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Elastically scattering  target nuclei
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Dark Matter	
（WIMP）

Deposit Energy

• WIMP mean velocity is  about 230 km/s at the location of our solar system.  

•  WIMPs interact with ordinary matter through elastic scattering off nuclei.  

• As the velocity of scattered nuclei is non-relativistic, no more Bethe-Bloch  

energy loss but Lindhard for scintillator and ionization  detectors. 

• Typical nuclear recoil energies are of order of 1 to 100 keV. 

v ~ 200 km/s
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Differential Rate (WIMP case)
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R0: Event rate 

Expected Energy spectrum:

Maxwellian distribution for DM velocity 
is assumed. 
V :velocity onto target,  
VE: Earth’s motion around the Sun
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Differential Rate
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ρdm  =  0.3 GeV/cm3, 
V0      =  220 km/s
Vesc  =  544 km/s

+ Standard Halo Model

3 TeV
e.g. Wino DM

detector mass !
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DM Count rate
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Type Signal Parameter impact on signal

Particle physics • DM mass (GeV-TeV) 
• Couplings • rate, shape

Nuclear physics • Form factor • shape

Astrophysics
• Local DM density          
• DM velocity distribution

• rate (0.3 GeV/cm3) 

• shape (Standard Halo Model)

Lewin&Smith
1996, Astro. Phys.

Form FactorAtomic Mass
=23 (Na)

Atomic Mass
 =129 (Iodine)
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DM velocity distribution

8

where erfi is the imaginary error function. This is the
anisotropic analogue of Eq. (2).
This completes our description of the velocity distribu-

tion of the SHMþþ. It is an entirely analytic model of a
roundish dark halo, together with a highly radially aniso-
tropic sausage component. It depends on the familiar
Galactic constants already present in the SHM, namely
the local circular speed v0, the local escape speed vesc, and
the local DM density ρ0. There are two additional param-
eters in the SHMþþ: the velocity anisotropy β ≈ 0.9" 0.05
of the Gaia sausage and the fraction of DM locally in the
sausage η, which we estimate in the next section.
On Earth, the incoming distribution of DM particles is

found by boosting the DM velocities in the Galactic frame
by Earth’s velocity with respect to the Galactic frame:
vEðtÞ ¼ ð0; v0; 0Þ þ ðU;V;WÞ þ uEðtÞ. Explicitly, this
means that the Earth frame velocity distribution is
flabðvÞ ¼ fðv þ vEðtÞÞ. Earth’s velocity is time dependent
owing to the time dependence of uEðtÞ, Earth’s velocity
around the Sun. Expressions for uEðtÞ are given in
Refs. [107–109].
We plot the Earth frame distribution of velocities and

speeds in Fig. 1. The velocity distribution (left panel) is
displayed as the two-dimensional distribution flabðvr; vθÞ,
where we have marginalized over vϕ. The blue contours
associated with the sausage component clearly show the
radial bias in velocity space compared to the circular red
contours associated with the round component of the halo.
In the right panel, we show the speed distribution,
flabðvÞ ¼ v2

R
dΩflabðvÞ, for the SHM, SHMþþ, and the

isolated sausage component. For the SHM distribution (red-
dashed line), we have used the parameters in the upper half
of Table I. For the SHMþþ distribution (blue shaded), we
have used the parameters in the lower half of Table I with the
exception of η, which we have allowed to vary in the range
η ¼ 0 (corresponding to only a round halo component) to
η ¼ 0.3. The solid blue line shows the contribution from
only the sausage component with η ¼ 0.2.
Comparing the SHM and SHMþþ distributions, we see

that the SHMþþ distribution is everywhere shifted to higher
speeds. This is primarily because of the larger value of v0.
Comparing the SHMþþ distribution with η ¼ 0 (the light-
est edge in the shaded region) to the distribution with η ≠ 0,
we see that the impact of the sausage component is to
increase the peak height of the speed distribution
while decreasing the overall dispersion of the distribution;
i.e., the sausage component makes the total speed distri-
bution colder compared to a halo with only the round,
isotropic component. The difference in the dispersion arises
from the different expressions for the velocity dispersions
in the sausage distribution (fS) compared to the round
halo (fR).

B. Constraining η

The fraction η of DM locally in the Gaia sausage is not
known, but an upper limit can be estimated. The stellar
density distribution of the sausage is triaxial with axis ratios
a ¼ 1, b ¼ 1.27" 0.03, c ¼ 0.57" 0.02 near the Sun, and
falls off like∼r−3 [105]. As a simple model, we assume that

FIG. 1. Left: Earth frame velocity distribution for the SHMþþ in the radial and horizontal directions. We assume a sausage fraction of
η ¼ 0.2. The shapes of the round component, fRðvÞ, and sausage component, fSðvÞ, in velocity space are traced with red and blue
contours respectively. The radial anisotropy of the sausage component can be clearly seen. The white point marks the inverse of the
velocity of the Sun (LSRþ peculiar motion) and the white circle indicates the path of the full Earth velocity over one year. Right: Earth
frame speed distributions for the SHM (red dashed) and the SHMþþ (blue). The shade of blue indicates the fraction of the halo
comprised of sausage. The lower blue line isolates only 0.2fSðvÞ. The effect of the sausage component is to make the speed distribution
colder.
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where mN is the nucleus mass, A is the atomic number, μp
is the DM–proton reduced mass, FðErÞ is the nuclear form
factor, and σSIp is the DM–proton scattering cross section.
We show the differential event rate as a function of recoil

energy in Fig. 3 for three different target nuclei: 131Xe
(green), 74Ge (purple), and 19F (red). In this figure, we
have temporarily fixed the local DM density at ρ0 ¼
0.3 GeVcm−3 for both models. This is so we can highlight
only the difference arising from the change in velocity
distribution, rather than the simple rescaling by the new
value of ρ0. Three different values of the DM mass are
shown and as in previous figures, the shading indicates the
effect of the sausage component. Consistent with the rather
minor alterations seen in gðvminÞ, there are only modest
changes in the recoil energy spectra, mainly in the high-
energy tails of the spectra. The spectra with only a round
halo, corresponding to η ¼ 0, and with the updated
astrophysical parameters in the lower half of Table I are
shown by the lightest color in the shaded region. We see
that increasing η slightly reduces the maximum energy for
all cases.
The differential modulation event rate defined as

dR=dErjmax − dR=dErjmin is shown in the main panel of
Fig. 4. We assume here a DM mass of 20 GeV scattering
with xenon. As in previous figures, the red-dashed line
shows the rate for the SHM, the blue-shaded regions shows
the rate for the SHMþþ for different values of η, and the

blue line shows the contribution from the sausage compo-
nent with η ¼ 0.2. We have again fixed ρ to be the same for
the SHM and SHMþþ spectra. As in the previous figures,
the changes between the two models are relatively small.
Increasing the contribution of the sausage component has
the effect of increasing the peak modulation amplitude
while slightly decreasing the higher-energy modulation
spectrum.
The inset in Fig. 4 shows the modulation in the total

scattering rate, R, over the course of one year. Importantly,
we note that the sausage component of the halo is
modulating essentially in phase with the isotropic part.
Recall that the modulation of the event rate is controlled
by relative velocity between the motion of Earth and the
direction in velocity space that the distribution is boosted.
Since both the halo and the sausage are centered at the
origin in velocity space, they are both boosted to the same
new center in the Earth frame (see Fig. 1). In fact it is only
features that are off-centered in velocity space, such as
streams, that can give rise to significant phase changes in
the annual modulation signal [16,133].

