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Prehistorical era

Before ∼97
Still analysis at primordial
perturbations generated from
defects

Pen, Seljak, Turok’97



. . . . . . . . . . . . . .
Overview

. . . . . . . . . .
Model I – φ4 non-minimally coupled inflaton

. . . . . .
Model II – Higgs Inflation

. . . . . . .
Model I|I – R2 inflation Conclusions

Prehistorical era

Beginning of millenium
Inflation winning

Jaffe et al.’01



. . . . . . . . . . . . . .
Overview

. . . . . . . . . .
Model I – φ4 non-minimally coupled inflaton

. . . . . .
Model II – Higgs Inflation

. . . . . . .
Model I|I – R2 inflation Conclusions

Recent past

Just at the beginning of the
year

WMAP
WMAP+SPT+ACT

WMAP 9year
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Glorious present

Planck’13
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Inflation predicts nearly scale invariant spectra of
scalar and tensor perturbations

For simple single field slow-roll inflation

• scalar density perturbations

Δ2
R(k) =

H2(tk)
8π2ε(tk)

≃ Δ2
R

(
k
k∗

)ns−1

• spectral index
ns − 1 = 2η − 6ε

• differs from 1 by small slow-roll parameters

ε = − Ḣ
H2 =

M2
P
2

(
U′

U

)2
, η = M2

P
U′′

U

• Nearly (but not completely) scale invariant spectrum
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Planck is very confident in nearly scale invariant
spectrum ns < 1

WMAP (5 year)
Planck

0.94 0.96 0.98 1.00
ns
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s/
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k

ΛCDM+running

ΛCDM+running+tensors
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Inflation predicts nearly scale invariant spectra of
scalar and tensor perturbations

For simple single field slow-roll inflation

• tensor modes (primordial gravity waves)

Δ2
h(k) =

2H2(tk)
π2

• tensor to scalar ratio

r =
Δ2
h

Δ2
R

= 16ε

• determines the energy scale at inflation

U1/4
inflation = 1.06× 1016GeV

( r
0.01

)1/4
• (measured only indirectly for the moment)
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Allowed inflationary models
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Planck non-gaussianities are compatible with simplest
single field model

Bi-spectrum of the perturbations

⟨Φ(k1)Φ(k2Φ(k3)⟩ = (2π)3δ(k1 + k2 + k3)BΦ(k1, k2, k3)

BΦ(k1, k2, k3) = fNLF((k1, k2, k3)

Different shapes correspond to different complicated models –
multiple light fields during inflation, modified sound speed
All are compatible with zero (simplest one field model)

flocal = 2.7± 5.8
fequil = 42± 75
fortho = 25± 39
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Allowed simple inflationary models

R  inflation2

Predictions of 
inflationary models:

ξ=0

ξ=0.001

ξ=0.01

ξ=0.1

Higgs inflation

Non-minimal 
derivative coupling
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LHC is nicely compatible with the Standard Model
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LHC – CMS “a Higgs boson” results
5.2 H ! ZZ 13
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Figure 4: Distribution of the four-lepton invariant mass for the ZZ ! 4` analysis. The
points represent the data, the filled histograms represent the background, and the open his-
togram shows the signal expectation for a Higgs boson of mass mH = 125 GeV, added to the
background expectation. The inset shows the m4` distribution after selection of events with
KD > 0.5, as described in the text.

Table 3: The number of selected events, compared to the expected background yields and ex-
pected number of signal events (mH = 125 GeV) for each final state in the H ! ZZ analysis. The
estimates of the Z+X background are based on data. These results are given for the mass range
from 110 to 160 GeV. The total background and the observed numbers of events are also shown
for the three bins (“signal region”) of Fig. 4 where an excess is seen (121.5 < m4` < 130.5 GeV).

Channel 4e 4µ 2e2µ 4`
ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

�0.8 0.9+0.7
�0.6 2.3+1.8

�1.4 4.4+2.2
�1.7

All backgrounds (110 < m4` < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4` < 160 GeV) 6 6 9 21
Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78
All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9
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Figure 19: Values of s/sSM for the combination (solid vertical line) and for individual decay
modes (points). The vertical band shows the overall s/sSM value 0.87 ± 0.23. The symbol
s/sSM denotes the production cross section times the relevant branching fractions, relative to
the SM expectation. The horizontal bars indicate the ±1 standard deviation uncertainties on the
s/sSM values for individual modes; they include both statistical and systematic uncertainties.

