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Motivation

arXiv:1607.05378

Reactor antineutrino experiments observe deficit in 
antineutrino rates compared to the predictions

arxiv:1512.02202

Allowed regions for  νe -> νs 
oscillations in 3+1 model

Additional sterile neutrino with large mass splitting could be a 
possible reason for the deficit

Recent Θ13 experiments at LEU reactors observe an excess in 
5-7 MeV neutrino energy region

Could be a contribution from a single isotope or multiple isotopes 

Motivates short-baseline experiment with compact 
source, good position resolution

Large mass splitting -> ~Meter length oscillations 

Motivates reactor experiment with different fuel types 
and good energy resolution

arXiv:1607.05378

Reactor flux “anomaly”
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PROSPECT Experiment

1.Precisely measure reactor 235U       spectrum
2.Search for short-baseline oscillations arising from eV-scale sterile neutrinos 

Physics Goals:
⌫̄e

Movable Range 7 m

Detector and 
shielding package

HFIR 
Core
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Oscillation Search

๏ Perform a relative spectrum measurement between 154 independent detectors (segments) 

๏ Identical segments provide clear baseline-dependent spectrum 

๏ Independent of underlying reactor flux and spectrum models

๏ Systematic effects minimized by relative search and detector movement
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Oscillation Sensitivity
• A χ2 test was applied to the simulated IBD prompt spectrum + background 

• Parameters α account for systematic uncertainties in signal, background 
• Exclusion contours were determined from the evaluation of a no-oscillation 

model with respect to a 3+1 neutrino model parametrized by (Δm241, θ14). 
• Best-fit values for sterile neutrinos  

from other experiments can be  
excluded at 99.97% CL with a  
single year of PROSPECT data. 

• Three years of PROSPECT data will 
yield high CL exclusion of a majority 
of the reactor anomaly phase space. 

• Developed covariance matrix-based fit 
reproduces these sensitivity curves; 
future functionality will fully include all 
expected systematics and correlations.

Searching for Sterile Neutrinos with PROSPECT
Bryce Littlejohn (Illinois Institute of Technology), on behalf of the PROSPECT Collaboration [1]

July 2016 Neutrino 2016

PROSPECT is a DOE-funded multi-phase short-baseline reactor experiment that will be installed at Oak Ridge National Laboratory’s  
High Flux Isotope Reactor (HFIR).  By comparing measured antineutrino spectra from 235U fission at baselines from 7-12 meters with 
 a single detector, PROSPECT will provide new sensitivity to electron antineutrino oscillations at short baselines that is independent of the underlying reactor 
flu and spectrum model.  PROSPECT will address the current best-fit eV-scale sterile neutrino oscillation parameter space at high confidence level with a 
single year of data-taking.  This poster describes PROSPECT’s oscillation fitting framework, input parameters, and expected sensitivities. 

Motivation: The Reactor Anomaly PROSPECT Measurement Concept
• PROSPECT can resolve the reactor anomaly by probing its L/E nature 
• HFIR core provides pure 235U flux  
• Measure inverse beta decays at many baselines  

within one segmented liquid scintillator target 
• Baseline-dependent changes in prompt spectrum 

would be clear indication of sterile oscillations 
• Uncertainties in reactor flux or spectrum could not 

produce this baseline-dependent feature.

B. Littlejohn, Illinois Institute of Technology

Experimental Input Parameters

• State-of-the art reactor models predict more neutrinos than are observed 
by existing reactor antineutrino flux measurements [2,3,4]

Parameter Optimization

Two-Detector Sensitivity

• How well do we exclude the Kopp 
sterile best-fit (in σ) for various 
experimental scenarios? 

• Better baseline coverage provided by 
a moveable detector is essential 

• More statistics via a larger detector or 
better efficiency is also very helpful 

• Oscillation sensitivity is relatively 
insensitive to the chosen resolution 
and relative systematic uncertainties.

