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e Cosmic microwave background

Large scale structure




Properties of Dark Matter

Relic density Planck 1502.01589

Qgmh?® = 0.1199 + 0.0022
Stable on cosmological time
scales

Neutral

Structure formation
= DM sufficiently cold
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e Consistent with stellar evolution and BBN

e Not excluded by direct or indirect searches

e Compatible with constraints on self-interactions
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keV Sterile Neutrinos

e Dark matter about a quarter of the energy density
e Interacts with SM particles weakly

e Existence established across many scales

Dark Energy 4TSS

e However problems at small scales

Planck 2015
e DM momentum distribution crucial for
accretion and structure formation

e Characterised by free-streaming horizon

rFs = tfo <:8>dt

Lovell et al. 1104.2929

e Could be linked to neutrino physics
o e Decaying DM like a keV sterile neutrino

H, ¢ M H, e Fermionic DM in radiative SEeSaW wa nep-ph/oso1225
] k i i
Ly, ——>—<Lg  produced via freeze-in winro voguns, zapata 1405 1259 3
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What do we know?
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Sterile Neutrino DM Production

Neutrino oscillations Barbieri, Dolgov 1991; Enquist, Kainulainen, Maalampi 1991
e Non-resonant oscillations — Dodelson-Widrow mechanism

Dodeson, Widrow hep-ph/9303287

e Resonant oscillations — Shi-Fuller mechanism  sui ruier astro-ph/ss10076

Thermal production
e Hidden decoupled (mirror) sector

Berezhiani, Mohapatra hep-ph/9505385; Berezhiani, Dolgov, Mohapatra hep-ph/9511221

e New gauge interaction and entropy dilution

Bezrukov, Hettmansperger, Lindner 0912.4415; Nemevsek, Senjanovic, Zhang 1205.0844

Scalar decays

[ ] Inﬂaton decay Shaposhnikov, Tkachev hep-ph/0604236; Bezrukov, Gorbunov 0912.0390

e In thermal equilibrium

Kusenko hep-ph/0609081; Kusenko, Petraki 0711.4646; Frigerio, Yaguna 1409.0659; Adulpravitchai, MS 1507.05694

[ ] Out Of thermal equilibrium Merle, Niro, Schmidt 1306.3996; Adulpravitchai, MS 1409.4330 5
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In thermal equilibrium decay
SM+N+H, [1507.05694]
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Neutrinophillic Two-Higgs Doublet Model

e New particles odd under 2,
Sterile neutrino N — —N
Second Higgs doublet H, — —H,,

e Lagrangian
—Lyn =yinLH N + %mNN N +h.c.
e Scalar potential
V =p2HH, + =2 22 (HTH )2
+ M\3HTH H:EH,, + M| HTH,|? + %[(HTH,,Y +h.c]
e Scalar particle masses mz, = 2 + (A3 + A1) v2

2 2 2
mk7K0 = My + A5V mKi = mkk A4V



Radiative seesaw w. hep-ph/0601225; Molinaro, Yaguna, Zapata 1405.1259 H H
e H, does not obtain VEV AL
e Radiative neutrino mass generation H, ¥ N, 3 H,
1 \
L, Lg
My <K Mo 3

2 1TeV
m, ~ 10 eV (7/\5}/2’3) X ( o >
v =Tl 1TeV Ma,
10 ( _ ) (ﬁ) My > M273

e keV sterile neutrino does not (significantly) contribute

e Sterile neutrino is stable
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Radiative seesaw w. hep-ph/0601225; Molinaro, Yaguna, Zapata 1405.1259 H H
e H, does not obtain VEV AL
e Radiative neutrino mass generation Hy ¥ N, 3 H,
1 \
1TeV Lo L’B
=3 A5}/223, ( M2e3 > My K M2,3
my, >~ 10 eV ﬁ 1T, ’V Ms s
e 5
( o ) (Tkk) myx > Mo 3

e keV sterile neutrino does not (significantly) contribute

e Sterile neutrino is stable

H, H,
Naturally small seesaw w. hep-ph/0011121; Haba, Ishida, Takahashi 1407.6827 1 1
. N N
e Soft-breaking term Vo = u2,H'H, +h.c. i i N O L,
2 2 (0% as é ¢
= Induced VEV {He) — Bel) | jIm(;)
(e mKO
- : . ~ YN (Hy)
e Active-sterile mixing 0, ~ oy

