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DARK SECTOR (DS)

Visible sector Dark sector



DARK SECTOR (DS)

ortal
p T!
SM singlets, possibly with interactions

Possibly in thermal equilibrium with T"# T

Interacts (albeit feebly) with SM through a ‘portal’



DARK SECTOR (DS)

Juv



SPECIAL SM PORTALS

LH A£ D Yy EﬁN Dodelson & Widrow (1994)
AL D GBM,/F"‘W Holdom (1986)
HTH AL D A SZHTH Silveira & Zee (1985)

Veltman & Ynderain (1989)
Patt & Wilczek (2006)



DARK QED

dark electrons and positrons (DM)

dark photons



KINETIC MIXING with DARK QED

1 1 € y
LD XD —my)x — ZFL/WF/W + §m,2y,A:LA’N _§FWF’“

dark photon (DP)

dark electron B A’
& positron X X

(here the DM)

Feldman, Kors, Nath;
Pospelov, Ritz, Voloshin;...



KINETIC MIXING with DARK QED

1 1 € )
LD XED —my)x — ZF;WF’W — §m,2y,A;LA’“ —§F,WF’“

SM X5 X

k=c€e Je =e\/a! | ‘millicharge’

Feldman, Kors, Nath;
Pospelov, Ritz, Voloshin;



EMISSION OF DARK PHOTON BY SM

1 1 ’
LD XD —m)x = 1 Fp F™ + Sm Al A" S Fu F"

oM




EMISSION OF DARK PHOTON BY SM

1 1 € )
LD XED —my)x — ZF;WF’W + §m,2y,A;LA’“ —§F,WF’“

€ m2, L
A for emission
;) — m% (T) —+ zmﬂ’v (but € for exchange)




2
TAXONOMY OF DM PRODUCTION




2. Geospiza fortis,
4, Certhidea olivaiea.
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BOLTZMANN EQUATIONS

dY; o
zHs dzM = (0DM—SM V) [(anM)2 _n%)M]
D ”eéq 2 2
+ (I'DM_sMm) (n%2 )2 [(n M) _nDM]
+ (0 —DMUYNZ, — (ODM—y V)N
ay.
zHs - = (0 5SM V) Ngps [n — Ny
+(ODM—y/ V)P — <‘77'—>DMU>TL3'
dp, | / AN eq 2 AE
zH—— +4H(p' +p') = (ngu(2)) (osm—pm v AE)

dz
+(ngy(2))*(0sM—s v AE)

Hambye, M.T., Vandecasteele, Vanderheyden 19



BOLTZMANN EQUATIONS




PETRI NETS

https://en.wikipedia.org/wiki/Petri_net



BOLTZMANN EQUATIONS




MASSLESS DARK PHOTON LIMIT

Chu, Hambye, M.T. “12

kK=ce /e m



THE 4 BASIC WAYS TO PRODUCE DM

mfy/ % O
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Chu, Hambye, M.T. 12



MASSLESS DARK PHOTON LIMIT

Chu, Hambye, M.T. “12

kK=ce /e m



FREEZE-IN PREREQUISITE

reneating

freeze-in



ABUNDANCE FROM FREEZE-IN
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FREEZE-IN CANDIDATES
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Chu, Hambye, M.T. ‘12
Essig, Mardon, Volansky ‘12



DIRECT TESTS OF DARK QED

My — 0

=  XENONIT 2018

10_10'_

Freeze-in

10_11'_

Hambye, M.T., Vandecasteele, Vanderheyden ‘18



DIRECT TESTS OF DARK QED

Direct
searches

MAJORANA

m (GeV)

Dunsky, Hall, Harigaya, 2019



DIRECT TESTS OF DARK QED
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Arvanitaki, Dimopoulos, Ganalis, Racci, Simon, Thompson, 2021



9 WAYS (5 REGIMES) TO PRODUCE DM

mvf # O
freeze-in (la & 1b)

sequential freeze-in (I

reannihilation (llla & ll1b)
secluded freeze-out (IVa & VD)

freeze-out (Va & Vb)

Chu, Hambye, M.T. 12
Hambye, M.T., Vandecasteele, Vanderheyden 19



DM PRODUCTION REVISITED

m, = 100 GeV, m.,» = 10GeV

T ] I I I ] I I I I I ] I I
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Hambye, M.T., Vandecasteele, Vanderheyden 19



FREEZE-IN REVISITED

m, = 100 GeV, m.,» = 10GeV
S iy # 0
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Hambye, M.T., Vandecasteele, Vanderheyden 19



STANDARD FREEZE-IN (type la)




FREEZE-IN FROM DARK PHOTONS (type Ib)

%:66//6 Coff — €2 — m2(T)



