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Motivation: Reactor Antineutrino Anomaly (RAA)

• World average observed flux shows 6% deficiency with respect to 
theoretical predictions.


• The prediction models are based on Huber+Mueller and by 3-flavor 
neutrino oscillations at the distance of each experiment. 

1.3. Anomalies in source and accelerator experiments

Anomalous results have also been obtained in other neutrino experiments. Both the SAGE
and GALLEX radiochemical gallium experiments have observed neutrino flux deficits with
high-activity ne calibration sources [38–41].

Additional anomalies have become apparent in accelerator-based neutrino experiments.
The liquid scintillator neutrino detector (LSND) experiment at Los Alamos National
Laboratory was designed to search for neutrino oscillations in the nm ne channel. It mea-
sured an excess of events at low energy consistent with an oscillation mass splitting of
∣ ∣D ~m2 1eV2 [42]. The Mini Booster Neutrino Experiment (MiniBooNE) at Fermilab
National Accelerator Laboratory was conceived to test this so-called ‘LSND anomaly’ in the
same L/E region [43]. In both the nm ne and n nm e appearance channels, it observed an
excess of events. There is some disagreement regarding the compatibility of MiniBooNE ne

appearance data in models involving 3 active neutrinos and 1 sterile state (3+ 1 model) [44]
but the allowed regions for neutrino oscillations partially overlap with the allowed regions
from LSND.

1.4. Global Fits

Attempts have been made to fully incorporate the observed anomalies into frameworks with
one or more additional sterile neutrino states. Combining the short-baseline reactor anomaly
data with the gallium measurements under the assumption of one additional sterile neutrino
state allows one to determine the allowed regions (Dm14

2 , qsin 22
14) in the global parameter

space. Two recent efforts obtain slightly different allowed regions and global best-fit points
[3, 5]. The disagreement can be attributed to the differences in handling uncertainties and the
choice of spectral information included in the analyses. Inclusion of all ne and ne dis-
appearance measurements further constrains the parameter space [5]. Figure 4 illustrates the
allowed regions obtained from different combinations of anomalous experimental results.

Because of the tensions between some appearance and disappearance results, difficulties
arise in developing a consistent picture of oscillations in the 3+ 1 framework [44] involving

Figure 4. Allowed regions in 3+ 1 framework for several combinations of ne and ne

disappearance experiments. Contours obtained from [3, 5, 44].
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RAA best-fit point at !"#22$ = 0.165, ∆%2= 2.39 Where this global deficit is coming from? 
• Reactor model predictions are not good enough

• Sterile Neutrinos: 

- high frequency oscillations (~meter baselines).

- eV-scale mass splitting.
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Figure 57. Short baseline reactor antineutrino anomaly. The experimental results are compared to the pre-
diction without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron
mean lifetime, and the o↵-equilibrium e↵ects. Published experimental errors and antineutrino spectra errors
are added in quadrature. The mean averaged ratio including possible correlations is 0.927±0.023. As an
illustration, the red line shows a 3 active neutrino mixing solution fitting the data, with sin2(2✓13) = 0.15.
The blue line displays a solution including a new neutrino mass state, such as |�m2

new,R| � 2 eV2 and
sin2(2✓new,R)=0.12, as well as sin2(2✓13) = 0.085.

sensitive of them, involving experts, would certainly improve the quantification of the anomaly.

The other possible explanation of the anomaly is based on a real physical e↵ect and is detailed in
the next section. In that analysis, shape information from the Bugey-3 and ILL published data [391,
448] is used. From the analysis of the shape of their energy spectra at di↵erent source-detector
distances [391, 449], the Goesgen and Bugey-3 measurements exclude oscillations with 0.06 <
�m2 < 1 eV2 for sin2(2✓) > 0.05. Bugey-3’s 40 m/15 m ratio data from [391] is used as it provides
the best limit. As already noted in Ref. [481], the data from ILL showed a spectral deformation
compatible with an oscillation pattern in their ratio of measured over predicted events. It should
be mentioned that the parameters best fitting the data reported by the authors of Ref. [481] were
�m2 = 2.2 eV2 and sin2(2✓) = 0.3. A reanalysis of the data of Ref. [481] was carried out in order
to include the ILL shape-only information in the analysis of the reactor antineutrino anomaly. The
contour in Fig. 14 of Ref. [448] was reproduced for the shape-only analysis (while for the rate-
only analysis discussed above, that of Ref. [481] was reproduced, excludeing the no-oscillation
hypothesis at 2�).

