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Searching for DM - SM interactions
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Direct searches

Detect collisions of dark matter with the atom (usually nucleus)

Dark
matter
flux

• Searching for rare (<1 event/tonne/year) & low-energy (~keV) events
• Typically elastic scattering (but also time-dependent, directionality, 

inelastic, electron-scattering,…)
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FIG. 24. 90% confidence upper limit on the spin-
independent WIMP-nucleon cross sections based on the
analysis presented in this paper (blue), compared to
other published limits, including our previous limit [6],
SuperCDMS [45], DarkSide-50 [7], LUX [46], PANDAX-
II [47], and XENON1T [5].

ergy scale parameters in Table I, the PSD model fit
parameters in Equation 5, the WIMP acceptance as
shown in Figure 21, the NR quenching factors and
mean Fprompt values, as derived from [31], and a
2.9% uncertainty on the total exposure.

This analysis excludes spin-independent WIMP-
nucleon cross sections above 3.9⇥ 10�45 cm2

(1.5⇥ 10�44 cm2) for WIMPs with a mass of
100GeV/c2 (1TeV/c2), assuming the standard
halo dark matter model described in [49], with a
Maxwell-Boltzmann velocity distribution below an
escape velocity of 544 km/s and v0 = 220 km/s, and
a local density of 0.3GeV/cm3.

IX. CONCLUSIONS

This work improves upon the result reported in
[6], setting the most sensitive limit for the spin-
independent WIMP-nucleon cross section achieved
using a LAr target for WIMPs with mass greater
than 30GeV. These results are complementary to
results reported by liquid xenon-based experiments,
allowing for further constraints on the nature of the
WIMP-nucleon coupling [50, 51].

The use of LAr here demonstrates the power of
PSD as a tool to achieve low backgrounds in WIMP
searches, emphasizing the future prospect of much
larger LAr-based detectors designed to achieve sen-
sitivity to WIMP interaction cross-sections at the
level of the neutrino floor.

Additionally, a detailed description of back-
grounds in the detector has been presented alongside
the analysis methods and simulation models which
characterize them. Using these models, a total back-

ground expectation of <1 event has been achieved;
this model is consistent with observations in data
in the ROI. Multivariate techniques are currently
being explored to utilize these models to maximize
the sensitivity to dark matter signals. Since the end
of the data collection period presented here (Octo-
ber 31, 2017) DEAP-3600 has continued to collect
data. Updated results including a blind analysis of
additional data are planned for the near future.
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Experiments pushing onwards in two directions

1. Liquid xenon

2. Liquid argon
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3. Low mass searches
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Liquid xenon TPCs
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UK pioneered the xenon technology with the ZEPLIN programmes…

Liquid Xenon TPCs

7

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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Liquid Xenon TPCs
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LUX PANDAX-II XENON1T

250 kg
(100 kg)

580 kg
(362 kg)

2,000 kg
(1,042 kg)

3.4x10-46 cm2 2.5x10-46 cm2 7.7x10-47 cm2

2013 2016 2017

1.6x10-48 cm2 1.6x10-48 cm2

2020 + 3 live years 2020 + 5 live years

LZ XENONnT

7,000 kg
(5,600 kg)

5,900 kg
(4,000 kg)

Liquid xenon TPCs: the future

2023 - 2033: ‘Generation 3’

2x10-49 cm2

DARk matter WImp search 
with liquid xenoN 
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…UK continues its leadership role through LUX and LZ
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• UK groups: Bristol, Edinburgh, Imperial, Liverpool, Sheffield, UCL
• Detector now decommissioned (to allow installation of LZ)
• Important Legacies: 

- world-leading limits for Spin-Independent, Spin-Dependent,  ALPs
- unprecedented calibration of light/charge yields (~0.1-100 keV)
- novel searches extending reach of xenon detectors

9

FIG. 8. Comparison of the recombination model developed
in section IV. 5 (blue line) to the model from [10] (black
dashed line). The black markers indicate the �R data pre-
sented in [26].

Here we report the measured results of ⇢ ⌘ n�/ne.
Figure 10 shows the results for post-WS 14C, and fig-
ure 11 shows the results for post-WS 3H. The measure-
ments of n� and ne, along with the reconstructed energy
have been numerically de-smeared following the proce-
dure laid out in section IV. 1, using the model described
in sections IV. 4 and IV. 5. The sizes of these smearing
corrections are taken as systematic uncertainty on their
respective measurements. The uncertainties in g1 and g2
are also included in the systematic error. The system-
atic uncertainties are combined in quadrature and are
shown as the light gray error bars in figures 10 and 11.
The statistical fitting uncertainty and the uncertainty
due to bin width are shown as the black error bars.

2. Discussion

Our results are in good agreement with previous mea-
surements from WS2013, as is shown in figure 9. In this
figure we compare measurements of Qy from WS2013
3H [10] and from the 127Xe electron capture [11, 12] with
those from this work at similar electric fields. We find
that the measurements agree within systematic error.
When comparing our measurements of Qy from interac-
tions of �’s in LXe to those from the 83mKr and 131mXe
decays we find a disagreement of about 2-� [12]. This
is likely due to a di↵erence in yields between �-decay

FIG. 9. Comparison of LUX post-WS Qy measurements us-
ing 3H (red) and 14C (orange) to WS2013 measurements,
which were taken at 105 and 180 V/cm. The green diamonds
show the WS2013 3H measurements [10], and the blue X’s
and open magenta squares indicate WS2013 measurements
of Qy from 127Xe electron capture [11, 12]. The open circles
and diamonds indicate WS2013 measurements of Qy from
the 83mKr and 131mXe decays, respectively [12]. The black
line shows the final model used to generate the smearing
corrections [13].

interactions and those involving composite decays (such
as 83mKr) or photo-absorption [7].

