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OUTLINE

1. Motivation: status of particle physics 

• Colliders 

• Cosmology 
2. Sakharov’s conditions 
3. Elements of lepto-baryogenesis 
4. Superweak U(1)z extension of SM (SWSM) 
5. Outlook

Rough es!ma"s of BSM effects 

can easily be decep!ve 
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Status of particle physics:  
energy frontier

Colliders: SM describes final states of particle 
collisions precisely                                     

stairway         32 channels, 2 or 3 energies                  

… and no sign of new physics at the TeV scale
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Status of particle physics:  
cosmic and intensity frontiers

Established observations  
require physics beyond SM, 

but  
do not suggest rich BSM physics
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What is not explained or weird 
in the standard model?

Does not fit: 
• Neutrino masses 
• Dark matter and energy 
• Baryon asymmetry

1. Neutrino flavours oscillate                   
2. Universe at large scale described precisely by cosmological 

SM: ΛCDM (Ωm =0.3) ; inflation of the early, accelerated 
expansion of the present Universe                                                                        

3. Existing baryon asymmetry cannot be explained by CP 
asymmetry in SM, baryon to photon ratio at large scales: 
η ≃ 6.0 ⋅ 10−10

5 /32



ratio of the odd and even 
peaks strongly depends on η

Baryon asymmetry in the Universe from 
CMB power spectrum    &    BBN nucleosynthesis

abundances of light elements 
strongly depend on η

η = 6.14 ± 0.02 ⋅ 10−10

5.8 ≤ 1010η ≤ 6.6
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What is not explained or weird 
in the standard model?

Does not fit: 
• Neutrino masses 
• Dark matter and energy 
• Baryon asymmetry

Puzzles in the scalar sector: 
• Lagrangian and its parameters 
• Yukawa couplings 
• Connection to inflation 
• Vacuum stability (λ too small) 
• Naturalness (µ is dimensional)

ℒ ⊃ ℒS = μ2 |ϕ |2 +λ |ϕ |4 +?
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What is not explained or weird 
in the standard model?

Does not fit: 
• Neutrino masses 
• Dark matter and energy 
• Baryon asymmetry

Anomalies: 
• Muon anomalous magnetic moment 
• 2-3σ excesses at LHC experiments 
• X17 and X38 anomalies 
• CDF II result for MW

Hidden new particles: 
• Too heavy 
• Interact too weakly

Puzzles in the scalar sector: 
• Lagrangian and its parameters 
• Yukawa couplings 
• Connection to inflation 
• Vacuum stability (λ too small) 
• Naturalness (µ is dimensional)

Not addressed in this talk,  
they seem to fade away or not    
related fundamental physics
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What is not explained or weird 
in the standard model?

Does not fit: 
• Neutrino masses 
• Dark matter and energy 
• Baryon asymmetry

Hidden new particles: 
• Too heavy 
• Interact too weakly

Puzzles in the scalar sector: 
• Lagrangian and its parameters 
• Yukawa couplings 
• Connection to inflation 
• Vacuum stability (λ too small) 
• Naturalness (µ is dimensional)

Baryon asymmetry  
is our focus today   

Anomalies: 
• Muon anomalous magnetic moment 
• 2-3σ excesses at LHC experiments 
• X17 and E38 anomalies 
• CDF II result for MW
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Sakharov’s conditions for baryogengesis 
are fulfilled in the SM, but not enough

1. Baryon number violation 
✓  exists in the SM 

weak sphaleron process:  
,  

2. C & CP violation 
✓ C violation exists in the SM in weak interactions 
- CP violation exists in the SM in the quark sector (CKM),  

but falls short by almost 10 orders of magnitude                                                                    
3. Deviation from equilibrium at phase boundaries in phase 

transitions 
- phase transition exists in the SM scalar sector, 

but only cross-over instead of strong 1st order
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Figure 1: The ’t Hooft vertices [15] for weak (left) and strong (right) sphaleron interactions. For the
weak sphaleron, SU(2)-doublet components may be interchanged as long as the vertex remains a gauge
singlet. Note that the weak sphaleron changes baryon-plus-lepton number B + L by six units.

1.2 Asymmetry observed

When it comes to the calculation of reaction networks in the early Universe, it is most convenient to
use entropy-normalized number or charge densities, which are conserved unless substantial amounts of
energy are injected into the approximately thermalized plasma, e.g. through the far-from-equilibrium
decay of an abundant heavy species. We thus assume that entropy is conserved in a comoving volume
element, i.e. sa

3 = const. where s is the entropy density and a the scale factor of the Friedmann-
Robertson-Walker metric.

For this reason, the calculations for BBN are formulated in terms of entropy-normalized densities.
The key cosmological parameter entering BBN is the baryon asymmetry, which controls the density of
the nucleons and the light nuclei that are fused from these eventually. The currently reported best-fit
value is [24]

5.8⇥ 10�10


nB

n�

 6.6⇥ 10�10 (4)

at 95% confidence level, where instead of the entropy density the number density of CMB photons
n� has been used for normalization. Assuming that there are three chiral relativistic neutrino species
(i.e. six degrees of freedom) that have a temperature of T⌫ = (4/11)1/3TCMB (because photons are
heated by electron-positron annihilation after neutrinos decouple), the entropy density today is s =
(2⇡2

/45)(2T 3
CMB+6⇥7/8T 3

⌫
), where TCMB = 2.725K is the present temperature of the CMB. Integrating

the Bose distribution for two massless photon degrees of freedom yields n� = (2/⇡2)⇣(3)T 3
CMB, such that

s/n� ⇡ 7.04, i.e. nB/s = YB ⇡ nB/(7.04n�). The value (4) can therefore be interpreted such that at
temperatures above the phase transition of quantum chromodynamics (QCD), there has been roughly
one extra quark per ten billion particle-antiparticle pairs.

