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Preface

The 12th Patras workshop on Axions, WIMPs and WISPs took place in the beautiful resort Jeju Island
of South Korea from June 20th to 24th, 2016. It was the first time this conference moved to Asia
without the best direct access from most international airports. Nonetheless we broke again a record
in the number of registered participants, toping 130 of them from Korea and all around the world. The
increased number of active participants is a testament to the vitality of the field, one that is growing
in numbers but also in scope of research goals. The workshop presentations covered a wide range of
activities, both in theory and experiments with several new ideas that have a great promise. From the
level of the talks one can safely conclude that the progress in the field of dark matter is destined to reach
major breakthroughs in the coming years. During the workshop the weather was mostly decent allowing
occasional visits to the nearby beautiful sandy beaches, great walking expeditions to the volcanic island
gorgeous scenery, but also providing the unique experience of whole-day torrential rain! The food
combined Korean and Western cuisine for all tastes.

This workshop continues a rich and successful series, reviewing recent theoretical advances, labora-
tory experiments, as well as astrophysical and cosmological results in the fields of axions, WIMPs and
WISPs. The program was complemented with a reach poster session on a large variety of subjects and
a Patras Poster Prize was also awarded as was done the previous year in Spain. The committee for
the Patras Poster Prize 2016 was composed by Axel Lindner (chair), Paola Arias and Chanda Prescod-
Weinstein. The committee evaluated formal and scientific contents of the posters as well as the oral
presentations of the participants. Due to the high quality of the posters, the committee agreed to award a
first prize (300 e) and two second prizes (150 eeach). The winner of the Patras Poster Prize 2016 (first
place) was Samantha M. Lewis (University of California), for her excellent presentation “Microwave
resonators R&D in support of the ADMXHF/Extreme Axion Experiment”. The winners of the second
places of the Patras Poster Prize 2016 were Younggeun Kim (KAIST, and IBS/CAPP) for his presenta-
tion “3He gas handling system and RF discharge for optical pumping” and YoungIm Kim (IBS/CAPP)
for her presentation “Design and performance of a signal processing system for CULTASK experiment”.
Reading the present proceedings one cannot help notice the high quality of the contributions, that the
field is picking up momentum and with so many new ideas and efforts the competition is indeed in-
creasing. It is clear that the field is healthy and it is a great time to be involved in this line of research.
Enjoy!
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SM*A*S*H

Andreas Ringwald,

Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany

DOI: will be assigned

We present a minimal model for particle physics and cosmology. The Standard Model
(SM) particle content is extended by three right-handed SM-singlet neutrinos Ni and a
vector-like quark Q, all of them being charged under a global lepton number and Peccei-
Quinn (PQ) U(1) symmetry which is spontaneously broken by the vacuum expectation
value vσ ∼ 1011 GeV of a SM-singlet complex scalar field σ. Five fundamental problems –
neutrino oscillations, baryogenesis, dark matter, inflation, strong CP problem – are solved
at one stroke in this model, dubbed “SM*A*S*H” (Standard Model*Axion*Seesaw*Higgs
portal inflation). It can be probed decisively by upcoming cosmic microwave background
and axion dark matter experiments.

1 The quest for a minimal model of particle cosmology

The discovery of the Higgs boson has marked the completion of the SM particle content. How-
ever, observations in particle physics, astrophysics, and cosmology point to the existence of
particles and interactions beyond the SM. In fact, the SM lacks an explanation of i) neutrino
oscillations, ii) the baryon asymmetry of the Universe, iii) dark matter, iv) inflation, and v)
the non-observation of strong CP violation.

Remarkably, problems 1)-3) are solved in the Neutrino Minimal SM (νMSM) [1, 2]: a
minimal extension of the SM by three right-handed singlet neutrinos Ni, having Dirac masses
mD = Fv/

√
2 arising from Yukawa couplings F with the Higgs (H) and lepton (Li) doublets,

as well as explicit Majorana masses M ,

L ⊃ −
[
FijLiεHNj +

1

2
MijNiNj

]
, (1)

where we have exploited a Weyl spinor notation. In the seesaw limit, M � mD, the neutrino
mass spectrum splits into a light set given by the eigenvalues m1 < m2 < m3 of the matrix
mν = −mDM

−1mT
D, with the eigenstates corresponding mainly to mixings of the active left-

handed neutrinos να, and a heavy set given by the eigenvalues M1 < M2 < M3 of the matrix M ,
with the eigenstates corresponding to mixings of the sterile right-handed neutrinos Ni. Problem
1) is thus solved by the usual seesaw type-I mechanism. Intriguingly, problems 2) and 3) can be
solved simultaneously ifM1 ∼ keV andM2 ∼M3 ∼GeV. In fact, in this caseN2,3 create flavored
lepton asymmetries from CP-violating oscillations in the early Universe which are crucial for
the generation of the baryon asymmetry of the Universe via flavored leptogenesis and of the
lightest sterile neutrino N1 – the dark matter candidate of the νMSM – by the MSW effect.
Moreover, it was argued in Ref. [3] that also problem 4) can be solved in the νMSM by allowing
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a non-minimal coupling of the Higgs field to the Ricci scalar, S ⊃ −
∫
d4x
√−g ξH H†HR, which

promotes the Higgs field to an inflaton candidate.
However, the success of the νMSM as a minimal model of particle cosmology is threatened

by several facts. First of all, recent findings in astrophysics have seriously constrained the
parameter space for N1 as a dark matter candidate [4, 5]. Secondly, the large value of the
non-minimal coupling ξH ∼ 105

√
λH , where λH is the Higgs self-coupling, required to fit the

amplitude of the scalar perturbations inferred from the cosmic microwave background (CMB)
temperature fluctuations, imply that perturbative unitarity breaks down at the scale MP /ξH ∼
1014 GeV, well below the scale of inflation, MP /

√
ξH ∼ 1016 GeV, making the inflationary

predictions unreliable [6, 7]. Thirdly, Higgs inflation cannot be realised at all if the Higgs
quartic coupling λH runs negative at large (Planckian) field values due to the corrections from
top quark loops. Although, given the current experimental uncertainties, a definite conclusion
cannot yet be drawn, see e.g. [8, 9], the presently favoured central values of the strong gauge
coupling and the Higgs and top quark masses imply that λH becomes negative at a field value
corresponding to an energy scale ΛI ∼ 1011 GeV, much lower than what is required for Higgs
inflation, and is thus inconsistent with it.

These three obstacles of the νMSM are circumvented in SMASH - an extension of the SM
which features the Axion, the type-I Seesaw and Higgs portal inflation [10, 11] - as we will
review in these proceedings.

2 The SMASH model

The SM particle content is extended not only by three right-handed singlet neutrinos Ni, but
also by a vector-like color-triplet quark Q, as in the KSVZ [12, 13] model. The SM quarks
and leptons as well as the Ni and Q are assumed to be charged under a global lepton number
and PQ U(1) symmetry [14] which is spontaneously broken by the vacuum expectation value
vσ ∼ 1011 GeV of a SM-singlet complex scalar field σ. The most general scalar potential reads

V (H,σ) = λH

(
H†H − v2

2

)2

+ λσ

(
|σ|2 − v2

σ

2

)2

+ 2λHσ

(
H†H − v2

2

)(
|σ|2 − v2

σ

2

)
,

while the most general Yukawa couplings of the new fields are given by

L ⊃ −
[
FijLiεHNj +

1

2
YijσNiNj + y Q̃σQ+ yQd iσQdi + h.c.

]
.

After U(1) symmetry breaking the sterile neutrinos Ni, the particle excitation ρ of the
modulus of the σ field, and the exotic quark Q get large masses ∝ vσ � v = 246 GeV: Mij =
Yij√

2
vσ + O

(
v
vσ

)
, mρ =

√
2λσ vσ + O

(
v
vσ

)
, and mQ = y√

2
vσ + O

(
v
vσ

)
. Therefore, as far

as physics around the electroweak scale or below is concerned, these heavy particles can be
integrated out (unless one considers tiny Yukawa and self couplings). The corresponding low-
energy Lagrangian of SMASH is identical to that of the SM, augmented by seesaw-generated

neutrino masses, mν = 0.04 eV
(

1011 GeV
vσ

)(
−F Y −1 FT

10−4

)
, and mixing (thus solving problem

1)), plus one new particle: the particle excitation A of the angular degree of freedom of the
complex σ field – the Nambu-Goldstone boson of the spontaneous symmetry breaking of the
U(1), which is dubbed “axion” in the literature dealing with the PQ solution of the strong CP
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Figure 1: Left: Decadic log of the SMASH scalar potential in the Einstein frame, as a function
of h and ρ, all in units of MP , for κH < 0, κσ < 0, supporting mixed Higgs-Hidden-Scalar
Inflation along one of the valleys. Middle: Bounds on r vs. ns [18], compared to the predictions
from (H)HSI in SMASH for fixed values of the non-minimal coupling ξσ and the number of e-
folds N , respectively. Right: Required self-coupling versus non-minimal coupling to reproduce
CMB results on inflation. All figures from [11].

problem [15, 16] and “majoron” in the literature dealing with the spontaneous breaking of a
global lepton symmetry. Integrating out the exotic quark induces an anomalous coupling of
the axion field to the topological charge density in QCD, L ⊃ −αs8π

A
fA
GcµνG̃

c,µν , promoting

the axion field to a dynamical theta parameter, θ(x) = A(x)/fA, which relaxes to zero in the
vacuum, 〈θ〉 = 0, thereby solving problem 5). While the strong CP problem is solved for any
value of the axion decay constant fA = vσ, the dark matter will be comprised by axions only
if fA is around 1011 GeV, as we will see later. In this case, the axion mass is predicted to be

around mA = 57.0(7)
(

1011GeV
fA

)
µeV [15, 17].

3 Inflation

The non-minimal couplings in SMASH, S ⊃ −
∫
d4x
√−g

[
ξH H

†H + ξσ σ
∗σ
]
R, stretch the

scalar potential in the Einstein frame, which makes it convex and asymptotically flat at large
field values. Depending on the signs of the parameters κH ≡ λHσξH −λHξσ and κσ ≡ λHσξσ−
λσξH , it can support Higgs Inflation (HI), Hidden Scalar Inflation (HSI), or even mixed Higgs-
Hidden Scalar Inflation (HHSI) (cf. Fig. 1 (left)). For ξ ' 105

√
λ & 10−3, where

ξ ≡





ξH , for HI,
ξσ, for HSI,
ξσ, for HHSI,

λ ≡





λH , for HI,
λσ, for HSI,

λσ

(
1− λ2

Hσ

λσλH

)
, for HHSI,

(2)

the predicted values of the CMB observables such as the amplitude of scalar perturbations
As, the spectral index ns, and the tensor-to-scalar ratio r are in perfect consistency with the
current observations, see Fig. 1 (middle). Importantly, for (H)HSI, the effective self-coupling
λ is a free parameter and therefore can be chosen small, λ ∼ 10−10, such that the required
non-minimal coupling to fit the amplitude of primordial scalar perturbations is of order unity,
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Figure 2: The history of the Universe in SMASH HHSI, emphasising the transition from inflation
to radiation-domination-like Universe expansion aH ∝ 1/a before standard matter and cosmological
constant domination epochs [11].

ξσ ∼ 1, cf. Fig. 1 (right). In this region of parameter space, the perturbative predictivity of
SMASH is guaranteed and superior to HI, which necessarily operates at large ξH , since λH
is not small. Remarkably, the requirement of predictive inflation, free of unitarity problems,
demands r & 0.01, which will be probed by CMB experiments such as LiteBIRD and PRISM.

4 Stability

Self-consistency of inflation in SMASH requires a positive scalar potential all the way up to the
Planck scale. Importantly, the Higgs portal term ∝ λHσ in the scalar potential helps to ensure
absolute stability in the Higgs direction via the threshold stabilisation mechanism pointed out
in [19, 20]. We have found that stability can be achieved if the threshold parameter δ = λ2

Hσ/λσ
is between 10−3 and 10−1. Instabilities could also originate in the σ direction, due to quantum
corrections from the right-handed neutrinos Ni and the exotic quark Q. Stability in the σ
direction then restricts their Yukawas to

∑
Y 4
ii + 6y4 . 16π2λσ/ log

(
30MP /

√
2λσvσ

)
.

5 Reheating

Both in (H)HSI, slow-roll inflation ends at a value of ρ ∼ O(MP ), where the effect of ξσ ∼ 1 is
negligible and the inflaton starts to undergo Hubble-damped oscillations in a quartic potential,
with the Universe expanding as in a radiation-dominated era, which lasts until reheating, cf.
Fig. 2. After the latter, radiation domination continues, though driven by a bath of relativistic
particles. This fixes the thick red line in Fig. 1 (middle) as the prediction for r, ns and
N in SMASH. The fluctuations of σ grow fast due to parametric resonance while the inflaton
background oscillates in its quartic potential, leading to a rapid restoration of the PQ symmetry
after about 14 oscillations. The following reheating stage differs considerably for HSI and HHSI.
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In the former, the large induced particle masses quench inflaton decays or annihilations into
SM particles, resulting in a low reheating temperature, TR ∼ 107 GeV, such that the produced
relativistic axions are never thermalized. Correspondingly, HSI predicts a significant amount of
cosmic axion background radiation (CAB): an increase ∆N eff

ν = O(1) of the effective number
of relativistic neutrino species beyond the SM value N eff

ν (SM) = 3.046 [21]. This disvafors HSI,
since the current results from CMB and baryon acoustic oscillations yield N eff

ν = 3.04 ± 0.18
at 68% CL and thus do not allow an additional contribution of order one [18]. For this reason,
inflation in SMASH must be of HHSI type and therefore the inflaton contains a (small) Higgs
component. The latter allows for efficient reheating of the Universe by the production of SM
gauge bosons. The reheating temperature in this case is predicted to be around TR ∼ 1010 GeV.
Such temperature ensures a thermal restoration of the PQ symmetry for the relevant region of
parameter space, since the critical temperature Tc of the PQ phase transition goes as Tc/vσ '
2
√

6λσ/
√

8(λσ + λHσ) +
∑
i Y

2
ii + 6y2. A thermal background of axions is produced at this

stage which later decouples and results in a moderate CAB corresponding to 4N eff
ν ' 0.03, a

prediction which may be checked in a future CMB polarisation experiment.

6 Dark Matter

Dark matter is produced in SMASH by the re-alignment mechanism [22, 23, 24] and the decay
of topological defects (axion strings and domain walls) [25]. In order to account for all of
the cold dark matter in the Universe, the PQ symmetry breaking scale is predicted to be
in the range 3 × 1010 GeV . fA . 1.2 × 1011 GeV, corresponding to an axion mass in the
range 50µeV . mA . 200µeV [11, 17]. Here, the uncertainty originates mainly from the
difficulty in predicting the relative importance of the two main production mechanisms of axionic
dark matter, i.e. re-alignment and topolical defect decay. Fortunately, the axion dark matter
mass window will be probed in the upcoming decade by axion dark matter direct detection
experiments such as CULTASK, MADMAX, and ORPHEUS.

7 Baryogenesis

The origin of the baryon asymmetry of the Universe is explained in SMASH by thermal lepto-
genesis [26]. In HHSI, after reheating and thermal PQ restoration, the RH neutrinos become
massive and at least the lightest RH neutrino N1 will retain an equilibrium abundance. How-
ever the stability bound on M1 . 108 (λ/10−10)1/4(vσ/1011GeV) GeV, for a hierarchical Ni
spectrum (M3 = M2 = 3M1), is just borderline compatible with vanilla leptogenesis from the
decays of N1, which demands M1 & 5× 108 GeV [27, 28]. Nevertheless, leptogenesis can occur
with a mild resonant enhancement [29] for a less hierarchical RH neutrino spectrum, which
relaxes the stability bound and ensures that all the RH neutrinos remain in equilibrium after
the phase transition.

8 Acknowledgments
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We investigate the predictions of the eagle and apostle hydrodynamic simulations for
dark matter direct detection searches. We extract the dark matter density and velocity
distribution at the Solar position for a set of simulated galaxies which satisfy Milky Way
observational constraints, and use them to analyze current direct detection data. We find
that the local dark matter density of the Milky Way-like galaxies fall in the range of
0.41 − 0.73 GeV/cm3, and their dark matter velocity distributions fit well a Maxwellian
distribution with peak speed in the range of 223 − 289 km/s.

1 Introduction

The uncertainties in the dark matter (DM) distribution in our Galaxy leads to large uncertain-
ties in the interpretation of results from direct DM experiments. Direct DM searches aim at
measuring the small recoil energy of a target nucleus in the detector after the collision with a
DM particle arriving from the Milky Way (MW) halo. The DM density and velocity distribu-
tion in the Solar neighborhood are key astrophysical inputs in the calculation of direct detection
event rates.

In the Standard Halo Model (SHM), which is the most commonly adopted halo model in
the analysis of direct detection data, the DM halo is spherical and isothermal with an isotropic
Maxwell-Botzmann velocity distribution. The fiducial value of the local DM density is 0.3
GeV/cm3, and the peak speed of the local velocity distribution is assumed to be equal to the
local circular speed of 220 or 230 km/s. Since many of the assumptions of the SHM are not
valid, in this work which is based on [1], we extract the local DM distribution of MW-like
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Figure 1: Left: DM speed distributions (mean and 1σ Poisson errors) in the Galactic rest frame
for two MW-like haloes with speed distributions closest to (red) and farthest from (blue) the
SHM Maxwellian (solid black line). Right: Time averaged halo integrals as a function of vmin

for the same two galaxies shown in the left panel, obtained from the mean velocity distributions
(solid colour lines) and the velocity distributions at ±1σ from the mean (shaded bands). In the
left and right panels, the best fit Maxwellian speed distributions and their corresponding halo
integrals are shown by dashed lines with matching colours for each galaxy, respectively.

galaxies from the eagle [2, 3] and apostle [4, 5] high resolution hydrodynamic simulations
which include both DM and baryons, and study their implications for DM direct detection.
From the full set of galaxies in the simulations, we select 14 MW-like galaxies using a set of
criteria based on the observed MW kinematical data.

2 Dark matter density and velocity distribution

The event rate in direct detection experiments depends on the local DM density, ρχ, and the
DM velocity distribution in the detector rest frame, fdet(v, t). For the case of spin-independent
elastic scattering, the differential event rate can be written as,

dR

dER
=
ρχA

2σSI
2mχµ2

χp

F 2(ER) η(vmin, t),

where ER is the recoil energy of the nucleus with mass number A after the scattering with a
DM particle with mass mχ, σSI is the spin-independent DM-nucleon scattering cross section,
µχp is the reduced mass of the DM–nucleon system, and F (ER) is a form factor. The minimum
speed required for the DM particle to deposit a recoil energy ER in the detector is vmin =√
mAER/(2µ2

χA), where mA is the nucleus mass, and µχA is the reduced mass of the DM

and nucleus. η(vmin, t) is the halo integral, which together with ρχ contain the astrophysics
dependence of the recoil rate,

η(vmin, t) ≡
∫

v>vmim

d3v
fdet(v, t)

v
.

To determine the DM density and velocity distribution of the simulated MW-like galaxies
at the Solar position, we consider a torus aligned with the stellar disc, with a galactocentric
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Figure 2: The DAMA (at 90% CL and 3σ) and CDMS-Si (at 68% and 90% CL) preferred
regions, and the LUX and SuperCDMS (at 90% CL) exclusion limits in the mχ − σSI plane for
two MW-like galaxies with smallest (shown in colour) and largest (shown in gray) local DM
density (left panel), and two galaxies with speed distributions closest to (shown in colour) and
farthest from (shown in gray) the SHM Maxwellian (right panel). For each galaxy, the shaded
exclusion band and the two adjacent allowed regions of the same colour are obtained from the
upper and lower 1σ limits of the halo integral. The black exclusion limits and allowed regions
correspond to the SHM Maxwellian.

radius in the range of 7− 9 kpc, and a height of |z| < 1 kpc with respect to the galactic plane.
For the 14 simulated MW-like galaxies, we find the average DM density in the torus is in the
range of 0.41− 0.73 GeV/cm3.

The local DM speed distribution in the Galactic rest frame is shown in the left panel of
Fig. 1 for two MW-like galaxies with speed distributions closest to and farthest from the SHM
Maxwellian (with a peak speed of 230 km/s). We fit a Maxwellian speed distribution with a
free peak speed (shown in dashed) to the DM speed distributions of the simulated galaxies,
and find the best fit peak speed in the range of 223 − 289 km/s. The right panel of Fig. 1
shows the time-averaged halo integrals for the same MW-like galaxies shown in the left panel.
The halo integrals obtained from the best fit Maxwellian speed distributions fall within the 1σ
uncertainty band of the halo integrals of the simulated MW-like galaxies.

3 Implications for dark matter direct detection

To perform an analysis of direct detection data, we use the local DM density and velocity
distribution of our selected MW-like galaxies. We investigate how the exclusion limits set by
the LUX [6] and SuperCDMS [7] experiments, and the preferred regions set by the DAMA [8]
and CDMS-Si [9] experiments vary in the DM mass and spin-independent cross section plane.
The left panel of Fig. 2 shows the exclusion limits and allowed regions for the four direct
detection experiments obtained using the DM distribution of two MW-like galaxies with the
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smallest and largest local DM density. To show the effect of the velocity distribution on the
preferred regions and exclusion limits, in the right panel of Fig. 2, we show the results for the
two haloes with velocity distribution closest to and farthest from the SHM Maxwellian. The
shaded exclusion bands and the two adjacent preferred regions of the same colour are obtained
from the upper and lower 1σ uncertainty limits of the halo integral. The exclusion limits and
allowed regions shown in black are obtained assuming a local DM density of 0.3 GeV/cm3, and
the SHM Maxwellian velocity distribution with peak speed of 230 km/s.

As can be seen from Fig. 2, the largest shift in the exclusion limits and preferred regions
for the simulated MW-like galaxies compared to the SHM is due to the variation of the local
DM densities of the simulated MW-like galaxies. The effect of the velocity distribution is
only important at lower DM masses, where the experiments probe larger vmin values, and are
therefore sensitive to the high velocity tail of the DM velocity distribution.
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We present a search for a new scalar particle, called moduli, performed using the cryogenic
resonant-mass gravitational wave detector AURIGA. This scalar may give a significant
contribution to the Dark Matter (DM) in our Universe. DM clusters under the galaxies
gravitational effect, forming the so called galactic halo. The interaction of ordinary matter
with a DM halo composed by moduli causes the oscillation of solids with a frequency equal
to the mass of the DM particle. In particular, the putative signal would appear as a narrow
peak (4f ∼ 1 mHz) in the sensitive band of AURIGA, some 100 Hz at about 1 kHz. We
used high quality data, selected out of an acquisition of years of continuous running. The
search sets upper limits at 95%C.L. on the moduli coupling to matter di . 10−5 around
moduli masses mΦ = 3.6 · 10−12 eV.

1 Light Dark Matter and matter effects

Scalar fields, Φ, often arise in theories like the String Theory (known as moduli), with mass
values, mΦ, depending on the assumed model. They are good Dark Matter (DM) candidates,
within the contest of the standard DM model with an energy density of ρDM = 0.3 GeV/cm3,
if they are heavier than mΦ ' 10−22 eV. Moreover, this scalar field can be described with a
classical wave if it is lighter than mΦ ' 0.1 eV [1]:

Φ(x, t) = Φ0cos(mΦt−mΦv · x) +O(v2) (1)

Moduli interact with ordinary matter, in particular with electrons and electromagnetic field:

L ⊃
√

4πGNΦ

[
dme

meēe−
de
4
FµνF

µν

]
(2)

where GN is the Newton’s constant, dme
and de are the dimensionless coupling to the electron

and electromagnetic field, respectively (expressed as a fraction of the gravitational strength).
As shown by eq. 2, the effect of moduli can be absorbed by the fine structure constant, α, and
electron mass, me, in such a way that:

α(x, t) = α
(

1 + de
√

4πGNΦ(x, t)
)

(3)

me(x, t) = me

(
1 + dme

√
4πGNΦ(x, t)

)
(4)

taking into account eq. 1, relations 3 and 4 imply an oscillation of the fine structure constant
and of the electron mass around their nominal values. As a consequence, also the atom’s size,
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a0 ∼ 1/αme, oscillate, with a deformation with respect the nominal value (strain) given by:

h ≡ δa0

a0
= − (de + dme

)
√

4πGNΦ(x, t) (5)

This effect of moduli on ordinary matter, brings us to the following conclusion: supposing we
have a body of length L, this can be modeled with an oscillator made of two masses connected
by a spring of the given length L; it can be shown that given eq. 5 the effect of moduli is
an external force acting on the oscillator, with an expression similar to that of a tidal force
produced by a gravitational wave on a resonator [1]. This behaviour suggests an experimental
method to search for such a moduli field, exploiting same apparatus and analysis techniques
employed for gravitational wave signals.

2 Auriga detector

We searched for moduli by analyzing the resonant mass gravitational wave detector AURIGA
[2] data. Located at INFN National Laboratory of Legnaro (Italy), AURIGA represents the
state-of-art in the class of gravitational wave cryogenic resonant-mass detectors. The detector
can be modeled by 3 coupled resonators, with nearly the same resonant frequency fR ' 900 Hz:
the core is a cylindrical bar made of an aluminium alloy, which would resonate under the effect of
moduli with the right mass range; the mechanical energy of the bar is amplified by a mashroom-
shaped resonator, attached to one of the bar’s faces, acting also as a transducer, converting the
mechanical resonance to an electrical current; the transducer efficiency is further increased by
placing the resonance frequency of an electrical LC circuit close to the mechanical resonance
frequencies. The electrical signal is detected by a sensitive SQUID amplifier. AURIGA is
operated at cryogenic temperatures, with T = 4.5 K. The system is in thermal equilibrium,
thus its fluctuations are described by the Fluctuation-Dissipation theorem. This allows us to
model the detector noise with good precision. In particular the detector sensitivity set by the
thermal noise is h = 2 · 10−21 1/

√
Hz, within a factor of 2, over a bandwidth of 4f ' 100 Hz

centered around f = 900 Hz.

3 Data analysis

The output from the detector is an electrical signal in time digitized with a frequency of fs =
4882.8 Hz. A calibration function [3] is applied on these data to convert them into the relative
deformation h of the AURIGA resonant bar length. The power spectrum is computed on the
calibrated data, obtaining a measure of the noise of the system in thermal equilibrium. The
signal we would expect from moduli is a peak within this power spectrum. The peak would
have a characteristic frequency around the moduli mass, fΦ = mΦ/2π, and a narrow Maxwell-
Boltzmann shape [4]. A simulation of this signal has been performed to study the actual signal
bandwidth within the detector sensitive region and to fine-tune the analysis workflow. The
simulation takes into account that the detector noise around the moduli peak is white, given
the narrow bandwidth of the signal.

The estimated signal bandwidth from simulation is 4f ' 1 mHz. Therefore, the analyzed
dataset has been split into one hour long data streams and power spectrum computation has
been performed on each stream to achieve the proper spectrum resolution. Eventually, the
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Figure 1: (color online). [left] Evolution of the detector noise spectrum during the data-
taking period considered for the analysis. The three main modes of the detector are shown by
the yellow-green area. [right] Frequency spectrum of the bar relative deformation computed
on AURIGA data (blue curve), compared to the predicted noise power spectrum density by
Fluctuation-Dissipation theorem plus noise contribution from the SQUID (red line). Spurious
peaks are due to external known sources of background.

one hour long power spectra are averaged to reduce the noise standard deviation and gain
sensitivity. Actually, few week of data are enough to reach the sensitivity plateau for this kind
of signal, which looses its coherence in about one hour and its standard deviation decreases
with the number of averages N as N1/4. Using the entire dataset acquired by AURIGA (∼ 10
years) would improve the sensitivity just by a factor of ∼ 3. So that, for this analysis we
focused on a dataset corresponding to about one month of data-taking. AURIGA detector has
been running in stable conditions during this period: stability of the detector is inferred by
the stable frequencies and shape of the three main detector’s modes, checked by studying the
evolution of the detector power spectrum on the analyzed dataset, shown in fig. 1-left. Spikes
in time due to energetic background events could hide a possible signal from moduli and have
been removed by excluding data streams which have a large fluctuation in the time domain.
This cut still allows to maintain a 86% duty-cicle of the detector. A check is performed to prove
we are not throwing away a possible signal from moduli: a simulated moduli signal has been
injected into the real dataset and the analysis workflow successfully reconstructs it. Neither a
loss nor an attenuation of the signal strength is observed.

Eventually, the power spectrum of the measured bar relative deformation is shown in fig.
1-right, obtained by averaging N = 400 power spectra from 1 hour long data streams. The
comparison to the predicted noise shows a good matching. The thickness of the data curve
is due to the noise variance, reduced by averaging the N power spectra. Spurious peaks in
data correspond to associated external sources of noise. We stress that these spurious peaks
have shape and width not matching the expectation from moduli signal. Data corresponding
to spurious peaks have been excluded from the analysis, since we are not able to model the
detector response in those regions. Each bin of the power spectrum in fig.1-right has a gaussian
distribution: this has been proved by studying the distribution of the bin values and can be
understood from statistical reasons, since the power spectrum is the result of averaging a large
number (N = 400) of single spectra. Consequently, we used a gaussian probability density
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Figure 2: Upper limits on the coupling of both an electron mass modulus (di = dme) and an elec-
tromagnetic gauge modulus (di = de) to ordinary matter (red-curve) obtained from AURIGA
data and reported in the moduli parameter space: bottom and top horizontal axes represent
the moduli mass mΦ and corresponding frequency fΦ = mΦ/2π, vertical axis represents the
moduli coupling values. Depicted green area shows the natural parameter space preferred by
theory. Other regions and dashed curves represent 95%C.L.: limits on fifth-force tests (5F,
gray), equivalence-principle tests (EP, orange), atomic spectroscopy in dysprosium (Dy, purple-
line), low frequency terrestrial seismology (Earth, black vertical line) and piezoelectric quartz
resonators (Quartz, yellow-triangles).

function to describe the bin statistics and build a confidence belt by using Feldman and Cousin
recipe [5]. The confidence belt provides a confidence interval for the moduli signal strength,
given the measured value of h for each bin of the distribution in fig. 1-right. The signal strength
is always compatible with zero, thus we set upper limits on the moduli coupling to ordinary
matter at 95% confidence level. We improved upper limit calculation by exploiting the noise
curve obtained adding thermal noise prediction from Fluctuation-Dissipation theorem and noise
contribution from the SQUID (see fig. 1-right). The curve is fitted to data and upper limits are
obtained from the χ2 distribution. This way, a more precise estimation of errors from the fit
allows to improve the upper limits. Final upper limits on moduli coupling to ordinary matter
are reported in fig. 2. They are better then di ' 10−5 in the sensitive band of AURIGA,
4f = [850, 950] Hz, and explore for the first time ever an interesting physical region of the
parameter space, within the natural parameter space for moduli [1].
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The KWISP opto-mechanical force sensor has started searching for solar chameleons through
their direct coupling to matter. Its sensing element, a 100 nm thick Si3N4 membrane, was
mounted in the focal plane of the CAST X-ray telescope and several solar trackings were
completed using the unique capabilities of the CAST magnet. KWISP is designed to de-
tect, with interferometric techniques, extremely tiny membrane displacements due to the
force exerted by chameleons reflecting off it, while a specially devised chameleon beam
chopper provides the reference frequency necessary for detection. We will present the
initial KWISP setup, discussing its status and results.

1 Introduction

The Cast Solar Axion Telescope has been probing the mysteries of the universe at CERN,
in Geneva, since 2003. It has conducted several measurement campaigns searching for axions
emitted by the sun, setting the current reference experimental limit on axion-photon coupling
over a wide mass range[1]. The solar axion searches ended in 2015 and CAST has launched for
2016-2018 a new physics program, focused on Dark Matter (DM) and Dark Energy (DE) candi-
dates. In particular, the program concentrates on searching for relic axions with several high-Q
microwave resonant cavities inserted in the bores of the CAST magnet, and on detecting solar
chameleons exploiting both their coupling to photons, and their direct coupling to matter[2]. In
the latter search, CAST is pioneering the use of the novel KWISP opto-mechanical force sensor
based on a thin and taut Si3N4 micro-membrane[3]. Under the influence of an external force,
such as that resulting from the pressure exerted by a stream of solar chameleons reflecting,
under certain conditions, off it [4], the membrane displaces from its initial equilibrium position
in a manner that can be detected with optical interferometric techniques. KWISP also exploits
two unique CAST capabilities: solar tracking and the presence of an X-ray telescope which can
focus also chameleons, and provide and enhancement in expected flux of about a factor 100. We
will briefly report below on the first ever solar tacking run conducted with an opto-mechanical
force sensor searching for DE candidate particles, specifically for the direct coupling to matter
of chameleons. The sensor was operated in an initial exploratory configuration to obtain a set
of live data presently being analysed. A new, upgraded version of the KWISP sensor is now
under commissioning at CAST in view of the data taking campaigns foreseen for the last part
of 2016 and beyond.
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2 The KWISP detector

KWISP is a novel type of particle detector exploiting the exquisite sensitivity to external
forces of an opto-mechanical sensor to search for the direct interaction with matter of solar
chameleons. Chameleons can be produced within the large magnetic fields present inside the
sun, then stream unhindered to the earth. A flux of chameleons coming from the sun can
interact directly with the sensing element of KWISP, a 100 nm thick, 5x5 mm2 Si3N4 micro-
membrane. This taut and thin pellicle flexes, much like a sail under a wind, following a force
acting on it. Membrane displacements are then detected with interferometric techniques, and
the force acting on the membrane can be deduced (see also [3]). More specifically, if the
membrane is positioned to intercept the chameleon beam at a grazing incidence angle (5◦

or less), a sizeable fraction of the impinging particles will reflect off the membrane, thereby
exerting on it the equivalent of a radiation pressure (see [4]). In the configuration reported
here, the sensing element of the detector (the membrane) is placed at the end of one of the two
arms of a Michelson-type interferometer, while the other arm contains a mirror mounted on a
piezoelectric linear actuator. A 532 nm, 5 mW CW laser beam is input into the interferometer
and interference fringes are then observed at its output by a photodiode: membrane movements
will cause a detectable fringe displacement. The piezo-actuated mirror serves for calibration
purposes. Figure 1 shows a photograph of the actual interferometer with the laser beam path
superimposed. The membrane can be seen at the center (also in the inset at upper right), while
the piezo-actuated mirror is visible at center right.

Figure 1: KWISP Michelson-type interferometer setup with the sensing membrane (see also
text).

This compact interferometer (about 15 cm by 25 cm) is placed inside a vacuum chamber,
mounted on the sunrise side of the CAST magnet and aligned to place the membrane as close
as possible to the focal plane of the X-ray telescope available at CAST. This instrument is
able to focus chameleons much in the same way as it focuses X-rays, thanks to its cascade of
grazing-incidence plates (see [5]). The focusing action increases the expected solar chameleon
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flux by a factor ≈ 100. Based on the same principle, the membrane is also tilted with respect to
the incoming chameleon beam to provide a 5◦ grazing incidence angle for maximum chameleon
reflectivity. The membrane must be under vacuum in order to ensure that it is not perturbed by
the brownian motion of air. In our case, the residual pressure in the chamber was < 10−5 mbar.
Figure 2 shows the position of the KWISP vacuum chamber on the sunrise side of the CAST
magnet, behind the X-ray telescope. The last key element of the setup, not visible in the image
of Figure 2, is the chameleon chopper, placed in air at the exit of the X-ray telescope, before
the sensing membrane. Its function is to provide an amplitude modulation of the chameleon
beam in order to make it, in principle, detectable, as the instrument is not sensitive to static
displacements, but rather to time-dependent ones. This modulation is imparted at a chosen
frequency, which provides both a reference for data analysis, and a trigger for data acquisition.
The chameleon chopper is discussed in better detail in [6].

Figure 2: Placement of the KWISP chamber on the sunrise side of the CAST magnet. The
chamber is aligned to position the membrane inside it in the focal plane of the X-ray telescope
(see also text).

3 Preliminary results from solar tracking runs

The first ever series of measurement runs with a force sensor looking for solar chameleons was
conducted at CAST, in April 2016, with the KWISP detector in the preliminary configuration
briefly described above. During this campaign, the sun was observed every morning at sunrise
for about 1.5 hours, over a period of one week between April 21st and April 28th, 2016. This
was possible thanks to the unique sun-tracking capability of the CAST magnet assembly. The
current output by the photodiode monitoring the interferometer fringes was amplified, converted
to a voltage, digitised and acquired in 100 s long time records. The trigger for data acquisition
was provided by the chameleon chopper, allowing for in-phase concatenation of the individual
time records. Both the interferometer output and the trigger signal were acquired. At the
beginning of each time record a calibration signal was briefly injected into the piezo actuated
mirror in order to obtain the instantaneous sensitivity of the instrument. An example of such
calibration procedure is shown in Figure 3. Here the photodiode signal (yellow trace) jumps
from the dark fringe to the light fringe, corresponding to a fringe shift of λ/2 = 532/2 nm, when
a voltage difference of 1.23 V is applied to the piezo-actuated mirror. This gives a transduction
characteristic C = 216 nm/V.
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Figure 3: Sample oscilloscope screenshot illustrating interferometer calibration. The yellow
trace is the photodiode signal, while the red trace is the voltage ramp applied to the piezo-
actuated mirror (see also text).

