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A tentative identification of the free
neutrino was made in an experiment
performed at Hanford (1) in 1953. In
that work the reaction

v- +p+__4 O++no (1)

was employed wherein the intense neu-

trino flux from fission-fragment decay
in a large reactor was incident on a de-
tector containing many target protons in
a hydrogenous liquid scintillator. The re-
action products were detected as a de-
layed pulse pair; the first pulse being due
to the slowing down and annihilation of
the positron and the second to capture
of the moderated neutron in cadmium
dissolved in the scintillator. To identify
the observed signal as neutrino-induced,
the energies of the two pulses, their time-
delay spectrum, the dependence of the
signal rate on reactor power, and its mag-
nitude as compared with the predicted
rate were used. The calculated effective-
ness of the shielding employed, together
with neutron measurements made with
emulsions external to the shield, seemed
to rule out reactor neutrons and gamma
radiation as the cause of the signal. Al-
though a high background was experi-
enced due to both the reactor and to
cosmic radiation, it was felt that an iden-
tification of the free neutrino had prob-
ably been made.

Design of the Experiment

To carry this work to a more definitive
conclusion, a second experiment was de-
signed (2), and the equipment was taken
to the Savannah River Plant of the U.S.
Atomic Energy Commission, where the
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both triads. The detector was completely
enclosed by a paraffin and lead shield
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of the reactor building which provides
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fiers connected to the scintillation tanks
were transmitted via coaxial lines to an
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Two independent sets of equipment were
used to analyze and record the operation
of the two triad detectors. Linear ampli-
fiers fed the signals to pulse-height selec-
tion gates and coincidence circuits. When
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Fig. 1. A schematic view of one detection module and of the detection 
principle. 

of available photo-multipliers. The length choice has been 
imposed by the existing shielding castle. Every cell is in- 
strumented at each side by a photo-multiplier (Fig. 1). We 
have built 3 identical modules, one being installed at the 
15 m station, the other two being on top of each other at 
the 40 m station. Because of the chemical reactivity of the 
NE320, the only materials we allowed to be in contact with 
the liquid are 3 16L stainless steel and Teflon. The amount of 
inactive material has been reduced to the minimum, in order 
to minimize the overall background due to gammas and fast 
neutrons produced by cosmic ray interactions around or in 
the shielding [ 31. 

3.1. Tank and windows 

The body of the tank is a 122 x 62 x 85 cm3 box made of 
4 mm thick stainless steel walls stiffened by welded square 
tubes. Two 18 mm thick flat flanges receive the windows and 
the photo-multipliers mechanical support (Fig. 1). In order 
to minimize the possible chemical exchanges between the 
tank steel and the scintillator, the internal metal surface has 
been polished at the factory (granularity below 0.05 pm). 
Special care for cleaning has been taken at the end of ma- 
chining (passivation and ultra-pure water rinsing) [ 111. 

The two optical windows are each made of a 13 1 x 71 cm’, 
8 mm thick acrylic glass plate. Their protection against 
the strong pseudocumene chemical attack is obtained by a 
125 pm FEP Teflon sheet [ 121, glued at room temperature 
with an optical glue [ 131. Acrylic glass has been preferred 
to Pyrex glass for safety reason (no “sudden and complete” 
destruction), easiness of machining (bolt holes drilling), 
feasibility in our laboratory, very small natural radioactivity, 
despite a 12% loss of light caused by the Teflon interface 

Fig. 2. A detailed view of the gasket region. 

(absorption, and reflection due to its low refractive index 
1.344 for large incident angles). The windows are glued on 
the flat free surfaces of the 7x 14 PMs support matrix by 
adhesive tape. The optical contact of photo-multipliers is 
achieved using a silicone grease [ 141. 

