattering angle (right).

The e�ciencies of the MINERvA CCQE-like
sample as a function of transverse and longitudi-
nal momentum are shown in Fig. 14, as a dotted
line. The cross section predictions from the gen-
erators used in this paper are also shown. Also in
this case, all the generators show a similar behav-
ior, although we can notice that G18 02a predicts
a slightly higher cross section in pT . The pro-
jected e�ciency ranges from 40% at large pT to
70% at small pT and ranges from 30% at small
p|| to a plateau of about 60% for p|| greater than
4 GeV. The decrease in e�ciency at low p|| is

due to the requirement that the muon is recon-
structed in MINOS, which puts a threshold of
about 2 GeV depending on the vertex location in
the scintillator tracker. The e�ciency drop o↵ at
large pT is due to the same MINERvA-MINOS
track requirement.

In addition to the e�ciencies described above,
in order to facilitate a direct comparison between
T2K and MINERvA results, the q0�q3 projected
phase spaces and relative e�ciencies are shown in
Fig. 15, using the method described in Sec. IV.
Due to the higher beam energy, the accessible
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FIG. 20. Di↵erential cross sections as a function of Q2
p for CH (top-left), Fe (top-right) and Pb (bottom)

compared with NuWro, NEUT and three versions of GENIE.

It should be stressed that �2 presented in this
section are obtained using the covariance matri-
ces as provided by the two collaborations. This
means that normalization and shape errors are
accounted at the same time, thus implying signif-
icant correlations between bins, due for instance
to the flux normalization uncertainty. Therefore,
the �2 calculation could be a↵ected by Peelle’s
Pertinent Puzzle (PPP) [127], although according
to T2K publications [91, 120], where also shape-
only �2 are provided, the conclusions about data-
MC agreement do not change.

A comparison of T2K and MINERvA data in
a similar phase space region in muon kinematics
was made. To take out the known energy depen-
dence (larger cross section for the higher beam
energies of MINERvA), the ratio data/Monte
Carlo is also shown. In general, in this par-

ticular phase space region, MC predictions
underestimate the data. The only exception
is represented by NEUT that matches very
well the MINERvA results. For all the other
generators, the underestimation of the data
seems to be equivalent in T2K and MINERvA,
thus suggesting that the energy dependence
of the models is approximately correct for the
CC-0⇡ interaction.

The TKI variables (Fig. 17) provide a more
detailed way to explore nuclear and FSI models.
�pT distributions, which are more sensitive to the
nuclear model, disfavor G18 02a for both T2K
and MINERvA. The T2K preference is clearly
for LFG models as implemented in GENIE and
NEUT, while NuWro is disfavored. Concerning
FSI models, that can be in principle tested
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FIG. 28. T2K CC1⇡+ cross section in Q2
rec for G18 02a, NuWro and NEUT, broken down by true interaction

mode.
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FIG. 29. MINERvA CC1⇡± cross section in Q2 for G18 02a, NuWro and NEUT, broken down by true
interaction mode.

observed. The simulation was used to correct the
data for the unmeasured region of phase space,
at the cost of introducing a dependence on the
simulation used to make the correction.

Here we investigate how each of the selec-
tion cuts applied to the true particles gener-
ated by G18 02a a↵ects MINERvA’s CC1⇡±

d�/dQ2 cross-section with Wexp < 1.4 GeV and
1.5 GeV < Etrue

⌫ < 10 GeV. Technically, the
cuts should be applied on the reconstructed can-
didates’ kinematics present in the full experiment
simulation, but this was not available. Inter-
estingly, a small coherent sample passes the sig-
nal definition in Fig. 29. However, these events
are gone once the selection cuts are applied (see
Sec. VIIID). When inspecting interaction mode
contributions to the cross-section, there are no
charged-current coherent events in G18 02a pass-
ing both the muon and pion kinematic cuts. This
can be seen in the T⇡ by-mode contribution in
Fig. 31 which shows no CC coherent contribution,
whereas the Q2 distribution in Fig. 29 shows a
large contribution at low Q2. Hence MINERvA’s
phase space cuts in the signal selection removes
the possibility to actually observe coherent events
in the detector with these selection cuts, and

the low Q2 coherent contribution enters purely
through the underlying simulation.

