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Simplified t-channel models and non-perturbative
effects

[Arina et al. (2021)]

: e : . [Giacchino,lbarra et al. (2016)]
General class of simplified models, studied vastly in [Becker et al. (2022)]

the literature. [Garny et al. (2020)]

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

Lr.: — ﬁSI\-‘I + "Ckin + ‘CF(X) + ‘CF()L()
+ L5(S) 4+ Ls(S) + Ly (V) + Ly (V)

Lr(X) = [AaXQop! + A\ Xup! + A Xdp!+h.c.]

Ls(X) = [Aq¥oQX + A 0, uX +A,10,dX +h.c.

Lv(X) = Ao X Q+A\uth, Xu+Aath, Xd+h.c.
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Simplified t-channel models and non-perturbative

effe CtS (I I ) Name DM Mediators Parameters
S3M_uni X
. . . . (laQ_f' ‘;ﬁuf-_'lf:‘df
Tools for relic density calculation  83Dami T
with perturbative cross sections exist S3M.3rd X o Pun. 0 Mo Mo
(e.g. micrOMEGAS). oS3 x T o
S3M_uR X
'.'Pr”
— Need for an automated 53D-uR X
framework for the inclusion of F35-uni > o ., b
. froTuMy f
non-perturbative effects. B
F3S_3rd 5 _ X
, Wy, Wy, Way Mg, My, Ay
We provide a framework for e
micrOMEGAs including Sommerfeld FIS-uR > Y,
F3C_uR 5
enhancement and bound state -
. . , F3V_uni Vi ,
formation in the relic density _ VQ ;s Yuys Y,
calculation e N/ S
F3V_3rd Vi
Fay_3rd V. Wgy Wags Wdy .'rll.frp qlfu )"1.
—ar "i_g_
F3V_uR Vi .
Wy
F3W uR V. '

[Arina et al. (2020)]
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Setup of the computation

All perturbative
(co-)annihilations automatically
calculated by micrOMEGAs

N
< OV >iotal =< SOV >eg +< OBIFU >off
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Sommerfeld enhancement/
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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

annihilations with the color We include bound state

formation for processes

structure
323=108 (X +XT)g = {BXX )y + 9}
33=3D6 33=1308
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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).

~

, P 1
V(IR eRo R = —5 (Cz(Rl) + C2(Ra) — C?(R))

Expressions for coefficients of color decomposition are [El Hedri et al. (2017)]
available in the literature.

We use explicitly
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p-wave
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Expressions for coefficients of color decomposition are [El Hedri et al. (2017)]
available in the literature.

We use explicitly Extracted
numerically
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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).

~

Vg, ors ok = 5 (C2(R1) + Ca(Ra) — Ca(R))

Expressions for coefficients of color decomposition are [El Hedri et al. (2017)]
available in the literature.

We use explicitly Extracted
numerically
“‘///771\\‘ T~ 4 o o~ 1 o o~ 2 a TN 1 o //’\\ N\
So=) [Cl,[i]sl (3 - ) + (¢, (8] ( . ) + ¢ 1550 (§ : ) + €1, <_§ - )] ot
\ l:O NS Urel N/ Urel \__/ Vrel N Vrel % ‘\\ )
N . :
-wave
Only s- and
p-wave
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Sommerfeld implementation (caveats)

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

state representations.
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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)]

1) If final state particles are
identical, CP symmetry enforces
selection rules that make the c
dependent on I+s

X g
X 9 . {ééég
hS A\
4 |
S q vX
K r
2 e %
XT 9 XT q
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decomposition are not uniquely [El Hedri et al. (2017)]
determined by the inital and final

state representations.

X g
_ _ X g e {{é@«
1) If final state particles are \‘ .
identical, CP symmetry enforces ool vX
selection rules that make the c I %%
dependent on I+s ’ L
p XT g )i% q
2) t-channel interactions lead to . ) X I
( ~
interferences to ¢, that depend on N : *
)
parameters of the model (mx mq, N X
Mpwm, 9om, Gacb) e ,
X1 q N
Xt q
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Workflow of our code

SE & BSF
Package
(model
independe

(
|
\
\

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

SE & BSF
@r;erfe[ Provide ¢/’s for ~ Package
| f|le the color ~ (model

decomposition ndepende

/ [Alguero et al. (2024)]

Bound
\State Fll/ Provide number
n of bound

states and
solution method
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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.

QMDM 2024 | Martin Napetschnig | SE & BSF in t-channel DM models 8/20



SFB 1258 JG | U
Dark Matter
Messengers .

(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.

More
1th mmm) details:
< OBSFU >eff= <opspi¥ > [1— (M), =8 Talk by
5 ¢ EZ: SE ( )” I Jan Heisig
| e i i i i
M’ij — 52']' — —trgns I = dec + Fion + E :Ftrans
L j#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.
More

1Ft7 mmm) details:
_ | _ (M)-1lion Talk b
< OBSFU >eff Z < oBsr,iv > | 1 <M)w IJ Jan Hgisig

1

1= i i i i—J
Mz'j — (Sij — % 1" = dec + Fion + ]Z;éz thfls

Excited bound states and their role in dark matter production

In our implementation, we

Tobias Binder,!** Mathias Garny," T Jan Heisig,2% ¥ Stefan Lederer,!*% and Kai Urban': ¥

use expressions for the
. ! Physik Department T31, Technische Universitit Minchen,
Cross SeCtlonS and rates James-Franck-Strafle 1, D-85748 Garching, Germany
. ; . 2 Institute for Theoretical Particle Physics and Cosmology,
glven N recent |Itel’ature RWTH Aachen University, D-52056 Aachen, Germany
3 Department of Physies, University of Virginia, Charlottesville, Virginia 22904-4714, USA
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Limiting scenarios for excited bound states

