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How to Resolve an Anomalies in Physics

Error in experiments? Mistake in theoretical models?

New Physics?

expected rate

Raymond Davis Jr.
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Outline
q History of reactors and reactor 

neutrinos @BNL
q What is the Reactor Antineutrino 

Anomaly (RAA)
q Possible explanations 
q New experimental evidences
q New theoretical calculations
q Conclusion

PROSPECT

MicroBooNE
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Nuclear Reactors @BNL
5/22/24 Reactor Antineutrino Flux and Spectrum 5

qBNL’s past 3 research 
reactors: BGRR, HFBR, BMRR

https://www.bnl.gov/about/history/reactors.php

https://www.bnl.gov/about/history/reactors.php
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5/22/24 Reactor Antineutrino Flux and Spectrum 7Daya Bay 
Reactor 
Neutrino 
Experiment
q Designed to 

discover 
sin2(2θ13) < 
0.01 @90% 
C.L. 

q Started data 
taking on Dec 
24, 2011

q Made the first 
5σ discovery 
after 55 days
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BNL Daya Bay Group, 2011
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Daya Bay
Near Hall

Ling Ao
Near Hall

Far Hall

q Data taking (12/24/2011 – 12/12/2020)
• 3275 days, 5.5M 𝜈̅! events

largest reactor neutrino data sample in the world
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Oscillation results with the full 
data set

10

Phys. Rev. Lett. 130, 161802 (2023)

q Likely to be the best measurement 
in the foreseeable future

q Critical input to the current and 
future long-baseline experiments 
(DUNE)

(2.8% precision)

Daya Bay Near Hall Ling Ao Near Hall Far Hall

NMO:

IMO:
(2.3% precision)
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First Appearance of the
Reactor Antineutrino Anomaly

Two back-to-back papers on 
13/14 Jan 2011 from 3 
French groups (CEA Saclay, 
APC, U. Nantes)
q Part of a theoretical effort 

in preparing for the 
Double Chooz θ13 reactor 
neutrino experiment

q Mueller paper
re-evaluated the reactor 
antineutrino flux 
prediction

q Mention paper
Using the new model, 
found a 2.4σ deficit in 
data/model and named it 
the RAA

>1600 citations

>1200 citations
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The RAA

!"#$%&'$()*!+,$%+-$
./$00$%	'23$0

= 0.943 ± 0.023

q The new Mueller model increased reactor 
antineutrino flux prediction by ~3%

q Global fit of 19 reactor flux measurements 
from 1980-1990s including their correlated 
uncertainties 

q Compatible with a 4th 
(sterile) neutrino with 
mass > 1 eV
§ baselines all < 100 m
§ no oscillation disfavored 

at 99.8% C.L.
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Δm2 ~ 2.5 x 10-3 eV2

𝑃( %𝜈! → %𝜈!) =

1 − sin4 2𝜃 ⋅ sin4(1.27|Δ𝑚4| ⋅
𝐿	
𝐸
)

amplitude
(mixing angle) frequency

(mass2 difference)
Δm2 ~ 7.5 x 10-5 eV2

Δm2 > 1 eV2 ?

Daya Bay 
data

??

~2.5 x 10-3 eV2

νs
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5/22/24 14Anomalies in Reactor Neutrinos

Hints of eV-scale Sterile Neutrinos 
before the RAA

2001 2008
SAGE 1999 - 2006
GALLEX reanalysis ~2010

These anomalies + RAA has 
triggered many new 
experiments searching for eV-
scale sterile neutrinos
q Short-baseline reactor

• PROSPECT, STEREO, 
DANSS, SOLID, 
Neutrio-4, …

q Short-baseline accelerator
• FNAL SBN program: 