As shown in Fig. 2, the liquid tightness is obtained by 
two symmetrical expanded Teflon joints on each side of the 
68 bolt holes [ 151. In this way, we minimized the flexion 
forces on the acrylic glass window which were a danger for 
a good and stable optical contact of the photo-multipliers 
close to the sides. A 20 g nitrogen pressure is maintained 
above the liquid, two 50 g valves insuring the security. We 
encountered no leak problems for three years of operation. 

3.2. Internal optical separation 

The PSD technique demands the optimization of the 
amount of detected light without too much timing degra- 
dation, then imposes the use of total light reflection: this 
implies a small gap of gas to maintain it. The 98 light 
collectors are immersed in the liquid; each of them is a 
85 x 8.3 x 8.3 cm3 tunnel manufactured in the following way. 

A sandwich, as shown in Fig. 3, is made of the super- 
position of the five following layers: two external 125 pm 
thick transparent FEP Teflon skins [ 121 with, inside, a 
150 pm stainless steel foil which is the hard core, covered 
by 15 pm of high reflectivity aluminum. A polyamid veil 
(“‘Rdle”, normally used for wedding dresses) is placed 
between Teflon and aluminum to avoid wet contacts which 
suppress total reflectivity. The two (larger) external Teflon 
foils are thermally sealed together, closing the layer of air 
needed for total reflection. For small light angles, the low 
refractive index of FEP Teflon is sufficient to establish the 
total reflection. The final shape of the light collectors is 
obtained by folding the sandwich on a specially adapted 
folding machine. They were tested in a pressurized water 
tank to eliminate possible leaks. 

Teflon “FEP” has been chosen for its excellent chemi- 
cal properties, good transparency in the scintillation light 
region 2 and very good aptitude for thermal sealing. More 

*The nominal transparency for a 125 pm film is 0.96; this is an important 
parameter since the effective transparency is this number raised to the power 
of twice the mean number of light reflections which is about 4. 

systematic uncertainty in jΔm2
eej is dominated by uncer-

tainty in the relative energy scale.
In summary, enhanced measurements of sin2 2θ13 and

jΔm2
eej have been obtained by studying the energy-

dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9 × 105 GWth ton days exposure.
Improvements in calibration, background estimation, as

well as increased statistics allow this study to provide the
most precise estimates to date of the neutrino mass and
mixing parameters jΔm2

eej and sin2 2θ13.
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FIG. 4 (color online). Regions in the jΔm2
eej − sin22θ13 plane

allowed at the 68.3%, 95.5%, and 99.7% confidence levels by the
near-far comparison of ν̄e rate and energy spectra. The best
estimates were sin2 2θ13 ¼ 0.084' 0.005 and jΔm2

eej ¼ ð2.42'
0.11Þ × 10−3 eV2 (black point). The adjoining panels show the
dependence of Δχ2 on sin2 2θ13 (top) and jΔm2

eej (right). The
jΔm2

eej allowed region (shaded band, 68.3% C.L.) was consistent
with measurements of jΔm2

32j using muon disappearance by the
MINOS [10] and T2K [11] experiments, converted to jΔm2

eej
assuming the normal (solid) and inverted (dashed) mass
hierarchy.
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FIG. 5 (color online). Electron antineutrino survival probability
versus effective propagation distance Leff divided by the average
antineutrino energy hEνi. The data points represent the ratios of
the observed antineutrino spectra to the expectation assuming no
oscillation. The solid line represents the expectation using the
best estimates of sin2 2θ13 and jΔm2

eej. The error bars are
statistical only. hEνi was calculated for each bin using the
estimated detector response, and Leff was obtained by equating
the actual flux to an effective antineutrino flux using a single
baseline.
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A tentative identification of the free
neutrino was made in an experiment
performed at Hanford (1) in 1953. In
that work the reaction

v- +p+__4 O++no (1)

