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Model - Measurement Disagreements
• Recent measurements of the neutrino energy spectrum 

from nuclear reactors deviates from model predictions

J. Gaison, Yale University, Wright Laboratory            DPF Meeting 2021 2

• What are the 
contributions from each 
fissile isotope?

• Deficiencies in the 
model prediction / input 
databases?

• More precise spectral 
measurements are 
needed to help 
resolve these issues 

Daya Bay Measurement 
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with correlation coefficients between �0.8 and �0.3. The
235U and 239Pu spectra as well as their associated covariance
matrix are provided in the Supplemental Material [47]. An
independent analysis based on Bayesian inference using
Markov Chain Monte Carlo calculations with different data
grouping obtains consistent results.

The extracted spectra of 235U and 239Pu have a certain
dependence on the inputs of the 238U and 241Pu spectra.
The fission fraction of 241Pu is approximately proportional to
239Pu as shown in Fig. 1, thus, they can be treated as one
component in the contribution to the prompt energy spectrum.
A combination of 239Pu and 241Pu spectra (s239 and s241), as
an invariant spectrum independent of the fission fractions, is
defined as scombo = s239 + 0.183 ⇥ s241. The coefficient of
0.183 is the average fission fraction ratio of 241Pu to 239Pu in
1958 days, shown as a line in Fig. 1. The residual contribution
of 241Pu spectrum is corrected using the Huber-Mueller model
for some data groups when the fission fraction ratios of 241Pu
to 239Pu deviate from 0.183. With this combination of 239Pu
and 241Pu, the dependence on the input 241Pu spectrum is
largely removed. The top panel of Fig. 3 shows the extracted
235U spectrum and scombo compared with the normalized
Huber-Mueller model predictions. The bottom panel shows
the uncertainties of extracted spectra. The uncertainty of
scombo is 6% around 3 MeV, improved from 9% in the case of
no combination. The extracted scombo can be used to predict
the ⌫̄e spectrum in experiments with a similar fission fraction
ratio of 241Pu to 239Pu.

1 2 3 4 5 6 7 8
0

0.5

1

1.5

2

 / 
fis

si
on

 / 
M

eV
2

 c
m

-4
3

10

U   Combo fit235

    Pu Combo
 0.92×U   Huber 235

 0.99×Pu Combo Huber 

1 2 3 4 5 6 7 8
Prompt Energy / MeV

0
0.1
0.2
0.3
0.4

R
el

at
iv

e 
un

ce
rta

in
ty

U235 U   Combo fit235

Pu239     Pu Combo

FIG. 3. (Top) Comparison of the extracted 235U spectrum and
scombo as a combination of 239Pu and 241Pu with the corresponding
Huber-Mueller predicted spectra with the normalization factors 0.92
and 0.99. (Bottom) The fractional size of the diagonal elements
of the covariance matrix for extracted spectra with and without the
combination of 239Pu and 241Pu.

The time-averaged IBD yield is measured to be (5.94 ±
0.09) ⇥ 10�43 cm2/fission, where the statistical uncertainty
is 0.05% and the systematic uncertainty is 1.5% taken from
Table 1 in Ref. [40]. The corresponding average fission

fractions for the four major isotopes 235U, 239Pu, 238U, and
241Pu are 0.564, 0.304, 0.076, 0.056, respectively. The
ratio of the measured IBD yield to the Huber-Mueller model
prediction is 0.953± 0.014 (exp.) ±0.023 (model).

Figure 4 shows the spectrum comparison of the measure-
ment with the Huber-Mueller model prediction normalized
to the measured number of events. The measurement and
prediction show a large discrepancy particularly near 5 MeV.
With a sliding 2-MeV window scanning following Ref. [12],
the largest local discrepancy is found in 4–6 MeV, with a
significance of 6.3�. The global discrepancy of the entire
spectrum in 0.7–8 MeV has a significance of 5.3�.
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FIG. 4. (Top) Predicted and measured prompt energy spectra. The
prediction is based on the Huber-Mueller model and is normalized
to the number of measured events. The blue and red filled bands
represent the square root of diagonal elements of the covariance
matrix for the flux prediction and the full systematic uncertainties,
respectively. (Middle) Ratio of the measured prompt energy
spectrum and the normalized predicted spectrum. The error bars on
the data points represent the statistical uncertainty. (Bottom) The
local significance of the shape deviation in a sliding 2-MeV window
showing a maximum 6.3� discrepancy in 4–6 MeV.

