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Reactor Neutrinos at Short Baselines



Neutrino Sources
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Big-Bang neutrinos ~ 
0.0004 eV 

Neutrinos from the Sun 
< 20 MeV

Atmospheric 
neutrinos ~ GeV

Neutrinos from accelerators  
 up to GeV (109 eV) 

Antineutrinos from nuclear 
reactors      < 10.0 MeV
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1995 - Nobel Prize to Fred 
Reines at UC Irvine

2003 - First observation of reactor 
antineutrino disappearance

1956 - First observation 
of (anti)neutrinos

KamLAND

Savannah River

Daya Bay

2012 - Measurement of θ13 
with Reactor Neutrinos

Reactor Antineutrinos�
A Tool for Discovery

KamLAND

Daya Bay, 
Double Chooz
RENO

3

?

a story of varying baselines... 



Karsten Heeger, Yale  KITP, March 30, 2022

Precision Oscillation Physics
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arXiv: 2203.07214
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Reactor Neutrino Experiments Worldwide
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arXiv: 2203.07214



Karsten Heeger, Yale  KITP, March 30, 2022

mean energy of νe: 3.6 MeV
only disappearance 
experiments possible

Reactor Antineutrinos
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νe from β-decays, pure νe source
of n-rich fission products
on average ~6 beta decays until stable

> 99.9% of νe are produced by fissions in 
235U, 238U, 239Pu, 241Pu
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Reactor Neutrino Flux & Spectra
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Early 1980s: Measurement of 235U 
spectrum at ILL
- agrees with ab-initio calculations
- < 5000 neutrinos detected, 
- 20% uncertainties 

Mid 1980s: Beta conversion 
measurements at ILL, reduce 
systematics, improve uncertainties 
or predictions

1990s: Bugey PWR spectrum 
agrees with beta conversion spectra

1990-2000s: Measured flux 
“agrees” with predictions
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Reactor 235U Antineutrino Spectrum
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Only existing measurement from 1981 ILL experiment, 5000 events
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Kamioka

mean, flux-weighted reactor 
distance ~ 180km

Reactor Antineutrinos in KamLAND 

Anti-Neutrino Detection
through inverse β-decay
 
νe + p → e+ + n 

Kashiwazaki

reactor ν flux ~ 6x106/cm2/sec 

55 reactors

Japanese Reactors
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Evidence for OscillationReactor ve Disappearance 

Observation of Reactor νe Oscillation

KamLAND Collaboration

Phys.Rev.Lett.100:221803,2008
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6 detectors, Dec 2011- Jul 2012
then 8 detectors

target mass: 20 ton per AD
photosensors:       192 8”-PMTs
energy resolution:  (7.5 / √E  + 0.9)%

Gd-doped 
liquid scintillator

liquid 
scintillator
γ-catcher

mineral oil

six 2.9 GWth reactors

Daya Bay Reactor Experiment

Experimental Halls Antineutrino Detector
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Daya Bay Neutrino Oscillation (1958 Days)
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Neutrino oscillation is energy and 
baseline dependent
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Phys. Rev D 95, 072006 (2017).

Daya Bay

preliminary
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Daya Bay Neutrino Oscillation (1958 Days)
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 sin22θ13 uncertainty: 3.4%
 |Δm232| uncertainty: 2.8%

nGd Analysis
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χ2/ndf=148.0/154

Daya Bay
Phys.Rev.Lett. 121 (2018) no.24, 241805 
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Reactor Antineutrino “Anomalies” (RAA)
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Deficit due to extra (sterile) neutrino 
oscillations or artifact of flux predictions?

Measured spectrum does not agree 
with predictions. Daya Bay,


CPC 41, No. 1 (2017)

Understanding reactor flux and spectrum anomalies requires additional data

Flux Deficit Spectral Deviation

Chinese Physics C Vol. 41, No. 1 (2017) 013002

to the measurement. A clear discrepancy between the
data and the prediction near 5 MeV is observed, while
the agreement is reasonable in other energy regions. A
comparison to the Huber+Mueller model yields a χ2/dof
of 46.6/24 in the full energy range from 0.7 to 12 MeV,
corresponding to a 2.9 σ discrepancy. The ILL+Vogel
model shows a similar level of discrepancy from the data.

