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Current predictions for the antineutrino yield and spectra from a nuclear reactor rely on the experimental
electron spectra from 235U, 239Pu, 241Pu and a numerical method to convert these aggregate electron spectra
into their corresponding antineutrino ones. In the present work we investigate quantitatively some of the
basic assumptions and approximations used in the conversion method, studying first the compatibility
between two recent approaches for calculating electron and antineutrino spectra. We then explore different
possibilities for the disagreement between the measured Daya Bay and the Huber-Mueller antineutrino
spectra, including the 238U contribution as well as the effective charge and the allowed shape assumption
used in the conversion method. We observe that including a shape correction of about þ6% MeV−1 in
conversion calculations can better describe the Daya Bay spectrum. Because of a lack of experimental data,
this correction cannot be ruled out, concluding that in order to confirm the existence of the reactor neutrino
anomaly, or even quantify it, precisely measured electron spectra for about 50 relevant fission products are
needed. With the advent of new rare ion facilities, the measurement of shape factors for these nuclides, for
many of which precise beta intensity data from TAGS experiments already exist, would be highly desirable.
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The Daya Bay Collaboration has recently published [1] a
precise measurement of the inverse beta decay (IBD) cross
section folded antineutrino spectrum, revealing that the
total number of antineutrinos is 5.4% less than expectations
using the 235;238U and 239;241Pu Huber-Mueller [2,3] anti-
neutrino spectra. This deficit is compatible with earlier
nuclear reactor antineutrino experiments as analyzed by
Mention et al. [4], who showed a systematic deficit of
antineutrinos at short distances, an effect referred to as the
“reactor antineutrino anomaly.” Moreover, the shape of the
spectrum doesn’t agree with the Huber-Mueller model
either, as the spectrum is lower than predictions at the
peak, and above them for higher energies. This excess of
antineutrinos with respect to the Huber-Mueller spectra in
the 4.5–7 MeV region is colloquially referred to as the
“bump.” The other experiments currently measuring θ13
near power plants, Double Chooz and RENO, have also
reported the anomaly and bump [5,6]. The obvious ques-
tion is whether this deficit is due to the presence of one (or
more) sterile neutrinos, or simply an unknown component
in the underlying nuclear physics used in the predictions.
New reactor experiments [7–11] aim to answer this ques-
tion with sophisticated detectors taking measurements at
very short baselines.
At the core of the reactor antineutrino anomaly lies how

we derive antineutrino spectra for 235;238U and 239;241Pu
from the measured electron spectra [12–15]. This pro-
cedure is by no means trivial and there has been some effort
aimed at addressing the origin of the anomaly and the
spectral distortion as well as extensions to the Huber-
Mueller approach. Hayes et al. [16] postulated potential

sources for the bump. Corrections resulting from nuclei
produced via neutron capture in the fuel were investigated
by Huber and Jaffke [17]. Some efforts have focused on the
treatment of first forbidden transitions [18,19]. By jointly
analyzing the NEOS and Daya Bay spectra, Huber [20]
concluded that 239;241Pu are unlikely sources of the bump.
Very recently, by studying the dependence of the IBD
antineutrino yield as a function of the Pu amount in the
reactors, the Daya Bay Collaboration announced that 235U
may be the primary contributor to the reactor antineutrino
anomaly [21].
Mougeot [22] has recently published a prescription to

calculate spectra following β-minus decay, which has been
compared with precisely measured electron spectra. This
prescription is somewhat different from that of Huber [2],
which was employed to obtain the Huber-Mueller spectra.
In this Letter, we look closely at the subtleties used in
current predictions to ascertain if basic nuclear physics can
provide an explanation to the anomaly. In particular, the
compatibility between the Huber and Mougeot prescrip-
tions is explored, and assuming that the ILL-measured
electron spectra [12–14] are correct, we use the recently
published Daya Bay spectrum to investigate the possibility
that the anomaly is due to the 238U contribution, or flaws
in the conversion method, such as a deficient knowledge of
the Z values needed for the hypothetical branches as well as
an allowed shape assumption for them.
The starting point for both conversion and summation

methods is the calculation of nuclear level to nuclear level
spectra following β-minus decay, which for electrons is
given by [2,22]
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SðEeÞ ¼ NWðW2 − 1Þ1=2ðW −W0Þ2 × FðZk;WÞ
× CLðWÞ × CfsðWÞ × CsðZk;WÞ × CwmðWÞ
× CrðZk;WÞ × CexpðWÞ; ð1Þ

