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A search for inelastic boosted dark matter (iBDM) using the COSINE-100 detector with 59.5 days
of data is presented. This relativistic dark matter is theorized to interact with the target material
through inelastic scattering with electrons, creating a heavier state that subsequently produces stan-
dard model particles, such as an electron-positron pair. In this study, we search for this electron-
positron pair in coincidence with the initially scattered electron as a signature for an iBDM interac-
tion. No excess over the predicted background event rate is observed. Therefore, we present limits
on iBDM interactions under various hypotheses, one of which allows us to explore an area of the
dark photon parameter space that has not yet been covered by other experiments. This is the first
experimental search for iBDM using a terrestrial detector.

A number of astrophysical observations provide evi-
dence that the dominant matter component of the Uni-
verse is not ordinary matter, but rather non-baryonic
dark matter [1, 2]. A tremendous effort to search for
dark matter has been pursued by direct detection exper-
iments [3-5], indirect detection experiments [6-8], and
collider experiments [9-11] with no success [12]. This
motivates searches for new types of dark matter, such as
light-mass models [13-16] or relativistically boosted dark
matter (BDM) [17-24], that would induce signatures in
detectors different from those of more traditional dark
matter candidates. Because many of these new types
of dark matter would produce unconventional signatures
within a detector, few have been studied by typical dark
matter search experiments.

One newly suggested model includes a relativistic dark
matter particle that is boosted by annihilation of heav-
ier dark matter particles in the Galactic Center or in
the Sun [17-19]. This would require at least two species
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of dark matter particles, denoted by xo and x; for the
heavier and the lighter dark matter particle, respec-
tively [17, 25]. The first direct search for BDM was per-
formed with the Super-Kamiokande detector by search-
ing for energetic electron recoil signals induced by an
elastic scattering of BDM [26].

In addition to the elastic scattering of BDM, inelas-
tic interactions in the recoil target are also possible. A
few studies suggest interesting search channels where the
scattered dark sector particle (denoted as x2) is different
from the incoming x; [21, 22]. If x5 is heavier than x,
the subsequent decay of x5 into a lighter state with visi-
ble standard model particles, such as an electron-positron
pair, is possible [21, 22, 24]. This decay scheme is of par-
ticular interest because it would enable new searches of
BDM using many of existing detectors for the dark mat-
ter direct detections.

In this Letter, we report the first search for inelastic
boosted dark matter (iBDM) in a terrestrial detector,
performed with the COSINE-100. The main purpose of
the COSINE-100 experiment [27, 28] is to confirm or re-
fute the long-debated claim by the DAMA collaboration



FIG. 1.

X2

(a) Production of relativistic BDM xi in the Galactic Center by annihilation of a heavier dark matter xo. (b)

Illustration of multiple-site hits from an inelastic interaction of BDM for the case of two interactions occurring in two different
Nal(T1) and LS detectors. (c) Illustration of Bremsstrahlung radiation-induced hits on two NaI(Tl) or LS detectors.

of dark matter discovery, which comes in the form of
an annual modulation signal in event rates with energies
between 1 and 6keV [29, 30] corresponding to typical
dark matter nucleon interactions [31]. Thus, in this Let-
ter we also demonstrate the ability of detectors designed
to search primarily for the low-energy nuclear recoils of
the conventional dark matter interactions to detect high-
energy electron recoils of the iBDM interactions.

In the Galactic Center, it is theorized that the boosted,
lighter x; is produced by the pair-annihilation of two
heavier xo, as depicted in Fig. 1 (a), with a total flux [17]
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where the reference value for < ov >¢_,1, or the velocity-
averaged annihilation cross section of xoxo — Xx1Xx1, cor-
responds to a correct dark matter thermal relic density
for xo that is derived by a so-called “assisted” freeze-out
mechanism [25] and mg denotes the mass of xo. Produc-
tion of BDM through the annihilation of yo is subject
to uncertainties on the dark matter halo models [32-34].
Here we assume the NFW halo profile [32] as described
in Ref. [17]. The relativistic x; travels and interacts
with terrestrial detector elements either elastically or in-
elastically. We consider xie™ interactions from inelastic
channel via a mediator X exchange where the scattered
dark sector particle, ya, differs from the incoming x,
i.e., x1e~ — xoe . Furthermore, we require the mass
of x2 (ms) to be heavier than the mass of x; (mj) such
that x2 subsequently decays into x; with visible standard
model particles such as e~et pairs, i.e., xo — xie" e,
mediated by X. Both on-shell (mx less than ms-m;
where my denotes the mass of X) and off-shell (my
greater than mo-m;) decays of xo are possible [22].

