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Q1: Open questions  in non-perturbative  in finite T and finite mu in quarkonium and DM

Q3:  What are the most likely scenarios of strongly coupled DM and how can we see their signature on the data?

Q2: Range of applicability of the non-perturbative methods, lattice at finite T, EFTs,  SUSY

Q4: The XYZ are new exotics strongly correlated system existing in the quarkonium sector: what 
would be the impact of the existence of  theses state  in strongly coupled  DM scenarios? on 
cross section, dissociation processes etc? Or what would be the impact of other exotics dark 
particles?

Q6: Cross sections unitarity limit in perturbative DM

Q5: What should be understood on phase transition and how this impacts our understanding of DM?



• EFTs, perturbative and/or kinetic methods. Real world: extrapolate from 
g≪1 to αs~0.3 (QCD in heavy ions), to , to  
(charmonium)

• lattice: Euclidean action. Real world: analytically continue to Minkowski, 
deal with chiral fermions (e.g. phase transitions in 4D lattice)

• AdS/CFT:  action, weak and strong coupling. Real world: 
extrapolate to QCD and to intermediate couplings

• How controlled are all these extrapolations? How can we do better?

mD/T ∼ 1 v ∼ 0.3
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Figure 4. Cut of a two loop diagram (left) corresponds to a 2 $ 2 scattering process (right).
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Figure 5. Two-loop diagram cut through a self-energy correction on the gluon, which corresponds
to scattering-induced photon radiation (crossings not shown)

significant spectral weight in this region. This leads to a distinct contributing kinematical

region which corresponds to scattering-induced emission, as shown in Fig. 5. We will call

these collinear processes or collinear splitting processes. Aurenche et al [20] first showed

that these processes are also leading order and can even be numerically dominant. The

reason is that the process includes a kinematical region in which the intermediate quark

line in Fig. 5 is nearly on the mass shell. But this near-singularity requires the inclusion

of self-energy corrections, which bring in additional diagrams by gauge invariance and the

necessity to correctly represent charge conservation. Therefore, in the kinematic region

where gluons are soft and spacelike (representing scattering processes), one must sum

over multiple gluon exchanges, such as the diagram of Fig. 6. The interference e↵ect this

generates and the associated suppression are called Landau-Pomeranchuk-Migdal (LPM)

e↵ect.

In [13], AMY showed that these two kinds of processes (elastic scattering when one

gluon is on-shell, scattering induced emission with any number of soft spacelike gluons) are

both needed in the calculation, but arise from kinematically distinct momentum regions.

Therefore the computation can be separated into a contribution from each process. The

easiest way to see that this is true is to consider the components of the o↵-shell fermion’s

momentum P , particularly the transverse component p? and the longitudinal component

p+. As illustrated in Fig. 7, the relevant momentum regions are quite distinct when viewed
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Finite-T approaches to quarkonia and dark matter



2. Limits of perturbation theory



5. Roll of Phase transitions and DM

Theory cross pollination —> Naively — Surely all this work doing field theory at 
finite temperature worrying about IR problems leads to ideas in one field that are 
useful in the other 
Caveat — Can’t think of any concrete examples of cross pollination 

Model building — The Standard Model is richer, more complex and more 
beautiful than it seems to need to be, what are the odds of the dark sector not 
being more fun than a single, boring, inert wimp? There are therefore good 
chances that there are phase transitions in the dark sector 

“We fetishize simplicity too much” - Phillip Goff, Philosopher of Mind, Durham 
“We overemphasize simplicity, Solipsism is simple, but that doesn’t mean it is a 
good idea” Emerson Green, popularizer of philosophy 



Michele Redi

Strongly coupled DM



Models where DM arises accidentally are particularly 
motivated. DM as a dark baryon stands out. These 
models are quite visible if they carry SM charges.

BEST MODELS

Michele Redi, INFN Florence

Q: What are the most likely scenarios of strong coupled dark matter 
and how can we see their signature on the data?

Very nice models exist if they are neutral under SM: 
dark glueballs, dark QCD. Unfortunately this possibility 
cannot be dismissed.

How seriously should we take accidental stability?

Relevant for most DM scenario including the QCD axion.



PHASE TRANSITIONS

Michele Redi, INFN Florence

Q: What should be understood on phase transitions and how this 
impacts our understanding of DM?

Determine phase diagram of gauge theory.

Can supercooling be realized in gauge theories?

Dynamics of PTs are mostly computed for scalars.

Are there new features in gauge theory PTs and how to compute?

Gauge theory phase transitions are very poorly understood:



• EFTs provide a framework to separate the perturbative and non-perturbative aspects of a 
physical process.


In particular, they allow one to encode the effect of a thermal environment on heavy 
particles into correlation functions in the QFT of the thermal bath.


E.g.: Heavy quark diffusion and quarkonium dissociation/recombination from :


• Calculating these correlation functions in realistic theories can be hard, often requiring 
extensive computational resources. Can we move forward in any other way?


One possibility: Look for insights in other theories, e.g.  SYM, where 
calculations are tractable in the ,  limits (in that order) via 
holography.

⟨W[C]⟩

𝒩 = 4
Nc → ∞ λ = g2Nc → ∞

Holography (AdS/CFT) as a tool to gain 
insights into non-perturbative physics
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