
Revisiting Reactor Anti-Neutrino 5 MeV Bump with 13C Neutral-Current Interaction

Pouya Bakhti,1, ∗ Min-Gwa Park,1, † Meshkat Rajaee,1, ‡ Chang Sub Shin,2, 3, 4, § and Seodong Shin1, 3, ¶

1Laboratory for Symmetry and Structure of the Universe, Department of Physics,
Jeonbuk National University, Jeonju, Jeonbuk 54896, Korea
2Department of Physics and Institute of Quantum Systems,

Chungnam National University, Daejeon 34134, Korea
3Center for Theoretical Physics of the Universe,

Institute for Basic Science, Daejeon 34126, Korea
4Korea Institute for Advanced Study, Seoul 02455, Korea

For the first time, we systematically investigate the potential of neutrino-nucleus neutral current
interactions with 13C to identify the origin of the 5 MeV bump observed in reactor anti-neutrino
spectra in the inverse beta decay process. The distinctive signal is obtained from the de-excitation
of 13C∗ into the ground state emitting a 3.685 MeV photon in various liquid scintillator detectors.
Such an interaction predominantly occurs for the reactor anti-neutrinos within the energy range
coinciding with the 5 MeV bump. For a detector that has a capability of 95% level photon and
electron separation and small thorium contamination below 5 × 10−17 gr/gr located in a site with
an overburden of about a few hundred m.w.e, such as the location of near detectors of RENO and
Daya Bay will have a great sensitivity to resolve the 5 MeV bump. In addition, we propose a novel
approach to track the time evolution of reactor isotopes by analyzing our 13C signal shedding light
on the contributions from 235U or 239Pu to the observed bump. This provides an extra powerful
tool in both discriminating the flux models and testing any new physics possibilities for the 5 MeV
bump at 3σ to 5σ level with much less systematic uncertainties and assuming 10 kt.year of data
collection. Our detector requirements are realistic, aligning well with recent studies conducted for
existing or forthcoming experiments.

Introduction. Since its first discovery1, reactor neu-
trinos have advanced our comprehension of the lepton
sector. Notably, the KamLAND experiment confirmed
the neutrino oscillation as the explanation for the so-
lar neutrino problem2. Daya Bay3, RENO4, and Double
Chooz5 experiments measured a non-zero value of oscil-
lation parameter θ13. This discovery has opened the pos-
sibility of CP violation in neutrino oscillation. Future re-
actor neutrino experiment JUNO6 aims to determine the
neutrino mass ordering and achieve sub-percent precision
in measuring solar neutrino oscillation parameters, which
can be complemented by the liquid scintillator counter at
Korean new underground lab, Yemilab7,8, promising pre-
cise investigations into solar characteristics.

Probes of neutrino oscillation using reactor neutrinos
necessitate accurate theoretical predictions of the neu-
trino flux. However, its calculation is very complicated
and traces its origins to the early days subsequent to
the first detection of neutrinos in the Cowan and Reines
reactor experiment1. The Vogel model9, employed as
the standard flux model for two decades starting from
the 1990s, relies on the conversion method and predicts
reactor flux measurements based on the Institut Laue-
Langevin (ILL) electron spectrum measurements10,11.

Interestingly, the actual neutrino fluxes measured in
several short-baseline reactor neutrino experiments with
varying fission fractions were smaller than the expected
values, which has drawn more careful calculations, such
as those by Mueller et al.12 and Huber13. Nonethe-
less, the predicted fluxes still surpass the observations
by about 6% corresponding to a 3σ level discrepancy in
the overall energy spectra, now dubbed as the reactor

antineutrino anomaly (RAA)14.
Moving the focus to a narrower prompt energy range

of 4 to 6 MeV, the situation becomes more arduous.
In contrast to the deficit in the overall flux, the ob-
served data first reported by RENO15, and then con-
firmed by other experiments such as Daya Bay16, Dou-
ble Chooz5, NEOS17, Neutrino-418, and DANSS (prelim-
inary)19 at more than 4σ. Moreover, STEREO20 and
PROSPECT21, utilizing research reactors powered by
100% 235U fuel, have excluded the no 5 MeV bump sce-
nario with more than 3.5σ and 2σ C.L. respectively. This
anomaly is called the 5 MeV bump22.