was employed wherein the intense neu-

trino flux from fission-fragment decay
in a large reactor was incident on a de-
tector containing many target protons in
a hydrogenous liquid scintillator. The re-
action products were detected as a de-
layed pulse pair; the first pulse being due
to the slowing down and annihilation of
the positron and the second to capture
of the moderated neutron in cadmium
dissolved in the scintillator. To identify
the observed signal as neutrino-induced,
the energies of the two pulses, their time-
delay spectrum, the dependence of the
signal rate on reactor power, and its mag-
nitude as compared with the predicted
rate were used. The calculated effective-
ness of the shielding employed, together
with neutron measurements made with
emulsions external to the shield, seemed
to rule out reactor neutrons and gamma
radiation as the cause of the signal. Al-
though a high background was experi-
enced due to both the reactor and to
cosmic radiation, it was felt that an iden-
tification of the free neutrino had prob-
ably been made.

Design of the Experiment

To carry this work to a more definitive
conclusion, a second experiment was de-
signed (2), and the equipment was taken
to the Savannah River Plant of the U.S.
Atomic Energy Commission, where the
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neutrons and gamma rays and from
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n The signals from a bank of preampli-
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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 = R

obs
i ·�exp

i,cor ·Robs
j ·�exp

j,cor, (19)

where R

obs
i is the “ratio” column in Table 11 corrected

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

obs
i

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

past
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:

R

past
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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D
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n
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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 |�m

2
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

T.J. Langford - Yale University Date/Seminar4

Prompt Positron Energy (MeV)2 4 6 8

En
tr

ie
s 

/ 2
50

 k
eV

5000

10000

15000

20000
Data
Full uncertainty
Reactor uncertainty
ILL+Vogel

Integrated

Prompt Energy (MeV)2 4 6 8

R
at

io
 to

 P
re

di
ct

io
n

0.8

0.9

1

1.1

1.2

(H
ub

er
 +

 M
ue

lle
r)

Prompt Energy (MeV)
2 4 6 8

 c
on

tr
ib

ut
io

n
2 χ 4−

2−

0

2

4

 ) iχ∼
( 

(1
 M

eV
 w

in
do

w
s)

Lo
ca

l p
-v

al
ue

6−10

5−10

4−10

3−10

2−10

1−10
1

Prompt Positron Energy (MeV)2 4 6 8

En
tr

ie
s 

/ 2
50

 k
eV

5000

10000

15000

20000
Data
Full uncertainty
Reactor uncertainty
ILL+Vogel

Integrated

Prompt Energy (MeV)2 4 6 8

R
at

io
 to

 P
re

di
ct

io
n

0.8

0.9

1

1.1

1.2

(H
ub

er
 +

 M
ue

lle
r)

Prompt Energy (MeV)
2 4 6 8

 c
on

tr
ib

ut
io

n
2 χ 4−

2−

0

2

4

 ) iχ∼
( 

(1
 M

eV
 w

in
do

w
s)

Lo
ca

l p
-v

al
ue

6−10

5−10

4−10

3−10

2−10

1−10
1

• Flux deficit remains after blinded analysis
• Spectral anomaly questions validity of models 
• We need new data
• Spectral anomaly could point where to look

• All 𝜽13 measurements at LEU power 
reactors

• Model-independent searches are key 
• HEU measurement powerful input to 
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the agreement is reasonable in other energy regions. A
comparison to the Huber+Mueller model yields a �2

/dof

of 46.6/24 in the full energy range from 0.7 to 12 MeV,
corresponding to a 2.9 � discrepancy. The ILL+Vogel
model shows a similar level of discrepancy from the data.

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 [65]. The
compatibility was tested by evaluating

��

2 =�

2(standard)��

2(N extra parameters) (29)

for N degrees of freedom. We obtained ��

2
/N =

50.1/25, which is consistent with the results obtained
by the first method using Eq. 28.
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Fig. 23. (A) Comparison of predicted and mea-
sured prompt energy spectra. The prediction is
based on the Huber+Mueller model and normal-
ized to the number of measured events. The error
bars on the data points represent the statistical
uncertainty. The hatched and red filled bands rep-
resent the square-root of diagonal elements of the
covariance matrix (

p
(Vii)) for the reactor related

and the full systematic uncertainties, respectively.
(B) Ratio of the measured prompt energy spec-
trum to the predicted spectrum (Huber+Mueller
model). (C) The defined �

2 distribution (e�i) of
each bin (black solid curve) and local p-values for
1 MeV energy windows (magenta dashed curve).
See Eq. 30 and relevant text for the definitions.

