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Outline

• Baryogenesis (matter/antimatter asymmetry) 

• Quark nugget dark matter 

• Astrophysical constraints 

• Direct detection constraints



Baryogenesis
• The observable universe is dominated by matter 

rather than antimatter 

• The process by which this asymmetry arises 
despite the CPT symmetry of the fundamental laws 
is called baryogenesis 

• The degree of baryogenesis determines the matter 
to photon ratio (ie. the amount of baryonic matter in 
the universe)



• Matter and dark matter exist at similar densities 
(ΩDM = 5Ωvis) but there is no established reason for 
this similarity 

• This may suggest a connection between 
baryogenesis and the origin of the dark matter 

• Can we build models in which baryogengesis and 
dark matter are fundamentally connected? 



Quark Nugget Dark Matter

• Rather than introducing a new fundamental particle 
we can explain the dark matter with standard 
model quarks and antiquarks in a novel phase 

• Dark matter interactions scale with the cross-
section to mass ratio so sufficiently dense and 
massive composite objects may avoid detection



Quark Matter
• At high densities the 

properties of QCD 
change dramatically 

• The ground state in the 
relevant regime is a 
colour superconductor 
in which quarks form 
cooper pairs 
analogous to those of 
a conventional 
superconductor

QGP

CS

hadronic

Density

Te
m
pe
ra
tu
re



Colour Superconductivity

• The specific pairing channel determines the 
ground state and the elementary excitations and 
many such channels are possible 

• Nugget properties are largely independent of the 
specific phase of quark matter realized in the core



Nugget Formation
• The required compression may be provided by the collapse of 

domain walls at the QCD phase transition 

• In this model “baryogenesis” proceeds through charge 
separation with antimatter preferentially locked into dense 
nuggets of quark matter 

• An analysis of these dynamics involves strongly coupled 
interactions far from equilibrium and calculations are highly 
model dependent 

• Once formed the nuggets essentially decouple from the 
surrounding plasma and will remain stable over cosmological 
time scales



Matter Content
• This model can account for matter and dark matter 

in the appropriate ratio within a universe with no net 
baryon number 

• All antimatter not bound into nugget form then 
annihilates away

One part  
hadronic matter

Two parts  
quark nuggets

Three parts  
antiquark nuggets



Physical Properties
• The resulting quark nuggets will be slightly above 

nuclear density 

• A combination of theoretical and experimental 
considerations suggests 1025<B<1033  
(ie. 1g<M<1000 tons, 10-5<R<10-2) 

• The interactions of the nuggets are primarily 
determined by their surface layer



The Electrosphere
• The central quark matter will carry a net 

charge due to the quark mass splitting 

• This charge is shielded by a layer of 
electrons (or positrons in the case of an 
antiquark nugget) 

• Emission from the nuggets is primarily 
from the outer layer of the electrosphere
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• Near the quark matter 
surface the positrons 
are strongly bound 
with energies 
E~10MeV  

• Further from the 
nugget the central 
charge is screened 
and the electrosphere 
smoothly extrapolates 
to vacuum with the 
outer positrons being 
only weakly bound 

2.3. Charge equilibrium

Figure 2.2: Radial density profile of the electrosphere of a quark nugget.
The positron density in Bohr units are shown for nuggets with baryon num-
ber 1020 (red), 1024 (black) and 1033 (blue). The solid curves assume a
nuclear density core while the dashed curves assume a density 100 times
larger than nuclear. The thick black band is the density profile neglecting
nugget curvature. The cyan curves show the relativistic (dotted) and Boltz-
mann (dot-dash) approximations discussed in the text. The yellow band
indicates the region from which the microwave emission discussed in section
3.2 originates. The upper two curves give the annihilation rate of incident
electrons relative to the maximum positronium formation rate. These rates
are used to establish the relative emission strengths as discussed in chapter
4. Figure taken from [40].
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Indirect Detection
• Interactions between the nuggets and surrounding matter 

are suppressed by the geometric factor σ/M but are not 
inherently weak  

• In regions of sufficient visible matter density the nuggets 
may have observable consequences 

