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deposit energy in a detector

Let’s assume: 
Mw = 100 GeV/c2  , MT  = 100 GeV/c2 (Xe :A ~130) 
, r = 1 

WIMP velocity: v= 220 km/sec ~ 0.75 X 10-3 c
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where N0 is the Avogadro number (6.02×1026 kg−1), v is the dark matter velocity. From
Eq.(3.1) and Eq.(3.5), total event rate R is then

R=
N0
A
σ0

Z
vdn=

N0
A
σ0n0�v�. (3.6)

Here, �v� is the mean dark matter velocity. The total event rate R0 for vE = 0 and vesc =∞
is expressed as

R0 =
N0
A
σ0n0

2v0√
π

(3.7)

for vE �= 0 and vesc �= 0, using (3.3), (3.6) and (3.7)
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√
π
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2πv40

Z
v f (v,vE)d3v (3.8)

R0 is conventionally expressed in units kg−1d−1. Normalized to ρD = 0.3 GeVc−2cm−3
and v0 = 230km s−1, (3.7) is written as:

R0 =
377

MχMN

≥ σ0
1pb

¥≥ ρD
0.3GeVc−2cm−3

¥≥ v0
230km s−1

¥
kg d−1 (3.9)

withMχ ,MN in GeV c−2,where MN is the mass of target nucleus (MN = 0.932 A).

3.2 Differential rate
The recoil energy of a nucleus struck (ER) by a dark matter particle of kinetic energy
E(= 1

2Mχv2) scattered at angle θ in center of mass is:

ER = Er(1− cosθ)/2, (3.10)

r =
4MχMN

(Mχ +MN)2
, (3.11)

It is assumed that the scattering is isotropic, so that recoils are uniformly distributed in
ER, over the range 0≤ ER ≤ Er,

dR
dER

=
Z Emax

Emin

1
Er
dR(E) =

1
E0r

Z vmax

vmin

v20
v2
dR(v), (3.12)

where Emin(Emax) is the smallest (biggest) particle energy which can give a recoil energy
and vmin (vmax) is the dark matter particle velocity corresponding to Emin (Emax),

Emin = ER/r , vmin = (2Emin/Mχ)1/2 = (ER/E0r)1/2v0.

The differential form of (3.8) is

dR= R0
k0
k

1
2πv40

v f (v,vE)d3v, (3.13)
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Energy spectrum
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R0: Event rate 

Expected spectrum:

Maxwellian distribution for DM velocity 
is assumed. 
V :velocity onto target,  
VE: Earth’s motion around the Sun

dR

dER
= R0F 2(ER)

E0r

k0

k

1
2πv0

∫
vmax

vmin

1
v
f(v,vE)d3

v

F: Form Factor 
(depends on atomic 
nuclei）

motion dynamics

detector

Ref: PRD 74, 043531 (2006) C. Savage et al. が良い。 

=> annual modulation
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Expected spectrum:
dR

dER
= R0F 2(ER)

E0r
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k

1
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∫
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v
f(v,vE)d3

v

Rate:

Ref: PRD 74, 043531 (2006) C. Savage et al. が良い。 
昔のLewin&Smithも良いがバグがある。
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vE leads to a harder (softer) recoil spectrum in summer (winter) when v� and v� are (anti-)parallel and
thus an annually modulating DM signal S(t) above a fixed detector threshold Elow [114–116],

S(t) = B(t) + S0 + Sm cos [!(t� t0)] . (6)

However, most of the signal is unmodulated S0 as the modulated part Sm ⇠O(v�/vc) ⇠ 5% is small.
The (potentially time-dependent) backgrounds B(t) are typically much larger than S0 A detection of
DM based solely on the modulation signature requires O(10

4
) signal events. Modifications to the simple

DM halo model (streams, dark disk etc.) will significantly change the expected signal. Astrophysical
uncertainties have generally a rather small impact for the “standard” direct detection discussed above,
however, they are more significant for annual modulation searches [117].

Another way to exploit Eq. (5) to reduce backgrounds is to search for a WIMP “wind” from the
direction in the constellation Cygnus, the point in the sky towards which the Sun is moving. The Earth’s
daily rotation thus constantly changes the signal direction observed in a detector while most backgrounds
are expected to be uniformly distributed (or originate from the Sun, e.g., solar neutrinos). A measurement
of the track direction could distinguish a DM signal from background events [118]. The experimental
challenge is that the track length r < 1 mm is very short for keV-scale nuclear recoils and difficult to
reconstruct [119].

4.2 Interactions
The WIMP-nucleus scattering cross section in Eq. (3) can be expressed as

d�(Enr)

dEnr

=
mN

2v2µ2

⇥
�SIF

2

SI(Enr) + �SDF
2

SD(Enr)
⇤

, (7)

where the unknown interaction is described by a spin-independent (SI) and a spin-dependent (SD) com-
ponent. The former corresponds to a scalar or vector effective 4-fermion Lagrangian, the latter has an
axial-vector structure. All partial waves of the nucleons add up at small momentum transfers q and the
WIMP interacts coherently with the entire nucleus. The loss of coherence at higher q is accounted for
by the finite form factors FSI and FSD. FSI is only relevant for WIMP targets with high mass numbers
A & 100 and at high recoil energies Enr.

The spin-independent (SI) cross section is given by

�SI = �n
µ
2

µ2
n

(fpZ + fn(A� Z))
2

f2
n

= �n
µ
2

µ2
n
A

2. (8)

µ and µn are the reduced masses of the WIMP-nucleus and the WIMP-nucleon systems, respectively.
The WIMP-nucleus cross section � is converted to a WIMP-nucleon cross section �n to facilitate the
comparison between different target nuclei. fp and fn are coupling constants to protons and neutrons,
respectively; the second equality in Eq. (8) assumes fp = fn. The resulting A

2 dependence favours
heavy target nuclei to search for spin-independent interactions.

