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Overview

Motivation for confining/QCD-like dark sectors 

The confinement/deconfinement phase transition (PT) 

▶ Gravitational waves from a first order PT 

▶ The NANOGrav GW hint for a low scale PT 

Towards quantitative predictions of GWs in strongly 
coupled PTs
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Why should you care about dark SU(N)

Top down perspective:  
▶ Many string compactifications contain hidden sectors with new 

gauge symmetries 

▶ Straightforward extension of SM  

Useful for model building 
▶ LHC-safe solutions to the hierarchy problem (twin Higgs…) 

▶ Axion models and composite axions, relaxion 

Interesting (&new) phenomenology 
▶ DM with self-interactions, SIMP mechanism 

▶ Unique collider signatures…
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Composite/QCD-like DM

Alternative to elementary WIMP models 

Phenomenologically viable, “generic” possibility in 
presence of hidden sectors 

Some nice features: 
▶ DM stability, mass scale 

▶ Self interactions, unique collider pheno 

▶ Natural implementation of SIMP  
mechanism (3->2 annihilation) 

▶ Glueball dark matter 
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Models I’m interested here 

Nonabelian  dark sector, confinement scale  

 light/massless dark quarks  

A new PT is a robust prediction of these scenarios

SU(N) Λd

nf
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nf = 0 nf > 0

Glueball DM 
 

PT from center 
symmetry restoration

Dark Baryons 
or Dark Pions 

Chiral Symmetry Breaking



What is the nature of the PT? 
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Figure 1: Phase diagram of QCD at zero chemical potential (schematic). The dashed region
represents our current lack of knowledge about the order of the PT in the limit of two massless
flavours.

chemical potential could be su�cient to provide a strong first order PT [25]. The resulting signal
was studied in [26].

The aim of this work is to point out that gravitational waves could also be produced by a
strong PT in a dark or hidden sector. The particular scenario we have in mind is a dark sector
with a new SU(Nd) gauge interaction which confines at some scale ⇤d. Such models have recently
received renewed interest either as models of dark matter [27–42] or as part of the low energy
sector of so called Twin Higgs models [43–48]. Di↵erent from generic hidden sectors [49], these
models provide a preferred mass range and some restrictions on the particle content, such that
the frequency range of the potential GW signal can be predicted.

Given that the SM QCD transition is not first order, we will review the known results on the
order of the PT in strongly coupled gauge theories in the next section, followed by a discussion of
models that fall into this category. In Sec. 3 we calculate the GW spectra that can be produced
in these models, and compare them to the sensitivity of current and planned GW detection
experiments in Sec. 4. We discuss the complementarity of GW experiments with other searches
for dark sectors in Sec. 5, before presenting our conclusions.

2 Models with First Order Phase Transition

Near the QCD confinement scale ⇤QCD, the dynamics of QCD is governed by three flavours,
two of which are almost massless, while the strange quark mass is of order ⇤QCD. Lattice
studies [5, 6, 50] have shown that for these values of the quark masses, the QCD PT is a weak
cross-over.

However this is not a generic result for QCD and similar theories, but more a consequence
of the precise values of mu ⇡ md and ms in the SM. The QCD phase diagram for arbitrary
mu,d and ms can be summarised in the so called Columbia plot, which is reproduced in Fig. 1,
based on [51]. The pure Yang-Mills limit mu,d,ms ! 1 is known to have a strong first order
PT [52] from the restoration of a global Z3 center symmetry at low temperatures. The opposite
mu,d,ms ! 0 limit, i.e. theories with three exactly massless quarks, also feature a strong first
order transition, related to the breakdown of the SU(3)⇥ SU(3) chiral symmetry [53].
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Phase Diagram II
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Figure 1: Phase diagram of QCD at zero chemical potential (schematic). The dashed region
represents our current lack of knowledge about the order of the PT in the limit of two massless
flavours.

chemical potential could be su�cient to provide a strong first order PT [25]. The resulting signal
was studied in [26].

The aim of this work is to point out that gravitational waves could also be produced by a
strong PT in a dark or hidden sector. The particular scenario we have in mind is a dark sector
with a new SU(Nd) gauge interaction which confines at some scale ⇤d. Such models have recently
received renewed interest either as models of dark matter [27–42] or as part of the low energy
sector of so called Twin Higgs models [43–48]. Di↵erent from generic hidden sectors [49], these
models provide a preferred mass range and some restrictions on the particle content, such that
the frequency range of the potential GW signal can be predicted.

