
Homogeneous 1008 L Gd-loaded (0.48%) liquid scintillator


Oscillation analysis on phase-I (46 days OFF + 180 days ON) with very high statistics 
(~2000 ν/day) and good S/B


Good sensitivity especially in 
the low ∆m2 region


The Reactor Antineutrino Anomaly and Light Sterile Neutrinos
Alessandro Minotti (Università di Milano Bicocca) 

Mueller (238U)-Huber (235U, Pu) IBD rate calculation for reactor antineutrino experiments 
showed a rate excess of ~6% in the model compared to short baseline measures


Adding a new neutrino (0.1-1 eV mass) consisting almost exclusively of an extra sterile 
flavour can account for the observed deficit

Sterile neutrinos in fact do not interact weakly but can mix 
with standard neutrinos, generating the disappearance via 
neutrino oscillation

Mueller et al., Phys. Rev. C 83.5 (2011): 054615
Huber P., Phys. Rev. C 84.2 (2011): 024617

Mention et al., Phys. Rev. D 83.7 (2011): 073006
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• Several experiments are looking for light 
sterile neutrinos (∆m2~1eV2) 

• sterile neutrinos can not interact weakly, 
but mix with standard neutrinos 

• disappearance:  

P(να—>να) = 1 - sin2(2θαα) sin2(k ∆m2 L/E) 

• appearance:  

P(να—>νβ) =  sin2(2θαβ) sin2(k ∆m2 L/E) 

parameter of interest (POI): 
sin2(2θ): amplitude    
∆m2 : oscillation frequency 

observables: L/E~1m/MeV 
L: distance          E: energy
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Sterile neutrino experiments look for an oscillation 
signature
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exclusion sensitivity

• ∆m2<0.1eV2: oscillation length 
larger than detector dimensions


• 0.1eV2<∆m2<10eV2: oscillation 
length can be resolved 


• ∆m2>10eV2: oscillation length 
smaller than detector resolution

∆m
2

sin2(2θ)

Oscillation hypothesis 
contour & best fit


Null hypothesis 
exclusion plot

Difficulty in predicting neutrino rate limits the sensitivity of past rate-only measurements, 
so we need to disentangle the oscillating signature from the absolute rate by getting close 
to the reactor and measuring the antineutrino spectral shape


The main challenge of the searches at very short baseline is the background from cosmics 
(surface level) and neutrons (from the reactor itself)


To deal with background, several strategies are employed:

- Use the IBD topology (Eprompt, Edelayed, ∆t, ∆x)̅ to remove the sea of single-events

- Pack your detector in shielding layers (PE, B, Fe, H20) and put active vetoes

- Use pulse shape discrimination (PSD)

- Estimate accidental coincidences and cosmogenic background from reactor OFF data 

and subtract statistically (the higher the statistics the smaller the error)

Search for the Light Sterile Neutrino

compare ν̄ spectrum 
with prediction

no-segmentation coarse segmentation fine segmentation

compare ν̄ spectra in 
different segments

compare ν̄ spectra in 
sections + background 
rejection w/ topology

Detector segmentation Scintillator

better segmentation 
& less edge-effects

allows larger volumes
Reactor

plastic

liquid

Short baseline & compact 
core, no fuel evolution 

𝓞102 MWth, limited space, 
background from facility

𝓞GWth, some 
overburden possible 

Lower sensitivity at low 
energy, fuel burnup

research reactor power reactor
Neutron-capturing isotope

well-established, 
high Edep and 

σcapture

γ

n

Gd

γ
γ

n

6Li Tr

α

Localised Edep: 
quenched but can 

select via PSD

Different Reactors and TechnologiesReactor Antineutrino Anomaly

Water reservoirs        
(~50 mwe overburden)

 3.1 GWth Reactor Core  
(h 3.6 m, ⦰ 3.1 m)

3
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19.6
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DANSS is installed on a movable platform under
3GW WWER-1000 reactor (Core:h=3.5m, �=3.1m)
at Kalinin NPP 
(~50 mwe shielding => μ flux reduction ~6!)

