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ABSTRACT: Sub-GeV dark matter (DM) has emerged as a particularly compelling target in
light of the persistent null results from conventional DM searches. While s-wave annihilating
DM candidates with masses below the GeV are strongly constrained by indirect-detection
bounds, inelastic scenarios can naturally evade these limits. In this work, we show that
parity violation can play an important role in inelastic DM models featuring long-lived
excited states by inducing small diagonal couplings that significantly relax experimental
constraints. A precise determination of the excited-state abundance is essential for assessing
the phenomenology of such models. To this end, we solve the integrated Boltzmann equation,
fully accounting for up- and down-scattering with electrons and positrons as well as dark-
sector conversion processes. Using the resulting abundance, we update the viable parameter
space in light of the most recent experimental constraints and demonstrate that parity-
violating interactions can reopen broad regions of parameter space that would otherwise be
excluded. Moreover, the forthcoming LDMX experiment will probe a significant portion
of the parameter space. The framework developed in this work can be readily applied to
other exothermic sub-GeV DM scenarios.
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1 Introduction

Dark matter (DM) constitutes a major component of the Universe’s energy budget, yet
its fundamental nature remains unknown. Over recent decades, an extensive variety of
theoretical models has been proposed, accompanied by a substantial experimental effort
to test them. Nonetheless, no definitive signals have been detected so far.! This situation
has spurred growing interest in scenarios that can evade existing constraints. One such
possibility is that DM consists of particles with masses below the GeV scale, which can
naturally escape current direct-detection (DD) bounds. However, standard (s-wave) sub-GeV
DM candidates are strongly constrained by indirect-detection (ID) searches. It is therefore
crucial to identify and investigate sub-GeV DM models capable of satisfying all existing

LA very recent study of Fermi-LAT data has identified a halo-like excess in the Galactic diffuse gamma ray
emission at energies ~ 20-30 GeV, which could be interpreted in terms of DM annihilations. Nevertheless, the
result is not statistically conclusive and requires independent confirmation [1].



phenomenological constraints, thereby providing well-motivated targets for future searches,
specially at collider and intensity-frontier experiments.

In this work we study one of such scenarios: inelastic DM (iDM) [2].2 We consider a
dark sector (DS) that consists of a ground state y with mass m,, and a (long-lived) excited
state x* with mass m,+, typically with a small mass splitting,

0 =My —my K My . (1.1)

The scattering event involving the conversion of y into x* (dubbed ‘up’-scattering) is en-
dothermic, whereas the conversion of x* into x (dubbed ‘down’-scattering) is exothermic.
The mass splitting (although small compared to the DM mass) makes the kinematics and
phenomenology of iDM interactions significantly different from the purely-elastic case.

One of the most interesting production mechanisms is via thermal freeze-out. Crucial
for the viability and phenomenology of these models is the current abundance of the excited
states, leftover after all conversion processes have frozen out. Dark matter observables, such
as DD, ID and self-interactions depend crucially on the fraction of excited states. Of course,
the latter is not an independent parameter, but depends non-trivially on the particle physics
model (and the parameter range) considered. Therefore, for a given model, a study of the
cosmological evolution of the number density of excited states is necessary to correctly take
into account all relevant constraints.

Typically, the total DM abundance is determined by annihilations which freeze out at
early times and are well understood; however, the abundance of iDM states can be affected by
scatterings (off electrons, protons, other DS states, etc.), which are active at much later times.
At high temperatures, much larger than the mass splitting J, the up-scattering processes
occur at the same rate as the corresponding down-scattering ones. Generally, the important
processes are xx <> x*x* and xX < x*X, where X represents any Standard Model (SM)
particle. Both processes contribute to keep x and x* in chemical equilibrium, and in addition
the latter keep the DS in kinetic equilibrium with the SM thermal bath. Thus, the total
DM abundance is essentially made up equally of x and x* states, and the DM temperature
T, tracks the temperature of the universe, Toy = 7.

Up-scattering requires an energy input, implying that the cross section is suppressed
compared to the down-scattering one. As a result, once the temperature has cooled enough
that the mass splitting 0 is relevant 7 < d, the up-scattering rate is suppressed compared to
the down-scattering rate. Generically, this results in a decrease in the fraction of x* states.
We can calculate the precise evolution of the fraction by considering the scattering rates
compared to the Hubble rate, in addition to the evolution of the DM temperature. If the
scattering processes freeze out much before T}, > J, we expect to obtain equal abundances of
x and x*, but if they are still active at T' ~ § or below, the x* fraction will be exponentially

2Inelastic (endothermic) DM was initially proposed to resolve the tension between the annual modulation
signal observed by the DAMA Collaboration [3] and other experimental DD upper limits [2, 4, 5]. Many models
implementing iDM with a rich phenomenology have been suggested [6-10], and some proposals have aimed to
reconcile DD results via exothermic iDM scatterings [11-13]. Inelastic DM has also been explored in a wide
variety of other applications, for example ID signals [14-16], capture in the Sun [17, 18], self-interactions [19]
and collider searches [20]. Moreover, iDM was explored as a possible explanation for the now gone small excess
measured in electron recoils in the XENON1T experiment [21-27].



reduced. We note that, in principle, decays of the excited state into massless or light
SM particles also decrease the number of excited states. One can easily include them by
decoupling freeze-out and the decays, since, in the scenario we consider, the decay time is
much longer than the freeze-out time.

In this work, we focus on the commonly considered pseudo-Dirac inelastic DM model
with a dark photon mediator [20, 28, 29], but in a more generic framework which allows for
parity violation [30, 31]. The standard parity-conserving scenario faces stringent constraints
from DD and ID searches [22, 24], forcing recent works to study either a cosmologically fast
decaying regime, 0 > 2m,, or extremely small mass splittings, 6 < 100eV [32]. We will show
that relaxing such an assumption simply turns the pseudo-Dirac iDM model into a viable
exothermic DM model for mass splittings § = keV. In this scenario, the exact fraction of
excited states is crucial to determine DD and ID constraints. To compute it, we numerically
solve the Boltzmann equation for the fraction of excited DM states. Our framework can be
easily adapted to other iDM and exothermic DM models.

Finally, let us mention that similar analysis have been performed in the literature. In
ref. [24], the authors perform the first comprehensive analysis of how pseudo-Dirac DM with
small mass splittings (100 eV-MeV) evolves cosmologically, but without explicitly considering
the effect of parity-violating interactions. In ref. [22], it is studied how solar and terrestrial
up-scattering can efficiently populate excited states, enabling MeV-scale DM to be probed via
Sun-induced excitation and GeV-scale DM via Earth-induced excitation — in the latter, they
consider an additional decay channel. Finally, in ref. [32], the authors consider extremely
small mass splittings, § < 100eV, and study how late-time re-population of the excited
state in the Galaxy and subsequent coannihilation yield observable 1-100 MeV gamma rays
that may be detected.

The remainder of the paper is structured as follows. We present the inelastic DM model
with parity violation in section 2. The computation of the DM relic abundance, results
for the DS temperature evolution and the Boltzmann equation providing the evolution of
the fraction of excited states are given in section 3. In section 4 we discuss the different
experimental constraints. Our numerical results are shown in section 5. Finally, we conclude
in section 6. There are also three appendices with further technical details: in appendix A
we outline the method used for the numerical integration, in appendix B we provide a
discussion and derivation of the DS temperature, and in appendix C we obtain constraints
from invisible Z-boson decays.

2 Pseudo-Dirac inelastic dark matter with parity violation

We consider the standard pseudo-Dirac iDM model with a dark photon mediator [20] in a
generic parity setup, following ref. [31]. For concreteness, we introduce a DS containing a new
U(1)" gauge symmetry with a gauge boson A" and gauge coupling €’ (the dark fine-structure
constant is defined as usual, o/ = €’2/4x). Before the breaking of U(1)’, the DS contains
a Dirac fermion xyp = xr + Xr, which is a singlet under the SM gauge group but carries
a U(1)’ charge qp. We take gp = 1 without loss of generality, since any choice of charge
may be absorbed in the gauge coupling e’.



We assume that the U(1)" gauge symmetry is broken at low energies in a way that allows
Majorana mass terms for the dark fermion and a gauge boson mass.?> Thus, we add to
the SM Lagrangian the terms

Lnp = ﬁx + Ly, (2'1)
where
- = Y, 1 =C 1 -C
Ly =ixPx — maxx — SMIXLXL + 5MRXRXR +hec. | | (2.2)
1 1 e 1
Ly = —ZA’WA;V " 3 cosl B A, — §m?4,A’“A;. (2.3)

Here, A;W and B, are the field strengths for AL and the SM hypercharge field B,,, respectively.
Moreover, we denote the weak mixing angle by 6,,, the covariant derivative by iD,x = 10, x —
e’ A}, x and the charge-conjugated field by x{ /R = Craxs, /> Where C'is the charge conjugation
matrix. In eq. (2.2), all CP-violating phases can be rephased into the Dirac mass mg, however,
we will take this parameter to be real, mg € R. Note that in the limit mz,r — 0, we restore
a global U(1) symmetry, and therefore the latter may be naturally small in the 't Hooft sense.
In eq. (2.3), the term proportional to € is known as kinetic mixing and it provides the portal
between the DS and the SM. For my < 10GeV, A’ essentially only mixes with the SM
photon, and the diagonalization of the kinetic term induces a millicharge Q' = —eQ, with Q
the respective electromagnetic charge, to all SM particles. Hence, we will refer to A’ as the
dark photon. On the other hand, DS particles remain electromagnetically neutral.