B. Impact on cross section limits

The results of direct detection experiments are usually
summarized in terms of exclusion limits on the SI DM–
proton scattering cross section as a function of DM mass.
In Fig. 5, we illustrate the effects of moving from the SHM
to the SHMþþ for three hypothetical experiments using a
xenon (green), germanium (purple), and a He: SF6 (red)
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FIG. 3. Spin-independent differential event rate as a function of
energy for the SHM (dashed) and SHMþþ (shaded, indicating a
range of η, as in Figs. 1 and 2). The rates for three target nuclei are
shown: xenon (green), germanium (purple), and fluorine (red).
We also show results for three different values of the DMmass (5,
20, and 100 GeV for rates extending from the lowest to the
highest energies shown). We have fixed ρ0 ¼ 0.3 GeV cm3 for
the SHM and SHMþþ spectra to show only the changes due to the
velocity distributions.
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FIG. 4. Annual modulation of the SI differential event rate
(main) and total rate (inset) for DM with a mass of 20 GeV
scattering off a xenon nucleus. The blue-shaded region corre-
sponds to the SHMþþ with varying η whereas the dashed red line
is the SHM. As in Fig. 3, we have fixed ρ0 ¼ 0.3 GeV cm−3 for
both the SHM and SHMþþ to again isolate the changes brought
about by the velocity distributions.
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target material. In the upper panel, the dashed lines show
the limits for the SHM with parameters in the upper half of
Table I, while the solid lines show the limits for the SHMþþ

with our new recommended values for the astrophysical
parameters given in the lower half of Table I. The limits are
calculated as median discovery limits, where we use the
profile likelihood ratio test under the Asimov approxima-
tion to calculate the cross sections discoverable at 3σ (see
Ref. [134] for more details). WIMP 90% C.L. exclusion
limits will follow the same behavior as the discovery limits
shown in Fig. 5.
The green limits correspond to a toy version of a liquid

xenon experiment like DARWIN [135] with an∼200 ton-yr
exposure. As a proxy, we have used the background rate
and efficiency curve reported for LZ [82]. The low thresh-
old germanium result (purple limits) is a toy version of the

SuperCDMS [136] or EDELWEISS [137] experiments,
where we assume a simple error function parametrization
for the efficiency curve, which falls sharply towards a
threshold at 0.2 keV. The He:SF6 target (red limits) is a toy
version of the 1000 m3 CYGNUS directional detector
using a helium and SF6 gas mixture (discussed in more
detail in Sec. V C). We have also included realistic
estimates of the detector resolutions in our results.
The upper gray-shaded regions in Fig. 5 show the

existing exclusion limits on the SI WIMP-proton cross
section (calculated assuming the SHM with the parameters
in the upper half of Table I). This is an interpolation of the
limits of (from low to high masses) CRESST [138],
DarkSide-50 [139], LUX [140], PandaX [141], and
XENON1T [80]. The lower blue region shows the “neu-
trino floor” region for a xenon target. The neutrino floor
delimits cross sections where the neutrino background
saturates the DM signal, so is therefore dependent upon
the shape of the signal model that is assumed [142]. We
calculate the floor in the same manner as described in
Refs. [142–144].
Figure 5 shows a noticeable shift between the SHM and

SHMþþ limits. This is mostly due to the different values of
ρ0, which can be most clearly seen from examining the ratio
between the limits shown in the lower panel. The black
dotted line in the lower panel indicates the ratio 0.55=0.3,
the ratio of the different ρ0 values. It is only as the limits
approach the lowest DM mass to which each experiment is
sensitive that the ratio of cross sections deviate significantly
from the black dotted line. The small impact on the shape
of the exclusion limits can be understood as follows.
Contrasting the SHM and SHMþþsignals, there are two
competing effects which act to push the limits in opposite
directions. Increasing v0 strengthens the cross section limits
because it increase the number of recoil events above the
finite energy threshold. However, the Sausage reverses this
effect since, as we saw in Fig. 3, the Sausage component
decreases the maximum recoil energy so there are fewer
events above the finite energy threshold.
The neutrino floor has a more complicated relationship

with the velocity distribution and the WIMP mass. The
cross section of the floor depends upon how much the
neutrino background overlaps with a given DM signal.
The neutrino source that overlaps most with a DM signal
depends on mχ . This leads to the nontrivial dependence of
the neutrino floor on the sausage fraction η shown in the
lower panel.
Altogether, our refinement of the SHM ultimately leads

to only slight changes to the cross section limits which,
for the most part, are simple to understand. This can be
considered a positive aspect of our new model, since while
it includes refinements accounting for the most recent data,
it simultaneously allows existing limits on DM particle
cross sections to be used with confidence. The most notable
difference in the limits arises from the larger value of ρ0,
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FIG. 5. Top: Using a set of toy experimental setups, we
demonstrate the impact of the SHMþþ on the sensitivity limits
for three classes of detectors: a germanium experiment (purple), a
directional He: SF6 experiment (orange), and a xenon experiment
(green). The lower blue-shaded region shows the neutrino floor
for a xenon target while the gray-shaded region shows the already
excluded parameter space (assuming the SHM). The dashed lines
indicate the sensitivity assuming the SHM while the solid lines
assume the SHMþþ. For the SHMþþ limits in the top panel, we
have used the parameters from the lower half of Table I. Bottom:
The ratio between the SHM and the SHMþþ cross sections. The
shading indicates the ratio for different values of η (η ¼ 0.2
corresponds to the ratio for the top panel). The black dotted line
indicates the difference that arises solely from the different values
of ρ0 in the SHM and SHMþþ; deviations from this line arise
from the different velocity distributions.
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structure made up from a rounder, isotropic component with
velocity distribution fR and a radially anisotropic sausage
component fS. In Ref. [53], the velocity distributions of
these two components were inferred from the velocities of
stellar populations. Here, we provide simple analytic veloc-
ity distributions that capture the generic features of both
components. The fraction of the local DM in the sausage η is
not well known, though we will argue that it lies between
10% and 30%. The velocity anisotropy of DM in the sausage
β is also not known, but the stellar and globular cluster
populations associated with the sausage are all extremely
eccentric and so must be the DM.
In Sec. II, we discuss the shortcomings of the SHM in

light of recent advances in our knowledge of Galactic
structure. Section III introduces the SHMþþ, which
acknowledges explicitly the bimodal structure of the
Galaxy’s dark halo. We also take the opportunity to update
the Galactic constants in the SHMþþ, as the familiar
choices for the SHM represent the state of knowledge
that is now over a decade or more old. In Sec. IV, we
discuss how our model compares with other comple-
mentary strategies for determining the local velocity
distribution of DM. Then, Sec. V discusses the implica-
tions for a range of weakly interacting massive particles
(WIMPs) and axion direct detection experiments. We
sum up in Sec. VI.

II. THE SHM: A CRITICAL DISCUSSION

At large radii the rotation curve of the Milky Way is flat
to a good approximation [54]. The family of isothermal
spheres (of which the most familiar example is the singular
isothermal sphere) provides the simplest spherical models
with asymptotically flat rotation curves [55]. These models
all have Gaussian velocity distributions.
The SHM was introduced into astroparticle physics over

thirty years ago [56]. It models a smooth round dark halo.
The velocity distribution for DM is a Gaussian in the
Galactic frame, namely

fRðvÞ ¼
1

ð2πσ2vÞ3=2NR;esc
exp

!
−
jvj2

2σ2v

"
Θðvesc − jvjÞ; ð1Þ

where σv is the isotropic velocity dispersion of the DM and
v0 ¼

ffiffiffi
2

p
σv is the value of the asymptotically flat rotation

curve. The isothermal spheres all have infinite extent,
whereas Galaxy halos are finite. This is achieved in the
SHM by truncating the velocity distribution at the escape
speed vesc, using the Heaviside function Θ. The constant
NR;esc is used to renormalize the velocity distribution after
truncation,

NR;esc ¼ erf
!

