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ABSTRACT: We study luminous dark matter signals in models with inelastic scattering.
Dark matter x; that scatters inelastically off elements in the Earth is kicked into an excited
state yo that can subsequently decay into a monoenergetic photon inside a detector. The
photon signal exhibits large sidereal-daily modulation due to the daily rotation of the Earth
and anisotropies in the problem: the dark matter wind comes from the direction of Cygnus
due to the Sun’s motion relative to the galaxy, and the rock overburden is anisotropic,
as is the dark matter scattering angle. This allows outstanding separation of signal from
backgrounds. We investigate the sensitivity of two classes of large underground detectors
to this modulating photon line signal: large liquid scintillator neutrino experiments, includ-
ing Borexino and JUNO, and the proposed large gaseous scintillator directional detection
experiment CYGNUS. Borexino’s (JUNO’s) sensitivity exceeds the bounds from xenon
experiments on inelastic nuclear recoil for mass splittings 6 2 240 (180) keV, and is the
only probe of inelastic dark matter for 350keV < 6 < 600keV. CYGNUS’s sensitivity is at
least comparable to xenon experiments with ~ 10 m? volume detector for 6 < 150keV, and
could be substantially better with larger volumes and improved background rejection. Such
improvements lead to the unusual situation that the inelastic signal becomes the superior
way to search for dark matter even if the elastic and inelastic scattering cross sections are
comparable.
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1 Introduction
Inelastic dark matter [1-14] — where dark matter scatters off nuclei into an excited state

— provides interesting new signals of dark matter. While originally motivated by the
DAMA/LIBRA annual modulation [2, 3, 6, 9, 13, 15, 16], an inelastic dark matter ex-
planation is now extremely difficult to reconcile with current data from several different
experiments, despite valiant model building efforts [13, 17-22]. One of the appeals of in-
elastic dark matter is that it provides a rationale for why dark matter has not yet been
seen in direct detection experiments. Models of inelastic dark matter typically involve
an inelastic scattering cross section off nuclei that is much larger than the elastic cross
section. Once the inelastic splitting is large, say § = 300keV, ordinary Z-exchange can
mediate y;1 + N — x2 + N, and not be in violation of existing direct detection experi-
mental bounds [14]. To probe large inelastic splittings it is critical to analyze high recoil
events [14]. XENON100 [23] and PandaX [24] are already probing the inelastic frontier;
however their sensitivity is rapidly diminished above about 300keV due to the intrinsic
limitation that the heaviest element on which the dark matter can inelastically scatter is
xenon. This motivates new ideas to probe inelastic dark matter.

In this paper, we demonstrate that large underground neutrino detectors as well as
large directional dark matter detectors can provide a new method to probe inelastic dark
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Figure 1. A cartoon summarizing the luminous dark matter signal discussed in this work. A heavy
dark matter particle, x1, is coming from the direction of the Cygnus constellation and approaching
Earth with high speed (left). This allows it to upscatter off a (lead) nucleus somewhere within the
Earth, deviating from its direction only slightly (middle). The excited state, x2, decays back to x1
and a photon in an underground detector located on the opposite side of the Earth (right). The
rate for this process would be much lower had the detector been on the Cygnus-facing side of the
planet.

matter. Other proposed searches for dark matter that could yield a signal in neutrino detec-
tors include dark matter that destroys target baryons [25-28], dark matter that yields an-
nihilation or decay products detectable in these experiments [29-39], self-destructing dark
matter [40], dark matter produced at high-intensity accelerators or radioactive sources [41],
or dark matter bounced off energetic cosmic rays [41, 42].

Consider a dark matter particle with mass of order a TeV traversing through the Earth.
This particle moves with the dark matter wind that appears in the Earth’s frame to be
coming from the Cygnus constellation. If its speed is large enough, the dark matter can
upscatter off a heavy nucleus (perhaps lead), into an excited state which could be several
hundreds of keV heavier in mass. Had this upscattering been attempted off a xenon nucleus
in one of the large direct detection experiments, it would have been kinematically inac-
cessible. The excited state continues in the same general direction, headed from Cygnus,
for tens to hundreds of kilometers before decaying inside a large and clean detector, such
as Borexino, JUNO, or the planned CYGNUS dark matter detectors. This type of signal
exhibits a strong daily modulation because, when the detector is on the Cygnus-facing side
of the Earth, there is far less “target material” available to upscatter. The mechanism is
summarized, in cartoon form, in figure 1.

The signal we will consider thus consists of single photons with an energy equal to the
mass splitting § of inelastic dark matter and with a rate that exhibits a strong modulation
with a period of a sidereal day. The shape and phase of the modulation is predicted
and depends on the geographical location of the detector, allowing for excellent signal to
background discrimination. The essential ingredients are: inelastic dark matter which is
more massive than the target nucleus and mass splitting anywhere from the threshold
of the detection experiment up to about 600keV. The lifetime, ideally in the range of
0.1-10 seconds, is also crucial, but can arise naturally through a radiative decay.

Similar ingredients have been considered before in other contexts: Luminous Dark
Matter [43] first proposed dark matter which upscatters to an excited state in the rock
outside of a detector, and then decays into a photon that needed to be a few keV, with the



goal of explaining the DAMA annual modulation. Alas, this novel DAMA explanation is
ruled out by other direct detection experiments. Another idea, “dark matter in two easy
steps” [11], proposed dark matter which upscatters into an excited state in lead shielding
surrounding a neutrinoless double beta decay experiment, and then decays into a photon
of order one hundred keV. This analysis shares some similarities with our paper: we both
propose that inelastic dark matter is excited by lead outside of the detector volume, and
propose looking for the photon from the decay of the excited state back into dark matter.
Moreover, we both recognize that there is large sidereal-daily modulation of the rate that
can be used to separate signal from background. The main differences between our analysis
and theirs is: we utilize the entire Earth as upscatter material (focusing on upscatters off
lead and iron); and, we consider a large range of photon energies between about 5-600 keV.
The upper end of this range has the weakest constraints from direct detection experiments.
The range 75-125keV, which was the main focus of [11], is significantly constrained by
PICO and the high recoil analysis of XENON100 [14]. Reinterpreting these bounds on the
magnetic inelastic transition strength [14] implies the characteristic decay length of the
excited state exceeds 50 (500) meters once § < 150 (100) keV. At these lengths, the gain
from integrating over the trace lead abundance in the Earth is substantial in comparison to
utilizing the close-in concentrated lead shielding of experiments sensitive to these photon
energies.

