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OUTLINE

1. Motivation: status of particle physics (see many talks of last week) 
2. Superweak U(1)z extension of SM (SWSM) 
3. Neutrino masses (see my talk at Corfu 2021) 
4. Dark matter candidate (see my talk at Corfu 2021) 
5. Vacuum stability and scalar sector constraints 
6. Contribution to MW  (see talk by Zoltán Péli Sunday evening) 
7. Constraints from non-standard interactions (will not have time) 
8. Conclusions
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example: discovery of the Higgs particle came 
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construction of the LHC because the 
• detector performance was 
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example: discovery of the Higgs particle came 
much faster than expected at the time of 
construction of the LHC because the 
• detector performance was 
• theoretical prediction for Higgs production 

was significantly 
underestimated

4

Rough es!ma"s of BSM effects 

can easily be decep!ve 



Status of particle physics:  
energy frontier

5

Colliders: SM describes final states of particle 
collisions precisely                                              [talk by E. Rossi] 

                                          41 channels                   

https://indico.cern.ch/event/1311102/contributions/5532575/attachments/2704388/4694483/ERossi_StandardModel_ATLAS_CMS_final.pdf
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Colliders: SM describes final states of particle 
collisions precisely 
No proven sign of new physics beyond SM at colliders            
[talks by Guo, Ducu, Sahu] 

                        

https://indico.cern.ch/event/1311102/contributions/5523212/attachments/2705032/4695754/Corfu2023_JunGuo.pdf
https://indico.cern.ch/event/1311102/contributions/5525270/attachments/2705012/4695728/SUSY_DUCU.pdf
https://indico.cern.ch/event/1311102/contributions/5523212/attachments/2705032/4695754/Corfu2023_JunGuo.pdf
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Colliders: SM describes final states of particle collisions 
precisely 
No proven sign of new physics beyond SM at colliders*            
[talks by Guo, Ducu, Sahu] 

 
[talk by E. Rossi] 

*Exciting news keep pupping up, all below discovery significance yet                         

pp → X(= new Higgs boson) → e±μ∓
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Colliders: SM describes final states of particle 
collisions precisely 

No proven sign of new physics beyond SM at colliders 

SM vacuum is metastable  
[Bezrukov et al, arXiv:1205.2893; Degrassi et al, arXiv:1205.6497] 



Status of particle physics:  
cosmic and intensity frontiers
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Universe at large scale described precisely by cosmological SM: 
ΛCDM (Ωm =0.3)  

Neutrino flavours oscillate                   

Existing baryon asymmetry cannot be explained by CP 
asymmetry in SM                        

Inflation of the early, accelerated expansion of the present 
Universe                                                                        [https://pdg.lbl.gov] 

Established observations require physics beyond SM, 
but do not suggest rich BSM physics



Phenomenological approach to new physics
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Can we explain these observations,                      
but not more,                                                                 

by the same model? 



Extension of SM: three alternatives with  
different strength and weaknesses
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Effective field theory, such as SMEFT: general but highly 
complex (2499 dim 6 operators), focuses on new physics at 
high scales 

Simplified models, such as dark photon, extended scalar 
sector or right-handed neutrinos: ”easily accessible” 
phenomenology, but focus on specific aspect of new physics, 
so cannot explain all BSM phenomena 

UV complete extension with potential of explaining BSM 
phenomena within a single model such as SuperWeak 
extension of the Standard Model: SWSM



Particle content of SM 
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Particle content of SWSM 
(take-home picture) 
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Superweak extension of SM 
(SWSM)

15

 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



Superweak extension of SM 
(SWSM)

15

 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

z-charges fixed by requirement of

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



Mixing in the neutral gauge sector 
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where  is the weak mixing angle &  is the  mixing, implicitly: 
, with  and  effective couplings, 

functions of the Lagrangian couplings

θW θZ Z − Z′ 

tan(2θZ) = − 2κ /(1 − κ2 − τ2) κ τ

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

B
0
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3
µ
. The latter fields are related to

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

Scalars in the SWSM
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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
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�
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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
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µ
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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 =
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provided the conditions
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2
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> 2��µ

2
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and �µ
2
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> 2��µ

2
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(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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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
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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
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B. Mixings of scalar and Goldstone bosons