The fourth neutrino hypothesis (3+1 scenario)

Reactor Rate-Only Analysis

The reactor antineutrino anomaly could be explained through the existence of a fourth non-
standard neutrino, corresponding in the flavor basis to a sterile neutrino ⌫s (see [25] and references
therein) with a large �m2

new value.

For simplicity the analysis presented here is restricted to the 3+1 four-neutrino scheme in which
there is a group of three active neutrino masses separated from an isolated neutrino mass, such
that |�m2

new| � 10�2 eV2. The latter would be responsible for very short baseline reactor neutrino
oscillations. For energies above the IBD threshold and baselines below 100 m, the approximated
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Physics Goals
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Search for short-baseline sterile neutrinos: 
• Few meters baseline variation affects the predicted 

spectrum assuming sterile oscillations. 
• Compact research reactor is necessary to prevent washing 

out oscillation. 
• Reactor-model independent search for oscillations 

throughout the detector .

Measurement of 235U antineutrino 
spectrum: 
• High energy resolution . 
• High statistics. 
• Have high enriched uranium cores: 235U only.

Existing measurement from 1981 ILL experiment (~5k events).

Baselines 7-9 meters

There are not precise measurements at very short baseline. 
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Latest Prospect Results (PRD editors’ suggestion)
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Nonfuel Antineutrino Contributions in the High Flux Isotope Reactor
PhysRevC 101 (2020) 054605

The Radioactive Source Calibration System of the PROSPECT Reactor 
Antineutrino Detector
NIMA 944 ( 2019) 162465

Measurement of the Antineutrino Spectrum from 235U Fission at HFIR with PROSPECT
PhysRevLett 122 (2019) 251801

A Low Mass Optical Grid for the PROSPECT Reactor Antineutrino Detector
JINST 14 (2019) P04014

Lithium-loaded Liquid Scintillator Production for the PROSPECT Experiment
JINST 14 (2019) P03026

The PROSPECT Reactor Antineutrino Experiment
NIMA 922 (2018) 287

First search for short-baseline neutrino oscillations at HFIR with PROSPECT
PhysRevLett 121 (2018) 251802

Performance of a segmented 6Li-loaded liquid scintillator detector for the PROSPECT 
experiment
JINST 13 (2018) P06023

The PROSPECT Physics Program
Journal of Phys. G 43 (2016) 11

Light Collection and Pulse-Shape Discrimination in Elongated Scintillator Cells for the 
PROSPECT Reactor Antineutrino Experiment
JINST 10 (2015) P11004

Background Radiation Measurements at High Power Research Reactors
Nucl. Instru. Meth. Phys. Res. A 806 (2016) 401

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.251802
http://dx.doi.org/10.1088/1748-0221/10/11/P11004


Detector Design
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The mixture of isotopes produced is complex, leading to a continuous spectrum of electron
flavored antineutrinos with energies primarily between 0 MeV and 8 MeV. Given the gener-
ally short half-life of the fission by-products, the flux of antineutrinos is proportional to the
thermal power of the reactor core. A variety of methods have been used over many decades
to calculate the ⌫e flux and spectrum. As early as 1948, statistical modeling of known nuclear
physics was used to estimate the expected flux [14]. Over the years, tabulation of careful
experimental measurements of isotope yields and isotope decay schemes lead to the sum-
mation or ab initio approach [15, 16]. Incorporating precision studies of the beta spectra
from fission by-products (beta conversion method [17]) resulted in more precise estimates.
However, given that thousands of beta-branches contribute to the observed spectrum, these
calculations remained challenging. In recent years, new techniques and methods [1, 2] have
produced tension with previous calculations.

Figure 3: Photographs of a dummy HFIR fuel element with active fuel diameter of 0.435 m and length of
0.508 m are shown in (a) & (b). The location of the active fuel in a detailed MCNP model of the full reactor
system is indicated in (c). A projection of the core wide fission power density (i.e. antineutrino production
source term) onto the x-z plane is shown in (d).

