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Direct detection limits on heavy dark matter
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Multiply interacting massive particles (MIMPs) are heavy (> 10'© GeV/c?) dark matter particles
that interact strongly with regular matter, but may have evaded detection due to the low number density
required to make up the local dark matter halo. These particles could leave tracklike signatures in current
experiments, similar to lightly ionizing particles. We show that previously calculated limits from
the MAJORANA DEMONSTRATOR on the flux of lightly ionizing particles can be used to exclude MIMP
dark matter parameter space up to a mass of 10'> GeV/c?. We also calculate limits from the standard
XENONIT analysis in this high-mass regime, properly taking into account flux limitations and multiscatter
effects. Finally, we show that a dedicated MIMP analysis using the XENONI1T dark matter search could
probe unexplored parameter space up to masses of 10'® GeV/c?.
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I. INTRODUCTION

There has been some interest in particle dark matter with
masses close to the Planck mass (10" GeV/c?) [1-6],
though direct searches are lacking. Such heavy dark matter
particles can arise from supersymmetric theories [7] and be
produced in the early Universe [8—10]. Dark matter could
also consist of composite objects at this mass, such as
primordial black holes [4,11] or other composite particles
[12,13]. However, the sensitivity of direct dark matter
detection experiments for a given exposure will decrease
linearly as the mass of the dark matter particles increases.
This is due to the fact that with a constant local dark matter
density [14], more massive individual particles lead to a
lower number density. As a result, detection sensitivity to
high mass dark matter particles will be limited to high
interaction cross sections.

As the dark matter-nucleon cross section increases, the
likelihood will also increase that a particle interacts more
than once as it passes through the experiment. Events with
scattering multiplicity larger than one are typically not
considered as signal candidate events searches due to the
typically expected cross sections being low. Searching for
such multiple-scatter events will allow dark matter detec-
tors to access a wider parameter space, both at higher
masses and higher cross sections. Particles that interact in
this manner can be called multiply interacting massive
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particles, or MIMPs [1]. At masses much higher than the
mass of a nucleus, MIMP-nucleus scattering will result in a
negligible change in the MIMP’s momentum due to its
large kinetic energy. Therefore, MIMPs will travel in a
straight path through matter, despite any number of scatters.

Searches for lightly ionizing particles, such as
those performed by CDMS-II [15] or the MAJORANA
DEMONSTRATOR [16], are specifically targeting such multi-
ple scatter events. These searches did not find any excess
events in their region of interest. This provides an oppor-
tunity to set limits on MIMP dark matter with experiments
that have already been carried out, by reinterpreting the
results of these searches. TEXONO [17] has also recently
performed a search for lightly ionizing particles with
sensitivity to much lower charges, though only considering
single scatter events. In this study, we determined the
signature of a multiple-scatter dark matter event in both the
MAJORANA DEMONSTRATOR and the XENONIT experi-
ments, using the local dark matter halo properties and the
geometry of the detectors. These experiments were chosen
since they hold the most sensitive results for lightly
ionizing particles [16] and WIMP dark matter [18] respec-
tively. We used these multiple-scatter signatures to set
limits on the interaction cross section and mass of dark
matter particles up to 10'® GeV/c?.

II. PROCEDURE

The MAJORANA DEMONSTRATOR is a low-background
rare-event search located at the Sanford Underground
Research Facility, employing a total of 57 point-contact
germanium detectors to search for rare events, primarily
from neutrinoless double-beta decay [19]. The germanium
detectors are organized into towers of three to five units,
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FIG. 1. An example of a simulated MIMP track through one of
the MAJORANA DEMONSTRATOR detector modules. This track has
passed through three of the 30 detector units (highlighted in dark
red). Such simulated tracks are used to determine the energy
deposited by MIMPs entering the detector.

and 14 towers are assembled into two hexagonal modules.
Figure 1 shows the general setup of one of the two detector
modules. These modules are enclosed within a two-inch
thick plastic scintillator muon veto to monitor for through-
going muons [20].

