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Dynamical Explanation of the Dark Matter and Baryon Energy Density Coincidence
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The near equality of the dark matter and baryon energy densities is a remarkable coincidence, especially
when one realizes that the baryon mass is exponentially sensitive to UV parameters in the form of
dimensional transmutation. We explore a new dynamical mechanism, where in the presence of an arbitrary
number density of baryons and dark matter, a scalar adjusts the masses of dark matter and baryons until the
two energy densities are comparable. In this manner, the coincidence is explained regardless of the
microscopic identity of dark matter and how it was produced. This new scalar causes a variety of
experimental effects such as a new force and a (dark) matter density-dependent proton mass.
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Introduction.—The large hierarchy between the proton
mass and the Planck scale was a cause of great conster-
nation back before QCD was first discovered. Eventually, a
beautiful and elegant solution to this problem was discov-
ered in the form of dimensional transmutation. The QCD
confinement scale, which determines the proton mass, is
exponentially sensitive to UV parameters. An O(1) number
that happened to be ~10 is exponentiated giving the 18
orders of magnitude difference between the proton mass
and the Planck scale.

The measured dark matter energy density (2. = 0.26)
and baryonic energy density (€, = 0.05) are within a
factor of ~5 of each other [1]. This coincidence is
extremely surprising given the extreme sensitivity of the
proton mass (and hence Q) to O(1) numbers as well as the
strong sensitivity of production mechanisms to various
parameters. Because of this, it is extremely surprising that
Q,, is within a factor of 5 of Q.. In this Letter, we seek to
solve this coincidence problem.

Historically, the coincidence Q. = 52, has had only a
single class of solution, whose general approach is as
follows [2]. First, a cosmological history is chosen such
that the number densities of dark matter and baryons are
approximately equal, np = npy;. Typically, this is done via
a Z, discrete symmetry [3,4] or by a shared asymmetry
between dark matter and baryons [5-10]. Second, the
masses of the proton and dark matter are set to be
approximately equal, m, ~ mpy. This second step is
typically ignored, but it can be accomplished by either a
broken discrete symmetry [11-16], unification [17],
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coupled CFTs [18-20], or sometimes simply by fiat.
Alternatively, the previous starting point can be modified
to include correlated deviations in the mass and number
density while maintaining the product [21].

In this Letter, we take a new approach to this coincidence
problem. We posit that the proton mass and the dark matter
mass both depend on the expectation value of a scalar and
when this scalar reaches its minimum energy configuration,
it sets the total energy density of baryons and dark matter
approximately equal. While the details of the model we
consider are given in the sections on “Toy model and
cosmology” and “Standard model example and cosmo-
logy,” it is simple to see how the mechanism works.
Because of dimensional transmutation, the proton and dark
matter mass depend on a scalar ¢ as

my(¢) = m,(0)er?//, mpm(¢p) = mpy(0)e=>?/7.
In the nonrelativistic limit, the finite density potential for
the scalar is

V(p) = m,(¢)ng + mpym(h)npm

so that at the minimum

W) _ oo _ 5 o),
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As long as the potential for ¢ is dominated by the energy
density of baryons pp and dark matter ppy;, it will relax the
system to a state where the energy densities of the two are
comparable, regardless of initial conditions.

Our new approach has many observational conse-
quences. Our mechanism does not just adjust ppy ~ pp
cosmologically but also inside of stars and planets, thereby
giving the proton mass a dark matter density and normal
matter density dependence. This effect is so severe as to
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exclude the simplest implementation of the model forcing a
small modification described in the section on “Standard
model example and cosmology.” Aside from a density-
dependent proton mass, ¢ mediates an attractive fifth force
between baryons, a repulsive new force between baryons
and dark matter, and an attractive new force between dark
matter.

In the section on “Toy model and cosmology,” we
present a toy model and its cosmology that highlights
our mechanism. We write down a standard model version
of the toy model and elucidate its cosmology in the section
on “Standard model example and cosmology.” We discuss
the constraints on our model in the section on “Bounds.”
Finally, we end with the “Conclusions” section.

