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1. Introduction

Neutrino oscillation experiments over the last twenty gdave established a picture of neu-
trino mixing and masses that explains the results of salamspheric and reactor neutrino exper-
iments [3]. Reactor experiments at distances below 100 m ffe reactor core (ILL-Grenoble,
Goesgen, Rovno, Krasnoyarsk, Savannah River and Bugey §4,7}) have played an important
role in the establishment of the current status of neutriscillation. The measured rate of
was found to be in reasonable agreement with that predioted the reactor antineutrino spectra,
though slightly lower than expected, with the measuredetq ratio at @76+ 0.024, includ-
ing recent revisions of the neutron mean lifetime[8] £ 8857 s). In preparation for the Double
Chooz reactor experiment, we have re-evaluated the spee#ator antineutrino fluxy/fission),
improving the electron to antineutrino data conversion [1]

2. New Predicted Cross Section per Fission

Fission reactors release aboufd@ GWs~1, which mainly come from the beta decays of
the fission products of*°U, 238U, 23%Pu, and®*'Pu. The emitted antineutrino spectrum is then
given by: Sot(Ev) = Sk fkS«(Ev) where fi refers to the contribution of the main fissile nuclei to
the total number of fissions of thd'koranch, ands to their corresponding neutrino spectrum per
fission. For the last 25 years thi spectra have been estimated from measurements of the total
electron spectra associated with the beta decays of abrigsibducts of3°U, 23%Pu, and®*'Pu.
Thin target foils of these isotopes were irradiated withriie neutrons at the ILL reactor [8]. The
measured spectra then had to be converted from electrortib@atnino spectra invoking a set of
30 effective beta-branches, adjusted to reproduce thiedletzron spectrum [10].

Recently we revisited the conversion procedure with a novigéd-approach combining the
accurate reference of the ILL electron spectra with the ighyslistribution of beta branches of
all fission products provided by the nuclear databases [h]s ew approach provided a better
handle on the systematic errors of the conversion and ledsistematic shift of about 3% in
the normalization of3%U, 23°Pu, and®*'Pu antineutrino fluxes, respectively. This normalization
shift has been attributed to the treatment of systematiceffin the original conversion of the
ILL electron data. Becaus&®U nuclei undergo fission with fast neutrons, the associdsttren
spectrum could not be measured in the thermal neutron flukeflltL reactor. Therefore the
ab initio summation of theve from all possible beta decays of fission products was peddrto
predict the neutrino spectrum [9]. In Ref. [1] we provided ewnprediction with an estimated
relative uncertainty of the order of 15% in the 2-8 MeV range.

Experiments at baselines below 100 m reported either thesréR) of the measured to pre-
dicted cross section per fission, or the observed eventadtetpredicted rate. The prediction of
the cross section per fission is defined as:

of"*’= /O Sou(Ev)ov-a(Ev)dEy = 3 fiofies, (2.1)

where thea]f”keOI are the predicted cross sections for each fissile isofagés the model dependent

reactor neutrino spectrum for a given average fuel comipositfy) and oy _a is the theoretical
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cross section of reactions + p — € 4 n (see[1, 2] for details). Accounting for new reactor an-
tineutrino spectra [1] the normalization of predicted aetitrino ratesgffd, is shifted by +2.5%,
+3.1%, +3.7%, +9.8% for k35U, 23%Pu, 241py, and?38U respectively. In the case 8f8U the
completeness of nuclear databases over the years largabirexthe +9.8% shift from the refer-
ence computations [9]. The new predicted cross sectiomfpfuel composition can be computed
from Eq. (2.1). By default our new computation takes intocact the so-called off-equilibrium
correction[1] of the antineutrino fluxes (increase in flugassed by the decay of long-lived fission
products).

