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Overview

• Recap DM candidates and DD
• Model independent tests DAMA/LIBRA excess
• Liquid nobles: LAr, LXe-TPCs
• Cryogenic searches
• Axion searches
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Evidence for Dark 
Matter at many 
scales

• Dark Matter 
dominated universe: 
84.4% of the matter 
content
• Local density
• We know it’s there 
but what is is?
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Dark Matter 
Candidates

• Consistent with relic 
density? Cold? Neutral? 
Limits on self-interactions? 
…
• DD focus to date on 
WIMPs , Axions as well 
motivated candidates
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Direct Detection 
Galactic DM

• Elastic scattering of 
galactic DM
• Exponentially falling 
recoil spectrum O(10 keV)
• A2 enhancement for SI 
WIMPs
• Now at sub-
event/tonne/year
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Status WIMP searches Driving factors: atomic mass and 
threshold; fiducial mass and time
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18 27. Dark Matter

mass parameter space, above masses of 0.3 GeV.

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

27.7 Astrophysical detection of dark matter
DM as a microscopic constituent can have measurable, macroscopic e�ects on astrophysical

systems. Indirect DM detection refers to the search for the annihilation or decay debris from DM
particles, resulting in detectable species, including especially gamma rays, neutrinos, and antimatter
particles. The production rate of such particles depends on (i) the annihilation (or decay) rate (ii)
the density of pairs (respectively, of individual particles) in the region of interest, and (iii) the
number of final-state particles produced in one annihilation (decay) event. In formulae, the rate
for production of a final state particle f per unit volume from DM annihilation can be cast as

≈
A

f = c
fl

2

DM

m
2

DM

È‡vÍN
A

f , (27.18)

where È‡vÍ indicates the thermally-averaged cross section for DM annihilation times relative velocity
[27], calculated at the appropriate temperature, flDM is the physical density of DM, and N

A

f
is the

number of final state particles f produced in one individual annihilation event. The constant c

depends on whether the DM is its on antiparticle, in which case c = 1/2, or if there is a mixture of
DM particles and antiparticles (in case there is no asymmetry, c = 1/4). The analog for decay is

≈
D

f = flDM

mDM

1
·DM

N
D

f , (27.19)

with the same conventions for the symbols, and where ·DM is the DM’s lifetime.
Gamma Rays: DM annihilation to virtually any final state produces gamma rays: emis-

sion processes include the dominant two-photon decay mode of neutral pions resulting from the
hadronization of strongly-interacting final states; final state radiation; and internal bremsshtralung,
the latter two including, possibly, the emission of massive gauge or Higgs bosons subsequently pro-
ducing photons via their decay products. Similarly, neutrinos are produced from charged pion
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DAMA/LIBRA 
excess @ LNGS, Italy

• Low-energy electron 
recoil excess 
• Long standing (20 > yrs) 
à now at 12 sigma
• 250 kg NaI(Tl) 
scintillators
•Annual modulation signal 
in [2-6] keV region
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Figure 1: Experimental residual rate of the single-hit scintillation events measured by DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2 in the
(2–6) keV energy intervals as a function of the time. The superimposed curve is the cosinusoidal functional forms A cos!(t ! t0) with a period
T = 2"

! = 1 yr, a phase t0 = 152.5 day (June 2nd) and modulation amplitude, A, equal to the central value obtained by best fit on the data points of
DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2.

of DM particles beam-on and beam-o!. This proce-
dure also allows an additional test of the background be-
haviour in the same energy interval where the positive
e!ect is observed. In particular, in Fig. 2 the residual
rates of the single-hit scintillation events collected dur-
ing DAMA/LIBRA–phase2 are reported, as collected in
a single cycle, together with the residual rates of the
multiple-hit events, in the (1–6) keV energy interval.
While, as already observed, a clear modulation, satis-
fying all the peculiarities of the DM annual modula-
tion signature, is present in the single-hit events, the
fitted modulation amplitude for the multiple-hit resid-
ual rate is well compatible with zero: (0.0004± 0.0004)
cpd/kg/keV. Similar results were also obtained for the
two last annual cycles of DAMA/NaI [22] and for
DAMA/LIBRA–phase1 [2, 3, 4, 6]. Since the same
hardware and software procedures have been used to
analyse the two classes of events, the obtained result
o!ers an additional strong support for the presence of a
DM particle component in the galactic halo.

The single-hit residuals have also been investi-
gated by a Fourier analysis, as reported in Fig. 3
for DAMA/LIBRA–phase1 and phase2 in the (2–
6) keV energy interval (left panel) and only for
DAMA/LIBRA–phase2 in the (1–6) keV energy inter-
val (right panel). The data analysis procedure has been
described in details in Ref. [18]. A clear peak corre-
sponding to a period of 1 year is evident in the low
energy intervals; the same analysis in the (6–14) keV
energy region shows only aliasing peaks instead. Nei-
ther other structure at di!erent frequencies has been ob-
served (see also Ref. [18]).

The annual modulation present at low energy can also
be pointed out by depicting – as a function of the en-
ergy – the modulation amplitude, S m, obtained by ap-
plying the maximum likelihood method to the events,
considering T =1 yr and t0 = 152.5 day. For such
purpose the likelihood function of the single-hit ex-
perimental data in the k!th energy bin is defined as:

Lk = !i je!µi jk
µ

Ni jk
i jk

Ni jk! , where Ni jk is the number of events
collected in the i-th time interval (hereafter 1 day), by
the j-th detector and in the k-th energy bin. Ni jk fol-
lows a Poisson’s distribution with expectation value
µi jk =

!
b jk + S ik

"
Mj"ti"E# jk. The b jk are the back-

ground contributions, Mj is the mass of the j!th de-
tector, "ti is the detector running time during the i-
th time interval, "E is the chosen energy bin, # jk is
the overall e#ciency. The signal can be written as
S i,k = S 0,k + S m,k · cos!(ti ! t0), where S 0,k is the con-
stant part of the signal and S m,k is the modulation am-
plitude. The usual procedure is to minimize the func-
tion yk = !2ln(Lk) ! const for each energy bin; the
free parameters of the fit are the (b jk + S 0,k) contribu-
tions and the S m,k parameter. Hereafter, the index k
is omitted for simplicity. The modulation amplitudes
for the whole data sets: DAMA/NaI, DAMA/LIBRA–
phase1 and DAMA/LIBRA–phase2 (total exposure 2.46
ton"yr) are plotted in Fig. 4; the data below 2 keV re-
fer only to the DAMA/LIBRA–phase2 exposure (1.13
ton"yr). It can be inferred that positive signal is present
in the (1–6) keV energy interval, while S m values com-
patible with zero are present just above. All this con-
firms the previous analyses. The test of the hypothe-
sis that the S m values in the (6–14) keV energy interval
have random fluctuations around zero yields $2 equal
to 19.0 for 16 d.o. f . (upper tail probability of 27%).
For the case of (6–20) keV energy interval $2/d.o. f . =
42.6/28 (upper tail probability of 4%). The obtained
$2 value is rather large due mainly to two data points,
whose centroids are at 16.75 and 18.25 keV, far away
from the (1–6) keV energy interval. The P-values ob-
tained by excluding only the first and either the points
are 11% and 25%.