where N is a normalization factor so
R
SðEeÞdEe ¼ 1;W is

the relativistic kinetic energy, W ¼ Ee=mec2 þ 1, and
W0 ¼ Q=mec2 þ 1, withQ the total decay energy available
also known as the end-point energy; FðZk;WÞ is the Fermi
function and Zk is the number of protons in the daughter
nucleus; CL is the correction factor due to the angular
momentum and parity changes in the transition, CL ¼ 1 for
allowed decays; Cfs, Cs, Cwm, and Cr are the finite size,
screening [23], weak magnetism, and radiative correction
[24,25] factors; Cexp is the correction factor needed to
match the experimental data, which is parameterized as

Cexp ¼ 1þ a1W þ a2W2 þ a3W3 þ b1=W: ð2Þ
In the conversion method, the electron spectrum is

calculated as

SðEeÞ ¼
X

cm × SmðZm;Qm; EeÞ; ð3Þ
where SmðZm;Qm; EeÞ are spectra as given by Eq. (1), Zm
is the effective Z value as a function of the end point energy
Qm, and cm and Qm are adjusted to match the experimental
data. In the summation method, assuming equilibrium, the
spectra per fission are given by [26]

SðEÞ ¼
X

CFYi × SiðZi; EÞ; ð4Þ
where CFYi is the cumulative fission yield and SiðEÞ the
spectrum from the ith β-minus decaying level in the
network, calculated as

SiðZi; EÞ ¼
X

Iik × SikðZi; EÞ; ð5Þ
with Iik the decay intensity to the kth level in the daughter
nucleus, and for electrons, SikðEÞ is given by Eq. (1). If the
fission yield and decay data are complete, for each of the
conversion method branches we should have

cmSðZm;Qm; EÞ ¼
X

CFYiIikSikðZi; EÞ; ð6Þ
where the sum is performed for transitions satisfying
Qm − ΔQm < Qik < Qm þ ΔQm. Assuming a linear Z
dependence in the spectra that can be factored out from
the energy dependence, and that the latter can be described
by the same function for all transitions in the energy
interval, that is, SmðZm; EÞ ≈ ð1þ aZmÞ × SmðEÞ and
SmðEÞ ≈ SikðEÞ, we obtain

ZmðQ;ΔQÞ ≈
X

ik

ZkCFYiIk=
X

ik

CFYiIk: ð7Þ

The current standard conversion calculations are those
by Huber [2], who used Fermi functions and finite size
corrections as given by Wilkinson [27], as well as a weak

magnetism term CwmðWÞ¼ð1þ0.67×10−2×0.511×WÞ,
obtained by fitting a low-Z, low-log ft nuclear data sample.
Mougeot [22] recently reviewed the world data of precisely
measured beta spectra, deducing shape factors Cexp for
about 110 β-minus transitions; however, Mougeot didn’t
use weak magnetism corrections and obtained Fermi
functions with finite size corrections by solving the
corresponding electron Dirac equations [23], which pro-
duces nearly identical values to those tabulated by Behrens
and Jänecke [28]. It turns out that both the Huber and
Mougeot prescriptions produce very similar results due to
the compensating effects of the different Fermi functions,
finite size, and weak magnetism corrections used.
To illustrate the level of numerical similarity between

both prescriptions, Fig. 1 shows the measured Daya Bay
spectrum divided by calculations using the published
Huber-Mueller antineutrino spectra and our calculations
using the Huber or Mougeot prescriptions. In our calcu-
lations (a) reactor start up or shut down and fuel storage
effects were not applied, (b) the ZmðQ;ΔQÞ functions are
from Eq. (7) using the JEFF-3.1 fission yields [29] and
updated ENDF/B-VII.1 decay data [30], (c) some Qm
values were fixed to those of main contributors such as
96Y and 92Rb, (d) conversion calculations were also
performed on summation electron spectra to check for
biases [31], (e) for 238U we used the summation method
with the same set of fission yields and decay data, (f) IBD
cross sections are from Ref. [32], (g) Cexp was taken as 1.
The small difference of less than 1% in terms of anomaly
effect, between the Huber-Mueller values and our

