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Essentially based on

From darkness to light:

a history of a hot dark sector

with R. Coy & J. Kimus
2405 XXXXX

building upon
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Coy, Hambye, MHGT, Vanderheyden
2105.01263

see also

Revisiting the domain of a cannibal DM
Hufnagel, MHGT
2212.09759

Dark matter from dark photons: a taxonomy of dark
matter production
Hambye, MHGT, Vandecasteele, Vanderheyden
1908.09864



dark matter abundance ~ chemistry (albeit in an expanding universe)
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Domain of thermal Dark Matter candidates?

thermal
Ultra—light scalars, axion v,  particles

Planck scale
10~ 10

20 30
10 107eV Primordial
Thow weak scale black hole Solar mass

1 10'° 10%° 10%° 10“%kg

10-30 10—20 10-10

thermal particles
(aka WIMP)

Courtesy M.Cirelli



a classic example ~ massive neutrino DM

what goes up at low
DM masses

102 -

to go up again at large

DM masses

Griest-Kamionkowski
(non-relativistic freeze-out
unitarity bound)

100 -
Cowsik-McLelland Lee-Weinberg
(relativistic
10—2 - freeze-out)
1074 -
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| @ your plot Kimmo !

Plot from Kainulainen & K. Olive ‘03



changing interaction strength
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stronger weaker
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104

102

DM
under-abundant

109

1072

1074

range of thermal DM candidates

what goes up at low
DM masses

must go
down ...

ya)

the DM candidates that were in thermal equilibrium
with the SM lie within this range

to go up again at large
DM masses

DM
over-abundant

N/

T T T T
107 10> 10°3® 107!

m, (GeV)

Plot from Kainulainen & Olives ‘03



HIDDEN SECTOR (HS)

This Is visible This Is hidden

hidden sector :
possibly many SM singlet particles, possibly with their own interactions
possibly in thermal equilibrium, but temperatures (T & T’ ) may be different

possibly interacting with SM through a portal



asymmetric reheating

T/

dark matter abundance through
secluded freeze-out

Foot; Feng, Tu & Hai-Bo; Pospelov, Ritz, Voloshin;...



cold hidden sector ?

104 -

(oev)nam (Tg,) ~ H(Tto)
.17%0 - mdm/Tf/o — 0(20)

102 - Relativistic freeze-out :

abundance is smaller
so DM mass can be
heavier

10° ?
(]

Q ocm3, (T/T)

Non-relativistic freeze-out :
expansion faster if T'/T < 1
so DM mass can be heavier

1074 -

T T T T T T T
10° 1077 10> 1073 10! 10! 103 10°

m, (GeV)



domain of thermal DM

fchermal : cand.icljat.es that were once cold & dark sector T’ < T
in thermal equilibrium -

this boundary scale like
T' /T < 1/m3

call it the ‘unitarity wall’

Log[T'/T]

Qh? <0.12

0\_‘(\6
this boundary scale like _7 A\
1 1 1 1 1 I I I I I I I I I I I I
T /)T x m; /> 9 -8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9
dm
call it the ‘relativistic floor’ LOQ[mdm/GEV]

Coy, Hambye, MHGT, Vanderheyden '21



domain of thermal DM

merely asking not too cold & dark sector
much stuff at BBN

(ANeg )

(OK for non-thermal
candidates)

free streaming excludes
too hot DM candidates

(Lyman-a, mgm 2 keV for T'=T)

this boundary scale like
T' /T < 1/m3

call it the ‘unitarity wall’

Log[T'/T]

re
Q I"/s ™

Qh? <0.12 ol ™

if HS too cold ~ expansion
too fast, DM may never

this boundary scale like

reach thermal equilibrium
_1/3 =7 1 1 1 1 1 | | 1 | | I I | I | | |
T//T(dem -9 -8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9 mdm~5OPeV
call it the ‘relativistic floor’ LOQ[mdm/GEV]