Spin-dependent (SD) interactions describe the WIMP coupling to unpaired nuclear spins J [120]:

d�SD

d|~q|2
=

8G
2

F

⇡v2
[aphSpi+ anhSni]

2 J + 1

J

S(|~q|)

S(0)
. (9)

~q is the the momentum transfer, hSpi and hSni the expectation values of the total spin operators for pro-
tons and neutrons in the the target nucleus; these have to be calculated using nuclear models and thus
carry some systematic uncertainty [121, 122]. The cross section depends on the spin-structure function
S(|~q|) and the total nuclear spin J of the target. SD-results are usually quoted assuming that WIMPs
couple either only to neutrons (ap = 0) or to protons (an = 0). Nuclei with an odd number of pro-
tons (e.g., 1H, 7Li, 19F, 23Na, 127I) or neutrons (e.g., 17O, 27Al, 29Si, 73Ge, 129Xe, 131Xe, 183W) can
effectively probe spin-dependent WIMP-proton or WIMP-neutron interactions, respectively.
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From Eq.(3.30), under the assumption of a pure Z exchange , allows us the conversion of
any experimental upper limit into upper bound on σ proton

SD , in the same way as for the spin
independent case. Table 3.1 shows λ 2p,ZJ(J+ 1) values on various targets. The value of
Δq are from Ref.[35]

Δu= 0.83±0.03, Δd =−0.43±0.03, Δs=−0.10±0.03 (3.31)

These values are for quarks in proton. In case of neutron the isospin symmetry substitu-
tions are needed,

Δu→ Δd, Δd→ Δu. (3.32)

an/ap is calculated using these value,

an/ap =−0.853. (3.33)

Nucleus J Odd Nucleon �Sp� �Sn� λ 2p,ZJ(J+1)
7Li 3/2 p 0.497 0.004 0.406
19F 1/2 p 0.441 -0.109 0.855
23Na 3/2 p 0.248 0.020 0.089
73Ge 9/2 n 0.009 0.372 0.105
125Te 1/2 n 0.001 0.287 0.178
127I 5/2 n 0.309 0.075 0.084
129Xe 1/2 n 0.028 0.359 0.232
131Xe 3/2 n -0.009 -0.227 0.057

Table 3.1: Values of �Sp�, �Sn� λ 2p,ZJ(J+1) for various nuclei. Values for Li, F are taken
from Ref.[39], for Na, Te, I, Xe are taken from Ref.[34], for Ge is taken from Ref.[40].
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PHYSICAL REVIEW LETTERS 135, 221003 (2025)
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Coupling to unpaired neutron Coupling to unpaired proton

PICO-60 C3F8
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•Helm approximation:

Lewin&Smith
1996, Astro. Phys.

•nuclear skin thickness 

•effective nuclear radius

dR

dER
= R0F 2(ER)

E0r

k0

k

1
2πv0

∫
vmax

vmin

1
v
f(v,vE)d3

v

1. Why does a form factor appear?
DM scatters off atomic nuclei in the detector.
However, a nucleus is not a point particle; it has a finite size.

• Small momentum transfer (low recoil energy):
The DM wavelength is larger than the nucleus
→ the entire nucleus scatters coherently
→ F(q) ~ 1

• Large momentum transfer (high recoil energy):
The DM wavelength becomes comparable to or smaller 
than the nuclear size
→ loss of coherence inside the nucleus
→ scattering is suppressed (F(q)<1)

F(q) =
1
A ∫ d3r ρ(r) eiq⋅rFourier transform of  ρ(r)

F(q) = 3
j1(qrn)

qrn
e−(qs)2/2
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Lewin&Smith
1996, Astro. Phys.

Form FactorAtomic Mass
=23 (Na)

Atomic Mass
 =129 (Iodine)

1 1

	 •	 the nucleus acts as a finite-size scattering object 
	 •	 waves scattered from different parts of the nucleus interfere 
	 •	 at certain momentum transfers the interference is destructive.
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low energy threshold

Ge

Na

 IXe

Large Mass Target

5GeV Mass 100GeV Mass

Differential Rate
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ρdm  =  0.3 GeV/cm3, 
V0      =  220 km/s
Vesc  =  544 km/s

+ Standard Halo Model
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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)

dR

dER
= R0F 2(ER)

E0r

k0

k

1
2πv0

∫
vmax

vmin

1
v
f(v,vE)d3

v
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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.

REFINEMENT OF THE STANDARD HALO MODEL FOR … PHYS. REV. D 99, 023012 (2019)

023012-5

N. Wyn Evans et al., PRD99, 023012 (2019)
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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Gaia
20% Sausage

Gaia‒Sausage is the debris of an ancient dwarf 
galaxy that merged with the Milky Way, revealed 
by stars on radial orbits observed by Gaia.

Gaia  Sausage

#The local dark matter velocity distribution is affected　not only by the 
Gaia‒Sausage merger but also by the　gravitational perturbation from 
the Large Magellanic Cloud　and smaller tidal streams.
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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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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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•DM exists around us in nature 
•DM mass 
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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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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].
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once we detect dark matter….
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History of Direct WIMP Dark Matter Search

• Scalability, large mass (tonne scale)�

• Self-shielding: High Z(=54) and density (~3g/cm3)�

• Easy purification in gas and liquid phase, even during 
science run�

• Particle identification of electronic recoils and nuclear 
recoils�

• Low energy threshold�

• Liquid Xenon Detectors:  World leading since 2007

Liquid-gas double phase Xe Time Projection Chamber 

Liquid Xenon
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Detectors
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•low energy threshold < 10 keV 
•Large target mass (> tonne) 
•low background

Erecoil

Scintillationionization

Phonon

CRESSTSuperCDMS 
EDELWEISS

XENON, LZ, Panda-X 
DarkSide

DAMA, NAIAD, XMASS, 
DEEP-CLEAN

CoGENT

bubble 

 Spin-dependence: PICO @ SNOLAB 
• Superheated bubble chambers operated 

in thermodynamic conditions at which 
they are virtually insensitive to gamma or 
beta radiation.

• Acoustic emission for discrimination 
between alpha decay and NR

PICO-60 spin-dependent limit February 
2017 arXiv:1702.07666 
• detector recommissioned after cleaning 

procedure to remove particulate 
contamination

• 52 kg of C3F8, 1167 kg d exposure 

• 3.3 keV thermodynamic threshold, no 
single-scatter NR candidates

• 3.4 10
−41

 cm
2
 @ 30 GeV 

• world-leading constraints in the WIMP-
proton spin-dependent sector, 17x 
improvement from previous PICO results

36

PICO-60 CF3I

PICO-2L

PICASSO

SIMPLE

PandaX-II

Constrained MSSM

PICO

L&H: CRESST @ LNGS
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• Scintillating CaWO4 
crystals

• Target crystals 
operated as 
cryogenic 
calorimeters 
(~15mK)

• Separate cryogenic 
light detector to 
detect the 
scintillation light 
signal

CRESST-II: 

• 300 g crystal

• 307eV nuclear recoil threshold

• world-leading result below 1.7GeV/c2

• first experiment to explore masses in the sub-GeV range
Eur. Phys. J. C (2016) 76:25

Dark Matter Searches

Indirect search: AMS, Fermi…

Collider search: LHC (Atlas and CMS)

Direct search: XENON, LUX,Panda-X, CDMS, DAMA, CoGeNT…

3

LXe, LAr, NaI …

Ge CaWO4

Keys:
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(a)                                                    (b)                                                      (c)

  

(d)                                                    (e)                                                       (f)

Figure 2: Working principle of common detector types for the direct WIMP search: (a) scintillating crystal, (b)
bolometer (here with additional charge-readout), (c) single-phase and (d) dual-phase liquid noble gas detectors, (e)
bubble chamber, (e) directional detector. Images adapted from [113].

experiments thus concentrate on exploiting the annual modulation signature (above a much larger non-
modulated signal and background fraction) to identify a DM signal; the individual detection of DM
candidate events is not possible. Typical thresholds are 1 � 2 keVee (⇡ 8 keVnr in Na, 12 keVnr in Cs,
22 keVnr in I).

