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• PROSPECT: Reached its design and physics goals

• Surface detector, close to reactor (7-9 m) with best S:B >1 

• Reactor model independent oscillation search

• First result with ~2 months of live days data 

• RAA suggested oscillation best fit excluded at 2.5 σ and 
much of the suggested region
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free parameters:

M(E⌫) = a · �H(E⌫)


1 +A exp� (E⌫ � µ)2

2�2

�
(8)

is fitted against the joint spectrum �U5. The global normal-
ization parameter a ensures a shape-only comparison. To ac-
count for unfolding biases, the fit is performed through the
filter matrix as

�
2 =

�
AC ·M � �U5)TV �1

�

�
AC ·M � �U5). (9)

The result is displayed in the bottom panel of Figure 3. Best-
fit parameters are A = 0.099± 0.033, µ = 5.52± 0.18 MeV
and � = 0.45 ± 0.14 MeV and provide a much better agree-
ment to the joint data: �

2
/ndf = 18.8/18. The addition of

the best fit bump improves the �
2 value by 12.0 while reduc-

ing the degrees of freedom by 3, corresponding to an excess
with significance 2.4� (p-value 0.007) over the no-bump case.
Because this comparison incorporates information about the
unfolding biases through the AC matrix, the results do not de-
pend on the method (either Tikhonov or Wiener-SVD) used
to perform the joint unfolding. The deficit of events observed
around 7 MeV is driven by a fluctuation in a single bin of
STEREO prompt energy spectrum, as discussed in [23]. Due
to a strong positive correlation in this energy range, not rep-
resented by the diagonal-only error bars in Fig. 3, the signifi-
cance of this distortion is small (1.3�).

Additionally, a shape-only comparison is made to the de-
convolved 235U spectrum from Daya Bay [4] by interpolating
the reported spectrum into this analysis’ binning and finding
a best-fit scaling factor. Good overall agreement (�2

/ndf =
21.0/21) is found between this work and the unfolded 235U
spectrum from the Daya Bay collaboration. This comparison,
in combination with the fitted bump size, suggests that 235U
contributes to the LEU bump findings, and is consistent with
the case of 235U being an equal contributor to the excess.

The analysis presented in this Letter combines the spec-
tral measurements of the two leading HEU experiments,
PROSPECT and STEREO . The two measurements, performed
with different detector technologies and energy scales, were
shown to be in good agreement. This joint analysis there-
fore provides a robust 235U antineutrino energy spectrum. The
joint spectrum from two separate, validated methods is avail-
able for readers to make comparisons using the respective fil-
ter matrix, and the Tikhonov result is presented in the Letter.
Comparing to the Huber model shows preference for a bump
in the 5-6 MeV region with 2.4� significance. This result indi-
cates a 235U bump independent of any other isotopes present
in LEU reactors.

The supplementary materials include the unfolded joint
spectrum, the transformed covariance matrix in antineutrino
energy, and the filter matrix AC encapsulating all unfolding
effects, for both the Tikhonov and Wiener-SVD methods. For
quantitative comparisons, readers must apply the filter matrix
to any model before comparing to the unfolded data, as it is
done in eqn. (9).
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FIG. 3. (Top) Jointly unfolded 235U spectrum with diagonal errors
and Huber prediction normalized to unit area. The non-trivial corre-
lation matrix is displayed. (Bottom) Jointly unfolded 235U spectrum,
as a ratio to Huber. The filtered best-fit bump is displayed.
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FIG. 3. (Top) Jointly unfolded 235U spectrum with diagonal errors
and Huber prediction normalized to unit area. The non-trivial corre-
lation matrix is displayed. (Bottom) Jointly unfolded 235U spectrum,
as a ratio to Huber. The filtered best-fit bump is displayed.
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In this test statistic, �2
const

is defined as a one-parameter
flat-line �2 fit to the data as binned in Fig. 7; �2

DM
is

defined by a predicted modulating DM contribution spe-
cific to each (m�,��N ) phase space point, added to a
fitted flat-line background contribution. Rates for �2

const

and �2
DM

predictions are corrected to account for ex-
pected percent-level variations in cosmogenically pro-
duced signal-like backgrounds, as described in Sec. III;
these corrections are illustrated in Fig. 7. This figure
also depicts signals for �2

const
and for �2

DM
for two test

points in dark matter phase space prior to the applica-
tion of rate correction factors. The black line depicts the
best constant fit (minimum �2

const
/d.o.f. = 35.1/23) with

respect to the data, which corresponds to the expected
signal from a Standard Model background free from mod-
ulating DM e↵ects. The red and blue curves repre-
sent �2