This is investigated in more detail in Fig. 33,
where the cut sequence and signal definition is
applied using GENIE (dashed lines) and NEUT
(solid lines). GENIE cuts events at all Q2 but
each cut has a di↵erent e↵ect on the shape. With
NEUT as the base model instead, the impact
of the cuts change which events are observed
in MINERvA, especially when Q2 < 0.4 GeV2

where the physics content is not well known and
the di↵erence between GENIE and NEUT is 25%.
This implies that the extracted data may have
been di↵erent if MINERvA had used NEUT as
the model for the analysis, and therefore implies
some degree of model bias. How significantly
this a↵ects the results is impossible to accurately
quantify in this exercise.

3. E�ciency comparisons

This section shows the T2K CC1⇡+ and
MINERvA CC1⇡± e�ciencies, calculated using
NEUT v5.3.6 and GENIE v2.6.2 respectively, as
a function of pµ, cos ✓µ, T⇡ and cos ✓⇡, using the
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FIG. 4: Quasielastic-like cross-section ratios to scintillator

versus muon momenta on Pb, Fe, water, and C. The points

are the data and the solid lines are the predictions from the

model described in the text.
The cross-section ratio between Pb and CH changes dra-

matically as a function of PT , and less dramatically as a

function of P|| . This indicates that the size of the nuclear

e↵ects varies more as a function of momentum transfer

than as a function of neutrino energy. The cross-section

ratio between Fe and CH appears flatter as a function of

PT and P|| , with a scaling per nucleon of about 1.4-1.5.

MINERvA’s underlying model, which was not tuned to

Fe or Pb data, predicts a ratio that is closer to 1.2.

The discrepancy between data and simulation at high

PT implies that the total quasielastic-like cross-section

scaling versus A is higher than modeled, and that e↵ect

increases with increasing momentum transfer. The dis-

crepancy at low PT does not appear to grow with P|| ;

this implies that the A-dependence of interactions com-

ing from 2p2h and/or pion absorption is underpredicted,

although there is not a strong energy dependence. The

A-scaling for single pion production on Fe and Pb has

been measured to be lower than predicted [9]. This could

come from more pion absorption than current models

predict, which would then present as higher A-scaling

for quasielastic-like interactions that result from pion ab-

sorption. The cross-section ratios between water and

scintillator appear to be consistent with unity with no

significant dependence on the muon kinematics seen at

the 10% level, as shown in Fig. 4.

Figure 5 shows the cross-section ratios for Pb/CH

compared to di↵erent model choices in GENIE and

NuWro [34]. A comparison to GIBUU [35] which uses

a microscopic cascade model to describe final-state inter-

actions is also shown. None of the generator predictions

are in good agreement with the data. Di↵erent final-

state-interaction models in GENIE change in the cross-

section ratio prediction, especially at high PT . The data

prefer GENIE’s hA model which approximates intranu-

clear rescattering as a single e↵ective interaction within

the nucleus, to its hN model which is a microscopic cas-

cade model. However the overall performance of GIBUU

in Fig. 5 may indicate that models of the latter type are

better suited to characterize pion intranuclear absorption

in heavy nuclei.
The di↵erence in A-scaling that arises between using

the Relativistic Fermi Gas with the Bodek-Ritchie tail

(BRRFG) and the Local Fermi Gas (LFG) initial-state

nucleon models is much smaller than what arises from

di↵erent final-state interaction models in GENIE. This

may be because the choice of BRRFG or LFG only af-

fects the quasielastic process and not 2p2h or resonance

production. Changing the initial nucleon state makes a

larger change in the NuWro model, where the data prefer

the Spectral Function (SF) over the LFG treatment, al-

though neither agrees as well with the data as the GENIE

hA models.