Toy model and cosmology.—We first discuss a toy model
to highlight our relaxation mechanism and its associated
cosmology. The star of the show is a scalar ¢ that controls
the mass of a baryon (B) and a dark matter (D) via
dimensional transmutation. We couple ¢ to our two
sectors as

N f PrCh o _ﬂDCD o
‘Ctoy - f (32”2 GB 3271,2 GD . (1)

Gp p are the field strength of confining sectors determining
the mass of their respective particles and S p their beta
functions. The linear coupling of ¢ to Gpp shifts their
gauge couplings, and due to dimensional transmutation,
this translates to a change in their corresponding confine-
ment scales

mg(p) = Ap(9) = AB(0)€C”¢/f,
mp(¢) = Ap(¢p) = Ap(0)e=r?/7,

where for simplicity, we have taken masses of the particles
of interest equal to their confinement scale. One could
equally well consider other dark matter particles, e.g.,
axions, where their mass is proportional to the square of the
dark confinement scale, m, ~ Ap(¢)?/f..

We will be interested in the evolution of ¢ and the
confinement scales as a function of time. An example of
how the confinement scale changes as a function of time is
given in Fig. 1. The equation of motion we will be
considering is

¢+ 3Hp = —CTBm%e"B‘/’/an + CTDm%e‘CD‘/’/an. (2)

Without the loss of generality, we shifted ¢ so that the
minimum of the potential is located at ¢p = 0. We assume
that baryons and dark matter have already been produced
and are a nonrelativistic subdominant energy density to
whatever drives the expansion of the universe. For sim-
plicity, we will assume that the starting value of Ay is larger
than its final value so that Ay (Ap) is relaxed to a smaller

b
<
time
FIG. 1. An example log-log plot of how the confinement scale

evolves as a function of time in our toy model. Initially, while ¢ is
extremely overdamped, the confinement scale Ap does not
change. After a while, a pseudo slow-roll with mg ~ H occurs,
and the confinement scale relaxes with time. Eventually, it
reaches its minimum where pg ~ pp, and it starts to oscillate
around the minimum with a rapidly decaying amplitude.

(larger) number. In what follows, we specialize to a
radiation-dominated universe only occasionally leaving
comments on what changes as one varies the equation
of state.

As is standard, the evolution of ¢ can be characterized by
an underdamped and overdamped state. Because of our
assumption that baryons start off heavier than their final
value, the mass of ¢ is dominated by the baryon’s
contribution giving

2
c :
mg = V" zf—gm%ecﬁ¢/fn3. (3)

If initially H > m,, then ¢ is frozen in place until H ~ my,
where it enters a pseudo slow-roll regime. Unlike the usual
slow-roll scenario, ¢) and ¢ terms in the equation of motion
are equally important. The mass of ¢ will change as a
function of time, ensuring that H ~ m, for a prolonged
period of time.

The second scenario is the underdamped fast roll regime
where H < my. In this scenario, ¢ oscillates quickly in
time. Depending on the amplitude of the oscillation, the
exponential form of the potential may play a critical role in
changing how various energy densities dilute as a function
of time. Our analysis will be done in the limit where,
despite the large oscillation of the QCD and dark confine-
ment scales, dark matter and baryons both remain
nonrelativistic.

Pseudo slow roll:  If my < H, ¢ is essentially frozen in
place. Once my ~ H, ¢ to a good approximation follows
the trajectory a(t) exp [cg(¢/f)] = const. We can find the
value of the constant by changing variables in the equation

of motion to x = [a(t)/a(t;)] exp [cg(qb/f)]

201001-2



PHYSICAL REVIEW LETTERS 132, 201001 (2024)

(1) (x(0))? O _ oy
0 (x(t)> +3H(t)x(t) H(t)
+ ?B - (58.)))_1)6(0 =0, )

where we neglected the contribution from the dark sector.
Since we are looking for a static solution, we can neglect
terms that involve derivatives, leading to a prediction

2 2
x(t) = LG const = my(1) = Hp). (5)

czmpnp(t;)
From this, we see that Ag() ~ a(t)~!, so that the confine-
ment scale decreases like temperature [22]. Eventually, ¢
nears its minimum, and the approximation of neglecting
dark matter’s contribution to the ¢ equation of motion fails.
After crossing the minimum of the potential at ¢ =0, ¢
oscillates as an underdamped harmonic oscillator, as
described in the next subsection.

