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Motivation
❖The antineutrino flux measured by reactor 

experiments showed ~6% deficit from 
prediction.
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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 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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❖The 𝜽13 experiments’ antineutrino spectral 
measurements indicated 8-10% excess at 4-6 
MeV Inverse Beta Decay (IBD) positron energy.
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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.
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Experiment Design
A short baseline reactor antineutrino experiment. We aim to: 
❖Measure the spectrum of antineutrino from a Highly 

Enriched U-235 reactor (HEU). 
❖Probe the oscillation that involves a light sterile neutrino, 

model independent. 
Reactor:  
❖High Flux Isotope Reactor (HFIR), at ORNL.

!3

❖ Size: d x h  = 43cm x 50cm. 
❖ Power: 85 MW. 
❖ 235U enrichment > 93%. 
❖Antineutrino from 235U > 99% 
❖Duty cycle: 41-47%, ~ 24 days. 

Detector:  
❖Optically Segmented. 
❖ 6Li loaded liquid scintillator. 
❖Mass: ~4 ton

HFIR fission coreJ.Phys. G43 (2016) no.11, 113001

Segmented 
antineutrino detector



Xianyi Zhang, for PROSPECT Collaboration

Strategy to Probe Sterile Neutrino Oscillation 
❖ Precisely measure the antineutrino spectrum from 235U dependent on baseline. 
❖ To be reactor model independent, we compare the spectral shape of each baseline to the 
spectrum measured by full detector.
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Detector Design

❖  The detector currently 
covers baseline in 7-9 m.

!5

7 m

~ 4 tons

14x11 Segments

❖ Optically segmented 
antineutrino detector 
(AD) filled with 4 ton of 
6Li doped EJ-309. 

❖ The 14x11 elongated 
elemental ADs (cells) 
separated by low-mass 
reflector panels.

Challenges:

• Minimal overburden. 
• High reactor correlated background.
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Detector Design

❖  The detector currently 
covers baseline in 7-12 m.
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7 m

~ 4 tons

14x11 Segments

❖ Optically segmented 
antineutrino detector 
(AD) filled with 4 ton of 
6Li doped liquid 
scintillator. 

❖ The 14x11 elongated 
elemental ADs (cells) 
separated by low-mass 
reflector panels.

Challenges:

• Minimal overburden. 
• High reactor correlated background.

~ 1.2 m

Highly specular 
reflective separators ~ 15 cm

PMTs

❖ Motor driven calibration sources through 3-D printed rods. 

❖ Scintillation light is collected by 5” photo multiplier tubes (PMTs) at the ends of each cell. 
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Detector Design

❖  The detector currently 
covers baseline in 7-12 m.
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7 m

~ 4 tons

14x11 Segments

❖ Optically segmented 
antineutrino detector 
(AD) filled with 4 ton of 
6Li doped liquid 
scintillator. 

❖ The 14x11 elongated 
elemental ADs (cells) 
separated by low-mass 
reflector panels.

Challenges:

• Minimal overburden. 
• High reactor correlated background.

~ 1.2 m

Highly specular 
reflective separators ~ 15 cm

PMTs

❖ Calibration sources move through 3-D printed rods. 

❖ Scintillation light is collected by PMTs at the ends of each cell. 
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Measurement Strategy
❖Detect (IBD) process of antineutrinos. 

❖The 𝛃+ event (prompt event) and n-capture event (~40µs 
delayed event) of LiLS generated scintillation light. 

❖The Pulse Shape Discrimination (PSD) of scintillator 
distinguishes the 𝛃+-like event and n-like events.

!8

~40µs delayed

p

t

Q(n, 6Li) = 4.78 MeV
E

ee
 � 0.5 MeV

t
cap

 � 40 μs

n6Li (~80% of captures)(~20%) nH

n

νe

e+
e-

2.2 MeV

0.511 MeV

0.511 MeV

α

γ

γ

γ

6Li-loaded Liquid
Scintillator

6Li3

Ee+ ∝ Eν

IBD Detection on LiLS

The scintillation light is 
constrained in each cell and 
collected   by the PMTs, 
enabling event position 
reconstruction by timing and 
signal difference.

PROSPECT, 2018 JINST 13 P06023
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IBD Fast neutron

Accidentals

IBD Selection
❖ IBD events are selected based on the PSD, 
timing coincidence, topology and position.  

❖ Actively suppressed more than 104 
background events.

!9

Simulated signal compared with background, 
J.Phys. G43 (2016) no.11, 113001
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Figure 3: Segment positions of cosmic background IBD-like prompt events, after topology
cuts and cell-end fiducialization.
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(b) Updated simulation.