In addition to the usual SU(2)L-doublet Brout-Englert-Higgs (BEH) field
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there is another complex scalar � in the model, with charges specified in [28]. The Lagrangian
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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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• In flavour basis the full 6×6 mass matrix reads
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• In flavour basis the full 6×6 mass matrix reads

• νL and νR have the same q-numbers, can mix, leading to type-I 
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]
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Dirac and Majorana neutrino mass terms are generated by the SSB of the 
scalar fields, providing the origin of neutrino masses and oscillations                                                                                                   
[Iwamoto, Kärkäinnen, Péli, ZT, arXiv:2104.14571; Kärkkäinen and ZT, arXiv:2105.13360]  

The lightest new particle is a natural and viable candidate for WIMP dark 
matter if it is sufficiently stable                 [Seller, Iwamoto and ZT, arXiv:2104.11248] 

Diagonalization of neutrino mass terms leads to the PMNS matrix, which 
in turn can be the source of lepto-baryogenesis                                       
[Seller, Szép, ZT, arXiv:2301.07961 talk by Károly Seller on Sunday and under investigation] 

The second scalar together with the established BEH field can stabilize 
the vacuum and be related to the accelerated expansion now and 
inflation in the early universe                                                                           
[Péli, Nándori and ZT, arXiv:1911.07082; Péli and ZT, arXiv:2204.07100]  
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Dirac and Majorana neutrino mass terms are generated by the SSB of the 
scalar fields, providing the origin of neutrino masses and oscillations                                                                                                   
[Iwamoto, Kärkäinnen, Péli, ZT, arXiv:2104.14571; Kärkkäinen and ZT, arXiv:2105.13360]  

The lightest new particle is a natural and viable candidate for WIMP dark 
matter if it is sufficiently stable                 [Seller, Iwamoto and ZT, arXiv:2104.11248] 

Diagonalization of neutrino mass terms leads to the PMNS matrix, which 
in turn can be the source of lepto-baryogenesis                                       
[Seller, Szép, ZT, arXiv:2301.07961 talk by Károly Seller on Sunday and under investigation] 

The second scalar together with the established BEH field can stabilize 
the vacuum and be related to the accelerated expansion now and 
inflation in the early universe                                                                           
[Péli, Nándori and ZT, arXiv:1911.07082; Péli and ZT, arXiv:2204.07100]  

https://inspirehep.net/literature/1861571
https://arxiv.org/abs/2105.13360
https://arxiv.org/abs/2104.11248
https://inspirehep.net/files/df159f25b65e70e2344eb1acc92c6048
https://arxiv.org/abs/1911.07082
https://inspirehep.net/literature/2067427


Dark matter candidate
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DM exists, but known evidence is based solely on the 
gravitational effect of the dark matter on the luminous 
astronomical objects and on the Hubble-expansion of 
the Universe
Assume that the DM has particle origin
Only chance to observe such a particle if it interacts 
with the SM particles, which needs a portal

  In the superweak model the vector boson portal Z' with 
the lightest sterile neutrino  as dark matter candidate is 
a natural scenario       (Higgs portal exists, but negligible)

ν4



Parameter space for the freeze-out scenario of 
dark matter production in the SWSM
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It is essential for the SWSM DM candidate that the resonance in 
 can dominate the integral in the rateSM+SM → Z′ → DM+DM



Experimental constraints
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Anomalous magnetic moment of electron and muon 
 couples to leptons modifying the magnetic moment 

Constraints on  translate to upper bounds on the coupling  
NA64 search for missing energy events 

Strict upper bounds on  for any U(1) extension (dark photons) 
Supernova constraints based on SN1987A 

Constraints are based on comparing observed and calculated neutrino 
fluxes 

Big Bang Nucleosynthesis provides constraints on new particles 
New particles should have negligible effects during BBN 
Meson production can be dangerous close to BBN 

Further constraints are due to CMB, solar cooling, beam dump 
experiments etc.