After diagonalizing the fermion mass matrix we find two physical Majorana states, x
and x*, with masses

1 1
My, x* = \/m?z + Z(mR —mp)?F §(mL +mpg), (2.4)

where we made the assumption mgq > /mpg mp, motivated by the aforementioned naturalness
argument. On the mass basis, the interaction matrix between x’s and A’ generically contains
both elastic (diagonal) and inelastic (off-diagonal) terms. The respective strengths of these
two type of interactions are defined as

oy =a'cos?20 and ol =a'sin?20, (2.5)
where 5 5

20=——"——"Y 2.6
o 2my +02+0, (26)

with the normalized Majorana mass difference d, defined as

mpr—mp

Oy = ————. 2.7
—— .1

For 0, = 0, parity is preserved (the Lagrangian is invariant under a transformation changing
X1 <> xr) and interactions are purely off-diagonal. For this reason, we may also refer to J,
as the parity-violating parameter. We take d, > 0 without loss of generality.*

3We remain agnostic about the origin of the breaking. For instance, one could consider a dark Higgs
mechanism, see ref. [31].

*A scenario with §, < 0 is equivalent to a relabeling of our initial fermions, e.g., xr.,r — (xr/z) and
4p — —4p.



2.1 Parameter space

We are interested in thermal DM produced via the predictive visible freeze-out mechanism
— that is, through annihilations into SM particles. This requires m, 2 10MeV due to
Big Bang Nucleosynthesis (BBN) constraints on new light particles in thermal equilibrium
with the SM bath [33], and mas 2 1.5m, to suppress the secluded annihilation channel
xx — A’A" [34, 35].°

This choice of mass hierarchy allows us to consider large values for the dark gauge coupling.
We adopt benchmark values for the model parameters, following standard practices in the

literature. For the DS fine-structure constant, we choose:
o =0.1 and o =05, (2.8)

representing relatively optimistic values. Scenarios with o/ < 1 generally face challenges in
achieving the correct DM abundance via visible freeze-out [38, 39]. Additionally, to better
understand the o/ dependence, we also explore varying o in the range o € [1073,1] for
fixed values of mass splitting .

In addition to these choices, we focus on the region of parameter space where the excited
state x* has a sufficiently long lifetime to affect DD experiments and cosmological observables
— particularly the CMB. In this regime, x* is effectively stable on collider timescales. Thus,
we need to study and restrict possible fast decay modes of x*. In particular, we impose the
condition § < 2me, thereby kinematically forbidding the x* decay channels into charged
SM particles [8]. Under these conditions, the model we consider generally features small
normalized mass splittings 6 /m, < 1, for which decays of the excited state into dark photons
(x* = xA’) become also kinematically forbidden.

As we will see in section 3, parity-violating effects become negligible at very small values
of §. Thus, in the following, we limit our analysis to mass splittings 6 > keV.% In particular,
when fixing the mass splitting we will adopt the benchmark choices:

0 =100 keV and 0 =500keV . (2.9)

Moreover, we will focus on DM masses below m,, < 100 MeV. As we will demonstrate, heavier
DM masses (for typical benchmarks) lead to equal populations of ground and excited states.
This is strongly disfavored by CMB observations, as inelastic DM s-wave annihilations into
ete™ pairs lead to unobserved distortions in the temperature anisotropies. In addition, for
the dark photon mass we fix:

ma = BmX, (210)

a choice that avoids strong propagator suppression and lies just above the s-channel resonance
at my = 2m,, providing only a mild resonant enhancement. Heavier dark photons are
typically disfavored in visible freeze-out scenarios [40)].

SFurthermore, yy — A’A’ annihilations proceed via s-wave and, thus, the secluded scenario faces stringent
constraints from CMB in the sub-GeV regime [36, 37].
5Note that for smaller § a dedicated treatment of inelastic re-excitation is required [32].



2.2 Decays

Having defined the parameter space, we now discuss the remaining decay modes. These
are: x* — x + 37, mediated by charged fermion loops, and x* — x 4 2v, mediated by
the suppressed Z-boson mixing. The corresponding decay widths, following the approach
of ref. [8], are given by [24]:

170* o €2 69 64
F* * N 3 ~ inel ’
O = x+37) 2736 . 5% 78 md m4,
daced €2 §?
Fu(x" — x+2v) ~ inel ,
( ) 315 cos* 0, m4,m?,

(2.11)

(2.12)

where m. and myz denote the electron and Z-boson masses, respectively, and « is the
electromagnetic fine-structure constant. Following ref. [41], we can also estimate the three-
photon decay width via:

['(A"— 3v)

(A — 2v) ’

mA/—>6

Ce(x* = x+37) ~Tu(x* = x +2v) (2.13)

where I'(A” — 3v) is taken from ref. [42]. In figure 1 we plot contours of the excited-state
lifetime in the plane of the DM mass m, and splitting 6. We show both lifetime estimates in
order to illustrate the theoretical uncertainty in I'x(x* — x +37). As can be seen, most of the
parameter space presents cosmologically stable excited states, i.e. 7. >ty = 4.35 x 1017 s [43].
In the remainder, we will adopt the results from ref. [41] which lead to relatively stronger
constraints given the larger lifetimes predicted.

Given that the decays into neutrinos are subdominant for 6 2 2keV, we may neglect their
contribution to the excited-state decay rate. The corresponding lifetime is then estimated as

100 keV\"3 / ma \*[10°\> [ 05
.~ 10%2 () ( ) 2.14
T \ T 40 MeV ¢ o ) (2.14)

inel

however, we keep the full decay width in our numerical analysis.

3 Dark matter relic abundance and fraction of excited states

As mentioned in the previous section, we are interested in the case where the DM relic
abundance is produced by visible freeze-out, meaning that we need to evaluate the chemical
decoupling of DM annihilations into SM particles. However, as it is well known, this is not
the end of the story. Given the long lifetime of x*, one also needs to determine the relative

abundance of excited states f, defined as
Ty Ty

f= = ,  0<f<05, (3.1)

Ny + My Nytot

where n; is the cosmological number density of the particle species ¢. This relative abundance,
which is time-dependent, is crucial for the application of phenomenological constraints on
the parameter space. To this end, it is essential to consider interactions that change the
relative abundance of ground and excited DM states after freeze-out. This requires tracing
the evolution of the temperature of the DS, T, which in turn needs the evaluation of the
kinetic decoupling of DM from the SM plasma. In the following, we provide technical details
of all of these steps.
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Figure 1. Contours of the excited-state lifetime 7, x (a/€?) are shown as colored lines, computed
using the approaches of ref. [8] (solid) and ref. [41] (dashed). For the small mass splittings considered

(0/m,, < 1), we have o ~ «f |, and the results are effectively independent of d,,. The horizontal solid

black line marks the value of § below which the decay into neutrinos, x* — x2v, dominates, while
above the decay into photons x* — x3v becomes dominant (and similarly for the horizontal dashed
line). Note that kinetic mixing values in the range € ~ 107-10~% are typically required to reproduce
the observed DM relic abundance via standard thermal freeze-out, assuming benchmark choices of
o’ ~0.1—0.5 and my ~ 3m,, for the DM masses considered in this work — see figure 3.

3.1 Chemical freeze-out

The possible total DM number-changing processes in our scenario include (co-)annihilations
into SM fermions, x™*)x*) — SM SM, shown on the upper left panel of figure 2 for the case
of electrons. The relevance of elastic or inelastic interactions will depend on the presence
of parity-violating interactions. In the regime J, = 0, the total DM number density of the
two fermionic states, ny tot = 1y + Ny, is determined solely by the (inelastic) coannihilation
process x xX* <+ eTe™ [32, 44].7 In contrast, once the elastic couplings are available, i.e. 0y # 0,
the (elastic) annihilation channels x x — eTe™ and x*x* — eTe™ must also be included [31].

In figure 3, we show contours reproducing the observed relic abundance Qgps 22, calculated
using the micrOMEGAs package [45], in the plane of the DM mass m, and the kinetic mixing
e, for o/ = 0.1 (left panel) and o/ = 0.5 (right panel). We plot both parity-conserving (dashed
lines) and parity-violating (solid lines) interactions, for several values of the mass splitting
0. As can be observed, elastic contributions, present for d, # 0, are negligible except for
relatively large normalized mass splittings, 6/m, 2 0.2 [31].

The annihilation cross section for x x* — eTe™ has been calculated in refs. [46, 47] and,

in the limit where the mass splitting § can be neglected so that of . =~ o/, it is estimated as:
2 2

eaa'm
X (3.2)

auv ~ —5 55 -
(% — Am3)?

"Interactions with electrons and positrons dominate due to their tiny masses, which lead to much larger
abundances at low temperatures 7' < 100 MeV compared to other SM charged particles.



