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1 Introduction

The dark matter (DM) component of the Universe may be due to a new particle which has
no Standard Model (SM) quantum numbers. Interactions of such a particle with the SM
fields must be sufficiently weak or have a special structure to evade the strong direct DM
detection bounds [1]. This constraint appears to be difficult to satisfy if DM is thermal such
that its abundance is dictated by the thermal annihilation cross section into the lighter SM
states. On the other hand, non-thermal dark matter does not suffer from this problem since
its abundance is determined by a different mechanism.

One of the most common non-thermal DM scenarios is known as “freeze-in” [2] dark
matter. In this case, it is produced by the SM thermal bath via a feeble coupling to DM
such that the latter never thermalizes [3]. The smallness of the coupling, on the other hand,
makes this scenario difficult to test, if possible at all. Furthermore, the model makes a
strong and often unjustified assumption that the pre-existing DM abundance is zero. This is
problematic in standard cosmological settings [4], where the thermal phase is preceded by
a (high scale) inflation, preheating, etc. During these periods, one expects violent particle
production both due to classical gravitational effects [5] and quantum-gravity generated
interactions [6]. In particular, gravity induces effective Planck-suppressed couplings between
the inflaton field ¢ and dark matter, e.g.
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Here s and yx are spin 0 and spin 1/2 stable particles, respectively. Such interactions are
especially effective during the inflaton oscillation period and the resulting DM abundance
normally exceeds the observed value by orders of magnitude, unless the quantum gravity



effects are happen to be tiny or DM is extremely light [4, 7]. In the absence of full control
over quantum-gravitational effects, this clearly presents a problem.

One possibility to address this issue is to “dilute” the dark relics before reheating [4]. If
the Universe is dominated by a non-relativistic inflaton, the contribution of the relativistic
species to the energy density decreases over time. Therefore, the relics produced right after
inflation would be diluted if reheating occurs at late times corresponding to a low reheating
temperature Tr. In this case, the DM abundance is determined by the late-time dynamics
and the uncertainties associated with quantum gravity make no impact.

These considerations motivate the possibility that the dark matter mass scale may be
above the temperature of the SM bath [8]. In fact, there is no evidence that the temperature
has ever been high, above 4 MeV [9]. If dark matter is significantly heavier than the maximal
temperature Tax, its thermal production would be Boltzmann-suppressed. An interesting
consequence of this possibility is that, even though DM is non-thermal, its coupling to the
SM particles can be order one. As a result, it can be probed both via direct detection
experiments and collider searches.

The purpose of this work is to study the phenomenology of the simplest DM extensions
of the SM, known as the “Higgs portal” [10], in the regime of freeze-in at stronger coupling.
We consider singlet dark matter of spin 0, 1/2, 1 coupled to the SM only through the Higgs
field [11, 12] and study the DM relic abundance as a function of Tk in the mass range from
1 GeV to 10 TeV, as well as the relevant direct/indirect detection and collider probes.

1.1 Set-up

In this work, we study dark matter freeze-in in the Higgs portal framework (see [13] for a
review). That is, we assume that DM has no SM quantum numbers and communicates with
the observable sector via the Higgs coupling. The lowest dimension interactions between the
Standard Model fields and the singlets s, x, V}, of spin 0, 1/2, 1, respectively, are given by

1
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1
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where s and V), are real, x is a Majorana fermion; Aps, A, are real dimensionless couplings;
A, A5 are scales, and we have allowed for CP violation in the fermion interactions [14]. We
have assumed Zs-parity for the SM singlets to ensure their stability. In what follows, we
parametrize our results in terms of the physical particle masses mg, m,, m,, which include
both the “bare” and the Higgs-portal induced contributions from the above interactions.

If the dark matter mass exceeds the temperature of the SM thermal bath, its production
is Boltzmann-suppressed and, thus, its coupling to the SM fields can be significant [8]. As a
result, this possibility can be probed by current and future direct DM detection experiments
as well as by collider searches for invisible Higgs decay.

