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Strongly coupled dynamics: outlook

Important physical examples of gauge fields are realised in Nature:
QCD and electroweak interactions

Non-perturbative QCD phenomena are far from being understood:
quark confinement, mass gap, QCD phase transitions,
hot/dense QCD phenomena etc

Non-abelian gauge (Yang-Mills) fields are present in most of
UV completions of the Standard Model:
GUTs, string/EDs compactifications etc

Confining dark Yang-Mills sectors are often considered as a possible
source of Dark Matter in the Universe:
dark glueballs, dark baryons

Special emphasis on non-perturbative confining dynamics in cosmology:
glueball overclosure of the Universe
and searches for Dark Matter:

prospects and challenges of direct detection or “dark composites”



A real example: confining gauge theory of QCD
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Thermal evolution of the glueball-dark gluon system

Carenza, RP, Salinas, Wang, Phys. Rev. Lett. 129 (2022) no.26, 26 ” _
1] 2
o Theglueballfield  H" tr(G" Gu) _ 98,241 c= ?L_ o
e m
evolves evolves according to the EFT: 9
@ Fits to lattice results

L= 30,00"6—V[6.1],

ao ai as as as | bs | by

4
Vied] 2<b [2 In (%) _ 41n9 —lnc] N 3.72|—5.73|8.49(—9.29|0.27|2.40|4.53
C
4 Huang, Reichert, Sannino and Wang, !
N 225627;[4 LTy PRD 104 (2021) 035005
P[é]:clw\Q, 1.0 //\ o — c1=1.12
52()2 4 3 3 FoPT -- c1=1.31
/) = 0|° + by|l|* — b3l 0 . 81 1=
4 i <
T, 0.6 61"
by (T) = Zai (?) , Dy Tc $ 1 61"
=0 v 0.4 Mg = 6
@ Integrating out the Polyakov loop in O e —
the high-T phase provides 0 ol = 1.225 + 0.19 at 95% CL T
V[¢,T]:V[¢,€(¢,T)] 0608101214161820
T/ T,
matching the size of discontinuity to F. Sannino, Polyakov loops versus hadronic states Phys.

lattice data Rev. D 66 (2002) 034013[hep-ph/0204174].
4



Glueball Dark Matter parameter space

Carenza, Ferreira, RP and Wang, Phys. Rev. D 108 (2023) no.12, 12
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Glueball Axion Like Particles (ALPs)

ﬁumd&mw\&at gauge theory —— CGrlueball EFT
1 1
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Direct fermion portal to the dark gauge sector

9 Hg(u) " ! Inktroduce a heavy Dirac fermion (dark quark):
dark SU(N)-charged and electrically charged
L= M,
$ ! Relevant dim-% operators below the cutoff scale
e(l)q but above the confinement scale " ' M, :
| H‘I;r ' 2(° | # % # : 0/"
L ( va © GlyGM¥ g F ¥ +€ GI, GHFaFg B3

| Dirac fermion annihilation into photons strongly dominate due to
the condition on the couplings ot the cutoff scale:

g(K)
odb o % 1

leading to a suppression of the dark-to-visible temperatures ratio:

----------------------------------------------



Novel GALP-photon coupling scaling

a JeaLp * (
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GALPS VS ALPS Carenza, RP and Wang, arXiv: 2408.14245

" Not a composite axion. The proposed GALP model is not
leading to a solution of the strong-CP problem, as done by
composite axion models

! No scale hierarchy problem. No need for
fa! (107" 109 GeV. The d ective PQ scald, can even
reach super-Planckian values tdr" TeV

' DM more massive than usual axion models. The natural
prediction for GALP DM with a maseiga p " 180 MeV lies
In between the light axion DM paradigm and the GeV-scale
traditional Weakly Massive Interacting Particles.

I Intriguing phenomenology. The GALP model requires to
study the phenomenology of heavy and, possibly, strongly
Interacting ALPs that acquired interest in a model-independ
fashion, but Pnd a physical motivation in the GALP model.

