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ABSTRACT: Light dark sectors in thermal contact with the Standard Model can naturally
produce the observed relic dark matter abundance and are the targets of a broad experimental
search program. A key light dark sector model is the pseudo-Dirac fermion with a dark
photon mediator. The dynamics of the fermionic excited states are often neglected. We
consider scenarios in which a nontrivial abundance of excited states is produced and
their subsequent de-excitation yields interesting electromagnetic signals in direct detection
experiments. We study three mechanisms of populating the excited state: a primordial
excited fraction, a component up-scattered in the Sun, and a component up-scattered in
the Earth. We find that the fractional abundance of primordial excited states is generically
depleted to exponentially small fractions in the early universe. Nonetheless, this abundance
can produce observable signals in current dark matter searches. MeV-scale dark matter with
thermal cross sections and higher can be probed by down-scattering following excitation
in the Sun. Up-scatters of GeV-scale dark matter in the Earth can give rise to signals in
current and upcoming terrestrial experiments and X-ray observations. We comment on the
possible relevance of these scenarios to the recent excess in XENONI1T.
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1 Introduction

Over the past two decades, the model space of WIMP-like dark matter (DM) has broadened
to include new states and interactions. In particular, the introduction of new, light mediators
— such as the dark photon — between the dark sector and the Standard Model (SM) has
opened the parameter space of light thermal DM [1].

Light Dirac fermion DM is in severe conflict with measurements of the CMB if it can
annihilate at the time of recombination [2-4]. However, a pseudo-Dirac fermion avoids the
CMB constraints if only the ground state has a significant abundance. Thus, a broad class
of viable light DM models necessarily is described by DM with a ground and an excited
state, and a light dark photon mediator to the SM [1].

The existence of an excited state x* of the DM particle x can dramatically alter the en-
ergy spectrum in direct detection experiments through endothermic [5] or exothermic scatter-
ing of long-lived states [6-9]. Decays of the excited state have important implications for di-
rect [10-12], indirect, and accelerator signals [13-17]. If the splitting is present, elastic scatter-
ing is highly suppressed in light DM models with dark photon mediators. As a consequence,
understanding the possible presence of these excited states and their signals is imperative.

For light DM with mass m, at the MeV scale, the mass splitting § = m} —m, in the dark
sector has two natural values. The first is an O(1) splitting, § ~ O(MeV), which decouples
the excited states from questions of direct detection. However, the splitting breaks a
symmetry of the theory and can be parametrically smaller than the other scales in the theory.



Thus a second possibility is splittings in the § ~ a /47 x O(MeV) ~ O(keV) range, which lead
to signatures in direct detection experiments. While nuclear signals of these excited states
have been studied [9, 18, 19], the electronic signals have only recently started to be explored,
especially in the context of a secluded dark sector with large self-interaction and small
mixing with the Standard Model [20], and as a specific solution to the XenonlT excess [21].
A systematic study of this parameter space and cosmological history, including signals of
nuclear and electronic recoils from primordial states, has recently been studied in ref. [22].

In this paper, we will show that ongoing direct detection experiments are sensitive
to light thermal relics through their inelastic scattering, filling an important gap in light
DM parameter space. In the elastic limit, recoils of MeV-scale particles typically deposit
~ mva ~ 10eV of energy [23-25]. Such small energies are difficult to detect, and require
precision experiments with small target masses [26, 27] or large targets at the expense of re-
duced background rejection [28-30]. On the other hand, excited states with large, order-MeV
splittings typically decay promptly into e*e™ pairs and have no relevant local abundance.

Intermediate, keV-scale excitations are potentially long-lived and allow detection
in higher-threshold, tonne-scale experiments, including the world-leading xenon exper-
iments [28, 31, 32]. It is this latter case that we consider in this paper, with an emphasis
on electronic signals of the excited state x* down-scattering in direct detection experiments.
The scenarios we consider provide possible explanations to the excess of electron recoil events
reported by the XENONIT collaboration [32] and predict future testable experimental
consequences.

The layout of this paper is as follows: in section 2, we present the parameter space
of the model in question. In sections 3-5, we consider three possible sources of excited
states: the early universe, the Sun, and the Earth, and study the implications of these
states in direct detection experiments. We discuss current bounds and future signatures in

laboratory and astrophysical observations; and we conclude in section 6.

2 Model space

We focus on a specific framework of thermal relics, which can make up all of the DM, or be
a subcomponent. We consider light pseudo-Dirac fermion DM particle, with ground state x
and excited state x* split by an amount J, and overall mass scale m,. The DM possesses
a dipole moment and couples to the Standard Model section through a kinetically mixed
massive dark photon of mass m 4. This model combines features discussed broadly in the
literature [33—40]. The interaction Lagrangian is,

1
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where ep = \/4mwap is the dark photon gauge coupling. Both vector interactions as well as
dipole operators are off-diagonal between the mass eigenstates of the pseudo-Dirac fermion.

The dark photon and dipole can each allow for transitions between the ground and
excited DM state. In the parameter range we consider, the decay time through the dark
photon is longer than the age of the universe [6, 7]. Only once the splitting is O(MeV) and
de-excitations into e*e™ pairs are allowed, does the lifetime become short.



The higher-dimensional dipole operator in eq. (2.1) can also result in up- and down-
scattering, and scenarios involving this have been discussed previously [11, 12]. The excited
state decays at a rate of
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The scale of the dipole moment is important in determining the possible source of the
excited states. In principle, a dark photon-interacting thermal relic need have no dipole
operator with electromagnetism at all. A Planck-suppressed dipole operator (i.e., Ag ~ Mpy)
does not mediate a decay over the age of the universe for § < MeV. Thus, a natural starting
point would be to consider excited states which are produced primordially and are stable
on cosmological timescales, e.g. [6, 7].

In the presence of a larger dipole moment (or another means of decay), the primordial
excited abundance is depleted and local mechanisms for inelastic up-scattering become
an important source for excited states. The Sun, given its relatively high temperature,
is a natural source, as is the Earth for large enough DM kinetic energy. Excited states
from the Sun can lead to direct detection signals on Earth if their lifetime is longer than
AU/v 2 10°sec, where v > vpy is the typical x* velocity after solar scattering. For
up-scattering in the Earth, the lifetime can be even shorter; scenarios with very short
(~ 100 psec) lifetimes have been considered [11]. We will focus on lifetimes greater than
Tearth/ VDM ~ 100 sec where the entire Earth is a source of excited states. These lifetimes are
achieved for dipole moment scale Ay 2 (10-100) TeV — a relatively mild constraint given
that radiative dipoles are typically suppressed by a small charge and a high mass scale.