• Further space exists outside the HFIR building for  
a larger longer-baseline detector 

• 10-ton detector at ~15+ m can precisely investigate  
any oscillation signature uncovered with 1 detector

Reactor: HFIR 
• 40cm diameter, 50cm height cylinder 
• 85 MW power, 95% 235U enrichment 
• 6 cycles/year (41% up-time) 

Detector: AD1 
• 10 x 12 matrix of 1.2m-long cells 
• 14.6 x 14.6 cm square cell cross-section 
• 2940 (1480) kg target (fiducial) mass;  
• Three locations: ~7-12 meters baseline 

Signal 
• Fiducial volume only (inner cells) 
• 41% average efficiency in inner cells 
• 115,000 signal events expected per year

References:•       
• [1]  PROSPECT Website: http://prospect.yale.edu/ 
• [2]  T. Mueller, et. al, PRC 83 054615 (2011) 
• [3]  P. Huber PRC 84 024617 (2011) 

• [4]  Daya Bay Collab., PRL 116 061801 (2016) 
• [5]  PROSPECT, arXiv:hep-ex[1512.02202] (2015) 
• [6]  PROSPECT, arXiv:hep-ex[1309.7647] (2015) 
• [7]  K. Heeger et al., arXiv:hep-ex[1307.2859] (2013)

Beyond 3+1 Oscillations

Ratio of Measured to Predicted Reactor Fluxes

• Are reactor flux predictions wrong?  Or were electron antineutrinos 
oscillating to sterile neutrinos before reaching these detectors? 

• New reactor measurements at short baselines can resolve this question
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Precision  
measurements 
needed here!

Background 
• Primary source: cosmics 
• 41% of down-time for 

background subtraction  
• ~3:1 signal:background 

indicated by simulations

Reactor Fission Distribution

Signal, Background vs.  Analysis Cut

• L/E distributions from short-baseline reactor experiments show that 
discovery potential also exists for other non-Standard physics 

• If a complex sinusoid in L/E is present: 3+N oscillations 
• PROSPECT also has strong capability to distinguish 3+1 from 3+N 
• Non-sinusoidal pattern in L/E could indicate CPT violation

(σ, σb, σe, σr, σb2b)  =  
(100%, 2%, 10%, 1%, 1%)
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Spectrum Measurement
๏ Estimated IBD events - 160k/year

๏ Energy resolution 4.5%/ 

๏ Perform most precise 235U spectrum measurement 

๏ Compare various reactor antineutrino spectrum models 

๏ Provide a benchmark for future reactor antineutrino experiments 

๏ Excellent complement to existing LEU reactor measurements

p
E

Test various reactor antineutrino spectrum models Improvement in precision over ILL

5000   
measured by ILL

⌫̄e
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Antineutrino Source
๏   High Flux Isotope Reactor (85 MW) at ORNL  

๏ HEU Reactor - ~93 % U235 enrichment (>99%       from U235) 

๏ Short reactor cycles (~25 days) - Low P239 buildup (< 0.5%) 

๏ Compact core (0.5m high, 0.4 m wide)  - No oscillation washout

Detector Range

๏~47 % up-time 

๏>50% reactor off-time - Extensive 

background characterization

๏~ 3 years experience of on-site 

operation 

๏Easy 24/7 access

⌫̄e

Power map of HFIR reactor core
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๏ Single volume ~4 ton Li6-loaded liquid scintillator detector  

๏ Optically divided into a 14x11 identical segments 

๏ Each segment is a detector i.e.,  
154 detectors   

๏ Low mass optical separators  

๏ Minimum dead material 

๏ Double-ended readout 

๏ in-situ calibration access

Detector Design
Cross-section of detector including the shielding package 

Single detector segment

Cross-sectional view of a segment 



8IPA 2017 May 9P. T. Surukuchi

Detection Mechanism

Inverse Beta Decay as the detection mechanism
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Spatial coincidence of IBD events

Segmentation allows for background rejection

Pulse Shape allows for discrimination  
between gamma-like and neutron-like eventsLi6-loaded EJ-309 scintillator as target: 

๏ Excellent background rejection 
๏ High IBD detection efficiency 
๏ Spatial and temporal dense energy deposition

IBD Fast Neutrons
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Late 2017
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Phased Approach
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Background Characterization and  Reduction

Effect of varying lead wall configuration on gammas

๏ HFIR background characterized in detail    
๏ Both reactor related and uncorrelated backgrounds measured 
๏ Lead wall designed to shield reactor related backgrounds 
๏ Passive shield design motivated by measured backgrounds  

