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CONSTRAINTS ON THE NEUTRINO
EXTENSION OF THE STANDARD MODEL
AND BARYON ASYMMETRY OF THE UNIVERSE 1

Heavy neutral leptons (HNLs) can cause a new effective interactions of particles in the Stan-
dard Model, particularly charged lepton flavor violation (cLFV) processes. The non-observation
of cLFV processes, therefore, puts constraints on the parameters of the HNLs. We find the re-
lations between the cLFV effective operators in the realistic case where active neutrino masses
are non-zero and masses of the HNLs are non-degenerate. This allows us to strengthen the
existing cLFV constraints. We also link the baryon asymmetry of the Universe to the same
cLFV effective operators, which imposes a new restrictions on their values.
K e yw o r d s: physics beyond the Standard Model, neutrino extension of the Standard Model,
sterile neutrinos, baryon asymmetry of the Universe.

1. Introduction

The Standard Model (SM) effectively describes the
electroweak and strong interactions of elementary
particles and has been validated up to ∼15 TeV in
collider experiments [1]. However, phenomena such
as neutrino masses [2–4], dark matter [5–7], and
baryon asymmetry of the Universe [8–10] remain un-
explained. These phenomena demonstrate the incom-
pleteness of the SM and indicate the existence of new
hidden particles.

In this paper, we will consider neutrino extension of
the SM with right-handed (RH) or sterile neutrinos.
Adding one sterile neutrino to the SM causes only one
active neutrino to become massive. This contradicts
data on active neutrino oscillations. Adding two ster-
ile neutrinos to the SM causes two active neutrinos to
become massiv, and one neutrino is massless, which is
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compatible with neutrino oscillation data. The most
interesting case occurs in the Neutrino Minimal Stan-
dard Model (𝜈MSM) [11, 12], when three RH neutri-
nos are added

𝛿ℒ = 𝑖𝑁̄𝐼𝜕𝜇𝛾
𝜇𝑁𝐼 −𝐹𝛼𝐼 𝐿̄𝛼𝑁𝐼Φ−𝑀𝐼

2
𝑁̄ 𝑐

𝐼𝑁𝐼 +ℎ.𝑐. (1)

Here, 𝑁𝐼 (𝐼 = 1, 2, 3) is RH neutrino, 𝛼 corresponds
flavors of leptons (𝑒, 𝜇, 𝜏), Φ and 𝐿𝛼 are the Higgs
and lepton doublets, respectively, 𝐹𝛼𝐼 are elements
of the Yukawa matrix, 𝑀𝐼 are Majorana masses of
RH neutrinos.

The appropriate choices of 18 new parameters of
the 𝜈MSM can solve the above mentioned three
problems of SM. In this case, the lightest RH neu-
trino is a dark matter particle with a mass of ∼ 10
keV. Two other RH neutrinos are heavy particles
with almost equal masses. They provide generation of
baryon asymmetry in the Universe through the mech-
anism of leptogenesis [13–19]. Results of [11] were
later revised for the case of two [20,21] and three [22]
RH neutrinos. In particular, it was shown that the
condition of almost equal masses of the RH neutrinos
for baryogenesis is not necessary [23].

1 This work is based on the results presented at the 2024 “New
Trends in High-Energy and Low-x Physics” Conference.
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Since we will be interested in the experimental
search for HNL particles, it makes sense to consider
a model with only two heavy RH neutrinos, as the
lightest RH neutrino (dark matter candidate) has a
sufficiently smaller coupling to SM particles.

In this paper, we consider a relation between ex-
perimentally observable parameters of the neutrino
extension of the SM. The upper bounds on the Lag-
rangian parameters follow from collider experiments.
We want to consider a lower bound on these param-
eters that follow from the baryon asymmetry of the
Universe in the 𝜈MSM and compare lower and upper
bounds among themselves.