The abundance of non-thermal dark matter depends on the cosmological history. In the
case of freeze-in at stronger coupling, it is sensitive to the temperature evolution. In the



following computations, we make a simplifying assumption of “instant reheating”, implying
that the SM bath temperature increases quickly from 0 to T [8]. It gives a good approximation
to DM production in models with a flat temperature profile, where T.x =~ Tr. In this case,
the number density is computed by integrating the Boltzmann equation from T to T ~ 0,
assuming a zero initial abundance. If the maximal temperature exceeds Txr but is still well
below the DM mass, the abundance is obtained by replacing Tr — Tiax in all the formulas
and rescaling the result by (Tr/Tmax)®, where a is a model dependent constant [15].

2 Scalar dark matter

Consider spin zero dark matter s with the Higgs portal coupling %)\th tH s2. This is a
version of the “scalar phantom” dark matter due to Silveira and Zee [16], except in the present
case it never thermalizes and gets produced via Boltzmann-suppressed freeze-in. The Higgs
coupling provides for a DM production mechanism, so before we engage in computing the
relic DM density, let us consider the issue of Higgs thermalization.

2.1 Higgs thermalization

Since we are interested in low temperatures, the question that needs to be addressed is
whether the Higgs boson can be considered a thermal particle at T' ~ GeV. Light fermions f
are certainly thermalized at such temperatures due to gauge interactions. Hence, consider
the reaction

ffeh, (2.1)

which can keep the Higgs boson in thermal equilibrium as long as it is fast enough. The
Boltzmann equation governing the Higgs number density (ny) evolution due to this reaction is

where the right hand side (r.h.s.) represents the reaction rates per unit volume and H is
the Hubble rate. In thermal equilibrium,

so that the reactions are faster than the expansion.
Consider the Higgs production mode. The reaction rate is given by
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Here p; and py are the initial and final state momenta, respectively. Ma_,q is the QFT
a — b transition amplitude. f(p) is the momentum distribution function for the fermions,
which can be taken to be Maxwell-Boltzmann since only the particles at the Boltzmann tail
(E > T) contribute. By energy conservation f(p1)f(ps) = e Z#/T and [Ma_1|? ~ yims,
where yy is the fermion Yukawa coupling. The phase space integral reduces to the integral



Figure 1. Leading diagrams for heavy dark matter production.
over the final state energy, [\/E? — m% e E/TdE, which at my, > T reduces to the Gamma
function. This yields
5/2 _
Iy 1 ~cx yjzf mh/ T3/%2 ¢=mnl T (2.5)

where the constant ¢ ~ 1072 includes the spin-color multiplicity factors. Factorizing out
the Maxwell-Boltzmann number density

3/2
= (“;%;T) e=mn/T (2.6)

one finds that (2.3) implies

yrvmpMp 2T, (2.7)

omitting insignificant factors. The same inequality applies to the 1 — 2 reaction, whose

— 2
calculation only requires the QFT decay width I'qpr(h — ff) = Ncm;ff . The above

inequality is easily satisfied at temperatures above the QCD phase transition, hence the

Higgs field is always thermalized for our purposes. A similar statement applies to the gauge
bosons W and Z.

2.2 Boltzmann equation and simple estimates

Given that the Higgs boson is in thermal equilibrium in the entire temperature range of
interest, we can compute the DM relic abundance due to the Higgs coupling. The DM
number density obeys the Boltzmann equation

n+3Hn =2I(SM — ss) —2T'(ss — SM), (2.8)

where I' is the reaction rate per unit volume and “SM” denotes collectively the Standard
Model states. The factor of 2 signifies production or annihilation of 2 identical particles. For
heavy dark matter, the most important channels are pair annihilation of the Higgs and gauge
bosons as well as of the top quarks (figure 1). When DM is lighter than half the Higgs mass,
it is produced in Higgs decay and annihilation of the light fermions. A discussion of the
model in the freeze-out and freeze-in regimes can be found in [17-19].

