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How much dark matter is in the universe?

e Energy composition of the universe is experimentally known at the %-level

Qch?=0.120 +£0.001
Qph? =0.0224 +0.0001
Qph2=0.3107 +£0.0082

Dark matter

Baryonic matter

Dark energy

[Planck 2018 - Aghanim et al. arXiv: 1807.06209 (astro-ph)]

= The dark matter relic density highly constraints dark matter models
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Computation of the DM freeze-out abundance

e Boltzmann equation in an expanding FLRW universe:
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e Take into account only the O-th moment of the Boltzmann equation:
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® Neglecting quantum statistics and assuming kinetic equilibrium f, = gives in the freeze-out case:

n, + 3Hn)( — <0)0?_>SMV>((71;C1)2 — n)?)

cq
l

- n, (kinetic equilibrium and same p) giving:

® Implement co-annihilationvian, — n, = 2 n;and n; =
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Theoretical uncertainties - /1. and g_4
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= 10% difference in the final dark matter abundance [Saikawa and Shirai, arXiv: 2005.03544 (hep-ph)]




Theoretical uncertainties - H before BBN

‘ Additional dark radiatiOn: mSUGRA mu=ﬁﬂﬂ GeV mm=?3ﬂ GEV tan =50 Au=-mu u>0 QLSF h:ios
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e Modification of Q-py /2~ up to a factor 10°
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[Arbey and Mahmoudi, arXiv: 0803.0741 (hep-ph)]
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Theoretical uncertainties - early kinetic decoupling

e Solve Boltzmann equation on the level of —
- - - coupled BEs, QCD=A

the phase space distribution function 10} _  coupled BEs. QCD=B
BEEREE coupled BEs, non-rel
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[Binder et al. arXiv: 2103.01944 (hep-ph)]
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Theoretical uncertainties - higher-order corrections
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[Harz et al. arXiv: 1409.2898 (hep-ph)]
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The DM@NL® project

e The goal of the DM@NLO is to provide a consistent set of NLO corrections in SUSY-QCD (+resummation) for
important (co)annihilation processes in the MSSM

e Ultimate goal: use of DM@NLO within GAMBIT studies, make code public ...

e Processes that have been included so far:
J)?)?/ — qq, [Herrmann and Klasen, arXiv:0709.0043 (hep-ph); Herrmann et al. arXiv:0901.0481 (hep-ph), Herrmann et al. arXiv:0907.0030 (hep-ph); Herrmann et al. arXiv:1404.293 1 (hep-ph)]

Jg)? —> QV/qg/HV [Harz et al. arXiv:1212.5241 (hep-ph), Harz et al. arXiv:1409.2898 (hep-ph)]

Jqq* — VV/HH/ VH [Harz et al. arXiv:1410.8063 (hep-ph)]

Jqq, — qq, [Schmiemann et al. arXiv:1903.10998 (hep-ph)]

V' TT* — qq Branahi et al arxiv:1909.09527 (hep-ph)]

v [ — 22, ({ [Kiasen et al.arXiv: 221005260 (hep-ph)]
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Stop-antistop annihilation into gluons and light quarks @ NLO

® General structure of a NLO cross section:
GNLO — GTree_|_ J'dGV_l_ J'dGR

e Virtual corrections (a few examples):

—_— — WWU
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The dipole subtraction method a la Catani-Seymour

e Auxiliary cross section: AcN'© = [dqfi() — do? O] +| |deV + | do
Jm+1 Jm J1

4 =0

e Singular behaviour of 2 — m + 1 processes in the soft and collinear limit

« . : . : . pi—0 . .
o Softlimit: ., . (....i,...j.sa, .| i), 50, ) pita, — 47r/428asm,a“_(...,J,-.-;Cl,---|JZJ’“‘\---,],---;Cl,.-->m,a,,_
U
with the eikonal current J* = )’ o
| Pr - Pi
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e Collinearlimit: ., , (.cosisfoeosay el infy @y Vg, — ma. Seeos by o3 oo | Prdz, k5 €)ool i@y o) g
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. . 1 1 ~ T, - T; ~
e Dipole functions: 2¢ = GO Ay A B 47 ISR/ ANy AR
—2p; 'Pj Xija Tij
r 1 r r
e Phase space factorisation: |dg,,. (pi,pj,pk;pa+pb> O, —xp) = | dx|dg,, (PG, psp. +ps) | [dp: (0% x,7)]
J dx() J J
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Comparison with the phase space slicing method

e Phase space slicing method: oR = aﬂg:ﬁ'm”((is, 0,.) + algglrld(és, 0.) + GSOft(és) Harris and Owens, arXiv:0102128 (hep-ph)]

