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Reactor Electron Antineutrino Anomaly
[Mention et al (Saclay), PRD 83 (2011) 073006]

New reactor ν̄e fluxes [Mueller et al (Saclay), PRC 83 (2011) 054615; Huber, PRC 84 (2011) 024617]
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Possible causes:
I Short-Baseline Neutrino Oscillations: see the talk by Yufeng Li.
I An excess of the reactor ν̄e flux estimation.
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I Detection reaction: ν̄e + p → n + e+

I Experimental event rate: Na =
1

4πL2a
Na
p

Pa
th

〈Ef 〉a
σf ,a a: experiment index

I Experimental cross section per fission: σf ,a =
∑
k

f ak σf ,k

k = 235, 238, 239, 241: index of the four fissile isotopes 235U, 238U, 239Pu, 241Pu

I Calculated cross sections per fission of the four fissile isotopes:

Saclay (S) Huber (H) Saclay+Huber (SH) uncertainty

σf ,235 6.61 +1.2% 6.69 2.11%
σf ,238 10.10 10.10 8.15%
σf ,239 4.34 +1.4% 4.40 2.45%
σf ,241 5.97 +1.0% 6.03 2.15%

I We investigate which of the four fluxes could be the cause of the reactor
antineutrino anomaly.
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Mention et al (Saclay), PRD 83 (2011) 073006 Zhang, Qian, Vogel, PRD 87 (073018) 2013

from RRovno88;18 m;new ¼ 0:995� 0:060ðstatþ systþ StotÞ
to RRovno88;18 m;new ¼ 0:944� 0:057ðstatþ systþ StotÞ.

In 1991 the Rovno integral experiment [7] published a

cross section per fission of �Rovno91
f ¼ 5:85� 0:17 in units

of 10�43 cm2=fission, 18 m away from a nuclear core

with an average fuel composition of 235U ¼ 61:4%,
239Pu ¼ 27:4%, 241Pu ¼ 3:8% and 238U ¼ 7:4%. They

predicted the cross section �
pred;old
f;Rovno91 ¼ 5:94� 0:16 in

units of 10�43 cm2=fission, and thus obtained the ratio

RRovno91;old ¼ 0:985� 0:037ðstatþ systþ StotÞ. We re-

computed the cross section per fission according to the

new antineutrino spectra and found �
pred;new
f;Rovno91 ¼ 6:223�

0:17. The new ratio is thus revised to RRovno91;new ¼

0:940� 0:036ðstatþ systþ StotÞ. We note that the correc-

tion of the neutron mean lifetime contributes 1.8% to the

shift of the ratio.

In 1984 a neutrino experiment operated at the

Krasnoyarsk reactors [8], which have an almost pure
235U fuel composition leading to an antineutrino spectrum

within 1% of pure 235U, and operate over 50 d cycles. They

measured the cross section per fission at two distances,

�Krasno;33 m
f ¼ 6:19� 0:36 at 33 m and �Krasno;92 m

f ¼

6:30� 1:28 at 92 m, in units of 10�43 cm2=fission. They
compared it to the predicted cross section of 6:11� 0:21�
10�43 cm2=fission, based on the Ref. [20] 235U measure-

ment instead of Ref. [21]. Correcting the neutron mean

lifetime and using the new antineutrino spectra we obtain

a predicted cross section of 6:61� 10�43 cm2=fission,

assuming a pure 235U spectrum. This leads to the

ratios RKrasno;33 m ¼ 0:936� 0:054ðstatþ systþ StotÞ and
RKrasno;92 m ¼ 0:953� 0:195ðstatþ systþ StotÞ, at 33 m

and 92 m, respectively. In 1994 two other measurements

were performed 57 m from the Krasnoyarsk reactors [9].

They measured �Krasno;57 m
f ¼ 6:26� 0:26 at 57 m, and

compared it to their predicted cross section of 6:33�
0:19� 10�43 cm2=fission, based on Ref. [21] and in

agreement with our reevaluation using previous reference

antineutrino spectra. Using the new values of Ref. [19]

we revise the ratio RKrasno;57 m ¼ 0:947� 0:047ðstatþ
systþ StotÞ.
From the neutrino pioneering experiments led by F.

