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1. To WIMP or not to WIMP

What do we actually know about Dark Matter?!?

|KNOWN © | | unkvown B |

i dentity

 sbundimce

¢ roush Dk « production
disteibution ** mechanism

o mportant for o« exact velocity
structure formation spectrum

THUS: We should be careful not to

overlook possibdi&&es Just because
%h@.v are called “non-sktandard™!!!



1. To WIMP or not to WIMP

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

* historically most natural possibility: WIMP

Ly because:
- weak interaction known =2 “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...

=>» let us think the unthinkable...
WHAT IF DARK MATTER IS NOT A WIMP?!?



2. Sterile neutrinos

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 (value
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

NB. NO constiaint from oscillailions!!!



2. Sterile neutrinos

Indeed, a sterile neutrine with a (Evpicad.)
mass of a few keV may act as DM, but..

* needs non-standard production mechanism (ordinary
thermal freeze-out does not work due to tiny coupling)
=» warm/cold/non-thermal (interesting for structure

and/or galaxy formation)

* 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. Sterile neutrinos

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

* needs non-standard production mechanism (ordinary
thermal freeze-out does not work due to tiny coupling)
=» warm/cold/non-thermal [ir*eresting for structure

* typically, this
=» monoenerg gnal e.g. from galaxies

o/strong connection to ordinary neutrinos
concrete models can be tested using light neutrinos




2. Sterile neutrinos

Generic ideas to motivate Light steriles:

Mr3=0Mp) Y/ ——— M, 23=0(Mp)
Bottom—up
scheme
o.g. L L,
M1 :O(keV) M1 :O(keV)
T Top—down .
------------------ M,=0 scheme yeview

[AM: Int. J. Mod. Phys. D22 (2013) 1330020] 4 QTEECLQ—

‘ =» Most models fall into one or the other category! ‘

additional advantage: "t Hooft naturalness tends to keep M, small!!! ‘




2. Sterile neutrinos

Example 1: Extra dimensions
* Models based on the Split Seesaw mechanism:

o idea: brane-splitting in etxra dimensions
is known to lead to mass scale suppressions

o this can be used to get a keV mass
[Kusenko, Takahashi, Yanagida: Phys. Lett. B693 (2010) 144]

o illustration: /D\

— ==
wave function _/
small at SM brane
l B { —

Lo ] Do)
mass brane distance

suppression




2. Sterile neutrinos

Example 1: Extra dimensions
* Models based on the Splilt Seesaw mechanism:

o 5D-action: _ _
S = /d4x/dy Moy (i\IJFAﬁA\IJ —mU¥)

0
= Fourier-expanded fields: Vr.r@".y) = > ) k") fiky)
o integrating out the 5th dimension leads to the
characteristic exponential suppressions:

additional seesaw
5D mass (large)

effective
B—L %th
4D mass = K

(TINY!!!)

| e2mil << 1 for m/ >> 1 [P STRONG SUPPRESSION!!! |




2. Sterile neutrinos

Elxampte. 2: Brolen svmme.!:r

* Model based on a Q; symmetry (=double cover of D,):
[Araki, Li: Phys. Rev. D85 (2012) 065016]

o assignment: singlet N,, doublet (N,,N;) + flavons
o RH neutrino mass matrix:

0 0 0\1 M.szs, 0 0
fR=[0 0 My |+ | 0 Md 0
< 0 M, 0 0 0 Md

" ‘ leading mass: ‘ (M ,M,,M;) =(0,M_,M,)

S, S

‘ subleading correction: ‘ M, =%Mc

M, ; = M,+M,(d,2+d,2) /2




2. Sterile neutrinos

Exampte 2: Brolen svmma&r

* Model based on a Q; symmetry (=double cover of D,):
[Araki, Li: Phys. Rev. D85 (2012) 065016]

o mass shifting scheme:

A M 3 %M )
T M ) =M 3= GeV
Y M>=2GeV
> the brolcen symmetry
motivates a cerktain
O, symmetry hierarchy between the
] sterile neubtrino masses
O(1/A°) O(1/A\%) (NO ABSOLUTE SCALE,
THOUGH!')
A M 1 ~keV

MIEO




3. Non-thermal production mechanisms
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3. Non-thermal production mechanisms

‘ Non-thermal... ‘ What does this mean?!?
THERMAL 1 HOT / COLD
fp) = — T>m T~m T<m
exp < pT+m ) + 1

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)



3. Non-thermal production mechanisms

‘ PROBLEM: ‘ HOW TO COMPARE TO THE THERMAL CASE?
for sure 'colder’ Warm? Cold?!? = I wsill Fell

i ouw Later in

How to decide?!? his talie!!