It should be noted that the results we present here
are in disagreement with our previous 3H yields and re-
combination measurements from Ref. [10] above 16 keV.
In the previous work, an error in the implementation of
the energy smearing correction resulted in some of the
data being over-corrected. The error has only a minimal
e↵ect for most of the results reported in Ref. [10], but it
is manifest at the endpoint of the tritium spectrum as

LUX @ SURF (USA)

7

● UK groups: Bristol, Edinburgh, Imperial, Liverpool, Sheffield, UCL
● LUX ops. completed, detector decommissioned (making way for LZ)
● Final WIMP search results published

○ World-leading S.I. WIMP-nucleon constraints (Phys. Rev. Lett. 118, 021303 (2017)

○ World-leading S.D. WIMP-neutron constraints (Phys. Rev. Lett. 118, 251302 (2017)

● World-leading axions/ALPs results published (Phys. Rev. Lett. 118, 261301 (2017)

● Multiple analyses completed / ongoing (non-WIMP DM, modulations, multiple-scatter, EFT, ...)
● Calibrations and light/charge yields: strong legacy

PRD, 2019  
(arXiv:1903.12372)
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FIG. 5. Contours containing 95% of the expected DM sig-
nal from the Bremsstrahlung and Migdal e↵ects using NEST
package v2.0 [22]. The solid amber contour indicates a
Bremsstrahlung signal of mDM = 0.4 GeV/c2 assuming a
heavy scalar mediator (7.9 events). The other two con-
tours are for the Migdal e↵ect: The dashed teal contour
is for mDM = 1 GeV/c2 assuming a heavy scalar media-
tor (10.8 events), and the dash-dot light blue contour is for
mDM = 5 GeV/c2 assuming a light vector mediator (11.5
events). The number in parentheses indicates the expected
number of signal events within the contour for a given signal
model with a cross section at the 90% C.L. upper limit. The
contours are overlaid on 591 events observed in the region
of interest from the 2013 LUX exposure of 95 live days and
145 kg fiducial mass (cf. Ref [6]). Points at radius < 18 cm are
black; those at 18-20 cm are gray since they are more likely
to be caused by radio contaminants near the detector walls.
Distributions of uniform-in-energy electron recoils (blue) and
an example signal from mDM =50 GeV/c2 (red) are indicated
by 50th (solid), 10th, and 90th (dashed) percentiles of S2 at
given S1. Gray lines, with an ER scale of keVee at the top and
Lindhard-model NR scale of keVnr at the bottom, are con-
tours of the linear-combined S1-and-S2 energy estimator [25].

GeV signal and most backgrounds are in the ER band,
so ER-NR discrimination cannot be used to reduce back-
grounds in this analysis. The ER band is populated sig-
nificantly, with contributions from �-rays and � particles
from radioactive contamination within the xenon, detec-
tor instrumentation, and external environmental sources
as described in [24]. For further information about the
background model, refer to [6, 19] as the background
model used in this Letter is identical.

Results.— The sub-GeV DM signal hypotheses are
tested with a two-sided profile likelihood ratio (PLR)
statistic. For each DM mass, a scan over the SI DM-
nucleon cross section is performed to construct a 90%
confidence interval, with the test statistic distribution
evaluated by Monte Carlo sampling using the RooSt-
ats package [36]. Systematic uncertainties in background
rates are treated as nuisance parameters with Gaussian
constraints in the likelihood. Six nuisance parameters
are included for low-z-origin �-rays, other �-rays, � par-

FIG. 6. Upper limits on the SI DM-nucleon cross sec-
tion at 90% C.L. as calculated using the Bremsstrahlung
and Migdal e↵ect signal models assuming a scalar media-
tor (coupling proportional to A2). The 1- and 2-� ranges of
background-only trials for this result are presented as green
and yellow bands, respectively, with the median limit shown
as a black dashed line. The top figure presents the limit
for a light mediator with qref = 1 MeV. Also shown is a
limit from PandaX-II [10] (pink), but note that Ref. [10]
uses a slightly di↵erent definition of Fmed in their signal
model. The bottom figure shows limits for a heavy media-
tor along with limits from the SI analyses of LUX [1] (red),
PandaX-II [2] (gray), XENON1T [26] (orange), XENON100
S2-only [27] (pink), CDEX-10 [28] (purple), CDMSlite [29]
(teal), CRESST-II [30] (dark blue), CRESST-III [31] (light
blue), CRESST-surface [32] (cyan), DarkSide-50 [33] (green),
NEWS-G [34] (brown), and XMASS [35] (lavender).

ticles, 127Xe, 37Ar, and wall counts, as described in [6]
(cf. Table I). Systematic uncertainties from light yield
have been studied but were not included in the final PLR
statistic since their e↵ects were negligible. This is ex-
pected as the error on light yield obtained from the tri-
tium measurements ranges from 10% at low energies to
sub 1% at higher energies. Moreover, slightly changing
the light yield is not expected to change the limit sig-
nificantly since only a small fraction of events near the

PRL, 2019  
(arXiv:1811.11241)PRL, 2017  

(arXiv:1608.07648)



Extending the reach of xenon detectors
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proach [18, 19] (see also [20]). Following [15], we call these e↵ects the Migdal e↵ects. In the

Migdal’s approach, a state of the electron cloud just after a nuclear recoil is approximated

by

|�0
eci = e�ime

P
i v·x̂i |�eci , (1)

in the rest frame of the nucleus. Here me is the electron mass, x̂i the position operator of

the i-th electron, v the nucleus velocity after the recoil, and |�eci the state of the electron

cloud before the nuclear recoil. The probability of ionization/excitation is then given by

P = |h�⇤
ec|�

0
eci|

2 , (2)

where |�⇤
eci denotes either the ionized or excited energy eigenstate of the electron cloud.

In the above analysis, the final state ionization/excitation are treated separately from

the nuclear recoil. Thus, the energy-momentum conservation and the probability conserva-

tion are made somewhat obscure. In this paper, we reformulate the Migdal e↵ect so that

the “atomic recoil” cross section is obtained coherently. In our reformulation, the energy-

momentum conservation and the probability conservation are manifest while the final state

ionization/excitation are treated automatically. We also provide numerical estimates of the

ionization/excitation probabilities for isolated atoms of Ar, Xe, Ge, Na, and I.

The Migdal e↵ect should be distinguished from the ionization and the excitation in scin-

tillation processes. The Migdal e↵ect takes place even for a scattering of an isolated atom,

while the latter occurs due to the interaction between atoms in the detectors. It should be

also emphasized that the Migdal e↵ect can ionize/excite electrons in inner orbitals, which

are not expected in scintillation processes. As we will see, the ionization/excitation from

the inner orbitals result in extra electronic energy injections in the keV range, which can

enhance detectability of rather light dark matter in the GeV mass range.

The organization of the paper is as follows. In Sec. II, we discuss approximate energy

eigenstates of an atomic state by paying particular attention to the total atomic motion.

In Sec. III, we reformulate the atomic recoil cross section with the Migdal e↵ect by taking

the energy eigenstates in Sec. II as asymptotic states. In Sec. IV, we calculate the Migdal

e↵ect with single electron wave functions. In Sec.V, we estimate the probabilities of the

ionization/excitation at a nuclear recoil. In Sec.VI, we discuss implications for dark matter

direct detection. In Sec.VII, we briefly discuss the Migdal e↵ect in a coherent neutrino-

nucleus scattering. The final section is devoted to our conclusions and discussion.
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“…it takes some time for the electrons to catch up, 
which causes ionisation of the atom.”