DM
for test points (m�,��N ) = (1 MeV, 3⇥10�28

cm2) and (1 MeV, 5⇥10�28 cm2), respectively. Mini-
mizing over the remaining parameter gives best-fit back-
ground rate contributions of 69.3 ⇥10�6 s�1 kg�1 and
65.1 ⇥10�6 s�1 kg�1 for these test points, respectively.
Comparing this time-independent background rate with
the time dependence of the total event rate apparent in
Fig. 7, one can see that the DM event rate roughly dou-
bles, from minimum to maximum, over the course of a
sidereal day. For example, for a cross section of 5⇥10�28

cm2, subtracting the background from the total event
rate yields a DM event rate that varies from roughly
5.1 ⇥10�6 s�1 kg�1 to 10.9 ⇥10�6 s�1 kg�1. Both DM-
including test points provide relatively poor fits to the
observed data, with minimum �2

DM
/d.o.f. of 60.1/23 and

103.1/23 for the red and blue curves, respectively.
By performing similar tests at an array of (m�,��N )

phase space points, we have determined excluded regions
of dark matter parameter space using PROSPECT data
as shown in Fig. 8. To assign exclusion confidence inter-
vals, we use the Gaussian CLs method [85], which is use-
ful in the context of performing searches for new physics
in a continuous parameter space with large sample sizes.
The CLs value determined by PROSPECT’s dataset x
(the data points in Fig. 7) for each phase space point is
defined as

CLs(x) =
1 + Erf(�T1��T (x)p

8|�T1|
)

1 + Erf(�T0��T (x)p
8|�T0|

)
. (9)

Here, �T (x) is ��2(x) (Eq. 8) for PROSPECT’s mea-
sured dataset, �T0 is �2

DM
(xH0), where xH0 denotes the

Asimov dataset following the modulation-free hypothesis,
and �T1 is ��2

const
(xH1), where xH1 denotes the Asimov

dataset following the dark matter signal for the phase
space point in question. Phase space points with CLs val-
ues lower than 0.05 are disfavored by the data at the 95%
confidence level. The darkly shaded PROSPECT exclu-
sion region in Fig. 8 covers space previously unaddressed
by other terrestrial particle physics experiments. The
exclusion region is similar in size to the most optimistic

FIG. 8. 95% CL exclusion region from PROSPECT data
(red) compared to other limits on CR-upscattered DM from
Refs. [28, 35] (purple), CR downscattering [19] (teal), cosmol-
ogy [21, 37, 82] (blue), and direct detection [83, 84] (gray).

projection derived by Ref. [35], which assumed both sig-
nificantly reduced background and improved background
modeling. Taking advantage of the daily modulation of
the DM signal was crucial to reach this sensitivity.
The exclusion’s lower limit is defined by the low frac-

tion of incident dark matter flux interacting within the
detector, while its upper limit is defined by attenuation
of the dark matter flux prior to reaching the active detec-
tor region. Due to the relatively similar spectrum shapes
between background and signal, negligible additional ex-
clusion power is provided through a finer binning of the
statistical analysis in energy. Expanded energy ranges
for the analysis also o↵er limited improvement in exclu-
sion power due to increased background rates at lower
energies and low statistics at higher energies.
The strength of the DM exclusion does depend on as-

sumptions about the half-height of the galactic CR halo.
We adopted a commonly used value of 4 kpc, but esti-
mates range from roughly 3-7 kpc (see Ref. [55] and ref-
erences therein). Adjustments of halo half-height within
this range result in reduction or expansion of limits at
low cross section by less than a factor of 2; exclusions at
high cross section are largely una↵ected. Similarly, the
daily modulation of DM events depends on the assumed
DM profile. We tested the robustness of our results by
comparing two alternative DM halos: a more concen-
trated NFW profile with a scale radius of 10 kpc, and an
extremely cored model, which follows an NFW profile at
large radii but has constant density within about 8 kpc.
The more concentrated NFW profile increases the am-

