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Figure 2. (Left): overall predicted background spectrum from detector construction materials (see
table 1) and internal (85Kr, 222Rn, 136Xe) contaminations for a central, 14 t region of the detector.
The expected background from 85Kr decays (green, 0.1 ppt of natural krypton), from 222Rn decays
(black dashed, 0.1µBq/kg) and from 136Xe 2⌫��-decays (blue) is also shown separately, along with
the total neutrino signal (red, pp and 7Be). (Right): predicted signal and background rates in the
2-30 keV energy region as a function of fiducial liquid xenon mass.

The contribution of these internal background components is shown separately in fig-
ure 2: they yield a total rate of ⇠700 events/y in the energy region 2–30 keV and a rate of
about 1 event/y in the energy region 2–10 keV, assuming 99.5% rejection of electronic recoils
in the latter case. This rate is comparable to the background coming from 136Xe 2⌫��-decays.
In figure 2, right, we show the background and signal rates as a function of fiducial liquid
xenon mass, motivating our conservative choice of 14 t of LXe in the central detector region.

Table 2 gives an overview of the most relevant background contributions to the overall
event budget. The total background in the energy region 2–30 keV is dominated by 2⌫��-
decays of 136Xe, followed by decays of 85Kr and 222Rn. While the latter can be in principle
further reduced by noble gas purification, the solar neutrino measurement requires the sub-
traction of the 2⌫��-decay component. To diminish its contribution without the need of
background subtraction, and to extend the energy range over which the solar neutrinos can
be observed beyond the 30 keV upper bound, one might consider using xenon gas that is de-
pleted in the 136Xe isotope. The overall background without the 2⌫�� component is shown
in the same figure.

4 Neutrino backgrounds for the dark matter search

In this section we contemplate the main physics channel of DARWIN, the dark matter
search, and calculate the backgrounds from elastic neutrino-electron scatters and from coher-
ent neutrino-nucleus interactions. The expected dark matter signal events are nuclear recoils
from elastic WIMP-nuclei collisions. The charge-to-light ratio, measured independently for
each event, is used to suppress 99.5% of the electronic recoil background. Such a discrimi-
nation level was reached by current-generation detectors and could in principle be improved
by using higher drift fields, through analysis techniques, or by reducing the acceptance of
nuclear recoils. Table 2 gives the expected event rates from WIMP interactions for two cases,
assuming the standard halo model: an isothermal halo with a local dark matter density of
0.3GeV/cm3, a circular velocity of 220 km/s and an escape velocity of 544 km/s [43, 44]. An
in-depth study of the scientific dark matter reach of DARWIN was performed in ref. [45].
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222Rn is part of the 238U natural decay chain and constantly emitted by detector surfaces,
which therefore have to be selected for low Rn-emanation [101, 102]. The 222Rn concentrations
in LXe achieved so far are 65µBq/kg in XENON100 [25], 32µBq/kg in LUX [98], 22µBq/kg
in PandaX-I [103], 9.8µBq/kg in XMASS [15], and (3.65± 0.37)µBq/kg in EXO [104]. With
the exception of EXO, none of these experiments was particularly optimised for low radon
emanation. The target concentration for XENON1T is ⇠10µBq/kg, and the smaller surface-
to-volume ratio will further help with the reduction in larger detectors. Nonetheless, we
anticipate that achieving a low radon level will be the largest background reduction challenge.
Concentrations of ⇠0.1µBq/kg must be achieved to probe WIMP-nucleon cross sections down
to a few 10�49cm2, assuming an S2/S1-based rejection of ERs at the 2 ⇥ 10�4 level at 30%
NR acceptance [35]. Such rejection levels have already been achieved [19]. The emanation
of 220Rn, a part of the 232Th chain, could lead to similar backgrounds. However, it has a
considerably shorter half-life than 222Rn and is observed to be less abundant in existing LXe
detectors, hence its impact is considered sub-dominant.