Given that the SM QCD transition is not first order, we will review the known results on the
order of the PT in strongly coupled gauge theories in the next section, followed by a discussion of
models that fall into this category. In Sec. 3 we calculate the GW spectra that can be produced
in these models, and compare them to the sensitivity of current and planned GW detection
experiments in Sec. 4. We discuss the complementarity of GW experiments with other searches
for dark sectors in Sec. 5, before presenting our conclusions.

2 Models with First Order Phase Transition

Near the QCD confinement scale ⇤QCD, the dynamics of QCD is governed by three flavours,
two of which are almost massless, while the strange quark mass is of order ⇤QCD. Lattice
studies [5, 6, 50] have shown that for these values of the quark masses, the QCD PT is a weak
cross-over.

However this is not a generic result for QCD and similar theories, but more a consequence
of the precise values of mu ⇡ md and ms in the SM. The QCD phase diagram for arbitrary
mu,d and ms can be summarised in the so called Columbia plot, which is reproduced in Fig. 1,
based on [51]. The pure Yang-Mills limit mu,d,ms ! 1 is known to have a strong first order
PT [52] from the restoration of a global Z3 center symmetry at low temperatures. The opposite
mu,d,ms ! 0 limit, i.e. theories with three exactly massless quarks, also feature a strong first
order transition, related to the breakdown of the SU(3)⇥ SU(3) chiral symmetry [53].
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SU(N) - PT

Consider.                with       massless flavours  

PT is first order for  
▶                  , 

▶                  , 

Not for: 
▶                  (no global symmetry, no PT) 

▶                  (not yet known)  

Note: Nature of the PT does not depend on arbitrary model 
parameters
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SU(Nd) nf

Nd � 3 nf = 0
Svetitsky, Yaffe, 1982
M. Panero, 2009

Nd � 3 3  nf < 4Nd Pisarski, Wilczek, 1983

nf = 1

nf = 2



First order phase transitions produce GWs 
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First order PT ➞ Bubbles nucleate, expand

Bubble collisions ➞ Gravitational Waves

hhi = 0

hhi = v
hhi = 0 hhi = v



PT signal

PT characterised by few parameters: 
• Latent heat 

• Bubble wall velocity 
• Bubble nucleation rate 
• PT temperature 

More details, see e.g.:
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Figure 3: Example output of the ’PTPlot’ tool. The plot shows the expected GW power spectrum

and the LISA sensitivity curve.

methods for going beyond the standard approach and the corresponding uncertainties as they

relate to LISA.

The majority of GW predictions in specific BSM scenarios rely on the computation of

the e↵ective potential V [{�i}], through a perturbative expansion to one- or sometimes two-

loop order in four dimensions (4D). Here, {�i} denotes the set of scalar fields involved in the

transition (the order parameters). Under the assumption that the {�i} are homogeneous,

one may compute the finite temperature corrections to the classical potential. The global

minimum of the e↵ective potential then corresponds to the finite temperature expectation

value of the fields. The order of the transition is determined by whether this minimum

changes continuously (second order/cross-over) or discontinuously (first order) as a function

of temperature. The parameter ↵ follows directly from the e↵ective potential, while �/H⇤

and T⇤ can be determined by computing the action of the bounce solution, which follows from

the Euclidean equations of motion for the scalar(s) again utilizing the e↵ective potential.

An alternative method that has received renewed interest lately is to investigate the phase

diagram and determine the GW parameters by computing the e↵ective action using numerical

Monte-Carlo lattice simulations. This method was instrumental in establishing that the

minimal Standard Model does not have a first order phase transition at the physical value

of the Higgs mass [2]. By considering the e↵ective action rather than just the e↵ective

potential, no assumption is made about homogeneity of the fields, and mixed configurations

(such as bubbles) contribute. Issues related to the well-known infrared divergences of finite

temperature perturbation theory are automatically avoided in this approach, allowing for

theoretically robust and accurate predictions. The computation may be done in full 4D

simulations of an e↵ective bosonic model [3], but because of the numerical e↵ort involved,

parameter scans are more feasible in simulations of e↵ective 3D models that are matched

onto the 4D theory at high temperature through a procedure known as dimensional reduction
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Summary and recommendations: 

1910.13125  

(LISA Cosmology WG)

Made with PTplot



Signal properties

11Figure 3: Example output of the ’PTPlot’ tool. The plot shows the expected GW power spectrum

and the LISA sensitivity curve.

methods for going beyond the standard approach and the corresponding uncertainties as they

relate to LISA.

