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DARK MATTER

origin
/ nature
|. We know nearly nothing atall —
> interactions

about dark matter \
\ structure

it is there!

/ particle(s) vs. sth else

2. We know gquite a lot about —
dark matter > large scale structure

limits on interactions

| mechanisms of origin




MOTIVATION
THERMAL RELIC DENSITY

Theory:

I. Natural

Comes out automatically from the
expansion of the Universe

Naturally leads to cold DM

I1. 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
STANDARD APPROACH

A 'ypn > H DM in equilibrium
T L'ann ~ H . chemical decoupling time
freeze-out M

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

B0 — Hp - Vi)|fx = Clf]

L
Liouville operator in ™

FRW background the collision term




THERMAL RELIC DENSITY
STANDARD APPROACH

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

E (at _ Hﬁ vﬁ) fX — C[fX] classical limit, molecular chaos,...
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FREEZE-OUT VS. DECOUPLING

annihilation (elastic) scattering

DM SM DM DM
crossing sym.
Gy
DM SM SM SM
Z ‘./\/lpair}Q _ F(p1,p2,p/1,p/2) — Z ‘Mscatt‘Q _ F(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
Schmid, Schwarz,Widern ’99; Green, Hofmann, Schwarz 05



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



HOW TO DESCRIBE KD?

All information is in full BE:

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

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

annihilation
Two possible approaches:
 § ’ .
, S * 0-th moment: 70,
£ . * 2-nd moment: T},
] 4 s
1 4 ) 3
. 2}
4 s
] o/ N
I 2 |
; solve numerically consider system of equations
for full /x(») for moments of /fx(p)

numerically challenging finite range of validity

typically overkill no insight on the distribution



ONE STEP FURTHER...

Now consider general KD scenario, i.e. coupled temperature and number density evolution:

annihilation and production thermal averages done at 3, 2
different T — feedback of modified y evolution ¥/ = X T=g—’</dpp—f(p)
ITferent | — feedback of modiried y evolution Y = $2/3 X = 3n, | (2n)3 E X

/ AN

o VAN
( )

3 gx
7 — — H:Cg S SY <O-/Ure]>|x:mi/(32/3y) T %<O_Urel>|x
/ 1 .z g*S 2
Y 3 gxS yeq qu yeq
— = = 2m T 1 — —sY (O-Urel UUrel ) (O-Urel - 0 Urel )
Y Hx xeAT) 2),_ m2/(s2/3y)  Y? ok y R
_ gg*s
Q*S< 4/E > m2/(52/3y)

\

elastic scatterlngs term impact of annihilation

These equations still assume the equilibrium shape of £, (p) — but with variant temperature

or more accurately: that the thermal averages computed with true non-
equilibrium distributions don’t differ much from the above ones 9




NUMERICAL APPROACH

. or one can just solve full phase space Boltzmann eq.

Ix | g5 72 :
Oy fr(x,q) = X /d dcos 0 U\g1Tcy . 7 :
X( ) H ot 272 XX TT : fully general

X [fxsea(q) fx,ea(q )_fx(Q)fx(g)] -
2my o(T) | 2 224 | 4

+ 2 H [xqaq T{aT q T T 0g + 3| fx expanded in NR and small

q : momentum transfer
+ gg(‘)qfw e (semi-relativistic!)

discretization,
~1000 steps

Dol =
3 N—1 , .
m Jv ANGE: P
XIS S0 (oo )y (75— i)
=1
Solved numerically with MatLab J
Not *__H_w + Cﬁ-+1 <’UM¢10>2X—>ff>zQ,j+1 (fz 3+1 fzfj—I—l)}
ote: o
| QmXc(T) 9 qu 3 qi
T : g0 + | @i+ —=+ 8y + 3| f;
very stiff, care needed with numerics 2H x qi Tq i
~qi
T g_aqfia
T
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A)

