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Dark Matter Phenomenology - crash course

Dark Matter:

Key ingredient in modern cosmology ENERGY DISTRIBUTION

e Dark
Abundant
Cold

DARK
MATTER

Some strong constraints from cosmology:
e Cosmic Microwave Background Qpuh?=0.120 + 0.001
e Baryogenesis

NORMAL MATTER

e Structure formation

else: No evidence from SM physics!

— How is DM produced in the early Universe?

[Bullet Cluster; X-ray: NASA/CXC/CfA/]
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Freeze-Out mechanism

d _ 1 ds1
dx 3Hsdx 2

ov)|Yi—y?

Boltzmann equation:

my

T

n _ particle number

particle abundance: Y =-—=
S entropy

“time” coordinate: X =

r,, <H
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Freeze-Out mechanism

dy 1 ds 1 2 eq2
= — (0 Y -Y
dx 3Hs dx 2 V) (

Thermally averaged annihilation cross-section

Boltzmann equation:

Uy ) . mX
time” coordinate: X = T

n _ particle number

particle abundance: Y =-—=
S entropy
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Freeze-Out mechanism

d _ 1 ds1
dx 3Hs dx 2
Thermally averaged annihilation cross-section

Boltzmann equation: ov) | vi-yer?

1—‘armh _ n°<GV>

- = ~ . 1 ~ 3 ~ 2
i T T-(ov) with n~T3 H~T

annihilation turns inefficient: ,Freeze Out“ when(ov) < T '~x

r,, <H

1000
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Freeze-Out mechanism

Boltzmann equation:

r

annh __

- -

n-(ov)

H

vy Y2 —ye?

Thermally averaged annihilation cross-section

d _ 1 ds1 5
dx 3Hs dx 2
~T-«(ov) with n~T3 H~T?

annihilation turns inefficient:

JFreeze Out“ when{(ov) < T '~x

r, >H

—

r, <H

10

time —

1000

K,,Sommerfeld Effect”

[Hisano, Matsumoto, Nojiri, Saito: 2005]

Long range interactions:

v

anihilation
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Effective cross-section: U(1) vs SU(N)

d 1 ds1 oy
dx 3Hs dx 2
dark U(1)
N
W
Dark QED effective cross section, av = 0.1 &\)( o
102, | o . XC&Q (e\(\&
§ 3 § > ¢
| — n <100 e . cha& (&6\6
===n <10 // 1 ({\ 2
1
C\'E 107 sene =1 / E%O
% —— SE only
=) L
/Eg 10"
107 §
01 1t 10 0 10
z=m/T

> ( Y2 . qu2
L\QQ\
o o
S
0\306
‘b‘ﬂ 6,6"6&6
W X
%(00’ ¢ ({\e(\
o
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Effective cross-section: U(1) vs SU(N)

dY 1

ds 1

dx - 3Hs dx 2

dark U(1)

Dark QED effective cross section, av = 0.1
1{_}2* T T TrTTT T T LI B N B B T TTTT

Py
n < 100 $

===n <10 /

1 /
C\IE 10 E P 1 /
% " | —— SE only
o= L
5 10°
107" - .
- L Ll " Lol L Ll L L L1l L |
10! 10° 10° 10* 10° 109
z=m/T

av) | Y —y°P

SU(3)c x U(1)y

no BSF
10712
" e S
LY S
mg =4 x 108 GeV ; é
10_16 Lol L Lol L L L uu\.‘ ..H‘i
10! 10? 10° 10* 10° 109 107

x =mg/T
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Effective cross-section: U(1) vs SU(N)

dy _ 1 ds 1 l6)
dx 3Hs dx 2

( YZ . quZ

SU(3). x U(1)y

1078
10719
e
<
O 10712
&
=
L
10714
mg =4 x 10° GeV
10_16 Lol L Lol L L Lol L
10! 107 10° 10* 10° 109 107
x=mg/T

Efficient BSF prevents Chemical Decoupling !

S. Lederer
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Theory background

PNREFT
Potential Non-Relativistic Effective Theory

S. Lederer
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Theory Background: long-range Potentials

For interactions with light mediators, perturbation theory breaks down:

1 > o perturbative QFT
1 > v NREFT
a =v PNREFT

— Resum interaction to all orders
= Coulomb-potential.

