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Abstract CRESST is one of the most prominent direct
detection experiments for dark matter particles with sub-
GeV/c2 mass. One of the advantages of the CRESST exper-
iment is the possibility to include a large variety of nuclides
in the target material used to probe dark matter interactions.
In this work, we discuss in particular the interactions of dark
matter particles with protons and neutrons of 6Li. This is
now possible thanks to new calculations on nuclear matrix
elements of this specific isotope of Li. To show the poten-
tial of using this particular nuclide for probing dark mat-
ter interactions, we used the data collected previously by
a CRESST prototype based on LiAlO2 and operated in an
above ground test-facility at Max-Planck-Institut für Physik
in Munich, Germany. In particular, the inclusion of 6Li in
the limit calculation drastically improves the result obtained
for spin-dependent interactions with neutrons in the whole
mass range. The improvement is significant, greater than two
order of magnitude for dark matter masses below 1 GeV/c2,
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compared to the limit previously published with the same
data.

1 Introduction

CRESST is a direct detection dark matter experiment located
in the underground laboratory of Gran Sasso (LNGS) [1].
CRESST operates cryogenic calorimeters consisting of a
scintillating target crystal instrumented with a transition edge
sensor (TES) coupled to an auxiliary cryogenic calori-meter
to measure the scintillation light, called light detector (LD).
These detectors guarantee a low energy threshold along with
a high energy resolution for particle interactions with the
target crystal. Furthermore, the employment of scintillating
crystals allows to achieve an effective particle discrimination
through the simultaneous detection of the light and phonon
signals. As a result of these remarkable features, CRESST is
one of the leading experiments for light dark matter search.

Light dark matter refers to dark matter particles with
masses � 1 GeV/c2. There are various theoretical scenar-
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ios which could motivate particle candidates in this mass
range, such as asymmetric dark matter [2–4], scalar dark
matter [5], and hidden sector dark matter [6]. These sce-
narios together with the absence of positive signals from
experiments specialized in the detection of dark matter par-
ticles with weak-scale coupling motivate the exploration of
the low-mass parameter space.

The CRESST-III experiment reported its first results for
spin-independent dark matter interactions with nuclei of
detectors employing CaWO4 target crystals [1]. In parallel
to this effort, the CRESST collaboration has also investi-
gated new suitable crystals for its detectors, with particular
focus on lithium-containing crystals [7–9]. The motivation
for the development of these novel cryogenic detectors stems
from the ideal properties of lithium for the study of the spin-
dependent interactions of sub-GeV/c2 dark matter with its
nuclei. As an evidence of this, those prototypes achieved
competitive results studying spin-dependent interactions of
dark matter particles with nuclei of 7Li, the most abundant
isotope of lithium.

In this work, we calculate a new limit on spin-dependent
interactions of dark matter particles with 6Li using the data
collected with these prototypes [9]. This analysis is now
possible thanks to a recent study [10] on the 6Li nuclear
ground state: there, the authors report the results obtained
for the computation of proton and neutron spin matrix ele-
ments which we use in this work to calculate the expected
rate of dark matter interactions with 6Li.

2 Dark matter interactions with lithium

Lithium is currently the lightest element which can be
employed in a CRESST-like detector. When considering
elastic interactions of dark matter particles with nuclei, its
light mass offers a clear advantage for the exploration of the
sub-GeV/c2 dark matter parameter space over heavier ele-
ments, due to the kinematics of such interactions. However,
in the case of the classic spin-independent cross-section, the
expected rate of interactions for dark matter particles with
nuclei of lithium is significantly lower compared to heav-
ier targets. This is due to the fact that the expected rate is
proportional to A2 [11], which significantly favors heavier
nuclei. Overall, the employment of lithium could still offer a
slight improvement over oxygen for CRESST in the study of
spin-independent interactions of very low mass dark matter
particles (� 0.1 GeV/c2), but the main advantage is the addi-
tional sensitivity to spin-dependent dark matter interactions.

