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Problems in the Standard Model

> Why neutrinos are massive?

⇒ seesaw mechanism

> What is dark matter?

⇒ keV scale sterile neutrinos

> Why is the electroweak vacuum metastable?

⇒ it is stabilized by an extra scalar field

> What is the origin of cosmic inflation?

⇒ two-field curvaton inflation

> Why is the matter-antimatter asymmetry larger than
expected?

⇒ resonant leptogenesis mechanism
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Super-weak model answers these
Main paper: Trócsányi, 1812.11189

> Why neutrinos are massive?
⇒ seesaw mechanism
Iwamoto, Kärkkäinen, Péli, Trócsányi, 2104.14571,
Kärkkäinen, Trócsányi, 2105.13360 ⇒ This talk

> What is dark matter?
⇒ keV/MeV scale sterile neutrinos
Iwamoto, Seller, Trócsányi, 2104.11248 ⇒ Károly Seller’s talk

> Why is the electroweak vacuum metastable?
⇒ it is stabilized by an extra scalar field
Péli, Trócsányi, 1902.02791

> What is the origin of cosmic inflation?
⇒ two-field curvaton inflation
Nándori, Péli, Trócsányi, 1911.07082

> Why is the matter-antimatter asymmetry larger than
expected?
⇒ resonant leptogenesis mechanism
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How to access physics beyond the SM?
Existence of dark matter, baryonic asymmetry of the universe,
metastability of vacuum et cetera suggests that SM is incomplete.

 

New interactions should exist! Possible new particles must be
either very heavy or must interact super-weakly, otherwise we
would have seen notable deviations from SM predictions.
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Pick your favourite?
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We choose all three simple portal extensions

SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)Z

Field SU(2)L U(1)Y U(1)Z

QL 2 1
6

1
6

uR 1 2
3

7
6

dR 1 −1
3 −5

6

LL 2 −1
2 −1

2

`R 1 −1 −3
2

φ 2 1
2 1

NR 1 0 1
2

χ 1 0 −1

SM
+

three sterile right-handed
Majorana neutrinos

+
complex scalar singlet,
which breaks the U(1)z

symmetry and produces a
massive gauge boson, Z ′.
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Chosen mass scales for the new particles

SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)Z

ΛEW · · · · · ·• New scalar s.

O(1) GeV · · · · · ·• Neutrinos N2 and N3.

O(10) MeV · · · · · ·• Z ′ and N1.

O(10) keV · · · · · ·• N1.
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Gauge sector

SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)Z

ΛEW · · · · · ·• New scalar s.

O(1) GeV · · · · · ·• Neutrinos N2 and N3.

O(10) MeV · · · · · ·• Z ′ and N1.

O(10) keV · · · · · ·• N1.

Lgauge = −1
4BµνBµν︸ ︷︷ ︸

U(1)Y

−1
4ZµνZµν︸ ︷︷ ︸

U(1)Z

− ε

2BµνZµν︸ ︷︷ ︸
kinetic mixing

− 1
4WµνWµν − . . .
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Gauge sector

Lgauge = −1
4BµνBµν − 1

4ZµνZµν − ε

2BµνZµν − 1
4WµνWµν − . . .

The model exhibits kinetic mixing between the U(1) gauge fields:

∆L = −ε

2BµνZµν ,

D ′µ = ∂µ + igLτ · Wµ + i(ygyBµ + zgzB ′
µ)

We can choose a basis where the mixing is absent, corresponding
to covariant derivative

Dµ = ∂µ + igLτ · Wµ + i
(
ygy (z − yη)g ′

z

)
× (· · · )

η = εgy
gz

, g ′
z = gz√

1 − ε2
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The neutral gauge bosons Z and Z ′ mix weakly

 B̂µ

W 3 µ

B̂ ′µ

 = R(θW , θZ )

 Aµ

Zµ

Z ′µ

 ,

where the Z − Z ′ mixing angle is

θZ = θZ

(
gy , g ′

z ,
〈χ〉
〈h〉

)
� 1,

suppressed due to small couplings.
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Scalar sector

SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)Z

ΛEW · · · · · ·• New scalar s.

O(1) GeV · · · · · ·• Neutrinos N2 and N3.

O(10) MeV · · · · · ·• Z ′ and N1.

O(10) keV · · · · · ·• N1.