Ibe, Nakano, Shoji, Suzuki, JHEP, arXiv:1707.07258 
Dolan, Kahlhoefer, CM, PRL, arXiv:1711.09906

Migdal effect:

Signal: the ionised electron

[Can also be applied to other targets (Ge, LAr…)]
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FIG. 5. Contours containing 95% of the expected DM sig-
nal from the Bremsstrahlung and Migdal e↵ects using NEST
package v2.0 [22]. The solid amber contour indicates a
Bremsstrahlung signal of mDM = 0.4 GeV/c2 assuming a
heavy scalar mediator (7.9 events). The other two con-
tours are for the Migdal e↵ect: The dashed teal contour
is for mDM = 1 GeV/c2 assuming a heavy scalar media-
tor (10.8 events), and the dash-dot light blue contour is for
mDM = 5 GeV/c2 assuming a light vector mediator (11.5
events). The number in parentheses indicates the expected
number of signal events within the contour for a given signal
model with a cross section at the 90% C.L. upper limit. The
contours are overlaid on 591 events observed in the region
of interest from the 2013 LUX exposure of 95 live days and
145 kg fiducial mass (cf. Ref [6]). Points at radius < 18 cm are
black; those at 18-20 cm are gray since they are more likely
to be caused by radio contaminants near the detector walls.
Distributions of uniform-in-energy electron recoils (blue) and
an example signal from mDM =50 GeV/c2 (red) are indicated
by 50th (solid), 10th, and 90th (dashed) percentiles of S2 at
given S1. Gray lines, with an ER scale of keVee at the top and
Lindhard-model NR scale of keVnr at the bottom, are con-
tours of the linear-combined S1-and-S2 energy estimator [25].

GeV signal and most backgrounds are in the ER band,
so ER-NR discrimination cannot be used to reduce back-
grounds in this analysis. The ER band is populated sig-
nificantly, with contributions from �-rays and � particles
from radioactive contamination within the xenon, detec-
tor instrumentation, and external environmental sources
as described in [24]. For further information about the
background model, refer to [6, 19] as the background
model used in this Letter is identical.

Results.— The sub-GeV DM signal hypotheses are
tested with a two-sided profile likelihood ratio (PLR)
statistic. For each DM mass, a scan over the SI DM-
nucleon cross section is performed to construct a 90%
confidence interval, with the test statistic distribution
evaluated by Monte Carlo sampling using the RooSt-
ats package [36]. Systematic uncertainties in background
rates are treated as nuisance parameters with Gaussian
constraints in the likelihood. Six nuisance parameters
are included for low-z-origin �-rays, other �-rays, � par-

FIG. 6. Upper limits on the SI DM-nucleon cross sec-
tion at 90% C.L. as calculated using the Bremsstrahlung
and Migdal e↵ect signal models assuming a scalar media-
tor (coupling proportional to A2). The 1- and 2-� ranges of
background-only trials for this result are presented as green
and yellow bands, respectively, with the median limit shown
as a black dashed line. The top figure presents the limit
for a light mediator with qref = 1 MeV. Also shown is a
limit from PandaX-II [10] (pink), but note that Ref. [10]
uses a slightly di↵erent definition of Fmed in their signal
model. The bottom figure shows limits for a heavy media-
tor along with limits from the SI analyses of LUX [1] (red),
PandaX-II [2] (gray), XENON1T [26] (orange), XENON100
S2-only [27] (pink), CDEX-10 [28] (purple), CDMSlite [29]
(teal), CRESST-II [30] (dark blue), CRESST-III [31] (light
blue), CRESST-surface [32] (cyan), DarkSide-50 [33] (green),
NEWS-G [34] (brown), and XMASS [35] (lavender).

ticles, 127Xe, 37Ar, and wall counts, as described in [6]
(cf. Table I). Systematic uncertainties from light yield
have been studied but were not included in the final PLR
statistic since their e↵ects were negligible. This is ex-
pected as the error on light yield obtained from the tri-
tium measurements ranges from 10% at low energies to
sub 1% at higher energies. Moreover, slightly changing
the light yield is not expected to change the limit sig-
nificantly since only a small fraction of events near the

PRL, 2019  
(arXiv:1811.11241)

5

10�1 100

10�41

10�38

10�35

10�32

10�29

Migdal

BREM
Migdal

BREM

I. Spin-independent

CDEX (BREM)
EDELWEISS (Migdal)
CDEX (Migdal)
CRESST-III

LUX (Migdal)
NEWS-G
CDMSlite
DarkSide

S2-only data (XENON1T)
S1-S2 data (XENON1T)

0.06 0.1 0.2 0.5 1.0 2
mc[GeV/c2]

10�35

10�32

10�29

10�26

10�23

Migdal

BREM
Migdal

BREM

III. Spin-dependent
(neutron-only)

CRESST-Li (neutron)
CRESST-O (neutron)
CDMSLite (neutron)

S1-S2 data (XENON1T)
S2-only data (XENON1T)

10�32

10�29

10�26

10�23

LD
M

-n
uc

le
on

cr
os

s
se

ct
io

n
s

[c
m

2 ]

Migdal

BREM
Migdal

BREM

II. Spin-dependent
(proton-only)

CRESST-Li (proton)
CDMSLite (proton)

S1-S2 data (XENON1T)
S2-only data (XENON1T)

FIG. 4. Upper limits on the SI (upper panel), SD proton-
only (middle panel), and SD neutron-only (lower panel) DM-
nucleon interaction cross-sections at 90% C.L. using signal
models from the Migdal e↵ect and BREM in the XENON1T
experiment with the S1-S2 data (blue solid lines) and S2-
only data (black solid lines). Green and yellow shaded re-
gions give the 1 and 2� sensitivity contours for the S1-S2
data, respectively. The upper limits on the SI DM-nucleon
interaction cross sections from LUX [26], EDELWEISS [27],
CDEX [28], CRESST-III [29], NEWS-G [30], CDMSLite-
II [31], and DarkSide-50 [32], and upper limits on the SD
DM-nucleon interaction cross sections from CRESST [29, 33]
and CDMSLite [34] are also shown. Note that the upper limits
derived using the S1-S2 and S2-only data are inferred using
unbinned profile likelihood method [16] and simple Poisson
statistics with the optimized event selection [20], respectively.
As in [20], the jumps in the S2-only limits are due to changes
in the observed event count due to the mass-dependent ROIs.
The sensitivity contours for the S2-only data is not given since
the background models used in the S2-only data are conser-
vative [20].

due to the long-range nature of the interaction. There-
fore, the results are interpreted for DM mass up to 5
GeV/c2 for SI-LM DM-nucleon elastic scattering.

