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Outline

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

Showcases of our computational framework

PLANCK 2024 | Martin Napetschnig | SE & BSF in t-channel DM models

8 TUm

2127



R £t o Qe -
Motivation wl, & A W | T”Tl
Messengers .

Classical WIMP
evades detection so
far.

PLANCK 2024 | Martin Napetschnig | SE & BSF in t-channel DM models 3127



£t . Qe

Motivation

I I l j SFB 1258
B .

Dark Matter
Messengers

10°

Classical WIMP
evades detection so
far.

- - - - -

o e 5} e S
1 1

IS IS IS w

SI WIMP-nucleon cross section [cm?]
=
=
S
2
3
o
S
8
a

,_.
5]
&

WIMP Mass [GeV/c?]

10° 10! 102

1

SI WIMP-nucleoncross section [pb]

B8 TLm

[PDG ,Dark Matter” (2024)]

PLANCK 2024 | Martin Napetschnig | SE & BSF in t-channel DM models

3/27



Motivation

Classical WIMP
evades detection so
far.

£t . Qe

SFB 1258 | Neutrino
Dark Mat

Messengers

SI WIMP-nucleon cross section [cm?]

10-3®8

10-%

10742

1094

1046

H
3

10-50

DAMIC (2020)

DarkSide-50 (2023)

XENON1T (2020)

XENONNT (2023)
il

Neutrino coherent scattering

1072

-
=)
1

10-°

-
5
1

10710

10-12

10° 100 102
WIMP Mass [GeV/c?]

0-14
To?

SI WIMP-nucleoncross section [pb]

ter !; »

B Tum

1023

Excluded by CMB v
Tl
102 Sl
——  Abazijian+ (2015) AT
Tr\ —— Daylan+ (2014) ) P
2 SCEERCHON” $ 0 -CT i
& —25
S 10774
L
10726 e
10 . , .
10! 102 10 10*

m,y (GeV)

[PDG ,Dark Matter” (2024)]

PLANCK 2024 | Martin Napetschnig | SE & BSF in t-channel DM models

3/27




Motivation

Classical WIMP
evades detection so
far.
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Nothing eithe

Heavier, coannihilating
mediators can be the
reason.

Many processes and model
parameters render the
analysis complicated.

Axial-vector mediator {Dirac DM) Dep 1-4 Vs 36.1 L 1.55 TeV
E Colored scalar mediater (Dirac DM) 0 e.p 1-4j Yes 36.1 Minod B 1.67 TeV
VVyy EFT {Dirac DM) Oe.p 14,21 Yes 3.2 M, L / | 700 GeV
Scalar reson. ¢ — ty (DiracDM)  O-1e,n 1b04J Yes 361 My /) | — 3.4 TeV
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~ Cf.P.C.Muino’s talk:
~ ATLAS limits on DM
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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 “w
[Modelj [ Rules j (Element] Ea | Detector

micrOMEGAs
FAST/FULL
La aER CachEP CompHEP PYTHIA Detector
n FormCalc,MadGraph, Simulation
DarkSUSY FeynRules MCFM. ME@NLO. HERWIG
SARAH Sherpa WHizard PGS, Delphes

MadDM

‘ 8
TaIk by : ;55? Relic Density
<
M. Palmlotto Da rkPACK
= DM Direct Detection
DM@NLO (m.crOMEGA
DM Indirect Detectlora

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

MasterCode, CHECKMATE, MadAnalysis, HEPMDB
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for dark matter

Dark sector particle
charged under a gauge
group is subject to non-
pertubative effects.
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for dark matter

Dark sector particle 1) Sommerfeld effect for DM annihilation
charged under a gauge S

group is subject to non- @ ’% g @
pertubative effects. -

[A. Sommerfeld (1931)]
[A. D. Sakharov(1948)]
[S. El Hedri et al. (2027)]
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for dark matter

Dark sector particle 1) Sommerfeld effect for DM annihilation
charged under a gauge s

group is subject to non- @ ’% g @
pertubative effects. -

[A. Sommerfeld (1931)]
[A. D. Sakharov(1948)]
[S. El Hedri et al. (2027)]

2) Radiative bound state formation
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[K. Petraki et al. (2015)]
[A. Mitridate et al. (2017)]
[J. Harz and K. Petraki (2018)]
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[A. Sommerfeld (1931)]
[A. D. Sakharov (1948)]
[S. El Hedri et al. (2027)]

2) Radiative bound state formation )
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Long-range effects
for dark matter

Dark sector particle
charged under a gauge
group is subject to non-
pertubative effects.