Reines and C. Cowan [39] to the nineties, a series of

reactor antineutrino measurements were performed at the

Savannah River Plant (SRP), a U.S production facility for

tritium and plutonium. For neutrino energies between 2

and 8 MeV the spectrum difference between SRP and a

similar core with pure 235U fuel was estimated to be less

than 0.5%. We make use of the latest results published in

Ref. [10]. Measurements were reported at two different

baselines, 18 m and 24 m. The new SRP ratios are reeval-

uated to 0:953� 0:006ðstatÞ � 0:0353ðsystþ StotÞ and

1:019� 0:010ðstatÞ � 0:0377ðsystþ StotÞ, respectively.

D. CHOOZ and Palo Verde

Based on the good agreement between �
pred;old
f and

�
Bugey
f obtained at Bugey-4 [3], the CHOOZ experiment

TABLE II. Nobs=Npred ratios based on old and new spectra. Off-equilibrium corrections have been applied when justified. The err

column is the total error published by the collaborations including the error on Stot, the corr column is the part of the error correlated

among multiple-baseline experiments, or experiments using the same detector. This table is used to construct the covariance matrix

used in Eq. (10).

# result Det. type �n (s) 235U 239Pu 238U 241Pu old new err(%) corr(%) L(m)

1 Bugey-4 3Heþ H2O 888.7 0.538 0.328 0.078 0.056 0.987 0.942 3.0 3.0 15

2 ROVNO91 3Heþ H2O 888.6 0.614 0.274 0.074 0.038 0.985 0.940 3.9 3.0 18

3 Bugey-3-I 6Li� LS 889 0.538 0.328 0.078 0.056 0.988 0.946 4.8 4.8 15

4 Bugey-3-II 6Li� LS 889 0.538 0.328 0.078 0.056 0.994 0.952 4.9 4.8 40

5 Bugey-3-III 6Li� LS 889 0.538 0.328 0.078 0.056 0.915 0.876 14.1 4.8 95

6 Goesgen-I 3Heþ LS 897 0.620 0.274 0.074 0.042 1.018 0.966 6.5 6.0 38

7 Goesgen-II 3Heþ LS 897 0.584 0.298 0.068 0.050 1.045 0.992 6.5 6.0 45

8 Goesgen-II 3Heþ LS 897 0.543 0.329 0.070 0.058 0.975 0.925 7.6 6.0 65

9 ILL 3Heþ LS 889 ’ 1 — — — 0.832 0.802 9.5 6.0 9

10 Krasn. I 3Heþ PE 899 ’ 1 — — — 1.013 0.936 5.8 4.9 33

11 Krasn. II 3Heþ PE 899 ’ 1 — — — 1.031 0.953 20.3 4.9 92

12 Krasn. III 3Heþ PE 899 ’ 1 — — — 0.989 0.947 4.9 4.9 57

13 SRP I Gd-LS 887 ’ 1 — — — 0.987 0.952 3.7 3.7 18

14 SRP II Gd-LS 887 ’ 1 — — — 1.055 1.018 3.8 3.7 24

15 ROVNO88-1I 3Heþ PE 898.8 0.607 0.277 0.074 0.042 0.969 0.917 6.9 6.9 18

16 ROVNO88-2I 3Heþ 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

REACTOR ANTINEUTRINO ANOMALY PHYSICAL REVIEW D 83, 073006 (2011)
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There are three reactor cores in the Palo Verde

experiment [5]. The distances between detector and

each reactor core are 750, 890, and 890 m. In calculating

the average survival probability Psur, we assume that all

three reactor cores have equal power. The result is com-

pared with P750m
sur assuming full power in only the 750 m

reactor and P890m
sur assuming full power in the 890 m

reactors. The differences are quoted as an additional

uncertainty, which is only about 5% of the total reduced

experimental uncertainty.

There are two reactor cores in the Chooz experiment

[3,4]. The distances between the detector and each reac-

tor core are 998 and 1115 m. A similar procedure is

applied to calculate the uncertainty for the equal power

assumption. The resulting uncertainty is about 6.2% of

the total reduced experimental uncertainty. The fission

fractions are assumed to be the same as those from

Double Chooz [7]. We also calculated the average Psur

by varying these fission fractions. The differences are

negligible.

