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The origin of dark matter

@ Existence of (particle) DM = evidence for BSM physics

@ Guiding principle: any convincing model for dark matter
must include a
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The origin of dark matter

@ Existence of (particle) DM = evidence for BSM physics

@ Guiding principle: any convincing model for dark matter
must include a

@ Typical interaction with the primordial heat bath:

SM DM
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FIMPs or VWIMPs ?

@ Smooth transition between two regimes:

Fig: Bernal+, JMP 17 <O"U> >

4, J Uios University of Oslo (Torsten Bringmann) DM production from thermal bath - 3



FIMPs or VWIMPs ?

@ Smooth transition between two regimes:
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FIMPs or VWIMPs ?

@ Smooth transition between two regimes:
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Freeze-in: Case study
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@ Scalar Singlet DM

¢ before EVVSB:
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F re eze_ i n : Cas e Stu d: [ TB, Heeba, Kahlhoefer & Vangsnes, JHEP 22

@ Scalar Singlet DM |z = %ausaﬂ‘s + %;@SQ + %)\hSSQ|H\2 + iASS‘l

Silveira & Zee, PLB ’85
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%
S ‘0’ H S SM st R production
4 TR
00 ..... —I_ 0’%
S ’0 H S h SM ...'~ “"

s/ . ,
l _'U//l UiO ¢ University of Oslo (Torsten Bringmann) DM production from thermal bath - 4



F re eze_ i n : Cas e Stu d: [ TB, Heeba, Kahlhoefer & Vangsnes, JHEP 22

@ Scalar Singlet DM |z = %ausaﬂs + % e %Ams%m? + ixss‘l

Silveira & Zee, PLB ’85

¢ before EVVSB: ¢ after EWSB:
o | production

S “’ H S SM ““‘
4 TR
’0 T —I_ 0”"‘
5 g s/ h SM

1078 3
: -==- no quantum statistics
ook N no thermal effects
g —-— neither
/<.§ 10710 :—f
o R N N
107*

. 0.25F .
= = ==
@) 0.00 b ’..\' / ]
= : =—.-_—.___.__T.l-—‘_f':—_—.___.___.___.___.___.___.___.___.___.___-=-_.___,"-' . ’\._'. .:

OB [ SHUSY- |
1076 1074 1072 10° 102 10

ms [GeV]

*'4,_{;6' / UiO ¢ University of Oslo (Torsten Bringmann) DM production from thermal bath - 4



F re eze_ i n : Cas e Stu d: [ TB, Heeba, Kahlhoefer & Vangsnes, JHEP 22

@ Scalar Singlet DM |z = %ausaﬂs + % e %Ams%m? + ixss‘l

Silveira & Zee, PLB ’85

¢ before EVVSB: ¢ after EWSB:

S R H S SM )
. —+ Ky
S ’0 H S h SM ."~, K

g - TRH = 5 MeV - TRH = 20 MeV TRH = 100 MeV
—-=== no quantum statistics ;
ol N e no thermal effects I
10 -1
. 107 ¢
2 —-— neither F
< 10710 E 2
/< - =
= 10 g BR(h —inv)
o 2: .......... s ) Dt
< ‘
10" -4l
0.25f N ; 2
= ~--m-=f |
T o s -
E Dark- - B N 1077 ¢ 7
== . N E— 6- W
106 104 102 10° 102 10% 10~ L A S A B A B
107 1074 1072 10° 102
ms [GeV]
mg [GGV]

- 9 High reheating temperature @ Low reheating temperature

'- /// UiO ¢ University of Oslo (Torsten Bringmann) DM production from thermal bath - 4




A new production mechanism

@ In the past, many variants of freeze-out scenario

have been explored:
ELDER DARK MATTER
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@ Can we get a freeze-in scenario?
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A new production mechanism
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A new production mechanism

e

= heat bath
particle X

TB, Depta, Hufnagel, Rudermann
& Schmidt-Hoberg, 2103.16572

Hryczuk & Laletin, 2104.05684

ny + 3Hn, = n,n,(ov)

[for ny < niy']
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A new production mechanism

Q@ ‘Pandemic’ dark matter
—

X X

= heat bath
particle X

TB, Depta, Hufnagel, Rudermann
& Schmidt-Hoberg, 2103.16572

Hryczuk & Laletin, 2104.05684

ny + 3Hn, = n,n,(ov)

[for ny < niy']
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@ The 'SIR’ compartmental model

A Contribution to the Mathematical Theory of Epidemics.
By W. 0. Kermack and A. G. McKendrick.

