
Fermilab

Physics Prospects with MeV Neutrino-Argon Charged 
Current Interactions using Enhanced Photon Detection in 
Future LArTPCs

FERMILAB-PUB-25-0124-PPD

arXiv:2502.18498

This manuscript has been authored by Fermi Forward Discovery Group, LLC

under Contract No. 89243024CSC000002 with the U.S. Department of Energy,

Office of Science, Office of High Energy Physics.



Physics Prospects with MeV Neutrino-Argon Charged Current Interactions using
Enhanced Photon Detection in Future LArTPCs

Wei Shi,1, ∗ Xuyang Ning,2 Daniel Pershey,3, † Franciole Marinho,4

Ciro Riccio,1 Jay Hyun Jo,2 Chao Zhang,2 and Flavio Cavanna5

1Stony Brook University, SUNY, Stony Brook, NY, 11794, USA
2Brookhaven National Laboratory, Upton, NY, 11973, USA

3Florida State University, Tallahassee, FL 32306, USA
4Instituto Tecnologico de Aeronautica (ITA), São José dos Campos/SP, 12228, Brasil
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We investigate MeV-scale electron neutrino charged current interactions in a liquid argon time
projection chamber equipped with an enhanced photon detection system. Using simulations of
deposited energy in charge and light calorimetry, we explore the potential for dual calorimetric
neutrino energy reconstruction. We found energy reconstruction based on light-only calorimetry
has a better resolution than combined charge and light calorimetry when hadrons are produced in
these events. Meanwhile, enhanced light detection offers improved nanosecond timing resolution and
broad optical coverage, enabling neutron tagging and identification of delayed low-energy gamma
emissions. These advancements open new avenues in low-energy neutrino physics in next-generation
LArTPCs.

I. INTRODUCTION

Noble liquid time projection chambers (TPCs) are
widely employed for detecting rare and low-energy sig-
nals, such as neutrinos and dark matter interactions. Liq-
uid argon (LAr) is particularly favored for its scalability
and excellent tracking and calorimetric capabilities [1].
Experiments such as LArIAT [2] demonstrate sensitivity
to neutrinos with energies as low as a few MeV, where
electron neutrino (νe) charged current (CC) interactions
on argon nuclei serve as the primary detection channel.
These neutrinos originate from supernova bursts, solar
fusion reactions, and the diffuse supernova neutrino back-
ground (DSNB) [3–5].

Argon (Ar) and xenon (Xe) emit vacuum ultra-violet
(VUV) scintillation light, peaking at 127 nm and 178
nm, respectively, when charged particles deposit energy
inside [6, 7]. In LArTPCs, charge signals from ioniza-
tion can be collected in the presence of an electric field.
The anti-correlation between charge and light signals,
well-established in liquid xenon (LXe) experiments, has
been used to improve energy reconstruction in searches
for neutrinoless double beta decay and dark matter de-
tection [8, 9]. In the XENON experiment, the hypoth-
esized weakly interacting massive particle dark matter
candidate would be detected through nuclear or elec-
tron recoils that deposit tens of keV energy [10, 11].
EXO-200 [8] has performed measurements of the abso-
lute yields of charge and light in LXe for electron recoils
up to MeV.

While charge detection in LArTPCs has matured [12–
16], optical coverage and light yield remain limited. In
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LArTPC neutrino experiments, event reconstruction pri-
marily uses the charge signal while the light signal is
mostly used to provide timing information for non-beam
neutrino events. Matching charge and light signals to
facilitate cosmic background rejection has been explored
at MicroBooNE [17]. It is anticipated an enhanced pho-
ton detection system in future LArTPCs can offer more
capabilities for physics with MeV νe-Ar CC interactions.
The recently proposed Aluminum Profiles with Embed-
ded X-Arapuca (APEX) [18] suggests optical coverage of
up to 60% (∼2000 m2) and an average light yield of ∼180
photoelectrons per MeV (PE/MeV), presenting a great
potential for low-energy physics.

In this work, we study the prospects of MeV neutrino
physics in a LArTPC with enhanced photon detection.
Key improvements include increased MeV energy resolu-
tion from light calorimetry, excellent timing resolution,
and extensive optical coverage. These advancements fa-
cilitate the identification of delayed energy deposits and
particle tagging, improving signal detection and back-
ground rejection, particularly in searches for the DSNB
as well as many other interesting physics topics [19–26].
The insights gained in this study will guide the design and
calibration of photon detection systems in future LArT-
PCs.

The paper is structured as follows: Sec II describes
the simulation setup and energy smearing effects in LAr.
Sec III details the simulated charge and light detection
processes. The expected benefits of an enhanced photon
detection system are discussed in Sec IV. An example
application to DSNB searches is discussed in Sec V. A
final summary is provided in Sec VI.
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II. SIMULATION

The MeV-scale νe CC interactions with an Ar nucleus
are simulated using the MARLEY v1.2.0 event genera-
tor [27, 28]. Monoenergetic events are generated at ener-
gies ranging from 5 MeV to 50 MeV in 5 MeV increments.
These events originate at the coordinate origin and prop-
agate in the ẑ direction. For each energy, 1000 events are
generated. The final-state particles from the neutrino in-
teraction are tracked using Geant4 v4.10.6.p01 [29–31],
interfaced via the edep-sim package [32]. The simulation
is conducted in a large LAr volume, measuring 200 me-
ters in each dimension, to ensure full containment of all
simulated events. The deposited energy is recorded with
a maximum step size of 0.5 cm, along with the corre-
sponding timing information for each energy deposit.
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FIG. 1. Distribution of multiplicity for final state particles
from νe-Ar CC interactions for incoming νe with energy in 5 -
50 MeV following a uniform distribution with mono-energetic
spacing.

