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where W is the average power of the fuel element, D

is the days since the fuel element begins to burn in the
core, and MU in is the initial uranium mass of the fuel
element. The unit of burn-up is MW · day · tonU

�1. A
similar quantity, cycle burn-up, is used to describe the
aging of the whole reactor core in a refueling cycle. Cycle
burn-up can also be calculated using Eq. 2, where W , D,
and MU in in this case represent the total nuclear power
of the reactor core, the days since the beginning of the
refueling cycle, and the initial uranium mass of all the
fuel elements in the reactor core.
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Fig. 3. An example of the reactor core map of fuel
elements with di↵erent burn-up (unit: GW ·day ·
ton�1) shown in color scale at the end of a refu-
eling cycle.

In reactors, electron antineutrinos are emitted pri-
marily from the fissions of four isotopes: 235U, 238U,
239Pu, and 241Pu. Fissions of other isotopes contribute
less than 0.3%. Fissions of 238U are only induced by
fast neutrons, while fissions of the other three isotopes
are mainly induced by thermal neutrons. Fresh fuel el-
ements contain only uranium isotopes. The plutonium
isotopes are gradually generated through neutron cap-
tures on 238U and subsequent neutron captures and beta
decays of its successor isotopes.

Fuel evolution is a dynamic process related to many
factors such as power, neutron flux, fuel composition,
type and position of fuel elements, and boron concentra-
tion. For safe operation of the reactors, NPPs do cal-
culations and simulations of the fuel evolution in every
refueling cycle by considering all of the factors above.
These detailed simulations are performed by validated
and licensed commercial software. The simulation pack-
age used by the Daya Bay NPP is SCIENCE, which

was developed by CEA, France. It uses the APOLLO2
code [40] as the core component. The simulation results
are provided to the Daya Bay collaboration in a table
which uses cycle burn-up as the index. The fission frac-
tions are provided by the simulation in the form of fi(�),
where fi is the fission fraction of isotope i, and � is the
cycle burn-up. Figure 4 shows an example of the fission
fraction evolution as a function of cycle burn-up within
a refueling cycle [41].
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Fig. 4. Fission fractions of isotopes in reactor core
D1 as a function of cycle burn-up from a simula-
tion of a complete refueling cycle. Other isotopes
contribute less than 0.3%.

The APOLLO2 code is widely used for cross section
generation and neutron transport calculations in com-
mercial reactor cores. It adopts rigorous methodology
for its validation, including comparison with the refer-
ence calculation using the same nuclear data libraries,
and with the experimental measurements [40]. Measure-
ments of spent fuel isotopic content were made and com-
pared with the results calculated using the APOLLO2
code [42]. The comparison shows that the measurement-
model deviations are less than 5%. Therefore, the uncer-
tainty of the calculated fission fraction is conservatively
estimated to be 5% for each isotope.

The NPPs also provide 3D core simulation results for
di↵erent burn-up stages, which enable an investigation
of the spatial distribution of the antineutrino production
inside the core. The reactor can be considered as a point
source of ⌫̄e for the Daya Bay experiment because the fuel
elements are symmetrically arranged in the reactor core
as shown in Fig 3. The relative di↵erence between treat-
ing the reactor as a point source and as a finite source is
negligible and the variation of the e↵ective fission center
in the reactor is estimated to be 2 cm horizontally. The
impact on the baselines of the vertical variation of the
fission center is negligible. Combined with the 18 mm
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where W is the average power of the fuel element, D

is the days since the fuel element begins to burn in the
core, and MU in is the initial uranium mass of the fuel
element. The unit of burn-up is MW · day · tonU

�1. A
similar quantity, cycle burn-up, is used to describe the
aging of the whole reactor core in a refueling cycle. Cycle
burn-up can also be calculated using Eq. 2, where W , D,
and MU in in this case represent the total nuclear power
of the reactor core, the days since the beginning of the
refueling cycle, and the initial uranium mass of all the
fuel elements in the reactor core.
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Fig. 3. An example of the reactor core map of fuel
elements with di↵erent burn-up (unit: GW ·day ·
ton�1) shown in color scale at the end of a refu-
eling cycle.