The Double Chooz experiment is conducted at the same

location as Chooz. With a single detector, the recent rate-

only analyses of the data from delayed neutron capture on

gadolinium (n-Gd) and delayed neutron capture on hydrogen

(n-H) reported the value of sin 22�13 ¼ 0:170� 0:052 [7]

and sin 22�13 ¼ 0:044� 0:060 [8],1 by anchoring to the

short-baseline Bugey-4 results [16], respectively. Although

the measured flux normalized to the prediction of Ref. [2]

has not been reported, we can deduce such ratios using

the reported fission fractions [7], the reported values of

sin
2
2�13 [7,8], and the Bugey-4 results. The �reduced

err

is dominated by the uncertainties of reported sin
2
2�13,

with additional uncertainties coming from the equal

power assumption. The �reduced
corr are calculated from the

reduced experimental uncertainty �reduced
err from Bugey-4.

Furthermore, there are additional correlated uncertainties

between the n-H and n-Gd measurements due to the equal

power assumption. The final covariance matrix W using

reduced uncertainties is shown in Fig. 1.

The �2 function used in this analysis is constructed as

follows:

�2ðr;sin22�13Þ

¼ðr � ~Psurðsin
22�13Þ� ~RÞTW�1ðr � ~Psurðsin

22�13Þ� ~RÞ

þ
ðsin2

2�13�0:089Þ2

0:0112
: (4)

TABLE I. Tabulated results of all 23 experiments. Experiments are categorized into different groups with horizontal lines. Within

each group, the �corr represent the correlated uncertainties among different experiments. This table is an extension of Table II of

Ref. [1]. There are additional correlated uncertainties, since Double Chooz results were anchored to the Bugey-4. See the text for more

explanations.

