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Standard Model + GR : Major Problems

Gauge and Higgs fields (interactions): y, W*, Z, g, G, and h
Three generations of matter: L= (), eg; Q= (Zﬁ) dr, UR

@ Describes all experiments dealing with
» electroweak and strong interactions (anomalies: g — 2, B-physics, ...)

@ Does not describe  (PHENO) (THEORY)

» Neutrino oscillations > Dark energy (€25)

(and anomalies. . .) » Strong CP-problem

» Dark matter (Qppy) » Gauge hierarchy

» Baryon asymmetry (Qp) > Quantum gravity

» Why the Universe is flat and » Quantization of electric
homogeneous? charge

» Where did the matter > Why 3 generations?

i ?
perturbations come from?* s Why Ye< Yy <. < Y,
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Sterile neutrinos: NEW ingredients

One of the optional physics beyond the SM:

sterile:  new fermions uncharged under the SM gauge group
neutrino: explain observed oscillations by mixing with SM (active)
neutrinos

Attractive features:

@ possible to achieve within renormalizable theory
@ only N =2 Majorana neutrinos needed

@ baryon asymmetry via leptogenesis

@ dark matter (with N > 3 at least)

Disappointing feature:
Major part of parameter space is UNTESTABLE
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Seesaw mechanism: My > 1eV spinor portal

With maqive < 1€V we work in the seesaw (type 1) regime:
N7 +C 7 MN +~iC
In=NigN—fLHN — 7N N+h.c.

Higgs gains (H) = v/+/2 and then

1 — NC 0 V% Ve h
4//N75<Vev ) My (N)+ .C.

f
v
For a hierarchy My > MP = v% we have
flavor state ve = Uvy+6 N with U~ 1 and
active-sterile mixing: 0= M—D = V—f<< 1
9: =My " 2My

and mass eigenvalues

~My and — Magive = 6% My << My
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Violation of L, C and CP symmetries

SN =NigN—fLoAN — @NCN+ h.c.
@ f=0 — freefermion, no need to call sterile’
@ My=0 —  Nandv form pure Dirac neutrino,
the most boring case, worth than we have with the Higgs boson
one may refuse to call it ‘'new physics’
@ f#0, My#0 — introduces new massive parameter,

violates lepton symmetry L
(and C- and CP-symmetry with several N'’s)
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Sterile neutrino: a vast region of mass

Within the seesaw paradigm, as far as

21,2
ma~ TV My ~ 62My
MN

Any set
(mass scale My, Yukawa coupling f)
is viable

And with special tunning or symmetry larger (but not smaller) mixing
3 sterile neutrinos is

viable

P N
ma ~ fT,\if V2
My
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Sterile neutrino mass scale: M, = —v2fTM'f

NB: With fine tuning in My and 7 we can get a hierarchy in sterile
neutrino masses, and 1 keV and even 1 eV sterile neutrinos

Le — Ly — L; or discrete symmetries
Froggatt-Nielsen mechanism

16
0.05ev 1 TeV 10 GeV Extended seesaw

T T T T T

strong coupling

0.1 peutrino masses
are too large

Yukawa coupling

1013F neutrino masses are too small F

L

L " " .
08 107 0.1 100 101! 107 Majorana mass, Ge'

LSNDT v MSM TLHC GUT | see—saw Seesaw diagram
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Sterile neutrino: well-motivated keV-mass Dark Matter

@ massive fermions giving mass to active neutrino through mixing (seesaw)
f2 2
mg N%MN ~ 62MN
My
@ unstable, N— vvv is always open
but exceeding the age of the Universe if
(applicable for My < M)

5
92<1.5x10*7(50kev)