As already done for the other data releases [2, 3, 4, 6,
16], it has been verified that the observed annual mod-
ulation e!ect is well distributed in all the 25 detectors.
In particular, the modulation amplitudes S m integrated
in the range (2–6) keV for each of the 25 detectors

R. Bernabei et al. / Nuclear and Particle Physics Proceedings 303–305 (2018) 74–7976
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Figure 1: Experimental residual rate of the single-hit scintillation events measured by DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2 in the
(2–6) keV energy intervals as a function of the time. The superimposed curve is the cosinusoidal functional forms A cos!(t ! t0) with a period
T = 2"

! = 1 yr, a phase t0 = 152.5 day (June 2nd) and modulation amplitude, A, equal to the central value obtained by best fit on the data points of
DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2.

of DM particles beam-on and beam-o!. This proce-
dure also allows an additional test of the background be-
haviour in the same energy interval where the positive
e!ect is observed. In particular, in Fig. 2 the residual
rates of the single-hit scintillation events collected dur-
ing DAMA/LIBRA–phase2 are reported, as collected in
a single cycle, together with the residual rates of the
multiple-hit events, in the (1–6) keV energy interval.
While, as already observed, a clear modulation, satis-
fying all the peculiarities of the DM annual modula-
tion signature, is present in the single-hit events, the
fitted modulation amplitude for the multiple-hit resid-
ual rate is well compatible with zero: (0.0004± 0.0004)
cpd/kg/keV. Similar results were also obtained for the
two last annual cycles of DAMA/NaI [22] and for
DAMA/LIBRA–phase1 [2, 3, 4, 6]. Since the same
hardware and software procedures have been used to
analyse the two classes of events, the obtained result
o!ers an additional strong support for the presence of a
DM particle component in the galactic halo.

The single-hit residuals have also been investi-
gated by a Fourier analysis, as reported in Fig. 3
for DAMA/LIBRA–phase1 and phase2 in the (2–
6) keV energy interval (left panel) and only for
DAMA/LIBRA–phase2 in the (1–6) keV energy inter-
val (right panel). The data analysis procedure has been
described in details in Ref. [18]. A clear peak corre-
sponding to a period of 1 year is evident in the low
energy intervals; the same analysis in the (6–14) keV
energy region shows only aliasing peaks instead. Nei-
ther other structure at di!erent frequencies has been ob-
served (see also Ref. [18]).

The annual modulation present at low energy can also
be pointed out by depicting – as a function of the en-
ergy – the modulation amplitude, S m, obtained by ap-
plying the maximum likelihood method to the events,
considering T =1 yr and t0 = 152.5 day. For such
purpose the likelihood function of the single-hit ex-
perimental data in the k!th energy bin is defined as:

Lk = !i je!µi jk
µ

Ni jk
i jk

Ni jk! , where Ni jk is the number of events
collected in the i-th time interval (hereafter 1 day), by
the j-th detector and in the k-th energy bin. Ni jk fol-
lows a Poisson’s distribution with expectation value
µi jk =

!
b jk + S ik

"
Mj"ti"E# jk. The b jk are the back-

ground contributions, Mj is the mass of the j!th de-
tector, "ti is the detector running time during the i-
th time interval, "E is the chosen energy bin, # jk is
the overall e#ciency. The signal can be written as
S i,k = S 0,k + S m,k · cos!(ti ! t0), where S 0,k is the con-
stant part of the signal and S m,k is the modulation am-
plitude. The usual procedure is to minimize the func-
tion yk = !2ln(Lk) ! const for each energy bin; the
free parameters of the fit are the (b jk + S 0,k) contribu-
tions and the S m,k parameter. Hereafter, the index k
is omitted for simplicity. The modulation amplitudes
for the whole data sets: DAMA/NaI, DAMA/LIBRA–
phase1 and DAMA/LIBRA–phase2 (total exposure 2.46
ton"yr) are plotted in Fig. 4; the data below 2 keV re-
fer only to the DAMA/LIBRA–phase2 exposure (1.13
ton"yr). It can be inferred that positive signal is present
in the (1–6) keV energy interval, while S m values com-
patible with zero are present just above. All this con-
firms the previous analyses. The test of the hypothe-
sis that the S m values in the (6–14) keV energy interval
have random fluctuations around zero yields $2 equal
to 19.0 for 16 d.o. f . (upper tail probability of 27%).
For the case of (6–20) keV energy interval $2/d.o. f . =
42.6/28 (upper tail probability of 4%). The obtained
$2 value is rather large due mainly to two data points,
whose centroids are at 16.75 and 18.25 keV, far away
from the (1–6) keV energy interval. The P-values ob-
tained by excluding only the first and either the points
are 11% and 25%.

As already done for the other data releases [2, 3, 4, 6,
16], it has been verified that the observed annual mod-
ulation e!ect is well distributed in all the 25 detectors.
In particular, the modulation amplitudes S m integrated
in the range (2–6) keV for each of the 25 detectors
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j.dobson@ucl.ac.uk, 15/04/2021

https://doi.org/10.1016/j.nuclphysbps.2019.03.015
mailto:j.dobson@ucl.ac.uk


j.dobson@ucl.ac.uk, IOP 04/2021

Hard to reconcile 
w/subsequent DD 
exps

• Non-standard DM model?
• Detector: Target? Quenching factors?
• Seasonal effect (BG etc) unrelated to DM?
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ANAIS-112 
Annual modulation with NaI
Scintillators @ Canfranc Underground 
Laboratory (LSC), in Spain

• Data taking started August 2017: 3/5 years 
to date. Latest results March 2021
• Incompatible with DAMA/LIBRA result at 3.3 
(2.6) σ for 1-6 (2-6) keV range
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112.5 kg NaI(Tl) scintillators. 3

Days from 3 August 2017
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FIG. 1. Left panel: Artistic view of ANAIS-112 set-up showing the 9 NaI(Tl) modules inside a shielding made of lead, antiradon box, active
muon vetoes, polyethylene and water tanks. Right panel: the black line represents the accumulated exposure since August 2017 with the nine
ANAIS-112 modules. For comparison, the red line corresponds to a 100% live time for 112.5 kg detection mass.

