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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 Oe 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 O lN Oe channel. It mea-
sured an excess of events at low energy consistent with an oscillation mass splitting of
% _m2∣ ∣ 1eV2 [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 O lN Oe and O OlN e appearance channels, it observed an
excess of events. There is some disagreement regarding the compatibility of MiniBooNE Oe

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 (%m14

2 , Rsin 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 Oe and Oe 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 Oe and Oe

disappearance experiments. Contours obtained from [3, 5, 44].
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Daya Bay

Flux Deficit

1. Search for short-baseline sterile-neutrino 
oscillations independent of reactor models 

2. Measure antineutrino spectrum due to 235U 

3. Demonstrate near-field surface operation

Spectral Shape

PROSPECT-I GOALS:
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Experimental Strategy: 
• Compact HEU research reactor (all 235U) 

• Segmented detector localizes events and 
supports background rejection 

• Measure high-resolution spectrum at a 
range of baselines (7-9m in current position) 

• Search for characteristic relative spectral 
distortions within detector volume 

• 46% reactor up time, allows equal stats for 
detailed study of cosmogenic backgrounds

compact core
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7-9 m
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FIG. 1: Left: Reactor ⌫e flux measurements in reactor experiments up to ⇠100m baseline. Existing measurements are shown
in black. The blue, red, and green bands indicate the distances at which new experiments at NBSR, HFIR, or ATR are
feasible. Figure adapted from [7]. Right: Comparison of the size and power of several reactors cores. For ATR, both the typical
operating power and the higher, licensed power are shown. Figures from M. Tobin.

The National Institute of Standards and Technology (NIST) [12] and Oak Ridge National Laboratory (ORNL) [13]
operate powerful, highly compact research reactors for neutron research. Idaho National Laboratory (INL) [14] is host
to the Advanced Test Reactor (ATR). All laboratories provide user support for external scientific users. The National
Bureau of Standard Reactor (NBSR) at NIST, the High Flux Isotope Reactor (HFIR) at ORNL, and ATR at INL
have identified potential sites for a compact ⌫e detector at distances between 4-13m, 7-13m, and 12-30m from the
reactor cores, respectively [18]. NBSR o↵ers the opportunity for a new ⌫e flux and spectra measurement at the closest
distance yet wile HFIR and ATR o↵er superb power for their compact core size. The higher power and ⌫e flux of ATR
and HFIR is balanced by the slightly closer distance of NIST. Assuming a 1⇥1⇥3m (height⇥width⇥length) detector
with 30% e�ciency at either one of these locations, a measurement with 1 year ⌫e lifetime would cover the majority
of the currently preferred parameter space of the reactor anomaly at 3� C.L. Figure 1 summarizes the accessible
baselines and illustrates the comparison of several reactor cores in terms of dimension, geometry, and thermal power.
Also included is the commercial power plant SONGS with a deployment site at 24m baseline [19]. While SONGS’
larger core dimension limits sensitivity to larger neutrino mass splittings, the high antineutrino flux and available
overburden make it useful for detector commissioning and characterization. In addition, measurement of the SONGS
antineutrino spectrum may help further constrain flux predictions uncertainties, especially when combined with a
similar measurement of an HEU core. Figure 2 shows the 3� discovery potential for the di↵erent sites and illustrates
the e↵ect of di↵erent signal to background conditions. A precision ⌫e experiment at very short baselines provides
significant discovery potential to the currently favored sterile neutrino oscillation parameters.

A precision reactor ⌫e experiment at very short baselines will require a novel detector and shielding design. Reactor
⌫e experiments typically utilize the inverse beta-decay reaction ⌫e + p ! e+ + n yielding a prompt signal followed by
a neutron capture tens of microseconds later. The delayed coincidence allows for a significant reduction in accidental
backgrounds from natural radioactivity and gammas following neutron capture. The major experimental challenge is
expected to come from the lack of overburden and the need to operate the detectors close to the reactor core. At a
few meters from the reactor core, the available overburden for the reduction of cosmogenic backgrounds is minimal.
Fast neutron backgrounds from cosmic rays, the reactor, and adjacent experiments will contribute significantly to
the ambient backgrounds near the reactor. In spite of these challenges, recent developments of antineutrino detectors
for non-proliferation and nuclear verification e↵orts have demonstrated the feasibility of ⌫e detection in such a situ-
ation. The development of a precision reactor ⌫e detector operating in this environment will o↵er a range of R&D
opportunities with applications in gamma and neutron shielding, neutron detection, and reactor monitoring.