2. Theoretical Relations
between Observable Parameters
𝑆𝛼𝛽 and 𝑅𝛼𝛽

The parameters of the Lagrangian (1) that can be
measured in collider experiments are derived as fol-
lows [25]

𝑆𝛼𝛽 =
∑︁
𝐼

𝐹𝛼𝐼𝐹
†
𝐼𝛽𝑀

−2
𝐼 , (2)

𝑅𝛼𝛽 =
∑︁
𝐼

𝐹𝛼𝐼𝐹
†
𝐼𝛽𝑀

−2
𝐼 ln

𝑀𝐼

𝑀𝑊
. (3)

The parameters (2) and (3) are limited by upper
bounds, which come from non-observation of pro-
cesses that violate lepton number (e.g., 𝑍 → 𝑒𝜇,
𝜇 → 𝑒𝛾, etc.), or from measurement errors of ob-
served SM processes (e.g., 𝑍 → ℓ+ℓ−, etc). The up-
per bounds from experiments for 𝑆𝛼𝛽 = 𝑀2

𝑊𝑆𝛼𝛽 ,

Upper bounds on the seesaw
parameters 𝑆𝛼𝛽 and 𝑅̂𝛼𝛽 from present
and expected in the foreseeable future
experiments, see details in [25]

Quantity
Upper limit

Present experiments Future experiments

𝑆𝑒𝑒 + 𝑆𝜇𝜇 0.53× 10−3 –
𝑆𝜏𝜏 0.64× 10−3 –
|𝑆𝑒𝜇| 6.8× 10−6 2.6× 10−6

|𝑆𝑒𝜏 | 4.5× 10−3 1.8× 10−3

|𝑆𝜇𝜏 | 5.2× 10−3 1.4× 10−3

|𝑅̂𝑒𝜇| 2.4× 10−7 1.7× 10−8

|𝑅̂𝑒𝜏 | 0.022 3.0× 10−3

|𝑅̂𝜇𝜏 | 0.019 4.2× 10−3

𝑅̂𝛼𝛽 = 𝑀2
𝑊𝑅𝛼𝛽 , where 𝑀𝑊 is the mass of the 𝑊 -

boson, are shown in Table.
For the further analysis, it is necessary to express

observables 𝑆𝛼𝛽 , 𝑅𝛼𝛽 via 𝜈MSM parameters, namely:
∙ active neutrino oscillations parameters (mixing

angles 𝜃𝑖𝑗 , masses of active neutrinos 𝑚𝛼);
∙ masses of sterile neutrinos 𝑀𝐼 ;
∙ parameter 𝑈2

tot, which can be expressed as
𝑈2
tot =

∑︀
𝛼,𝐼 |Θ𝛼𝐼 |2 = 𝑣2

𝑀2 tr(𝐹𝐹 †) =
∑︀

𝑖 𝑚𝑖

𝑀 cosh 2Im𝜔,
where 𝑀 stands for the mass of the right-handed
neutrinos if 𝑀1 ≈ 𝑀2 ≈ 𝑀 , Δ𝑀/𝑀 ≪ 1, and
Θ𝛼𝐼 represents the mixing angle between left-han-
ded neutrinos (𝜈𝛼) and right-handed neutrinos
(𝑁𝐼), 𝜔 is a complex angle of the Casas–Ibarra
parametrization [24].

In the following, we will focus on a region that is of
interest for current experiments, where heavy neutral
leptons (HNL) are being explored above the seesaw
threshold:
cosh 2Im𝜔 ≈ sinh 2Im𝜔 ≈ exp 2Im𝜔

2
≫ 1. (4)

This assumption should hold for different masses of
heavy neutrinos 𝑀𝐼 as well.

In the extended Standard Model Lagrangian (1),
the elements of the Yukawa matrix 𝐹𝛼𝐼 can be con-
veniently described using parameters related to ac-
tive neutrinos through the Casas-Ibarra parameteri-
zation [24]. Since this parameterization is quite com-
plicated for further calculations and analytical op-
erations, we introduce a new 3 × 3 complex matrix
𝑋 = 𝑖

𝑣𝑈𝜈

√︀
𝑚diag

𝜈 to simplify the calculations. Using
this new matrix, we can derive relatively simple ex-
pressions for observables 𝑆𝛼𝛽 and 𝑅𝛼𝛽 .

For the normal ordering of active neutrino masses,
we obtain

𝑆𝛼𝛽 =
𝑒2Im𝜔

4

𝑀1 +𝑀2

𝑀1𝑀2
(𝑋𝛼2 − 𝑖𝑋𝛼3)×

× (𝑋*
𝛽2 + 𝑖𝑋*

𝛽3), (5)

𝑅𝛼𝛽 =
𝑒2Im𝜔

4

(︁
𝑀1 ln

𝑀2

𝑀𝑊
+𝑀2 ln

𝑀1

𝑀𝑊

)︁
𝑀1𝑀2

×

× (𝑋𝛼2 − 𝑖𝑋𝛼3)(𝑋
*
𝛽2 + 𝑖𝑋*

𝛽3). (6)

As one can effortlessly see, diagonal elements 𝑆𝛼𝛼 are
real and positive. Corresponding relations for the case
of the inverted active neutrino mass hierarchy can be
obtained by replacing second indices in elements of
the 𝑋 matrix 3 → 2, 2 → 1.

