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Reactor antineutrino anomalies

2Danielle Norcini Yale UniversityLake Louise Winter Institute: 21 February 2018 

Chinese Physics C Vol. XX, No. X (201X) XXXXXX

To calculate the global average independent of the
model uncertainty used by the past measurements, we
follow the method described in Ref. [62] by first remov-
ing �model from both uncertainties, and define:
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now represent experimental uncertainties

only. We then build a covariance matrix V exp such that
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where Robs

i
is the “ratio” column in Table 11 corrected

by the “Psur” column for the ✓13-oscillation e↵ect. Robs

i

represents the observed rate from each measurement.
We then calculate the best-fit average ratio Rpast

g
by

minimizing the �2 function defined as:
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where V �1 is the inverse of the covariance matrix V . This
procedure yields the best-fit result Rpast

g
=0.942±0.009,

where the error is experimental only.
Since we now use the Huber+Mueller model as the

reference model, we re-evaluate the model uncertainty
using the correlated and uncorrelated uncertainty com-
ponents given by Ref. [24, 25]. Using the weighted av-
erage fission fraction from all experiments (235U : 238U
: 239Pu : 241Pu = 0.642 : 0.063 : 0.252 : 0.0425), the
model uncertainty is calculated to be 2.4%, and the final
result becomes:

Rpast

g
= 0.942±0.009 (exp.)±0.023 (model) (21)

Finally, we compare the Daya Bay result with the
past global average. In the previous subsection, we ob-
tained the Daya Bay measured reactor antineutrino flux
with respect to the Huber+Mueller model prediction:
RDYB =0.946±0.020(exp.). This result is consistent with
the past global average Rpast

g
=0.942±0.009(exp.). If we

include the Daya Bay result in the global fit, the new
average is Rg =0.943±0.008(exp.)±0.023(model). The
results of the global fit and the Daya Bay measurement
are shown in Fig. 17.

The consistency between Daya Bay’s measurement
and past experiments suggests that the origin of the “re-
actor antineutrino anomaly” is from the theoretical side.
Either the uncertainties of the theoretical models that
predict the reactor antineutrino flux are underestimated
or more intriguingly, there exists an additional neutrino
oscillation that suppresses the reactor antineutrino flux
within a few meters from the reactor. Such an oscillation
would imply the existence of one or more eV-mass-scale
sterile neutrinos. To investigate this tantalizing possibil-
ity, future short baseline (10 m) experiments are required
to observe the L/E dependence of such an oscillation.
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Fig. 17. The measured reactor ⌫̄e rate as a function
of the distance from the reactor, normalized to the
theoretical prediction of Huber+Mueller model.
The rate is corrected by 3-flavor neutrino oscil-
lations at the distance of each experiment. The
purple shaded region represents the global aver-
age and its 1� uncertainty. The 2.4% model un-
certainty is shown as a band around unity. The
measurements at the same baseline are combined
together for clarity. The Daya Bay measurement
is shown at the flux-weighted baseline (573 m) of
the two near halls.

6 Measurement of Reactor Antineutrino
Spectrum

In this section, we extend the study from reactor an-
tineutrino flux to its energy spectrum. The measured
prompt energy spectra from the four near-site ADs were
summed and compared with the predictions. The detec-
tor response of the Daya Bay ADs was studied and used
to convert the predicted antineutrino spectrum to the
prompt energy spectrum for comparison. A discrepancy
was found in the energy range between 4 and 6 MeV with
a maximum local significance of 4.4 �. The discrepancy
and possible reasons for it were investigated.

6.1 Detector Response

The predicted antineutrino flux and spectrum were
calculated via the procedure described in Sec. 2. At
each AD, the reactor antineutrino survival probability
was taken into account with the best fit oscillation pa-
rameters, sin2 2✓13 =0.084 and |�m2

ee
|=2.42⇥10�3 eV2,

based on the oscillation analysis of the same dataset [32].
The relation of the antineutrino spectrum S(E⌫̄e) and the
reconstructed prompt energy spectrum S(Ep) can be ex-
pressed as,

S(Ep)=

Z
S(E⌫̄e)R(E⌫̄e ,Ep)dE⌫̄e (22)

where R(E⌫̄e ,Ep) is the detector energy response and can
be thought of as a response matrix, which maps each an-
tineutrino energy to a spectrum of reconstructed prompt
energies. The energy response includes four main e↵ects:
the IBD prompt energy shift, IAV e↵ect, non-linearity,
and energy resolution, which are studied in the following.
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Flux deficit

• reactor data does not agree with predictions 
• flux deficit seen by most reactor experiments, 

is there a eV2 sterile neutrino? 
• spectral “bump” seen at by ϴ13 experiments 

at LEU reactors, questions model validity 

Spectral anomaly

Daya Bay: PRL 116, 061801 (2016) 

reactor neutrino experiments do not agree with predictions, could indicate new physics
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compact core

Antineutrino detector

Range of motion
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Goals:
1. model independent search for eV-scale  

  sterile neutrinos at distances 7-12 m 

2. perform a precision measurement of 235U  
  reactor antineutrino spectrum

@ High Flux Isotope Reactor (HFIR),     
    Oak Ridge National Laboratory

data summarized by Mention, 
et al, Phys. Rev. D83 (2011) 

PROSPECT will probe unexplored baselines and measure neutrinos at a 235U reactor
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Segmented detector for model-independent oscillations
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Challenge: detect inverse beta decays 
(IBDs) to search for sterile neutrinos 
without input from predictions

