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From nuclear structure to dark matter

Credit: Nature, February 20, 2018, 
doi: 10.1038/d41586-018-02221-9
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Neutron lifetime puzzle

Free neutron can β- into a proton

In beam method counts number of 
protons created

In bottle method counts number of 
neutrons disappearing

Both results are ~4σ away

Different observables measuring 
different decay modes?

Adapted from www.quantamagazine.org

https://www.quantamagazine.org/neutron-lifetime-puzzle-deepens-but-no-dark-matter-seen-20180213/


Neutron dark decay

Recently, Fornal and Grisntein
suggested that the neutron could 
decay to a dark matter particle

A branching ratio of ~1% would 
explain the neutron lifetime 
puzzle 

Fornal and Grisntein PRL 120, 191801(2018)
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Neutron dark decay in nuclei

• Fornal and Gristein already suggested 
that neutron dark decay could occur in 
nuclei with Sn<1.572 MeV

• 11Be is the best candidate

• 11Be → 10Be + χ

• Branching ratio upper limit of 10-4, 
depending on the dark particle mass

Pfutzner, PRC 97, 042501 (2018)



β--delayed proton emission
• 11Be is a halo nucleus

• Wave functions of the halo neutron 
and core can be treated 
independently

• The neutron can decay into a 
proton above the 11B binding 
energy.

• Beta-delayed proton emission is 
possible if 
Sn<(mn−mp−me)c2≈0.782 MeV. 
Qbp = 280 keV.

• 11Be → 10Be + p

Riisager, Phys. Scr. T152, 014001 (2013)



β--delayed proton emission

• 11Be is a halo nucleus

• Wave functions of the halo neutron 
and core can be treated 
independently

• The neutron can decay into a proton 
above the 11B binding energy.

• Beta-delayed proton emission is 
possible if Sn<(mn−mp−me)c2≈0.782 
MeV. Qbp = 280 keV.

• 11Be → 10Be + p (Very low energy!)

Phys. Rev. Lett. 124, 042502



11Be β--delayed proton emission

• Riisager et al. implanted 11Be in a catcher 
and let it decay

• Then analyzed the ratio of 10Be/ 11B in the 
catcher with the accelerator mass 
spectrometry technique

• Deduced that the 11Be → 10Be branching 
ratio was 8.3(9)·10-6

• This value is orders of magnitude higher than 
theoretical predictions

• An unobserved resonance in 11B could explain 
it

• Or another 11Be → 10Be unknown branch…

Riisager, Phys. Scr. T152, 014001 (2013)

Riisager, PLB 732 305 (2014)



Neutron dark decay in nuclei
Riisager et al. measured the combination of all decay 
branches leading to 11Be → 10Be (n disappearing)

This experiment specifically measured the 11Be → 10Be 
+ p+ branch (p+ appearing)

Any discrepancy between both results would be an 
indication of unaccounted decay branches, with the 
dark decay as a very likely candidate



Active Target Time Projection Chamber
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Experiment at TRIUMF (ISAC-I)

Implant-decay on the pAT-TPC

High detection efficiency (80%) and 
resolution (σ(E)~5%, σ(θ)=1 deg)

Full reconstruction and identification 
of p and α

He(+10% CO2) as thin tracking 
medium: low straggling and β-blind

11Be ions drifted to the cathode

Protons of ~180 keV stopped in 10 cm 
tracks

Suzuki, NIMA 691, 39-54 (2012)
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Energy spectra

Expected protons

βα 3.3(1)%
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Proton beam calibration
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• First direct observation of β-p in a neutron-rich nuclei.

• Branching ratio is 1.2x10-5 , with 30% uncertainty… 
Theoretical calculations yield 8.0×10−6.

• A narrow resonance (12 keV) in 11B was inferred. E = 
11425(20)keV, Γ=12(5) keV, Jπ = 1/2;3/2+

• Decay into the continuum would be characterized by a 
much shorter branching ratio (10-10).

Y. Ayyad et al.

Phys. Rev. Lett. 123, 082501 – Published 22 August 2019; 

Erratum Phys. Rev. Lett. 124, 129902 (2020)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.129902
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Theory tries to reproduce the result

In favor Against
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Criticisms

• No reliable particle 
identification

• B(GT)>3 (above free single 
nucleon decay limit)
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Particle identification: p,d,t,alpha and 7Li

Proton beam energy 

distribution

(18 keV FWHM)
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• A new particle ID has been developed including d, t and 4He energy loss 
curves.

• The Chi-squared test has been redefined: normalization to the number 
of points (it didn’t actually change anything).

• Instead of projecting the calculated energy loss curves, we have 
projected the one of the particle to analyze into its direction.

• We have obtained a very similar branching ratio. 

• This does NOT rule out the possibility of populating the IAS of 11B.

• Manuscript in preparation (W. Mittig, Y. Ayyad and D. Bazin)

Beta-delayed proton emission in 11Be: reanalysis 
and outlook
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• Direct measurement of 10Be+p at 
400 keV/u at ReA3 (Y. Ayyad. Search 
for near‐threshold narrow 
resonances. July 2021)

• Possibility of measuring the 10Be 
recoil (20 keV) with a Optical TPC for 
directional dark matter search.

• Development of a MTHGEM with finer 
pitch to increase primary 
luminescence in CF4. This will 
enhance electron-heavy recoil 
rejection capabilities (production 
started by CERN MPGD team).

• Other opportunities: Combined 
measurement of heavy recoil and 
neutron in beta-delayed neutron 
emission.

• Other proton/neutron emission 
studies at ReA (NSCL) and at GEEL 
(10Be+n)
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• We have observed the emission of protons in neutron-rich nuclei after  
β-decay.

• The particle identification was done using the characteristic Bragg 
curves for decaying particles detected in a Time Projection Chamber. 

• We have obtained consistent results using two complementary 
methods.

• Future experiments to improve the sensitivity of our detection setup 
are planned.
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Thank you for your attention!



FONDO EUROPEO DE DESENVOLVEMENTO REXIONAL

Unha maneira de facer Europa



FONDO EUROPEO DE DESENVOLVEMENTO REXIONAL

Unha maneira de facer Europa

Particle identification: p,d,t,alpha and 7Li
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Criteria for proton event selection

• Proton beam events are used to assess the selection parameters.

• Chi2, center of gravity (shape of the pulse) and stretch factor.

Chi2 StretchCenter of gravity
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Criteria for proton event selection
• Proton beam events are used to assess the selection parameters.

• Chi2, center of gravity (shape of the pulse) and stretch factor.

• This method is complementary to the one we used before: no selection in chi2.

• The energy distribution obtained in the last analysis is compatible with the published result.
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