Figure 2. Key processes governing number evolution and state populations: (a) Annihilation and
coannihilation into SM electrons and positrons; (b) DM-electron/positron inelastic scattering; dark
sector self-scatterings and conversions in s-channel (c) and ¢-channel (d).

o' =0.1 o' =05
— 5, > 1 ) ] " — §,>1
BV RN y. 4]
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. V E Y
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Figure 3. Thermal targets (Qh? ~ 0.12 [36]) for the benchmark choices o/ = 0.1 (left) and
o' = 0.5 (right) with m4 = 3m,. We show results for both parity-conserving 6, = 0 (dashed)
and parity-breaking d,, > 1 (solid) (not-so-)inelastic DM models for various mass splittings ¢ =
{10keV, 100keV, 500keV, 1 MeV} in different colors.



For our benchmark scenarios with m 4 = 3m,, we expect that a reduction in mi, for example,
can be compensated by a corresponding decrease in €2 /. That is, for fixed o/, we expect
€ o< my. Moreover, in this regime there is no dependence on ¢,. As expected, the predictions
from eq. (3.2) match our numerical results, shown in figure 3, for § < Tj, ~ m,/10.%

For larger d/m,, the aforementioned expectations do not hold. First, we find that a
reduction in the mass eventually requires an increase in e. This is attributed to the fact
that, when 6 ~ T}, there exists a strong Boltzmann suppression of the x* number density,
such that a larger € is necessary to have the same thermally-averaged cross section.” Such
a suppression implies that, for parity-violating scenarios (6, > 1), standard annihilations
XX — eTe” begin to dominate over coannihilations xx* — ete™ and the approximate
proportionality of € and DM mass is recovered.

We can relate the relic density to the asymptotic DM yield after freeze-out, Y, whose
present day value (denoted as usual by the 0 subindex, i.e. Yy) must satisfy:

Qobsh2 Pe

~ ~10
iz 4.3 x 1077 GeV, (3.3)

my Yo =
where we have used the values of the observed relic density Qo,sh?, the critical density p.
and the present day entropy density so found in ref. [49]. Considering that Y = ny tot/s, and
assuming a calculated relic abundance Q h%, we can estimate the total DM number density
at the temperature of the SM plasma, Tgy, using:

3 _ Tsm)\ (1 MeV Qh?
Tew) ~ 1.3 x 10~% cm ™3 <S( ) . 3.4
Ny tot (T5Mm) X cm %0 My Qup 2 (3.4)
In the equation above, the SM entropy density is given by:
272
s(Tom) =~ 95(Tomt) Tt (3.5)

with gs denoting the effective number of SM degrees of freedom contributing to the en-
tropy density.

3.2 Temperature of the dark sector

The DS typically remains in kinetic equilibrium with the SM bath, T\, = Tsm, even after
the DM chemical decoupling of x*x — eTe™ at T},. This is ensured by inelastic scatterings
with electrons and positrons y*et < y e*,'” which dominate due to their extremely large

abundance in comparison to the Boltzmann suppressed DM number densities, ne > n, ().

8Note that figure 3 shows a change in slope at m, ~ m,, due to the kinematic opening of the xx* — p™u~
channel.

9For large mass splittings, the center-of-mass energy of the coannihilation can approach the dark-photon
resonance, Ecm >~ 2my +d =~ m 4/, which explains the decrease in the required kinetic mixing e for m, < 2MeV
and 6 = 1 MeV observed in figure 3. In this resonant regime, early kinetic decoupling may become important [48].
We neglect this possibility here, since the resonance region is rather limited, and such decoupling effects would
only be relevant for m, < 1.2MeV (following ez 2 0.1 from ref. [48]), which are typically already excluded by
BBN constraints [33].

0Flastic scattering is neglected since o, < o, and, for Tiin > 6, both states have similar abundances,

f~1/2.



Kinetic equilibrium is lost at a temperature Ty, generally below the electron mass m.,
once the density of charged particles becomes strongly Boltzmann-suppressed. After this
point, the DS thermally decouples from the SM bath. Given the larger DM abundance
compared to that of visible matter (and the near charge neutrality of the Universe, both
implying n, 2 n. for sub-GeV DM), as well as the strong DS coupling o > ae€?, scatterings
among dark states efficiently maintain internal kinetic equilibrium, justifying the definition
of a common DS temperature T, # Tsu.

In the following, we adopt a freeze-out approximation for the temperature evolution. This
is justified by considering that the chemical decoupling between x* and x typically occurs
at Tt < Tian (at least for 0 < me), so the detailed shape of the temperature transition
around Tij, is not expected to affect Ty«. In this approximation, we compute the DM-SM
momentum exchange rate y(7') and assume that T\, = Tgy until

V(Tkin) = H(Tkin) 5 (36)

where H is the Hubble rate, after which T evolves independently according to entropy
conservation (see appendix B for details). Following refs. [32, 50, 51], the momentum
exchange rate can be written as

0

fo(1— fe)ve/ dt t 90xe

*4pz dt ’

1 d*pe
3m, T J (2m)3

AT) = — (3.7)
where f. is the electron phase-space distribution, v, is the electron velocity, p. the electron
momentum, and do./dt the differential cross section for et < y et with respect to the
Mandelstam variable ¢ (the squared four-momentum transfer).

After kinetic decoupling, we assume that the two DM states remain in mutual kinetic
equilibrium, allowing both the definition of a common DS temperature and entropy, until
the state-conversion processes x* <+ x freeze out at T'«. By applying entropy conservation,
one can track the DS temperature evolution, properly accounting for partial reheating due
to the conversion of excited states into ground states. As n,« becomes suppressed with the
temperature drop, the associated mass splitting 0 is converted into kinetic energy, heating
the remaining DM population. This effect is relevant for T, < and ceases once conversions
between states become irrelevant (or kinetic equilibrium is lost, as a common temperature
no longer exists). Further details on the computation of the DS temperature are presented
in appendix B.

In the parameter space considered, we find a maximal possible reheating of approximately
60%, corresponding to

2
T, S1.6 Tsu ,
kin

(3.8)

where the scaling T}, o< T SQM simply arises from the momentum redshift of non-relativistic
single-state DM particles after kinetic decoupling. The reheating effect increases for larger
mass splitting J, since more mass energy is converted into kinetic energy. However, this
enhancement eventually saturates and diminishes once §/m, 2 0.1, due to the strong
Boltzmann suppression of the excited-state abundance, leaving too few x* particles to

,10,



contribute appreciably to reheating. We have checked that such temperature corrections
do not have significant effects on the computation of the excited-state fraction f. Thus, we
do not further analyze the kinetic decoupling of the DS itself, simply reporting the results
for the internal kinetic equilibrium scenario.

3.3 Fraction of excited states

As previously mentioned, the relative abundance of excited states f, presented in eq. (3.1), is
needed to properly apply constraints on the model. Therefore, in the following we study the
time evolution of the excited state x* after chemical decoupling, when conversion processes
can still redistribute the y and x* populations. The corresponding Boltzmann equation
for ny~ reads

dny -
dt

+3H nyx = (0t oy e V)N N+ (O 0%y e V) Ny N

2 2

- <Ux*x*—>xxv>nx* + <Uxx—>x*x*v>nx
2

= (T x— x V)M Ty F (x xoxmx V)

2
- <Ux*x*—>x*xv>”x* + (T x—xx V) e (3.9)
where the right-hand side are the momentum-integrated collision operators, with <oij%klv> the
thermally-averaged cross sections of processes that reshuffle the populations of x and x*. The
right-hand side of the first line accounts for inelastic scatterings with electrons and positrons,
while the remaining lines correspond to conversions within the DS. It is also worth noting that
the last two lines are absent in the case of purely inelastic interactions (i.e. parity-conserving),

0y = 0. Representative Feynman diagrams for these processes are shown in figure 2.
The Boltzmann equation in eq. (3.9) can be written in terms of the excited-state fraction f:

f= Dot yet [Ty et ymex (1= f)
= Dy oxx f2 + Toxexr (1- f)2
P fa—=f+ Dyx—=xrx (1- f)2
= Dyxmex f2 + Dyerxoxs fa=1), (3.10)

with the effective rates reading:

Fi et ket = <Ui et ket ’U) Ne ,

Fi k—lm = (Ui k—>lmv> Ty tot » (311)

with i, k,l,m = x,x*. Here, n, 1ot(Tsm) is taken from egs. (3.4) and (3.5). The density
of e* entering the scattering rates is

2
m; Tsm Me
= K =4 12
Ne = Je 92 2 (TS ) ) Ge ) (3 )

where K5 is the modified Bessel function of the second kind.
When parity is violated, d, > 1, the additional diagonal interactions encoded in the last
two lines of eq. (3.10), namely x*x <> xx and x*x* <> x*x, become efficient and modify the
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Figure 4. Evolution of the ratio between the relevant rates and the Hubble parameter, I'/H (upper
panels), and of the excited-state fraction f (lower panels) as a function of @ = m, /Tsm. Here,
Yyret—syet denotes the momentum exchange rate (see eq. (3.7)). The left panel corresponds to §, = 0,
where only off-diagonal (inelastic) interactions are present, while the right panel shows the maximal
parity-violating case §, > 1, in which diagonal processes are also active. The parameters are fixed as
follows: m, =10 MeV, § = 100 keV, o = 0.5, ma, = 3m,, and e is chosen to reproduce Qobsh?. Note
that we do not include x* decay processes, as they are suppressed.

late-time evolution of f. This behaviour is illustrated in figure 4, where we show the relevant
conversion rates normalized to the Hubble parameter, I'/H (top panels), together with the
evolution of the excited-state fraction f (bottom panels) as a function of z = m, /Tsm for
0y = 0 (left plot) and d, > 1 (right plot). In the parity-conserving case, f effectively freezes
out once the down scattering process x*x* — xx becomes slower than H. By contrast, for
dy > 1 the mixed channel x*x — xx, whose rate scales as 1 — f, dominates the x* < x
conversions after x*x* — x)x processes have frozen out, driving f down to much smaller values.