In this paper we also decouple the upscatter process from the excited state decay.
This is well-motivated, since there are many specific models that can have a large inelas-
tic scattering rate, small elastic scattering rate, and excited state decay that all proceed
through different processes. Examples include a variety of elementary candidates such
as the wino and higgsino [44-47] as well as composite candidates [48]. The prototypi-
cal example model for this paper is the narrowly-split higgsino that arises from split Dirac
supersymmetry [49]: in this model, the abundance of dark matter matches cosmological ob-
servations for Mo ~ 1TeV; the neutral higgsino states X(f,g are narrowly split by hundreds
of keV; the dominant elastic scattering cross section is exceptionally small due to the twist-
2 operator suppression as well as the cancellation against Higgs boson exchange [46, 47];
and, the dominant decay of the excited (neutral) higgsino is indeed x3 — x{ v [50]. But,
we emphasize that none of these characteristics are unique to higgsinos — other models
could easily yield similar outcomes.

What kind of detectors have the best sensitivity to photon line emission arising from
the decay xJ — x{~? Dark matter detectors can certainly be sensitive to this signal, and
in fact they are designed to observe much smaller energy depositions. But, these direct
detection experiments are smaller in size relative to their neutrino and directional dark
matter detector counterparts, and they also have significant backgrounds when considering
that there is only an electron-equivalent energy deposition from the photon. At xenon
detectors, the background rate before cutting on a fiducial region is roughly at level of
0.1 events/kg/day/keVee [51, 52]. Within the fiducial region, the irreducible background
from radioactive impurities (radon and krypton) is roughly 1073 events/kg/day /keVee [53].
Borexino has a scintillator mass of 278 tons with a “background” rate of roughly 1076 e-
vents/kg/day/keV [54]. For our purposes in this paper, background means the genuine



radioactive background combined with the solar neutrino “background” (satisfying the
common idiom that yesterday’s signal is today’s background). This low background rate
does, however, rise rapidly for energy depositions below about 250 keV, where the signal
must compete against a large background rate from *C S-decay.

It is clear that the particular material within the detector is not important so long
as there is a high efficiency to absorb the photon from the excited state decay in order
to generate a scintillation signal. Indeed, what maximizes our signal is the instrumented
volume of a detector. This suggests large volume directional dark matter detectors which
utilize a gaseous scintillator would be ideally suited to maximize the sensitivity to the
photon deposition, if the backgrounds can be minimized. Certainly one obvious advantage
of a gaseous scintillator is that its much-reduced density automatically reduces backgrounds
from scattering, such as from solar neutrinos. Below we also discuss the opportunities for
the proposed CYGNUS detector to probe the photon signal from inelastic dark matter.

2 Illuminating inelastic dark matter

Inelastic dark matter is characterized by dark matter scattering off nuclei predominantly
into an excited state with an elastic scattering rate below existing bounds. The range of
inelastic splittings allowed by direct detection experiments that probed the nuclear recoil
signal resulting from an inelastic collision was carried out in ref. [14]. In this paper, our
focus is on the detection of the excited state decay.

2.1 Model-independent requirements

Three basic requirements are needed to have a possibility of experimentally detecting ex-
cited state decay into dark matter:

1. Inelastic scattering x1 N — x2NN off (typically heavier) elements in the Earth has a
sufficiently large cross section to populate the flux of the excited state passing through
a suitable detector.

2. The excited state decays frequently via xs — x17, with a lifetime that is long com-
pared with the transit time through the detector, but not substantially longer than
the transit time through the Earth.

3. Ordinary dark matter direct detection experimental bounds are satisfied. This con-
strains both (a) spin-independent elastic scattering, and (b) inelastic scattering off
nuclei within a direct detection experiment.

In addition, if dark matter is heavier than the target nucleus, the upscattering yields an
excited state that continues mainly in the forward direction, which results in a signal with
a significant sidereal-daily modulation.

The requirement that the spin-independent elastic scattering be below current exper-
imental bounds, item 3(a), is satisfied by a wide range of models. We have already men-
tioned the higgsino and wino as examples where the spin-independent elastic scattering
cross section is very small [46, 47]. Composite dark matter candidates in this mass range



can also have strong suppression if the leading spin-independent scattering interaction is
an effective operator of high dimension, for example stealth dark matter that proceeds
through the dimension-7 polarizability operator [55].

The model space is narrowed by the need to fulfill both requirement 1 and 3(b), namely
that inelastic scattering off nuclei in the Earth has a sufficiently large cross section which,
nevertheless, is not itself ruled out by inelastic scattering off the elements within a direct
detection experiment. When 6 2 250keV, the bounds from direct detection experiments
become highly suppressed by the very small fraction of the dark matter velocity distribution
that can scatter (as well as the suppression from the nuclear form factor). In this region,
inelastic dark matter can scatter much more easily off the heaviest trace elements in the
Earth, and this provides a major lever-arm against direct detection bounds.

A second possibility, especially for smaller § < 150keV, is that the inelastic cross
section is itself very small. The advantage of considering such small ¢ is that there are
lighter elements in the Earth, such as iron and silicon, that have a much larger number
density. Here, a large underground experiment could have superior sensitivity over present
direct detection experiments simply due to its (much) larger volume.

Finally, the requirement that the decay x2 — X177 occurs frequently is not especially
onerous. Kinematically there are only two possibilities in the Standard Model: the 2-
body photon decay and the 3-body process y2 — x1vv. Phase space favors the photon
decay, though a model-dependent calculation is needed to determine which process actually
dominates. We shall see that in an interesting class of models this is indeed the case and
that the lifetime is also in the interesting range. We note that if a light mediator with mass
less than ¢ is also present in the model, then additional decay modes can be present.

2.2 Narrowly-split higgsinos

The reader may find it helpful to have a concrete model in mind while considering our
model-independent results below. For this, the narrowly-split higgsino, which we describe
below, provides a great example. For a recent review of the experimental status of narrowly-
split higgsino, see [79]. Readers who have no appetite for models in these data-driven times
may move on to the next section.

Higgsinos are spin-1/2 superpartners of the two Higgs doublets in the minimal super-
symmetric standard model [56]. In the limit that all of the superpartners are heavy, the
higgsino spectrum is characterized by

my = |p
1 .. 92 HW
Myt — M0 = (1 + p— 9W) ag myy sin <2) (2.1)
o9 sin? Oy cos? Oy
Mg — Myo = My M, + M,

where p is the higgsino mass and M; 2 > |p| are the Majorana masses for the bino and
wino [49, 57]. It is well known that the higgsino dark matter relic abundance matches
cosmology when |u| ~ 1.1 TeV. This mass scale is obviously above the mass of the heaviest



nucleus we consider in this paper (lead), consistent with maximizing the inelastic scattering
rate. A narrow splitting 6 = m,, —m,, < 800keV between the neutral higgsinos occurs
when Mo 2 107 GeV. The large splitting between the higgsino mass and the electroweak
gauginos could arise naturally as a one-loop radiative correction from a heavy bino [49]. The
elastic scattering cross section is highly suppressed, oy » < 10~ cm?, due to the twist-2
operator suppression as well as the partial cancellation against Higgs boson exchange [46,
47]. The excited state neutral higgsino has a one-loop radiative decay with width (in the