> for now, leb's
Loole at the
concrele case

of sterile
neukrinos

> see kalle bv

Rouzbeh
Allahverdi

P f(p.t)

tberma ]

for sure 'warmer'




4. Production of Sterile Neutrinos



4. Production of Sterile Neutrinos
4 main mechanisms for sterile neubrinos:

First: Langacker First: Enquist, Kainulainen

DM: Dodelson & Widrow DM: Shi & Fuller, Abazajian,

Idea: active-sterile mixings Shaposhnikoy, Laine, ...
gradually produce v, Idea: “MSW*-enhancement

of active-sterile transitions

VS-D|\/|; Kusenko, AM, VS-DMZ Bezrukov, Lindner,
Boyanovsky, Shaposhnikov, ... = Nemevsek, Senjanovic, AM,...
|dea: other new particle is Idea: produce entropy to

produced and decays intov, dilute thermal over-
abundance
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4 main mechanisms for sterile neubrinos:




4. Production of Sterile Neutrinos
4 main mechanisms for sterile neubrinos:

Non-resonant transitions

Dodelson & Widrow

VS-DM; Kusenko, AM, VS-DMZ Bezrukov, Lindner,
Boyanovsky, Shaposhnikoy, ... = Nemevsek, Senjanovic, AM,...




4. Produirt~-  * Sterile Neutrinos
4 wain y for sterile neukrinos:

Non-reson

First: Enquist, Kainulainen
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ldea: “MSW*“-enhancement

of active-sterile transitions

& “Yoi N

VS-DM; Kusenko, AM, VS-DMZ Bezrukov, Lindner,
Boyanovsky, Shaposhnikoy, ... = Nemevsek, Senjanovic, AM,...

Dodelso




4. Production of Sterile Neutrinos
4 main mechanisms for skerile neubrinos:

Non-resonant transitions

Dodelson & Widrow

First: Enquist, Kainulainen

DM: Shi & Fuller, Abazajian,
Shaposhnikov, Laine, ...

ldea: “MSW*“-enhancement

of active-sterile transitions

Diluted thermal production
Bezrukov, Lindner,
Nemevsek, Senjanovic, AM,...




4. Production of Sterile Neutrinos

4 main mechanisms for sterile neubrinos:
Non-resonant transitions

First: Enquist, Kainulainen
Dodelson & Widrow DM: %h' & Fuller AR~ )

ciially Just ot

(BUT: P2

ed thermal production
VS-DM; Kusenko, AM, Bezrukov, Lindner,

Boyanovsky, Shaposhnikoy, ... BACEEELGSEIERIOIGVAN7 e
Idea: other new particle is

produced and decays into v,



4. Example 1: Active-Sterile Transitions

Simn pi.e.s!: idea:

* sterile neutrinos are not entirely sterile

=>» their small mixing with active neutrinos connect
them to the Standard Model

* Why not using this to efficiently produce them?!?
=» non-resonant active-sterile transitions

(“*Dodelson-Widrow")

= resonant active-sterile transitions

(“Shi-Fuller")

w these are the “standard" opéions



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,>:




The Dodelson-Widrow mechanism

EXC‘-MSLOVK DW line ‘ N, —» v+y ‘

1078

= o Ly-a bound:

< (e

g 1 M,>31.7 keV

o

@ el = 1241074

N
10712 [Baur et al.: 1512.01981]
1014

1 2 5 10 20 B 50

Ml [keV] | ' '
[Canetti et al.: Phys. Rev. D87 (2013) 093006] ‘ EXCLUDED:*: ‘




The Dodelson-Widrow mechanism

Exclusion: DW line ‘ N, — vty ‘
ol =0
10—8 rvagpions E
3 om0 Ly-a bound: Even stronger when taking into
g M,>31.7 keV account full thermal shape
é |ﬂa| - 124 10—4 [AM, Schneider, Totzauer: 151205369]
o]
[PN] |

10712 | [Baur et al.: 1512.01981] -

~‘
=~ -~
S~

el =7 107 "7 ==L
10_14 L . . L | ~.~‘|~ -
1 2 5 10 20 50
M \Y%
1 [keV] EXCLUDED!!!

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




The Dodelson-Widrow mechanism
DW could still produce part of the DM:

Structure formation
bounds for CDM+DW

(stronger for non-cold
main component)

=
A
S 0.6
~
=
(=]
G
I 0.4
Sy

0.2}

Allowed region
0.0 | . . L . . | ) . . | .
0.6 1.0 4.0 8.0
M, [keV]

[AM, Schneider, Totzauer: 1512.05369 [hep-ph]]



The Shi-Fuller mechanism

Is there a good way ouk?!?