The multiplicity distribution of final-state particles for
the MeV νe-Ar CC events is shown in Fig. 1. The elec-
tron carries most of the energy from the incoming νe
and primarily loses energy through scattering, ionization,
and bremsstrahlung in LAr, depending on the initial neu-
trino energy. The resulting electron track in the LArTPC
ranges in length from sub-centimeter to tens of centime-
ters. Gamma rays (γs) from the de-excitation of the final-
state excited potassium-40 nucleus (40K∗) have energies
below 5 MeV. These γs primarily lose energy through
Compton scattering, pair production, and photoelectric
interactions. Their energy deposits appear as blip-like
objects, typically spanning a spherical region with a di-
ameter of approximately 1 meter in the LArTPC [33]. At
higher νe energy, one or more hadrons—primarily neu-
trons, protons, and α particles—can be knocked out of
the Ar nucleus.

To study energy smearing, we define the available en-
ergy, Eavail, for outgoing final-state particles from the
primary νe CC interaction modeled by MARLEY. For
electrons and γs, Eavail is defined as the particle’s total
energy in the simulation. For hadrons or nuclei, Eavail

corresponds to their kinetic energy. The total Eavail of a
νe CC event is then the sum of Eavail from all final-state
particles.
The two-dimensional distribution of the true νe energy

(Eνe) versus Eavail is shown in Fig. 2. Starting at 10
MeV, an energy loss of approximately 8 MeV due to nu-
clear binding energy is observed when hadrons are ejected
from the Ar nucleus. This results in a secondary peak in
the Eavail distribution, offset by 8 MeV from the primary
peak (cf. Fig. 3c). Above 20 MeV, multiple hadrons
can be ejected from the nucleus. Overall, hadron knock-
out events constitute about 25% of all νe CC interactions
across the 5-50 MeV range, with neutrons being the most
common (∼65%). The neutron’s 7.9 MeV binding energy
escapes detection. Protons and α particles also appear
in the final-state but are less common, requiring 7.6 MeV
and 7.1 MeV, respectively, to overcome their binding en-
ergies. Additionally, a systematic energy shift of approx-
imately −1 MeV is observed in the MARLEY event gen-
erator, accounting for the binding energy change from
the initial Ar nucleus to the K nucleus [28]. Nuclear
quenching effects on the small, keV-scale recoil energy of
the daughter 40K nucleus are negligible and are therefore
ignored in this study.
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FIG. 2. Distribution of Eavail and true Eνe for generated νe-
Ar CC interactions for incoming νe with energy in 5 - 50 MeV.

For each final-state particle interacting with the Ar
nucleus, we define its deposited energy, Edepo, which in-
cludes energy deposition from all daughter particles in-
volved in scattering, decay, de-excitation, etc. The pri-
mary energy smearing effect at this stage arises from neu-
tron capture on the argon-40 (40Ar) nucleus, where an
additional 6.1 MeV is deposited due to the de-excitation
of the resulting argon-41 (41Ar) nucleus [34]. In this
study, only neutron captures on 40Ar are simulated, and
all neutrons in the simulated events are eventually cap-
tured. The 41Ar de-excitation releases several low energy
gammas which may be separated out using timing and
spatial information but is not considered here.
The secondary peak in the Eavail distribution (Fig. 3c)

further splits into two smaller secondary peaks in the
Edepo distribution. Events containing neutrons are clus-
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tered approximately 1.8 MeV below the primary Edepo

peak due to the combined effects of undetected neutron
binding energy and the additional energy released from
neutron capture. Furthermore, the Edepo of most events
is shifted downward by 0.51 MeV relative to Eavail, cor-
responding to the rest mass of the final-state electron.
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FIG. 3. Deposited energy distribution for charge (a), light (b),
and combined calorimetry (c) for 35 MeV νe-Ar CC events.

In summary, two energy smearing mechanisms are rel-
evant for MeV-scale νe CC events. The first is the
hadron knockout effect from the primary νe-Ar interac-

tion, where a binding energy of approximately 8 MeV
remains undetected in higher energy νe events. The sec-
ond arises from the neutron capture, which introduces an
additional 6.1 MeV deposition due to the γ cascade from
the de-excitation of the 41Ar. These two mechanisms cre-
ate secondary peaks at lower Edepo (Fig. 3c), broadening
the energy distribution and impacting low-energy physics
searches.