MicroBooNE, ICARUS, 
SBND

• JSNS2
q New Gallium experiment

• BEST
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Why did the flux prediction change?
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Nuclear Reactor as Antineutrino Source
16

q Pure 'ν# from beta decays of fission 
products

q 6 x 1020 v / sec / 3-GWth

q Detect using inverse beta decay

2/15/2019

Fission fractions in a typical 
power reactor

235U 55%
239Pu 30%
238U 10%
241Pu 5%
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Reactor !𝝂𝒆 Flux Prediction: Summation method
q Calculate each beta-decay 

spectrum using nuclear databases:

5/22/24 Reactor Antineutrino Flux and Spectrum 17

ENDF, JEFF, JENDL, CENDL, ROSFOND …

fission yields

fission products

beta-decay branches

beta spectra
(Ev = E0 – Ee)
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q Challenges
§ Incomplete databases for beta-decay 

branches (~10% missing)
§ Known systematic bias in some beta 

decay data with large Q-values 
(pandemonium effect)

§ ~30% of beta decays are forbidden 
decays where shape corrections are 
necessary but not easy to calculate 
theoretically

q Large uncertainty (~10%)
§ Historically only used to predict 238U 

flux (~10% fissions in a commercial 
reactor)
o Vogel et.al, PRC 24, 1543 (1981)

5/22/24 Reactor Antineutrino Flux and Spectrum 18

Reactor !𝝂𝒆 Flux Prediction: Summation method
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q Experiments at ILL in Grenoble, 
France in the 1980s for 235U, 239Pu, 
241Pu
§ Eradiate fission isotope target (e.g. thin 

foil of 235UO2) in a high flux of thermal 
neutrons for tens of hours. 

§ Measure total outgoing beta-decay 
electron energy spectrum. 

§ Used a high resolution, double 
focusing e-spectrometer “BILL”: 
NIMA 154, 127 (1978)
oCalibration with conversion 

electron sources (207Pb, 197Au, 
113Cd, 115In)

§ High statistics in bins of 50 keV.
q 238U was not measured (only fission 

with fast neutrons) until 2014 at FRM-
II in Garching, Germany

5/22/24 Reactor Antineutrino Flux and Spectrum 19

Reactor !𝝂𝒆 Flux Prediction: Conversion method
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q Convert total electron spectrum to total 
antineutrino spectra with fit to ~30 
virtual beta-decay branches
§ equidistant end-point energy
§ assume allowed beta-decay shape 

P(Ev, E0, Z)
§ empirical function of Z vs Q-value

q Does not rely on fission yields or beta 
decay data. Considered much more 
precise and can reach ~2% uncertainty

q Standard reactor "𝝂𝒆 flux model 
(ILL-Vogel model)
§ ILL conversion for 235U, 239Pu, 241Pu
§ Vogel’s summation for 238U
§ agree with ~20 reactor flux 

measurements from 1980 -1990s 

5/22/24 Reactor Antineutrino Flux and Spectrum 20

Reactor !𝝂𝒆 Flux Prediction: Conversion method
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5/22/24 Reactor Antineutrino Flux and Spectrum 21

Reactor !𝝂𝒆 Flux Prediction: Conversion method

q Issues in the conversion method
§ No independent measurements beside ILL
§ Non-equilibrium effect: ILL irradiation is only tens of hours, while 

10% of fission products have lifetime of more than a few days
§ Virtual branches 

o Assume allowed beta decay shape but corrections for various nuclear 
effects were not considered

o The 30% forbidden decays introduce additional shape uncertainty 
o Z as a function of Q-value is a simple fit to the summation calculation 

q These issues prompted two new evaluations of reactor 
antineutrino flux in 2011 
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Re-evaluation: Huber-Mueller Model

q Hybrid method: +3%
§ Updated summation calculation from 

the ENSDF database (for 235U, 239Pu, 
241Pu, 238U)

§ Conversion method for the missing 
10% contribution (for 235U, 239Pu, 241Pu)

§ Correct for non-equilibrium effect

q Improved conversion method using ILL data 
(for 235U, 239Pu, 241Pu): 
§ Reevaluated nuclear effects in correcting the 

beta-spectrum shape +3%
o effective Z as a function of Q-value for virtual branches
o finite-size, radiative correction, weak magnetism