A key element in the ⌫e detection is the proton-rich scintillator target. Metal-loaded scintillators based have been
the state of the art in reactor ⌫e experiments [20]. Recent developments of water-based scintillators [21] o↵er attractive
alternatives with di↵erent systematics and characteristics. Novel Li-doped scintillators [22] may be used to improve on
neutron detection e�ciency and minimize the gamma leakage. Choice and composition of the scintillator is important
for the timing of the delayed coincidence signal, the accidental background suppression, the energy response, and
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Bureau of Standard Reactor (NBSR) at NIST, the High Flux Isotope Reactor (HFIR) at ORNL, and ATR at INL
have identified potential sites for a compact ⌫e detector at distances between 4-13m, 7-13m, and 12-30m from the
reactor cores, respectively [18]. NBSR o↵ers the opportunity for a new ⌫e flux and spectra measurement at the closest
distance yet wile HFIR and ATR o↵er superb power for their compact core size. The higher power and ⌫e flux of ATR
and HFIR is balanced by the slightly closer distance of NIST. Assuming a 1⇥1⇥3m (height⇥width⇥length) detector
with 30% e�ciency at either one of these locations, a measurement with 1 year ⌫e lifetime would cover the majority
of the currently preferred parameter space of the reactor anomaly at 3� C.L. Figure 1 summarizes the accessible
baselines and illustrates the comparison of several reactor cores in terms of dimension, geometry, and thermal power.
Also included is the commercial power plant SONGS with a deployment site at 24m baseline [19]. While SONGS’
larger core dimension limits sensitivity to larger neutrino mass splittings, the high antineutrino flux and available
overburden make it useful for detector commissioning and characterization. In addition, measurement of the SONGS
antineutrino spectrum may help further constrain flux predictions uncertainties, especially when combined with a
similar measurement of an HEU core. Figure 2 shows the 3� discovery potential for the di↵erent sites and illustrates
the e↵ect of di↵erent signal to background conditions. A precision ⌫e experiment at very short baselines provides
significant discovery potential to the currently favored sterile neutrino oscillation parameters.

A precision reactor ⌫e experiment at very short baselines will require a novel detector and shielding design. Reactor
⌫e experiments typically utilize the inverse beta-decay reaction ⌫e + p ! e+ + n yielding a prompt signal followed by
a neutron capture tens of microseconds later. The delayed coincidence allows for a significant reduction in accidental
backgrounds from natural radioactivity and gammas following neutron capture. The major experimental challenge is
expected to come from the lack of overburden and the need to operate the detectors close to the reactor core. At a
few meters from the reactor core, the available overburden for the reduction of cosmogenic backgrounds is minimal.
Fast neutron backgrounds from cosmic rays, the reactor, and adjacent experiments will contribute significantly to
the ambient backgrounds near the reactor. In spite of these challenges, recent developments of antineutrino detectors
for non-proliferation and nuclear verification e↵orts have demonstrated the feasibility of ⌫e detection in such a situ-
ation. The development of a precision reactor ⌫e detector operating in this environment will o↵er a range of R&D
opportunities with applications in gamma and neutron shielding, neutron detection, and reactor monitoring.

A key element in the ⌫e detection is the proton-rich scintillator target. Metal-loaded scintillators based have been
the state of the art in reactor ⌫e experiments [20]. Recent developments of water-based scintillators [21] o↵er attractive
alternatives with di↵erent systematics and characteristics. Novel Li-doped scintillators [22] may be used to improve on
neutron detection e�ciency and minimize the gamma leakage. Choice and composition of the scintillator is important
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Background events provide a myriad of ways to measure segments 

performance – observed segment-to-segment  variation is small

The PROSPECT antineutrino detector (AD) in now 

operating 7-9m from a research reactor core: 

• The recently commissioned PROSPECT AD is performing very well

• Detector design features provide multiple observables to calibrate and track system 

stability and uniformity 

In addition to calibration sources, AD data can be used to 

measure system stability, validating our calibration procedures 

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

• Low mass optical separators provide 154 optical 

segments, 117.5x14.6x14.6cm 3

• Double-ended PMT readout

• Internal calibration access along full segment length

Prospect has begun to study the characteristics of IBD signal and 

cosmogenic background events

• Energy resolution, position resolution and detection efficiency meet expectations

• Antineutrinos have been detected in the high background environment close to a 

research reactor core and on the Earth’s surface
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The AD light yield & PSD performance are very good (poster 146), as is 

axial position resolution. Other performance parameters are assessed via a 

combination of measurements and simulation.

