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UNCERTAINTIES DUE TO HADRONIC
PRODUCTION IN FINAL-STATE INTERACTIONS
AT LONG-BASELINE NEUTRINO FACILITY

Recent neutrino oscillation experiments used high atomic number nuclear targets to attain suf-
ficient interaction rates. The use of these complex targets introduced systematic uncertainties
due to the nuclear effects in the experimental observables and need to be measured properly
to pin down the discovery. Through this simulation work, we are trying to quantify the nu-
clear effects in the argon (Ar) target in comparison to hydrogen (H) target which are proposed
to be used at Deep Underground Neutrino Experiment far detector and near detector, respec-
tively. Generated Events for Neutrino Interaction Experiments and NuWro, two neutrino event
generators, are used to construct final state kinematics. To quantify the systematic uncertain-
ties in the observables, we present the ratio of the oscillation probabilities (P(Ar)/P(H)) as a
function of the reconstructed neutrino energy.
K e yw o r d s: neutrino, uncertainties, final-state interactions, survival probability, nuclear
effects.

1. Introduction
The proposed Deep Underground Neutrino Experi-
ment (DUNE) is a long-baseline neutrino oscillation
experiment [1–4]. The primary scientific goal of this
experiment is to make precise measurements of the
parameters governing neutrino oscillations and con-
straining the CP violation phase in the leptonic sec-
tor [5]. Another scientific goal of the DUNE project
is the determination of a mass hierarchy, either it
is the normal hierarchy (NH) or inverted hierarchy
(IH) which is not known yet from experiments of
supernova physics [6], atmospheric neutrino physics,
and proton decay physics [7]. DUNE will have neu-
trino and anti-neutrino spectra (𝜈𝜇(𝜈𝜇), 𝜈𝑒(𝜈𝑒), and
𝜈𝜏 (𝜈𝜏 )) beam facility at Fermilab that will be charac-
terized by a near detector (ND) close to the neutrino
source at Fermilab and a far detector (FD) at San-
ford Underground Research Facility (SURF) in South
Dakota, USA. This will provide a baseline facility of a
length of 1248 km to study the matter effect. Both de-
tectors will have argon (Ar) target material to observe
the neutrino spectrum that will help one to overcome
various systematic uncertainties. ND will be observ-
ing the spectrum of un-oscillated neutrinos, while FD
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will be observing the spectrum of oscillated neutri-
nos. Precise energy measurements of each flavor at
both the detectors are crucial for achieving the sci-
entific goal planned for the experiment. Oscillation
probabilities as a function of the reconstructed neu-
trino energy are measured by comparing the rate of
events as a function of the reconstructed neutrino en-
ergy at both ND and FD, which are used to constrain
values of the neutrino oscillation parameters and pro-
ton lifetime measurements. These uncertainties cause
major challenges in the determination of the CP-
violating phase which is not yet constrained. Precise
CP phase value is not only crucial for verifying the
baryon asymmetry of the Universe, but also for ex-
plaining the physics beyond the standard model and
effective mass of neutrinos [8].