Time period Live time Live time Down time Dead time
(days) (%) (%) (%)

08/03/2017 – 07/31/2018 341.722 94.40 2.84 2.76
08/01/2018 – 08/28/2019 374.302 95.48 2.44 2.07
08/29/2019 – 08/13/2020 333.791 95.10 2.62 2.28

TABLE I. Distribution of live, dead and down time during ANAIS-112 data taking and total live time accumulated per operation year.

It can be observed that trigger rate is dominated by events
having only one peak at each PMT signal, which are not asso-
ciated with bulk scintillation in the sodium iodide material. It
is worth remarking that our event selection protocol (see next
section for more details) requires more than 4 peaks in each
PMT signal to be considered a bulk scintillation event. We can
conclude from Fig. 2 that although a few high trigger rate pe-
riods along the three years of operation occurred, they do not
affect the total rate of selected events, as shown by the remark-
ably stable rate of events having more than one peak at each
PMT. All of these anomalous high rate periods are associated
to changes in the supply of gas flushing into the ANAIS-112
shielding used to prevent the radon entrance. However, the
abnormal trigger rate increases cannot be explained by the en-
trance of radon into the shielding: it does not correlate with
any increase in background events in any energy region, and
it also appears when using radon-free air provided by LSC for
the flushing.

ANAIS-112 modules were specifically designed to have a
Mylar window in the copper housing to allow low-energy cal-
ibration with external x-ray/gamma sources down to 10 keV.
This particular feature of ANAIS detectors allows periodical
calibration of all the detectors using several 109Cd external
sources mounted on flexible wires which are introduced into
the shielding and positioned in front of the Mylar windows,
irradiating simultaneously the nine modules for a period of
about 4 hours every two weeks. Lines of 88.0, 22.6 and

Time
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FIG. 2. ANAIS-112 trigger rate from August 2017 until August
2020. Total rate is shown in black, and the rate of events having more
than one peak in every PMT detected by the peak-finding algorithm
is shown in red.

11.9 keV2 are used for the control of the modules’ response
stability below 100 keV. The latter is not directly produced by
109Cd decay, but it is the result of the subsequent Br x-rays
produced in the flexible wire containing the sources by the
photoelectric absorption of the x-rays and gammas produced
in the 109Cd decay. The modules’ response can be thought
as the combination of two independent factors: the light col-
lection and the PMTs gain, which can be studied separately.
Changes in light collection and in PMT gain combine to mod-

2 22.6 and 11.9 keV are average energies, corresponding to the weighted
average of the different x-rays produced following EC decay in the first of
them, and photoelectric absorption in the second.
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FIG. 19. c2
0 � c2 periodograms for three years of data in [1-6] keV (upper panels) and [2-6] keV (lower panels) energy regions. Left, middle

and right panels correspond to best fits to functions 4, 5, and 6, respectively. Local and global significances are calculated as described in the
text.
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FIG. 20. ANAIS-112 sensitivity to the DAMA/LIBRA signal in
s C.L. units (see text) as a function of real time in the [1-6] keV
(lower panel) and [2-6] keV (upper panel) energy regions. The black
dots are the sensitivities measured experimentally. The blue bands
represent the 68% C.L. DAMA/LIBRA uncertainty.

Appendix A

Under the hypothesis of an annual modulation component
with amplitude Sm and phase f , the rate in the ROI can be
written as

R(t) = R0 +Smcos(w(t � t0)) = R0 +Acoswt +Bsinwt

(A1)

where f = wt0, A = Sm cosf , and B = Sm sinf . Note that
(A,B) can be viewed as cartesian coordinates and (Sm,f) as
their corresponding polar coordinates. The least squares esti-
mator (LSE) for A and B parameters is unbiased because, as
shown in eq. A1, the rate is linear in both parameters, while
this is not the case for the LSE for Sm and f [54]. It can be
proved in a similar way as we described in our previous arti-
cle [18] that when data are evenly distributed along an integer
number of years, the covariance matrix is diagonal and the es-
timators of A and B have the same variance, s2. Furthermore,
when no modulation is present, the estimators of A and B are
independent Gaussian distributions with null mean and vari-
ance s2. Under these assumptions, the bias of the LSE of Sm

can be calculated because the joint probability of (A,B)

P(A,B)dAdB =

1p
2ps

exp(�A
2/2s2)

1p
2ps

exp(�B
2/2s2)dAdB (A2)

can be written in polar coordinates (Sm,f)

P(Sm,f)dSmdf =
1

2ps2 exp(�S
2
m
/2s2)SmdSmdf (A3)

The expectation value of Sm =+
p

A2 +B2 is therefore:

E(Sm) =
Z •

�•

Z •

�•
SmP(A,B)dAdB =

Z •

0

Z 2p

0
SmP(Sm,f)SmdSmdf =

r
p
2

s . (A4)

Annual Modulation Results from Three Years Exposure of ANAIS-112: arXiv:2103.01175
j.dobson@ucl.ac.uk, 15/04/2021
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COSINE-100
Yangyang underground 
laboratory, South Korea
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FIG. 2. Exclusion limits on the WIMP-proton spin-independent cross section for the isospin-violating inter-

action. The 3� allowed regions of the WIMP mass and the WIMP-proton cross-section associated with the DAMA/LIBRA-
phase1+phase2 data (blue solid coutours) using the new QF values in their best fit for (a) sodium scattering and (b) iodine
scattering hypotheses are compared with the 90% confidence level exclusion limits from the COSINE-100 data (black-solid-line),
together with the 68% and 95% probability bands for the expected 90% confidence level limit assuming the background-only
hypothesis. The dashed blue contours show the allowed regions of the DAMA/LIBRA-phase1+phase2 data using the DAMA
QF values. For comparison, limits from the initial 59.5 days COSINE-100 data [8] are shown by the purple-solid-line. In each
plot, we fix the e↵ective coupling ratios to neutrons and protons fn/fp to the best fit values of the DAMA data.
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FIG. 3. Exclusion limits on the WIMP-nucleon spin-

independent cross section of the isospin-conserving

interaction. The observed (filled circles with black solid
line) 90% confidence level exclusion limits on the WIMP-
nucleon spin-independent cross section from the COSINE-100
are shown together with the 68% and 95% probability bands
for the expected 90% confidence level limit, assuming the
background-only hypothesis. The limits are compared with
a WIMP interpretation of the DAMA/LIBRA-phase1 3� al-
lowed region using the new QF (blue-solid-contours) and the
DAMA QF (blue-dashed-contours) [29].
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• 106 kg low-background NaI(Tl) 
• 1.7 years of data à disfavors DAMA/LIBRA 
• No annual modulation analysis yet