# Result Detector type 235
U

239
Pu

238
U

241
Pu Ratio �err (%) �corr (%) L(m) Psur Year

1 Bugey-4 3
Heþ H2O 0.538 0.328 0.078 0.056 0.942 3.0 3.0 15 0.999987 1994

2 ROVNO91 3
Heþ H2O 0.614 0.274 0.074 0.038 0.940 3.9 3.0 18 0.999981 1991

22 Double Chooz Gd-LS 0.496 0.351 0.087 0.066 0.860 3.7 3.0 998–1115 0.954 2012

23 Double Chooz LS (n-H) 0.496 0.351 0.087 0.066 0.920 4.0 3.0 998–1115 0.954 2012

3 Bugey-3-I 6Li� LS 0.538 0.328 0.078 0.056 0.946 4.8 4.8 15 0.999987 1995

4 Bugey-3-II 6Li� LS 0.538 0.328 0.078 0.056 0.952 4.9 4.8 40 0.999907 1995

5 Bugey-3-III 6Li� LS 0.538 0.328 0.078 0.056 0.876 14.1 4.8 95 0.999479 1995

6 Goesgen-I 3Heþ LS 0.620 0.274 0.074 0.042 0.966 6.5 6.0 38 0.999916 1986

7 Goesgen-II 3Heþ LS 0.584 0.298 0.068 0.050 0.992 6.5 6.0 45 0.999883 1986

8 Goesgen-III 3Heþ LS 0.543 0.329 0.070 0.058 0.925 7.6 6.0 65 0.999756 1986

9 ILL 3
Heþ LS �1 � � � � � � � � � 0.802 9.5 6.0 9 0.999995 1981

10 Krasnoyarsk I 3
Heþ PE �1 � � � � � � � � � 0.936 5.8 4.9 33 0.999937 1987

11 Krasnoyarsk II 3
Heþ PE �1 � � � � � � � � � 0.953 20.3 4.9 92 0.999511 1987

12 Krasnoyarsk III 3
Heþ PE �1 � � � � � � � � � 0.947 4.9 4.9 57 0.999812 1987

13 SRP-I Gd-LS �1 � � � � � � � � � 0.952 3.7 2.7 18 0.999981 1996

14 SRP-II Gd-LS �1 � � � � � � � � � 1.018 3.8 2.7 24 0.999967 1996

15 ROVNO88-1I 3Heþ PE 0.607 0.277 0.074 0.042 0.917 6.9 5.7 18 0.999981 1988

16 ROVNO88-2I 3Heþ PE 0.603 0.276 0.076 0.045 0.948 6.9 5.7 18 0.999981 1988

17 ROVNO88-1S Gd-LS 0.606 0.277 0.074 0.043 0.972 7.8 7.2 18 0.999981 1988

18 ROVNO88-2S Gd-LS 0.557 0.313 0.076 0.054 0.959 7.8 7.2 25 0.999964 1988

19 ROVNO88-3S Gd-LS 0.606 0.274 0.074 0.046 0.938 7.2 7.2 18 0.999981 1988

20 Palo Verde Gd-LS 0.60 0.27 0.07 0.06 0.975 6.0 2.7 750–890 0.967 2001

21 Chooz Gd-LS 0.496 0.351 0.087 0.066 0.961 4.2 2.7 998–1115 0.954 1999

1To be consistent with other experiments, we choose the rate-
only sin

2
2�13 results, which represent simple measures of the

disappearance in the total number of events.

C. ZHANG, X. QIAN, AND P. VOGEL PHYSICAL REVIEW D 87, 073018 (2013)

073018-2

White Paper, arXiv:1204.5379

result Det. type τn (s) 235U 239Pu 238U 241Pu old new err(%) corr(%) L(m)

Bugey-4 3He+H2O 888.7 0.538 0.328 0.078 0.056 0.987 0.926 3.0 3.0 15

ROVNO91 3He+H2O 888.6 0.614 0.274 0.074 0.038 0.985 0.924 3.9 3.0 18

Bugey-3-I 6Li-LS 889 0.538 0.328 0.078 0.056 0.988 0.930 4.8 4.8 15

Bugey-3-II 6Li-LS 889 0.538 0.328 0.078 0.056 0.994 0.936 4.9 4.8 40

Bugey-3-III 6Li-LS 889 0.538 0.328 0.078 0.056 0.915 0.861 14.1 4.8 95

Goesgen-I 3He+LS 897 0.620 0.274 0.074 0.042 1.018 0.949 6.5 6.0 38

Goesgen-II 3He+LS 897 0.584 0.298 0.068 0.050 1.045 0.975 6.5 6.0 45

Goesgen-II 3He+LS 897 0.543 0.329 0.070 0.058 0.975 0.909 7.6 6.0 65

ILL 3He+LS 889 ≃ 1 — — — 0.832 0.7882 9.5 6.0 9

Krasn. I 3He+PE 899 ≃ 1 — — — 1.013 0.920 5.8 4.9 33

Krasn. II 3He+PE 899 ≃ 1 — — — 1.031 0.937 20.3 4.9 92

Krasn. III 3He+PE 899 ≃ 1 — — — 0.989 0.931 4.9 4.9 57

SRP I Gd-LS 887 ≃ 1 — — — 0.987 0.936 3.7 3.7 18

SRP II Gd-LS 887 ≃ 1 — — — 1.055 1.001 3.8 3.7 24

ROVNO88-1I 3He+PE 898.8 0.607 0.277 0.074 0.042 0.969 0.901 6.9 6.9 18

ROVNO88-2I 3He+PE 898.8 0.603 0.276 0.076 0.045 1.001 0.932 6.9 6.9 18

ROVNO88-1S Gd-LS 898.8 0.606 0.277 0.074 0.043 1.026 0.955 7.8 7.2 18

ROVNO88-2S Gd-LS 898.8 0.557 0.313 0.076 0.054 1.013 0.943 7.8 7.2 25

ROVNO88-3S Gd-LS 898.8 0.606 0.274 0.074 0.046 0.990 0.922 7.2 7.2 18

Table XXI. Nobs/Npred ratios based on old and new spectra. Off-equilibrium corrections have been applied

when justified. The err column is the total error published by the collaborations including the error on S tot,

the corr column is the part of the error correlated among experiments (multiple-baseline or same detector).

resulting from the common normalization uncertainty of the beta-spectra measured in [459–461].