T, ~ 1011 GeV

Coy, Hambye, MHGT, Vanderheyden '21



example dark ged

f dark fine structure constant ( O/)

LD XD —my)x — 3 F, FM 4 Smi, AL AT

ged

T/

dark electrons & positrons (DM)
(massive) dark photons

3 parameters + T'/T



example : dark ged

larger Ck/

Log[T'/T]

my < My =,

e <«
ISt/'C ﬂ \

Oo,.
relativistic freeze-out
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Coy, Hambye, MHGT, Vanderheyden 21



domain of thermal DM

hotdark sector 1" 2> T

Log[T'/T]

_s5 Qh?<0.12 : 3{\0
@
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Coy, Hambye, MHGT, Vanderheyden '21



domain of thermal DM

hot hidden sector T 2 T

merely asking not too
much stuff at BBN
( A]\feﬂ“)

freeze-out ~ @BBN

expansion driven by
hidden sector ~ SM
irrelevant

Log[T'/T]

| I B N B |
-9-8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9

Loglmgm/GeV]

Coy, Hambye, MHGT, Vanderheyden ’21



hic sunt dracones

"Here be dragons”
means dangerous
territories, a
medieval practice
of putting
mythological
creatures on
uncharted maps
where potential
dangers were
thought to exist

(abbreviated from
Wikipedia)

Log[T'/T]

here ‘dragons’ are the
DM companion particle(s)
(eg a dark photon)

| I B N B |
-9-8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9

Loglmgm/GeV]

Coy, Hambye, MHGT, Vanderheyden ’21



|. asymmetric reheating

T > T

[ll. companion decays through

a portal ~ entropy transfer Il. dark matter abundance through
secluded freeze-out

In brief, a weird, indirect reheating of the SM sector



Kinetic mixing

1 1 € )
LD XD —my)x — ZFA/WF/W + §m,2y,A2LA’“ _§FWF’“

dark electrons & positrons (DM)

(massive) dark photons



dark photon decay into SM

1 1 ’
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set of simplified Boltzmann equations

o S S,

~

Maxwell-Boltzmann statistics <T’,> it T2

total energy w

simplify... dt t 4 3(1+w)Hpy = 0
—> {M’,T’,T} —> %+3(1+W)Hp _m I‘ [ eq(T)_n/(T/)]
dn’ _ Ky(z) Ki(z') , .,
dt SHn = F’Y’ [KQ(x)neq(T) — K ,)n (T )]

L simplify...

Coy, Kimus, MHGT ‘23



1st scenario : relativistic reheating

(@)
c
=
®
)
<
o
|-

P'lpt
pIpt
10!

/

~

non-relativist

m’' = 10GeV, e=10""°

I VSN

N

N\

N

-
\

scale factor

Coy, Kimus, MHGT 24



1st scenario : relativistic reheating

f — — |. constant initially (plateau) Ill. reheating : 7y are still relativistic
both sectors reach thermal T/ —A
equilibrium
10°

m’' = 10GeV, e=10""°

103 -

101 -

1 O(1) entropy

production
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107 A g

/ /
p/p ~ ")/ H 3 ,
IV. 7Y non-relativistic
meaning when 10-7 e B — .
10° 10! 102 103 10% 105 Boltzmann suppressed
(energy from decay) > 0 ala;
Y

scale factor

p/p’ ~ (I'"Y/H throughout heating

Coy, Kimus, MHGT 24



2nd scenario : non-relativistic reheating

T/
£ = al |. plateau . onset of heating 1. fy/ non-relativistic ( Ty ) IV. reheating
r— . -10
10 13 \ l m’ = 10GeV, £:= 10
| S /S/
T/Gel/ : t\e\ I/
’b 4
10* 1 ! B
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|
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|
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| 1
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t ]
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p/p’ ~ (I'"Y/H throughout heating

