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High density QCD
• We live in the low density/

temperature hadronic phase 

• Current experiments are 
able to probe the high 
energy deconfined phase 

• Theoretical considerations 
imply the existence of high 
density superconducting 
phases
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Quark matter
• At densities a few times above nuclear the ground state 

energy may be lowered by forming quark Cooper just as 
with electron pairing in a conventional superconductor  

• Such a state has been considered in the context of 
neutron star interiors 

• If formed nuggets of quark matter may be stable over 
cosmological timescales  

• This idea was the basis for strangelet dark matter 
models



Quark nuggets
• A nugget of quark matter will 

carry a net positive charge which 
is balanced by a surrounding 
electrosphere of electrons  

• Similarly an anti quark nugget 
will be surrounded by a layer of 
positrons  

• This outer layer of leptons 
determines the majority of the 
thermal and emission properties 
of the nuggets and is well 
described by well known QED 
physics

Quark 
Matter

electrosphere

~10-5cm



Compact composite dark 
matter 

• Most traditional dark matter models rely on the introduction of a 
new fundamental particle which is weakly coupled to the 
standard model  

• CC models instead consider dark matter candidates 
composed of standard model particles bound in a novel phase 

• Quark nuggets are one such candidate with quarks and 
antiquarks bound in a high density colour superconducting 
phase  

• The dark matter in this model carries a baryonic charge (either 
positive or negative) but is in a non-hadronic phase 



• All observable astrophysical consequences scale 
with the cross-section to mass ratio which is 
proportional to |B|-1/3 

• All direct detection searches scale with the flux 
which is proportional to |B|-1 

• Consequently any known constraint may be 
avoided if the nuggets carry a sufficiently large 
baryon (or antibaryon) number



Nugget Formation

• At the time of the QCD phase transition an 
extensive set of domain walls may be formed 

• Numerical studies show that the collapse of this 
domain wall network may be capable of  
compressing the quark gluon plasma to sufficient 
density that it cools into a quark matter state



Baryogenesis as charge 
separation

• Strong CP violation associated with non-zero θ will 
occur at leading order across the domain wall 

• CP violation plus non-thermal evolution allows matter 
and antimatter to evolve differently 

• Once locked into a nugget quarks are no longer 
available for annihilation or to participate in BBN 

• Any baryon asymmetry in nugget formation is 
translated into the opposite asymmetry in the post 
phase transition plasma



Matter Content
• The relative efficiency of nugget formation for quarks and 

antiquarks will determine the resultant matter to dark matter 
ratio 

• The matter to dark matter ratio is observed to be ≈ 5:1 and we 
assume a universe with zero net baryon charge
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Interactions
• Nuggets of matter primarily interact through (rare) 

low energy scattering and will be very difficult to 
detect 

• Nuggets carry sufficient momentum that objects 
with standard atomic densities are typically unable 
to slow them significantly  

• Nuggets of antimatter can annihilate visible matter 
they encounter and present a much clearer 
observational signature



Nuclear annihilations
• The sharp surface of the quark 

matter makes reflection of 
incident protons or nuclei the 
most likely interaction 

• Annihilations typically produce 
jets of light (~10MeV) meson-
like excitations  

• The released energy is 
emitted primarily through 
thermal radiation from the 
electrosphere and through 
neutrino cooling p+
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Electron annihilation
• Electrons nearer the quark 

surface have higher momenta 
up to ~𝛼ΛQCD ~10MeV 

• At low moment annihilation 
produces a narrow 511 keV 
line 

• Electrons penetrating deep to 
near the surface will produce 
higher energy photons
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FIG. 3. Electron survival fraction, ne r /n∞ (16), of an in-
coming electron with velocities v 0.01c [leftmost light gray
(red) band], v 0.005c [middle (green) band] and v 0.001c
[rightmost dark gray (blue) band] from left to right, respec-
tively. The thickness of the bands includes a 10% variation
in the positronium annihilation rate (12). The local Fermi mo-
mentum pF is shown along the top and with vertical dotted
lines including the cutoff scale q 3.7 keV from (12). The yel-
low shaded Boltzmann region and the abscissa scaling are the
same as in the top of Fig. 1. Note that annihilation happens
well within the electrosphere, so the finite size of the nugget
is irrelevant.

the maximum penetration depth of the electrons. The
spectral density for direct e e annihilation at a given
chemical potential was calculated in [6]:
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where Ep p2 m2 is the energy of the positron in
the rest frame of the incident (slow-moving) electron
and ω is the energy of the produced photons. The anni-
hilation rate at a given density, Γdir nµ , is obtained by
integrating over allowed final state photon momentum.
This was previously done in the T 0 limit where the
integral may be evaluated analytically, at nonzero tem-
peratures the rate must be evaluated numerically.