3. Impact on past reactor neutrino experimental results

In the eighties and nineties, experiments were performeal fatv tens of meters from nu-
clear reactor cores at ILL, Goesgen, Rovno, KrasnoyarsigeB(so called 3 and 4) and Savannah
River [4, 5, 6, 7]. We only consider here experiments withetiass below 100 m to get rid of
a possible @3, AmZ,) driven oscillation effect at Palo Verde or CHOOZ. The rataf observed
event rates to predicted event rates (or cross section g@mM)sR = Nops/Npred, are summarized
in Table 1. The observed event rates and their associatets eare unchanged with respect to
the publications, the predicted rates are reevaluatedaepain each experimental case. We ob-
serve a general systematic shift more or less significamtligvb unity. These reevaluations unveil
a newreactor antineutrino anomaly2]. In order to quantify the statistical significance of the
anomaly we can compute the weighted average of the ratiospeicéed over predicted rates, for
all short baseline reactor neutrino experiments (inclgdireir possible correlations). We consider

Table 1:  Nops/Npred ratios based on old and new spectra. The err column is theewotar published
by the collaborations including the error &y, the corr column is the part of the error correlated among
experiments.

# result Det. type | To(s) | 2%°U | 2%Pu| 28y | 2IPu| old | new | err(%) | corr(%) | L(m)
1 Bugey-4 SHe+H,O | 888.7| 0.538| 0.328| 0.078| 0.056 | 0.987| 0.942| 3.0 3.0 15
2 ROVNO91 | 3He+H,O | 888.6| 0.614 | 0.274| 0.074| 0.038| 0.985| 0.940| 3.9 3.0 18
3 Bugey-3-I 5Li-LS 889 | 0.538| 0.328| 0.078| 0.056| 0.988| 0.946| 4.8 4.8 15
4 Bugey-3-Il 6Li-LS 889 | 0.538| 0.328| 0.078| 0.056| 0.994 | 0.952| 4.9 4.8 40
5 Bugey-3-llI 6Li-LS 889 | 0.538| 0.328| 0.078| 0.056| 0.915| 0.876| 14.1 4.8 95
6 Goesgen-| SHe+LS | 897 | 0.620| 0.274| 0.074| 0.042| 1.018| 0.966| 6.5 6.0 38
7 Goesgen-ll SHe+LS | 897 | 0.584| 0.298| 0.068| 0.050 | 1.045| 0.992| 6.5 6.0 45
8 Goesgen-ll SHe+LS | 897 | 0.543| 0.329| 0.070| 0.058| 0.975| 0.925| 7.6 6.0 65
9 ILL SHe+LS | 889 ~1 — — — 10.832| 0.802| 95 6.0 9
10 Krasn. | SHe+PE | 899 | ~1 — — — | 1.013| 0.936| 5.8 4.9 33
11 Krasn. Il SHe+PE | 899 ~1 — — — 1.031| 0.953| 20.3 4.9 92
12| Krasn. Il SHe+PE | 899 | ~1 | — — — ]0.989| 0.947| 4.9 4.9 57
13 SRP | Gd-LS 887 ~1 — — — 10.987| 0.952| 3.7 3.7 18
14 SRP I Gd-LS 887 ~1 — — — 1.055| 1.018| 3.8 3.7 24
15 | ROVNOS88-11 | 3He+PE | 898.8| 0.607 | 0.277| 0.074| 0.042| 0.969| 0.917| 6.9 6.9 18
16 | ROVNO88-2I | 3He+PE | 898.8| 0.603| 0.276| 0.076| 0.045| 1.001| 0.948| 6.9 6.9 18
17 | ROVNO88-1S| Gd-LS | 898.8| 0.606 | 0.277| 0.074| 0.043| 1.026| 0.972| 7.8 7.2 18
18 | ROVNO88-2S| Gd-LS | 898.8| 0.557| 0.313| 0.076| 0.054| 1.013| 0.959| 7.8 7.2 25
19 | ROVNO88-3S| Gd-LS | 898.8| 0.606 | 0.274| 0.074| 0.046| 0.990| 0.938| 7.2 7.2 18
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the following experimental rate information: Bugey-4 andvRo91, the three Bugey-3 experi-
ments, the three Goesgen experiments and the ILL experitherthree Krasnoyarsk experiments,
the two Savannah River results (SRP), and the five Rovno8@rimpnts.ﬁ is the corresponding
vector of 19 ratios of observed to predicted event rates. ¥gerae a 2.0% systematic uncer-
tainty fully correlated among all 19 ratios in result of themamon normalization uncertainty of
the beta-spectra measured in [8]. In order to account fopthtential experimental correlations,
we fully correlated some of the experimental errors [2]. WMiur new reevaluation we obtain
the mean ratio is41=0.943t0.023, corresponding to a2.20 effect (while a simple calculation
assuming normality would lead te2.4g). Clearly the new spectra induce a statistically signif-
icant deviation from the expectation. In the following weide an experimental cross section
020 0.943x gP"4"*" 10-43 c/fission.  Assuming the correctness @f™®?"™" the anomaly
could still be explained by a common bias in all reactor rieatexperiments, but this is unlikely
since the measurements used different detection tecmidine other possible explanation of the
anomaly is based on a real physical effect.