Coy, Kimus, MHGT ‘24



relativistic vs non-relativistic reheating

T/
§ = T HS dominates VS dominates
p' (I - ,
K~ — A Plateau Heating Reheating
P
f—¢ contact _3/4 thermalization £—1
Relativistic I s ek 1 t l I >
Reheating ' ~1/4 ' T ox a! ' ‘
- T x a1} Txa Arh anr a
= .
g ; )
g : 3
> RD MD . RD
n .
— ¢ ~3/4 —-13/8 . -1 —
Non-Relativistic ' §=& §oca | Soca | $xa \ §=1 ‘ >
. 1 1 | |
Reheating - T ocal o Toca /4 4 T x a—3/8 am au a
thermalization
Kk <1 k=1 K>1

- after asymmetric reheating,
initial phase with T’/T ~ constant

- DM initial abundance from secluded FO

- early phase of heating from
relativistic and/or non-relativistic decay
of dark photons

- VS reheated, dark photon
thermalised or simply gone

- large entropy production possible
if MD phase

Coy, Kimus, MHGT ‘24



constraints on dark photons

DS & HS do not thermalise relativistic reheating
from the onset

~Y fo

log(e)

non-relativistic
reheating

102 10°

10° 104

10°
m'/GeV

dark photon decays before BBN



implications for domain of thermal DM

ask that DS does not heat up relativistic reheating

the VS from the onset

ask that VS does not heat up

the DS from the onset

(irrelevant if DS completely
secluded)

entropy production from companion
that comes to dominate

1072

104

non-relativistic reheating

entropy production

dilutes DM abundance
100

larger DM mass !

10%

max for unitarity annihilation
heavy companion
decays right before BBN

Mam < 10 GeV

102

unitarity wall, S¢,min_

............................................................................................................

M )2 10MeV\ /0.2s) /2
100TeV m/’ T/

103 10°
Mgm [GeV]

* Bernal, Konar & Show, 2023; Coy, Kimus,
MHGT 24, see also Berlin & Hooper, 2016



examples : dark ged & kinetic mixing

focuson o' = 1072 relativistic reheating

entropy production
from companion
that comes to dominate
the expansion

10°

10%

non-relativistic reheating

entropy production
dilutes DM abundance

larger DM mass !

102

Efo

unitarity wall, S¢ min

1074

106 |
103 1071 101 103 10° 107
Mym [GeV]

10° 101!

Y

max for heavy companion
decays right before BBN

Coy, Kimus, MHGT ‘24



other constraints ? eg baryon asymmetry

A history of hot dark sector
(eg non-relativistic reheating)

N
2 5
& : o0 K
g S Plateau . Heating b= =
= & : Z s z
= = RD MD S S s
= : ~ = =
— - , . _3/4 —13/8 1
fET/T:gL . 50(0, gOCCL é'o(a_ f:l :
. ; ; ; ; i
afo dc dnr arh ath
Txa ! T a4 T o< a™3/8 ‘ T x a™?
HS dominates VS dominates
Sy entropy production
Qam = Qdm|g, 5 (NR reheating)
St f
baryo/lepto before relativistic (non-relativistic) reheating baryo/lepto after (or from) reheating
Ny ~ 0cP§; 5 vs My ~ 0CP
t,f



other constraints ? eg baryon asymmetry

nb ~ §_3 ~ 10_10 Ny ~ 5_3Sf/sz ~ 10_10

initial asymmetry O(1)

10°

10% Ny ~ Sf/Si < 10710

102
Efo
10°
1072
1074
10_6 I I I
103 1071 10! 103 10° 107 10° 101
Mgm [GeV]
baryo/lepto before relativistic (non-relativistic) reheating baryo/lepto after (or from) reheating
St,i
Ny ~ 0cpé, s (S : vs My ~ 0C P
tf

Coy, Kimus, MHGT ‘24



conclusions

dark photons dark matter

unitarity wall, Sf, min

log(e)