“New boson” mass

Mh = 125.3± 0.4(stat)± 0.5(syst)GeV

CMS’13
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LHC – ATLAS “a Higgs boson” results

leading lepton pair are removed, is presented in Fig. 1.
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Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of a Z boson candidate and
an additional same-flavour electron or muon pair, for the combination
of
√
s = 7 TeV and

√
s = 8 TeV data in the entire phase-space of the

analysis after the kinematic selections described in the text. Isolation
and transverse impact parameter significance requirements are applied
to the leading lepton pair only. The MC is normalised to the data-
driven background estimations. The relativelly small contribution of
a SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties
The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%
for the 8 TeV data using the techniques described in
Ref. [92].
The uncertainties on the lepton reconstruction and

identification efficiencies and on the momentum scale
and resolution are determined using samples of W,
Z and J/ψ decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification efficiency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4" = 600 GeV and increases to ±0.9%
(±0.8%/±0.5%) for m4" = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation efficiency is ±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel for m4" = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4" = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty of ±0.7% (±0.5%/±0.2%) on the mass scale
of the m4" distribution for the 4e (2e2µ/2µ2e) channel.
The impact of the uncertainties on the electron energy

resolution and on the muon momentum resolution and
scale are found to be negligible.
The theoretical uncertainties associated with the sig-

nal are described in detail in Section 8. For the SM
ZZ(∗) background, which is estimated from MC simula-
tion, the uncertainty on the total yield due to the QCD
scale uncertainty is ±5%, while the effect of the PDF
and αs uncertainties is ±4% (±8%) for processes initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served for m4l > 180 GeV, the measured ZZ(∗) → 4"
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on the ZZ(∗) yield on the search for a Higgs
boson with mH < 2mZ has been studied in Ref. [87] and
has been found to be negligible . The impact of the in-
terference between a Higgs signal and the non-resonant
gg → ZZ(∗) background is small and becomes negligi-
ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4" , for
the selected candidates, compared to the background expectation in
the 80–250 GeV mass range, for the combination of the

√
s = 7 TeV

and
√
s = 8 TeV data. The signal expectation for a SM Higgs with

mH = 125 GeV is also shown.

4.4. Results
The expected distributions of m4" for the background

and for a Higgs boson signal with mH = 125 GeV are
compared to the data in Fig. 2. The numbers of ob-
served and expected events in a window of ±5 GeV
around mH = 125 GeV are presented for the combined
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Minimal extensions of the SM to account for everything
Should explain everything

• Neutrino oscillations
• ..

 νMSM (Oleg’s talk)Dark Matter
• Baryon asymmetry of the Universe
• ..

}
this talkInflation

in a minimal way
• Introduce minimal amount of new particle/parameters

• Simple
• Predictive

• No new scales up to gravity/inflation
• With scale invariance – removes hierarchy problem
• Allows to make relations between inflation and particle
physics
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“Standard” chaotic inflation

Scalar part of the action

S =

∫
d4x

√
−g

{
−
M2
P
2
R+

∂μφ∂μφ
2

− β
4
φ4
}

Required to get
δT/T ∼ 10−5

β ∼ 10−13

m ∼ 1013GeV ..

V

.
φ

.
MP

.

Fields ≳ MP, energy ∼ β1/4MP.
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Planck results disfavour plain φ4 inflation

4
Φ

Φ
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Non-minimal coupling to gravity leads to good inflation
Scalar action with non-minimal coupling

S =

∫
d4x

√
−g

{
−
M2
P
2
R− ξ

2
φ2R+

∂μφ∂μφ
2

− λ
4
φ4
}

Conformal transformation to the
Einstein frame

ĝμν =

√
1+

ξφ2

M2
P
gμν ,

flattens the potential

V(φ) → V̂(φ) =
V(φ)(

1+ ξφ2/M2
P
)2 ..