III. CHARGE AND LIGHT DETECTION

The mechanisms for energy dissipation as charge and
light in LAr have been extensively studied in previous lit-
erature [7, 35–37]. In this study, the energy deposited as
charge and light is simulated using the Birks model [38],
which describes the recombination of ionized electrons
with noble element ions, leading to the release of addi-
tional scintillation light. For each simulated energy de-
posit, the corresponding linear energy transfer, dE/dx,
is converted to the linear charge transfer, dQ/dx, using
the following equation:

dQ

dx
=

dE

dx
× 0.83×Rc (1)

Here, 0.83 is the measured fraction of deposited energy
that initially undergoes ionization [39], while the recom-
bination factor, Rc, is derived from the Birks model:

Rc =
A

1 + k/ϵ× dE/dx
(2)

where A = 0.8, k is 0.0486 g
MeV cm2

kV
cm [40, 41]. The

drift electric field, ϵ = 0.5 kV/cm, is used in this simula-
tion.
Two charge detection thresholds, 75 keV and 500

keV, are considered and applied to the simulated charge
calorimetry. The 75 keV threshold represents an opti-
mistic detection limit, similarly used in Ref [33]. Micro-
BooNE has achieved a 210 keV charge detection thresh-
old, where the reconstruction efficiency for low energy
electrons reaches 50% of its maximum achievable value
in a “low-threshold” configuration on its charge collec-
tion plane [42]. The 500 keV threshold serves as a more
conservative benchmark. For each energy deposit dQ, if
it falls below the selected threshold, it is excluded from
the charge calorimetry of the event.
The simulated energy deposited in light calorimetry,

dL/dx, is defined as:

dL

dx
=

dE

dx
− dQ

dx
(3)

where dQ comes from Eq. 1. The number of VUV pho-
tons is then simulated based on dL and the assumed light
yields. We consider several benchmark detector average
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LY (PE/MeV) 35 100 140 180 220
PCE 0.16% 0.46% 0.65% 0.83% 1.01%

TABLE I. The photon collection efficiency (PCE) of five as-
sumed average light yields.

light yields (LY) from 35 to 220 photoelectrons per MeV
of deposited energy (PE/MeV). The lower bound of 35
PE/MeV is chosen because it is close to the average light
yield of the LArTPC module under construction [43].
Higher LY values, up to 220 PE/MeV, are studied to
explore what LY future LArTPC should aim to achieve.
In LAr, approximately 21622 photons are produced per
MeV of deposited energy for a minimum ionizing par-
ticle (MIP) with Rc =0.7 at a typical electric field of
0.5 kV/cm [35]. The overall photon collection efficiency
(PCE) is defined as the ratio between the number of de-
tected photoelectrons in the full photon detection system
and the total number of photons initially produced. For
each benchmark LY, the corresponding PCE is calculated
as:

PCE(LY) = LY/21622 (4)

The PCE values for five benchmark LY are listed in
Table I.

The simulated expected average number of produced
photons, Nph, in LAr is:

Nph =
dL

19.5 eV
× PCE (5)

where 19.5 eV is the average energy required to pro-
duce a single 127 nm photon in LAr [39]. The detected
number of photoelectrons, NPE, is simulated by applying
Poisson smearing:

NPE = Poisson(Nph,

√
Nph) (6)

The final detected energy deposited in light is then
derived from the detected photoelectrons:

LLY =
NPE × 19.5 eV

PCE(LY)
(7)

Fig. 3 shows the distributions of deposited charge and
light from 35 MeV νe CC interactions on Ar. In addition
to Eavail and Edepo described in Sec. II, the energy de-
posited as charge at zero charge detection threshold, Q0,
primarily peaks around 19 MeV (Fig. 3a). Secondary
peaks in the Q0 distribution originate from Edepo due
to events with knockout hadrons. The secondary peak
at 18 MeV in Q0 corresponds to events with neutron
emission, while the broader peak at 12 MeV consists
of events with a proton or an α particle. Compared to

Edepo, the Birks model introduces additional broadening
inQ0. This broadening is more pronounced for secondary
peaks because knockout hadrons are not MIPs, leading
to greater variation in recombination effects as described
by the Birks model.
Applying a charge detection threshold of 75 keV fur-

ther broadens the deposited charge calorimetry, Q75,
relative to Q0, and introduces a negative energy bias.
The 500 keV threshold significantly smears the charge
calorimetry distribution, Q500, reducing the precision of
energy reconstruction.
For energy deposited as light, the events are centered

around 14 MeV (Fig. 3b). The secondary peaks are less
distinct and merge with the primary peak. This effect
is further illustrated in Fig. 4, which shows the energy
deposited in light for LY = 220 PE/MeV (L220). Specif-
ically, for events with neutrons, the net bias in deposited
energy is −1.8 MeV. The total deposited energy of these
events typically fall within the two-standard-deviation
band of the primary light peak. Consequently, neutron
emission events populate the lower tail of the L220 distri-
bution in Fig. 4 rather than forming a distinct secondary
peak, as observed in the charge distribution.
It is important to note that nuclear quenching effects

in hadron-nucleus interactions are not explicitly simu-
lated in this study. In particular, a lower scintillation
efficiency has been observed in tens of keV nuclear re-
coils in LXe [44]. For α particles, a smaller light yield is
observed possibly explained by a biexicitonic quenching
process; while for few MeV protons, this was calculated
to be negligible [45]. For neutrons in this study, the po-
tential extra light loss could shift neutron emission events
further from the primary peak in the light distribution.
The single peak structure of the light distribution is ob-

served across all νe samples from 5 to 50 MeV and holds
true for all benchmark LY. Unlike the charge calorime-
try, no systematic energy bias is introduced when vary-
ing LY. However, energy smearing effects become more
pronounced as LY decreases from 220 PE/MeV to 35
PE/MeV.
Finally, the event Edepo is largely recovered when com-

bining charge and light calorimetry, Q0 + L220 (Fig. 3c).
Similar to charge-only calorimetry, the application of
a 75 keV charge detection threshold introduces spec-
tral broadening and an energy bias in the combined
calorimetry. Additionally, implementing the modified
Box model[46] to simulate recombination effects yields
similar results to those obtained using the Birks model.