2) Radiative bound state formation
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[K. Petraki et al. (2015)]
[A. Mitridate et al. (2017)]
[J. Harz and K. Petraki (2018)]
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can relax experimental bounds

Pert. vs non-pert.
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can relax experimental bounds

Pert. vs non-pert.

Atlas 139 fb™' j Atlas 139 16~

S| XENON1T S| XENON1T

=
SD Pico-60

(=]
@
1
-]
2
o
o
7]

Am [GeV]

30r
SD Pico-60 SD Pico-60

200 ) Q

z| x

® @
10p & .

(77}

a @ |

e ...I...l..l...l...l.j...l...l ' . ' 1 . ' . . 1 . . h,
0.5 1.0 1.5 2.0 25 0.5 1.0 1.5 2.0 x5
™Mpm “1‘\_71 MM lTE\J

[M. Becker 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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[M. Becker et al. (2022)]

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

We incorporate long-range effects into micrOMEGAS!
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Simplified dark matter models and non-
perturbative effects

[Arina et al. (2021)]
[Giacchino,lbarra et al. (2016)]

General class of simplified models, studied vastly in

_ _ [Becker et al. (2022)]
the literature. In t-channel models — mediators are [Garny et al. (2020)]
colored.
A phenomenological toolbox exists (DMSimpt). [Arina et al. (2020)]

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

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

Lr(X) = [AXQpl + A Xup! + A Xdpl+h.c.

Ls(X) = [Ag¥0QX + A\ uX +Ag1h,dX +h.c.

Lv(X) = [RaoXQ+Adb. Xu+dahuXd+hec.
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Simplified dark matter models and non-
perturbative effects

[Arina et al. (2021)]
[Giacchino,lbarra et al. (2016)]

General class of simplified models, studied vastly in
_ _ [Becker et al. (2022)]
the literature. In t-channel models — mediators are [Garny et al. (2020)]
colored.
A phenomenological toolbox exists (DMSimpt). [Arina et al. (2020)]
" See talk by Antonio
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Simplified dark matter models and non-
perturbative effects

[Arina et al. (2021)]
[Giacchino,lbarra et al. (2016)]

General class of simplified models, studied vastly in (Becker et al. (2022)]
the literature. In t-channel models — mediators are [Garny et al. (2020)]
colored.
A phenomenological tqﬂglbox exists (DMSimpt). [Arina et al. (2020)]
8o talk by Antonioe DM annihilation | Mediator coannihilation
~ Onofre (ATLAS).
— X g v g y
i . ; * Y}.
L= Lom + Lian + Lr(x) + L P g
SM k Ij(X) F(X) B \ A Dy . LQQQQQJ . /\ "

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

Lr(X) = [AXQpl + A Xup! + A Xdpl+h.c.

Ls(X) = [Ag¥0QX + A\ uX +Ag1h,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)]
[Giacchino,lbarra et al. (2016)]

General class of simplified models, studied vastly in

. _ [Becker et al. (2022)]
the literature. In t-channel models — mediators are [Garny et al. (2020)]
colored.
A phenomenological toolbox exists (DMSimpt). [Arina et al. (2020)]

~See talk by Antonio< DM annihilation | Mediator coannihilation

~ Onofre (ATLAS).