Reactor electron anti-neutrinos are predominantly de-
tected through the inverse beta decay (IBD) reaction,
offering distinct advantages such as a large cross-section
and a clear coincidence of the prompt positron annihila-
tion and the delayed neutron capture γ-ray emission. The
detection threshold for IBD is 1.8 MeV. The previously
mentioned 5 MeV bump is observed from IBD, which
means the positron energies peak around 5 MeV beyond
the expectation by Huber-Mueller (HM). To further in-
vestigate its origin, whether it is coming from a mis-
calculation of the flux, new physics, or IBD systematic,
employing another detection approach is advantageous.
In this letter, for the first time, we propose to use the
neutral current (NC) interaction of neutrinos with 13C
isotope ubiquitous with mostly about 1.1 % abundance
in the carbon-based liquid scintillator (LS) detectors to
identify the 5 MeV bump alternatively to the IBD. The
interaction threshold is 3.685 MeV, resulting in the exci-
tation of 13C nuclei to their first excited state. Then, a
3.685 MeV γ-ray emits from prompt de-excitation of 13C∗
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nuclei, creating a distinctive signal. Note that NC inter-
actions are flavor blind and are not affected by neutrino
oscillation parameter uncertainties. However, other types
of interactions such as neutrino-electron elastic scatter-
ing (ES) and coherent elastic neutrino-nucleus scattering
(CEνNS), which benefit from low energy thresholds, suf-
fer from large systematic uncertainty, and detecting sig-
nals above the background poses significant challenges
rendering them less suitable for studying the 5 MeV
bump. It is worth noting that CC and NC interactions
of deuterons can be alternative methods in experiments
with a sufficient quantity of heavy water23.

Expected event spectrum. The cross-section for
the NC interaction of neutrinos with 13C is given by24:

σ(Eν) =
[
a1(Eν − Q) + a2(Eν − Q)2]

× 10−44cm2 (1)

where Q = 3.685 MeV is the energy threshold, a1 =
0.122, and a2 = 1.26 are constants25,26. Figure 1 shows
the cross-section represented by the dashed green curve.
Notice that for light nuclei such as 13C, there is a good
agreement between theory and experiment. Hence, we
expect the cross-section uncertainty would follow the best
theoretical calculations to the 1% level27,28 although its
experimental measurement lacks so far. Various experi-
ments, including reactor neutrino interactions, solar neu-
trino observations at JUNO28 and Yemilab7,8, and elec-
tron anti-neutrino production at IsoDAR7,29 can measure
the cross-section in the near future30.

3 4 5 6 7 8 9 10
E (MeV)

0.0

0.2

0.4

0.6

0.8

1.0

Fl
ux

 
e/M

eV
/F

iss
io

n 
(H

ub
er

)

0

1

2

3

4

5

N
C
(13

C)
(c

m
2 )

1e 43Flux × Cross Section (arbitrary unit)

RENO
HKSS
HM
EF
KI
Vogel

FIG. 1. The flux of reactor neutrinos based on the Huber-
Mueller (HM) model is depicted by a dashed blue curve12,13.
The cross-section of NC ν̄e − 13C is shown by a dashed green
curve24. Additionally, the product of the reactor neutrino
flux and the cross-section is evaluated across several reactor
models, including HKSS31, HM, EF32, KI33, and Vogel9, and
for the reconstructed flux from RENO34. These calculations
assume identical fission fractions as reported for near detector
of RENO34.

In Fig. 1, we present the flux of reactor neutrinos with
the dashed blue curve, assuming the HM model12,13 and
considering the average fission fractions at near detector
of RENO34 as follows: 0.571 for 235U, 0.073 for 238U,

Experiments P(GW) m(t) Baseline(m) events/yr
Daya Bay (near/far) 17.4/17.4 80/80 578.7/1638 88/11

RENO (near/far) 16.4/16.4 16/16 420/1400 38/3.4
PROSPECT-II 3 4.8 25 491

JUNO-TAO 4.6 2.8 30 305
NEOS 2.8 1 24 103

TABLE I. A summary of power, mass, baseline and the ex-
pected number reactor ν̄ 13C NC events for various experi-
ments.

0.3 for 239Pu, and 0.056 for 241Pu. Other reactor mod-
els are not illustrated as they overlap with each other.
Moreover, we show the product of the flux and the ν̄e in-
teraction cross-section with 13C, considering various flux
models such as HM, Vogel9, KI (Kurchatov Institute)33,
EF (Estienne-Fallot)32, and HKSS (Hayen-Kostensalo-
Severijns-Suhonen)31, as well as the reconstructed num-
ber of events considering excess events at RENO15. For
a review of different models, see35,36.

