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Direct WIMP detection: principle
• Elastic collision with atomic nuclei in ultra-low background detectors

• Energy of recoiling nucleus: few keV to tens of keV

Goodman and Witten, PRD31, 1985

NN = number of target nuclei in a detector

ρ0 = local density of the dark matter in the Milky Way

f(v) = WIMP velocity distribution in lab frame

mW = WIMP-mass

σ =cross section for WIMP-nucleus elastic scattering

Particle+nuclear physics

Astrophysics
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WIMPs in the galactic halo

High-resolution cosmological simulation with 
baryons: F.S. Ling et al, JCAP02 (2010) 012

JCAP02(2010)012
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Figure 7. (Left) Average density of DM particles with 7 < R < 9 kpc as a function of the height from
the galactic disk z (R is the spherical radius to the galactic center). The dashed line gives the average
value for the entire spherical shell. To select particles in z slices, we used a thickness �z = 2 kpc.
(Right) Ratio of ring to shell densities as a function of distance from the galactic center for di↵erent
planes. The ratio fluctuates around 1.2 for the galactic plane (blue), while it drops to a value ⇠ 0.9
for other planes (green, magenta). For the plane yz, the sudden peak at R ' 13 kpc is due to the
presence of a satellite halo, visible on figure 8.b.
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Figure 8. Density maps of the dark matter halo in the planes a) xy (galactic plane), b) yz.
Contours correspond to ⇢DM = {0.1, 0.3, 1.0, 3.0} GeV/cm3.

|z| < 3 kpc, we have Nstar = 143, 320. The distribution of v
r

and v
�

are shown on figure 6. We
observe that the dark matter and the star particles are indeed co-rotating in the solar neigh-
borhood. The mean tangential velocity is hv

�

i = 201 km/s but tends towards hv
�

i = 225 km/s
for stars closer to the galactic plane, which is consistent with Milky Way rotation curve
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Density map of the dark matter halo 
rho = [0.1, 0.3, 1.0, 3.0] GeV cm-3

JCAP02(2010)030

Figure 2. Velocity distribution functions: the left panels are in the host halo’s restframe, the right
panels in the restframe of the Earth on June 2nd, the peak of the Earth’s velocity relative to Galactic
DM halo. The solid red line is the distribution for all particles in a 1 kpc wide shell centered at
8.5 kpc, the light and dark green shaded regions denote the 68% scatter around the median and
the minimum and maximum values over the 100 sample spheres, and the dotted line represents the
best-fitting Maxwell-Boltzmann distribution.

kpc for GHALO and GHALOs, and contain a median of 31,281, 21,740, and 14,437 particles
in the three simulations.2

The resulting distributions, both in the halo rest frame and translated into Earth’s rest
frame, are shown in figure 2. The shell averaged distribution is plotted with a solid line, while
the light and dark green shaded regions indicate the 68% scatter around the median and the
absolute minimum and maximum values of the distribution over the 100 sample spheres.
For comparison we have also overplotted the best-fitting Maxwell-Boltzmann (hereafter MB)
distributions, with 1D velocity dispersion of �1D = 130, 100, and 130 km/s. These clearly

2
Tables of g(vmin) determined from the spherical shell and the 100 sample spheres, and trac-

ing the annual modulation over 12 evenly spaced output times, are available for download at

http://astro.berkeley.edu/⇠mqk/dmdd/.
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Velocity distribution of WIMPs in the galaxy

M. Kuhlen et al, JCAP02 (2010) 030

=> WIMP flux on Earth:
  ~105 cm-2s-1 (MW=100 GeV)

From cosmological simulations of galaxy 
formation: departures from the simplest case 
of a Maxwell-Boltzmann distribution

In direct detection experiments, mostly a 
simple MB distribution, truncated at vesc, is 
used in the sensitivity calculation



WIMP masses and scattering cross sections

• Example for theoretical predictions from supersymmetry

• Scattering cross sections on protons/neutrons down to 10-48 cm2
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Figure 14. The 68% and 95% CL contours (red and blue, respectively) in the CMSSM (left) and the
NUHM1 (right). The solid lines are for fits including the XENON100 [25] and LHC1/fb data, whereas
the dotted lines include only the pre-LHC data [5].

larger value of tan!, but this may eventually
lead to subsidiary tension with the LHC H/A
constraints and the tightening experimental vise
on BR(Bs ! µ+µ!). In any case, it will be
important to subject the (g " 2)µ constraint to
closer scrutiny, and the upcoming Fermilab and
J-PARC experiments on (g " 2)µ [66] are most
welcome and timely in this regard. In parallel, re-
finements of the experimental inputs for the pre-
diction of (g " 2)µ from both low-energy e+e!

and " decay data would also be welcome. It will
be also necessary to subject the theoretical cal-
culations within the SM and the corresponding
estimates of the remaining theoretical uncertain-
ties to further scrutiny.

The dark matter upper limit on the sparticle
mass scale remains unchanged, and is respon-
sible for the disfavoured region above m1/2 #
2500 GeV visible in our figures for the CMSSM
and the NUHM1. On the other hand, the dark
matter constraint on m0 is not so strong, as also
seen in the figures, extending well beyond the
range displayed. Considering the impact of di-
rect jets + /ET searches only, the regions of the
CMSSM and NUHM1 (m0,m1/2) planes in Fig. 2
with p-values significantly non-zero extend be-
yond the likely reach even of the full-energy LHC

in its high-luminosity incarnation. A fortiori, the
same is true for the regions of these planes allowed
at the current 95% CL (!#2 = 5.99 relative to the
global minima, bounded by the blue contours in
Fig. 1). This is even more true of the full regions
of the CMSSM and NUHM1 (m0,m1/2) planes
that are allowed by the dark matter constraint.
In light of this discussion, under what circum-

stances could one conclude that the CMSSM or
NUHM1 is excluded? Currently, our best fits in
both these models have p-values above 10%, com-
parable to that of SM fits to precision electroweak
data from LEP and SLD, and the F-test shows
that both the CMSSM and NUHM1 are war-
ranted extensions of the SM, in the sense that in-
troducing their parameters provides an improve-
ment in #2 that is valuable in both cases. More-
over, it seems unlikely that the LHC will soon be
able to explore all the region of the (m0,m1/2)
planes in Fig. 2 where the models’ p-values ex-
ceed 5%, nor does the LHC seem likely soon to
push F! (see Fig. 3) to uninterestingly low lev-
els. This is not surprising, as in the high-mass
limit the superpartners decouple and one is left
essentially with the SM with a light Higgs.
One way for the LHC to invalidate the mod-

els studied here would be to discover an SM-like

~ 1 event kg-1 yr-1

~ 1 events t-1 yr-1

2011

CMSSM
MasterCode, O.Buchmueller et al



WIMP masses and scattering cross sections

• Example for theoretical predictions from supersymmetry

• Scattering cross sections on protons/neutrons down to 10-48 cm2

~ 1 event kg-1 yr-1

~ 1 events t-1 yr-1

2013

CMSSM
MasterCode, O.Buchmueller et al
Eur.Phys.J. C72 (2012) 2243



Interaction rates for elastic scattering
• Recoil rate after integration over WIMP velocity distribution