FIG. 1. Daya Bay measured IBD cross section folded anti-
neutrino spectrum divided by the calculated ones using the Huber
and Mueller antineutrino spectra (black squares), as calculated in
this work using the Huber prescription (blue circles), and as
calculated using the Mougeot prescription (red triangles). To
facilitate the viewing, uncertainties were not plotted and the
Huber (Mougeot) prescription points are shifted to higher (lower)
energies by 0.05 MeV.
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calculation using the Huber prescription is probably due to
the use of different Zm and Qm values, as well as the
polynomial fit to the spectra. We note also that the high-
energy half of the “bump” is dependent on the Qm values,
becoming far less distinct with our particular choice.
Having established the numerical similarity between

both Huber and Mougeot prescriptions, very important
as the latter has been validated against the body of available
experimental data, we proceed to explore several scenarios
that could explain the anomaly originating from deficien-
cies in the underlying data or methods. We start with the
238U contribution, since its electron spectrum is the least
known, to the point that the conversion method is not
applicable and one must rely on the summation method
[3,26]. It has been speculated [16] that the bump may
reflect our deficient knowledge of the 238U antineutrino
spectrum, since 238U produces more energetic antineutrinos
than 235U and 239;241Pu. One way, albeit somewhat naive but
illustrative nevertheless, of testing if the discrepancy
between the Daya Bay spectrum and the Huber-Mueller
predictions is due to the lack of an accurate 238U spectrum is
to adjust it to match the Daya Bay measurement. If the
resulting adjusted spectrum is physically feasible, this
would point to the need for a new 238U electron spectrum
measurement. Results are shown in Fig. 2 for the original
and adjusted 238U IBD cross section folded antineutrino
spectra. For comparison, the 235U and 239;241Pu antineutrino
spectra obtained from the summation method are also
plotted. Clearly, the 238U adjusted result is unrealistic as
(a) the shape is dramatically different from that of the other
actinides, (b) despite being more neutron rich than 235U, its
IBD antineutrino yield would be similar, that is, would not

follow a ð3Z − AÞ systematics [33], and (c) the electron
spectrum as measured by Haag et al. [15] exhibits no
anomalous features.
We explore now the possibility of the effective Z as a

source of the discrepancy as the Fermi function Z depend-
ence shifts the electron to lower (higher) energies for higher
(lower) Z values. It is conceivable then to speculate that due
to deficiencies in the fission yield and/or decay data, our
knowledge of ZmðQ;ΔQÞ is incomplete. As done for 238U,
we explore this idea by adjusting ZmðQ;ΔQÞ in the
conversion method to match the Daya Bay spectrum.
Results for 235U are shown in Fig. 3, compared with
Huber’s and the present summation results using Eq. (7).
Similar results were obtained for 239;241Pu, which are not
shown in the plot for clarity’s sake. In order to match the
Daya Bay data, a ZmðQÞ value near 25 is needed for end
point energies of around 4 MeV, which definitely allows us
to rule out this scenario as this value is below even the
smallest Z significantly populated in binary fission.
In previous conversion calculations, all the average

branches had the shape factors, Cexp, set equal to one.
This is due to the lack of complete experimental data, but
also supported by the assumption that with a large number
of β-minus decaying levels in the network, individual shape
effects would cancel out. Earlier publications [33–35] have
shown that the number of nuclides contributing to the
antineutrino spectra bump is not very large. We revisit this
point in Fig. 4, where the total number of β-minus decaying
levels in the network, obtained from a summation calcu-
lation, is plotted as a function of the antineutrino energy for
the Daya Bay reactors, highlighting the number of levels
needed to account for 25%, 50%, 90%, and 99% of the
spectrum. For energies higher than 3 MeV, 75% of the
spectrum can be accounted by 50 or fewer levels out of
the total 700. It is then possible that the average spectra

FIG. 2. Antineutrino spectra calculated using the summation
method multiplied by the IBD cross section for 235;238U and
239;241Pu (full lines). The dashed line corresponds to the 238U
antineutrino spectrum adjusted to match the measured Daya Bay
antineutrino spectrum.

FIG. 3. Effective Z values as a function of the end-point energy
used in the conversion method for 235U.
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used in the conversion method would retain some shape
corrections different from unity. Shape corrections are
expected for many of the nuclides undergoing β-minus
decay in a reactor, either from first-forbidden transitions
that may require them [18,19], or from allowed transitions
which could have shape corrections arising from second-
order contributions such as weak magnetism as they are of
Gamow-Teller type. Inspired by this, we explored the
sensitivity of the Daya Bay data to Cexp, by adjusting
the a1 parameter of Eq. (2) in a conversion method
calculation for 235U and 239;241Pu to match the Daya Bay
spectrum. We find that an a1 value of þ0.03 for transitions
with end-point energies in the 3–6 MeV region will
improve the agreement with the Daya Bay data consid-
erably, as shown in Fig. 5. This positive linear term boosts
the electron spectra, and in turn, shifts the antineutrino
spectra to lower energies, illustrated in the inset of Fig. 5, as
it would a reduction in Zeff . This a1 value corresponds to a
slope in the ratio of the corrected electron spectrum to
uncorrected one of þ6% MeV−1.
While there have been high-quality measurements of

