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Abstract: The High Altitude Water Cherenkov (HAWC) Observatory is a gamma-ray experiment currently under
construction at Sierra Negra in Mexico. When complete it will consist of a 22,000 square meter array of 300 water
Cherenkov detectors. Although HAWC is designed to study gamma rays from galactic and extra-galactic sources,
the large volume of instrumented water (each tank holds ∼200,000 liters) gives the opportunity to search for more
exotic species. One such target, predicted by several varieties of supersymmetric theory, is the Q-ball. Q-balls are
very massive, subrelativistic particles that can have a large baryon number and can be stable since their creation in
the early universe. They are also an appealing candidate for the dark matter of the universe, but their large masses
must mean their flux is very low. HAWC has a flexible data acquisition system which, with a dedicated trigger
algorithm for non-relativistic species, allows a search for Q-balls traversing the detector. The trigger algorithm and
sensitivity are presented here.
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1 Introduction to Q-balls
The Q-ball is an exotic form of matter predicted by super-
symmetric theory [1]. Named for its ability to carry a large
baryon number and its spherical shape, a Q-ball is a conden-
sate of the scalars available in supersymmetry, i.e., squarks,
sleptons, and Higgs fields. The mass of a Q-ball is depen-
dent on its baryon number [2]:
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where MS is the energy scale at which supersymmetry is
broken (an unknown parameter but generally assumed to be
within an order of magnitude of 1 TeV) and Q is the baryon
number carried by the Q-ball. The interaction cross section
is approximately equal to the physical size of the Q-ball:
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One estimate [3] based on the theory of their creation (dis-
cussed below) and taking into account some cosmological
requirements finds the most likely baryon number for Q-
balls around today to be around 1024 plus or minus a few
orders of magnitude. Given Eqs. 1 and 2 with MS = 1 TeV,
these Q-balls would have a mass of about 1019 TeV (or 20
micrograms) packed into the size of an atom.

The Q-ball is an example of what is known in field
theory as a non-topological soliton. This means that it is a
stable field configuration that has some conserved charge,
in this case baryon number. It could decay into normal
baryons but will not if it is energetically disfavorable to
do so. Considering Eq. 1, it is clear that as baryon number
increases, at some point the Q-ball will be less massive
than the same baryon number stored in protons. A simple
calculation gives an estimate of the stability condition:

Q > 1.6×1015
(

MS
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)4

. (3)

Therefore, if MS = 1 TeV, for example, a Q-ball must have a
mass over 1015 GeV (or a 25 mb cross section) to be stable.
If Q-balls meet this condition then they would be observable
in the present day and contribute to the dark matter. Their
large masses mean they could exist in the galactic halos
we observe for dark matter because they would not have
had time to relax into the disk. Just like models of halos
made of WIMPs, the Q-balls bound to the galaxy should
have a velocity distribution at the radius of Earth which
can be modeled by a maxwellian centered at 230 km/s [4].
However, to match the observed density of dark matter,
their flux must be very small, so only a detector with a very
large area would have any chance of detecting them.

The theory of the creation of Q-balls in the early universe
is called Affleck-Dine baryogenesis [5, 6]. The Affleck-
Dine mechanism is a natural consequence of supersymme-
try and inflation. This theory states that after inflation, the
universe consisted of a single, nearly uniform scalar con-
densate: one enormous Q-ball. Over time, small inhomo-
geneities caused the Affleck-Dine condensate to become
unstable and fragment. It is thought that the Q-balls thus
produced should be of a fairly narrow band of masses [7].
The fate of such Q-balls depends on the model of super-
symmetry and cosmology considered. They could then de-
cay into ordinary baryons and neutralinos or some could
decay while others remained stable. Either way, by provid-
ing a common origin for baryons and dark matter, Affleck-
Dine baryogenesis gives an explanation for the similarity
between the abundances of these two classes of matter in
our universe.