(Communicated by Sir Gilbert Walker, F.R.S.—Received May 13, 1927.)

S # susceptible individuals

[ # infected individuals
# recovered (R =tot — S — I)

infection rate

2™

recovery rate

[ =BSI —~I
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A new production mechanism

@ ‘Pandemic’ dark matter @ The ‘SIR’ compartmental model

_> : A Contribution to the Mathematical Theory of Epidemics.
: By W. 0. Kermack and A. G. McKendrick.

X X (Communicated by Sir Gilbert Walker, F.R.S.—Received May 13, 1927.)

S # susceptible individuals

[ # infected individuals

particle

'\l/ - heat bath Y # recovered (R =tot — S —I)

TB, Depta, Hufnagel, Rudermann infection rate

& Schmidt-Hoberg, 2103.16572
Hryczuk & Laletin, 2104.05684

2

recovery rate

ny +8Hn, = nxnqu<cw> [ — ﬁS[ — ’)/I

[for ny < niy']
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Exponential DM production |*""

X X .
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toy model
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Exponential DM production %
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Exponential DM production .
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Adding freeze-in production

‘¢ ransmission’

X X

v )\tr X
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Adding freeze-in production

‘¢ ransmission’ ‘freeze-in’
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Adding freeze-in production

‘¢ ransmission’ ‘‘reeze-in’
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Adding freeze-in production

‘¢ ransmission’ ‘‘reeze-in’
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Adding freeze-in production

‘transmission’ ‘freeze=-in’
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Signals !

@ Necessarily model-dependent
@ * describes a of models, just like ‘WIMP’ does
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Signals !

@ Necessarily model-dependent
@ * describes a of models, just like ‘WIMP’ does

Q

@ Q:ls there a generic way to realize (ov)s < (0V)¢; !
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Signals !

@ Necessarily model-dependent
@ * describes a of models, just like ‘WIMP’ does

@ Q:ls there a generic way to realize (ov)s < (0V)¢; !

@ A:yes — just add a dark sector mediator and mass mixing!

LD —om(Px+x¥) —gxVx| =  |LD—g[xVx+0(dVx +xV¥) + >0V
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Siegnals ?

@ Necessarily model-dependent
@ * describes a of models, just like ‘WIMP’ does

@ Q:ls there a generic way to realize (ov)s < (0V)¢; !

@ A:yes — just add a dark sector mediator and mass mixing!
Lo =0m(Px+x¥) —gxVx| = |LD—g[xVx+0 (@YX +xV¥) + 02V Y]
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Sterile neutrinos

@ An excellent, well-motivated dark matter candidate

@ SM processes:
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with active

. . . . Dodelson &
neutrinos, combined with CC and NC scatterings widrow rr. 94
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Sterile neutrinos

@ An excellent, well-motivated dark matter candidate

Q

1077

10784

SM processes: with active

Phase Space (only DW)

. . . . Dodelson &
neutrinos, combined with CC and NC scatterings widrow rr. 94

Abazajian+, 2203.7377

10! | 50

scenario is ruled out by observations...

DM production from thermal bath -



Interacting sterile neutrinos

TB, Depta, Hufnagel, Kersten, Ruderman & Schmidt-Hoberg, arXiv:2206.10630

@ Let’s add a scalar ¢ that only couples to the sterile neutrinos

LD Sy, = %gb[sin2 Ov v, — sinfcos O v, + U.v,) + cos” O v ] Mg > 2Mg
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Interacting sterile neutrinos

TB, Depta, Hufnagel, Kersten, Ruderman & Schmidt-Hoberg, arXiv:2206.10630

@ Let’s add a scalar ¢ that only couples to the sterile neutrinos

LD Sy, = %gb[sin2 Ov v, — sinfcos O v, + U.v,) + cos” O v ] Mg > 2Mg

@ Early times (~QCD PT): standard production
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Interacting sterile neutrinos

TB, Depta, Hufnagel, Kersten, Ruderman & Schmidt-Hoberg, arXiv:2206.10630

@ Let’s add a scalar ¢ that only couples to the sterile neutrinos

LD Sy, = %gb[sin2 Ov v, — sinfcos O v, + U.v,) + cos” O v ] Mg > 2Mg

@ Early times (~QCD PT): standard production
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Interacting sterile neutrinos

TB, Depta, Hufnagel, Kersten, Ruderman & Schmidt-Hoberg, arXiv:2206.10630

@ Let’s add a scalar ¢ that only couples to the sterile neutrinos
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Interacting sterile neutrinos

TB, Depta, Hufnagel, Kersten, Ruderman & Schmidt-Hoberg, arXiv:2206.10630

@ Let’s add a scalar ¢ that only couples to the sterile neutrinos
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Interacting sterile neutrinos

TB, Depta, Hufnagel, Kersten, Ruderman & Schmidt-Hoberg, arXiv:2206.10630

@ Let’s add a scalar ¢ that only couples to the sterile neutrinos

LD Sy, = %gb[sin2 Ov v, —sinfcos N v, +vv,)+ cos” 00 v,

@ Early times (~QCD PT): standard
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Sterile neutrinos... revived !

