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A joint determination of the reactor antineutrino spectra resulting from the fission of ?>*U and ?3°Pu has been
carried out by the Daya Bay and PROSPECT collaborations. This Letter reports the level of consistency of 235U
spectrum measurements from the two experiments and presents new results from a joint analysis of both data
sets. The measurements are found to be consistent. The combined analysis reduces the degeneracy between
the dominant 2*>U and 23°Pu isotopes and improves the uncertainty of the 23°U spectral shape to about 3%.
The 235U and ?*°Pu antineutrino energy spectra are unfolded from the jointly deconvolved reactor spectra using
the Wiener-SVD unfolding method, providing a data-based reference for other reactor antineutrino experiments
and other applications. This is the first measurement of the 2*>U and 23?Pu spectra based on the combination of
experiments at low- and highly enriched uranium reactors.

During the operation of low-enriched uranium (LEU)
commercial reactors, electron antineutrinos (7,) are emitted
through the beta decays of fragments generated by the
fissions of 235U, 238U, 239Py, and 2*!'Pu. Predictions of the
v, energy spectra produced by these fission isotopes have been
generated via conversion of aggregate fission beta spectrum
measurements [1-6] or via summation of 7, contributions
from all individual beta decay branches using standard
nuclear databases [4, 7-9]. Many significant neutrino physics
measurements, such as the discovery of the neutrino [10], the
determination of neutrino mass differences and flavor mixing
amplitudes [11-20], and searches for active-to-sterile neutrino
oscillations [21-27], have used relatively little knowledge of
these isotopic reactor 7, spectra. However, future reactor-
based efforts probing important neutrino properties, such as
the mass ordering [28, 29] and coherent neutrino-nucleus
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®

scattering cross-sections [30-34], may rely on a detailed
and accurate understanding of 7, energy spectra and fluxes.
Moreover, a variety of .-based safeguard efforts [35-38]
and nuclear data validations [39] are reliant on proper
understanding of v, emissions from different reactor types and
fuel compositions.

Reactor 7, can be measured in organic scintillator via the
inverse beta decay (IBD) reaction: 7, +p — et + n.
Energy deposited by an IBD positron and its subsequent
annihilation gammas form a prompt scintillation signal that
is used to determine the kinetic energy of the interacting 7.
In recent years, several reactor 7, measurements have cast
doubt on the accuracy of existing conversion and summation
predictions. Specifically, prediction-data tensions have been
reported for both LEU reactor v, fluxes [14, 40—43] and
energy spectra [43-48]. Conclusions of prediction-data
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disagreement in measurements from LEU reactors are similar
whether results are reported in terms of 7, energy [42, 43, 49]
or in terms of reconstructed energy from . signals [42, 50].

Additional reactor 7, measurements have been performed
to evaluate the role played by each individual fission
isotope in generating these observed discrepancies. By
exploiting variations in its reactors’ fuel content and
using conservative assumptions about 7, contributions from
sub-dominant fission isotopes 22U and 24!Pu, the Daya
Bay experiment has extracted prompt energy spectra from
LEU reactors for the dominant fission isotopes 23°U and
239py [50]. In the 4-6 MeV prompt energy region, the
greatest relative contribution to the prediction-data spectral
shape disagreement, Daya Bay measures a 7% (9%) excess of
events in 23°U (?39Pu) relative to Huber-Mueller conversion
predictions [4, 5] with an IBD cross-section applied [51].
Here the 238U component makes up about 8% of the total
fission for Daya Bay reactors and its prediction is based
on the summation model from Mueller [4]. To facilitate a
comparison of spectral shapes, the predictions are scaled to
the same integrated rate as the measurements. Meanwhile,
the PROSPECT experiment has performed a pure 235U
prompt energy spectrum measurement using 7, fluxes from a
highly enriched uranium (HEU) compact research reactor core
[52, 53]. PROSPECTSs spectrum measurement also shows a
prediction-data disagreement consistent with those observed
by the LEU-based experiments. A recent measurement of
spectral shape at an HEU core by the STEREO experiment
indicates similar conclusions [54].

This Letter evaluates the consistency of measured prompt
energy spectra attributed to 7, from 23°U fission with the
Daya Bay and PROSPECT experiments. With consistency of
derived spectra assured, a joint analysis of both experiments’
data improves the precision of the derived 23°U spectrum
and reduces the degeneracy between derived 23°U and
239Py spectra below that of a standalone analysis. The 7,
energy spectra of 23°U and 23°Pu are then unfolded with
the Wiener-SVD method [55], providing more precise data-
based predictions than previously available for other reactor
U, experiments.