[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... 8%8%



The Shi-Fuller mechanism

This pro duces ko non-krivial spe.c!:m:

[Abazajian: Phys. Rev. Lett. 112 (2014) 161303]
I | | | I | | |

relatively cold peaks on top

1o of warmer (but suppressed)
[ continuum (different curves

= different primordial

e°f(€) (x100)

/ lepton asymmetries)

e=p/T



The Shi-Fuller mechanism

w allowed?!? [pwiine (ju 0] [Ni—>v+v|

ol =0
1078 F o Excluded by X—ray observations -
=z :
'£| | Ly-o bound |
= 8| | somewhere
< 1010 L - \ ]
g ) here??: ;
= S —4 .
: <| ol =124 10
N ‘B_ -
10—12:_8 ~‘~_~~~ :
&) ~ S’ :
Sl " T--__ _
k= ‘ 1o 10 [Tlual =710 77 -
10-14 | . A I |
. 2 3 10 200 ALLOWED
M, [keV] REGION??

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




The Shi-Fuller mechanism
w Or threatened?!?

le-08

“Cold spot” region
already excluded

1le-09

X-ray bound T
le-10

sin® (20)

le-11
Possible “signal”
le-12¢
3 4 5 7 10 15 20 25
m,, [keV]

[Schneider: JCAP 1604 (2016) 059] = based on Kevork’s software (1507.06655)



The Shi-Fuller mechanism

«w Or bhreatened?!?

le-08}

le-09

le-12}

3 4 5 7 10 15 20
m,, [keV]

[Schneider: JCAP 1604 (2016) 059] = based on Kevork’s software (1507.06655)



The Shi-Fuller mechanism

! oy
11 OT EkT@-ﬂEQV\Qd? [ ? EX C\udedu“f\“ %

le-08] —— —— Sa‘,‘e\\'\’te cO

le-09

[Schneider: JCAP 1604 (2016) 059] = based on Kevork’s software (1507.06655)



4. Example 2: Decay production



4. Example 2: 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]



4. Example 2: Decay production
* SINGLET SCALAR “S“ FREEZES IN OR OUT BEFORE DECAY

[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 S must be produced before it can decay

> solution: diskribution of scalar translakes
directly into distribution af sterile neukrinos

/2 A

T
fn (x, 7 :/ dr’ QCF— dx fo(x, 1
&) 0 A T

Tmin = ||z —77/(4z)]| r):vas//rr

direct translation




4. Example 2: Decay production
* SINGLET SCALAR “S“ FREEZES IN OR OUT BEFORE DECAY

[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-ske process:

scalar $ must be produced before ik can deca
2>TWO crucial quan(: tkies (ln convenient uvxi,&s?:

the effective decay width: Cr = ,fffg ,,TI:S
the effective (squared) Higgs portal: Cyp = S{g 12;3

> C;: “rote of scalar de.ca?“
> Cypt “coupling strength ko SM particles”

For sufficiently high temperatures, where the production happens,
m. drops out of quantities which are not dimensionful (in particular
the DM abundance only depends on M,/mJ)!!!




4. Example 2: Decay production
* SINGLET SCALAR “S“ FREEZES IN OR OUT BEFORE DECAY

[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 produced before it can decav

S freezes-in and S freezes-out and decays both
decays afterwards in and out of equilibrium
100 : : : : : : 100
""" e TTT——————
ng ng
1 . = :‘ e
Particle number b jig(Cr=0) 1
densities for: : Abunda nce ‘
2 Crp=10"" o
= Cr=10" =
= 001F lef 001}  Particle number
S S densities for:
= = Cpp=10*
Cr=10"*
1074 1074
:5:5772161111
10 0= "660r 0010 0100 1 i o0 10 0= 5001 00100100
r=mgs/T

I 10100
r=mg/T




Two-ste

4. Example 2: Decay production
* SINGLET SCALAR “S“ FREEZES IN OR OUT BEFORE DECAY

[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]

rOCess:

scalar S must be

2 fy(x)

S freezes-in and
decays afterwards

0.001r

10—6 L

10—9 L

10—12 L

(x)~2.67"

Dlistributi01|1 FunctionI
Cpp=107!
Cr=10"" 1
’ 250

r=mg/T=0.1

10—15

100

produced before it can decay

S freezes-out and decays both
in and out of equilibrium

Distribution
function

0.100 1 10
x=p/T

0001 0010

0.100

0.001r

2 fy(x)

