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Reactor Anti-Neutrino Anomalies
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Allowed Regions:
SBL Anomaly (Kopp), 95% CL

 Disappearance Exps (Kopp), 95% CLeνAll 
Gallium Anomaly (Kopp), 95% CL
SBL + Gallium Anomaly (RAA), 95% CL
Daya Bay Exclusion, 95% CL
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Recent anomalous results in the 
measured flux and spectrum exist

• 5% flux deficit
• Bump: 10% local spectral deviation 
• Indication of new physics?

Flux Deficit

Reactor Anomaly

Spectral Anomaly

Daya Bay - arXiv:1508.04233

Daya Bay - arXiv:1508.04233Daya Bay Exclusion

Global Best Fits
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Phased Experimental Plan
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Physics Goals:
• Search for short baseline 𝜈e oscillations using detector 

segmentation 
• Distortions in energy spectrum that vary with baseline 

• Measure 235U antineutrino spectrum to illuminate the “Bump”

Experimental Strategy:
• Phase 1:  

• Sterile neutrino search, cover 
best fit region at 3𝜎 in 1 year 

• Measure 235U spectrum with 
100k events/year 

• Phase 2: World-leading short 
baseline sensitivity 

Challenges:
• Minimal overburden, cosmogenic 

backgrounds 
• Reactor-related backgrounds 

• High energy (≲10MeV) gammas

Reactor 
Core

Reactor 
Shield

Phase 1 Near 
Detector

HFIR at ORNL

Phase 2 Far 
Detector

~15-20m

7m
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HFIR Research Reactor
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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

114

• High Flux Isotope Reactor at Oak 
Ridge National Lab 

• 85MW HEU compact-core reactor, 
42% uptime 

• PROSPECT activity for past 2 yrs 
• Backgrounds fully characterized 

(arXiv:1506.03547) 
• Unique location for a short 

baseline experiment

HFIR Baselines

Abazajian et al.
arxiv:1204.5379

HFIR Core  
Power Map

Fuel Plates

42cm

http://arxiv.org/abs/arXiv:1204.5379
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Phased Detector Development
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PROSPECT-0.1 
Aug 2014

Spring 2015

PROSPECT-2 
Dec 2014
Feb 2015

PROSPECT-20 
March 2015

PROSPECT-Nx30 
Early 2016*

PROSPECT  
Phase1 

Late 2016*
*technically driven schedule

5cm
0.1liter
LS cell

12.5cm
1.7 liter
LS cell

1m
23 liter
LS cell

1.19m long
Nx30 liter
LS segments

120x30 liter
LS segments
15x15x119cm

 SolidWorks Student License
 Academic Use Only
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Segmented Antineutrino Detector
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• 3ton LiLS detector
• 120 optical segments

• 119x15x15cm3 each 
• Double-ended PMT readout
• Access for calibration sources 

between every cell
• Shielding package designed for 

surface backgrounds

LiLS

Neutron Shielding
PMTs

119#cm#
194#cm#
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PROSPECT Unit Cell

Pb Shielding
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Full-scale Test Detector 
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PROSPECT-20 Paper arXiv:1508.06575

• PROSPECT-20  
• 23L test cell of 6Li-loaded Liquid Scintillator
• 15x15x100cm3 detector

• Measured Light collection: 530PE/MeV
• 4.5%@1MeV energy resolution 

• Measured PSD Figure of Merit: 1.4 at (n,Li) capture
• >99.9% background rejection 

• Double-ended readout
• uniform light collection and position reconstruction
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Operation of PROSPECT-20 at HFIR
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HFIR Experimental Location!
Exterior Door! Reactor 

Wall!

PROSPECT-20 
Shield!

PROSPECT-20 
DAQ!