The majority of GW predictions in specific BSM scenarios rely on the computation of

the e↵ective potential V [{�i}], through a perturbative expansion to one- or sometimes two-

loop order in four dimensions (4D). Here, {�i} denotes the set of scalar fields involved in the

transition (the order parameters). Under the assumption that the {�i} are homogeneous,

one may compute the finite temperature corrections to the classical potential. The global

minimum of the e↵ective potential then corresponds to the finite temperature expectation

value of the fields. The order of the transition is determined by whether this minimum

changes continuously (second order/cross-over) or discontinuously (first order) as a function

of temperature. The parameter ↵ follows directly from the e↵ective potential, while �/H⇤

and T⇤ can be determined by computing the action of the bounce solution, which follows from

the Euclidean equations of motion for the scalar(s) again utilizing the e↵ective potential.

An alternative method that has received renewed interest lately is to investigate the phase

diagram and determine the GW parameters by computing the e↵ective action using numerical

Monte-Carlo lattice simulations. This method was instrumental in establishing that the

minimal Standard Model does not have a first order phase transition at the physical value

of the Higgs mass [2]. By considering the e↵ective action rather than just the e↵ective

potential, no assumption is made about homogeneity of the fields, and mixed configurations

(such as bubbles) contribute. Issues related to the well-known infrared divergences of finite

temperature perturbation theory are automatically avoided in this approach, allowing for

theoretically robust and accurate predictions. The computation may be done in full 4D

simulations of an e↵ective bosonic model [3], but because of the numerical e↵ort involved,

parameter scans are more feasible in simulations of e↵ective 3D models that are matched

onto the 4D theory at high temperature through a procedure known as dimensional reduction
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There are many (planned) experiments 
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FIG. 2. Noise curves (left) and PLI sensitivity curves (right) for various gravitational wave observa-
tories. Dashed black lines in the left-hand plot indicate the expected magnitude of several important
backgrounds, in particular super-massive black hole binaries (SMBHB) [55, 56], and galactic [57, 58] as
well as extra-galactic [59, 60] compact binaries (CB). In determining the power-law integrated sensitivity
curves (as well as in the toy model analyses presented in Section III), we assume that the SMBHB back-
ground will eventually be resolvable, while the CB background will remain unresolved. In the right-hand
plot, we also show example spectra generated by a phase transition at T nuc = 10GeV and with ↵ = 0.1,
�/H = 10 for both runaway and non-runaway bubbles. The parameter choices made for forthcoming
experiments are given in Appendix B, and the data underlying our noise curves and PLI sensitivity curves
can be found in the ancillary material.

noise ratio (SNR) ⇢. A stochastic gravitational wave background is detectable if the signal-to-
noise is greater than a certain threshold value ⇢thr, which is either given by the experimental
collaborations or extracted from existing data as described in Appendix B.

The optimal-filter cross-correlated signal-to-noise is [6, 61]4

⇢
2 = 2 tobs

fmaxZ

fmin

df


h
2⌦GW(f)

h2⌦e↵(f)

�2
, (27)

where tobs is the duration of the observation, (fmin, fmax) is the detector frequency band, and
h
2⌦e↵(f) is the e↵ective noise energy density, i.e. the noise spectrum expressed in the same units

as the spectral gravitational wave energy density [61]. See Appendix B 1 for more details.
To make the comparison between the predicted signal and the noise even simpler, it has

become standard practice to quote so-called power-law integrated (PLI) sensitivity curves [61].
They are obtained by assuming the gravitational wave spectrum follows a power law with spectral
index b, i.e.

h
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where h2⌦b is the gravitational wave energy density at the arbitrarily chosen reference frequency
f̄ . According to Eq. (27), such a power-law signal is detectable if

h
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4
For the case of a single-detector auto-correlated analysis, the factor 2 in Eq. (27) has to be dropped.

Space based

Ground
 based

from Breitbach,  
Kopp, Madge,  
Opferkuch, PS 
1811.11175 



Some recent 
developments 



NANOGrav saw something! 
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NANOGrav (kind of) detected stochastic GW background!