854 ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 11



Constraints on the Neutrino Extension of the Standard Model

One can derive a relationship between experimen-
tally measurable quantities, specifically the elements
of the matrices 𝑆𝛼𝛽 and 𝑅𝛼𝛽 , using Exps. (5), (6):

𝑆𝛼𝛽

(︂
𝑀1 ln

𝑀2

𝑀𝑊
+𝑀2 ln

𝑀1

𝑀𝑊

)︂
= 𝑅𝛼𝛽(𝑀1+𝑀2). (7)

We can obtain powerful restrictions for observable pa-
rameters 𝑆𝛼𝛽 and 𝑅𝛼𝛽 by utilising explicit forms of
expressions (5), (6):

|𝑆𝛼𝛽 |2 = 𝑆𝛼𝛼𝑆𝛽𝛽 , |𝑅𝛼𝛽 |2 = 𝑅𝛼𝛼𝑅𝛽𝛽 . (8)

These new expressions hold true even when the ac-
tive neutrinos are massive, and the masses of the two
right-handed (RH) heavy neutrinos differ. The only
necessary conditions are that the assumption in (4)
remains true and that the active neutrino masses are
much smaller than the RH neutrino masses.

These constraints (8) are significant because previ-
ous similar constraints, such as the saturated Schwarz
inequality, were derived only in specific cases of the
massless active neutrinos and the heavy sterile neu-
trinos with degenerated masses [25, 26].

If we assume that the conditions in (8) hold true
with sufficient accuracy above the seesaw line under
assumption (4), the upper limits on the seesaw pa-
rameters 𝑆𝛼𝛽 and 𝑅̂𝛼𝛽 can be further refined, namely

|𝑆𝑒𝜏 | ≤ 0.58× 10−3, |𝑆𝜇𝜏 | ≤ 0.58× 10−3. (9)

3. Baryon Asymmetry
and observable parameters 𝑆𝛼𝛽 and 𝑅𝛼𝛽

The question of how baryon asymmetry in the early
Universe can be generated in the 𝜈𝑀𝑆𝑀 was con-
sidered in detail in [11]. Based on [11], we expressed
the baryon asymmetry in terms of the experimentally
measurable elements of the matrices 𝑆𝛼𝛽 and 𝑅𝛼𝛽 .

In the case of the normal active neutrino mass hi-
erarchy, we have

𝑛𝐵

𝑠
≤ 7× 10−4𝜋

3
2 sin3 𝜑

384× 12
1
3Γ(56)

(︂
𝑀

Δ𝑀21

)︂2
3

×

×𝑀
7
3
0 𝑀

11
3

√︀
𝑚2

3 + 4𝑚2
2 + 8𝑚3𝑚2

𝑇𝑊 𝑣2𝑀4
𝑊

∑︁
𝛼,𝛽 ̸=𝛼

𝑆𝛼𝛼|𝑆𝛼𝛽 |, (10)

that is valid, if 𝑀1 ≈ 𝑀2 ≈ 𝑀 . Here 𝑚𝑖 are the
masses of active neutrinos. For the inverted active

neutrino mass hierarchy, we need to substitute masses
𝑚3 → 𝑚2, 𝑚2 → 𝑚1 in the previous equation (10).

We would also like to note that to obtain expres-
sion (10) we need to use precise expressions for 𝑆𝛼𝛽 ,
𝑅𝛼𝛽 without assumption (4). It can be shown that
baryon asymmetry of the Universe is proportional to
Im[𝑆*

𝛼𝛽𝑅𝛼𝛽 ], which under condition (4) gives zero.
Taking experimental constraints on the elements

of the 𝑅̂ and 𝑆 matrices from Table and its improved
values (9), we get, in the case of the normal hierarchy,

𝑛𝐵

𝑠
≤ 4.6

(︂
𝑀

Δ𝑀21

)︂2
3

(𝑀/1 GeV)
11
3 , (11)

and in the case of inverted hierarchy:

𝑛𝐵

𝑠
≤ 10.2

(︂
𝑀

Δ𝑀21

)︂2
3

(𝑀/1 GeV)
11
3 . (12)

Nevertheless, these expressions have limited prac-
tical value. The right side is much larger than
1 (𝑀/Δ𝑀21 ≫ 1 and 𝑀 & 1 GeV), while the left side
is much smaller than 1 (𝑛𝐵/𝑠 ∼ 10−10). This discrep-
ancy suggests that the actual values of the elements of
the 𝑅̂ and 𝑆 matrices are likely many orders of mag-
nitude smaller than the experimental limits presented
in Table.

