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OUTLINE

1. Particle physics perspective on Dark Matter

» recap of evidences & expectations

». Dark Matter status ca. AD 452

* observations & theory

3. Advances in DM production theory

» departure from kinetic equilibrium
» multi-component DM scenarios



DO WE SEE EVERYTHING THERE 1S?

i Dark
age s Matter.
oy

...BUT SHOULD WE REALLY EXPECT TO?



HISTORY & EVIDENCE

* Andromeda M31

Idea that there is some ,,dark matter” in the
Universe has a very long history

. Sab Sb
g [ | But for the most part the ,,dark’” has been
> V | understood as a mere adjective...
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E 200 S s 1] s | Indeed, even the historical milestone of
Z 0] ‘ establishing that the rotation curves of
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Scd } o . .
( | distances, did not cement the idea that
S h ‘ there is a ,,new kind of matter”
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HISTORY & EVIDENCE

Rotation curves are commonly seen as the
most direct evidence of the existence of DM

... but this frames DM as an astrophysical ,,issue”
(cf. phrase like ,,missing mass problem”)

From HEP or cosmology perspective the most important pieces of evidence:
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HISTORY & EVIDENCE

And then there is also of course: hot gas from X-ray observations
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The Bullet Cluster
(and 72 similar systems — 70 evidence)



PARTICLE DARK MATTER

There is plenty of evidence on astrophysical and
cosmological length scales that DM exists...

Small scales

T’ Rotation curves (spiral galaxies & dSphs)

Galaxy-galaxy lensing

Velocity dispersions & X-ray observations in galaxy clusters Qualitatively

—> convergent
picture!

Colliding galaxy clusters

LSS formation

Cosmic shear & CMB lensing

CMB acustic peaks

Large scales

... but no direct evidence that it is a particle DM
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PARTICLE PHYSICS PERSPECTIVE



IF WE KNEW NOTHING ABOUT
PARTICLE PHYSICS & COSMOLOGY?

Cirelli, Strumia, Zupan 2406.01705
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Normal matter: p o M/R> mp/(ame)_3 % mpmg

Nuclear matter: p x M/R> mp/(asmp)_3 X m]f

Both cases: expectation of a particle with mass o p !/ 9



THE STANDARD MODEL

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
I II III
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,NEW PHYSICS”

Some of the open problems of the Standard Model:

* Neutrino masses & oscillation anomalies
» Hierarchy problems: Higgs mass, strong CP & cosmological constant
» Unification & parameter hierarchies

* Proton decay & neutron lifetime puzzle

. gﬂ—z

- Baryogenesis (matter-antimatter asymmetry)
* Dark matter
* Dark energy

* Inflation

- Quantization of gravity (or ,,gravitising” QM)
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PARTICLE DARK MATTER
(HiGH ENERGY PHYSICS PERSPECTIVE)

We know that the Standard Model (of particle physics) in not complete

[its extension could in principle be rather minimal... but it is far more likely
that there are (many?) new particles we do not know yet]

;
v

it is quite p055|blethat some of them are a dark matter,

if so, it is natural to expect that actually constitute the dark matter

\

particle DM in not an anomaly

it is a (generic) prediction
(at least on a qualitative level)

12



I11:
STABILITY



charge
spin

Energy-momentum
+ angular mom.

Proton
&
Neutron

0.939565... GeV

ma

LEPTONS

STABILITY or ,,Who wants to live forever?”

Standard Model of Elementary Particles

interactions / force carriers

three generations of matter

(fermions) (bosons)
I II 111
ss | =2.16 MeV/c? =1.273 GeV/c? =172.57 GeV/c? 0 =
% % % 0 0
¥ U Y C 1) t 1 ‘ 0
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u charm J to J luon
p j Y | g
—_—
~4.7 MeV/c? ~93.5 MeV/c? ~4.183 GeV/c? 0
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,» This world has only one sweet moment

Set aside for us”

n=>p+te+v

0.000782... GeV

0.001293... GeVI

n

0.939565... GeV

motion energy
ofp,e andVv

Bit of an accident... due to
values of SM parameters

M. Strassler 2012

|7(+1) (apparently)
= elementary particles
higgs #

Engrgy-momentum
(,,Forever is our today”)

6(+1) stable

2 All due to combination
: of conservation laws!

Space-time + gauge symmetry —> stable

Space-time + global symmetry =—> meta-stable

(*gravity tends to

,, Who waits
break global ones...)

forever anyway?”

Nuclei:
~3000 known
out of which <300 stable

(146 stable theoretically) Atoms:

Stability of constituents
+ binding energy
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DARK MATTER STABILITY?

