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The Standard Model and Beyond

In the past, the structure of the Standard Model was predicting where to
expect new particles

Higgs boson was the last predicted and discovered particle

Standard Model is consistent up to the Planck scale

There are well-established phenomena that are not explained by the Standard
Model:

Neutrino masses and active neutrino oscillations

Dark matter

Baryon asymmetry of the Universe

How can we explain them?
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Why are Heavy Neutral Leptons interesting?
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Heavy Neutral Leptons

The simplest renormalizable extension of the Standard Model, consistent with
neutrino experiments, contains 3 right-handed SU(2)×U(1) singlet neutrinos
NI (I = 1, 2, 3) (Heavy Neutral Leptons) with gauge invariant Lagrangian is
Neutrino Minimal Standard Model (νMSM):

δL = i N̄I∂µγ
µNI − FαI L̄αNIΦ− MI

2
N̄c

I NI + h.c .,

This approach can potentially explain all previously mentioned phenomena.

The lightest of the three sterile neutrinos is a dark matter particle candidate and
should be unable to be detected in accelerators.
Therefore, in this work, we focused on 2 heavy right-handed neutrinos, whose
parameters in the Lagrangian are constrained by:

Failure to detect Sterile neutrinos in collider experiments (upper bound)

The generation of baryon asymmetry of the early Universe (lower bound)
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Constraints on parameters of the neutrino
extension from collider experiments
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Strategy

Problem statement

HNL are heavy and cannot be probed directly.
However, they can lead to charged lepton flavour violation (cLFV) processes,
non-observation of which imposes restrictions on the model parameters.

Framework of the Effective Field Theory

We will work in the framework of the Effective Field Theory, where we can use a
set of operators of mass dimension ≥ 5. It can be understood as an effective
interaction generated by loop diagrams with HNL inside.

We will consider operators of mass dimension 6 that generate cLFV processes.
We want to strengthen model parameters from the existing cLFV constraints.
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Starting Point

The observable experimental effects induced by heavy sterile neutrinos are
expressed through the following Lagrangian parameters:

Sαβ =
∑
I

S I
αβ ≡ (FM−1∗M−1F †)αβ , Rαβ =

∑
I

S I
αβ ln

MI

MW

These parameters of the extended Lagrangian are constrained by:

“forbidden processes” in SM;

errors in measurements of known processes in SM.
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Constraints on observables

We have experimental constraints for our observables.

quantity observable upper limit (conservative) upper limit (expected)

Ŝee + Ŝµµ Γ(Z → ee+) 0.53 · 10−3 −
Ŝττ Gµτ

F /GF 0.64 · 10−3 −
|Ŝeµ| BR(µ → eγ) 6.8 · 10−6 2.6 · 10−6

|Ŝeτ | BR(τ → eγ) 4.5 · 10−3 1.8 · 10−3

|Ŝµτ | BR(τ → µγ) 5.2 · 10−3 1.4 · 10−3

|R̂eµ| BR(µAl → eAl) 2.4 · 10−7 1.7 · 10−8

|R̂eτ | BR(τ → eee) 0.022 3.0 · 10−3

|R̂µτ | BR(τ → µµµ) 0.019 4.2 · 10−3

Rupert Coy’s and Michele Frigerio’s, Effective approach to lepton observables: the seesaw case,
Phys. Rev. D 99, 095040 (2019)

where Ŝαβ = M2
WSαβ , R̂αβ = M2

WRαβ
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Connection with observable quantities

We want to express observable parameters Ŝαβ , R̂αβ via νMSM parameters

masses of active neutrinos mi

active neutrino oscillations parameters (mixing angles)

mass of heavy sterile neutrinos M1 and M2

difference of heavy sterile neutrino masses ∆M/M

U2
tot =

∑
α,I |ΘαI |2 = v2

M2 tr(FF
†) =

∑
i mi

M cosh(2Imω),
where ΘαI is the mixing angle between active and sterile neutrino.