limit where all other superpartners are decoupled [50])
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The photon decay can be compared with the 3-body process
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mediated by the weak interaction
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The photon decay dominates provided
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This is clearly satisfied throughout the inelastic parameter space that we consider in this
paper.
Finally, the inelastic transition x; N — x5V is mediated by Z-exchange for the higgsino

that (famously) has a per nucleon cross section oy ~ 1073 cm?, before kinematic suppres-
sion from phase space and nuclear form factors are taken into account. Once § 2 300keV,
direct detection experimental bounds are satisfied [23, 24, 48]. In the narrowly-split hig-
gsino model, the inelastic transition proceeds through Z-exchange, and so therefore the
inelastic cross section is fixed. If we generalize beyond Z-exchange, or allow |u| to take
values somewhat smaller or larger than the relic abundance would suggest, there is larger
range of the inelastic scattering cross section that could be considered. As we will see, the
detection of photons in large underground neutrino experiments will extend the reach for
inelastic dark matter to both larger inelastic splittings as well as cross sections that are
considerably smaller than Z-exchange.

For the remainder of the paper, we assume a model-independent spin-independent
inelastic scattering cross section og (not necessarily Z-exchange) with an excited state
decay rate given by eq. (2.2).



3 Luminous signals and sidereal daily modulation

In this section we discuss the luminous dark matter signals in inelastic models and show
that the signal rate modulates strongly with a period of one sidereal day. The modulation
is the result of a convolution of three anisotropic effects, which will be discussed in the
upcoming three subsections: the anisotropy of high-speed dark matter, the anisotropy of
the rock overburden in the lab, and the anisotropy of the upscattering of heavy dark matter
in the Earth.

3.1 Anisotropy of high speed dark matter

It is well known [58] that the motion of the Sun/Earth system in the galaxy causes the dark
matter wind to head towards us from a direction that approximately aligns with the location
of the Cygnus constellation. Yet, dark matter impinging the Earth is not unidirectional,
since the velocity distribution of dark matter in the galactic frame extends up to the escape
velocity ~ 550 km/s. This is more than a factor of 2 larger than our speed relative to this
frame, vgyn, ~ 220km/s. Inelastic dark matter, however, can scatter only once the dark
matter speed is high enough in the lab frame to overcome the inelastic transition. For
large inelastic transitions (6 ~ 300-600keV), these high speeds can be obtained only by
combining the high velocity tail of the galactic frame dark matter distribution with the
boost into the Earth frame. Or, in other words, the very highest speeds of dark matter
perceived in the Earth frame are unidirectional from the Cygnus constellation.

As ¢ is decreased from the maximum that permits any inelastic scattering, the range
of speeds of dark matter which can scatter becomes larger. This also broadens the range
of arrival directions from which dark matter can still inelastically scatter. We illustrate
this in figure 2. The dark matter flux, when viewed as a distribution projected onto the
sky in Earth frame (top panels), decreases rapidly away from the peak at Cygnus. Dark
matter appearing from an increasingly larger region around Cygnus necessarily samples
the increasingly suppressed dark matter velocity distribution tail.

Unlike most other terrestrial beings that are interested in the position of the Sun, a
dark matter direct detection experimenter ought to be interested in the position of Cygnus.
Most dark matter particles, particularly those with high speed, appear to originate from
the vicinity of Cygnus. This is obviously of importance if the detector has directional
sensitivity [59]. Another example are models in which dark matter is sufficiently strongly
interacting to have a high probability to scatter in the overburden. The rate in a detector
will then depend on whether the line from the detector to Cygnus goes through ~ 1km of
rock above typical underground detectors or the entire diameter of the Earth (see e.g. [60]).
In most “usual” weakly-coupled dark matter scenarios, by contrast, scattering off elements
in the Earth occurs so rarely that the direction to Cygnus is irrelevant.

In our scenario, the overburden of the Earth is critical to obtaining a high signal rate.
Dark matter inelastically scatters off material in the Earth, emerging as the excited state.
As figure 2 shows, this implies the dark matter is most likely coming from the direction
of Cygnus. During the hours that Cygnus is below the horizon the scattering may be, for
example, in the Earth’s crust or mantle. The excited state travels a distance on average
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Figure 2. Upper four panels: the flux of 1 TeV dark matter capable of scattering off lead and its
dependence on inelastic splitting, 6. The colors denote log;, of the ratio of the flux to the peak
flux, which comes from the direction of motion of the Earth, which is given by the cross and is
approximately in the direction of the Cygnus constellation. Lower panel: the fraction of the velocity
distribution of dark matter in the Earth frame that can scatter off lead for the same values of 4.

between ~ 10-1000 km, then decays into the dark matter plus a photon with energy E. = .
When these decays occur inside an instrumented region, the photon can be detected. When
Cygnus is above the horizon, there is a much smaller amount of overburden off which the
dark matter can inelastically scatter, and a correspondingly smaller probability for the
excited state to decay inside the detector since the detector depth is much smaller than the
decay length. It is interesting that this is distinct from models with a very large scattering



cross section, for which a large overburden leads to a substantially reduced rate [60]. In
either case, the orientation of the detector relative to Cygnus is of paramount importance.

While the Sun returns to the same position in the sky every 24 hours — a solar day —
the fixed stars return every sidereal day which is approximately 4 minutes shorter. Ignoring
the very small shift (parallax) in the location of stars due to the Earth’s rotation around
the Sun, all of the fixed stars (and constellations) rise and set at fixed sidereal times that
are determined solely by the declination of the star in the Earth’s reference frame and the
location on Earth.

Cygnus has a declination of approximately 45° North. This means detectors in the
Northern Hemisphere at latitudes above 45° North see Cygnus above the horizon at all
times of the sidereal day. Conversely, (hypothetical) detectors in the Southern Hemisphere
below 45° South never see Cygnus above the horizon. In this paper we consider primarily
three locations for detectors: Gran Sasso at 42.6° North (home to the Borexino experiment;
also one of the locations for the CYGNUS directional dark matter experiment), Jiangmen
at 22.1° North (where the JUNO experiment will be located), and SUPL at 37.1° South
(where we consider a hypothetical Borexino-like experiment for the purposes of studying
the unusual signals that could be seen in the Southern Hemisphere). In all of these cases,
Cygnus is below the horizon for part of each sidereal day — about 2.5 hours for Gran
Sasso, 8.5 hours for Jiangmen, and 18.5 hours for SUPL. The modulation of our signal will
be determined by this sidereal schedule or the rise and set of Cygnus.