Q-balls can answer two of the most important questions
in astrophysics: “What is the dark matter?” and “What
is the origin of the baryon asymmetry?” Detection of Q-
balls is the only known way to confirm that Affleck-Dine
baryogenesis is correct, and obviously it is also the only
way to identify them as dark matter. Therefore, searches for
Q-balls with the most suitable detectors available today are
warranted.
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2 Q-ball Interactions
Q-balls are required to be so massive that they would not
lose an appreciable amount of their kinetic energy even if
they passed directly through a star. Neutron star material
is dense enough to stop a Q-ball, and some restrictions on
Q-ball theory based on the existence of undisturbed neu-
tron stars have been calculated [8]. However, a Q-ball pass-
ing through ordinary matter would interact frequently and
strongly. The interactions are a direct result of the fact that
the vacuum inside the surface of a Q-ball is distinct from
the rest of the universe, i.e., the rules of particle physics
are fundamentally different. The symmetry that governs the
strong force, known as SU(3)color, is broken in the interior
of a Q-ball. Therefore, when a Q-ball is incident upon a
nucleon, the nucleon and its constituents no longer feel the
strong force and the nucleon is dissociated into quarks. The
U(1)baryon symmetry is also broken inside a Q-ball. As a re-
sult, the quarks just released are temporarily indistinguish-
able from antiquarks. They then have a probability of order
one to be reflected from the Q-ball surface as antiquarks
with the Q-ball absorbing the difference in baryon number.
If the interaction was between a Q-ball and a single, lone
nucleon, the quarks would then hadronize into pions and
carry away the binding energy of the nucleon, about 1 GeV
[9].

In bulk matter, the additional particles available will
make the interaction more complicated. If the bulk matter
is water, for example, the important “scattering center” to
consider is an oxygen nucleus. In an interaction with such
a nucleus the Q-ball would destroy nucleons as described
above and create antiquarks. The antimatter would then an-
nihilate with the other nucleons in the nucleus. The end
result is equivalent to the annihilation products of the six-
teen nucleons in an oxygen nucleus. To first approximation
this would be on average 40 pions each carrying around
400 MeV, though of course other particles can and will be
produced.

This large deposition of energy is more than enough
to be detected by modern experiments if it occurs inside
our detectors and technical issues, such as background
suppression, can be overcome. As mentioned above, relic
dark matter Q-balls would be traveling at subrelativistic
speeds. Then the signature of a Q-ball is a slow moving
particle depositing a lot of light as it traverses a detector.
A small Q-ball with a cross section of 25 mb (the smallest
stable Q-ball) would deposit 1.34 GeV/m while a larger
one with a cross section of 600 barns (more likely) would
deposit around 32 TeV/m.

3 Previous Measurements
A number of experiments have searched for evidence of
Q-balls and established upper limits on their flux on Earth.
The current state of the field is defined by results from two
experiments: Super-Kamiokande II [10] and MACRO [11].

The Super-Kamiokande detector is broken into an inner
detector containing the majority of its fiducial mass and
instrumentation and an outer detector used to veto cosmic
ray muons. The measurement by Super-Kamiokande, which
used 541.7 days of live time, was made by requiring at
least two Q-ball interactions in the inner detector (with
appropriate cuts on timing and energy deposited) while also
requiring that few PMTs were hit in the outer detector to
remove muon events. This approach allowed them to set a

limit in the range of cross sections from 0.02 to 200 mb. The
muon cut limits their ability to probe higher cross sections
because a Q-ball of high cross section would deposit too
much energy in the outer detector. In addition, the way Q-
ball interactions were modeled for the Super-Kamiokande
analysis differs from that described above. They considered
only the interaction between a Q-ball and a single nucleon
(as opposed to an oxygen nucleus), which would produce
between one and three pions carrying a total of 1 GeV. They
then modeled the water as having a uniform density of
nucleons. Therefore, the energy deposited per unit length
would be the same as the model for HAWC, but the energy
released per interaction and the frequency of interactions
are different by a factor of 16.

The limit due to MACRO data is actually a reinterpreta-
tion of their limit on magnetic monopoles. This was done
in the Super-Kamiokande paper to have a point of compar-
ison for their limit, and they did the same with an earlier
magnetic monopole limit from Kamiokande. In their model,
a Q-ball interaction would have a very similar signature to
a magnetic monopole catalyzing nucleon decay, and this
measurement and analysis differs from HAWC’s for similar
reasons. Nonetheless, the above two limits are presented
in Fig. 1 below for comparison to HAWC’s sensitivity. Re-
gardless of differences in interaction models, it is reason-
able to expect that HAWC could set a stronger limit than
Super-Kamiokande or MACRO because of its greater size
(60 ktons of water compared to Super-Kamiokande’s 50
ktons) as well as it’s flat detector geometry, which gives
more effective area for a given volume.

It should be mentioned that a third limit on Q-ball
flux was made, but never published, by the AMANDA
experiment. The results are recorded in a Ph. D. thesis [12].
This measurement, too, differs from HAWC’s in that only
Q-ball velocities greater than 900 km/s were considered,
which is too fast for relic dark matter bound to our galaxy.
Finally, it is probable that IceCube, as the successor to
AMANDA, could perform a search for Q-balls but they
have not done so as of this writing.