N
\e =N

Typically by some

additional symmetry: Not enough to have

,weak’ couplings or
,,small” mass differences,

|. Ad hoc:e.g. Z,, Z;, etc. T

or global U(1) e.g. neutron lifetime is
5 only ~15 min, even though

Y _3 I
2. Theoretically motivated, e.g. Replii ~ W =owhile o

L Higgs mixing couplings
R—parity in supersymmetry, <glgO_ o areg neecFI)edg
or U(1)p_; N

I”

but possible, e.g. sterile

3. Accidentally, e.g. neutrinos, gravitinos... or

»dark baryon number” PBHs
or fermionic 5-plet of SU(2);

It is not hard to write a theory with stable or meta-stable states...
- but hard to do it in a natural way (but then also visible matter is arguably not stable natura

L -
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I11:
MODEL BUILDING



If

DARK MATTER LANDSCAPE

. —

. _——

Only one measured number — abundance:

Observational requirements:

The result:

Too
big

10—30
Hubble

Fields

Ultra-light

scalars

10—20

10—10

axion

TIIOW

eV

x-1

Dark: not seen & dissipation-less

Stable or (at least) meta-stable

Particles

thermal
relics

asymmetry

GeV
weak scale

1020

Cold: non-relativistic at matter-radiation equality

Planck scale

Q =0.264 £ 0.003

kg

Macroscopic objects

PBHs

1 O 10 1020
Asteroid mass

Matter: source of grav. potential & behaves as matter in cosmological evolution

Adiabatic: has the same primordial inhomogeneity as other components

Too
heavy

100 1040
Solar mass

17



DARK MATTER LANDSCAPE
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INTERACTIONS WITH THE SM

Gauge Portal
U(1) - milicharged Interactions mediated by
o an additional particle;
SU(2);, - minimal DM/SUSY plethora of models
SUG3). (17) (often simplified models)
Non-renormalizable None
(i.e. only gravitational)
e.g. axions, gravitinos, Nightmare

(though possible)

simplest sterile v .
scenario

19



NEW PHYSICS
(IS ALWAYS) AROUND THE CORNER

July 2012 - the Higgs boson “\ since then:

s B s 1 ey "
8 ; ‘ 5, = ATLAS

H—ZZ*—4l

Vs=7TeV |Ldt=46fb"

but then we knew sth is there: vide so-called
unitarization of the WWV scattering cross section

| >

Now, after the Higgs was found - The Hierarchy Problem
3A?

Am? =
h™ Qr2q2

A
|4m; — 2my, — mZ, —mj |+ O (log —)
v

or in other words: why is the Higgs boson so light?



SUPERSYMMETRY

str) BEST MOTIVATED FRAMEWORK BEYOND SM

What people think about SUSY :

What SUSY really is:

{QOA?Qﬁ} — {Qaa@ﬁ} =0 )

PH {QO&) Qﬂ} — 2(O-M)aﬂpﬂ 9
SNEUTRING [Qa7PM: — [QO&?‘P,LL] — O ’
WIN - 1
\ [Qow M,ul/_ — _5(0/11/)045(025 )
_ i 1 _
- — [Qo'm M;w_ — _§(O-,uu)o'z5QB .

GLUON

i Lsusy = Jd29W({<I>i}) +

162

SUSY features:

great simplification of the theory
Coleman-Mandula theorem

elegant solution to Hierarchy Problem
needed by String Theory

coupling unification

DM candidate for free

1
Jd29Tr(Wa

W) + Jd29d29§> e*Vd + h.c

SUSY bugs:

© hasn’t been found yet...

(however this bug might
turn out to be a feature...)



INTERACTIONS WITH THE SM

Gauge Portal
U(1) - milicharged Interactions mediated by
o an additional particle;
SU(2);, - minimal DM/SUSY plethora of models
SUG3). (17) (often simplified models)
Non-renormalizable None
(i.e. only gravitational)
e.g. axions, gravitinos, Nightmare

(though possible)

simplest sterile v .
scenario
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PORTALS

Vector

cF M dark sector

pvty
/

DM/mediator

visible sector

mediator DM/mediator

Neutrino

A(I)I/RI/R or y(D)?I/R and vp has mass

mixing with SM s

DM DM

*portal mediator can also be non-reonoramlizable or composite (for more complex dark sector)
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1V:
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IMDP DETECTION

Dlrect
X X

F0941PM)

Production

Cryogenic Superheated
bolometers liquids

PHONONS / HEAT

Cryogenic bolometers
with charge readout

Scintillating cryogenic
WIMP\, bolometers

Germanium Scintillating
detectors / crystals

CHARGE LIGHT
Liquid noble-gas
dual-phase time
projection chambers

Directional
detectors

Liquid noble-gas
detectors




CURRENT LIMITS
AND DECLINE OF THE WIMP PARADIGM

”The great tragedy of science - the slaying of
a beautiful hypothesis by an ugly fact”

Aldous Huxley

On both Direct Detection and LHC front no* signal of DM particle...