Antineutrino detection efficiency

Antineutrino selection cuts preferentially 

reject cosmogenic backgrounds. Some 

PMTs have exhibited anomalous current 

behavior, with these segments being 

excluded from analysis for now. 

Simulation is used to understand the 

effect of these factors on IBD detection 

efficiency across the detector.

6Li neutron capture gives fixed 

energy events distributed 

throughout entire AD – track 

system response in time and 

measure variation along segments

Optical collection along 

segment length

Axial variation in single PMT 

light collection is almost 

exponential and has minor 

variation amongst PMTs 

Relative energy scale 
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Tracking  6Li neutron capture 

feature in time demonstrates  

effectiveness of  running 

calibration and segment-to-

segment uniformity 

Timing Calibration

Muon tracks traversing 

multiple segments provide 

coincident events to extract 

segment-to-segment and 

PMT-to-PMT timing 

information

Axial position 

reconstruction

BiPo events provide a 

uniformly distributed event 

sample with which to validate 

axial position reconstruction

Time stability of energy 

reconstruction

Tracking  reconstructed energy 

of BiPo events distributed 

uniformly throughout the 

detector independently 

validates energy calibration

Time stability of neutron capture efficiency

The LiLS contains three species with non-negligible capture 

cross sections: 6Li, 1H, and 35Cl. Tracking  relative capture 

fractions demonstrates stable efficiency of the 6Li capture 

reaction used for antineutrino detection

Time variation of 

cosmogenic backgrounds

Several cosmogenic background 

event classes are observed to 

vary with the depth of the 

atmospheric column. This ~1% 

effect is corrected for in 

background subtraction 

Axial Position Resolution

212Po decays produce b-a

correlated events in the 

same location - provide 

direct measure of AD 

position resolution
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The PROSPECT AD has successfully detected antineutrinos in the high 

background environment close to a reactor core and on the Earth’s surface
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• Single 4,000 L 6Li-loaded liquid scintillator, 

• divided into 11 x 14 (154) array of optically 
separated segments 

• 2D segmentation supports: 
- full X,Y,Z event reconstruction 
- fiducialization 
- event topology for signal selection 

• Double ended PMT readout, with light 
concentrators   

- good light collection and energy 
response ~5%√E energy resolution 

• Optimized shielding to reduce cosmogenic 
and local backgrounds TILTED ARRAY FOR 

CALIBRATION ACCESS

Low mass 
optical lattice

modest (1” Pb) 
gamma shield

local Pb 
shield wall

 119 cm length 

PROSPECT, NIM A 922 (2018)

PROSPECT, JINST 14 P04014 (2019)
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PROSPECT-I Results

arXiv:2006.11210

• RAA best-fit excluded: 98.5% CL

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

• χ2/NDF =30.79/31 for shape-only comparison with model 

• PROSPECT feature size with respect to Daya Bay: 84% ± 
39%.  (No 235U bump disfavored at 2.2σ CL, all 235U is 
disfavored at 2.4σ CL)

RAA

95.65 reactor-on calendar  
days, 73.09 reactor-off 



Pieter Mumm, National Institute of Standards and Technology DNP Meeting, 10/30/2020 7

Ambiguities in Long Baseline Experiments:

https://arxiv.org/pdf/1605.09376.pdf
• Can mimic CP violation in DUNE

Yeon-jae Jwa, 
ICHEP 2018
2018 allowed 3+1 
space compared 
to constraint from 
a null SBN result

• Ambiguities in mass ordering

• Simple 3+1 models suffer 
strong tensions, more complex 
models add rich theoretical 
texture that short baseline 
expts. can help disentangle

arxiv:1508.06275

5∘
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Spectrum/flux Still Not Understood.

