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ABSTRACT

Models of inelastic (or pseudo-Dirac) dark matter commonly introduce a gauge symmetry spontaneously broken
by the introduction of a dark sector version of the Higgs mechanism. We find that this ubiquitous introduction
of two extra fields, a vector and a complex scalar boson, is indeed unnecessary, with only a mass generating
real scalar field being actually required. We consider a simple UV-complete model realizing this minimal
setup and study the decays of the excited dark matter state as well as constraints from perturbative unitarity,
(in)direct detection and colliders. We find that, in the visible freeze-out scenario (DM DM < SM SM), we still have
unconstrained regions of parameter space for dark matter masses > 100 GeV. Moreover, most of the available
regions either present long-lived excited states, which are expected to interfere with the standard cosmological
history, or will be probed by future direct detection experiments, such as DARWIN, due to the unavoidable
residual elastic interactions. The only regions remaining out of experimental reach present highly fine-tuned

parameters.

1. Introduction

While the nature of dark matter (DM) remains mysterious, its en-
ergy density is probed gravitationally with ever increasing precision.
Particle models for DM must include some sort of production mecha-
nism, which can explain the observed DM relic abundance. Among the
possible mechanisms, thermal freeze-out won a lot of attention due to
its connection to the Weakly Interacting Massive Particle (WIMP) Mir-
acle and is particularly appealing because of its independence from the
initial conditions of the universe, thanks to equilibrium physics. How-
ever, traditional WIMPs have continuously faced strong blows from
direct detection experiments, and recently the focus has been shifting
to searching for alternatives that keep the WIMP paradigm predictive
power.

The simple WIMP model featuring CP-conserving fermionic DM with
a dark Higgs mediator [1] is essentially ruled out by direct detec-
tion constraints in the visible freeze-out regime (relic abundance ther-
mally produced via DM annihilation into Standard Model (SM) particles,
DMDM « SMSM) [2]. A clever solution is to replace the dark Higgs
with a pseudoscalar mediator (a model also referred to as Coy Dark
Matter), or alternatively, to introduce significant levels of CP-violation
in the dark sector [3-5]. However, these approaches significantly limit
the potential for investigating DM properties through direct detection
experiments [6,7]. Furthermore, these solutions suffer from strong in-
direct detection constraints for DM masses below 10-100 GeV [8]. We
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propose substituting the usual Dirac-Yukawa (j y) interactions in the
dark sector by a Majorana-Yukawa (¢ ) type which are generically ne-
glected in these singlets extensions of the Standard Model. In this case,
allowing for a small parity breaking transforms the model into one of
the most minimal forms of inelastic Dark Matter (iDM) [9] where in-
direct detection bounds can be easily avoided by depleting the heavier
state abundance, e.g., via its decays.

In this context, iDM models commonly found in the literature are
usually mediated by a vector portal with the SM, essentially introduc-
ing a U(1) gauge symmetry in the dark sector which is spontaneously
broken via a dark Higgs mechanism, require non-renormalizable SM-
portals or extend the SM with a large number of new particles [10-16].
We find that, by simply introducing a single real pseudoscalar field
acquiring a vacuum expectation value (vev), we can construct a UV-
complete fermionic iDM model with only one main assumption: a small
but nonzero parity breaking in the dark sector Yukawa interactions.
Given the minimalistic nature of this iDM model, we will refer to it
as minimal-inelastic Dark Matter (miDM). The new model turns out to
have a very predictive visible freeze-out regime, which can be nearly
completely probed by future direct detection experiments, such as DAR-
WIN, along with cosmological probes, e.g., Big Bang nucleosynthesis
(BBN) predictions for the primordial element abundances or measure-
ments of the Cosmic Microwave Background (CMB).

In this letter, we first introduce the miDM framework and elucidate
its relationship with the SM. We pay particular attention to the decays
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of the excited DM state as well as the constraints imposed by perturba-
tive unitarity. Subsequently, we discuss the DM relic abundance focus-
ing on the freeze-out mechanism. Indirect and direct detection bounds
are discussed from both elastic (diagonal) and inelastic (off-diagonal)
interactions as well as collider constraints originating from precision
measurements of the SM-Higgs properties. Finally, we present the exper-
imental bounds combined with the relic abundance calculations along
some general cosmological features and conclude.