As demonstrated in Fig. 1, a significant number of
events falls within the neutrino energy range of 4.5 to 7.5
MeV, coinciding with the 5 MeV bump anomaly. This
interaction thus presents a novel opportunity to investi-
gate the differentiate among reactor flux models, offering
a new channel testing the phenomenon. The ratios of
events for the Vogel, KI, EF, and HKSS models to HM
model are 0.96, 0.96, 0.97, and 1.03, respectively37. As-
suming all the excess events in the IBD measurements
as reported in Ref.36 are caused by a higher flux, the
experimental events involving 13C will likely be 4% to
8% higher than predicted by the HM model. In the case
of RENO34, as demonstrated in Fig. 1, it is 8% higher
than the HM model events. Hence investigations identi-
fying the origin of the 5 MeV bump rely on how much we
can reduce the uncertainties in the current/future exper-
iments.

We present the annual number of 13C events for the
reference current or near-future reactor neutrino experi-
ments in Table I. The number of events is directly pro-
portional to reactor power and detector mass, and the
inverse of the square of the baseline. Assuming the aver-
age fission fraction reported by near detector of RENO34

and employing the HM model, the annual number of 13C
events in a commercial reactor is estimated to be approxi-
mately 22×(Power/GW)×(Mass/kton)/ (Baseline/km)2.

Background analysis. The main backgrounds for
the 3.685 MeV photon signal are the misidentification of
electrons from ES or IBD events by the reactor neutri-
nos which scale together with the signal events, thallium
(208Tl) β decays due to the thorium (232Th) contamina-
tion in LS, the environmental backgrounds from cosmic
muon spallation or external radioactivity, and the solar
neutrinos if (Baseline/km)2 ≫ (Power/GW).

Assuming 5%/
√

E (MeV) energy resolution, we define
our region-of-interest (ROI) as 3.685 MeV ± FWHM (0.1
MeV). Notice that for JUNO-TAO the energy resolution
is 1%/

√
E (MeV)38. Adopting the neutron veto capabil-
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ity along with a fiducial volume cut in Ref.39, we expect
the misidentified IBD events in our ROI would be 0.1% of
the total events, resulting in the sum of misidentified ES
and IBD events is about 6 times the signal events. For
the current level reactor neutrino experiments, discrimi-
nation of photon and electron (γ/β) in our ROI is almost
impossible except for JUNO and JUNO-TAO which can
have 90% level γ/β discrimination efficiency in the en-
ergy range of 1.25 - 1.75 MeV40. Also, a future detec-
tor design LiquidO is expected to achieve even better
efficiency41. Conventionally the γ/β discrimination effi-
ciency increases with energy thus for JUNO-TAO and fu-
ture experiments we have assumed 95% γ/β discrimina-
tion. For JUNO-TAO with a good energy resolution and
γ/β discrimination, the number of ES and IBD misiden-
tified background is expected to be twenty times smaller
than signal38.

Another source of backgrounds below 5 MeV is beta
decays of 208Tl from the 232Th chain with simultane-
ous emissions of α and β. We expect around one 208Tl
event in ROI at 1kt LS every day for a LS detector with
232Th contamination at the level of 5×10−17gr/gr which
is KamLAND level purity. Nevertheless, utilizing coin-
cidence of α decay in the 232Th chain and β decay of
208Tl, so-called 232Th series tagging 80% and 99% of this
background can be rejected with KamLAND and JUNO
respectively42,43. Even conservatively, assuming 80% re-
jection of the 232Th background is not the dominant one.

Environmental backgrounds such as cosmic muon spal-
lation and external radioactivities from detector walls
and surrounding rocks also exist. However, an overbur-
den of a few hundred m.w.e. along with muon veto and
fiducial volume cut can reduce those backgrounds to the
5% and negligible level, respectively39. After muon veto
cuts, we expect around 5 muon spallation events in the
ROI at 1 kt LS every day. These environmental back-
grounds can be further mitigated using reactor on-off
time and the γ/β discrimination. Note that there can be
extra background events by the high energy photons and
fast neutrons from the reactor for very short baseline ex-
periments such as NEOS, JUNO-TAO, and PROSPECT
II. Exactly estimation of this background is out of the
scope of this paper.