FIG. 5: Comparison between several models for quasielastic-

like scattering and the data on the Pb to CH cross-section

ratio, along with the � 2
between each model and the data.

MINERvA has measured quasielastic-like cross-section

ratios and sees evidence of scaling as a function of A that

is not constant over the momentum transferred to the

nucleus, and not predicted by any generators considered.

MINERvA’s measurement of pion production on these

same nuclei [9] implies that for higher A nuclei, more pi-

ons are being absorbed compared to what one would pre-

dict given the pion production measured on CH. These

measurements combined provide key benchmarks for the

field’s description of how the nucleus impacts neutrino

interactions.This document was prepared by members of the MIN-

ERvA Collaboration using the resources of the Fermi

National Accelerator Laboratory (Fermilab), a U.S. De-

partment of Energy, O�ce of Science, HEP User Fa-
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AC02-07CH11359.
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FIG. 2: Yield for the cosine of the opening angle
between the protons in the lab frame, cos(�~PL,

~PR
).

The selected MC events are broken down into (a)
final-state topologies and (b) ⌫ interaction channels
based on the MicroBooNE Tune [18] truth information.
The error on the data represents the data statistical
uncertainty and the dashed lines represent the
statistical plus systematic uncertainty on the prediction.
Note that the Out of FV (grey band) in both plots
represents selected events in which the reconstructed
neutrino vertex fell outside of the predefined FV.

Empirical, GENIE Nieves, and GENIE SuSAv2 model
sets were derived using methods described in Ref. [52].
The GENIE MicroBooNE Tune and NuWro cross section
curves are created by selecting generated CC1µ2p0⇡ sig-
nal events from the Overlay MC and NuWro samples,
respectively. Each distribution was then normalized by
the number of target nucleons and the total integrated
flux to produce a cross section curve. The �2 per degree
of freedom (�2/DoF) is calculated between the data and

FIG. 3: Single di↵erential cross sections as a function of
(a) the cosine of the opening angle between the protons
in the lab frame, cos(�~PL,

~PR
), and of (b) the cosine of

the opening angle between the muon and total proton
momentum vector, cos(�~Pµ

~,Psum
). The inner error

bands on the data represent the statistical uncertainty
while the outer error bands represent the systematic
uncertainty. A �2/DoF, considering systematic and
statistical uncertainties, is calculated between the data
and each model set curve.

each model set curve. The systematic and statistical un-
certainties on the data are considered in this calculation
using the total covariance matrices found in the Supple-
mental Materials [53].
We find that the GENIE MicroBooNE Tune and the

GENIE Nieves models have the best agreement with
our data for cos(�~PL,

~PR
), and the GENIE Nieves and

NuWro models have the best agreement with our data
for cos(�~Pµ

~,Psum
). We also find that the GENIE
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FIG. 2.
Di↵erential cross sections from

unfolded data and comparisons with predictions from
di↵erent generators. The signal

definition is reported for each panel: 1eNp0⇡ is used for (a) the angle between the neutrino beam
and electron direction, (b)

the electron energy, (c) the angle between the neutrino beam
and the leading proton direction, and the right panel of (d) the

leading proton kinetic energy. An additional phase space restriction is applied to the leftmost panel of (d). Compatibility is

evaluated in terms of p-values, and reported in the legends.

TABLE I. Agreement between unfolded data and generator

neutrino interaction models represented as p-values.

Generator

cos ✓e
E
e

cos ✓p
KE

p

GENIE v3 uB tune
0.323

0.145
0.018

0.273

GENIE v3

0.917
0.600

0.071
0.791

GENIE v2

0.319
0.172

0.013
0.184

NuWro

0.710
0.367

0.041
0.742

NEUT

0.161
0.058

0.006
0.232

the largest overall cross section, especially at forward

proton angles, and GENIE
v2, which has the largest

prediction for 1e0p0⇡ events, partly due to its empiri-

cal MEC
model [56] with no Pauli blocking. The dis-

crepancy between data and generator models is largest

in leading proton angle, with p-values that range from

1% to 7%, and is most pronounced in the forward direc-

tion. Future measurements with more statistics will be

able to further explore these features. More information

about these results is provided in supplementary mate-

rial, including tabulated cross-section values, � 2
values,

the background-subtracted observations, covariance ma-

trices, and response matrices [37].