Neutrinos are weakly interacting massive (ex-
tremely tiny mass) particles that interact very rarely
with matter. Due to its weakly interacting nature,
it is very hard to detect them in ordinary detec-
tors. The detector thus proposed by DUNE collab-
oration is an extremely advanced detector of this
generation compared to other baseline neutrino ex-
periment detectors. This multipurpose DUNE detec-
tor will have a modular structure, and each module
has different technology. Each detector will be capa-
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ble of detecting the neutrino events and other rare
phenomena. Neutrino interacts with the charged cur-
rent (CC) and neutral current (NC) processes. Inte-
raction event with the CC process produces leptons
(𝑒+, 𝑒−, 𝜇+, 𝜇−, 𝜏+, 𝜏−) corresponding to the neu-
trino flavors (𝜈𝑒, 𝜈𝑒, 𝜈𝜇, 𝜈𝜇, 𝜈𝜏 , 𝜈𝜏 ) and hadrons in
the final states. Interaction events with the NC pro-
duce the same neutrino flavor and hadrons in the fi-
nal states. Those processes are not considered in our
MC sample. Recent neutrino experiments used a ma-
terial with a high atomic number in a detector in
order to increase the interaction rates. This further
add s systematic uncertainty to the neutrino energy
reconstruction due to nuclear effects. Major nuclear
effects present in the nuclear targets are, uncertain-
ties from the binding energy, multinuclear correla-
tion, nuclear Fermi motion effects, and final-state
interactions (FSI) of produced hadrons in different
interaction channels. The requirement for the accu-
rate knowledge of neutrino oscillation parameters de-
pends on many factors among which the precise re-
construction of the neutrino energy is of utmost im-
portance. The neutrino oscillation probability itself
relies on the energy of the neutrinos, and any inac-
curacy of measurement of the neutrino energy will
be disseminated to the measurements of neutrino os-
cillation parameters, since it causes uncertainties in
the cross-section measurement and event identifica-
tion. These kinds of systematics can be constrained
by using a simple targeted neutrino-hydrogen (H)
scattering (𝜈(𝜈)-H) data.

In addition, the uncertainties in the total neutrino
cross-sections which adds systematic uncertainties in
the observables [9], the secondary particles that come
out of the nucleus after the FSI also count up to
systematic errors [10, 11]. One of the main reasons
is that the nucleons are neither at rest nor non-
interacting inside the target nucleus. The intense neu-
trino beams in recent experiments resulted greatly in
an increase of statistics and decrease the statistical
uncertainty. Now, these experiments appeal to the
careful handling of systematic uncertainties. In this
generation, neutrino experiments are using a com-
plex nuclear target for interaction that result in size-
able and non-negligible nuclear effects. In most of the
neutrino experiments, the nuclear effects are taken
into consideration by Impulse Approximation [12] or
Fermi Gas Model [13] when simulating neutrino scat-
tering events. Recent experiments believe that nu-

clear effects need to be modeled carefully after look-
ing at experimental results of different neutrino ex-
periments at different energy ranges. Neutrino exper-
iments that used lower energy neutrino beams like
MiniBooNE [14] and MicroBooNE [15] are sensitive
to only two types of neutrino interactions i.e. Quasi-
Elastic (QE) and Resonance (RES). The pion pro-
duction in these experiments makes up only 1/3 of the
total neutrino nucleon interaction cross-section. As
we move towards the higher energy neutrino beam
experiments such as NOvA, MINERvA, and DUNE,
the pion production increases to two-third of the total
cross-section [16]. Thus, it is important to measure
the pion production channels carefully under good
and quantitative control. One of the most important
nuclear effects that gives rise to wrong events is due
to the FSI of hadrons which are produced in the re-
action along with leptons [17]. The pions which are
produced in neutrino nucleon interactions while trav-
eling inside the nucleus, can be absorbed, can change
direction, energy, charge, or even produce more pi-
ons due to various processes like elastic and charge
exchange scattering with the nucleons that exist in
the nucleus through strong interactions. This leads to
wrong number of events depending on the emerging
particles from the nucleus.

The paper is organized in the following sections:
the neutrino event generators GENIE and NuWro
used in this work including a detailed comparison
of the nuclear models incorporated in them are de-
scribed in Section 2. The experimental details and
simulations are described in Section 3, the results,
and the discussion are described in Section 4. Finally,
our conclusions are presented in Section 5.

2. Event Generators: GENIE and NuWro

Event generators are used to generate the events for
the detectors to perform the simulation-based results
for any experiments to get an idea about the ex-
pected observables. Neutrino communities have their
own event generators that have inbuilt models that
are tuned based on experimental data and genera-
tors work as a bridge for experimental and theoret-
ical physicists. We have selected the two most com-
mon neutrino event generators: Generates Events for
Neutrino Interaction Experiments (GENIE) v-3.0.6
[18] and NuWro [19] version 19.01 to perform our
studies that are currently being used by most of the
neutrino experiments in the USA and other coun-
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Fig. 1. The DUNE flux as a function of neutrino energy used
in our work