The inelastic DM-electron scattering mediated by the dark photon is parametrized by
the cross-section in the elastic limit,
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Oel = mj/ m;t
where p is the reduced mass of the dark matter-target system, and y = € ap (my/m a)tis
a standard combination of DM parameters [17].

When the splitting is small compared to the typical scattering energy, the elastic
cross-section fully describes the up- and down-scattering. When the splitting becomes
significant compared to the overall kinematics, the width of the recoil energy distribution is
corrected as
25 20t /1+ 2y
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compared to the elastic case, where +(—) is for exothermic (endothermic) inelastic scattering,

myp is the target mass, and v is the DM velocity. The overall scattering cross section then
becomes (see, e.g., refs. [5, 6, 8, 9]),

Oinel = Ol (/1 £ —5 . (25)



Since we will be focused on electromagnetic direct detection signals, let us take a
moment to describe the scattering and our simplifying assumptions. Given that the focus
of our analysis is on DM masses above an MeV — to retail a consistent cosmology — and
splittings above a keV — which can be observed in large-volume detectors —, we estimate
the event rates in a xenon detector by assuming the n = 4,5 orbitals are accessible and
populated by “free” electrons at rest, and ignore the n = 1, 2, 3 orbitals, which are more
tightly bound. We expect this to be a good approximation for § 2 keV,m, > MeV and
anticipate O(1) corrections, in particular a broadening of the energy recoil spectrum, for
DM masses ~ MeV; a detailed analysis of the electron response can be found in [21, 41].
We have checked that the total event rate for parameter points considered in [21] agrees
with our results up to O(1) factors.

We can estimate the validity of this free electron approximation as follows. In a two-to-
two scattering the electron acquires a final momentum |k’| = v/2m¢Eg, and recoil energy
.

ER:q-vX—%+5, (2.6)
where ¢ is the momentum transfer. In the elastic limit § — 0, to achieve recoil energies
above ~ keV thresholds, one can see that momentum transfers ¢ = MeV are required: much
larger than both the outgoing electron momentum /2m.Ex and the typical bound electron
momentum k. ~ Zeg v me ~ few keV [24]. Thus in the elastic limit, the approximation of
electrons at rest is badly violated: the initial electron momentum comes from the high-
momentum, low probability tail of the electron wavefunctions to achieve large momentum
transfers and recoil energies above threshold. Incredible progress in detailed calculations,
including relativistic corrections to the high-momentum tails of the electron wavefunctions
has been achieved, e.g. [23-25, 42-44].

In contrast, in down-scattering with large enough splitting, the recoil energy is largely
dominated by the splitting 4, and the initial electron momentum can be small compared
to the momentum transfer ¢ ~ v/2m.Er. The primary support of the process then comes
from the peak of the electron form factor, and the rates are approximately unsuppressed
relative to free electron scattering.

Considering our energy recoil distribution in more detail, the minimum velocity required
to achieve a recoil energy Fg is

Er—0 ¢
q 2m,,

(2.7)

Umin =

In the approximation that the electron is initially free and at rest, the momentum transfer
is ¢ = k' = \/2m.ER; the peak of the recoil energy spectrum E%eak occurs for vy, = 0,

ek~ B (2.8)

me
The fractional spread in the recoil energy due to the initial kinetic energy of the DM can
be approximated by setting vy, = vo,

AER/ER ~ vo\/me/d ~ 3% (keV /ER)'/? (2.9)
which is small compared to detector resolution, o(E)/E ~ 30%(keV/E)Y/? 4+ 0.3% [32].



Incorporating the electron momentum at leading order, the momentum transfer is
corrected by q ~ /2m.Eg + k.. Since k. < v/2m.ER, the presence of an initial electron
momentum distribution only corrects the peak recoil energy by a small amount. However,
due to the low velocity of DM in the galaxy, the electron momentum can be comparable to
the DM momentum at the light end of the mass range we consider, i.e. k. ~ m,v,. Given a
finite electron momentum distribution with typical momentum k., the recoil distribution is
broadened by a factor of order (ke/m,)y/md, which can be comparable to the broadening
due to the DM velocity dispersion vgy/med for m,, < few MeV. Nevertheless, while the recoil
distribution broadens for small dark matter masses, we estimate that it does not exceed
the detector energy resolution for m, 2 MeV. Note that as we will see, solar up-scattered
excited DM particles arrive at the detector with a higher velocity and a broader energy
distribution than the primordial DM, so the correction due to the electron momentum in
the solar scenario is even less significant.

We also ignore the electron binding energy. The above expressions should be modified
to § — 0 — Ey, where Ey = 12.4(5p), 25.7(5s), 75.6(4d), 163.5(4p), and 213.8(4s) eV for the
outer shells; neglecting the binding energy for the outer shell electrons is valid as Ej < §
in our entire parameter space. The inner shells will be accessible for larger values of the
splitting, and the rates would be modified for § > keV.

Having laid out the basic ingredients and properties of the inelastic DM model, we
now turn to the DM production and detection mechanisms in more detail. In the following
sections, we consider three distinct sources of excited states: primordial abundances,
excitations from solar reflection, and up-scatterings in the Earth.

3 Excited states from the early universe

3.1 Production

The high densities and temperatures of the early universe efficiently generate a cosmologically
stable excited state abundance. If DM was part of a thermal bath in the primordial universe,
chemical equilibrium drives the relative abundances of x and x* to comparable values, as is
the case in standard cosmologies of thermal relics in which DM was once in equilibrium with
ordinary matter. Once the temperature becomes much smaller than the mass splitting 4,
the relative abundance of the excited state x* (compared to x) is exponentially suppressed
and freezes out. Thus, estimating the primordial fraction of x* at late times requires
tracking the cosmological evolution across the periods of x, x* <+ SM chemical and kinetic
decoupling, as well as the period of x <> x* decoupling. In the following discussion, we give
simple analytic expressions for the rates of these processes; we use a full numerical analysis
in the figures.