2. The framework

We consider a real pseudoscalar field A, with a nonzero vev (A) = w,
and a Dirac fermion y, = y; + xr, where both fields are singlets under
all SM gauge groups. We impose a Z, symmetry,'
=iy s A——-A, (D)
in order to simplify the number of terms in the Lagrangian. Then, the
most general Lagrangian for the new fields together with the SM fields
allowed by the SM gauge symmetries and the Z, symmetry can be writ-
ten as

Lyp=L,+L,, )
where
_ . 1 ,
L, =yld—myy— TyA)(f(5P+75)x+h.c., (3)
2
c, =1 (0" A)(0,A) + e A? ta A* Aan A’|H|? 4)
A7 H 2 4 2 ’

with the SM-Higgs field denoted by H and the charge conjugated field
by w¢ = CyOT y* where C is the charge conjugation matrix. If 6p =0
and y € R, both P and CP would be good symmetries of the Lagrangian,
effectively becoming an example of Coy Dark Matter [3]. In the follow-
ing, we will adopt a real and small breaking parameter 5p = 6}, < 1
as well as a real Yukawa coupling y.? Its origins could be related to
an initial fully CP-conserving dark sector where some parity breaking
emerges from extra new physics interactions of the dark sector with the
SM weak interactions, where parity is maximally broken. Nevertheless,
in this work, we will remain agnostic about its origin, rather we will
focus on studying its consequences.
We adopt the unitary gauge,

A=a+w and H:%(O,h+u)T (5)
2

where v =246 GeV is the SM-Higgs vev. Then, the fermion mass terms
become

_ 1 _ 1 _
E){D—md)(L)(R+§mL;(Z)(L—EmR)(;)(R+h.C., 6)

where the Majorana masses are related to the Yukawa couplings and the

scalarvevasmy g =2y g with y; ;g = y(1 TL(SP)/\/E. It is technically
natural to have w <« m,, implying
m
6=~ L <1, )
mg My
Now, in order to achieve a nearly off-diagonal coupling of the DM
states with the dark pseudoscalar, following Appendix B of ref. [17],

! Turning the pseudoscalar complex would allow us to introduce a U(1) sym-
metry, if gauged it would effectively reproduce the niDM model in ref. [17].
The U(1) symmetry would similarly simplify our Lagrangian although an anal-
ysis of the effects of a Nambu-Goldstone mode associated with the symmetry
breaking or a new gauge boson goes beyond the scope of this work.

2 For simplicity, we take 6, to be real, but a complex value would still have
similar phenomenological implications. The only special point would be an
imaginary 6}, = —, which would restore CPin L, if yER.
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Table 1
Coefficients for interactions between dark fermions
and the dark scalar in the regime 6, < 1.

@, =20,+6p+4A,+6%)  B,.=0

a, =0 B =2+26p+265, - 55
a,=0 B.=P.

a =28, —5p+A4, —52) B =0

we simply need to adopt §; < 1. Therefore, eq. (7) together with the
assumption of a small parity breaking 6, < 1 allows us to expand our
results in both 6p and §,, thus, henceforth, all equations will be pre-
sented in leading order in these variables, or in next-to-leading order
when we consider it pertinent. However, we maintain the full depen-
dence on §; for all the numerical results.

After diagonalization of the fermionic mass terms, one finds

1_ . 1 _ .
E}(:Eﬂ(i(ld—mi))(i—EyLa)(;(a,'j+lﬂij}’5))(j, ®
where the masses of the Majorana fermions are given by

1
mx(*>=md(1+§5d(5dxzap)), ©)
implying the normalized mass difference

A, =(my—m,)/m,=26,6p. 10)

The interaction coefficients are given in Table 1 where the lower-script
“x” denotes the excited state index and “_” the ground state one.