4 The High Altitude Water Cherenkov
Observatory

The High Altitude Water Cherenkov (HAWC) observatory
is a gamma-ray experiment currently being constructed in
the mountains near Puebla, Mexico. As the successor the the
Milagro experiment, it is a second generation extensive air
shower array. It is being built at an altitude of 4,100 meters
a.s.l. and when completed will span an area of ∼22,000
m2. HAWC will be most sensitive to gamma rays from 100
GeV up to 100 TeV. With its wide field of view, HAWC
will scan about half the sky each day. In addition, the water
cherenkov technique allows HAWC to have a high duty
cycle, >90%. Therefore, HAWC is especially well suited
for galactic surveys and galactic and extra-galactic transient
detection, but will probe acceleration mechanisms of all
gamma ray sources in its energy range.

The completed array will consist of 300 optically isolated
water cherenkov detectors (WCDs), each holding∼200,000
liters of water. The WCDs are composed of cylindrical
steel tanks measuring 7.3 meters in diameter and filled
to a height of 4.5 meters. A WCD is instrumented with
four photomultiplier tubes on the bottom looking up: one
Hamamatsu R7081 high quantum efficiency PMT in the
center and 3 Hamamatsu R5912 PMTs positioned halfway
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to the edge of the WCD. HAWC’s modular design allows
the experiment to be operated well before construction is
complete. HAWC is taking data now with 95 WCDs and is
scheduled to be completed in the summer of 2014.

The data acquisition system consists of custom front-end
electronics boards which are being reused from the Milagro
experiment. The front end boards are used to shape the PMT
pulse and digitize the crossing times of the pulse over two
fixed voltage thresholds. The duration for which each pulse
was over the two thresholds, time over threshold (TOT), is
used as a proxy for pulse height, as the entire waveform is
not digitized. The edge times are fed into CAEN V1190
TDCs and processed by the on-site computing farm.

One of the most critical aspects of HAWC’s design
that allows for the search for Q-balls and other exotic
species, is the software trigger. HAWC’s 1200 PMTs will
generate an estimated 500 MB/s of raw data, which must
be reduced before it can leave the site. Only ∼20 MB/s
will be permanently recorded. To accomplish this, HAWC
employs a highly flexible and totally software-based trigger.
Although the standard trigger for air showers is based on
multiplicity of PMTs hit in a short time window (on the
order of a microsecond), other triggers can be run in parallel.
For example, fast reconstruction algorithms can be run
over signals with smaller multiplicity to recover smaller
air showers and improve low energy sensitivity. Custom
triggers for exotic species can also be utilized. Since Q-
balls are subrelativistic, the time scale of their interaction
must be very different from anything else that HAWC was
designed to detect. Therefore, a dedicated Q-ball trigger is
necessary.

5 Trigger Algorithm
HAWC’s trigger algorithm for Q-balls works as follows:
We require that at least three out of the four PMTs in a
WCD are hit above a threshold of 10 photoelectrons within
50 ns. This is called a tank hit and represents the potential
detection of one Q-ball interaction in the water. However,
that signature alone is not sufficient because it could be
mimicked by a muon striking a WCD and depositing a large
amount of energy. So, we must eliminate that background by
requiring multiple interactions. Many orders of magnitude
are allowed for the size of a Q-ball, but with a high enough
cross section (∼100 mb), a Q-ball passing through a WCD
would interact multiple times. Several muons can still hit
with timing that mimics a Q-ball signal, but of course it
would be rarer. Since the times of the hits are recorded and
the size of the WCD is known, we have an estimate of the
maximum speed of the potential particle. We can then cut
on this value to match the expected velocity distribution
for Q-balls. After adjusting for the motion of the earth, the
average measured velocity should be about 320 km/s. Then
the time for a Q-ball to cross a 7 meter WCD is on average
is 22 us. We want to account for Q-balls with low velocities,
so we look in a sliding time window of 86 us, which should
save over 98% of the expected distribution.

The n-fold coincidence rate of a single detector with a hit
rate of r in a time interval ∆t is given by Poisson statistics:

Rn =
r · (r∆t)n−1 · e−r∆t

(n−1)!
(4)

The rate of muons incident upon a WCD is on the order of
10 kHz. It is difficult to accurately estimate what fraction of

those muons would meet the conditions for a tank hit, but
the measured rate of such tank hits is about 1,850 kHz per
tank. Then using Eq. 4 gives an estimate of the background
trigger rate as a function of the number of hits required. To
reach an acceptable trigger rate we require at least six hits,
giving a calculated trigger rate of 0.0013 Hz per tank. This
matches well with the measured rate of 0.0014 Hz.

All PMT hits in the entire array are saved for several
milliseconds around a Q-ball trigger so that further recon-
struction can be done thoroughly. For example, if some of
the hits causing a Q-ball trigger were demonstrably associ-
ated with an air shower, they could be discarded. Further,
the timing and reconstructed locations of the interactions
can be checked to see if they are consistent with the slow,
straight track that a Q-ball should have.