It is instructive to consider the heavy DM limit m? > m3. Since the temperature of the
SM bath T is far below mg, only the particles at the Boltzmann tail, E/T > 1, have enough
energy for DM pair production. Therefore, the effects of quantum statistics can safely be



neglected. The contributions of the gauge bosons can be accounted for by including 4 Higgs
degrees of freedom (d.o.f.). The h;h; — ss reaction rate is given by [20]

1
[(hih; — ss) = (G (hih; — s8) v,) n,% = L /6% e_El/Te_EQ/Td?’pld?’pg
22T [ -
= 25 J, 2dsa(s—4mi)\/§K1(\@/T), (2.9)

where & is the h;h; — ss cross section which includes the symmetry factor of the initial
state 1/2 and the tilde serves to distinguish it from the standard QFT cross section; v, is
the relative velocity of the colliding quanta with energies E1, F» and momenta p1, pa; np
is the Higgs boson number density; (...) denotes a thermal average; s is the Mandelstam
variable, and K (z) is the modified Bessel function of the first kind. The leading contribution
to the cross section is given by the contact term s2h? and

L b V- dmi (2.10)
2 327s /S—4m%

where we have included the Higgs multiplicity factor 4 directly in & (note the definition

o ~4x

difference from [8]). In our convention, we also include the initial and final state symmetry
factors in the cross section. Performing the integral at mg > T, we get
2 13
)\hsT s e—QmS/T
274 ’

for four Higgs degrees of freedom. The reaction rate drops exponentially with temperature,

1
F(hzhz — 88) ~ 5 X (211)

as expected.

Using H = 4/ ”;g* % with g, being the number of the SM effective d.o.f., the Boltzmann
equation can be integrated analytically in terms of elementary functions. Starting with zero

DM density at Tg, the eventual DM abundance Y = n/sg\ is given by

Y = 2.12
with 4 effective Higgs d.o.f. Imposing the observational constraint Yy,q = 4.4 x 10710 (Gm—e:/),
we obtain

T
Mps ~ 3 x 10711 gms/Tr [ 2R (2.13)
ms

for g, ~ 107. This result implies that A5 has to be tiny unless my/Tr > 1. In conventional
freeze-in models, Tk is assumed to be above mg, which results in a feeble coupling. We, on
the other hand, are interested in the regime my/Tr > 1. For ms/Tr ~ 20, the coupling
can be order one. As a result, freeze-in dark matter may be observed, first and foremost,
in direct DM detection experiments.
At larger couplings, the density of produced particles becomes substantial making the
DM annihilation effects significant. These are accounted for by
1 A2

U(ss = hihi) = 6(ss — hihi)v, n*, &(ss = hihi)o, = 4 x 2 ™ dmm2

(2.14)



for m? > m3 and 4 Higgs d.o.f. As before, this includes the factor 1/2 due to identical
particles in the initial state. The s-quanta are non-relativistic, hence we have taken the zero
velocity limit in the above expression. If the coupling is sufficiently large, the annihilation
process becomes so efficient that it leads to thermalization of the s — h; system. In this
case, the production and annihilation rates track each other for an extended period of time
until freeze-out [8] (see also [21]).

2.3 Numerical analysis

In order to perform the numerical analysis, we rely on the micrOMEGAs package [22, 23]
which allows us to efficiently include all possible production channels in our computations.
The implementation of interactions (1.2)—(1.4) in micrOMEGAs has been performed through
the Feynrules package [24].

In our numerical analysis, we use the following version of the Boltzmann equation,

n+3Hn =2 (o (ss = SM) v,) (ngq - n2) ) (2.15)

where (.. .) is the thermal average, neq is the equilibrium number density and “SM” includes all
SM final states. The term 2 (o (ss — SM) v,)
not assume any specific distribution for the DM momenta. Using the Boltzmann distribution

ngq is responsible for DM production and does
and energy conservation, it reduces to 2I'(SM — ss) with thermal SM states. On the other
hand, the annihilation term —2 (o (ss — SM) v,.) n? assumes kinetic equilibrium of DM with
the SM bath. This is justified since, due to ny > n, kinetic equilibrium is reached before the
annihilation process becomes important. A more detailed discussion of the above equation
in the context of freeze-in can be found in [25] (section 3.1.1).