,2Sommerfeld Effect” = long-range potentials between heavy particles

1
VO =ar 1] (@) = DO @)gorn ~ —— @)gorn
|1 rel

for DM: [Hisano et al.: 2005]
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Theory background: bound states in SU(N)

NTTT—T
Xeff R
R

X2

Attractive, potentials can also host bound states!

V(r) =

— What is the potential strength?
QED (OI' U(l)) Aeff = _Q)(lQ)(Zaem

QCD (or SU(N)): quarks =3 in SU(3)
1®7=3®3=1D8

1

I—» (1[8] = —ga3
4

> a[l] = +§(X3

(For DM, representations may differ from FQF*.)

— 2-body states exist in different eigenstates of the potential.

= SU(N) gauge interactions can yield different & repulsive potentials.
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Theory background: Multipole interactions

~ ,Which process forms bound states ?*

Scales in PNREFT: . M, mass
p ~ Mv momentum

E ~ Ma? Mv? energy

,Ultra-soft” emissions, ® ~ M, 0%, can be expanded in multipole orders L:

&5
DM [ri-r2| =r ~ 1/pres ~ 1iv,
I,,
DM I"pm“' rO)Na,

LD g po)tucgal « 1

These provide bound-state formation, Bremsstrahlung & bound-to-bound transitions.
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Theory background: PNREFT Lagrangian

We are interested in annihilation and bound states.

= project into 2-particle space:

— 2 separate species (5, B) for scattering & bound states.

— independent potentials!

— include only the leading multipole operator.

—

2

Lgsr = ST(R,7) (iao + Aaj — 6Ms + ‘i) S(R,7)

X
52

t + 00 T
+B'(R,T) (18 + i

X

— §My + %) B(R,7)

+95" ph T Pu(ps - 7) B'(R,7) ¢'(R) S(R, T)

+ ,,16(r) annihilation operators*

The equations of motion are simply the Schrodinger equation.

S. Lederer

15



radiative Bound State Formation

,Seeing the formula” # ,Undestanding the physics”

S. Lederer
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General BSF expression

¢

,some” mediator
(gauge bosons, ...)

Bnl

The computation is basically Quantum Mechanics.

General result for all {»n, [, p, I’, L, as, av}:

Some notation

n = major quantum number

I’, | = partial-wave numbers

aS

K = —,

ap
_ab _as
bn & =, 45 ==

[Gordon: 1929]
[Beneke, Binder, Garny, SL, De Ros: 2024]

S. Lederer
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General BSF expression

Some notation

some” mediator n = major quantum number
”»
(gauge bosons, ...)

¢

I’, | = partial-wave numbers

as
K = —
S’ B ap
_ ap _ as
S, =

The computation is basically Quantum Mechanics.

) [Gordon: 1929]
General result for all {n, Z, 22 / , L, As, (Xb}: [Beneke, Binder, Garny, SL, De Ros: 2024]

amplitude | M | 2 Zml (nlm| rk |ﬁ, 'y | 2 Iy X Ip

Qb2 2643 L0 +1)°T(n+£+1)

(pw)3+2L (1 4 ¢2)*T* nl(20 4 2)°T'(n — £)

radial overlap Ip =

SE, (Cs) e_4CS'Yn

1 — e22n—rm—vr—vr) |’

IF(0) | RE_|
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General BSF expression

Some notation

¢

,some” mediator
(gauge bosons, ...)

Bnl “
$n

The computation is basically Quantum Mechanics.
General result for all {n, I, p, |, L, as, an}:

amplitude

| M|? o< Z, | (nlm| r" B, 1) |2 o< I X I

I 246422 (¢ +1)°T(n + £+
R — 9 S o1/
(pv)3+2L (1 + )~ ' nl(20 4 2)2T(n —

e/

radial overlap

n = major quantum number

[’, [ = partial-wave numbers

)

» Gs

As
%

[Gordon: 1929]
[Beneke, Binder, Garny, SL, De Ros: 2024]

1) g
("'\.SE'(Cs)" o

Sommerfeld factor

1 — e2Cn—0y—r—r) |

IF )7 |RE_,|”

I D %r/ %/J
\/
- a single
sin“(phase) hypergeometric

a rational polynomial

S. Lederer
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radiative Bound State Formation

,Seeing the formula® # ,Undestanding the physics”