In summary, the IBD yields and prompt energy spectra
of 235U and 239Pu as the two dominant components in
commercial reactors are obtained for the first time using the
evolution of the prompt spectrum as a function of fission
fractions. The spectral shape comparison shows similar
excesses of events in 4–6 MeV for both 235U (7%) and 239Pu
(9%). The significance of discrepancy for the 235U spectral
shape is 4.0� while it is 1.2� for the 239Pu spectrum due to a
larger uncertainty. In addition, an improved measurement of
the prompt energy spectrum of reactor ⌫̄e is reported with a
more precise energy response model and 1958 days of data.
The discrepancy between the measured spectrum shape and
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Reactor Measurements
• Neutrinos identified via inverse beta decay (IBD)
• Detect positron events in coincidence with neutron events 

as tagged by neutron capture agent to determine neutrino 
energies

• Multiple recent experiments have measured 235U neutrino 
energy spectra
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Daya Bay PROSPECT
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STEREO*

*More information on joint PROSPECT + STEREO analysis in next talk by B. Foust

https://inidco.cern.ch/event/1034469/contributions/4432389/


Daya Bay
• Gd-loaded scintillator
• Multiple monolithic detectors
• Hundreds of meters from 

source
• 3.5 million antineutrinos 

detected
• Measurement of Low Enriched 

Uranium (LEU) power reactors 
with evolving fuel composition

• 235U spectrum extracted from 
full measured spectrum using 
isotope fission fraction 
information and model 
constraints on 238U and 241Pu

4

Gd

235U
238U23

9 Pu

241Pu

D. Adey et al., Phys Rev Lett 123, 111801
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.111801


235U

Li

PROSPECT
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• Li-loaded liquid scintillator
• Single, segmented detector
• 96 days of reactor-on data 

taking
• 50,000 antineutrinos
• ~10m from HEU reactor, direct 

measurement of 235U

M. Andriamirado et al., Phys Rev D 103, 032001

J. Gaison, Yale University, Wright Laboratory            DPF Meeting 2021

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.032001


Prompt Energy Definitions
• Published neutrino spectra are in different energy spaces, 

and must be transformed in order to compare and 
combine
• Daya Bay: positron energy
• PROSPECT: visible energy in detector

• Measurements cannot be directly compared as is, but can 
be mapped from one energy space into the other through 
detector response functions
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Prompt Shape Compatibility
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• PROSPECT rate scaled 
to match Daya Bay

• !2/dof = 25.4/31

• p-value of 0.75

• Daya Bay and 
PROSPECT 235U 
measurements in good 
agreement
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e-Print: arXiv:2106.12251
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https://arxiv.org/abs/2106.12251


Power Reactor Deconvolution
• Daya Bay total spectrum grouped by fission fraction and 

used to deconvolve 235U and 239Pu contributions
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used in the prediction (Huber-Mueller model). Thermal
power and fission fraction data are provided by the Daya Bay
nuclear power plant with uncertainties of 0.5% and 5% [12],
respectively. The correlations of fission fractions among the
four isotopes are taken from Ref. [12]. The energies released
per fission (ei) are taken from Ref. [36].

In contrast to previous Daya Bay analyses, the nonequi-
librium correction and contributions from SNF and nonlinear
nuclides are estimated and added to the flux prediction with
time evolution. The nonequilibrium effect exists for ILL
measurements [37–39], which are the basis of the Huber-
Mueller model, due to a limited irradiation time. The
correction of the nonequilibrium effect (0.7%) for each batch
of fuel elements is calculated daily based on the irradiation
time [15]. The SNF (0.2%), including contribution from the
storage water pool and the shutdown reactor core, is calculated
daily using the refueling history provided by the power plant.
The ⌫̄e flux from some nuclides has a nonlinear dependence
on the neutron flux in a reactor core [35]. The correction for
these nonlinear nuclides is obtained as a function of time and
contributes <0.1% of the total ⌫̄e flux.