Fig. 22. (color online) The fractional size of
the diagonal elements of the covariance matrix,
Vii/N

pred
i , for each component in each prompt en-

ergy bin. Inset: the elements of the correlation
matrix, Vij/

√
ViiVjj for the total uncertainty.

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 Ref. [65].
The compatibility was tested by evaluating

∆χ2 = χ2(standard)−χ2(N extra parameters) (29)

for N degrees of freedom. We obtained ∆χ2/N =
50.1/25, which is consistent with the results obtained
by the first method using Eq. (28).

6.3 Quantification of the local deviation

The ratio of the measured to predicted energy spectra
is shown in Fig. 23(b). 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 χ2 contribution of
each energy bin,

χ̃i =
N obs

i −Npred
i

|N obs
i −Npred

i |

√∑

j

χ2
ij ,

χ2
ij = (N obs

i −Npred
i )(V −1)ij(N

obs
j −Npred

j ). (30)

By definition,
∑

i χ̃
2
i is equal to the value of χ2 defined in

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

In the second approach, the significance of the devia-
tion is evaluated based on the modified oscillation anal-
ysis similar to Eq. (29). Instead of allowing all the N
nuisance parameters to be free floating, only parameters
within a selected energy window are varied in the fit. The
difference between minimum χ2s before and after intro-
ducing these nuisance parameters within the selected en-
ergy 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. 23(c). The local
significance for a discrepancy is greater than 4σ at the
highest point around 5 MeV. In addition, the local signif-
icance for the 2 MeV window between 4 and 6 MeV were
evaluated. We obtained a ∆χ2/N value of 37.4/8, which
corresponds to the p-value of 9.7×10−6(4.4σ). Compar-
ing with the ILL+Vogel model shows a similar level of
local discrepancy between 4 and 6 MeV.

Fig. 23. (color online) (a) Comparison of predicted
and measured prompt energy spectra. The pre-
diction is based on the Huber+Mueller model and
normalized to the number of measured events.
The error bars on the data points represent the
statistical uncertainty. The hatched and red filled
bands represent the square-root of diagonal ele-
ments of the covariance matrix (

√
(Vii)) for the

reactor related and the full systematic uncertain-
ties, respectively. (b) Ratio of the measured
prompt energy spectrum to the predicted spec-
trum (Huber+Mueller model). (c) The defined
χ2 distribution (χ̃i) of each bin (black solid curve)
and local p-values for 1 MeV energy windows (ma-
genta dashed curve). See Eq. 30 and relevant text
for the definitions.

013002-27

Chinese Physics C Vol. 41, No. 1 (2017) 013002

to the measurement. A clear discrepancy between the
data and the prediction near 5 MeV is observed, while
the agreement is reasonable in other energy regions. A
comparison to the Huber+Mueller model yields a χ2/dof
of 46.6/24 in the full energy range from 0.7 to 12 MeV,
corresponding to a 2.9 σ discrepancy. The ILL+Vogel
model shows a similar level of discrepancy from the data.

Fig. 22. (color online) The fractional size of
the diagonal elements of the covariance matrix,
Vii/N

pred
i , for each component in each prompt en-

ergy bin. Inset: the elements of the correlation
matrix, Vij/

√
ViiVjj for the total uncertainty.

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 Ref. [65].
The compatibility was tested by evaluating

∆χ2 = χ2(standard)−χ2(N extra parameters) (29)

for N degrees of freedom. We obtained ∆χ2/N =
50.1/25, which is consistent with the results obtained
by the first method using Eq. (28).