EXAMPLE A:
SCALAR SINGLET DM

11



SCALAR SINGLET DM
VERY SHORT INTRODUCTION

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

1 1 1 1
- ve - .22  + 21 1712 Y R
Ls = 50u50"5 — Su3S? — - X.5°|H]| me =/ + S A3
GAMBIT 1.0.0 | GAMBIT 1.0.0
1.0
T ng)
~ 108 F
1 =
_ =
;’\3 16 g
< m ~
— jav)
a0 = =,
o o
— =

Scalar singlet
Prof. likelihood

% Scalar singlet
i’ Prof. likelihood

XE[H7/7

2.0 2.9 3.0 3.9

Most of the parameter space excluded, but... even such a simple model is hard to kill
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SCALAR SINGLET DM
ANNIHILATION VS. SCATTERINGS

L4 A\ ]

Y4 s
4 s
L4 .
Y4 A Y
4 .
4 A 3
l' ‘\
| 2 |
22208 .
OUrel = \;g [ Dn(8)]"Th(v/s) <\M\2> . Ny gm3 [2k§m — 2m3 4+ m;j,
w tabulated ¢ o 8]€4 1 + m%/(4k(2:m)
with: Higgs width f
2 2 2 2
Do) = : — (m}, — 2m3) log (1 + 4kZ,/m3) |

(s =mp)? +mpTy (ma)

Hierarchical Yukawa couplings: strongest coupling to more Boltzmann suppressed quarks/leptons

S. ~S
Annihilation 3 | .
/ ) El. scattering
rocesses: “.. h :
P JRUITEeT \ processes: : h
resonant g & g/ non-resonant / \
q’l q,|

Freeze-out at few GeV — what is the abundance of heavy quarks in QCD plasma!?
v
QCD =A - all quarks are free and present in the plasma down to T. =154 MeV
two scenarios:

QCD = B - only light quarks contribute to scattering and only down to 4T. {4



RESULTS

effect on relic density: kinetic and chemical decoupling;
- -— coupled BEs, QCD=A .t 4+ --- QCD=A .
— coupled BEs, QCD=8 _° . — QCD=B
coupled BEs, non-rel *
101 « fullBE

I

3t :

s O » :

'S o i

& 3 L :
~ Q2 ,' | o

£ - | i
< [ | |
g 1P v “ . ,' | ]
! [ | ]
1} ‘ \ .
0.5 \ !
S S | M 1 M M 1 M M a M M 1 M 3 0 1 1 A g . . 4 . 2 . 4, 4 2 M )
45 50 55 60 65 70 45 50 55 60 65 70

ms [GeV] ms
e e L — e

effect on relic density:

up to O(~10)

ratio approaches 1,

but does not reach it!

Why such non-trivial shape of the effect of early kinetic decoupling?

|—> we’ll inspect the y and Y evolution...
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FULL PHASE-SPACE EVOLUTION

blue - full o — : black -
solution for d mpMm = 58 GeV N equilibrium
fom at Tpm., — : at Tpm
/\ 4
/ N

significant deviation from equilibrium
shape already around freeze-out

— effect on relic density largest,
both from different T and fpm




(GENERIC RESONANT ANNIHILATION
EXAMPLE EFFECT ON EARLY KD ON RELIC DENSITY

OQh2.s£/Qh2; p fixed by Qh2, SSF mpw=100 GeV; u=0.5
I : 1 A AR ALY o

s [zwen ] o0 0a__ o <an reach O(10%)
g ] | | even for Z resonance

-2 :
O : |
' ,
) i 0.8.8
u I |
R
O :Z 2| 0.6
c ?: o 5 }
: -4 Lo ,
= ,- | ‘ 0:4
© ' : 5 : very large effect for
omm I nggs_vylgltb ____________ SR N S ST I s .
3 - SIS 3 | Higgs resonance
Q i | f 0.2
o e :
IS ‘ . | o |
c (5 o 119: | |
2 D S
Q E - 3 15
L _6I_ L |>'|l | | ’|’ |"|’2I,4| 1 |.| | ‘n L |‘I ‘n ‘n L .‘ P BT . | ‘.‘ .................. AN A