Mn
@ with seesaw constraint  m, ~ 62M)y

TNoay ~ 1/ (G,%M,?,eg,\,) ~1/ (G%Mf{,mv) ~ 10" yr (10keV/My)*
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Sterile neutrino: indirect searches

f2y2

My~ —s My ~ 02M,
a MI%I N N

@ unstable, but exceeding the age of the Universe if
62 _ (10keV 5
3x10-3 My

@ DM sterile neutrinos can be searched at X-ray telescopes because of two-body
radiative decay give limits in absence of the feature

anarrow line  (8Ey/Ey~v ~1073)
at photon frequency Ey = Mp/2

6% _ (10keV 4
10-11 ~ " My
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Production in oscillations

d

d 1
o5 fs(t,p)pr%fs(t,p) =5l P(va = vs) fu(t.p).

o = G2 T*E is the weak interaction rate in plasma

P(vg — vs) = sin229&nat -sin® <%) ,

t&nat
pvac
tgﬁat — a )
\/sin2 204 + (cos20q— Voo - tt\xlac)z
tmat 2F
sin 26&”at = ﬁ/ac sin20q, 1= A
o N

sign of the effective plasma potential matters:
Voo <0 = mixing gets suppressed

Voo >0 = amplification via resonance
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DM from oscillations:

(c0529a— Voo - tgac)z
non-resonant:
Voo ~ —#G2T*E

resonant production in
the lepton asymmetric
plasma

Voo ~ +#GF TZ.ULO,

0804.4543

nVoz - n‘_/tx = Ua T2/6
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Non-resonant production is excluded now...

@ too large mixing to avoid X-ray limits
@ light DM m,, < 2keV is forbidden by phase space density 241220585
@ light DM is disfavored by Ly-« forest
@ light DM is closed by MW satellite counts
too warm to be the main component of DM
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Primordial Nucleosynthesis: solving kinetic equations
Neutrons freeze out (p+ e <> n+ve ) at T, ~ 0.8 MeV, and then

p+n<« D+y

D survive y-hitting later, at T < Tys ~ 65keV

1
Nape(Tns) = znn(TNS) ,

neutron-to-proton ratio

Th~ 880 s
nn(Tns) _Mn-mp_ins _mve 1
=e Th e ™ .-e Th ~ — ,
Np(Ths) 7
_ Mape - n4He( 7-NS) 2
P T mp(np(Ths) +mn(Tws)) — 2Tis) g~ =7
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Present limits from BBN:

case 1
4
BBN: PDG-2022 and 2208.03201 10
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T, e 10
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15 10 8
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Le="%5"~m@m" > & :
| 510
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eROSITA (0.2-10keV), ART-XC (4-30 keV)
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sin? (26)
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NuSTAR: the latest and strongest limits

-10
10 T
ZZ1 XMM 2021
7XX NuSTAR 2020
] NuSTAR 2023 .
10—11 —— This Work (NFW McMillan 2017)—|
-12
8 10 E T
N o TS
o L T Ba, W\ TR
£ -13 [ o SN N0 o O
10k )
-14
oo eV
-15 : ) . | | |
10 5 10 20 30 40

m,,_ [keV]
2405.17861

Dmitry Gorbunov (INR) Sterile neutrino DM 27.08.2025, MSU 20/38



Production in lepton-asymmetric plasma: Shi—Fuller

mys o2
1 S~ sin“ 26
(P(va = vs)) = AL

5
4 2 2
m . I m
—”g;z sin? 26, + —& + (—zﬁ- cos20, — Vi — VaT>

with neutrino thermal potential (omitting factors) y=p/T
Vi (p)=-GET%
and lepton asymmetry potential (omitting factors)
VL= GpT3¢,,

the resonance condition )
m
2;5 —GFT*,, +G2T8y ~0

implies high temperature and low temperature solutions

Eve s,

o T2, 6T

T GeT2
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DM from oscillations:

(DW & ShF)
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Make them colder changing the asymmetry

Reference: thermal spectrum gives (p/T) = (y) =3

- somev —T-somev - somev J
T =60 MeV.
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Reduce the remained lepton asymmetry, if Y’ ~ 0

Via oscillations of active neutrinos which starts at 7T ~ 20 — 10 MeV FortEPiaNO
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Reduce the lepton asymmetry, mixing with v,