6.3 Quantification of the local deviation

The ratio of the measured to predicted energy spectra
is shown in Fig. 23(b). 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 χ2 contribution of
each energy bin,

χ̃i =
N obs

i −Npred
i

|N obs
i −Npred

i |
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χ2
ij ,

χ2
ij = (N obs

i −Npred
i )(V −1)ij(N

obs
j −Npred

j ). (30)

By definition,
∑

i χ̃
2
i is equal to the value of χ2 defined in

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

In the second approach, the significance of the devia-
tion is evaluated based on the modified oscillation anal-
ysis similar to Eq. (29). Instead of allowing all the N
nuisance parameters to be free floating, only parameters
within a selected energy window are varied in the fit. The
difference between minimum χ2s before and after intro-
ducing these nuisance parameters within the selected en-
ergy 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. 23(c). The local
significance for a discrepancy is greater than 4σ at the
highest point around 5 MeV. In addition, the local signif-
icance for the 2 MeV window between 4 and 6 MeV were
evaluated. We obtained a ∆χ2/N value of 37.4/8, which
corresponds to the p-value of 9.7×10−6(4.4σ). Compar-
ing with the ILL+Vogel model shows a similar level of
local discrepancy between 4 and 6 MeV.

Fig. 23. (color online) (a) Comparison of predicted
and measured prompt energy spectra. The pre-
diction is based on the Huber+Mueller model and
normalized to the number of measured events.
The error bars on the data points represent the
statistical uncertainty. The hatched and red filled
bands represent the square-root of diagonal ele-
ments of the covariance matrix (

√
(Vii)) for the

reactor related and the full systematic uncertain-
ties, respectively. (b) Ratio of the measured
prompt energy spectrum to the predicted spec-
trum (Huber+Mueller model). (c) The defined
χ2 distribution (χ̃i) of each bin (black solid curve)
and local p-values for 1 MeV energy windows (ma-
genta dashed curve). See Eq. 30 and relevant text
for the definitions.
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1.3. Anomalies in source and accelerator experiments

Anomalous results have also been obtained in other neutrino experiments. Both the SAGE
and GALLEX radiochemical gallium experiments have observed neutrino flux deficits with
high-activity Oe calibration sources [38–41].

Additional anomalies have become apparent in accelerator-based neutrino experiments.
The liquid scintillator neutrino detector (LSND) experiment at Los Alamos National
Laboratory was designed to search for neutrino oscillations in the O lN Oe channel. It mea-
sured an excess of events at low energy consistent with an oscillation mass splitting of
% _m2∣ ∣ 1eV2 [42]. The Mini Booster Neutrino Experiment (MiniBooNE) at Fermilab
National Accelerator Laboratory was conceived to test this so-called ‘LSND anomaly’ in the
same L/E region [43]. In both the O lN Oe and O OlN e appearance channels, it observed an
excess of events. There is some disagreement regarding the compatibility of MiniBooNE Oe

appearance data in models involving 3 active neutrinos and 1 sterile state (3+ 1 model) [44]
but the allowed regions for neutrino oscillations partially overlap with the allowed regions
from LSND.

1.4. Global Fits

Attempts have been made to fully incorporate the observed anomalies into frameworks with
one or more additional sterile neutrino states. Combining the short-baseline reactor anomaly
data with the gallium measurements under the assumption of one additional sterile neutrino
state allows one to determine the allowed regions (%m14

2 , Rsin 22
14) in the global parameter

space. Two recent efforts obtain slightly different allowed regions and global best-fit points
[3, 5]. The disagreement can be attributed to the differences in handling uncertainties and the
choice of spectral information included in the analyses. Inclusion of all Oe and Oe dis-
appearance measurements further constrains the parameter space [5]. Figure 4 illustrates the
allowed regions obtained from different combinations of anomalous experimental results.

Because of the tensions between some appearance and disappearance results, difficulties
arise in developing a consistent picture of oscillations in the 3+ 1 framework [44] involving

Figure 4. Allowed regions in 3+ 1 framework for several combinations of Oe and Oe

disappearance experiments. Contours obtained from [3, 5, 44].