6.3 Quantification of the Local Deviation

The ratio of the measured to predicted energy spectra
is shown in Fig. 23B. 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 �

2 contribution of
each energy bin,

e�i =
N

obs
i �N

pred
i

|Nobs
i �N

pred
i |

sX

j

�

2
ij ,

�

2
ij =(Nobs

i �N

pred
i )(V �1)ij(N

obs
j �N

pred
j ). (30)

By definition,
P

i
e�2
i is equal to the value of �2 defined in

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

In the second approach, the significance of the de-
viation is evaluated based on the modified oscillation
analysis similar to Eq. 29. Instead of allowing all the
N nuisance parameters to be free floating, only parame-
ters within a selected energy window are varied in the fit.
The di↵erence between minimum �

2s before and after in-
troducing these nuisance parameters within the selected
energy 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. 23C. The
local significance for a discrepancy is greater than 4 � at
the highest point around 5 MeV. In addition, the local
significance for the 2 MeV window between 4 and 6 MeV
were evaluated. We obtained a ��

2
/N value of 37.4/8,

which corresponds to the p-value of 9.7⇥ 10�6(4.4 �).
Comparing with the ILL+Vogel model shows a similar
level of local discrepancy between 4 and 6 MeV.

The excess between 4 and 6 MeV was ⇠1.5% of the
total observed IBD candidates. An excess of events in
a same energy range was not observed in the spallation
12B beta decay spectrum, ruling out detector e↵ects as
an explanation. Adding a simple beta-decay branch or a
mono-energetic peak cannot reproduce the observed ex-
cess, indicating that it cannot be explained by a simple
background contribution. Contributions from other in-
teraction channels (e.g. ⌫̄e+13C) were investigated and
were found to be too small to account for the excess. The
events in the energy region around 5 MeV are carefully
examined: the neutron capture time, the delayed energy
spectrum, and the distance distribution for the delayed
neutron capture signal were found to match IBD event
characteristics. The vertex distribution of the prompt
signal was found to be uniform and consistent with IBD
events.

Figure 24 shows the event rate versus time in the
energy window of 4.5-5.5 MeV and other windows.
The strong correlation indicates that the excess around
5 MeV is proportional to the reactor antineutrino flux.
Therefore, it strongly suggests that the deviation is due
to the imperfect modelling of the reactor antineutrino
spectrum. A recent ab initio calculation of the antineu-
trino spectrum showed a similar deviation from previous

010201-27
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Phased Experimental Plan

5

Physics Goals:
• Search for short baseline 𝜈e oscillations using detector segmentation

• Distortions in energy spectrum that vary with baseline
• Independent of reactor model predictions 

• Measure 235U antineutrino spectrum to resolve the spectral anomaly

Experimental Strategy:
• Phase 1:  

• Sterile neutrino search, cover 
best fit region at 4𝜎 in 1 year 

• World-leading 235U spectrum 
with ~100k events/year 

• Phase 2: Detailed investigation of 
oscillation if evidence for steriles 

Challenges:
• Minimal overburden, cosmogenic 

backgrounds 
• Reactor-related backgrounds 

• High energy (≲10MeV) gammas

PROSPECT at HFIR
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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 = R

obs
i ·�exp

i,cor ·Robs
j ·�exp

j,cor, (19)

where R

obs
i is the “ratio” column in Table 11 corrected

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

obs
i

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

past
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:

R

past
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 |�m

2
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.
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• High Flux Isotope Reactor at Oak 
Ridge National Lab