Our results are presented in figure 2. Along the colored lines the correct DM relic density
is reproduced for a fixed Tr. At sufficiently large coupling, all the freeze-in lines merge with
the thermal (purple) DM curve, where the relic abundance is determined by freeze-out. In
this case, the dependence on Tr is lost. We observe that freeze-in at stronger coupling is
consistent with all the constraints in a wide range of masses, from GeV to multi-TeV and
above. Let us consider separately the different DM mass regimes.

Heavy dark matter. The main contribution to DM production is given by the Higgs
and gauge boson initial states. In this case, the approximation (2.13) is adequate and the
coupling depends on the DM mass exponentially. The most important constraint is imposed
by the direct detection experiments LZ [1], XENONIT [26] and XENONnT [27]. While
LZ is somewhat more sensitive to DM masses above 10 GeV, XENON provides us with
stronger bounds in the range 6 to 10 GeV, with XENONI1T and XENONnT exhibiting similar
sensitivity at the moment. The DM-nucleon scattering cross section is given by

A%LSJ?V “LZ}V
o ~ 2.16
sN 47[ mi mg ’ ( )

where fy ~ 0.3 and my ~ 1 GeV. We observe that DM masses up to 3TeV are already
being probed by direct DM detection.! As the sensitivity of these searches improves, models

!Direct DM detection can also be relevant to more complicated freeze-in models, e.g. milli-charged particles
with a light mediator [28].
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Figure 2. Parameter space of the Higgs portal scalar DM. Along the curves, the correct DM relic
abundance is reproduced. The curves are marked by the reheating temperature in GeV, while the
purple line corresponds to thermal DM. The shaded areas are excluded by the direct DM detection
experiments and the invisible Higgs decay at the LHC. The neutrino background for direct DM
detection is represented by the green dashed line “v fog”, while the FCC prospects are shown by the
red dashed line.

with a higher Tr and/or lower couplings will continuously be explored. The experiments
XENONDT [29] and DARWIN [30] plan to reach the sensitivity levels only bounded by
the “neutrino fog” background [31], which poses a significant challenge to traditional direct
detection experiments.

Intermediate and light dark matter. DM production is dominated by light fermions
annihilation (figure 3) and Higgs decay. Close to the Higgs resonance region, my ~ my, /2,
the Higgs decay h — ss plays a significant role.? This is visible in figure 2 at T = 3 GeV.
The corresponding relic abundance curve has an almost flat patch, which signifies that the

—mr/T rather than

abundance is controlled by (the square root of) the Higgs boson density e
e~™s/T In most of the parameter space, however, the light fermion annihilation ff — ss,
with my < my, is responsible for DM production. This is because the corresponding reaction

—2ms/T jnstead of e~ ™n/T

rate is determined by e , which controls DM production via Higgs
decay. The smallness of the Yukawa couplings does not play a significant role in comparison
with the exponential suppression. As the DM mass decreases, fewer and fewer fermions

contribute since their thermal abundance is suppressed by e~ "/T.

We take the lowest T to be 200 MeV to avoid complications with the QCD phase
transition. Although lower reheating temperatures are consistent with cosmology, the
corresponding computations suffer from significant hadronic uncertainties. Already at T ~

2At the resonance, the standard thermal DM abundance calculations receive corrections due to the early
“kinetic decoupling” of DM [32, 33]. In our case, the DM phase space distribution is unimportant (away from
the thermal DM parameter region) and this effect is insignificant.



Figure 3. Leading channel for light dark matter production.

200 MeV, the uncertainty in the effective number of d.o.f. is about 30%.% The very low Tg
regime requires a separate analysis, which we reserve for future work.