Strong constraints from COSINE-100 on the DAMA: arXiv:2104.03537j.dobson@ucl.ac.uk, 15/04/2021
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DEAP-3600
SNOLAB, Canada

Single-phase LAr
Operated 2 km UG SNOLAB
Final result with 231-livedays

11Phys.Rev.D 100 (2019) 2, 022004
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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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5% of the energy density. Despite the significant
abundance, dark matter has not yet been directly
detected in terrestrial experiments. Many theoreti-
cal models predict particles with appropriate phe-
nomenological properties, such as those described
in [2, 3]. One such candidate is the weakly inter-
acting massive particle (WIMP). In such models,
the elastic scattering of WIMPs with nuclei produces
low energy (.100 keV) nuclear recoils (NRs) [4]. Di-
rect detection experiments seek to observe this sig-
nature; current results limit the spin-independent
WIMP-nucleon scattering cross section to be less
than 9.0⇥ 10�47 cm2 at 100 GeV/c2 at 90% C. L. [5].
Detecting these rare, low energy signals is facili-

tated by a large target mass with exceptionally low
backgrounds, below 1 event per tonne per year. Pre-
vious experimental results demonstrated the e↵ec-
tiveness of liquid argon (LAr) for achieving these
conditions [6, 7]. Ease of purification, high scintil-
lation e�ciency and transparency to its own scin-
tillation light makes it well-suited for a multi-tonne
WIMP detector. The DEAP-3600 experiment uses
the unique scintillation time profile of LAr to achieve
pulse shape discrimination (PSD) [8]. It has pre-
viously been shown that PSD can be used to sup-
press electronic recoil (ER) backgrounds by a factor
better than 2.7⇥ 10�8, in an energy range of 44–
89 keVee [9].
The results presented here are from the

DEAP-3600 experiment, using non-blinded data
collected from November 4, 2016 to October 31,
2017. DEAP-3600 has previously performed the
first WIMP search with a single-phase LAr de-
tector (measuring scintillation only), during a
14.8 tonne·day total exposure [6]. In this paper, the
results are updated to a 758 tonne·day total expo-
sure collected during 231 live-days. The result is the
most sensitive dark matter search performed using a
LAr target for WIMP masses above 30GeV/c2. This
analysis shows the strongest background discrimina-
tion using PSD in any dark matter search, achieving
an average leakage probability of 4.1+2.1

�1.0⇥10�9 with
90% NR acceptance in the dark matter search region
of 15.6–32.9 keVee.

II. DETECTOR AND DATA ACQUISITION

The DEAP-3600 detector is located approxi-
mately 2 km (6 km water-equivalent) underground
at the SNOLAB facility near Sudbury, Ontario,
Canada. In the current run, the detector has been
operating with a LAr target since November 4, 2016.
The analysis of data from a previous run is discussed

FIG. 1. Cross section of the DEAP-3600 detector compo-
nents located inside the water tank (not shown). Inside
the steel shell are inward-looking PMTs, light guides,
filler blocks, and the acrylic vessel (AV), which holds
the liquid argon target and the gaseous argon layer. Lo-
cated on the outer surface of the steel shell are muon
veto PMTs. Above this, a steel neck contains the neck
of the AV, acrylic flowguides and the cooling coil. The
neck is coupled to a central support assembly on which
the glovebox is located. Shown also is the neck veto fiber
system (green).

in [6]. For the data collection period discussed here,
the total mass of the LAr target is (3279± 96) kg.
This value of the total LAr mass is calculated using
the same method as described in [6].

A. Detector description

A cross-sectional diagram of the DEAP-3600 de-
tector is shown in Figure 1. The complete design of
the detector is detailed in [10]. The detector consists
of ultra-pure LAr contained in a 5 cm thick ultravio-
let absorbing (UVA) acrylic vessel (AV) with an in-
ner diameter of 1.7m. This UVA acrylic was chosen
to reduce the amount of Cherenkov light originating
from the acrylic. The top 30 cm of the AV is filled
with gaseous argon (GAr). The GAr/LAr interface
is 55 cm above the equator of the AV. The GAr and
LAr regions are viewed by an array of 255 inward-
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Figure 20: The DEAP-3600 detector in the water shield tank with the vertical
calibration tubes A, B (not visible; in background), C, E, and circular high
density polyethylene tube, F, indicated. The 48 PMTs attached to the steel
shell are used for the muon veto.

The 1 MBq 22Na source (created April 2012) is contained between two

Cerium-doped Lutetium Yttrium Orthosilicate (LYSO, Hilger [58]) crystals to

tag the back-to-back 511 keV annihilation photons. The 20-mm-diameter, 20-

mm-long LYSO crystals are read out with two compact Hamamatsu R9880U

PMTs [59]. The tagging system can be compact, as 50% of the 511 keV photons

are attenuated in 8.5 mm in LYSO.

The 74 MBq AmBe neutron source is surrounded by two Ametek-packaged

NaI crystal and PMT assemblies. Each 40-mm-diameter, 51-mm-thick NaI crys-

tal has a 10 mm by 10 mm well to contain the radioactive source, and is coupled

to a 38 mm ETL 9102 PMT with an internal Cockcroft-Walton high voltage
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FIG. 7. The DarkSide-50 Ne� spectra at low recoil en-
ergy from the analysis of the last 500 days of exposure
compared with a G4DS simulation of the background
components from known radioactive contaminants. Also
shown are the spectra expected for recoils induced by
dark matter particles of masses 2.5, 5, and 10GeV/c2

with a cross section per nucleon of 10�40 cm2 convolved
with the no energy quenching fluctuation model and de-
tector resolution. The y-axis scales at right hand side
are approximate event rates normalized at Ne� = 10 e�.

are set to zero, equivalent to imposing an analysis
threshold of 0.59 keVnr.

Extrapolations of the expected background to the
signal region are mostly a↵ected by theoretical un-
certainties on the low energy portion of the 85Kr and
39Ar �-spectra and by the uncertainty in the elec-
tron recoil energy scale and resolution.

Upper limits on the WIMP-nucleon scatter-
ing cross-section are extracted from the observed
Ne� spectrum using a binned profile likelihood
method [56–58]. Two signal regions are defined, the
first one using a threshold of 4 e�, determined by
the approximate end of the trapped electron back-
ground spectrum, and the second above a threshold
of 7 e�, where the background is described within
uncertainties by the G4DS simulation. The first
region has sensitivity to the entire range of DM
masses explored in this work, but the data is con-
taminated by a component that is not included in
the background model, resulting in weaker bounds
on the DM-nucleon cross-section. The second signal
region has limited sensitivity to DM masses below
3.5GeV/c2 but, due to the agreement between data
and background model, more tightly constrains the
cross-section at higher masses. For a given fluctua-
tion model and DM mass, we calculate limits using
both signal regions and quote the more stringent of
the two.