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

July 2024 Vs =13TeV
Model Signature  [£dt[fb7'] Mass limit Reference
T
Oep 2:6jets  Epv 140 (GINIEXIDEGEN] 1.0 1.85 m(¥))<400 GeV 201014293
] monojet  1-3jets  EP™ 140 G [8x Degen.] 0.9 m(g)-m(¥})=5GeV 2102.10874
5 Oep 2-6jets  EP 140 14 23 m(F)=0GeV 2010.14293
S z Forbidden 1.15-1.95 m(P})=1000 GeV 2010.14293
B 28, g—aaWh] Ten 2-6 jets 140 |z 2.2 m(¥))<600 GeV 2101.01629
o F-qq(LOX, e, pup 2jets 140 |2 2.2 m(¥})<700 GeV 2204.13072
B 37, 3ogqWZY) Oepu  7-11jets 140 |z 1.97 m(¥}) <600 GeV 2008.06032
(% SSeu 6 jets 140 g 1.15 m(g)-m(¥1)=200 GeV 2307.01094
S @zt O-1ep 3h  EP™ 140 |g 245 m(7})<500 GeV 2211.08028
SSeu 6jets 140 4 1.25 m(g)-m(¥7)=300 GeV 1909.08457
biby Oep 2b EPS 140 | By 1.255 m(i?{aoo GeV 2101.12527
b 0.68 10 GeV<Am(b X1)<20 GeV 2101.12527
o5 hb. by—b¥3 — bt} Oen 6 Ep 140 | By Forbidden 0.23-1.35 1908.03122
5 -g 27 2b EP™ 140 | B 0.13-0.85 2103.08189
gg e Olepu  =ljet EM 140 |7 1.25 2004.14060, 2012.03799
2 SR [ Tep Sjets/t b EPS 140 I Forbidden 1.05 201203799, 2401.13430
[ Ay, hi—=Tiby, 111G 127 2jets/t b EP™ 140 I Forbidden 1.4 2108.07665
S T e e Oe,p 2¢  Em 364 @ 0.85 1805.01649
“© T Oepu mono-jet  E™ 140 i 0.55 2102.10874
iy, o0y, B9 Z/hi] 1-2e.pu 146 EFS 140 | R 0.067-1.18 2006.05880
b, hoh +Z 3ep 1b ERSs 140 [T Forbidden 0.86 m(¥)=360 GeV, m(7,)-m(¥})= 40 GeV 2006.05880
RS viawz Multiple ¢/jets g 140 nig 0.96 m(¥})=0, wino-bino 2106.01676, 2108.07586
ee, >ljet EMS 140 [ X5/K, 0.205 m(¥1)-m(¥})=5 GeV, wino-bino 1911.12606
2epn ERS 140 |7 0.42 m(#)=0, wino-bino 1908.08215
Multiple ¢/jets Eps 140 | E;/%;  Forbidden 1.06 m(¥!)=70 GeV, wino-bino 2004.10894, 2108.07586
- 2eu Ems a0 | 1.0 m(@,)=0.5(m(¥})+m(¥}) 1908.08215
=3 27 Eps 140 | ENERER] 0.35 0.5 m()=0 2402.00603
W 2ep Ojets  £mi 140 |7 0.7 1908.08215
e,y >ljet  EMS 140 |7 0.26 1911.12606
HH, H—hG/ZG Oepu >3bh  EMS 140 i 0.94 2401.14922
dep 0 jets I?(“ s 140 H 0.55 2103.11684
Oep >2largejets EM 140 | f 0.45-0.93 ) 2108.07586
2ep >2jets EPS 140 | A 0.77 BR(Y — ZG)=BR(Y] — hG)=0.5 2204.13072
Direct ¥1X; prod., long-lived X7 Disapp. trk  1jet £ 140 [FF 0.66 Pure Wino 2201.02472
-8 i 0.21 Pure higgsino 2201.02472
o«
S © Stable g R-hadron pixel dE/dx Ems 440 |2 2.05 2205.06013
c'»'% Metastable g R-hadron, g—qq¥] pixel dE/dx EPS 140 | @ =10ns] 2.2 2205.06013
§8§ w6 Displ. lep Ems 140 & 0.74 ATLAS-CONF-2024-011
— z 0.36 ATLAS-CONF-2024-011
pixel dE/dx ERs 140 |z 0.36 (D =10ns 2205.06013
TR X ze—eee 3ep 140 | ¥/¥) [BR(Z7)-1, BR(Ze)=1] 0.625 1.05 Pure Wino 2011.10543
XX IS - wwzeetevy dep Ojets  EMS 140  [DE/R [l 2 0uAian 20] 0.95 1.55 m(©%)=200 GeV 2103.11684
2, g—gat], X — qqq >8 jets 140 |z [m(})=50 GeV, 1250 GeV] 16 234 Large A7, 240116383
S iR B o ibs Multiple 361 |7 =24, 1e2] 0.55 1.05 m(E})=200 GeV, bino-like ATLAS-CONF-2018-003
& i, i-bY\, X7 — bbs >4b 140 i Forbidden 0.95 m(¥7)=500 GeV 2010.01015
hiy, i —bs 2jets +2b 36.7  |lENlgq ] 0.42 0.61 1710.07171
fify, fi—qt 2ep 2h 140 |7 0.4-1.85 BR(7i—be/b1)>20% 2406.18367
Tu DV 136 hi [e-10< 4y, <1e-8,3e-10< &, <3e-9] 1.0 1.6 BR(f; —qxt)=100%, cosf,=1 2003.11956
TGRSR, 10, —stbs, X{ —bbs 12ep  >Bjets 140 | & 02:0.32 Pure higgsino 2106.09609
1 N
*Only a selection of the available mass limits on new states or 10! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