For the lifetimes of interest there is a clear hierarchy between the epoch when x* < x
conversions freeze out (t+) and the onset of x* decays (7y), since ty+ < minutes while

~

T« > days. We therefore determine the freeze-out value,

fo = fli=t;. (3.13)

by solving eq. (3.10) neglecting decays, and then obtain the fraction at later times taking
into account the decays,

F(t) = foe ™. (3.14)
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As shown in figure 3, for §/m, < 1, the diagonal (elastic) interactions present when ¢, # 0
have a negligible impact on the DM-SM chemical freeze-out, since o’el < o’inel. At lower
temperatures, however, these same diagonal interactions remain relevant for depleting the
population of excited states: despite their suppression, they can keep x* <> x conversions in
equilibrium down to T, < d, where the excited states become strongly Boltzmann suppressed.
Once f becomes small, processes involving the ground state, such as x*x — xx, are effectively
enhanced simply because n, > n,x.

In figure 5 we shown the surviving excited-state fraction, fy, in the plane of DM mass
and mass splitting (dark fine structure constant) in the top (bottom) panels. We see that
fo < 1 throughout the parameter space considered, where the kinetic mixing parameter e
is fixed by the observed relic abundance. Moreover, in the parity-preserving limit (dashed
curves), fo can remain large compared to the case where parity is broken (solid curves),
since x* <+ x conversions decouple earlier. Indeed, in the latter case, the additional diagonal
interactions keep the two states in equilibrium longer, driving fy to significantly smaller values

— effectively confirming the expectations of ref. [24]. Consequently, fo becomes negligible
within the region where diagonal interactions are efficient.

4 Experimental constraints

In this section, we summarize the experimental constraints relevant for the pseudo-Dirac iDM
model with a long-lived excited state. Readers interested only in the allowed parameter-space
results may skip this section and go directly to section 5.

4.1 Indirect detection

DM annihilations. The annihilation of ground DM states is strongly suppressed due to both
the small elastic coupling o/, and the p-wave nature of these processes in the non-relativistic
limit [52]. As a result, limits from annihilations do not lead to relevant constraints.'!

Coannihilations, by contrast, proceed via s-wave and are therefore potentially constrained.
These bounds include searches for annihilations in celestial bodies [53], CMB limits on
late-time energy injection [36, 54], and other indirect searches [43]. The main modification in
the iDM case is the reduced abundance of the excited state, studied in section 3.3.

In celestial bodies the J-factor can be modified by the inelasticity of the DM [32]; however,
in regions without significant excited-state repopulation — consistent with our assumptions —
using the standard J-factor is expected to remain a good approximation. For this reason, the
recasting of ID bounds from searches of DM annihilation products behaves similarly to that
of the CMB limits. Namely, we follow ref. [32] and map standard annihilation constraints
to the coannihilation case via

<UU>ann — 2f <O-'U>coa, (41)

where the factor of 2 accounts for the distinct initial states and (ov)coa is given in eq. (3.2)

(generically with the replacement o/ — «f ).

U1 ,00p-induced annihilations xx — ff are further suppressed either by velocity or helicity factors in
addition to the loop suppression [34].
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Figure 5. Contours of the fraction of excited states at the freeze-out of x* <> x conversion processes
(fo) in the plane of mass splitting 6 and DM mass m,, (top) as well as in the plane of the dark
fine-structure constant o’ and DM mass m, (bottom). The solid translucent (dashed opaque) lines
correspond to parity-violating (-conserving) interactions. The top left (top right) panel corresponds to
o/ =0.1 (¢ =0.5), while the bottom left (bottom right) to § = 100keV (§ = 500keV). At each point,
the value of the kinetic mixing e is such that the DM relic abundance is reproduced. Additionally, we

take ma = 3m,.
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Planck CMB data impose the bound [32, 36]

2f (V) con <2 x 10726 cm? /s (30me6\7> , (4.2)

with f evaluated at z = 600, the epoch to which CMB energy-injection constraints are
most sensitive [55]. For the 1-100 MeV mass range, these are the dominant annihilation
limits [43]. Thus, we do not include the sub-dominant constraints from searches of DM
annihilation products.

Off-diagonal interactions could in principle repopulate excited states via up-scattering.
However, such repopulation is only relevant for splittings § < 100 eV [32], well below our region
of interest. Thus, throughout this work, f is simply taken as the cosmological abundance
fo modified only by decays — see eq. (3.14).

Excited-state decays. Decays of the excited states inject energy into the SM at a rate [24]

0 ()

dE
Rdec = ( ) = F4—body f —_— Rdec ) (4'3)
iDM My

dtdV

where Résgc is the standard decaying-DM injection rate [56] and Fjy0qy accounts for the
visible fraction of the decay energy. This injection is highly suppressed by both f <« 1 and
d/m, < 1. Decay constraints thus become relevant only for splittings 6 ~ MeV, where the
lifetime becomes sufficiently short. Since f depends on 7, x ¢ 13, these bounds rapidly
weaken for smaller J.

The strongest decaying-DM limits usually come from diffuse X-ray measurements [57, 58],
which require 7, > 102°-10% s. In the iDM setup the four-body decay softens the photon
spectrum and reduces the visible energy per decay, weakening X-ray bounds. In contrast,
constraints depending only on the total injected energy remain robust: CMB anisotropies [59],
CMB spectral distortions [60, 61], and dwarf-galaxy heating [62] and ionization [63].1?

Robust bounds from energy injection, such as CMB limits (or BBN constraints for
7 < 107 [64]), can be found already for decaying particles with varying abundances. We
apply them by mapping standard limits on a decaying species a with relative abundance

Ca = Qa/Qobs to our scenario via
Ca — fO , Ta = Tx mg — F4—body 55 (44)

taking Fy hody = 3/4 for simplicity. COBE-FIRAS constraints dominate for 7. < 102 s [60, 65],
while Planck limits dominate for longer lifetimes [59, 64, 66]. However, the latter constrains
much smaller abundances reaching ¢, ~ 107!! and, in contrast, the former only reaches
down to ¢, ~ 1074, Since these bounds depend only weakly on the injected energy in the
keV-MeV range, the translation is straightforward.

For very long lifetimes 7, > tyy, CMB limits become weaker, so we instead apply recasted
limits from diffuse X-rays, neglecting detailed four-body kinematics. In this case, bounds

on decaying-DM often assume 7, > ty, so that the DM density is unchanged over cosmic

12Dwarf-galaxy constraints are expected to dominate only for extremely small mass splittings, § < keV, and
are therefore not relevant for the parameter space considered here.
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time. In our case, excited states may decay sufficiently fast such that this assumption fails.
We therefore replace fo — f(ty) when applying such bounds (see eq. (3.14)). For 7, < ty
this becomes essential. Moreover, since these limits assume f =1 (a good approximation
for 7. 2 ty in their analysis), we rescale them as

Te 2 f(tU) Timits(Fa-body 0) - (4.5)

This type of constraint is dominated by data from the INTEGRAL observatory [67] across
our parameter space [58].

Cooling/heating of astrophysical objects. Stellar bounds are irrelevant for the mass
range considered here, m, > O(MeV) [68]. Similarly, bounds from supernova explosions are
also irrelevant, for instance, the SN1987A observations exclude kinetic-mixing values in the
range € ~ 10710719 for m, 4 < 100 MeV [69], while we focus on € > 107C.

The high energies present in active galactic nuclei allow these environments to probe mass
splittings up to the TeV scale via searches for anomalous cooling of cosmic rays emitted from
these sources [70]. However, such constraints depend sensitively on the assumed DM density
profiles and carry substantial astrophysical uncertainties. Overall, they remain weaker than
those derived from collider missing-energy searches, which we discuss below. For this reason,
we do not include these bounds in our final analysis.

Big Bang nucleosynthesis. New light particles that remain in thermal equilibrium with
the SM bath during BBN can modify the predicted primordial light-element abundances.
Ref. [33] performed a detailed analysis of these effects and found that masses m, < 7MeV
are excluded — where we adopt conservative results based solely on current measurements
of the primordial helium and deuterium abundances, together with CMB determinations of
Qph?. The reported constraints are the results for a Dirac fermion, since both states of our
pseudo-Dirac pair are expected to be present at BBN temperatures, Tgpy ~ MeV.!?

4.2 Direct detection

Elastic scatterings. Due to parity violation the diagonal coupling «f, induces elastic
scatterings, but these are highly suppressed both by the smallness of o/; and the velocity-
suppression of the vector-Majorana interaction. In the sub-GeV mass range such signals
are undetectable.

