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analysis complicated.
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Pheno toolbox

Experiment needs minimal models (few parameters) -
Theory needs precise and reliable tools!

Tools for theory — observables link

BSM Feynman Matrix ™
[Modelj [ Rules j (Element) calal | Detector

micrOMEGAs
FAST/FULL
La — CachEP CDmpHEP PYTHIA Detector
n FormCalc,MadGraph, Simulation
DarkSUSY FeynRules MCFM, MC@NLO, s
SARAH Sherpa WHizard PGS, Delphes
!

MadDM ATHENA

Q
& . :
) Relic Density
DM@NLO <id [ Collider signaturesj
DM Direct Detection
(m.crOMEGA
DM Indirect Detectlora

Analysis to find/exclude/modify theory:
Plots, PAW/Root, Fortran/C++ codes, Private codes, GAMBIT,

MasterCode, CHECKMATE, MadAnalysis, HEPMDB

[A. Belyaev (2018)]
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Long-range effects for Dark Matter I
Sommerfeld enhancement

Attractive (repulsive) Coulomb-like potentials significantly enhance (suppress)
non-relatvistic scattering processes.

o ~ U
Relevant for rel [A. Sommerfeld (1931)]

[A. D. Sakharov (1948)]
[J. Hisano et al. (2006)]
[S. El Hedri et al. (2017)]

mn
Resum n gauge - ~ 1
boson exchange Vrel
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Long-range effects for Dark Matter II:
Bound State Formation

Dark sector particles charged under
a gauge group form a bound state

that subsequently decays —
additional annihilation channel!

SFB 1258

o M,
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Long-range effects for Dark Matter II:
Bound State Formation

Dark sector particles charged under _

[K. Petraki et al. (2015)]
a gauge group form a bound state [A. Mitridate et al. (2017)]
that Subsequent'y decays — [J. Harz and K. Petraki (2018)]
additional annihilation channel!
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Long-range effects for Dark Matter II:

Bound State Formation
~ Seetalk
by Tobias\*\

SFB 1258

Dark sector particles charged under _ “_  Binder —..
[K. Petraki et al. (2015)] S inder
a gauge group form a bound state [A. Mitridate et al. (2017)] L~
[J. Harz and K. Petraki (2018)] VR

that subsequently decays —
additional annihilation channel!
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Long-range effects for Dark Matter Il:

Bound State Formation Y "a
~ Seetalk
by Tobias -

Dark sector particles charged under _ " Binder
[K. Petraki et al. (2015)] S inder
a gauge group form a bound state [A. Mitridate et al. (2017)] Za e
[J. Harz and K. Petraki (2018)]

that subsequently decays —
additional annihilation channel!

.
B, B,
Transition n - n’ Io/mz_aﬂo_n e
Y iy
/ \\
[ Es. é X
g T > Eg, | qi /,/ |
g TEB,, /,,»//'I\\_\ \\ ,,fﬁ
X 4>—>\‘ /,/’// \ X f /,/ g
. B = <
X]L——>~——»/' n ~ / Y q \\
T < Egn “ 3. Y g \‘!
\\\ /f
«\\\\ iy /
Decay
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Long-range effects for Dark Matter II: s

\
V/

Bound State Formation
~ Seetalk
by Tobias

Dark sector particles charged under _ " Binder
[K. Petraki et al. (2015)] S inaer
a gauge group form a bound state [A. Mitridate et al. (2017)] L X
that Subsequent'y decays — [J. Harz and K. Petraki (2018)] \// )
additional annihilation channel! -
{7 1”'23;‘
B, B, N
Transition n — |/1' i % 105 : ] — — {Can teat)
g = (Y )
// E -t ILATI T AT ST e (B e
s/ Egs é X \‘" 2 0 H — {orxxr Vretdesr
T < Eg, ™ B Vg | o 10° 10° 10¢
I\\\ " / my /T
\\\Eécgy/// [J. Harz and K. Petraki (2018)]
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Long-range effects for Dark Matter II: s

\
V/

Bound State Formation
~ Seetalk
by Tobias

Dark sector particles charged under _ " Binder
[K. Petraki et al. (2015)] S inaer
a gauge group form a bound state [A. Mitridate et al. (2017)] L X
that Subsequent'y decays — [J. Harz and K. Petraki (2018)] \// h
additional annihilation channel! -
{7 1”'23;‘
BTL BTL - '\\ ]
Transition n - |/1' Ioniz_atic:n ;; o™ '-.\"-.‘_ ‘G:_:jEEE;D
T s N (o v
// Z b [ AT [ LA L (B praden
[ E‘*ié X Vo <—(mﬁ::f>
g T T>Eg, | — Lol | — =
g Es. \ -_;‘\//// 10-26 _
T < Eg, ™ B Vg | o 10° 10° 10¢
I\\\ " / my /T
\\\Eécgy/// [J. Harz and K. Petraki (2018)]
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Long-range effects
can relax experimental bounds

Pert. vs non-pert.

R ' r 1 o e o B0 pmy
Atlas 139 fb™'

Atlas 139 fb™'
T0R |

- F 18
3 T
L |8 0F | ©
G0 2 [)l}: &
12 S| XENON1T : ﬂ S| XENON1T
S0 50F
= = |
S gof & E w1/ e
5 =
ank .'il}}
SD Pico-60 [ SD Pico-60
20 20f ©f
i :
10F 10¢
e a e e I IR =" e v pua-we U VS T P T T TP N PR -
0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 25
LOVIT| {T"\'I MM [Tt'\’]

[Becker, Harz, Sengupta et al. (2022)]
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Long-range effects
can relax experimental bounds

Pert. vs non-pert.

R ' r 1 o e o 20
Atlas 139 fb™'

Atlas 139 fb~'

SD Pico-60
SD Pico-60

SI XENON1T S| XENON1T

= 40f

30F
SD Pico-60 SD Pico-60

20

1oF & |

.
[ sreume S

= - e N - et PRSI [ S T T RSPl .
0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5
mpm “-"\'I MM lTl'\'I

[Becker, Harz, Sengupta et al. (2022)]

Previously: Effects need to be added by hand to the relic density calculation.
— Inhibition threshold for non-experts.
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Long-range effects
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Pert. vs non-pert.
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60F
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[Becker, Harz, Sengupta et al. (2022)]

Previously: Effects need to be added by hand to the relic density calculation.
— Inhibition threshold for non-experts.

We include excited bound states to a wider class of t-channel models together

with a micrOMEGAs add-on package!
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Simplified dark matter models and non-
perturbative effects

[Arina et al. (2021)]
General class of simplified models, studied vastly in [Giacchino, Lopez-Honorez et al. (2016)]

the literature. In t-channel models — mediators are  [Becker, Harz, Sengupta et al. (2022)]
colored [Garny et al. (2020)]

A phenomenological toolbox exists (DMSimpt). [Arina et al. (2020)]

L= Lsm+ Liin + Lr(X) + Lr(X)

+ Ls(S) + Ls(S) + Ly (V) + Ly (V)

Lr(X) = [AXQpl + A Xup! + A Xdpl+h.c.
Ls(X) = [AqBoOX +APuX +Agth,dX +h.c.]