3.2 Anisotropy of the overburden

Since our signal depends on the overburden which dark matter must traverse to reach a
detector, it is worthwhile studying the overburden, including its anisotropy and elemental
composition.

We can gain some insight into daily modulation effects by considering the apparent
depth of a lab along the direction to Cygnus. The center of the Cygnus constellation is at
about 45° declination, which is close to the latitude of Gran Sasso, see table 1, meaning
that the apparent depth of Gran Sasso is never particularly large. However, for a lab
whose latitude lies below the declination of Cygnus, the depth becomes larger. We show
in figure 3 the apparent depth for two underground labs, each at a depth of 2km, at 40°
North and South of the equator.

How much of the apparent depth is relevant to our signal depends on the lifetime of the
excited state. As we saw from eq. (2.3), typical decay lengths range from ~ 10-1000 km for
0 ~ 550-100 keV respectively, for dark matter with a mass of my = 1 TeV. These lengths are
fascinating, because they are significantly larger than the depth of underground detectors,
but they may be considerably shorter than the Earth’s radius. As a result the signal rate
depends on the composition of the Earth.

For heavier dark matter, my, 2 Mnucleus, and large inelastic splittings ¢ 2 150 keV,
the element with the largest probability to inelastically scatter off is lead. Lead is the most

! As well as the eccentricity of the Earth’s wobble that occurs on a much longer timescale than is relevant
for dark matter direct detection.
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Figure 3. The distance through the Earth from a point 2km below the Earth’s surface at 40°
North (left) and South (right) of the equator, along the direction to Cygnus, through a (sidereal)
day; 0 < ¢ < 2m.

Lab Detector  latitude longitude depth [km] Radius [m]
Gran Sasso Borexino 42.7° N 13.6° E 14 5.5
Gran Sasso CYGNUS  42.7° N  13.6° E 14 1-10
Jiangmen JUNO 22.1° N 112.5° E 0.48 17

SUPL hypothetical 37.1° S 143° E 1.0 5.5

Table 1. The position, depth, and size of various underground detectors, both existing and pro-
posed, which are analyzed in this work. SUPL is the Stawell Underground Physics Laboratory in
Australia, and we place a hypothetical Borexino-like detector there.

massive element in the Earth which is both relatively abundant and stable. Its abundance
is roughly 1075 g/g in the Earth’s crust [61] and a factor of five smaller in the mantle [62].
Moreover, lead (with A ~ 210) is heavier than all of the elements used in direct detection
experiments, providing a kinematic advantage for highly inelastic dark matter 6 = 350 keV
where there is no bound from other experiments. For lighter dark matter and/or lower
splittings we will also consider scattering off of iron and silicon.

The details of the signal may also depend on geology, particularly on the difference
between the crust and the mantle. In figure 3 we show separately the line of sight depth to
Cygnus through the core, crust and mantle. Which of these layers dominates the total rate
will depend upon the lifetime of the excited state and the relative abundances of elements
that dark matter can upscatter. The full analysis, below, takes all of this into account.

In most cases the effect of crust-mantle differences are small; however there are models
in which it is important. A notable curious example is a model with § = 300keV and
detectors in the southern hemisphere. In this case, the characteristic decay length is less
than 100 km, and due to it’s higher lead abundance, the crust dominates over the mantle.
As can be seen in the right panel of figure 3, the apparent depth of crust peaks at two
separate angles ¢ ~ 7/3, 57/3, which will lead to a novel double-peaked modulation pattern
which will be shown in detail in section 3.5.

~10 -



3.3 Anisotropic scattering

The third anisotropic effect which was implicitly assumed in the previous subsections, but
is required in order get a large modulation of our signal rate, is the angular distribution
of the outgoing (excited-state) dark matter particles following a scattering off a nucleus
in the Earth. In the center of mass frame, the scattering of dark matter off a nucleus is
generically isotropic. However, if the dark matter is significantly heavier than the target
nucleus, the center of mass frame and the lab frame are not coincident. As a result, for
heavy dark matter the isotropic distribution is boosted and the dark matter scattering is
mostly forward in the lab frame.

In the lab frame, the maximal deflection angle of the outgoing dark matter for the
elastic dark matter case is

2
m
cosl2b = /1 — TT , (3.1)
m3,

for a target mass mp and a dark matter mass of m, . For dark matter of order a TeV,
the dark matter is deflected at most ~ 10° off its original course, even if it scatters off
a lead nucleus. We shall see in the next subsection that in the inelastic case this result
is qualitatively unchanged, though eq. (3.1) does receive a correction, see eq. (3.7). The
small deflection in the direction of the incoming dark matter, coupled with the anisotropic
effects of the previous subsections, leads to a daily modulating event rate for heavy dark
matter. In this work we will mostly focus on two target nuclei, iron and lead, and thus
daily modulation is present for dark matter masses of a few hundred GeV or above. In
ref. [43], where dark matter is light in order to address DAMA, the daily modulation effect
is not present for the dominant scattering off iron. It may be interesting to consider the
sidereal-daily modulating signal for light dark matter scattering off lighter elements in the
Earth or even off electrons, but this is left for future investigation.

3.4 Calculation of the modulating event rate

While useful intuition can be gained from studying the overburden as a function of lab
location or assuming all dark matter comes from the direction of Cygnus (see section 3.1),
the full calculation must take into account the excited state’s lifetime, the distribution
of incoming dark matter velocities, the position of the detector, form factors, and the
distribution of target elements within the Earth. We now present the details of the full
calculation, which must be done numerically.

For a photon to be observed at an underground detector, an incoming dark matter
particle must enter the Earth with sufficient speed that it can scatter off a target nucleus
in the Farth at position 7, creating an excited state. This excited state must scatter
through the appropriate angle, such that it then travels, with velocity ¥y, towards the
detector, which is at 7p, and it must decay between entering and leaving the detector.
We take the scattering and the decay to be isotropic in their center of mass frames. The
amount of available scattering material grows as |7y — ¥p|? but the probability to scatter
towards the detector scales as |7s—7p|~2. Thus, all scatter sites within a decay length of the
detector are (approximately) equally important. Once the separation becomes larger than

- 11 -



— nsi [km™3] npe km=3] npp [km™3] Outer Radius [km]
Core 1.4x10% 1.0x10% 1.3 x 103 3483
Mantle 2.1 x 1037 3.1 x 1036 2.4 x 10%° 6341
Crust 1.7 x10%7 2.0x10% 8.4 x 103! 6371

Table 2. Number densities for silicon, iron, and lead, along with the outer-edge radii, for the
core [63], mantle [62], and crust [61, 64] in our three-layer approximation of the Earth.

vyT, decays become important. The interplay between scatter site, elemental abundances
and lifetime is complicated.