In reactors, electron antineutrinos are emitted pri-
marily from the fissions of four isotopes: 235U, 238U,
239Pu, and 241Pu. Fissions of other isotopes contribute
less than 0.3%. Fissions of 238U are only induced by
fast neutrons, while fissions of the other three isotopes
are mainly induced by thermal neutrons. Fresh fuel el-
ements contain only uranium isotopes. The plutonium
isotopes are gradually generated through neutron cap-
tures on 238U and subsequent neutron captures and beta
decays of its successor isotopes.

Fuel evolution is a dynamic process related to many
factors such as power, neutron flux, fuel composition,
type and position of fuel elements, and boron concentra-
tion. For safe operation of the reactors, NPPs do cal-
culations and simulations of the fuel evolution in every
refueling cycle by considering all of the factors above.
These detailed simulations are performed by validated
and licensed commercial software. The simulation pack-
age used by the Daya Bay NPP is SCIENCE, which

was developed by CEA, France. It uses the APOLLO2
code [40] as the core component. The simulation results
are provided to the Daya Bay collaboration in a table
which uses cycle burn-up as the index. The fission frac-
tions are provided by the simulation in the form of fi(�),
where fi is the fission fraction of isotope i, and � is the
cycle burn-up. Figure 4 shows an example of the fission
fraction evolution as a function of cycle burn-up within
a refueling cycle [41].
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Fig. 4. Fission fractions of isotopes in reactor core
D1 as a function of cycle burn-up from a simula-
tion of a complete refueling cycle. Other isotopes
contribute less than 0.3%.

The APOLLO2 code is widely used for cross section
generation and neutron transport calculations in com-
mercial reactor cores. It adopts rigorous methodology
for its validation, including comparison with the refer-
ence calculation using the same nuclear data libraries,
and with the experimental measurements [40]. Measure-
ments of spent fuel isotopic content were made and com-
pared with the results calculated using the APOLLO2
code [42]. The comparison shows that the measurement-
model deviations are less than 5%. Therefore, the uncer-
tainty of the calculated fission fraction is conservatively
estimated to be 5% for each isotope.

The NPPs also provide 3D core simulation results for
di↵erent burn-up stages, which enable an investigation
of the spatial distribution of the antineutrino production
inside the core. The reactor can be considered as a point
source of ⌫̄e for the Daya Bay experiment because the fuel
elements are symmetrically arranged in the reactor core
as shown in Fig 3. The relative di↵erence between treat-
ing the reactor as a point source and as a finite source is
negligible and the variation of the e↵ective fission center
in the reactor is estimated to be 2 cm horizontally. The
impact on the baselines of the vertical variation of the
fission center is negligible. Combined with the 18 mm
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• Neutrinos are fundamental probes of 
short-lived rare isotopes produced in 
reactors

• Reactor neutrino energy spectra offer 
a window to study these isotopes en-
masse

• LEU and HEU reactors allow for 
separation of time-dependent burn up 
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Recent measurements of the positron energy spectrum obtained from inverse beta decay interactions
of reactor electron antineutrinos show an excess in the 4 to 6 MeV region relative to current predictions.
First-principles calculations of fission and beta decay processes within a typical pressurized water reactor
core identify prominent fission daughter isotopes as a possible origin for this excess. These calculations
also predict percent-level substructures in the antineutrino spectrum due to Coulomb effects in beta decay.
Precise measurement of these substructures can elucidate the nuclear processes occurring within reactors.
These substructures can be a systematic issue for measurements utilizing the detailed spectral shape.

DOI: 10.1103/PhysRevLett.114.012502 PACS numbers: 28.41.-i, 14.60.Lm, 14.60.Pq, 23.40.-s