The MAJORANA DEMONSTRATOR was used to search
for lightly ionizing particles [16] by targeting coincident
energy depositions between more than one detector unit
within its detector modules, as lightly ionizing particles
will pass through the detector depositing small amounts of
energy along their path. Zero candidate events were
observed with a detector unit multiplicity of 4-6, in an
exposure of 285 days of data taking [16].

An equivalent signature would be seen from heavy
particles (> 10'° GeV/c?) with a high MIMP-nucleus cross
section, which would not lose significant momentum or
energy even when colliding with many atoms along their
path. Assuming canonical elastic scattering off nuclei [21],
with 6 being the scattering angle in the center-of-mass
frame, v the velocity of the MIMP, m, the mass of the
nucleus, M the mass of the MIMP, and i the MIMP-nucleus
reduced mass, the energy Ey transferred to the recoiling
nucleus at each collision can be written as

e 1
Eg =——(1 =cos®) x myv*(1 —cos ) < =Mv*, (1)
my 2

since u =~ my if M > my. In the lab frame, the maximum
deflection angle of the MIMP from each collision can be
found using elastic scattering kinematics [22]:

sin€ = my/M = 0. (2)

The combination of Egs. (1) and (2) show that a MIMP will
travel in a straight line with a constant velocity through any
dark matter detector with my << M, even if its cross section
is high. The coincidence window used by the MAJORANA
DEMONSTRATOR (4 us) [16] is long enough such that a dark
matter particle moving at O(100) km/s, as expected from
the local WIMP halo parameters [23], would cross the full
detector within one coincidence window, and would be
observed within the dataset.

We simulated MIMP events to determine the sensitivity
of the MAJORANA DEMONSTRATOR to MIMP dark matter.
Standard WIMP halo model values [23] were assumed
for the local MIMP density and velocity distribution. The
geometry of the MAJORANA DEMONSTRATOR detector array
and exposure times for each data taking run were taken
from [24]. The full detector modules were assumed to be
operational for each data taking run that they were
employed. It was confirmed through simulation that one
detector not being operational during a run had a negligible
impact on the resulting overall limit. Straight tracks were
simulated with an isotropic distribution through the detec-
tor, with an additional acceptance loss at high cross section
due to attenuation from the earth overburden [1]. These
tracks were used to determine the detector unit multiplicity,
and the path length through each unit. An example
simulated track passing through one module of the
MAJORANA DEMONSTRATOR is shown in Fig. 1, with the
displayed event having triggered three of the 30 detector
units in the module.

For a given MIMP mass, a number of MIMPs are
simulated using Poisson statistics according to the expected
flux of dark matter during the exposure. Then, the path
traveled by each MIMP through the detector is simulated,
and a number of interactions within each detector unit is
simulated using the MIMP-nucleon cross section. For each
collision, the amount of energy deposited is simulated
according to the kinematics between the MIMP mass and
nuclear mass as in Eq. (1), and then converted to an
effective energy deposition using the nuclear quenching
factor from the Lindhard model [25], which has been
shown to agree well with observations in germanium down
to low energies [26]. A detector unit is considered triggered
if the deposited energy exceeds the per-unit energy thresh-
old, which varies per detector unit between 0.8 and 2 keV
[16]. As the crossing time of a particle is shorter than the
coincidence window, all interactions that occur within a
detector unit will contribute to the total amount of depos-
ited energy for that event.

The MAJORANA DEMONSTRATOR employs a plastic scin-
tillator muon veto around the detector arrays. In the lightly
ionizing particle search, any event within one second of an
energy deposition greater than 1 MeV in the muon veto was
removed. If the MIMP-nucleon cross section is sufficiently
high, then a MIMP will deposit enough energy within the
muon veto to cause a trigger, and such events would have
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been removed. This means that the search considered here
did not have sensitivity to particles that deposit an energy
above 1 MeV in the muon veto, which corresponds to
particles with cross sections > 1072 cm?.

