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New physics below the electroweak scale

❖ No new physics found at LHC.

❖ There are phenomena beyond the SM:

❖ Neutrino oscillations

❖ Baryon asymmetry of the Universe (BAU)

❖ Dark Matter

❖ All this problems can be addressed introducing  
3 right-handed neutrinos with masses below the 
electroweak scale
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νMSM 
(neutrino Minimal Standard Model)
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N3
}

ν masses via see-saw

BAU

DM production

m ∼ few × keV

m ∼ 0.1 − 10 GeV
almost degenerate

Asaka, Blanchet, Shaposhnikov 2005

Asaka, Shaposhnikov 2005

Akhmedov, Rubakov, 
Smirnov, 1998


Asaka,Shaposhnikov 2005

 !3



The νMSM: parameters

ℒ = ℒSM + i N̄Iγμ∂μNI − FαIL̄αΦ̃NI −
MIJ

2
N̄c

I NJ + h . c .

see-saw Lagrangian with 3 Majorana neutrino

Minkowski; Yanagida; Gell-Mann, Ramond, Slansky; Glashow; Mohapatra, Senjanovic 

N1❖            DM candidate — almost decoupled

❖ 2 RH neutrinos (HNLs)

❖ common mass M, mass splitting 𝚫M

❖ 4 parameters in F (compatible with 
oscillation data) 

Casas, Ibarra, 2001
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Mass of the N2 (and       ) N3
Right-handed neutrinos = heavy neutral leptons (HNLs)

total

mixing

s
µ

νµ

D

N2,3

µ

νµ

D

N2,3

π

not enough 
BAU

not enough BAU

see-saw 
doesn’t give 

correct neutrino 
masses

Baryogenesis in the νMSM: a way to probe the Universe  
at T > 130 GeV in accelerator experiments

NA62, SHiP, 
MATHUSLA
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L↵ NI
F↵I

H

NJ L�
F�J

H

coherent

oscillations

L� NI
F�I

H

No lepton asymmetry 

SM species 


are in equilibrium

L-> N is out of equilibrium

Individual lepton  
asymmetries. 


Total lepton 
asymmetry


nLα
≠ nLα

Γ(Lα → Lβ) ≠ Γ(Lα → Lβ)

Generation of asymmetry
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ℒ = ℒSM + i N̄Iγμ∂μNI − FαIL̄αΦ̃NI −
MIJ

2
N̄c

I NJ + h . c .



Generation of asymmetry

Δα = Lα − B/3 preserved by sphalerons
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Recent improvements
❖ Generation of asymmetry is described by a system of 

kinetic equations: (3 + 4 + 4) differential equations

❖ Recent improvements

❖ Accurate computation of rates

❖ Fermion number violating processes

❖ Neutrality of plasma

❖ Gradual freeze-out of sphalerons

❖ Studies of the parameter space  

1012.3784, 1202.1288, 1403.2755, 1605.07720

1401.2459, 1605.07720, 1709.07834 

1709.07834, 1711.08469

1703.06085, 1703.06087

1208.4607, 1606.06690,1606.06719, 1609.09069, 1710.03744
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• The model is described by 6 
parameters: 


• common mass of HNLs


• mass splitting of HNLs


• phases of the Yukawas


• We are not aware of any priors 
in the space of theories


• We sample the whole parameter 
space directly


• Select Yobs
B /2 < YB < 2 ⋅ Yobs

B

A scan of the parameter space
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Allowed region of the parameter space
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Conclusions

❖ Baryogenesis in the νMSM: a way to probe the Universe 
at T > 130 GeV in accelerator experiments 

❖ We have performed a comprehensive analysis of the 
parameter space of the model.

❖ We found that the region of parameters leading to the 
successful baryogenesis is notably larger than it was 
previously obtained.
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Kinetic equations

In terms of these couplings we have
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(3.8)

Notice that ⇢N , ⇢
N̄

, ⇢⌫↵ and ⇢⌫̄↵ in eqs. (3.1) depend on momentum so there is fact
a set of equations for each momentum mode. During the whole period of production of
asymmetry, the leptons are in thermal equilibrium and different momentum modes com-
municate to each other. Therefore, the appropriate variables for the r.h.s. of equations
(3.1) are the chemical potentials. Subtracting (A.33b) from (A.33a) and introducing the
Fermi-Dirac distribution function for massless neutrino f⌫ = 1/

�
e
k/T + 1

�
we can rewrite

(in the limit of small chemical potentials) equations (3.1) in the following form [22]
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Note that the r.h.s. of eq. (3.9a) is written in terms of the density of the �↵ = L↵ �B/3,
where L↵ are the lepton numbers and B is the total baryon number. This combination is
not affected by fast sphaleron processes and changes only due to interactions with HNLs,
therefore it’s derivative is equal to the derivative of the lepton number density nL↵ .

The relation between number densities and chemical potentials in eq (3.9) has take
into account the neutrality of plasma. When the system is in equilibrium with respect to
sphaleron processes, this relation reads

µ↵ = !↵�(T )n�� , (3.10)

where !↵�(T ) is the so-called susceptibility matrix, see, e.g. [22, 25]. In the symmetric phase
it’s diagonal elements are !↵↵ ' 2.17/T 2, while the off-diagonal !↵� ' 0.17/T 2

,↵ 6= �.
Note that relation (3.10) should be modified for temperatures below the Tsph ' 131.7 GeV
at wich the sphalerons decouple [44].

The set (3.9) is a system of coupled integro-differential equations for each momentum
mode of HNLs. Numerical solution of this system is a very complicated task [10, 24].
However, a certain ansatz could be made to simplify the system drastically. Namely, let us
assume that the momentum dependence of the distribution functions is the equilibrium one,
⇢X(k, t) = RX(t)fN (k), where fN (k) is the Fermi-Dirac distribution of the massive HNLs.
Then it is possible to integrate the kinetic equations over the momentum and obtain a set of
ordinary differential equations. This procedure is the main source of the theoretical errors.
The error can be estimated by comparing solutions of the averaged equations with solutions

– 7 –
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