Determination of the mixing angle θ13 required a new
generation of reactor antineutrino experiments with unprec-
edented statistical precision [1–3]. The Daya Bay and
RENO experiments have each detected ∼106 reactor ν̄e
interactions [4,5]. Proper characterization of the ν̄e energy
spectrum emitted by nuclear reactors is important for
such measurements of neutrino properties. The standard
approach uses measured energy spectra of the β− from
beta decay to estimate the corresponding ν̄e emission. Here
we refer to this method as “β− conversion.” For a single
measured β− decay spectrum, the corresponding ν̄e spec-
trum can be predicted with high precision. In the 1980s,
foils of the fissile isotopes 235U, 239Pu, and 241Pu were
exposed to thermal neutrons from the ILL reactor, and
the cumulative β− spectra of the fission daughters were
measured [6–8]. More recently, a similar measurement was
made for 238U [9]. The fission of these four main parent
isotopes represent>99% of reactor νe emission. Given that
each measured β− spectrum is composed of thousands of
unique beta decays, the conversion must be done en masse.
This introduces uncertainties of a few percent in the
corresponding prediction of the cumulative νe spectra.
Detailed descriptions of such calculations can be found
in Refs. [10–12]. A recent study suggested that the
uncertainties in converting the β− spectrum to the νe
spectrum may have been underestimated due to shape
corrections for forbidden beta decays [13].
In this Letter, we discuss an alternative calculation of

the νe spectrum based on nuclear databases. This ab initio
approach relies on direct estimation of the νe spectrum from
the existing surveys of nuclear data. This method suffers
from rather large uncertainties in our knowledge of the
fission and decay of the >1000 isotopes predicted to be
present in a nuclear reactor core. Despite these uncertainties,
we find that an ab initio calculation involving no fine-tuning

predicts an excess of νe ’s withEν̄ ¼ 5–7 MeV relative to the
β− conversionmethod. Recent measurements of the positron
energy spectra from νe inverse beta decay (ν̄e þ p →
eþ þ n) show a similar ∼10% excess from 4 to 6 MeV,
consistent with the kinematic relationship Eν̄ ≃ Eeþþ
0.8 MeV. We also observe substructures at the level of a
few percent in the calculated energy spectra, which are diffi-
cult to demonstrate from the β− conversion method. These
substructures are due to discontinuities introduced by the
Coulomb phase space correction in the νe spectrum of each
unique decay branch. Precise measurement of these substruc-
tures could provide a unique handle on the nuclear processes
occurringwithin a reactor. If not properly accounted for in the
model, these substructures can present a systematic problem
for measurements relying on the high-resolution features of
the reactor νe energy spectrum, for example [14,15].
Calculation of the νe spectrum.—The collective νe

emission from a reactor is due to >1000 daughter isotopes
with >6000 unique beta decays. The ab initio method of
calculating the νe spectrum follows that presented in
Refs. [13,16,17]. The total νe spectrum is the combination
of many individual beta decay spectra SijðEνÞ,

SðEν̄Þ ¼
Xn

i¼0

Ri

Xm

j¼0

fijSijðEν̄Þ: ð1Þ

The equilibrium decay rate of isotope i in the reactor core is
Ri. The isotope decays to a particular energy level j of the
daughter isotope with a branching fraction fij.
For the fission of a parent nucleus A

ZNp, the probability of
fragmenting to a particular daughter nucleus A0

Z0Nd is given
by the instantaneous yield. The majority of these fission
daughters are unstable, and will decay until reaching a stable
isotopic state. The cumulative yield Yc

pi is the probability
that a particular isotope A0

Z0Ni is produced via the decay chain
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• Fission of parent isotopes yield 
neutron-rich daughters
• Beta decays produce ~6𝜈/

fission, <10MeV

HEU
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Two main approaches:
• Ab-initio

• Calculate individual beta-decay spectra for 
1000s of isotopes from database info

• Sum according to cumulative yields
• Problem: databases have huge 

uncertainties
• Beta-conversion

• Measure cumulative beta spectra from 
fission parents

• Use virtual beta-branches to convert into 
neutrino spectra

• Problem: can virtual branches capture all 
relevant physics?

General agreement between experiment and 
theory until…
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Predicting Neutrino Flux/Spectra
Electron
Neutrino

9

• Two main methods:!

• Ab Initio approach:!

• Calculate spectrum branch-by-branch  
using beta branch databases: 
endpoints, decay schemes!

• Problem: many rare beta branches with 
little information; infer these additions 

• Conversion approach!

• Measure beta spectra directly!

• Convert to νe using ‘virtual beta branches’!

• Problem: ‘Virtual’ spectra not well-defined:  
what forbiddenness, charge, etc. should they have? 