One can define the dark Yukawa fine-structure constant and the di-
agonals and off-diagonal fine-structure constants as

ay=y2/47r, an
Xjnel = ayﬂz_ . 12)

An interesting feature of the coupling structure found here is that the
diagonal couplings are different for ground and excited states, just as in
inelastic Dirac Dark Matter (i2DM). This makes it possible to consider an
iDM model with non-negligible mediator decays into two excited states
which can give rise to striking signatures such as two displaced-vertices.

Interactions with the SM are possible due to a mass mixing of the
dark pseudoscalar A and the SM-Higgs H generated by the 4,;,-term in
L 4. A rotation of the fields by an angle 6, given by

— 2 _ 2
A =y, Xl = A, 5

Agnw

tan20 = 13)

Apv? = Aw?’
diagonalizes the scalar mass matrix. The rotation couples a to the SM
and A to the dark sector with couplings suppressed by sinf. The final
scalar masses can be found in ref. [2] along with more details on the
full scalar Lagrangian diagonalization. For simplicity, even after the ro-
tation, we will continue referring to the physical SM-like Higgs by 4 and
the physical dark pseudoscalar field by a.

2.1. Excited Dark Matter decays

If kinematically allowed, decays into dark sector final states domi-
nate the decay width of the excited state I', for § < y. However, since
the mass splitting in miDM is naturally small A,, <1, y* — 3y is kine-
matically forbidden, while y* — ya is kinematically forbidden in the
visible freeze-out regime (y* y <> SMSM). Thus, y* decays into the SM
are, in general, of crucial importance and the contributions to I',, of dif-
ferent SM decay channels are depicted in Fig. 1.° Loop-induced decays
into photons [18] and gluons [19,20] (using a,(s) from [21]) as well as

3 We note that we neglect the reduced phase space due to confinement, i.e.,
charm (bottom) quarks can only be created for mass splittings superior to 2m,
(2mp) rather than for the simple quark masses threshold 2m, (2m,).
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(a) Light mass splittings.
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(b) Heavy mass splittings.

Fig. 1. Total decay width of the excited DM state I, (dashed gray) and partial decay widths I'(y* — yF) into different SM final states F (solid colors) for (a) small
and (b) large mass splittings. We present only dominant decay modes. The scale on the vertical axis on the right side presents the lifetime of the excited DM state z,.
The vertical light gray band at A,,m, = 2 GeV indicates where neither the dispersive analysis nor the perturbative spectator model is reliable [19,23,24], therefore,
the discontinuity in the total width. For decays into the Higgs boson, we approximate cos6 ~ 1.

non-perturbative decays into mesons [19] are computed using results
from the usual dark Higgs decays found in the literature via the ampli-
tude formula

F * -
Be Laam TR 7 - y20), a4

F L a*t-2e

IMPP(r" = x2F) =

where 2F stands for any SM particle-antiparticle pair and ﬁ%, =
m%r —4m§, with mp, p, being the invariant mass of the pair of parti-
cles P, P,.* Here, the decay width I« corresponds to the off-shell width
of the pseudoscalar a with an effective mass given by m,r.

In the perturbative regime, the decay width into light fermions,

2m; <A,m, <m,, is simply given by

* 3 Xine
O R

I
my m

4
2 2 2
lgn229"ﬁ~(Am"Tf> < 11 > 5
—_— m

A+ 2
(15)

where N, = 3(1) for quarks (leptons) and 7, =2m;/m,.

For very light dark scalar masses m, <A, m, <m,, 2-body decays
of the excited DM state are allowed y* — y a, consequently, for § < y,
I', will be given by

m
X

1 2 LAY

F*zzamelcos oA, —— ] my. (16)

Considering DM masses in the range of 10 to 10* GeV, for relatively
light dark scalars m, < m;, and using values for the couplings which are
expected in the freeze-out regime (6, y > 10~1), one finds that the excited
state decays in time intervals well below a second for mass splittings
larger than a kaon pair A, > 7. While for a heavy dark scalar m, >
my,, this occurs for mass splittings above the b-quark mass m, A, > my,.
Therefore, in these regions, we naturally expect negligible cosmological
abundances of the excited DM state. For m, ~ m,,, the two scalar portals
present destructive interference which can turn the excited state into a
long-lived particle and a detailed study of the initial relic density of y*
would be required.

