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Motivation

. The Standard Model of Particle Physics
IS so successful, but yet still not complete
NHierarchy problem, Ravor problem,
neutrino mass, dark matter , etc.

Dark Energy Dark Matte
. 23% of the Universe is governed by dark 73% %
matter. Whose characteristic is still
unknown. N WIMP, axion, sterile I
neutrino, etc.

Nonluminous

_ : Matter 3.6%
' A good candidate that one can obtain Luminous Matter

from a minimal extension of the SM is 0.4%
the keV sterile neutrino which can serve

as the good candidate for the warm dark

matter.



Possible Ways for the sterile
neutrino production.

Dodelson-Widrow (DW) Mechanism (Non-Resonant Oscillation) s. bodeison and L.m. widrow, ©94]
Shi-Fuller Mechanism (Resonant Oscillation) x.-o. shi and .m. Fuller, 598]

InBaton decayS [M. Shaposhnikov and I. Tkachev,006; F. Bezrukov and D. Gorbunov,009]

Thermal Production by new gauge interactions and subsequent dilution by

prOdUCtion Of entropy [F. Bezrukov, H. Hettmansperger and M. Lindner,009; M. Nemevsek, G. Senjanovic and Y. Zhang,012]
The decay of the scalar Deldrecent helpful reference, A. Merle and M. Totzauer,015]

¢ which is In-thermal equilibrium _with the thermal plasma a kusenko, 6os; k. Petraki and A.
Kusenko,007; M. Frigerio and C.E. Yaguna,014]

¢ which is out-of-thermal equilibrium _with the thermal plasma (a. merie, v. niro and .
Schmidt,013; AA and M. A. Schmidt,0 14]
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Sterile neutrino production from the out-of-thermal
equilibrium decay of the scalar field N Frozen-In
Scalar

' This Is Prst proposed by A. Merle,
V. Niro and D. Schmidt,013 N they

have investigated the region where 10
the scalar massbeing heavier than E
the SM Higgs. g |
10*°
' The Mechanism works in two steps: o
¢ 1. The scalar Peld gets produced brst 10' 13 . ‘ ‘
through its very weakly interactions with 10° 1000 100 10
the SM Pelds via the Higgs portal. T !GeV"

(a) my = 500 GeV
¢ 2. The sterile neutrino gets produced from

the decay of the scalar peld.



Sterile neutrino production from the out-of-thermal
equilibrium decay of the scalar field N Frozen-In
Scalar

' Our work N

' Investigating also the region where the

scalar Peld is lighter than the SM Higgs.

2 10~
' Investigating in detalil the different 107,
contributions to the production. . ;
10
' Investigating the possibility to produce "
the 7.1 keV sterile neutrino N 10

explaining 3.55 keV Line. 10-13 \ | |

10° 1000 100 10
T !GeV'

' Investigating the channel of the SM
Higgs decaying into the frozen-scalar (b) m =60 GeV
peld.



Model

Introducing one light SM singlet fermion and one
scalar singlet

Introducing a discrete Z4 symmetry

The transformation properties of the Pelds are

L1 L IS VL S Y /7 ML S 7 |



Model

- Lagrangian density

1 |
' L = yeLHE © + y,y LHN + éyN! N “ + ,Y—'ZLLHH feine
' The scalars obtain VEVs
I 11
. G+ 11
= U+%(h+iGo) !—U¢+

' Neutrino Mass
VaNE VeVl e
n 2 yN V" T

m, =Y



Model

' The scalar potential

| | 1 |
= #12H H+ —(H H)2+ 2 H H"2# Zp2r 2+ e
V= #pgH H 6( ) : 2” =
. Scalar Masses

' The Relevant couplings leading to the production

h2 2 h 2
AV:)\H! 40 I\/§>\H!V%




Sterile neutrino production via the
decay of the frozen-in scalar

The relevant terms in the production:

h?o?
NN = >\|-|| 1
10! 5?
10! 7?
1000
10! 11?
10' 13 | \ \ \
104 1000 100 10 1
T 1GeV"

(a) mi = 500 GeV

10711

1013

104 100C 100 10
T1GeV’

(b) m =60 GeV



Scalar Productions




Sterile Neutrino Productions

[(6—NN)>>1'(h—NN)



Boltzmann Equations

dy; dya . dyp . dy

dT dT  dT dT

el NN /S
a . £ -

ddYI!' N 457CT5N /9 (T)i:hwgz:tb #!av(aa tDHY (T2 $ Y(T)?)
dy” . 1dYy

ar 3 dr

dyp 51 1 . YN (T) Ny e
=3 WSGNTS\/W!F(O' NN)#(Y (T)$ YJ@QT)> Y, (T)>
v 511 . Y (1) \* yer
ar " ? wseNT3\/m!F(H )#<1$ (Y!eq(T)> Y (T)
dy,P 511

Noo_g

IT'(H "
dT 7T3GNT3w/geff(T) (
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Dark Matter Production

1073 AN Higgs decays dominates
W Annihilation / \
10~7 /,/ __\ ! Higgs Annihilation dominate
g ]
1077
10—11
1 10 100 1000 10

T 1GeV"
(b) m, =60GeV

Higgs decay dominates fim, <m,/2



Dark Matter Production

Higgs Annihilation dominate

...,//,
10"
| W Annihilation
1007+
| \
s 10' 9? \
| Z AnnihilAtion
10! 11?
10!13 e e | I
1 100 1000 10*

T 1GeV"
(f) my = 500GeV



Hee Streaming Horizon

- An indicator whether the keV sterile neutrino dark matter is hot, cold
or warm dark matter is the free streaming horizon, which is the co-

moving mean distance which a collisions gravitationally unbounded
particle can travel.

|
Uiy
TR

[msiie



Hee Streaming Horizon
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Hee Streaming Horizon
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Conclusion

We have investigated the sterile neutrino dark matter production

from the frozen-in scalar whose mass iIs eitherabove or below the
SM Higgs mass.

Different contributions to the production have been investigated.

In case, the frozen-In scalar islighter than the half of the SM

Higgs mass, the SM Higgs can decayinto the frozen-in scalar as
well, thus providing the additional channel for the production.

The lighter the scalar Is, the colder the sterile neutrino will be.