4. Conclusions

In this work, we have examined an extension of the
Standard Model (SM) by adding two heavy right-
handed (RH) neutrinos with masses much higher than
the electroweak scale. Detecting these heavy neutri-
nos directly is extremely difficult. But these new par-
ticles can theoretically generate charged lepton flavor
violating (cLFV) processes. The fact that these cLFV
processes have not been observed helps us place limits
on the parameters of heavy neutrinos (HNLs).

We have analytically obtained relations between
the observable parameters of active neutrinos and pa-
rameters of the neutrino extension of SM (with two
heavy RH neutrinos of different masses), as shown
in equations (7) and (8). For these relationships to
hold, the active neutrinos must be extremely light
compared to the RH neutrinos. In addition, assump-
tion (4), important for current experimental searches
for heavy neutral leptons, must hold.

We concluded that Schwarz inequalities |𝑆𝛼𝛽 |2 ≤
≤ 𝑆𝛼𝛼𝑆𝛽𝛽 and |𝑅𝛼𝛽 |2 ≤ 𝑅𝛼𝛼𝑅𝛽𝛽 only become equal-
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ities (saturate) when 𝑒Im𝜔 ≫ 1. This result is inde-
pendent of the mass difference between sterile neu-
trinos, which is crucial because the case of nearly
identical right-handed neutrino masses is only a the-
oretical conjecture. This conjecture is used to ex-
plain the Universe’s baryon asymmetry in the Min-
imal Neutrino Model (𝜈MSM) [11, 12]. However, as
shown in [23], the explanation can also be derived
in models, where right-handed neutrinos have differ-
ent masses. It should be noted that previous similar
relationships were only derived for particular cases,
such as equal heavy sterile neutrino masses or active
neutrinos with zero mass [25, 26].

In addition, we strengthened the upper limits on
the observable parameters 𝑆𝛼𝛽 and 𝑅̂𝛼𝛽 by an order
of magnitude, as presented in (9), assuming that the
restrictions in (8) hold under the condition in (4).

We derived an expression for the baryon asymme-
try of the Universe using measurable parameters (the
elements of the 𝑆 and 𝑅̂ matrices) (10). We discov-
ered that under assumption (4), the baryon asym-
metry is equal to zero. Only taking cosh 2Im𝜔 ̸=
̸= sinh 2Im𝜔 into account, a non-zero baryon asym-
metry arises.

We demonstrated that the lower limits (baryon
asymmetry) and the upper limits (particle acceler-
ator experiments) on the observable 𝜈MSM param-
eters differ by many orders of magnitude. This indi-
cates that if the baryon asymmetry is really caused
by heavy right neutrinos, the actual values of the ob-
served elements of the 𝑆 and 𝑅̂ matrices are much
lower than the experimental limits given in Table.
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ОБМЕЖЕННЯ НА НЕЙТРИННЕ
РОЗШИРЕННЯ СТАНДАРТНОЇ МОДЕЛI
I БАРIОННА АСИМЕТРIЯ ВСЕСВIТУ

Важкi нейтральнi лептони можуть призводити до появи
нових ефективних взаємодiй мiж частинками Стандартної
моделi (СМ), зокрема вони можуть викликати реакцiї з

порушенням аромату заряджених лептонiв (cLFV). Таким
чином, вiдсутнiсть спостереження реакцiй cLFV накладає
обмеження на параметри нейтринного розширення СМ. Ми
знаходимо спiввiдношення мiж ефективними операторами
cLFV у реалiстичному випадку, коли маси активних ней-
трино вiдмiннi вiд нуля, а маси важких нейтральних лепто-
нiв є невиродженими. Це дозволяє посилити iснуючi обме-
ження на оператори cLFV. Ми також пов’язуємо барiонну
асиметрiю Всесвiту з тими самими ефективними операто-
рами cLFV, що накладає новi обмеження на їхнi значення.

Ключ о в i с л о в а: фiзика за межами Стандартної моделi,
нейтринне розширення Стандартної моделi, стерильнi ней-
трино, барiонна асиметрiя Всесвiту.
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