C. Results

The comparison of the Huber model to the measured
spectrum is shown in Fig. 51. The normalization of the
model is determined by a minimization of the !2 in the
[0.8, 7.2] MeV region. A !2=d:o:f: of 30.79=31 is observed,
corresponding to a one-sided p value of 0.48. To further
quantify if any specific region of the spectrum is contrib-
uting significantly to this total !2, additional nuisance
parameters are added in 200 keV- and 1 MeV-wide
windows and a new !2min determined for each. This !!2
can be interpreted as the local contribution to the total !2.
The corresponding single-sided p values are determined
from the !!2 and plotted in Fig. 51. Small excursions are
observed in the 2.5 and 5 MeV regions using this method.
However, no region shows more than 2" deviation within
the 1 MeV model prediction windows used.
Precision measurements at nuclear power reactors have

observed discrepancies between predicted and detected #̄e

energy spectra. Most notably, a wide excess of events
between 4–6 MeV Erec has generated much interest in the
community. As these LEU reactors burn a time-evolving
mixture of fuel, it is difficult to disentangle the isotopic
origin of this distortion. To test whether PROSPECT
observes such a feature, a Gaussian with mean 5.678 MeV
and sigma 0.562 MeV is added to the HFIR model in true
neutrino energy prior to applying the detector response.
This mean and sigma of the Gaussian are obtained from
fitting the unfolded Daya Bay spectrum [20]. The ampli-
tude (A) of this addition, in units where a Daya Bay-sized
distortion is equal to 1, is varied yielding the single
parameter !2 curve shown in Fig. 52. A best-fit distortion
of 0.84! 0.39 is observed. Figure 51 shows a comparison
of the data to both the best-fit distortion and the unmodified
HFIR predicted spectrum.
The data are consistent with a distortion of equal size to

that observed by the $13 experiments (A " 1). However, the
data disfavor a null hypothesis of no distortion in the 235U
spectrum (A " 0) at 2.17", as well as a 235U spectral
distortion of the size (A " 1.78) required to be the sole
source of the $13 measurements at 2.44".

FIG. 51. Top: Comparison of the 235U model to the measured
PROSPECT Erec spectrum. Middle: Ratio of the measurement to
the HFIR prediction based on the Huber model. Bottom: The
local p value from 1 MeV- and 200 keV-wide sliding windows,
quantifying any local deviations from the model prediction. Error
bars on data points represent statistical uncertainties, while error
bands on the model represent systematic uncertainty contribu-
tions as represented in Fig. 50.

FIG. 50. Uncertainties for the PROSPECT 235U #̄e spectrum
measurement, represented by the square root of the uncertainty
covariance matrix diagonal elements. Top: Comparison of the
three categories of uncertainties: statistics, detector, and model.
Bottom: Comparison of the individual contributions to the
detector uncertainty.
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• PROSPECT: Reached its design and physics goals

• Surface detector, close to reactor (7-9 m) with best S:B >1 

• Reactor model independent oscillation search

• First result with ~2 months of live days data 

• RAA suggested oscillation best fit excluded at 2.5 σ and 
much of the suggested region 

• Rich physics program beyond oscillation search

• Reactor spectrum, joint analyses, boosted dark matter …

PRD 103, 032001

PRD.104.012009 

arXiv:2107.03371

arXiv:2106.12251
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95% CL
• RAA seems to come from reactor neutrino mismodeling

• Updated models:

• KI model: Conversion based on updated beta decay measurements; smaller 
deficit 

• EF model: Summation based on improved nuclear databases; smaller deficit

• New models don’t agree with canonical Huber-Mueller (HM) conversion model

• New data: Daya Bay + RENO evolution + STEREO prefer KI and EF models
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• KI model: Conversion based on updated beta decay measurements; smaller 
deficit 

• EF model: Summation based on improved nuclear databases; smaller deficit

• New models don’t agree with canonical Huber-Mueller (HM) conversion model

• New data: Daya Bay + RENO evolution + STEREO prefer KI and EF models

• Reactor mismodeling and sterile neutrinos not mutually exclusive
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Global relative fits 
arXiv:2111.12530   

Neutrino-4 
 PRD 104, 032003

• RAA seems to come from reactor neutrino mismodeling

• Updated models:

• KI model: Conversion based on updated beta decay measurements; smaller 
deficit 

• EF model: Summation based on improved nuclear databases; smaller deficit

• New models don’t agree with canonical Huber-Mueller (HM) conversion model

• New data: Daya Bay + RENO evolution + STEREO prefer KI and EF models

• Reactor mismodeling and sterile neutrinos not mutually exclusive 

• Rely on baseline-dependent spectral measurements to mitigate 
model-dependence 

• Significant portion of the suggested parameter space excluded

• Only Neutrino-4 sees indications of oscillations (results widely debated)

• ~Δm2 > 5 eV2 yet to be excluded

95% CL
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• BEST reinforces Gallium Anomaly

• Suggest high frequency oscillations > 1 eV2

• Need to probe > 5 eV2

• So far gallium experiments only measured a deficit

• Propagation effect vs Production ? 