_— —

X " f
TN /“‘65666\ ‘*’ Y\,H*x

L= Lsym+ Lxin + LFr(x) + Lr(X) ...-"’"'\\\

. - ,""”LQQQQQ, /ﬂ..r",\
+ L5(S) + Ls(3) + Ly (V) + Ly (V) ‘ \ / ~

Lr(X) = [AXQpl + A Xup! + A Xdpl+h.c. l

g

Ls(X) = [AqBoOX +APuX +Agth,dX +h.c.]
s - .- < - : Subject to non-
Lv(X) = PaveXQrAg KutdapuKd+he, perturbative effects
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Simplified dark matter models and non-
perturbative effects (ll)

Name DM Mediators Parameters
33M_uni X
H . . Py Pu Yd
Tools for relic density calculation ospami xS
with perturbative cross sections exist BsfBrd X Pous Puss Pas My, My, A,
abundantly. PR X i i
S3M_uR %
S3D_uR Y f
— Need for an automated — 3
framework for the inclusion of — : Yags Yup, Y
non-perturbative effects. “Pasaa 5T T )
PYQg, Yug, Ydy Mg, J"ll'fm-';-. Ay
F3C_3rd S
We provide such a framework for F3S_uR S ’
the relic density calculation for F3C_uR S
colored particles. FVamd Vs Yy
F3W_uni Vu
F3V_3rd 75 .
Wsy Wy, Wdy ﬂ'fv rU'L,: )‘LJ
F3W_3rd Vu
F3V_uR v, .
Wy
F3W_uR Vi

[Arina et al. (2020)]

PLANCK 2024 | Martin Napetschnig | SE & BSF in t-channel DM models 8127



crrp AN ' G
SFB 1258 | J | U
w Dark Matter
( Messengers ®

Simplified dark matter models and non-
perturbative effects (ll)

Name DM Mediators Parameters
S3M_uni %
. . . Ped ey Pu Yd
Tools for relic density calculation ospami xS
with perturbative cross sections exist Rgftard X Pous Puss Pas My, My, A,
abundantly. TR B s SR
S3M_uR %
S3D_uR Y f
— Need for an automated — 3
framework for the inclusion of — : Vs Yuss Vg
non-perturbative effects. “pasara 5 7777 )
YQgs Wz, Yy Mg, J"ll'fuhs Ay
F3C_3rd S
We provide such a framework for F3S_uR S ’
the relic density calculation for F3C_uR S
colored particles. FVamd Vs B Y,
F3W_uni Va
F3V_3rd A _ .
Y@y, Yy, Yy My, *'ql'fw: )‘Lu
F3W_3rd Vu
. . F3V_uR v,
This talk: Two representative examples ! Yy
F3W_uR Vi

[Arina et al. (2020)]
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Outline

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

Showcases of our computational framework
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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
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Setup of the computation

All perturbative
(co-)annihilations automatically
calculated by micrOMEGAs

o

Sommerfeld enhancement
for s- and p-wave
annihilations with the color

structure
33=158
33=33D6
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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
< OV >iotal =< SOV >eg +< OBIFU >off
| N

\

Sommerfeld enhancement

for s- and p-wave We include bound state

annihilations with the color formation for processes

structure
IR3I=1PD8 (X+XT)[81%{B(XXT)[H*‘Q}[S]
33=3D6 33=1¢8
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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
< OV >iotal =< SOV >eg +< OBIFU >off
r

Sommerfeld enhancement \

for s- and p-wave We include bound state
annihilations with the color - formation for processes
structure «

3 ® 3 — ]_ @ 8 CfAndl Trautner’s talk: (X + XT)[S] — {B(XXT)[H + g}[S]

»birdstrack technique“ -

33=306 = 3R3=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).

V(N pore i = 5 (C2(Ra) + Ca(Ra) — Co(R)) 55T

We use explicitly

1
4 OZS 1 OZS 2 045 1 045
SJ = Z [Cl,[l]Sl (gvrel) +Cl,[8]Sl <_61}rel) ‘|‘Cl [3]51 (3Ure ) —|—Cl [G]Sl < 3”Urel)] (o)) 4+ ...

o 27TO{eff
i eff v
with SO ( ) — U_el27r0éeff

Urel 1 —e Vo]
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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).

