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PROSPECT: Motivation
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Anomalies in spectral shape at ~ 5-6 MeV 
Provide complementary measurement of 235U (fuel evolution) 

Possibility of sterile neutrino oscillation as an explanation of observed 
electron antineutrino deficits  

Safeguards - a Passive Standoff Capability

Spectral Shape as a Function of Energy and Baseline

Precision Measurement of Reactor Spectrum

Provides a remote, non-intrusive reactor power and Pu production 
monitoring

Chinese Physics C Vol. 41, No. 1 (2017) 013002

to the measurement. A clear discrepancy between the
data and the prediction near 5 MeV is observed, while
the agreement is reasonable in other energy regions. A
comparison to the Huber+Mueller model yields a χ2/dof
of 46.6/24 in the full energy range from 0.7 to 12 MeV,
corresponding to a 2.9 σ discrepancy. The ILL+Vogel
model shows a similar level of discrepancy from the data.

Fig. 22. (color online) The fractional size of
the diagonal elements of the covariance matrix,
Vii/N

pred
i , for each component in each prompt en-

ergy bin. Inset: the elements of the correlation
matrix, Vij/

√
ViiVjj for the total uncertainty.

Another compatibility test was performed with a
modified fitting algorithm. In this method, N(=number
of prompt energy bins) free-floating nuisance parameters
are introduced to the oscillation parameter fit to adjust
the normalization for each bin, as described in Ref. [65].
The compatibility was tested by evaluating

∆χ2 = χ2(standard)−χ2(N extra parameters) (29)

for N degrees of freedom. We obtained ∆χ2/N =
50.1/25, which is consistent with the results obtained
by the first method using Eq. (28).

6.3 Quantification of the local deviation

The ratio of the measured to predicted energy spectra
is shown in Fig. 23(b). The spectral discrepancy around
5 MeV prompt energy is clearly visible. Two approaches
are adopted to evaluate the significance of this discrep-
ancy. The first method evaluates the χ2 contribution of
each energy bin,

χ̃i =
N obs

i −Npred
i

|N obs
i −Npred

i |

√∑

j

χ2
ij ,

χ2
ij = (N obs

i −Npred
i )(V −1)ij(N

obs
j −Npred

j ). (30)

By definition,
∑

i χ̃
2
i is equal to the value of χ2 defined in

Eq. 28. As shown in Fig. 23(c), an enhanced contribution
is visible around 5 MeV.

In the second approach, the significance of the devia-
tion is evaluated based on the modified oscillation anal-
ysis similar to Eq. (29). Instead of allowing all the N
nuisance parameters to be free floating, only parameters
within a selected energy window are varied in the fit. The
difference between minimum χ2s before and after intro-
ducing these nuisance parameters within the selected en-
ergy window was used to evaluate the p-value of the local
variation from the predictions. The p-values with 1 MeV
sliding energy window are shown in Fig. 23(c). The local
significance for a discrepancy is greater than 4σ at the
highest point around 5 MeV. In addition, the local signif-
icance for the 2 MeV window between 4 and 6 MeV were
evaluated. We obtained a ∆χ2/N value of 37.4/8, which
corresponds to the p-value of 9.7×10−6(4.4σ). Compar-
ing with the ILL+Vogel model shows a similar level of
local discrepancy between 4 and 6 MeV.

Fig. 23. (color online) (a) Comparison of predicted
and measured prompt energy spectra. The pre-
diction is based on the Huber+Mueller model and
normalized to the number of measured events.
The error bars on the data points represent the
statistical uncertainty. The hatched and red filled
bands represent the square-root of diagonal ele-
ments of the covariance matrix (

√
(Vii)) for the

reactor related and the full systematic uncertain-
ties, respectively. (b) Ratio of the measured
prompt energy spectrum to the predicted spec-
trum (Huber+Mueller model). (c) The defined
χ2 distribution (χ̃i) of each bin (black solid curve)
and local p-values for 1 MeV energy windows (ma-
genta dashed curve). See Eq. 30 and relevant text
for the definitions.