• Reactor experiments target propagation effect 

•  disappearance search with MicroBooNE

• Small portion excluded

• Interpretations complicated by impure source

νe

Gallium Anomaly 
arXiv:2109.11482

95% CL
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• So far MicroBooNE doesn’t see low energy excess 
suggested by MiniBooNE

•  disappearance search possible

• Unlike reactor experiments, interpretations 
complicated by impure source

• MiniBooNE and MicroBooNE results increasingly 
suggest multiple non-vanilla BSM models

• Need multiple complementary probes


• Reactors are excellent choice:  
High intensity flavor-pure neutrinos at short 
baseline

νe

MicroBooNE 
arXiv:2111.05793

MicroBooNE 
arXiv:2111.10359

95% CL
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PROSPECT-II Design
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• PROSPECT-I demonstrated the power of a segmented PSD-capable 
LiLS detector

• Excellent S:B, energy reconstruction, detection efficiency

• PROSPECT-II detector: Evolutionary based on PROSPECT 

• Simplified internal structure

• Sealed LS volume

• Teflon-lined aluminum inner tank for increased strength

• PMTs separated into a single MO volume

• Mature design and short term deployment capability
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24

sin22q14) using a c2 test statistic. Predicted ratios include the impact of modest expected
detector response differences between baselines. The impact of both correlated and
uncorrelated systematic and statistical uncertainties are included in the c2 test statistic
using a covariance matrix approach. This sterile neutrino fitting procedure, as well as
the input collected and simulated datasets used for this analysis in PROSPECT’s first
run, are described in detail in Ref. [3].

Asimov datasets are generated with the same tools used to generate oscillated spectrum
predictions, with reactor fluxes modeled using Ref. [45] and the IBD interaction cross-
section modeled using Ref. [119]. Asimov datasets are generated with the same tools
used to generate oscillated spectrum predictions. For PROSPECT-II estimates, detector
response effects are re-simulated and all systematic uncertainty covariance matrices
are re-calculated to reflect the expected functionality of all detector segments. Other
systematic uncertainties established using PROSPECT-I data, such as those related
to linear and non-linear energy scales, baselines, relative efficiency differences, and
background normalization, are used for PROSPECT-II. Sensitivity estimates are made
using ten baseline bins; a more finely binned analysis may produce modestly improved
coverage [52, 120].
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Figure 7: Left: Comparison of sterile oscillation sensitivities for different current and
projected PROSPECT [3] and PROSPECT-II datasets. Center and Right: overlap of
sensitivity contours from one year to two years of PROSPECT-II data-taking with various
interesting regions of oscillation parameter space, as described in the text. The scenarios
in the right plot including LEU data are described in Section 3.6. Non-PROSPECT
contours from Refs. [48, 49, 51, 53–55, 90].

Projected sensitivities for PROSPECT-II using the nominal parameters from Table 2 are
shown in Figure 7. Current PROSPECT oscillation results, also shown in Figure 7, are
primarily statistics-limited. After two calendar years of data-taking at HFIR, PROSPECT-
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sin22q14) using a c2 test statistic. Predicted ratios include the impact of modest expected
detector response differences between baselines. The impact of both correlated and
uncorrelated systematic and statistical uncertainties are included in the c2 test statistic
using a covariance matrix approach. This sterile neutrino fitting procedure, as well as
the input collected and simulated datasets used for this analysis in PROSPECT’s first
run, are described in detail in Ref. [3].

