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𝛾

Nuclear decay anomalies as a signature of axion dark matter



Motivation

• New experimental strategies for axion DM detection

• Explanation of existing nuclear decay anomalies?

The big picture

• Fundamentally, we believe that nuclear decay is random and spontaneous

• However, we also expect QCD axion DM will lead to an oscillating 𝜃-angle

• As 𝜃 modifies nuclear physics, this can lead to non-random decay behaviour

• This talk is about using nuclear decay data to search for axion DM



𝑉(𝜃)

𝜃

• For QCD axions with initial condition 𝜃𝑎,𝑖  we typically have

• Many aspects of nuclear physics depend on 𝜃, for example:

Axion and the misalignment mechanism     



Is there any evidence for this phenomenon?

With 𝜃 ∼ cos(𝜔𝑡), nuclear decay rates will also oscillate:

A signature we can use

to search for axion DM

Nuclear decay is random and spontaneous:



“Anomalies in Radioactive Decay Rates: A Bibliography of Measurements and Theory”, arxiv: 

2012.00153



“Time-dependent nuclear decay parameters: New evidence for new forces?”, Space Sci.Rev. 145 (2009) 285-335

“Anomalies in Radioactive Decay Rates: A Bibliography of Measurements and Theory”, arxiv: 2012.00153

A typical example: Radium-226 



Reasons to be skeptical

• Explanations exist which don’t require rewriting the foundations of physics

• Did seasonal variations in atmospheric conditions influence these experiments

• The data analysis here is quite subtle

• Is it possible these anomalies are due to incorrect statistical treatment?

Let’s do our own analysis!



Tritium decay

• For simple nuclei, 𝜃-dependence is calculable, let’s consider tritium decay:

• Where does 𝜃-dependence primarily enter?

The underlying quantity of interest is the fractional change in the beta 

decay rate:

Emax is the maximum possible electron energy



• 𝜃 changes the decay rate here by modifying                binding energies

• Fortunately for 3 and 4 nucleon systems this is already estimated

𝜃-dependence of light nuclei and nucleosynthesis, 2006.12321

Binding 

energy

three and four-nucleon systems the n-nucleon binding energy satisfies：



Knowing the θ-dependence of the binding energy, we can then calculate the 

energy shift by add a perturbation 𝛿𝐸(𝜃) to Emax :

The corresponding shift in the decay energy:

Mi and Mf are the masses of the initial and final nuclear states:



• Add a perturbation 𝛿𝐸(𝜃) to 𝐸𝑖 − 𝐸𝑓  :

• From the previous slide, we know how 𝛿𝐸 depends on 𝜃, and the 

corresponding shift in the decay energy is:

• So, now all we need is some tritium data…

(Using Primakoff-Rosen approximation for 𝐹0 )



Why Tritium?

• Decays with smaller                              resulted in a larger fractional 

change in the beta decay rate.

H-3,       Q=18.6keV         

Re-187, Q=2.6keV 

Pu-241, Q=20.8keV 

Candidates for Low Q nuclides:



+

Experimental setup

Laboratory liquid scintillator counter 1 microcurie of tritium

Courtesy of the European Union’s Joint Research Centre, 

at the Directorate for Nuclear Safety and Security in Belgium



Tritium decay data

Date

𝐼(𝑡)

Data is from the European Union’s Joint Research Centre, 

at the Directorate for Nuclear Safety and Security in Belgium

𝐼(𝑡) ≡
𝑁(𝑡) − ⟨𝑁⟩

⟨𝑁⟩



Lomb-Scargle periodogram

• Let’s convert the data into frequency space:

Power

Frequency (1/year)

• Is there evidence of periodic effects here?

Least Squares Spectral Analysis (LSSA) method 



• Let’s compare the real data to Monte Carlo simulations:

1. Generate N datasets with randomly generated 𝐼(𝑡)

2. For each dataset, convert to frequency space

3. Construct the CDF at each frequency

4. Find the 95 % CL limit (including look-elsewhere)

5. Compare to the real power at that frequency

• For example:



• From Monte Carlo simulations:

• We can see that the real data points (blue) are all below the 95 % CL 

limit (orange), and hence well-modelled by random noise

No evidence of non-random behaviour

Original data,  

Monte Carlo limit



Background only PDF

compatible with data Background + Signal PDF

threshold

Background + Signal PDF

excluded by data

• Repeating this with an injected axion signal:

• Varying the axion coupling allows us to find the threshold values

t
t

t

t



Resulting constraint

(Using the AxionLimits code)



Resulting constraint

(Using the AxionLimits code)

More 

observation 

time

Shorter time 

between observations

More tritium,

more data points,

other radioisotopes,

improved detection setup



Resulting constraint

More 

observation 

time

Shorter time 

between observations

More tritium,

more data points,

other radioisotopes,

improved detection setup

(Using the AxionLimits code)

“An even lighter 

QCD axion”

1802.10093

2102.00012



Interesting follow up work: α-decay of Americium-241

2404.18993Carlo Broggini, Giuseppe Di Carlo, Luca Di Luzio, Claudio 

Toni



• We have explored a new experimental signature for axion DM

• In 12 years of tritium decay data we find no evidence of this 

phenomenon

• We used the data to place constraints on axion DM

• Is nuclear decay random and spontaneous? Yes, probably…

More details in 2303.09865      

Discussion and conclusions

Thanks for listening!



Compare the real data to Monte Carlo simulations:

1. Generate N datasets with randomly generated 𝐼(𝑡)

2. For each dataset, convert to frequency space

3. Construct the CDF at each frequency

4. Find the 95 % CL limit (including look-elsewhere)

5. Compare to the real power at that frequency

• For example:

Appendix



Original data,  Monte Carlo data

Date

𝐼(𝑡)



Original data,  Monte Carlo data

Frequency (1/year)

Power

Lomb-Scargle periodogram



Power

Cumulative

probability

0.95

95 % CL limit

on the power

at this frequency

• Integrate to get the power CDF:

Frequency = 0.25/year
Period = 4 years

• Repeat 𝑁 times to estimate the power PDF at each frequency
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