Considering the associated decay width of the three-
body decay, the x2 decay length can vary an order of

10 cm, which is sensitive range from the COSINE-100 de-
tector, depending on my, the mass of xo (mg), my, mo,
and the mixing parameter between the standard model
particle and the dark sector particle (¢). Following the
calculation in Ref. [21, 22], an iBDM interaction would
generate primary and secondary electrons and a positron
with an energy within the range 1 MeV-500 MeV in the
case of mp=1GeV/c? as shown in Fig. 1 (b). Also, it is
highly likely that energetic e~ or e produces a number
of Bremsstrahlung radiations that deposit energies on the
order of 1 MeV as one can see in Fig. 1 (c¢). For COSINE-
100, we use the specific layout of the detector components
combined with the predicted topology of iBDM interac-
tions to identify candidate iBDM events.
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FIG. 2. Schematic of the COSINE-100 detector. The
Nal(Tl) (106 kg) detectors are immersed in the 2,200 L. LAB-
LS that are surrounded by layers of shields.

COSINE-100 [27] consists of a 106kg array of eight



ultra-pure Nal(Tl) crystals each coupled to two photo-
multiplier tubes (PMTSs). The crystals are immersed
in an active veto detector composed of 2,200 L of linear
alkylbenzene (LAB)-based liquid scintillator (LS) [35].
The LS is contained within a 3 cm thick shield of oxygen-
free copper, a 20 cm thick shield of lead, and an array
of plastic scintillation counters for muon tagging [36] as
shown in Fig. 2. Crucial to this analysis is that the
2,200 L of LS can act as an active detection volume that
effectively creates a ton-scale detector for iBDM inter-
actions. Data obtained between 20 October 2016 and
19 December 2016 are used for this search with a total
exposure of 59.5 live days.

An event is triggered when coincident single photoelec-
trons in both PMTs coupled to a single crystal are ob-
served within a 200 ns time window. If at least one crystal
satisfies the trigger condition, data from all other crys-
tals and the LAB-LS are recorded. The LAB-LS signals
do not generate triggers, except in the case of energetic
muon events that are coincident with one of the muon
detector panels [37]. Energy scales for the high energy
region in the Nal(T1) crystals and LS are calibrated with
the 1465keV + line and the 2614keV ~ line from 4°K
and 208T1, respectively. Geant4 [38]-based simulations
are used to understand the contribution of each back-
ground component [39, 40], as well as to verify energy
scales and resolutions.

Event selections are based on the topology of iBDM
events. At first, we require the deposited energy in the LS
be greater than 4 MeV. We then remove muon-induced
events that are tagged by the muon detector [36]. We
require coincident hits in the Nal(Tl) crystals with the
sum of deposited energies in all crystals be greater than
4 MeV. Finally, we reject a-induced events in the crystals
using a pulse shape discrimination method [41, 42]. To
summarize, the criteria for iBDM candidate events are:

1: Energy of LS > 4 MeV

2: No selected muons from the muon detector
3: Total energy of the NaI(Tl) crystals > 4 MeV
4: No « events in the NaI(Tl) crystals

After applying these event selection criteria, we ob-
serve 21 candidate events from the 59.5days of the
COSINE-100 data. Our study shows that a dominant
background contribution is due to muons that pass di-
rectly through one side of the muon detector and stop
in the LS or crystals. The muon detector’s coverage is
almost 47, as there is a total of 37 panels attached to all
six sides of the detector. The panels are spaced as closely
as possible; however, small gaps between panels are in-
evitable because of the thickness of the materials used
to wrap the panels [36]. In the muon event selection, we
tagged events as muon candidate events when a coinci-
dent signal between at least one of the muon panels and
the LS is detected. However, if a muon passes through

a gap between panels and stops in the LS or crystals, it
cannot be tagged.