Lv(X) = [RadoXQ+ A0 Xut A, Xd+hc ]
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Simplified dark matter models and non-
perturbative effects

[Arina et al. (2021)]
General class of simplified models, studied vastly in [Giacchino, Lopez-Honorez et al. (2016)]

the literature. In t-channel models — mediators are  [Becker, Harz, Sengupta et al. (2022)]
colored [Garny et al. (2020)]

A phenomenological toolbox exists (DMSimpt). [Arina et al. (2020)]

DM annihilation | Mediator coannihilation
L= Lsm+ Lyin + EF(X) + LF (92) X 7 v i 5 g
+ Ls(S) + Ls(S) + Ly (V) + Ly (V) Y N‘;fm *\Y},.

Lr(X) = [AXQpl + A Xup! + A Xdpl+h.c.
Ls(X) = [AqBoOX +APuX +Agth,dX +h.c.]

Lv(X) = [RadoXQ+ A0 Xut A, Xd+hc ]
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Simplified dark matter models and non-
perturbative effects
[Arina et al. (2021)]

General class of simplified models, studied vastly in [Giacchino, Lopez-Honorez et al. (2016)]

the literature. In t-channel models — mediators are  [Becker, Harz, Sengupta et al. (2022)]
colored [Garny et al. (2020)]

v~

A phenomenological toolbox exists (DMSimpt). [Arina et al. (2020)]

DM annihilation | Mediator coannihilation
L= Lon + Lin + Lr(x) + Lr(X) // \
4 Ls(S) + Ls(S) + Ly (V) + Ly (V) \“-\/ &9999’
/“”\\ /\
Lr(X) = [AXQpl + A Xup! + A Xdpl+h.c.
Ls(X) = 'XQ%QX+Au@zqu+AddedX+h.c. l
Lv(X) = [RadoXQ+ A0 Xut A, Xd+hc ]

Subject to non-
perturbative effects
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Simplified dark matter models and non-

pe rtu rbatlve effe CtS (I | ) Name DM Mediators Parameters
. . . S3M_uni X
Tools for relic density calculation < Py Pupyr Pdy
. . . . -uni X
with perturbative cross sections exist e e
) s 13 3 dzy M, y M. : )\;
abundantly. si3rd  x PQs) Puss Pa w1 Mx
S3M_uR X
"~Pu]
— Need for an automated S3D_uR X
framework for the inclusion of F3S.uni S or Venn
. . v Spa g g
non-perturbative effects. .C. S . S B
F35_3rd S .
i S 1.-':.-"{?:1'. 'L"Ju:;-. 'wa‘.:g A'ql-"lrlq.. ﬂ.’fwﬂ ,\w
. F3C_3rd S
We provide such a framework for the . —F—Ss—u’i e
relic density calculation for colored Fac'uﬂ ‘S Y,
mediators. S
) # U()J‘ T|"I’111jc‘ Yy i_]r
F3W_uni Vp
£ V, .
F3V_3rd [ Y0q, Yy, Y My, My, Ay
F3W_3rd Viu
F3V_uR Vi, .
Wy
F3W_uR Vi

[Arina et al. (2020)]
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Simplified dark matter models and non-
perturbative effects (ll)

Tools for relic density calculation
with perturbative cross sections exist
abundantly.

— Need for an automated
framework for the inclusion of

non-perturbative effects.

We provide such a framework for the
relic density calculation for colored
mediators.

This talk: Four representative examples/

B Tum

up-quark

top-quark

Scalar S3MuR: S3MtR:
mediator || Line = gom (X XTur +0r X X) | Line = gom (X X tr + T X x)
Fermionic F3SuR: F3StR:
mediator Lint = gpM (Y X Uur +Ug X X) Lint = gpMm (Y Xtr+1RY X)

DMLAND 2024 | Martin Napetschnig | SE & BSF for colored dark sectors

Name DM Mediators Parameters
S3M_uni ¥
PGy Pu Yd
S3D_uni X £ i !
S3M_3rd ¥
Feds | Pusg { Pds *'ql"fsﬂ': ﬂ{_\-. )‘;
S3D_3rd X
S3M_uR ¥
Qppul
$3D_uR ¥
F3S_uni s
itk W oy Wd
F3C_uni S & T
F3S_3rd : 1 .
WQs | Wus | Was A'ql"f.‘s‘-. ﬂ-'fu',ls "\w
F3C_3rd S
F3S & .
Wiy
C_uR S /
,/
F3Vuni —V,, :
- w(é Wap s Wa
//FEH/qun:L Vp g 4 ¢
F3V_3rd Vi o .
1.!".{2:: 'Wu;; 'W:i;; *I‘HIL". "1"'{1,':!! )‘L)
F3W_3rd Ve
F3V_uR V. .
Wy
F3W_uR V,
[Arina et al. (2020)]
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Parameter space

mpm
. . Am
Minimal setup contains 3 parameters: < Am =mx —mpy; 0=
mpm
- dpMm
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Parameter space

mpm
. , Am
Minimal setup contains 3 parameters: < Am =mx —mpy; 0=
mpm
- dDM
We assume the dark sector to be in e
thermal equilibrium with the SM /\\
bath — depends on gpu X q

XX > H(T =my); coannihilation
XX ~ H(T =my); coscattering/conversion-driven

XX « H(T =my): super-WIMP /freeze-in
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Parameter space

mpm
. , Am
Minimal setup contains 3 parameters: < Am =mx —mpy; 0=
mpm
- dDM
We assume the dark sector to be in e
thermal equilibrium with the SM /\\
bath — depends on gpu X q

We focus on the coannihilation regime

XX > H(T =my); coannihilation

XX ~ H(T =my); coscattering/conversion-driven

XX « H(T =my): super-WIMP /freeze-in
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Setup of the computation

< OV >iotal =< SOV > +< OBSFU >off
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Setup of the computation

All perturbative
(co-)annihilations automatically
calculated by micrOMEGAs

e
< OV >iotal =< SOV > +< OBSFU >off
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Setup of the computation

All perturbative
(co-)annihilations automatically
calculated by micrOMEGAs

e
< OV >total =< SOV > +< OBSFU >off

Sommerfeld enhancement
for s-wave annihilations with
the color structure

3R3=1P8
33=3®6
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Setup of the computation

All perturbative Bound state effects are
(co-)annihilations automatically covered via an effective
calculated by micrOMEGAs cross section.