The 90% C.L. exclusion curves for the binomial
fluctuation model (red dotted line) and the model
with zero fluctuation in the energy quenching (red
dashed line) are shown in Fig. 8. For masses above
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FIG. 8. 90% upper limits on spin independent DM-
nucleon cross sections from DarkSide-50 in the range
above 1.8GeV/c2. See the text for additional details.

1.8GeV/c2, the 90% C.L. exclusion is nearly insen-
sitive to the choice of quenching fluctuation model.
Below 1.8GeV/c2, the two exclusion curves rapidly
diverge because of the e↵ective threshold due to the
absence of the fluctuations in the energy quench-
ing process. Without additional constraints on the
quenching fluctuations, it is impossible to claim an
exclusion in this mass range.

Our exclusion limit above 1.8GeV/c2 is com-
pared with the 90% C.L. exclusion limits from
Refs. [21, 59–73], the region of claimed discovery of
Refs. [17, 74–76], and the neutrino floor for LAr ex-
periments [77]. Improved ionization yield measure-
ment and assessment of a realistic ionization fluc-
tuation model, which are left for future work, may
be used to determine the actual sensitivity of the
present experiment within the range indicated by
the two curves below the 1.8GeV/c2 DM mass.

The DarkSide Collaboration o↵ers its profound
gratitude to the LNGS and its sta↵ for their in-
valuable technical and logistical support. We also
thank the Fermilab Particle Physics, Scientific, and
Core Computing Divisions. Construction and oper-
ation of the DarkSide-50 detector was supported by
the U.S. National Science Foundation (NSF) (Grants
PHY-0919363, PHY-1004072, PHY-1004054, PHY-
1242585, PHY-1314483, PHY-1314501, PHY-
1314507, PHY-1352795, PHY-1622415, and associ-
ated collaborative grants PHY-1211308 and PHY-
1455351), the Italian Istituto Nazionale di Fisica Nu-
cleare, the U.S. Department of Energy (Contracts
DE-FG02-91ER40671, DE-AC02-07CH11359, and
DE-AC05-76RL01830), the Russian Science Foun-
dation (Grant 16-12-10369), the Polish NCN (Grant
UMO-2014/15/B/ST2/02561) and the Foundation
for Polish Science (Grant Team2016-2/17). We also
acknowledge financial support from the FrenchInsti-
tut National de Physique Nucléaire et de Physique

Figure 2: The DarkSide-50 Liquid Argon Time Projection Chamber.

TPC anode. The electric field in the gas is large enough to accelerate the elec-
trons so that they excite the argon, resulting in a secondary scintillation signal,
“S2”, proportional to the collected ionization. Both the scintillation signal S1
and the ionization signal S2 are measured by the same PMT array. The tem-
poral pulse shape of the S1 signal provides discrimination between nuclear-
recoil and electron-recoil events. The S2 signal allows the three-dimensional
position of the energy deposition to be determined and, in combination with
S1, provides further discrimination of signal from background. A significant
fraction of events also exhibit an “S3” signal. The S3 pulse resembles S2 in
pulse shape but is typically ⇠1000 times smaller and always follows S2 by a
fixed delay equal to the maximum drift time in the LAr TPC. S3 is believed
to result from electrons released from the cathode (at the bottom of the TPC)
when struck by the bright S2 UV light.

The active LAr is contained in a cylindrical region viewed by 38 Hama-
matsu R11065 3 ” low-background, high-quantum-efficiency PMTs, nineteen
each on the top and the bottom. The average quantum efficiency of the PMTs
at room temperature is 34 % at 420 nm. The PMTs are submerged in liquid ar-
gon and view the active LAr through fused-silica windows, which are coated
on both faces with transparent conductive indium tin oxide (ITO) films 15 nm
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Fig. 1. Current results of direct dark matter search experiments (inspired by the corresponding figure in Ref. [16]
and adapted to include the most recent results from references cited elsewhere in this section). The mean exclusion
sensitivities for the full exposure of DarkSide-50, for DarkSide-20k, and for Argo (accounting for the ⌫-induced
background) are shown. For comparison, the mean exclusion sensitivity for a generic argon-based experiment with
a 30 keVnr threshold, 100% acceptance for nuclear recoils, and expectation of one coherent neutrino-nucleus scatter
during the lifetime of the experiment is also shown. The grey shaded region is bounded from above by the “coherent
neutrino-nucleus scattering floor”, the ultimate experimental reach for a xenon based experiment with arbitrary
exposure, limited by the uncertainty on the ⌫-induced background, introduced in Ref. [17].

PandaX-II [57], XENON1T [58,59], LZ [60,61], XENONnT [62]), detectors using liquid argon (ArDM [63,
64,65], MiniCLEAN [66], DEAP-3600 [67], WArP [68,69], and, described in this proposal, DarkSide-50 [70,
71]). These detectors all share the common goal of achieving a su�ciently low threshold energy to detect the
collisions of WIMPs with target nuclei, as well as low enough background to identify these extremely rare
events as from non-standard sources. Recent results from these experiments are shown in Fig. 1, along with
projected sensitivities from the DarkSide program.

Among all dark matter detectors to date, the XENON-1T collaboration has obtained the most sensitive
limits on spin-independent interactions of WIMPs with nuclei, using a xenon target to place a limit on the
WIMP-nucleon interaction cross section of 7.7⇥ 10�47 cm2 for a WIMP mass of 35GeV/c2 [59]. Evidence
for a low-mass dark matter signal has been claimed by the DAMA/LIBRA [34] and CoGeNT [42,43,44,45]
collaborations, and may be consistent with observations of the CDMS collaboration using Si detectors [28].
However, these claims are in tension with a number of other strong results, including those of LUX [53,
54], XENON-100 [48,49,50], the low-energy analysis of SuperCDMS Ge detectors data [30], and the result
from MALBEK [46]. The positive claims are also in strong contradiction with the results from XENON-
1T, which directly rule out the interpretation of COGENT and CDMS/Si [28] results in terms of low-mass
WIMPs. With these results in hand, the region of cross section around 10�39 cm2 expected for Z-mediated
scattering [72] seems to be fully explored now - and excluded.