Si
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A world-wide effort to search for WIMPs

SNOLab
DEAP

CLEAN
Picasso
COUPP
DAMIC

Soudan
SuperCDMS

CoGeNT

Homestake
LUX Modane

EDELWEISS

Canfranc
ArDM

Rosebud
ANAIS

Gran Sasso
XENON
CRESST

DAMA/LIBRA
DarkSide

South Pole
DM Ice

YangYang
KIMS

Jinping
PandaX
CDEX

Kamioka
XMASS
Newage

Boulby
ZEPLIN
DRIFT

Detailed talks in the afternoon sessions
Here: some basics + brief review of the field 



Noble gases in Mendeleev’s Periodic Table

Discovered later by William 
Ramsay, student of Bunsen and 
professor at UC London
1904 Nobel Prize in  Chemistry

"in recognition of his services in the 
discovery of the inert gaseous 
elements in air, and his determination 
of their place in the periodic system".Argon: “the inactive one”, neon: “the new one”, 

krypton: “the hidden one”, xenon: “the strange one”



Noble gases underground



Liquefied noble gases as WIMP targets

• Dense, homogeneous target with self-shielding; fiducialization

• Large detector masses feasible at moderate costs

• High light (40 photons/keV) and charge (WLAr = 24 eV, WLXe = 15 eV ) yields414 E. Aprile and L. Baudis

Table 21.1. Physical properties of xenon, argon and neon.

Properties [unit] Xe Ar Ne

Atomic number: 54 18 10
Mean relative atomic mass: 131.3 40.0 20.2
Boiling point Tb at 1 atm [K] 165.0 87.3 27.1
Melting point Tm at 1 atm [K] 161.4 83.8 24.6
Gas density at 1 atm & 298 K [g l!1] 5.40 1.63 0.82
Gas density at 1 atm & Tb [g l!1] 9.99 5.77 9.56
Liquid density at Tb [g cm!3] 2.94 1.40 1.21
Dielectric constant of liquid 1.95 1.51 1.53
Volume fraction in Earth’s atmosphere [ppm] 0.09 9340 18.2

several practical aspects of a dark matter detector based on the specific noble
liquid. The high atomic number and high density make LXe an excellent
detector medium for penetrating radiation. Its relatively high temperature,
compared with that of LAr and LNe, also facilitates detector handling. In
terms of cost, LXe is the most expensive of the three noble liquids, owing to
its low fraction in the atmosphere. However, the problem of radioactive 39Ar
present at the level of 1 Bq kg!1 in atmospheric Ar will increase the cost of
LAr for large dark matter detectors, which will require Ar depleted in 39Ar
by centrifugation or by extracting it from other sources than the atmosphere.

21.1.2 Ionization and scintillation production

The ionization process. The energy loss of an incident particle in noble
liquids is shared between the following processes: ionization, excitation and
sub-excitation electrons liberated in the ionization process. The average
energy loss in ionization is slightly larger than the ionization potential or the
gap energy because it includes multiple ionization processes. As a result, the
ratio of the W -value, the average energy required to produce an electron-
ion pair, to the ionization potential or the gap energy is 1.6!1.7 [102].
Table 21.2 shows the W -values in noble gases (liquid and gaseous states)
[102; 691; 1459; 1833]. In general, the W -value in the liquid phase is smaller
than in the gaseous phase, and the W -value in liquid xenon is smaller than
that in liquid argon and liquid neon. As a consequence, the ionization yield
in liquid xenon is the highest of all noble liquids.
The scintillation process. Luminescence emitted from liquids or solids
is called scintillation. Scintillation from noble liquids arises in two distinct

W. Ramsay: “These gases occur in the air but sparingly as a rule, for while argon forms nearly 1 
hundredth of the volume of the air, neon occurs only as 1 to 2 hundred-thousandth, helium as 1 to 2 
millionth, krypton as 1 millionth and xenon only as about 1 twenty-millionth part per volume. This more 
than anything else will enable us to form an idea of the vast difficulties which attend these investigations. “



Electronic/nuclear recoil

excited molecular states R2*

1Σ+u
3Σ+u

(R+R)

excitons R*

holes R+ electrons
escape (or drifted 
and detected if E-

field is applied)

localized 
ions R+2

thermalized
electrons

Scintillation/ionization process in noble liquids

fast 
(3 ns Xe; 
7 ns Ar)

slow 
(27 ns Xe
1.6 µs Ar)

Kubota et al., 
PRB 20, 19799

VUV photons 

recombination
τ ≈15 ns
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Energy scale for nuclear recoils: light yield

D. Gastler et al., Phys. Rev. C 85, 065811, 2012

Le↵(Enr) =
Ly,er(Enr)

Ly,er(Eee = 122 keV)

G. Plante et al., Phys. Rev. C 84, 045805, 2011
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FIG. 4: Variation of the S1 scintillation yield for
11 keV nuclear recoils as a function of drift field.
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11 keV NRs

added complication of possible electron multiplication
near the anode wires. Typical values were 19 pe=e! at
4:6 kV=cm drift field (Case) and 8:4 pe=e! at
2:0 kV=cm (Columbia).