4 As shown in ref. [22], the hadronic decays suffer from large uncertainties
which should be taken into account in case one intends to study the cosmology
of the miDM model in detail.

2.2. Perturbative unitarity

For DM to be produced via visible freeze-out, one needs to require
o ® \/24,w > m, ~ m,. While, in order to suppress diagonal cou-
plings, we have to be placed in the parameter region where §; <« 1,

m

ie., \/EyLw < my. Therefore, we push 4, to large values which can
break perturbativity. Following ref. [2], we will impose

3(Ap+ Ag) £ /9y — 4> + 22 < 167, a7

in order to enforce perturbative unitarity in the processes: aa — aa and
hh — hh.® In addition, we will also exclude parameter regions where the
dark Yukawa coupling becomes non-perturbative, a, > 1. Not surpris-
ingly, these requirements place strong limits on much of the parameter
space for visible freeze-out, see the detailed results in section 6.

For some initial intuition on what values of 5, one can expect in the
visible freeze-out regime, we can make a simple estimate for a lower
bound on §,. First, we notice that for 4,, ~ 0 (i.e., 6 = 0), the pertur-
bativity bound in eq. (17) simplifies to A, < 8z /3 and, by demanding
m, > m,, we find that 5; 2 1/3/8xy. Second, in the freeze-out approxi-
mation, one finds

2 202

(ov) ~ =18 10710 Gev2, (18)

167rm§{

where yg is the coupling of the SM-like Higgs to the SM final states,
which we will take approximately to be order unity since we are in-
terested in m, > GeV, and x; =m, /T, ~ 20 with T, denoting the
freeze-out temperature. Now, from the above freeze-out condition, we
conclude that

m
5,2025( %) < 2 > 108 (19)

6 1 Tev

The above suggests that a,; cannot be arbitrarily suppressed at the vis-
ible freeze-out regime since a_~ 26, (except by fine-tuning 6, ~ &p).
Moreover, we expect relatively large mixing angles 6 > 0.1 and small
normalized mass splittings A,, < 0.1 in order to avoid perturbativity
bounds. Overall, these results are just indicative since, in all numeri-
cal results, we keep the full perturbativity formulae and perform more
precise relic abundance computations.

5 Stronger bounds may be obtained by also considering other processes [25].
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Fig. 2. Values of the mixing angle 6 which reproduce the observed DM relic
abundance Qp,;4> =0.12 as a function of the DM mass (black lines). The gray
shaded regions correspond to perturbativity bounds. Higgs signal strength con-
straints from CMS and ATLAS [27,28] are presented in green while orange
regions relate to bounds from the direct detection experiment LZ [29], see the
text for details. Solid lines stand for the miDM scenario while dashed ones for
the classical elastic dark Higgs portal DM.

3. Relic abundance

In order to predict the DM relic abundance, we have developed a
Mathematica package to solve Boltzmann equations for the particu-
lar case where we have up to two DM particles in kinetic equilibrium
with the SM during freeze-out (see Appendix A) [26]. In the package,
we also include a relic abundance estimator via a detailed freeze-out ap-
proximation that is also applicable for the two DM particles case. This
approximation is used to create the figures. In addition, by computing
the full solution for a limited number of points in each figure, we man-
age to reduce the approximation error in our plots. We limit our studies
to m, > 10 GeV in order to avoid non-perturbative QCD effects in the
relic abundance calculation, which go beyond the scope of this intro-
ductory work on miDM.