In summary, this letter presents the first di↵erential

⌫e -argon cross-section measurement without pions in the

final state in electron angle and energy as well as leading

proton angle and energy, where the proton energy is char-

acterized both above and below the visibility threshold.

The findings are typically in agreement with predictions

from modern generators, except for tension in the proton
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Electron scattering
•A lot of precise electron scattering data (mostly inclusive, though). 
• Initial electron energy, energy and momentum transfers are known and it is possible to 

study individual dynamical mechanisms. 

• Neutrino and electron scatterings share the same nuclear effects. 
➡ initial state, 
➡ final state interactions.

Electron scattering => vector part of the weak current operator. 

Important new data from JLAb e4ν Collaboration. In the future data from Mainz.

A powerful method of benchmarking neutrino MCs.
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-> Artur Ankowski

-> Adi Ashkenazi



Electron scattering in MCs - practical issues
As much as possible should be left untouched,
➡ procedures to select initial nucleon, generate events, assign 

kinematics
➡ FSI. 

Vertices, boson propagator, vector form-factors are modified 
accordingly; axial contribution is removed. 

Instead of collecting all events, one must specify a spherical cone (following an experimental 
acceptance!) to collect final state electrons. 

28



Electron scattering - examples

29
Comparison of eWro (NuWro) implementations of spectral function and Fermi gas models with a sample of data. 



Final state interactions

Several approaches to model FSI.  

• GENIE hA model - one effective interaction only; easy in handling but cannot be accurate’  
• Intranuclear cascade (NEUT, NuWro, GENIE hN model) - extensively studied for decades. 
• Hadronic transport model (GiBUU) - better theoretical justification; time consuming in 

practise. 
• INCL, Achilles - alternative way of modelling hadron-hadron interactions. 

Key ingredient are microscopic nucleon-nucleon cross sections for bound off-shell hadrons. 

30
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Cascade model

Basic theoretical assumptions (Y. Yariv et al): 

• Energies transferred in collisions are large compared to binding energy. 

• Hadrons wave-packages have good enough definitions of position and momentum. 

• De Broglie wave length is much smaller than mean-free-paths between collisions. 

• Scattering from different nucleons can be considered independent. 

• With many scatterings interference terms between scattered waves cancel out.

Assumptions are satisfied if nucleon kinetic energy is large enough (>200 MeV).



Final state interactions

Pions:  
LL.Salcedo, E. Oset et al, Nuclear Physics A484 (1988) 557-592  

Microscopic approaches: 

32

Nucleons:  

V. R. Pandharipande and S. C. Pieper, Phys. Rev. C45 (1992)791. 
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cross section for scattering of a proton of momentum q
by a free nucleon at rest.
The difFerential cross section do, /d0 in vacuum, as a

function of the relative momentum between the nucleons
and the scattering angle, and the effective mass m'(q, p}
are needed to calculate the o, cr~„, and W(q, p) with
this method. The p-n cross sections were generated by
the program sAID [15] using the SP91 phase shifts. The
Coulomb part of p-p scattering is almost entirely blocked
by the Pauli exclusion. Without it, the p-p scattering is
essentially isotropic at all energies of interest in this
study. Therefore, we used the p-p cross section at 65' for
all scattering angles. We made a calculation at E&,b =182
MeV in which the complete pp differential cross section
was used. For symmetric (p =p„=p/2) nucleon matter
at p=po (pa=0. 16 fm is the equilibrium density of nu-
clear matter), o was increased by 5% and the average
transmissions computed in the next section were reduced
by only 0.005. We conclude our results are insensitive to
how the Coulomb scattering is removed.
The m'(k, p) or equivalently the U(k, p), calculated

for symmetric nuclear matter with the Urbana v,4+TNI
Hamiltonian [16,17] and the variational method [9,18],
are used. The calculated U(k, po) is in good agreement
with the empirical values of the real part of the optical
potential [18]. Wiringa [9] has proposed a simple param-
etrization of U(k, p):
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We find that the U(k, p) calculated with the Vrbana
v,4+TNI Hamiltonian is accurately reproduced with this
parametrization and the functions

a(p}=[15.52(p/po)+24. 93(p/po) ] MeV, (2.17)