In order to successfully probe spin-dependent interactions
with a direct dark matter search experiment, the nuclides of
the experimental target must hold a non-zero nuclear spin
(JN �= 0) [12–14]. Furthermore, as opposed to the spin-
inde-pendent standard scenario, which does not distinguish

Table 1 Stable nuclides with odd-numbered neutrons and protons and
non-zero nuclear spin

Nuclide Natural abundance (%)

2H 0.01
6Li 7.59
10B 19.97
14N 99.63

between the type of nucleons, spin-dependent interaction are
usually studied for the two different cases of proton-only and
neutron-only interactions. These proton-only and neutron-
only interactions are proportional respectively to the square
of the mean value of proton spin 〈Sp〉2 and neutron spin 〈Sn〉2,
where 〈Sp〉 and 〈Sn〉 are the spin matrix elements for protons
and neutrons of a given nucleus. In practical terms, it means
that a suitable nuclide is usually particularly sensitive to only
one of the two types of interactions, depending on its nuclear
composition.

There is a small amount of stable nuclides, beside 6Li,
composed by an odd number of protons and an odd number
of neutrons which also have the property of holding a non-
zero nuclear spin. These nuclides can be used to study simul-
taneously spin-dependent dark matter interactions with the
protons and the neutrons composing their nuclei with high
sensitivity. A list of such nuclides with their natural abun-
dance is given in Table 1: of these, only 6Li and 10B can
straightforwardly be employed in a CRESST-like detector.

In the case of standard CRESST-III detectors [15] made by
CaWO4, the isotopes which can be employed to study spin-
dependent interactions are either with significantly low natu-
ral abundance (17O and 43Ca) or large mass (183W). Despite
these limitations, in a previous work we derived a leading
limit on spin-dependent interactions of dark matter particles
with neutrons of 17O nuclei below 1.5 GeV/c2 [1]. Thus, we
found a strong motivation to find more suitable target crystals
for the study of spin-dependent interactions with CRESST-
like detectors.

There has been a general lack of interest for the calcu-
lation of spin-dependent matrix elements of these isotopes
listed in Table 1, since, for historical reasons, the community
has mostly focused on nuclides composed by an odd num-
ber of nucleons [16]. However, it is important to stress that
6Li is arguably the best isotope which can be employed to
study spin-dependent interactions of sub-GeV/c2 dark matter
particles with ordinary matter. In fact, 6Li is light in mass,
has a not negligible natural abundance, and, mean values for
both proton and neutron spin operators extremely close to
the maximum value as we can see in [10].

This recent study is providing the first precise calcula-
tion of 〈Sp〉 and 〈Sn〉, the spin matrix elements arising from
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the proton-only and neutron-only interactions, for an isotope
of lithium. Unfortunately, up-to-date calculations for 7Li are
still missing and we will refer in this work to the ones pre-
sented in [16,17].

A good target material compatible with cryogenic detec-
tors is LiAlO2, which was already employed in CRESST-like
detectors [9]. LiAlO2 contains several isotopes with JN �=0:
both isotopes of lithium (6Li, 7Li), 27Al, and, 17O. The case
study for 7Li was already presented in detail in [7] and now
we are going to present the new results obtained with the
addition of 6Li to the calculation.

3 Data

For this analysis we use the data collected in a previous
work [9] with the prototype detector labelled module B. The
final spectrum obtained in this work has an energy threshold
for particle interactions of ET = (213.02 ± 1.48) eV. The
energy threshold has been calculated using the method pre-
sented in [18]. The energy calibration is implemented using
the 5.895 keV peak from the 55Fe source and heater pulses
of four different known amplitudes to interpolate the energy
calibration in the whole energy region of interest, which was
chosen from ET to 4 keV. A total of 22.2 h of data without
any radioactive source (“background data”) were collected.

The exposure time after analysis cuts is 17.2 h, which
corresponds to a total exposure of 2.01 · 10−3 kg · day, with
an exposure for 7Li of 1.95 · 10−4 kg · day and an exposure
for 27Al of 8.22 · 10−4 kg · day.

The data are publicly available at [9] (see ancillary files
on arXiv).

4 Dark matter results

To be fully consistent, the new results are calculated in the
same fashion as the one presented in the previous work, with
the only difference being the addition of the cross section
for dark matter interactions with 6Li alongside to the ones
for 7Li and 27Al. As such, the exposure of 6Li is equal to
1.60 · 10−5 kg · day.

