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Introduction

Falls sich dies bewahrheiten sollte, wiirde sich also das (iber-
raschende Resultat ergeben, dass dunkle Materie in sehr viel
groBerer Dichte vorhanden ist als leuchtende Materie.

(If this should be verified, it would lead to the surprising result that
dark matter exists in much greater density than luminous matter.)

Zwicky 1933
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Introduction

Gravitational evidence for Dark Freeze-out and WIMPs require
Matter (DM) large couplings
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The Model

visible sector hidden sector
Axion-like particle (a) mediator be- S
tween the SM fermions (1) and the DM e |
(x), a U(1)pgo charged Dirac fermion 2% w Sd\ /
H
a can emerge naturally from extended Higgs d
sector — also expect dim-5 couplings
k—ql WNVT»M,y
Do not consider coupling to gauge bosons at ., ... . Ay
tree-level but can couple via loops, e.g. o
A~~~ Y
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Zavy = Cy/fa (hidden sector coupling), g.# = C¢/f, (connector coupling)
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Alternative DM Genesis Scenarios

Consider simpler toy model: | &% 4+ 3Hn, =3, (Oyz s 7v) (MUT)? — n2)

dt X
Freeze-out Freeze-in (IR)
DM and SM in production process T o Y% (neq)2
chemical equilibrium gets suppressed YX,O — — Jo rH < XX _;,j52> X (3157- dr
1 I | 1 E E
107 E E 1072 E SM ticles (here top) _
» E a4 f particles (here top
R DM gets T o U Fiial abundance freeze out 3
~ 1076 i non-relativistic 4 1076 . zero/negligible .
o0 o] 5108 | (ov) ]
Sl (e I N (e e 4
10712 | ] 10712 — i
10—14 i 10—14 I :
E_ | | | l E K l l | | _ﬁ
—0.9 0 0.9 1 1.5 —25 =2 =15 -1 =05 0
logyy(2) = logy(m,/T) particles so dilute - logyy(2) = logy(m,/T)
annihilation process
shuts off

Unfortunately things not so simple! ALP also has a say...

5/12



Alternative DM Genesis Scenarios

Consider simpler toy model: | &% 4+ 3Hn, =3, (Oyz s 7v) (MUT)? — n2)

dt X
Freeze-out Freeze-in (UV)
DM and SM in production process T o - Y% (neq)2
chemical equilibrium gets suppressed YX,O — 0 R < XX _>3l;f,£2> X 211511_ dT
1 I | 1 E E
107 E E 1072 E SM ticles (here top) _
» E a4 f particles (here top
o o f DM gets 1, 0 ;[ initial abundance freeze out 3
> 10~ . non-relativistic . > 10~ - zero/negligible -
o0 o] 5108 | (ov) ]
Sl [V N (e e i
10712 | ] 10712 — i
—14 | it :
—0.5 0 0.5 1 1.5 —25 =2 =15 -1 =05 0
logyy(2) = logy(m,/T) particles so dilute - logyy(2) = logy(m,/T)
annihilation process
shuts off

Unfortunately things not so simple! ALP also has a say...

5/12



DM and ALP number changing interactions (IR)

2 2 4
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Coupled Boltzmann equations

f> <X X f
PaaSDad
dt + 3Hny = Z <UX>-<—> fFV> ( (”;Q(T)) — ny )
f
+ (Taa—sxx V) N5 — (Oxx—aaV) ”i
dn, s T - >
dt + 3Hna = — (Caa—xx V) N5 + (Oxx—aaV) ny
+ () (nSUT) —  na )+ {oaimjv)y (nSUT)nfY(T)— nanfd(T) )
N e’ ~~ ) ik N -~ ~ N
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Freeze-in from SM

logyg (gaxx (GeV_l))

---- subdominant
-16 =14 -12 -100 -8 -6 -4 =2 — out of equilibrium
10810(Gas s * Gaxy (GeV2)) «— chemical equilibrium

m, = 10 GeV,m, = 1 GeV

[Chu, Hambye, Tytgat. JCAP, 2012], [Hambye, Tytgat, Vandecasteele, Vanderheyden. Phys. Rev. D, 2019],
[Bélanger, Delaunay, Pukhov, Zaldivar. Phys. Rev. D, 2020]
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Decoupled freeze-out (DFO)

Hidden sector and visible sector thermally decoupled, 7' < T

op'(T")
ot

d3p
(2m)3

1 3H (o + P') (T') = / ClF(p, 1))

Need to solve system of 3 (unfortunately stiff) coupled differential equations

10810(Jaff - Gaxy (GEV <)) < Cnemical equiiorium

m, = 10 GeV,m, = 1 GeV
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Constraints on our ALP

1073 1072

1074

101 10° 101

m, (GeV)

~ New constraints
including
fermion loops, e.g.
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mam SN1987A
HB stars

B KT — rhinv

SLAC E137

decay into v

SLAC E137

decay into ete™

mm Kt —»ata (—eter)

mm BT — Kta (= ptu)