§ Non-equilibrium effect +1-2%
§ New neutron lifetime measurement +1%
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Comparison of 27 measurements to 
the Huber-Mueller model 
(extension of the original RAA paper)

q Span over 40 years from 
1980s – 2020s

q Different detector types
§ Water/LS + 3He counters
§ Gd- or 6Li-loaded LS

q Different reactor types
§ Low-enriched Uranium (LEU)
§ Highly-enriched Uranium(HEU)

q Different baselines
q Different challenges in 

determining efficiency and 
backgrounds

Consistent results with <0.5% combined 
experimental uncertainty
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Is the RAA related to Sterile Neutrino 
Oscillations?
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Two other reactor measurements that 
can shed light onto the origin of RAA
q Reactor antineutrino energy spectrum

§ at < a few meters, an eV-scale sterile neutrino 
will alter the spectrum in an oscillatory pattern, 
with an L/E dependence

§ at > 10 meters, an eV-scale sterile neutrino will 
not cause spectral distortion (oscillation is too 
fast compared to the resolution of the detector)

q Isotopic reactor antineutrino flux
§ Highly-enriched uranium (HEU) reactors: 99% 
235U fission

§ fuel evolution in commercial reactors: fission 
fractions change with time 

§ Sterile neutrino oscillation does not care about 
the origin of the neutrino (e.g. produced by 235U 
or 239Pu).

235U

239Pu
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PROSPECT: No “Oscillations” Found 

Phys. Rev. D 103, 032001 (2021)

Phys. Rev. Lett. 121, 251802 (2018)

> 50,000 antineutrinos from pure 235U fissions 
collected in 2018HFIR, ORNL

BNL PROSPECT Group, 2019
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Recent experimental exclusions

q 'ν# disappearance: recent SBL reactors (e.g. PROSPECT) didn’t observe shape 
distortion (except Neutrino-4)

q ν# appearance: MicroBooNE disfavors MiniBooNE with the LArTPC technology 
(expect updated results coming this summer)

q The simple 3 active +1 sterile neutrino oscillation is not compatible with global data
• Need more exotic models (e.g. oscillation + decay) 

Phys. Rev. Lett. 130, 011801 (2022), MicroBooNE
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Reactor !𝝂𝒆 Energy Spectrum @Daya Bay

Phys. Rev. Lett. 123, 111801 (2019)

q High precision reactor antineutrino 
energy spectrum measured with 4 
million events

q Expect no shape distortion if RAA is 
caused by “eV-scale” sterile 
neutrinos (Daya Bay is too far and 
can only see overall rate deficit)

q However, saw a significant 
disagreement in the “shape” of the 
spectrum compared with reactor 
neutrino model prediction
q often referred to as the “5-MeV” 

bump in prompt energy after the 
re-normalization to remove the 
overall flux deficit

Data
Model x 0.953

Daya Bay
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q The “5-MeV” bump 
has been observed 
in >10 experiments

q This shape 
discrepancy cannot 
be explained by 
sterile neutrino 
oscillations, 
indicating issues in  
the Huber-Mueller 
model
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Isotopic Reactor !𝝂𝒆 flux

q Expect equal flux deficit for 235U and 239Pu if 
RAA is caused by sterile neutrinos

q Instead, fuel evolution analyses show a much 
larger deficit in 235U
q RAA can be resolved by only adjusting 235U 

flux prediction by 8%
q 239Pu uncertainty is still very large 235U neutrino flux (10-43 cm2 / fission)
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Phys. Rev. Lett. 118, 251801 (2017)

Daya Bay
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q Both the normalization and 
the shape do not agree 
with the model prediction 
for either isotope

q The “bump” structure is 
visible in both the 
extracted 235U and 239Pu 
spectra
§ Hinted at similar origins, such 

as inaccurate shape factors 
from forbidden decays

Combined measurement of 
235U and 239Pu spectra from 
Daya Bay and PROSPECT

Phys. Rev. Lett. 128, 081801 (2022)
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RAA: What have we learned so far?
q Sterile neutrino is unlikely to be relevant in resolving RAA

