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Light dark matter through resonance scanning
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We propose a new out-of-equilibrium production mechanism of light dark matter: resonance scanning. If
the dark matter mass evolved in the early Universe, resonant production may have occurred for a wide
range of light dark matter masses today. We show that the dark matter relic abundance may be produced
through the Higgs portal, in a manner consistent with current experimental constraints.
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I. INTRODUCTION

Light dark matter has, become a focus of the next gen-
eration of direct-detection experiments [1-8]. However,
unlike for the popular weakly interacting massive particles
(WIMP), thermal production of sub-GeV dark matter
requires a cross section in tension with existing cosmo-
logical constraints. As such, production mechanisms for
dark matter in this mass range are limited [9-11].

In this work, we propose a new mechanism for the
production of light dark matter, through a Higgs portal.
The mechanism is based on the hypothesis that the dark
matter mass was not constant in the early Universe but instead
depends on the vacuum expectation value (VEV) of an
ultralight scalar, the morphon. As the Universe cools, the
temperature-dependent morphon VEV implies a decreasing
dark matter mass. The scanning dark matter mass will
generically pass through m, ~m;/2, implying resonant
enhancement of Higgs portal production. In this way, light
dark matter can be produced through a smaller portal coupling
Anpm than in the standard case. The dark matter only obtains
its final sub-GeV mass after losing contact with the thermal
bath. We dub this mechanism resonance scanning.
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The mechanism opens up the parameter space of existing
Higgs portal dark matter models [12-16]. The parameter
space of the standard Higgs portal WIMP scenario has been
encroached on by direct detection and collider experiments
[17-36]. In fact, the only remaining allowed parameter space
corresponds to the special case that the dark matter mass is
near half of the Higgs mass, such that its interactions with the
SM through the Higgs portal are resonantly enhanced. The
mechanism presented here implies that this enhancement is
not coincidental but a generic stage in the thermal evolution
of Higgs portal dark matter.

A specific example of the resonance scanning mecha-
nism is given by a nonminimally coupled morphon field.
The evolution of the scalar curvature, in particular through
the anomalous breaking of scale invariance near the QCD
scale, gives the morphon a varying potential and the dark
matter a falling mass. We will demonstrate the success of
this scenario in detail.

Dark matter with a dynamical mass has previously been
considered as a way to open/close new production channels
[37-40], dynamically trigger freeze-out [41], raise the dark
matter mass observed today to explain an anomaly [42],
make use of an exotic confinement transition [43], or make
dark matter heavier than is normally allowed by perturba-
tivity [44]. This work complements these existing propos-
als by decoupling the dark matter mass today from the dark
matter mass through which the yield was set, allowing a
range of masses to benefit from resonantly enhanced
production.

II. RESONANT PRODUCTION

Let us first review some key principles of resonant
production in Higgs portal models. Throughout this work,
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we assume the dark matter is a Dirac fermion, below the
weak scale defined by

1 1T 1.
L, = 5;(7/”8,4;( = 3 MIX = 5 A (1)

where m, ~MeV is the T =0 mass of the dark matter
fermion. The last operator in £,—the portal coupling to the
SM Higgs field—breaks SU(2), and therefore, 4, & v/A
(where A is a new physics scale) may be small.

In standard thermal freeze-out, the portal coupling con-
trols how much dark matter annihilates before it decouples
and therefore, sets the relic abundance. Alternatively, in
freeze-in scenarios, the portal coupling controls the produc-
tion of dark matter though the same diagram. The dark matter
annihilation into SM final states proceeds through a Higgs
boson in the s channel. When the dark matter mass is in the
region m, ~m;/2, the annihilation cross section is reso-
nantly enhanced.

Direct detection experiments [35,36] and current limits on
invisible Higgs decays [45] only allow for small portal
couplings 4;,. On the other hand, the annihilation cross
section must be large enough that freeze-out reproduces the
correct relic abundance. In order to simultaneously achieve
relic abundance and avoid direct detection bounds, the dark
matter must annihilate through the Higgs mediator on
resonance. The enhanced annihilation cross section allows
for comparatively small Higgs portal couplings. This effect
can be seen in the line of the relic abundance curve for Higgs
portal models, reproduced here as the dark blue curve in
Fig. 3. The resonance peak appears instead as a valley on this
plot, and the relic abundance curve dips into small enough
couplings to avoid XenonIT bounds just as m, approaches
my,/2, highlighted by the dotted vertical line.