At ms < 6 GeV, the most stringent constraint on the model comes from the invisible
Higgs decay measurements at the LHC. The corresponding partial width is

A2 2 4m?
L'(h — ss) = 32’;:% — m%j . (2.17)

In figure 2, we take the Higgs invisible decay branching ratio BRi,y = I'(h — ss)/[T'sm +
I'(h — ss)] to be below 0.11 [34]. The figure shows that the LHC rules out a significant
portion of the parameter space, yet allowing for an observable effect in the pure freeze-in
regime. Indeed, both the HL-LHC and FCC can probe BRyy, at the percent/sub-percent
level,* thus exploring the coupling range Aps ~ 1073-1072. The relevance of this observable
to low-T freeze-in models was also observed in [37], while a more general discussion of the
invisible Higgs decay into the hidden sector states can be found in [38]. More sophisticated
freeze-in DM models which involve mediators, can have complex collider signatures, beyond
invisible Higgs decay [39]. Stronger coupling freeze-in is also interesting in the context of
the early Universe phase transitions [40].

We note that the indirect DM detection constraint in Higgs portal models is superseded
by those from direct detection experiments and the LHC [41]. Hence we omit it in the scalar
DM case (see, however, the fermion DM case below).

Finally, it is instructive to examine how the freeze-in lines merge with the thermal
abundance curve in figure 2. The two panels of figure 4 display the zoomed-in transition
areas for Tr = 1 GeV and Ty = 300 GeV. We observe that the transition from freeze-in to
freeze-out is smooth. While at low couplings the mass dependence is exponential, for larger
couplings the annihilation channel becomes important and leads to a drastic change in the
Ans(ms) dependence. As a result, the system thermalizes and the abundance is determined
by the usual freeze-out mechanism at 7' ~ m,/20 < Tg.

This analysis has been performed under the assumption of instant reheating. In more
realistic settings, one expects corrections to the relation A\ns(ms) at a given Tg. In particular,
if T has a flat profile before reheating, this curve shifts as whole to slightly larger masses, which
can also be viewed as a correction to Tx for other parameters fixed [15]. This behaviour can

3We thank Alexander Pukhov for useful communication concerning hadronic uncertainties at low reheating
temperatures.

“In figure 2, we take the projected FCC bound to be BRiny < 0.003 [35]. See [36] for an earlier study of
the Higgs invisible decay at FCC.
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Figure 4. Freeze-in to freeze-out transition at low and high temperatures. The purple line corresponds
to thermal DM as in figure 2. Left: Tr = 1 GeV. Right: Tr = 300 GeV.

be understood as follows. Dark matter is constantly produced even before reheating occurs,
however, it gets diluted by the Universe expansion in the inflaton-dominated background. As a
result, DM production is most efficient at the latest stage with the same temperature T, that
is, at the reheating point. After that, DM production gets suppressed exponentially due to the
temperature decrease. Therefore, the overall picture is similar to that in the instant reheating
approximation, except the amount of produced DM is larger. Since the DM abundance is
an exponential function of Tr (or my), this leads only to a small, 5% shift in the required
reheating temperature [15] with the other parameters fixed. Hence, the above plots are subject
to corrections of this sort in more complete cosmological scenarios. On the other hand, the
thermal DM abundance curve remains intact since it is independent of the cosmological history.

3 Fermion dark matter

The fermion dark matter option [42] differs significantly from the scalar case. Since the
coupling is effective, the model is meaningful up to the cutoff of order A or As. The typical
energy of the relevant processes is about 2m,, so the cutoff must be above this value and, in
addition, above the electroweak scale. Unlike the scalar case, the fermion DM phenomenology
exhibits velocity dependence, which affects the constraints and possible signatures. These
differ significantly in the CP-conserving and (maximally) CP-violating cases. In what follows,
we consider the two options separately.

3.1 CP-conserving coupling

This corresponds to the Higgs portal interaction 1/A HTH yy, where x is a Majorana
fermion. The relevant DM production/annihilation diagrams are similar to those in the
scalar case. The analysis proceeds analogously except the spin structures bring in additional
momentum dependence.

