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• Heavy isotopes fission make lighter isotopes and energy…  
and neutrons, betas, gammas and electron antineutrinos
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~1021/s from a  
commercial core!

How Do Reactors Make Neutrinos?

fission isotopes

fission products

νe-producing 
 beta decays
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Zhang, Qian, Fallot, 
hep-ex[2310.13070]

https://arxiv.org/abs/2310.13070
https://arxiv.org/abs/2310.13070


Reactors and Standard Model Oscillations

• Have a beautiful picture of three oscillating Standard Model  
neutrinos coming into focus

• Took many experiments to get us here!

• Baselines (L): 
>km-scale

• Note reactors  
straddling both 
key L/E sectors 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Reactors and Standard Model Oscillations

• Have a beautiful picture of threeoscillating Standard Model  
neutrinos coming into focus

• Took many experiments to get us here!

• Baselines (L): 
>km-scale

• Let’s go 
HERE!

• WHY go 
here?
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Neutrino Anomalies

• Neutrino fluxes and energies measured at < km disagree  
with state-of-the-art neutrino predictions

• Hints of new physics beyond Standard Model oscillations?!
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C. Arguelles, MIT

New Neutrino Mass States?

• Neutrino fluxes and energies measured at < km disagree  
with state-of-the-art neutrino predictions

• Hints of new physics beyond Standard Model oscillations?!

•  Additional neutrino mass states: sterile neutrinos?  Other new physics?



Other New Physics?

• Once you’ve made new mass states, how do they behave?

• Do they decay?

• Do they have couplings to larger hidden sector?

• Why not have more than one new state? 

• If we crack open a hidden sector, who knows what we’ll find!?
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Reactor Anomaly?
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(Pu, U) Nucleus fission product

beta, nuebarreactor core

… fission product

beta, nuebar

stable isotope

νe

• Deficits in electron flavor detection rates at nuclear reactors

Daya Bay, CPC 41 (2016)

SM neutrino 
oscillations 

??????

https://arxiv.org/abs/1607.05378


So We’ve Heard From P5…

• From the P5 Report, recapping the last decade, and outlining 
US particle physics strategy for the next decade:
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‘RAA’

https://www.usparticlephysics.org/2023-p5-report/


• Resolve the reactor anomaly by looking for variations between 
energy spectra of full detector versus individual baselines

• Any wiggles in ratio is evidence of L/E nature of sterile neutrino oscillations

RAA Resolution: Clear Sterile Searches
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Look here… …for this!

To find the amplitude of a relativistic neutrino of energy E oscillating to a final b-type neutrino
state at a distance L, one must apply the time evolution operator to the initial a-type neutrino
state, and then apply this to the final b-type neutrino state:

A(⇥a ⌅ ⇥b) =
 

i

⇧⇥i| U⇧
µie

�iEitUei |⇥i⌃ (9)

After simplification, one gets a probability

P (⇥a ⌅ ⇥b) = sin2 2� sin2

�
1.27�m2(eV 2)

L(km)
E⇤(GeV )

⇥
(10)

In this two-neutrino case, the parameters governing the oscillatory behavior are the neutrino
mixing angle ⇤ and the di⇤erence between the masses of the neutrinos, �m = m1 - m2.

This basic picture is reproduced largely in extending to three neutrino flavors and mass
states. In place of a single mixing angle, the mass and flavor states are related by the unitary
PMNS matrix, which consists of three mixing angles and one CP-violating phase:

UPMNS =

⇤
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where sij and cij are sin �ij and cos �ij . Two Majorana phases are also included in the matrix
but cancel out in all physical cases.