Cross—section [sz] (normalised to nucleon)
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...BUT this does not mean that much!

20



... BUT IN FACT WIMP
NOT EVEN SLIGHTLY DEAD

Most of the (strongest) limits are

. ) this can lead to a very
based on assumptions motivated by > .
. . broad-brush conclusions
theoretical prejudlce (or convenience)
10_22 . iliopns
: ; predicted probabilities
excluded by N : | can be >|
observations \10 :
N i
> 10724
&
O
’; 10—25
© B
> 3 t h darl
Overabundance — SIe) el @l
all fine! - matter
10—27 v Al vl el el el
0.1 1 10 102 10%® 10* 10°
m, [GeV]

R. Leane et al; |§5! IBSBE
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Realisation that we actually
have no idea what DM is
starts to sink in

,DM is nearly certainly WIMPs

. . ’»
(or perhaps axions or sterile L’s)

Options:

RN

,»oUSY is just around the corner”

: New detection v Make an effort
—> Studying BSM models e to improve our
and their phenomenology in Double down | understanding
direct & indirect detection and propose/ | of relevant
makes a lot of sense study new | processes |
models

28



INFERENCE OF DM PROPERTIES?

Imagine a clean signal in both direct and indirect detection:

Roszkowski, Sessolo, Trojanowski, Williams (2016)

122 ——m ————————————
Z XENON-1T (730 ton days) =+
1e-23 ¢ Fermi—LAT 15 yr 46 dSphs ~ *
{e_24 _ Fermi—-LAT + XENON-1T = _
pole-d m, = 25 GeV ;
& - LYY 2 = 8*10"%" cm%s (bb
~factor 2-3 9 O 1e-26 ; L o) Sl 0365(2 ) E
uncertainty o < and o,™= 210" cm
B te-27| —:
1e-28 | ;
1e-29 E
jeso L& . .. . . ... . 0.
0.01 4% 0.1 1 10

~20% uncertainty M, (TeV)

. hot to mention that even this still does not say what the true BSM physics should be!
29
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DARK MATTER ORIGINS

Thermal
In equilibrium

co-
scattering
assisted
semi- \ ...................
annihilation __ 7
Freeze-out
. \
annihilation
w/ freeze- /
out —
Asymmetric
co-genesis
asymm.
freeze-in

Thermal
Out of equilibrium

Thermal

Out of equilibrium forbidden’
~

superWIMP /

Freeze-in

/ N

uv
Dark Matter
production
\ reheating
. . —
Pre radiation
domination
Phase \
transitions, | gravitational
Misalignment,
inflaton
decay
Non-Thermal
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MOTIVATION
THERMAL PRODUCTION

Theory:

I. Natural

Comes out automatically from the
expansion of the Universe

Naturally leads to cold DM

II. Predictive

No dependence on initial conditions

Fixes coupling(s) => signal in DD, ID & LHC

III. It is not optional
Overabundance constraint

To avoid it one needs quite significant
deviations from standard cosmology




THERMAL RELIC DENSITY
A.K.A. FREEZE-OUT

DM in full
equilibrium

33



Does DM interact
with any particle of the SM?