It is instructive to consider again the heavy dark matter case in the pure freeze-in
limit, which allows for simple analytical estimates. The DM production cross section in
the heavy mass limit is

B 1 4dm, 3/2
lhts 200 = 5z (1 T2%) (31)

where we include 4 Higgs d.o.f. as well as 1/2 for identical particles in the initial state.
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Figure 5. Parameter space of the Higgs portal fermion DM with a CP-even coupling. The curves are
labeled by Tr in GeV. (See figure 2 for details.) The unitarity constraint is defined by A > 2m,,.

The corresponding reaction rate per unit volume is

3 m2T*
L(hih; — xx) ~ <

—2my /T
et vl T (3.2)

We note that it scales with the temperature as T%e=2™/T compared to T3e~2™x/T in the
scalar case. This is due to the stronger velocity dependence of the corresponding cross section.
The resulting relic abundance is found by solving n 4+ 3Hn = 2I" and is given by

M,
Y ~12x107° % e 2mx/Tr (3.3)

which implies
% e~m™/TR ~ g x 10712, (3.4)

If m, and A are not vastly different, this requires m, /T ~ 26.

The most important constraints on the model are imposed by the direct detection bounds
and the Higgs decay data, the latter being relevant for light DM only. The invisible Higgs
decay into Majorana fermions has the width

my v
The spin-independent DM-nucleon cross section is

4,92
4 My

OxN 2 i (3.6)

mA2mi (my +my

where fy ~ 0.3. Our numerical results based on the full Boltzmann equation and the
constraints are shown in figure 5. The curve legends are the same as those in the scalar

,10,



case (figure 2). We observe substantial similarities between the scalar and CP-even fermionic
DM options, except in the latter case the direct detection constraint excludes much larger
regions of parameter space.

It is well known that thermal fermionic Higgs portal DM is essentially excluded [12],
apart from the resonance region [43]. The annihilation process is impeded by the velocity
suppression, while the direct detection amplitude is unsuppressed. This makes the relic
abundance and direct detection constraints incompatible as seen in figure 5. Note that the
curve corresponding to the thermal abundance becomes flat for heavy DM, which is due to
the fact that (oannv) depends on the velocity (~ 1/20) and A only, being independent of the
DM mass. The low mass region requires a large coupling and is excluded by the invisible
Higgs decay. We note that the latter imposes a stronger constraint than the direct detection
could potentially achieve since the corresponding bound lies below the “neutrino floor” line.

In the freeze-in case, however, such problems do not arise and the model is viable at
weak couplings. In this regime, the annihilation effects are negligible corresponding to pure
freeze-in. At m, ~ 1GeV, we see substantial curving of the relic abundance lines. This is
because of the significant decrease in the size of the relevant Yukawa couplings: the tau and
charm quarks “decouple” due to the exponential suppression of their abundance, such that
DM is mostly produced by the lighter strange quarks. In terms of observational prospects,
we see that, as in the scalar case, the model can be probed both by the direct DM detection
experiments and the collider searches for the invisible Higgs decay. The former is largely
limited by the neutrino fog, while the latter is unlikely to probe branching ratios below few
x1073%. Yet, there is a large portion of the parameter space where the model is viable
and can be explored further. The above analysis and conclusions are analogous to those
of [25], which studied Boltzmann-suppressed freeze-in signatures in the singlet extended SM
with sterile neutrinos as dark matter.

3.2 CP-violating coupling

The Higgs portal interaction is now 1/As HTH Yivsy, leading to vastly different phenomenol-
ogy [14]. The DM production cross section in the heavy mass limit is

- 1 4m
a(hihi = xx) = W\/l—?x, (3.7)
5

where we include 4 Higgs d.o.f. as well as 1/2 for identical particles in the initial state.
As in the scalar case, this asymptotic behaviour is determined by the contact term. The
corresponding reaction rate per unit volume is

1 miT?’