No significant excess is observed above the background
expectation in the search using the S1-S2 data. Fig. 4
shows the 90% confidence-level (C.L.) upper limits on
the SI and SD (proton-only and neutron-only cases)

FIG. 5. Upper limits on the SI-LM DM-nucleon interac-
tion cross-sections at 90% C.L. using signal models from the
Migdal e↵ect and BREM in the XENON1T experiment with
the S1-S2 data (blue solid lines) and S2-only data (black solid
lines). Green and yellow shaded regions give the 1 and 2� sen-
sitivity contours for the S1-S2 data, respectively. The upper
limits on the SI DM-nucleon interaction cross sections from
LUX [26] and XENON1T S2-only (elastic NR results) [20] are
also shown.

DM-nucleon interaction cross-section using signal mod-
els from the Migdal e↵ect and BREM with masses from
60MeV/c2 to 2GeV/c2, and Fig. 5 shows the 90% C.L.
upper limits on the SI-LM DM-nucleon interaction cross-
section with masses from 60MeV/c2 to 5GeV/c2. The
upper limits derived using the S1-S2 data deviate from
the median sensitivity by about 1-2� due to the under-
fluctuation of the ER background in the low energy re-
gion. The results, by searching for ER signals induced
by the Migdal e↵ect, give the best constraint on SI, SD
proton-only, SD neutron-only, and SI-LM DM-nucleon
interaction cross-section for mass below about 1.8, 2.0,
2.0, and 4.0GeV/c2, respectively as compared to previ-
ous experiments [26–34]. The upper limits derived from
the S1-S2 data become comparable with those from the
S2-only data at ⇠GeV/c2 since the e�ciency of the S1-
S2 data to DM signals with mass of ⇠GeV/c2 becomes
su�ciently high. However, the upper limits derived from
the S1-S2 data do not provide significantly better con-
straints than those from the S2-only data for DM masses
larger than 1GeV/c2, because both data are dominated
by the ER background, which is very similar to the ex-
pected DM signal.
In summary, we performed a search for LDM by

probing ER signals induced by the Migdal e↵ect and
BREM, using data from the XENON1T experiment.
These new detection channels significantly enhance the
sensitivity of LXe experiments to masses unreachable
in the standard NR searches. We set the most strin-
gent upper limits on the SI and SD DM-nucleon inter-
action cross-sections for masses below 1.8GeV/c2 and
2GeV/c2, respectively. Together with the standard NR
search [8], XENON1T results have reached unprece-
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FIG. 4. Upper limits on the SI (upper panel), SD proton-
only (middle panel), and SD neutron-only (lower panel) DM-
nucleon interaction cross-sections at 90% C.L. using signal
models from the Migdal e↵ect and BREM in the XENON1T
experiment with the S1-S2 data (blue solid lines) and S2-
only data (black solid lines). Green and yellow shaded re-
gions give the 1 and 2� sensitivity contours for the S1-S2
data, respectively. The upper limits on the SI DM-nucleon
interaction cross sections from LUX [26], EDELWEISS [27],
CDEX [28], CRESST-III [29], NEWS-G [30], CDMSLite-
II [31], and DarkSide-50 [32], and upper limits on the SD
DM-nucleon interaction cross sections from CRESST [29, 33]
and CDMSLite [34] are also shown. Note that the upper limits
derived using the S1-S2 and S2-only data are inferred using
unbinned profile likelihood method [16] and simple Poisson
statistics with the optimized event selection [20], respectively.
As in [20], the jumps in the S2-only limits are due to changes
in the observed event count due to the mass-dependent ROIs.
The sensitivity contours for the S2-only data is not given since
the background models used in the S2-only data are conser-
vative [20].

due to the long-range nature of the interaction. There-
fore, the results are interpreted for DM mass up to 5
GeV/c2 for SI-LM DM-nucleon elastic scattering.

No significant excess is observed above the background
expectation in the search using the S1-S2 data. Fig. 4
shows the 90% confidence-level (C.L.) upper limits on
the SI and SD (proton-only and neutron-only cases)

FIG. 5. Upper limits on the SI-LM DM-nucleon interac-
tion cross-sections at 90% C.L. using signal models from the
Migdal e↵ect and BREM in the XENON1T experiment with
the S1-S2 data (blue solid lines) and S2-only data (black solid
lines). Green and yellow shaded regions give the 1 and 2� sen-
sitivity contours for the S1-S2 data, respectively. The upper
limits on the SI DM-nucleon interaction cross sections from
LUX [26] and XENON1T S2-only (elastic NR results) [20] are
also shown.

DM-nucleon interaction cross-section using signal mod-
els from the Migdal e↵ect and BREM with masses from
60MeV/c2 to 2GeV/c2, and Fig. 5 shows the 90% C.L.
upper limits on the SI-LM DM-nucleon interaction cross-
section with masses from 60MeV/c2 to 5GeV/c2. The
upper limits derived using the S1-S2 data deviate from
the median sensitivity by about 1-2� due to the under-
fluctuation of the ER background in the low energy re-
gion. The results, by searching for ER signals induced
by the Migdal e↵ect, give the best constraint on SI, SD
proton-only, SD neutron-only, and SI-LM DM-nucleon
interaction cross-section for mass below about 1.8, 2.0,
2.0, and 4.0GeV/c2, respectively as compared to previ-
ous experiments [26–34]. The upper limits derived from
the S1-S2 data become comparable with those from the
S2-only data at ⇠GeV/c2 since the e�ciency of the S1-
S2 data to DM signals with mass of ⇠GeV/c2 becomes
su�ciently high. However, the upper limits derived from
the S1-S2 data do not provide significantly better con-
straints than those from the S2-only data for DM masses
larger than 1GeV/c2, because both data are dominated
by the ER background, which is very similar to the ex-
pected DM signal.
In summary, we performed a search for LDM by

probing ER signals induced by the Migdal e↵ect and
BREM, using data from the XENON1T experiment.
These new detection channels significantly enhance the
sensitivity of LXe experiments to masses unreachable
in the standard NR searches. We set the most strin-
gent upper limits on the SI and SD DM-nucleon inter-
action cross-sections for masses below 1.8GeV/c2 and
2GeV/c2, respectively. Together with the standard NR
search [8], XENON1T results have reached unprece-
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FIG. 4. Upper limits on the SI (upper panel), SD proton-
only (middle panel), and SD neutron-only (lower panel) DM-
nucleon interaction cross-sections at 90% C.L. using signal
models from the Migdal e↵ect and BREM in the XENON1T
experiment with the S1-S2 data (blue solid lines) and S2-
only data (black solid lines). Green and yellow shaded re-
gions give the 1 and 2� sensitivity contours for the S1-S2
data, respectively. The upper limits on the SI DM-nucleon
interaction cross sections from LUX [26], EDELWEISS [27],
CDEX [28], CRESST-III [29], NEWS-G [30], CDMSLite-
II [31], and DarkSide-50 [32], and upper limits on the SD
DM-nucleon interaction cross sections from CRESST [29, 33]
and CDMSLite [34] are also shown. Note that the upper limits
derived using the S1-S2 and S2-only data are inferred using
unbinned profile likelihood method [16] and simple Poisson
statistics with the optimized event selection [20], respectively.
As in [20], the jumps in the S2-only limits are due to changes
in the observed event count due to the mass-dependent ROIs.
The sensitivity contours for the S2-only data is not given since
the background models used in the S2-only data are conser-
vative [20].

