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Reactor antineutrino anomaly 
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SM-3 research reactor 

 

Å100 MW thermal power 

ÅCompact core 42x42x35cm 

ÅHighly enriched 235U fuel 

ÅSeparated rooms for 
experimental setup 

ÅThe laboratory is poorly 
protected from cosmic rays 

 

Vertical and horizontal 

sections of SM-3 

reactor 
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Reactor SM-3 Week protection from cosmic 
rays (3 -5 m w. e.)  

100 MW thermal power 

Compact core 42x42x35cm 

Highly enriched 235U fuel 

Due to some peculiar characteristics of its construction, reactor SM-3 provides the most favorable conditions to 

search for neutrino oscillations at short distances. However, SM-3 reactor, as well as other research reactors, is 

located on the Earthôs surface, hence, cosmic background is the major difficulty in considered experiment.  

4 



The full-scale detector with liquid scintillator volume of 3 m3 (5x10 sections) 

have been prepared  in NRC ñKIò PNPI, Gatchinʘ, Russia 



1. detector (5x10 cells) 

2. internal active shielding 

3. external active shielding 

4. steel and lead 

5. borated polyethylene 

6. moveable platform 

7. feed screw 

8. step motor 

9. shielding 

Movable and spectrum sensitive antineutrino detector at SM-3 reactor 

Neutrino 
channel 
outside 
and 
inside 

Passive shielding - 60 tons Range of measurements is 6 ð 12 meters 
Liquid scintillator detector  
50 sections  0.235x0.235x0.85ɘ3 

Detector 
prototype   

Full -scale  
detector  
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Energy calibration of the full-scale detector 

Pu-Be neutron source 

22 Na- gamma source 

The source 22Na is 

installed above the 

detector at distance 

about 0.8 meters and 

irradiate about 16 

sections at once. PMTs 

were normalized to one 

energy scale by 

selecting voltage on 

them. Simultaneous 

calibration of several 

sections is required. For 

all detector only 6 

positions of the source 

were used. 

Overlapping of the 

irradiated sections 

unifies the calibration. 

The neutron Pu-Be source 

irradiated all sections at once. 

This method has advantage  

relatively to using of internal 

sources.  The difficulty  of 

calibration at energy 8MeV is 

that quanta from neutron 

capture by gadolinium can't be 

absorbed in the same row. 

Therefore the detector  

calibration should be 

conducted on a diffuse edge of 

spectrum.  
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Energy calibration of the full-scale detector 

In the left - ranges of sources. In the right - the calibration of gamma quanta scale.  

Registration of positrons includes inevitable loss of a part of energy of 511keV gamma-quanta. Because of the  

threshold of registration in the adjacent section we have to increase errors up to  Ñ250 keV.  

It is the calibration which needs to be used at data processing.  
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Energy calibration of the full-scale detector 

8MeV 

(2.2       0.276) MeV 

(0.511      0.142)  MeV 

(1.274       0.217)MeV °

°

°
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Gamma background in passive shielding does not depend neither on the power 
of the reactor nor on distance from the reactor 

0MW reactor power 

90MW reactor power 
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Fast neutron flux 10-3s-1cm-2, 
cosmic background level 

Fast neutron flux 9 10-5s-1cm-2 

outside (near reactor wall) 
inside 

The background of fast neutrons in passive shielding does not depend 

 neither on the power of the reactor nor on distance from the reactor 

The background of fast neutrons in passive shielding is 10 times less than outside.  

The background of fast neutrons outside of passive shielding is defined by cosmic rays and  

practically does not depend on reactor power. 11 



Absence of noticeable dependence of the background 

on both distance and reactor power was observed. As a 

result, we consider that difference in reactor ON/OFF 

signals appears mostly due to antineutrino flux from 

operating reactor. 
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Measurements with the detector have 

started in June 2016. Measurements 

with the reactor ON were carried out 

for 480 days, and with the reactor 

OFF- for 278 days. In total, the reactor 

was switched on and off 58 times.  

ON ON ON 
ON 

OFF OFF OFF 

New detector position New detector position New detector position 

8-10 days 8-10 days 8-10 days 

2-5 days 2-5 days 2-5 days 

90 MW 

ON 
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(ON ï OFF)/ OFF 

 = 50%  
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There is problems with energy spectrum therefore we proposed 

 the spectrum independent method of the experimental data analysis   

Spectrum ( observed/ expected) of 

prompt signals in the detector for a 

total cycle of measurements summed 

over all distances (average distance 

ð 8.6 meters).  

Expected - Monte -Carlo simulation 

with neutrino spectrum of 235U, as 

the SM-3 reactor works on highly 

enriched uranium.  

ON-OFF Spectrum ( observed/ 

expected) of prompt signals  
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The method of the analysis of experimental data should not rely on precise knowledge 

of spectrum. One can carry out model independent analysis using equation (2), where 

numerator is the rate of antineutrino events with correction to geometric factor 1/L2 and 

denominator is its value averaged over all distances. 

