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Dark matter: evidence and various candidates

o Gravitational effects
e Galactic rotation curves and velocity dispersion
o Lensing
e Cosmic microwave background
e Baryon acoustic oscillations

@ Hot, cold or warm dark matter (collisionless damping scale)

e Baryonic DM

o Neutrinos

o Primordial black holes

o Weakly interacting massive particles (WIMPs)
o Asymmetric dark matter

o Axions

o Sterile neutrinos

e ... and more
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Sterile neutrinos

@ Neutrinos have non-zero rest masses
@ Suggests possible “sterile” (right-handed) neutrino states

e Steriles may mix with actives (i.e., not really sterile!)

|Va) = cos O |v1) + sin 0 |va)

|vg) = —sin @ |v1) + cos B |vs)
o Sub-weak interaction cross section o ~ G% E2 sin? 20

e my; ~ O(eV) — GUT scale
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Sterile neutrino dark matter: various models
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Table 1: Different models for sterile neutrino DM production in the early universe
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Sterile neutrino dark matter: constraints

@ Constraints on sterile neutrino mass-mixing parameter space

@ X-ray/v-ray observations, small- and large-scale structure, phase space
considerations
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Sterile neutrino dark matter: constraints

@ Constraints on sterile neutrino mass-mixing parameter space
@ X-ray/v-ray observations, small- and large-scale structure, phase space
considerations
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Sterile neutrino dark matter: constraints
@ Constraints on sterile neutrino mass-mixing parameter space
@ X-ray/v-ray observations, small- and large-scale structure, phase space
considerations
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Sterile neutrino dark matter: constraints

@ Constraints on sterile neutrino mass-mixing parameter space
@ X-ray/v-ray observations, small- and large-scale structure, phase space
considerations
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“Diluted equilibrium” sterile neutrino dark matter

@ Dark matter candidate sterile neutrino has an initial
equilibrium distribution
e Problem: overclosure for m, = 100 eV

~

@ Relic density subsequently lowered by an epoch of entropy
generation (“dilution™)
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DESNDM: ingredients

e Sterile neutrino (ms ~ keV—MeV) in thermal /chemical
equilibrium in the very early universe

e Requires additional interactions

@ Entropy generation from out-of-equilibrium particle decay

e Dilution generator, i.e., “diluton” with my ~ TeV-EeV, also in
equilibrium initially
o Examples: heavier sterile neutrino, LSP with broken R-parity
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DESNDM model: mechanism

@ Both particles decouple at T > Tejectroweak ~ 100 GeV

@ Diluton decays prior to weak decoupling (preferably prior to
EW transition), injecting entropy into the plasma

@ Diluton mass and lifetime can be chosen to give the
appropriate amount of dilution

@ Can dilute the sterile neutrino to the right relic density to
constitute dark matter
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Ingredients/handles

| X-ray + Ly-a | | Age of universe |

vs (DM candidate)
e mass (m;)

e vacuum mixing (6.,)
o lifetime (75)

Laboratory testsll Decoupling |

(must decouple
before diluton decay)

Amol V. Patwardhan DESNDM

|Newphysics?| | Colliders |

GO

Dy (diluton)
e mass (mpy)

o lifetime (74)
e couplings (Gp)

| Baryogenesis | | Cosmic rays |

(Diluton must decay
before EW scale?)
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Timeline
Temperature
A
PRSI @ Diluton should decay prior
100 GeV' 5w transition to weak decoupling to
preserve BBN/ Nog
170 Mev QCD transition
1 MeV .
Ve,u,r decoupling X .
@ Diluton decay prior to
100 keV Gz Bane Nucloosynthesis
g Bang Nucleosynthesis electroweak scale more
20 kev e* annihilation ends baryogenesis-friendly
| 0.2ev ~y-decoupling
Time
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Sterile neutrino cooling

Co-moving entropy S o g, a® T?

o AS =0 by symmetry
e But AyS #0, e.g., if particles decaying out-of-equilibrium!

o g;a® T% = g5 ;a3 T3 F, where F = “diution factor”

For sterile neutrinos (decoupled), a T), = a; T,

S:i

@ Ratio of sterile neutrino to photon temperature at late times

given by
1/3
Tl/s _ [4 gs,wd . 1‘| /

T, |11 g F
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Dark matter mass and relic density
e For relativistic F-D spectral shape w/ temp parameter T,,,
pu = |(3C3)TE)/(27%)] - ms
e Sterile neutrino rest-mass for closure parameter ), h? is

gsi/gswd F) Qsh2
o~ 224 keV ( Juilfawd
" eV( 10 ) (20 ( 0.12

@ Relic density set by entropy injection from out-of-equilibrium
decay of a different particle (the diluton)

@ Key feature: relic density not a function of active-sterile
mixing angle!
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Dilution: cooling curves

Dilution event “cools” the energy spectrum of the lighter sterile neutrino, making it a
lot colder than its rest mass would suggest!

108
107
106
10°
10*
103
102
10!
10°
10!