Solution: segmented detector
• 154 detector segments, multiple baselines 
• each segment acts as separate detector 
• measure energy spectrum at each radius, 

compare different baselines 
• true oscillometry needed for confirmation 

HFIR 
compact core

𝜈

segmented detector allows for a model-independent sterile neutrino search



Segmented detector for backgrounds control
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outer neutron shield

inner neutron shield

lead

PROSPECT cross section

Liquid Scintillator Volume

119cmPMT

Challenge: detect inverse beta decays 
(IBDs) with minimal overburden, 
cosmogenic and reactor backgrounds

Solution: segmented detector
• ~4 ton 6Li-loaded liquid scintillator detector 
• 154 (25 liter) optical segments 
• double-ended PMT readout 
• calibration access between segments 
• novel shield to reduce neutron spallation 

with active background suppression 
• energy resolution 4.5% @ 1MeV 
• pulse shape discrimination (PSD) + 6Li for 

particle identification 
• segments = topology, fiducialization

3 
m

2.6 m



IBDs fast neutrons

accidental 𝛾-𝛾

(n,Li) capture peak

heavy particles

light particles

Segmented detector for backgrounds control
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prototype data: 
PROSPECT-50

PSD
Challenge: detect inverse beta decays 
(IBDs) with minimal overburden, 
cosmogenic and reactor backgrounds

Solution: segmented detector
• ~4 ton 6Li-loaded liquid scintillator detector 
• 154 (25 liter) optical segments 
• double-ended PMT readout 
• calibration access between segments 
• novel shield to reduce neutron spallation 

with active background suppression 
• energy resolution 4.5% @ 1MeV 
• pulse shape discrimination (PSD) + 6Li for 

particle identification 
• segments = topology, fiducialization



Segmented detector for backgrounds control
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IBDs!

topologyChallenge: detect inverse beta decays 
(IBDs) with minimal overburden, 
cosmogenic and reactor backgrounds

Solution: segmented detector
• ~4 ton 6Li-loaded liquid scintillator detector 
• 154 (25 liter) optical segments 
• double-ended PMT readout 
• calibration access between segments 
• novel shield to reduce neutron spallation 

with active background suppression 
• energy resolution 4.5% @ 1MeV 
• pulse shape discrimination (PSD) + 6Li for 

particle identification 
• segments = topology, fiducialization



Segmented detector for backgrounds control
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segmented detector allows for event identification for background reduction

Challenge: detect inverse beta decays 
(IBDs) with minimal overburden, 
cosmogenic and reactor backgrounds

Solution: segmented detector
• ~4 ton 6Li-loaded liquid scintillator detector 
• 154 (25 liter) optical segments 
• double-ended PMT readout 
• calibration access between segments 
• novel shield to reduce neutron spallation 

with active background suppression 
• energy resolution 4.5% @ 1MeV 
• pulse shape discrimination (PSD) + 6Li for 

particle identification 
• segments = topology, fiducialization



All adds up: signal to background
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simulation extrapolation to Phase I
neutron-coincident events

n+H

12C inelastic
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active veto requirements: 

•neutron capture 
•recoil PSD 
•gamma/electron energy 

= same properties as 
detector bulk; use same 
technology and fiducialize.

IBD-like n capture
simulation

• MC benchmarked by detector prototype data from HFIR site 
• cosmogenic backgrounds (solid) and signal (dashed) per cut selection 
• active background suppression >3 orders of magnitude, expected S:B > 3:1  
• background will be measured when reactor off, subtracted with reactor on data

AD Prediction
IBD signal
Background 

expected signal to background > 3:1 at near-surface detection location



Construction of PROSPECT is complete!

10Danielle Norcini Yale UniversityLake Louise Winter Institute: 21 February 2018 

top view of first layer



Assembling a layer in 30 seconds
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PROSPECT layer in 30 seconds 



Daya Bay

best fit reactor 
anomaly3s, 3yr

3s, 1yr
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• compare L/E between segments  
(i.e. baselines) 

• true oscillometry needed for confirmation 
of sterile neutrinos 

• independent from reactor models  
• probe best-fit point at 4𝜎 in 1 year

Model independent search for sterile neutrinos
PROSPECT: J. Phys. G: Nucl. Part. Phys. 43 (2016) 113001

PROSPECT can search for sterile neutrinos without reliance on reactor models



Precision measurement of 235U spectrum
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• ~1000 inverse beta decays detected per day, 160k/year 
• best energy resolution of any reactor neutrino experiment (4.5%@1MeV), will be world’s 

most precise 235U measurement 
• precision will surpass spectral model uncertainties: directly test reactor models, produce 

a benchmark spectrum for future reactor experiments

Phase I,
Phase I,3 years
3 years

PROSPECT: J. Phys. G: Nucl. Part. Phys. 43 (2016) 113001

5000   
measured by ILL

3 years

PROSPECT’s 235U antineutrino spectrum will be the world leading measurement



14

1. PROSPECT is a unique, segmented  near-surface reactor neutrino detector. 
2. Will perform a model-independent search for eV-scale sterile neutrinos. 
3. Will measure the 235U spectrum with the highest precision to date. 
4. Detector construction complete, installation happening now at HFIR, and will be 

online soon!

Stay tuned for
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first optical module!

inner detector detector package
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