L(hihi = XX) ~ 55—

—2m, /T
b= vl T (3.8)

The temperature dependence is the same as in the scalar case, T3¢ 2mx/T. Solving the
Boltzmann equation n + 3Hn = 2I', we get

2
6 mXMpl

Y ~8x10”
% A2TR

e 2mx/Tr (3.9)

— 11 —
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Figure 6. Parameter space of the Higgs portal fermion DM with a CP-odd coupling. The curves
are labeled by Tr in GeV. (See figure 2 for details.) The direct DM detection bounds are weak and
superseded by the indirect DM detection constraint from FERMI.

which implies that the correct relic DM abundance requires

e /TR~ 5 % 10712 (3.10)

As T3

in the heavy DM limit. The full numerical results are displayed in figure 6.

At large enough couplings, the annihilation term becomes important and DM thermalizes.
The DM abundance is then determined by the usual freeze-out. In the heavy mass limit,
the relic abundance fixes the coupling independently of the mass (figure 6, purple curve).
Indeed, the combination &(xx — hihi)v, o< 1/(4wA2) is constant for heavy DM. Thus, the
corresponding DM energy density QA2 o< 1/(Gv,) is mass-independent, which explains the
flat thermal abundance line.

The freeze-in DM signatures differ from those in the CP-even case. Since the direct
detection cross section is highly velocity suppressed by the factor v ~ 1076, the relevant
constraints are imposed by indirect DM detection and the Higgs decay data. The leading
indirect detection constraint stems from the Fermi observations of the Milky Way satellite
dwarf spheroidal galaxies. In figure 6, we show the observed limit [44] based on the bb DM
annihilation channel. The gauge boson final states lead to a similar bound.

The invisible Higgs decay into Majorana fermions has the width

2 Am2
mp U

The resulting constraint excludes As below about 100 TeV, for m, < my/2. Indirect DM
detection only adds a small segment of the resonance region to the excluded parameter space.
Resonant annihilation in the Early Universe and at current times occurs at different velocities
which results in a slight shift of the resonance dip in the indirect detection constraint.
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Unlike in the CP-even case, the parameter space at m, 2 mj/2 is essentially uncon-
strained and the thermal DM option is consistent with the data. Certain low mass regions
could be probed to some extent by future indirect detection experiments. At larger m,, the
gap between the current bound and the thermal DM line in figure 6 grows making indirect
detection very challenging. On the other hand, light DM with m, < mj/2 can be explored
via collider searches for invisible Higgs decay, similarly to the CP-even case.

4 Vector dark matter

The case of vector dark matter with the coupling %)\th TH V,V# is largely similar to that
of scalar DM. In our framework, dark matter is produced in the deep non-relativistic regime
such that a massive vector is equivalent to 3 degenerate scalars. That is, one may replace
VVHE — >3 s2, where s51,2,3 represent the different spin projection states. It is then clear
that, in the pure freeze-in regime, the DM abundance triples compared to the scalar case
if Ay = Aps. Therefore, to obtain the correct relic abundance, one may simply rescale

the scalar case result,

, (4.1)

keeping the DM mass and T intact.

In the freeze-out regime, this behaviour reverses. Treating s; as independent scalars, one
finds that each of them freezes out at the same temperature Ty as in the single scalar case.
Therefore, the DM abundance triples and one has to increase the annihilation cross section
by a factor of 3 to obtain the correct relic density. Hence, the rescaling factor becomes

)\hv

o= V3 Ans (4.2)

FO’
for other parameters fixed.

Our numerical results are presented in figure 7. While the relic abundance lines shift
somewhat compared to the scalar case, the direct detection bound remains the same at
Aho = Apst

OyN = OsN , (43)

since the three scalars have the same nucleon scattering cross sections. The invisible Higgs
decay width, on the other hand, increases fast as the vector becomes lighter:

AZ 2,.,3 2 4 2
T(h— VV) =2l Th (g™ o) g™ (4.4)
128mmg; my my my

This growth, however, is bounded by applicability of our effective field theory framework,
as we discuss below.