S. Lederer
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Abelian scenario: op = o

Attractive initial state: Vinitia1(") = Va1 (M)

centrifugal barrier for | > 0

008 ] n=200=19, k=1| |
D AAAAAAAAAAAA K = X UZ
— 004
g
=
= |
=
= _
> \
0.00 \
%
\ 2
See—> W%
n
4n?
_OO4| PR TR | PN I S S T S S R R S
0 10 20 30 40 50

PnT
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Abelian scenario: op = o

Attractive initial state: Vinitia1(") = Va1 (M)

centrifugal barrier for | > 0

0081 ] n=20,0=19, k=1| B
n=I-1
/'\I\I\I\I\I\I\AI\I\I\I\AK_MX 2
\VARVALVALVALVALVALVALV ALV ARV ALV AAV/ = —7 —
~ 004 4 ) “¢X
5 —
= & 0’/14
— [ %
= _
Ny \ E
0.00
\‘g 2 10, 100. 1000, 10000, \
R = Myas v
En 4n?
_OO4| TR R | PN I S S T S S R R S
0 0 20 30 0 50
par .
= Higher n are suppressed.
S. Lederer 22



Non-abelian scenario: ap # os

Repulsive initial state: Vipitia1(r) < 0

n=20 (=19, k = —0.2

0.15 -

b

0.10 -

Tn

Ver(r) / (Pncwy )

0.05 -

0.00
E‘H \

10 20 30 40 50

PnT
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Non-abelian scenario: ap # os

Repulsive initial state: Vipitia1(r) < 0

r n=20¢{=19, k = —0.2]
0.15 - |
r T
— 0.10 - = ~
B e
5 &
—
E | =7
£ 0.05 . i =
- e . \ =
| | s
0.00
’E'N \ —
10 20 30 40 50 D AU AR . W WA W N U 1 E L L .
10. 100. 1000. 10000.
PnT 1/v

= Higher n are enhanced !
BSF stronger than in the attractive case !

S. Lederer



Non-abelian scenario: ap # os

Repulsive initial state: Vipitia1(r) < 0

Too large v:

T AL L S L | 11 .
, n—20 (=19 n— —02] particles fly past each other

0.15 -
010 \ V —
g n=I-1
\ L.
F 005 \ | =

0.00

Eﬂ \ B
) | T S N S ML S (L VR | |
10 20 30 40 50 L . I WA W O 11 | |
10. 100. 1000. 10000.

DPnT 1/v
= Higher n are enhanced !
BSF stronger than in the attractive case !
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Non-abelian scenario: ap # os

Repulsive initial state: Vipitia1(r) < 0

0.15 -

Too low v:
particles bounce off each other

n=I-1

x (ov) [au]

N AR I WA P W 1L 0D L e |
10 100. 1000. 10000.

1/v
= Higher n are enhanced !
BSF stronger than in the attractive case !

S. Lederer
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Non-abelian scenario: ap # os

Repulsive initial state: Vipitia1(r) < 0

| n—20. =19 ne —02] Maximum overlap
0.15 | |
— 010 < ] — :
[ e
& =
—
E | —_
£ 0.05 . i =
S LK - \ =
| : s
0.00
’E'N \ —
10 20 30 10 50 L A ]
10. 1000. 10000.
PnT 1/v

= Higher n are enhanced !
BSF stronger than in the attractive case !
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Non-abelian scenario: ap # os

Anomalous enhancement over the
»~Abelian“ case of identical potentials.

n=I-1

x (ov) [a.ul]

10. 100. 1000. 10 000.

1/v

Classical analogy:
smooth matching of orbits

aslap<i/2

The enhancement grows strongly with n !

S. Lederer
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Intermezzo:

perturbative Unitarity Violation

2 — 2 scattering bound from S-matrix unitarity:

4 2U' + 1)
m2v

(0252V)y < (UU)%ni =

1
%

S. Lederer
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Perturbative Unitarity Violation in BSF

BSF
max { (ov) 2 1opnq

}ocﬁx(av)

Proven: for maximal angular momentum [=n-1

Proven: The UVi depends on the coupling ratio «x < 1.

uni
lr

Proven: When summed in n, there will always be UVi below some critical velocity.