An entirely complementary method of determining the BAU, which has become more precise thanks
to the precision data from the WMAP [25] and Planck [26] probes, is to infer it from CMB anisotropies,
in particular from the imprint of baryon acoustic oscillations. We quote the up-to-date value as ⌦Bh

2 =
0.0224 ± 0.0001 with 68% confidence [26], where ⌦B is the fraction of the baryon mass in terms of
the critical energy density %c (i.e. the energy density in a spatially flat Friedmann model) and H0 =
100 kms�1Mpc�1

h is the Hubble rate in the present Universe. The baryon number density is then

5
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Sakharov’s conditions for baryogengesis 
may be enough in extensions of SM

1. Baryon number violation 
✓  exists in the SM 

weak sphaleron process:  
,  

2. C & CP violation 
✓ C violation exists in the SM in weak interactions 
✓ CP violation in decays and oscillations of right-handed 

neutrinos                                                                    
3. Deviation from equilibrium 
✓ in production and decay of RHNs
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singlet. Note that the weak sphaleron changes baryon-plus-lepton number B + L by six units.

1.2 Asymmetry observed

When it comes to the calculation of reaction networks in the early Universe, it is most convenient to
use entropy-normalized number or charge densities, which are conserved unless substantial amounts of
energy are injected into the approximately thermalized plasma, e.g. through the far-from-equilibrium
decay of an abundant heavy species. We thus assume that entropy is conserved in a comoving volume
element, i.e. sa

3 = const. where s is the entropy density and a the scale factor of the Friedmann-
Robertson-Walker metric.

For this reason, the calculations for BBN are formulated in terms of entropy-normalized densities.
The key cosmological parameter entering BBN is the baryon asymmetry, which controls the density of
the nucleons and the light nuclei that are fused from these eventually. The currently reported best-fit
value is [24]

5.8⇥ 10�10


nB

n�

 6.6⇥ 10�10 (4)

at 95% confidence level, where instead of the entropy density the number density of CMB photons
n� has been used for normalization. Assuming that there are three chiral relativistic neutrino species
(i.e. six degrees of freedom) that have a temperature of T⌫ = (4/11)1/3TCMB (because photons are
heated by electron-positron annihilation after neutrinos decouple), the entropy density today is s =
(2⇡2

/45)(2T 3
CMB+6⇥7/8T 3

⌫
), where TCMB = 2.725K is the present temperature of the CMB. Integrating

the Bose distribution for two massless photon degrees of freedom yields n� = (2/⇡2)⇣(3)T 3
CMB, such that

s/n� ⇡ 7.04, i.e. nB/s = YB ⇡ nB/(7.04n�). The value (4) can therefore be interpreted such that at
temperatures above the phase transition of quantum chromodynamics (QCD), there has been roughly
one extra quark per ten billion particle-antiparticle pairs.

An entirely complementary method of determining the BAU, which has become more precise thanks
to the precision data from the WMAP [25] and Planck [26] probes, is to infer it from CMB anisotropies,
in particular from the imprint of baryon acoustic oscillations. We quote the up-to-date value as ⌦Bh

2 =
0.0224 ± 0.0001 with 68% confidence [26], where ⌦B is the fraction of the baryon mass in terms of
the critical energy density %c (i.e. the energy density in a spatially flat Friedmann model) and H0 =
100 kms�1Mpc�1

h is the Hubble rate in the present Universe. The baryon number density is then
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Estimate of lepto-baryogenesis has two steps

1. Leptogenesis in a beyond the standard model 
(BSM)  

followed by computing the effect of  

2. sphaleron processes in the SM:                        
violates , but conserves   

- Suppressed exponentially with decreasing 
temperature, but  
unsuppressed above                                         

B + L B − L

Tsph ≃ 132 GeV
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Neutrino masses and leptogenesis

…can naturally be explained by adding right-handed 
neutrinos (RHNs) to the particle spectrum with 
Majorana mass terms: 

, 

which gives active neutrino masses with the see-
saw formula  

=>     sets the scale of leptogenesis

ℒ ⊃ 1
2 (νL νc

R) (
03 MD

MT
D MM) (νc

L
νR)

Mν = MDM−1
M MT

D

MM
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Neutrino masses and leptogenesis

…can naturally be explained by adding right-
handed neutrinos (RHNs) to the particle 
spectrum with Majorana mass terms

10

10−1 101 103 105 107 109 1011 1013 MM [GeV]

Tsph resonant  
leptogenesis

high-scale leptogenesislow-scale leptogenesis

flavoured, thermal 
leptogenesis

via  
oscillations
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Neutrino masses and leptogenesis

…can naturally be explained by adding right-
handed neutrinos (RHNs) to the particle spectrum 
with Majorana mass terms 

Decays of such RHNs lead to a non-vanishing  
that can be estimated either by 
- Kadanoff-Baym eqs. of non-equilibrium QFT, or 
- semiclassical Boltzmann eqs.  
(can be obtained from KB employing  quasi-
particle approximation, valid “near” equilibrium)

ΔL
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Boltzmann approach is much simpler technically: 
easier to apply in specific models

…which does not mean it is simple  
— relies on several (?) ingredients: 
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SRWHQWLDO

RUGHU�RI
SKDVH

WUDQVLWLRQ�V�
WHPSHUDWXUH�
DW�SKDVH

WUDQVLWLRQ�V�

YDFXXP
H[SHWDWLRQ
YDOXH�V�

WKHUPDO
PDVVHV

UXQQLQJ
FRXSOLQJV
�ȝ� ��ʌ7�

�VHH�6HOOHU
V�WDON
DW�077'������

FURVV
VHFWLRQV

ǻ/� ���	��
�����������
SURFHVVHV

UHVRQDQFH
VXEWUDFWLRQV

�5,6�

GHFD\�UDWHV
&3�YLRODWLQJ
SDUDPHWHU

�İ�

%ROW]PDQQ
HTXDWLRQV

VSKDOHURQ
FRQYHUVLRQ�
ǻ/�������ǻ%

NQRZQ�UHVXOWV�UHSURGXFHG

QHZ�UHVXOWV�SXEOLVKHG����� PLOHVWRQHV

LQWHUPHGLDWH
UHVXOWV

12/32



Boltzmann eq. for comoving lepton density 
asymmetry   (ΔL = (ℓ − (ℓ̄

d(ΔL
dz

= 1
sHz [(ϵγD − γab→Nℓ

(ΔL
( eq

ℓ ) ( (N

( eq
N

− 1) − W(ΔL]
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-  inverse temperature 
-  entropy density when 

d(ΔL
dz

= 1
sHz [(ϵγD − γab→Nℓ

(ΔL
( eq

ℓ ) ( (N

( eq
N

− 1) − W(ΔL]
z = Λ/T
s(z) T = Λ/z

13/32



Boltzmann eq. for comoving lepton density 
asymmetry   (ΔL = (ℓ − (ℓ̄

 