V(N pore i = 5 (C2(Ra) + Ca(Ra) — Co(R)) 55T

We use explicitly

1
4 a 1 as 2« 1 a,
So = ZZ; [Cz (1151 (3 Urel) + ¢,(8]51 <_6Urel) + ¢, 350 (3 o ) + ¢i,(6]51 < 3 Urel)] o+ ...
\_/
Only s- and
p-wave
2T et
with g (O‘eﬂ?) _ Urel
O T 27Taeff
Urel 1—e e
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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).

V(N pore i = 5 (C2(Ra) + Ca(Ra) — Co(R)) 55T

We use explicitly

/1

4 o 1a N 2 « 7N 1 «
So = c; 1115, i wc S > lc; @S > ) +He el S <—— S)]a+...
=2 (55n) w555 ) s (55 Homsi (555 ) o
N4
Only s- and
p-wave
27TO{eff
with g (O‘eﬂ?) _ Urel
0 . 27raeff
Urel 1 —e Vrol
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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).

V(N pore i = 5 (C2(Ra) + Ca(Ra) — Co(R)) 55T

We use explicitly

Extracted
numerically
4 oy 7N\ 1 oy N 2 Qg N 1 as\]/
So = = Z‘ [Cl )51 ( ) +lew 85 (‘g ) +ie 1515 (g ) + c1,[6] O (‘g ) oLt
= O \__/ Urel N Urel N Urel N Urel %
\_/
Only s- and
p-wave
2T Qetf
with g (O‘eﬂ?> _ Urel
0 o 27 e ff
Urel 1 — 6_ 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).

V(r)R, R, R = —3, (C2<R1) + C2(Ra) — Cz(f{)) ol (Hzg?g)?t

We use explicitly

Extracted
numerically
4 o N 1 a N 2 7N Las\/ "\ /
So = —Y Z\ [Cl [1]51 ( ) +c1,18)51 <_6 ) ﬂcl,[gﬁsl (§ ) + c1,6) 51 <—§ ) oyt
=0 b - 3 VUrel \__/ Urel \__/ Urel \__/ Urel %
\\/ N
Only s- and d-wave
p-wave
2T et
with G [ Geff ) _ Urel
0 o 27 ey
Urel 1 —e  vrel
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Sommerfeld implementation (caveats)

Coefficients for the color

decomposition are not uniquely [Giacchino, Ibarra et al. (2016)]
determined by the inital and final [El Hedri et al. (2017)]
state representations.
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Sommerfeld implementation (caveats)

Coefficients for the color

decomposition are not uniquely [Giacchino, Ibarra 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 [Giacchino, Ibarra et al. (2016)]
determined by the inital and final [El Hedri et al. (2017)]
state representations.

. . . . X g = 4 X q
1) If final state particles are identical, . A{@éﬁ “«
CP symmetry enforces selection oy : \
rules that make the ¢, dependent on o = '
spin and angular momentum. 2 r?a% o~

Xt g i g x .
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Sommerfeld implementation (caveats)

Coefficients for the color

decomposition are not uniquely [Giacchino, Ibarra et al. (2016)]
determined by the inital and final [El Hedri et al. (2017)]
state representations.

1) If final state particles are identical, X\\ = Aﬁ@é‘g * “ !
CP symmetry enforces selection oy : \
rules that make the ¢, dependent on X TX !
spin and angular momentum. . :%% o~
XT 9 Xt 9 X ! @

2) t-channel interactions lead to
interferences to ¢, that depend on
parameters of the model (mx, mq, Mowm,
Jom, Oacp, OqED).
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Sommerfeld implementation (caveats)

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

[Giacchino, Ibarra et al. (2016)]
[El Hedri et al. (2017)]

. . L X o 2 X a
1) If final state particles are identical, < \4\{&@5 "
CP symmetry enforces selection Loy "
‘ Y
rules that make the c; dependent on o ; *
spin and angular momentum. 2 ,"?3% o
Xt 9 t
X g X @

2) t-channel interactions lead to 5 g i ”
interferences to ¢, that depend on L *
parameters of the model (mx, mq, Mpw, st X
Jom, Oacp, Oaeb). ; : "

Xt q ]

Xt q
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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.
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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.