IV. CAPABILITIES FROM ENHANCED LIGHT
DETECTION

A. Energy Reconstruction

In this section, we examine the potential for energy
reconstruction using charge and light calorimetry in a
future LArTPC with an enhanced photon detection sys-
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FIG. 4. Deposited energy in light assuming LY = 220
PE/MeV for 35 MeV νe-Ar CC events (purple), overlaid with
distribution of events with knockout neutrons (green), pro-
tons (red), and αs (pink).

tem. The Eavail for νe CC events can be reconstructed
by applying a scaling factor to the deposited energy. The
scaling factor represents the fraction of Eavail that is con-
verted into deposited energy in charge, light, or combined
calorimetry in each event.

As an example, we consider charge calorimetry with
a detection threshold of 75 keV, Q75. From simulation,
we determine a scale factor of 0.54, taken as the mode
of the ratio distribution between Q75 and Eavail. The
reconstructed energy from Q75 is then given by:

Ereco, Q75
= Q75/0.54 (8)

Similarly, the event energy can be reconstructed using
the total deposited energy in light, for instance, with an
assumed LY = 220 PE/MeV:

Ereco, L220 = L220/0.42 (9)

Alternatively, the νe event energy can be reconstructed
by combining charge and light calorimetry:

Ereco, Q75 + L220
= (Q75 + L220)/0.96 (10)

The energy distributions obtained using these three
reconstruction methods for 35 MeV νe-Ar CC events
are shown in Fig. 5. Notably, the combined charge
and light energy reconstruction (Eq. 10) results in a
narrower distribution than charge-only reconstruction
(Eq. 8). Although secondary peaks, inherited from the
charge-only energy distribution, remain present, the pri-
mary peak in the combined calorimetry distribution is
significantly narrower than that of the light-only recon-
struction (Eq. 9).

These results come from the intrinsic anti-correlation
between charge and light signals for MeV-scale νe-Ar CC

events, previously also observed in liquid xenon (LXe) ex-
periments [8, 9]. The excellent energy resolution achieved
by the combined calorimetry for events without knockout
hadrons is further detailed in Appendix A.
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charge and light energy deposits (red).

Energy reconstruction using the three methods is per-
formed for all simulated samples from 5 MeV to 50 MeV
under the optimistic 75 keV charge detection threshold
and across all benchmark LY. Since the light only dis-
tribution is non-Gaussian and both the charge-only and
combined calorimetry distributions exhibit multiple sec-
ondary peaks, we use the histogram standard deviation
(σh) and mean (Ēh) to characterize the energy smearing
and calculate the energy resolution.
Fig. 6 shows the energy resolution as a function of true

Eνe
and as a function of LY for the 20 MeV νe sample, us-

ing the full statistics of the simulated dataset. For νe en-
ergies below 15 MeV, the combined calorimetry method
provides the best energy resolution among the three re-
construction approaches for any benchmark LY. This im-
provement is attributed to the intrinsic anti-correlation
between charge and light signals, as demonstrated in Ap-
pendix A.
As νe energy increases,the fraction of hadron emission

events rises, leading to a larger standard deviation in the
reconstructed energy for all three methods and causing
a degradation in energy resolution. However, above 25
MeV, the impact of undetectable binding energy from
hadron emission becomes relatively small compared to
the total neutrino event energy, and the energy resolution
is no longer dominated by these effects. Compared to the
charge-only reconstruction, the light-only reconstruction
is less affected by hadron emission events, maintaining a
nearly flat energy resolution as a function of true neu-
trino energy. This stability arises from the absence of
secondary peaks, as shown in Fig. 4.
For νe energies above 15 MeV, light-only reconstruc-

tion provides the best energy resolution. Although not
explicitly shown here, this trend is consistent across all
five benchmark LY scenarios for νe energies above 20
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MeV. While combined calorimetry still improves the en-
ergy resolution relative to charge-only reconstruction, it
largely inherits the resolution behavior of the charge-only
method.

For the 20 MeV νe sample shown in the bottom plot of
Fig. 6, the energy resolution of the light-only method im-
proves as LY increases. It also outperforms both charge-
only and combined calorimetry reconstruction across all
benchmark LY, a trend that holds for νe energies above
15 MeV. The combined calorimetry method does not
show significant improvement in energy resolution at
higher LY, as its performance remains dominated by
charge calorimetry. This study demonstrates that, given
sufficient light collection, light-only reconstruction can
achieve superior energy resolution compared to tradi-
tional charge-based calorimetry.
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FIG. 6. Reconstructed energy resolution for all events in each
νe energy sample. Top: reconstructed event energy resolution
as a function of true Eνe from 5 to 50 MeV. Bottom: recon-
structed energy resolution as a function of benchmark LY for
20 MeV νe.