In addition to the MAJORANA DEMONSTRATOR, limits
for the currently leading WIMP detection experiment
XENONIT [18] were also simulated using the same
procedure, but with the XENONIT geometry. This was
done both to verify the limits set by this detector at such
high masses, which are not usually considered in a WIMP
search, as well as to determine what a dedicated multiple
scatter search could yield in terms of sensitivity in this
parameter range. The simulations were carried out using an
exposure time of 279 days [18]. Since XENONIT is a
monolithic liquid xenon detector instead of a modular
germanium detector, the detection strategy would need to
be adjusted for events with high multiplicity. With the
ability of a xenon time projection chamber to resolve
individual interaction vertices, MIMP tracklike events
could be searched for by looking for events with high
multiplicity, oriented in a straight line. Since neutron and
gamma interactions can also interact multiple times within
the detector, one could select for events with high multi-
plicities and linear topology to obtain a purer MIMP sample
at the expense of sensitivity.

III. RESULTS AND DISCUSSION

Figure 2 shows the results obtained from our simula-
tions, as well as previous results from astrophysical
constraints [27], high altitude particle detectors [28,29]
and the DAMA collaboration [30] corrected for saturated
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FIG. 2. Excluded regions in the parameter space of MIMP-
nucleon cross section vs MIMP mass from various sources
[31,32], as well as the limits calculated here from the MAJORANA
DEMONSTRATOR (red) and XENONIT (cyan). The dashed black
line shows the maximum sensitivity for underground detectors
due to the overburden of the Earth’s crust. A* scaling is assumed
due to coherent interactions with the nucleus.

overburden scattering [1]. At MIMP-nucleon cross sections
above 1.3 x 1072° cm?, the MIMP will scatter with every
nucleus in the Earth’s crust above the detector, and thus
increasing the cross section above this limit will no longer
increase the stopping power of the Earth [1]. These limits
are shown in the MIMP-nucleon cross section vs MIMP
mass parameter space to allow comparison between differ-
ent detector materials. Particles with cross sections above
the black-dashed line will no longer reach the detector
through the Earth overburden. We have chosen to display
the results starting at MIMP masses above 10® GeV/c? for
clarity in the interested region, but these limits could be
extended to lower masses.

Limits from astrophysical constraints are primarily
derived from scattering off of hydrogen, whereas the
particle detectors use different nuclei that benefit from
an « A* increase in the scattering cross section due to
coherence [33,34]. Recently it was pointed out that this
o A* scaling does not apply for pointlike particle dark
matter above cross sections of 1073! cm? [34]. At cross
sections comparable or larger than the geometric size of the
nucleus, the form factor of the interaction no longer follows
the Born approximation, and thus the model-independent
coherence effect no longer holds. This is true for both contact
interactions with heavy mediators, and longer-range inter-
actions with light mediators, though interactions with light
mediators can maintain coherence at higher cross sections up
to 1072 cm? [34]. However, a full treatment of coherence
of dark matter-nucleus scattering at such large cross sections
is currently lacking. Without correcting for this coherent
enhancement in each different nucleus, the results from
different experiments cannot be directly compared without
assuming a certain model. Therefore, to compare with other
experiments and with previously published limits we have
chosen to display the results in two different parameter
spaces. In addition to the per-nucleon scaling in Fig. 2, we
also show the limits in reference to the per-nucleus cross
section in Fig. 3. This cross section is relevant for composite
dark matter candidates, with a cross section equal to the
physical size of the composite particle [5]. To put previously
published limits into this space, the cross section is corrected
to remove A* for the corresponding material. The dashed line
from overburden attenuation is also scaled according to the
average atomic mass of the materials in the Earth’s crust [1].
The uncertainty in the scaling of the cross sections highlights
the value in carrying out experiments with different target
materials to support and corroborate with existing limits.

The region excluded by XENONIT shown in Fig. 2
differs from regions claimed previously [35], since our
treatment takes into account that the normal WIMP search
strategy does not consider events with multiplicity greater
than one. For the XENONIT detector, using the density
of liquid xenon, the mean free path of a MIMP becomes
equal to the size of the detector (~1 m) once the cross
section exceeds 1072° ¢cm?. This leads to the result that the
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FIG. 3. Excluded regions in the parameter space of MIMP-

nucleus cross section vs MIMP mass from various sources
[31,32], as well as the limits calculated here from the MAJORANA
DEMONSTRATOR (red) and XENONIT (cyan). The corresponding
nucleus used to correct for the A* scaling is shown in the labels of
each region.
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FIG. 4. The possible sensitivity curves for a dedicated MIMP
analysis of the XENONIT dark matter search data (assuming A*
scaling as in Fig. 2), considering events with scattering multi-
plicities greater than 3 (dashed), greater than 10 (dash-dotted),
and greater than 50 (dotted).