In the dark photon model eq. (2.1), DM can maintain chemical equilibrium with the SM
bath through coannihilations to electromagnetically charged SM particles f, as mediated by
the dark photon, yx* <> A’ <+ ff. For temperatures T' < m 4+, this process is dominated
by the exchange of an off-shell A’. The total comoving x + x* density is dictated by the
temperature at which these coannihilations decouple. If decoupling occurs at a temperature
much greater than the mass splitting 0, the coannihilations rate scales as ov ~ ay/ mi The



conserved x + x* comoving density is then consistent with the observed DM energy density
provided that ov ~ 1/(Teqmyp1), where Toq ~ 0.8 €V is the temperature at matter-radiation
equality and mp is the Planck mass, which is equivalent to

y ~ 10710 x (mx)2 . (3.1)
100 MeV

After chemically decoupling from the SM, y and x* remain chemically coupled to
one another through x*x* <+ xx and x*f < xf, where the latter process also enforces
kinetic equilibrium between the dark sector and the SM. Neither process alters the total
X + X* number, but each drives the relative number density to the equilibrium value
ny [Ny ~ e 9/Tx | where T is the temperature of the x + x* bath. Once x and x* chemically
decouple from each other, the primordial comoving abundance of the excited state x* is no
longer depleted by annihilation or scattering processes.

The DM temperature 7T, is governed by the temperature of kinetic decoupling Tii, <
m,, which is in turn dictated by DM-electron down-scattering x*e <+ xe for m, < GeV.
For m, > MeV, T' < Tiin occurs well after x, x* become non-relativistic and chemically
decouple from the SM, due to the enhanced abundance of electrons compared to DM
particles at early times. In the limit that m. < T" < m -, the thermally-averaged rate for
x* e ¢ xe is

360((5) aapeT?
[ye ~ .

3.2
™ mj/ ( )

At much lower temperatures, T' < me, I'y. is exponentially suppressed, due to the dwindling
electron abundance. We estimate Ti;, numerically as the temperature at which the general
form of I'y . drops below the rate of Hubble expansion H. For T' < Tiiy,, the DM temperature
evolves independently of the SM plasma as T\ ~ T?/Tiin- In most of the parameter
space that we investigate, kinetic decoupling occurs near or slightly below the electron
mass threshold.

Even at temperatures well below the electron threshold, x and x* can remain in
chemical equilibrium through DM-DM scattering x*x* < xx, which is independent of
€. Assuming that x and x* are chemically coupled, n,- ~ e/ Tx ny. The corresponding
thermally-averaged rate is roughly

5/2 2 ,03/2

Dyey =~ e Tn, W max (i T, 6> . (3.3)
We denote the DM temperature at which I'y+, ~ H as T\, which we evaluate numerically
by equating the general form of the above expression with the Hubble rate. Since x*e +> xe
also enforces x — x* chemical equilibrium, the DM temperature of y —x* chemical decoupling
is T chem ~ min(Tiin, Tyy+) and is thus controlled by whichever process, x*e - xe or
X x* < xx, decouples later. Assuming that y makes up the dominant component of the
DM abundance at late times, the number density n, in the expression above corresponds to
Ny ~ Toq T3/ my. If x* is cosmologically stable, its late-time fractional abundance is then
approximated by
T gm0/ Tchem (3.4)

Js =

Ny =+ Ny*



primordial thermal iDM, 6 = 3 keV, my, /my =3 primordial thermal iDM, 6 = 100 keV, my, /m, = 3

ap

1073

1 10 102 103 102
my [MeV] my [MeV]

Figure 1. The fraction f, of dark matter that is composed of excited states (shaded green) as a
function of dark matter mass m, and dark sector coupling ap for ma = 3m,, with x* — x mass
splitting 6 = 3keV (left) and 100keV (right). For each point in parameter space, we fix the kinetic
mixing parameter € such that the abundance of x agrees with the observed dark matter energy
density (cyan). Shown in gray are regions excluded by elastic self-scattering of dark matter [16, 45]
and distortions of the CMB from late-time annihilations [46].

Ignoring the m,-dependence of Ty, ~ m, and taking Ty chem S 9, f+ then scales as

my? (mar/my)*

af, (T chem §)1/2 mi/z Teqmpl
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for m, ~ O(MeV), where the ratio Ty chem/d < 1 grows logarithmically with increasing m..

f*N

For DM masses well below the GeV-scale, the remaining fractional abundance of excited
states x* is typically very small, f, < 1. The dependence of f. on various parameters is
shown in figure 1, in which we vary € as a function of ap and m, by fixing the late-time
abundance of y to the observed DM energy density. Features in the f, contours appearing
near m, ~ 400 MeV are due to QCD resonances enhancing the annihilation cross section at
fixed € and ap. From eq. (3.1), this “thermal target” corresponds to

2 ~1/2
e~ 1077 (100 MeV 3 05 ’ (36)

also shown as the black contours in the € — m, parameter space of figure 2. As discussed

above, the total late-time abundance is driven by xx* < ff freeze-out, and in our numerical
analysis, we include the effect of hadronic resonances and final states [14]. For smaller ap
or larger m,, the ability to deplete the primordial x* abundance diminishes, leading to an
increased primordial excited state fraction f.. For m, 2 few x GeV, x* constitutes an O(1)
fraction of the DM density.

For mass splittings 6 = 2m,., the dark photon induced decay x* — x + 2e may deplete
the remaining x* abundance to completely negligible levels [6, 7]. However, for § < me, in
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Figure 2. In blue, the event yield at XENONIT from down-scattering of a primordial excited
pseudo-Dirac dark matter subcomponent as a function of € and m,, for ap = 0.5, ma//m, = 3,
and mass splitting 6 = 3keV (left) and 100keV (right). Throughout, we assume that y makes up
the entirety of the dark matter abundance; along the black contours, the thermal abundance of y is
consistent with the observed dark matter energy density. Also shown are regions excluded by recent
missing energy/momentum searches at NA64 [47] and BaBar [48] (solid gray), as well as the projected
sensitivities of searches for similar signals at LDMX and Belle IT (dashed) [49-52]. Exclusions derived
from distortions of the CMB anisotropies are also shown (solid gray) [46]. Constraints from dark
matter self-interactions bounds may apply for m, < 10 MeV when x comprises all of the dark matter.

the absence of an additional dipole-type interaction, the only kinematically allowed decays
are x* — x + 3v and x* — x + 2v, with a corresponding lifetime that is cosmologically
stable. In this case, the primordial x* fraction generically survives to late times, potentially
giving rise to detectable signatures in cosmological and terrestrial observations.