Germanium and silicon semiconductor ionisation detectors are used to search for DM-induced
charge signals. Only a very small amount of energy is needed to create an electron-hole pair (Ge: 2.9 eV,
Si: 3.6 eV) which leads to an excellent energy resolution. On the other hand, the signals exhibit a
rather slow time constant ⌧ ⇠ 1µs and the capacitance of the diodes, leading to high electronic noise,
does not allow building detectors beyond the few-kg scale. The state-of-the-art experiments use p-type
point contact HPGe crystals at the kg-scale and achieved very low thresholds down to ⇠160 eVee [140].
Background events from the large n+ surface can be distinguished from bulk events based on their longer
rise time [141]. Thanks to their smaller mass number A silicon detectors have a better sensitivity to low-
mass WIMPs than germanium which is exploited, e.g., by using charge-coupled devices (CCDs).

Crystalline cryogenic detectors (bolometers) measure either heat or athermal phonon signals by
measuring the tiny particle interaction-induced temperature increase �T. Detector operation at cryogenic
temperatures T (typically 50 mK) and a low heat capacity C is required to achieve a good sensitivity.
Dielectric crystals with good phonon-transport property are particularly well-suited for cryogenic oper-
ation. Several methods to measure �T are available, frequently used are transition edge sensors (TES)
for athermal phonons and neutron transmutation doped (NTD) germanium thermistors for heat. In both
cases, the resistivity of the sensors strongly depends on the temperature. A simultaneous measurement
of a second observable (ionisation, Fig. 2 b, or scintillation) allows for signal/background discrimina-
tion as the partition of the signal into the two channels depends on the recoil type [142]. Cryogenic
detectors feature a precise energy measurement with almost no quenching in the heat channel, excellent
energy resolution and background rejection down to energies of O(1 keVnr)), where the distributions
start to overlap. The operation at mK-temperatures is challenging and expensive and the requirement of
a low-energy threshold constrains the mass of the individual detectors, limiting the reachable exposure.
The threshold of cryogenic solid state detectors can be further reduced by operating the crystals with a
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cosmic ray flux -> 1/105
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Radiation Shild

24

• ~20cm of Copper, Lead, Polyethylene (for neutron) 
• Tonne scale detector -> Water shield 
• XMASS, LUX, XENON, LZ,  (DarkSide(LAr)  
• => muon veto: tagging neutron

24

▶ 6000 m.w.e (x103 less cosmic rays), class-2000 cleanroom 
▶ Multi-layer shields  for background reduction 
▶ Very quiet, low-radioactive environment

Multi-Layer Shields

Seismic Platform

E-Tank

E-Stem

SNOBOX
C-Stem

Dilution 
Refrigerator

!8
SNOLAB Infrastructure

Gamma Ray Shield (Pb)

Inner Neutron Shield (PE)

Outer Neutron Shield (Water, PE)

DAMA SuperCDMS

Radiation Shield

Material Selection

Particle Identification

Fiducial volume

Neutron veto

Underground Lab

XMASS
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Material Selection (radioactivity)

25

• All materials used in the detector are screened for radioactivity using high-purity germanium 
(HPGe) detectors, ICP-MS, and surface alpha counters. 
• The required sensitivity is typically at the ppt‒ppb level, mainly for the U/Th decay chains, as well 
as 40K and 60Co. 
• Components such as photomultiplier tubes (PMTs) are disassembled and measured part by part.

25

Table 1: The radioactivity of R8778 measured with HPGe detectors [3] and the target values for the development of the new PMT (1/10 of R8778, except for 60Co)
in mBq/PMT. While the numbers for R8778 only reflect the PMT itself, these target numbers in this paper will be applied to the sum of the PMT and its voltage
divider circuit. During the target estimation, we assumed the decay equilibrium is kept for the 238U chain and the 232Th chain.

The 238U chain 232Th chain 40K 60Co
(238U, 226Ra) (232Th, 228Ra)

PMT(R8778) 18±2 6.9±1.3 140±20 5.5±0.9
Target 1.8 0.69 14 5.5
(PMT+circuit)

energy[keV]
500 1000 1500 2000 2500 3000

co
un
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ec
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Figure 1: Typical gamma-ray spectra of a glass beads sample (red) and a background(black) using one of our HPGe detectors is shown. The glass beads are largely
radioactive as presented in Table 3, 1.61±0.02 mBq/PMT for 226Ra, 0.28±0.02 mBq/PMT for 228Ra and 3.3±0.2 mBq/PMT for 40K.

These components are listed in Table 2, together with the
weights of the measurement samples and the respective amount
used to produce one PMT. The weights for the HPGe measure-
ments were a factor 4-100 larger than what is used for one PMT.
Figure 2 shows the R10789 PMT with the voltage divider cir-
cuit, and Figure 3 shows a schematic view of R10789.

Figure 2: The R10789 PMT with the voltage divider circuit.

There are two body components used in one R10789 PMT,

Figure 3: The schematic view of PMT R10789. The components as explained
in Section 4 are shown.

3

PMT in HPGe
No Gap between 
top and base part

Some photos related to Open/Close mechanism and top part

Sample space can be seen clearly
Table 3: Results of measurements for the developed R10789 parts measured in mBq/PMT for 226Ra, 228Ra, 40K and 60Co with HPGe, and for 238U and 232Th with
HPGe, GDMS and ICPMS. Measuring methods for 238U and 232Th are also listed. Details of the calculation of upper limit and summation are explained in the text.

