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New Physics From the Bottom-Up
❖ The Standard Model EFT:

❖ For reviews see e.g. [S.Willenbrock, C.Zhang, 1401.0470] [B.Henning, X.Lu, H.Murayama, 
1412.1837] [A.Falkowski, 1505.00046]
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B and L Violation
❖ Look for violation of (approximate) symmetries of the SM

❖ e.g. Baryon number (B) and lepton number (L)

❖ B, L violation beyond the SM may provide ingredient for baryogenesis.

❖ Pattern of B, L violation in the SM EFT [A.Kobach 1604.05726]

❖             0𝜈𝛽𝛽 decay            proton decays            neutron-antineutron oscillation
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Neutron-Antineutron (nnbar) Oscillation
❖ Example operator:

❖ Free neutron oscillation time                                  [M.Buchoff, M.Wagman,1506.00647].
❖ Current best limit from Super-K (after correcting for nuclear effects).
❖ Will be greatly improved at the European Spallation Source (ESS).
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Baryogenesis via nnbar Mediators
❖ One of the simplest possibilities for generating the nnbar operator:

❖ Can the nnbar mediator X be responsible for baryogenesis?
❖ With just one mediator, no (unitarity relations). Need at least 2 mediators X1, X2.
❖ A minimal EFT for nnbar oscillation + baryogenesis:

❖ X1, X2 are SM singlet Majorana fermions with masses M1, M2.

❖ M1 < M2 << 𝛬1,2 (B-violating), 𝛬u (B-conserving, needed to evade unitarity rel. constraints).

❖ Integrate out X1,2 at tree level =>
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Baryogenesis via nnbar Mediators
❖ Relevant processes for baryogenesis:
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Baryogenesis via nnbar Mediators

❖ If                       => unable to achieve the observed                          while 
producing an nnbar oscillation signal at the ESS.

❖ Intuition: single interaction strength, either too strong (insufficient departure 
from equilibrium) or too weak (insufficient CP violation).

❖ We identify 2 viable baryogenesis scenarios with hierarchical 𝛬’s.

❖ 1)                              => late decay scenario.

❖ 2)                              => early decay scenario.
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iPRdj)(d̄

c
kPRX2) + cu (ū
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Baryogenesis via nnbar Mediators
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Late decay scenario Early decay scenario

X2 interacts very weakly => freezes out with 

significant abundance       .

X1,2 both kept close to equilibrium, but small 

departures due to Hubble expansion.

Later when H ~ 𝛤2, X2 decays out of equilibrium 

=>                                              .

                                                   when T just falls 

below M2 => short period of efficient baryogenesis.
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Baryogenesis via nnbar Mediators

9

Late decay scenario Early decay scenario

X2 interacts very weakly => freezes out with 

significant abundance       .

X1,2 both kept close to equilibrium, but small 

departures due to Hubble expansion.

Later when H ~ 𝛤2, X2 decays out of equilibrium 

=>                      .

                                                   when T just falls 

below M2 => short period of efficient baryogenesis.

                                  achievable in the ESS sensitivity 
region for                                                .

                                  achievable in the ESS sensitivity 
region for                                                               .
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Concluding Remarks
❖ Exciting experimental prospect for nnbar oscillation search at the ESS.

❖ 3 orders of magnitude improvement on nnbar oscillation time.

❖ Probing B-violating new physics scales of O(10^6 GeV).

❖ We have identified viable baryogenesis scenarios via nnbar mediators 
within ESS sensitivity, in a minimal EFT setup.

❖ Our minimal EFT study sets a useful template to identify viable baryogenesis 
scenarios in more complex and realistic theories (e.g. RPV SUSY can realize an 
analog of the late decay scenario, with late decays of the bino). [F.Rompineve, 
1310.0840] [Y.Cui, 1309.2952] [G.Arcadi, L.Covi, M.Nardecchia, 1507.05584]
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nnbar Oscillation Search at the ESS

❖ [D.Phillips II et al, 1410.1100]
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nnbar Operators
❖ 12 independent operators contributing to nnbar oscillation at tree level. 

[L.N.Chang, N.P.Chang, ‘1980] [T.K.Kuo, S.T.Love, ‘1980] [S.Rao, R.Shrock, ‘1982] 
[W.Caswell, J.Milutinovic, G.Senjanovic, ‘1983] [M.Buchoff, M.Wagman, 1506.00647]

❖ O and Obar are parity conjugates.
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iPLdj)(ū
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Calculation of the nnbar Oscillation Time
❖ Define

❖                       calculated from lattice QCD [S. Syritsyn et al, ‘2016].

❖         from [W.Caswell, J.Milutinovic, G.Senjanovic, ‘1983] [M.Buchoff, M.Wagman, 1506.00647].
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Sensitivity to the New Physics Scale

❖ Widths: lattice uncertainty + new physics scale variation (10^3 - 10^6 GeV).
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Unitarity Relations
❖ Define:

❖ Unitarity + CPT =>

❖ If there is only one nnbar mediator X:
❖ X decays cannot generate a baryon asymmetry at leading order in the B violating 

coupling (Nanopoulos-Weinberg theorem ‘1979).
❖ 2->2 processes don’t work either (                                  ).
❖ => No baryon asymmetry can be generated.
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X

f
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Unitarity Relations
❖ Define:

❖ Unitarity + CPT =>

❖ With two nnbar mediators X1,2:
❖ X2 has a B conserving decay channel => Nanopoulos-Weinberg theorem evaded.
❖                                                                                 => can have
❖ The B conserving operator                                                   is essential.
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Boltzmann Equations

❖ n3 = nB-L (T > 140GeV) ,  n3 = nB (T < 140GeV) .

❖ Define                                                                  (∆ = departure from equilibrium).

❖ Collision terms read:
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WX2!ūd̄d̄ +

�
r2 � r1rurū
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rūr1 � r2d̄

�
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udd!ūd̄d̄ � 2 rūr
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Boltzmann Equations
❖ CP conserving processes:

❖ CP violating processes: define CP symmetric/asymmetric components

❖ Unitarity + CPT =>
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Boltzmann Equations
❖ Collision terms reduce to

❖ Terms beyond linear order in                            are dropped.
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Boltzmann Equations
❖ Collision terms are now written in terms of ∆’s. They are related to 

number densities by

❖ Nu,d,e = # of relativistic generations of up-type quarks, down-type quarks, leptons

❖                                    frozen at 140GeV.
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Benchmark Solutions
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