due to the long-range nature of the interaction. There-
fore, the results are interpreted for DM mass up to 5
GeV/c2 for SI-LM DM-nucleon elastic scattering.

No significant excess is observed above the background
expectation in the search using the S1-S2 data. Fig. 4
shows the 90% confidence-level (C.L.) upper limits on
the SI and SD (proton-only and neutron-only cases)

FIG. 5. Upper limits on the SI-LM DM-nucleon interac-
tion cross-sections at 90% C.L. using signal models from the
Migdal e↵ect and BREM in the XENON1T experiment with
the S1-S2 data (blue solid lines) and S2-only data (black solid
lines). Green and yellow shaded regions give the 1 and 2� sen-
sitivity contours for the S1-S2 data, respectively. The upper
limits on the SI DM-nucleon interaction cross sections from
LUX [26] and XENON1T S2-only (elastic NR results) [20] are
also shown.

DM-nucleon interaction cross-section using signal mod-
els from the Migdal e↵ect and BREM with masses from
60MeV/c2 to 2GeV/c2, and Fig. 5 shows the 90% C.L.
upper limits on the SI-LM DM-nucleon interaction cross-
section with masses from 60MeV/c2 to 5GeV/c2. The
upper limits derived using the S1-S2 data deviate from
the median sensitivity by about 1-2� due to the under-
fluctuation of the ER background in the low energy re-
gion. The results, by searching for ER signals induced
by the Migdal e↵ect, give the best constraint on SI, SD
proton-only, SD neutron-only, and SI-LM DM-nucleon
interaction cross-section for mass below about 1.8, 2.0,
2.0, and 4.0GeV/c2, respectively as compared to previ-
ous experiments [26–34]. The upper limits derived from
the S1-S2 data become comparable with those from the
S2-only data at ⇠GeV/c2 since the e�ciency of the S1-
S2 data to DM signals with mass of ⇠GeV/c2 becomes
su�ciently high. However, the upper limits derived from
the S1-S2 data do not provide significantly better con-
straints than those from the S2-only data for DM masses
larger than 1GeV/c2, because both data are dominated
by the ER background, which is very similar to the ex-
pected DM signal.
In summary, we performed a search for LDM by

probing ER signals induced by the Migdal e↵ect and
BREM, using data from the XENON1T experiment.
These new detection channels significantly enhance the
sensitivity of LXe experiments to masses unreachable
in the standard NR searches. We set the most strin-
gent upper limits on the SI and SD DM-nucleon inter-
action cross-sections for masses below 1.8GeV/c2 and
2GeV/c2, respectively. Together with the standard NR
search [8], XENON1T results have reached unprece-

LUX XENON1T

arXiv:1907.12771

Signal: the ionised electron

Outcome: xenon competing with dedicated low-mass detectors

Migdal effect:

See also single scintillation photon search, arXiv:1907.06272, (co-lead Imperial)
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● STFC funded construction project 

● UK co-lead 3/11 WPs; has 2/7 Exec. Board and 6/30 Technical Board 

● UK Groups (9/39), approx. 50/250 members
○ Bristol: Software development 
○ Edinburgh: Skin veto, Cleanliness
○ Imperial: PMTs & bases, Data Centre, Detector system (project co-lead)
○ Liverpool: Outer Detector calibration systems
○ Oxford: Internal Sensors
○ RAL: Cryostat (project co-lead), calibration source delivery
○ Royal Holloway: Optical simulations
○ Sheffield: Background Simulations
○ UCL: Backgrounds & Assays (project co-lead), (Physics Coordinator) 

● UK PMTs delivered (⅓), 50% assay/bkg, cryostat, Data Centre
● Commissioning April 2020
● 1000 live days with 5.6 ton fiducial mass for sensitivity to 1.6x10-48cm2

STFC funded construction project
Commissioning early 2020
Science goal: 1000 live days & 5.6 tonne fiducial mass

UK involvement (approx 50/250 members)
• Bristol: software development
• Edinburgh: skin veto, cleanliness
• Imperial: PMTs, data centre, detector system (project co-lead)
• Liverpool: outer detector calibration systems
• Oxford: internal sensors
• RAL: cryostat (project co-lead), calibration source delivery
• Royal Holloway: optical simulations
• Sheffield: background simulations
• UCL: backgrounds and assays (project co-lead), (Physics coordinator)

UK co-lead on 3/11 WPS; 2/7 Exec. board; 6/30 technical board
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LZ improves on 
XENON1T by x40
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obtain conservative upper limits [7, 9], even though such
a cuto↵ is not physically motivated. The results shown
here are projections only, and an extrapolation down to
0.1 keV following Lindhard theory is used. Use of a hard
cuto↵ at 1.1 keV would degrade sensitivity to a 4 GeV/c2

mass WIMP by a factor of two, with no significant e↵ect
on sensitivity to WIMP masses above 6 GeV/c2. The
expected rate of 8B background events would also de-
crease by about 20%. Ultimately, the planned suite of
low energy nuclear recoil calibrations will be needed to
fully characterize the sensitivity of LZ to low mass WIMP
and 8B neutrino signals.

Since radon is projected to be the largest source of
events, a number of scenarios are presented based on cur-
rent assessments for radon rates in LZ. The high and low
scenarios correspond to all Rn-screening measurements
being aligned at their +1� and �1� expectations, re-
spectively. In addition to +1� expectations, the highest
scenario also assumes no reduction in emanation rate at
LZ operating temperatures. Figure 9 shows how the SI
sensitivity to a 40 GeV/c2 WIMP varies as a function
of overall radon concentration in the 5.6 tonne fiducial
volume. Even for the highest estimate scenario the me-
dian sensitivity is better than 3 ⇥ 10�48 cm2. Scans of
sensitivity as a function of other background components
and as a function of several detector parameters can be
found in [22].