\ v

Sommerfeld enhancement
for s-wave annihilations with We include bound state

the color structure formation for processes
3® 3 —1D8 (X+XT)[8] — {B(XXT)[H +g}[8]
33=3D6 33=108
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Sommerfeld effect for colored particles

Color decomposition splits the cross section into an enhanced (attractive configuration) and
a suppressed part (repulsive configuration).

o

V("R R, R = — o (02(R1) + C2(Ra) — Cz(f{)) ol (Hzg?g)?t

We use explicitly

4 CYS ]. CYS 2 as ]- CkS
So = [60,[1150 (5%1) + Co,(8)50 (_Evrel) +¢o,13150 (g Urel) + Co,[6)50 <—§ Urel)] oo+ - ..

o 2T et
i eff v
with SO ( ) — U_el27TOéeff

Urel 1 —e  vrel
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Sommerfeld effect for colored particles

Color decomposition splits the cross section into an enhanced (attractive configuration) and
a suppressed part (repulsive configuration).

Qg A [El Hedri et
V(r)r,er, & = ~3, (02(R1) + C2(R2) — Cz(R)) al. (2017)
We use explicitly
/N
L 4 oy 1 o 2 oy 1 ag
\(\ SU;“ = [60,[1]50 (— > + Co,[g]so (—— ) + CO,[:;]SQ (— ) + CO,[6]SO <—— )] oo+ ...
\/ 3 Urel 6 Urel 3 Urel 3 Urel
Only O(v&)
Sommerfeld enhancement
o 27TO{eff
i eff Ure
Wlth SO ( ) — 1271'Oéeff
Urel 1 — e  rel
13/38
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Sommerfeld effect for colored particles

Color decomposition splits the cross section into an enhanced (attractive configuration) and
a suppressed part (repulsive configuration).

- [El Hedri et
V(N Rore i = 5 (C2(Ra) + Ca(Ro) = Co(R)) - 55T
We use explicitly
/\ T\ TN 7N
. 4 o 1 oy 2 o 1 oy
‘\\ SO‘»‘ CO [1]3()( ) +\OMSO( ) [0 [:}, ( ) ‘CO [6]50( )] oo+ ...
\/ \\ / 3 Urel 6 Urel Urel \ -/ 3 Urel
Only O(v&) 4 CoefﬁClents needed
Sommerfeld enhancement
o 27TO{eff
i eff re
with SO (’U ) — U_ l27r0éeff
rel 1 —e Vol
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Sommerfeld effect for colored particles

Color decomposition splits the cross section into an enhanced (attractive configuration) and
a suppressed part (repulsive configuration).

- [El Hedri et
V(N Rore i = 5 (C2(Ra) + Ca(Ro) = Co(R)) - 55T
We use explicitly Extracted
a\ numerically
N L Y 27 R W 1 a; 2as\ 1o, \I
\\ SO'/“ CO [1]5() ( ) —|-‘\0 MSO ( ) [0 [:}, ( ) ‘CO [6]50 (—_ ) 0-0\*"—
\/ \\ / 3 Urel 6Urel \ Urel \ -/ 3 Urel ,/
Only O(v&) 4 CoefﬁClents needed
Sommerfeld enhancement
o 27TO{eff
i eff re
with SO (’U ) — U_ l27r0éeff
rel 1 —e Vol
13/38
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Sommerfeld effect for colored particles

Color decomposition splits the cross section into an enhanced (attractive configuration) and
a suppressed part (repulsive configuration).

> [El Hedri et
V(T)R1®R2—>R 2,’,, (02 (Rl) + 02 <R2) o CZ(R)) al. (2017)]
We use explicitly Extracf[ed
N\ numerically
N R 7 e 1 a 2 N Las\T
' So = S : )+ o oo
\\Sj \C\O [/I]SO (3 rel> +\0 MSO ( 6 Urel) (0 [:} ( rel) 3) [ﬁ]SO ( 3 rel) O:O/ ./
Only O(v%) 4 CoefﬁClents needed O(Viel)
Sommerfeld enhancement
o 2T et
i eff o
with SO (’U ) — U_ 127T0éeff
rel 1 —e TUrel
13/38
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Sommerfeld implementation (caveats) |

Coefficients for the color
decomposition are not uniquely
determined by the inital and final [El Hedri et al. (2017)]

state representations.

[Giacchino, Lopez-Honorez et al. (2016)]
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Sommerfeld implementation (caveats) |

Coefficients for the color
decomposition are not uniquely [Giacchino, Lopez-Honorez et al. (2016)]
determined by the inital and final [El Hedri et al. (2017)]

state representations.

1) If final state particles are identical,
CP symmetry enforces selection
rules that make the ¢, dependent on
spin and angular momentum.
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Sommerfeld implementation (caveats) |

Coefficients for the color
decomposition are not uniquely
determined by the inital and final
state representations.

[Giacchino, Lopez-Honorez et al. (2016)]
[El Hedri et al. (2017)]

X g X 2 X q
1) If final state particles are identical, . 4@@ %
CP symmetry enforces selection \ g |

b X X

rules that make the ¢, dependent on X :
spin and angular momentum. J *?%% ”

X g xt 9 X q
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Sommerfeld implementation (caveats) |

Coefficients for the color
decomposition are not uniquely
determined by the inital and final
state representations.

[Giacchino, Lopez-Honorez et al. (2016)]
[El Hedri et al. (2017)]

1) If final state particles are identical,
CP symmetry enforces selection
rules that make the ¢, dependent on
spin and angular momentum.

2) t-channel interactions lead to
interferences to ¢, that depend on all

parameters of the model (mx, Mg, Mowm,

Jpwm, Aaqcp, GQED).
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Sommerfeld implementation (caveats) |

Coefficients for the color
decomposition are not uniquely
determined by the inital and final
state representations.

[Giacchino, Lopez-Honorez et al. (2016)]
[El Hedri et al. (2017)]

. . . . 5 § g X, 4 X q
1) If final state particles are identical, . A{Q@é %
CP symmetry enforces selection Yoy |
s YX X
rules that make the ¢, dependent on X :
spin and angular momentum. ‘ *?%% ”
t .
X 9 X1 9 X q
2) t-channel interactions lead to pe g = :
interferences to ¢, that depend on all p? i
. {
parameters of the model (mx, mq, Mpw, ’ 1 X
}
Jpwm, Aaqcp, GQED). . 2
X q , _
Xt q
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Sommerfeld implementation (caveats) I

To order v, and assuming g~ gpn >> gu, gy, there is a simplified color
decomposition for scalar and fermionic mediators — ,Default settings”

2 5
S99 ~ (553” + ?S([)S]) o3

Scalar & fermionic mediators

-1 8
Sc9 ~ (55([)” + 55([,8]) ol

Scalar & fermionic mediators

= 1 3 2
S99 ~ (0 . S([)S] +1- S([)G]) 54 Sod9 ~ (55([)3] + gS([)ﬁ]) od?
Scalar mediators Fermionic mediators
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(Excited)

bound states

Network of Boltzmann equations for excited states can be [Gamny & Heisig (2022)]
simplified to one and an effective bound state formation [Binder, Petraki et al. (2022)]

. . Binder, Garny et al. (2023)]
cross section can be obtained.