We next estimate the kinetic energy of ¢ during pseudo
slow-roll. We use the relation

¢_f<x_H(,)>,z—H(t), (6)

Cp \X Cp

neglecting the small (x/x) term to estimate the kinetic
energy of ¢ as

L., fPH(@)?*  mg(1)ng(1)
2= 23 2 )

from which we see that during our pseudo slow-roll the
kinetic energy in ¢ is comparable but slightly subdominant
to the energy density in baryons.

Underdamped regime: When my 2 H, ¢ oscillates
quickly around its minimum. The energy in ¢ redshifts
differently depending on if the amplitude of the oscillation
obeys ¢ < f/cg or 2 f/cp.

For small amplitudes, as is the case when one transitions
into this regime from pseudo slow-roll, ¢ behaves as a harmo-
nic oscillator with a time-dependent mass. As is standard,
using the WKB approximation we find p, a=/* coming
from a combination of m,, & a=¥? and ny ~ a=>.

For large amplitudes, we find numerically that pj +
pg « 1/a’ while the amplitude of the oscillating confine-
ment scale decays as Az ~ 1/a’. As this behavior results in
wildly oscillating confinement scales, potentially invali-
dating the nonrelativistic approximation, we will not
consider this limit further.

Standard model example and cosmology.—There are
two main differences when generalizing the previous
example to the standard model (SM). The first difference
is that it is not possible to only adjust the QCD scale as loop
effects will result in ¢ adjusting other things such as electric

charge. At the loop level, the SM plasma energy density
depends on the fine structure constant, and this gives a large
temperature-dependent potential for ¢ that is potentially
larger than the contribution coming from baryons, see
Supplemental Material [23] for a more quantitative descrip-
tion of this problem. We will solve this problem with an
entropy dump. The second difference is that the model, as
previously written, is excluded by measurements today as it
gives the proton an unacceptably large density dependence.
This problem is solved by a combination of a bare potential
with the aforementioned entropy dump.
The Lagrangian that we consider is

L= Ltoy + Lo+ ‘Centropy‘ (8)

Loy is given by Eq. (1) with the baryonic confinement scale
replaced by the QCD scale. £ is a potential for ¢

Ly = Agcos (;g + 9> : 9)

Meanwhile, our entropy dump can take any form, but for
concreteness, we take

Eenlropy = K(I)EHHT s ( 1 O)

where a heavy (heavier than a TeV) mass scalar @ reheats
the SM via decays into the Higgs boson.

A pictorial representation of our cosmological history is
shown in Fig. 2. There are four energy densities that are
important. First, there is the relativistic species ®, which
dominates the energy density at early times and whose
decays reheat the standard model and provide an entropy
dump. Second, there is A%, which is the bare potential for ¢.
Third, there is the energy density in baryons pp, which
dilutes like radiation while the QCD scale is being scanned
and later decays away like matter. Finally, there is the
thermal energy density in the SM that is not in the rest mass
of the baryons, pgy.

Let us first give a word-level explanation of our
cosmology. Initially, m, << H and no relaxation is taking
place. At a scale factor a;, the QCD scale begins to
be adjusted in a radiation-dominated universe so that
Agcp ~ 1/a(t). Eventually, at a scale factor dy,, the
QCD scale reaches its minimum where pp =~ S5pp. At a
scale factor ag 2 dyeay the AJ potential becomes important,
preventing any further relaxation and fixing pp ~ S5pp in
stone. A little bit later, at Aeq 2 A, the potential from the
thermal bath of the SM becomes equal to that of the
baryons. Finally, at a scale factor agy, the entropy dump
concludes, and the SM is fully reheated and becomes the
dominant energy density in the universe [29].

