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Motivation

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.
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PROSPECT physics goals:

Ø Model-independent search for oscillations 
into eV-scale sterile neutrino

Ø Precise measurement of 235U spectrum

Chinese Physics C Vol. XX, No. X (201X) XXXXXX

To calculate the global average independent of the
model uncertainty used by the past measurements, we
follow the method described in Ref. [62] by first remov-
ing �model from both uncertainties, and define:

�exp

err
=

p
�2

err
��2

model

�exp

cor
=

p
�2

cor
��2

model
. (18)

�exp

err
and �exp

cor
now represent experimental uncertainties

only. We then build a covariance matrix V exp such that

V exp

ij
= Robs

i
·�exp

i,cor
·Robs

j
·�exp

j,cor
, (19)

where Robs

i
is the “ratio” column in Table 11 corrected

by the “Psur” column for the ✓13-oscillation e↵ect. Robs

i

represents the observed rate from each measurement.
We then calculate the best-fit average ratio Rpast

g
by

minimizing the �2 function defined as:

�2(Rpast

g
)= (Rpast

g
�Ri) ·(V exp

ij
)�1(Rpast

g
�Rj), (20)

where V �1 is the inverse of the covariance matrix V . This
procedure yields the best-fit result Rpast

g
=0.942±0.009,

where the error is experimental only.
Since we now use the Huber+Mueller model as the

reference model, we re-evaluate the model uncertainty
using the correlated and uncorrelated uncertainty com-
ponents given by Ref. [24, 25]. Using the weighted av-
erage fission fraction from all experiments (235U : 238U
: 239Pu : 241Pu = 0.642 : 0.063 : 0.252 : 0.0425), the
model uncertainty is calculated to be 2.4%, and the final
result becomes:

Rpast

g
= 0.942±0.009 (exp.)±0.023 (model) (21)

Finally, we compare the Daya Bay result with the
past global average. In the previous subsection, we ob-
tained the Daya Bay measured reactor antineutrino flux
with respect to the Huber+Mueller model prediction:
RDYB =0.946±0.020(exp.). This result is consistent with
the past global average Rpast

g
=0.942±0.009(exp.). If we

include the Daya Bay result in the global fit, the new
average is Rg =0.943±0.008(exp.)±0.023(model). The
results of the global fit and the Daya Bay measurement
are shown in Fig. 17.

The consistency between Daya Bay’s measurement
and past experiments suggests that the origin of the “re-
actor antineutrino anomaly” is from the theoretical side.
Either the uncertainties of the theoretical models that
predict the reactor antineutrino flux are underestimated
or more intriguingly, there exists an additional neutrino
oscillation that suppresses the reactor antineutrino flux
within a few meters from the reactor. Such an oscillation
would imply the existence of one or more eV-mass-scale
sterile neutrinos. To investigate this tantalizing possibil-
ity, future short baseline (10 m) experiments are required
to observe the L/E dependence of such an oscillation.
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Fig. 17. The measured reactor ⌫̄e rate as a function
of the distance from the reactor, normalized to the
theoretical prediction of Huber+Mueller model.
The rate is corrected by 3-flavor neutrino oscil-
lations at the distance of each experiment. The
purple shaded region represents the global aver-
age and its 1� uncertainty. The 2.4% model un-
certainty is shown as a band around unity. The
measurements at the same baseline are combined
together for clarity. The Daya Bay measurement
is shown at the flux-weighted baseline (573 m) of
the two near halls.

6 Measurement of Reactor Antineutrino
Spectrum

In this section, we extend the study from reactor an-
tineutrino flux to its energy spectrum. The measured
prompt energy spectra from the four near-site ADs were
summed and compared with the predictions. The detec-
tor response of the Daya Bay ADs was studied and used
to convert the predicted antineutrino spectrum to the
prompt energy spectrum for comparison. A discrepancy
was found in the energy range between 4 and 6 MeV with
a maximum local significance of 4.4 �. The discrepancy
and possible reasons for it were investigated.