• These consequences will be determined by the radiative 
properties of the nuggets 

• In most of the following I will focus on antiquark nuggets as 
they have the most pronounced observational 
consequences



Electron Annihilation
• Far from the nugget the average positron 

momentum and incoming electrons annihilate 
mainly through an intermediate Ps bound state 

• This process results in a narrow 511 keV line and 
and associated three photon continuum 

• Ps formation is a resonance process and is 
responsible for the majority (~90%) of annihilations



• The few (~10%) incident electrons which survive 
into the high density regime of the electrosphere 
annihilate with tightly bound positrons producing a 
broad continuum across the 1-20 MeV range 12

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]:

dI ω, µ
dωdt dnp µ vp µ

dσ p,ω
dω

(13)

d3p
2π 3

2
1 e µ Ep /T

p
Ep
dσ p,ω
dω

dσ p,ω
dω

πα2

mp2
3m Ep m Ep
m Ep ω 2 2 (14)

1
ω 3m Ep m Ep 2 m

ω
2 m Ep 2

m Ep ω 2 ,

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:

dne r
dt v 1 dne r

dr Γ r v 1ne r . (15)

Integrating (15), we obtain the survival fraction:

ne r
n∞

exp
∞

r
dr v 1Γ r . (16)

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

http://arxiv.org/abs/0910.4541


Galactic Observations
• A stronger than expected 511 keV line is observed in the 

diffuse emission from the galactic centre 

• The unknown origin of this line makes it difficult to 
constrain any contribution from quark nuggets  

• A nugget population with B~1024 would saturate the 
observed 511 line strength imposing a lower limit on 
baryon number 

• Uncertainty in cosmic ray propagation models prevents us 
from improving this constrain significantly with higher 
energy MeV data in the 1-20MeV range



Proton Annihilation
• Protons annihilate within the quark matter and the energy 

released is rapidly thermalized within the nuggets 

• This is the primary mechanism heating the antiquark 
nuggets and the thermal energy is emitted as low energy 
photons from the outer layers of the electrosphere 

• x-ray emission may be generated by annihilations very 
near the surface but is strongly suppressed relative to 
low energy thermal emission diffuse emission 
measurements of galactic x-rays do not improve on the 
electron annihilation bounds



Thermal Emission
• As the emitted photons are not in equilibrium with 

the positrons the spectrum differs from a typical 
black body spectrum  

• At typical galactic densities the nuggets will have 
an emission spectrum that extends from the 
infrared down to microwave frequencies 

• Below ~1GHz the spectrum is cut off by many 
body effects resulting in very little radio emission



Galactic Microwave 
Emission

• Across most of the spectrum diffuse emission from 
the nuggets is easily lost in the galactic 
background but it becomes potentially observable 
at microwave frequencies ~50GHz 

• A nugget population with B~1025 would saturate 
galactic microwave “haze”emission near the 
galactic centre (assuming a cusped DM profile)



Early Universe
• Nugget thermal emission from 

z~1100 can make a significant 
contribution to the isotropic 
radio background potentially 
exceeding CMB emission at 
low frequencies 

• Again the constraints on the 
order of B~1025 but in this case 
there is large uncertainty 
related to late time structure 
formation 
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FIG. 1. Predicted antenna temperature assuming a mean
quark nugget baryon number B ⇠ 1025 and a nugget temper-
ature of 0.2eV at the time of cmb formation. Also plotted are
the data points from the radio band observations cited in the
text. The insert is a close up on the Arcade2 data points for
which an excess, above the CMB, is observed.

contribution to the radio background is several orders
of magnitude below that of the thermal cmb spectrum.
However the cmb spectrum falls of at frequencies below
peak much faster than that of the nuggets such that, at
frequencies below roughly a Ghz, they come to give the
dominant contribution to the isotropic radio background.
As such the presence of dark matter in the form of quark
nuggets o↵ers a potential explanation of the radio excess
observed by arcade2.