B. Discovery potential

LZ discovery potential for SI WIMP-nucleon scattering
is shown in Fig. 10, where the ability to exclude the null
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FIG. 9. LZ projected SI sensitivity for a 40 GeV/c2 WIMP
as a function of overall Rn level, for a 5.6 tonne fiducial vol-
ume and a 1000 live day run. Included in the variation is
an implicit 220Rn contribution at 1/20th the specific activity
of 222Rn. The dashed vertical lines indicate the various Rn
scenarios.
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FIG. 10. LZ discovery potential for SI WIMP-nucleon scat-
tering. The best 3(5)� significance is achieved at 3.8(6.7) ⇥
10�48 cm2 for 40 GeV/c2 WIMPs. The projected sensitivity
of a 2 t·y exposure of XENON1T [81] is shown for comparison.

result at 3� and 5� significance is shown as a function of
WIMP mass and is compared to existing and future LXe
90% CL sensitivities. At 40 GeV/c2 the median 3(5)�
significance will occur at 3.8(6.7) ⇥ 10�48 cm2. For all
WIMP masses the projected 5� significance is below the
90% CL projections from running experiments.

C. Spin-dependent scattering

The sensitivity of LZ to SD WIMP-neutron and
WIMP-proton scattering is shown in Fig. 11. Natu-
rally occurring xenon has an abundance of around 50%
in isotopes with odd neutron number (26.4% 129Xe and
21.2% 131Xe by mass). For SD WIMP-neutron(-proton)
scattering a minimum sensitivity of 2.7 ⇥ 10�43 cm2

(8.1 ⇥ 10�42 cm2) is expected at 40 GeV/c2. LZ will ex-
plore a significant fraction of the favored MSSM7 model
region [82] for SD WIMP-neutron scattering.

VI. CONCLUSIONS

The physics run of LZ, starting in 2020, will probe a
significant fraction of the remaining parameter space for
the direct detection of WIMPs.

The LZ detector has been designed to maximize target
mass and exposure, while achieving ultra-low radioactiv-
ity and active monitoring of residual backgrounds. The
outer detector and active xenon skin veto systems are
critical to this: providing both the rejection of neutrons
and gamma rays from internal sources and the character-
ization of the environmental backgrounds in the vicinity
of the core TPC, to give a powerful in situ constraint on
the rates of processes that might produce backgrounds

arXiv:1802.06039

(Competitor: XENONnT similar sensitivity on similar timescale)
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High statistics measurement or explore to the neutrino floor

2019-23 2023-25 2025-29 2029+

G3 R&D Technical design Construction Exploitation

Direct Searches: The 3rd generation (‘G3’)

6European Strategy Meeting, RAL, July 16 2018PAAP Update, C. Ghag (UCL) 

Direct Searches: The 3rd generation (‘G3’)

6European Strategy Meeting, RAL, July 16 2018PAAP Update, C. Ghag (UCL) 
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Size + low backgrounds + NR + ER = science beyond WIMPs

Solar neutrinos (pp & B8), supernova neutrinos, 
neutrinoless double beta decay, axions… see eg arXiv:1606.07001

‘Generation-3’ (G3)

9

● High stats confirmation/measurement or explore remaining ‘accessible’ WIMPs 

● Size + low-background + NR + ER = Much science beyond standard WIMPs 
○ Neutrinoless double beta decay; low-energy solar neutrino flux; solar axions; 

galactic axion like particles: supernovae; sterile neutrinos; … 

● R&D mapped to UK expertise:
○ engineering issues related to up-scaling 
○ identification and mitigation of non-fiducialisable backgrounds
○ optical and electrical properties of materials
○ target doping
○ ...

● DMUK experiment-theory meetings & workshops: 
○ Optimise G3 R&D for non-WIMP thermal relics  

■ Single electron backgrounds (ionisation-only searches)
■ Asymmetric dark matter / FIMPs (low threshold)
■ Inelastic / magnetic dark matter (electron + nuclear recoils)

○ Explore opportunities for high impact dark matter / dark sector models 
inaccessible to current/planned searches  arXiv:1606.07001

European Strategy Meeting, RAL, July 16 2018PAAP Update, C. Ghag (UCL) 

UK R&D mapped to UK expertise:
 engineering issues from scaling up; background mitigation; SiPMS;
calibrate Migdal effect; target doping Xe with H, Ne (low masses);
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Y. Wang TAUP 2019  09/11/2019

Global Argon Dark Matter Collaboration

!9

DarkSide-50 
(running) 

DEAP-3600 
(running)

miniCLEAN

ArDM

DarkSide-20k 
    2022~

ARGO 
 2029~

~300 tonnes



DEAP-3600 (SNO-lab, Canada)
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Single-phase liquid argon detector
3.6 tonnes (1 tonne fiducial)
Pulse shape discrimination for particle ID

World’s most sensitive argon-experiment

DEAP-3600 Collaboration

2019-06-03 Carl Rethmeier 2

Picture of collaboration

Institution logos
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DEAP-3600 (SNO-lab, Canada)

Successes: 
• Demonstrated extremely low (lowest) 222Rn backgrounds (0.2 mBq/kg)  
• Pulse shape discrimination can be used to control ER backgrounds to 

neutrino floor

Limit yet to reach design sensitivity:
• Some background contamination 

from the detector neck
• Detector being re-configured to 

remove these events and likelihood 
analysis will be employed to reach 
design sensitivity (end-2020)

26
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FIG. 24. 90% confidence upper limit on the spin-
independent WIMP-nucleon cross sections based on the
analysis presented in this paper (blue), compared to
other published limits, including our previous limit [6],
SuperCDMS [45], DarkSide-50 [7], LUX [46], PANDAX-
II [47], and XENON1T [5].

ergy scale parameters in Table I, the PSD model fit
parameters in Equation 5, the WIMP acceptance as
shown in Figure 21, the NR quenching factors and
mean Fprompt values, as derived from [31], and a
2.9% uncertainty on the total exposure.

This analysis excludes spin-independent WIMP-
nucleon cross sections above 3.9⇥ 10�45 cm2

(1.5⇥ 10�44 cm2) for WIMPs with a mass of
100GeV/c2 (1TeV/c2), assuming the standard
halo dark matter model described in [49], with a
Maxwell-Boltzmann velocity distribution below an
escape velocity of 544 km/s and v0 = 220 km/s, and
a local density of 0.3GeV/cm3.