To understand the missed-tag rate of the muon de-
tector, we studied one specific type of muon candidate
event that is tagged by a coincident signal between the
bottom-side muon panels and the LS. Such a signal could
be induced by an upward-going muon. However, the rate
of upward-going muons is extremely small [43] and most
of the selected candidate events are actually downward-
going muons that have passed through another side of
the muon detector untagged. We estimate the untagged
muon ratio (runtag) as the following equation,

NbottomeS (2)

Tuntag = ’
Nbottom—ALL

where Npottom—Ls 1S the number of tagged muons selected
by only the bottom-side panels and LS coincidence, and
Npottom—ALL 18 all tagged muons with hits in the bottom-
side panels. We obtain ryngae=2.14£0.21%. To deter-
mine the expected background rate from muon events, we
select a sideband of muon-tagged candidate-like events.
These events undergo the same selection criteria on the
LS and Nal(Tl) crystals used for the iBDM candidate
selection, and an additional muon tagging by the muon
detector [36] are required. The total number of these
muon-tagged sideband events is multiplied by runtag[44]
which gives an expected background of 16.4+2.1 events.
This is consistent with the 21 candidate events.
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FIG. 3. Spectrum of the summed energy from all crys-
tals (filled circle), after application of all selection criteria
of the iBDM candidate events but with no requirement on
the amount of energy observed in the crystals, is compared
with the expected background (solid histogram). Contribu-
tions to the background from muon and 3/ events caused
by radionuclide contaminations are indicated. In the region
of interest (energy greater than 4 MeV), muons are the only
contribution.

Figure 3 shows the summed energy from all NaI(T1)
crystals after application of all selection criteria but with
no requirement on the amount of energy observed in the



crystals. Below 3MeV, the main background contribu-
tion is from B and < rays originating from the detec-
tor and the surrounding materials. This background has
been previously studied and is well understood [40]. We
model the background of the muons by using the muon-
tagged sideband events that are reweighted with ryntag
using the physics data. As one can see in Fig. 3, our data
are consistent with the known background contributions
within statistical uncertainty. In the region of interest
(ROI), the muon-induced background is likely the only
contribution.
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FIG. 4. Comparison of the event rate as a function of the
crystal multiplicity in data with energy greater than 3 MeV
per crystal (open circle) and the expected background from
muons (solid line). The expected signal shapes for two differ-
ent model parameters (dotted line and dashed line) are also
shown. For easy comparison of the shapes, the dotted line
and dashed line spectra are multiplied by a factor 7 and 3,
respectively.

Because of this background contamination in the ROI,
we examine parameters that demonstrate discrimination
power between the muon background and iBDM induced
signal. A limited dynamic range beyond 5 MeV for each
crystal makes the summed energy of the crystals diffi-
cult to be used as the parameter. Instead of the summed
energy, we employ a crystal multiplicity selection that
counts the number of crystals with energy depositions
greater than 3 MeV per crystal. For comparison of vari-
ous model parameters, we generate iBDM signals follow-
ing the calculations in Ref. [21, 22] with the same model
setup. Here, we assume < ov >¢_1= 5 x 10726cm3s~!
in Eq. 1 and fermionic dark matter. We consider a few
choices of the iBDM model parameters (y;=mq/mj, mo,
my, and €). These events are then processed through the
COSINE-100 detector simulation and the output events
are subjected to the same selection criteria that are ap-
plied to the data. In Fig. 4, the event rate of the data as
a function of crystal multiplicity is compared with that
of the muon background as well as the theorized event
rate from iBDM-induced signals for two different sets of
model parameters. As one can see in the plot, the data

are in good agreement with the muon background while
the iBDM-induced signals can show a noticeable shape
difference depending on the model parameters, especially
with the kinetic energies of the charged electrons and
positron in the primary and secondary interactions.

10*

/

—— m=20MeV, m2=40MeV, mx=10MeV,y1=10
m=10MeV, m2=15MeV, mx=1MeV,y1=50
—— m3=2MeV, m2=5.5MeV, mx=5MeV,y]=20
--------- DEAP3600-4.4 days
mreimieee XENONI1T-34.2 days
L I L M|
10 10° 10° 10*

Liae* (cm)

10

FIG. 5. Measured 90% CL upper limits from 59.5days of
COSINE-100 data in the Li33*-0 plane are presented for three
different benchmark models. These results are compared with
the experimental sensitivities of XENONIT with 34.2days
data [45] and DEAP-3600 with 4.4 days data [46] calculated
in Ref. [22].