Yes

At high temperature
DM thermalises, has
very high abundance

B

| An efficient

g .

No (or nearly no)

s initial population (e.g.
from reheating) small?

\No

,,Initial condition”

| A slow prod

uction

- depletion is needed | is needed
. dependence
(freeze-out) (freeze-in)
o‘o
be§ 000”“’
Secluded *
,, VWWIMP”
dark sector ¢
(e.g. cannibal dark sector) 34



Visible Sector

WHAT IS FREEZE-IN?

Dark Sector

time

end of
inflation

reheating

Thermal bath at

expansion

Thermal bath at
T < n,

~empty

T >> my

Dark Sector:

Dark Sector:

UV freeze-in

Freeze-in defined like this
is a (very) old idea:

this is a standard production
mechanism for e.g. sterile
neutrino, gravitino, axino,...

however, old works
focused on what now

t IR freeze-in people call UV freeze-in

i.e. dominated by non-renormalizable
operators and dependent on Ty

Freeze-in = the above mechanism 1}
through renormalizable operators |
(IR freeze-in)
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FREEZE-IN vs. FREEZE-OUT

Freeze-in is in a sense the 'opposite’ of freeze-out

—
;o \\
J o Rt~
’ \ -------- e -
I Mo y Thermal Production ‘
\‘ """" T T oo freeze-out
\ Y : :
Ve e
\ Out of
\ Equilibrium Production ‘ .
\ - freeze-in
/ \\\ T YfOC(O'V)
\‘\ l.
T=m,
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FREEZE-OUT vs. FREEZE-IN

WIMPs
(Weakly Interacting Massive Particles)

DM starts in equilibrium with the SM bath

The role of the interaction with SM is
to suppress DM from its huge initial population

If through annihilation typical value required

(oVv) ~ 10720 cm?/s

Relic abundance decreases with (oV)

Requires

Try 2 m,

FIMPs
(Feebly Interacting Massive Particles)

DM never in equilibrium with the SM bath

The role of the interaction with SM is
to produce DM

If through annihilation typical value required
(ov) < 107% cm?’/s

Relic abundance increases with (oV)

Requires
~no initial abundance
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THERMAL FREEZE-OUT
STANDARD SCENARIO

|—>(chemical and kinetic)

A r,. >H DM in full equilibrium

I,..~H

T dann

Iy < H

time

time evolution of f, (p) in kinetic theory:

E(at — Hyp- vﬁ)fx — C[fx]




THERMAL FREEZE-OUT
STANDARD APPROACH

Boltzmann equation for fy(p):
*assumptions for using Boltzmann egq:

E (at — Hﬁ Vﬁ) fX — C[fX] classical limit, molecular chaos,...

: integrate over p }
(i.e. take Ot moment) |

dn

dt

L e & €q
| 3an — _<O-X)Z—>’ij0-rel> K (nxn)_( o nan)_( )

for a process of < SM SM

increasing<(72)>

Critical assumption:
¢ kinetic equilibrium at chemical decoupling

Ly ~a(D)f,”

S ———

___________

numerical codes e.g., o n
DarkSUSY, micrOMEGA:s, o S
MadDM, SuperlSOrelic, ... ‘ em/T time —>

Fig.: Jungman, Kamionkowski & Griest, PR'9¢

— P




FREEZE-IN CALCULATION

Boltzmann equation for fy(p): with initial condition:

E (9, — Hj- V) f = Clfy] f,(p,i =0)=0

The collision term:

Clf,] ~ Jdl‘[ljm_mb(Zﬂ)“é“(...)|M|2[fi]?-...(l + A £f)A£f) ... —f fofy- .. A £ if})...]

/ \

term Lloss” term

(the simple one, describes production) (the difficult one, usually neglected in freeze-in!)

The collision term can also contain:
, annihilations, Y

Note: to first approximation freeze-in production is much easier
to determine than freeze-out!
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FREEZE-OUT VS. DECOUPLING

annihilation (elastic) scattering
X Cmssmgsym X
Z ‘Mpalr _ pl anpl p2 _ Z ‘Mscatt‘ k k/,p , _p
spins spins

Boltzmann suppression of DM vs.SM  —>  scatterings typically more frequent

dark matter frozen-out but typically
still kinetically coupled to the plasma

7e(Tkd) = Neon/Tel ~ H™H(Tikq)

Two consequences:

1. During freeze-out (chemical decoupling) typically: f, ~ a(u) I

2. If kinetic decoupling much, much later: possible impact on the matter power spectrum
i.e. kinetic decoupling can have observable consequences and affect e.g. missing satellites problem
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EARLY KINETIC DECOUPLING?