Data were taken continuously both while tracking the sun, and with the magnet stationary,
to provide background levels. In 7 days of running, 9000 s of sun-tracking data (90 time records)
and 121400 s of background data (1214 time records) were accumulated. A chameleon signature
should appear as a peak at the chopper frequency in the spectrum of the interferometer output
photodiode signal. A full data analysis is still in progress, however Figure 4 shows a preliminary
example of the type of result that can be expected.

Figure 4: Preliminary sample sun tracking spectrum (see text).

In the case of Figure 4 the chopper frequency was 6.625 Hz, and an arrow indicates the
position in the spectrum where a positive chamelon signal should appear. Here the force
sensitivity was 6 · 10−9 N/

√
Hz.
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4 Conclusions

The first ever search for the direct interaction with matter of solar chameleons, with a force
sensor, was conducted at CAST in April 2016. The opto-mechanical KWISP sensor, in a
preliminary Michelson-type configuration, was placed in the focal plane of the X-ray telescope
mounted on the sunrise side of the CAST magnet and used for a week long data taking campaign.
The sensor took data stably with a force sensitivity of the order of 10−9 N/

√
Hz. A chameleon

chopper, originally invented, was used to provide the necessary reference frequency. Thanks to
the dependence of the energy of the reflected chameleon on the chopper angular position, in case
of a positive signature there is also the possibility of particle identification. A full data analysis
is in progress. Presently, the KWISP sensor is being upgraded to a Fabry-Perot interferometer
configuration, where the sensitivity will be amplified proportionally to the Fabry-Perot finesse.
With a nominal finesse of ≈60000, we project an initial sensitivity of the order of 6 · 10−13

N/
√

Hz, or better, at room temperature.
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The Kaluza-Klein dilaton in higher-dimensional unified theory has important implications.
First, as the gravitationally interacting massive particle (GIMP) it becomes an ideal can-
didate of the dark matter of the universe. Second, as the massive scalar graviton (MSG) it
generates the fifth force which modifies the Einstein’s gravity. Most importantly, it repre-
sents the extra space itself, so that detecting the dilaton we can confirm the existence of the
extra space. We present a simple way to detect the dilaton experimentally, detecting the
two photon decay of the remnant dilaton. We show how the fifth force constraint and the
dark matter constraint restrict the dilaton mass and the size of the extra space. Moreover,
based on the fact that the dilaton mass comes from the curvature of the extra space, we
propose the geometric mass generation mechanism that the curvature creates the mass as
an alternative to the Higgs mechanism.

All existing unified theories are based on the higher-dimensional space-time, which makes
the experimental confirmation of the extra space an important issue. In this talk we discuss the
physical consequence of the higher-dimensional unification, and present a simple way to detect
the extra space experimentally.

An unavoidable consequence of higher-dimensional unification is the appearance of gravi-
tationally interacting massive particles (GIMPs) or massive scalar gravitons (MSGs) known as
the Kaluza-Klein (KK) dilaton and internal gravitons, in 4-dimensional physics [1, 2]. They
come in as the gravitons of the extra space, so that they actually represent the very extra space
itself. This means that by detecting them we could confirm the existence of the extra space
and justify the higher-dimensional unification.

The dilaton plays very important roles in physics. First, as the GIMP it becomes an
ideal candidate of the dark matter. Second, as the MSG it generates the fifth force which
could violate the equivalence principle. Third, it realizes the Dirac’s large number hypothesis
making the cosmological constant space-time dependent. Moreover, it could play the role of the
quintessence in cosmology [4, 3]. Finally, it appears in all higher-dimensional unified theories,
which strongly implies that the dilaton must exist. This makes the experimental detection of
the dilaton very important.

Unfortunately the dilaton (and the internal gravitons) so far have not been received the due
attention, because the extra space has traditionally been assumed to be extremely small (of
the Planck scale) [1, 5, 6]. A small extra space could make them very heavy and decay quickly,
in which case they leave almost no trace in the present universe. And they cannot easily be
produced because it will cost too much energy. In this case they become almost irrelevant.
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But this is not entirely true. First, even a small extra space can make the dilaton massless
[1, 2]. Moreover, there is the possibility that the extra space may not be so small, which could
make the dilaton very light [2]. Indeed this is exactly the proposal made by Arkani-Hamed,
Dimopoulos, and Dvali (ADD) to resolve the hierarchy problem [7].

The mass of the dilaton is very important for the following reasons. First, it determines the
range of the fifth force [8, 9]. Moreover, it determines the energy density of the dark matter
[4, 10]. And obviously we have to know the mass to detect the dilaton. So it is crucial for us
to understand how the dilaton acquires the mass and to figure out what is the mass range.

We show that the cosmological constraint on the dark matter rules out the dilaton mass
between 160 MeV and 276 MeV, and argue that the size of the extra space may not be smaller
than 10−9 m. Moreover, we suggest to detect the dilaton detecting the two photon decay of the
remnant dilatons in the universe. Finally, from the fact that the curvature of the extra space
makes the dilaton massive, we propose a geometric mass generation mechanism that mass can
be generated by curvatureas an alternative to the Higgs mechanism.

To demonstrate these points, we consider the Kaluza-Klein theory, the protopype of all
higher-dimensional unified theories. To obtain the 4-dimensional physics, we have to make the
dimensional reduction. There are two contending dimensional reduction schemes, the popular
zero mode approximation and the dimensional reduction by isometry. In the zero mode ap-
proximation one treats the (4+n)-dimensional space as real and views the 4-dimensional physics
as a low energy approximation [5, 6]. In the dimensional reduction by isometry, however, the
isometry in the unified space makes the extra space invisible and determines the 4-dimensional
physics [1, 11].

A sensitive issue in the zero mode approximation is how one can actually make the approx-
imation. A simple way to do this is to impose a proper isometry as an approximate symmetry.
In this case the zero mode approximation becomes very much like the dimensional reduction
by isometry. In general, however, the two methods have totally different 4-dimensional physics.
This is because the zero mode approximation produces an infinite tower of the KK excited
modes in 4-dimension.

To show how the dimensional reduction by isometry works, we suppose that the (4+n)-
dimensional unified space has an n-dimensional isometry G and assume the unified space to be
a principal fiber bundle P(M,G) made of the 4-dimensional space-time M and the n-dimensional
group manifold G. Let γµν and φab be the metrics on M and G. In this setting the (4+n)-
dimensional Einstein-Hilbert action becomes [1, 2]

IEH = − 1

16πG0

∫ √
γ
√
φ
[
RM (γµν)

−n− 1

4n
γµν

(∂µφ)(∂νφ)

φ2
+
e2κ2

4
n
√
φ ρabγ

µαγνβF aµνF
b
αβ

+
γµν

4
(Dµρ

ab)(Dνρab) +
1

κ2 n
√
φ
R̂G(ρab)

+ΛP + λ(|detρab| − 1)
]
d4xdnθ,

γ = |det γµν |, φ = |det φab|,
ρab = φ−1/n φab, (|det ρab| = 1),

R̂G(ρab) =
1

2
f d
ab f

b
cd ρ

ac +
1

4
f m
ab f n

cd ρacρbdρmn. (1)
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Here G0 is the (4 + n)-dimensional gravitational constant, RM is the scalar curvature of M, e
is the coupling constant of the KK gauge field F aµν , κ is the scale of the extra space, Λ0 is the

(4+n)-dimensional cosmological constant, and λ is a Lagrange multiplier. Notice that R̂G(ρab)
is the normalized curvature of the fiber space G.

To proceed, we introduce the Pauli metric (also called the Einstein metric in string theory)
gµν and the Kaluza-Klein dilaton σ by [1, 4]

gµν =
√
φ γµν , φ = 〈φ〉 exp

(
2

√
n

n+ 2
σ
)
. (2)

But, since κ is left arbitrary, we can always normalize

〈φ〉 = 1, (3)

without loss of generality. With this understanding we have the following Lagrangian in the
Pauli frame [1, 4]

L = − V̂G
16πG0

√
g
[
R+ 1

2 (∂µσ)2 +
1

4
(Dµρ

ab)(Dµρab)

+
R̂G
κ2

exp
(
−
√
n+ 2

n
σ
)

+ ΛP exp
(
−
√

n

n+ 2
σ
)

+
e2κ2

4
exp

(√n+ 2

n
σ
)
ρabF

a
µνF

bµν
]
,

V̂G =
∫
dnθ = κn. (〈φ〉 = 1) (4)

This describes the well-known unification of gravitation with the gauge field, provided that [1, 2]

κn

16πG0
=

1

16πG
,

e2κ2

16πG
= 1, (5)

where G is Newton’s constant.
To understand the meaning of (5), notice that by the first equality κ sets the strength of

the higher-dimensional gravity l0,

l0 = G0
1/(n+2) =

( κ
lp

)n/2(n+2)
lp, (6)

where lp =
√
G is the Planck scale. This is precisely what one has in the ADD proposal, which

confirms that a large extra space can indeed make the higher-dimensional gravity strong [8, 7].
However, from the second equality κ is determined by the fine structure constant of the KK
gauge boson αKK [1, 2],

κ2 =
4

αKK
l2p. (αKK =

e2

4π
) . (7)

This means that a large extra space makes αKK extremely small. In fact this tells that, for the
ADD proposal which favors κ ' 10−5 nm, we need αKK ' 10−42 for n = 6. (For n = ∞ we
have αKK ' 4× 10−32, which sets the upper limit of αKK .)
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To find the mass of the KK dilaton, we assume that (4) has the unique vacuum 〈gµν〉 =
ηµν , 〈σ〉 = 0, 〈ρab〉 = δab, 〈A a

µ 〉 = 0, and find the dilaton potential

V (σ) =
1

16πG

[ 〈R̂G〉
κ2

exp(−
√
n+ 2

n
σ)

+Λ0 exp(−
√

n

n+ 2
σ)
]

+ V0, (8)

where 〈R̂G〉 = R̂G(δab) is the (dimensionless) vacuum curvature of the extra space and V0 is
a constant introduced to assure that (8) has no non-vanishing 4-dimensional vacuum energy.
Notice that Λ0 and V0 are completely fixed by the vacuum condition dV (0)/dσ = 0 and V (0) =
0. From (8) we find the mass of the KK dilaton µ (identifying σ̂ = σ/

√
16πG as the physical

dilaton),

µ2 =
2〈R̂G〉
n

1

κ2
=
〈R̂G〉
2n

αKK m2
p, (9)

where mp is the Planck mass. This demonstrates that a large κ (or a small αKK) transforms
the Planck mass to a small dilaton mass, which can easily be of the order of the elementary
particle mass scale. But notice that here the curvature of the extra space plays the crucial
role in making the dilaton massive. In fact when 〈R̂G〉 = 0 the dilaton becomes massless,
independent of κ. Essentially the same conclusion applies to the mass of internal gravitons ρab.

The above result shows that we can estimate the size of the extra space from the dilaton
mass. There are two important constraints on the dilaton mass, the fifth force constraint and
the cosmological constraint. Fifth force experiments can measure the range of the fifth force
[9, 4]. Indeed a recent torsion-balance fifth force experiment puts the upper bound of the range
to be around 44 µm with 95% confidence level [12]. This implies that the dilaton mass cannot
be lighter than 4.5× 10−3 eV.

Cosmology puts another strong constraint on the dilaton mass, because the dilaton can
easily be the dominant matter of the universe. In cosmology one may assume that the dilaton
(as a GIMP) starts out at thermal equilibrium, and decouples from other sources very early
on. But it is not stable, because it couples to all matter fields. There are two dominant decay
processes: two-photon decay and fermion-antifermion decay, which may be approximated by
the following Lagrangian [10],

Lint ' −
√

16πG
[g1

4
σ̂F 2

µν + g2 mσ̂ψ̄ψ
]
, (10)

where g1 and g2 are dimensionless coupling constants, and m is the mass of the fermion. From
this we can estimate the dilaton decay rates [10, 13]

Γσ→γγ =
g2

1µ
3

16 m2
p

,

Γσ→ψ̄ψ =
2g2

2 m
2 µ

m2
p

×
[
1−

(2m

µ

)2]3/2
. (11)

With this we can estimate the present number density and mass density of the relic dilaton.
Now, for the dilaton to be the dark matter, we must have the following constraints on the

dilaton mass. First, the dilaton mass density must be equal to the dark matter density. Second,
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Figure 1: The allowed range of the extra space versus β = α5/αg, where αg and α5 are the
gravitational and fifth force fine structure constants. The colored region marked by (–) is the
excluded region, and the dotted line represents the constraint from the heavy dilaton whose
daughter particles overclose the universe.

the energy density of the daughter particles (photons and light fermions) of the dilaton must
be negligibly small compared to the dark matter density.

Assuming g1 ' g2 ' 1, we find that there are two mass ranges of dilaton in which the relic
dilaton could be the dominant matter of the universe; µ ' 160 eV with life-time 3.8× 1035 sec
and µ ' 276 MeV with life-time 3.3× 1016 sec [10, 14]. A dilaton lighter than 160 eV survives
but fails to be the dominant matter due to its low mass, and a dilaton heavier than 276
MeV does not survive long enough to become the dominant matter of the universe. More
importantly we find that, even if the dilaton is not the dark matter, a mass in between these
values is unacceptable because it would overclose the universe. Moreover, the second constraint
shows that a 276 MeV dilaton is not acceptable as dark matter, because the energy density of
the daughter particles must be much bigger than the energy density of dark matter, and thus
overclose the universe. This makes the heavy dilaton unacceptable. This means that only the
160 eV dilaton can be a candidate for the dark matter of the universe [10, 14].

We can easily translate these constraints on the dilaton mass to constraints on κ. Putting
these constraints together we obtain Fig. 1, which shows the allowed region of the extra space
(and the allowed range of the fifth force) in 7-dimensional unification with S3 compactification
of the extra space. Although β = α5/αg is expected to be of the order one, we leave it arbitrary
here.

It has to be emphasized that our estimate of dilaton mass is an order-of-magnitude estimate
only, because it is based on crude approximations which also neglect other possible dark matter
candidates (for example, the internal gravitons). Nevertheless our result tells that cosmology
provides a crucial piece of information on the dilaton mass. In particular, cosmology rules out
the 10−14 m scale extra space suggested by ADD. Moreover, it implies that the dilatonic fifth
force may be too short-range to be detected by the existing fifth force experiments.

A best way to detect such dilaton is to confirm the two photon decay of the remnant dilaton
in the universe. Since the above analysis suggests that the dilaton is very light, it could decay
mostly to two photons (with a small fraction to three neutrino pairs) which have the unique
energy fixed by the dilaton mass. So we can detect the dilaton detecting the two photon decay.
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To do that we could think of a dilaton-photon conversion experiment similar to the axion
detection experiment. Let V = LxLyLz be the volume of a rectangular resonant cavity and
~Bext = B0 cos(qx)ẑ be the external magnetic background of the cavity. In this case we can
estimate the photon detection power [10, 14]

Pd =
( 4g2

1

πm2
p

)
ρdB

2
0LxV. (12)

Notice that the detection power can be enhanced by the strong magnetic background and by the
large dilaton density ρd in our galaxy (assuming that the gravitational attraction concentrates
the dilatons in our galaxy).

This can be compared with the similar axion detection power

Pa = 2
( gγα

4πfa

)2

ρaB
2
0LxV, (13)

where gγ is the axion-photon coupling constant, α is the fine structure constant, and fa('
6× 1012 GeV) is the PQ symmetry breaking scale. From this we have

Pd
Pa
' 1.9× 106

( g1

gγ

)2 ( fa
mp

)2

' 4.7× 10−7, (14)

when g1 ' gγ . If g1 >> gγ , however, Pd can be as big as Pa. Notice that the axion mass is
ma ' 10−6 eV.

The reason why the dilaton and axion are similar is that both are very weakly interacting
light particles which could decay to two photons. But there are differences. First, the weak
coupling of dilaton is because it is a GIMP. But the weak axion coupling is due to the small fa.
Second, the dilaton is a scalar, but the axion is a pseudo-scalar. So, the dilaton produces the
TE mode (magnetic wave) but the axion produces the TM mode (electric wave). Moreover,
for the dilaton the photon polarization is perpendicular, but for the axion the polarization is
parallel, to the external magnetic field.

Of course, there are other experiments which could detect the remnant dilaton. For example,
the IceCube, Auger, and ANTARES could in principle detect the two photon decay of the
dilaton. Moreover, the all-purpose James-Webb telescope could also detect the abnormal two
photon cosmic background radiation coming from the dilaton decay.

So far we have concentrated on Kaluza-Klein theory with the dimensinal reduction by isom-
etry, but the generic features our result hold in superstring and supergravity. In string theory,
for example, one has the string dilaton which remains massless in all orders of perturbation
theory [6]. But it must have the KK dilaton coming from the extra space, and our constraint
on the size of the extra space should remain valid.

Moreover, in the zero-mode approximation we must have the KK excited modes which could
have similar decay. So, in principle we should be able to check the existence of the excited
modes experimentally. If the experiments can’t find them, we must discard the zero-mode
approximation.

Independent of the details, we emphasize the physical importance of the dilaton. It appears
in all higher-dimensional unified theories, so that the it must exist if we believe in the higher-
dimensional unification. Moreover, it represents the extra space itself, and we can confirm the
existence of the extra space detecting the dilaton. As importantly, it suggests that the mass
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could originate from the curvature of space. This allows us to propose the geometric mass
generation mechanism which could replace the Higgs mechanism and resolve the hierarchy
problem.

This is why the experimental detection of the dilaton is so important, independent of whether
it becomes the dark matter or not. A detailed discussion of our r esults and related subjects
will be presented separately [15].
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The main research focus of the Center for Axion and Precision Physics Research (CAPP)
at IBS is to establish a state-of-the-art axion experiment in Korea and to search for relic
axion particles converting to microwave photons in a resonant cavity submerged in a strong
magnetic field. The initial stage of building our axion experiment, CULTASK (CAPP
Ultra Low Temperature Axion Search in Korea) is completed at KAIST (Korea Advanced
Institute for Science and Technology) Munji Campus with successful installation of two
new dilution refrigerators (one with 8T superconducting magnet) which could lower the
temperature of cavities to less than 50 mK. A resonant cavity (10 cm OD) and the support
structure were fabricated and installed with the frequency tuning system employing a
sapphire rod driven by a piezoelectric actuator. The RF measurements were also performed
for evaluating and improving noise figures using cryogenic HEMT amplifiers. I will discuss
the status and progress of CULTASK, soon to be complete with a DAQ and monitoring
system, and future plans. I will also present the recent results from the development of
high Q-factor, ultra pure Cu and Al cavities under high magnetic fields, utilizing the two
refrigerators.

1 R&D Projects for Axion research at CAPP

Figure 1: CAPP’s R&D projects for axion
search

The Center for Axion and Precision Physics
Research (CAPP) of the Institute for Ba-
sic Science (IBS) is launching a state-of-the-
art dark matter axion experiment in Korea.
The design of the axion experiment at CAPP
is based on P. Sikivie’s haloscope scheme[1].
Axions resonantly convert to microwave pho-
tons by a reverse Primakoff interaction inside
a tunable cavity permeated by a strong mag-
netic field. The feeble signal from the cavity
is amplified through a SQUID amplifier and
transmitted to a room temperature RF re-
ceiver unit to be processed further.

CAPP is driving a research and develop-
ment plan to achieve the sensitivity required
for the entire range of axion models. The
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R&D plan includes high field superconducting magnets with various bore sizes (5, 10 and
35 cm inner diameter), high Q-factor superconducting cavities, high-gain gigahertz supercon-
ducting quantum interference device (SQUID) amplifiers and multi-cavity phase locking scheme
for higher axion mass (Figure 1).

A powerful 25 T superconducting magnet will be developed and delivered by BNL (Brookhaven
National Laboratory) in 2 to 3 years. The ultra high field magnet being developed by BNL has
exceptionally big 10 cm bore and is based on a next generation technology called HTS (High
Temperature Superconductor). The compact (outer diameter of only 30 cm) design of the
magnet is intended to produce even higher field of 35T or 40T by adding another layer of LTS
magnet outside in the future. If successful, this magnet will be the highest-field superconducting
magnet in the world with HTS technology.

Prof. Jhinhwan Lee of KAIST (Korea Advanced Institute of Science and Technology) is
leading the effort of coating superconductors inside resonant cavities. Various configurations
and different coating materials are being experimented now to overcome the effect of high
magnetic field ( >8T) that goes through the cavity and to achieve the high Q-factor (> 106)
for the resonant mode of choice (TM010). The first sample of dc SQUID amplifiers (center
frequency of 2.5 GHz) developed by Dr. Yong-Ho Lee of KRISS (Korea Research Institute of
Standards and Science) will be delivered and tested this year. The physical temperature of the
cavity should be maintained extremely low in order to reduce the noise from the black body
radiation, and eventually to improve the signal-to-noise ratio and speed up the experiment. The
RF receiver unit to amplify and process the radio frequency signal from the resonant cavity is
being tested in engineering runs right now.

2 CAPP Ultra Low Temperature Axion Search in Korea
(CULTASK)

Figure 2: Properties of BlueFors LD400 Dilution Refrigerators at KAIST Munji campus
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Figure 3: BlueFors LD400 dilution refrigera-
tor with cavity and frequency tuning system in-
stalled

Two dilution refrigerators (BlueFors LD400)
were delivered, installed and tested in March
this year at CAPP’s new laboratory located
at KAIST Munji campus. One refrigera-
tor(BF3) is designed for testing RF compo-
nents (directional couplers, cryogenic circula-
tors, resonant cavities and HEMT or SQUID
amplifiers) and the other(BF4) refrigerator
equipped with 8T superconducting magnet
(12 cm inner bore) is for setting up a small
scale axion engineering run. Figure 2 shows
the characteristics of two new BlueFors dilu-
tion refrigerators. These refrigerators are de-
signed to cool down and warm up relatively
quick (20 ∼ 24 hours or 40 ∼ 48 hours when
there is a 50 kg magnet attached) and fully
automatic with a script so that it could cool
down all the way with a touch of a button.

We have designed a pure copper reso-
nant cavity with 9 cm inner diameter (2.5
GHz for TM010 mode) and a support struc-
ture with frequency tuning system (Figure 3).
The physical temperature of the mixing plate
which is thermally linked to the cavity and
the support structure is around 30 mK now

(7mK without cavity) with antenna probe and frequency tuning rod connected to piezoelectric
actuators. Sapphire (dielectric) tuning rod is designed to be thermally linked to 100 mK plate.
The piezoelectric actuators are used to control frequency tuning rod (rotator) and probing
antenna (linear) inside the refrigerator.

2.1 High Q-factor cavity development

Variety of sample cavities (OFHC Cu, 5N Al and 6N Al) were prepared to test the enhancement
of Q-factor in a cryogenic temperature. The technique of annealing is crucial for improving a
Q-factor and we are at the stage of calibrating annealing furnace for now. The other important
factor that has an impact on Q-factor is surface roughness. The high precision diamond-cutting
technology is employed and the surface tolerance is less than 50 nm.

2.1.1 Superconducting Al cavity

Al cavity becomes superconducting around 1.2K, which may not be very helpful for axion
experiment with powerful magnetic field, because the critical field for Al is around 10 mT.
However, it could provide us insights on how to design the cavity when superconducting coating
is available. Al cavity of conventional design (cylinder with two lids) gets superconducting and
Q-factor rises around 200,000 (TM010 mode) when the temperature is about 800 mK. Poor
contact between lids and cylinder wall is suspected for not completely superconducting. The
examination of TE011 mode (no electric field along z direction) shows 2 to 20 million Q-factor
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(depending on the temperature). It is clear that the contact problem could be a limiting factor
even when we have a superconducting cavity. One important lesson we learn from the simulation
of cavity is that the Q-factor of TM010 doesn’t change when a perfect cavity is sliced vertically,
even when split pieces were separated a little. We fabricated Al split cavity by machining two
equal whole half pieces (by digging out half cylinder), effectively eliminating a contact problem,
and the Q-factor goes up to over 2 million. It is also much easier to coat two half pieces (or
many pieces) of cavity and we don’t have to worry about the contact problem any more. We
are actually applying this technique when coating superconductors to inner surface of cavities
now.

2.2 Engineering Run in 2016

We are setting up a small scale, mid-to-low sensitivity axion experiment with BF4 as a starter.
This detector includes 8T superconducting magnet, 9 cm inner diameter OFHC Cu cavity,
cryogenic RF chain (antenna probe, directional coupler, cryogenic circulators and amplifiers),
and a system of room temperature RF receiver. In addition, there should be a DAQ system
(CULDAQ) that controls, monitors the whole detector, and collects and stores data for analysis.
The frequency tuning system with a sapphire tuning rod controlled by piezoelectric actuator is
going through a precision test now and could be added later when we are confident.

Figure 4: CULTASK DAQ system: CULDAQ

Figure 4 shows a complete axion detector set-up. We won’t be able to reach KSVZ[2][3]
sensitivity without SQUID amplifiers and superconducting cavity that should be available in a
couple of years. However, this engineering run could provide us a great opportunity to prepare
ourselves for evaluating and maximizing performance of other RF electronics components.
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Cryogenic circulators (isolators) and amplifiers (HEMT) have been received, tested at KRISS
by Dr. Yonuk Chong and will be verified at our BF3 refrigerator. The design and fabrication of
room temperature RF receiver electronics setup is complete with mixers, filters and a spectrum
analyzer. The digitization of signal and the recording of the data has been tested already. The
data acquisition system (CULDAQ) that also controls and monitors switches, network analyzer,
piezo controller, spectrum analyzer will be ready by September.

3 Plans beyond 2016

The construction of 7 low vibration pads at the axion experimental site in KAIST Munji campus
will be compete by the end of September and 4 more dilution refrigerators are to be installed
early next year. Two 8T NbTi superconducting magnets (12 cm and 16 cm inner bore) will be
used with two BlueFors dilution refrigerators and 18T 5cm bore HTS magnet is scheduled to
be delivered in 2017. More superconducting magnets with much bigger bore sizes (35 cm and
50 cm) are also planned in the pipeline. Powerful magnets with different bore sizes along with
the efforts on multi-cavity phase locking study would help us to search axions throughout the
whole possible mass range. The improvements on booting axion conversion power by developing
superconducting high-Q factor cavity and employing quantum limited SQUID amplifiers will
pave a way to reach KSVZ QCD axion sensitivity region and beyond.

4 Conclusion

The preparation for the engineering run of CULTASK is complete at this stage and ready to
go forward and collect physics data at least for a single frequency this year. The experimental
space of 7 low vibration pads at KAIST Munji campus will be ready in a couple of months and
more refrigerators are scheduled to be installed early next year (2017). The addition of SQUID
amplifiers, ultra high field magnets and high Q-factor cavities with superconducting coating
will improve the sensitivity and make a major contribution to axion research in coming years.
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We discuss an improved detection scheme for a light-shining-through-wall (LSW) exper-
iment for axion-like particle searches. We propose to use: gyrotrons or klystrons, which
can provide extremely intense photon fluxes at frequencies around 30 GHz; transition-edge-
sensors (TES) single photon detectors in this frequency domain, with efficiency ≈ 1; high
quality factor Fabry-Perot cavities in the microwave domain, both on the photon-axion
conversion and photon regeneration sides. We compute that present laboratory exclusion
limits on axion-like particles might be improved by at least four orders of magnitude for
axion masses . 0.02 meV.

1 Introduction

Axions [1] are between the most serious dark matter candidates. They are light neutral scalar
or pseudoscalar bosons, with mass ma ≈ µeV−meV, coupled to the electromagnetic field via

LI =
1

4
GaFµν F̃µν (1)

In QCD axion models (DFSZ [2] and KSVZ [3]), the axion-photon coupling constant G is
directly related to ma; thus, G is the only free parameter of the theory. In axion-like particle
(ALP) searches, the parameter space is extended: G and ma are the free parameters [4].

Axions and ALPs experimental searches can be divided into two main categories: 1) Axions
from astrophysical and cosmological sources; 2) Laboratory searches. In the former case, exclu-
sion limits on the axion-photon coupling constant are provided by estimates of stellar-energy
losses [4, 5], helioscopes [6, 7, 8] and haloscopes [6, 9]. In the latter case, limits on G are
given by photon polarization [10] and Light-Shining-Through-Wall (LSW) [6, 11, 12, 13, 14]
experiments.

In this contribution, we will focus on LSW experiments. After a brief description of the
standard LSW experimental apparatus, we will discuss how to improve present ALPs laboratory
limits onG by at least four orders of magnitude [15]. We are willing to do this by using extremely
intense photon fluxes from gyrotron sources at frequencies around 30 GHz, TES single photon
detectors with efficiency ≈ 1, and high quality factor Fabry-Perot cavities in the microwave
domain (Q ≈ 104 − 105), both on the photon-axion conversion and photon regeneration sides.
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Figure 1: Experimental configuration of the STAX LSW experiment. Fig. from Ref. [15];
Elsevier B.V. copyright.

2 LSW experiments

In a LSW experiment [6, 11, 12, 13, 14], a coherent photon beam traverses an intense magnetic
field, H. Here, some photons can convert into axions via the Primakoff effect. Photons exchange
3-momentum q with H, the energy is conserved. If the x̂ axis is chosen in the direction of the
propagating photon beam, then the external magnetic is assumed to be uniform in the volume
LxLyLz = LxS.

The photons which do not convert into axions are stopped by an optical barrier, “the wall”.
while axions can cross the wall, due to their negligible cross-section with ordinary matter. On
the other side of the wall there is a second magnetic field, which can convert axions back to
photons. Reconverted photons may be detected via a single-photon detector.

In the εγ � ma limit, the photon to axion (axion to photon) conversion probability is given
by [6]

Pγ→a = Pa→γ = G2H2 sin2(qxLx/2)

q2x

εγ√
ε2γ −m2

a

(2)

where εγ is the photon (axion) energy and ma the axion mass. In the limit εγ ≈ ma, which is
relevant for the STAX experiment, the previous expression for the conversion probability has
to be regulated [15]

Pγ→a = Pa→γ = G2H2 sin2(qxLx/2)

q2x

εγ
1
Lx

+
√
ε2γ −m2

a

(3)

The photon-axion-photon rate reads

dNγ
dt

= ΦγηP
2
γ→a (4)

where Φγ [s−1] is the initial photon flux and η the single-photon-detector efficiency. The rate
can be increased by introducing a Fabry-Perot cavity in the magnetic field area before the
wall by a factor of Q, which is the quality factor of the cavity. Moreover, as discussed in Ref.
[16], the rate can be further increased with the addition of a second Fabry-Perot cavity in the
magnetic field region beyond the wall. See Fig. 1.
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3 STAX experimental configuration and calculated exclu-
sion limits

The best laboratory limits for the axion-photon coupling constant have been provided by the
ALPS Collaboration [11]. The second stage of ALPS, ALPS-II [13], will improve the previous
limits mainly by increasing the magnetic field length as well as introducing a second cavity in
the magnetic field region behind the wall. ALPS-II configuration is very similar to that of Fig.
1, but in this case the photon flux is provided by an optical laser.
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g
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-
1
)
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= 1027 γ/s, P = 100 kW

ALPS(LSW)

CAST

STAX

QCD Axion

Inclusion

STAX 2: P = 1 MW, Qreg = 10
4

ALPS II

Figure 2: 90% CL exclusion limits that STAX and STAX 2 may achieve in case of a null
result for axions with ma . 0.02 meV. An exposure time of one month and zero dark counts
are considered. “STAX” and “STAX 2” configurations correspond to a 100 kW and 1 MW
gyrotron sources, respectively. Picture from Ref. [15]; Elsevier B.V. copyright.

Our goal is to develop a new generation LSW experiment and improve the limits on G by
using sub-THz photon sources. Sub-THz sources, like gyrotrons and klystrons, can provide very
high powers (up to 1 MW) at small photon frequencies, resulting in photon fluxes up to 1010

more intense than those from optical lasers, used in previous LSW experiments. We will also
use high Q-factor Fabry-Perot cavities for microwave photons and single-photon detectors for
light at these frequencies, with almost zero dark count, based on the (Transition-Edge-Sensor)
TES technology. The TES detector will be coupled to an antenna and operated at temperatures
≈ 10 mK.

In this way, we computed that present laboratory exclusion limits on axion-like particles
might be improved by at least four orders of magnitude for axion masses . 0.02 meV [15]. The
limits that STAX experiment may achieve are compared to previous experimental results in
Fig. 2.
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We propose a dedicated experiment that would detect milli-charged particles produced
by pp collisions at LHC Point 5. The experiment would be installed during LS2 in the
vestigial drainage gallery above UXC and would not interfere with CMS operations. With
300 fb−1 of integrated luminosity, sensitivity to a particle with charge O(10−3) e can be
achieved for masses of O(1) GeV, and charge O(10−2) e for masses of O(10) GeV, greatly
extending the parameter space explored for particles with small charges and masses above
100 MeV.

1 Introduction

We propose a dedicated experiment to search for milli-charged particles (mCP). The proposed
experiment is a model-independent probe of mCPs, since it relies only on the masses and charges
of such particles. One can view this search as part of a general program to search for additional
sectors. A prototypical model of milli-charged particles [14] consists of an abelian gauge field
A′µ that couples to a massive Dirac fermion ψ of mass MmCP and to hypercharge via kinetic
mixing. A simple field redefinition removes the kinetic mixing, yielding the Lagrangian

L = LSM −
1

4
A′µνA

′µν + iψ̄
(
/∂ + ie′ /A

′ − iκe′ /B + iMmCP

)
ψ.

The new matter field ψ therefore has an electric charge of ε ≡ κe′ cos θ
W
/e� 1, a milli-charge.

The parameter space spanned by the mass and charge of the mCPs is constrained by indirect
observations [7, 8, 9, 10, 11, 15, 18], although these can often be evaded by adding extra degrees
of freedom. Previous experiments have also looked for non-quantized charged particles [5, 6,
8, 16]. However, the parameter space for mCPs with masses 0.1 <∼MmCP

<∼ 100 GeV and
charges at the 10−3 e − 10−1 e level is largely unexplored by direct searches. In particular,
the CMS/ATLAS sensitivity to mCPs in monojet and missing energy searches is precluded by
the penalty on the cross-section associated with initial state radiation. In the following, we
summarize a recent proposal [4, 12] to construct a dedicated detector at the LHC to target this
unexplored part of parameter space.

2 Overview of the Experiment

The experimental apparatus envisaged is 3 scintillator detector layers of roughly 1 m3 each,
positioned near one of the high-luminosity interaction points of the LHC. LHC Point 5 (Cessy)
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is host to the Compact Muon Solenoid (CMS) experiment and its supporting infrastructure.
As such, the appropriate services - electricity, ethernet, LHC luminosity information - would
be available. We propose that the detector be set in the PX56 drainage gallery located above
CMS UXC. In Figure 1, a 3D model was combined with a laser scan of the gallery to give a
best as-built estimation. An optimal position was found which offered a distance to the IP of
33 m at an angle of 43.1 degrees from the horizontal plane, 17 m of which is through rock. The
size of the drainage gallery constrains the length of the detector, but not the sides. Hence there
is space to install shielding and forced air cooling.

Figure 1: A 3D model with the optimal position
of milliQan above CMS UXC.

We are also engineering a system to rotate
the detector to a stowed position during ac-
cess periods. This proposal has already been
run through various LHC and CMS opera-
tion bodies and no conflicts were identified.
The detector itself is a 1 m × 1 m × 3 m
plastic scintillator array, oriented to point
to the CMS interaction point. The array
is subdivided into 3 sections each contain-
ing 400 5 cm × 5 cm × 80 cm scintillator
bars optically coupled to high-gain PMTs. A
minimum-ionizing particle of charge Q leaves
roughly 2Q2 MeV/cm in a material of density
1 g/cm3. We therefore expect an average of
O(1) photoelectron (PE) from each PMT for
mCPs of charge Q = O(10−3) e [4]. Requir-
ing a longitudinal triple-incidence within a 15
ns time window amounts to O(10) events per
year with NPE ≥ 1.