To prove the feasibility of our proposal searching for
the reactor antineutrino NC scattering with 13C, we as-
sume future reference detectors where our background
rejection scheme with the γ/β separation efficiency 95%
(for the ES, IBD, and environmental backgrounds) is ap-
plied are installed in the location of the near halls of
RENO, Daya Bay, and the far hall of the proposed Su-
perChooz. For simplicity, we temporarily name those
RENO+ (1kt LS), Daya Bay+ (1kt LS), and Chooz+
(10kt LS), respectively. Note that our background rejec-
tion scheme, which is based on ongoing studies, is not
too ambitious; e.g., the 208Tl background rejection rate
is conservatively assumed and we do not apply the reac-
tor on-off time cut. Their overburden are 120 m.w.e.,
265 m.w.e., and 300 m.w.e., in the given order. For

Experiments events ES+IBD Muon spallation 208Tl
RENO+ 2095 610 900 72

Daya Bay+ 1530 460 180 72
Chooz+ 1850 550 900 720

TABLE II. Number of reactor antineutrino 13C events and
backgrounds every active year in our ROI. See the main texts
for the details of each reference detector.

the muon flux of RENO and Daya Bay near hall, we as-
sumed 10 and 2 times larger muon spallation background
scaled from Ref.39, respectively. The expected signal
(with 100% signal acceptance) and background numbers
every active year in our ROI are listed in Table II. The
ratio Nbackground/Nsignal is 76%, 47%, and 117% for each
detector in the given order, showing that our signal can
be probed with enough sensitivities.

Flux measurement sensitivities. Equipped with
the background analysis schemes, now we explore the flux
measurement sensitivities of various experiments includ-
ing our proposed detectors from the ν̄ − 13C NC inter-
actions. For simplicity, we adopt the three background
scenarios: Nbackground/Nsignal = 6, 1, and 0. The first
scenario is obtained by assuming all the backgrounds are
from IBD and ES of the reactor neutrinos with the zero
γ/β separation efficiency as discussed previously while
ignoring others, which is still conservative. The second
scenario is well justified from Table II. The third scenario
is chosen to show the best-case scenario. The dotted,
dashed, and solid curves in Fig. 2 correspond to the 1σ
C.L. sensitivities for the first, second, and third back-
ground scenarios, respectively. The red, blue, and green
curves are drawn additionally considering the systematic
uncertainties of 0%, 1%, and 3%, in the given order.
Note that the separation of those red, blue and green
curves becomes more larger for the scenarios with smaller
backgrounds. The vertical dotted lines correspond to the
statistics of various past, current, and future experiments
along with our new proposed detectors. For the past
experiments (RENO and Daya Bay) we accounted for
data collected over the entire duration of the experiment.
However, for current and future experiments, we have
considered 10 years of data collection. The light grey
shaded region is the level of flux measurement uncertain-
ties (4-8%) which can start to separate different theoret-
ical flux models at 1σ. As can be seen in Fig. 2, the flux
measurement sensitivity of RENO which could not sep-
arate photon and electron events, corresponding to our
first background scenario at least (dot-dashed curves),
was worse than 14%. This is definitely beyond the light
grey shaded region, which means that RENO did not
have sensitivity to distinguish different flux models from
the ν̄e−13C NC interactions. On the other hand, our pro-
posed reference detector at the near hall site of RENO,
called RENO+, is expected to reach about 4% sensitivity
clearly distinguishing the flux models, after about 3000
events that corresponds to 1.5 years of active running
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even with the 3% level systematic uncertainty.
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FIG. 2. Signal acceptance is universally assumed to be
100% for simplicity. The dot-dashed, dashed, and solid curves
stand for our first, second, and third background scenarios,
i.e., Nbkg./Nsig. = 6, 1, 0, respectively. For red, blue and green
curves, we have considered zero, 1% and 3% systematic un-
certainty respectively. The number of events of RENO and
Daya Bay are from their final data while the others are from
assuming ten years of data taking. The light grey shaded
region (4-8%) is the level of flux measurement uncertainties
that can start to separate different theoretical flux models at
1σ.
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FIG. 3. Number of events versus burn up in the unit of
megawatt-day over thermal unit (MWD/TU) at RENO+ as-
suming 10 years of data taking.