TB, Depta, Hufnagel, Kersten, Ruderman & Schmidt-Hoberg, arXiv:2206.10630

9@ Observational constraints
¢ (Standard) X-ray lines
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Sterile neutrinos... revived !

TB, Depta, Hufnagel, Kersten, Ruderman & Schmidt-Hoberg, arXiv:2206.10630

9@ Observational constraints
¢ (Standard) X-ray lines
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@ Vs self-interactions

UT/mS S 1cm2/g f. Tulin & Yu, PR“18
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maybe 0.] possible... (?)
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Sterile neutrinos... revived !

TB, Depta, Hufnagel, Kersten, Ruderman & Schmidt-Hoberg, arXiv:2206.10630

9@ Observational constraints
¢ (Standard) X-ray lines
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¢ Vs self-interactions
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maybe 0.] possible... (?)

¢ Lyman-a

recast mwpuMm > 1.9keV to
Garzilli+, MNRAS 2|
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maybe mwpnm > 9.3 keV possible... (?)
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Sterile neutrinos... revived !

9@ Observational constraints
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Sterile neutrinos... revived !
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Conclusions

@ There are a handful of
generic ways of DM genesis

—
-

from the primordial heat bath

UiO ¢ University of Oslo (Torsten Bringmann)

1072
102 MeV

10—3 L

My > 140 Tey 1 m, = 10! MeV
10074

\ semi—anni-
10~k hilations
10-6 L BBN excluded
(my, < 0.5MeV)

0—7

—_

1078

10-9 BBN excluded

My /my = 1.2
(my < 0.5MeV) v/mx

Q, = Qpm

10—10 i il il n
10-16 10714 10-'2 1071 108 107% 107* 102

s

DM production from thermal bath -

13



Conclusions

@ There are a handful of
generic ways of DM genesis o i
from the primordial heat bath S

10-9 L BBN excluded i fling =12 ;% |

@ Pandemic dark matter is a novel such mechanism.

to spread of diseases works almost scarily well
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Thanks for your attention!
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DarkSUSY

TB, Edsjo, Gondolo,
Ullio & Bergstrom,
JCAP ‘I8

http://
darksusy.hepforge.org

@ Numerical package to calculate

¢ ’ —|_inking to main library/user
S . ; replaceable
all' DM related quantities: s o, e g o chosn mecul
examples/dsmain.F ——» Calling sequence
¢ relic density + kinetic decoupling e
DO OOO000 Particle physics modules
E Ees:I;ceables E src_models/
= Functions

_______________

= by user library

¢ generic SUSY models + laboratory e [Main oS fibos mesmea | st

. . 9 e =wssmmszzmmmaas src/ E Ilf:ngtégns
constraints implemented NI, s | [|mertoce unctons 225
Internal routines | by user

_______________

Observables

¢ CosmiC ray Propagatlon (rates, relic Module generic_wimp .~~~

density etc) libds_generic_wimp.a ' replaceables
Q icle vields f ic DM | . repiaced
< particle yields 1or generic = [nterface functions s meea

! Functions

_______________

1 replaced

annihilation or decay o —
indirect detection rates: gammas,

| replaceables |
!

©

positrons, antiprotons, neutrinos
¢ direct detection rates

©
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DarkSUSY

TB, Edsjo, Gondolo,
Ullio & Bergstrom,
JCAP ‘I8

http://
darksusy.hepforge.org

@ Numerical package to calculate
‘all’ DM related quantities:

¢ relic density + kinetic decoupling
(also for 1 qark 7é Tphoton )

¢ generic SUSY models + laboratory
constraints implemented

¢ cosmic ray propagation

¢ particle yields for generic DM
annihilation or decay

¢ indirect detection rates: gammas,

positrons, antiprotons, neutrinos
¢ direct detection rates

©
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Since
no longer restricted to
supersymmetric DM !

