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In neutrino long-baseline experiments the energy of the incoming neutrino must be reconstructed from
observations of the final state. We first discuss the problems that arise for energy conservation during the
final-state interactions in a momentum-dependent potential. We then show, for the example of the Deep
Underground Neutrino Experiment, that the presence of such a potential is necessarily connected with a
large uncertainty in the reconstructed energy. This same uncertainty also affects the determination of
energy- and four-momentum transfers in neutrino-nucleus reactions. We analyze the origins of these
uncertainties using transport theory for the description of the evolution of the final state of the reaction. We
show that the spectral functions of target nuclei play an essential role not only for the initial neutrino-
nucleon interaction but also for the final state evolution.
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Introduction. The extraction of neutrino mixing parameters
and a possibly CP-violating phase from measurements at
long-baseline experiments requires the knowledge of the
neutrino energy on an event-by-event basis. Since the
incoming neutrinos have a rather broad distribution of
energies, the incoming neutrino energy in a given event has
to be reconstructed from final-state observables [1,2].
For the lower-energy experiments such as T2K and

MicroBooNE this is usually being done by the so-called
kinematicalmethod inwhichmeasurements on the outgoing
lepton are deemed to be sufficient to reconstruct the
incoming energy. This method requires a separation of
“true” quasielastic (QE) scattering, which cannot directly
be measured, from pion-production and absorption proc-
esses. Because of the limited number of open reaction
channels at the fairly low energies of the mentioned experi-
ments this separation is under reasonable control if pion
production and absorption and 2p2h excitations are under-
stood and tested. In higher-energy experiments such asDeep
Underground Neutrino Experiment (DUNE) with many
pions and nucleons in the final state this method works
only if very specific exclusive final states are used [3].
On the other hand, at higher-energy experiments such as

DUNE, where many reaction channels are open, the calori-
metricmethod is used inwhich, in principle, onemeasures the
energies of all the final-state particles and—by energy

conservation—thus determines the incoming neutrino energy
[4]. In practice, however, there are experimental limitations to
this method. Some particles (such as, e.g., neutrons or the
target remnants) may evade detection and, in addition,
detectors have kinematical detection thresholds. In a very
recent publication Coyle et al. have shown that such limi-
tations and the shortcomings of generators can affect the
extracted fundamental neutrino properties [5].
In the followingwe assume that the detector is perfect and

study how well the calorimetric method works in determin-
ing the true incoming neutrino energy. For such a study one
has to follow the complete reaction from its initial state,
consisting of a target nucleus in its bound ground state and
an incoming neutrino, to all the final-state particles. The
final state is not only determined by the very first, initial
neutrino-nucleon interaction [such as QE scattering, reso-
nance excitation, meson exchange coupling, or deep inelas-
tic scattering (DIS)] but also by the final-state interactions
(FSIs) of hadrons produced in this initial process.
These FSIs have two effects: first, the produced hadrons

have to propagate through a nuclear potential before they
become free and reach the detector. Second, on their way
out, they undergo one-body (e.g., resonance decays), elastic
and inelastic two-body [nucleon-nucleon (NN) or πN] and
three-body (e.g., in pion absorption) collisions.
It is the purpose of this Letter to point out some

consequences of these in-medium collisions and the in-
medium propagation. In particular, we investigate their
effects on the calorimetric analysis of the reaction.

Model. For the present analysis we use the theory frame-
work and generator GiBUU [6] which is based on the
quantum-kinetic Kadanoff-Baym nonequilibrium transport
theory [7]. The underlying theory is described in [8]
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together with details of the numerical implementation and
with applications to various nuclear reactions, going all the
way from Aþ A to νþ A. Further details on the prepa-
ration of the ground state as well on the treatment of various
background channels can be found in [9,10]. Here we just
summarize some properties that are relevant to the final-
state propagation and interactions.

GiBUU uses a consistent nuclear potential both for the
ground state and for the final-state propagation of produced
hadrons. The potential is position- (r⃗) and momentum- (p)
dependent. In its p dependence it closely mimics that
extracted from pA collisions [11,12]. It has been realized
early on that the nuclear potential is essential, not only
for exclusive final states, but also for inclusive cross
sections [13–15]. This same potential must then also be
present during the final-state propagation of baryons.
The r dependence requires the numerical integration of

the final-state hadron’s trajectory in the nuclear potential.
Simple recipes such as a mean-free-path approach, often
used in generators [16], can, therefore, no longer be used
since it assumes a straight-line trajectory of the particles
between collisions.
The p dependence of the nuclear potential introduces

additional complications. It changes, first, the overall cross
sections because the initial flux and the final-state phase
space are changed; this is taken into account by using a
result from Pandharipande and Pieper [17]. In addition, it
also complicates the simultaneous energy and momentum
conservation in each collision. This is easy to see for the
simple, nonrelativistic case of a 2 → 2 collision with equal-
mass partners. In the c.m. system one has p⃗1 ¼ −p⃗2 so that
momentum conservation is easily obtained. Energy con-
servation is, however, more complicated. Here one has