The limits are calculated using Yellin’s optimal interval
me-thod [19,20] and are shown in Figs. 1 and 2. The cal-
culation adopts the standard dark matter halo model, with
a Maxwellian velocity distribution and a local dark mat-
ter density of ρDM = 0.3(GeV/c2)/cm3 [21], a galactic
escape velocity of vesc = 544 km/s [22] and v� = 220 km/s
for the solar orbit velocity [23]. To calculate the neutron-
only and proton-only exclusion limits for 6Li, we adopted
〈Sn〉 = 〈Sp〉 = 0.472 [10].

As is possible to see, the addition of 6Li slightly improves
the result obtained for proton-only interactions, due to a mod-

Fig. 1 Exclusion limits set by various direct detection experiments for
spin-dependent interactions of dark matter particles with protons.The
result obtained from module B data with 7Li + 27Al is shown with a
dashed black line [9]. The new result obtained with 6Li + 7Li + 27Al
is shown with a solid red line. Additionally, limits from other experi-
ments are also shown: CDMSlite with 73Ge [24]; PICO with 19F [25];
XENON1T (Migdal effect) with 129Xe + 131Xe [26]; J. I. Collar with
1H [27]. Finally, a constraint from Borexino data derived in [28] is
shown in black

est increase in the overall exposure. Instead, for neutron-only
interactions we can observe a clear improvement (Fig. 2), by
at least one order of magnitude over the whole mass range
with respect to the previous result [9]. In particular, there is
a drastic improvement in the sub-GeV/c2 dark matter mass
region, by more than 2 orders of magnitude at 1.0 GeV/c2

and over 3 orders at 0.4 GeV/c2. This is exclusively due to
the added sensitivity provided by the inclusion of 6Li in the
limit calculation.

For a dark matter particle mass of 1.0 GeV/c2 the limit
on the cross section reaches 7.59 ·10−32 cm2 for proton-only
interactions and 9.23 · 10−31 cm2 for neutron-only interac-
tions.

5 Conclusions

In this work we present a detailed analysis of the potential to
probe spin-dependent dark matter interactions with 6Li for
both proton-only and neutron-only interactions. Since 6Li
is always present in nature alongside 7Li, an ideal candi-
date to probe proton-only spin-dependent interactions, the
major improvement offered by the presence of 6Li is a clear
enhancement in sensitivity for neutron-only interactions.

As such, we have shown a real case scenario with a
CRESST-like detector employing a LiAlO2 target crystal:
the total improvement with the simple addition of 6Li in the
limit calculation is equal to more than two orders of magni-
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Fig. 2 Exclusion limits set by various direct detection experiments for
spin-dependent interactions of dark matter particles with neutrons. The
result obtained from module B data with 7Li + 27Al is shown with a
dashed black line [9]. The new result obtained with 6Li + 7Li + 27Al is
shown with a solid red line. The result obtained with 17O in CRESST-III
is shown with a dashed red line [1]. For comparison, limits from other
experiments are also shown: EDELWEISS [29] and CDMSlite [24]
using 73Ge, LUX [30] and XENON1T (Migdal effect) [26] using 129Xe
+ 131Xe

tude for a dark matter particle mass of 1.0 GeV/c2 compared
to the result previously obtained.

This result strengthens the case for lithium-containing
crystals as the ideal target material for cryogenic detectors
designed to probe sub-GeV/c2 spin-dependent dark matter
interactions with ordinary matter.

Acknowledgements We thank Alex Gnech for the useful discussion
which gave a fundamental contribution to this work. This work is sup-
ported through the DFG by SFB1258 and the Origins Cluster, and by
the BMBF05A17WO4.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3.

References

1. CRESST, A.H. Abdelhameed et al., Phys. Rev. D100, 102002
(2019). arXiv:1904.00498

2. D.E. Kaplan, M.A. Luty, K.M. Zurek, Phys. Rev. D 79, 115016
(2009). arXiv:0901.4117

3. K. Petraki, R.R. Volkas, Int. J. Mod. Phys. A 28, 1330028 (2013).
arXiv:1305.4939

4. K.M. Zurek, Phys. Rep. 537, 91 (2014). arXiv:1308.0338
5. C. Boehm, P. Fayet, Nucl. Phys. B 683, 219 (2004).

arXiv:hep-ph/0305261
6. J.L. Feng, J. Kumar, Phys. Rev. Lett. 101, 231301 (2008).

arXiv:0803.4196
7. CRESST, A.H. Abdelhameed et al., Eur. Phys. J. C 79, 630 (2019).