V

.
φ

.
MP

.

.

.

ξ = 0

. ξ > 0

(Change of the field dχ
dφ =

√
1+(ξ+6ξ2)φ2/M2

P
(1+ξφ2/M2

P)
2 is also needed)
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The tensor perturbations are suppressed,
inflaton self-coupling β is increased
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[Tsujikawa, Gumjudpai’04, FB’08, Okada, Rehman, Shafi’10]
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φ4 inflation is compatible with observations for
non-minimal coupling ξ ≳ 0.003

ξ=0.001

ξ=0.01

ξ=0.1

Predictions of 
inflationary models:

ξ=0

Φ Φβ
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SM + Light Inflaton coupled in the Higgs sector only

..L =. LSM.

Standard Model

. +. αH†Hφ2.

Interaction

. +. β
4φ

4+ ξφ2
2 R.

Inflationary sector

Inflaton mass depends on interaction strength: mχ = mh
√

β/2α

Specifically: the Higgs-inflaton scalar potential is

V(H,φ) = λ
(
H†H− α

λ
φ2
)2

+
β
4
φ4−1

2
μ2φ2 + V0

We assumed here, that the scale invariance is broken in the
inflaton sector only
[Shaposhnikov, Tkachev’06, Anisimov, Bartocci, FB’09, FB, Gorbunov’10,13]
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All constants of the model are bound from cosmology

CMB normalization sets β(ξ)
β =

3π2 Δ2
R

2
(1+6ξ)(1+6ξ+8(N+1)ξ)
(1+8(N+1)ξ)(N+1)3

α ≲ β2 (mass lower bound)
Inflation is not spoiled by the
radiative corrections

..
X

.
X

.
H

.
H

.
X

.
X

.α . α ⇒ ..
X

.
X

.
X

.
X

.α2 log

CMB tensor modes bound ξ
r = 16(1+6ξ)

(N+1)(1+8(N+1)ξ) ≲ 0.15

α > 10−7 (mass upper
bound)
Sufficient reheating

• After inflation: empty &
cold

• Needed: hot,
Tr ≳ 150GeV (to get
baryogenesis)

[Anisimov, Bartocci, FB’09]
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Experimental searches are possible

..
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Behaves as light “Higgs”
boson, suppresed by
θ =

√
2βv/mχ

• Created in meson decays
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…
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Search (LHCb, Belle)

• Events with offset vertices
in B decays

• Peaks in Daltiz plot of
three body B decays
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Another prediction: The Higgs boson can not be light
Inflation proceeds along H†H = α

λX
2

• The Higgs self-coupling λ: must be positive up to
inflationary scales

100 105 108 1011 1014 1017 1020

-0.02

0.00

0.02

0.04

0.06

Scale Μ, GeV

Λ

Higgs mass Mh=125.3±0.6 GeV

Mass for λ(μ) = βλ(μ) = 0 (boundary situation)

Mmin =
[
129.3+ Mt−173.2GeV

0.95GeV × 1.9− αs−0.1184
0.0007 × 0.6

]
GeV

FB, Kalmykov, Kniehl, Shaposhnikov’12, Degrassi et.al’12, Buttazzo et.al’13
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LHC Higgs mass is compatible at 2σ with stable
vacuum
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Main uncertainties
• Determination of MS yt

• Experimental Mt
• Extraction of MS
mass/Yukawa

• Strong coupling constant
• Higgs mass

Mh > Mmin =
[
129.3+ yt(Mt)−0.9361

0.0055 × 1.9− αs−0.1184
0.0007 × 0.6

]
GeV
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With large non-minimal coupling no new particles are
needed

Standard Model Higgs boson itself can be used as inflaton
Scalar part of the (Jordan frame) action

SJ =

∫
d4x

√
−g

{
−
M2
P
2
R− ξ

h2

2
R+gμν

∂μh∂νh
2

− λ
4
(h2− v2)2

}

• h is the Higgs field; MP ≡ 1√
8πGN

= 2.4× 1018GeV

• large ξ allows for large λ

ξ√
λ
≃ 47000

• SM higgs vev v ≪ MP/
√
ξ

[FB, Shaposhnikov’08]