3 Backgrounds

The dominant background is dark-current in the PMTs. Additional sub-dominant sources of
background include activity in the scintillator from background radiation and photo-multiplier
after-pulsing. To measure the dark-current, we constructed a test setup using a 3” Bicron-412
scintillator coupled to a 3” Hamamatsu H2431 PMT at 3 kV, readout with a CAEN V1743
digitizer, described in Section 4. Once the board receives a triggering event, the analog buffer
is digitized. During this digitization window, which lasts approximately 100 µs, no additional
trigger can be accepted. Using this test setup, we measured a dark-current rate of approximately
1 kHz at room temperature. By reducing the high voltage and cooling the PMT we are able to
significantly reduce the background rate. With these handles we expect to be able to bring the
rate to below 500 Hz. Another source of background are cosmic and LHC muons, which consist
of >1000 PEs. We measured the PMT rates in a counting room close to our proposed location.
Collecting data with/without the LHC beam, as well as with/without led and polyethylene
shielding, we found that the PMT rates with shielding become comparable to the dark-current
rates, and hence we don’t expect muons to create too much activity and after-pulses in our
scintillators. If a muon does hit the detector, it can be easily vetoed offline by its large pulse.
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4 Data Acquisition

Analog pulses from the PMTs must be digitized and stored for offline analysis. Furthermore, a
trigger will record only those pulses during interesting time windows when significant activity
in the detector is observed. This can all be performed for modest cost using the CAEN V1743
digitizer. This digitizer board has 16 channels, each of which is sampled into 7 analog buffers.
The digitization is done with 12 bits of precision, and the dynamic range is 2.5 V, allowing good
resolution of 0.61 mV. Analog noise is about 0.75 mV per channel, whereas single PE signals
can easily be above 3 mV. The only drawback of the analog buffer approach is that the board
is dead while digitizing the buffer. This results in a deadtime of <∼ 10 %. However, the time
after a trigger is anyways of low quality due to the presence of PMT after-pulses. Thus there
is no dead time from readout, up to rates of ∼ 1 kHz. For the triggering, we will connect 12
PMTs (2×2/layer, aligned longitudinally) to one board. Two neighbouring PMTs in each layer
will form a group. The whole detector will be read out if any two groups in a board are above
threshold within a time window of (∆t)online = 100 ns. Given PMT dark-current rates of 500
Hz, the trigger rate is expected to be 75 Hz [4]. Offline we will tighten the time window to
(∆t)offline = 15 ns. The total offline background rate is estimated to be 1.1×10−5 Hz. The LHC
will have delivered 300 fb−1 during Run 3 (3000 fb−1 during HL-LHC). We therefore estimate
to have 165 (330) background events [4]. We expect to use pulse shapes and expected arrival
time of particles produced in the LHC to reduce the total background to ∼ 50 (100) events.

5 Simulations and Sensitivity

In order to evaluate the projected sensitivity of the experiment for various mCP electric charges
and masses, we performed a full simulation of the experiment, including a Geant4 [1] model
of the detector. In the first stage, Madgraph5 and Madonia were used to simulate the
production of mCP particles via Drell-Yan, J/Ψ, Υ(1S), Υ(2S), and Υ(3S) channels at 14 TeV
center-of-mass energy [2, 3]. Particles produced at the interaction point were propagated using
a map of the CMS magnetic field to the proposed experimental site. The effects of multiple
scattering and energy loss were included. The number of expected mCP particles per fb−1 of
integrated luminosity incident at the detector is shown in Figure 2 as a function of the mass of
the milli-charged particle. In the second stage, we calculated the signal efficiency by running
the kinematic distributions of mCP particles at the proposed experimental site through a full
Geant4 simulation of the detector based on the specifications provided by the manufacturers
for Saint-Gobain BC-408 plastic scintillators and Hamamatsu R329-02 PMTs [17, 13]. This
was important to model the reflectivity, the light attenuation length and the dependence on
small electric charge. Combining the estimated background rates discussed in Section 3 with
the cross-sections, acceptances and efficiencies calculated for all masses and electric charges, the
sensitivity projections of the milliQan experiment for LHC and HL-LHC are shown in Figure 2.

6 Summary

We have proposed a dedicated experiment to search for milli-charged particles produced in the
LHC. This would greatly extend the parameter space for particles with small charge and masses
above 0.1 GeV. We have done sufficient R&D to encourage us to proceed with securing funding.
We thank T. Camporesi, J. Butler, and the CMS collaboration for their encouragement.
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Figure 2: The number of expected mCP particles per fb−1 of integrated luminosity incident
at the detector, with cross-sections normalized to Q = 0.1e (left). The expected 95% C.L.
exclusion (solid lines) and 3σ (dashed lines) sensitivities for benchmark luminosities (right).
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The technique of spherical gaseous detectors has been used for the first time in the Lab-
oratoire Souterrain de Modane to search for WIMP signal. Some details on the used 60
cm diameter detector, operating conditions and preliminary results are given. Thanks to
a low energy threshold of 150 eV and the use of Neon target, anticipated sensitivity has
been calculated for WIMP masses as low as 0.7 GeV with a Boosted Decision Tree method.
Final analysis of this data set is under way. A larger size detector of 140 cm diameter to
be installed in SNOLAB is currently under design and planned to be operated end 2017.

1 Introduction

Dark matter is now clearly an essential ingredient of our understanding of the Universe. Its
nature is still unknown but -massive- neutral particles, non relativistic at decoupling time, are
a generic class of well motivated candidates. Recent -non-findings at LHC [1] and failure from
direct detection experiments to find any candidate at masses above 10 GeV [2]suggest that
the search should be extended, in particular to low mass. On the other hand, several new
theoretical approaches (dark sector, asymmetric dark matter, U-boson, generalized effective
theory ...) open the way to candidates with lower mass and/or more complex couplings than
the traditional spin (in)dependent ones [3].

The proposed gaseous spherical detector technique, initiated by I Giomataris [4], benefits
from two key features: 1) access to extremely low threshold -10’s of eV- with sizeable amounts
of target mass, few 10’s of g to 10’s of kg, 2) the so called kinematical match between target
(A of nuclei) and projectile (Dark Matter particles) mass by the use of light A targets such as
He or H nuclei. Energy transfer is optimized for similar mass of target and projectile, allowing
to probe the 0.1 to 1 GeV mass range.

A 60 cm diameter prototype detector has been operated successfully with Ne gas at 3
bars. The next sections describe the used setup, operating conditions and first analysis of data
obtained at the Laboratoire Souterrain de Modane (LSM).

2 Experimental set-up at LSM and Operating conditions

The detector consists of a spherical metallic vessel and a small metallic ball located at the center
of the vessel. The ball is maintained in the center of the sphere by a rod and is set at high
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Figure 1: a left) Principle of spherical gas detector - b right ) 60cm prototype made of low
activity Copper

voltage. The configuration of the electric field, typically varying as 1/r2, allows the electrons
to drift to the central sensor in low field regions constituting most of the volume, while they
trigger an avalanche within few mm around the sensor (Figure 1a). The amplification capability
combined with the very low capacitance of the sensor allows to reach single ionization electron
sensitivity [5].

At high pressure, nuclear recoils and compton interactions appear both as point like in-
teractions at low energies and cannot be discriminated. However fiducial information can be
obtained by measuring the rise time of the pulse, directly linked to the diffusion of primary
electrons, thus to the radius at which occurred the interaction.

The present results have been obtained with the SEDINE prototype, a 60 cm spherical
detector made of ultra pure copper (Figure 1b). The sphere was installed underground, in the
LSM under a rock thickness of 4800 mwe, and protected from external radiations by shields
made of, from inside to outside, 8 cm of copper, 10 cm of lead and 30 cm of Polyethylene.

A simple sensor was designed, consisting of a 6.35 mm silicon ball, set to high voltage, to
which is welded a 380 micron diameter insulated wire, inside a copper rod at ground.

The sphere was filled with a mixture of Neon and CH4 in the proportions 99.3/0.7 at a
total pressure of 3100 mb. The central ball was set at 2520 V, allowing a sufficient gain to set
the acquistion threshold level equivalent to 50 eVee (electron equivalent) energy, that is around
a single primary ionisation electron.

The detector was run in sealed mode for 42 days without interruption.

3 Data analysis and expected sensitivity

The acquired pulse shape is a convolution of the arrival time dispersion of the primary ionization
electrons, of the current induced by the ions drifting away and of the transfer function of the
amplifier.

Numerical unconvolution methods have been applied to the data pulses to obtain the two
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Figure 2: a left) Ar37 calibration b right) Data run with 8 keV induced by copper fluorescence

main parameters used in the analysis described later : the deposited energy and the risetime
of the pulse, related to the radius at which occured the interaction.

Simulation of pulses based on physics and electronic described above allowed to validate the
pulse uncovolution method. Energy calibration has been performed down to energies of 200 eV
thanks to the use of an 37Ar source, which electron capture decay induces X rays at 2.8 and
0.26 keV. The spectrum shown on Figure 2a shows indeed the expected features. The energy
spectrum of the dark matter search run exhibits a line at 8 keV induced by copper fluorescence
allowing to cross check the calibration with 37Ar (Figure 2b).

The anticipated background interactions occuring in the detector have two main origins,
on one hand compton / photoelectric interactions occuring in the volume induced by gamma
rays coming from the materials of the detector and outside the detector and on the other hand
particles originating from the surface of the detector, expected from Radon daughther deposits,
mostly 210Pb decays, beta/X rays, 210Po alphas and associated 206Pb nuclear recoils.

Rise time distribution of these two populations are expected to be very different. Full
simulation of the pulses have been performed for volume and surface interactions and their rise
time vs energy scatter plots are shown on Figure 3a and 3b.

Futhermore, to calibrate experimentally the response of the detectors to volume events and
their risetime distribution, an Am-Be neutron source was used in situ, to produce point like
energy deposition all over the volume.

The Figure 4a shows the measured rise time distribution in a typical energy window of 500
to 750 eV together with the simulated distribution of volume point like energy deposition in a
simplified spherical symmetry for the electric field. Indeed, there is good agreement between
data and model.

For the present analysis, a conservative analysis threshold of 150 eVee has been chosen.
Cuts were applied on the shape of the recorded pulse to remove microdischarges and spurious

electronic pulses. The corresponding signal efficiency was measured from nuclear recoil sample.
Events recorded during the WIMP search run are shown in the rise time vs energy plane on

Figure 4b. The comparison of Figures 4b 3a and 3b suggests that the data from WIMP search
run are mostly a combination of surface and volume events. The shaded region corresponds to
our wide preliminary region of interest (ROI) to search for WIMP’s. The region highlighted in
red is the side band region that is used, together with the probability density functions of the
main backgrounds, to determine the expected population inside the ROI. A Boosted Decision
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Figure 3: Probability density functions in the risetime vs energy plane of volume events (left)
and surface events (right).
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Figure 4: a left) Rise time distribution of events from neutron run calibration (red cross)
together with simulated distribution in the 500-750 eV region. b) rise time vs energy distribution
from WIMP search data with ROI (shaded) and side band (red rectangle) regions (see text).

Tree was trained in order to define a fine tuned ROI that optimizes the signal/background
discrimination for each considered WIMP mass.

To determine the expected sensitivity, hundreds of NEWS-LSM Neon experiments are sim-
ulated to account for statistical fluctuations. For each simulated data set, an upper limit was
set on the WIMP cross section considering all events in the refined ROI as WIMP candidates,
using standard assumptions on WIMP velocities, halo density, and calculated quenching factor
of Neon recoils in Neon gas [6]. On Figure 6 are shown the expected 1σ (resp 2σ) sensitivity
regions in light green (dark green).

Final analysis of the data is under way.
Quenching factors in Neon and Helium gas are being currently measured in the subkeV

region using ion beams provided by a facility of the collaboration.

4 NEWS-SNO

The NEWS-SNO project builds up on the knowledge acquired with the operation of the 60 cm
prototype in LSM. It will consist of a 140 cm sphere inserted in a shell of 25 cm archeological
and low activity lead shield, itself protected by a 40 cm thick polyethylene shield, to be installed
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Figure 5: Expected sensitivity of the present search with Neon nucleus

in SNOLAB by end 2017. Space in SNOLAB has been assigned, design of the whole project is
completed and TDR phase is ongoing.

Among major improvements, selection of extremely low activity copper ( in the range of few
µBq/kg of U and Th impurities) and dedicated handling to avoid radon entering the detector
at any time will insure significant reductions of the backgrounds levels, both in surface and
volume, relative to the above results, and allow sensitivity to Nucleon-WIMP cross section
down to 10−44 cm2. Use of H and He targets will allow to reach WIMP mass sensitivity down
to 0.1 GeV. Details on set up and expected performances can be found in reference [7].
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A conventional axion search experiment utilizes microwave resonant cavities, where axions
are converted into photons under a strong magnetic field. Optimized cavity dimension
is essential to enhance signal power from the axion-to-photon coupling, to broaden the
frequency range, to minimize mode crossings, etc. An extensive study has been performed
to optimize the dimension of a cavity and frequency tuning system using the COMSOL
multiphysics simulation software. We introduce a figure of merit for this purpose, and
present the results from the simulation study.

1 Introduction

Axions can be detected by the conversion to photons in a strong magnetic field[1]. When we
search axion using microwave cavity experiments, the axion’s conversion to photon power has
proportionality as below.

Pa→γγ ∼ B2
0V fCQ (1)

where B0 means external magnetic field, V is volume of cavity, f is resonant frequency of cavity,
C is form factor of cavity mode, and Q means quality factor of cavity. Form factor C means
how resonant mode of cavity is aligned with external magnetic field[2].

CE =
|
∫
~E · ~BdV |2

B2
0

∫
ε|E|2dV (2)

When one use solenoid magnet and cylindrical cavity to search axions, TM010 mode has
the largest value of form factor, C.
Because no one knows exact mass of the axion, we have to sweep the resonant frequency of a
microwave cavity. To change the resonant frequency of a cavity, cavity geometry or material
inside cavity should be changed. In this simulation, I introduced the long dielectric rod and by
changing position of the rod, changed the resonant .
For a given SNR, and gaγγ , which means axion-photon coupling constant, frequency scanning
rate has below proportionality[2].

df

dt
∼ B4

0V
2f2C2Q (3)
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For a cavity with radius = 20mm, and height = 80mm, and a rod with radius = 2mm, and
dielectric constant = 9, the resonant frequency dependency of rod position is given as below
graph.

Figure 1: Resonant frequency of TM010 vs. rod position where R=20mm, L=80mm, r=2mm,
and εr=9.

Then one can define the totla scan range and total scan time.

∆F ≡ ff − fi (4)

∆T ≡
∫ tf

ti

dt =

∫ ff

fi

df

df/dt
∼
∑

i

δfi
V 2C2

i f
2
i Qi

(5)

where ff and fi refers that final resonant frequency and initial resonant frequency, respectively.
δfi means the frequency difference between fi and fi+1, and index i means rod positions. From
this, averaged scan rate can be defined as below.

df

dt

∣∣∣∣
averaged

=
∆F

∆T
(6)

The below graph shows a plot of scan rate of each rod position vs. resonant frequency.

Figure 2: Scan rate vs. resonant frequency for various rod radius.

As you can see in graph, both total scan range and averaged scan rate become important
parameters for a given experiment. Scan range maximizes as rod radius becomes larger, but
averaged scan rate maximizes as rod radius becomes smaller. By giving equal weight to each
parameter, figure of merit can be used as below.

F.O.M. = ∆F × ∆F

∆T
(7)
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2 Optimization of cavity and rod dimension

Parameters of the tuning system are cavity radius(R), cavity height(L), relative rod radius(rrr),
and rod dielectric constant(εr). We defined relative rod radius as rod radius divide by cavity
radius, so it means how rod size is large compared to cavity size. We set rod dielectric constant
as 9 for this section.

Simulation procedure was as follows. Firstly, we choose dimension of the tuning system(R,L, rrr).
Secondly, we shift the rod positions from cavity center to wall of cavity. And finally, we calculate
F.O.M..

The field distribution when rod exists inside cavity is as below.

Figure 3: Field distributions of the TM010 mode for different dielectric rod positions.

Where the color refers the relative norm of resonant electric field, red arrow means resonant
electric field, and white arrow means resonant magnetic field.

The simulation result is as below.

Figure 4: Figure of merit vs. relative rod radius at εr=9 for various cavity dimensions.

Cavity dimension does not influence the relative optimal size of the tuning rod. So the
optimal rrr is independent of cavity dimension. At εr = 9, the optimal rrr is 0.1

3 Dependence of optimal rod dimension on dielectric con-
stant

We set cavity dimension as R=20mm, and L=80mm, because the cavity dimension was in-
dependent with optimal relative rod size. From this, we changed rod dielectric constant(εr)
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from 6 to 11. The simulation procedure was same with previous simulation but from this, we
changed not cavity dimension but dielectric constant.

The simulation result is as below.

Figure 5: Figure of merit vs. relative rod radius for various rod dielectric constants.

So the optimal relative rod radius is as below.

Figure 6: Optimized relative rod radius vs. rod dielectric constant.

As you can see from graph, the optimal rrr is inversely proportional to εr, and the maximum
value of F.O.M. almost independent of εr.

4 Conclusion

In short, from this simulation study, we can get two important results. First, for a given
dielectric constant, the optimal relative size of a tuning system, especially when we use dielectric
rod, is constant regardless of cavity dimension. Second, the optimal rod size has a dependence
on (inversely proportional to) dielectric constant.
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The XENON experiments search for weakly interacting massive particles (WIMPs) using
dual-phase xenon time projection chambers. While the XENON100 experiment completed
its science program, the next ton-scale experiment, XENON1T, is fully installed and mov-
ing towards science data-taking. The most recent results of the collaboration are presented:
from XENON100 latest analysis on low mass WIMPs to XENON1T status and its projected
sensitivity, that has been evaluated to reach a minimum cross section of 1.6 × 10−47 cm2

at a WIMP mass of 50 GeV/c2 after 2 years exposure with 1 ton of fiducial volume.

1 Introduction

Understanding the nature of the dark matter is one of the most fundamental questions in
particle and astrophysics. The XENON dark matter search experiments aim at the direct
detection of dark matter in the form of weakly interacting massive particles (WIMPs). In the
XENON time projection chambers (TPCs), liquid xenon (LXe) is target and detection medium
with the further property of being an excellent self-shielding for background reduction. The
WIMP elastic scattering off Xe nuclei would produce low energy nuclear recoils at extremely
low interaction rates.

2 The XENON dark matter search experiments

The working principle of the XENON detectors is shown schematically in Fig. 1. Photomulti-
pler tube (PMT) arrays are placed on top and bottom of the TPC. Cathode, gate, and anode
grids define electric fields in the TPC. When a particle interacts with Xe in the LXe volume, the
interaction creates the excitation and ionization of Xe. Direct scintillation (S1) from the excita-
tion and electron-ion recombination is detected by the PMTs immediately after the interaction.
By the applied electric field, the electrons which escaped from the recombination drift towards
the anode. Those electrons are extracted into the gas phase by a high electric field between the
gate and the anode, and then accelerated in GXe. This creates proportional scintillation in the
GXe, which is recorded as a secondary signal (S2) with a time difference to the S1 depending on
the drift velocity of the electrons as well as on the depth of interaction. The three-dimensional
interaction position is reconstructed using the drift time and the S2 hit pattern on the top
PMT array for the depth and the position in horizontal plane estimations, respectively. From
the position reconstruction, it becomes possible to reject background events in outer volume
from the detector materials or events with multiple scatterings. The ratio S2/S1 is different for
electronic recoils (ERs) and nuclear recoils (NRs), which provides background discrimination in
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addition to the position selection. More details of the detector are described in [1]. Since 2006,
the XENON detectors have been operating at the Laboratori Nazionali del Gran Sasso (LNGS)
in Italy at an average depth of 3600 m water equivalent. It has started with XENON10 [2] and
continued with XENON100 [3]. The multi-ton scale next phase of the project, XENON1T, is
fully installed and the data-taking is ongoing.

Figure 1: Left: working principle of the XENON dual-phase TPC. Right: sketch of the wave-
forms of nuclear recoils (WIMPs or neutrons) and electronic recoils (γ or β background), show-
ing the different ratio of the charge (S2) and light (S1) signals for the two types of events.

3 Low mass WIMP search in XENON100

A dedicated analysis has been performed to improve sensitivity on low mass WIMPs [4], using
its 225 live days of the XENON100 data. In order to explore the low energy region, the threshold
of the detector is lowered by dropping the requirement of an existing S1 and focusing only on
single S2 signals. This way a NR threshold of 0.7 keV was achieved, which is significantly lower
than the standard analysis of 6.6 keV [3]. Therefore the energy scale was obtained from NR
calibration using the S2 signal only, which is also different to the standard analysis, which used
only the S1 signal. Because of a difficulty to estimate background without the S1, the analysis
assumes every event passing selection criteria could be WIMP signal, which leads to conservative
estimation of cross section limit. Figure 2 shows the observed S2 spectrum together with an
expected spectrum from WIMP signal of 6 GeV/c2 at spin-independent (SI) cross section of
1.5 × 10−41 cm2 (left), and WIMP exclusion limit on the SI WIMP-nucleon scattering cross
section at 90% C.L. (right). This analysis improves the result of the previous XENON100
result [3] below ∼7.4 GeV/c2.

4 The XENON1T detector and its expected sensitivity

Following the successful operation of XENON100, XENON1T is the first ton scale liquid xenon
detector. XENON1T is expected to have a sensitivity to SI WIMP-nucleon cross section about
a factor 100 higher than XENON100. The TPC is 96 cm height and 96 cm diameter, filled with
2 tons of LXe. Total 248 low-radioactive PMTs (Hamamatsu R11410-21 [5]) are distributed
at the top and bottom of the TPC. The detector is surrounded by a water tank with a height
and diameter of 10 m. This water tank not only acts a shield for external radiation, but also
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Figure 2: Left: observed S2 spectrum together with an expected S2 spectrum from WIMP
signal of 6 GeV/c2 at a SI WIMP-nucleon scattering cross section of 1.5 × 10−41 cm2. Right:
WIMP exclusion limit on the SI WIMP-nucleon scattering cross section at 90% C.L. Significant
improvement from the standard analysis can be seen at WIMP mass below about 7 GeV/c2.

is operated as an active veto for cosmic muons, since it is equipped with 84 PMTs, which are
able to detect Cherenkov light produced by the muons [6].

Figure 3: Left picture shows the water tank and the service building of XENON1T. Right
picture shows the installed XENON1T TPC. The copper field shaping rings and the bottom
PMT array are visible.

A dedicated Geant4-based Monte Carlo simulation of the XENON1T detector has been
developed, including radioactivities of all detector materials, and conversion of energy deposition
into S1 and S2 signals. Figure 4 shows an expected S1 spectrum of signals from all contribution
background sources as well as a selection of possible WIMP signals (left), and the projected
sensitivity to SI WIMP-nucleon interaction (right). The expected XENON1T 90% C.L. SI
WIMP-nucleon cross section upper limit reaches 1.6× 10−47 cm2 at WIMP mass of 50 GeV/c2

with 2 ton·year exposure [7].
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Figure 4: Left: Simulated S1 spectra of backgrounds and WIMP signals. The vertical dashed
blue lines delimit the S1 region used in the sensitivity calculation. Only events with S2 > 150 PE
are selected, and a 99.75% ER rejection with a flat 40% NR acceptance are assumed. Right:
XENON1T sensitivity at 90% C.L. to SI WIMP-nucleon interaction.

5 Summary

The XENON collaboration aims to detect dark matter particle directly with a dual-phase
time projection chamber. After the great achievement of XENON100, the next generation
XENON1T is the first experiment to use LXe TPC at the ton scale. Its projected sensitivity
is two orders of magnitude higher than XENON100. The first science run of XENON1T is
expected to start this year.
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An atomic magnetometer can measure weak magnetic fields with a high sensitivity∼ fT/
√

Hz,
which can be reached with a laser stabilization technique. This sensitivity can be used in
axion-like field search. When the gradient of an axion domain wall interacts with the
spin of a magnetometer, a very weak extraordinary magnetic field is generated and can
be measured. We will develop an atomic magnetometer with Cesium vapor for detecting
such magnetic fields from the axion like domain walls. The design of the laser frequency
(852 nm) stabilization in the magnetometer using the dichroic atomic vapor laser lock
(DAVLL) technique is presented.

1 Introduction

The geographically separated, synchronized optical magnetometers with high sensitivities could
detect domain walls generated by an axion like field with a coupling to the spins of ordinary
Standard Model particles [1][2][3]. The global network of optical magnetometers for exotic
physics (GNOME) uses this method that can measure the transient event of encountering
between the Earth and gradient of such domain walls interacting with spins of paramagnetic
stable alkali metal like 133-Cesium or 87-Rubidium [1][2].

Figure 1: Schematic drawing of the global
network of optical magnetometers

Especially, Cs possesses one stable isotope and
it is more affordable relatively than Rb [4]. Also,
Mx magnetometer using Cs reached high sensitiv-
ity around fT/

√
Hz, which can be realized only

with high stabilization of a laser [2][4].

The frequency detuning of the probe light can
reduce both the photon shot noise δBph and the
fundamental noise δBba due to Stark effect by
quantum fluctuation of the light [2]. Then the
fundamental sensitivity limit δBf is able to be de-
termined by the atomic shot noise δBat [2]

δBf =
√
δB2

at + δB2
ph + δB2

ba ≈ δBat. (1)
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2 DAVLL for Cesium

Figure 2: The Cesium D2-
transition energy level and
its hyperfine levels.

The dichroic atomic vapor laser lock (DAVLL) is a laser fre-
quency feedback system using polarization rotation by dichroic
interaction with an atomic vapor [5].

The magnetic field on the Cesium vapor splits degenerated
energy levels to distinguished levels have different energy and
angular quantum number. Since the circularly polarized light
σ± carries ±1 angular momentum, the absorption light from dif-
ferent angular quantum numbered states can be happened by
corresponding polarized light to conserve the angular momen-
tum conservation. Such transitions have different energy levels
determined by the strength of magnetic field.

The laser beam is linearly polarized initially. It means that it
has an equal fraction of left and right circularly polarized lights.
The frequency offset of the diode laser makes polarization bias
and this causes a rotation of the polarization angle.

The D2-transition (62S1/2 to 62P3/2) energy levels of Cesium
vapor is used [6].
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Ph
ot

o 
D

io
de

B
Photo Diode

Polarimeter/
PID Controller

Laser Diode Controller

λ/4

PBS

Magnetic ShieldinfMagnetic Shielding

Figure 3: A schematic diagram of DAVLL system.

3 Setup

The experimental setup can be divided into two major parts; the optical and the electronics ones.
The optical part generates the DAVLL signal, which is the difference between two polarization
intensities. This signal can be used as an error signal for PID controller and the PID controller
adjusts laser frequency of the diode laser by modulating laser diode controller. These electronics
compose an automatic feedback loop for laser frequency stabilization.
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3.1 Optics

The optics setup follows the schematic diagram shown in the Figure 3 and test setup is realized
as in the Figure 4.

Laser	
Diode

Collimating
lens

Optical
Isolator

Sutter

𝜆/2 plate 𝜆/4 plate

DAVLL	
Cell

Polarized
beam	splitter

Photodiodes

Figure 4: The experimental setup of DAVLL system.

It is used that the 852 nm laser diode (Eagleyard EYP-DFB-0852-00150-1500-TOC03-0005)
for Cesium spectroscopy with operation power of 100 ∼ 150 mW. The current flow on the laser
diode can be controlled by the laser diode controller (SRS LDC501).

The 10 mm diameter and 30 mm length of Cesium cell (TRIAD Quartz Cell) is used and
wound by copper wires for applying the uniform magnetic field to split hyperfine energy levels.
The magnetic field generated by the coils had been simulated and measured. The result is shown
in the Figure 5. Currently, 28 G of magnetic field map is obtained and the target magnetic
field is 200 G [5].

Figure 5: The magnetic field map on the Cesium cell.
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3.2 Electronics

The photocurrents from two photodiodes can be converted into the voltage signal with the
polarimeter board. The configuration is shown as in the Figure 6. Two photodiode (PD)
inputs are copied and subtraction of them (DIFF) is generated. This DIFF signal will be used
to modulate the laser diode controller via PID controller.

Current
Mirror

Current
Mirror

Differential
Amplifier

Diff
Output

PD1
Output

PD2
Output

PD1

PD2

Transimpedance Amplifier

TIA

TIA

TIA

Op. Amp

Figure 6: The scheme of the polarimeter board to generate DAVLL signal [4].

On our setup, the PCB board is on the manufacturing stage.

4 Summary

The atomic magnetometry can be used for searching axion-like field with its high sensitivity.
One of the key techniques to increase sensitivity is using stabilized laser for the magnetometer.
The DAVLL can be applied to stabilization. In this proceeding, the design of DAVLL system is
presented and it will be installed to stabilize the laser frequency. We are planning to test laser
stabilization and setup whole atomic magnetometer with stabilized laser.
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Among solutions of the strong CP problem, the “invisible” axion in the narrow axion
window is argued to be the remaining possibility among natural solutions on the smallness
of θ̄. Related to the gravity spoil of global symmetries, some prospective invisible axions
from theory point of view are discussed. In all these discussions, including the observational
possibility, cosmological constraints must be included.

1 Introduction

From a fundamental theory point of view, presumably the most fundamental parameters are
given at a mass-defining scale which is considered to be the Planck mass MP ≃ 2.43×1018 GeV.
In this sense, we consider that a natural mass scale is the Planck mass and/or some scale
suppressed by a small coupling compared to MP, i.e. such as the GUT scale.

Then, all smaller mass scales much smaller than MP are better to come from some symmetry
arguments. Such symmetries are chiral symmetry for fermions and global symmetries for scalars.
The smallness of electron mass compared to MP by a factor of 10−22 is better come from a
chiral symmertry. In the standard model(SM), the chiral symmetry is intrinsically implemented
in the fermion representations in the SM. Even though the original Kaluza-Klein model for
electromagnetism looked impressive, it fails badly here [1]. A spontaneously broken chiral
symmetry leads to a massless Goldstone boson [2]. Among Goldstone bosons, invisible axion
a [3] is the most interesting one as this conference witnesses. The invisible axion arises from
spontaneously breaking the Peccei-Quinn(PQ) global symmetry [4].

2 The strong CP problem

Because of instanton solutions of QCD, there exists a gauge invariant vacuum parametrized
by an angle θ̄ which is the coefficient of the gluon anomaly, GaG̃a. It is the flavor singlet and
acted as the source for solving the U(1) problem of QCD [5]. Thus, this θ̄ term is physical, but
it leads to the so-called “strong CP problem”: it comes from the smallness of neutron electric
dipole moment(nEDM), “Why is the nEDM so small?” [3]. In this regard, we try to explain
why the invisible axion is the remaining solution in natural schemes toward understanding the
strong CP problem as presented in the title.

If the CP violating coupling gπNN is present, nEDM is calculated to be (with the CP
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n n n n n n• •

Aµ 〈π0, η′〉
(a) (b) (c)

Figure 1: The bullets in (a,b) are the insertions of CP violating interaction shown in (c). VEVs
of π0 and η′ break CP. (b) leads to nEDM.

conserving gπNN term)

dn
e

=
gπNNgπNN

4π2mN
ln

(
mN

mπ

)
. (1)

Figure 1 (c) shows gπNN , and Figure 1 (b) shows Eq. (1) [6]. If the θ̄ term is present in QCD,
then π0 can obtain a VEV and |gπNN | = θ̄/3 [3]. The non-observation of nEDM put a limit on
|θ̄| as less than 10−10.

The most widely discussed solutions in the SM are (i) the “invisible” axion, (ii) massless up-
quark, and (iii) calculable θ̄ models. The massless up-quark possibility is ruled out phenomeno-
logically, mu = 2.15(0.15)MeV [7]. The calculable models start with CP invariant Lagrangian,
and calculate loop effects that the results are safe enough such that the loop generated θ̄ is less
than 10−10. Thus, calculable models within the SM gauge group, SU(3)C×SU(2)W×U(1)Y ,
are usually considered: the so-called Nelson-Barr type models [8, 9]. But, it is usually very
difficult to remove the θ̄ term up to two-loop level. Barring the possibility of gauge or global
symmetries, one introduces some kind of discrete symmetry toward this objective [10], or some
structure on the coupling texture [9]. The texture possibility may rely on discrete symmetries.
Spontaneously broken discrete symmetries lead to cosmological domain wall problem. Thus,
the calculable possibility is not so attractive compared to introducing just one spontaneously
broken global symmetry which we discuss below.

3 The PQ symmetry

Since 1964, there has been always a need for a theory of weak CP violation. The strong CP
problem is interwined with the weak CP, θ̄ = θQCD + θweak, where θweak is the one contributed
by the weak CP violation. Now, the Kobayashi-Maskawa(KM) model [11] is accepted for the
SM weak CP violation, and there is no need to consider the weak CP in gauge groups beyond
SU(3)C×SU(2)W×U(1)Y . But, in the middle of 1970’s, it was not so and many introduced their
own models of weak CP violation and even in SU(3)C×SU(2)W×U(1)Y there were many [12,
11, 13, 14, 15]. For example, the first gauge theory model was Mohapatra’s [12], which appeared
as the 2nd example of Ref. [11] but discarded there with the statement ‘phenomenologically
unacceptable’. One notable one is Weinberg’s weak CP violation model [13] which was presented
when he used the sabbatical year at SLAC. It was the time when the third quark family was not
discovered (even though τ was discovered), and he tried to introduce the weak CP violation in
the Higgs potential, without introducing the third family quarks. With two Higgs doublets, he
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applied the Glashow-Weinberg method not to have tree-level flavor-changing neutral processes,
i.e. Hu coupling to up-type quarks and Hd coupling to down-type quarks [16]. Then, the weak
CP violation mattered in the potential,

VW =
1

2

∑

I

m2
Iφ

†
IφI +

1

4

∑

IJ

{
aIJφ

†
IφIφ

†
JφJ + bIJφ

†
IφIφ

†
JφJ + (cIJφ

†
IφIφ

†
JφJ +H.c.)

}
(2)

Weinberg’s necessary condition for the existence of CP violation is non-zero cIJ terms. Peccei
and Quinn noticed that there emerges a global symmetry by removing the cIJ terms in VW,
and has the famous PQ potential

VPQ =
1

2

∑

I

m2
Iφ

†
IφI +

1

4

∑

IJ

{
aIJφ

†
IφIφ

†
JφJ + bIJφ

†
IφIφ

†
JφJ

}
(3)

which is the basis for the Peccei-Quinn-Weinberg-Wilczek(PQWW) axion [17]. Soon, it was
ruled out chiefly by the results on beam dump experiments [18]. Non-observation of the PQWW
axion triggered interests in calculable models after whose period the “invisible” axion replaced
the PQWW axion in the solutions of the strong CP problem. The PQWW axion is not relevant
in this conference which will discuss mostly on the cosmic axion search.

4 The “invisible” axion

After the above tries, finally the “invisible” axions are discovered. These are known as the
KSVZ axion [19, 20] and the DFSZ axion [21]. As we witnessed in the previous section, if only
a few terms in all possible terms in V are considered, there may appear global symmetries. It
has a profound implication in some ultra-violet completed theories. It is known that quantum
gravity does not allow global symmetries. However, gauge symmetries are allowed. One possible
quantum gravity phenomenon, the wormhole, can connect our Universe to a shadow world.
Any method to obtain an effective interaction by cutting off the wormhole will send back to
our Universe the flown-out gauge charges due to the existence of flux lines. Figure 2 (a) depicts
this phenomenon. But, global charges do not carry flux lines and it is considred that global
symmetries are not respected by gravity.

KSVZ: Qem caγγ
0 −2

± 1
3 − 4

3

± 2
3

2
3

±1 4

(m,m) − 1
3

Table 1: KSVZ model with mu = 0.5md.
(m,m) in the last row means m quarks of
Qem = 2

3 e and m quarks of Qem = − 1
3 e.

Figure 2 (b) shows all allowed couplings if
some discrete symmetry is present. How-
ever, if we consider only a few dominant
terms shown in the lavender square, then
there can appear some global symmetries.

These global symmetries are approximate and
broken by the terms in the red parts. The red part
adjacent to the lavender symbolizes the terms in
the potential V . One such example is heavy axions
or axizilla [22], which cannot solve the strong CP
problem. The reds not connected to the lavender
break the global symmetry by non-Abelian gauge
anomalies, and the QCD axion obtains mass ba-
sically by this term. In any case, a PQ global
symmetry can be obtained at least approximately from an ultra-violet completed theory.
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Figure 2: (a) A wormhole connecting our world to a shadow world, and (b) terrms allowed by
discrete and global symmetries.

DFSZ: (qc-eL) pair Higgs caγγ

non-SUSY (dc, e) Hd
2
3

non-SUSY (uc, e) H∗
u − 4

3

GUTs 2
3

SUSY 2
3

Table 2: DFSZ model with mu = 0.5md.

Initially, “invisible” axions were ignored as “in-
visible”, but there surfaced a dim hope of detect-
ing it by cavity detectors [23]. Then, there was
a need to calculate the axion-photon-photon cou-
pling, which has been done in Ref. [24, 3] for sev-
eral invisible axion models. So far, all the existing
calculations have been published by the author’s
group alone [25, 26, 27] with some confirmation by
J. Ashfaque, H.P. Nilles and P. Vaudrevange.

Table 1 shows the axion-photon-photon cou-
plings in several KSVZ models. Table 2 shows the axion-photon-photon couplings in several
DFSZ models. Here, Hd and H∗

u imply that they give mass to e. GUTs and SUSY choose
appropriate Higgs doublets and always give caγγ = 2

3 .

String: caγγ Comments

Ref. [25] − 1
3 Approximate

Ref. [26, 27] 2
3 Anom. U(1)

Table 3: String model. Comments are for
U(1)PQ. In the last line, caγγ = (1 −
2 sin2 θW )/ sin2 θW with mu = 0.5md.

Table 3 shows caγγ for a few string compacti-
fications [28, 29] from heterotic string. In these
string compactifications, it is required to start
from a model allowing correct SM phenomenolo-
gies. This is the reason that there has not ap-
peared any calculation from intersecting brane
models.