Loop-induced elastic scatterings can avoid the af; suppression and generate spin-indepen-
dent (SI) interactions [71]. Applied to sub-GeV iDM, these remain weaker than generic LEP
bounds, € < 3 x 1072 [72], and thus are irrelevant here — see also ref. [40].

Up-scatterings. Off-diagonal interactions could induce xy — x* up-scattering in the de-
tector, the Earth, or upstream environments. Within Earth, up-scattering is kinematically

1BAt CMB temperatures, Tcmp ~ €V, only the lighter Majorana state remains thermally populated.
Including combined BBN+Planck limits for a Majorana particle would slightly strengthen the bound from
my > 7MeV to my > 8MeV (or m, > 10.9 MeV if DM is fully Dirac). As these differences are minor within the
mass range of interest, we do not pursue a more detailed treatment of this constraint for the pseudo-Dirac case.
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suppressed when

LIS Vese ~3x1075, (4.6)
Hr 2
with u, the reduced mass of the scattering system [73]. Accounting for possible high-velocity
components from the Large Magellanic Cloud or the Local Group does not significantly
change this threshold [74, 75]. Thus, we find we always work in a region where up-scatterings
on Earth are negligible.

Up-scatterings in the Sun can be relevant for § < 10keV and m, < 10 MeV due to hot
electrons in the solar core [22]. Since we focus on ¢ 2 10keV, we do not include these signals.

Cosmic rays can boost DM to relativistic energies [76], yielding constraints comparable to
those of elastic scatterings. These are weaker than missing-energy collider bounds for m, <
100 MeV [77], so we omit them. Other astrophysical acceleration mechanisms (blazars [78-80],
AGN neutrino emitters [81, 82]) are highly uncertain and yield limits comparable to current
collider reaches, so we do not include them either.

Down-scatterings (exothermic). Down-scatterings of the primordial excited-state pop-
ulation are the most distinctive DD signature. The mass splitting is converted into recoil
energy, giving a mono-energetic line at

Eps=1ts (4.7)
i
with ¢ € {e, N}. For sub-GeV DM, electron recoils dominate thanks to the higher values
of ER,e > ER,N-
We adopt the rate of ref. [22], replacing o/ — «

/

fe1 (numerically negligible here) and

neglecting Earth-shielding effects on the DM flux [24].'* The resulting event rate is

5\ 2 e \2/my \?*[100MeV °
Rexo =~ 8 x 10° (ty) ™! f ol <> < ) < X ) : 4.8
()" f @in keV 10-5 ma My (48)

where we assume that local DM energy densities scale as the cosmological ones. XENONIT [10]
and XENONnT [83] provide leading limits on line-like electron recoils [84]. We recast their
dark photon DM absorption bounds using [85]

PDM 2 oy(w=myr), (4.9)
ma

rA X

where ppy is the local DM energy density and o, (w) is the photoelectric cross section of
xenon evaluated at energy w; taken from ref. [86]. Converting r 4/ into detector rates, R4/
(measured in events per tonne per year), down-scattering is excluded whenever

Rexo < RA’(GeXp) ) (410)

with €exp denoting the experimental upper limit on the kinetic mixing.

14Ref. [24] finds that shielding is negligible for m, > 1 GeV and never exceeds ~ 50% even for m, ~ MeV.
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4.3 Self-interactions

Cluster mergers, in particular the Bullet Cluster, constrain [87, 88]
o/m < 2cm?/g, (4.11)

with earlier results quoting 0.7 cm?/g [89]. Both are shown below in our plots.

Elastic scatterings induced by diagonal interactions are negligible for § < m, since
o
induced by the off-diagonal coupling, namely:

o) o 0%/m?, see eq. (2.5). Thus, their contribution remains sub-dominant to scatterings

(i) Loop-induced elastic scatterings of identical states. Ref. [34] computed the one-loop
amplitude at zero momentum transfer (neglecting the mass splitting for internal x*-lines
since § < my). For my = 3m,, the authors find for yx scatterings

| M2 odd
= ——— ~(0.0622& 4.12
0SIDM,1 1287 >2< g( ) ( )

where we used |[M|2? ~ 24 o/ | taken from appendix C of ref. [34].1% Note that x*x*

inel
scatterings are negligible since f < 1.

ii) Elastic scatterings of different states. The off-diagonal coupling also induces xx* — xx*,
Elasti tteri ds, t states. The off-di 1 li Iso ind * *
giving
o2 m?
osioM2 ~ f —— (4.13)

which, however, is negligible since f < 1. Therefore, we simply apply the self-interaction
constraint, eq. (4.11), via ogipm,1 given in eq. (4.12).

4.4 Collider searches

The excited state is cosmologically long-lived and, therefore, invisible in detectors, while
the dark photon A’ decays promptly. Since visible decays are suppressed by the hierarchy
o' > €%a, collider constraints are generally dominated by missing-energy searches.

For 1MeV < my < 300MeV, the strongest limits come from the electron beam dump
experiment NA64 [38, 39]. As both DM states are stable on detector scales, the published
bounds apply directly. Similarly, via missing-momentum searches, the future LDMX experi-
ment [90] will improve the sensitivity of NA64 by several orders of magnitude; we include
its projections in our analyses.

Dark photons produced at high-intensity facilities can also yield boosted DM that
scatters in downstream detectors. Experiments such as LSND [91, 92], E137 [93, 94], and
MiniBooNE [95] probe such scattering signals. At the relevant energies, inelastic kinematic
suppressions are negligible, and we follow ref. [96] in rescaling their bounds by the appropriate
choice of o'.

YEarlier loop estimates can be obtained by translating the DM-quark calculation of [71] via QieQa — o’ in
the operator x g — Xx Xx- This yields cross section scaling as iee; (M, /m s )® F3, with the loop function
F35 given in ref. [71]. These estimates are smaller and align with earlier results such as ref. [22].
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5 Numerical results

In figure 6, we summarize the current constraints on (not-so-)inelastic DM in the plane ¢
versus m,, for different values of o within the parity-conserving scenario d, = 0 (left panels)
and the maximally parity broken scenario é, > 1 (right panels). Similarly, in figure 7, we
summarize the constraints in the plane o’ versus m, for different values of 6. In each point,
the value of the kinetic mixing € is such that the DM relic abundance is reproduced.

In both figures 6 and 7, we find that DD (XENON1T, XENONnT)!6 and ID (INTEGRAL,
CMB from decays) constraints are significantly weakened in the parity-violating scenario. This
reduction originates from the strong suppression of f in that case (see figure 5). To illustrate
this effect, we show contours of the excited-state fraction corresponding to fo = 10~!!, which
mark the approximate boundary where DD and ID constraints become negligible in the
parity-violating regime. Regions with smaller excited-state fractions are therefore also allowed.
CMB limits from annihilations, on the other hand, are only relevant for f > 1075 where parity
effects are negligible, so their constraints are the same in both scenarios. Moreover, according
to expectations, constraints from self-interactions (o¢/m) and colliders (NA64, LSND) are
insensitive to parity violation within our evaluated parameter space.

In both figures, we also include the projected sensitivity of missing momentum searches
at the future electron beam dump experiment LDMX [90] for its “Phase I” LDMX run with
4 x 10 electrons on target (EOT). On figure 6, we find that for o/ = 0.1 this experiment can
exclude most of our parameter space, while for o/ = 0.5 there will still exist regions free from
bounds. Similarly, in figure 7 we find that LDMX has the potential to exclude most regions
of the parameter space, excepting those with very large o/ and m,. It is worth mentioning
that the sensitivity reported for the extended LDMX run (also called “Phase II” LDMX run)
with 1.6 x 1015 EOT is expected to probe the entire parameter space explored in our analysis.

Regarding other future searches, NA64 is currently running and its sensitivity will increase
in the following years, probing some of the free regions of parameter space at large o/ and
low masses [97]. Furthermore, note that bounds on decaying particles on cosmological scales
become very weak below 7, < 10'2, which nearly corresponds to the upper boundary of
the decay constraint from Planck on energy injection during CMB. In this case, for lower
lifetimes, only mild improvements are expected from future PIXIE [98] measurements [64]
and we do not include its projections in our figures.

In order to understand the impact of non-maximal parity violation, we show in figure 8
the initial excited-state fraction contours corresponding to fo = 107! for different values of
the parity-violating parameter d,. As in figures 6 and 7, the regions above these contours and
right to the BBN limit line are free from DD and ID constraints. This highlights that even
small parity violation effects, d, ~ 1072, can already open up new parameter space. Note
that, as mentioned before, limits from DM self-interactions and colliders, as well as those
from BBN, present negligible variations due to parity violation in the parameter space under
consideration; thus, we simply report the bounds for the parity-conserving scenario.