The Daya Bay experiment measures 7, from the Daya Bay
nuclear power complex, which hosts six 2.9 GW thermal
power LEU commercial pressurized-water reactors [56].
Eight identically designed antineutrino detectors (ADs) [57—
59] are deployed in two near halls (two ADs each) and one
far hall (four ADs). Each AD consists of a stainless steel tank
with two nested cylindrical acrylic vessels [60]. The inner
vessel contains 20 tons of 0.1% Gd-loaded liquid scintillator
(GdLS) [61], which serves as the active 7, detector volume
for IBD reactions. The outer vessel holds a 42 cm thick layer
of pure liquid scintillator (LS) region to improve detection of
gamma rays escaping from the GdLS region. The IBD prompt
signal is followed by an energy deposition from Gd-capture of
the IBD neutron approximately 30 us later on average. This
Letter uses 3.5 million IBD events observed by four near hall
ADs in combination with reactor fission fraction evolution to
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extract 23°U and 23°Pu spectra [50]. Further details can be
found in Refs. [20, 58, 62, 63].

The PROSPECT experiment measures v, from the High
Flux Isotope Reactor (HFIR, an HEU reactor) with 85 MW
thermal power at Oak Ridge National Laboratory [64, 65].
A 4-ton SLi-loaded liquid scintillator (LiLS) detector is
deployed 7.9 m away from the reactor to detect v, IBD
interactions. To measure v, with different baselines, the
LiLS target is divided into an 11x 14 array of long, optically
isolated, rectangular segments [66]. IBD prompt signals are
identified by their time correlation with the signal of an IBD
neutron capture on SLi, with over 99% of the 7, produced
in the fuel from HFIR due to 23°U fission. This analysis
uses 50,000 IBD events observed by PROSPECT [53] which
are measured without absolute rate normalization. Further
information can be found in Refs. [52, 53, 64].

The different detector designs and energy reconstruction
approaches between the two experiments resulted in distinct
detector responses. Examples of the reconstructed prompt
energy distributions based on artificial 7, signals of distinct
energies are shown in Fig. 1. For Daya Bay, reconstructed
prompt energies of IBD events are corrected for well-
calibrated energy non-linearity and spatial non-uniformity
effects, while in the compact and segmented PROSPECT
detector the combined effects of energy non-linearity and
leakage of prompt energy are included in a detector energy
response function. The full width at half maximum (FWHM)
of the reconstructed prompt energy distributions is shown in
Fig. 1. Even though the photo-statistics energy resolution of
PROSPECT (4.8% at 1 MeV) is better than Daya Bay’s (7.8%
at 1 MeV), the total smearing of the full PROSPECT detector
response is larger due to greater prompt energy leakage into
inactive volumes within its detector.

To assess the consistency of the 23°U spectrum mea-
surements by Daya Bay and PROSPECT, the spectra are
converted into a common energy scale. The measured prompt
energy spectrum Sp (where e = DYB (Daya Bay) or PRO
(PROSPECT)) is the convolution of the detector response with
the original 7, energy spectrum of 23°U (S;,):

(D

where R° is the U, energy response function with e = DYB
or PRO. To compare SII?YB and SIP: RO "a mapping matrix
R™?P is constructed to transform the measured prompt energy
spectrum of 23U at Daya Bay S5 to the corresponding

SS - ReSf/e7

spectrum SpY 7 with the PROSPECT detector response:
DYB _ pmap gDYB _ pPRO(pDYB)—1gDYB
SDYE _ pumapGDYE _ RPRO(RDYE)-LGDYE ()

The transformation to the energy space with poorer overall
energy smearing avoids amplifying statistical fluctuations
introduced in the unfolding procedure [67]. Although the
Huber-Mueller model is used in the generation of RS, the
choice of model is found to have negligible impact on
the construction of the mapping matrix and SPYB.  The

map *
comparison between SPYB and the PROSPECT measurement

map
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FIG. 1. (Top) Reconstructed prompt energy distributions based

on simulated 7. signals with specific 7. energy ranges (uniform
distribution). The areas of the distributions are normalized to 1.
The shift in peak location between the two experiments is driven
primarily by the handling of scintillator non-linearity in the energy
response. These effects for PROSPECT are incorporated into the
response function while this effect is taken into account by Daya
Bays calibration methodology. (Bottom) FWHM of reconstructed
prompt energy distributions versus prompt energy at the peak of
those distributions. The difference in FWHM is primarily due
to various effects from inactive volume in the detector response
functions.