Therefore, it is a key question how the PQ sym-
metry is defined. As we witnessed in Eqs. (2) and
(3), a small number of terms in V may have a
chance to introduce a global symmetry. However, the way Eq. (3) was declared is ad hoc. It
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Figure 3: Axion search bounds and some model lines.

amounts to declaring a global symmetry from the outset. It is better if some ultra-violet theory
forbids some terms such as cIJ of Eq. (2). The well-known effective interacion example allowed
by gauge symmetry is Weinberg’s neutrino mass in the SM, ℓℓHuHu/M where M is the scale
where a more satisfactory theory is defined. In this vein, suppose the phase of the SM singlet σ
is “invisible” axion [19]. Then, the PQ symmetry defining term can be a renormalizable term,
HuHd σ

2. But, then one must fine-tune the coefficient of this term to have a small ratio vew/fa,
which is the reason that the non-SUSY DFSZ model has a fine-tuning problem [30]. For the
KSVZ model, the intermediate scale interaction is

Q̄Qσ +H.c. (4)

where Q is a heavy quark, and the VEV of σ is determined by parameters at the intermediate
scale. At the electroweak scale, its effect appears as (a/fa)G

a
µνG̃

aµν and no fine-tuning is needed
even in this non-SUSY SM. In SUSY models, one may consider a renormalizable superpotential
term HuHd σ for defining the PQ symmetry. Then, a natural scale for the VEV of σ is vew,
which is ruled out phenomenologically. We can use some discrete symmetry to forbid it as
depicted in Fig. 2 (b). Then, the most important term in the superpotential defining the PQ
symmetry is HuHd σ

2/M as suggested along the way to obtain a reasonable µ [31].
This µ term belongs to the lavender part of Fig. 2 (b). Furthermore, if the U(1) global sym-
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metry so defined is exact, then there is no superpotential terms, i.e. there is no red part above
the lavender box. Then, the situation is as shown in Fig. 4, and the PQ symmetry defined by
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Figure 4: Global symmetry breaking by anomalies.
If an axion is present for a non-Abelian gauge group
GN , then the vacuum angle θN = 0 at the minimum
of that axion potential.

HuHd σ
2/M is exact. However, the

red boxes disjoint from the horizontal
green are present, i.e. the anomaly terms
are present, breaking this global symme-
try. If this global symmetry arises from
anomalous U(1) gauge symmetry from
string compactification [32], then the re-
sulting global symmetry is free of grav-
ity spoil and can be a good PQ symme-
try for the “invisible” axion U(1)Γ. The
axion-photon-photon couplings of string
axions are listed in [27], and the model-
independent axion point is shown in [33],
which is reproduced in Fig. 3. The
lavender part of Fig. 3 is forbidden if the
PQ global symmetry is U(1)Γ, derived
from the anomalous U(1) gauge symme-
try. However, if the PQ global symmetry
is approximate, this lavender part is also
allowed as shown in Ref. [25].

5 The QCD axion in
cosmology

The axion solution of the strong CP
problem is a cosmological solution. The
vacuum of the “invisible” axion poten-
tial generated by the gluon anomaly is
at θ̄ = 0 [34]. If the axion vacuum starts
from a/fa = θ1 6= 0, then the vacuum
oscillates and this collective motion be-
haves like cold dark matter(CDM) [35],
for which a recent calculation on ρa is given in [36].

Topological defects of global U(1)Γ produce an additional axion energy density by the decay
of string-wall system, ρst, for which a recent calculation for NDW = 1 models has been given in
[37] as ρst ∼ O(10) ρa.

The cosmological axion domain wall number should be 1 [38], which is an important con-
straint in any axion models. Identifying different vacua has started with Lazarides and Shafi
[39], and the most important application obtaining NDW = 1 is realized in the Goldstone boson
direction [40, 33].
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6 Detection of axions

Since most other participants in this conference will discuss on the possibility of detecting
“invisible” axions, I will present here just the exclusion plot in the interaction versus axion
mass plane, shown in Fig. 3. The detection rate in the cavity experiments are calculated in
axio-electrodynamics in Ref. [41].

7 Conclusion

Here, I discussed why we need “invisible” axions for a solution of strong CP problem. One
prospective global symmetry toward “invisible” axion is the global symmetry U(1)Γ, obtained
from anomalous U(1) gauge symmetry. In this case, we argued that there is no obstruction of
U(1)Γ by quantum gravity effect. We also commented some cosmological problems, and the
“invisible” axion from U(1)Γ has NDW = 1 [42, 33].

Acknowledgments

This work is supported in part by the IBS (IBS-R017-D1-2016-a00).

References
[1] E. Witten, “Fermion quantum numbers in Kaluza-Klein theory,” SHELTER ISLAND II (Shelter Island,

NY, 1-2 June 1983) proceedings, ed. R. Jackiw, N.N. Khuri, S. Weinberg, and E. Witten (MIT Press,
Cambridge, MA, 1985). Published in Conf. Proc. C8306011 (1983) 227.

[2] See, for example, T.W.B. Kibble, “The Goldstone theorem,” Int. Conf. on Particles and Fields 1967
(Rochester, NY, 28 Aug.-1 Sep. 1967) proceedings, ed. G.S. Guralnik, C.R. Hagen, and V.S. Mathur
(Interscience, NY, 1967). Published in Conf.Proc. C670828 (1967) 277-304.

[3] See, for example, J.E. Kim and G. Carosi, “Axions and the strong CP problem,” Rev. Mod. Phys. 82
(2010) 557 [arXiv:0807.3125 [hep-ph]].

[4] R.D. Peccei and H.R. Quinn, “CP conservation in the presence of instantons,” Phys. Rev. Lett. 38 (1977)
1440 [doi: 10.1103/PhysRevLett.38.1440].

[5] G. ‘t Hooft, “How instantons solve the U(1) problem,” Phys.Rep. 142 (1986) 357 [doi: 10.1016/0370-
1573(86)90117-1].

[6] R.J. Crewther, P. Di Vecchia, G. Veneziano, and E. Witten, “Chiral estimate of the electric dipole mo-
ment of the neutron in quantum chromodynamics,” Phys. Lett. B 88 (1979) 123 [ 91 (1980) 487 (E)] [doi:
10.1016/0370-2693(80)91025-4, 10.1016/0370-2693(79)90128-X].

[7] A.V. Manohar and C.T. Sachrajda, “Quark masses,” in PDG book [K.A. Olive et al. (Particle Data Group),
Chin. Phys. C38 (2014) 090001(URL: http://pdg.lbl.gov)].

[8] A.E. Nelson, “Naturally weak CP violation,” Phys. Lett. B 136 (1984) 387 [doi:10.1016/0370-
2693(84)92025-2].

[9] S.M. Barr, “Solving the strong CP problem without the Peccei-Quinn symmetry,” Phys. Rev. Lett. 53
(1984) 329 [doi:10.1103/PhysRevLett.53.329].

[10] G. Segre and H.A. Weldon, “Natural suppression of strong P and T violations and calculable mixing angles
in SU(2)×U(1),” Phys.Rev. Lett. 42 (1979) 1191 [doi:10.1103/PhysRevLett.42.1191].

[11] M. Kobayashi and T. Maskawa, “CP violation in the renormalizable theory of weak interaction,”
Prog. Theor. Phys. 49 (1973) 652 [doi: 10.1143/PTP.49.652].

[12] R.N. Mohapatra, “Renormalizable model of weak and electromagnetic interactions with CP violation,”
Phys.Rev.D 6 (1972) 2023 [doi: 10.1103/PhysRevD.6.2023].

Patras 2016 7

CP-CONSERVATION IN QCD AND WHY ONLY “INVISIBLE” AXIONS WORK

PATRAS 2016 67



[13] S. Weinberg, “Gauge theory of CP violation,” Phys. Rev. Lett. 37 (1976) 657
[doi:10.1103/PhysRevLett.37.657].

[14] B.W. Lee, “Gauge theories of microweak CP violation,” Phys.Rev.D 15 (1977) 3394 [doi: 10.1103/Phys-
RevD.15.3394].

[15] H. Georgi, “A model of soft CP violation,” Hadronic J. 1 (1978) 155.

[16] S.L. Glashow and S. Weinberg, “Natural conservation laws for neutral currents,” Phys.Rev.D 15 (1977)
1958 [doi: 10.1103/PhysRevD.15.1958].

[17] F. Wilczek, “Some problems in gauge field theories,” in “Proc. Unification of Elementary Forces and Gauge
Theories: Ben Lee Memorial International Conference on Parity Nonconservation Weak Neutral Currents
and Gauge Theories,” FNAL, Batavia, IL, 20-22 Oct 1977, ed. D.B. Cline and F.E. Mills (Hardwood
Academic Press, London, 1978) p.607;
S. Weinberg, “Conference summary,” ibid. p727-756.

[18] R.D. Peccei, “A short review on axions,” in Proc. “19th ICHEP, Tokyo, 23-30 Aug 1978,” ed. S. Homma,
M. Kawaguchi, and H. Miyazawa (Physical Society of Japan, Tokyo, 1978) p.385-388.

[19] J.E. Kim, Weak interaction singlet and strong CP invariance, Phys. Rev. Lett. 43 (1979) 103 [doi:
10.1103/PhysRevLett.43.103].

[20] M.A. Shifman, V.I. Vainshtein, V.I. Zakharov, Can confinement ensure natural CP invariance of strong
interactions?, Nucl. Phys. B 166 (1980) 493 [doi:10.1016/0550-3213(80)90209-6].

[21] M. Dine, W. Fischler and M. Srednicki, A simple solution to the strong CP problem with a harmless axion,
Phys. Lett. B 104 (1981) 199 [doi:10.1016/0370-2693(81)90590-6];
A. P. Zhitnitsky, On possible suppression of the axion hadron interactions (in Russian), Sov. J. Nucl. Phys.
31, 260 (1980), Yad. Fiz. 31 (1980) 497.

[22] J.E. Kim, “Is an axizilla possible for di-photon resonance?,” Phys. Lett. B 755 (2016) 190 [arXiv:1512.08467
[hep-ph]].

[23] P. Sikivie, “Experimental tests of the “invisible” axion,” Phys. Rev. Lett. 51 (1983) 1415 and ibid. 52 (1984)
695 (E) [doi:10.1103/PhysRevLett.51.1415].

[24] J.E. Kim, “Constraints on very light axions from cavity experiments,” Phys.Rev.D 58 (1998) 055006
[arXiv:hep-ph/9802220].

[25] K-S. Choi, I-W. Kim, and J.E. Kim, “String compactification, QCD axion and axion-photon-photon cou-
pling,” JHEP 0703 (2007) 116 [arXiv:hep-ph/0612107].

[26] J.E. Kim, “Calculation of axion-photon-photon coupling in string theory,” Phys. Lett. B 735 (2014) 95 [
arXiv:1405.6175 [hep-ph]].

[27] J.E. Kim and S. Nam, “Couplings between QCD axion and photon from string compactification,”
Phys. Lett. B 759 (2016) 149 [arXiv:1603.02145 [hep-ph]].

[28] J.E. Kim and B. Kyae, “Flipped SU(5) from Z12−I orbifold with Wilson line,” Nucl. Phys. B 770 (2007)
47 [arXiv: hep-th/0608086].

[29] J-H. Huh, J.E. Kim, and B. Kyae, “SU(5)flip×SU(5)′ from Z12−I ,” Phys.Rev.D 80 (2009) 115012
[arXiv:0904.1108 [hep-ph]].

[30] H.K. Dreiner, F. Staub, and L. Ubaldi, “From the unification scale to the weak scale: A self con-
sistent supersymmetric Dine-Fischler-Srednicki-Zhitnitsky axion model,” Phys. Rev.D 90 (2014) 055016
[arXiv:1402.5977 [hep-ph]].

[31] J.E. Kim and H.P. Nilles, “The µ problem and the strong CP problem,” Phys. Lett. B 138 (1984) 150
[doi:10.1016/0370-2693(84)91890-2].

[32] J.J. Atick, L. Dixon, and A. Sen, “String calculation of Fayet-Iliopoulos d-terms in arbitrary supersymmetric
compactifications,” Nucl. Phys. B 292 (1987) 109 [doi:10.1016/0550-3213(87)90639-0];
M. Dine, I. Ichinose, and N. Seiberg, “F terms and dterms in string theory,” Nucl. Phys. B 293 (1987) 253
[doi: 10.1016/0550-3213(87)90072-1].

[33] J.E. Kim, “Axionic domain wall number related to U(1)anom global symmetry,” Phys. Lett. B 759 (2016)
58 [arXiv:1604.00716 [hep-ph]].

[34] C. Vafa and E. Witten, “Parity conservation in QCD,” Phys.Rev. Lett. 53 (1984) 535
[doi:10.1103/PhysRevLett.53.535].

8 Patras 2016

JIHN E. KIM

68 PATRAS 2016



[35] J.E. Kim, Y.K. Semertzidis, and S. Tsujikawa, “Bosonic coherent motions in the Universe,” Front. Phys. 2
(2014) 60 [arXiv:1409.2497 [hep-ph]].

[36] K.J. Bae, J-H. Huh, and J.E. Kim, “Update of axion CDM energy,” JCAP 0809 (2008) 005 [arXiv:0806.0497
[hep-ph]].

[37] T. Sekiguchi, “Understanding the scaling behavior of axion cosmic strings,” talk presented at Sapporo
Summer Institute, Sapporo, Hokkaido, Japan, 25 Aug. 2016.

[38] P. Sikivie, “Of axions, domain walls and the early Universe ,” Phys. Rev. Lett. 48 (1982) 1156
[doi:10.1103/PhysRevLett.48.1156].

[39] G. Lazarides and Q. Shafi, “Axion models with no domain wall problem,” Phys. Lett. B 115 (1982) 21
[doi:10.1016/0370-2693(82)90506-8].

[40] K. Choi and J.E. Kim, “Domain walls in superstring models,” Phys.Rev. Lett. 55 (1985) 2637 [doi:
10.1103/PhysRevLett.55.2637].

[41] J. Hong, J.E. Kim, S. Nam, and Y. Semertzidis, “Calculations of resonance enhancement factor in axion-
search tube-experiments,” [arXiv:1403.1576 [hep-ph]].

[42] E. Witten, “Cosmic superstrings,” Phys. Lett. B 153 (1985) 243 [doi:10.1016/0370-2693(85)90540-4].

Patras 2016 9

CP-CONSERVATION IN QCD AND WHY ONLY “INVISIBLE” AXIONS WORK

PATRAS 2016 69



3He gas handling system and RF discharge for

optical pumping

Younggeun Kim1,

1 Korea Advanced Institute of Science and Technology (KAIST)

DOI: will be assigned

Axions are hypothetical pseudo scalar particles that appear in the solution of the strong CP
problem. Axions can also be a dark-matter candidate if their mass is in light regime. Many
of these haloscope experiments to detect axions are based on this assumption. In addition,
Moody and Wilczek postulated an interaction between monopole and dipole masses that
can be mediated by axions at macroscopic scale [1]. We propose new experiment that
can detect axions by measuring by pseudo-magnetic field induced between monopole and
dipole. For this experiment, we have developed 3He polarization system using metastable
exchange optical pumping (MEOP) technique.

1 Introduction

Axion Resonant InterAction DetectioN Experiment (ARIADNE) is measuring monopole-dipole
interactions to detect axion like particle. In ARIADNE concept is, the axion mediates inter-
action between monopole-dipole, and this interaction can be expressed as pseudo magnetic
field. It is also macroscopic interaction, therefore one can detect pseudo-magnetic field as a
function of distance of two objects. We calculated the potential in the case of monopole-dipole
interaction case, the unpolarized mass is cylinder shape and polarized 3He, as the function of
distance between two objects. 3He is used in this experiment because it has long relaxation
time and can be treated as an elementary particle. To make polarized 3He, we used Metastable
Exchange Optical Pumping (MEOP). To transport 3He gas to the optics and to do experiment
we construct gas handling system and test 3He discharge using RF amplifier.

2 Theory

2.1 Monopole-dipole Interaction

According to monopole-dipole interaction potential,

U(r) = (g1sg
2
p)
σ̂2 · r̂
8πM2

[
1

λr
+

1

r2
]e−

r
λ , (1)

this interaction is spin dependent, and distance dependent potential. From experiment schematic,
polarized 3He is needed rule of spin dependent part, and rotating mass with n-section cylinder
will make distance dependent effective B- field. The potential form is U(r) = −∇ · σ̂2, and we

detect the effective B- field ~Beff = 2∇V (r)
~γ , γ is gyromagnetic ratio.
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Figure 1: ARIADNE experimental schematic for monopole-dipole interaction [3].

2.1.1 Potential calculation for cylinder model

We calculate the potential generated by monopole dipole interaction with surface approxima-
tion, and get analytic solution,

UT (r) = −(g1sg
2
p)
σ̂2 · ẑ
4M2

nN

∫ √C2+ε2

ε

e−t/λdt ' −(g1sg
2
p)
σ̂2 · ẑ
4M2

nNλe
−ε/λ (2)

however it is 1/2 small than “Resonantly Detecting Axion-Mediated Forces with Nuclear Mag-
netic Resonance” paper [3]. In this approximation we assume the cylinder as disk with effective
radius “C”. In Monte-Carlo calculation for this disk model and real cylinder model get similar
trend line with our calculation.
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Figure 2: Monte-Carlo Calculation

2.2 MEOP

MEOP is polarizing method of 3He using RF discharge and 1083nm laser. RF discharge excites
the atoms into the excited states, and ppm fraction of them will be in the metastable state,
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23S1. We apply magnetic field about 50G, spin state of electron and nuclei will couple and
make hyperfine structure. Left circularly polarized 1083nm laser will pump the spin state to
the mF = 1, and it will decay into sub level of 23S1. By spin exchange collision, the spin state
11S1 in mF = −1/2 will be in the mF = 1/2 states.

Figure 3: MEOP schemetic

3 Experiment setup

3.1 3He gas handling system

3.1.1 Gas handling system

In ARIADNE experiment, we are going to use 3He as polarized mass object. We need to trans-
port gas from 3He tank with 120atm in 0.46L to non magnetic part which contains polarization
and experiment part. After experiment we need to deliver gas to recovery tank denote as R2.
Also we need to transport gas from R2 to the other gas flow line. In emergency case, this
system will separate non magnetic part and magnetic part and recover to the emergency tank.
(a) is 3He gas bottle with 120 atm in 0.46L and compressor connected with 6 in gas handling

Figure 4: Gas handling system

system. (b) is emergency tank which is connected to 7. (c) is recovery tank connected with gas

Patras 2016 3

YOUNGGEUN KIM

72 PATRAS 2016



(a) (b)

(c) (d)

Figure 5: Part of gas handling system

compressor. (d) is the lines which will be connected to non-magnetic part, such as optics sys-
tem, and non magnetic compressor and experiment part which is 2, 3, 4, 5 part in gas handling
system.

3.1.2 Gas compression test

In gas handling system we need to restore almost of 3He used in experiment. We design the
restore tank that can contain all of 3He gas which is filled in 120atm in 0.46L bottle. The gas
used in experiment will be compressed to the restore tank using compressor. According to our
compression test, we can compress gas to the tank over 1atm. That means we can restore the
3He gas which is used in experiment, and recycle it. As a graph, we can increase the restore
tank pressure 0.1MPa per 20 minutes in highest flow rate (200sccm).
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Figure 6: Compression test

3.2 RF discharge study

Our RF amplifier is IFI solid state amplifier, SXXL150 Model, designed to amplifying signal
from function generator. This instrument can obtain 1.5 30.0MHz frequency wave and output
power is 150W. Using function generator, we make input signal to the amplifier and changing
gain of it, we check when 3He cell is discharged. Our 3He has 1mbar pressure and 2 inch diameter
and 6cm height. We scan the frequency range from 1.6MHz to 3.0MHz. The amplitude that
measured by oscilloscope was over 50V, and approximately about 70V and the frequency was
about 400kHz. We measure the discharge maintaining time after 3He is discharged.

Figure 7: SXXL amplifier and function generator
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Figure 8: 3He discharge

3.2.1 Forward, Reflected power measurement

From this measurement if the gain is over 50W, the 3He is ignited and for 2.0MHz case and
2.6MHz case the fluctuation of forward and reflected power is stable, however the other cases?
fluctuation is huge.
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3.2.2 Discharge maintain time measurement and glow gain-frequency measure-
ment

For 2.0MHz case, the fluctuation is small so we expect it will has long discharge time, however
forwarding power decrease slowly, and it turns off at 220 second. For 2.6MHz case forward
power is decreased to 40W and maintain over 6 minutes with average forward about 40W. We
turn off discharging when 6minutes reached. The first gain when 3He starts discharge is at 43%
gain average with standard deviation is 2.8785.
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4 Conclusion

We construct gas handling system for transport 3He gas to the experiment part. We can
compress the gas in the flow line to the restore tank which is designed to restore 3He gas in
1atm. According to the compression test using 4He gas, we get compression rate 0.1MPa per
20minutes in 200sccm flow rate. To do MEOP, we need to discharge the 3He cell. In real
experiment we will discharge 1m long cell, so we use high power RF amplifier. For test cell with
2 inch diameter and 6cm long cell we can discharge this cell at 43% gain average. For 2.0MHz
and 2.6MHz case we can discharge the cell stablely. The glass cell which will be filled with 4He
or 3He gas in 1mbar and to increase relaxation time T2, we will construct cleaning system of
wall of cell, and we will test polarization of 3He gas using optical polarimeter.
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Hidden photon and axion-like dark matter may be detected using spherical reflective sur-
faces such as dish antenna setups converting some of the dark matter particles into photons
and concentrating them on a detector. These setups may be used to perform directional
searches measuring the dark matter momentum distribution. We briefly review the pho-
ton distribution one expects to detect with such an antenna and directional resolution
in ray approximation. Furthermore we consider the regime mDM . (Rsp vDM )−1 where
this approximation does not hold anymore due to photon wavelengths exceeding the ex-
pected distribution widths. We discuss how this affects the expected distributions and
experimental implications.

1 Introduction

Hidden photons and Axion-like-particles (ALPs) turn out to be prime WISPy dark matter
candidates, c.f. for example [1, 2]. Hidden photons can be described by the following Lagrangian

L = −1

4
FµνFµν −

1

4
XµνXµν −

χ

2
FµνXµν +m2

XX
µXµ + jµAν , (1)

where Fµν and Xµν are the ordinary and hidden photon field strength linked to the gauge fields
Aµ and Xµ, respectively. mX is the mass of the hidden photons and jµ denotes the coupling to
matter. Solving the equations of motion one finds for a hidden photon momentum mode kDM(

E
Ehid

)
= EDM

(
−1
1/χ

)
exp(−i(ωt− kDMx)) (2)

E describes the ordinary electric field coupled to matter and Ehid the hidden photon field.
Analogous equations are obtained for the Axion in presence of a magnetic field.

Considering a plane conducting surface (or a mirror) the ordinary electromagnetic part in
Eq. (2) will cause electron movements on the surface, such that

0 = Etot,‖|surface. (3)

We showed in [3] (c.f. also [4]) that for a dark matter incident angle α this causes an emission
of a plane electromagnetic wave under the angle

sin(β) = sin(α)
v√

1 + v2
, (4)
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with the dark matter velocity v = |kDM |
mX

. Therefore, the emission occurs almost perpendicular
to the surface and can therefore be focused by a spherical surface in its center [5].

For a spherical mirror with a curvature radius R � λDM = 2π
kDM

= 2π
vmX

we can calculate
the intensity distribution in the center of the sphere in the ray approximation and obtain for a
dark matter incident with angle θ rotated around the y-axis of the detector and velocity v

I(x, y) =

{ 1
2π

| cos(θ)v|
([x−R sin(θ)v]2+y2+R2 cos2(θ)v2)

3/2 for ϑ0 ≤ ϑsp,max
0 for ϑ0 > ϑsp,max

(5)

Figure 1: Directional Resolution of dark
matter particles with velocity v coming
from an angle θ to the detector normal in
the ray approximation regime. For a spher-
ical cap the tails are cut off so that the dis-
tribution is limited to the dark blue area.

where ϑsp,max is the aparture angle of the sphere; the
result is normalized to the total power flux generated
by a full half sphere with ϑsp,max = π/2, and

ϑ0 =

∣∣∣∣∣arctan

(√
(x−R sin(θ)v)2 + y2

R cos(θ)v

)∣∣∣∣∣ . (6)

Figure 1 illustrates its basic properties.
This may be used to perform a directionally sen-

sitive dark matter search and gives direct implica-
tions on the directional resolution, but also on dis-
covery experiments. For more details c.f. [3]. In this
note we are going to investigate the validity of this
result for long dark matter wavelengths λDM & R
to infer limitations on the directional sensitivity.

2 Wave Ansatz

For a correct calculation at high wavelengths one has to integrate over elementary waves emitted
from the surface of the sphere. Again, this ansatz needs to fulfill Eq. (3). One can show that
for a plane surface the far-field part of a classical dipole field is sufficient when integrating over
the whole surface. At distance r from its origin it is given by (except time dependence)

Ed(r;p) = kγ
2(r̂× p)× r̂

exp(ikγr)

r
; Bd(r;p) = kγ

2 r̂× p
exp(ikγr)

r
, (7)

where kγ is the photon wavenumber and p the dipole-vector. In order to fulfill (3) one needs
to set (up to constant and spatial phase which we discuss below)

p =
1

2π

Ein,||
kγ

. (8)

Thus, p is a scaled projection of the dark matter polarization vector1 on the spherical surface.
The electric field at detector position x is then given by

E(x) =

∫

surface

Ed(r
′;p) exp (−ikDMr) dr (9)

1We show simulations with circular transversal polarization as this behaves similar to arbitrary averaged
polarization. When incoherently averaging over all possible polarizations the limitations for directional resolution
are qualitatively the same.
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Figure 2: Exemplary numerical results. Left: Stationary Distribution for high photon wave-
length, Right: Distribution for wavelength comparable to distribution width.

and the magnetic field analogous, while p is chosen as above (and thus depends on r), and
r′ = x − r. The factor exp (−ikDMr) accounts for the spatial phase differences between the
elementary waves induced by the dark matter wave. The intensity on the detector can be then
obtained by evaluating the time-averaged Poynting-vector 〈S〉 · n̂det while

〈S〉 = Re(E×B∗). (10)

3 Stationary Case

When the dark matter wavelength exceeds the setup size, i.e. kDM R = mXv R � 1, dark
matter oscillations appear stationary in the setup and directional resolution must be lost.

If we further incoherently average over all dark matter polarizations and consider a spher-
ical cap (as typical in most experimental setups), the direction of the field vectors becomes
unimportant and we may use a simplified scalar ansatz

I(x) =

∣∣∣∣
∫

surface

Ψ(r′) exp (−ikDMr) d2r

∣∣∣∣
2

; Ψ(r′) = Ψ0 kγ
exp(ikγr

′)
r′

. (11)

We can now easily compute the intensity in the center of the detector I(0), since exp (−ikDMr)
is just a constant phase and r′ = R constant over the whole sphere. We find

I(0) ∝ Adish (1− cos(ϑmax)) kγ
2 ; FWHM ∝ λγ√

1− cos(ϑmax)
, (12)

while the width dependence is obtained recalling that the total emitted power is ∝ Adish.

4 Transitional Regime

To infer effects for arbitrary hidden photon mass, we evaluated Eq. (10) numerically. Our results
are consistent with ray approximation for small wavelengths and Sec. 3 for large wavelengths.
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Figure 3: Transition of width between station-
ary distribution and ray approximation for
different incident angles and a full half sphere.

For intermediate wavelengths smaller than
expected distribution widths, the results from
ray approximation get reproduced with over-
laying interference effects as exemplified on the
right side of Fig. 2.

We evaluated major distribution proper-
ties for a broad range of wavelengths, such as
the distribution full width at half maximum
(FWHM) shown in Fig. 3. In the stationary
regime the width is consistently proportional
to the photon wavelength and converges for
smaller wavelengths towards the ray approxi-
mated width in an oscillatory manner due to
interference effects.

5 Conclusion

All numerical results confirm the stationary and ray approximated widths

FWHMsta. ∼
λγ√

1− cos(ϑsp,max)
; FWHMray ∼ max(tan(ϑsp,max); 1)Rv. (13)

Comparing them also determines which of the two is dominant. The transition between sta-
tionary case and ray approximation happens from where both quantities are roughly the same
to where the stationary width becomes one order smaller than the ray approximated width.
Specifying the setup geometry by

R̂ :=
√

1− cos(ϑsp,max) max(tan(ϑsp,max); 1)R (14)

we find that the expected distributions may be classified as
{
R̂ . 0.5λγ/v = 1× π/(v mX) stationary

R̂ & 10λγ/v = 20× π/(v mX) ray approximated
(15)

For experiments aiming for directional sensitivity, v should be set to the smallest velocity one
aims to be sensitive for, while for discovery experiments it is sufficient to choose v as roughly
the maximum dark matter velocity in order to infer the expected distribution width.

References
[1] A. E. Nelson and J. Scholtz, Phys. Rev. D 84 (2011) 103501 doi:10.1103/PhysRevD.84.103501

[arXiv:1105.2812 [hep-ph]].

[2] P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Redondo and A. Ringwald, JCAP 1206 (2012) 013
doi:10.1088/1475-7516/2012/06/013 [arXiv:1201.5902 [hep-ph]].

[3] J. Jaeckel and S. Knirck, JCAP 1601 (2016) 005 doi:10.1088/1475-7516/2016/01/005 [arXiv:1509.00371
[hep-ph]].

[4] J. Jaeckel and J. Redondo, JCAP 1311 (2013) 016 doi:10.1088/1475-7516/2013/11/016 [arXiv:1307.7181
[hep-ph]].

[5] D. Horns, J. Jaeckel, A. Lindner, A. Lobanov, J. Redondo and A. Ringwald, JCAP 1304 (2013) 016
doi:10.1088/1475-7516/2013/04/016 [arXiv:1212.2970 [hep-ph]].

4 Patras 2016

DISH ANTENNA SEARCHES FOR WISPY DARK MATTER: DIRECTIONAL . . .

PATRAS 2016 81



Axion Haloscopes with Toroidal Geometry

at CAPP/IBS

Byeong Rok Ko

Center for Axion and Precision Physics Research, Institute for Basic Science (IBS),
Daejeon 34141, Republic of Korea

DOI: will be assigned

The present state of the art axion haloscope employs a cylindrical resonant cavity in a
solenoidal field. We, the Center for Axion and Precision Physics Research (CAPP) of the
Institute for Basic Science (IBS) in Korea, are also pursuing halo axion discovery using
this cylindrical geometry. However, the presence of end caps of cavities increases challenges
as we explore higher frequency regions for the axion at above 2 GHz. To overcome these
challenges we exploit a toroidal design of cavity and magnetic field. A toroidal geometry
offers several advantages, two of which are a larger volume for a given space and greatly
reduced fringe fields which interfere with our preamps, in particular the planned quantum-
based devices. We introduce the concept of toroidal axion haloscopes and present ongoing
research activities and plans at CAPP/IBS.

1 Axion haloscopes at CAPP/IBS

One of the primary targets of the Center for Axion and Precision Physics research (CAPP)
of the Institute for Basic Science (IBS) in Korea is to search for axion cold dark matter using the
method proposed by Sikivie [1], also known as the axion haloscope search. We, CAPP/IBS, are
pursuing traditional axion haloscopes with cylindrical geometry, where two significant solenoids
are employed. One has 12 T of B field and 32 cm of cold bore and the other has 25 T of B
field and 10 cm of cold bore. The former can scan the axion frequency from 0.5 to 1.3 GHz,
while the latter can scan from 1.8 to 10 GHz. The details of halo axion searches using these
cylindrical geometry will be given in the near future.

In the same pipe line, we are also considering axion haloscopes with toroidal geometry
which offer a larger volume and greatly reduced fringe B fields. In view of these advantages,
we introduce currently ongoing research activities and plans for toroidal axion haloscopes at
CAPP/IBS in this proceedings.

2 Cylindrical geometry vs. toroidal geometry

We compare two axion haloscopes with two different geometry, cylindrical and toroidal, to
reveal the advantages of toroidal axion haloscopes mentioned above. Cylindrical cavities have
an electromagnetic cavity mode parallel to an external static magnetic field ~Bexternal provided
by the magnet employed in an axion haloscope, which is the TM010 mode, and so do toroidal
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characteristics cylindrical geometry toroidal geometry

~Bexternal ∼ B0ẑ ∼ B0

ρ φ̂

independent of depends on
B2

avgV the cavity location the cavity location
inside a solenoid inside a toroidal magnet

cavity mode ‖ ~Bexternal TM010 QTM
form factor CE = CM ∝ B2

avgV CE = CM ∝ B2
avgV

avoidable
Bfringe unavoidable with

additional coils
mode crossing Yes No

Table 1: Comparison of characteristics between cylindrical and toroidal axion haloscopes, where
B0 is a constant, B2

avgV ≡
∫
~B2
externaldV , and V is the cavity volume.

cavities, which is to be referred to as Quasi-TM (QTM) mode [2] in this proceedings. As
reported in Ref. [3], their electric (CE) and magnetic (CM ) form factors are also the same
regardless of the cavity location inside the magnet.

In the absence of end caps of cavities in a toroidal design, the cavity modes depend only on
the minor radius of the toroidal cavity. Therefore, degeneration of the cavity modes is expected
to be little and indeed the finite element method [4] demonstrates no degeneracy, or equivalently
no mode crossing, in the QTM mode as shown in Fig. 1.

Figure 1: Form factors of the QTM mode of the toroidal
cavity as a function of frequency.

This no mode crossing in toroidal
geometry enables us to increase the
cavity volume very effectively.

The fringeB fields, from toroidal
magnets, Bfringe are ideally zero and
even practically very small com-
pared to those from solenoids. Fur-
thermore, the Bfringe from toroidal
magnets can be reduced with ad-
ditional coils. With greatly re-
duced Bfringe, the handling of quan-
tum preamps in toroidal geometry
is much easier than that in cylindri-
cal geometry.

Table 1 summarizes the compar-
ison between axion haloscopes with
cylindrical and toroidal geometry.
Note that z, ρ, and φ refer to cylin-
drical coordinates.

3 Axion haloscopes with toroidal geometry at CAPP/IBS
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Figure 2: Conceptual design of the large toroidal magnet
with 9 coils and the cavity. The color map shows the B
field from the magnet.

We are considering the two
toroidal axion haloscopes whose
magnet specifications are shown in
Table 2.

The large toroidal magnet illus-
trated in Fig. 2 can hold a cav-
ity with 200 cm of major radius
and 50 cm of minor radius, which
enables us to scan the axion pa-
rameter space down to 190 MHz
with a dielectric (εr = 9.9) tun-
ing rod. Thanks to 9,870 liters of
the cavity volume which is about
50 times larger than the ADMX
cavity [5], we can achieve a rea-
sonable scanning rate [6] even with
a semiconductor-based preamp and
cavity cooling with liquid helium
(LHe) which results in the rela-
tively high system noise of ∼6 K,
with 2 K from the preamp and
4 K from the cavity. The large
toroidal magnet also can hold 4 cav-
ities, each of them having 200 cm of major radius and 20 cm of minor radius, which
enables us to scan the axion parameter space up to 850 MHz with a conductor tuning
rod. With the 4-cavity system, we can achieve a reasonable scanning rate even with a
system noise of ∼6 K. Figure 3 shows the relevant parameter space and expected sensi-
tivity from the large toroidal axion haloscopes which will be realized in about ten years.

small toroid large toroid

Bavg 12 T 5 T
number of coils 36 9
major radius 50 cm 200 cm
minor radius 11 cm 60 cm

Table 2: Specifications of the two toroidal mag-
nets.

The small toroidal magnet can hold a cav-
ity with 50 cm of major radius and 9 cm of mi-
nor radius, which enables us to search for ax-
ion parameter space from 1.3 to 1.8 GHz with
a conductor tuning rod. The cavity can be
cool down to 100 mK with a dilution fridge.
Then, we can be sensitive to KSVZ [7, 8] ax-
ion search using a semiconductor preamp or
DFSZ [9, 10] using a quantum version preamp
with acceptable scanning rates. Figure 3 also

shows the relevant parameter space and expected sensitivity from the small toroidal axion
haloscopes which will be realized in a few years.

4 Summary

CAPP/IBS realizes several advantages in axion haloscopes with toroidal geometry, two
of which are a larger volume for a given space and greatly reduced fringe fields. Thanks
to the very large volume of the cavity in the large toroidal axion haloscopes, we can realize
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Figure 3: Axion parameter space where red lines in the lower mass region denote the search
region of the large toroidal axion haloscopes and those in the higher mass region denote that
of the small toroidal axion haloscopes at CAPP/IBS.

a reasonable scanning rate even with 4 K cavity cooling which can be achieved easily with
LHe. The capability of cooling a system using LHe shows how powerful the large toroidal
axion haloscopes are. In the near future, we will realize the small toroidal axion haloscopes to
demonstrate the feasibility of the large toroidal axion haloscopes.
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The axion is a leading dark matter candidate particle. Haloscope-type experiments search
for the axion using its resonant conversion to a photon in the presence of a strong magnetic
field, enhancing the signal through the use of resonant microwave cavities and quantum-
limited amplifiers. The Axion Dark Matter eXperiment – High Frequency (ADMX-HF) is
an operating experiment taking a first look at data in the 20–100 µeV (∼ 4–25 GHz) range.
This paper discusses the newly completed data run as well as research and development
underway that will further the reach of the experiment.