Water bricks  
Polyethylene

Outer neutron shielding for neutron 
moderation

Lead
High Z shielding 

Inner Neutron Shielding
Suppress neutrons produced from 

spallation on lead 

Multi-layer passive shielding
Local shielding joining reactor wall

P20 shield was able to shield the reactor 
backgrounds effectively 

Cosmic backgrounds can be calibrated out 
using data from reactor off time

Use outer layer of the detector as veto

~ 25% the size of PROSPECT shielding
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Simulation Benchmarking

IBD like events

Background

๏P20 measured cosmic backgrounds during reactor-off periods 
๏PROSPECT Monte Carlo simulations agree well with the P20 data 

PSD

shower veto

topology

fiducialization

Simulated signal (dashed) and cosmic backgrounds 
(solid) prompt energy spectrum through selection cuts

Simulated signal and cosmic backgrounds 
 after all selection cuts

Projected S:B for PROSPECT full-size detector is better than 3:1

Comparison of Data with PROSPECT MC

Data  
MC

P20 prompt spectrum for “IBD-like” 
cosmic backgrounds

Projected PROSPECT Signal and Backgrounds
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Detector Development

Prototype source capsule Prototype optical diffuser

3D printed pinwheel to join optical separators and support the optical lattice

Assembled PMT housings

Multi-layer highly reflective, 
rigid low mass reflectors

Pinwheels give in-situ access to optical and source calibrations 

๏ All material inside the 
detector are tested for 
chemical compatibility 
with the liquid scintillator 

๏ LS shows long term stable 
performance 

๏ Multiple prototypes 
validated the design of 
the various detector 
components  
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Ongoing Construction

Liquid scintillator production 

First PMT module

PMT testing

Production optical separator

Optical separator fabrication

PMT module components ready for assembly 
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๏ Reactor antineutrino experiments reported anomalous rate and shape measurements 

๏ PROSPECT program 

๏ Designed segmented LiLS detector and deployed multiple detectors at HFIR in preparation of a full-
size detector deployment 

๏ Make precision 235U spectrum measurement, complementary to LEU measurements and compare 
various models 

๏ PROSPECT will be able to cover sterile neutrino best-fit point at better than 3σ in one calendar year 
and favored regions at 3σ in 3 yrs 

๏ Detector construction proceeding with full speed 

๏ Data taking to commence later this year

Summary
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Thank you

http://prospect.yale.edu

arXiv:1309.7647
Nucl. Instru. Meth. Phys. Res. A 806 (2016) 401
Journal of Phys. G 43 (2016) 11
JINST 10 (2015) P11004

http://prospect.yale.edu
https://arxiv.org/abs/1309.7647
http://www.sciencedirect.com/science/article/pii/S0168900215012309
http://www.apple.com
http://iopscience.iop.org/article/10.1088/1748-0221/10/11/P11004/meta
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• Daya Bay has recently shown 
reported IBD yields of U235 and 
Pu239  

• U235 shows a deficit of ~8% 
compared to predictions 

• Is reactor flux anomaly only from 
U235 ? 

• Daya Bay data seems to indicate that 
the anomaly is only from U235 

• A pure U235 flux measurement would 
give conclusive evidence

U235 Cause For Reactor Flux Anomaly ?
arXiv:1704.01082v1
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• Daya Bay has also shown flux/IBD yield evolution as a function of Pu239/
U235 fission fractions.  

• Their results are incompatible with Huber-Mueller model both in total flux 
(normalization) and rate of change of flux with changing fission fractions 
(slope) 

• Flux measurement at a HEU core would provide not only U235 flux but 
could also  provide better constrain on Pu 239 flux

Flux Measurement at HEU

arXiv:1704.01082v1

arXiv:1702.04139v1
239F
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1.Existence of sterile neutrinos have far-

reaching implications on particle physics 

and cosmology  

2.Sterile neutrinos lead to complications in 

interpretation of CP-violation searches 

3.Sterile neutrinos will alter the effective 

neutrino majorana mass 

Implications

10.1007/JHEP11(2015)039