We will consider an interesting region for the current experimental search of HNL
above the sea-saw line. i.e. under assumption:

cosh(2Imω) ≈ sinh(2Imω) = exp (2Imω)
2 ≫ 1
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Simplified parametrization

Using Casas-Ibarra parametrisation F = XR
√
Mdiag, X = i

vUν

√
mdiag

ν

we obtain for normal hierarchy:

See =
e2Imω(M1 +M2)(X12 − iX13) (X

∗
12 + iX ∗

13)

4M1M2

Sµµ =
e2Imω(M1 +M2)(X22 − iX23) (X

∗
22 + iX ∗

23)

4M1M2

Sττ =
e2Imω(M1 +M2)(X32 − iX33) (X

∗
32 + iX ∗

33)

4M1M2

Seµ =
e2Imω(M1 +M2)(X12 − iX13) (X

∗
22 + iX ∗

23)

4M1M2

Seτ =
e2Imω(M1 +M2)(X12 − iX13) (X

∗
32 + iX ∗

33)

4M1M2

Sµτ =
e2Imω(M1 +M2)(X22 − iX23) (X

∗
32 + iX ∗

33)

4M1M2
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General constraints on Sab and Rab

General constraints on Sab and Rab in the form of saturated Schwarz inequality

|Sab|2 = Saa · Sbb Sαβ
(
M1 ln

M2

Mw
+M2 ln

M1

Mw

)
= Rαβ(M1 +M2)

These relations are valid in the case of different mass values of two RH neutrinos
and massive active neutrinos

Previously similar restrictions in the form of saturated Schwarz inequality have
been obtained in literature only for the partial case of massless active neutrinos or
degenerate masses of heavy sterile neutrinos.
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Improved Constraints

Using these new relations between observables, we can improve previous
experimental constraints by an order of magnitude

quantity upper limit (calculated) upper limit (old table)

|Ŝeτ | 0.58 · 10−3 4.5 · 10−3(1.8 · 10−3)

|Ŝµτ | 0.58 · 10−3 5.2 · 10−3(1.4 · 10−3)
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Constraints for U2
tot , M

Using best values of known parameters of active neutrino oscillation and an
approximation M1 ≈ M2 ≈ M we can rewrite our observable parameters as:

For Normal Ordering:

|Sab| = U2
totTrigNOab(a2), |Rab| = U2

totTrigNOab(a2) ln
M

Mw

U2
tot ≤ 6.85 · 10−4(2.62 · 10−4) U2

tot ln
M

Mw
≤ 9.78 · 10−4(1.71 · 10−6)

For Inverted Ordering:

|Sab| = U2
totTrigIOab(a1 − a2), |Rab| = U2

totTrigIOab(a1 − a2) ln
M

Mw

U2
tot ≤ 4.91 · 10−4(1.88 · 10−4) U2

tot ln
M

Mw
≤ 7.00 · 10−4(1.23 · 10−6)

Trigab - trigonometrical functions of Majorana phases of active neutrinos
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Constraints on U2
tot , M (present data)
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Our constraints

Our constraints from present experiments.
Pink line - from our constraint on Ŝeµ. Purple line - from our constraint on R̂eµ

We compare with a more complicated model in
Urqúıa-Calderón, K.A., Timiryasov, I. & Ruchayskiy, O. Heavy neutral leptons — Advancing into the PeV

domain. J. High Energ. Phys. 2023, 167 (2023)
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Constraints on parameters of the neutrino
extension from baryon asymmetry of the

Universe
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Baryon asymmetry

Baryon asymmetry in the neutrino modified SM

∆B =
28

79
Tr∆N |TW

=
28

79

π
3
2 sin3 ϕ

384 · 3 1
3 Γ( 56 )

m
1
2

solm
3
2
atmM

1
2
1 M

3
2
2 M

7
3
0

v4TW (∆M2
21)

2
3

δCP

nB
s

= 7 · 10−4Tr∆N |TW

T. Asaka and M. Shaposhnikov, The νMSM, dark matter and baryon asymmetry of the Universe,

Phys. Lett. B, 620 17 (2005)

