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A major open problem in fundamental physics is the unknown 
ordering of the three neutrino masses: is the mass hierarchy 
‘normal’ (m1 < m2 ≪ m3) or ‘inverted’ (m3 ≪ m1 < m2)? 

The Jiangmen Underground Neutrino Observatory (JUNO) aims to 
answer this within the decade by observing the oscillation patterns 
of fission reactor antineutrinos.

Introduction

Uncertainties from nuclear structure and statistics can overwhelm 
the difference between mass hierarchies in reactor energy spectra.

Results

Significant experimental challenges face JUNO. The experiment 
must achieve world beating energy resolution, and must control 
energy response nonlinearities to an unprecedented degree.

Discussion

Figure 4. The seemingly indistinguishable mass hierarchies are, in fact, 
distinguishable in the Fourier sine and cosine transforms. 

The sine transform is shown.

Figure 5. Predicted significance for JUNO to determine the mass hierarchy using Fourier 
analysis when considering fine structure systematic uncertainty and statistical uncertainty. 
Since JUNO aims to achieve 3-4σ significance within six years with 3.0%/√(Evis./MeV energy 

resolution, the fine structure of the reactor spectrum does not impede hierarchy 
determination.
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Methods
We apply first-principles beta decay calculations (JEFF-3.1.1 & 
ENDF/B-VIII.0) and Fourier techniques to show that these beta 
decay structures will not impede JUNO’s mission.

Conclusions

This result is robust
• Under varied assumptions on the underlying beta decay endpoint 

energies and amplitudes
• Given realistic detector energy resolution
• Throughout the experimentally allowed region in hierarchy 

parameter space
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In 2018 the JUNO collaboration raised a critical concern: 
• Nuclear beta decay structures could obscure the oscillation patterns
• This initiated R&D for a $50M second detector
• Our findings allay this concern

Figure 2. Fine beta decay structures (red) may align with the critical oscillation pattern (gray). 
The JUNO collaboration views this as a critical obstacle to mass hierarchy determination.
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However, we have recovered the difference between mass 
hierarchies as the dominant effect using Fourier analysis.

Figure 3. Predicted antineutrino detections for both mass 
hierarchies, for nearly worst-case natural constants. 

The two spectra appear statistically indistinguishable.
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In developing our results we derived methods new to the literature:
• A formula (above) for uncorrelated error propagation into Fourier 

cosine and sine transforms
• A method for estimating nuclear structure uncertainties in Fourier 

transforms

• The beta decay structures and their uncertainties are negligible 
throughout and well beyond the relevant oscillation frequency 
domain under Fourier analysis.

• These obstacles will not impede neutrino mass hierarchy 
measurements using reactor antineutrinos. 

Figure 1. JUNO aims to solve the neutrino mass hierarchy problem.
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Concerns about nuclear structure are driving JUNO’s effort to build 
a second detector, but we have shown this is, in fact, not the critical 
challenge it is believed to be. Even if a second detector is built, this 
should not be its design motivation.
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JUNO

J. Phys. G 43 (2016) 030401

• Reactor antineutrino oscillation experiment


• 20 kT liquid-scintillator-doped mineral oil


• 53 km baseline


• Goal: resolve the neutrino mass hierarchy to 
better than 3σ within six years


• 2017: “The benefits of a near detector for JUNO” 
arXiv:1710.07378 [hep-ph] 
 
“the micro-structure present in antineutrino fluxes from 
nuclear reactors makes it essential to experimentally 
determine a reference spectrum with an energy resolution 
very similar to the one of JUNO.” 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micro-structure present in 
antineutrino fluxes

“Revealing fine structure in the antineutrino spectra from a nuclear reactor.”  
Phys. Rev. C 98, 014323. A. Sonzogni, M. Nino, and E. A. McCutchan
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• Reactor antineutrino spectrum is the sum of 
many individual beta decay spectra

Coulomb enhancement of low 
energy betas 
→ cutoffs in antineutrino spectra



And, the fine structure is uncertain…

5We generate extremely conservative fine-structure error margins by simulating many different 
reactor antineutrino spectra with endpoint energies and amplitudes sampled from throughout 

and beyond their experimental uncertainties.



What impact will this fine structure 
have on mass hierarchy experiments?

• We reproduce summed nuclear reactor spectra


• We model oscillation physics, inverse beta decay cross section


• Is seeming alignment between sawtooths and oscillations a problem?
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we consider the ‘worst-case’ scenario
• Degenerate parameters:  

What if nature chooses oscillation 
parameters easily fitted by the wrong 
hierarchy? 
Phys. Rev. D 87, 033005 (2013)


• JUNO aims to achieve 3% energy resolution. 
We assume only 3.2% is achieved.


• Given fine structure and statistical 
uncertainties, the hierarchy is unresolvable in 
energy space after 6 JUNO-equivalent years, 
but…
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Fourier analysis
Restricting analysis to the experimentally 
allowed region in |Δm2| frequency space 
separates the hierarchies
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Why does this work? 

1. Fourier analysis is sensitive to phase 
differences, which are small in any given 
energy bin


2. Restricting to experimentally allowed |Δm2| 
window filters out the most fine structure 
effects, because it is not coherent with 
hierarchy-dependent oscillations



Why does this work? 

1. Fourier analysis is sensitive to phase 
differences, which are small in any given 
energy bin


2. Restricting to experimentally allowed |Δm2| 
window filters out the most fine structure 
effects, because it is not coherent with 
hierarchy-dependent oscillations
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Can a Fourier Transform be realized?

• Fourier analysis requires energy response nonlinearities 
are controlled at the 0.5% level.


• Ciuffoli et al. argue argue this may be challenging 
J. High Energ. Phys. (2019) 2019: 143. https://doi.org/
10.1007/JHEP10(2019)143


• JUNO near detector will provide an independent 
method to remove the fine structure. Our analysis 
provides an independent cross-check. 
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The Impact on JUNO
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Given fine structure effects, in the worst 
case, but with energy response 
nonlinearity well-controlled:


• With 3.2% energy resolution, 
JUNO can achieve 
3.8σ hierarchy determination after six 
years


• If they achieve their goal of 3% 
energy resolution: 5.8σ after six years


• Unrelated effects may reduce this 
projected significance. But fine nuclear 
structure effects are mitigated



Outlook
• JUNO is a very challenging 

experiment


• Unprecedented energy resolution 
(~3%)


• Near detector removes the effect of 
fine structure


• Fourier analysis also solves the 
problem


• If energy response nonlinearities 
are controlled (<0.5%)
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Thank you.