arXiv:1902.07587
8. CRESST, E. Bertoldo et al., J. Low Temp. Phys. 199, 510 (2019)
9. CRESST, A.H. Abdelhameed et al., Eur. Phys. J. C 80, 834 (2020).

arXiv:2005.02692
10. A. Gnech, M. Viviani, L.E. Marcucci, Phys. Rev. C 102, 014001

(2020). arXiv:2004.05814
11. A. Kurylov, M. Kamionkowski, Phys. Rev. D 69, 063503 (2004).

arXiv:hep-ph/0307185
12. M.W. Goodman, E. Witten, Phys. Rev. D 31, 3059 (1985)
13. J.R. Ellis, R.A. Flores, Phys. Lett. B 263, 259 (1991)
14. J. Engel, S. Pittel, P. Vogel, Int. J. Mod. Phys. E 1, 1 (1992)
15. R.S. et al., Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spec-

trom. Detect. Assoc. Equip. 845, 414 (2017). in Proceedings of the
Vienna Conference on Instrumentation 2016

16. V.A. Bednyakov, F. Simkovic, Phys. Part. Nucl. 36, 131 (2005).
arXiv:hep-ph/0406218 [Fiz. Elem. Chast. Atom. Yadra 36, 257
(2005)]

17. A.F. Pacheco, D. Strottman, Phys. Rev. D 40, 2131 (1989)
18. M. Mancuso et al., Nucl. Instrum. Methods Phys. Res., Sect. A

940, 492 (2019). arXiv:1711.11459
19. S. Yellin, Phys. Rev. D 66, 032005 (2002). arXiv:physics/0203002
20. S. Yellin, (2007). arXiv:0709.2701
21. P. Salucci, F. Nesti, G. Gentile, C.F. Martins, Astron. Astrophys.

523, A83 (2010). arXiv:1003.3101
22. M.C. Smith et al., Mon. Not. R. Astron. Soc. 379, 755 (2007).

arXiv:hep-ph/0611671
23. D. Kerr, F.J. Lynden-Bell, Mon. Not. R. Astron. Soc. 221, 1023

(1986)
24. SuperCDMS, R. Agnese et al., Phys. Rev. D 97, 022002 (2018).

arXiv:1707.01632
25. PICO, C. Amole et al., Phys. Rev. D 100, 022001 (2019).

arXiv:1902.04031
26. XENON, E. Aprile et al., Phys. Rev. Lett. 123, 241803 (2019).

arXiv:1907.12771
27. J.I. Collar, Phys. Rev. D 98, 023005 (2018). arXiv:1805.02646
28. T. Bringmann, M. Pospelov, Phys. Rev. Lett. 122, 171801 (2019).

arXiv:1810.10543
29. EDELWEISS, E. Armengaud et al., Phys. Rev. D 99, 082003

(2019). arXiv:1901.03588
30. LUX, D.S. Akerib et al., Phys. Rev. Lett. 118, 251302 (2017).

arXiv:1705.03380

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1904.00498
http://arxiv.org/abs/0901.4117
http://arxiv.org/abs/1305.4939
http://arxiv.org/abs/1308.0338
http://arxiv.org/abs/hep-ph/0305261
http://arxiv.org/abs/0803.4196
http://arxiv.org/abs/1902.07587
http://arxiv.org/abs/2005.02692
http://arxiv.org/abs/2004.05814
http://arxiv.org/abs/hep-ph/0307185
http://arxiv.org/abs/Fiz. Elem. Chast. Atom. Yadra 36, 257 (2005)/0406218
http://arxiv.org/abs/1711.11459
http://arxiv.org/abs/physics/0203002
http://arxiv.org/abs/0709.2701
http://arxiv.org/abs/1003.3101
http://arxiv.org/abs/hep-ph/0611671
http://arxiv.org/abs/1707.01632
http://arxiv.org/abs/1902.04031
http://arxiv.org/abs/1907.12771
http://arxiv.org/abs/1805.02646
http://arxiv.org/abs/1810.10543
http://arxiv.org/abs/1901.03588
http://arxiv.org/abs/1705.03380

	Probing spin-dependent dark matter interactions with 6Li
	CRESST Collaboration
	Abstract 
	1 Introduction
	2 Dark matter interactions with lithium
	3 Data
	4 Dark matter results
	5 Conclusions
	Acknowledgements
	References