(SI}: RO) is shown in Fig. 2, where the PROSPECT
measurement is normalized to the flux measured from Daya
Bay. The error bars in the figure are the square root of the
diagonal elements of the full covariance matrices, containing
both statistical and systematic contributions. The lower panel
incorporates uncertainties from both experiments in its error
bars, and the measurements are consistent across the full
energy range.

To further evaluate the consistency between Daya Bay
and PROSPECT quantitatively, a x? function is constructed
with a rate free parameter (1°2°) instead of the enforced
normalization:

x* =xbys + XPrO

:(Sﬁt _ SI])DYB)T(COVDYB)—l (Sﬁt _ S}?YB)
+ (Rmap Sﬁt nrate _ SIID:’RO)T (COVPRO ) —
(Rmap Sﬁtnrate . SERO). (3)
Here, S; fit — = H?23% x n;, n is a vector of free parameters to

fit each prompt energy bin (with index ) of a common initial
prediction of 23°U spectrum H?23° for both experiments.
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FIG. 2. Comparison of the measurements of the *>U prompt energy
spectrum from Daya Bay and PROSPECT (top) and the ratio of the
spectrum from Daya Bay over the one from PROSPECT (bottom).
Here the measurement from Daya Bay has been transformed to
the reconstructed energy scale of PROSPECT based on a dedicated
response matrix R™*P and the y-axis has been scaled to match the
absolute rate from the Daya Bay measurement. Error bars contain
both statistical and systematic contributions. The measurements
from Daya Bay and PROSPECT are consistent with each other.

CovPYE and CovRO are the covariance matrices of the
measurements for Daya Bay [50] and PROSPECT [53],
respectively. Without the inclusion of PROSPECT data,
the minimum y? would be 0. Based on the measurements
from both experiments, the minimum x? is 25.44 with 31
degrees of freedom, corresponding to a p-value of 0.75.
This result is further validated with a frequentist approach
using the minimized y? values based on Eq. (3) from 10*
toy Monte Carlo tests, and the distribution of the X2 values
matches the y? distribution with 31 degrees of freedom as
expected. Overall, the measured Daya Bay and PROSPECT
235U spectra are consistent with one another. Next, the
significance of local deviations between the two spectra is
evaluated by introducing an additional free parameter for each
bin in 1 MeV wide sliding energy windows of one experiment
such that the original test is a nested hypothesis of the new
fit. The significance of the difference in minimum x? before
and after introducing these free parameters gives p-values all
greater than 0.25, corresponding to local deviations less than
1.10 for all energy windows.

With no evidence of inconsistency between the two
experiments, the PROSPECT measurement is incorporated in
a joint fit x> = Xfip + Xbro to improve the extraction of the
2351 and 23?Pu spectra in Daya Bay using the evolution of the
prompt energy spectrum as a function of fission fractions [50].
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FIG. 3. (Top) The extracted 2**U and 2*°Pu spectra in Daya
Bay’s prompt energy from the combined analysis of the Daya Bay
and PROSPECT data. The corresponding scaled Huber model
predictions are overlaid. The error bars in the data points are the
square root of the diagonal elements of the covariance matrix for the
spectral shape, with no absolute rate uncertainty. (Bottom) The ratio
of the combined analysis results to the shape predictions from the
scaled Huber-Mueller model.

To avoid additional uncertainties from the unfolding method
mentioned above, the fit is done on the prompt energy spectra
rather than the 7, energy spectra. In the joint fit, xj5%p is
the same as described in Ref. [50], while y3y is constructed
similar to Eq. (3) by mapping the predicted 23U prompt
energy spectrum St in Daya Bay to the predicted prompt
energy spectrum in PROSPECT. Importantly, inclusion of the
unconstrained rate parameter 1*2* introduces the shape-only
constraint from PROSPECT into the Daya Bay deconvolution
without biasing any absolute rate information. For this shape-
only analysis, the Daya Bay rate uncertainty is not included in
uncertainties. Daya Bay rate uncertainties are included in the
latter part to extract the generic antineutrino energy spectra.