Z′ 

(g − 2) gz(MZ′ )

gz(MZ′ )



Cosmological constraints on the freeze-out 
scenario of dark matter production in the SWSM
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Expected consequences 
(take-home messages)
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Dirac and Majorana neutrino mass terms are generated by the SSB of the 
scalar fields, providing the origin of neutrino masses and oscillations                                                                                                   
[Iwamoto, Kärkäinnen, Péli, ZT, arXiv:2104.14571; Kärkkäinen and ZT, arXiv:2105.13360]  

The lightest new particle is a natural and viable candidate for WIMP dark 
matter if it is sufficiently stable                 [Seller, Iwamoto and ZT, arXiv:2104.11248] 

Diagonalization of neutrino mass terms leads to the PMNS matrix, which 
in turn can be the source of lepto-baryogenesis                                       
[Seller, Szép, ZT, arXiv:2301.07961, talk by Károly Seller on Sunday and under investigation] 

The second scalar together with the established BEH field can stabilize 
the vacuum and be related to the accelerated expansion now and 
inflation in the early universe                                                                           
[Péli, Nándori and ZT, arXiv:1911.07082; Péli and ZT, arXiv:2204.07100]  

https://inspirehep.net/literature/1861571
https://arxiv.org/abs/2105.13360
https://arxiv.org/abs/2104.11248
https://inspirehep.net/files/df159f25b65e70e2344eb1acc92c6048
https://arxiv.org/abs/1911.07082
https://inspirehep.net/literature/2067427


Prerequisite: phase-transition temperatures       
in the SWSM (see Károly Seller’s talk on Sunday)
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[Seller, Szép, ZT, arXiv:2301.07961]

U(1)z is broken earlier than SU(2)LxU(1)Y

 w/v w/v

w w

https://inspirehep.net/files/df159f25b65e70e2344eb1acc92c6048
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Dirac and Majorana neutrino mass terms are generated by the SSB of the 
scalar fields, providing the origin of neutrino masses and oscillations                                                                                                   
[Iwamoto, Kärkäinnen, Péli, ZT, arXiv:2104.14571; Kärkkäinen and ZT, arXiv:2105.13360]  

The lightest new particle is a natural and viable candidate for WIMP dark 
matter if it is sufficiently stable                 [Seller, Iwamoto and ZT, arXiv:2104.11248] 

Diagonalization of neutrino mass terms leads to the PMNS matrix, which 
in turn can be the source of lepto-baryogenesis                                       
[Seller, Szép, ZT, arXiv:2301.07961 talk by Károly Seller on Friday and under investigation] 

The second scalar together with the established BEH field can stabilize 
the vacuum and be related to the accelerated expansion now and 
inflation in the early universe                                                                           
[Péli, Nándori and ZT, arXiv:1911.07082; Péli and ZT, arXiv:2204.07100]  

https://inspirehep.net/literature/1861571
https://arxiv.org/abs/2105.13360
https://arxiv.org/abs/2104.11248
https://inspirehep.net/files/df159f25b65e70e2344eb1acc92c6048
https://arxiv.org/abs/1911.07082
https://inspirehep.net/literature/2067427
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Dirac and Majorana neutrino mass terms are generated by the SSB of the 
scalar fields, providing the origin of neutrino masses and oscillations                                                                                                   
[Iwamoto, Kärkäinnen, Péli, ZT, arXiv:2104.14571; Kärkkäinen and ZT, arXiv:2105.13360]  

The lightest new particle is a natural and viable candidate for WIMP dark 
matter if it is sufficiently stable                 [Seller, Iwamoto and ZT, arXiv:2104.11248] 

Diagonalization of neutrino mass terms leads to the PMNS matrix, which 
in turn can be the source of lepto-baryogenesis                                       
[Seller, Szép, ZT, arXiv:2301.07961 and under investigation] 

The second scalar together with the established BEH field can stabilize 
the vacuum and be related to the accelerated expansion now and 
inflation in the early universe                                                                           
[Péli, Nándori and ZT, arXiv:1911.07082; Péli and ZT, arXiv:2204.07100]  

SWSM has the potential of explaining all known results beyond the SM

https://inspirehep.net/literature/1861571
https://arxiv.org/abs/2105.13360
https://arxiv.org/abs/2104.11248
https://inspirehep.net/files/df159f25b65e70e2344eb1acc92c6048
https://arxiv.org/abs/1911.07082
https://inspirehep.net/literature/2067427
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Is there a non-empty region of the parameter 
space where all these promises are fulfilled? 
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Is there a non-empty region of the parameter 
space where all these promises are fulfilled? 