Table 1 lists the current knowledge of these parameters as well as the splittings between
the three mass states. Using the same quantum mechanical process as for two flavor and mass
states, one can write down a formula for the probability of oscillation between flavor states:

⇥⇤a(x, t) = f(x, t)
 

i

Uaie
�i(mit/2E) (13)

Depending on the neutrino energy, the experimental baseline, L, and the value of the oscillation
parameters listed in Table 1, certain terms in this equation will be vanishingly small, and
others will dominate the probability equation. For instance, with an L/E of ⇥0.5 km/MeV, a
very small value for �13, and a �m2

12 ⇤ �m2
32, the oscillation probability approaches Equation

10, with �13 in place of ⇤ and �m2
32 in place of �m2. Thus, this type of experiment is mainly

sensitive to the value of �13. Similar equations exist for solar and and accelerator experiments,
with each type of experiment having sensitivities to particular oscillation parameters [15].
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~3 MeV ~7 m

Probing Δm2 ~ 0.6 eV2

~Same as miniBooNE

Baseline (L), km Neutrino Energy, MeV
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past reactor experiments

HFIR, ORNL
NBSR, NIST

ATR, INL available baselines at 
US research reactors
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FIG. 1: Left: Reactor ⌫e flux measurements in reactor experiments up to ⇠100m baseline. Existing measurements are shown
in black. The blue, red, and green bands indicate the distances at which new experiments at NBSR, HFIR, or ATR are
feasible. Figure adapted from [7]. Right: Comparison of the size and power of several reactors cores. For ATR, both the typical
operating power and the higher, licensed power are shown. Figures from M. Tobin.

The National Institute of Standards and Technology (NIST) [12] and Oak Ridge National Laboratory (ORNL) [13]
operate powerful, highly compact research reactors for neutron research. Idaho National Laboratory (INL) [14] is host
to the Advanced Test Reactor (ATR). All laboratories provide user support for external scientific users. The National
Bureau of Standard Reactor (NBSR) at NIST, the High Flux Isotope Reactor (HFIR) at ORNL, and ATR at INL
have identified potential sites for a compact ⌫e detector at distances between 4-13m, 7-13m, and 12-30m from the
reactor cores, respectively [18]. NBSR o↵ers the opportunity for a new ⌫e flux and spectra measurement at the closest
distance yet wile HFIR and ATR o↵er superb power for their compact core size. The higher power and ⌫e flux of ATR
and HFIR is balanced by the slightly closer distance of NIST. Assuming a 1⇥1⇥3m (height⇥width⇥length) detector
with 30% e�ciency at either one of these locations, a measurement with 1 year ⌫e lifetime would cover the majority
of the currently preferred parameter space of the reactor anomaly at 3� C.L. Figure 1 summarizes the accessible
baselines and illustrates the comparison of several reactor cores in terms of dimension, geometry, and thermal power.
Also included is the commercial power plant SONGS with a deployment site at 24m baseline [19]. While SONGS’
larger core dimension limits sensitivity to larger neutrino mass splittings, the high antineutrino flux and available
overburden make it useful for detector commissioning and characterization. In addition, measurement of the SONGS
antineutrino spectrum may help further constrain flux predictions uncertainties, especially when combined with a
similar measurement of an HEU core. Figure 2 shows the 3� discovery potential for the di↵erent sites and illustrates
the e↵ect of di↵erent signal to background conditions. A precision ⌫e experiment at very short baselines provides
significant discovery potential to the currently favored sterile neutrino oscillation parameters.

A precision reactor ⌫e experiment at very short baselines will require a novel detector and shielding design. Reactor
⌫e experiments typically utilize the inverse beta-decay reaction ⌫e + p ! e+ + n yielding a prompt signal followed by
a neutron capture tens of microseconds later. The delayed coincidence allows for a significant reduction in accidental
backgrounds from natural radioactivity and gammas following neutron capture. The major experimental challenge is
expected to come from the lack of overburden and the need to operate the detectors close to the reactor core. At a
few meters from the reactor core, the available overburden for the reduction of cosmogenic backgrounds is minimal.
Fast neutron backgrounds from cosmic rays, the reactor, and adjacent experiments will contribute significantly to
the ambient backgrounds near the reactor. In spite of these challenges, recent developments of antineutrino detectors
for non-proliferation and nuclear verification e↵orts have demonstrated the feasibility of ⌫e detection in such a situ-
ation. The development of a precision reactor ⌫e detector operating in this environment will o↵er a range of R&D
opportunities with applications in gamma and neutron shielding, neutron detection, and reactor monitoring.