In what follows, we give a more detailed description of
the cosmology. For simplicity, we will discuss our cosmo-
logical history in the context of a single data point while
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FIG. 2. An example of the cosmological history we are
interested in is shown on a log-log scale. In orange, we have
the energy density of the relativistic particle @, which decays at
a scale factor agy, reheating the standard model and providing an
entropy dump. In blue, we have the bare potential for ¢p which
becomes important when Ag ~%{b2 < pp- In the dashed black
line, we have the energy density in baryons. Initially, it decays
away as a . At a scale factor, a;, my ~ H and it decays as a=* as
the QCD scale is being adjusted to its final value. At a scale factor
Aax> the QCD scale reaches its final value while at the scale
factor a, ¢ falls into its nearest density independent minimum.
Finally, in a solid black line, there is the thermal energy density of
the standard model. Initially, the energy density falls as a~! as it is
being constantly replenished by early decays of ®,. At a scale
factor agq, its energy density overtakes that of the baryons.
Finally, after reheating, it falls like radiation.

being slightly cavalier about O(1) numbers [30]. The scale
factors will be related to each other as a; = 1 x 10~ agy,
retax = 1 X 10agy, ag =2 x10"%agy, and aqq = 2X
10~*agy. We will take Ty = 10 MeV. The initial value
of the proton mass is 100 GeV and relaxes to 1 GeV [31]. In
order for relaxation to start at a;, my = H at that time gives
f/cp = 1.6 x 10'2 GeV. With an eye on constraints and
since F has to be small enough to scan the QCD scale, we
take F = 3 x 10% GeV. Finally, we take A, = 100 MeV.
A summary of some of the energy densities and their values
at different times is shown in Table 1.

po,: We take as our initial conditions a universe
dominated by a relativistic species ®g. This can occur in
a number of ways, e.g., if the inflaton decayed into @. It is
important that @ is relativistic so that its energy density
dilutes away as radiation since the QCD scale is relaxed as
Aqcp ~ 1/a (Agep ~ const) in a radiation (matter) domi-
nated universe.

We take the mass of @ to be Mg, = 10 TeV. Given a
boost y, its lifetime is

K2

r=——. 11
4nM e,y (11)

TABLEI. Some of the relevant quantities for our example data
point at the three interesting times: when the QCD scale starts to
relax, when it stops relaxing, and when the standard model is
reheated.

Initial Relax Reheat
a 1 x 1077 agy 1 x 10 agy ary
Po, 1 x 10® TeV* 1 TeV* (10 MeV)*
Psm 1 x 107! GeV* 1 x 1073 GeV* (10 MeV)*
m, 100 GeV 1 GeV 1 GeV
ng 2 x10° GeV? 2x 107! GeV? 4 x 1077 MeV?

The universe is reheated when I'(z) = H(t) at a scale factor
agy. At this time, the energy density in @y decays away,
and the SM becomes the dominant energy density in the
universe. For our choice of parameters, the reheating
temperature of the universe is Ty = 10 MeV with
k~ 1077 GeV and y = 10° at decay.

Aj: The bare potential for ¢ is always present. It
becomes important when the kinetic energy of ¢ is no
longer able to take it over the Ag sized barrier. This can
occur during relaxation when A$~1¢? ~pp, or it can
occur afterward as the kinetic energy of ¢ rapidly redshifts
away. As long as 2zF < f/cp, then there will be a
minimum close by where pp ~ 5pp.

pp: The energy density in baryons behaves in a manner
described in the previous toy model. Initially, it is diluting
away as matter when my < H. At a; the QCD scale starts
to relax as 1/a(t) so that pg ~ 1/a(t)*. Relaxation finishes
at a scale factor a,.,y, and afterward the baryons dilute like
normal nonrelativistic matter pg ~ 1/a(t)>.