XENONIT WIMP analysis loses sensitivity at high
Cross sections.

The region excluded by the MAJORANA DEMONSTRATOR
reaches to higher cross sections than probed by the

XENONIT experiment, due to the dedicated search for
tracks. The upper limit of this region is determined by the
muon veto, which would have been triggered by MIMPs
with higher cross section.

Figure 4 shows the exclusion regions calculated in this
study, with additional lines to show the possible sensitivity
of a dedicated MIMP analysis of the XENONI1T exposure.
Each line shows the lower limit of sensitivity for a search
for multiple interaction events with a certain minimum
multiplicity, assuming no background events. Regardless of
the multiplicity considered, there is a strong bound on the
sensitivity near 10'® GeV/c? where the XENONIT experi-
ment becomes flux limited. At this mass, the local particle
density of dark matter becomes low enough that less than
one particle is expected to cross the detector during the
entire exposure of the experiment. This analysis would not
have the same constraint on the upper bound of the region
as the MAJORANA DEMONSTRATOR due to the XENONIT
muon veto being a water Cherenkov detector [36]. The
MIMPs are not charged, and thus would not trigger the
XENONIT muon veto. This would allow such a study to
reach much higher cross sections than previously reached
by dark matter direct detection experiments [35].

IV. CONCLUSION

Multiply interacting, heavy dark matter particles are a
new region of interest in dark matter direct detection. These
types of particles are motivated by theory, but the relevant
parameter space is difficult to access and requires dedicated
analyses. By reinterpreting the lightly ionizing particle
search of the MAJORANA DEMONSTRATOR as limits on
strongly interacting dark matter, we ruled out previously
unprobed parameter space. In addition, the limits that have
been set by XENONIT were verified in this high mass
region of parameter space. A dedicated XENONIT MIMP
analysis using existing data would be able to push this
sensitivity region much higher.

ACKNOWLEDGMENTS

We are grateful to Ralph Massarczyk from the
MAJORANA collaboration for helpful discussions and infor-
mation on the MAJORANA DEMONSTRATOR. This work was
carried out thanks to support from the National Science
Foundation through Grant No. PHY-1719271.

123026-4



DIRECT DETECTION LIMITS ON HEAVY DARK MATTER

PHYS. REV. D 102, 123026 (2020)

[1] J. Bramante, B. Broerman, R. F. Lang, and N. Raj, Saturated
overburden scattering and the multiscatter frontier: Discov-
ering dark matter at the planck mass and beyond, Phys. Rev.
D 98, 083516 (2018).

[2] J. Bramante, B. Broerman, J. Kumar, R.F. Lang, M.
Pospelov, and N. Raj, Foraging for dark matter in large
volume liquid scintillator neutrino detectors with multi-
scatter events, Phys. Rev. D 99, 083010 (2019).

[3] J. Bramante, J. Kumar, and N. Raj, Dark matter astrometry
at underground detectors with multiscatter events, Phys.
Rev. D 100, 123016 (2019).

[4] B.V. Lehmann, C. Johnson, S. Profumo, and T.
Schwemberger, Direct detection of primordial black hole
dark matter, J. Cosmol. Astropart. Phys. 10 (2019) 046.

[5] C. V. Cappiello, J. I. Collar, and J. F. Beacom, New exper-
imental constraints in a new landscape for composite dark
matter, arXiv:2008.10646.

[6] K. A. Meissner and H. Nicolai, Planck mass charged
gravitino dark matter, Phys. Rev. D 100, 035001 (2019).

[7] S. Raby, Gauge mediated SUSY breaking at an intermediate
scale, Phys. Rev. D 56, 2852 (1997).

[8] D.J. H. Chung, E. W. Kolb, and A. Riotto, Superheavy dark
matter, Phys. Rev. D §9, 023501 (1998).