1 Introduction

The axion is a hypothetical pseudoscalar that was originally proposed in the Peccei-Quinn
solution to the Strong CP problem. It is also a compelling candidate particle for cold dark
matter in the 1–100 µeV range (see Ref. [1]). Like the π0, the axion can couple to two photons
in an inverse Primakoff conversion, one of which can be virtual.

Axion haloscopes attempt to observe this conversion by resonantly enhancing the photon
signal using a microwave cavity permeated by a strong magnetic field [2]. The resonant con-
version relies on the frequency of the cavity corresponding to the axion mass via the relation
hν = mac

2
(
1 + 1

2O
(
β2
))

, where ν is the cavity resonant frequency, ma is the axion mass, and
β ≈ 10−3 is the galactic virial velocity. An overview schematic of the axion haloscope detection
mechanism is shown in Fig. 1.

In this process, the power of the axion signal is expected to be very weak (on the order
of 10−23 W). Thus, various techniques are employed to enhance this signal. The conversion
axion-photon conversion power is given by

Psig = ηg2aγγ

(
ρa
ma

)
B2QLV Cnml (1)

where gaγγ is the axion-photon coupling constant, ρa is the halo axion density, B is the strength
of the applied magnetic field, QL is the loaded quality factor of the cavity, V is the cavity
volume, and Cnml is the mode-specific form factor. The η constant specifies the fraction of
power coupled out of the cavity. The detectability of the signal depends on the signal to noise
ratio, which is governed by the Dicke radiometer equation

S

N
=

Psig
kTsys

√
t

∆νa
(2)
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where k is the Boltzmann constant, t is integration time, and ∆νa is the width of the axion
signal. The system noise temperature Tsys is

kTsys = hν

(
1

ehν/kT − 1
+

1

2

)
+ kTA (3)

Here, T is physical temperature of the cavity and TA is the equivalent temperature of the
intrinsic amplifier noise.

x

FFT 

Local
Oscillator

Preamplifier 

Magnet 
Cavity 

a 
Po

w
er

 

Frequency 

Mixer 

γ

γ*

ν = mac2/h

Δνa/νa~β2~10-6

Figure 1: Block diagram of the axion haloscope detection mechanism. A microwave cavity is
placed in the bore of a strong superconducting magnet. An axion entering the cavity converts
to a real photon when the cavity is tuned to the frequency corresponding to ma. This photon
signal is extracted from the cavity, passing through an RF receiver chain, finally giving a peak.

2 Experiment

ADMX-HF is a collaboration of four institutions: Yale University, the University of California
Berkeley, the University of Colorado Boulder, and Lawrence Livermore National Laboratory.
The experiment was created to search for QCD axions at higher frequencies than existing
haloscope limits and designed as a data pathfinder in the 4–25 GHz range (corresponding to
20–100 µeV in axion mass). These high frequencies can pose challenges that do not exist at
lower frequencies. ADMX-HF serves as a small versatile testbed platform for new amplifier and
microwave cavity technologies that address these challenges.

To enable the search for QCD axions, ADMX-HF uses state of the art technology. The
superconducting magnet (0.40 m × 0.175 m �, 9 T) is a dry system and was designed to have
a large bore and long straight-field region. A copper cylindrical cavity with a large tuning rod
allows for tuning from 3.5 GHz to 5.85 GHz with a loaded, critically coupled quality factor
of Q ∼ 2 × 104. From the outset, the experiment has used Josephson Parametric Amplifiers
(JPAs) which allow for amplification with quantum-limited noise. The current JPA has a tuning
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range of 4.4–6.5 GHz with ∼ 20 dB of gain. Magnetic shielding consisting of a bucking coil,
passive coils, µ metal, and superconducting shield layers reduce the magnetic field at the JPA
by a factor of 108, allowing for proper amplifier performance despite the presence of a strong
magnetic field. A dilution refrigerator (base temperature 25 mK) cools the cavity to ∼ 100 mK
to minimize thermal noise. Altogether, these components enable the experiment’s extraordinary
sensitivity in the GHz range which has not been achieved by any other experiment. Figure 2
shows a detailed view of these components.

(a) (b)

(c)

(d)

Figure 2: (a) Fully assembled experiment, showing the superconducting magnet. (b) Gantry
attached to the dilution refrigerator. (c) Micrographs of a Josephson Parametric Amplifier
(JPA) which allows for very low noise amplification. (d) Current microwave cavity, partially
assembled, with minimum (left, 3.8 GHz) and maximum (right, 5.85 GHz) tuning positions
shown.

ADMX-HF began construction in April of 2012. Integration and commissioning took place
from July 2014 to January of 2016. The first data run began in January of 2016 and was
recently completed in August of 2016. The next section details the operating characteristics
and scope of this first data run.

3 Data run

The first data run of ADMX-HF scanned 100 MHz (∼ 0.4 µeV) near the top of the cavity
tuning range, 5.8 GHz (24 µeV). In this run, gaγγ ∼ 2.3 × KSVZ over the entire range. No
exclusion plot appears here as the final exclusion plot with full details will be published soon.

The achieved sensitivity was limited by the physical temperature of the tuning rod. The
ceramic axle of the tuning rod limited the thermal link between the rod and the rest of the
system. This resulted in a noise temperature on the order of Tsys ∼ 1100 mK, which is roughly
3.5 times the standard quantum limit (SQL) for noise at in this frequency range.
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4 Ongoing research and planned upgrades

There are multiple upgrades planned for the near future that will allow the experiment to reach
further into the QCD axion model band. A simple solution to improve the thermal linkage of
the tuning rod has been identified and will be implemented on all future tuning rods used in
the experiment. This will reduce the thermal noise contribution to the originally planned value.
Reducing the system noise temperature allows for a shorter integration time, speeding up the
possible scan rate for future data runs.

A new dilution refrigerator is ready to be installed on the experiment. It has a lower
possible base temperature and should reduce vibrations, which could allow for a lower operating
temperature. This switch will likely be made after other upgrades are implemented.

The University of Colorado/JILA group has developed a receiver based on a squeezed state
of vacuum that will be implemented on the experiment within the next year. This will allow
for amplification with a total system noise temperature below the SQL. As of the time of
writing, this would be the first use of a squeezed vacuum device on an operating experiment.
Amplification with sub-quantum-limited noise will reduce the system noise temperature and
could allow for a large increase in the scan rate.

At the University of California, Berkeley, new cavity designs are being developed to enhance
the signal power and move the experiment to new frequency ranges. Efforts are underway to
develop cavities with superconducting thin film multilayers that could greatly increase the
cavity Q value. The use of Distributed Bragg Reflectors (DBR) is also being studied for use in
increasing the Q value as well as the form factor for higher-order TM modes.

Photonic band gap (PBG) devices are being studied for use in creating a resonator at high
frequencies that would clear the mode spectrum of TE modes. PBG structures allow for the
confinement of modes of interest while other excited modes are allowed to propagate out [3].
In standard cylindrical cavities and the existing ADMX-HF cavity, TE modes undergo avoided
crossing with the TM010 mode of interest as it is tuned, making the frequency range of the
crossing unusable. This is a severe limitation in the operation of existing cavity experiments;
eliminating the mode crossing problem would allow for faster scan rates and a larger available
tuning range with a single device.
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In this talk, results from the frequentist analysis of the parameter space for the supersym-
metric models pMSSM10 [6] and mAMSB, done within the Mastercode collaboration, are
reviewed. Among them, special attention is paid to the predictions concerning Direct De-
tection Experiments, the Large Hadron Collider [1] and the International Linear Collider
[2]. Also, the Dark Matter candidate provided in each case is described.

1 Introduction

The Standard Model of Particle Physics (SM) is a very succcessful theory. Nevertheless, it
fails to explain important things, such as the origin of dark matter and dark energy or the
unification of the forces. Among the alternatives to the SM proposed in order to solve these,
supersymmetry plays a major role.
The particle content of the minimal supersymmetrical extension of the SM (MSSM) [3] is made
of the SM particles, their supersymmetric partners and 2 Higgs doublets. In this model the
Lightest Supersymmetric Particle (LSP) is neutral and stable, which makes it a good Dark
Matter candidate. It can be either a gravitino, the lightest neutralino (it can be a Bino, a
Higgsino, a Wino or a combination of former), or a sneutrino. Nevertheless, sneutrinos are
experimentally ruled out by direct detection experiments.
One of the main drawbacks of the MSSM is the fact that it has more than 100 free parameters,
which makes it a very difficult model to confront with experimental data. In order to cope with
this a purely phenomenological approach can be taken, like the pMSSM10, that has only 10
parameters. Also, a constrained model can be considered, where an assumption on the scenarios
through which spontaneous SUSY breaking is achieved is made. An example of the latter is
the mAMSB, with 3 free parameters and 1 sign.
To calculate the observables that go into our likelihood evaluation and perform Global fits of
SUSY for these two models, the Mastercode framework is used, that interfaces several public
and private code, linked using the SUSY Les Houches Accord (SLHA) [4], [5].

2 pMSSM10 Results

The best-fit point of the sampling provides the mass spectrum shown in Figure 1. It can be seen
a clear-prediction for a Bino-like mχ̃0

1
. Its predicted mass is much lower than other GUT-based

models. According to the mass range, the production of SUSY particles in this model would
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be possible at ILC, as long as the following condition is fulfilled for the mass of these particles:
m <

√
(s)/2, where s∼500 GeV for ILC. Plotting the DM candidate mass against the squark
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Figure 1: Mass spectrum for the best-fit point in pMSSM10 sampling

mass (left plot in Figure 2) it is shown that parts of the χ̃±
1 coannihilation region and the

low-mχ̃0
1

band are accessible to future LHC searches (especially if the gluino hass a mass of 4.5
TeV). Also, chargino coannihilation is proved to be the main production channel. In the right
plot of this figure it is seen that most of the chargino coannihilation region would be accessible
to future LZ searches.
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Figure 2: Left: (mq̃ ,mχ̃0 ) plane. The red and blue solid lines are the ∆χ2 = 2.30 and 5.99 contours, and
the solid (dashed) purple lines are the current and (projected) 95% exclusion contours for missing ET searches
at the LHC (with 300/fb of data at 14 TeV). The solid lines are almost identical with the contours for 5-σ
discovery with 3000/fb. Right: (mχ̃0

1
, σSIp ) plane. The solid purple lines show the projected 95% exclusion

sensitivity of the LUX-Zepelin (LZ) experiment [7]. The green and black lines show the current sensitivities of
the XENON100 [8] and LUX [9] experiments, respectively, and the dashed orange line shows the astrophysical
neutrino ‘floor’ [10], below which astrophysical neutrino backgrounds dominate (yellow region)

3 mAMSB Results

As it happened in the previous case, the LSP is a neutralino, almost degenerate with a chargino
(χ̃±

1 ), as shown in the best-fit point mass spectrum (Figure 3). Because of their high masses,
particles in this model are not directly detectable at LHC nor at ILC. The DM candidate can
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either be wino-like or higgsino-like. Nevertheless, the wino-like candidate, with mass ∼ 3 TeV
(common for all the wino DM models), is more favoured than the higgsino-like one. Notice
that the preferred LSP mass is much bigger than the pMSSM10 prediction. Again, the main
production mechanism of the DM candidate is the chargino coannihilation.

Concerning the (mχ̃0
,σSI) plane (Figure 4), wino-like candidate contour plots lie below the
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Figure 3: Mass spectrum for the best-fit point in mAMSB sampling, for the wino-like (left) and the higgsino-like
(right) candidate

astrophysical neutrino floor, which would make it impossible to detect it with direct detection
experiments. However, if the candidate is higgsino-like instead, LZ experiment would have
accessibility to its measurement.
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Figure 4: The (mχ̃0
1
, σSIp ) planes in the mAMSB framework. The plot on the left refers to the wino-like

candidate, while the plot on the right corresponds to the higgsino-like one

.

4 Conclusions

Supersymmetry is a good framework for explaining the origin of Dark Matter. Among the dif-
ferent models, both pMSSM10 and mAMSB have shown to provide good candidates. pMSSM10
candidate has much lower mass than other models (such as NUHM2,NUHM1,CMSSM), while
mAMSB leads to a heavy wino-like candidate and a lighter higgsino-like candidate.
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92 PATRAS 2016



Acknowledgments

We thank E.A. Bagnaschi,M. Borsato,O. Buchmueller,R. Cavanaugh, V. Chobanova,M. Cit-
ron,J. Costa, A. De Roeck,M.J. Dolan,J.R. Ellis,H. Flcher,S. Heinemeyer,G. Isidori,F. Luo,D.
Mart́ınez Santos,K.A. Olive,A. Richards,K. Sakurai,G. Weiglein for the collaboration on the
work presented here. The work of M.L. is supported by ERC, EPLANET, and Xunta de
Galicia.

References
[1] L. Evans and P. Bryant, JINST 3 (2008) S08001. doi:10.1088/1748-0221/3/08/S08001

[2] H. Baer et al., arXiv:1306.6352 [hep-ph].

[3] H. P. Nilles, Phys. Rept. 110 (1984) 1. doi:10.1016/0370-1573(84)90008-5

[4] P. Z. Skands et al., JHEP 0407 (2004) 036 doi:10.1088/1126-6708/2004/07/036 [hep-ph/0311123].

[5] B. C. Allanach et al., Comput. Phys. Commun. 180 (2009) 8 doi:10.1016/j.cpc.2008.08.004 [arXiv:0801.0045
[hep-ph]].

[6] K. J. de Vries et al., Eur. Phys. J. C 75 (2015) no.9, 422 doi:10.1140/epjc/s10052-015-3599-y
[arXiv:1504.03260 [hep-ph]].

[7] D. C. Malling et al., arXiv:1110.0103 [astro-ph.IM].

[8] E. Aprile et al. [XENON100 Collaboration], Phys. Rev. Lett. 109 (2012) 181301
doi:10.1103/PhysRevLett.109.181301 [arXiv:1207.5988 [astro-ph.CO]].

[9] D. S. Akerib et al. [LUX Collaboration], Phys. Rev. Lett. 112 (2014) 091303
doi:10.1103/PhysRevLett.112.091303 [arXiv:1310.8214 [astro-ph.CO]].

[10] P. Cushman et al., arXiv:1310.8327 [hep-ex].

4 Patras 2016

SUSY DM PREDICTIONS FOR DIRECT DETECTION EXPERIMENTS, THE LHC AND . . .

PATRAS 2016 93



MADMAX: A new Dark Matter Axion Search

using a dielectric Haloscope
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Axions are an intriguing dark matter candidate, emerging from the Peccei-Quinn solution
to the strong CP problem. Current experimental searches for axion dark matter focus
on axion masses below 40µeV. However, if the Peccei-Quinn symmetry is restored after
inflation the axion mass is predicted to be in the 100µeV range. A new project based on
axion-photon conversion at the transition between different dielectric media is presented.
The axion-photon conversion could be enhanced by a factor ∼ 105 over a single mirror
by using ∼ 80 layers of dielectrics. Within a 10 T magnetic field this could be enough
to detect ∼ 100µeV axions with HEMT linear amplifiers. The proposed design for an
experiment is discussed. Results from noise, transmissivity and reflectivity measurements
in a prototype setup are presented. The expected sensitivity is shown.

1 Introduction

Axions are hypothetical low-mass bosons which emerge as a consequence of the Peccei-Quinn
mechanism that explains the absence of CP-violating effects in quantum chromodynamics.
They provide an attractive candidate for cold dark matter. There are two general scenarios for
dark matter axions: either the Peccei-Quinn symmetry is restored after inflation, or remains
unbroken. In the latter scenario, axion dark matter is produced through the misalignment
mechanism, which can be arrange to have the correct relic density for a wide range of axions
masses by varying the initial conditions with values ∼ 10 µeV considered most natural. In the
first scenario the observable universe contains many casually disconnected patches with different
initial conditions which must be averaged over to give the relic abundance. Additionally cold
dark matter axions are produced by the decay of axion strings and domain walls leading to a
higher favoured mass range ma ∼ 100 µeV for dark-matter axions [1].

Most experimental efforts for detecting dark-matter axions, notably the ADMX and ADMX-
HF experiments [2, 3], focus on axion masses below∼ 40 µeV. These experiments take advantage
of the resonant enhancement of a cavity to boost the axion-photon conversion in a magnetic
field and so gain sensitivity to axion dark matter. This technique is most effective for O(10) µeV
axions: using cavities to search for axions in the 100 µeV range is extremely technically chal-
lenging. Alternative methods more suited to search for high mass axions are needed.
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Figure 1: Left: EM simulations of boost factor in dielectric booster with 20 LaAlO3 discs.
Right: Conceptual idea for a haloscope that could scan for axions with masses around 100µeV.

2 Dielectric haloscope concept and experimental idea

To scan the axion mass range above 40 µeV, we exploit a novel dielectric haloscope approach
derived from the concepts described in [4, 5]. The expected radiation power density from
axion-photon conversion at a transition between materials with different dielectric constant ε
in a magnetic field is

P/A = 2× 10−27 W/m
2

(B||/10 T)2 c2γ F (∆ε1,ε2), (1)

where A is the surface area, B|| the magnetic field parallel to the surfaces, Caγ the axion-
photon coupling constant normalized to α/(2πfa) [6], and F (∆ε1,ε2) is a function depending on
the dielectric constants of the two media. For a metallic mirror in vacuum F (∆0,∞) = 1. In
order to obtain a detectable power of P ∼ 10−23W a mirror magnetized to 10 T field parallel
to its surface with A ∼ 5000 m2 would be needed, unachievable with current technology.

Figure 2: Preliminary prototype setup for trans-
missivity measurements with four adjustable
Al2O3 discs.

Instead we propose building a dielectric
haloscope: a series of high-ε material discs
placed in front of a metallic mirror of the same
area, contained in a magnetic field. Unlike
a resonator, this device is open on one side.
By adjusting the spacing between the discs,
constructive interference can lead to a boost
of the expected axion field induced EM power
over a sizeable bandwidth. The power boost
factor is defined as the power generated in the
booster normalized to the power generated by
a single metallic surface with same area. It is
a function of the frequency, the number and
spacings between the discs, and the dielectric constants of the chosen materials.

The axion field acts as a current in Maxwell’s equations, which can be treated classically.
The power boost factor as a function of frequency from a first simulation is shown in Fig. 1,
left. This used a setup consisting of 20 discs made from LaAlO3 (ε ∼ 24) and achieves a power
boost factor & 3·103 within a bandwidth of 250 MHz. The frequency range in which the boost
is obtained can be varied by changing the displacement between the discs.
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Further investigations using EM modelling have shown that, the area under the power boost
factor vs frequency curve scales linearly with the number of discs in the booster. Using this
relation it seems feasible that a setup consisting of ∼80 discs made from LaAlO3 can have a
boost factor of ∼ 105 in a 40 MHz wide frequency range. Using discs with a diameter of 1 m
and a 10 T dipole field, a total power of ∼ 10−23 W could be generated by high mass dark
matter axions. A sketch of the proposed MADMAX setup is shown in Fig. 1, right.

While this is a mechanically challenging setup, it has the advantage of flexibility. One can
adopt a significantly broadband search strategy, probing a large frequency range within a rea-
sonable measurement time and, in the event that the broad bandwidth search leads to evidence
for a signal, the haloscope can be tuned to higher boost factor across a narrow bandwidth. This
would enhance the signal to noise ratio, allowing speedy confirmation of a detection.

One of the big challenges in the experiment will be the availability of a ∼ 10 T dipole magnet
that allows to house ∼ 1 m diameter discs with a length up to 2 m. Presently two design
concepts are under discussion, the canted cosine theta [8] and the racetrack [9] designs. Initial
investigations indicate that both design concepts are suitable to reach the design criteria. In
the near future we will see which of these is better suited for the current experimental proposal.

3 First measurements and sensitivity projection

Figure 3: First transmission measurement
(gray) taken with five Al2O3 discs between re-
ceiver and emitter. The smoothed measurement
curve (red) can be compared to the behavior
predicted by simulation (blue).

To determine the required signal strength, a
radiometer based on heterodyne detection us-
ing a HEMT preamplifier [7] has been built.
It was used for a first measurement of a weak
signal at 20 GHz with 3 × 10−21 W at room
temperature. The fake signal was detected
within one week measurement time with 6σ
separation from background. According to
the data sheet, operating the preamplifier at
4 K temperature reduces its noise by another
two orders of magnitude, hence, allowing for
the detection of signals with power of the or-
der of 3× 10−23 W, if the noise contribution
of the haloscope itself is low enough.

As transmissivity and reflectivity of the
haloscope are correlated with the boost factor
curve they can be used to verify the simulated
boost factor behaviour. We use this to both
test our calculations of the boost factor, and
to potentially aid correct disc placement.

This has been done in the prototype setup
shown in Fig. 2 where five sapphire (Al2O3 with ε ∼ 10) discs with 200 mm diameter each are
used. Discs are positioned by precision motors with a precision of roughly 15µm. The uncerat-
inty on positioning is due to the mechanical setup. Comparison of transmissivity measurement
with simulation is shown in Fig. 3. While details of the transmissivity behaviour slightly differ,
encouragingly the general behaviour is similar, especially the position of the peak at highest
frequencies. The same has been verified for reflectivity measurements using group delay peaks.
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A long term reflectivity measurement using four saphire discs and a metallic mirror was
performed to monitor the stability of the group delay peak. The variations of the peak position,
attributed to mechanical (vibration) or thermal (contraction or expansion) changes in the setup,
are of the order of 1 MHz, and so substantially narrower than the envisioned bandwidth of
the boost factor. Even under these experimental conditions without vibrational damping and
precise climate control long term measurements can be performed over a sizeable bandwidth.

To estimate the sensitivity of the proposed experiment, we assume a setup consisting of 80
discs with 1 m2 surface area each, achieving a boost factor of &104 with a bandwidth of 50 MHz,
and cryogenic preamp with a noise level of 8 K. Inside a 10 T dipole magnetic field this would
allow for scanning the interesting dark matter QCD axion parameter space, assuming purely
axionic dark matter. Each measurement would take approximately one week. The projected
sensitivity is depicted in Fig. 4.

4 Outlook and Conclusions

Figure 4: Projected MADMAX sensitivity

Axions are amongst the best motivated
dark matter candidates, with interesting and
unique phenomenology. However, the high
mass (40–200 µeV) axions predicted for
scenarios in which Peccei-Quinn symmetry
breaking occurs after inflation are beyond the
reach of current experiments. A novel ap-
proach to study high mass axions is a di-
electric haloscope, using a series of dielectrics
contained in a parallel magnetic field to en-
hance the conversion of axions-to-photons. A
comparison of simulations with first measure-
ments indicate that this approach could scan
the interesting dark matter QCD axion mass
range within a reasonable time span.

Acknowledgments: The prototype setup used for first measurements was partly funded
as a seed project by the DFG Excellence Cluster Universe.
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We use the gamma-ray signal from SN 1987A to obtain limits on massive (10 keV - 100
MeV) axion-like particles which may decay to two photons on their way to Earth. We
also discuss the time and angular distribution of such a signal and estimate the possible
improvements if Betelgeuse becomes a supernova. Proceedings for the talk presented by
P.C.M. based entirely on Ref. [1], where more details can be found.

1 Introduction

Axion-like particles (ALPs) are an integral part of many beyond the Standard Model sce-
narios whose typical feature is an interaction with two photons,

Lint ⊃
gaγγ

4
aFµν F̃

µν , (1)

where a denotes the ALP and gaγγ is its coupling constant (dimension of inverse energy), which
is independent of the mass, ma. Our aim is to determine the excluded regions in gaγγ−ma space
by considering supernova-originated ALPs and their decay to two photons – usually gamma-
rays – a process most effective for ma ∼ MeV-GeV. As can be seen from Fig. 2, in this region
SNe indeed provide better limits than existing laboratory and astrophysical constraints [2].

For concreteness, we focus on SN 1987A, which has already been used to derive limits on
ALPs. For ma < few × 10−10 eV better limits can be obtained since light ALPs emitted from
the supernova (SN) can be reconverted into photons in the magnetic field of the galaxy [3].
For heavier ALPs, however, this process is not effective as the reconversion process is strongly
suppressed.

On the other hand, for massive ALPs (ma ∼ 10 keV - 100 MeV), the dominant process is the
decay into two photons. This has been considered in Ref. [4], but they assume ALPs coupled
to nucleons. Our analysis extends this to the case of pure photon couplings. We highlight that
not all photons can reach Earth and we improve the estimate of the number that do so by
employing a numerical simulation of the time-delay and angular distributions.

Besides SN 1987A, we also consider the possibility that the red supergiant Betelgeuse ex-
plodes in a SN event. This is particularly interesting since its distance to Earth is only ∼ 200
pc, much closer than SN 1987A at ∼ 50 kpc.
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2 Signal events reaching the detector

ALPs are produced in the core of the SN via the Primakoff process with typical energies
∼ 100 MeV. We use the ALP energy spectrum and production rate from Ref. [3] to estimate
the ALP-originated photon fluence (photons per unit area on Earth).

We are interested in massive ALPs, thus having a finite life time: τa = 64π/g2aγγm
3
a, i.e.,

the decay length is `ALP = γvτa. For the mass and couplings considered, `ALP . dSN, most
of the ALPs escape the SN and are emitted isotropically, so we may expect a flux of ALP-
originated gamma-ray photons. However, the ALP-originated photons from decays inside the
SN (`ALP . R∗ ∼ 1010 m [5]) are absorbed and do not reach the detector.

The ALPs being massive, they will also be appreciably boosted, so the decay angle of the
photons, α, is finite and given by

sinα ∼ γ−1, (2)

and this has two important consequences: the ALP-originated photons will not come directly
from the line of sight, but rather from an angle – this angular window creates a “halo”. Secondly,
the non-zero decay angle means that the path from the SN to Earth is not simply dSN, but
generally longer, generating a time delay when compared to massless ALPs.

The details of ALP production in the core-collapse SN have been worked out in Ref. [3]
for massless ALPs and here we assume their ALP spectrum and apply a correction factor to
account for their massiveness. The ALP-originated gamma-ray fluence on Earth for heavy ALPs
is given by

Fγ =

(
2

4πd2SN

)[∫ ∞

ma

dEa

(
dNa
dEa

) ∣∣∣∣∣
corr

]
× P(δt), (3)

where P(δt) is the probability of observation of the ALP-originated photons within a time frame
of δt – for SN 1987A we take δt ' 10 s [6]. The corrected ALP spectrum is given by

(
dNa
dEa

) ∣∣∣∣∣
corr

=

(
dNa
dEa

) ∣∣∣∣∣
ma=0

× S(ma) (4)

with the correction factor

S(ma) =

∫
d3k
(2π)3

1
exp(ω/T )−1σ(ω,ma)

∫
d3k
(2π)3

1
exp(ω/T )−1σ0(ω)

, (5)

where σ0 and σ are the massless and massive Primakoff cross sections, respectively [7]. Here
we use T ' 30 MeV and ks ' 16 MeV coming from the fit of the final spectrum for massless
ALPs from Ref. [3].

3 Angular and time-delay distributions

Since the decay angle into two photons is finite, the combined distance travelled by the
ALP and the photons is larger than dSN. The distances covered by the ALP and ensuing

photon are L1 ∼ `ALP and L2 = −L1 +
√
d2SN − sin2 αL2

1, respectively. The overall time delay

is ∆t = L1

β + L2 − dSN, which can be significant: for Ea ∼ 100 MeV, ma = 10 MeV and

gaγγ = 10−10 GeV−1, we find ∆t ≈ 103 s (cf. Fig. 1).
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Figure 1: For ma = 10 MeV and gaγγ = 10−10 GeV−1 from SN 1987A: fraction (probability)
histogram depicting the distribution of time delays (left) and fractional detection rates (right).

A consequence of the time delay is that the ALP-originated photons arrive on Earth spread
over a considerable time period. The probability that a single ALP arrives within a time period
δt is given by P (δt, Ea) = δt/δttyp, with δttyp ∼ `ALP (1− β) /β. This gives P (δt, Ea) ≈
δtEa g

2
aγγm

2
a and, convoluting this with the energy distribution and including the extra g2aγγ

from the Primakoff cross section, we may expect that the fluence behaves as

Fγ ∼ g4aγγm2
a → gaγγ ∼ m−1/2a . (6)

As for the detection angle, which can be obtained via sin θ = (L1/dSN) sinα, we also find
that it can be quite significant: for ma = 10 MeV and gaγγ = 10−12 GeV−1, the opening angle
is ∼ 0.03◦, about a tenth of the angular diameter of the Moon.

4 Results

After the δt ' 10 s following the SN 1987A event the gamma-ray detector at the SMM
found no unexpected signal, thus setting an upper limit on the fluence Fexp

γ < 0.6 γ · cm−2 for
25 ≤ Eγ ≤ 100 MeV [6]. Evaluating Eq. (3) numerically and imposing the upper limit of Fexp

γ ,
we obtain the excluded region shown in blue on the left panel of Fig. 2. Two aspects of the
bound are important: the turn up caused by the correction factor, as the mass becomes of the
same order of magnitude as the temperature of the core, and a recession of the bound for large
masses and couplings, which is due to the absorption of the ALP-originated photons inside the
region limited by the effective radius R∗ ∼ 1010 m [5].

Looking into the future, Betelgeuse is a red supergiant (dSN ∼ 200 pc) and is expected
to go SN in the next few hundred thousand years. Its associated ALP-originated gamma-ray
flux would be much more intense than that from SN 1987A, so, proceeding similarly, we may
calculate the fluence of ALP-originated photons coming from Betelgeuse. Currently, one of the
best detection possibilities would be the Fermi-LAT, whose point source sensitivity (PSS) is
3 × 10−9 γ · cm−2 · s−1 for Eγ > 100 MeV [8]. Restricting ourselves to an observation time of
δt ∼ 10 s – comparable to the duration of the neutrino burst during SN 1987A [6] – we obtain
an effective upper limit on the fluence of Fexp

γ ' 3 × 10−8 γ · cm−2, which translates into the
bound shown on the right panel of Fig. 2.

In conclusion, we have used the non-observation of extra gamma rays from SN 1987A that
would be caused by the decay of massive ALPs to exclude regions of parameter space (cf. left
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Figure 2: Left: Excluded regions in ALP parameter space (see Ref. [9] and references therein);
our bound based on SN 1987A is shown in dark blue (“SN decay”). Right: bound based on
Betelgeuse with PSS from Fermi-LAT.

panel of Fig. 2). Extrapolating our analysis to the case of the red supergiant Betelgeuse, we
find that the limits can be improved due to the shorter distance to Earth and to the better
sensitivity of the instruments for gamma-ray detection (cf. right panel of Fig. 2).
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Axionlike particles (ALPs) are a common prediction of theories beyond the Standard Model
of particle physics that could explain the entirety of the cold dark matter. These particles
could be detected through their mixing with photons in external electromagnetic fields.
Here, we provide a short review over ALP searches that utilize astrophysical γ-ray ob-
servations. We summarize current bounds as well as future sensitivities and discuss the
possibility that ALPs alter the γ-ray opacity of the Universe.

1 Introduction

Astrophysical observations with space-borne and ground based γ-ray experiments have proven
to be a powerful tool to search for physics beyond the Standard Model. The currently operating
Fermi Large Area Telescope (LAT), sensitive to γ rays between 20 MeV and above 300 GeV
[1], and imaging air Cherenkov telescopes (IACTs), such as H.E.S.S., MAGIC, and VERITAS
(sensitive to γ rays above ∼ 50 GeV [2, 3, 4]) have provided strong constraints on, e.g., Lorentz
invariance violation [5, 6], as well as on the annihilation cross section of weakly interacting
massive particles, which are prime cold dark matter candidates [7, 8, 9].

Observations at γ-ray energies can also be used to search for traces of axionlike particles
(ALPs). ALPs are closely related to the axion, which plays an essential role in the solution of
the strong CP problem in QCD [10, 11, 12, 13]. Just as the axion, ALPs are well motivated
cold dark-matter candidates [14, 15, 16, 17, 18] that could be detected through their coupling
to photons in external magnetic fields [19, 20]. They arise in several extensions of the Standard
Model [21, 22, 23].

Here, we review advancements in astrophysical γ-ray searches for ALPs that have, for cer-
tain ALP masses (ma) below µeV, reached a sensitivity comparable to that of current or future
dedicated laboratory experiments. We give a short overview of the relevant astrophysical mag-
netic fields (Sec. 2),1 and review the status of evidence found for a reduced γ-ray opacity that
might be caused by photon-ALP oscillations (Sec. 2.1). We review searches for ALP-induced
spectral irregularities (Sec. 2.2) before closing with an outlook on future observations (Sec. 3).

1This review focuses on photon-ALP mixing in external magnetic fields, however, searches for γ-ray signals
from axion and ALP decays have also been carried out [24, 25].
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2 Photon-ALP mixing at γ-ray energies

Solving the full equations of motion for the photon-ALP system, one realizes that the conversion
probability becomes maximal and independent of energy above a critical energy Ecrit = |m2

a −
ω2

pl|/2gaγB, where B denotes the field strength transversal to the photon propagation direction,
gaγ the photon-ALP coupling, and ωpl the plasma frequency of the medium. This strong mixing
regime persists as long as E < Emax = 90πgaγB

2
cr/7αB, with α the fine structure constant and

the critical magnetic field Bcr ∼ 4.4 × 1013 G. For photons around PeV energies, background
photon fields such as the cosmic microwave background cause an additional photon dispersion
leading to a modification of Emax [26]. Reviews on solving the equations of motion and deriving
the photon-ALP mixing matrices in a number of magnetic fields are provided in, e.g., Refs.
[27, 28, 29, 30, 31, 32].

One abundantly studied source class to search for traces of ALPs are blazars, active galactic
nuclei (AGNs) with their relativistic jets closely aligned to the line of sight [33]. Blazars
make up the majority of extragalactic sources detected at γ-ray energies [34]. Their intrinsic
brightness, especially during flaring episodes, and the numerous magnetic-field environments
traversed by the photon beam along the line of sight make them excellent targets to search
for ALP signatures. The photon-ALP oscillations may lead to two observables in the energy
spectra of these objects (discussed in the following subsections): a) the γ-ray source flux can
be attenuated due to pair production with low energy photons originating from background
radiation fields [35, 36, 37]. ALPs produced in the vicinity of the source would circumvent this
attenuation, and, if they reconvert to γ rays, could lead to a significant boost of the observed
photon flux, and b) oscillations of the flux should be imprinted in the spectra around Ecrit and
Emax that depend on the morphology of the traversed B fields.

To accurately model the effect of ALPs on γ-ray spectra, a thorough understanding of
the intervening B fields is necessary. Several different B-field environments have been studied
in connection to photon-ALP conversions at γ-ray energies. They cover both coherent and
turbulent magnetic fields, where the turbulent fields are often modeled with a simplified cell-
like structure: each cell has a length equal to the coherence length λ and the magnetic-field
orientation changes randomly from one cell to the next. Starting from the blazar, the considered
B fields include: the B-field in the AGN jet, [38, 39, 40, 41, 32], the turbulent magnetic fields
of the host galaxies (usually found to be elliptical galaxies) that, because of the short coherence
legnth of λ ∼ 0.1 kpc should not contribute significantly to photon-ALP mixing [39, 32], the B
field of the lobes of AGN jets [41, 42], the turbulent B fields of galaxy clusters that might host
the blazar [43, 44, 32], the intergalactic magnetic field (IGMF) [45, 46, 47, 48, 38, 30, 31] (for
which only upper limits exist, B 6 1.7 nG for λ equal to the Jeans’ length [49]), and eventually
the Galactic magnetic field (GMF) of the Milky Way [47, 43], which consists of both a turbulent
and coherent component. Several models for the GMF have been put forward in the literature
[50, 51], with the best-fit values for the model of Ref. [51] recently updated with measurements
of the Planck satellite [52].

2.1 Evidence for a reduced γ-ray opacity?

One predominant radiation field responsible for the attenuation of γ rays originating from
blazars with energies 10 GeV . E . 50 TeV is the extragalactic background light (EBL), which
stretches from UV to far infrared wavelengths [53]. The isotropic EBL photon density is difficult
to measure directly due to strong foreground contamination with zodiacal light [54]. The EBL
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is composed of the emitted starlight integrated over the history of the Universe and the starlight
that has been absorbed and re-emitted by dust in galaxies [55, 56]. The exponential attenuation
scales with the optical depth τ(E, z), a monotonically increasing function with γ-ray energy E,
source redshift z, and EBL photon density (see Refs. [57, 58, 59, 60, 61, 62] for a selection of
EBL models).