6 Saturation Trigger
There is a limitation in the effectiveness of the above
trigger algorithm for Q-balls of very high cross section
due to the fact that such a Q-ball passing through a WCD
would be creating so much light that it would saturate
the electronics. Specifically, the interactions, and therefore
PMT pulses, would be happening so fast they would begin
to have a good chance of overlapping above ∼2 barns. As
mentioned above and shown below, cross sections in the
range of hundreds to thousands of barns seem to be the
most theoretically motivated sizes to look for. Therefore,
although it is clear that the previously described trigger will
not work here, we would like to be able to set a limit at
high cross sections if possible. To do so, we are currently
evaluating the possibility of triggering on the signature of
four saturated PMTs over a period of tens of microseconds.
We can mimic the fast pulses with a high frequency laser and
study the waveforms produced as well as the digital signal
from the front-end electronics. This scheme should work
unless the saturation mode of the PMTs is indistinguishable
from normal operation. Again, due to the software trigger,
all that would be needed is another piece of code to search
for appropriate signature.

7 Sensitivity
The sensitivity of HAWC to Q-balls can be estimated in a
straightforward manner. Since a Q-ball can pass through the
entire planet without being significantly affected, HAWC
can accept Q-balls from above, below, or the side. An esti-
mate of the effective aperture is then given by multiplying
the appropriate solid angles by the areas for the top, bottom,
and sides of the HAWC array. Adding these up gives an
aperture of (A ·Ω)e f f = 172,000 m2 ·sr. Using the standard
machinery for computing upper limits [13], the one-year
sensitivity of HAWC at 90% confidence level is:

2.3
172,000 m2 · sr ·1 yr

= 4.26×10−17 cm−2 · sr−1 · s−1.

(5)
As mentioned above, the standard trigger requires at least
six interactions in a single WCD which is very unlikely for
low cross sections. This means our sensitivity “turns on”
when it becomes likely to have at least six interactions in
a few meters of water. The probability of a Q-ball of cross
section σ interacting N times in a distance x is:

P(N) =
(xσn)N

N!
· e−xσn (6)
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Fig. 1: Estimated flux upper limit for HAWC with one year
of the full array taking data assuming no background, as
compared to current limits. The solid line indicates what can
definitely be done with the current Q-ball trigger algorithm
while the dashed line indicates cross sections which could
be accessible if the saturation trigger is viable. The blue
lines on the right show expectations from theory: if one
assumes all the dark matter is composed of Q-balls, then
the estimated dark matter density, velocity distribution, and
Q-ball mass can be used to calculate the expected flux. The
Q-ball mass can be written as a function of cross section
and the scale at which SUSY is broken. Since MSUSY is
unknown, the flux vs. cross section is plotted for two values
for illustrative purposes. The black triangle represents the
estimate mentioned in Sec. 1 where the details of Affleck-
Dine baryogenesis were considered it was required that the
correct baryon asymmetry we observe today is generated
[3].

where n is the number density of water molecules. The
probability of getting 6 or more interactions is then:

P(≥ 6) = 1−P(0)−P(1)...−P(5). (7)

Shown in Fig. 1 is HAWC’s sensitivity to Q-balls for one
year of the full array operating, in comparison to established
limits and a prediction from theory. This curve assumes that
all background triggers can be removed after reconstruction.
This is a reasonable assumption since there are many quan-
tities to discriminate with. Studies of minimum bias data
have shown that even the simplest approach, tightening the
cuts in the trigger algorithm, can eliminate the vast majori-
ty of background triggers. For example, the distribution of
maximum velocities for recorded triggers (assumed to be
background) is quite different from the velocity distribution
expected for Q-ball dark matter (see Fig. 2).

8 Conclusion
The High Altitude Water Cherenkov Observatory is taking
data now, and will continue to do so as the array grows
over the next year. HAWC is poised to provide us with an
unprecedented view of the sky in the energy range from
100 GeV to 100 TeV. The sensitivity and flexibility of
HAWC also allows us to study a number of fundamental
physical and cosmological questions. The Q-ball, as a dark
matter candidate and a potential explanation of the baryon
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Fig. 2: Velocity distributions measured from triggers and
expected velocity distribution for dark matter Q-balls. The
histograms have been scaled for ease of comparison.

asymmetry, is a theoretically well motivated target for a
search. HAWC will be able to set the strongest limit to date
over the range of cross sections to which it is sensitive, and
could potentially extend a limit into a region of parameter
space that has never been probed.
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