[9] E. W. Kolb and A.J. Long, Superheavy dark matter through
Higgs portal operators, Phys. Rev. D 96, 103540 (2017).

[10] A. Bhoonah, J. Bramante, S. Nerval, and N. Song, Gravi-
tational waves from dark sectors, oscillating inflatons, and
mass boosted dark matter, arXiv:2008.12306.

[11] D. Hooper, G. Krnjaic, and S. D. McDermott, Dark radi-
ation and superheavy dark matter from black hole domi-
nation, J. High Energy Phys. 08 (2019) 001.

[12] A. Coskuner, D. M. Grabowska, S. Knapen, and K.M.
Zurek, Direct detection of bound states of asymmetric dark
matter, Phys. Rev. D 100, 035025 (2019).

[13] E. Ponton, Y. Bai, and B. Jain, Electroweak symmetric dark
matter balls, J. High Energy Phys. 09 (2019) 011.

[14] J.1. Read, The local dark matter density, J. Phys. G 41,
063101 (2014).

[15] R. Agnese et al., First Direct Limits on Lightly Ionizing
Particles with Electric Charge Less Than ¢/6, Phys. Rev.
Lett. 114, 111302 (2015).

[16] S.1. Alvis et al., First Limit on the Direct Detection of
Lightly Ionizing Particles for Electric Charge as Low as
¢/1000 with the Majorana Demonstrator, Phys. Rev. Lett.
120, 211804 (2018).

[17] L. Singh et al., Constraints on millicharged particles with
low threshold germanium detectors at Kuo-Sheng reactor
neutrino laboratory, Phys. Rev. D 99, 032009 (2019).

[18] E. Aprile et al., Dark Matter Search Results from a One Ton-
Year Exposure of XENONIT, Phys. Rev. Lett. 121, 111302
(2018).

[19] N. Abgrall et al., The Majorana demonstrator neutrinoless
double-beta decay experiment, Adv. High Energy Phys.
2014, 1 (2014).

[20] S. I Alvis et al., Search for trinucleon decay in the Majorana
demonstrator, Phys. Rev. D 99, 072004 (2019).

[21] L. Baudis, Direct dark matter detection: The next decade,
Phys. Dark Universe 1, 94 (2012).

[22] D. Griffiths, [Introduction to Elementary Particles
(Wiley, 2008).

[23] J. Aalbers, B. Pelssers, and K. D. Mora, wimprates: v0.3.0,
2019, https://zenodo.org/record/3345959.

[24] S.1. Alvis et al., A search for neutrinoless double-beta decay
in "%Ge with 26 kg-yr of exposure from the Majorana
demonstrator, Phys. Rev. C 100, 025501 (2019).

[25] J. Lindhard, V. Nielsen, M. Scharff, and P. V. Thomsen,
Integral equations governing radiation effects, Mat. Fys.
Medd. K. Dan. Vidensk. Selsk 33, 35 (1963), http://gymarkiv
.sdu.dk/MFM/kdvs/mfm%2030-39/mfm-33-10.pdf.

[26] B.J. Scholz, A.E. Chavarria, J. I. Collar, P. Privitera, and
A. E. Robinson, Measurement of the low-energy quenching
factor in germanium using an %Y /Be photoneutron source,
Phys. Rev. D 94, 122003 (2016).

[27] R. H. Cyburt, B. D. Fields, V. Pavlidou, and B. D. Wandelt,
Constraining strong baryon dark matter interactions with
primordial nucleosynthesis and cosmic rays, Phys. Rev. D
65, 123503 (2002).

[28] P.C. McGuire, Low background balloon borne direct search
for ionizing massive particles as a component of the dark
galactic halo matter, Other thesis, Arizona University,
Tucson, Arizona, 1994.

[29] P. B. Price and E. K. Shirk, The Skylab ultraheavy cosmic ray
experiment, in /4th International Cosmic Ray Conference
(International Cosmic Ray Conference Series, 1975), Vol. 1,
pp. 268-272.

[30] R. Bernabei et al., Extended Limits on Neutral Strongly
Interacting Massive Particles and Nuclearites from Nal(Tl)
Scintillators, Phys. Rev. Lett. 83, 4918 (1999).