10-2 10° 102 104 106 1073 1071 10! 103 10° 107 10° 1011
m'/GeV Mym [GeV]

hot dark sector = non-standard cosmological evolution

- baryogenesis/leptogenesis ?
- phase transitions (VS or DS) ?
- simple framework (more complex DS)? dark matter mass up to 10" GeV
- domain of dark ged vs specific
cosmological constraints (eg self-
interacting dm)

Coy, Kimus, MT 2023
Bernal, Konar, Show 2023



BACKUP SLIDES



NO THERMALIZATION

103 -

non-relativistic
freeze-out

['/H




example : secluded cannibalism

1 1
Lus = 50,80"S — 2g2 _ 2

A oA
2 4!S

a real singlet scalar (and only that)

goes through a phase
of cannibalism cf Carlson & Hall 1992

2 parameters + T'/T

Bernal & Chu, 2016; Arcadi et al 2019; Ghosh et al 2022; Hufnagel & MHGT 2022



example : secluded cannibalism

103 4 to 2 freeze-out

(14n)/3
T')T < my, 10-5

Symmetric phase

1076 1074 102 10° 102 10* 105 10% 10%° 10%2
« anomalous » scaling gz [MeV]
D Tt
h 3k —5 mdm

K with k=4 (k=3) for symmetric (broken) phase

Hufnagel, MT 2022



the trouble with companions

DM comes with a lot of
companion particles (eg 7y )

their entropy must go away

a priori, this is (at best)
what is allowed

if the companions are still
around by BBN

-9 -8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9
' ?
what if they are both stable * Lo g[ Mgm /G EV]

Coy, Hambye, MHGT, Vanderheyden ’21



DM & companion stable ?

Qcomp S, Qdm

provided

Mcomp 5 100 MeV example :
C . mdqm = 100 GeV
(relativistic freeze-out)
T,/T‘fo - 10_2

-9 -8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9

Loglmgm/GeV]

Coy, Hambye, MHGT, Vanderheyden ’21



brief history of a hot dark sector

assume

HS with 77 > T

DM abundance from secluded freeze-out

nistory starts right after DM freeze-out

we need to track

dark photons (DP) abundance
temperature ratio T'/T

entropy creation

Coy, Kimus, MHGT ‘23



HEAT TRANSFER PARAMETER
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HEAT TRANSFER PARAMETER
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~ REHEATING AFTER INFLATION

280 Inflation reheatin g

LOG (p)

ar
PI > PSM
heating to Tmax g
~ = LOG (R)
t=Tr N
SLOW- COHERENT RAD=
ROLL 1 OSCILLATIONS 1 DOMINATED
END OF REHEAT
INFLATION

Fig. 8.3: Summary of the evolution of pg, pr, and .S during reheating.

From Kolb & Turner



entropy : relativistic reheating

Non-reversible process -> entropy production

'y ’ )
eNerey TRMSFR o T o = g T B>> 9




entropy : non-relativistic reheating

Non-reversible process -> entropy production

d3 . 1 42 oS : v, Pl
‘d—'; T d = ,3 ;3\3.,.#')(‘-‘{4‘:&4{' %)3 L% 4 )
= PI '0\?’ é" "
= §

MosfLY SM *r’/_
Y, (:e.)"‘ (z)

Su °<)' tw ' n /

No@l/?'? (5 fing AT WRICK Ta%

the later the decay, the larger the entropy produced
Coy, Kimus, MT



domain of thermal DM

785,
Oo
-4 r
- Qh2<0.12 8.0\
2\
-6 - 6((0
O
(\0
—7 1 1 1 1 1 1 1 1 1 1 I 1 1 | 1 | |
-9 -8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9

Log[mdm/GEV]

Coy, Hambye, MHGT, Vanderheyden 21



freeze-in and then decay of dark photons

10—1_

1072 -

10—25

10° 102

104
ala;

10°