— | inking to main library/user
Main program replaceable
User-supplied, e.g. — | inking to chosen module
examples/dsmain.F ———>» Calling sequence
P =
T / i/ Particle physics modules ol
L2 . src_models/
sreplaceables .
a Functions .
= replaced L - SRR
=and modified . Ma|n DS N MOdUIe mssm :User :
=by user a llibrary libds_mssm.a |replaceables |
............... ' Functions
\ S.I’C/ . id . Ereplaced
libds_main.a Interface functions ! and modified
Internal routines ibyuser |
Observables
(rates, relic Module generic_wimp ---""""""""7;
density etc) libds_generic_wimp.a replaceables !
_______________ ' ! Functions
| User Interface functions :re%'ace?j.f. g
i replaceables | Internal routines o
! Functions '5_’3: N | |
:replaced !
1 and modified i : Module .. o |
‘E)Y_u_s_e _________ O | User
| replaceables |
S )
i i
TN s /i

since 6.1:
since 6.2:

since 6.3:

DM self-interactions

‘reverse’ direct detection
(incl. full Q2 -dependent scattering!)

freeze-in
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Collision term for FIMPs

~

1 d3p A3k d3k ~ ~
Clid = 5- / o L T / Gk~ b
« [W\;XHW Fo (@) 4 (@) = I Mt

o
el e
ol
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G
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Collision term for FIMPs

Clixl =

=

1 d3]’5 A3k d?’i% L) - )
205 / (27)32F (27T)32w / (2#)32@ 2m)* 0" (p+p—k—k)
DM ‘XX<—7MD f¢( ) ( ) —’ /“ m T U s

Clh] = (00)xyopp (nVB)°

@ Only 2 integrals after exploiting spherical symmetry:

(" : Lorenz boost to CMS)

85132 o0 — o0 - -
<U’U>XX—>¢¢ — m/l dss (s — 1)/1 dy /7% — le Qﬁxvaxx_ww(s,’y)

(2m)*
4N¢ EE UM gl

T xx—1h1) (p,p) =

2m)32w J (2m)320

TB, Heeba, Kahlhoefer & Vangsnes,
JHEP 22

(see also Lebedev & Toma, PLB’19
Arcadi+, JHEP ’19)

i [ns 8@+ =k = 1) [M[ {1 % o)} {1 £ £(0)

DM production from thermal bath -



Collision term for FIMPs

~

1 d3p A3k A3k A -
_ b A (54 p— o —
ClAd 2g></ (2m)32E (27r>32w/ (27r>32@(27r) APk k)

<My Fol@) (@) — [kttt T T 7 ()

= | ClA] = (V) yyorpp (PME)?

> actual (in eq)

@ Only 2 integrals after exploiting spherical symmetry:
(" : Lorenz boost to CMS)

Q2 - - TB, Heeba, Kahlhoefer & Vangsnes,
D ~z(z /2 _ 1 o—2V3 HEP 22
(V) xx—pyp = i / dss (s — 1)/ T S Smgxx—ww(s/ﬂ J ’

2 (513) 1 i, (see also Lebedev & Toma, PLB’19

= — , Arcadi+, JHEP ’19)
= K (2V52)/(2V52)

N (27T)4 d’k >k (4) (= ~ — 2 -
Oxx—(Ds D) = 4N¢EE~UM¢1 /(27)32&) /(2%)32@ ’Yp+p—k—k) ‘M| {1 ifw@)} {1if¢(w)1}
@ |n this formulation, direct analogy with WIMP case!
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Collision term for FIMPs

~

: d°p d*k &k .

= | ClA] = (V) yyorpp (PME)?

> actual (in eq)

@ Only 2 integrals after exploiting spherical symmetry:
(" : Lorenz boost to CMS)

= — , Arcadi+, JHEP ’19)
= K (2V52)/(2V52)

N (27T)4 d’k >k (4) (= ~ — 2 -
Oxx—(Ds D) = 4N¢EE~?}M¢1 /(2#)32w /(2%)32@ ’Yp+p—k—k) ‘M’ {1 ifw@)} {1+ fw(W)}
- 1
@ |n this formulation, direct analogy with WIMP case!
E> ¢ Can recycle sophisticated numerical tools for thermal averages
¢ Easier to estimate higher-order corrections <
'l\XQU//l UiO 2 University of Oslo (Torsten Bringmann) DM production from thermal bath -

Q2 - - TB, Heeba, Kahlhoefer & Vangsnes,
D ~z(z /2 _ 1 o—2V3 HEP 22
(V) xx—pyp = i / dss (s — 1)/ T S Smgxx—ww(s/ﬁ J ’

2 (CE) 1 i, (see also Lebedev & Toma, PLB’19