. . . . . . . . . . . . . .
Overview

. . . . . . . . . .
Model I – φ4 non-minimally coupled inflaton

. . . . . .
Model II – Higgs Inflation

. . . . . . .
Model I|I – R2 inflation Conclusions

Potential – different stages of the Universe
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Slow roll inflation

δT/T ∼ 10−5 normalization

ξ√
λ
≃ 47000 ns ≃ 0.967

r ≃ 0.0032
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Reheating is very effective for the Higgs boson
Universe Evolution

• h > MP/
√
ξ: Inflation

• h ≲ Mp/
√
ξ: Matter dominated expansion with higgs

oscillations
• h ≲ MP/ξ: Radiative dominated expansion

• I.e. lower bound on reheating temperature

Tr ≳
(

15
2π2g∗λ

)1/4 Mp

47000
≳ 1013GeV

More careful analysis may lead to higher temperatures
• Production of heavy gauge bosons when h crosses zero

• Annihilation of gauge bosons into light relativistic fermions

• Production of higgs excitations at zero crossings
FB, Gorbunov, Shaposhnikov’08, Garcia-Bellido’08
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Higgs Inflation – nice in the center of the allowed
region

R  inflation2

Predictions of 
inflationary models:

ξ=0

ξ=0.001

ξ=0.01

ξ=0.1

Higgs inflation

Non-minimal 
derivative coupling
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Higgs can not be too light!
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Radiative corrections to inflationary potential: Higgs inflation works
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√

(ξ)) > 0. Numerically,MH > Mcrit with extra
theoretical uncertainty of δMH ∼ 1 GeV.

MH > Mcrit MH < Mcrit

Fermi Planck Fermi Planck

φ φ

VV

Analysis of higher dimensional operators and radiative corrections:
Higgs inflation occurs in the weak coupling regime and is
self-consistent. Bezrukov et al Stockholm, July 23, 2013 – p. 18

Inflation and the Higgs mass

Radiative corrections to inflationary potential: Higgs inflation works
only for λ(MP/

√

(ξ)) > 0. Numerically,MH > Mcrit with extra
theoretical uncertainty of δMH ∼ 1 GeV.

MH > Mcrit MH < Mcrit

Fermi Planck Fermi Planck

φ φ

VV

Analysis of higher dimensional operators and radiative corrections:
Higgs inflation occurs in the weak coupling regime and is
self-consistent. Bezrukov et al Stockholm, July 23, 2013 – p. 18
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LHC Higgs mass is compatible at 2σ with Higgs
Inflation
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Modifying the gravity action gives inflation

Another way to get inflation in the SM

The first working inflationary model
[Starobinsky’80]

The gravity action gets higher derivative terms

SJ =

∫
d4x

√
−g

{
−
M2
P
2
R+

ζ2

4
R2

}
+ SSM
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Conformal transformation

conformal transformation (change of variables)

ĝμν = Ω2gμν , Ω2 ≡ exp
(

χ(x)√
6MP

)
χ(x) – new field (d.o.f.) “scalaron”

Resulting action (Einstein frame action)

SE =

∫
d4x
√

−ĝ

{
−
M2
P
2
R̂+

∂μχ∂μχ
2

−
M4
P

4ζ2

(
1− e

− 2χ√
6MP

)2
}
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Inflationary potential
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Slow roll inflation

δT/T ∼ 10−5 normalization

ζ ≃ 47000 ns ≃ 0.965
r ≃ 0.0036
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Reheating is due to the Planck suppressed terms

Einstein frame action – χ interactions are MP suppressed

SscalarE =

∫
d4x
{
1
2
Ω−2∂(Ωφ̂)∂(Ωφ̂)−

m2
φ

2
Ω−2φ̂2

}
SfermionE =

∫
d4x

{
i ¯̂ψ /Dψ̂ −mψΩ−1 ¯̂ψψ̂

}
where Ω2 ≡ exp

(
χ(x)√
6MP

)