In order to account for the potential experimental correlations, the experimental errors of Bugey-4

and Rovno91, of the three Goesgen and the ILL experiments, the three Krasnoyarsk experiments,

the five Rovno88 experiments, and the two SRP results were fully correlated. Also, the Rovno88

(1I and 2I) results were fully correlated with Rovno91, and an arbitrary 50% correlation was added

between the Rovno88 (1I and 2I) and the Bugey-4 measurement.These latest correlations are mo-

tivated by the use of similar or identical integral detectors.

In order to account for the non-gaussianity of the ratios R a Monte Carlo simulation was devel-

oped to check this point, and it was found that the ratios distribution is almost Gaussian, but with

slightly longer tails, which were taken into account in the calculations (in contours that appear

later, error bars are enlarged). With the old antineutrino spectra the mean ratio is µ=0.980±0.024.

With the new antineutrino spectra, one obtains µ=0.927±0.023, and the fraction of simple

Monte-Carlo experiments with r ≥ 1 is 0.3%, corresponding to a −2.9σ effect (while a simple cal-

culation assuming normality would lead to −3.2σ). Clearly the new spectra induce a statistically

significant deviation from the expectation. This motivates the definition of an experimental cross

section σano,2012

f
= 0.927 × σ

pred,new

f
10−43 cm2/fission. With the new antineutrino spectra, the min-

imum χ2 for the data sample is χ2
min,data

= 18.4. The fraction of simple Monte-Carlo experiments

112

Rescaling from Saclay to
Saclay+Huber ratios:

Rexp
a,SH = Rexp

a,S

∑
k f

a
k σ

S
f ,k∑

k f
a
k σ

SH
f ,k

←NO!
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a Experiment f a235 f a238 f a239 f a241 Rexp
a,SH σexp

a [%] σcor
a [%] La [m]

1 Bugey-4 0.538 0.078 0.328 0.056 0.932 1.4
}
1.4

15
2 Rovno91 0.606 0.074 0.277 0.043 0.930 2.8 18

3 Rovno88-1I 0.607 0.074 0.277 0.042 0.907 6.4
}
3.8

2.2

18
4 Rovno88-2I 0.603 0.076 0.276 0.045 0.938 6.4 18
5 Rovno88-1S 0.606 0.074 0.277 0.043 0.962 7.3

3.8
18

6 Rovno88-2S 0.557 0.076 0.313 0.054 0.949 7.3 25
7 Rovno88-2S 0.606 0.074 0.274 0.046 0.928 6.8 18

8 Bugey-3-15 0.538 0.078 0.328 0.056 0.936 4.2
4.0

15
9 Bugey-3-40 0.538 0.078 0.328 0.056 0.942 4.3 40
10 Bugey-3-95 0.538 0.078 0.328 0.056 0.867 15.2 95

11 Gosgen-38 0.619 0.067 0.272 0.042 0.955 5.4
2.0

3.8

37.9
12 Gosgen-46 0.584 0.068 0.298 0.050 0.981 5.4 45.9
13 Gosgen-65 0.543 0.070 0.329 0.058 0.915 6.7 64.7
14 ILL 1 0 0 0 0.792 9.1 8.76

15 Krasnoyarsk87-33 1 0 0 0 0.925 5.0
}
4.1

32.8
16 Krasnoyarsk87-92 1 0 0 0 0.942 20.4 92.3
17 Krasnoyarsk94-57 1 0 0 0 0.936 4.2 0 57
18 Krasnoyarsk99-34 1 0 0 0 0.946 3.0 0 34

19 SRP-18 1 0 0 0 0.941 2.8 0 18.2
20 SRP-24 1 0 0 0 1.006 2.9 0 23.8

21 Nucifer 0.926 0.061 0.008 0.005 1.014 10.7 0 7.2
22 Chooz 0.496 0.087 0.351 0.066 0.996 3.2 0 ≈ 1000
23 Palo Verde 0.600 0.070 0.270 0.060 0.997 5.4 0 ≈ 800
24 Daya Bay 0.561 0.076 0.307 0.056 0.946 2.0 0 ≈ 550
25 RENO 0.569 0.073 0.301 0.056 0.946 2.1 0 ≈ 410
26 Double Chooz 0.511 0.087 0.340 0.062 0.935 1.4 0 ≈ 415
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I Theoretical ratios: Rth
a =