For any small coupling, high n violate unitarity !

exclusive process
| ' o '

2| o 1
- : e = . :
ks i\ - inclusive process
21 1k | — (=498 - L L e e
E [ P o b fg 108 B s-wave partial-wave unitarity bound: o = 0.1
= L | —_ = ~— £
~ 057 N 1 S - B p-wave
‘“: i 1 | — = 0 =
T‘T ' gb) - B d-wave
%;}‘) — 102
z 0.2+ ] N 3 - B f-wave
01| n =500, =04, A =1, SU(2) ] X =100 all: n < 1000 |
' m . ! {10 L —— P P J_
S .
0.0006 0.0008  0.001 0.0012  0.0015 10" 10 10
relative velocity v a/v
S. Lederer 30



Unitarity violation in dark SU(N)

NZ -1

k = kK(N;) =

= for every N, at fixed q, find the velocity where UVi first occurs:

| @ s-wave unitarity violation in SU(N, =

s 10727 -
>

=

Q

ks

£

o 1073 .
= |

4=

=

@ I

—

—_
=

(I
-

2 3 4 10
Ne
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Intermezzo end.

Bound states in thermal production

1. dark-sector toy models

v =DM: charged under a new (dark) symmetry U(1) or SU(N)

S. Lederer
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Quasi-steady state approximation

Every bound state = one species in the BME. — huge system of equations!

 dY, 1 ds

Loy (v -~V + Y o <oﬁsptv>(Y —yi® Yf)

dx 3Hsdx|2 Xy
coupled
system <
dY, 1 ds B =i Y, Yz
- = — |, | Y. =Y — r- Y qu : + | Yi— qu
. dx 3Hs dx d“( S ) zi*f frans Y ij'?

éattering<_> SM ba‘D

states >< I
bound bound

+—>
state Bj state B;

full coupled system

[Redi et al.: 1702.01141]
[Petraki et al.: 2112.00042]
[Garny, Heisig: 2112.01499]

S. Lederer

33



Quasi-steady state approximation

Every bound state = one species in the BME. — huge system of equations!

ay, 1

ds

dx 3Hsdx|?2

0= dY, 1 ds
dx 3 Hs dx
“quasi steady-state”
approximation
éattering «—» SM ba‘h
states >< I
bound bound

+—>
state Bj state B;

full coupled system

1 ann 1 . Yf
3 <G‘?xhv> (Yi_Y;qz) + ZI‘E<UBSF,EV>(Y o )

N Y, Y,
B e i e i e
Fd&C(Yi_Yiq) - Zj;ei‘ Ffr:ns(Y Y ! qu) + I‘iﬂ (Y Y ! YEQE)

X qu

X

dY 1 ds 1 \)eff (Yz _ qu?]

X X

lov,
dx 3Hs dx 2 ' e

=

effective annihilation cross-section

[Redietal.: 1702.01141]
[Petraki et al.: 2112.00042]
[Garny, Heisig: 2112.01499]

S. Lederer
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Effective cross-section

dY, _ 1 ds lll.'orv\)eff (
dx 3Hsdx 2 '™

—

Includes scattering and bound states:

YE _ quE]

X X

'::UV}:f]fn = (U;-n;v) + Zi R, (,UBSF,iV}

/ \

direct annihilation bound state formation

v

depletion efficiency € [0, 1]

(includes transition, ionisation & decay)

recall:

1
,Critical scaling” for freeze-out: (av)gﬁ% x T X X

S. Lederer



Effective cross-section

dY, _ 1 ds lll.'orv\)eff (
dx 3Hsdx 2 '™

—

Includes scattering and bound states:

YE _ quE]

X X

/ ff .
':uUV}:nn = (U;n;v) + Z,- R, (JBSF,iV)

/ N\

direct annihilation bound state formation
\4
depletion efficiency € [0, 1]
. . . . W
(includes transition, ionisation & decay [Garny, Heisig: 2112.01499]
similar Milne known
recall:

1
,Critical scaling” for freeze-out: (av)ggfn x T X X
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Effective cross-section: dark U(1)

effective cross-section mass-coupling relation
. . from thermal production
. [?drk QED effective cross section, av = 0.1 Dark QED, Opah? = 0.12
; n <100 C}@ 1 | — <100
-==-n<10 / | === n=1