6.1 Detector Response

The predicted antineutrino flux and spectrum were
calculated via the procedure described in Sec. 2. At
each AD, the reactor antineutrino survival probability
was taken into account with the best fit oscillation pa-
rameters, sin2 2✓13 =0.084 and |�m2

ee
|=2.42⇥10�3 eV2,

based on the oscillation analysis of the same dataset [32].
The relation of the antineutrino spectrum S(E⌫̄e) and the
reconstructed prompt energy spectrum S(Ep) can be ex-
pressed as,

S(Ep)=

Z
S(E⌫̄e)R(E⌫̄e ,Ep)dE⌫̄e (22)

where R(E⌫̄e ,Ep) is the detector energy response and can
be thought of as a response matrix, which maps each an-
tineutrino energy to a spectrum of reconstructed prompt
energies. The energy response includes four main e↵ects:
the IBD prompt energy shift, IAV e↵ect, non-linearity,
and energy resolution, which are studied in the following.

010201-23

Daya Bay: PRL 116, 061801 (2016) 

Reactor Antineutrino Anomaly ( RAA )

~10% local excess

Spectral Shape Distortion
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PROSPECT at HFIR

Antineutrino 
Detector

HFIR Core

v High Flux Isotope Reactor (HFIR)
q 85 MW research reactor
q ~93% enriched 235U fuel
q >99% of anti-neutrinos emitted

by 235U fissions
q Compact Core (h=0.6m 

d=0.4m)
q Very close access
q ~24 day cycle

§ No 239Pu buildup(<0.5%)
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Detector Overview 
• ~4 ton 6Li-loaded liquid scintillator detector

• Optically segmented into 14x11 identical detectors

• Double ended PMT readout

• Access for in-situ calibration

• Low mass separator

• Best energy resolution ~4.5% at 1 MeV

• ~100k neutrinos detected/year, S:B ~ 3:1

Water Brick 
Neutron Shield

Lead

Inner Neutron Shield
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HDPE Neutron Shield
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Inverse Beta Decay

PROSPECT arXiv:1805.09245

Ø Prompt signal: 1-10 MeV positron energy 
deposition

Ø Delayed signal: ~0.5 MeV from neutron 
capture on 6Li 

P50

Customized EJ-309-based 6LiLS gives 
excellent PSD performance, which helps 
greatly on background suppression.
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Background Characterization

Sensitive to reactor operation such as fuel 
removal.

Blaine Heffron & Brennan Hackett Master’s Thesis, UTK

Identifying hotspots from beamline 
underneath.
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Cosmogenic Background

prompt ionization [MeV]
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active veto requirements: 

•neutron capture 
•recoil PSD 
•gamma/electron energy 

= same properties as 
detector bulk; use same 
technology and fiducialize.

IBD-like n capture

With PSD technique, shower veto, event topology 
and fiducialization, background noise can be 
greatly suppressed by order of magnitude of 4.

• Correlation between cosmogenic background 
and atmospheric pressure. 

• Help correct background subtraction for 
reactor-on.

PROSPECT J. Phys. G: 43 (2016)

33 days of reactor on
28 days of reactor off
Average of 750 IBD/day

accidentals

Correlated

on onoff off

Maintenance
Calibration
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Recent Results

Feldman Cousins method
Covariance matrix for each uncertainty

2-10 1-10 1
14q22sin

1-10
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V
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PROSPECT Exclusion, 95% CL

PROSPECT Sensitivity, 95% CL

SBL + Gallium Anomaly (RAA), 95% CL

Data collection since March 5, 2018
We see neutrinos.  First result paper arXiv:1806.02784
Disfavors reactor antineutrino anomaly best fit point at >95% (2.3𝞼)

first result presented at Neutrino 2018 at Heidelberg

Event rate shows 1/r2
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Recap

vPowerful anti-neutrino detector has been installed at 
HFIR. IBD is used to detect anti-neutrinos.

vHaving minimal overburden, backgrounds are 
thoroughly examined.

vThe detector is performing well and working towards 
high-statistics 235U spectrum measurement.  

vStay tuned!
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Backup slides - common possible 
questions 

Figure	from	B.	Littlejohn
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Baseline analysis
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• Null-oscillation would yield a flat ratio for all baselines
• Direct ratio search for oscillations, reactor model independent
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Backup slides
Neutrino 2018 PROSPECT related talk

§ https://www.mpi-hd.mpg.de/nu2018/programme

PROSPECT: The Precision Reactor Oscillation 
and Spectrum Experiment Thomas J. Langford Yale University



15

PSD performance