Finally, in figures 9 and 10 we present our bounds in the conventional plane of kinetic
mixing € versus DM mass. Here, for each point we compute the total abundance of both

16Note that the oscillation of the DD bound is due to the statistical fluctuations of the background data
and the photoelectric cross section.
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Figure 6. Experimental and cosmological constraints on the (not-so-)inelastic DM model in the
plane DM mass m,, and of mass splitting 6. At each point, the kinetic mixing e is fixed by the relic
abundance, Qh? = 0.12. Left panels correspond to the parity-conserving (4, = 0) case, while right
panels correspond to maximal parity violation (d, > 1). The dark fine-structure constant is fixed to
o’ = 0.1 (top) or o/ = 0.5 (bottom). The vertical solid line indicates the expected DM mass region
(my S 7MeV) excluded by BBN [33]. The projected reach of the “Phase I” LDMX run [90] is shown

by the dashed gray lines. Dotted contours correspond to fo = 10711,
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Figure 7. Same constraints as in figure 6, shown in the (m,,’) plane for fixed mass splittings
0 =100 keV (top) and § = 500 keV (bottom). Left (right) panels correspond to the parity-conserving
(maximally parity-violating) scenarios.
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Figure 8. Top (bottom) panels present contours of fo = 107! for different values of the parity-
violating parameter d, in the plane of mass splitting § (dark fine-structure constant o) and DM
mass m, for fixed values of o’ () — on the left o/ = 0.1 (§ = 100keV) and on the right o/ = 0.5
(0 = 500keV) — adopting the benchmark choice of mas = 3m,. Note that current constraints
from indirect and direct searches are absent for parity-violating scenarios with initial fractions below

fo < 1011
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dark fermions x and x*, which we denote by = Q, + €,+. This is used to define the
DM energy density fraction f,:

Q
Qobs '

fr = (1)
In this way, we consider the possibility that the total abundance of xy and x* does not satisfy
the Planck bound, relevant for the situation where our candidates are a sub-component of the
total DM. In both figures, we present the lines with f, =1 (0.1) in solid (dashed) magenta.
Note that, in standard cosmology, the regions below the f, = 1 line are excluded, due to
overproduction of DM.!” This exclusion is expected to hold down to values of the kinetic
mixing € ~ 107!, where DM does not reach thermal equilibrium with the SM [107].

In this context, one needs to recast the previous bounds on our parameter space. Firstly,
since the fraction of DM corresponding to the excited state x* is f, fo, all constraints
depending on fy can be recalculated by replacing fo — fyfo. Secondly, self-interaction
bounds are reinterpreted by imposing the upper limit given in eq. (4.11) on f% o/m. Finally,
collider constraints do not depend on either f, or fo.

Results for o/ = 0.1 are shown in figure 9. The figure takes § = 100keV (500keV) on the
upper (lower) rows. The parity-conserving case (0, = 0) is shown on the left column, and the
parity-violating scenario (d, > 1) on the right one. Once again, we find the aforementioned
opening of the parameter space when parity is violated. Indeed, for 6 = 100 (500) keV case,
the parity-conserving scenario is completely excluded by DD (ID and BBN) limits, while the
parity-violating case remains viable for masses m, < 10 (30) MeV. Additionally, in figure 10,
we show the corresponding results for o/ = 0.5. Conclusions are similar, with the exception
that a small triangular region with f, <1 is also allowed for the parity-conserving scenario.

The figures also show the expected sensitivities for LDMX, in both “Phase I” and “Phase
I1”. The former will probe the entire unconstrained space of our model for o = 0.1 while
only the latter can fully explore the case of o/ = 0.5 — adopting the benchmark m 4 = 3m,.

Finally, in both figures, for parity violation, we find that f, fo = 10~ is still a good
indicator of where ID loses sensitivity, and also for DD provided that f, 2 0.1. Furthermore,
note that we find a lower limit on fraction of the sub-component DM of about f, 2 0.1
(irrespective of parity considerations) giving that larger values of € are required in such cases
and collider constraints remain unchanged.

6 Conclusions

Sub-GeV dark matter (DM) has attracted significant attention due to the relative weakness
of DD and collider constraints, as well as the numerous experiments proposed to probe this
mass range. Inelastic sub-GeV DM scenarios can further evade the stringent ID bounds
that exclude standard s-wave annihilating candidates, making them particularly attractive.
Nevertheless, the phenomenologically viable parameter space remains highly constrained,
especially for long-lived excited states (exothermic DM). In this work, we have shown that
parity violation, which generates (suppressed) elastic interactions, plays a crucial role in

"For examples of non-standard cosmology controlling DM overabundance via entropy injection, see
refs. [99-106].
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Figure 9. Same constraints as in figure 6, shown in the (m,,¢) plane for fixed mass splittings
0 = 100 keV (top) and 6 = 500 keV (bottom), assuming o’ = 0.1. At each point, the dark fermion
abundance f, = Q/Qobs is computed using MicrOMEGAs. Left (right) panels correspond to the parity-
conserving (maximally parity-violating) scenarios. The legend and color scheme are identical to
those in figure 6, except that the projected reaches of the “Phase I” and “Phase II” LDMX runs [90]
are shown by the dashed black and gray lines, respectively, and dotted contours now indicate an
excited-state fraction of the observed DM abundance f, fo = 107!'. The magenta solid line marks the
thermal target, while dashed magenta lines correspond to the case where dark fermions constitute
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reopening the parameter space of the model. Importantly, the framework developed here
is largely model-independent and can be readily applied to a broad class of exothermic
sub-GeV DM models.

A key ingredient in assessing the phenomenology of these models is the population of
long-lived excited states, which naturally arises for § < 2m.. We have computed the thermal
history of the ground and excited states with significantly improved accuracy by solving the
integrated Boltzmann equation for their relative abundance, fully accounting for up- and
down-scattering with nucleons and electrons, as well as dark-sector conversion processes, and
by computing in detail the dark-sector temperature evolution. Crucially, the (suppressed)
new interactions generated through parity violation can maintain y* <> x conversions in
equilibrium down to T, < d, reducing the number of excited states and thereby relaxing
direct- and indirect-detection constraints.

Using these results, we have revisited the full set of phenomenological limits, incorporating
the most recent experimental data. The updated parameter space contains substantial regions
that remain viable, demonstrating that parity violation can reopen territory previously
regarded as excluded. In particular, even parity-violating effects as small as percent-level (e.g.,
mp ~ 1.01 mp) restore the viability of significant portions of parameter space. For m/y = 3m,,
and o/ = 0.1, we have obtained that the allowed parity-violating region of parameter space
corresponds to roughly m, € [7,50] MeV and § € [50,1000] keV, with € € [107>,1074]. For
larger (smaller) o/, limits from self-interactions and DD demand somewhat larger (smaller) DM
masses, corresponding to similar values of the kinetic mixing parameter. Moreover, the larger
the parity-violating interactions, the larger (smaller) the allowed DM mass (mass splitting).

Overall, our findings establish parity-violating inelastic DM as a compelling and testable
framework for sub-GeV DM, motivating further experimental scrutiny. Future searches with
enhanced sensitivity to low-mass scattering and de-excitation signatures, such as LDMX
Phase I and, especially, Phase II, will be particularly powerful for probing the allowed
parameter space identified in this work.
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A Numerical integration

The Boltzmann equation is stiff at early times when the abundance is close to its equilibrium
value, which makes standard explicit solvers either unstable or prohibitively inefficient due
to the very small steps required by the rapidly varying source terms. To robustly handle
this stiffness, we adopt an implicit scheme following DarkSUSY [109] and, more recently,
DRAKE [110]. We evolve the independent variable x geometrically, logz;+1 = logx; + h,
where h is the adaptive step size. An adaptive controller adjusts h based on local error
estimates and the convergence of the implicit solver.

Our integration strategy is based on an embedded pair of implicit methods: a trapezoidal
update and an implicit Euler update. First, given a function y(x), we expand y; = y(x;)
using a trapezoidal discretization of the evolution between z; and x;11, yielding

1
Vi = Ui+ B h(yi + yiy) + O(R7), (A.1)
while the corresponding implicit Euler update is
E /
Yir1 = Yi T hyipr - (A.2)

The difference between these two estimates provides a built-in measure of the truncation
error. Expanding the trapezoidal rule, one finds

1 1 .
§h2\y”| ~ Shlyin = vil = by — yEal, (A.3)

so that \yﬁl — yﬂl\ directly estimates the second-order term in the local expansion. A step
is accepted when this local error indicator is small compared to the solution,

iy — vil <elyial, (A.4)

and throughout this work we take ¢ = 1072, The same error estimate is then used by an
adaptive controller to increase or decrease h for the next step. In our application the evolved
quantity is the relative abundance

fi = fl@i), (A.5)

so we now specialize the above construction to y = f. The Boltzmann equation (3.10)
can be recast as

a _

i Mx)(AfP—=Bf+0C), (A.6)

where the effective interaction rate \(x) collects the effects of the Hubble parameter and
the entropy evolution of the plasma, and is given by

1 my dgs
AMz)=— (1 X A7
() xH ( + 329 dT) ’ (A7)
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Figure 11. Comparison of predictions for the relative abundance f, contrasting our implicit
discretization (“Our Code”) with digitized results from ref. [32] (“Reference”). Shown is the purely
inelastic case, d, = 0. The benchmark parameters are the same as in the referenced study, namely
ma = 3my, o’ = 0.5, and a value of e chosen to reproduce Qopsh?.

and the coefficients A, B and C' encode the relevant number changing and conversion processes,
A =Ty + Do = Dy oxex (A.8)
- Fx*xﬁx*x* - Fx*x*ﬁxx + Fxxﬁx*x*
B =T et yer + Dyt et + Dyryony (A.9)
+2 Fx><—>><*x - Fx*x—>x*x* +2 P><><—>x*x*
C = eri—)x*ei + FXX%X*X + FXX%X*X* . (AlO)