3.2 Astrophysical signatures

Near the time of recombination, the primordial abundance of x* facilitates late time
coannihilations to SM particles, depositing energy into the SM plasma and leading to small
distortions in the CMB anisotropies. This process is suppressed by the small residual fraction
[+, but is compensated by the large number density of x for m, < GeV. The resulting
energy injected into the SM plasma is strongly constrained by Planck observations, leading
to fxov S pb x (my /60 GeV) for electromagnetic final states [46]. The corresponding cross
section for coannihilations to leptonic final states is

167 acap €2 mi (37)
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The resulting Planck bound is shown in gray in figures 1-3. As shown explicitly in figure 1,
this constraint is strongest for m,, ~ GeV, in which case f. = O(107!). For much larger

masses, fy saturates at fi ~ O(1), while the DM number density falls as ~ 1/m,, leading
to a weakening of the bounds.
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Figure 3. As in figure 2, but now in the ap — m, plane. At each point in parameter space, the
value of € is fixed such that x freezes out with an abundance that is consistent with the observed
dark matter energy density, as in figure 1.

Self-interactions in dark matter haloes and merging galaxy clusters constrain the rate
for DM elastic scattering to be o(xx — xx)/my < 10cm?/g [45]. Such limits restrict large
values of ap and are especially relevant at small DM masses, as shown in gray in figures 1
and 3. In scenarios with f, < 1 and mass splittings greater than the typical DM kinetic
energy, the dominant process at small masses arises from elastic scattering xx — xx that
is radiatively induced by A’ exchange (see, e.g., ref. [16]).

3.3 Direct detection

The presence of a long-lived primordial x* component can also lead to signals in terrestrial
direct detection experiments. In particular, if x* makes up a subcomponent of the galaxy’s
DM halo, down-scattering off of electrons y*e — xe leads to a mono-energetic recoil energy
of Ep ~ 1ué/m. provided that the mass splitting is greater than & > puv?, where v is
the x* velocity and the dark matter momentum is large compared to the typical electron
momentum, see section 2. In the limit that 6 < m, < mu/, the differential cross section

for down-scattering is
do Staapeme

~ 3.8
dEgr m,v? (38)
At the level of our “free” electron approximation, the expected signal rate R is then given by
stig NA Zfree f* Px 8maap 62 Me /oo o fhalo(v)
R= ~ ER)dE dy —/——= 3.9
dt dMget Ag  my m?, 0 (Er) dER imin AT (39)

where 7(Eg) is the detector efficiency as a function of recoil energy [32], py ~ 0.3 GeV /cm?
is the local DM energy density, vmin =~ |meEr — ud|/(pv/2meER) is the minimum kinemat-
ically allowed x* velocity, Myet is the detector mass, N4 is Avogadro’s number, Zee = 26
is the number of electrons in the n = 4,5 orbitals of xenon, and A is the atomic mass. Ap-
proximating the halo velocity distribution f(v) as Maxwellian with dispersion vy < /3 /u,



the recoil energy and velocity integrals reduce to

00 (9) 2,)3/251/2
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giving an overall event rate of
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Hence, even a very subdominant primordial fraction f, < 1 can give rise to detectable rates.

In figures 2 and 3, we highlight regions of parameter space in which an excited component
of the DM energy density leads to electron down-scattering event rates at XENONIT,
ranging from (1 — 100)/(tonne-year). As shown in figure 1, larger ap leads to a smaller
primordial x* abundance, thus suppressing the down-scattering rate in terrestrial detectors.
Also shown are regions excluded from recent missing energy/momentum searches at the
low-energy accelerator experiments NA64 and BaBar [47, 48], as well as the projected
sensitivities of a search for similar signals at LDMX and Belle II [49-52].

Figure 2 focuses on the € —m, parameter space. In a standard cosmology, x freezes out
via xx* « ff with an abundance consistent with the observed DM energy density along
the black contours. Above or below these contours, y is a subdominant DM component
or is overabundant assuming a standard cosmology. For concreteness, when calculating
the signal even rate we take y to make up all of the DM throughout all of the parameter
space shown. In figure 3, € is varied consistently in the ap —m, plane such that x makes
up all of the DM energy density. Regions in excess of 100/tonne-year are constrained by a
recently reported search for electron recoils in XENONI1T [32].

Assuming that thermal decoupling of yx* < ff sets the late-time x abundance,
scenarios in which the ground state y makes up a subdominant component of the DM lead
to increasingly larger signal rates for x* down-scattering in terrestrial detectors. To see this,
note that if xx* ¢+ ff decouples at temperatures much greater than 4, then f, o< 1/(ap €?),
where f, = ny/ngy,, <1 is the DM fraction composed of x. If the decoupling of x*x* < xx
is responsible for setting the x* abundance at much later times, then f. o< 1/(a?, f,). The
down-scattering signal rate at direct detection experiments is then controlled by the product
fefxape® o fo < 1/(a%fy). Hence, smaller y abundances imply larger signals in such
cosmologies.

4 Excited states from the Sun

4.1 Production

When the excited state x* has a lifetime much shorter than the age of the universe due to
the existence of, e.g., an electromagnetic dipole transition, the primordial abundance of x*
can be severely depleted. In this case, detection of x* at direct detection experiments is
only possible with a source of up-scattering.

For a decay lifetime that is much larger than 1 AU divided by dark matter velocity, the
Sun can act as a source of x*. The Sun has a high internal temperature which we take to be

~10 -



Ts = 1.1keV, and is capable of up-scattering the DM particles that come through it with
~ keV energies. Gravitational focusing due to the large gravitational field also enhances
the flux of DM particles incident on the solar core.

The idea to use “reflected” DM from the Sun was proposed in ref. [53] in the context of
elastic scattering. However, for m, 2 MeV, the reflected rates and energies are sufficiently
low that terrestrial experiments are typically more sensitive to the background primordial
flux. This is not the case for inelastic WIMPs. For light WIMPs, even a small splitting
0 ~ 100eV can be kinematically inaccessible for up-scattering in a terrestrial experiment.
Thus, any production in the Sun of an excited state which is suitably long-lived can produce
a signal in a terrestrial experiment which would otherwise be absent.