Samples 226Ra 228Ra 40K 60Co 238U 232Th Method for
238U & 232Th

PMT(R10789)
Dynodes <0.10 <0.27 <0.95 0.11±0.04 <2.8 · 10�2 0.15 GDMS
Electrode <0.20 <0.17 <0.63 <8.8 · 10�2 <1.0 · 10�2 <3.3 · 10�3 GDMS
Body, hex part <0.16 <0.35 <1.6 1.0±0.1 <4.2 · 10�2 <1.4 · 10�2 GDMS
Body, cylinder part <0.18 <0.33 <1.6 1.14±0.08 <6.2 · 10�2 <2.0 · 10�2 GDMS
Stem <0.14 <0.24 <1.2 1.08±0.07 <3.3 · 10�2 <1.1 · 10�3 GDMS
Glass beads 1.61±0.02 0.28±0.02 3.3±0.2 <6.7 · 10�3 0.43±0.16 HPGe
Lead wires <9.4 · 10�3 <2.3 · 10�2 <8.2 · 10�2 <4.0 · 10�3 <2.2 · 10�3 <7.2 · 10�4 GDMS
Quartz <0.18 <0.19 <2.9 <7.5 · 10�2 <6.0 · 10�3 <1.9 · 10�3 ICPMS
Sealing <1.2 · 10�2 (3.5±0.9) · 10�2 <0.238 <6.0 · 10�3 1.3 2.5 · 10�2 ICPMS
Getter <6.1 · 10�2 0.10±0.04 <0.53 <2.2 · 10�2

Sum of the PMT
(R10789) parts 1.6±0.3 1.1±0.3 <3.2 3.4±0.2

Table 4: Results of HPGe measurements for the developed voltage divider circuit parts measured in mBq/PMT for 226Ra, 228Ra, 40K and 60Co.
Samples 226Ra 228Ra 40K 60Co
Voltage divider circuit and Cables
Resistors KTR10EZPF (3.3±0.4) · 10�2 (3.5±0.4) · 10�2 0.34±0.05 <2.0 · 10�3

Decoupling capacitors ECWU-JC9 <2.4 · 10�2 <3.0 · 10�2 <0.41 <1.2 · 10�2

Coupling capacitors C4520X7R3D 0.22±0.03 (8.8±1.8) · 10�2 <0.14 <6.7 · 10�3

Circuit board (2.3±0.4) · 10�2 <8.2 · 10�3 <4.0 · 10�2 <1.7 · 10�3

Solder Sr34 LFM48 <2.6 · 10�2 <2.0 · 10�2 <0.44 <5.8 · 10�3

Socket connectors <5.0 · 10�2 <8.8 · 10�2 <0.58 <3.9 · 10�2

Screw m2 <3.1 · 10�2 (4.9±1.4) · 10�2 <0.19 <7.5 · 10�3

Terminal for HV cables (7.4±3.6) · 10�3 <1.3 · 10�2 <5.0 · 10�2 <1.9 · 10�3

Signal connectors MCX <2.8 · 10�2 (8.4±2.1) · 10�2 <0.18 <1.2 · 10�2

PTFE fillers <0.22 <0.19 <1.3 <3.4 · 10�2

Signal cable 0.31±0.04 0.15±0.03 <0.37 <2.0 · 10�2

HV cable <5.0 · 10�2 <5.6 · 10�2 <1.00 <2.9 · 10�2

Sum of the voltage divider circuit parts 0.73±0.11 0.55±0.11 <1.6 <5.2 · 10�2

ramic and PTFE are used respectively as raw materials. These
two materials and glass mentioned above generally contain non-
negligible amounts of radioactive impurities. Therefore, to use
these materials, it is quite essential to find materials with lesser
radio impurities and to reduce their usage as much as possible.
As for 40K, a larger amount was found in the assembled PMTs
than was expected from the sum of its parts, this is speculated
to come from the photocathode. Chemicals used while treating
the photocathode contain potassium, and therefore it is not easy
to suppress this 40K contamination but to control it would be
essential for next generation ultra-low-background PMTs. To
reduce 60Co, Kovar alloy parts (body cylinders and stem) must
be replaced with a new material whose thermal contraction co-
e�cient matches that of quartz and does not contain cobalt. The
Co-free alloy which is used for example by the R11410 PMT
[17] could be used.
In our screening, there were many items where only upper

limits were set. These could contribute significantly in future
PMT developments, especially 228Ra and 40K. Higher sensitiv-
ity measurements are strongly demanded for further reductions.

7. Conclusion

We succeeded in developing the new low background PMT,
R10789, which satisfies the requirements of the XMASS-I de-
tector. It achieved large reduction factor of 8, 4, 1.7 and more
than 10 from PMT R8778 for 226Ra, 228Ra, 60Co, and 40K, re-
spectively. These facts prove that it can be utilized in various
low background experiments. The largest contributions to the
reduction were by exchanging of two items, the stem glass with
Kovar alloy and the ceramic dynode support with quartz. This
is the first model of Hamamatsu Photonics K. K. PMTs that
adopted these materials for low background purposes and pro-
vided a groundbreaking step for further improvements of ra-
dioactivity in PMTs.
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YEAR 2000 2002 2008 2015-
Size	 2inch 2inch 2inch 3inch

Model Prototype R8778 R10789 R13111

Material:Body glass Kovar Kovar

QE 25% 25% 27-39%

U [mBq/PMT] 50 18±2 0.70 +/- 0.28

Th [mBq/PMT] 13 6.9±1.3 1.5   +/- 0.31
40K [mBq/
PMT]

610 140±20 < 5.1
60Co [mBq/PMT] <1.8 5.5±0.9 2.9   +/- 0.16

XMASS PMT HISTORY

PMT

goal is 
1/10 of 
R10780

History of low radioactive PMTs(XMASS)
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λ =
ln 2
T1/2

decay constant

A = λN
radioactivity:

Hint:
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XENONnT uses about 500 light sensors.�

How low in radioactivity do these sensors need to be?

less than 1/1000 than usual one

1 Bq：1 radioactive decay/second

4000 Bq/person
40K
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How low in radioactivity do these sensors need to be?

less than 1/1000 than usual one

1 Bq：1 radioactive decay/second

15 Bq/Banana

4000 Bq/person
40K



Masaki Yamashita, ISEE, Nagoya University 31

XENONnT uses about 500 light sensors.�

How low in radioactivity do these sensors need to be?

less than 1/1000 than usual one

1 Bq：1 radioactive decay/second

15 Bq/Banana

4000 Bq/person

0.01 Bq/Sensor�

5 Bq/500 sensors

40K
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Particle Identification 
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fast neutron 
Neutrino 
WIMP

electronic recoilnuclear recoil

-U/Th/40K etc background

increase in charge yield for low energy nuclear recoils seen
in Fig. 4. By contrast, the fact that the relative charge yield
for nuclear recoils at 56 keV is higher than that of alphas at
5.5 MeV (Fig. 3) is in conflict with the alpha stopping
power being lower than the total nuclear recoil stopping
power including daughter recoils (the ‘‘Hitachi’’ curve in
Fig. 5). Presumably the discrepancy is due to the different
track geometries for these two particles. Alphas have a
cylindrical track in which most of the energy is lost in a
dense core with high recombination, surrounded by a
sparse ‘‘penumbra’’ of delta rays. Nuclear recoils, on the
other hand, are shown by SRIM simulations to have most
energy lost to a large number of secondary branches, each
having substantially lower energy than the initial recoil.
Another striking result is the almost-complete field inde-
pendence of the ionization yield for nuclear recoils (Fig. 3).
By contrast, both electron recoils, which suffer less recom-
bination, and alphas, which suffer more recombination,
have clear field dependencies. Possibly the nuclear recoil
behavior could be due to reduced recombination at all
fields in the very sparse ends of the many secondary tracks,
or it may be caused by an as-yet-unidentified atomic
physics effect. In either case, this new result has the
important practical consequence for dark matter detection
that only modest fields are needed for the background-
discriminating measurement of nuclear recoils.