Significant Strain at low frequencies

No 4� evidence for Quadrupole

from NANOGrav colaboration: 2009.04496

Whispers from the dark side 2 / 13

From NANOGrav collaboration, 2009.04496
Now also consistent signals in PPTA, EPTA and IPTA - still not fully conclusive though



Fit with broken power law signals
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Wolfram Ratzinger & PS, 2009.11875



Fit with Phase Transition

Generic PT parameterisation, best fit with PT at temperatures in 
few MeV range 

Challenge for model building → Hint for dark sector
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Wolfram Ratzinger & PS, 2009.11875



Fit with Phase Transition

Generic PT parameterisation, best fit with PT at temperatures in 
few MeV range 

Some model parameters excluded by PTA data now! 
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Wolfram Ratzinger & PS, 2009.11875

Excluded by  
NANOGrav

Excluded by NANOGrav



Towards quantitative predictions for SU(N) PTs

Strong coupling → Non-perturbative methods required 

Lattice? 
▶ Good for equilibrium thermodynamics (free energy, pressure…) 

▶ Easier for , lots of data for  

▶ No real time dynamics 

Holography (AdS/CFT) 
▶ Allows perturbative calculations 

▶ Works best for large  and in CFT limit 

nf = 0 Nc = 3

Nc
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e.g. Hindmarsh et al, Cotrone et al, … 



Combine both approaches

Improved holographic QCD 
 
  
▶ AdS Einstein-dilaton gravity    4D CFT 

▶ Dilaton potential  

▶ Dilaton  ’t Hooft coupling  

▶ … 

▶ Solutions of EOM    phases of SU(N)

↔
V(Φ)

λ = exp Φ ↔ λt = Ncg2
YM

↔

19
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Improved Holographic QCD

• Scalar potential 


• Radial fifth-dim coordinate r <—> RG scale


• Scalar field  <—> ’t Hooft coupling 


• Scale factor  <—> Energy scale 


• Solutions of EOM <—> phases of 


•  fluctuations <—> scalar glueballs

V(!)

! = exp ! !t = Nc g2
YM

b(r) E = E0b(r)

SU(Nc)

!
6
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Improved holographic QCD

Want this to reproduce SU(N) theories 
▶ Confinement in IR ( ) 

▶ Yang Mills beta function in UV ( ) 

Fix parameters: 
▶  to reproduce 2 loop YM  

running in UV  

▶  fit to reproduce SU(3)  
lattice thermodynamics in IR 

λ → ∞
λ → 0

V0, V2

V1, V3
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Potential
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Thermodynamics
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The phase transition in ihQCD 

Three solutions 
▶ Big BH: Deconfined phase  

▶ Small BH: Unstable, saddle point  

▶ Thermal gas: Confined phase 

21

Confinement PT in AdS/CFT

Confinement of Pure YM () Hawking Page PT in D+1 AdS

Figure: Thanks To Enrico!!
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The phase transition in ihQCD II

At , deconfined phase becomes meta-stableT = Tc
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The phase transition in ihQCD III

Hawking Page transition, with small 
BH acting as instanton 

To compute bounce action, need 
effective action (or free energy)  
along the full path  

Interpolate between big and  
small BH solutions  
▶ Do some hard work… 

▶ Win :) 
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Effective action for tunnelling

20

• Interpolate between big and small BH


• Choose an order parameter (  or )


• Violate the condition 


➡ BH not thermal eq.


➡ Conical singularity


• Regularize the metric and compute the 
contribution to the action

rh !h

Th = T

Morgante, Ramberg, PS, 2210.11821



Effective potential and bounce action 

Bounce action 

Tunneling decay rate 

Allows us to compute 
 and α β

24

Enrico Morgante 
JGU Mainz

emorgant@uni-mainz.de IFT Madrid 27/10/2022

Effective potential
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0.1 0.2 0.3 0.4 0.5 0.6

0.00
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0.10

• Stationary points <—> regular solutions:


• Big BH: min


• Small BH: max


•  —> Big BH are stable


•  —> No BH solution (no deconfined phase)

T > Tc

T < Tmin
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Bubble nucleation
• O(3) invariant bounce solutions


• Tunnelling rate:


• Nucleation: 


• Percolation: Universe ~ filled with confined phase bubbles 
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for Tc = 50MeV. Having Tn close to Tc is not unex-
pected, as it could be estimated from thermodynamics
using some lattice input (see e.g. Ref. [54]).