0
0.05 0.10

p(fm )

I

0.15 0.20

FIG. 2. The effective cross sections V~„and o» for
E&,b=100, 182, and 250 MeV as a function of symmetric nu-
clear matter density. The curves labeled +m* include both
Pauli blocking and the effective-mass corrections.

P(p }=—116(p/po ) MeV,
A(p) =[3.29—0.373(p/po) ] fm

(2.18)

(2.19)

for p & 1.25po and k & 3.5 fm '. This parametrization of
U(k, p} is not very accurate for low energy protons hav-
ing k-kF. It ignores the enhancement in m'(k, p) at
k-kF. In the present work we are primarily interested
in the motion of intermediate energy protons in nuclei,
and the above U(k, p) is fairly accurate for nucleons hav-
ing ~50 MeV energy. The m*(k, p) obtained from this
U(k, p) are shown in Fig. l.
In order to compare with experimental data it is more

convenient to use the laboratory energy E&,b=e(q, p)
given by Eq. (2.5) instead of the momentum q of the nu-
cleon in nuclear matter. The o. „and o. are shown as a
function of p for three chosen values of E&,b in Fig. 2. To
illustrate the relative importance of Pauli and m correc-
tions we show the free cross section, cross section ob-
tained by including only Pauli blocking, and the result of
the full calculation with Pauli and effective-mass correc-
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immediately from the convolution if the plateau of the nuclear density is large with 
respect to the proton size. By using the approximate formulas for the Fermi density 

(r*),=$R*-!-&r*a*, 

J d3rp(r) =p,,4~($R~+fn*a*R), 

we obtain approximate formulas for a and R, 

R~+T*~~R-R’ I’* a = 
TTR2 > . 

(6.12) 

(6.13) 

For the proton radius we take rt = 0.69 fm*. 
With all these ingredients we find it useful to plot at this time the total absorption 

and quasielastic probabilities as a function of the radius. We have chosen the nucleus 
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Fig. 5. Probability per fm for quasielastic scattering (dashed line) and absorption (dashed dotted line) 

and nuclear density (in pion masses) as a function of the radius. 



Final state interactions
Monte Carlo FSI 
models are tested 
against hadron-
nucleus cross 
section and hadron 
transparency data. 
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FIG. 6. Total reaction cross section and transparency for
proton-carbon, same as Fig. 5 except for an expanded scale to
show details. Available data is shown along with calculations
from GENIE, NuWro, and NEUT.

Plots comparing �reac and transparency are shown for
⇡+ and carbon 12C target in Fig. 8. Here, the domi-
nant feature is a peak corresponding to excitation of the
�(P33(1232)) resonance at kinetic energy of about 165
MeV. This corresponds to a dip in the transparency re-
sults.

As was seen for protons, values of �reac for high energy
pions (here larger than about 400 MeV) have reasonable
agreement among the calculations, slightly underestimat-
ing a few existing experimental points. However, the
spread of the simulations for transparency is much larger
for ⇡+ than for protons. This is due to the extra e↵ects
of formation zone (NEUT) and di↵ering treatments of
the higher mass resonances (NuWro, GENIE INCL++).
The e↵ect of resonances at masses above the � is seen
for GENIE hA and hN, but not for the others. If a pre-
cise measurement could be made, these features could be
tested.