Detector distance from reactor core 10.7-12.7m
(center to center)

DANSS at Kalinin Nuclear Power Plant

20.3

Movable Detector 
(10.7-12.7 m below core)

~m3 highly-segmented 
ν spectrometer: 2500 
Gd-coated plastic 
scintillator strips 
arranged in 50 
modules

� Exclusion region was calculated using 
Gaussian CLs method (for e+ in 1.5-6 
MeV to be conservative), which is also 
more conservative than usual CI 
method.

� Systematics included:
• Energy resolution +/-10%
• Energy scale +/-2%
• Cosmic background +/-25%
• Fast neutron background +/-30%
• Distance to reactor: +/-0.15%
• Relative detector eff.: +/- 0.2%

� Systematics influence is small, results 
of our method are independent from 
shape of n-spectrum and detector 
efficiency.

� New data allowed to extend excluded 
area of 4n phase space in comparison 
with previous results shown in 2019.

The DANSS results

DANSS @ NEUTRINO 2020 shitov@jinr.ru 14/17

3.5 ×106 IBDs (~5000/day) collected from April 2016, 
excellent S/B (~60) 

Oscillation hypotheses tested by comparing up/down e+ 
spectra → large portion of RAA excluded @ 95% CL 

Ongoing improvement of MC modelling and evaluation 
of systematics, preparation of phase-II with more SiPM 
and better scintillator

Phase1 VS Phase2

Status of NEOS-II — Y. J. Ko@IBSNeutrino 2020

• Generally in an agreement

- Rate: ~2.5% smaller than Phase1

- Shape: slightly increasing in ratio


• Data will be compared with models 
after tuning MC.

Prompt Energy 
(On - Off) 

         Phase1 
         Phase2

S/B ratio # of IBD (off) 
[/day]

Phase1 22.2 1977 (85)

Phase2 22.3 1925 (82)   Phase1 to Phase2 ratio 
   y = 1           y = 1.025

NEOS Preliminary

NEOS Preliminary
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The NEOS Experiment

• 6 Target Cells (Gd-doped LS)

• γ-catcher Outer Crown (Gd-free)

Acrylic Buffers   
(oil & 48 PMTs)

Cherenkov Muon Veto 
(H2O & 20 PMTs)

Reactor
⦰ = 37 cm 
93% 235U 
58.3 Mwth

Neutrino target: 2.2x1.5x1m3 

Shielding         
(soft-Fe, μ-metal, 

PE, B4C, Pb)

Pb + PE + 
B4C walls

H. Almazán et. al. (STEREO), arXiv:1905:11967 HEPdata.92323 

Expected a 
factor X2 
increase in the 
sensitivity with 
the full dataset

6 cells filled with Gd-loaded liquid scintillator (9-11 m from core)

Compact core & short baseline provide little damping of 
oscillation; but the little overburden and the noise from reactor 
facility (core, neighbours) are challenging

Cell-to-cell relative oscillation analysis with phase-I and -II 
combined data (65k IBDs, 179 days ON + 235 OFF) with S/B ~1 
resulted in the exclusion of the best fit and portion of the region

Absolute 235U rate and spectral shape was recently released 
using phase-II data (119 days ON + 211 OFF)


The STEREO Experiment

Karsten H
eeger, Yale U

niversity
M

oriond 2019
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Stability of Antineutrino Detector Response 
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Antineutrino Detector Self-Calibration 
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Uniformity of Antineutrino Detector Response 
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Signal and Background Characteristics
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observed segm
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ent  variation is sm
all
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O
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T antineutrino detector (A

D
) in now

 

operating 7-9m
 from

 a research reactor core: 

•
The recently com

m
issioned PR

O
SPEC

T A
D

 is perform
ing very w

ell

•
D

etector design features provide m
ultiple observables to calibrate and track system

 

stability and uniform
ity 

In addition to calibration sources, A
D

 data can be used to 

m
easure system

 stability, validating our calibration procedures 

•4 ton 6Li-loaded liquid scintillator (
6LiLS) target 

•Low
 m

ass optical separators provide 154 optical 

segm
ents, 117.5x14.6x14.6cm
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•D
ouble-ended PM

