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• Why look for neutron oscillations ? 

• How to look for neutron oscillations 

• Nnbar and HIBEAM at the ESS 



• BN,LN ”accidental” SM symmetries at perturbative level

– BNV, LNV in SM non-perturbatively (eg sphalerons) 

– B-L is conserved, not B, L separately.

• BNV needed for baryogenesis (Sakharov condition)

• BNV,LNV generic features of SM extensions (eg SUSY)

• Need to explore the possible selection rules:  

Baryon and lepton number violation

Δ𝐵 ≠ 0 , Δ𝐿 = 0, Δ 𝐵 − 𝐿 ≠ 0
Δ𝐵 = 0 , Δ𝐿 ≠ 0, Δ 𝐵 − 𝐿 ≠ 0
Δ𝐿 ≠ 0 , Δ𝐵 ≠ 0, Δ 𝐵 − 𝐿 = 0
.....



BNV,LNV selection rules

Left-right symmetric models (𝑛ത𝑛 , 0𝜈2𝛽)

Supersymmetry (RPV) 
Unification models: 𝑀~1015 GeV 
Extra dimensions 
Post-sphaleron baryogenesis
Dark sector 
……  



𝑛 → ത𝑛 :  SM and beyond

Symbiosis in the SM 

• Proton decay, neutrinoless double 
beta decay, and 𝑛 → ത𝑛

• Electroweak sphaleron process:

QQQQQQ QQQL LL~ (𝑝 → 𝑒 + 𝜋) ×(𝑛 → ത𝑛)
×(𝜐 → ҧ𝜐)

EFT: dimension 9 operator

• 𝒪~
𝑞𝑑𝑑 2

Λ5

• Probe PeV scale
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𝐸𝑛 𝛿𝑚
𝛿𝑚 𝐸 ǉ𝑛

𝑛
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𝛿𝑚 = ǉ𝑛 𝐻𝑒𝑓𝑓 𝑛 < 10−29 MeV = 𝑛 ǉ𝑛 mixing physics

𝑃𝑛→ ǉ𝑛 =
𝛿𝑚

Δ𝐸

2

sin2 Δ𝐸 × 𝑡 ; Δ𝐸 = 𝐸𝑛 − 𝐸 ǉ𝑛

Free neutron oscillation:
Quasi-free limit :  Δ𝐸𝑡~1 ⇒ 𝑃~ 𝛿𝑚 × 𝑡 2

Slow neutrons, propagating over a long distance  
𝜏𝑛→ ǉ𝑛 > 0.86 × 108s (ILL)

Bound neutron oscillation: Suppression:
𝛿𝑚

Δ𝐸

2
< 10−60

Best current limits (SuperKamiokande) ⇒ 𝜏𝑓𝑟𝑒𝑒>4.7 × 108 s

Model−dependent (nuclear interactions).

How to look for 𝑛 → ǉ𝑛 : mixing formalism



The European Spallation Source
High intensity spallation
neutron source

Multidisplinary research centre
with 17 European nations 
participating.

Lund, Sweden.
Under ci.

2 GeV protons (3ms long pulse, 
14 Hz)  hit rotating tungsten 
target.

Cold neutrons after interaction
with moderators.





The NNBAR Experiment

Multi-disciplinary environment needed.  





Backgrounds
• Cosmic rays (neutral and charged - dominant at ILL)

• Thermal neutrons, beta-delayed neutrons

• Low energy photons - from the activation of the target + 
beamline.

– Low energy (1 MeV) but 1010 photons/s are expected

– Pile-up 

• Spallation bg -high energy, can be removed with timing

• Nuclear fragments 



Capability of the experiment

Factor Gain wrt ILL

Brightness

Moderator temperature

Moderator area 2

Angular acceptance 40

Length 5

Run time 3

Total

≥ 1

≥ 1000

≥ 1

Increase in sensitivity for 𝑃𝑛 ǉ𝑛 ∼ 103 compared to previous experiment (ILL)
Stability of matter (𝜏𝑙𝑖𝑓𝑒) sensitivity ∼ 1035yrs

Discovery or new stringent limit on models of new physics and stability of matter.

Gain in 𝑃𝑛 ǉ𝑛 ∼ 103 compared with ILL.



HIBEAM



+ pilot experiment for NNBAR 
with free neutrons 





CDRs for NNBAR (2023) and HIBEAM (2024) in 
preparation



Summary
• Neutron oscillations are a key but rarely explored portal for new physics

– B, B-L violation, baryogenesis, BSM physics, dark matter

• The ESS is opening a new discovery window

• HIBEAM/NNBAR is a multidisciplinary program to increase sensitivity by 
~1000 

• Such a leap in sensitivity in tests of a global symmetry is rare !

• Fits well into the landscape of European particle physics

• Prototype work ongoing

• CDRs for NNBAR (2023) and HIBEAM (2024) in preparation

The 2020 Update to the European 

Particle Physics Strategy 

(“Essential activities”)



NNBAR – the Large Beam Port



The need for magnetic shielding

Degeneracy of 𝑛, ǉ𝑛 broken in B−field due to

dipole interactions: Δ𝐸 = 2 Ԧ𝜇 • 𝐵

Flight time ≤ 1s
For quasi−free condition Δ𝐸 × 𝑡 ≪ 1
⇒ 𝐵 ≤ 10nT and vacuum ≤ 10−5 Pa.

𝑛 𝜇 ↓

ǉ𝑛 𝜇 ↑

2 Ԧ𝜇 • 𝐵
𝑛 𝜇 ↓ ǉ𝑛 𝜇 ↑

𝐸

𝐵 ∼ 0



Fitting into the European landscape

The 2020 Update to the European Particle Physics Strategy (“Essential activities)

Plug the “observable gap” for B,L 
tests

+ sensitivity to many theories of 

physics beyond the SM (eg 

hidden sector (dark matter), 

SUSY, unification models, 

neutrino mass models etc.)


