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The Dark Matter Production Mechanism Program

Dark Matter is...

©

long-lived
charge neutral (“dark”)

non-relativistic

©

dissipationless

What is dark matter?
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The Dark Matter Production Mechanism Program

Dark Matter is...

©

long-lived
charge neutral (“dark”)

non-relativistic

©

dissipationless
What is dark matter?

Starting point:
pomo = 1.26 - 107° GeV em ™
— Where did it come from?
Thermal relic particle dark matter
o stable neutral particles are automatically dark matter candidates
o thermal bath of the early Universe accounts for production

— relate production to signatures
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Singlet scalar dark matter
The simplest model, arguably

o add one dof. to the SM, real scalar singlet ¢, stabilised by a Z,
1 1 1 1
_ 2 pa L o2 1y o4 1 f
L= Lou+50,00"9 = smi” = 2dg¢" = ~Aoy (H'H) ¢

o production in SM thermal bath

dn¢ eq?
e +3Hng = —(00)p¢p—sm (”?;& - n¢q )
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Singlet scalar dark matter

The simplest model, arguably

o add one dof. to the SM, real scalar singlet ¢, stabilised by a Z,
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Singlet scalar dark matter

The simplest nightmare
o add one dof. to the SM, real scalar singlet ¢, stabilised by a Z;
1 L 2.2 +
L= Lowi+ 50,90"$ — -m*¢’ — A 59" = o (H'H) g
o assume: initially n¢|t_)0 ~ 0, freeze-in production

d ¢ 2 eq2 (q 2 eqz
dl’ + 3Hn¢ - _<(7L >(>u~»%\l ( (15 ¢ ) + <rll—~<,rg\> ( 7 (,/ )
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Singlet scalar dark matter

The simplest nightmare

o add one dof. to the SM, real scalar singlet ¢, stabilised by a Z;
1 12 +
L= Lo+ 50,90" = Sm's? - /1 59" = o (H'H) g
o assume: initially n¢|t_)0 ~ 0, freeze-in production

dn
dl’¢ + 3Hn¢ = _<Gu>(m~>8\l ( ¢~ n¢q2) + <Fh~><m> ( np—n, ln nﬁ'ql)

10° " r T
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r <10
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107
increasing coupling sl
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10710 \ (
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. \ N P
107752 101 100 100 10° 1074 001 1 100 108
w=myT (E=h) oy (GeV) [1112.0493]

— In the simplest case: viable freeze-in DM model, but no signals.
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Why do we look at minimal models?

I like minimal models — why?
o laziness.

o Occams razor?
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Why do we look at minimal models?

I like minimal models — why?
o laziness.
o Occams razor?
o dark matter identification is not a beauty pageant — not really...
o simple = generic?
o simple model — expect to find common signatures

o what do we do if we find no signatures?
— take more detail into account!
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Why do we look at minimal models?

I like minimal models — why?
o laziness.
o Occams razor?
o dark matter identification is not a beauty pageant — not really...
o simple = generic?
o simple model — expect to find common signatures

o what do we do if we find no signatures?
— take more detail into account!

o flavour is a detail of the SM; maybe hidden sector fields also come in

multiples?
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Multi-flavour singlet scalars
Add two real scalars @1, to the SM, stabilised by a Z;

1 1 ,
L="2Lou+ §5p¢i(9”¢i - Emij¢i¢j - ,]kl¢ Pidxdi — —/111,' (HTH) Pig;,
FIMP production is governed by the decay

m; + m2)71/2 9/112

e’ = p) ,:1.2-10‘“(
h « 12DM Gev

Qpm
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Multi-flavour singlet scalars

Add two real scalars @1, to the SM, stabilised by a Z;

1 1 ’
L=2Lsy+ §5p¢i(9”¢i - Emij¢i¢j - ,]kl¢ i1 — —/111,' (HTH) Pidj,

FIMP production is governed by the decay

¢¢1
/' 2 -1
h----- = 12DM:1-2'10 (
PN GeV

s

A1z induces dark matter decay into y-rays [Ghosh et.al. 1909.13292]

my + m2)71/2 9/112
Qpm

L1
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R4 = 5w
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Probing multiflavour FIMP dark matter

= can relate production mechanism to signature!