101? e =1 // 10—1_—SEonly |
>E< —— SE only | = Tree
5 i 3
e 107

1072,
107" .
10t | -'1'02 | "-"103 | "'-'104 | 105 o 106 162 - lel‘US o IOJ‘ o 11771‘(]5
r=m/T m [GeV]
[Binder, Garny, Heisig, SL, Urban: 2308.01336]
S. Lederer
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Effective cross-section: U(1) vs SU(N)

Includes bound-to-bound No bound-to-bound
transitions. transitions allowed.
dark U(1) dark SU(3)
Dark QED effective cross section, o = (0.1 Dark QCD effective cross section, a(m) = 0.025
1(}2‘7 i S ! e : e S : S 105; R - o -

o EEE— N ] 4 r ) ;

n < 100 éﬁ 10 | —— n < 1000 &

==-n=10 7/ 103; ===n<100 \.\ e 7

101 = / ) g * -.b/ g

N e =1 / W 10| == n<10 A .

>E< —— SE only i 10! : ]

= L =]
= = 10"
s 10" 5 :
~ i ot
1072
10! J 1077
- L Ll L Lol L ol L L L - L | ()_4,|w.n L |\||\||' \l.\\.” Lol L 1 Lo Lo |
10! 10° 10° 10* 10° 106 w10t 1w 1wt o1 1wt o1t 10 10
z=m/T z=m/T

Efficient BSF prevents Chemical Decoupling !

[Binder, Garny, Heisig, SL, Urban: 2308.01336]
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,2Freeze-Out” including BSF - dark SU(3)

-~ dark SU(3)

10 100 1000
z=mg/T

S. Lederer



,2Freeze-Out” including BSF - dark SU(3)

Y (x)

SE only
~ darkSU(3) n<1000
| Vo N
10 100 1000 10000 100000
z=mg/T all By forl<n-1

(~ 1 million bound states)

S. Lederer
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Bound states in thermal production

2. t-channel superWIMP

v = DM: complete gauge singlet

g = mediator: heavy colored & charged scalar

S. Lederer
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Including transitions: ,add an additional U(1)"

Assume a colored & charged heavy scalar: § € (3 , 1)”3 (,b-squark)

;?Dﬁx qqx + h.c. dsm

g
,/

q ——< },~10"°

Xpm

— QCD dominates the potential and BSF (Hf'&')m > B''+g

— QED allows transitions B; — B;

S. Lederer 42



(o) [GV

Abundance without excited states

Cross section

(thermally averaged, incl. transitions)

10785 T T T T T 77T T TrvTT T LR T T T T T
i = 10 BSF SU(B)C XU(].)EM
10710
10712
1071*’1 L ?:;
: mg =4 x 10% GeV ;/
10_]6 . ‘.‘.H.lg . L TR | R L . ‘.‘.H.l~ P
10! 107 10° 10* 10° 109 107
€r = mq/T

mediator Yield
1075 X .
mg =4 x 109 GeV
1079 |
10—10; |
—11
10 ; ?‘;i
|| — o BSF ;/ 1
10—12 r— T I T bl el
10! 10° 10° 10° 10° 10° 107

x=mg/T

[Binder, Garny, Heisig, SL, Urban: 2308.01336]
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Abundance with an excited state (n=1)

effective cross section
(thermally averaged, incl. transitions)

mediator Yield

1078 T T o T ! LERR T TTTY T I
|—n<1 SU(3)c X U(1)em mg =4 x 10° GeV
= no BSF
10717 . ]
T i b
> - ]
3, 10-12 -7 ] ~10
e ~ E 10 J
5} = / dﬁ/ B ~—~ |
= -~ ] =
10 >
E (E ] 10_11 E %;
6 (V- H=——n<1 (G
g mg = 4 x 10" GeV = 3 i — ]
060 T T | — no BSF ;
10" 102 10? 10" 10° 10° 107 107 EESSSeatm sl ol
10 10 10 10 107 107 10
x =mg/T
x=mg/T
[Binder, Garny, Heisig, SL, Urban: 2308.01336]
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(o) (G