A key element in the ⌫e detection is the proton-rich scintillator target. Metal-loaded scintillators based have been
the state of the art in reactor ⌫e experiments [20]. Recent developments of water-based scintillators [21] o↵er attractive
alternatives with di↵erent systematics and characteristics. Novel Li-doped scintillators [22] may be used to improve on
neutron detection e�ciency and minimize the gamma leakage. Choice and composition of the scintillator is important
for the timing of the delayed coincidence signal, the accidental background suppression, the energy response, and
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Commercial 
Reactors: 

DYB, RENO,  
DANSS, 
NEOS
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Example: The PROSPECT Experiment

• A 4-ton 6Li-doped segmented  
liquid scintillator detector at  
theHFIR research reactor

• US-based: Oak Ridge Lab (Tennessee)

• Very short baseline: 6.7-9.2 meters

• Compact core: <50cm height, diameter

11

compact core

Antineutrino Detector

HFIR



• Resolve the reactor anomaly by looking for variations between 
energy spectra of full detector versus individual baselines

• Any wiggles in ratio is evidence of L/E nature of sterile neutrino oscillations

RAA Resolution: Clear Sterile Searches
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core PROSPECT Collaboration, PRD 103 (2021)

https://arxiv.org/pdf/2006.11210.pdf


• Resolve the reactor anomaly by looking for variations between 
energy spectra of full detector versus individual baselines

• We have not observed 
any such effect so far, 
setting new bounds on 
oscillation at O(0.01-10) eV2

• Reflects decade’s worth of 
effort from many continents: 
Daya Bay, DANSS, NEOS,  
RENO, PROSPECT, STEREO,  
and more.

• Note: Could use more 
coverage at high dm2… 
will get back to this later.
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T. Akindele et al, hep-ex[2203.07214]

RAA Resolution: Clear Sterile Searches

https://arxiv.org/pdf/2203.07214.pdf


RAA Resolution: New Flux Measurements

• Resolve by probing the RAA deficit from reactor fuels with 
differing content (‘flux evolution’ measurements)

• The more 235U a reactor is burning, the bigger the measured 
deficit.  Indicates that bad flux predictions cause the RAA!

• Parallel developments in nuclear theory and experiment support this picture
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Daya Bay, PRL 118 (2017)

Zhang, Qian, Fallot, 
hep-ex[2310.13070]

https://arxiv.org/abs/1904.09358
https://arxiv.org/abs/2103.01684
https://arxiv.org/abs/1704.01082
https://arxiv.org/abs/2310.13070
https://arxiv.org/abs/2310.13070


New P5 Period: Why Reactors?

• Well-tailored reactor neutrino measurements have resolved a 
key outstanding neutrino physics question!

• Seems to happen a lot at reactors… LMA-MSW solar neutrino solution; θ13

• With the RAA problem licked, why do we still need short-
baseline reactor experiments in the next P5 period?
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• Reactor neutrinos are the purest, highest-intensity source of 
electron-flavor neutrinos that we have to work with!

• To broadly probe short-baseline oscillation phenomena, this source is essential!

• Purity and high stats are complimentary to mixed-flavor accelerator fluxes

Reason 1: Electron Flavor

O(100) ton-years at Fermilab: 350 νe O(100) ton-years at Daya Bay reactors: 2.5M νe 

MicroBooNE, PRL 128 (2022) Daya Bay, PRD 95 (2017)

Reconstructed Neutrino Energy (MeV)
Reconstructed Neutrino Energy (MeV)
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https://arxiv.org/abs/2110.14054
https://arxiv.org/abs/1610.04802


Reason 2: Remaining Anomalies
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• Three other short-baseline anomalies remain unexplained: 
Gallium, LSND, and MiniBooNE

• Many pheno explanations  
impact reactor signatures

• `3+1’ sterile picture, for example

• ‘Non-vanilla’ models too: 
3+1+NSI, 3+1+decay, others

• Key to unravelling/excluding 
BSM causes: dataset diversity

• MeV and GeV; muon and electron; 
appearance and disappearance

• Example: Testing MiniBooNE with  
MicroBooNE data

• Short-baseline reactor experiments play a unique role in an 
integrated global effort to understand these anomalies. 