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

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

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

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

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

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

FIG. 2 (color). Case detector response to 252Cf neutron and 133Ba gamma sources at 1:0 kV=cm drift field.
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Field dependance: LXe, also measured by Manzur et al down to 4 keVnr, no significant quenching of the light yield was observed 
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scattered neutrons around the nominal flight time at roughly -45 ns. Also visible is a broad
distribution of inelastic scatters where neutrons loose a substantial fraction of their energies. A
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Figure 7. Raw distributions of IPH and CR
after the time and IPH cut.

small uniform background originates presumably
in accidental coincidences of bremsstrahlung pho-
tons in the outer LAr volume. Two principle cuts
are applied to select events. Firstly a time cut of a
5 ns window to the right of the most probable value
of the elastic scatter peak and secondly the (loose)
limit on IPH (typ. 50 pe). The latter removes very
e!ciently accidental coincidences with photons, in-
elastic scatters with large energy deposit in the LAr
as well as cosmic muons. In the case of the 30 deg
data we end up with roughly 1k events, shown in
fig. 7. From these distributions we determine the
value for A and CR, the former from the distribution mean and the latter by a fit to the mean
trace of selected events. A more precise study by comparing the measured distributions to the
ones generated by MC is in progress. We estimate roughly 15% background in the selected data
(incl. double scatters). From a preliminary analysis of the 5 scattering angles we determine
light yields as well as component ratios with errors of typically 15%. The errors are estimated
from the reconstruction of A and CR and calculated according to the standard propagation law.
Figure 8 to the left shows our measurements in comparison to [8] and the one averaged value
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Figure 8. Left: values for Le! with a comparison to theoretical curves and other published data. Right:
relative scintillation components for nuclear recoils and electrons plotted against the two energy scales.

from [7]. The measurements still allow for a flat interpretation of Le! , leading to a mean value
of <Le!>=0.29±0.03 for nuclear recoils at energies above 20keVr or 6keVee. At the present
state of the analysis we can neither exclude nor confirm the increase of Le! at the low energy
edge of the data from [8]. However we plan to upgrade the LAr cell with higher QE PMTs as
well as to improve significantly on the argon cleaning system.

LAr features the possibility of a separate study of singlet and triplet contributions under
quenching e"ects. This is shown by the relative values of A and B in fig. 8 (right), for nuclear
recoils and electrons, respectively. The two energy scales are added to top and bottom. The
dashed lines correspond to linear fits of the absolute values of A and B and are meant to
guide the eye. A comparison with the theoretical description of luminescence quenching in LAr
by a simple saturation law combined with the Lindhard model [11] favours the assumption of
a constant value for Le! . Hence these measurements are compatible with an interpretation
of collisional spin change of triplet state excimers or a preferred production of singlet states
excimers under higher ionisation densities during the selftrapping process of the excitons.

8

C. Regenfus et al., JoP Conf. Series 375, 01219, 2012



Energy scale for electronic recoils: light yield

Relative light yield to 32.1 keV of 83mKr
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FIG. 8: (color online) The quenching of the scintillation signal
with an applied electric field of 450V/cm. Vertical lines rep-
resent statistical uncertainties, grey bars represent systematic
uncertainties, and horizontal lines are the 1 ! spread in the
distribution of electron recoil energies. Also show are the pa-
rameterized predictions from [13] (blue circles) and 57Co field
quenching [39] (purple diamonds) at 400V/cm and 500V/cm.
The prediction of the NEST model [36, 37] for quenching at
450V/cm is indicated by the green curve.

PDFs for the light yield. The last row of Figure 6 shows
the measured and best-fit spectra of the three scattering
angles collected. These PDFs are convolved with their
corresponding zero-field light yield PDFs to obtain pos-
terior PDFs of their ratio, known as the field-quenching
value, q(450), shown in Table I. For each scattering an-
gle with applied field, the 450V/cm data and the zero-
field data were taken consecutively. Therefore, any po-
tential misalignment of experimental components will be
unrelated to the applied field. The resulting scintilla-
tion quenching values, along with those simultaneously
obtained for 57Co and 83mKr, are shown in Figure 8.
Also shown is the predicted scintillation quenching of the
NEST model.

V. DISCUSSION

A. Comparison of results

The results presented here represent the first obser-
vation of LXe scintillation light from electronic recoils
down to 1.5 keV, and additionally measure the behav-
ior of this scintillation emission under the application of
a static electric field. The general behavior—that of re-
duced LY for decreasing energies—is predicted by a num-
ber of methods (see [36] and references therein), and is
understood as being due to reduced electron-ion recom-
bination. Below 10keV, the data show no significant en-
ergy dependence on the strength of field quenching, but

support an average value of q(450) = 0.74±0.11. For the
NEST prediction of this quantity shown in Figure 8, the
horizontal scale indicates the energy of the primary ! ray
(not electronic-recoil energy), and is therefore in princi-
ple distinct from Compton scatters. The feature in the
NEST curve between !15keV and !50keV is an indirect
result of photoabsorption onK -shell electrons, and would
be absent for Compton scatters of this energy. However,
the distinction between Compton scatters and photoab-
sorptions disappears at low energies [36, 40], where the
recombination probability becomes independent of stop-
ping power, and instead depends only on the total num-
ber of charges produced. It is therefore an applicable
prediction of our results in this energy regime.
It is interesting to note that the data obtained from

X-rays [35] show an increased light yield at 7.84 keV
compared with the data obtained here from Compton
scatters, when normalizing their interpolated value at
32.1 keV. The photoabsorption process that the X-rays
undergo favors inner-shell electrons (when accessible)
[41], which means that the recoiling electrons can have
significantly less energy than the incoming photons be-
cause they must overcome large binding energies. On
the other hand, Compton scattering on inner-shell elec-
trons is suppressed for scattering angles below !60! [42].
Therefore, the two results actually probe LXe’s response
at slightly di!erent electron energies. In principle, the
axioelectric e!ect, which has been induced as a possi-
ble explanation of the observed DAMA annual modula-
tion signal, would be similar to the photoelectric e!ect.
However there is of course an overlap of e!ects, since
low-energy Compton scatters do also probe inner-shell
electrons, as can be seen by the L-shell feature in Figure
4.
The data reported by Aprile et al. [14] show good

agreement with the present results above !10 keV, but
show a separation below this energy. Considering both
statistical and systematic uncertainties gives a maximum
discrepancy of 1.7" at !5 keV and 1.4" at !1.5 keV.