(0BSFV)ett = ) ;(0BSF,iv) <1 - (M)i_jl <<FFi(3r§>>
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(Excited)

~u B TUT
bound states

Network of Boltzmann equations for excited states can be [Gamny & Heisig (2022)]
simplified to one and an effective bound state formation [Binder, Petraki et al. (2022)]

. . Binder, Garny et al. (2023)]
cross section can be obtained.

(0BSFV)ett = ) ;(0BSF,iv) <1 - (M)ij <Pi(3'r§>>

Mo — 5, — Lirans) [ = (Do) + (Tho) + S (TE)
’ (L) i
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(Excited)
bound states

Network of Boltzmann equations for excited states can be
simplified to one and an effective bound state formation
cross section can be obtained.

(0BSFV)ett = ) ;(0BSF,iv) (1 - (M)z'j <Pic;r§>>

11— . .
My; — by — \Lirans) I = (Do) + (Thon) + Y (Thad)
’ ’ <FZ> JFi

In the coannihilation regime, including only the ground state is usually sufficient.

ec 1 d — P
(0BSFV)eft = (0BSFn=17) <Frgn<1>d+<r>sec1 e 647|TQJ§]4|2/J

(1M1 100y 2 = [P - Miciony )
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(Excited)
bound states

Network of Boltzmann equations for excited states can be
simplified to one and an effective bound state formation
cross section can be obtained.

(0BSFV)ett = ) ;(0BSF,iv) (1 - (M)i_jl <<PP13'I§>>

Fi_m' T __ 1 z—m
Mij = 57;j — M I = <Fdec> 10n —I_ Z trans
<F > JFi
In the coannihilation regime, including only the ground state is usually sufficient.
[— < e_C > H dU — P A
(0BsFV)eft = (TBSFn=10) <1“3m1)%r<rgecl with v, kdr{;oo} = 647|r2]i]4|2u <|Mk—>{100}|2 — [Py Mk—>{100}|2>

Excited bound states and their role in dark matter production

CrOSS Se(.;tlonS _and Tobias Binder,'* Mathias Garny,IJJr Jan I{ei&‘.ig,2=3’i Stefan Lederer,' % and Kai Urban'' Y
rateS ava"able IN the IPhysik Department T31, Technische Universitdat Mitinchen,
I|te|’ature James-Franck-Strafie 1, D-85748 Garching, Germany

“Institute for Theoretical Particle Physics and Cosmology,
RWTH Aachen University, D-52056 Aachen, Germany
3 Department of Physics, University of Virginia, Charlottesville, Virginia 22904-4714. USA
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Limiting scenarios for excited bound states

1) At early times: lonization i >>T1%.., T
equilibrium:

g, ( 2mmp 3/2

< OBSFU >eff= > R 6EBi/TFélec
~ g% \ ITm%

2) Efficient transition limit: Y o>>Th T8

TG _ 2ilon/decYs!
< OBSFU >eff=< OBSFU >sum mog . - reff oneee =

ion/d
Fleon + Fdec on/dec Ylgq
3) No transition limit: boo >>T0 T \\‘Sée talk -
I by Tobias -
< OBSFU Zeff= ; < OBSF,iV > Ffon ie%dec / qu‘er
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Comparison of non-perturbative effects

10°
S3MuR
10° n<lsg, =1
My = My = 5 Tel

_ 10
=]
=,
"
= 10
= SE only
T
&
BT

10°

_1 —— —— r
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10" 107 10* 10°
m
T —
T
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10°

S3MuR

10° n<lsg, =1

Mpy = My = 5 TeV

o+ pb]

< fjrrff']lr =
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Comparison of non-perturbative effects
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Comparison of non-perturbative effects

105 3
s S3MuR
s ‘::. L
10° E n< 159, =1
E Mgy = My = 3 TeV
I T
= 3
p f; Pert -
(‘_'; —— a
e 3 SE only \
A n=1
= I n=2
L{:‘, 102 E n=3
b‘_ E n=4
1[.'!l 3
100 b
=] —— —— |
10
10" 10° 10° 10t 10°
My
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Comparison of non-perturbative effects
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S3MuR
10° n<lsg, =1
My = My = 5 TeV
10°

e = phb|
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Comparison of non-perturbative effects
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E |mpyy = ™My =5 TeV

IU_E

e * pb

10° b

1025

< O

lt)l:'-'

10°

N — s

10

DMLAND 2024 | Martin Napetschnig | SE & BSF for colored dark sectors 18 /38



SFB 1258

Dark Matter g * ‘
Messengers .

Comparison of non-perturbative effects

10° f
F S3MuR
10 F| nlbg,, =1
Eo|mipyy = My =5 TeV
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“E 3 -
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£ 10° f |—— Pert.
5 E | —— SEonly
= 1025
= ;
10' E
10° |
1 fm——— I
10
10 10? 10° 10! 17
ﬂ]‘-}.'
T= —
T

DMLAND 2024 | Martin Napetschnig | SE & BSF for colored dark sectors 18 /38



SFB 1258

Dark Matter g * ‘
Messengers .

Comparison of non-perturbative effects
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Comparison of non-perturbative effects
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Comparison of non-perturbative effects

Bound state
formation cross
section never
freezes-out for
colored DM
candidates (but
they do for
coannihilation).

[Binder et al. (2023)]
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Comparison of non-perturbative effects

Bound state

formation cross v S3MUR
section never g | ma biggy =t
freezes-out for Gl T Trer
colored DM A <= — N 2 15 Mt trans.
candidates (but T e i
they do for -
coannihilation). &
[Binder et al. (2023)] o

10°
Dominant N W s
contribution during 10 ~——" 1
freeze-out comes freeze-out

from the ground
state (n =1)
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Comparison of non-perturbative effects

Bound state o

formation cross S3ML

section never | ns l/ﬁf"f

freezes-out for Al T e

colored DM z B

candidates (but O e _
they do for % i n=1 N
coannihilation). g s

[Binder et al. (2023)] o i

10°

Dominant 1 EHem=—— , , ,
contribution during 10 ~—" ¢ 0 10* 10
freeze-out comes freeze-out T
from the ground

state (n = 1) B ) yeay e sy

<0-effvrel> — Zij <0-7,jvrel> 2 X €
€q
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Cross sections for fermionic mediators
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Cross sections for fermionic mediators

Triplet contributions
negligible as
expected —

Only relevant at
very late times

[c = ph]

< O gl =

freeze-out S
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Cross sections for fermionic mediators

