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1. Introduction
What do we actually know about Dark Matter?!?
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1. Introduction

Maybe our most natural guess for the identity of DM
is a yet unknown elementary particle:

* historically most natural possibility: WIMP
5 because:
- weak interaction known = “NATURAL"
- stable WIMPs are predicted in particular by SUSY
and by extra dimensions = “THEORY MOTIVATION”

- comparatively good detection prospects
= “EXPERIMENTAL INTEREST”

* BUT: unfortunately no clear detection so far...

=>» we should seriously think about alternatives,
which may become “standard” at some point



1. Introduction

What is a sterile neutrino and why could it be a good
Dark Matter candidate?!?

* ordinary (“active®) neutrino v_: known elementary
particle with very small mass and only weak interactions

* sterile neutrino v_: may have a larger mass (theoretically
not predicted) and does not at all participate in standard
interactions (BUT: small mixing with v,)

* thus: if produced in the right amounts and with a
suitable velocity spectrum, v, could act as DM if they are

sufficiently stable

> Llet’stry...



1. Introduction

Indeed, a sterile neutrine with a (!:vpt':caul)
mass of a few keV may act as DM, but..

* needs non-standard production mechanism (ordinary
thermal freeze-out does not work)
= WARM/COLD/NON-THERMAL (depending on the
details of the production process!!!)

« typically, this is decaying Dark Matter: N.—> v+y
= MONOENERGETIC X-RAY SIGNAL e.g. from galaxies

* strong connection to ordinary neutrinos
=» CONCRETE MODELS CAN BE TESTED USING LIGHT
NEUTRINOS



2. DM-Production in General



2. DM-Production in General

‘ Dark Matter: ‘ What does this mean?!?

THERMAL 1 HOT / COLD
fp) = — T>m T~m T<m
exp <\/pT+m ) 41

NON-THERMAL Momentum distributions

Bose—Einstein

F(p) arbitrary  EEEEe
with:

o0

log[f(p)]

2 NON-THERMAL ——
D f(p) dp < 0 (arbitrary shape)

p=0 THERMAL\
T not defined!!!

log(p)



2. DM-Production in General

Four different mechanisms ko produce
sterile neutrino DM are often discussed:

V-V, transitions [Dodelson, Widrow: Phys. Rev. Lett. 72 (1994) 17]

Resonant transitions [shi, Fuller: Phys. Rev. Lett. 82 (1999) 2832], [Canetti
et al.: Phys. Rev. D87 (2013) 093006], [Venumadhav et al.: 1507.06655], ...

Particle decays [Asaka et al.: Phys. Lett. B638 (2006) 401], [Anisimov et al.:
Phys. Lett. B671 (2009) 211], [Bezrukov, Gorbunov: JHEP 1005 (2010) 010], [Kusenko,
Petraki: Phys. Rev. D77 (2008) 065014], [AM, Niro, Schmidt: JCAP 1403 (2013) 028],
[Frigerio, Yaguna: Eur. Phys. J. C75 (2015) 31], [Adulpravitchai, Schmidt: JHEP 1501
(2015) 006], [AM, Totzauer: JCAP 1506 (2015) 011], [AM, Schneider: Phys. Lett. B749
(2015) 283], [Lello, Boyanovsky: Phys. Rev. D91 (2015) 063502], [Matsui, Nojiri: Phys.
Rev. D92 (2015) 025045], [Klasen, Yaguna: JCAP 1311 (2013) 039], ...

Diluted thermal overproduction [Bezrukov et al.: Phys. Rev. D81

(2010) 085032], [King, AM: JCAP 1208 (2012) 016], [Nemevsek et al.: JCAP 1207
(2012) 006], [Patwardhan et al.: 1507.01977], ...
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3. The Dodelson-Widrow mechanism

It could all be sooo simple..:

[Dodelson, Widrow: Phys. Rev. Lett. 72 (1994) 17]

* slow non-resonant “oscillations” of active into sterile
neutrinos can gradually produce the DM from the
thermal plasma (just like “freeze-in“) = nice & simple

* this mechanism produces relatively hot DM =» large
mass M, needed, BUT decay into X-rays scales like M,>:
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3. The Dodelson-Widrow mechanism
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3. The Dodelson-Widrow mechanism

Exclusion: DW line
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3. The Dodelson-Widrow mechanism
BUT: Is this really the end of the story?!?