The different values of S2/S1 for nuclear recoils and
electron recoils make liquid xenon an excellent target for
discrimination between these two types of interactions.
The discriminating power was estimated from the data
sets shown in Figs. 1 and 2 by defining 50% acceptance
windows for nuclear recoils, and counting the fraction of
all electron recoils from the gamma source data that fall in
these windows. The Columbia detector, with higher S1
light collection, achieved an electron recoil rejection effi-
ciency of 98.5%, independent of energy down to 20 keVr at
2:0 kV=cm drift field. This efficiency appears to be limited
by incomplete charge collection for electron recoil events
at the edge of the detector where the field was nonuniform.
The rejection efficiency in the Case detector was better

than 99.5% above 80 keVr at 4:6 kV=cm drift field, pre-
sumably due to a better field geometry with closer elec-
trodes and better S2 resolution. At lower energy the
rejection efficiency decreased due to lower S1 light collec-
tion. The rejection efficiency improves with higher drift
field (in the Case detector, e.g., from 91% at 0:2 kV=cm to
97% at 4:6 kV=cm for 35 keVr). With an optimized field
configuration, and with the x-y position sensitivity of a
LXe TPC as proposed for the XENON experiment [3], the
problem of edge events should be negligible. The dual-
phase xenon technique thus appears very promising for a
large-scale detector with powerful electron recoil back-
ground discrimination for a sensitive WIMP dark matter
search.
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Two-phase Xe Time Projection Chamber

33

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

• I
on
iz
at
io
n 
el
ec
tr
on
 -S
2

• Scintillation light - S1 

WIMP, Neutron, CEvNS

gamma/beta ray

CEvNS= 
Coherent Elastic  
neutrino-Nucleus 
Scattering 

N + ν -> N + ν 
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Fiducial volume cut

3434

LXe

Backgrounds
Edges Homogeneous

ER Materials (β, γ) 85Kr, 222Rn

Other Surface (210Pb) Accidental
coincidence

NR Neutrons ν-nucleus

18

Low-energy (cS1 < 200 p.e.) event distribution
Fiducial volume of 1.3 tons (red line)

Xe 
High                Z(=54) 
High Density 3g/cc

- It is essentially impossible for an MeV 
gamma ray to deposit energy only in the 
few-keV fiducial volume and then escape 
the detector without further interactions. 
- This leads to a background suppression 
of order 10^5. 
- Therefore, reducing internal backgrounds
̶such as ^{85}Kr and radon (^{222}Rn)̶
is crucial.

deposit keV

Radiation Shield

Material Selection

Particle Identification

Fiducial volume

Neutron veto

Underground Lab



Masaki Yamashita,  ISEE  NagoyaU

Neutron Veto

3535

Uwe Oberlack IDM 2018 24-07-18 27

Neutron Veto
Option Gd-doped water 

● Dope water with Gd 0.2% (double of LS)

● Measure Cherenkov light from Compton 
electrons of 8 MeV gamma-ray cascade 
after n-capture

● Add inner high light-yield volume, 
optically separated from MV, shielded 
from external radioactivity

● Crucial: low PMT thresholds

● Experience of Japanese collaborators 
involved with Super-K
(being transformed to SK-Gd)

Monte Carlo 
simulations:

● 120 8” PMTs + high-reflectivity Tyvek

● Coincidence window with TPC S1 
signal of 150 μs seems feasible 
(LS: 300 μs)

       PRELIMINARY

PRELIMINARY

multiple

single

current generation 
(XENONnT, LZ, Panda-X)

•About a few neutrons single-scatter events per ton per year are expected over a 4-year 
exposure. 
•Such neutron events are indistinguishable from dark-matter signals using the TPC alone. 
•These neutrons originate mainly from fission and (α,n) reactions induced by U/Th 
contamination in detector materials such as the cryostat, PMTs, and PTFE. 
•To enable a dark-matter discovery, a neutron tagging efficiency exceeding 80% is required. 
•XENONnT: neutron tagging using water Cherenkov detector with gadolinium, based on 
technologies developed in EGADS and Super-Kamiokande-Gd 
•LZ: neutron tagging using a liquid scintillator veto

Radiation Shield

Material Selection

Particle Identification

Fiducial volume

Neutron veto

Underground Lab
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Underground lab and DM searches

CanFranc 
IGEX 
ROSEBUD 
ANAIS 
ArDM

Gran Sasso 
DAMA/LIBRA 
CRESST I/II 
XENON 
DarkSide 
NEWS-dm

SNOLAB 
DEAP-CLEAN 
Picasso 
COUPP

Soudan 
CDMS II 
CoGENT

Boulby 
NaIAD 
ZEPLIN I/II/III 
DRIFT I/II

Frejus 
EDELWEISS I/II

Kamioka 
XMASS 
NEWAGE

YangYang 
KIMS

JINPING 
PANDA-X 
CDEX

Sanford 
LZ



from arXiv:1310.8327v1 

ν+N-> ν+N

Detector Threshold 
<1keV

Detector Mass 
~10 ton 

SuperCDMS 
CRESST

LXe, LAr



Masaki Yamashita,  ISEE  NagoyaU

Low Mass by cryogenic detectors

38

SuperCDMS

CDMSlite 
E threshold  = 56 eV 

=> SNOLAB 
4 towers x 6 detectors 
about 30 kg total

CRESST-III

CaWO4 @LNGS 
Mass: 23.6 g 
E threshold  = 30.1 eV 

to observe dark matter particles via their elastic scattering off nuclei in their detectors. The small energy
deposit by the interaction in the detector material and the very small expected event rates represent the
major challenges of these experiments.
Cryogenic experiments currently provide the best sensitivity for light dark matter particles, with the
CRESST experiment advancing to the sub-GeV/c2 dark matter particle mass regime.
The CRESST target consists of scintillating CaWO4 crystals operated as cryogenic calorimeters at
millikelvin temperatures (phonon detectors). Most of the energy deposited in a crystal by a particle
interaction induces a heat signal, yielding a precise energy measurement. A small fraction of the
deposited energy is emitted as scintillation light that is measured by a secondary independent cryogenic
calorimeter (light detector), allowing for particle identification [1, 2]. A phonon detector and the
corresponding light detector form a detector module. Both, phonon and light detectors are read out
via tungsten transition edge sensors (TES). Each detector is equipped with a heater to stabilize the
temperature in the operating point and to inject pulses which are needed for the energy calibration.
The experiment is based in the LNGS (Laboratori Nazionali del Gran Sasso) underground laboratory in
central Italy.