Lscalar = |Dµφ|2+|Dµχ|2−µ2
φ|φ|2−µ2

χ|χ|2−λφ|φ|4−λχ|χ|4 − λ|φ|2|χ|2,
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Scalar sector Péli, Trócsányi, 1902.07082

Lagrangian:

Lscalar = |Dµφ|2+|Dµχ|2−µ2
φ|φ|2−µ2

χ|χ|2−λφ|φ|4−λχ|χ|4−λ|φ|2|χ|2,

Vacuum expectation values:

〈φ〉 ≡ 1√
2

(
0
v

)
, 〈χ〉 ≡ w√

2
,

Eigenvalues of the scalar mass matrix are given by

ms,h = λφv2 + λχw2 ±
√

(λφv2 − λχw2)2 + λ2v2w2

RGE analysis and vacuum stability constrain ms ∈ [144, 598] GeV.
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Goldstone and scalar mixing

After spontaneous symmetry breaking, in Rξ gauge

φ = 1√
2

(
−i

√
2σ+

v + h′ + iσφ

)
, χ = 1√

2
(w + s ′ + iσχ)

Mass eigenstates are h, s, σh and σs :(
h
s

)
= ZS

(
h′

s ′

)
,

(
σZ
σZ ′

)
= ZG

(
σφ

σχ

)

Goldstone mixing between σZ and σZ ′ is given by a particularly
simple form,

tan θG = MZ ′

MZ
tan θZ ,

double-suppressed by Z − Z ′ mass ratio and mixing.
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Neutrino sector

SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)Z

ΛEW · · · · · ·• New scalar s.

O(1) GeV · · · · · ·• Neutrinos N2 and N3.

O(10) MeV · · · · · ·• Z ′ and N1.

O(10) keV · · · · · ·• N1.

−Lν
Y = 1

2νRYN(νR)cχ︸ ︷︷ ︸
⇒ Majorana mass matrix

+ νRYνεαβLLαφβ︸ ︷︷ ︸
⇒ Dirac mass matrix

+h.c.
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Neutrino sector - seesaw mechanism

Yukawa terms:

−Lν
Y = 1

2νRYN(νR)cχ + νRYνεαβLLαφβ + h.c.

−Lν
m = 1

2

(
νL

(νR)c

)T

C
(

03 MT
D

MD MN

)(
νL

(νR)c

)

νL =

 νeL
νµL
ντL

 , νR =

 NR1
NR2
NR3

 , MD = v√
2

Yν , MN = w√
2

YN

ML = −MDM−1
N M†

D + (subleading terms),

16 / 33



Neutrino sector - mixing

−Lν
m = 1

2

(
νL

(νR)c

)T

C
(

03 MT
D

MD MN

)(
νL

(νR)c

)

UT
(

03 MT
D

MD MN

)
U = diag(m1, m2, m3, m4, m5, m6)

U =
(

UL
U∗

R

)
U is unitary, but 3 × 6-matrices UL and UR are semiunitary:

ULU†
L = 13, URU†

R = 13

U†
LUL 6= 16, U†

RUR 6= 16

U†U = U†
LUL + UT

R U∗
R = 16
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The new fields may enlarge the radiative corrections to ML

Neutrino self-energy is a 6 × 6 matrix,

iΣ(p) = AL(p2)�pPL + AR(p2)�pPR + BL(p2)PL + BR(p2)PR

νa

σZ , σZ′

νi b

U∗
L,ia

c

U†
L,aj

νj

νa

h, s

νi b

U∗
L,ia

c

U†
L,aj

νj

νa

Z,Z ′

νi b

U∗
L,ia

c

U†
L,aj

νj

`∓a

W±

νi b

U∗
L,ia

c

U†
L,aj

νj

Σ ≡ UT
L (ΣZ + ΣZ ′ + Σh + Σs + Σσh + Σσs + ΣW )UL

δML = U∗
LBL(0)U†

L
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We generated neutrino interaction vertices via SARAH

Model file available online at arXiv and on PRD!

Mathematica extension SARAH generates Feynman rules, beta
functions, mass matrices et cetera.
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We generated neutrino interaction vertices via SARAH

Γµ
V νi νj

= −ieγµ
(
ΓL

V ννPL + ΓR
V ννPR

)
ij

ΓL
V νν = CL

V ννU†
LUL − CR

V ννUT
R U∗

R

ΓR
V νν = −CL

V ννUT
L U∗

L + CR
V ννU†

RUR = −
(
ΓL

V νν

)∗

ΓSk/σk νi νj =
(
ΓL

Sk/σk ννPL + ΓR
Sk/σk ννPR

)
ij
, ΓR = −(ΓL)∗

ΓL
Skνν = −i

[(
MU†

LUL + UT
L U∗

LM
)(ZS)k1

v + U†
RMNU∗

R
(ZS)k2

w

]

ΓL
σkνν = −

[(
MU†

LUL + UT
L U∗

LM
)(ZG)k1

v + U†
RMNU∗

R
(ZG)k2

w

]
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νi

νj

V = −ieγµ
(
ΓL

V ννPL + ΓR
V ννPR

)
ij
, V = Z , Z ′

νi

νj

S =
(
ΓL

S ννPL + ΓR
S ννPR

)
ij
, S = h, s

νi

νj

σ =
(
ΓL

σ ννPL + ΓR
σ ννPR

)
ij
, σ = σZ , σZ ′
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Final result for one-loop correction
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Final result for one-loop correction

δML = 1
16π2

∑
k=1,2

[
3(ZG)2

k1
M2

Vk

v2 F(M2
Vk ) + (ZS)2

k1
M2

Sk

v2 F(M2
Sk

)
]