pp: Dark matter has more freedom than baryons as it is
not important to the dynamics of ¢ until a@,,,. The simplest
cosmology involves dark matter already being present
before a;. Initially, while ¢ is still frozen out, dark matter
dilutes away as a~>. At a; the dark confinement scale rises
as a0/ ~ a%? so that pp, ~ 1/a(t)>8. Again, at d,.,,, dark
matter returns to diluting away as cold dark matter.

psm:  The last piece of the puzzle is the temperature of
the SM. As described in Supplemental Material [23], a
nonzero temperature of the SM gives a temperature-
dependent potential that scales as 107°T* (or even larger
if particles such as pions are present) that prevents
relaxation if it is larger than pg. As such, we require that
all relaxation occurs before pgy ~ pp gIVING deq 2 Arejax-

We take as initial conditions that pgy; << pg. This can be
obtained through extremely efficient baryogenesis models
such as Affleck-Dine baryogenesis where Y ~ 10° [32] or
simply by allowing for some red shifting so that matter
eventually overtakes radiation.

The thermal energy density in the SM cannot be set
arbitrarily small as early decays of @ will give the SM a
minimal temperature. This temperature is easily solved for
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using energy conservation, but a simple parametric estimate
can be obtained using the energy deposited into the SM
during a single Hubble time

I'(z)

mﬂ%, (12)

psm(t) ~

giving an energy density that falls in time as 1/a(¢).

Bounds.—Neutron star: While the potential in Eq. (2)
works in the early Universe, it will fail today as any
macroscopic body is many orders of magnitude denser than
the average cosmological density. As a result, we would
end up with much lighter protons inside macroscopic
bodies than in the vacuum. The most extreme example
that we need to clear is the neutron star, pys ~ (100 MeV)*.
Taking into account the bare potential for ¢, the potential
inside of a neutron star is approximately

V = pns €Xp |:CB <?)] + Ag cos (%+ 9). (13)

Requiring that the neutron star does not displace the
minimum by more than F gives

0> — PNs- (14)

This bound is satisfied for the parameters we chose.

Fifth force and stellar constraints: With any light
Yukawa coupled scalar, the dominant constraints come
from stars and fifth force measurements. ¢ mediates a long-
range force between nuclei

V' Dexp <%> mpyy — %mlzu‘/w- (15)

The example data point we chose barely squeaks by the
current stellar constraints [33,34]. Evading fifth force
measurements requires this force to have a short enough
range. Our ¢b mass is

F -1
=3eV(r—ev) . (16)
3 x 10° GeV

and was chosen to be right on the edge of fifth force
constraints [35-42].

¢ decays: Amusingly, ¢ can very easily be a significant
fraction of dark matter as its kinetic energy during pseudo
slow-roll is comparable to the baryonic energy density. As
discussed in Supplemental Material [23], ¢ is necessarily
coupled to photons and thus can decay into them. While in
our particular data point, the ¢ lifetime is long enough that
it evades current constraints, in some regions of parameter
space this is a concern [43,44].

Conclusions.—In this Letter, we presented a new
approach toward explaining Q. ~ 5Q,. A scalar adjusts
the baryon and dark matter masses such that Q. =~ 5Q,
regardless of the production mechanism for baryons and
dark matter and independent of the identity of dark matter.
This approach thus allows one to explain why promising
dark matter candidates, such as the QCD axion, have
energy density so close to that of the baryons despite their
production mechanisms being completely independent.

Our adjustment mechanism is extremely testable. The
scalar ¢ mediates a new force, potentially visible in fifth
force experiments and astrophysical environments. It also
gives the proton mass such a strong environmental depend-
ence that modifications needed to be made to evade this
constraint.

What we presented is the essence of a new mechanism. It
still remains to explore all regions of parameter space.
Additionally, this mechanism is extremely versatile and it
would be interesting to see how it meshes with various
favored dark matter candidates. Finally, while the EFT is
extremely minimal, the UV completion is more compli-
cated. It would be exciting if a more compelling UV
completion were to be put forth.
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