Treatments of the � resonance in nuclei have been
studied with pion [43] and electromagnetic [64] probes.
They typically find small shifts and increases in width
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FIG. 7. Transparency for proton-carbon where the calcula-
tions have been corrected according to acceptance e↵ects as
determined in Ref. [27]. Available data [25, 38–40], is shown
along with calculations from GENIE, NuWro, and NEUT.

for nuclei. The codes studied here have minimal cor-
rections to the ⌫ ! � vertex and only INCL++ treats
the � as a propagating particle. Due to di↵ering treat-
ments of the interactions and nuclear models, the varia-
tions among the simulations are significant for the� peak
in both �reac and transparency. At the same time, the
hN, hA, and NuWro results are close together for �reac

and transparency for kinetic energies below roughly 300
MeV. Since hN and NuWro share usage of the medium
corrections of Salcedo-Oset [19] and hA doesn’t have that
e↵ect, this results implies that the medium corrections
in FSI aren’t very important. (See Sect. V for more de-
tail.) It is interesting that although INCL++ is above
the other simulations for �reac at the peak, the predic-
tion for transparency is shifted with respect to the others.
All propagating particles are in a mean field potential
in INCL++ [46] which depends on the kinetic energy
and position. This potential includes both nuclear and
Coulomb contributions and is not in any of the other
codes. As a result, the energy of the ⇡+ is shifted and
the dip in transparency moves to lower energy. It is also
notable that NEUT is in excellent agreement for �reac be-
cause the ⇡N cross sections were fit to it [23]. Although
the NEUT result is above hN, hA, and NuWro for �reac,
it is also above the other results for transparency. This
is due to the formation zone e↵ect (see Sect. V).

To study atomic mass (A) dependence, calculations
are repeated for the argon target with results shown in
Figs. 9, 10, and 11. These calculations can be directly
compared with result for a carbon target in Figs. 5, 6,
and 8 above. The importance of nuclear medium e↵ects
can be expected to increase as the size of the nucleus in-
creases. However, the gross features of each model are
unchanged with this significant increase in nuclear mass.
Although many basic nuclear e↵ects scale linearly with
A, other detailed e↵ects such as FSI scale as A2/3 and
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rections to the ⌫ ! � vertex and only INCL++ treats
the � as a propagating particle. Due to di↵ering treat-
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tions among the simulations are significant for the� peak
in both �reac and transparency. At the same time, the
hN, hA, and NuWro results are close together for �reac

and transparency for kinetic energies below roughly 300
MeV. Since hN and NuWro share usage of the medium
corrections of Salcedo-Oset [19] and hA doesn’t have that
e↵ect, this results implies that the medium corrections
in FSI aren’t very important. (See Sect. V for more de-
tail.) It is interesting that although INCL++ is above
the other simulations for �reac at the peak, the predic-
tion for transparency is shifted with respect to the others.
All propagating particles are in a mean field potential
in INCL++ [46] which depends on the kinetic energy
and position. This potential includes both nuclear and
Coulomb contributions and is not in any of the other
codes. As a result, the energy of the ⇡+ is shifted and
the dip in transparency moves to lower energy. It is also
notable that NEUT is in excellent agreement for �reac be-
cause the ⇡N cross sections were fit to it [23]. Although
the NEUT result is above hN, hA, and NuWro for �reac,
it is also above the other results for transparency. This
is due to the formation zone e↵ect (see Sect. V).

To study atomic mass (A) dependence, calculations
are repeated for the argon target with results shown in
Figs. 9, 10, and 11. These calculations can be directly
compared with result for a carbon target in Figs. 5, 6,
and 8 above. The importance of nuclear medium e↵ects
can be expected to increase as the size of the nucleus in-
creases. However, the gross features of each model are
unchanged with this significant increase in nuclear mass.
Although many basic nuclear e↵ects scale linearly with
A, other detailed e↵ects such as FSI scale as A2/3 and
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FIG. 8. Total reaction cross section and transparency for ⇡+-
carbon. Available data [23] are shown along with calculations
from GENIE, NuWro, and NEUT.