tries. GENIE is being used by many neutrino baseline
experiments running around the world, such as Min-
erva [20], MINOS [21], MicroBooNE [14], NOvA [22],
and ArgoNEUT [23] experiments. NuWro has been
developed by a group of physicists Cezary Juszczak et
al. at the Wroclaw University [19] and is now being
used as a complementary neutrino events generator
by most neutrino experiments. GENIE has been de-
veloped putting special emphasis on scattering in the
energy region of few GeV, important for ongoing and
future oscillation studies experiments, while NuWro
covers the neutrino energy scale from ∼100 MeV
to ∼100 GeV. The basic architecture of NuWro fol-
lows better known MCs like NEUT [24] or GENIE
[18]. It operates all types of interactions important in

Oscillation parameters considered in our work

Parameter Central value

𝜃12(NO) 0.5903
𝜃13 (NO) 0.150
𝜃23(NO) 0.866
𝛿CP 90∘

Δ𝑚2
21 (NO) 7.39e− 5 eV2

Δ𝑚2
32 (NO) 2.451e− 3 eV2

Δ𝑚2
31(NO) 2.525e− 3 eV2

𝜌 2.848 g cm−3

neutrino-nucleus interactions as well as Deep Inelas-
tic Scattering (DIS) hadronization and intranuclear
cascade. NuWro serves as a tool to estimate the rele-
vance of various theoretical models being investigated
now. GENIE is a modern and flexible platform for
neutrino events simulation.

In this section, we will go over the qualitative the-
oretical differences in nuclear models, as well as how
neutrino-nucleus interaction processes are accounted
for in both generators and some popular approaches
to neutrino-nucleus interaction analysis. In GENIE,
the Relativistic Fermi gas (RFG) model is used which
is based on the model suggested by A. Bodek and
J.L. Ritche [25] while in NuWro, Local Fermi gas
(LFG) is used as a nuclear model. Modeling of QE
scattering is according to Llewellyn Smith model [26]
in both the generators. Also the latest BBBA07 [27]
and BBBA05 [28] vector form factors are used by
GENIE and NuWro, respectively. GENIE uses a vari-
able value of axial mass 𝑀𝐴 between 0.99–1.2 GeV/c2
while NuWro uses a variable value of axial mass be-
tween 0.94–1.03 GeV/c2. In our work, we have used
axial mass 𝑀𝐴 = 1 GeV/c2. GENIE considered Δ
contribution as well as other resonance modes in-
dividually based on Rein-Sehgal model [29] how-
ever, in NuWro we have only Δ contribution and
for the rest of resonance modes, we have an aver-
age based on Adler–Rarita–Schwinger model [30] for
RES events. For DIS events, NuWro employs Quark-
Parton model [31] while GENIE uses Bodek and Yang
model [32].

3. Experimental Details and Simulations

DUNE at Long Baseline Neutrino Facility (LBNF)
will consist of ND and FD with same target mate-
rial, but the difference is in dimensions and technol-
ogy. The ND system will be located at Fermilab, 574
m downstream and 60 m underground [5] from the
neutrino beam source point.

The baseline design of the DUNE ND [2] sys-
tem comprises of three main components: (1) A
50t LArTPC called ArgonCube with pixellated read-
out; (2) A multi-purpose tracker, the high-pressure
gaseous argon TPC (HPgTPC), kept in a 0.5 T
magnetic field and surrounded by electromagnetic
calorimeter (ECAL), together called the multi-pur-
pose detector (MPD); (3) and an on-axis beam mon-
itor called System for on-Axis Neutrino Detection
(SAND). SAND [1] will consist of an ECAL, a super-
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Fig. 2. Event distribution at the ND as a function of reconstructed neutrino energy represented by red Calorimetric
method, and as a function of true neutrino energy represented by blue lines for 𝜈𝜇-Ar (top) and 𝜈𝜇-Ar (bottom)
from GENIE and NuWro in the left and right panels, respectively