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

• PROSPECT activity for past 3 yrs
• Backgrounds fully characterized
• Unique location for a short 

baseline experiment
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Must be very close to research reactor
• Reactor-related backgrounds (gammas and thermal n) 
• Detector will have to operate at the surface (or close to it) 
• Cosmic-rays are primary source of backgrounds

HFIR



T.J. Langford - Yale University 7/30/16 - Neutrinos in Nuclear Physics

16

 1
m

 

C
O

N
C

R
ET

E
O

BS
TR

U
C

TI
O

N
W

A
TE

R
C

O
R

E

!3 !2 !1 0 1 2 3 4 5
y (m)

0

1

2

3

4

x (m
)

3000
2500
2000
1500
1000
500
0

3000

2000

1000

0
 z = 0.1 m    

(a)

Energy (MeV)
1 10

2
10

C
ou

nt
s/

M
eV

/s

-610

-510

-410

-310

-210

HFIR Near
HFIR Far

(a)

Extensive background surveys 
• thermal and fast neutron, muons, gamma 
• reactor on-off 
• motivate targeted localized shielding 

Fast neutron

gamma

Significant reactor-related spatially varying 
gamma and thermal neutron fields 

Fast neutron spectra verify expectations 
with overburden and altitude

characterization of HFIR environment

“Background Radiation Measurements at High Power Research Reactors”; J. Ashenfelter et al. 
Nucl. Instrum. Meth. Phys. Res. A 806 (2016) 401    •   e-Print:arXiv:1506.03547 

Reactor Backgrounds
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PROSPECT Backgrounds at HFIR

background map

varying reactor shields

IBD-like events for 
reactor-on and off
reactor generated 
backgrounds are 
minimal
IBD-like backgrounds 
are cosmogenic

Nucl. Instrum. Meth. A806 (2016) 401–419,
arXiv:1506.03547, PROSPECT collaboration
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Cosmogenic Backgrounds
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P. Mumm, NIST, for the PROSPECT collaboration AAP, December 5th, 201510

Backgrounds @ HFIR
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Background mitigation
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• <10MeV neutrons can be effectively 
shielded with hydrogenous material

• >100MeV neutrons create showers of 
particles and many secondary neutrons

• IBD-like backgrounds stem mainly from 
fast neutron interactions
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Three-pronged effort to address 
these backgrounds:

1. New detector design  
2. New liquid scintillator 
3. New shielding design 

HFIR
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Segmented Antineutrino Detector
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• 3ton lithium-loaded liquid scintillator 
(6LiLS) detector

• 120 optical segments
• 15x15x119cm3, ~25 liters each
• Identify multiple particle 

interactions, reject showers
• Double-ended PMT readout
• Access for calibration sources 

between every cell

LiLS

PMTs
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PROSPECT Phase I detector

• 3000L of 6Li liquid scintillator
• 120 scintillator loaded segments, ~15x15x120cm
• Double ended PMT readout, light guides, 4.5%/√E resolutions
• Thin optical separators, minimal dead material
• Containment vessel, filled in place
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PROSPECT: A Precision Reactor Oscillation and Spectrum Experiment DE-FOA-0001381

to reactor-produced g-rays following this selection are minimal due to the selectivity of the 6Li
neutron capture signature and targeted shielding applied to background “hot-spots” at HFIR.
Comparison of IBD-like event energy spectra with the reactor on and off (Fig. 12a right) indicates
that IBD-like backgrounds are cosmogenic and that reactor generated backgrounds are negligible.
These data have been used to validate the PROSPECT AD simulation. For example, Fig. 12b dis-
plays an absolute comparison between data and simulation predictions that combine the effects
of cosmic ray showers (muons and neutrons) with accidental g-ray coincidences. Both the energy
and time distributions of IBD-like events are in good agreement, with the results being consistent
with fully explaining the observed IBD-like rate in PROSPECT-20. Although the IBD-like back-
ground rate is higher than the expected n