Via oscillations of active neutrinos which starts at T ~ 20— 10 MeV FortEPiano
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Reduce the remained lepton asymmetry, if Y’ ~ 0

Via oscillations of active neutrinos which starts at 7 ~ 20 — 10 MeV FortEPiaNO
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Recent predictions

Case with L, — L, asymmetries Case with L, — L, asymmetries

overproduction

overproduction

n
0 asymi ey 1y

L, = - =— e
o= L, =pr—— T\ | "= =L <005
6 underproduction 6 underproduction
10~ 10~
10t 10% 10 10%
ms [keV] ms [keV]
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Summary

sterile neutrino is a viable DM candidate

it can be produced in the early Universe via resonant oscillations
more room with tuned asymmetry in neutrino flavors

this is a task for next generation X-ray telescopes

vMSM is minimalistic SM extension (3 majorana fermions)
capable of explaining

neutrino oscillations

baryon asymmetry of the Universe

dark matter phenomenon
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Anomalies with matter structures at small scales

@ Core-cusp problem

Dark Matter density profiles in the centers of simulated halos are cusped
while in observed dwarf galaxies are cored

@ Lack of dwarf galaxies

Matter perturbations of almost flat spectrum produce flat halo mass spectrum
low abundance of small galaxies

@ Too-big-To-fail problem

There must be galaxies heavy enough to keep baryons inside
Milky Way hosts only two such galaxies

WDM, SIDM, Fuzzy DM etc: to suppress structures at small scales
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CUSpS in simulations 2207.05082
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Core vs cusp in a galaxy...

Inner Dark Matter Density Slope

2.5

B vt e

®
@

—0.5 108 107 108 10° 1010 1011

1

2203.00694

Observations: 3 or similar

This work

Relatores et al. (2019b)
Adams et al. (2014)
Simon et al. (2005)
Lietal. (2019)

Leung et al. (2021)

Oh et al. (2011)

Oh et al. (2015)

Simulations: 8 _sy g,
==== Tollet et al. (2016)

Maccio et al. (2020)
Lazar et al. (2020)
NFW Profile
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CDM Problems
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CDM Problems

el toae ANob 1 ;
@ Missing satellites: 5 =< no-scale 30 instead of 300
@ Galactic density profiles: py(r) o< r—(0-5-15) cusp
@ Might be solved with Warm Dark Matter (sterile neutrino, gravitino)
> Is non-relativistic (v ~10"3)at T~ 1eV free-streaming scale / ~ vty
» Nonthermal production is needed
M,MO
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1 ! ' ' ! 1 ngb/ / dNobj
dinM WDM dinM CDM
0.1 1
2 ool 1 0.8
2
Z 0.001 | 0.6
A 00/17\7 0.4
0 Lonov ey
I T T TN SN L
10 10 1520 30 50 70 100 150200 log1o M/Ms,
k, h /Mpc 6 7 8 9 10 11 12

Dmitry Gorbunov (INR) Sterile neutrino DM 27.08.2025, MSU 35/38



Generation of lepton asymmetry with vMSM

Sakharov’s condition of a successful baryogenesis
@ B, L-violation
@ C-, CP-violation

@ departure from thermal equilibrium
Oscillations in primordial plasma to get ~ 10~° before EW
transition
generation of higher lepton asymmetry (upto 1072 later)
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Degeneracy for Leptogenesis 2008.1377+
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Mixing angle in primordial plasma

4
1 48 Sin° 264
(P(vq = vs)) = =

5
4;5 sin 260, + rv“ + < 35 €020 — Vi — V([)

with neutrino thermal potential

8v2
Vi) =-2%2 G (p”" p“‘)p, Pug o T

M2+M2

and lepton asymmetry potential

1 1
VL =v2Ge {(1 —2sin? ew) Ang— EAI’IB-‘FZ ((1 +84p) Anvﬁ) + <5a,; 7§+2sin2 Ow) A/s}
B

with lepton asymmetry Any, o< iy, T2 o &y T

Dmitry Gorbunov (INR) Sterile neutrino DM 27.08.2025, MSU 38/38



	Appendix