vescffiffiffi
2

p
σv

"
−

ffiffiffi
2

π

r
vesc
σv

exp
!
−
v2esc
2σ2v

"
: ð2Þ

Hence to describe the velocity distribution of DM in the
Galactic frame under the SHM we only need to prescribe
two parameters, v0 and vesc. The value of v0 is usually taken
as equivalent to the velocity of the local standard of rest (or
the circular velocity at the Solar position). The assumed
value of vesc has also typically been inspired by various
astronomical determinations. The standard values for these
quantities in the SHM are listed in Table I. These values are,
however, now somewhat out of date having undergone
significant revision in recent years. One motivation for
updating the SHM is to incorporate the more recent values
for these parameters.
The SHM has some successful features that we want to

maintain. Current theories of galaxy formation in the cold
dark matter paradigm envisage the build up of DM halos
through accretion and merger. In the inner halo (where the
Sun is located), the distribution of DM particles extrapo-
lated via subgridmethods in high resolution dissipationless
simulations like Aquarius is rather smooth [57], so a
smooth velocity distribution is a good assumption.
Furthermore, recent hydrodynamic simulations [58–61]
have recovered speed distributions for DM that are better
approximated by Maxwellian distributions than their ear-
lier N-body counterparts [3,6–9,62]. In this light, the
assumption in the SHM of a Gaussian velocity distribution
is surprisingly accurate.
There is, however, a significant shortcoming to the

SHM. Gaia data have provided significant new information
about the stellar and dark halo of our own Galaxy. The halo
stars in velocity space exhibit abrupt changes at a metal-
licity of ½Fe=H& ≈ −1.7 [49]. The metal-poor population is
isotropic, has prograde rotation (hvϕi ≈ 50 km s−1), mild
radial anisotropy, and a roundish morphology (with axis
ratio q ≈ 0.9). In contrast, the metal-rich stellar population

TABLE I. The astrophysical parameters and functions defining
the SHM and the SHMþþ. We include a recommendation for the
uncertainty on each parameter for analyses that incorporate
astrophysical uncertainties. While the uncertainties associated
with ρ0, v0, and vesc are based on direct measurements, the
uncertainties associated with β and η are less certain. We refer the
reader to the discussion in Secs. III A and III B respectively for
more details.

SHM Local DM density ρ0 0.3 GeV cm−3

Circular rotation
speed

v0 220 km s−1

Escape speed vesc 544 km s−1

Velocity distribution fRðvÞ Eq. (1)

SHMþþ Local DM density ρ0 0.55' 0.17 GeV cm−3

Circular rotation
speed

v0 233' 3 km s−1

Escape speed vesc 528þ24
−25

Sausage anisotropy β 0.9' 0.05
Sausage fraction η 0.2' 0.1
Velocity distribution fðvÞ Eq. (3)
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What we get from Direct Detection?
• DM particles are moving around us. 
• Mass of DM particles 
• DM-nucleus scattering cross section   
•It will rely on ρdm ( = 0.3 GeV/cm3),  Velocity distribution (= > Maxwellian, DM stream? )
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The projected sensitivity critically depends on the ability to discriminate NR signals from
ER background, as the background from low-energetic solar neutrinos cannot be mitigated
by other methods. Our study assumes an ER rejection level of 99.98% at 30% nuclear recoil
acceptance, which is a factor 5 above the one of XENON100 [25] and has already been achieved
by ZEPLIN-III [50]. Crucial requirements for reaching this rejection level include a uniform
and high light yield for S1 and an S2 signal detection with uniform electron extraction and
gas amplification. The statistical fluctuations in the S1 signal close to threshold significantly
affect the width of the electronic and nuclear recoil distributions. Uniformity in S1 and
S2 signal detection minimises any instrument-related fluctuations affecting the width of the
S2/S1 distributions and hence the ER rejection power. While an increased light yield will also
reduce the energy threshold, the dominating CNNS background will render thresholds below
5 keV nuclear recoil energy (5 keVnr) less relevant for the WIMP search at spin-independent
cross sections below ⇠10�45cm2. A further consideration is that the steeply falling CNNS
spectrum requires the best possible energy resolution also at threshold. An energy scale
derived from the charge signal or from a combination of light and charge is therefore necessary
to optimise the sensitivity, as discussed in Section 5.7.

We have studied the reconstruction of WIMP properties, namely mass and scattering
cross section, from the measured recoil spectra. In a numerical model, we have incorporated
realistic detector parameters, backgrounds and astrophysical uncertainties [42]. Our primary
study was directed towards spin-independent WIMP-nucleon interactions; however, given
DARWIN’s excellent sensitivity to spin-dependent interactions, especially for 129Xe [51], it
can be extended to axial vector couplings as well. Figure 3 (left) shows the reconstructed
parameters for three hypothetical particle masses and a fixed cross section of 2⇥ 10�47 cm2,
assuming an exposures of 200 t⇥y [42]. The corresponding number of events are 154, 224
and 60, for WIMP masses of 20 GeV/c2, 100 GeV/c2 and 500 GeV/c2, respectively. Us-
ing the same exposure, Figure 3 (right) shows the reconstructed mass and cross section

Figure 3. The 1� and 2� credible regions of the marginal posterior probabilities for simulations of
WIMP signals assuming various masses and spin-independent (scalar) cross sections with DARWIN’s
LXe target. The width and length of these contours demonstrate how well the WIMP parameters
can be reconstructed in DARWIN after a 200 t⇥y exposure. The ‘⇥’ indicate the simulated bench-
mark models. (left) Reconstruction for three different WIMP masses of 20 GeV/c2, 100GeV/c2 and
500 GeV/c2 and a cross section of 2⇥ 10�47 cm2, close to the sensitivity limit of XENON1T. (right)
Reconstruction for cross sections of 2 ⇥ 10�46 cm2, 2 ⇥ 10�47 cm2 and 2 ⇥ 10�48 cm2 for a WIMP
mass of 100GeV/c2. The black curve indicates where the WIMP sensitivity will start to be limited
by neutrino-nucleus coherent scattering. Figure adapted from [42].
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20GeV
154 evts

500GeV
60 evts

100GeV
224 evts

neutrino floor

56 L. Baudis / Physics of the Dark Universe 4 (2014) 50–59

Fig. 3. Summary for spin-independent WIMP–nucleon scattering results. Existing
limits from the noble gas dark matter experiments ZEPLIN-III [69], XENON10 [71],
XENON100 [75], and LUX [39], along with projections for DarkSide-50 [85],
LUX [39], DEAP3600 [90], XENON1T, DarkSide G2, XENONnT (similar sensitivity as
the LZ project [92], see text) and DARWIN [93] are shown. DARWIN is designed to
probe the entire parameter region for WIMP masses above ⇠6 GeV/c2, until the
neutrino background (yellow region) will start to dominate the recoil spectrum.
Experiments based on the mK cryogenic technique such as SuperCDMS [94]
and EURECA [95] have access to lower WIMP masses. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
Source: Figure adapted from [91].

once XENON1T is taking science data, with planned operation
between 2018 and 2021. The XMASS collaboration plans a 5 t (1 t
fiducial) single-phase detector after its current phase, with greatly
reduced backgrounds and an aimed sensitivity of ⇠10�46 cm2. In
its second stage, PandaX will operate a total of 1.5 t LXe as WIMP
target, with ⇠1 t xenon in the fiducial volume. All sub-systems
of the existing experiment, with the exception of the central TPC,
are designed to accommodate the larger target mass [83]. The
DarkSide collaboration plans a 5 t LAr dual-phase detector, with
3.3 t as active target mass, in the existing neutron and muon veto
at LNGS. The aimed sensitivity is 10�47 cm2 [96].

DARk matter WImp search with Noble liquids (DARWIN) is an
initiative to build an ultimate, multi-ton dark matter detector at
LNGS [97,93]. Its primary goal is to probe the spin-independent
WIMP–nucleon cross section down to the 10�49 cm2 region for
⇠50 GeV/c2 WIMPs, as shown in Fig. 3. It would thus explore the
experimentally accessible parameter space, which will be finally
limited by irreducible neutrino backgrounds. Should WIMPs be

discovered by an existing or near-future experiment, DARWINwill
measureWIMP-induced nuclear recoil spectrawith high-statistics,
constraining the mass and the scattering cross section of the dark
matter particle [98,99]. Other physics goals of DARWIN are the first
real-time detection of solar pp-neutrinos with high statistics and
the search for the neutrinoless double beta decay [27]. The latter
would establish whether the neutrino is its own anti-particle, and
can be detected via 136Xe, which has a natural abundance of 8.9%
in xenon.