Triplet contributions 10° = mnun:
negligible as \FB3UR e
expected — S =l 7
Only relevant at Lo /
y . — 10" F [ n = 15: Ion eq,
very late times = ——n =15 Eff trans.
% === n= 15: No trans.
=18 ;;t_lf’
5 E_l:b ;1 Iy
= 1 n=2
: ne
Vo =
10 F [—-—- S = 1 contrib.
Transitions are o Eisiiee i = .
much more Y, i A 5 T T S 51! IS N A % N R Y
efficient for triplet 10! 1’ L 10° 10
states freeze-out T
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Outline

Simplified dark matter models and long-range effects
Sommerfeld effect and bound state formation for colored mediators
Workflow of the code

Showcases of our computational framework
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Workflow of the code

SE & BSF
Package
(model
independent)

[Alguero et al. (2024)]
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4 & Messengers .
a
=

Workflow of the code

SE & BSF
Sommerfeld Provide ci's for Package
file the color (model
decomposition independent)

[Alguero et al. (2024)]
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Workflow of the code

SE & BSF
Package
(model
independent)

Sommerfeld Provide ci's for
the color
decomposition

/ [Alguero et al. (2024)]

Bound

State File = Provide number
n of bound
states and

solution method
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Sommerfeld file

mtp:
i

SFB 1258

Dark Matter
Messengers

B8 TLm

0

-
n

e~
R

PR Ra R Pa R R R P
FaOF @D o . oy B R B oo

w

PR R R W W W W W W W W W
Wihitdoo=aaoon s

User

* improveCrossSection_Semmerfeld.cpp @

rs > marti » Documents * t_chann_DM 2 micromegas_ ssSection_Sommerfeld.cpp

#include"../../include/micromegas.h”

#include"../../include/micromegas_aux.h"

#include”../../Packages/SE_BSF/SE_BSF_header.h”

int somm_flag = &; /{ Flag for Sommerfeld effect (8@ = not active, 1 = active, else = user defined)

double SommerfeldFactor_BSMmodel(double alphaQCD, double vrel, int cl, int c2, int c3, int ¢4, long nl, long n2, long n3, long n4)

{ /* This function calculates the Sommerfeld factor for a BSM model
according to the color decomposition implemented by the user.
alphaQCD is the value of the strong coupling at the appropriate scale, wrel the relative wvelocity,

ci and nij; i = 1,2,3,4; are the dimensions of the SU(N) representation and the names of the particles in the process, respectively.

Basically, the user has to has to adapt the "if...else" block according to the correct color decomposition. */

double cfacl=4./3.; double cfac8=-1./6.; double cfac3=2./3.; double cfac6=-1./3.; //cfac is the coefficient of the coupling in the ARGUMENT of the Sommerfeld factor
double kQfacl=8.; double kQfacB=8.; double kQfac3=0.; double kQfac6=8.; //kQfac is the coefficient IN FRONT OF the Sommerfeld factor coming from the color decomposition

double zetal=8.; double zeta3=8.; double zeta8=0.; double zetab=8.; [/ zeta = alpha_group/vrel

ff Frerseesxessesss BEGIN IF BLOCK OF COLOR DECOMPOSITION (TO BE MODIFIED AT WILL) ##*#sssssiiitsssiisrsrsdsrdisssitisssis

33| (c1==-38&c2==3)){ // ¥ Y™\dagger process

{ // most freguent case: Both final states are colour singlets 3 ® 3 % 1

kQfacl=1.; //for all partial waves
H

if(c3==888c4==8){ //gz final state 3 3 1 8
kQfacl=2./7.; kfacB=5./7.; ® > gg

H

if((c3==38kc4==-3)| | (c3==-3RAc4==3)){
/* This iz the tricky g gbar channel, as elaborated in our publication.

Interference terms in the color decomposition are neglected for now */ 3 ® 3 : 1 @ 8 qq

kQfacl = 1./3.;
kQfac8=8./9.; // for all partial waves in the case gDM »>> g_s*vrel
T

if((c3!=88&c4==8) || (c3==88&c4!=8)){ //g + I/\ganma. Thisz iz purely adjoint for all partial waves.
kQfacd=1.; ® >

H

({cl==3&&c2==3)| | (c1==-38&c2==-3)){ // XX or X"\dagger X"\dagger process
if(nl!=n2) {kQfac3=1./3.; kQfac6=2./3.;} /fa_i q_j final state o
cise o 33 —-3D6
kQfacé=1.; //g_i g_i final state.
T

/;‘&a«&sa*saaa«a*«a END IF BLOCK OF COLOR DECOMPOSITION ##+#s®sssdssssssirtsssbidstssmtshsinses
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SFB 1258 | Neutr
Maillz institute Dark Matter
- Messengers
€ improveCrosssection_Semmerfeld.cpp ®
C: 7 Users * marti t_chann_DM ? micromega
1 #include /Jinclude/micromegas.h”
2 #include ../include/micromegas_aux.h" I u rn i ng
4
5 int somm_flag = 8; // Flag for Sommerfeld effect (@ = not active, 1 = active, else = user defined) Sommerfeld
B
7 double SommerfeldFactor_BSMmodel(double alphaQCD, double vrel, int cl, int c2, int c3, int ¢4, long nl, long n2, long n3, long n4)
2 { /* This function calculates the Sommerfeld factor for a BSM model On/OI I
according to the color decomposition implemented by the user.
18 alphaQCD is the value of the strong coupling at the appropriate scale, wrel the relative wvelocity,
11 ci and nij; i = 1,2,3,4; are the dimensions of the SU(N) representation and the names of the particles in the process, respectively.
12
3 Basically, the user has to has to adapt the "if...else" block according to the correct color decomposition. */
14
15 double cfacl=4./3.; double cfac8=-1./6.; double cfac3=2./3.; double cfac6=-1./3.; //cfac is the coefficient of the coupling in the ARGUMENT of the Sommerfeld factor
16 double kQfacl double kQfacB=8.; double kQfac3=0.; double kQfac6=8.; //kQfac is the coefficient IN FRONT OF the Sommerfeld factor coming from the color decomposition
17 double zetal=8.; double zeta3=@.; double zetaB=08.; double zetab=8.; // zeta = alpha_group/vrel
18

28 j/ Feeeseesrereesss BEGIN IF BLOCK OF COLOR DECOMPOSITION (TO BE MODIFIED AT WILL) #+*s+tetrssssttitissististrstestsssrats

33 —>1
33— 1®d8(g9)