Reheating temperature from the scalaron decay

Tr ≈ 3.5× 10−2g−1/4∗

√
Ns

ζ
≈ 3.1× 109GeV

May be even smaller, if the Higgs boson is coupled conformally
Gorbunov, Panin’10, Gorbunov, Tokareva’12



. . . . . . . . . . . . . .
Overview

. . . . . . . . . .
Model I – φ4 non-minimally coupled inflaton

. . . . . .
Model II – Higgs Inflation

. . . . . . .
Model I|I – R2 inflation Conclusions

Different Tr means different moments of horizon exit

• Hubble at the Horizon exit H∗ =
k
a0

a0
ar

ar
aee

N∗

ar
a0

=

(
g0
gr

)1/3 T0
Tr

,
ar
ae

=

(
Ve

gr π
2

30T
4
r

)1/3

• E-folding number of the hirizon exit

N∗ ≃ 57−1
3
log

1013GeV
Tr

⇒ NHI = 57.7, NR2 = 54.4

..
χ

.

U

.

χ∗ for R2

.

χ∗ for HI
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Different Tr – different CMB predictions
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If the Higgs starts at electroweak vacuum, it just stays
there

Even if the vacuum is
metastable, it lives much longer
than the Universe age

1020tU1080tU10320tU
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• Decay at hot stage after inflation – slightly stronger bound
mh ≳ 116GeV Espinosa, Giudice, Riotto’07

• Even stronger bound for conformally coupled Higgs,
mh ≳ 126.2± . . . Gorbunov, Tokareva’12
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Conclusions

• Experiments say
• Planck results are compatible with one field slow roll
inflation with not very high energy scale

• LHC results are compatible with Standard Model
• Simple inflationary models seem plausible

• Higgs inflation
• R2 inflation
• non-minimally coupled φ4 inflation

• Crucial future experiments
• CMB B-mode polarization – up to r ∼ 10−3

• ns running
• Top quark mass
• Higgs boson properties
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One parameter extensions of ΛCDM
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Inflaton decays and lifetime
Coupled to everything proportional particle mass
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Cut off is background dependent!

..χ(x, t). =. χ̄(t). +. δχ(x, t).
Classical background

.
Quantum perturbations

leads to background dependent suppression of operators of
dim n > 4

O(n)(δχ)
[Λ(n)(χ̄)]n−4

Example
Potential in the inflationary region χ > MP:

U(χ) = λM4
P

4ξ2

(
1− e

− 2χ√
6MP

)2

leads to operators of the form: O(n)(δχ)
[Λ(n)(χ̄)]n−4 =

λM4
P

ξ2
e
− 2 χ̄√

6MP
(δχ)n
Mn
P

Leading at high n to the cut-off

Λ ∼ MP



Cut-off grows with the field background
Jordan frame

MP/ξ

MP

MP/ξ MP/√ξ h

E

Weak coupling

ξh
2
/MP

√ξ h

h

Strong coupling

Relation between cut-offs in
different frames:

ΛJordan = ΛEinsteinΩ

Einstein frame

MP/ξ

MP

MP/ξ MP/√ξ h

E

Weak coupling

MP/√ξ

Strong coupling

Relevant scales
Hubble scale H ∼ λ1/2MP

ξ
Energy density at inflation

V1/4 ∼ λ1/4 MP√
ξ

Reheating temperature MP/ξ < Treheating < MP/
√
ξ

[FB, Sibiryakov, Shaposhnikov’10]



Shift symmetric UV completion allows to have effective
theory during inflation

L =
(∂μχ)2

2
− U0

(
1+

∑
une−n·χ/M

)
=

(∂μχ)2

2
− U0

(
1+

∑ 1
k!