A necessary and sufficient condition: scatterings weaker than annihilation
i.e. rates around freeze-out: H ~ 'y 2 [

Possibilities:
DM
A)
DM

B) Boltzmann suppression of SM as strong as for DM

C) Scatterings and annihilation have different structure

D) Multi-component dark sectors
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HOW TO GO BEYOND KINETIC EQUILIBRIUM?

All information is in the full BE:

E (0, — Hp- V) fy =Clfy]
| contains both scatterings and
annihilations

both about chemical ("normalization”) and
kinetic (’shape”) equilibrium/decoupling

S— 2 < . SR g 2 - g LB = . 2 e = - 2 ==

Two possible approaches:

 § ’ .
. * 0-th moment: 7,
Y 4 ‘. .

é(/', \‘Q%\ 2-nd moment: T},
) R

. 2}

4 s

] o/ N

i p

; solve numerically consider system of equations

for full fx(») for moments of fx(»)

numerically challenging finite range of validity

often an overkill no insight on the distribution
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NEW TOOL!
GOING BEYOND THE STANDARD APPROACH

Applications:
e Home
e Downloads . .
« Contact DM relic density for

any (user defined) model™

Dark matter Relic Abundance beyond Kinetic Equilibrium )
Interplay between chemical and

kinetic decoupling

Authors: Tobias Binder, Torsten Bringmann, Michael Gustafsson and Andrzej Hryczuk

DRAKE is a numerical precision tool for predicting the dark matter relic abundance also in situations where the
standard assumption of kinetic equilibrium during the freeze-out process may not be satisfied. The code comes
with a set of three dedicated Boltzmann equation solvers that implement, respectively, the traditionally adopted
equation for the dark matter number density, fluid-like equations that couple the evolution of number density and
velocity dispersion, and a full numerical evolution of the phase-space distribution. The code is written in Wolfram

Language and includes a Mathematica notebook example program, a template script for terminal usage with the 111
free Wolfram Engine, as well as several concrete example models. Predlctlon fOI" the D M
DRAKE is a free software licensed under GPLS3. Phase space distribution

If you use DRAKE for your scientific publications, please cite

o DRAKE: Dark matter Relic Abundance beyond Kinetic Equilibrium,
Tobias Binder, Torsten Bringmann, Michael Gustafsson and Andrzej Hryczuk, [arXiv:2103.01944]

. | N Late kinetic decoupling
Currently, an user guide can be found in the Appendix A of this reference. .
Please cite also quoted other works applying for specific cases. and Im pact on cosmology

v1.0 « Click here to download DRAKE see e.g., 1202.5456

Marons, 2021 https:/ /drake.hepforge.org

(only) prerequisite:
Wolfram Language (or Mathematica)

*at the moment for a single DM species and w/o
co-annihlations... but stay tuned for extensions! 44


https://drake.hepforge.org

A)

EXAMPLE A:
SCALAR SINGLET DM
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EXAMPLE A
SCALAR SINGLET DM

To the SM Lagrangian add one singlet scalar field S with interactions with the Higgs:

1 1 1 1
2 Q2 2 2
Ls = 50,50"S — Su38% — 2,82 |H] me = 13+ A}
S.. S
Annihilation S -, gl El. scattering
processes: h/ processes: : h
resonant . \ | non-resonant / \
9 o
GAMBIT 1.0.0 GAMBIT 1.0.0

1.0

0.8

0.6

V 01381 POOI[oNI] d[Jo1]

xmuj/j

Scalar singlet (\ N % Scalar singlet
Prof. likelihood 2 \ ; , i‘ Prof. likelihood




effect on relic density:
up to O(~10)

\\*

(Qh%)kp / (Qh®)G s 6

10|

0.5}

45

RESULTS

EFFECT ON THE Qh?