FREEZE-IN la & Ib

m, = 100 GeV, m.,» = 10GeV
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SEQUENTIAL FREEZE-IN (type I1)

|
NEW REGIME! Moy # 0

TXNO T’V,NO

Type |l

Hambye, M.T., Vandecasteele, Vanderheyden 19
See also Bélanger et al ‘20



SEQUENTIAL FREEZE-IN (type I1)

m, = 100 GeV, m.,» = 10GeV

1 ] T [ T ] I I I ] I I I I I I I I I I I I 1

Type I
freeze-in
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Type la,b and Il freeze-in candidates
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Hambye, M.T., Vandecasteele, Vanderheyden 19



PERTURBATIVE PRODUCTION OF DARK PHOTONS

—— Ann./Com.: transverse modes My = 1 GeV
10_2 4 —— Ann./Com.: longitudinal mode

—— Coalescence

— All contributions
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PERTURBATIVE SEQUENTIAL FREEZE-IN
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NON-PERTURBATIVE SEQUENTIAL FREEZE-IN

E-field era Screening era Plasma era

H, (,Jr~ H >>I-l

Hcas ~ Jg""h H Hrlas TD" Z My

Arvanitaki, Dimopoulos, Ganalis, Racci, Simon, Thompson, 2021



SEQUENTIAL FREEZE-IN CANDIDATES
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Caveat : assumes Stueckelberg mass; production changed if Higgs (Redi, Tesi, 2022)



Type llla: HS with T'< T

m, = 100 GeV, m.,» = 10GeV
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Type llla: HS with T'< T




3
DOMAIN OF THERMAL DARK MATTER

Ultra—light scalars, axion v,  particles

1 10'° 10%° 10%° 10*kg

10-30 10—20 10-10

Primordial
Thow weak scale black hole Solar mass

WIMPs at T'=T

Figure from M.Cirelli



MAXIMAL DM MASS

104 -
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RELATIVISTIC vs NON-RELATIVISTIC FREEZE-OUT

Qdm X Tdm




MINIMAL & MAXIMAL DM MASS
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MINIMAL & MAXIMAL DM MASS

104 -

102 -

100 -

10—2-

1074 -

107° T T T T T T T
10° 1077 10> 1073 10! 10! 103 10°

m, (GeV)

Griest & Kamionkowski
Cowsik-MclLelland



A CLASSIC - DIRAC NEUTRINO DM

Lee-Weinberg
1072 - massive neutrino

1074 -

1 1 1 1 1 1 1
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Plot from Kainulainen & Olives ‘03



CHANGING INTERACTION STRENGTH
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DOMAIN OF THERMAL CANDIDATES FOR T'=T
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LOWERING T°/T
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DOMAIN OF THERMAL DM PARTICLES
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DOMAIN OF THERMAL DM PARTICLES

LoglT'IT]

\re ativistic freeze-out
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DOMAIN OF THERMAL DM PARTICLES

LoglT'IT]

non-relativistic freeze out
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Hambye, Lucca, Vanderheyden ‘20



DOMAIN OF THERMAL DM PARTICLES

LoglT'IT]

Mam ~ 50 PeV
| Tfo ~ 011 GeV

T 1
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Coy, Hambye, MHGT, Vanderheyden '21
Hambye, Lucca, Vanderheyden ‘20



EXAMPLE : DARK QED AGAIN
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EXAMPLE : DARK QED AGAIN

Log[T'/T]
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EXAMPLE : DARK QED AGAIN

Log[T'/T]
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EXAMPLE : DARK QED AGAIN

Log[T'/T]
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EXAMPLE : DARK QED AGAIN

Log[T'/T]
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EXAMPLE : DARK QED AGAIN
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ANOTHER EXAMPLE : CANNIBAL DM

107 ¢

103

10!

10~1 \

103

10-?

10706 104 102 100 10° 10 106 10° 1010 10

mg [MeV]
‘Chs — 1 ¢8M¢ _ 1M2¢2 o & 4 4§b — 2§b symmetric phase
2 K 2 4! 3¢ RN 2¢ broken phase
(this plot)

Hufnagel, MHGT 22



ANOTHER EXAMPLE : CANNIBAL DM

107
sl | cannibal DM like relativistic FO,
with « anomalous Scaling >
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Hufnagel, MHGT, in progress but '22
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4. AHOT DARK SECTOR ?
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AHOT DARK SECTOR ?




A HISTORY OF AHOT DARK SECTOR

3\

~~ ~ ~

D

total energy w

— +3(1+w)Hp, =0

( simplify... dt
dp'

— (W, T\ T} — ——+301+w)Hp =m T/ [nly(T) —n'(T")]

dt
dn’ K(z) , Ky (z')
@ T T [Kz(l')neq(T) T K@)
C Tr -~y - / j
Maxwell-Boltzmann statistics ~ (7-) 1T T" Z my

L simplity...



EX UMBRA IN SOLEM

m,=10 GeV, &=1 0°° )

776& E ”,'6\1“ i
ECT’O((1_1/4 Rt

1072}

1074}~

1078}

Coy et al, in progress



CONSTRAINTS, CONSEQUENCES?