conducting solenoid magnet, a thin active LAr target,
a 3D scintillator tracker (3DST) as an active neutrino
target, and a Low-density tracker to precisely mea-
sure particles escaping from the scintillator. The FD
(and the similar ND) has to be made of heavy nuclei
rather than hydrogen that is the main source of com-
plication. The primary goal of SAND is constraining
systematics from nuclear effects. For a better under-
standing of nuclear effects in neutrino-nucleus inter-
actions, it is useful to examine what would happen if
the detectors will be made of hydrogen because in a

detector made of hydrogen, the initial state is a pro-
ton at rest and there is no FSI. The 40 kt DUNE
FD will comprise of four separate LArTPC detec-
tor modules, each with a fiducial volume (FV) of at
least 10 kt, installed ∼1.5 km underground at the
SURF [33]. The internal dimensions 15.1 m (w) ×
× 14.0 m (h) × 62.0 m (l) of each LArTPC fits
inside an FV containing a total LAr mass of about
17.5 kt. Detailed detector simulation and reconstruc-
tion analysis is done by the DUNE-collaboration that
can be found in detail in references [5, 34]. We have
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Fig. 3. Event distribution at the FD as a function of reconstructed neutrino energy represented by red Calorimetric
method, and as a function of true neutrino energy represented by blue lines for 𝜈𝜇-Ar (top) and 𝜈𝜇-Ar (bottom)
from GENIE and NuWro in the left and right panels, respectively

applied the same detector efficiency from figure 4.26
of Ref. [34] and energy resolution 18% for muon and
34% for hadrons for the particles available in the
FSI while reconstructing the neutrino energy in our
analysis.

We have used DUNE-ND 𝜈𝜇 and 𝜈𝜇 flux [35] hav-
ing an energy range of 0.125–10 GeV shown in Figure
1 and this flux is also folded with the oscillation prob-
ability to get the flux at the FD site. In this energy
range, there is a mashing of several interaction pro-
cesses viz. QE, RES, DIS, and two particle-two hole

or Meson Exchange Current (2p2h/MEC). In order
to do our analysis, we have generated an inclusive
event sample of 1 million 𝜈𝜇(𝜈𝜇)-Ar, and 𝜈𝜇(𝜈𝜇)-H
using both GENIE and NuWro event generators. In
our analysis, we took into account all of these inter-
action mechanisms.

The oscillation probability used here is represented
by equation (1) and the true set of values of the oscil-
lation parameters [5] considered in this analysis are
presented in Table. One can see that the oscillation
parameters and neutrino energy are involved in the
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Fig. 4. Event distribution at the ND as a function of reconstructed neutrino energy represented by red Calorimetric
method, and as a function of true neutrino energy represented by blue lines for 𝜈𝜇-H (top) and 𝜈𝜇-H (bottom) from
GENIE and NuWro in the left and right panels, respectively

oscillation probabilities equation. The uncertainties
in the measured neutrino energy directly translate
into uncertainties in oscillation parameters. The os-
cillation probability of 𝜈𝜇 → 𝜈𝑒 channel through mat-
ter for the three-flavor scenarios and constant density
approximation is written as, [5]

𝑃

(︂
(−)
𝜈𝜇 →

(−)
𝜈𝑒

)︂
= sin2 𝜃23 sin

2 2𝜃13
sin2(Δ31 − 𝑎𝐿)

(Δ31− 𝑎𝐿)2
Δ2

31 +

+ sin 2𝜃23 sin 2𝜃13 sin 2𝜃12
sin(Δ31 − 𝑎𝐿)

(Δ31 − 𝑎𝐿)
Δ31 ×

× sin(𝑎𝐿)

𝑎𝐿
Δ21 cos(Δ31 ± 𝛿CP)+

+ cos2 𝜃23 sin
2 2𝜃12

sin2 𝑎𝐿

(𝑎𝐿)2
Δ21, (1)

where

𝑎 =
𝐺F𝑁𝑒√

2
≈ ± 1

3500 km

(︂
𝜌

3.0 g/cm3

)︂
, (2)

