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74% Dark Energy

Light sterile 22% of the Universe is Dark and Matter
@ Cold Dark Matter — non-relativistic
already at decoupling T; = My
= most common candidate 4% Atoms
Dark Matier = @ normally predicts cuspy DM profiles, and a lot of Dwarf

what is

needed and satellites
possife @ Hot Dark Matter — relativistic up to radiation to matter
dominance transition My <1 eV
@ Destroys small scale structure — contradicts
observations

@ Warm Dark Matter — relativistic at decoupling,
non-relativistic at radiation to matter dominance
transition

o Intermediate — is ok for My 2> 1 keV
o reduces small scale structure

= smoother profiles
= |ess Dwarf Satellites
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Sterile neutrino
Dark Mater— @ may be rather light (and long living)
Rl - e interacts very weakly

@ is present in most extensions of the SM

possible

Note: this is not the only possibility, there are more, eg.
@ light gravitino
@ heavy particles with very non-thermal spectrum (hevy
sterile neutrino produced in particle decays)
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Dark Matter —
what is
needed and
possible
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Dark Matter —
what is
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possible

Right-
handed
neutrinos in

gauge Tireezeou!
multiplets

Treheating
>

Thermal
production
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~ 1000

~ (unnatural) Entropy

generation,
(S>1, Out-of-
equilibrium
decay)

Right-
handed
neutrinos
are gauge
singlets

Non-
thermal Primordial
abundance
production

Resonant
production
Non-resonant
production
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Dark Matter —
what is

needed and @ Production of proper DM abundance
possible

@ Decay constraints — small enough radiative decay width
(X-ray observations)

@ Structure formation constraints — cold enough to leave
observed small scale structure intact
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DM Sterile neutrinos never enter the thermal equilibrium
and are initially absent

The model content
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[Asaka, Shaposhnikov’05, Asaka, Blanchet, Shaposhnikov’05]

Role of right (“sterile”) neutrinos

@ N; —Warm Dark Matter
o Mass M; ~ keV
o Lifetime 71 > Tyniverse ~ 107 s
@ N3 — Give mass to active neutrinos and generate
baryon (and lepton) asymmetry

e Mass M3 > 100 MeV — GeV
o Lifetime T23 S/ 0.1s

The model content




Light sterlle Production is proportionol to the effective active-sterile

neutrino DM
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o7
(1+ 2 (btp. T)ic(T))>2+912

0(T) ~

16G2 o, (ITPTH

o(T) = 3v2Ge (1+sin% 0w ) (, 5,

(61 — vacuum mixing angle of N; and active v)

Production can be
Non-resonant (b dominates) or Resonant (¢ ~ b) J
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DM generation from
active neutrinos
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AL  Second decay channel: Ny — vy
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W+

N1 e,u,t v

62 M S
~ =27 _1 —1 —1
F~55x10 (1 —5>(1k V) s

@ Monochromatic: E, = M; /2

@ We should see an X-ray (~ keV) line coming from
everywhere in the sky
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X-ray bounds

QN1 < QDM
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Light sterile
neutrino B @ Light sterile neutrino being relativistic after decoupling

S provides a cut off in the structure formation at smaller
(sub-Mpc) scales.

@ Presence of this cut off can be searched by the
analysis of the Lyman-o absorption line of the
intergallactic hydrogen.

@ It bounds the velocity distribution, which depends on
the primordial phase-space distribution

6 (P)
O exp/m) 1

@ For Non Resonant production — m > 8keV.
e For Resonant production — bound is weaker, because
the velocity distribution has a peak at lower momenta

[Boyarsky, Lessgourgues, Ruchayskiy, Viel'08]
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Structure formation




Light sterile

LR DM sterile neutrino Ny, My ~ keV

& @ X-ray line from the DM radiative decay Ny — vy
@ Neutrinoless double beta decay
Mee < 50 x 1073 eV (reos)

Lepton asymmetry generating No 3:
Ms 3 ~ GeV, AM very small

@ Neutrino production in hadron decays: kinematics

o Missing energy in K decays P ]
eemen o Peaks in momentum for N
e two body decays TN
@ Neutrino decays into SM particles e
o Beam target experiments e

[Gorbunov, Shaposhnikov’07]




Light sterile
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DM Sterile neutrinos never enter the thermal equilibrium
and are present at the begining of the thermal evoluiton

vMSM with
DM primordial
abundance
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Model with inflaton

aHTHX?

Standard Model Interaction Inflationary sector

(where B ~ By = 1.5 x 10~ '3 —inflationary requirement) The
Higgs-inflaton scalar potential is

_ iy @2 \2 Bya 1 5y
V(H,X) =7 (H'H Ax) Xt EXP 4 Vo
Inflaton mass window (from Cosmology — reheating
and radiative corrections to inflation)

90 MeV < m, < 1.8 GeV

[Anisimov, Bartocci, FB’'09, FB, Gorbunov’'10]
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Light inflaton  + +HXNEN

£

Role of right (“sterile”) neutrinos

@ N; —Warm Dark Matter
o Mass My ~ keV
o Lifetime 71 > Tuniverse ~ 10" s
@ N3 — Give mass to active neutrinos and generate (just)
baryon asymmetry
e Mass M, 3 > 100 MeV — GeV
o Lifetime 703 $0.1s

Model with inflaton
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M ’“13’<300 MeV) (Z) \Fmy ) V-

m,, — inflaton mass
DM neutrino mass bound from production mechanism J

M, < 80keV

@ Distribution is similar to that of the non-resonant
production (just a bit cooler)