B. The 9.4 keV anomaly

The discrepancy seen in the LY of the 9.4 keV emission
from 83mKr deserves attention. The energy of this decay
is carried mostly by internal conversion electrons emitted
from the inner shell [43], however, this data point is in-
consistent also with the X-ray data, for which the process
should in principle be similar. One notable characteris-
tic of the 9.4 keV emission is that it quickly follows the
32.1 keV emission of the same nucleus, with a half-life of
154.4 ns [44]. It was pointed out by [45] that the 32.1 keV
emission could leave behind a cloud of electron-ion pairs,
close to the mother nucleus, that fail to recombine. The
electrons (ions) produced by the 9.4 keV emission could
then potentially have an additional supply of left-over
ions (electrons) with which to recombine, producing more
scintillation photons than would be observed normally.

LB et al., PRD 87, 2013; arXiv:1303.6891

9

TABLE I: Results of the light-yield measurements. !c is the central angle of the dataset; Eer is the central energy of the energy
distribution; Re is the zero-field central relative light yield value (relative to the scintillation emission at 32.1 keV); "st is the

statistical uncertainty; "(1)
sys is the systematic uncertainty resulting from potential misalignment of experimental components;

"
(2)
sys is the systematic uncertainty associated with the choice of fit range; "(3)

sys is the systematic uncertainty associated with source

activity; "(4)
sys indicates the discrepancy introduced between 1-fold and 2-fold coincidence requirements on the LXe PMTs; an

additional systematic uncertainty of 1.5% is applicable to all values in the third column, which arises from variations in results
of weekly 57Co calibrations. q(450) is the scintillation quenching factor at an applied field of 450V/cm; the first uncertainties
are statistical, the second systematic.

!c Eer (keV) Re "st "
(1)
sys "

(2)
sys "

(3)
sys "

(4)
sys q(450)

4.25! 1.50+5.2
"1.2 0.37 +0.20

"0.12
+0.03
"0.04 ±0.03 ±0.02 ±0.14 0.64+0.45+0.09

"0.20"0.09

5.25! 2.60+5.6
"1.9 0.52 +0.10

"0.15
+0.03
"0.03 ±0.01 ±0.06 ±0.05 0.77+0.42+0.02

"0.28"0.02

6.25! 5.40+3.5
"3.5 0.57 +0.08

"0.15
+0.03
"0.02 ±0.04 ±0.01 ±0.03 —

8.50! 7.84+7.3
"4.4 0.82 +0.03

"0.02
+0.03
"0.03 ±0.03 ±0.04 ±0.01 0.74+0.03+0.12

"0.03"0.12

83mKr 9.4 1.10 +004
"004 — — — — 0.893+0.001+0.014

"0.001"0.014

16.25! 31.6+9.4
"9.4 0.96 +0.01

"0.01
+0.01
"0.02 ±0.01 ±0.01 ±0.00 —

83mKr 32.1 ! 1 — — — — — 0.741+0.001+0.011
"0.001"0.011

34.50! 118.9+21.6
"27.0 0.959 +0.005

"0.004
+0.005
"0.006 ±0.005 ±0.008 ±0.000 —

57Co 126.1 0.97 +0.003
"0.003 — — — — 0.593+0.003+0.009

"0.003"0.009
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FIG. 7: (color online) Results of the light yield relative to
that of the 32.1 keV emission of 83mKr, Re. The current
work (red) shows statistical uncertainties as vertical lines, sys-
tematic uncertainties as light, shaded rectangles, and the 1"
spread in the distribution of electron recoil energies as hori-
zontal lines. Also shown are the results from studies with X-
rays [35] (blue), the recent Compton-scatter study by Aprile
et al. [14] (purple) and the model prediction of NEST [36, 37]
(green). The gray band indicates the 1" range of Re models
used to determine the energy thresholds of four recent LXe
dark-matter searches.

where !A is the uncertainty in the source activity
(as in Eq. (5)) and "2

A is the variance of A from the
fit. The factor cov(LY0, A)/"2

A gives the slope of
LY0 versus A.

• "(4) quantifies the uncertainty associated with the
choice of the PMT coincidence requirement. An
N = 2 coincidence requirement on the two LXe
PMTs is separately imposed, correcting the result-
ing scintillation spectrum by a simulated coinci-
dence e!ciency curve, and performing the fits again
for LY0.

• "(5) is a 1.5% relative systematic from fluctuations
in the PMT gains and weekly 57Co calibrations.

These systematic uncertainties are combined in quadra-
ture to form the systematic error bars in Figure 7, and
the first four are shown in Table I. In the lowest energy,
the dominating systematic is "(4) with a contribution of
38%; this systematic rapidly decreases to 1% by 8.5! and
zero beyond.

D. Field dependence

The previous results all pertain to the light yield of
LXe with no applied electric fields. As mentioned in Sec-
tion II, data were also collected with an applied field
of 450V/cm for a subset of scattering angles in order to
study the scintillation quenching of LXe at the lowest en-
ergies. The data collected with this field are fit using the
same procedure as before, resulting in a set of posterior

Columbia: 
Aprile et al., 
PRD 86 (2012)

Quenching of the scintillation light at a field of 0.45 kV/cm

2

!

LXe

"

NaIPbCryostat

137Cs

FIG. 1: Schematic top-view of the experimental setup. The 662 keV ! rays are collimated twice: first as they leave the 137Cs
source, and second after they scatter in the LXe volume. The Pb channel from LXe to NaI is also covered on top and bottom
(not shown). The scattering angle, ", is varied from 4.25! to 34.5!.