The 3.5 ⇥ 106 IBD candidates in the four near ADs and
the expected backgrounds from Ref. [6] are used in this
analysis. The accidental and Am-C correlated backgrounds
are estimated daily in each AD. The cosmogenic 9Li/8He,
fast neutron, and 13C(↵, n)16O backgrounds are treated
as constants in time. The IBD detection efficiency is
80.25% with a correlated uncertainty of 1.19% [40] and
an uncorrelated uncertainty of 0.13% among ADs. The
oscillation parameters sin2 2✓13 = 0.0856 ± 0.0029 and
�m2

ee = (2.522+0.068
�0.070) ⇥ 10�3 eV2 from Ref. [6] are used

to correct for the oscillation effect, namely Pee(E⌫ , Lrd) in
Eq. 1.

The predicted prompt energy spectrum is determined from
the ⌫̄e spectrum taking into account the effects of IBD
kinematics, energy leakage, and energy resolution. A model
of the nonlinear energy response is used to correct the
measured prompt energy spectrum of the IBD candidates [41]
to facilitate the comparison of spectra between different
experiments [42]. The magnitude of the nonlinear correction
is ⇠10% at maximum with a 0.5% uncertainty at 3 MeV [41],
improved from 1% previously [12].

The evolution of fission fractions of the four major isotopes
in multiple refueling cycles is shown in Fig. 1 for the six
reactors during operation. The dominant isotopes contributing
to the prompt spectrum are 235U and 239Pu, as their fission
fractions add up to ⇠87%.

Each isotope produces a unique ⌫̄e spectrum depending on
its fission products and corresponding beta-decay spectra [43,
44]. Since the observed prompt energy spectrum in one AD
is a combination of the individual spectra of four isotopes, it
evolves as a function of fission fractions [21, 22, 45, 46]. In
order to describe the relative contribution of each isotope in
one AD from the six reactors, we define an effective fission
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FIG. 1. The weekly fission fractions for the four major isotopes in
the six reactors in 1958 days including four to six refueling cycles
for each. The solid line represents an approximately linear relation
between fission fractions of 239Pu and 241Pu.
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The variation of detectorwise effective fission fraction of 235U
(239Pu) is 50%–65% (24%–35%), smaller than the variation
of reactorwise fission fraction shown in Fig. 1.

The 1958 days of data are divided into 20 groups ordered by
the 239Pu effective fission fraction in each week for each AD.
The evolution of the prompt energy spectrum is dominated by
235U and 239Pu, while it is less sensitive to 238U and 241Pu
due to smaller fission fractions. To extract the individual
spectra of the 235U and 239Pu isotopes, s5(⌘5) and s9(⌘9),
respectively, from the prompt energy spectrum, a �2 function
in the Poisson-distributed form is constructed as

�2(⌘5,⌘9)=2
X

djk

(Sdjk�Mdjk+Mdjk ln
Mdjk

Sdjk
)+f(✏,⌃),

(4)
where d is the detector index, j is the index of the data
groups, k is the prompt energy bin, Mdjk is the measured
prompt energy spectrum of each data group, ✏ is a set of
nuisance parameters, f(✏,⌃) is the term to constrain the
nuisance parameters incorporating systematic uncertainties
and their correlations (⌃) among the reactors, detectors, and
data groups, and

Sdjk=↵k(✏)s
5
k(⌘

5
k)+�k(✏)s

9
k(⌘

9
k)+s238+241

k (✏)+ck(✏) (5)

is the corresponding expected prompt energy spectrum
without normalization, s5k(⌘