In miDM, the off-diagonal interactions lead to s-wave DM co-
annihilation into SM particles allowing to reproduce the correct DM
relic abundance with weaker couplings compared to the usual p-wave
scalar portal DM (a shared feature with Coy Dark Matter, i.e., pseu-
doscalar portal DM). For comparison, in Fig. 2, we present the thermal
target for both the standard p-wave and the miDM scenarios, where we
clearly see the advantages of miDM in surviving direct detection bounds.
In both models, DM is composed of Majorana fermions.

4. (In)direct detection

Indirect detection bounds from off-diagonal (inelastic) co-annihila-
tion or y* decays are irrelevant in the parameter region where the life-
time of y* is much shorter than a second since the short lifetimes imply
a negligible abundance of the excited state during BBN and CMB.® For
7, 2 0.02 s [31], the excited state abundance is non-negligible and we
leave its cosmological implications for future studies. Nonetheless, we
point out that bounds from energy injections during BBN are expected
to be stringent in these cases. In order to completely circumvent these

6 Seee.g. ref [30] for a potential signal from indirect detection for iDM models
with large mass splitting.
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bounds, one would need to consider extremely long-lived states (6 = 0)
where studies on late universe decaying DM would be required. On the
other hand, the diagonal (elastic) annihilation is velocity-suppressed
due to its p-wave nature, thus, leaving no relevant constraints on the an-
nihilation cross section. Furthermore, important constraints could arise
from the visible decays of the pseudoscalar mediator. However, in the
mass range we are interested m, > 10 GeV and for the mixing mixing
angles we are considering 8 2 1072, we find 7, < 0.02 s implying that
the mediator abundance can be neglected already during BBN.

For direct detection searches, inelastic scatterings are suppressed ei-
ther by the mass splitting being larger than the kinetic energy of the DM
particles in our galaxy A,, > v> ~ 107 or by their pseudoscalar nature
which only generates suppressed operators in the effective Lagrangian
for direct detection, specifically Oy, « ¢ [32].” On the other hand,
the elastic coupling induces unsurpassed spin-independent DM-nucleus
interactions, which are heavily constrained by direct detection experi-
ments. In particular, the LUX-ZEPLIN experiment [29] has placed the
strongest constraints to date on the cross section of this type of inter-
action and in the future DARWIN [33] will push these constraints even
further. Following ref. [2], this cross section is given by

2 .2 2 2 2
o omy fLde sin” 26
oSl = LN NN el L_1) (20)

2

where u,y is the reduced mass of the DM-nucleon system, my the
nucleon mass and fy = 0.3 is the effective coupling of DM to nucle-
ons [34]. The only way of relaxing these constraints is by requiring a
a, sufficiently small. However, most of the visible freeze-out regime al-
lowed by perturbativity is still within the reach of the above mentioned
detectors.

5. Colliders

We consider a Higgs signal strength modifier y affecting equally all
production and decay modes of the SM-like Higgs, while keeping all
branching fractions equal to the SM predictions. Combined measure-
ments performed at ATLAS and CMS impose the observed u to be higher
than 0.93 at 95% confidence level [27,28]. According to ref. [35], u for
our mass mixing case is given by

2
2 cos“ 01",

=cos 0 ———— 21)
H cos2 0T, + Cyanic

with I, = 3.2 MeV the total decay width of 4 and Iy, the partial decay
width of 4 into dark sector final states.

In this work, we focus only on constraints coming from the measure-
ment of the signal strength, as they are expected to be stronger than any
other collider constraint to date for m, > 10 GeV in the visible freeze-out
regime (where a essentially decays invisibly) [23]. However, patches of
the secluded regime (DM DM « aa) can be probed by searches at AT-
LAS [28,36], CMS [37] and LEP [38], showing the complementarity of
all current searches for new physics and an exciting potential for future
data from the HL-LHC.

6. Results

In Fig. 3, we present the combined constraints on the freeze-out pa-
rameter region. In each panel, we take different values for the mixing
angle 0, the mass ratio 6, and the parity breaking parameter 6p. Then,
for each pair of masses of the dark sector particles, the dark Yukawa

7 The off-diagonal coupling also generates spin-independent DM-nucleus in-
teractions at the loop level. However, results from ref. [7], applicable to our
model in the limit A,, < 1, show that direct detection constraints, considering
only the off-diagonal coupling, are still nearly an order of magnitude away from
reaching the thermal target line.