NN correlations can vary significantly for small changes
in A. Since reasonable agreement was obtained with iron
(A=56) transparency data for NuWro in Ref. [27], no
strong dependence on nucleus is expected. We chose ar-
gon as a second target because of its importance in neu-
trino oscillation experiments. Since there is no data for
this nucleus, only a comparison among the simulations
is possible. Pauli blocking is a bigger e↵ect for protons
in argon. This and other nuclear e↵ects make the spread
of curves somewhat more pronounced. Medium e↵ects
make the� �reac peak wider for pions with a correspond-
ing e↵ect in transparency. The tentative conclusion is
that A dependence is not significant or the models fail to
account properly for it.
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proton-argon interaction. Since there is no data available,
only Monte Carlo calculations from GENIE, NuWro, and
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Correction factor is 
necessary because 
„MC transparency” is 
not the same as 
experimentally 
measured 
transparency (soft 
scatterings are not 
seen).
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Final state interactions
Alternative approaches to cascade lead to distinct relations between transparency 
and reaction cross section. 5

FIG. 1. Computation of transparency (left) and reaction cross section (right) in the toy model.

FIG. 2. Transparency as function of reaction cross section in
the toy model
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FIG. 3. Transparency for proton and ⇡+ for carbon
with results using bare GENIE hN2018 FSI model and
the toy model using GENIE reaction cross section and the
transparency/�reac ratio as explained in the text. In the GE-
NIE simulation, all medium corrections and formation zone
e↵ects have been removed. The statistical error associated
with GENIE predictions is represented with a grey band.

Transparency versus reaction cross section
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4

1. Reaction cross section

We assume a uniform flux of projectiles hitting a nu-
cleus from the outside of the sphere of radius R. The
goal is to calculate the probability Preac that an inter-
action happens during passage through the nucleus for a
given value of the impact parameter. A product of the
average value of hPreaci with the geometric cross section
⇡R2 defines the reaction cross section.

Technically, it is easier to calculate 1 � hPreaci, the
average probability that the projectile travels through
nucleus without interaction. Locally, the probability
to move over the distance dz without interaction is
exp{�⇢�dz}. In the toy model we disregard the di↵er-
ence between proton and neutron local densities (⇢) and
local cross sections (�).

Taking into account that for each projectile the dis-
tance travelled inside nucleus is determined by the im-
pact parameter r, we get the following expression (see
the right side of Fig. 1):

�reac = ⇡R2 � 2⇡

Z R

0
dr r

· exp

(
�
Z p

R2�r2

�
p
R2�r2

�⇢
⇣p

z2 + r2
⌘
dz

)
(2)

2. Transparency

In this computation a trajectory starts at a point inside
nucleus selected at random with the probability density
given by ⇢(~r).

The computations lead to the following result for trans-
parency (T ) (see the left side of Fig. 1) [26]:

T=
2⇡

A

Z +1

�1
d(cos ✓)

Z R

0
dr r2⇢(r)

· exp

8
<

:�
Z p

R2�r2 sin2 ✓

r cos ✓
dz�⇢̃

⇣p
z2 + r2 sin2 ✓

⌘
9
=

; (3)

In the above formula the tilde in ⇢̃ accounts for the
fact that the numbers of spectator nucleons are di↵erent
in nucleon reaction cross section and transparency com-
putations. In the case of reaction cross section it is A
while in the transparency it is A� 1. Thus ⇢̃ = A�1

A ⇢.

3. Reaction cross section to transparency ratio

Absolute values of reaction cross section and trans-
parency depend on the microscopic cross section � enter-
ing Eqs. 2 and 3. The exact value of � is not known but
we can use information from Sects. II B 1 and IIB 2 to

eliminate �reac and determine a function T (�reac). This
was done for three realistic density profiles - carbon, ar-
gon and iron [44]. Results are shown in Fig. 2. In the
limit of reaction cross section going to zero, the trans-
parency approaches the value one. In the other extreme
case, when the reaction cross section approaches the max-
imal possible value of the geometric cross section (⇡R2),
the transparency goes to zero. In the intermediate region
transparency is a monotone function of reaction cross
section. Since this statement does not depend on any
assumption about projectile kinetic energy, one can ex-
pect that if the projectile kinetic energy dependence of
the reaction cross section shows a local minimum, the
transparency should exhibit a local maximum and vice
versa.