We emphasize that the only fitting parameter, T
LS

en-
tering the final result presented in Fig.1 is not really a
free parameter, and in principle can be computed as it is
determined by the conventional well-established physics.
We presented the order of magnitude estimate T

LS

⇠ 1
eV, and the fit plotted on Fig.1 is consistent with this es-

timate. One should add that this dark matter proposal
may explain a number of “apparently unrelated” puz-
zles. All these puzzles strongly suggest (independently)
the presence of some source of excess di↵use radiation in
di↵erent bands ranging over 13 orders of magnitude in
frequency. The new element which we advocate in this
paper is that the same dark matter model which o↵ers a
source for these previously discussed excesses of di↵use
emission can also explain that observed by arcade2 in
radio bands. In this case the emission originates pri-
marily from very early times with z ⇠ 103 in contrast
with our previous applications which have analyzed only
present day galactic emissions.

Finally, what is perhaps more remarkable is the fact
that the key assumption of this dark matter model, the
charge separation e↵ect reviewed in section IIA, can be
experimentally tested in heavy ion collisions, where a
similar CP odd environment with ✓ ⇠ 1 can be achieved,
see section IV in ref.[33] for the details. In particular, the
local violation of the CP invariance observed at RHIC
(Relativistic Heavy Ion Collider)[34] and LHC (Large
Hadron Collider)[35] have been interpreted in [33, 36, 37]
as an outcome of a charge separation mechanism in the
presence of the induced ✓ ⇠ 1 resulting from a collision.
The di↵erence is of course that CP odd term with ✓ ⇠ 1
discussed in cosmology describes a theory on the horizon
scale, while ✓ ⇠ 1 in heavy ion collisions is correlated on
a size of the colliding nuclei.

ACKNOWLEDGEMENTS

We are thankful to Roberto Lineros, Nicolao Fornengo,
Marco Regis and Marco Taoso for correspondence on
questions related to the clustering and structure forma-
tion. This research was supported in part by the Natural
Sciences and Engineering Research Council of Canada.
KL is supported in part by the UBC Doctoral Fellowship
program.

[1] D. Fixsen et al., The Astrophysical Journal 734 (2011).
[2] A. Rogers and J. Bowman, The Astrophysical Journal

136, 641 (2008).
[3] K. Maeda, H. Alvarez, J. Aparici, J. May, and P. Re-

ich, Astronomy and Astrophysics Supplement 140, 145
(1999).

[4] C. G. T. Haslam et al., Astronomy and Astrophysics
100, 209 (1981).

[5] P. Reich and W. Reich, Astronomy and Astrophysics
Supplement 63, 205 (1986).

[6] M. Sei↵ert et al., The Astrophysical Journal 734 (2011).
[7] N. Ysard and G. Lagache, (2012), arXiv:1209.3877.
[8] J. Singal, L. Stawarz, A. Lawrence, and V. Petrosian,

MNRAS 409, 1172 (2010).

[9] N. Fornengo, R. Lineros, M. Regis, and M. Taoso,
Phys.Rev.Lett. 107, 271302 (2011).

[10] N. Fornengo, R. Lineros, M. Regis and M. Taoso, JCAP
1203, 033 (2012) [arXiv:1112.4517 [astro-ph.CO]].

[11] D. Hooper et al., (2012), arXiv:1203.3547.
[12] N. Fornengo, R. A. Lineros, M. Regis and M. Taoso,

JCAP 1404, 008 (2014) [arXiv:1402.2218 [astro-ph.CO]].
[13] E. Witten, Phys. Rev. D 30, 272 (1984).
[14] A. R. Zhitnitsky, JCAP 10, 010 (2003), arXiv:hep-

ph/0202161.
[15] D. H. Oaknin and A. Zhitnitsky, Phys. Rev. D 71, 023519

(2005) [hep-ph/0309086].
[16] K. Lawson and A. R. Zhitnitsky, Cosmic Frontier

Workshop, SLAC 2013. Snowmass 2013 e-Proceedings,
arXiv:1305.6318 [astro-ph.CO],

Figure from Lawson & Zhitnisky 2013 
http://arxiv.org/abs/1210.2400 

data points from Arcade 2 (Fixsen et.al 2011)

http://arxiv.org/abs/1210.2400


Direct Detection
• Large uncertainties remain in the astrophysical 

backgrounds making a clear dark matter signal 
difficult to separate from conventional astrophysics 