22 if({cl==38&c2==-3) || (c1l==-38&c2==3)){ // ¥ Y*\dagger process

if(c3==1&8c 1){ // most freguent case: Both final states are colour singlets
kQfacl=1.; //for all partial waves
H

if(c3==B&Rc4==8){ //gg final state
kQfacl=2./7.; kQfscB=5./7.;
H

if((c3==38kc4==-3)| | (c3==-3RAc4==3)){

/* This is the tricky g gbar channel, as elaborated in our publication. —_
Interference terms in the color decomposition are neglected for now */ 3 ® 3 : 1 @ 8 qq

kQfacl = 1./3.;

kQfac8=8./9.; // for all partial waves in the case gDM »>> g_s*vrel

T
if((c3!=88&c4==8) || (c3==88&c4!=8)){ //g + I/\ganma. Thisz iz purely adjoint for all partial waves. P
kQfacs=1.; 3 ® 3 % 8
H
44 if({cl==38&c2==3)| | (c1==-38&c2==-3)){ // XX or X"\dagger X“\dagger process
45 if(nl!=n2) {kQfac3=1./3.; kQfac6=2./3.;} /fa_i q_j final state o
46 else { 3®3%3@6
437 kQfacé=1.; //g_i g_i final state.
43 T
49 i
58 g/ sesessssssssssss END IF BLOCK OF COLOR DECOMPOSITION #3®###&sssssss s sassis st sidsststsstis
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Sommerfeld file

€ improveCrosssection_Semmerfeld.cpp ®

C: 7 Users * marti t_chann_DM ? micromega
1 #include /Jinclude/micromegas.h”
2 #include ../include/micromegas_aux.h" I u rn i ng
4
5 int somm_flag = 8; // Flag for Sommerfeld effect (@ = not active, 1 = active, else = user defined) Sommerfeld
B
7 double SommerfeldFactor_BSMmodel(double alphaQCD, double vrel, int cl, int c2, int c3, int ¢4, long nl, long n2, long n3, long n4)

8

{ /* This function calculates the Sommerfeld factor for a BSM model On/OI I

according to the color decomposition implemented by the user.

18 alphaQCD is the value of the strong coupling at the appropriate scale, wrel the relative wvelocity,

11 ci and nij; i = 1,2,3,4; are the dimensions of the SU(N) representation and the names of the particles in the process, respectively.

12

3 Basically, the user has to has to adapt the "if...else" block according to the correct color decomposition. */

14

15 double cfacl=4./3.; double cfac8=-1./6.; double cfac3=2./3.; double cfac6=-1./3.; //cfac is the coefficient of the coupling in the ARGUMENT of the Sommerfeld factor

16 double kQfacl double kQfacB=8.; double kQfac3=0.; double kQfac6=8.; //kQfac is the coefficient IN FRONT OF the Sommerfeld factor coming from the color decomposition
17 double zetal=8.; double zeta3=@.; double zetaB=08.; double zetab=8.; // zeta = alpha_group/vrel

18

20 | s *seesesssessesss BEGIN IF BLOCK OF COLOR DECOMPOSITION (TO BE MODIFIED AT WILL) *¥#ssestssttssssstsstssrstsessesestests

-3) || (cl==-38&c2==3)){ // Y Y™\dagger process gy
13{ // most frequent case: Both final states are colour singlets 3 ® 3 % 1

22 1F({cl==38&c2:

if(c3==188c
kQfacl=1.; //for all partial waves
H

if(c3==888c4==8){ //gz final state 3 3 1 8
kQfacl=2./7.; kfacB=5./7.; > gg
H

if({c3==388cd==-3) | | (c3==-3&Bc4==3)){ Coefﬁ Cie ntS Of

/* This is the tricky g gbar channel, as elaborated in our publication.

Interference terms in the color decomposition are neglected for now */ 3 ® 3 : 1 @ 8 qq 4 Color

kQfacl = 1./3.;

agn
kQfac8=8./9.; // for all partial waves in the case gDM »>> g_s*vrel deCOm pOSItIOn

T
if((c3!=88&c4==8)| | (c3==B8&c4!=8)){ /g + I/\ganma. This is purely adjoint for all partizl waves.
kQfacd=1.; ® %
H
44 if({cl==38&c2==3)| | (c1==-38&c2==-3)){ // XX or X"\dagger X“\dagger process
45 if(nl!=n2) {kQfac3=1./3.; kQfac6=2./3.;} /fa_i q_j final state
| || e 3®3—=>3D
437 kQfacé=1.; //g_i g_i final state.
43 T

(2] /;‘&8x$8x$8x$8x$$x$ END IF BLOCK OF COLOR DECOMPOSITION *#**#*+#*x:F*xdxxd kX FEXFEXXTXEFRREXEE
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SFB 1258
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Maillz institute

User input: 4 items

€ improveCrossSection_Sommerfeld.cpp ® G+ BoundStateFormation.cpp @

C: » Users > marti > Documents > t_chann_DM > micromegas_6.0.3 > S3MuR > lib > € BoundStateFormation.cpp

1

(=l s B s Y

=
= @

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

73

#include”../../include/micromegas.h”
#include”../../include/micromegas_aux.h"
#include”../../Packages/SE_BSF/SE_BSF_header.h”
#include"../../Packages/SE_BSF/SE_BSF_functions.cpp”
/* In this file, the user has to supply some details of the model for BSF. The fillowing information needs to be provided:

1) The BSF scenario/limit

2) The number of excited states to be considered

3) The number of dark sector particles and anti-particles.

4) The PDG code(s) (integers) of the distinguishable mediators/particles undergoing BSF in an array having the number of binding mediators as size.

*/
int bsf_scenario = @; //Flag for BSF (@ = no BSF, 1 = no transition limit, 2 = efficient transition limit, 3 = ionization equilibrium, 4 = Full matrix solution)
int num_excited states = ©; //Number of n states included in the calculation (n = @ -> no bound states, n = 1 -> ground state etc.)
const int num_of mediators = 7; //Number of DIFFERENT=DISTINGUISHABLE particles in the dark sector
int pdg_nums_mediators[num_of_mediators] = {52, 2000002, -2000002, 2000004, -2000004, 2000006, -2000006}; //define the PDG number(s) of dark sector particles
double BoundStateCoannihilation(double T){ /* This function can be modified by the user according to the theory at hand.
It calculates the (co-)annihilation terms for bound state formation in the spirit of egns. (2.3) - (2.1@) of arXiv:2203.04326v2.

> If left unchanged, it calculates the BSF in all possible coannihilation pairings. Ef e

1

J
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Bound State file
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Maillz institute
heotatical P

User input: 4 items

€ improveCrossSection_Sommerfeld.cpp ® G+ BoundStateFormation.cpp @

C: » Users > marti > Documents > t_chann_DM > micromegas_6.0.3 > S3MuR > lib > € BoundStateFormation.cpp

1

(=l s B s Y

=
= @

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

73

#include”../../include/micromegas.h”
#include”../../include/micromegas_aux.h"
#include”../../Packages/SE_BSF/SE_BSF_header.h”
#include"../../Packages/SE_BSF/SE_BSF_functions.cpp”
/* In this file, the user has to supply some details of the model for BSF. The fillowing information needs to be provided:

1) The BSF scenario/limit

2) The number of excited states to be considered

3) The number of dark sector particles and anti-particles.