IX. CONCLUSIONS

This work improves upon the result reported in
[6], setting the most sensitive limit for the spin-
independent WIMP-nucleon cross section achieved
using a LAr target for WIMPs with mass greater
than 30GeV. These results are complementary to
results reported by liquid xenon-based experiments,
allowing for further constraints on the nature of the
WIMP-nucleon coupling [50, 51].

The use of LAr here demonstrates the power of
PSD as a tool to achieve low backgrounds in WIMP
searches, emphasizing the future prospect of much
larger LAr-based detectors designed to achieve sen-
sitivity to WIMP interaction cross-sections at the
level of the neutrino floor.

Additionally, a detailed description of back-
grounds in the detector has been presented alongside
the analysis methods and simulation models which
characterize them. Using these models, a total back-

ground expectation of <1 event has been achieved;
this model is consistent with observations in data
in the ROI. Multivariate techniques are currently
being explored to utilize these models to maximize
the sensitivity to dark matter signals. Since the end
of the data collection period presented here (Octo-
ber 31, 2017) DEAP-3600 has continued to collect
data. Updated results including a blind analysis of
additional data are planned for the near future.
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Direct	DM	detection	in	DarkSide	

DarkSide-20k is primarily a 50 T dual-phase Liquid Argon TPC.
§  Physics data-taking timescale 2022—2027. 
§  Expected sensitivity two orders of magnitude above current experiments at 

1 TeV WIMP mass, with sensitivity from sub-GeV to the multi-TeV regime. 

DarkSide-20k aims to be a background-free detector
§  Expected background with full exposure <0.1 events. 

• 50 tonne liquid underground Ar 
• 700 tonne liquid atmospheric Ar 

outer detector

• Global collaboration: >350 
physicists

• 11 countries, >55 institutes

Unlike DEAP-3600, will be dual-phase 
with pulse shape discrimination



Darkside-20k (Gran Sasso, Italy)
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• 50 tonne liquid underground Ar 
• 700 tonne liquid atmospheric Ar 

outer detector

• Global collaboration: >350 
physicists,

• 11 countries, >55 institutes

Two key innovations:

1. first large-scale use of large-area cryogenic silicon 
photon detection modules (PDMs) instead of PMTs.

1. >3x photon detection efficiency, 
2. 10x lower background, and 
3. 10x lower noise noise

3. Atmospheric LAr outer detector to veto the limiting 
background: neutrons
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DarkSide-20k	UK	participation		

Existing Collaboration members	

Joining subject to funding	

RHUL	
Prof.	J.	Monroe	
Dr.	J.	Walding	

Durham	(IPPP)	
Dr.	D.	Cerdeño	

Glasgow	
Prof.	D.	Britton	

KCL	
Prof.	M.	Fairbairn	

QMUL	
Dr.	A.	Bevan	
Dr.	J.	Hays	

Sheffield	
Prof.	L.	Roszkowski	

Lancaster	
Dr.	J.	Nowak	

Manchester	
Dr.	D.	Price	
Dr.	A.	Szelc	

Liverpool	
Dr.	K.	Mavrokoridis	
Dr.	J.	Vossebeld		

Sussex	
Dr.	S.	Peeters	

Birmingham	
Prof.	K.	Nikolopoulos	

Warwick	
Dr.	Y.	Ramachers		

RAL	
Dr.	P.	Majewski		

Dr.	M.	van	der	Grinten	
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Boulby	Laboratory	
Collaboration	agreement	

Thanks to Darren Price
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The	path	to	the	DarkSide(-20k)	

1 tonne 

50 tonnes
(40 T fiducial) 

50 kg 

DarkSide-50 

DS�
proto-proto

2019 

DS proto-1T
2020 

DarkSide-20k
2022—2027 

Aggressive timescale to 
match liquid xenon

Thanks to Darren Price
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DS20k:	PPRP	proposal	for	UK	work	packages	

§  Lead the LAr veto readout and responsibility for photosensor 
calibration critical to goal of zero-background experiment. �
Propose to deliver 3000 large area SiPMs, starting from foundry wafer through sensor calibration. �
Benefit from development/retention of expertise in low-noise high detection efficiency sensor technology 

§  Distributed computing challenges at the level of LHC.�
Leverage existing UK expertise and leadership

§  Expand DM (and neutrino) physics programme of experiment.�
Synergies with DUNE and existing DM programme

§  Positions UK for strong future exploitation programme.

Veto	readout	
	
	
	
	
	
	

SiPM	calibration	
	
	
	
	
	
	

Distributed	
computing	

	
	
	
	
	
	

Searches	beyond	
WIMPS	

	
	
	
	
	
	

Thanks to Darren Price
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Beyond DarkSide-20k

Argon

14



Argon reach
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High statistics measurement or explore to the neutrino floor
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Directional Detection
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Directional detectors designed to probe beyond the neutrino floor 
CYGNUS: Gas TPC Concept
 • Gas Mixtures: SF6:He, p ~1atm, CF4:SF6:He  etc

• Can switch between higher density (search 
mode) and lower density gas for (improved) 
directional confirmation of WIMP signal

 • Threshold at <1 keVe

• Use of high gain stages
• Ultimate is W~30 eV

 • Reduced diffusion via -ve ion drift 

 • 3D Fiducialisation  
• SF6 minority carriers 
•  charge cloud profile

 • He target  
•  Improved sensitivity to low mass WIMP  
•  Longer recoil tracks, extending directionality to lower energies 

 • Reasonable detector volumes (10 m3 to 1000 m3) 

 • Active electron rejection at ~GeV

CYGNUS (Directional R&D)

21

● DRIFT: Directionality pioneer based at Boulby
○ DRIFT-IIe testing large area thick GEM readouts  

● CYGNUS: International collaboration of directionality experiments 
○ 25 institutes (Australia, China, Italy, Japan, UK, US); UK spokesperson
○ Negative ion SF6+He target with high demonstrated (UK)
○ Targeting low-mass WIMP region (~10 keV) with directionality and recoil discrimination
○ Distributed network of 10 m3 (CYGNUS-10) experiments at different latitudes
○ New sites at Stawell (Australia), Boulby (UK), Gran Sasso (Italy) for CYGNUS-UNDER 1m3 test 

CAJ O’Hare et. al. Phys. Rev. D 92, 063518 (2015)

DRIFT (Sheffield): Directionality pioneer hosted at Boulby
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CYGNUS Vision

A multi-site Galactic Nuclear Recoil Observatory 
Probe Dark Matter below the Neutrino Floor 
Measure 8B solar neutrinos with directionality