-0.5 -0.4 -0.3 -0.2 -0.1 2 3 4 5 5—5
—LOg10[ 6] : L°g10[6]
dlstance in mass from the exact condition
2mpM=mg

*calculated with the coupled BEs method 16



B)

EXAMPLE B:
FORBIDDEN DM

Boltzmann suppression of SM as strong as for DM
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FORBIDDEN DARK MATTER

My < Mey,
DM is a thermal relic that annihilates only to heavier states Y ———— NNV
(forbidden in zero temperature) |
p— d
100
10 e :
Annihilation — velocity
1 threshold dependence

0.10 ’heavy” SM scatterin
Y — g

particle rate low

0.01

20 20 40 50 60
"' X

kinetic and chemical
decoupling close
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FORBIDDEN DARK MATTER
EXAMPLE EFFECT ON EARLY KD ON RELIC DENSITY

below the | above the far above the threshold -
threshold i  threshold needs non-pert. coupling
T I T T T i T T T I T T T I T T T I LI
/5 ) ;
_ L L. k ]
. . - i ° i i~
effect on relic density: | P 5 SUBClENS
L 3 °® _
up to O(~few)
o o
é 3 ° o |
4 o
t -
a 2 : |
- E [ ] .
I ¢ o

B o
1e--o--@--@-® - cf-cccceeoooaaa oo oo ° . . e .. 0--0--0--0- - _
0 C | H | | | ]

0.8 1.0 1.2 1.4 1.6

H=mgy/mpp

*calculated with the coupled BEs method
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C)

EXAMPLE C:
SEMI-ANNIHILATION

Scatterings and annihilation have different structure

20



DARK MATTER SEMI-ANNIHILATION
AND ITS SIMPLEST REALIZATION

DM is a thermal relic but with freeze-out governed
by the semi-annihilation process

Z3 complex scalar singlet:
P S8V = 3 P+ [HI* 4+ 3 1S+ 25 |S* 4+ Asn IS | HIP + E2(5% + 512)

just above the Higgs threshold semi-annihilation dominant!

semi-annihilation

-3 by itself does not
equilibrate DM

|

but rather leads to ) o
: . implications for
self-heating! » D l

very weak
elastic scatterings

see also Cai, Spray 1807.00832
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SEMI-ANNIHILATION
EXAMPLE EFFECT ON EARLY KD ON RELIC DENSITY

self-heating!

A. Hektor, AH and K. Kannike 1901.08074

20 __I 1 1 T 1 I| T T 1 T 1 |__ 12 _l LI | T T 1 | T T 1 | UL |_
"o [ . [ ]
(U N _
3 |- = | -
s L — o [ ]
7 I 1 r -
g-glo_ a \mll_— )\SH/lo------—;A
| _ m | |
9 - 4 >~ - effect on
Z: I ] - 11 relic density:
a L ] | Ao /2 { {up to O(~10%)
i : K 1w
[ 1 1~ 9Asu Asm -
O L1 1 1 | L 11 1 | L 11 1 | L1 1 1 I I | L1 1 | | I I | | I N N N
0 50 100 150 200 0 50 100 150 200
x=Mg/T r = Mg/ T

Note: here the final effect is relatively mild (though still larger than the observational error), but only because in the
simplest model the velocity dependence of annihilation is mild as well...

*calculated with the (modified) coupled BEs method 22
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CONCLUSIONS

. One needs to remember that kinetic equilibrium is a

necessary assumpti

2. Coupled system
moments allow for

on for standard relic density calculations

of Boltzmann equations for Oth and 2nd
a very accurate treatment of the kinetic

decoupling and its effect on relic density

3. In special cases t
be necessary — es

ne full phase space Boltzmann equation can
vecially if one wants to trace DM

temperature as we

e

— e — I —— '
..a step towards more fundamental and rellable

rellc den5|ty determlnatlon

e e — —_— I — P — — — — _— — R —
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