The validity of the vector Higgs portal description is limited by unitarity considerations
[45-47]. The corresponding coupling is effective, as required by gauge symmetry, and thus
becomes inadequate above a certain energy scale. This scale is proportional to the vector mass
so that the effect is particularly important for light vectors. For example, the Higgs-mediated
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Figure 7. Parameter space of the Higgs portal vector DM. The curves are labeled by Tx in GeV.
(See figure 2 for details.) Above the unitarity constraint line, the effective field theory description is
inadequate.

VV — V'V scattering amplitude grows as E* with the energy scale (below mj) and becomes
large above A ~ m,/v/ Ay X ¢, where c is a constant. At larger energies (> my,), the process
hh — V'V imposes a similar cutoff. The existence of the cutoff can also be seen from the
perspective of the Higgs mechanism in the dark sector [45]. Integrating out the dark sector
“Higgs” which has a portal coupling to the SM Higgs, one obtains an effective coupling
Ao ~ Ahs m%/mg, where my is the mass of the dark Higgs. The portal coupling A, is
bounded by perturbativity to about O(4w), then requiring ms to be the cutoff leads to the
bound similar to the one from unitarity considerations.

For light dark matter, we require the effective approach to be valid with regard to the
Higgs decay calculations. Hence, we impose

My

Vv )‘hv

where the constant is of order v/4w. For heavy DM, we only make sure that the theory

const X 2 100 GeV, (4.5)

is valid up to the scale 2m,. This does not impose any further constraints. Indeed, dark
matter is produced by the thermal bath in the deep non-relativistic regime and any heavier
states are irrelevant.

Figure 7 shows that there are large regions of parameter space at weak coupling with
Tr ~ GeV, where the unitarity constraint is satisfied and the invisible Higgs decay provides
one with a sensitive probe of vector dark matter. The LHC is already exploring couplings
below 10~* for m,, < 10GeV and the FCC will gain a further factor of 6. In the mass range
m, < 20GeV, the collider bound is stronger than the direct DM detection constraint and
this situation will persist in the future due to the “neutrino fog” limitations.

We note that the relic density calculations are not physically meaningful inside the
unitarity-excluded region. In particular, the Higgs boson decay width explodes making
our effective approach inadequate. The relic density curves displayed in figure 7 in that
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region correspond to a formal rescaling of the analogous scalar DM curves and carry no
physical significance.

5 Conclusion

We have studied freeze-in dark matter phenomenology in the Higgs portal framework. When
the dark matter mass exceeds the SM thermal bath temperature, the DM production is
Boltzmann-suppressed and proceeds in the regime of freeze-in at stronger coupling. This
mechanism interpolates between the usual DM freeze-in and freeze-out. It retains the flexibility
of the former while keeping the observational signatures of the latter.

The purpose of this work is to delineate allowed parameter space in the simplest Higgs
portal models with dark matter spin 0,1/2, 1. For couplings below those required by the
usual freeze-out mechanism, freeze-in dark matter is viable in a wide range of masses. The
focus of our work is the phenomenologically interesting range from 1GeV to 10 TeV. The
model properties are largely controlled by the reheating temperature Tr. In our parameter
space analysis, we resort to the instant reheating approximation, which serves a benchmark
for assessing the efficiency of DM production. The results can be applied to a wider variety
of reheating scenarios using appropriate rescaling, as long as the DM mass remains above
the SM bath temperature at any stage of the evolution.

The main constraints on the model are imposed by the direct DM detection experiments
and collider searches for invisible Higgs decay. These rule out significant regions of freeze-in
DM parameter space. On the other hand, they also provide one with the avenues to probe
the model further. Current and future direct detection experiments such as XENONnT
and DARWIN will be able to probe DM-nucleon scattering down to the “neutrino floor”,
where the background effects become overwhelming. This allows us to explore smaller Higgs
portal couplings and/or higher reheating temperatures. Light dark matter can be searched
for at colliders via invisible Higgs decay. The Boltzmann-suppressed freeze-in allows for
substantial DM-Higgs couplings such that the invisible Higgs decay branching ratio can
be at the level of 10% and below. This range will be probed by the LHC, with smaller
(sub-percent) values accessible at the FCC.
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