• Devised in 50’s, each method has lost  
and gained favor over the years

Predicting Si(E), Neutrinos Per Fission

Example: Fit virtual beta branches

King%and%Perkins,%Phys.%Rev.%113%(1958)
Carter,%et#al,%Phys.%Rev.%113%(1959) Schreckenbach,%et%al,% 

Phys%LeA%B160%(1985)
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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-
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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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• Neutrino deficit is observed by many 
experiments, evidence of sterile neutrinos?

• New spectral anomaly questions validity of 
models 

• Spectral anomaly could point where to look
• All 𝜽13 measurements at LEU power 

reactors
• Model-independent searches are key 
• HEU spectrum powerful input to spectral 

anomaly, last measured in 1981

Reactor Anti-Neutrino Anomalies
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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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The PROSPECT Experiment 

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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 Flux Unc.σ1-

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

• ORNL also active in TAGS 
measurements of key isotopes 

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

• PROSPECT activity for past 3 yrs
• Backgrounds fully characterized 

NIMA 806 (2016)

HFIR
Baselines

HFIR Core  
Power Map

Fuel Plates

42cm
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Segmented Antineutrino Detector

7

• 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
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PROSPECT Unit Segment

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

interactions
• Fiducialization 

8

BG Rejection via Detector Design
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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 captureNeutron coincident events

Active suppression of >3 orders of magnitude, S:B > 1:1 expected
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σ Phase I for 1 year at 3Sensitivity:
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SBL Anomaly (Kopp), 95% CL
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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

9

• 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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• Only existing measurement of 235U is from ILL in 1981 (5k events total)
• PROSPECT: ~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

10

235U Spectrum Measurement
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FIG. 12. Positron energy spectrum. The solid curve represents the expected positron spectrum based on the ILL
electron-spectrum measurement. The calculated spectra AG (Ref. 26) and D et al. (Ref. 22) are also shown. No errors
are indicated.

Experimental positron spectrum

The experimental positron energy spectrum
is obtained by subtracting the reactor-off spec-
trum from the reactor-on spectrum. This spec-
trum is shown in Table IV and Fig. 12 with sta-
tistical errors only. 'The signal-to-background
ratio is 1:1at 2 MeV and better above that energy.
In total, 4890+ 180 neutrino-induced events have
been detected with a counting rate of (1.58+ 0.06)
h ' (live time) for E,++ & 1 MeV.
The expected positron spectrum for no oscilla-

tion is also plotted in Fig. 12. This spectrum is
based on the on-l. ine electron spectrum experiment
of Ref. 23 as discussed above.
Systematic errors affecting the positron spec-

trum are summarized as follows: (1) the un-
certainty in the normalization of the intensity of
the antineutrino energy spectrum (6.5%%uo); (2) the un-
certainty in the detection efficiency (8'%%uo); (3)
the uncertainty in the inverse-P-decay cross
section (neutron lifetime) (1.2%); (4) the uncer-
tainty in the energy release per fission (l%%uo);

(5) the instability of the reactor power (less than
1%); (6) all other uncertainties (less than 2%%uo).

Thus, there is a resulting ll'%%uo total systematic
error which is essentially energy independent.
In addition, a possible distortion of the spectrum
associated with a 2% energy calibration uncer-
tainty must be taken into account.

Results and discussions

The ratio of the experimental to expected integral
positron yield for E,,&1 MeV was found to be

= 0.955 a 0.035(statistical)fY. (E.+)dE:'
sb OSC 8 8

+ 0.11 (systematic) .
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FIG. 13. The ratio of the experimental to the theoreti-
cal positron yield. The errors shown with data points
are statistical errors only. The systematic errors are
given by the dotted banal as explained in the text. For
each set of 4 and sin 28 the normalization and gain
were varied, within their uncertainties, to find the low-
est values of y . Three curves corresponding to the indi-
cated sets of parameters are shown.
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• HEU spectrum can be combined with LEU 
measurements from 𝜃13 experiments

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

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

• If other isotopes are the cause, HEU/LEU 
ratio shows a deficit

11

Probing the Spectral Anomaly
Huber/Mueller
Daya Bay

Huber 235U
H + 20% bump

Daya Bay - arXiv:1607.05378
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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

• HEU and LEU spectra can be compared to probe root cause of the 
spectral anomaly

12

Summary and Outlook
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