e

interaction rate, improved shielding and cuts possible
in the full AD will suppress backgrounds substantially, achieving signal to background of �1.
2.4 Experimental Realization
To realize the aforementioned physics program, PROSPECT will construct and deploy an An-
tineutrino Detector (AD) and a Reactor Antineutrino Measurement Facility (RAMF). The RAMF
will provide general-purpose low-background space, movement capability, data acquisition, local
computing and utilities required to perform scientific measurements and R&D at HFIR. When de-
ployed in the RAMF, the AD will meet the performance requirements necessary to search for short
baseline oscillations and complete the precision spectrum measurement and discussed above.
Both components can support a wide variety of activities at the conclusion of PROSPECT Phase I.
2.4.1 PROSPECT Antineutrino Detector Design
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Figure 13: (a) The RAMF and AD in place at HFIR. (b) a cutaway diagram of the AD. (c) The unit cell
structure. (d) Inner and outer dimensions of the AD.
The PROSPECT antineutrino detector (AD) will consist of a segmented array of 6Li-loaded liq-
uid scintillator (LiLS) filled cells. Low-mass high-reflectivity optical separators divide the the total
active volume (⇠3000 l) into 120 individual cells (Fig. 13) providing baseline and event topol-
ogy information independent of light transport and timing. Each cell shares optical separators
and hollow support rods with its nearest neighbors and is readout at both ends by PMTs. Con-
straints on light-collection uniformity determine cell length and cell cross-section is constrained
by the physical dimensions of the PMT assembly. To maintain LiLS compatibility, the PMT and
divider are housed inside a polycarbonate module with a light guide for optical coupling. Mod-
ules are bolted together (10 high by 12 long) to form a support structure for the optical separator
array. A carefully selected subset of the support rods house either optical fibers or tubes contain-
ing movable radioactive sources to calibrate cell energy response and timing. Cables, fibers, and

11
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6Li-loaded Liquid Scintillator
6Li Capture

Ton-Scale Production (same as last) 
•  Self-production to ensure 

•  Cleanness 
•  Purification applied 
•  Characterization and QA/QC 
•  Continuation for future large 

production (Far detector) 
•  Commercial production reactor available 

•  10-L prototype deployed and tested 
•  50-L baseline (expandable to 100-L)  

•  Easy to install and QA/QC instruments 
ready 

BNL MYeh 11 

(n,Li)

LiLS Requirements:

• High light yield (>6000ph/MeV) for energy 
resolution

• Excellent pulse-shape discrimination (PSD)

• Non-toxic, high flashpoint

• Stable and affordable

LiLS based on EJ-309 meets all requirements

• 8200ph/MeV, excellent PSD

• Safe to operate at a reactor site

Cf-252

𝛼

t ~10µm

P𝜈e

𝛽

N
6Li



T.J. Langford - Yale University 7/30/16 - Neutrinos in Nuclear Physics

Phased Detector Development

13

PROSPECT-0.1 
Aug 2014

Spring 2015

PROSPECT-2 
Dec 2014
Feb 2015

PROSPECT-20 
March 2015

PROSPECT  
Phase1 

Early 2017

5cm
0.1liter
LS cell

12.5cm
1.7 liter
LS cell

1m
23 liter
LS cell

PROSPECT-50 
March 2016

1.2m
2x25 liter
LS segments

PROSPECT: A Precision Reactor Oscillation and Spectrum Experiment DE-FOA-0001381

to reactor-produced g-rays following this selection are minimal due to the selectivity of the 6Li
neutron capture signature and targeted shielding applied to background “hot-spots” at HFIR.
Comparison of IBD-like event energy spectra with the reactor on and off (Fig. 12a right) indicates
that IBD-like backgrounds are cosmogenic and that reactor generated backgrounds are negligible.
These data have been used to validate the PROSPECT AD simulation. For example, Fig. 12b dis-
plays an absolute comparison between data and simulation predictions that combine the effects
of cosmic ray showers (muons and neutrons) with accidental g-ray coincidences. Both the energy
and time distributions of IBD-like events are in good agreement, with the results being consistent
with fully explaining the observed IBD-like rate in PROSPECT-20. Although the IBD-like back-
ground rate is higher than the expected n