Fission fraction evolution. Now we discuss an-
other powerful analysis method identifying the origin of
the 5 MeV bump, the fission fraction evolution, which
is less affected by the systematic uncertainties. As can
be observed from Fig. 3, assuming fission fractions evo-
lution in Daya Bay44, we can distinguish various flux
models by observing the time evolution of the reactor.
The blue and green error bars correspond to 1σ statisti-
cal only and statistical plus 1% systematic uncertainties

respectively, assuming ten years of data taking. With-
out considering systematics and background, RENO+
is expected to achieve a 5σ sensitivity in discriminat-
ing between the HKSS and HM models. Considering
1% and 3% systematic uncertainties and including back-
ground, RENO+ can distinguish between HKSS and KI
at 6σ and 4.5σ respectively, while it discriminate between
HKSS and HM at 2σ to 2.5σ. Daya Bay+ and Chooz+
have a similar sensitivities. The near future experiments
JUNO-TAO and PROSPECT-II have 3σ and 4σ sensi-
tivities, respectively, to distinguish between HKSS and
KI models assuming 1% systematics and neglecting the
background. Moreover, under the assumption of a fixed
flux model, there is a 14% difference in the number of
13C events between the start and end of the fuel cycle
for all the demonstrated models except EF model which
is 10%. This reduced rate of evolution is a sufficient
discrimination between EF model and the other models.
Let us emphasize that the only relevant systematic in
this approach is the fission fraction systematic. Another
crucial question is how much different isotopes contribute
to this bump22. Since the 239Pu fission fraction increases
in time, by observing 13C events during fuel evolution,
one can find the contribution of different isotopes to the
5 MeV bump. A steeper decrease in the number of events
indicates a larger theoretical deviation from the experi-
mental data regarding 239Pu. Conversely, a shallower
slope suggests a greater influence of 235U in the observed
bump. A combination of IBD and 13C will make it more
accessible to investigate the contribution of the different
isotopes to the 5 MeV bump. This indicates the poten-
tial to observe fuel evolution within a reactor, as well
as to measure fission fractions during the fuel cycle or
the beta spectrum ratio between 235U and 239Pu. Notice
that the fission fraction of 238U remains nearly constant,
while that of 241Pu exhibits a roughly linear relationship
with the 239Pu fraction.

Measuring the evolution of reactor fuel is crucial for
distinguishing between the new physics hypothesis and
various flux models as explanations for the RAA or the
5 MeV bump. If it is caused by new physics effects such
as sterile neutrino oscillations, then the observed deficit
(RAA) or excess (5 MeV bump) should remain consis-
tent across all fission isotopes. On the other hand, if
the anomalies stem from errors in reactor modeling, one
might observe variations in the deficit among different
fission isotopes and the observed data would be consis-
tent with the HKSS expectation, the magenta curve in
Fig. 3. This can be achieved by comparing the event
ratios observed at detectors with different baselines, or
through a combination of experiments with varying base-
lines while considering an average neutrino energy of 6
MeV. Combining our analysis methods, both from Fig. 2
and 3, we expect that the new physics hypothesis can be
tested with 2.5σ to 5σ level significance even with the
background level Nbackground = Nsignal and 1% system-
atic uncertainty.
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Concluding remarks. We have revisited the origin
of the 5 MeV bump for the first time using 13C in liq-
uid scintillators, which has a distinctive monochromatic
3.685 MeV photon as the signal with proper background
reduction strategies and enough statistics of data taking.
With a few hundred m.w.e such as the locations of near
detectors of RENO and Daya Bay, and employing a 10
kt·year data collection, we anticipate achieving a sensitiv-
ity ranging from 2σ to 5σ for identifying the origin of the
5 MeV bump, whether it is from the reactor neutrino flux
or exotic phenomena from a new physics theory, which
is extremely powerful and generically applied. This ex-
pectation holds under the assumption of 1 to 3 percent
systematics, with a comparable signal to background ra-
tio which can be achievable with a high level of pho-
ton and electron discrimination efficiency. Furthermore,
these experiments hold significant potential to discern the
contribution of various isotopes to the bump, taking into

account the time evolution of the reactor and sensitivity
to fuel evolution. Effectively controlling and minimizing
environmental background in very short baseline exper-
iments such as JUNO-TAO, PROSPECT-II and NEOS
could greatly enhance the sensitivity of these experiments
in resolving 5 MeV bump, although further dedicated
study is needed. From our analysis proposals, we expect
to shed light on resolving the problems of the reactor
neutrino fluxes.
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