T readout

•Internal calibration access along full segm
ent length

Prospect has begun to study the characteristics of IB
D

 signal and 

cosm
ogenic background events

•
Energy resolution, position resolution and detection efficiency m

eet expectations

•
A

ntineutrinos have been detected in the high background environm
ent close to a 

research reactor core and on the Earth’s surface
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 perform
ance are very good (poster 146), as is 

axial position resolution. O
ther perform

ance param
eters are assessed via a 

com
bination of m
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ents and sim

ulation.

Antineutrino detection efficiency

A
ntineutrino selection cuts preferentially 

reject cosm
ogenic backgrounds. Som

e 

PM
Ts have exhibited anom

alous current 

behavior, w
ith these segm

ents being 

excluded from
 analysis for now

. 

Sim
ulation is used to understand the 

effect of these factors on IB
D

 detection 

efficiency across the detector.

6Li neutron capture gives fixed 

energy events distributed 

throughout entire A
D

 –
track 

system
 response in tim

e and 

m
easure variation along segm

ents

Optical collection along 
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ent length

A
xial variation in single PM

T 

light collection is alm
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exponential and has m
inor 

variation am
ongst PM

Ts 

Relative energy scale 

between segm
ents

Tracking  6Li neutron capture 

feature in tim
e dem
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effectiveness of  running 

calibration and segm
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ent uniform

ity 

Tim
ing Calibration

M
uon tracks traversing 

m
ultiple segm

ents provide 

coincident events to extract 

segm
ent-to-segm

ent and 

PM
T-to-PM

T tim
ing 

inform
ation

Axial position 

reconstruction

B
iPo
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uniform
ly distributed event 
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hich to validate 

axial position reconstruction

Tim
e stability of energy 

reconstruction

Tracking  reconstructed energy 

of B
iPo

events distributed 

uniform
ly throughout the 

detector independently 

validates energy calibration

Tim
e stability of neutron capture efficiency

The LiLS
contains three species w

ith non-negligible capture 

cross sections: 6Li, 1H
, and 35C

l. Tracking  relative capture 

fractions dem
onstrates stable efficiency of the 6Li capture 

reaction used for antineutrino detection

Tim
e variation of 

cosm
ogenic backgrounds

Several cosm
ogenic background 

event classes are observed to 

vary w
ith the depth of the 

atm
ospheric colum

n. This ~1%
 

effect is corrected for in 

background subtraction 

Axial Position Resolution

212Po decays produce b-a
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direct m
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position resolution
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The PROSPECT AD has successfully detected antineutrinos in the high 

background environm
ent close to a reactor core and on the Earth’s surface
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tilted array for 
calibration access

O
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ized shielding to reduce 
cosm

ogenic backgrounds 

Single 4,000 L 6Li-loaded liquid 
scintillator (3,000 L fiducial volum

e)

11 x 14 (154) array of optically 
separated segm

ents

Very low
 m

ass separators (1.5 m
m

 thick)
C

orner support rods allow
 for full 

in situ calibration access

Double ended PM
T readout, w

ith light 
concentrators  

good light collection and energy 
response 
~5%

√E energy resolution
full X,Y,Z event reconstruction
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Sterile Search: Exclusion

• Use both Feldman-Cousins and CLs to convert Δχ2 values 
to statistically valid excluded regions of oscillation phase space

• RAA best-fit excluded: 98.5% CL

• Data is compatible with null  
oscillation hypothesis (p=0.57)

• Δχ2 doesn’t follow χ2 distribution

• Wilk’s incorrectly ‘excludes’ RAA at 99.96% CL!
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235U Spectrum: Huber Comparison

• Q: Is PROSPECT consistent 
with Huber’s 235U model?