B. Hadron Tagging

Beyond the improvements in energy reconstruction
achieved through light calorimetry and dual calorime-
try, further enhancement in energy resolution is expected
from the ability to tag hadrons in future LArTPCs with

advanced light detection systems. In particular, tagging
delayed energy deposits from neutrons and their captures
using timing information from the photon detection sys-
tem can significantly reduce energy smearing. An ex-
ample of a simulated νe-Ar CC event display is shown
in Fig. 7. While the variation in dE/dx is relatively
small across all energy deposits, the timing domain re-
veals key distinguishing features. Fast timing capabili-
ties and extensive photodetector coverage in LArTPCs
can help separate energy deposits from electromagnetic
activities (occurring within 10 ns) and neutron scatter-
ing activities (which extend up to a few µs). In the case
of neutron capture, the capture time is primarily deter-
mined by capture on the most abundant 40Ar isotope
and is expected to be on the order of O(100) µs. The en-
ergy from the cascade gamma-rays adds up to 6.1 MeV
and can be identified by the photon detection system and
correlated with the primary interaction.

For this study, we assume that two common hadrons
knocked out of the Ar nucleus in MeV-scale νe CC
interactions—protons and α particles—can be tagged
when their deposited charge energy exceeds the opti-
mistic 75 keV threshold. Under this assumption, the
hadron tagging efficiency is 84% for protons and 18%
for α particles across all simulated neutrino events in the
5–50 MeV range. In the simulation, all neutrons are cap-
tured on 40Ar, and we assume all captured neutrons can
be tagged in this study.

The decision to include or exclude events with tagged
hadrons depends on the specific signal and background
considerations of a given analysis. Here, we explore both
possibilities. When including these tagged events in the
reconstructed sample, we apply an energy correction by
adding back an average binding energy of 7.35 MeV for
each tagged proton or α, and 7.9 MeV for each tagged
neutron, while subtracting 6.1 MeV to account for the
neutron capture on 40Ar. To exclude the hadron tagged
events, they are simply discarded.

Fig. 8 illustrates both approaches for the 35 MeV νe-
Ar CC simulated sample using the combined calorimetric
reconstruction from Eq. 10. The figure clearly shows that
all neutron-containing events in the 30–32 MeV range are
tagged, and they can either be incorporated into the pri-
mary peak at 34 MeV or removed. Events with a proton
or an α cluster below 28 MeV and approximately 60%
of them are tagged in the 35 MeV νe sample. The to-
tal tagging efficiency for protons and α particles exceeds
50% for νe above 20 MeV.

The energy resolution after hadron tagging (σh/Ēh) is
shown in Fig. 9 for both cases: including and excluding
the tagged events. Hadron tagging significantly improves
the energy resolution for the combined calorimetry re-
construction. For example, in the 25 MeV sample, the
energy resolution improved from 9.4% to 5.8%. Above 25
MeV, including tagged events results in only a marginal
improvement over excluding them. Meanwhile, light-only
reconstruction continues to provide the best energy res-
olution for all νe samples above 20 MeV.
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FIG. 7. Displays of simulated energy deposits from a 50 MeV
νe-Ar CC event. The event vertex is located at the origin
(0, 0, 0). The energy deposits are color-coded based on final
state particles (top), linear energy transfer dE/dx (middle),
and energy deposit time (bottom) respectively.

For the 20 MeV νe sample shown in the bottom
plot of Fig. 9, post-hadron-tagging combined calorime-
try achieves an energy resolution comparable to that of
light-only reconstruction across all benchmark LY.

We note that, according to Fig. 3 and Fig. 4, one
should avoid making the same correction to the recon-
structed energy based on tagged hadrons in the light-
only or charge-only energy reconstruction. This is due
to large event-by-event fluctuations in dE/dx for emit-
ted hadrons, which affect the partitioning of energy be-
tween charge and light calorimetry according to the Birks
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model. Additionally, explicit charged particle identifica-
tion (PID) of electrons or γs does not further enhance
the reconstructed energy resolution, as energy smearing
at the deposition stage is already minimal for these par-
ticles.

C. Tagging Delayed Gamma in νe-Ar CC
Interactions

The νe-Ar CC cross section receives contributions from
both Fermi and Gamow-Teller transitions [28, 47–49].
Approximately 65% of Fermi transitions in Ar involve de-
layed γ emission due to a long-lived intermediate nuclear
state of the daughter 40K∗ nucleus [50]. In these inter-
actions, the nucleus is initially excited to 4.38 MeV and
subsequently deexcites via a prompt 2.73 MeV γ emis-
sion, followed by a delayed 1.65 MeV γ emission. The de-
layed 1.65 MeV γ is associated with a characteristic decay
time of 480 ns, resulting in a distinctive two-pulse tim-
ing structure in the light signal, which can be identified
using the photon detection system. The reconstruction
of these low energy γs could be further strengthened by
detailed blip reconstruction techniques, as demonstrated
in Ref [33].
High-LY photon detection in LArTPCs, such as that

