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Reactor antineutrino anomaly revisited circa 2021
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Abstract. In our recent work [1], we study the status of the reactor antineutrino anomaly
in light of new reactor flux conversion and summation models. We present a new improved
calculation of the IBD yields of the standard Huber-Mueller (HM) model and those of the new
models. We show that the reactor rates and the fuel evolution data are consistent with the
predictions of the Kurchatov Institute (KI) conversion model and with those of the Estienne-
Fallot (EF) summation model, leading to a plausible robust demise of the reactor antineutrino
anomaly. We also show that the results of several goodness of fit tests favor the KI and EF
models over other models under consideration.

1 Introduction

Reactor antineutrinos have been widely used to study the fundamental properties of neutrinos [2],
which are mainly from beta decays of neutron-rich fission fragments generated by the heavy
fissionable isotopes 23°U, 238U, 239Pu, and ?4'Pu [3, 4, 5]. In 2011 improved calculations by
Mueller et al. [6] and Huber [7] (HM model) predicted reactor antineutrino fluxes which are
about 5% larger than the fluxes measured in several short-baseline reactor neutrino experiments.
This discrepancy is known as the “reactor antineutrino anomaly” (RAA) [8].

There are two basic methods to calculate the predicted reactor antineutrino fluxes: the
summation method and the conversion method [4, 5]. The summation method is based on fission
and decay information provided by the nuclear databases. The conversion method utilizes virtual
branches to convert measured 3 spectra to corresponding antineutrino spectra. The converted
23517, 239Py, and 2*!'Pu antineitrino spectra are based on the measurement at the Institut Laue-
Langevin (ILL) in the 1980’s [9]. The converted 2*®U antineutrino spectrum can be obtained
based on the measured 5 spectrum at FRM II in Garching [10] in 2013. In addition to the HM
model, we consider other three conversion models: HKSS [11], KI [12] and HKSS-KI models,
and one summation model: EF [13] model.

Our updated calculation of IBD yields in all models is presented in Section 2, and then the
methods of analysis are introduced in Section 3. Our results of the fits of reactor rates and
evolution data are also shown in Section 4 and Section 5, respectively. In Section 6, we discuss
which the best-fit model is. At last, we will summarize our conclusions.

2 Model predictions
The event rates are usually expressed as a physical quantity called “cross section per fission”
0fq as known as “inverse beta decay (IBD) yield”:
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where a is the experiment label, o; is the IBD yield for the fissionable isotope ¢, and f;* is the
effective fission fraction of the isotope i. ®;(F,) is the neutrino flux generated by the fissionable
isotope i, and orgp(E),) is the IBD cross section considered as the Strumia and Vissani cross
section [14] including the radiative corrections with PDG2020 [2] here. The neutrino energy
is integrated from E™ = 1.806 MeV to E™®* = 10MeV using the EF model high-energy
spectra with conservative 100% uncertainties. The off-equilibrium corrections are also taken
into account, which is based on Table VII of Ref. [6] assuming the 450 days approximation of
the spectrum at equilibrium. Our updated results of IBD yields for these five models are shown
in Table 1.

Table 1. Our estimations of the theoretical IBD yields of the four fissionable isotopes in units
of 10~*3cm? /fission predicted by different models.
Model 0235 0238 0239 o241
HM 6.74+£0.17 10.19+0.83 4.40£0.13 6.10£0.16
EF 6.29£0.31 10.16 £1.02 4.424+0.22 6.23+0.31
HKSS 6.82+£0.18 10.28+0.84 4.45+0.13 6.17+0.16
KI 6.414+0.14 9.53+048 440+0.13 6.10£0.16
HKSS-KI | 6.48 +£0.14 10.28+0.84 4.45+0.13 6.17+£0.16

3 Method of analysis

A x? function based on Wilks’ theorem is usually applied to analyze the reactor antineutrino
data. There are three main approaches when choosing different methods to deal with systematic
theoretical uncertainties: (A) consider a covariance matrix with experimental and theoretical
uncertainties added in quadrature [8]; (B) calculate the fit results considering only the
experimental uncertainties and add by hand a global theoretical uncertainty [15]; (C) take
into account the theoretical uncertainties with appropriate pull terms [16].

Method (A) suffers the “Peelle’s Pertinent Puzzle” (PPP) [17] due to discrepant and strongly
correlated data. Method (B) avoids PPP, but it requires the estimation of a global theoretical
uncertainty by hand, which seems impossible. Method (C) avoids PPP by decoupling the
minimization of the y? function with respect of the physical parameters from the pull coefficients:

X2 = Z ( ]efx(f IC{IPUf a> (VeXp)abl ( b RNPUf b) + Z (1 —

(l,b Zvj

D (770 - 1), @)

Uf, Z Tzfa mod (3)

Here O'mOd denotes the IBD yield of the antineutrino flux generated by the fissionable isotope @

and VmOd VmOd (cr;mdcr;md), where V™°4 is the covariance matrix. The coefficient Rip is a

poss&ble suppressmn factor of the IBD yield in the experiment a.
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Table 2. Average ratio Ry,,q obtained from the least-squares analysis of the reactor rates in
Table IV of Ref. [1] and of the Daya Bay [18] and RENO [19] evolution data.