shape factors for light nuclides, most notably for 12B
obtaining an a1 value of þ0.48% MeV−1 [36], only Q
values and strength functions derived from the electron
spectra from nuclides relevant to the reactor anomaly, that
is, end point energies larger than 3MeV, have been reported
[37,38]. Therefore, there is no experimental evidence that
will allow us to rule out an a1 value of 0.03. The work of
Mougeot, however, reveals some intriguing results, for
instance, in the allowed decay of 130;131I, a1 values, values
of þ0.04 and þ0.02 were obtained. Another interesting
result is that Huber [2] obtained a weak magnetism term,
albeit highly uncertain, equal to þ4.78% MeV−1 for all

nuclides in the sample. Finally, and simply to illustrate how
relevant Cexp is to the conversion method, the reactor
anomaly would increase to about 12% if all the branches
would have a Cexp equal to that of 144Pr as given by
Mougeot [22]. 144Pr will be used in the SOX experiment
[39] and most likely its electron spectrum will be measured
with high precision. Similarly, for a nuclear reactor, we
must precisely determine Cexp values for the most relevant
nuclides to fully understand the interrelation among the
total electron and antineutrino spectra.
In summary, we first compared the Mougeot and Huber

prescriptions to calculate level to level electron and anti-
neutrino spectra and found them numerically similar due to
compensating effects between the Fermi functions, finite
size and weak magnetism corrections. Then, in order to
understand the disagreement between the Daya Bay’s
measured antineutrino spectrum with the Huber-Mueller
predictions, we explored the feasibility of the 238U spectrum
and the effective Z as possible sources by adjusting them to
match the measured Daya Bay spectrum. Both scenarios are
ruled out, as the adjusted 238U antineutrino spectrum has an
unphysical shape, smaller integral than expected from
systematic trends, and is inconsistent with measurement;
while the fitted Z effective would correspond to fission
products with negligible fission yield. Finally, we explored
the sensitivity to experimental shape factor corrections and
found that using a linear term equal to þ0.03 in the
conversion method results in a much closer agreement

FIG. 4. Number of β-minus decaying levels as a function of the
antineutrino energy for the Daya Bay reactors, together with the
number of levels needed to account for 25%, 50%, 90%, and 99%
of the antineutrino spectrum.

FIG. 5. (a) Daya Bay spectrum and predictions using the
Huber-Mueller spectra and our Mougeot-prescription spectra
with and without a linear term (a1) equal to 0.03 for transitions
with end-point energy in the 3–6 MeV region. The antineutrino
spectra for these a1 values for Z ¼ 45 andQ ¼ 5 MeV are shown
in the inset. (b) Ratio of Daya Bay spectrum to Mougeot
prescription calculations with a1 ¼ 0.03. For clarity, calculation
uncertainties are not plotted.
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with the Daya Bay spectrum. Unlike the two previous cases,
this scenario cannot be ruled out because of an absence of
precisely measured electron spectra from the relevant
fission products. Previously, it was noted the importance
of β intensities [40,41] and fission yields [42] for the
summation method. This sensitivity analysis demonstrates
the significance of experimental shape factors for both
conversion and summation calculations. One possible way
forward to confirm or refute the existence of the anomaly
would be to precisely measure the shape for the relevant
nuclides, incorporate them in summation calculations to
understand their effect, and finally, through an average
procedure, include them in conversion calculations.
As was shown, for energies above 3 MeV, 75% of the

spectrum is accounted for by fewer than 50 β-minus
decaying levels, dispelling the idea that studying the decay
characteristics of nuclides contributing to reactor’s anti-
neutrino spectra is impractical due to an impossibly large
number of individual contributors. The shape measurement
would also yield mean gamma and beta energies [43]
needed for decay heat calculations, complementing and
confirming the TAGS results already available for many of
these nuclides [35,41,44,45]. As an analogy, the number of
nuclides contributing ∼98% of a reactor β-delayed neutron
yield is ∼40 and measurements of their half-lives, neutron
emission probabilities, and neutron spectra were performed
over 30 years ago [46].
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