The spectrum independent method of experimental data analysis 

Probability of antineutrino disappearance 

(2) 

(1) 

( , )i kN E L 

 

Number of 

 antineutrino  

events 
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2

14mD 2
14sin 2ɗ

2c
   

Excluded from 
 Neutrino-4 
CL>99.9% CL 

Expected from  
RAA and Gallium anomalies 

Expected from  
Neutrino-4  
CL 99.7% 

The results of the analysis of optimal parameters               and  using  method  

 We observed the 

oscillation effect at  

C.L. 99.7% (3    ) 

in     vicinity of :  
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14sin 2ɗ
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ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʥʘ ʦʧʪʠʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ              ʠ                      ʤʝʪʦʜʦʤ    

  

  

ʦʙʣʘʩʪʴ ʚʦʢʨʫʛ ʮʝʥʪʨʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʚ 

ʣʠʥʝʡʥʦʤ ʤʘʩʰʪʘʙʝ ʠ ʩ ʙʦʣʴʰʠʤ 

ʫʚʝʣʠʯʝʥʠʝʤ 

ʮʝʥʪʨʘʣʴʥʘʷ ʦʙʣʘʩʪʴ ʩ ʝʱʸ 

ʙʦʣʴʰʠʤ ʫʚʝʣʠʯʝʥʠʝʤ 
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14mD 2
14sin 2ɗ

2c
   

The results of the analysis of optimal parameters               and  using  method  

  

  

Area around central values in linear scale 

and significantly magnified 
Central part even further magnified 
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The mixing parameter appears to be large enough in 

comparison with existing limitations from the Daya Bay 

and Bugey-3 experiments, but the difference between 

the results is 0.19 Ñ 0.18, i.e. one standard deviation. 

Therefore, there is no clear contradiction. 

It seems that the effect predicted in gallium and reactor 

experiments is confirmed, but at sufficiently large values 

2 2

14m 7.3ɻ ɺD º
2

14sin 2ɗ 0.39 0.12= °



The method of coherent addition of results of measurements allows us  

to directly observe the effect of oscillations 
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0.47 meter, 12 positions,  

0.25 MeV for energy 

0.235 meter, 24 positions,  

0.25 MeV for energy 

0.47 meter, 12 positions,  

0.5 MeV for energy 

0.235 meter, 24 positions,  

0.5 MeV for energy 

The expected effect at the different interval for distance 

and for energy  (right part of equation 2) 

The attenuation of 

sinusoidal process for 

red curve in area L/E 

>2.5 is explained by 

taken energy interval 

0.5MeV.   

This energy interval 

corresponds to 

experimental energy 

resolution Ñ250keV 

2 2
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2
14sin 2ɗ 0.4º
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The first observation of oscillation of reactor antineutrino in sterile neutrino 
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The period  

of oscillation 

 for neutrino energy  

4 MeV  is   1.4 m 

https://arxiv.org/abs/1809.10561
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Analysis of possible systematic effects  
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To carry out analysis of possible systematic effects one should turn off antineutrino 

flux (reactor) and perform the same analysis of background data 

The spectrum for neutrino signal  

and background signal are similar 

therefore  test for systematic 

effect have to be adequate . 
neutrino signal 

(on ï off)  

background signal  



Thus no instrumental systematic errors were observed. 

Test of systematic effects 

To carry out analysis of possible systematic effects one should turn off antineutrino 

flux (reactor) and perform the same analysis of obtained data 

data analysis using coherent summation method 
analysis of the results on oscillation parameters plane 
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That distribution has the form of normal distribution, 

but its width exceeds unit by         7%.  

That is considered as systematic correction 

of uncertainties of results of measurements 

and it  results in decreasing of confidence 

level of the results to 2.8ů.  

s

1.067 0.038s= °

s2 

Additional dispersion of measurement result which appears due to 

fluctuations of cosmic background  

Since the measurements of the background carried out during 

the annual scheduled reactor repair works, then total additional 

dispersion is increased up to     9%.  



Sensitivity of other experiments NEOS , DANSS , STEREO and PROSPECT together with Neutrino-4 

 sensitivity regions of various experiments 

(logarithmic scale)  region of oscillation effect in linear scale.  

2
14mD

2
14mD

Experiment Neutrino-4 has some advantages in sensitivity to big values of               owing to a compact reactor core, close minimal 

detector distance from the reactor and wide range of detector movements. Next highest sensitivity to large values of            belongs 

to PROSPECT experiment. Currently its sensitivity is two times lower than Neutrino-4 sensitivity, but it recently has started data 

collection so it possibly can confirm or refute our result. 
28 
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Experiment Neutrino-4 has some advantages in sensitivity 

to big values of               owing to a compact reactor core, 

close minimal detector distance from the reactor and wide 

range of detector movements. In total, the reactor was 

switched on and off 58 times.  

2

14mD

Some advantages of experiment Neutrino-4  
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New measurements  



ON ï OFF fluctuation distribution  Deviation from   

statistic distribution  

6.7 +_ 3.8 %  

Deviation from   

statistic distribution  

6.3+_ 3.2 %  

New measurements  

Here is twice statistic  

 because new measurements have been carried out 

 at short distance where signal background ratio is much better 



June 2016 ï July 2019 
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Here is twice statistic.  Effect of neutrino oscillation still live.  



Analysis of experimental data with two sterile neutrino 
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Analysis of experimental data with two sterile neutrino 

GoF 31% GoF6% 
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ȮɌɝkground  - 
- Spaɝɑ and time distribution  



Muons 

Soft component of cosmic rays 

Neutrons 

R/A background 

Different part of spectrum  
at the different  distance  



Distance dependence of intensity in different parts of neutrino prototype detector 
spectrum (larger scale) 

4% 

10% 

12% 



The effects of atmospheric temperature and pressure on cosmic rays 

5% 

8% 

14% 
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Here is twice statistic.  Effect of neutrino oscillation still live.  

First run 2017 -2018 All data 2017 -2019 



First run 2017 -2018 

All data 2017 -2019 

All data 2017 -2019 + background 20119 
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All data 2017 -2019 + background 20119 
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All data 2017 -2019  

+ background 2019 

All  background 



First run 2017 -2018 

All data 2017 -2019 

All data 2017 -2019 + background 2019 
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Background (First run 2017 -2018)  

Background (All data 2017 -2019) 

Background (All data 2017 -2019 + background 2019) 