10—13 L

Distribution Function

Cp=10*
Ccr=10"*
(x)~39.4

"""""" W250

reveeeeeeneennd =Ms/T=0.1 :

—15 L ) I ‘ ‘ :.Il
0001 0010 0.100 1 i0 0

x=p/T



4. Example 2: Decay production
* SINGLET SCALAR “S“ FREEZES IN OR OUT BEFORE DECAY

[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 § me:.:,s& be produced before it can decav

2 fy(x)

S freezes-out and decays both

S freezes-in and

decays afterwards Y “colder”

in and out of equilibrium

—

0.001r

10—6 L

10—9 L

10—12 L

(x)~2.67

Dlistributi01|1 FunctionI
Cpp=107!
Cr=10"" 1
’ 250

r=mg/T=0.1

10—15

10 100

o o stributiorll FunctionI ] I
warmer }?m.—

0001 0010 _ 0.100 1
x=p/T

Cr=10""
(0)=39.4
B ) e . 250
Distribution \
function S 107 Lm0 A
© 1079
1071
1013}
10—15 L \ \ L L :'Il
0001 0010 0100 1 10 100
x=p|T



4. Example 2: Decay production
* SINGLET SCALAR “S“ FREEZES IN OR OUT BEFORE DECAY

[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]

Tma-ste.p process:
scalar $ must be produced before it can decav
S freezes-out and decays both

S freezes-in and

decays afterwards Y “colder” in and out of equilibrium
! Dllcs::liult(l)(il;l FunctionI (x)~2.67 "Warmer” .Stﬁbllti(?l; FunctionI I I
oot} =107 . > (x)~39.4
° ° ° st T . % 250
Distribution o)
o OO Ml function e A "
- 10
shape
10—12_
depends
1 1'0:::‘ 100 on regime — : 1 100
x=p|T

~150 . s s
1076001 0010 0.100
x=p/T



Whole parame&e.r space:

10° :
o
102 5
Qpmh’eE30 ; g. Overclosure region
10 : Clb (even for my=0.5keV)
- :Q
O FIM =
S 1| Tyegion] | (2
; \ . 1keV
= 0.1 keVar~ il
9 SkeV SPPrtLLl
: R a——
1072 ——50ke VSIS
—100ke V3 . =
: — 1 n
1073 : \WIMP regio
; K
10—4 s J B & \ ,_& _\ . 1: ) _ . / |
103 1072 0.1 l 10 102 10° 10%

[AM, Totzauer: JCAP 1506 (2015) 011]

Higgs portal Cyp



Whole parame!:e.r space: Bt Fios O
103 : o I
= A S e
, ¥ ot Sl
10 ! 5 s
QDMh e30 :%. q
S F 12
E 1 pr r ] : g 10715 s . ) ) L )
E ﬁ 1 0001 0010 0.100x:p/ Tl 10 100
= 0.1 t OkeVe ™~ .
S +—— SkeV P
- R —
102 —50keV >
100ke Ve3> o
e S
107 | WIMP region
a : T~
10_4 A \ \ \ ] \ \ '\ : l: ; Ji 4 .
1073 102 0.1 l 10 102 10°

[AM, Totzauer: JCAP 1506 (2015) 011]

Higgs portal Cyp




Whole pamme!:e.r space: [ 5
10° ; iy “Ne}
. e,
102 5 3
Qpuh’e3o 214
10 AT |
- :Q
& FIM .=
= 1 \P regi0n7 Eg 107G 6016010 0100 1 o160
E ﬁ\ - x=p/T
- ; 1keV
3 0.1 : %lliey/ ________________
: e A——
102 S0keV LTS
—100ke V~_ g~ s
5 Y
103 ; ! W\N\“
E : Ay
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[AM, Totzauer: JCAP 1506 (2015) 011]  H18gs portal Cyp



Whole parame&er space: " i i
10° : N e
o s
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Qpmh*e3o 21 9
10 AN C B
QO Fivp 9 7
= | ~~ regi0n7 :g 10756010010 o001 o160
E ﬁ\ : x=p/T
- . 1keV
3 0.1 %lliey/
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— 100ke V3
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[AM, Totzauer: JCAP 1506 (2015) 011]  H18gs portal Cyp



5. Structure Formation
But what about skructure formation?!?

HOT COLD

With nwon-thermal sPQd:m...?!?

[http://www.ctac.uzh.ch/gallery/]



5. Structure Formation
NOW WE ARE COMING BACK TO THIS ISSUE:

for sure 'colder’

-—

P f(p.t)

tberma ]

How to decide?!?