Asimov datasets are generated with the same tools used to generate oscillated spectrum
predictions, with reactor fluxes modeled using Ref. [45] and the IBD interaction cross-
section modeled using Ref. [119]. Asimov datasets are generated with the same tools
used to generate oscillated spectrum predictions. For PROSPECT-II estimates, detector
response effects are re-simulated and all systematic uncertainty covariance matrices
are re-calculated to reflect the expected functionality of all detector segments. Other
systematic uncertainties established using PROSPECT-I data, such as those related
to linear and non-linear energy scales, baselines, relative efficiency differences, and
background normalization, are used for PROSPECT-II. Sensitivity estimates are made
using ten baseline bins; a more finely binned analysis may produce modestly improved
coverage [52, 120].
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projected PROSPECT [3] and PROSPECT-II datasets. Center and Right: overlap of
sensitivity contours from one year to two years of PROSPECT-II data-taking with various
interesting regions of oscillation parameter space, as described in the text. The scenarios
in the right plot including LEU data are described in Section 3.6. Non-PROSPECT
contours from Refs. [48, 49, 51, 53–55, 90].

Projected sensitivities for PROSPECT-II using the nominal parameters from Table 2 are
shown in Figure 7. Current PROSPECT oscillation results, also shown in Figure 7, are
primarily statistics-limited. After two calendar years of data-taking at HFIR, PROSPECT-

• PROSPECT-II design uniquely located to cover the 1-20 eV2

• Unambiguously cover major portion of RAA suggested 
parameter space

• In conjunction with KATRIN covers

• High oscillation frequencies suggested by reactor and 
gallium anomalies

• Fully cover CP violation disambiguity limit

• Play a major role to complement other probes of SBL 
anomalies

PROSPECT-II (2 yr)

KATRIN sensitivity
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• PROSPECT was a pathfinder experiment that successfully demonstrated surface-based reactor physics

• Delivered on primary and side analyses on a rapid timescale

• This success opens the door to an expanded physics program

• Uniquely positioned to search for sterile neutrino search in 1-20 eV2

• Plays a key complementary role in a global comprehensive SBL program

• Rich physics program beyond oscillations

• PROSPECT-II’s mature detector design builds upon PROSPECTs lessons

• Detailed PROSPECT-II physics case on arXiv (2107.03934)

https://arxiv.org/abs/2107.03934
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PROSPECT-II: Other Physics
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• Spectrum: Surpass the model uncertainties for the majority of the 
antineutrino spectrum

• Address spectral anomaly

• Neutrino data as input to nuclear data

• BSM physics: Provide benchmarks for upcoming CEνNS 
experiments 

• Flux: measure 235U flux from HFIR to ~2.5% 

• In combination with LEU experiments, can measure flux at the level 
of model uncertainties

26

a few eV.

3.4 PROSPECT-II reactor ne spectrum physics goals

Deployment of the PROSPECT-II detector at HFIR will also improve the precision of
PROSPECT’s world-leading measurement of the 235U ne energy spectrum. Currently,
comparisons of reported ne energy spectra between theoretical predictions and
experimental results obtained at LEU reactors show sizable disagreements, most
obviously in the higher-energy 4-6 MeV reconstructed energy range [24, 46, 101]. Possible
explanations for the source of this discrepancy are discussed in detail in Sec 2.7, along
with the general value of precise understanding of all aspects of fission-produced ne
spectra. The PROSPECT measurement of ne energies from 235U contributes to this
understanding by helping to determine whether or not current experiment-theory
disagreements are common across fission isotopes.

Δ�
 2

Figure 8: Left: Improvement to PROSPECT 235U spectrum measurement uncertainties
after two years of data-taking with the PROSPECT-II detector. The depicted model
uncertainty, from Ref. [3], is based on the conversion prediction of Ref. [45]. Also shown
is the 235U uncertainty from deconvolution of LEU measurements at Daya Bay from [123].
Right: PROSPECT-II measurement precision for the the scale factor (n) of a bump-like
feature in the 4-6 MeV prompt energy region observed by Daya Bay. PROSPECT will
address prominent hypotheses for this feature (n=0: no contribution from 235U; n=1.78:
entirely from 235U) at high confidence level.

The impact of a two-year PROSPECT-II measurement at HFIR is illustrated in Figure 8.
Additional reactor-on running, plus a reduction in backgrounds with respect to
PROSPECT’s first run (reflected in Table 2) due to the full functionality of all detector
segments, will substantially reduce statistical uncertainties on the 235U ne measurement.
Statisical uncertainties per 200 keV bin will be reduced below the 3% level in all regions
below 6 MeV in prompt energy, roughly 7 MeV in ne energy, and will be as low as ⇠1%
at the spectrum peak. Precision in the 235U spectrum from PROSPECT-II’s HEU-based