We used shape information from the Bugey-3 and ILL publistiei [5, 4] for our combined
analysis. From the analysis of the shape of their energytrspat different source-detector dis-
tances [5, 6], the Goesgen and Bugey-3 measurements exdoilations such that.06 < An? <
1 e\? for sirn?(20) > 0.05. We used Bugey-3's 40 m/15 m ratio data from [5] as it presithe
best limit.

4. Thefourth neutrino hypothesis

The reactor antineutrino anomaly could be explained thndihg existence of a fourth non-
standard neutrino, corresponding in the flavor basis tordesteeutrinovs (see [3] and references
therein) with a largéAmg,,, value. For simplicity we restrict our analysis to the 3+1rfoeutrino
scheme in which there is a group of three active neutrino essssparated from an isolated neutrino
mass, such tha\mz,,| > 1072 eV2. The latter would be responsible for very short baseline
reactor neutrino oscillations. For energies above thergavbeta decay threshold and baselines
below 100 m, we adopt the approximated oscillation formula:

Pee = 1 — Sin?(26hew) Sir? (Anﬁew"> (4.1)
4Ey,
where active neutrino oscillation effects are negligilil¢hase short baselines.

We combined our results with previously quoted anomalifesctihg other short baseline elec-
tron neutrino experiments Gallex, Sage and MiniBooNE ewed in Ref. [11]. We reanalyzed the
Gallex and Sage calibration runs withCr and®’Ar radioactive sources emitting 1 MeV elec-
tron neutrinos. [12], following the methodology developedRef. [13, 11]. We also reanalyzed the
MiniBooNE electron neutrino excess assuming the very dbestline neutrino oscillation expla-
nation of Ref. [11]. The no-oscillation hypothesis is disfiied at 99.8% C.L. The significance is
dominated by the gallium and reactor data. Allowed regiorihie sirf(26,e,) — AMé, plane are
displayed in Fig. 1, together with the margidg{? profiles for|An2,,| and sif(26ney). The com-
bined fit leads to the following constraints on oscillaticargmetersiAm,, | > 1.5 eV? (95% C.L.)
and sirf(26,ew) = 0.14+0.08 (95% C.L.).
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Figure 1. Allowed regions in the sif(26ew) — AMZq,, plane from the combination of reactor neutrino
experiments, Gallex and Sage, MiniBooNE. The data are wvitgdtifby the 3+1 neutrino hypothesis.

The reactor antineutrino anomaly could be explained thidhg existence of a fourth
non-standard neutrino, corresponding in the flavor basissterile neutrinas with a largeAmg,,,
value. This hypothesis must be tested experimentaly.
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