J. Phys. G: Nucl. Part. Phys. 43 (2016) 113001 Topical Review
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Reactor Antineutrino Flux Deficit

15

Reactor νe flux measurements νe disappearance data

new oscillation signal requires: 

Δm2 ~ O(1eV2) and sin22θ > 10-3

“sterile” neutrino states

Δm2new ~1 eV2

Kopp best fit Reactor+Ga best fit

2011 reanalysis of the predicted reactor flux in tension with global data
Measurements of neutrino source with SAGE/Gallex also show a deficit

PROSPECT J. Phys. G: 43 (2016)
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Search for Sterile Neutrinos and BSM Physics
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Constraints on the mass  of the sterile neutrino and its squared mixing 
 with the electron neutrino.

mN
|VeN |2

Bolton, Deppsih, Dev, JHEP 170 (2020)

No strong preference for mass scale or coupling strength

https://arxiv.org/abs/1912.03058
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Spectral Deviation θ13 in Experiments 
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T.J. Langford - Yale University Date/Seminar4
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Daya Bay: PRL 116, 061801(2016)

DC-IV fit results  

"  Data$MC'(it'including'Bugey'4'normalization'
"  sin22θ13$=$0.105$±$0.014'(stat.+syst.)'
"  Multi'detector'(it'robust'against'spectral'distortion'
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New! 

Neutrino 2018

RENO: PRD 98, 012002 (2018)

all ϴ13 experiments observe deviations 


tracks with reactor power (LEU power), appears in 
near and far detectors

Daya Bay, China
 Double Chooz, France
 RENO, Korea

Most likely an issue with nuclear models?
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Predicting the Antineutrino Flux and Spectrum
Two major approaches


1. Ab-initio

• sum the spectrum from thousands of beta 

branches using nuclear databases

• databases incomplete and large 

uncertainties 

2.  Beta conversion 

• empirical measurements of beta spectra 

for each isotope (foils, 1980’s)

• fit with ‘virtual branches’ and kinematically 

convert to antineutrino spectra


Spectrum

Spectral Structure of Electron Antineutrinos from Nuclear Reactors

D. A. Dwyer*

Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

T. J. Langford†

Yale University, New Haven, Connecticut 06520, USA
(Received 18 September 2014; published 7 January 2015)

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

PRL 114, 012502 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

9 JANUARY 2015

0031-9007=15=114(1)=012502(5) 012502-1 © 2015 American Physical Society

Branching Fraction Decay Rate

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)

Conversion Approach

predicting reactor spectra is complicated, 
nuclear physics uncertainties

Sonzogni et al: Phys Rev 
C 98 (2018) 014323

Huber-Mueller model used as benchmark to experiment at 
LEU reactors: Phys. Rev. C 85, 029901 (2012) and Phys. Rev. 
C 83 (2011) 
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Measured Spectra from 235U and 239U

19

Daya Bay,  arXiv:1904.07812

Comparison of the measured and predicted 235U and 239Pu IBD yields prefers 
an incorrect prediction of the 235U flux as the primary source of the reactor 
antineutrino rate anomaly.

Discrepancy in the comparison of spectrum shape for 235U suggests incorrect 
spectral shape prediction for the 235U spectrum.
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Fuel Evolution and νe Fluxes

20

Daya Bay reported IBD yields of 235U and 
239Pu using evolution of LEU reactors.  
Fitted 235U lower than model.

IBD yields calculated from reactor rates (of 
26 reactor experiments) do not agree with 
Daya Bay measurement.