The motivation for direct WIMP searches remains extremely strong, especially for high (above a few
hundred GeV/c2) masses that will be out of the LHC reach, and the region of low cross sections (10�45 cm2

to 10�47 cm2) corresponding to H-mediated scattering [72]. To discover the nature of dark matter particles, it
is important for direct and indirect detection to reach new levels of sensitivity, improving current sensitivity
levels by a few orders of magnitude. The complementarity between direct and indirect search strategies will
play an important part in the discovery of dark matter. For the direct-detection searches, the ability to build
experiments able to operate in a background-free mode will be crucial for a possible discovery of dark matter.
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

model to correctly describe events with enlarged S1s due
to additional scatters in the charge-insensitive region be-
low the cathode. These events comprise 13% of the to-
tal neutron rate in Table I. Third, we implemented the
core mass segmentation to better reflect our knowledge
of the neutron background’s Z distribution, motivated
again by the neutron-like event. This shifts the prob-
ability of a neutron (50 GeV/c2 WIMP) interpretation
for this event in the best-fit model from 35% (49%) to
75% (7%) and improves the limit (median sensitivity)
by 13% (4%). Fourth, the estimated signal e�ciency
decreased relative to the pre-unblinding model due to
further matching of the simulated S1 waveform shape
to 220Rn data, smaller uncertainties from improved un-
derstanding and treatment of detector systematics, and
correction of an error in the S1 detection e�ciency nui-
sance parameter. This latter set of improvements was
not influenced by unblinded DM search data.

In addition to blinding, the data were also “salted” by
injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile like-
lihood analysis indicates no significant excesses in the
1.3 t fiducial mass at any WIMP mass. A p-value calcu-
lation based on the likelihood ratio of the best-fit includ-

ing signal to that of background-only gives p = 0.28, 0.41,
and 0.22 at 6, 50, and 200 GeV/c2 WIMP masses, respec-
tively. Figure 5 shows the resulting 90% confidence level
upper limit on �SI , which falls within the predicted sen-
sitivity range across all masses. The 2� sensitivity band
spans an order of magnitude, indicating the large random
variation in upper limits due to statistical fluctuations of
the background (common to all rare-event searches). The
sensitivity itself is una↵ected by such fluctuations, and is
thus the appropriate measure of the capabilities of an ex-
periment [44]. The inset in Fig. 5 shows that the median
sensitivity of this search is ⇠7.0 times better than previ-
ous experiments [6, 7] at WIMP masses > 50 GeV/c2.

Table I shows an excess in the data compared to the to-
tal background expectation in the reference region of the
1.3 t fiducial mass. The background-only local p-value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration
of alternate signal models. This choice is conservative as
it results in a weaker limit.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-
gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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above the irreducible background from coherent scatter-
ing of neutrinos from astrophysical sources, intersecting
several favored model regions on its way.

The higher light collection e�ciency compared to the
baseline presented in the TDR [23] (from 7.5% to 11.9%)
leads to an improvement at all WIMP masses. The lower
energy threshold leads to a significant expected rate of co-
herent neutrino-nucleus scattering from 8B and hep neu-
trinos, with 36 and 0.9 counts expected in the full ex-
posure, respectively. These events are not a background
at most WIMP masses but are interesting in their own
right and would constitute the first observation of coher-
ent nuclear scattering from astrophysical neutrinos.

The observed rate of events from 8B and hep neutri-
nos as well as sensitivity to low mass WIMPs will depend
strongly on the low energy nuclear recoil e�ciency (see
Fig. 3). Recent results from LUX and XENON1T appro-
priately assume a cuto↵ in signal below 1.1 keV to ob-
tain conservative upper limits [7, 89], 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 considered based on
current assessments for radon rates in LZ: the nomi-
nal projected scenario (1.8 µBq/kg of 222Rn with an im-

FIG. 7. LZ simulated data set for a background-only 1000 live
day run and a 5.6 tonne fiducial mass. ER and NR bands are
indicated in blue and red, respectively (solid: mean; dashed:
10% and 90%). The 1� and 2� contours for the low-energy
8B and hep NR backgrounds, and a 40 GeV/c2 WIMP are
shown as shaded regions.
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FIG. 8. LZ projected sensitivity to SI WIMP-nucleon elas-
tic scattering for 1000 live days and a 5.6 tonne fiducial mass.
The best sensitivity of 1.4⇥10�48 cm2 is achieved at a WIMP
mass of 40 GeV/c2. The �2� expected region is omitted
based on the expectation that the limit will be power con-
strained [82]. Results from other LXe experiments are also
shown [7–9]. The lower shaded region and dashed line indi-
cate the emergence of backgrounds from coherent scattering
of neutrinos [53, 87] and the gray contoured regions show the
favored regions from recent pMSSM11 model scans [88].

plicit 220Rn contribution at 1/20th the specific activity
of 222Rn); a high estimate (2.2 µBq/kg) and low esti-
mate (0.9 µBq/kg) that correspond to all Rn-screening
measurements being aligned at their +1� and �1� ex-
pectations, respectively; and a highest estimate scenario
(5.0 µBq/kg) that in addition to +1� expectations 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 median sensitivity is
better than 3⇥10�48 cm2. Scans of sensitivity as a func-
tion of other background components and as a function
of several detector parameters can be found in [23].

B. Discovery potential

LZ discovery potential for SI WIMP-nucleon scattering
is shown in Fig. 10, where the ability to exclude the null
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 3.4(6.5) ⇥ 10�48 cm2. For all
WIMP masses the projected 5� significance is below the
90% CL limits from recent experiments.
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R&D for next-
generation LXe
observatory

• 50-100 tonne scale
• Reach neutrino floor + 
host of non-WIMP 
physics
• LXe community 
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1.4 kg Ge and 0.6 kg Si crystals (eventual 
~200 kg total) 
Targeting < 10 GeV/c2 mass range –
sensitivity to sub-GeV
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Next phase of Super-CDMS
SNOLAB, Canada

Expect Operation at SNOLAB from 2021/22 

Band gap in Ge is 0.7 eV, Si is 1.1 eV
• Energy thresholds in tens of eV range
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Galactic axion 
searches

• Well motivated & 
could account for 100% 
of relic density
• Arise from PQ solution 
to strong CP problem
• Axion haloscope to 
detect relic DM 

21

Axion Helioscopes 4

2. Solar axion flux

The Lagrangian term (3) points to the E · B in a hot thermal plasma as a source

for the production of axions. E is provided by the charged particles of the plasma

whereas B arises from propagating thermal photons. The Primako! process describes
an incoherent production, where a photon converts into an axion in the electric field of

a charged particle (Figure 1). Figure 2 shows the axion flux spectrum as expected at

the Earth; it is, essentially, a blackbody distribution of the thermal conditions in the

solar interior, which presents a maximum at the energy of 3 keV and a mean energy

value of !E"=4.2 keV. The reason for the higher energy than the one in the Sun hot

core (kT#1 keV) is the suppression of low energies (large wavelengths) which reaches in
total a factor of #25 due to screening e!ects [67]. An analytic approximation of the