To calculate the rate, we consider the problem as follows. In-falling DM particles at
the surface of the core of the Sun have velocities v ~ vese = 5 X 1073 ¢ = 1500 km sec™!,
the escape velocity at the surface of the core. This is a high velocity compared to typical
halo DM, vg ~ 1073 ¢. The electrons in the Sun are moving with an even higher velocity
Ve ™~ \/m ~ 0.05¢ = 1.5 x 10*km sec™!. Since vese < ve, we should think about the
solar up-scattering with DM particles being essentially at rest, and being bombarded by
thermal electrons from all around them. The quantity of interest is therefore the steady-state
density of DM in the Sun, and not the flux of DM on the Sun.

The ground state DM number density n, e in the core of the Sun is enhanced by a
factor 1 + v2,./v3 due to gravitational focusing. On the other hand, the higher velocity
spreads the DM particles more thinly due to conservation of flux, suppressing the density
by vesc/vo. Thus, we have ny o >~ ny X Vese/ vo." For simplicity, we adopt the value of vese
at the surface of the core to estimate this effect; since the escape velocity is necessarily
higher inside the core, this is a conservative assumption on the flux ® of x* on Earth. This

is given by
ny,0Ve

4m(1AU)2”

where (0 _,+ve) is the velocity-averaged cross-section of xe™ — x*e™, and Vj; is the volume

(4.1)

D = ne(0y—y*Ve) X

of the Sun’s core. The derivative of the flux with respect to kinetic energy K, of the
up-scattered x* is given by

dd do‘X‘)X* TLX @V@
A (5 e G SV 2oL Ol 4.2
dKy- < T > " 1r(1AU)2 (4.2)

We take the solar parameters to be Vg = 2.2 x 103! cm?, and n, = 2 x 1025 cm™3 which is
approximately the mean electron density in the solar core [54]. To get a sense of how large
the flux is, we can compare it to the background flux of DM particles in the halo, ®¢ = ngvg:

E ~ 5 X 10—8 ( e ) < <0—X—>X*U€> )
d 2x 102 cm=—3 /) \ 10730 cm3s—!

220 km/s V@ 'Uesc/vo)
. 4.
8 ( Vg ) (2.2 x 1031 cm3> < 7.0 (4.3)

!Precisely, the focusing is true for a 1/r potential. Inside the Sun, this is no longer the case. However,

approximately 50% of the mass of the Sun is contained inside of r < rg/4. Thus, we consider the 1/r
potential to be reasonable down to these distances at the level of accuracy we have here.
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For a benchmark value for (oy_,+ve) = 1073 cm®s™! that leads to an appreciable event

rate in XENONIT, we find that the solar flux of x* is significantly smaller than the virial
dark matter flux; however, the splitting § greatly improves the detectability of x*.

In the previous scenario where a primordial abundance of excited states is still present
today, solar upscattering can also produce a comparable population of excited states at
direct detection experiments. A simple estimate for the ratio of the primordial flux to the
solar flux using egs. (4.3) and (3.5) gives

3 —11/2 2
_Peolar 531077 (O‘D) <mx ) / (6 > : (4.4)
with the solar flux possibly dominating in interesting regions of parameter space for

my ~ 1 MeV.
A simple expression for (o, +ve) can be found in the nonrelativistic limit and with
0 < me, m,y, since the electron velocity distribution is Maxwellian. The differential scattering

cross section in this limit is B
doy—sx*  Temy

dKy - 2p2 027

(4.5)

where K, is the recoil kinetic energy of x, and &, is defined in eq. (2.3). The velocity-
averaged cross section is then

0 0 ATy sy
(O e Ve) = / dKc, - / dve fags (ve) SX2X (4.6)
0 Umin dKX*

where Vi, is the minimum velocity at fixed K, given by the kinematics of the up-scattering,

1 My Ky
in = 0 4.7
Umin 2mXKX* ( que + > ) ( )

and fyp(ve) is the Maxwell-Boltzmann velocity distribution,

m 3/2 m U2
e) = 4mv? = ——ce . 4.
fus(ve) TS (27TT@> exp 2T, (4.8)

The integrals in eq. (4.6) can be evaluated analytically, giving

[2me & mMed med
o “Ve) = Oe exp | — K 4.9
< XX > e Hye ( 2pye T ) <2ﬂxeT® ) ( )

8T,

\/ﬂmi, 0/ e < 2T /me
29 e0

\ 7os XD (—“’;T@) v 0/ e > 2T /me

where we have expanded the Bessel function K assuming a large argument for the final

Q|

12

(4.10)

Oec

approximation.
The factor of |/26/uy. is a characteristic velocity of the up- and down-scattering
process, with the exponential suppression coming from the fact that only electrons with
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Solar Thermal iDM, m, = 3.7 MeV, § = 3.5 keV
175 1 1 T T

0
0.0 0.5 1.0 1.5 2.0 2.5
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Figure 4. The flux ® of x* particles up-scattered by electrons per unit kinetic energy K, -, assuming
my = 3.7TMeV, § = 3.5keV and a thermal annihilation cross section.

Ve 2 1/20/piye are capable of up-scattering x. Consequently, the cross section is suppressed
exponentially compared to the elastic cross section if § 2 T5.

However, we still have a somewhat surprising fact in that inelasticity benefits the signal
tremendously. Ordinarily, the DM can only carry away ~ u?/ MyMe ~ Me /My fraction of
the energy. However, because of the inelasticity, x*s exit the Sun with a substantial amount
of energy to deposit in the detector. Thus, although the scattering rate of ye — x*e in
the Sun is exponentially suppressed compared to the typical cross section of ye — ye in a
similar model with elastic scattering, the detectable signal can be significantly enhanced.

4.2 Direct detection

While primordial down-scatters yield a relatively narrow recoil electron spectrum in direct
detection experiments at approximately the splitting §, the x* flux from the Sun has a
broadened kinetic energy spectrum through scattering from thermal electrons; the rate
per energy of x* particles produced for m, = 3.7MeV thermal DM with a splitting of
0 = 3.5keV is shown in figure 4.