Model Rates Evolution Rates 4+ Evolution
Ruoa  RAA Ruoa  RAA Ruoa RAA

HM 0.93670022 250 0.9337092% 260 0.93070092%  2.80¢
EF 0.96079:033 124 0.97570052  0.8¢0 0.975 0082 080
HKSS 0.9257392 290 0.9251992¢ 280 0.92270055  3.00
KI 0.9757002%  1.lo 0.973700% 120 0.970 £0.021 ldo
HKSS-KI 09647502 150 0.9551092%  1.90 0.96070057  1.80

4 Fit of reactor rates
In this section, we consider the data listed in Table IV of Ref. [1]. Figure 1 shows the ratios of
measured and expected rates for the reactor experiments for HM model: Rgy = 0.936f8:83§,

which indicates a RAA with 2.50. HKSS model gives a reactor antineutirno anomaly 2.9 ¢.

RRoe L B | Figure 1. Ratio RZ)’(I?IM of measured
and expected IBD yields for the reactor

| I experiments considered in our analysis as a
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T function of the reactor-detector distance L
for the HM model. The error bars show the

experimental uncertainties. The horizontal
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There is practically no RAA for the EF model, since Rpp differs from unity by only 1.20.
Also the KI corrections lead to the practical disappearance of RAA, especially without the HKSS
corrections. However, as for the 5 MeV bump, it is not fitted well by any of the models. Since
the HKSS corrections give only a partial explanation of the 5 MeV bump, the problem of the
calculation of the reactor antineutrino spectra needs further studies.

5 Fit of reactor fuel evolution data
The Daya Bay [18] and RENO [19] collaborations have published measurements of the IBD yield
during the evolution of the reactor fuel. To compare these flux evolution data with the different
model predictions, we first fit the evolution data with a linear function describing the IBD yield
as a function of fagg, as done by the Daya Bay [18] and RENO [19] collaborations:
U?Z=5f+7§9 (f339 — f239) (4)

where G is the average IBD yield and do ¢ /dfa3g is the change in the IBD yield. The discrepancies
of doy/dfazg shown in Figure 2(b) are 3.50 and 3.6 for the HM model and HKSS model,
respectively. However, other models give consistent values of ¢ and dos/dfa3g.

Then, we also fit the evolution data and the combined data using Eq. 2 as done in Section 4.
In Table 2, the inclusion of the evolution data confirms the existence of a reactor antineutrino
anomaly for the HM (2.8 ) and HKSS (3.0 ¢) models and the absence of the anomaly for the EF
model (only 0.8 ¢). For KI and HKSS-KI models, the resulting 1.4 (KI) and 1.8 0 (HKSS-KI)
are still too small to claim an anomaly.
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Figure 2. Results of the linear fits of the Daya Bay [18] evolution data.

6 Best-fit reactor flux model

In this section we apply goodness of fit tests to the reactor rates to select which the best-fit
model is. If the fluctuations of the data with respect to the model prediction are Gaussian, the
probability distribution function is given by

p(a_exp O_GXP) — ﬂ (5)
f1o 0 0fN (zﬂ)N"/tot‘7
-1
=Y (o;fg - g;rjgd) (Vo) <g;;j<§ - U;;;gd) , (6)

a,b

where N is the number of data points and V'°! is the total covariance matrix.

Table 3 shows that the standard x? goodness of fit test rejects none of the five models if we
consider the usual minimum p-value of 5% corresponding to a confidence level of 95%. However,
the x? test is only sensitive to the sizes not the signs of the deviations. In order to perform
statistical tests that probe the Gaussian distribution of the data taking into account the signs

of the deviations from the model predictions, we should consider the transformed data acg“)d

eyt =30 (v (5 - o). 7)
b

that should have a Gaussian distribution with zero mean and unit standard deviation. We first
checked with the Shapiro-Wilk test (SW) that z°? have an empirical Gaussian distribution.
Then, we applied the following tests: sign, Kolmogorov-Smirnov (KS), Cramer-von Mises
(CVM), Anderson-Darling (AD), Zk, Zc, and Za tests, which are sensitive to the sign and size
of the deviations of the transformed data with respect to the stardard Gaussian distribution.

Since the EF and KI models are preferred by different tests and sets of data, it is fair
to consider both as favorite. Therefore, we conclude that the KI model is the best among
the conversion models and the only summation model that we considered, the EF model, is
practically equally good.
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Table 3. p-values of goodness of the fit tests of the combined data for the five models.

EF HKSS KI

HKSS-KI

Test HM
x? 0.13
SW 0.32
sign 0.03
KS 0.04
CvM 0.02
AD 0.02
Zx <1073
Zc 0.02
Za 0.03
weighted 0.05
average

Rates + Evolution

0.22
0.13
0.38
0.84
0.67
0.57
0.05
0.11
0.20

0.35

0.08
0.35
0.006
0.02
0.006
0.006
<1073
0.005
0.01

0.03

0.68
0.59
0.38
0.39
0.38
0.40
0.05
0.55
0.41

0.42

0.44
0.41
0.11
0.20
0.14
0.13
0.008
0.15
0.12

0.16

7 Summary and conclusions

In Ref. [1] we revisited the reactor antineutrino anomaly based on the recent reactor antineutrino
flux calculations. We first performed an improved calculation of the IBD yields of five reactor
antineutrino flux models in Section 2. Then, based on the proper statistical method for the
analysis discussed in Section 3, we calculated the suppression of the reactor antineutrino flux
predicted by the 5 models by fitting the measured rates listed in Table IV of Ref. [1]. We found
there is practically no anomaly for the EF, KI, and HKSS-KI models. In Section 5, the addition
of the Daya Bay [18] and RENO [19] evolution data confirms these conclusions. In Section 6, we
further explored the question of which is the best-fit model by applying several goodness of fit
tests. We can consider EF as the best summation model and KI as the best conversion model,
leaving the decision of a clear preference between the two models to future studies with more

data.
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