III. DARK MATTER MASS MORPHING

Here we will consider coupling the dark matter to a
pseudoscalar morphon field ¢,

L= Lsq+L,=ypdxrsx — V(). (2)

We will study the scenario in which the morphon potential
V(¢) implies a temperature dependent evolution of the
morphon vacuum expectation value v,(7T), such that the
morphon field contributes a temperature dependent piece to
the effective dark matter mass,

m)((T) = [m)(.O + lh)(”h] + yqﬁ)(vcﬁ(T)’ (3)

where the terms within brackets indicate the zero temper-
ature mass, which we will simply refer to as m,,.

Resonance scanning relies on the evolution of the
morphon field ¢ from a nonzero field value [v,(T) > 0]
to a zero field value [v,(7T) = 0] at low temperatures. If the

shift in dark matter mass is significant, the morphon

potential has to be relatively flat, if it is not to contribute
significantly to the vacuum energy at early times. It would
therefore be natural to consider scenarios in which the
morphon field is a pseudo-Goldstone boson, in which case,
(3) can be considered an expansion around the minimum of
the potential.

As a proof of concept, we consider a scenario in which
the morphon field is coupled to the Ricci scalar,

1 1 1
V(p) = Jmad? = SERP + 0t (@)

where we choose £ = 1/6, motivated by conformal invari-
ance [46,47]. Such a coupling has earlier been studied in
[48,49]. The temperature evolution of the Ricci scalar
generates a temperature-dependent mass term in the poten-
tial. If the equation of state were constant, the Ricci scalar
would be (3w — 1)H?, which may lead one to believe that R
vanishes during radiation domination. Anomalous effects,
however, reintroduce R # 0 in this regime. The Ricci scalaris
proportional to the trace of the stress-energy tensor 7%, such
thatitis nonvanishing due to the anomalous breaking of scale
invariance (the trace anomaly, 7% # 0). The effects that break
scale invariance during the relevant period of the morphon’s
phase transition are the perturbative running of couplings,
mass thresholds, and QCD confinement.

Estimating the size of R from the running of the
couplings only, we find R/H* ~1072-10"" for T ~ GeV,
with a quick increase near QCD confinement where the
perturbative analysis breaks down [49]. The full analysis,
including a careful treatment of confinement and deviations
from scale invariance due to mass thresholds, has been
done in [50]. In our calculation, we will use their result for
the evolution of the Ricci scalar between T ~ 100 MeV and
T ~ 10 GeV. This is plotted as \/R(T) in Fig. 1.
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FIG. 1. Relevant rates for a benchmark with m, =1 GeV,
my = 1079 eV, and /1, = 2.5 x 10‘20)/@(. The masses m,, and
my,/2 are rescaled to fit in the same plot. All quantities are quoted

with GeV unit.
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At high temperatures, the morphon develops a nonzero
VEYV,

1 2 2
oplr) = { YR ERTm) ER2 )
0 otherwise.

In this way, the morphon VEV decreases with decreasing
T, until it vanishes at low temperatures. The dark matter
loses the extra contributions to its mass from interactions
with the morphon, realizing its final light mass. The red
solid line of Fig. 1 shows the temperature evolution of the
dark matter mass for a sample benchmark point. The dark
matter mass triggers the resonance when it is equal to half
of the Higgs mass, m, (Tyes) = my,/2.

IV. CONSISTENT THERMAL AVERAGING

In order to study the production of dark matter in this
scenario, we will solve a Boltzmann equation of the form,l

dn
i 3Hn = —(n* = ngy) (o5, v). (6)

The simple form of this equation relies on thermally
averaging the dark matter annihilation cross section, a
procedure based on the momentum distribution functions
for the dark matter particles. If the mass changes more rapidly
than the rates establishing kinetic equilibrium, the distribu-
tion functions are no longer well-defined. Therefore, we
introduce three conditions to ensure the formalism is
appropriate,
(1) Kinetic equilibrium,

Fscatt > H. (7)

(2) The reactions that establish kinetic equilibrium are
faster than the rate of change of the mass,

m

ot > —- 8
scatt m ( )
(3) The adiabatic condition,

dm

d—t){ < mf, (9)

ensures that nonperturbative dark matter production
is not significant.

lTypically the decay rate I'y_,, dominates for m, < m,,.
However, for resonance scanning dark matter, this decay channel
only becomes kinematically accessible below the resonance
temperature. For T, ~ GeV, we find 1, ¢q(Tres) <K 71y 0q(Tres )
an inequality that grows rapidly as m, further falls with the
temperature. At temperatures below T, we find [y, 1), o <

(aﬂwnfﬂeq and will therefore focus on the scattering rate here.