The total rate is calculated by integrating over all possible scatter sites, 7s, in the
Earth. To model the distribution of target nuclei, we use a three-layer model of the
Earth corresponding to the core, mantle, and crust. The number density np(7s) of targets
is a function of 7 insofar as the density is different in the core [63], mantle [62], and
crust [64]. We consider the cases where the target atoms are iron nuclei, lead nuclei,
and to a lesser extent silicon nuclei; see table 2. As might be imagined, determining the
abundance of elements within the Earth is a challenging endeavor. By comparison to
the chemical composition of chondritic meteorites, rocks from the upper mantle and core
samples of the crust, one can infer an abundance of each element in the core, mantle and
crust. The uncertainties on these numbers are at best 10-20%. Furthermore, these are
average abundances and there are undoubtedly large local variations. We use only the
central average value and do not attempt to incorporate uncertainties in abundances in
our rate calculations.

As discussed earlier (see section 3.1), for an upscatter to occur in the collision, the
incoming dark matter must have high speed in the lab frame, which leads to a strong direc-
tionality in flux. In the galactic frame, the dark matter speed follows a Maxwell-Boltzmann
distribution fea1(vmB) o exp (—vl%/[B/vg) O(vesc — vmB), and we take vy = 220km/s,
Vese = 550 £ 50km/s, the latter approximating the results from [65]. The total veloc-
ity of the dark matter relative to the Earth in galactic coordinates is

17>%a1(t) = UMB + VLSRR + ﬁpec + Ug (t) . (3.2)

This expression takes into account the velocity of the local standard of rest ogg = vo 8%,
the peculiar velocity of the Sun ¥hec = (11.1,12.2,7.3)km/s, and the Earth’s velocity
around the Sun wg(t), which varies over a sidereal year. The combination of these veloc-
ities means that the dark matter wind comes from ~ 47° declination, inside the Cygnus
constellation. In determining the Earth’s velocity around the Sun, we follow the procedure
of ref. [58]. Combining these relative motions gives the net velocity of dark matter relative
to the Earth in the galactic coordinate system. However, one must also know the position
of the scatter site and the lab in the same coordinate system as the velocity, which requires
transforming between galacto-centric coordinates and Earth-centric (also called equatorial)
coordinates. The two frames are related by a series of rotations, R;(6), through angle 0
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around axis 1,
38 = Ry (00).Ra(n).R.(ace) Ry (5cc).- 750 (3:3)

Here, the right ascension of the galactic centre (GC) is agc = 266°, the declination is
dcc = —29.0°, n = 58.6°, and 6 is determined by the height of the Sun above the galactic
midplane, sinfs = z5/dgc. Of course, the magnitude of the velocity is unchanged under
rotation and we denote the speed as v,.

Now that we have determined the incoming velocity in the lab frame, we turn to the
kinematics of the initial scatter. Although we assume the scattering cross section is isotropic
in the center of mass frame, the outgoing excited state will be forward, for the masses of
dark matter we consider. The kinematics in the center of mass frame are straightforward
and the outgoing speed in this frame is given by

M2 1/2
i = [ et -2)] (3.4

with fi(1,9) = m,2ym7/(m(1,2) +m7) the reduced mass of the target and the incoming and
outgoing dark matter. The corresponding outgoing speed in the lab frame satisfies

v 2 21 VI 1/2
Vout = [(vg$)2 + <N1X> + 2 out Gcm] . (3.5)

mr mr

The scattering angle in the lab frame is related to the scattering angle in the center of mass
frame through

01 cos 01%P = SN cos M + F1O (3.6)
mr
This angle is limited kinematically, with a maximum value 012>  which satisfies
mpuSh 2 mr mr 2mr d
cos? 9 =1 — (Out> = <1 + ) (1 -—+ 2) : (3.7)
BTN my my - (myvy)

The minimum velocity (in the lab frame) required to upscatter is given by vmin = 1/26/pu1;
at large values of d, vmin Will exceed the largest allowed value of vy, driving the signal rate
to zero.

The scattering angle necessary to reach the detector, #2P, must lie within the cone
lab

oy, and the fraction of the cone that the detector covers is

subtended by opening angle 6
given by [Rp/(|Fs — 7p|02P)]?, where Rp is the radius of the detector; for example, for
Borexino Rp = 5.5m (see table 1). There are two possible center of mass frame scattering
angles that will result in the excited dark matter arriving at the detector, leading (in the

lab frame) to two different outgoing speeds for the excited dark matter,

2 glab
miov cos? 6
Uloal‘lkt)’,,:l: = m COS Hlab 1+ 1-— ﬁ . (38)

These two solutions take different lengths of time to get from the scatter site to the detector.

lab

ot will travel a distance L =

The probability that an excited state moving at speed v,
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7s — p| and decay inside the detector is

R L

lab _ : D

P<v0ut7 L, T) =2 Slnh <2(1)3{1bt7—> exXp <_é€1l37—> . (39)
Similarly, for the two possible center of mass scattering angles there are two different values
of momentum exchanged with the nucleus, resulting in two different form factor suppres-
sions. To account for the substructure of the nucleus, we use the Helm form factor [66]

3 q’s>
Fg)=—1J -, 3.10
0 =2 alagr) exp (-2 .10
with s ~ 0.9 fm and 7, ~ 1.14 (A/0.93149)/3 fm, and where ¢ = v/2m7 Eg is the momen-
tum transfer in the collision.

In the center of mass frame the cross section is isotropic and almost independent of
the incoming velocity,

do 20 my 2 4
_— = 1-— A 11
dcosgem 70 p1v2 <m1 +mT> ’ (3.11)

where A the mass number of the target nucleus. To determine the fraction of scatters that
end up in the detector, we must integrate over all scattering angles in the lab frame. The
transformation to the lab frame introduces a Jacobian

d cos 0™

i (vx) = d cos flab
1— 224222 cos? glab

=22 cos0'* + ,
V1 = 22 + 22 cos2 glab

(3.12)

with z = pvy /(me viny).
Putting all these effects together we arrive at the final result for the expected rate

inside the detector,

R 2
I' = E /d37’5 dSUMB {TZT(TS) pfx [Dlab:| P(vvlait%,ivaT)
+

mi |FS - ’FD| emax

do vy

X faavnp) [Plge)? 00 mw} SENCREY

In the results presented below we have evaluated this integral numerically.