5
k) [s9k(⌘

9
k)] is the element of

extracted 235U (239Pu) spectrum at energy bin k, ↵k(✏)
[�k(✏)] is the corresponding coefficient for the 235U (239Pu)
taking into account the detector target mass, detection
efficiency, baseline, and number of fissions, s238+241

k (✏) is

D. Adey et al., Phys Rev Lett 123, 111801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.111801


Power Reactor Deconvolution
• Pure 235U measurement from PROSPECT constrains

Daya Bay isotopic deconvolution
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used in the prediction (Huber-Mueller model). Thermal
power and fission fraction data are provided by the Daya Bay
nuclear power plant with uncertainties of 0.5% and 5% [12],
respectively. The correlations of fission fractions among the
four isotopes are taken from Ref. [12]. The energies released
per fission (ei) are taken from Ref. [36].

In contrast to previous Daya Bay analyses, the nonequi-
librium correction and contributions from SNF and nonlinear
nuclides are estimated and added to the flux prediction with
time evolution. The nonequilibrium effect exists for ILL
measurements [37–39], which are the basis of the Huber-
Mueller model, due to a limited irradiation time. The
correction of the nonequilibrium effect (0.7%) for each batch
of fuel elements is calculated daily based on the irradiation
time [15]. The SNF (0.2%), including contribution from the
storage water pool and the shutdown reactor core, is calculated
daily using the refueling history provided by the power plant.
The ⌫̄e flux from some nuclides has a nonlinear dependence
on the neutron flux in a reactor core [35]. The correction for
these nonlinear nuclides is obtained as a function of time and
contributes <0.1% of the total ⌫̄e flux.

The 3.5 ⇥ 106 IBD candidates in the four near ADs and
the expected backgrounds from Ref. [6] are used in this
analysis. The accidental and Am-C correlated backgrounds
are estimated daily in each AD. The cosmogenic 9Li/8He,
fast neutron, and 13C(↵, n)16O backgrounds are treated
as constants in time. The IBD detection efficiency is
80.25% with a correlated uncertainty of 1.19% [40] and
an uncorrelated uncertainty of 0.13% among ADs. The
oscillation parameters sin2 2✓13 = 0.0856 ± 0.0029 and
�m2

ee = (2.522+0.068
�0.070) ⇥ 10�3 eV2 from Ref. [6] are used

to correct for the oscillation effect, namely Pee(E⌫ , Lrd) in
Eq. 1.

The predicted prompt energy spectrum is determined from
the ⌫̄e spectrum taking into account the effects of IBD
kinematics, energy leakage, and energy resolution. A model
of the nonlinear energy response is used to correct the
measured prompt energy spectrum of the IBD candidates [41]
to facilitate the comparison of spectra between different
experiments [42]. The magnitude of the nonlinear correction
is ⇠10% at maximum with a 0.5% uncertainty at 3 MeV [41],
improved from 1% previously [12].

The evolution of fission fractions of the four major isotopes
in multiple refueling cycles is shown in Fig. 1 for the six
reactors during operation. The dominant isotopes contributing
to the prompt spectrum are 235U and 239Pu, as their fission
fractions add up to ⇠87%.

Each isotope produces a unique ⌫̄e spectrum depending on
its fission products and corresponding beta-decay spectra [43,
44]. Since the observed prompt energy spectrum in one AD
is a combination of the individual spectra of four isotopes, it
evolves as a function of fission fractions [21, 22, 45, 46]. In
order to describe the relative contribution of each isotope in
one AD from the six reactors, we define an effective fission
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FIG. 1. The weekly fission fractions for the four major isotopes in
the six reactors in 1958 days including four to six refueling cycles
for each. The solid line represents an approximately linear relation
between fission fractions of 239Pu and 241Pu.
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The variation of detectorwise effective fission fraction of 235U
(239Pu) is 50%–65% (24%–35%), smaller than the variation
of reactorwise fission fraction shown in Fig. 1.