data analysis, including comparison with detailed Monte74

Carlo simulations, and give the results of our measure-75

ments. In Section V we present a summary of our main76

findings, as well as a discussion and implications of the77

results for dark matter searches.78

II. EXPERIMENTAL METHODS79

The Compton-scatter setup consists of a collimated80

137Cs source, a small LXe scintillation cell, and a NaI81

scintillating crystal, shown schematically in Figure 1.82

The 17.3MBq 137Cs source emits 662 keV ! rays and is83

encased in a lead block with a small cylindrical open-84

ing, 0.6 cm in diameter and 5 cm long, that acts as a85

collimator. Monte Carlo (MC) simulations of this source86

show that the resulting beam from the collimator has87

a 1" angular spread of 1.6!. The LXe cell, which is88

described in detail in [13, 20], consists of a cylinder of89

LXe, 4.5 cm tall and 3.5 cm diameter, viewed on top and90

bottom by two 2”-diameter Hamamatsu R6041 photo-91

multiplier tubes (PMTs), and surrounded by a polyte-92

trafluoroethylene (PTFE) shell. The PTFE acts as an93

e!cient light reflector [21] which permits photons hit-94

ting the detector walls to still be detected in the PMTs.95

Three flat grid electrodes, located at 0.5 cm (cathode),96

3.5 cm (gate), and 4 cm (anode) above the bottom pho-97

tocathode, intersect the LXe cylinder and are used to98

apply static electric fields across the volume. In order99

to maximize the e!ciency for detecting scintillation pho-100

tons, LXe is filled fully from the bottom PMT to the top101

PMT, producing a single-phase detector. This contrasts102

with most LXe dark matter detectors which use a dual-103

phase design in order to also detect very small ionization104

signals [22]; the scintillation signal in the present detec-105

tor is reduced by !40% when the liquid-gas interface is106

lowered below the top PMT. The PMT photocathodes107

are held at ground potential, with positive high voltage108

applied to their anodes. Throughout the run, the LXe is109

continuously recirculated and purified through a SAES110

Monotorr hot getter, in order to remove any impurities111

that may enter the liquid. The NaI detector is a Saint-112

Gobain model 3M3/3, which is a fully integrated crystal113

and PMT. The NaI crystal itself is a cylinder, 7.6 cm in114

diameter and in 7.6 cm height.115

The opening of the source collimator is placed initially116

70 cm from the center of the LXe cell. For a subset of the117

scattering angles (4.25!, 5.25!, and 8.5!) this distance is118

reduced to 28 cm (the minimum allowed given the detec-119

tor components) in order to minimize the beam’s spot120

size within the LXe volume. A distance of !1m is cho-121

sen for the NaI position as a compromise between event122

rate, which decreases with larger separations, and an-123

gular systematics (see Section III), which improves with124

increased separation. The three components are aligned125

using a goniometer with 0.25! tick marks; this tick-mark126

width is taken to be the 1" accuracy (±0.125!) of the127

geometrical alignment and is included as a systematic128

uncertainty in the analysis (see Section IV). The pre-129

cision with which a scattering angle can be reproduced130

is better than the spacing between adjacent tick marks,131

and therefore associating this width as a 1" uncertainty132

is conservative. Unless otherwise specified, reported scat-133

tering angles refer to the angle formed by the collimated134

beam with the centers of the detector components. After135

scattering in the LXe cell, the ! rays are further col-136

limated on their way to the NaI detector by means of137

a lead channel with a 3 cm circular aperture at its en-138

trance (LXe side), which then widens to encompass the139

NaI crystal and PMT (see Figure 1). Data are collected140

at central scattering angles of 4.25!, 5.25!, 6.25!, 8.5!,141

16.25!, and 34.5!. These correspond to expected elec-142

tron energies of 2.35 keV, 3.57 keV, 5.05 keV, 9.28 keV,143

32.5 keV, and 123 keV, respectively, when applying the144

well known Compton scatter formula,145

Eer = E2
!

1" cos #

mec2 + E!(1" cos #)
, (1)

where Eer is the energy of the recoiling electron, E! is146

the initial energy of the incident ! ray, me is the mass of147

the electron, and # is the scattering angle. However, as148

will be shown in Section III, the finite size of the detector149

components lead to peak recoil energies that di"er from150

these expectations.151

All three PMT signals—two from the LXe and one152

from the NaI—are read out directly, without amplifica-153

17.3 MBq

• The light yield decreases with lower deposited energies in the LXe; field quenching is ~ 75%, only weak field-dependance

• The energy threshold of XENON100 is 2.3 keV => can test DAMA/LIBRA



Xenon: an additional WIMP channel
• Spin-dependent WIMP-nucleus inelastic scattering

➡new, promising structure factors 

➡shifts ROI to higher energies

➡ integrated rate dominates at moderate energies, depending on the WIMP mass

➡probes the high-tail of the galactic WIMP velocity distribution
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Two detector concepts
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Particle discrimination

• Pulse shape of prompt scintillation signal (LAr)

➡ the ratio of light from singlet and triplet depends on dE/dx (~ 10:1 for NRs:ERs)

• Charge versus light (LAr and LXe)

➡ the recombination probability, and thus the S2-to-S1 ratio depends on dE/dx

B.#Rossi#(#29#August#2013# SUSY#2013#(#IPTC#Trieste# 16#G. Fiorillo - XVI Lomonosov Conference, Moscow - Aug 2013

LAr TPC Background Discrimination

16

➡ expect >1010 total electron/gamma background rejection
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Shape of scintillation signal S1 (PSD)
Electronic and nuclear recoil events have different 
singlet to triplet ratio
➡ Rejection factor ≥108 for > 60 photoelectrons
WARP Astr. Phys 28, 495 (2008)

Ratio between Ionization and Scintillation (S2/S1)
Electronic and nuclear recoil events have different 
energy sharing
➡ Rejection factor ≥ 102-103 
Benetti et al. (ICARUS) 1993; Benetti et al. (WARP) 2006

3D localization of the event
Allows for identification of surface bkgs 
(fiducialization) 

LAr (DarkSide-10)LXe  (XENON100)

ERs
NRs

ERs NRs



Single-phase detectors

• Challenge: ultra-low absolute backgrounds

• LAr: pulse shape discrimination, factor 109-1010 for gammas/betas

DEAP at SNOLab:

3600 kg LAr (1t fiducial)
single-phase detector
under construction 
to run in 2014

CLEAN at SNOLab:

500 kg LAr (150 kg fiducial)
single-phase open volume
under construction 
to run in 2014

XMASS-RFB at Kamioka:

835 kg LXe (100 kg fiducial), 
single-phase, 642 PMTs
unexpected background found
detector refurbished (RFB)
new run this fall -> 2013

Nigel&J.T.&Smith&& & & & & &&&&&&&&&&&ICRC&2013&5&Rio&de&Janeiro&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&8th&July,&2013

MiniCLEAN Construction

Outer vessel 
constructed in 
water shield

MiniCLEAN inner vessel 
under construction with 
light guide inserts•  Will resume data taking in this autumn.�

H. Sekiya 20�

Almost finished�

SUSY2013  8/29/2013 



Time projection chambers

XENON100 at 
LNGS: 

161 kg LXe 
(~50 kg fiducial)

242 1-inch PMTs
taking new science 
data

LUX at SURF: 

350 kg LXe 
(100 kg fiducial)

122 2-inch PMTs
physics run since 
spring 2013
first result by the 
end of this year

Lukas Epprecht June 11th 2011

LAr-TPCs: Scale up

33

3l Setup 
@ CERN

(R&D charge 
readout)

P32 @ JParc

(~0.4 t LAr; 
Pi-K test 
beam)

3l Setup @ CERN
(R&D charge readout)

ArDM @ CERN 
--> LSC

(~1t LAr; 
Greinacher HV-

Devise, large 
area readout, 

purification, ...)