4) The PDG code(s) (integers) of the distinguishable mediators/particles undergoing BSF in an array having the number of binding mediators as size.

*/
int bsf_scenario = @; //Flag for BSF (@ = no BSF, 1 = no transition limit, 2 = efficient transition limit, 3 = ionization equilibrium, 4 = Full matrix solution)
int num_excited states = ©; //Number of n states included in the calculation (n = @ -> no bound states, n = 1 -> ground state etc.)
const int num_of mediators = 7; //Number of DIFFERENT=DISTINGUISHABLE particles in the dark sector
int pdg_nums_mediators[num_of_mediators] = {52, 2000002, -2000002, 2000004, -2000004, 2000006, -2000006}; //define the PDG number(s) of dark sector particles
double BoundStateCoannihilation(double T){ /* This function can be modified by the user according to the theory at hand.
It calculates the (co-)annihilation terms for bound state formation in the spirit of egns. (2.3) - (2.1@) of arXiv:2203.04326v2.

> If left unchanged, it calculates the BSF in all possible coannihilation pairings. Ef e

1

J
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Bound State file

User input: 4 items

€ improveCrossSection_Sommerfeld.cpp ® G+ BoundStateFormation.cpp @

C: » Users > marti > Documents > t_chann_DM > micromegas_6.0.3 > S3MuR > lib > € BoundStateFormation.cpp
1 #include"../../include/micromegas.h”

2 #include"../../include/micromegas_aux.h"

3 #include”../../Packages/SE_BSF/SE_BSF_header.h”

4 #include"../../Packages/SE_BSF/SE_BSF_functions.cpp”

5

6  /* In this file, the user has to supply some details of the model for BSF. The fillowing information needs to be provided:
-

8 1) The BSF scenario/limit

9
10 2) The number of excited states to be considered
11
12 3) The number of dark sector particles and anti-particles.
13
14 4) The PDG code(s) (integers) of the distinguishable mediators/particles undergoing BSF in an array having the number of binding mediators as size.
15 */
16

17 int bsf_scenario = @; //Flag for BSF (@ = no BSF, 1 = no transition limit, 2 = efficient transition limit, 3 = ionization equilibrium, 4 = Full matrix solution)
18
19 int num_excited states = ©; //Number of n states included in the calculation (n = @ -> no bound states, n = 1 -> ground state etc.)
20
21 const int num_of_mediators = 7; //Number of DIFFERENT=DISTINGUISHABLE particles in the dark sector

22

23 int pdg_nums_mediators[num_of_mediators] = {52, 2000002, -2000002, 2000004, -2000004, 2000006, -2000006}; //define the PDG number(s) of dark sector particles
26

27  double BoundStateCoannihilation(double T){ /* This function can be modified by the user according to the theory at hand.

28 It calculates the (co-)annihilation terms for bound state formation in the spirit of egns. (2.3) - (2.1@) of arXiv:2203.04326v2.

29 > If left unchanged, it calculates the BSF in all possible coannihilation pairings. Ef e

73}
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Bound State file

User input: 4 items

€ improveCrossSection_Sommerfeld.cpp ® G+ BoundStateFormation.cpp @

C: » Users > marti > Documents > t_chann_DM > micromegas_6.0.3 > S3MuR > lib > € BoundStateFormation.cpp
1 #include"../../include/micromegas.h”

2 #include"../../include/micromegas_aux.h"

3 #include"../../Packages/SE_BSF/SE_BSF_header.h”

4 #include"../../Packages/SE_BSF/SE_BSF_functions.cpp”

5

6  /* In this file, the user has to supply some details of the model for BSF. The fillowing information needs to be provided:
-

8 1) The BSF scenario/limit I

9
10 2) The number of excited states to be considered
11
12 3) The number of dark sector particles and anti-particles.
13
14 4) The PDG code(s) (integers) of the distinguishable mediators/particles undergoing BSF in an array having the number of binding mediators as size.
15 */
16

17 int bsf_scenario = @; //Flag for BSF (@ = no BSF, 1 = no transition limit, 2 = efficient transition limit, 3 = ionization equilibrium, 4 = Full matrix solution)
18
19 int num_excited states = ©; //Number of n states included in the calculation (n = @ -> no bound states, n = 1 -> ground state etc.)
20
21 | const int num_of_mediators = 7; //Number of DIFFERENT=DISTINGUISHABLE particles in the dark sector
22
23 int pdg_nums_mediators[num_of_mediators] = {52, 2000002, -2000002, 2000004, -2000004, 2000006, -2000006}; //define the PDG number(s) of dark sector particles
26

27  double BoundStateCoannihilation(double T){ /* This function can be modified by the user according to the theory at hand.

28 It calculates the (co-)annihilation terms for bound state formation in the spirit of egns. (2.3) - (2.1@) of arXiv:2203.04326v2.

29 > If left unchanged, it calculates the BSF in all possible coannihilation pairings. Ef e

73}
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Maillz institute
heotatical P

Bound State file

User input: 4 items

€ improveCrossSection_Sommerfeld.cpp ® G+ BoundStateFormation.cpp @

C: » Users > marti > Documents > t_chann_DM > micromegas_6.0.3 > S3MuR > lib > € BoundStateFormation.cpp
1 #include"../../include/micromegas.h”

2 #include"../../include/micromegas_aux.h"

3 #include”../../Packages/SE_BSF/SE_BSF_header.h”

4 #include"../../Packages/SE_BSF/SE_BSF_functions.cpp”

5

6  /* In this file, the user has to supply some details of the model for BSF. The fillowing information needs to be provided:
-

8 1) The BSF scenario/limit

9
10 2) The number of excited states to be considered
11
12 3) The number of dark sector particles and anti-particles.
13
14 4) The PDG code(s) (integers) of the distinguishable mediators/particles undergoing BSF in an array having the number of binding mediators as size.
15 =/
16

17 int bsf_scenario = @; //Flag for BSF (@ = no BSF, 1 = no transition limit, 2 = efficient transition limit, 3 = ionization equilibrium, 4 = Full matrix solution)
18
19 int num_excited states = ©; //Number of n states included in the calculation (n = @ -> no bound states, n = 1 -> ground state etc.)
20
21 | const int num_of_mediators = 7; //Number of DIFFERENT=DISTINGUISHABLE particles in the dark sector
22
23 int pdg nums mediators[num of mediators] = {52, 2000002, -2000002, 2000084, -2000004, 2000006, -2000006}; //define the PDG number(s) of dark sector particles
26

27  double BoundStateCoannihilation(double T){ /* This function can be modified by the user according to the theory at hand.