2. CRESST-III Detectors

The results from CRESST-II Phase 2 [3, 4] clearly demonstrate that the energy threshold is the main
driver for low-mass dark matter search. Given the kinematics of coherent, elastic dark matter particle-
nucleus scattering, extremely low thresholds of O(50 eV) are necessary to access dark matter particle
masses of O(0.1 GeV). Therefore, the detector optimization for CRESST-III followed a straight-forward
approach thoroughly discussed in [5]. The CaWO4 target crystals of already available quality (i.e.
radiopurity and optical properties) have been scaled down in mass from ⇠ 300 g to 24 g and the
thermometer design has been optimised to achieve a threshold of <100 eV.
A schematic view of the detector layout is presented in fig. 1.

Figure 1. Left: Schematic view of the detector design for CRESST-III modules. Right: Open CRESST-
III detector module during mounting in the Gran Sasso facility.

As can be seen from the picture in fig. 1, the phonon and light detectors are held by CaWO4 sticks,
a design which was already successfully implemented in CRESST-II Phase 2 [4, 6]. In addition, a
novel concept for an instrumented detector holder is introduced in which the sticks holding the phonon
detectors are equipped with TESs which realize a veto against events related to the crystal support.

3. CRESST-III Phase 1

The first data-taking period of the CRESST-III experiment, referred to as Phase 1, has started in July
2016 and since November 2016 the experiment is steadily collecting dark matter data.

Phys. Rev. D 99, 062001 arXiv:1711.07692



Masaki Yamashita,  ISEE  NagoyaU

Super-CDMS
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At	high	voltage you’ve	made	an	
ionization	amplifier

Luke-Neganov Ionization	
Amplification

25

Recoil	Phonons

Luke	Phonons

ΔV

P.N. Luke et al. NIM A289, 405 (1990)

!4
SuperCDMS Detection Concept

E-
fie

ld

Ge/Si

h+

e-
Prompt phonon

Luke phonon

Vbiasχ

Normal State

Tc ~ 50mK

Temperature

TE
S 

Re
si

st
an

ce

SC State

Transition 
StatePhonon

W TES
Al fins

cooper pair → QPs

diffuse

Phonon signal

Charge signal 
(iZIP only)

1. Dark matter particle scatters off target nucleus (Ge/Si) 
-> Prompt phonons & e-/h+ pairs produced 

2. e-/h+ separated by E-field and drifted to electrodes 
-> Luke phonons produced due to Neganov-Luke effect 

3. e-/h+ read out with charge sensitive amplifiers 
4. Phonons break Cooper pairs in Al fins, create quasi-particles (QP) 
5. QPs diffuse into Tungsten (W) Transition Edge Sensors (TESs) 
6. Current change due to ΔRTES read out by SQUID amplifiers 

SQUID: Superconducting Quantum Interference Device (= magnetometer)

ΔRTES

At	high	voltage you’ve	made	an	
ionization	amplifier

Luke-Neganov Ionization	
Amplification

25

Recoil	Phonons

Luke	Phonons

ΔV

P.N. Luke et al. NIM A289, 405 (1990)

At	high	voltage you’ve	made	an	
ionization	amplifier

Luke-Neganov Ionization	
Amplification

25

Recoil	Phonons

Luke	Phonons

ΔV

P.N. Luke et al. NIM A289, 405 (1990)
Eth << 1keV

SuperCDMS G2+:		Hitting	the	Neutrino	Floor
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XENON Experiment

40

Liquid Xenon TPCs

10

ZEPLIN-II XENON10 XENON100 LUX PANDAX-II XENON1T

31 kg
(7.2 kg)

15 kg
(5 kg)

62 kg
(34 kg)

250 kg
(100 kg)

580 kg
(362 kg)

2,000 kg
(1,042 kg)

6.6x10-43 cm2 8.8x10-44 cm2 3.4x10-44 cm2 3.4x10-46 cm2 2.5x10-46 cm2 7.7x10-47 cm2

2007 2007 2010 2013 2016 2017

ZEPLIN-III

12 kg
(7 kg)

8.1x10-44 cm2

2008
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Gran Sasso Laboratory 

•  120 km from Rome  (Abruzzo)�
•  Gran Sasso  ( 2,914 m)�
•Underground Lab  1, 400 m �
•   Cosmic Rays flux  1/106�

•  Middle of 10 km high way tunnel

41
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XENON Experiment at Gran Sasso in Italy
•  120 km from Rome (L’Aquila) �
•  Gran Sasso  ( 2,914 m)�
•Located Underground 1400 m �
–   A cosmic ray flux reduction by 1,000,000 less than on the surface.�

•  In the middle of 10 km high way tunnel

42

XENONnT

High way tunnel
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XENON Collaboration
• 200+ scientists 
• 29 institutions 
• 12 countries 
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XENONnT Detector

44

•φ10m x h 10 m Water+Gd Shield 

•Liquid Xenon detector
•Liquid Xenon Purification/Storage

•Data Acquisition 

•Shift room

•Cryogenics
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Liquid Xenon Purification

45

•Liquid Xenon Purification
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XENON1T at Gran Sasso, Italy

muon veto

gran sasso, Italy
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Why Liquid Xenon?