3.5 Results for modulating rates

We now present the results for the signal rate as a function of the time of day in a few
representative experiments. We consider three different lab locations: Gran Sasso in Italy,
Jiangmen in China, and SUPL in Australia. Gran Sasso is home to the Borexino detec-
tor [54] and is also one of the possible locations for CYGNUS [67, 68], a large gas TPC for
directional dark matter detection. Jiangmen will host the JUNO neutrino detector [69],
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Borexino: m;=1 TeV, =150 keV, 7=0.86 sec Borexino: m;=1 TeV, =500 keV, 7=0.023 sec
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Figure 4. The expected signal rates for the Borexino detector (top row), JUNO detector (middle
row), and a hypothetical detector at SUPL (bottom row). The curves show the rate over one solar
day: the first day of March (red), June (blue), September (yellow), and December (purple). The
rate was determined using eq. (3.13) with m, = 1TeV and lifetime given by the decay length of
eq. (2.3); the mass splitting in the left (right) panels is 6 = 150 (500) keV. The results are shown in
a common time-zone for all labs for ease of comparison.

which will be notably larger than Borexino. We also consider a hypothetical Borexino-like
detector at SUPL. The lab locations and detector sizes are shown in table 1.

The rates calculated using eq. (3.13) are shown in figure 4 for TeV dark matter with
mass splittings of 150 and 500keV for the three liquid scintillation detectors we consider.
For the lifetime of the excited state, we use eq. (2.3) for a higgsino (this assumption will
be relaxed below).

The curves show the rate (in events/s) over a period of one day: the first day of March
(red), June (blue), September (yellow), and December (purple). The first feature to notice
is that the rate modulates strongly, as expected. Secondly, the time of day of the peak rate
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changes throughout the year. This is because the rate modulates with a period of a sidereal
day, which is approximately four minutes shorter than the solar day. It is interesting to
note that our modulation effect would be washed out if one were searching for a (solar) day-
night asymmetry with an exposure of several years. These distinct modulation patterns
can be used to discriminate signal from backgrounds, as we will show in the next section.
The modulation patterns in figure 4 have some interesting characteristics:

e For high ¢ the rate modulates significantly both with a period of a sidereal day and
annually. The later is due to the usual enhanced modulation of inelastic dark matter.

e In comparing the rate at Borexino and JUNO one can see that the peaks of an
enhanced rate are wider in JUNO. This is because it is located further south, where
Cygnus spends more of the day below the horizon.

e In all of the plots, we see the peak rate shifts by approximately 6 solar hours from
season to season due to the difference between the solar and the sidereal day durations.

e In comparing the left and right in the top two panels of figure 4, we notice the
transition from high to low rate occurs more sharply for high § as compared to low.
This is because large splitting requires faster incoming dark matter. As shown in the
top of figure 2, the dark matter particles are coming from a more focused region in
the sky. The smaller spot takes less time to set below the horizon leading to a faster
transition.

e In the Southern Hemisphere, the Cygnus constellation does not rise far above the
horizon, as a result, the rate at SUPL does not drop as close to zero as compared to
the Northern Hemisphere detectors.

e Notice that there are some interesting doubly-peaked modulation patterns in the
Southern Hemisphere. These can be understood by noticing that the Earth’s crust
is richer in lead, than is the mantle. Inspecting figure 3 ones sees that the crust
contribution to the apparent depth peaks at two distinct times during the sidereal
day: once when Cygnus sets and once when it rises.

e While the event rate per day can be very small, a modulating signal can be seen
above background by stacking across multiple days. This requires a long exposure of
the experiment and/or a larger signal cross section, as we will show in section 4.

The fact that the signal modulates is expected to be quite robust to changes in the
lifetime of the excited state y2, although the quantitative details will vary with lifetime.
This is because, as the lifetime grows, the effective volume for scattering that can reach
the detector grows, while the angular acceptance of the added volume is correspondingly
smaller. However, as the lifetime of the excited state grows, different parts of the Earth
contribute. In addition, if the lifetime exceeds the crossing time of the Earth, the signal
rate begins to decrease linearly as v7/Rg. To demonstrate this, in figure 5 we plot the
modulation rate in several detectors for varying xs lifetimes. The linear drop in event rate
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Figure 5. The total signal rate at 6 = 200keV over one day for Borexino (top left), JUNO (top
right), and SUPL (bottom left), and the rate for § = 100keV for a 10m?® CYGNUS-like detector
(bottom right); the lifetime is taken to be 7 = £,_/c (blue), 10%/,, /c (yellow), and 10*/,, /c (red),
where £, is given by eq. (2.3).

is seen clearly. In addition, the differences in shape between lifetimes of 0.36 seconds and
longer lifetimes is because the former is sensitive to the Earth composition closer to the
detector whereas longer lifetimes probe the whole Earth. For example, the double peak
structure in the Southern Hemisphere disappears when the whole Earth is probed.

4 Current and future sensitivities

We are now ready to estimate the sensitivity of modulating luminous signals to inelastic
dark matter. We will focus on two regions of parameter space which can be probed by
two different types of detectors. In section 4.1, we consider higher mass splitting, § =
200 keV, which can be probed by detectors with a high threshold, such as the large liquid
scintillator neutrino detectors Borexino and JUNO. In section 4.2, we will consider low
mass splittings which can be probed by large gaseous detectors designed for dark matter
directional detection, such as the proposed CYGNUS detector.

4.1 Sensitivity of borexino and JUNO

In this section, we consider the Borexino detector and events observed during its run-
ning of 1291.5 days [54]. The observed rate in the vicinity of 250-600keV is 0.1-
0.5 events/(day x keV x 100 tonnes). This rate does not include the radioactive background
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Figure 6. The background rate at Borexino. The black curve is extracted from [70] while the
orange and blue curves come from [54].

from 2'°Po a-decay, since it can be effectively subtracted using a fit of shower shape vari-
ables (see e.g. figure 53 of [54]). The rate is dominated by the "Be neutrino signal, which
amusingly serves as a background for our analysis. There are also several radioactive
backgrounds which play a significant role. Below 250keV the *C background dominates,
producing a much higher background rate. The background rate that we use to place our
bounds is shown in figure 6, and was extracted from [70] and [54]. In our estimate we will
not assume any fundamental understanding of these backgrounds but will instead make
use of the daily modulation of the signal.

The luminous dark matter signal is a spectral line at an energy E ~ § on top of this
background. This line is smeared by the energy resolution which we take to be ~ 10% [54].
The background rate within the line width is thus of order 5 events per day in Borexino
for photon energies above 250keV. If it were not for the daily modulation of the signal,
a conservative bound would require that the luminous photon signal rate be below the
observed background rate. This would not make use of the large exposure of Borexino.
However, the limit obtained by a modulation analysis is much stronger and does take
advantage of the order thousand tonnes x year exposure of Borexino.

Performing a full-fledged modulation analysis is beyond the scope of our work. We
instead follow a simpler (though cruder) approach — dividing the sidereal day into two
bins: signal-“on” and signal-“off”. For simplicity we take each bin to be one-half of a
sidereal day. The “on” bin consists of the half-day in which the integrated signal rate is
maximal, while the “off” bin is the other half-day in which the signal rate is lowest. In most
of the parameter space of interest, the signal rate during the on bin will be much larger
than that in the off bin, T'9" > ' and the off rate can be neglected.? In the Northern
Hemisphere the on bin consists of twelve consecutive sidereal hours, but this does not have
to be the case in general as can be seen in figure 4.