We express our results in the plane of Liii*-0, where

Liap* is the maximum mean decay length of the longest-
lived particle, either x2 or X, and o is the cross-section
of the primary yje interaction. This is introduced in
Ref. [22] for model independent comparison between ex-
isting and planned experiments of liquid Xe or Ar. In
this case, they assume no background events if two tracks
were produced in the fiducial volume with L{2* greater
than the position resolution of each experiment. We con-
sider three different cases to represent our results where
we have fixed the parameters of all dark sector particles in
each case. Because L% depends on (1/€)?, five different

ax points (5cm, 10 c¢cm, 100 cm, 1,000 cm, 10,000 cm)
have been scanned by simulating events with various val-
ues of e. These events are also processed through the
detector simulation and the event selection. Selection
efficiencies of the iBDM signals, which have primary in-
teractions in the LS or Nal(Tl) crystals, vary between
1% and 10%, highly depending on the kinetic energy of
x1 and Lipp*. To search for the iBDM-induced events,
binned maximum likelihood fits to the measured crystal
multiplicity are performed for the assumed signals. The
Bayesian Analysis Toolkit [47] is used with probability
density functions that are based on shapes of the sim-
ulated iBDM signal spectra and the muon background
evaluated by the tagged-muon sideband events. Uniform
priors are used for both the signals and the background.

Data fits are performed for each of the signal models
and we find no excess of events that could be induced



by iBDM interactions. The posterior probabilities of sig-
nal are consistent with zero in all cases and 90% confi-
dence level (CL) limits are obtained. Figure 5 shows the
resulting limits from three different choices of the dark
matter mass parameters. They are compared with the
experimental sensitivities of XENONIT (34.2 days) [45]
and DEAP-3600 (4.4 days) [46] estimated with zero back-
ground assumption [22]. Benefiting from the large effec-
tive volume of the LS, measured limits from the COSINE-
100 data are comparable with those of the ton-scale dark
matter detectors’ sensitivities. In particular, stronger
limits at larger Lii2* and heavier xo (corresponding to
a larger boosting of x1) are obtained. With a larger
Liap*, the secondary decay may not happen in the detec-
tor volume. However, the modular crystal configuration
of COSINE-100 is advantageous in terms of recording
more multiple-site hits from Bremsstrahlung radiation.
The rate of Bremsstrahlung radiation is enhanced by the
higher energy charged particles that occur with a larger
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FIG. 6. Measured 90% CL upper limits (lines) from 59.5 days
of COSINE-100 data in terms of the mx and e parameters
assuming the mediator to be a dark photon are presented for
three different benchmark models. These results are com-
pared with the currently excluded parameter space (shaded
region) from direct dark photon search experiments E141 [48],
NA48 [49], NA64 [50], Babar [51], and bounds from the elec-
tron anomalous magnetic moment (g-2). [52].

It is possible to interpret this result in the context of
the dark photon phenomenology by assuming that the in-
teraction between the standard model particles and the
dark sector particles is mediated by a dark photon. This
is interesting because it allows results obtained from this
analysis to be compared with other dark photon searches,

which are typically expressed in terms of the parameters
my and €. In our analysis, we generate signals from three
different sets of model parameters by fixing m;, ms, and
~1 while varying mx. In this event generation, we assume
fully inelastic scattering. Because of the invisible decay
of X, we only consider my < 2m;. Figure 6 shows the
measured 90% CL upper limits from the COSINE-100
data for the aforementioned model parameters compared
with existing constraints from dark photon search exper-
iments. In the specific case of m;=6 MeV, my=7.5 MeV,
and 1 =20, our limits begin to explore parameter regions
that have not been searched by any other experiment,
though the specific model discussed in this paper needs
to be assumed.

In summary, we have performed a first direct measure-
ment for evidence of inelastic boosted dark matter by
searching for energetic electrons and positrons produced
in the COSINE-100 detector with 59.5 days of data. The
COSINE-100 detector has a unique advantage in detect-
ing this signal because of the 2,200 L. of LAB-LS that sur-
rounds 106.5kg of low-background Nal(T1) crystals. No
signal excess is found and, therefore, 90% CL limits are
set for various model parameters. An interpretation of a
dark photon interaction further explores a new parame-
ter space that has not been tested by other direct dark
photon search experiments, though it is highly model de-
pendent. The COSINE-100 detector has stable opera-
tion taking more than 2 years of good quality data. An
updated study with a larger data sample and improved
analysis techniques will allow us to search a much larger
region of the currently unexplored parameter space.
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