§ Didn’t observe L/E dependence in <10 m reactor experiments
§ Saw the “5-MeV” bump in the energy spectrum
§ Saw possible isotopic dependence of the flux deficit

q The observations suggest issues in the Huber-Mueller Model 
§ Issues in the original ILL beta-spectra measurements
§ Impact of forbidden decays on the shape of the spectra
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New β-spectrum ratio measurement at 
Kurchatov Institute (KI) in 2021

q 235U, 239Pu targets (metallic foils) each covering 1/3 of the rim of a rotating disk, 
remaining 1/3 for background measurement

q Neutron beam (to activate targets) and beta spectrometer on two sides with 
passive shielding in between

Back view Top view

neutron beam
targets

β spectrometer

shielding
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New β-spectrum ratio measurement at 
Kurchatov Institute (KI) in 2021

q 235U/239Pu ratio is ~5% lower than that from ILL
q Assuming issues in the original ILL 235U measurement (e.g. 

normalization), a rescaling of 235U flux by 5% would agree with Daya 
Bay/RENO’s measurements and resolve the RAA  

q Desire a new ILL-like experiment to remeasure the cumulative β-spectra
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Shape impact from forbidden transition
q Allowed decay

§ Well-known β-spectrum shape with 
several nuclear-effect corrections: 
Coulomb correction, finite-size, radiative 
correction, weak magnetism etc.

§ Assumed in the Conversion methods’ fit 
to virtual branches

q Forbidden decay:
§ ~30% of decays in fission products
§ Shape factor depends on transition type, 

difficult to represent in the conversion 
methods with virtual branches
o Different treatment results in >4% 

difference: uncertainty in H-M model is 
underestimated

→ Time to take another look at the 
summation methods

PRL 112, 202501 (2014)
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Improve the Summation 
Method
q Pandemonium Effect

§ Many beta-decay data are measured with Hi-
resolution Ge detector (low efficiency for high 
energy gamma rays)

§ Missing gamma rays would overpopulate low 
energy levels of the daughter → overestimate 
beta energy

q Solution: Total Absorption Gamma-ray 
Spectroscopy (TAGS)
§ High efficiency γ–ray detectors with lower 

resolution (e.g. NaI, BaF2)
§ TAGS campaigns since 2009 in both Europe 

(IGISOL @U. Jyvaskyla, Finland) and US 
(HRIBF @ORNL)
o Prioritize nuclides that impact most to reactor 

antineutrino spectrum (identified by IAEA)

Phys. Rev. Lett. 119, 052503 (2017), ORNL

235U
238U 
239Pu 
241Pu
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New Summation Models vs. Daya Bay

q Systematically better agreement after more TAGS data sets are included. Newest model 
(SM-2018) only differs by 1.9%

q “5-MeV” bump still exists (DB data/SM-2018) and to be understood
§ Possible from forbidden transitions: 
§ Shape factor calculation for forbidden transitions has large uncertainties: shell model, QRPA, etc 
§ New experiments to measure electron shape of first-forbidden transitions + new microscopic calculations

Phys. Rev. Lett. 123, 022502 (2019)

1992
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Summary 
After 13 years, the Reactor Antineutrino 
Anomaly (RAA) is considered resolved

Error in experiments?
No, all experimental results 
were consistent

Issues in theoretical models?
Yes, Huber-Mueller model uncertainty is underestimated
q Old data from ILL could have systematic issues: KI’s 

new ratio measurement
q Effects from forbidden decays could be large
q New summation models give much better agreement 

after including more Pandemonium-free data from the 
TAGS campaign.

New Physics?
No, sterile neutrino is unlikely to be relevant to the RAA
q Didn’t observe L/E dependence in <10 m reactor experiments
q Saw the “5-MeV” bump in the energy spectrum
q Saw possible isotopic dependence of the flux deficit