As soon as direct evidence for a dark matter signal has been
established with so-called discovery experiments, the efforts will
shift towards measuring the mass and cross section of the dark
matter particle. This information is complementary to the one pro-
vided by indirect detection experiments such as IceCube, AMS and
CTA, and by dark matter searches with ATLAS and CMS at the LHC.
Fig. 4 (left) displays the capability of a large LXe/LAr detector to re-
construct theWIMPmass and cross section for various masses and
a hypothetical WIMP–nucleon cross section of 3⇥ 10�46 cm2 [99].
Exposures of 10 t ⇥ yr and 20 t ⇥ yr using a LXe target only, as
well as a combined exposure of 10 t ⇥yr LXe and of 20 t⇥yr LAr,
were assumed. The right side of the same figure shows the re-
constructed mass and cross sections for a 100 GeV/c2 WIMP, and
several cross sections, using the combined exposure of 10 t ⇥ yr
xenon and 20 t ⇥ yr argon. The study assumes nuclear recoil en-
ergy thresholds of 6.6 keVnr and 20 keVnr in xenon and argon,
respectively. The uncertainties on the dark matter halo parame-
ters ⇢0 = (0.3 ± 0.1) GeV/cm2, v0 = (220 ± 20) km/s and
vesc = (544 ± 40) km/s are taken into account.

5. Summary and outlook

Dark matter detectors based on liquefied noble gases have
matured into a robust technology for detecting the minuscule
energy deposited into a medium when a WIMP scatters off an
atomic nucleus in the target. They have demonstrated the low-
est backgrounds reached up to now in any direct detection ex-
periment, and their scale up to large, homogeneous target masses
is rather straightforward. While detectors currently in operation
have reached background levels as low as a few events/(keV t d)
in the dark matter region of interest, before discrimination of elec-
tronic and nuclear recoils, detectors under commissioning and/or
construction will improve these absolute backgrounds by a few
orders of magnitude, until the irreducible neutrino background
will start to dominate the recoil spectra. These ton- and multi-ton

Fig. 4. The 1-� and 2-� credible regions of the marginal posterior probabilities for simulations of WIMPs of various masses and cross sections demonstrate how well the
WIMP parameters can be reconstructed for different exposures of a LXe or LAr detector. The ‘+’ indicates the simulated model. (Left) Exposures of 10 t ⇥ yr xenon (green),
20 t ⇥ yr LXe (red), and 10 t ⇥ yr LXe plus 20 t ⇥Ar (blue). (Right) 10 t ⇥ yr LXe plus 20 t ⇥ yr LAr exposure for cross sections of 3 ⇥ 10�46cm2 (green), 3 ⇥ 10�47cm2 (red)
and 3 ⇥ 10�48cm2 (blue) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Source: Figure from [99].

J. Newstead  et al , PRD 88, 076011 (2013)

Xe + Ar

Xe

Complementarity of targets

Xe target

once we detect dark matter….
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LHCb:
852

Σ Dark Matter:
1249

ATLAS + CMS:
5214

DUNE:
1099

Dark Matter Detection community big
Area corresponds to number of people based on most recent publication from any experiment that has published scientific papers in the last two 
years.  This relied on Inspire-HEP.  I almost certainly missed an experiment .  Number of authors also does not correspond to FTEs since not all 
experiments require collaborators be 100% committed to that experiment.  See gist for calculation notes.  16/March/2019

Chris Tunnel@HOW 2019
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CCD

LXe
LAr

Cryogenics

NaIDirectionality

Bubble

Technology & Detector Active Mass 

10kg

100 kg

1000 kg

1 kg

0.1 kg

0.01 kg



Kamioka Observatory, ICRR, The University of Tokyo, Masaki Yamashita 13

ΣXe
LUX
Panda
XENON1T
XMASS

ΣAr
DS-50
DEAP3600

cryogenics

CRESST
CDMS
EDELWEISS ….

 Area ∝ Active Mass

Detector Mass :
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Low Mass by cryogenics detectors
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9.2. ASTROPHYSICAL PROBES OF DARK MATTER 145
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Fig. 9.1: 90% CL exclusion limits showing leading results from direct detection (continuous
lines, Refs. [540, 541, 546, 549–551]). Sensitivities of future Ge-, Xe-, and Ar-based direct
searches are also shown with dashed lines, Ref. [552–556]). The neutrino floor curve follows
the definition of Refs. [557].

(ARGO) project reaching beyond 10�48 cm2 in the next decade. For spin-dependent interac-
tions, near-term future experiments using Xe and CF3 targets project to reach sensitivity to
10�42 cm2 WIMP-neutron [559] and WIMP-proton cross sections, at ⇠ 50 GeV. [560]. At low
mass (around 1 to 10 GeV), solid state experiments, e.g. SuperCDMS, expect to achieve 10�42

cm2 cross section reach on a 5 year time scale.
Major challenges to future direct detection experiments come from: (a) n �e and coherent

elastic scattering backgrounds from solar and atmospheric neutrinos, which is known as the
“neutrino floor” and shown in the grey hatched region in Fig. 9.1; (b) neutrino flux uncertainties
on these backgrounds; and, (c) technology scaling to increase in mass over current searches by
factors of 10 or more whilst improving background rejection and lowering radioactivity.

In consideration of the strong synergy between direct dark matter detection and the pro-
gramme for its production and discovery in high-energy collisions at accelerators as well as
in accelerator-based fixed target experiments, discussions at the Open Symposium in Granada
highlighted that CERN’s support for selected direct dark matter search programmes that can
take critical advantage of technology developed at CERN can deliver a decisive boost of their
sensitivity.

9.2.2 Indirect detection
Indirect astrophysical searches for the annihilation products of dark matter (namely gamma-
rays, neutrinos, antimatter) provide important and complementary constraints on DM models
that are searched for at particle colliders and fixed-target/beam-dump experiments, as well as
on models with axion-like particles. Annihilation searches are sensitive to the thermal cross-
section for DM masses close to 100 GeV (depending on the channel), with prospects to reach
10 TeV within less than ten years. No conclusive signals have been found so far.

The arguably cleanest constraints on DM annihilation in the GeV–TeV mass range come

arXiv:1910.11775v1 

Cryogenics
CCD …

LAr, LXe
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Liquid Rare Gas
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Z(A) Boiling Point 
at 1 atm [K] Density [g/cm3] ionization 

[ e-/keV]
scintillation 
[photon/keV]

Ar 18(40) 87.3 1.40 42 40

Xe 54(131) 165 3.06 64 46

LXe (-100℃）
• Large Mass ( multi tonne size) 

• Purification gas/liquid phase 

• Online purification (getter ,distillation for 

both electro-negative and radio-impurity) 

•No long-half life  radio isotope                            

except 136Xe (double beta decay), 124Xe 

(double electron capture)
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 2

Two-phase Xe TPC as dark matter (DM) detector
• two signals for each event:  

• Energy from S1 and S2 area 

• 3D event imaging: x-y (S2) and 
z (drift time) 

• self-shielding, surface event 
rejection, single vs multiple 
scatter identification  

• Recoil type discrimination from 
ratio of charge (S2) to light (S1)

�,�

ER

• Scintillation light - S1 
• Ionization electron -S2

Dual Phase Time Projection Chamber

16

background-like (β, γ)

signal-like (WIMP)

S1 (Scintillation)

Powerful particle ID    
( ~ 99.5%)S2

 (C
ha

rg
e)

•Large Mass (multi tonne) 
•3D position  
• Fiducial volume 
• multi-site events cut 