At DARWIN’s current background goal of 0.1 ppt of natKr in Xe, 0.1µBq/kg of 220Rn and
a target of natural 136Xe abundance, a total Xe-intrinsic background rate of ⇠17 events t�1 y�1

is expected in a 2-10 keVee WIMP search energy interval [35]. An ER rejection efficiency of
2⇥ 10�4 reduces this rate to 3.5⇥ 10�3 events t�1 y�1.

4.3 Neutrino backgrounds

Neutrino signals in DARWIN will provide important science opportunities (see Sections 3.2.2,
3.2.4 and 3.2.5). However, they will also constitute the ultimate background source for many
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Figure 7. (left) Summed differential energy spectrum for pp and 7Be neutrinos (red) undergoing
neutrino-electron scattering in a LXe detector. Also shown are the electron recoil spectrum from the
double-beta decay of 136Xe (blue), as well as the expected nuclear recoil spectrum from WIMPs for a
spin-independent WIMP-nucleon cross section of 6⇥10�49 cm2 (solid black) and 4⇥10�49 cm2 (dashed
black) and WIMP masses of 100GeV/c2 and 40 GeV/c2, respectively. A 99.98% discrimination of ERs
at 30% NR acceptance is assumed and the recoil energies are derived using the S1 signal only (see [48]).
(right) The differential nuclear recoil spectrum from coherent scattering of neutrinos (red) from the
Sun, the diffuse supernova background (DSNB), and the atmosphere (atm), compared to the one from
WIMPs for various masses and cross sections (black). The coherent scattering rate will provide an
irreducible background for low-mass WIMPs, limiting the cross section sensitivity to ⇠4⇥ 10�45 cm2

for WIMPs of 6 GeV/c2 mass, while WIMP masses above ⇠10 GeV/c2 will be significantly less affected.
No finite energy resolution but a 50% NR acceptance is taken into account. Figure from [48].
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added complication of possible electron multiplication
near the anode wires. Typical values were 19 pe=e! at
4:6 kV=cm drift field (Case) and 8:4 pe=e! at
2:0 kV=cm (Columbia).

The relative light and charge yields as a function of drift
field for different particles in LXe are summarized in
Fig. 3: 122 keV gamma rays from this work, 56.5 keV
Xe nuclear recoils from [14] and this Letter, and 5.5 and
5.3 MeV alphas from [19] and the Case detector. The
relative charge yield, Q"E#=Q0, is the ratio of charge
collected at a given field, E, to that at infinite field (i.e.,
with no recombination). For gammas and alpha particles,
Q0 $ E e=We, where E e is the energy, and We $ 15:6 eV
[20] is the average energy required to produce an electron-
ion pair in LXe. For nuclear recoils, we modify this to
account for the suppression of ionization predicted by
Lindhard [13], so that Q0 $ E rL=We, where L is the
Lindhard factor and E r is the recoil energy.

The energy dependence of the ionization yield (number
of electrons escaping recombination per unit recoil energy)
for nuclear recoils is shown in Fig. 4 for several drift fields.
The uncertainty on the yield is dominated by the systematic
error from the S2 calibration based on 57Co. Uncertainty in
the S1-based nuclear recoil energy scale from previous
measurements [14– 18] is not shown.

The important characteristics of the nuclear recoil ion-
ization yield are its field-dependent value relative to other
particles (Fig. 3), and its energy dependence (Fig. 4).
Lindhard theory, which describes the suppression of ion-
ization production relative to electron recoils during the
initial interaction of the recoil nuclei with other atoms, is
independent of field. Lindhard does predict a slight de-
crease in charge yield with decreasing energy, but this is
the opposite of what is observed. The electric field and
energy dependencies of nuclear recoils must therefore be
due to recombination.

Recombination depends on the electric field and the
track’s ionization density and geometry, with stronger
recombination at low fields and in denser tracks. A rough
measure of the ionization density is the electronic stopping
power, plotted in Fig. 5 for alphas, electrons, and Xe
nuclei, as given by ASTAR, ESTAR, and SRIM [21],
respectively. Also shown is a recent calculation by
Hitachi [22] of the total energy lost to electronic excitation
per path length for Xe nuclei, which differs from the
electronic stopping power in that it includes energy lost
via electronic stopping of secondary recoils.