= Possible explanation of 3.5 keV X-ray line
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Sterile Neutrino DM Production

Scalar decay

5e
vt Dominating for T < myy,

k, K% K* ‘*'</ e One daughter has Fermi-Dirac distribution
N = Pauli-blocking

Scattering

e Freeze-in IR dominated F 0F W
e Scattering suppressed for T < myy v, v, It

e In agreement With asupasichai ms 1400 4330 k, KO, K* ---- N

o Neglected in analytic study
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e Scattering suppressed for T < myy v, v, It

e In agreement With asupasichai ms 1400 4330 k, KO, K* ---- N

o Neglected in analytic study

Derived analytic solution to Boltzmann equation
Finite temperature corrections neglected among other
approximations.

See Drewes, Kang 1510.05646 fOr finite temperature corrections 8
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Momentum Distribution Function

X2H(x) e Distribution functions normalised to 1

non-relativistic

Assumption: common scalar mass

Spectrum cooler than thermal decoupling

Similar to decay of relativistic scalar

Hotter than decay of non-relativistic scalar

this work

10



Dark Matter Abundance
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Contribution from non-resonant oscillations negligible



Dark Matter Abundance Il
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DM abundance

100GeV
Quh? ~ 3. il Y
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= Yukawa couplings ~ 1078 for scalars at TeV scale
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Suppression of Small Scale Structure

Free-streaming scale: res

Size of astrophysical object: L
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Suppression of Small Scale Structure

Free-streaming scale: res

Size of astrophysical object: L

=
3
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" CDM and v's cluster only
0e0e(e0BC JP@S oM
¢ > ¢ ? clusters
L> rpg L <« rpg
. Potential
Potential stays the same 13

weakens



Suppression of Small Scale Structure

[ ] Free streaming hOfiZOﬂ e.g. Boyarsky, Lesgourges, Ruchayskiy, Viel 0812.0010

© (v(t)) 1 e (v(t)) " {v(t))
rf:s’:/t a(t) dt:/td a(t)dt-l-/tm a(t) dt—l—/teq a(t) dt

d

ty decay time; teq time of matter-radiation equality; tp today

Hasenkamp, Kersten 1212.4160; Merle, Niro, Schmidt 1306.3996; Adulpravitchai, MS 1409.4330

e Average velocity

1 fort < t,,

(v(t)) =

% fort > t,,

e Sterile neutrino become non-relativistic at time t,, with

10keV \ 2
my

my = (p(Tnr)) ~2.46T,, = tn ~ 1500s <

14
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Free-Streaming Horizon
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Free-Streaming Horizon
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Out-of-equilibrium decay
SM+N+p [1409.4330]
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e New particles and discrete lepton number Zz: L — il
Sterile neutrino N — —ilN
Real scalar ¢ — —¢

e Lagrangian

A
—AL = —ZLHIHY + |yinLHN + ZLON? 4 hec.

e Small couplings: Apy, yin < 1

e Effective scalar iTnteraction after EWSB
[(Hy=(0 v) and ¢=us+0]

h2 2
AV(h,o) = Ay <f + \%hoﬂ)

16



Sterile Neutrino DM Production

SM— N
v N
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Sterile Neutrino DM Production

SM— N

N Dominantly two step production

o OO

SM — o
f oV

Py "

P o
h \\ ;5 h <\\ o- __<
7 oy o "
o h o o
. 5° Ss. & y Several approximations:
,}_;7__<\ ,x\ h--<« g« = const,

h o h o * - no finite T effects, ... 17



Dark Matter Abundance

my = 500GeV; Ayg = 2.7-1077 my = 30GeV; Ay = 3.7-107°
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10 1000 100 10 1 10 1000 100 10 1
T[GeV] T;, =8.8 GeV T[GeV] T, =17 GeV

Higgs annihilation solid (decay dashed), ZZ (solid), WW (dashed); tt
my = 7.1 keV; 3 = 0.5

Dark matter abundance [Qsh2 ~ (0.1199 4 0.0027 piancx 13035076]
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Higgs decays dominant contribution when kinematically accessible
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Free-Streaming Horizon res ~ te"t"’ (5 + In L= )

7r T m2 =(T; 2/3
e e < T ()

19



Conclusions



Conclusions

keV sterile neutrino
is a viable DM candidate

Can be both cold or warm DM
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