NO!!! We have disproved two common prejudices...
[AM, Schneider, Totzauer: 1510.XXXXX]

1st prejudice:
DW produces spectrum with thermal shape

- appears as approximation in the original papers:
[Dodelson, Widrow: Phys. Rev. Lett. 72 (1994) 17; DW & Colombi: Astrophys. J. 458
Bpw

(1996) 1]

- used in structure/galaxy formation computations:

[Viel et al.: Phys. Rev. D71 (2005) 063534; Herpich et al.: Mon. Not. Roy. Astron. Soc.
442 (2014) 176; Menci, Fiore, Lamastra: Mon. Not. Roy. Astron. Soc. 421 (2012)
2384; Lovell et al.: Mon. Not. Roy. Astron. Soc. 439 (2014) 300,...]




3. The Dodelson-Widrow mechanism
BUT: Is this really the end of the story?!?

NO!!! We have disproved two common prejudices...
[AM, Schneider, Totzauer: 1510.XXXXX]

1st prejudice:

DW produces spectrum with thermal shape
- in reality, even if gs is taken constant, which it is NOT

during DW production:

1 / Ty (gs(15) Ve

N (Tr,p) ~ ATy b | To, .

1/3 Tt \ gs (1)
Ty \ 9s(T%) ini

This function h (contains active-sterile mixing, mass difference, etc.)
and the whole integral needs to vary SLOWLY with the momentum p!

=>» not the case in reality... =% NO THERMAL SHAPE!!!
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3. The Dodelson-Widrow mechanism
BUT: Is this really the end of the story?!?

NO!!! We have disproved two common prejudices...
[AM, Schneider, Totzauer: 1510.XXXXX]

2nd prejudice:
DW always produces a too hot spectrum

- different for non-zero initial abundance: if DM is
already present before DW sets in, the spectrum may
experience non-trivial modifications

- example: scalar decay production + SUBSEQUENT
modification by the Dodelson-Widrow mechanism




3. The Dodelson- Widrow mechanism

T=10 MeV, CHp_10 5 Cr=1073"Y mN_6 35 keV
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may shift the average momentum to LOWER values (“DW-cooling“)

BUT: SMALL EFFECT!!! (DW-part can at most be a “25% modification)
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4. The Shi-Fuller mechanism

Maybe there is a good way out!

[Shi, Fuller: Phys. Rev. Lett. 82 (1999) 2832]

* just like for ordinary neutrinos in the Sun, active-sterile
neutrino transitions could be resonantly enhanced by a
sizeable lepton number asymmetry |p,| present in the
early Universe

* this would produce a large amount of v, at a specific
(momentum-dependent) resonance temperature
=>» cooler spectrum

* BUT: the origin of such a primordial lepton number
asymmetry is unclear...



4. The Shi-Fuller mechanism

This pro duces ko non-krivial spac!:m:

[Abazajian: Phys. Rev. Lett. 112 (2014) 161303]
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4. The Shi-Fuller mechanism

Allowed: ‘ DW line (| u,|=0) ‘ ‘ N, —> ""'V‘
[ ' l ' I ' T [ / ' I
ol =0
1078 F o Excluded by X—ray observations -
= 3
<
=
<
—~ )
CRNETIE=
8 10 .:_% =
= ¥ )
a <] ol =124107"
N >k
il -
10 :_g §~‘~, =
= ~ S
2 -~ -~
2 ‘ | >0 [T il =710 "=~
10~14 | L | L Tm=- o=
1 2 5 10 20 50
Ml [keV]

[Canetti et al.: Phys. Rev. D87 (2013) 093006]



4. The Shi-Fuller mechanism
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5. Decay Production
£.9. scalar decays: e.9. § > NN,

* decaying inflaton
[Asaka et al.: Phys. Lett. B638 (2006) 401]
[Anisimov et al.: Phys. Lett. B671 (2009) 211]
[Bezrukov, Gorbunov: JHEP 1005 (2010) 010]