The percolation temperature roughly indicates the end
of the phase transition. It is defined as the time when the
probability P of remaining in the false vacuum is reduced
by O(30)%

P(t) = e
�I(tp), (16)

I(t) =
4⇡

3

Z
t

tc

dt
0�(t0)a(t0)3r(t, t0)3 , (17)

where

r(t, t0) =

Z
t

t0
dt

00 vw

a(t00)
(18)

is the radius at time t of a bubble emitted at t
0. The

precise definition of Tp varies across the literature. Here
we impose I(Tp) = 0.34 as discussed e.g. in Ref. [55]. An
alternative definition, leading to smaller Tp, is I(Tp) =
1 [56, 57]. We assume a constant value of vw, and we
obtain Tp = (0.993 ± 0.003)Tc for vw = 0.01 � 1 and for
both Tc = 50MeV and 100GeV, where the uncertainty
in Tp comes from varying c and only negligibly from vw.
We will discuss the wall velocity in more detail below. We
see that the ratios Tn/Tc, Tp/Tc are almost independent
of the critical temperature Tc. This is due to the strong
exponential dependence of �(T ) on T/Tc.

The parameter �/H describes the duration and the
number of nucleated bubbles the phase transition gener-
ates, and is evaluated when the phase transition has com-
pleted, i.e. at the percolation temperature Tp. For a fast
phase transition one can approximate � ⇠ exp[�(t� tp)],
and the inverse duration of the phase transition is given
by

�

H
= T

✓
dSB

dT

◆ ����
T=Tp

. (19)

We obtain �/H ⇠ O(105) (the exact values are sum-
marized in Tab. I), with an uncertainty of order 10%
stemming from vw, while the uncertainty from varying
c = 0.3�3 is of order O(1) and is indicated by the width
of the bands in our GW spectra in Fig. 3.

The next quantity that we need to compute is the
strength of the phase transition ↵, i.e. the amount of
energy released during the phase transition that is avail-
able to convert into the fluid motion of the plasma. We
define it as

↵ =
4

3

�✓

�w
=

1

3

�⇢� 3�p

�w
. (20)

where ✓ is the trace of the energy-momentum tensor, w
is the enthalpy, and � indicates that we take the di↵er-
ence of the corresponding values in the deconfined and
confined phases.

The enthalpy and trace anomaly are given by �w =
T ·�s and �✓ = 4F + T ·�s. We obtain ↵|Tp ⇡ 0.343,

↵ �/H (vw = 1) �/H (0.1) �/H (0.01)
Tc = 50MeV 0.343 9.0 ⇥104 8.6⇥ 104 8.2⇥ 104

100GeV 0.343 6.8⇥ 104 6.4⇥ 104 6.1⇥ 104

TABLE I. Values of �/H and ↵ for di↵erent wall velocities
and critical temperatures. All entities are evaluated at the
percolation temperature Tp = 0.993Tc.

with a O(10�2) relative uncertainty coming from the
variation in c in the evaluation of Tp, and an even smaller
dependence on Tc and on vw. Our result di↵ers from the
lattice one of Ref. [58] by roughly 10%, which we consider
to be a good estimate of the overall uncertainty on ↵.
The calculation of wall velocity vw in cosmological

phase transitions has received a lot of attention through-
out the years. An estimate of vw is typically obtained by
computing the transmission coe�cient of particles at the
bubble wall [27, 59–66], or can be understood from the
local thermodynamics properties of the plasma [67, 68].
In strongly coupled theories the problem becomes even
more complicated, and can be addressed using hologra-
phy in certain models [69–73].
Extrapolating the result of Refs. [70, 71, 73] to our

parameter range, we obtain vw ⇠ O(0.01). Even smaller
velocities are obtained in Ref. [14]. On the other hand,
Ref. [72] obtains a terminal bubble wall velocity of vw ⇠

0.3 in a 3+1 dimensional simulation of the bubble growth
in a regime of at least moderately strong supercooling.
Finally if one resorts to the Chapman-Jouguet formula
for the wall velocity we obtain vCJ ⇡ 0.867. Under these
circumstances, we treat the bubble wall velocity as a free
parameter and leave it for future work.
Fig. 3 shows our results for the GW spectra, together

with the expected sensitivity of future observatories. The
contours are evaluated by computing the e↵ective action
Eq. (14), varying c = 0.3 � 3. The dashed line corre-
sponds to c = 3, the dotted to c = 0.3, with c = 1 in
between. The variation of c a↵ects the GW spectrum
mainly through �/H.