Fij(M2) =
6∑

a=1
(U∗

L)ia(U†
L)aj

m(νa)3

M2
ln m(νa)2

M2

m(νa)2

M2 − 1 23 / 33



Relative correction to mν, with MZ ′ = 50 MeV

0 0.2 0.4 0.6 0.8 1

|sin 
Z
|

10-6

10-5

10-4

10-3
|

 m
|/
m

1

2

3
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Parameterization

We use the Casas-Ibarra parameterization, which allows us to input
neutrino masses and PMNS matrix consistently

Yν =
√

2
v U∗

PMNS

√
mdiag

ν (−iRT )
√

mR , R ∈ O(3)

Uν↔N = UPMNS

√
mdiag

ν iRT
√

m−1
R

The standard case R = 13 produces the expected active-sterile
mixing, |U ij

ν→N | ≈
√

mν/mR .

However since R is a general orthogonal matrix, benchmarks
corresponding to large mixing can be generated by parameterizing
R as Euler rotation matrix and scanning over the possible values.
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Experimental constraints for GeV-scale sterile neutrinos

10-1 100 101 102

m
5
, m

6
 (GeV)

10-12

10-10

10-8

10-6

10-4

10-2

U
e2

DUNE

SHiP

FCC-ee

BBN

NA62

M
ATHUSLA BP1

BP2
BP3
BP4
BP5

U2
e =

6∑
i=4
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Z ′ interactions

f

f

Z ′ = −ieγµ(CR
Z ′ff PR + CL

Z ′ff PL)

The couplings have the form

eCL,R
Z ′ff = (Q1g ′

y + Q2g ′
z) cos θZ + (Q3 + Q4 sin2 θW )gL

sin θZ
cos θW

where Q1, Q2, Q3, Q4 ∈ Q are different for different fermions and
chiralities.
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Nonstandard interactions

Z,Z ′

ν` ν`

e, u, d e, u, d We integrate out the Z ′ boson to obtain
effective nonrenormalizable dimension-6
operator.

LNSI = −2
√

2GF εff
``′(ν`γ

µPLν`)(f γµPLf )

εm,X
`` = v2

2M2
Z ′

eCL
Z ′ννeCX

Z ′ff

εm
`` = εe

`` + 2εu
`` + εd

``︸ ︷︷ ︸
=0

+Nn
Ne

(εu
`` + 2εd

``)

Sum over the fermions f = e, u, d and chiralities X = L, R .

εm
`` = − v2

8M2
Z ′

Nn
Ne

(
g ′

y cos θZ − gL sin θZ
cos θW

)(
(g ′

y − g ′
z) cos θZ − gL sin θZ

cos θW

)
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NSI constraints for the gauge sector

Effective NSI for neutrino oscillation is suppressed by active-sterile
mixing: |εeff| ∼ |εUν↔N |.
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MeV scale Z ′ boson constrains neutral gauge boson mixing
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Conclusions

Super-weak model is an economical U(1) extension of the
standard model, adding only sterile neutrinos, complex singlet
scalar and a massive neutral vector boson.
New neutrino interactions are manifested via nonstandard
interactions and active-sterile mixing.
Higher order corrections to neutrino masses are small.

Thank you!
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Backup slides
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ε, g ′
z � 1 translate to light M ′

Z � MZ and θZ � 1

 B̂µ

W 3 µ

B̂ ′µ

 =

 cos θW − cos θZ sin θW − sin θZ sin θW
sin θW cos θZ cos θW cos θW sin θZ

0 − sin θZ cos θZ


 Aµ

Zµ

Z ′µ

 ,

tan(2θZ ) = 2κ

1 − κ2 − τ2

κ = cos θW (γ′
y − 2γ′

z), τ = 2 cos θW γ′
z tan β � 1

γ′
y = εgy

gL
√

1 − ε2
, γ′

z = g ′
z

gL
� 1

MZ = MW
cos θW

(
1 + O(κ2)

)
MZ ′ = MW

cos θW
τ
(
1 + O(κ2)

)
� MZ

⇒ τ ≈ MZ ′/MZ
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Goldstone and scalar mixing
After spontaneous symmetry breaking, in Rξ gauge

φ = 1√
2

(
−i

√
2σ+

v + h′ + iσφ

)
, χ = 1√

2
(w + s ′ + iσχ)

Mass eigenstates are h, s, σh and σs :(
h
s

)
= ZS

(
h′

s ′

)
≡
(

cos θS − sin θS
sin θS cos θS

)(
h′

s ′

)
(

σZ
σZ ′

)
= ZG

(
σφ

σχ

)
≡
(

cos θG − sin θG
sin θG cos θG

)(
σφ

σχ

)
Goldstone mixing between σZ and σZ ′ is given by

sin θG = τ sin θZ√
(cos θZ − κ sin θZ )2 + (τ sin θZ )2
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