® Advantages of the dipole subtraction method: no cutoff dependence, no separation of squared diagrams
into collinear, soft and soft-collinear divergent contributions, easy to automatise (see e.g. AutoDipole,

MadDipole),...
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Sommerfeld enhancement

® For small relative velocities v between the incoming stop-antistop pair the annihilation cross section grows
as (Cls/ V)" for the exchange of n potential gluons [sommerfeid, A Annalen Phys 403, 257-330 (1931)]

= All order resummation within the framework of non-relativistic QCD
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e Solve Schrodinger equation for the one-loop QCD Coulomb potential

33=1®8
8R8=108.08, D10 10 P 27

PiRIG) = — ctR A C){l &)

, i
= 2 Py In <E> + a, } with the colour decomposition
q T 1 ]

[Kiyo et al. arXiv:0812.0919 (hep-ph)]

e Express Sommerfeld enhanced cross section through Sommerfeld factor

Som _ Tree Tree Tree Tree
(6v)™= " = 5§y 8 <(0 V)eei8s T (OV)e 18] Nf(m/)qé,[S]) 30,11 (OV)ge 1}
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Impact on the annihilation cross section

® \/iable pMSSM-19 scenario:

2
M0 M40 M mg, mg, mg ms, M1,0 M 170 Z11 QX&) h

1435.7 1884.4 1882.9 1446.3 2248.0 3059.3 2013.5 124.0 3742.9 0.9976 0.1201

'_ (IO-V)NLO/(IUV)Tree_:_

— (oV) FuII/(UV)Tree __
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Impact on the relic density

® \/iable pMSSM-19 scenario:

™m ™m
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Relic abundance from full Boltzmann equation

® Boltzmann equation:

. d d A
Llf]1=9,f,— Hpo,f, = E]} > dt]}(q/a,t) = Cl7f,]

® General parameterization for a2 — 2 process:

1 n(i 2 rtcl 2 rl rXr ,A%Z ,t 2
Pala | 20303 dcos 6, | dcos0, A6 )] Ob?* — 4ac)A(fy, fo, 5o 1)
Qr*E, ) 2E, ) 2E; ), Jx, \/ a(cos 6, — xy)(cos 6, — x»,)

Ceoll [f1] —

[Hannestad and Madsen, arXiv: 9506015 (astro-ph)]
= But: @(NS) scaling of the runtime — appropriate gridding and interpolation techniques are inevitable

e Even more technical problems related to the full collision term:

- Inclusion of higher-order corrections when including statistical factors — finite temperature dipole method
(relevant for relativistic freeze-out or freeze-in)

. . . . . . . . [Grzadkowski et al. arXiv: 2108.01757 (hep-ph)]
- t-channel singularities in scattering diagrams — regularisation via thermal self-energy (i arxiv: 2212.00561 (hep-ph);

MUNSTER



DarkPhaseSpace VS DRAKE

| |
e Real Singlet Scalar as dark matter: & = Lgpm + —0,S0"S — —pusS?

> DarkPhaseSpace: O(min)

> DRAKE: 0O(h)

Ag H

) S°H'H — —S§*
2 2 2 41
1.4 - — nBE
DRAKE fBE QCD="A'
1.3 - * for settings_bm3

X  DPS FP QCD="A

>
B
)
c 1.2 -
D &K
e X
=11 . *X
GL) ". X
@) J XXX
= 1.0
© 3
X
0.9
X
0.8 x
35 40 45 50 55 60 65 70 75

Mg [GEV]

MUNSTER



Main messages

e For the standard relic density calculation (e.g. Mi crOMEGASs): experimental uncertainty < theoretical uncertainty — %-level theoretical
error is too strict

e Higher-order corrections often shift relic density beyond the experimental uncertainty

—— DM@®@NLO provides NLO corrections for large number of annihilation processes in the MSSM (reduction to simplified DM model is
possible)

e Good news: full NLO corrections for dark matter models containing coloured scalars are negligible, the Sommerfeld enhancement is
sufficient

e Number density approach is not sufficient for models with a strong velocity dependence
——necessary to develop fast tools for the evolution of the phase space distribution function

e Solution of the full Boltzmann equation is especially interesting in the freeze-in/freeze-out transition regime
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Backup - Scale variation
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