-  inverse temperature 
-  entropy density 
-  Hubble parameter when 
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-  inverse temperature 
-  entropy density 
-  Hubble parameter when  

-  thermal rate for leptons

d(ΔL
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= 1
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( eq
N

− 1) − W(ΔL]
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-  thermal rate for leptons 

-  equilibrium value of the lepton abundance
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Boltzmann eq. for comoving lepton density 
asymmetry   (ΔL = (ℓ − (ℓ̄

 

-  inverse temperature 

-  entropy density 

-  Hubble parameter when  

-  thermal rate for leptons 

-  equilibrium value of the lepton abundance 

-  collection of terms emerging from the scattering 
processes, leads to equilibration (washout of asymmetry)

d(ΔL
dz

= 1
sHz [(ϵγD − γab→Nℓ

(ΔL
( eq

ℓ ) ( (N

( eq
N

− 1)−W(ΔL]
z = Λ/T
s
H(z) T = Λ/z
γab→leptons(T ) ab →
( eq

ℓ
W
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CP asymmetry factor

 

asymmetry is generated by CP-violating decays of the sterile 
neutrinos, given by , and proportional to  

the CP asymmetry factor from  

the decay  and CP-conjugate decay  

 

(other terms decrease , i.e. lead to washout) 

d(ΔL
dz

= 1
sHz [(ϵγD − γab→Nℓ

(ΔL
( eq

ℓ ) ( (N

( eq
N

− 1) − W(ΔL]
γD

a → b + c ā → b̄ + c̄

ϵa→b+c = γa→b+c − γā→b̄+c̄

γa→b+c + γā→b̄+c̄

(ΔL
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CP asymmetry factor

Often used as constant coming from  QFT: 
 

➡   with  
coupling factor

T = 0
ϵ(0)

Ni→ϕ+L(x) = G
8π

x{ 1
1 − x

+ [1 + (1 + x)log( x
1 + x )]}

G = Im[(Kij)2]/Kii ≠ 0 K = Y†Y
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CP asymmetry factor at zero density

Often used as constant coming from  QFT: 
 

➡   with  
coupling 

➡  : ratio of the squared 
masses of the Majorana neutrinos

T = 0
ϵ(0)

Ni→ϕ+L(x) = G
8π

x{ 1
1−x

+ [1 + (1+x)log( x
1+x )]}

G = Im[(Kij)2]/Kii ≠ 0 K = Y†Y

x = m2
Nj

/m2
Ni

> 1
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CP asymmetry factor at zero density

Often used as constant coming from  QFT: 
 

➡   with  
coupling 

➡  : ratio of the squared 
masses of the Majorana neutrinos 

➡  for : 1st term  twice the 2nd one

T = 0
ϵ(0)

Ni→ϕ+L(x) = G
8π

x{ 1
1 − x

+ [1 + (1 + x)log( x
1 + x )]}

G = Im[(Kij)2]/Kii ≠ 0 K = Y†Y

x = m2
Nj

/m2
Ni

> 1

x ≫ 1 ≈
15/32



CP asymmetry factor at zero density

Often used as constant coming from  QFT: 
 

1st term: contribution of the imaginary part of 
self energy 

T = 0
ϵ(0)

Ni→ϕ+L(x) = G
8π

x{ 1
1 − x

+[1 + (1 + x)log( x
1 + x )]}

15/32
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Figure 3: Diagrammatic representation of the application of the optical theorem in Eqs. (49) and (50).
Individual graphs correspond to amplitudes iM when the decay products appear on the left, iM⇤ when
they appear on the right. The black bold solid lines stand for propagators of the fermion F , grey bold
solid lines for the fermion G, thin solid lines for the fermion f and dashed lines for the scalar field �.
The integrals are over the phase space of the on-shell cuts indicated by the placement of d�. We refer
to the cut momenta appearing in the integrals d� as k and k

0 for fermions f and bosons �, respectively.
The decay products carry the momenta q and q

0. All cut and all external particles are imposed to be
on shell.

Note the appropriate prefactors due to the averaging over the spin states of the decaying particle and
due to the application of the optical theorem. Further, q is the momentum of the outgoing lepton, k of
the lepton running in the loop, and # is the angle between these. This expression is represented by the
right-hand side of the first equation in Figure 3. In particular, the integration over d3kd3k0 corresponds
to the phase-space integral d� over the on-shell cuts in the graphical expression.

Similarly, the wave-function contribution is obtained as
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which corresponds to the right-hand side of the second equation in Figure 3. In the second step, we
have isolated the loop function, that again is essentially the result of a phase-space integral,

⌃̂µ = p
µ
/(32⇡) , (51)
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CP asymmetry factor at zero density

Often used as constant coming from  QFT: 
 

1st term: contribution of the imaginary part of 
self energy 

2nd term: contribution of the imaginary part of 
vertex correction

T = 0
ϵ(0)

Ni→ϕ+L(x) = G
8π

x{ 1
1 − x

+[1 + (1 + x)log( x
1 + x )]}
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due to the application of the optical theorem. Further, q is the momentum of the outgoing lepton, k of
the lepton running in the loop, and # is the angle between these. This expression is represented by the
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to the phase-space integral d� over the on-shell cuts in the graphical expression.
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right-hand side of the first equation in Figure 3. In particular, the integration over d3kd3k0 corresponds
to the phase-space integral d� over the on-shell cuts in the graphical expression.