Daya Bay Fuel Evolution Analysis
Daya Bay, PRL 118 251801 (2017)

Improved Determination of Fluxes
Giunti et al, Phys.Rev. D96 (2017) no.3, 033005 

Daya Bay fuel 
evolution

Saclay+Huber

Reactor rates

Combined 
Daya Bay +
Reactor rates

Analysis of Daya Bay with Fuel Burnup
Hayes et al, Phys.Rev.Lett. 120 (2018) no.2, 022503 

“not enough information to use the antineutrino 
flux changes to rule out the possible existence 
of sterile neutrinos”

~3σ
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Fuel Evolution and νe Fluxes

21

arXiv: 2003.07214
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Shielding

Active Inner 
Detector

Precision Oscillation and Spectrum Experiment

22

Antineutrino 
Detector

HFIR Core

Objectives Search for short-baseline oscillation at  <10m
Precision measurement of 235U reactor νe spectrum

Relative Spectrum Measurement
relative measurement of L/E and spectral shape distortions

Segmented, 6Li-loaded Detector

unoscillated spectrum oscillated spectrum



Final Row Installation
November 17, 2017
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Short-Baseline Reactor Experiments at HEU Reactors
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Oscillation Search Results

25

• Feldman-Cousins based 
confidence intervals for 
oscillation search

• Covariance matrices captures 
all uncertainties and energy/
baseline correlations

• Critical 𝜒2 map generated 
from toy MC using full 
covariance matrix

• 95% exclusion curve based 
on 33 days Reactor On 
operation

RAA best fit

χ2/NDF =30.79/31 for shape-only 
comparison with model 

PROSPECT feature size with respect to 
Daya Bay: 84% ± 39%.  

(No 235U bump disfavored at 2.2σ CL, all 
235U is disfavored at 2.4σ CL)

95.65 reactor-on calendar  
days, 73.09 reactor-off 

RAA best-fit excluded: 98.5% CL, data 
is compatible with null oscillation 
hypothesis (p=0.57) 

PROSPECT Collaboration

Phys.Rev.D 103 (2021) 3, 03200
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STEREO
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DANSS
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DANSS, NEOS

28

T. Schwetz
Set oscillation limits, no claim for signal
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Neutrino-4

Poor agreement between 
measured and predicted spectrum

Non-linear effects of detector 
response are not taken into 
account

arXiv:2003.09401
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BEST Radiochemical Experiment

30

Pieter Mumm

National Institute of Standards and Technology


University of Kentucky Colloquium, 9/04/2020


• 3.4 MCi 51Cr source irradiates nested 
volumes of gallium

• Rin = 0.791±0.05 and Rout = 0.766±0.05 

• significant deficit implies large mixing

Inner Outer

arXiv:2109.11482
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Gallium and BEST Experiment
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Pieter Mumm

National Institute of Standards and Technology


University of Kentucky Colloquium, 9/04/2020


BEST consistent with earlier experiments (SAGE + GALLEX)
arXiv:2109.11482
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Predicted rate
Observed rate
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BEST, Gallium, and other SBL experiments
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RAA, Neutrino-4, Gallium and MicroBooNE
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Extended Short Baseline Program with PROSPECT-II
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Planned 2 year deployment at HFIR, 
ORNL 
~50% reactor on-time
Detector target mass 30% larger
4:1 signal:background ratio
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Constraints on  /   Disappearanceνe νe
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‘Ultimate’ Reactor SBL Experiment at HFIR
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Project 8 and Sterile Neutrinos
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Summary and Outlook

Reactor experiments have made high-precision measurements of 
the prompt energy spectrum from PWR and HEU reactors. 


Incorrect prediction of the 235U flux likely primary source of the 
reactor antineutrino rate anomaly. 


No significant indications of  in reactor experiments, PROSPECT, 
STEREO, DANSS, NEOS place strong limits.

Except for Neutrino-4, still some concerns about analysis of Neutrino-4.


BEST confirmed GA with high significance, in strong tension with 
other experiments.  SBL reactor experiments, KATRIN, and Project 8 
can probe remaining parameter space.


Upgraded plans (e.g. PROSPECT-II) significantly expand SBL program to 
search for BSM physics.

νs
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