28 It calculates the (co-)annihilation terms for bound state formation in the spirit of egns. (2.3) - (2.1@) of arXiv:2203.04326v2.

29 > If left unchanged, it calculates the BSF in all possible coannihilation pairings. Ef e

73}
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Outline

Simplified dark matter models and long-range effects
Sommerfeld effect and bound state formation for colored mediators
Workflow of the code

Showcases of our computational framework
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Conclusions & Outlook

Non-perturbative long range effects have a sizeable impact on the predicted relic abundance
and soften experimental constraints.

Simplified dark matter models allow for a universal treatment of these effects, which can be
efficiently incorporated by our framework.

Impact of Sommerfeld enhancement depends on the dominant annihilation channels and spin
of the mediator. However, for reasonable approximations, the color decomposition is simple for
both types of mediators.

The inclusion of bound state formation lifts the predicted DM mass and (re-)opens parameter
space.
In the coannihilation regime, excited bound states amount to a correction of (at most) 20%.

Future plans: Work out direct detection and collider limits.
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Conclusions & Outlook

Non-perturbative long range effects have a sizeable impact on the predicted relic abundance
and soften experimental constraints.

Simplified dark matter models allow for a universal treatment of these effects, which can be
efficiently incorporated by our framework.

Impact of Sommerfeld enhancement depends on the dominant annihilation channels and spin
of the mediator. However, for reasonable approximations, the color decomposition is simple for
both types of mediators.

The inclusion of bound state formation lifts the predicted DM mass and (re-)opens parameter
space.
In the coannihilation regime, excited bound states amount to a correction of (at most) 20%.

Future plans: Work out direct detection and collider limits.

Our paper (and the code) will be publicly available soon!
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Partial waves and velocity dependence

For the Sommerfeld effect, the partial wave is important, NOT the power
of the velocity!

OVre] = ((;L + b ’Ufel + .. ) + (C ’012-6.1 T ) T O(?f’ffel)

s-wave p-wave
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Partial waves and velocity dependence

For the Sommerfeld effect, the partial wave is important, NOT the power
of the velocity!

OVre] = ((;L + b ’Ufel + .. ) + (C ’012-6.1 T ) T O(?f’ffel)

s-wave p-wave

OVpe] = a+ (b—l—c)'vfe1 +...
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Partial waves and velocity dependence

For the Sommerfeld effect, the partial wave is important, NOT the power
of the velocity!

OVre] = ((;L + b ’Ufel + .. ) + (C ’012-6.1 T ) T O(?f’ffel)

S-Wawe -wave

OUre] = G+ b—l—c)vfel—i—. .
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Partial waves and velocity dependence

For the Sommerfeld effect, the partial wave is important, NOT the power
of the velocity!

OVpe] = (a + 0 ’UIQ-el + .. ) + (C ’Ufel T .. ) + O(’Ufel)

S-Wawe -wave

THIS CROSS
SECTION IS P-WAVE
SUPPRESSED, RIGHT? N

YOU MEAN )
VELOCITY SUPPRESSEDI

OUre] = G+ b—l—c)’ufel—l—. .
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Running coupling at different scales

Average
Vertices Qg g momentum
transfer @
Wavefunction
(ladder diagrams) o (ng = (a5 /2)x k= po
. . X ’ ; - = rel
o.f sca;termg staée x [ChIR) 4 Cs(s) ~ GlR)]
in colour rep.
Wavefunction
(ladder diagrams) | .5 *1’5,[;11 = (0rgr;/2) % Kp = pob .
. IR] = - ’IR]
of bound state ) x [C2(Ry) + C2(R2) — C2(R)] >
in colour rep. R
Formation of bound Ex —Enr =
BSF
states of colour rep. | % m; ‘% [1;1?61 +- (a;m/n)z]
R: gluon emission

[J. Harz and K. Petraki (2018)]
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Running coupling at different scales

Average
Vertices Qg g momentum
transfer @
Wavefunction
(ladder diagrams) o af iy = (@5/2)x Sommerfeld effect

_ 2 R k= pvg - B
of scattering state x [Co(Ry) + Ca(Ra) — Co(R)] % % /@

in colour rep. R

Wavefunction
(ladder diagrams) - fl;[m = (fl’.?:;mfg)x kg = pa® .
of bound state ol [C2(R1) + Ca(R2) — Co(R)] L
in colour rep. R
Formation of bound _ Ex —Enr =
states of colour rep. ‘1’51?121 ‘% [;:;l?el _E (a;m]/n,)z]

R: gluon emission

[J. Harz and K. Petraki (2018)]

DMLAND 2024 | Martin Napetschnig | SE & BSF for colored dark sectors 32/38




SFB 1258

Dark Ma;iter !E * ‘
Messengers .

Running coupling at different scales

Average
Vertices Qg g momentum
transfer @

Wavefunction ™
(ladder diagrams) s | Qg = (5/2)x i >Sommerfeld effect
. . g ' l < = [t Urel i T~
of scattering staj:e x [Co(Ry) + Ca(Ra) — Co(R)] % é /@
in colour rep. R _ e
Wavefunction N
(ladder diagrams) | .5 g ry = (g a)/2) X T
o S, R] - R = B, m) Bound state
of bound state x [Co(Ry) + C3(Rg) — C3(R)] _
in colour rep. R formation
Formation of bound _ S A W’é@'\é«‘
states of colour rep. “fffg] E [vl?e] + (ag?fl‘ﬂ/n)z] S N
R: gluon emission > | p

[J. Harz and K. Petraki (2018)]
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Running coupling at different scales

Average
Vertices Qg g momentum
transfer @

Wavefunction ™
(ladder diagrams) s | Qg = (5/2)x " >Sommerfeld effect
: : g ' ' % = [ Urel . T B
of scattering staj:e x [Co(Ry) + Ca(Ra) — Co(R)] % % /@
in colour rep. R p o el
Wavefunction N
ladder diagrams gy = (ga/2) ¥
(afcter e | % | o " : R = L0 g Bound state
of bound state x [Co(Ry) + Ca2(Rg) — C2(R)] '
in colour rep. R formation
Formation of bound _ S A ’“”’E@'*
states of colour rep. “fffg] Lo [vfe] + (ag’f{m/n)z] . 1
R: gluon emission 2 ' )

[J. Harz and K. Petraki (2018)]
Numerically solve

QB
for given running of ap = ay (Q /,L—)
QCD coupling
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Numerical bottleneck: diagonalization of transition
matrix

(OBSFU)eft = )_;(0BSF,iV) (1 B <M)%_Jl <?Fi(3'r§>>

ri’ i i i i+
My =8 — el T = (Do) + (o) + ) (Tt

Inversion of matrix M with micrOMEGAs internal Jacobi
routine (intended for diagonalizing mass matrices) — room for

improvement.

Scaling: n? xn?~ QO (n%
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