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What we “know”:

e Standard Model
particles had to
be reheated at
least at
temperatures

around 4 MeV

 Dark matter had
to be produced at
some point?

* Perhaps inflation
happened very
early after Big
Bang?
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/A dark Yang-Mills
| sector could |
provide both
dark matter and
a link between
the inflation and |
SM reheating!



History of the Universe a la 2406.10345
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Glueball dark matter

Boddy et al.:1402.3629] [Soni, Zhang: 1602.00714] [Forestell, Morrissey, Sigurdson: 1605.08048, 1710.06447]
Carenza, Pasechnik, Wang et al.: 2207.13716, 2306.09510] [Gross, Karamitos, Landini, Strumia: 2012.12087]
McKeen, Mizuta, Morrissey, Shamma: 2406.18635]...
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\ﬁ,-/ \ﬁ,-/ The lightest C-odd glueball is protected by the

discrete symmetry and can be sufficiently stable even
C-even C-odd if the C-even glueballs decay fast into SM fields!



L .
Example of an effective
n g re I e n S operator either for gravitational
interaction (then M = M) or
for interaction via portal

Yang-Mills . .
Gauge field strength particles with large mass M
coupling J (e.g. heavy fermions)
UVPO I°C I°C
T e \H|>TrF. Fr
1677, uv
2
Axion decay / M
constant

| Axion-like | .
{ inflaton /
| [Berghaus, Graham, Kaplan: "4
/ I 1910.07525]
. [Laine, Procacci: 2102.09913] [Juknevich: 0911.5616]
| Klose, Laine, Procacci: 2201.02317] [Forestell, Morrissey,
’ § Klose, Laine, Procacci: 2210.11710] : :
N | Sigurdson: 1605.08048,
1 [HK, Laine, Procacci: 2303.17973] 1710.06447]




Evolution equations

Inflaton decay rate: Y =~ azmg’,/ (327°f2) it Tps < m,,

lattice input available for SU(3)
[Moore, Tassler: 1011.1167] [Laine, Niemi, Procacci,

Rummukainen: 2209.13804] g
/ :
. _ — 8
e, + 3He, Ye,

éDS + 3H(€DS +st) — Ye(p — FeDS

éSM + 4H€SM = FeDS

Dark sector energy \ Gluon annihilation rate:
and pressure densities Hubble rate: [" x T[S)S/M4
parameterised by temperature. Q or glueball decay rate
. _ T
SU(3) equation of state: H = <e¢ + egy + eYM> o A /M4,
[Giusti, Pepe: 1612.00265] 3m; bs®
[Meyer: 0905.422] Apg: Dark YM confinement scale



Dark matter relic abundance?

Boltzmann equations for the number densities of the

100 _'___ | lightest C-even and lightest C-odd glueballs:
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| - O++
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i interactions - 0

10720 ] veress n_ /n, freeze out : , ,
| 1 ) Inspired by [Forestell, Morrissey,
I n_ /n - Sigurdson: 1605.08048]
i~ “_/ neqo _ NB: The second lightest glueball
| ++ -]
I | | 2% T included as well in order to
1 038 0.6 0.4 0.2 capture better the thermodynamic

quantities, but the full equations
Tos / T

wouldn’t fit this slide :)




Results: open parameter space

-== 0" and 177, =— 0", 27" and 17
Too large DM decay rate
NB: Inflaton parameters fixed o | - 'wox/ [y o A%S/M S
based on CMB constraints 3 D& S
[Klose, Laine, Procacci: = 22 NS NB: C-odd glueballs decay
2201.02317]: = , «o?”}““ 8%% 7 through operators like
m, = 1.09x 10~ m £ S af
@ ‘ pl’ S < ¢ B, TrG*"G .G
O ¢ pv ap
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& & L
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Too much dark matter —y X‘\ﬁ/“' A | Dark matter particle:
= Qo ot @é lightest C-odd Lightest glueball
Too early freeze-out d /1 . > ) glueball (unstable):
< - s $e _ my+- = 11 ADS mo++ =~ ] ADS
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(0y_,yV) X I/A%S I ~
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Conclusions & Outlook

A general scenario linking dark matter production with inflation and SM reheating
provided

Dark matter relic abundance independent of the details of the inflationary
scenario = generalisations beyond axion-like inflation possible

If SU(3) dark sector chosen, portal to SM at energies M ~ 103 GeV
needed. Connection to other puzzles in high-energy physics?