10%0

10%

10

10 10°% 10?107 10° 10! 10?
my (GeV)

Gamma ray telescopes probe FIMP masses down to MeV
Lines show expected signal strength for Q,,, = Qpum
Limits from [Ghosh et.al. 1909.13292]

small mass splitting A = 1 — m?/m3 suppresses signal
5mfj ~ )[;jvz/z ~ MeV
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Probing multiflavour FIMP dark matter

= can relate production mechanism to signature!
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Gamma ray telescopes probe FIMP masses down to MeV
Lines show expected signal strength for Q,,, = Qpum
Limits from [Ghosh et.al. 1909.13292]

small mass splitting A = 1 — m?/m3 suppresses signal
Smfj ~ )L;jvz/z ~ MeV
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Fermionic multi-flavour Dark Matter

o SM fermions come in 3 generations, 1st generation dominates
cosmology and astrophysics
o DM fermions?

DM fermion ¢/, odd underZ, — need mediator X to couple to SM
£ (D,3) (D"3) - msStS - Az | HP S

i (%%ia% B %mi‘#_ﬁﬁi - gifrL¥is + h.c.)
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Fermionic multi-flavour Dark Matter

o SM fermions come in 3 generations, 1st generation dominates
cosmology and astrophysics
o DM fermions?

DM fermion ¢/, odd underZ, — need mediator X to couple to SM
£5(D,3)" (D3) - my='S — s HP S
+ (%%ialpi - %miw_ftﬁi — gifertis + h.c.)
o choose leptophilic scenario
L5 —gilryi®

o single component scenario popular model: ms, my, ¢
o multi-flavour scenario:

my, mz, my, gz’ gl

— qualitatively different signatures?

W)
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Decaying fermion FIMP DM

l Y
FIMP abundance
S-->- T
implies decay

3
1,2

10,
10%
2
—
15
—
10%)
my = 430 GeV
1070 =] -2 -1 0 1 2
10 10 10 10 10' 10 10
my (GeV)

o Decay signal suppressed by two small couplings

o y-ray line limits from [FermiLAT’1506.00013] and [Essig+'1309.4091], CMB
limits from [Slatyer+'1610.06933]
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Decaying fermion FIMP DM

FIMP abundance
_—

Sy 9
implies decay %‘
% h
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o Decay signal suppressed by two small couplings

o large coupling possible for small m,
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Decaying fermion FIMP DM

Y
FIMP abundance
oy - _

implies decay 2 %‘

V1,2 2
10%

2 17 - >
N ) % o o
N 2\ % g
X D A <
05
= NN
g
\‘ N,
30 2
W ooy
SO
\\ NS o
RS %y
myg =430 GeV ), \\
o 107 107 107! 10° 10" 102
my (GeV)

o Decay signal suppressed by two small couplings
o large coupling possible for small m,
o Y7 may thermalise — mixed FIMP - HDM

o g constrained by limits on fj.qm O PDR
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The full range of couplings

o Numerically solve Boltzmann system for particles i = 3, 2, 1 in
complete coupling parameter space

\ Qpum 6 4 2 0 2 4 6 8
00y, I
s

logy 82

. ms = 430GeV, m, = (100, 120) GeV
. S
0

~10 5
logjp 81
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o Numerically solve Boltzmann system for particles i = 3, 2, 1 in
complete coupling parameter space
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The full range of couplings

o Numerically solve Boltzmann system for particles i = 3, 2, 1 in
complete coupling parameter space

Qpy 6 4 2 0 2 4 5 8

logo
obs.

logo 82

-
[

ms =430GeV, m;, = (100, 120)
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The full range of couplings

o Numerically solve Boltzmann system for particles i = 3, 2, 1 in
complete coupling parameter space

DM

Q
80 0 I

logo 82

ms = 430GeV, my, = (100, 120)
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The full range of couplings

o Numerically solve Boltzmann system for particles i = 3, 5, 1 in
complete coupling parameter space

my = 430GeV, m» = (100, 120) GeV'
—

log;o 82

-5

logyo 81

o most of parameter space ruled out by overabundance
o complex interplay of reactions in WIMP-WIMP region

£
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Conclusions

complications can make life interesting, simple is not generic

o Multicomponent freeze-in dark matter can be probed by DM-decay
o Portal coupling responsible for abundance controls gamma ray signals
o Real scalar singlet
o (softened) sharp y-ray spectral feature in the MeV range from decay via
off-shell Higgs
o Leptophilic fermion
o y-ray lines in MeV to TeV range probe freeze-in
o heavier flavour may enrich freeze-out options
,'¢1 - P e . Y
Tl Eas G
A Y 1,2 1
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