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Why Baryon Number Why Baryon Number 
Violation?Violation?
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Sakharov conditions for Sakharov conditions for 
baryogenesisbaryogenesis

● Baryogenesis: hypothetical physical process that took place in the early 
Universe responsible for baryon asymmetry.

● Necessary ingredients needed to create a baryon asymmetry: 

● 1. Baryon number violation (BNV)

● 2. Loss of thermal equilibrium

● 3. C, CP violation

● These principles have come to be attributed to Sakharov (JETP Lett. 5 1967).
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Sakharov conditions for Sakharov conditions for 
baryogenesisbaryogenesis

● Baryogenesis: hypothetical physical process that took place in the early 
Universe responsible for baryon asymmetry.

● Necessary ingredients needed to create a baryon asymmetry: 

● 1. Baryon number violation (BNV)

● 2. Loss of thermal equilibrium

● 3. C, CP violation

● These principles have come to be attributed to Sakharov (JETP Lett. 5 1967).

● Need for BNV is obvious.
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BNV in BSM modelsBNV in BSM models
● SM constructed in such a way that B is an accidental symmetry of the Lagrangian.

● Baryon number broken in extensions:

● In Grand Unified Theories (GUTs), B  is necessarily violated (proton must decay, 
albeit with a long lifetime > 1030 yrs.)

● Other examples: R-parity violating (RPV) supersymmetry, hidden sector models, 
extra dimensions, etc.
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Why neutron Why neutron 
oscillations?oscillations?
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Testing selection rulesTesting selection rules
● Neutron oscillations provide clean channel to probe BNV-only process.

● From a purely experimental point: test different selection rules for BNV and LNV.
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Search for neutron oscillationsSearch for neutron oscillations

● Neutrons are bound in nuclei → several MeV for liberation

                      →  fission                                                                   
                      →  spallation (can be kept under full control)

● To increase probability of                  :

● t  large → slow (a.ka. “cold” → few meV)                          
need lots of collisions  → moderators

● We also want as many neutrons as possible.

                          → 



 

Bernhard Meirose - Spåtind, January 2023 9

HIBEAM-NNBARHIBEAM-NNBAR
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HIBEAM and NNBARHIBEAM and NNBAR

● Staged experiment

● 1. HIBEAM (High Intensity Baryon Extraction and Measurement)                     
 - late 2020’s                                                                                                       
- world leading searches n → n’                                                                         
- search for n → nba  (with lower sensitivity)                                                     
- also search for                  via sterile neutrons. First such search.                   
- R&D for full experiment.

● 2. NNBAR                                                                                                           
- extremely high precision searches               ,                                                  
-  improve sensitivity to oscillation probability by ~ 103                                              
-  After 2030

●  Prototype/bg tests (cosmic rays) to start as early as 2023.    
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HIBEAM searchesHIBEAM searches

regeneration

disappearance 

nn-nbar via sterile neutron states

                possible with a non-zero B-field that must be scanned/optimized to match the B-field in the dark sector
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HIBEAM discovery sensitivityHIBEAM discovery sensitivity
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NNBARNNBAR
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  NNBAR experimentNNBAR experiment
● Goal: observe                    (only BN is violated by 2 units!)

● Strategy: let as many neutrons “fly” for as long as possible

● Probability of free neutron transformation into an antineutron:

 
FOM= Nt2

 τ  > 8.7 107s       
  (ILL)

●    t →  neutron flight time; τ → “oscillation time” (BSM predicted, model dependent)
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NNBAR@ESSNNBAR@ESS
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NNBAR Large Beam Port (LBP)NNBAR Large Beam Port (LBP)

Substantial investment (~4M SEK) 
from ESS with NNBAR in mind
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Opportunity to test a global symmetry with three orders of magnitude better 
precision than previously done is rare!!

Potential Gains w.r.t. ILLPotential Gains w.r.t. ILL
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● With cold LD moderator

● ~350 ILL units per year

● Conservative assumptions 

 (e.g. low efficiency)

● Room for surprises, e.g.,

 low ESS power. 

NNBAR sensitivityNNBAR sensitivity
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Comparison with past and future Comparison with past and future 
experimentsexperiments
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Moderator sourceModerator source
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NNBAR moderator sourceNNBAR moderator source
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NNBAR OpticsNNBAR Optics
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OpticsOptics
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NNBAR Optics results NNBAR Optics results 

Nested mirrors
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Annihilation detectorAnnihilation detector
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Detector requirementsDetector requirements

Requirements for the detector:

● Reconstruction of multi-pion final state

● Invariant mass reconstruction

● Particle identification

● Timing sensitivity to reject cosmics and other out-
of-time backgrounds
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Detector PrototypeDetector Prototype
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Detector prototypeDetector prototype
● Calorimeter and TPC prototype already being built! 

● Exploring use of WASA calorimeter for HIBEAM.

● DAQ system under development.
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NNBAR CollaborationNNBAR Collaboration
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NNBAR CollaborationNNBAR Collaboration

● 26 institutions in 8 countries signed NNBAR 
LOI (2015).

● HIBEAM-NNBAR white-paper (J. Phys. G: 
Nucl. Part. Phys. 48 (2021)) with over 100 
authors.

● Conceptual Design Report to be delivered 
by end of 2023.

● Currently funded by EU grant (EUR 3M), 
Swedish Research council (total of ~ EUR 
1.3M). 

● Current focus of the work are simulations 
and the detector prototype.

● Potential for institutions to getting involved 
(only “in-kind” contributions expected).
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Summary and outlookSummary and outlook

● BNV is expected in Nature.

● Key ingredient to explain baryon asymmetry of the Universe.

● HIBEAM/NNBAR active experimental program for the ESS.

● Addresses BNV (ΔB = 1 and ΔB = 2)!

● HIBEAM – world leading sterile neutron searches + pilot free nnbar 
search.

● NNBAR – world leading neutron-antineutron oscillation searches.
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BACKUPBACKUP
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MagneticsMagnetics

 
• Shield geometry

• Outer + inner octagon shield from mu-metal 
• Round steel vacuum chamber: between 

shields 
• COMSOL simulations

•  <10 nT 
• Monte Carlo study of inefficiency                           

due to finite magnetic field with field map 
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