Temperature [MeV]

108

Amol V. Patwardhan

mp = 2.91 PeV, 7 = 0.7406 x 107" s
F= Sﬁnal/sinitial = 64.10

ms = T7.11 keV,
for Q, = 0.258, h = 0.6781

107 106 105 10t 10° 10 10!
Temperature [MeV]

DESNDM 18/30

10°

INFO 15, Santa Fe



Diluted equilibrium SNDM
0000000080

Dilution: cooling curves

Dilution event “cools” the energy spectrum of the lighter sterile neutrino, making it a
lot colder than its rest mass would suggest!
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DESNDM: Parametric plots

Contours of sterile neutrino rest-mass in keV that gives the appropriate relic density
Qs = 0.26, plotted across a parameter space of diluton rest-mass and decay lifetime
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DESNDM: Parametric plots

Contours of sterile neutrino rest-mass in keV that gives the appropriate relic density
Qs = 0.26, plotted across a parameter space of diluton rest-mass and decay lifetime
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Dark matter collisionless damping

@ Fluctuations damped by dark-matter particle free-streaming

@ Collisionless damping scale estimated as

2keV\> [ T,. /T \> [ B2
Mpsz3.7x105M@(m > ( 5/1”> (014

ms T, 1 3
X {5.1+1n(kev' T, . th2>} )

@ Smaller Mgs = “colder” dark matter
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Collisionless damping scale

Dark matter collisionless damping scale in our model, as a function of sterile neutrino
rest-mass. Can be probed down to 109-10'0 M with Ly-a forest observations,
possibly lower (108 Mg?) with future 21-cm observations. Mgs ~ 107-108 Mg, could
influence small-scale structure (ref. Kenny's talk).
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X-ray/~-ray emission

@ v, — v + 1y decay through effective electromagnetic vertex

s 2 5
5 _33 _q [ sin®20, ms
Iy ®6.8x 1077 s ( 10-10 > <1 keV>

@ Monochromatic photon emission at E, = m,/2

@ Constraints on mass-mixing parameter space using
X-ray/~-ray telescopes, e.g., HEAO, Chandra, XMM, Suzaku,
NuSTAR, Fermi-GBM, INTEGRAL

@ Future experiments: Astro-H, ATHENA, X-ray
microcalorimeter sounding rockets
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Recent hints?

@ Unidentified X-ray line found at 3.55 keV in Chandra and
XMM-Newton data, from various sources

o Various galaxy clusters, M31 (Andromeda), Milky way GC

@ Initial detection and analysis by two independent groups
(Bulbul et. al. 1402.2301, Boyarsky et. al. 1401.41109,
1408.2503)

@ Possible interpretation as byproduct of sterile neutrino decay
o my~ 7.1 keV, sin? 26, ~ 10710
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The X-ray line saga

o Refutation (Jeltema and Profumo 1408.1699)

@ Non-detection in stacked galaxy spectra (Anderson et. al.
1408.4115)

@ Rebuttals from original authors (1408.4388, 1409.4143)

@ Morphological analysis of 3.5 keV emission from GC and
Perseus (Carlson et. al. 1411.1758)

@ Reply to the rebuttals (Jeltema and Profumo 1411.1759)

@ Riemer-Sorensen 1405.7943, Malyshev et. al. 1408.3531,
lakubovsky et. al. 1410.2852, Urban et. al. 1411.0050, Lovell
et. al. 1411.0311, Tamura et. al. 1412.1869
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Scattering-induced decoherence

@ Sterile neutrinos with non-zero mixing produced in the early
universe by scattering-induced decoherence
(Dodelson-Widrow, 1994)

sin? 6 m, 1.8
Qpw ~ 0.2 Y s
pw ~ 0 <3 % 109 (3 keV)

@ Unavoidable, as long as steriles exist with 8, > 0

e Additional contribution to the number density: ~ 2% of total
DM for mg = 7.1 keV, sin®26, = 7 x 10711

@ “Warm dark matter” component. Constrainable?
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Other constraints

@ Dominant decay channel for keV—MeV rest-mass is vs — 3v

2
F 5 2
m? sin” 0,
19273 ¢

Fy5—>31/ =

@ Require that 75 =~ 1/, 43, 2 1018 s,

= ( s )5 RUST PN
10kev/) \ T0-10

@ Compact object constraints: can be evaded if mixing angles small enough, and
if rest-masses heavy enough to avoid resonances in cores

@ Laboratory constraints: KATRIN and other beta-decay endpoint experiments
can constrain |mee|, and therefore the contribution of the sterile state
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Handles on the diluton

@ Current and future colliders could probe diluton rest-masses
my ~ TeV, through observing decays or constraining lifetime

@ Dilutons that are heavy sterile neutrinos could influence
electroweak precision variables, e.g., W-boson mass, invisible
Z-decay width, CC-to-NC ratio for neutrino scattering. Likely
influence on Ov3/3 in certain parameter regimes (ref.
Emiliano’s talk)

@ Higher-mass dilutons produced in cosmic rays?
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Summary

@ Sterile neutrinos are a viable dark matter candidate

@ Recent results reporting an unidentified X-ray line have
sparked interest in this field

@ A number of sterile neutrino dark-matter production
mechanisms have been proposed (and are being proposed)

@ The Diluted equilibrium sterile neutrino dark matter model
can evade all of the current bounds from X-ray observations
and from structure

@ More stringent future bounds could constrain parameter space
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Bonus: early matter-dominated epochs

@ Epoch of early matter domination prior to diluton decay
e Jeans mass drops below horizon mass
o Sub-horizon fluctuations (10~7=107° M) can begin to grow
e Damped by radiative diffusion, scales too small in any case
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Figure: (left) Matter-to-radiation ratio; (right) Jeans and horizon mass
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