' An extended dark sector. If the term GALP refers to the
pseudoscalar glueball, any GALP model requires the existe
of the scalar glueball which can be searched for in parallel
the GALP. A joint signal would be a strong hint towards this
model.




GALPs Direct Detection prospects: photon mediation

I. Elastic GALP-nucleo scattering with dinpko&ov\ mediakion:

Enhancementof the photon Rux
favours large-Z nuclear targets!

The same c:-pera&cr drives GALP ci::--[ahc;-&o-n alnihilation i the Gad.ax:j:
indirect DM detection signature:

F
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GALPs Direct Detection prospects: photon mediation

11, Quasi-elastic GALP-nucleon scattering with Fho&om mediakion
and emission:

' As the photon flux in the nuclear tarqet is Pemed ab Llow photon
momentum fractions and transverse momenta, the cross section
would be dominated to soft “no-recoil” conkribuktions,

LA ey novel sighature would be a ALP-induced real Fho&am
emission recoiled against the GALP ikself
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GALPs Direct Detection prospects: photon mediation

111, GALP-to-photon conversion in the electromagnetic field
of the nucleus:

' The radiated photon takes most of the enerqgy of the GALP
but would be produced collinearly in the direction of the GALP

' Despite Fmss&bw_ enhancement from the real photon flux i a heavy
nucleus, the CS estimates for available GAL? parameter space
lead to hopelessly small rates for DD measurements to probe

We need to consider obther wmediakors to F@ossibtv enhance the signal!
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SM bath reheating via fermion annihilation into Higgs

| In order to generate a large wmass scale of the Dirac fermion, one
should consider an additional scalar singlet that could couple
to Higgs via potential making Higgs to interact with the fermion

Ly = Y#! @ Y"## & M,

1
V, = éu?#“ & #%+ | #HH + & y#°HH
| The singlet scalar = Higgs mixing enables fermions ko annihilate
inko Higqs final stabes. Introducing a small ratio between
Yukawa and SUN) gauge couplings ot the cutoff scale, one reheats
the SM bath relative to the dark gluohs ab the fermion annihilation

<« — — — —

H= M

dominant!
channel!

L us 3((‘:1)) % 1
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GALPs Direct Detection prospects: Higgs mediation

1v. Higqs mediakted elaskic GALP-nucleon scattering:

no suppression\/ |
h=cos!H +sin!!

by M, 11l =
sinl I 0.1

A_QY —

! There are ﬂfou.r sources of suppression of this amplitude:

- bj 1? factor due to gauge coupling, with maximal ! 2! 10 °
' By the Higgs mass in the propagator
' By Higgs Yukawa coupling to the Sm fermions
' Mixing angle suppression

Potentially realistic to Ffra»be!
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GALPs Direct Detection prospects: Higgs mediation

V. Enhanced Higgs mediated elastic GALP-nucleon scattering

' Due to strong dynamics, ohe could enhance the Higgs
mediated scattering, by considering non-perturbative
GALP-self-interaction contribution:

@,
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o e

v . <$> GALP-Higgsmixing:
| (va! + v Yih
h |

| Lyt d'#HH + JJ#2HH

GAL? self-interaction can enhance the CS by 2-3 orders of magnitude!
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GALPs Direct Detection prospects: Higgs mediation

VI, Higgs exchange mediated by colored scalar loop

| Utilising a heavy dark-coloured scalar instead of the fermion
the direct detection CS can be further enhanced due to HSS
self-interaction, and avoiding a suppression by the mixing
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Summary

We developed a new approach based upon the well-established thermal
EFT and the existing lattice results to calculate the glueball ALP (GALP)
CDM relic density incorporating confinement effects and non-perturbative
self-interactions

A dark gauge sector with GALPs feebly interacting with the SM may explain
the DM abundance without spoiling other cosmological observables

Introducing extra heavy fundamental fields (e.g. fermions, scalars) charged
under both the dark gauge symmetry and the SM, or coupled to Higgs, one
generates feeble effective GALP-nucleon interactions that can be, Iin
principle, probed by direct detection experiments