• Must include corrections for 
non-equilibrium fission products  
and non-fuel νe contributions 

• Spectrum normalization is  
left as a free fit parameter

• X2/ndf = 30.79/31

• Good data-model  
agreement across  
the full spectrum

• A few local regions show  
modest model deviations
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A 4-ton 6Li-loaded segmented liquid scintillator consisting 11x14 optically separated 
segments with double-ended PMT readout (for a good Eres, and 3D reconstruction)

Recent results with 50k IBDs (96 days ON + 73 days OFF); with relatively high statistics 
(530 IBD/day) and S/B (>1) for a HEU experiment (RAA best fit excluded at 98.5% CL)

Also pure 235U spectrum measurement, which is consistent with model

The data taking is currently stopped, but an improved analysis using dead cells (+50%) 
and a combined analysis with STEREO and Data Bay are in progress

The PROSPECT Experiment
An anomalous spectral distortion observed at Eν ~ 6 MeV in θ13-aimed neutrino 
experiments (2014) raised questions on a possible underestimation of model uncertainties


The effect could be due to unknown branches (isotope related); nevertheless, both LEU 
(NEOS, DANSS) and HEU (STEREO, PROSPECT) experiments confirm the excess, 
although with different magnitude


Furthermore, Data Bay and RENO analysis on the separate 235U and 239Pu contribution to 
neutrino flux shows that the rate deficit comes mainly from 235U disfavouring the sterile 
neutrino hypothesis

5

spectively, are incompatible at 2.6� confidence level.
The evolution of Daya Bay’s IBD yield pictured in Fig. 2

was also used to measure the individual IBD yields of 235U
and 239Pu. For each F239 bin a in Fig. 2, the measured IBD
yield can be described as

�a
f =

X

i

F a
i �i, (5)

where F a
i are the effective fission fractions for each isotope,

and �i is the IBD yield from that isotope. Measurements from
all bins can be summarized with the matrix equation

�f = F�, (6)

where �f is an eight-element vector of the measured IBD
yields, � is a vector containing the IBD yields of the four fis-
sion isotopes, and F is a 8⇥4 matrix containing fission frac-
tions for the data in each F239 bin. This matrix equation was
used to construct a �2 test statistic

�2 = (�f � F�)>V�1(�f � F�), (7)

which allows a scan over the full � parameter space. The
matrix V is a covariance matrix containing the previously dis-
cussed statistical, reactor, and detector uncertainties, and their
correlation between measurements �f .

FIG. 3. Combined measurement of 235U and 239Pu IBD yields per
fission �235 and �239. The red triangle indicates the best fit �235

and �239, while green contours indicate two-dimensional 1�, 2� and
3� allowed regions. Contours utilize theoretically predicted IBD
yields for the subdominant isotopes 241Pu and 238U as indicated in
the lower left panel. Predicted values and 1� allowed regions based
on the Huber-Mueller model are also shown in black. The top and
side panels show one-dimensional ��2 profiles for �235 and �239,
respectively.

In order to break the degeneracy from contributions of
the two minor fission isotopes 241Pu and 238U, weak con-
straints were applied to these isotopes’ IBD yields. This was

accomplished in Eq. 7 by adding terms (�i � �̂i)2/✏2i for
238U and 241Pu, where �̂i and ✏i are theoretically predicted
IBD yields and assigned uncertainties, which were treated as
fully uncorrelated. Values for �̂i were taken from Ref. [4]
for 238U (10.1⇥10�43 cm2/fission) and Ref. [3] for 241Pu (
6.05⇥10�43 cm2/fission). Values ✏i were set at 10% of the
model-predicted yield, significantly higher than the quoted
Huber-Mueller uncertainties, in order to reduce the potential
bias to the fit.

The IBD yields from 235U and 239Pu, �235 and
�239, were found to be (6.17 ± 0.17) and (4.27 ±
0.26) ⇥10�43 cm2/fission, respectively. Allowed regions and
one-dimensional ��2 profiles for �235 and �239 are shown in
Fig. 3. The measurement is currently limited in precision by
the AD-correlated uncertainty in Daya Bay’s detection effi-
ciency, and by the statistical uncertainty in the measurements
�f . The 10% uncertainties assigned to �238,241 provide a
subdominant contribution to the uncertainty in �235 and �239.
This �235 is 7.8% lower than the Huber-Mueller model value
of (6.69±0.15) ⇥10�43 cm2/fission, a difference significantly
larger than the 2.7% measurement uncertainty. A measured
�235 yield deficit has also been reported using global fits to an-
tineutrino data from reactors of varying fission fractions [28].
The measured �239 value is consistent with the predicted value
of (4.36±0.11) ⇥10�43 cm2/fission within the 6% uncertainty
of the measurement.