Similarly, the wave-function contribution is obtained as
X
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ỹ
⇤
G
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|mF |
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, (50)

which corresponds to the right-hand side of the second equation in Figure 3. In the second step, we
have isolated the loop function, that again is essentially the result of a phase-space integral,

⌃̂µ = p
µ
/(32⇡) , (51)
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CP asymmetry factor at finite density

• Two cuts (2 and 3 in the vertex correction) 
  

are neglected in standard literature, but may be 
relevant for low-scale leptogenesis when 

ℒ ⊃ L̄Yϕ̃N − N̄Y†ϕ̃†L

mN ≈ T

PN PN

K

K-PN

1 2

3

P1

P2

P3

K

K
-P

2

K-P
1

a) b)

i

b

a

i
a

b
Cuts in vacuum

Cuts at  
finite density
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Computation of CP asymmetry factor

Detailed computation with explicit integral 
representations, ready for numerical evaluation 
are presented in  
K. Seller, Z. Szép, Z.T.,  CP violation at finite temperature, 
JHEP 09 (2025) 034 [arXiv:2409.07180 [hep-ph]] 
and  
CP asymmetry factor at finite temperature, to appear soon 
EPJC 11 (2025) [arXiv:2511.nnnn [hep-ph]] 
but too technical to repeat here 
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Step 1: find thermal masses

HIIHFWLYH
SRWHQWLDO

RUGHU�RI
SKDVH

WUDQVLWLRQ�V�
WHPSHUDWXUH�
DW�SKDVH

WUDQVLWLRQ�V�

YDFXXP
H[SHWDWLRQ
YDOXH�V�

WKHUPDO
PDVVHV

UXQQLQJ
FRXSOLQJV
�ȝ� ��ʌ7�

�VHH�6HOOHU
V�WDON
DW�077'������

FURVV
VHFWLRQV
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�����������
SURFHVVHV

UHVRQDQFH
VXEWUDFWLRQV

�5,6�

GHFD\�UDWHV
&3�YLRODWLQJ
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%ROW]PDQQ
HTXDWLRQV

VSKDOHURQ
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ǻ/�������ǻ%
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QHZ�UHVXOWV�SXEOLVKHG����� PLOHVWRQHV

LQWHUPHGLDWH
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model dependent input  choose a model⇒
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SuperWeak extension of the Standard Model  
SWSM

• designed to  
explain the origin of neutrino masses and oscillations through 
Dirac and Majorana neutrino mass terms generated by the SSB 
of two scalar fields, 

[Iwamoto, Kärkäinnen, Péli, ZT, arXiv:2104.14571; Kärkkäinen and ZT, arXiv:2105.13360]  
Provide a candidate for WIMP dark matter  

[Seller, Iwamoto and ZT, arXiv:2104.11248] 
Provide a viable source of lepto-baryogenesis  

[Seller, Szép, ZT, arXiv:2301.07961, 2409.07180] 

Parameter space is already partly explored 
[Péli and ZT, arXiv:2204.07100,  2305.11931, 2402.14786, 2501.04388]
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Superweak extension of SM 
(SWSM)

 Symmetry of the Lagrangian: local G=GSM×U(1)z 

with GSM=SU(3)c×SU(2)L×U(1)Y 

renormalizable gauge theory, including all dim 4 
operators allowed by G (except ) 

U(1)z gauge field must be massive, which requires a 
second scalar with a non-zero VEV, allowing for 
Majorana masses for right-handed neutrinos if exist 
z-charges fixed by requirement of 

gauge and gravity anomaly cancellation and 
gauge invariant Yukawa terms for neutrino mass generation

FμνF̃μν
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Particle content of SWSM 
(a take-home picture) 

u

d

e

⌫e

c
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b
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⌫⌧ W Z

�
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h

Z 0
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nuclear

force

electrom
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w
eak

nuclear
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super-w
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⌫R1 ⌫R2 ⌫R3 s

quarks
leptons

fermions bosons

new fields in SWSM
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Charge assignment from gauge invariant 
neutrino interactions

(a) anomaly free charges (b) from neutrino-scalar interactions (c) from re-parametrization of couplings

(a) (b) (c)

Table 1: Assignments for the representations (for SU(N)) and charges (for U(1)) of fermion
and scalar fields of the complete model. The charges yj denote the eigenvalue of Y/2, with
Y being the hypercharge operator and zj denote the supercharges of the fields  j of Eq. (2.1)
(j = 1, 2, 3). The right-handed Dirac neutrinos ⌫R are sterile under the GSM group. The
sixth column gives a particular realization of the U(1)Z charges, motivated below, and the
last one is added for later convenience.

.

field SU(3)c SU(2)L yj zj zj rj = zj/z� � yj
UL, DL 3 2 1

6 Z1
1
6 0

UR 3 1 2
3 Z2

7
6

1
2

DR 3 1 �
1
3 2Z1 � Z2 �

5
6 �

1
2

⌫L, `L 1 2 �
1
2 �3Z1 �

1
2 0

⌫R 1 1 0 Z2 � 4Z1
1
2

1
2

`R 1 1 �1 �2Z1 � Z2 �
3
2 �

1
2

� 1 2 1
2 z� 1 1

2

� 1 1 0 z� �1 �1

fields introduced in the covariant derivative transform as

T · W µ(x)
G

�! T · W 0µ(x) = U(x)T · W µ(x) U †(x) +
i

gL
[@µ U(x)] U †(x)

Bµ G
�! B0µ(x) = Bµ(x) �

1

gY
@µ�(x)

Zµ G
�! Z 0µ(x) = Zµ(x) �

1

gZ
@µ⇣(x)

(2.5)

where U(x) = exp [iT · ↵ (x)]. The gauge invariant kinetic term for these vector fields is

LB,Z,W = �
1

4
Bµ⌫B

µ⌫
�

1

4
Zµ⌫Z

µ⌫
�

1

4
W µ⌫ · W µ⌫ , (2.6)

with Bµ⌫ = @µB⌫ � @⌫Bµ ⌘ @[µB⌫], Zµ⌫ = @[µZ⌫] and W µ⌫ = @[µW ⌫] � gW µ ⇥ W ⌫ .