𝐺F is the Fermi constant, 𝑁𝑒 denotes the number
density of electrons in the EarthӀs crust, Δ𝑖𝑗 = 1.267
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Fig. 5. Event distribution at the FD as a function of reconstructed neutrino energy represented by red Calorimetric
method, and as a function of true neutrino energy represented by blue lines for 𝜈𝜇-H (top) and 𝜈𝜇-H (bottom) from
GENIE and NuWro in the left and right panels, respectively

Δ𝑚2
𝑖𝑗𝐿/𝐸𝜈 , 𝐿 = 1285 is the distance from the neu-

trino source to the detector in km, and 𝐸𝜈 stands
for neutrino energy in GeV. Both 𝛿CP and 𝑎 terms
are positive for 𝜈𝜇 → 𝜈𝑒 and negative for 𝜈𝜇 → 𝜈𝑒
oscillations.

In our analysis, we have used the calorimetric
method for energy reconstruction. The calorimetric
method of neutrino energy reconstruction demands
information of all the detectable final state particles
on an event by event basis i.e. total of the energy de-

posited by all reaction products in the detector and
thus permitting for precise reconstruction of neutrino
energy. It is appropriate to all types of events, unlike
the kinematic method which is only applicable for QE
event reconstruction. Still, this method gives rise to
challenges in the way of true neutrino energy recon-
struction. The main challenges are the precise recon-
struction of all produced hadrons, where neutrons are
assumed to escape detection completely. Thus, the
calorimetric method relies on the capability of de-
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Fig. 6. Muon (anti)neutrino survival probability as a function of reconstructed neutrino energy represented by red
Calorimetric method, and as a function of true neutrino energy represented by blue lines for 𝜈𝜇-Ar (top) and 𝜈𝜇-Ar
(bottom) from GENIE and NuWro in the left and right panels, respectively

tector design and performance in reconstructing fi-
nal states. The neutrino reconstructed energy 𝐸Calori

𝜈

[36] in CC processes resulting in the knockout of 𝑛
nucleons and production of 𝑚 mesons, can be simply
determined using the calorimetric method,

𝐸Calori
𝜈 = 𝐸lep + 𝜖nuc +

∑︁
𝑎

(𝐸𝑛𝑎
−𝑀) +

∑︁
𝑏

𝐸𝑚𝑏
. (3)

Where 𝐸lep is the energy of outgoing lepton, 𝐸𝑛𝑎

denotes the energy of the 𝑎th knocked out nucleon,

𝜖nuc denotes the corresponding separation energy
and the single-nucleon separation energy is fixed to
34 MeV. 𝐸𝑚𝑏

stands for the energy of 𝑏th produced
meson, and 𝑀 is the mass of nucleon.

4. Results and Discussion

Figures 2 and 3, represent the event distribution as a
function of the neutrino energy for 𝜈-Ar (upper panel)
and 𝜈-Ar (lower panel) at ND, without oscillations
and at the FD, with oscillations, respectively using
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Fig. 7. Muon (anti)neutrino survival probability as a function of reconstructed neutrino energy represented by red
Calorimetric method, and as a function of true neutrino energy represented by blue lines for 𝜈𝜇-H (top) and 𝜈𝜇-H
(bottom) from GENIE and NuWro in the left and right panels, respectively

GENIE (left panel) and NuWro (right panel). We no-
tice that the reconstructed neutrino energy is very
well reconstructed using the calorimetric method for
both the generators.

Figures 4 and 5, represent the event distribution as
a function of neutrino energy for 𝜈-H (upper panel)
and 𝜈-H (lower panel) at ND, without oscillations and
at the FD, with oscillations, respectively using GE-
NIE (left panel) and NuWro (right panel). We again
notice that the reconstructed neutrino energy is very

well reconstructed using the calorimetric method for
both the generators.