•Particle Identification

PMT array

PMT array
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of the neutron model. The second modification improved
this model to correctly describe events with enlarged S1 due
to additional scatters in the charge-insensitive region below
the cathode. These events comprise 13% of the total neutron
rate in Table I. Third, we implemented the core mass
segmentation to better reflect our knowledge of the neutron
background’s Z distribution, motivated again by the neutron-
like event. This shifts the probability of a neutron
(50 GeV=c2 WIMP) interpretation for this event in the
best-fit model from 35% (49%) to 75% (7%) and improves
the limit (median sensitivity) by 13% (4%). Fourth, the
estimated signal efficiency decreased relative to the preun-
blinding model due to further matching of the simulated S1
waveform shape to 220Rn data, smaller uncertainties from
improved understanding and treatment of detector system-
atics, and correction of an error in the S1 detection efficiency
nuisance parameter. This latter set of improvements was not
influenced by unblinded DM search data.
In addition to blinding, the data were also “salted” by

injecting an undisclosed number and class of events in
order to protect against the fine-tuning of models or
selection conditions in the postunblinding phase. After
the postunblinding modifications described above, the
number of injected salt and their properties were revealed
to be two randomly selected 241AmBe events, which had
not motivated any postunblinding scrutiny. The number of
events in the NR reference region in Table I is consistent
with background expectations. The profile likelihood
analysis indicates no significant excesses in the 1.3 tons
fiducial mass at any WIMP mass. A p-value calculation
based on the likelihood ratio of the best fit including signal
to that of background only gives p ¼ 0.28, 0.41, and 0.22
at 6, 50, and 200 GeV=c2 WIMP masses, respectively.

Figure 5 shows the resulting 90% confidence level upper
limit on σSI, which falls within the predicted sensitivity
range across all masses. The 2σ sensitivity band spans an
order of magnitude, indicating the large random variation
in upper limits due to statistical fluctuations of the back-
ground (common to all rare-event searches). The sensitivity
itself is unaffected by such fluctuations, and is thus the
appropriate measure of the capabilities of an experiment
[44]. The inset in Fig. 5 shows that the median sensitivity of
this search is ∼7.0 times better than previous experiments
[6,7] at WIMP masses > 50 GeV=c2.
Table I shows an excess in the data compared to the total

background expectation in the reference region of the
1.3 tons fiducial mass. The background-only local p value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration of
alternate signal models. This choice is conservative, as it
results in a weaker limit.
In summary, we performed a DM search using an

exposure of 278.8 days × 1.3 t ¼ 1.0 ton yr, with an
ER background rate of ½82þ5

−3ðsystÞ & 3ðstatÞ' events=
ðton yr keVeeÞ, the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section σSI at
4.1×10−47cm2 for a mass of 30 GeV=c2, the most stringent
limit to date for WIMP masses above 6 GeV=c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 tons. The sensitivity will improve upon
this result by more than an order of magnitude.
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FIG. 5. 90% confidence level upper limit on σSI from this work
(thick black line) with the 1σ (green) and 2σ (yellow) sensitivity
bands. Previous results from LUX [6] and PandaX-II [7] are
shown for comparison. The inset shows these limits and corre-
sponding &1σ bands normalized to the median of this work’s
sensitivity band. The normalized median of the PandaX-II
sensitivity band is shown as a dotted line.

PHYSICAL REVIEW LETTERS 121, 111302 (2018)

111302-7



Kamioka Observatory, ICRR, The University of Tokyo, Masaki Yamashita 19

Future experiments 
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 Generation 2 experiment    2019-2025

20

active mass about  4-7 ton will start commissioning soon.

XEN
ONnT

 (5.9
t) 

201
9-

Markus Horn - LUX-ZEPLIN Dark Matter experiment

LZ Design
• 10 t liquid Xenon  

(7 t active, 5.6 t !d.Vol.) 

• 494 3” PMTs 

• 50 kV cathode 

• Xenon skin detector  
(131 1” & 2” PMTs) 

• liquid scintillator outer 
detector (120 8” PMTs) 

• high purity water shield 

• 4850L Sanford Lab
 7

Technical Design Report, arXiv:1703.09144 

Markus Horn - LUX-ZEPLIN Dark Matter experiment

Status update - PMT arrays

• Top & Bottom array checkouts complete - June ‘19

 14

! M. Kapust

PandaX-xT facilities

2018/7/24 Yong Yang, SJTU 27

• Intermediate stage: 
• PandaX-4T (4-ton in sensitive region) with SI sensitivity ~10-47 cm2

• On-site assembly and commissioning: 2019-2020

TPC Drift region: F ~1.2m, H ~1.2m

512

Current	Status	and	Schedule

• R&D	work-in-progress
• 2019-2020:	assembly	and	commissioning

Ning	Zhou,	ICHEP	2018 19

TPC	prototype

PMT	test

Cooling	bus

Krypton	measurement
Inner	vessel

DAQ	board

Pand
aX-I

V(4t
) 

202
0- 

The LUX-ZEPLIN Dark Matter Experiment

Alden Fan  

for the LZ collaboration 
Stanford/KIPAC/SLAC 

TAUP 2019 

Toyama, Japan 

9 September 2019

LZ(7
t) 

2020
-

6

FIG. 4. 3D schematics of the DarkSide-20k experiment. The drawing shows the PPMA TPC filled with UAr,
surrounded by the VETO detector made of Gd-loaded PMMA shell sandwiched between two AAr active layers (the
inner one, named IAB and the outer one, named OAB in the text), all contained in the ProtoDUNE-like cryostat.
The OAB is optically separated by the AAr in contact with the cryostat wall by a membrane, whose characteristics
are yet to be defined.

lower bias voltage. SiPMs can also be e�ciently integrated into tiles that cover large areas and feature better
radiopurity up to an order of magnitude than PMTs.

Utilization of ProtoDUNE cryostat: The decision to abandon an organic liquid scintillator veto and
to host DS-20k within a ProtoDUNE-like cryostat was originally motivated by the need of minimizing the
environmental impact on underground LNGS operations but carries significant performance advantages.
Indeed, operating the TPC directly in the ProtoDUNE-like cryostat allows eliminating the stainless steel
cryostat and placing SiPMs modules outside the TPC, thus keeping most radioactive components further
away from the active volume. Also, the scalability to even larger experiment is higher with this design.

V. DARKSIDE-20K

DS-20k will be located in the Hall-C of the Gran Sasso National Laboratory (LNGS) in Italy. It consists of
two detectors: the inner detector and the veto detector, both hosted in a ProtoDUNE-like cryostat [41, 42].
The inner detector is a Liquid Argon Time Projection Chamber (LAr TPC) filled with UAr contained in
an acrylic vessel made from the same ultra-pure poly(methyl methacrylate) (PMMA) developed for the
DEAP-3600 experiment. The active volume is defined by octagonal reflector panels and top & bottom
windows of the acrylic vessel. All the surface touching the active volume is coated with TPB wavelength
shifter to convert LAr scintillation light to detectable light to SiPMs. The top and bottom SiPM-based PDM
arrays, 4140 PDMs each, are located outside the acrylic vessel viewing the active volume through the acrylic
windows. The height of the TPC is 2.63m. With this design, the total mass of LAr in the active volume is
38.6 t.

The veto detector is made of a passive Gd-loaded PMMA shell, surrounding the inner detector, sandwiched
between two active AAr layers. The Gd-loaded PMMA shell moderates neutrons emitted from materials
of the LAr TPC and enhances neutron capture on Gd, resulting in the emission of multiple �-rays. The
�-rays are detected by use of scintillation light emitted by the AAr layers. The ProtoDUNE-like cryostat
will be surrounded by layers of plastic for moderation of cosmogenic and radiogenic neutrons from the rocks
surrounding the LNGS Hall C.

Fig. 4 shows a 3D schematic, with the TPC placed inside the Veto detector. DS-20k is expected to be
operated in a zero-background mode, i.e., suppressing background from instrumental sources to < 0.1 events
in a 100 t yr exposure.