2In the off bin the signal is not quite off, but the validity of this approximation justifies its name.
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Figure 7. Projected sensitivity to the inelastic dark matter cross section in neutrino detectors.
The red, green, and blue curves represent (respectively) existing direct detection bounds from
CRESST II, PICO-60, and XENON100 (see [14]). The shaded regions of each curve represent
the uncertainty in vese = 550 = 50km/s. The black (gray) curves represent projected Borexino
sensitivity using the existing 1291.5 days of running (projected JUNO sensitivity assuming Borexino-
like background and run time). The dashed horizontal gray line is the scattering cross section for
a narrowly-split higgsino.

Employing this on-off approximation, one can “measure” the backgrounds using the
signal-off bin and use this to help search for the signal in the signal-on bin. The uncer-
tainty in the prediction of the background in the on bin will thus be set by the statistical
uncertainty of the measurement in the off bin. Suppose that during Borexino’s full run it
has accumulated Nyg events during signal-off times in a window of size +0.1§ around a
hypothesized d. The reach of Borexino can be estimated by requiring that the signal rate
in the signal-on bin, I'ggnal, does not exceed the expected statistical fluctuations in the
background rate in the signal-off bin,

2 x 1.64
: <_ T
ignal ~> i
S Ny

where Nog = Tog tor and tog = 1/2 x 1291.5 days is the total signal-off time accumulated
in the exposure, and the factor of 1.64 arises because we consider a 90% confidence inter-

T (4.1)

val. This procedure yields an expected limit which strengthens as the square root of the
exposure.

In figure 7 we show the sensitivity of Borexino for a 1 TeV higgsino with decay length
determined by eq. (2.3). This figure is one of the main results of this paper. The figure
demonstrates that Borexino (and, in the future, JUNO) has the potential to substantially
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extend the bound on narrowly-split higgsinos, § 2> 380keV (6 2 500keV), using an al-
ternative search strategy to direct detection experiments. The weakening of the bound
for § < 250keV is due to the growth of the background at low energies, specifically C.
We expect that an actual analysis, using the time-stamps in the real data, will be able
to improve upon our analysis at high 6 and potentially look underneath this background
which will not have a sidereal modulation.

The current bounds, also shown in figure 7, from the non-observation of nuclear re-
coil from inelastic scattering are derived from [14] and shown using the latest results
from CRESST-II [71], PICO-60 [72], and XENON100 [23]. CRESST has accumulated
52kg x days of data with nuclear recoil energies between 20-120keV,;, they observed 4
events. PICO’s data corresponds to ~ 1300 kg x days of exposure with a sensitivity to re-
coils between 10-103keV, the lower threshold varied over their data taking from 7-20keV
but we take the lower limit fixed at 10keV, they did not observe any events. The conven-
tional analysis of XENON100 [73] is over an energy range of 6.6-43.3keV,,. However, the
collaboration have also carried out an analysis up to 240 keVy;, corresponding to 3—180 PE
in S1, and have presented their ~ 7600 kg x days of data over an enlarged energy range, up
to 1000 PE in S1 (see figure 9 of ref. [23]). They have not carried out a complete analysis
over this full range, so the efficiencies for nuclear recoils are not known; we assume they
are similar to those below 180 PE. Since they have not seen any events up to 1000 PE
(~ 500keVy,), we place a bound. In all cases, after accounting for the mass fraction of
the experiment made of the heavy target element, we must apply a rescaling to account
for efficiency effects. We determine this rescaling by matching with the known constraint
at 6 = 0keV.

The sensitivity to the photon signal in Borexino (and presumably JUNO, in the fu-
ture) is limited by radioactive backgrounds and solar neutrinos scattering off the elements
in the liquid scintillator. The neutrino scattering was, after all, the motivation for the
design of these experiments. Substantial improvement could be achieved if these “back-
grounds” could be reduced. A similar sized detector but with a significantly reduced mass
inside the detector, achieved by swapping the liquid scintillator with a gaseous scintillator,
would yield significant improvements in the sensitivity to luminous dark matter. In the
regime § 2 150keV, a Borexino-sized detector would see nearly two orders of magnitude
improvement in the sensitivity to the luminous dark matter signal. Actually modifying the
Borexino detector to use a gaseous scintillator would be very interesting, but undoubtedly
is accompanied by numerous experimental challenges. However, as we see in the next sec-
tion, directional dark matter detectors employ large volumes of gaseous scintillator that
are ideal to reach sensitivity to a lower range of 9.

4.2 Sensitivity of gaseous scintillation detectors: CYGNUS

The rate of the photon signal from decay of the excited state scales with the wvolume of
the detector and not the mass of the scintillation material. Since the backgrounds to the
luminous signal scale with mass, the simplest way to reduce, and potentially eliminate, the
backgrounds would be to change the detection technology from a liquid scintillator to a
gaseous scintillator material.
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Existing and proposed directional dark matter detectors including DMTPC [74],
DRIFT [75] and CYGNUS [67, 68] employ a gaseous scintillation material. The sensi-
tivity of these detectors to ordinary elastic dark matter scattering is limited by the mass of
the scintillator, which is why they have primarily focused on gaseous elements sensitive to
spin-dependent elastic scattering. The luminous dark matter signal, however, does not de-
pend on scattering within the detector volume and is thus independent of the particular gas
used. The luminous signal only requires good efficiency in converting the O(10-500) keV
photon into scintillation light.

One of the principal benefits of the gaseous scintillator detectors is their low detection
threshold for electromagnetic-equivalent energy deposition, of order few to 10 keV e, which
is considerably lower than the threshold for neutrino detectors. In addition, some of the
choices for the scintillation gas do not involve carbon (instead, SFg or He), which should
decrease the radioactive background from *C. Hence, gaseous scintillators can be sensitive
to much lower energy photons coming from small mass differences, § = few to 10keV,
between the excited state and the dark matter.

Lower § means lighter and more abundant elements in the Earth can be used to
upscatter. While there are many elements lighter than lead that could be used to scatter,
in the following we illustrate the sensitivity of the CYGNUS detector using upscattering
off iron and silicon (as well as lead). Iron is the fourth most abundant element by mass
in the Earth and has a number density that is 10°-107 times larger than lead. Silicon is
the second most abundant and has a number density a further 10 times larger than iron
in the crust and the mantle (but 10 times smaller in the core), see table 2. Upscattering
is kinematically possible off iron with § < 160keV and possible off silicon for § < 85keV,
which means gaseous detectors can probe a complementary range of inelastic parameter
space.