2.2. The High Flux Isotope Reactor (HFIR)

HFIR is a compact research reactor located at ORNL, and is described in great detail
elsewhere [13]. It burns highly enriched uranium fuel (235U), and was designed primarily
to support neutron scattering and radiation damage experiments, trace element detection,
and the production of radioactive isotopes for medical and industrial purposes. Operating
at 85 MW, HFIR is also a steady and reliable source of antineutrinos with minimal fuel
evolution (> 99% of fissions are from 235U throughout each cycle). As seen in Fig. 3 the
HFIR core has two cylindrical fuel elements with the outer element having a diameter of
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2.2. The High Flux Isotope Reactor (HFIR)

HFIR is a compact research reactor located at ORNL, and is described in great detail
elsewhere [13]. It burns highly enriched uranium fuel (235U), and was designed primarily
to support neutron scattering and radiation damage experiments, trace element detection,
and the production of radioactive isotopes for medical and industrial purposes. Operating
at 85 MW, HFIR is also a steady and reliable source of antineutrinos with minimal fuel
evolution (> 99% of fissions are from 235U throughout each cycle). As seen in Fig. 3 the
HFIR core has two cylindrical fuel elements with the outer element having a diameter of
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HIGH FLUX ISOTOPE REACTOR 
 AT OAK RIDGE NATIONAL LABORATORY  

Reactor Core highly-enriched (HEU): 
>99% of νe flux from 235U fission: 
• Power: 85 MW 
• Core shape: cylindrical 
• Size: h=0.5m d=0.4m 
• Duty-cycle: 24 days cycle 
  

• ~3,000 L 6Li-loaded fiducial 
volume. 

• 11 x 14 array of optically 
separated segments.  

• Double ended PMT readout, 
with light concentrators.  

• Good light collection and 
energy response ~4.5-5%√E 
energy resolution. 

• Full X,Y,Z event reconstruction.  
   

 
  

Reactor is smaller  
than conventional  

power reactors 

7m (short basline)

Segmented Detector
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IBD detection with 6LiLS
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• 1-10 MeV !+-like prompt signal (ionization and 
annihilation of positron). 

• Followed by ~50)s delayed neutron (~0.55 MeV) 
capture on 6Li. 

• 6LiLS ideal for neutron tag in compact detector 
as decay is highly localized in space within a 
segment.

The Pulse Shape Discrimination (PSD) of 
scintillator works as particle 
identification.
• it can distinguishes  gamma 

interactions, neutron capture and 
nuclear recoils.

• Essential to remove cosmogenic 
neutrons background.

PSD = Qtail/Qfull
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• Time+position-coincident IBD e+ and n signals

• Prompt: IBD e+-like PSD+energy

• Delayed: n-6Li PSD+energy+topology

• Reject if coincident with cosmic μ/n

• Require signals to occur in fiducial segments

• Primary cosmic neutrons account for most  
of the remaining IBD-like background
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Oscillation Strategy
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• Compare measured, predicted spectrum ratios for different (Δm241, sin22θ14):

• Uncertainty covariance matrix Vtot = Vsys + Vstat

•Statistics are the dominant sensitivity  
limiter

• Best-fit χ2/NDF  

of 119.3/142 at  
(Δm241, sin22θ14) 
= (1.78 eV2 , 0.11)

• Pictured: Δχ2 with 
respect to this  
best-fit point

Oscillation Search: Results

arXiv:2006.11210 (2020)
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• Feldman Cousins frequentist test and Gaussian CLs method 
are used to evaluate the exclusion regions in the oscillation 
phase space. 

• RAA best-fit excluded: 98.5% C.L.

• Data is compatible with null oscillation hypothesis (p=0.57)
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Summary
• An analysis of all PROSPECT reactor neutrino data has increased sterile 

neutrino sensitivity in the high-Δm2 regime. 


• The ‘reactor antineutrino anomaly’ best-fit is excluded at 2.5σ CL.


• No evidence for sterile neutrino oscillations is found.


• The Y18.00007 presentation will describe the expected improvement in 
sensitivity of the current and future PROSPECT results.


• PROSPECT is pursuing upgraded detector deployment at HFIR that will 
further increase its measurement precision.
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