1) At early times: lonization I o>>T8 T
equilibrium:
9B, [ 2mmgp 3/2
i E T
< OBSFV Zeff= Z ( Tm2 ) 5/ Fdec More
9% mx details:
—) etails:
Talk by
2) Efficient transition limit: Ftrans >> Fdem [‘lon Jan Heisig
yed
<o v > <o v > Plee peft 2i Flon/dec b
BSF = BSF m
e su Fle(fil _|_Fdec ion/dec — qu
3) No transition limit: .. >>T¢ T
FZ

dec

< OBSFU Zeff= Z S OBSFiV > T T

101

i dec
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Cross sections for scalar mediators

& T

10° ¢ "' -+
. S3MUR S e
100 F n=15g,,=1 ’rf
o 'I'“ |r}1|| ||“'|| '-rj I‘f‘l“r j:ll
i i
4
107 F J J
= 3 n = 15: lon eq. / ot
= —-—--n = 15: Eff. trans. / i
* [ | ——— n = 15: No trans. / <
=10 n=15 / ==
E | —— Pert. / \
N [ |— SE only ;
T o0t o ;%
(w! n=3
n=4d
10t . n=2
10° £
o == == = ' | .
10
10' 1% 10 1o® 1o
My
I _r
T
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Cross sections for scalar mediators

Bound state 10° ¢ s==ss=cs
formation cross i S3MuR fome T
section never W0 | nslhg,, —1 i
freezes-out for \ s e 7
colored DM = Y F [ n=1500neq. / .
candidates (but P 2 P A / 7
they do for = 10 f n=15 / ==
A E | —— Pert. j
ihilati i [ | ——— SE only / N
coannihilation). =, ol
. v WF n=2
[Binder et al. (2023)] = n=3
X = i
10" f n=5
10 b
lﬂ_l F_-:-:-.-_;. .y e A ] ] I
10" 10° 10° 10 10°
My
| ?
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Cross sections for scalar mediators

Bound state 10° v
formation cross i S3MuR N PR i
section never W | nslhg,, =1 =
freezes-out for S TR 7
colored DM = Y[ o s onea / S5=
candidates (but PR 8 Db - / SRas
they do for L 10 E | ——n=15 / £ H’“‘H\
coannihilation). SR ) o r
[Binder et al. (2023)] o o3

T =
Dominant i
contribution during 10
freeze-out comes i - | =
from the ground S
state (n =1) freeze-out r= 2

QMDM 2024 | Martin Napetschnig | SE & BSF in t-channel DM models 10/ 20



SFB 1258

e : m
Messengers .

Cross sections for fermionic mediators

10°
F35uR
= R
10° n=lkg,, _ 1
My = My = D Tel
4

—_— 107 F | n= 15: lon eq.
= === 15: Eff, trans,
. === = 15: Mo trans.
o100 n=1°
=z 10
=

10t

10°

=1 :

10 = °
10" 10° 10" 10* 10
freeze-out My
T —_—
T
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Cross sections for fermionic mediators

. . . 5
Triplet contributions 10
negligible as F35uR
eXpeCted — 10° n<15g,,=1
Only relevant at My =My = 5 TeV
very late times = 10 F [ n = 15: lon eq.
=Y —.—--n = 15: Eff. trans.
% = ==n= 15 No trans.
=10
T
3
T
10°
107" | :
10" 10° 10° 10° 10°
freeze-out L
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Cross sections for fermionic mediators

. . . 5
Triplet contributions 10 =
negligible as 5 F35uR R oy
expected — 10 ns1igp, =1 i
Only relevant at Moa = My = o TeV i
i
very late times = 107 L n = 15: lon eq. ]
<% —=--n= 15: Eff. trans. ; T
" === n= 15: No trans. 3
& =15
= 10 ;EI't.
SE only
= 1 h=2
- n=3
'_: n=a4a
- 10" g - ? contrib
Transitions are
much more 10° :
efficient for triplet o D — \5,_/ - )
=1 | . .}.......I . Y . A | ..1\‘-. e 2l
states 10 i " iy o 16
freeze-out My
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Impact for fermionic mediators: SE + BSF -6

Allowed bands for Qom = 0.1200 + 0.0050 (50)
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110
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|
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30
20
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QMDM 2024 | Martin Napetschnig | SE & BSF in t-channel DM models 12/ 20



SFB 1258

e : m
Messengers .

Impact for scalar mediators: SE + BSF =6

Allowed bands for Qpm = 0.1200 + 0.0050 (50)
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First scan for scalar mediators: SE + BSF, -5
Upper limit on gom for Qom = 0.1200 + 0.0050 (50)
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First scan for scalar mediators: SE + BSF, -5
Upper limit on gom for Qom = 0.1200 + 0.0050 (50)
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First scan for scalar mediators: SE + BSF, -5
Upper limit on gom for Qom = 0.1200 + 0.0050 (50)

a0 20
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Conclusions

The class of simplified t-channel dark matter models allows for a universal treatment of non-
perturbative effects.

Coefficients of color decomposition for Sommerfeld enhancement need to be provided by the
user (as for now).

In the coannihilation regime, excited bound states play a minor role (at most ~20% correction for
o — 0).

For fermionic mediators, spin-triplet bound states are relevant at late times (albeit not for
coannihilation).

We continue to add features to our micrOMEGAs package (conversion-driven freeze-out,
particle-particle bound states).
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Perturbative results for SSMuR

100 2.0
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Relative impact of non-perturbative effects for
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