ArgonTube 
@ Bern

(long drift up 
to 5 m,

HV-system, 
purity)

6m3 @ CERN

(R&D toward non 
evacuated vessels, 
charged particle 

test beam exposure 
in 2012)

1 kton @ CERN

(full engineering 
demonstrator 

towards very large 
LAr-detectors with 
stand alone short 
baseline physics 

program)

ArDM at Canfranc:

850 kg LAr 
(100 kg fiducial)

28 3-inch PMTs
in commissioning
to run 2014

DarkSide at LNGS

50 kg LAr (dep in 39Ar)
(33 kg fiducial)

38 3-inch PMTs
in commissioning 
since May 2013
to run in fall 2013

PandaX at CJPL: 

125 kg LXe 
(25 kg fiducial)

143 1-inch PMTs
37 3-inch PMTs
started in 2013

Current Status - Stage Ia

PandaX Stage Ia:
Currently undergoing
commissioning:

Major components at
CJPL

Clean room environment:
TPC assembled

Slow control in place

Cryogenic system
operating

Xenon on site

Small xenon fill and
liquefaction so far

DAQ installed

Personnel on site daily

Scott Stephenson PANDA-X February 2, 2013 17

Introduction Rate modulation Bolometers Noble gases Others

Next LAr detectors

Dark Side-50 at LNGS in Italy
Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab



Example of a low-energy event in XENON100

S1 signal: ~ 100 photons

S2 signal: ~ 23 electrons

S1 signal: 5.14 photoelectrons S2 signal: 459.7 photoelectrons

151 µs

The maximum electron drift time at 0.53 kV/cm is 176 µs



Example: XENON100 dark matter data

• Exposure: 225 days x 34 kg fiducial LXe mass

• Two events observed in signal region (1 BG event expected; there is a 26.4 % 
chance for upward fluctuation): at 7.1 keVnr (3.3 pe) and at 7.8 keVnr (3.8 pe) (note: 
zero events below 3 pe)

The fiducial volume used in this analysis contains 34 kg
of LXe. The volume was determined before the unblinding
by maximizing the dark matter sensitivity of the data given
the accessible ER background above the blinding cut. The
ellipsoidal shape was optimized on ER calibration data,
also taking into account event leakage into the signal re-
gion. A benchmark WIMP search region to quantify the
background expectation and to be used for the maximum
gap analysis was defined from 6:6–30:5 keVnr (3–20 PE) in
energy, by an upper 99.75% ER rejection line in the dis-
crimination parameter space, and by the lines correspond-
ing to S2> 150 PE and a lower line at !97% acceptance
from neutron calibration data (see lines in Fig. 2, top).

Both NR and ER interactions contribute to the expected
background for the WIMP search. The first is determined
from Monte Carlo simulations, by using the measured
intrinsic radioactive contamination of all detector and
shield materials [8] to calculate the neutron background
from "!; n# and spontaneous fission reactions, as well as
from muons, taking into account the muon energy and
angular dependence at LNGS. The expectation from these
neutron sources is (0:17$0:12

%0:07 ) events for the given expo-
sure and NR acceptance in the benchmark region. About
70% of the neutron background is muon-induced.

ER background events originate from radioactivity of
the detector components and from " and # activity of
intrinsic radioactivity in the LXe target, such as 222Rn and
85Kr. The latter background is most critical, since it cannot
be reduced by fiducialization. Hence, for the dark matter
search reported here, a major effort was made to reduce the
85Kr contamination, which affected the sensitivity of the
previous search [6]. To estimate the total ER background
from all sources, the 60Co and 232Th calibration data are
used, with>35 times more statistics in the relevant energy
range than in the dark matter data. The calibration data are
scaled to the dark matter exposure by normalizing it to the
number of events seen above the blinding cut in the energy
region of interest. The majority of ER background events
is Gaussian distributed in the discrimination parameter
space, with a few events leaking anomalously into the NR
band. These anomalous events can be due to double scat-
ters with one energy deposition inside the TPC and another
one in a charge insensitive region, such that the prompt S1
signal from the two scatters is combined with only one
charge signal S2. Following the observed distribution in
the calibration data, the anomalous leakage events were
parametrized by a constant (exponential) function in the
discrimination parameter (S1 space). The ER background
estimate including Gaussian and anomalous events is
(0:79& 0:16) in the benchmark region, leading to a total
background expectation of (1:0& 0:2) events.

The background model used in the PL analysis employs
the same assumptions and input spectra from MC and
calibration data. Its validity has been confirmed prior to
unblinding on the high-energy sideband and on the vetoed
data from 6:6–43:3 keVnr.

After unblinding, two events were observed in the bench-
mark WIMP search region; see Fig. 2. With energies of 7.1
(3.3) and 7:8 keVnr (3.8 PE), both fall into the lowest PE bin
used for this analysis. The waveforms for both events are of
high quality, and their S2=S1 value is at the lower edge of
the NR band from neutron calibration. There are no leakage
events below 3 PE. The PL analysis yields a p value of
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FIG. 2 (color online). (Top) Event distribution in the discrimi-
nation parameter space log10"S2b=S1#, flattened by subtracting
the distribution’s mean, as observed after unblinding using all
analysis cuts and a 34 kg fiducial volume (black squares). A lower
analysis threshold of 6:6 keVnr (NR equivalent energy scale) is
employed. The PL analysis uses an upper energy threshold of
43:3 keVnr (3–30 PE), and the benchmark WIMP search region is
limited to 30:5 keVnr (3–20 PE). The negligible impact of the
S2> 150 PE threshold cut is indicated by the dashed-dotted blue
line, and the signal region is restricted by a lower border running
along the 97% NR quantile. An additional hard S2b=S1 discrimi-
nation cut at 99.75% ER rejection defines the benchmark WIMP
search region from above (dotted green line) but is only used to
cross-check the PL inference. The histogram in red and gray
indicates the NR band from the neutron calibration. Two events
fall into the benchmark region where (1:0& 0:2) are expected
from background. (Bottom) Spatial event distribution inside the
TPC using a 6:6–43:3 keVnr energy window. The 34 kg fiducial
volume is indicated by the red dashed line. Gray points are above
the 99.75% rejection line, and black circles fall below.
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The fiducial volume used in this analysis contains 34 kg
of LXe. The volume was determined before the unblinding
by maximizing the dark matter sensitivity of the data given
the accessible ER background above the blinding cut. The
ellipsoidal shape was optimized on ER calibration data,
also taking into account event leakage into the signal re-
gion. A benchmark WIMP search region to quantify the
background expectation and to be used for the maximum
gap analysis was defined from 6:6–30:5 keVnr (3–20 PE) in
energy, by an upper 99.75% ER rejection line in the dis-
crimination parameter space, and by the lines correspond-
ing to S2> 150 PE and a lower line at !97% acceptance
from neutron calibration data (see lines in Fig. 2, top).

