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1. Introduction

Electron neutrinos from nuclear reactors have been widely used to study the fundamental
neutrino properties [1]. Reactor neutrinos are produced from the beta decays of fission fragments
associated with four main fissionable isotopes 23U, 238U, 23°Pu, and ?*!Pu. Calculating the reactor
neutrino flux and spectrum is an important input for the reactor neutrino experiments [2]. There
are two distinct realizations to obtain the theoretical flux prediction of the reactor neutrinos. The
first one employs a direct summation of all the beta decay branches using the available information
from the latest nuclear databases [3], while the other one is the conversion method that employs the
effective conversion of virtual beta decay branches [4] from the electron energy spectra.

However, the experimental measurements of reactor neutrino flux and energy spectrum have
shown anomalous results compared to the theoretical predictions [5, 6]. On one hand, there is a 6%
deficit in the rate measurements when one uses the new evaluation of the reactor neutrino flux [5].
On the other hand, according to the latest reactor neutrino experiments, a bump-like structure of
event excess near the region of 5 MeV for the observed positron energy has been observed [6]. These
anomalies of reactor flux and spectral measurements have challenged the validity of the theoretical
calculation of the reactor neutrino flux and triggered intensive studies on how to make an accurate
prediction of the reactor neutrinos from fission isotopes.

In this talk we present our recent studies on possible solutions to the reactor neutrino anomalies.
We first make the model independent assessment of reactor rate anomaly using the global fits of
reactor neutrino data, and then discuss the theoretical construction towards new realizations of the
reactor neutrino spectrum models.

2. Global fits of reactor neutrino data

The reactor neutrino rate anomaly [5] is due to the new recalculation [3, 4] of the reactor
neutrino flux, which is about 3% higher than the previous estimate [2] and implies a rate deficit of
V. observed in reactor neutrino experiments. It is possible that the reactor rate anomaly is due to
the oscillations of the reactor v,’s into sterile neutrinos with a mass at the eV scale (see the review
in Ref. [7]). However, it is also possible that the anomaly is due to a mis-calculation of one or more
of the 23°U, 233U, 239Puy, and 2*!Pu fluxes that compose the reactor neutrino flux. Here we consider
this possibility and investigate which one could be responsible for the rate anomaly.

The theoretical prediction for the event rate of an experiment labeled with the index a is defined
by the cross section per fission of , = X fk“Uf,k, with k = 235,238, 239,241. Here f,f is the
fission fraction and ¢ i is the corresponding cross section per fission, which is calculated as the
integrated product of the neutrino flux and detection cross section. The cross sections per fission
from the commonly used Saclay+Huber model are taken from Refs. [4, 5].

According to reactor types, there are two kinds of reactor neutrino experiments, on of which
uses research reactors, that produces an almost pure 2>3U neutrino flux. The other employs the
powerful commercial reactors with significant contributions from the 235y, 28U, 9Py, and 2*'Pu
electron neutrino fluxes. The experiments which measured the absolute neutrino flux are listed in
Table 1 of Ref. [8]. Since the fission fractions are different for different measurements one may be
able to decompose the cross section per fission of each isotope. Moreover, the recent flux evolution
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Figure 1: Global fits of reactor rates data (red lines in the left panel) [11], and the comparison with the
analysis of respective Daya Bay and RENO fuel evolution data (blue and red lines in the right panel) [12],
assuming free cross sections per fission for 2>>U and 2*°Pu. Note that the left panel has been re-scaled to the
Saclay+Huber model predictions.

measurements from Daya Bay [9] and RENO [10] reactor experiments are also crucial for the model
independent extraction.

First in Figure 1 we illustrate the global fits of reactor rates data (red lines in the left panel) [11],
and the comparison with the analysis of Daya Bay and RENO fuel evolution data (blue and red
lines in the right panel) [12], assuming free cross sections per fission for 23U and 2*Pu. Note
that the left panel has been re-scaled to the Saclay+Huber model predictions. From the figure one
can observe that the global reactor rates data favor an equal suppression of the cross sections per
fission for both isotopes while the Daya Bay and RENO evolution data favor the sole suppression
of 2%U. By the combination of all rates and evolution data, one can test different hypotheses for
the solutions of reactor rate anomaly [12]. Several observations are listed below:

In the absence of sterile neutrino oscillations, global fits to all measurements now provide 3o
preference for incorrect modelling of specific fission isotopes over common mis-modelling of all
beta-converted isotopes. If sterile neutrino oscillations are considered, global IBD yield fits pro-
vide no substantial preference between oscillation-including and oscillation-excluding hypotheses:
hybrid models containing both sterile neutrino oscillations and incorrect 2>>U or 23°Pu flux predic-
tions are favored at only 1-20- with respect to models where 23U, 28U, and 2*Pu are assumed
to be incorrectly predicted. In summary, from all these analyses, a modification for the flux of
233U, is always favored, and meanwhile the hypotheses with sterile neutrino oscillations can not be
confirmed or excluded with high significance.

The latest reactor spectral-ratio (RSR) data [13] and Tritium beta decay data [14] can make
model independent tests of the sterile neutrino oscillation solution to the reactor anomaly. One can
see that the RSR data can constrain the mixing for low values of Amﬁl, while the beta decay data
constrain a large part of the allowed region for high values of of Amil, And altogether most of the
allowed parameter space of reactor anomaly is ruled out using the model independent methods.
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Figure 2: Model independent tests of the sterile neutrino oscillation solution (shadowed regions) to the
reactor anomaly using the latest reactor spectral-ratio data [13] and beta decay data [14].

3. New realization of reactor neutrino models

To test the reactor neutrino spectrum anomaly (i.e., the 5 MeV bump), one can also employ the
model independent analysis of reactor neutrino spectrum measurements, including the latest data
from Daya Bay [15], RENO [16] with commercial reactors, PROSPECT [17], and STEREO [18]
using research reactors. On the other hand, one can also construct new reactor neutrino spectrum
models based on new methods and/or refinements of nuclear database. Here we will briefly
introduce our recent works in this respect.

First we propose a new realization [19] of the conversion method with both the allowed and
forbidden virtual branches, and apply it real data from the fission measurements at Institut Laue-
Langevin by virtue of statistical properties of the allowed and forbidden decays in the database.
We have demonstrated that a reliable prediction of the reactor neutrino fluxes can be achieved if
accurate beta decay information is available in the high end point energy range.

Second, we make a new summation calculation [20] of the isotopic reactor neutrino fluxes
with exact numerical calculations of the lepton wave functions, assuming all the decay branches are
allowed GT transitions. The new calculation shows sizable but opposite spectral deviations at the
level of 2% —4Y% for the neutrino and electron energy spectra which may partially contribute to the
observed spectral excess in the high energy neutrino range.
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Figure 3: Ratios of the electron and neutrino spectra between the numerical exact calculations of lepton
wave functions to the analytical ones obtained from approximate calculations of the Fermi function and finite
size correction for the isotopes 23U, 233U, 23?Pu and ?*! Pu respectively.

To summarize, there might be different contributions to the reactor neutrino spectrum anomaly,
including incompleteness of nuclear database, the forbidden decays, approximation of lepton wave
functions, and other nuclear structure issues. However, we still do not have complete and compre-
hensive reactor neutrino models that can quantitatively resolve the spectrum anomaly. This for sure
deserves further dedicated studies.
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