Using published IACT spectral data points, several authors have indeed found indica-
tions that state-of-the-art EBL models over-predict the observed γ-ray attenuation. Once
the observed spectrum has been corrected for the absorption utilizing an EBL model, such
an over-prediction would manifest itself by a spectral hardening at energies corresponding
to a high optical depth. Accordingly, one way to search for such a feature is to fit power
laws, φ(E) = dN/dE ∼ E−Γ, with spectral indices Γlow and Γhigh separately to the low
and high energy part of the de-absorbed spectra. If the opacity is over-predicted, the dif-
ference between the spectral indices ∆Γ = Γlow − Γhigh should increase with redshift as the
predicted attenuation increases (this should also holds if the sources get dimmer at higher
energies). The above effect has been found and ALPs have been suggested as a possible solu-
tion [45, 47, 63, 38, 64, 31, 65, 66, 67]. Alternatively, it is possible to search for the spectral
hardening by examining fit residuals χ = (φobs − φ(E)e−τ(E))/σφ of fits of smooth concave,
i.e. non-hardening, functions φ(E) multiplied with EBL absorption to the observed spectra
φobs with flux uncertainties σφ. Again, if τ is overestimated, the fit residuals should display a
positive correlation with optical depth. A 4σ indication for such an effect was found [68, 69]
that could be reduced significantly when photon-ALP oscillations are taken into account [70].
Intrinsic source effects leading to a spectral hardening can fake such a signal (see e.g. Ref.
[71] for one possibility), however, it would be highly contrived if such a hardening occurred in
several sources at exactly the energy where τ > 1.

So far we have summarized observations of spectral hardening at high optical depths that
might hint at photon-ALP oscillations. However, recent analyses could not confirm these results.
Using the largest IACT data set to date, the authors of Ref. [72] repeated the analysis of
Ref. [68] and found no deviation from EBL-only expectations. Furthermore, when including
uncertainties on the IACT energy resolution, and further systematic uncertainties, no spectral
upturn can be observed when comparing Fermi -LAT and IACT spectra (spectra measured
with the Fermi -LAT should be less affected by EBL absorption at low redshift due to the lower
energy range accessible with the satellite) [73]. Using a sample of Fermi -LAT detected blazars
above 50 GeV and up to redshifts of z ∼ 2, again, no evidence for a spectral hardening was
found in Fermi -LAT data [74]. It should be noted that the Fermi -LAT has only detected γ
rays up to τ ∼ 3 [75], whereas the ALP effect should become particularly pronounced for τ & 4
[42].

Future dedicated analyses that search for spectral hardening carried out by the IACT col-
laborations (who have access to the full instrumental response functions and raw data) would be
extremely valuable. This would enable a full likelihood analysis that could provide important
insights not only into ALPs but also into other processes that might alter the γ-ray opacity such
as electromagnetic cascades induced by ultra-high energy cosmic rays [76] or the propagation
of photons through cosmic voids [77].

2.2 ALP-induced spectral irregularities

In case no spectral hardening is observed, it is difficult to constrain the photon-ALP coupling.
The reason is that the non-observation might not be due to the absence of ALPs but due to

Patras 2016 3

MANUEL MEYER

104 PATRAS 2016



a high-energy cutoff of the intrinsic spectrum. This problem is alleviated when searching for
spectral irregularities around Ecrit and Emax as these features should be detectable as long as
the energy resolution is sufficient to resolve the features and that signal-to-noise ratio is high
enough to distinguish the features from Poisson noise.2

Such analyses have been carried out at X-ray [79, 80] and γ-ray energies [44, 81] with observa-
tions of central AGNs in galaxy clusters and groups. The authors employed more sophisticated
B-field models in which the turbulent fields are described with suitable power spectra instead
of cell-like morphologies. The non-observation of such features at X-rays leads to the exclusion
of ALP masses ma < 10−11 eV [79], and ma < 10−12 eV [80] for gaγ & 6× 10−12 GeV−1. These
bounds also apply for lower masses since ωpl � ma, leading to irregularities independent of
ma.3 At γ-ray energies, the strongest bounds on gaγ come from Fermi -LAT observations of
NGC 1275 that are the most constraining limits between 0.5 neV . ma . 20 neV to date [81].
Taken at face value, together with the bounds from the non-observation of irregularities in
H.E.S.S. data of PKS 2155-304 [44] and the absence of a γ-ray burst signal from SN 1987A [84],
the possibility that ALPs alter the EBL γ-ray opacity is already seriously constrained (see Fig.
1).

3 Conclusion and outlook

Blazar observations at γ-ray energies pose a complementary approach to search for ALPs, that
could reveal themselves either through spectral irregularities or a boost of the γ-ray flux that
would otherwise be attenuated through pair production. Current limits, future experimental
sensitivities, and theoretically preferred regions for low mass ALPs are summarized in Fig. 1.

Future observations with CTA [85], HAWC [86], and HiSCORE [87] with their good point
source sensitivities also at energies beyond 1 TeV have the potential to search for ALPs at masses
above 10 neV. Especially CTA will be able to probe the entire parameters space where ALPs
could explain the hints for a low γ-ray opacity [42]. The planned full-sky extragalactic CTA
survey could also be used to search for a spectral hardening correlated with the photon-ALP
conversion probability in Galactic magnetic fields [88].

ALPs could also be searched for with γ-ray observations using sources other than blazars.
Other possible sources to look for traces of ALPs include spectra of pulsars and observations
of pulsar binary systems [89]. Another alternative is to search for a short γ-ray burst from
the next Galactic core-collapse supernova. ALPs would be produced in such an event via the
Primakoff process and subsequently convert into γ rays in the Galactic magnetic field. These
γ rays would arrive simultaneously with the neutrinos produced in the supernova. If such an
event occurs during the lifetime of the Fermi mission and while the supernova is in the field
of view of the satellite (the Fermi LAT surveys ∼ 20 % of the sky at any given moment), it
would be possible to probe couplings down to 2 × 10−13 GeV−1 for masses below 1 neV [90].
Future γ-ray missions such as e-ASTROGAM [91], ComPair [92], or PANGU [93] should even
be more sensitive to such a signal given their accessible energy range and improved point spread
function in comparison to the Fermi LAT.

2Even for magnetic-field configurations in cell-like models that lead to no mixing in the strong mixing regime,
the irregularities would still occur [78].

3Interestingly, the conversions of ALPs from a cosmic ALP background could explain excess diffuse X-ray
emission observed in several galaxy clusters [82, 83].
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Figure 1: The low-mass ALP parameter space. Current bounds are shown in red and include the
non-observations of spectral irregularities at X-ray energies from Hydra A [79] and NGC 1275
[80], at γ-ray energies using the same source with the Fermi LAT [81] and PKS 2155-304 with
H.E.S.S. [44]. Also shown are bounds from the CAST helioscope [94], and haloscope microwave
cavities looking for dark-matter axions and ALPs [95, 96, 97, 98, 99], as well as limits inferred
from globular cluster observations [100], and the non-detection of a γ-ray burst from SN 1987A
[84]. Limits derived from optical polarization measurements (that could also be interpreted as a
preferred region to explain such a polarization) of magnetic white dwarfs (mWD) are shown as
a red dashed line [101]. ALP parameters that could explain a low opacity of the Universe to γ
rays are shown in blue [70] while those that would cause an additional white dwarf (WD) cooling
lie between grey dashed lines [102]. Predicted parameters for one particular QCD axion model
(the “KVSZ” axion [103, 104]) are shown together with an order of magnitude uncertainties
(grey band). Sensitivities of future experiments such as ALPS II [105], IAXO [106] and future
observations with CTA [42] are shown in green along with the parameter space that could be
probed with the Fermi LAT in case of a core-collapse (10M�) supernova (SN) in the Galactic
center (GC) [90]. ALPs with parameters below the black dashed line could account for the
entirety of the cold dark matter [18].
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CUORE is a ton-scale neutrinoless double beta decay (0νββ) experiment based on TeO2

cryogenic detectors that is in the last construction stage at the Laboratori Nazionali del
Gran Sasso. Its primary goal is to observe 0νββ of 130Te, with a projected sensitivity
reaching the inverted hierarchy region of the neutrino mass. Thanks to the ultra-low back-
ground and large projected exposure, CUORE is suitable to other rare event searches, as
solar axions or dark matter direct detection. CUORE-0, a single-tower prototype recently
concluded, has served as a proof-of-concept of the CUORE technology. We present the fi-
nal CUORE-0 results on 0νββ and discuss the status and the physics potential of CUORE
on different rare event searches.

1 Introduction

CUORE (Cryogenic Underground Observatory for Rare Events) [1, 2] is a ton-scale experiment
whose primary goal is to observe neutrinoless double beta decay (0νββ) of 130Te using a large
array of TeO2 cryogenic detectors. This decay [3] is a second-order lepton number violating
process in which a nucleus (A,Z) transforms into (A,Z+2) with the simultaneous emission of
two electrons, that can occur only if the neutrino is a Majorana particle. Its observation
would not only prove the neutrino nature (Dirac or Majorana) and confirm lepton number
violation, but it could also assess the absolute neutrino mass scale. In CUORE, a TeO2 crystal
is simultaneously the source of the decay and the detector that measures the energy deposited
by the two electrons, which results in a peak centered at the transition energy Qββ (around
2528 keV for 130Te). The CUORE technology was proven by Cuoricino, that with 40 kg of
TeO2 and 19.75 kg×yr of 130Te exposure set a lower limit to the 0νββ half-life of 2.8×1024 yr
(90% C.L.) [4]. It also revealed that the background in the region of interest (RoI) around
Qββ was dominated by surface contaminations in the crystals and near surfaces (mainly the
copper structures that hold the crystals). Therefore, for CUORE we implemented very strict
protocols for the materials cleaning and assembly. The first tower constructed according to the
new standard CUORE procedures was operated in the Cuoricino cryostat as an independent
experiment called CUORE-0, and served not only as proof-of-concept of the complete CUORE
cleaning and assembling line, but was a 0νββ search on its own.
CUORE is currently in the last phase of construction at Laboratori Nazionali del Gran Sasso
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(LNGS), in Italy, and is expected to start operations by the end of 2016. With its ultra-low
background ton mass, it could also serve as an observatory for other rare searches like solar
axions and dark matter (DM).
In the following we report on the CUORE-0 results (Sec. 2), we revise the CUORE physics
potential on axions and dark matter searches (Sec. 3) and finally we give an update on CUORE
status (Sec. 4).

2 CUORE-0 results

CUORE-0 is an array of 52 TeO2 crystals of 750 g each, for a total mass of 39 kg (11 kg of
130Te). It was operated in the same experimental setup that hosted Cuoricino, at LNGS, from
March 2013 to March 2015 for a total exposure of 35.2 kg×yr. A complete description of the
detector construction and experimental details can be found in [5].
The success of the new cleaning procedures was soon evidenced in the background spectrum
(see it compared with the Cuoricino one in Fig. 1, left). The γ component, that is the major
part of the background below 2615 keV, originates in the cryostat and so it is practically the
same for both experiments. Above that energy, background is dominated by degraded α decays
coming from surfaces near the detector. We measured the rate in the α region (evaluated from
2700 keV to 3900 keV, excluding the 190Pt α line coming from a bulk contamination in the
crystals) to be 0.016±0.001 counts/(keV×kg×yr). That means a factor of 6.8 improvement over
Cuoricino. The energy resolution, evaluated on the 208Tl line at 2615 keV during calibration
runs with 232Th source, was 4.9 keV FWHM.
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Figure 1: Left: CUORE-0 (red histogram) and Cuoricino (black line) backgrounds. The γ
component, below 2615 keV, is originated in the cryostat, the same for both experiments, while
there is a strong reduction in the α component above this energy. Right: CUORE-0 data and
the best fit model (solid blue line) in the RoI. The normalized residuals are shown above. The
peak at 2507 keV is due to 60Co and the dash-dotted line indicates the Qββ .

We kept the CUORE-0 RoI blinded until the sensitivity surpassed the Cuoricino one. Then,
after fixing the data selection cuts and the 0νββ analysis procedure, we unblinded the RoI and
performed an unbinned extended maximum likelihood fit. The final results can be found in [6]
and a detailed revision of the analysis procedures in [7]. The result is displayed in the right
panel of Fig. 1: There is no excess of events in the RoI, and our best fit limit on the 0νββ
half-life of 130Te is T1/2 >2.7×1024 yr at 90% C.L. This is consistent with our median expected
90% C.L. sensitivity of 2.9×1024 yr. Combining this result with that of Cuoricino, we obtain
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the best limit up to now for 130Te: T1/2 >4.0×1024 yr at 90% C.L. Using recent nuclear matrix
elements (NME) calculations (see [6] and references therein) this limit is converted onto an
upper limit on the effective Majorana mass mββ <270-760 meV (see Fig. 2).

3 Other rare event searches with CUORE

Figure 2: Allowed regions for the effec-
tive Majorana neutrino mass for the nor-
mal and inverted hierarchies, CUORE-
0+Cuoricino 90% limit and expected
CUORE 90% sensitivity (5 years live time).

Other rare event searches, like solar axions or
DM direct detection, demand an energy thresh-
old ≤10 keV. In Cuoricino, it was of the order of
several tens of keV. Since then, we have done a
large effort to reduce the threshold in CUORE-
like crystals. In [8], we developed a new trigger
based on the continuous application of the opti-
mum filter [9] to the data stream. The filtered data
has improved signal-to-noise ratio, so the trigger
level can be notably decreased. This procedure
was applied to one of the test runs that were per-
formed on the CUORE crystals in order to asses
their background and performances [10], carried
out in an R&D cryostat not specially design for low
background measurements. The result was 3 keV
threshold in 3 over 4 crystals and a background at
low energy ranging from 25 counts/(keV×kg×day)
at 3 keV to 2 counts/(keV×kg×day) at 25 keV,
with a peak of unknown origin at 4.7 keV [11].

TeO2 is not a scintillator, so it is not possible
to reduce background by electron vs nuclear recoil
event-by-event discrimination based on the differ-
ent light yield, but annual modulation analysis is
possible thanks to the large exposure and projected stable condition over at least 5 years of
data-taking. The projection of the measured background and threshold to the exposure of the
whole experiment [11] indicates that CUORE could explore the parameter region pointed out
by the positive result of the DAMA experiment [12]. CUORE could also look for solar axions
through the Primakoff effect in the electric field of the crystal. We envisage two detection
strategies: to search for the 14.4 keV peak coming from the iron M1 line [13], and to use the co-
herent Primakoff conversion that appears when the incident angle of the axion flux with respect
to the crystalline plane fulfils the Bragg condition as the Earth rotates, producing a variable
counting rate. CUORE prospects for both strategies can be found in [14] and [15] respectively.
Currently we are working on the analysis of CUORE-0 data with the optimum trig-
ger. Preliminary results [16] indicate a background in the low energy region of about
1-2 counts/(keV×kg×day) and thresholds of the order of 10-20 keV.

4 CUORE status and prospects

CUORE is currently in the last stage of construction at LNGS. The cryostat commissioning was
completed on March 2016. The 19 towers, that were assembled and instrumented by 2014 and
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since then stored underground inside nitrogen flushed bags, have been installed in the cryostat
in August 2016, so we hope CUORE to start operations by the end 2016. The background
reduction measured in CUORE-0 demonstrates the validity of our cleaning procedures. Thanks
to the closed-packed structure of CUORE with respect to CUORE-0, our background models
predict that the 0.01 counts/(keV×kg×yr) background goal in the RoI is within reach. This
corresponds to a sensitivity of 9.5×1025 yr at 90% C.L. in 5 years, and a range in mββ of
50-130 meV (see Fig. 2). CUORE could also look for solar axions and explore the parameter
region pointed out by the DAMA positive annual modulation signal.
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We consider the design of a haloscope experiment (ORGAN) to probe for axions at 26.6
GHz. The motivation for this search is to perform the first direct test of a result which
claims a possible axion signal at this frequency. There are many technical issues and
optimisations that must be considered in the design of a high mass axion haloscope. We
discuss the current status of the ORGAN experiment, as well as its future. We also discuss
low mass axion haloscopes employing lumped 3D LC resonators.

1 Introduction

Axions are a well known solution to the strong CP problem in QCD, proposed by Peccei and
Quinn in 1977 [1]. In addition to providing an elegant solution to the strong CP problem, the
axion is a compelling dark matter candidate [2]. Many searches for axions are currently under-
way, employing a variety of detection techniques. One such technique, known as a haloscope,
exploits the axion-two photon coupling, in a process known as the inverse Primakoff effect. For
an in depth discussion of haloscopes see [3, 4]. The Frequency and Quantum Metrology group
at the University of Western Australia is constructing a haloscope to scan for high mass axions,
with corresponding photon frequencies around 26 GHz. One motivation for this search is to
perform the first direct test of a claimed potential axion signal [5]. This work suggests that
axions entering the weak link region of Josephson junctions be responsible for the anomalous
Shapiro step-like features seen in a number of experiments. It is claimed that axions with a
mass of roughly 110 µeV could create such an effect. This result is surprising, and has been
considered potentially spurious, however, as the axion resides in a large and almost unbounded
parameter space any candidate signals merit further investigation. Designing a haloscope at
high mass presents many difficulties, which can be understood when one considers the expected
power in a resonant cavity due to axion conversion (eq. 1) [3].

Pa = g2aγγ V B2 ρa
ma

C Q (1)

Where V is the detecting cavity volume, B is the strength of the magnetic field, ρa and ma

are the local axion density and axion mass respectively, Q is the loaded cavity quality factor
(provided it is less than the expected axion quality factor of ∼ 106) and C is a mode dependent
form factor. Firstly, the resonant frequencies of cavities are inversely proportional to radius, and
thus the detector volume decreases with higher frequencies. Furthermore, the quantum noise
limit and surface resistivity of metals increase at higher frequencies, thus increasing the level
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Figure 1: The product of form factor and volume for TM0n0 modes at a frequency of 1 GHz,
for a cavity length of 1 m.

of background noise from amplifiers, and decreasing the mode quality factor. Our experiment,
ORGAN, is nearly ready to commence its initial pathfinder experiment, and we have recently
secured ARC funding through the Centre of Excellence for Engineered Quantum Systems, which
will enable us to continue this work.

2 ORGAN: status and future

The CryOgenic Resonant Group Axion CoNverter is a haloscope experiment with the goal
of synchronizing and combining many resonant cavities, in order to achieve sensitive axion
searches at high frequencies, 20 GHz and beyond. The pathfinder experiment will explore a
narrow region around 26.6 GHz. For this initial run, a single copper resonant cavity will be
employed. This cavity has a radius of ∼1 cm, and a length of 5 cm. The TM020 mode frequency
of this cavity is 26.55 GHz at 20 mK. A radially moving metallic rod will provide ∼1 GHz
of tuning, which is enough to cover the entire range of the Beck result [6]. Commonly the
TM010 mode is chosen for axion haloscopes, as the form factor, C010, is highest for this mode.
Whilst the form factor decreases for higher order TM modes, the corresponding cavity radius
at a given frequency increases, which leads to an increase in volume. For a given cavity length
and a given desired mode frequency the product of C and V can be shown to be essentially
constant, as displayed in fig. 1. The result of this is that there is no overall decrease in sensitiv-
ity associated with the form factor decrease in a higher order TM mode. Furthermore we have
found, and it has been discussed elsewhere [7], that cavities with lengths greater than ∼5 times
their radius are disadvantageous to use in haloscope searches, as many length dependent modes
crowd around the detector mode, making mode identification and tuning difficult. When this
is considered it may be advantageous to employ higher order modes, as the larger radius means
a larger allowable length, which means a larger C V product. The limitation to this approach
is the space within the magnet. After the pathfinder run, the experiment will undergo several
phases. Figure 2 outlines the projected sensitivity, and details the experimental parameters of
the different phases. Many proposals for high frequency haloscopes require synchronisation of
multiple cavities [8], this provides an engineering challenge in practice. We have been exploring
novel techniques to achieve this kind of synchronisation, whilst simultaneously improving the
signal to noise ratio of axion signals. Cross-correlation measurements are two channel measure-
ment schemes where the cross-spectrum is computed, rejecting uncorrelated noise sources while
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Figure 2: Projected exclusion limits for ORGAN. Aa and Ab represent searches with the current
equipment, utilizing 2 cavities. B, C and D represent later phases. Changes include moving
from 2 to 8 cavities, implementing a quantum limited JPA in place of the existing amplifier,
upgrading the magnet from 7 T to 14 T and improving the quality factor of the cavity using
lower loss materials. X, Y and Z represent larger searches at high frequency, with similar
experimental scale-ups.

still retaining correlated signals such as those generated in multiple cavities by axion conver-
sion. Cross-correlating signals from multiple cavities, each with their own amplification chain,
presents a method of effectively power combining multiple cavities which can be spatially well
separated. It is important to note that this technique alone does not provide an improvement
over traditional power summation methods. However, for large numbers of resonators we can

achieve an improvement. For n cavities there are n(n−1)
2 independent cross-spectra. In each of

these cross spectra, the mean of the background noise level is lower, the resolution of a candi-
date signal is higher, and the standard deviation of the background noise is also higher, when
compared with a single channel. If we define SNR as the difference between the peak of the
signal and the mean of the background noise, divided by the standard deviation of the back-
ground noise, a cross-spectrum provides a factor of 2 improvement in SNR, which is the same as

a Wilkinson power combiner. However, if we take these n(n−1)
2 independent cross-spectra and

average them, we can achieve a factor 2
√

n(n−1)
2 improvement in SNR, as this averaging process

decreases the standard deviation of the background noise. This effect is shown in fig. 3. For a
further discussion of this see [9] (update forthcoming). Further research into, and incorporation
of this technique is a long term goal of the ORGAN experiment.

3 New experiments: low mass axion detection

Our group is developing proposals for new haloscope experiments. One such recent proposal [10]
considers lumped 3D LC resonators. These resonators, commonly known as re-entrant cavi-
ties [11] consist of metallic cavities containing a central post or ring, and a small gap between
the top of this post or ring and the top of the cavity. Adjusting the size of this gap tunes
the resonant frequency of the cavity over a large frequency range, which makes these structure
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Figure 3: Data from a proof of concept experiment. The PSD is the power spectral density for
a single channel with a simulated axion signal injected, the XPSD is the cross-power spectral
density for two of the channels, whilst the AXPSD is the averaged cross-power spectral density
for the 6 independent cross spectra computed from 4 separate channels.

very appealing for axion searches. These structures are readily implementable inside existing
haloscope infrastructure, and can reach promising low mass axion regimes. Our proposal [10]
discusses the optimisation of such an experiment, and presents possible axion exclusion limits
should such a search be undertaken.

4 Conclusion

The FQM group at UWA is developing high and low mass haloscopes. The ORGAN experiment
will soon commence its path-finding run, which consists of a single copper resonant cavity
employing a traditional low-noise amplifier and a TM020 mode for detection. The early stages
of the ORGAN experiment will focus on directly testing the claimed Beck result, followed by
a wider scan at high frequency. As a part of the future of this experiment we are developing
cross-correlation techniques to increase sensitivity. Furthermore, we are pursuing research into
new, novel haloscope designs, with the aim of developing systems to sensitively search for axions
over many different regions of the parameter space.
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DARWIN (DARk matter WImp search with Noble liquids) is a future multi-ton scale detec-
tor for the direct detection of Weakly Interacting Massive Particles (WIMPs). The detector
will be based on a xenon dual-phase time projection chamber (TPC) with simultaneous
charge and light readout. The goal is to build the ultimate detector for WIMP masses
&5GeV/c2, whose sensitivity will only be limited by the irreducible neutrino background.
This work focuses on the physics reach and backgrounds related to DARWIN.

1 Setup

The DARWIN detector [1] will employ a dual-phase TPC with a 40 t liquid xenon (LXe) target.
The TPC consists of PTFE reflectors, OFHC Cu field shaping rings and is housed in a stainless
steel or titanium cryostat. In the baseline design, the LXe scintillation light will be detected
by two arrays of photomultiplier tubes (∼1800× 3 inches or ∼1000× 4 inches). Alternative
light detectors like gaseous photomultipliers (GPMs) or silicon photomultipliers (SiPMs) are
the subject of ongoing R&D [9]. The cryostat is housed in a water Cherenkov shield with 14 m
diameter (see Fig. 1). An additional liquid scintillator shield is under study.

Figure 1: Sketch of the DARWIN detector. The cryostat containing the LXe target is housed
inside a water Cherenkov shield. The optional inner shield contains liquid scintillator.
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2 WIMP Physics

The primary goal of DARWIN is the detection of galactic WIMPs via scattering off the xenon
target nuclei. In Fig. 2 we show the projected sensitivity for spin-independent and spin-
dependent WIMP-nucleus scattering. The study assumes a 99.98% electron recoil (ER) rejection
at 30% nuclear recoil (NR) acceptance for a 30 t fiducial volume (FV). With an exposure of
200 t y, a spin-independent sensitivity of 2.5 × 10−49 cm2 can be reached at a WIMP mass of
40 GeV/c2. For spin-dependent WIMP-neutron couplings and WIMP masses up to ∼1 TeV/c2,
DARWIN will be complementary to the searches conducted by the future high-luminosity LHC,
at 14 TeV center-of-mass energy [2].
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Figure 2: Projected sensitivity of DARWIN for spin-independent (left) and spin-dependent
(right) WIMP-nucleus scattering.

3 Backgrounds

The primary backgrounds of DARWIN include ER background from internal contamination
and solar neutrinos as well as NR background from radiogenic neutrons and coherent neutrino
nucleus scattering (CNNS) of solar and atmospheric neutrinos.

The expected single-scatter nuclear recoil rate from radiogenic neutrons is about 3.8 ×
10−5 t−1 y−1 keV−1. To reach this background level, the radioactivity of current detector ma-
terials like PTFE and PMTs has to be improved by a factor of 2-5 [3].

CNNS of solar and atmospheric neutrinos poses as an unavoidable background that will
ultimately limit the sensitivity of any non-directional WIMP search experiment. For low-
mass WIMPs (.8 GeV/c2) the main background comes from 8B solar neutrinos with a steep
exponential spectrum which depends highly on the achievable threshold and energy resolution.
At higher energies the background is dominated by atmospheric neutrinos with a fairly flat
spectrum and a rate of ∼ 10−3t−1 y−1 keV−1.

The ER background in DARWIN will be dominated by neutrino-electron scattering of solar
pp-neutrinos and 7Be neutrinos at the level of ∼26 t−1 y−1 in the low-energy, dark matter signal
region of the detector [4]. Other ER backgrounds come from intrinsic contamination with 85Kr
and 222Rn. For the sensitivity study shown in Fig. 2 a natKr concentration of 0.1 ppt has been
assumed. Even lower concentrations have been already achieved by the Kr removal apparatus
of XENON1T [5]. The biggest challenge is the 222Rn contamination which has to be reduced
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to 0.1 µBq/kg. This is about a factor of 40 lower than the lowest concentration achieved so far
in LXe by the EXO experiment [6].

4 Other Rare Event Searches

As a large scale low-background detector DARWIN will also be suited for other rare event
searches in the field of neutrino and axion physics.

Because of its low ER background DARWIN can search for solar axions and galactic axion
like particles (ALPs) via the axio-electric effect. For solar axions, the estimated sensitivity for
the axion-electron coupling is gAe < 10−12 for axion masses 10−5−1 keV/c2. For galactic ALPs
a sensitivity of gAe < 10−14 for axion masses 1 − 40 keV/c2 can be reached.

The first real-time measurement of the solar pp-neutrino flux has recently been achieved
by the BOREXINO experiment [7]. A precision measurement of the pp-neutrino flux would
test the main energy production mechanism in the sun. DARWIN will be able to measure the
solar pp-neutrino flux through elastic neutrino-electron scattering with a precision of 1% after
5 years.

Studying neutrinoless double beta decay can be used to investigate the neutrino mass hier-
archy and determine whether neutrinos are Majorana particles. The isotope 136Xe is interesting
candidate for neutrinoless double beta decay with a natural abundance of 8.9%. Even without
isotopic enrichment DARWIN will be able to reach a half-life limit T1/2 > 8.5 × 1027 y with an
exposure of 140 t y.

Another interesting physics case would be the detection of neutrinos from a galactic su-
pernova. A possible detection channel is via CNNS which provides sensitivity to all neutrino
flavors. Due to the short burst time of a supernova the expected background is negligible. For a
27M� supernova at 10 kpc distance approximately 700 neutrinos can be detected by DARWIN
[8].

5 Conclusion

The goal of the DARWIN collaboration is to build the ultimate WIMP detector. After an ex-
posure of 200 t y it will provide a sensitivity for the spin-independent WIMP-nucleon scattering
cross section of 2.5 × 10−49 cm2 at a WIMP mass of 40 GeV/c2. DARWIN will also provide
important results for many other rare event searches like the neutrinoless double beta decay of
136Xe or solar axions and galactic ALPs. It will also provide a real-time precision measurement
of the solar neutrino flux and serve as neutrino detector for a galactic supernova.
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The COSINE collaboration is preparing to test an annual modulation signal of the DAMA/LIBRA
experiment unambiguously, with a 4×2 array of low-background NaI(Tl) crystals at the
Yangyang Underground Laboratory, South Korea. We have studied more than ten NaI(Tl)
crystals as part of an R&D program aiming to reduce internal backgrounds. The first phase
of experiment with a ∼106 kg array of NaI(Tl) crystals (COSINE-100) is under preparation
to be started by summer, 2016.

1 The COSINE Experiment

COSINE is a joint experiment between KIMS-NaI and DM-ICE to prove or refute an annual
modulation of the DAMA/LIBRA [1] experiment using same NaI(Tl) crystals. DAMA/LIBRA
shows statistically compelling, 9.3 σ, signals at 2-6 keV energy region with single hit event.
However other experiments, such as LUX [2], Super-CDMS [3], KIMS-CsI [4, 5], XMASS [6],
did not observe positive signals from WIMP interaction which are conflict with interpretation of
the DAMA/LIBRA signal as a WIMP-nucleon interaction. However, it is possible to explain all
results due to non-trivial systematic differences in detector responses and possible modifications
of halo and dark matter model. Therefore it is necessary to have another experiment using same
NaI(Tl) crystals without any dependency on models.

2 Development of NaI(Tl) crystals

In order to achieve better sensitivity than DAMA/LIBRA, it is necessary to achieve low energy
threshold as well as to reduce internal background. We have developed low-background NaI(Tl)
crystals with less than 2 keV energy threshold [7, 8], especially reduced internal contaminations
of 238U, 232Th, 210Pb and 40K.

2.1 Liquid Scintillator Veto

Apart from the effort to reduce internal radioisotope contaminations of crystals, we developed
technique to reduce backgrounds from surrounding materials as well as internal backgrounds
with multiple gamma and beta decays in which we used liquid scintillator (LS) as an active veto.
If we immerse crystals in LS, there are two benefits. First, LS can acts as an additional shield
for external background. Second, LS can acts as an active veto to tag internal backgrounds
caused by radioactive decays inside NaI(Tl) crystals. Especially internal 40K decay generate
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∼3keV X-ray and 1460 keV γ-ray. If γ-ray escapes the crystal, 3 keV X-ray can mimic WIMP
signals in the region of interest. However, LS can tag escaped γ-ray in which we can effectively
reduce the low energy contribution from 40K decay. Before finishing the final design of the full
shielding structure, we built a prototype active veto detector to verify its performance. With
about 20-cm-think LS, the detector tagged 48 % of the internal 40K background in the 0-10 keV
energy region. We also estimated about 60 % tagging efficiency for external background. At
the COSINE detector with 40 cm thickness of LS veto system, we expect about ∼80 % tagging
efficiency for internal 40K as well as external background. With further reduction of 210Pb, it
is possible to achieve less than 1 counts/keV/kg/day (dru) background level.

3 Detector

A COSINE detector was constructed from Jan to Jun, 2016 and we started dry run without LS.
We installed 8 NaI(Tl) crystals, total amount of ∼106 kg, a 4×2 array with acrylic supporting
structure at inner most part of the shielding. We attached two, 3-inch Hamamatsu Photo-
multipliers (PMTs) to individual crystal. Whole crystals will be submerged inside ∼2000L of
LS [9]. 40-cm-thick LS, which will be filled with acrylic box inside of Cu, acts as an active
veto system with total 18, 5-inch PMTs. We installed four, stainless steel calibration rod to
across entire acrylic box for energy calibration. We made needle shape calibration sources with
specially designed capsule of 241Am, 137Cs, 57Co, and 60Co [10]. Each calibration rod is located
between two adjacent crystals, and we can calibrate both two crystals at once. At outermost,
we installed total 37 plastic scintillator panels with 42, 2-inch PMTs (muon detector panels),
surrounding lead shield with 4π coverage, to tag muon. Top muon detector panels are relatively
longer than other muon detector panels, so we installed two, 2-inch PMTs at each side of only
top muon detector panels. Figure 1 shows installed COSINE detector with the NaI(Tl) crystals
inside.

3.1 Data Acquisition (DAQ) System

We used 500 MHz Flash Analog-To-Digital Converters (FADCs) to acquire data of the NaI(Tl)
crystals while charge sensitive ADCs were used for the muon detector panels and LS veto.
Root based DAQ program were developed to store data. The FADC has 2.5 V wide dynamic
range and 12-bit high resolution. The charge sensitive ADC also has same dynamic range and
resolution. Field Programmable Gate Arrays (FPGA) inside the FADC and ADC generated
trigger signal for each module. The trigger signal from each module was sent to Trigger Control
Board (TCB) in which a global trigger was decided. The global trigger with timing information
was sent to all FADCs and/or ADCs at the same time.

4 Sensitivity

With ∼106 kg of NaI(Tl) crystals and measured background [7, 8], we calculated expected
sensitivity of the COSINE-100 experiment. We assumed 2 dru flat background for ∼50 kg of
crystals and 4 dru flat background for another ∼50 kg of crystals. We calculated both 2-20 keV
energy and 1-20 keV energy ranges. Figure 2 shows the expected sensitivity of the COSINE-100
experiment. With 1 keV energy threshold and 2 years operation, we can achieve comparable
sensitivity with DAMA/LIBRA allowed region.
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5 Summary

We developed the low background NaI(Tl) crystals and constructed COSINE-100 detector. We
installed total ∼106 kg of the NaI(Tl) crystals and started dry run. With 2 years of data taking
and 1 keV energy threshold, we expect to search DAMA/LIBRA allowed region with same
NaI(Tl) crystals.
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Figure 1: Left : Side view of the COSINE detector. Outermost we installed 37 plastic scintillator
panels to tag muon with 4π coverage. Each panel, we attached one (or two for only top panel)
2-inch PMTs. Inside muon detector panels, we have 20-cm-thick lead shielding, and 3-cm-thick
copper box. Inside the copper box, we installed LS veto that will contain ∼2000 L of LS inside
acrylic box which will be shown with 18, 5-inch PMTs. Right : We installed NaI(Tl) crystals,
a 4×2 array, inside acrylic box. Two, 3-inch PMTs were attached at each side of individual
crystal. NaI(Tl) crystal is hygroscopic, so each crystal was encapsulated with copper to prevent
any contact with air. PMTs also sealed with copper end cap to prevent any leakage when
immersed into LS. We attached vikuiti sheet on copper surface and inner surface of acrylic box
to increase light collection efficienty of LS veto layer.

Figure 2: Expected sensitivity of the COSINE-100 experiment with 2 years of data taking. We
assumed 2 dru flag background of ∼50 kg of crystals and 4 dru flag background of another ∼50kg
of crystals. DAMA/LIBRA allowed regions are depicted with blue contours, corresponding to
90% C.L., 3σ, and 5σ. Red dashed line describes expected sensitivity of COSINE-100 for 2-20
keV energy range and black dashed line shows 1-20 keV energy range, corresponding to both
90% C.L.. Green and yellow bands describes 1σ and 2σ ranges of 1-20 keV case.
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2Institut Néel (IN), CNRS & Université Grenoble Alpes, France,
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A new haloscope for Axion dark-matter search is under study using in a first step the
large bore superconducting magnet in construction at the LNCMI in Grenoble, which will
produce 9 T in 812 mm diameter and 1400 mm height. Microwave cavities of high quality
factor Q ∼ 105 − 106 will be developed at CAPP/IBS in Daejeon. Low-noise microwave
amplification of the signal will be ensured by DC superconducting quantum interference
devices (SQUID) or/and Josephson parametric amplifiers (JPA) cooled-down to 20 mK
by a 3He/4He dilution refrigerator. This new haloscope will be designed to probe QCD
dark-matter Axions in the mass range of 1-100 µeV with unprecedented sensitivity.

1 Introduction

A light axion represents one of the most serious cold dark matter candidates and the only non-
supersymetric one. It can also solve the strong CP problem [1]. Pierre Sikivie has demonstrated
in 1983 that if invisible axions constitute the dark matter of our galactic halo, they can be
detected in the laboratory from their conversion to monochromatic photons in a microwave
cavity permeated by magnetic field [2]. The signal power to be detected is simply given by:

P = g2Aγγ(ρhalo/mA)B2V CQ/2 (1)

with gAγγ the unknown axion di-photon coupling constant, ρhalo ≈ 450 MeV/cm3 the density
of dark matter, mA ≈ 10−6 − 10−3 eV/c2 the axion mass range as dark matter candidate,
B2V the square of the magnetic field B multiplied by the volume V of the cavity, C ≈ 0.5 the
cavity mode form factor and Q ∼ 105 − 106 the cavity quality factor. The resonant conversion
condition is achieved when the frequency of the cavity is equal to the mass of the axion, i.e.
hν = mAc

2[1 + O(β2)/2], where β ≈ 10−3 is the galactic virial velocity and h the Planck
constant. The signal is thus monochromatic to 10−6 limiting the interest of high Q to 106. The
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search of axions is performed by tuning the cavity frequency in small overlapping steps and
the time integration at each scanned frequency is one of the key limiting factors. The signal to
noise ratio (SNR) is of prime importance. In the continuous wave conditions it is given by [3]:

SNR = (P/kBTsyst)(t/∆ν)1/2 (2)

with P the detection power in the range of 10−23 W, kB the Boltzmann constant, Tsyst = T+TN ,
i.e. the sum of the physical temperature T and the intrinsic amplifier noise temperature TN ,
t the time integration and ∆ν the frequency bandwidth. The haloscope road is being pushed
forward by the ADMX collaboration with first study around 1994 [4] and last published results
in 2011 [5] following the pioneering work at BNL, FNAL [6] and at Florida University in the
late 1980′s [7]. The main figures of merit for haloscope emerging from equations (1) and (2)
are B2V and Tsyst requiring developments of a high field magnet and working at temperature
in the range of a few tens of mK. States of the art cavities with Q reaching 106 have also to be
developed as well as ultra-low noise amplifier working at the quantum limit and even beyond.