∑
k f

a
k rkσ

SH
f ,k∑

k f
a
k σ

SH
f ,k

Unknowns: r235, r238, r239, r241

I Least-squares function: χ2 =
∑
a,b

(
Rth
a − Rexp

a,SH

) (
V−1

)
ab

(
Rth
b − Rexp

b,SH

)

rk

∆
χ

2

68.27%

90%

95.45%

99%

99.73%

0.0 0.4 0.8 1.2 1.6 2.0

0
1

2
3

4
5

6
7

8
9

1
0

r235

r238

r239

r241

r235 = 0.950± 0.014

Precise determination of the 235U
cross section per fission:

σf ,235 = (6.35± 0.09)× 10−43 cm2

fission

2.0σ smaller than

σSH
f ,235 = (6.69± 0.14)× 10−43 cm2

fission

Note however the unrealistic
deviations of the other fluxes, e.g.

rbf239 = 0.118 and rbf241 = 3.490
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In order to keep under control the values of r238, r239, r241, we add a
penalty term to the least-squares function:

χ̃2 = χ2 +
∑
k

(
1− rk
∆rk

)2

with ∆r235 = ∆r239 = ∆r241 = 0.05, and ∆r238 = 0.1.

rk

∆
χ

2

68.27%

90%

95.45%

99%

99.73%

0.60 0.70 0.80 0.90 1.00 1.10 1.20

0
1

2
3

4
5

6
7

8
9

1
0

r235

r238

r239

r241

r235 = 0.946± 0.012
r238 = 0.908± 0.077
r239 = 0.956± 0.041
r241 = 0.990± 0.049

Precise and reliable determination of
the 235U cross section per fission:

σf ,235 = (6.33± 0.08)× 10−43 cm2

fission

2.2σ smaller than

σSH
f ,235 = (6.69± 0.14)× 10−43 cm2

fission
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I Small anticorrelation of r235 with r238 and r239.
I Sizable anticorrelation between r238 and r239.
I r241 is practically uncorrelated with the other ratios.
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I Uncertainty due to the uncertainties of the fission fractions f ak ?
[see: Djurcic, Detwiler, Piepke, Foster, Miller, Gratta, JPG 36 (2009) 045002]

I Difficult to calculate due to the large number of experiments with
mostly unknown fission fractions uncertainties and correlations.

I The most significant effect on the determination of σf ,235 could come
from a non-pure 235U antineutrino spectrum in research reactor
experiments.

I The SRP collaboration reported that “during the data collection period
of this experiment, 239Pu fissions constituted less than 8% of the total
fissions and 238U fissions less than 4%.” [PRD 53 (1996) 6054]

I Considering f a235 = 0.88, f a238 = 0.04, f a239 = 0.08, f a241 = 0 for the
research reactor experiments (a = 14, . . . , 20) we obtained

r235 = 0.947± 0.016 σf ,235 = (6.33± 0.11)× 10−43 cm2

fission
I Result compatible with that in previous slide:

r235 = 0.946± 0.012 σf ,235 = (6.33± 0.08)× 10−43 cm2

fission
I Therefore, the determination of σf ,235 is robust.
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Conclusions
I If the reactor neutrino anomaly is due to an overestimation of the

antineutrino fluxes, it is very likely that at least the calculation of the
235U flux must be revised.

I This analysis does not give information on the cause of the theoretical
excess for σf ,235.

Speculations
I The theoretical excess for σf ,235 could be due to an unknown

imperfection in the 1985 measurement of the 235U electron spectrum at
ILL. [Schreckenbach, Colvin, Gelletly, Von Feilitzsch, PLB 160 (1985) 325]

I It may be possible that the reactor antineutrino anomaly and the 5 MeV
bump are somewhat related and due to the 235U antineutrino flux.
Intriguing indications:
I From a comparison of the NEOS and Daya Bay data P. Huber found that

235U is the preferred source of the 5 MeV bump. [arXiv:1609.03910 and previous talk]

I RENO found that the 5 MeV bump may be correlated with 235U fuel fission
fraction. [Hyunkwan Seo talk]
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