Both NR and ER interactions contribute to the expected
background for the WIMP search. The first is determined
from Monte Carlo simulations, by using the measured
intrinsic radioactive contamination of all detector and
shield materials [8] to calculate the neutron background
from "!; n# and spontaneous fission reactions, as well as
from muons, taking into account the muon energy and
angular dependence at LNGS. The expectation from these
neutron sources is (0:17$0:12

%0:07 ) events for the given expo-
sure and NR acceptance in the benchmark region. About
70% of the neutron background is muon-induced.

ER background events originate from radioactivity of
the detector components and from " and # activity of
intrinsic radioactivity in the LXe target, such as 222Rn and
85Kr. The latter background is most critical, since it cannot
be reduced by fiducialization. Hence, for the dark matter
search reported here, a major effort was made to reduce the
85Kr contamination, which affected the sensitivity of the
previous search [6]. To estimate the total ER background
from all sources, the 60Co and 232Th calibration data are
used, with>35 times more statistics in the relevant energy
range than in the dark matter data. The calibration data are
scaled to the dark matter exposure by normalizing it to the
number of events seen above the blinding cut in the energy
region of interest. The majority of ER background events
is Gaussian distributed in the discrimination parameter
space, with a few events leaking anomalously into the NR
band. These anomalous events can be due to double scat-
ters with one energy deposition inside the TPC and another
one in a charge insensitive region, such that the prompt S1
signal from the two scatters is combined with only one
charge signal S2. Following the observed distribution in
the calibration data, the anomalous leakage events were
parametrized by a constant (exponential) function in the
discrimination parameter (S1 space). The ER background
estimate including Gaussian and anomalous events is
(0:79& 0:16) in the benchmark region, leading to a total
background expectation of (1:0& 0:2) events.

The background model used in the PL analysis employs
the same assumptions and input spectra from MC and
calibration data. Its validity has been confirmed prior to
unblinding on the high-energy sideband and on the vetoed
data from 6:6–43:3 keVnr.

After unblinding, two events were observed in the bench-
mark WIMP search region; see Fig. 2. With energies of 7.1
(3.3) and 7:8 keVnr (3.8 PE), both fall into the lowest PE bin
used for this analysis. The waveforms for both events are of
high quality, and their S2=S1 value is at the lower edge of
the NR band from neutron calibration. There are no leakage
events below 3 PE. The PL analysis yields a p value of
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FIG. 2 (color online). (Top) Event distribution in the discrimi-
nation parameter space log10"S2b=S1#, flattened by subtracting
the distribution’s mean, as observed after unblinding using all
analysis cuts and a 34 kg fiducial volume (black squares). A lower
analysis threshold of 6:6 keVnr (NR equivalent energy scale) is
employed. The PL analysis uses an upper energy threshold of
43:3 keVnr (3–30 PE), and the benchmark WIMP search region is
limited to 30:5 keVnr (3–20 PE). The negligible impact of the
S2> 150 PE threshold cut is indicated by the dashed-dotted blue
line, and the signal region is restricted by a lower border running
along the 97% NR quantile. An additional hard S2b=S1 discrimi-
nation cut at 99.75% ER rejection defines the benchmark WIMP
search region from above (dotted green line) but is only used to
cross-check the PL inference. The histogram in red and gray
indicates the NR band from the neutron calibration. Two events
fall into the benchmark region where (1:0& 0:2) are expected
from background. (Bottom) Spatial event distribution inside the
TPC using a 6:6–43:3 keVnr energy window. The 34 kg fiducial
volume is indicated by the red dashed line. Gray points are above
the 99.75% rejection line, and black circles fall below.
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Noble liquid recent results: spin-independent

• No evidence for WIMPs

• Upper limit on WIMP-nucleon cross section is 2x10-45 cm2 at MW = 55 GeV

XENON100: Phys. Rev. Lett. 109 (2012)
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4.5

Fig. 4: Simulated WIMP energy spectra in the XMASS
detector assuming the maximum cross section that provides
a signal rate no larger than the observation in any bin above
0.3 keVee. WIMP mass of 7, 12, 18 GeV cases are shown.
(from bottom to top in thin line)

for each WIMP mass and MC events were distributed
uniformly throughout the detector volume using a liquid
scintillation decay constant of 25 ns [11]. The size of the
error bars comes primarily from the systematic uncertainty
in the xenon scintillation decay constant, 25±1 ns, which
is estimated based on the difference between the XMASS
model [11] and the NEST simulation [12] based on Dawson
et al. measurement [13]. A systematic error on the selection
efficiency is determined based on the error resulting from a
linear fit to the points in the figure.

4 Result and Conclusions

The differential energy spectrum of nuclear recoil by WIMP
were calculated base on [14]. In Fig. 4, the simulated WIMP-
s energy spectra was shown together with the observed
spectrum after the data reduction was applied. WIMPs
are assumed to be distributed in an isothermal halo with
vo = 220 km/s, a galactic escape velocity of vesc = 650 km/s,
and an average density of 0.3 GeV/cm3. In order to set a
conservative upper bound on the spin-independent WIMP-
nucleon cross section, the cross section is derived not to
exceed the observed one in any energy bin above 0.3 keVee.
the resulting 90 % confidence level (C.L.) limit derived
from this procedure is shown in Fig. 5. The impact of the
uncertainty from Leff is large in this analysis, so its effect
on the limit is shown separately as a band.