Dark
Side

-20
K(23

 t) 

202
2-

=>  C. Galbiati
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Challenges for G2 experiment

1. emanated Rn background (internal background) 
2. Large amount of LXe purification (lifetime for drifted electrons) 
3. Neutron veto

21

Target Mass about 4 - 7 ton, starting from 2019-2020

Qing Lin (Columbia)                    XENON1T: First Results @ Kamioka Observatory 

Phases of the XENON program

2005-2007
15 cm drift TPC – 25 kg

Achieved (2007)
σSI = 8.8 x 10-44 cm2

2008-2016
30 cm drift TPC – 161 kg

Achieved (2016)
σSI = 1.1 x 10-45 cm2

2013-2018  /  2019-2023
100 cm / 144 cm drift TPC -  3200 kg / ~8000 kg

Projected (2018)  / Projected (2023)
σSI = 1.6 x 10-47 cm2  /  σSI = 1.6 x 10-48 cm2

XENON10 XENON100 XENON1T  / XENONnT

5

Rn

RnRn

Qing Lin (Columbia)                    XENON1T: First Results @ Kamioka Observatory 

Phases of the XENON program

2005-2007
15 cm drift TPC – 25 kg

Achieved (2007)
σSI = 8.8 x 10-44 cm2

2008-2016
30 cm drift TPC – 161 kg

Achieved (2016)
σSI = 1.1 x 10-45 cm2

2013-2018  /  2019-2023
100 cm / 144 cm drift TPC -  3200 kg / ~8000 kg

Projected (2018)  / Projected (2023)
σSI = 1.6 x 10-47 cm2  /  σSI = 1.6 x 10-48 cm2

XENON10 XENON100 XENON1T  / XENONnT

5

neutron

 1.5 m drift length
~1.5 ms e-lifetime
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Background for G2 experiment (ER)
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Before Particle ID

A. Fan (SLAC) TAUP2019 LZ Status

Expected backgrounds

10

5.6 tonne fiducial volume, 1000 live-days  
1.5-6.5 keVee (6-30 keVnr) 

single scatters, anti-coincidence with vetoes

Background Source ER [cts] NR [cts]

Detector components 9 0.07

Dispersed Radionuclides — Rn, Kr, Ar 819 —

Laboratory and Cosmogenics 5 0.06

Surface Contamination and Dust 40 0.39

Physics Backgrounds — 2β decay, neutrinos* 322 0.51

Total 1195 1.03

After 99.5% ER discrimination, 50% NR efficiency 5.97 0.51

* not including 8B and hep D.S. Akerib et al (LZ collaboration) 2018 arXiv:1802.06039
0 20 40 60 80 100

Nuclear recoil energy [keV]

10°11

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

R
at

e
[c

ou
nt

s/
kg

/d
ay

/k
eV

]

8B

Atm

hep

DSN

Det. + Sur. + Env. Total

0 50 100 150 200
Electronic recoil energy [keV]

10°6

10°5

10°4

R
at

e
[c

ou
nt

s/
kg

/d
ay

/k
eV

]

Solar n

222Rn

220Rn

85Kr

136Xe

Total

Det. + Sur. + Env. ER

NR

�<EXOg]k[G��[IgOs�/dIEjgkZ�Q[�Q[[Ig�Â0

Ɣ '58�VSHFWUXP�LQ�LQQHU��7�
ILGXFLDO�YROXPH

1RWH��WKH���&R�����8�����7K�VSHFWUD�
IURP�GHWHFWRU�PDWHULDOV�DUH�
FRPELQHG�LQWR�µ'HWHFWRU¶�WR�UHGXFH�
FOXWWHU��EXW�DUH�VHSDUDWH�3')V�LQ�
WKH�OLNHOLKRRG

ÂÅ

 ;�+gIYQZQ[<gs

3ORW�IRU�
DSSURYDO

&KDQJHV��WKLQQHU�OLQHV��PRYHG�ODEHOV��
DVSHFW�UDWLR

�<EXOg]k[G��[IgOs�/dIEjgkZ�Q[�Q[[Ig�Â0

Ɣ '58�VSHFWUXP�LQ�LQQHU��7�
ILGXFLDO�YROXPH

1RWH��WKH���&R�����8�����7K�VSHFWUD�
IURP�GHWHFWRU�PDWHULDOV�DUH�
FRPELQHG�LQWR�µ'HWHFWRU¶�WR�UHGXFH�
FOXWWHU��EXW�DUH�VHSDUDWH�3')V�LQ�
WKH�OLNHOLKRRG

ÂÅ

 ;�+gIYQZQ[<gs

3ORW�IRU�
DSSURYDO

&KDQJHV��WKLQQHU�OLQHV��PRYHG�ODEHOV��
DVSHFW�UDWLR

;HQRQ�
&RQWDPLQDQWV�
� �������5Q��
� QDW.U��
� QDW$U

3K\VLFV

'HWHFWRU�
&RPSRQHQWV
� ���8�
� ���7K�
� ���&R��
� ���.

/DERUDWRU\�DQG�
&RVPRJHQLFV

3K\VLFV

6XUIDFH�
&RQWDPLQDWLRQ�
� 'XVW�
� 5Q����3E�

3ODWHRXW

/¦ t¦���
���

��

���
���

��

��

�ýĚŢŁơźƾŰġƩ��ơōŁōŰƩ�ōŰ�hð

¼źƶýťд�� ϵϵϽϹ�/¦� ϵлϴϷ�t¦
�ǻƶĨơ�ĚƾƶƩд� ϹлϽϻ�/¦� ϴлϹ϶�t¦

цhð�£ơźşĨĚƶĨġ�àSr£�ƩĨŰƩōƶōǚōƶǡ�ŀźơ�ϵϴϴϴ�ťōǚĨ�ġýǡƩе�ϹлϺ�ƶźŰŰĨƩ�Fßе�ýơǠōǚдϵϼϴ϶лϴϺϴϷϽǚϵч�

Ϸ

ѐ®ĨĨ�ƶýťŢ�ęǡ��у� źƶƶťĨё�

�л�fýŮýňý�ш®Ãtæ��h��tæщ�юю�hð�ұ�¼�Ã£�϶ϴϵϽ

A. Kamaha, A. Cottele TAUP2019

daughter: 214Pb



Kamioka Observatory, ICRR, The University of Tokyo, Masaki Yamashita 23

Qing Lin (Columbia)                    XENON1T: First Results @ Kamioka Observatory 

Phases of the XENON program

2005-2007
15 cm drift TPC – 25 kg

Achieved (2007)
σSI = 8.8 x 10-44 cm2

2008-2016
30 cm drift TPC – 161 kg

Achieved (2016)
σSI = 1.1 x 10-45 cm2

2013-2018  /  2019-2023
100 cm / 144 cm drift TPC -  3200 kg / ~8000 kg

Projected (2018)  / Projected (2023)
σSI = 1.6 x 10-47 cm2  /  σSI = 1.6 x 10-48 cm2

XENON10 XENON100 XENON1T  / XENONnT

5

5.9 ton LXe
= 3 x 1028 atom

1μBq/kg = 
3000 222Rn atoms

Rn
RnRn
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 New features XENONnT

NEW TPC LXE PURIFICATION

RADON 
DISTILLATION 
COLUMN

NEUTRON 
VETO

494 PMTs

1.5 m height
1.3 m diameter

Much faster 
purification 
speed

Possible to purify 
the 8 t of Xe in a 
reasonable time

Goal 1 μBq/kg 
Rn contamination

Rn distillation 
already tested 
in XENON1T

0.2% Gd-
doped 
water

120 additional 
PMTs around 
cryostat

On line Rn distillation

XENONnT
LXe Purification Skid
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Challenge: neutron veto 

Underground

Water shield

Material screening

Particle ID

fiducial volume cut

neutron Veto
25

multiple

single

Generation2 
(XENONnT, LZ 
DS-20K)

•fission from U/Th and (α,n) reaction(Cryostat, PMT, PTFE)
•  8 neutron/20 ton-year  single scatter of neutrons 
• irreducible  background
•>85% neutron tagging efficiency for DM discovery. 
•XENONnT (Water +Gd) (Technology from EGADS, SK-Gd) 　
•n  + Gd  - > total 8 MeV gamma

water+0.2%Gd

γ
Cherenkovneutron
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Outer detector scintillator

Acrylic vessels being staged underground in water tank

27

Challenge for G2 experiments

26

nVeto design
• Gd-loaded Water:  

0.2% of Gd in mass  
-> 3.4 t of Gd-sulphate-octahydrate;


• Cerenkov light is seen by additional  
120 PMTs placed in water around  
the cryostat;


• high-reflectivity foil to confine an  
inner nVeto region with high light  
collection efficiency.