The 1958 days of data are divided into 20 groups ordered by
the 239Pu effective fission fraction in each week for each AD.
The evolution of the prompt energy spectrum is dominated by
235U and 239Pu, while it is less sensitive to 238U and 241Pu
due to smaller fission fractions. To extract the individual
spectra of the 235U and 239Pu isotopes, s5(⌘5) and s9(⌘9),
respectively, from the prompt energy spectrum, a �2 function
in the Poisson-distributed form is constructed as

�2(⌘5,⌘9)=2
X

djk

(Sdjk�Mdjk+Mdjk ln
Mdjk

Sdjk
)+f(✏,⌃),

(4)
where d is the detector index, j is the index of the data
groups, k is the prompt energy bin, Mdjk is the measured
prompt energy spectrum of each data group, ✏ is a set of
nuisance parameters, f(✏,⌃) is the term to constrain the
nuisance parameters incorporating systematic uncertainties
and their correlations (⌃) among the reactors, detectors, and
data groups, and

Sdjk=↵k(✏)s
5
k(⌘

5
k)+�k(✏)s

9
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k (✏)+ck(✏) (5)

is the corresponding expected prompt energy spectrum
without normalization, s5k(⌘

5
k) [s9k(⌘

9
k)] is the element of

extracted 235U (239Pu) spectrum at energy bin k, ↵k(✏)
[�k(✏)] is the corresponding coefficient for the 235U (239Pu)
taking into account the detector target mass, detection
efficiency, baseline, and number of fissions, s238+241

k (✏) is

PROSPECT 235U 
Fission Fraction

PROSPECT 239Pu 
Fission Fraction
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used in the prediction (Huber-Mueller model). Thermal
power and fission fraction data are provided by the Daya Bay
nuclear power plant with uncertainties of 0.5% and 5% [12],
respectively. The correlations of fission fractions among the
four isotopes are taken from Ref. [12]. The energies released
per fission (ei) are taken from Ref. [36].

In contrast to previous Daya Bay analyses, the nonequi-
librium correction and contributions from SNF and nonlinear
nuclides are estimated and added to the flux prediction with
time evolution. The nonequilibrium effect exists for ILL
measurements [37–39], which are the basis of the Huber-
Mueller model, due to a limited irradiation time. The
correction of the nonequilibrium effect (0.7%) for each batch
of fuel elements is calculated daily based on the irradiation
time [15]. The SNF (0.2%), including contribution from the
storage water pool and the shutdown reactor core, is calculated
daily using the refueling history provided by the power plant.
The ⌫̄e flux from some nuclides has a nonlinear dependence
on the neutron flux in a reactor core [35]. The correction for
these nonlinear nuclides is obtained as a function of time and
contributes <0.1% of the total ⌫̄e flux.

The 3.5 ⇥ 106 IBD candidates in the four near ADs and
the expected backgrounds from Ref. [6] are used in this
analysis. The accidental and Am-C correlated backgrounds
are estimated daily in each AD. The cosmogenic 9Li/8He,
fast neutron, and 13C(↵, n)16O backgrounds are treated
as constants in time. The IBD detection efficiency is
80.25% with a correlated uncertainty of 1.19% [40] and
an uncorrelated uncertainty of 0.13% among ADs. The
oscillation parameters sin2 2✓13 = 0.0856 ± 0.0029 and
�m2

ee = (2.522+0.068
�0.070) ⇥ 10�3 eV2 from Ref. [6] are used

to correct for the oscillation effect, namely Pee(E⌫ , Lrd) in
Eq. 1.

The predicted prompt energy spectrum is determined from
the ⌫̄e spectrum taking into account the effects of IBD
kinematics, energy leakage, and energy resolution. A model
of the nonlinear energy response is used to correct the
measured prompt energy spectrum of the IBD candidates [41]
to facilitate the comparison of spectra between different
experiments [42]. The magnitude of the nonlinear correction
is ⇠10% at maximum with a 0.5% uncertainty at 3 MeV [41],
improved from 1% previously [12].

The evolution of fission fractions of the four major isotopes
in multiple refueling cycles is shown in Fig. 1 for the six
reactors during operation. The dominant isotopes contributing
to the prompt spectrum are 235U and 239Pu, as their fission
fractions add up to ⇠87%.