T. Binder, T. Bringmann, M. Gustafsson & A.H. 1706.07433

- —- coupled BEs, QCD=A e®e
— coupled BEs, QCD=B °
coupled BEs, non-rel *

full BE

50 55

ms [GeV]

[... Freeze-out at few GeV—> what is the abundance of heavy quarks in QCD plasma?

two scenarios:

v

QCD =A - all quarks are free and present in the plasma down to T. =154 MeV
QCD = B - only light quarks contribute to scattering and only down to 4T,

] 47


http://astro-ph.co/1706.07433

EXAMPLE D:
WHEN ADDITIONAL INFLUX OF DM ARRIVES

D) Multi-component dark sectors
Sudden injection of more DM particles
(e.g. from a decay or annihilation of other states)

- this can modify the annihilation rate (if still active)

- how does the thermalization due to elastic scatterings happen!
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comoving DM number density

| unstable long-lived state (decaying to DM)

expectation

o By o
o S - < - .o

DM from freeze-out




|) o | st component from thermal freeze-out

DM produced via: 2) DM annihilation has a threshold

\ 2nd component from a decay ¢p — jyy eg. xx — ff with m, < my

annihilate together
with themselves and
cold component

scatterings) o ‘\ particles will

o
‘ fBE (no self- ‘ some injected
o

energy redistribution
will allow more DM
particles to reach
energies over
annihilation threshold
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EXAMPLE EVOLUTION

AH, Laletin 2204.07078

)

DM produced via:

el
I

| st component from thermal freeze-out

2nd component from a decay ¢ — jy

2) DM annihilation has a threshold

e.g. y7 — ff with m, S ny

10—10 z

107"

10713

Y ~ number density

y ~ temperature

pzf(p) ~ momentum distribution

3
1 0 [ T T T T T T T T T T T T T T T ] T T T ‘ T T T T
- sub-thershold + 5 — XX 1 - sub-thershold + S — Xx -
| Mpm = 100 GeV 7 7
- ma = 108 GeV |
" mg = 400 GeV i
x=100
nBE |
no decay | ? i
g x=80 -
- = —
ey _
h x=60
0.05 — |
= X = _|
| ea. : o :
E x=34
' ' ' ' ' e 0 | | | | T R TR R R N | 0.00 | L | : : L
20 40 60 80 100 10 20 40 60 80 100 0 50 100 150 200
r=m,y/T x=my/T p[GeV]
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EXAMPLE D:
EFFECT OF CONVERSION PROCESSES

52



A.H. & S. Chatterjee

RESULTS: THE MODEL

Let’s take one of the simplest two-component DM models:

DS

a

2 Dirac fermions ) SM
pseudo-scalar mediator
A1 X2
: = .5 DL 5
L. = — A a XV X —il,—ajfyf
: Vv
i=1,2 coupled directly to SM

fermions in a MFV way

my, My, M

Ao s A,

New fields: Y. 1>, a New params:

Parametrically:

)

O11-5SM ™~ O1SM—1SM ™ /1 /1
y) 2

022 _ssM ™~ O2SM—25M ™ /1 /1

242
01122 ™~ /1 /1

Ay — A/c
: /12 — /12/6' except conversions :

Keeps everything fixed,

Main motivation (for models in the literature with pseudo-scalar mediator):

Evasion of the direct detection bounds... while giving strong signal in
indirect detection, in particular for explaining the Galactic Centre excess

(see e.g.,,Coy DM”) ;
" C. Boehm et al. 1401.6485, 53



https://arxiv.org/abs/1401.6485

RESULTS CONVERSION IMPACT

Varylng /11 — /11/6 /12 — /12/6‘ /1 — C/l Only conversions change!

gStrong conversions weak conversions,,

103§ ) N N N .
N total relic abundance
102
10"
100 phase space calculation (fBE)
L 107
= o R
1 only number density (nBE) — as in micrOMEGAs
107 .
10,
1075
10_6 i ‘ T T T T [ A T T T I 7,
2.7 Latio of fBE/BE
15 +‘/I()()%>\=: ~10%: Ratio of the two
o= T T ...  fortotaland y,
10" ¢ w T e g
100\) - ~1000% 1 : :
S T E d ' .
B B . Weak conversions lead |
10_ L \ Lo | ] ‘ . ]
102 10”" | to larger discrepancy
A, ' between nBE and fBE

| — —_— ' calculations!




Y;

weaker conversions = less depletion of y; = around
= larger distortion of thermal shape

RESULTS: CONVERSION IMPACT

freeze-out more y, in the plasma

10_:, f j ' ' ' ' g i ' ' ) ' ' ' ' ' ' ' N 0.25 T T T T T T T T T T T T
10-6 0.10 | - , 1
H [ Ay = U. 2 §
S X weak conversions [ Ay =0.0020 §
10 0.20 | ]
108 & ) ] weakening conversions |
10-° S =
= ~ 0.15 -
10-1° =, 0.06+ 1 8
-1 \5 3 |
10 N 0.04] 1 &> 010 1
10-12 x I by [
10-13 » 1 i ]
1044 10% x A, \ 7 0.02 I ] 0.05 r 7
15 . 3
10 0.28 0.67 1.00 1.20 1.60 2.50 4.0% 0.00 |, K [ ‘ ' ! ] -~ .
10-"6 | HEE ‘ : . e —— 0 5 10 15 20 0 5 10 15 20 25 30 35
10 strong conversfons 100 e .
. § my /T p|GeV] p|GeV]