47

Xenon 
Atomic Number    54 
Atomic Mass　　131

47

Aluminum block floating in liquid xenon (picture)

Picture by Tom Haruyama, KEK

T −100℃
Density 3g/cc

Large Dark Matter�
cross section

=> large mass

Shape-flexible�
Liq/gas purificaton

Heavy liquid 

LXe
Picture from Haruyama

Aluminum�
block (2.7g/cc)

surface
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XENON10 XENON100 XENON1T XENONnT

2005-2007 2008-2016 2012-2018 2019-202x

25 kg - 15cm drift 161 kg - 30 cm drift 3.2 ton - 1 m drift 8 ton - 1.5 m drift

~10-43 cm2 ~10-45 cm2 ~10-47 cm2 ~10-48 cm2

Development of XENON Program

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs
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Dual phase xenon time projection chamber (TPC)

49

• Cylindrical PTFE walls for high reflectivity,  
all materials carefully screened and selected 

• 494 3” PMTs (R11410-21) 
• Inside TPC: 5.9 t of liquid xenon ( t fiducial volume) 
• 5 meshes and a field cage to define electric fields and protect PMTs 

cathode, gate and anode + 2 screening meshes to shield PMT 
arrays 

(gate and anode reinforced by additional perpendicular wires)

> 4 
1.3 m

1.
5 

m

265

XENONnT



XENONnT: 3 detectors

Supernova Neutrino Detection 
through inverse-beta decay channel

TP
C

n-veto

m-veto

CEvNS

Gd-loaded water (EGADS, SK-Gd technology)

Xe Time Projection Chamber 
  - 5.9 t LXe target (WIMP detector)

Neutron Veto System: Gd-loaded Water 
 - 45 t (out of 700 t water tank) 
  - 120 PMTs in nVETO 
  - Highly reflective ePTFE and ultra-pure water to maximize 
light-collection  efficiency 
  - Tag neutrons through the neutron capture on hydrogen  
      which releases a 2.22 MeV γ-ray

Muon Veto System: Gd-loaded Water 
 - 655 t (out of 700 t water tank) 
  - 84 PMTs in μVETO

IBD

~60 events

~10 events

~100events

LXe

Water+Gd

Water+Gd



51

Two-phase Xe Time Projection Chamber
• two signals for each event:  

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

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

• Particle identification using S2/S1 ratio 
(nuclear recoil vs beta, gamma) 

•

�,�

ER

•Scintillation light - S1 
•Ionization electron -S2
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fast neutron 
WIMP

electronic recoilnuclear recoil

-U/Th/40K etc background 

Interaction with dark matter

52
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Two-phase Xe Time Projection Chamber

53

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

• I
on
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n 
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• Scintillation light - S1 
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Two-phase Xe Time Projection Chamber

54

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

• I
on
iz
at
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n 
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on
 -S
2

• Scintillation light - S1 

WIMP Search 

gamma/beta …
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Status of xenon-based dark matter search experiments

55

• XENON, PandaX in China, and LZ in US use  the two phase Xe TPC

PHYSICAL REVIEW LETTERS 135, 221003 (2025)
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ν+N-> ν+N

Detector Threshold 
<1keV

Detector Mass 
~10 ton 

SuperCDMS 
CRESST

LXe, LAr
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Coherent Elastic Scattering of  Neutrinos (CEvNS)

57D. Akimov et al, Science 357 (2017) 

ν

1973  Coherent elastic neutrino-nucleus scattering 
(CEvNS) was predicted theoretically by D.Z. Freedman. 

1985 Drukier&Stodolsky and Goodman&Witten 
showed the possibility for the detection of 
astrophysical neutrino or dark matter through 
coherent elastic scattering 

2017  It was observed experimentally for the first 
time only in 2017 in the COHERENT experiment with 
neutrinos produced by the Spallation Neutron 
Source.

It took ~40 years to observe it.  Why?
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Neutrino-Nucleus Interactions
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M. Cadeddu et al.   EPL, 143 (2023) 34001

~ GeV~ 100 GeV ~MeV

λ~R (~ 5fm),      50 MeV,   Eν ≲

Emax:        ~ 1.5 keV2E2
ν

M
E ~ x 1/1000 w.r.t. neutrino detector
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Coherent Elastic Neutrino Nucleus Scattering
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ν + A →ν + A 
nuclear mass weak nuclear charge

form factor incident ν energy

nuclear recoil energy

Neutron

Proton

~ 0.239

In the Standard Model:

D. Akimov et al, Science 357 (2017) 

~   N2

#Spin-independent Dark Matter case: σ ∝ A2

Rate ~ x1000  
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R. Hammann.
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XENONnT as a Solar Neutrino Detector via CEvNS

61

Nature 562, 505–510 (2018)22.5 kt

4 t

https://www.nature.com/
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Signal (S1, S2)

62

800 us (~ 50cm drift)

300 ns
10 us

3 hits 5 e-

S1 S2

S1 S2
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Liquid Xenon Purity During Science Runs

63

Liquid phase purification

SR1SR0

XENONnT requirement: ~2ms

• S2 (Charge) signals depend on the purity of LXe. (e.g. O2 impurity) 
• XENONnT maintains high electron lifetime thanks to its novel liquid 

phase purification
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Calibration with Mono-energetic Electronic Recoils

64

• Cosmogenic μ-induced neutrons, significantly reduced by muon veto 
detector

• Coherent elastic v-nucleus scattering irreducible background (sun, 
atmosphere)

• Radiogenic neutrons from (α, n) reactions and fission from 238U and 

232Th chains and spontaneous fission
– reduced via careful material selection
– non-homogeneous event  distribution

SR1SR0

Science 
Run g1 [PE/ph] g2 [PE/e]

SR0 0.1515 ± 0.0014 16.45 ± 0.64

SR1 0.1367 ± 0.0010 16.85 ± 0.46
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88YBe neutron calibration
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YBe: Neutron Calibration

8B CEvNS

neutron energy 152keV 
(γ, n) reaction, ~ 20 n/s
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Electronic Recoil Background

66

• Commercial Xe: 1 ppm - 10 ppb of natKr 
• XENON1T sensitivity requires: < 1 ppt  
• Solution: 5.5 m distillation column, 6.5 kg/h throughput 

>6.4×105 separation, output concentration < 48 ppq (RGMS)

Final ER background prediction  
• SR0:  0.13 ± 0.13 Events 
• SR1:  0.56 ± 0.56 Events
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Final Prediction of 8B Signal and Background

67

Component Rate [Events]

AC - SR0 7.48 ± 0.52

AC - SR1 17.77 ± 1.23

ER 0.68 ± 0.68

NR 0.47 ± 0.32

Total 
Background 26.4 ± 1.5

8B 11.93 ± 3.1

We expect solar 8B neutrinos at a median significance of ~ , with a counting-only analysis2σ

efficiency

8B w/

8B w/o

Final Prediction
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Results from Unblinding

68

*First solar 8B flux measurement via CEvNS as  
[1.72, 10.6] x 106 cm-2 s-1 at 90% C.L.

The background-only 
hypothesis is disfavored at 

2.73σ

* Panda-X https://arxiv.org/abs/2407.10892 (2.64σ)

https://arxiv.org/abs/2407.10892
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First Measurement of CEvNS with a Xe Target

69

Figure credit: Kate Scholberg

σ~   N2
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Summary and Outlook

70

- First 8B solar neutrinos 
measurement by the coherent 
neutrinos-nucleus scattering. 