The field strength T · W µ⌫ transforms covariantly under G transformations, T · W µ⌫

G
�!

U(x)T · W µ⌫ U †(x), but Bµ⌫ and Zµ⌫ are invariant, hence a kinetic mixing term of the
U(1) fields is also allowed by gauge invariance:

�
✏

2
Bµ⌫Z

µ⌫ . (2.7)

We can get rid of this mixing term by redefining the U(1) fields using the transformation
✓

B0
µ

Z 0
µ

◆
=

✓
1 sin ✓Z
0 cos ✓Z

◆✓
Bµ

Zµ

◆
, sin ✓Z = ✏ . (2.8)
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Kinetic mixing

kinetic mixing:   

covariant derivative: 

or equivalently can choose basis s. t.: 

     and can parametrize the coupling matrix s.t.: 

                                                                                                           with 

II. PARTICLE MODEL, MIXINGS AND INTERACTIONS

We consider an extension of the standard model by a U(1)z gauge group with particle content

and charge assignment defined in Ref. [28]. The super-weak model is an economical extension of

the standard model that provides a framework to explain the origin of (i) neutrino masses and

oscillations [29], (ii) dark matter [30], (iii) cosmic inflation and stabilization of the electroweak

vacuum [31], (iv) matter-antimatter asymmetry of the universe. The complete model including

Feynman rules in the unitary gauge was presented fully in Ref. [28]. As we are to compute

one-loop corrections to neutrino masses, we recall the details relevant to such computations,

with Feynman rules in the R⇠ gauge. We generated those Feynman rules with SARAH[32–35]

but here we present simpler forms for the rules needed in our computations to make those more

comprehensive. We also recall some of the conventions that are different in SARAH and the

original definition of the model. We stick to the SARAH conventions throughout this work.[36]

A. Mixing of neutral gauge bosons

The particle content of the standard model is extended by 3 right-handed neutrinos ⌫R, a

new scalar �, and the U(1)z gauge boson B0. As the field strength tensors of the U(1) gauge

groups are gauge invariant, kinetic mixing is allowed between the gauge fields belonging to the

hypercharge U(1)y and the new U(1)z gauge symmetries, whose strength is measured by ✏ in

L � �1

4
F µ⌫Fµ⌫ �

1

4
F 0µ⌫F 0

µ⌫ �
✏

2
F µ⌫F 0

µ⌫ ,

DU(1)
µ = �i(ygyBµ + zgzB

0
µ)

(II.1)

where Bµ is the U(1)y gauge field. However, equivalently, we can choose the basis—the con-

vention in SARAH—in which the gauge-field strengths do not mix, while the couplings are given

by a 2⇥ 2 coupling matrix in the covariant derivative

DU(1)
µ = �i

⇣
y z

⌘
0

@ĝyy ĝyz

ĝzy ĝzz

1

A

0

@B̂µ

B̂0
µ

1

A (II.2)

where y and z are the U(1)y and U(1)z charges. We can parametrize the coupling matrix as

ĝ =

0

@ĝyy ĝyz

ĝzy ĝzz

1

A =

0

@gy �⌘g0z

0 g0z

1

A

0

@ cos ✏0 sin ✏0

� sin ✏0 cos ✏0

1

A . (II.3)
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@ĝyy ĝyz
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The coupling mixing matrix containing ⌘ is equivalent to the kinetic mixing in the Lagrangian

(II.1) and the parameters of the two representations are related by g0z = gz/
p
1� ✏2 and ⌘ =

✏gy/gz. In this paper, it will be convenient to use the kinetic mixing representation defined by

(II.1).

The rotation with angle ✏0 is unphysical as it can be absorbed into the mixing of the neutral

gauge fields Bµ, B0µ and W 3µ to the mass eigenstates Aµ, Zµ and Z 0µ, which then can be

described by a rotation matrix
0

BBB@

B̂µ

W 3µ

B̂0µ

1

CCCA
=

0

BBB@

cos ✓W � cos ✓Z sin ✓W � sin ✓Z sin ✓W

sin ✓W cos ✓Z cos ✓W cos ✓W sin ✓Z

0 � sin ✓Z cos ✓Z

1

CCCA

0

BBB@

Aµ

Zµ

Z 0µ

1

CCCA
. (II.4)

This matrix depends on two mixing angles: ✓W is the weak mixing (or Weinberg) angle and ✓Z

is the Z � Z 0 mixing angle [37]. In terms of the coupling parameters

 = cos ✓W(�0
y � 2�0

z) and ⌧ = 2 cos ✓W�0
z tan � , (II.5)

introduced in Ref. [28], this new mixing angle is given implicitly by tan(2✓Z) = 2/(1�2�⌧ 2).

In Eq. (II.5) tan � = w/v is the ratio of the vacuum expectation values (VEVs) of the scalar

fields (see below) and �0
y = (✏/

p
1� ✏2)(gy/gL), �0

z = g0z/gL, i.e. the couplings are normalized

by the SU(2)L coupling.

We can express the elements of the Z � Z 0 mixing matrix explicitly,

sin ✓Z = sgn ()
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2

 
1� 1� 2 � ⌧ 2p
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2

 
1 +

1� 2 � ⌧ 2p
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!#1/2
,

(II.6)

which also appear in the neutral currents �
µ
V f̄f

= �ie�µ
(CR

V f̄f
PR + CL

V f̄f
PL) where e is the

electromagnetic coupling and PR/L ⌘ P± =
1
2(1 ± �5

) are the usual chiral projections. In

particular, for neutrinos
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i
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i.e. CL/R
Z0⌫⌫ can be obtained from CL/R

Z⌫⌫ by the replacement

(Z ! Z 0
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(II.1).