2 The Grenoble hybrid magnet and its large bore super-
conducting outsert

The Grenoble hybrid magnet under construction in collaboration with CEA Saclay will be a
modular experimental platform offering various possibilities of maximum field values and useful
warm bore diameters [8]. From the combination of resistive polyhelix and Bitter coils with a
large bore superconducting one, a maximum field of at least 43 T will be produced in a 34 mm
diameter aperture using 24 MW of electrical power. By combining the Bitter insert alone with
the superconducting coil, another hybrid magnet configuration will allow to produce 17.5 T in
a 375 mm diameter aperture with 12 MW of electrical power. Finally, the superconducting
coil alone will provide a maximum field of 9 T in 812 mm diameter and 1400 mm height bore.
The superconducting coil is based on the Nb-Ti and superfluid He technologies. It requires
a dedicated He liquefier with a production capacity of 140 l/h [9]. The resistive magnets are
cooled with a water flow of 300 l/s.

Compared to other haloscopes such as ADMX [4, 5], the superconducting outsert magnet
alone offers an unprecedented value of B2V ≈ 40 T2m3. A further increase of B2V up to
75 T2m3 is possible but would imply major changes in the structure of the Grenoble Hybrid
Magnet as well as significant investments, which might be considered at a later stage. On
another hand, adding the resistive magnets can allow further unique possibilities for this new
haloscope to probe axion of larger mass using higher magnetic fields.

3 RF cavity developments at CAPP/IBS

Large magnet bore allows according to equation (1) large cavity volume to enhance the axion
signal to be detected. However as the TM010 frequency, and thus the axion mass, scales inversely
with the cavity radius, probing the whole dark matter axion mass range implies the use of
several cavities of different radius. Indeed for a single cavity equipped with conducting rods, its
resonant frequency can be typically varied by a factor of about 2. Examples of various RF cavity
configurations that can fit within the large bore superconducting magnet are shown in Fig. 1.
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Figure 1: Schematic view of possible RF cavity
arrangements within the superconducting magnet
aperture with the corresponding resonant frequen-
cies converted in axion mass.

The simultaneous use of several cavities
implies a coarse tuning of all cavities at
the same frequency with phase match-
ing but also individual fine tuning with
proper control for each single cavity. In a
first step, the optimal selection of five of
the cavity configurations shown in Fig. 1,
will allow scanning continuously the ax-
ion mass in the range from 1.4 to about
15 µeV. RF cavities with high quality
factor Q ≈ 105 − 106 have to be built to
amplify the signal. This requires further
developments to improve the Q factor of
typical copper cavities or/and develop-
ing superconducting ones. This consti-
tutes one of the main ongoing R&D pro-
grams at CAPP/IBS [10] with informal
collaboration with CERN.

4 Developments of ultra-low noise amplifiers in the range
0.3-10 GHz

One of the main figures of merit of an amplifier is its input noise temperature (TN ). It is defined
as the power spectral density at the output of the amplifier divided by its gain, with a matched
load at the input of this latter. This parameter is of high relevance, since for Tsyst ≈ TN
inserted in equation (2) the time t required to obtain a given SNR is proportional to T2

N . In
the microwave range, the best performances are obtained using cryogenic devices such as high
electron mobility transistor amplifiers [11], SQUID-based amplifiers [12] or parametric devices
[13]. To achieve the lowest possible TN , Josephson parametric amplifiers (JPAs) have become
the technology of choice for the supGHz range. Indeed its possible to reach the quantum limit
of amplification using such devices [14], as it was demonstrated in various experiments around
the world such as [15]. Moreover they can be fabricated using standard lithography techniques
and their operating frequency can be adjusted in-situ to follow the one of the resonant cavity.

5 Dilution refrigerators and cryostats

According to equation (2), large SNR requires ultra-low temperature of the overall system at
the limit of cryogenic achievements. Not only the quantum amplifier but also the RF cavities
have to be cooled typically down to 20 mK. Based on extensive experiences in building 3He/4He
dilution refrigerators as well as dedicated cryostats for large underground detectors [16] and
space mission such as Planck [17, 18] Néel Institute can provide the required technical expertise
and support. The warm magnet aperture needs to be filled with a dilution cryostat optimizing
the 20 mK volume for the RF cavity. From a first-cut design of the larger cryostat fitting with
the warm superconducting magnet bore, 5 temperature stages from 300 K down to 20 mK with
10 mm space in between are needed, resulting in ≈40 mm radius loss over 812 mm for the axion
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detection volume. Cryostat with LHe flow and with LHe bath will be both considered with the
aim to select the most compact solution. No show stopper has been identified to manufacture
the dedicated 3He/4He dilution refrigerator needed to cool down large cavity volumes.

6 Conclusion

The QCD dark-matter Axion is within gunshot range. The sensitivity of the new haloscope un-
der study is expected reaching for the first time the ultimate Dine-Fischler-Srednicki-Zhitnitsky
(DFSZ) limit [19]. Important topics have not been addressed in this paper such as for example
the coil to compensate the magnetic field at the level of the quantum amplifier, the overall ex-
perimental layout but also and mostly the full exploitation of the various maximum field values
and bore diameters provided by the Grenoble hybrid magnet under construction. This latter
point will be described in a separated paper. The next steps of this project will be the signature
of a MoU between participants and the definition of the first haloscope configurations.
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The Any Light Particle Search II (ALPS II) is an experiment that utilizes the concept of
resonant enhancement to improve on the sensitivity of traditional light shining through
a wall style experiments. These experiments attempt to detect photons passing through
an opaque wall by converting to relativistic weakly interacting sub-eV particles and then
reconverting back to photons. ALPS II at DESY in Hamburg, Germany will use dually res-
onant optical cavities before and after the wall to increase the probability of this interaction
occurring. This paper gives a technical overview and status report of the experiment.

1 Introduction

The Any Light Particle Search II (ALPS II) is a light shining through a wall experiment that
will search for WISPs (Weakly Interacting Sub-eV Particles) in the mass range below 1 meV [1].
Experiments of this type feature a light source shining at an opaque wall or optical barrier and
then attempt to observe this light passing through the barrier. A few of the photons from the
light source will convert to relativistic WISPs which then traverse the wall and after the wall
some of these WISPs will then reconvert back to photons to create a measurable signal. For
some classes of particles a magnetic field is necessary for these interactions to take place.

A previous light shining through a wall experiment, ALPS I, featured a Production Cavity
(PC) to increase the number of photons circulating in the region before the wall. ALPS II will
be the first experiment to use a Regeneration Cavity (RC) to resonantly enhance the probability
that WISPs will reconvert back to photons after the wall [2]. This requires that the PC and RC
share the same resonant frequency and Eigenmode such that 95% of the light from the PC would
couple to the RC if it were directly incident on it. This must be accomplished without allowing
any of the photons circulating inside the PC to breach the wall and enter the regeneration side
of the experiment as they will be indistinguishable from the signal photons we are attempting
to measure. This paper gives a brief overview and technical status report for ALPS II.

2 Experimental design

ALPS II is currently being constructed in two stages. The first stage, ALPS IIa, will feature
10 m cavities with no magnets to test the optical subsystems related to maintaining the dual
resonance of the PC and RC as well as single photon detection schemes at the output of
the RC. Even though ALPS IIa will not be sensitive to axion-like particles due to the lack of
magnets, it will represent the most sensitive search to date for hidden photons in the mass
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Figure 1: ALPS IIc simplified design.

range mγ′ > 5 × 10−5 eV [1]. ALPS IIc, the second stage, represents the full scale experiment
using 100 m cavities with light propagating through high magnetic fields.

A simplified diagram of the ALPS IIc design is shown in Figure 1. The PC can be injected
with up to 35 W of 1064 nm light from a laser system composed of a non-planar ring oscillator
with a Nd:YVO4 amplification stage. With a power buildup factor of roughly 5000 there will be
150 kW of power circulating in the PC. A feedback control system will maintain the resonance
condition of laser with respect to PC length by actuating on the laser frequency.

The RC will have a power buildup factor of 40,000 for 1064 nm light. Since none of the light
circulating in the PC is allowed to couple into the RC a Second Harmonic Generation (SHG)
crystal will be used to frequency double the light at the output of the PC. The 1064 nm light
is then removed from this beam with a sophisticated system of dichroic filters. This light is
coupled into the RC and used in a feedback control scheme that will stabilize its length via a
piezo electric device mounted to the out-coupling mirror.

The resonant frequency of the RC must be within 2 Hz of the frequency of the light circulat-
ing inside the PC to ensure the resonant enhancement of the reconversion probability of WISPs
generated by the PC. This is equivalent to the position of this mirror being actively controlled
to better than a picometer.

The PC and RC must also occupy the same spatial Eigenmode. For ALPS IIc both cavities
will be operate in a nearly semi-confocal configuration with end mirrors designed to have a
radius of curvature of 250 m and flat mirrors located at the waist of the Eigenmode. As shown
in Figure 1 both of the flat mirrors will be mounted directly to the Central Breadboard (CBB)
to ensure that there are no alignment drifts between these mirrors. ALPS IIa also operates both
cavities in a nearly semi-confocal configuration.

The light tight enclosure for ALPS IIc and ALPS IIa will be equipped with a shutter along
the optical axis of the cavities. This will allow us to open the shutter and check the spatial
overlap between the PC and RC as well as the dual resonance.

ALPS II will need to measure the regenerated photon signal corresponding to single photons
over the course of several days. This will be done with two independent techniques. One uses
a transition edge sensor (TES) that consists of a superconducting tungsten chip, a constant
voltage source and an inductive coil [3]. The chip is linked to a thermal bath that maintains its
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temperature at the superconducting transition. Signal photons from the RC are directed to the
chip through fiber optics and when a photon is incident on the chip it is absorbed and causes
a sudden rise in temperature. This temperature rise in the chip causes a rise in its resistance
and thus a drop in the current through the circuit. This negative pulse in the current is read
out with a double stage superconducting quantum interference device.

The other method is a heterodyne detection scheme that optically interferes the measure-
ment signal with a local oscillator and then measures the interference beatnote with a pho-
todetector. The phase relation between the local oscillator and the measurement signal will be
tracked at a separate point in the experiment and then this information will be used to sum
coherently the measurement signal.

ALPS IIc will use 5.3 T superconducting dipole magnets from the decommissioned HERA
accelerator to generate the magnetic field. With a string of ten magnets for each cavity, their
respective Eigenmodes will each propagate through 466 T·m of magnetic field length.

Equation 1 gives an expression for the sensitivity of ALPS IIc to the coupling constant
between axion-like-particles and photons, S(gαγ). Here BL is the magnetic field length while
t is the measurement time. The detector background rate is given by Dn while its detection
efficiency is η. Pi is the power incident on the PC while FPC and FRC represent the power
buildup factors of the PC and RC.

S (gαγ) ∝ 1

BL

(
Dn

t

) 1
8
(

1

η Pi FPCFRC

) 1
4

(1)

With these systems ALPS IIc will have the sensitivity either to detect or rule out axion-like
particles with a coupling constant of gaγ & 2× 10−11 GeV−1 for masses below 10−4 eV [1].

3 Status

A 20 m cavity was built to characterize several of the input optics control systems for ALPS IIa.
The cavity used two of the in-coupling mirrors for the PC in a nearly confocal configuration
that would produce the same Eigenmode as the ALPS IIa PC and RC. This allowed us to
construct and test the frequency stabilization, automatic alignment control system, and power
stabilization scheme. Together these systems were able to reduce the RMS of relative power
noise in transmission of the cavity to better than 4.0× 10−5 [4].

The frequency stabilization scheme suppressed the frequency noise between the input laser
and the cavity resonance up to a unity gain frequency of 55 kHz. The control system proved
to be very robust and was able to maintain the cavity resonance for up to 48 hours before
being manually stopped. An automatic alignment system monitored and controlled the relative
pointing between the cavity Eigenmode and the input beam using quadrant photodetectors to
do differential wavefront sensing. This ensured that the maximum possible power from the input
laser couples to the cavity. In the absence of intra-cavity losses the 20 m cavity was expected
to have a power buildup factor of 1,140. We were able to achieve a power build-up factor of
1,010 demonstrating that our systems are capable of maintaining the resonance condition for a
long-baseline low-loss optical cavity.

The CBB is currently being built at the Albert Einstein Institute in Hannover, Germany.
Tests there have demonstrated that it is possible to align the PC and RC mirrors on the
CBB with better than 5 µrad accuracy. Furthermore, long term measurements suggest that
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alignment drifts meet our requirements as the angular misalignment between the two mirrors
never exceeded the 10 µrad ALPS IIa requirements.

An evaluation of the detection efficiency and energy resolution of the TES is underway
and preliminary results suggest a detection efficiency better than 30% and a energy resolution
better than 0.1 eV [3]. A similar system at NIST showed a detection efficiency better than
95% as well as an energy resolution of 0.29 eV for photons at a wavelength of 1556 nm [5]. As
Equation 1 shows limiting the background event rate is essential to optimizing the sensitivity of
ALPS IIc. The primary source of background is expected to be photons generated by blackbody
radiation from the optics and fiber system which direct the measurement signal to the TES. An
algorithm which fits a theoretical pulse shape to triggered events to help identify signal pulses
from pileups has been implemented along with a faster readout system which is expected to
improve its precision. Additionally, we plan to install a fiber bandpass filter situated in a cold
environment to reduce the rate of blackbody photons incident on the TES. For the heterodyne
detection scheme a test-bed is being set up at the University of Florida. Results from this setup
are expected in the coming months.

The magnets for ALPS IIc each have a radius of curvature of 600 m and must be unbent
before being operated to create a large enough aperture for the light circulating inside of the
optical cavities. The full experiment requires 20 magnets. So far two have been unbent and
both were successfully operated.

4 ALPS II Timeline

The PC for ALPS IIa is now in the final stages of commissioning and we will begin installing
the CBB and input optics for the RC by the end of 2016. We expect to perform a hidden
photon search with ALPS IIa within the next year. Work will begin preparing the HERA
tunnel and constructing the clean rooms for ALPS IIc by the end of 2017 and the unbending of
the magnets is scheduled to be completed in 2018. This will allow for the commissioning of the
optical systems for ALPS IIc to take place in 2019 with measurement runs beginning in 2020.
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Gerda published the best limit on 76Ge 0νββ decay’s half-life of T 0ν
1/2 > 2.1 · 1025yr

(90%C.L.) in 2013. Subsequently, exotic decay modes with Majoron emission were inves-
tigated obtaining half-life limits ∼ 1023yr for spectral indices n = 1, 2, 3, 7. The half-life
measurement of 2νββ from 76Ge to 76Se g.s. was reevaluated with an uncertainty < 5%
and decay modes to three 76Se excited states were analyzed. The lower limits found,
∼ 1023 yr, rule out a number of nuclear structure model predictions. In a recent major
upgrade, amongst other, the detector mass was almost doubled and a new veto system,
exploiting liquid argon scintillation light, was installed.

1 Introduction: 0νββ decay and the GERDA experiment

In a double-beta (2νββ) decay event two neutrons of the same nucleus are transformed to two
protons with the emission of two electrons and two anti-electron neutrinos. Theoretically a
decay mode without the two neutrinos in the final state — therefore called neutrinoless double-
beta (0νββ) decay — is possible. It violates total lepton number by two units and, thus, if found
would indicate new physics beyond the standard model of particle physics (SM). The search
for 0νββ decay is appealing as its existence would constrain properties of neutrinos like their
nature (Dirac or Majorana) and mass. The Gerda (Germanium Detector Array) experiment,
located at Laboratori Nazionali del Gran Sasso (LNGS) in Italy, conducts 0νββ decay search
using the candidate isotope 76Ge [1, 2]. Its specialty is the operation of High-Purity Germanium
(HPGe) detectors submerged bare in a 64 m3 liquid argon (LAr) cryostat. The HPGe diodes
are enriched to about 86 % of 76Ge and serve thus contemporarily as source and detectors,
maximizing the detection efficiency. A water tank surrounding the LAr cryostat, instrumented
with photomultiplier tubes (PMTs), is used as a passive shield and active Cerenkov muon
veto [3]. In the following, an excerpt of results obtained with Gerda Phase I data will be
given. Since December 2015 Gerda is running with an upgraded setup in a second experimental
stage [4]. The most important components of the upgrade will be discussed.

2 GERDA Phase I results

Phase I physics data was taken with 8 enriched semi-coaxial (enrCoax) HPGe detectors prior
used in the IGEX [5] and Heidelberg-Moscow [6] experiments. Furthermore, 5 custom made
enriched Broad Energy Germanium (BEGe) detectors were implemented in the setup [7]. They
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add up to a total mass of about 18 kg enriched material. Pulse shape discrimination (PSD)
techniques for enrCoax as well as BEGe detectors were used in the analysis [8]. They are
selective for events depositing energy in a small volume inside one detector, which show the
desired signal-like event topology. With an exposure of 21.6 kg yr the most stringent limit on
0νββ decay in 76Ge to date was placed in 2013 [1]. With a lower limit on the half-life of
T 0ν
1/2 > 2.1 · 1025yr at 90%C.L. it strongly disfavors a long pending claim made in 2004 [9].

2.1 Majoron accompanied decay modes (0νββχ(χ)) and 2νββ decay

0νββ decay is also predicted in exotic models through emission of so called Majorons. These
massless Goldstone bosons can have different transformation properties under weak isospin [10].
Newer models suggest non-Goldstone leptonically charged Majorons [11, 12] or the emission of
two Majorons in 0νββ decay [13]. The spectral shape of all these descriptions depends on the
phase space G ∼ (Qββ −K)n of the emitted particles. With the Q-value of 0νββ decay Qββ
and the sum energy of the two electrons K the describing parameter remains the spectral index
n. Single Majoron models with spectral index n = 1, 2, 3 as well as two Majoron models with
spectral index n = 3, 7 have been tested using an exposure of 20.3 kg yr of Gerda Phase I
data. For non of the spectral indices a signal was found and the limits extracted (90 %C.L.)
are T 0νχ

1/2 (n = 1) > 4.2 · 1023 yr, T 0νχ
1/2 (n = 2) > 1.8 · 1023 yr, T 0νχ

1/2 (n = 3) > 0.8 · 1023 yr and

T 0νχ
1/2 (n = 7) > 0.3 · 1023 yr [14]. These values are the most stringent ones for 76Ge published

to this date. Furthermore, the half-life of 2νββ decay, which has a spectral index of n = 5,
was reevaluated and the precision of its value has been improved to an unprecedented < 5 %
uncertainty. The determined half-life is T 2ν

1/2 = (1.926± 0.094) · 1021 yr [14].

2.2 2νββ decay to excited states

The half-life of 0νββ decay (and 2νββ decay respectively) depends on a nuclear matrix ele-
ment (NME), M0ν (M2ν), which is calculated based on theoretical nuclear structure models.
Uncertainties in the NME directly translate to uncertainties in the effective Majorana mass
derived from the half-life [15]. M2ν and M0ν rely on similar model assumptions, therefore,
improving the precision of the 2νββ decay half-life can reduce uncertainties in M0ν and is
used to benchmark nuclear structure models. 2νββ decay can occur also into excited states
which have a lower rate due to a smaller phase space. Transitions of 76Ge from its 0+g.s. ground

state (g.s.) to 76Se 2+1 , 0+1 and 2+2 states have been studied recently with Gerda data [16].
To get a distinct experimental signature from decays to the g.s. de-excitation γs were tracked
in coincidence with any energy deposition in a second detector. The detector pair selection
and other analysis parameters were optimized for best sensitivity via Monte Carlo simulations.
This is supposed to avoid bias as no data blinding was applied in this analysis. The number of
signal counts was extracted by means of a profile likelihood fit and no signal was found for any
of the transitions. The newly obtained limits are up to two orders of magnitude better than
previously found. At 90 %C.L. these are T 0νχ

1/2 (→ 2+1 ) > 1.6 ·1023 yr, T 0νχ
1/2 (→ 0+1 ) > 3.7 ·1023 yr

and T 0νχ
1/2 (→ 2+2 ) > 2.3 · 1023 yr. Model predictions for the 0+g.s. → 0+1 decay mode range from

1021 to 1024 yr. For an exhaustive collection see [16]. This analysis rules out a number of them
in the range of 1021 − 1022 yr [16].
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Figure 1: The Gerda Phase II array with seven detector strings surrounded by the LAr veto
instrumentation consisting of PMTs and light guiding fibers connected to SiPMs. a) Schematic
figure b) picture of the central fiber shroud c) background suppression in the energy region of
40K and 42K γ-lines.

3 The GERDA Phase II upgrade

One goal for rare event searches is the reduction of background to the limit of zero-background
for the entire experiment’s lifetime. For Gerda this means a design goal of a background index
(BI) of 10−3 cts/(keV kg yr) in its second experimental stage [4]: that is a factor of 10 lower than
the BI achieved in Phase I. In these optimal experimental conditions the median experimental
sensitivity improves linearly with the exposure. In Gerda Phase II 40 HPGe detectors, of which
37 are of enriched material, are implemented in a seven-string close-packed array which offers
an improved multi-detector-event rejection. The source mass is almost doubled with respect
to Phase I. Of the 40 operational detectors 30 are enriched custom made detectors of BEGe
type with an improved PSD performance compared to the semi-coaxial detector geometry. The
spring-loaded contacts have been replaced by wire bonds, the detector holders manufactured
from monocrystalline silicon and front-end electronics of higher radio-purity have been installed
in order to reduce close by background sources. The detectors are operated at high voltage of
about 4 kV. In order to limit the LAr volume from which potentially radioactive ions can be
attracted — in particular the naturally present 42Ar daughter 42K — the detector strings are
enclosed in transparent, Tetra-Phenyl Butadiene (TPB) coated Nylon Mini-Shrouds (MS) [17].
The choice for a transparent option is due to a newly installed veto system which utilizes the
scintillation light of LAr to veto events depositing energy in the cryo liquid. The LAr veto, a
technological novelty, uses light guiding fibers connected to silicon photomultipliers (SiPMs).
Equally to the MS, the fibers are TPB coated in order to shift the LAr scintillation light to the
sensitive spectral region of the SiPMs [18]. Two PMT arrays, installed at the top and bottom
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of the fiber shroud, complete the LAr veto in a hybrid solution. A sketch of the setup and a
picture of the fiber shroud are shown in Figure 1a and 1b. A demonstration of the background
reduction in the spectral region of 40K and 42K can be seen in Figure 1c. The 42K γ-line at
1525 keV is found to be highly suppressed. Originating from a β decay with an endpoint of
3525 keV, this is a critical background source for Gerda. The emitted electron is highly likely to
deposit energy inside the LAr and thus to be detected by the LAr veto. 40K decays via electron
capture, no energy deposition is expected in the LAr and hence, its γ-line at 1460 keV results
unsuppressed. After half a year of data taking, the first ∼ 11 kg yr of Gerda Phase II data
have been unblinded in June 2016. Based on the very promising tests background reduction is
largely improved. A publication of the obtained results is expected later this year.
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DarkSide-50 is a direct WIMP detection experiment at Gran Sasso underground laboratory
in Italy based on a 50 kg dual-phase argon Time Projection Chamber with liquid argon from
underground sources. DarkSide-50 aims to perform background-free WIMP searches with
active vetos of a 30-tonne liquid scintillator neutron veto and a 1k-tonne water Cherenkov
muon veto. DarkSide-50 has been taking data with underground Ar, which is significantly
depleted in radioactive 39Ar, and measured its depletion factor. The result of WIMP
searches with 70 live-days of underground argon data will be presented. Also recent study
of the liquid scintillator veto’s performance and the future plan will be discussed.

1 Introduction

The ultimate goal of the DarkSide program is to detect signals from Weakly Interacting Massive
Particles (WIMPs), one of the most popular dark matter candidates, by using liquid argon
(LAr) as a target in a dual-phase Time Projection Chamber (TPC) with active background
veto systems. In order to achieve the goal, the DarkSide program adopts various technologies
to reduce and/or reject background events.

The main motivation to use LAr is its strong pulse shape discrimination (PSD) of electron
recoils (ERs) from nuclear recoils (NRs), the expected signals from WIMP scatterings. The
results from DarkSide-50 with atmospheric argon (AAr) data show that using PSD, a total
of 1.5 × 107 ER events can be completely rejected in the WIMP energy region of interest,
leaving no backgrounds (or WIMP signals) in the ROI after an exposure of (1422 ± 67) kg
day [1]. Since LAr is relatively dense and easy to purify, it is scalable to large masses. Its high
scintillation yield and good transparency to its own UV scintillation light lowers the detection
threshold of the WIMP signal low and strengthens the PSD power. The high ionization and
high electron mobility in LAr are suitable for TPC applications. It is very useful to remove
surface background by fiducializing detection volume according to reconstructed 3D positions
from ionization measurements. Furthermore, the ratio of ionization yield over scintillation yield
provides additional discrimination power against ER backgrounds. A challenge of employing
LAr as a target for WIMP detection comes from the high concentration of the beta-emitting
isotope 39Ar in atmospheric argon. Since 39Ar has a decay half-life of 269 years and is mainly
generated by cosmic rays in the atmosphere, underground argon sources (UAr) can be free of
39Ar or have only trace amounts activated by radiation from the rock. A pioneering study of
the 39Ar activity in UAr was done and placed an upper limit on the 39Ar depletion factor >150
relative to AAr [2]. In Sec. 3, we update this number with a measurement of the depletion factor
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Figure 1: Left: The nested detector system of DarkSide-50. The outermost gray cylinder is the
WCD, the sphere is the LSV, and the gray cylinder at the center of the sphere is the LAr TPC
cryostat. The blue area at top is the radon-free clean room. Right: Schematic cross section of
the DarkSide-50 Liquid Argon Time Projection Chamber

of 39Ar in the DarkSide-50 detector. The strong PSD and depleted Ar coupled with scalability
make LAr a viable target for sensitive WIMP detectors. The plans for a future liquid argon
TPC are discussed in Sec. 4.

2 DarkSide-50 Detectors

DarkSide-50 consists of three nested detectors as shown in Fig. 1: the two-phase argon TPC,
which is the main detector with a LAr target for WIMP detection; the organic Liquid Scin-
tillator Veto (LSV), providing rejection against neutron and electron recoil backgrounds via
anti-coincident signals from radiogenic and cosmogenic neutrons, γ’s from the detectors, and
cosmic muons; and the Water Cherenkov Detector (WCD), which rejects cosmic muons and
suppresses radiogenic background from surrounding rocks and detectors.

Incoming WIMPs recoil from an Ar nucleus and leave excitations and ionizations, which the
TPC measures by detecting scintillated photons with 19 PMTs each on top and bottom of the
TPC. The excited Ar dimers de-excite and emit the first scintillation light, S1, at the vertex of
the recoil. The ionization electrons drift due to an electric field of 200 V/cm, and are extracted
into the gas phase at top of the TPC, generating the second scintillation light, S2. The time
difference between S1 and S2 gives the depth (z position) of the event, and the transverse (x,y)
position is reconstructed from the distribution pattern of S2 light among the top PMTs. The
LSV has an array of 100 8” PMTs attached on the inside of a 4 m diameter stainless steel sphere
filled with 30 tonne of liquid scintillator. The scintillator is a mixture of pseudocumene (PC)
and trimethyl borate (TMB) with a wavelength shifter, Diphenyloxazole (PPO). Neutrons are
detected in LSV via thermalization signals and/or capture signals, mainly on 10B in the TMB.
The veto efficiency of NRs from only capture signals are studied and estimated to be >99.1 %
using an AmBe neutron source and MC simulation [3]. The study of the veto efficiency using
thermalization signals is in progress using an AmC source, from which there is no coincident
γ-rays produced with the neutrons.The WCD has an array of 80 8” PMTs mounted on the
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Figure 2: Left: Distribution of events in the f90 vs S1 plane surviving all cuts in the energy
region of interest. Shaded blue with solid blue outline: WIMP search region. The f90 acceptance
contours are drawn by connecting the red points derived from the SCENE measurements [6]
and extending the contours using DarkSide-50 AmBe data. Right: Spin-independent WIMP-
nucleon cross section 90 % C.L. exclusion plots for the DarkSide-50 AAr (dotted red) and UAr
campaigns (dashed red), and combination of the UAr and AAr [1] campaigns (solid red).

inside of an 11 m diameter by 10 m high cylindrical tank filled with 1 k tonne of high purity
water. Additional important parts of the DarkSide-50 experiment are radon-suppressed rooms
with Rn-levels of 5 mBq/m3, which is significantly less than typical Rn-levels in the air of ∼30
Bq/m3. One of them is located directly on top of the WCD and provides a radon-free way to
access the LSV and the TPC.

3 WIMP Search with an Underground Ar Target

The underground argon was extracted from a stream of gas from a CO2 well in Cortez, Colorado,
along with other gases including N2 and He. This gas mixture was sent to Fermilab for further
purification [4]. The purified UAr of (153±1) kg was finally commissioned into the DarkSide-50
TPC at LNGS in Italy on April 1, 2015. In order to determine the 39Ar depletion factor, a
GEANT4-based MC simulation is used. The MC is tuned on the high statistic AAr data and
validated against several γ calibration sources. The MC includes models of all three detectors
and accounts for material properties, the photon propagation, and a model of LAr scintillation
and ionization recombination. The 39Ar activity is measured from a simultaneous MC fit to
the S1 spectra of the field-off data and field-on (200 V/cm) data and the z-position distribution
of events, which provides additional constraints on the rate of γ’s from PMTs concentrated on
the top and bottom of the TPC. The fit result gives an 39Ar depletion factor of (1.4±0.2)×103

relative to AAr.

The WIMP search results with UAr [5] were based on the data set acquired from April 8 to
July 31 in 2015 (70.9 live-days after data quality cuts) at a drift field of 200 V/cm. The light
yield of S1 signals was determined to be (8.1± 0.2) PE/keV at zero field from the 83mKr peak,
which is consistent with the light yield in AAr. Due to the purification at Fermilab and getter
systems in DarkSide-50, we achieved a long electron lifetime of >5 ms, which is a measure of
electronegative impurities, immediately after the UAr commissioning and it remains throughout
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the campaign. A set of criteria are used to select only possible WIMP recoils, i.e. single NRs
in the fiducial volume, are described in detail in Ref. [5]. The events with coincident signals
in the LSV or the WCD are also removed. The PSD parameter used in this analysis is f90,
the fraction of S1 light detected in the first 90 ns of the pulse. The WIMP region of interest
(ROI) is defined in the f90 vs S1 space with a 90 % NR acceptance contour derived from the f90
response in SCENE [6], and a leakage curve corresponding to a total predicted leakage of <0.1
events during the exposure. The final event distribution in the f90 vs S1 space is presented in
Fig. 2, and there are no events in the WIMP ROI. Given the background-free null result, a 90
% C.L. exclusion curve is drawn in Fig. 2. The combined result with AAr [1] puts an upper
limit of 2.0 × 10−44cm2 on the WIMP-nucleon cross section at 100 GeV/c2 WIMP mass.

4 DarkSide-20k

While DarkSide-50 continues the WIMP search with UAr and further investigates possible
backgrounds, the DarkSide collaboration is moving to a next-generation detector. Given the
exceptional PSD power of LAr and high depletion factor of UAr, we propose to build DarkSide-
20k, a direct WIMP search detector using a LAR TPC with an active (fiducial) mass of 23
tonne (20 tonne) of depleted argon (DAr). In order to suppress both NR and ER backgrounds
from conventional PMTs and improve light yield, silicon photomultipliers (SiPMs) are plan
to be used and under development. To acquire the required amount of DAr with a sufficient
depletion factor, two key projects are planned: Urania is an enlarged argon extraction plant in
Cortez, Colorado, with expected capacity of 100 kg/day of UAr and Aria consists of two 350
m tall distillation columns, which are capable of depleting 39Ar in UAr further with additional
depletion factor between 10 to 100. DarkSide-20k aims for a 100 t yr exposure to give a projected
sensitivity of 1.2 × 10−47cm2 for WIMP mass of 1TeV/c2.

5 Conclusion

The DarkSide-50 detector achieved the most sensitive limit on WIMP-nucleon cross section
among experiments using LAr. The 39Ar depletion factor in UAr was determined to be (1.4 ±
0.2) × 103 relative to AAr. DarkSide-20k is forthcoming.
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We search for dark photon A′ and the dark Higgs boson h′ particles that are suggested
in number of recently proposed dark sector models. We present our search results in the
production of e+e− → A′h′ with the decay mod of h′ → A′A′. The search was carried
out in both inclusive and exclusive modes. We also discuss future prospects of the dark
particle search with the Belle II experiment that aims to start in 2018.

1 Introduction

The dark particles were originally considered as a new spin-1 boson for new physics [1] beyond
the Standard Model and this proposed the dark sector can be at least a part of dark matter that
has not seen yet in hadron collider based searches [2, 3]. The dark boson A′ can be produced
in a radiative e+e− collision via kinetic mixing of a virtual photon with the kinetic mixing
parameter ε and is illustrated in Fig. 1. This new dark boson requires an extended Higgs sector
to break the new U(1)′ symmetry and is commonly referred as the dark Higgs h′. In this
presentation, we search for the dark boson and the dark Higgs in both exclusive and inclusive
modes.

γ

e+

e−

A

Figure 1: An example Feynman diagram that illustrates production of the dark photon A′ in
e+e− collision.
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2 Data Analysis

2.1 Experimental facility and the data set

We use data collected with the Belle detector [4] at the KEKB e+e collider [5] , amounting
to 977 fb−1 at center-of-mass energies corresponding to the Υ(1S) to Υ(5S) resonances and in
the nearby continuum. We optimize the selection criteria and determine the e+e → A′h′ signal
detection efficiency using a Monte Carlo (MC) simulation where the interaction kinematics and
detector response are simulated with the packages MadGraph [6] and GEANT3 [7], respectively.
There is no suitable background simulation available, so background samples are taken from
data sidebands.

2.2 Main Analysis in Detail

We study the Higgs-strahlung channel, e+e− → A′h′. The dark photon A′ can decay into
lepton pairs, hadrons, or invisible particles while the dark Higgs boson h′ can decay into either
A′, A′(∗), leptons pairs, or hadrons, where A′∗ is a virtual dark photon [8]. The production

e+

e−

A

A

A

A

h

√
αD

− , π−

− , π−

− , π−

+ , π+

+ , π+

+ , π+

Figure 2: The Feynman diagram that illustrates the Higgs-strahlung channel that we use in
this analysis.

and decay modes that we search is indicated in Fig. 2 where αD is the dark sector coupling
constant. In total there are 10 exclusive channels: 3(`+`−), 2(`+`−)(π+π−), (`+`−) 2 π+π−),
and 3(π+π−). We also look at 3 inclusive modes for mA′ > 1.1 GeV/c2: 2(`+`−)X where X is
the missing mass from the dark photon candidate.

For the background estimation, we use the same esign events from e+e− → (`+`+) (`−`−)
(`+`−), order masses of lepton (or hadron) pairs as m1

`` > m2
`` > m3

``, and plot m1
`` −m3

`` vs.
m1
``. Then select the region in invariant mass distribution and predict the background using the

same sign events.The figure 3 shows an example invariant mass distribution difference m1
A′

cand
-

m2
A′

cand
for the 3(π+π−) final state. The normalization is from the side band same sign events

and the background in the signal region is counted from the same sign events. The background
estimation from MC events and real data agree each other and no significant access of signal
events is seen in the data at the signal region defined in Fig. 3.

Figure 4 (a) shows the distribution of mA′
cand

mA′
cand

as a function of mA′
cand

. Scattered

events are largely from inclusive modes or from 3(π+π−) states where larger background events
are expected. Fig;ure 4 (b) and (c) show the projections on the mass axis of the dark Higgs
boson and dark photon, respectively. The of events observed in the signal region, Nobs, and
the number of predicted background events, Nbkg, are in good agreement. Their differences
are quantified by the normalized reduals, shown in Fig. 4 (d) and defined as (Nobs − Nbkg)
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√
σ2
obs + σ2

bkg, where σobs and σbkg are the standard deviations of the distributions. In all

cases, the number of events observed is consistent with the background estimate. For exclusive
final states, the background is mostly due to processes with ρ and ω resonance paritlces, such
as SM 2γ processes. The discontinuity at 1.1 GeV/c2 in Fig. 4 (c) is an artifact of the selection
criteria.

The upper limit on the αD × ε2 are computed based on equations described in Ref [8].
Figure 5 shows the 90 % credibility level (CL) upper limits on αD × ε2 for Belle, expected and
measured, and for BaBar, for five different mass hypotheses for the dark Higs boson (top row)
and dark photon (bottom row) masses.