Applying the discretization discussed above to eq. (A.6) gives closed form updates for the
trapezoidal and implicit-Euler estimates. Solving explicitly for the next step we obtain

QCT
fz’j—;-l = 5 5 (All)
2+ uiy1 Big1 + \/(2 + wip1 Bit1)” — 4 uipr Aiprcr
2CE
5—1 = ) (A12)

2
I+ uip1 Big1 + \/(1 + Uiy1 Bit1)” — 4uip1 Aip1 e

where u; = h\; and

cr =2f; + u; (Asz — Bifi + CZ') + ui+1C541 , (A.13)
cp = f, + ui+1Ci+1 . (A.14)

We select the physical branch of the square root to ensure f; 1 > 0. This implicit embedded
pair provides both stiffness control and an internal error estimate for step adaptation. We
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implemented this scheme in our code and validated it against the benchmark of ref. [32]. The
comparison is shown in figure 11. In the plot, the curve labeled “Reference” corresponds to
data digitized from the published results of ref. [32], whereas the curve labeled “Our Code”
is produced by our C++ implementation of the implicit trapezoidal scheme with embedded
backward-Euler error control described above. We use exactly the parameter choices reported
in ref. [32]. The two curves display consistent trends, indicating that our implementation
captures the qualitative behavior reported in the reference.

B Dark sector temperature

In this appendix we derive the evolution of the DS temperature relative to the SM bath
temperature, under the assumption of entropy conservation. We assume an instantaneous
kinetic decoupling between the two sectors and full thermal equilibrium within the DS (i.e.
both chemical and kinetic equilibrium). This allows us to define two independent entropy
densities, each associated with its own temperature.

We begin by recalling some general thermodynamic relations relevant to the early Universe.
The contribution of a non-relativistic particle species ¢ to the total entropy density is given
by [111]

5 my —
(eq)

where m; is the particle mass, p; its chemical potential, T; its temperature, and n; = eti/Ti n;
its number density, with

T 3/2
nz(eq) — gi <”;17rTz> e~milTi (B.2)

and g; the number of internal degrees of freedom. The chemical potential can then be
expressed as

wi =T; (ln n; —In ngeq)) , (B.3)

which quantifies the deviation from the p; = 0 case — the typical situation for DM in
chemical equilibrium with the SM.
We further define the yield as

3/2
Y, = i 4752& i 1;’ e~ (mi—i)/Ti (B.4)
SSM 27% gys \ 27 TSM

where g, is the effective number of SM relativistic degrees of freedom for the entropy. In
terms of the yield, the chemical potential becomes

wi =T <lnYZ~ “In Yz.(e‘”) , (B.5)

where Yi(eQ) = Y;(u; = 0). The logarithm of the equilibrium yield reads

45 g; 3 m; 3 T; m; 3 T; m;
1 Y(EQ):I (Z> hay | (’) 21 L) - =Ci+-ln| = | - = B.
nYe = gm ) e e ) e g, ) T =G e\, ) T (BY

where all temperature-independent terms have been absorbed into the constant C;.
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In the following, we briefly discuss the validity of our main assumptions. We then derive
the temperature evolution for a single-component DM candidate and subsequently generalize
the discussion to inelastic DM and to a multi-component DS.

B.1 Kinetic equilibrium assumption

Before proceeding with the derivations, it is useful to comment on the validity of our
assumptions. First, entropy conservation is a standard approximation in early-Universe
thermodynamics and is widely adopted in the literature (see e.g. refs. [111, 112]).

The assumption of instantaneous kinetic decoupling from the SM plasma is, of course, an
idealization of a more gradual process. However, since the precise behavior of the transition
around the kinetic decoupling temperature Ti;, is expected to have a negligible impact on
the conversion freeze-out at Ty« (as long as T+ < Tin ), this simplification is well justified
for the parameter space relevant to this work.

Finally, the assumption of kinetic equilibrium within the DS down to T+ requires more
care. In contrast to WIMP scenarios, where scattering off relativistic SM particles efficiently
maintains equilibrium, here the non-relativistic DS particles must scatter among themselves
to redistribute momentum. Such processes are typically less efficient, with only a mild
enhancement compared to DS number-changing processes due to the larger abundance of

the lightest dark species, roughly ~ e%/T

, where d; = m; —m,, is the mass splitting between
the species x; and the lightest state x, and T is the DS temperature.

Indeed, because a relevant amount of momentum exchange is required (rather than
simply counting the total number of collisions, as in chemical equilibrium), the momentum-
transfer rate v(7') — e.g. from processes such as x;x — x xi — is generally smaller than
the chemical equilibrium rate I'(T") — typically from reactions like y;x; — xx. Their ratio

scales approximately as [113]

% ~ eéi/Tnj; . (B.7)
Therefore, results at very low temperatures 7' < m; should be interpreted with some caution.
This is particularly relevant for small mass splittings d; < m;, since the partial reheating
(due to the conversion of ¢ into kinetic energy) becomes significant only below T ~ §;. Note
also that I'(T") rapidly decreases for T < ¢; due to the Boltzmann suppression of the heavier
states, implying that their chemical decoupling typically occur shortly thereafter. Thus, in
this regime, one expects a competition between the factors e%/T and T /m;, making a general
treatment nontrivial. A detailed study of this interplay will be explored in future work.

After kinetic decoupling, the momenta of the heavier states simply redshift with the
expansion. If the light species remain in internal kinetic equilibrium — so that a single DS
temperature can still be defined — the heavier states continue to transfer energy to them, still
leading to a partial reheating. If not, the light states retain a similarly redshifted momentum
distribution, potentially modified by small additional kicks from conversions or from the
decays of the heavier states. In either case, a detailed treatment of kinetic decoupling within
the DS lies beyond the scope of this work.

Finally, in our numerical results, we find that the resulting temperature variations have
only a minor impact on the excited-state fraction f. For this reason, we justify no further
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analysis on the DS kinetic decoupling in this work, though such effects could become relevant
in models where temperature changes are more pronounced.

B.2 Single-component dark matter

In the following, we consider a dark bath consisting of a single DM species with mass m.!®

After kinetic decoupling, the DS no longer exchanges entropy with the SM, and the ratio
of their entropy densities is a constant c,'’

Sz(i—ka'u)Y:c. (B.8)

As the DM number density is conserved after decoupling from the SM, the yield Y remains

constant,?’ and we can write
m;“:d. (B.9)
Using eq. (B.5), we obtain
% - (lnY —1In Y(eq)) = = % +Inyd = ¢ (B.10)
Substituting eq. (B.6) then yields
Ct o (Tz;) N T% — " (B.11)
SM SM

Since the two sectors shared a common temperature at kinetic decoupling, T" = Tsn = Tkin,
we have ¢ = 1/Tyn. Therefore, the DS temperature evolves as

T2
T=25M/ B.12
Tkin ( )
which is the expected redshift of non-relativistic DM momenta.
B.3 Inelastic dark matter

We now extend this reasoning to a two-component inelastic DM system with a mass splitting
0. Assuming both components remain in thermal equilibrium among themselves with a
common chemical potential j1, = p,+ = w2t and that the DS is completely decoupled from
the SM after Ti;,, the ratio of entropies becomes

s 5 mX—,u> (5 mX+(5—,u>
S <2+ T A T (B.13)

18Since only one species is present, we omit the index 4 for all DS quantities.

Y Throughout this appendix, ¢, ¢/, ¢”, and ¢’ denote constants independent of temperature; primes are
used to distinguish successive algebraic redefinitions.

2°Note that for cannibal DM [114], Y may still evolve even after decoupling through number-changing
interactions such as 3 <> 2 processes. These cannibal processes convert rest mass into kinetic energy and
thereby delay the cooling of the DS [115]; in that case, 1 = 0 throughout the cannibal phase.

21This is ensured by processes such as x*x* < xx and x*x <> xx, which are efficient in the model considered
in this work for temperatures right below Tkin.
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where we have neglected subdominant DS contributions (e.g. from the heavy dark photon,
which is Boltzmann suppressed and also decays rapidly).
Introducing the excited-state fraction f defined in eq. (3.1), we can rewrite the ratio as

(=)0 )

YDM =C, (B.14)

where Ypy = Y, + Yy« is the total DM yield. For a non-cannibal DS, Ypy is constant,
leading to

mX_:u+f6:c/

- (B.15)

Using eq. (B.5), we then find

my + f6 _1n<<1 —f)YDM> RN mX;fé

T vy led) +In YX(QQ) ~In(1-f)=¢. (B.16)
X

Substituting eq. (B.6), we obtain

5 3 (T eI\
410 +°In|—=—|-ma-H=¢" = ——=d". B.17
Given thermal equilibrium (justified since we aim to compute the temperature T« at
which conversions freeze out), the excited-state fraction can be written as [116]

X

¢ 5\ 32
=i, f:<1+m> T (B.15)

where we have used eq. (B.4). With this expression and the initial condition 7' = Ty at Tiin,
eq. (B.17) can be solved to obtain T'(Tsm, Tkin). Although we do not find a closed-form solution
to T'(Tsm, Tkin), important insights can still be gained by studying two limiting regimes.