• Operated for four months at HFIR
• Two HFIR cycles

• Shielding package roughly 25% mass of full shield
• Reactor-related backgrounds mitigated

• Targeted local shielding
• Active background rejection with LiLS

• Validation of background simulations for full 
PROSPECT detector  

IBD-like Events

s]µ - t [nt
400− 200− 0 200 400

s]
µ

R
at

e 
[m

H
z/

1−10

1

10
P20 capture coincidences

(a) All neutron-coincident events.

s]µ [e-tnt
200− 100− 0 100 200

s]
µ

Ev
en

t r
at

e 
[m

H
z/

3−10

2−10

1−10

P20 IBD-like timing

(b) IBD-like after “shower rejection” cuts.

Figure 1: Prospect-20 data (red) and simulation (blue) coincidence timing for neutron
backgrounds with accidentals components.

9⇥ boost) should be a generous over-estimate of reality, we are lead to conclude that external

gamma flux incident on the shielding package will introduce a fairly negligible component

to the IBD-like background after cuts.

The impact of fiducialization will be significantly less for “internal” accidental sources

distributed throughout the volume of the detector. There will still be a substantial gain from

the prompt-delayed proximity cut. This can be tested in simulation. Rather than a detailed

model of “internal” backgrounds, a 1 kHz 3MeV gamma source distributed through the

scintillator is used for back-of-the-envelope estimation. Figure 3 shows the result. Before

cuts, the accidentals are sub-dominant to the correlated signal by roughly one order of

magnitude. The shower cut reduces correlated and accidental backgrounds in unison. Unlike

the external gamma case, fiducialization does not drive the accidental rate down as much

compared to the coincidence peak; nevertheless, accidental levels are clearly secondary to

correlated neutron contributions. This level of internal background adds. 10% to the cosmic

contribution.

Based on these simulation estimates, the combined e↵ects of a ⇠200µs coincidence time

window and topology cuts will suppress likely accidental coincidence sources to low levels

compared to correlated IBD-like backgrounds.
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235U Spectrum Measurement
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(a) Proposal figure.

prompt ionization [MeV]
0 2 4 6 8 10

Ev
en

t r
at

e 
[m

H
z/

M
eV

]

2−10

1−10

1

10

210

310

410

510 before cuts
(1), (2), (3)
(4), (5)
(6)

(b) Updated simulation.

Figure 4: P2k total cosmic contributions to IBD-like background (with cuts sequence from pro-
posal).
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(b) Updated simulation.

Figure 5: P2k signal to background projection after cuts.
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IBD Signal
Simulated BG

• Simulated Signal/Background > 1, validated by PROSPECT-20 at HFIR
• ~1000 inverse beta decays detected per day, 100k/year
• Best energy resolution of any reactor neutrino experiment (4.5%@1MeV) 
• Phase-1 precision will surpass spectral model uncertainties 

• Directly test reactor neutrino models
• Produce a benchmark spectrum for future reactor experiments
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Short Baseline Oscillation Search
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Sensitivity:
σPhase I (1 yr) at 3
σPhase I (3 yr) at 3

σPhase I + II (3+3 yr) at 3
σPhase I + II (3+3 yr) at 5

SBL Anomaly (Kopp), 95% CL
 Disappearance Exps (Kopp), 95% CLeνAll 

SBL + Gallium Anomaly (RAA), 95% CL
Daya Bay Exclusion, 95% CL

• Segmented detector designed for 
oscillation search
• Each cell is a separate “detector”
• Oscillatory L/E between segments 

limits uncertainties from reactor 
• True oscillometry needed for 

confirmation of sterile neutrinos
• Probe best-fit region at >3𝜎 in 1 

year
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Summary and Outlook
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• PROSPECT is designed to probe new physics at short-baselines 

• Backgrounds have been characterized and test cells deployed 
at HFIR 

• Design light collection and PSD performance validated by full-
scale test cell 

• PROSPECT will cover the sterile neutrino best fit region at 
3𝜎 within its first calendar year

• PROSPECT will measure the 235U spectrum with the highest 
precision to-date
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