The drop in electronic stopping power at low energy for
nuclear recoils in Fig. 5 should result in a decrease in
recombination, providing an explanation for the prominent

FIG. 4. Energy dependence of nuclear recoil ionization yield in
LXe at different drift fields.
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FIG. 3 (color online). Field dependence of scintillation and
ionization yield in LXe for 122 keV electron recoils (ER),
56.5 keVr nuclear recoils (NR) and alphas.

FIG. 2 (color). Case detector response to 252Cf neutron and 133Ba gamma sources at 1:0 kV=cm drift field.
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Figure 5: (Colour online) Summary of the search results. The red line is the result of the bremsstrahlung analysis for 0.32–1 GeV DM. For comparison, data from
the CRESST sapphire surface detector [11] and CRESST-II [33], which are searching for the elastic nuclear recoil signals, are shown in each colour. The black line
shows the result of the nuclear recoil search at 4–20 GeV. For comparison, results from CDMS-Si [34], CDMSLite [10], SuperCDMS [35], LUX [3], XENON1T
[2], PandaX-II [4], DAMA/LIBRA [36, 37], and XMASS-I [18], DarkSide-50 [38], and the liquid scintillator experiment by Collar [39] are shown for each colour.
The green and yellow bands for each result show the ± 1 σ and ± 2 σ expected sensitivity of 90% CL upper limits for the null-amplitude case, respectively.

rate among all the PMTs changed more than 500 Hz from the
nominal values were removed from the analysis. Furthermore,
the event with this light emission has characteristic timing and
angular distributions of hit PMTs; the time difference between
the PMT emitting the light and other PMTs receiving the light
after emission distributed more than 35 ns and the latter PMTs
were located within 50 degrees from the former PMT. There-
fore, if any pair of hits in the events agrees with these condi-
tions, the event was eliminated from the analysis. This event
selection, referred to as a flasher cut, was applied only for three
PMT hit events, and the uncertainty due to the weak flash effect
after this cut is 0.4% at maximum.

The χ2 and expected event rate functions for the time varia-
tion fitting are the same as those in the sub-GeV DM analysis
except for the energy range. Most of the uncertainty for elastic
nuclear recoil signal is discussed in [18], only the uncertainty of
the xenon scintillation efficiency for nuclear recoil is different.
As discussed above in section 4, the measurements for energy
below 3 keVnr in [27] are considered.

From the multi-GeV DM analysis, we obtained the best-fit
cross section between 4 and 20 GeV DM mass. The best-fit
cross section is -3.8+2.0

−4.5
× 10−42 cm2 at 8 GeV, and no significant

signal was found in this analysis including other mass. Because
of this, a 90% CL upper limit on the DM-nucleon cross section

was determined. The 90% CL sensitivity at 8 GeV was 5.4+2.7
−1.7

× 10−42 cm2, and the upper limit was 2.9 × 10−42 cm2 (p-value:
0.11). The result of the DM search via the nuclear recoil signal
is plotted in the multi-GeV region of Fig. 5. The upper limits
and allowed regions determined by other experiments are also
shown.

Compared with the result from the previous analysis of
XMASS data [18], the result of the present analysis is ap-
proximately 6.7 times better at 8 GeV. Because both the low-
threshold data and the new scintillation efficiency below 3
keVnrin [27] improve the sensitivity. The search for DM mass
below 3 GeV was not performed via nuclear recoil. This is be-
cause the maximum recoil energy is below 1 keVnr, which is
the lowest calibrated energy in [27].

7. Conclusion

We carried out the annual modulation analysis for XMASS-
I data to search for the sub-GeV and multi-GeV DM via the
bremsstrahlung effect and elastic nuclear recoil, respectively.
The former search limits the parameter space of DM with a
mass of 0.5 GeV to below 1.6 × 10−33 cm2 at 90% CL. This is
the first experimental result for a sub-GeV DM search focused
on annual modulation and bremsstrahlung photons emitted by
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