Figure 4: P2k total cosmic contributions to IBD-like background (with cuts sequence from pro-
posal).
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Figure 5: P2k signal to background projection after cuts.

4

(b) Previously shown in PROSPECT physics paper for

12 ⇥ 10 baseline.

Figure 4: IBD signal versus IBD-like cosmic background, after all cuts. Previously publicised
figure shown for comparison.
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Assembly and Installation
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03/05/2018  
Started commissioning.  

5𝜎 v observation in 2 hrs.

01/31/2018 - 02/24/18 
Detector shipped to ORNL. 

LiLS filling.
10/30/2017 - 11/17/2017 

Detector assembly at Yale.2017 2018

12/16/2017 - 01/14/2017 
Initial dry commissioning

11/20/2017 - 12/16/2017 
Load detector in acrylic and Al 

tanks. Internal shielding. 
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Energy Reconstruction
❖ We utilized gamma sources to study single 
cell and full detector energy response. 

❖ The cosmogenic neutron induced 12B beta 
events used to characterize β energy 
reconstruction. 

❖ Light collection: 795±15 PE/MeV.
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Detector Stability and Uniformity

137Cs
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❖ The BiPo β-α coincident event showed reconstructed E 
variation over time ~1%.  

❖The 137Cs source was deployed through out the detector 
to characterize the relative E scale uniformity ~1% 

❖ The 227Ac dissolved in LiLS allowed us to measure the 
relative target mass difference with its α-α rate in each 
cell.
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E scale variation in each cell

212Bi→212Po→208Pb 

β-⍺ E stability

219Rn→215Po→211Pb 

α-α rate in each cell
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Antineutrino Observation
❖ We collected 1254±30 (614±20) correlated events during the first reactor on (off) day in 
energy range 0.8 - 7.2 MeV. 
❖ The data released so far contains: 33 reactor on days and 28 reactor off days. 
❖ The IBD selection was frozen based on 3 days of reactor on data.
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Rate and Spectrum vs Baseline
❖ The 1/r2 event rate decrease was observed in the 12x9 cell fiducial volume of detector. 

❖ The fiducialized detector cells were zoned into 6 baseline bins to perform spectral 
comparison. 

❖ To be model independent, the spectrum of each baseline was compared against to the 
normalized spectrum measured by full detector.
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PRELIMINARY PRELIMINARY

1/r2 behavior of IBD event rate.
arXiv:1806.02784

The spectral comparison with RAA and Null oscillation 
reference. arXiv:1806.02784



Xianyi Zhang, for PROSPECT Collaboration

Search for Sterile Neutrino Oscillation
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PROSPECT Exclusion, 95% CL

PROSPECT Sensitivity, 95% CL

SBL + Gallium Anomaly (RAA), 95% CL

PROSPECT, arXiv:1806.02784
Exclusion and sensitivity of PROSPECT with current 
data

❖  Feldman-Cousins based confidence 
intervals for oscillation search 

❖  Covariance matrices captures both 
systematic and statistic  
uncertainties and energy/baseline 
correlations 

❖  Critical 𝜒2 map generated from toy 
MC using full covariance matrix 

❖  95% exclusion curve based on 33 
days Reactor On operation 

❖  Direct test of the Reactor 
Antineutrino Anomaly.
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Disfavors RAA best-fit point at 
>95% CL (2.3𝝈)

RAA best fit



Xianyi Zhang, for PROSPECT Collaboration

Conclusion and Outlook
❖ PROSPECT started taking data on March 6, 2018 

❖ Detector performing well. Background rejection and energy resolution meet 
expectation and MC. 

❖ Observed antineutrinos from HFIR with good signal/background. 

❖ Observation of reactor antineutrinos can be achieved in PROSPECT at 5 
statistical significance within two hours of on-surface reactor-on data-taking. 

❖Observed an energy spectrum of antineutrinos at the Earth’s surface (1mwe 
overburden) with 24 hours of data 

❖ Working towards a high-statistics 235U spectrum measurement 

❖ Opportunity for detailed understanding of cosmogenic backgrounds 

❖ First oscillation analysis on 33 days of reactor-on data disfavors the RAA 
best-fit at 2.3𝝈  (arXiv: 1806.02784)

!16

http://arxiv.org/abs/1806.02784


Thank you!
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Xianyi Zhang, for PROSPECT Collaboration

Backup - PSD Performance
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❖Excellent particle ID of gamma interactions, neutron captures, and nuclear recoils 

❖Dominant backgrounds: Cosmogenic fast neutrons, reactor-related gamma rays, 
reactor thermal neutrons. (Vast majority identified and rejected by PSD for Prompt and 
Delayed signals)
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