The extracted 22°U and 23°Pu spectral shapes of the
combined fit are shown in Fig. 3, and their difference from
the previous result from Daya Bay [50] is shown in Fig. 4.
The two results are consistent. With the additional constraints
from PROSPECT data, the relative uncertainty of the spectral
shape for 23°U is improved from 3.5% to 3% around 3 MeV.
The improvement in other energy regions is similar as shown
in the middle panel of Fig. 4. The relative uncertainties of the
spectral shape for 23°Pu have no significant change. However,
the anticorrelation of the prompt energy spectra between 235U
and 23°Pu decreases by ~20% as shown in Fig. 4. With less
degeneracy, the extracted 23°U and 23°Pu spectra change at
the 2% level compared with the results from Daya Bay alone,
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FIG. 4. (Top) The ratio of the combined analysis results to the
Daya Bay only results [50]. (Middle) The difference of the relative
uncertainties between the combined analysis results and the Daya
Bay only results [50]. The inset shows the zoomed plot of the relative
uncertainty differences. (Bottom) The correlation coefficients of the
extracted prompt energy spectra between 3°U and 23°Pu.

which is within the original 1o uncertainties.

The extracted 23°U and 23°Pu spectral shapes are compared
with the scaled Huber-Mueller model predictions as shown in
Fig. 3. In the 46 MeV energy window, a 6% (10%) excess of
events is observed for the 23°U (?3°Pu) spectrum compared
with the prediction. With Daya Bay data only, the local
discrepancy between the extracted 23°U (?39Pu) spectrum and
its corresponding predicted spectrum in 2 MeV wide sliding
energy windows is below 4.00 (1.20) in Ref. [50]. With the
combined measurement of Daya Bay and PROSPECT, the
significance of the local deviation from the Huber-Mueller
235U model increases by 0.20-0.5¢ at all energies, and the
maximum local discrepancy increases to 4.2¢ around the
5 MeV prompt energy region. No significant change on the
local deviation is observed for the 23°Pu spectrum.

Finally, 23°U and 23°Pu spectra expressed in antineutrino
energy are obtained by unfolding the combined prompt
energy spectra SgOm from the two experiments (shown in
Fig. 3) using the Wiener-SVD unfolding technique [55], with
analysis details similar to that in Ref. [49]. For this portion
of the analysis, the Daya Bay rate uncertainties are included.
Given the detector response matrix of Daya Bay RPYP and
the covariance matrix Cov®°™, the Wiener-SVD method
derives:

Sy.=Ac-(RTR)™'-R"T-Q- S5, (4)
where R = Q- RPYB is the pre-normalized detector response
matrix through the Cholesky decomposition (Cov°™)~1 =
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FIG. 5. (Top) 2**U and ?*°Pu antineutrino spectra unfolded from
the jointly deconvolved Daya Bay and PROSPECT measurements.
(Bottom) Ratio of the measurements to their respective models,
which are corrected by the smearing matrices A. in both panels.

Q7Q. A, is the smearing matrix obtained from the Wiener-
SVD procedure to suppress noise fluctuations during unfold-
ing process and maximize the signal-to-noise ratio in the
effective frequency domain, allowing any model prediction
to be smeared appropriately based on the regularization
introduced by the unfolding. The unfolded joint spectra are
a6 presented in Fig. 5 along with the Huber-Mueller prediction
which has been smeared using A.. The absolute rate deficit
a8 of data relative to the Huber-Mueller model is observed
320 both in the full energy spectra and in the ratios in Fig. 5.
The smearing matrices, unfolded spectra, and covariance
matrices are included in the Supplemental Material. Examples
demonstrating how to apply this smearing matrix and compare
to a model are also given in the Supplemental Material and
Ref. [49].

In summary, the measured prompt IBD energy spectra
of 235U by Daya Bay and PROSPECT are consistent. A
combined analysis between the two experiments is done
and the results for 23°Pu see no significant change, but
uncertainties in the jointly determined spectral shape of
the 23°U prompt energy spectrum are reduced to 3%.
Additionally the degeneracy between 2*°U and 23°Pu spectra
is reduced by ~20%. This first combination of measurements
from LEU and HEU reactors provides a more precise 7,
energy spectrum for other reactor 7, measurements and
other applications [36-38, 68]. The combined result can be
further improved with increased statistics from Daya Bay,
STEREO [54, 69] and the next generation of the PROSPECT
experiment.
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