[31] B.D. Wandelt, R. Dave, G.R. Farrar, P.C. McGuire,
D.N. Spergel, and P.J. Steinhardt, Self-interacting dark
matter, in 4th International Symposium on Sources and
Detection of Dark Matter in the Universe (DM 2000)
(Springer, 2000), pp. 263-274.

[32] G.D. Mack, J.F. Beacom, and G. Bertone, Towards
closing the window on strongly interacting dark matter:
Far-reaching constraints from Earth’s heat flow, Phys. Rev.
D 76, 043523 (2007).

[33] M. W. Goodman and E. Witten, Detectability of certain
dark matter candidates, Phys. Rev. D 31, 3059 (1985).

[34] M. C. Digman, C. V. Cappiello, J. F. Beacom, C. M. Hirata,
and A. H. G. Peter, Not as big as a barn: Upper bounds on
dark matter-nucleus cross sections, Phys. Rev. D 100,
063013 (2019).

[35] B.J. Kavanagh, Earth scattering of superheavy dark matter:
Updated constraints from detectors old and new, Phys. Rev.
D 97, 123013 (2018).

[36] E. Aprile et al., Conceptual design and simulation of a
water Cherenkov muon veto for the XENONI1T experiment,
J. Instrum. 9, P11006 (2014).

123026-5


https://doi.org/10.1103/PhysRevD.98.083516
https://doi.org/10.1103/PhysRevD.98.083516
https://doi.org/10.1103/PhysRevD.99.083010
https://doi.org/10.1103/PhysRevD.100.123016
https://doi.org/10.1103/PhysRevD.100.123016
https://doi.org/10.1088/1475-7516/2019/10/046
https://arXiv.org/abs/2008.10646
https://doi.org/10.1103/PhysRevD.100.035001
https://doi.org/10.1103/PhysRevD.56.2852
https://doi.org/10.1103/PhysRevD.59.023501
https://doi.org/10.1103/PhysRevD.96.103540
https://arXiv.org/abs/2008.12306
https://doi.org/10.1007/JHEP08(2019)001
https://doi.org/10.1103/PhysRevD.100.035025
https://doi.org/10.1007/s13130-019-11194-5
https://doi.org/10.1088/0954-3899/41/6/063101
https://doi.org/10.1088/0954-3899/41/6/063101
https://doi.org/10.1103/PhysRevLett.114.111302
https://doi.org/10.1103/PhysRevLett.114.111302
https://doi.org/10.1103/PhysRevLett.120.211804
https://doi.org/10.1103/PhysRevLett.120.211804
https://doi.org/10.1103/PhysRevD.99.032009
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1155/2014/365432
https://doi.org/10.1155/2014/365432
https://doi.org/10.1103/PhysRevD.99.072004
https://doi.org/10.1016/j.dark.2012.10.006
https://zenodo.org/record/3345959
https://zenodo.org/record/3345959
https://doi.org/10.1103/PhysRevC.100.025501
http://gymarkiv.sdu.dk/MFM/kdvs/mfm%2030-39/mfm-33-10.pdf
http://gymarkiv.sdu.dk/MFM/kdvs/mfm%2030-39/mfm-33-10.pdf
http://gymarkiv.sdu.dk/MFM/kdvs/mfm%2030-39/mfm-33-10.pdf
http://gymarkiv.sdu.dk/MFM/kdvs/mfm%2030-39/mfm-33-10.pdf
https://doi.org/10.1103/PhysRevD.94.122003
https://doi.org/10.1103/PhysRevD.65.123503
https://doi.org/10.1103/PhysRevD.65.123503
https://doi.org/10.1103/PhysRevLett.83.4918
https://doi.org/10.1103/PhysRevD.76.043523
https://doi.org/10.1103/PhysRevD.76.043523
https://doi.org/10.1103/PhysRevD.31.3059
https://doi.org/10.1103/PhysRevD.100.063013
https://doi.org/10.1103/PhysRevD.100.063013
https://doi.org/10.1103/PhysRevD.97.123013
https://doi.org/10.1103/PhysRevD.97.123013
https://doi.org/10.1088/1748-0221/9/11/P11006