Each isotope produces a unique ⌫̄e spectrum depending on
its fission products and corresponding beta-decay spectra [43,
44]. Since the observed prompt energy spectrum in one AD
is a combination of the individual spectra of four isotopes, it
evolves as a function of fission fractions [21, 22, 45, 46]. In
order to describe the relative contribution of each isotope in
one AD from the six reactors, we define an effective fission
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FIG. 1. The weekly fission fractions for the four major isotopes in
the six reactors in 1958 days including four to six refueling cycles
for each. The solid line represents an approximately linear relation
between fission fractions of 239Pu and 241Pu.

fraction for isotope i observed by detector d as
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The variation of detectorwise effective fission fraction of 235U
(239Pu) is 50%–65% (24%–35%), smaller than the variation
of reactorwise fission fraction shown in Fig. 1.

The 1958 days of data are divided into 20 groups ordered by
the 239Pu effective fission fraction in each week for each AD.
The evolution of the prompt energy spectrum is dominated by
235U and 239Pu, while it is less sensitive to 238U and 241Pu
due to smaller fission fractions. To extract the individual
spectra of the 235U and 239Pu isotopes, s5(⌘5) and s9(⌘9),
respectively, from the prompt energy spectrum, a �2 function
in the Poisson-distributed form is constructed as

�2(⌘5,⌘9)=2
X

djk

(Sdjk�Mdjk+Mdjk ln
Mdjk

Sdjk
)+f(✏,⌃),

(4)
where d is the detector index, j is the index of the data
groups, k is the prompt energy bin, Mdjk is the measured
prompt energy spectrum of each data group, ✏ is a set of
nuisance parameters, f(✏,⌃) is the term to constrain the
nuisance parameters incorporating systematic uncertainties
and their correlations (⌃) among the reactors, detectors, and
data groups, and

Sdjk=↵k(✏)s
5
k(⌘

5
k)+�k(✏)s

9
k(⌘

9
k)+s238+241

k (✏)+ck(✏) (5)

is the corresponding expected prompt energy spectrum
without normalization, s5k(⌘

5
k) [s9k(⌘

9
k)] is the element of

extracted 235U (239Pu) spectrum at energy bin k, ↵k(✏)
[�k(✏)] is the corresponding coefficient for the 235U (239Pu)
taking into account the detector target mass, detection
efficiency, baseline, and number of fissions, s238+241

k (✏) is

D. Adey et al., Phys Rev Lett 123, 111801
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Power Reactor Deconvolution
New Results

e-Print: arXiv:2106.12251

• New results consistent 
with previous results

• Local deviations from 
scaled model (2 MeV wide 
windows) increase by 0.2-
0.5" at all energies for 
235U

• No significant change for 
239Pu
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e-Print: arXiv:2106.12251

• Relative shape uncertainty 
of 235U improves to 3%, no 
significant change to 239Pu 
shape uncertainty

• Isotopic degeneracy 
improved by ~20%
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Unfolded Spectra
• Deconvolved spectra

unfolded and 
regularized via Wiener-
SVD* technique

• Ac smearing matrix 
encodes effect from 
unfolding regularization 
into any model

• Rate constraint from
Daya Bay

12
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e-Print: arXiv:2106.12251

New Results

*W. Tang et al, JINST 12, P10002 (2017)

https://arxiv.org/abs/2106.12251
https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002/meta


Conclusions
• Precision measurements needed to resolve tension 

between current models and measurements of reactor 
neutrino spectra.

• Daya Bay and PROSPECT 235U measurements are 
compatible with each other.

• A jointly deconvolved reactor antineutrino spectrum 
improves both 235U shape uncertainty to 3% and 
235U-239Pu correlations are reduced by ~20% from Daya
Bay-only results.
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Thanks!

See Other PROSPECT Talks:

Latest Reactor Antineutrino Spectrum and Boosted Dark Matter Results: P. Weatherly
Reactor Position Reconstruction Study: D. C. Venegas-Vargas
Joint Analysis by PROSPECT and STEREO: B. Foust
Physics Opportunities with a PROSPECT Upgrade: R. Carr
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https://indico.cern.ch/event/1034469/contributions/4432387/
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