T.J. Langford - Yale University Date/Seminar4
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PRL 116, 061801(2018)

Daya Bay

• Spectral shape anomalies still 
unexplained, both in 4-6 MeV region 
and an very high and very low 
energies 

• Reference spectrum needed for 
reactor-based hierarchy 
measurements, reactor CEvNS, and 
nuclear safeguards

• Systemically distinct input for joint 
spectrum analysis 

PROSPECT-II absolute flux 
measurement can:

• Improve understanding of fission 
isotope yield

• Independent check of 5% deficit 
observed by STEREO (short-
baseline experiment)
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PROSPECT -II Detector Upgrade: Evolutionary Design Strategy

5/1/20 James Wilhelmi 3

Present Design Path PTFE lined Al tank

Rubber gasket
¼” Acrylic Window
FoamAl compress flange

Al PMT mount/Window grid

PMTs and Mounts

Match initial performance while improving stability (maintain similar segment pitch, same scintillator 
formulation, etc…) and facilitating redeployment 

• Separate PMTs from LiLS volume, reduce exposure to materials, and improve cover gas 
• Design approach facilitates operation at multiple sites 
• Planned redeployment at HIFR ~ late 2021

PTFE lined chamberPTFE coating demo
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Calibration Access

• Removing penetrations into central volume 
requires modification of calibration strategy 

• Calibration source tubes will now feed 
around the outside of the detector
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Validating Calibration Scheme

*Source 
location

Energy (keV)

Event Multiplicity

Using PROSPECT-I data 
simulate edge deployed source.  

Energy and multiplicity data  
used to reconstruct detector 
(non-linear) response.  

As before, features, e.g. capture 
on 6Li and cosmogenic 12B beta 
decays, constrain model and 
help determine energy scale 
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Cross-talk and signal to background
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• Windows allow for communication between segments (Monte Carlo estimates ~ < 5%) 
• Data-driven simulations suggest minimal impact of aground rejection 
• Increased spatial efficiency allows larger fiducial volume (40% more signal) 
• Projected signal to background ~ 3:1

Multi-segment light transport simulation
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Spectral Shape and Flux

Assume similar performance with increased S:B ~ 3:1 and nominal 2 year and 4 year 
run times:  

• Measurement uncertainties become comparable to model uncertainties  
• Significant reduction in uncertainties in 4-6 ‘bump’ region 
• Significant increased precision in measuring the amplitude (n) of a bump-like feature in the 4-6 

MeV prompt energy: PROSPECT will address hypothesis for the origin of this feature (n=0, no 
bump from 235U; n=1.78, bump entirely from 235UU) at high confidence level. 

N
o 

23
5 U

 b
um

p

A
ll 

23
5 U

 b
um

p



Pieter Mumm, National Institute of Standards and Technology DNP Meeting, 10/30/2020 14

Oscillation Sensitivity 
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Global context: 
• Significant gains over current sensitivity, covers below 5 deg over mid- m2 phase space

• Addresses high- m2 region with conflicting experimental results
• PROSPECT-II would continue to provide unique access to high m2 region below Katrin
• Global effort is complementary, particularly if care is taken to support global analysis efforts 

Δ
Δ

N4

— Baseline 1 yr 
— Baseline 2 yr 
— Constrained 2 yr 
— Current Sensitivity 
— Current Exclusion

— Baseline 2 yr 
— DANSS 
— NEOS 
— STEREO Exclusion 
— STEREO Sensitivity

— Baseline 2 yr 
— 4 yr HFIR, 2 yr PWR 
— Daya Bay 
— KATRIN 
— LBL CPV ambiguity
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Conclusions and Outlook

 15

  

• PROSPECT has produced both impactful sterile oscillation and spectrum 
results (highest sensitivity at high- m2) despite unplanned limitations to 
data collection (both due to PMT divider failure and a HFIR outage); yet 
the global picture remains unclear

• PMT failure is understood. Will be eliminated through a robust design 
upgrade that is in progress; allows for extended running at HIFR with the 
option of additional deployments at other reactors, further improving 
sensitivity.

• Upgrade detector and continued data collection will enable:
• Definitively addressing the Reactor Anomaly and Neutrino-4
• Eliminating possible ambiguities in long baseline experiments
• High significance test of isotopic contributions to the shape anomaly
• Absolute flux measurement

Δ
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