With the DM flux per energy d®/dK,~ in eq. (4.2), we can write the electron recoil
spectrum per detector mass per time dR/dER observed at a direct detection experiment as

d® doy-
= dK XX 4.11
dER Mdet/ X dK, dER (4.11)

where E' is the electron recoil energy, o,«_,, is the down-scattering cross section, Nt is the
number of targets in the detector, and Mgye; is the detector mass. This expression can be
evaluated numerically, but we can gain significant analytic understanding of R, the expected
number of events per detector mass per time, at a direct detection experiment by assuming
the nonrelativistic limit and § < me, m, once again. In this limit, the down-scattering
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cross section can be written in a particularly simple form:

doy—y _ Teme
™
dER 2/.LX6'UX*

(4.12)

The cross section of scattering for a given DM velocity v, can be obtained by integrating this
expression up to the kinematic limit. In the elastic limit, this simply gives &.; however, the
existence of the splitting ¢ can extend this kinematic limit significantly, giving o+, ~ Fo,
where following eq. (2.5) we have

26
1+ ——, (4.13)

F
Hxe <U>2<*>

with <v>2<*) the mean square velocity of x* from the Sun; integrating over d®/dK,~ shows
that

_ 20/1xe Ky (2;%6@)

(v2-) - (4.14)
0me
T Ky (2#>ZLT®)
2
% , 0/ pye < 2T /me,
~ { T (4.15)
nﬁ%‘e, 5/,LLX6>>2T®/me.

F' represents an enhancement with respect to the elastic scattering cross section, which is
significant whenever the velocity scale 28 /1y > ’Ui*. With this result, we can write R as

OF7, . (4.16)

Combining the equation with the expression for the ratio of the solar flux to the DM
halo flux in eq. (4.3) and the analytic estimate for (oy—,+ve) in eq. (4.10), we obtain the
following numerical estimate for R for a xenon experiment in the solar inelastic DM model:

— 2
1 Tle Oc Vo Vese/ V0
R ~ 26 (tonne-year) (2 % 1025 Cm3) (1038 cm2) (2.2 % 1031 cm3> ( 7.0 )

y ( po ) (3.7Me\7> (F) <\/25/ux6 exp[—meé/MXeT@]) o

0.3GeV em ™ My 8.0 3% 1073

where pg is the local DM mass density. The values shown for comparison are either exactly
the solar parameters adopted for our calculations, or are close to the actual values of these
parameters when m, = 3.7 MeV.

Armed with this analytic understanding, we are now ready to examine the numerical
results. In figure 5, we show an expected solar inelastic DM spectrum dR/dEr at XENONIT,
together with the latest measurement of the event rate in the (0 — 30) keV range and the
experiment’s background model [32]. To obtain the signal spectrum, we convolve our result
with the detector resolution [55] and multiply by the detector efficiency as a function of
recoil energy [32]. Here, we have chosen parameters that are consistent with a thermal
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Thermal iDM Electron Recoil, ma/m, =3
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Figure 5. Detected electron recoil spectrum in the XENONI1T experiment. We show the background
model By (gray) provided by ref. [32], together with the By+signal for the thermal inelastic DM in
the solar up-scattering with m, = 3.7MeV, § = 3.5keV (blue) and the primordial excited states
scenarios with m, = 30MeV, § = 3keV (red).

inelastic DM model, with m, = 3.7MeV, m4//m, = 3 and § = 3.5keV; these parameters
lead to approximately 60 events per tonne-year at a xenon detector. Because the DM
flux is generated by scattering with thermal electrons in the solar core, its kinetic energy
spectrum significantly broader than the narrow dispersion expected from the primordial
model, which has the usual galactic dispersion of v, ~ 1073, carrying a typical kinetic
energy of ~ 107%m,,.

Figure 6 (left) shows the expected rate R at XENONIT as a function of the DM mass
m, and the splitting 6. For small splittings § < Ti5, the enhancement in the down-scattering
rate encoded in F is close to 1, leading to a small rate. As the splitting increases to & ~ keV,
the enhancement becomes significant, and event rates of 100 per tonne-year can be expected
for m,, < 5MeV. Once § > Ti,, however, few electrons in the solar core have sufficient
energies to up-scatter x, leading to the exponential suppression shown in eq. (4.17). For a
thermal model, since T  (00)annfis,/m3 and for a sufficiently large splitting, F" oc m,, we
obtain R o de™<%/ (“XETQ)m; 4 leading to a power law drop in R as my increases, and an
exponential decrease as § increases. There are currently no other experimental constraints in
this range of parameters, but LDMX [51, 52] will be sensitive to this entire parameter space.

Figure 6 (right) shows a similar result but in the m,—f, plane, where f, is the fractional
mass abundance of y, which we assume to be thermally produced. Under this assumption,
py X fy and (ov) o< 1/ f,, and so the overall rate at a direct detection experiment grows as
1/ fy, making subdominant components easier to detect. A similar argument as before gives
R o fy 1m; 1) so that lines of constant event rate on the m,—f, plane follows f, o my 4,
XENONIT can probe thermal iDM through solar scattering of all abundances below 10 MeV

for § ~ 3keV. Other constraints on this plane include the NA64 experiment [47], which
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Figure 6. (Left) Expected event rate at XENONIT for the solar thermal inelastic DM model (blue),
as a function of DM mass m,, and the splitting 0 (left) and as a function of m, and the thermal
DM abundance by mass f, (right). Current limits from NA64 [47](gray) as well as the future reach
of LDMX [51, 52] (red, dashed) are also shown. Note that the entire m, 0 parameter space will be
probed by LDMX.

Solar Thermal iDM, 6 = 3.5 keV, m4 = 3m, ) Solar iDM, § = 3.5 keV, my = 3m,, ap = 0.5

XENONIT

> 10/(t yr) w

2 10%/(t yr)

1
100 10! 102
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Figure 7. Expected event rate at XENONIT for the solar inelastic DM model (blue), as a function
of my, and ap assuming thermal production (left), and as a function of m, and e without assuming
thermal production, fixing ap = 0.5 (right). Current constraints from NA64 [47], BaBar [48] and
self-interaction of DM [45] are shown in gray, with the future reaches of Belle II [14, 50] (green,
dashed) and LDMX [51, 52] (red, dashed) displayed in both plots.

has ruled out all sub-100 MeV thermal dark matter with f,, < 0.01, and the future LDMX
experiment [51, 52] which probes a similar parameter space to XENONI1T.