- Demonstration of Supernova burst 
neutrino detection. (flavor 
independent, multi-messenger)

#Recently, LZ report > 4 sigma
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And more…

71

Inelastic scattering 
(Higgsino e.g. CAP04(2023)026) 

Migdal effect 
(Nature  649, 580 (2026)) 

Electronic Signal 
-Solar Axions 

-ALPs 

-Dark Photon 

-νmagnetic moment

PHYSICAL REVIEW LETTERS 129, 161805 (2022)
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Summary and Outlook

72

- First 8B solar neutrinos 
measurement by the coherent 
neutrinos-nucleus scattering. 

- Demonstration of Supernova burst 
neutrino detection. (flavor 
independent, multimessenger) 

-  Dawn of Neutrino Fog Era for Dark 
Matter Search  (~ 6 GeV WIMP)

2021 PRL Ciaran A. J. O’Hare



The XLZD Collaboration
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University of Sydney

Kobe University 
Nagoya University 
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Tsinghua University 
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Johannes Gutenberg University Mainz 
Karlsruhe Institute of Technology 
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TU Dresden 
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University and INFN Bologna 
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Lawrence Berkeley National Laboratory 
Lawrence Livermore National Laboratory 
SLAC National Accelerator Laboratory 
University of California, Berkeley 
University of California, Davis 
University of California, Los Angeles 
University of California, San Diego 
University of California, Santa Barbara

The University of Melbourne

Countries: 17 
Institutions: 76 
Members: 440+

XLZD Meeting - LNGS, July 2025

+active discussion
with nEXO members

+ +

XENONnT +  LUX-ZEPLIN +  DARWIN
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Science: Multi-purpose observatory

• WIMP search is the primary goal


• Opportunity to be competitive in 0𝝂ββ


• Other DM candidates  
(Light WIMPs, Axions, ALPs, Dark Photons, etc)


• Neutrino physics

• Solar neutrinos (model, properties)


• Supernovae
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Detector: Liquid Xenon Time Projection Chamber

 ~ 2.97m

~ 
2.
98
 m

• Largest xenon observatory for rare events 
• The design is based on the mature technology of current-

generation LXe TPC and will have opportunities for 
further optimization of the individual detector 
components. 

• ~ 3 m diameter and drift length 

• Target Mass: 60-80 tonnes LXe 

60 - 80 tonnes�
active
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Xenon Isotopes

•Both spin-independent and spin-dependent WIMP DM search (half-half ) 

•No long-lived isotopes except 124Xe and 136Xe  
• 124Xe double electron capture isotope ( T1/2 ~ 1022 y) 

• the longest half-life ever measured directly 
• 136Xe 0νββ decay  

•Enrich or depleted gases are possible.   
•  e.g.  Y. Suzuki arXiv:0008296

124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 132Xe 134Xe 136Xe
0.10% 0.09% 1.92% 26.4% 4.07% 21.2% 26.9% 10.4% 8.87%
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XLZD: WIMP Sensitivity

• Searching  for WIMPs down to the neutrino “fog” 
• Indistinguishable background from astrophysical neutrinos 

• Limited sensitivity improvement  (20% flux uncertainly) 

• Systematic uncertainty limit (1000 t∙yr) 

• 90% C.L. exclusion 2.5x10-49 cm2  (at 40 GeV, 200 t∙yr)

The XLZD Design Book: Towards the Next-Generation Liquid 
Xenon Observatory for Dark Matter and Neutrino Physics  
arXiv:2410.17137v1

Projected sensitivity and current limits Detection capability of benchmark candidates

20GeV 80GeV

• Constraining dark matter properties 
• evidence contours for 20 GeV and 80 GeV WIMPs (1000 t・y) 

• covering most of the cases for Electroweak multiplet DM 

• Higgsino and Bino DM: highly complementary to that of collider
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XLZD:  136Xe 0𝝂ββ Search

• Internal and intrinsic backgrounds 


• 214Bi β from 222Rn in the xenon (Q = 3270 keV)

• We assume 0.1 µBq/kg 222Rn rate and >99.95% BiPo tagging


• 137Xe β (Q = 4170 keV), neutron activation of 136Xe

• Mostly by muon-induced neutrons, depending on the installation site


• Electron recoils from 𝝂-e- scattering (8B), irreducible

• 136Xe is 8.9% of natural xenon

• With 80 t target mass, XLZD will contain >7 t of 136Xe


• Xenon TPCs have excellent resolution

• 0.67% demonstrated in LZ,  0.8% in XENON1T

32 keV

136Xe 0𝝂ββ Q = 2458 keV
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Neutrino

• Neutrinos (solar model, neutrino properties) 
• High statistics pp neutrino measurement 

• Neutrino survival probability  (5.1-420 keV)  

• lowest energy threshold 

• Test the LMA-MSW solution to neutrino oscillations 

• Neutrino magnetic moment

XENONnT

DARWIN (~ XLZD)

Phys.Rev.D 94 (2016) 10, 103009 
Ann. Rev. Nucl. Part. Sci. 27, 167 (1977)

•Flavor independent detection via CEvNS 

•A few 100s events @ 10kpc
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2.
6 
m

Full height and diameter test facility for DARWIN/XLZD

High voltage, Purity … Electrode and other detector components
JINST 16 P08052(2021)

@Freiburg

@Freiburg@Zurich

R&D Activities:  TPC and Electrodes/HV 

 ~ 2.97m

~ 
2.
98
 m
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Photosensors

R11410 (LZ, XENONnT, PandaX) R13111 (XMASS) 
Lowest radioactivity 

Low Dark Current SiPM

K. Abe et al. JINST 15 P09027

Digital SiPM2inch square

Hybrid



•  The XLZD collaboration was formed in 2024 by  

• XENONnT +  LUX-ZEPLIN +  DARWIN 

•XLZD will be a successor to the state-of-the-art 
liquid xenon dark matter detector. 
•Ultimate detector for WIMP search (neutrino fog) 
‒Solar Neutrino 
‒Double Beta Decay 
‒SuperNova  …etc 

• start observation in 2030’ 
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Conclusion

2030年代2025 20262020’s 2030’s2010’s

LUX/XENON1T LZ/XENONnT XLZD

2040’

start UG activity

LNGS visit during the XLZD meeting
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50 yrs

GW

100 yrs

Higgs
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90yrs 50yrs

Dark Matter

50 yrs

GW

100 yrs

Higgs
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MACRO (1988-2002) at LNGS
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NuclearInstruments andMethodsinPhysicsResearchA486(2002)663–707
Scintillator + Trach Etch Detector (CR39) 

Search for  

magnetic monopole,  

nuclearite (u + d + s) 

charged Q-ball 