!2
Groups involved: INFN - Mainz - Japan

Water+0.2% Gd
(EGADS, SK-Gd technology) Liquid Scintillator+Gd

XENONnT LZ

>85% neutron tagging efficiency for DM discovery. 
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Generation2 : 2020-2025

28

Minimal DM, Wino, Higgsino :
 J. Hisano et al. Eur.Phys.J. C78 (2018)

pMSSM
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Generation2 : 2020-2025

29

Wino, Higgsino :
 J. Hisano et al. Eur.Phys.J. C78 (2018)

G2
combined 
analysis ?

pMSSM
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Generation3: 2026-

30

DS-20K, ARGO
1707.08145

Wino, Higgsino :
 J. Hisano et al. Eur.Phys.J. C78 (2018)

 LZ,
1802.06039

XENON, 
PRL 121, 111302 (2018) 

PandaX-4 
Nature 2017
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Generation3: 2026-

31
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1707.08145

Wino, Higgsino :
 J. Hisano et al. Eur.Phys.J. C78 (2018)

 LZ,
1802.06039

XENON, 
PRL 121, 111302 (2018) 

PandaX-4 
Nature 2017

the other hand, generated via tree-level interactions to the
R-symmetry breaking sector [22] (see [23] for a related
mechanism), which leads to a much heavier Higgsino than
the gauginos. As a result, the pure gravity mediation model
predicts the almost pure neutral wino as the lightest
supersymmetry particle (LSP) which is a good candidate
for WIMP dark matter.
As mentioned earlier, the wino dark matter possesses a

phenomenologically notable feature, a large annihilation
cross section enhanced by the so-called Sommerfeld effects
[16–18]. Due to the enhancement, the annihilation cross
section into a pair of the W-bosons at present universe
is automatically boosted to be 10−24–10−25 cm3=s. In
Fig. 1(a), we show the annihilation cross section of the
wino dark matter into a pair of W bosons as a solid line.
With this large cross section, the antiproton flux from the
wino annihilation can be comparable to the secondary
astrophysical antiproton flux at Tp ≳ 100 GeV, with Tp

being the kinetic energy of a proton and an antiproton.
There are two favored mass regions for the wino dark

matter. One is the mass region around 3 TeV where the
observed dark matter density is explained solely by its
thermal relic density [24]. The other region is below
1–1.5 TeV where the relic density is provided nonthermally
by the decay of the gravitino [25,26]. There, the appropriate
gravitino abundance for the nonthermal wino production is
achieved when the reheating temperature of the universe is
consistent with the traditional thermal leptogenesis scenario
[27]. As we will see shortly, the wino mass in the both mass
regions can sizably contribute to the antiproton spectrum,
although the thermal wino case fits the observed spectrum
of the antiproton fraction particularly well.

So far, the mass of the wino dark matter has been
constrained by collider experiments. Among them, the
searches for disappearing tracks made by a short lived
charged wino inside the detectors put a lower limit on the
mass of the wino dark matter,

M ~w ≳ 270 GeV; ð1Þ

with 20 fb−1 data at LHC 8 TeV running [28].3 At the
14 TeV running, the limit can be pushed up to 500 GeV
with 100 fb−1 data [30]. See also Refs. [31–33] for more
details on the future prospects of the wino dark matter
searches at the collider experiments.
The wino dark matter is also constrained by the indirect

detections of dark matter in cosmic rays. To date, the most
robust limit comes from the gamma-ray searches from the
dwarf spheroidal galaxies (dSphs) at the Fermi-LATexperi-
ment. By taking uncertainties of the dark matter profile of
the dSphs, it has excludedM ~w ≲ 320 GeV and 2.25 TeV≲
M ~w ≲ 2.43 TeV at the 95% confidence level (C.L.) using
four-year data [34].4 It should be noted that the constraints
on the wino dark matter via monochromatic gamma-ray
searches from the galactic center [37] and from the dSphs
[38] by the H.E.S.S experiments are less stringent due to
large uncertainties of the dark matter profile at the galaxy
center (see e.g. Ref. [39]) and the small cross section into
the monochromatic gamma rays.

FIG. 1 (color online). (a) Constraints on the (MDM-hσvi) plane. The black solid lines show the predicted annihilation cross sections for
the wino and Higgsino. Red solid, blue dashed and green dotted lines show the upper bounds on the annihilation cross section at
95% C.L. for MIN, MED and MAX propagation models, respectively. The shaded regions with the same color show the best-fitted
regions. The constraint from the Fermi is shown with the orange bands. The yellow vertical shaded region indicates the wino mass range
where the wino thermal relic abundance is the observed dark matter density. (b) Predicted antiproton to proton ratio with experimental
data. The solid (dashed) lines show the case with (without) the dark matter contributions.

3See [29] for a two-loop calculation of the wino mass splitting.
4For uncertainties and future prospects of the searches for the

wino dark matter via the gamma rays from the dSphs, see e.g.
[35,36].

IBE et al. PHYSICAL REVIEW D 91, 111701(R) (2015)

111701-2

RAPID COMMUNICATIONS

Wino

Collider
Indirect
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Summary

• Direct DM search  
• Liquid rare gas detectors are promising technology especially for 
heavy WIMP search. 

•  G2 will start  in  2020 
• they will reach σ ~  10-48 cm2    with 5 years exposure. 

•  Challenges  for G2 experiment 
• rapid liquid xenon purification 
• Rn background 
• neutron veto 

•G3 experiments 
–  are aiming to explore close to neutrino floor region.

32
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Simulation of a 1000 day run of LZ
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a 32.1 day run [27] and a 246.7 day run, resulting in a total
exposure of 1.0 t × yr. Background models, also retained
from [8], include data-driven models for accidental coinci-
dence of lone S1s and S2s, and events with reduced charge
signal due to interactions at the detector surfaces. The ER
(β and γ) and NR (radiogenic neutrons and coherent elastic
neutrino-nucleus scattering) backgrounds are modeled
using energy depositions from GEANT4 simulations, passed
to a Monte Carlo (MC) simulation of ER and NR response
in LXe, XENON1T detector physics, and detection effi-
ciency [28]. The parameters in the MC simulation are
determined from a simultaneous fit to calibration data using
ER [29] and NR [30] sources taken periodically throughout
the exposure. The signal region in the DM search data was
blinded prior to the determination of the event selection and
background models [8]. For each WIMP mass, the SD
signal recoil spectrum calculated from Eq. (4) is propagated
through the same MC calculation to generate the expected
distribution of S1s and S2s from corresponding WIMP-
nucleon interactions.
Statistical inference is done using a three-dimensional