The rotation with angle ✏0 is unphysical as it can be absorbed into the mixing of the neutral

gauge fields Bµ, B0µ and W 3µ to the mass eigenstates Aµ, Zµ and Z 0µ, which then can be

described by a rotation matrix
0

BBB@

B̂µ

W 3µ

B̂0µ

1

CCCA
=

0

BBB@

cos ✓W � cos ✓Z sin ✓W � sin ✓Z sin ✓W

sin ✓W cos ✓Z cos ✓W cos ✓W sin ✓Z

0 � sin ✓Z cos ✓Z

1

CCCA

0

BBB@

Aµ

Zµ

Z 0µ

1

CCCA
. (II.4)

This matrix depends on two mixing angles: ✓W is the weak mixing (or Weinberg) angle and ✓Z

is the Z � Z 0 mixing angle [37]. In terms of the coupling parameters

 = cos ✓W(�0
y � 2�0

z) and ⌧ = 2 cos ✓W�0
z tan � , (II.5)

introduced in Ref. [28], this new mixing angle is given implicitly by tan(2✓Z) = 2/(1�2�⌧ 2).

In Eq. (II.5) tan � = w/v is the ratio of the vacuum expectation values (VEVs) of the scalar

fields (see below) and �0
y = (✏/

p
1� ✏2)(gy/gL), �0

z = g0z/gL, i.e. the couplings are normalized

by the SU(2)L coupling.

We can express the elements of the Z � Z 0 mixing matrix explicitly,

sin ✓Z = sgn ()

"
1

2

 
1� 1� 2 � ⌧ 2p

(1 + 2 + ⌧ 2)2 � 4⌧ 2

!#1/2
,

cos ✓Z =

"
1

2

 
1 +

1� 2 � ⌧ 2p
(1 + 2 + ⌧ 2)2 � 4⌧ 2

!#1/2
,

(II.6)

which also appear in the neutral currents �
µ
V f̄f

= �ie�µ
(CR

V f̄f
PR + CL

V f̄f
PL) where e is the

electromagnetic coupling and PR/L ⌘ P± =
1
2(1 ± �5

) are the usual chiral projections. In

particular, for neutrinos

eCL
Z⌫⌫ =

gL
2 cos ✓W

h
cos ✓Z � (�0

y � �0
z) sin ✓Z cos ✓W

i
, eCR

Z⌫⌫ = �gL
2
�0
z sin ✓Z ,

eCL
Z0⌫⌫ =

gL
2 cos ✓W

h
sin ✓Z + (�0

y � �0
z) cos ✓Z cos ✓W

i
, eCR

Z0⌫⌫ =
gL
2
�0
z cos ✓Z ,

(II.7)

i.e. CL/R
Z0⌫⌫ can be obtained from CL/R

Z⌫⌫ by the replacement

(Z ! Z 0
) ) (cos ✓Z , sin ✓Z) ! (sin ✓Z ,� cos ✓Z) . (II.8)
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Mixing in the neutral gauge sector 

where  is the weak mixing angle &  is the  mixing, implicitly: 
, with  and  effective couplings, 

functions of the Lagrangian couplings 

The expressions for the neutral gauge boson masses are somewhat 
cumbersome, but exists a nice, compact generalization of the SM 

mass-relation formula: 

θW θZ Z − Z′ 

tan(2θZ) = − 2κ/(1 − κ2 − τ2) κ τ

M2
W

c2
W

= c2
ZM2

Z+s2
ZM2

Z′ (MW = 1
2 gLv)

relatively simple, they can explain a multiple of BSM phenomena [10–17].

The specific example we have in mind is the superweak extension of the standard model

(SWSM) [18], although di↵erent charge assignments are also possible, and our formulae do

not depend on the choice explicitly. The SWSM contains also three generations of SM sterile

right handed neutrinos that are clearly necessary for the cancellation of gauge and gravity

anomalies and to explain the origin of neutrino masses. We do not include their e↵ect here

to simplify the parameter dependence in the numerical analysis, but it can be seamlessly

integrated into our complete one-loop prediction.

The Lagrangian of the scalar fields contains a potential energy with quadratic and quartic

terms such that non-vanishing vacuum expectation value (VEV) v of the Brout-Englert-

Higgs (BEH) field breaks the usual SU(2)L⌦U(1)Y symmetry, while the VEV w of the �

breaks the U(1)z symmetry via spontaneous symmetry breaking (SSB).

In addition to the appearance of the massive scalar bosons, the SSB generates mass terms

also for the gauge bosons

L
VB
M =

v
2

2


g
2
L

2
W

+
µ
W

�µ +
g
2
z

2
tan2

� B
0
µ
B

0µ

+
1

4

⇣
gyBµ +

�
gz � gyz

�
B

0
µ
� gLW

3
µ

⌘2
�
,

(1)

where tan � = w/v, gL, gy and gz are the SU(2)L, U(1)Y and U(1)z couplings, while the

mixing coupling gyz parametrizes the kinetic mixing between the Bµ and B
0
µ
fields [19]. The

fields W±
µ

=
�
W

1
µ
± iW 2

µ

�
/
p
2 are the charged, while the neutral gauge eigenstates are Bµ,

B
0
µ
(belonging to the U(1)Y and U(1)z symmetries) and W

3
µ
. The latter fields are related to

the neutral mass eigenstates Aµ, Zµ and Z
0
µ
via two rotations

0

BBB@

Bµ

W
3
µ

B
0
µ

1

CCCA
=

0

BBB@

cW �sW 0

sW cW 0

0 0 1

1

CCCA

0

BBB@

1 0 0

0 cZ �sZ

0 sZ cZ

1

CCCA

0

BBB@

Aµ

Zµ

Z
0
µ

1

CCCA
(2)

where we introduced the abbreviations cX = cos ✓X and sX = sin ✓X for mixing angles. The

Weinberg angle ✓W is defined as

sW =
gy

gZ0
, with the abbreviation g

2
Z0 = g

2
y
+ g

2
L , (3)

so e = gLsW where gL is the SU(2) gauge coupling and e is the elementary charge. The