! a a !

e, Ze B

! !virtual virtual

Figure 1. Left: The incoherent Primako! e!ect, which is assumed to occur inside
the hot solar core and which gives rise to the creation of axions. Right: The inverse
coherent process in a magnetic field, which is so far the working principle of an axion
helioscope as it transforms the otherwise ‘invisible’ axions to observable photons. This
is an oscillation phenomenon, analogous to neutrino oscillations. The external magnetic
field is needed in order to compensate the spin-mismatch in the case of photon-axion
oscillation [61].

flux is given by [30]:

d"a

dE
= 6$ 1010 cm!2 s!1 keV!1 g210E

2.481e!E/1.205 (4)

where "a is the axion flux and g10 = ga!!/10!10 GeV!1. This equation takes into account

the Primako! e!ect of real thermal photons interacting with the Coulomb electric field

of the solar core plasma in atomic scale. Most of the axion flux emerges from R ! 0.1R"

or from #2% of the solar disk surface (for an earth-bound observer).

So far, the impact of the solar magnetic fields has been widely ignored. This point

will be addressed in (sections 6 and 7). Some fine tuning cannot be excluded, taking into

account the variations of the dynamic Sun in all spatio-temporal scales, in particular in

the outer layer (R"0.9R"). The inner solar magnetic field must reach approximately

3 91. Axions and Other Similar Particles

E/N = 0 if the electric charge of the new heavy quark is taken to vanish. In general, a broad range
of E/N values is possible [28, 29], as indicated by the diagonal yellow band in Fig. 91.1. However,
this band still does not exhaust all the possibilities. In fact, there exist classes of QCD axion models
whose photon couplings populate the entire still allowed region above the yellow band in Fig. 91.1,
motivating axion search e�orts over a wide range of masses and couplings [30,31].

The two-photon decay width is

≈Aæ““ =
g

2
A““m

3
A

64 fi
= 1.1 ◊ 10≠24 s≠1

3
mA

eV

45
. (91.6)

The second expression uses Eq. (91.5) with E/N = 0. Axions decay faster than the age of the
universe if mA & 20 eV. The interaction with fermions f has derivative form and is invariant

Figure 91.1: Exclusion plot for ALPs as described in the text.

under a shift „A æ „A + „0 as behooves a NG boson,

LAff = Cf

2fA
Œ̄f “

µ
“5Œf ˆµ„A . (91.7)

Here, Œf is the fermion field, mf its mass, and Cf a model-dependent coe�cient. The dimensionless
combination gAff © Cf mf /fA plays the role of a Yukawa coupling and –Aff © g

2
Aff /4fi of a “fine-

structure constant.” The often-used pseudoscalar form LAff = ≠i (Cf mf /fA) Œ̄f “5Œf „A need not
be equivalent to the appropriate derivative structure, for example when two NG bosons are attached
to one fermion line as in axion emission by nucleon bremsstrahlung [32].

In the DFSZ model [25], the tree-level coupling coe�cient to electrons is [33]

Ce = sin2
—

3 , (91.8)

where tan — is the ratio of the vacuum expectation values of the two Higgs doublets giving masses
to the up- and down-type quarks, respectively: tan — = vu/vd.

1st June, 2020 8:32am
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Axion Dark Matter 
eXperiment (ADMX)

New ADMX G2 results (2020)
Large cavity; Low-noise amplifier; 100 
mK dilution refrigerator 
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Given the absence of axion-like signals, a 90% upper
confidence limit was set on the axion-photon coupling over
the scanned mass range. Due to the loss of sensitivity at
mode crossings, we do not report limits over some regions.

The fractional systematic uncertainties in the experiment
are listed in Table I, which are modeled as uncertainties on
the expected axion signal from the cavity. For models
where axions make up 100% of dark matter, these limits
exclude DFSZ axion-photon couplings between 2.66
and 3.31 !eV for both isothermal sphere halo models
and N-body simulations (Fig. 4). These results represent
a factor-of-4 increase in mass coverage over those reported
in Ref. [22].
ADMX will utilize a similar cavity with larger tuning

rods and improved thermalization between the dilution
refrigerator and quantum amplifier package to continue to
search dark-matter axions at higher masses with increased
sensitivity. These future searches, built on current research
and development [36,37], will probe even more deeply into
the well-motivated yet unexplored axion parameter space.

FIG. 4. 90% confidence exclusion on axion-photon coupling as a function of axion mass for the Maxwell-Boltzmann (MB) dark-
matter model and N-body model. Blue: Previous limits reported in Ref. [35]. Orange: Previous limits reported in Ref. [22]. Green:
Limits from this work. Darker shades indicate limits set for the MB model [22,33], and lighter shades indicate limits set for the N-body
model [22,34].

FIG. 3. An example of combined power spectra after a
Maxwell-Boltzmann shape filter, with blue indicating the initial
scan data and orange indicating data taken during a rescan with
roughly 4 times more integration time. The prominent peak
centered at 730.195 MHz corresponds to a blind signal injection
identified in the analysis that persisted after a rescan; the small
peak to the left at 730.186 MHz was a candidate that did not
persist in the rescan. Because of a mismatch between the receiver
spectral shape and the axion signal, the power at frequencies
surrounding the candidate is suppressed by the receiver spectral
background removal. This can be seen in the frequency back-
ground surrounding the 730.195 MHz candidate in the rescan
(orange) data.

TABLE I. Primary sources of systematic uncertainty within the
experiment. The total combined uncertainty was treated as an
uncertainty on the total axion power from the cavity.

Source Fractional uncertainty

B2*V*f 0.05
Q 0.011
Coupling 0.0055
RF model fit 0.029
Temperature sensors 0.05
SNRI measurement 0.042
Total on axion power 0.088

PHYSICAL REVIEW LETTERS 124, 101303 (2020)

101303-5

Phys. Rev. Lett. 124, 101303
j.dobson@ucl.ac.uk, 15/04/2021

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.101303
mailto:j.dobson@ucl.ac.uk


Future axion searches 
leveraging QSFP

Resonance feedback circuits as 
alternative to  conducting wall 
cavities
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Figure 1: A schematic of the concept for a modified Sikivie-
type axion detector utilizing resonant feedback. The reso-
nant mode of the cavity is replaced by an external resonant
circuit, and the cavity itself is replaced by a parallel plate
capacitor coupled to the external resonator by transmission
lines connected to the capacitor plates.