* singlet scalar that freezes out

[Kusenko: Phys. Rev. Lett. 97 (2006) 241301, Kusenko, Petraki: Phys. Rev. D77 (2008) 065014]
[Frigerio, Yaguna: Eur. Phys. J. C75 (2015), 1]

[AM, Schneider: Phys. Lett. B749 (2015) 283; AM, Totzauer: JCAP 1506 (2015) 011]

* singlet scalar that freezes in
[AM, Niro, Schmidt: JCAP 1403 (2013) 028]
[Adulpravitchai, Schmidt: JHEP 1501 (2015) 006]
[AM, Schneider: Phys. Lett. B749 (2015) 283; AM, Totzauer: JCAP 1506 (2015) 011]
[Klasen, Yaguna: JCAP 1311 (2013) 039]

 other particle that decays
[Lello, Boyanovsky: Phys. Rev. D91 (2015) 063502]
[Lello, Boyanovsky: 1508.04077]
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e EXAMPLE: SINGLET SCALAR “S“ FREEZES IN OR OUT
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[AM, Niro, Schmidt: JCAP 1403 (2013) 028; AM, Totzauer: JCAP 1506 (2015) 011]
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5. Decay Production
e EXAMPLE: SINGLET SCALAR “S“ FREEZES IN OR OUT
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5. Decay Production

* EXAMPLE: SINGLET SCALAR “S“ FREEZES IN OR OUT

[Kusenko: Phys. Rev. Lett. 97 (2006) 241301, Kusenko, Petraki: Phys. Rev. D77 (2008) 065014]
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5. Decay Production
e EXAMPLE: SINGLET SCALAR “S“ FREEZES IN OR OUT

[Kusenko: Phys. Rev. Lett. 97 (2006) 241301, Kusenko, Petraki: Phys. Rev. D77 (2008) 065014]
[AM, Niro, Schmidt: JCAP 1403 (2013) 028; AM, Totzauer: JCAP 1506 (2015) 011]

Two-step process: scalar § must be praduce.d
before decaying > many possibilities, e.9.:
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5. Decay Production

BEST APPROACH: Asic the colleaques from
the structure formation community'
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5. Decay Production

* SCRUTINY NEEDED: SCALAR PRODUCTION MAY EVEN

YIELD BETTER AGREEMENT WITH STRUCTURE FORMATION
[AM, Schneider: Phys. Lett. B749 (2015) 283]
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5. Decay Production

* SCRUTINY NEEDED: SCALAR PRODUCTION MAY EVEN

YIELD BETTER AGREEMENT WITH STRUCTURE FORMATION
[AM, Schneider: Phys. Lett. B749 (2015) 283]
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5. Decay Production

* SCRUTINY NEEDED: SCALAR PRODUCTION MAY EVEN

YIELD BETTER AGREEMENT WITH STRUCTURE EORMATION
[AM, Schneider: Phys. Lett. B749 (2015) 28
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5. Decay Production
e EXAMPLE: SINGLET SCALAR “S“ FREEZES IN OR OUT

[Kusenko: Phys. Rev. Lett. 97 (2006) 241301, Kusenko, Petraki: Phys. Rev. D77 (2008) 065014]
[AM, Niro, Schmidt: JCAP 1403 (2013) 028; AM, Totzauer: JCAP 1506 (2015) 011]
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6. Conclusions

* Dark Matter... may be very different from
WIMPS, only time will tell!

* Production Mechanisms for sterile neutrinos...

are non-standard and need to be studied!

* Active-sterile mixing... does not work in the
easiest setting, but resonances can help.

* Decay production... is a well motivated
alternative and may even be advantegous!
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ADVERTISEMENT

Planning Page for the White Paper on keV Sterile Neutrino Dark Matter

This initiative was launched at the NIAPP Workshop "Neutrinos in Astro and Particle Physics" held at TU Munich on July 14-25 2014. Part of this workshop was devoted to
review the evidence for and against - keV scale - sterile neutrino as a possible warm/cold Dark Matter candidate. At the cross road of particle physics, astrophysics, and
cosmology, the observational constraints, the production mechanisms in the early Universe, and the experimental perspectives have been discussed. As an outcome of the

workshop the participants proposed to gather the current status of this field in a white paper.
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