e

interaction rate, improved shielding and cuts possible
in the full AD will suppress backgrounds substantially, achieving signal to background of �1.
2.4 Experimental Realization
To realize the aforementioned physics program, PROSPECT will construct and deploy an An-
tineutrino Detector (AD) and a Reactor Antineutrino Measurement Facility (RAMF). The RAMF
will provide general-purpose low-background space, movement capability, data acquisition, local
computing and utilities required to perform scientific measurements and R&D at HFIR. When de-
ployed in the RAMF, the AD will meet the performance requirements necessary to search for short
baseline oscillations and complete the precision spectrum measurement and discussed above.
Both components can support a wide variety of activities at the conclusion of PROSPECT Phase I.
2.4.1 PROSPECT Antineutrino Detector Design
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Figure 13: (a) The RAMF and AD in place at HFIR. (b) a cutaway diagram of the AD. (c) The unit cell
structure. (d) Inner and outer dimensions of the AD.
The PROSPECT antineutrino detector (AD) will consist of a segmented array of 6Li-loaded liq-
uid scintillator (LiLS) filled cells. Low-mass high-reflectivity optical separators divide the the total
active volume (⇠3000 l) into 120 individual cells (Fig. 13) providing baseline and event topol-
ogy information independent of light transport and timing. Each cell shares optical separators
and hollow support rods with its nearest neighbors and is readout at both ends by PMTs. Con-
straints on light-collection uniformity determine cell length and cell cross-section is constrained
by the physical dimensions of the PMT assembly. To maintain LiLS compatibility, the PMT and
divider are housed inside a polycarbonate module with a light guide for optical coupling. Mod-
ules are bolted together (10 high by 12 long) to form a support structure for the optical separator
array. A carefully selected subset of the support rods house either optical fibers or tubes contain-
ing movable radioactive sources to calibrate cell energy response and timing. Cables, fibers, and

11

120x30 liter
LS segments
15x15x119cm
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PROSPECT-20 at HFIR

14

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
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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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PROSPECT-20 Paper arXiv:1508.06575
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P. Mumm for the PROSPECT Collaboration DOE Briefing, June 17, 2015 10

Background mitigation
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Novel Shielding Design
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 SolidWorks Student License
 Academic Use Only

Outer Neutron
Shield Lead

Inner Neutron
Shield

Representative 500MeV Neutron Primary

Optimize space, weight, and total 
background suppression
• Majority of IBD-like events are generated 

by  ~100MeV cosmogenic neutrons
• Neutron spallation on high-Z shielding 

increases backgrounds
• Need neutron shielding inside lead 

shielding
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Background reduction steps:
• Efficient PSD and neutron tagging
• Identification of multiple particle 

interactions
• Fiducialization 

16

BG Rejection via Detector Design
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simulation extrapolation to Phase I
neutron-coincident events
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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
Neutron coincident events

Active suppression of >3 orders of magnitude, S:B > 1:1 expected
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SBL + Gallium Anomaly (LSN), 95% CL

Figure 8. (Left) PROSPECT Phase I and Phase II sensitivities to a single sterile
neutrino flavor. Phase I probes the best-fit point at 4s after 1 year of data taking and
has >3s reach of the favored parameter space after 3 years. The combined reach of
Phase I+II after 3+3 years of data taking yields a 5s coverage over the majority of the
parameter space below Dm2

14⇠10 eV2. Daya Bay exclusion curve is from [68]. (Right)
Increase in oscillation sensitivity to sterile neutrinos during Phase I by operating
AD-I at two positions instead of at the front or middle position only.