achievable with the APEX design [18], can significantly
reduce radiological background by requiring coincident
activities. This is made possible by the favorable energy,
vertex, and time resolution of the light signal. An appli-
cation of these capabilities in solar neutrinos is possible.
These studies are ongoing and will be reported later. We
briefly mention potential impact here:
Improved vertex reconstruction: with large background

rates from external and internal radioactivity, matching
low-energy charge and light deposits is difficult in a large
LArTPC. Vertex reconstruction is ∼ 1 cm for charge and
limited by the light signal. Increased light collection effi-
ciency improves vertex resolution which in turn will im-
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FIG. 9. Reconstructed energy resolution for all events in each
νe energy sample after hadron tagging. Both options of in-
cluding and excluding tagged hadron events are shown. Top:
reconstructed event energy resolution as a function of true
Eνe from 5 to 50 MeV. Bottom: reconstructed energy resolu-
tion as a function of benchmark LY for 20 MeV νe.

prove the matching efficiency. This is crucial for reject-
ing γ backgrounds produced in the rock surrounding the
LArTPC.

Fermi transition tagging: Separating Fermi transition
interactions that emit a 1.65 MeV delayed gamma from
Gamow-Teller signal and radiological background would
impact solar neutrino analysis and supernova pointing
in LArTPC detectors. Searching for two flashes, possi-
ble through improved energy and vertex reconstruction,
would dramatically reduce backgrounds from natural ra-
dioactivity and neutron capture for solar neutrino mea-
surements. For a supernova neutrino burst, these se-
lected events would also have improved energy resolution
as no nucleons are emitted in Fermi transitions. Fermi
and Gamow-Teller interactions also have different angu-
lar distributions for final state leptons: 1 + cos θe and
1− 1

3 cos θe respectively [27]. If Fermi transitions could be
tagged on an event-by-event basis, their angular depen-
dence would give additional information on pinpointing
the supernova for optical followup [47].

V. APPLICATIONS TO LOW ENERGY
PHYSICS

The energy reconstruction incorporating the light
calorimetry and the assumed hadron tagging capability
described in Sec IV are applied to the DSNB search as an
example physics application. To refine energy smearing,
the energy granularity of the Monte Carlo samples de-
scribed in Sec II is enhanced by adding additional mono-
energetic νe events from 5 MeV to 80 MeV in 0.5 MeV
increments. For each energy step, 1000 events are gener-
ated and simulated. The final energy smearing matrices
are shown in Fig. 13 in Appendix B.
The DSNB represents the cumulative neutrino flux

from all core-collapse supernovae out to several Gpc that
arrives at Earth [51]. It is a guaranteed yet undiscov-
ered signal. LArTPC experiments offer an unique ca-
pability to constrain the νe flux, complementing other
next-generation neutrino experiments such as JUNO [52]
and Hyper-Kamiokande [53], which are more sensitive to
the νe flux. The observation and measurement of DSNB
would provide critical insights into the local supernova
density and the relative DSNB contribution from black
hole- and neutron star-forming supernovae.
Fig. 10 shows the expected DSNB spectra at arbi-

trary exposure using the Ereco, Q75 + L180 smearing, as-
suming a LArTPC module with enhanced photon de-
tection, including the hadron tagging capability as de-
scribed in Sec. IVB. Here we choose to show the event
rates in arbitrary exposures to highlight the signal and
background spectra and avoid explicitly deriving sensi-
tivities for specific exposures. The vertical axis repre-
sents normalized event rates and does not correspond to
actual event counts. The assumptions for the DSNB νe
flux model follow those in Ref. [51]. The solar νe flux is
derived from well-known nuclear cross-section measure-
ments [54], with oscillations applied using parameters
∆m2

12 = 4.86× 10−5eV2 and sin2 θ12 = 0.306. Although
the ∆m2

21 value used is slightly outdated, its impact on
the results is negligible. The atmospheric νe flux is taken
from Ref. [4] assuming the detector is at the SURF site.
The DSNB signal is primarily constrained to a narrow

energy region of interest (ROI). At the lower end of this
ROI, the dominant background comes from the intense
solar 3He-p and 8B νe fluxes, while at the higher end, at-
mospheric neutrino backgrounds gradually increase. No-
tably, the atmospheric νe flux below ∼ 100 MeV remains
uncertain, making sensitivity optimization in the lower-
energy bins within the ROI crucial.
For solar backgrounds, energy smearing caused by

the secondary peak from hadron knockout effects (as
described in Sec IVB) does not impact the DSNB
search. The primary reconstructed energy peak from
combined charge and light calorimetry, shown in Fig. 12
in Sec IVA, provides the best opportunity to improve
the search sensitivity. Conversely, for atmospheric back-
ground at the high-energy bins of the DSNB ROI, the
secondary peak does affect the search sensitivity. There-
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fore, tagging νe CC events with knockout hadrons is cru-
cial to mitigating smearing effects. Alternatively, one can
rely on light-only energy reconstruction, which achieves
better energy resolution above 20 MeV than combined
calorimetry post hadron tagging, as demonstrated in
Fig. 9.