Ein ¼ 2

�
p02

2mN
þ Vðp0Þ

�
ð1Þ

where Ein is the incoming c.m. energy in the initial state of
the two-body collision, p0 is the momentum of the outgoing
nucleons, and Vðp0Þ is their potential. In order to fulfill this
equation for p0 (in its relativistic extension) GiBUU performs
an iterative, numerical solution for each collision [8] which
becomes even more complicated for three-body collisions
in, e.g., pion absorption.
The final state of this collision may be Pauli blocked if

one of the outgoing momenta lies below the Fermi surface.
An additional effect of the presence of the potential is the
binding energy. This comes into play not only when the
nucleons finally leave the target but also when one of the
collision partners which was initially inside the Fermi sea is
raised to energies above the Fermi surface while still being
inside the nuclear potential. The binding energy is deter-
mined by the energy distribution of bound states in the
target. The same is true for the overall momentum con-
servation where the momentum distribution of the target

nucleons comes into play. The bound-state spectral func-
tion thus enters not only in the first neutrino-nucleon
collision, but also in the following final-state NN collisions.
In the following analysis we use GiBUU to produce final-

state events in reactions of neutrinos with 40Ar nuclei, using
the DUNE flux for the incoming neutrino energy distri-
bution. GiBUU delivers the four-vectors of all final-state
hadrons and is known to describe actual data both at the
lower energies (MicroBooNE, T2K) and the higher ener-
gies (MINERvA) quite well [10]. The final-state distribu-
tions are thus assumed to be quite realistic and close to
“nature”. As usually done in generators we use the impulse
approximation and assume the validity of the so-called
frozen configuration that keeps the target constant during
the final-state evolution. Also, as usual in experimental
analyses, the energy and the recoil momentum of the target
remnant are neglected. We then analyze the events so
generated by the calorimetric method.

Calorimetric analysis. For DUNE we find that up to about
20 nucleons are unbound in the final state, with additional
up to 6 nucleons being excited, but still bound in the
potential. The nucleons still bound in the target remnant
carry an excitation energy of about 6 MeV each [18],
typical of a compound nucleus. The decay of that com-
pound nucleus will—at later times—also contribute to
baryon spectra but with baryon energies well below
neutrino detector thresholds.
For the calorimetric analyses we start the discussion with

the seemingly natural assumption that only the kinetic
energies of the outgoing free nucleons and mesons deter-
mine the energy balance for the reaction. The underlying
assumption is that for incoming neutrino energies in the
GeV region, such as for the DUNE, potential effects of the
order of a few tens of MeV can be neglected. The missing
energy, defined as the difference between the energy
transfer and the final-state energies, is then given by

Emiss ≃ ν −
XN
i¼1

Ti −
XM
j¼1

Ej: ð2Þ

Here ν is the energy transfer, N stands for the number of
observed, free nucleons, and M is the number of final-state
mesons; their free energies are denoted by Ej, the kinetic
energies of the outgoing nucleons are given by Ti.
The missing energy distribution obtained in this way

from the events generated in a GiBUU calculation (nature) is
shown by the long-dashed (blue) curve in Fig. 1. It exhibits
a broad tail toward positive missing energies. Naively, one
could conclude from this result that the generator used to
generate the events violates energy conservation. However,
this tail reflects the fact that the target nucleons in GiBUU are
bound, with a separation energy of about 8 MeV for
nucleons at the Fermi surface and a maximum binding
of about 70 MeV. Obviously, these binding energy effects
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become more important the higher the multiplicity of
outgoing nucleons (up to 20) is.
As an improvement of this simple approximation we,

therefore, now perform the same analysis but with includ-
ing explicitly an average binding energy for the outgoing
nucleons. The missing energy is now given as

Emiss ≃ ν −
XN
i¼1

Ti − NBN −
XM
j¼1

Ej

¼ ν −
XN
i¼1

Ei −
XM
j¼1

Ej þ Nm�
N: ð3Þ

BN is an average binding energy of the outgoing nucleon, in
experimental analyses often taken to be BN ≈ 30 MeV. In
the second line of Eq. (3) we assume that the binding
potential is scalar and therefore the in-medium mass of the
nucleon is given by m�

N ¼ mN − BN where mN is the
nucleon mass taken to be 938 MeV. The result of a
calculation of the missing energy thus defined is shown
by the short-dashed (red) and the solid (green) curves in
Fig. 1. While the large, positive-energy tail of the distri-
bution has now shrunk significantly a tail toward negative
missing energies develops thus making the distribution
more symmetric around the value Emiss ¼ 0. The width of
these distributions then determines the implicit uncertainty
in the determination of the incoming neutrino energy by the
calorimetric method, even when the detectors are perfect.
Coyle et al. have recently shown that two other generators,
GENIE and NuWro, give narrower distributions for the
missing energy [5]. This seeming advantage is just a
consequence of the neglect of a final-state potential in
these generators.