C. Spectrum and Branching Fraction

To determine the full annihilation spectrum we first de-
termine the fraction of incident electrons that can pene-

trate to a given radius r in the electrosphere (see Fig. 3.
We then integrate the emissions over all regions.
Consider an incident beam of electrons with density

n∞ and velocity v. As they enter the electrosphere of
positrons, the electrons will annihilate. The survival
fraction ne r /n∞ will thus decrease with a rate pro-
portional to Γ r ΓPs r Γdir r which depends cru-
cially on the local density profile n µ r calculated in
Sec. IVB:
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Integrating (15), we obtain the survival fraction:
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This is shown in Fig. 3. One can clearly see that in the
outer electrosphere, positronium formation – indepen-
dent of v – dominates the annihilation. Once the density
is sufficiently high (pF 1 MeV), the direct-annihilation
process dominates, introducing a dependence on the ve-
locity v of the incident particle.
The initial velocity v 10 3c is determined by the

local relative velocity of the nuggets with the surround-
ing ism. This will depend on the temperature of the
ism, but the positronium annihilation rate is insensitive
to this. As we mentioned previously, most of the elec-
trons in the interstellar medium are bound in neutral
atoms, either as neutral hydrogen HI, or in molecular
form H2. (The ionized hydrogen HII represents a very
small mass fraction of interstellar medium.) These neu-
tral atoms and molecules will have no difficulty enter-
ing the electrosphere.
The remaining bound electrons that do not annihilate

through positronium will ionize once they reach denser
regions, and will acquire a new velocity set by a combi-
nation of the initial velocity v 10 3c and the atomic
velocity v α 10 2c imparted to the electrons as
they are ionized from the neutral atoms: The latter will
typically dominate the velocity scale. This only occurs
in sufficiently dense regions where the Debye screen-
ing discussed in Appendix B becomes efficient. Hence,
the electric fields will not significantly alter the motion
of the electrons after ionization. The direct-annihilation
process depends on the final velocity v; as the dominant
contribution comes from ionization, this will remain rel-
atively insensitive to the ism. During ionization, some
fraction (roughly half) of the electrons will move away
from the core, but a significant portion will travel with
this velocity v toward the denser regions.
Two other features of Fig. 3 should be noted. First

is the value of the survival fraction χ 0.1 at which
direct annihilation dominates [see Eq. 19]. This is the
value that was postulated phenomenologically in [6] in
order to explain the relative intensities of the 511 keV

Figure from Forbes, Lawson & Zhitnisky 2010 
http://arxiv.org/abs/0910.4541



Astrophysical constraints

• In low density astrophysical environments nuggets 
will have low (eV scale) temperatures and will 
contribute to the IR and radio backgrounds 

• The interaction rate between nuggets and visible 
matter scales with the collision rate ~∫d3r nvis σ nDM  

• The strongest signal will be from regions in which 
the dark and visible matter densities are both large



Astrophysical constraints
• We expect diffuse emission correlated with the 

galactic matter density across a wide range of 
frequencies from low energy thermal emission, the 
511 keV line and the MeV scale continuum 

• Nuggets with B~1025 will saturate the galactic 511 
keV emission 

• There will also be a contribution to the isotropic 
radio background from nuggets in the early 
universe



Direct detection constraints
• Large uncertainties remain in most astrophysical 

backgrounds so a ground based search is strongly 
complementary with astrophysical data 

• The nugget flux is too small to be detected by 
conventional dark matter searches  
Φ = nDM v ≈ (1024/B) km-2 yr-1  

• The strongest constraints come from large area 
detectors, at present the IceCube monopole 
search provides the strongest constraint



• Astrophysical constraints scale 
with the interaction rate:  

• Direct detection experiments 
scale directly with the nugget 
flux:  
 

• The exact details of the 
exclusion plot are dependent on 
the quark matter density and 
distribution of nugget sizes

Present constraints

• Direct detection limits 
are dominated by 
monopole searches

• Indirect limits come 
from lack of detection 
in both galactic diffuse 
emission and the 
isotropic cosmological 
background

Allowed parameter 
space

∫dr nDM σN v nvis = (σ/M) ∫dr ρDM v nvis ~ B-1/3 

Φ = ρDM v/M ~ B-1 



Summary
• Dark matter does not have to fall within the WIMP 

paradigm  

• A connection between baryogenesis and the dark 
matter offers an explanation for the similar scales of 
the baryonic and dark components ΩB≈ΩDM  

• Large collection area detectors can impose useful 
constraints on high mass dark matter candidates 