Discussion: In this Letter, we report on the
first computation of the GW signal from the con-
finement/deconfinement phase transition in pure SU(3)
Yang-Mills theory using bottom-up holography. We use
the IHQCD framework which successfully reproduces
lattice results for the equilibrium thermodynamics of
this theory, and calculate the equilibrium and quasi-
equilibrium quantities of the phase transition relevant for
GWs. These are the energy budget ↵, the percolation
temperature Tp and the average bubble size compared
to the Hubble horizon �/H, which we obtain with O(1)
errors. Our calculation of �/H agrees up to O(1) with
previous estimates based on e↵ective models of low en-
ergy QCD [24, 26, 28].
The recent works of Refs. [77–79] also employ holo-

graphic techniques for studying phase transition dynam-
ics and the resulting GWs, however their holographic
models do not aim to quantitatively reproduce the be-
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GW spectrum 

First prediction for GW spectra  
of QCD-like dark sectors from  
holography 

▶ for  

▶ Some work remains 
(wall velocity) 

▶ Larger signal possible for 
larger  

▶ Agrees with estimates based  
on effective theories and lattice data  
(e.g. Halverson+ 2012.04071, Huang+ 2012.11614, March-Russell+ 1505.07109)

Nc = 3, nf = 0

Nc, nf
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FIG. 3. Gravitational wave spectra estimated with our e↵ec-
tive action for IHQCD and the projected sensitivity curves for
future GW experiments: Square Kilometer Array (SKA) [2],
µAres [74], LISA [1], DECIGO/BBO [3], Einstein Telescope
(ET) [75], and Cosmic Explorer (CE) [76]. For illustration, we
choose a critical temperature Tc = 50MeV and Tc = 100GeV,
and the contours denote vw = 1 (grey), vw = 0.1 (red) and
vw = 0.01 (blue).

haviour of known strongly coupled theories. Refs. [25, 34]
study the WSS model, which can reproduce qualitative
features of QCD. Refs. [80–82] also use holography to
model the phase transition of QCD-like theories, however
they do not calculate �/H and instead choose an opti-
mistic value. Our study suggests that their GW signal
predictions are grossly over-estimated because of this.

The resulting GW spectra are shown in Fig. 3. Even
for the most optimistic case of highly relativistic bubble
walls, the signal is out of reach for next generation GW
detectors. However, we expect a magnification of the
GW signals for larger Nc due to additional supercooling
from delaying nucleation by having additional degrees
of freedom. We intend to elaborate on this in future
work by utilizing the methods presented here for SU(3)
case to the SU(Nc) case. Additional questions left for
future work are the inclusion of flavor to study chiral
symmetry breaking/confinement, the glueball spectra for
Nc > 3 and the impact of an axion on the deconfinement
temperature.
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Summary

Confining dark sectors are interesting 

Predict additional phase transition in the early Universe 
▶ First order for many scenarios, without tuning of parameters 

PTA data hints towards a strong first order PT at the MeV scale, 
potentially in a dark sector  

Holography allows computation of PT observables also at strong 
coupling  

In general: GWs are a new window into the early Universe, with 
lots of data expected in near (PTAs) and far (LISA, ET) future 
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Thermal History
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Gravitational Waves?
Zoom into interesting region 

New window into early universe

29

e.g. 
Electroweak symmetry 
breaking 
Baryogenesis 
Dark matter production



Standard model

The hot early Universe sources GWs! 
▶ Classical picture: thermal fluctuations source tensor fluctuations 

▶ Quantum picture: gluon + gluon -> graviton 

30

From Ringwald,
Schütte-Engel, Tamarit, 2020

Original computations:
Ghiglieri, Laine, 2015
Ghiglieri, Jackson, Laine,  
Zhu, 2020



Dark QCD

Models I’m interested in here: 

Nonabelian SU(N) dark sector, confinement scale 

      light/massless flavours

31

⇤d

nf

nf = 0 nf > 0

Glueball DM 
 

PT from center 
symmetry restoration

Dark Baryons 
or Dark Pions 

Chiral Symmetry Breaking



Composite DM / Hidden Sector

32

GeV

TeV

asymmetry
sharing

annihilation

Xd

pD , . . .

⇡D , . . .

QCD dark QCD

⇡ , K , . . .

p , n
decay

⇤darkQCD

Bai, PS, PRD 89, 2014
PS, Stolarski, Weiler, JHEP 2015

many other works!
Similar setup e.g.: Blennow et al; Cohen et al; Frandsen et al;
Hidden Valleys: Strassler, Zurek;… 

• SU(N) dark sector 
with neutral  
“dark quarks”  

• Confinement scale 

• DM is composite 
“dark proton”



Confinement

Assuming asymptotic freedom, dark sector becomes 
strongly coupled at some scale  

This implies a phase transition in the early universe at 
 

Transition from deconfined  (dark )quark - (dark)gluon 
plasma to confined hadron or glueball gas  

Robust prediction of the scenario, with the details 
depending on few, often discrete, parameters!

Λ

T ∼ Λ
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