4. Comparison with GENIE results

The toy model presented above results in a simple
analytical equation which incorporates the most basic
physics input. More complicated codes can reproduce
these results with suitable simplifications. This can be
studied in GENIE because of its modular design. The toy
model curve in Fig. 3 was obtained by transforming GE-
NIE reaction cross section results into transparency with
the toy model ratio in Fig. 2. Fig. 3 demonstrates that
stripped-down GENIE agrees well with the toy model
for proton and ⇡+ transparency results in carbon. The
GENIE transparency result goes to 1 below 20 MeV be-
cause a cuto↵ that was introduced (see Sect. III C for
details). The toy model and GENIE results use slightly
di↵erent charge distributions, both consistent with elec-
tron scattering data [44]. A general conclusion about the
toy model is that it can be a useful tool to investigate
nuclear e↵ects modifying transparency but not reaction
cross section. We adopt the approach where the reaction
cross section is used as input to obtain results shown in
Fig. 2.
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FIG. 1. Computation of transparency (left) and reaction cross section (right) in the toy model.

FIG. 2. Transparency as function of reaction cross section in
the toy model

0 0.2 0.4 0.6 0.8 1
 [GeV]pT

0

0.2

0.4

0.6

0.8

1

Tr
an

sp
ar

en
cy

 p
 C

GENIE hN 2018, no medium corrections

Toy model prediction

0 0.2 0.4 0.6 0.8 1
 [GeV]+πT

0

0.2

0.4

0.6

0.8

1

 C+ π
Tr

an
sp

ar
en

cy
 

GENIE hN 2018, no medium corrections

Toy model prediction

FIG. 3. Transparency for proton and ⇡+ for carbon
with results using bare GENIE hN2018 FSI model and
the toy model using GENIE reaction cross section and the
transparency/�reac ratio as explained in the text. In the GE-
NIE simulation, all medium corrections and formation zone
e↵ects have been removed. The statistical error associated
with GENIE predictions is represented with a grey band.

Points on the curves correspond to values 
 of  microscopic cross section
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Systematic uncertainties

Not only central predictions but also estimate of theoretical uncertainties  

Sources of theoretical uncertainties 

• Incomplete knowledge of parameters inside theoretical models  

➡ e.g. value of axial mass  in dipole axial FF  

• Approximations used in theoretical computations.  

• Limitations of assumptions defining a theoretical approach.  

Full detector MC simulations are time consuming => effort to translate theoretical 
uncertainties into reweighting factors.  

Events are unchanged but they get multiplicative factors - weights.  

Difficult if uncertainty applies to the phase space. 

MA
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NuWro event reweighting tools
NuWro like other MCs developed event reweighing tool 

• reweight-to reads events from the output root file and re-calculates the 
cross sections for the new values of parameters, keeping the kinematics 
and the event topology unchanged. 

• Two options for storing the effect od reweighting: either a new root file 
with modified weights, or a file containing array with new weights 

• A list of available reweighting includes:  and non-resonant 
background for pion production,  for CCQE and NC elastic, z-
expansion parameters, overall normalization of individual dynamics. 

• NEUT and GENIE are more advanced.

CA
5 , MRES

A
MCCQE

A

36



Outlook

• Good quality of Monte Carlo event generators is essential for a success of long 
baseline neutrino program. 

• In the last ~10 years physics models implemented in MCs improved significantly 
compared to the era of Fermi gas. 

• There is a lot of activity, several independent codes are developed. 

➡Advantage: possibility to check correctness of implementations. 

➡Disadvantage: often duplication of work. 

➡Hard to find young people to work on MCs: need a knowledge theory, coding skills 
and understanding of experimental demands.
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