In figure 7 (left), we consider the m,—ap plane for a thermally produced dark matter
with fy, = 1. In this plane, the rate does not depend on ap since (ov)any is held approxi-
mately constant by varying e. Once again, we see the relation R o m~%. At higher DM
masses m, 2, 10 MeV, current bounds are limited to ap < 1072, but Belle II [14, 50] and
LDMX can potentially probe 1072 < ap <1 up to m, = 1 GeV.
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Finally, in figure 7 (right), we lift the assumption of thermal DM, and assume that x
makes up all of the dark matter through an unspecified non-thermal production mechanism.
After fixing the coupling ap = 0.5, we show the region of the e — m, parameter space where
we expect 1-100 events per tonne-year in XENONI1T, as well as existing and future beam
dump constraints. Without the thermal dark matter assumption, the choice of m 4/ /m, =3
means that . oc my 8. so that overall the event rate at XENONI1T scales as R o e4m; 8.
For this choice of mass splitting, we can see that xenon direct detection experiments have
the potential to probe the thermal target line up to m, ~ 20MeV, with a reach comparable
to that of the future LDMX.

For the scattering cross sections required for a significant event rate at XENONI1T,
X" particles that are upscattered in the Sun are able to escape without scattering again.
The typical interaction length in the core is approximately given by £ ~ (ne(Fevyel)) Lvys,
where v, is the relative velocity between the electron and x*, and we take vy« ~ (v§*>1/ 2
from eq. (4.15). Performing the averaging over the relative velocity, we find that

_ _ 2
09 a6 <2>< 10%° cm 3) (10 6)

NeOe Ne €

(02) () ()™ (et

where g(m,) = Ee<vi*>1/2/<ﬁevrel> ~ 0.67(MeV /m,)?/4. For the choice of solar parameters

we have chosen, ¢ is much larger than the solar radius for regions of the parameter space
where m,, 2 MeV and we expect to obtain 100 events per tonne-year at XenonlT. This
self-consistently justifies our calculation of the upscattered x* spectrum.

4.3 Astrophysical signatures

Constraints from indirect detection and the CMB power spectrum do not apply to the
parameter space of inelastic DM up-scattered in the Sun; the excited state is assumed to
decay and is completely depleted over cosmological timescales, making annihilation of DM
into Standard Model particles negligible. Self-interaction limits of 10 cm? g=! [45] do place
constraints at large values of ap and small values of m,, as shown in figure 7 (left).

Other potential indirect signals include photon emission after excitation in other high-
temperature environments. Dark matter up-scattering in hot gas followed by a decay
through a dipole has been proposed as an explanation [56, 57] for potential astrophysical
excesses in X-ray spectra at 3.5keV [58, 59]. The X-ray flux from the Perseus cluster from
DM excitation is estimated to be [57]

_ _ _ MeV p (Oy ev)
d~1 5 1 2 ( X ) ( X ) 4.1
07°sec” cm™“ x < e ) oon) \ 102 emBsec1 ) (4.19)

to be compared to the observed flux of around 107°sec™ cm™2.

In our model, the excitation is mediated by the dark photon interaction; a similar
calculation to that of the Sun, but using a hot gas temperature of T'= 6.8keV [60] yields
(ov) ~ 4 x 1072 cm3sec™! for m, = 4MeV and § = 3.5keV, several orders too low for the
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putative signal. Moreover, the expected rate is the same for a thermal abundance regardless
of the dark matter fraction, as increasing the cross section decreases the relic abundance.
Nonetheless, the possibility is intriguing and we leave a detailed study for future work.

5 Excited states from the Earth

Finally, we consider excited states with the shortest lifetimes, which can be populated
locally by dark-photon-mediated up-scattering in the Earth. Subsequent electromagnetic
decays can yield a detectable signal in parts of parameter space where the scattering process
itself is currently unobservable. These classes of ‘luminous’ models have been considered in
the context of dipole up-scattering in the Earth [12, 61], in material near the target [62],
and in the detector itself [11, 63].

Unlike in the hot environments in the Sun and the early universe, the relative velocities
on Earth are too low for DM-electron scattering to populate splittings on the scale of a keV,
so we focus here on nuclear scatterings. Furthermore, the DM must have sufficient mass to
kinematically up-scatter at typical DM velocities: for 6 ~ keV one must have m, 2 GeV to
scatter without kinematical suppression.

In this mass range, the thermal relic makes up the full DM abundance for y ~ 1078,

2
with a DM-proton scattering cross section of o, ~ 2 x 10737 cm? (%) in the elastic limit.

While the elastic nuclear recoil cross section of this magnitude is excluded by CRESST [64],
a splitting 0 produces a kinematic suppression finel in the scattering rate, avoiding existing
limits. The suppression has steep sensitivity to the masses and halo parameters, ranging
from finel ~ 1072 — 1072 for keV < 6 < 2keV at my ~ GeV, and fipel ~ 101 — 1077 for
keV <0 < 2.5keV at m, ~ 1.2GeV. Particles with m, = 3GeV and finci0p ~ 10~*2cm?,
for instance, would evade current constraints.

Each volume unit in the Earth acts as a source of up-scattered states and generates a
local flux at a detector. Equating the outgoing rate of x* to the scattering rate of x in the
Earth, we obtain a relation between the up-scattered flux ®,~ and the virial DM flux ®py:

REg
47TR%(I)X* ~ /0 47r? dr ny (r)o N PpM (5.1)

where Rp is the radius of the Earth, ny is the number density of nuclei and oy is the
x-nucleon scattering cross section, o,y = 72 finelop, where Z is the atomic number of
the nucleus.

The Earth can be modeled as being composed of crust, mantle and core, and the
scatterings dominated by silicon and iron densities [61]. Taking the densities of the
approximate three layer model of [61] and Z = 26 for iron, Z = 14 for silicon, we find the
resulting flux of up-scattered excited states relative to the DM flux is given by

finel Op

B/ PoM ~ = 0 e

(5.2)

At splittings close to the kinematic threshold, the flux is further enhanced because the
up-scattered states have lower average velocity than that of the DM.
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Because the cross sections are proportional to the reduced mass of the system, the
electron down-scattering cross section is suppressed by a factor ~ m?2/ mi ~ 1076, However,
for lifetimes long compared to the time to traverse the Earth Rg/vg, decays can produce
significant event rates in direct detection experiments. As previously discussed, a lifetime
of 100sec allows the entire Earth to act as a source and requires a dipole suppressed
Ag 2 100TeV.