<O’BSFU>eﬁ‘ — ZZ <O-BSF,iU> (1 o (M);?l <?I11C‘)7r§>)
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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.

(onsiv)en = Xilowseav) (1- (M) Tl

Fi—>j _ i
Mz’j — 5’ij _ < 5?;318 " = < dec> + <Ffon> + Z<th:ﬁs>
JFu
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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.

(onsiv)en = Xilowseav) (1- (M) Tl

(Ciran i S (i
n T )
Mij — dij T <Irwi>s 1" = < dec> _l_ 1on _I_ trans
J7Fi
In the coannihilation regime, including only the ground state is usually sufficient.
<Fd H)
(0BSFUV)eft = (0BSF,n=17) (TP=Ty4 (Tn=1
ion dec
dox— 100} _ [Pyl

. 2 B 2
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Comparison of non-perturbative effects
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Comparison of non-perturbative effects

Bound state »

formation cross S3MuR
section never g | ma biggy =t
freezes-out for et
colored DM
candidates (but
they do for

coannihilation).
[Binder et al. (2023)]

e * ph]

I'Tr_ller'l"
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Comparison of non-perturbative effects

Bound state 3
formation cross S3MuR

section never n<l1g,, =1

My = My = 5 TeV

freezes-out for
colored DM
candidates (but
they do for
coannihilation).

[Binder et al. (2023)]

e * ph]

I'Tr_ller'l"

Dominant | - . |
contribution during 10 10 10° 10* 10
freeze-out comes freeze-out = S
from the ground eayea y
e

state (n =1) <O'eff’Urel> = Zz’j <Uijvre1> =l x e
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Outline

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

Showcases of our computational framework
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Workflow of our code

SE & BSF
Package
(model
independent)

[Alguero et al. (2024)]

PLANCK 2024 | Martin Napetschnig | SE & BSF in t-channel DM models 16 /27



Ct ... [ recnico .
W CFTP :E_;_-_".:w LISBO0A
e &, SFB 1258 | Neutrinos JG ‘ U
4 L -d s & 5 Dark Matter
Ko™ - o Messengers .

Workflow of our code

SE & BSF
Package
(model
independent)

Sommerfeld Provide ci's for
the color
decomposition

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

Sommerfeld Provide ci's for
the color
decomposition

SE & BSF
Package
(model
independent)

/ [Alguero et al. (2024)]

Provide number
n of bound
states and
solution method

Bound
State File
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Impact for two types of mediators: SE + BSFn-6
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Conclusions

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

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.

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%.
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Conclusions

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

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.

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%.

Our code will be publicly available soon!
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Running coupling at different scales

Average
Vertices Qg Og momentum
transfer @
Wavefunction
ladder diagrams ! VS o= (o [2) x
(f et & : t) (y;’ Ay, ( s/ ) X k= v
Ol scattering s aﬂe w [CQ(R_‘[} 4 CQ(RQ} . CQ(R)]
in colour rep. R
Wavefunction
(ladder diagrams) | 5 gy = (Qopry/2) % K = paZ
s,[R] ~ - J[R]
of bound state x [C2(Ry) + C3(R2) — Co(R)] ’
in colour rep. R
Formation of bound Ex — Epp =
: o “..2 B 2
states of colm.lr rep. | “am : [::,l_el + (g (/1)
R: gluon emission
ngXi vertices in
non-Abelian NA B B 2
, s, B/ Vrel T O 1y
diagram for capture
in colour rep. R

[J. Harz and K. Petraki (2018)]
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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
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Cross sections for fermionic mediators
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Limiting scenarios for excited bound states

1) At early times: lonization I o>>T8 T
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[0)5; 27‘(’7715 3/2 ;
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~ g% \ ITm%

2) Efficient transition limit: rd  >>Th T

reft cd
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1_\1on + I‘dec fon/dec YlSe’q
3) No transition limit: boo >> T Fif;ans

Fz
< OBSFU >eff= g < OBSF,iV > dec
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Bandscans on a logarithmic scale
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Relative impact of non-perturbative effects for
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