At high temperatures, right after kinetic decoupling (6 < T' < Tiin), the excited and
ground states remain nearly equally populated f ~ 1/2; see eq. (B.18). Imposing the
boundary condition T' = Tgy = Tikin then fixes

22/3
N Tkin ’

"
C

(B.19)

leading to T = TSQM /Txin, identical to the single-component case. This behavior is expected,
since for T'>> ¢ the energy injection from mass conversions between states is negligible.

At low temperatures (T' < 0), the excited-state abundance becomes exponentially
suppressed (f ~ 0), and combining eq. (B.17) with eq. (B.19) yields

T2 T2
T ~ 92/325M 1 6=SM B.20
Tkin Tkin ( )

corresponding to a ~ 60% temperature increase, originating from the conversion of x* mass
energy into kinetic energy of the dark bath. The scaling T o Tg,; persists, as expected from
momentum redshift, since the x* population has effectively disappeared.
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Figure 12. Evolution of the DS temperature T, as a function of x = m,/Tsm computed with our
prescription for several values of 6 and m,,. The results are compared with the usual approximation
Ty, = T\;/Txin found in the literature, as well as with the limiting case Ty = 1.6 T3y;/Tkin discussed
in the main text.

Note that if for some initial temperature 77 (not necessarily identified with Ti,) the
DS was already decoupled from the SM bath and the excited-state fraction were fixed at
fr = O(1) by an external mechanism (for instance, through fast decays of a third particle),
the DS temperature would instead strongly increase with the mass splitting §. This is
due to the exponential increase of ¢” at T; which later, for f ~ 0, leads to an increased
temperature T oc 2/19/371 TSQM. This is not the case in the present work where, under chemical
equilibrium at T7 = Ty, the excited-state population follows the Boltzmann suppression
given in eq. (B.18).

Finally, to capture the full behavior, we solve eq. (B.17) numerically with the initial
condition T" = Ty at Tkin. In figure 12, we show in red the DS temperature evolution
(normalized to the SM one) for several representative cases with m, =1, 10, 100 MeV (left,
middle, right) and 6 = 10eV, 1keV, 100keV (dotted, dashed, solid), compared with the
analytic approximations T = Ty /Tkin (blue) and T = 1.6 Ta;/Tkin (gray). In all cases
we neglect a possible kinetic decoupling between DM states. For the red curves, Ty, is
determined by the scattering cross section of x*e™ <+ y e, which is fixed by requiring the
correct relic abundance to be reproduced via visible freeze-out for m 4 = 3m,. For the blue
and gray lines, we set Ty, equal to the corresponding values for the red § = 10eV curves.

We first focus on the case with relatively small mass splitting, i.e. the dotted and dashed
red curves, where we find a perfect match with our expectations at high and low temperatures.
We see that, the smaller §, the lower the temperature where deviations from the T SQM scaling
appear. The reason for this is that, for T > §, the injected kinetic energy is negligible
compared to the kinetic energy of the DM particles (~ T).
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If we now turn to a larger mass splitting (solid red curves), we find that for m, =1
and 10 MeV the kinetic decoupling temperature satisfies Tk, < 0. In this regime, the
excited-state abundance is already Boltzmann suppressed at kinetic decoupling (f < 1),
which modifies the coefficient ¢” in eq. (B.19) and consequently alters the factor 1.6 in
eq. (B.20). Furthermore, the suppression of the heavier state requires a larger kinetic mixing
€ to reproduce the observed relic abundance, which in turn delays kinetic decoupling, leading
to a smaller Ti;,. Therefore, for these specific cases, the red curves are not expected to

coincide with the gray ones — as is indeed observed.

B.4 (N + 1)-component dark matter

We finally generalize our study to a DS composed of N heavier flavors y; in addition to a
ground state x, with mass splittings J; = m; — m,. Assuming that efficient conversions and
scatterings maintain a common temperature and chemical potential x4 (and that cannibalism
processes are negligible), conservation of entropy implies

fi6i/T\ 23 T
c —=c, (B.21)

where f; = n;/npum is the fractional abundance of the heavier state i and

N
F=>_1 (B.22)
=1

denotes the total excited-state fraction. For compactness, we adopt the Einstein summation
convention for repeated indices, i.e. f;0; = Zfil fidi.

In thermal equilibrium (where each f; is given by eq. (B.18) with 6 — §;), the constant
c can be expressed as

k2/3
Tkin 7

c (B.23)
where k < N denotes the number of light states satisfying Ty, > J;. We neglect the smaller
contribution from the N — k heavier states with d; 2 Ty, since their abundances are strongly

Boltzmann suppressed. At low temperatures 1" < §;, the DS temperature can therefore reach

T
— ~ K23 (B.24)

z

where T, = TSQM /Txin is the standard redshifted single-component temperature. For k = 2,
we recover the 60 % increase, see eq. (B.20)), of the two-state scenario studied in this work.
This shows that mass-splitting-induced reheating can become particularly significant for a
DS containing a large number of light states (k > 1).

C Constraints and sensitivities from invisible Z boson decays

Even though in this work we focus entirely on DM—-SM interactions mediated by dark
photons, our model also allows DM to couple directly to Z bosons. In the following, we
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present the corresponding interaction terms, and calculate the partial widths for invisible
Z = xx, xxX5 x"x* decays.
The interaction terms for y and x* stem from the original covariant derivative, which
can be written as:
e e
e Apu (XtY"'xL — X&V'XR) = 5 cos 20 )27“75)( Apy + 3 cos 20 )Z*y“fx* Apy
/ /

iy SN0 Xy Apy — i 2K X Apy, (C1)

where A%, is the dark photon on the interaction basis and the angle 0 is defined in eq. (2.6).
Note that the x*) fermions on the right-hand side are Majorana particles.

Writing A}, on its mass basis, a coupling with the Z boson arises due to the kinetic
mixing €. To a very good approximation, we find the following interaction terms between
DM and the Z:

/ 2
e_"y
2 m2 — m2
my —mj3

Lo tan 6y, € | — cos 20 Yy x — cos 20 X 40 *

+i sin 20 xyy* x* — i sin 26 )Z*’y"x} Zy, (C.2)

where m, = /g% + g’? vy /2 and m ; = 2 €'vg, with vy and ve being the vacuum expectation
values of the SM and dark Higgs bosons, respectively. With these couplings, and considering
My (+), Mar < Mz, one can obtain:

/2

I(Z = xx) =T(Z = x*x") = 264 cos? 20 tan® 0, €* m (C.3)
T
/2

I'(Z = xx) = 162 sin? 20 tan® 0, €2 my (C.4)
T

This leads to a contribution to the width for Z invisible decay
AT(Z — inv) = (¢/2/127) tan? 0, € my (C.5)

which is not sensitive to parity violation.

In order to place limits from the Z — invisible measurement, we use table D.1 of ref. [117],
which shows the most constraining bounds reported by PDG (see also refs. [118-120]). Here
we have AT'(Z — inv) < 2.0 MeV, at 95% C.L., in other words:

6.0 x 10-3
€< \/aD tan? 6, mz[GeV] (C.6)

Taking mz = 91 GeV, tan? 6, = 0.3 and ap = 0.5, we find € < 0.021, which is much larger
than the maximum value of € used in our work.

Regarding prospects, the FCC-ee CDR [121] expresses the Z invisible width by the
number of neutrinos N,,. This was measured by LEP to be N, = 2.984 4+ 0.008 [117]. The
report in section 3.2.3 of ref. [121] considers the possibility of improving precision to a factor
0.0004. In the following, we will provide a rough estimate of what this means.
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The number of neutrinos at LEP is derived from the comparison between the SM
expectation of the ratio I'y; /Ty (the partial width for decays into a single neutrino species
over the corresponding width for one generation of massless charged leptons) and its measured

value RY :

R) =N, (F””> (C.7)
Lo/ sm

If we now assume an extra contribution to the Z invisible width, we will have:

RO o <3Fyy + AF) o BFVD + AF (Fw/> (C 8)
m IV Iys Lo /sm '

Thus, if we write N, = 3 + AI'/T',5, we can expect a bound AT'/T,; < 2 x 0.0004.
The SM prediction for the partial width into one neutrino pair is:

Grm3,
Iy = =0.166 GeV , C.9
12V/27 ¢ (C.9)

so this means:
AT <0.133 MeV . (C.10)

With this rough analysis, we see that the constraint on the invisible width could improve
by one order of magnitude, which would imply ¢ < 5 x 1073,

Although the numerical values obtained here are not directly relevant for the parameter
space analyzed in this work, the resulting limits are entirely independent of parity-violating
effects and therefore apply straightforwardly to the large-mass-splitting and heavier DS
scenarios studied in ref. [31]. In particular, the thermal target around m, ~ 5GeV remains
inaccessible to upcoming searches at B-factories and to DD experiments, as discussed in detail
in ref. [31]. By contrast, our analysis of invisible Z decays has the potential to close this gap:
the expected FCC-ee sensitivity to the invisible width would allow a full exploration of the
thermal target for not-so-inelastic DM in the regime of sizable mass splittings, §/m, 2 0.1,
which continues to evade all previously studied probes.
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