013002-27

Spectral Anomoly

Daya Reactor Flux Evolution
Daya Bay, PRL 118 251801 (2017)

5.5
Isotopic Evolution

Reactor Monitoring

Flux Deficit



P. Mumm for the PROSPECT Collaboration April APS, 2019

PROSPECT Experiment
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Search for short-baseline sterile-neutrino 
oscillations independent of reactor models 

Experimental Strategy: 
• Compact HEU research reactor (HFIR at ORNL) 
• 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 

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 n lm ne channel. It mea-
sured an excess of events at low energy consistent with an oscillation mass splitting of
D ~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 n lm ne and n nlm 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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• Single 4,000 L 6Li-loaded liquid scintillator (3,000 L fiducial volume) 

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

• Very low mass separators (1.5 mm thick) 
- Corner support rods allow for full in situ calibration access 

• 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 

• Optimized shielding to reduce cosmogenic and local backgrounds 

TILTED ARRAY FOR 
CALIBRATION ACCESS

Floor
Concrete Monolith

Low mass 
optical lattice

hydrogenous 
shielding

modest (1” Pb) 
gamma shield

local Pb 
shield wall

single segment
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• 33 days of Reactor On 

• 28 days of Reactor Off 

• IBD event selection defined 
and frozen on 3 days of data  

• 25,461 IBDs detected (0.8-7.2 
MeV) 

• Average of ~771 IBDs/day  

• Correlated S/B = 1.32 

• Accidental S/B = 2.20

Excellent signal-to-background for a surface detector  (< 1mwe overburden)

Initial Data Set
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• 108 fiducial segments binned into 14 baselines 
- Wide range of baselines accessible within detector 

• Observed change in flux follows 1/r2  

• However, ignores information from spectral shape

Zero suppressed

single detector position (near pool)

PhysRevLett.121.251802 
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•  Compare measured energy spectrum for 6 baselines to 
the scaled full-detector no-oscillation energy spectrum 

•  Null oscillation yields a flat spectrum  

• Minimized dependence on source spectral shape

Baseline dependent spectral distortion
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Results From First Data Set

Ol,e

(Oe
El,e

Ee
)

Sp
ec

tru
m

 a
t b

as
el

in
e

Fu
ll d

et
ec

to
r s

pe
ct

ru
m

•  Measured relative spectrum for 6 baselines  

• No oscillation black dashed line 

• RAA green dashed line

Ol,e - Observed Spectrum 
El,e - Expected Spectrum 
l - Baseline bin 
e - Energy bin
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Forming a Chi-square 

�2
min(�m2, sin2 2✓) = �TV�1

tot�

• Covariance matrices incorporate uncertainties and baseline/energy 
correlations 

• Systematics covariance matrices generated by using toys generated 
based on random fluctuations in the systematic terms

Ol,e - Observed Spectrum 
El,e - Expected Spectrum 
l - Baseline bin 
e - Energy bin

• Scaled full detector spectrum mitigates spectrum 
dependency
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• Wilk’s theorem inadequate near boundaries of sin22Θ and as 
oscillation frequency approaches binning.   

�10

Assigning a significance
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Consider p-values at RAA best fit: 

 3 neutrinos        3+1 neutrinos 

Wilk’s theorem           0.14                 0.005 

Feldman cousins       0.58                 0.001

▸ For each point in the grid, generate an oscillated MC toy

▸ Calculate χ2min for every point in the grid


▸ Extract Δχ2min = χ2min,true -χ2min,best-fit


▸ Repeat 1-3 for all 1000 toys per point in grid

▸  Δχ2c(α) for all points in the grid such that it covers α of toys

• Feldman-Cousins based confidence intervals for oscillation search 

• Critical !2 map generated from toy MC using full covariance matrix:
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Feldman-Cousins, 95% CL

PROSPECT Sensitivity, 95% CL

SBL + Gallium Anomaly (RAA), 95% CL
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RAA best fit

RAA best-fit disfavored at >95% (2.3")

Results From First Data Set

Reactor model independent test of reactor 
antineutrino anomaly

PhysRevLett.121.251802 95% exclusion curve based on 33 days Reactor 
On operation

https://doi.org/10.1103/PhysRevLett.121.251802
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Conclusions and Outlook
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• PROSPECT demonstrates technical approach 
- scalable/modular (to a degree) 

• Very good signal-to-background at the surface (< 1 mwe), 
consistent with MC/R&D-based expectations 

- Observed HEU reactor spectrum with ~1 day of data  

• First 33 days of data: 
- Address RAA at >2.3 sigma (arXiv: 1806.02784) 

• Currently have approximately 110/120 reactor-on/reactor off days 
- high-statistics spectral analysis (40/38 days On/Off) (arXiv: 

1812.10877) 
- Updated oscillation and spectrum analysis underway 2−10 1−10 1
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10
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PROS Exclusion, (95% CL)

PROS Sensitivity, Current Stats (95% CL)

PROS Sensitivity, Example 3Yr (95% CL)

 Disappearance Exps (Kopp), 95% CLeνAll 

SBL + Gallium Anomaly (RAA), 95% CL

HFIR is currently down until the end of calendar year 
2019- potential PROSPECT sensitivity with extended 
running 
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http://arxiv.org/abs/1806.02784
http://arxiv.org/abs/1806.02784
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