Conversions are ubiquitous in multicomponent models... but not the only processes
affecting the distributions:

decays of heavier to lighter dark sector states

inelastic scatterings
semi-annihilations

cannibal (3 « 2)

bits useful for next DMKEﬂ release 55



Y;

weaker conversions = less depletion of y; = around
= larger distortion of thermal shape

10-°
10-¢
10”7
1078
10-°
10-10
10—11
10—12
10—13
10—14
10—15

10—16

RESULTS: CONVERSION IMPACT

X weak conversions
10% x A, \

'
0.28 0.67 1.00 1.20 1.60 2.50 4.0%I

10

strong conversfons
x=my/T

100

p*f(p)a.u.]

0.10 -

0.08 -

0.25 —

freeze-out more y, in the plasma

0.20 -

p*f(p)lau.]

0.10 -

Q 0.05

0.00

; A, =0.025

weakening conversions -

pGeV]

10

15 20 25 30
p|GeV]

Conversions are ubiquitous in multicomponent models... but not the only processes

affecting the distributions:

decays of heavier to lighter dark sector states

inelastic scatterings
semi-annihilations

cannibal (3 « 2)

bits useful for next m K Eﬂ release

35
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RESULTS: CONVERSION IMPACT

freeze-out more y, in the plasma

weaker conversions = less depletion of y; = around
= larger distortion of thermal shape

107° i w 3 "] o5—m—m————————7————7
10-¢ ] 0.10 | /\ ] , nnen
- X weak conversions ] [\ ; ﬁ Ay =0.050 7
[\ 0.20 |
] \ l'! ] . . 7
107 & 0.08 [ ] weakening conversions -
10 5 o‘ = -
S .~ {3 045
< 10710 =, 0.06 .' ﬁ ] 3
S = [ \ =
Il 10—11 ] : iii :
- 3 ~ “~ 0.10
>N 10—12 ; T, 0.04 - f 'v,"" - ’.'\l::‘ 0.10
10 s é IIII|i "Iy'\"’ :
0| 10° % \ 0.02 | 1 0.05}
15 I [
10° 0.28 0.67 1.00 1.20 1.60 2.50 4.0 E N h
10-16 % —_ 0.00}4 : e 0.00 : ' ' ' L '
A —— J . A —— 0 5 10 15 20 0 5 10 15 20 25 30
10 strong conversfons 100 :
T § my /T p(GeV] p|GeV]

Conversions are ubiquitous in multicomponent models... but not the only processes

affecting the distributions:

- decays of heavier to lighter dark sector states

- inelastic scatterings

- semi-annihilations

- cannibal (3 & 2)
bits useful for next DMKEﬂ release



Y;

weaker conversions = less depletion of y; = around
= larger distortion of thermal shape

10-°
10-¢
10”7
1078
10-°
10-10
10—11
10—12
10—13

10714 L

1079

10—16

RESULTS: CONVERSION IMPACT

X weak conversions
10% x A, \

' '
0.28 0.67 1.00 1.20 1.60 2.50 4.0%I

10

strong conversfons
x=my/T

100

0.25 ————

freeze-out more y, in the plasma

0.20 -

p*f(p)au.]

0.10 -

1 0.05|

0.00

/ Ay = 0.15

weakening conversions -

p|GeV]

10

15 20 25 30
p|GeV]

Conversions are ubiquitous in multicomponent models... but not the only processes

affecting the distributions:

decays of heavier to lighter dark sector states

inelastic scatterings
semi-annihilations

cannibal (3 « 2)

bits useful for next m K Eﬂ release

35
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TAKEAWAY MESSAGES

. Dark Matter is a welcomed guest in Particle Physics
community; not unexpected (as a part of the theory) and still very
much a useful hint for discovering BSM physics

2. Kinetic equilibrium is a necessary (often implicit) assumption for !
standard relic density calculations in all the numerical tools..

(Our new code ME&

aims at extending the current capabllltles)

“Everything should be made as simple as possible, but no simpler.”

attributed to* Albert Einstein

*The published quote reads:
”’It can scarcely be denied that the supreme goal of all theory is to make the irreducible basic elements as simple and as few as possible
without having to surrender the adequate representation of a single datum of experience.” 59