[
δχ
M

]k∑
nkune−n·χ̄/M

)
Effective action (from quantum corrections of loops of δχ)

Leff = f(1)(χ)
(∂μχ)2

2
−U(χ) + f(2)(χ)

(∂2χ)2

M2 + f(3)(χ)
(∂χ)4

M4 + · · ·

All the divergences are absorbed in un and in f(n) ∼
∑

fle−nχ/M

UV completion requirement
Shift symmetry (or scale symmetry in the Jordan frame) is
respected

χ 7→ χ + const



Connection of inflationary and low energy physics
requires more assumptions on the UV theory

λU(χ̄+δχ) = λ
(
U(χ̄) +

1
2
U′′(χ̄)(δχ)2 +

1
3!
U′′′(χ̄)(δχ)3 + · · ·

)
in one loop: λU′′(χ̄)Λ̄2

, λ2(U′′(χ̄))2 log Λ̄ ,

in two loops: λU(IV)(χ̄)Λ̄4
, λ2(U′′′)2Λ̄2

, λ3U(IV)(U′′)2(log Λ̄)2 ,

No power law divergences are generated
The loop corrections to the potential are arranged in a series in
λ

U(χ) = λU1(χ) + λ2U2(χ) + λ3U3(χ) + · · ·

A rule to fix the finite parts of the counterterm functions Ui(χ)
Example – dimensional regularisation + MS



The SM vacuum should not decay at hot stage after
inflation

The electroweak vacuum may
decay at high temperature JC

A
P

05(2008)002

Cosmological implications of the Higgs mass measurement

Figure 3. Upper bounds on TRH, as functions of Mh, from sufficient stability
of the electroweak vacuum against thermal fluctuations in the hot early
Universe for three different values of the top mass. The lower curves are for
Hf = 1013 GeV, the upper ones for Hf deduced from equation (11), Hf =
[4π3g∗(TRH)/45]1/2(T 2

RH/Mp), which corresponds to the case of instant reheating.
We take αS(MZ) = 0.1176. Lowering (increasing) αS(MZ) by one standard
deviation lowers (increases) the bound on TRH by up to one order of magnitude.

lower bound on TRH as a function of M1, the mass of the lightest right-handed neutrino [17].
This bound reaches its minimum for M1 ∼ TRH, when TRH > 3 × 109 GeV [18]. This
condition could be in conflict with the upper bound on TRH shown in figure 3, if the Higgs
mass turns out to be very close to the LEP lower limit and if the top mass is on the
high side of the allowed experimental range. However we stress that these considerations
apply only to the case of hierarchical thermal leptogenesis in the SM, with no new physics
present below the scale M1.

The Yukawa couplings hν of the heavy right-handed neutrinos could in principle affect
the bound on TRH, since hν can modify the instability scale of the Higgs potential [19]
with its effect on the evolution of λ above the M1 threshold. Because h2

ν = mνM1/v2,
such effects turn out to be important only if the mass of the right-handed neutrinos is
sufficiently large, M1 ! (1013–1014) GeV [19]. Therefore, the existence of heavy right-
handed neutrinos can modify the bounds on TRH we have obtained only at such large
energy scales, i.e. for TRH > M1 ! (1013–1014) GeV.

4. Survival probability of the electroweak vacuum during inflation

In the previous section we have discussed the stability of the electroweak vacuum against
thermal fluctuations. These are expected to drive the Higgs field towards the instability

Journal of Cosmology and Astroparticle Physics 05 (2008) 002 (stacks.iop.org/JCAP/2008/i=05/a=002) 8

[Espinosa, Giudice, Riotto’07]
Reheating is due to MP suppressed operators ⇒
temperature is low Tr ∼ 107 − 109GeV

Higgs mass bounds in R2 is weak

mH > 116GeV

(superseded by LEP/LHC)



Dark matter – add νMSM and stir
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Dark matter – add νMSM and stir
A νMSM inspired model with inflation χ

L =(LSM + N̄Ii∂μγμNI − FαIL̄αNIΦ− fI
2
N̄c
INIX+ h.c.)+

1
2
(∂μX)2 − V(Φ,X)

ΩN =
1.6f(mχ)

S
· β
1.5× 10−13

·
(

M1
10keV

)3
·
(
100MeV

mχ

)3
,

DM sterile neutrino mass bound

M1 ≲ 13 ·
( mχ

300MeV

)(S
4

)1/3
·
(

0.9
f (mχ)

)1/3
keV .

[Shaposhnikov, Tkachev’06, FB, Gorbunov’10,13]
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