G. Dalla Valle Garcia

104

103

m, [GeV]

m, [GeV]

10?2

103

m, [GeV]

102

10* 102 103 104
my [GeV]

m, [GeV]

my [GeV]

10* 102 103 104
my [GeV]

Fig. 3. Regions in the dark sector masses plane where the dark Yukawa coupling required to reproduce the observed DM relic abundance is excluded. Light gray
regions are excluded by perturbativity. In green, regions constrained by measurements of the Higgs signal strength [27,28] and, in orange, by recent results from
the direct detection experiment LZ [29]. The red-hatched regions show the sensitivity of the future direct detection experiment DARWIN [33]. Excited DM states
decaying during and after BBN, 7, > 0.02 s [31], are present in the model for blue shaded regions. The gray bands stand for the resonant region m, € (2 + 10%)m,

where kinetic decoupling is expected to alter the relic abundance computation.

coupling y is fixed by requiring the correct DM relic abundance to be
produced via freeze-out. Opaque regions are currently excluded by ex-
perimental data or perturbativity, while shaded/hatched regions are
expected to be excluded by future analyses. Gray bands represent the
resonant region m, € (2 +10%)m,, where early kinetic decoupling is ex-
pected to alter the relic abundance computations [39]. We see that per-
turbativity imposes strong constraints on most of the parameter space.

In particular, for visible freeze-out, perturbativity essentially pro-
hibits regions with extremely small §; < 0.1 forcing the Dirac mass scale

m, to be of similar order to the dark vev w and the elastic interactions
to be still relevant for direct detection experiments. This stringent con-
straint was expected since the dark scalar mass m, ~ w ~ 6,m; has to
be heavier than the DM mass m,, ~ m; in order for DM to be produced
via the visible freeze-out mechanism. This implies that, although miDM
allows new regions of parameter space in the visible freeze-out regime
due to its inelastic nature, the new regions are still very limited by per-
turbativity and can be nearly fully probed by proposed future direct
detection experiments. Only fine-tuned regions where 6p ~ 6, can com-
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pletely avoid direct detection constraints. However, fine-tuning works
only for small values of deltas §; < 0.2 since large mass splittings are ex-
ponentially suppressed. Last, still in the context of visible freeze-out, we
see that small mixing angles # < 0.1 are also strongly constrained by per-
turbativity. Consequently, future searches at colliders may still have the
potential to probe important regions of the visible freeze-out parameter
space.

Conversely, in the secluded region, we still have large portions of
parameter space allowed by perturbativity since the dark scalar is natu-
rally lighter than the DM particle. Consequently, we have little problem
suppressing the direct detection limits by considering ever smaller §;.
However, even for a =~ 0, constraints from the measurement of the
Higgs signal strength are still relevant and can only be avoided by con-
sidering extremely small scalar mixing angles 6 < 10~2. Moreover, large
parts of the parameter space unconstrained by direct detection or col-
lider searches contain long-lived excited states 7, 2 0.02 s [31], due to
very small mass splittings. This can affect BBN and CMB data which
might effectively rule out those regions as well - we leave the detailed
study of miDM cosmology for future works. Considering smaller §; and
0 to relax Earth-based experimental bounds tend to just increase this re-
gion showing the complementarity of cosmological probes in order to
fully investigate this type of models.

7. Conclusion and outlook

We have introduced a renormalizable pseudo-Dirac dark matter
(DM) model adopting a dark Higgs mechanism with a real pseudoscalar
field, which, at the same time, mediates DM-SM interactions via the
Higgs portal. The pseudo-Dirac nature is generated via a Majorana-
Yukawa term (y¢ y) by allowing for parity breaking in the dark sector. In
the case of small parity breaking, the diagonal couplings between dark
fermions are suppressed, and the model presents an inelastic DM (iDM)
behavior. The lack of an extra massive gauge boson, usually present in
pseudo-Dirac iDM, establishes the model as one of the most minimalistic
iDM models proposed in the literature.