The oscillation probability can be calculated by
dividing the number of events at FD by the num-
ber of events at ND [37]. Figure 6 represents the
Muon (anti)neutrino survival probability for 𝜈𝜇-Ar
(top) and 𝜈-Ar (bottom) as obtained from GENIE
(left) and NuWro (right) and Figure 7 shows same for
H. The Muon (anti)neutrino survival probability as
calculated from Calorimetric method is represented
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Fig. 8. Ar/H Ratio of Muon (anti)neutrino survival probability as a function of reconstructed neutrino energy
represented by red Calorimetric method, and as a function of true neutrino energy represented by blue lines for 𝜈𝜇
(top) and 𝜈𝜇 (bottom) from GENIE and NuWro in the left and right panels, respectively

by red line and the blue line represents the same for
True neutrino energy.

In order to measure the impact of systematic uncer-
tainties arising due to nuclear effects in neutrino en-
ergy reconstruction, we have taken the ratio of Muon
(anti)neutrino survival probabilities for Ar to H and
shown in Figure 8. The upper panel of Figure 8 is
for 𝜈 and lower is for 𝜈. From this figure, one notes
that the ratios from both GENIE and NuWro have
a lot of fluctuations at lower energy. We also note

two sharp peaks, one around 0.5 GeV and another
around 2.7 GeV. The ratio of P(Ar)/P(H) calculated
as a function of true neutrino energy (shown by blue
stars) shows less fluctuations as compared to the ratio
calculated with reconstructed neutrino energy (shown
by red stars). Similar analysis is also performed with
the older version (v2.12.10) of GENIE, and it is ob-
served that results with the latest version (v3.0.6) of
GENIE are better than the older version (v2.12.10)
of GENIE.
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5. Conclusions

We should have a good understanding of the hadronic
physics of neutrino-nucleus interactions, since it is
critical to understand nuclear effects. The informa-
tion about the energy dependence of all exclusive
cross-sections and nuclear effects is important for the
construction of any nuclear model. Any ignorance of
theoretical uncertainties in the nuclear models while
simulating results cost inaccuracy. We use different
event generators, which are built upon different nu-
clear models to test results from the neutrino oscilla-
tion experiments.

Figure 8 shows that the nuclear models of the
two most extensively used neutrino event generators,
GENIE and NuWro, have non-negligible systematic
inaccuracies, especially in the energy range of 1–
3 GeV. To augment our knowledge of the poorly un-
derstood nuclear effects, a study of high-statistics 𝜈-
H scattering data is required. Through our work, we
may conclude that for long-baseline neutrino experi-
ments like DUNE a multi-target approach might be
useful to reduce nuclear effects.
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cere gratitude to the Council of Scientific and Indus-
trial Research (CSIR), Government of India, for the
financial support in the form of Senior Research Fel-
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НЕВИЗНАЧЕНОСТI ЧЕРЕЗ НАРОДЖЕННЯ
АДРОНIВ У ВЗАЄМОДIЯХ У КIНЦЕВОМУ СТАНI
НА НЕЙТРИННIЙ УСТАНОВЦI LBNF

Недавнi експерименти з нейтринних осциляцiй використо-
вували ядернi мiшенi з високим атомним числом, щоб отри-
мати достатнiй вiдсоток взаємодiй. Використання цих скла-
дних мiшеней внесло систематичнi невизначеностi завдяки
прояву ядерних ефектiв у експериментальних спостережу-
ваних величинах i потребує правильних вимiрювань для фi-
ксацiї подiй. В данiй роботi ми спробуємо описати ядернi
ефекти в мiшенi з аргону (Ar) i порiвняти їх з результата-
ми для мiшенi з водню (Н), якi пропонується застосувати,
вiдповiдно, у дальньому та ближньому детекторах проекту
DUNE (Deep Underground Neutrino Experiment). Розгляну-
то два генератора нейтринних подiй для моделювання кi-
нематики в кiнцевому станi. Для знаходження системати-
чних невизначеностей спостережуваних величин, ми пред-
ставили вiдношення ймовiрностей осциляцiй (P(Ar)/P(H))
як функцiю енергiї нейтрино.

Ключ о в i с л о в а: нейтрино, невизначеностi, взаємодiї у
кiнцевому станi, ймовiрнiсть виживання, ядернi ефекти.
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