Can we predict any new phenomenon 
observable by present or future experiments?                                                                                         

Present focus:



Ultimate test
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the observation of  the Z’ or S in the allowed  
region

Once the allowed region of the parameter space for fulfilling 
the expectations is understood



Experimental constraints in the scalar sector 
from direct searches and MW
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:                                          [Zoltán Péli and ZT, arXiv: 2204.07100]Ms > Mh

: scalar sector decouplesyx = 0

https://doi.org/10.1103/PhysRevD.106.055045


MW is measured and computed precisely 
(with per myriad precision) 

35[PDG 2023]



Prediction of MW in the SWSM 
(see Zoltán Péli’s talk)
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Can be determined from the decay width of the muon: 

M2
W = cos2 θZM2

Z+sin2 θZM2
Z′ 

2 1 + 1 −
4πα/( 2GF)

cos2 θZM2
Z+sin2 θZM2

Z′ 

1
1 − ΔrSM−(Δr(1)

BSM + Δr(2)
BSM)

Valid in MS
 is the  mixing angleθZ Z − Z′ 

 collects the SM quantum corrections (known completely at two 
loops and partially at three loops)
ΔrSM

 collects the formally SM quantum corrections but with BSM loopsΔr(1)
BSM

 collects the BSM corrections to  and Δr(2)
BSM MZ′ θZ

[Zoltán Péli and ZT, arXiv: 2305.11931]

https://doi.org/10.48550/arXiv.2305.11931


Non-standard interactions and the SWSM           
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where  is the scale of new physics, can be as low as few MeV,  
which can be probed in  
Coherent Elastic Neutrino-Nucleus Scattering (CEνNS)

&6a = C6a

Λ2 (LγμPLL)( fγμPX f )
Λ

Standard parametrization of NSI: 
 

where     ,         “light NSI”             

,      “heavy NSI”,        

ℒNSI = − 2 2GF ∑
f,X=±,ℓ,ℓ′ 

ε f,X
ℓ,ℓ′ 

(ν̄ℓγμPLνℓ′ 
)( f̄γμPX f )

ε f,X
ℓ,ℓ′ 

∝ + 1
q2  if q

2 ≫ M2

ε f,X
ℓ,ℓ′ 

∝ − 1
M2  if q

2 ≪ M2

for a mediator 
of mass M



Non-standard interactions and the SWSM
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assume MeV, which is 
• light in CHARM or NuTEV  
• heavy in neutrino oscillation experiments  
• but  in CEνNS 
We can still apply the NSI formalism using the  full propagator  
with  being the characteristic momentum transfer squared 

M = 50
q2 = O((20 GeV)2)

q2 ≈ 0
q2 ≈ M2

q2
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assume MeV, which is 
• light in CHARM or NuTEV  
• heavy in neutrino oscillation experiments  
• but  in CEνNS 
We can still apply the NSI formalism using the  full propagator  
with  being the characteristic momentum transfer squared 

M = 50
q2 = O((20 GeV)2)

q2 ≈ 0
q2 ≈ M2

q2

Can be used to                           [Timo J. Kärkäinen and ZT, arXiv: 2301.06621]

Constrain the parameter space of SWSM
Predict relations between NSI couplings assuming SWSM

https://doi.org/10.1103/PhysRevD.107.115020


Conclusions
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Established observations require physics beyond SM, but do not suggest rich 
BSM physics
U(1)z superweak extension has the potential of explaining all known results 
beyond the SM
Neutrino masses are generated by SSB at tree level
One-loop corrections to the tree-level neutrino mass matrix computed and 
found to be small (below 1%o) in the parameter space relevant in the SWSM
Lightest sterile neutrino is a candidate DM particle in the 

[10,50] MeV mass range for freeze-out mechanism with resonant enhancement 
→ predicts an approximate mass relation between vector boson and lightest 
sterile neutrino
In the scalar sector we find non-empty parameter space for  Ms > Mh
Contributions to EWPOs (e.g. , lepton g-2) are negligible in the superweak 
region and a systematic exploration of the parameter space is ongoing

MW

Interplay between NSI and SWSM



the end



Appendix



Non-standard interactions constrain the 
parameter space of the SWSM

42
With current COHERENT limits      [Timo J. Kärkäinen and ZT, arXiv: 2301.06621]

MZ′ 
MeV

https://doi.org/10.1103/PhysRevD.107.115020