Can make sure that DP are gone
by the time of BBN (so, unfortunately, no dragons)

Work In progress
on DP parameter space, modification of domain of DM
and other consequences (ie baryo/leptogenesis,...)



SUMMARY

T T B S B S S -7 e e e N B e e e e

I Y | N B B E—
-14 -12 -10 -8 -6 —4 ) 0 -9-8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9
Log[mgm/GeV]
Logl«]
Dark matter from dark photons : a taxonomy of production mechanisms The domain of thermal dark matter candidates
Th. Hambye, M.H.G.T., J. Vandecasteele, L. Vanderheyden R. Coy, Th. Hambye, M.H.G.T., L. Vanderheyden

Phys.Rev.D 100 (2019) 9, 095018 Phys.Rev.D 104 (2021) 5, 055021



SUMMARY

cannibal DM almost like relativistic FO

. heating of VS from relativistic decay
but « anomalous scaling »

104

102

Ccd

1072}

1074

1076

10_7 —9 '_6 |_3 | 0 | 3 1 c 9
10 10 10 10 10 10 10

my [GeV]

Revisiting the domain of a cannibal DMM
M. Hufnagel, M.H.G.T. Coy, Kimus, MHGT, in progress

arXiv:2212.09759



BACKUP STORY (1)



AHOT DARK SECTOR ?

A ¢
First, secluded DM FO « with T /T > 1
X v
\\(\ K\’
then heating the VS (hopefully before BBN)

Impact on dark QED parameter space”? Other consequences?



PRODUCTION TROUGH KINETIC MIXING

[a - IIIb > IVb—> Va—> Vb (m, =0)

Ja—>Ib—>I—1Ia— Va— Vb (m, #0)



PORTALS TO ADARK SECTOR

3 special gates in SM

LH ALDy LHN Neutrino portal

Dodelson & Widrow (1994)

AL DeB,, X" Kinetic mixing portal
Holdom (1986)

HTH ALOMNS’HTH Higgs portal

Silveira & Zee (1985)
Veltman & Ynderain (1989)

Patt & Wilczek (2006)



DIFFERENT REGIMES ARE POSSIBLE

/ NR decay (Sherrer-Turner)

|
108 ~- Plateau Attractor ST I Shedding Thermalisation
Do ... p HS domination |
o d.constant U N «—
10° -
.................................. H
I | VS domination
10%} N |
relativistic decay N |
102}
| f‘*ev
1 \ =1
! Relativistic thermalisation |
I é<1

1072 ' ' ' ' 1 |




SCHERRER-TURNER HEATING OF VS

relativistic : non-relativistic

decay decay
104 . . : .
' A-10
m,=10 GeV, =10
77@ : |
v lateau ' ' '
102 P : | SIS;
¢ | '
1 \
!
1072} i
:
1074} <A
L]
!
!
1078+ |
P/ Prot @nr |
i
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ala;



NO THERMALIZATION

103 -

non-relativistic
freeze-out

['/H




A DIGRESSION: WHICH BASIS ?

1 1 € 5
‘C - X(ZJD/ o mX)X o ZFIL/“/F/'[“/ _I_ §m,2y/A'/uA/'u _5 ,uVF,'u

AP — AP — e A
« SM interaction basis »

A'UJ%AM/

LD epyPpA, —em?, A, A"

1
+e' XV x (A, —€Ay) + §m3, A A

- no emission from SM fields !
| mv/ — 0

- DM millicharged k = €€’ /e



A DIGRESSION: WHICH BASIS ?

1 1 €

LD XD —my)x — 3 F F"™ + omd, AL AW — S Fu 1

A'F— A

APy AR eA’“/

LD epy*ip(A, — eA)

1
+e' XV XA, + §m,2y, A AF

« elgenmass basis »

DM couples to massive dark photon (also Z) But what if

SM emission of DP with coupling € M~ — 0 ?



VIRTUAL DARK PHOTON EXCHANGE

« elgenmass basis »

f N X
/ X
1




VIRTUAL DARK PHOTON EXCHANGE

« SM interaction basis »

f X i X
v
ce’
/ X f X
1 m2,
2 1 | Y |
Muie ~ €76 Jom T Ty X 75 (1 k2 —m2, )
7Y




RADIATION OF A DARK PHOTON ?




RADIATION OF DARK PHOTON ?

1 2 v

Mrad X € Jéum my ﬁ em,y,&“T

2 2 L /v
kf=m>, —  eeJi Nuwer

1 asymptotic states

k% 4 1e &/




RADIATION OF DARK PHOTON IN MEDIUM

y
7’ 1 2 _Iv
Miad X € Jem my, ﬁ €M/ E
— M x e J" emi, el
rad em Huv m%,/ — m%’ (T) T
B m% , photon thermal mass
€ —  Eoff = em?Y, 2 (D) m., ~ T

An, Pospelov, Pradler ‘13