3

cX = cos θX
sX = sin θX
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Standard Φ complex SU(2)L doublet and new   
χ complex singlet: 

with scalar potential 

After SSB, G → SU(3)c×U(1)QED  in Rξ gauge 

                                              &

Scalars in the SWSM

2.2 Scalar sector

To solve the puzzle of missing masses we proceed similarly as in the standard model, but
in addition to the usual BEH-field � that is an SU(2)L-doublet

� =

✓
�
+

�
0

◆
=

1
p
2

✓
�1 + i�2

�3 + i�4

◆
, (2.10)

we also introduce another complex scalar � that transforms as a singlet under GSM trans-
formations. The gauge invariant Lagrangian of the scalar fields is

L�,� = [D(�)
µ

�]⇤D(�)µ
�+ [D(�)

µ
�]⇤D(�)µ

�� V (�,�) (2.11)

where the covariant derivative for the scalar s (s = �, �) is

D
(s)
µ

= @µ + igL T ·W µ + igY ysBµ + i(g0
Z
zs � g

0
Y
ys)Z

0
µ

(2.12)

and the potential energy

V (�,�) = µ
2
�
|�|

2 + µ
2
�
|�|

2 +
�
|�|

2
, |�|

2
�✓��

�

2
�

2 ��

◆✓
|�|

2

|�|
2

◆
, (2.13)

in addition to the usual quartic terms, introduces a coupling term ��|�|
2
|�|

2 of the scalar
fields in the Lagrangian. In order that this potential energy be bounded from below, in
addition to the positivity of the self-couplings, ��, �� > 0, we also need that the coupling
matrix has to be positive definite, which translates to the condition

4���� � �
2
> 0 . (2.14)

With these conditions satisfied, we can find the minimum of the potential energy at field
values (vacuum expectation values, or VEVs)

� = v =

s
2�µ2

�
� 4��µ

2
�

4���� � �2
, � = w =

s
2�µ2

�
� 4��µ

2
�

4���� � �2
, (2.15)

provided the conditions

�µ
2
�
> 2��µ

2
�

and �µ
2
�
> 2��µ

2
�

(2.16)

are satisfied simultaneously (the denominators are positive due to the constraint (2.14)).
The inequalities in (2.16) cannot be satisfied together if both µ

2
�
and µ

2
�
are positive. Thus

at least one of the mass parameters is negative automatically. If both are negative, then
the sign of � is unconstrained. If however, only one of them smaller than zero, then � must
also be negative.
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D(s)
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and the potential energy
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◆
, (2.15)

in addition to the usual quartic terms, introduces a coupling term ��|�|2|�|2 of the scalar
fields in the Lagrangian. For the doublet |�| denotes the length

p
|�+|2 + |�0|2. The value

of the additive constant V0 is irrelevant for particle dynamics, but may be relevant for
inflationary scenarios, hence we allow for its nonvanishing value. In order that this potential
energy be bounded from below, we have to require the positivity of the self-couplings, ��,
�� > 0. The eigenvalues of the coupling matrix are

�± =
1

2

✓
�� + �� ±

q
(�� � ��)2 + �2

◆
, (2.16)

while the corresponding un-normalized eigenvectors are

u(+) =

✓
2
�
(�+ � ��)

1

◆
and u(�) =

✓
2
�
(�� � ��)

1

◆
. (2.17)

As �+ > 0 and �� < 0, in the physical region the potential can be unbounded from below
only if u(�) points into the first quadrant, which may occur only when � < 0. In this
case, to ensure that the potential is bounded from belwo, one also has to require that the
coupling matrix be positive definite, which translates into the condition

4���� � �2 > 0 . (2.18)

With these conditions satisfied, we can find the minimum of the potential energy at field
values � = v/

p
2 and � = w/

p
2 where the vacuum expectation values (VEVs) are

v =
p

2

s
2��µ2

�
� �µ2

�

4���� � �2
, w =

p

2

s
2��µ2

�
� �µ2

�

4���� � �2
. (2.19)

5

B. Mixings of scalar and Goldstone bosons

In addition to the usual SU(2)L-doublet Brout-Englert-Higgs (BEH) field

� =

0

@�+

�0

1

A =
1p
2

0

@�1 + i�2

�3 + i�4

1

A , (II.9)

there is another complex scalar � in the model, with charges specified in [28]. The Lagrangian

of the scalar fields contains the potential energy

V (�,�) = V0 � µ2
�|�|2 � µ2

�|�|2 +
�
|�|2, |�|2

�
0

@��
�
2

�
2 ��

1

A

0

@|�|2

|�|2

1

A ⇢ �L (II.10)

where |�|2 = |�+|2 + |�0|2. In the R⇠ gauge we parametrize the scalar fields after spontaneous

symmetry breaking as

� =
1p
2

✓
�i

p
2�+

v + h0 + i��

◆
, � =

1p
2
(w + s0 + i��) (II.11)

where v and w denotes the vacuum expectation values (VEVs) of the fields, whose values are

v =
p
2

s
2��µ2

� � �µ2
�

4���� � �2
, w =

p
2

s
2��µ2

� � �µ2
�

4���� � �2
. (II.12)

Using the VEVs, we can express the quadratic couplings as

µ2
� = ��v

2
+

�

2
w2 , µ2

� = ��w
2
+

�

2
v2 . (II.13)

The fields h0 and s0 are two real scalars and �� and �� are the corresponding Goldstone

bosons that are weak eigenstates. We shall denote the mass eigenstates with h, s and �Z , �Z0 .