DM neutrino mass bound from Lyman-o J

8keV < M,




Light sterile
neutrino DM

F. Bezrukov

X-ray constraints
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maseill DM sterile neutrino Ny, My ~ keV

neutrino DM
F. Bezrukov @ X-ray line from the DM radiative decay Ny — vy
@ Neutrinoless double beta decay

Mee < 50 x 1073 eV (reos)

Lepton asymmetry generating No 3:
M273 2 GeV, AM Sma” [D. Gorbunov, M.Shaposhnikov'07]

@ Neutrino production in hadron decays: kinematics

e Missing energy in K decays W]l
o Peaks in momentum for N o /-
oM sodectontn two body decays ¥ N
e @ Neutrino decays into SM particles )
o Beam target experiments

Inflaton search
Rare B decayS [FB, Gorbunov'10]




Light sterile

neutrino DM

DM Sterile neutrinos enter thermal equilibrium and their
abundance is diluted later on

Guage chared
“sterile”

neutrinos



hentioe DM @ There are three right-handed neutrinos Ny, No, Ns

7 Bemter @ At low energies they have Dirac and Majorana mass
terms

@ They are charged under some (non-SM) gauge group,
with the (right) gauge boson mass M (not GUT)

For concreteness — Left-Right symmetric model with gauge
group SU(S) X SU(Z)L X SU(Z)R X U(1)B—L

Role of right (“sterile”) neutrinos

@ N; —Warm Dark Matter
e Mass M; ~ keV
o Lifetime 71 > Tyniverse ~ 107 s
@ N, 3 —dilute entropy after DM decoupling

e Mass My 3 > GeV
o Lifetime 7,3 $S0.1s
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Bt Temperature of freezeout

4/3
Ti~gl® (Mﬂw) (1+2) MeV

Abundance of N; at present time

Qv 1/10.75\ [ M,
QDM_E( O.f )(1keV)X1oo

Thus, required entropy generation factor is

10.75\ [ M
S‘”’O( o )(1keV>




il sty If a heavy particle (eg. sterile neutrino N3)

neutrino DM
F Bezrukov @ drops out of thermal equilibrium while relativistic
Ti > M

o this bounds gauge scale from below (cross-section is
defined by M)

1 My \%¥*
@ lives long, so that it becomes non-relativistic and
dominates Universe expansion during its decay

Then entropy is generated (i.e. Sa"ef = Sbgiore abef‘"e)
after

~1/4
S~0. 769*—M2
gV 2Mp

This fixes the decay width I',
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Non DM sterile neutrinos N> 3 should decay before BBN
7501+2s

This means, that proper entropy can be generated only for
(or the required lifetime will be too long)

M2>< M, >(1.7+10)Gev J

1keV
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F Bezrukov @ Second main N; decay mode is two particle radiative
decay:

22 M ° 1
[Ny vy~ 5.5 x 1072262 (1k v) s

o Leads to an X-ray line with E = M; /2 which is emitted
from the Dark Matter objects
o Experiments (XMM-Newton, Chandra, INTEGRAL, etc.)
give
Thyopy $9.9x107% 871 or 62 <

1keV °
1.8x107°
M,
Dolgov, Hansen’00; Abazajian, Fuller, Tucker'01; Boyarsky, Ruchaysky, Shaposhnikov’06; etc.
S, @ Additional contribution from Wgr—W, mixing ¢
2
Y Im,(VR)al

-8 p2azeT M, 33—1
m? keV

ny oy ~ 1.1 %10
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Phase space distribution is now different, and corresponds

to the thermal relic case

f(p) =

1
exp ( Tv‘}3> +1

So, N, are now cooled

Ly-a bound — structure formation

[Boyarsky, Lessgourgues, Ruchayskiy, Viel'08, Seljak etal’06]

M, > 1.6 keV

Structure formation
bounds
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X-ray constraints
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M, ~0.50x1078

g1/2£22(1keV)2
toMp \ My

Light sterile X / y-ray

neutrino DM
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91251.8><10_5(

£ <1078 (keV/My)?

BBN 7, > 0.1 -2sec
Ly-a bound Mo >

M.
My > 1.6keV 1 .
i (1kev) (1.7 +10) GeV

v

The entropy is effectively generated if the right-handed
gauge scale is

s M N\
M> g, (1Gev) (10+-16) TeV
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Light neutrino masses and mixings

1 MP (MD)T
mv:_(MD)T_MD 92: lot ol <1
Ml ! a:;y,r M12
My 62 + Mp6Z > mp > Ay
2 2
S generation:  M,62 <1.8x1073g/2 <G7ezv (%)

X-ray bound: M, 62 <27x1073 (1.6Ml:ev>

AMsojar: \/Am2, =8.7x103eV

Impossible! )
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T Exactly LR-symmetric model:
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my=52x10"°eV

My = 1.6keV
My, =27GeV  M;=15.1GeV
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@ One can generate sterile neutrino DM by
o Out of thermal equilibrium — vMSM
o Primordialy — vMSM-+inflaton decays
o In thermal equilibrium with entropy dilution — gauge

charged sterile neutrinos
@ All models require strong hierarchies in the sterile
neutrino sector
@ Most important bounds on the model goes from

o DM abundance
o X-ray from raiative decays
@ Structure formation

Conclusions
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@ contribution from N is negligible [M;62,| <10-° eV

@ For heavier active neutrinos the contribution is always
negative mee < |X; m; V2| smaller prediction

[FB'05]



Light sterile
neutrino DM

F. Bezrukov

Backup slides

@ contribution from N is negligible [M;62,| <10-° eV

@ For heavier active neutrinos the contribution is always
negative mee < |X; m; V2| smaller prediction

Mee <50 x 1073 eV ]

[FB'05]
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