one full oscillation wavelength will be visible in PROSPECT Phase I due to the wide
baseline and energy range covered. Extension of PROSPECT to Phase II accesses
more oscillation cycles and adds statistical precision, thereby enhancing sensitivity.
It should be emphasized that the oscillation measurement in the PROSPECT AD-I
is a relative comparison between L/E bins rather than between the flux measured
in each AD-I segment. Because the relative range of baselines spanned by AD-I
is smaller than the ne energy range, each segment contributes to the majority of
L/E bins and relative normalization plays a less important role in PROSPECT than
near and far detector relative normalization does in the recent q13 experiments.
Furthermore, as AD-I is moved, the relative contribution of each segment to a
particular L/E bin varies, reducing the effect of both correlated and uncorrelated
systematic biases more efficiently than a single extended detector.

PROSPECT oscillation sensitivity is determined using a c2 minimization [70].
Systematic uncertainties are included by minimizing over nuisance parameters in
addition to the new oscillation parameters (Dm2

14, sin2 2q14). We take a conservative
approach by allowing uncertainties for these parameters to vary broadly with little

Short Baseline Oscillation Search

17

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

• True oscillometry needed for 
confirmation of sterile neutrinos

• Probe best-fit point at 4𝜎 in 1 year
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• ~700 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

18

235U Spectrum Measurement
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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.
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• 235U spectrum can be combined with LEU 
measurements from 𝜃13 experiments

• 235U requires local 20% deviation to fully 
account for the Bump 

• If the Bump is from 235U, ratio displays 
excess in HEU spectrum

• If Bump is all in other isotopes, ratio shows a 
deficit

19

Probing the Spectral Anomaly
Huber/Mueller
Daya Bay

Huber 235U
H + 20% bump

Daya Bay - arXiv:1607.05378
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PROSPECT-50 Demonstrator

83”

Calibration tube

Ongoing: PROSPECT-50

• Mechanical prototype to validate 
detector components and test 
operation of subsystems.
– PMT housing with light guide
– Reflectors
– Calibration
– LS filling

12/16/15 Ke Han, Yale University 31

Ongoing: PROSPECT-50

• Mechanical prototype to validate 
detector components and test 
operation of subsystems.
– PMT housing with light guide
– Reflectors
– Calibration
– LS filling

12/16/15 Ke Han, Yale University 31

Test platform of each subsystem

• Thin-walled reflector panels

• PMT enclosures

• Filling system and procedure

• Calibration system

• LED optical 

• Source capsules

• Cell-to-cell variation

Reminder of PROSPECT-50 design 

2Danielle Norcini Yale UniversityPROSPECT General: 22 March 2016

previous enclosure

updated enclosure

Low-mass reflectors

Reflector 
supports

PMT enclosure

PROSPECT-50:

• 50 liters of 6LiLS 

• Two PROSPECT segments
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PROSPECT-50 Demonstrator

22

252Cf
(n,Li)

• In operation since March 2016, near continuous 
data-collection 

• Measured light collection with 6LiLS: >550PE/MeV
• 5% energy resolution at 1MeV

• Measured PSD Figure of Merit: 1.25 at (n,Li) 
capture

• >99.9% background rejection
• Double-ended readout

• Position reconstruction along cell length

22Na z-scan
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• The reactor flux and shape anomalies remain unresolved after 
precision 𝜃13 experiments

• These may offer a window to new physics beyond the SM

• ORNL is a unique location for neutrino physics, providing 
complementary work between nuclear and reactor physics

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

• PROSPECT will make a model-independent search for sterile 
neutrinos and test best fit point at 4𝜎 within its first year

• The detector design has been verified and construction begins soon

23

Summary and Outlook



T.J. Langford - Yale University 7/30/16 - Neutrinos in Nuclear Physics24 http://prospect.yale.eduPublications: arXiv: 1309.7647,  1506.03547,  1508.06575, 1512.02202