Extend searches to low mass with electron and nuclear recoils

CYGNUS Collaboration
 • Most groups working on directional dark 

matter detection have formed CYGNUS 
• Members from the Australia, China, Italy, 

Japan, Spain, UK, US etc (25 institutes)
• Includes activity in Emulsions and TPC gas 

technology (focus in this talk on TPCs)
2007 Boulby, UK
2009 MIT, US
2011 Modane, France
2013 Toyama, Japan
2015 Los Angeles, USA
2017 JinPing, China
2018 l’Aquila, Italy
2019   Rome, Italy 

• CYGNUS evolved 
from a series of 
directional 
workshops 

June 2018 l’Aquila, Italy
Steering group:

• Neil Spooner (Sheffield, UK) 
• Sven Vahsen (Hawaii, USA) 
• Kentaro Miuchi (Kobe, Japan) 
• Elisabetta Baracchini (GSSI/INFN, Italy) 
• Greg Lane (ANU, Australia)

CYGNUS Collaboration
 • Most groups working on directional dark 

matter detection have formed CYGNUS 
• Members from the Australia, China, Italy, 

Japan, Spain, UK, US etc (25 institutes)
• Includes activity in Emulsions and TPC gas 

technology (focus in this talk on TPCs)
2007 Boulby, UK
2009 MIT, US
2011 Modane, France
2013 Toyama, Japan
2015 Los Angeles, USA
2017 JinPing, China
2018 l’Aquila, Italy
2019   Rome, Italy 

• CYGNUS evolved 
from a series of 
directional 
workshops 

June 2018 l’Aquila, Italy
Steering group:

• Neil Spooner (Sheffield, UK) 
• Sven Vahsen (Hawaii, USA) 
• Kentaro Miuchi (Kobe, Japan) 
• Elisabetta Baracchini (GSSI/INFN, Italy) 
• Greg Lane (ANU, Australia)

10-1 100 101 102 103 104
10-47
10-46
10-45
10-44
10-43
10-42
10-41
10-40
10-39
10-38
10-37
10-36
10-35
10-34

• 3 years of running time • 3 keVr F threshold • 1 keVr He threshold
• Directional mode (20 torr SF6 740 torr He4) • Search mode (200 torr SF6 560 torr He4)

thanks to Ciaran O’Hare

CYGNUS SD Sensitivity - 1000m3

preliminary

Going beyond the 
neutrino floor
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NEWS-G
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First results of NEWS-G with SEDINE

Exclusion at 90% 
confidence level (C.L.) 
of cross-sections above 
4.4・10-37 cm2 for a 0.5 

GeV/c2 WIMP 

NEWS-G collaboration, Astropart. Phys. 97, 54 (2018), doi: 10.1016/j.astropartphys.2017.10.009

Limit set on spin independent WIMP coupling with standard assumptions on WIMP velocities, escape 
velocity and with quenching factor of Neon nuclear recoils in Neon calculated from SRIM 

NEWS-G (2017)Crest-II (2015)

DAMIC
CDMS-lite

23

Next exploratory run 
underway:
He:Ne:CH4 gas at 2 bar
Upgrade: Glass sensor 

Projected sensitivity 

r
A
 = anode radius

r
C
 = cathode radius 

I.Giomataris et al ,JINST,2008, P09007

Anode
● Metallic
● Semiconducting

Supporting tip
● Insulator

Wire
● Metallic 

core
● Insulating 

surface

Supporting Rod
● Metallic
● Resistive 

coating

The sensorThe spherical proportional counter (SPC)

The electric field
⇒ Strong dependence on the radius

- Simple design
- Single readout

Basic advantages
● Large volume
● Ne, He, H gas mixtures
● Low capacitance (low noise)
● Fidusialisation capabilities

○ Rise time ~ Interaction radius 
○ Width ~ Track length 

Spherical proportional counter 
targeting low mass dark matter

• University of Birmingham
• PI: K Nikolopoulos
• Contributing to detector physics 

simulations, data analysis and R&D
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• Axions well-motivated as solve QCD strong CP problem
• Ultra-light (micro-eV), pseudoscalars

ADMX: search using a tuned electromagnetic resonator in a 
magnetic field

UK involvement (Lancaster, Sheffield): developing active cavity 
resonators to enhance mass range coverage

ADMX-Gen2 @ Washington (USA)
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● Axions from QCD symmetry breaking mechanism
○ Light (order 10 𝜇eV) pseudoscalar, stable particles

● ADMX-Gen2 is a Dark Matter axion search using a tuned electromagnetic resonator in a magnetic field
● UK groups (Lancaster, Sheffield) developing active cavity resonators to enhance ADMX range

○ Good prospects to improves rate of axion mass coverage (arXiv:1805.11523)

Now probing the preferred parameter space

PRL 2018



GNOME network
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GNOME Network
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● Optically Pumped Magnetometers (OPM): used to measure coupling between 
atomic spin and transient events of axion-like fields
○ ...like the crossing of domain walls

● Coincident measurements between two or more instruments around the globe to 
reject false positives 

● Impinging direction from triangulation if many instruments
● UK OPM (Birmingham) already operational

Axion domain 
wall detection

GNOME Network 
(USA+EU+China)

Current sensitivity

Phase 2 (with UK)

GNOME Network
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● Optically Pumped Magnetometers (OPM): used to measure coupling between 
atomic spin and transient events of axion-like fields
○ ...like the crossing of domain walls

● Coincident measurements between two or more instruments around the globe to 
reject false positives 

● Impinging direction from triangulation if many instruments
● UK OPM (Birmingham) already operational

Axion domain 
wall detection

GNOME Network 
(USA+EU+China)

Current sensitivity

Phase 2 (with UK)

• Optically Pumped Magnetometers (OPM): sensitive to the crossing 
of domain walls

• Need coincident measurements between two or more instruments 
to reject false positives

• UK OPM (Birmingham) already operational



Atom interferometers: AION/AEDGE
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• Ultra-light scalar dark matter can induce variations of the 
electron mass and fine-structure constant



Take home message

• Nobel liquids can probe from MeV scale (Migdal + 
electron scattering) to multi-TeV scale (nuclear recoils) 
and neutrino physics (solar, supernova, ++)

• Future bright for dark matter in the UK
- world leading activities at forefront of the field
- aligned with international programmesDark Matter

4PAAP Update, C. Ghag (UCL) European Strategy Meeting, RAL, July 16 2018



My view

• No brainer to support liquid Xenon at G3 (UK 
contributions internationally recognised, proven tech 
across multiple experiments, sensitive to spin-
dependent and spin-independent signals)

• Development for DarkSide-20k should also be a 
priority: need multiple targets to characterise any dark 
matter signal + some unique physics opportunities (eg 
CNO neutrino flux measurement)

• We don't know what dark matter is: support smaller 
scale experiments to ensure we cover all theory space