These different eigenstates are related by the rotations

✓
h

s

◆
= ZS

✓
h0

s0

◆
⌘

0
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sin ✓S cos ✓S

1
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◆
(II.14)
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= ZG

✓
��
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◆
⌘

0

@cos ✓G � sin ✓G

sin ✓G cos ✓G

1

A
✓
��

��

◆
(II.15)

where ✓S and ✓G are the scalar and Goldstone mixing angles that can be determined by the

diagonalization of the mass matrix of the real scalars and that of the neutral Goldstone bosons.
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where ✓S and ✓G are the scalar and Goldstone mixing angles that can be determined by the

diagonalization of the mass matrix of the real scalars and that of the neutral Goldstone bosons.
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Mixing in the scalar sector 

where  is the scalar mixing angle implicitly: 
, with  and  VEVs 

5 new parameters: 
• in gauge sector: {  and }   or {  and }        or {  and }                                    
• in scalar sector: { ,  and } or { ,  and } or { ,  and }

θS

tan(2θS) = λvw/(λχw2 − λϕv2) v w

gz gyz κ τ θZ MZ′ 

μ2
χ λχ λ w λχ λ MS θS λ

(

h′

s′

)

=

(

cS sS

−sS cS

)(

h

s

)
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After SSB neutrino mass terms appear

 

• In flavour basis the full 6×6 mass matrix reads 

• νL and νR have the same q-numbers, can mix, leading to type-I 
low-scale see-saw 

• Dirac and Majorana mass terms appear already at tree level by 
SSB (not generated radiatively) 

• Quantum corrections to active neutrinos are not dangerous 
[Iwamoto et al, arXiv:2104.14571]

MM = w
2

YN

where LL is the Dirac adjoint of the left handed lepton dublet, YN and Y⌫ are 3⇥ 3 matrices,

the superscript c denotes charge conjugation, ⌫c
= �i�2⌫⇤. After SSB this Lagrangian becomes

� L`
Y =

w + s0 + i��

2
p
2

⌫c
R YN ⌫R +

v + h0 � i��p
2

⌫L Y⌫ ⌫R + h.c. (II.32)

and the terms proportional to the VEVs provide the mass matrices

MN =
wp
2
YN , MD =

vp
2
Y⌫ (II.33)

where the Majorana mass matrix MN is real and symmetric, while the Dirac mass matrix MD

is complex and Hermitian.

In flavour basis the 6⇥ 6 mass matrix for the neutrinos that can be written in terms of 3⇥ 3

blocks as

M0
=

0

@ 03 MT
D

MD MN

1

A . (II.34)

The weak (flavour) eigenstates (⌫e, ⌫µ, ⌫⌧ , ⌫R,1, ⌫R,2, ⌫R,3) can be transformed into the basis of

⌫i (i = 1 � 6) mass eigenstates with a 6 ⇥ 6 unitary matrix [38] U where the mass matrix is

diagonal,

UTM0U = M = diag(m1,m2,m3,m4,m5,m6) . (II.35)

It is helpful to decompose the matrix U into two 3⇥ 6 blocks UL and U⇤
R,

U =

✓
UL

U⇤
R

◆
, (II.36)

so UT
= (UT

L,U
†
R) where both blocks are 6⇥ 3 matrices. It may be worth to emphasize that in

spite of what might be implied by the notation, the matrices UL and U⇤
R are only semi-unitary.

Useful relations of these matrices are collected in Appendix A.

E. Gauge boson – neutrino interactions

As the neutral currents are written in terms of flavour eigenstates, the interactions between

the neutral gauge bosons and the propagating mass eigenstate neutrinos include also the neu-

trino mixing matrices:

�µ
V ⌫i⌫j

= �ie�µ
⇣
�L

V ⌫⌫PL + �R
V ⌫⌫PR

⌘

ij
(II.37)

where

�L
V ⌫⌫ = CL

V ⌫⌫U
†
LUL � CR

V ⌫⌫U
T
RU⇤

R (II.38)
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Leptogenesis step 1: find thermal masses

Thermal masses for the lighter ones of the heavy RHNs (  ), the leptons 
( ) and the Brout-Englert-Higgs field ( ) in the SWSM at two specific 
values of the VEV ratio. Vacuum masses are  = 1.1  = 440 GeV  for 
the neutrinos, and  = 650 GeV for the singlet scalar with the singlet VEV 
being  (left) or  (right)
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Leptogenesis step 2: compute CP ϵ

Given by the thermal average of the amplitude level 
asymmetry factor  (also model dependent): 

       

ϵℳ

ϵℳ = =
M[1]

i,−
2

M(0)
i,+

2 , M[n]
i,±

2
= ∑

a,b,α
[⟨ ℳab [n]

αi

2
⟩ ± ⟨ ℳab [n]

αi

2
⟩]

ϵa→b+c =
∫

∞

za

dya ft(a)(−ya) y2
a − z2

a ∫
1

−1
dx ϵℳ(ya, x)ft(b)(yb)ft(c)(yc)

∫
∞

za

dya ft(a)(−ya) y2
a − z2

a ∫
1

−1
dx ft(b)(yb)ft(c)(yc)

n = # of loops 
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Leptogenesis step 2: compute CP ϵ
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Leptogenesis step 2: compute CP ϵ

Given by the thermal average of the amplitude level 
asymmetry factor  (also model dependent): 

- ,  
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-
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Leptogenesis step 2: compute CP ϵ

  correspond to the kinematic thresholds:
, , 

Ti (i = 1,2,3)
mNi

(T1) = mϕ(T1) + mL(T1) mϕ(T2) = mNi
(T2) + mL(T2) mϕ(T3) = mNj

(T3) + mL(T3)
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Right: thermal CP asymmetry factor normalized to couplings
mNj

mNi
mχ w = 10v
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Coming soon: leptogenesis in the SWSM 
(step 3: solving the Boltzmann eqs.)
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Outlook:  
Constrain the parameter space of SWSM by checking 

validity of the expected consequences

Does not fit: 
• Neutrino masses 
• Dark matter and energy 
• Baryon asymmetry

Anomalies: 
• Muon anomalous magnetic moment 
• 2-3σ excesses at LHC experiments 
• X17 and E38 anomalies 
• CDF II result for MW

Hidden new particles: 
• Too heavy 
• Interact too weakly

Puzzles in the scalar sector: 
• Lagrangian and its parameters 
• Yukawa couplings 
• Connection to inflation 
• Vacuum stability (λ too small) 
• Naturalness (µ is dimensional)
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the end
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