Up to this point GiBUU has been used only to generate the
events (“mock data”) but not for their analysis; the missing
mass determination is based only on unbound final states
and is independent of this specific generator. We now use
GiBUU also for a better understanding of the results just
obtained. The energy balance of the νA reaction is
determined not only by the final-state free hadrons, but
also by hadrons that are produced during the FSI but never
make it out of the target. The latter number is experimen-
tally not accessible, but GiBUU delivers some insight into
their effects. The missing energy is now given by

Emiss¼νþ
XN0

i¼Nþ1

ðE0
i−EiÞþ

XN
i¼1

E0
i−

XN
i¼1

Ei−
XM
j¼1

Ej: ð4Þ

Here N stands for the number of observed nucleons and N0
for that of all nucleons involved in the FSI, E0 indicates the
energy of the hit nucleon bound in the nucleus, while E
stands for the energy of the final (free) nucleon (respec-
tively, meson). Even when the energy of the scattered
nucleon is not large enough for the nucleon to escape, it is
definitively larger than the energy of the original nucleon in
the Fermi sea. Thus, the first sum, the contribution of
collisions with participating nucleons not making it out of
the nucleus, is smaller than zero. A detailed analysis shows
that the number of nucleons involved in collisions, but not
making it out of the nucleus, is about one half of the
number of free, observed nucleons.
The results of this analysis are shown in Fig. 2 by the

solid (black, “correct”) curve. This illustrates that energy
conservation is nearly perfect in GiBUU when the nucleon’s
energy distribution in the target is described correctly. The
very low broad pedestal distribution is due to DIS events
obtained with the Pythia event generator. The other two
curves in Fig. 2 give the results obtained when replacing the
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FIG. 1. Missing energy distribution for the DUNE flux on an
40Ar target for three different in-medium masses m�

N . Only free
final-state nucleons and mesons are used for the determination of
the missing energy. The long-dashed curve gives the result of an
analysis using Eq. (2), the short-dashed and the solid curves show
the results for average binding energies of 28 and 38 MeV,
respectively, in Eq. (3).
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FIG. 2. Missing mass distribution for a ν þ Ar collision with
the DUNE incoming neutrino flux. All nucleons involved in the
collision are included. The curves labeled “938 MeV” and
“910 MeV” are the result of using Eq. (4).
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energies E0 in Eq. (4) by the average values given in the
figure. While the long-dashed curves (E’ ¼ 938 MeV)
look very similar in both figures the curve with an average
Fermi-sea mass of 910 MeV (dotted curves) is now shifted
toward negative energies.

Summary and conclusion. The calorimetric energy
reconstruction in a neutrino long-baseline experiment faces
some obstacles connected with the in-medium properties of
nucleons in the nuclear target that affect the final-state
collisions. In particular we have shown that a simple
calorimetric energy reconstruction, based on the observed
final-state hadrons, with or without binding energy correc-
tions, leads to a significant uncertainty in the missing energy
distribution and thus the reconstructed neutrino energy.
In an analysis of actual data this problem appears since

there is no direct experimental handle neither on the initial
energies of the target nucleons nor on the intermediate
nuclear collisions. Theoretically it can partly be overcome
only by generators that contain a consistent in-medium
potential and proper energy-momentum conservation in
final-state collisions inside the potential range. The gen-
erators must also be able to deal with the binding energies
in collisions in which the participating nucleons do not

make it out of the nucleus but remain bound. The nucleon’s
spectral functions thus do not only play a role in the initial
neutrino-nucleus reaction but also in the final-state colli-
sions thus affecting the energy reconstruction.
The problems investigated here also affect the exper-

imental reconstruction of the energy transfer and thus also
of the four-momentum transfer Q2 in neutrino long-base-
line experiments. In experimental analyses often an “avail-
able energy” is obtained by measuring energies of some
final-state particles. This identification of this available
energy with the true energy transfer is bound to be plagued
by the same uncertainties as just discussed for the overall
energy conservation.
We finally note that also the neglect of target remnant

effects beyond the single-particle model (excitation,
momentum) as well as the assumption of a frozen con-
figuration deserve further study.
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