Note that the inclusion of 3(π+π−) final state dramatically improves the limit around the
ρ and ω resonances. The dominant source of systematic uncertainties are : the integrated
luminosity (1%), branching fractions (4%), track identification (6%), particle identification
efficiency (5%), detection efficiency (15%), background estimation (10%), and initial-state ra-
diation (15%). All systematic uncertainties added in quadrature aount to 25%.

2.3 Other Ongoing Analyses

We are also working on a long lived dark photon search where cτ can be as long as 1-10 cm.
Since it is low multiplicity final state (two charged tracks and one photon), the efficiencies are
low in general in Belle and one analysis is ongoing. Another analysis is a search for invisible
decays when the dark photon decays to a pair of dark matter particles [11]. Since this is a final
state with a single photon only, the Belle analysis relies on the photon conversion technique.
There is also a study going on based on a new possibility of a dark boson coupling to quarks
predominantly, based on Ref. [12].

3 Future Prospects

The KEKB e+e− collider and the Belle detector are under major upgrade to the superKEKB
collider and the Belle II detector in order to acheive the collection of 50 times more data [13].
The Belle II detector will be in fact a brand new detector except the crystal based electromag-
netic calorimeter. A two-layer pixel and silicon strip detectors will function as the new vertex
detector, and a newly constructed drift chamber provide precision charged particle tracking as
well as 3-dimensional online track trigger. Time of propagation counter based particle iden-
tification system for barrel and the proximity focusing aerogel ring image Chrenkov detector
for the end are now under construction. New resistive plate counter for the barrel and the
sciltillator with the multi-pixel photon counter readout is constructed for the endcap muon and
KL particle detection. The full detector operation is expected in 2018.

This upgrades enables us to be dramatically sensitive to the search for new particles in the
dark sector. This is not only due to the increase of the data size by 50 times but also due to
much improved the online trigger system. The detailed track and energy cluster information
is sent to all the way down to the final global trigger logic unit and this will enable us to
prepare dedicated trigger lines for the dark particle searches. From this one expect to explore
the kinematic mixing parameter values of just above 10−4 in the dark photon mass values of
0.01 to 10 GeV/c2.
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The PandaX project is a staged xenon-based deep underground experiment at the China
Jin-Ping Underground Laboratory. The first phase experiment, PandaX-I, a 120 kg dark
matter detector using the dual phase xenon time projection chamber (TPC) technology
was completed in 2014 with a 54×80.1 kg-day exposure. Recently, the commissioning run
of the second phase of the experiment, PandaX-II, was completed with a 306×19.1 kg-day
exposure. We report the status of the PandaX experiment, and then present the dark
matter search results from both runs.

1 Introduction

PandaX experiment is located in the China Jin-Ping Underground Laboratory (CJPL) in south-
east China. The average depth is 2400 m or 6800 m w.e (water equivalent depth) where the
muon flux is reduced to around 60 events/m2/year [1]. The project is developed stagewise.
In PandaX-I, the first phase of the project, 120 kg active liquid xenon was contained in the
central detector to search for the Weakly Interaction Massive Particles (WIMPs). In the second
phase, PandaX-II, the target mass for the WIMP detector was enlarged to a half tone. The
PandaX-III, the future phase of the project, will use the high pressure 136Xe gas to search for
neutrinoless double beta decay. The collaboration also aim to develop a multi-ton liquid xenon
detector for dark matter search. Currently we have completed PandaX-I, and PandaX-II is
undergoing.

In PandaX-I and PandaX-II, the dual-phase xenon time projection chamber (TPC) technol-
ogy, illustrated in Fig. 1, was adopted for WIMP dark matter detection. An incoming particle
interaction in the liquid xenon (LXe) produces direct scintillation photons, called S1, as well
as the ionization electrons. An electrical field is applied across the liquid xenon volume. The
ionization electrons drift to the liquid-gas interface and are extracted into the gaseous xenon
by a stronger electrical field, producing secondary proportional scintillation photons, which are
called S2. Both signals (S1 and S2) can be detected by the photomultiplier tube (PMT) arrays
located at top and bottom of the detector. The time difference of the two signals can be used to
calculate the vertical position of the interaction. The S2 signal pattern in the top array allows
the reconstruction of the horizontal position. Precise determination of the position of an event
enables the fiducialization of a low background target region.

In Fig. 2, the discrimination power of a dual phase xenon TPC is illustrated. Compared to
the electron recoil (ER) background, the ionization density of nuclear recoil (NR) signal is much
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Figure 1: Work principle of a dual phase xenon TPC.

larger, so electrons are more likely to recombine with ions, leading to a relatively smaller S2-
to-S1 ratio. Therefore this ratio can be used to discriminate nuclear and electron recoil events.
Additionally,dark matter particles can only scatter once in the detector, so the background can
be further suppressed by the requirement of single scattering.

Figure 2: Bacrground discrimination with a dual phase xenon TPC.

2 PandaX-I dark matter search results

The PandaX-I setup is described in detail in Ref. [2]. Fig. 3 shows the TPC design of the
PandaX-I experiment. It was a pancake structure, with a drift volume of 60 cm in diameter
and 15 cm in height. We had 143 1-inch PMTs (Hamamatsu R8520-406) and 37 3-inch PMTs
(Hamamatsu R11410-MOD) with quantum efficiency peaked at 178 nm on the top and bottom,
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respectively. To increase the light collection efficiency, PTFE reflectors were installed around
the TPC. The electrical field in the TPC was defined by three electrodes, the cathode, gate
and anode. During the operation, the anode grid was grounded while separated by 8 mm with
the gate grid located 4 mm below the liquid level. High voltage with -15 kV and -5 kV was
applied on to the cathode and gate grids respectively. Outside the refelector wall, the shaping
rings were used to regularize the drift field. The design goal of the TPC is to achieve good light
collection efficiency which is a key to detect low-mass dark matter. The right pictures in Fig. 3
show the real TPC components serving for PandaX-I. From top to bottom, they are the top
PMT array, field cage and the bottom PMT array.

Figure 3: PandaX-I TPC design and pictures.

PandaX-I dark matter search experiment took physical data from May 26, 2014 to Oct.
16, 2014. With a blinded data analysis, we released the dark matter search results with an
exposure of 80.1 day × 54 kg [14]. No positive signal above the background was found. We
set the 90% C.L. exclusion limit to the dark matter interaction with nucleon, and the lowest
excluded cross section is at about 1x10−44 cm2 for a WIMP mass of 44.7 GeV/c2. The result
strongly disfavors previously reported signals from the DAMA/LIBRA [3], CoGeNT [4], CDMS-
II-Si [7] and CRESST-II [5] experiments. Our result offers tighter bound above 7 GeV/c2 than
SuperCDMS. In the xenon experiment community, at that time, we achieved the best reported
limit below 5.5 GeV/c2.

3 Recent updates from the PandaX-II experiment

In parallel with the running of PandaX-I, we started to prepare the PandaX-II detector in 2014.
Most of the infrastructures of PandaX-I were reused for PandaX-II: passive shielding, outer Cu
vessel, cryogenics, etc. The experiment was located at the same experimental hall in CJPL.
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Figure 4: The 90% c.l. upper limit for spin-independent isoscalar WIMP-nucleon cross section
for the PandaX-I experiment (red curves). Recent world results are plotted for comparison:
XENON100 225 day results [9] (black solid), LUX first results [10] (blue), SuperCDMS results
[17] (orange solid), DarkSide results [18] (magenta solid), CRESST-II 2014 limits [5] (brown
dashed), and CDEX 2014 limits [6] (solid violet). The claimed WIMP signals are shown as
closed contours: CoGeNT 2014 results [4] (cyan solid), CDMS-II-Si results [7] (gold dashed),
DAMA/LIBRA 3σ contours [3] (green solid), and CRESST-II 2012 results [5] (brown solid).
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The most significant upgrades were the new inner vessel constructed from stainless steel with
much lower radioactivity, and a much larger xenon TPC. The cylindrical TPC, as shown in
Fig. 5, contains 580 kg LXe in the sensitive volume with an inner diameter of 646 mm and a
maximum drift length of 600 mm. In addition, we placed 55 Hamamatsu-R11410-MOD 3-inch
PMTs on the top and bottom of the TPC respectively, and added 48 R8520-406 1-inch PMTs
outside the target serving as active veto. To further increase the light collection efficiency, the
PTFE plates with higher reflectivity were selected to enclose the TPC.

Figure 5: The TPC design of the PandaX-II experiment.

The onsite installation of detector for PandaX-II started in October of 2014. We spent
around one year to take series of engineering runs in 2015 to test all the components. A physics
commissioning run from Nov.22 to Dec.14 was carried out but ended due to high Krypton
background [15]. Here we present the performance of the detector in PandaX-II experiment
and the dark matter search results from this commissioning run.

3.1 Detector calibration

During the operation, high voltage of -29 kV and -4.95 kV was applied to the cathode and gate
grid, respectively, and the anode was kept at ground. We deployed one neutron source (252Cf)
and two gamma sources (60Co and 137Cs) close to the inner detector to calibrate the detector
response. Neutrons can excite xenon nuclei or produce metastable nuclear states, leading to
de-exciting gamma rays at 40 (129Xe), 80 (131Xe), 164 (131mXe), and 236 keV (129mXe). These
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energy peaks are used to study the non-uniformity of the detector and extract the detector’s
parameters. With liquid xenon TPC, any energy deposition in LXe will be released in the form
of either S1 or S2. An electron equivalent deposited energy can be reconstructed with Eq. 1
in which W = 13.7 eV is the average work function to produce either an electron or photon,
PDE is photon detection efficiency, SEG is single electron gain and EEE is electron extraction
efficiency.

Eee = W × (
S1

PDE
+

S2

SEG × EEE
) (1)

We fitted the photonelectron distribution of the smallest S2 signals with a Gaussian function
and obtained SEG = 22.1±0.7 PE/e−. Through the anti-correlation between S1 and S2 for
various energy peaks, other parameters in Eq. 1 were obtained with a linear fit as shown in
Fig. 6. The best fit values are PDE = 11.7%, EEE = 48.1% with the uncertainty of 5.6% and
7.1% respectively.

Figure 6: Linear fit in S2/Eee vs. S1/Eee for all energy peaks.

The neutron events in 252Cf calibration data were used to study the detector’s response to
nuclear recoil signals. In the operation, we obtained 547 events in the target volume for S1
between 3 to 45 PE. The log10(S2/S1) vs. S1 of these events is shown in Fig. 7. Based on
the NEST model [12, 13] and the PDE, EEE and SEG obtained above, we peformed a full
Monte-Carlo (MC) simulation using Geant4. The MC predication is also overlaid in Fig. 7. A
better agreement on the median of the NR distribution can be achieved by tuning the ratio
of the initial number of excitation and ionization by a factor of 1.5 in the NEST model. The
tunned MC was chosen as the default model. The NR detection efficiency was obtained by the
comparison of data and MC predication, parameterized as a function both of S1 and S2 shown
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in Eq. 2, where S2raw is the raw S2 before the electron lifetime correction.

ε = 0.94[e−
S1−6.21

1.66 + 1]−1[e−
S2raw−79.3

20.8 + 1]−1 (2)

Figure 7: The comparison of 252Cf neutron calibration data with the median from the original
NEST model (blue line) and the tuned model (green line). A fit to the median of the data is
given by the red line. The dashed red line is the NR 99.99% acceptance line based on the tuned
MC model.

3.2 Backgrounds

As in Ref. [14], the background is categorized into three components: the ER, neutron, and
accidental background. The ER background consists of external background due to radioac-
tivities in the detector materials, and internal backgrounds due to krypton and radon. Before
the detector assembly, the components were assayed with a high purity Germanium counting
station at CJPL [16]. These results were used as the inputs of the MC simulation to calculate
the external background at low energy, which was estimated to be 0.21 mDRU (1 mDRU=10−3

evts/keV/kg/day).
During the commissioning run, serious Kr background was found in data, likely due to an

accidental air leak in a previous engineering run. With a β-γ delayed-coincident analysis, the
85Kr was estimated to be 0.082 mBq/kg or 15.04 mDRU with a 3% uncertainty. Similarly, the
radon level in LXe can be evaluated by identifying β-α and α-α coincidence events in data.
222Rn was estimated to be 6.57 µBq/kg in the fiducial volume (FV). 220Rn was estimated to be
0.54 (212Bi-212Po) and 0.41 µBq/kg (220Rn-216Po) in the FV, respectively. The ER background
components are summarized in Tab. 1.

The neutron background also come from detector components. It was estimated by the MC
to be 0.06 events in the final data set after all selection cuts. Same to the analysis in Ref. [14],
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Item Background (mDRU)
85Kr 15.04
222Rn 0.075
220Rn 0.021

PMT array & bases 0.097
PTFE wall 0.021
Inner vessel 0.045

Other Inner components 0.026
Cu outer vessel 0.016

Total 15.33

Table 1: Summary of ER backgrounds from various components.

we studied single S1 and S2 events in the data. The rate of single S1-like events was determined
to be 2.8±0.1 Hz within the S1 range cut. In the same data set, 28069 single S2-like events
were identified within the final S2 range cut and fiducial radius cut. The accidental background
was evaluated by randomly pairing the single S1 and S2 events with all coincidence selection
cuts applied. 0.70 qualified accidental events were expected to survive with a 25% uncertainty.

The final expected background budget including the ER, accidental, and neutron background
is summarized in Tab. 2. We expect to observe 617±104 events in the fiducal volume after the
all cuts while 3.2±0.71 events are expected to below the NR median.

- ER Accidental Neutron Total Expected Total observed
All 611 5.9 0.13 617±104 728

Below NR median 2.5 0.7 0.06 3.2±0.71 2

Table 2: The expected background events in 19.1 live-day dark matter search data in the FV,
before and after the NR median cut, as well as the final number of candidate events in the data.

3.3 Dark matter search results

We searched for the dark matter signals with a total of 306×19.1 kg-day exposure. The distri-
bution of log10(S2/S1) versus S1 is shown in Fig. 8(a). 728 events in total were selected for the
dark matter analysis while two of these events were found below the median of the NR band.
Detailed examinations confirmed the high quality of these two events. The vertex distribution
of these events is shown in Fig. 8(b). Compared to the expected background, no excess dark
matter signal was found. Based on the two observed events and 3.2 expected backgrounds, the
final 90% C.L. upper limit for the spin-independent isoscalar WIMP-nucleon cross section was
calculated using the CLs method [20, 21]. The final results are shown in Fig. 3.3. The upper
limits lie in the ±1σ sensitivity band. The lowest cross section limit obtained is 2.97×10−45

cm2 at a WIMP mass of 44.7 GeV/c2, which represents an improvement of more than a factor
of three from PandaX-I. The cross section limit at WIMP mass of 10, 100, and 300 GeV/c2 are
8.43×10−44, 4.34×10−45, and 1.13×10−44 cm2, respectively.
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(a) (b)

Figure 8: (a) The distribution of log10(S2/S1) versus S1 for dark matter search data. The
median of the NR calibration band is indicated as the red curve. The dashed magenta curve
is the equivalent 100 PE cut on S2. The solid magenta and blue curves are the 99.99% and
33.3% NR acceptance curves, respectively. The grey dashed curves are the equal energ curves
with NR energy indicated in the figures. The two data points located below the NR median
curve are highlighted in green stars. (b) Position distribution of events that pass all selection
cuts (gray points), and those below the NR median (outside FV: red points; inside FV: green
stars), with FV cuts indicated as the black dashed box.

Figure 9: The 90% C.L. upper limit for the spin-independent isoscalar WIMP-nucleon cross
section from the PandaX-II commissioning run (red). A selected set of recent world results
are plotted for comparison: PandaX-I final results [14] (magenta), XENON100 225 day results
[9] (black), LUX 2015 results [11] (blue), SuperCDMS [17] (orange), and Dark-Side 2015 [19]
results (brown). The 1σ and 2σ sensitivity bands are shown in green and yellow, respectively.
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4 Conclusion and outlook

The PandaX experiment has been producing tight constrains to the WIMP parameter space.
The half-ton scale DM experiment of PandaX-II has been commissioned with key components
working. No dark matter signal was observed in the commissioning run with an exposure
of 306×19.1 kg-day. After the commissioning run, we carried out a distillatation to remove
Kr, afterward the ER background was suppressed significantly. The physics data taking was
resumed this year. After this conference, PandaX-II released the dark matter results with a total
exposure of 3.3×104 kg day [22] and set the world’s best reported limit on the spin-independent
elastic WIMP-nucleon cross sections.
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Searching higher frequency regions for axion dark matter using microwave cavity detectors
requires smaller size cavities as the resonant frequencies scale inversely with their radius.
One of the intuitive ways to make an efficient use of a given magnet volume, and thereby
to increase the experimental sensitivity, is to bundle multiple cavities together and com-
bine their individual outputs ensuring phase-matching of the coherent axion signal. An
extensive study for realistic design of the phase-matching mechanism is performed and an
experimental demonstration is undertaken using a double-cavity system.

1 Introduction

Axion is an attractive dark matter candidate originally motivated by the Peccei-Quinn solution
to the strong-CP problem [1]. The current technologies utilize the axion-to-photon conversion
to detect the axion signal using microwave resonant cavities embedded in a strong magnetic
field, suggested by P. Sikivie [2], and conventional experiments employ a single cavity fitting
into the given magnet. Exploring higher frequency regions, on the other hand, requires smaller
cavity sizes as the resonant frequency of our main interest, TM010, is inversely proportional
to their radius R (fTM010

∼ R−1). As many experiments rely on a magnet with a fixed bore
size, an intuitive way to increase the detection volume for the given magnet, and thereby to
improve the experimental sensitivity, is to bundle multiple cavities together and combine their
individual outputs in phase, which is referred to as “phase-matching”.

The idea of multiple-cavity design was introduced in 1990 [3] and the first experimental trial
was given in 2000 using a four-cavity detetor [4]. However, it failed to address the methodolog-
ical advantage mainly because the phase-matching is very a challenging task. The Experiment
of Axion Search aT CAPP (EAST-C) is a dedicated project at the Centre of Axion and Preci-
sion Physics Research (CAPP) of the Institute for Basic Science (IBS) in Korea to develop the
phase-matching mechanism for multiple-cavity systems.

2 Configurations

There are three possible configurations for experimental design of a multiple(N)-cavity system,
as summarized in Tab. 1. Configuration 1 is equivalent to N single-cavity experiments, which
requires N independent complete readout chains. Configuration 2 represents a N -cavity ex-
periment where the first stage amplification takes place before the signal combination, while
configuration 3 represents a similar experiment where the signal combination precedes the first
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stage amplification. Assuming the axion signals are correlated while the system noises (from
cavities and electronics) are uncorrelated, the former design, characterized by N amplifiers and
a combiner, yields the highest sensitivity, while the latter, characterized by a single amplifier
and a combiner, provides the simplest design. As a simpler design is significantly beneficial
especially N goes large, configuration 3 is chosen as the final design.

Configuration 1 2 3

Schematic

Characteristics N readout chains
N amplifiers 1 amplifier
1 combiner 1 combiner

Sensitivity (SNR)
√
N · SNRsngl N · SNRsngl N · SNRsngl

1

Pros Individual accessibility Highest sensitivity Simplest design

Cons
Low sensitivity

N amplifiers SNR3 < SNR2
2

Complex design

Table 1: Possible configurations for the multiple-cavity experiment design. SNRsngl refers to
the signal-to-noise ratio (SNR) of a single-cavity experiment. 1The combiner is assumed to be
perfect, i.e., no power loss and no additional noise. 2In reality, SNR degrades due to imperfection
of the combiner, e.g. a system with a combiner with a noise figure of 0.5 and a amplifier with
a gain of 12 and a noise figure of 6 yields a SNR reduction of ∼10%.

3 Phase matching

3.1 Phases

In multiple-cavity axion experiments, three uncorrelated phases are concerned. These are re-
lated to 1) coherence of the axion field; 2) resonant frequency matching among cavities; and 3)
phase matching in signal combination.

First of all, according to cosmology, axions are entirely virialized in the early universe and
thus the axion field is coherent in the present universe. In addition, the de Broglie wavelength
of axion (101 ∼ 103 m) is much longer than the typical size of axion detectors (∼ 10−1 m).
Therefore, if axions exist and are detectable, the signals from the cavities in an array are
generated almost in phase in a static magnetic field. Secondly, in order to see the coherent
axion signal, individual cavities must be tuned at the same resonant frequency. The phase-
matching in the frequency domain is an essential and the most challenging part of the phase-
matching mechanism. Lastly, the RF signals at the same frequency must interfere each other in a
constructive manner at the power combiner to maximize the combined signal. The constructive
interference, i.e., phase-matching in the time domain, requires identical cables with the same
length.

Since the first and last phase-matchings are theoretically resolved and experimentally archiv-
able in ease, the phase matching in this regards is approximated to the frequency matching.
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3.2 Phase (frequency) matching

One of the main sources of frequency mismatch between individual cavities in an array comes
from the machining tolerance in cavity fabrication. A typical machining tolerance of ∼50
µm induces a frequency difference of ∼10 MHz for 5 GHz resonant cavities. However, an ideal
frequency matching is not possible due to the non-zero position resolution of the turning system,
e.g. a resolution of 0.1 m◦ of a rotator corresponds to a frequency resolution of ∼0.5 kHz for 5
GHz resonant cavities. Instead, a more realistic approach is to allow frequency mismatch up to
a certain level where the combined power is not significantly degraded, i.e., the combined power
is greater than 95% of that for the ideal case. We refer to the certain level as the frequency
matching tolerance (FMT).

3.3 Frequency matching tolerance

In order to determine FMT for multiple-cavity systems, a pseudo-experiment study is performed
using a quadruple-cavity detector with an unloaded cavity quality factor Q0 = 105 searching
for 6 GHz axion signal. Several values of frequency matching tolerance, tolerances under test
(TUT), are considered - 0, 10, 20 ,30, 60, 100, 200 kHz, where 0 kHz represents the ideal
combination. The cavities are randomly tuned to 6 GHz within the TUT to be concerned
and a combined power spectrum is constructed by summing up the power spectra from the
individual cavities. Each cavity is assumed to be critically coupled with a RF antenna. The
procedure is repeated 1,000 times. The distributions of averaged combined power spectrum for
each TUT, and its amplitude and full width at half maximum are shown in Fig. 1. It is drawn
that the FMT for a quadruple detector with Q0 = 105 for 6 GHz axion signal is 20 kHz. This
is generalized for different Q0 values as FMT = 2 GHz/Q0.

Figure 1: Combined power spectra averaged over 1,000 pseudo-experiments for several TUT
values where the power amplitude from each cavity is normalized to the unity (left), and the
power amplitude relative to the ideal case and full width at half maximum for the TUT values
where the error bars represent the statistical uncertainties (right).
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3.4 Tuning mechanism

The basic principle of the tuning mechanism for cavity-based experiments relies on critical
coupling of the load with the cavity. The critical coupling is characterized in a network analyzer
by a minimized reflection coefficient (Γ) and a circle passing through the center of the Smith
Chart. For a single-cavity system, Γ is minimized when the system is critically coupled. For
a multiple-cavity system, on the other hand, the combined Γ is minimized when frequency
matching is successful as well as the entire system (each cavity) is critically coupled.

The tuning mechanism for a multiple-cavity system consists of three steps: 1) simultaneous
operation of the frequency tuners to shift the target frequency; 2) finer operation of the indi-
vidual tuners to achieve the frequency matching; 3) global adjustment of the load positions to
achieve the critical coupling. The global adjustment is chosen at the sacrifice of a sensitivity
loss of <0.5%, which is estimated from a machining tolerance of 50 µm and an uncertainty on
surface conductivity of 2%.

4 Experimental demonstration

The feasibility of the tuning mechanism for multiple-cavity systems is experimentally demon-
strated using a double-cavity detector. It is comprised of two copper cavities with an inner
diameter of 3.88 cm whose corresponding resonant frequency is 5.92 GHz and a loaded quality
factor of 9,000 at room temperature. A dielectric rod made of 95% of alumina with a diameter
of 0.4 mm is introduced to each cavity for frequency tuning and operated by a piezoelectric
rotator. With the tuning rod positioned at the center of the cavity, the resonant frequency
decreased to 4.54 GHz and QL degrades to 2,500. A pair of antennas, each of which is coupled
to each cavity, sustained by a holder attached to a linear piezoelectric positioner so that their
positions are adjusted in a global manner.

The sequence of the demonstration is shown in Fig. 2. Assembly of a double-cavity system
begins with connection of a wilkinson type power combiner to a network analyzer. A calibration
is made up to the two couplers using two sets of calibration kits. The critical coupling of a cavity
is made while the port of the combiner which is connected to the other cavity is terminated
with a 50 Ω impedance, and vice versa. Two cavities are critically coupled at slightly different
resonant frequencies. The initial values of QL and scattering parameter S11 are measured. The
system is fully assembled with the two cavities connected to the combiner. Two reflection peaks
with S11=6 dB at the above frequencies and two small circles with half radius are observed.
At this stage we assume that the slightly different frequencies are the consequence of a global
operation of the frequency tuners to shift the target frequency. Now one of the piezoelectric
rotators is operated to finely tune its frequency until the combined reflection coefficient becomes
minimized, which corresponds to frequency matching. It is also observed that the two small
circles become one larger circle. However, it fails to pass the center of the Smith Chart,
indicating the critical coupling is not made. The linear positioner is operated to adjust the
antenna positions in a global manner to achieve the critical coupling. It is noted that the
reflection peak becomes deeper and the circle passes through the center of the Smith Chart.
The final QL and S11 values are measured, and it is seen that they are consistent with the
initial values. This confirms that the turning mechanism with phase (frequency) matching for
multiple-cavity systems is feasible in real experiments.

4 Patras 2016

MULTIPLE-CAVITY DETECTORS FOR AXION SEARCH

PATRAS 2016 165



Figure 2: Sequence of the demonstration of the tuning mechanism described in the text using
a double-cavity system. Yellow lines are the scattering parameters, S11, in a logarithmic scale
and circles in cyan are the representations in the Smith Chart. The first (second) cavity is
critically coupled individually, and the initial S11 and QL read −46.4 (−43.2) dB and 2530
(2440) respectively (Top left and top middle). Two −6 dB peaks and two small circles are
observed after the system is fully assembled (Top right). When the frequency matching is
achieved, a single deep peak and a single large circle are formed (Bottom left). Once the
critical coupling is made in a global manner, the peak becomes deeper and the circle passes
through the center of the Smith Chart (Bottom right). The final S11 and QL read −44.4 dB
and 2610.

5 Summary

Multiple-cavity design is an effective way to increase the sensitivity of axion search experi-
ments in higher frequency regions. The frequency matching between individual cavities is a key
component of the phase-matching mechanism. A readout chain where signal combination pre-
cedes the first stage amplification is beneficial with the simpest setup and minimal signal power
degradation. For a realistic approach for phase (frequency) matching, the frequency matching
tolerance is introduced and numerically determined for a quadruple-cavity detector for 6 GHz
axion signal. An experimental demonstration of the tuning mechanism (phase-matching and
critical coupling), successfully made using a double-cavity detector, verifies its feasibility in real
experiments.
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Gravitational lensing of invisible streaming matter towards the Sun or the Earth could be
the explanation of puzzling solar/terrestrial phenomena. We have analyzed solar flares,
EUV emission and also the global ionization content of the Earth atmosphere. Assuming
that this invisible matter has some form of interaction with normal matter and that there
exist preferred directions in its flow, then one would expect an enhanced activity at certain
planetary longitudes, which is also observed. The broad velocity spectrum of the assumed
constituents makes it difficult at this stage to identify the origin of the stream(s) or the
nature of its constituents.

1 Introduction

The detection of the constituents of dark matter (DM) is one of the central challenges in modern
physics. While large scale DM distribution in space is relatively uniform, also local streams have
been discussed [1]. The existence of such streams of invisible constituents could be at the origin
of the puzzling active Sun or the annual anomaly of the ionization of the Earth atmosphere. We
assume here that their triggering is due to planetary lensing of invisible matter stream(s). This
scenario is totally different from the models based on tidal forces, which have been attempted
with very little success since the discovery of the first large flare some 155 years ago. If this
seminal idea holds, there will be ways to explore it further in the future, due to its implications
in other ongoing DM searches. A detailed description of the reasoning behind this idea is given
in ref. [2]. Here we present also new results.

2 The Observations

2.1 Solar Flares

In this work we provide a statistical analysis of time (=position in the ecliptic) distributions of
the inner 3 planets and the Moon, in association with a) the daily occurrence of 6091 M-class
and the 491 X-class flares (1976-2015) [3], b) the continuous full disk solar emission in the EUV
(1999-2015), and c) the electron content of the Earth ionosphere (1995-2012) [4]. Interestingly,
for comparison, this period includes the extreme solar minimum of 2008-2009.
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The heliocentric longitudinal distribution for Earth, Venus and Mercury of M- and X-class
Flares is shown in Figure 1. For the Earth, the peak around 45◦ (33◦) shows the strongest
clustering of such solar energetic bursts, while the peaks at 255◦ and in particular that at 291◦

are also of statistically significant. In all the planetary spectra no correction was performed for
their orbital eccentricity, which is 6%, 2% and 223% for Earth, Venus and Mercury, respectively.
Venus and Mercury show a strong and wide peak around 260◦-270◦ in longitude as well as a
second one at ∼ 150◦. Interestingly, a strong excess around 250◦-290◦ is happening in all 3
planetary longitudinal distributions, despite the fact that Mercury, Venus and Earth have gone
through the same longitudes mostly at different times. In the case of Mercury, a smaller peak
appears around 33◦. Due to the large orbital eccentricity of Mercury, the expected modulation
has been subtracted. The derived residual spectrum makes the aforementioned peaks better
visible (Figure 1).

As next, we introduced in the analysis code planetary spatial correlations. A possible
combined lensing efficiency might enhance the observed effects on the Sun or the ionosphere.
In fact, this has been also observed with statistically significant differences both in intensity
and in spectral shape (see Figures 2 and 4). Remarkably, the excess observed with M-Flares
and EUV (Figures 2) peaks at exactly at the same values around 241◦ and 290◦. A similar
behavior is also shown by the X-Flares, despite the poorer statistics (see [2]).

Figure 3 shows additional results obtained with the flaring Sun and its full disk EUV emission
as well as a correlation between both. Surprisingly, the EUV irradiance preceding the onset of
7 huge X-class Flares is suppressed for a period lasting 1-2 months. It is intriguing that this
suppression depends on the planetary configuration (not shown), which might be a relevant
signature for the trigger of the unpredictable flares.

2.2 The Ionosphere

The total electron content (TEC) of the ionosphere depends primarily on the solar EUV irradi-
ance, but its variations show anomalies, which have not been understood since several decades
(see [2]). For example, the measured TEC during December exceeds that around June, which
cannot be explained by the annual solar irradiance modulation due to the varying Sun-Earth
distance. We investigated the possibility that these anomalies could be connected to planetary
lensing, using the same reasoning described above.

Figures 4 shows the results obtained for combined planetary constraints of the global electron
content of the ionosphere, derived from an uninterrupted sequence of 6573 daily averaged TEC
measurements (1995-2013) [4]. Also this data taken period includes the extremely deep solar
minimum between 2008 and 2009, which induced a more quiet behaviour of the electron content
of the ionosphere. As before, the time binning of the TEC data is equal to 1 day. Surprisingly,
we observed correlations with the position in the ecliptic of Mercury and Venus, including
also the orbital positions of the Moon around the Earth. The first two columns in Figure 4
show the longitudinal distribution of Mercury and Venus, requiring a second planet (among the
inner 3 planets) to be in a wide heliocentric longitudinal range 20◦-140◦ vs. 200◦-320◦. Three
out of four plots refer to the solar maximum period (1997-2006), while a similar comparison
is shown for the extreme solar minimum period. Since the derived rates are normalized to
1 day, longitudinal modulations due to the planetary eccentricity are corrected. Considering
long observation time periods of 10 or even 18 years, the derived distributions should be rather
isotropic. This is, however, in contrast with observation.

We then addressed the annual TEC anomaly at the solstices, selecting the TEC data in
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30◦ segments around December and June. Figure 4 (right, UP) shows the TEC distributions
of these data as a function of the Moon phase. Note that during the Earths propagation
by 30◦ in longitude, the Moon has completed one geocentric orbit. Taking into account the
223 orbits the Moon has performed around the Earth during the 18 years described by the
dataset, randomly occurring TEC excursions should average out, or at least both distributions
in Figure 4 (right, UP) should have similar shape. Figure 4 (right, DOWN) shows the calculated
difference between the two distributions, exhibiting a modulation amplitude by a factor of 6.
Remarkably, the position of the maximum coincides with the New Moon. This correlation
fits well the scenario of this work, assuming a stream of invisible matter, with speed of about
50 km/s, coming from the direction of the Sun gravitationally focused by the interposed Moon
onto the Earth.

3 Discussion

By analyzing the occurrence of X- and M-flares during the last 4 solar cycles and the full disk
EUV irradiance of the Sun we find a strong evidence that the occurrence of these phenomena
is strongly modulated by the position of Earth, Venus and Mercury around their heliocentric
longitude. A preferred direction around 270◦ is common to all three planets, when their lensing
effect is studied independently. The effect is further enhanced, as we show for the case of
Mercury and Venus, when one takes into account the relative position of the two planets. This
observation supports our working hypothesis that the activity of the Sun is triggered by influx
of invisible matter and that this matter has some preferred direction or stream, which gets
gravitationally lensed by the planets.

In addition, averaged daily GPS TEC measurements of the Earth ionosphere show also a
marked planetary correlation, supporting our lensing scenario, which is further reinforced by the
observation of the effect of the position of the Moon in modulating the TEC of the ionosphere.
We bring to the attention that the anomalously high electron content of the ionosphere in
December coincides with the alignment Galactic Center - Sun - Earth, i.e. the same direction
around 270◦ previously described and that this effect becomes even more enhanced when the
Moon is aligned around the same direction and interposed between the Sun and the Earth.

The identification of the nature of the predicted slow moving stream is left for future work:
of course, one has to suppose that this invisible matter has some form of interaction with normal
matter, but at this point we cannot infer any useful indication of its nature. Also, the (re)-
analysis of the experiments searching for DM following our approach might give unexpected
results.
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Figure 1: UP, Earth (left), Venus (right): Number of M-class Flares and X-class flares (dashed
lines) as a function of the heliocentric longitude of the Earth (01/01/1976 − 05/05/2015) and
the Venus (15/11/1975 − 18/04/2014). DOWN, left: Number of M-class flares (blue) and X-
class flares (dashed) as a function of Mercury heliocentric longitude of the 6091 M-class Flares.
The dashed red line is the normalised stay time due to Mercury orbital eccentricity. The hori-
zontal red bar shows the region used for normalization. In orange is shown the “multiplication
spectrum” of the 4 solar cycles (M-Flares). On the right is shown the residual spectrum (blue
- red dashed on the left), with the 3 peaks around 30◦, 240◦ and 290◦ becoming better visible.
Note, that we use BIN = 6◦ (left column) and BIN = 12◦ (right column).
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Figure 2: UP: Distributions of M-class Flares (left) and full disk EUV irradiance (right) as
a function of Mercury heliocentric longitude with the constraint of Venus being at longitude
between 200◦-320◦. DOWN: The same plots for Venus being between 20◦ and 140◦. The smooth
blue lines represent the expected normalized number of flares if equally distributed in time due
to the large eccentricity of Mercury. The green bar shows the region used for normalisation.
The EUV spectra are time normalised and therefore the eccentricity effect is out.
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Figure 3: LEFT, UP: The sum of the daily averaged full disk solar EUV emission in 64 consec-
utive time intervals of 88 days (1999-2015). LEFT DOWN: The sum of M-class Flares averaged
over 4 days in 159 consecutive intervals of 88 days (1976-2014). It is apparent the similar spec-
tral shape of both solar activities. RIGHT: The start time of the biggest 7 X-class Flares during
the previous solar cycle (1996-2007) is used as the reference point (time = 0) for the emission
of full disk solar EUV during 4 months before and after the flare onset, The flares occurred far
from each other, excluding double counting effects. The gap of about 40 days before the flare
“explosion” is intriguing. Note, for 2 X-flare pairs, being too close to each other, an averaged
onset time was used; the initial correlation remains unaffected (blue line)
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Figure 4: The daily measured longitudinal distributions of Earths atmospheric total electron
content [1] for different planetary configurations and time periods of the solar cycle. LEFT:
The total electron content [TECUs] as a function of Mercury heliocentric longitude during the
solar maximum period 1997-2006 (UP) and during the recent extremely deep solar minimum
2008-2009 (DOWN). The thick blue and the thin grey lines are associated with Venus being in
one of the two opposite 120◦ wide orbital arcs. MIDDLE: TECUs as a function of the Venus
longitude during the same solar maximum requiring Mercury (UP) and Earth (DOWN) to be
in one of the 120◦ segments. RIGHT: TECUs as a function of the Moon Phase, while the
Earth is in one of the two 30◦ orbital segments around the solstices (UP) and the difference
between the winter-summer solstices (DOWN). Note, the Moon is between the Earth and the
Sun at New Moon.
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