The rate per unit mass in XENONI1T is approximately,

60 Jinel op ) GeV ( 100 sec)
R ~ 5.3
tonne-year (10_5 ) ( 10—37 cm? My T (5:3)

It is noteworthy that a thermal relic can naturally give a detectable rate in the GeV mass

range. Moreover, as before, for a subdominant thermal component, the increased cross
section and decreased abundance will cancel, keeping the rate constant. We thus conclude
that a thermal relic is capable of yielding a photon signal in direct detection experiments,
with a precise rate prediction requiring further study.

The excited states propagate outside the Earth and can decay, producing a diffuse
X-ray background peaked at the splitting energy. As the states are generated in the Earth,
the flux of decaying states falls off as 1/7? and the X-ray signal is dominated by the excited
DM particles closest to the Earth. The rate at which particles decay per volume is I'n,,
where I" is the decay width of x*. Since the flux of x* emerging from the Earth is constant,
this rate scales as 1/r2. We can perform an integral over the contribution to the flux of
X-ray photons over shells of constant r to find

Rg dN

A dtdV’ (5-4)

cI)diffuse =

where dN/dtdV is the volumetric rate of decay events in a DM direct detection experiment
near the surface of the Earth. This yields a flux of

¢'diffuse ~ 0.02

photons < dN m? year) (5.5)

dtdv 104

st cm? sec

The limits are O(0.1) st~ ' cm~2?sec™! in this energy range [65], making current terrestrial
detectors more sensitive than X-ray satellites, as long as the decay length is large compared
to the Earth radius; detections at future direct detection experiments could be correlated
with diffuse X-ray signals.

Furthermore, DM-DM scattering can give rise to a population of excited states which
then decay, again giving rise to a potential excesses in X-ray spectra [56], with flux
comparable to the flux of Perseus for large enough cross sections,

2
_ _ _ GeV (oy V)
5 1 2 XX
Ppersens ~ 1077 sec™ cm™ " X ( My ) (10—21 cm3 Sec—l) : (56)

For GeV-mass DM considered here, we find (ov) ~ 1072 cm® sec™!, potentially of the right
order to source the tentative signal.
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6 Discussion

Models of light dark matter are simple and viable and result in a new class of experimental
signatures. For light fermions coupled to a dark photon, CMB constraints naturally point
to a pseudo-Dirac class of models. These models come with an excited state that is often
swept aside in the discussion of the DM phenomenology. In this paper, we have found that
far from being a side note, these excited states can offer powerful signatures of this class
of DM models. The fact that the scenarios we have considered may explain the putative
excess at XENONIT adds to the excitement.

We have investigated three separate scenarios: primordial excitations, excitations in
the Sun, and excitations in the Earth. Each of them probes different regions of parameter
space, and provides different implications for future experiments.

For primordial excitations, we have showed that the abundance of the excited state is
typically exponentially suppressed, with excited fractions as small as f, ~ 107 for light
(my ~ MeV) thermal dark matter. We find this is true for splittings over a wide range of
~ keV — 100 keV. Heavier (m, ~ GeV) particles see a less pronounced, O(1) suppression of
the excited state abundance. Note that this is quite unlike previous scenarios with heavy
DM particles, where often y and x* are present in roughly equal abundances. Remarkably,
subdominant thermal DM components, i.e., when p, < ppm, are even more constrained by
experimental searches as they typically have a higher excited state abundance.

The suppression of the excited state abundance naturally changes the signal rate.
Nonetheless, existing and upcoming liquid xenon experiments exclude parts of light dark
matter parameter space. A direct detection signal would manifest as narrow line, except at
DM masses close to the electron mass where the bound electron momentum broadens the
recoil energy spectrum. In particular, we find that for thermal relic DM and ap > 1072 —
bounded below by beam-dump and CMB constraints — these scenarios predict in excess of
100 events/tonne/year at a xenon experiment. For larger but still perturbative values of
ap, rates remain excess of 1 event/tonne/year, making future Xenon experiments capable
of testing much of the remaining parameter space. A large fraction of the parameter space
will also be probed by LDMX and Belle II.

For cases where the primordial states are unstable on cosmological timescales, the
early universe abundance cannot contribute to a direct detection signal. However, local
up-scatterings offer promise over a narrow, yet interesting, parameter space.

The Sun efficiently up-scatters light dark matter when the energy splitting is of order
the temperature of the solar core. This allows dark matter to carry energy from the Sun
and deposit it into terrestrial experiments. For a thermal relic making up all of the dark
matter, one can expect detectable rates up to splittings as large as 10keV and masses up
to 13 MeV. For subdominant components, the scattering rate in the Sun remains constant
as the scattering cross section increases, thus the flux of excited states at Earth does
not decrease for subdominant DM components (until the Sun becomes opaque to them).
However, the scattering cross section goes up and we again find direct detection experiments
are more sensitive to subdominant components of dark matter. We find interesting signal
rates up to masses of ~ 50 MeV. This entire parameter space should be tested by LDMX.
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For ~ GeV masses, DM can up-scatter via the dark photon in the Earth and decay via
photon emission. There is a narrow window at the GeV scale where one can up-scatter at a
detectable rate without conflicting with existing nuclear recoil experiments. Such a rate
may also be detectable by future X-ray satellites.

Given the recent claim of an excess of electron events at XENONI1T, it is exciting to
consider these three scenarios as possible sources; all three make concrete predictions for
future experiments. Future datasets from liquid Xenon experiments may be able to differ-
entiate the energy spectra of the line shape predicted by the primordial abundance and the
Earth up-scattering scenario versus the thermally broadened signal from solar up-scattering.

All three scenarios require an excited state near 3.5keV to explain the XENONI1T data.
Intriguingly, there have been claims of excess X-ray emission from a variety of astrophysical
sources in this range. For up-scatters in the Earth from a dark photon, the natural size of
the cross section is adequate to explain the Perseus excess. For the lighter, solar up-scattered
model, the X-ray flux is too small but remains an intriguing possibility. Conversely, some
models that can explain the 3.5keV line may be constrained by our analysis.

In summary, we have considered the electromagnetic signals arising from excited states,
a generic feature in viable models of light fermionic dark matter. We find the presence
of these excited states leads to signals which already constrain the parameter space and
provides exciting possibilities for discovery in current and future direct detection experiments.
The same parameter space will be testable in future laboratory experiments such as LDMX
and Belle II.
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