In figure 8, we show the sensitivity that the CYGNUS detector, assumed to be sensitive
to photon energies 5keV < E, < 200keV, would be capable of reaching with several
potential volumes (1, 10, and 1000 m?) after one year of exposure. Since these detectors
have yet to be built, the background rate is not yet known. Estimates for a 10 m? detector in
the 1-10keV. energy range have been presented in [67]. We extrapolated these estimates
above the 1-10keV, energy window, assuming they are independent of energy, up to
200keV and also assumed the background rates scale with detector volume for the larger
possible detectors. We do not estimate the sensitivity for § > 200 keV since this is typically
the highest energy at which existing directional detector collaborations have calibrated their
detector response.

The dramatic increase in sensitivity below 160keV is a result of inelastic dark matter
being able to scatter off iron. In practice, there would be improved sensitivity even between
150keV < § < 200keV due to elements in the Earth that are more abundant than lead but
also heavier than iron (such as barium). For 6 < 85keV it is possible for dark matter to
scatter off silicon, and for lower § this will dominate. Once § < 40keV, the characteristic
decay length, eq. (2.3), exceeds the diameter of the Earth and the sensitivity decreases
rapidly. Remarkably, a 10m? detector employed to search for the luminous signal (and
with a conservative assumption of the background as described above) has comparable
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Figure 8. Projected sensitivity to the inelastic dark matter cross section in gaseous dark mat-
ter detectors such as CYGNUS. The blue curve represents existing direct detection bounds from
XENON100, and the black solid line is the projected limit from Borexino, as in figure 7. The pur-
ple lines represent an experiment with CY GNUS-like background projections, with detector volume
1m3 (short dashed), 10m? (thick), and 1000m? (long dashed). The dotted purple line represents
the projected sensitivity of a hypothetical zero-background experiment with detector volume 10m3.
For the CYGNUS curves, we only show the sensitivities with vesc = 550 km/s.

sensitivity to what XENON100 has achieved by searching for the signal of inelastic nuclear
recoil.

Larger volumes and/or lower backgrounds would significantly improve the sensitivity
of CYGNUS to the luminous signal, see figure 8. CYGNUS is designed as a directional
dark matter detector and will suppress backgrounds by using pointing of the dark matter
recoil signal. The signal of luminous dark matter is not pointing but is instead modulating
in a unique way. As discussed for Borexino this feature also allows good suppression of
backgrounds. Since CYGNUS detector development is still underway, there are opportuni-
ties in design and material choices that are likely to reduce the background estimates. As
an indication of the maximal possible reach we also show the sensitivity of a hypothetical
CYGNUS-like 10 m? gaseous detector with zero background. The improvement in the sen-
sitivity — over 100 times better — is highly significant since it would allow the CYGNUS
detector to achieve much stronger sensitivity to inelastic dark matter with mass splittings
up to about 150keV.

5 Discussion

We demonstrated that we can use the Earth to inelastically upscatter dark matter into
an excited state that later decays into a photon, providing an outstanding opportunity
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for dark matter detection. As shown in figures 7 and 8, large underground experiments
including both large neutrino experiments such as Borexino and JUNO as well as large
directional detection experiments such as CYGNUS can achieve sensitivities to the photon
decay signal that are significantly stronger than inelastically scattering off xenon in a
conventional direct detection experiment. The improved sensitivities benefit greatly from
the large sidereal-daily modulation that provides an excellent handle to separate signal
from background. Both trace abundance of heavy elements like lead as well as the much
more numerous elements such as iron and silicon provide the main scattering nuclei. This
allowed us to obtain good estimates of the sensitivity of this technique, although we are still
sensitive to uncertainties in the elemental abundances. More elements could be included in
calculating the sensitivities, and a more nuanced model of their distribution in the Earth,
but these would not qualitatively change our conclusions. For instance, we estimate that
including the heaviest 20 elements in the Earth improves our sensitivity by less than a
factor of 2. We emphasize that we have calculated Borexino’s expected sensitivity, and not
a limit. Indeed, we encourage Borexino to re-analyze their data to look for a sidereal-daily
modulating signal, as they could undoubtedly improve upon the crude statistical measures
that we employed to obtain our estimates.

We also found that large gaseous scintillation detectors such as CYGNUS are sensitive
to the photon decay signal with smaller inelastic splittings, § < 160 keV, due to their lower
detection threshold and the absence of a '4C radioactive background. In fact, CYGNUS
could be more sensitive to the photon signal at these lower inelastic splittings than the
limits from inelastic nuclear recoil in existing xenon experiments.

In this paper our main focus was on dark matter that inelastically upscattered through
one process (that could be due to Z-exchange) and decayed via a radiative decay. The
notion that the upscatter process x1 + N — x2+ N is separate from the decay xo — x1+7
occurs generically in a wide variety of models, including narrowly-split higgsinos of split
Dirac supersymmetry. In the narrowly-split higgsino model, the ordinary elastic scattering
process does occur at one-loop, but is highly suppressed by the twist-2 suppression of the
operator as well as an accidental cancellation among the diagrams.

It is also possible that the inelastic scattering process and the radiative decay proceed
through the same operator. Magnetic inelastic dark matter [13, 20] is a known example
of this. Derived bounds [14] on the magnetic inelastic interaction from XENON100 and
PICO data require the characteristic decay length of the excited state be at least ¢ =
10,100, 1000m for § < 150,100,50keV. The dark matter nucleus scattering in magnetic
inelastic models involves several operators (in the notation of [13]). It was shown in [14]
that for lower 4, the spin-independent interaction dominates, while for larger §, the spin-
dependent interaction dominates. This means that to determine the sensitivity of CYGNUS
to magnetic inelastic dark matter requires a careful treatment of the Earth’s abundances
of not only massive elements but also ones with a high spin. We will present this analysis
in future work [76].

It is interesting to consider if other detectors could be sensitive to inelastic dark matter,
possibly in other ranges of inelastic splittings. SNO+ [77] could be sensitive to a similar
region of parameter space that we have presented for Borexino and JUNO. We did not
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calculate the sensitivity of SNO+ due to its latitude (most of the Cygnus constellation is
always above the horizon at Sudbury) and its energy threshold being between 200-400 ke V.
It is an accident of circumstance (where deep mining for nickel in Canada happens to
be located) that suggests SNO+ would have significantly poorer sensitivity compared to
JUNO, where in its location much higher rates are expected. DUNE [78] also provides
an interesting possibility for a large underground experiment that could be sensitive to
a photon signal. Unfortunately, its threshold is higher than an MeV, and so it does not
appear to be useful for galactic dark matter whose maximum speed is limited by the escape
velocity of the galaxy. It is clear that the luminous signal of inelastic dark matter provides
an additional, and orthogonal, search technique with which to hunt for dark matter. This
“photon phrontier” may provide reach beyond that of the cross section or inelastic frontiers.
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