Now, pseudo-Dirac DM can also be seen as a minimal modification
of the standard dark Higgs portal fermionic DM, leading to a qualita-
tively new cosmological history and novel experimental signatures. In
this work, we introduced this new possibility for the first time and exam-
ined its properties for large dark DM masses. We focused on the initial
conditions independent scenario of DM production via freeze-out with
a dark sector in equilibrium with the SM bath. In the visible freeze-out
regime, we found that the model is strictly constrained by perturba-
tive unitarity, requiring mediator masses below m, < 3m1, i.e., some
s-channel resonant enhancement of the annihilation cross section. In
comparison, the standard scenario is essentially ruled out in this regime
while the CP-odd portal is not expected to be probed for masses above
a few hundreds GeV.

In contrast, in the secluded regime a larger viable parameter space is
present even for large scalar mixing angles 6 > 1072 where the standard
scenario would be (nearly) completely constrained by direct detection
experiments (with the exception of the very fine-tuned region where
m, ~ my). In this case, the miDM model also allows for lighter DM can-
didates, since it can avoid indirect detection bounds, in contrast to the
CP-odd case. Moreover, it presents regions where the excited DM state
can be extremely long-lived promising interesting signatures at both cos-
mological and collider scales.

Finally, we point out that the most predictive region of parameter
space, where DM is produced via visible freeze-out, will be nearly com-
pletely explored (out of the fine-tuned regions where 6p = 6; < 1 or
m, ~ 2m ) by future direct detection experiments, such as DARWIN.
This fact makes the miDM model a particularly interesting target for fu-
ture direct detection experiments. To conclude, this work sheds light on
the important role played by parity violation in the dark sector even for
simple models, and invites us to revisit the often assumed parity conser-
vation of our favorite DM models.
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Appendix A. Boltzmann equations

Here, we provide a discussion regarding our DM freeze-out compu-
tation. We start from the usual integrated Boltzmann equations for each
DM component (assuming all SM particles are in equilibrium with the
mediator):

n+3Hn = (av)_(nfq 2 n?) + (O'U)_*(nf'qn:q —nn,)

nd ? nd
+2(ov),, ni—(n_n%q> +(<°-U>zx";1+r*)<"*_"_n%q>’

(A1)

i, +3Hn, = (ov),,(n 2 ni) + (60)_*(nfqniq -nn,)

neq g neq
2 e
—200) yp |1 - <”an> = ({ov) , ny +T) <n* - "an> ;

(A.2)

where n o (ny)is the number density of x"(X), H is the Hubble rate,
and (ov)_, (o) ,, (6V),,, (oV),, and (ov),, are the thermally aver-
aged cross sections for the processes y y — XY, yy* - XY, y*y* -
xx "X = yX and y*y* — XY, respectively, with X and Y repre-
senting any SM particle or the pseudoscalar a. Assuming that the DM
states are in kinetic equilibrium with the SM at a temperature T, we
can write their ratio as

3
E=n,/n =(1+4A,)2e "%, (A.3)

with x=m, /T. As a result, the integrated Boltzmann equations can be
simplified into

i+ 3Hn=(cv)(n®? - n?) A.4)

where n=n +n, and

_ (ov) oy (ov) , e (6V) s .
(1+¢)? (1+¢)? (1+¢)?
This is equivalent to solving the Boltzmann equation for a single DM

species.

Since A,, < 1, we approximate m . ~ m, in all thermally averaged
cross sections. Moreover, we velocity-expand our cross sections up to d-
wave (Ui), using the analytical formulas given in ref. [40], in order to
speed up our computations. Finally, we numerically solve eq. (A.4) using
Mathematica as well as using the usual freeze-out approximation. Both

solutions present good agreement with results found in the literature for

(ov) (A.5)
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classical WIMP models as well as the standard dark photon-mediated
iDM scenario.

Data availability
Data will be made available on request.
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