Abundance with some excited states

(thermally averaged, incl. transitions)

effective cross section

1078 T .
ne SU(3)cxU(1)em
----- n<1

10710 no BSF 3
10712 i
101 >

E [

- mg =4 x 10% GeV ; i
10_]6 . .‘.‘.‘\{ i TR | . L - ‘.‘.H.l‘ PRI

10! 102 10° 10* 10° 10°
xr = mé/T

107

x=mg/T

mediator Yield
10°%; M Dy
mg = 4 x 10°GeV
10791
10—[0
S
) _
10*11 4 n < 10 %_:
= = n<1 UE
L no BSF v
—12 =
Tt e B e e S
10 10 10 10 107 107 10

[Binder, Garny, Heisig, SL, Urban: 2308.01336]
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Abundance with many excited states

effective cross section mediator Yield
(thermally averaged, incl. transitions)
10*8E aan T rrm 1078 T e
n < 20 SU(3)c X U(1)em mg =4 x 10° GeV
----- n < 10
1070 = = e 1077
g i no BSF
= _
O, g-120
- 10 ? 10—[0
-3 3 >:cr 7
1014 7 % : 1071 = = n<10 =
] | aaeaa O 1
E m[}:4><106GeV ;/: nel — ]
10—]6i - S - ——— 3 L no BSF ;/
10! 107 10? 10* 10° 10° 107 L e R T By T
10 10 10 10 10° 10° 10
x =mg/T
x=mg/T
[Binder, Garny, Heisig, SL, Urban: 2308.01336]
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(o) [GV

Abundance with enough excited states

effective cross section
(thermally averaged, incl. transitions)

10785 ] A B rrm
= SU(3)c xU(1)em
----- n < 20
10710 = = n < 10
| ISk =R T =<0
r no BSF
10—12 i
10~ =
E GIE
mg =4 x 109 GeV ; i
10_]6 L .‘.‘.‘\{ Li Ll A L - ‘.‘.H.l‘ L
10 102 10° 10 10° 10° 107
x =mg/T

mediator Yield

10712

0

mg = 4 x 10° GeV

Z
S
no BSF Vo
~
\.\.u\i n .......I‘ L \\\H.\.‘ L ..u\...‘_ L .....\.\. Ll
10° 10° 10° 10° 109 107

x=mg/T

[Binder, Garny, Heisig, SL, Urban: 2308.01336]
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(o) [GV

Abundance with too many excited states

- Cross-section converged in the pertubative regime.

- Bound-to-bound transitions give strong enhancement: x'! — x16

effective cross section

(thermally averaged, incl. transitions)

108 rry A —
ez SU(3)c xU(1)em
----- n < 50
10710 = = n < 20
e - n<10
_12j """" n<l
10 g no BSF
o e, =
,,,,,, 33
mg =4 x 109 GeV ;/ i
10*]6 ..‘.‘..\{ — TR | . L - ..H.l“ L
10! 10° 10° 104 10° 10° 107
x =mg/T

mediator Yield
1078 . S
m; =4 x 105 GeV
1077
10710
O
ol i
10—11; =
-------- n<l1 <
no BSF \H/Z
10! 10° 10° 10° 10° 109 107
x=mg/T

[Binder, Garny, Heisig, SL, Urban: 2308.01336]
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Eternal annihilation - how does it end?

« Respect unitarity bounds v

« Avoid non-perturbative regime a ~ 1 2

confinement phase

effective cross section l
. (thermally averaged)
. < 100 SU(3)c xU(1)em . |
- N
10710% _—— TLS 10 d:s* :
— F - - \
CT> ] n=1 Ao o5 ]
& - | —— SE only N
,L_D, 10—12 L - /\\\ ]
o - | ____ no transitions, Z ~ \ E
= ] n < 1000 ~ \ ]
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superWIMP production with bound states

Adds a finite life-time: y =DM,

ot

g = ,t-channel mediator”

mg =4 x 10°GeV, 'y = 10717 GeV
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[Garny, Heisig: 2112.01449]
[Binder, Garny, Heisig, SL, Urban: 2308.01336]
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superWIMP production with bound states
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Summary

Importance of bound states for dark matter:
1. Repulsive potentials show enhanced BSFE.
2. Dominant effect at small temperatures.
3. Non-Abelian excited states can not be neglected.
4. Large effects from transitions between bound states.
5. Bound state formation can source eternal depletion.

6. Unitarity is systematically violated in BSF at leading order.

Using intuition from QED is dangerous
& bound states are exciting!

S. Lederer
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