To evaluate the impact of different reconstruction ap-
proaches, we apply energy smearing matrices from five
reconstruction strategies: charge-only, light-only, com-
bined calorimetry, and combined calorimetry with and
without tagged hadron events, using all benchmark LY.
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FIG. 10. Expected DSNB spectra with backgrounds at
an arbitrary exposure under the best energy reconstruction
strategy of combined calorimetry at a LY of 180 PE/MeV,
Ereco, Q75 + L180 , and exclusion of hadron tagged events. The
event rate on the vertical axis uses an arbitrary unit after nor-
malization and doesn’t represent actual number of events.

To compare the performance of different energy re-
construction methods, the -2log-likelihood of the DSNB
search (shown in Fig. 10) is defined and calculated for
400 kt-yr exposure:

−2log-likelihood = 2
∑
i

(Ei −Oi +Oi × log
Oi

Ei
) (11)

where i runs over all bins in the energy ROI, Ei repre-
sents the expected background in the ith energy bin, and
Oi is the sum of signal and background in the same bin.

The best DSNB search sensitivity from different energy
reconstruction strategies is shown in Fig. 11 as a func-
tion of the upper bound of the energy ROI, with the lower
bound fixed at 18 MeV in all cases. The light-only re-
construction, assuming a benchmark LY of 180 PE/MeV
(L180), achieves a higher plateau sensitivity than the
charge-only reconstruction, which assumes an optimistic
75 keV charge detection threshold (Q75). However, Q75

yields better sensitivity at the lower-energy end of the
ROI compared to L180, as the secondary peaks in charge-
only reconstruction smear the solar background to even
lower energies, shifting it outside the DSNB ROI.

Energy reconstruction using combined calorimetry
provides a slight improvement in plateau sensitivity.

However, when combined with the hadron tagging ca-
pability described in Sec.IVB, it achieves the highest
plateau sensitivity. Hadron tagging is particularly ben-
eficial at higher-energy ROIs, where atmospheric back-
ground dominates. The inclusion or exclusion of tagged
hadron events has minimal impact on sensitivity, so only
one result is presented in Fig.11. Additionally, for LY
above 180 PE/MeV, no significant improvement in sen-
sitivity is observed for light-only, combined calorimetry,
or combined calorimetry with tagged hadron events, as
energy resolution is no longer the limiting factor.
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FIG. 11. Expected DSNB sensitivities -2log-likelihood for 400
kt-yr exposure under different energy reconstruction strate-
gies.

Further improvements in DSNB sensitivity could be
achieved by tagging solar νe backgrounds using the di-
rectionality of final-state electrons in Fermi transitions,
as described in Sec IVC. This would allow statisti-
cal separation between directional solar events and the
isotropic DSNB signal, enabling the ROI to be extended
to lower energies and thereby increasing the DSNB event
rate. Additionally, the broad energy range and baseline
coverage of atmospheric neutrino oscillations in future
LArTPC experiments could help constrain sub-GeV at-
mospheric neutrino fluxes [55].

VI. SUMMARY AND OUTLOOK

We studied MeV νe-Ar CC interactions and simulated
the energy deposit into charge and light signals. At the
generator level, an energy smearing effect is observed
from hadron emission whose associated binding energy
is undetectable. The dominant energy smearing at the
energy deposition stage in LAr comes from neutron cap-
tures on Ar nuclei. Therefore for low energy physics it is
important to tag hadron multiplicities. Further hadron
PID, especially the tagging of neutrons as they are the
primary knockout hadrons from these interactions ac-
cording to MARLEY simulation, can help precisely cor-
rect for the energy smearing effect from neutron. The
identification of protons and αs is possible by looking
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for highly localized collected charge since these hadrons
have high dE/dx and are expected to only span ∼ 1 cm
in the charge readout views in LArTPCs. It is promis-
ing that neutron captures can be tagged by a combined
analysis of signals from both the charge and light de-
tection systems in LArTPC through blips analysis and
timing information [33, 56]. Developing techniques for
tagging MeV neutrons and delayed neutron captures on
Ar nucleus at smaller scale LArTPCs utilizing informa-
tion from both the charge and the light detection systems
will be interesting.

An energy reconstruction based on light only calorime-
try, or a combine calorimetry assuming an optimistic 75
keV charge detection threshold and average light yield
of 180 PE/MeV, both show excellent energy resolution
when compared to charge-only energy reconstruction. In
particular, for tens of MeV νe-Ar CC events, we found
the energy reconstructed based on light-only calorime-
try has a better resolution than combined charge and
light calorimetry when hadron emission events are in-
cluded. The improved energy resolution from the com-
bined charge and light calorimetry boosts the DSNB dis-
covery potential compared to an optimistic charge based
reconstruction at the same exposure without taking into
account systematic uncertainties. Once the hadron emis-
sion events are tagged, the combined calorimetry offers
the best achievable DSNB sensitivity.