• Astrophysical observations are strongly 
complemented by ground based direct detection 

• We may estimate the nugget flux based on the 
local dark matter density:

Φ = nDM v ≈ (1024/B) km-2 yr-1



• Astrophysical constraints scale with the interaction 
rate:  

• Direct detection experiments scale directly with the 
nugget flux: 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 



Current Constraints
• The most unambiguous  limits 

come from non-relativistic 
monopole searches (MACRO, 
Lake Baikal, IceCube)  

• The nuggets travel at galactic 
velocities v~200km/s making them 
a difficult target for large scale 
detectors which typically use 
timing cuts to focus on objects 
moving at the speed of light

6.5. Geosynchrotron emission

Figure 6.6: Laterally integrated flux of particles recorded at the earth’s
surface as a function of time. Here the nugget is taken to strike the surface
at t = 0.

is a promising addition to hybrid detectors as it can operate with a much
higher duty cycle than fluorescence detection, which requires clear moonless
nights, and is sensitive to many of the same air shower properties. As such,
there are several experiments currently operating which use radio detection
to study cosmic ray showers [24, 59, 65]. As with the case of fluorescence
and surface detection, large scale radio detection arrays also have the ability
to set strong constraints on the flux of quark nuggets. This section will out-
line the basic mechanisms by which the radio band signal is generated, and
then use those properties to extract the basic observable quantities associ-
ated with such a shower. The results presented here are based on original
research published in [77].

The earth’s magnetic field near the surface has a strength in the range
of a few times 10µT. For this field strength a muon will undergo circular
motion with a frequency ⇣B = eB0/mµ  104 s�1. The muon will only
follow this path until it decays, and since the product of this frequency with
the muon life time is small ⇣B�µ ⌦ 5 ⇤ 10�2 we can simplify the problem
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Nugget Induced Air 
Showers

• An antiquark nugget crossing the atmosphere will 
be heated to a surface temperature at the keV 
scale and emit substantial amounts of ionizing 
radiation 

• These showers evolve with atmospheric density 
rather than depth and thus develop very near the 
earth’s surface



Neutrino Production
• The annihilation of a proton or neutron within the quark 

matter releases ~2GeV of energy mostly in the form of light 
“mesons” 

• The energy of mesons within a colour super conductor is 
an order of magnitude below their vacuum value 

• These mesons rapidly undergo multiple scatterings 
becoming non-relativistic before they decay producing a 
neutrino 

• Some small fraction of very near surface annihilations may 
produce higher energy neutrinos



Neutrino Spectrum
• Unlike all other possible detection channels 

neutrino emission is sensitive to the phase of quark 
matter realized in the core (through the light meson 
spectrum and the average proton penetration 
depth) 

• As the mesons decay essentially at rest we expect 
relatively narrow neutrino emission lines from two 
body weak decays



Neutrino Constraints
• SuperK strongly constrains the solar neutrino flux above 20MeV 

which sets an effective limit of the lightest modes of any allowed 
quark matter phase 

• At lower energies neutrino production by conventional solar 
processes dominates over any possible nugget contribution 

• Solar processes do not produce antineutrinos so experiments 
which independently tag neutrinos and antineutrinos can place 
important limits of both the total solar capture rate and the 
meson masses with in the nugget core 

• The strongest neutrino constraints will actually come from 
improved statistics at lower energies



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

paradigm  

• There are a number of high mass composite 
models (including the one presented here) not 
accessible to conventional dark matter searches or 
collider search programs 

• Large scale astroparticle physics experiments offer 
the strongest potential to test this class of models