By applying additional constraints on �f in Eq. 7, these
�235 and �239 results were tested for consistency with hypo-
thetical �f values representing differing sources of the reactor
antineutrino anomaly. If the anomaly is produced solely via
incorrect predictions of 235U, the measured �235 should devi-
ate from its predicted value while �238,239,241 remain at their
predicted values; enforcement of this additional constraint in
Eq. 7 produced a best fit higher by ��2/NDF= 0.17/1 (two-
sided p-value 0.68). A similar test of 239Pu as the sole source
of the anomaly yielded a best-fit value higher by ��2/NDF =
10.0/1 (p-value 0.00016). Requiring all isotopes in Eq. 7 to
exhibit an equal fractional deficit with respect to prediction,
the best fit was found to be higher by ��2/NDF= 7.9/1
(p-value 0.0049). Thus, the hypothesis that 235U is primar-
ily responsible for the reactor antineutrino anomaly is favored
by the Daya Bay data, with the equal deficit and 239Pu-only
deficit hypotheses disfavored at the 2.8� and 3.2� confidence
levels, respectively.

To investigate changes in the antineutrino spectrum with
reactor fuel evolution, observed IBD spectra per fission, S,
were examined, where �f =

P
j Sj , the sum of IBD yields in

all prompt energy bins. For each F239 bin depicted in Fig. 4,
the measured Sj values were compared to the F239-averaged
IBD yield per fission value Sj . The ratio Sj/Sj is plotted
against F239 in Fig. 4 for four different Ep bins. The common
negative slope in Sj/Sj visible in all prompt energy ranges
indicates an overall reduction in reactor antineutrino flux with
increasing F239, as demonstrated in Fig. 2. In addition, the
trends in Sj/Sj with F239 in Fig. 4 differ for each energy bin,
indicating a change in the spectral shape with fuel evolution.
In particular, the content of higher-energy bins decreases more
rapidly than lower-energy bins as F239 increases.
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Limits of Current Neutrino Spectrum Models
Converted spectra method (used for 235U, Pu):

- Have large uncertainty for the weak magnetism term

- The selection of average effective Z distributions used in the fit of the ILL spectra can 

have a large impact on the uncertainties (up to 5%)

- The treatment of forbidden decays could change both normalisation and spectral shape, 

thus the measurement of the shape factors for the most important forbidden decays is 
crucial


Summation method (used for 238U)


- Suffers from incomplete or biased nuclear decay schemes


- Pandemonium effect can be solved by total absorption      
γ-ray spectroscopy measurements (data-model 
discrepancy reduced to < 2%)


The combination of the rapidly-advancing analysis of 
data from reactor short-baseline experiments, and the 
improvement of models, could allow us to solve the 
reactor antineutrino anomaly 

The DANSS Experiment

New phase-II with 
spectrum recently 
released and expected 
X2 increase in the 
sensitivity in the 
exclusion plot

Experimental Site

Status of NEOS-II — Y. J. Ko@IBSNeutrino 2020

Hanbit NPP

1
2

3
4

6

5

RENO far

RENO near

NEON 
(poster #103)

NEOS

Reactor 
core

Detector

23.7 m

~8 m 
(20 m.w.e.)

• Detector in tendon gallery

- 23.7-m baseline and 20-m.w.e. overburden

- Muon rate: ~1/6 of the ground (~28.7 Hz/m2)

Yeonggwang, 
 Korea

6

light collected 
by 19 8’’ PMTs

plastic 
scintillator 
μ-veto

The systematics 
are driven by the 
comparison with 
the Daya Bay 
energy spectrum