Warwm? Cold?!?

for sure 'warmer'

> How ko decide
which spac&mm
LS warmer or

cooler?!?

> ISSUE: average
momenbtum is
a bad measure

2> &0AL: we have
to find a way
ko decide if o
s{ed:rum iLs
allowed, or
not



5. Structure Formation

NOW WE ARE COMING BACK TO THIS ISSUE:

for sure 'colder’ Warwm? Cold?!?

to find a way
ko decide if o
s{ec&rum iLs
allowed, or
wot




5. Structure Formation
* SINGLET SCALAR “S“ FREEZES IN OR OUT BEFORE DECAY

[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]

‘ Free-streaming horizon ‘
to

_ [ @)
T'FSs —/ a(t) dt

Decides about whether
the keV sterile neutrinos
are HOT, WARM, or COLD

Decay width Cr

10°

| |

| BN

102

Qpmh*e3or

10

[a—

™S
—
.

—

1072
1073

[0~

1073

E F? AFS approx.: m5=1TeV
= == hot
33 — warm
: (SID — cold
: Q) | Overclosure region
5 (even for my=0.5keV)
——1 keV.
2keV~"~_ -
SkeV T~~~
10 ke V-
20 keV
50 keV

k

LA
1072

1 0 102 108 10t
Higgs portal Cyp

=» ALL possible depending on two effective parameters:
effective decay widths C; & effective Higgs portal C,;




5. Structure Formation

* SINGLET SCALAR “S”“ FREEZES IN OR OUT BEF~ CAY
[Kusenko: Phys. Rev. Lett. 97 (2006) 241301; Kusenko, Bs 065014]
[AM, Niro, Schmidt: JCAP 1403 (2013) 028._A»4
‘ Free-streamingt ° ‘0“ 1Te
— p b\ems \ . aSS ‘eg d -
T\\‘ee ‘ge gCa a eg\ec“,e
\ aly | ion 1
W-COM ™ L1100 € L)
. U ¢ eam\“% y e\oc\’t.
hak)® free> d 3\'e‘agee =
are HC \base ] 10 0.1 I;iwlos portz'ill(()f 10 10°

ALL possible depending on two effective parameters:
effective decay widths C; & effective Higgs portal C,;




5. Structure Formation

* ALL PROBLEMS SOLVED IN NEXT PAPER:
[KOnig, AM, Totzauer: Work in Progress... 1607 XXXXX]

+ DW-contribution already shown to be often
“eﬂuﬂ&b"e [AM, Schneider, Totzauer: JCAP 1604 (2016) 003]

- smaller scalar masses: &e.ckuicattj involved
(e.9. 9. wot constant, more channels, Higgs

freeze~out, ) =» difficult but done

+ much better estimate of structure formation
properties, based on power spectra obtained
with the CLASS code (Lesgourgues & Tram)..

w and even better ones ko come!
[KOnig, AM, Schneider, Totzauer: Work in Progress]

[Menci, AM, Schneider, Viel: Work in Progress]



5. Structure Formation

* ALL PROBLEMS SOLVED IN NEXT PAPER:
[KOnig, AM, Totzauer: Work in Progress... 1607 XXXXX]

+ we con use CLASS [www.class-codemet]

-> authors: Julien Lesqgourques & Thomas Tram
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5. Structure Formation

. use half-mode crossing, instead of free

skreaming: WORKS FOR ANY ‘BIST RIBUTION, NO
MAT T ER HOW NON-T HEKMAL
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5. Structure Formation
. YIELDS A MUCH MORE ACCURATE ESTIMATE:
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> #S-Horizown is actually too restrictive
> this method is as close as possi‘.bi.e to o particle
physicist's comfort zone



6. Conclusions



6. This is My talke-howme message...
Summary of all constraints (from keV-WP):

3 & ECHo ™ |KATRIN
1077 - 0, - (stat. limit, 3yrs) ~S%;. ] (stat. limit,
& ~se
(?[16 \74 3yrs)
o & \\\
a ~
=
@
1076 o
S =
Q =
5 Q
z O
k=
-9 < |
10 = Boyarsky
2 |scalar decay (sat.) . K
= |scalar decay (Ly—a) +— » 3,
resonant (satellites) )
" resonant (Ly—a)
1 - ! ! ! Lo ! ! v \ ! ! Lo
0 0.5 1 5 10



6. This is my take-home message..

Summary of all constraints (from keV-WP):

ECHo &y AKATRIN
(stat. limit .\\e stat. limit,

i;‘.sg‘fa‘i rs)
ou\d ot T

resonant (satellites)
resonant (Ly—a)
! L

05 1

10—12