GC H(s)

GWA

�

ṽa(s) ṽo(s)

Figure 2: An equivalent circuit representation of the closed
loop feedback circuit, showing the coupling of an axion signal
into the circuit and the key elements of the resonant system,
including cryogenic and warm amplifiers and a cryogenic at-
tenuator.

axion-induced signal on the plate of the parallel-
plate capacitor. The closed loop transfer function
of this circuit is

HC(s) =
ṽo(s)

ṽi(s)
=

GC�s

s2 + (1 + AGCGW )�s + !
2
0

.(3)

Comparing with the open loop transfer function of
Equation 2, we see that the width of the resonant
peak is modified compared to the open loop case by
a factor of 1+AGCGW . As for any feedback circuit,
raising the gains too high will drive the loop into
oscillation [42]. The open loop round trip trans-
fer function of the feedback circuit at the resonant
frequency is

H0(i!0) = AGCGW , (4)

which is less than unity as long as the attenuation
of the signal at the fixed attenuator is su�cient to
render the round trip gain to be less than 1. We

shall see in Section 4 that a large attenuation is
also necessary to ensure that the noise budget in
the readout circuit gives su�cient signal to noise
ratio of the axion signal against noise contributions
from the cold and warm readout components.

In practice, the capacitor plates would be sep-
arated by insulating spacers and small microwave
substrate circuit boards mounted on the back of
the plates would be used to attach the connectors
to coaxial transmission lines and the resistive ter-
minations. The volume of a magnet bore could be
filled with a stack of capacitors connected in paral-
lel, thereby decreasing the reactive impedance pre-
sented to the electronics by a factor of the number
of capacitors. Figure 3 is an illustration of such a
parallel capacitor stack; 4 parallel capacitors com-
bined in-phase are shown, but the idea could be
expanded to, for example, 64 capacitors each of di-
ameter 25 cm and plate separation 1.5 cm yielding
a total stack height of 1m, the same geometry as
the current ADMX cavity. In this schematic the
electrical connections are close to the edges of the
capacitor plates, however, connections could also
be made close to the plate centers by feeding the
cables through holes in the intermediate plates. Fi-
nite element modelling studies will determine the
most appropriate scheme.

Dark matter axions, having de Broglie wave-
lengths of hundreds of metres produce a conversion
signal coherent across the capacitor array, and in
each capacitor the resulting oscillating electric field
is parallel to the applied magnetic field inside the
magnet bore. Transmission lines to the capacitors
would be matched in physical length to ensure that
the signals from axion conversion at the outputs of
transmission lines from each capacitor in the array,
and these transmission lines would be terminated
on Wilkinson passive power combiners, the single
output of which would be fed to the cryogenic am-
plifier, with the same arrangement in reverse lead-
ing from the cold attenuator output back to each of
the capacitors. In this arrangement the form factor
for axion to photon conversion is close to unity. The
transmission lines connected to individual capacitor
plates would be combined in-phase using Wilkin-
son power combiners; therefore the impedance mis-
match of 1.4i ⌦ due to the capacitative load does
not get larger as more capacitors are combined.

3

power
combiner GC

A

attenuatorpower
splitter

amplifier

Figure 3: Four capacitative axion sensors in a stack, with
the upper (lower) plates of the vacuum-gap capacitors power
combined (split), in-phase, with a Wilkinson type power
combiner (splitter). Each circular disk is a circuit board
copper clad on each face. All cables are coaxial. The cold
attenuator and low noise cold amplifier also shown in Fig-
ures 1, 2, 5 and A.6 are included. The arrows indicate the
direction of signal propagation around this portion of the
resonant feedback circuit. The cables between the capaci-
tor plates and the power combiners must all have the same
electrical length. This could be accomplished either by cable
loops on the connections to the closer plates or by fabrica-
tion of a custom Wilkinson combiner and splitter on circuit
boards above and below the stack. The electrical connections
between the capacitor plates and the coaxial cables to the
Wilkinson devices each use the scheme shown in Figure 1. A
stack of diameter 25 cm and of plate separation 1.5 cm hav-
ing 5 plates as shown would have height ⇠ 6 cm. Increasing
the number of capacitors to 64 whilst maintaining the same
capacitor geometry would result in a 220 litre volume. A
small stack such as that shown could be run in parallel with
a cavity in an existing axion experiment as a commissioning
test and proof of principle.
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Figure 4: On the left, a cross section through a right circu-
lar cylindrical conducting wall resonant cavity excited in the
TM010 mode. The vertical arrows indicate the electric field
lines, and the circles with dots (crosses) indicate magnetic
field lines directed out of (in to) the plane of the diagram.
Half a period later the direction of both electric and mag-
netic field lines reverses. The electric field lines terminate on
charge distributed on the inner wall of the metal ends. Cur-
rents flowing in the side walls, the charges on the ends, and
the time rate of change of the displacement current, "0@ ~E/@t
completes the electrical circuit. In the case of the capacitor,
the electric field is more uniform (we have exaggerated the
distance between the capacitor plates relative to the plate
size for clarity), and the circuit is completed by the external
wire that passes through the resonant electronics.

3. Resonant feedback compared to resonant
cavities

It is not obvious that the circuit with the exter-
nal resonant filter achieves the same resonant en-
hancement as the Sikivie cavity technique, In this
section we show semi-quantitatively that the pro-
posed resonant feedback scheme should achieve sim-
ilar enhancement in signal power by a factor of Q,
previously demonstrated both experimentally and
theoretically for the cavity case in both the classi-
cal and single quantum limits [8, 43, 44]. Figure 4
shows a cross section through a right circular cylin-
drical metal wall resonant cavity with the TM010

mode excited on the left, and a capacitor of similar
geometry connected to a simplified resonant feed-
back circuit on the right. In the cavity case, the
high Q resonance is due to boundary conditions on
~E and ~B at the cavity walls. As with all resonators,
fields circulating in the cavity form closed circuits,
with power building up when the phase shift in the
round trip is such that constructive interference oc-
curs. In the case of the TM010 mode, the magnitude
of the electric field is given as a function of time t

and the cylindrical radial coordinate ⇢ as [10]

E(⇢, t) = E0J0

✓
2.405⇢

R

◆
cos(!t). (5)

4

• No need for manual tuning 
devices
• Simultaneous scan 2-40 ueV
mass range DFSZ axions on 
~month timescale
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Not covered:

• Exiting times ahead à explore well motivated 
parameter space
• Results from LZ and XENONnT
• R&D (LXe & LAr) for next generation of 
experiments in progress  
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• Many other searches: leading spin-dependent 
WIMP searches (PICO); other low-mass (NEWS-G); 
QSFP; directional detection (DRIFT/CYGNUS)
• Low-BG screening/Boulby FS 

What to look out for:
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