We have expressed it in terms of observables

∆B =
7π

3
2 sin3 ϕ

912 · 3 1
3 Γ( 56 )

M
7
3
0 M

8
1

M6
WTW (∆M2

21)
5
3

×
(
ŜeeIm

[
Ŝ∗
eµR̂eµ + Ŝ∗

eτ R̂eτ

]
+

+ ŜµµIm
[
Ŝ∗
µe R̂µe + Ŝ∗

µτ R̂µτ

]
+ Ŝττ Im

[
Ŝ∗
τe R̂τe Ŝ

∗
τµR̂τµ

])
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Careful assumptions

Under approximation cosh(2Imω) = sinh(2Imω) = exp (2Imω)
2

Sαβ
(
M1 ln

M2

Mw
+M2 ln

M1

Mw

)
= Rαβ(M1 +M2)

Consequently
Im

[
S∗
αβRαβ

]
= 0, ∆B = 0

Only taking into account a difference cosh(2Imω) ̸= sinh(2Imω) we get

For the case of normal ordering the top estimate is:

Im
[
S∗
αβRαβ

]
≤

ln M2
M1

M1 +M2
|Sαβ |

√
m2

3 + 4m2
2 + 8m3m2

2v2
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Baryon asymmetry in terms of Sαβ, Rαβ

For the case of normal ordering we get:

nB
s

≤ 7 · 10−4π
3
2 sin3 ϕ

384 · 12 1
3 Γ( 56 )

M
7
3
0 M

11
3

√
m2

3 + 4m2
2 + 8m3m2

TW v2M4
W

(
M

∆M21

) 2
3 ∑
α,β ̸=α

Ŝαα|Ŝαβ |

And using constraints on the observables, we get:
normal ordering

nB
s

≤ 4.6

(
M

∆M21

) 2
3

(M/1GeV)
11
3

inverted ordering

nB
s

≤ 10.2

(
M

∆M21

) 2
3

(M/1GeV)
11
3

On the other hand, we know nB/s = (8.8− 9.8) · 10−11

Therefore, the upper bound on the observable parameters Sαβ and Rαβ from
collider experiments and the lower bound from baryon asymmetry differ by many
orders of magnitude.
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Conclusions

We obtained new constraints in the form of saturated Schwarz inequality
between observable parameters of neutrino extension of SM for the case of
heavy right-handed neutrinos of different masses and massive active
neutrinos:
|Sab|2 = Saa · Sbb Sαβ

(
M1 ln

M2

Mw
+M2 ln

M1

Mw

)
= Rαβ(M1 +M2)

Using this expression we were able to improve experimental constraints for
observables Sab

We obtained a new expression for baryon asymmetry via observable
parameters.

We have shown that the upper bound on the observable parameters Sαβ and
Rαβ (from the non-observation of forbidden processes in the SM) and the
lower bound (from baryon asymmetry) differ by many orders of magnitude.

These results are presented in detail in
V. Gorkavenko, O. Khasai, O. Ruchayskiy, M. Tsarenkova, Constraints on the parameters of the neutrino

extension of the Standard Model. arXiv:2408.02107 (2024)
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Casas-Ibarra matrix parametrisation

F =
i

v
Uν

√
mdiag

ν R
√
Mdiag

(mdiag
ν )ij = δijmi , mi – light neutrino masses.

Uν = V (23)UδV
(13)U−δV

(12)diag(e iα1/2, e iα2/2, 1) , U±δ = diag(e∓iδ/2, 1, e±iδ/2)

The non vanishing V (ij) are given by:

V
(ij)
ii = V

(ij)
jj = cos θij , V

(ij)
ij = −V

(ij)
ji = sin θij , V

(ij)
kk = 1 for k ̸= i , j .

θij – light neutrino mixing angles, δ – Dirac phase, α1,2 – Majorana phases.

One complex angle ω and elements of Mdiag are unknown parameters

RNO =

 0 0
cosω sinω
− sinω cosω

 , RIO =

 cosω sinω
− sinω cosω

0 0
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