This study offers insights into implementing energy re-
construction using combined charge and light calorime-
try. According to Eq. 7, the deposited energy in light
is derived from the detected photoelectrons and also the
overall PCE of the LArTPC. For MeV neutrino events
which have energy deposits spread over a sphere of ∼50
cm, the collected photoelectrons can be easily calculated
by summing up detected photoelectrons from all pho-
todetectors. In reality, the PCE of the LArTPC varies
as a function of position. It’s expected light calorimetry
calibration at a voxel size of 50 cm can be achieved where
the LY is reasonably uniform. With the precise position
information reconstructed from both the charge and the
light detection systems, Eq. 4 can be used to obtain the
PCE for the voxel where the MeV interaction happens.
The energy deposited in charge shown in Eq. 1 can be ob-
tained based on calculations in Ref [35]. Furthermore, for
a homogeneous calorimeter such as LAr, the uncertainty
associated with the light calorimetry calibration itself is
expected to contribute as a constant term to the overall
energy resolution budget [1]. The excellent energy resolu-
tion achieved from the dual calorimetry in this study also
requires superb signal-to-noise ratio in both the charge
and light readout systems of the LArTPC.

The excellent light collection capability from extensive
coverage and nanosecond timing resolution will also re-
duce solar neutrino analysis thresholds in a LArTPC by
requiring a coincidence of pulses expected in a golden
channel in the daughter 40K∗ deexcitation leading to very
low background solar neutrino samples. The background
rejection using coincident light signals should be tested

with a robust model of photon simulation in a LArTPC.
Furthermore, a better understanding of the scintillation
reconstruction is needed, including vertex resolution from
light topology and timing. Reconstruction of the delayed
γ pulse also requires a precise knowledge of the scintil-
lation time profile (with or without Xe deoping). The
lifetime of the 40mK state, 480 ns, is short compared
to the few-µs primary pulse. Therefore pulse-shape dis-
crimination will be critical for identifying the two-pulse
structure. How this affects energy and vertex resolution
must also be studied.
Throughout this work, the nonuniformity of the light

yield in the photon detection system is not considered,
but is expected to affect both physics analyses. Never-
theless, this study provides guidance to the realization
of an enhanced photon detection system in future LArT-
PCs with high and uniform light yield. Furthermore,
this work will motivate the development of more sophis-
ticated techniques and analyses utilizing both the charge
and the light detection systems in future LArTPCs to
realize these low energy physics prospects.
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Appendix A: Energy Resolution for MeV νe-Ar CC
Events without Hadron Emission

To highlight the improvement in energy resolution pro-
vided by combined calorimetry for neutrino events with-
out hadrons, we fit a Gaussian function to the primary
reconstructed energy peak, excluding events with hadron
emissions. We use the fitted standard deviation (σG) and
mean energy (ĒG) to quantify the energy resolution. The
energy resolution as a function of true Eνe

and as a func-
tion of LY for the 20 MeV νe sample is shown in Fig. 12,
based on the Gaussian-fitted primary peak.
In Fig. 12, for the 35 MeV νe-Ar CC sample, the

combined calorimetry achieves an energy resolution 1.0%
(5.9%/

√
E), compared to 1.9% (11.3%/

√
E) for charge-

only calorimetry. For the primary peak of events without
hadrons, the energy resolution of the light-only recon-
struction at LY = 220 PE/MeV already surpasses that
of charge-only reconstruction across true Eνe

range of 5-
50 MeV. Although not shown here, this trend also holds
for LY above 140 PE/MeV. The combined calorimetry
further improves the energy resolution across the same
energy range.
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FIG. 12. Reconstructed energy resolution for the primary
peak containing only events without hadrons. Top: recon-
structed Eavail resolution as a function of true Eνe from 5 to
50 MeV. Bottom: reconstructed Eavail resolution as a func-
tion of benchmark LY for 20 MeV νe.

For the 20 MeV νe sample shown in the bottom plot
of Fig. 12, the energy resolution of the light-only recon-
struction Ereco, L220

is 2.0% (8.8%/
√
E), while the res-

olution from charge-only calorimetry Ereco, Q75
is 2.5%

(10.8%/
√
E). When LY exceeds 100 PE/MeV, the en-

ergy resolution of light-only calorimetry (dotted lines) is
comparable or better than that of charge-only calorime-
try Ereco, Q75

(dashed line). Furthermore, across all

benchmark LY scenarios, combined charge and light

calorimetry improves energy resolution by approximately
a factor of two compared to charge-only or light-only re-
construction. This enhancement is attributed to the in-
trinsic anti-correlation between charge and light signals.
Most importantly, with a significantly higher LY above

100 PE/MeV the reconstructed energy resolution can be
up to twice as good as that in the 35 PE/MeV sce-
nario, whether using light-only reconstruction or com-
bined charge and light reconstruction.

Appendix B: Energy Smearing Matrices

Fig. 13 shows 2D energy response matrices of recon-
structed neutrino energy vs. true neutrino energy for elec-
tron neutrinos. The reconstructed energy comes from
the charge-only deposited energy with 75 keV detection
threshold, Q75 (top left), light-only L180 (top right), com-
bined charge and light deposited energy for LY = 180
PE/MeV, Q75 + L180, without (bottom left), and with
(bottom right) hadron tagged events removed.
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FIG. 13. Energy response matrices of reconstructed neutrino
energy vs. true neutrino energy for electron neutrinos. The
reconstructed energy comes from the charge-only deposited
energy with 75 keV detection threshold, Q75 (top left), light-
only L180 (top right), combined charge and light deposited
energy for LY = 180 PE/MeV, Q75 + L180, without (bottom
left), and with (bottom right) hadron tagged events removed.
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