It may naively seem like there is very little parameter
space that passes the first two conditions, without bringing
the dark matter into thermal equilibrium. This is indeed the
case for the scenario in which dark matter is bosonic.
However, for fermionic dark matter, the annihilation cross
section is p wave suppressed with respect to the scattering
cross section. This motivates our choice to focus on
fermionic dark matter: as we will see, it is possible to find
parameter space that produces dark matter out-of-equilib-
rium while also passing these checks.

In the region where we trust our thermal averaging
prescription, we are free to use the expression,

o  Sy/s—4miK, (ﬁ)avfg’”
(ov) = / ds LT : (10)
4m§

16Tm; K3 ()

where the annihilation cross section through the Higgs
portal is given by

2,2 *
cus — p 2/1}1)(1}}! Ly (mh - \/E)
W= o)+ mam)

s 4m?
po= (1) 12
’ 2( ) (12)

following the notation of [14]. This equation assumes Pauli
blocking is negligible throughout the production regime,
which is true as long as T < 3m [51]. We have verified that
this is indeed the case for our scenario.

Around the resonance peak, thermal averaging consti-
tutes a numerical challenge due to the rapid variation of the
cross section. In this regime, we utilize a change of
integration variables,

(11)

s = m? + m,[ tany, (13)

which renders the integrand in Eq. (10) flat. Away from the
resonance peak, we switch back to integration in s and the
smooth, nonresonant behavior leaves us free to use sam-
pling and interpolation to speed up the thermal averaging
integration. We demonstrate the success of this approach in
Fig. 1 by a direct comparison with a numerical integration
at machine precision.

V. RELIC ABUNDANCE

We solve the Boltzmann equations in a radiation domi-
nated era, t = 1/2H, which implies that we can rewrite the
standard Boltzmann equation (6) as

dlogn 1
12— 1 log n
dlogT > H<0U>< 0

1010g n

) e

We use a shooting algorithm to solve the equations with an
initial condition at high temperatures and adaptively switch
between solving (6) and (14) in different regimes, appropri-
ately matching solutions at the boundary. We verify
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Numerically integrating the Boltzmann equations leads
to a result for the dark matter yield Y = n/s, where s is the
entropy density (with a value today of s, = 2970 cm™).
We find solutions where the produced yield matches
the measured value Y = 3.55 x 107! (GeV/mpy) [53]
at Ty = 2.73 K. A benchmark solution is shown in Fig. 2,
demonstrating the thermal evolution through the resonance
at the temperature T,,. At this temperature, a sharp increase
in the yield appears, allowing small portal couplings to set
the correct relic abundance.

Two benchmark relic abundance curves are given in
‘ ; Fig. 3. Unlike freeze-in models, the dominant production
o4 06 08 L % T.. n channel is not Higgs decay, as the low resonance temper-

T(GeV) ‘ ature implies the Higgs number density is very small. The

abundance is determined by the annihilation cross section

FIG. 2. Evolution of the yield for a benchmark with  at resonance temperature. At low masses, the production
m, =10 MeV, m, =10"""eV, and /1, =2.5x 1072y, . therefore scales with 4;,, for a given morphon benchmark.
Here, the yield is defined with gespect to the entropy density At larger masses, the zero-temperature mass of the dark
today s, and rescaled by (7/To)". matter shifts the resonance temperature, and larger cou-
plings are needed to produce the relic abundance. As the