Detail study on background in the energy spectrum, we
believe that most of them originate on the inner surface of
the detector [4, 22]. These events are attributed to radioac-
tive contamination in the aluminum seal of the PMT en-
trance windows, 14C decays in the GORE-TEX R� sheets
between the PMTs and the copper support structure. On
going refurbishment of XMASS detector to remove those
background will achieve more than one order of magnitude
better sensitivity on WIMP-nucleon scattering cross section
and will be started in fall 2013.













          


 
































Fig. 5: Spin-independent elastic WIMP-nucleon cross sec-
tion as a function of WIMP mass. All systematic un-
certainties except that from Leff are taken into accoun-
t in the XMASS 90 % C.L. limit line. The effect of the
Leff uncertainty on the limit is shown in the band. Lim-
its from other experiments and favored regions are also
shown [15, 16, 17, 18, 19, 20, 21].
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Noble liquid recent results: spin-dependent

• 129Xe (spin-1/2) and 131Xe (spin-3/2), two isotopes with J ≠ 0 and abundance of 26.2% 
and 21.8% in XENON100
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Future argon and xenon detectors

• Under construction: XENON1T at LNGS, 3.5 t LXe in total

➡commissioning in 2014, first run in 2015, goal 2 x 10-47 cm2

• Near future + design and R&D: XENONnT (n t LXe), XMASS-1.5 (5 t LXe), 
DarkSide-5000 (5 t LAr), LZ (7 t LXe), DARWIN (20 t LXe)

XENON1T: 3.5 t LXe LZ: 7t LXe DARWIN: 20 t LXe/LAr
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XMASS%project 

��

• !In!this!slide,!I’d!like!to!explain!our!XMASS!project!at!Kamioka!observatory!in!
Japan.!
• !Our!Binal!goal,!a!ten!ton!scale!detector!of!XMASSE2!will!cover!multiple!purposes!
such!as!dark!matter,!pp!solar!neutrino!and!0ν2β!decay.!
• !Refurbishment!of!XMASSEI!will!be!completed!in!this!autumn!and!XMASSE1.5!is!
planed!to!start!in!2015.!They!are!mainly!for!dark!matter!search.!
• !Commissioning!data!of!XMASSEI!was!taken!from!Nov.!2010!to!May.!2012.!!

Y.#Suzuki,#hep-ph/0008296#

XMASS: 5t LXe
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Darkside 5000

● R&D and engineering for ton-scale experiment 
"DS G2" with 5t liquid Argon (active volume) and 
a sensitivity of 2·10-47 cm2

● reuse same neutron veto + water Cherenkov veto

DarkSide: 5 t LAr
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Argon and xenon complementarity

Xe alone: 10 t yr

Xe 10 t yr and Ar 20 t yr

v0 = 220± 20 km/s

vesc = 544± 40 km/s

⇢� = 0.3± 0.1GeV/cm3

20/30 t yr Ar

10/20 t yr Xe

XENON100 (current)
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Abstract

The next generation of large scale WIMP direct detection experiments have the potential to go

beyond the discovery phase and reveal detailed information about both the particle physics and

astrophysics of dark matter. We report here on early results arising from the development of a

detailed numerical code modeling the proposed DARWIN detector, involving both liquid argon

and xenon targets. We incorporate realistic detector physics, particle physics and astrophysical

uncertainties and demonstrate to what extent two targets with similar sensitivities can remove

various degeneracies and allow a determination of dark matter cross sections and masses while also

probing rough aspects of the dark matter phase space distribution. We find that, even assuming

dominance of spin-independent scattering, multi-ton scale experiments still have degeneracies that

depend sensitively on the dark matter mass, and on the possibility of isospin violation and inelas-

ticity in interactions. We find that these experiments are best able to discriminate dark matter

properties for dark matter masses less than around 200 GeV. In addition, and somewhat surpris-

ingly, the use of two targets gives only a small improvement (aside from the advantage of di↵erent

systematics associated with any claimed signal) in the ability to pin down dark matter parameters

when compared with one target of larger exposure.

1

TABLE II. These detector parameters are motivated by current experiments and expected perfor-

mance of future detectors [2, 40, 41]

Xenon Argon

Nuclear recoil acceptance 40% 50% at 35keV, 100% >60 keV

Total background (post-discrimination) 6⇥ 10�9 dru 2.3⇥ 10�9 dru

WIMP search region 6.6-43 keV 20-150 keV

where � is the profile likelihood ratio,

�(�) =
L(�, ˆ̂✓)
L(�̂, ✓̂) . (23)

Here ✓ represents all of the uncertain parameters that enter the likelihood, �̂ and ✓̂ denote

that the likelihood has been maximized with respect to those parameters and ˆ̂✓ denotes the

likelihood has been maximized for the given �. The likelihood function is a product of the

probabilities of having observed Ai events, given the expected Ei, for a given energy bin,

L(�, ✓) =
NY

i=1

P (Ei(�, ✓), Ai). (24)

We define the WIMP search regions to be 6.6-43 keV for xenon and 20-150 keV for argon; the

regions are split up into bins of width 5 keV (in lieu of smearing). The detector parameters

are summarized in Table II.

Typically, the XENON collaboration expose their detector for the length of time expected

to produce single background event [1]. With this in mind, the solar neutrino background

limits exposure to around 10 tonne-years in xenon. The limits obtained for several exposures

of xenon and argon compared to the final XENON100 limits are shown in Fig. 6 (left).

Note that to achieve comparable sensitivity, a larger fiducial volume of argon is necessary

compared with xenon. Unless the neutrino background can be unambiguously subtracted

or otherwise discriminated (e.g. via the use of directional information as described in [42]),

these limits approximately represent the floor to the sensitivity of the current xenon liquid

scintillator design. Fig. 6 (center and right) shows the e↵ect of the uncertainty of the phase-

space density on a 10 tonne-years xenon exposure. The NFW, Einasto and Burkert profiles

enforce more stringent limits because they favor a local WIMP density of ⇢� = 0.4 GeV

cm�3 [23]. Thus the standard MB assumptions are conservative in comparison to these

more realistic profiles.
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Neutrinos as backgrounds
• Electronic recoils from pp solar neutrinos: ~ 10-48 cm2

• Nuclear recoils from 8B solar neutrinos: below ~10-45 cm2 for low-mass WIMPs

• Nuclear recoils from atmospheric + DSNB: below ~10-48 cm2
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Direct detection: sensitivity versus time

~1 event kg-1yr-1

L. B., Physics of the Dark 
Universe 1, 94 (2012)

Factor ~ 10 every two years!

~1 event kg-1day-1
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