(corrected S1, corrected S2 in the bottom PMT array, and
radius) unbinned extended likelihood, profiled over nui-
sance parameters [28]. In addition to these three dimen-
sions, the likelihood distinguishes between events in an
inner 0.65 t core and those in an outer section of the fiducial
mass to incorporate the difference in the expected neutron
background rate, as in [8]. Nuisance parameters are
included to account for uncertainties in ER response,
detection and selection efficiencies, and background rates.
To safeguard against interpreting an under-prediction of
ERs as a signal excess, an additional WIMP-like compo-
nent is added to the background model and constrained by
ER calibration data [28,31]. Upper limits and two-sided
intervals are computed using a Feldman-Cousins-based
method [32], with a Neyman band constructed from a
profiled likelihood ratio test statistic [33]. Background-only
simulations are performed to calculate the range of possible
upper limits under many repetitions of the XENON1T
exposure.
Results.—For all WIMP masses considered, and for both

the neutron- and proton-only cases, the data are consistent
with the background-only hypothesis. The local discovery
p values at WIMP masses of 6, 50, and 200 GeV=c2 in the
neutron-only (proton-only) case are 0.6, 0.4, and 0.2 (0.6,
0.3, and 0.1), respectively. Figures 2 and 3 show the
90% C.L. upper limits, as well as the 1σ and 2σ sensitivity
bands, on the SD WIMP-neutron and WIMP-proton cross
sections, respectively. Differences between the limit and the
median sensitivity due to fluctuation of the background are
within the 2σ statistical uncertainty.
The mean values of the structure factors are used both for

the observed limits and the sensitivity distributions. To
estimate the impact of the theoretical uncertainty on the
result, a cross-check was performed by taking the minimum

and maximum values of the structure factors and using the
asymptotic distribution of the test statistic to set limits for
each case [35]. At 50 GeV=c2, the upper limit on the
WIMP-neutron cross section shifts downward (upward) by
a factor of 1.1 (1.1) when taking the minimum (maximum)
structure factor values. Similarly, the upper limit on the
WIMP-proton cross section shifts downward (upward)
by a factor of 1.6 (2.2) due to the larger dependence of
the proton-only sensitivity on the uncertain two-body
component.

FIG. 2. XENON1T 90% C.L. upper limit on the spin-depen-
dent WIMP-neutron cross section from a 1 ton year exposure.
The range of expected sensitivity is indicated by the green (1σ)
and yellow (2σ) bands. Also shown are the experimental results
from XENON100 [24], LUX [25], and PandaX-II [26]. We use
the “chiral EFT” limit from PandaX-II, since it is based on the
same SD interaction model as all other shown results.

FIG. 3. XENON1T 90% C.L. upper limit on the spin-
dependentWIMP-proton cross section from a 1 ton year exposure.
The range of expected sensitivity is indicated by the green (1σ) and
yellow (2σ) bands. Selected experimental results are shown for
XENON100 [24], LUX [25], PandaX-II [26], and PICO-60 [34].
We use the chiral EFT limit fromPandaX-II, since it is based on the
same SD interaction model as all other shown results.
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Challenge:emanated Rn in LXe
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1uBq/kg ~ pp solar neutrino event rate
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WIMP(200GeV)

XENON1T (PRL2018)  1 ton year exposure

time-coincident 214Bi − 214Po decays, respectively, simi-
larly to the method used in Ref. [25]. The correspon-
ding event rates in the ROI are (71! 8) and
ð29! 4Þ events=ðton yr keVeeÞ. The total ER background
rate is stable throughout both science runs and measured as
½82þ5

−3ðsystÞ ! 3ðstatÞ& events=ðton yr keVeeÞ after correc-
ting for efficiency, which is the lowest background
achieved in a dark matter detector to date.
The NR background includes contributions from radio-

genic neutrons originating from detector materials, coher-
ent elastic neutrino nucleus scattering (CEνNS) mainly
from 8B solar neutrinos, and cosmogenic neutrons from
secondary particles produced by muon showers outside the
TPC (negligible due to the muon veto [11]). The CEνNS
rate is constrained by 8B solar neutrino flux [26] and cross-
section [27] measurements. The rate of radiogenic neutrons
is modeled with GEANT4 MC [28,29] using the measured
radioactivity of materials [30], assuming a normalization
uncertainty of 50% based on the uncertainty in the
SOURCES 4A [31] code and the difference between the
GEANT4 and MCNP particle propagation simulation codes
[32]. Fast neutrons have a mean free path of∼15 cm in LXe
and produce ∼5 times more multiple-scatter than single-
scatter events in the detector, allowing for background
suppression. A dedicated search for multiple-scatter events
finds nine neutron candidates, consistent with the expect-
ation of (6.4! 3.2) derived from the GEANT4 and detector
response simulation described below, which is used to
further constrain the expected single-scatter neutron event
rate in DM search data.
The detector response to ERs and NRs is modeled

similarly to the method described in Refs. [5,33]. All
220Rn, 241AmBe, and neutron generator calibration data
from both science runs are simultaneously fitted to account

for correlations of model parameters across different
sources and runs. To fit the 220Rn data, the parametrization
of the ER recombination model is improved from Ref. [5]
by modifying the Thomas-Imel model [34]. These mod-
ifications include a power-law field dependence similar to
Ref. [35] to account for the different drift fields in each
science run, an exponential energy dependence to extend
the applicability to high energy (up to ∼20 keVee), and an
empirical energy-dependent Fermi-Dirac suppression of
the recombination at low energy (≲2 keVee). The resulting
light and charge yields after fitting are consistent with
measurements [33,36–38]. The fit posterior is used to
predict the ER and NR distributions in the analysis
space of the DM search data, achieving an ER rejection
of 99.7% in the signal reference region, as shown in Table I.
ER uncertainties in (cS1, cS2b) are propagated for stat-
istical inference via variation of the recombination and its
fluctuation, as these show the most dominant effect on
sensitivity (here defined as the median of an ensemble of
confidence intervals derived under the background-
only hypothesis [39,40]). For WIMP signals, the uncer-
tainties from all modeled processes are propagated into an
uncertainty of 15% (3%) on the total efficiency for
6 ð200Þ GeV=c2 WIMPs.
Energy deposits in charge- or light-insensitive regions

produce lone S1 or S2, respectively, that may accidentally
coincide and mimic a real interaction. The lone-S1 spec-
trum is derived from S1 occurring before the main S1 in
high-energy events and has a rate of [0.7, 1.1] Hz. The
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FIG. 4. Background and 200 GeV=c2 WIMP signal best-fit
predictions, assuming σSI ¼ 4.7 × 10−47 cm2, compared to DM
search data in the 0.9 ton (solid lines and markers) and 1.3 tons
(dotted lines and hollow markers) masses. The horizontal axis
is the projection along the ER mean (μER), shown in Fig. 3,
normalized to the ER 1σ quantile (σER). Shaded bands indicate
the 68% Poisson probability region for the total BG expectations.

TABLE I. Best-fit, including a 200 GeV=c2 WIMP signal plus
background, expected event counts with 278.8 days live time in
the 1.3 tons fiducial mass, 0.9 ton reference mass, and 0.65 ton
core mass, for the full (cS1, cS2b) ROI and, for illustration, in the
NR signal reference region. The table lists each background (BG)
component separately and in total, as well as the expectation for
the WIMP signal assuming the best-fit σSI ¼ 4.7 × 10−47 cm2.
The observed events from data are also shown for comparison.
Although the number of events in the reference region in the
1.3 tons fiducial mass indicate an excess compared to the
background expectation, the likelihood analysis, which considers
both the full parameter space and the event distribution, finds no
significant WIMP-like contribution.

Mass (ton) 1.3 1.3 0.9 0.65

(cS1, cS2b) Full Reference Reference Reference

ER 627! 18 1.62! 0.30 1.12! 0.21 0.60! 0.13
Neutron 1.43! 0.66 0.77! 0.35 0.41! 0.19 0.14! 0.07
CEνNS 0.05! 0.01 0.03! 0.01 0.02 0.01
AC 0.47þ0.27

−0.00 0.10þ0.06
−0.00 0.06þ0.03

−0.00 0.04þ0.02
−0.00

Surface 106! 8 4.84! 0.40 0.02 0.01

Total BG 735! 20 7.36! 0.61 1.62! 0.28 0.80! 0.14
WIMPbest-fit 3.56 1.70 1.16 0.83

Data 739 14 2 2
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