Larger open parameter space can be obtained for theories where the
“protected” glueballs are more long-lived. E.g., for SO(N) with N > 8:

[om o Ay /M=~

Concrete indirect detection signal to be predicted!
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History of the Universe a la 2406.10345
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Thermodynamics of a YM theory below confinement scale
might be indeed described as an ensemble of glueballs!

Entropy of the confined phase (N_.=3, N~0)
b -
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Thermalisation?

(a) (b)

Thermalisation rate:




Glueball dark matter

[Boddy et al.:1402.3629] [Soni, Zhang: 1602.00714] [Forestell,

Morrissey, Sigurdson: 1605.08048, 1710.06447] [Carenza, Spectrum of SU(S) g|ueba||s ]PC
Pasechnik, Wang et al.: 2207.13716, 2306.09510]...

307 i
« Self-interacting dark matter: o5 m&% 55t g: o
oop/Mep ~ 1cm?/gif A ~ 100 MeV PR RS 3t -
+O | : 2 1+~
 Example of the lowest order effective operator for the S L 0-*
: : ~~ :
decay of the lightest 0™ glueball to SM fields: S | ol
2 05}
el TrGWG”” A° | + + — + + - -
= F()++ ~ —— 0.0- -

M? M*

Juknevich, Melnikov, Strassler: 0903.0883
o If the lightest glueball forms dark matter: 1/1 1+ 2 10%°s | |

- Evenif M ~ m, this translates to A < 10°GeV
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Model setup: Example of a “warm inflation”

e Axion inflation coupled to non-abelian dark sector
Berghaus, Graham, Kaplan: 1910.07525]

Laine, Procacci: 2102.09913]
Klose, Laine, Procacci: 2201.02317]
Klose, Laine, Procacci: 2210.11710]
Yang-Mills
Gauge coupling field strength
\ UUPOo IC IC
1 . a@erF /wF s
<L D =0"'pd,p—V(p) —————
2 4 l6rf
“ :
Inflaton field Axion decay
Inflaton potential: constant
50 | ® \| “Natural/axion inflation”
Vo = mf; [l —cos ]T [Freese, Frieman, Olinto:
_ a -

Phys.Rev.Lett. 65 (1990)]
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Credit: Joao G. Rosa/University of Aveiro; ESA and the Planck collaboration

Friction due to inflaton
coupling to dark sector

oL
@+ BH+Y)p + V,~0

Hubble rate

p,+3H(p,+p,) =~ Y’

Dark radiation energy V

and pressure densities



Evolution of the dark sector

(my =1.22x10"GeV)
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e Evolution of an SU(3) sector coupled to axion

inflation studied for varying confinement scale A

[HK, Laine, Procacci: 2303.17973]

Friction due to inflaton
coupling to dark sector:
lattice input available for SU(3)
[Moore, Tassler: 1011.1167] [Laine, Niemi,
Procacci, Rummukainen: 2209.13804]
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@+ CH+Y)p + V,~0

pr+3H(p, +p,) =Y

N

Dark radiation energy
and pressure densities.
SU(3) equation of state:

[Giusti, Pepe: 1612.00265]

[Meyer: 0905.422]
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Abelian case: exponential growth of one helicity
mode of the vector field = GW, PBH, CMB non-

gaussianities... [Sorbo: 1101.1525;
Cook, Sorbo: 1101.1525;

Barnaby, Pajer, Peloso: 1110.3327;
Domcke, Pieroni, Binétruy: 1603.01287...]

Discussion about back-reaction [... Figueroa et al.: 2303.17436]

Non-Abelian case: thermalisation assumption
simplifies the back-reaction modeling!
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