MicroBooNE,  PRL 130 (2023)

Arguelles et al, PRL 128 (2022)

https://arxiv.org/abs/2203.07323
https://inspirehep.net/literature/2167334
https://inspirehep.net/literature/1972013


• While the RAA is largely resolved, the oscillation picture from 
short-baseline reactors is not.

• Specifically: Neutrino-4 claims 
to observe high-amplitude, 
high-dm2 sterile oscillations

• Other sources (accelerators)  
are insufficient to fully  
address this issue.

Reason 3: Outstanding Reactor Issues



• In the new P5 period, we can use existing short-baseline 
datasets to learn more about BSM phenomena

• PROSPECT’s final  
dataset will provide a  
high-CL test of most 
of N4-suggested  
phase space

• Joint oscillation  
analyses from DYB,  
PROSPECT,  
and STEREO 
will address new 
space while giving 
a comprehensive 
exclusion region

Horizons: Data From Existing Experiments

Modelling A N4 Oscillation Wave in PROSPECT

PROSPECT, PRD 103 (2021)

COMING SOON!

https://arxiv.org/pdf/2006.11210.pdf


• In the new P5 period, major enhancements in sensitivity can 
come from ‘ultimate’ next-generation SBL reactor experiments

• PROSPECT-II: 
• Correlated HEU and LEU 

measurements in a mobile,  
robust tons-scale detector

• JUNO-TAO:
• Percent-level energy  

resolution in a LEU-based  
short-baseline measurement

Horizons: New P5 Period Experiments
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Future PROSPECT-II Sensitivity, 90% C.L.
Excluded Regions (to the right of curves)
PROSPECT-I, 90% C.L.
NEOS, 90% C.L.
STEREO, 95% C.L.
KATRIN, 95% C.L.
MicroBooNE, 95% C.L.
Interesting/Suggested Regions
CPV Ambiguity Guideline
Neutrino-4, 95% C.L.
BEST, 95% C.L.



• Reactors would be the most intense terrestrial source of  
hidden sector particles below the ~10 MeV scale!

• Production of new MeV-scale hidden sector particles 
in the radioactive crucible of a reactor

• BSM imprints in reactor-based CEvNS signatures

• Low-threshold detection with QIS sensors

• Enabling support measurements (flux, spectrum) 
from IBD detectors 

Reason 4: Exploring New Paradigms

T. Akindele et al, hep-ex[2203.07214]

https://arxiv.org/pdf/2203.07214.pdf


• Reactors would be the most intense terrestrial source of  
hidden sector particles below the ~10 MeV scale!

• Production of new MeV-scale hidden sector particles 
in the radioactive crucible of a reactor

• BSM imprints in reactor-based CEvNS signatures

• Low-threshold detection with QIS sensors

• Enabling support measurements (flux, spectrum) 
from IBD detectors 

Reason 4: Exploring New Paradigms

T. Akindele et al, hep-ex[2203.07214]
CONNIE, JHEP 54 (2020)

Example: CONNIE limits 
on hidden sector 
light mediators

https://arxiv.org/pdf/2203.07214.pdf
https://arxiv.org/abs/1910.04951


• Reactor neutrino experiments are an essential piece of a global 
effort to achieve precision tests of lepton flavor mixing and 
complete understanding of long-standing neutrino anomalies.

• Many reactor experiments can be initiated, run, and completed 
within timescales/budgets associated with the new P5 period.  

• Reactor neutrino efforts are drivers of applied and QIS-
oriented technology development in particle physics.

• More questions?  See the Snowmass 2021 Reactor Whitepaper

Summary

Thanks!

https://arxiv.org/pdf/2203.07214.pdf
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