numerically that our solutions do not depend on the initial ~ final dark matter mass becomes larger than 30 GeV, the
condition, other than the assumption that n < Ngq at early yield is less affected by the resonance peak. In this region,
times [52]. the dominant effect is the growth in equilibrium number
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FIG. 3. Relic dark matter abundance for a morphon benchmark as in Fig. 1 (orange, upper curve) and twice that morphon mass and
effective coupling: my =2 x 10719 eV, | /4, = 2.5 x 1072y, (blue, lower curve), as a function of the zero-temperature mass 7, and
coupling . For small dark matter masses, the behavior mirrors that of freeze-in dark matter: the abundance scales with /1%){. For dark
matter masses 21 GeV, the resonance temperature shifts downwards, and as a result, larger couplings are needed to produce the
observed dark matter yield. For the first (upper, orange) benchmark, the dark matter goes into equilibrium on the resonance for zero-
temperature dark matter masses 212 GeV. The curve around 8 GeV is explained by threshold effects in the Ricci scalar around the
resonance temperature, imprinting on nq (7)) and hence, affecting the Boltzmann evolution. The second (blue, lower) benchmark does
not go in equilibrium in the presented parameter space. The orange and blue shaded regions indicate where conditions (7) and (8) are

violated on the resonance (bottom and top boundary for orange and blue, respectively), and hence, the treatment is not valid.
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density due to the changing dark matter mass. While the
effect is less dramatic, the relic abundance can still be
produced for smaller couplings, suggesting that this behav-
ior may apply to other models with temperature-varying
dark matter mass.

Figure 3 also summarizes the dominant constraints. Note
that we find the constraints on invisible Higgs decays are
stronger than constraints on energy injections during big
bang nucleosynthesis [54] and during or after recombina-
tion [53,54]—the usual impediments for light dark matter
to be produced while in thermal contact with the SM.
Recent work has shown that Lyman-a constraints on the
matter power spectrum may be strong in out-of-equilibrium
scenarios [11]. We confirm using the approximate tech-
niques given in Ref. [55] that for the mass range we
consider (> 1 MeV), dark matter produced from our
mechanism is well away from Lyman-a bounds [56-58].
Direct detection bounds in the light dark matter region
complement the XenonlT constraint but do not place a
strong enough bound on the portal coupling to compete
with the bound from invisible Higgs decays and so do not
restrict our parameter space [59-65].

The morphon is light enough (~107!° eV) that fifth
force constraints should be considered. The morphon,
however, only couples directly to y, which in turn only
couples to the SM through the Higgs portal. As the
morphon is a pseudoscalar, & — ¢ mixing is forbidden.
The morphon therefore cannot mediate a long-range force
between SM particles. While the pseudoscalar nature of the
morphons disallows mixing with the Higgs boson, pro-
duction of two morphons in the final state is generally
possible. Such production would approximately scale as
U~ 2, vy, (my/vy)? (m, /m})? x ny, where f is a Standard
Model fermion in the plasma. Because of the rapid
decrease of (m /v,)?n; with temperature, the perturbative
production of morphons quickly becomes unimpor-
tant below the resonance. Then, the morphon number
density produced is bounded by n; < nyeq(Tgec) With
T4.. 2 1 GeV. Since the morphon decouples when rela-
tivistic, it redshifts as radiation and therefore, gives a
maximal contribution to N,

4 /11\4/3 S(T 4/3
ANy = - [ — 9:(Tews) ’ (15)
7\ 4 gi(Tdec)

where ¢§(T) is the effective number of entropy degrees of
freedom, and Ty is the temperature at which the morphon
decouples [66]. To keep the contribution to AN < 0.3,
we require ¢3(Tg.) 2 18, which is safely accommodated
by Tyee = 1 GeV.

VI. DISCUSSION

In this work, we have presented a new mechanism for the
production of light fermionic dark matter via a Higgs
portal. In this mechanism, the mass of the dark matter is set
dynamically, through the evolution of a scalar field, and as
such, there is a temperature for which mpy = my /2. The
resulting resonant production allows for an observed relic
abundance associated with much smaller portal couplings
than in the standard freeze-out scenario.

The evolution of the dark matter mass required a careful
treatment of thermal averaging. We have defined three
conditions to check the validity of the approach. We note
that these conditions do not constitute physical constraints
but rather boundaries outside of which further effects
should be taken into account.

We have demonstrated the mechanism in a model with a
nonminimally coupled morphon, allowing for a dark matter
mass that evolves from heavy to light as the temperature
drops. We note that the mechanism could instead be
realized with a rolling morphon field, though the oscil-
lations around its minimum would imply rapid production
of dark matter fields below the resonance temperature.
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