B LHCb: B— K*a (— ptu™)

mm CHARM: B — K*a (— putp™)

Kt > ata (= ptyp)

« Revisit constraints from electron beam dumps, rare B and K
decays, astrophysics, dark matter searches and cosmology.

o In particular, for our s

vecific ALP scenario we (re)calculate and

improve beam dump, flavour and supernova constraints.
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Freeze-in vs. constraints on our ALP (m,/m, = 10)

o 0 freeze-in from SM _
Tru = 200 GeV freeze-in from ALPs Trr = 2000 GeV
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DFO vs. constraints on our ALP (m,/m, = 10)

logyg (gaxx (GeV™

H)

23 22 21 -2 -19 -18 -L7
o ‘i“S‘l\‘T1987A‘ -

10-14 | relic density

i electromagnetic decays
I hadronic decays

a—SM

Jaxx

102 T 101
m, (GeV)

e Tiny g.+ = ALP relatively long lived = consequences for BBN

o For m, <

10°

10*

< 2m,, constraints are very similar, see [Kawasaki et al '20] for very
long-lived ALPs with sub-GeV m, excluding 7, ~ 10°> — 10° s

e For2m, < m, <1 GeV, EM bounds probably apply too, lifetimes not

Y

excluded.

e For hadronic decays 7, ~ 0.1 s can be excluded, see [Kawasaki et al "'17]
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Conclusion

What we have done

log10(gaxx (GeV™1))

| Ll | |
-16 -14 -12 -10 -8 —6 —4 -2

log1o(gaxx - &arr (GeV™2))

Future work

E (0: — HpO,) f = C|[f]

Our simple framework of an axion-like particle
mediating DM leads to various alternative DM
genesis scenarios

Performed a detailed numerical calculation of full
region of parameter space giving the correct relic
density in various regimes, in particular DFO
regime non-trivial

Brand-new calculation of constraints (normally
constraints for ALPs for photon coupling) to
verify if these regions of parameter space are
allowed

Improve accuracy, in particular in sequential
freeze-in region, by solving unintegrated
Boltzmann equation

Assess the potential sensitivity of future
experiments to the region of interest
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Conclusion

What we have done
o Our simple framework of an axion-like particle
mediating DM leads to various alternative DM
genesis scenarios

1071

o Performed a detailed numerical calculation of full
region of parameter space giving the correct relic
density in various regimes, in particular DFO
regime non-trivial

1073

107

107

1079

« Brand-new calculation of constraints (normally
constraints for ALPs for photon coupling) to
verify if these regions of parameter space are

allowed
Future work - _ .
Exciting time for axions! We

look forward to seeing the im-
pact of future experimental

E (0; — Hpd,) f = C[f] results on our model!
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Electron Beam Dump Constraint

SLAC E137 Experiment: 20 GeV Electrons bumped

Y ) a
ktpy
k k+ Dy — Pa >
Z Z z 2 z et
Absorber Decay
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Fold detector Beam | | IZR
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with ALP decay 3 2) 5)
probability
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Astrophysical Constraints

ALPs inside stars

Horizontal B h St
+ I I I [ I | | T I | T I I T
2 Aymptotic Giant Branch s
Q o e
> Horizontal Branch ’
.4;’ o ~:-'_i§‘ et
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k= Red Giant Branch
= iz 7]
-] B
— e
.-: 'A\.’.: ,
Subgiants
"
Whl-te' Dwarfs <
el i s
Sl ! !
hot |
Temperature

1) Energy Loss

2) Radiative Energy Transfer

Very weakly interacting ALP would stream
out freely of the hot core and accelerate the
cooling of the star

For larger couplings ALPs will be trapped
inside the star and radiate energy

R = NHB/NRG well described = [, 5 L3a

Energy emitted per unit mass and time
(€3¢) = 100g L ergs™

1
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FODDS - numerical solution

10

_15 \ \ \ \ \ \ \ %
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logyg(2) = logyo(my/T)

for my =10, m, =1 GeV, gayy = 1.3-1072 GeV 1, gofr = 10713 GeV !
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Freeze-in ...

from SM particles

visible sector hidden sector
dn Ve t€ X
X _ eq2 Ve ¢ -
—|—3an—§ (05 = F7V) (N5 7§ ) o — X
dt g d -
P N~ . p
eq Z v W ‘
Ny KNy =
eq2 2 d
—|— O xx=aaV (n d X) ---- subdominant
— out of equilibrium
a -« chemical equilibrium
XEaxx
from the mediator
d n visible sector hidden sector
X _ eq2 .2
+ 3an — § :<O- — ff Ny nx) vy e .
dt vVe T L e X _
L _y u t b A\ X
~~ g = d
Oc(gaffgaxx)z Z YW \
H
_ eq2 72/ a
02 |74 n —
+ < XX—raa > ( X X ) ---- subdominant
N~ — 0}111t of equilibrium
eq <« chemical equilibrium
Ny KNy
2
Y _ o0 <Jconnector V> n;q d T
0 0 SHT
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Decoupled freeze-out region

f> < | |
f X X f
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